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ABSTRACT

THE TRANSPORT OF L-TRYPTOPHAN INTO SLICES OF RAT CEREBRAL'CORTEX
MAUREEN E. RIELY

Ph.D. . Biochemistry

Rat ‘cerebral cortex slices incubated aerobically at 37 C in
Krebs-Ringer phosphate medium containing 10 mM glucose aﬁﬁ*i.o mM
L-tryptophan-{carboxyl-!*C} accumulated L-tryptophan. Uptake
of L-tryptophan was linear for theﬁfitst 15-20 min. Maximum
L-tryptophan concentration was ettained within 60 nin. The trans-
X port mechanism became saturated with 1-3 mM L-tryptophan in the
[ medium. Entry of the amino acid into the cells was thereafter
' directly proportional to its initial concentration in the medium.

ES

LeTryptophan uptake decreased significantly under the fol-
lowing experimental conditions: lowering the incubation tempera-
ture to 4°c and/or incubating under Nz. omitting glucose, de-
creasing the- Na ‘concentration below 25 mM or omitting K from .
the medium. These rg'ults indicated that accumulation of L-tryp-
tophan against its concentration gradient is an active process. -

The effects of a number of amino gcids, tryptophan metabo- -
lites and tryptophan analogs on the uptake of Lwtryptophan were _ \
studied. - L-Phenylalanine, D,L-Efgnlorophenylalanine, L-tyrosine,

° L-5~hydroxytryptophan, L-DOPA, L-leucine, L-isoleucine, L-valine,
and L-kynurenine inhibited tryptophan transport. It was con- :
. o cluded that L—tryptophan -enters the cortex cell via the large »
neutral amino acid carrier system. . a ' "

In vivo alterations to the physiological state of the’rota
e.g., prolonged dietary deficiency of tryptophan, adrenalectomy
or hypophysectomy, had no effect on.L-tryptophan accumulation by
cortex slices from the brains of)these animals,
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|
LE TRANSPORT DU L-TRYPTOPHANE DANS LES TRANCHES DE CORTEX CﬁRﬁBRAL o
A ' DE RAT
~ * Maureen.E. Kiely
Ph.D. Biochimie

-

Les tranchoa de cortex cérébral de rat, incubées en
presence d'oxygéne a 379, dans un milieu physiologique Krebs-
Ringer phosphatqncontenant du glucose, 10 mM, et du L-tryptophgne-
'*COOH, 1 mM, accumulérent le L-tryptophane. La capture du
L-tryptophane fut linéaire durant les quinze 3 vingt premiadres
minutes. La concentration maximale de L—tryptophane‘fut atteinte
en dedans de 60 minutes. Avec des concentrations de 1 & 3 mM de

. L-tryptophane dafis le milieu, les mécanismes de transport atteigni-

3

rent un point de saturation. A partir de ce moment, l'entrée de
l'acide aminé dans les cellules fut directement proportionnelle A
sa concentration initiale dans 'le milieu d'incubation.

La capture du L-tryptophane a diminué d'une fagon
significatfﬁé dans les conditions expérimentales suivantes:
abaissement de la tempériture d'incubation A 49c, et/ou incubation
dans une atmosphére azotée, manque de glucbse. diminution da la
concentration de Nat au-dessous de 25 mM ou omislion du K dans
le milieu. Les résultats indiquérent ‘que 1'accumulation du 4
L-tryptophane contre son gradient de concentration est un - ~
phénomane actif. | '

Les effets d'un certain nombre d'acides aminés, de
métabolites du tryptophane.»et de composés de lgructurg ahalogue
au tryptophane sur la capture du L-tryptophane gurent étudiés.
La.L-phenylalanine. D, L-g—chlorophenylalanine, L*tfro:ine, le
L-5-hydroxytryptophane, la L-DOPA, L-leucine, L-isoleucine,

L-valine et L-kynurenine inhibdrent le transport du L-tryptophane.
Nous avons donc conclu Que le L—tryptophane péndtre dans les
cellules corticales par le systdme de transport réservé aux -
acidés aminés neutres de poids moléculaire plus élevé.
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Des modifications faites in vivo sur 1'état
physiologique des rats telles que,‘une absence prolongée de
tryptophane dans la diete, une adrénalectomie, ou une hypo- '
Physectomie, ont aucun effet sur l'accupulation du L;tryptophane
par les coupes du. cortex ,cérébral de ces animaux.
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PREFACE T

The study of tryptophan transpért into rat cerebral
cortex slices which is preaeﬁ£ed to the régQgr on the succeeding
pages of this thesis forms a small segment og.a.gontinuing
research program on tryptophan metabolism in brain. This pfo—
gram, begun about twenty years ago, is under the direction of
Dr. Theodore L. Sourkes, Laboratory of Chemical Neurobiology,
Departments gf Biochemistry and Psychiatry, McGill University.

At the outset of this study, SOufkes; Missala and,
g;avec (1970) had just shown thapﬂthe tryptophﬂn analogue,
d:ﬁethyltryptophan. decreases the concentrations of brain aeron
fonin and S5-hydroxyindoleacetic ecid. They had postulated that
these decreases were caused by a deficient supply of the pre-
cursor tryptophan. “

At the same time, a number of investigators were
actively engaged in studies of the rate-con?rollinq step in the
serotonin pathﬁay of tryptophan metabolisn. Several reports had
indicated that tryptcphan-5-hydroxylase (EC 1.14.3.3), the first
enzyme in this ‘pathway, is the rate-;iuiting°step (Bccleston,
Ashcroft and Crawford, 196?; Jeéuier,\Lovenberq. and Sjoerdsma,

1967; Moir and Eccleston, 1968). Howenpr,'since the Michaelis

- constant for this enzyme was initially fgund'to be much higher
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ghan the normal level of. brain egybtophah. it wc.'coﬁclﬁdod

that tryptophan=-S-hydroxylase is un.qguratod un&c: phiuloloqiéll
‘oonditioni (Jequier, Robinson, Lovenberg and Bjonrdlm;, 1969) .
Thus the quiltioﬁ arose: could the transport of tryptophan 1ntp
brain cells be a uiqnifioantxtactor in serotonin biosynthesis?
Finally, althoughxgxtonlive research had already been done on
the transport oth;dmo amino acids into brain (Neame, 19§8),
little was known concerning the mode of entry of tryptophan .
into brain cells nor ofitho factors which might facilitate or
inhibit this entry. Thus it was with the above studies in mind

that this projgét was undertaken.
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INTRODUCTION *

1. Tryptophan - An Essential Amino Acid

Tryptophan, a nutritionally indispensable amino acid N
was first isolated by Hopkins and Cole (1901) from a tryptic

‘.+ digestion of casein. ?he correct structure, a-amino-g-indole-

propionic acid, was proposed by Ellihger (1906) and was later
confirmed by Ellinger and Flamand (1907) using chemical synthe-
sis. The necessity of this amino acid for growth was demonstra-
ted initially by Willcock and Hopking (1906). Since then numer-
ous nutritionQ; studies have confirmed that tryptppﬁan is ab-
solutely essential for the growth and development ofﬁ;ammaiian

species (Abderhalden, 1912; Mendel, 1914-15; Rose, 1938). Re-

_ search with bacterial mutants of Escherichia coli, Neurospora

crassa and Aerobacter aerog_gea. however, has shown that #icro-

J
organisms,are capable of synthesizing tryptophan (Meister, 1965) .

The possibility of a biosynthetic pathway for tryptophan forma-
tion by plants has, to date, received little inveftigation. It ,

is known, however, that the plant growth hormone, indoleacetic .#

~acid, is derived from tryptophan but it has nnt yet been deter-
mined whether this tryptophan is a product of plant cell synthe-

sis or whether it is an essqntial~nutrient (Meister, 1965).
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2. Metabolism of Tryptophan f> "
-

2

Because this study is concerned with the transportAof
tryptophan into slices of fat cerebral cortex and Because some
tryptophan metabolites may help to control the entry of this
amino acid into brain, a brief revi;w of tryptophan metabolism
as related to mammalian cells‘will.be presented here. To date,
fod;'routes ;dr trypiophan utilization have bee& elucidated:
(A) the partial metabolic destruction of tryptophan to carbon

dioxide, water and ammonia resulting in the formation of the

vitamin niacin as well as numerous metabolites (Figure 1).

(B) the hydroxylation and decarbo;ylation of tryptophan to

yield the potent vasoconstrictor, serotonin'(rigure 2),

(C) deamination and transamination, routes whereby the D isomer

-

N

can be used by the cell (Figure 2),

\

\

(D) protein synthesis, the method through which tryptophan is

ingorporated into the cellular proteins required for growth and

development. v
~~

A. catabolism of Tryptophan

Evidence for the degradation of tryptophan came from
the &aboratory of Kotake in Osaka (Ellinger and Matsuoka, 1920;
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Figure 1 ‘

Catabolism of L-Tryptophan
Along the Pyrrolase Pathway.
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E:W Enzymes for the Catabolism of L-Tryptophan Along the Pyrrolase
i ‘
3 : ' Pathway. e
§ ) . (Figure 1)
(1) L-Tryptophan Okygenase'(ﬁc 1.13.1.12) "
(2) Formamidase (EC 3.5.1.9) | u
; (3) L-Kynurenine-3-Hydroxylase (EC 1.14.1.2) ~
| (4) Xynufeninase (EC 3.7.1.3) )
(5) 3-Hydroxyanthranilate Oxygenase (EC 1.13.1.6) -
(6) Picolinic Acid Carboxylase , ' ’
M 2-nydroxylucon1c—6-Selialdehyde Dehydzogenase
(8) ° Quinolinate Phosphoribosyltransferase “:
\ (9) Kynurenine. Transaminase (EC 2.6.1.7) ’ , ‘
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' Metabolism of L-Tryptophan Along Pathways
i in Which the Indole Ring Remains Intact. .
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N Enzymes for the Metabolism of L-Tryptophan Along Pathways in
‘ which the Indole Ring Remains Intact. |
i ) ' (Figure 2) 2
~ . g A Y ) ’
(1) Tryptophan-5-Hydroxylase (EC 1.14.3.3) B 3
L4 B
i (2) Aromatic L-Amino Acid Decarboxylase (EC 4.1.1.28; L
EC 4.1.1.26) P “ ;
g
(3) Monoamine Oxidase (EC 1.4.3.4)
(4) Aldehyde Dehydrogenase (EC 1.2.1.3)
(5) Alcohol Dehydrogenase (EC l.1l.1.1)
Aldehyde Reductase (EC 1.1.1.2)
(6) Transaminase ‘ -
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Matsuoka and Takemura, 1922)., Using rabbits, this group showed Wi

that when trypfaphan was administered auhcutaneouely, kynufenine
andlkynurenic acid could be isolated from the urine. Frdm this
work they proposed that the name tryptophan pyrrplase (EC
1.13.1.12) be given to the enzyme which converts tryptophan to
kynurenine (Kotake and Masayama, 1936). ll‘It remained for Knox

. and Mehler (1950) to show that the formation of kynurenine from
tryptophan is actdally a two-step reaction. The first reaction,
cleavage of the indole ring, ia catalyzed by tryptophan pyrro-
laae or, as it is now officially named tryptophan oxygenase.
The second reaction, hydrolysis of the newly formed N-formyl-'
kynurenine to kynureﬁine, is catalyzed by the enzyme formamidase

or aryl-formylamine aminchydrolase (EC- 3.5.1.9).

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

p |

Since the initial discovery of tryptophan pyrrolase,
numerous studies have been devoted to charaeterization of this
- eAzyme. It had been shown that'pyrroiase is an iron porphyrin )
protein (Tanaka and Knox, 1959) and that the enéyme promotes
the incorporation of moiecqlar oxygen raeher than hydrogen per-
oxide into the reaction products iHayaiaﬂf;\Rothberg, Mehler and
A . Saito, 1957). Tryptophan pyrrolase is inducible; enzyme levels
can be raised dramaticallf upor administration of tryptophan

17
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(Civen and Knox, 1959); a-methyl-DL-tryptophan (Sourkes and
. Téwnsend, 1955), cortisone (Knox and Auerbaéh, 1955) or hydro~ . ';
| ' cortisone (Civen et al., 1959). 'Recently Cho~Chung and Pitot
‘ (1967) have reported that pyrrolase is subject‘to feedback con- !
| trol by nicotinyl derivatives, the gost potent of rhich is NADPH- |

)

a catabolic‘product of tryptophan. )
Most of the studies detailed above have dealt with the
liver enzyme. However, pyrrolase activity has been found in the
intestine (Yamamoto and Hayaishi, 1967$, in the eye (Ciusa and
Barb;roli,'l966); in the kidney}(Aslanyéﬁ, 1966) and, recently
in brain. To date, it appears that although the pyrrolase path-
" ‘way is the major catabolic route fo;%%ryptophan, it does not con-

tribute significantly to tryptophan metabolism in brain. L

(1i) Formamidase (EC 3.5.1.9)
N-formyl~-L-kynurenine + nzo + L-kynurenine + formic acid

Formamidase, the second enzyme in the catabolic pathway,
has been detected in rat liver by Mehler and Knox (1950) as we
as in several microorganisms (Hayaishi and Stanier, 1951; Jakoby,
1954). Using partiélly purified preparations of éhis enzyme and
a variety of formyl compounds, Mehler et al. (1950) concluded
that.formylkynurenine is the natural substrate of this enzyme;

a fact that was confirmed by Jakoby (}954) several years later.
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3 (111) L-kynurenine-3-hydroxylase (EC 1.14.1.2)
' i
“ L-kynurenine + NADPH + o+ 0, = L-3-hydroxykynurenine + NADPH +

3

‘ H20

Evidence linking kynu}enine and 3-hydroxyanthranilic

acid to niacin formation and thus to tryptophan catabolism was

first provided by studies of Neuro‘pora crassa mutants. Yanoflkf
3
and Bonner (1950) showed that 3-h§droxyanthranilic acid could

PR produce niacin iﬂ\i Neurospora crassa mutant which had a genetic

block after kynurenine fornatio?. Using thgse results, thigt
group postulated that 3-hydroxykynurenine was the intermediate
_ step between kynurenine and 3dhydroxyanthranilic acid (Bonner
and Yanofsky, 1951). De Castro, Price afid Brown (1956), using
rat and cat liver mitochondrial preparations, were later able to
demonstrate that 3-hydroxykynurenine could be formed from kfnurn?
enine and that this formatiion required NADPH: However, it was
the work of Saito, .Hayaishi and Rothberg j1957) with solublized
, p{gparationa of this enzyme obtainedsfrom rat liver mitochondria
\ < "whfch finafly produced the overall re;ction scheme outlined
" above. Stevens and Henderson (1959) have reported that the
activity of this enzyme decreases significantly when rats are

made riboflavin-deficient. Addition ;f riboflavin phosphate,

e

Fy.le

FXD or boiled liver extract to an in vitro preparation of the
enzyme fails to restore activity and hence the necessify of
-2 - riboflavin for enzyme activity is still open to question.
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(iv) Kynureninase (EC 3.7.1.3)

-

L~kynurenine ~ ‘anthranilic acid

; ‘ or R H20 > or +‘a1anine

e
S e F 2

L-3 hydroxykynurenine 3-hydro§yanthranilic acid

|}
v

Mammalian liver (Wiss and Fuchs, 1950; Wiss and Weber,

1956) and Neurosporé(crassa (Jakoby and Bonner, 1953) possess an

enzyme which is capable of removing alanine from kynurenine and
3—hydroxykyqurenine to yield anthranilic aéid and 3-hydroxy- .
anthranilic acid, respectively. This enzyme, now knoﬁn as
kynureninase, has’ been observed by Braunshtein, Goryachenkova
and Paskhina (1949) to require pyridoxai phosphate. Similar to
dther pyridoxél.phosphate requiring enzyﬁes, it appears to act
e via a Schiff base intermediate (Longenécker and Snell, 1955).

. (v) 3-Hydroxyanthranilate oxygenase (EC 1.13.1.6)

-

3-hydroxyanthranilic acid + 02 » * -
, {2-amino-3-carboxymuconic-6-semialdehyde} -+

E ] . quinolinic acid (

-
L

Marked increases in the urinafy excretion of quino-

linic acid following tryptophan administration to rats was first ’lg
x 4

- teported by Henderson (1949) -and Henderson and Hirsch (1949) . ﬂ

’ Shortly afterwards several investigators noticed that metabolism

[ —

of '3-hydroxyanthranilic acid by rat liver preparations required

L4

S

SRR
| ' (

ki

K

o >
&

i
%t
o




. N e R T SERG AT MR ARLE IRt L B ARl AT;J.W{{;J}“?W i,
o \ , N , Loty v e TR A%
' . . ! 1
. . .
N N .
L}
N

1.1“

% 0 . i 18
N -
- ?
@ -

) .

¥ ) molecular oxygen ané ferrous ions: Under thése conditions the

entyme caused acocumulation of a compound bhloh absorbed maxi- Q
mally at 360 my (Miyake, Bokman and Schweigert, 1934 Mehler,
1956). Wiss and Béttendorf's (1987) isolation of the 2,4-
dinitrophenylhydrasone derivative of this intermediate 1§d
Mehler (1936) to propose the now accepted mechanism of reaction. ..
Mehler suggeated that the oxidase OIC‘VOI the 3,4 double bond of
the bog:gﬁ. ring and nﬁpntcncoun oyclization of the open oo*m
pound causes formation of the gtablo pyridine ring compound,
quinolinic acid.

Hydroxyanthranilate oxygenase has now Soon purified -
f?Sﬁ‘Ein_TIGEr..(VQiEIA and Di Prisco,-1962) beef liver,
(Stevens and Henderson, 1959a; - Decker, Kang, Leach and Heﬁdcrnonr
1961) .and bcof kidnoyv(OQanaﬁaru. Gander and Henderson, 1966).
These studies have shown that reducing aqo;el such as qlutatﬁionc.
ascorbic acid or ferrous ions are required to maintain maximal
activity during purification. It appears ﬁpqx ‘the enzyme con- ‘
tains tightly bound ferrous iron which is necessary to catalyze L
the reaction but this ferrous iron is readily oxidiszed du;inq' ‘
purification ﬁroeodurcn performed in the absence of reducing
agent (Hitch‘ll. Xang and Henderson, 1963). .
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: (vi) Picolinic acid carboxylase

(vii) 2-hydroxymuconic-6-semialdehyde dehydrogenase

w0

\X2-amino-3-carb6xymuconic-G-semialdehyde) . ¢

!

) quinolinic acid (2-aminbmuconic-6-semialdehyde)
. ° 3 |
2-aminomuconic acid picolinic acid .
Y
: E
O ‘ .
_glutaryl-CoOA — — —) cos

As detailed above, 3-hydroxyanthranilate oxygenase

converts 3-hydroxyanthranilic acid to'the open chain intermediate
, compound, Z-amino-3-carboxymuconic—6-semiaidehyde. This inter-
mediate has two fateé: either it can cyclize spontaneously to
form quinolinic acid or it can react enéymatically with picolinic
acid carboxylase to form another unstable intermediate, 2-aq4no-
muconic-6-gsemialdehyde. . Similaf to the oxygenase intermediate,
this intermediate, 2-aminomuc6nic-6-semia1dehyde, has two fates:
either it cgg}cyclizé spontaneously to form picolinic acid or it
can react wfénx2—§ydroxymuconiq-6-senia1dehyde dehydrogenase to
yield 2-aminomgén?ic acid. Via a series.of additional reactions .
simi}af to those which occur auring lysihe netabolipm, 2-amino-

muconic acid can then be metabolized to glutaryl CoA, to acetyl E

CoA and ultimately to carbon dioxide. ) E

\
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Picolinic acid carboxylase activity was first de-
tected by Mehler (1956) in prxeparations of guinea p;g liver.
‘Initially,® he was able to distinguish only between the spontan-
eous formation of quinolinic acid and the enzymatic fqrmation of
 picolinic 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
active inpermediat;. It remained f;r Gholson, 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 dehydrogenase,
an NAD-requiring enzyme was later purified and characterized by
vIchiyama, ﬁakamura, Kawai, Honjo, Nishizuka, Hayaishi and Senoh

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

a mechanism for the degradation of tryptophan.

ow

. Nt
1

(viii) Quinolinate phosphoribosyltransferase

qéhnolinic acid -+ nicotinic acid ribonucleotide

‘ - The existence of this enzyme as demonstrated by
Nishizuka and Hayaishi (1963a and 1963b) providéd the missing
link betwéeh quinolinic acid and niacin formation. It had been
known for a‘long time that tryptophan could‘;eplace niacin }n \

mammalian growth and develophent (Krehl, Teply, Sarma and
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Elvehjem, 1943) but the mechanism by uhiqh these two compounds
ere related rgmainod unknown for almost twenty years. This
enzyme has been purified from liver (Nakamura, Ikeda, Taul}.
Nishizuka and Hayaishi, 1963; Gholson, Ueda, Ogasawara and

Henderson, 1964) as well as from Pseudomonas (Packman and

Jakoby, 1965). It has been shown that the enzyme interacts with
quinolinic acid and S-phonthEtboayl-l-pxropho-phate to !oxn'an
1ntermegiate compoundquuinoiinic acid ribonucleotide, which in
turn is decarboxylated to nicotinic acid ribonucleotide. Nico-
tinic acia ribonucleotide can then be hydrolyzed to nicotinic
acid or ip can react with ATP and glutamine to torm“diphonph01~
pyridine nucleotide (NAD).

(ix) Kynurenine transaminase (EC 2.6.1.7)

L-kynurenine -+ kynurenic aciad +> quinaldic aciad ‘ )

L-3-hydroxykynurenine + xanthurenic acid -+ B—hydfoiyqﬁinildie acid

Kynurenic, xanthurenic, quinaldic ahd 8-hydroxyquinaldic
acids have all been identified in the urine of hhnann, dogs, cats
and rats (Brown and Price, 1956). _Transamination of kynurenine
‘and 3-hydroxykynur§hine to kynurenic acid and xanthurenic acid

occurs in rat liver mitochondria (Wiss, 1953), rat kidney (Mason,

at .

1954) , Neurospora crassa (Jakoby and Bonner, 1956) and

Pseudomonas (Miller, Tsuchida and Adelberg, 1953). a-Ketoglutarate

)
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appears to be the preferred amino group acceptor and the ensyme
requiées pyridoxal phosphate as coensyme (Ogasawara, Hagino

and Kotake, 1962; Ueno, Hayaishi and Shukuya, 1963). The s
presence of large amounts of guinaldic/acid in human and rat
urine following ingestion of kynurenic acid led Takahashi,
Kaihara -and Price (19563,and Kaihara and Price (1962), to postu-
late that kynurenic acid is éehydroxylated easily to quinaléic
acid and that a similar reaction produces 8-hydroxyquinaldic

acid from xanthurenic acid,

{x) S-Hydroxytryptophan pyrrolase

During the past year several short communications have
indicated that a tryétophan degradativd\pathvay might be opera-
tive in brain. Tsuda, Noguchi and Kido (1972) have been able to
demonsgtrate that S-hydroxytryﬁtophan can be converted to 5-
hydroxykynurenine, 6-hydroxykynurenic acid and 4,6-dihydroxy-
quinolirne by ; supernatant f;action of rat brain. This conver- 4
sion requires FAD and molecular o*ygen but is somewhat inhibited
by ascorbic acid. :

From these results these investigators postulate that
there is an enzyme system which can catalyze the oxygenative
cleavage of S-hydroxytryptophan to S-hydroxykynurenine via
5-hydroxyformylkynurenine. Another group, Hirata, Tokuyama,

‘
&5 by N
et i e oAt At e e

Senoh and Hayaishi (1973) have reported on a tryptophan

ey
.4 18,
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2, 3-dioxygenase wh%ch they have partiall purgtiodhfrom rabbit

ileum, stomach, lung and brain and which-they have identified

3 as distinct from the hepatic enazyme discussed previously. They @
ﬂ ) ’ -
? . have found that the enityme requires methylene blue and ascorbdic j
¥ . . . 4
acid for maximal activity and that it is active on both D- and M
L' L—tryptophfh. S=hydroxytryptophan, tryptamine and serotonin, .
s i —— hd ' o
- Thus it appears that a catabolic pathway-for tryptophan may in- <
deed be present in brain but identification of the metabolites
’ ‘ i . 1]
-of this pathway and determination of their physiological function
await further elucidation. (See fglendum l).
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B. The 5~-Hydroxyindole Pathway '

The existence 6f the hydroxyindole pathway of trypto-

phan’ metabolisn has been known for the last thi‘fi-five years.

Since it was first detected by Werle and Mennick (1937) that
tryptophan could be converted to a présaor amine compound, :
clinical intereat in this pathway has produced a vast literature - %

on the subject. Rapport, Green and Page (1948), isolated from <

; beef sérun a‘conpound with vasoconstrictor properties. They
i identified this compound as serotonin. A few years later
Erspamer and Asero (1952) showed that enterochromaffin cells of i,

the intestinal mucosa produce a potent vascular hormone which

N oS iomab w3

; they named enteramine but which they found later to be the sane

ags serotonin. It was not long before Udenfriend, Clark and

. e N PR
PERS Y e WL I

a Titus (1953) were able to show that guinea pig kidnpy and tropical

toads are able to hydroxylate tryptophan to S-hydroxytryptophan.
In a succeeding report Udenfriend, Titus, Weissbach and Peterson

o 1 - - -
e v Ceadrdy

(1956) proposed that S-hydroxytryptophan can be decarboxylated
to serotonin and this can then be oxidized to S~hydroxyindole-
acetic acid. Using,radioactive txypiophan they confirmed this
pathway in dogs; A brief review of the ggzy’es of this metabolic

route is presented here. - -

>
-,

A\ d

(i) Tryptophan-5-hydroxylase (EC 1.14.3.3)
L-tryptophan -+ L-S-hydroxytryptophan
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Conversion of tryptophan to 5-hydroxytryptophan has
been-—detected in liver (Preedland, Wadzinski and Waisman, 1961)

in intestine and kidney (Cooper and Melcer, 1961), in brain
(Gal, Morgan, Chatterjee and Marshall, 1964; Grahame-Smith,
1964a; Consolo, Garattini, Ghielmetti, Morselli and Valzelli,

1965; Weber and Horita, 1965), in human carcinoid tumors
(Grahame-Smith, 1964b), in'-nligﬁant mouse tumor coil- (Lov.nbcgg, §
Levine and Sjoerdsma, 1965) and in the pineal gland (Lovenberg,
Jequier and Sjoerdsma, 1967).

In the liver, rte;dland et al. (1961), Renson,
Weissbach and Udenfriend (1962) an? Preedland (1963) have all
r;ported that tryptophan 1g hydroxylated by phenylalinine ”
hydroxylase. The ;eaction requires reduced pteridine :o-factOt
and NADPH. Phenylalaniné is definitely the preferred substrate; |
the maximal rate of hyd;oxylaiion of phenylalanine is 30 times’
higher.than for tryptophan. Mouse mast cells, however, have two ¥
hydroxylas;sz one for phényialanine and one for tryptophan. |
Hosoda and Glick (1966) have purified the mast cell tfypbophan,
hydroxylase and have shown that this enzyme requires bot:a;
hydropterid;pe and molecular oxygen: for maximal activity. ‘Sato,
Jequier, Lovenberg and Sjoerdsma (1967) have further reported
that the enzyme raqﬁiros ferrous ions. The intestinal enzyme
from rat and guinea pig, éhatactcrlzod by Cooper gg_;;, (196&). .

is very differentL It requires cuprous ‘ions and ascorbic gcid
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for activity and appears to function anaerbbically. o "

Early attempts by Renson et al. (1962) to detect

tryptophan hydroxylase activity in brain failed and led to the
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Y
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. hypothesis that’ brain serotonin originated in other organs. It

was Gal, Poczik and Marshall (1963) who first presented evidence
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> for the in vivo hydroxylation of tryptophan by brain. Initial 7

SR T D BT GEHER

efforts to purify the enzyme failed to increase the enzyme

activity significantly and resulted in poor enty-e.yieldsg
- Nevertheless, Nakamura, Ichiyama and ﬂayaishi.(iﬁGS), Gal,
Armstrong and Ginsberg°(1966) and Robihson,biqyenhérg and

Sjoengma )

[
Ae
NADPH and tetrahydropteridine for activity and that it cannot

(1968) were later able to sh9w that the enzyme requires

hydrpxylate'pﬁapylalanine. Jequier et al. (1969) reported that

4

the Michaélis constant for tryptophan was 3 x 10" M. This led

( _to the widely held idea that this enzyme is unsaturated under -
\ physiological conditions. Recently, Pr1ednan Kappelnan and
Y Kaafman (1972) , using. the naturally occurring cq—factor havé\
o < shown7that,the apparent Michaelis cpnstant for the enzyme is i
fi. ' * 50 uM; a value iyoclosér relation -tq the estimated conceétrations
of brain tryptoéhgn. However, the enzyme is:syi;ll?elieved to be
¥ ohly partially saturated in normal physiologicial ctnditions.

i o (ii) Aromatic L-amino acid decarboxylase
' EC 4.1.1.28; EC .1.26) ]
L-5-hydroxytryptophan -+ 5-hydroxytryptamiie + CO, °
(serotonin)
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Clark, Weissbach and Udenfriend (1954) demonstrated
that a decnrboxylane capable ?f forming serotonin from S-hydroxy-
tryptophan was present in guinea piq kidney, nto-lch. liver,
"intestine angd ’}ung as well as in rat, hog, rabbit and dog kidneys.
They &3e0 reported that the ensyme requires pyridoxal phosphate
for activity. rurtQQr evidehce for this co-factor requirement
. was obtained by Buxton and Sinclair (19%6); Buhag& and Nytch
(1957) and Weissbach, Bogdanski, Redfield and Udenfriend (1957)
using vitanin 8646eficient’éats and ;;ickn. These investigators .
showed that kidney decarboxylase actiéity-in these animals is
sharply decreased.

The imMtial puriglcation of decarboxylase by Clark
/gg al. (1954) indicated that there were two eﬁzyneu: one for
S-hydroxyttyptopitan and one for 3,4-dihydroxyphenylalanife.
Howevér, later studies by Yuwiler, Geller and Eiduson (1959);
Werle and Aures (1959) and ﬂonenqren (1960) suggested that
S-hydroxytryﬁi&ﬁhan and 3,4-dihydroxyphenylalanine were acted
upon by the same enzyme.’ These reports led Lovenberg, Weissbach
and Udedfriénd (1962) to re-examine their earlier findings 1;

guinea pig kidney and dog brain stem. They cubnequently con=

R " S s Y

cluded thaq’thete is- dpe enzyme in mammalian tissues which “
catalyzes the decarboxylation of, S-hydroxytryptopnan, 3,4-41-~
hydroxyphenylalanine, phenylalanine, tyrosine, tryptophan and




N N ww B B G AT ORI W R
o . N M W ' ‘ ’: i .%"?M ":ag:'"m"}l n,"
v

histidine and suggested that this eniyme be named "aromatic
L-amino acid decarboxylase'. | ‘ QN
More r.contly. Chrintcnlon. Dairman and Udontriond

"- (19703 1971) and Lancaster and SOurkoi (1972) have purificd this

enzypme to oloctrophorotio homog-noity and have shown thnt it is
a single protein with lpocificigy such that it will act on both
3,4-d1hydrox9phgny1a1anine. S-hydroxygryptophnn as well as on !
phenylalanine aﬁd tryﬁtopﬁpn. -Chriltpn;on et al. (1971) have
also prepared anti-serum to this enzyma and have shown that it is
widaely distributed in mammalian éilnuel. Bondcr ;nd Coulason .
» (1972) while acknowledging thatgghe work of Chrilten|0n et al.
(1970; 1971) provides positive proof for one eniayme protein, have
. suggeated that the enzyme .actually has a narrower rango of lpeci-A
ficity (just to 3,4- dihydroxyphqnylalalanine and 5 ~hydroxytrypto-
. phan) .
M\\\\ ;

series of con!licting reportl 1ndicating the possibility of the

Howevarm during the courlu of these inve-tigationl, a

existence of a multiplicity of decarboxylase eniymes have appeared.
Awapara,'Sandman and Hanly (1962) showed that 3,4-dihydroxyphenyl-
alanine decarboxyla-al from livar and kidney are ditfarent with

respect to substrate lpecificity, pH and co-fuctor roquiremantl.

Subcellular localization of this enzyme and of 3-hydroxytryptophan )
decarboxylase ih various’ tissues:is &llo different. Thus, kidn;y J%
knovonbérg et al., 1962), agronai midulqu(Blauchko.}Hngon and 2
Welch, 1955:'.Laéuron and golpagro, 1968) and brain (McGeer,
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Bagchi and McGeer, 1965; Sims, Davis and Bloom; 1973)

3,4-dihydroxyphenylalanine dgcarboxylase are cytoplasmic. Kid-

'\_f [, a

ney S-hydroxytryptophan decarbdxylpse is also cytoplasmic

LSy -
S

(Lovenberg et al., 1962) but the brain enzyme is particulate

L,

according to Rodriguez De Lores Arnaizland De Robertis. (1964)

and hoth soluble and particular agcording to Sims et al. (1973).

. These results indicate that the controversy as to whether there

are one or two decarboxylase enzyme; still remains to be re- '

solved. B . : |
In most tissues, serotonin is fuf;her metabolized by

éhe enzyme monoamine oxidase to 5-hydroxyindole acetaldehyde;

this aldehyde is then either oxidized or reduced to the corres-

péndind acid or alcohol. In the pineal, ﬁowever, 7er§£onin is

the precursor of melatonin, the pineal hormone which has an

antagonistic action toward melanocyte-stimulating hormone and

t

which causes lightening of'amphibian skin.

- ‘3}
. In the pineal, serotonin is N-acetylated and O-methy-

1

lated by two enzymes (the former requires acetyl CoA as the 1
acetyl donor and the latter f&quires S-adenosylmethionine &8 the
methyl donor) to melatondm (McIssac and Page, Y959; Le;ner,

Case and Takahashi, 1960; Weissbach, R ald and Axelrod,'léGO: A
Axelrod and Weissbach, 1961).
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) ¢ (iii) MNonoamine oxidase (EC 1.4.3.4) g/ 5

. 5-hydroxytryptamine. + 0, + H,0 -*‘S-hydrdxyindoleacetylaldehyde -

Y < 1 '
(serotonin) +.NH3 + 3202 . .

o Hare (1928) was the first to describe an enzyme in
mammaljan livers which could catalyze the oxidative deamination
of tyramine. A few\xgars later, Blaschko, Richter and
Schlossmann (1937a) described an adrenaline oxidase in liver,
kidney and intestine and'Pugh and Quastel (1937a) reported onﬁthe
presence in brain of an enzyme that oxidized aliphatic amines.
These investigators (Blaschko, Richter and Sthossmann, 1937b;
Pugh and Quastel, 1937b; Kohn, 1937) ultimately concluded that ‘
the three enzyme systems are‘identical and that a single enzyme-
attacks adrenalin. tyramine .and several aliphatic amines.

- i

Since these initial studies, monoamine oxidase has been
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shown to occur in a wide variety of tissues. Liver, kidney, in-

teétine, brain and blood platelets all have monoamine oxidase

-

activity but other organs suchuas pancreas, lieart, spleen and
thyroid are act%ve to someqextent (fuqh“gngl., 1937a; Bhagvat,
Blaschko and Richter; 1939; Latt, Rippéy aﬁd Stacy, 1968). How-
ever, relative act1v1ties of ‘different organs in different species
vary widely. ' 7 3 | : ‘ . a{
This enzyme is present in liver mitgchond;ia (Blaschko, B

1952; Hawkins, 1952) and aléb as a soluble plasma protein (Tabor, .
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Tabor aﬁd Rosenthal, 1954; Weissbach, Redfield and Udenfriend,
1957).‘ Many of the particulate amine oxidases have a flavin
prosthetic group (Erwin and Hellerman, 1967; Tipton, '1968;

. <
Harada and Nagatsu, 1969; Kearney, Salach, Walker, Seng and
I

Singer, 1971; Youdim and Sourkes, 1972) ‘while the ‘soluble

zglasma enzyme requires copper and pyridoxal phosphate as its
prosthetic groups (Yamada and Yasunobu, 1962; Yamada and

Yasunobu, 1963; Blaschko and Buffoni, 1965).

(iv) Aldehyde dehydrogenase (EC 1.2.1.3)

(v)  Alcohol dehydrogenase (EC 1.1.1.1) and

. Aldehyde Reductase (EC 1.1.1.2)

5-hydroxyindoleacetaldehyde + NAD + uzo + S5-hydroxyindoleacetic
acid + NADH

5-hydroxyindoleacetaldehyde + NADH = 5-hydroxytf&ptophol + NAD
or NADPH ‘ C or NADP

S-hydroxyindoleacetaldehyde, formed by monoamine oxi-
¥ .

dase action, has two fates: either it can be oxidizedlto the

corresponding acid (Weissbach et al., 1957; Eccleston, Moir,
Reading and Ritchie, 1966; Feldstein and Williamson, 1968) or
reduced to its alcphol (Kveder, .Iskric and Keglevic, 1962; .
Eccleston et al., 1966; Feldstein et al, iQGB; Duncan and

Sourkes, 197 The enzymes responsible for these metabolic

© ' ~
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transformations are aldehfde,dehydrogeha;e, alcohol dehydro-
genase and aldehyde rédﬁctase.

Aldehyde dehydrogenase has been studied in greatest
detail. Deitrich (1966) has found that it is'an NAD-dependent
enzyme: To date, it has been purified from‘bovine and;ggnkey
brain mitochondria (Erwin and Deitrich, 1966) and from pig brain-
(Duncan and Tipton, 1971). A nunberzpf aliphatic aldehydes;
ranging from formaldehyde to palmitic aldehyde, as ;eli as‘phe
aldehydes derived: from serotonin, ébinephrine and dopamine are
substrates for this enzyme (Erwin’gs_gl., 1966) .

Enzymatic reduction of aldehydes in liéér occurs via
an alcohol dehydrogenase which is NADH-dependent and inhibited{;
by pyrazole (Sund andugheorell, 1963; Dalziel and Dickinson,
1965). Brain alcohol dehydrogenase similar to the liver éhzyme
has been detected (Raskin and Sokoloff, 1968). It too is §ADH-
dependent and pyrazole-sensitive. However, the activity of the .
brain enzyme is very low {Raskin and Sokoloff, 1972). i )

Eceleston et al. (1966) and Feldstein et al.

(1968) have noticed that reduction of the aldehydes derived
from certain brain amines requires NADPH rather than NADH.
Recently Tabakoff and Erwin (1970) have reported'on the
presence of an NAan-dependent. aldehyde-reducing enzyme in’
bovine brain tissue which is capable of converting aromatic
and aliphatic aldehydes }o their cﬁrresponding alcohol

derivatives. Usihq partially purified preparations isolated from

!
H
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rat brain, Tabakoff, Anderson and Alivisatos (1973) have just

¥

confirmed that the enzyme is indeed NADPH-dependent and pyrazole-

“insensitive, but that it is sensitive to pentobarbital. They

have cohcluerd that it is an aldehyde reductage, Thus, brain
tissue appears to possess two distinctly different enzymes for
aldehyde reduction: alcohol dehydrogenase and aldehyde reduc-

I
tase.

C. D-=-Tryptophan Metabolism

<

As eafly as 1931 Berg and Potgieter (1931) reported
that rats receiving the DL form of tryptophan showed no signifi-
cant difference in growth patterns f;om rats receiving only the
L-isomer. Later, Schayer (1950) synthesized DL-tryptophan con-
tg}ning lsN in the indole ring and separated this into the D and
L isomers. He tﬂzn showed that D-tryptophan is readily converted
to L-tryptophan in the rat. Oates and Sjoerdsma (1561) carried
this work further when they noticed that infusion of ng:hydroxy-
tryptophan into humans resulted in a signjificant increase in
serotonin and 5-hydroxyindoleacetic acid levels. They postulated
D-aminop acid oxié\se might convert D-5-hydroxytryptophan to
5-hydroxyindolepyruvic acid, which in turn cgul be transaminated
to L-5-hydroxytryptophan, The‘newly formed L>5-hydroxytryptophan
could then be decarboxylated by the enzyme, which is absolutely
specific for the L-isomer, to yield serotonin. Two recent publi-
cations have provided additional support for this‘pathway
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(Arendt, Contractor and Sandler, 1967; Yuwiler, 1973).

o
%

(1) . D-amino acid oxidase (EC 1.4.3.3) and

Transaminase . ‘

D-tryptophan + Hzo + O2 + indolepyruvic acid + NK3 + uzoz
or or ‘

D-5~hydioxytryptophan 5-hydroxyindolepyruvic acid
]

indolepyruvic acid + glutamine +.L-tryptophan + a-ketoglutarate

or ' or

5-hydroxyindolepyruvic L-5~hydroxytryptophan

, " While the above research was in progress, Lin, Pitt,
Civep‘and Knox (1958) and Sdﬂdler, Spector, Ruthven and Davison
(1960) reported that tryptophan-a-ketoqlutar;te transaminase
ané 5-hydroxytryptophan-a-ketoglutarate transaminhse activities
were présent in rat liver preparations. A few years later
Haavaldsen (1962) showed that r;t brain é;tr&cts possess trans-
aminase activitynand Tangen, P;nnum and Haavaldsen (1965)\were'

—able Fo purify a transaminase from rat brain which was specific
for tryptophah and S-hydrogytrybtophan. ”

In a similar fashion, evidence éqinting to the exis-
tence of D-amino acid oxidase activity in various tissues began ﬂ

about 1935. Krebs (1935) was the first to report that fresh 3
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liver and kidney slices were able to deaminate amino acids of o
the D series. Confirmation of kidney D-amino acid oxidase
activiEy was published a fey years later by Birkofer and
Wetzel (1940). Rat brain oxidase activity was first‘detected by
Edlbacher and Wiss (1944). This enzyme has since been found in
hhman brain, kidney and liver by Dunn and Perkoff (1963).
Thus, the above studies have provided strong support
for the metabolism of D-tryptophan by mammalian cells via the
S-hydroxyindoie pathway oncé i# has been converted to ;he L-isomer
by the oxidase and transaminase enzyme;.

4

(ifi)d D-tryptophan pyrrolase

D-tryptophan  =-==m—c—cc-ccea- D-kynurenine

Considerable evidence has now accumulated in favor of
the metabolism of D-tryptophan to D-kynurenine in intestine and
liver. Early studies by Kotake and Ito (1937) showed that when’
rabbits were fed large doseg’of ﬁ-tryptophan. Qﬁkynurenine could
be isolated from the urine. °These investigators were able to :
obtain conversion of D-tryptoppan to D-kynurenine in extracts of “
intestinal mucosa but not in liver extracts. Studies of the "~
liver enzyme by Knox et al. (1950) and Tanaka et al. (1959)
showed that the enzyme was absoclutely specific for the L;isonaf.
However, uqiﬁg a more sensitive chromatographic procedure for

the separa@ﬂon of D- and L-kynurenine, Loh and Berg (1971; 1972)
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have recently shown that rat liver can metabolite D-tryptophan
to D-kynurenine. They have also rcporto%aﬁhat D-tryptophan 4
pyrrolase is very similar to L-tryﬁtophan pyrrolase but they

have not as yet determined whether there are one or two enzymes

present in liver. Intestinal conversion of D-tryptophan to

§~ D-kynurenine has been studied by Higuchi and Hayaishi (1967).

Th o

L They have concluded: (1) that this conversion is not caused by

: ~ ‘intestinal ;1croflora and kZ) that a D-tryptophan pyrrolase ii
present in the ileum region of rabbit intestine. They have

: ' shown that some differences cxilt'botw;on the intestinal D- and
L-pyriola-c enzymes but they haVe not been able to dotognino

conclusively whether there are really two ensymes in the intes-

hl tine.

D. Comments :

The above review of tryptophan metabolism and of the :

oA

enzymes involved indicate that tryptophan is catabolized to

AL
A e

niacin and Co2 via the tryptophan pyrrolase pathway in the liver
and also in the intestine. Most importantly, it is not believed
to be a major degradative route in brain. During the course of

' the research for this thesis, interest in this pathway was gener-

ated by the idea that perhaps metabolites of the degradative
I's
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route circulating in the plasma might affect brain tryptophan
;tdhspott.

) \t——\
i/ .

I

1
;
b
&
:

¢ s
N v . - . o)
|, T ‘e et . s
. « I 4ot FEERRINLY; [ . - B -
ATRRRCR AT ETAL it e N Sk T AR S A TR A E AV i ! I
I CRERCR T . Aude



Lo

In brain then, there are only twé metabolic xoutc,

to So considered at the present time: the S-hydroxyindoic
pathway and the oxida-o—traéoaninuuc shunt. Of these, the pro-
duction of serotonin has generated the most interest since this

compound is believed to be a neurotransmitter and since it has

also been implicated as an important factor in depressive ill-
nesses. It should be noted, howonr. that very little trypto-
phan is actually metabolized by the brain, 8Sjoerdsma, Weissbach
and Udenfriend (1956) have ertimated that only 1% of the total
dietary tryptophaﬁ'iu‘metabclixéd to ncrotgnin. Sinc; serotonin ;
is produced throughout the bo&y, only Q imail fraction of that

T is actually produced by the brain. Excluding protein iyntha-

oy

for the control of intracellular tryptophan concentrations and,

sis, the S-hydroxyindole pathway is pfobably the major route of
tryptophan metabolism in brain,

Although tryptophan-$-hydroxylase is said to be the
rate-limiting -th in serotonin !ofmat&gn (Friedman, et al.,
1972), numerous reports have shown that alterations in brain
tryptophan levels can affect ueﬁétonin turnover in brain (Grahame- f
Smith, 1971; Tnglggnonte,¢T!glilnonto. Perez~-Cruet, Stein and
Gessa, 1971; Curzon, Joseph and Knott, 1972). Thus, it apﬁcarog N
in might . be a mechanism '

to us that t y of tryptophan-in

;heretoré. study of the particular characteristics of this entry

might be of concidoraplc interest and importance.
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3. Braiﬂ and Plasma Tryptophan Concentrations

a

ghe cellular concentrations of free tryptophan in the

[

brain depends on several factors: (A) the influx and efflux of

“this amino acid in brain; (B) the rate of tryptophan metabolism §
. and (C) the rate of tryptophan incorﬁoration into protein. Des- _}

) o
pite these factors, the free tryptophan concentration of adult s

brain remains fai‘}y constant. ﬁSch&rr. Thompson, Henderson,
Williams and Elvejhem (1950); Sourkes et al. (1970) ; and
Grahame-Smith (1971) have determined th;t rat brain tryptophan
concentrations rangé from 0.01 - 0.02 mmoles/kg.

During development the concentrationa of most amino .
acids in brain tend to deérease (Guroff, 1972). Several years
ago, Guroff and Udenfriénd (1964) showed that the brain:plasma

] ratio for tryptophan decreases significantly with age. More /
recently, Tyce, Flock and Owen (1964) have reported that the

brain tryptophan concentratxon of fetal and newborn rats is

'
T S

e

about three times that of the adult ooncentratxon. “Within the

first three days of life they showed that there is a rapid dec;ease
1 - ] A

vy Lp 3 = o
AR (P vg\ii T e L

in t ryptophan concentration‘followgd by a steady increase which

‘1'61":" .

- levels off at adult values in approximately three weeks; the ;%

* - ':\%
adult concentrations however, are aluays considerably smaller %

a ¥,

than those of the newborn. ' v ’%

s H

The total plas-n tryptophan concantration is much

oo 7,2 3

(- s
3
woe 3

03
'y

higher than the hrain concenttation, ranging fton 0.05-0.10 llolet:,*




,
‘ 36
,
.

| 4

McMeanamy and Oncley (195!)?hgvo:roportod that only 20% of thc'
éotil plasma tryptophan is in a freely diffusible form. ' The

ratio of free:bound serum trypboﬁhnn is sensitive to\chang.- in
. temperature, pH and ionic strength (lclrnany ot al., 1958),to
» various drugs such as probonocid. iilic*lneo and aspirin

.
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(Tagliamonte, Biggio and Gessa 1971): as well as to non-
/ esterified fatty acids (Lipsett, Madras, Wurtman and Munro,
1973; Curzon, Friedel and Knott, 1973). “
) Currently a number of investigators are postulating that
brain tryptophan chcentration is controllid by the level of
free serum tryptophan. Theae qroupl bll. their hypothesis on
the following cbservations: 24~-hour tood-deptivution in rats '
(Knptt and Curzon, 1972; Tagliamonte, Biqqiq. Vargiu and Gessa,
1972), hepatic devascularization in pigs (Curkon, Kantameni,
z$':l'im:h. Rojas-Bueno, Murray-Lyon and Williams, 1973), or 3-in'our
immobilization of rats (xnott et al., 1972) causes significant
increases in frae ‘Serum- txyptqghan and in brain tryptophan but

e |
Rt S

the total plasma tryptophan concentration rc-nins unchanqod
B This hypothesis, however. has been questioned by the study of
E ; Madras, Cohen, n'tnstron. L:::::t:::ffL:ff’!Eff!!fﬂllglllfsz—r’ﬁ”f
Madras et al. (1973) have s a high carbohydrate diet ‘
: ‘causes decreased free serum ttypébphqn but increased brain ttypto-l-
: _

5 phan concentrations in rats. They argue that when rats are fed
‘such a diet, the non-esterified fatty acid concentration in the

.
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serum is docroaucd."sinco non-esterified fatty, acids are

known to alter the affinity of tryptophan for serum albumin
(Curuon. rriodcl and Knott, 1972) then docrtalon in thooo latty
acida cause increased bindlnq of tryptophan and a lower free
concentration. Thus, hhoflcoﬁoludo thag free serum tryptophan‘
does not predict changes in brg}n tryptophan caused by‘uuqh
physiological inputs as eating but that free serum tryptophan -
might be ébtrolatud with brain tryptophan after treatments such

as drug administration or fasting. =

¥

o
" . : .
4. Introduction to Transport

-

Studies 1nd1c;:1ng that th; brain ci}l tryptophan
concentratigf_fgﬁ;;hn fairly constant. are turéhor proof for the
role of the cell menbrane in the -aintonanco ot cellular ho-.o “
stasis. For many yaar' it has %hon ovldont that moleciles and
ionl penatrate cell mnmbranol at varying ratoz and uith varylnq

degreca of solectiviey. Thic ovidonee has qIVtﬁ lupport ‘to the

., how accepted concept’ that cell membranes are not inexrt barriers

s

o

IR P,
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separating intracellular and extracellular environments but rather

that they are dynamic physioloqical ltrnctur.o capcblo ot facili-

tating or obsttuctinq the eptry ftor exit) of a -oloculo or ion, -

o

‘ A. Simple or Pa.sivc Diftulion
Tha limplost form ot tranlport actoos a cell annbr‘hc

™
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is "simple or passive diffusion" (Danielli, 1954). In such a’
case, the substance being treneported moves along its electro-
chemical potential (or concentration) gradient until the gredient
diuppearo. This proceu requires no energy expendltute ‘by the
ce11 and results in an equivalent concentration of the tranlported
substance on either side,os the«nelbnzee. Owing to the co-plextty
of cell -e-eranee.,however. this type of transport occurs infre-

quently. b , ‘ )

-

v

B. Pacilitated Diffusion

4

Ueually°eubstenqee which diffuse across cell -e-brenel

do so by "facilitated diffusion® (Danielli, 1954). 1In facilitated

diffusﬂon, the net thermodynamic result is equivalent ‘to the pro-
cess of simple diffusion with the subeté:ze being treneported
moving in ‘the direction’ determined by the electrochemical po@en-ﬂ'q
tial (or concentration) gredie;t. As in' the caes*Gt simple dif- '
fusion, eatinput of celluler ehergy is requitedfior transport.
By,faciliteted diftueion, a 1:1 ratio of the intxecellular:e;tre-

. cellular concent}ati?p of theatfenspsgted substance is attained .
but the rate at uhich.thih equilibriu- }s achieved is much greater
than would occur by silple diffusion. Por this reason investige-li f
.tore have - postulated that cell -enbranee pod-ele mechanisms |
whereby a substance can be carried" mto a cen. mee‘enct

nature of these carriers is still the subject of udch study but
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rr )
one can say .that at the vgfy least, they enhance or facilitate

the?tr&nsport of a substénce across the cell membrane. In the

’

N / , . )
case of facilitdted diffusion, t?:se carriers may distinguish '

between stereoisomers, dallow strueturally analogous compounds

J

to réduce'the movement;Gf.a'sqpétange across the cell membrane,

and can be affected by certain meta?olic inhibitors. Also,in a ¢
facilftated'diffusiog,process, the raEe of penetration by a
transégrteq substance may hoﬁ be directly proportional to the
concentration of that substance in the extracellular fluid but

¢ ) L * - . [] '
rather may reach a limiting-value. In a simple diffusion process

e v

no saturation value can occur. ;

19

€. Active Transport

v

A number of substances, notably ions, sugars and amino
acids, arge concentrated inside various cells; that id, they dre
transported through cell membranes to higher qlectrdchem{cal .

) . )7 -
potentials (or concentrations). Such transport ptrocesses, known

.as "active transport" require the expendiéure of cellunlar enérgy f
'either from-the hydrolysis of cellular ATP and/or from the poten- X

tial ehergy'of an ion gradient. - These processes are characterized n,f

by saturation kinetics which can be described by adaptations of,

the Hichag}is—uenten equation. Analogs of the substance being

1

transported usually inhibit competitively. g
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Current hypotheses conberning the mechanism by which

. * ',‘:
a substance is actively transported into a cell all support the e

idea of a carrier within the cell membranel To date two differ- '3
eft concepts of this carrier have been proposed:: either it is a i
mobile carrier which moves thxough the membrane or it is fixed in
the membrane and the substance gets into the cell by moving alonéi
adsorptive sites on the carrier. Most researchers today favor |

\ 5

~some varjation of a mobile carrier concept and it is this concept

which will be_d;scussed further here.

D. Mobile Carrier Hypotheses

L B

* a_Mobilé ca#rier hypotheses postulate that the substance
to be transported binds to a receptor site on the carrier which
‘is situated on tKe outer side of the cell membrane. This c;rrier
complex then translocates through the membrane. Inside the-ce1;~‘
the substance- is released. In the case.of a facilita&ed diffusion
process, the movement i; dow; a concentration gradient,‘i.e.,aéhe~

1

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

i "exchangé diffusion" process (Ussing 1947; 1949), the carrier

picks up another molecule of the same substance ("homoexchange®)

or a structufally analogous substance ("he%ergex hange") at gﬁe
inner side of the membrane and carries it to the outside where
the substance is released. In an active transport érocess, the
substance is carried into the cell against its copcentration

gradient..
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E. Enerqgy Requirements for Active Transporﬁ
° n = )

The driving force for this concentration process has P

At
.
“\
v
~
)l

been the object.of numerous exhaustive studies, none of which
has answered thé question conclusively. Most investigators ﬁ

AY
agree that cellular energy must be expended. The energy source

is believed to be ATP bécause metabolic inhibitors (cyanide, '

Z,Q—dlnittophenol. arsenate, iodoacetate, etc.) of ATP formation @

1nh1b1t the 'active transport process drastically. In addition %
_ to ATP, however, .the intracellular and extracellular Nat ana x*

concentrations are important for uaxiQ?iAaccumulation.

F. The Sodium-Gradient Hypothesis

s

;

]
}

A number of years ago, Crane {(1965) postulated that a

T 4.

Ta A "

sugar or amino-acid could be conLgntrated by an intestxnal ‘cell

Coa

in the following manner: a carrier with two binding sites is e o

present on the outer side cf the cell membrane, One site is ;

specific for the sugar or amino acid and its analogs. The otheg

A

3ot S A e SRR

< f

site binds Na+ or K+ ions. In order for translocation to occur,
. I
both binding sites must be occupied. When this occurs, the
yd substrate-ion-carrier complex moves through the membrane (in

N other words, the substrate and ion are ”co-trahgported‘) and /

releases the substrate and ion into the cell. Now the ion bind-

A

ing site, hou?yer, has a different affinity for exé}acellular
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i Na* ana x* . If Na* is bound to the carrier on the outside,

the conformation of the complex is such that the carrier moves
rapidly through the membrane and the substrate is accumulated
withip the cell. When K'-is bound to the carrier, the conforma-
tion of the complex is such that translocation oécurs slowly and
°very little substrate is accumulated. Crane fﬁrther postulated
that since the K' concentration inside the cell is 10-20 times

greater than the Nat concentration, the Na' - x* ATPase present

in the cell membrane pumps out the Nat with the concurrent hydro-

" 4
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lysis cf ATP and it is this energy expenditure which maintains the

substrate concentrated inside the cell againstcifgréradient.
Many investigators concur with this hypothesis, i.e.,
that it is the downhill Na' gradient which drives the uphill
accumulation inside cells of sug&rs and amino acids. Thus, .
Vidavé: (1964?; 1964b),'bidavet\and Shepherd (1968) for glycine

transport into pigeon erythrocytes; Eddy, Mulcahy and Thomson

L(1967) for glycine transport; into Erhlich ascites cells and

Curran, Schultz, Chez and Fuigz (1967) for alanine, valine“and
leucine transport into rabbit ileum grovide‘resulta,UQich agree *
in principle- with this hypokhesis. More recently however,‘
Potashner and Johnstone (1971) have obtained data which, conflict
with this theory. They report that ce;lular ATP. and extracellu-

lar Na+, rather than a Nat gradient are required for the optimal

- accumulation of glycine and methionine by Ehrlich ascites cells.
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These investigators suggest that their results indicate that
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both Na' and ATP act directly on the \tep involved in amino

acid uptake into the cell., < I

S. _Tryptophan Transport into Various Tissues

A. Intestine %@ Ny
¢ Early evidence for the accumulation of tryptophan was

reporteé by Spencer and Samily (1957). Using everted hamster
intestinal sacs, they showed that at low concent%ations (5 mM)
tryptophan could be ttansporéed from the mucosal to the serosal
side of the membrane and accumulated against its gradient.
Similar to the uptake of phenylalanine (and tyrosine, tﬂ;s trans-

port process is éompletely inhibited‘bi;high tryptophan concen-
trations (20 mM); a phenomenon which had led Wiseman (195§) éo .
report initially that tryptophan was the only amino acid not ~
acgively\tr;nsported by the intestine.ﬁ Spencer et al. (1957) .
also observed that tryptophan is transported best by middle'
sections of the inteatine when compared with studies on sections
from either end. On the basis of their results, ;hey postulated
that the four aromatic amino’ acids (tryptophan, tgfosine, phenyl-

alanine and histidine) share at least ohe common step in their

1
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intestinal absorption. Spencer, Bow and Markulis (1962) and
Lin, Hagihira and Wilson (1962) later showed that tryptophan
trangport is ltructuraily specific; the inteatinal process
requires the u-aming group and will not t#fﬁiport the D-igomer
of tryptophan. Cohen and Huanq (1964) observed that ty¥ouine g
and phenylalanine inhibit hamntcr intestinal tranlport of trypto-
phan competitiyely: that thil tranlporc procell is located

mainly on the mucosal side of the mombrane and that replacement

of Na' by Li* or k* markedly .inhibits transport. Methylated

- and N-chloroacetylated derivativea of tryptophan can be trans-

ported by this preparation at a much slower rate than L-trypto-
phan but D-tryptophan, S-hydrbxy-ﬁ,L—tryptophan. tryptaminé aﬁa'
é-hydroxytryptamine are not tfansported qf all. Using eJerted
sacs of Fat small intestine, @upck (1966)‘conciuded that trypto-~
phan is a substrate for the carrier of the diamino acids (argin-

ine and lysine) as well as the neutral amino acids (methionine

!

and leucine). More recently, Reiser and Christiansen (1973) have-

shown that epithelial cells of the rat intestine have two distinct

Gmiﬁo acids

alanine exchange transport systems, one for neutral
and one for basic amino acids. Tryptobhaﬂ, a large ueutral amino
acid has a,weak ability to exchanqe with 1ntracellulat alanine:
also 1 mM alanine 1nhib1ta the uptake of 1 mM tryptophan by -

approximately 20%.

e 447 0
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;o B. Ehrlich ascites cells ‘ o

Riggs, Coyne and.éhriltonlon (1954) were the first t6
\

elucidate tryptophan transport into Ehrlich ascites cells. Thoy i
’ found: (1) that tryptophan is ltrongly?;ccumulatcd by these
cells; (2) that D,L-tryptophan is more weakly acéumulated;
(3) -that the priqgry ;mino group is absolutely elfential for
tryptophan entry and (4) that loss of a carboxyl group or addi- -
tion of a methyl group does not make the membrane impermeable to
such a tryptophan derivative. Jacquez (1961) later reported
thag at low extracellular ttyptophan'concentrations (1 mM), the
initial rate of uptake is linear for less than one minute. With
high extracellular tryptophan concentrations (30 mM) the initial
\\\;F_ rate of uptake is linear for 10-15 mingtes and steady state is
\\\ . reached only after 120 minutes of incugatien. Lowvconc;ntrationc
. (1 mM) of histidine and leucine stimulate the rate of uétake of
i? 1 mM extracellular tryptophan whereas high extracellular con-
centrations (5 mM) of these amino acids decrease tryptophan up-
take by 13-15%. Oxender and Christensen (1963) have noted that
tryptophan uptqﬁ;’is almost coméletely inhibited by phenylalanine

whereas glycine and alanine caused lgll than 408 inhibition.

C.. Escherichia coli . : ‘

“An inducible tryptophan transport system in )
Escherichia coli has been cbserved by Boezi and De HOII (1961)




* 46
This system has the following properties: (1) K tryptophan i
A 2
accumulation is stimulated by Mgz+ inhibited by Mn2+ and
unaffected by Ca2+ or Na+;

(2) 2,4-dinitrophenol, sodium azide,
pyruvate and glucose inhibit tryptophan uptake whereas for-ate'

stimulates tryptophan accumulation. These i\vestigayors conclude
that it is an energy requirigg process sincé metabolic inhibi-
tors, decrease transport. IThey suggest ;hat the glucose and i
pyruvate inhibition may actually be caused by a metabolic inter-
mediate of these compounds which acts on the transport process;

(3) phenylalanine and methionine stimulate tryptéphan uptake
wheregg serine, valine, glycine, D-tryptophan, S-methyl-D,Q
L-tryglophan, 5-hydroxy-D,L-tryptophan and indole decrease up-

take, and tryptamine and anthranilate have no effect.

(4) the
. .
system is inducible because the tryptophan accumulating capacity

increases with increasing concentrationékofLtryptophan in the

growth medium. -This induction is inhibited by chloramphenicol.
R D-
é. 1

Human fibroblasts

!
‘Since Hartnup diseage in humans is characterized by

F

impaired renal and intestinal absorption of tryptophan, Groth
and Rosenberg (1972) set out to discover whether this impairment

might be reflected in the skin fibroblasts of patients suffering

from this disease. They have been able to demonstrate that

tryptophan uptake by cells from a chiid with Hartnup disease is




identical with that of.cells from a normal subject. Furthex- o

- more, they reported that this uptake process is saturable and |
- that there are two systems: a low affinity system with g Ky of

5 12.5 mM and a high affinity system with a K of 0.02 mM. These
uptike processes are both Na*-indepondont. Ouabain and

2,4-dinitrophenol do not inhibit either system; cyanide in-

hibited the high affinity system but not the low affinity system
and p-chloromercuribenzoate aﬁtectid\both systenms. Thdi, €§ey
concluded that the gene loci nﬁtant in this disease is not ax-

pressed in cultured human fibroblasts.

o

E. Brain

. The early in vivo and in vitro studies of aromatic B
amino acid transport in rat brain were. done by Chirigos,
Greengard and Udenfriend (1960), Guroff, King and Udenfriend
(1961) and Guroff and Udenfriend (1962). Initially these in-
vestigators noticed thgtlig vivo accumulation of L-tyrosine is

‘ ) :
inhibited by L-tryptophan and to a lesser extent by D-trypto-

Y R,

phan (Chirigos et al., 1960). Additional studies of tyrosine

1

uptake by rat brain slices confirmed this tryptophan inhibition
(Guroff €t al., 1961)." More direct inveatigatiop: ot'ttypqpphan
transport showed that in vivo ig-inistr&tion of L-tryptophan .

causes marked increases in brain and plasma conconttations.6}

4 this amino acid. When D-tryptophan is injected, however, much
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less enters the brain (Guroff et al., 1962).
Until 1970 there were no further ::ﬁaiel specifically

of brain tryptophan transport. During the intervening years

(1961-1968) , however, thorough investigations directed by Abel
Lajtha in New York produced a gcncrilized concept of ayino acid @
transport into brain. In the course of these studies; tﬂ;/

effects of tryptophan on the brain transport of a number of- ¢
\ v

amino ac}ds was repgrted.

Thus, Blasberg and Lajtha (1965; 1966) and Neame (1966;
1968) have éstablished that each amino acid does not have its
own carrier or tranapbrtlaité on the brain cell membrane. In-
stead, it appears thatytdere are at least-six tranuport‘qitea
which can be readii& distinguished and which transport groups of
;nino acids of similar atructd:e and charge. Theie groups or
classes are: (1) acidic (aspartic, glutamic); (2) small neutral
(alaﬁine, glycine, serine, threonine, u-aminoilobutyiic, cyclo-
leucine); (3) large neutral (leucine, méthionine,rtryptophgn,
tyrosine, phenylalanine); (4) lm;ll basic (2,3—diamin0pf6pionic,
3,4-diaminobutyric); (5) large basic (ornithine, lyline; argin-
ine) and (6) GABA. In addition, there may be a seventh group
or a sub-class of the neutrgl hydroxyproline, sarcosine, betaine\
and histidine. _

Blasberg et al. (1965; 1966) have further reported

that these groups can be distinguished whether the steady state

o
I
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accumulation or initial influxes of these amino acids into

slices are studied. However, there appears to be some overlap

A
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: . of specificity. They have concluded, thereforef that each amino
: " acid has a high affinity for a primary transport gite and a much
. lower affinity for a secondary transport .1t;: These 1nv.|gx§a-,
tors have alqo noted the li‘ill:it} between their grouping of

the amino acids and those of Oxender et al. (1963) and

-

Christensen (1964) for Ehrlich ascites cells. Thus, they suggest’

that the "A" and "L" systems for neutral amino acid transport in

Ehrlich ascites cells correspond tonthoir small and large noutrai

¥
L Sem
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groups respectively, while the "A+" and "L+" groups correspond
to their small and large basic amino acid groups respectively.

In vivo experiments by Battistin, Grynbaum and Lajtha (1971) o
’ have shown that the same type of substrate specificity operates %
in the 1iv1ng brain. Studies of the substrate specificity of ' ‘ﬁ

exit of u-an;noioobutyric.acid. leucine, lysine and glutamic
acid by Levi, Blasberg and Lajtha (1965) have indicated that the
pattern for exit Er;n slices is simildr in many ways but not
identical- to the pattern for initial "influx and steady ltlt;
accumulation. More recently Crnic, Hammerstad and Cutler (1973),

using a number of other amino acids have reached the same con-. y

&

. ¢lusion, o

Following the initial in vivo account of a concentra-

Al

tive mechanism of tryptophan uptake by rat brain (Guroff et gl.:
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1962), Neame (1964) reported that tryptophan inhibits histidine .-

? | " uptake into rat brain slices and Blilb?rg et al. (1965) showed

‘ that 10 mM :egiunltryptophan concentration's ‘inhibits the uptake

of 2 u\q nediun concentrations of the following amino acids:

xo a glycine, alanine. proline, leucine, phenylalanine, arginine and

ﬁ - lysine-also into mouse brain slices. Thus, at the outset of this

A thens very little was knoum about ttyptophan trmport in brain.

3 However, séveral short co-mications and abstracts

‘ had indicated: (1) that 10-20 mM concentrations of glucose.

pyruvate, lactate and oxaloacetate stimulate the concentrative c

l . t}xptake of tryptophan into brain slices while 20 mM a-ketoglutar- -
ate, succinate' and fumarate have no effect, and N,, sodium azide,
sodium cyanide‘ andb 2,‘4"-dinitt0phengol significantly inhibit uptake
(Barbosa.dJoanny and Corriol, 1968);. (2) that the 'i for trypto-

phan transport into brain slices increases when Ma' is absent

»

- - 0 from the mediun. Also, addition of 0.1 mM ouabain or removal

of K ;ro; the incubation -ed:lu- decrease trypwphan uptake
(Joanny, Barbqsa and Corriol, 1968); (3) that tyrosine and
phenylalanine i.nhi,bit tryptophan uptake while alanine, tyrosine
and phenylalanine atimlate tryptopban efflux from slices
(Joanny, Corriol and Bil,l-nn. 1969); and (4) that tryptophan can
‘be actively transported into rat/ brain symptéoo-u ' (Grahame-
Smith, Parfi}t, Warnock land Taylor, 1969). PFull length papers

"detailing the preceding findings have been published recently
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by the aforemenfioned'invéatigat:ors.~ These results will be ' ! ~3

discussed furthe;lin a later section of thié‘thesis in conjunc- &f

” . ftibn with results obtained by this author. - b ' o
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Sigma Chemical Company, St. Louis, hissouri. -

6. Materials : , . -

A. Radioactive Compounds

2

Inulin;{carboxyl-“cl specific activity 2-4 mCi/qg.and

L—tryptophan-{carboxylk'“C} speciflc activi%y 9- IZH-Cilnnole were'

both obtained from New Bnqland Nuclear Cbrporation, Boston, .

Massachusetts.

Il

o
Y \ R \ '

B. Other Chemicals _ a ‘

. . ]
New England Nuclear Corporation, Boston,Massachusetts

also supplied 1,4-bis-2- (4 -ethyl—s;phenyloxazole)-benzéne -
(dimethyl POPOP) and 2,5 diphenyloxazole {PPO). ) 45 . s
Glycine, L-histidine, L—tyrosine, L~pheny1a1anine,
Lemethlonine, L-alanine, L-qlutanine, L-1y81ne -onohydrochlorxde,
L-vallne, L-arginine hydrochlorlde, L-1soleucine, L-threon1ne.

L-glutamlp acia, querlne, L-proline, pydgoxy-heprol1ne, DL-a-~
mgthyltrthophan n;nohydrate,\kynurenic acid, xanthur;nic qéid,
D,L-indole-~3-lactic acid, nﬁcotini; acig,'pdcolinic acidb,igdole- .
3-acetic acié creatinine sulfate an? inulin were purchasedléron

.

L-cysteine hydrbchloride hydrate, y-aminobutyric acid,

L-kynurenine ‘(as the free base), L-3-hydroxykynurehjne, N' formyl-

‘L-kynurenine monohydrate, anthraniljc acid, tryptamine hydroJf

chloride, éerotonin:preatinine sulfate complex, L-5-hydroxy-

tryptophah. 54h96rox§indoleacetic acid the cyclohexyla-obiui

a
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salt with methanol, p-frictone; D-lactic acid (Lithium salt), |
and pyruvic acid élodium n&lf) ware obtained from Calbiochem,
Los Angeles, California.

The ﬂoilowing‘itemu ware bought from Nutritional Bio-
chamicals Corporation (N.B.C.} Cléveland, Ohio: p-aminobenzoio
acid,'D-biotin, folic aciaq, éhiaminé ﬁydrochlgride, vitamin By,
0.1% trituration in mannitol, D=-caleium pantothonnte,-monadiona.

(vitamin K), quinolinic acid and casein hydrolylaﬁe.

e
-

Ouabain[(Strophanthin G), DL-p-chlorophenylalanine,

G—methyf:n L;tryptophnﬁ and 6-methyl-D,L-tryptophan were supplied

by Mann Research Labcratorienp\ggxb:ork City, New York,
" Quinaldic acid, choline “hloride, nicotinic acid, .

riboflavin and D,L-tryptophan were products of Eastman Organic

Chemical Distillation Products Induatries, Rochester, Nﬁw York.

2, 4-dinitrophenol, sodium cyanide, lithiuh chloride,
ngphthalene,dioxane and D, L-tyrouine’were ordered from Fisher
SCientific Co. Ltd., Montreal, Quebec.

L N a-methyl-5=- hydroxy-D n>tfy9tophan and L-leucine were
obtained from Merck, Sharp}and Dohme Research Laboratories,
Rahway, New Jersaey.

The Upjohn Compan&, Kalimazoo, Michigan provided
4-hydroxy-D,L-tryptophan and’ a-methylserotonin.

BDH Ch&m%calg Ltd;, Poole, England supp}ied cesium
chioride} }ubiQigm chloride, thallou; chloride and iodoacetamide,

~
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Succinate was obtained from Eastman Kodak Co., Rochester,
New York while D,L-phenylalanine was purchased from J.T. Baker
Chemical Co., Phillipsbﬁrg, New Jersey. Triton X-100 was ordered
from American Hospital Supply Corp., Harleco’Division, Phila-

{ .
delphia, Pennsylvania. Crystalline sodium citrate and inositol -

9 —

were bought from Anachemia Chemicals Ltd., Montreal, Quebec.

Machery Nagel & Co., Germany was the supplier of Cellulose 60°¢

‘(Cellulosepulver MN 300). Sucrose, Benson's corn starch, Crisco

fat and Mazola corn oil were grocery products from Steinberg's
Ltd., Montreal, Quebec. Pyridoxine hydrochloride was obtained
from Chas. Pfizer and Co., New York, New York. L-tryptophan was
a product of the Matheson Coleman and Bell Division of The
Matheson Co. Inc., Norwood, (Cinc{hnati) Ohio.

All other chemicals were reagent-grade chemicals which
were obtained locally and which were used without further puri-

o N N
fication.

4 \
C. Animals . t& .

Male albino rats of the Sprague-Dawley strain (130-150 g)
were purchased from Canadian Breeding Farms and- Laboratories Ltd.,
St. Constant, Quebec, at least one day béfore use. The rats
were fed standard Purina rat chow ad libitum, except wher; noted.

Adrenalectomized or hypophysectomized animals (130-150 g)

were obtained from the same company two da&s after the respective

organs had been removed. The adrenalectomized rats were fed

e

. »‘;;
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staridard Purina chow but were given saline to drink. The: ¢

hypophysectomized animals were ‘treated in the same manner as

normal rila. Both groups of animals were kept tor about five
dafs before use. During this period body weights were recorded;
hypophysectomized animals which showed significant weight gain L

were not included in the experiments.

R




7. METHODS

A. Tissue Preparation and Incubation ‘

‘Rats were @ecapitated two at one time and the heads
were taken immediately into the cold room (approximately 4°0).
The brains were quickly {emoved and placed on Parafilm in.cov-
ered Petri dishes containiﬁg moistendd filter paper. Using a
Stadie-Riggs microtome, two dorsal(purface slices and two lateral
surface slices, 0.5 mm thick, were obtainea from each brain..
One dorsal and one laterai slice were then weighed together
(50-100 mg) and placed in a small flask with 3.0 ml of Krebs-
XRinger_phoéphate medium (pH 7.0) cooled to 4°C and containing
the following: NaCl, 145 mM; KCl, 5.5 mM; CaClz, 1.5 mM;

MgSO4u 1.4 mM; Na HPO‘, 10 mM; glucose, 10 mM. The time

2
interval from sacrifice to immersion of the cortical slices in
the incubation medium was routinely held to 10-12 min; Thé
flasks were preiincubated at 37°C on a Dubnoff shaking wat;r-
bath in an atmospﬁere of pure oxygen or nitrogen. After 10 min,
the medium was removed and a fresh solution of Krebs-Ringer
phosphate, containing 10 mM glucose. carrier tryptophan and
L;%r tophaq-{carboxyl-’“c}. was added; the specific activity
of t:Z tryptophan was 9-12 uCi/umole.

Tran?port was halted by placing the flasks iﬁ.ice at
the end of the incubation. The medium was immediately with-

© ~ drawr a&nd stored for subsequent counting.in Bray's’ (1960)

14




solution. The slices were removed, drained of excess Iiuid 4

and weighed to determine the amount of swelling before beiﬁg.'
homogenized in 2 ml of an ethanol-trichloroacetic acid mixture
contaiﬁang (v/v) 1 part of 95% (v/v) ethanol to 4 parts of 5%

(w/v) trichlogpacetic acid. The homogenates were allowed to . .

i)&

\gtand for 60 min before being centrifuged at 2,000 g for 10 min

in an International Bench Centrifuge. The pellets were treated

1
AL}

a second time as alfeady described. R

B. Determination of Tryptophan Uptake

Portions ‘of the medium (0.1 ml) and of the two tissue
extracts (0.5 nl) were ;daed to 10 ml volumes of a modified
Bray's (1960) solution {containing 333 ml of tolpene.‘333 ml of .
dioxane, 333 ml gf 95% (v/vi eth;nol, 80 g of:naphthalene, 50 mg
of 1,4—bis-2—(4 qethyl-s-phenyloxazcle)-henzene (dimethyl POPOP)
and Sq of 2,5 diphenyloxazole (PPO)} or 10 ml volumes of a
toluene-Triton X-100 solution {containing‘700 ml gﬁluene, 300 ml
Triton X-100, and 5 g PPO} and were counted in a Beckman LS-250
Liquid Scintillation Counter. Efficiency was calculated to be
90 per cent using a toluene -!°C standard solution.

:z

C. Estimation of the Inulin Space Correction Factor

\ r

{ Rat brain cerebral cortex slices were prepared as

described. One dorsal and one lateral slice were wejighed

N
. ’ . . 1
<



togather (50-100 mg) and were placed in a small -flask bontaininqh
2,9 ml of the Krebs~Ringer phosphate glucose mndiumloutlinod
above which had been cooled to 4°C. The flasks were tfanltérro¢
: to a Dubnoff shaking waterbath at 37°C and a 0.1 ml aliquat of »
. inulin -{carboxyl-'*C}, 2-4 mCi/g was immediately added to each.

In experiments where cold carrier inulin was added as well as

7

. the radioactive inulin, the 0.1 ml aliquot was of a 0.5% inulin

solution containing inulin-{carboxyl-!“C}, 2-4 mCi/g. Incubations

were carried .out in an atmosphere of either{pure oxygen or nitro-

s

gen. Following the incubation period which ranged from 30 min

to 180 min, the beakers were removed and placed on ice. The
medium was withdrawn and the slicdes were treated in the msame
manner as for the transport experiments detailed above. The media

and tissue extracts containing radioactive inulin were always:

allowed to stand overnight at 4°c before aliqpots of these wére
added to either Bray's (1660) solution or toi&ene-T;iton X-100
solution.'and counted with greater than 90% efficiency. S8ince
inulin precipitatas quite readily from scintillation mixtures,
Cohen (1972) advises that the medga and tissue extracts stand

{

/Ei overnight so that the inulin can hydrolyze to fructose.

- .

\ ) .
D. Dry Weight Determination . -

o
&

& 1
7 Tissue slices were prepared and incubated as described

above in the estimation of the inulin space correction factor.

i

7




* volumes of (v/v) propanoliether (1:2), (v/v) propanol:ether:

o

59
Following incubation, the slices were blotted, placed on(tnrcd
aluminum weighing dishes and were dried overnight nt 108%.
The dry weight of cerebral cortex slices was %8 5% ¢t 0.8 (8.E.) .
(n=18) of the initial fresh weight of the tissue. The duration

ot 1noubation had no significant effect on the dry weight.
Similarly, the ‘dry waights of slices whioh were determined .
directly, i.e., without incubation, were also not significantly
different. . -

E. Incorporation of L-Tryptophan=-{Carboxyl-'"c)

ingo Protein in Vitro

Rat brain cerebral cortex llicel‘were prepared and
incubated fo; 1§ minutes as described. Following incubation,
free soluble tryptophan was extracted from the slices by two
successive treatments with trichloroacetic acid-egpanol solution
au;outlined above. Radioactivity remaining in the pellets after
the second extraction was aasumed to Qe tryptophan which had
been incorporated into protein. This radiocactivity was detected

as follows: the pellets were extéacte@ successively with 5 ml

chloroform (2:2:1) and petroleum ether. The residual protein )'

was dried under a stream of nitrogen and then was dissolved in

0.8 ml of 98% formic acid. To this mixture, 15 ml of lcintilla-

tor was added {toluene:ethanol = 7:3 containing 10Q mg of -
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¥
dimethyl POPOP and 4 g of PPO pe¥ liter}. Using this procedure,
our results showed th;t less than 3% of the total radioactivity
in the éisauelwas associated with the pellet following a 15 min
incubation in the presence of 1.0 mM medium L-tryptophan.

-

F. Preparation of Tryptophan-Deficient Animals

The rats used in the tryptophan deficiency expefi-ents.
weighed 130-140:‘g initially. 'They were fed solid semi-syntlhietic
diets designated as control or tryptophan-deficient. Qiéts were
prepared with the following ingredients (g per 3 kg batch):
acid-hydrolysed,j;itamin-free casein 660:,oorn starch 870,
sucrose 900, partially hydrogenated fat (Crisco) 180, corn oil
(Mazola) 60, powdered cellulose 60, dnd modified Rogers-Harper
(1965) salt mixture 150. The composition of the salt mixture
(percentage by weight) was as follows: ammonium molybdate
0.0025, calcium carbonate 29.290, calcium phosphate 0.430, ™
maqnésium sulfate 9.980, manganou; sulfaté 0.121, potassium
iodide 0.0005, potassium phosphate 34.310; sodium chloride
25.181, sodium selenite 0.0015. Each 3 kg batch of feed éon-
tained the following vitamins (mg): biotin\G,.folic acid 12,
riboflavin, thiamine hydrochloride andﬂpyrido;ine hydréc@loride
75 each, vitam}n By, 0.1% trituration in mannitol and nenadione
150 each, calé&um pantothenate 195, nicotinic acid tniacin) 300,
inositol and p-aminobenzoic %c;d 330 each, and choline ch;oride
+5010. The following amino,acids were included in each batch

2 . - !
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(grams): D L-phonylalanine 26, and D,L-tyrosine 26. The control

diet also contained 7 g of D L=tryptophan and/SSg of sucrose;
deficient diet had no added tryptophan, but, 1nc1uded an additional

[
'
.
]
~
N
n
*
A
5

62 g of sucrose over the balal diet. Pinall?.,both batches of
feed contained 0.9345 g ferric éfﬁt;te, 60 mg cupric.sulfath
and 30 mg of zinc chloride. Thé éninala were given food and
water ad libitum. Body weij%ta weré recorded daily. At the end i
of twenty-eight days, the control animals had increased in weight f

to 255-280 g whereas the tryptoph!ﬂedeficient animals weighed .

100-110 g. a Co '
- * A

8. Calculations

4

1
[4Y

A. Total Tissue Water

The total weight of rat cerebral cortex slices after

iy

incubation is comprised of (1) intracellular water originally
present in ;he tissug, (2) extracellular water present initially

in the tissue, (3) swelling fluid which ‘the tissue acquires during }

1 4 - - -ﬂ

(T incubation and (4) tissue: solids (dry weight). Thus, the total %
tiséue‘water was c&lculated as follows: ‘ -

’ /;\ Total tissue water (ul) = Swollen tissue weight (mq)-Dry Hbight (lg)f;

' (after incubation) (after incubation) 4

(1)

o~ “w




B. Inulin Spacé ) o

d i
Inulin space is calculated from the amount of radio-

active inulin in the slice in relation to the amount of radio-"
. i .

active inulin in the incubation medium in th?.following manner:

) *
Inulin space - Total tissue counts per min
- Medium counts per min per ml "°
(8 initial fresh weight) v
. . ! 103
Initial fresh welght (mgq) . {(2)
: Aerobic inulin space~ h Inulin space swelling
Corrected for tissue swelliny = (% initial fresh - fluid (% -
(%) initial fresh weight) weight) -~ initial
' . ‘ fresh (3)
| ) - weight)
. @ *
R W, b
C. Non-Inulin Space
‘Non-inulin space Total tissue water ’ inulin space
" (% initial .fresh = (% initial fresh = (% initial fresh (4)
weight) weight) ' weight) :
! ‘ D. Assu@étionsRequired for the Inulin Calculations ¢

' . The above equdgions are based upon the following )

-

« assumptions: -

" 1. The specific gravity of rat cerebral cortex
slices is 1.00.
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2. Inulin is located essentially in the extra- Y
cellular fluids of the tissue. f
b

3. The extracellular compirtment is continuouo
with the incubation medium so that the concen-
tration of inulin in this space following

3 incubation is the same as that of the incuba-

. ) tion medium, a

y 4. The non-inulin apace obtained by subtracting

3 " “the inulin space from this total tissue witer

is the true intracellular volumef'of the incuba-

ted tissue.
- » 5. The tissue dry weights dotorlinod\ahpurately
. - .on sets of similarly prepared slices are com-
; , \ parable to the dry weight of slices which were
: ' actually incubated with inulin.

| 6. e swelling which occurs under' aerobic condi-
O tions occurs only in the extracellular space
(except during the incubation conditionn listed
in Tables 3 and 4).

E. Tryptoghan Uptake
. . : | / '
The total quantity of radioactive tryptophan in the
: intracellular wSter-of slices of rat cerebral cort?; immediately
following incubation was usually calculated'accofdinq to the

equg;ion:

PR j‘v’"'}-‘)"“ A

Total radiocactivity/ml intracellular water =

s ' s ~ ¢ ] ¥
” Total radioactivity cpm per ml corrected swelling
- in the tissue- - }wmedium "~ ].inulin + fluid (ml)
o ' : . pace, (ml) :
Non-inulin space (ml)
a6
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This equation was applicable to all the experiments detailed in

this thesis, with the exception of the incubation oconditions
described in Tables 3 and’ 4. ‘ ' C i
’ When intracellular as well as extracellular swelling
- occurred during incubation (1.c., vhon.tho composition of the

: incubation medium was similar to one of those described in

Tables 3 and 4), the following oquntlon uuo used in. calculation.

¥t tryptophan acculnlation: "

Total radioactibity/nl 1nt;accllu1ar intor ‘-

Total radioactiity _ cpm per ml medium |inulin space (ll;] _ .
in the tissue _ Cl ,

Non-inulin space (ml)

(6) .
» It should be noted that tryptophan accunnlation, as c‘lcuﬂatcclb§
equations (5) and (6), has heen computed on the bllil of the e

initial specific radioactivity of the amino acid thus- 1gnor1ng

. ‘ ‘any contribution by the endogenous pool of thc tissue. - .

F. Trxgtoghan Tran_gptt Ratio

R

Tryptd;han transport ratio _' Total cg! per ml intracellular uu:cr
. cpm per ml medium

3

(7) R
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RESULTS AND DISCUSSION / ”(\/

.9. Inulin Space Studies g
A. Preamble . ' ;

Sihce this thesis was to be concerned with the accumu-
lation of tryptophan by cerebral cortical cells, it was decided
at the outset that the results cbtained chpuld be reported in

'Lmoles cf tryptophan accumulatec pet(nl of intracellular water.

The underlying reason for this choice was that cerebral 2ortex

.

slices are known to undergo considerable swelling in the inter-
stitial spaces when incubated in !1552. Since this space is for
the most part continuous with the medlun, a sxgnificant portion
of the total tryptophan present in "the slice following incubation

is extracellular. Thus, to obtﬁﬁn an accurate picture of cellu-

N

lar tryptophan accumulation, it was necessary to correct for this

>

-

!

A numbe¥ Sf comp;ehensive répoxts'have been publighed

over the last twenty years detailxng the size of tissue spaces -

<
in slices of rat, mouse ‘and cat bra1n. ‘These excellent studies

~

y s
(which will be' mentioned .more specifically a lgﬁtle later on)

have clearly shown that the size of the various tissue compart-

o

.ﬁcnts depends to a great extent on the experilencal‘-cthodology

emg}dyed. Thus, the mode of tissue preparation, the type of

|
5



~ same experimental conditions. Electron microscopy has been

¢ -t

incubation med the experlnontal conditions and the marker
used in the‘e experiments all contribute‘xo the size of the space
values obtained. . Purchei:oro, it is hot always possible to

correlate the results obtained with different markers using the

A

-

relatively unsuccessful in resolving these difficulties since
the“lixation techniques used in the preparation of electron
micrographs are known to cause significant changes in the size
of tissue spaces. Thus, to date, there are’ no absolute values
available for the si;e of the intracellular space in rat brain
cortex sllces which Eould be used in the calculaq}on of the
cellular accumulation of tryptophan.

With the aforementioned reborts in mind, it was con-

cluded that an attempt must be made to ascertain-the size of'

the various tidhye compartments using our experinenthl}condltloni.~

*

For these studies inulin was chosen as the extracellular marker

for a variety of reasons:

(1) It _does not appear to penetrate cells as do sucrose;

sodium, chloride and thiocyanate (Pappius, 1969;
Goodman, Weiss and Alderdice. 1973). - .

(2) The distribution of inulin in cerebral tissuea
. occurs by passive diffusion; there is no evi-
dence of intracellular inulin uptake in.vitro.:
" (varon and McIlwain, 1961; Pappius, Klatzo and
Elliott. 1962: Bourke and Tower, 1966).

(3) Nu-erous 1nvestigatora have used this extracellular
marker and it was thoughﬁ that this might permit
* interesting comparisons with our own data.’

—
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. equllibrated non-inulin space was determined to be 62,1 pl/100 mg

.gtudies outlined in Tables 2 afid 3 were routinely of 180 min

" durdtion to insure complete equilibgation of the marker.

of the inulin and non-inulin space in slices of rat cerebral

67

(4) 1Inulin is relatively inexpensive and readily
: available. . ‘

1 v '
B. Inulin Space Determinationg in Aerobic Conditions

1
“

Table 1 details the results obtained when slices of rat
cerebral cortex were incubated aerobically for varying lengths of

time in Krebs—ginger-phosphate‘medium containing tracer amounts of
 }

inulin-{carboxyl-!“C}. From tiis table it can be seen that the

-t

inulin space attained constant values of around 58 ul/100 mg fresh

P

weight of tissue, during incubation periods between 120 and 180
min, Similarly, the extent%of tissue swelling and the gize of the
non-inulin space also reached constant values between 120-180 min.

Since the inulin and mon-inulin spaces remained constant ‘during

_ theser 60 min, we concluded that the inulin had completely equili-

brated with all the tissue fluids with which it was continuous.
Thus, for rat cerebrél cortex slices incubated aerobically the
equilibrated inulin space uaing our experimental condi€ione was

calculated to be 57. 9@»1/100 mg fresh weight of tissue while the

. N .
fresh weight of tissue. On the basis of these reaulg§} the

5

.Table 2 indicates the extent of swelling and the size™

&
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Time Course of Swelling and Inulin Upta*e into Rat Cerebral Cortex Slices Incubated Aerobically with

a

 'No L-Tryptophan Present in the Incubation Medium*

- 4

v

Incubation Swellihg Dry Weight Total Tissue InuIIG§$paee—«-Non-Inuiin ' "Corrected”
"Time (min) ul1/100 mg mg/100 mg . Water pl1/109 mg Space Inulin Space
~0 0 . 11/100 mg e ul/100 mg 11/100 mg

b « v - - © .

. %z .90 29.2 £ 2.9(5) 18.5 ¢ 0.8(18) 110.7 52.1 * 2.4(5), 58.6 - 22.9 -

. 120 *  37.3 £ 5.0(6) 18.5 % 0.8(18) 118.8 57.0 ¢+ 2.3(6) 61.8 19.7

© 150 40,2 % 3.5(5) 18.5 % 0.8(18) 121.7 58.2 + 1.1(5)  63.5 . 18.0

+ 0.8(18) ©.119.7 58.6 + 2.3(5)°  61l.1 20.4

.. 180 - 38.2't 3.0(5) 18.5

4

T

. ¥ Procedure as described in "Methods” .Section 7C. ) .
. Tabulated data represent mean values * S.E. (number of observations in
paréntheses), referred to the initial (fresh) weight of tissue.

<
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. “ o .  TABLE 2 S C

\ S .
swolling,lnulin 8paco' and Non-inulin Spaces in Rat c.rebral Cortex Slices Incubatod Aerobically 1n
Media Containing 1.0 mM L-tryptophan but Varying in Ionic Composition®*

\':zggz:tIon ) . Swelling Dry Weight . Total Inulin Non- “Corrected
) ul/100 mg mg/100 mg Tissue Space inulin Inulin Space”
) ) L ) Water ul/100 mg Space ul/100 mg
- ul/100 mg - ul/lOO'lq
1.0 my L-r;yptophan 43.524.4(7);  18.5:0.8(18) « -125.0 69.8£2.6(7) 55.2 26.3
" 4 0.5% Inulin 35.7¢2.2(4) 18.5:0.8(18) 117.2 61.624.4(4) 55.6 25.9
#° ® 4 1.0 mM L-DOPA - 49.224.1(4). 18.5:0.8(18) 130.7 71.5¢2.0(4). '59.2 22.3 )
- < xt 20.2£9.3(3)  18.5$0.818) .  101:7 42.114.4(3) 59.6 21.9
* + 10 oM Na' 21. 2:%,9&5) .18.520.8718) 102.7 40.5¢2.1(4) 62.2 3.3
"+ 20 M Na¥ 20.613.5{4)  18.510.8(18) 102.1 40.421.8(4) 61.7 19.8
* 4+ 60 mM Na® ©32.6£3.8(4)  18.520.8(18) 104.1 53.245.0(4) 50.9 30.6
" + 80 mM Na" 22.0t4.0(4)  18.520.8(18) 103.5 34.922.7(4) 68.6 12.9
S 4,100 am Na®% | 22.8$3.9(3), 18.520.8(18)  104.3 46.715.0(3) 57.6 23.9
* +120 o Na* 17.1:1:8(4)  18.5:0.8(18) 98.6 39.0$1.5(4) 59.6 2i.9
" +5.5mMLit .35.5:6.8(4)  18.5£0.8(18) 117.0 60.613,2(4) - 56.4 25.1
= +5.5mMcCs’’  41.6£3.2(4) 18.520.8(1§) ° 123.1 68.2:2.2(4) 54.9 26.6

* procedure as described in "Methods®” Sectlorn‘ltcb —
‘Al1}, incubations were of 180 min duration at 37°C. ’
N I-otoniciéy in. media from which Nat or K* had been partially or coipletely removed was -alntaxned

o by the addition of equlnolar quantities of choline chloride.
To maintain isotonicity in the medium containing 5.5 mM Li* or:5.5 mM Cs*, 5.5 =M Na®’ was removed.
Tabulated data represent mean values $S.E.
thé initial (fresh) weight of tissue.

(number of observations in parentheses). referred to




.kt was removed from the mééium, thgy ware replaced by equimolar

}nulin as well as the radioactive inulin was present in the,ln-

was observed was approximately the same as that observed when’

10

N [ ’ ) ,
cort;k which' have been incubated in modii/;o which 1.0 mM L
L—tryptéﬁhg? has been added but which have azno been altered .
in thei;vioﬁlg\compOIition. The concentrations of the ions in
each of these QEQ}a‘were chosen so thai the relultg might be, '
app;ied to the caf&g}ation of tryptophan acéumulaﬁion in laéer
experiments whefé media of similar ionic composition were used.

. -
The usual Krebs~Ringer medium contained 145 mM NaCl and 5.5 mM (

KCl. 1In all the determinations listed in Table 2, when Na+ or

quantities of choline chloride. .
B Y

The first two determinations in this table illustrate

the effect which the addition of 1.0 mM L-tryptophan exerted on

the sizes of the inulin space and of the non-inulin- space in
incub;teﬁ cérebral cortex slices. For the first series of
determinationg only J tracer amount of inulin%fcarboxyl-‘“C} was
adde&jﬁhile in the second series of determinations, 0.5% carrier
cubation medium. The results from botﬂ‘determinﬁtions were
gimilar. The inulin apace.increased from the 57.9 ul/100 mg
fresh weight'of tissue vaiue shown in Table l to the average
value of 69 8 ul/100 mg fresh weight of tiasue shown in Table 2.
¢

Correspondingly, the non-inulin space decreased from 62.1 to

55.2 u1/1oo mg fresh weight of tissue. The 36-44% swelling which
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listed in Table 1. Thus, tryptophan appears to decrease the

; the size of the inulin space or that of the non%inul

S

the slices were incebated for the longer periods (120-180 min)

size of the intracellular or non-inulin space. Also, carrier
inulin had no effect on the space values, a finding which was

also noted when Na+ was absent from the medium and the slices

were incubated at 4°c (Tabie 3). 'These resilts agree with those *
reported by Varon et al.(1961) and by Cohen (1972), and were the
enderlying argument.?or the absence of carrier inulin in these
studies. . . )
ST 0

The presence of IKO mM L-DOPA did not ppear top alter
Zr epaée

81gn1f1cant1y although the mean tissue swelling yas increased.

' Complete omission of k' and alterations in the Na'
concentration of the media:caused tissue swelli - O -decrease by
approximately 50%. The inulin spaee values deﬂ;ea:ed by 20-48% i
while the non-inulin space values (except the 60 mM Na+ value) «
remalned wi.thin the ranoe obtainred in Table 1 for slices incuba— .o
ted for extemnded time periods.

_The addition of 5.5 mM LiCl or 5.5 mM CSCl with tﬁe
corresponding omission of 5.5 mM NaCl from medium containing _‘x
1.0 M L-tryptophan resulted 1n 1nu11n space values and non- .
inulin space valuee which were sirilar to those obtalngsyunder ;
control condieions. Tlssue gwelllng was dlso 31m11ar to that
observed f9r sllces incubated in control media.- These results

Y 6" b‘? i Vi
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. cubation medium contained these compdunda or ions.
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indicate that replacement of Nat or k* by the addition of choline
chloride has a‘pronounced qffect on the amount of fluid absorbed
by incubatced brain,slices; IThis qffect is reflected only in the
size of the inulin space. |
Several investigators havi/reported that the presence
or abaence‘gf certain compounds or ions in the incubat#on medium
causes significant alterations to the size of the inulin and non-

inulin spahps.k Accordingly, during the course of this study,

inulin deterdinationa were made when the composition of the in-
n The results
are compiled in Table 3, (

Incubation of the timsue slices at 37°C in a medium
from which Na+ had been completely omitted cauqed‘a largé in~
crease in the inulin spaée value, i.e., from 66.8 to 79.2 ul/ldo mg
fresh weight of tissue. Tissue sweilfﬁg remained unchanged. If

howevenx the same medium was used with slices incubated at 4° C,

" the inuiin space decreased by 24-28% tissue swelling was halved

but the size of the non-inulin space remained .at a constant_value
- ) M

of 44-45 yul/100 mg fresh weight of tissue.. As mentioned pre-

viously in discussing Table 2, the,présengg,gf carrier inulin did

~ -

4
t
y o
Iy
’

Omission of 10 mM glucosé from the incubation medium .-

not alter these results.

caused & considerable increase in iﬁi non-inulin space, from

55.3 to 86.5 ul/lOO mg freah weight of tissue, as well as a la*

- > ’ o
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- TABLE 3

. . - . ‘ &

" Swelling, Inulin Spaces and Non-Inulin Spaces in Rat Cerebral Cortex Slices Incubated Aerobically in
Media Known'to Cause Slgnlflcant Alterations in the Inulin and Non-Inulin Spaces*

Incubatlon Hedla - Swelllng Dry Weight Total Tissue Inulin ) " Non-Inulin
@ . <. h u1/100 mg mg/100 mg Water Space Space

. i - i : 81/100 mg 1/100 mg 41/100 mg
1.0 mM L-Tryptophan  37°C** 40.6:3.0(11)~ 18.5%0.8(18) 122.1 66.822.5(11) 55.3
» - Na'' 37°%  43.0:3.4(4) 18.5¢0.8(18) 124.5 . 79.23.6(4) 45.3
= - Na” - 4% 22.712.4(4) 18.5£0.8 (18) 104.2 - 60.522.1(4) 43.7
= -Na' + 0.5% Inulin | 4°C . 20.9:2.444) 18.5$0.8(18) 102.4 57.3£1.9(4) 45.1
" -10 mM Glucose 37°¢  67.4:2.9(4) 18.5%0.8(18) 148.9 62.43.3(4)  86.5
"% 4+ 1.0mM NacN  -37%  32.5:5.0(4) 18.5:0.8(18)  114.0 - 71.2$2.0(4) 42.8
"+ 1.0 M L-Glutamate37 C  51.9:2.4(4)  18.5:0.8(18) 133.4 82.2£1.0(4) "51.2

* 4 145 mu £V e ‘ c '

' . +5.5 mM Na© 37%: €4.3:4.5(4)  18.550.8(18)  165.8 ° 57.6£3.1(4) 108.2

o«

1 * procedure as described in “Methods” Section 7C.

{ " All incubations were of 180 min duration at the temperature indicated.
Equimolar quantities of chcline chloride were present in the media which contalned no sodium. .
Tabulated- data represent mean values t: S .E. (number of observations in parentheses), referred - -

to the initial (fresh) weight of tissue. . N

** This control value was calculated by combininc the figures obtainedhgfon-the first two studies
. ~ listed in Table 2. ) N
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inorease in.tissue swelling; but tho'inélin space did not change.
IThuQ. it appears that the achnerot glucose tgom'tho iﬁouﬁhtion
medium c&unea intrnceliular swélling in cortex nl{cen.

Additién of 1.0 mM NaCN to the inocubation medium de-
creased the sise of the non-inulin space from 55.3 to 42.8 pl/
100 mg fresh weight of timsue but thias compound had little effect
on either the size of the 4nulin space or on the amount of t%lnue

swelling. The addition of 1.0 mM L-glutamic acid, however, had

the opposite effect, i.e., it increased the inulin space from

_66.8 to 82.2 ul1/100 mg of fresh weight of tiu:he and the amount

of tiassue awellfnq from 40.6 to 51.9 ul/ioo mg of fresh weight
of tissue, but had little effect on the size of the non-inulin
space (51.2 versus 55.3 ul/100 mg of fresh weight of tissue for
the control medium). Complete reversal of the Ng+ and xt con-

centrationg (i.e., 145 mM K+ and 5.5 mM Naf) caused a dramatic

-

increase in the non=-inulin space from 55.3 to 108.2 ul/100 mg

fresh weight of  tiasue. Tissue LWQlling also increased subitdp4

/
tially from 40.6 to 84.3 1l1/100 mg fresh weight of tissue but the

inulin space decreased 6n1y alightly from 66.8 toJ§7.6 u1/100 mg

fresh wéight:of tissue. Thus, a high x* medium appears to cause

intracellular swellin&.

4

\ J

C. 1Inulin Space Determinatioh in Anaerobic Conditions
T

» -~

Tablekddilluatratea the results which w.io ohtained

*\
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TABLE 4

..Tfno Course of Swelling and Inulin Uptake into Rat Cerebral Cortex Slices Incubated Anaerobically with
+« ©Or without L-Tryptophan Present in the Incubation Medium* -

>

Incubation .  Swelling Dry Weight ’ Total Tissue 1Inulin Space Non -Inunlin

Time . ul/100 mg . mg/100 mg Water 11/100 mg ce
. (min) . , "31/100 mg , ul)/100 mg |
— , — — — A
no\Tryptophap i | . X o
30 33.0 ¢ 4.3751 18.5 ¢ 0.8(18) 114.5 45.5 ¢ 2.4(6) 69.0
60 57.3 t 6.0(4) 18.5 2 0.8(18)  138.8 50.9 t 2.7(4) 87.9
s ~90°  59.9 % 1.2(3) 18.5 t 0.8(18) 141.4 54.2~¢ 1.4(3) 87.2
7. 120 ¢ 66.6 +I1.6(4) 18.5 £ 0.8(18) 148.1 59.8 & 1.8(4) 88.3 -
' 1%0. 73.4 £16.5(3)  18.5 3, 0.8(18) 154.9 68.2.+ 6.7(3) 86.7
+1.0mM " ) i : ~
L-Tryptophan ( ) ‘ g
‘ 180 - "64.6 +.5.6(4) 18.5 * 0.8(18) 146.1 63.9 ¢ 2.3(4)  82.2

-

* Procedure as described in "Methods® Section 7C. .
Jabulated data represent mean values : S.E. {number of .observations in parentheses), referred
-to the initial (fresh) weight of tissue. . ’

s
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when slices of rat cerebral cortex were ‘Incubated anaerobiocally
for varying lengths of time in Krobl-ﬁinqof phosphate medium
containing tracer amounts of inulin-{carboxyl-'"C}. As in the

!

case of the results shown in Table 1, the extent of tissue

-swelling and the size of the inulin mpace increase as ﬁhe in-

cubation period is prolonged. The size of the non-inulin space
appears to reach a Aimitiﬁq\value of 87-88 ul/100 mg fresh weight
of tissue beyond 60 minutes of incubation whereas the inulin J
space continues to increase as the tissue swelling increases.

The presencerof 1.0 mM L-tryptophan }n the incubation m;dipm h!l‘
little effect on the size of either the inulin or ﬁon-inulin

space, and on the extent of tissue swelling.

9 - '.

Fl

*

D. Disgussion
/ -

- ! H.V
At the outset of this study, the wide vafiatiop in the *
extent of tissue swelling and in the size of the inulin space

(Tables 1-4) were cause for great concern. , Careful analysis of

these results ultimately led to the uné'of'equagions 1-7 'detailed

in "Ekﬁéximentél" Sections 8A-F, for the calculation of trypto-'
phan accumulation and ttanaport.' An attempt willgbe'mide here

to outline the reasons underlying the y-e of- these equations.’
9

From the initial q.leies( and indead; throughout all

P

the experiments to be reported in this thesis, tissue swelling

.y . " .
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was fecognized as an important process to be taken into nccount.

/

Even ddring incubation periods of 15 min or less, considerable

swelling occurred. This swelling was not necessarily reproducible,

i.e., four flasks could be incubated for thé same time, in the

samé ingubation medinn and under the same cxpcri-nntai‘conditiona.

and'yé% tissue swelling could vary as much as 20%. Si-ilariy.
when cerebral cortex :1icon were incnbated under the usual con-

trol assay conditions, i.e., for 15 min at 37° c in Krcbl-Ringor

phosphate medium containing 10 -mM glucose and.l 0 mM L—tryptophan,

swelling qvaraged 22.2% # 0.9 (S.E.). (n=63) of the fresh weiqht

W

of tissue. The range of these Galuea extended from 6.5% 50142.6!.

Clearly then, swelling wasnan'inportant fapéor whicn had to be
considered in all calculations of tryptOphan uptake. é?

The studies of Pappiun and Blliott (1956) , Pappius

Rosenfeld, Johnson and Eliiott (19s8) , ' Varon et al. (1961),

Pappius et al. (1962), Bourke ét al (1966) and Cohen, Blasbe&q.

" Levi and ‘Lajtha (1968). have estaplinhed that inulin is an extra-

cellular marker which, only under abnormal incubation conditions

(e.qg., whgn retina is incubated in hypotonic nediqn), penetratea

u

intracellularly (Ames,ﬁijym and Nesbett, 1965) . Some c0htroversy:
ing

exists, however,concer the degree of penetratién of inulin

[N

into the interstitial spaces of cerebral cortex alicea incubated

in vitro. » §~ . .
) ?apbi_a’gg al. (1956; d962)'in conparing;‘ in vitro ’

studies of the sucrose, thiocyanate and inulin spaces of raé
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. a
accounted for almost entirely by the water of swelling.

4 our study the inulin space was ‘always much larger than the water

78

cerebral cortex showed that the inulin space increases with the ﬁ
degree of tissue aweiling and that the inulin space can be o ;‘«(

~.

They e

“obtained inulin space values of 50-60% of the fresh weight of

Ringer bicarbonate medium c taining 10 mM glpcoae._ Since: thele

tissue when slices were inc;}rfed for more than 60 min in Krebs= % f
inveatigators obtained sucrnse and thiocyanate spaces which were f
conaiderably larger than the inulin space, they conciﬁﬂed that
the moleqular size of inulin preventa.it fro-,penetratinq into
the'true extracellylar fluids of brain tissue. .‘ ‘ , '

h The results in Table 1 indicqxe that the eize of the |
equilibrated inulin space obtained in thie etudy was ei-ilar
to the valﬂes obtained by Pappiua et a1. (1956: 1962). Also, dur-
ing our incubations the degree; of tieeue auellinb did increaae”l
as the time: of incubation was ﬁrolongeo novever, ene eiqnh& A

‘ficant difference exiets between their etudiee and our own: in

of swéllian’ Indeed, we observed that if the water of auellinq *
is aubyfacted from each of the inulin space values shown in

Table 1, 8% space value‘which we dehignated the 'corrected inulin

apace" ie obtained which il relatively conltant. The mean .

*corrected inulin space”. calculated fronethe‘inulin space- values
f

in Table 1 is 20.3 1u1/100 mg fresh weight of tissue and the range .

. .

in these valuee is very narravr from 18-23 u1/1oo ng fresh

weight oW ‘tissue. Similarlyy when the same calculationa ate

-
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. d1scussed later.

et al. (1956; 1962) and by this study probably lies in the

made for the values listed in Table é, a mean "corrected inulin
space” of 23.0 ul/100 mg }resh weight of tissue is obtained.
The r;née in thesé values from 13-31 ul(lbo mg fresh weight
af tigsue, is much greater than that of Table 1. Bowaver, if
one compares the considerable range in the inulin space (from
35-72 u1/100 mg fresh weight of tissue) and in the extent of
tissue swelling (from 17-49 ul/100 mg fresh wgight of tissue), ¢
the variation in the “corrected inulin space” is much legs. e
believe that the "corrected inulin space® represents the igrgiég
extracellular space of brain tissuelplus the space occupied by
any intracellular fluid which‘may have been released inter-
stitially from daqaged cells during the slicing process.

One assumption was made in.calculating the “"corrected
inulin space® value: only exgraceliulag swelling was presumed

to occur du&ing these incubations. This assun&tipﬁ was based
on the findings of Pappius et al. (1956; 1962) who reported that

. during most aerobic incubations only extracellnlar swelliﬂé can

be observed. The particular incubation conditions which have

- been noted to cause 1ntracellular as well as extracellular

swelling are listed sepaqately in Tables 3 and 4 and will be
The difference in the extent.of inulin penetration

into the fluids of cerebral cortex slices as reported by Pappius
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m;thpd of tissue preparation and incubation. Varon et al.

(1961) ;ave reported that fluid uptaké by rat cerebral cortex

slicés is marke@iy dependeﬁt pn’the buffer used and espeéiall&

on the‘time~the slices are present {n this buffer before optimal -

aerobic conditions are establispeé; These investigators, as

well as Pappius et él. (1956; 1958; 1962).and Bourke et al..

(1966), have usually incubated their slices in bicarbonate-

buffered media. V;ron et al. (1961) have observed that tissue

swelling i; siqnificantiy increaced wﬁfn slices a:e:exposed to

bicarbonate medium équilibrated with air rather than one which .

has been equilibrated with 958 0,/5% CO,. They have also noted .

2°
thgt élthough fluid uptake then increases, this “preparatory
swelling” occurs in a compartment which is'&nacceasible‘to .
inulin, 1In oqr experiments éhe tiasu;s wefa exposed to air'fog
10-12 min before immersion in phosphate-buffered ‘medium and
subsequent oxygenation. Hence one would expect, on the basis of
the foregoing reports, to detect some difference between the
resulys of these i;vestigators and oué own. !
Temperat?re is ahbther.facfor-which appears ‘to con-
tribute significantly to the extent of inulin penetration into
btain tissue.fluids. Pappius et al. (1962) have reported that if
tissues are prepared in thg cold, a largei volume of the slice
fluids is occupied by inulin than can be accounted for by the
water of swelling. This observation is in agreement with the’
results’detaéled in Tablg; 1 and 2.‘~Horé recent studie; by

- )

o

\ I3 eyt (I
R T B A R S
SRR ol A )




.
vy

4.
-
=

X ' " . ) s
) t
; : ] . " 8l
i. “w r b N - y
| SN o N
i v §

»

-

e,
v
-

- e e 3R
RN R, -

R Sge 5
| "z’\:
.
3

. TR

'Cohen et al. (1968) have shown that there are two iﬂulin’compngt-i/ f

1 ']

ments in mouse brain slices: a first inulin space which ‘is per-
v I ‘ * ”»
meable to inulin at 37°C but nét at 0°C. According to ‘these )
[ . b ’ A
investigators, the first inulin space is much larger than the, :

7 Ny

second inulin space. Furthermoré, w@en;sliqgé are incubatgd
iﬁ:fﬁhlin—containing mediu; at 37°C and are subéaqﬁen?ly cooled
to 0°C, thelinulin gﬁace is the same as wﬁeq the slicés are in-
cubated at 37°C without cooling, i.e:, in both instances the )
first inulin spacé is measured. On the basis of these studies '
Cohen (1972) defines tﬁepconventional non-inulin space to be .
the difference between the total tissue wa;er at 37°C and the '
_inulin space at 37°C. He believes that it is best to use Ehe“
37°C inulin space ;ithput correction for tﬁg second inulin space
as the conventional, funétignal edtracellular marker4;t 37°%.
' ‘ In our studies, brain slices were prepared in a cold

roéy set at 4°c, incubated at,37°c in a;.lnulin-coétaining“

medium and were then immediately placed on ice bef?;e the in-

cubation medium was withdrawn for scintillation counting. " Thus,

if compartmentation of inﬂlip odécurs in rat brain cortex siices

in a similar manner to'that reported by Cohen et al. (;968§ for

' mouse brain slices, we can conclude that our inulin*bp#ce values .
- ' are compakable“to the first inulin space of these investigatbr;.
Calculation of tryptophan accumulation according to

equation 5 outlined in "Experimental® Section 8.E is based oﬂ 3
the results detailed in Tables 1 and 2. Thus,” the mean non- o

inulin épace value was calculated from dll the data in these two
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tables and was found to be 59.2 ul/100 mg fresh weight of tissue.

Similarly, ‘the “corrected" 1nu11n space value was calculated to

N R RN AT
LT NPy 3i

be 22 3 u1/1oo mg fresh weight of tissue. These values were 4'

taken.by us tg!represent: the in vitro intraéqllglaf space and
e the in !isgg_extracellular npaée (corrected for swelling) of in- )
é cubated brain tissue when placed in nedium in which only extraﬂ ’ ;

' éellulpr swelling occurrgd. This method of calculation had th&\
! / a&vantage of taking into account the. individual swelling in each,

» .flask but assun;d that this swelling was exclusively extracellular.

C Since Pappius et al. (1956)‘h;ve\noted that most aerobic swelling
i; extracéllular and since\B;{tistin; Grynbihm and Lajtha (1969)

have reported that only the acidic amino acids glutamate and

1

aspértate cause intracellular'swelling 1n brain slices, it was
thought that these assu-ptions were valid. Thus, for LOf
the studies reported in this thesis, equation 5 "Experimental® ' Q§§
Section 8.E was used for the.calcﬁlation of tryptophan uptake.
Howeé;r; when slices were incubated under metabolic conditions
reported to alter the intracellular space (i.e., the nediq de~
tailed in _Tables 3 and 4). inulin space values were determined
for each medium, and tryptophan accumulation was calculated
according to eqqation 6, 'Bxperigéntal' Section 8.E.

Tables 2 and 3 r?vide data o; the effect of some

alterations to the ionic cﬁ.ppdltion-of the Krebs-Ringer phos-
phage medium on the extent of élssue;cvelling‘and oh the size
of the inulin and non-inulin spaces. Replacement of the

v,
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5.5 mM KCl normal]y present in the medium by an equimolar
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quantity of choline chloride capseg‘aignificant changes in the
inulin space'as well as in the sﬁeliing fluid. Thus, tissue
dﬁell@pg deéreased 508, the inulin space decreased by 37%, the.
*corrected"inulin space decreased by 16% while the non-inulin
space increased by. 8%. Similar results were obtained wpen vary-
ing concentrations of NaCl from 10-120 mM were present in the in- . ;
cubation -edﬁa. Houeve;,'replace-ent of 5.5 mM NaCl with an
equimolar amount of LiCl or CsCl caused no siénificant change
from control values in the extent of tissué swelling, or in tée
inulin space, non-inulin space and "corrected" inulin space '
values. These results indicated.éhat a sﬁali quantity (5.5 mM)
of LiCl or CsCl can replacg Nici'i; the nedipn without causing-
significant changes in the tissue spaces of incubated raivbrain
slices. If the same or larger amounts of choline chloride are
Wﬁ- | used to replacg either NaCl or KCl in the medium, tissue swélling
- and the inulin space decrease significantly but the non-inulin
space and 'correéged' inulin space values remain more constanti jf
When NaCl is co-pletei; replaced by choline chloride (145 mM)’
. in the medium as shown in Table 3 the non-inulin space decreased
;u | by 19% while the inulin space increased by a correséonding .
’ amount. When the temperature of this incubation nediunfihs
reduced from 37°C to 4° C, tissue swelling and the inulin space

decreased signifxcantly but the non-inulin space was not affected

°
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"ment of NaCl by choline chloride caused intracellular shrinkage |

.bo.n roportad by Pappiua et al., 1958, the lower incubation

,
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-raplaced by choline chloride, tissue -qolling remains unchangod.'

_swelling when slices are incubated at 37°C in° the presence or

[ \

any further. Thus our results indicate ﬁhab cdlplct. replace-
which wao unaf!octed'by the incubation temperature. As has

temperature partially prevented fluid ablorption by the tioluo.
9 The results obtained in this study are in partial N
agreemerit with those of other 1nvgntigators. The difficulties g
encountered in comparing relultlzcnn probably be attributed Ny
to the various experinental condlé&on- used by edch research
group. Thus, Pappiul et al. (1958) havo shown that when rat °
cerebral cortex slices are 1ncubated at 38°C in bicarbonate-
buffered Krebs-Ringer ‘medium in which NaCl has been co-pletely
% * R
Similarly, Lahiri and Lajtha (1964) have also shown that
swelling of mouae"ﬂ%ain cerebral slices incubated at 37°C in
Krebs-Ringer phosphate or tris-buffered media captaininq either ;
128 mM NaCl or 128 mM choline chlorid; 1; the;-a-n. Our resulég k

detailed in Table 3 show little change in the extent of tissue .

absence of soqiumhgnd,thus‘are in good agreement with these

-

At 7

investigators. Difficulties arise however in comparison of the

~13
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inulin and non-inulin spaces. Pappius. et al. (1958) reported

e
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that the non=-sucrose space (32 ul/100 mg fresh uiiqht of tissue)
does not change when the medium contains either NaCl or choline - | -
chloride. Battistin et al. (1969) have shown that reduction -
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of the NaCl centent‘of a tris-buffered Krelfi-Ringer medium to

10 or 20 mM NaCl caused no eignifiéent change in the eizeiof K
the 1nu11n space (52.3% and 53.7% of the .wet weight of tieeue

respectively) of mouse brain lf!cee. Cohen et al. (1968) have
v . reported similar inulin space results for mouse cerebrum slices
™ incubated in eodium—free|ne¢£un at 37°C. However, they have
. also observed a eighificent\decreeee in the noe-inulin space.
Our results show a decrease i; the size of the non-inulin space
in ‘agreement with the results of yejthe and coworkexrs for mouse
T brain slices but. in disagreement with the sucrose studies of
‘Pappiue et g*, (1958) . for rat b;aih cortex. The significant
iﬁcrease in the size of the inulin 'space when slices ere‘in-
' cubated in a sodium-free medium has not been reported before.
The disagreement of this finding with the reenlte of the in-
vestigators mentioned above may lie in the difference in initial
manipuletion of the brein tiesue i.e., elicing.pt 4°c ana
o "preparatory" swelling at 4 %. - ' =

o b Removal of the 10 =M glucose nenally present- in the

-

: Krebs-Ringer phosphate medium caused ‘large 1nc:eeeee in tieeue

. ~
Sasbaaed. s F

swelling and in the non-inulin space as well as a slight decrease

in the inulin space. Thus, these data indicated that incubation
' ‘ : 7
of brain tissue slices in a glucose-free -ediu- causes Lutre-

v

" cellular; swelling. Similar observations have been noted by
B Cohen eésal. (1968) and by Gottesfeld and Elliott (1971).
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. mentation. Cohen et-al. (1968) and Battistin et al. (1969) re-

‘ported decreased inul*n space values when 2 mM glutamate was

_ R }m R R,
1 * " (\t’ ¢ & Ql' ’X Lﬂ' M } “\“ R ‘“ AYE

Tissue swelling and the non-inulin space decroai‘d”
when 1.0 =M NaCN,was bxelent in the incubation medium but there
was no change in the inulin spmce. We concluded that using our
experimental conditions, NaCN &auses intracellular shrinkage.
fhese results however are in cqntraué Qo those rgported by
Cohen et al. (1968) and by Battistin et al. (1969).' Using mouse
brain slices incubated in trip-buftored Krebs-Ringer mediu;,.
these inveltightors reported‘that the'inulin space decreases by
at least 6% in the presenc? of 1.0 mM NaCN. éhey conc;uded that

NaCN causes intracellular swelling. | B

A similar discrepancy also exists between this group's

astudy and our own on the effect of giutamate on fluid compart-

added to wedium cantainiﬁg noule_brainlslices. Our results,
shown in Table 3, 1ndicate‘that,l.%mn giu;amate increases the
inulin space as well as the tispue syeliing in rat brain slices
and decrpgses the non-inulin space slidhtlf. Pappius et al.
{1956) .obaserved increased tissue swell}ng and increased non- .
inulﬁp'apace vq}ues with rat brain cagteg,aiices incubated in ik
Krebs-Ringer bicarbonate-buffered mediumvcontaining 5 mM gluta-~
mate. The&inoted that slices in this mndi;m accumulate gluta-
mate and X' fggher rapidly and attribute ihe increase in the

non-inulin space to intracellular swelling which 'occurs when

X g
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’ high x* 'eoneontrationo are proncnt inside tho brain cells. At

th. pro-ont time wencan offer no oxplanaeion as to the disparity

’ between our results and those of the afo;on.ntionnd investigators. E
When slices were incubated in medium containing 145 mM - ‘é

‘" KC1 and 5.5 mM NaCl, tissue swelling doubled as did the size of f o

the non-inulin space. The inulin space decreased by approxi- . ;

" mately 148, Similar findings hth been reported by Pappius et al.
(1956) and are attributed to the 1nttace§lu1ar influx of x*. . ' 5

The data of Table 4 describe the time couroe of inulin ';

" ) pcnctragi&n under anaerobic conditions. As in aotobic 1ncuba- €§
tion, tissue swelling increased with time. The inulin and non-

inulin opaéc values did not reach limiting values until incuba- i

. . E}on had been prolonged beyond 90 min. Additioq’of 1.0 mM L ’%
'~'L-trypto.hfn to the medium decreased the non-inulin space niightly.

. as under aerobic conditions. .Anacrobiolis. however, caused L

L

f seen that the additional swelling was intracellular. Our results

.greater t}iiuo swélling than aerobiosis and it canireadily be

DXl 2

P
) 7 e -y F
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v agree with those of Pappius ét al. (1956). These investigators

f‘ . lave shown that the non-sucrose and non-inulin lpcécc of rat

"2 brain slicos~1ncubntod ansprobically are significantly increased

3

- over the spnce values obtained uhon slices are incubated aero-

e e A

) bically and havu concludod thnt anaerobiosis causes intracellular
. swelling. ‘ R ’ N
5 ' 70 summarize briefly, we have shown that, in general,

iy E’s“‘s“ s
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the non-inulin space of eerobrtl\gggtex slices is 59.2 ul/loo »ng U

K

fresh weight of tissue while the “corrected" 1nulin space (l.e..

‘g corrected for extracellular swelling) is 22.3 ul/loo mng fresh
; weight of tissue. The -ean dry uolght of these slices is
. 18.5 pl/100 mg fresh ueight of tissue. It should be noted that.

there was no significant difference between the dry weight values .

TR el el T YT
‘ :

of incubated or non-incubated slices — an observation in agree-

ment with the findings of Pappius et al.(1956) and Bourke et al. :
(1966) . - - ‘

*' Pappius (1969) bas recently reviewed the findings of
numerous 1nvestzgetors ooncerning the size of the extracellular
space of brain tissue of various apecies in vivo. She has
reported that for rabbit brain, the chloride space ¢ortected for
A intracellular chloride, is between 21 and 24!; and that the
. extracellular sodium space is 24%. She.haa nofed that if the

extracellular space of brain is assumed to be similar in composi- .

tion to the cetebro:pinalfflnid of brain, then the sulfate space

* A ATE T Y S . T T RS T N
AR AN S U LAY

bl P
4

R e

of cat, rat and dog’brain tissue can be calculated to fenqe from
16 to 248. This investi@etof has also indicated that cisternal

-

.\ iig
¥

injection of radiocactive sucrose resulted in a sucrose space for
rabbit brain of 22.5% whereas intraciaternal injection of labelled
inulin gave inulin gpace values ranging from 18% for rabbit
-brain to 28% for cat brain and 348 for monkey brain. ihe'thio-
cyanate space of cat cerebral cortex, aféer'cortoetion for intra-
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of cortical impedance show that the extracellular space of rat, . ’
rabbit and. cat brain tissue .1ies between 18 and 25%. Thus, the 'i,

. L J

*corrected" inuliLn space d.eton\ined by our study appears to be .
in agreement with the most recem; in vivo measurements of extra- - .
cellular space. Furthermore, the method of 'calculat:lo:; -gener-
ally used in the experiments. reported here has the advantage .
of taking 'inteo particular account the swelling which occurs in ' .

each flask. )
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.‘ 10. L-Tryptdphan Transport: An'Acuve;rr;:c-u ‘
D A. ‘Prumbla -
\ L The on.perimonts 'delcri‘bed in this _cimpte'r‘ wero.dolsiqnod

to elucid'ate the nature of tryp't&phan uptake by slices of rat

: cerebral ;ortax. Initially we determined the ‘tine interval

‘ during iwhich.tryptéphan uptake is linear as well as the apparent
Michaelis constant apnd maximal velocity of fhis uptake process,
Vary\ing the?® incubgt‘ién éonéitiqns and the addition of several

tabolic inhibitors to the ipcubation medium allowed us to

investigate whetr{er, tryptophan accumulation is by an activg
mechanism. The e‘ffects of 'a number ‘of ions (notably ua"", x", 3
Lit, mg?* and ca?*) are reported.. Some discussion is’ included _ - .
; . reg&ding the suitabiligy of the aasfy-used to measure- trypto-~ /

?

pimn uptake, . s ‘ N

*B. Time Course for L-Tryptophan Accumulation

The pattern of accumulation of 1.0 mM medium L-trypto~

o

phan by rat cerebral cortex 'slices during a 90 min incubation

o

. Jperiod is illustrated in Figure 3. 'i'here was a linear increase

in tfyptc‘)phan. concentration during the first 15 -g.n of incuba-
tion, after which accumulation increne;l more slowly. At 60 min,
the ‘tx"yptophan concentration had reached a slaximal valge of

6.10 ;molu/ml of cell water. For incubation periéds longer than |
60. min, tr{rptopharf wu}accu-u'l,tod to a slightly lesser extent

.
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Time Course for the Accunulation 6& .

L-T:yptophan by ‘Rat Cerebral. Cortex . '

Slices.

~
'

Points represent mean.values t S.E. for

4 determinations.
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than the 60 min peak value probably because of disintegration
~gf the tissue or metabolism of the amino acid or both.
° I~

C. Evidence Favoring Active Concentration of

. L-Tryptophan by Cortex.Cells

+

:iﬁe-datd in Table 5 present the resulte of experiments
on the accumulation of L-tryptophan, 1.0 mM in the medium, by
rat cerebral cortex slices during a 15 min incubation period.

The accumulation is.significantly decrersed by anaerobiosis

, and/or-by low incubatipp temperatures (6°c). The addition of
some metabolic inhiﬁitors, however, did'not have a significant
effect on tryptophan uptake by cortex celis. Thus, 1.0 mM
iodoacetamide, an inhibitor of the glyceraldehyde-3-phosphate
dehydrogenase (EC 1.2.1.12) reaction in the Embden-Meyerhof
pathway of giucose meFabolism or 1.0 mM NaCNtor 0.2 mM 2,4-DNP, ‘
- inhibitors of the Krebs cycle or 0.2 mM oﬁabain (Strophanthin G),
a Na'-k' ATPase (EC 3.6.1.3) inhibitor did not alter ;ignificantly
tryptophan a;cumulation by the cortex slices. .
The resuits detailed in Table 6 indicate that omission
of 10 mM glucose from the incubation medium sévékgly'decreased
the accumulation of 1.0 mM medium L-tryptophan by the slices.
However, 10 mM fructose or io"nu‘pyruvate support;d tr;ptophan
uptake ta the same extent as 10 mM glucose: Addition of the

biologically inactive D-isomer of lactic acid decreased '

: ,
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TABLE 5

Effect of Anaerobiosis ,Temperatire and of Some Metabolic Inhibitors on the Accumulation of 1 0 mM
Medium L-Tryptophan by Incubated Slices of Rat Cerebral Cortex*

Exptl. Set Incubation Medium Gas®ehase No. of Tryptophan Uptake pt
- ) in Flask ° Detng. umoles/ml cell water

1 Complete o, 4 3.16 £+ 0.21
Complete N, | 4 1.58 ¢ 0.21 <€0.01
2 - Complete ~ o, 3 2.73 £ 0.33 )
Complete 6°C "o, 4" 0.72 ¢+ 0.13 © <0,01
Complete 6°C N, 4 0.74 t 0.06 <0.001

3 Complete o, 4 3.08 t 0.47 '

" + 1.0 mM iodoacetamide 0, 4 2.95 ¢ 0.18 >0.05

4 Complete " 02 6 2.93 ¢ 0.12
* 4 1.0 mM NaCN air 4 3.11 ¢ 0.18 >0.05
. "+ 0.2mM2,4-DNP .0, 4 2.83 t 0.23 _ >0.05
* 4+ 0.2 mM ouabain -0, 3 2.71 t 0.35 50.05

/

* Incubations were 15 min in duration and, unless otherwise stated, were conducted’ at 37%.
The procedure and the compogition of the incubation media are described in "Methods"
Sections 7A and 7B.

Tabulated data represent mean values t S.E. for L-tryptophan uptake corrected for diffusion.

+ Probability of difference from corresponding control.
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TABLE 6

o

Effect of Various Energy Substrates on the Accumulation of 1.0 mM Medium L-Tryptophan by
Incubated Slices of Rat Cerebral Cortex* .

Exptl. Set

Incubation Medium -

Gas Phase
in FPlask

Tryptophan Uptake
uymoles/ml cell water

>
-

T

R

R

H

b

SRR :’
3

Complefe (i.e., +
10 mM glucose

Glucose omitted

Glucose omitted +
10 mM fructose

Glucose omitted +
10 mM pyruvate

Glucose omitted +
10 mM D-lactate

Glucose omitted +
10 M citrate

Complete (i.e., +
. 10 mM glucose)

Glucose omitted +

10 mM succinatet

2.93 £ 0.15

1.82 ¢ 0.15

2.99 t 0.09
3.05 £ 0.22
2.42 £ 0.12

2.53 ¢ 0.09
3.16 ¢+ 0.21

2,33 £ 0.16

<0.01

>0.05

>0.05

<0.05

<0.05 _

<0.05

g

\ww
P W
.

T

Probability of 4iff

;
b
by
w'e
35
&

¥

* JIncubations were 15 min in duration and were conducted at 37°C in an atmogphere of 100% oxygen:“>

The procedure and the composition of the incubation media are described .in "Methods”
7A and 7B. )

For eagh of the above determinations, cortex slices were p

Sections

re-incubated in medium containing the
same energy substrate as the medium in which L-tryptophan uptake was studied.

ence from corresponding control. ) :
Tabulated data rep\ré:ent mean values .t S.E. for L-tryptophan uptake corrected for diffusion. b4
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accumulation significantly but not as much as the absence of

P, ' glucose. Two intermediates in the Krebs cycle, citrate (10 mM)

and euccinate (10 mM) did aid tryptophan uptake but not as
efficiently as glucose, fructose or pyruvate.

The data of Table 7 show that when the .mediugn L-trypto- '

\

3

phan concentration was increased to 5.0 mM and the slices were

A

incubated for 15 min, results similar to those described in

\

Table 5 were obtfﬁned. Thus, tryptophan accumulqtion was de-

. creased significantly when slices were incubated in an anaerobxc
atmosphere but the addition of 1.0 mM NaCN or 0.2 mM ouabain to
the indubation medium had no significant effect on tryptophan

c uptake. Y

In order tq determine the importance of ce%%ular
metabolism on the:accumnlation of L-tryptophan by cerepral cortex ‘
slices, the follow}ng incubation conditions were applied:

(i) the 145 mM NaCl usually present in the incubation medium

was completely replaced with an equimolar quantity of choline

I TRESPS

chloride and (ii) the slices were incubated at 6°C. These con-

ditions inhibited, almost entirely, the uptake of L—tryptophan ‘ i

;when %ts concentration 1n the medium ranged from 0.06-1.0 mM
(Table 8). .The results in this table indicate that in 15 min o
0.03-0.10 ymoles of tryptophan/ml of cell water entered the cells »5
under conditions approxinating passive diffusion when the

L-tryptophan concentration in the medium varied from 0.06 to 1.0
o 9. , >
) . mM. Thus, at the lowest medium L-tryptophan concentration-

WW,Y\DMW_”
RO GNP
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"TABLE 7
i' Pactors Atfeéting the Accumulation of 5.0 mM Medium L-Tryptophan by Incubated Slices of Rat *
s Cerebral Cortex* .
% ¢ = S
; Incubation Medium Gas Phase No, of Tryptophan Upﬁako pt
o ] in Flask Detns. - umoles/ml cell water
: Complete | o, 4 8.04 £ 0.49 -
2 " N, 4 4.09 + 0.43 <0.001
" + 1.0 mM NaCN air 3 6.73 £ 0.66 >0.05
: " 4+ 0.2 mM ouabain o, 4 7.15 % 0.90 >0.05

* Incubations were 15 min in duration and were conducted at 37%. . -

The procedure and the composition of the incubation media are described in *Methods"
Sections 7A and 7B. :

;‘ Tabulated data represent mean values i S.E. ‘
| + Probability of difference from corresponding control.
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TABLE 8

-

Uptake of L~-Tryptophan into Slices of Rat Cerebral Cortex Incubated Aerobically at 6°C in Media
from Which Sodium Had Been Completely Removed*

-

Bxptl. Set Incubaéion Medium ‘ Gas Phase No. of ' Tryptophan Uptake P{—
. - T ' . in Flask Detns. umoles/ml cell water
1 1.0 mM L-tryptophan B o, 4 '3.'26 t 0.23
g Same except 0 mM Na®, 6°C air 3 0.10 £ 0.01 . <0.001
; 2 '0.5 mM. L-tryptophan 0, 4 ijis + 0.18
Same except 0 mM Na', 6°C air - 3 0.09 £ 0.02  <0.001
; 3 " 0.2 mM L-tryptophan 0, - 4 0.93 £ 0.03
“ s Same except 0 mM Na", 6°c air 4 0.06 £ 0.01 ) <Q.001
: 4 . 0.06-mM L-tryptophan o, 4 0.37¢ 0.02
' Same except O mM Na*, €°c air 3 0.03 + 0.00 <0.001

.

— —
P o

‘% Incubations were 15 min in duration and, unless otherwise stated, were conducted at 37%.

75 and 7B. ‘ . .
Isotonicity in media from which Na' had Been removed was maintained by the addition of
-equimolar tities of choline chloride. ( -
Tabulated data represent mean values t S8.E.

+ Probability of difference from corresponding control.
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- but thereafter the rate féll off gradually. Because the data as
¢ » f

studied (0.06 mM) the rate of uﬁtake was one tvelfth of that
detected when slices are inciébated under the standatd conditions.
At the highest medium L—tryptthah“concentxation atudied, the
rate of uptake was 33-fold less than that of the control. We
concluded from these éesulta that cellular metabolism plays an
important role in the transport'of L-tryptophan-by cerebral
cortex slices. It should he noted that wherever it is indicated
in this thesis, the figures ln Tahle 8 have been used to correct
the observeﬂ tryptophan uptake values for the non-metabolic

(i.e., passive) accumulation of L-tryptophan by the sliees.'r

D. Kinetic Anal 8is of the Lprrygpophan Uptake Process

The relation between the rate of accumulation of

-

L-tryptophan by slices of rat cerebra14cqrtex and the concentra-

tion of .that amino acid in the medium is shown in Pigure 4.

3

The plotted points in Figure 4 a indicate that the rite of:
accumulation was approximately linear yith respect to the

applied external concentration of L-iryptoﬁhan up to about 1.0 =M

~ %] .
PR S Y- T 58 15 R

¢

e
b
b

A

a whole seemed to conform to the characteristics of a hyperbola

of the type Y = axb , a curve was fitted to this .equation
(Curve a Figure 4) and described by the expression:

e0.623 -

V = 3.398 (8)

where V = the rate of accumulation of L-tryptophan (in ymoles of

|
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Figure ¢

-

_Rate of Accumulation gf L-Tryptophan by
Slices of 'Rat Cerebral Cortex Plotted as a

d
il ’.‘"Q'”

fam

4
&
'

A
El ‘ il

PR

D)
vp

Se

Function of Initial Concentration of the

Amino Acid in the Medium.

On the ordinate, V = umoles of L-tryptophan
accumulated/ml of cell water in 15 min of in-
cubation; on the abscissa, S = mmoles of L~
tryptophan initially present per liter of
medium. Points plotted in curve a represent
mean values t S.E. for 4 determinations
not shown for means near origin for sake of
clarity). Curve b represents a transforma-
- tion of the equatIon obtained for a plot of
1/V vs 1/S (for values of S between 0.2 and
2.0 m¥) (see Section 10D equation 10).

Curve

c represents the arithmetical difference

tween curves a and b. See text for dis- o

cussion.
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the amino acid/ml of cell water per 15 min); 8 = the :epncontn-
tion of L~tryptophan initially present in the incubation medium ) g
(in mmoles/liter); and 3.39 and 0.623 are estimated coiutantq. \
These eonstants‘ were cbtained uthaaticallﬁi as follows: log V %
was plotted as a function of log S and a straight line was fitted s
‘ to these transfor-ed data by the method of least squares. The ¢
intercept of the line on the ordinate was then log (a) and the '
slope of the straight line was the constant b.

Although the hyperbolic curve a of Figure 4 conforms
to the observations over a wide range of g;mcenttations of tuyp~ - ¢
. tophan, an attempt wvas -nde° to assess the data by conventional |
analysis according to the method of Lineweaver and Burk (1934).
- Kinetic analysis of this kind, based upon the double-reciprocal
plot illustrated ;in Figure 5, revealed a clear departu.te fro;!
linearity at the highest concentrations of ﬁtyptophan; If the
po;lnts corresponding to these extremely high gﬁnqenttatisns ‘were
neglected, the remaining points fitted the straight line des-

cribed by:
1 0.137 1 0.829 ﬂ 1
v = 0166 + —=g— = g6z * 6oz -5

From this expression, the apparent Michaelis constant for the

. ) i ,? v
transport of L-tryptophan nnder our specific experimental condi-
tions was 0.829 mM and the estimated: velc;city of this

ry .
system vas 6.032 ymoles of L~tryptophan accumulated/ml of cell
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- Figure 5
. - . : - /
. ~° Lineweaver-Burk Analysis of L-Tryptophan
, Uptake by Slices of Rat Cerebral Cortex.,
’ On the ordinate V = umoles of L-tryptophan
. accumulated/ml of cell water in 15 min of s
incubation; on the abscissa, $ = mmoles of ’
. L-tryptophan initially present per liter of
{ -medium, Points represent mean valueés t S.E.
- . " for 4 determinations.
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\ “
water per 15 min of incubation. Transformation of the equation
with these constants fioldod tho°¢xp§.iuion:

v . 6.032 s . Qo)

represented by curve b in Figure 4.
For loy concentrations of tryptophan 1n the 1ncubation
medium (i. e., up to ahout 1.0 mM), either of the hyperbolic ‘

equations described by curves a Jhd b was consistent with the

" observed rates ‘'of accumulation of L-tryptophan. At higher levels

of exter;ai L-tryptophan, the accumulation of this amino acid in
the cell water was considerably greater tha;\that accounted f:r
by the assumptions implicit in Hichaelis-ﬂantan kinetics. The
discrepangy between the two curves would be“givep by a co-piex
exprqgsibn regresentin& the diffezéﬂge between equations (B)M;nd ¥
(10) above. However, by empirically taking the arithmetical ;
difference between the two curves a and b in Figure 4 a ttraigh&\/ -

line resulted which by inspection fitted the equation-

‘ "V = -.90 + 0.98 S, -~ (11)

’

The slope of this line (0.98) represented the net change in the
‘concentration of L-tryptophan accumulating in the, cell water,
under our specific experimental conditions, for a corresponding
change in the concentraiio;: of :the amino acid in the medinm (both

-]

in ymoles/ml). Ny
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.  When the tryptophan transport ratio (i.e., the ratio of S
the tinauc:n.dium concontration of n-tryptophan) vas calculptod ﬁ
4
from the data shown in Figure 4 and ths ratio was then plotted T
5

. ) .
versus the concentration of L-tryptophan in %pe incubation

medium, the curve illustrated in kigur 6’ was obtained. The
highest ratio‘was 7.0 and this occurpéd when the medium concen- .
tration of L—tryptophan was 0 2 However, the raéio decreased )
sharply as the medium L—tryptOphan concentration wa. increased
from e.g-l.o mM. Furthermore, modium concentrations greater than
2.0 mM yielded transport ratios ;hich were s}ightly above 1.0.
These results indicaged‘that diffﬁnion is an important péoccos\{n,
tryptogban uptake by the cell wheq extracellular- concentrations P
of L-trypébphan greater than 2.0 mM are préaented';o the cell

membrane.

. e B .
_E. Observations Relating to the Assay Used in the

Study‘of‘L-Trytpoﬁhan°Accumulation 3

During’ the ‘course of the qudies xeported in xhis‘

/\

thesis, we were boncerned whether altarations to the experinantal

b
't
4
]
g
£

procedure described in "Methods"” Sectionn 7A and 7B might signi-

f#qhntly change the quantity of tryptophan aqcu-ulated’by the
cortex cells. Accordingly tryptophan uptake was naaaur.d tol- i< g

lowing apecific changes in the expeti-ental procedure. The

results of these ntudiel are reported here:

v

[l
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Figure 6 ) 4’ -

The Ratié of L-Trytpophan Trans port into ‘ ’

) Rat Cerebral Cortex Slices Plotted as a '

‘\“\\\\\ Function of the Initial Concentration of

v L this Amino Acid in the Meddum% X _

3 ” / .

Points represent mean values 't S.E. tor 4 :
determinations. /
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The amount of tissue present in,each flask varied con-
gsiderably. Although the amount of tryptophan taken up
by the slices was proportional to the weight of the ,
tissue used, the quantity of tryptophan accumulated per

ml of cell water was remarkably constant at each medium
tryptophan concentration. Thus, in 58 determinations \
with slices ranging in weight from 45-125 mg and incuba-
ted with 1.0 mM L-tryptophan for 15 min at 37°C, >
L-tryptophan uptake was 3.25 umolesa/ml cell whter : "
t 0.07 (mean value t S.E.). . 2

In these experiments tissue slicing was usually per-
formed in a cold room set at 4-6°C. Only superficial
dorsal and lateral slices were used. If however, tissue
slicing was performed at room temperature (210C), there
was no noticeable change in the tryptophan uptake
values. We routinely sliced the tissue in the cold
room to prevent rapid dehydration of the tissue which
may alter the cells irreversibly and which decreases

the ease with which thé slices may be handled (Elliott,

1969).

For a variety of reasons, only surface slices were used:

(a) they are easier to obtain and tend to fragment
less easily.

(b) handling time is decreased when only the first
slice is.used.

(c) there is only one cut surface per slice thereby ,
decreasing the number of damaged cells per mg of
tissue.

(d) the use of only cerebral cortical matter is
ensured since segond slices of cortex frequently
include subcortical white matter..

: Piéuxe 3 indicates that tryptophan accumulation is

lirear for the first 15 min of incubation when '
1.0 mM L~tryptophan is present in the medium. Since . .
wve wished to study more closely the uptake of trypto- :
phan within the linear portion of the time curve, we ¢
routinely used 15 min as the time interval for incu~ )
bation of the tissue slices. The accumulation of

0.5 mM medium L-tryptophan is also linear within this
time period. No other medium. tryptophan concenttationl
were tested.
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4. . The uptake of 1.0 mM medium L—tryptophan at various
incubation temperatures ranging from 22 to 50€C was

T oaT;

« J

3 : investigated. We found that tryptophan was accumulated 3

¥ ' naxinally around 40°C . . g

, ) ) * ;
b ) b

5. Usually 0.1 ml of L-tryptophan-{carboxyl-!"C} was .

? . - added to 2.9 ml of the incubation medium. However - = -

there was no change in tryptophan accumulation if the
volume of- radioactive L-tryptophan added, was increased
to 0.3 ml and the appropriate adjustments were made to
: the uptake calculations. Similarly, there was no
change in the quantity ‘of tryptophan accumulated by the
) cells when the volume of the incubation medium was
? : doubled to 6.0 Hl.

. b

6. Following incubation, the slices were removed, placed
on a porcelain filter disc and blotted carefully to -
remove excess medium. No attempt was made to wash the '
tissue. We found that such a step introduced a loss
in tissue which caused greater error than failure to )
rinse the slices. These resylts agree with those -
of Cohen (1972). X )

7. We assumed that the radioactivity present in the tissue
extracts following incubation' represented tryptophan-‘
accumulated by the cells. This assumption was based
on two factors: '

t ’ (a) we found that less than 3% of the total radio- .
: activity in the tissue was incorporated into pro-

' - tein during a I5 min incubation period when slices °

‘ < ‘ : : were incubated with 1.0 mM L-tryptophan and then

’ i treated as described in "Methods®, Section 7E.

(b) the data of Barbosa, Herreros and Ojeda (1971)
indicate that virtually all the radioactivity
added as labelled L-tryptophan to rat brain cortex
slices is accounted for (chromatographically) by
that amino acid even’ after 60 min of 1ncubation;

: Goldstein and Prenkel (1971) have also shown '

’ negligible conversion of tritiated L-tryptophan
to serotonin by rat striatum and brain sten slices
uhich had been incubated for 20 min at 37°C.
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8. We found no difference in t.xptophan uptake between
© animals which had been fasted for 24 hours and those
which had been given free aceess to food.
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o . F.  Ions and L-Tryptophan Uptake

'

The effect of alterations to the ionic composition of

the Krebs-Ringer phosphate incubation medium was examined

(Tables 9 and 10) . Complete replacement of NaCl by choline

TS s deVLo

P
P SR

chloride caused a marked decrease in tryptophan accumulation.

v b‘\o

- : However, when NaCl was present in the incubation medium in

. -
' LI
A .

concentrations,qéeater than 20 =M, tryptophan uptake did not vary g

(RPN

-significantly ;from control values.

There was a significant decrease in tryptophan acoumu-

; lated by the slices when the KCl1, uuuhlly present in the 1ncuba; 7

Ay q

, tion medium at 5.5 mM concentrations, was completely removed
' b (Table 10),

K
S
i
R

Increasing the KC1 content of the medium to 10 mM

s
Sl LD )
gﬁ.v,eaxn

caused no significant change in this accumulation. When the

Loty

1
R

nor‘al NaCl and KCl édncentrutions of the ucdiun]unrc réeversed,
however, tryptophan uﬁtake.d;ctcaled severely. . Indeed, trypto- h

phan accumulation under these conditions was much less than that

Ay S

oo

' observed when 5-10 mM NaCl plus S,5 mM KCl were present in the
medium (Table 9). -

Neither calcium nor magnesium affected tryptophan
accumulation (Table 10). ~

’

The results obtained when LiCl is added to the Kreba-
/ Ringor pholphate incubation n.diu- are detajiled in Table 11,

‘ There was no significant change in tryptophan uptake when I.icl
s " in concentrations ranging from 0.5-5.5 mM rcplacnd RaCl in u.d;l



g } ° TABLE 9 _
7 Bffect of Altering the Sodium Concentration: of the Incubation Medium on the Accumulation of
1.0 mM Medium L-Tryptophan by Incubated Slices of Rat Cerebral Cortex*

'/ Bxptl. Set_ Sodium bonposition of .No. of : Tryptophan Uptake p¥
) . °Incubation Medium, Detns. umoles/ml cell water

1 C9Eplete(i e., 145 mh Na ) 4 3.26 £.0.21 .
‘ ”  Same except (Na') = 0 mM 8 : 2.60 + 0.14 <0.05
. T 5 mM ' a\% 2.56 ¢ 0.14 <0.02
- ‘ © 10 mM ~ 4 1.98 +0.33 <0.02
: 15 mM ‘4 2.65 ¢ 0.20 >0.08
20" mM 4 2.42 £ 0.23 <0.05
S -2 Complete (i.e., 145 mM Na®) s " 3.14 £ 0.31 ~
B : Same except (Na') = 25 mM 4 2.84 ¢+ 0.21 >0.05
: 30 mM 4 2.90 ¢ 0.05 ", >0.05 .
R 35 mM 4 3.00 ¢ 0.23 >0.05
é \ 40 mM 3 '3.09 ¢t 0.19 >0.05
DN 45 mM X 4 3.12 ¢ 0.17 >g. os

4 ~ .
oo ¢ Al :lncubationo were 15 min in duration and were conducted at 37°C in an atmosphere of 100% ‘

oxygen. .
. The p:oeoduro and thc composition of the incubation media are described in “Methods” Section

. TA and 7B.
j, Igoténicity in nod.ta from which Na* had been renoved was uinu.i.nod by the addition of cquimh:

ol quantities of choline chloride.
<. "It should be noted that the ionic composition of the pro-incubation media was identical to t.hlf.

s of the incubation media in which L-tryptophan uptake was determined.
ol Tabulated data represent mean values : S.E. for L-tryptophan uptake corrected for diffusion.

4+ Probability of/ d:lfforonch from corresponding control.
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TABLE 10 B

_ ..Bffect of Altering the Potassium, Magnesium and Calcium Concentrations of the Incubation Medium
on, the Accumulation of 1.0 mM L-Tryptophan by Incubated Slices of Rat Cerebral Cortex*

———

' Exptl. Set Composition of . No. of Tryptophan Uptake B

‘ Incubation Medium Detns. umoles/ml cell water

1l - C?mplete . 4 " -3.22 £ 0.40

B Sime except 0 mM K' ' 3 2.18 + 0.06 . <0.05 -

2 " Complete . s 2,95 + 0.24 -
_ Same excépt 145 mM K';5.5 mM Na® 4 0.70 ¢ 0.03 .. <0.001
: Same except 10 mM K';140.5 mM Na* 4 . 3.45 ¢ 0.32 >0.05
' 3 Complete o 6 3.49 £ 0.18
. Same except 0 mM ca’t 8 3.46 £ 0.16 >0,05 .-
4 Complete 4 3.50 t 0.17 . SR
o , . Same except O mM Mg2* . 4 +» 3.60 £ 0.18 >0.05 %
- .5 Complete 4 - ¥16.% 0.21 :

Same except 0 mM MgZ¥; 0 mM Ta®t 4 304 ¢ 0.27 >0.08

SRR

&. * All incubations were 15 min duration and were conducted at 37°C in an atmosphere of 100§ oxygen...

G gho.::ogodu:o and the composition of the incubation media are described in "Methods™ Sections -:

i A B. ) ) 3

%m " Isotonicity. in the medium from which x* had been completely removed was maintained by the 5

g - addition of equimolar quantities of choline chloride. When Ca*t and/or Mg*t were completely .

" removed, no salt was added as replacement. : . E

o It should be noted that the ionic composition of the pre-incubation media was identical to that
of the incubation media in which L-tryptophan uptake ‘'was determined. -

¥+ Probability of difference from corresponding control.
%," Tabulated data represent mean values t 8.E. for L-tryptophan uptake corrected for diffusion.
.o - ’ -
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TABLE 11 B

Effect of the Presence of Lithium in the Incubation Medium on the Accumulation of L-Tryptophan

by Incubated Slices of Rat Cerebral Cortex*

: Exptl. Set Composition of No. of Detns. Tryptophan Uptake pt )

g . Incubation Medium . ) umoles/ml cell water :

é 1.0 mM Medium L-frjﬁtophan

? 1 Complete 3 " 2.69 t 0.24 T

a " 4+ 5.5 mM Li* (replacing Na‘) 4 2.48 + 0.18 >0.05

. 2 Complete n 4 2.67 £ 0.32 - ;

: « 4+ 1.0 m Lyt (replacing ﬁa+)° 4 2.62 + 0.12 »>0.05

3 0.2 mM Medium L-Tryptophan -

? 3 Complete 4 0.91 ¢ 0.03

; ".+ 0.5 mM Li+;(replacing_Na+) 4 1.07 ¢ 0.10 >0.05 :

? s 4 " Complete B - 0.90 & 0.02

§ " w4 1.0 mM it (replacing Na') 12 0.83 t 0.04 >0.05

: S ., Complete 4 0.91 + 0.03 ‘

3 “ + 5.5 mM Li* (replacing Na*) 4 0.96 ¢ 0.06 >0.05 g

: 6  Complete 8 0.96 ¢ 0.03 : ;

e _® + 5.5 mM bi’ (replacing K*) 8 0.70 * 0.05 —<0.001 2
7 Complete ' 4 0.91°¢ 0.03 §

' £ 0.13 :

"4+ 1.0 mM Li* 4+ 4.5 mM xt
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(IR P M T ' ot o} - .
LIRS (et ek et PR Mg o, o - eyt

Do

A

4 - 0.77




.
*
in
F

AR AL T N e b v S D R CR AR g t s (@ vl S
N E s . ¢ w AN 3
* I N

o TABLE 11 (Cont'd) : .
Exptl. Set Composition of No of Tryptophan Uptake pt ;
_ ~ Incubation Medium . " Detns. ° umoles/ml cell water '
8 Complete | 4 . 1,01 % 0,05 .
- * minus x* 4 0.85 £ 0.05 >0.05 l

-
t 0.06 mM Medium L-Tryptophan
9 . Complete | ‘ "3 0.37 £ 0,02

" + 0.5 mM Li* (replacing Na*) 4 0.33 ¢ 0.03 >0.08 .
“ + 1.0 m Li* (replacing ma*) 4 0.37 £ 0.01 >0.05 -
"+5.5 mM Li* (replacing Na+) 3 0.38 %% 0.01 <" 50,08 E
" + 5.5 mM Li* (replacing x*) 8 0.30 ¢ 0.02 50,08 |
* 4+ 1,0 mmLi* + 4.5 mM k¥ 4 0.31 ¢ 0.03 >0.08 j
" minus K ‘ © - 0.29 t 0.02 <0.05 )
* All 1ncub4tionl were 15 min in duration and were conducted at 37°c in an atmosphere of 1008 :
oxygen. . B
;h.;g:ocndurc and the composition of the incubation media are described in “Methods" SQctianl .
A 7B. £2
It should be noted.that the ionic composition of the pre~incubation media was identical to that -
"of the incubation media in which L-trxptophan uptake was determined. z
-Isotonicity of the media from which X' had been completely removed was maintained by the E
addition of equimolar quantities of choline chloride. t////gpv ° E
LiCl replaced equimolar quantities of NaCl or KCl as indicated 2
Por the media-containing 1.0 mM Li* and 4.5 mM K+, the LiCl replaced 1.0 mM RCl. F
Tabulated data represent mean values t S.E. for L-tryptophan uptake corrected for diffusion. e
- Probability of difference from corresponding control §
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. conuiningd 0.06-1.0 “me L-tryptophan. There was a significant
decrease in the uptake of 0.20 s medium L-tryptophan only when -
5.5 mM LiCl replaced 5.5 mM KCl.. This decrease was attributed

to the absence of KCl rather than the presence of LiCl since
there were decreases in tryptophan accumulation from media con-
taining 0.06 or 0.20 mM L-tryptophan but containing no KCl.
! " 'rable 12 indicates that cesium, rubidium and thalliul *
have no effect on the uptake of either 0.2 mM or 1.0 mM -edim

L—tryptophan by rat brain cortex slices. ' b

G. Discussion

Brain ;lices actively concentrate L-tryptophan. This :
phenomenon, *first reported by Joanny et al. ;1968) has been f
confirmed by the presenf: ﬁstudies. Optimal conditions for the
study of the effects of various amipo aci.ds. ttyptophan utabolit:cm ,;

tryptophan analogs on the initial velocity of uptake of - *

L-tryptophan by slieos of rat cerebral cortex (to be discussed
subsequently) yereﬁeternined' from the data illustrated in
Figures 3 and 4 and from the observations reported in. Section 10E.
Thus, from Figure 3 we noted that incubation periods of 15 min
duijationﬂ would be within the linear range for accumulation of
1.0 mM concentrations of L-tryptophan from the medium. Since the
results shown in Pigure 4 indicated that tryptophan accumulation
tended to increase with increasing concentrations of tryptophan
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TABLE 12

Rffect of the Presence of Cesium, Rubidium and Thallium in the Incubation Medium on the

Accumulation of L-Tryptophan by Incubated Slices of Rat Cerebral Cortex*

.

Exptl. Set Composition of No. of Tryptophan Uptake - pt B
° Incubation Medium Detns. umoles/ml cell water -
1.0 mM Medium L-Tryptophan . “ .
1 Complete 4 2.80 ¢t 0.06
* + 5.5 mM Cs’ (replacing Na') s - 2.75 ¢ 0.31 >0.05
= + 5.5 mM Rb* (replacing Na') A 2.86 t 0.09° >0.05 B
0.2 mM Medium L-Tryptophan -
2 Complete 4 0.91 ¢ 0.03 i
* +71.0"mM Ccs* (replacing Na') 4 0.73 $ 0.09 >0.05
" + 1.0 mM RbB" (replacing Na') 4 0.86 * 0.04 >0.05 =
* + 1.0 mM T1V (replacing Ea*) 4 0.91 t 0.10 >0.05

* All inégbatians were 15 min in duration and were conducted at 37% 'in an atmosphere E{ 100%
© v OXYygen. . .
The procedure and the composition of the incubation media are described in "Methods” Sections

"7A and 7B. -

It should be noted that the ionic coqosition of the pre-incubation media was identical to

that of the incubation media in which 1L~

han uptake was determined.

CsCl, RIC]1 or TICl replaced equimolar quantities of BaCl as indicated.

Tabulated data represent mean values it S.E. for L-tryptophan uptake corrected fgr diffusion.
!robability of difference from corresponding control.
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in the 1ncubation madium and that thil :ato ot”incr-alo fell off

with eoncontrutionllof tryptophan greater than 3.0 mM, we chose

A 1.0 MM as the medium tryptophan concentration to be used during
most of -our Itndiﬁl.‘ The results reportéd in Section 10 R.con-
firmed that the vnricuo steps of the experimental proccdurc were

satisfactory.

\J
. s,
- = o = LA A
NN 7 - P VTR O

When the tryptophan transport ratioc was plotted against
-

¥

«
ERRVR NN S

concentrations of L-tryptophan in the medium as illustrated in
Figure 6, it was noted that beyond 3.0 mM medium L-tryptophan,
the transport ratio was npprox;@gtciy 1.5. Similar results have

@

-

been reported hy Barbosa, Joanny and Corriol (1970) for the trans-

port of prryptophnn by ratjcorobral cortex slices which had been =~
- incubated for 60 min at §7°c. Guroff et al. (1961) have almo
ob-ervcd that L-tyrosine uptake by rnt'ccrobrnltsortox cells is
similar to the data shown in Fignrn 6. They suggestéd that with
high mndium tyrosine concentrationl. the carrier mechanisa for
tyronino was saturated by substrate.

Analysis of the data in Figure 5 showed that trypto-

phan accumulation could be formally ropr-sonto& by Michaelis-

3 Menten kinetics when the concentration of the amino acid in the:

St e

" ) medium was. less than 3.0 mM L-tryptophan: Greater concentrations !

b,

lhow;d a departure from linearity when analysed according to the
mathod of Lineweaver and Burk (1934). We have been able to des-

o
XIS
Adr v,

A
3 LA
SR

~exibe thfl accumulation in ﬁor-l of two well-known kinetic pro-

Cesses, active trannport’nnd,alnplo diffusion rtpcilanod by
/
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curves b and ¢ (Figure 4) t‘npoctlvcly. Experimentally these two &‘
. processes are holcripod\by the non=saturable hyperbolic ourve a ‘
in.Figure 4 which illustrates the quantity of tryptophan acoumu-
lated lt'é;rioul medium- L-tryptophan concentrationa from 0.2 to
10.0 mM, NMathematically, we have described th.no'proc!pt;l by
the sum of nqultionn (10) and (11) in Section 10 D.vhicﬁ\pro now

.
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combined in the following expression:

v e $22328. 4+ o088 - 090 (2
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This dhuacion (12) is térmally Ldontical‘tp the expres-
ui;n which Vnhvolniﬁ;n and Oja (1972) have adduced for L-trypto-
phan accumulation in rat brain slices except in regard to the '
constant (~0.90). We interpret our observations to mean that

' ' cexebral cortex Qellu have an active carrier mechanism which
becomes siturated with concentrations of L-tryptophan noi;
1.0-3.0 md in the modium;. With higher concentrations, the slices
accunulatc.;-tryptophnn by diffusion pari passu with increased
; concentrations in the medium as indicated by the unit diffusion .
constant (slope of curve ¢ in Figure 4, of. equation 11) at
these concentrations. _ .
We have #ano nbted that ocurve ¢ in Pigure 4 (generated
from the arithmetical difference bogu‘on‘ouxv.l a4 and b, Figure ¢)
) becomes evident only with nod%un concentrations ot‘h~tryptophan
greater than 1.0 MM. We have concluded that at the lower medium
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L-tryptophan concentrations, between 0.2 and 3.0 mM, there is .

dtftplion of tryptophan from the cells because the 1htracellu1a£

R

concentration of the aminn acid is much higher than that of the
medium (cf., the tissue:medium concentration ratios shown in
gigure '6). This outward diffulion of ttyptophan is small and
Agggtive in value and is not readily detectable when the cells
-are actively concentrating L-tryptophan. With highgr nadiu- con-

I

centrations of L-tryptophan however, the carrier beco-al satur-

¢

ated, the tissuexmedium concentration ratio decreases towarids.one R
,—

and ‘the net‘flo? of’hrypgéphanydiffubion is fhen directed into the .
cells thus making the diffusion valugs positive in sign. .
'VIn %,ﬁr experiments, the maximal velbcitny (Vvmax) of the .
satuiablé‘transport, arocess was calculated to be 6.~032 umoles of ’ ‘"
L-tryptophan a?cumulated/ml of qell water in 15 min of incubation; o
the apparent Miéhaelfs’constant (Km) was calculated to be 0.829 mM
and the diffusion constant (xd) was found to be 0.98 umoles/ml
cell water/15 min/mM. Althcugh Joanny et al. (1968) "and Barbosa
et al. (1970) have studied the uptake of L-tryptophan by rat

f

cerebral cortex .slices at various L-tryptophan concentrations,

4

they have never publiahed Vmax or Km values. Vahvelainen et al. "

(1971) have reported that the Vmax for the 1ntracellular accumu-
lation of L-tryptophan by rat braln slices .is 38 nmoles/min/g wet
weight of tisaue while the Km value is 0.30 mM and the K4 is

32 nmoles/min/q wet wuight of tissue/-n. The discrapgncy between



Vahvelainen et al. (1971) used an inulin space correction factor 3
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these results and our own may be partially attributed to the

inulin space determinations. rot/their calculations, ’

which thi¥93gtermined following only 5 min of incubation. By
their own admission, this correction factor may have been in-

accurate ;nd hence led to a'lower Vmax value. Our inulin studies

ccerfainly’indicate this since 5 min is much too short an incuba-

—

tion period‘to allow for complete>equilibration,otfthe_inulin.

Two research groups have studied the kinetic character- {

s

istics of L-tryptophan tfinlport by rat brain synaptosomes.
Grahame-Smith and Parfitt (1970) have reported that tryptophan
uptake in aynapéono;es prepared from whole brainl,hOWfsaturabla
Qichaelia-uenten kinetics. They have calculated that the Vmax
of this process is 225 nmoles of tryptophan accumulated/5 min/g ’

fresh weight of brain and th;t the Km is 1.0 mM. More recently,

Belin and Rujol (1972a; 1972b; 1973) have shown that there are

Q

three tr;nsport syagem; for tryptophan accumulation by synapto-
somes prepared~fr6mjrat brain mesencephalon: (1) a low affinity
system seen at medidﬁ L-tryptophan concentrations between )
0.1-2.0 mM which has a Vmax between 7.4-8.3 nmoles/mg prote@n/nin '
and a km between 0.7-1.8 mM, (2) an intermediate affinity system
seen at medium concentggfiono between 0.05L0.25 mM which has a
Vmax of 1.23 nmoles/mg ?rotein/nin and a Km of 0.08 mM, and

(3) a high affinity system seen at medium concentrations between’

it
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2-50 uM whichrhaa a Vmax of 0.3Srq;54 nmoles/mg protein/min and
a Km of 6~-14 uM. (The figurea obtained by these investigators
vary depending upon the range in medium concentration atudied. i
We have included the upper and lower limits reported for each
syatem.) In our studies, for concentrationa betueen 0.2-10.0 mM
L-tryptophan in the medium we have beén unable to detect more
‘4&han one affinity system for‘tryptOphan. However, it is possible
that more affinity systeme could be detected in cerebral cortex
if medium concentrations of L-tryptophan lower than 0.2 mM were e
preeented to the cell membrane: . | R
Our findings that the active carrier mechanism for

tryptophan transport might be saturated when 1-3 mH L-tryptophan

is present hae interesting physiological significance. The nor- %
mal concentration of atryptophan in rat olood is about 0.05 mM -
and in brain 0.01-0,02 mmoles/kg. (Schurr et al., 1950; Sourkes *
et gi.,°1?70;warahame-Smith, 1971) . Thus, the concentration of
\\4 : this essential;amino_acid‘in,rat plaana'would have to exceed by

20 to 60-fold its normal level before the carrier mgcnanien’would
'become saturated. " ;
The results detailed im Tablea 5-10 indicate that, opti~

mal accumulation of L-tryptophan by rat cerebfral.cortex slices is
e ¢ %

an energy-requiring process. It requires an energy-yielding

substrate and is inhibited by anaerobiosis and/or low incubation

temperatures as well as the omission of Na+ or K+ ions from the
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incubation medium; - . h ‘ —%
The metabolic'inhibitors used in this study (iodo- | ,%
acetamide, NaCN and 2,4-05;,'cf. Tables 5 and 7) d;d not inhibit - 'i
the transport of 1.0 mM or 5.0 mM L-tryptophan significaﬁtly. 3
These results indicate that the levels of energy-rich phosphate
. compounds present in ihe,t%ssue slices were probabl§ sufficientV
to support tryptophan accumulation by the cortex cells even after
the inhibitofs had acted upon théif target enzymes. It should be
noted that for‘the inhibitor studies; the tissue- slices were |
pre-incubated for ‘10 min at 37°C in mediim containing 10 mM
glucose before the inhibitor and radioactive L-tryptophan were
added. Thus, the slice; may have been ablecto produce sufficient
ATP in.this time interval so that tryptophan could be accumulated
optimally despite the presence of an inhibitor. The results
obtained by Barbosa éﬁ:él- (1968) seem to support this hypothesis.
These investigators ‘reported that 1.0 mM NaCN and 0.2 mM 2,4-DNP
, inhibited tryptophan uptake severely when rat brain‘éorte¥ slices
were incubated for 40 min at 38°cC. However, in their studies
the slices were~incubated\}n the absence of‘glucose and there was
no gre-incubation riod iy ipe presence of glucose. ‘
Tables 5 and 7 indicate that 0.2 mM ouabain- had no
effect on the accumulatién of either 1.0 mu_orlé.o mM medium
L-tryptophan. We expected that ouabain would inhibit tryptophan

1

trinsport’since this coﬁpound is known to be an_eﬁfective'Na+-K+




7

ATPase inhibitor. uowcvor."lt is possible that ouabai:zfoqutzoul ~

the
_membrane ATPase and, presumably, to inhibit indiroctly amino

a longer 1ncubatlon period (than 1% -1n) to conbino wi

acid accumulation.
We have shown that the carbohydrates, glucose
fructo-e,and pyruvato‘are the most useful 6norqy substrates for
- the tranlboré of L~tryptophan by cortex/llﬂpea and that the Krebs

cycle intermediates, citrate and succinate are markedly less

efficient (Table 6). Barbosa et al. (1968) have roportcd observa- :

tions which are similar to these results. They have found that
20 mM pyruvate, 20 mM lactate and 10 mM glugbne stimulated trypto-
phan transport optimally.when slices ;uie incubated for 40 min

at 38°C. These investigators have also noted that with their
experimental conditions, slices incubated with 20 mM concentra-
tions of a-ketoglutarate, succinate and fumarate accumulated the
same amount of tryptophan as did slices which were 1ncub;ted 1;'
A glucose-free medium. ’ N

‘ ‘Transéort of L-tryptophan by qerebral cortax'-l}oqs
appears to be Nat and X', dependent. The rdoqlts in Tables 8,9
and 10 indicate that the presence of Na* and K* jons in the in-
cubation medium is necessary for tryptophan to be accumulated

maximally. The presence of Ca2+ and/or Mg2'! in the incubation

medium does not appear to be essential. Barbosa et al. (1970) .

have reported that the omission of Nat alters the apparent Km
for tryptophan traniport in rat cerebral cortex slices. They

. ‘ !
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- have not, howavor,.published these Km values.' Grahame-Smith
et El; (1970) have reported that when the concentration of Na+

ions in the medium was varied from 0 to 112 mM by oshotic replace- .

ment with choline chloride or sucrose, there was nc apparent
effect on L-tryptophan uptake by rat brain synaptoaomes prepared
from whole brain. Removal of xt ¢ Caz or ugz also h?d no effecs
on tryptophan uptake. Our results show that incubation of tissﬁe
slices in a Na' free medium at 37°C for 15 min caused a gignifi-
cant decrease in the quan?ity of L-tryptophan accumulated when
‘compared to slices which had b?en incubated under control con-
ditions (e.g. 145 =M Na+i cf. Table 9). Boqeé;r, tryptoppan
uptake did return’Fo control values when concentrations of)Na+
greater than 25 mM were present in the nedium.

Clinical interest in Li' and more recently in cst and
RbY for the treat-ent of endogenous depression led us to investi-
gate whether these ions. might effect tryptophan uptake by rat V
brain cortex glices.d The results in Table 11 indicate that when
0.5-5.5 mM LiCl replaced equimolar qudntitieu of NaCl in the
1ncubat10n medium, there was no significant effect on the accumnw
lation of 0.06-1.0 mM -ediul L-tryptophan. Also, 1i* was not an
effective replacement tor_x « The data dgtailed_in Table 12 show
that Cs+, Rbf and T1+ ﬁ;d no effect on the uptake of either 0.2
or 1.0 mM medium L—tryptOphan T1" was included in this study

because it 1s a monovalent dhtion with. an atonic radiua which is

R
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1ﬁ:9rmodiato in size to that of Na* and X*. Thus pife low
medium concentrations of Li*, Cs*, Rb* and T1' have no effect

on the txyptophan carrier in cersbral cortex cells.

\étudiel by Tagliamonte, Tagliamonte, Perez-Cruet, Stern
and Gessa (1971) and Perex-Cruet and Eichelman (1972) showed

W
T
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1
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4
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that intraperitq\:al administration of lithium carbonate (60 mg/kg
twice a day for 5 days) or of ce,iun chloride (2 -g(kq twice a K
day for 5 days) to rats caused lﬁbltaptial increases in brain
tryptophan and serotonin concentrations. They suggested that/ni*
and Cs* facilitate the entry of tryptophan into brain cells.
Schubert (1973) also has reported that rat brain tryptophan in- x
creases signiticantiy when'anima}a are fed for seven days on-a
diet containing LiCl. A(Fecent study by Knapp and Mandell (197%)
provides an axplanation for the discrepancy between our findings
and those of the aforementioned inveatigators. Knapp et al. ’
(1973) observed that synaptosomes ﬁreparad from rat brain striata ?
exhibit two affinity systems for tryptophan uptake: a low affin-
ity uptake system with a Km of 3.3 mM and a high affiniéy uptaie
system with a Km of o.sgﬂuu. They reported thlquynlptOIOIel ‘
prepared from animali which had received subcutaneous 1njectiono_

of LiCl (5-10 meg/kg for 5, 10 or 21 days) augmented the uptake

of tryptophan by. the high affinity system but that there was no ?
effect on the low#aftinity uptake system. Our tryptophan accumu- ;ﬂ

3
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lation :tudiei;havo centered on a carrier machanisa which has an
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‘
apparent Xm of 0.83 mM. Thus our try?tophan carrier system fits
into the category designated by Knapp et al. (1973) to be a low

0 affinity uptake aysten'. uenco! our negative undingp regarding

; ’ the effect of I.i+, Cs+, 'R'b* and '1‘1* on tryptophan tranlp_ort by

M ) cortex slices would seem to be in agreement with ‘the results of

;1' " these investigators. ! |
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: designed to determine which, if any, of the commonly occurring
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11. Amino Acids, Tryptophan Metabolites and Tryptophan Analogs:
. ' o] ) 0 K \ . N
Effects of These Compounds on Tryptophan Accumulation

4

A. Preamble

R L

oA

‘ Nﬁignpus reports have been published concerning the

M N
L R o Lt

various amino acid Eransport mechanisms which are present in braiﬂ
} e ., .
tissue (cf. Introduction, Section 5E). These studies have in-
\ .
cluded observations regarding the effect of tryptophan on the

b
S R et)

accumulation bf some amino ac}ds. To date, however, very‘little i

regsearch has centered on the nature of tryptophan uptake by brain

. .
[ WL A

tissue or on the effect of other amino acids on this accumulation.

Accordingly, the experiments described in this chapter, were

amino acids might affect tryptophan transport. We were also in-
terested in detecting whether metabolites derived from the path- ' .
ways of tryptophan metabolism might alté; trygtophan concentra-

tion by cerebral cortex cells. Finai}y, we were fortuﬁate to” .

r

have, in our laboratory, some tryptophan analogs which!are not 1

generally obtainable commercially; We uged these coﬁboundg in an

'
PR

attempt to elucidate the structural specificity of the tryptophan

transport carrier. )

-
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B. Results and Discussion RN
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(i)' Amino acids
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L-phenylalanine D,L~p-chlorophenylalanine,
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L~leucine, L-isoleucine and L-valine in 1.0 wN medium concentra~ °
tions inhibited the accumulation of 1.0 mM medium L-tryptophan |
(Table 13). The effects of two other aromatic amino acids,
L-tyrosine and L-DOPA howaver, were more variable (Tables li and
15).

L-tyrosine decreased tryptophan uptake significantly
when 1.0 mM of this amino acid was present in incubation media
containing 0.2 mM L-tryptophan whereas lower tyrosine concen- )
trations (0.2 mM and 0.5 mM) in similar wedia had no effect. %
There wachno change in tryptophan ;ecululation when 0.2 mM |
L-tyrosine vas i;cubatod with 0.5 wM L-tryptophan but higher
tyrosine coﬁc;ntrationo, il.e., 0.5 mM and 1.0 mM significantly
inhibited the uptake of 0.5 mM l.diun L-tryptophan. Finally,

0.2 mM and 0.5 =M L-tyrosine had no effect on the accumulation
of 1.0 mM medium L-tryptophan. However, 1.0 mM L-tyrosine
significantly decreased ihe uptake of 1.0 mM medium L-tryptophan.

The action of L—éb?h on tryptophan accunulhéion was
more specific. concontiation- of L-DOPA less than 1.0 mM 0:1
t alter the uptake of either 0.06 or 1.0 mM

’

in the medium A4id

L-tryptophan when red to control values. Higher LPDOPA’con-

centrations between (1.Q-4.0 mM) however, decreased significantly

the uptake of L-tryptophhn initially 0.2 mM, 0.5 mM or 1.0 mM in

&

_ the medium. The data ot Table 16 illustrates how the remaining

amino acids (in 1.0 =M concontxattont): qudtnt; L-alanine, }E
L-throouino. L-serine, L—hileldinc. L-proline, L—hydroxyproltnc,-{ﬁ
L-cysteine, t.-mthioni.m» GABA, L-glutamic acid, L-glutamine, ?
Bt
E

L-lysine and Lpatqiaino 'no ct!oct on the uptako o! 1.0 mit L
\ .
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. — TABLE 13

Amino Acids Which Inhibited the Accumulation of 1.0 mM Medium L-TryptOphan by Incubated Slices

of Rat Cerebral Cortex* . _

-Bxptl. Set Additions No. Tryptophan Uptake P+

. Detns. umoles/ml cell water
3 None . 6 3.12 ¢ 0.27
- L-phenylalanine 8 2.00 ¢ 0.14 <0.01
2 None 7 3.12 ¢t 0.22

- “ D,L-p-chlorophenylalanine 9 1.81 ¢ 0.15 <0.001
. 3 " None ‘ : 6 3,31 ¢ 0.18 ,
iy L-leucine . 8 2.3%5 £ 0.14 <0.01
4 None 4 2,65 ¢ 0.13 :
?‘ L=isoleucine 4 1.79 ¢ 0.03 <0.001
- 5 None . -8 2.93 ¢ 0.22
r ' L-valine 7 1.62 ¢ 0.20 <0.001
g‘
;}:
. oxygen.
%gé; rocedure is described in "Methods® Sections 7A and 7B.
gi The cu?:tionezzdiu contained 1.0 mM L-tryptophan as well as 1.0 mM concentrations ot the
IN ) acid tes
ke Tabulated data represent mean values t S.E. for L-tryptophan uptake corrected for diffusionm..
I S Droblbility of difference from co:rcsponding control. -y

* 1 indubations were 15 min in duration and were conducted at 379 in

an atmosphdje of 1008
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PABLE 14

Effect of L-Tyrosi:ne on the Accumulation of L-Tryptophan by Incubated Slices.of Rat Cerebral 5

Cortex* _ 2

Initial Concentration (mM) No. of Detns. Ti:yptophan_ Uptake pt L ”‘%

L-Tryptophan L-Tyrosine ymoles/ml cell water %

0.2 - 4 0.93 ¢ 0.03 £

0.2 0.2 4 0.94 & 0.06 «»>0.05 =5

0.2 0.5 \ 4 0.90 ¢ 0.05 . >0.05 S

0.2 1.0 4 0.66 + 0.01 <0.001 3

b &

0.5 - 4 s 2.15 ¢ 0.18 | %

0.5 , 0.2 4 1.96 ¢ 0.29 ’ >0.05 5

¢ 0.5 0.5 4 1.16 £ 0.10 <0.01 o

. 0.5 1.0 N 4 1.30 ¢ 0.13 <0.01 -

) 1.0 - 8 *3.07w¢ 0.17 i

o 1.0 0.2 3 2.53 ¢+ 0.08 >0.05 el

2 1.0 0.5 4 2.86 ¢ 0.10 >0.05 =5

: 1.0 1.0 8 2.63 ¢ 0.07 <0.05 %

... * All incubations were 15 min in duration and were conducted at 37°C in an atmosphere of : ":51

:“' 100‘ oqg‘n. . i .‘r‘:

. The procedure is described in "Methods” Sections 7A and” 7B. ‘;ﬁ

PR Tabulated data represent mean values : S§.E. for L-tryptophan uptake corrected for diffusion. 2

L + Probability of difference from corresponding control. e

L O =
L ~
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TABLE 15

Effect of L-DOPA on the Accumulation of L-Tryptophan by Incubated Slices of Rat Cerebral Cortex®

-

(=4

Initial Concentration (mM) No. of Detns. Tryptophan Uptake p* ’
L-Tryptophan L-DOPA S umoles/ml cellbuatﬁg T
0.06 ’ - >3 4 0.42 £ 0.05 . .
0.06 0.02 4 0.35 &£ 0.08 >0.05
0.2 - 4 £.93 t 0.03
0.2 1.0 4 0.61 t 0.05 <0.01
0.2 1.5 - 4 0.58 ¢+ 0.06 <0.01
0.2 2.0 4 .53 £ 0.01 <0.001
0.2 4.0 . _ 4 0.33 ¢ 0.02 <0.001
’
0.5 - 4 2.15 ¢+ 0.18
0.5 1.0 4 .4 1.28 & 0.13 <0.01
0.5 < 1.5 4 1.47 £ 0.14 <0.05
0.5 2.0 .4 1.17 ¢ 0.13 <0.01
2 0.5 ~ 4.0 4 1.10 ¢ 0.11 <0.01
100 5 - 4 3-‘5 b 4 001‘ é
1.0 ‘ 0.2 4 3.27 £ 0.29 . >0.0S -
1.0 0.5 4 2.95 £ 0.47 >0.05
1.0 1.0 4 4 2.7% &£ 0.16 <0.05

N v

. S

¢ All incubations were 15 min in duration and were conducted at 37°C in

1008 oxygen. ¢
The procedure is described in "Methods” Sections 7A and 7B,

an atmosphere of

i

Tabulated data represent mean values : 8.E. for L-tryptophan uptake corrected for diffusion.

4+ Probability of difference from corresponding control.
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TABLE 16 \ 9 s
Amino Acids Hhiqh Bad No Effect on the Accumulation of 1.0 mM Medium L-Tryptophan by Incubatod
Slices of Rat Cerebral Cortex*
Bxptl. Set Additions No. of Detns. moitophm Uptake P‘
: _ es/ml cell water
i None ® 7 ’ 3.09 ¢ 0.12 ©
] Glycine - 8 . . 3.43 ¢ 0.29 - >0.05 -
2 Noné . 3 3.00 ¢ 0.10 .
L-alanine 4 3.36 t 0.48 >0.05 ’%
3 None 8. 3.08 £ 0.19
r ' L-threonine 7 3.02 ¢+ 0.25 >0.05
4 'None 4 3.29 ¢ 0.16
L-serine 4 ¢ 3.62 £ 0.22 >0.05
L-histidine 4 3.36 & 0.26 >0.0S8 s
L-hydroxyproline 4 - 3.60 t 0.26 >0.05 X
L-cysteine 4 3.84 £ 0.38 - >0.05
_ L-methionine.. 4 3.25 &t 0.14 >0.0S
5 None 3 3.00 t 0.10
L-proline 4 2.86 ¢ 0.48 >0.05
6 None . 4 3.22 ¢ 0.40 3
0.5 mM GABA 4 2.65 ¢ 0.21 >0,05 &
. None k 8 3.00 ¢ 0.22 , :
GABA . 8 3.25 ¢ 0.29 ’ >0.05 s
7 None - 8 2,93 £ 0.22 : =
) L-glutamic acid 8 2.34 ¢t 0.39 >0.05 2
e None - 8 2.72 £ 0.11
L-glutamine 8 2.79 £.0.22
4
4
4

.
I~lypine
. Fhcipe. iy
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* All incubations were 15 min in duration and were conducted at 37°C in an atmosphere of 100% £
oxygen. ‘ Co C . . :
The procedure is described in ."Methods" Sections 7A and 7B. ’ ' ]
The incubation media contained 1.0 mM L-tryptophan as well as 1.0 mM concentrations of the s
amino acid tested {(except as noted for 0.5 mM ‘GABA) . . ©
Tabulated data represent mean values t S.E. for L-trygtophan uptake corrected for -diffusion.
+ Probability of difference from corrgsponding control. - -
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+ medium L;Fryptophan by rat cerebral cortex slices. e
The results detailed in Tables 13-16 confirm the

~ ~a s
T P AP T

" findings of Blasberg et al. (1965; 1966). These investigators

9

a xéported that there,aré at ledst six carrier systems in mouse ,

brain which are responsible for the ﬁransgprt of .almost all the’

&

naturally-occurring amino aéids into brain cells. They showed
that one of these carqier\systems transéorted the large neutral

amino acids. All the amino acids ﬁhich we found to inhibit °

v

tryptophan uptake (i.e., phenylalanine, p-chlorophenylalanine,,

tyrosine, DOPA, leucine, isoleucine and valine) belon§ to this

-

category. Our studies,.howeﬁer, were differeﬁ%ﬁfrom those of
/- . Blasberg et al. (1965; 1966): . they investig&téd the effect of

;35.trypt0phan on the transport of a number of amino acids, whereas

LS

we have studied the effect of some.amino acids on—tryptophan '3

transport. Thus, our results confirm' the claim that tryptophan-
. ) P
is indeed transported into brain cells by the carrier of the -
/ 15rge‘neutral~a¢ino acids. " T ’

J

Several reports have indicategaﬁhht phenylalanine L
and tyrosine inhibit the uptake of tryptophan by rat brain cortex
slices (Barbosa et gl.,11970; Gréeg and Curzon, 1970; Barﬁosa‘:

et al., 1971). Furthermore, Grahame-Smith et al. (1970) have

shown that phenylalaniné>is a competitive inhibitor of ‘tryptophan :
i v % i

§

transport into synaptosomal preparations of rat brain.' Tﬁey have °
- - : ~

~ reported that the Km for synaptosomal tryptophan transport is o ®

I
n
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120 mM and that the Ki for phenylalanine in this system is

©.16 mM, Joanny, Natali, Hillman and Corriol (1973) have
L-tyrosine influx 1nt0‘rat brain cortex slices. These investi- “
gators report that the Km for L-phenylalanine is 0.86 mM and

that the Vimax is 0 64 umorhl/ml tissue wator/min whorcan the Km

. for L—tyronine ia 1 64. mM and the Vmax is 0.98 ymoles/ml tissue’

yater(min. One can repall that we have determined that the Km

for trfptophan tnpnspOtt'islo.Q3 mM and that the Vmax is 0.40

Jﬂ7umoles/m1 cell q&ter/min (Chapter 10 Section D). The similarity

.between our results and those of Joanny et al. (1973) and of

Grahame-Smjth et al. (1970) provide additional evidence indicating °
that the transport of tryptophan, phenylalanine and tyggaine into
rat brain cerebral cortex slices is by the same carrier.

Aside from the aromatic amino acids (phenylalanine, -
.f}éhiorophenylalanine, tyrosine and DOPA) we found tha; ﬁ;n only

other amino acids which inhibited tryptophan uptake were leucine,
/ ‘ - -

"isoleucine and y&line (Table 13). These resurta‘argqfhtereating-

in view of the findings reported by other invéstigatorl. In vivo
studies by Peng, Guhin, Ha:per. Vavich and Kemmerer. (1973) have
lhown that when rats are forcc-fed a hiqh (58) tryptophan diet,

A

there is ‘a marked decrease (within 3 hours) in brpgn concentra-

pionn of 1sa£éucine, valine, histidine, methioniné{ phenylalanine

-

and tyrosine. Similar results have been reported by PFernstrom,

< ’ or H ter
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_ Larin and Wurtman (1973). They have been able to demonstrate .
;__ﬂ____,_jfff’iﬁigﬂthc tryptophan concentration of rat brain depends not oﬂly i

- T
-

upon the plasma efyptophnn'conccntration but also upon the plasma
raconccntration of the other neutral amino acids (leucine, iso-
leucine, valine, phenylalanine and tyrosine). They reported
that brain tryptophan conceﬁtrationn remained unchanged when rats
were fea a synthetic diet which contained the-other ncutrnlmamino
acides in additio; to tryptophan. Rats which were perﬁittiﬁ,td
consume a diet which c¢ontained only ttyptophdﬁ showed liqnifi%;pt\
‘Ancreases in plasma and brain tryptophan. The relationship be-
tween brain tryptéphan concentration and plasma levels. of the;
other large neutral amiﬁo acids is attributed ‘by this group g;
- the cafrier mechanlnm (elucidated by Blasberg et al., 1965; 1966)
' which mediates tryptophan transport into brain. Thus, our results
are cénoiatent with their observations. . ~
The éoncept of a neutral am1n6 acid carrier in brain
tissue which mediates tryptophan trannport into cells and wgich
is atfected by other large neutral amino acidl is of phyaioloqical
importance. As we have mentioned proviouily (cf. Introduction,
Section f{. brain tissue utilizes tryptophan for protein synthe- ’
, sis and for the formation of serotonin. -However, it has been - ?
) shown that th; concentration of tryptophan in brain is usually . “‘i
g ' lower than that required to saturate tryptophan-5-hydroxylase,

2~

the enzyme believed to be the rate-limiting step in serotonin

1
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) synthesis. The endogenous pool of brain tryptophan is known to
b be the smallest pool of all the amino acids pools which are
| available for protein ly;thclil in brain tissue. If tryptophan

, ' . uptake (and coaicgrontly the concentration of brain tryptophan) %
is affected by the plasma concentrations of the other large
neutral amino acids au 9ur data and that of Blasberg et al.

. (1965; 1966), Pernstrom et al. (1973), Peng et al. (1973) in-

" dicate, then the mechanism for tryptophan transport into brain .
may 1ndeed'be a rate-controfling step in the formation of”brain
proteins and of the postulated neurotranlmittor, -erotonin..

- ’ Several other amino aciddfﬁava been reported to in=-

hibit"tryptophan uptake.. Grahame-Smith et gl. (1970) observed

that methionine and glycine inhibited tryptophan tranlporf into
rat(brain synaptosomes. Green et al. (1970) noted that 1. p.pu

L-alanine caused 22% inhibition in the uptake of 6.0 uM medium.

i-tryptophan by rat brain slices following a 50 min incubation

at 37°C. We have been unable to correlate our results with those

ofpthese investigators. o ‘ :

Histidine has also been observed to‘lnhiﬁit trfﬁtdbhan
 accumulation. Using rat brain slices, N;amoo(1964) showed that

ol . L-tryptobhan was a potent inhibitor o!'L-hiltidine tranoport.zi

Barbosa et al. (1971) confirmed thil tinding. &hoy reportod '

" “that 1.0 mM nodiun L-histidine inhibito the uptake of 1.0 mM [

medium L-tryptophan and vice versa. HowevVer both of these
7o ;
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histidine studies involved incubation of the slices for 50-60 . .
min. Since Grahame-Smith et al. (1970) have shown that histi-
dine is a potent stimulator of tryptophan efflux from synapto-
somes, it is possible that histidine 'cts on the efflux of
tryptophan from cortex slices aﬂdlpﬁ:? its ettéct can be detected
oniyrfollowing prolonged incubation. If this explanation is
correct, then the lack of effect of histidine on the initial
influx of tryptophan shown in Table 16 would be clarified.

Table 15 indicates that high concentrations of L-DOPA

- ranging from 1.0-4.0 mM in the medium inhibit the uptake of

0.2-1.0 mM L—tryptOphaﬂ by rat brain cortex slices. Analysis

of thgse results according to the methods of Lihéweaver and Burk
(1934) and Dixon and Webb (1964} showed that action of L-DOPA
on.the tryptophan car%ier did not conform to simple competitive
kinetics. The datq.dé however suggest tﬁat high concentgations
of this amino acid ca; interact with the mechanism which trans-
ports tryptophan into brain cortex cells. Two in vivo studié;
hive shown that L-DOPA does not affect brain tryptophan~loncen-
trations. Karobaéh,'Diaz and Huttuner (1971) found only a: .
alightAdeéreise in rat béalh tryptophan Eollouing a single intra-
peritoneal injection (100-200 mg/kg) of L-DOPA. Liu, Ambani -
and Van Woert (1972) showed that there was no ‘significant change

" in rat brain tryptophan after chronic treatment (subcutaneous

injection of 1000 mg/kg for 1 week) with L-DOPA. Our-results

o

s



agree with these findingé‘sin;e thef indicate that the plasma con-
centration of L-DOPA would have to be quite high before trfpto-
phan transport into brgfn is affected. Our data are of clinical ’g
interest because of the current use of this. amino acid in the 4
/treatment of Parkinson's disease. According to Tyce, Muenter l ‘%
and Owen (1970) peak concentrations of DOPA reached 2-3 hours ; .
after anvoral therapeutic dose are fﬁ the range of 1-4 ug/-; of
plasma. With such concentrations of L-DOPA in the incubation
medium, viz. 0.02 mM, there was no inhibition of tryptophan
accumulation. Thus, the normal therapeutic dose of L-DOPA ;ay
not affect tryptophan uptake. into human brain cells.

| Yoshida, Namba, Kaniike and Imaizumi (1963a) and
YosQida, Kiniike and Namba (1963b) have published extengive
studies of L-DOPA transport into guinea pig brain. The char-
acteristics of this transport bear startling similarity to tryp~  _..
tOphan‘transport into rat brain cortex slicés as efaggdated in

this thesis. Yoshida et al. (1963a, 1963b) have found that

L~DOPA is actively concentrated by guinea pig cortex slices

. with medium concentrations of L~DOPA below 2.0 mM. They have

observed that the active carrier mechanism for L-DOPA becomes
saturated when the L-DOPA is between 2.0 and 3.0 mM. These

WO e

investigators showed that with L-DOPA concentrations greater
than 3.0 mM, thé‘amino acid enters the cortex cells by passive s

diffusion. Furthermore, they reﬁdtted that mannose, fructose,

) T, ~
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" bosh species. Schanberg K1963) has reported that 1.0 mM

L o P o PR TR, .&_,'{wa‘h'“l ,_éw H‘-’.ﬂ)h,l“;'“:rf' ‘\‘W: v‘".f"
' . o h

:.J'_'

AL L

AN LY, -

g

Y, / }g
W

1

' t

&

‘ J 141

) ﬁ -
and pyruvate as well as glucose stimulate L-DOPA transport but k
that Krebs cycle intermediates (a-ketoglutarate and succinate)

are ineffective. . Omission of Na+ and R* decreased L-DOPA
l : .

accumulation but this accumulation returned to control valudk

when 80 mM Na® and 6.0 mM X' were present in the incubation

medium.Finally, of the amino acids tested, ‘they found that only
L-phenylalanine and L-éyrosine 1nhibited!the uptake of L-DOPA.

The similarity between these results and our results which are .
outlf;ed in Tables 5-16 prévdde additional evidence of L-DOPA

transport by the same carrier as that for tryptophan.

- © <
”’*L

(ii) Tryptophan Hetabolites and T:xptophan Ana;ggT

‘Table 17 illustrates the effect which L-5-hydroxy-
, F
tryptophan, an amino acid and tryptophan netabolite, exerted on

x

e

the accumulation of L—tryptqphan by rat cerebral cortex slices. y }

The only- significant 1nh1bition observed was by 0.5 mM LPS-hydroxy-,

i
tryptophan in the presence of 0.2 mM L-t;yptophan.

(s o
3 LS L
LRI Y

Sﬁhahbérg and Giarman (1960), Schanberg (1963?'anﬂ' .

Smith (1963) have studied'S—hydioxytryptophan tran-port into
th and doq brain ‘slices. ‘These investigators have shown that -

',

200t S Sk

S-hydroxytryptophan is actively concentrated by brain slices fto-

'L-phenylalanine. L-tyrosine, L~DOPA or L-tryptophan inhibits
the uptake of 0.1 mM s—hydroxy-o L—tryptophan by rat brain eor-‘
tex slices. InhiRition by these amino acids ranqod Fru- 25—45t

t
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) TABLE 17 2
Effect of L-S-Hydroxytryptophan on the Accumulation of L-Tryptophan by Incubated Slices of Rat

;’- Cerebral Cortex* ¢ i
%{' Initial Concen¥rations (mM) ~ No. of Detns. Tryptophan Uptake - p*-
gg_ L-Tryptophan L-5-Hydroxytryptophan ‘ umoles/ml cell water -
AR 0.06 . - - . 4 0.37 £ 0.02
54 0.06 - 0.02 ‘ - 4 . 0.36 ¢ 0.02 . >0.05
iy f 0.06 0.05 4 & . 0.33 £ 0.01 >0.05 .
3 0.2 - 4 1.01 ¢ 0.10
B 0.2 +0.05 4 1.03 t 0.09 >0.05
%a:;?\ 002 0.5 4 . 007'2 t 0003 <°005 )
P, 1.0 - 3 3.00 # 0.10
% 1.0 1.0 4 . 3.39 £ 0.15 >0.05
. ;
- * All incubations were 15 min in duration and were conducted at 37°C in an atmosphere of
2T 100% oxygen. : , -
The procedure is described in "Methods” Sections 7A and 7B. '
Tabulated data represent mean values : S.E. for L-tryptophan uptake corrected for diffusion.
+ Probability of difference from corresponding control. .
- } ‘ i
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of the control uptake values. He has also observed that.
|
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; u 0.1-1.0 mM concentrations of D-tryptophan have little effect on

A

the uptake of 0.05-0.2 mM S5-hydroxy-D,L-tryptophan. Smith (1963)
has published similar findings. He has re rted that L-pheny-
’lalanine and a—nethyl-n,l.—ﬁovn are competit v; inhibitbrs of -
5~hydroxy-D,L-~tryptophan Iupi:ake by rat,brain/ slices. Smith (1963)

Tl e ™

also noted that L-tryptophan, L-tyrosine, L-histidine, L-glutamic

acid andLD,L—DOPA interfered with S5-hydroxytryptophan accumula-

tion. Both Schanberg (1963) and Smith (1963) have noted that

high concentrab?ons of L-tryptophan (of éhe oxder of 1.0 mM)

were required to inhibit the uptake of 0.05 mM-0.2 mM 5-hydroxy-

D,L-tryptophan. Tﬁese data and the results in Table 17 indicate

that S-hydroxytryptophan is probably transported: into brain cells »f

. by the same carrier lysten as tryptophan. ' ‘

of thc tryptophan metabolites tested, L-5-hydroxy- &

tryptophan was the Oﬁ}y one with an’ intact pyrrole ring (cf ;;
Figure 2) which inhibited cryptophan uptake. Thus, the results h

summarized in Table 18 show that 1.0 mM concentrations of

# : Ls-hydroxytryptanine, trypta-ine, S-hydroxyindoleacetfb acid, r%
o indole-3-acetic, acid or ?,L-.‘i-indolelactic acid did not signifi- %

cantly increaae’or dec;;Ale th uptake of‘l.o nM medium L-trypto- é%

' phan. ‘ \ ‘!%

" I Metabolites from the p"yrrola:e pathway of tryptophan %

t
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degradation (cf. Pigure 1) also did not exert a significant
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: THBLE 18 S -

- Bffect of Some Tryptophan Metabolites (with the Pyrrole Ring Intact) on the Accumulation of
1.0mM Medium L-Tryptophan by Incubated Slices of Rat Cerebral Cortex*

Exptl. Set Additions ©  No. of Detns. Tryptophan Uptake p* -
y - o umoles/ml cell water
T 1 '  None . -x, 6 3.03 t 0,31
S-Hydroxytryptamine : 8 3.06 ¢ 0.15 >0.05
(creatinine sulfate comploi)

Creatinine sulfate 4 3.09 ¢ 0.18 >0.05 -
2 None 3 3.00 ¢ 0.10
S-Hydroxyindoleacetic Acid 3 3.17 't 0,22 >0.05 ™~ =
3 None 8 3.18 ¢ 0.23 ,
Tryptamine 8 2.74 £ 0.15 >0.05 ' %
4 None ’ 4 3.16 ¢+ 0.18 -
Indole-3-acetic acid 4 3.06 £ 0,53 >0.05 L
5 ' None ' 4 3.08 + 0.47 ~ o
LD, L—3-Indololact1c acid 4 3.01 £ 0.16 >0.08 :

. * All incubations were 15 min in duration and were conducted in an atmosphere of 1008 oxygen.

. .» The procedure is described in "Methods" Sections 7A and 7B. .

- The incubation media contained 1.0 mM L-tryptophan as well as 1.0 mM concentrations of -the \ s
metabolite tested.

Indole-3-acetic acid was dissolved in Krebs-Ringer phosphate medium to which ethanol hnd been :
S . added to a final concentration of 3% (v/v). . E
¥ .  ‘Tabulated data represent mean values t S.E. for L-tryptophan ugtake corroctod for ditfnnion.
: + nProhabtlity of difference trcm correoponding control.

. . LS ) |




effect on tryptophan transport into cer:BPq; cortex slices
(Tables 19-22) with the exception of L-kynurenine. Thus, 1.0 N

concentrations of N'formyl-L-kynurenine, xanthurenic acid, quino-

linic acid, quinaldic acid, picolinic acid or nicotinic acid as R
well as 0.5 mM kynurenic acid had no effect on the uptake o{h . \;5
; . 1.0 mM medium L-tryptophan by cerebral cortex slices (Table 19).

| More detailed studies of the tryptophan metabolit:a. L-kynurenine,
L-3-hydroxykynurenine and anthranilic acid showed that only ' ]
. L-kynurenine affected tryptophan éransport (Tab}ea 20-22). Thus, ;
| 0.5 and 1.0 mM medium concentrations of L-kynurenine significantly .
| ! ’ decreased the accumulatioﬁ of 1.0 mM I~tryptophan from the

~ medium (Table 20). However, when the L-tryptophan concentration

o mt muaii i
AR S T i SR

‘) was lowered to 0.2 mM and 0.5 mM, respectively, L-kynurnenine had -

- little effect. Only 1.0 mM L-kynurenine inhibited the uptake of
| : /

~in & e

. . |
VPR i T S

: 0.5 mM L-tryptophan. _
Green et al. (1970) reported that 1.0 mM concentra-

»
s

tions of L-kynurenine and of L-3-hydroxykynurenine caused 35%

ST el ok

inhibition in the uptake of 6 uM L-tryptophan into rat brain ’

siices. Théy also observed that 3-hydro§yanthranilic aciq, ., .
v anthranilic acid, xanthurenic acid and quinolinic acid had no )
i ' effect on tryptophan uptake. Our results are in agreement with
thoge of these investigators except with regard L—3-;ydroxy-
kynurénine; ) ‘ ‘

5 s The,effects of various tryptophan analogs on the
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: TABLE 19 ( -

.Effect of Some Metabolites of the Pyrrolase Pathway of Tryptd;Ean Degradation on the Accumulation
of 1.0 mM Medium- L-Tryptophan by Incubated Slices of 'Rat Cerebral Cortex*

Exptl. Set Additions ) No. of‘Detns. Tryptophan Uptake P+
. - umoles/ml cell water
1 None 4 3.16 t 0.21 .
> ) N'formyl-L—kynurqpine 4 2.88  0.25 >0.05
: 2 None 2 4 3.29 ¢ 0.16 ‘ )
. Kynurenic acid (0 5 mM) 4 2.92 ¢ 0.15 >0.05
- B Xanthurenic acid " I ‘ 3.38 ¢ 0.30 >0.05
_ 3 None , ‘ 4 3.08.¢ 0.47 -
B ‘ Quinolinic acid 4 3.04 ¢t 0.08 >0.05
Quinaldic acid 3 2.33 £ 0.43 >0.05
Picolinic acid 4 2.98 ¢+ 0.17 >0.05
Nicotinic acid 4 2.93 £ 0.17 » : >0.05

|\
* All ‘incubations were 15 nin in duration and were conducted at 37°C in an atmosphere of 100%

oxygen.
The procedure is described in "Methods" Sections 7A and 7B.
’ The incubation media contained 1.0 mM L-tryptophan as well as 1.0 mM concentratiﬂnl of the
- metabolite tested (except as noted for 0.5 mM kynurenic acid).
Tabulated data represent mean values ¢t §.E. for -L-tryptophan uptake correctcd to diffusion.
+ Probability of di!fcronc. from corresponding control.
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= TABLE 20 -
- lffoct‘ot L—Kynurcnim on the Accumulation of L-'rryptophan by Incubaud suen of Rat Ceredbral -
o Cortex® o -
Initial Cmccntration (-nz ’ - No. of Detns. Tryptophan Uptake p*
> L~Tryptophan . L~Kynurenine ) . umoles/ml cell water
e v - - . - - 2 s .
=\ 0.2 - . .4 0.93 £ 0.03
c 0.2 0.05 4 T 0.95 £ 0.14 T .>0.05 .
e 002 D..-Z 4 ‘ - . 1.00 t 0008 - >°0°5 . "-*_:-
- - 00‘2 0.5 ‘ }.. 0080 t 0013 - )0005
0.2 1.0 L 0.88 ¢ 0.05 >0.05 >,
° 0.5 - . 4 2.15 ¢ 0.18 S e
“" 0-5 fp 0.05 “ . :‘ ‘71.95 t 0023 >o.05
. 0.5 0.2 4 1.92 ¢ 0.18 -20.05 .
£ 0.5 0.5 4 1.86 £ 0.13 59,05 ¢ -
%‘4 - 0.5 Q.o ‘ o, 1061 : 4 0009 <°o°5 . _}
1.0 - Y 3.16 ¢ 0.21 Co .
;" 100 0005 e ‘ N R 2-‘6 t 0026 . >°.05 ¢ :‘\—t:
- 1.0 0.2 4 2.56 £ 0.19 . >0.05 .
1.0 0.5 4 N 2.06 £ 0.20 "<0.01 - b
1.0 1.0 8 ~1.93 ¢ 0.152 ) <0.001 ’
g * All incubations nto IS min in duration and were conducted at 37°c in an ‘atmosphere "of B
1008 oxygen. .-
The proceédure is doacribod in "Methods” Sections 7A and 7B. Rl
Tabulated data represent mean values t 8.E.- for L-tryptophan uptake corrected for dittusi.on. ’j
" 4+ Probability of difference from corresponding control. :
. ‘ . , < -
?_‘ .' ¢ P

- g

Y

.
. 1 : N .
- ot Y 1 - L 2 IR . ' . N [N e -l Ly e e -
e AR A a Sl it ™S b s & b Ve T e AL PR T - "



Tre
:

M
.

s
o - < ~ ¥ .
N .
Q ) ¢
. . : - ‘ ) 3
. ‘ ’: > ‘Q . .1 -
. . . ~ " TABLE 21 ‘
Effect of L-3-Hydroxykynurenine on the Accumulatlon of L-Tryggpphan by Incubated Slices of Rat
Cerebrdl Cortex* N . - -
Init1a1 Concentration (mM) ' bNo. of Détns;; Tryptophan Uptaké i pt 'f-
L-Tryptgphan L-3 -Hydroxykynurgglne X "umoles/ml cell water )
) R 6 -« -
0.06 - - - . : 4 . 0.40 * 0.06 . .
0.06 0.05 4 0.31 ¢+ 0.02 . >0.05 .
0.5 \ - 'y 2.15 ¢ 0.18 )
0.5 u _ 0.5 ‘ 4 A . 1.91 & 0.23 >0.05
1.0 h - ' 4 < 3.16 +0.21
1.0 1.0 4 2.59 ¢ 0.33 >0.05

J\
, ¥ All incubations ‘were 15 mln in duratlon and were conducted at 37°C in an atmosphere of

100% oxygen. I
The procedure is described in "Methods" Sections 7A and 7B.

-

Tabulated data represent mean values t S.E. for L-tryptophan uptake corrected for: diffusion.,

+ Probability of difference from corresponding cpntrol.z. v
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ot - - " TABLE 22 ‘
Effect of Anthranilic Acid on the Accumulation of L-Tryptophan by Incubated Slices of Rat Lt
Cerebral Cortex* - < . e
Initial Concentration (mM) ) i"ju No. of Detns. Tryptophan Uptake. 2 ) a
L-Tryptophan » Anthranilic Acid - umoles/ml. cell water
0.06 A - s 0.40 ¢ 0.06 , )
0.06 - 0.Q5 ﬁ 0.36 £ 0.02 >0.05°
- 0.2 - 4 0.93 t 0.03
0.2 0.2 4 1.08 £.0.15 >0.05
) 0.5 o - > 4 ©  .2.15 ¢ 0.18 .
0.5 0.5 L 4 2.49 t ‘0o13 N >0005
100 - > 4 3-16 t 0.21‘ o
1.0 4 2.91.% 0.18 - >0.05«

- 1.0

. All incubations were 15 min in duration and were conQucted in an atmosphere of 100% oxygen. .
The procedure is described in "Methods"™ Sections 7A and '7B. 2
Tabulated data represent mean values t S.E. for L-tryptophan gptake corrected for diffnsion. =

"4+ Probability of difference from corresponding control -
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trﬂnlport of L-tryptophnn are shown in Tablo 23, One oompddnd
appeared to stimulate tryptophan uptnko: u-m.thyl-s-hydroxy- ﬁ

tryptamine. However, a-mnthyl-b L-tryptophun, a-mothyl-s-hydroxy- ‘;

D,L-tryptophan, 4-methyl-D, L-tryptophnn and 6-méthyl-D,L-trypto=-

phan had no effect on tryptophan accumulation.

We have thus attompted to delinoato the structural

‘npocificity of the cryptophan transport oarrier system in the

light of the results shown in Tables 13-23, and we conclude as
follows: ‘gﬂ; carrier qgchaninmlaxpibits an absolute requirement

for Fhe side chain aliphatic carboxyl group‘as‘yolllau for the -
a~amino group. AfB-hydrogen of the aliphatic side chain however,”f‘-
may be substituted by q'fyrrole’ring:§§\Q:?zene ring, a sub-
sﬁituted benzene ring, ér a branched chain aliphatic group.

These conclusions are based on the ob.ervépibnl thatqthe only |
compounds which inhibited tryptophaﬁ accumulatign were Lg5-hydroxy-
tryptophan, L-phenylalanine, L-tyrosine, L=-DOPA, L-leucine,
L-isoleucine, L-valine and L-kynureniné. All these compounds

have hn'aliphaéic cgtboxyl'grohp 9ﬁH,JQ;aﬁamino group} but they
also have diffgrené g;oups pttdgped to the B-aaébon. The data
in Table 18 provide additional evidence concerning the struc-

tural reguirements of the txyptobhan carrier system. If the

”éarboxyl group is removed (e.g. tryptamine and 5-hydroxytrypt-
‘amine), or if the a-amino group is removed and the aliphatic

* side chain shortoned by one catbon (e.g. 5-hydroxyindoleacotic

L)
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) o, , TABLE 23 y ?
" mein
Effect qf Various Tryptophan Analogs on the Accumulation of L-Tryptophan by Incubated Slices
of Rat Cerebral Cortex* i . P
e
In#tial Concentration (mM) . No. of Detns. Tryptophan Uptake pt
. L-Tryptophan Analog | - umoles/ml cell water .
0.06.. - _ 4 0.37 ¢ 0.02 ‘ -
0.06 0.04 o-methyl- 4 . 0.30 & 0.04 >0.05
' D,L-tryptophan - - )
w 0.2 E - 4 " 1.01 :-0.10 -
0.2 ~'0.10 a-methyl- ) 4" 1.03 ¢t 0.03 >0.05
- A D,L-tryptophan . :
0.2 = 1.0 a-methyl- Y, 4 : 0.82 ¢ 0.11 >0.05 d
D,L-tryptophan ~ -
1.0 - : \ 3 - 3.00 ¢ 0.10 ) -
1.0 1.0 a-methyl- ; - 4 ; 3.63 + 0.28 >0.05
* D,L-tryptophan 1
1.0 - 4 “2.79 ¢ 0.20 ]
S 1.0 1.0 a-methyl-5- 4 3.67 £ 0.06 <0.01 T
. . hydroxytryptamine ' -
1.0 S - 4 3.29 ¢ 0.16 ,
1.0 1.0 4-methyl- , . . 2.87 + 0.17 >0.05 .
2 p,L-tryptophan =
N - 1.0 - 1.0 G‘MthYIE 4 ‘ 3-09 t 0016 C>;0005 :J
i . D,L-tryptophan ) . ) <
1.0 - 4 2.79 £ 0.20 t
g 1.0 1.0 4-hydroxy- . 4 ’ ~ 3.51 t 0.24: >0.05 :
: D,L-tryptophan . , . -

—
o
-

e
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/ TABLE 23 (Cont'd) . \
Initial Concentration (mM) No. of Detns. TrypfbphancUptake . i p*
L-T topl Analog 1moles/ml cell water
”1.0 - 3.29 £ 0.16
1.0 1.0 a-methyl-5-hydroxy- 3.39 £ 0.21 >0.05
- D,L-tryptophan

[P .
b loTTay G N :
R A e M e tac f o wy e~

All incubations were 15 min in duration and 'were conducted at 37 C in an atnosphére of

100% oxygen.

The procedure is descrlbed in "Methods”™ Sections 7A and 7B.
Tabulated data represent mean values : S.E. for L-tryptophan uptake, corrected for diffusion.

Probability of difference from correspondlng control.
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For ﬁﬂ'fornyi-n-kynurenine, it may be that a substituent on the K

e, v‘,"'“‘:\",’}m""ﬁﬁﬂ. e -’ 7” m}\'ﬂ' aV‘s;‘;"f‘

o K

acid and indole-3-acetic acid). or Lf the a-amino qroup is . :
replaced by a hydroxyl group (c g. indole-3-lactic acid), ‘there - i
is no effect on tryptophan qccu-ulation. Similarly, analysis of
the data detailed in Table 23 showed that substitution of the
a-hydrogen by a methyl group (e.q. a--nthyl-n.h-trypeophqn.and
a=-methyl-5-hydroxytryptophan) also had no effect on trypcoph‘h )
transport. Thus, we postulate ¢hat the carboxyl of the aliphatic
side chain and an a-amino group are required for the interiction

between the tryptophan carrier and a preferred substrate. Btguc-

tural requiremants for the B8-carbon of the aliphatic side chain

_however, appear to be more flexible. Thus, a pyrrole group

(5-hydroxy tryptophan), a benzene ring (phenylalanine), a sub~
stituted benzene ring (tyrbsine, DOPA and gfchlorophoqylalanine)
as well as bignched chain aliphatic groups (leucine, isoleucine
and valine) may be substituted on the fi-carbon and interaction
of these compounds with ;he carrier mechanism will oceur.

Based on these conclulions one would expect that
N'formyl-L-kynurenine and L-3~-hydroxykynurenine as wel} as
L-kynurenine would 1nteract with the tryptophan carrier system.
However, only L-K}nurenine inhibited-tryptophan accumulation.
ortho-amino gro&% is large enough to hinder steric interaction
of this compound witlr the cqrr%ot. ‘Similarly, L-3-hydroxy-

kynurenine has an .amino group and a hydroxyl group which are

~




ortha and meta with respect to the side chain and,
molécule may be too large structurally to interact with the

carrier. We are unable to explain the action of a-methyl-

S-hydroxytryptamine .
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.to an effect of hydrocortisone on the membrane carrier which

Lo ;:f, Jvtnvm‘f‘?&"ﬂWf i
N

12. Preliminary In Vivo B J ts | . > i
A. Preawble ¥ — "

During the course of the in vitro experiments re-
corded in Chaéter: lo,and 11, we becama interested in whether
alteratione to the physiological condition of the rat might
affect. the ttyptoéhan carrier system of cerebral cortex cells.
We were fortunate, in our laboratory, to have facilities avaii-
able for the preparation of a synthetic diet do!ifient in trypto-
phan and for the maintainence of rats on this diet for a pro-
longed period. Thus, we report /here on the accumalation of
tryptobhan by cerebral cortex slices prepared from the brain
tissues of éﬁts which had been fed a t;ypgophan-ﬂéficient diet
for periods up to oge month. 8

Previous investigators have observed tha?/gortisone _
and hydrocortisone induce tryptOphan oxygenase (Knox et\al., 1955; ~3
Civen et al., 1959). ﬂydrocortisone has also been’ shoun by %

Green, Joseph and Curzon (1970) to decrease the S-hyi}oxytryp- -

e,
Fr Ay I

tamine concentration of rat brain. These investigators postu-
_‘, §

late that high levels of tryptophan oxygenase activity divert

tryptophan from the "5-hydroxytryptamine metabolic pathway. We

questioned, however, whether these rqsulfiicould.be’attriputed

"‘Q-« . . P
s 2 STy a5 e

..3
Wl
o
e
,

=
K

transports'tryptbphah injbrdln. As these studies frere in pro-
gregs, a number of hypophysectomized animals were made readily
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available to us. Thus, we decided to determine whether hypo=-
physectomy might have an effect on‘tryptophan uptagf by slices

prepared from the brains of these animals.

, B. Results and Discussion -

(1) Dietary Deficiency

n

Table 24 details the results w;lch’woro obtained wﬁcn
wL-ttypthhan‘uptiko was studied in brain !110.. from rats which

" had ingested either a synthetic diet deficient in tfyﬁtophan'or
one which had baen fortified with this amino acid. It was ob- ~
served that tryptophan accumulation is not significantly altered

by prolonged dietary detichnq& of tryptophan. -

(11) Adrenak%ctomy and Hypophysectomy

LA oo
s . frhe effact of ﬁéranaliétomy or hypophynectémy oh\fho'
uptake of L-tryptophaﬂ pyjéerebral ortex slices prepared from
the brains of these animais is recqrded in ‘Table 25. The
accumulation of 0.06 mM, 0. 2 mM an 1 0 mM medium L-tryptophan
. is unchanged by these Oporationn. These preliminary rolultl IQGMK

to indicate that there is no direct hormonal action by’ adronal

ES

or pituitary hormones on the membrane carrier which transports

tryptophan into cortex cells.
|
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. TADLE 24

' Bffect of a Tryptophan Deficient Diet on the Accumulation of
L=Tryptophan by Incubated Iy.ou of Rat Cerebral Cortex®

p———
Days \ Diet Con«ntuuon No. of Tryptophan Ugukc P"F '
_m, On . of L~Trypto-  Detns. umoles/ml ce gy
Diet phan in the water .
Medium (mM) '
3 8 1.0 . ‘. 2/94 ¢ 0.27
D 1.0 4 3.33 ¢t 0.04 >0.08
! 6 s 1.0 4 31.38 ¢ 0.40
D, 1.0 4 3J.27 ¢t 0.19 >0.08
9 8 1.0 ‘ + 3.‘7 ‘ 0020 . o b
! D 1-0 i‘n\ 30,12 t 0031 >0005*
12 8 1.0 4 3.17 ¢ 0.30 ‘
D 1.0 4 3.05 ¢ 0.53 >0.05%
1 4
15¢ s 1.0 3 2.43 ¢ 0.12
D 1.0 4 3.00 £ 0.22 - >0.08
21 s 1.0 3 4.28 ¢ 0.20
‘ D 1.0 4 3.13 ¢ 0.37° >0.05
24 s 0.2 4 1.27 ¢ 0,04
D 0.2 4 1.06 ¢ 0.13 >0.05
24 S 0.5 4 2,69 ¢ 0,22 v,
v D 0.5 3 2.8‘ ‘t 0527 4 >0.05
24 S 1.0 4 3.53 ¢ 0.20
D 1.0 4 4.29 ¢t 0.10 . <0.02
28 §' 0.5 3 2.45 ¢ 0.09 ° , ‘
, 0.5 4 1.97 .¢ 0.23 >0.08
\ » ‘.‘
28 s '1.0 .‘ ¢ 3.71 t 002.‘ ‘
D 1.0 4 4.2% ¢t 0.32 © >0.08

. - % All incubations were 15 min in duration and wnro conductod in ‘an :
. atmosphere of 1008 oxygen.: ‘
. The procedure is described in “"Methods” Secti ‘gnl 7A, B and P, -
*S" denotes animals on tr{ptbphnn-oupplen-nt diet, "D" donoto: &

animals on tryptophan deficient diet. .

The supplemented diet contained 0.23% tryptophan.

. " Tabulated data represent mean values % 8.!. for L-tryptophan ;
A uptake corrected for diffusion. 7
. ~ ¢+ Probability of dittoroncc from corrdpondinq control. E
oY & ’ '
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, TABLE 25 L
Effect of Adrcnaleoto-y and Bypophysectoay on the Accumulation of Lwrryptophanﬁby Incubated i?
- Slices of Rat Cerebral Cortex* g =
Operation - Injitial L-Tryptophan No. of Detns. Tryptophan Uptake p¥ {i
-Concentration (mM) . : “umoles/ml cell water
— 0.06 | P 0.38 ¢ 0.03 -
M’.’\ ' 6006 ‘ . °q37 t 0003 >°.°s ‘:1
-—- . 0.2 4 1.01 £ 0.07 g
Adrex 0.2 ' 4 1.08 ¢ 0.08 . >0.05 :
“.\ - iuo - 8: 2075 t 0016 ) "
Adrex 1.0 8 3.01 ¢ 0.28 >0.05
--- 0.06 . 4. 0.40 & 0.06 _
i Hypox 0.06 4 - 0.43 ¢ 0.02 >0.05-.
S R 0.2 “ ‘ 1.01 ¢ 0.10 - K
: Bypox 0.2 4 1.23%2 0.05 .>0.05 <
——- - 1.0 4 3.59 2 0.24 : '
- Bypox ; 1.0 4 ;gn, 3.46 £ 0.3} >0.05
? * All 1ncugationl were 15 min in ahration and°uor¢ conducted at 37°C in an atlocpﬁcrc of ‘“i
! 1008 oxygen. -

i procedure is described in "Methods® Scctionl 7A and 7B. -Animals were treated as described
” in "Materials” Section 6C. -
;- Tabulated data represent mean values 2 S.E. for. Lptryptophan uptake corrected for diffusion.

+ Probability of difference from corrcspondinq control.
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. BUMMARY
v . '
1. Using radiocactively labelled inulin, the size of the ‘@

,-ai%i‘:zﬁ

v ) extracellular lpado of incubated rat cerebral cgitok
slices was found, to depend upon the compod;b- present in
the incubation medium and upon the incubation conditions.

In general, however, the inulin space corrected for extra-

S B o g
o wioz VAN tety orolem T,

o

cellular swelling was determined to be 22.3% ?t the fresh

T T ee

P

weight of tissue. The nofi=inulin space accounted: for

59.2% of the £ren% weights of tinl;o and the remaining

/[18.5\‘wal hry weight. Tissue swelling during a 15 min ,

. incubation at 37°é ;aq approximapoly 22,28 of the fresh ‘
C weigRt of tissue. ‘ ’ |

Wy,

é'ﬂ *Rat brain cerebral cortex slices accumulated L-tryptophan
in a lineur fashion during the tirlt 20" min of incubation
(the tinluo:médium concentvation tatio ranged between 3-4)
after which the rate of accumulation fell off gradually.
Maximum concentration ofvn-tryptophan by the n;iccgcs

’ . \ occurred Yithin 60 min. _ .
. 3. The7gptake-o£ L;tryﬁtOphan into cerebral cortex slices
is b§ an active mechanism, "This conclulién is based up;n
'the following observations: , -
A. L-fryptOphdn accumulation dedreased ;1gn1£1cant1y when
{ ' : ﬂ .liccinworo oxpo-od‘to apaorobié co;ditionn‘and)or

low incubation- temperatures.

A 1 N 2 ' “ -
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v |
B. The omission of Na or x* from thq incubation

A’ N medium severely. decreased L-tryptophan accn-ulation
' 24+

x ' by the slices, but the ahncncc of Ca and/ox\yg

=

)

i

R
.

had no effect.

|

C. ~ An energy-yielding substrate such as gluc?.é. fruc-

P

tose or pyruvate was required for the maximal uptake
of L-tryptoﬁhan. Two Krebs cycle intermediates, b :

citrate and succinate, were markedly less effective.

v

4. Kineticﬁanalyai; of the tr&ppophan uptake pro;ens showed
th%t there are probably two mecﬁaninns‘bp;rat;nq in the
cortex. The fi;st mechanism exhibits saturable HicQae}is- .
Menten type ginetics and apﬁqars to actively concentrate ' '
L-tryptophaA when céncentrationg of this aninoﬁﬁ%id,lbuer
than 3.0 mM are present in the incubation -ediu-.s>Thg
apparent Km of the mechanism was 0.83 mM and the dppar;nt

, V max was 6.02 umolps L-tryptophaﬁ accumulated/ml of cell

waler in 15 min. The second mechanism becomes evident

. .) ‘when medium concentrations of L-tryptophan are greater than
| 3.0 mM and it appearc to be unsaturable for medium concenr

trations’ of L-tryptophan up to at least 10 mM.

¥

S. . Monovalent cations such as Li+, Cs+. Rbf. and '1'1+ h:gfno
14 e ‘ N i ,J ’
‘ effect-on L-tryptophan uptake by the cortex slices.
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6. L-tryptophan transport is 1nh£P1tod by a number of amino,

acids notably; L-phnequlinino,
L-tyrosine, L-DOPA, L-S;hydfoxytryptophnn,fL-loucino,
L-isoleucine, L-valine and L-kypuronintg but not by
L-J—hyd:pxykfnurenino, N'tormyl-L-kynuéoninc or anthsani-”
lic acid. We concluded that L-tryptophan is transported
‘g} the cairier for the large noutrnl'aﬁiho acids which

had been detected by other investigators.

Additiépgl studies with other try;;ophun metabolites’ and
some tryptaphan anaiogl..indicated that the tryptopﬁah,
carrier system of cerebral cortex slices has an abloluto
requitemént for the carboxyl and u-amino groups on the

aliphatic side chain. A B-hydrogen of the aliphatic lidd

chain however, may be substituted by a pyrrole ring. a

benzene ting. a subntituted benzene ring, or by a branched

’

-

. chain aliphatic group.. 3

¢ -
k‘\ )

<
Proliﬁinary in vitro studies of slices obiéincd from the
braifs of animals.which had been fed a tryptophan-
;deficient diet for a prolonged period 1ndicated thqt this
in vivo phyaioloqicul altoration had no offuct on trypto- )

phan' accumulation éﬂ—vitro.
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- 9, Brain slices from animals which had been subjected to

. . adrenalectomy or hypophyaectémy also showed no change in

3

- . tr&ptophun uptakg.
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crams or ortolffilf conrnipurions To xnowrebee

+

' 1. Compartmentation of the fluid associated with incubated

:llicon of rat. cerebral cortex was estimated using

{

radioactive inulin. 1In general, the size of the com-

~ ’ partments based on 100-mg fresh weight of tissue was -

’;s £follows: 22,3 mg inulin space, 59.2 mg non;%nulin
space anﬁ 18.5 mg tissue solids. The‘ulioes swellad
considerably during incubation; approximately 22.2 mg

- per 100 mg tresh weight of tissue during 15 min of in-

: cubation at 37%. The inulin space value qpotod’here

corrolates well with in vivo estimations of the extra-
collularvspace of brain tissue. It was obtained by

- subtracting the amount of extracellular swelling from

\\’ ) ) ) the expérimentally determined inulin space valpe. We
. called this compartment, the "corrected" inulin sﬁabe.
@ .
2, Rat brain cerebral cortex slices accumulate L;tryptof
) , phan by two processes: |
(a)  an active trunuport mechanism which exhibits
s . saturable Michayk&s-Menten kinetica with con- . ’
centrations of L-tryptophan in the medium lasu
. Jn o tha; 3. 0 mM. This system has an appnrent Km_ ot ‘
’ ) § 0. 83 mM and an” apparent Vmax oﬁrﬁ 02 umoles
t : 1 L-tryptophan accumulated/ml of cell water in 15
) min. o, -
. .4
° - L
q : o o
v p 2 N RSN
S e oo, 3 . é Sl R
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. (b) Simple diffuuion, a non-sdturable process which
can be detected.when slices are incubated in

media containing 3,0-10,0 mM L-tfyptophan. K

J s 3, The active accumulation of 1.0 mM L-tryptophan from

the medium ig inhibited by anaerobiosis and/or low
. v
incubation temperatures, the absence of an energy-rich

substrate such as glucose, fructose or pyruvate,*

medium Nat concentrations less than 25 mM and by com=~
. ‘ . [ '
complete omission of K+.Q It i8 unaffected, however,

by the absence of Cazf and/or‘Mg?+.

&

4. Monovalent, cations (Li+, Cs+, Rb' and T1+) ha;e no ”
effect on the uptake of 1.0 mM L-tryptophan from the
medium. . o \
’ a

5. o L-Phenylalanine, D¢L g-chlorophenylalanihe, L-tyrosine,

L-DOPA ' L-5 -hydroxytryptophan, L-leucine, L-isoleucine
’ and L-valine inhibit L-tryptophan uptake into cpréﬁ% N,

N _ ‘ slices. Since these compounds are all large neutral - o
: amino acids, it was concluded that’ L-tryptophan is

N e L ‘transported }nto brain cortex,cella by the same carrier
efsiem chat‘transports all the largé meutral amino .

’

acids. =~ | o B
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6. L-S—Hydroxytryptophan and L-kynurenine are the only
tryptophan metabolites tested that inhibit i.-*tryptof~
phan accumulation. ey
7. The effect of a number of tryptophan metabolites and
tryptophan analogs on tryptophan accumulation into

cortex slices was determined. From these studies we

were able to detect some of the structural regquirements

! 3

of the tryptophan carrier gysteﬁ. .The carbd*}l grdup

~N

and the oa-amino group of the aliphatic side chain.are
absolutely required for the interaction between the
tryptop?an carrier and tryptophan itself or compounds
which are ;kructurally analogous to tryptophan. A
B-hydrogen, however, may ge substituted by a pyrrole
L\ ring,ga benzene ring, a substituted benzene ring or a
\ffgnched chain alphétic éroup and interaction between

the garrier and,thé compound to be transported will

occur.

8. Cerebral cortex slices prepafed from the brains of

@ animals which had been fed a tryptophan-deficient diet
for ég;iodé)up to one month do not exhibit apébeciable
differences in tryptoph?; accumulation when ésmpared i
to brain”aliceg from animals which have .received a
tfyptophan-suppleménted diet for thq,same‘périad.
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-Adrenalectomy and hypophyagctomy also 'do not alter the

uptake of L-tryptophan into slices of ‘cerebral cortex

prepared from the brains of these animals.y
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ADDENDUM 1 R

*  Purther evidence from the laboratory of Hirata, )
Hayaishi, Tokuyama and Senoh (1974)* indicates- that the
partially purified rabbit brain enzyme (tryptophan 2,3- . = °

dioxygenase) is capable of\Q}eaving the pyrrole moiety of . ’ )

melatonin to yield NY-acetyl-Nz-for-yl-5-ethoxykynur=na-ine.

™

/ This coméound can then be degraded to NY-acetyl-S5-methoxy-
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kynurenamine by the formamidase enzyme. Hirata et al. (1974) ?

have verified these results in vivo. o .. ' )
in vivo. _ e
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