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ABSTRACT 
/ . 

THE TRANSPORT OF L-TRYPTOPHAN INTO SLICES OP RA~ CEREBRAL ~ORTEX 
MAUREEN E. KIELY 

Ph.D. Biochemistr'y 

Rat'cerebral cortex 81ices incubated ae~obically at 37~C in 
Krebs-Rinqer phosphate medium cont~ining 10 mM glucose ada-1.0 mM 
L-t~yptophan-{carboxyl-l~C} accumulated L-tryptophan. Uptake 
of L-tryptophan was linear for the,:,f,irst 15-20 min. Maximum 
L-tryptophan concentration was atta~~ed within 60 ~in. The trans­
port mechanism became saturated with' 1-3 mM L-tryptophan in the 
medium. Entry of the amine aeid int? the cells was thereafter 
directly propor~ional to its initial concentration in ~he medium. 

L-Tryptoph~n uptake, ~ecreased siqnlficantly under the fol~ 
lowing experimental conditions: lowerin9 the incubation tempera­
ture to 40 C and/or incubating und~r H2 , ,omitting glucose, de-

+ . + 
ereasinq the'Na ~oncentration below 2S,mM or omittinq K from, 
the medium. These r~ults indieated that accumulation of L-tryp­
tophan aqaln'st its eoncéntration gradi.nt is an active proces8. 

, - -

The effeets of a number of ~inà ~eids, tryptophan metabo-' - -", '"~ ~-

lites and tryptophan analoqs on the uptake of L~tryptophan were _ ' 
studied.' L-Phenylala~ine, D,L-2-~~1?rophenylalanine, L-tyrosine,~ 

~ L-5-hydroxytryptophan, L-DOPA"L-l~ucine, L-isoleucine, L-valine, 
1 

and L-kynurenine inhibited tryptophan transport. Lt was con-
~cluded that L-tryptophan'enters the'cortex cell via the large \ 

1 0.} .,. .... 1 ~ 

n~utral amino acid carriér system. ' 

In vivo alterations to the physiolo4ical state of the'rata -- -. , 

e.g., prolonged dietary deficiency of tryptophan, adrenalectomy 
or hypophysectomy, had no effect on.L~tryptophan accumulation by 
cortex sliees fram the brains of theae animaIs. 
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RESUME 

LE TRANSPORT DU L-TRYPTOPHANB DANS LBS TRANCHES DE CORTEX CÉRÎB~ .i 

DE RAT 

• Maureen.B. Kiely 
Ph.D. Biochimie 

Le, tranche. de cortex c.rébral de r~t, incubées en 
t ' - .. 

presence d'oxygène l J1QC, da~s un milieu phy.iologique Kreb,-
Ringer phoaphattt,contenant du, glucose, 10 mM, et du L-trrptoph~ne­
l-COOH, 1 mM, accumulirent le L-tryptophane. La capture du 
L-tryptophane fut linéaire aurant l~"quinze l vingt premi~re. , 
minutes. La concentr~tion maximale de L-tryptophane fut atteinte 
en ,dedans ~e 60 minute~. Avec de. concentrations de ~ l 3 mM de 
L-tryptophane daft. le milieu, lea méoani.mes de transport atteigni­
rent un poi~~ d~ aaturàtion. A partir de oe ~ment, l'entr~e de 
l'a~ide amin' dans ,les cellule. fut directe~nt proportionnelle l 
sa concentration initiale dans 'le milieu'd'incubation. - -

,La capture du L-tryptophan& a diminu' d'une fa90n 
significati~e dans les oonditiQns exp4rimentales auivantesr 
abaiaaement 'de la temp4r~ture d'incubation ,l 40C, et/ou incub~tion 

\ ~ l ' l Ij .. 

dans une atmosph~re azotée, manque ,de glucbse, diminution de la 
• l ' >:::t. 

concentratlon de Na+ au-desaoua de 2S mM ou omis.ion du K dans 
• tv l • J. 1 ~ ." 

le milieu. Lea r'sultata indiqu~rent.e ,l'accumulation du " 
L-tryptophane contre 80n gradient de concentration est un ~ 

Ph'nom~né aotif. 
[ 

. Les effets d ',un certain nombre d' aoides Din'" de 
m'tabolitea du trYPtoPhan~,\~t d~ compo.'s de .~ructur~ abaloque 
au try~tophane sur la capture du L-tryptophane 'urent 'tudi.s. 
L~ L-Phenylalanine: D,L-2~chloroPhenylalanine, L~t;ro.ine, le . 
L-S-hydroxy.tryptophane, la L-DOPA, L-leuoine, L-i,oleucine, 
L-valine e~,~-kynu~enine inhibirent 'le tran.port du L-tryptophane. 

, • 1 

Nous avons donc conclu pue le L-tryptoph~e p4n~~re dan. le. 
cellule. corti~ale. par là .y.ta.. de tran.port r'.erv' aux 
aéid' ... in' •• eutre. de poide .ol'culaire plue 'lev'. ' 1 
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Des modifications faites in vivo sur l"tat --, 
physiologique des rats telles que,~une ab.enee prolong'e de . 
tryptophane dana la di~té, une adr'nalectomie, ou une hypo~ 
phyaectomie, ont aucun effet aur l'accumulation du L-tryptophane , , . 
par les coupes. du. cortex ,c'r'bral de ces animaux. 
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PREFACE 

The study of tryptophan ~ranaport into rat oerebral 

cortex s110es which is preaented to the re,~~r on th~ aucoeedinq 
• c~ 

pages of this thesis foras a small segment of a pontinuing 

research prograa on tryptophan metabolism in brain. This pro­

gram, bequn about t~nty yeara ago, is under the direction of 

Dr. Theodo~e L. Sourkes, Laberatory of Chemical Neurobiology, 

Departments of Biochemistry and Paychiatry, McGill University • . 
At the out.et of this atudy, Sourkes,- Miaaala and, 

. 
O~aveo (1?70)had just shawn that the tryptophan analogue, 
t \ 1 .... -;. .. 
à~methyltryptophan, deCre&8eS the concentrations of brain aero-, 

tonin and 5-hydroxyindoleacetic acid. They had poatulated tha~ 

the se decreases vere caused.by a deficient aupply of the pre-

cursor tryptophane 

At the same t~, a number 'of investigatora vere 

aotivelyengaged in studies of the rate-controllinq step in'the 

serotonin pathway of ~ryptophan metabolisa. Several reporta had 

indicated that tryptcphan-5-~ydroxylase (EC 1.14.3.3), the first 

enzyme in thia 'pathway, ia ~e rate-liBitingOatep (Eccleston, 

Ashcroft and Crawford, 1965: Jaquier, Lovenberg, and Sjoerd ... , 

1967: Noir and Eoc~eaton, 1968). Rowe~r, "ainoe the Miohaelis 

-oonatant tor thi. enayae wa. initi~lly f9UDd'to he .uoh higber 

l' 

< 1 
1 
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. . 

\ " than th. normal 1.v.1 ol~brain trYPtoph.~, it wa.qoono1~.d 
, . 

th.t tryptophan-5-hy~r~xy1a.e 1. un.~turated under phr.io109io.l 
\ 

oondition; (Jequier, RObin.on, Lov.nber9 and ajoerd.ma, 196'). 

Thu. th. qu •• tion .ro •• 1 cou1d the ttan.port of tryptophan into 

br.in cella bè a .ignifieafit ,factor in .erotonin bio.ynth •• i.? 

Final1y, .1tho~hr'~xt.n.iV8 r •••• rch h.d .1r •• dy. be.n don. on 
• ~ "!Io' 

the transport of *dme amino aoid. into brain (N.ame, 1968), . 
littl. wa. known concer.nin9 th. mode of entry of tryptophan , 

~ 

into br. in cella nor of tha factora which .~9ht facilitate ~r 

inhibit thi. entry'. 1'hua it wa. with the abova .tudia. in mind 

that th1. project wa. undertak.n. 
l , 

~l' 
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INTRODUC'l' ION ( 
1. Tryptophan - An Essentia1 Amino Acid 

Tryptophan, a nutritlona11y indispensable amine acid 

vas first isolated by Hopkins and Cole (19~1) fram ~ tryptic 

" • ,1 digestion of case in. 'J'he correct structure, a-amino-B-indo1e-
J 

propionic acid, was proposed by El1inger (1906) and was 1ater 

confirmed1by E11inger and Flamand (1907) uslng cheœiea1 synthe­

sis. The necessity of this amino acid for grqwth was ~emonstra­

ted initially by Wi11cock and Hopkins (1906). Since then numer-

ous nutritional studies have confirmed that tryptophan is ab-
~ . , . 

solute1y essential for the growth and deve10pment of mammalian 

species (Abderhalden, 1912; Nendel, 1914-15; Rose, 1938). R~-
~ 

search witb bacterial mutants of Escherichia coli, Heuroapora 

crassa and Aerobacter aeroqenea, however, has shawn that iicro-
j 

organisms .are capable of synthesizing tryptophail (Me~s,t~r, 1965). 

The possibility of a biosynthetic pathway for trypbophan forma­

tion by plants has, to date, received litt1e invertigation. It j 

. .. \ 

is known, however, that the plant growth hormone, indoleacetic .~ 
\. 

qacid, is derived from tryptophan but it has n~t yet been deter-

mined whether this tryptophan ia a product of plant ce11 aynthe­

sis or whether it is an essential ~utrient (Meiater, 1965). 

• 1 1 

, . " . 
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2. Metaboli8lll of Tryptophan 

Becauae thia study is èoncerne4 vith the tranaport of 
1 

tryptophan into sliee. of rat cerebral cortex and decaus~ sa.e 

tryptophan metabolites may help to control the ent~y of thi. 

amino acid into brain, a brief reviev of tryptophan aetaboli .. 

as related to mammalian eells'wil1o\be presented here. Ta date, 
.' Q '. ' 1 

four route. for tryptophan utilization have been elucidated: 

(A) the partial metabolie destru~tion of tryptophan to carbon 

dioxide, water and ammonia reaulting in the formation of the 

vitamin niacin a. well as numerou. metabolites (Figure 1)_ 

(B) the hyaroxylation and deearboxylation of tryptophan to 

yield the potent vaaoconatrictor, aerotonin (Figure 2), 

(C) deamination and transamination, routes vhereby the D isa.er , 

can be used by the cell' (Figure 2), 
\ 

i> \ 

(0) protein synthésis, the method through whicb tryptophan is 

in~orpQrated into the cellular proteina required for growth and 

development • .. 

A. cataboliam of Tryptophan 

J Evidence for the degradation of tryptopban c... froa 

the ~aboratory of Kotake in Osaka (Ellinger and Matauoka, 1920, 

'--
J 

••• f •.• " 
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Cataboti.. of L-Tryptophan 
Alonq the Pyrrol •• , Path"ay: 
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BD.y!!- for the Cattaboli_ of L-t'rYptopIUm AlOD' the PYrrola .. 
• Il 

. Pathway. 

(1) 
'. 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

, 

" 

(FiCjUre 1) 

" L-Tryptophan oXygenase- (Be 1.13.1.12) 

Formaaidase (Be,3.S.1.9) 

L-Xynurenine-3-Bydroxylase (Be 1.14.1.2) . 
Kynu~ninase (Be 3.7.1.3) 

3-Bydroxyanthranilate OXygenaae (Be 1.13.1.6) 

Picolinic Acid carboxylase 

2-By6roxyauconic-6-seaialdehyde DebydEogenaàe 

Quinolinate Pbospboriboayltranaferaae 

Kyrlurenine.Tran ... inaae (Be 2.6.1.7) 
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PiCJU!e 2 
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Metaboli .. of L-'hYPtopban Mong Pa~ys 

in Whicb the Indole RiDg Relai.na Intact. 

.~,. 

" 1 

r; 

-, 

---
. , 

J 

.. 



" ' 

--
-,:) 

',/ 

-' ' 

'. 

'. 

• 

" 

/ 

1 .. 

.. ~ : 
.''-, ' 

1. 
~ 

" 
'i.. 

. , 

f J - / ... -

• 

J " .' , -1 ~ - • 

\ 
.~ 

oi , 
! 
O' 

. - \ ". - ~ .1 

.1 
• i 

;; -

,'" , ,. 
\"': 
.~ . 
'1 • 

J l ,-~- _"3 ..... .,.} 

• .' . , - - . 

1 
.. - , .. ... -

. -. '1 - + 
, '0 .-.... 

<' 

~ 

l' 



. \ 

'. ',-t· 

c 

10. 

Enz)'!!!s for the lletaboli_ of L-tt'ryptophan AlODg Path"aya in 

wb1dh the lndole Ring ae.ai~. Intact • 

(1) 

(2) 

(3) 

(4) 

(5) 

(Figure 2) 

~ " . 
Tryptopban~5-Bydroxylase (Be 1.14.3.3) 

!, 
Ara.atic L-~iDO Acid Decarboxylase (Ee 4~1.1.28J 

Ee 4.1.1.26) -
,Aldehyde DehydrOCJenase (Ee 1.2.1. 3) 

Alcohol Deby<lrogenase (SC 1:.1.1.1) 

Aldehyde ,Reductase (Ee 1.1.1.2) 

(6) Transallinase 
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Matauoka and Takemura, 1922). U.lng rabblts, th!. group showed 
" 

that when trypfOphan wa. admlnistered .ubeutaneoualy, kynurenlne 

and kynurenic aeid could be 1.olated from the urine. , Frdm thia 

work they propoaed that the name tryptophan pyrr~1aae (EC 

1.13.1.12) be given to the enzyme which eonve~ts tryptophan to 
l~ 

kynurenine (Kotake and Masayama, 1936). 1 It remain,ed for Knox 

and Meh1er (1950) to show that the formation of kynurenine .from 

tfyptophan la actual1y a two-step rea~tion. The first reaction, 

c1eavage of the indole ring, is cata1yzed by tryptophan pyrro-
• 

l~se or, a8 it 18 now officia1ly named, tryptophan oxygenase. 
, 

The second reaction, hydrolysi. of the n~wly formed N-formyl-.. 
kynurenine to kynurenine, is cata1yzed by the enzyme formamld~se 

or aryl-formy1amine'aminohydro1ase (EC- 3.5.1.9). 

(i) L-Tryptophan-2,3-Dioxygenase (EC 1.13.1.12) 

Sinee the initial diacovery of tryptophan pyrrolase, 

numerous studies have been devoted to characterization of this 

enzyme. It hal been shown that'pyrrolase is an Iron porphyr~n 

protein (Tanaka and Knox, 19~9) and that the enzyme prometes 
, 

the incorporation of molecq1ar oxygen rather than hydrogen per-. . . 
oxide into the reaction products 'Hayai.hi,· Rothberg, Meh1e~ and 

Saito, 1957). Tryptophan pyrrol.ae i8 inducibleJ enzyme level. 
..,. 

can be raised dramatical1y upo~ administration of tryptophan 

, .' ~~.-.~ .. : ....•. :,. - '. ,~.' 

, ( , 

, " 

-, . 

~ -~ 
~ l .... r 

• 't' • 

..: t 
.', - ~~ 

1 



'-"i' , , < 

• 
- . ~-.j , - 1 • J -' 

1 

,) l , .. 

: -':"~'~,i-1 . , 
, , 

• '·1 

'.~'o~t!i 

12 )rI! 

(Civen and Knox, 1959), a-methyl-DL-tryptophan (Sourkes and 
, 

TOWDsend, 1955), cortisone (Knox and Auerbach, 1955) or hydro-

cortisone (Civen ~ al., 1959). Recently Cho-Chung and Pitot 

(1967.> have reported that pyrro1ase is subject to feedback con­

trol by nicotinyl dérivatives, the most potent of which is NADPB-
1 

a catabolic'product of tryptophane 

Most of the studies detailed above have dealt vith the 

liver enzyme. However, pyrrolase activity has been found in the 

intestine (Yamamoto and Hayaish~, 1967), in the eye (Ciusa and 

Barb~ro1i, ~1966)~ in the kidney :(Aslany~n, 1966) and, recently 

in brain. To date, it appears that although the pyrrolase path-
('-J 

~ . 'way is the major catabolic route for~ryptophan, it does not con-
, 

tribute significantly to tryptophan metabolism in brain. 

(ii) Formamidase (EC 3.5.1.9) 
N-formyl-L-kynurenine + 820 + L-kynur~nine + formic acid 

Formamidase, the second enzyme in the catabolic patbvay, 

has been detected in rat liver by Mehler and Knox (~950) as ve~ 

as in s~veral microorganisMs (Hayaishi and Stanier, 1951: Jakoby, 
, . 

1954). U8ing pkrtially purified preparations of this enzyme and , 

a variety of formyl compounds, Mehler et al. (1950) concludéd --
that formylkynurenine ia the natural 8ubstrate of thia .nzy.e: 

a fact that was confirmed by J~koby (+954) several years later. 
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(iii) L-kynurenina-3-hydroxy1a •• JEC 1.14.1.2) 

L7-kynurenine + NAPPH + H+ + 0; + L-3-hydroxykynur~ine + NADPH + 

• Evidence 1ink~n9 kynurenine and 3-hydroxyanthrani1ic 
-acid to niacin for.a~ion and thua to tryptopha~ eataboliam v.a 

first provided by atudiea of Neuro.para crass. mutants. Yanofaky 
JI 

and Bonner (1950) abowed tbat 3-h*droxyantbrani1ic acid coUld 

---produce niacin in a NeurosP2ra crassa mutant which had a genetie 

block after kynurenine formation. Usin9 th~se rasu1ts, thi~ 

group postulated tbat 3-hydroxykynurenine was the intermediate . 
step betveen kynurenine and 3~hydroxyanthranilic acid (BOnner . . 
and Yanofaky, 1951). De Castro, pric:.r'd. Brown (1956), uai~9 

rat and cat liver mitochondrial preParations, vere later able to 
) 

d~nstrate that 3-hyd~oxykynurenine could be- formed fro~ kynur~' 

enine and that this formation required NADPH. However, it waa 

the work of Saito, .Bayaiahi and Roth~tq (1957) vith 801ublized 

preparations of this enz~ obtained from r~t liver mitochondria 
, 

, vh~ch finally produced the overa11 reac~ion scheme outlined 

above. Stevens and Henderaon (1959) have reported that the . \) " 

activity of this enzyme decreasea significantly when rata are 

" .. de riboflavin-deficient. Addition of ribo(lavin phosphate, 

FAn or boiled liver extract to an ~ vitro preparation of the 

enzy.e fails to r~store activity and hence ~e nacasaitf of 

riboflavln for enz~ activity"ia still open to queation. 
Il 

, " , 
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(iv) Kynureninase (Ee 3.7.1.3) 

... L-kynurenine 
or + 

\anthrani1ic .cid 
or + alanine 

L-3 hydroxykynurenine 3-hydroxyanthranilic acid 
(, 

Mammalian liver (~iss andDFuchs, 1950; Wiss and Weber, 

1956) and Neurospora<crassa (Jakoby and 'Bonner, 1953) possess a~. 

enzyme which is capable of removinq alanine fr,om kynurenine and } 
. 

3-hy~roxykyrturenine to yie1d anthranilic acid and 3-hydroxy-
1 

, 
anthranilic acid, respectively. This enzyme, now known as 

kynureninase, hastbeen observed by Braunshtein, Goryachenkova 

and paskbina (1949) to require pyridoxa1 phosphate. Simi1ar to 

pther pyridoxal,phosphate requiring enzymes, it appears to Act 

via a Schiff b~se intermedlate (Longenècker and Snell,' 1955). 

(v) 3-Hydroxyanthrani1ate oxygenase (EC 1.13.1.6) 

3-hydroxy~~thrani1ic acid + 02 ~ + 

{2-amino-3-car~xY.muconic-6~semialdehyde} + 

quino1inic acid { 

Marked increases in the urinary excretion of quino-

1inic acid fo1lowinq tryp~ophan administration to rats was first 
1 

, tepoJ:ted by Hende,rson (1949) "and Benderson and Bir.ch (1949). 

Shortly afterwards several investigators no~iced that metabo1ikm 

of'3-hydroxyanthranilic acid by rat 1iver preparations required 
, # 

, . 
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MOleoular oXYten and ferroui ionl' Under th'.e oondition. the 
1 

en.y.. oauled aocUMulation of • cOMPOund whioh ablorbed Maxi-

.. lly at 360 ~ (Miyake, Iok .. n and lahwei,ert, l'5ft Mehler, 

19S6). Wil. and •• ttendorf" (l'51) i.ol.tion ot the 2,4-

dinitrophenyl~ydr •• one·deriYati~ of thi~JLnte~iate le4 

M.hler (1.56) to propo.e the nov aooepted .. ohanil. of r.aotion • 
• e 

, 

Mehl.r IU99 •• t.d that th. oxid ••• ol •• ve. th. 3,4 double bond of . . 
• 1 

the ben •• ne rint and Ippntaneou. oyoli •• tlo~ of the open com-' ------
-pound oau ••• for_tion of the .tablo pyridino ring compound, 

quinolinio acid. 

Hydroxyanthr.nil.t. oxytena.e ,h •• now been purifi.d 

(""rom calf liver, (v •• cla ana Di Pri.oo, 0,1962) beet liver, 

l, 

, ; 

est.ven. and Henderaon,1959.,-Decker, Kan9, Leaoh ana H.nder.on" 0 

1 
1961).and beef kidney _(Oqa •• wara. Oand.r .nd Hende~.on, lt6.). 

\ 

The •• Itudi •• have .hown that r.duoin, a,entl .uoh al 91utathione, 

alOQrbic _oi4 or ferroui ionl ar. required to .. intain maxl .. 1. 

activity durin9 purification. It appearl ~h,t th. ~n.~ con~ 
" 

taina tightly ~~nd ferrou. iron whioh il n.o •••• ry to'cataly.e 
o 

the reaotion but thi. rerrou. Iron 1. readl1t ox14i.e4 durin9-

purification procedure. performed in th. ab.e~ce of reducin, 

agent (Mitchell, K.ng and aender.on, 1963). .. 

o • J 
c. 
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(vi) Picolinic acid carboxylas@ 

\-~-.-~ (vii) 2-hydroxymuconic-6-seaialdehyde dehydrogena •• 

'~, . 
~(2-amino-3-carbOxymuconic-6-semialdehyae) 

~. 
" 
;1 

'~:- , 
~ , . 
-.1 

~ 

J, J, 
quinolinic acid 

~ 
2-aminomucon~c acid 

1 
1 

I~ 
91utar~1-CoA - - -) 

(2-aminbmuconic-6~semialdehyde) 

CO· 2 

.l 
picolinic acid 

~ 

As detailed above, 3-hydroxyanthranilate oxygenase 

converts 3~hyd~oxyanthranilic acid to the open chain intermediate 

compound, 2-amino-3-carboxymuconic-6-semialdehyde. Thi. inter­

mediate has two fates: either it can cyclize spontaneously to 

fo~ quinolinic ac43 or it can reacb enzymatically with picolinic 

acid carboxylase to for. another unstable intermediate, 2-aDdno­

muconic-6-aemialdehyde •. Similar ~o the oxyqenase intermediate, 

this intermediate, 2-aminomuconic-6-aemialdehyde, has two fates: 

either it ~n cyclize spontaneously to fo~ picolinic acid or it 
!'-'t:')-

'." 
can react With~.2-hydroxy.uconi~-6-seaialdehyde dehydrogenase to 

~. 1 

yield 2-aminomudonic acid. 
.~ 

Vi.a a ,,,s~r!es,, _ ' adtli tional reactione . \ 
.tmilar to thoae which occur during ly.ihe metabolism, 2-amino-

1 

muconic acid can then be met&bolized to glutaryl CoA, to acetyl 

CoA and ultimately to carbon dioxide. 
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Picolinic acid carboxylase activity vas first de­

~ectèd by Mehler (1956) in p~parations of quinéa pig liver. 

'In~tial~y~he vas able to dis~inquish only betveen the spontan-

eous for,mation of quinolinic acid and the enzymatic formation of 

Ipicolinic acid. However, in a subsequent report, Mehler and 

May (1956), outlined the reaction sequences which led to the 

production of these two acids and proposed a structure for the 
1 

active intermediate. It remained for Gh01son, Nishizuka, Ichiyama, 

Kawai, Nakamura and Hayaishi (1962) to link this reaction sequence 
, 

to the formation of glutaryl-CoA and carbon dioxide production. 

The second enzyme, 2-hydroxymuconic-6-semialdehyde dehyd~ogenase, 

an NAD-requirlng enzyme vas later purified and characterized by 

Ichiyama, Nakamura, Kawai, Ronjo, Nishizuka, ,Hayaishi and Senoh 

(1965). Thus, it has been shown that mammalian species passess 

a mechanism for the degradation of tryptophane 
.... 

(viii) Quinolinate phosphoribosyltransferase 

q~nolinic acid nicotinic acid ribonucleotide 

... The existence'of this enzyme as demonstrated by 

Nishizuka and Hayaishi (1963a and.1963b) provided the missing 

link between quinolinic acid and'niacin formation. It had been 

known for a long time that tryptophan could ~eplace niacin in 

mammalian growth and development (Kreh1, Teply, Sarma and 

,. 
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Elvehj.m, 1945) but the .. ohani •• by vhi~h th ••• two ooapound. 
, 

vere related remained unknown for almo.t twenty y.ar.. Thi. 

enlyme ha. been purified fram liver (Naka.ura, Ikeda, T.u~i, 

Ni.hiluka and Hayai.hi, 1963, Ghol.on, Ueda, Oga.awara and 

Hender.on, 1964) a. weil a. trom P.eudo.on •• (pack .. n and 

Jakoby, 1965). It haa been ahown that the enayme interact. vith 
1 0 

quinolinic acid and S-phoaphoriboayl-l-py,ropho.phate to for. an 

interme~iate oompound~'quinolinic aci~ riHonucleotide. which in 

~urn i. deearboxylated to nicotinie acid ribonucleotide. Nico-
.-tinie a~id ribonucleotide ean then be hydrolyaed to nicotinic 

aeid or it ean reaot with ATP and glutamine to form"diphoapho­

" pyridine nueleotide (NAD). 

(~x) Kynurenine transa.ina •• (EC 2.6.1.7) 

L-kynurenine .. kynurenie acid .. quinaldi.c acid 

L-l-hydroxykynur~nine .. xanthurenic acid .. 8-hydroxyquinaldic acid 

Kynurenic, xanthurenie, quinaldic ahd ·8-hydroxyquinaldic 

acida have all baen identified in the urine of h~na, doga, cata 

and rat. (Brown and Priee, 1956). _ Tran ... ination"of kynur.nine 

and l-hydroxykynurenine ~o kynurenic ac~d and xanthurenic acid 
, 

oceurs in rat liver mitochondria (Ni •• , 1953), rat kianey $Ma.on, 

1954), Neuro.pora cra •• a (Ja~oby and Bonner, 1956) and 

P.eudomona. (Miller, T.uchida and Adelberg, 1953). o-Ketoglutarate 

• 

. 
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. 
appear. to be the preferred .. ino group acceptor and the en.,.. 

requires pyrido~l phoaphate •• caen.,.. (Ogaaawara, Bagino 

and Kotake, 1962, Ueno, Hayaiahi and Shukuya, 1963). The 
1 

presence of large .-ount. 0' quinaldie acid in hu.an .nd rat . 
~ urine fo11owing inge.tion of kynurênie acid lad Takahaahi, 

Kaihara'and Priee (1956), and Kaihara and Prica (1962), to poatu­

late that kynur~ic acid i. ~ehydroxylatad aaaily to quinaldic 

acid and that a .i_i1ar raaction producea 8-hydroxyquinaldic 

acid from xanthurenic acid. 

J 

(x) S-Hydroxytryptophan pyrrola •• 

During the past yeer .everal short ca..unicationa have 
, 

indicated that a tryptQphan degradative pathway ~ght he opera-
~ 

tive in brain. Taude, Noguchi and Kido fl972) hava been ~le to 

" de.onstrate that S-hydroxytryptophan can be conv.rted to 5-

hydroxytynurenine, 6-hydroxykynurènic açid and 4,6-dihydroxy-, 
quinoline by a .upernatant fraction of rat brain. Thi. conver- ~ 

sion requirea FAn and molecular oxygen but is aa.ewhat inhiblted 

by ascorbic acid. 

From thea. result. th ••• investigators postulate that 

there i. an enzyme .ystem which can cataly.e the oKYgenative 

~l.avage of 5-hydroxyt~tophan to ~-hydroxykyn~enine vi. 

S-hydroxyforaylkynurenine. Another group, Birata, Tokuy_, 

Senoh and Hayai.hi (1973) have reported on a tryptophan 

• " -ü-, 'or ~ #. 1- ,r '_ '-,." ~~" # 

- 1 
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a,3-4ioxyvena.a wh~Oh ~y hava- partiall5.pur+fia4"froa rabbit 

ileut, ata.aoh, lun9 and braln and which ~hey have l~antitied 
1 c.. ,., .. 

., 
a. di.tlnct f~ the bepatic en.y .. di.cu ••• d prevlou,ly. They 

'> 
. have found that the enlywe. requlr .... thylene blua and •• corbie 

ecid for Maxl .. l actlvity and that lt 1-. active on .both D- and 
t,.. 

L-tryptophan, 5-hydroxytryptophan, tryptamlne an~ •• rotonln. 

Thu. it eppear. thet a catabolie pathway-for tryptophan may in­

deed be pre •• nt in brain but id.q~ifioatlon of t~. metabollte. 
lt. .. 

~of thi. pathway and 4.termination of thelr phy.iol09ical funotion 

await furthar e1uci4ation. (s •• A~.ndum 1). 

, -

o 
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• 

~ , , 
, f ~ 
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The exiatence bf the bydroxyiDdole, patbvay of trypto- ' , 

phan'metaboli .. ~a. been ,known for the last ~~-five·yeara. 
Sinee 1t waa firat detected by -.rIe and Menniek~ (1937) tbat . 
tryptophan could be converted 'ta a pres sor aaine ~und, 

clinical intereat in thia patbvay h._ producad-. v.st literature 
~ 

on the aubject. Rapport, Green and Page (1941), iaolated fro. 

beef aerUill a coapound vith vaaocon_trictQr p~pertiea. 'l'bey . ' 

identified thia co.pound .a aeroto~in. A fev years later 

Erspamer and Asero- (1952) abowed tbat ente~ff1n cella of 
. 

the intestinal aucosa produce a potent vascular hor.one vhich 

they named enteruine but which tbey found later to be the s .. 

aJi serotonine It vaa not long before Udenfriend, Clark and 
o -

Titus (1953) vere able ta show that guinea pig kidney and tropic~l 
, "'" 

\ 

toads are able to bydroxylate U"yptopb~ ta 5-hydroxytryptopban. 

In a aucceeding report Udenfriend, Titus, Weisabacb and Peterson 

(1956) proppsed that 5-hydroxytryptophan dan be deearboxylated 

to serotonin and_~~a cau then he oxidiaed to 5-hydroxyindol~ 

acetic acid. Usin9. radioacti~ ~tophan th.y confi~ thia 

pathway in doga. A brief reviev, of the e\~a of thi. _tabolic 

route 18 preaented here.' 

(1) 'l'ryptophau-S-hYAA0!yla .. , (Be 1.14.3.3) 

L-trnrtophan .. 

.. Il' 

_~~~k,""l1!:~..,,;r&é-è,.~,l~ .LfJL , l , ~~:J~},-,,"':h',.."~ ,. ..... , ~~,,:;c.~I .. ,}..t~.l.I,,- - '_': ..... .: 
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';:y----­
Converaion of trypt.opbaD tG 5-byctroxyUypt.opbu ba. 

beên--deteeted in liver (Preedland, ...salutl aDd .. 1-., 1"1) 
- ~ , 

in inte.tine .nd kidney (Coôper aa4 .. 10er, 1"1), la brain 

(Gal, Morgan, Cbatterjee and llarahall, 19'., Gr~8Id.th, 
l' 

1964a, Conaolo, Garattlni, Ghiet.et.t.l, Mor .. lll ancl Val .. lli, 

1965, Weber and Ho~ita, 1965), in bu.an careinol~ t.u.or. 

(Grah ... -Saith, 19601b), in .. ligRant. .ou .. t.u.or cella (~nberg, 

Lavine and Sjoerd ... , 1965) and in t.be pineal CJlancl (Lqve~rCJ, 

Jaquier and Sjoerd ... , 1967). 

In the liver, Preedland et. al.' (19.61), Renaoft, 
- :- - '~ 

, 
Weis8bach and Udenfriend (1962) and Preedland (196l) bave ail 

, . 
.' , 

reported that t~tophan ia hydroxylated by phenylalanine 
"' , -

hydroxyla.e. The reaetion requirea reduced pteridine co-factor 
• Q 

and NADPH. Phenylalanine ia definit.ely the praferred aubatrate, 
o 

the maximal rate of hydroxylatioD of phenylalanine 1. lO tl •• 
-

higher than for tryptophan. lIou.. ..at cella, however, have a.o' 
o 

hydroxyla.es: one for pb.nylalani.. and one for tryptopban. 

Ho.oda and Glict (1966) have purifiee! th ... at cell tryptopbaD; 
~ , 

hydroxyl~.e and have .hawn that thi. en.,.. requir.. tetra­

hydropterid~ne and .alecu~ar oxyg.n~fOr ... t.al actlvlty. ~Sat.o. 
j' 

Jequier, Lovenberg and Sjoerd_ (1967) ha.. furt:ber repOrtect 
~ -

" 
that the 8,n.,.. requir.. ferroua iona. 

t.'1 (J 

from rat and guin.a pig, ebaraebariaed by Cooper ~ a~. (1"1), 

i. very different.. It r~r •• caproua "ion. and "COrbie aeid 
... 

,..r-. .. _ ...... ,_ '"'_ .... :".' ... rl"'-:_ :-,~_-•. , 
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1 ~ 

for activity and appears to func~ion anaerbbibally. 

Early attempts by Benson ~!l. (1962) tq de~ect 
1 

• 0 

hydro~ylase activity in br~in {ailed and led ta ,. . tryptophan the 
..... -;.. ... 

. hypothesis that ·'brain serotonin originated ,in other orgAns. It 
o , 

. , 

was Gal, Poczik and Marshall (1963) who first preseDted evidence 

for the in vivo hydroxylation of tryptophan by brain. __ 1 • Initial 
. 

efforts to purify the enz~ failéd·to increase the enz~ 
. ~ 

activity ~ignificantly and resulted in poor en~y.e yields.; 

Nevertheless, Nakam~a, Ichiyaaa an~ Bayaishi. (1965), Gal, 
o 

..... ..1' l I} 
Armstron~ and Ginsberg O (1966) an~ Robinson, Lovenbèrg and , . 
Sjoer~~ (1968) were later able to sh?W that the en~ requires 

• • ,1". . ".. 
NADPH and tetrahydropteridine for activity and that it.cannat 

, ....-

hydr~xy~ate ~ylalanine. Jequier et!!. (1969) reported that 

the Michaelis constant for tryptophan vas 3 x 10-4 M. This led 

to the widely held idea that th~s ~nzy.e is UDsaturated' under 
, , 

physiological condition~. Recently, Priea.aD, Kappe~ and 

Ka~fman (1972), using, the naturally occurring CQ-facto~ have 

shown -, tha t the apparerit Michaelis ~nstant for the enzy.e i8 

, 50 ;'~M: a value in 'clo/er relation -tQ the estiAated conce~trations , . 

of brain tryptophane Dewever , the enz~ ~s~.~l~ believed to be 
J 

only partially saturated in noraal physiologic~l conditions. 

(ii) JcrOilatic Ja-allino .cid decarb9xylase 
(EQ 4.1.1.28; Be 4.1.1.26) 

L-5-hydroxytryptophan + 5-hydroxytrypta.ine + co2 (aerotonin) 

" ... • 

.. -

• l 

, \ 

" 

l' 
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Clarlc, W.i •• baoh and Uclontriend (1954) 4_.,n.tratod 

that
r 
•• dec.tbo~1 ••• oa.,..,1_;.r' fO~ift9 •• rotonln fI'. S-hydroxy­

trt9tophan va. pra •• nt ift ,ulnaa pi9 k1d~y, .ta.ach, liver, 

inta.tine and lung a. well a. in rat, hog, rabbit and 409 k.4net •• 
~. , . 

They "'0 reported tbat the enay.. requir.. pyrldoxal pbo.phat. , 
, 

for activity~ Purther evidance for thi. co-factor requir ... nt 
, , 

. vas obtained by Duxton and Sincl.ir (1956), Bu.a~d and .ytch _ 

(1957) and Wei.~bach, 809dan8ki, Redfi.ld and adanfrtend (1951) 
'f 

using vitaMin 86~~ficient·rat. and chièk8. ~ •• iftve8tigator. \ 

showed that kidney decarboxrlase activity-in the •• ani .. l. ie 

sharply decreà.ed. 
e-

The ïhttiNI purification of decarboxyla.e by Clark 

let!!. (1954) indicated that th.re vere two ~a~.1 one for 

5-hydroxytryptophan andjOne for 3,4-d1hydroxyphenylalan1~a. 
1 

However, later etudies by YuwilerJ , Gellar and IUduson (1959' 1 

/ 
Werle and Aure. (1959' and RO •• n9ren (1960) .uggeated that 

'"' -~ , . 
5-hydroxytryptophan and ~,4-dihydroxyph.nylalanin. vere~cted 

upon by the, sa. enz)'M .(1 The.e report. lad Lovenber9, Wei •• bach 
~ 

and Udenfriend (1962) to,re-exaaina their aarlier ffnding. in 

guinea piC] k14ney and d~ brain .t... 'l'hey .ubat!que,ntly, con-

., 

• " l, 

J '. 

c~uded tha't there i.--~~ enay.e in .. _alian ti •• ue. which (~~ 
~t • " •• 

cataly ••• the d.c~rboxylat1on o~ 5-hy4roxytryptop~.n, l,t-dl-

hydroxyphenyla1anine, phenylalanine, tyro.in., tryptophan and 

" 
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L-amino aoid deoarboxyla.e". . 
More r~oently, Chri.tenlon, Dairman and Udenfrie~d 

(1970. 1971) and Lanoa.ter and Bourke. (1972) have purified thil 
- " " ~/ 

anly~. to aleotrophoratio homoqaneity and have .hown that it i~ 

a ainqla protain'~ith .pacificity luch ~hat it will Aot on both 

3,4-dihydrox~p~enylA1An1ne, 5-hydroxytryptophan al wall al on 
, , 

phenylalanine and tryptoph,n .. Chri.t.n.on !1!l. (1971) have 

allo prepar.d anti-.arum to thi. anlymo and have .ho~n th.t i.t i. 

widely di.tributed in mammalian ti •• u~.. Sander and Coullon 
c '- , " 

(1972) while aaknowledging thatrthe work of Chr~.t.n.on et al. --, 
(1970, 1971) provide. p~.itive proo! for one enlyme protain, have . . 

.U9geated that thé enzyme .aotually ha. a narrowar range of .peoi-
o . 

ficity (jult' to 3,4-dihydroxyph~~ylalalanin. and 5-hy4roxytrypto-

phan) • 
, 

Howevert,. durinq the' cour.~ of thea. inve.tigation., a 

seriee of conflicting repo~t. indicatinq the po •• ibilitY,of the 

existence;'of a multiplicity of decarboxyla •• enzyme. have appeared. 

Awapara, Sandman and Han,ly (1962) Iho~.d that 3,4-dihydroxyphenyl-
, 

, 1 \ • 

alanine decarboxy1al.1 from livar·and ki'd'ney are different with , , , 
,,' , f 

re.pect to .ub.trate .pecificity, 'pH and co-factor r.quirementl. 
, • ~ 1 

,!, 

Subcel1ular 10ca1ization of, thi. enzyme and o,f 5-hydroxytryptophan 
, 

decarboxyla •• in variou.· ti •• ue.'ia alao diffar.nt. 
1 v 

Thu~, Jddney 

'(Lovenb~r9 ~ !!._, 196,2) ~ a,dranal medu11a" (Bl •• chko, IHaqen and 
'" 1 

We1ch, 19551 '.Laduron and Belpa~re, 1968) and br,ain (MaGe.r, 

l ' 

, ) Ir 
.... .. 

,. 

, > . , 
" 
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Bagohi and McGeer, 1965, .Sima, Davis and B10o.'; 1973) 

3, 4-dihydroxyphenylalanine d,carboxy1as~ tU',e cytoplasmic. kid-
~~~' .'C.___ _ ' 

ney 5~hydroxytryptophan decarboxy1ase ia also cy~opla~ic 
-' ~ ... 

(LQvenberq et !l., 1962) but the brain enzyme ia particulate 

accordipg to Rodriguez De Lores Arnaiz and De Robertis. (1964) 

and both soluble and particul~r aqcording to Sima et al. (1973). 

; These results indicate that the controversy as to whether there 

are one or two decarboxylase enzymes still remains to be re­

solved. 

, ~ 
, .~ 

.. . , 
,.\ 

f 

" 

In most tissues, serotonin is further metabolized by 

the enzyme monoamine oxidase to'5-hydroxyindol~ Acetaldehyde, 

t~i~ aldehyde is then eith~r oxidized or reduced to the corre a­

ponding acid or alcohol. In the pineal, however, ser~onin ia 
1 .~ 

the precursor of melatonin, the pÎheal hormone which has an 

antagonistic action toward melanocyte-stimulating hormone and 

which causes lightening of' amphibian skin. 

In the pineal, serotonin is N-acety1ateq and-o-methy­

lated by two enzymes (the former requires acety1 CoA as the 

acetyl donor and the latter r\quires S-adenosylmethion the 

methyl ~onor) to melaton*n (McIssac and Page, -.. 
Case and Takahaahi, ,1960; Weissbach, 

Axelrod and Wetssbach, 1961). 

~ 

and Axe~rod,'1960, 
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fJ (iii) Nonoa.ine oxidas. (Ee 1.4.3~4) ) 
5-hydr~xytryptaJù.ne, + 02 + 820 .... ,5-hydroxyindoleacetylaldehyde 

(serotonin) +, NB3 + H202 

l' 

H~re (1928) was the first ta de~cribe an enzyme in 

.anmellan livers which could catalyz~ the oxidative deamination ,., 

of " tyramine. A fe~~ears later, Blaschko, Richter and g 

Sch\oss.ann (1937a) described an adr~naline oxidase in liver, . 
r , 

kidney and intestine and 'PU9h and Quastel (1937a) reported on'the 
1 

" 

presence in brain of an enzyme that oxidized a~iphatic,~ines. 
( 

These investi9ators (Blaschko, Richter and Schlossmann, 1937b: 

PU9h and Quastel, 1937b: Kohn, 1931) ultimately _concluded that 

the three enzyme systems 'are~identical and that a single enzyme 

attacks adrenalln, tyramin~.and several aliphatic amine~. 

Since these initial studies, monoa~ne oxidase has been 

shown to occur in a wide variety of ti.,.ssues. Live'r, kidney, in-
, 

testine, brain and blood platelets aIl have monoamine oxidase 

activity but other or9aDs such as papcre~s, fteart, spleen and 

thyroid are active to some extent (PU9h~t al., 1937a: Bhaqvat, 
~-

B1aschko and Richter, 1939: Latt, Rippey and Stacy, 1968). How-

, ~ 

_ tl .. ~ 

ever" relative activities of'different organs in different species 

vary widely. 
1 ~ 

This enzyme is present in liver mitochondria (Blaschko, 
> , , 

1952; Hawkins, 1952) ~d also as a soluble plasma protein (Tabor, 

\ 1 
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",: 

,,\ 



," 
1 

,1 V 

, 

~. 
~: , 
1-
); 

Tabor and Rosenthal, 1954; Weissbach, Redfie1d and Udenfriend, 
, 
1957) •. Many of the 'particu1ate aDdne oxidaaes have a f1avin 

prosthetic group (Erwin and He11erman, '1967: Tipton, ,1968: 
, 1 

Harada and Nagatsu, 1969: Kearney, Sa1ach, Wa1ker, Seng and 
1 

Singer, 1971; Youdim and sourkes, 1972) 'while the~solub1e 

~lasma enzyme req~ires copper and pyridoxal phosphate as its 

prosthetic groups (Yamada and Yasunobu, 1962: Yamada and 

Yasunobu, 1963; Blaschko and Buffoni, 1965). 

(iv) Aldehyde dehydroqenase (EC 1.2.1.3) 

(v) Alcohol deh1droqenase (EC 1.1.1.1) and 

. Aldehyde Reductase (Ee 1.1.1. 2) 

5-hydroxyindoleacetaldehyde + NAD + ~20 + 5-hydroxyindo1eacetic 
acid + NADS 

r 1 

5-hydroxyindoleacetaldehyde + NADH + 5-hydroxytryptopho1 + NAD . , 
or NADPH or NADP" 

S-hydrôxyindo1eacetaldehyde, formed by monoamine oxi-
( #> 

dase action, has two fates: either i·t can be oxidized to the 

correspanding acid (Weissbach et al., 1957: Ecc1eston, Noir, 

Reading and Ritchie, 1966: Feldstein and Williamson, 1968) or 

reduced to its alc,ohol (Kveder, .,Iskric and Keg1evic, 1962: • 

v 1966': Feldatein et al, 1968: Duncan and -- , 
Sourkes, 19 enzymes responsib1e for these metabo1ic 

o 

, 1 

, u . , 
~' ." .'-::' 

;: 



:' 

. ' 

29 

, 
1 0 

tr~sforJMtions are aldehyde, dehydroqenase, alcohol dehydro­

. genase and aldehNde reductase. 

Aldehyde dehydrogenase has been studied in greatest 

detail •. Deitrich (1966) has found, that it iS'&n NAD-dependent 

enzyme' 70 date, it has ~en puri.fied fram bovine and"mnkey 
'.~ ,'#' , 

brain mitochondria (Ervin and Deitrich, 1966) and ftom pig brain-

(Duncan and Tipton~ 1971). A number of aliphatic aldehydes, 
1 

ranging fram formaldèhyde to palldtic aldfhyde, as weil as the . " 

u 

aldehydes derived· fram ~erotonin, epinephrine and dopamine are 

substrates for this enzyme -(Ervin et al., 1966) • . -- -Enzymatic reduction of aldehydes in liver occurs via 

an alcohol dehydrogenase which is NADB-dependent and inh~ited( 

by pyrazole (Sund and Theorell, 1963; Dalziel and Dickinson, 
li' 

f 

1965). Brain alcohol dehyd~ogenase similar to the liver enzyme 

has been detected (Raskin and Sokoloff, 1968). It tao i8 ~ADB­

dependent and pyrazole-sensitive. Bowever-, the activity of ,the 

brain enzyme is vèry lov (Raskin and Sokoloff, 1972). 

Eceleston et al. (1966) and Feldstein et al. - - --
(1968) have noticed that reduction of the Aldehydes derived 

fram certain brain aaines requires NADPB rather than NADR. 

Recently Tabakoff and Erwin (1970) have reported on the 

presence of an NADPB-dependent, a1de~yde-reducing enzyme in 

bovine brain tissue vhich is capable of converting aro.atic 

and aliphatic aldehydes to their corresponding alcoho1 . 
derivat~ves. uSing partially purified preparations isolated fra. 

r 
t 

1 r 
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rat brain, Tabakoff, Anderson and /Alivisato8 (1973) have ju.t 

confirmed that the enzyme ia indeed NADPH-dependent'and pyrazole­

insensitive, but that it ia sensitive to pentobarbital. They 

have conclu~ that it is an Aldehyde reductaèe. Thus, brain 

tissue appears to possess twb distinctly different enzymes for 
• 

aldehyde reduction: alcohol dehydrogenase and Aldehyde reduc-

tase. 

c. D-Tryptophan Metabolism 

As ear1y as 1931 Berg and Potgieter (1931,) reported 
1 

that rats receivi~g the DL form of tryptophan 'showed no signifi-

cant difference in growth patterns from rata receiving only the 

~ L-isomer. Later, Schayer (19S0) synthesized DL-tryptophan con­
lS 

ta}nin~ N in the indole ring and separated this into the 0 and 
'-L isomers. He then showed that D-tryptophan is readi1y converted 

to L-tryptophan in the rat. Oates and Sjoerdsma (1961) carried 

this work further when they noticed that infusion of D-~Ydroxy­
tryptophan into humans resu1ted in a sign~ficant increase in 

serotonin and S-hydroxyindoleacetic acid levels. They postulated 

D-amino acid oxi~8e might convert D-S-hydroxytryptophan to 

S-hydroxyindolepyruvic aci~, which in tur~ C~Ul; be transamtnated 

to L-S-hydroxytryptophan. The nevly fOrme~hYdroxytrYPtoPhan 

could then be decarboxylated by the enzyme, which ia abaolutely 

s~ecific for the L-isomer, ~o yield serotonine Two recent publi­

cations have provided additional support for thia pathvay 

. _ .• '.l , 1 1 '. • • 0 

, . . 

.' 
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(Arendt, Contractor and Sandler, 1967~ Yuwi1er, 1973). 

or 
, 

, 
, 

(i) HO-amino .cid oxidase CEe 1.4.3.3) and 

Transaminase 

or 

0-5-hydroxytryptophan 5-hydroxyindolepyruvic acid 

indolepyruvic acid + g1utamine +-L-tryptophan + a-ketog1utarate 

or or 

5-hydroxyindo1epyruvic L-5-hydroxytryptophan 

While the Aboye research vas in pro~reBs, Lin, Pitt, 

elven'and Knox (1958) and S~d1er, Spector, Rüthven and Davison 

(1960) reported that tryptophan-u-ketoglutarate transaminase 

and 5-hydroxytryptophan-a-ketoglutarate transaminlse activitie& 

vere present in rat liver preparations. A few years later 

Haava1dàen (1962) showed that rat brain extracts possess trans-

aminase activity~and Tangen, Ponnum and Haavàldsen (1965~ were 

able to purify a ~ran8aminase 'fram rat brain which w~s specifie 

for tryptophah and 5-hydroxytryptophan • 
• 

< 

In a aimi1ar fa.hion, evidence painting to the exis-

tence of O-amino acid oxidase activity in variou. tissues began 

about 1935. Krebs (1935) was the first to report that fresh 

--------",-" ,-
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~ 

~, 
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liver and kidney slices vere able to deaminate amino acida of 

the D series. Confirmation of 'kidney D-aaino acid oxidase 

activi~ was published a fe~ years later,by Birkofer and 
. . 

Wetzel (1940). Rat brain oxidase ~ctivity vas firat detected by 

Edlbacher and Wiss (1944). This enzYme has aince been found in 

human brain, kidney and liver by Dunn and Perkoff (1963). 

Thus, the above studies have' provided strong aupport 

for the metabolism of D-tryptophan by ma~lian cells via the 
1 

5-hydroxyindole p hway onc~ it has been converted to the L-isa.er 
t 

by the oxidase transaminase enzymes. 

(ii)\ D-tryptophan pyrrolase 

D-tryptophan D-kynurenine 

Considerable evidence has now accumulated in favor of 

the metabolism of O-tryptophan to O-kynurenine in intestine and 
, , 

liver. Early studies by Kotake ~d Ito (1937) showed that when 
u 

rabbits were fed large doses of D-tryptophan, D-kynurenine could 

be isolated from the urine. These investigators vere able ta 

obtain conversion of D-tryptop~an ta D-kynurenine ~ extracta of ~ 
, 

intestinal mucosa but not in liver extracts. Studiea of the 
1 

liver enzyme by Knox !! al. (1950~ and Tanaka et!!_ (1959) . 
showe~ that the, enzyme was absolutely specifie for the L-iaa.er • 

However, usiriq a more sensitive chromato9raphic procedure for 
'\ 

. 
1 

the separation of D- and L-k~nurenine,' Loh and Berg (197li 1972) 

.., t' 

, \ , . .. ' 

" 



" 

: 

-' 

· 

~ 
Il; " . 

P ~r> 

" 

......... 
~ ... :;)::~ ~ 

have recent1y .hown that rat liv.r can .. taboli •• D-tryptophan 

to D-kynurenine. They have allo r~port.~that D-tryptophan 

pyrrola.. i. very .iailar to L-trYPtophan pyrrol ••• but th.y 

have no! a. y.t d.teraine4 wh.th.r there are on. or two en.y ... 

pre.ent in liver. Inte.tinal conver.~on of D-tryptophan to 

D-kynurenine ha. be.n atudied by Higuchi and Hayai.hi (1967). 

Th.y hav~ conc1ud8da (1) that thi. conver.ion i. not cau.ad by 

'int •• tinal microflora and (2) that a D-tryptophan pyrrola •• i. 

pr •• ent in the 11.~ region of r.bbit inte.tine. Th.y h.v. 

ahovn that ao .. differenc •• exiat-bat ... n the inte.tinal D- Ànd 

L-pyrrola.a an.~. but they have not be.n able tb d.ter.in. 
1 

conclu.ively wheth.r th.ra Ar. r.ally two .nay ... in the ittt •• -

tine. 

The above raview of tryptophan metabolL ••• nd of the 

.nt,fM' 1nvolved indicate th.t tr)'ptophan 1. c6taboli.ed to 

niacin-.nd CO
2 

via the ttyptophan pyrrol ••• pathw.y in th. llver , ", 
and al.o in th. 1nt •• t1ne. Ma.t importantly, it i. not beli.ved 

, 
to be a .. jor 4evradatlve route ln braln. During th. cour.e of 

, the r •••• rch for th1. the.i., intel'e.t il' thl. patbw.y ".. , .... 1'­

ate4 by the id •• that perhap ... tabollte. of the d.,r.4at~ve 
1 

route circùlating in the pl .... .t9ht affect ~raln tryptoph.n 

trân.port. 
~ 
"', 

~~:,: 

'''''''l''~, , 
fl..J~f,- ... _~ 11, ",' " c 
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o In brain th.n, th.r. are only two met.bolic route. 

to be con.i4.re4 at the pre.ent timal the 5-hydroxyin4ole 

pathway and the o.i4a •• -tr.n.a.ina.e .huni. Of the.e, the-pro­

duction of •• rotonin ha. generated th. ma.t intar •• t .inoa thi. 

co~und i. believe4 to be • n.urotran.mit~.r and .inoa lt ha. 

al.o be.n i.plicatad a. an important faotor ln d.pr ••• iv. il1-
• ,1 

ne..... It .hould he not.d, however, that very littl. trypto- ~ 

phan i. aotually metaboli.ad by the brain, Sjoard.ma, Wei •• bach 

and Udenfri.nd (1956) have e.timated that only l'of the total 
1 

., , j u 

diatary tryptophan ia, metaboliaéd to •• rotonin. Sino •• erotonin 

i. produced throughout the body, only a .mall traction of that 
-

l' i. Actually produoed by the brain. Ixcluding protein Iynth.-

.i., the 5-hydroxyindol. pathway la probably the major route of 

tryptophan meta~li.m in brain~ 

Although tryptophan-5-hydroxyla •• i •• aid to be the 

rate-limiting .~ep in .er.otenin format~n (Friedman, ~ !l., 
1972). numerou~ report. have .hown that alteration. in braln 

tryptophan level. oan affect .e~tonln turnover in b~.in (Grahame­

S.ith, 19111 

Gea •• , 11911, 

T.91~~nonte,_T~gliamonte, Perez-Cruet, Steln and' 

Curzon, Jo •• ph and Knott, 1972). Thu., it eppeared 
"Y 

r~-or-Ain mighp-be a m~chani.m 

of intraoel~lar tryptophan conoentration. an , 

" -~ 
.1 
1 

l 

therefore, atudy of the particular characteri.tio. of thi. entry .. ' 

aight he of con.iderable interaat and imPortance. 
J 

" .~ 

.. 
, , 
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3. Brain and Pl.... 'l'rXftORban CODCeDtr.tiona 

Ibe eellular concentrations of fnte tryptopluln in the ..... 

brain depends on several factors: (A) the inf~ux and efflux of 

- this aDdno acid in brain~ (B) the ~ate of -Uyptoplian lletabolisa 

, and CC) the rate of tryptophan incorPoration into proteine ,08s-
(> 

pite these factors, the free tryptopban concentration of adult 

brain remains fa,lY colletant. ~Scbtarr, ThOlipson, Benderaoft, 

Williams and Elvejhea (1950); Sourkes e~:!~. (1970) J and 
" 

Grahama-Smith (1971) bave deterained ~t rat brain tryptopban 

concentrations range fra. 0.01 - 0.02 -.oles!kg. 

Durinq d~velo~nt the concentratiolia of .ost aaino , 
< 

acids in brain tend to decrease (Guroff, 1972). Several years 

ago, Guroff and Udenfriend (1964) abowed that the brain:pla ... 

, ratio for tryptophan deereases significantly v~tb age. More 

receqtly, Tyce, Flock and OWen (1964) have reported tbat the 
Q C 

brain tryptophan concentration'of fetal and n.-born rata is 
, \, ___ oF 10 

about three ttmes 'that of the adu1t conceDtration.o~.ithin the 

first three daya of life tbey shoved that 

in t ryptophan concentration ,fo1l~ by a steady increase which 
i 

, levels off at adult values in approxt.ate1y three weekaJ the 
d 

adult concentrations bowever, are alvays considerably ... 11er 
~ Il . 

than those of the nevborn. 
, - ~ 

The total pla ... tryptophan concentration ia .ach 
{ 

, ; 

" 

" , 

t· 

higher than the'brain concentration, rangiDg Eroa O.05~O.10 __ y~~ .. ~r'~ 

~ 1 •• 
..... ~ -'- '.:.., , ~î 
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3. 
Mo .... nuay .nd Oncl.y Cl'SI)rba ••. npol'Ud that only 201 of tH .. . 

) 

total pl .... trlPtopban ~. in • !nelr dlffuib1. fon. "ft'be 

~tio ot fr •• sbound •• 1''' tryptopban i* ..... itl .. to ~ ....... in 

tellperatur., pH and 10nle .trenttb .C~...., ~ !l., l'SI',te>> 
• \ 

variou. drug. .uch a. pr~benec.l~ ~ ~li1laW .ad •• pi!'in 

(Tagliamonte, 819910 and Ge ••• l'~I)J ..... Il •• tG nOn­

e.ter,ified fatty acid. (Lipaett, Madra., vur ...... "ne! llunro, 

1973, Curzon, Priedel and Knott, 1973). 

Currently a nuaber of inveatigatora are poatu1ating tha~ 

brain tryptoph~n concentration i. controlled by- the 1evel ot 
o 

free aerwa' trypto,pban. 'rhe.e group. JN" their hypo~.i~ on 
t (;j.f 

the fo11owing ob.ervations, 24-hour food'deprivation ln rata 1 

(Knott ànd Curzon, 19721 Taglia.onte, 819910, Vargiu and Ge ... , 
J '- _ 

1972), hepatic deva.culariza~ion ln piq8 (Curson, Kaftt..-ni, 

;inch, Rojaa-Bueno, Mur~ay-Lyon and Wll11 ... , 1973~, or 3-bOur 

immobilization of rat. (K~ott ~ !!., 1972) cau .... igniflçant 

increaae. in- fre.·- •• rua··t.rypt9~an and in brain tryptophan but 

the total pl .... tr~to~han cc>n:nt;a~~ -;;~i~-·~han9ld. 
Thi •. hypothesi., however, ha. been que.tioned by ~ .tadyof 

Madra., Cohen, r,rn.trOll, Larln, Munro abd ~n (1~9~..,...~ 

Madra. !!!!. (1973) have • a b19b carbobydr~te di.~ 
1 ", 

cau.e. decrea.ed fr.. ..xua tryptopban bu~ iDCreaaed brain ~bD-, , 

phan c~ncentr.tion. in rat •• 1 ~ a~gue ,tba~ wben rata ara fea 

'.'lob a diet, th. non .... t.rifie4 !atty .c~d coDCelltratJ.on ln tbe° 

? 

. -. 
" 

-~ 

~ .... \ I\! ,..\ ;.1 " J 1 ~\'~ 
'1 '" f ~ - .. ,,,1 1 »-

.t.~.4'~ olt ,_Iwo.( j •• __ ~~. ,I .~:. :"'ar.i.,,~ .. "'"'<ooI~~~_,Jws.1l"'!. 
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•• rum i. d.or •••• d. r, Sina. non-e.terifie4 f.tty .• aid. ,are 
c, 

known to alt.r th. affinity of tryptophan for .eru. albuain ' 
, 

(Curaon, Fried.l and 'Knott, 1972) then d.or ••••• ln'th ... I.t~y 

aoid. oau.e inor •••• d bindinv of tryptoph.n .nd • lower 11''' . 

concentration. Thu" they oonolude th.t fr .... rua tryptophan 

do.. not prediot ohang.. in br_in tryptophan oau •• d by .uch 
? -

phy.iologieal input. a •• ating but th.t fr .... r~ tryptophan< 

might be oorrelated ~ith br.in tryptoph.n after tre.~nt. auch 
1 -

a. drug adminiatration or f •• ting. ç 

4. Introduotion to Tran'port 
; 

1 ' . 
Studie. ind10ating that the brain oeil tryptophan 

conc.ntrat~n. fa1rly oo~.tan~ aro tur~r praot for tbo. 

role of the cell meabrane in the .. inte~nce of o.llul.r ~-
, • \ "' ~ 0 • 

• \J 1(. • () 

at.ai.. For many y •• r. it ~ •• tieen .vident th~t ~lec~e. and 
t v. ,.- .. 0 1 1 . 

ion. penetra~e oell membrane a at v.ryin9 r.t ••.• nd vith v.r~i~g 

degre •• of •• lectivity. Thi •• videnoe ha. glven a\apport-ta th. 

, \ 

~ 

.... "\ • ,. , 1 

, now aec"pted cono.pt that oell .. lIbr~ne. al'. not inert barrier. 
... ~ ,. , ... 

- , ~ '"JO .. 0 

~ep.ratin9 intraoellular and e.tr.cellular environ..nta but rather 
, 

th~t the y are dynamio phy.iologie.l atruoture. p.pable of f40i1i-
# 

tating" or obatruoting the e"try toI' exit) of a .,lecule or' i!Jn .• 
" 

A. Simple or'pa •• iv. Dlffu.ion .,..' 

,1 

'. . , . 
l , 

~: - - .~._-.. -- .,> - .. ' • " /, . . 
. ' - ".~._.6 ., 

, ", 
," 
.; 

-"' , : 
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1>' 

ii ·.i~le or pa •• ive diffu.ion- (Daqi.l1i, 1954'. In .uch .~ 

ca.e, the .,.,.tance beiftCJ tr.n~ported .ove. a10ng it. e1ectro­

che.ica'l potentia1 (or concentration) gradient unt!l the gradient 
• ,1 

di.appeara. Thi. rroce.~ require. no energy expenditure~by the 
, ' 

, , , 
cell and re.uit. ln an equlva1ent concentration of the tran.ported 

substance on ~itber .ide of the', __ hne. 0II1ng tG the COIIPlexLty 
~ 

" 

of cell aeabranes, ,however, thi. type of tran.port occur. infre­, 
quantly. 

B. racilitated -Diffu.ion 

UauallyOsubstances which diffuse acros. cel1 .. ~rane. 

do 80 by ·faci1i-tated diffuaiog· (Danie11i, 1954). In f.ci1ita~ 
~ .... ..., . 

diffus~on, the net theraodyna.ic resu1t i. equiva1ent to the pro-

cess of si~le diffu.ion with the .ub.~~ belng tr~n.por~-
Il 

. 
" 

. 
, 

1', 

" 

.' 

IIOvll1g ln ~e direction" deterai~ by the electrochem.cal pot4!n....o . ~ -' 
, 

tlal (or concentration' gradi~nt. As in<tbe ca.e~f si~le dif-,' 
- '" ' 

fusion, ~() '-input ;'f eellul~r energy 1. requl~or transpOrt. 
.. ,} ~ 1 . ,- -

By facilitated diffusion, a 1:1 ratio of the intracellular:extra-
> • • ,-r ' . 

c~llular concentrat~?~ of tbe,tran.ported .ubatance 1. attained 

but the rate at whlch thi. equilibriu. ia acbie~ i • .uch gieater 
a , 

than woula occur by sillple 8iiffualon. For thls reaaon in"..t!ga-

tora have"poatulated that cell ..-branea po ••••• -.chani ... 
. l ,'" , ~ d. 

whereby a substance can he ·~rrled- Into a' celle Thè exact 
-. 

nat~re of_ these car;rier. 1. .till the- .ubject 'Of aüch atudy but 

D 

. ,- . o 
(J " 

. ~ . \,.. 
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one can say.that at the v~~y least, t~ey enhance or facilitate 
~ : , 

the.t~ansport of a substance across the cell membrane~ In the 
1 

case of facilitated diffusion., t~8e c;:arriers ma~ distingu!sh 

b~tween stereoisomers, àllow str&eturally analogous compounds ,. , 
, J 

to récl~ce' the movement ,fof . a . substanc;e across the cell membrane, , ." r, <0 

and cari be aftected b% cer~ain metabolic inhibitors. Also,in a 
(1 C 

-, 

facllftated diffus~on, prooess, the rate of penetration by a 
r . ~ 

transporteq substance ma, no~ be directly proportional to the 

copcentration of thatO substance in the extracellular f1uid but 
o ) 
ratl'h-er may reach a 1imiting·value. In a simple.diffusion process 

no saturation value can occur • . . 
. 
c. Active Transport 

A number of substances, notably ions, sugars and am\p0 
aCids'; al;'~ concentrated inside va~io'Us cells; th~t i~, th~y A-e 

t~ansported through ce1l membranes to higher electrochemical . / 
. . 

potentia1s (or concentrations). Such ~rans~rt p~oeesses, known 

.Jas "active transport" require ·the expenditure of cellular energy 
., ,. 

'either f~om-the hydrolysis of cellùlar ATP and/or from the poten-
~ . 

'JI 

tial energy'of an ion grad~ent •. These processes are characterized " 
1- ' '" 

by saturation ~inetios which can be described by' adaptations of 
:1 (1 , V • 

the M~cha~~is-Menten equation. Ana10gs of the substance being 

transperted usually Inhibit competitively. l 

-
IJ 

~ , , 0 , 
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CUrrent hypotheses concerning the mechanism by wbich .. 
a subs~ance is actively transported into a cell all support the 

1 

idea of a carrier within the cell membrané. To date two differ-

~nt concepts of this carrier have been proposed:' either it ia a 

mobile carrier which moves th~oug~ the membrane or it ia fixed in 

the membrane and the substance gets into the cell by moving a~ong 

adsorptive ~sites on the carrier: Most researchera today favor 
'II 

some variation of a mobile carrier concept and it is this concept 

which will be.discussed further here. 

D. Mobile Carrier Hypotheses 

f 

Mobil'e carrier hypotheses postulate that the substanc;:e 
oP<-

to be transported binds to a receptor site on th~ carri~r whic~ 

ois ,situated on tfie outer side of the cell membrane. This carrier 

complex then translocates through the membrane. Insidé the -ce1l' 

the substance- is released. In t~e ca~e.of a faci~it~ed diffusion 
, -

process, ~he movement is down a éQncentration gradient, i.e.,'the· ' , . 

carrier returns empty to the outer side of the membrane. In an 

j "exchange 9iffusion" process (Ussing 1947: 1949), the carri~r 

picks up ~nother'molecule of the same substance ("homoexchange·) 

or a structurally analogous substance (·h~te~,e~hange") at the 
,,' 

, 0 

inner side of the membrane and carries it to the outside where 

the substance is released. In an Active transport proces8, the 

substance la carried into the cell againat its co~centration 

gradient •. 

'1 

, . 
1 

, .L ,"-' ,,/' 
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E. Energy Requir.-enta for A~tive Transport 

~e driving force for this conceptration proces. has 

been the object ~f nu.erous exhaustive studies, none of which 

has answered thè question conclusively. Most inveatigatora 
'\ 

agree that cellular energy .ost be expended. The ènergy source 

is believed to be ATP bècauae aetabolic inhibitora Ccyanide, 

2, 4':"dini trophenol, arsena. te, iodoacetate, etc.) of ATP formation 

inhibit the 'active transport procesa drastically. In addition 
J 

to ATP, however, .the IntraCellular and extracelluiar Na+ and K+ 

concentrationk are t.portaDt for max~, accumulation. 

F. 'l'he SOdiua-Gradient Hypothesis 

( A nUilber of yeara ago, Crane (1965) poatulated that a 

sugar or allino·'acid could be ,con~,ntrat~~ by an ~ntesti~~~ >'cell 

in the following .anner: a carrier wi~ two binding sites is 

present on the outer, ~ide cf the cell I118111braJ\e _ One si te is , 

specifie for the sugar or aBdno acid and ita analog8. The other 
c: 

"t b" d N + + " S1 e 1n s a or X 10ns. In order for translocation to occur, 
1 

both binding a~te8'.ust be occupied. When thi. ocèurs, ,the 

/' substrate-ion-carrier COIIplex ~vea through tl)e membrane (in 
- " 

other worda, ,the aubauate and ion are "co-transported"' and f 

releases the substrate and ion into the celle Nov the ion bind-
• 

in9 site, however, has a different affi~ity for extracellular 
~ , 

i 
" 
'f 
f 

\ 
I~ 

.' 
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, 
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'+ If Na ia, bound to the carrier on the out.ide, 

the conformation of the complex ia auch that the carrier .oves 

rapidly through the membrane and the aubatrate ia accuaulated ) 
r 

+ within the cell. When K "is bound to the carrier, the confo~- l' 

{ 
tion of the complex is auch that translocation occura alowly and 

very little substrate ià accumulated. Crane further postulated 

that since the K+ concentration inaide the cell ia 10-20 time~ 

~' greater than the Na+ concentra~ion, the Na+ - x+ ATPaae'preaent 

in the cell membrane pumps out the Na+ with the concurrent hydro­

lysis of ATP and it is this energy expend~ture which maintaina the 

,ubstrate concentrated inside the cell against~gradient. 

Many investigators concur vith this hypo,theais, i.e., 

that it ls the downhill N~+ gradient which drivea the uphill 
" 

accumulation inside cells of sugars and amin9 acida. Thua, 
. ~ 

Vidav~~ (1964~; 1964b), Vidaver'and Shepherd (1968) for glycine 
, ' . 

transport into pigeon erythrocytes; Eddy, MulCahy and Tho .. on 

(1967) for glycine transport( into Erhlich aacites cells and 

Curran, Schultz, Chez and FU~ (1967) for alanine, valineland 

leucine transpo,rt into rabbit ileum provide 'result~which agree" . ~ 

in principleewith this hypothesis. Mor~ récently however, 
'1 

Potashner and Johnstone (1971) have obtained data which.conflict 

with thia theory. They report that cellular ATP· and extracellu-
+ + lar Na , rather than a Na gradient are required for ~e optt.al 

accumulation of,glycine and methionine by Ehrlich ascites c&lls. 
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These investigatora augg.st that their reaulta indicate that 

both Na+ and ATP Act dlrectly on the ~tep involved in amino 

acid uptake into the cell •. 

5 •. Tryptophan Transport into Various Ti.aues 

A.' Inteatine 

Early evidence ,for th~ accuaulation of tryptophan vas 

reported by Spencer and SU\il.Y (957). Uaing everted hamater 

intestinal sacs. they showed that at low concentkationa (5 mM) 
,;;, 

tryptophan could be transported from the aucoaal to. the aeroaal 
• 

side of the membrane and accumulated againat ita gradient. 

Similarlto the uptake of PhenYla~anine(and tyrosine, this trans­

port procasa ia coapletely inhibited' b~ hig~ tryptophan conc~n­
trationa (~O mM); a phenomenon which had lad Wis,eman (l95j) ta 

report initially that tryptophan waa the only amino acid not 
, ~ , . 

ac~ive1y transported by the intestine. Spencer ~ al. (1957) 

a1so obaerved that trypt~phan ia tranaported beat by middle 

aections of the inteatine when compared with atudies on sections 

from either end. On the baaia of their results, they poatulated 
'''-

that the four aronatic aminol,acida ,(tryptophan, tyrosine, phenyl-

alanine and histidine) ahare at least'one ~n atep in their 

\ 
./ 

, .' 
f. _ ~ , r L _ '1-_ ~ \ ~J, 

, '~ 

'.< 

" 

• J 

,1 
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int.atinal abaorptlon. Spencer, 80w and Markulia (1962) and 

Lin, Hagihira and Nillon ,(1962) lat.r ahowed' that tryptophan 

tranaport i. atructurally lpaeifie, the int.atinal proe ••• 

requir.a the o-amino group and will not t~~aport th. D-llomer 

of tryptophane Cohen and Huang (1964) obaerved that tyroline 

and phenylalanine inhibit' hamater int •• tinal tranaport of trypto­

phan eompetitivelYJ that thia ,tranaport proe.aa ia looated 
, 

mainly on the mueoaal side of the membrane and that replacement 

of Na+,by Li+ or K+ markedly ,inhibit. tranaport. Methylated 
, 

and N-chloroaoetylated derivatives of tryptophan can be trans-

ported by thi. preparation at a mu eh 'alover r~t. than L-trypto-
, 1) 

phan but O-tryptophan, S-hydroxy-D,L-tryptophan, tryptamine and 
{ 

S-hydroxytryptamine are not tranaported ~t aIl. 
} 

Ulinq everted 

, 

aaes of fat .mall int •• tine, ~u~ck (1966) concl~ded that t~ypto­

phan ia a substrate for the' c"n1:"ier of th'e dipunino acid. (arCJin-
. 

• J 

ine and lysine) as weIl a. the neutrél amino aoid. (methionine 
... 

and leuoinè). More reoently, ~eiser and Chriatiansen (1973) 'have, 

shown that epitheliel oells of the rat inte.tine have two distinct 

alanine éxehanqe tran.port ~yatem., one for neutrel ~ino aoids 
J • 

and one fo~ ba.io amino aoid.. Tryptophan, a larqe ~eutral a.1no 

aeid ha. a.veak ability to exohan9~ with intraoellular alaninel 
~ ~ 

J 
also 1 mM alanine inhib~t. the uptake of 1 mM tryptophan by . 

approximately 20' • 

, 
iL' <y (: .• ~J~J.rJ; " . "' 

, '" 
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B. Bhrlioh a.oite. oell. 

. " 

Rigg., coyne and,Chri.ten.en (1954) were the fir.t to 
\ 

elucidate tryptophan tran.port into Bhrlioh a.oite. cell.. They 
~ .. 

faundl (1) that tryptophan i •• trongly,açcumulat.d by th •• e 
t 

cella, (2) that D,L-tryptaphan 1. mOre'weakly aceumulated, 
1 

(3) ,that the primary amino group i. abaolut.ly e •• ential for 
C' 

tryptophan entry and (4) that 10 •• of a carboxyl group or addi- ' 

tian af a methyl group do.. not make the membrane impermeatila to 

8uch a trxptophan derivati've. Jacquez (1961) later reported 

that at low extracellular tryptophan concentrations (1 mM), the 

initial rate of uptake is linear for las. than one minute. With 

high e~tracellular tryptophan concentration. (30 mM) the initial 

rate of uptake i. linear for 10-15 minute. and ateady atate i. 
" 

reachad only after 120 minutes of incubatien. Lav concentration. 

(1 ~) of histidine and leucine atimulate t~e rate of uptake of 

1 l mM,' extracellul~r tryptophan whereaa high extracellular cC?n­

centration. (5 mM) of th ... amino acid. decr~a.e tryptophan up-

take by 13-15'. Oxender and Christen.en (1963) hava noted that 
, 1 

~ . 
tryptop~an upt~ke is almoat completely inhibited by phenylalanine 

whereas 9~ycine and alanine cau.ed le •• th.ft 40' inhibition • 

c. E.cherichia coli 

~n ~nducible tryptophan tranaport sy.te. in 

Escherichia ~ has béen c:sb.erved hy Boezi and De Mo.. (1961)." 

", " 
" • 

: 
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This system has the following propertiea: (l),tryptophan 

accumulation is stimulat~d by Mg2+ inhibited by Mn2+ and 
'2+ + unaffected by Ca or Na; (2) 2,4-dinitrophenol, sodiua aaide, 

pyruvate and glucose inhibit tryptophan uptake whereas for.a~e 

stimulates tryptophan accumulation. These t'vestiga~OrS conclude 

that it 18 an energy requiring process sine metabolic inhib~-

tor~ decrease transport. They suggest that the glucose and 

pyruvate inhi~ition may actually be caused by a metabolic inter­

mediate of these compounds which acts on the transport processi 

(3) phenylalanine and Methionine stimulate tryptoPhan uptake 

whereas sei4~e, valine, glycine, D-tryptophan, S-methyl-D, 
o 

~ 

L-tryptophan, S-hydroxy-D,L-tryptophan and indole decrease up-

take, and tryptamine and anthranilate have no effect. (4) the 

"" system is inducible beca~se the tryptophan accuaulating' capacity . 

increases with increasing concentrations of tryptophan in the 

growth medium. -This tnduction ls inhibited by chloraaphenicol. 

D. Human fibroblasta 

'Since Hartnup disea~e in humana is charact~~ized by 

impaired renal and intestinal absorption of tryptophan, Grotb 

and Rosenberg (1972) set out to di'scover whether thia impair.ent 
/ 

might be reflected in the skin fibroblasts of pati~nts suffering 

from this disea~. Théy have beèn able to da.onatrate that 

tryptophan uptake ~y cells from a child vith Bartnup disease is 
J 

J, 

. " 
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identioal vith that of.cell. fro. a nOrMal .ubject.' rurt~.r~ 

~re, they reported that thi. uptake proc ••• i •• aturable and 
cr 

that there are two ayat.... • low affinity .y.t .. vith a X. of 

12.5 ~ and a high atfiniey .y.~ .. vith a X. of 0.02 aM. The •• 

uptake proce •• e. are both Na+·independent. Ou.bain and . 
2,4-dinitrophenol do not inhibit either .y.te., cy.nide in­

hibited the high atfinity ay.t .. but not the low affinity ayate. 
-

and p-chlorOMreuribenzoate a.ffected \ both .yate... 'l'hu., i1'ey 

coneluded that the gene loci autant in thi. di.~.ae i. not ~x-
, 

pressad in cultured human tib~obl.ats. 

E. Braln 

The early in vivo and ~ vitro .tudies of .roaetie 

.aino acid transport in r.t brain"vere. don. by Chirigo., 

Greengard and Udenfriend (1960), Guroff, King and Udenfriend 

(1961) and Gurotf and Udenfriend (1962). Initi.1l~ these in-

1 vestigators noticed that in vivo accumulation of L-tyroaine is 
~ 1 ......................... 

) . 
inhibited by L-tryptophan'and to a le.ser extent by D-trypto-

pha~ (Chirigos ~ !!., 1960). Additional .tudiea of tyro.ine 

uptake by rat brain aliees confirmed thia tryptop~a~ inhi~ition 
. , 

(Guroff ét a1.·f 1961).' More direct inveati9.tio~a of tryptpphan 

transport ahoved that !!!. !!!2 .~aini.tration of L-tryptophan , 

c.uses marked increases in.br~in and pl .... concentr.tion •. o) -
<; this &aino acid. When D-tryptophan is injected, however, auch 

.-

1 .' 
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le •• enter. the br.in (Guroff et al., 1962). 

Unti1 1970 there we~:-n:-further ~ea .pecifica11y 

of brain tryptophan tranaport. Dur~ng, the intervening year • 
• 

(1961-1968), however, thorough inveetigation. direoted by Abel 

Lajtha 1n N~w York produoed a genera11.ed ooncept of ~1no a01d 

" tran.port into brain. In the couree of the •• studie., the 1 

e~fect. of tryptbphan on the br.1n transport of a number of· 

a_ino acida waa reported. 
1 

" 

Thua, Blaaberg and' Lajtha (1965, 1966) and Neame (1966, 

1968) have èatab11ahed that each amino acid doe. not have it. 
. . 

own carrier or tran.pOrt aite on the brain oell membrane. ln-

'. stea4~ it appe~s thatp~are are at leaat r s1x tran.por~ sites 

1 which can be readily diatinquiahed and which tranaport groupa of 

at . ' 

. 
-.ino acida of aimilar struoture and charge. These groups or 

clasaes are: (1) a01d1c (aspartie, glutamic), (2) small neutral 

(alanine, glycine, aerine, threonine, a-aminoiaohutyrio, oyclo-, 
, ' 

leucine); (3) large neutral (leucine, methio~ine, tryptophan, 
, ' 

" 
~ tyroaine, phenylalanine), (4) ... 11 baate (2,3-diaminopropionio, 

3,4-d!aminobutyrie), (S) large ba_ie (ornithine, ly.ine, argin­

ine) and (6) GABA. In addition, there may ~e a .even~ group 

or a aUb-elaa. of the neutral hydroxypro1ine, aarco.ine, betaine 

and histidine. 

Blaaberg et!!. (1965, 1966) have further reported 

that the.e groupa can be distinquilhed ~h.ther the ateady etate 

J. 

.. 
'1 ,. 
• 
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aoou.ulatlon or initial influxe. of tbe •• aaino a01d. into 

.lioe. are .tudie4. However, there Jppear. to be ea.a o .. rlap 

of apecifiaity. '1'hey ha" conclUded~ th.nforel tha~ eaah aal~ 
acid haa a h19h affinity for a pri .. ~ tran.port ~te and a .uch 

.jtf '" lower affinity for a .econdary tranaport .1te. '!'he.e inv..ti9a- '" . -
tora have alao noted the al"lar~ty between their vroupin9 of 

the-amino acid. and tho.e of O.ender !!!!. (1963) and 

Chriaten •• n (1964) for Ehrlich aaoite. ~ll._ ~ua, 'they .u9geat· 

that the "A" and "L" .y.te .. for neutral .. ioo acid ~ranaport ln 

Ehrlich a.oite. cella correapond to their ... 11 and large neutral 

groupa re.pecti valy, whi1e the "A+" and "L+" group. correapond 

to their ... il'and large ba.ie ~no .~id group. reapeCtively. 

!!l ~ experi .. nt.' by. Dttiatin, GrynbaUli and Làj~a (19'71) 

have .hawn that the .... type of .ubatrate .pecificity oparatea 

in the living brain. Studie. of tbe .ubatrat. .pacifiaity of 

ex~t of a-a.~noiaObutyric acid, leucine, ly.ine and CJlu~c 

acid by Levi, Blaaberg and Lajtha (1"6) ha .. iftdlcatecf that the 
e , 

pattern for .~it f~ 811ce. i. ai~lâr ln .. n~ vay •. ~ut no~ 

identica~ to the pabtern for initial '{~'lux ~d ateady .tate 

accumulation. More recently Crnic, '.H_r.tad and Cut1er (1973), 

u.ing a nUllber,{llf other aJlino aci~. ha". reachee! the a_· oon-. 

. elu.ion. ~ 
e 

Pollowing the lnl tial in vl vo account' of • cOncen"tra-- . \ 
tive .. chani •• o! tryptophan ~ptak. by rat br.ln (Gaio'f !1 !!_. 

" , 

l ' 

,~ ~! ,. ~:. 

.. 
• • •• ';> ., ~~ "- .. ~.~. --" ~ -

- \ 
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1962), Ne_ (t964) repo"*, tliat tryptoplum inbibita biat1.u... · " 

uptüe"into rat brain .li~. ad Blasberg et ai. (1965) ._cl 
tO ~ ~-

that 1,0 JIll .adiua tryPtopban concentrationa 1.Dbibita the uptalte 
\ b 

of 2 ~ ~iua concentration. of the' foll~9 ..tao acida: 

glycine, alanine, proline, leucine, pbeaylalaniDe. arginine ..s 
, \. ~" , 

lysine' a180 into .ouse brain slice.. ftua,' at the outaet of thia 

the.!s very little va. ~nown aboUt tryp~ transport "in brain. 
4 ~ ~ 

However, séveral sbort co JnicatiODS and abstracta 

had indicated: '(1) that 10",:,20 IÎII co~trationa of gluco.e, 
~ . 

pyruvate, lactatè and oxaloacetate .• ti.alate tbe CODCeDtratift 
-} , 

'"uptake of tryptoPhan into brain _lices wbile 20 .. œ-ka~lutar-
o , 

a~e, succinate-, ~nd ~UJlarat:e. bave Do effect, and -2' aodiu. azicJe. 

sodium cyan ide and 2,4~initropbenol .iC)llificant1~ iDbibit uptaJt. 
. G 

(Barbasa, a Joanny and Corriol, 1968):Jl _ (2) tbat the ~ for trypto-

v +. 
phan transport inta brain slices increase. vben.. i. ab_nt .. . 
frcim the medima. Alao, addition of 0.1 .. ouabai~ or re.o"al . ~ . +. .._~ 
of K fro. th~ incUbation llediu. decrea •• UyptopbaD up--.e 

(Joanny, BarbQ.a and Corriol, 1968); (3) tbat tyrosine and 

phenylalani.ne inhi,bit tryptopbaD uptak~ wbile alaniDe, tyroaiDe 
• e 

~? °rl 1 ~ 

and phenylalanine ati.ulate tryptopban afflux f~ .lice. 

(Joanny, Corriol and Bil.t.an, 1969) 1 and (4) tbat tryptopban ê:aD 

be active~y tr~nsported iD~ ra~braiD aynap~.'(Gr.b...­

Smth, Parfitt, 1farnock and -raylor, 19'9'. Pall lengtb papen 
.!J 

- detailil!9 the precedinC) findinga bave beeD publiabed recently 

. \ 

.. 
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by ~he aforementioned' invéatigators. Theae reaolta vill be 

discuss~d furthe~<in a,later section of thi~ 'thesis in conjune-
1 

tion with results obtained by tbis author. 
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RXPERIMBlfrAL 
f 

6. Materials 

A. Radioactive ,Co.pounds 

Inulin~{carboxyl-l~C) specifie activ1ty 2-4 .çi/g.and 
, ( 

L-trYPtophan-{carbo~lJ..l ~C) S~C~fic activi~ 9:-:12., ~i/~le were~' 
l, . ~ {': 

both obta;\ned froll New England Nuclear Corporation', Boston, t,' 
( 

Massachusetts. 

u r t 

B. other Chellicals 
", 

~ 
New EnglaDd Nuclear Corporation, ~ston,Jlassacbusetts 

also supplied 1,4-bis-2-(4 ~thyl-5-pbenyloxazole)-benzene .. 
(diJDethyl POPOP) and ~ .. S ~iphenylo~zole -(PPO). .. 

If. . ' 
Glycine, L-histidine, L-tyrosine, L-phenylalanine, 

, ' t;r 

L-.ethioniné, k-alanine, L-qlutaaine, L~lysine .anohydrochloride, 

~valine, L-arginine hYd~OChloride: L-i~o~eucine, L~threoni~~, 
, \ _ f ; ~ 

L-glutamip acid, L-s~rine, L-proline, h~oxy-L-proline, DL-«-
~ ~, / 

• methyltryPtophan .anohydrate, ,kynurenic acid, xanthurenic êt;êi~, 
" \ .;'O. 

D,L-indole-3-lactic acid, nicotinic acid, )'colinic acid~ indole-
~ f }) 

)-acetic acid creatinine sulfate and inu~in.were purchased from , . 
, , 

,Sigma CheJIÙ.cal Cœapany, St. Lpuis, Missouri. 
o .. -

L-cysteine hydrochloride hydrate, y-aainobutyric acid, 
, 

L-kynuren<ine '(as the free base), L-3-hydroxykynurenjne, N' fonayl-

"L-kynurenine BK)nohydrate, anthranil)..c ~cid, tryptuline hydro...:)' 
, 

" f CI • 
chloride, serotonin~~reatinine sulfate co.plex, L-5-hydroxy~ . 
tryptophan, 5~hYdroxYindoleacetic acid the cyclohexyl~~iua 

" 
r. 

. -. 

< 

~.'. 



, 
1 

• 
1 Il 

, " 
.. • /," \' 1 ~I-r"" ,CW""~'-:-:I. I.,.,.,Ht:o:l"'f k"'."'I, ..... '!'('f'1,,1\~i ""Hll"'-, $_~Piil",,"ijr;~_ 

~, " \ .' \" ,1 t· '. \';1' , ""1 ( 

rI ! 

, 1 ~ 

',' 

53 

•• lt with m.th_nol, p-truato •• ; D-laotio aoi~ (lithium lalt), 

and py'ruvio .oid (locHum lalt) wete obtaln.d from C.lbioohem, 

LOI Angel •• , Californi •• 
, 

The foilowing ite~1 were bought trom Nutritional Bio-
l 

ohamioall Co~poration (N.B.C.) Cleveland, Ohio. p-aminobe~loio 

acid, 'D-biotin, fo1io'aotd, thiamine hydrochlçride, vitamin 812 
0.1' trituration in mannitol, D-oalcium pantothenate,'m.nàdione. 

(Vitamin K), quinolinic acid and oalain hydrolYI.te. 

Ouabain (Strophanthin G), OL-2~chlorophenyl.laninG, 
1 • , 1 

4-methyl;D,L~tryptophan a~d ~-methyl~O,L-tryptophan werê lupplted 
. J ' 

by Man~ Re •• arch L~borato:iel,~w York City, New York. 

ouinaldio BOld, Oholine~loride, nicotinic aoid, 

riboflavin and D~L-tryptophan ~ere producte of Eastman Organic 

Chamical Di~tillation produ~t. Induatriel, Roch.ater, N\W York. 

2,4-dinitrophenol, sodium cyanide, lithi~~ chloride, 
( \ 

n~hthalene,dioxane and D,L-tyrol'ine<'were orderad from Fisher 

Scientif~c Co. Ltd., Montreal, Ouebec. 
, 4 ~ 

l, ' a-methyl-5-hydroxy~O,~tophan and'L-~eucine were 
~ - " . 

obtained from Merck, Sharp~nd Dohma Rea.arch Laboratories, 

Rahway, New Jarley. 

The Upjohn Company, Kalamazoo, MiChigan provided 

4-hydroxy-D,L.tryptophan ~ndoa-m.thyl~.rotonin. 

DOH Chemioala Ltd., Poole, England aupplied cesium 
• . , 

chloride~ rubidium chloride, thallous chlorida lnd !odoacetamide. , 

./ , 

'\, 

1 Il 

, ' . , 

1 

• 
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Succinate was obtained from Eastman Kodak Co., Rochester, 

New York while n,L-phenylalanine was purchased from J.T. Baker 
1 

Chemical Co., Phillipsburg, New Jersey. Triton X-100 was ordered 
., 

from American Hospital Supply Corp., Harleco Division, Phi1a-
~ 

delphia, Pennsylvania. Crysta1line sodium citrate and inositol 

were boug~t from Anachemia Chemicals Ltd., Montreal, Quebec. 

Machery Nagel & Co., Germany was the supplier of Cell~lose.606 

'(Cellulosepulver MN 300). Sucrose, Benson's corn starch, Crisco 

fat and Mazola corn oil were grocery products from Steinberg's 

Ltd., Montreal, Ouebec. Pyridoxine hydrochloride was obtained 

from Chas. Pfizer and Co., New York, New York. L-tryptoph~n was 

a product of th~ Matheson Coleman and Bell Division ot The 

Matheson Co. Inc., Norwood, (Cincinnati) Ohio. 

AlI othèr chemicals were reagent-grade chemicals which 

were obtained locally and which were used without further, puri-

fication. 

C. Animals 

Male albino rats of the Sprague-Dawl~y strain (130-150 g) 

were purchase~ from Cariadian Breeding Farms and-Laboratories Gt~., 

St. Constant, Ouebec, at least one day béfore use. The rats 

were fed standard PUrina rat chow ad libitum, except where noted. 

Adrenalectomized or hypophysectomized animaIs (130-150 9) 

were obtained from the sarne company two days after the respective 

organs had been removed... The adrenalectomized rats ~re fed 



( 

" . :,. 

• 

atandard Purin. chow but vere given a.line to drink. The' 

hypophyaectoaized an1-.1. ~re-tre.ted in the a.me manner as 
\, 

nor.al rats. 80th groups of animais vere kept for about five 
\. 

days before use. During th!. period body we~9hts vere recorded, 

hypophyaectoaized ani*«ls which ahowed aignifieant weigh~ gain 

were not included in the experiments. 

, 1 

.\ 

, 
,< 



7. METHODS 

A. Ti •• ue Preparation and Incubation 

'Rats were decapitate4 two at one time and the heada 

were taken immediately into the c01d room (approximately 4°C) • 
. 

The braiDs were quick1y removed and placed on Parafil~ in,eov-

er,ed Petri dishes oontaining mo.1,ltenéd filter paper.. using a 

Stadie-Rt~9s microtome, two dorsal surface sliees and two lateral r, • 
surface slices,oO.~ mm thick, were obtained from, aach brain. 

One dorsal and one 1ateral slioe were'then weighed together 

(50-100 mg) and p1aced in a small flask with 3 .. 0 ml of Krebs­

lRinger phosphate medium (pH 7.0) cooled to 4°C and containing 

the fo11owing: NaCl, 145 mM; RCI, 5.5 mM; CaC12, 1.5 mM, 

Mg504', 1.4 mM; Na2HP04, 10 mM; glucose, '10 mM. The time 

interva1 from sacrifice ta immersion of the cortical alice. in 

the inoubation medium was routinely held to 10-12 mln. The 
i 

fl~sks were pre-incubated at 370 C on~a Dubnoff shaking water-
. 

bath in an atmosphere of pure oxygen or nitrogen. After 10 min, 

the medium was removed and a freah solution of Kreba-Ringer 

phosphate; containing 10 mM glucose, carrier tryptophan and 

~trYf~OPhaq-{CarbO~l-"C). W~8 added. the specifie aetivity 

of tl(e ttyptophan was 9-12 ,~Ci/~mole. 
Transport was h~lted ~y placinq the flaska in ice at 

') 

the end of the incubation. The medium wa~ immediately vith-, 

t-, drawn and stored for subsequent counting, in Bray'S" (1960) 
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solution. ~e slices vere ra.ovad, drainad ofaxcas. fluid 
> and weighed to date~ine the .-ount of .welling bafore being , ' 

homog~Ri.ed in 2 al of an etbanol-tricbloroacetic acid .ixture 
. '} 

cont.in!ng (v/v) 1 part of 95' (v/v) ethanol to 4 parts of St 

(v/v) trichlo~acetic acid. The ha.ogenates vere allowed to 
-

'stand for 60 ain before being centrifuged ~t 2,000 9 for 10 min 

in an International BJnch Centrifuge. 

a second time as alrea~y described. . 

Tbe pellets vere treated 

... 
B. Detenaination of 'r;rYptophan Uetake 

Portions 'of the ~iu. (0.1 ml) and of the two tissue 
.... ~ • ;J 

extracts (0.5 al) ___ re !ldtl8d to 10 .1 volwaes of a lDOdified 

Bray's (1'60) so.lution {containing 333 ml of toluene, '333 ml of 

dioxane, '333 ml 2f 95' (v/v) ethenol, 80 9 of ,naphthalene, 50 lIl9 

of 1,4-bis-2-(4 methyl-S-phenylùxazcle)-benzene (dimethyl POPOP) . ' 
and 5g of 2,5 dtphenyloxazole (PPO)} or 10 al volumes of a 

toluene~Triton X-lOO solution {oontaining'700 a1 t9luene, 300 ml 

Triton X-IOO, and 5 g PPO} and vere counted in a Bect.an LS-2S0 

LiqÙid Scintillation Counter. 
, 

Efficiency vas calc~lated to be 
-, 

90 per cent using a toluene _l_C standard solu~ion. 

) 
1 

c. Estimation of the Inulin Space Correction Factor 

, 
« Rat brain cerebral cortex slices vere prepared~s 

described. One dorsal and one lateral slice vere ~qhed 
fl 

1 

. " 
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t0gether (50-100 mg) and vere plaoe4 in a .ma11,fla.k cont.inin; 

2.9 ml ~t,th. Kreb.-~~n~r p,ho.pha~e g1uco •• medium out1ined 

above whidh had be.n cooled to 4~C. The flalkl were tranlt.rr.~ 
. 

to a Dubnoff Ibaking waterbath at l70C and a 0.1 ml aliquQt of, 

inulin -{Qarboxyl-l~C}, 2-4 mCi/g wa. imm.diately added to e.ch. 

In experiment. whe~e 001d carrier inulin w •• added a. well a. 

, 

the' ra,!1oaotive inutin, the 0.1 ml a1i'~ot wa. of a' 0 ~ 5' 'inulin 

101ut1on eontaining inultn-{earboxyl-l~C}, 2-4 met/g. Incubation. 

were oarried,out in an atmo.Phere of eithertpure oxygen o~ nitro­

gan. Following the incubation period which ranqed from 30 min 

to 180 min, the beakera were removed and p~aced on lee. The 

medium wal withdrawn and the alieis were treated in the .ame 

manner al for the tran.port experiment. detailed abovc. The ~dia 
, 

and ti •• uè extraets containlng radioaotive inu1in were alway.· 
., 

allowed to stand overnight at .oC before aliquots of thes. were 
.... '\. 

added to e\ther aray'. (1960) solution or to~uene-T~iton X-lOO 

solution, and counted with greater than 90' effiei.ney. Sinee 

inulin pr~eipitates quite readily trom scintillation mixtures, 
( 

Cohen (1972) advi.es that the med~a and ti •• ue extracts stand 
1 

overnight so that the inul1n ean hydr01yze to fructole. 

'II 

D. Dry Weight Determina~ion 
( 

, 
Tissue .lices were prepared and lncubated a. de.eribed 

above in the estimation of the inulin Ipace cotrection factor •. 

1 '. . ' ... 
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. " rollowJ.nq inoubation, the .110e. were blotte~, plaoed on tarecS 

aluminum w~19hin9 di.h.1 and were,dried ov~rnivht at 105°C. 

The drY.r,~ei9ht of oerebral oortex Ilioe. wa. ta. 5' t 0.8 (S. B. ) 

(n-18) of the initiâl fre.h weiqht of the til.ue. The duration 

of incubation had no .ignifioant offect on the dry weiqht • 

Similarly, the "dry weight. of .lioe. whioh vere determined / 

direotly, 1.0., wlthout incubation, were 1110 not I1vnifioantly 

dlfferant. .,. 

E. Incorporation of L-TrYPtophan-{Carboxyl-l~C} 

into protein in Vitro 

Rat bra1n cerebral oortex .11ce. were prèpared and 

incubated for lS ~inute. aa delcribed. Following inoubation, 

frG~ soluble tryptophan was extraoted from the slices by two 

aucceaaive treatments wi~h trichloroacetic acid~.~hanol lolution 

, as outlined above. Radioactivity remaining in the pellets atter 
j 

\ 
the second extraction was a.sumed to be tryptophan whieh had 

bean lncorporated into proteine Thil radioactivity wal deteeted 
.. 

a8 followal the pellet. were extraete~ sucee •• ively vith S ml' 

volumes of (v/v) propanollether (112), (v/v) propanolaetherl 

eh~oroform (21211) and petroleum ether. The residual protei~ J 

was dried under a stream of nitrogen and then was di.lolved in 

0.8 ml of 98' formic acid. To thil mixture, lS ml of Ic1ntilla­

tor waa added {toluenelethanol • "7,3 eontaininq iOQ.m~ of 

"' 

" 
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If 

dimethyl POPOP and 4 9 of PPO par liter}. U.ing this procedure, 

our reaulta ahowed that les. than 3' of the total radioactlvity 

in the t\aauei was aaaoçiated with the pellet following a ~5-~n 
incubation in the presence of 1.0 mM medium L-tryptophan. 

F. Preparation of Tryptophan-Deficient Ani .. ls 

The rata used in the tryptophan defieieney experi .. nts. 
/ 

weighed 130-140'g initially. They were fed solid se.i-.yn~e~ic 

diets designated as càntrol or tryptbphan-defieient. Diets vere 

prepared with the fo11owing ingredient. (g per 3 kg batch): 
r ~ 

acid-Gydrolysed, vitamin-free easein 660, oorn starch 870, 

sucrase 900, partially hydrogenated fat (Crisco) 180, corn oil 

(Mazola) 60, powdered cellulose 60, ând modified Rogers-Harper 

(1965) salt mixture 150. The composition of the salt Ddxture 

(percëntage by we!ght) was as fo11ows: ammonium molybdate 

0.0025, calcium carbonate 29.290, calcium phosphate 0.430, J. 
, .F _ 

, ' 

magnesium sulfate 9.980, manganous sulfate 0.121, potassium 

iodide 0.0005, potassium phosphate 34.310, sodium'ehlorid~ 

25.ial, sodium selenite 0.0015. Each 3 kg batch of feed con­

tâ!ned the f_ollowing vitamins (mg): biotin" 6, 'folie acid .l.2,. 
, , 

ribof1avin, thiamine hydrochloride and 'pyridoxine hydrochloride . 
75 each, vitamfn 812 0.1' trituration in mannitol and .enadione 

~ , 
150 each, calcium pan~othenate 195, nicotinic à~id tniaçin) 300, 

inositol a.nd p-aminobenzoic l'aci,d 330 each, and choline chloride 

,5010. Thè f0110wing amino,acid. vere included in each batch 
~ 

.' 
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(gr ... ): D,L-phenylalanine 26, and'D,L-tyroaine 26. The oontrol 

diet a~ao oontained 7 9 of D,L-tryptophan andJ55g of aucro •• , 
" 1 -

defic~ent die~ had no, added tryptophan, but, lncluded an additi~rial 

62 4) of sucrase over the ~.al diet. PinallÇ" bath batch.. of 
, . 

feed contained 0.9345 9 fertio oitrate, 60 ~ cupric.ablfat~ 
. , 

and 30 ~ of zinc chloride. Thé ant.als vere given food an4 

vater ~ libitUil. Body ~i~ts wer~ recorded daily. At -the end . , 

o~ tventy-ei9~t days, the control an~mal. had incr.asec! in weight 

to'255-280 9 whereas the trYPtop~~deficient animals weighed 

100-110 g. 

8. Calcula tians 
( . 

A. Total Tissue Water 

The total weight of rat cerebral cortex slices after 

incubati~n is ca.prised of (1) intracellular water originally 

present in the tisaue, (2) extracellular wate~ present. initially 

in the tissue, (3) ~lling fluid vhich the tissûe acquires during . 
incubation and (4) t~saue~ solida (dry wei9ht). '~hus, the total 

tissue'vater vas c~lculated as followa: 

,. 

Total tisaue vater (pl) • Swollen tissue weight (mg)-Dry Weight (~) 
(af~er inCubation) 1after incubation) 

., 
" 

....... . . 

(1) 

• 
< 

" " /'" .' . 
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B. Inulin Spadi 

1 
Inulin space is calculated from the amount ot radio-

. 
active inulin in the slice in relation to the amoul\t of radio-~ 

active inulin in the incubation 
1 .... 
Inulin space • 
(1 initial fresh weight) 

/ 

medium in th?"- following manner: 

Total tissue counts per min 
Medium counts per mIn per ml '. 

o 

1 10 11 

.... ".,~' 
, Il' 
1~ 

1 \ ,~ , , 
,,' 
, 
.1~~ 
, ~i l 

'~ 
'f 
" 
" 'C 

/, ,/ 

',' 

initial fresh welght (mg) . (2) 

Aerobic inulin space-:'> . ' 
c~trected for tissue swelling 
(~ initial f~sh.weight) 

Inulin space swelling 
fluid (1 ~ 
ini·tial 
fresh 
weight) 

• 

c. Non-Inulin Space 

. , 
= (1 initial fres~ -

weight) .,.-, 

Non-inulin space Total tissue water 
(1 initial fresh 
weight) 

inulin space 
(1 initial .fresh = 
weight) 

CI initial fresh 
weight) 

D. Ass~tionsRequired .for the Inulin Calculations ô 

T~é ,above equa~io~s are based upon the following p 

, . 
assumptions: 

'1. The specifie gravity'of rat cerebral cortex 
slices is 1.00.. 

' . 

(3) 

(4) 

J ' 

J. 
1 
-1 . 
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3. 

4. 

5. 

6. 

,. 

a 1 

, 

-Inulin i. looated ••• .nti.11y in the .xtr.-
oellular flu~.,of the tl •• ue • 

" ~ ,~ . ~ 

The extraoellular oo.pàr~nt i. oontinuou. 
vith ~ inoubation .-di~ ao tbat the conoen­
tration ~f inul1n ln th1. .pace followlng 
inoubation 1. the .... a. tbat Qf the inouba­
tion MdiUli. 

The non-inulin .pace Obtaine4 by .~tractln9 
'the inulin .pac. fra. thi. total ti •• u. vater . 
i. the tru. intrao.llular YOl~of th. inouba­
ted ti •• ue. 

Th~ ti •• ue dry wei9ht."deter.tned\ •• paratelY 
,on .et. of .i~larly prepared alio •• are coa­
parable to the dry welght of .lice. vh!'oh vere 
aotually inoubate4 vith 1nulin. 

~e awellinv whioh oCcur. under'.erobic condi­
tion. occur. o~ly in the extracellul,ar .pace 
(except" durin9 th. incubation conditions liated 
in Table. 3 and 4)~ 

E. TrYPto~han Qptake 

/' 
The total quantity of radioactive tryptophan in th. 

! intracellular ~ater, of .lice. of rat cerebral corte. i..-diatelY 
.' 

following ine~tion wa. usually ealeulated" aecordinq ta the 

equ\tion: 
1 

Total radl0activity/ml lntracellular vater • , . , . 

Total radioacti vi ty te~ per al ~corrected 
in the ti.aue - - aediua - inulin 

... pap., (.1) 
" 

~,o } " ... 
.... 11in9 -
fluld (111~ + 

Hon-inulin .pace (al) 
<1 

1 ) I/, (5) 

. ' 
" i' 
<, 
1 

'j 
~~"'t.~ ... :~.:~~~:,: .. '.r.~_.\ .. ~ . . !~ .• 

, , ". ,. . -~.., ~ •• ,.. ',~., J '.:I.id 
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Thi. equation va. applioable to a11 the expert.ant. detalled ~ 

thia the.i., vith the exoeption of the inoubÂ~ion oonditlona 

d •• cribed in Tabl •• 3 and~ •• -
" Wh.n intracellular a. vell.. extraoellular ~lllft9 

occurred during incuba~ion (i ••• , when tbe ~.ltion of the . 
incubation ' .. di~ va. ai~l.r to one of tboae deacribe4 in 

- J 

Table. 3 and .), th. folfowinv equation'va. uaed in,calculation. 

.f tryptophan acc~lati~nl 

" 

Total radioactivitY/_l intracellular va ter '. . 
Total radioacti~ity 
in the ti •• ue 

c~ pel" 111 .. ,U.. ~Ilulln ~ (1111). 

NQn-inuli~ .pace (~) 
(6) 

It ahould he noted that tryptopban .~latiOft. •• C.lcud.t~ bf 
, 

eq~.tion. (5) and (6), ba.-~.n ca.puted on the ba.ia of-the 
1 • 

initial apecific radioactivi~ ~f the aaino acid thua,ignoring 

'Any contribution by tbe endogenoua pool of the ti.aue.· . 
2 

, r 

F. Tr:œtopban 'l'ranaprt Ratio 

". 

.. 
p' 

1 Total cp! per III inu.cell~lar Vat.r .. 
• ~ par il iidl_ " . 

o 
. , 

(7) 

... .. 1 

. . 
,ç 

• 
- 1 _ . , • ~ t ..... <'<1.. • 
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RESULTS AND DISCUSSION 

, , 
. 9. Inulin Space Studies 

,. 

A. preamble 

Since this thesis vas to he concerned vith the accu.u­

latlon of tryptophan by cerebral c~rtical cella, ,it vaa decided 

at the outset that the results obtained s~~uld be reported in . 

~moles of tryptophan accumulated per .t of intracellular vater. 
o 9 

The underlying reason for this ehoiee vas tha~ cerebral cortex 
, 

sliees are known to undergo considerable swelling in the inter-

sti tial spaces when incubated in vitro. Sinee tbia space is' for 

the'most part continuous with the mediua, a signifieant portion 
, jO • " 

.. ' 
of the total tryptophan present i~ ·the sliee ~ollowing incubation 

ia extraeellular. Thus, to obt~n an ac~urate picture of ~ellu-

lar tryptophan accumulation, it vas 'necessary'to correct for this 

extracellular tryptophan.' 

A numbei ôf comp~ehensive repo{ts'have been publi9hed 

over fhe last twenty years. detailing the size of tissue spacea 
<- . , . ". J" 

in Bli~es of ràt, mouse'and eat brain~ 'These e~eellent etudies 
.. • 1 t. ") -$..;,. '" 
(which wi~l be mentioned ,more speeifièally a l.~tle làter on) 

. 't. 

have clearly shown that the siz~ of the various tissu~ coapart-
, . 

~ments depends to a great ex~ent on the experi.antal ~thodoloqy 

employed. 
ç,. 

,.' . ~ 

Thus, the mode of tissue preparation, ~e type of 
. '. 

, .. 

. f 
. " 

. ...... 

", . 

"'1~' ,,1 

" . ~ 
," 
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66 
, . , 

incubat10,n ~JIIt the experl .. ntal cond~tion. and the .. rker 

us.d in theae experl .. nta a11 contribute ta the .iae of the apace 
. ~ . 

valuea obtained.. Further.ore, it ia 'IlOt: alvay. po •• ible to 

correlate the result. obtained vith ditferent .. rker. ua1ng the 

aame experi-antal conditions. Electron .icroacopy ha. ~en 

rela~vely unsuccessful in' resolving theae difficulties sinee 
, , 

the"fixation techniques used in the preparation of electron 

micrographs are known to cau*e signlficant changes in the aize 

of tissue spaces. Thua, to date, there arEtno abaolute values 
, 

available for the size of the intr.cellular .pace in rat brain 

cortex sllces whieh could he used in the calculation of the 
" cellular accumulation of tryptQphan. 

~ 

Wlth the .fare.antion~ reports in ~nd, it vas con-

cl~ded that an attempt aust,be .. de to ascertain~the size o~~ 

the various tissue ca.part.ents u8ing our experi.antal~ conditiona.' 
1 

For these studies toulln was chosen aa the extracellular .arker 

for a variety of reasona: 

(1) Itodoes not appear ta penetrate cells as do sucroae, 
sodium, chloride and thiocyanate (Pappius, 1969: 

(2) 

Goodman, Weiss and Alderdice, 1~73). 

The distribution of inulin in cerebral ti.sues 
accura by paasive diffusion; there i_ no'evi­
dence of intracell~lar inulin uptake ift~vitro.\ 

- (Va~on and MoIlvain, 1961; Pappiu8, iTatzo and 
Elliott, 1962, Bourke and Tower, 1966). 

., 

(3) Nu.erôus inve.tigator8 have used th!. extracellula~ 
mirker and it va. thou9h'f that th!a might permit 1 l, 
interesting ca.pariaona vith our own data.' . ~ 

" 
,,' " r • 
" 

, . -"J.' ' 
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(4) Inulin ia relatively inexp~naive and readily 
available. 

l 
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B. Inulin Space Determination,in Aerobic CQnditiona 
l! 

Table 1 aetails thè results obtained wh en slices of rat 

cerebral cortex were incutiated aerobica11y for varring lengtha of 

time in Krebs-~inger-phosphate'medium containing tracer amount. of 

inu1in-{carboxyl-l~C}. From tWis table it can be seen that the 
• '1 

inulin space attained constanb values of around 58 ~1/l00 mg fresh 

weight of tissue, during incubation periods between 120 and 180 
.. 

min. Similarly, the extent:of tissue swelling and the size of the 

non-inuiin spaèe also reached constant values between 120-180 min. 

Since the inulin and fton-inu1~n spaces remained constant "during 

thesel 60 min, we concluded that the inulin had completely equili-
, 

Drated with aIl the tissue fluids with which it was continuous. , 

Thus, for rat cerebr~l cortex slices incubated aerobica1ly the 
" * tJ ,. 

equilibrated inulin space using our experimental condi!ions was . " 

calculated to be 51.9 ~1/100 mg fresh weight of tissue whi~e the 
1l 

equillbratéd ndn-inulin àpace was determined to be 62'.1 pl/100 mg 
"-

fresh weight of tissue. On the ,basis of these resul"", the '-
, , 

"studies outlined in Tables 2 afid ) were routinely of 180 min 

duràtion ta insure complete e~uilib~tion of the marker. 
_ lJ ." 

. Table 2 indicates the extent of swe.l1ing and the:. size ' . 
. , 

of fhe inulin and non-inulin space in slices of rat cerebral 

, 1 

• 
- , ' . -, •• t '. ! • 
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, ~J 
, 
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" ,,<t, (~\ TABLE 1 

,. ~,ime Course of Swellil)g and- Inulin uptate int~' Rat Cerebral Cortex Slices Incubated Aerobica11y vith 

. , 

, No L-~ryptophan Present in the IncUbation M~dium* 
, " . ~ 

Incubation' Swel1ing 
'Time (min) '~1/1~O mg 

Dry Weight 
mg/100 mg . 

~ 

Total Tissue 
Water 
1I1/100 mg 

• cr " J' J " . 
~ 

90 29.2 ± 2.9(5) 18.5 ± b.8(18) 110.7 

120 

ISO 

. ~ 180 

37.3 ±' 5.0(6) 

40-"2 ± 3.5(5) 

38.2'± 3.0(5) 

18.5 ± 0.8J18) 118.8 

18.5 ± 0.8(18) 121.7 

18.5 ± 0.8 (18) ',119.7 

Procedure, -as de~cX'ibed in -Methods· _ Section 7e. 

In~ Non-Inulin 
111/10~Jng Space 

~l/JOO mq 

52.1 :!: 2.4(5), 5~.6 

57.0 :!: 2.3(6) 61.~8 

58.2 :!: 1.1(5) 63.5 
t ' 

58.6 ± 2.3(5)c 61.1 

.. 

'~* 
" Tabulated data represent Mean values ± S.E. (number of observat1ons in 

paréntheses), referred to the initial (fresh) weight of tissue. 
< 

'\. 

"'-- , . 

t 
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• Corrected­
Inu1in Space 
1I1/100- .-g , 

22.9 '-... 

19.7 

18.0 

20~4 

'"' 
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TABLE 2 

"\ II- 2 

Svelling,Inulin Spac •• and Non-lnulin Space~ ln Rat Cerebral Co~tex Slie •• Incubated Aerobically ln 
Media Containing 1.0 mM L-tryptophan but Varyirtq in Ionie Composition· 

'Incûbatlon " - Swelllhg Dry'Welght _ Total Inulln Hon- ·COrrecte4 
Medi. lAl/lOO 1IlCJ mg/100 mg 'l'ls.ue Spa ce inu1in InuliD .pace.-

~ Water ~1/100 mg Spaee ~1/106 ~ 
lJ1/10~ mg ~1/100 ~ 

1:0 .. L-~~toph.n 43.5t4.4(7),~ 1$.5tO.8(8) e -125.0 69.8t2.6(7) 55.2 26.3 
• • 0.5' tnulin 35.1t2.2(41 lS.5tO.S(lS) 117.2 61.6t4.4(4) 55.6 25.9 

i'I-' • • 1.0 mM L-DOPA 49:.2t4.1(4)-~ 18.5tO.8(18) 130.7 71.5t2.0(4)· 59.2 22.3 

• '- X· 20.2t9.3('3). l8.5tO ... &~'-'l8}. 101:7 ~.lt4·.4(3) 59.6- 21_9 • 

~ •• 10 lIN, Na+ 21.2t~9--l"):' IS.5t·O'.~îI8) 1~.7 40.St2.l(4} 62.2 ).9.3 

-•• 20 ... Na·' 2'0'.6t3.5:{~): l8.StO.8C1S) 1.02.1 40.4tl.S(4} 61.7 19.8 

• • 60 lIM-lIa· 'i~.6t3.·à(4) i8.5~0.8(18) 104.1 53.2t5.0(4) 50.9 30.6 

• • 8G mM'Na+' 22~Ot4.0(4) 18.5tO.8(181 103.5 34.9t2.7(4) 68.6 12.9 
\' • '+/,,100. N'a+!', .' ~2:St)~,(j) 1 18.5tO.8(18) 104.3 46.7t5.0() 57.6 23.9 

' .•. + 120 IIIM Na+ 'W.ltl .. 8(4) 1& .. 5tO.-8(l8) 98.6 39.0t1 .. 5(4) 59.6- 2i.9 

, -
'" 

• • 5.51aH Li+ ,35.5t6.8(4) 18'.5tO.8(18) 11.7.0 60.6t3.2.(4) - 56.4 25.1 

• + 5.5'" l1li cs+· . 4l~6't3.2(41 18'-5tO.8~1,)· 123.1 68.2t2.2(4) 54.9 26.6 

.. ProCedure as described in ,-Methods- Section te 
'All/înc~tions vere of ISO ain duration at 37bC. . ; 
Iaotonicity in • .ad~a from which Na+ or ~ had been partially or c~letely re.oved vas .aintalned 

o by the addition of equiaolàr quantities of choline chlor~de. + . 
1'0 .. intain isotonicity j.n the medi..- containing 5.5·JIIM Li+ or .5.5 III( CS+, 5.5 III( lia vaa rr ·veel. 
'l',abulated data represent .an values tS.E. (nUJllber of observationS în' parentheses), referred to 
thé,initial (fresh) veigbt of tissue. 
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oor~_ whio~ haye been inoubated in ~di~to whiati 1.0 MM 
, ':c 

t-tryptophan ha. been added but vhioh have alao hAen alt~red 
" ~ -'\.: 

iri their, ion~ compoaition. The oonoentration. of the ion. in 

eaoh of the •• ~~ia~were oho.~n .0 tha~ the,reault~ mig~t ~~ 
" 

applied ta the cal~lation of tryptophan aooumulation in later , 
• 

experiments where medi~ of aimilar ionio oompoaitlon were used. 
4 , 

The uBual Krebs-Ridger medium contained 145 mM NaCl and 5.5 mM 

KC1. In aIl the dete~inationa liated in Table 2. when Na+ or 
+ ; 

_K " was rernoved fram the medium, they were ~eplaced by equimolar .. 
quantities of choline chloride • 

., A' • , ) 
The tirst two.determinationa in" this table illuatrate 

the effec~ which the addition of 1.0 mM 'L-tryptophan exerted on 

the sizes of'the inulin Bpace and of the non-inu~in·.pace in 
) 

incubate9 cèrebral cortex slices. Far the firat aeries af 

.. 

determinatian$ only a tracer amount of inulin-(carboxyl-l-cl vaa 
~ , . 

added-while in the second series of determinations, 0.5\ carrier 

inulin aB well as the radioactive inulin waa present in the~in-
o 

c 
cubation medium. The results trom both determinationa were ' 

similar. The in-ulin space i-ncreased fromJthe 57.9 ~1/100 mg 

f~esh weight'of tissue value shown in Table 1 to the average 
J 

value of 69.8 ~l/lOO mg fresh weight of tissue shown ln Table 2. 
, ~.r' -

Carrespondingly, the non-inulin space decreased tram 62.1 to 
<J ~... ... 

55.2 ~1/lOO mg fresh weight of tissue. The 36-44\ awelling which 
.. 

was observed was approximately the sam~ as -that observed when 

. , 

" , ' 

. , 

" -. 
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the,slices were incubated for ~he longer period~ (120-180 min) 

listed ln Table 1. Thus, tryptophan appears to decrease the 
'. 

size of the intracellular or non-inulin space. Also, carr.ier 

tnulin had no effect o~ the space values, a finding whi~h was 

also noted vhen Na+ vas absent from the medium and the sliees 
0' . . 

were'incubated at 4 C (Table 3). 'These results agree vith thoae 

reported by Varon et!!. (~961) and by Cohen (1972), and vere the 

underlying .argqment.for the absence of carrier inulin in these 

studies. 
, __ \ 1- ~ 

, ..... 
alter The presence o~ 1(0 ~ L-DOPA did notlPpear 

" the size of the inulin space or t~at of the non inul 

. 
ç , 

_ '" 0 ~ 

significantly a1though the Mean tissue swelling increas~. 

" Complete àmissionr,of K+ and alterations in the Na+ 

concentration of the media' caused tissuè S~11in~~decrease by 
, -~ 

approximately 50%. The inulin space values de~re~aed by 20-48' 
." ~]. 

'r + while the non-inulin space ~alues (except thé 60 mM Na value) 
" f .. 

remained within the ran<Je obtail"ed in Table 1 fQr slices incuba- , 0 

ted for extended time periods.,' 
. 

The addition of 5.5 mM LiCl or 5.5 mM CsCl vith the 

corres~nding omission o~f 5.'5 mM NaCl from medium containing , 
, , 

1.0 mM L-tryptophan resulted in' inulin space values and nOn-, .1 

inuiin space values Vhi~~ ~e si~ilar to ~~s~ obtain~under 
control conditions. Tiss~e ·',welling vas saiso si.-dlar to that 

observed f9r slices incubated ln control media., These'results 
~I ,,' ;;1· \- Il> 

_. 1 
, ,$ 

, . \ . 
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indicate, that replacement of 
. + 

Na + or K by the addition of choline 

chloride has a·pro~ounced ~ffect on,the amount of fluid absorbed 
1 

by incubatod brain alices~ This effect ls reflected only in the 

aize of the inulin'apace. 

$:veral inveatiqators hâvl reported t~at the presence 

or absence of certain compounds or fons in the incubation medium 

causes sigolficant Alterations to the si~e of the inulin and non-
, 

inulin spaèes. Accordinqly, durinq the course of thls study, 
-. - ,. 

inulin determinations were made when thè composition of the i~~ 

cubation medium contained the se compounds or ions. The ~esult. 

are compiled in Table 3. ( 

Illcubâtion of the tf.ue slices at J70 C in a medium 

from which Na+ had been çompletely omitted caused-a large in~ 

crease in the inulin spaèe value, ï.e., trom. 66.8 "to 79.2 lAl/IOOm9 

fr'esh weight of tissue. Ti~sue swelli'ng remained unchanqed. If 
, 

however, th~ .~aJtl!:! medium was used with slices inqubated at 4°C, 

"the inul)n space decreased by 24-28%, tissue swelling was halved 
, 

but the size of the non-inulin space remained,at a constant ,value 
\ , 

of 44-45 ~l/lOO mg fresh weight of tissue.' As meptioned pre-

viously in discu~sinq Table 2, th~ près~D~f carrier inulin did 

not alter these results. 

omissiQn of la mM glucosé from tne incubation medium,' 

cau~ed ~ considerable increa.e in ·~·non-inulin space, from 

55.3 to 86.5 lAl/lOO mg fresh weight of .tissue, as well as a la~. 

L 

.' 

.. 
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TABLE 3 .- / .) 
. Svellinq, Inulin spac~s and Non-Inulin Spaces ~n Rat ~erebral Cortex Slices Inçubated Aerobica11y in 

Me4ia Known'to Cause Significant Alterations in the Inulin and Non-Inulin S~ces* 

IncubafiQn ~edia Swel-ling Dry .Weight Total Tiss~e Inulin IIon-Inu1in 
u -;. lJ 1/100 mg mg/IOO mg Water Space Space 

~ -'" lü/lOO mg 1.11/100 mg 111/100 -.J 

1.0 mM'L-Tryptophjp l7oC** 40.6t3.0Cl1)- lS.StO.SC1S) 122.1 66.S±2.S(11) 55.3 . . 
,. - Na +, 37°C 43.0±3.4(4} lS.s:tO.S(lS) 124.5 79.2±3.6(4) 45.3 

• N + - a. 40 C 22.7±2.4(4) IS.S±O~S(lS') 104.2 ' 60.s±2.1(4) 43.7 

• -Ra+ ~ 0.5% Inulin . 4°C 20. 9±~ .... H) IS.s±O.S(lS) 102.4 57.3±1.9(4) 45.1 

~ -10 mM Glucose 
< r , 

37°C 67.4t2.9(4) 18.StO.S(lS) l4S.9 62.4±3.3(4) S6.5 

• + 1.,0 ," RaCH -37°C 32.st5.0(4) lS.5tO.S(lS) 114.0 71.2±2.~(4) 42.S 

• + 1.0 .M'~rGlutamate37oc 
~. 

51~9t2.4(4) IS.s±O.SClS) 133.4 S2.2il.OC-4' '51.2 

• + 145 ~ F.+ , . ~l" • 

, + 
; + 5.5 JIM Na J7oC' ~~~~.3t4.5(4) l8.StO.8(IS) 16S:S 57.6t3.1(") 108.2 

o 

* Procedure as described in ·Methods· Section 7C. 
Al'l incutiations vere of ISO min duration ~t the tempe~ature indicated. 
Equt.olar ~ti~ies of choline chloride vere present in the media which contained no sodiua. 
Tabùlate~'data represent mean va)ues ~ S.E. (number of observations in parentbeses), referred 
to the initial (fresh) weiqht of tissue. . 

** This control value vas calculated by combininç the figures obtained"froa'tbe first tvd studies 
listed in- l'able 2. 
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Thu., it eppears that th. ab •• noe,of 91uoo •• f~ôm the i~cuH.tion 

medium caURes intraoellul.r awèlling in oortex a1io ••• , 

Addition of 1.0 mM NaCN to the inoubation medium de-
I '. 

creosed the Ri~e of the non-inu1in .paoe from 55.3 to 42.8 .~11 

100 mq fresh weight of ti •• ue but thi. oompound had little,err.dt 

on either the aize of the ~nulin .paoe or on the amo~nt al t~ •• u. 

Bwe11in~~ The addition of"I'1.0 mM L-glu.tnmfc .oid, however, had 

the oppoa'ite effect, i.e., it increa.ed the inu1in .pace from 
':l 

• ,66.8 to 82. 2 lll~lOO mg of fresh weight *" tia8ue and the amount 

h, 

> 

of tissue awelling rfrom 40.6 ta 51,.9 U1/l00 mg of freah weight 

of tissue, but had 1itt1e effect on the aile of the non-lnulln 

space (51.2 versus S5. 3 ~1l/100 mg of frellh weight of tisllue for 

1 i 1 , + + the contro m~d um). Complete r~veraa of the N~ and ~ oon-

++ centrationa (i.e., 145 mM K and 5.5 mM Na ) caulled a dramatic 

increaBe in the non-inulin epace from 55.3 ta 108.2 ~1/l00 m9 

freB~ wei~ht of- tissue. Ti8sue ~weliing àlao incr.ased .ub.tân~ 
1 

.' 

tially 'fro~ 40.6 ta 8~.3 111/100 mg fresh weiqht of ti •• ue but the 

inulin space decreaBed bnly Rlightly fro~ 66.8 to "S7.6 ~1/100 mg 
~ , . 

frash weight 'of tissue. ThUR, li high 1(+ medium àppears ta oau •• 

intracpllHlar 8wellin~. 

J ' 

C. Inulin·s~ace Determination in Ana.rob~c-Condition. 

Table 4 i11ultratel the re.ulta wh1èh w.r. obtained .. 

-t 

\ 

" 1 
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TABLE 4 

.Tt.. Cour •• of Swell~ng and Inulin Uptake into Rat Cerebral Cortex Sl~ce. Incubated ADaarobically vith 
~ or vithout L-T~toph.n pre.ent in the Incubation Medium* 

.~ 

, ' 

Incubation Svelling Dry Weight Total Ti •• ue Inulin Space Bon -lnuliD 
Tt.. pl/lOO mg mg/lOO mg Water ~l/lOO ~ ~~ 
(ain) ~~1/100 lIl9 ~~oo ~ 

._ Iii 
---- - - -- .- -~ --, --------,-- ~ , 

. 

/' 

110 ftyptophan , À 
, ~ 

" 30 33.0 t 4.0'16> 18.5 t O'.8(8) 114.5 45.5 t 2.4(6) 69.0 
, k' 

60 

,·90 ' 

120 . 

l\~ . 
+ 1.0 mM 

L-1'ryptophan 

180 

57.3 t 6.0(4) 18.5 t 0.'(18) 

59.9 t 1.2(3) 18.5 t 9.8(1&) 
fi 

66.6 tfl.6 (4) 18.5 t 0.8CI8) 
, 

73.4 :t15.5(3) 18.5 :tJ 0.8(1~) 
... 

"64.6 :t.5.6(4) , 18.5- t 0.8(18) 

* Procedure as described in ·Methods· Section 7C. 

138.8 50.9 t 2.7(4) 87.9 

141.4 54.2-..1: 1.4(3) 87.2 

148.1 59.8 t 1.8(4) &8.3 . 

154.9 68.2,t 6.7(3) 86.7 

-, 
r ,,-

146.1 63.9 :t 2.3(4) 82.2 

-

~abu.1ated data represent .. an va1ües t S..E~ {number of .observations in parentheses) 1 referred 
,to ~e .initial (fresh) ,weight of tissue. 
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when .lioe. ot rat'oerebral oortex were '!noubated anaerobioally 

for varyinq length. of time in Kreb.-Rinqer pho.phat. medium 
, 

containing traoer amount. of inulin-{oarboxyl-l~C}~ A. in the 

Qa.e of the r~.u)t •• hown ln Table l, th~ extant of ti •• ue . 
-,w811inq and the .ix. of the inulin .pa~. i~or.a.e a. the in-

oubation period ia prolonqêd. The .i.8 of the non-inulin .p.o~ 

appear. to reach a .limiting value- of 81-88 id/lOO mg fr' •• h weight 

of ti •• ue beyond 60 minute. of inoubation wherea. the inulin ' 
'" 

.pace continuea to inore.se a. the ti •• ut Iwelling inor.a •••• , . 
.' 

The prel.nce of 1.0 mM L-tryptophan in the incubation medipm ha. 

little effect o~ the eize of either the inulin' or non-inulin 
o 

space, and on the extent of tissue'8wellinq. 

D. Discuasion 
Î .. 

Il 

At the outaet of th!a study, the wide vatiation in the 
" extent of tis.ue awellinq and in the aize of th~'inulin Ipaae 

(Tables 1-4) were cau.e for great concerne . Careful analysi. of . ' 

theae reau1ts u1timately lad to the uae"of-equationa 1~1 Idetailed . , 

in "ExPë~iment~1" Sections 8A-~, for the oalcula.tion.' of trypto­

~ phan accumulation anî transport.' ~ attampt will, ha lfiida hare 

ta outline the rea.sona underlyinq the ~Ie of, thele equation •• ~ 
G , 

, , Fr""om the ini tia.l .,ies ~ and iadeed, throu.qhout all 
. . 

the experiments to be reported in 'nit. theals, j:.ia.ue Iwellinq' 

1 
, 1 

,- 1 

, , 
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wa. reoognized a. an important prooe •• to he taken into account. 

Even dûring inoubation periode 'of 15 ~n or 1 ••• , con.id.rabl., 

1"811in9 occurred. Thi •• welling va. not n.c •••• rily r~produoibl., 
. 

i.e., four fl •• k. co~ld ba lncubatad for the .... ti .. , in the 

.am~ i~ubation medi~ .nd under the .... experi .. ntal condition., 
~ , 1 

and" yat ti •• ua awel1,ing cou1d ,vary a. auch ,a. 20'. Siailarly, 

whan cer,brai oortex ~ic •• vere incubated under th. usual con­

trol assay conditio~a, i.e., for 15 min at 37°C in K~.b.-Rin9.r 

phosphate 'medium containing 10-MM glucoa, and 1.0 aM L-tryptophan, 

."811in9 ~veraCJed 22.2' t 0.9 (S.E.)_ (n-63) of the freali weight _ 
" 

of tissue. The range of theae values extended froa 6.S' to,42.6'. 
, , 

t Cleorly then, swellinq was- an important f~ctor vhich had to be 
-'~ 

considered in ail calculationa of tryp~ophan uptake~ 
~ ~ ~ 

The. studies o,f Pappiu. and Ell~ott (1956)'- pappiue 

R€>sehfeld, John.on and Eliiott (1958) " Varon et al. (1961), 
"r: ~...-, 

,~ Pappius !!!l. ~962), 80urke ét!.! ... (1966) and Cohen, B1aaberg,. 
, ::} 

. Levi and "Lajtha (19~8), have eata~li.h~d tbat inulin ia,an ext~-

c~llular'marker whicb, only under abnormal inc~at10n conditions 

(e.g., wh~n retina is ine~ated in hypotonie .adi~), penetratea 
: 

~ intrace11ularly (Âmes, lSJm and Nesbett, 1965). Some cOhrroversy' 

~XiS~S, however,c~nc~r~9~ t~e degree ~~ ~netrati9n of inùlin " 
ior 

into the interati~ial ap~ce. of cerebral cortex alice. igcubated 
o • 

! 
in vitro... .ail.. . 
- fapp~ ~!l. (1956; .19~2; i'n cOilparing 0 i~ v.itro 

" .tudies ~f the .ucroae, thiôcyanate and inulin .~oe. of rat 

/ 

\j , , 
, . 

-' 
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J • .. , . 
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~) cerebral cortex ahowed that the inulin .pace incr..... vith the 
" ' , . - ,~ 

devrae of,ti~aua awelling and that t~e Inulin .pac~can' be .. ' oc' 
/' 

acoounted for ~lmoat entirely by the v.ter of awellin9_ ~y 

·obtained inulin ~pace v_luea of 50-60t pf tb~ fr.~h weight o~ ~ 

tia~ue w~en alice~ vere inc~d f~r .are tban 60 ain' in Kreb.­

Ringer bica~bonate mediua c taining 10 ~ glpco.è. Sinee'th ... 
" 
~ -

inveatigatora obtaineo aucrnae a~ tbiocyanate apaçe. whic~ vere 
, • l, 'l 

con,aiderably larger than t~e inulin apace, they' con~iilf,":, ~t 
, . 

the moleQular ~ize of inulin preventa ~t fra. penetrating into 

the 'true extracellular'fluids of brain ti.sue. 
1 ..,' -.. .. 

The reaulta in Table ~ tndic~te t~at the aize of the 

equilibrated inulin apace obtained in this study vas si_ilar .. ... 
to the ,valtlell obtained by Pappiull !!..!l. (19-56,°- 1962). Al." duÈ'-

ing our incubations the degree~of tisaue awelling did incr •• s.-
, . 

", 

-,. 

aa the time'of incubation ~aa prolong~d. Bawevar, ~ne siqn~,· ~ 
- , 

'ficant difference exista between their studiea and our~: in 
~ ~~ 

ou~ study ~h~ inulin space was'alvaya ~b larger ~n the vater' 

of swéllin<- Indeed; we observed tl'lat if the 'Vater of .velling 
u 

i8
r 
sub~acted from each of the irlulin'space value. shawn in 

, 0 _ 

u Table 1,", apace value-'vhich va deaign'ated the ·correeted inulln 
[. ~ , 

11). ~ 1-_ 

space" ie obtained whic~ ia relatively constant. Tb • .aan 
.... • '" ~ ft 

,"correcfed inulin apàce", calculated Iro.+ the Inulin .pace. .. val,ue., _ 
.. f, \. 

.- in Table l i!l 20.3 lll/l00 -.g freah- weight qf ti •• ùe and the rang-
" . 

in thelle values ill very narl'~,. fra. 18-23 111/100 ~ fr •• b ", , 

o 
.~ . 

we+9ti>~ 0\' 'ti.aaue. 
" r ',I~-' 

~, 

, . 
~ , 

Si.ilarlY~ when the .... calculation. are 

• "', l J' 
,.., \ ~" , . 

o 1 

.. 

~. 
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made for the values listed in Table 2, a mean ·corrected inulin 
,~ 

space- of 23.0 ~l/lOO mg fresh weight of tissue is obtained. 
.. l <01 1 

The range in thesè values from 13-31 pl/lOO mg fre.h weight 

af tissue, is much greater tban that of Table 1. Bowever, if 
. , 

one compares the considerable range in the inulin space (from 
'1 

o 

35-72 pl/lOO mg fresb weight of tissue) and in the extent of 

tissue swelling (from 17-49 pl/lOO mg fresh weigbt of.tissue), 

the variation in the ·corrected inulin space~ is much less. We 
'l 

believe that the ·corrected inulin space· represents tbe in,!!!2 

extracelIu1ar space of brain tissue plus the space oceupied by 
1 . 

any intracel1ular fluid which may bave been released inter-

stitially from damaged ce1ls during the slicing process. 

One assomption was made in:ca1cu1ating the ·corrected 

inulin space- value: only ex~race1iula~ swelliag was presumed 

to occur du~ing tbese incubations. This as~~ti?n was based 

on the findings of Pappius et al. (1~S6~ 1962) who reportéd that 
, 

o 

during most Aerobic inc~a~ions only extracellular awelling can . 
. be observed. The particular incubation conditions which have 

, . 
. been noted to cause intraeellular as weIl es extraeel1ular· 

,-

awelling are 1isted sepa~ately in Tables 3 and 4 and viII be 

discuss~d later. 

The difference in the extent, of !Dulin penetration. 

into the fluids of cerebral cortex sliee. as reported by Pappius 

et al. (1956~ 1962) and by this study probably lies in the -&-

-. 
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meth?d of tissue preparatio~ and i~cubation. Varon!! al. 

(1961) have reported that fluid uptake by rat èerebral cortex 
f 

alices is markedly depandent 
_____ -t--_ 

on the time the slioes are p 

the butter used and especlally 

ent in this»uffer hafore optima~ 

aerobic conditions are establiahed. These inveatigators, as 

well as P.ppius e~ al. (1956, 1958; 1962) and Bourte et al~ 

(~966), havé usua11y incubated their sliees in biearbonate­

buffered media. varon!!!l. (1961) have observed that tissue 

swel1ing is significantii ine~ea~ed when su'ces a~e .exposed ta 

" bicarbonate medium equilibrated vith ai~ rather than one which 
• 

has been equi1ibrated vith 95' °2/5' CO2- They have a1sp noted 

that although fluid 
.,~ 

uptake then increases, this ·preparatory 
•• 

swel1ing- occurs in a compartment which is' :inaccessible to • e' 

, 

inu1in; In our experiments the tissues vere expoaed ta air' for 

10-12 min before immersion in phosphate-buffered/medium and 

subsequent oxygenation. Hence one would expect, on the hasis of 
, 0 

the foregoing reports, ta, detect aome dif~erence between the 

resu1ts of the se investigatora and our OWD. 

Temperat~re ia another factor'w~ich appeara 'ta COn-

tribute significantly to ~e extent of inulin penetration into 

btain tissue,~uids. 
. 

Pappius !i '!!. (1962J have r.ported that 

tissues are prepared in the cold, a larger volume of the slice 

fluids is occupied by·inu1in than can be acoountèd for by the 

water'of.swelling_ This observation:is in agrea.ent with the' 
, 

~, 

results detailed in Tables land 2. More reoent .tudie. by 

\ 
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if 
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"Cohen ,et al. (1968) have shawn that there are two inulin' compZU;:t_/~ 
• 1 

ments in mouse brain siiees: a first inu11n sp~ce which'is per-

meable to ~nulin at 370 C but 
,.,. 

~ccording to these . 
• 1 • 

investigators, the first inu11n space is mUch l,rger than th~ 
, 

second inuiin space. Furthermore, 'when· slices are incubated 
, .. _ I.J • . ..~ .\ "'. . . 

1b 1huI1n-conta~n1ng medium at 370 C
L 

and are sub~)q~ently cooled 
"- , , & • 

1 
the slices are in-to OoC, the inulin ~ace is the same as when 

1 

cubated at 37°C without cooling, i.e., in both instanc~s the 
, 

first inulin space ia mea~ured~ pn the basis of these studies 

Cohen (1972) defin~s the conventionai non-inulin spa~e to be 

the difference bet~en the total tissue water at 37~C and the 

inulin space at 37oC. He believes that it ia best to use the" 

37°C inulin space ~ith~ut correction fo~ ~ second inulin spac~ 
as the conventional, functional ~~~acellular Marker at 370 C. 

l ,,), •• ' 

In our atudies, brain slices were prepared in a cold 

room set at 4°C, incubated at.37oC in an·lnulin-co~taining· 
1 

medium and were then immediately placed on ïce befqre the in-
~~ \ t 

1 

cubation medium was withdrawn for scintil!ation counting. Thus, 

if compartmentation of intlin oécurs in rat brain cortex slices 

in a siRdlar manner tOJthat reported by Cohen et l al. (1968) for -- . 

mouse brain slices, we can conclude that our inulin ~pace values 

are comparable "to the first inu~in space of these investiqators. 

Calculation of tryptophan accumulation accordinq ta 
\, 

- . 
equation 5 ouelined in -Experimental- Section 8.B is based on 

the 'rasui ts detailed in Tables 1 and 2. Thus, 1 thfl mean non­

inulin space value vas calculated fram a~l ~e datA in these two 

1 -, 
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" 
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\ ", .' , ~l " - ' tables and was found ta be 59.2 pl/.IOO ~ fre.h weighb of. ti •• ue. 
1 • 

Sim~larly,·the ·corrected· inulin'.pace value waa calculated to 
~ t "'. 

"~ :~ 

be 22'.3 pl/IOO 119 freah weJ.ght of ti •• ue. The.e values were . . .. . 
taken,by us t~represent'the in vitro int~Aé~ll~lai space and 

,. " the in vitro extracellular .pace (corrected for awel~ing) of in-
1 

, 
... 

cubated brain tissue when placed in medium in which only extr~~ . 

'bellul.ar swelling occurred. Thi. I18th~ of calculat~on had th~\' ,- . 

advantage of taking into account the.individual awelling in each~ , 

·flask but assumed ~at this awel1!ng was ~xc1usive1y extrace11u1a~. 
\ 

sinee Pappius!!!!. (1956)'have\noted that BOst Aerobic swelling 

ia extracellular and since'~~tist1n~ Gryn~Um and Lajtha .(1969) 
, 

have reported that only the acidic.amino acids glutamate and 

àapàrtate cause intracellular swelling in brain aliees, it was 
( , 

o -ri;. \, 

, \ 
) Y 

il 
; 

..-, 

" 
" 

, 
.'t> , 

thought that these assu.ptions vere valide Thua, for ~~of 
\ • P -. \ 

the studies reported i~ this the.ie, equation 5 -B~~imental· ~ 

Section 8. E was uaed for the. calculation of tryptophan uptake. " .. 
, 

Havever, when alices' vere incubated ~der metabolic conditions 
o 

rePorted to alter the intracellular space (i.e., the .adi. de­

tailed in Table. 3 and 4), inu11n epace values vere det~~ined 

for eaeh ~iwa, and ~tophan accU8Ulation wa. calcul~ted 

according to equation 6, -Bxpert.ental· Section 8.B • 
0>., !,!. 

• . Tablee 2 and . 3 (j~~Vi~~ data on the èffec~ of SOIle 

Alterations ta the ionie co.poaition of the Kreb.-Ringer phoa-. . . 
. ~ 

phage .adiua aD the extent of ti •• ue,avelling and on the .ize 

of the bulin· and non-in~lin .pace.. aeplac_nt of the 

J 
" 

J 

, < 
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, 
5.5 .. KCI no~lly present 10 the ~iu. by an equimolar 

quantity of choline chloride ca~~ significant changes 10 the 
" 

Inulln space as weIl as in the "'lliog fluld. Thua, tissue 

8welliog dè~reased 50', the lou11n space decreased by 37'. the . , 
~corrected- inulin .pace decreased by, 161 while the non-1nulin 

spacè increasad by.81. Siailar"reaults vere obtaine<1 when vary­

ing concentrations of BaCl fra. 10-120 -" vere present in the in-
'!. • 

e.tion .adia. However, 'replaeell8nt of 5.5 mM NaCl wi th an 

equt.olar a.ount of LiCl or CaCl caused no signifieant c~ange 
\ 

frOil control values in the extent of tissue swelling, or in the 

inulin spaee, non-inulin spaee and ·corrected- ~nulln space 

values. These results indicated ~~at a ~ll quaotity (5.5 mM) 

- " , of LiCl or CsCl cao replace NaCl in the JBediua vi thout causJ.ng· 
, , 

• 
significant changes io the tissue spaces of inc~a~ ratobrain 

sliees. If the sa.e or l~ger a.ounts of choline chloride are 

used ~o replace eitber RaCl' or XCI in the medium, tissue swelling 

~ and the inulio space decrease significantly but the non-inulin 
1 

space and ·correC~ed- inulio s~ce values re.ain IIOre constant-• 
...... 

Whe~ BaCl is co.p1etely replaced by choline chloride (145 mM)' 

io the llediUII as shawn io Table 3 the non-ioulin space decreased' 

by 19. whi1e the, inulio space increasad by a corresponding 

a.ount. When the teaperature of thlà incubatioo _dl __ vas 

reduced fra. 370 C to .oC, tissue ... lllng and the iou1io space 
• , 1 

decreased slgnificantly'but the non-lnulln .pace vas not affected 

1/ 

. , 
. , . 

" , 
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Any further. Thu. our re.ult. indica~. tba~ ca.plete replace-

ment of,NaCl by éboline cblorid. oau.ed in~raoellular .hrink ... 
,. 

whlch wa. unaffactad' by the inouba~ion te.peratur.. A. ha. 
", 

b •• n reported by Pappiu. !! !!.,' 1958. the lover incubation 

temper,ture partially prevented fluid .baorption by th. ti •• ue • 

The reault. obtained in thi •• tudy ar. in partijl , 
( , 

agr •• ment with tho •• of other lnve.tig.tor.. Tb. difficulti •• 

encountered in comparing reau~t.~c.n probably be a~trlbuted 

t~ the variou. e~peri .. nt.l condlt)on. u.e4 by .àch r •••• rch 

group. Thua, pappiu~ !!!l. (1958) have .bown that vhen rat 

. cerebral cortex alicea are incubated at 38°C in bicarbonat~-

bufferad Kreba-Ringer'medium in which MaCl ha. been c~letely .. 
-raplacad by choline chloride, tissue ~11in9 re .. ins uncbanged. 

,. 
Similarty,.Lahiri_.nd Lajtha (1964) have also shawn that 

awelling of moua. "train c.r.bral .l~cea incubated at 37°C in 
-. 

Kreba-Rinqer phosphate or tria-buff.rad -.dia contalnlng either 
~ ~ 

~ . 
128 mM NaCI or 128 mM cholin. chloride i. th.- ..... Our re.ult. 

• 
detai1ed in Table S.ahow little change in the extent of tislue 

--, awelling when aliees are incubated at 37°C incthe pr •• enoe or 

absence of .~ium.....and:thu.-ar. in good agre_nt vith the •• 

inve.tigatora. Difficulti •• ari •• however in ~iaon of the 

inulin and non-inulin .~c ••• Pappiu'_et'al. (1958) reporte4 --
that the non-aucro.e apace (32 ~l/lOO ~ fre.b we19ht of ti •• ue) 

dcea not chang_ when the mediua conta in •• ~tb.r Bacl or 'choline" 
• 

cbloride. Batti.t1n!!!l. (1969) .bave .bon tut n4uction 

. . 

, ' -
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of the MaCI content of a tri.-b~ff.red ~-Rlnger .-dia. tD 
\ . 

10 or 20 mM MaCl cau •• d no aigni,fioant ohange 1ft the .i .. \ of -, 

the inulin apace (52.3' and 53.7' of the.vat va1gbt of ti.eue . 
~.pectively) of mous. brain .l~oe •• Cohen et al. (l".) bave --
reported similar inulin space re.ult. for ~uae cerebra. slicea 

1 -
\ 

ineubated in sodium-free Mdiua at 370 C. Bowever, tbey bave 
1 ~ 

, \' 

: a1so observed a signifieant decrea.e in the non-iDulin apace. 
b t J;; 

Our resu1ts show • deerea •• in the .ize of the DOn-inulin apace 

in 'agreement vith the resu1ta of Lajtha and coworkers for .ouse , 
" brain aliees but.:, in disagree .. nt vith tbe aucm_ atudiee of 

, 
'Pappius !! ~ (1958). for rat b~ain cortex. '1'he .ignifican~ 

inereas~ in the size of the inulin 'space ~n .l~ce. are'in-
o , 

eubated in a sodiUli-free .diua hu not ~ reportecl before. 
"''') 

• ,1 

!~ i~' :.\. 
The disagreement of th!. finding v~th the ~.ulta of the in- , 

vestigators mentioned above,"Y lie in the differance in initial 
l • 

. + 0 
manipulation o~ the b~ain,ti.sue ,i.e. f '.liCing;~t 4 C and 

" prepara tory" .".111ng at ~OC. ' .çy' 

11'0 . J. (1 .,J '. 

Removal of the 10 IIM glucose .\l8ual~ly present- in the 
, Q 

Krebs-Ringer phosphate .ediua cauaed'large 1ncre .... in tiaaae 
\ 

awelling and in the non-inulin space as well, as • .ligbt decrea8è 
< 

in the inulin apaee. 'rbu~, th ... data ~·tbat iDCUbaUOII 
• 0 1 

. of ~rain tisaue. alices. in a glucose-fr .. .a4i~ )ca ... ~~.~ 
. cellulari awell~ng. 0 Sillilar ob .. rva~iona bave 't;-en aotecl by 

Cohen e~ al. (1'968) and by Gott.~f"ld aad Blliott (1971). 
~.~~ 

< 
" .: 
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" 
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Ti.aue awelling and the non-inulin apace decr •••• d 
1 

when 1.0 mM MaCN)"as pre •• nt in th. incubation medium but th~r. 

"a. no ch.nge in the inulin .pace. We concl,uded that u.ing our 

expert.8ntal conditions, NaCN caules intr4cellular shrinkage. 

Theae results however are in contra.t to thos. reported by . .' , 
Cohen!!!!. (1968) and by Batti.tin ~!!. (1969).' Using mouae 

brain slices inèubated in tria-buft.red Kreba-Ringer medium,. 
, . 

these inveatigators reported that the inulin spade decre,aes by 

at least 6' in the presence of"l.O mM NaCN. They concluded that 
~ 

RaCH causes intracellular awellinq. , , 

A si.~lar discrepancy alao e~ista bet~en thi. group'. 
, 

study and our own on the effect of glutamate on fluid cbmpart-

,.antation. Cohen ~~!!. (196~) and Battiatia!!!!. !1969) re­

ported decreasad inulin .pace ~alue. when.2 mM g~~tamate was 
, 1 

added to .adiua cdntaini~g mou.e brain slicèS. Our re.ult., 
• 0 

shawn in Table 3, indicate .that l.~mM glutamate inc~ease. the 

inulin space a. well a. the ti •• ue awellinq in rat brain alice • 
• 

and decr~aaes the non-!nulin .pace aliqhtly. Pappius et al. --
(1956) .obaerved i~cr.as.d ti •• u •• welling and increasad non-

inul~ .pace va~ues vith rat brain cO~~_.~ices incub.ted in . 
" Kreb.-Rin~er bicarbonate-bulferad medium containing 5 mM gluta-

~ 

_te. They \noted that .lices in thi. medium accUlDulate qluta-

_te and K+ rather rapidly .nd .ttribut. ~e incr .... in the .. ~ 

DOn-inulin space. td intracellular ... lling whichloccur •. when 
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1 +' h1gh 1 (coftcefttrati~a are pre.ent 1ft. ide the brain oe111. At 
, l , ' ) , 

the pre •• ftt ti .. ~aan offe~ no e.,lanation a. to the di.pariiy 
\ 

betWeeft our r •• ult~ and tho •• of th. aJore .. ntioned lnve.tigator •• 
... 

, lIb.ft .11ee. wn incubated in Mdi_ oqntaininv 145 l1li 
-

KCl and 5.5 ... IfACl, ti •• ue .. 11ift9 4ouble4 •• d14 the ai •• of 

th. ftoft-inulin .pace. Th. inulin .pace decr .... d by approxi-
. , 

_tely 14'. S1ailar finding. tiave ,lMen reporte4 by Pappiu. ~ !!.. 
(1956) and are attribute4 to th~ lntrae.~u1ar influx of x+. 

Tb. data of ~&bl. 4 4 •• cribe th. ti.. cour.e of inul1~ .. 
penatration under ana.rabie condition •• A. in Aerobic incuba-', . " 
tion, ti •• ue .wellin9 incr .... d vith ti... The inulin and non­

inulin .pa~. valu~. did not reaeh liaitin9 valu •• un.il incuba-

tion bad been prolonged beyond 90 •. ~n. Addition of 1.0 ~ 

j ... ~ 

J"" . \ 

.; 
"' 

, 
.r,; 
, ''1 

, 

'L-trypto,han to the ..ct1ua d.crea.ed ~. non-inu\ln .pace .1ight1y, , . 
. a. under .erobic condlt1ona. Anaerobio.i., bQwver, cau.ed 

J ' 

.. -
great.r ti •• ue ..-111n9 th .... erobloai. and it can r.adily be , ... 

... n that the additional awelling wa. intracellular. Our re.ult. 

agree with tbo •• of Papplua et al. (1956). ~ •• lnve.tlgator' --
" Kave .hown that the DOft-auaro.. and ftOn-inulin .pace. of rat 

- '( ~r.ln alice. ,inaubatecl .... robica11y are .i9ftlfioant1y increa.ec! 

. oftr tI\ •• pace value. obtalne4 when allc •• ar. Inaubated a.ro­

bically .nd have concludecl that an .. ~bioai. cau... Intracellu1ar 

"nû1in9_ • 

'fO .~ri •• bri.!ly, ft ha". ahown tbat, in genera.l, 
! ~ 
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the non-inulin 8p8ce of cerebr~rt.ex .licea ia 59.2 ,,1/,100 iii il' 
. , 

freab veight of tiaaue 11h11. the -corrected- inula .pace (~.e •• 

corrected for'eztracellular _lling) i. 22.3 ,,1/100 119 freah 
• 1 

weight of ti.sue. '!he ..an dry -t.ght of tbe_ aliée., is 
• 1 .. 

'.18.5 111/100 119 freab _i~~ of ti .. De .. It .bould be Dotee! tbat. 

~ere vas no significant differeDCe betweeD. tbe dry veigbt valu •• 

of bicubated or DOn-inc::uba~ aliÇ'8. - an observation i!, agree-
1 

.ant vith the fi.ndinqs of Pappiua !! al. (1956) and Sourlte .!!. !!. 
(1966). 

... . 
Pappiuà (1969) bas recently reviewed the findin98 .of 

{j 

nUllerOU8 inve8tiCJ.~r. CODCerDiDg t:.be ai_ of the extracellular 

apace of braiD tissue of varioua apecie. in vivo ~ Sbe bas 
o " - } " ' ' , 

reported tbat for rabbi t bram. the cbloride/ apace oorrected for 
. ! 

inuacellular chlor~de, i. bebleen 21 aDd 24', and that the 
. 

extracellular sodiu. .pace is 24'.. Sbe bas DOtee! tbat if the 
" 

extracellular spaCe of braiD is as.WIed to he siailar iD COIIpOai-
& 

tion to the cerebroapiDal.flaid of brain, t:heD the sulfate apace 
, 

of cat, rat and dog brain ti.sue C&Il be calculated to range froa 

16 to 24'. 'J'his imreaügat:oi bas al., iDdicat:ed tbat ci.ternal 

injection of radioactive aucroee reaulted in •• ucroae .pace for 
. . 

. ,. 
'. 

rabbi t &rain of 22.5' whereu iDtracilÎternal injection of labelled 
( 

) 

inu1in gave inulin Slpace va~Q8a rangùg fn. 18' for rabbit 

"brain to 28' for cat braiD aIld 34' for "'.Y brain. 'flle thio-

cyanate .pace of cat: cerebral cort:ex, after· correction for 

ce11u1~ p8DetratiOD, ranged fn. 21 ta 2-' PiDally, 
,( J , 
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of cortical impedance show that the axtracellul.r apace of rat, 

rabbit and,cat brain ti.aue .11es betweeft 18 and' 25'. Thua, the 
• 

"corrected" inulin .pace deter.ined by our atudf appeara to be 
, 1, r' 

in agreement with the .oat recent-ln ~ .. aaur ... nta of extra-

cellular space. Furthermore, the method of calcu1ation'gener-. 
ally ~sed in the experlmepts.r~porte4 her. has the advantage 

g • 
of taking 'into par~icular account the 8we111ng which occura in . 
each flask. 
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lO. ~-'fryp~ciPb.l) 'tran.por~. An . Act! va . Proce •• 

A. Prearnble 

. . 
The experimenta ~e.cribed in thi •. chapter.vere d •• igaed 

- 1 . ... . ' 
to elucidate the natur~ of tryptophan uptake by .lice. of rat 

'" , 
cerebral cortex. Initially ve deteralned the tt.e Interval 

, 
, , 

during which tryptophan uptake ls linear a. wall as the apparent 

Michaelis'eon.tant a,d maximal velocltt of thi. uptake proca ••• 
... r ~ 

Varyinq the~incub~tion conditions a~d the addition of .everal 

~OliC i~hibi~ors to the ipcubation . .adiu. allowed ua to 

inveetiqate whetha~ tryptophan accuaulatlon 1. by an .ctive 
~ \ 

mechaniem. 
. . + + 

The effecte of'a number of 10na {notably Ha • K • 

Li+, M9 2+ and Ca2+1 are reported.· Sa.e di.cu •• ion,ia incluclad 

retarding the 8uitab!lity of the •••• y.u.ed to .... ur.~tryp~ . . 
.; 

phan up~ak.e. 

B. TiMe Course for L-TryptophaD ACco.Dlation 

. . , 

o 
The pattern of .ccuaulàt!on of 1.0 .. ..aia. L-tryp~ 

ph_n by rat cerebral cortex'slices during •. 90 a1n 1DcUbatioD , ~ .. 
period i. illustratecS in Figure 3. '!'bere va. a l1Dear iIlcrea .. 

in tryptophan con~Dtr.tion durlng the flrst 15 ~ of iftcuba-
1 

tion, alter vhich àceuaulation increa.ea .o~ alowly.. At 60 .tD, . . -

the~~yptoph.n conc_ntration had ~e.ched a '-xi .. l v.lue of . . 
'.10 ",.,1 •• /111 o~ ce~l "ater. _ For hcubatiOD pcl06 lODger tba. , 

" ' ~ .. 
60 min, tryptophan "a. .cc~lIted to • allght.ly le.ev eft8at: 

, . 
,Il ,', 

U 'j 

, 
" J \, ...... , ~ J .. ~h.:t.._: ,t~ , •• ~:hl •. iI~I.l'lli~'Mll!éi.l_~_~îiia~~ua ••• 
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Figure 3 

- ~ Time Course for the Ac~lation of-
L-T~tophan by~at Cerebral,Cortex 
Slices. 

Points represent lleatl"values t S.B. for, 
4 detérminations • 
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than the 60 ain peak value probably because of disintegration 

~ the tissue or metabolism of the amino acid or both. 

C. Evidence Pavoring Active Concentration of 

L-Tryptophan by Cortex.Cells 

'\" 
:~h~.data in Table 5 present the resultp. of eXperime~ts - / 

on the-~çcumulation of L-tryptophan, 1.0 mM in the medium, by 
~ 

rat eerebr~1 cortex sliees during a 15 min incubation periode 

Thè accumulation isosignificantly decrersed by anaerobiosis 

and/or"by low incubati~p temperatures (60 C). The a~dition of 
o 

some metabolic inhibitors, however, did not have a significant 

effeet on trypt~phan uptake by cortex cells. Thua, 1.0 mM 

iodoacetamide, an inhibitor of the glyceraldehyde--3-phosphate 

dehydrogenase ~EC 1.2.1.12) reac~ion in the~Embden-Meyerhof 

'. 

pathway of glucose metabalism or 1.0 mM NaCH"or 0~2 mM 2,4-DNP, 

inhibitors of the Krebs cycle or 0.2 mM ouabain (St~ophanthin G), 

.' Na+-K+ ATPase (EC 3.6.1~3) inhibitor did'net alter significantly 

tryptophan accumulation by the cortex slices. 

The results detailed in Table 6 indicate that omission 

of 10 mM glucose from the incubation medium sèv~~ly decreaaed 

the accumulation of 1.0 mM aediua L-tryptophan by' the slices. 
, ~ 

Bowever, 10 mM fructo,e or lO"mM'pyruvate supported tryptophan 
, ~ ... ~ 

uptalée ta the SUIe extent as 10 dl glucose. 'Additionl of the 

biologically inactive D-isoaer of lactic acid decreased 

~ , . ".~, 

~ , " _ .. " ft"''''~ 
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TABLE 5 

Bffect of AnaerObiosis,Temperature and of Some Metabolie Inhibitors on the Accumulation of 1.0 mM 
Medi~ L-Tryptophan by Incubated Slices of Rat Cerepral Cortex· 

Bxptl. Set Incubation Medium Ga a.Gtla se No. of Tryptophan Uptake p+ 

• 

+ 

l 

2 -

Complete 
Complete 
Complete 
Complete 6°C 
Complete 60 C 

·3 Complete 

----. 

• + 1.0 mM iodoacetamide - . 
4 Complete 

• + 1.0 mM NaCN 
• + 0.2 mM 2,4-DNP 

Il 

• + 0.2 mM ouabain 

in Flaak' 

°2 
N2 \ 

°2 « 

°2 
N2 
°2 
°2 
°2 
air 

·°2 
°2 

D~tnl· ~olea/ml cell vater 

4 3.16 t 0~2l 

4 1.58 t 0.21 ~~.OJ. 
3 ~.73 ± 0.33 

,/ 

4' 0.72 ± 0.13 <0.01 
4 0.74 i 0.06 <0.001 
4 3.08 ± 0.47 
4 2.95 ± 0.18 >0.05 
6 2.93 ± 0.12 
4 3.11 ± 0.18 >0.05 
4 2.83 ± Q.23 >0.05 

-
3 2.71 ± 0.35 ~0.05 

/ 

Incubation.~were 15 min in dura~ion and, unless otherwise stated, vere conductedOat 3'oC • 
Th. procedure and the compo,ition of the incubation media are described in "Methods-
Section. 7A and 7B. ~ . 
Tabu~at.a data repreaent'mean values ± S.E. for L-tryptophan uptake corrected for diffu8ion. 
Probâbility of differenee from corresponding control. 
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TABLE 6 

. , 

8ffect of Various Energy Substrates on the Accumulation of 1.0 mM Medium L-Tryptop~ by 
Incubated Sliees.of Rat Cerebral Cortex* 

8xptl. Set 

,1 

2 

* 

Incubation Medium~" . 

Complete (i.e., + 
10 mM glucose 

Glucose omitted 

Glucose omitted + 
10 mM fructose 

Glucose oBdtted + 
10 mM pyruvate 

Glucose omitted + 
10 mM O-lac.tate 

Glucose omitted + 
10 mM citrate 

Complete (i.e., + ' 
j 10 mM glucose) 

Gas Phase 
in Plask 

°2 

°2 

°2 

°2 

°2 

°2 

°2 

No. of Tryptophan Uptake 
Detns. ~moles/m+ celî vater 

p+ 

.. 2.93 ± 0.15 

" .. 1.82 t 0.15 <0.01 
~' .... .. 2.99 t 0.09 >0.05 

4 3.0S 1: 0.22 >0.05 

4 2.42 t 0.12 <0.05 

4 2.53 t 0.09 <0.05 

4 3.16 t 0.21 

~ 0.16 

~i' . + 

_~~~~4ii-~:i;';~~';Mr~~~~ ~ ~ 

~ 

-' 
,'; ~ 

-
-~ 

~ 

y 

'-. 

;:~ 

- ~-~ .. .-
, , 
-. 
.~ 

.;.., 
',. 
:' 



" 

c, 
," 

o 

, 1 

1 
, ~ ,,,~ \ \ ." • ,'(,~ ,:t, 

1 

-'6-" 

,." 

ace_latioR significantly but not as auch as the absence of " 

glucose. Two inte~diates in the Krebs cycle, citrate (ln mM) 

and succinate (10 mM) did' aid tryptophan uptake but not as 
~ 1 

efficiently as glucose, fructose or pyruvate. 
, 

1 

, . 
The data of Table 7 show that vhen ~e medi. L-trypto- 1 

phan concentration vas increased to 5.0 mM ànd the sllces were . ~ , 
incubated for 15 min, results stmilar to those described in 

T~le 5 vere Ob~~ned. Thus, tryptophan accUlDul~tion vas de­

creased si9Difi~antly vben sliees vere incubated in an anaerobic 
, 

atmosp~ere but the addition of 1.0 mM MaCH or 0.2 mM ouabain to 

the inoubation medium had no significant effect on tryptophan 
, , 

uptake. 
., . 

In order tq deter.mine the importance of cellular , , 
r. 

metabolis. on the accumulation of L-tryp,tophan by cerebral co~tex . 

slices, the following incubation conditions vere applied: 
\ 

(i) the 145 mM MaCl usua-Ily present in the incubation medium 

was completely replaced vith an equimolar quantity'of choline 
\ 

chloride and (ii) the slices vere incobated at ,oC. These con-

ditions inhibited, almost entirely, the uptake of L~tryptophan " 
" .r 

when ~ts\concentration in the Mdi ... ranged frOll 0.0'~1.0 mM 
-, . 

(Table 8) •. The results in'this table indicate that in 15 min 

0.03-0.10 ~les of tryptopban/~ of cell vater ent~red the cella \ 

under conditions approxi8atlD9 passive diffusion vhen the 

L-tryptophan concentration in the aedia. varied from 0.06 to 1.0 , , 

o , ~ 

IIIM. Thua, at the loweat .&diua L-tryptophan concentration" 
, . 
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TABLB 7 

ractor. Attectinq the Accumulation of 5.0 mM Medium L-Tryptophan by Incubated Slice. ot Rat ~ -
Cerebral Cortex* 

• ~-~._- ... 

Incubation Medium 

Complete 

" 
" + 1.0 mM NaCN 

" + O. 2 mM ouabàin 

Ga. Pha.e' No. ot 
in Fla.k Detn •. 

°2 
N2 
air 

°2 

4 

4 

3 

4 

* Incubation. vere 15 min i~ duration and were conducted at 
Th. procedure ~ th. composition of th. incubation media 
Sections 7A and 78. 
~abul.te4 data repr •• ent Mean value. :t S.E. 

+ Probabi11ty of 41fference trom corre.ponding contro~. 

) 

" 

~:.f.t~.lr __ :;-/ ... ~~~~-\Ix;.:::'l'l'_~, g:;'. '~lri.l.'""" r'\\""'~ I·.v·~ ..... ,.., 
_:Il~iai'2\1}~'i~;ttij'~'!;;>2j1'...s~i..'I1.~-c:';';:o:.!:"}~1.)~~ ~ rU., li .J:: ~t " ~!' ~, 

. 
p+ Tryptophan Up~.k. 

umole./ml cell vater 
a 

8.04 t 0.49 ',\ 

4.09 :t 0.43 <0.001 

6.73 :t 0.66 >0.05_ 

7.15 :t 0.90 >0.05 
st 

370 C. 
are de.cribed in ·"Method." 
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TABLE 8 

Uptak. of L-Tryptophan into Slices of Rat Cerebral Cortex Incubated Aerobically at 6°C in Media 
fra. WhAch Sodium Bad Been COMp'letely Removed* 

~ 

-
Bxptl. Set Incubation Medium Gas Phase No. of . 

in Flask Detns. 

1 1.0 mM L-tryptophan °2 4 

Same .~cept 0 mM Na+, 6°C air 3 

2 0.5 mM.L-tryptophan °2 4 

Same axcept 0 mM Na'+, 6°C air ., 3 

3 0.2 mM ~tryptophan '°2 
. 4' 

S ... axcapt 0 mM Ha+, 6°C air " 
" O.OI·mM L~tryptophan °2 " 

S_ axc.pt 0 JIll Na+" 1°C air 3 

Tryptophan Uptake 
pmoles/ml cell vater 

- , 

3:26 :t 0.23 

0 .. 10 :t 0.01 

2.15 :t 0.18 

0.09 :t 0.02 

0.93 :t 0.03 

0.06 :t 0.01 

0.37:t 0.02 

0.03 :t 0.00 

+' p-

== 

<0.001 

<0.001 

<0.001 

<0.001 

.• Incubation. ver. 15 ain in duration and, unl ••• oth.rw! ••• tat.d, yer. conducted at l7oC. 
"'. pl'OCedur. and th. ~.ition -:;:::._ incubation ... dia are de.cribed in -Method.- Sec1:üm. 
7& o'.. 7B~ \ ' 
l80toDioi~y in .. dia fra. whlch Na+ had .n removed va. maintàined by tha addition of 
-~1.~ quantltl •• of choline cblorid •• 
~abà1ate4 data repr ••• n~ .. ~n v.~u •• t S.B. 

+ .~ility of 4iffer~nc. troa corr •• pondinq control. 

w • 
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1 atudied (0.06 mM) the rate of u.~e vas ODe twel~tb of tbat . 
\' 

detected when alices'are incibated under the stand~d condition •• -

At the hiCJhe~t medium L-tryptO?haft' concentration atudied, the 

rate of uptake vas, 33~f014 l~ •• tban that of tHe control. .. 

concluded from tbese results\tbat cellular .ataboli .. plays an 

important role in the transport 'of L-trypb)pIum· by ~rebral 
J 

cortex slices. It ahould he noted tbat vberever it i. iDdicated , ' 
c ~ .... '1 , '\..1 • 

in thi. tbeais, the figure.~ln Table 8 b~ve been usedtoocorrect 
l > 

the observeS tryptopban uptake values for the noo-.etabolic 

(i.e., passive) accumulation of L-tryptophan by the Bliees. 
l , 

D. Kinetic Analyais of the L-!'ryptopban Uptalte Proce •• 

Tbe ~elation between the rate of accu.u1atioD of 

L-tryptophan by sliqes of rat cerebral~rtex and the coDcentra­

tion of ,that amino acid in thè aediu. is abow.n in Figure 4. 

The plotted points in Piqur. 4 a indicate tbat the r~te of-- , 

accumulation was approxt.ately linear vith respect ta the ='5 
~ 

... . "'-applied external concentration of L-trypi:Ophan up to about: 1.0 .... ' ~ 

. but thereafter the rate ~ell off-gradually. Because the ~ as 
l' 

a whole seeaed to con fora to the cbaracteristiea of • byperbola , . 

of the type Y • aY!' , a curve vaa fitted ta tbi. ,equatiOll 

(Curve'~ Pigure 4) and deacribed by the expre •• ion: 

V • 3.3980.623 G • (8) 

where V - -the rate of aCCUll1l1atioD of L-tryptoplum (iD ..-01 •• bf 

, , 

. ~ '. , -

," , 

l ' 
I~... 1'\ f ,. 1 

, . 

~~'l'i.t!,\"\,·:JVf~~''':-'n-:<i .. ~!!/ i'~ ... tr'A· ~+ '-J ./'~Qo •• ;;/"',\ 
TI '::' ~'". '''<"'_ ~~;l'Y"'.c'~~~~.i;~H""'&:!O "-_ ,~:,~,~l.:..~ ...... 



'. 

\ 

; 

'. 

.~~~~~ ~ "'1 j' I-~I~ \~ ,i~"~"ft~:II,'r: ~\:J \\,\'~::/~~:~ff,~~{t.~ ~\'~~if'f~~::;J?\\~:,~!' 'P1~'lXm\~~~~"~' ••• 
~ ," . 

, 

Figure 4 

. Rate of Accumulation Qf L-Tryptophan'by 
Slice8 of~Rat Ce~ebral çortex Plotted ae a 
Function of Initial Concentration of the 
Amino Acid in the Medium. 

on the ordinate, V • ~molee of L-tryptophan 
accumulated/ml of cell water in 15 min of"in­
cubationl on the ab.cissa, S • mmol.e of L­
tryptophan initially preeent per liter ~f 
medium. Pointa p~ott.d in curve ! repres.nt 
aean values i S.B. for 4 d.t,r.ml~atiQns ~S.B.~ 
not shawn for meane n.ar origin for .a~e of 
clarity). Curve' b repr.s.nt. a transforma-
tion of the equatIon obtained for a plot of p 

l/V va Ils (for value. of S between 0.2 and 
2.0~) (see Section 100 equation 10). Curve 
c repre.ent. the arithmetical difference 
6etv.en curve. 'a and b. See text for dia- ~ 
cusaion. 

1,--" 0' 

. ' ~... • 1 .. ... J..t 1. r'" ,,,\ i 

• 
100 

, '~ 
'1 



,- , , , , , . 
-." l ~ ~\ •• :~~~ ~,~ 



, 

, 102' 

the aaino acid/Ill of cell .. t.r par 15 1Iin) .. S • the lconcentra-

tion of L-tryptopban !nitially present in the inèubatioll Mdi_ 
, 1 

(in .-Dl.s/liter); and 3.39 and 0.623 are •• tt.Ated con.tants. 
~ 

Th... con.tant. 111181"8 abtained _thea'tically, ~. followa: log V 

va. plotted a. a ~unetiOD of log S and a ~traight lift. vas fitted 

to thes. transfoDled data by the ,.atbod of l ... t square.. 'l'b. 

intereept of the lin. GD the ordinate _. then log (a) and the 

alope of the s~aigbt line _. the constant b. 

Al t:hougb the byperbolic curve Il of Fiqure oC confonlS 

to the observati9ns over a vide range of çoncentrationa of t~p- . '\,-
o 

"tophan, an attellpt vas _de to asse.s ~e data by conventional 
." 

analysi. according ta the .etbod of Linelleaver ~d Burk (1934) • 

. Kinetic analysis o~ this kind, based upoa the doub1e-reciprocal 
" 

• t 

plot illuatrated in Pigure 5, revealed a clear departure frœt 

linearity at the bigheat concentrations of tryptophane If the 

po~ts corresponding to these extre.ely bigb ~ncentration8,were 

negl.eted. the r ... ininCJ points fitted the atraight lin. des-

cribed by: 

1 0.137 - - 0.166 + V S - l + 6.032 
0 .. 829 1 
6.032 • i 

o' 

Fra. thi. expr ••• ion, the apparent lIi~li. constant for the 
. ·r 

(9) 

trançort of L-tryptophâa uader our .-pacifie experi..at:al CODdi-

tiona vaa 0.829 _ aDd the •• tiat:ed'}7t_1 velocity of thi. 
, • 0 

.yat_ va. 6.032 ...,1 •• of ~~ acc ..... l.ted/lll of cell 
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Figure 5 

Lineweaver-~urk Analysis of L-Tryptophan 
Uptake by Slices of Rat Cerebral Cortex_ J 

On the ordinate V - pmole& of L-tryptophan 
accumulated/ml of cell wa~er in 15 _in of 
incUbation: on the abaciasa, S - DIIlOles of 
L-tryptophan initially present per liter of 

-medium. Points repreaent mean valués t S.E. 
for 4 determinations. 
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•• ter per 15 111ft of .lncubetion. ftanafonatlon of the equtlon , 
b ". i ~ 

.ith th ... conat.nt. ylelde4 th. expr ••• ion: 

V 
_ 8 

o o.llls + 0.137' • 
./ 

represented by curve b in Figure 4. 

.. 
6.0'32 S 1 
6.829 + 

(10) 

) ~ 

por ~ concentration. of t,ryptopHan ~n the incuba~ion 
, -

'lledium (i.e. l, up to about 1. Q ,mM), either of the hyperbolic . 
equations 4escribed by~curves !c~d, ~ vas consistent vith the 

- observed rates~of accumulation of L-tryptophan. At higher le .. l. 
&. • 

of external L-tryptophaft, the accuaulation of this a.tno acid in 
~ ( 

the cell vater vas con.iderably greater than that accounted for 
, ~ 

l 
by the assumptions tmplicit in NichaeliS-Menten kinetics. ~be 

discrePan~ betveen the twO cu{ve. wou14 he given by a co.plex 
\ <> ( • :. ... , ~ 

expres.ion repreaenting the difference bet .. ~ equation. (8) and 
~~ 0 ~ 

(l0) above. Rowever, by empirically taking the ari~tica1 
,1 

, 
.' 

difference betv~the two cu~e. ! and 2 in PigUre 4 a .traigh~ > . , 
line re.ulted which by inspection fitted the equation: 

1 

" v • -.90 + 0.98 S, (11) 
J 

'The slope of thi. ·line (0.98) repr •• ented the net cbang. in the 
1 

°concentration of L-tryptopban .cc~1.~in9 in th., cell .. tu. 

under our specifie expert.ent.l conditioaa, for • dbrreapoadia9 , 

change ~n the concentration of~th • .aino .cid in th • .-41aa (botb 

in p~le./~). ,f 
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ratio of J" , 
" ,~t' 

o When th. 
;/ 

tryptophan t~an'P9rt ratio (i ••• , the 
_. J ... ~ 

, . ;~ 

the tiaaue • .ect.t.wn conoentration of I.-tryptoph.n) w.a calcul_tee!' ',Î~ . , 

from'the data ,hown in riqure 4 and ~hi~ ratio w.a:then plotted 
• '1 

ver.ua the concentration of L-trypto han in the incubation 
f 

medium, the oury. illuat~at.d in 6~waa obtained. Th. 

highe.t ratio vas d when the .adiu. concen-
. 

tration of L-tryptophan w •• 0.2 ~owev.r,. the ratio decr ••• ed 
~ \ .[( 

sharply as the medium L-tryptophan concentration v •• incr.a.ad 
- { 

tram 0.2-1.0 mM. Furthermore, medium concentration. greater than 
J 

2.0 mM yielded transport rati'oe vhich vere ',~i9htly above 1.0.. ' 

:..i .. ~~ 

", . ... , .... ~ 

These reaulta indicated' that diffuaion ia an i.port'ant proce.'- i'n., 
, ' 

tryptop~n uptake by the ce~l whe~ e~tracellular.çonc.ntrat~on~ 
,/' /. .. 

of L-tryptophan greater than 2.0 mM are prèaentea-~o the cell 

membrane. • 
D 

E. 
o 

Observation. Relating to the A •• ay U.ed in the 
. 

Study'of'L-Trytpophan" Accu.ulation 

Duringothe ~ouraé'of the .~udi •• reported in ~hi •. 
/'\ o r -
thesia, we were boncerned whethe~ alt.ration.,to the expert..ntal 

procedure deacribed in "Methode" Section. 7A and 78 aight aigni-
, 0,. 

f~~àntlY;Change the quantity of t~yptoph.n accu.ulat~ by the . 

cortex cella', Aè~rd~n91Y tryptopMft "ptalte va •••• ured' fol: \ 

lowing specifie chan9.e in ,the experi .. nt.al, procedure.. Tb. 
"'-;" 
~ 

reaulta of tW •• e-atudie. are reported herel 

r 

1 

J 

r. , 



101 '1 1 

, , 

J 

'. t 

• "'"l'o' 

Figure 6 
1 

! 
The Ratiô of L-Trytpophan Tr.n.~rt into 
Rat Cerebral Cortex Slio •• Plotted aa a 
Function of the Initial Conoentration of 
th!a Amino Aoid in the M.dium./ 

1 
/ 

Points repreaent' _an value. / t S. E. for 4 
determinations. ,1 
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" 

The amount of tis8ue present in,each flask varied con-
81derably. Al though the amount of tryptophan taken up 
by the slices was p~oportional to the waight of the 
tissue used, the quantity of tryptophan aceuau1ated par 
ml of cell water was remarkably eon.tant at aach medium 
tryptophan concentration. Thus, in 58 deterainations 
with slices ranging in weight from 45-125 mg and incuba­
ted with 1.0 mM ~-tryptophan for lS min at J7oC, 
t-tryptophan uptake was J.25 ~moles/ml cell w.ter 
t 0.07 (mean ~alue ± S.E.). 

2. In theae experimenta tissue a1icin9 waa uaua1ly per­
formed in a co1d room set at 4-6OC. Only superficial 
doraal and lateral alices were used. If hovavar, tiaaue 
alicin9 was performed at room temparature (2lOC), thera 

• was n~ noticeable change in the tryptophan uptake 
values. ,Me routinely alieed the tissue in the cold 
room to prevent rapid dehydration of the tissua which 
may alter the cells irreversib1y and which deereases 
the eaae with which th~ slices .. y be hand1ed (Elliott, 

3. 

1969). , ' 

For a variety of r~asons, only ~urface slices vere riaea: 

(a) they are easier to obtain and tend to fragment 
less easily. 

(b) handling time ia decreaaed when only'the firat 
slice is.used. , . 

(c) there ls only one cut surface per 8lice thereby , 
decreasing the number of damaged cella per mg qf 
tissue. 1 

(d) the use of only cerebral cortical matter is 
ensured ai~ee s~ond aliee8 of cortex frequently 
include subcortical white 'matter.. . 

. " Figure 3 indicates that tryptophan aceumulatio~ is 
1inear for the first 15 min of incubation wben' 
1.0 mM L-tryptophan i. present in the ~iu.. 'Sinee 
we wished to .tudy·~re closely the uptake, of trypto­
phan vitbin the lineu portion of the ti_ eune, ve 
routinely usad lS .in aa the tt.e interval for incu-, 
bation of the ti •• ue alie.s. The aecuaulation of 
0.5 dl lM!diua L-tryptophan is alao- linear within thi. 
time periode Ho other .adiua.tryptophan ~oncen~ationa 
vere tested. 

" 

/, ' 
" 

. ~. ... 
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Tbe uptake of 1.0 ~ .-dia. L-tryptopb~ at various 
incubati~n te.p&ratùree ranging troa 22 to 50~ was 
investigated. va found t~t tryptopban w.. accÙllulatecl 
.. xt .. lly around 400<:. < 

n " 

Usually o.i ml of L-tryptopban-{carboxyl-lItC} was 
added to 2.9 ti of the incubation mediu.. Bowever 
tbere was no cbange in tryptopban accumulation if the 
volu.e of~radioactiva L~tryptopban added, was incre,sed 
to 0.3 al and the appropriate adjustments were .. de to 
the uptake"calculations. St.ilarly, ~ere was no 
change in the quantity:Of tryptophan accUJDulated by the 
cells when the volu.e o~ the incubation ~ium was 
doubl.ed to 6. 0""1u. 

il 1 

Following incubation # the slices vere rellOved, p~acec:l 
on â porcelain fil ter dise and blotted carefully to 
remove excess mediua. No atta.pt was .. cle to wash the 
tiss~. Me found tbat auch a step introduced a loss 
in tissue vbich causad g~ater error ttian failure to 
rinse the sllces. Tbese re~~~ Agree vith those 
of Cohen (1972). ~ 

7. We assu.ed that the radioactivity present in the tis.ue 
extracts following incubat~on'rePf~8ented tryptophan·' 
accumulated.by the cells. This assumption was based 
on two factors: 'f 

(a) 

(b) 

/ 
r ~';. ~ l'ô< r _Q _J' 

-, 
we found that less th'an 3' ofo/the total radio­
activity in the tissue was incorporated into'pro­
tein d~ing a 15 ~n incubation period when slices 
vere incubated with 1.0 ~ L-tryptophan and then 
treated as clescribed in -Methods-, Section 7B. 
the data of Barbos., Berreros and Ojeda (1971) 
indicate that virtually aIl the radioactivity 
added a. labelled L-tryptopban to rat br.in cortex . 
sliees is aecounted for (chra.atograpbically) by 
that aa1no acid even'after 60 ~n of incubation~ 
Goldatetn and'Prenkel (1971) bave a180 shawn,' 
negligible conversion of tri~iated L-tryptophan 
to serotonin by rat .tri.tua and brain st.. slic •• 
vbich had bean incubated for 20 lIin a\: 370C; 

, ., 

.' 0'->, . ': 



" ., 

8~ 

111 

.. found no diff.~ftoe· in t~yp~ophan uptak. bet ... n 
ani .. l. wh1ch ha4 Men fa. teeS for 24 hour. and tho •• 
whiah M4 __ ft 91ven fI:''' .a .... to" food. 

The effect of altera~lon. to the ionia cOMpo.ition of 

the lreb.-Rlnger pho.phate incubation .. diu. va. ex .. ined 

(Tablé. 9 and 10). Ca.plete replace"ftt of HaCl' by aholin. 
( 0 

chloride cau •• d a .. rked d.cr •••• in tryptophan accumulation. 

However, when N.Cl va. pre •• nt in the incubation medium in 
• < 

'- \~ Il 
; ,\~ 

',, 
~~ 
l, 

'r':! 
!'f, 

, "­.. 

concentration.,qr.at.r ~ban 20 aM, tryptophan uptake did not vary 
. , , , 

", 

,. ;. 
'. 0 

'-

-ai9nificantly~roa cOntrol valu ••• 
. 

Th.ra wa. a .ignificant d.cr.... in tryptophan aocumu-

lated by the .lic.s ~hen the XC1, u8u41ly pre •• nt in the iftcuba~ 
~ 

tion .adiua.t 5.5 -" concentration., va. coaplet.ly.removed 

(Table 10), Incr.a.lng the XCl cont.nt of the medium to 10 ,mM 
• 

cauaed no .lgnilieent etiang. ln thi. accUMulation. Wh.n th. 
, " 

no~l NaCl and XCI concentrations of the medlua vere rever.ed, 
1 ~ 

hovever. tryptophan uPtake.d~crea.ed •• verely •. Ind.ad, trypto-

phan accuaulatlon und.r th ••• conditions wa •• uch 1... thaft ~ftat 

oba.rved wh.n 5-10 ~ NaCl plus 5~5 ~ XCl ver. pre.ent in the 

mediUm (Tabl. 9). 

Nelth.r ealciua nor .. gn •• lua'affected tryptophan 

açcuaulation (~abl. 10). 

The r •• ult. obtained when Liel i. adde4 to the kreba­

Ringer phoaphate incubation -.d1ua Ar. detall.d in Table 11. 

Thara ~a. no .ignifieant change in tryp~Opban ~tak. wh.n·LiCl 

in concentration. "all9ing fra. 0.5-5.5 .. r.plaaed •• Cl in Met1. 

• . \ 
, ..\ ~ -

~~L."l""-~I,:: ,(;.,,: ~ __ , __ ,,,;. ~,~'i.:"'';,,-." _' .:..J .• ,~ .... ;.:.'< ~" ~--'-.~1._" ~~ :.;.f,""",i.l!::",t, :-.:" p,,' ,,',' .'_., ",,~{I'd.~ • .-l. 
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TABLE 9 

,"-? ~;.'.-,::"c~._;'o .t:'''-:.~~ 
- --:..: '-~ ~~ ~-~c~ 

:{'~ 

,0 

Bff.ct of A1tering the Sodium Concentration~ of the Incubation-Media. on the Accu.u1ation of 
1.0 ... Medius L-'1'.ryptophan by Incubated Sliee8 of Rat Cerebral Cortex· 

-
Bxptl. Set Sodium Coaposition of 

oIncubation Médium, 

1 ~l.te(i.e., 145 mM Na+) 
," + 
SUIe axeept (Na ) - 0 mM 

SIIM 

10 .. 

15 JIll 

.20-JIN 

2 

-Bo. of 
Detns. 

4 

:\ .. 
4" 

" t'" 

'.f 

Tryptophan,Uptake 
~lea/.a ~e11 vater 

3.26 :t Q O.21 
2~60 :t 0.14 

2 .. 56 t 0.14 . ' 
1.98 :t 0.33 

p+ 

<0.05 

<0.02 

<0.02 

>0.05 
" <0.05 

,s.; .. ~ ..... 
" 

C~l.t. (i ••• , 145 mM Ha+) 
s... axe.pt (Na +) - 25 mM 

.. 

.. 
4 

4 

2.65 :t 0.20 

2.42 t 0.23 
3.14 t 0.31 

2.84 t 0.21 

2.90 :t 0.05 

3.00 .t .D. 23 

>0.05 
:J--' 
~.~~l 
}-'-' ~ 

~\ 
'" 

) 

30 JIll >0.05 

35 lIN >0.05 
40 II1II -,0 3 -3.09 t 0.19 >0.05 

./' , 

45 JIll. 4 3.12 :t 0.17 >9.05 
~ . ;, 

• AlI lacubAtlon. vere 15 II1n in duration and, vere conducted at J70C in an at.o.pbere of U'O, --...., 
oXJ9ID.. '. _. , '"? 
,.,. P~Uh aft4 the COIIpO.ition of the i~cubation Mdia are -d •• cribed iD .... ~. s.cu. - -,~ 
,7A aD4 7.. .. '+ ., _ .} 

,'- ;,I~~clty in -.ct!.. fre. wbich lia bad -ben removed va • .aint.ain~ by the a4cU.tiaa of ....... lai.:.~ 
~ttti •• , of' cboline cblo~ide. , : 

" - ~~ abould.\ be -noUe!. that the ionie c:a.poaition of the pre-incubation -.4ia va. identica1 tG tUt',:'~ 
of tbe iacabatlOft _4ia ln wbicb L-tryptopban uptake va. detenU.ned. -~1 

_ fI~.tecl data rqr •• ent .an valu •• :t S.B. for L-tryptophan uptake correcte&! for diffu1Ca. .J. 
! + h'Obability of; 41fferace froa corre.pon4.ing control. " ~ 
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TABLE 10 
o,.ffect of AItering the Potassium, Magnesium and Calcium Concentrations of the Incubation Media. 
o~ the ,Accumulation of 1.0 mM L-Tryptophan by Incubated Slices of Rat Cerebral Cortex. 

J • 

Bxpt1. Set Composition of No. 9f Tryptophan Uptake p+ 

1 

2 

3 

.. 
-5 

Incubation Medium Detns. ~moles/Da cell water 

c~mplete 

S~ except 0 mM K+ 
, . 
COJDplete • 

4 

3 

.. 
sam. .xcépt 145 mM K+,5.5 mM Na+ .. 

. + 
Same except 10 mM K ;140.5 mM Na+ 4 1 

C~plate 6 
2+ . 

S_ axcept 0 JDM Ca · 8 

Co.plete 4 
,S ... exc.pt 0 laM ..g2+ _ 0 .. 

Co-.plet. .. 
S ... axc.pt 0 mM Mq2+, 0 mM·c.2+ 4 

• 

"3.22 

2.18 

2.·95 
0.10 

3.'5 
3.49 

t 0.40 

t O.O~ 

t 0.24 

t 0.03 

t 0.32 

f 0.18 

3.46 t O.~6 

3.50 t 0.17 

3.60 f 0.18 
):I.16.t 0.21 
J--;o-;t- t O. 2., 

-. 

<0.05 

<0.001 
>0.05 

>0.05 

>0.0.5 

J _ 

>0;05 

' " 

.' 

~do. 

.. , 
<~ 

. '. 
~ 

S 
>( 

l 

~ 
: 
~ 

• All l"cubatlo.n. ver. 15 .1n eluratlon and vere Qonducted at 37°C ln an at:llO.pher. of 100~. O~.:: 
'Ille pJ:ocedure aneS the cœpoaition of the incubation mec:tia are/ c!e.cribe4 iD -.. thoc!a-: 8aCi:1on. _:~ 
lA aa4 78. + _.~ 
%80tonicity.1n th. _dia froa which K bacS be.n cOIIPlet.ly r..,,,.4 va. _intaine4 by the . :~ 
a44i.~loD of eqW..olaJ: quan~itie. of choline chlorlel.. Wheft Ca++ anel/or 119++ vere COIIPletely ,-,-~ 
~, no •• ILw ••• cSded •• replacement. , ~~ 
!~ abould be DOteeS that the ionle ca.po.ition of the pre-ift~.tioD media va. ~cS.ntlcal to tbat 
of the iDcubatioD -.dia in which L-tryptophan uptake'wa. det.r..ined. '. _ 

+ ~bability of 41ffer.~è. fJ:Ga cOJ:J: •• pon41nv control. 
~ul.ted dat. repr ••• nt ... n value. t S.B. for L-tryptophan uptake correeted for diffa.loD. 

~ 
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TABLE 11 

_ff.ct of th. pr ••• nc. of l.ithi12Mo in th. Incubation Medium on th. Accumulation of 'L-Tryptophan 
~ Incubated Slic.. of Rat Cerebral Cortex· 

,xptl. Set, 

1 

2 

3 

Compo.ition of 
Incubation Medium 

COJlplete 
+ + • + 5.5 mM Li (replacinq Na ) 

Complete 
.' + 

• + 1.D mM Li+ (rep1acin~ ,a ) 

Complete . 
.,.+ 0.5 _ Li+ (replacing Na +) 

- Q 

No. 'of Detn8. Tryptophan Uptake 
pme!e./al cel1 vater 

1.0 mM Medium L-Tryptophan 

3 2.69 t 0.24 

4 2.48 t Ô.l8 

4 2.67 t 0.32 
4 2.62 t 0.12 

. 
0.2 mM Medium L-T~tophan 

4 

4 

0.91 :t 0.03 
r 

1.07 :t 0.10 

p+ 

.. 
>0.05' 

~O.05 

>0.05 

.. - -iî :, 

:-_- ""' ........ 
ComPlete ,_ 8- { . 0.90 t 0.02 

~ - > 

;~. 

1' / 

.~~ 
;;- , 

;--~.'" 
~~ ... 

z.' { , 

r ,­
r • 
" '. ;-

o 4 
J 

5 

6 

• + 1.0 mM Li+ (replaçinq Na+) 

Complete 

• + 5.5 mM Li+ (replacinq N~+) 

Complete 

• + 5.5 mM Li+ (rep1acing K+) 

co.p1ete' 

• + 1.0 aM Li+ + 4.5 aM X+ 
~ -" ~ '" 

tî!i~~~ili~jç~:'~"d,,;l~~j~j.~~·~~1'{L:l!~.1."'_~ : ~~~~~-Jt~; .'r 

12 

4-

4 

8 

8 

4 

4 

0.83 t 0.04 

0.91 t 0.03 

0.96 :t 0.06 

0.96 :t 0.03 

0.70 :t 0.05 

0.9l o t 0.03 

>0.05 

>0.05 

-<0.001 

-"'~ 

, 

.~ .. ':~ 
... li; 
.-.i.~ 
~-;i:. 

-> - ~-. .i 
0.77 t 0.13 ' .. ~VÎ 

, r :J _ ... ,-~:'~~~~~t":a:. ~ ~ -s.:~ 
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TABLE 11 (Cont'd) 

Bxptl. let COlllpOaition of 
Incubation Medium 

No of 
Oetna. 

Tryptophan Uptake 
~umolea/ml cell .ater 

p+ 

8 Complete 

- minua K+ 

4 

4 

1.01 :t 0.05 

0.85 :t 0.05 
"' 0.06 mM Medium L-Tryptophan 

>0 .. 05 

9 Complete 3 0.37 :t 0.02 

- + 0.5 ~ Li+ (replacing Na+) 4 0:33 :t O.O~ >0.05 
,- n 

'+ + - + 1.0 mM Li (replacing Ha ) 4 0.37 :t 0.01 >0.05 

-+5.5 mM Li+ (replacinq Ha+) 3 0.38 ?:t 0.01 0/ >0.05 

- + 5.5 mM Li+ (replacinq x+, 8 0.30 :t 0.02 >0.05 

- + 1.0 mM'Li+ + 4.5 mM K+ 4 .0.31 :t 0.03 >0.05 

- IIlinua x+ 4 0.29 :t 0.02 <O.Os 

• All ibcub4tiona were 15 min in a)uration and were conductea at 370 C in an atao.phere ~flOO'-
°XYgeD.~ -' , 

.: 

-~ 

~ 

- ~ 

.~ 

~ 

~ 

tbe procedure and the composition of the incubation media are described in -Method.- Sectiana ~ 
1& at\4 78. , . '" ' - ~~ 
I~ aboul4 be noted-that tbe ionic cameosition of the pre-incubation media was identical to th.~ ~ 

'of the incubation media in which L-t~ptophan uptake was aeterained. 
'lW9toDioity of the -.dia froa which X had been completeZlre ad waa maintained by the 
a44l~1oft of equt.olar quanti~iea of choline chIorieSe. 
L1Cl: '~.pl.cect equt.olar quanti ti.. o~ NaCl, or XCl .a ineS cated. . 
~r the .-4ia~containinq 1.0 mM Li+ and 4.5 mM x+, the Lièl replaced 1.0 mM Bel. 
~abu1.ted data repre •• nt ... n value. :t S.8. for L-tryptophan uptake corrected for diffuaion • 

• '. p~iiity of 41ftarance fram correaponding control. ' 
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• 
containin,' 0.06-i.0 .... L-Uyptopban. ""r. WU • -ai9lliflcaftt 

deer .... in the" uptùe of 0.20 ... ...u. ... L-trypt.opban only when 
, 

5.5 ... LiCI replaced 5.5 ... Kel. , t'bi. a.crea ..... att.rlbutecl , 
, 

to th. ab.ence of XCI ratbu' t:baD the pre .. ce of Llel ainee 

there vere decre._. in tryptopbap acc..w.atiôn fra. -.dia con-
1 

taining 0.06 or 0.20 .. L-tryptopbaa but containing no XCl. -

'1'able 12 indic.te. tbat ce.i ... , rubidiu.- and thalilua 

have no effect on the uptalte of eit:ber 0.2 .. or 1.0 ... Mdi_ 

L-tryptophan by rat brain cortex alicee. 

G. Di.cuaeion 

Brain .lice. aetively concentrate L-tryptopban. This 
~ 

phena.enon, firet reported by Joanny et al. fl"I) has been --- \'., 

,. 

il 
I,~ .. ' 
, " 

l' 
i 

l ,.. 

J 1 ~, 

confinaed by the preeent etudi... Optillal conditiona for t;M '~ 
" - \ " 1 III" -1 

~~y of ,the effecta of varioua aai,po aci~., tryptoP~~ .. tabolitea:,_~~ an, tryptophan analog. on the initial velocity of uptake of . • -;: 

L-tryptophan by .lice. of rat cerebral cortex (to be diac\J8aed. 

.ubsequentlY) !He, deteDlinecl frt* the data illU8trated in 

Pigures 3 and 4 and fra. the observation. reported in-Section 101. 

'!'bu., fra. Pigure 3 _.. Doted t:hat. incubation perioda of 15 II1n 

dur.tion' .oule! be .1tbiD the li .. ar range f~r .~l.tion of 

1.0 .. concentratiou pf L-tryptophan froa dre lliMi_. Sinee the . :' 
- ~ 

- i > 

re.ulta .bown iD Figure 4 iIl4icated tbat tzyp~ .~lat:iel\ 

tended ta inerea ... ith ~iD9 c::OIlCUlFatiou of trypt.opban 

" ~ • > 

>, ' J:, :: " ,. _'" _ ~_ .. ! " .... 1 /1 /J, t .. l ..... ~.... 1" .... , .... 1 ~_+ l ~ '.1 l "t.:, l.~i,.~_.;\ 
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'rABLE 12 

Bffect of the Presence of CesiUII, RUbidiu. and Tbal1ima in the Incubation lledi.u. on the 
~ation of L-'rryptopban by Inc'ubated Slices of Rat Cerebral Cortex* 

::_ .... 

..--1 

t"'-" 

Bçt1. Set eo.position of 
Incubation Jlediua 

Ho. of 
Detns. 

---~ '. 
Tzyptopban Uptake P ; 

a 

1 eo.plete 
• + 5.5 ~ Cs+ (replacinq Ba+) 

• + ~.5 .. Rb+ (replacinq Ra+) 

., 

2 CcIIplete 

"- + + • + 1.0 ~ c. freplacinq Ba ) 
b+ - + • + 1.0 .. R (replacing Ba ) 

• + 1.0 .. ~1+ (replacing Ra+) 

~les/al cell vater 

1.0 IIIM llediua L-Tryptopban 

4 

4 P 

4 . 

2.80 !: 0.06 

2.75 t 0.31 

2.86 t 0.09' 
-

0.2 ... Hediua L-Tryptophan 

4 0.91 t 0.03 

4 0.--73 :t 0.09 

4 0.86 t 0.04 

4 0.91 t 0.10 

'" 

IJ 

\ 
>0.05 

.;>0.05 

>0.05 
>0.05 
>0.05 

* Ali iD~atiOllS vere 15 .u.n in duration and were coDducted at 370 C'in an a~~ 100_ 
/ .:/ CJKYgen. • ~ 

,Be procedure and the caipoSitjlOD of the incubation JEdia ar. descrihed iD .~t:IIoda. Secti.oas 
1A aDd 78. " . 
Xt üoalcJ be notecl that the ionie OCJIIIpOSitiOD of the pre-iDcubatiOD ..ua __ ideDtical tG ' 
1:hat o~ the iDcubauon .adia in vbich L-tryptophaD uptake ... cJeterwi nec' •. 
C8Cl, Riel. or -t'lei rep1aced ~lar quantities of !laCI as iDdicatecJ. . J r 
..-abalate&t data reP7;e8eDt lIeaIl ViÙue. :l S .B. for L-tryptopban apta.ke correctecl f9r di:f~ioD • 

+ .~Uity of ctifference fre:. correspèmding con~l. . 

" 

" 
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in the lnoubatlon _cU .• and that \Jlia ;~ate of--iftare... fall off 

1.0 mM a. th ... dium tryptophan conoentration to bw u.ed durin9 , 

mo.t of 'our .tudi ••• The re.ult. reportéd in Seotion 10 a,oon-" 

tlrmed th.' the variou. .t.p. of th •• xper~ntal procedure were 

•• ti.factory. 

When~the tryp~oph.n tran.port ratio wa. plotted a9aln.t 

conoentration. of L-tryptophan ln the .-41~ a. l11u.tr.ated ln . 
Fiqura 6, it wa. noted that beyond 3.0 ~ .-diua L-tryptopbaft, 

the tran.port ratio wal approxt.ately 1.S. Sia~lar re.ult. ha .. 
~ .... ... ~t:'(. . 

been reported hy BarbolA, Joanny and corrlol (1970) for the tran.-
, 

port of L-~yptoph.n by rat cerebral cortex 81iee. whieh had been ., 

incubated for 60 min at l7oC. Guroff et al. (lt61) h.~ alea - --
ob.erved that L-tyro.ine uptake by rat oerebral cortex oella 1. 

.imilar to the data .hown ln Figure 6. 

hi9h m.dium tyro.in. concentration., the carrier ..chani" for 

tyroline wa. .aturated by .Ubltrate. 
" 

AnalYI!' of the data in rigure 5 .~ that trypto­

phan accumulation could bA formally repr ••• nte4 by Mich •• lla­
~. 

Menten kinetic. when th. concentra~ion of th • ..tno acld ln th.' 
- -

medium wa •. le •• th.n 3.0 .. L-tryptophan. Gr •• t.r concentratloa. 1 

Ihowed a departura frca line.rity wben analy • .a accordln9 to ttie 

method of L1n ..... aver and 8uZ'k (1934). .. bave Meil able to de.-
l ' 

-crlhe thi. accuaulation in ter.a of two .. 11-knowa kinetic p~ 
i> ' 

c ••••• , active tran.port'and .t.ple diffu.ion repze..atad b7 
, - . 1 1 
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curve. ~ and 2 ('19~re 4) ~~.,.ctlvel~. Ixperl .. ntal1y th ••• ~ 
. -

p~.... .~e 4 •• crl~4 by the non-aat~~abl. h".~bolia a~ye ! . 

inq'iture 4 whloh illu.trate. th. quantlty of tryptophan aoou.u-
'" c , 

late4 at·va~iou • .e4iua-L-tryptophan concentrationa fra. 0.2 to 

10.0~. Math ... tl0.ily, .. have de.c~ibed th ... · P.ooe •••• br 
1 C -, 

th. aua of .quation. (10) and (11) in Section 10 .D ,whlc~ are n_ -
'-

cOMbined ln the tol1owinV expr •• aionl 

1 032 8 
V • ts~.a, + 1 + 0.'98 ·-S., -: 0.90 li (12) 

J " • 

Thi. equation (12) i. forma11y identl0.1 ta the • .pr •• • 
(\ 

.ion which Vahve1.in.n and oja (1972) have ad4~oe4 for L-trypto-

phan accuMulation in rat'br.in .lio ••• xcept in revard to the 

con.tant (-0.90). w. interpret o~r ob •• rvationl to .. an that. 

cerebral oortex cell. have an active carrier .. ohania. whloh 

beCOMeI •• turated vith conc~ntration. of L-tryptophan n •• r 

1.0-3.0 mM in th. medi~. With hi9h.r conc.ntration., th •• 110., 

_ accUMulate L-tryptophan by dittulion pari pt •• u vith inorea.~ 

conoeatration. ln ~h ... d~um a. iridioated by the .unit dlffu.lon ' ~ 

conatant (.lope of ourv' ~ in ri9~r. 4,-of •• quatton 11) at 

thel. concentrationl. 

•• have a110 n6ted th.t ourva c ln 'i,u. 4 (v-n.l'a~ed -

" 
~ 

, '" 
t 
'r 
.l 

'1 

' . . , 

" --, 

~ 
~ 

~ 
; 

fra. the al'it~tioal diff.~enc. between O~vel • and b, rl,~ ., ~ 
, - - "\ i 

~.~ evi4e~t only vith .-d~u. concentration. of ~tryptophan 
o 

vreater than 1.0 II1II'. W. have conclu4.s th.~ at tb. lowel' Mdl_ 

, ' 
CI 
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t 

L-t~yptophan concentration .. , between 0.2' and 3.0 ~, the~e' i. 
. ~ 

diffulion of tryptophan fram the cella beaauae the intr.cel~ul.r 

concèntration of the aminn acid i. 'lftuch higher than that of the " " 
. " 

medi~ (cf., ~he tisauezmedium concentration ratio •• hawn in 

Figure '6). Thia,outward difCu.ion of tryptophan i* ... 11 and 

n~~tive in value and ia not readily detectable when the ce)l. 

:~re actively concentrating L-tryptophan. With higher -ediua con-
1 t'~... ~ 

~ 

'ce~tration, of L-tryptophan however, the carrier be9a.e~ .at~r-

ated, the tissue:medium concentration ratio decrea.e .. toward • .,one 
o • "... , 

and 'the net flow of Itryptophan diffu.ion i. then directed into the 
. l , 

- " 

cells thu8 ~kin9 the diffusion valu~. positive, ~n .i9n~ 
." t1" --' In ~r experiment., the maximal velbcity (y.ax) of the 

" saturablè·tran8Por~~oce88 w~s calculated to be 6.032 ~l •• of 

L-tryptbphan accumulated/ml of cell vater in 15 ain of incubati~n, 
• . . 

tne apparent Micha$lis constant (Km) was calculated, tb be 0."29 .. 

and the diffusion conatant (K~) waa found to ~ ~:98 ~lea/.l . ' . 
cell.water/IS min/mM. Although Joanny et al. (1968) and Barbo •• . --
~!l. (197~) have .tudied tJte uptake of L-tryptoJ?han by rat 

. 
cere~ral cor~exù8licea at vario~ ~-tryptophan concentration., 

,they have nevèr publiahed Vlftax or Km value •• Vahvelainen et al. 
, --

) 

'(1971) bave reported that the VlDax for the i~r.cellular· .c~-

letion of L-tryptophan by r.t b~eln .lice.~i. 38 naol •• /~n/9 wet 

weight of ti.sue while the Jm value i. 0.30 -" and the Kd i. 
" 0 

~ 4 

32 nmolea/min/g .vat ~ight of ti.sue/IIM. Tbe di.crepancy bebMeft 

. 

1 
l 

/ 

, ' 

" 

1 • 

. 
1,1 -' 

~C<i':;,,""'I';;;~ ~~·i~~ ~kJ~~;~~~,l(! ~,." ~::i"~ , '~t~::I!..';J ~ {~'r~( :' 1 #~'~~ 1_' 
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the •• re.ult. and our qwn may be partially attributed to the 

inulin .pace determination.. ro~/th.ir calculation., 

Vahvelain.n .t al. (19'1) u •• d an inulin .pac. oorreotion faotor 

'WhiCh t~~~e::ined fo~lOVin9 only 5 .in of incubation. 8y 

thair own admis.ion, thi. corr.ction factor may have b.en in­

accurate and hence lad tq a1lower ~x value. Our inulin .tudi •• 

'certainly indicate this .ince 5 min i. much too .hort an incuba­

tion period tp ailow for oomplet.equilibr.tionJ)~~the inuline 

Two re.earch group. have .tudied th. kinetie eharacter-
, .' 

iatics of L-tryptophan tr.n.port by rat brain synapto.ome •• 

Grahame-Sm~th and Parf~t (1970) have reported that tryptophan 
~ J 

uptake in synapto.omes prepared from whole brain .hov'saturable 
/ 

Michaelis-Menten kinetics. They have caloulated that the Ymax 

of this proce.s is 225 omoles of tryptophan aecumulated/5 min/9 
J 

fresh weight of brain and that the Km is 1.0 mM. More reoently, 

,'Belin' ane! ~lljo1 (1972a11 1972))1 1973) have .hawn that there are 
c 

three transport systems for tryptophan aocumulation'by .ynapto-
" • > 

somes prepared -from'rat brain .... ncephalon: (1) a low affinity 
., 

system seen at medium L-tryptop~an concentration. between 

~.1-2.0 mM whi~h ha. a Ymex between 7.4-8.3 nmOle./~ protetn/min 

and 'a Km between 0.7-1.8~, (2) an intermediate affinity .y.te. 
~ , 

seen àt aediu. concentration. between 0.05-0.25 ~ vhich ha. a 

v..x of 1.23 ~le./D9 protein/min and a Ka of 0.08 ~, and 

(3) a, high affinity .y.te •••• n at medium concentratlon. between' 

l' , 
-2 

. 
~' 
-, . 

-, 



. ·-:.jt~·~t-,:",,~ 1'1; ~1 '~ï)·l\\. ri 1 

, ~ " , \ .. r '" '. ",:, ~ .. \ . '.." 

---"", 

,,' 

122 

2-50 ~M which has a vmax of O.35~0.54 nmole./~ pr~tein/mi~ and 
(, 

a Km of 6-14 ~M. (The figure. obtained by'th ••• inve.t~ator. 
, , 

vary depending upon th~ range in medium concentration .todied. 

Ne have included the upper and lower limita rePorted for each 
, 1 

f 1 
systeml) ,In our studie., for Concentration. betwêen 0.2-10.0 mM 

1 

L-tryptophan in the medium ve have beén unable ta detact more 

',than one àffin~ty system for 'tryptophane Howaver, it i. po •• ible 
: 

& • 

that more affinity syst~s could b~ detected in cerebral cortex 

if medium concentrations of L-tryptophan lower than 0.2 mM were 

presented to the cell membrane'. ... 
(-" 1 l' "'''', 

Our findinqs that ~he active carrïer mechanism for 
. , 

tryptophan transport might he à~turated vhen 1-3 mM L-tryptophan 

~1 
',' ) 

./ , 

is present has interestinq physiolQgica1 significance. The nor- ,,. 

, 
\ ' 

? 1 

mal concentration 01 . ,trYPt~~han in rat b100d i8 about 0.05 mM ~ 

and in brain 0.01-0,.0'2 ~les,"kg. (Sch~rr ~ al., 1950, Sourkes 

et al., o1970; '. Grahame-S.IIlith, 1971). Thua, r th~ concentration of 
-- t; " t 

this essential~amino,acid'in~~at plasma would have to exceed by 

20 ta '60-fold its normal level bafore the carrier mpchanism would 

become saturated. • i 

The resulta detailed irfTables 5-10 indicate that,opti-
IP 1 ... r 

, 
mal accumulation of ~-tryptophan by rat cerebfa1.corte~ slices is 

~ r ~ . 

an enerqy-requiring proc.... It require8 an .nerqy~yi~lding 
'. u 

aubstrate and 1. inhibited bYt anaerobiosi. and/or 10. incubation 
1 . + 

temperature. a;' vé1l a. the oad •• ion of Na or K+ iona fra. the 
:; 

o 

r 
1 • 

.. :: .,."0 l, - , 
9 • 

1... '.) 0 .. 1 
• ....... \..ll, _, 

, 
t'i'! ~~~~'Jl) .. ' .. 

~ , ., - . . . 
':' .. : .-."J .J~~~:L~:~~I~~~-:J~/i;~~::~r~~J~"'V~_";'i:~~,f.,,~:~~~;rJ~~~~~:~~:;~~? .. '1;:,,:~ ~~;l~~~i~~l~~~~ 
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incubatio~ medium~ 

The metabolic inhibitors used in this study (io4o-

acetamide, NaCk and 2,4-DNP,'cf. Tables 5 and 7) did not inhibit' 

,the transport of 1.0 mM or 5.0 mM L-tryptopban significantly. 

These results indicate that the levels of enerqy-rich phosphate 
if> 

compounds present in the ,tissue sliees vere probably sufficien~ 

; .. tf. 
, !J 

~,1 
, ,~ 
,~ 

", 

1~ 

~ - \ 

to supPort tryptophan accumulation by the cort~x 'cells even after 

the inhibitors had acted upon thëir target enzymes. It should bè 

noted that for th~ inhibitor studies, the tissué>s~ices were 

pre-incubated for'lO'min at 370 C in mediUm containing 10 mM 

glucose before the inhibitor and radioactive L-tryptophan were 

a~ded. Thus, the sliees May have been able to produce sufficient 

ATP in~this time interval so that tryptophan could be aècumulated , . 

optimally despite th~ presence,of an inhibitor. T~e results 

obtained by Barbosa et:al. (1968) seem to support this hypotheàis. 

These investigators~reported that 1.0 mM NaCN and 0.2 mM ~,4-DNP 

inhibited tryptophan uptake severely when rat brain'éortex slices 

were incubated for 40 min at 38°C. However, in their studies 

the sli.ces were· ,incubated\in the absence of glucose and ~here was 

n~ ~re-incubation reriod i~ ~e presence of glucose. 

Tables 5 and 7 indicate that 0.2 mM ouabai~had no 
. 

effect on the accumulation of either 1.0 mM or 5.0 mM medium 
1 

L-tryptophan. We expected tbat ou.pain woul~ i~ibit'tryptophan 
. , + + 

transport'since this compound is known to he an effective Ha -K 

, .' 

, ....... • r .• !}.:~ ~.,~ ~1o~ __ .?~~_ ~it~~~:Jfl;"e.!'!~bi~;..~.: ~~~a<~3;.t.!!~:~!~~~;;:.~~~~ :~l:i:'j;~,;~,];!~~!d~iÎ.~.~~~&;;~~i1j\j1 
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AT' ••• l~ibitor. Hawavar, it ~. po •• ibl. t~.t ou.b.i~ faqu~r ••. ; 

a long.r 'incub6tlon period (tbail 15 .in) to cOlibine witi th. . f • ' .. 

.. mbrane ATP •• e and, pr •• ~Iy, to inbibit indireotly ~ino 
1 

" acid aocu.ulation. 

v. bave .hown that th. carbohydr_t •• , glucole. <' 

fructo •• )and pyruvate are th. mo.t ue.ful en.rgy eubetrat •• for 
• 1 

, the tran.port of L~tryptophan by cort.x/.l~oe. and that th. Kr.b. 
, c 

cfcl. inter.ediate., citrat •• nd .uccin.t. ar. markedly 1 ••• 

efficient (Tabl. 6). Barboea et al. (1968) have r.porte4 ob •• rva--- . . r 
tion'a wtlich are .i.ilar to the.. re.ul t.. They have found th'it 

< 

20 mM pyruvat., 20 ~ lactate ~nd 10 ~ gluco.e .timulated trypto-, 

phan tranaport optimally.when .1ice. ver. fncubated for 40 min 

at lSoe. The.e inve.tiqatora have alao noted that vith th.ir 

experimental,conditions, .lic •• incubated vith 20 mM concentra­

tions of a-ketoglutarat., auccinate and fumarate accumulat.d the 

aame ameunt of tryptophan •• did alice. vhich v.re incubated in 

A qlucoae-free .a4iu.. 

TranaPort of L-tryptophan by cer.bral cort.x .liee • 
• 

~ 

r J! 
~"'t 

'j 

" .' 
~ ~ . ,.; 
\, 
:r. 
ft 

" 

. , 

appears to be Na+ and K~dep.ndent. The r •• ults in. Table. 8,9 

and 10 indicate that the pre •• nce of Na+ and x+ ion. in the in-
• (!, ..... 

cubation mediua i_ n.c •••• ry for tryptophan to he accumulated 
tI c 

maxi .. lly. The pre.enee of Ca2+ and/or Mg2+ in the' incubation 

_diUll doe. not .ppear to be ••• ential. Barbo.a et al. (1970) 
• 1 c--

have reported that the a.i.aion of Na+ alter. th. apparent Ka 
c ~ 

for tryptophan trana:port in rat cerebral ç,ortex .11c... 'l'bey 

, '!' 
,"' .,.~ .. J}.......... r:: ~'t p .,: ~ ~ ~ ~ 

1 

, 
.~r 

:;.,; :/, ~1. \.~:)-" % ~;. ':V1 \,><'J!."~ ;il-<.:;)':.rU"~l:'i;)l'.~~}Jèri1d~:a}~~:a:o~_ 

, ; .. 
," 

h ", 
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, bave not, bowever, publiabed the .... values •. Grab_-Saith 
, + 

~!!. (1970) have repé)rted that when ~e concentration of ,Ma 

ions in the -.dia. wa. varied fra. 0 to 112 ~ by oSBçtic replace­

ment vith choline chloride or sucrose, there wa8 nd apparènt 
'. 

effect on L-tryptophan uptake by rat brain synaptosoqes prapared 

fram vhole brain. , + 2+ 2+ a.e.oval of K , Ca ~ or Mg a1so had no effec~ 

on tryptophan uptake. Our results show that incubation of tissue 

81ices in a Ma+ frae .adiua at 370 C for 15 min cauaed a aignifi- ' 

cant decrease in the quantity of L-tryptophan accuaulated when - . 
~mp~ed ta 8liees wbich had been incubated under control con-

• .J 

dittons (e.g. 145 ~ Ra+; cf. Table 9). Bowe~er, tryptophan 
, . 

uptake did return ta control values when concentrations of Na+ 

greater than 25 .. vere. present in the l18~iUlll. 

Cl'inical interest in Li + an~ .ore recently in Cs + .and 

., Rb~ for the treat.ent of endogenous depression led U8 ta investi-. . 
gate vhether these iODS'~9ht affect tryptophan uptake by r~t 

br~n cortex sliee... The results iD ~able Il indicate that when 

0.5-5.5 -" Liel replaced equt.olar quantities of NaCl in the 
(> 

incubation .adiua, tbere vas no significant affect on the acc~r 

lation of 0.06-1.0 .. .adi~ L-tryptophan. AIso, ~i+ waa not an 
+ effec~ive .replace.ent for K.. The data d.eUi'led in 'l'able 12 show . . 

+ +' +" that Ca , Rb" and '1'1 had no affect on the uptalt. of .ither 0.2 
- l, . , + 

or 1.0 ~ .adiua L-tryptophan. Tl waa included in this study 
\J r , 

because it is a .anovalent ~~tion with ·an atoaic radius whloh ia 

1 
k , 
1 
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in,ermediate in ai.e to that of Na+ and a+. ~hua~ low 
\ , 

medi~ ooncentration. of Li+, Ca+, Rb+ and Tl+ hav. no affao~ 
1 

on the ~ryptop'han c~rri.r in oer~bral cortex cell •• 

. '" Studie. by Tftgli..,nt~. Taglia.onte, pere.-Cruet, Stern 
\ 

and Ge •• a (l~71) and Pere.-Cruet and Bioh.~n (1'72) ahowed ,~ 
\ 1 •• ~ 

that intraperif~eal adm~ni.tratio~, of li~iu. c.rbo~.~e (60 ~/k9 ',~ 

twice a day for S ~ay.) or of ce.lua chloride (2 ~/t9 tvice a ~ 

day for 5 days). to rata cauaad aUb.tantial incr..... in brain 

tryptophan and aerotonin concent.ation.. Tbey .ugge.ted that,Li+ 

and·C.+ facilitate the antry of tryptophan into brain cell •• 

Schubert (1973) a1ao haa reported that rat brain tryptophan in-
. . 

CreaseR significantly when ani .. l. are fad for .even day. on a .... ' .. 

diet containing LiC1. A recent .tudy by Knapp and Nandell (1973) 

provide. an explenation for the di.crepancy between our finding. 

and those of the afore .. ntioned inve~ti9a~or •• Knapp)~!l. 
, n 

(1973) obaervèd that .ynapto ..... preparec:l fra. rat b •• in .tri.ta " 

exhibit two affinity sy.t .. s for tryptophan uptake: a low affin­

ity uptake system with a Km of 3.3 ~ and a hi9h affinit, uptake 

system with a Km of 6.55' pM. They repàrted tha~ .ynapto.~. 
( 

p~p~r.d from animal. wbich had received .ubcutaneoul injections 

of Liel (5-10 m89/k9 for 5, 10 or 21 day.' .u~nted the- uptake 

of tryptophan b~ the high affinity .y.t .. but tbat thera vaa no fi 
,01-
0' 

e ~ 

effect on the low:affinity uptake _yat ... Our tryptophan accuau- lo~:~ 
c- -(_,] 

lation .tudie. have centered on a carrier _chani_ which ha. an ",~-

f 
! 

, 
, "' 

.;.' 
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apparent Km of 0.83 IIM. 'l'hu. our tryptrophan carrier .Y.~ f1t. 
. ~ 

into the category de.ignated by ln_PP!!!!. (1'73) to be • 10. 

af~inity uptake ayate.. Hence our negative finding. ~ardiD9 
1 • 

the .ffect of Li +, c. +, 'J\'b + and '1'1+ -on tryptophan tru.port by 

/. ' cortex alic •• would se.. to be ln agr .... nt vith the r.au1ta of 

theae inveatigators. ; ~, 

JI 

/" 

( 
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Il. Allino ACida, 'l'ryptophan MetabOlites and Trypt92han AnâlO9'ss 
• e 

l ' 1) • '~ 

Effecta of '!'he' •• 'e'O!pOunda: on Tryptophan Accumulation 
.4 

A. Prealable 

.,,~ ;:;, 

Nume~us reportâ nave been publiahèd concerning the 
, 

various amino acid transport mechanisms which are present in brain 
',\'. '­, , ~ 

tissue (cf. Introduction, Section SE). These studies have in­
\ 
\ ' 

clude~ observations req4rding the effect of tryptophan on the 
. 

accu.uLation pf soma amino acids. To date, havever, very little 
r 

research has centered on the natura of tryptophan uptake by brain 

tissue or on the effect of other ami no acids on thi~ accumulation. 

Accordingly, the expe~iments described in this chapter"were 

d~signed ta de termine which, if any, of the commonly occurring 
fJj. 

a.ino acids might affect tryptophan transport. We were also in-

terested in detecting whether metabolites derived from the path­

way_ of tr~toPhan metabol{sm might alte~ tryttophan concentra­

tion by cerebral cortex cells. PinalfY' we vere fortunate to~ 

have, in our laboratory, some tryptophan analogs which are not 
_ 0 . 1 

, t 
generally obtainable commercially. We used these co~und. in an 

attempt to elucidate the structural specifidlty of the tryptophan 

transport carri~r. 

., 

B. Results and Discussion 
~: .. 

-. 
(i J' AlDino 8C ids 

L-phenylalanine D,L-2-chlorophenylalanine, 

, ; 

\ .' 

,> 
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L-lauoi .. e, L-ie01euo1 .. and I.-va11ne in 1.0 ... ..cIi .. oonCMtfttn .. 

tion. inh1bite4 the' aocu.ulat1on of 1.0 ~ .e41u. L-t~yptophan 

(Tab~a 13). !he effaot, of two other aro.at10 ~no a01d., 
. ..' L-tyro.ine and L-DOPA bavever, vere lIOn variabla (Table. 14 an4 . 

15). 

L-tyro.ine decrea.ed tryptophan "ptaka e1gnlf1cantly 

when 1.0 lIN of thi • .-ino &014 wa. pr •• ant in incubation .-dia 

contalning 0.2 .. L-tryptophan wher •• , lower tyroalne concen-
1 1 

tration. (0.2 .. and 0.5 -.) in ai.l1.r .-dl. had no effect. 
t 

Thera va. no chang_ ln ~ryptQph.n accu.ulatlon when 0.2 aM 

L-tyràalne wa~ lneubated w1th 0.5 wH L-tryptophan but higher 

tyroaine concentrationa, i ••• , q.5 ~ .nd 1.0 ~ aignificantly 
c 

inhibited 'the uptake of 0.5 -" -.diua L-tryp~ophan. Pinally, 
"·t 

0.2 ~ and 0.5 ~ L-tyroa1ne had no affect on th. acauaulation 

of 1.0 .... Mdiuà L-trYp.,phan. However, 1. 0 ~ L-tyroaine 

aignificantly decre.aed the uptake of 1.0 -" -.di..- L-tryptophan. 
t . 

Tbe action of L-DOPA on tryptophan accu.ulation wa • 

.are apeclfie. Concentration. of L-DOPA 1 ••• than 1.0 .. 0 

in the .adiu. d14 t alter the uptake of e1thar 0.06 or 1.0 aK 

L-Uyptophan wh ... COIUMareél to control value •• " 8igher L-DOPA oon-

centrat:ion. betveen (1. -4.0 lIN' however, cS.oraaaec! .iCJfti~ioantly 

the uptake of L-tryptoph initially 0.2 ~, 0.5 ~ or 1.0 .. in 
, 

th_ -.diu.. Tbe data o~ ~ab1e 16 i11uatrate. bow the r ... inlng 

aaino aeid. (ln 1 .. 0 ... ~noennation.) 1 glyoine, L-a1anine, 

, , 
, , 

:. 
\ 
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TABLE 13 

~o Acid. Which Inhibited the Accumulation of 1.0 mM M8aium L-Tryptophan by Incubated Sllcea 
of Rat Cerebral Cortex· 

p~ .axptl. Set Addition. No. of Tryptophan Optake 
Detn •• ~mole./m1 ce1l .ater 

,1 ~ Hone 6 3.12 t 0.27 
L-phenylalanin. 8 2.00 t 0.14 <0.81 

2 Hone 7 . 3.12 :t 0.22 
D,L-2-chlorophenylalanine 8 1.81 :t 0.15 <0.001 

3 
.. 

3,31 :t 0.18 None 6 
L-leuclne o • 8 2.35 :t 0.14 <0.01 

.. IIone 4 ~ 2.65 :t 0.13 -
J,-i.oleucine 4 1.79 :t 0.03 <0.001 

5 Rone 8 2.93 t 0.22 
L-valine 7 1.62 :t 0.20 <0.001 . , 

f'C' 

• iîi~ubat.1Oft. vere.1S ain ln '4urati~n an4 were-~o~4ucted ~t- 370C-i~ an .~.p. ~f 1001 - - ~:-:' 0.,,_. . .~ 

!j:rocedure i. de.cribed in • ... thod.· Section. 7A ane! ,-8. ',/. 
tIii cnabat.lon,_4J.a containe4 1.0 IIIM r..-tryptophan ~. "el1 •• 1.0 mM concentrat.lona of t:he .. ~. 

acld te.~. ,. 
~'abu1a~ data repre.ant .. an value. :t S ••• for L-tryptophan uptake corrected for diffusion.. > 

+ tzobabl1ity of difference from corre.pondlng control. . '--, 
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TABLE 14 ., , 
Sffact of L-Tyrosine on the Accumu1~tion of L-Tryptophan by Ineubated Sliees,of Rat Cerebral 

__ z ~::;. 

-~;;.. 
-·rr 

,..~ 
~~~ç:r 
~­
"~"-

J<.-;..~ 
~:!r-Cortex· 

Initial Concentration (mM) 

L-Tryptophan L-Tyrosine 

0.2 
0.2 0.2 
0.2 0.5 

_______________________ -' __ :-________________ jf ________________________ .i~~~~~~~~;;~~~~::~~:;;:;::::::::::::;::::::::::::::::-- ~~ 
~fS 

;..;:-~ 
~ 

'\~ 
Ji! 
-~ 
i.~~ 
~ 

" ~:: 
~<C; 

No. of Detns. Tryptophan Uptake 
Bmo1es/ml 'ce11 water 

4 0.93 t 0.03 
4 0.94 :t: 0.06 

\ 4 0.90 t 0.05 

p+ 

" >0.05 
~ >0. OS 

~"-~ 

0.2 1.0 4 

0.5 4 .. 
0.5 .- ,. 0.2 .. 
0.5 0.5- 4 
0.5 1.0 4 , 
1.0 -.......- 8 
1.0 0.2 3 
1.0 0.5 4 
1.0 1.0 8 

0.66 :t: 0.01 

2.15 t 0.18 
1.96 :t: 0.29 
1.16 t 0.10 
1.30 :t: 0.13 

s 3 • 07. t O. 17 
2.53 t 0.08 
2.86 :t 0.10 
T.63 t 0.07 

<0.001 

>0.05 
<0.01 
<0.01 

>0.05 
->0.05 
<0.05 

~ 
A: 

_ ... ~,....:..J 

-, -
> -:;~ 
- .:,-~ 

~I! 
~~~ 

'.k: 
~- :::... .... 
;,,"~ 

-:1,"'. 
"~ - .. 

------------------------------------------------------------------~------------------------------~-~ • All incubation. werè 15 min in duration and.were conducted at 370 C in an atmoaphere-of ~ :~ 
100t oxygen.. ;:.. ': 
Tbe procedure ia de.cribed, in -Methods- Sections 7A and-:-7B. -, .. ' 
Tabulated data represent mean values t S.B. for L-tryptophan uptake corrected for diffu.ion. 

,:~ 
~ 
~ .:.i~ 

+ Probability of differance from correaponding control. 

.. 

~-~-'-":~4!:;:..{'V'~-~~.., ~ ""~~"':_~~ • + _ ~_;. , 

r.;r-~~~4!~~~~...lti?r.r,J.r_.'~~\ ... .J,.~_..=_.( ......... ;;:!.,iI-\;._, ~-:-'-"r .II. (~ ..,.':i:fo~_1 ,'.~ {~, ,~ • '>_-~ t.'~: rG .... .7.,..:.;r>~~d~~iff -, 

~~ 
-~ 

... w -... 

'-; 

~~ 
.-... _- / 



r~ 

,.­
~-

<., .. 
~. 
::-~ .. 

: ... -, } 

" ~ 

" 

f· 

;, 

-, 
... ' 

~-

.-i" 
" 

" 

.. 
't 
~ -• 
r 
-ç-., 

~-

~~r 

. ~ 

" , ' 
i' 
i.' 
~ . ., 
," 

") 

~",~ç-,- ::-:: ~- , -- ">. ~ 1 J .~ ~~'- ~ (;.--:~i~,,::-"~ryf~~ 

"'- ,-;' 

TABLE 15 

.~~ect O~ L-OOPA on the AccuIIUlat;.ion of L-Tryptophan by Xncubated Slicel$ o~ Rat Cerebra1 eortes'* 
~ 

. b 

-xait1al Concentration (.) Ho. of Detns. 'rryptophan Optake p~ 

L-7ryptopIum L-DOPA ~ palles/Id cel! vater 
<i • 

0.06 ... a .. 0.42 t 0.05 _ 
0.06 0.02 4 0.35 t 0.08 >0.05 

0.2 4 C.93 t 0.03 
0.2 1.0 .. 0.61 t 0.05 <0.01 
0.2 1.5 .. 0.58 t 0.06 <0.01 
0.2 2.0 .. 0.53 t 0.01 <0.001 
0.2 4.0 • 0.33 t 0.02 '<0.001 

.' 
0.5 .. 2.15 :t 0.18 
0.5 1.0 --1 ,,4 1.28 :t 0.'13 <0.01 
0.5 1.5 .. 1.47 :t 0.~4 <0.05 
0.5 2.0 4 1.17 :t 0.13 <0.01 

~ 0.5 q, 4.0 4 1.~0 :t O.l~ <0.01 
,~ 

1.0 il 
.. 3.45 :t 0.16 

1.0 # 0.2 .. 3.27 '1 0.29 .. '>0.05 
1.0 0.5 .. 2.'5 t 0.47 >0.05 
1.0 1.0 ~ 

, 
4 2.75 t 0.16 <0.05 

J 

* A1~. iDcubatlon. vere 15 ain in duratlon and vere cOMucted at 37°C in an a~çber. of 
100t oxygeD. '\ 
t'be' procedure i. da.cribed in -.. thod.- section. 7A aM 78.. ;, • 
'l'abula-ted cJat4 repr ••• nt ..an value. t 8.B. for L-tryptopban l,lpt~. corrected for di~fasioD. 

+ ~lli~y of 41fterence troa corre.pon41ng control. 
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~~ Aci4. Whiqh Bad No Bffect on the Accumulation of 1.0 mM Medium L-Tryptophan by Incubate4 
81ice. of Rat Cerebral Cortex* 

.. 
" 

" 

. + " 
~tl. Set Addition. No. of Detns. T~rtoPhan Uptake P 

, ~ •• /m1 cell vater 

. ! i Hone" - 7 'b 3.09 t 0.12 
-:.. 
~~ 

f 
" 
~: .. 
:, 

. ' , ... 

2 

3 

'J ~.' _4 
l'" 
~. 

'-
a , 

• ,. 
. , 

7 

• 
l. 

... 

Glycine' 8 3.43 t 0.29 

Non.i' . 
. 

3 3.00 t 0.10 
L-al~int! 4 3.36 t 0.48 

, <:> • 

Hone 8~ 3.08 t 0.19 
1 . ~ L-tbreonine 7 3.02 t 0.25 

.. 
None 4 ,. 3.29 t 0.16 
L-.~rine 4 3.62 t 0.22 
Ii-hiatldine 4 3.36 t 0.26 
L~hydroxyproline 4 .- 3.60 t 0.26 
L-cyateine 4 3.84 t 0.38 "" 
x,.._thionine J, .. 3.25 t 0.14 

0' 

Non. 3 3.00 t 0.10 
L-proline 4 2.U t 0.48 

lIoa. '. .. 3.22 t 0.40 ' , 

0.5 lIN GA8A -4 2 •. 65 t '0.21 
lion. a 3.00 t 0:22 
,GUA 8 3.25 t 0.29 

HoM a ' 2.93 t 0.22 
L-4j1utudc acid 8 2.34 t 0.39 

Ifone a 2.72 t 0.11 
L-fJlutu1n. a 2.79 t .. 0.22 

.. 
4 

, ~~ , ,~- "1 • 4 
1'1"''' .. ~ J'! ....... ..fi. J ; Ïl\h-t._.,.,,,,:'r... T:', 4 .... " "'-_,~ ~"- -.0\ .. ~1 

-, 

.. '.~ 
~ .. ~, 

>0.05 
-

>0.05 -~~ 

.31 

>0.05 "" i:,' 

-".~. ~ 

}-
t_: 
,", 

>0 .. 05 ... 
>0.05 ~~ 

>0.05 
",( 

" 

>0.05 
>0.05 :: 

.c;: 

c . 
>0.05 

~ 
. - . . 

" 

-~ 

>0.05 ~~ 
=;-j 

, ." 

>0.05 ' ~; 
-~ 
", 

d ' ,~ 
~~ . ' .. 

>0.05 " )~ 

>0.05 
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TABL& 16 (~ont'd) 

J 

"" 

, " 

-« 

,/~ 
, 

Ali incubations were 15 mdn in duration and were conducted at 370 C in an atmosphere of 1001 

o~gen. '. .. 

The procedure ~s'descr~bed in·"Methods" Sections 7A ~d 7B. 

THe incubation media coniaine~ 1.0 mM L-tryptophan as well as 1.0 mM concentrations'of the 

amino ac~d tested (except as noted 'for 0.5 mM 'GABA). 
Tabulated data represent ~an values ± S.E. for L-tr~tophan uptake corrected for~iff~sion. 

Probability of diff~rence from corr~sponding control.- ~ 
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(medium L-tryptophan by'tat cerebral cortex slices. , 
The resul1rS detailed in Tables 13-16 confirm tbe 

, /, 
Cl 

findings of~lasberg et al. (1965~ 1966) •. These inves~igators 
, 
, , 

reported that thera are at least six carrier systems in mouse. 

brain which are re~ponsible tor/the transP,9rt of.almost ail t~e' . , 

na~urally-occurring ami no aci~s int9 brain çells. They sbowed 
. \ 

that one of t:he~e carr!~er systems transported the large neutral 
, ~ 

amino acids. Ali the amino acids which ve found to inhibit ' 
, -

tryptophan uptake (i.e.-, pheny~alanine, 2-chlorophenylalanine" 
" tyrosine, DOPA, leucine, iso1eucin~ and valine) be10ng to this 

. -
category. OUr studies,.however, were differed~~from those of 

[. _ BlasbeJ;g et al. (l965~ 1966f:' u they investiga1t~ the effect of 
_, )'- '. • Il 

j".""tryptophan on the transport of a number of aJÛno acids, whereas 
~ 

1 ' • 

we have studied the effect of some, ami no acids on tryptophan \~ 
J '1 

'"> (~ 1 

transport. Thus, our resul ts conf ira' ttle cl~i.Jq, that tryptophano 

. ./ 

is indeeo transporte~ ioto brain cel~s ~y the'carrier of the J 

lârge"neutral.amino acids. ~ 
\ 1 

/ 

Severai ~eports have indicated that phenYl.lanine r-
and tyrosine inhibit the uptake of tryptophan by rat brâin cortex 

. . 
slices (Barbosa et al., 19701 Green and Cur~on, 1970, Barbasa' 

--4 - 1, ~ ~" 

o ' 1 et al., 1971). Furthermore, Grahama-Smith et al. (1970) have 
~- .. --

\) , 
sh~, that phenylalanine is 

, l' 

1 

a competitive inhibitor of tryptophan 
/~ . 

transport into synaptosomal 
. ' 

prepara~ion8 of rat brain. They have 
"'-r. 

M'reported that the Km for .~aptosomal trypiophan.transport i8 

, . 
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l~O mM and that the Ki for phenylalanine in'thi •• y.te. 1. 

~.~6 mM. Joanny, Natali, Hill"n'an4 Co~rlol (1973) have 
J 0 

,,'recently publiahed Km' and Vlftax value,--~o~r~L~-llD!lID3f*1~rn 
.. ri 

136 

L~tyroaine inflûx into'rat brain cortex .1Io ••. Th ••• inve.~i-
1 .... 

r 

~ator. report tHat the Km for L-phenyla1anlne 1. 0.86 mM and 
9 p 

• < 1 

1 ~ th~t th. v,max 1. O:64'~mo1~./m1~tl •• u. water/min wherea. the Km 
IIi!:' 

,f~r L~tyto.ine ia 'l.64,mM and the Vmax i. 0.98 ~mo1e./m1 tl •• ue' . 
l , 

~a~er(min. One can repat1 that we have determined that the Km 
p 

for tryptophan tr~nsport'is 0.~3 mM and that the vmax ls 0.40 

o 1 ~mole./m1 ée11 vater/min (Chapter 10 ~ection 0). The similarlty 
~ '11 ~ ( l " 

.. 
k pbetween our reau1ta and tho.e of Joanny et al. (1973) and of G __ 

Graha~-Sm~th et!!. (1970) provide additional evidence indicating 

that the transport of tryptophan, phenylalanine and tyro.ine into 
'. 

rat brainJcerebral cortex ~llcea ia' by the .ame carrier. 

Asida from. the aromatic amino acids (phenylalanine, 

)i-chiorOPhenylalanine, tyrosine and DOPA) we found tha~ ,t;' only 

other amine acid. which i~hibit.d tryptophan uptake vere leucine, 
j . '. . • - . 

iloleuc!ne and valine (Table 13). The.e ~esullt, are.: interesting . 

in view of the findlnq. repo,:-ted by otha.r inveatiqator •• In vivo --1 

studies' by Peng,,: Gubin., Ha,..pe~, Vavich and Kennerer, (1973) have 
~ . 

• hown that when ra~. are force-fed • hiqh (51' tryptophan diet, 
. . " . f-. 

there iS"4 marked decrease (vithin 3 hours) in brain concentra-
" 1 -' 

tions of iaoleucine, valine, histidine, methionine; phenylalanine ,.. n\ _ 

and tyrosine. Siml1ar 're.ult. have been reported by Pernstram, 

Il 

-, , 

, 
'" 
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Larin and WUrtman (1973). They h ... be.n abl_ to demonltrate 

the tryptophan concentration of rat brain d.pendl ~ot o~ly 

upon the plal.a tryptophan-cOficentration but allo upon the/plalma 

concentration of the other neutral amino ac141 (leUCine, ilo-

leucine, valine, phenylalanine and tyro.ine). Thay reported 

that braln tryptophan concentrationl rem.ined unohanqed when tâta 

were fad • Iynthêtic diet whioh contalned the'other neutral amino 
~ 0 

acide in addition to tryptophan. Rat~ which "era .permitt.4" t.o 
. ' 

conlume a diet whioh ôontained only ttyptophan Ihowed .ignifio~t, 

'lhorea.ea in plalma and brain tryptophan. The relationlhip b+­

tween brain tryptophan oonoentrat~on and pla.ma levall-of the; 
\ 

other large neutral amino acide i. attributad 'by th1. group to 

the catr'ier meohaniam (elucidated by Bla'ber.; et al. f 1965 t 1966) --
which mediatee tryptophan tran.port into brain. ThUit our re.ulta ,... 

are oonei,tent vith their'obeervationl. 

The èoncept of a neutral amino a01d ca~rier in br.in . . \ 
tissue which madiatee tryptophan tranlport, intp oel1. and whlch. 

ie affected by~other large neutral amin~ acid. i. of phyaioloqioal 

importance. -As ve have mentioned pl".viou*ly (cf. Introduotion, , 

Section il, bra~n ti.aue util! ••• tryptophan for ~r~tein aynthe­

aia and foc'the 'formation of a.rotonin. ~HoWeYer, it ha. be.n '­

ahawn that the concentration of tryptophan !n_ .brain i. u.ually 

lower th.n that required to .aturate tryptoph.n-5-hydroxyla.e, 

~e enzyme believed to he the rate-lim1ting .tep in •• rotonin 

'_L ,'1"_ 

, \ 
~ • ·1".." 

,). «'--
J; .l[i"J_ ~~; 1 ~ 

t l' .. \ 

:1''1 }{_ ,"'-,,' te li~ .. ' ;,.'1! ~.ttj...! l, ,'J ; 

" 

• 1 

, , 

." , 
r - , 

-, 
1 

1 

.' , 
.-; 



.' 

, -

lit 
'. 

- 1 ~', {. 1 

.' J, 

/ 

138 

.ynth •• i.. The .nd09.nou. pool of brain tryptophan i. known to 

be th .... ll •• t pool ol' ~ll th ... 1no acid. pool. which Ar. 
~ . 

• v.il.ble.for protein .ynth •• i. in brain ti.~u •• If tryptophan 
. 

upt.k. (.nd oo~.~uently th. conc.ntration of br.in tryptophan) 

ia .ffected by the pl.... concentration. of the other large 
, , 

neutr.l .mino acid. •• our d.t. and that of Bl.aberq et .l. --
(1?65, 1966), Pern.tram !.!:.!!.. (1973), peng !.!:.!l. (1973)' in­

dicate, then the mach.ni •• for tryptoph.n tranaport into br.in ' 
, 

may indeed be • rate-control/l.inq .tep in the formation of".,rain 

proteine and of 'the poatulated neurotran.mitter, aerotonin. 

j Several other amino acid~ave been repo~ted to in-

hibit"tryptophan uptake •. Grah.IIe-Smith et .1. (1970) ob.erved . --
that methionine and qlycin~ inhibited trypt~phan tran.port into 

J 

rat'brain Iynaptoaomea. Green et al. (1970) noted that 1.0 mM 
-- > , 

L-a1anine cau.ed 22' inhibition in ~he upt.ke of 6.0 ~M ~dium,\ 
, 
L-tryptophan by rat brain alice. follow1nq a 50 min incubation 

at J7oC. Me have been unabl. to correlate our reault. with thoae. 

of these inve.tiqator •• 
. 

Hiatidin. ha. allo be.n observ.d to.ïnhiblt tryptophan 
, , 

accumulation. U.inq rat brain alic •• , N .... 
o
(l964) ahowed th.t 

-{ 

L-tryptophan " •• a potent lnhibitor of' L-hi.tidin. tran.port. '~ 
\ 

Sarbo.a ~!!. (1971) confirmed thi. tin4in9. They reported 
f 

, 'that 1.0 mM .-diua L-hi.tldin. inhibit. th. uptake of 1.0 mM 

medium L-tryptophan and vice ver.a.Howe~er bath of the.e 
~ , 
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histidine .tudie. ,involvecl incubation pf the alic •• for 50-60 

ain. Sinee Grab_-S.itb et al,. (1970) have ahawn that hi.ti---
dine is a pétent ati.ulator of tryptophan efflux from .ynapto-

" sames, it is po •• ible that hi.ti~i~e cts on the efflux of 
, { 

tryptophan fro. cortex .lice. and at its effect can be detected 

only,folloWing prolonged incubation. If this explanation ie 

correct, th en the lack of effect of histidine on the initial 

influx of tryptophan ehawn in Table 16 would be clarified. 

Table 15 indicates that high concentrations of L-DOPA 

o ranging fram 1.0-4.0 mM in the -.dia. inhibit the uptake of 

~ 0.2-1.0 mM L-tryptophan by rat brain cortex slices. Analysie 

of these re.ults according to the methods of Lineweaver and Burk 

(1934) and Dixon and Webb (1964J showed that action of L-DOPA 

on the tryptophan carrier did not confo~ to eimple,competitive 
-

kinetics. The dat~ do howaver eU9ge.t that high concentrations 
1 

of this amino acid can interact vith the .. chanis. which trans-

ports tryptophan into brain cortex ce11.. TWo!!!!!2 etudie. 

hàve shawn that L-DOPA does not affect brain tryptophan èoncen­

trations. Karobath,' Diaz and Huttuneri (1971) found only a· 
\ Il t 

elight decre~.. in rat b~ain tryptophan following a eingle intra-
, 

peritoneâi injection (100-200 IICJ/kg) of L-DOPA~ Liu, Alnbani. 
. 

and Van Woert (1972) .~ tbat tbara va. no'significant change 

in rat brain tryptophan after chronic tr.at.ent (aubcutaneou. 
1 

injection of 1000 1Ig1k9 for 1 week) vith L-DOPA. Our·'re.ult. " 

n \ 
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agree with theae finding8 ainee they indicate tbat the pl .... con- 1 

centration of L-DOPA vou~d have ta be quite ~gh before trypto­

phan transport into brain is affeeted. OUr data are of c1inica1 

interest becauae of the current use of this,~no acid in the 

treatment of Parkinson's disease. According ta Tyce; Muenter 

and OWen (1970) peak concentrations of DOPA reachad 2-3 hours 
v • 

after an oral therapeutic dose are 1n the range of 1-4 pg/al of 

plasma. With such concentrations of L-DOPA in the incubation 

medi~, vit. 0.02 mM, there was nb inhibition of tryptophan . .;i 
, 

accumulation. Thus, the normal therapeutie close of L-DOPA may 

not affect tryptophan uptake'into human brain cella. 

Yoshida, Namba, xaniike' and X.aizuai (1963a) and 

Yos~ida, Kiniike and Namba (1963b) have p~lished exten,ivé 

studies of L~~PA transpor~ into"guinea ptg brain. ~he ehar~ 

acteristics of this' transport bear startling sW1arity ta- tryp-~ ---'-~ 
" ".~,'-

tophan transport into rat brain cortex slices a8 elucidated in 

this thesis. Yoahida et al. (1963a, 1963b) have found that --
L-DOPA is aetively coneentrated by guinea pig cortex sliees 
. " 

with medium concentrations of L-DOPA below 2.0 IIM. 'lbey bave 

obaerved that the active carrier .acbani .. for L-DOPA ~s 

saturated when the L-DOPA is between 2.0 ~d 3:0 ... 

\ 
invest~9ator8 showed that vith L-DOPA concentratiOn. gre.ter 

1 • 

th~n 3.0 mM, the amino aeid entera the cortex cella by passive 
, 

diffusion. FurtberllOre, they repc)rted that lIIIDIloae, fructose, 

• \, 1 'l', 7 t 

, 
,-

- " , 
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and pyruvate as well as gluco.e att.ul~te L-DOPA tranaport but 

that Krebs cycle intermed'atea (a-ketoglutarate and auccinate) 

are inetfective. 0 Omi.sion of Ha+ and x+- aecreas.a L-DOPA 
1 • • 

" . 
accumulation but this accumulation returned to control value.' 
. + + 

when 80 mM Na and 6.0 mM K vere present in the incUbation 

medium.Finally, of the amino acids te.ted,·they found that only 
1 

1 
L-p~enylalanine and L-tyrosine inhibited the uptake of L-DOPA. 

The similarity between these re.ults and our resul~. which are 
~ 

outlined in Tables 5-16 pro~ide additional evidence of ~-DOPA 

transport by the s&me carrier as that for tryptophane 

(ii) 

... 
1;..', 

" ,.. l 

~ u 
TryPtophan Me'tabolites and 'Frxptophan Analoga 

, ' " { 

'Table 17 illustrates the effect which L-5-hydroxy-
, ,. 

tryptophan, an amino fcid and tryptophan _tabolit~, e.rted on 

the accumulation of L-tryptqphàn"by~rat cerebral cortex .lices. 
, , 

,~ , 
~ . 

. , 
" 

"" The only., 8ignific~nt inhibi~io~ obaerved wa. by O.S· .... L-5-bydroxy- ;,; 
~ i=) :j 

tryptophan in the presence of 0.2 ~ L-~yptopban. 
l , 

Sfrhailb8rg and Giaraan (1960), Scbanberg (196]~ u,J" . . 
Smith (1963) hav~ studieeS 5-hydroxytryptopb~. tranaport into 

- ~ 

~at and dog brain' S1iC~~.. '~~ese, inveati9~tor. have ahown tbat . 

S-bydroxytryptophan ia actively concentrated by brain alices froa . . ~~ 
~ jf',~p~_J 

bo_h species. Schanberg )(1963) has reported tUt 1;0 ... 

L-phenylaIanine, L-tyrosine, L-DOPA or L-tryptopllaD inhiblts 
. . 

the uptake of 0.1 mM 5-hydroxy-D,L-tryptopban ~ rat brain cor-' 
l , 

tex ~lice.. .. Inh~tion by the.. ..u.o acide .:........ ~ 25:45. 

; 

. . -' 
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TABLE 17 -" 

'-

.flec~ of L-5-Bydroxytryptophan on tn.~Acc~1ation of L-Tryptophan by Incubated 511c •• 'of Rat 
Cerebral Cortex. . - -r 

~ 
t; 

., - ---- : p+-
Ia1tial COncen«ration. (mM) No. of Detn8. Tryptophan Optake 

~le./m1 cell vater '" 
L-'fryptophan L-5-Hydroxytryptophan 

0.,06 4 0.37 :t 0.02 
0.06 0.02 4 ... 0.-36 :.t 0.02 >0.05 

( 0.06 0.05 4 <i 0.33 :t 0.01 >0.05 
,. 

0.2 4 1.01 :t 0.10 
0.2 ~0.05 4 1.03 :t 0.09 >0.05 
0.2 O.S 4 o • 7.2 :t O. 03 <0.05 

1.0 3 3.00 :t 0.10 
1.0 1.0 4 3.39 t 0.15 >0.05 

* AlI incubations vere 15 Ddn in duration and vere conducted at 37°C in an atmosphe~e of 
1001 0llYg8D•. ~ 1 ... 

The proceclure ia descr1bed in -Methods· S~ctions 7A and 7B. 
Tabul.ted data represent mean values t S.E. for L-tryptophan uptake corrected for di~fusiOD. 

+ Probability of difference froaa corresponding control . 
.... 

o 

., 
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o' the control uptake valu... B. 'ha. Al.o ob.e~ed that, 
1 

0.1-1.0 .. conçentrationa of D-tryptophan have littl. affect on 

th. uptake of 0.05-0.2 .. 5-hydroxy-D,L-tryptophan. s.ith (1963) . 
has publiahed st.ilar findings. Be has rePjr~ed that L-p.heny-

lalanlne and a-.. thyl-D,L-DOPA are ca.petitJve lnhibit1)ra of 

5-hydroxy-D,L-tryptopban uptak. by rat,brain alieea. s.ith (1963) 
1 

al.o noted that L-tryptophan, L-tyrosine, L-hiatidine, L-glutamic 
, 

acid and D,L-DOPA interfered vith 5-hydroxytryptophan accumula-

tion. 80th Scbanberg (1963) and S.lth (1963) have noted that , 

high concentrat~ona of L-tryptophan (of the order of 1.0 ~) 

vere ~equired to inhibit the uptake of 0.05 "-0.2 lIN 5-hydroxy­

D,L-tryptophan. These data and the re.u1ts in Table 17 indicate 

that S-hydroxytryptophan i. probably tranaported' into brain cella 

1 by the .... carrier' .yat_ .a tryptophan. 

Of the tryptopban .. tabolités tested, L-5-hydroxy-

" 
-.tabolites f~ the pyrrol... patbvay of tryptophan 

u 
degrada~ion (cf. Pigur. 1) alao did. not exert a .iC)ftificânt 

" 

If 

, ·~:.l __ ~. 1 .. ~. 1'_ r 1 

,j 

. .. 

'2 
l, 

, ., 
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affect of SOMe~ryptoph.n Metabolite. (With the Pyrrole Ring Intact) on the Âecumulation of 
LO .. Mediua L-~ryptophan by Incubated Sllee. of Rat Cerebral Cortex· 

~tl. Set Addition. No. of Detn •• Tryptophan Optake 
~le./ml cell vater 

p. 

-- _._- --- -~ 

1 None ,6 3 • 03 :t o. 31 
5-BydroxYtryptamine (8 3.06 t 0.15 >0.05 

2 

3 

.. 
5 

(creatinine .ulfate complex) 
Creatinine .ulfate .. 

None 
5-Hy4roxyindol.acetic Acid 

)lone 
'l'ryptuun. 

Non. 
Indole-3-acetic acid 

./ 

Mone. 
o'D,L-3-Indolelactic acid 

3 
3 

8 
8 

4 
4 

4 .. 
" 

* Ali incubation. ver. 15 min in- duration and ver. conducte4 in 
'l'be ~prOGedur. i-a d •• ctibed in • ... thod.· S.ction. 71.. and':78. 
th. iftcuba~ioft .-dia contalned 1.0 aML-tryptophan a. weIl a. 
.. tabolite te.tad. 

3.09 t 0.18 

3.00, :t 0.10 
3.17-t 0.22 >0.05 '-

3.18 :t 0.23 
2.74 :t 0.15 >0.05 

3.16 :t 0.18 -
3.06 t 0.53 >0.05 

3.08 :t 0.47 
3.01 t 0.16 >0.05 

an atmo.pbere of 100' 0XY9en. 

1.0 mM concentration. of-i:he 

In401e-3-.cet1c &cld va. dl •• o1v.d ln Kreb.-Rinqer pho.phate mediua to whicb ethanol ba4 been 
, aMed tG a final concentration of 31 (v/v). 
~abulatfd data repr •• ent .. an value. :t S.B. for L-tryptopha~ u~tak. corrected for diffu.ion. 

+ oProbab111ty of 4ifference fram cprr •• ponding ~ontrol. .,. 

f. 
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effect on tryptophan transport into c.r~ cortex .1ic •• 

(Tables 19-22) vith the exoeption of L-kynurenine. Thu., 1.0 .. 
Il 

conoentrations of N'formy1-L-kynurenine, xanthurenic aoi4, quino-

linic acid, quinaldic aoid, picolinic aci4 or nicotinic acid a. . ", 

well as 0.5 mM kynurenio acid had no effect on the uptata of . 
~ 

1.0 mM medium L-tryptophan by cerebràl cortex slice. (Table 19). , 
More detai1ed studies of the tryptophan metabo1itas, L-kynuranin., 

L-3-hydroxykynurenine and anthrani1ic acid ahowed that ~n1y 

L-kynurenine affeoted tryptophan transport (Tablee 20-22). Thua, 

• ~ t'I 

0.5 and 1.0 mM medium concentrations of L-kynurenine signifieant1Yr ,:~ 
, . 

decr~ased the aocumulation of 1.0 mM ~-tryptophan from the " 

medium (Table 20). However, when the L-tryptophan. conoentration 

was lowered to 0.2 mM artd 0.5 mM~ reapectively, L-kynurnenine ha~ 

litt!e effeot. On1y 1.0 mM L-kynurenine inhibitad the uptake of 

O.S' mM'L-tfyptophan. -/ 

Green et al. (1970) repprted that 1.0 mM concentra--- "\ , 

tions of L-kynurenine and of L-3-hydroxykynur~nine cau.ad 35' 

inhibition in the uptake of 6 ~M L-tryptoph~ into rat brain ~ 

sliees. They a180 observed that 3-hydroxyanthranilic acid,t 

anthrani1ic acid, xanthurenic acid an~ quinolinic aci~had no 

effect on tr~topha~ uptaka. Our re.ulta are 'in agre ... nt vith 
'. 

, thoa., of thea. inveatigatora .xcept vith regard ~ L-3-hydroxy-

kynurenine. _. ~ 

'.\ The. affecte of variou. tryptophan analog. -Oft the 
'" 

• 

.'~ 
'<,,1 ., 
.' 
' ... 

. ~: 
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TABLE 19 --~Ettect of Same Metabolites of the Pyrrolase Pathway of Tryptophan Deqradation on the Accu.u1atièm 

. ' 
J-
" 

of 1.0 lIN Mediwa" L-Tryptophan by Incubated 81ices of 'Rat Cerebral Cortex· 

Bxptl. Set Additions 
r 

1 None 
Jo 

2 

3 

1.. 

N'formyl-L-k~urepine 

None -( 
Kynurenic acid . (0.5 mM) 
xanthurenic acid 

None 
Quinol!nié 4cid 
Quinaldlc acid­
Picolinic acid 
lIIicotinic acid 

.. 

, , 

No. of Detns. Tryptophan Uptake 
~les/m1 cell water 

4 3.16 ± 0.21 
4 2.88 t 0.2S' 

4 3.29 t 0.16 .. 2.92 ± 0.15 
4 3.38 t 0.30 

4 -3.0~ 0.47 .. 3.04 ± 0.08 
3 2.33 :t 0.43 .. 2.98 t 0.17 
4 2.93 ±. 0.17 • 

p+ 

>0.05 

>0.05 
>0.05 

>0.05 
>0.05 
>0.Q5 
>0.05 

• Ail 'incubation. were 15 min Ln duration and were conducted Bt 37°C in an .tao.ph.re of 100t 
oxygene , . 
The proceduz. ia d •• cribed in -Method.- Section. 7A and 78. 
Th. incubation ~i. ~ontaine4 1.0 mM L~tryptophan •• weIl a. 1.0 mM concentratiln. of th • 
.. ~abo11t. t •• ted ,exc.pt a. noted-tor 0.5 mM kynurenic acid). 
Tabulated data repre.ent mean value. :t 8.B. tor-L-tryptophan uptak. corrected to diffusion. 

+ Probab11ity of d1fterenc. trom corre.ponding control. . 
~ -
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affect of L-ltynuanine on the Accuauiation of L-'rrypt.ophan by Incubat.ecl Sllce. of ltat cerebral 
Cortex· . , ., l' 

~ 

' .. ~ .. 
~. >-

~-' '. 

G:' 
'::' , 

;f-

" ': 
" 
~ ,; -

r~ 
, , 

~ .,.-' 
'" i""-. ' 

l' 

lJl1tlal Concentration ,..e) - No. ot Detns. ftyptophan Optake 
~1 •• /~ cell va~r 

p+ 
• 0 

~an ' L-ltynœenine 

c 

T-- -- ~- ------ -~---- -----t~-~-- • • - -- - ._~---- ., 

0.2 4 0.93 t 0.03 
O~2 
0.2 
0~2 
0.2 

0.5 
0.5 
0.5 
'0.5 
0.5 

1.0.,-( 
1.0 
1.0 
1.0 
1.0 

, . 
1 

... 

0.05 4 q.9S t 0.14 ,>0.05 
'0_2 4 1.00 t 0.08 >0.05 
0.5 4 

,. 
0.80 t O.ll >0.05 

1'.0 • • 0.88 t 0.,05 >0.05 
/) 

4 2.15 t 0 .. i8 -
0.05 

"' 
4 ,,1.95 t 0.23 >0.05 

0.2 '4 1.92 t 0.18 -?O.05 
0.5 .. 1.86 t 0.13 ·>0.05 
tl.o 4 1.61 t 0.09 <0.05 

l . 
~ 

- . .. 3.~6 t 0.21 
0.05 D "'.. 2.46 t 0.26 >0.0' 
0.2 .. 2.56 t 0.19 >0.'05 
0".5 4 2.06 t 0.20 . <0.01 
1.0 8 ~ .,1.93 t 0.15 <0.001 

\ . ~ 

* Ali bw.,.;ti~~ ~~;~- 1:5 '-;1-0 iJl~ d~atioD ~~ ~.; ~l'!d~cted- ~t 3'OC-iD an 'aœospbére ·of 
100. oxygen.' 

.. :.-.,. 

.... 

~ 

--:"So ~ 

-. 
~ l'" 
.:;~ t'be procëdura 1.. cJe.cribed in • ... thod.· section. 7~ and 78. 

'1abalat:ed data repreaent ..an v&'1ue. t S.B.oo for L-t~tOphan uptake corrected for 4iffuion.-
Probabi1ity of 4iffareDC8 tra. correapondiftCJ contro~. • '+ 
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Effect of L-3-Hydroxyk~nurenine on the'AccumuIation of L-Try~phan by Incubated Slices of Rat 
Cerebràl Cortex* "' ' .., 

-In1t~al' Concentration (mM) Q' ~No. of Detns."" 
L-Trypt9phan L-3-Hydroxykynure:ine ~ 

~ •.... - -- -'" 
0.06 4 
0.06 0.05 4 

0.5. 
0.5 

1.0' 
1.0 

$1' 

. 
1 

4 
0.5 4 

4 
1.0 4 

l 
... 

. 

Tryptophan Uptaké _ 
·~moles/m1 cel1 water 

• 
0.40 ± 0.06 
0.3'1 ± 0.02 

2.15 ± 0.18 
1.91 f 0.23 

'3.16 ± "0.21 
2.59 ±, 0.33 
, 

p+ 

'>0.05 

>0. G5' 

>0405 

• AIl, incubations 'were 15 min in duration and were conducted at 37~in an atmosphere .of 
100% oxygene . . ~ ~. 

+ 

Th, procedure is described in "Methods" Sections 7A and 7B. 
Tatiulated data rèpresent mean values ± S.E. for L-tryptophan uptake corrected for'diffusion. 
Probabi1ity of difference from corresponding c9ntrol. . .~ 
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TABLE. 22 

Effect of Anthraniiic Acid on the Accumulation of L-Tryptophan by lncubated S1ices of Rat 
Cerebral Cortex* . 

.. 

~.L' 
• 

Initial Conéen~ration (mM) No. of Detns. Tryptophan Optake. p+ '" 
u 

~1es/ml.cell vater L-Tryptophan .' Anthr~ilic Acid 

"" 0.06 '" 4 0.40 t 0.06 
0.06 0~Q5 4 0~36 t 0.02 >0.05' 

0.2 4 0.93 t 0.03 
0.2 0.2 4 1. 08 t~ 0.15 >0.05 

·0.5 4 c .2.15 t 0.18 
0.5 0.5 " " 4 2.49 t 0.13 >0.05 

1.0 .. 4 3.16 t 0.21~ ~ 

1.0 1.0 4 2.9!-. t 0:18 - >0.05" 
;.-

* ~ AU inc)lbations were 15 min in duration and were conq.ucted in an atmosphere of 100' oxygene 
"-The' procedure 18 described in "Methods· Sections 7A and '7B. " " . 

Tabulated data represent mean valu~s t S.~~ "fot" L-tryptoph~ qpt~e éorrected for diffusion' • 
. + Probability of difference from corresponding c9ntrol. . 
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• 
tran.port ot L-tryptQphan are Ihown tn Table 23. One oompound 

• ' 1 

appeared to 8timulate tryptophan uptak8. a-methyl-5-~ydroxy-

tryptamine. 
~ , " 

Hovevet, a-methy1-D,L-tryptophan, a-methyl~5-hydroxy-

D,L-tryptophan, 4-mathy1-D,L-trypt~ph.n and 6-mathy1-D,L-trypto­

phan had no attect on tryptophan aooumu1ation. 
'. . 

W. have'thu8 attempted'to d_lineate the .truotura1 
, 1 

·.pao~ficity_of the tryptoph.n transport carrier system ln't~e 

liqbt of ,the re.ultl Ihown ln Tablel 13-23, and 'we oonoluda al 
.... 

follow.z the carrier mechani.m .xhibits an absolute requir.ment , 

for the side ~hain ~li~hatic carboxyl group,as well'.s for the' 
C • , , 

a-amino group. A:a-hydroqen of the aliphatio sida ohain however,'" 

_y he 8u ... titutec1 by • 'pyrrole' ring.~zene ring. a .uî.- " 
stituted benzene ring, or a branched ohlin aliphatic group. 

- -, 

Thes. concluaion. are ba~ed on ~be ob.erv~~ion. tha~,the only 

comPounds which inhibited tryptophan accumulati~n were L,S-bydroxy-
- . ' 

~J 1 \ 

tryptophan, L-phenylalanine, L;"ty~osine, L""OOPA; L;-laucine., 

L-i80leucine',L-valine and L-kynureniné. Ail the •• compound •. 

have lin aliphàtic carboxyl' group an'a ~',a~amino group', but thay 

allo h.~e different'groups ~ttach~d ~o~he a-aa~bon.' Th. data 
fJ 

in Table 18 provide additional evidence oon9.r~in9 the Itruc-
) 

tural requir.ment. of the t~yptophan càrrier system.' If the 
.. 
car~xyl group i. removed (e_g_ bryp~amine and S-hydroxytrypt-' 

"amine), or if the a-ami no group is removed and the aliphatic 
) 

side chain shortened by one carbon (e.g_ S-hydroxyindoleacetic 
" 
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TABLE 23 '9 

- ~~ 

Effect-qf Various Tryptophan Analogs on the Accumulation of L-Tryptophan by Incubated Slices 
of Rat Cerebral Cortex· 

I~ia1 Concentration (mM) 

L-Tryptop~an Ana log 

0.06_, 
0.06 0.04 a-methy1-, 

D,L-tryptophan 

~~ 0.2 
0.2 '0.10 a-methyl-

D,L-tryptophan 
0.2 = 1.0 a-methy1-

D,L-tryptophan 1 

1.0 
1.0 1.0 a-methy1-

D,L-~ryptophan 

1.0 
1.0 1.0 a-methyl-5-" ') , 

hydroxytryptamine 

1.0 
1.0 1.0 4~methy1-

~ D,L-tryptophan 
1.0 1.0 6.;..methy1~ 

D,L-tryptophan 

:' 1.0 
1.0 1.0 4-hydroxy-

D,L-tryptophan 

î 

~:-' .h, .~~" -..0.:: , • ;,. ~ .". " 

No. of Detns. 

4 
4 

4 
4' 

4 

3 
0'4 

4 
4 

4 

4 

4 
4 

Tryptophan Uptake 
~moles/ml ce~l~ater 

0.37 t 0.02 
0.30 t 0.04 

1.01 t o O.10 -
1.03 t 0.03 

0.82 t 0.11 

3.00 t 0.10 
3.63 ± 0.28 

1 

dl! 

2.79 t 0.20 
3.67 t 0.06 

3.29 ± 0.16 
2.87 ± 0.17 

3.09 t 0.16 

2.79 t 0.20 
3.~1 t 9.24.' 

p+ 

>0.05 

>0.05 

>o.o~ 

>0.05 

<0.0l. 

>0.05 

, >.0.05 

,­
>0.05 

.,.­
Ut ... 

// 

,. 

"~1 

~ 

.' 

0' 
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TABLE 23 (Cont'd) 

No. of Oetns. . p. 
~ \' 

.J' L-Tryptopban Ana log ... 
Tryptopban " Uptalte 
umoles/~ cell vater 

:J .. 

> 

, 
,[ 
f ~. 

j,,1.0 
1.0 1.0 a-methyl-5-hydroxy­

. 0, L-tryptophan 

---_._--- .. ~. 

-4 
4 

,. 3.29 t 0.16 
3.39 t 0.21 >O.Q.5 

* AlI incubations _vere 15 mn in duration and 'wer~ conductèd at 370 Ç iD an a~~Ph~e of, 
100\ OKYgen. ~ 
The procedure is descri..bed in -Methods- Sections 7A and 7B. 

1 r 1 f-

Tabulated data represent .. an values t S.E. for L-tryptophan uptake ,correcU!d for diffus101l. 
+ Probahility of difference fro. corresponding control. 
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.oi~and indol.-3-aoetio a01d), or if the u-.. ino 9roup i. 
~ 

• l- , • 

r.plaoad by a hydroxyl group ('.9- indole-3-l.otio aci4), th.ra 

ia no eff.ot on tryptophan ~aouaulation. Si.il.rly, analYlil of 

the data detailéd in Tabl. 23 lhowed that aubltitution of the . 

a-hydrogen by a mathyl group (e.9- a-.. thyl-D,L-tryptophan and .. 
a-methyl-5-hydroXytryptophan) alao had n~ .ffect on tryptophan 

" 
transport. ,Thua, we postulate that the carboxyl of the aliphatic 

o • 

aide ohain ,and an a-amino group are requirad tor ~h. interaotion 

between the tryptophan oarrier 4nd a prat.rrad aub.trate. Struc-
~ 

tural requiremente for the'B-oarbon of the aliphatio .ide ohain 

.however, appear to he more flexible. Thua, a pyrrole group 

(5-hydroxytryptophan), a benlene ring (phenylalanine), a aub­

stituted benzene ring (tyrosine, DOPA and 2-ohloroph.~ylalanine) . 
as well a. br~nched chain aliphatic groupa (leucine, ilol.ueine 

and valine) .. y he lubetituted on the B-earbon and int.rae~i~n 

of t,hese compounds with the carrier machan'ia .. will ooeur. 
~ 

Based on theae conclusions one would expeet thât 

N'formyl-L-kynurenine and L-3-hydroxykynurenine .a well al 
/ 

L-kynurenlne would interact wlth the tryptophan oarrier ayatem • 
. 

~ Havever, onlY,L-kynurenina inhibited·trYptophan acoumulation. ~ 

~or ~'fO~l-L;\~n~enlne. lt .. y he that a .Ub.tltuent on the 

ort~-amino 9rou~ ia large enough ta hinder Iteric interaotion 

of this compound vith th. c~rri.r. Similarly, L-3-hydroxy-
'il 

kynurenine ha. an .&mino 9roup and a hydrQxyl 9~oUP which are ., 
1-... ../ 

t •• :~ _ 

.ii\'i.W·'"., ........ ', y ........... _F .... ' ___ ~~-', 1 
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\. 

ortho a~d mata vith respect tb the aide chain and, again, thia. 

molécule may be too large atructurally to interact vith the 

carrie~. We are unable to explain the action of o-.athyl-
( 

5-hydroxytryptamine. 
." 
~ 
" 

~;. 

, i 
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ll. Preli.1narx III Vl/!"t!!!nte -. ' 

A. Pre-.bl. , 1 • 

'During the cour •• of, th. ~ vitro expert.ent. r.-.. 
oorded in Chapter. 10 and 11, we bec ... inter.atad in whether 

alterationa to th. phyaiologioal condition of the rat ~9bt 

a·fleat. the tryptophan carrier .y.te. rtf. cer.bral corte. cell •• 

We we~e fo~tunate, in our laboratory, to have faoilitie. avail-
• able for the prepa~tion of a aynthetic di.t defieient in trypto-

1 

phan and for the maintainence of rat. on thia diet for a pro-

longed periode Thua, ve report Ihere on the accuaplation of 

tryptophan by cerèbral cortex alio.. prepared fra. the brain 

ti.aues of rata which had been fed a t~yptophan~eficient diet 
, -

fo~ perioda up to one menthe 

and 

" [' 
previou. inveatigator. have obaerved tha~ortiaone 

hydrocortiaone induc~ tryptophan oxygena.e (Knox è~ !!., 1955, . 
\ 

Civen et al., 19S~. Hydrocorti.one ha. al.o be.n'.~ by 
~ -- - ~ ," 

Green, ~oseph and Curzon (1910) ta decrease the 5-bydroxytryp-

tamine concentration of rat brain. The.e inveatigator. poatu-
, j 

,late ~pat high ~.ve1. of tryptopha~ oxygena.e aetivity divert 

tryptophan from the '''S-hydrox)'tryptuaine .. t;abolic, patbway. .. 

queetioned, hovaver, whether th ••• re.ult~ could be attributed 
_' • 1 • 

~to an effect of hydrocorti.one on the -..brane carrier Whicb 

transports' tryptophan in~brain. 
, { 

As th •• e .tudie. Vere in ~ 

gr.,s, a ngmb.r of hypopby.ectomized ant.ala vere -.de r.adily 

• 

" il, 
, , ' 

" 



.. 

,. • 

\ .' 

.v.l1.b~e to UI. ThUII we 4~01ded to d~termin. wh.ther hypo­

phy .. oto.y a19ht have an .ff.ct o~ tryptophan upt.~ by Ilioe. 

prepare4 fr~ the brainl ot the.e animall • 

..... ~ 

(i) pletary Deficienoy 

*" Table 24 detail. the r •• u1tl whioh were obtatned wh.n 

" L-tryptoPhan, uptake w.a. .tudi.4 in b~ain .1io.. from ratl whioh 

had inge.ted either a .ynthetio diet detieient in tryptophan or 
, 

one which had been tortltied vith thi. amino aoid. It wa. ob-

.erved that tryptophan accumulation i. not .iqni!ioantly altered 
",. t 

by prolonqed di~tary defioiene, of tryptophane 

(il). AdrenaVeetomy and Hypçphy •• otoml 
J ~ 

- :T~e .tfect of ~reft.l~étomy or hypophyaectomy o~th.· 

upt.ke of L-tryptoph .... I>y,/cerebr.liortex .lio •• prepared trom 

the brain. of the •• animals il rec rded in Ta~le 25. The 
Î ' 

accqaulation of 0.06 mM, 0.2 mM an 1.0 mM medium L-tryptophan , 
1 

i. unchanged by th ••• oPeration •• The •• preliminary re.ult •• ee~\ 

to indicate that there i. 'no direct hormo~al aotion by' adrenal 

or pi~uitary hormone. on the membrane carrier whioh tran.porta 

tryptophan Into oortex eelll. 
1 

.~ 

, 

.' \ .. 

, ! 
.-1, 

~~1' 

,,~(:i1' 
L 
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. Iffect 01. a '1'l'yptophan .,.flQl.nt Dlet on the Aoowaulatlon of· 
,L-Tryptopban by IftO\Ib.~ '~ice. of Rat Ce.l'ebral COl't.x~ 

j q~ 

" , . , 
Day. \ Diet COftoentration No. of 

_~ on . of r.-t'rypto-· Detn •• 
Dlet phan ln the 

-.4i_ (IIM) 

J 

9 

12 

l5~ 

21 

24 

24 

24 

28. 

28 

S 
D 

S 
D, 

S 
D 

S 
D 

S 
D 

S 
D 

S 
D 

s 
, D 

s 
o 

s 
o 

1.0 -
1.0 

1.0 
1.0 

1.0 
1.0 

1.0 
Il.0 

1.0 
1.0 

1.0 
1.0 

0.2 
0.2 

0.5 
0.5 

"1.0 
1.0 

0.5 
0.5 

-1.0 
1.0 

4 
4 

4 
4 

4 ' 
. 4,' 

( " 

4 
4 

l 
4 

l 
4 

4 
4 

4 
3 

4 
4 

.J 
4 

.. ' 

4 

~ryptophan uptake 
UIlO1e./_l oel1 
"ater 

2:'4 t 0.27 
3.33 t 0.04 

3.38 t 0.40 
3.27 t 0.19 

l.47 t 0.2.0 
l.,12 t O.ll 

~, 

l.17 t 0.30 
l.05 t 0.5J 

2.43 t 0.12 
3.00 t 0.22 

4.28 t 0.20 
3.13 t 0.37" 

1.27 t 0.04 
1.06 t 0.13 

2.69 t 0.22 
2.84 t 0.27 " 

3.53 t 0.20 
4.29 t 0.10 

2.45 t 0.09 
'1.97.t 0.2~ , 
J.71 t 0.24 
4.25 t 0'.3'2 

>0.05 

>0.05 

>0.05 

>Q. '05 

>0.05 

>0" .05' 

' .. 
>0.05 

<0.02 

.. 
~ .' '., 
, "'~ 

>0.05 ' \ 

>0.05 . 
, 

J .. \ 
• AlI incubation. vere 15 ain 

.bIoaph.re of 1001 oxYgen., 
in eSuratlon ,and wer. conduot.d in "«ft ' 

The proce4ure il d .. cribe4 in • ... thod.·· Seotignl 7A, li an4 ,.. / _~ 
·S· cS.notea ani_li on tryptophan-Iupp1_nt'& eSiet', "D" cS.not •• .;~ 
ani .. l. on tryptophan defieient di.t. '.: 
Tbe aupple.nte4 cSi.t contain.d 0.23' tryptophane . < 

.. Tabulated data rapr ... nt .an "alue. t S.B. tot' L-tryptophan "" 
uptate corrected tOI' dlffU.ion., - .) 

+ Probability of cSift.rence frOil corr.i,poneSint; control. ',~~ 
, , 

• . ~ , 
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TABLE 2S 
1 , 

Bffect of 'Adr.na1eota.y and BypopbysectolBy on the AcCUllUlatiOJ) of L-Tryptopban br ~ted 
Bliees of Rat Cerebral Cortex· ' ~' 

j)peration Initial L-Tryptophan 80. of Dam •• !TyptophaD ~ p+ 
. Concentration (.) , ' }œOles/1Il c:eU vater 

3 

i 

----- 0'.06 4 0.38 t 0.03 
Adrex 0.06 4 0.,37 t 0.03 >0.05 

• 

0.2_ 4 1.01 t 0.07 
Adre. . 0.2 4 1.08 t 0.08 >0.05 

--- 1.0 8- 2.75 t 0.16 
Urex l~O 8 3.01 t 0.28 >0.05 , . 

--- 0.06 ,4 ~ 0.40 t 0.06 
Bypox, 0.06 4 ' 0.43 t 0.02 >0.05- . 

-
O~2 4 1.01 t 0.10 --Bypox 0.2 4 1.2).t 0.05 , >0.05 

1.0 4 3.59 t 0.24. 
Bypox 1 1.0 4 ~ 3.46 t O. lA >0.05 

a - -~- --.------.;--.. .... 

* AlI iDcuba~lon. ver. 15 81ft iD duratioD and vere conducte4 at 
100' OX)'C)eft. 0 • , 

.,. procedure ·i. " •• cribe4 iD • ... thod.· Section. 7A and 7B. "Ani .. 1. vere treatea .. ~. 
iD. ·Jlaterial.· Section ~. , 
'fabul.ata4 data repr ..... t MaD values t S.8. for· L-t.ryptopbaD uptûa correcte4 for 4Ufuiall. 

+ Probability of diff.rence fra. corre.poftdinq control. 
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SUMMARY 

u.in;. radioaotively labelled inulin', the ',i •• of the 
t ~ 

extraoellular .paoe of incubated rat o.r~bral oortex 

.lioe. w~. loun~to de pend upon the oompoJ;d. pre.ent 1n 

the incubation medium Ii,nd upon ~he incubation condition •• 

In general, however, the inulin 'paoe corrected for extra-
o 

oellular .welJing 'wa. determined to be 22.3' of the fre.h' 
1 

weight of ti •• ue. The non-inulin .pace acoounted· for 
':'1 ' r J 59. 2' of the fre.h weight. of ti •• ue and the remaining 

. le.S"wa.1àry weight. ~i •• ue .welling during a,15 min 
, 

incubation at l'OC wa. approximately 22.2' of the fre.h 

weig~ of ti •• ue. 

Rat brain oerebral cortex Ilioel aocumul,ted L-tryptophan 

in 'a linear falhion during the fir.t 20~ mi,!) of incubation 

(the ~il,u.lmedium oonoentration ratio ranged 'between 3-4) . 

after 'which the rate .of accumulation fell off gradually., 

Maximum conoentration of L-trypt9phan by the .lic •• ô 

ocourred within 60 mln~ 
" ~ 

The uptake of L-try~~ophan into cerebral cortex Ilice. 

ia by an active meohanil~. Thil conclulion i. based upon 

Ithe following o~.ervatio~sl 

A. 

, 

L-Try~toPh~ accumu~ation d~e~.ed.~ignifi~antlY wh.n, 
.licel were expo •• d to anaerobic condition. and/or 

low inoubatlon-temperature •• 

,1 li . Ir ~ ~.. 1 • "..... 1 ~ 1 

\ 
" 
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Th. omi •• ion of x.+ or x+ fr~ the incubation . . . . ~ 
m.dium •• v.r.ly,d.cr •••• d L-try~tophan accu.u1ation 

by the .lie •• , but th. abs.nce of c.2+ and/o~\Mg2+ 

had no attect. 

c. . An energy-ylelding substrate such a. 91~e, fruc~ 

to.e or pyr:vate was required for the .. xtra1, uptake 

of L-tryptophàn. Tvo Kreb. cycle inter.edlate., 

citrate and sucoinate, were markedly le •• efrective. 

1 . 
Kinetic analyaia of the tryp~ophan uptak. proca.. .howed 

th~.t there ar,e probably two JDechani .. s 'operat~ng in the .. 
oprtex. The first mechanis~ exhibits'aaturab1e ~chae1is-

Menten type kinetics and appeara to actiye1y ~ncentrat. 
1 

L-tryptophan when concentrations of 'this a.ino ~cid;tower , 

than 3.0 mM are present in the incubation .adiUli. f> The 

apparent Km of the mech.n~sm vas 0.83 ~ and the apparent . - ' 

V max was 6.02 ~moles L-tryptophan acçuaulated/_l of cell 

wa~er in 15 min. The second machanls. bec~. evident . 
-when medipm concentrations of L-tryptophan are greater tban 

~ - ~ 
3.0 mM and it'appe~rs to be unsaturable for .adiua concen-

-
trations'of L-tryptophan up to at least 10~. 

f) 
-, ,. 

+ + + + Monoval.nt oationil such aa Li , Cs , Rb , and Tl ha~ 
Q ,) /~' 

'effect'on L-tryptophan uptake by ~he cortex 81ice •• 

1 
J ni 

.. e 
.. , ". 

",,, ~"FI J.~ (~,,_ lAt' .. Jo-..."~ v: $ - l ''', , 
_ ,,.. <#IJ ~ln, b '.1. 

" 

• 1 -

-. 
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~-tryptoPhan tranaport 1. inhibited by a n~r of .. ino, 
1'1. , 

1 " 

aoid. notably, L-phe~ylalanine, D,L-e-ohlorophenylalanln" 
, p 

L-t.yroaine, L-DOPA, L-5-hydroxytrypt.ophan, ,t.-leucine, 

L-i.oleuoine, ~-valine and L-kynurenin.', but not by 

L-3'-hydr.~xykYnurenine, H' formyl-L-kynurenine or anthrani-' 

lio aèid. ,W. eoncluded that L-tryptophân i. tranaported 

I y the oa~rier for the large neutral '~i~o acida whioh 

had be.n deteoted by other inve.tigator •• 

.4 

7. Additiqpal etudi.',vith ot.her tryptophan n.tabolite.'and 

8. 

/ 

some tryptophan analogl,. indicated th~t the tryptophan. 

carrier Iyatem of cerebràl cortex .lie,. ha. an abaolute 
. . 

requirement for the carboxyl and a-amino groupi pn the 
~ . ' 

aliphatio aida ohain. A e-hydrogen of the aliphatio aid., 

chain hOdver, 1'4&y. bé,.8ubatituted by a pyrrole ring, a -

benzene ring, a aubatituted banzane'r~ng, or by a branohetS 

chain aliphatic gro~p., 

. , 
praliminary !n vitro'.tudiel of Ilice. obta~ned fr~ the 

bralba of animala.which had baen' ted • tryptophan-
t' ~ ~ ., 

deflciènt diat'for a prolonged peried indicatee! th~t thi. 
o • 

!! ~ phyl~olo9ioal alteration had no eff.ct on trypto- 1 

-
phan'aocumulation ~-vitro. 

. 1.., _ 
, . 

. , 
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'SrQin Ilica. trom animals which 'had been .ubj.c~ed to 

adrenaloctomy or hypophysactomy a1ao .howod no chanqe ln , 

tryptophan uptBke. 
1, 

olt 
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CLAIMB pr O~I2111t CONTRI8~lON8 TO KNoW~IDQI 

• 

Compartmentation of the fluid .llooiated with inoub~ted 
/ 

11iooa of rat, cerebral oortex wea .Itimatod uaing 

radioaotive inulin. ln general, the aize of the oom­

par'tments balJad on 100" 'mg fr •• h weight ,of' ti •• ua w •• 

'al fo11owsI ,22.3 mg inu1in !!Ipaoa, 59.2 tne;J notl:-1.nulin .. 
, 

apaoa and 18.5 mg ti •• ue aolid •• 

oonaidorably during incubation, 

Tho 8110.8 Iwollod 

.ppro~~ataly 22.2" mg 

por 100 mg treah weight of tissue durlng 15 min of in­

cubatIon at 37oC. Tbo inul!n apace valua quotod hero 

corrolatelJ well with ~"vivo oatimation. of the axtra­

col1ular~.pace of brain tislJue. It wa. obtained by 

b subtradtlng the amount of oxtracollular swelling from 

the experimentally determinod inulin space value. Hé 
, 

cal1ed this compartment, the "correctod" inulin spaoa. 

Rat brain cerebral oortex 8110es accumu1ate L-trypto~ 

phan by two proceasesi 

(a) an active tranayort mechaniam whioh exhibita 
. ! \ , ' 

saturable Micha,~~8-Menton kinetic~ with con-
1 .. t· l) t' ~ 

ce~trationa of L-tryptophan in the medium 1eaa 

t'han 3.0 mM. Thia aystem haa an apparent Km ot· '" 
: l , 

,0.83 mM an~ an-apparent Vmax of~.02 ~mole. 
~, " 

L-tryptophan accumulated/ml of cel1 water in lS . 

min .. 
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'\, 

Simple diffu.ion, ,'a non-•• turabl. proo.s. which 

can be detected.when .lices are incij~ated in 
1 

media cont~ininci J. 0-10.0 mM L-tt1yptophan • 

The active accumulation of 1.0 mM L-tryptophan from 

the medium 11 inhibited by anaerobiosi~ and/or low 
Ij 

incubation temperatures, the absence of an energy-rich 
J , 

substrate such a8 glucose, fructos~ or pyruvate,~ 
+ ' . , 

medium Na concentrations les8 than 25 mM and by com-

complete omission of K+. Q it ls unaffected, 

by the absence of ca2: and/or 'M9~+. 

1 

however, 

, + + + + Monovalent. cations (Li , Cs , Rb and Tl ) have no 

effect on the uptake of 1.0 mM L-tryptophan from the 

medium. 

t-Phenylalanine, D~-~-chlot~phenylalanihe, L-tyrosine, 

L-DoPA , L-5~hYdroxytrYPtoph~n~ L-l~ucine, L-lsoleû~ihe 
.... ' 

and L-valine .inhibit L-tryptophan uptake in~o c9r~ ~ 

slibes. Since these compounda are aIl large neutyal" 
~ , 

ami no acids~ it was concluded th~CL-tryptophan ia 

transp6rted ~rito brain cortex,cells by the same carrier 
, 

system that' transports all the largè "eutral amino 

acids. 
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L-5-Hydroxytr~ptophan and L-kynurenin~ are the only 

tryptophan metabolites tested that inhibit L-trYPto~ 

phan accumulation. '. 

The effect of a numbe~ of tryptophan metabolites and 

tryptophan analogs on tryptophan aocumulation into 

cortex slices was determined. From 'these ,studies' we 

were able to dete~t sorne of the structural ~~~uirements 
"t C ~I , ,,1;.. .. .. 

of the tryptophan carrier ~ystem. ,The carboxyl group 

and the a-amino group of the aliphatic side chain-are 

absolutely required for the interaction betwe~n the 

tryptophan carrier and tryptophan itself or compounds 

which are structura'lly analogous to tryptophane A 

~-hYd~Ogen, however, May be substituted,by a pyrrole 

~ ring, a benzene ring, a substituted benzene ring or a 

~~nched chain alPh~tic~ group and interaction between 

the parrier and ,the compound to be transported will 

occur. 

Cerebral cortex slices prepared from the brains of 

animals wh'ich ha~ been fed a tryptophan-deficient d"iet 
" for period~ up to one montg do not exhibit app~eciable 

" 
differences in tryptophan acc~ulation ~hen compared 

• '. . . . ~ 

ta brain" s,lices from animaIs which have .received a 
1 

l ,. '" 
tryptophan-supplem~nted diet for th~ same periode 

" 

• 1 
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~dren~lectomy an~ hypophys~ctomy al.oldo not alter the 
g • 

uptake Of L-tryptophan into s11ces of 'c&rebral cortex 
, 

prepared from the brains of these animals. 
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ADDENDUM 1 

-.. Purther e~çe fra. the laboratory of irata, 

~> Hayaishi, Tokuyama and Senoh (1974)* indicates·that the 

partially purified rabbit braln enz~ (tryptophan 2,3-

,- dioxyqenase) i8 ca~le of~leaVin9 the pyrrole .ciety of 

melatonin to yield NY-acetyl-N2_for..yl-S-.ethoxykynur~naaine. 
. ~ 

( ~his comPQund can then be deqraded to NY-acetyl-5-.a~xy-

kynurenamine by the fo~da8e enzyme. . ,~ 

Birata et al. (1974) --
have verified these results in vivo .• .'. 

\. 
"- . 

* Birata, F., Bayaishi. O., Tokuya.a, T.; and Senoh, S. 

(1974) J. Biol. Chem. 249, -1311. -
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