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ABSTRACT 

The role of tryptophan availability ln the regulatlon of 

5-hydroxytryptamlne (5HT) metabolism and tunetlon has been examlnpd ln rat~ 

and humans, by manipulation of dietary components. It was demons tt ,li ('d 

that in the rat, protei n and carbohydrate can al ter SHT levels ln 

peripheral tissues as well as brain. A new method for the df'terlll:.n:1t 101' )1 

5HT in the cisternal cerebrospinal fluid (CSF) of the rat was dc\ t j "1,(',1 '1., 

used as an index of functional SHT, uSlng pharmacc logical dl!enls 1,.(1' ,Ill li' 

aet on 5HT function. Using this technique, it was then shlllm thA' 

tryptophan admlnistration potentiates the release of 5HT whtm rtll:' ,'!l'Ilill', 

are aroused, and thus when their 5HT neurons are finng nt hlgl1 rat,,: .. 

However, the smaller changes in brain .'>HT after Ingestion nt prot"-'l n (Il 

carbohydrate did not lead to altered CSF 5HT. In humans, slmllar 

conclusions were drawn. The admInIstration of an amIno aCld mIxture 

deficient in tryptophan signiflcantly altered macronutrient belection, a 

behavior thought to be mediated by lowered tryptophan avallabillty and ~H1 

funetlon. However, when proteln or carbohydrate breakfasts were given, no 

effeet on maeronutrient selection was observed, suggestIng that the 

physiologieal changes resulting from dietary intake were not affecting 

funetional SHT. The final study measured amine precursors and metabolllp1-> 

in human lumbar CSF after the administration of protein or carbohydrdtP 

breaktasts and supported this hypothesis. No effects on CSF trvptoplian (01-

5-hydroxylndoleacetlc acid, Lhe major metabollte of 5H~, were observC',J. Ir. 

conclusion, the results of these studies suggest that, though ldrge (km,"O<, 

in precursor availability can alter 5HT function, the effects Cl! dlctdry 

intake on SHT metabolism are not normally of sufficient magnj tudl' to dj lei 

5HT function in rats or humans, or brain SHT metabollsm in humans. 
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En manipulant certalns composants de la di~e, le r~le de la 

1 1 
dlsponibilite du tryptophane dans le metabolisme et la fonction de la 

5-hydroxytryptamlne (5HT) fut examiné' chez le rat et l'homme. It t. et{ 

, l , 
demontre chez le rat que les proteines et les glucides alterent les 

niveaux de la 5HT dans les tissues periphé'riques et é'galement dans le 

cerveau. 

En utilisant des agents pharmacologiques reconnus comme agissant sur 

la fonction de la 5HT, une nouvelle m~thode pour sa dé'termination dans le 

/ ~ 
liquide cephalorachidien (LeR) cisterne fut valide comme index du SRT 

1 " fonctlonne. D'apres cette technique it a ete montre que l'administration 

de tryptophane (TRP) chez le rat accentue les effets de la SH! quand ces 

animaux sont en éveil, et donc quand les neurones serotoni ques 

1 
fonctionnent a grand vi tesse. Cependant, les legers changements dans le 

... 
ni veau de la 5HT du cerveau apres l'ingestion de proteine ou de glucide 

, / 

n'entrainerent pas l'alteration de la SHT. 

. , 
Chez l'homme, des concluslons similaires LeR furent tlrees. 

, , 
L' adminis tration d'un melange d'acides amines depourvu de TRP, changea 

1 1 ~ 
d'une facon signl.flcati ve la selectlon de proteine, ceci etant 

III 

probablement medie par une baisse de la disponiblli te du TRP et de la 

l' 
fonction de la 5HT. Cependant, quand des dej euners de proteines cu de 

1 ~ 1 
gluclde furent donnes, aucun effet 'sur la selection de ces elements n'a 

l / 1,; ~ 

ete observe suggerant que les changements physiologi ques causes par la 
, / 

ùiete n'avalent pas d'effets sur le 5RT fonctionnel. L'etude fi.nal qui 

1 1 / 
comportai t la determination des precurseurs amines et des metaboli tes 

" l ,\ 
dans le LCR lombaire chez l'homme apres l'admlnistration de dejeuners de 

l , 
proteine ou de gluClde a supporte cette hypothese. Aucun effet sur le 

/ 
tryptophane ou l'acide 5-hydroxyindoleaceti que, le metaboli te mai eur de 



/ 
la SRT, ne fut observe. 

1 l , .'\ 
En conclusion, les resul tats de ces etudes s~lggerent que meme si de 

1 / 
grands changements dans la disponibili te du precurseur peuvent .11 terer la 

, 
fonction de la SHT, les effets de la diete sont normalement lnsuffl.sant 

, 
pOUf al terer la f onction de la SHT chez le rat et l' homme ou SOt' 

1 
metabo1isme dans le cerveau humain. 
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sueh claims before the Oral Committee. It should be noted that tbe task 

of the External Exam~ner is made much more dIfficult in such cases, and 

it is in the Candidate's interest to make authorship perfectly c]ear." 
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1.1.1 Introduction 

Conceptions and misconceptions related to the behavioral eftects of 

food have probably existed Slnce the beginning of man. Aggression, mood. 

sleep and sex are amoung the most common behaviors v,'hich seem to be 

associated with food mythologies. Specific foods are often attnbllteù 

with certain behavioral properties. These foods differ from count~v Ln 

country as many of the beliefs are culture-bound. Thus, depending or 

whether one is Nigerian, North Amerlcan or Indlan, one could consum~ 

either eggs, oysters or onions to increase sexual activity, according te, 

local custom. Though one can only speculate whether the ideas origlnared 

from personal experience or religious taboos, the very existe,ce of these 

popular myths suggests the widespread acceptance that diet 1S capable of 

altering behavior. 

If diet or dietary components are capable of altering behavior, then 

one must assume that the mediation of this behavioral change occurs in 

the central nervous system and that the rnedlator is sorne type of 

neurotransrnltter or rnodulator. Therefore, a logical sequence of events 

is established. Dietary intake alters braln metabo]ism which 

subsequently brings about a change in behavior. If the change in 

metabolism alters behavior, then this Implies a change ln the funetion of 

the neurochemical component. The experlmental work ln th1S thesls 1s 

concerned with the effects of the dletary macronutrlents, protein and 

carbohydrate and how they alter the rnetabol1sm and function of one 

particular neurotransmltter, S-hydroxytryptamlne (SHT). As will be 

discussed in chapter l, SHT is synthesized from an essential amine acid 

tryptophan and thus is the central component in the diet, brain and 

behavior relationship. 



1.2.1 lErEtophan, the amine acid precursor to 5-hydroxytryptamine 

1.2.2 Dietary intake and peripheral metabollsm of tryptophan 

ln mammalian protein metabolism, ~ out of lO amIno acids normally 

found ln proteln are considered essential inasmuch as they cannot be 

synthesized in adequate amounts and therefore must be obtained by dletary 

Intake. To promote growth ln the young and malntain nitrogell equilibriu'll 

ln the adult, anImaIs must ingest protein that contains adequate amounts of 

the essentlal amlno acids. Tryptophan has the lowest dietary requirement 

of any of the essential amino acids. For a 100g rat, the daily requirement 

lS O.Ul g (Munro, 1970) but the dietary intake is substantially higher, as 

It lS ln the range of O.03-0.04g. A simllar sItuation exists ln humans; 

the suggested mInimum requirement is 0.16 and O.25g, for women and men 

respectively (Rose, 1957) whlle 1-1.5g are consumed daily in the form of 

protein (Murphy et al., 1974). 

Tryptophan and other amino acids are liberated from digested protein 

by enzymes in the stomach and Intestine. The free amlno acids as weIl as 

di and tripeptides are transported across the intestinal mucosal barrier. 

The process of amIno acid transport lS a Na+ dependent, active system 

(Steven et al., 1984) which occurs against a concentration gradient (Cohen 

and Huang, 1964) and can be inhibited with high concentrations of the 

substrate (Spencer and SamIy, 1960). Both phenylalanine and tyrosine can 

compete with tryptophan for transport (Cohen and Huang, 1964). In 

additlon, there is evidence that intestinal amIno acid transport systems 

can Increase their rate of transport with a high protein diet (Wolffram and 

Scharrer, 1984). 

Once absorbed, tryptophan is carried to the liver in the hepatic 
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portal blood. Initially after protein ingestion, amine acid 

concentrations will be higher in po~tal blood than in venous, the 105s 

being due to uptake in the tissues, primarily the liver, for protein 

synthesis (Christensen, 1964). Quantitativel)', protei.n syntheslS le, the 

most important pathway and the only reve~slble one for tryptophane 

Though skeletal muscle accounts for the largest reserVOlf of amlno ft( ,~, 

in the body, the liver IS the major site of labile protein deposltJ'''', 

It appears that tryptophan plays a unique regulatory role ln protein 

synthesis (Munro, 1970). This is probably because it 15 the amlno aCl~ 

present in the lowest concentration ln the free amino acid pools of the 

individual tissues; it is also the least abundant amino acid in the 

protein belng synthesized. Therefore, tryptophan cao become the 

rate-limitlng amine acid ln the proteln synthetic machiner)'. A 

tryptophan deficient amino-acid mlxture can effect bver RNA metabollsrn 

by altering the polysornal population (Munro, 1968). Addition of 

tryptophan cao lncrease ribosome aggregation and hepatlc protein 

synthesis (Sldransky, 1971) thereby ac:eleratlng the Incorporation of 

tryptophan into new proteine In rats, acute depletion of tryptophan bv 

the admlnistration of a tryptophan-deflclent amine acid diet will not 

inhibit protein s)'nthesls competely but v:ill result in a rapid lowenng 

of serum and tlssue content of the amlno acid (Biggl 0 et al., 1974). 

As already stated, proteln stores ln the liver are lablle and there is a 

constant flux between proteln synthesls and catabollsŒ durlng the 

absorbtive and postabsorbtlve phases of dlgestlon. 

The most important route of tryptophan catabolism is the kynurenin~ 

pathway, which can ultimately lead either to the formation of 

nicotinamide adenine dinucleotide (NAD) or the complete catabollsrn of 
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tryptophan to carbon dioxide. Only a small proportion of tryptophan 

entering thlS pathway is synthesized into NAD, as tryptophan is also the 

precursor of other metabolites which are formed along the pathway. The 

f~rst and rate-limiting enzyme (Young et al., 1974b) is tryptophan 

pyrrolase (L-tryptophan-2, 3-dioxygenase, EC 1.13.1.12) whieh is found 

mostly in the liver. The enzyme can be induced by glucocorticoids and 

tryptophan (Knox, 1966). Administration of a tryptophan load can increase 

the enzyme concentration, thereby increasing the rate of tryptophan 

breakdown to carbon dloxide (Young and Sourkes, 1975). On the other 

~and, it can a1so influence oxidation without altering enzyme protein 

levels due to lncreased saturation of the enzyme with its heme co factor 

and Wl t h tryptophan i tself. Whether the enzyme is induced or not depends 

on the tryptophan content of the liver which in turn influences the 

degree of enzyme saturation. Ultimately, high levels of plasma 

tryptophan will be rapldly metabolized by tryptophan pyrrolase. 

Mammalian tlssue also contains indoleamine pyrrolase (indole-2, 

3-dioxygenase) which catalyses the same reaction but which has broader 

specifiei ry. It is not known what proportion of tryptophan degradation 

is eatalyzed by each enzyme, but the proportion probably varies from 

speeies to speeies. 

Induetlon of tryptophan pyrrolase without precursor loading by 

glucocorticoids can lower tissue levels of tryptophan, including in the 

brain (Green and Cu!zon, 1968; Green et al.,1975; Green and Curzon, 

1975). Hydrocortisone given to rats will increase tryptophan catabolism 

by pyrrolase threefold (Green and Curzon, 1968). Free tryptophan stores 

ln the blood, muscle, liver and brain decline. This reduction can be 

accounted for by the lncreased rate of tryptophan catabolism (Young, 
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1981). The reduction in free tryptophan will initiate a compensatorv 

increase in protein catabolisro which ~ill liroit the extent of the 

trypophan decline. A similar pattern of a decline 1:1 tl1>SUP .1T1d ll"}( 

tryptophan (Sourkes, 1971) to.'1th al'. increase in p,oteln catd:"') \~fj' ',' 

also been seen aft':r the administration of alpha-Ule::hy]tn'j/i(.:.·L<l~ 

and Sourkes, 1969; Oravec and Sourkes, 1970), a sub':-r:df!' ')'''1 

tryptophan .... hich causes a long lastlng lnductlon u:' ::: ",':o.t .. · -\. 

Thus, tryptophan pyrrolase plays an lmportan: n·ll': . r : li< \, 

plasma tryptophan levels and as discussed be 1 01..' car, . :1: ~, " 

level of this amino acid. 

1.2.3 Tryptophan transport into the central nerVOUE system 

l , 

Entry of tryptophan into braln cells lovol ves :::ranspon 3cro'.s t .... l· 

separate barriers. Tryptephan ln the plasma must flrst be transported 

across the bleod-brain barrier (BBB) inte the ex:racellular fluld and 

th en from the extracellular flUld across the cell membrane. Althou~h tl1" 

majority of stu~ies have been on braln tissue, transport Beross the 

blood-brain barrier is probably of greater physiologlcal lmportanc p lr 

the regulation of braln amlno acid levels. This 1$ because of :he r.: ;'r 

affinity, lo~ capaclty carrier at the blood-oraln barr;er. I:i C[J,.tr, .. " 

at the brain cell membrane the capaclty of the carr:er .~ nuch rr~ltl' 

and unlikely to be saturated (Pardndge and Oldendo:-f, 'S""" '. !J"-:l:t· 

differences in the Km and Vmax, slmilarltleS in SUb<tr.l'.~ 'iJ'.'Clf,,:1t, , 

competitlve lnhlbition exist ln the two membrane s:·stf:,·~,- r l.élJ th.'. , :()'.~ 

Young and Sourkes, 1977), 

The bload-brain barrier is located withln the braH (~:1dothe:l;j: ,.f I;~ 

which form a continueus barrier between blood and braln lnterstltla~ 
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fluide Amino acids are transported across the barrier by saturable, 

class specifie carriers. Distinct transport systems exist for acidic, 

basic and neutral amino aeids (Oldendorf, 1971; Oldendorf and Szabo, 

1976). Unlike other cell transport systems where two carriers have been 

defined for the neutral amine acids (Christensen, 1969), only one such 

system seems to be operative at the blood brain barrier (Wade é'.:ld 

Katzman, 1978). This corresponds to the L-system, which is sodium 

lndependent and regulates bidirectional amino acid movement across cell 

membranes (Chnstensen, 1969). 

An additlonal difference in transport at the blood brain barrier 

wi~h respect to other membrane systems is the low Km, i.e. high affinity 

of the carrler. The Km of the carrier for tryptophan alone 15 

approxima tel y O.lm,!'-!, while total plasma tryptophan ranges from 0.04 to 

O. Jm.l'1. Therefore, under normal physological conditions, the carrier is 

unsaturated and increases ln plasma levels can increase uptake. But 

tryptophan shares this transport system and must compete wi th other 

neutral amino acids including phenylalanine, tyrosine, leucine, 

isoleuclne, valine, histidlne and methionine. The competition between 

tryptophan and the other large neutral amino acids lowers the affinity of 

the carrler resulting ln an apparent Km for tryptophan of 0.4 to O.6mM. 

Competition between amino acids can take place wren the Km of the carrier 

is of the same order of magnitude as the concentrations of the amino 

acids in the plasma (Oldendorf, 1971; Pardridge, 1977). Because of this, 

brain levels of the neutral amino acids do not simply follow alterations 

ln plasma levels. It has been postulated that the ratio of tryptophan to 

the sum of the competlng amino acids i5 an index of tryptophan 

aval:.ability to the brain (Fernstrom and Wurtman, 1972; Ashley and 
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Anderson, 1975). The role of the tryptophan ratio will be discusspc! 

in greater detail in the tollowing section, as dietary components 

exert differential ettects on the neutral am1no acids. In other 

tissues, such as the liver, kidney and intestine, Km's are much lJl,~:1"\ 

than plasma levels and no competition occurs (Pardridge al'd ()ld," dl r f • 

19 7 7). In the pancreas, there is sorne evidence that competltlnr ! l" 

place (see chapter two). 

Measurement of am1no acid uptake at the hlood brain barn t'l l'.·~, 

been studied primarily using the "Oldendorf technique' (Oldendor!, 

lY71). This involves the injection of a bolus solutlOn containillg 

14 3 C-Iabeled tryptophan and H-water under sufficient pressure tO 

temporarily stop blood flow. The bolus is allowed to pass through the 

brain for 15s by which time it is washed out of the circulation, then 

the rat is decapitated. The ratio of 14c to ~ in the bolus is 

compared to the ratio found in the brain, resulting in the brain 

uptake index (BUl), which 1S expressed as a percentage. The BUI tor 

L-tryptophan was originally tound to be 33% (Oldendort, lY71) but 

varies inversely with increasing concentrations (Pardridge and 

Oldendorf, 1975). The BUl for D-tryptophan lS 3.~%, on]y Sllghtly 

above blank 1evels, suggesting that uptake lS pr1marlly sterpospecltlc 

(Yuwiler, 1973). Other in vivo methods, such as in situ braln 

perfuoion (Smith et al., 1987) and intravenous Injection of a 

radio-labeled am1no acid under steady state cond1tions tBanos et al., 

1973) have also been used ta measure brain trvptophan influx. There 

is a fairly good correspondence between these two techniques. Al] 

three methods show that uptake occurs both by saturable, actlve 

transport and non-saturable d1ffusion, thuugh the second component i~ 

small. Ar, weIl, higher rates of influx for essential 
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amino acids as compared to non-essential have been demonstrated. The 

rapid rate of exchange of amino acids from blood to brain (Laj t.1a, 1959) 

and eviàence for the transport of amine acids from the brain despite 

elevated plasma levels (Laj tha and Toth, 1961) suggests that efflw: can 

sigmficanly effect brain an:ino acid levels (Young and Sourkes, 1977) but 

this process has not been studied to any extent. 

Having been transported into the brain extracellular fluid, 

tryptophan must then be transported across brain cell membrane. Brain 

tlssue sllces, synaptosomes and cell cultures have been used to study 

tryptophan upcake into brain cells. As wi th transport at the blood-brain 

barrier, transport at this membrane is composed of a saturable and 

non-saturable component. In addition, the system is shared by large 

neutral amino acids which compete for uptake (Kiely and Sourkes, 1972; 

Grahame-Smith and Parfitt, 1970). Uptake at the brain cell membrane has 

been weIl reviewed by Young and Sourkes (1977). Movement of amino acids 

in and out of the cerebrospinal fluid (CSF) has been studied, but to a 

relatively minor extent. Amino acids can gain access to the CSF directly 

by being serreted from the extracellular fluid across the ependymal or 

pial membranes. CSF levels of amino acids are substantially lower than 

plasma levels ln man (Hagenfelàt et aL, 1984), dog (Bito et aL, 1966) 

and rat (Franklin et al., 1975). There is a decreasing concentration 

gradient from the plasma to extracellular fluid to CSF (Bi to et al., 

1966). The lower levels of amine acids in the CSF are thought to be due 

to the active transport of amino acids from CSF to blood. The si te of 

t n!nsport ln mammals lS probably the choroid plexus, though the arachnoid 

membrane ma)' also be involved (Lorenzo, 1974) as has been found in the 

frog (Wrlght, 1978). Amlno acids administered into the subarachnoid 
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space were tound to penetrate cerebral tissue (Lajtha and Toth, 11302). 

Bidireccional movement of gly-:ine between blood and CSF was dcmollst rdted ,li 

the rat (Franklin et al., 1975) but ventricular-clsternaJ pertuSl()[] die! ""t 

result in a substantial 10ss ot amIno aClc1s trom the eSF III the' l'Mt (l.e\ 1:1 ,t 

al., 1966). An in vitro experIment uSIng a model amlno :\('](, ','f tilt' ',mIl, 

neutrals tound that there was an active transport systerp -l' th, ,:1 t ,>lt' 1 

in the cat (Lorenzo and Cutler, 1969). Despite dlfferer,r.'~ l!) '1 'l' ,1,,\,' " 

and tinal conclusions, it is generally accepted that thel." :' ,1 

transport system tor amino acids out ot the CSF, the speelt]:", " 

unknown. Of importance to three ot the studies ln thlS thf'SH l', :' l '" 

that CSF tryptophan changes in paraUel WI th Ct\S tryptoph,m ,-1ncl 18 tt'lI', 

use fuI lndex ot the brain levels ot thIS amlno aod (Young et al. \')Ib). 

1.:L.4 Physiological tactors which influence brain tryptophan 

Tryptophan is the only amIno acid that lS transported ln the blood hnund 

to albumIn (McMenamy et al., 1957). Of the total tryptophan found ln tlll' 

plasma, t$O-90% is bound while the rest is free. There IS onE? tryptophdn 

binding site per aibuffiln molecule (McMenamy and Oncley, J95H). TI11S hl[](!l:li' 

site also binds nonesterified tatty aClds (NEFA) (!'lcMenam", 1'.1('4) .Incl 1'> t Iif 

primary binding site tor medIum-chain tatty acids (Cunnlngham ('L ;11., :9/ l 

In humans, a dIrect correlatIon eXlsts between plasma NEFA ar.,' ihj'-'-dJ hllITII f, 

bound (NAB) tryptophan (Curzon et al., 1974). Therefore tht-· [l" j'lnt ,d r;t\B 

tryptophan depends not onlyon the concentratIon of albumln and liyptoplj,'f, .,' 

the plasma but also on the NEFA concentration. Drugs Wllj ('h lllcrease 

unesterified fat ty acids will i ncrease NAB tryptophan ac.; weIl. 'l'hl C; I-,d', 1",\', 

demonstrated with heparin (Knott and Curzon, l 1;1 IL) , noradrenaline, L-/)OPA, , .. 01 

aminophylline (Curzon and Knot t, \ Y/4). Plasma NEFA are deri ved j rofT' 
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lipolysis ot body tat, a process stimulated by increases in cyclic AMP levels 

(Brodie et aL, lY6Yj. Thus, experimentally induced stress in animaIs such as 

tood deprivation and Immobilization increasl::s NAB tryptophan but has no effect 

on total tryptophan, i.e. albumin bound plus NAB tryptophan (Knott and Curzon, 

1912) • The removal ot group-housed rats trom their cages, a mild 

psychological stress, will increase NAB tryptophan in fasted rats, an effect 

WhlCh can be lnhibited wlth the antilipolytic drugs, propanolol and nicotinic 

aCld (Curzon and Knott, 1975). 

Though irnmobilization and tood deprivation were not tound to alter plasma 

total tryptophan, both treatments increased brain levels (Curzon et al., 

1972). The t inding that the sarne treatments increased NAB tryptophan and 

brain tryptophan (Knott and Curzon, 1972) led to an extended controversy on 

whether NAB tryptophan or the ratio of tryptophan ta the sum ot the competing 

amlno acids was the best predictor ot changes ln brain levels. It was argued 

lhat tryptophan bound to albumln was not available tor uptake at the 

blood-brain barner (Knott and Curzon, 19U; Fernando et aL, 1976). Using 

the Oldendorf techni que, al bumln was tound ta decrease the brai n uptake index 

ot tryptophan, suggesting that the blnding of tryptophan to alburnin can 

Inhi bl t tryptophan uptake. However, inhi bi tion of uptake by al bumln was not as 

large as would be expected if only the NAB tryptophan was available to the 

brain. This suggests that sorne ot the albumln-bound tryptophan i5 available 

tor uptake (EtIenne et aL, 19/6; Yuwller, 1977). 

In contrast, Madras et al. (1!::l/4) showed that while Increaslng the 

concentration of fat in the diet increased NAB tryptophan, no significant 
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changes were observed in brain tryptophan. They suggested thot l f the 

affinity of the brain transport site for tryptophan was greater than the 

affinit}' for albumin, then tryptophan could be stripped off tbp proteln 

and available for transport. This concept was supported by PRrdrldge 

(1979) who found that the high apparent binding capacity of tlw BBE 

enables the capillary transport system to compete "yi th al bunD n f ilr 

tryptophan binding. He proposed that tryptophan availdbillty 

dependent on five parameters; albumin concentratlOn, rat ( (': ,1 

tryptophan transport system, capillary transit tlmf', aU J "1: 

for tryptophan (which 1s dependent on plasma NEFA concentti1 ! 1," 

the affini ty at the BBB which depends on the concentration ~lr ,)" th,' 

large neutral amino acids. 

Certainl)', it i5 true that, in sorne experimental paradigrns, ltra~1l 

levels are correlated wi th free plasma tryptophan, while in otherc: the 

ratio is a more appropria te indicator (Curzon qnd Sarna. 1984). For 

example) in rats made diabetic by streptozotocin, plasma levels of the 

branched chain amino acids are very high due to lack of insuli n (see next 

section). Subsequently, there is increased competition for uptake ,less 

tryptophan can enter the brain, thereby lowering brain tryptophan 

(Crandall and Fernstrom, 1983). Thus, tryptophan uptake 1s determlnpd h' 

the ratio of tryptophan to the sum of the competitors. A contrastl'~ 

situation is exhibi ted by the effect of exercise on braln trypt Gpl,-):l 

rats. T'wo hours of running had no effect on total plasmê trYP':')j",', l, 

on plasma concentrations of the competing ami.no aClds) exct'pt f (il ' 

slight increasE' in leucine. A significant elevatlor. was obbe: ')t.,' '11 r>r,t 

NAB tryptophan and brain tryptophan ind~cating that under the~e 

experimental conditions tryptophan availabilty is determlned bv fr~e 
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tryptophan (Chaouloft et al., 1986a). Other manipulations require that 

both tactors be considered, such as in the genetically obese Zucker 

(ta/fa) rats, which exhibit 10wered free tryptophan, increased 

concentrations of the competitors and decreased brain tryptophan as 

compared ta heterozygous contraIs (Fa/fa) (Finkelstein et al., 1982). 

The authors concluded that the degree of decline ln brain tryptophan 

corresponded better with the ratio than with NAB tryptophane 

lnterestlngly, the original hypothesis suggestlng that the rise in 

bra1n tryptophan after immobilization is mediated by free tryptophan has 

recently been qualified. Kennett et al. (1986) found elevated brain 

levels of the other neutral amino acids (except histidine and methionine) 

after two hours of restraint stress. Brain intlux calculated from plasma 

levels, using the method ot Pardrldge and Oldendorf (1975) were not found 

to be altered. They suggested that the lncrease in brain tryptophan js 

not due to tree plasma tryptophan but the result of a common mechanism 

which 1S responsible tor the increase in brain amlno acid levels. It was 

postulated that the kinetics of transport across the blood-brain barrier 

were altered. 

1.2.5 Effect Dt acute dietary intake on the plasma tryptophan ratio 

and/or brain tryptophan in animaIs. 

As demonstrated ln the preceding sections, the relationship between 

plasma and brain levels ot tryptophan is compleXe A discussion concerned 

wlth the etfects of diet on brain tryptophan must include the same 

tactors which are important in uptake, such as avajlability ot tryptophan 

and concentration of the c~mpeting amino acids as weIl as dietary 

components and physiological consequences of tood consumption. This 
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i 
section will examine the effects of acute dietary intéike on plasma and 

brain tryptophan, reflecting the focus of the experimental work presented 

in the follo~'Ïng chapters. 

Direct correlations between diet, plasma and brain levels of 

tryptophan are seen only in extreme manipulations of dietary Intske. 

Hence, supplementation of a whole egg protein diet wlth 0.22 

tryptophan ",'ill increase serum and brain levels of tryptophan. l,tH ,i 

measured two hours la ter (Yokogoshl and Wurtman, 1987). Al U'[\''-; Î 'JI' l "'. 

the acute administration of a diet deficient ln tryptophan Dt! -'.If \ 1 ,1 

aIl the other essential amino acids results in a 90:: decred~(, J:' 1\\1' 

tryptophan, a 75i~ decrease in total tryptophan and a 90/" declllL' 111 11 1 t ri 

levels (Biggio et al., 1974). In both experiments, the anlma]s had been 

trained to consume their food wi thin a t'Wo hour period. The extreme 

depletion of tryptophan observed after the ingestIon of the tryptophan 

deficient diet lS due to the removal of free levels of the missing arnina 

acid as it is incorporated into proteine 

Ingestion of more natural diets, or diets contalning pure dietary 

constituents, do not lead to direct correlations between dietary content 

of tryptophan, plasma and brain levels. A diet contai ning only 

carbohydrate and therefore no tryptophan, will increase both plasma and 

brain tryptophan in rats, from one to three heurs after ingestIon 

(Fernstrom and Wurtman, 1971b). This is primarily due to the ov€rall 

anabolic effect of insulin on energy metabolism. After carb0hydrat~ 

ingestion, the insulin released is lnstrumental in the uptake of fi!)'. :H' 

acids as weIl as glucose into the cells (Lotspeich,1949). The (I,all('t,p\ 

chain amine acids are taken up to a greater extent than the aronls.lJc. 

amino acids. In addition, NEFA are taken up for lipogenesis (1ep~lI:-rma'l, 
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1980). The uptake of the branched chain amino acids decreases the 

concentration of the competing amino acids in the plasma, thereby 

increasing the ratio of tryptophan to the sum of the competitors (the 

plasma trytophan ratio) (Fernstrom and Wurtman, 1971b; Fernstrom and 

FalIer, 1978; Peters and Harper, 1987; Leathwood, 1987). The decrease in 

NEFA, allows more tryptophan ta blnd to albumin, resulting in an increase 

in total tryptophan and a decline in NAB tryptophan (Madras et al., 

1973). Thus, the increase in total tryptophan combined with the decline 

in the competing areino acids, results in the paradoxical effect of a 

carbohydrate diet increasing brain tryptophan levels. A simultaneous 

increase in brain influx, as calculated from the equation developed by 

Pardridge and Oldendorf (1975), has also been reported (Fernstrom and 

Fal1er, 1978). 

lt is lmportant to note that in a1l experiments described above, the 

animaIs had been fasted for extended amounts of time. Fasting (section 

1.2.4) increases brain tryptophan due to an increase in NAB tryptophan 

(Knott and Curzon, 1972). lt has been suggested that the greater the 

elevation of brain tryptophan due to fasting, the smaller the difference 

that will be observed after carbohydrate, due ta the fall in NAB 

tryptophan (Sarna et al., 1985). This could be a possible explanation 

for the failure of a carbohydrate diet to raise brain tryptophan in one 

study (Glaeser et al., 1983). An additional factor common to these 

dletary experlments Is the inclusion of fat in the carbohydrate diet. 

Madras et al. (1973) found that though the addition of fat to 

carbohydrate attenuated the decrease in NAB tryptophan and therefore the 

increases in total tryptophan, it did not significantly effect brain 

levels of tryptophane Similarly, other work has sho~'n that though fat 
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can effect other aspects of metabollsm, brain tryptophan is unaltered 

(Brindley et al., 1984; Teff and Young, unpubl i shed resu1 ts) • Glucose 

alone or subconvulslve doses of insulin can also increase brain 

tryptophan (Madras et al., 1973). 

Protein consumption lncreases plasma tryptophan (Fernstrom and 

FalIer, 1978; Glaeser et al., 1983; Peters and Harper, 1987) but to a 

much smaller degree than the increase of other amino acids. This is 

becausE: tryptophan i5 the least abundant amlno acid in protein. The lé'rge 

increase in competing amine acids observed after protein ingestion not 

only prevents an increase in the tryptophan ratio but in sorne cases 

results in a decrease. Thus, instead of an increase ln brain trvptophan, 

as one would expect after a protein meal, levels elther remain unchanged 

(Fernstrom and FalIer, 1978) or decrease with respect to fasted controls 

(Peters and Harper, 1987; Glaeser et al.,1983). The admInistration of 

five la,oge neutral competing amine acids to a carbohydrate-fat diet 

significantly decreased tne plasma tryptophan ratIo and brain tryptophan. 

When a mixture of all the amino acids excluding tryptophan and the 

neutral amino acids were added to the carbohydra te-fa t dlet, the n se in 

brain tryptophan was still observed (Fernstrom et al., 1975). A dlrect 

relationship between the plasma tryptophan ratio and brain tryptophan 

after the consumption of single meals ei ther varyIng in protein or amino 

acid content, have been reported by Fernstrorn and Wurtman (1972), 

Fernstrom and FalIer (1978) and by Leathwood (1987). Despite these 

findings and though changes ln the tryptophan ratio are generally 

associated wi th changes in brain levels, ln sorne studies no changes in 

brain tryptophan were seen. Fernstrom and FalIer (1978) found an 

increase in the ratio after an 18i~ protei n diet wi th a correspondlng 

15 



increase in influx (as calculated using the Pardridge and Oldendorf 

equation, 1975) but brain tryptophan levels remained the same. Peters 

and Harper (1987) observed a decrease in brain tryptophan after 

administration of 5% protein despite a slightly elevated tryptophan 

ratio. ln free-feeding animaIs that had not been fasted, protein had no 

effect on brain tryptophan (Leathwood, 1987). 

Various questions arise as to whether the quantity or quality of 

protein can differentially effect brain tryptophane In the experiments 

des cri bed above, rats were fasted and then given a di et that contained 

proteln, fat and carbohydrate. In three of the studies (Peters and 

Harper, 1987; Glaeser et al., 1983; Fernstrom and Faller, 1978) fat was 

kept constant while protein and carbohydrate were varied to keep the 

dlets isocaloric. Fernstrom and FalIer (1978) found 18% protein resulted 

ln elevated ratio levels wi th respect to fasted animaIs while 40% protein 

had no effect. Brain levels were unaltered by either treatment. Glaeser 

et al. (1983) found a decrease in brain tryptophan two hours after the 

18% and 40i~ diet (as ln the above experiments, fat was held constant and 

the other maconutrlents were varied), though a signlficant difference 

between the two amounts of protein was not noted. The plasma tryptophan 

ratio was not calculated in this experiment. A significant decrease in 

brain tryptophan was reported after the administration of 5i. casein wi th 

respect ta fasted animaIs (Peters and Harper, 1987). In this experiment, 

different levels of protein were adminlstered ranging from 5-55%. 

Unfortunately due to the graphical presentation of the material and the 

lack of s tati s tical variation reported, i t is difficul t to interprete 

differences between protein levels on brain tryptophane Yokogoshi and 

Wurtman (1986) systematically varied the protein and carbohydrate content 

16 



of the di et • They found that as li trIe as 5:~ caseir. added t0 à ~'O~. 

dextrose and lOi; fat diet inhibited the rise HI the tryptopha:1 ratlO. Ar. 

inverse relationship between protein content and the tryptophan :-atlo was 

not obscrved. Interestingly. various types of protEoin exhlbited 

different degrees of inhibi tion of the rise in the faO Cl. TlllS \Jas 

thought to be a reflection of their amino acid content. Therefore. tlWlt· 

is no Evidence that increasing the prote1n content of ~. ~. "al ",·Lll 

proportionately decrease the tryptophan ra tl 0 0:- br,n n ~ '" "pt0phan. 1-

fact, it seems that significant changes in th€' ratIo ',7:11 ('CCUT 011]Y 

after the ingestion of a pure carbohydrate meal or upon adm1n1~.tratl(li1 ,\: 

a meal containing protein, after the anImal has been fasted. In sorne 

cases, brain tryptophan is altered and ln others, It lS not. Wh,lt 

accounts for the discrepancies observed between the dlfferent ~tudles~ 

One factor which must be considered is the extent to WhlCh the rat 10 muq 

be altered in order to result in an alteration of braln tryptophan. 

ApproXlmately, a four-fold change in competitor concentratlon leads to Cl 

2 fold change il both tryptophan influx or brain tryptophan (Curzon and 

Sarna, 1984). Ashley et al. 0985b) estlmate that a 50-100~, nse or a 

30-50% fall in the plasma tryptophan ratio lS necessary to alter rat 

brain tryptophan Ievels. Therefore the magmtude of the chanrt:' :n lhr 

tryptophan ratio is an important determinant of braln tr·lptoJ)r:(1~I. 

In conclusion, both prote1n and carbohydrate car. lr.flUt' fl( e bren:-, 

tryptophan ln animaIs but there are a number of vé:riabl e!> ... hJ ch can 

ei ther attenuate or enhance the dietary ef f ects. 

1.2.6 Effect of d1etary intake on the plasma tryptophan rat:n ln bum~~' 

Many of the factors and variables that are relevant ln ammals 
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wlth respect to dietary effects on the plasma tryptophan ratio, are 

pertinent to hurnans as wel1. The primary difference is the emphasis 

placed on the ratio as an index of tryptophan availability to the brain. 

Tne lack of access to hurnan brain metabolis~ results in the use of 

lnàir~ct rneasurements to determine effects of dietary intake. 

Traditlona!ly, these have been either plasma amino acid levels or 

behavioral measures as a means of assessing function. This section will 

discuss the biochemical aspect, while chapte::- 1.4.3 ,.all cover effects on 

a behavior thought to be rnediated by SRT, macronutrient selection. 

The same physiological factors which regulate the effects of protein 

and carbohydrate on the plasma tryptophan ratio in a~imals, are also 

influential in humans. Renee, insulin, as a secondary response to 

glucose intake, lowers plasma amine acid levels (Zinneman et aL, 1966; 

Adibi et aL, 1975). Branched chain amino acids were found to decrease 

to a greater extent than the aromatics. A dose-àependent, inverse 

relationship was observed between glucose intake and the large neutra1 

amino acids, two hours after administration. Twenty-five and 50g of 

glucose signiflcantly increased the plasma tryptophan ratio, by 

approximate1y 17 and 21%, respectively (Martin-Du Pan et al., 1982). 

Though glucose administration was found to decrease NAB tryptophan, 

Increases in total tryptophan were not observed (Lipsett et al., 1973). 

This is one response in which humans differ from animaIs, as rats exhibit 

an lncrease in total tryptophan after glucose (Madras et al., 1973). The 

magni tude of change ln the tryptophan ratio seen in humans after 

carbohydrate is significantly smaller than the 3-4 fold increases 

reported ln rats. This difference can be accounted for in part by the 

unresponslveness of total tryptophan '0 carbohydrate in humans. 
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Ingestion of pure protein, such as 25g of albumin increases rla~ma 

tr)"ptophan and decreases the tryp:ophan ratio by about 50~.. Smaller 

amounts of protein (6 and 12.5g) also decreased the ratio but the effect. 

of 6g lOas of shorter duration (Moller, 1985). Adminlstratlon of C"tanoar': 

diets or diets cotaining both macronutrients have led to c(l!ltréJdlCr~)n 

results. A carbohydrate diet containing 6~. proteln, glve:: .. ,. t"I' 

evening, did not significantly increase the tryptophan rat., . , . 
\.' .1 \ 1. 

al., 1982). Nor did a diet contaimng 20~, proteln lower tht '.', 

contrast, signiflcant effects were reported ""lth both rne?i ~ "''1''. ',1 

were given in the morning after an overnight fast. Tbe (al-')(.\!" .. ,1 ri • " 

increased the tryptophan ratio by approximately 15~~, whlle th>:: 1'(' :, 1 r , 

meal lowered it 27~' within 60 minutes of treatment (Ashley et al .. 19[1,:,~. 

Therefore, as has been discussed in the animal experlments, the 

nutritional state of the subject is an important variable Ir. deterTlllmn!:' 

the outcome. Perez-Cruet et al. (1974) adminis tered two Isocalorl c 

standard diets and measured the plasma neutral amlno aClds. The il rst 

blood sample was taken after a 24h fast ln the mornlng and the second, 

four hours after ingestion of the test meals. They did not find a 

significant decline in the ratio of total tryptophan to the sum of the 

competing neutral amino acids but instead a 50% decrease ln the ratio of 

free tryptophan ta the sum of the competitors, ~dth respect te. the filS:! ~~ 

controls. 

Therefore in conclusion, one Important question 15 rdl<:.'·r5 . L Ifl '\" 

human literature; Can acute intake: of normal dietary constlt.l. f,'l' nltr, 

tryptophan availability to the extent that brai n tryptophan éJ>"l I·IT "1' 

al tered as weIl? 
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I.J.l 5-hvdrnxytrvptamine, the neurotransmitter. 

1. J. ~ Synthesis and metabol1srn of 5-hydroxytryptamine in the central 

nervous system 

5-hydroxytryptam1ne (5HT) or serotonin is thought to be a 

neurot ransml t ter ln the mammal ian central nervous system. One percent of 

wh(de body ,HT is found ln the brain, ,,'here the cell bodies of SHT 

neurons lie wlthin the mesencephalic and medullary raphe nuclei. Axons 

project down into the spinal co rd and up into the mid- and forebrain 

(Dahl s t rom and Fuxe, 11::164). High concentrations of 5RT are found in the 

hypothalamus, particularly the superchiasmatic nucleus, of the rat 

(Look1ngland et aL, lY~6). The pons, medulla and the midbrain also 

conta.ln falrly high concentrations of 5HT in the dog and the rat (Moir 

and Eccleston, l%~; Knott and Curzon, 1<;174). The concentration of the 

amIne ln a specifie brain area does not necessarily correlate with the 

responsivity of the area to various treatments which effect metaboLism 

(Noir and Eccleston, 1968; Knott and Curzon, 1974). 

The synthesis of SHT in the CNS occurs within serotonergic neurons. 

Two enzymatic reactions are required. The first i nvolves the 

hydroxy latlon of tryptophan ta 5-hydroxytryptophan (5HTP) which is then 

decarboxylated to torm 5HT. Inactivation of 5HT occurs when the 

neurot ransml t ter 1S converted to i ts primary metaboli te, 

')-hydroxyindoleacetic acid (5HlAA), by the enzymes monoamine oxidase 

(MAO) and aldehyde dehydrogenase. 

The first and rate lim1ting enzyme (Ashcroft et aL, 1965; Moir and 

Eccleston, 1968) is tryptophan hydroxylase, which is found only in SHT 

neurons. Tryptophan hydroxylase Is a mixed function monooxygenase enzyme 
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requiring oxygen and biopterin as cofactors. The natural cofactor lS 

thought to be L-erythro-tetrahydrobiopterin (BH4). Different pterin 

cofactors can alter the affinity of the enzyme for tryptophan. Though 

not confirmed, some evidenee lndicates that actlvatlon of tryptophan 

hydroxylase can oecur by a Ca-calmodulin dependent protein kinase! 

resulting in a coneommitant decline in the Km of the enzyme ;01 b10ptu 'l' 

(Nagatsu, 1983). Relatively little is kno .. 'TI about the methn.l\j~,1'1 d 

iegulation of tryptophan hydrox)'lase in comparison \o,Tlth thé (11,_', 

monooxygenase enzymes such as tyrosine or phenylalanIne hydre';' '", 1 

This is because of the difficulty in purifiylng thé enzyme d'l' ,l, l' 

relativel)' low activi t)'. Unlike tyrosine hydroxylase wh~ch 1":1,; r,l', 

substrate inhibition at low levels of substrate, tryptophO::1 h\'dro\'vl :c,\' 

in vivo doe~ not sh~w this property (Grahame-Smith, 1971). Eleclrlcd1 

depolarization of brain tissue slices resulted in an increased afflnlt' 

of the enzyme for tryptophan independent of precursor concentration (El~s 

et al., 1979). 

Substantial experimental eviJence suggests that tryptophan 

hydroxylase is unsaturated with tryptophan at normal physiological 

concentrations. This would imply that SHT synthesis is dependent in part 

on tryptophan availabili ty. The concentration of the precursor is no t 

the sole factor regulating the synthesis of 5HT, but it lS tne one 0f 

primary interest wlth respect to the effects of dietary lnta~f nn hr~.r 

SRT. Other factors which control SRT synthesls, and are nll~ ,If ~ he !' 

of this thesis, are discussed by Handell et al. (1974) and 1:<1:1' (~t rl~ • 

(1986) • 

Evidence for the unsaturation of tryptophan hydroxvlasp was flr~; 

shown by Hess and Doepfner (1961) who administered tryptophan : r. rats 
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pretreated with a monoamine oxidase inhibitor (MAOl) and reported an 

increase in brain 5HT. Tryptophan 8.LOne was also shown to increase brain 

levels of SHT but 5HTP ~as barely detectable (Ashcroft et al., 1965). 

These findings suggest that tryptophan hydroxylase is the rate limiting 

enzyme in SHT synthesis and also that the enz)~e is unsaturated with 

tryptophan. Studies in tryptophan loaded rats on the accumulation of 5HT 

after inhibition of monoamine oxidase (Grahame-Smith, 1971) and 

accumulation of 5HTP after inhibition of aromatic amjno acid 

deearboxylase (Carlsson and Lindqvist, 1978) suggest that the enzyme is 

normally Sai. saturated ~d th substrate. Physiologieal amounts of 

tryptophan as low as 5% of the daily dietary itake of the rat can 

signifieantly inerease brain SHT, while larger amounts can double brain 

5HT levels (Fernstrom and Wurtman, 1971a). 

In vitro measurements of the affinity of tryptophan hydroxylase for 

tryptophan found the Km to be 50uM (Friedman et al., 1972), which would 

also suggest that the enzyme is half saturated, as the brain content of 

tryptophan i s around 30uM. Others have reported somewhat different Km' s 

in rat brain; 20 uM (Iehiyama, 1970), 25uM (Carlsson and Llndqvist, 

1978), and 14uM (Kuhn et al., 1986). As the Km of the enzyme for 

substrate ean be altered by the type of pterin cofactor used, this 

Interjeets a confounding variable iD exact determination of the affinity 

of the enzyme. Similarly, lack of homogeneity ln the concentration of 

tryptophan in the braln adds to the dlffieulty in determining the degree 

of saturatIon. Not only do tryptophan levels vary depending on the 

specifie bra~n area, but tryptophan eontent in whole brain does not 

neeessarlly correspond to levels wlthin the synaptosome. Therefore, it 

is dlfflcult to eonclude to what extent tryptophan hydroxylase is 
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saturated under normal conditions, from the evidence obtalned in vitro. 

Experimental treatments which lead to changes in hoth tryptophan and 

SHT lend support to the argument that SHT levels are dependent on 

tryptophan availabllity. Hydrocortisone decreases brain tryptophdn ~v 

40% and brain SHT by 21i~ (Green et aL, 1975). Alpha-methyltrvpt(lph,Pl 

decreases both compounds as well (Sourkes, 1971). Both imrne>blllzélt1t'" 

and food depri vation increase bra~n tryptophan, •• rhich was foune: 1:'0 

carrela te ""lth brain SHT levels (Curzon et aL, 19ï2). Occasionall\', 

treatments increase brain tryptophan and brain 5HlAA levels without 

altering brain SHT (Perez-Cruet, 1972; vurzon et al., 1972; Knott an(1 

Curzon, 1972), suggesting an increased turnover of neurotransmi t ter 

resulting in an increased level of the rnetabolite. 

Measurement of the metabolite, 5-hydroxyindoleacetic acid has often 

been used as an index of bath turnover i.e. synthesis and metabolism of 

SHT (Neff, 1972), and release. It has been assumed that 5HIM levels in 

the brain aie a direct result of released 5HT that has been taken baek up 

into the neuron and metabolized by the mitochondrial-bound enzyme, 

roonoamine oxidase. Behavioral and neurochernical data suggest tha t 5HlAA 

levels rnay in sorne circumstances be more a reflectlon of intraneuronal 

metabolism of 5HT that has net been released, than of SHT release. 

Administration of tryptophan will increase brain 5HT, but there is a mu ch 

larger elevation of SHlAA levels CEccleston et al., 1965). When 

monoamine oxidase is inhibited, the increase ln SRT w11l be mueh greater. 

The first treatment has no gross behavioral effects in rats, but the 

second i5 associated with a hyperactivity response. It has been 

suggested that when tryptophan 18 given alone, the extra SHT that is 

synthesized will be metabolized intraneuronally. Alternatively, if MAO 

23 



J 

is inhibited, th en the surplus neurotransmitter will spill over, 

independent of neuronal f~ring, and is available for interaction at 

post-synaptlc receptor sites, causing a behavioral change (Green and 

Graharne-Smlth, 1976). Similarly, Wolf et al. (1985), using a 

combination of drug treatments and behavioral observations, concluded 

that 5HT ean be deaminated within the neuron before release. 

1.3.3 Functional 5-hydroxytryptamine 

Ultimately, the goal of an)' experiment i5 to determine if the 

changes observed as a result of the treatment are of physiologieal or 

pharmacologieal, i.e. funetional, significance. Measuring brain levels 

does not discriminate between lntra- and extracellular cornpartments nor 

between stored and active pools of the transmitter in question. 

Increased s.:nthesis, whieh would elevate brain levels, does not 

necessarily mean that an increased amount of neurotransmitter is 

released. Alternatively, decreased brain levels may not correspond ta a 

deereased release. The amount of transmjtter that is released and is 

available for interaction with post-synaptic receptors must be considered 

as the functionally active component. 

Tryptophan availability is only one of the factors that is 

influential in the amount of 5HT released. Neuronal firing (Elks et al., 

1979), MAO activity, reuptake of SH! and regulation of release by 

autoreceptors (Brazell et al., 1985) will determine the final 

concentration in the s)~aptic cleft. Advaneements in evaluating 

functional aetivi ty have been hampered by methodological problems. One 

approach is ta measure neurotransmitters in extracellular fluid (ECF). 

However, only small volumes of EeF can be obtained. This and the low 
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concentrations of neurotransmitters causes analytical problems. Several 

techniques have been employed ln the measurement Dt compounds related to 

5HT metabollsm. These include: push-pull cannula, usuRllv coupled wlth 

either a radioenzymatic assay, high performance l iOUld chromatographv 

(HPLC) (Ruwe et aL, 1985) or isotopie precursor lahel1ing (Iler" et 

a1.,1979), in vivo dialysis coupled with HPLC (Hutson et aL, 19R5J, in 

vivo amperometry (Marsden et al.,1979) and meaSdrernent of compound<- 111 

the CSF (Hutson et al.,1985; Chaouloff et al.,19Hbb). The Jast method 

will be addressed in 'Che tollowing seetlon. Push-pull cannula and 

in-vIvo dlalysis Involve the insertion of a probe, perfusion wlth 

artiticial CSF and collection ot ei ther the pertusate or dialysate. 

These techniques have the advantage of speclficity and sensltivity. 

Unfortunately, braln tissue and hence capillarv damage can result, 

thereby releasing 5HT from platelets which can contaminate sampling (Ruwe 

et aL, 1985). In the amperometric techmques, signal verification ls 

accomplished by admInistration ot drugs which act on 5HT such as; 

tluoxetlne, p-chloroamphetamine (Marsden et al., 1979, Joseph and 

Kennett, 19!:l1) and p-chlorophenylalanine (De Simoni et aL, lY!:l/), but 

neither voltammetry ~ùr ln vivo electrochemlcal detection have the 

speciticity to distinquish between 5HT and 5HIAA (Echizen and Freed, 

1966; Joseph and Kennett, 1981; De Simom et al., lY87). Other non-amine 

compounds may Interfere with the signal as weIl (MuelJer et al. 19H); 

Adams, 1986). Despite these drawbacks, pertinent Intormatlon concermng 

extracellular SHT can be derived. 

The eftect ot tryptophan loading on extracel1ular 5-hydroxvlndoles 

was examlned using in VIVO voltammetry. In the striatum ot 

unanaesthetized rats (Marsden et al., 1979; De SImon!, 1981 J, tryptophan 
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administration dld not increase the electrochemical signal. When the 

electrode was implanted in the dorsal hippocampus~ an area responsive to 

tryptophan adminlstration (Rnott and Curzon, 1974), a dose-dependent 

increase in the current was observed (Joseph and Rennett, 1981). If the 

animaIs were treateè with pargyline, a PAO inhibi tor then a sma] 1. 

lncrease of current in the striatum was observed (Marsden et al., 1979). 

lmmobilization stress which increases brain tryptophan and SHT (section 

1.2.4), also lncreases the electrochemical signal in the hippocampus, an 

effect which can be attenuated by pretreatment with valine, one of the 

compet1ng amine acids (Joseph and Kennett, 1983). As previously 

discussed, this technique does not differentiate between 5HlAA and SHT, 

therefore it is possible that the signal 15 derived from 5HT metabolized 

lntraneuronally and not that ~Thich is functionally active. One of the 

few experlments that measured SHT directly showed an inerease in release 

of radioactive SHT after an acute tryptophan injection containing 

labelled tryptophan and also following constant ;,Itravenous perfusion 

(Ternaux et al., 1976). Similarly, in superfusate collected from the 

ependymal surface of the caudate nucleus of the encephale lsole cat, 

tryptophan adminstra tion produees a maximal lncrease of SHT one hour 

following inj ection (Ternaux, 1977). Using an in vivo dialysis probe in 

the striatum, an inerease in tryptophan and SHlAA was found after a 

tryptophan load (Hutson et al., 1985). 

Another approach to the question of functionally active SHT has been 

ta monitor the fi ring rate of SHT neurons electrophysiologically. The 

aeti vi ty (Jf serotonergic neurons is known to correlate wi th the level of 

behavioral arousal (Trulson and Jacobs, 1979). lt has been suggested 

that tonie changes in motor actlvity and/or the tonie level of aetivity 
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in the peripheral and central nervous system can Influence the dischargl' 

rate of brain 5HT (Jacobs, 1986). One study examlned the acute ctfen (\t 

three different diets on the activity of single 5HT-containing neUronh ln 

the dorsal raphe (Trulson, 1985). l'wo experiments were periormed on 

separate groups of animaIs which were tood deprived tor twenty-four hour ... 

and then admlniscered one ot three dlets; standard chow dlet, a diet 

containing a normal amount ot tryptophan but lacking in the competing 

neutral amino acids and a tryptophan-free dlet containing the 

competitors. The tirst experlment was designed to determlnc if the 

activity of the neurons could be al tered by dietarv treatment. 11ni t 

acitivity was recorded tor four hours after admlnistration of the dict. 

No significant difterences in activity were found. A transient increase 

was observed almost immediately after feeding though thlS change in the 

activity of the 5HT-containing neurons was most 11kely due to the arousal 

state after food presentation. Tryptophan can Inhibit tirlng of 

serotonergic neurons (GaIIagher and Aghajanian, 1976), theretore it is 

possible that Increases in brain tryptophan will inhibit the release of 

5HT. The second experiment (Trulson, 1985) considered the possihility 

that the rate of firing activity may not change but that the functional 

concentration of SHT may be aitered. Therefore, labelled tryptophan was 

pertused into the laterai ventricle two hours after presentation ot the 

ditterent diets. One hour later, perfusion was peformed. Dlfferences 

due ta the three treatments in the amount ot released, labelled SHT were 

not demonstrated, though there was an increase in the amount of SHlAA 

released in the animaIs which consumed the diet lacking the competitive 

amlno acids. A decrease in the metabolite was reported in the 

tryptophan-free diet. It is possible that changes in functiona] SHT w~re 

not seen in the labelled SHT, which would come prlmarilv trom the newly 
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1 
synthesized pool ot SHT. Alternatively, the changes may have occurred 

earlier than during the three to tour hour time period after dietary 

Intake at which time the experiment took place. 

One can conclude that under certain circumstances, changes in 

functional SHT can be dernonstrated after tryptophan loading. However, as 

only one study has examlned the effect of diet on functionally active 

SHI, it IS to early to draw a conclusion concerning the question of 

whether dietary components can alter the amount of SHT released. 

1.3.4 Tryptophan, ~HT and ~HlAA in cerebrospinal fluid 

The rneasurernent of tryptophan, SHT and 5HlAA in cerebrospinal fluid 

(CSF) is one of the few ways of assessing CNS rnetabolisrn ln humans 

Abnormal levels of tryptophan or 5HlAA in CSF are thought to be 

assoclated with pathological states. Depressive (Coppen et al.,1972), 

suicldal (Cronholrn and Asberg, 1977) and aggressive (Brown et al., 1982) 

patients usuelly rnanifest low CSF 5HlAA. Several questions have been 

raised wi th respect to the use of these cornponds as an index of CNS 

metabolism and function, for example; Are compounds in the CSF derived 

from peripheral or central metabolisrn? Do changes in the CSF reflect 

changes ln the brain'!, ls 5HlAA in the CSF an i.ndex ot released SHT? 

Animal studies have attempted to answer sorne of these questions but until 

recently, direct quantitation of SHT was not possible and the majority of 

experirnents were only able to deterrnine tryptophan and 5HlAA. This 

section will examlne the use of CSF tryptophan, 5HT and 5HlAA as indices 

of brain metabolism and function. 

As there is no significant penetration of peripherally administered 

:'HlAA 1nto the CSF (Ashcroft et aL, 1%8), it is assumed the metabolite 

must be derived trom the central nervous system. The exact origin of 

28 



5HlAA within the CNS is still not known as evidence i s contradi cto!"\' 

concerning the relative contributions from the brain and qpinal ('nrd tn 

lumbar CSF SHlAA (Garelis et al., 1974). The existence of a 

ventricular-lumbar gradient supports the hypothesis that .. i proportion nt 

lumbar CSF 5HlAA is from the spinal cord (Moir et aL, 1970; Gillm<lll, 

1981; Stanley et al., 1985). The lag observed in the InCTt'd<,(", Iii .',1' 

5HlAA after tryptophan admin1stration suggested that t he spin.! 1 

contribution was small, as this time mIght be a refle('tlCll' (o! 1 i'.' 

diffusion of the metabollte down from higher levels (EccJ E'stOI' l"~ , 1 , , , 

1970). It has been estimated that at most 40% of lurnbar CSF )Il:" ,) 

spinal origin (Garelis et aL, 1974). 

In animal studies, correlations can be made between t 1 sSlIe 111.1 ("-;f 

levels, which are usually altered in the same direct10n atter vaTlnm, 

treatments. Thus, admInIstratIon ot chlorpromazine ta dogs decreaqed 

5HlAA ln the caudate and in ventricular CSF, maintaining the same r<lt) Cl 

as observed in control animaIs (Moir et al, 1970). 

Alpha-methyltryptophan Wh1Ch lowers brain levels ot tryptophan in rats, 

significantly reduced CSF tryptophan and 5HlAA, suggesting that CSF 5HIAA 

can vary with the availability of the precursor. Thjs 15 s\lhstantlnlL'd 

by the effect of the admInistration of an amIno acid ml>:turE' de! !C1C'nl ln 

tryptophan which lowers both CSF tryptophan and 5HlAA (1 our'i', et dl. 1 

lYt50). 

Increases ln precursor availability can also lnflllel'I't Cc..,F J e\'e] c; (,: 

tryptophan and 5HlAA. Modigh (1975) added tryptophan to a -trlf111ard lat 

chow containing no free tryptophan and tound significantlv (~r!elarpd 
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increases in brain and CSF tryptophan and 5HlAA in the animaIs receiving 

the supplemented diet. When tryptophan wa5 injected intraperitoneally, 

an increase was observed one hour after treatment in rat CSF tryptophan 

and 5HlAA (Young et al., 1980). In contrast to the experiments described 

above which were perfo=med on animaIs which were anesthetized for CSF 

sampling, Hutson et al. (1985) implanted a chronic indwelling catheter 

into the cisterna magna. This enabled them to withdraw CSF from 

conscious treel)' rnoving animals. A 15 uL CSF sample was collected every 

20 mInutes. Tryptophan loading (i.p) increased CSF tryptophan by 

approximately 500~, while 5HlAA was elevated 102%, a finding consistent 

with the hypothesis that normally tryptophan hydroxylase i5 haH 

saturated. Time to peak concentration was 46+10 minutes and 72+17 

minutes for each compound respectively. A large degree of interanimal 

variability was eVldent, despite the number of factors which were held 

constant such as strain of animal, diet, housing and time of clay. The 

large individuallty 1n CSF tryptophan tends to overide the effect of more 

subtle treatments. Glucose administration which increased brain 

tryptophan was found ta increase CSF tryptophan as well, though this 

effect was not significant due to the variability in the CSF results 

(Young et al., 1976). !WO physiological manipulations have been shown to 

alter CSF levels of tryptophan in conjunction with changes in brain 

tryptophan. In one experiment, elevated CSF tryptophan was reported in 

rats starved for 24 hours (Young et al., 1976). In the other, elevated 

motor acth'ity increased CSF tryptophan and 5HlAA in an experiment in 

which CSF was withdrawn from the third ventricle of consclous rats 

(Chaouloff et al., 1986b). The effect of dietary intake on CSF 

t ryptophan, 5HT or 5HIAA has not been studied in any animal experiments. 
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In humans, only one post-morterr. study examined the relationship 

between tissue and CSF concentratIons. They demonstrated a slgnIfIcant 

correlation bet"'een levels of SHlAA in the cerebral cortex and CSF 

(Stanley et al., 1985). A similar reiatlonship was observed after 

infusion of tryptophan in psychiatric patients undergoing a stereotactic 

subcaudate tractotomy. Increased tryptophan concentrations in the 

frontal cortex and both lumbar and ventrIcular CSF were found. 5HlAA 

leve1s were increased in the two fluid compartments as we1l (Gliiman et 

aL, 1981). The effect of tryptophan on CSF tryptophan and SHlAA had 

been dernonstrated in an earlier study whereby oral ingestion of 

tryptophan (50 mg/Kg) increased CSF tryptophan two hours after 

administration, while the ri se in CSF 5HI~~ began at four hours 

(Eccleston et al., 1970). Three grams of tryptophan, which corresponds 

to approximately twice the daily dl.etary intake, was found ta double 

5HlAA levels in CSF but 6 grams caused no further increase (Young and 

Gauthier, 1981). This suggests that, ln hurnans, tryptophan hydroxy1ase 

must possess the same degree of saturatlon as is observed in anImaIs. 

One study has examlned the effect of diet on CSF tryptophan and 

5HlAA (Perez Cruet et al., 1974). !WO balanced isocalorlC diets were 

given, differing only margina11y in protein content. The patients were 

fasted for 24 hours, with one 1umbar puncture done in the morning and the 

second, four hours aiter lunch was eaten. A 20% decrease ln both CSF 

tryptophan and 5HlAA was reported after ingestion of one of the diets. 

The other diet caused a 21% decrease ln CSF tryptophan and a 35% decrease 

in CSF 5HlAA. ThlS dec1ine was associated with a slgnificant decrease in 

the ratio of free plasma tryptophan to the sum of the competing amine 

acids. 
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In a number ot the studies cited above, changes were observed in the 

preeursor and the metabolite of SHT. If both are indices of SHT metabolisrn 

then there should be sorne relationship between the two compounds. In rats, 

a slgnificant correlation was found between CSF tryptophan and SHlAA after 

a tryptophan supplemented dlet (Modigh, 1Y75). Simllar results are seen 

ln humans after tryptophan loading (Ashcroft et al., 1Y73). Under normal 

conditions, sorne groups have reported signiflcant correlations (Curzon et 

al., 1974) while others have not (Young et al., 1974a). As tryptophan 

availability i5 only one of the tactors controlling SHT synthesis, the 

correlatIon between tryptophan and SHlAA wou]d not be exected ta be large 

and would be seen only with large sample sizes. 

Recently sorne laboratories have reported the measurement of 5HT in 

the CSF of normal and psychiatrie patients. In normal controls, values 

have been reported as /;ü pg/ml (Tyce et al.,1Y85), 12 ng/ml (Volicer et 

aL, 1Y/;) and,) pg/ml (G.M. Anderson, personal communication). For 

psychiatrie dlsorders, an average of 1 ng/ml was reported for unipolar 

depressives (Llnnoila et al., 1986) and 93-902 pg/ml for a group of 

Parkinsonlan and Gilles de la Tourette patients (Artigas et al., 1985). 

Though obviously the measurement of SHT is more informative of functional 

SHT than 5HlAA, the wide discrepancy in control values makes interpretation 

of clinical studies impossible. 

l'1easuremen t of tryptophan, SHT or SHlAA in CSF, li ke mos t techni ques, 

has inherent advantages and disadvantages. In humans, the relative 

non-invasiveness of the technlque allows sorne degree of access te the 

central nervous system whieh is normally not available. Several factors 

are known to influence the concentration of SHlAA in human lumbar CSF. 

Hotor activity, site of puncture, volume of CSF withdrawn, age, sex, body 

height can aIl influence levels of the metbolite and must be standardized 
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within each experiment (Bertilsson, 1987). In animaIs, withdrawal nt CSF 

from the cisterna magna, the site of removal of mast experiments de~crihpd 

above, is relatively simple and unlikey to result ln contamination hv 

platelets. On the other hand, one ObVlOUS disadvantage i s t he Id, k "f 

neuroanatomical speci fici ty. Determination of a compound l n ~ Ill' 1",1 

reflects overall changes in the brain, not a specifie hrain arf';!. l' ,\ 

treatment is likely ta be effective at a specifie locatIon, 1 [ L' .1::' .' 

that a small change could he detected due ta the large var i ah~ ! t \ ',1 

compounds ln the CSF. Bowever, the toeus of the experimental WOI \ 

presented is to examine the effect of diet cm brain metabollsm élnd di [lot 

present time there is no evidence to suggest that dietarv eff(>ct~ on t Ill' 

brain which are mediated by changes in neurotransmltter precursor 

availability are specifie to one area. 

1.3.5 5HT in the peripheral nervous system: localization and phys 1 oIng\' 

The majority of SBT in the whole animal is l<.,.:ated in peripheral 

tissues, which lie outside the central nervous system. Only 1% 15 Jcl\l<l11 v 

contained within the brain. 90% is found in the intestine and 

approximately 8% ln blood plate1ets. Small quantItles a1so eÀlst lI' thE' 

lung, heart, 11ver,stomach, spleen, pancreas and pIneal (Twarni! ~nd l'al"t-, 

1953; Bender et aL, 1975). Though it is beyond the SCOpE' nf tr' :, thp<"lS 

ta examlne the effects of SHT in each of the se tlssues, it~ pr"".lnll)i~iCé.l1 

raIe in three of the tissues; intest i ne, pancre2s and pi nE'a 1 wll J bf' 

reviewed briefly. 

5HT is faund throughout the gastrointestinal tract, primarjly 
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ln the enterochromaffin cells (EC) of the intestinal mucosa, where it is 

~o-localized with a number of polypeptides. The enterochromaffin cells 

are innervated by both the vag al and splanehnie nerves whieh can modulate 

release of SHT from these cells (Larsson, 1981). 5HT can be released 

either into the lumen of the intestine or the blood. Most of the SRT 

released into the plasma will be metabolized by the liver and the 

endothelium but sorne will be taken up into platelets (Vanhoutte, 1983). 

A small, but probably physio1ogically signif!cant proportion of 5HT in 

the gut is located within serotonergic neurons ln the myenteric plexus. 

This has been demonstrated by immunoeytochemical evidence (Dahlstrom and 

Ahlman, 1983) and the presence of tryptophan hydroxylase (Gershon et al., 

1977). A trans-mucosal barrier has been demonstrated which prevents the 

high concentration of 5H! from the Ee cells (mucosal side) from bathing 

the neurons (serosal side) CGershon and Bursztajn, 1978; Gershon, 1982). 

One of the earliest studies demonstrated that 5HT could oe released 

from the intestine by intraluminal pressure (Bulbring and Crema, 1959), a 

finding supported by histochemieal alterations in the cells themselves 

(Cole et al., 1961). Hypertonie glucose solutions can also stimulate 

release of SHT (Drapanas et al., 1962) possibly by promoting the 

transport of the amine from the serosal side into the lumen (Narvanen, 

1983). Lumlnal acidlfication is a stimulus to 5HT secretion. Acid at pH 

S applied to the mucosal surface will elicit SHT release, which is not 

observed when the same stimulus is applied at the serosal surface. 

Alternatively, cholinergie and adrenergic antagonists could inhibit the 

acid stimulated release only when applied to the serosal surface (Kellum 

et al., 1984). In aàdition, there is evidence that 5RT can inhibit 

gastric aeid secretion (Ormsbee and Fondacaro, 1985), suggesting a 
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possible feedback effect of SHT on gastric acid secretion. 

SHT has also been implicated in regulation of intestinal motility 

(Gershon, 1968; Ormsbee and Fondacaro, 1985). The large amounts of SHT 

produced by the tumor in the carclnoid syndrome are associated with 

diarrhea, a s)'mptom which can be ameliorated by administration cf SET 

antagonists (Melmon et al., 1965) or synthesis inhibitors r S]0prdsma ~, 

al.,1970). Whether 5HT exerts a stimulatory or inhibitory Actl")n "1 

motility depends on v,'hich part of the intestine is beIng sê.llLll,·,1 r'l! 

effect is primarily neuronal v,Ti th no direct effect on smoo:' h (:l'l'" 1 f 

(OrtLsbee and Fondacaro, 1985). SHT can inhibit th~ vagal1 y C\'f.\i-f.r.! 

potentlals during the descending inhibitory phase of the penstdl tle 

reflex and a1so activate the lntrinsic neurons WhICh relax the srnooth 

muscle (Gershon, 1982). Because of the diverse actions of SHT on gut 

motility, it has been postulate~ that the diarrhea manifested during the 

carcinoid syndrome may a1so resu1t from the action of 5HT on water and 

electrolyte transport. Kisloff and Moore (1976) found that SHT 

administration resulted ln an increase of both water and sodIum secretIon 

in the ileum and jejunum. This effect was inhibited by the addltion of 

glucose to the perfusate. 

An interesting relationship has been demonstrateè between gut 

parasites and intestinal SHT. Entamoeba hlstolytica, a protozoan 

parasite which causes dlarrhea in humans was found to alter electr0J\lp 

transport on the serosal surface of the rabbit lleum an~ the rat colnn. 

These effects were blocked by an analogue of SHT and partia: 1 y ~ r ,'; 1 ;: 1 

by an antibody to 5HT (McGowan et aL, 1983). When rats were lfl!pd'. 

wi th Hymenolepis diminuta (Cestoda), SHT slgnificantly decreaseâ (;1 Ut )', 

uptake compared to uninfected animaIs (Gruner and Mettrick, 1984). 
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5HT has been identifled in both the endocrine (Falck and Hellmann, 

J 963; Ekholm et al., 1971) and the exocrine (Gershon and Ross, 1966) 

celIs of the pancreas. Because of the site of localization, it was 

thought that 5H! may be involved in regulation of hormonal release. 

Early studies found chat intracellular SH! could be increased by uptake 

of ei ther exogf'""\ous SHT (Linstrom, 1981) or S-hydroxytryptophan (5HTP) 

the precursor (Lundquist et aL, 1971). Initia11y it was found that in 

mice, 5HTP inhibited sulphonylurea stimulated insulin release (Lundquist 

et al., 1971). Using microdissected islets from ob/ob mice, differential 

effects of SHT and SHTP on insulin release were found. SHTP potentiated 

glucose-stimulated insulin release, while SHT inhibited it (Linstrom and 

SehIin, 1983a). It was suggested that the mechanism of 5HTP potentiation 

was mediated by the enzyme, amine acid decarboxylase (Linstrom and 

Sehlin, 1983b). Other groups have also found opposite effects of 

precursor and neurotransmitter. Pontiroli et al., (1978) demonstrated 

that in lsolated lslets and in pieces of pancreas, SHT inhibited insulin 

release, but SHTP had no effect. Similarly, Lebovitz and Feldman (1973) 

found 5HTP to be ineffectlve in contrast to SHT in the golden hamster 

pancreas. In the same animal, when SHTP was admlnistered along with a 

monoamine oxidt'se lnhi bi tor, a decrease in plasma ins'J1in was reported 

(Bi rd et al., 1930). Ablation of serotonergi c neurons in the rat 

pancreas had no effect on glucose-stimulated lnsulln release (Jansson et 

al., 1985). DlfferentlaI effec ts are seen wi th Iov.' and high doses of 

glucose stimulatlon. In one study, SHT stimulated insulin secretion at 

low concentrations of glucose (Galiardino et al., 19i4). Administration 

of tryptophan was found to potentiate insulin releases at high doses of 

glucose in the ob/ob mouse islets (Lindstrom and Sehlin, 1986). In 
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isolated rat islets, tryptophan also stimulated insulin re1ease onl\' at .\ 

low glucose dose (Pontrioli et al., 1978). 5HT has a1so heen lmpJici1u·d 111 

regulation of glucagon release but the results are no easier to interprpt. 

Matsumoto et al. (1984) found that in female syrian hamster is1etc.., ',11" 

increased glucagon release, but Marco et al. (lY77) tound that releH~~(' . 

the hormone was inhi bited in mause i slets. 

In the exocrine pancreas, SHT 1.S stored in zymogen granules of ae l .1oil 

cells and is thought to be secreted wi th amylase (Falardeau and Heisler, 

1984). It has been hypothesized that SHT may be modulating the rate ot 

fluid secretion from the granule (Falardeau and Heisler, 1 Y84) or be 

involved in it's formation and stability (Yu et aL, 1Y84). As it has a1<;0 

been demonstrated that there is an efflux ot SHT tram Beta cells in 

pancreatic islets from ob/ob mlce (Gylte, 1978), perhaps the transmltter i5 

inval ved in s torage, format i on or release of granule contents. 

It is very dit f i cul t to arrive at a concl usion concerning the 

biologicai raIe of 5HT ln the pancreas. One problem is the considerable 

variatl.on between species. The degree of innervation by noradrenergi c 

fibers and the existence of other monoamlnes which ma)' be effected by the 

varlOUS treatments may be partly respansible for the dlfferential response~ 

reported (Lebovitz and Feldman, 1973). In addition, 1t has heen suggested 

that the action of 5HT on glucagon secretion may be medlated bv a Beta 

receptor (Matsumoto et al., 1984). Tissue preparation will also influence 

the outcome of the experiment. Islets are more easily damaged than 

pancreatic pieces and cells located on the outer layer of the i slet (Al pha 

cells) may be effected. Due to the paracrine actions of the other 

hormones, damage to one cell type may influence hormonal release. The 

differential effect s of tryptophan, 5HTP and 5HT 
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lead one ta suspect that different compartments of SHT within the 

pancreas arE: altered. Administration of tryptophan, 5HT? and 5RTP in 

conj unc tion \o,'i th a HAOr have dlfferen t blochemical and behavioral effects 

in the whole animal (Modigh, 1972; Green et al., 1976). Not on1y does 

SHTP bypass the rate llmi ting enzyme of 5HT synthesis but the enzyme 

which decarboxylates the compound to the neurotransmitter is not specifie 

to serotonergie neurons. Therefore, adminstration of 5HTP may effect 

neuronal syster.ls that would not be activted under physiological 

ci rcums tances. 

The pineal gland has the highes t concentration of 5HT of any body 

tissue. Though it is located within the cranium, the pineal is 

technically not part of the brain as it ls not protected by the 

blood-brain barrier. The pineal gland is eonsidered a neuroendocrine 

organ, y,Thic:h responds primarily to photic stimuli (Cardinali, 1981). The 

maj or secretory product is mela tonin but other compounds which are 

synthesized ln the gland suc:h as 5HT, N-acetyl serotonin (Ho et al., 

1985) and 5-hydroxytryptophol (Feldstein et al., 1970) are biologically 

active as welle 

The same biosynthetic pathway that is present in the brain for 5HT 

also exists in the pineal. Thus, tryptophan is taken up from the blood 

into the pineal oey te where it is c:onverted to SHT? and then SHT. The SRT 

can then be converted to N-acetyl serctonin, melatonin and other 

derivati ves such as 5-hydroxytryptophol. A eircadian rhythm has been 

demonstrated for aIl of the above mentioned compounds (Sugden, 1979; 

Young and Anderson, 1982) An inverse relationship betwen SHT and 

m~laton1n synthesis has been de~onstrated. SHT levels drop during the 

J11ght ",'hile mela tanin i nc:reases (Young and Anderson, 1982). The decrease 
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in SHT is thought to be due to the increase in melatonin synthesis caused 

by induction of N-acetyltransferase. As the magnitude of decline 15 in 

excess of that needed for melatonin synthesis, SHT may be requ::. red for 

it's own biological functions (Cardinali, 1981). Increases in the 

activity of tryptophan hydroxylase are observed in the dark penod dnd 

are aboli shed if the lights are left on (Sitaram and Lees, J9·'P). l'me.:11 

tryptophan rhythms are not correlated 'Yd th serum total 0:' : l "l' ': \ ]':'"phdll 

indicating that the pineal can take up tryptophan agabst dl', 

gradient (Sugden, 1979). Tryptophan administration (Lp. ' fol' i 
"l''\.J .. , ) ! (1 l ,_ 

pineal tryptophan, 5HT and melatonin in the dark and rhe 1.1;,1 r 

Anderson, 1982). 

1.3.6 The effect of aeute dietary intake on tissue tryptophan and 'Ill': 

In section 1.2.5, the effect of aeute dietary intake on brain 

tryptophan was discussed. A handful of these studies have examlned the 

effects on brain SHT as welle This section vdll revie .. ' dletary effects 

on brain SHI and also the few experiments which have 100ked at the effect 

of diet on tryptophan and SHT in tissues other than the brain. The 

effect of chronie dietary intake on brain levels of neurotransmitters 

presents a whole new set of variables. As aIl of the expenment al w(lri: 

presented in the thesis has focused on the aeute effects 0: Cl·:~3.r\' 

intake, the li terature concerned wi th chroni c effec ts will no: })r 

discussed. 

As mentioned in the preeeeding section, starva tion alor 

influence brain amine levels. Twenty-four hour food depnv.s: :r 1 

inereases plasma free tryptophan, the non-esterified fatty (;'.l'!'· :!{[~: 

and brain tryptophan (Knott and Curzon, 1972). ln one study, ~)r~'dn ',IJ', 
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was also increased (Curzon et al., 1972) though in two others no change 

was observeè (Knott and Curzon, 1972; Perez-Cruet et al., 1972). 

Elevations i'é'l :,HI.4A were uniformly reported. An increase in brain 

tryptophan of lI4~; led to a rise of 8/~ in 5HT and 38% in 5HIA.o\ (Curzon et 

al. 1972). Various Interpretations can be lent to this and the other 

studies which demonstrated large changes in 5HlAA levels. A lack of 

change or a sma11 change in brain 5HT may be a result of an increase in 

5HT turnover. The Increaseè turnover might be due to an increase in the 

amount of SRT re1eased followed by an increase in metaboli te, which would 

result in no npt change in the level of brain SRT. Alternatively, the 

increase in me~abolite could be due to the metabolism of intraneuronal 

SHT. 

During starvation, it has been suggested that the liver maintains 

plasma tryptophan through hepatic output (Bloxam et al., 1974). Though 

portal venous plasma tryptophan is decreased during starvation in rats, 

hepatlc venous levels are not different from fed animaIs. There is a1so 

a net uptake of tryptophan by extra-abdomInal peripheral tissues (Bloxam 

et al., 1974), Other tissues, such as the heart and pancreas also 

exhlbit elevated tissue tryptophan after starvation (Bender et al., 

1975). In the perfused rat exocrine pancreas, an Increase in the rate of 

neutral amlno aCld transport has been reported, but this was observed 

only after 72h of iasting (Mann et aL, 1986) whlle the other experiments 

reported tissue changes after 24h. In one study liver tryptophan 

declined (Bloxam et al., 19ï4) but in the other an increase was observed 

(Bender et al., 1975). No change was observed in stomach tryptophan 

after fasting but SHT declined by 31% upon refeeding of a standard rat 

cho\.,". In the duodenum, an increase in tryptophan was observed between 
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the fed and fasteè animal due to the increase in amino acid absorptIon 

after eating. In contrast SHT declined in the duodenum (Bigglo et al., 

1977). It seems that in perlpheral tissues, changes ln SHT can occur 

without parallel changes in tissue tryptophan. 

The effect of carbohydrate on brain SHT is consistent with changes 

observed in tryptophan. Carbohydrate has been shov.'fl to ele\'ate brain SHT 

in fasted rats (Fernstrom and Wurtman, 1971; Fernstrom and Wurtman, 

1972;Fernstrom et al., 1975; Crandall and Fernstrom, 1980; Peters and 

Harper, 1987). The rnechanism, as discussed in the previous section, is 

due to stimulatlon of the uptake of the branched chain amine acids into 

muscle by insulin, which is secreted upon carbohyd:-ate ingestion, thereby 

lowering the concentration of the competlng amino acids. In diabetic 

rats, the increase in brain 5HT does not occur due to impalred lnsulin 

release (Crandall :md Ferns trom, 1980). The degree of change exhi bi ted 

in brain SHT after lngestlon of a carbohydrate diet ranges from 18% 

(Fernstrom and Wurtman, 19ï1) to 26;: (Fernstrom et aL, 1975). 

Intragastric glucose administration increased brain 5HT by only 9% in 

normal rats (Crandall and Fernstrom, 1980). It does not seem likely that 

the smaller rise in brain 5HT by intragastric glucose as compared to 

consumption of a carbohydrate diet is due to the route of admlnistration 

as comparable changes have been reported wlth Intragastric adminIstration 

of glucose (chapter 2). Intragastric glucose lowered duodenal SHT but 

increased pancreatlc levels, forty-five rnlnutes after intubation (Brown, 

1979). 

If the competing amino acids minus tryptophan are added to the 

standard carbohydrate diet then a signiflcant decline in brain SHT and 

5HlAA of 13ï~ and 12i: respectively, is observed (Fernstrom et aL, 1975). 
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The addition of the non-neutral amine acids has no effect. Protein in 

combination with other dietary constituents has not been found to alter 

brain 5HT levels. One study which reported a dedine in brain tryptophan 

did not measure SHT (Glaeser et al., 1983), while others which did 

determlne both compounds either tound a dec1ine in precursor only (Peters 

and Harper, 1987) or did not observe a change in either tryptophan or 5HT 

(Crandall and Fernstrom, 1980). Thus, an 18% casein diet did not alter 

brain tryptophan or 5HT but there was a significant 24% decline in SHlAA 

(Crandall and Fernstrom, 1980). In rats ted diets ranging in protein 

content tram 5 to 557., no slgnificant correlations were found between 

protein intake and brain 5HT or SHlAA (Peters and Harper, 1987). 

Therefore, it seems that consumption ot a pure carbohydrate meal will 

significantly increase brain 5HT in most circumstances while a protein 

containing meal will have a less consistent effect. 

1. 4.1 The role of 5-hvdraxytryptamine in the acute regulation of food 

intake 

1.4.~ 5-hydroxytryptamlne and regulation of food intake in animaIs 

One questlOn which i s often asked wi th respect to the relationship 

between dietary intake and neurotransmitter synthesis is: Why should the 

brai n be sensi ti ve to precursor availability? An intui tively acceptable 

hypothesis has been that SHT is involved in regulation of food intake. 

Anatomlcally, thlS is feasible as SHT neurons project to the hypothalamus, 

an area ot the brain essentiai ta feeding. Consistent with is role as an 

l nhi bl tory neurotransml tter in other behaviors such as pain (Roberts, 

1~~4), aggression (Ogren et aL, 1980; Halick, 1976) and sexual activity 

(Tagliamonte et al., 1969), lncreasing 5HT metabolism 
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a1so inhi bi ts food intake. 

Fenfluramine, a drug which increases the release of 5HT (Knapp and 

Mandell, 1976) is a potent anorectic in rats. It has been found te 

inhibit food intake in a variet)' of feeding paradigms such as food 

deprivation and tail pressure (Rowland et al., 1985). E\'idence for the 

specificity of SHT involvement in the food inhibitlng effect WolS 

demonstra ted by pharrnacological trea tments. Methysergide, a J'll" t <"'.','.1,,( 

5HT receptor blocker can antagonize the first hour of ::he ilPIW: 1 rI! 

suppressant effect of fenfluramlne (Blundell et al., 1973). ~ll'.]" 1 

an in hi bi tor of SHT uptake can potentiatE the anorec tic l~: rt>('t ,li ',1." 

(Goudie et al., 1976). In contrast, depletion of SHT by i:lhibltll1f, 

tryptophan hydroxylase (Breisch et al., 1976) or by intraventn cular 

i nj ection of the neurotoxin 5, 7-dihydroxytryptamine will produce 

hyperphagia (Saller and Str: cker, 1976), though there is sorne eVl dence to 

the contrary (Fuxe et al., 1975). ln genereal, it is more dlfflcult ta 

stimulate food intake that to inhibit food intake, 50 treatments which 

deplete SHT tend ta give variable results as far as hyperphagia 1S 

concerned. 

A more ref ined experimental technique, which reveals subtle 

differences in pharmacological and biochemical treatments, :1 n\'ol \.'es 

monitoring the micro and macro structure of feeding beha\'lor. Len;:;ln n: 

time spent eatlng, number of eating bouts, rate of eatlng a:1d ::;tr"nr,," 

intervals are sorne of the components \o.'hich can be measureè b\ ".'(',)f 

feedlng patterns in rats (Blundell, 1986). Using this rnethoc) 

fenfluramine slowed the rate of meal consumption and terminatcd : tH' Il\' j: 

prematurely. ln freel y feeding rats 1 the drug reduced the s 12~ of : Il'' 

meal (Blundell et aL, 1979). Shor-Posner et al. (1986) l:-:]e:tec: :)l-n an(~ 
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nartenluramlne inta the paraventricular nucleus of the hypothalamus and 

found simllar eftects, in that there was a marked reduction in meal size, 

duration and eating rate. Overall, there is agreement in the li terature 

that SHT acts as an inhibj tory neurotransmi tter on feeding hehavior 

(Hoeble, 1977; Blundell, 1984; Leibowitz, 1986). More specifically, 

eVldence suggests that it 15 influential in the induction of satiety 

(Blundell, 1979; Shor-Posner et aL, 1986). 

Though i t is generally accepted that rats can regulate their food 

intake depending on their energy requirements, the concept of a separate 

mechanism tor protein regulation only emerged when a decrease in food 

intake was demonstrated after admInistration of an amino acid imbalanced 

diet (Harper et al., 1970). More recently, this concept has been 

substantlated by showing that weanling rats can jncrease or decrease their 

protein Intake dependIng on the quantity or quality of protein available 

01usten et al., 1974). Because 5HT is synthesized from tryptophan, it was 

a plausi ble neurochemical candIdate as a regulator of protein intake. A 

biochemlcal-behavioral feedback 100p was hypothesized in which dietary 

intake could alter brain levels of SHT, which in turn would subsequently 

al ter protein select ion (Anderson, 1979). Alterna t i vely, other groups 

suggested that SHT was regulatIng carbohydrate intake (Wurtman and Wurtman, 

1979) or that the transml tter was not invol ved in rnacronutrient selection 

a t aIl (Peters and Harper, 1984). 

The theorles relating 5HT to control of protein and carbohydrate can, 

ln sorne ways be regarded as different aspects of the same overall 

ffilJchani sm. Thus, protein intake will tend ta decrease 5HT. and lowered 

oLlÏn SHT \"i 11 then inhibit selection of protein (relative to 
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carbohydrate). On the other hand, carbohydrate raises brain SHT and 

increasec: SHT funetion v."ill inhibi t selection of carbohydrate (relative 

to protein). Thus, the variable that i5 being influenced may be the 

relative quantities of protein anè carbohydrate that are ingested. ~~ile 

this is an interesting hypothesis, the evidence for it is far from 

complete. As discussed above, the eVldence that protein and carbohydrate 

influence brain SHT is not entirely consistent, while the e\'idence that 

SHT influences maeronutrient selectlon 15 derived frorn non-physiologieal 

exeriments. Drugs treatments have tended to demonstrate consistent 

effects of SHT manipulations on macronutrient selection. It i5 in these 

experirnents that compensa tory mechanisms in food selection are 

rnanifesr:ed, seemingly as a result of changes in brain 5HT. Thus, both 

fenfluramine and fluo>:etine, two drugs \oIhich increase the amount of sHT 

in the synaptic clef t, were found to increase protein intake as a percent 

of total calories in rats trained to consume all their food v:lthin an 

eight hour dark perioè CWurtman and \·,Turtman, 1977). In freely-feedwg 

rats a similar effeet v:as demonstrated. HO\olever, in a different 

exper1rnent fenfluramine reduced total food intake while malntalning the 

percent of energy derived from protein CBlundell et al., 1979). Wurtrnan 

and Wurtman (1979) showed that when the protein content of the diet was 

held constant, rats could regulate their carbohydrate intake independent 

of taste. They found that fenfluramine and MK-212, another SRT anorectic 

agent, signiflcantly decreased the amount of earbohydrate rats selected 

as compared to control animaIs. From these experirnents, i t was proposed 

that SHT was involved in regulating the consumptlon of foods which would 

effect it's O'lo.'I'l synthesis, Le. carbohydrate. 

Ashle~' et al. (1979) examined the separate effects of 
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para-chlorophenylalanine and 5,7 dihydroxytryptamine on food selection 

in weanling rats. In these experiments, animaIs were maintained on a 

selt-selectIon paradigm over an extended period of timp either before or 

after treatment. Both treatments, which significantly decreased brain 

5HT levels, resulted in a specifie decline in protein selection. 

Lesions in the raphe exhibited a siml1ar effect. Central injection of 

5HT or norfenfluramlne resulted ln a selective decline in carbohydrate 

ingestion. AnImaIs in this experiment were presented with isocaloric 

diets contalnlng elther casein or dextrin (Shor-Posner et al., 1986). 

Tryptophan admInistration has been shown to have no effect (Peters 

et al., 1984) or decrease food intake in rats (Latham and Blundell, 

1 ~ 19; Morns et al., 1987). With higher doses, carbohydrate selection 

is inhibited as weIl as total calorie intake (Morris et al., 1987). A 

component of the effect observed may be peripherally mediated, as when 

valine was co-admlnistered with tryptophan the decline in food intake 

persisted. In fact, valine alone slgniflcantly reduced total food 

intake (Morris et aL, 1987). A penpheral role Dt ;,HT in the 

regulation of food lntake has been postulated in a number of studies. 

Systemlc inJectIon of 5HT, which cannat cross the blood-brain barrier, 

slgnifieantly reduces food intake in food deprived animaIs (Pollock and 

Rowland, 1982; Fletcher and Burton, 1984). The anorectic effect of 

peripheral SHT is enhanced by sub-diaphragmatic vagotomy (Fletcher and 

Burton, 1915S). The mechanism by which vagotomy enhances 5HT-induced 

anoreXla is unclear. Though vagotomy has been shown to reduce gastric 

emptying, a dissociation was demonstrated between reduced gastric 

clearance and the reduction in food intake by the admnistration of 

mt:'tl1\'Serglde. The SHT antagonist blocked the anorectic action of 5HT in 

46 



1 

vagotomized rats but did not reverse the reduced gastric clearance 

induced by SRT. An interaction between \'agal input and SRT in the 

enterchromaffin cells was postulated (Fletcher and Burton, 1985). 

The ph~'siological regulation of food selection on a meal to rneal 

basis, without pharrnacological ~anipulations, has been examined in fe~ 

experiments. L1 and Anderson (1982) administred eitl)er a 45i~ or O~~ 

prote in diet and th1rty ID1nutes later allowed the rats to select from 

diets cota1ning 10% or 60~ casein. A decline in protein and an increase 

in carboydrate intake was exhibited. If the protein concentration of the 

premeal was increased to 70/~, total food intake was decreased as well as 

protein intake. Wurtman et al. (1983) found that rats given a 

carbohydrate, as opposed to a mlxed nutrient diet, selected less 

carbohydrate from a choice of 25 and 75% dextrln diets compared to the 

control animaIs. Although these studies which show tht rats are able to 

adjust their macronutrient content are 1nteresting, the y provide no 

evidence that these effects are mediated by 5HT. 

The studies discussed above are consistent with the data that SHT 1s 

involved in regulating macronutrient selection on a meal to meal basis 

even if the evidence ls incomplete. Thus, lowering brain SHI will result 

in a propensi ty of the animal to select a meal which would cause a 

subsequent increase in SHT metabolism, e1ther by increasing carbohydrate 

or decreasing proteln intake. Alternatively, increasing bra1n SHT 

inhibits carbohydrate or inereases protein selection. Unfortunately, one 

disadvantage of the ~~lf-selection paradigm is that in most circumstances 

animaIs are offered a choiee of either a high or low maeronutrient diet. 

If for example, a high carbohydrate diet is seleeted, one does not know 

if this ls due te a carbohydrate preference or a protein inhibition. 
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Possibly, 5HT is involved in the regulation of the proportion of protein 

to carbohydrate rather that one macronutrient in particular. Theall et 

al. (1984) demonstrated that rats would maintain the proportion of 

protein to carbohydrate when allowed to select from isocaloric diets 

differing in carbohydrate content. 

It is necessary to emphasize the importance of experimental design 

in feeèing studies. As illustrated in the self-selection paradigm, and 

by the use of structural temporal analysis, information concerning the 

finer components of food intake ean only be drawn out if the design of 

the experiment is sensi tive to these cOülponents. An important but rarely 

regarded aspect of food intake is the sensory quality of the foods 

offered. Rats .:i11 al ter dietary intake depending on whether the diet is 

presented in the fOrTIl of a gel, powder or granulated forro (Blundell, 

1983). Lack of consistency in the fom of diet offered, is most likely 

one cause of the many discrepancies observed in the dietary studies. An 

addltional factor lS the satiatlng capacity of the different 

macronutrients. Isocalonc quanti ties of protein are more satiating than 

the same amount of carbohydrate (Blundell and Hill, 1987a; Jen et al., 

1985) • 

In conclusion, this review has presented the existing experimental 

data for the role of 5HT in the regulation of aeute food intake and 

macronutrient selection. As the focus of the thesis is the effect of 

aeute dietary intake on 5RT metabolism, function and behavior, chronic 

d1etary studies have not been examined. Nor have l presented the vast 

1 i terature on other aspects of the regulation of food intake. Food 

intake regula t ion i nvol ves neurochemical, biochemical and hormonal 

factors. Compounds in each of these categories have been proposed as 
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regulators of food intake (Anderson, 1979; Wurtman et aL, 1981; Haver, 

1955; Le Nagnen; 1984; Woods et al., 1981; Woods et aL, 1985). It \o.'0ulcf 

be naive to think that a behavior as complex as food lntake would he unùer 

the control of only one ehern1cal eomponent 

1.4.3 SHT and regulation of food intake in humans 

Regulation of food intake ln humans encompasses a wider variety nt 

behavioral responses to physiological and environmental cues than 

labora tory animaIs possess or are perm1 tted to express. In add i t i on to the 

components discussed above such as palatability, satiety and selection 

availability, psyehologieal and cultural factors plavan important role in 

fOud selection in humans. The wide range of response obsen ed in humans i s 

a reflection of these components. Thus, deslgning experiments which can 

bath overcome the large variability and be sensitive enough to monitor 

subtle changes in behavior lS very difficult. The DJmber of studies which 

have actually examined the role of SHT in the regulation of aeute food 

intake in humans is very small, therefore a few studies which are 

c1inically relevant to the subject will be included though thev examined 

food intake 0ver a longer period of time. 

Blundeli et al.(lY7Y) exam1ned the effect of fenfluramlne on food 

intake and macronutrient selection in 12 subjec~s (6 male, 6 female) over 

24 hours, using a sirnllar design as in his animal experlments. Atter 

admInistration of either drug or placebo, subjects were brought lnto a 

common room and allowed to select their subsequent lunch, dinner and 

breakfast frorn isocaloric portions of a variety of sandwiches. Vldeocaping 

occurred behind a one-way screen and behavior was later anal yzed for the 

duratlon of eating, rate of Ingestion, inter-mouthful lnterval etc. 

Fentlurarn1ne significantly reduced kilocalorie intake hy 26% while 

rnaintaining the proportion of protein in the meal. As was observed ln th~ 
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anImal studles, the drug slowed the rate of eating. 

ln another study, fenfluramine was administered to Il normal subjects 

who clalmed to have a propensitv for carbohydrate snacking (Wurtman and 

Wurtman, 1981). The theoretical basis of this experiment is derived from 

tlH! hypothesis that "carbohydrate cravers" have abnormal central SHT 

mctabolism, possibly due to lowered brain SHT or a defective feedback 

1 nliJ hl t Ion which resul ts in a continuaI cravi ng for carbohydrate. 

Therefore, eight day food records were obtained in order to determlne the 

pattern of snacking and the type of snack preferred. Subjects were 

admlnlstered the drug one hour prlor to their predetermlned snacking time. 

If that time coincided with meal time, then they were permitted to eat the 

meal. Food intake was recorded by the subjects themselves on special 

sheets. Fenfluramlne signiflcantly reduced the consumption of carbohydrate 

snack food over a five day period in the group as a whole, but lndividual 

responses were hlghly variable. A pronounced effect was observed in six of 

the subjects while four were virtually unaffected. Six of the subjects 

consumed sufficient mealtime non-snack carbohydrate foods to allow 

comparlson with placebo. :t was found that aIl six surpressed carbohvdrate 

consumption. As the results of this experiment are based on the subjects' 

personal recording consistency, and food intake records are known not to be 

rellable indexes of nutritional intake, results of this experiment cannot 

be Interpreted with much confidence. 

L-tryptophan has been used in a number of studies to increase brain 

SHI and to observe the effect on food intake in normal and obese subjects. 

ln the study by \\Turtman and \.Jurtman (1981) just described, two grams of 

tryptophan per dav administered in one dose were given to carbohydrate 

snach.ers, one hour prior to the designated snacking time. No statistically 

~lgl1l!1callt dlfferences were found hetween experimental and placebo groups. 
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Upon individual examlnation, tour subjects reduced their consumption of 

carbohydrate snack foods whil.: four increased their intake. Three Wt're llC't 

affected. In él double-blind crossover study (Hrboticky et al .• 19HSl. 

subjects were given tryptophan after an overnight fast ,'Incl a stélndanil 'l'd 

breakfast, upon which they were allowed to leave the laborat(Jn'. l'lie\' h'I'[I' 

then required to return at lunch time and allowed to se1ect t r(lm ./ '.11,,' \ 

of nine foods composed of luncheon meats, cheeses, C00!-.1€C; .,r'rj hr',j" "',)1' 

i ntake was measured by difference. Two grams of tryptophan Wch t, '" • 

effective in reducing energy intake. In one tn al, energy ) nrc11,V ,,' .'. 

reduced by 13% and in the second, a 19ï: reductlon ",'as ohser\'t:'1. 0", '. 

of tryptophan had no significant effect whi le three gram!" cJld Ollt (.-lU" 

further reduction in food 1ntake compared to the two gram dose. 1\ ::.111'1 \.,1 

reduction in the protein/carbohydrdte ratio was observed after tl-'(, L~:arn" 

but this result was not repeated in the second experiment. Arter hntl! tllf' 

two and three gram doses of tryptophan, subjects reported lncreR<;ed 

dizziness and faintness. It is possible that the slde etfects ot 

tryptophan ingestion interfered with food Intake, though the authr,rc; 

suggest that the anorexigenic effect can be separated trom tht:' [1S"C hlltr'lpll 

effecs due the magnltude of response. \olhile chan~es ln mood wert:' 

dose-related, the suppreSSIon ln food Intake was the same for tWr, 1'" 1 i: " 

grams. 

Theoretlcally. tryptophan admlnis tered slmul taneousl y W1 t· "'1 

carbohydrate meal should potentiate the increase ln braln ·,'l. ,,,Ii t fit l' .. ; r 

accentuate any responses in food intake. In fact, Ashl ey t t J. l,. 'F ' , 

demollstrated chat a carbohydrate diet plus tryptophar. ~ignlf(,clr.tlv t'I . ,J', ,1 

the tryptophan ratio compared to the carbohydrate dl€t a] 01)(· • HIUTldp,1 ln: 

Hill (l987b) admlnistered one gram of tryptophan in the forrr of ,l (h·)( ,,) "t f 

bar, ln conjunctlon with either a high protein or Ill!!h CilrolJf!"dratf· 1 l1P' h. 
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In total four different diets were tested; protein alone, protein plus 

tryptophan, carbohydrate alone, carbohydrate plus tryptophan. They then 

offered a tea-tlme meal from which subjects were allowed to select toods 

they had prevlously rated as hlghly deslrahle. The high protein lunch led 

to a 161. decrease in kIlocalorIes selected at tea-time compared to the high 

carbohydrate lunch, while the addition of tryptophan had no significant 

effect on food intake. The protein lunches suppressed protein consumption 

by 27% compared to the isocaloric high carbohydrate lunches. When the high 

protein lunch was combined with tryptophan, there was an slgnificant 

decrease in carbohydrate Intake (15%). No dHferences were observed 

between carbohydrate and carbohydrate in combination with tryptophan. 

Several lmportant points can be drawn trom the results of this experiment. 

ln humans, like ~nimals, proteln exhibits a greater satiating effect than 

Isocalorlc arr.ounts of carbohydrate. Also, previous studles have not found 

signlficant effects with a dose of tryptophan as low as one gram. The 

comblnatlon of tryptophan with a high protein diet magnified the effect of 

tryptophan alone. Interestingly, the effect was not in the direction that 

would have been hypothesized. A potentiating effect of carbohydrate plus 

tryptophan was not observed, possibly because SHT synthesis was relatively 

close to a saturatIon point. However, protein in combination with 

tryptophan demonstrated a specifie and significant suppression of 

carbohydrate intake, suggesting that brain 5HT levels were elevated from 

the treatment. One possible Interpretation of the phenomenon is that 

IngestIon of proteln lowered the baseline levels of the tryptophan ratio 

therehy allowing a greater response to the admInistration of tryptophan. 

The connectlon between carbohydrate reguiatlon and 5HT metabolism has 

led to a number ot studles deslgned to look at the relationship between 5HT 

and obesity. As discussed above, it is thought that certain forms of 
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obesity associated \o,'ith the excessive intake of carbohydrate m.1\' he olle tl) 

sorne form of abnormal 5HT metabolism (Ashley et al., 1985). Though 

fenfluramlne consistently reduces food intake ln humans, a reduction in 

carbohydrate intake was demonstrated as well ln obese suhject~ (Wurtman ~nd 

'~urtman, II:lB4). Straln et al. (1984) gave one gram ot tryptophan ,llong 

with 10 grams of carbohydrate, three times a day to obese suhlects for ~ix 

weeks. DespIte the significantly elevated plasma tryptophdn levels, 

treated subjects dId not lose more weight than those on placeho. The 

concentration of the cornpeting amlno aClds were not rneasurf~d hot sorne 

groups have demonstrated a blunted decllne in the plasma orancherl-chélin 

amIno acids after insulin release ln obese subjects lFellc e~ a!., lYbY; 

Caballero, 1'::187). If carbohydrate Ingestion dnes nM ele\'dte the plasmrl 

tryptophan ratio, therefore brain SHT wIll not Increase. In ldct, €"en 

atter tryptophan admInistration, the ratio does not Increase to the same 

extent as exhibited ln lean subJects (Caballero, 1987). 

The expenments discussed abo\'e are rele\'ant ta the expenmenté'll work 

in the following chapters frorn two dlfferent perspectives. FlfStly, 

monitoring changes ln behavior after tryptophan or dietarv lnta~e can nft~r 

insight into mechanisms regulatlng SHT metabollsm. ~ore Importanth, il! 

humans, alterations in behavlor are one of the tew Ylays of asseS<;ln~T tll, 

role of functional 5HT. Secondly, the clinical Impllcations li 

understanding the role of SHT in the regulation of food lnta\..<::' .H'· \' !~.~. 

The high prevalence of eating disorders, obesi':y at one end (,f ~h{ '--;d !~,,' 

to anorexia at the other, emphas l zes the necess i ty l n d(~term) 111 rw th· 

factors and mechanisms involved ln the regulation of thl~ rflrT'ple. tH'n'! 'jl'l. 

1.5.1 Conclusion 

The preceding sections attempted to present '1 re\'1!?W (Jf ttlt. Ilt.'rd!II" 
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and hlghlight sorne of the important questions that have been left 

unanswered ln the experimental work ta date. In addition, the many 

variables and the Importance of experlmental design have been emphasized. 

One Aspect which was not discussed, but was briefly mentioned in the 

Introduction was the behavioral effect of food in humans. 

The sc l entiflc evidence supporting or refut i ng the behavi oral effects 

of food has only recently begun to accumulate. An tnteresting finding 

stemmlng from the ergonomie 1 i tera ture suggests that the phenomenon known 

as "post-lunch dIp" may be related to food Intake. The post-lunch dip, 

which occurs 1-2 hours after inge~tion of the midday meal is generally 

associated wlth a decljne in aIertness and efficiencv. Frequency of errors 

and decreases ln reaetion time ln a variety of motor tasks have been 

reported (Craig, 1986). Though diurnal variatIon may play a role, Craig et 

al. (19Bl) tounJ that the consumption of a meal at lunch time impaired the 

subjects performance on a perceptual dIscrImInation task. 

Other Ilnes of eVldence stem irom the effect of fasting on cognitive 

tunctlo .. (Pollitt et al., 1983) and from the effects of food ingestion on 

mood (Spring et al., 191)3; Lleberman et al., 1983; U eberman et al., 1986). 

Generally, carbohydrate has been tound to exert a sedative effect (Spring 

et al., l~HU; Lleberméln et al., 1986). ln most cases, psychological 

effects were thought to be mediated by changes in the tryptophan ratio due 

ta macronutrlent ingestIon. If this were the case, then ingestion of 

phvslologlcal amounts of protein or carbohydrate should alter 5HT 

metabollsm, tunctlon and tinally behavior. 

The followlng six chapters will contain experimental work designed 

ultlmately to determlne the effect of protein and carbohydrate on sHT 

metahollsm and function. HaIt ot the studies presented were performed on 

tllE' Sprague-Da\>lev rdt and the other on consentlng human subjects. In both 



models, we were interested ln answering speclfic questions. Thest' w('t~': 

1 Can proteln and carbohydrate alter SHT metabollsm? and Can pr(lteln ,llld 

carbohydrate alter SHT function'? Chapter:2 examInes the etlect ut th, t .. " 

macronutrients on tryptophan and SHT rnetabollsm ln the hraln <1:1CI thn'.' 

peripheral tlssues in the rat. Chapter 3 proposes and vallda t (", j Il.'. 

methodology for the determlnation of functional SHT in the Lit. l , " , . f l't 

new techniaue, chapter 4 examines the effect of protein and, ;11 ~I ,''\ 1 

functional SHT. Following parallel lines ln the hum,w wnr)... t .'. 

question of the behavioral effects of functlonal SHT, w(' mi-Inl;'l:: :(" 

tryptophan and examlned the effect on food selection (chaptPl" )'. '\,' 

6 approaches the questIon of SHT metabolism and function by dl'll'fl' 11'111\ 

eftect of protein and carbohydrate Ingest-ion on the plasma tryptopll,l'l \ l, 

and food selectIon. Flnally, chapter 7 demonstrates the effect nf 

rnacconutrient Ingestion on SHT metabolism by the measlIremenl (lf trvpto!1hiln 

and 5HlAA in human CSF. 
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?REFACE TO CHAPTER T'~O 

'l'ne objective of the expe:-iments in this chapte:- \08S to detenr.;,h' lr 

adrni~istration of the macronutrients, protein and carbohvdrate, 

influence tryptophan anè SRT concentrations ln Glf:ere:-,t oq::im8 r'~ ':11' 

rat. Earlier work had demonstrated that carbohydrate cou:d r2. E,(' 

tryptophan and SHT levels in the brain. In so::ne s~lJèies, "r('l,J'j 

sho>'Tfl to lower brain tryptophan büt no lowe:-inf, 0: ~ra.in 51,,:, l. ,,' 

showr .• 7nese studies had useà either a lT,Î):ed CH-t ccn:,lh,:~f' l" 

protein and carbohydrate or a mixture of a:uno aClds. ~~l ~: 

experiments, both macronutrients were ad::linistered Hl a pu.-. 

weIl, the compounds were given intragastrically, a mE:t~1\Jè \, 

the confounding aspect of sensory influences. 

Despite evidence implicating the role 0: penpheral W~ 1:-. trll.-

regulation of food Intake, the effect of diet on SET l TI pen pner,ll 

tissues had not been examined. This experirnent .. as deslgnec :0 de:f"rmlrl( 

if tryptophan availabillty could influence SHT levels ln tlssues WhlCh 

::'ie outside the blood-brain barrier. Three tissues, kno\o,Tt; to contaln 

SRT, were examineà: the pineal, which lIes \o,'ithln the cranlurr: but outsldp 

the blood-braln barrier, would not be expected to be under the same 

regulatory mechanisms as the brain, since coropetl tioT) betweeri thf n~ li€': 

large neutral amino acids should not take place: the lntes::,~( 1.'", (", 

contalns large amounts of SHT and many peptides thOllt::'1t te, be- .~ , 

the regulél tion of food Intake and lastl y, the pancreas beC'aUft2 (,; 

cruClal endocrine raIe, WhlCh is an integral part 0: :he mecr,a.'1.'" 

regulating brain SHT levels. Therefore, the effect 0: prot,J J7": a: 

carbohydrate on tryptophan and SBT were e>:amlned ln these ti:SUl'~ 

determlne if dietary mani pulations could al ter SET me taboll SJ:,. 
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l Chapter 2 

EFFECTS OF CARBOHYDRATE Al,D PROTEI:\ ADHIl\ISTRATIOK ON RAT TRYPTOPHAN AND 
5-HYDROXYTRYPTM:rr\E: DIFFE?~I\TIA.L EFFEeTS Qi, THE BRAI~, I!\TESTINE, PINEAL 
AND PANCREAS 
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ABSTRACT 

We cOlDpared the acute e:fects of intragastric aàmirustra:ion of 

protein and carbohydrate on tryptophan and 5-hydroxytryptélmlne (5i-r;-) ) n 

rat brain, pineal, lntestine and pancreas. Proteln dec:cdsed an,! 

car~ohydrate increased brain indoles relatl\'e ta ""ater-1"fusp': r .. ,q r, l-., 

These e:fects \o,'ere due ta competition between the la:-ge . ('\l~'- ' '1. r 

acids for entry into brain. This compe:i:ion does not '2' 1<" 

pineal. The macronutrlents had no effect on p,-ncal ~;'-':'~,1;:" 

metabolism. In the intestine, protein resulted ln tligÎle~ :;, 1 

levels as cornpared to controls, due ta absorption of t~yprcT' ,,' 

proteine However intestinal SHT levels were influenceè b\' ;,-,';, r- - 'It: 

than precursor availability. Pancreatlc lndoles \,,'ere affec'-"l III ,; 

similar manner to the brai~ indoles. COt:lpetl t10n bet",'eer: tl:t l.Jn'L 

neutral alDlno acids for entry Into the pancreas ""as a150 Indlcâtec1 lw the 

finding that valine adœlnlstratlon lowered bral~ and pancreatic 

tryptophan, but not the levels in the Intestine and plneal. It remalns tél 

be seen whe:her the decrease ln pancreatic SHT after a protelr. meal anè 

the increase after carbohydrate modulate release of insul in a'1è gl uca~(Jr .. 
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I~:TRODUCTION 

T:-yptophan hydro>:y lase, the rate lillll ting enzyme in the synthesis of 

5-hydroy.:.'t"yp~ar::ine (SET), is not sacura:.ed with tryptophan under normal 

c::.rcun" tances. Thus, changes in brain tryptophan levels can influence 

the rate of synthesls, ':>:1d the content of brain 5HT (Wu:-tman et aL, 1981; 

Young 1983). Braln tryptophan can be infl uenced acutel y by intake of 

food. However, the changes in brain tryptophan are not ln the direction 

chat IT:lght ln1 tially be expected as protein, .:hich contains tryptophan, 

lowers brain t ryptophan, .. -hi 1 e carbohyèra te increases i t. This is 

because of competItion between aIl the large neutral amino acids for 

entry lnto brain across the blood-brain ba:-rier. A protein meal raises 

plasma C"yptophan, but because trypt:ophan i5 the least abundant amino 

acid ln most proteins, the concent:-ation of the other large neutraI amine 

aClds ln plasma rises even more. The increased competition for transport 

i nto bralTl can Cause brain tryptophan to fall according ta sorne 

researchers (Perez-Cruet et aL, 1972; Glaeser et aL, 1983) but others 

found no change (Fernstrorn and FalIer, 1978). ,,'hen carbohydrate is 

lngested, the insulin that i5 released causes the branched chain amino 

acids ta be taken up into muscle. Consequently, their plasma levels 

fa11, there is dirninished competition for entry into brain, and brain 

tryptophan and SHT lncrease (Fe::strom and 'i-lurtrnan, 1971) or are not 

effected (Glaeser et a1., 1983). 

Onl y 1~~ of total bodv SHT is located in the brain, the rAst being in 

the peri pheral tlssues and blood. Consldering the large body of 

literature on the relationship between dietary intake and SHT, few 

reports have been dlrected towards the effect of food intake on SHT in 

tlsbues \o,'hich Ile ol.tside the blood brain barrier, despite evidence for 

::he lnvo 1 vement of perlpheral SHT in regul ation of food intake (Pollock 
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and Ro"'land, 1981). The objective of this study ",as to compare the 

effects of intragastric adml.nistrat:ion of protein and carbol1\'drate M' 

tryptophan '-rd SHT in the brain, intestln12, pineal and pancreas. 

The highest concentration of SRT Id thin the cranl u:r. 1 s :. O\lrl<~ 1 n : :'[' 

pineal. The pineal lS technically Ilot p.:>rt of the br;31n 't-,ut ,r tll\' 

periphera1 nervous system aild lies oU'slde the b100d ;-·;-,"01'\ , l"", 

Administrati on of tryptophan increases pl neal SHT and -. 

hydroxyindo1 eaceti c acid (5HlAA) (Young and Ande:-son :. f). : ' 

is not known ",hether there is competl tion bet"'een t tle 1" l ',1 ".', 

adds for entry into pineal, or ",hether pineal trypt(\p113'\ ,d, " \. t ' 

by food intake. 

The largest ",ource of peripheral SHT is in the intes~lrtf? \':11'11' 'L " 

found :'n the enterochromaffin ce1ls, and also ~.lt;lin nE'urone: ln thc' 

rnyenteric plexus. The role of SHT in the intestine ha: not been Eu] l \' 

eluciclated although It has been implicated in the transport of \Jater élnè 

e1ectrolytes (Risloff and Moore 1976), gut motllitv (Gershon 1968) anel 

regulation of food intake (Pollock and Rowland 1981). Dif:erences ln 5Hf 

leve l s in the duodenurn of fed and fasted rats \Jere reported by Bigp CI ct 

al. (1977) suggesting that duodenal SHT could be altered h" èi etaT'\' 

intake. 

SHT is also present l.n both the alpha and beta cr: ~ : (- (., :. '., .. ,', :' l' 

(Ekholm et al. 1971). The physiologica1 role or SET ln ',r . <·U' 

controversial due to speCles differences and a lad: 0: Ct'!' 1,1" é ,,:' 

between in vitro and in vivo studies. SHT has béer: ~:t:,porr"l; '):,,11 tri 

increase (Gagliardino el: al. 1974) and to decrease lnsuJ in [(, l (,:a~l' 

(Lebovitz and Feldman 1973). ln addition, it may be ln'!clv'2 rl ;n 

modulatlon of glucagon secretion (Matsumoto et al. 19&L,). Bro'-m [lo/':t) 
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reported an increase in pancreatic SHT after an oral glucose load was 

administered to rats which had been maintained on diets containing 

varying amounts of proteine 

l1ATERIALS AND METHODS 

Tryptophan as the free amino acid, valine and 5HT as the creatinine 

sulfate cornp] ex were purchased from Sigma Chernical Co., St. Louis, Mo •• 

t-la 1 e, Sprague-Da~.:l ey ra ts, obta lned from Char les Ri ver Canada, Inc. St. 

Constant, Quebec and welghing I90-2l0g, were maintained on a 12hr-12hr 

light-dark cycle. For al1 experiments there were eight animaIs per group 

and anima1s were randoml y assigned to different groups. The rats were 

fasted overnight and trea:ments were initiated in the morning, 3 hrs 

after the onset of the Iight periode To Jook at the effect of protein 

adminlstration on tissue indole levels, 4 mIs of a 25% w/v solution of 

albumin \o:as given by intubation. An identical volume of io1ater acted as 

the control. In one experiment brains, intestines and pineals were 

col1ected, while in a separate experiment only the brains and pancreas 

were removed. The resul ts for the brain were simi l a:- in the two 

experiments and Table l includes data on the brains from the first 

experirnent onl y. AnimaIs were decapl ta ted two hours after intuba ti on. 

To examine the effects of protein on plasma tryptophan an additional 

experiment with the same proteln treatment was carried out, v.'ith blood 

belng v.'ithdra\o.'11 by syringe from bath the portal veln and the heart, 0.5 

hr and 1.0 hr after intubation. AnimaIs were anaesthetized with nembutal 

for this procedure. 

The carbohydrate treatment consisteà of 4 mIs of a SO% w/v glucose 

solution, which was administered by intubation, with water as the 

control. As mos t meal s genera Il y contai n tv.'i ce the arnount of carbohydrate 
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as protein, we followed these proportions and administereè t\o.'O tlmes the 

quantity of carbohydrate as proteine AnimaIs were killed 2.0 hr after 

intubatlon. Different groups of rats were used to take pancreatlc tlqSU~ 

and aIl the other tissue. A separate time course experir.Jent was CiHTleJ 

out with half the animaIs killed at 0.5 hr and the other half Ulled ,lt 

1.0 hr after glucose intubation. Valine was glven intragastrlcaLly al a 

dose of 400 mg/kg ln 4ml of water. Tryptophan (100 mg/kg, ] 0 ml,'hg) \.Jd~, 

injected intraperitoneally in isotonic saline. Due to the ID\.,' soJub1l1ty 

of tr)'ptophan, la ml/kg ",as the minimuit volume needed to dissolve the 

ami no acid. Tryptophan was gi ven i ntraperi toneaU y rather than 

intragastrically because the purpose of the experiment was to see if 

pancreatlc SHT was susceptible to alterations of tryptophan aval]ability. 

Absorptlon is raster after intraperltoneal injection than a~ter 

intragastric administratlon, and therefore tryptophan avallabl11tv wouJd 

be greater .. ,ith this rùute of administration. In both these e>:pe;lments 

the rats were decapltated 2 hrs after treatment. After decapitation 

brains, pineals and pancreases were rernoved and frozen immediately st -

70°. The intestl.ne was removed and rlnsed inside and outside wah SalInE:: 

before freezing. Fatty and connective tissue were removed froŒ both thp 

intestine and the pancreas after :reezlng at -70°. 

For the brain, intestine and pancreas a 25: homogenate was made 

using O.l,N perch10ric aC1d and a Polytron Homogenlzer. Pineals we!:'e 

sonicated in O.2ml of 0.11-1 perchloric acid. After centri:ugauon an 

aliquot of the supernatant was injected duectly lnto a high perfr::-:nanc\:< 

liquid chromatograph. For the brain and pineal, tryptophan and 5H~ wer0 

determined by the rnethod of Ande!:'son et al. (1981) which employs 2. :~ilt(:,r< 

Cl8 u-Bondapak reverse-phase column and electrocheTtlcal àetectior:. Fr,,-

92 



the 1ntestine and pancreas this method was not adequate as the ratio of 

r~sponse on electrochemical and fluorometric detectors was different for 

the standards and sampI es. However, different buffer systems were found 

~.'hich gave the same response ratio. For intestine the buffer was 0.01 M 

sodium acetate, pH 3.5 with 3i~ acetonitrile and for the pancreas O.DIM 

SOdlUn: acetate, O.lm~1 sodium oct yI sulfate, pH 4.25 .,Tith l2~~ methanol. 

Recovery of lnternal standards, determineè by adding kno'W11 amounts of SHT 

to aliquots of homogenate, was 70% for the intestine and 85% for the 

pancreas. Tryptophan in plasma was measured by the fluorometric method of 

Denckla and Dewey (1967). 

Statistical analysis of differences between two groups was performed 

uSlng Students' t test. 

RESULTS 

Table l shows the differential effects of prote in and carbohydrate 

on the four different tissues, two hours after administration of the 

meals. Carbohydrate increased brain indoles, while protein lowered them 

,0."1 th respect to water-intubated animaIs. Unlike the brain, pineal levels 

of the indol es remalned unal tered wi th ei ther the protein or the 

carbohydrate treatment. The unexpected lack of effect of protein on 

pineal tryptophan led us to examlne plasma levels. Tryptophan was 

unal tered in portal or cardiac blood after protein administration, 

al though tnere was a trend towards an increase in portal val ues relati \Te 

to controls (Table 2). In the intestine tryptophan was higher after 

protein adminlstration, while carbohydrate lowered tryptophan levels 

(Table 1). Neither treatment had any effect on intestinal SHT. Changes 

in the pancreas were si~llar to those seen in the brain. Pancreatic 

tryptophan and serotonln were lowered by protei n. Gl ucose administration 
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resulted in higher pancreatic tryptophan but SHT levels remained 

unaltered in comparison to controls. 

To determine whether 5HT in the intestine and pancreas could he 

altered by changes in tryptophan levels, we looked at indoles in these 

organs after tryptophan adminlstration (Table 3). The large rlse ln 

tryptophan in both tissues (55% in the intestine and 92: in the pancreas) 

resulted in elevated 5HT levels as compared to the saline injected group. 

Because carbohydrate did not elevate pancreatic 5HT even tho~gh 

tryptophan was increased we decided to look at the effect of glucose at 

two earlier time points, O.5hr and 1.Ohr after treatment (Table 4). 

Pancreatic tryptophan was higher at O.Shr and remained elevated at the 

later time point. A signiflcantly higher pancreatic SHT level was 

observed one hour after glucose administration. Tryptophan in the 

intestine was not changed at either O.Shr or 1.Ohr but SHT levels were 

significantly elevated at I.Ohr with respect to untreated animaIs. 

The exper1ment with protein suggested that tryptophan was competing 

with the other large neutral amino acids for entry into brain and 

pancreas but not pineal and intestine. To confirm this, vallne, one of 

the competing amino acids, was given (Table 5). As expected, no change 

relative to controls was observed in either the pineal or the intestine, 

but valine treatment caused a slgnificant lowering of pancreatic 

tryptophane 

DISCUSSION 

Our results show that aeute intragastrlc administration of the 

macronutrients, prote~n and carbohydrate, has differential effects on 

tryptophan metabolism in different tissues containing SHT and that th0s~ 

effects are speciflc and unique to each tissue. Braln tryptophan anrl 5HT 
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were higher after carbohydrate administration, confirmlng other studies 

(J'ernstrom and Wurtman, lYllj Fernstrom and FalIer, lY78). Intragastric 

protein significantly lowered brain tryptophan and 5HT as compared to 

jas ted controis. Both tryptophan (Glaeser et al, 1983) and 5-

,,'droxyindoleacetic acid, the metaboll te of SHT (Perez-Cruet et al., 

l YU) are lowered atter dletary protein, al though co our knowledge 

alteration in brain sHT have not been reporteG. Conflicting data has 

also been presented in WhlCh brain tryptophan (Fernstrom and FalIer, 

1978) and braln 5HT (Feters and Harper, l Y87) were unaffected by protein 

adminlstratlOn. Obviously, there are tactors which can lnfluence the 

relationship between protein ingestion and brain lndole levels, which 

remain to be determlned. 

The pineal was the only tissue examlned in which neither dietary 

component altered tryptophan or sHT. As the pineal lies outside the 

blood-brain barrier, levels of tryptophan in the pineal shoulcl directly 

reflect plasma tryptophan, since there will be no competition for uptake 

from the other large neutral amine acids. This conclusion is confirmed 

by our finding that valine administration had no ettect on pineal 

tryptophan and sHT even though j t lowered their levels in the brain 

(Table 5). Similarly, protein tailed to lower plneal tryptophan although 

lt lowered brain tryptophan (Table 1). Atter protein admInistration 

there was no change ln either plasma or pineal tryptophan (Table 2). 

Plasma tryptophan at either 0.5 or l hour after protein infusion did not 

difter trom water-intused rats. This agrees with the data of Crandall 

and Fernstrom (1983) who found no change in plasma tryptophan after rats 

were ted a meal containing 18% casein, though Glaeser et al. (1983) found 

signlficant increases relative to fasted animaIs. In humans, the 
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response of plasma tryptophan is more consistent and a protein meal 

elevates plasma tryptophan by 20% (Ashley et al. IY82). Studi.os in the 

rat indicate that tryptophan administration can increase plneaJ 5Hl' i11ld 

melatomn (Young and Anderson 1~82). However, the effect 18 rel~t1 VI' L \' 

small and i t 15 unllkely that a 20% increase 111 plasma tryptophan w'lul_1 

have any appreciable effect on hum an pineal lndole metabollsm. l'hll", 1: 

seems that as far as SHT metabolism IS concerned, the plneal, un l ikt' : !:' 

brain, is not sensitive to acute dletary manIpulation. 

Intestinal tryptophan appears ta be Influenced by the dlet. The 

Increase of tryptophan in this tissue after proteln admlnistration 

(Table 1) conÎlrms a previous report, where slmi lar changes were seen ln 

duodenal tryptophan in rats fed a meal (BigglO et al. 1977). The 

increase could be due to the amino aCld being taken up 1 nto ce Ils el ther 

from the circulation or directly trom the gut Jumen. A~ no lncrease in 

plasma tryptophan was observed atter proteln lngestIon, l t seems likely 

that the rise in intestinal tryptophan is due to an Increased 

availabiJ .I.ty of amino acids in the lumen atter hydrolysis of the 

protein in the gut. Under these circumstances competl tJ on between the 

different amino acids for transport from the lumen into the intestine 

does not seem to play a significant role. Competlt10n is also absent 

between blood and gut, as valine fai1ed ta lower intestinal tryptophan 

(Tabl e 5). This is not surprising considering that the Km of amlno aCld 

transport into the intestlne is much hlgher than the pla~ma amino acid 

levels (Pardridge and Oldendorf 1977) and that competl Uon does not take 

place unless the plasma levels are ot the same order of magnitude as thp 

Km. 

The effects of glucose on intestinal lndole levels are Inconsistent 
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and difficult to interpret. Different results are obtained depending on 

the le~gth of time aÏter treatment. A small but significant decline in 

intestinal tryptophan in the glucose intubated animaIs (Table 1) is a new 

and somewhat surprising finding. A declin~ of t~yptophan of this 

magnitude (21%) would not necessarily be large enough to cause a 

slgnlflcant decline in SHT, which we found unchanged at the two hour time 

point (Table 1). Our data after tryptophan loading (Table 3) indicate 

that intestinal SHI can be influenced by precurscr availability. 

However, changes in intestinal tryptophan do not al~'ays influence 

lntestinal SHT. ThlS is illustrated by the effect of glucose l.Ohr after 

admlnistration (Table 4). Here we see an increase in SHT, ~ith no change 

in tryptophan relative to the control group. A disassociation between 

precursor and amine was reported by Biggio et al. (1977) who found an 

increase in intestinal tryptophan concomitant .. dth a decrease in SHT, 

three hours aiter chow feeding in rats. Lowered intestinal SHT levels 

were also seen in rats 45 minutes arter glucose administration (Brown 

1979). ThlS effect could be due in part ta lowered tryptophan, though 

after chow, which contains protein, it is unlikely that the decline in 

SHT is due to change in the precursor. One mechanism that might be 

involved i5 lncreased intraluminal pressure, which has been found to 

decrease gut SHT (Bul bring and Lin 1958). 

The effects of glucose, protein and valine on pancreatic tryptophan 

(Tables 1 0: 5) were similar to those for brain tryptophan, i.e., protein 

and valine decreased the amine acid while carbohydrate raised it with 

respect to control. These unexpected results suggest that there i5 

competition between the large neutral amino acids for entry into the 

panneas. Dntll now It had been thought that this phenomenon was linlited 
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to the brain (Pardridge and Oldendort lY71). The blood-brain hdrrlt'r tn 

large neutral amino acids occurs at the level ot the caplilane". Thl' 

"blood-pancreas" barrier could also occur at the lev('l of the c[lpll ;,lllV', 

(although we are not aware of any hlstologieal or cyt,.'loglcal e\'lclcpc 

tor this) or at the cell membrane. Although the hypotht'SH that the 

speeitieity of competition in the pancreas ls the samp i1S in the br.!!,] 

(Le., between the large neutral amine aClds), It 1S <1150 possihle tllat 

the panereatic transport system has a dlfferentlal SreCl! ICI ty. 

Extensive cross-inhibition studies will be necessary to determlne tlle 

situation. 

Before considering the effect of dietary intake on pancreatlc 511T It 

is necessary to discuss a little of what is l:nown about SHI ln this 

organ. Monoamlnes were first Identlfied in the pancreatlc Islets llslng i1 

tormaldehyde-induced histochemlcal fluoresence technique (Falck and 

Hellmann 1%3). Much of the subsequent \\Tork has also invo l ved 

histochemical methods and there are only a few papers which reported on 

the quantitation of SHT. Bender (lY74) using unspeclfied methodology, 

tound 0.46-0.64 ug/g, while Brown (1979) found 0.27-0.35 ug/g using a 

spectrofluorometric method. Both these studies were ln the rat. lls1n~~ i) 

radioenzymatic assa)', Bad et al. (lY80) tound O.704.:!:,U.J31 (m~'dn~SD) ug/I~ 

in hamster pancreas, even though the histochemical fluorescenre techniqu~ 

was unable to demonstrate the presence of SHT in hamster lslpfs (Cegrel 

196~). The levels of SHT we found in rat pancreas are an orcier ot 

magnitude less than those above. In our initlal attempts tn qllAntl tdté 

indoles in the pancreas using reverse-phase HPLC and electrochemlcRl 

detection we tound somewhat higher values. However, the use of 

fluorometric and electrochemlcal detectors in series Indlcated that otlH'r 
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conpounds were co-eluting with the SHT. After trying different 

chromatographie conditions we developed an as say in which quantitation 

· 4. 
was the sa:;Je using eleetrochenical and :luorometrie detectors. As it ~ 

extrernely unlikely that an interfering compound would have identlcal 

chromatographie, fluorometrlc and eleetrochemical properties to SHT, we 

have considerable confidence in the validity of this method. On the 

other hand, the spectrofluorometric method used by Brown (979) and the 

radloenzyllléitic method used by Bird et al (1980) relied on simple 

extractions in their separation steps and, thus, may have lacked 

speClfi ci ty. Our resul ts showed some vari abi li ty betwl~en control values 

ln d1fferent experiments, but this type of variability is certainly know 

ta occur for brain 5HT (raI zelli et al. 1977) and for pancreatic 

tryptophan (Bender et al. 1975) and, therefore, lS not surprising. 

The large decrease in pancreatic tryptophan after protein ingestion 

15 accornpanied by a dedine in 5HT (Table 1) but the smaller fall in 

tryptophan after valine admlnistration does not result in any significant 

change (Table S). Similarly, the large increase in pancreatic tryptophan 

after tryptophan 1s given (Table 3) results in a signlficant increase in 

SHT. However, the smaller lncrease in pancreatic tryptophan that occurred 

after carbohydrate feeding increased 5HT in the pancreas at I.Ohr but not 

0.5 and 2.0hr (Tables 1 &- 4). Thus, al though pancreatic SHT can be 

.'lnfluenced by precursor ava1lability, the factors influencing the levels 

may be different than those needed to al ter brain SHT. In the pancreas, 

both the magnltude of change of the precursor and the time courSe of 

synthesis, and perhaps release, may be important var1ables in determining 

al terations in pancreatic SHT. 

In this paper we have sho .... "Il that acute intragastric infusion of 
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protein and carbohydrate can influence both t~yDtophan and SHT in the 

brain and other tissues. The exac~ effects see:1 depend on t'le na: u,e of 

the transport system for tryptophan and the relatlonship between 

tryptophan anc! SHT in the different tIssues. In the pineal It 15 knovm 

that tryp.:ophan availability can ir:f1uence SHT (Young and Arlder"o:1 1982~ 

but the tryptophan level seerns to be protected from alterations C';;llSt'J bv 

acute èietary intake. Intestinal tryptophan, like the pineal cOl'1pound, 

is not subject to influence from the other large neu~ral aŒlno aClds. 

However, unlike the pineal, it can be influenced by protein Intake, 

because tryptophan in protein is absorbed directly into the intestine. 

Intestinal SHT seems to be 171fluenced mo:-e by other unknown factors than 

by precursor availabllity. Perhaps the most interestlng result from thlS 

study is that the pancreas, like the braln, ls Influenced by dletary 

intake due to competition between the large neutral amIno acids for entrv 

Into this organ. PancreatlC' SHT can be influenced by changes in 

tryptophan and thus, is susceptible to d~etary influences. The exact 

role of SHT in the pancreas is unclear but it does seem to play sorne ,ole 

ln modulating release of insulin and glucagon (Lebovitz and Feldma~ 1973, 

Matsumoto et al. 1984). i-.Thether the changes in pancreatlc 5H7 play fr)me 

role in modulatlng insulin and glucagon profiles after "ote}: u:- m"",t;'[1 

protein and carbohydrate meals remains to be seen. 
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TABLE 1. Effect of protein and carbohydrate on 5HT-contair.ing tissues 

1 TRP (~g/g or ~g/pinea1) 5HT (pg/g or ng/p~n~al) 

control protein control 

BRAIN 4.35+0.41 2.63+0.69*** 0.362 + 0.031 (1.30:; -l [, 

PANCREAS 5.26-1-2.21 1.65+0.69*** 0.0947+ 0.0417 1_1. ().4 .' _Î • 

Il\'TESTINE 7.46+2.4t. 9.68+2.03* 1. 87 + 0.53 l . -,' 

P It-.TE AL 8.47+2.05 8.17+2.48 99.5 +29.2 q.f~ ..... J 

TRP (pg/g or ng/pinea1) 5HT (Jlg/g or ng/ pl tlt'd ' 1 

------------------------ -----------------------
control glucose control 

BRAIN 3.65+0.47 5.99+0.53*** 0.350 + 0.045 0.425 + (t.(), _'r 

PANCREAS 3.30+0.81 5.02+1.04** 0.0427+ 0.0124 0.0447+ O.UO',' l 

INTESTINE 8.19+1. 69 6.74+0.68* 1. 88 + 0.31 1.98 + 0.37 

PINEAL 7.31+2.48 6.76+2.35 93.6 +38.9 93.9 +43.9 

Protein (lg) or glucose (2g) were given Intragastrically and the rats were 

killed 2 hr later. Protein and glucose experirnents were run on dIfferent 

days. Results in ug/g for brain, pancreas and intestIne and in ng/pineal 

are given as me an of 8 .:: SD. *p<O.OS, **p<O.Ol, ***p<O.OOl, indicate 

values s~gnificantly dlfferent from contraIs. 
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"l'ABi...E 2. Effect of protein on plasma tryptophan 

PortAl Blooci ()lg/ml) Cardi ac Blood (J.1g/m1) 
-------------------- ---------------------
Con t :-01 Protein Control Protein 

O.5hr 10.8+3.4 12.6+1.4 12.1+2.5 12.2+2.3 

lhr 13.1+2.3 15.9+3.6 15.4+3.6 16.9+4.2 

Protein 0.;) ... as gi \'en intragastrica1ly. One ha1f or one hr 

later the anima1s were anaesthetized v.'ith nembutal (50mg/kg) 

and blood was taken trom the portal vein and heart. Results 

àre gi ven as rnean of 8 + SD. No significar.t differences were 

observed. 
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TABLE!.. Effect of ca:-bohydrate on indoles in the intestine and pancreas 

TRP (ug/g) 

control glucose 

INTESTINE 

O.5hr 10.0 +1.1 10.6 +2.1 

1.0hr 9.57+2.47 10.8 +2.5 

PANCREAS 

0.5hr 6.20+1.61 9.92+2. 02'~ 

1.0hr 11.3 +2.8 15.4 +3.2* 

5HT (pg/g) 

control 

2.71 +0.36 

2.59 +O.4~ 

0.0339+0.0158 

0.02l8+0.01~3 

gltlCOf,l' 

" 
' .. , , 

l\ .' , ',1 i ' 

The experiment was performed as described in the legend ta Tahle : <-''.l'I'l't 

that the animaIs were killed at 0.5 or 1.Oh:-. Resul ts are glven as 11\('>;):, ,,1 

8+SD *p(O.05, **p<O.Ol, indicate val ues significantly different from 

contraIs. 
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TABLE 5. Effeet of vallne on 5HT-containing tissues 

TRP (pg/g or ng/pineal) 5HT (J.1g/g or ng/pi neal) 
----------------------- ------------------------
control valine control valine 

BRAI:\' 4.22 +0.84 2.68 +0.26** 0.270 +0.038 0.228 +0.038* 

PANCREAS 6.16 +1.50 4. 26 ~l. 38* 0.0503+0.0209 0.0537+0.0224 

IliTESTINE 5.45 +2.12 5.63 +2.53 1. 55 +0.37 1.40 +0.24 

PINEAL 12.6 +7.3 13.3 +4.5 169+88 111+48 

raline (400 mg/kg) was given intragastrical1y and the rats were killed 

2hr later. Resu1ts are given as mean of 8,: sn. *p(0.05, **p(0.01 

indieate values significantly different from contro1s. 

108 



PREFACE TO CHAPTER THREE 

The previous chapter demonstrated that the dletary mdCrOI1\1trient!->, 

protein and carbohydrate can influence 5HT metabol1sm ln the pancre.b ;l'ltl 

the brain bv al tering precursor availabillty. lt was not knOl,rn \.:hl! tll'r t IIv 

increases or decreases in tissue 5HT were a reflect10n of altered r<'1,','<"(', 

that 15, whether these changes were of functional sigmficance. A, ! ,'. 

area of expertise in this laboratory was neurochemlstry, and hecéJu',( . , 
role of SHT in the release of insuiln was a matter of sorne contrO"t'r:;, , " 

was decided to direct our ef~orts towards determ1ning the tunctlonal 

s 19niticance of the changes observed in braI n 5HT metabolism. 

In this chapter, a new method for the determlnation ot 5HT in rat 

cerebrospinal fluld was presented and validated. It \yas hypothesized rhat 

5HT ln the CSF "muId be an index of functional 5HT since i ts presence in 

the fluid suggests that 1t had been released trom the neuron and wab 

a\'allable for interaction wlth the post-synaptlc receptor. To ven ty thi~, 

dn'gs known to act on 5HT tunction were ddmlnistered and cerebroc;plnal 

tlUld withdrawn to determlne if alterations in CS:' 5HT levels reflected the 

known actions of the agents used. 
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Chapter 3 

SEROTOl\IN IK CISTERl\AL CEREBROSPINAL FLUID OF THE RAT: 
MEASUREt-1ENT AND USE AS AN INDEX OF FUNCTlONALLY ACTIVE SEROTONIN 
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ABSTRACT 

A simpl e, sel ecti ve reverse-phase HPLC-fl uorornet ri c rnethoà le; 

described for the determination of serotonin (SHT) in cisterTlal \~~,F of 

the rat. The rnean (.:tSE) value of eSF 5HT observed in control él,LIll: ,;:,-]!' 

rats was 457+83 pg/m1 (N = 16). In an atternpt to validate the 1fIt' l',lllt' .l' 

an index of extracellular, or functionally actlve, SHT, groups 

\<Tere treated with fenfluramine, amitriptyline, pargyline, parg"ll' 1 

tryptoph;m, and 5-hydroxytryptophan pl us carbldopa. In a Il cases , 

appeared to ref1ect well the presumed effects of the agents on 

extrace1lular levels of SHT. CSF SHT was superior in this regard to 

brain SHT, brain SHlAA, or CSF SHlAA levels. The rneasurernent of 

cisternal eSF 5HT would appear to offer a convenlent index of 

functionall y acti ve SHT. 
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IK'TRODUCTION 

The assessment of central serotonergic function is of critical 

lmportance ln a ~.-ide range of neurochemical studies. Investigations of 

serotonln's raIe in the mechanisrJ of drug action, i ts role in a variet)' 

of nonr.al processes, and Hs possible alteration in neuropsychiatrie 

d; sorders aIl require an accurate determination of serotonin (SHT) 

:t,:1ction. It has been shown that increasing extracellular concentrations 

': -: SHT wlll increase i ts effect on neurons possessing SHT receptors 

(Bradsnalo.' et al., 1973). Although the specifie location, type, and state 

(Jf t.he receptors lm'olved will influence the consequences of changes in 

extracellular fluid (ECF) SHT concentration, the ECF SHT concentration is 

of primar)' importance. The status of SHT function and the effect of 

various agents and actions on SHT release have been assessed by 

electrophysiological (Bradshaw et al., 1973; Aghajanian, 1982) behavioral 

(Green and Grahame-Smith, 1976), neuroendocrine (Fuller and Clemens, 

1981), and neurochernical methods. Each of the approaches has i ts own set 

of advantages and limi ta tions. The particul ar pros and cons of the 

various neurochemica1 rnethods employed will be briefly revie\oJed. 

In animal studies investigators have most common1y measured brain 

levels of SHT and Hs major rnetabolite, 5-hydroxyindo1eacetic acid 

(5HlAA). Cornpll catlng the interpreta tion of these measurements are the 

facts that most 5HlAA arises from intraneuronal metabo1ism of unreleased 

5HT (Commlsslong, 1985; \"Tolfe et aL, 1985), and that nearly aIl of the 

5HT in the brain i s found stored wi thin the neuron. In a number of 

si tuat ions measurement of the i ntraneuronall y produced or stored 

compounds t.-111 ref1ect extracellular pools; however, at times the 

relationship between brain leve1s and extrace11ular levels ma)' be minimal 
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or even lnverted. Al ternati vely, the turno\'er of monoanines a:1d 'or tllel r 

rnetabolites has been determineà by blocking their metabollsrn at sorne 

pOlnt or by using labeled precursors (Neif, 1972). i,lhile ~hcse 

techniques offer a more direct measurement of synthesis ratr:s of tht 

neurotransmltter than steady-state measurernents, the\' reméll!"' ,~11 ~ll1~-' ('c t 

and, at times, misleading index of extrace11ular levels. 

Several methods have been used to measure more sel ec;: 1, • i \ 

extracellular species; these include: push-pull Ca'lI1lJll":, 

a1., 1985), in-V1VO dialysis (Hutson et al., 1985), 11.-',:, l" 

(Brazell and Harsden, 1982), and sampling of cerebrosplf12: ; j' ""' "', \ 

The push-pull cannu1a, in-vivo dialysis probe, and In-\'~"\'0 (,~, -t r"I~' l,Il 

be used to sample ECF in specifie brain areas. t,rnen the fl r.st :' .. ',' , t 

these sampling methoès are combined '\.:ith h::.gh-performance 1 iquld 

chromatography (HPLC), a great deal of selectlvity ean be obta.Jned. 

However, with the in-v1\,0 techniques sorne degree 0: tissue dlsruption 

occurs at the samp1ing site. This may affect normal neuronal function 

and, if capillaries are broken, may 1ead to release of platelet SHT Inte, 

the ECF (Echizen and Freed, 1986). Although in-vi\'o amperometrv h3S 

provided the best time resolution of aIl, specif1city has reméilned 

sornewha t probl ernmatic using in-vi vo electrodes (Echl zen an,' f: '':(·é~. J li,"':":, 

Mueller et al., 1985). 

Fina1ly, rat CSF has been sampled by ventncu~ar C","-,UJ" '~J ('lh):'­

Bui et aL, 1982), cisternal cannula (Hutson et a1., 19,OC), 0;- C'S(('(" 'r.·, 

puncture (Chaouloff et al., 1986). The èisadvantagE: r)f the CSF 

techniques is the more diffuse anatomica1 orlgin of the compounès 

rneasured. If a more global assessrnent of ECF concentéétl'Jns ]5 cleSlré';- '! 

or sufficient, the CSF techniques offer the ad\'antages of SllT,pJ jot" ;}ll(~ 
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an absence of brain tissue damage. Nearly aIl the previous studies of 

ai.inal CSF (and ECF) have concerned the measurement of monoamine 

r.le~dboli tes, rather than the monoamines themsel ves. Serotonin has been 

measured previously in cat ventricular perfusate (Hammond, 1984) and in 

ventricular CSF from the rat (Le Qt:an-Bui, 1982). ~"e present here the 

flrst report of 5HT in cisternal CSF of the rat: ann have attempted to 

va:!. ldate the measure as an index of extracellular 5HT. 

Hethods 

Serotonin, 5HlAA, tryptophan, 'l\-methylserotonin (NMS), sodium octyl 

c;ulfatC', ascorbic acid, pargyline, amitriptyline and DL-5-

hydroxytryptophan (5HTP) were purchased from Sigma Chemical Co. (St. 

Lou is, ~IO). Carbidopa v:as from Merck Sharp and Dohme and fenfl urami ne 

hydrochloride was from A.H. Robins. Glass-distilled acetonitrile 'Was 

obtalned from American Burdick and Jackson (Muskegon, MI). AlI other 

chemicals ,,-'ere reagent grade from local suppliers. 

Male Sprague-Dawley rats ,,-'eighing 250-330g were obtained from 

Canadian Breeding Farms and La borator i es Ltd., St. Constant, Quebec. The 

animaIs were malntained on a 12 hr light/12 hr dark cycle for at least 5 

days before an experiment. Rats were deprived of food, but not water, 

beglnnlng at 8:00 am (2 hr. after the onset of the 1 ight period) on the 

day of an e}:periment. AlI experlmental procedures were carried out 

bet~een 9:00 am and 12:00 noon. Drugs were dissol ved in isotonie saline 

and inje(:ted intrapentoneally in a volume of 5 ml/kg body weight. The 

follo~ing doses were used; pargyline, 70 mg/kg; TRP, 100 mg/kg; 

fenfluramine, 40 mg/kg; amitriptyline, 50 mg/kg; 5HTP, 200 mg/kg; and 

céirbldopa, 50 mg/kg. Brain and CSF were taken one hour after the drug 

treatrnents. The rats were anesthetizeà I."ith a mixture of ketamine (90 
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mg/kg) and xylazine (9 mg/kg) and CSF was taken by ci sternal pur.cture as 

described previously (Young et aL, 1980). Brair. anà CSF samples \o.'ere 

stored at -700 until assayed. 7he drug experiment v:as pe:-formed over t\...,c> 

days v.'ith a separate contr-ol group on each day. CSF specimens ,-'ere 

prepared for anal ysis by addlng 100 ).lI of freshly thawed CSF to a 

polypropylene tube containing 0.5 ng of J\~lS (5 ).11 of 0.1 ng/}) and 10 pl 

of 25% ascorbic acid. 

Brain samples '-'ere prepared, after ,-'eighing, by adding brains to a 

plastic tube along with 4.5 ml of 0.1 t-~ HCI0 4 containing :!OOO ng Kt-1S (20 

pl of 100 ng/pl NNS), 0.05~{ rnetabisulfite, O.25~, ascorbic acid, and 0.1~; 

disodi urn EDTA. Sarnples 'Were homogeni zed on l ce using a Bronson Pol j'tron 

Sonicator (microtip, setting 5, 2 >: 15 sec). One half ml of 3.4M HCI04 

was added, after brief vorte>: mixing and sitting on ice for 10 min., 

tubes were centrifuged (5000 x g) and a portion of the c1ear supernate 

removeà and stored at -70oC. 

Cerebrospinal fluiè (25-50 pl) and brain sa:nples (25 ).lI) were 

anaIyzed by injection on an HPLC fluorometnc/electrochemical system. 

The HPLC-F /EC sys tern used for the maj on ty of the work cons i sted of a 

Kratos Spectroflow 400 pump (Kratos Analytical Instruments, Ramsey, J\J), 

Rheodyne 71-25 in je ct or , 5}J Altex VltrasphEre C18column (0.46x25 cm) 

(Ralnen Instruments, Woburn, MA) a Sh:i.madzu RF-350 fI uorometric detector 

(Shimadzu Instruments, Columbia, MD) and a Bi oanal yt i cal Systems (West 

Laf ayette, IN) el ectrochemical detec tion sys tem (TL-li glas sy carbon 

electrode, Ag/AgCl reference electrode. LC-2A controller). Excitation 

and Emission wavelengths (20 nm bandpass) were set a~ 285 and 340 nm, 

respectivel)'; the working Electrode potentiel was set at +0.70\1. A 

mobile phase of 88% pH 4.4 0.02!-1 sodi um acete te containing 70 mg/1 sod1Um 
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oct yI sulfate, 240~1/1 of triethylamine, and 25 mg/1 of Na2EDTA; 12% 

acetoni trile was used to determine SHT, 5HlAA, TRP, and N!-!S in both CSF 

and bra in speclmens (1.5 ml/min). 

RESULTS 

As shown in Figure l, SRT, SRIA . .A.., tryptophan (TRP), and the internaI 

standard, N-methylserotoni1" (K~lS) "'ere determined in rat cisterna1 CSF by 

dHectly lnjecting 25-50}JI of CSF on a HPLC-fluorometric system. 

Serotonln was determined fluorometrically • ..-ith an absolute detection 

limit of 4 ]:g, equivalent to a concentration detection unit (S/N=2) of 80 

pg/m1 when 50 'JI of CSf was injected. Samp1es (K=3-4) were determined 

(HPLC-F) "'ith ",ithin-day coefficients of variation of 7.0% (SRT), 2.7% 

(5HlAA), and l.n (TRP). Day-to-day coefficients of variation of 4.4/;, 

2.9%, and 6.n were observeà for SRT, SHrAA, and TRP, respecti velYe 

Added SRT, SHlAA, TRP, and N1'lS were recovered quantitati vely ()95%). The 

identities of the SRT, SHlAA, and TRP peaks were confirmed by reinjecting 

CSF samples on the LC-F/EC system ",hile eluting "Tith m0bile phases having 

increased oct yI sulfate concentratlons and/or decreased pH. In aIl cases 

sampI e peaks coel uted wi th the appropria te standard peak. The 

hydroxyindoles could also be determined by RPLC-amperometry and the 

excellent agreement observed between fluorometric and amperometric values 

for SRT (r = 0.996, p(O.OOl) and for SHIAA Cr =0.998, p(O.OOl) further 

conflrms thelr identi ties as do the changes seen after pharmacological 

treatments. Similar resul ts were obtaineè when the method was used to 

determine SHT, SHlAA, and TRP in brain, al though average recovery of the 

internaI standard (Nt-1S) was 79.2.-tS.7% (N=17). 

Group mean values obse!."ved for CSF SHT, SHlAA, and TRP in control and 

treated animaIs are presented in Table 1. For purposes of analysis, the 
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control groups sacr~:ïced on Day 1 and Day 2 are separated: however, no 

signi:icant differenc:es ,,'ere seen betl.'een the t~'o cOf\trol groups. A mean 

(,:t SE) SHT concentration of 45ï.!.S3 pg/m1 was observed in cisternal esr 

obtained via cisternal puncture froIn untreated adult (control) SJ'ra~'\Jf~-

Da'\,'ley rats (N = 16). 

l'lean values for the other compounds (5HIA.A, TRP) ln CSF cl l"~ ',,( ,'1 

three indoles in brain (see Table 1 and 2) were i:1 rooe: ap'l-t;"\ '1: ... ' 

previous reports. Somewhat surprisingly, intra-COm?Oll:lc! cor~. :1' 

between CSF and brain concentrations in control animale, cl; l ,,'''-

nonsignificant. Significant correlations were oosen'pè ht'tl-t(, i. " . , 

and CSF SHIAA (r=0.7S, p <0.001), betVieen CSF TRP and CSf ::,[!T 'r (.' " 

p=O.OS), and between brain TRP and brain SHI/,A (r = 0.7CI, p' (J.IJ\',[ ". 

Group mean concentrauons observed for SHT, SHIA.A, and Tr:~ ](\ i.':;r 

and orain of animaIs treated with a range of agents are presented ln 

'Tables 1 and 2. In pargyline-treated rats CSF SHT increased '277~; CP 

0.02), while CSF SHlAA declined (-22~:) and TRP increased (30~;) onlv 

slightly (and non-significan tl y). Increases in braln 1 evels of SHT 

(203%, P <0.01) were similar to those seen in CSF; however, the decllne 

seen for brain SHlAA w?s more pronounced (-S5i~, p <0.01) than ooservE'd ill 

CSF. v..Then TRP was administered v:ith pargyline, a rnuch larger Incre2sr' ;;1 

CSF SHT Vias observeè (21-fold vs. 2.8-fold) compared to palg\'l1f'e ;':()~'" 

The increase in brain SRT after TRP + pargyllne was only s:JfL:l \ " 

(246~~ vs. 203~n Chan with pargyline alone. Smaller àecl1nee, \,' .' 

for SHlAA in both CSF and brain, although the decllne seen H.: 1' 11 

was significant (-5li~, p <0.01). In both CSF and br,lln, TRP .... <.!.~ ri,' 

highE~r--lO.8fold and 9.3-fold (p <0.001), respectlvelv--in an: ,,,·1', 

receiving pargyline + TRP versus pargyline alone. 
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AnimaIs treated ~odth fenfluramine exhibited a large increase in CSF 

SHT (16.3-fold, p <0.001), whi1e brain levels declined (-55%, p <0.01). 

CSF levels of 5HlAA increased significant1y (7:;%, p <0.01), although 

brain l evels of 5HIAA were unchanged. Brain and CSF TRP also were both 

s~gnlflc..antly increased after fenfluramine (+23%, p <0.01; +72%, 

p<O.OOl) • 

Treatment with amitriptyline caused a 333~: (p <0.01) increase in CSF 

SHT \0,'1 :-hout affecting brain SHT leve1s. Levels of 5HlAA and TRP in CSF 

and brain e unchanged, compared to controls aiter ami triptyline. 

Flnally, admInistration of 5-hydroxytryptophan (5HTP) and carbidopa 

resul teG in a large increase in CSF 5HT (17.S-fold, p <0.001), as weIl as 

an Increase in brain SHT (+331 ~~, p <0.05). Treatment wi th 5HTP also 

causeâ marked elevations of CSF 5HIA..A.. (ll-fold, p <0.001) and brain 5HlAA 

(7.9-fold, p <0.001). In addition, a smal1, but significant, increase 

also ",-as seen for brain TRP (+28%, P <0.001). 

DISCUSSION 

This first report of SHT levels in cisternal CSF of the rat appears 

to be in approximate agreement with previous reports of SHT levels in 

human and animal CSF. Val ues in the monkey have been reported ta ra'ige 

from 20-640 pg/ml (Taylor et a1., 1985), a mean of 4.8.:1:27 ng/ml has ,een 

reported from canine 1 umbar CSF (Bardon and Ruckrebusch, 1984), and a mean 

of S.1.::!:.1.2 ng/m1 was observed in rat ventricular CSF (Le Quan-Bui et aL, 

1982). Reported mean 1evels of 5HT in human 1umbar CSF vary Vlidely. 

Al though several recent reports of approximatel y 1 ~g/ml (Linnoi la et 

aL, 1986; Koerber et aL, 1984; Narasimhachari, 1984; Koskiniemi, 1985) 

are lower than Clost previous determinations, the observations of Tyce et 

al, (80+40 pghn) (1985), Anderson (81.:1:13 pg/ml) unpublished data) and 
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Mefford «100 p.;/rnl) (personal communication) indicate that the true 

\'a1\;,: might be even lower. Sorne of the \'ariation seen, Bt : ~ast if' h\lt:l~n 

CSF, probably can be attributeè to él lack of analytical speciflC'1ty. As 

rnentionE'd, me an values for the other compounds (SHIAA, TRP) ln CSF and 

for aIl three indoles ir, brain (Table 2) were in good agreement Io.'i th 

prev ious reports of thelr 1eve1s ln the rat (Young et aL, 1980; K0e:'b('~ 

et aL, 1984; Anderson and Purdy, 1969; Boulton et aL, 1985). 

!-larked changes ln CSF SHT levels were seen after adTr.lnlstrrU(ll< v· 

pargy line, (a monoamine oxidase i nhiL::. tot" (HAOI), pargyll ne pl us TEP 

(MAOI plus precursor), fenfluramine. (prHarily a SHT releaser, 1o.'1t.n "'11T 

reuptake inhibiting and tryptophan hydroxylase lnri 'r: tlng propr=r i. r:~, 

(Knapp and Mandell, 1976), amitriptyline (a ret:ptat..e ::.nlllP~ tor), ':11l_~ ~\Ifil' 

(a precursor). The increases were especially marked 06 to :l-fold} 

after fenfluramine, pargyline plus tryptophan, and SHTP aorrJltllstration, 

The greater potency of these agents in increasing CSF SHT is in 

concordance with their relative potency as determineè by behaviora1 

(Green and Grahame-Smith, 1976) and neuroendocrine studies (Fu] 1er and 

Clemens, 1981). In particular, the relative inc'-eases seen ln CSF SHT 

after pargyline alone (2.8-fold) and after pargyline + TRP (21-fold) are 

consistent with studies shovnng that an HAOr + TRP, unlike an MAOI ;::}l>nf', 

produces pronounced behavioral activation in the rat (Greer> anè r.:-"nhd!rJ'­

Smith, 1976). Parenthetlcally, the large difference ln CS: Sr:: ',."(' 

and the similarity in brain 5HT levels, seen after these twû !.r"c: ,.(': 

tends to support the idea (Green and Grahame-Smi tr, 1976; uf :: l; 

spillover. It appears that much of the lTICreaSe in braln sm ':>,.('1- ;1; ~( 1 

inhi bi tion of MAO can be stored i ntraneuronall y. Howeve,:" ' .. :1,;-:1 rR? " 

also admini stered, further increases resul ting from increaseé Gynth,-,sJ; 
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of SET can no longer be accommodated. 

Treatment with fenflurattine or SHT + carbidopa, which produced 

lncreases ln CSF SB'::' slmilar to that seen v,'ith an HAOr + TR? also causes 

markeè benavioral actlvation (the sero:on1n syndrome) in the rat (Nodigh, 

1976; Trulson and Jacobs, 1976). 'V."hile amitriptyline and pargyline 

(ne:ther of which produce the behavioral syndrome) caused increases in 

CSF SHT 0: 2.0 anr~ 3.3-fold, respectivel)', the e12vations are clearly 

muer: less than those seen with the behaviorally-activating agents. 

\o,'hen one examines the changes ln CSF SHT, CSF 5HlAA, brain SHT, and 

brain 5HlAA after drug treatment it is apparent that, in nearly every 

case, CSF SHT is superior to tl:f' other rneasures in ref 1 ecting changes in 

functionally act1\'e SHT. After treatment with fenfluramine CSF 5HlAA 

increased 51 ightl y while brain SHIAA was unchanged, and brain 5HT 

actually declined by over 50%. However, the large increases in CSF SHT 

clearly ref lected the potent serotonergic aetl \Jation caused by 

f enf 1 uramine. \o,Then alti tri pt yI ine was adminis tered, CSF and brain SHlAA, 

as well as brain SHT, were unchanged. An increase in CSF 5HT (2.8-fold) 

was the onl y indi ca tion tha t ami tri pt)' l i ne acts to increase serotonergic 

function. As expected, brain SHlAA decreased (decreases in CSF 5HlAA 

;...'ere not significant) and brain SHT increaseè aiter pargyline or 

pargyl1ne plus TRP. The effects on 5HlAA are directly opposite to the 

treatrnents' effect on serotonin function and, as mentioned, the changes 

in brain 5HT a~e not proportlonal to the changes observed in functional 

activity. 

It would appear, from the data presented, that CSF SHT is superior 

to CSF 5Hl&~, brain 5HlAA, or brain 5HT in assessing changes in 

functionally actlve SHT. This is because the latter measures do not 
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always reflect changes in the cornpartmentalization of SHT. It remains to 

be seen ,,'hether the changes that occur ln CSF SHT a!"e of sir-:i l ar absC' lute 

magnituàe ta those that occur in ECF SHT. This question should be 

resol ved ""hen problerns w1 th in-vi vo push-pull ca71nu!ization, 1n-\'1 vo 

dialysis and in-vi vo amperometry are resol veda In the Ion!; run, a 

variety of approaches taken in conjunetion with eaeh other will supplv 

the most information. Meanwhile, there is good circumstantlal e\'ldence 

that CSF SHI reflects the brain ECF level. 
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Table l 

Clsternal CSF concentrations+ of 5HT, 5HlAA, and TRP 
ln control and treated rats 

Trea tment K 5HT 5HlAA TRP 

Control (day 1) 6 0.505+0.32ï 59.6+ 16.9 253+ 54 

pargyhne 5 1.40 +0.68* 56.4+ 15.3 329+ 120 

Pargyline + TRP 8 10.5 +6.2*** 50.5+ 14.2 3540+1600*** 

Fenfluramine 10 0.25 +5.04*** 103 + 29** 434+ 85*** 

Control (day 2) 10 0.436+0.351 68.9+ 18.1 329+ 75 

Amitriptyline 8 1. 45 +0.78** 79.9+ 21. 2 331+ 80 

5-HTP + carbidopa 6 7.61 +4.32*** 754 +245*** 403+ 91 

Combined Control 16 0.457+ .331 65.4+17.4 301+ 76 
Group 

+ mean + SD, CSF units ng/ml, brain units ng/g. 
*p<.05,-**p<.Ol, ***p<.OOl for Student's t-test versus within-day control 
group. 
See Hethods section for details of experirnental design and rnethodology. 

126 



Treatment 

Control (day 

Pargyline 

Table 2 

Brain concentrations+ of SHT. SHIA.ll,., and TRP 
in control anè treated rats 

K SHT 5HIAA TRI' 

1) 12 561+ 67 292+ 38 .::, ; 5(1-

Il 1140+776* 130 ... 43* 4 -. 3 j ; 

Sh': 

') M, 

Pargyline +TRP 11 1380+253*** 142.,.. 1 -;-~) ~: ( 1 IJ.1 r'l \ I\'! 

Fenfluramine Il 252+ 64** 320+ 81 ~ Il. 
'1/" -" 

Control (day 2) Il 556+ 59 310+ 30 :1 ~), ! ,1 . 

Amltriptyline 12 579+ 63 272.,.. 30 5':'1,': -

5-HTP + carbidopa 12 1840+386** 2460.,..756*** 67bU+ ( I~, ~ ,. ~ 

Cornbined Control 23 559+62 301+35 50::'0+ () " ~ 

Group 

+ mean + SD, CSF units ng/ml, brain units ng/g. 
*p<'05,-**p<'Ol, ***p<.OOl for Student's t-test versus wlthin-day cOl1lre,l 

group. 
See Methods section for details of experlmenta1 design and mPthodologv. 
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Fig. 1 The HPLC-fluorometrlc determination of 5HT, SHlAA, TRP, 
and mis (InternaI standard, 5 ng/ml) in cisternal CSF of control 
a,d ~1AOI-treated rats. The level of SHT ln the control CSF sample 
shOy,T)l 1S in the low end of the normal range and is about twice 
the àetectlon limit of 80 pg/ml. 
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PREFACE TO CHAPTER FOUR 

Chapter two demon3trated that brain ~HT metabolism was a1t~rp~ h\ 

dietary intake. It \o.'as questioned whether these changes were corrr'l,l" ,1 .' 

the amount of SHT released or. whether they were simpl v al terat i 0115 11, '",1 

synthesis regulated by precursor availability. Having validated a 

methodology for the measurement of rat CSF SHT whi ch was used as an J lld' 

of functionally active SHT (chapter three), we were then ln a position tl) 

assess the functional signiflcance of the changes observed in brajn SHT. 

EVIdence in the li terature suggested that, 1 n sorne Cl rCllmstances, even 

tryptophan loading did not increase measurements of functionsl SHT. If a 

doubling of brain SHT, as would occur after tryptophan administration, 

could not increase CSF SHT, then it would be unlikely that dietary intake, 

a relatively subtle manipulation, would be effective. Therefore, it was 

necesary to first determine the effect of tryptophan admInistration on CHF 

SHT. This was done under normal lighting conditions ;md also using a 

behavioral arousal paradigm that involved placing the animaIs in the dark 

in a new environment for a brief periode Previous studies had suggested 

that increasing arousal can increase the flring rates of serotonergic 

neurons, thereby enhancing the likelihcod of increases in CSF SHT. Once 

this was established, the effect of protein and carbohvdrate on CSF SHT wa~ 

also examlned, using repeated admInistrations of the macronutnents to 

optirn1ze ettects. Thus, an attempt was made to ascertain whether the 

changes observed in brain SHT after dietary treatments were of tunctional 

importance, by the measurement of CSF SHT. 
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Chapter 4 

'l'BE EFFECT OF TRYPTOPHAN) PROTEIN MTD CARBOHYDRATE OK 5-HYDROXYTRYPTN-!H 
S'rt.'THESIS A~'1) RELEASE 11\ THE RAT 
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ABSTRACT 

Acute administration of tryptophan failed to increase cerrhrosplna 

fluid (CSF) 5-hydroxytryptamine (SH'f) , an index of SHT release, '..'hen ra 

were treate'd in their home cage in the light. The e,.:periment ..:as 

repeated, but the animal s were placee! in new cages in a dark roam. a 

treatment designeè to increase their arousal and there:ore i ncredse thé 

firing rate of SHT neurons. Under these circurr:stances tr~'ptophan 

increased CSF SHT. to."hen rats '..'er-e given repeated doses of protein or 

carbohydrate and aroused there was no increase in CSF SHT. Our resu]t~ 

suggest that diet mediated changes in brain SHT are too small to cause 

appreciable al terations in SHT runction. but ::hat tryptophan can increas\ 

SHT release under suitable circumstances. 
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INTRODUCTION 

The raIe of substrate availability in the regulation of serotonin 

(5HT) synthesis has recelved much attention over the last twenty years. 

lncreasing plasma tryptophan, will increase brain levels of SRT as weIl 

as the concentration of its majol metabollte, S-hydroxyindo1eacetic acid 

()HlAA) (Ashcrott et al., 1965). Dietary treatments have also been used 

to alter tryptophan availability. As tryptophan competes with other 

large nelItral amino acids for transport across the blood-brain barrI ers 

(Oldendorf and Szabo, 1976), increasing or decreasing the plasma 

con~entration of the competitors influences brain tryptophan and 5HT 

(Fernstrom et al, 1975). Thus, carbohydrate, which lowers the 

con~entration of the competitors in plasma, due to the insulin-mediated 

uptake of the branched-chain amIno acids into muscle, can increase brain 

tryptophan and SRT (Fernstrom and Wurtman, 1971), while protein has been 

shown to decrease brain tryptophan and 5HT (Teff and Young, 1988). 

Although these results indicdte that SHT synthesls and levels are 

aftected by tryptophan avaIlabllity, it does not necessarily imply that 

the amount ot JRT released into the extracellular fluid (ECF) has been 

altered. The concentration of SRT in the ECF, which is available for 

Interaction with the post-synaptic receptor, must be considered as 

functionally active SHT. Attempts have been made to quantitate ECF SHT 

after tryptophan admInistratIon, using a variety of methods, each of 

which has It's inherent advantages and disadvantages. Results [rom these 

studles are contradictory. In sorne cases, the amount of SRT released or 

Indices of functional SRT were not altered by tryptophan administration 

(De Slmoni et al., lYè!7; ~larsden et al., l~/Y), while, in others, 

lncreases were dernonstrated (Ternaux et al., 1976; Hutson et al., 1985). 
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In the experiments presented here, ~e have hypothesized that the 

effect of altered precursor availability on SET :--elease , ... il1 1:>e grL'dtcr 

when the neuron is actively firing. This concept i8 based on e\'iIJ ('nrt2 

demonstrating that the firing rate of dors~l raphe neurons is a functlon 

of behaviora1 state (Tru1son and Jacobs, 1979). Thus, neuronal aCrl'"lt\" 

15 high during active waking a:ld declines as the a:lit:lals progréss throu)è,h 

the various stages of drowsiness to sleep. 

We have recently reported a method for the dIrect determination of 

SHT in the cisternal cerebrospinal fluid of the rat and valiàated the 11se 

of this measurement as an index of functiol"ally active SHT (Anderson et 

al., 1987). In this paper, we have exa~ined the effect of tryptophan 

administration on CSF 5HT at two dlfferent leveis of arousal of the 

animaIs, to deterlune if precursor a\"alla11lity can Increase functionally 

active SHT. We have also looked et the effect of the dietary 

macronutrients protein and carbohydrate, ta see whether the changes in 

the brain observed after adminlstratlOn of thfse compoun0s is accompa~ied 

by changes in functionally active 5HT. 

M.ETHOD 

Tryptophan, 5HT and 5HIAA were purchased frorr. Sigma Chemical Co. 

(St. Louis, MO). 

Male Sprague-Dawley rats weighing 150-170& we~e obtained from 

Canadian Breedlng Farms and Laboratories Ltd., St. Constant, Quebec. Thé 

animaIs were maintained on 8 12 hr llght dark cycle with lights on at 

6:00 am for st least one week before the ei:periment, auring which time 

they were handled daily to minimize stress effects. The nIght before the 

experiment (17:00) rats were deprived of food, but not w~ter until 9:00 

am the follov.'Ïng mornlng. AlI experiments t..'ere perfC'Y"med b~tw~el" 9:~)C! am 
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and 12:00 noon. In the f::.rst experiment, rats were administered either 

try?tophan (400 mg/kg) or water intragastrically in a total volume of 4 

rd. Half of the anirndl s were then placed int a a cl ean cage \.:i th fresh 

bedèlng matenal and brought into a dark room. Both the change in 

env i rontren t and the darkness were designed to be mild 1 y arousing. The 

remair.ing anirtals .... 'ere returneè ta their home cages. !WO hours after 

trea tment, animal s were anaesthe t lzed .... 'i th a mixture of ketamine (90 

mg/kg) and zylazine (9 mg/kg) (note; control animaIs in the clark were 

murt- sensi ti ve to the anaesthetic and approximately half the 

('r):icenaatlon .... ·as required in these anima1s) and CSF was taken by 

cisternal puncture as previously describ.;d (Young et aL, 1980). In the 

second e>:periment, mu1 ti pIe doses of the dietary macronutrients were used 

in order to maximize effects. Therefore, 2 ml of protein (50i. 

weight/\'olurne of egg alburnin) or 2 ml of carbohydrate (SOi. weight/volume 

of glucose) were adl:llnistered lntragastrically, at 9:00, 9:30 and 10:00 

am. After the first intubation, animaIs were placed in the dark room. 

1\.'0 and one half hours after the ir.itia1 treatment, anlmals were 

anaesthetized as descnbed above. After ~dthdrawal of CSF, brains were 

removed and both samples placed on ice and frozen. 

Brain and CSF samples were stored at -70 0 C unti 1 assayed. CSF 

specimens were prepared for anal ysis by adding 100 ul of freshly thawed 

CSF to a po:'ypropylene tube contalning 10 pl of 25% ascorbic acid. Brains 

V.'ere weighed, then homogenizeè on ice in a 25~~ weight/volume solution of 

O.4~1 perchloric aCld wi th 0.25% ascorbic acid using a Polytron 

homogenizer. Samples were then centrifuged for 15 minutes at 6,000 x g. 

After centrifugation, an a1iquot for the supernatant was inj ected 

directly into a high performance liquid chromatograph. Brain tryptophan, 
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SRT and JRlAA were determined by the method of Anderson et ,d. (l':J~1). 

J:lrietly, this e::1ploys a Waters ClS-reverse phase co1umn \o,Tith t ll!\'rlnwtr1\' 

detecti0n. The mobile phase consisted of S8ï~ O.Ol~l sodium dcctatl' but t ,'1 

at pH 4.25 and 12% rnethanol. CSF tryptophan, 5HT and 5HIA.o\ were 1lH',1<.1I1-,'d 

by the method of Anderson et al. (1~87). A Su Altex Ultrasphere CIH 

column (0.46 x 25 cm) was used. In this experiment, the mobIle ph,IC,\' \J.1', 

88% of pH 4.4.02M sodium acetate eontailllng 140 mg! l sodIum (J.tane 

sllifonate, 240 ul!l of triethylamlne and LJ mg/l ot EDTA. ,\dded tu tht" 

was 12% acetoni cri l e. A Shirnadzu RF-C,30 fI uorometer was used ln borh 

assays. 

In the 1:1rst experiment, statistica1 analysls WélS performed USln)' .J 

two-way ANOVA, with differences between group means beIng detcrmlned bv 

Tukey' s test. In the dietary experiment, differences hetw('r.;!1 the U,n 

treatments was pertormed using a Student's t test. In both cac;C's, p/'I.CJ'1 

was eonsidered to be significant. 

RESULTS 

Table l illustrates the ettect of tryptophan admInIstratIon on CSF 

tryptophan, 5HT and 5HlAA in control and treated animaIs, two houn atU~r 

treatrnent. As previously reported (Young et al., B80), tryptophan 

administration increased tryptophan and 5HlAA ln clsternal r;SF Dt tlll' 

rat. This effeet was 1ndependent of the lightlng cond1tions. c,>r 

tryptophan was increased 21-fold and 25-fold in the llght dncl llJ<' ,," 

(p(ü.ùOI for both treatments) respectively. 5HI~-\ in the CSF .;d~, 

elevated approximately 2-fold (p(0.U01). In contrast, the eff,:c l 

intragastric tryptophan on CSF 5HT was dependent on the enVlrOI1T:H:'lIt, J 

conditions ln which the rat was placed. When the rat was milintdllJt~d l', 

the home cage under normal lights, tryptophan adm1nlstration had 110 
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e:fect on CSF SHT. If the rats were placed in a clark room immediately 

:::ter treatment, a sig:1ificant increase iI" CS:- 5RT was observed (p<O.Ol). 

':'he A~\OVA revealed a significant environment x treatment interaction CF = 

8.58, df 1,23; p(O.Ol). There was no difference betwee~ the means of the 

t'Wu control groups (Le. water:light vs. water:dark). 

A sismficant elevation in brain tryptophan, SHT and SHIAA was seen 

. ~ ! he carbohydrate treated animaIs relati \Te to p-::-otein administration 

:,ldble 2). A 52~~ increase (p<C.001) in brain tryptophan resulted in a 

rise of lOi. and 17% of 5HT (p<0.02) and 5HIAA (p<O.Ol), respecti vely in 

the brain. Carbohydrate significantly increased CSF tryptophan by 40% 

(p<O.OOl) relati ve to proteine Though a trend to an increase in the mean 

was exhibited in CSF SHT after carbohydrate, no signifieant difference 

\o:as found. Sim~larly, CSF SHlAA was not significantIy al tered. 

DISCUSSION 

The present experiments dernonstrate that under specifie 

environmental condit~ons which increase arousal, tryptophan 

adrninist ration can al ter func t ional1 y aeti \Te SHT, as ref 1 eeted by 

increases in CSF SHT levels. The dietary macronutrients, protein and 

carbohydrate had no effect on CSF SHT despi te slgnificant changes in 

brain SHT. Thi s sugge s ts tha t extreme increases in preeursor 

a\Oailability can, in sorne c~rcumstances, increase functional SHT, but 

that the effeets of dietary intake on central 5HT are metabolic and not 

functional. 

It has been consistently demonstrated that tryptophan administration 

1 ncreases SHT synthes~s and metabol i sm. Intraperi toneal injection or 

dletary administration of tryptophan increases brain SHT and SHlAA 

(Eccleston et aL, 1965). CSF SHIA.A. is also elevated by both treatments 
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(Noèigh, 1975; Young et al., 1980). Though changes ln 5:11.:".:\ are lIsuallv 

interpreted as being an ':'ndi.cation of SHT metabo1ism, the\' are not 

necessari1y representative of SHT ::-elease or function. Behavloral 

test.ing, correlated \o."ith biochenllcal data, suggests that to sorne extt'nt, 

SHlAA is deri ved from the intra:1euronal metabol1sm of SHT \.;h~ ch has ntcver 

been released (Green and Grahame-Srnith, 1976; Wolf et al., 1 Q85). 

Therefore, one cannot conclude that the changes observed ln bralil 

SHlAA after tryptophan aàn:inistra~lOn parallel changes in functIon,,} c,H~'. 

Direct measurement of released SHT has been hampered by 

methodologi cal probl ems. In many cases, techni gues 1 a cl-- the speCl fi ci tv 

to è ifferentiate between SHT and SHIA.A.. or do not possess the sensi t i \'i ty 

to detect the low levels of 5H~ present in the extraeellular fluid or 

CSF. In vi vo vol ~ammetry has been useè to moni tor the effects of 

tryptophan admini s tra tion on SHT release, though the oxida t i on peak being 

rneasured is most likely derived frm bath 5HIAA, and SHT (Echizen and 

Freed, 1986). In two separa te expenments tryptophan did not increase 

current values in the s::riatum of the rat (~jarsden et aL, 1979; De 

Simoni, 1987). Other methods have shown more positivf:: results. 

Perfusion of the 1atera1 ventrlcle in the rat, resu1 ted in a slgnificant, 

but short lasting lncrease in the amount of SET released durlng the 

second hour after aeute tryptophan treatment. In the ei.perJ ments 

presented here, the direct measurement of 5!1T ln tne eSF h;-'s ;1èen used as 

an index of functlona1ly active SHT. The validity cf th~~ techmque has 

been venfied in earlier work (Anderson et al., 1987). In the present 

study we found that when tryptophan was given to rats ln the light in 

their home cage (Le. at 10'W arousal) there was no e:rect on CSF SHT 

despite large increases in CSF tryptophan and a doubllng of SHlAA. 
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~nerefore, under these circumstances, precursor availabi1ity is not a 

regulating factor in 5HT release. However, if the anima1s were placed in 

a ne\.: cage in a darkened room during their normal "lights on" period, a 

procedure designed to increase their level of arousal, an increase in CSF 

SHT was observed. 

Beha\"ioral arousal has been correlated v .. ith dorsal raphe neuronal 

activlty in cats (Trulson and Jacobs, 1979). High discharge rates were 

found dU,"lng aetl \"e waking or immediatel y foll ov.Ting an audi tory stimulus. 

Lo~ dlscharge rates were exhibited during drowsiness and various stages 

oÏ sleep. Release of endogenously formed SHT is dependent on neuronal 

act l \"i ty (Hery et aL, 1979). Obviously when SHT neurons are not firing 

there is no scope for tryptophan to increase SHT re1ease. At high levels 

of arousal when SET neurons are firing at a high rate, tryptophan v,rill 

only increase SHT release if increased SHT synthesis enlarges the size of 

that fractIon of SHT which is releasabl e. Our resul ts suggest that this 

is in fact the SI tua:ion. 

A substantial arnount of research has been devoted to defining the 

effects of dlet on 5HT rnetabo11sm. As tryptophan is an essential amine 

aCld, brain SHT leve1s are dependent on dietary intake and tryptophan 

avai1abi1ity. Generally, protein and carbohydrate exert opposite effects 

on brain 5HT. In some ci rcumstances, protein lov.'ers brain tryptophan 

(Glaeser et aL, 1983) and SHT (Teff and Young, 1988) while carbohydrate 

can increase the two compounds (Fernstrom and Wurtman, 1971). ~lonitoring 

of actl vi ty level s (Chiel and Wurtman, 1981) or food selection (Li and 

Anderson, 1982) in rats after dietary manipulation, has suggested that 

aeute food intake can al ter behavior. In many cases, it has been implied 

that the behavioral changes observed are mediated by SHT. If this were 
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the case, then a change in functional SHT would have to occur. Trulson 

(1985) compareà the effects of three different diets on the 

electrophysio lOgl cal acn v i ty of serotonergic neurons and on the amour!:: 

of labelled SHT released after the injection of labelled tryptofhan. 

Nelther approach resulted in any signiflcant differences between 

treatments, suggest1ng that dietary ma~ipulation did not alter functlonal 

SHT. Our resul ts support this hypothesis. We testeè the effects of dlet 

under those conditions which we consldered were most likely to produce a 

change in SHT function. Thus, we tested the animaIs after several doses 

of either protein or carbohydrate, ta ensure that brain SHT ... :as different 

in the two groups (Table 2), and tested tne animaIs after placing them in 

the dark in a novel environment to arouse. Althou~h Increased arousal 

resulted in elevated CSF SET after tryptophan adr:-1lnistratlon, the 

relativel)' modest changes in brain tr~'ptophan and SHI that occurred after 

feeding was not accompanied by any arousal-lnduced ele\'ation of CSF 5HT. 

The resul ts of the dietary experirnent sug~est that proteln or 

carbohydrate meals do not result ln any large or gene:.-alizea alteratlons 

in SBT release. One or the disad\·antages in using eSF SHT as an inde}: of 

functional SHT is i ts lack of neuroanaton:1cal specifi Cl ty. It may be 

that SHT release is al tered by fooè in one or more speel fie brô1n areas, 

but such changes, if they occur, are not as extenSlve as changes ln bra1n 

SHT levels. The simple ldea that diet-induced cha!1ges ln hrain 

tryptophan levels .dll le3d to a gene:-allzed alteration ln SHT funetlon 

is not tenable. Even if al terations in tryptophan a\'ai J. abi li ty are 

related to alterations in SHT function in specifie brain areas, unknown 

factors must account for regional specificlty. Thus, our resul ts sug?est 

that SHT is not the don:inant: factor in food-mecllated cna'lges in behavlor. 
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lihether SHT 15 invol ved at a11 and what other syste~s are invol ved 

remains ~o be seen. 
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Table 1. Effect of tryptophan on rat cisternal CSF lndoles 

Treatment 1" .\ Tryptophan J..lg/ml SHT ng/ml 5HlAA ng/ml 

Llght saline 8 0.542+0.161 2.31+1.09 144+25 

Light tryptophan 8 12.7 +2.1 2.13+0. il 393+39 

<0.001 NS <0.01 

Dark saline 4 0.542+0.090 1.18-1.0.32 143+20 

Dark tryptophan 7 }4.2 +2.1 2.87+0.63 468+46 

<0.001 <G.Ol <0.01 

Values are given as rnean -1. SD. P values relative to relevant control 
(saline-treated) values are shol..'"T1. E:>:;>erimental detai Is are gl ven 
in the methods section. 

145 



1 

Tabl e 2. E:fect of ::'ntragastric protein 0:- carbohydra te on brain and CSF 
indoles. 

Brain 

Treatment l\ Trypt::>phan ~ 5HT ng/g 5HIM ng/g 

Protein 8 3.80+0.39 337+25 224+23 

Carbohydrate 11 5.80+0.98 437+36 263"'31 

<0.001 <0.05 <0.01 

CSF 

Tryptophan ng/ml 5HT ng/ml 5HlAA ng/ml 

Protein 8 453+50 1.39+0.35 138+19 

Carbohydrate Il 635+113 1.67+0.61 1:=3+27 

<0.001 NS NS 

Val ues are gi ven as rnean + SD. P val ues of difference between protein 
and carbohydrate treated groups are shown. Experimental detai 1s are 
given ln the methods section. 
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PREFACE TO CHAPTER FIVt 

In :he foilowing three chapters, which involve human sU~Jert~, t~n 

genera:i. que~,tions are being askedj 1) Ca;, the macronutrients, 1'1C'tt'11. .:\11,-' 

carbohydrate alter SHT metabolism and function ln hUr.lans? and:) l',: 11, 

role of SHT ln the regulation of food intake of phySl0~(lpcéil l:n'1,-)'-,:oll.', 

ln humans? The first questior. fo11o,,'s the line of the r:'f\ lOlle ,!l\, ' 

Experimentation, where it v:as dernonstrated that thouf~h ;'int"ll) ,',,' 

carbohydrate can effect brain SH~ me::.abollsm (chapter :\', '. : ~" 

constituents did not alter functional SHT as rneasur~d bY :'~;- 'i' \. 

four), an index of functional SHT (chapter three). 

The first of the human experiments in thlS chapter eva;r loi" 

effect of 10\vering plasr.la tryptophan on food selectIon in norrr.dl 'l", 

males. The adminlstration of a:1 amino acid rnlxture deficient ln 

tryptophan brings about a substantial decline in plasma tryptophan of ~j 

magnitude not observed after dletary lntaJ...e. Due to the speClficI ty of 

the treatrnent, a change in beha\'ior, rnonitored by a change ln food 

selection would suggest that an alteratlon in functional SHT took plllCC!, 

due to diminished availabili ty of tryptophan. In addl tion, :i t wou] d 

confirm the role of SHT in the regulation of macronutrient selectlon in 

humans. 
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Chapter 5 

THE !:FFECT OF LO~\'ERING PL.\SH.t... TRYPTOPHAN OK FOOD SELECTION IN NORHAL P.ALES 
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ABSTRACT 

The effects of a t~yptophan deflclen: aœino a~i~ mlxtufe Q~ foo~ 

selection was studied using a double-~lin~ counterba:ance~ cr~SS0v~r 

design in noroal male subjects. 

deficient or nutritionally tJalanced aenno aCld ;;-,:.>-';:ures :.:' :'llt' n ... ,':' ;'\' 

after a;1 over:1ight fast. Fi \Te hours afte: :he tryntclphè" èt:<., (,')t 

acid Itlxture plasma tryptophar. ",as o;12\" 19~< of the :evf: ~('\' 

aiter the nutrltionally balanced arr.::.no a~ld Tr.l}.:'Ufro_ !." ,0-; !' 

subjects were allowed to select lunch fraIT, a buffet. T~IC . ~ \ 

deficlent n:ixture ",as associated wlth a nodest but Sl[,~:':, 

protein selection \o.'ith no sl~nificant alteration ln sele.:::' ,;','. 

carbohydrate, fat or total kcal. Our results suggest that S­

hydroxytryptaoine i5 involved in the control of p~otei:- 5c]ectlü r l 

humans. 



r:\TRODUCTIOj:.; 

~here lS a large llterature concerned with the effect of altered 5-

~ydroxytryptarnlne (5H!) function on feeding in Experimental animaIs 

U.nèe::-son, 1979; Blundell, 1984; t~u!"tman and t~urtman, 1984). Results 

\Bry some~hat dependlng on the particular Experimental paradigm, but in 

gene::-él 5H'1' aets to suppress food intake. Fluctuations in SHT can a1so, 

:;.;-: sorne circums tances, be invo l ved in the modul a tian of macronutrient 

selectlon, wlth elevated 5HT increasing protein intake or decreasing the 

ratlo of carbohydrate to proteln in the diet. 

The posslble involvernent of 5HT in macronutrient selection may help 

to e:.:plaln why 5HT is altereè by dietary intake (Andersen, 1979; 

Blundell, lQS4; Wurtman and Wurtman, 198~). The rate o~ synthesis of 5HT 

depends ln part on the leve1 in brain of its precursor tryptophan. The 

effect of acute dietary intake on brain tryptophan is not what might 

lntJltlvely be expected. Thus, ingestion of proteln, which contains 

t:yptophar., 10\,,'er5 rat braln tryptophan and 5HT. This 15 because aIl the 

large neutral amlno acids conpete for transport aeross the blood brain 

barne:-. Protein ingestion lncreases plaslT,a levels of the other large 

neutra] amino aciàs more than tryptophan. This inereased competition for 

the transport syste~ results ln a lowering of tryptophan in the brain. 

On the other hand carbohydrate, which contains no tryptophan causes an 

lncrease 10 braio try?tophan an~ SHI. This lS because insulin enhances 

upuke of brancheè chain amino acids into muscle, thus deereasing their 

p1aRca level and competl:ion at the blood brain barrler. As protein and 

carbohydrate have Opposlte effects on brain 5HT, and SHT may control 

relative lntakes of protein and carbohydrate, 5HT may be part of a system 

ensurlng that an animal takes in adequate supplies of both these 
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macronutrients. 

A possible role of SHT in food selection ln hwnalls has hel'Il studll'.j 

by givlng tryptophane Tr)ptophan was given o\"t:,r a 2-week perlul: tn "1,,, ... , 

subjects with a craving for carbohydrdte snacks. lt slgnlficantlv 

diminlshed carbohydrate Intake ln three of the eight slIbjects, ,-Illd 

increased it ln one subject. Ir dld not signifleantly mOthfy SllclCkll'l' 

patterns in the group as a whole (Wurtman et al., IYHl). Tryptuphdn ~"I', 

also tested against placebo in a double-bllnd crossover stlldv ot l>lght 

refractory carbohydrate-cravlng obesc subJects ln d wèlght 1 (lSS pr0t-!t"dm. 

\~eight loss during the six v;eeks on tryptophûn \','a8 :lOt Slgl11 ficantl \' 

ditterent trom the SI}. weeks on placebo (Strain et al., lYHSl. 

Tryptophan was also tested agalnst placebo ln a clouh1e-hll'1d crossover 

study in healthy lean men. Tryptopha., ln doses trom l tn 3g. or placebo, 

was given 45 mlns. before subjects sclected trom.1 huttet luncheon. 

Whereas 19 had no errect, both 2 and 3g reduced total calurle Intake 

signlficantly bv 13 to 20;. (Hrboticky et al., lYP~). III cl ciouhle-hJlnd 

comparison of the ettects ot tryptophan (U.)g) or placeb n un '-drJOllS 

measures in a questionnaire, tryptophan hDd no effect lll, tltE: ';ubJ(;'cts' 

own ratlng of thelr hunger or carbohydrate/prot'2111 prere:-l'll,". ('ven 

though they found tryptophan more sedatinf; (Leath",-()od d:h~ ;'" Id, JYt;3). 

Only one study found an ettect ot tryptophan on selectIon (ll 

macronutrients in humans (Blundell and Hlll, ln pl e<;<- l. -:rvprr,pl'éll1 dt A 

dose of 19 or placebo was gi'len with a !llgn protell1 or hq:ll ca:-br)hydratl' 

lunchtlme meal. Food Intake was measured at a free sele<.tlon test mea] 

three hours later. Tryptophan dld not lnfluence toLd torJd Intdr-J!. hut 

caused a slgnlflcant decrease ln carbohvdrate selectIon. 1hlS lfte~t WJ~ 

seen when the tryptophan was given vnth tllE' Illbh protC'ln r.Jcdl, but n'Jt 
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1: ~as glven ~ith the high carbohydrate mea1. 

Rr::cer.tly we have de\'elope-l a method for lowering tryptophan levels 

acut<::ly ln hurr.ans by gi\'inb a :ryp:ophan deficient amino acid mixture 

orally. Tnls causes a rapid lowerint; of mood (Young et al., 1985) an 

c:::ect eonSlstent ~ith a decrease :n SHT function. 'V,'e have nov .. 100ked at 

trie e::ect of lowenng tryptopha:1 on food selection 1:1 normal male 

subJects. 

HETHOD 

':"he s'J::-]ects were 22 normal lta1es between the ages of 18 and 30 

years, ~no ~ere recrulted through newspaper advertisements. AlI had at 

least a ~lgh school education, no history of psychiatrie disorder or food 

al J erpes .1nè ""ere \..-ithin 101: or thElr ideal body weight for their 

he-l&ht. They .... 'ere not taking an)' prescription medication and found the 

fooos used 111 the study acceptable. 

A double-bllnd counterbalanced crOSS-O\'er design \.:as used. Each 

SUbJect carne :nto the labcratory on two days, one week apart. On each 

occaSIon they :ngested an amino aClo mixture oral1)' five hours before 

selectlng lunch from a buffet. Half the subjects receiveè a tryptophan-

deflclent (1-) aClno aCld mixture on the first visit and a nutritionally 

ba~anceo CE) IDl>:ture on the second visite The other hal: received the 

rn~xture5 ln reverse order. The tryptophan-deficient mixture consisted of 

L-ala:11ne, 2.75g: :'-argln:ne, 2.45g; L-cysteine, 1.35g; glycine, 1.6g; L-

:nsuèlne, 1.6/;; L-isoleucine, 4.0g; L-1eucine, 6.75g; L-lyslne 

:èlOnohyèrochlonde, S.Sg; L-methlomne, l.Sg; L-phenylalanine, 2.85g; L-

~)rùl :ne, 6.1g; L-senne, 3.:'5g: L-threomne, 3.25g; L-tyrosine, 3.4Sg; 

3d':: L-vallne, 4.':'Sg, for a total 0: 50g c: amino acids. The B mixture 
f;.' , 

-:O~,:iHneè the sane plus 1.15g L-tryptophan. The a~i'lo aClès were in the 
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same proportion as in mil'" except that aspa:-tic acid and glutarnc a;-:ld 

were omitted because of concern about their toxicity at hig~ Joses. ,~ 

they are not essential a~ino acids, omitting them should not have 

influenced the efficacy of the T- mixture in reàuclng tryptopha71 ll'\'L-: '-.. 

Subjects arrived in the laboratory at 8:00 am after an o\'crnlgk 

fast. They had the purpose of the stu~y explaineè to theIT, sig~cd ~ 

consent forIL, had a baseline blood sa;:-'Fl€ take!' and lngested an dn'ir,() 

acid mixture orally as a suspenslon &s descrlbed previouslv (Young et 

aL, 1985). For the next five hours the:- ... 'ere kept in a room and 

entertained by being sho .. m a rnovie and al ::'o\o.'ed to reaà t:léigazlnes. The 5 

hour interval 1s necessary for plas:":l':: tn'ptophan to fa1l to its lOWE''3t 

level (Young et aL, 1985). At the e:1d c~ t:-:}S ;"'aiting pér:èod a second 

blood sample ~as taken. Then they ~ere led l:1to a room and al 10wed to 

select their lunch from a buffet. 7h~ foocs presenteà and their 

:1utritiona1 values taken fror.:! fooe: tab:es are ~i"E:n :n Tal:::'e 1. The menu 

... ·as lcentlcal on eac.h visita For each ty?€ of fooci, er.;:,.jt:h was t;1ven 50 

that some al \o;'ays remalneè at the enè. 1'1 thlS I.·ay all the types of fooè 

were al v:ays availab1e for se 1 ectior.. .!.ll the fooè was Drt::-'v.''21ghed. Food 

~ntake was detern:ined by weighing 1t agal:1 at the end of the eatlng 

penod. Tap v:ater .. :as supplied 'v.'ith the me31. Su:-je:ts ~ere by 

themsel\'es in the rOOlT and ""ere a:loweà 3C r::l:1utes te. eat. To dlffilnlsr. 

any effects of cognitl\'e function or fooè se:ec::rr;, t:le su,-,ects were 

trld that the purpose of the stuày v:as to e~:ar:":1E:- thE- Ëf~ec:: of food 

intake on rnood. To relnforce this they were g:ven varlOUS paper a:1d 

penci1 tests ta fi11 in before lngesting the aTina aCle: =!xtures and 

before and af:er lunch. They were unaware t~at the:r faoè intak~ was 

detennlned. At the end of the second \'151 t tne:: were tolè of the real 
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purpose of the study and pald for their participation. The protocol was 

approved by the EthlCS Committee of the Department of Psychiatry, McGill 

U~l1VersIty. 

The hlood samples were used for the determination of plasma 

tryptophan, by the fluorometric method of Denckla and Dewey (1967). 

Large neutra1 amIna acids in plasma were determined by high performance 

1 lquld chrnrnatography from a subset of six patIents chasen at rand am. 

DIfferences between food selection and amina acid levels after 

Inge~tIon of T- and B amIna aCld mixtures were analysed using a two 

tallcd paIred t-test. 

RESVLTS 

TAble 2 gives plasma levels of tryptophan and the other large 

neutral amino aCIds bath betore and atter T- and B mi~tures. Values for 

plasma tryptophan afrer the T- amlno acid mIxture were only 19ï~ of those 

.1t ter the B aml:lO aCId mIxture. On the ather hand a comparison of the 

other lRrge neutral amlno aCld levels after the two mIxtures revedled no 

slgnltlcant dItterences. 

Flgure 1 shows the me an proteln, carbohydrate, fat and kcal taken ln 

h\. the ~ubJects atter the T- or B mixtures. There was a smal1 (14%) but 

statlsllcally slgnifIcant decllne in protein intake after the T- mixture 

compdred tü the control B mixture. There was no slgnificant dltference in 

carbohydrate, fat or kcal Intake. There was also no signifIcant change 

ln the ratIO Dt protein intake ta carbohydrate lntake (t=0.98, df=21, 

N~) • 

DISCUSSION 

Tlle T- nl1xture caused a substantial decl ine in plasma tryptophan 
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levels. In rats a decllne in plasma tryptophan of the sa:re ordc:- oi 

magnitude as that see~ in our subj2CtS ~as associated ~:tn a decllne ln 

brain SnT of about 50~~ (Eiggio et al., 197L.). The raIes of dlffcrcnt 

mechanisms in producing this decllne in SHT have been studled (Cessa ~t 

al., 1974). The clecl i ne in plasma tryptophan seel'1S to occur bCC:3\J-,(! tht:' 

tryptophan-cieficie~t amlno aci~ mixture, like any :rixture of es~~nt:d1 

amino acids, promotes synthesls of ne~ proteln. The t:-yptophan thRt 1~ 

incorporated into this proteln cornes trom free tryptophan ln bloo2 and 

: i s sue S , r e sul tin gIn a d e clIn e i nit sIe \' e lin b l 0 a cl and br a in. 

Competitlon at the bloa~ brain barrier might contrlbute to the decline ln 

the braln (but not bloac:) tryptophan. However, aèminist:-atlon of a 

~ixture of SIX amino aci~s ~hich share a co~non transport system ~lth 

tryptophan lowered rat braln tryptophan a~d 5-hy~roxvlnctoleacetlc acid 

about 20~: \o.T l thout affecting DraIn SET. A m:!.xtll:-e of nlne of the ten 

essential ar.iInO a:iès (tryptoph.?rl lS the tenth) caused la!'ger decl1nes in 

brain tryptophan and 5-hydroxy:ndoleacetlc aci~ an~ a sigrlflcant fall in 

b:::-a::'n 5H~ (Gessa et al, 19;:'). Thus, conpetl tior. fo:- ::ransport at the 

blood braln barrier plays only a sl:".al: role ln re,cula::ing brain 

tryptopha:1 and SHT after adT':'lnistratlon 0: a ':'- a::-.:::c, èCld mlxturE!. ln 

the prese:1t study, plasma leve2.s of t~e othe:- ~a:Le neutral arr.1no acids 

were not slgn:ficantlv dlfferent f:ve h~~r~ af:er a~~:~:stratlor of 

elther T- and B mIxtures (Ta:,le 2). -:;herefo~é co:-;\etlt:o r
, at the blooc 

brain barrier would have been the sa~e for tGe ::~. :rep::~en:s, and pla~ma 

tryptophan levels, which ~ere one fifth the value a:ter - ITlxtures 

compared to B mlxtures, shoulè have prc\'ldeè a g(lO~ ::..nde'\: '): the ~ecllne 

ln braln ryptophan. 
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( 
r!c-c J l ne 1 n braIn 5HT function. Al though it 1 s not possible to 

d0rnon~trate that the fail in plasma tryptophan that we saw is accompanied 

h\' .t decreds8 ln 511T metabolism in human brain, it would be surprising if 

<ll. I~fte('t ot the magni tude that we saw in plasma did not influence braln 

'lHT. A] sa, the decline ln proteln selectIon 15 consistent with th"? known 

~tte(ts nf decreaslng SHI tunctlo1 ln animaIs (Anderson, 1979; Blundell, 

J Y"':Li; \~urtmd!l and \';urtman, 1984). :ione of the studies in which 

t n'pt 11rlla Il ... :as rI ven ta human subj ects found any specitie et tect on 

IHllll'!r1 ~elc-ctlon (l~\Jrtman et aL, lYol; St ra in et aL, 1<;J8~; Hrbotlcky 

1 t d., lYf:i~1; Lc'é1lhv.'Ocd and Pollet, l~~U; Blundell and Hill, ln press) 

dl!; tllt tlue~tlOl1 anses as to Io.'hy our resu1 ts differ in this respect. 

r'I,,,1 bel ec::ion 15 e,qulsitely sensItl ve to detalls ot experimental design 

d'1d Cdn be lnt luenced greatly by factors s\leh as the degree of hunger of 

l!lP subJect5, the varlet)' ot food a\'ailable for selectlon and ItS sensory 

qUdlltles (Blundell, 1':184). lt 15 lnterestlng from th ::> point of view ta 

compare our Hudy Wl th the one most siJ!1ilar ln design, that of Hrbotlcky 

ct al, (1 Yb). ln the latter study aeute tryptophan admInistration 

del reased total calone Intake ln normal male subjeC'ts. We tound no 

lnCrL'3Se ln calone lntake .. ,!th tryptophan depletion. However, this is 

Ilot ~lIrrrl"lllg 3S \wrk WJth expenmental ammals has shown that an 

'~credSC ln foud Intake due to InhIbItion or 5HI metab01isrn is a much 

w'-'dh.er phenomenon than the InhIbItIon ot tood Intake by increased SHT 

tUllctlOl1 (Blundell, lYH4). The lack of etfect on food selection in the 

..;tudv 0t Hrbotlcky et al. (IY85) might be explained in part by the 

~ l q~ht l \' smal! er variety ot foods avallable for selection than in the 

1'1 L'~l'Ilt stud\'. Cognltl ve, social and mood tactors rnight also have played 

L.,dt1lL'" ro10. ln the study of Hrbotlcky et al. (1985) the subjects ate 
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together and ~ere aware that food selection ~es ~eing me?sureè. l il ! :ll' 

present stuèy the subjects ete by thernselyes and ... 'ere not :1\":;1:"C th,l~ :. ,1 

selection \,,'as belng measured. :urthermore, ... 'h:le tn'ptophall 

adrnlnlstratlOn can in sorne circumstances elE:'v3te rnood (~'oung, l?:,tl' 

try?tophan depletion causes a lo",'erlng of mooè (Young et aL, lqp~,\, 

1S not k:1o\."T. ho\.' mood might influence food selectlon. 

aànnnlstration on carbohydrate selectio--:, ",,'e fC\l:~lC ::l.-< try:otopha·. 

depletion lnfluences selection of protei". ~iqwc\'·.:'~. :Îl' ~;~.T'U:":.tl', (,' 

1 • , , 

precise experimental conditio:1s in deterr.J::î:f'? :-('S\:_::~ ".- ~(I l,' { .;,,: Il 

experiments is seen ln the report of Elu:1dell anè ;~ ; 1 :, :'T(" "'l' 

tryptophan àecreased carbohydrate selectIon ... ·hf~'l i:: ... :,~~ : ,,(., \-."', ,'), 

proteln meal, but not when It ""as given v;i::.h a l-::bh C2:-b,,JJ\I::d~1 I~', '. 

The design of the present experiment èIffers hom that or Elu:ldell dol~ 

Hill (in press) in se\'eral respects. Furthenrure, tht:re lS ne> èlC;CrL'ranc\ 

between the findings that tryptophan supplerne:1tation can decrease 

carbohydrate selection whIle tryptophan deple~ion decreases proteln 

intake, 1f tryp~ophan availabllity influences the relatIve Intakes of 

protein and carbohydrate rather than affecting selectIon of Elther 

rnacronutrient separately. In our study the type of rneal g:ven to the 

subjects might have influenced the results. Tnus, for many of the 

subjects a signlficant portlon rf thelr carbohycrate In=a~e was ln the 

fom of breaà. Bread lS often eaten a~ a sana~:ch 

fillings such as ham or cheese. Tt IS ImpossIble to say ho .. fdct:.';~ c.,\. 1 

as this could have influenced our results. !\one:heless lt lS qUlte 

possible that wlth a different series of foods to se!e:t fro~ we ~l~r: 

have seen an Increase ln carb0hydrate selectlon rather :ha~ a 0~cr~aL~ 
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;:;:-otE::n selE:ction afte:- tryp::ophan depletion. Thus, our study does not 

co:-:t::-aè:ct the otber stuè1es 0:' the effect 0: e.ltered tryptophan levels 

on food selectIon i:1 humans. It rne:-ely aàds to the overall picture of 

the types of effects that can be seen under different ciretL"Dstances. 

Intake of a balanced meal 15 associated with a modest deeline in CSF 

tryptopna~ and 5-nydroxyindoleaeetic acid in humans. This has been taken 

as evidence that a balanced meal lowers CNS 5H! in humans (PerezCruet et 

al., 1974). Ou:- results raise the question of y,'ltether this dccline in 

SHI wou1d be enough to alter food selection at the next meal. At the 

moment there are insufflcient data to dnswer this question. Th~s, 

althou~h our results inèicate that lowered 5HT can decrease protein 

selection in htL~ans it rern31ns to be seen whether this rnechanis~ operates 

ln physiologieal circurnstances. 
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Table 1. Foods availahlC' for selection and their macronutrient content 

Nutrients (g/~ food) 
.i\mollnt .i\pproxim<ttE' 

Food served weighl servcd ~g~ kc-,"~l{g Protein Carbohydrate Fat 

Whi te bread \2 "lices '3,)() 2.71 0.09 0.50 0.03 

....... Blltter J.. lhls. 'JO 7. Hl 0.01 O.Ol O.HI 
0' .. 

Ilam 10 sli('f's I~O() 2.13 0.19 0 0.17 

S.-.l:lmi 10 c;lices 300 1. J " 0.1 ft 0.01 0.20 

C!tpdd<tr cilcese 10 <;licec; 200 3.~R 0.25 ().O2 0.32 

Hrick dJ(>esc Ln slices 200 -3.71 0.27 O.!)2 0.30 

Tom.-.lo 2 (sI icpd) 30() o.~{) (} .. (1 ! O.Ol, 0 

J\pp1e 2 (qllr1rterpc\) lO() (). ')-) 1) (). lfl ().OI 

CnCOlllIl çf)okip<; R 100 lf. } , fi.lI6 o. (,l, n.2.,) 

ClIn('olatl' H ] 2. 'i r ' 
~ • t L j , • ! )i, n.70 0.21 

Chli1 (,\{·l--l'··~ 
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T;Jhl~ 2. P1.î~m-l l('vpl-. of LrypLoph:lll :lIlC\ tllP othcr l;1rp.;c IlcuLri1l "lnlllln ;1cid" before ;1IHl 

fivp hour~ nftcr Illgl"'''lioll or lryptophnn frcc or 1l1llriLioll;J]ly h;11:lIl('cd nlllino 

;tcl ri mi xtllrr.<; 

.Tr):'.I~~~I1;1I2. LrC'c a~in~ acid ~_ixtllre Ralnnced amino acid mixture ----------

Il Rf'fore Af Ler BeforC' AfLer ----- -- -----

Tryptophnll 22 7().R~Jl.h 20.Rt- H.) 7 l, • 9 .. 1 1. (1 Il') .% 

>--' 
Cl' 
r-J Histidine 6 III, +25 1171-16 1201-\9 1 J 5+26 

1<;0 lel/ci ne Cl 72.2-t 7.1, 1891-90 86.91-12.2 11.)+78 

Le Il e: i 11(' 6 140 +20 369+83 150 H7 269+129 

Hethioninc () 12.1,1- 1 •• 1, I.6.()ll1.7 Jq.2+ 8.2 47.1.+12.6 

PIWH yi ;11 ail i ne fi 72.Rt- 7.5 95.51-17 ()B.9+12.1 RI. 2+21. 13 

Valine (, 2371-20 397+107 237+/.7 l, l6+126 

Rec;uLt" arC' givpn as mean + sn in J1mole.,/I. A comp;1rison o( values after tryptophan (ree or 

halancC'o ilmino actd mixtures hy the paired t-test revea](>d tlUIl values from tryptoph;tll were 

signiflcantly 10wE'r (p(O.OOl) aftel' lhe lryploplwll [rcE' mixt\lrp théln aCter the hal<1n<:('<1 mixtllre. 

VaIlles after lhE' two :1101110 aeid mixtllr('1': wer(' Ilol Rignificnlltly dlfferellt [or the other amino 

;}ri(l~ • 
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FROTEN CARSOHYDRA TE FAi KCAL 

Intake of proteln, carbohycrate, :at and kcal af:e:- .... 
vd _ ..... : C 1 

dnd tryptophan deflclent CT-) mixtures. A n,'o-talleè DéHed t-tE:~t ~.rl". 

that the T- mixture signlflcantl y decreaseè selection of prote:r (r:<:.~. , 

df=21, p<O.05), but not of carbohydrate (:=-0,55), :a: ~t=l,6~,} Gr ku:: 

(t=1.4t.) relative to the B mixture. 
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'1 
PIŒFACE TO CHAPTER SIX 

Tlle (;:"perlemnts ln tnis chapter are concerned with the effect of 

phy~lologlca~ dmounts of protein and carbohydrate on SHT metabollsrn and 

tlJI1ctlon 111 tJlJ:nans. The prevlous chapter demonstrated that lowering plasma 

lrypt()ph')r, "{Juld alter SHT functlon, as monltored by a change in a behavior 

thuugtJt tü be medlated by .,HT, 1.e. rnacronutrlent selectIon. The degree of 

rkell nt:' ln pLasma tryptùphan atter admInIstration oi the amIno aCld mixture 

USI.:c1 ln chapter t1\'é 15 much greater chan .,;ould be observed after protEln 

Intdkl.:'. Therdüre, it was necessary ta determIne If the IngestIon ot a 

norméd quant1t\' of é1tlier prote ln or carbohydrate could also alter tood 

st:'lectlon, i .c. can normal dletary consti tuents bring about a tunctional 

l hall~e ln hUlI.ans as mOI1ltorE:d by 100d selectIon! 

ln the ~1.:'C'ond study ot thlS chapter, the plasma tryptopha!1 ratIO was 

lJsed <1~ aI; lndex ot trvptophan dvallability, and therefore as an indIrect, 

penphcrdl meac;urement ot )HT metabollsm. ~e\'eral reports in the literature 

h,ld lmpllcatcd the behavlOral consequences of Ingestion ot high 

Ldrbnhydrate meals. Theretore, breakfasts contalning varylng proportions 

ut proteln dnd carbohydrate were admlDlstered to determJ ne the relative 

rdtlo nt carboh\'drate ta proteln necessary ta el icit the reparted rlse in 

the tryptoptwn r3tlO atter carbohydrate. As weIl, a breakf as t conSlS t i ng 

01 d damsh pa.stry and coftee were glVen to determlne, if this t a common 

hredktast, wlluld lncrease the tryptophan ratIo. It was also lmportant to 

eSlabllsh \<'hether the changes observed in the tryptophan ratIO were of 

suttlclent magnltude ta alter central SHT metabolism. 
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1 

ABSTRACT 

1~0rTtél sub~ec:s ... 'ere feè pro:ein or ca:-bohydrate breakfasts. Both 

r-:.=iÜS ... ·':!:-e in the ~orI:1 of a chocolate puàding and nad s~milar sensory 

Cü2.l.::.tles. A: lunch:lrne sut:Jects were al:owea to select froUl a buffet. 

:~e protelc brea~fast had a greater satiatlng power than the 

carbc'''yaréite breakfast, but :here was no è~fference in overal2. selection 

(A rrotel:-. or carbohydrate at lunchtime. However, the carbohydrate 

~,eé!~.fast e::è dec:ease selection of apple, the o:l1y pure carbonydrate 

fooe: 3\'3ilable a~ lunchtime. In a second expenment changes in plasma 

alT',nü aeld levels \.,'ere studied after subjects received carbohydrate 

brea~.:asts eonta:i:lng 0, 4, 8 or l2~; protein, or a danish pastry. Only 

the O~; prote:n Dreakfast lncreased tryp~ophan a\'allability to the brain. 

These e~perlments were pe:forrned to test the hypothesis that alterations 

}n cral' S-hydroxytryptam:ne, brought about by alterations ln brain 

~ryptophan, reg .late selection of proteln ana carbohyèrate. They suggest 

that th:s rnecha:,::.s::: èoes no:: operate in nu.'1lan males under normal 

Cl rCUIT'stances. 
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I:\TRODUCTIOt\ 

The neurotransmltter, 5-hydroxytryptamlne ()HT), 15 d :.ll'rl!r Il' lh' 

regulatlon at tood 1ntake. Generally, pharmacologicdl ;lI1d ll!~lill1 ~tll,j"" 

IL rodents have shoWJ1 that depletlng brain SUT rcsultc.. Hl h\'pl'rp 11i1/:.I, 

whi1e lncreases ln brain SHT have an anorectlc (·tfect (t(îl a I"L', l" ... -,,", 

Blundell, 1~~4). !1ore recently it has been dcI:lUllstratc,; tll.lt .1,11::1,,[ 1.: 

additlon ta regulating their total f..lloCdlnrle IntdLe, 'dlll1.!."l.!'l lIl" 

proportion of protel11 and car~ohvdrate ln ttlclr dlet (1'1 1 m.~ . .i-;"-"Il .( 

basis (~lusten et aL, 11:J7-4). Sorne e}.perlonent.., kl\'( '-.IIC,\"I trdt '"i, 

manlptdations can alter re1ati\'e protell1 dne l',!Y~!l,h'.'! 

there IS al 50 sorne e\'ldence that dletary protL 1-, .1' ' 

thernselves alter bral11 tryptophan nnà SHT. An h\'l"l:l! 

based on the blochemlcal relatlollshlp bctwee:n tnptuf'l.,l , 

' •• 11 

macronutrlent IntaKe (Andert>on, ~~/~; Wurtman a:1c h'lJrtl1dl1, l ':l,- ,; !; Il' 

1 Y84) • 

Ta enter the hraIn, tryptophan mll"t currpete ... ·lth other Idl'':l' IL'\I[:,' 

amlno aClds for transport by d common carner system (,îldl'ndnr; (jn(j '-,:,11.'1, 

1976). Therefore, It is the plasma ratIo of tryptophan t" thl ',U:I, ,,: ,'L, 

competltors v:hlch becomes the detenTIlnlng tactor oi tryptnph,ln 

avai1ablllty to the braln. The dletan ;nacrollutrJent~ prot'':l', dll! 

carbohydrate attect the ratIO ln Opposlte wa~s. 

lngh concentratIon or cornpetltors relatIve to tr\'ptophcl'l Clio. III "1'''(1, 

clrcurnstances, lower the plasma ratlo, and f.llDSeqUentl \' hrall lr\'!,t"plid:1 

(Glaeser et aL, 1983). ln contrast, carbohydrate lTlCrf..'dSI!S "rlli] 011'1, 

lnsu1in, released atter carbohydrate Ingestlon CJllC,l:'~ upt.ü..{;, o' ttl' 

branched-cha1 n amI no aClds Into musc l e. 

competitors 1S then lowered, allowlng more tryptoph.Jll t r , t:ltl'r tlll' r-,r,,' 

and increaslng brain SHT (Fernstrùm and IvurtrnaI1, lYI1). It II.!', 1"'1": "r,'I". 

that the ralsing or lov,'erlng ot braln SHT \\'111 JnltJ.1t(· 
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COIT.per.satory mechan:'sms to al ter macronutrient select~on (Wurtman and 

i..u::-tr:Jan, 2.97;; A.ndersor., 1979). For examp1e, aiter a protein IDeal, the 

o.~::l:i..ne ::.n nraln ::",yptophan ~G1.aeser et al, 1983) may lead to a decline 

: .. Dra::':-I 5:iT. The decrease in bra:n SET is presumed to cause an increase 

ln selectlon of carbohydrate ::-elative to protein at the next llleal, which, 

tG co:npl e te the cycle, should â l ter brain SET. Conversel y, carbohydrate 

ralses b",81n SET, 'V:nlch w~ll decrease Subsequent selection of 

ca",bohyc",ate rela::lve to protein. In this \o:ay the ir;::.::!ke of 

ril3CronutrJ.er:ts could be ::-egulateè v.'Ïthin certain 11mits (see \Vurtman and 

h'urtrr.an (1986) fo", a revie\" oÏ this posltion). 

1:1 thE: ra:, phamacologlcal manipulations of SHT are consistent Idth 

th18 hYro~hesls (~urtman and 'i-iurtman, 1979; Ashley et aL, 1979) but 

'::letan t::-eat;nents have g-lven both positive (Ashley and Anderson, 1975; 

I-,Iurtïuan et al., 2.923) anè nega::lve (Peters anè Harper, 1984) results. 

Fe\..' hu~an exper:..men:s exarr,lning the role of 5H':' on food selection 

have been unC:ertaken. ~!"botld:y et al. (1985) exa::.ineè thE: effect of 3 

hfferent doses of tryptophane Energy intake was red uced \.."i th : and 3 g 

c~ tr) ptophan, but no effect .. ·;as observed on the proportion of 

cêrbc,hydrate or protein 5elected. Tryptophan (2 11;) was a150 used in 

c;u~J",cts ,,;lth a propensity for carbohydrate snacks (\"'urtman and \o.~urt:nan, 

: ù,< '. tr'"lll;h no signlflcant e~fects were observed. Strai~ et al. (1985) 

c::::' .r.~:t:':'ed : ~ of t!'yptophar., \onth 10 g of carbohydrate, 3 tlmes a day 

for: j-,:,nthE to cbese subJects. Again no significant effects were 

c,b~C::r\t:'è. Ho\,'e\'er, Blundell and H1l1 (1987) studied the effec:: of glving 

l ;; of ::ryptophan dong '~'l::l' 2 high protein or high carbohydrate lunch. 

:'he\ :'0\111::: that tryptophar decreased carbohydrate selection Io.'hen given 

\,::.ttl tnê b:gh protein meal (Blunàell and Hill, 198ï). These studies 
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-------------------------------------.... 
e:nphas::'ze the sensit:::.\'it:-' o'f resu2.:s ln food selec::ior. ex?en:nE'n:s t,-' tlll 

j)roceà ural aspects .c • ~ ~ , • 
0 .... e>:per~rnen~a.'- oeslgn. 

In an earlier stuèy we éxalLinee the effect 0f lower:::1[. i'l~s;". 

tryptophar. on food selection in no~mél males ('Young et al., "r ·)!l(~("\ • . ' 
try?i:ophan de:iClent 2mlno aciè n:::xture was adrr.:.,:;.stere.:i ('raIl:" 'l'.:\I_ 

plasn:a tryptophan by 81/~. F::ve hours latec, ,:her. pl.JsLo3. t~-YP::Oi':)," ", 

at lts lowest, the subjects \4'ere allowed ::::- se2-ect fror:. ô hu::'=:et ~\J',,_[,. 

We found a s::aall but ~ignlflcant decllne :u; prote::n in:a~,e 3ssoc:atE'è 

\4'lth tryptophan depletion. ThlS suggests that a decreasE: ln bralll SP'2" 

ca n a l ter pro tel n 5 e l e c t ~ 0 n i 11 h u.:n ans. Th l S l S C Cl n 5 l S :: e r. t 1>.' l t h the 

presumee ef:ect and mode of action of the pr:or l'lbl'stIOr. 0: cl lngh 

prote:':1 meal. no'Wever, ::he effect of try?torha:1 depl('<:lC>:1 on braln 

t::"Yj)tophan \4':':;'1 be n::uch grt=ater than that of ?~-o::el'1 Plgestlor., 

and tr.ere is no c:reci: e\'ldence tr.at a slr.:l:ar effec:: wClulc t'0 "ht,nned 

\4'i::h consu:1:pt ion of a hig-h ;::,rotel n Dea l. Tnere: ore, 1.':: bi' \"= ;-'c:-: or7'led 

a IDeal influences subsequer.:: foo::: selectIon (lne: ";)1a~"é:. t:-\~~,-';'!.J.' rétlOS. 

The outcome of these stuèles sho .... lè èlsclose I>.'hê::her ::llE:o e;:ê:'~:s '.J: 

protein i:1take upon subseque:l: nutnen:: select:ior. élrE: ,'e':::.é<:'-;: V13 

_l 

SH!. 

SubJ ec ts 

",'ere recrUl teè through ne\4'spaper ae: \'er:::sements. 



â'îè "'ere ; .... :thln lOi; 0: their iàeal body weight for their height. They 

.. 'el-(~ nvt tak~ng any prescr~p~:o:1 medlcation and found the :oods in the 

:::::uc:: accep::able. Each subject signed an informec: consent fom 

cc..ncer:l1ns the nature 0: the expenment. The protocol \o.'as approved by 

:.he Etnl cs comml ttee of the Department of Psychiatry, MeCi Il Uni versity. 

In {~)'pe:-lment l, 32 subjects took part and in experiment 2 there were 50 

st:hJ ects. 

Dle ts 

In ex periment l subj ects recei ved ei ther a protein or a carbohydrate 

me.:;,l ln the forr.: of a chocolate puddl.ng. The protein pudding consisted 

of three 9 cz.. padets (mlXed \..'ith 210 ml. of water) of a protein 

suppler.lc'lt manufactured by Bariatnx Internatlonal Inc. of !-lontreal. 

!:acl-J pUdè::..n b cor.télned L.5g of proteln, 12g of carbohydrate and 

ap::)ro;:~r;ately 3g of fat. The total calorie content y;as 2lU Kcal. The 

cé.r::Jo!wd:-ate puddlng l'as made up ln OU:- laboratory. It conslsted of 40g 

('1 corno;tarch, ~8g of Hershey's chocolate syrup and 53g of polycose, a 

no;-,-s .. 'eet calonc supplement from Ross laboratories., tota1ing lOOg of 

ca:-b~)h:drate and approxinately 400 Kcal. It was prepared by adding 210 

!1J~ s of \o.'ater to the cornstarch and cooklng o\.'er boi11ng \o.'ater until 

tt'l d. T:le polycose and the chocolate syrup .... ere the:1 added slow1y to 

thE rr.ix:ure. ':'he carbohydrate meal contained more calories than the 

rr:,ul" meal because a normal diet COIltains more carbohydrate than 

bef0tE: the actual expe:-iment, puddings were rated \-"ith respec.t 

te tJStE. ôppearance and texture by 15 students. Subjects were requHed 

to taste bo~h puddIngs, rate them on a five point scale for taste, 

texture a:1G appearance and guess thelr nutnent composition. No 

Sltè':'::lCZ.:1t lhf:erences ",-'ere found hetween tne two puddings on any of the 
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variables tested and the guesses of the macroOlutn.ent cor::'-"os:t:..o:' wen' 

no t sign: fi can t1 y èl!: erent for the ::wo ;,udèings. 

rnethoèologlca~ :eature of thls stuèy \"'as to equa::e the rh\"~lCcl ~::3te (': 

!:he protel:! and ca .... bohydrate meals 50 as :0 preve!"'.: :.he sU~JE'cts : rOI. 

responàing ln accordance \"'ith the fal!llllar dIstinctIon bet\.'lJI!I1 lnc ".]\'(': 

anè s\.,'eet aspects of these outr::.ents. 

the t\"'o rneals COL:ld be attributed to the C:lffere:1:: ;n..::tabol:c cffect..:; ... : 

the nutrIents and not to any taste se::sa:10ï: or co!:=:rJlt:\'e at:.:.-} t'lutlon~" 

ln eX?erliDent 2, subJects receiveè one 0: :l\'E: dl::erent meals. 

Fou::- of the treatJ1Jents conslsted of Isocalorlc \4«1 }:cal) chocolate 

puddIngs ,,'i th proteln contents of 0, s , a :1d 

?udèlog cœ: protein) ...:-as tne same as ::.n e' pe::-:I:Jt2"1: 

\..:as adjusted by Œlxing _l, a~propn.ate a:;-,ounts c·: ::n,_" ~" '-",::r!\ c.nocolate 

remo\'ed. To sl.:Dulate a cor.:!:lon l~orth A':1e::-lcan breakfas::, the !"lftn 

trea~ment consisted of a cherry da:-,::.sh past:-y (purchas~è ::-01- St,:,inberg's 

Inc.) and l cup of cof~ee. The pastry contal;1ec ':'6 ~ carbc,)lyè:-ate, ) g 

protein, 16 g fat and 342 kcal. 

E):perimental Procedure 

ln experlment 1 a dOL:ble-bl:nè counterbala:1ced crossc·\'c'r des:gn was 

used. Each subJect came lnt0 the laborato:-y on tw~ cavs, ODe ',..'ee~_ apart. 

On one occaSlon the:: we:-e p ven the ;:Jrotel:-. pua:11:16 éln::: or ~he other da:­

~he carborydrate puad:::.ng. Seventee:1 0: the sU::Je:ts ..... ere gl\'er. the 

proteln pudding fast, ,,'mIe flfteen recelveè tne carboh:'::rate puodin~ 

first. Subjects anived in the laboratory at 8.:0:) a."". after an 

overnlght fast. They were told the pU!"?0SE: of :.:ne stuày was to 

investigate the behavloral effects of nut:-len::s and ',..'ère :-eq~Jr'2d (C, :lJ 
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out various psychologica: tests dunng the course of the seudy. They 

.. ·ere not tole of the dietary composltion of the pudding, though they were 

::o~è J: "'·é.!S cOffiposeè 0: normal dletary constituents. At 9:00 a.m., they 

were requ::.red to eat the entl:-e choeo::'ate Duàding after which they were 

pe::-:r.ltteè to read and ""ôten a mone proviàed. They were not allowed to 

leave the laboratory. Three hours later, the subjects were indlYidually 

brought lnto a roor.J and alloweè to select their lunch from a buffet. The 

~ooès offered \o.'ere the sarne that Wf used previously (Young et aL, 1988) 

and their nutrltlonal values are shown in Table 1. The menu was 

ldentiea 1 0:1 eaeh vlsi t. For each ty?e of food, enough was gi ven 50 tha t 

sorne al ""ays rernained ar the end and tnerefore ... ·as al ways ava:'lable for 

sel ection. SubJects ate alone ln the room for 30 minutes. AIl food and 

water were prevlously tveighed. Food .lntake ... ,'as deterrnined by t.·eighlng 

what was left at the end of the meal and subtracting from the original 

weight. Subjects were unaware that their food intake \o.'as belng 

monitoreè. At the end of the second tnôl, the y .. 'ere told of the real 

purpose of the study and pôlà for the::..r partlcipation. 

In e):penment 2 each subJect came into the laboratory at 8:30 a.m. 

af ter an ovem:ght fas t and was randoml y assigned to one of the fi ve 

treatment brouPS \o.'lth 10 su'::ljects ::.n eaeh group. After cOIDpletion of the 

questionnaIres, ô 10 ml venous b100ci sample .... as taken. At 9:00 a.m. they 

\Jer-e requ:red to eat ei they the entire "'hocolate pudding or danish 

pastry, after .. ·hlCh they ... ·ere permitted to read and \·:atch a movie 

pronded. 1\..'0 hrs later at Il :00 a.m., 20 ml of blood was drawn again. 

T\...;) rooè questlonnaHes were gi yen, before 9:00 a.m. and at 10:45 a.m. 

The first, a forced choice, contained a list of 16 fooà pairs, one high 

proteln and one hlgh in carbohydrate. The subjec:ts were required to 
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select which of each pau they \-'Ould prefer. The measure ll~ed "'as tht:' 

total number of high protein or high carbohydrate toods !:>C'l '!cted. rtH' 

second questionnaire consisted of a llst of 32 foods tohetlll'r "'] th 

portion Slzes. The subjects were asked to lndlcate the tond., thl'\' w(lllld 

prefer to eat ln a TTleal at that time. Th", macronutnent comj1os1tJnn ,1! 

the meal was calculated. This method provides a more con\'enlent Wil\' Cl! 

loot:.lng at tood selection than the real tood <.el ection perforl11,.'d ln tilt' 

first experirnent. These procedures have pre'.'ltlllsl\, hccn <;hown to be' 

sensitive to nutrient rnal1lpUlatlons (Blundell 21HI d111, ItJ8/). 

Anal yt lca1 Nethods 

Blood was collected into heparll1lzed é\'3CUdt<.'rI rlln('<. and centni\lgl·d 

llrunediétely. The plasma I>.'as used tor the determlfl,1t1fI:l <il trpe and total 

plasma tryptophan as weIl as the pla~ma levels 01 tilt. l,tht:'1 lat-ge T1Clltr.ll 

amine acids. The free plasma tryptophan concentr.1t1u r ',..1,1'-. taken .1~ the 

concer:tratlon ln an ultrafIltrate of plasma rrena:-ed at L)(Jc III dn Amlt.oll 

~!PS-l centrifugaI ultratilter uSlng YNT memhrdnt'b. Tryptophéln 111 thl' 

ultraflltrate and in the plasma ;"ere measured by the fluorometric method 

ot Denckla and Dewey (ltJ6ï). Plasma was prepared tor amIno rlcld ;}nélly~)l .. 

by adding 50 mg ot 5-sulfosallcyllc aCld to l 1T'1 ot plasma. Samples werl" 

\'ortexed, left for l hr. at 4°C and Ct'llt r1 tuged dt ll(l:clC! rpm tor 1 Ci !TlI n. 

The supernatant was 'nIxed wIth 0.3i\" LlthlU'll II\"dro>.lcie ln rt ratIO nf 

2.):1.0, then assayed orl an LKB Al pha F1us arrJ ,IC> and élnal vzer. 

Statlstlca1 Analys~s 

The effect of proteln and carbohydrate me" l ~ on totd l Kca l , 

macronutrient selectlon and indi\'idual tood~ se~pct~d W.15 'Jssf'!:>sl!d 11<;11l)' 
( 

a two-talled paired t-test. The effect of VarVlrl)c protel" content r". 
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flasma amino acids was analyzed using a 2-way ANOVA. Comparisons of 

selecteè means were made Lsing Tukey's test. A probability of 5% was 

taken as the level of statistical significance. 

RESULTS 

Experiment l.. 

Flg. 1 ShO",'5 differences in total ki localorie intake wi th respect to 

p:evious carbohydra~e or protein intake, dayof trial, and the effeet of 

each macronutrient àe;:>ending on the order of administration. There was 

no sisnlflcant difference in the amounts of food eonsumed in the meals 

follo\>;).ng the high prote in or high carbohydrate breakfasts, al though 

sligntly fe\o.Ter cal orles were consumed after the protein. However, sinee 

the carbohydrate breakfast (400 kcal) was almost double the energy value 

of the protein breakfast (210 kcal) it is c1ear that calorie for calorie 

the protein breakfast had a much greater satiating efiect. In addition, 

.3 slg:üficant dec:ease in total kilocalorie intake was observed on the 

second day taklng both breakfasts together. Due to this order effect, the 

p-oup of subJects was broken down into those who had received protein 

hrst and those who had receiveci carbohydrate first. Although no 

èlfferences ,,-'ere found in the energy intake in the group which had received 

pro:ein first, there was a significant decrease in kilocalorie intak~ in 

the groui' that haè received carbohydrate fast. Thus, when protein was 

&l ven as the second treatment, even though it contained about half the 

:.:a:\)rie~-; of the carbohydrate breakfast, there was a significant de crea se 

ln the ùbsolute number of calories consumed in the test meal, indicatl.ng 

a ve:y potent satiating actlon. 

Fl~S. : and 3 sho,,' ;:>roteln and carbohydrate Intake \o.'ith respect ta 

pre\ lOUS cac-bohydrate or pro tel;"} intake, day of trial and the effect of 

174 



l 

each rnacronutrien~ depending on the arder of adminlstration. Overall 

there was no effect of the dlfferent premealE on subsequen~ select~cn of 

protein or carbohydrate. SubJects selected slgniflcac~ly le~s proteln on 

the seconè day conpared with the first day. There \o.·as a s,,1üllar trc:1d 

for carbohydrate, but it was not statistlcally signiflcant. T11e i:r()l1l'" 

\o.'ere broken do\o.'7l into those ... ·ho had received protein firEt and th:ISl: \,i" 

had received carbohydrate first. This revealed ~hat the decl1ne If. :1." ,1' 

kilocalorie intake after protein, ,,'r::.ch occurred only ln th~ sU::'Je-::u ',,; l' 

received protein second, was due to declines in both protein and 

carbohydrate intake. The decllnes ln total kcal, proteln and 

carbohydrate were 16/;, 15.9~~ and lS.6~, respectively, although the decline 

just failed to reach statlstical significance for the proteln intake. 

Once again, Slnce the effects of ~he protel;) t,rèa"t:fast were aChle\'ed \0,'1 th 

approximately half the en erg y value of the carbohydrate breakfast, the 

protein is clearly exerting a more patent suppresSlve actIon on the 

subsequent Intake of both macronutrients. Ir. Table 2, the amount of each 

food selected after bath treatrnents lS sho"". The trend for thE: protein 

breakfast to decrease subsequent food Intake ~S seen for many of the 

individual foods. However, the only sigrnflcant flndlng is ln the 

opposite direction to this trend. Thus, s:);nlf:i.cantly less apple \.;as 

select~d ~fter the carbohydrate pud~lng thar. after the proteln puddlng. 

The apple was the only item aV81lable for selectlon ,,'hicb conslsteè 

alrnost entirel)' of a single macronutrient suggestlng that thlS seemlngl y 

inconsequential result may have haè blologlesl slgnlficance. This 15 

dealt with ln greater detail in the discussion. 

Experiment 2 

Neals taken at breakfast which dlffer on~y by 20~ ln tnelr protel~ 
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content lead to differences in the plasma tryptophan ratio (Ashley et 

al., 1985). Therefore, the protein and carbohydrate breakfasts ln 

Experiment 1 tvoulà have led to differences in the plaslL3 ::ryptopl)an 

ratio. These biochemical differences are acco,::p3nied by one main 

behavioral difference. The protein breakfast resul ted ln a greaLer 

satiating effect (taking into accour.t ::he "alori..es ingested at brectU . ..,t· 

than the carbohydrate breakfast. However, this ef!ect \o:as seen equall l ' 

on protein and carbohydrate lntake at lunch. The dlfferen::es in 

breakfast macronutrient cornposi tion did not lead to al tered macronutnent 

selection at lunch. Thus, our data are not consistent \odth one part of 

the hypothesis which relates food-induced al terations ln braln SHT to 

subsequent macronutnent selection. Experililent 2 .. as designed to look at 

another of the links in this hypothesis. Foods èiffering greatly in 

macronutrient will resul t in differences in the plasma tryptophan ratio. 

We "dshed to study ho .. large differences in the ratlo of protein to 

carbohydrate in a meal must be in order to resu1t in slgnlficant 

differences in the plasma tryptophan :-atio. 'i.Je dlso studied the effect 

of dlfferent breakfasts on changes in subsequent intended food 

consumption. However, because this was not the primary purpose of the 

experirnent, and because of the number of conditions in the study, 

nutrient preference was not measured direct1y, as i;1 experiment 1, but 

indirectly by checklists and forced choice procedures. 

In experiment 2 \ole looked at plasma a:nlno acids after isocaloric 

carbohydrate breakfasts containing 0, 4, 8 and 125: protein. Hean plasma 

1e\'els of aIl the large neutral amino acids dec1ined after the pure 

carbohydrate and 4% protein treatment, though the declines were smal1er 

in the 4% group (Table 3). At 8 anè 12~: proteln none of ~he changes wer~ 
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statistically significant. Tryptophan and histidine exhibited the 

smallest decl ine after carbohydrate. This particular effect, along with 

the larger decrease in the other neutral amine acids, resul ted in a 

significant increase in the ratio of tryptophan to the sum of the 

competlng amine acids after a carbohydrate breakfast (Table 4). There 

was an inc't"ease in the histidine ratio of the same magnitude, but it 

failed to achieve statistical significance. The addition of as litt1e as 

4~~ protein to the carbohydrate breakfast prevented the increase in the 

tryptophan ratio. The 4, 8 and 12% protein breakfasts and the danish 

pastry a11 failed to influence any of the amino acid ratios 

significantly. 

In Tabl e 4a, the ratio Vias ca l cula ted using the tradi tional fi ve 

amIno acids; tryptophan, valine, leucine, isoleucine, phenylalanine and 

tyrosine. The ratios in Table 4b were ca1culated using the same five 

amino acids but histidine and methionine were included. These two amino 

acids are also competitors at the blood brain bdrrier COldendorf and 

Szabo, 1976). Hhen the ratios were calculated in this manner, 

the tryptophan ratio did not qui te reach sigr. i fi canee. Resul ts of the 

food !Jelection and forced choice questionaires are shown in Table 5. No 

statistically significant effects were observed, a1though there is a 

trend towards decreasing protein selection as the protein content of the 

breakfast increased. 

DISCUSSION 

The first experlment was designed to determine if physiological 

amounts of the macronutrients could alter nutrient selection at the 

foll ot.ang meal. We r')qui red trea tments tha t wou Id approximate 

proportions and quantities of macronutrients normal1y ingested. As most 
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rneals generally conta:n tldce as much carbohydrate as proteln, we deClded 

on a non-isocaloric approach. The protein treatment contained slightly 

less than half the amount of kilocalories as the carbobydrate trpatment. 

The amount of protein we used, 45 g, is a moderate quantity, and ITllf:ht be 

ingested in a single meal. Protein has been sho~'TI to possess a g:-enrer 

satiating capacity than carbohydrate in man (Blundell and Hl11, 19S~) ,l1ld 

monkeys (Jen et aL, 1985). Thus, to be able to observe an eff!:'ct on 

nutrient selection without altering total kilocalorie intake, it seemeû 

appropriate to administer less protein. Thls approach was j ustified by 

the absence of any difference between treatments on total kilocalorie 

intake as seen in Fig. 1. \\'e did tind that a protein Meal decreased 

subsequent &nergy intake when it was given on the second occasion, but 

not when it was given on the first occasion. Psychological factors may 

have played a part in the order effect. On the second day not onl y were 

the foods familiar and thus possibly less appealing, but the subjects 

were anxious to be pald and to leave. These factors may have combined 

with the susceptibi li ty of protein to suppress subsequent food intake and 

causeè the order ef f ect tha t we f ound. 

Our resul ts indicate that high protein and high carbohydrate mea 1 s 

given in the morning displayed different satiating capacities. A high 

protein breakfast, with half the energy value of a high carbohydrate 

breakfast, exerted an approxlmately Equipotent effect on a lunchtlme test 

meal. Slnce the protein and carbohydrate breakfasts were similar ln 

sensor)' quaI i ties, and therefore presuma hl y simi l ar in thelr capaCl ty tc! 

provoke cognitive attributions, lt lS a reasonable assumption that thair 

different actions on satiety were mediated by different metabol ie 

effects. The exact metabolic substrate of this effeet is unknown, but 
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our data Indicate that it is not SHT. If the carbohydrate breakfast 

raised, and che ~rotein breaktast lowered brain SHT, then a difference 

shou Id have been seen at l unchtime in the absol ute number of calories 

selected. In fact the number of calories selected was apPrJximacely the 

same atter the two breakfasts and the greater satiating power of the 

protel n breaktast could onl y be inferred tram the tact that intake was 

the same atter the protein breakfast even though fewer calories were 

Ingested. 

The lac~ of effect of the different breakfasts on energy intake is 

not surprising as human studies deslgned ta investigate the acute raIe of 

5HT in regulation of energy intake have shov."I1 mixed results. Although 

tryptophan admInIstratIon led ta a decrease in tood intake in young men 

(Hrboticky et aL, l ~8b), the tinding is confounded by the increased 

faintness and dizziness experienced by the treated subjects. BIundel1 

and Hill (l ~81) found that adding tryptophan ta either a high 

carhohydrate or a high protein lunch failed to influence total calorie 

intake in a test meal three hours later. We also failed to detect any 

effect on total calorie selection in a test meal when tryptophan levels 

were altered. In our experiment plasma tryptophan was depleted markedly 

by a tryptophan-deticient amino aeid mixture (Young et al., in press). 

In the present study we did not find any changes in macronutrient 

selection atter pretreatment with either protein or carbohydrate (Fig. 

1). ThIS 15 ln contrast to the results ot Blundell and Hlll (1~87) who 

found a signiticant decrease in protein selectJon after a high protein 

meal. However, Blundell and Hill (lY8?) used 66 g of protein, nearly 507-

more than we used (45 g). It appears that the relatively small 

quantitles of protein used in our study were not enough to alter 
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rnacronutrient lntake. Al ternatively the difference in energy lntd\....e at 

breakfast may have been a confoun~ing factor. It may be that altered 

macronutrient selection would have been seen if the calorie intdhe of thv 

protein and carbohydrate breakfasts had been egual. The lac\.... of anv 

effect should not be surprising as studies on the effect of al ler~d 

tryptophan levels on macronutrient selectlO:1 1[' hunans, like tl1{l'~e on 

total energy intake, have given 'Glixed results. C!langes in r:o,l':'·",I'ltrlèllL 

selection after tryptophan admIf,istratIon hav,: flut be::en obs!:'!\ <,: ;;) 501"_ 

studies CHrboticky et al., 1985; h'urtman anè \'Iùrt.TI1ôrl, 1981; S:.r, ,n C'( 

aL, 1985). HOio.'ever, when tryptophan WolS gl\'€;) .... lt!; d 111gh prOl"ll1 

lunch, a significant reduction in carbohydr8te scl'2ctlon \<.',.s S'2cn 

(Blundell and Hill, 1987). Conversely, proteln intaJ...e \<:as ('lm;'il! :),_.,! ld 

subjects ",'hase plasma tryptophan levels were lo\"'ereà bv ô try~Jt -: 1'1:,'\\ 

deficien'_ amine acid mixture (Young et aL, in press). 

these studies, together Idth those of the present study, sug;;cst ~hdt ~)iïI 

can play a role in macronutrient selection in Sorne circu~s:ance~, hut 

that dlet-induced changes in brain SHT are unI i kel y to ~ l al' an 1 r"portrnt 

role in regulating i~take of protein and carbohydrate in humans. 

COtlparison of individual foods selected after m3crollutrient 

administration revealeà a significant lncrease ln appl~ co~~U;r.p~iDr. r'3:t t -'r 

protein pretreatrnent (Table 2). This seerningly inconsequentla] ~-"<;t.J t 

led us to examlne the :-elative arnounts of proteln and carboh-,·~:·,,:(, ': 

foods offered and to question v,'hy the effect was speclflc ::I~ tI,·.' 

particular food. When the ratios of c2rbohydrate to pro:e::~ .:'0;" 

calcu1ated we found the ratio for the apple was notlceat-l y Gc" '- " : l'.', 

that of the other foods in that i t was roore than 5-fold hl{;her : ;,'J t ;1 1 

next highest ratio (Table 2). lt was the sIngle food containinr 
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prirr,arily carbohydrate, ",ith only negligable amounts of proteine In 

co;1trast, the other "carbohydrate" foods contained more that 4~; protein 

e:1ergy. ./.. protein content of t.~~ is signiflcant because, as dlscussed 

belov.·, a protein conte:1t that small is capable of blocking the rise in 

the tryptophan ratio produced by carbohydrate. Therefore, as far as the 

plasma ratio i5 concerned, only the apple can be classified as a 

carbohydrate food. In tems of tryptophan availability, aIl the other 

foods ",ould be perceived neurochemically as mixed carbohydrate and 

protein foods, even the tomato and cookies. The fact that a carbohydrate 

meal decreased selection of the only relatively pure carbohydrate food in 

the subseque~t test rneal suggests that this s~al1 finding d1d not occur 

onl y by chance. It may be tha t in hurr.ans the mecha:1isrns al tered by 

prevlous protein or carbohydrate meals are not ln\'olved 50 much in 

regu1atin~ overa11 protein or carbohydrate intake as in the regulation of 

intake of specifie carbohydrate foocis. This makes sense in evolutionary 

terms. Frults such as cangoes are high1y preferred by monkeys. A 

mechanisrn woulci be needed to stop monkeys eating nothing but mangoes 

during mango season, because thlS v.Tould resul t in negligi ble protein 

intake. Our results suggest that the intake of a meal of mangoes might 

lnhibit only the intake of further items containing high carbohydrate 

v.Tith little or no proteine 

Because of the conslderations above we decided to look at the amount 

of prote1n in a carbohy~rate meal necessary to block the rise in the 

tryp::ophan ratio. In addition we looked at a commonly ingested 

breakfast, eoffee and a àanish pastry, that is generally regarded as a 

earbohydrate breakfast. In fact, in sueh a breakfast the amount of 

protein 15 about la;: the amount of carbohydrace. Previously published 
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reports had or.ly lookecl at the effec: of larger amoun:s (:O~, 0, 0\,(,1') (';­

protein 0:- pure carbohydrate (Ashley et aL, 19S:; ~e:-r:s~rOl"J et :Jl., 

19ï9). The effect of smé.ller quantitles 0: r:-oteir. 0:-: hur.;i1r1 :,:,,~, , ,Il\:,\ 

aClàs hac not been examined. The resul ts from our seccn:: sttl'::\' "l,.""';-·' l 

the idea that on1;: relatl'\'ely pu::-e carbohydrate s:ign::.flCi1I~::ly Ell·\"t,·,j 

the tryptophan ratlO. I,e found that t:'Je add1tlon of Ol:}\, ... ~< ;w"t'-ll' \,,' 

suf::ieient to inhibit the increase (Table L.). Bep:min~ a:: the t', 

p::-otein level, a t::-end towa::-ds a decrease .. n the trypto?han ratH' y;aé, 

seen, 1nereasing v.'ith the l.ncreased protein content of the meal. Th!.! 

breakfast of a eoffee and a danish pastry caused no significant change ln 

the tryptophan ratio, indlcating tha:: It "as not il cart10hydrate mCGl ilS 

far as the tryptophan ra t io lS concerned. 

lnterestingly, the ratio of histldlne to the su::, l'i' ::hlô' neutral 

amlno acids showed the same respo:îse as try?tophan, .. ;i::h ùn l ncrease of 

about 25% after the carbohyèrate treatment. T:-:lS altlnO dCld precursor 

has been virtually ignored in the beha\'~oral studie!:, even though 1t lS 

able to compete at the blood brair. barrier v:l::h the other neutral amino 

acids and the rate-limiting enzy:ne is a:!.so unsaturated at phYSlological 

concent:-atlons of substrate (Sch"artz et aL) 1970). 

A trend towarès an in\'erse relatlo:1shlp between pioteHl content and 

protein selectIon was seen in the food selection and forced cholCe 

ques t ionnai res (Ta bl e 5) though these è l fferences èlà not reach 

statistical signl.fieance. 

Our human data concerning the effects of s!!léill amounts cf proteln, 

added ta a carbohydrate meal, on the plasma tryptophan :-a::io ::.s supportt'C: 

by the animal \Jork of Yokogoshi and Wurtman (1986) who found that 5~, 

easein added to a 70~, carbohydrate rocal ~lockeè trl( e:·:pecteè increas'Ô:' 1L 
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:ne :r;'p:ophar: ::-a:io. Tnerefore in bath rats and man, slgnificant 

c:-.é::;;es :.n the ra::0s ;dl: occur only at ex:reme levels of macronutrient 

1 ::..~geS::lOr., I.E: ... ,:her. e::':her pu:::-e carbohydrate or hib"h concentrations 

of prote:"Ii are cC:1sumed. Thls supports our contention that the 

t::-yp::ophan ratio may be inv01 ved ln a mechanis:n used to ëistinqllish 

bt=:;..Jee:; fooes contairang pure r:lacronutrients. A :n:e rar.ging animal 

... ·ouIè pe:::-haps be in a situation ... he::-e foods of ex~::-e;ne macronutr':'ent 

cO:1tent eXlSt and woulè be fo:-ced to select among them. Upon 

exaltlnation, ve::-y few foods actually contain less than ':'i~ protein. The 

:oods falling lnto this category would be primarily fruit, which are 

usually assoclated .. ..'ith a sweet taste. in the "dld, the 

pur pose of the mechanisrr. may be to inhibit an animal from feeding 

solely on a fooe: ;..'hich lS preferable for its sensory rather than its 

nutrltlonal quality. 

In humans, the phYSlologlcal relevance of this rnechanism is 

questjonable, as t:lost rneals contain a mixtu::-e of proteir., carbohydrate 

and fat ln quantltleS unllkely ta increase the tryptophan ratio 

51gOlflcantly. .t.. second facto:::- ;..'hich must be considered is the magnitude 

of change founè after the carbohydrate breakfast. General 1)', it 1s 

assulned that a 50-l00i; increase or a 30-50% decrease in the tryptophan 

ratlo 1S requireè to alter brain 5HT metabolism (Ashley et aL, 1985). 

Recen::ly Wt: have g:ven protein and carbohydrate meals ':0 patients before 

they had a lumbar puncture. Neasurernents of tryptophan and the SHT 

me ta bol i te, 5-hydroxyi ndal eace tlC acid, in cerebrospinal fI uid were 

consIstent ;.."ith the idea that changes of the plasma tryptophan ratio of 

the Slze rnentioned .. dl l not lead ta al terations in CNS 5HT synthesis 

(Tefi" et al, ln press). In our present study, the carbohydrate meal only 
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resulted in an increase in ~he 20~; range. lt is unlike::- tb."'.:: t:')<.. û,',:,', 

of change would effect brain 5H:. Tnus ln hU:-laD na:es, ~t1e e\':;,~elh ,', 

suggests that under nor:r.a: dietary CO~d::':lons the ~ryptopr:a:' ,éi~ lI' G\','" 

nutrient select.ion, although i~ is ?ossible tilat in c2..::'nlcal ;)'1>~, ,tllJ;" 

lo.'lth abnor7:lal eating patterns or biocher::lst::-y, the :necha:~:srr F 

infI uential. 

The lad. 0: eVldence for a role of ~hé :.:- 1,:(,';:;1 ê.r :-atlc .:-: 

regu1ation of food intake does not lroply tr,3t :;~;~ ~::sè.lf 15 ; ,,~ "' " ~ Il 

in the behavior. Abundant animal data poi:-,t,; ~,>"d"ds )r:-;- <1" ,,1' ",,;,' :'ècl .. :' 

neurotransmltter ln the reguIation of food H:ta~.", ')1: ,'<: Cc" ." ~-:.d 

design becomes more sophisticated we are flnèl-;; :r.<.~ :rl'~<"" f :1.>,' .... :l' 

ve ry subt le. One example i5 the raIe of . :'\ 

(B1undel1, 1986; Shor-Posner E':: aL, 19[50). Re[ula::0t' 0: : ."", 
, 

l' l' ,~'" 

a highly cOr:lplex beha\'lOr, especlally in huruans. ln adè~:l(l:~ ::u 

physio1ogical rnechanisrns, cul tu!'al, psycholcg:cal and sensc..n: :dctO::-S 

cotl.oine to influence human èietary intake. 1::. 18 these corn:} n.,:: f,·" t~)r, 

which make interpretation of chetary expe!:'lments 50 è:f:1CU::: Anè .... ·t~:UI 

accounts for differences obsen'eè ln va!':lOUS èleta:-y paraSl ,=-7J~. lt .... ·1;. 

be necessary to develop expenmental 

finel)' structured as those e,:ist~ng for anlma:'s in 0-'" ,,. t: C""'.t '·;--:nt· Lll. 

precise role of SHT and its relationshlj) to dletary J:1taf.e. 

In conclusion, the resul ts of the expe-:-lme:'t5 p::-eser:teè nere 

indicate that high protein or high carbohydratE: breaK:asts dé, ap;l'!a, ~(J 

exert metabolic effec~s which resul t ln changes n sa~lety an": !-Il"t l e 

alterations in subsequent dletary selectIon. However, tne ct'lr.ri2e" :'1 

plasma tryptophan ratios indlcate that these e:fects are nc,t :;-0;:r:,.1~ .... : ",> 
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c~langes in O:S tryptophan or SH:' metabolism. 
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Table 1. Foods available for selection And their macron\ltrient contcnt 

Arnollnt Approxirnnte 
Nulr ient~_Jgl g food) 

Food servcrf weight servpd .LEU. kCAL!g Proteln Carbohydrate Fat ----

White bread 12 slices J')O 2.71 0.09 0.50 0.01 

But ter 2 lahle<;poolls 50 1.lO 0.01 O.Ol O.Hl 
1--' 
\{) 

IImn 0 JOsliccs 1,00 7. l J O. 19 0 0.17 

Salrtmi III <;1 ic"" 100 1. 1/, 0.1 H 0.01 0.26 

C!Jrclclaf c!Jcl'se 10 <;Iicp" lO() J.98 0.25 n. 02 0.)2 

Brick chee<;e 10 slÏ<'cs 200 J. 71 0.22 0.02 O. JO 

Tomato 2 (s 1 i ced) )00 n.7.0 O.OL O. O/~ 0 

Apple 2 (f\\lnrtered) JOO n.55 0 0.14 0.01 

Cnconut cooki(><; H 100 4.9/, 0.06 0.6 /, 0.75 

Chncolnte fi 12') 1,.71 0.06 0.70 (). 2} 
chip cook('<; 



~ 

'" ~ 

Table 2. Amolln!. of food selC'ctcc\ Ht lunchtime after carhohydr,1tc or protC'in breakfasts :111<1 
relative m;:cronlllrient composition of [oods of(ered. 

Amonll t () f Food <; Sr> l cc t f~cI Relative macron\ltrlel1t cOlltent of ronds 
rit lunchtime (g) available for selection nt lunch 

... , 

Cnr1lOhydrate protein Carhohydrate/ ZProtein Energy 
breakfast breakfast Protein %Prolein 

Bread 95. l, +/11.0 91.8 +42.0 5.80 8.6 

Butter 7.31+ 6.71 7.78+ 6.63 1.00 0.7 

Ham 87.3 +55.8 S'j.) +70.0 0.00 19 

Salami 52.9 +38.2 52.8 +)5.7 0.08 15 

Cheddar CheesE> 1,1,.3 +32.9 1,2.7 +32.6 0.08 25 

Brick Cheese 50.3 +3/,.1 59.1 +35.4 0.09 22 

Tomato 97.9 +78.0 91.4 +73.0 4.00 1.1 

Coconut cook les 8.16+13.8 5.66+11./, LO.O 6.2 

Choc. chip cookies 33.1 +29.7 25.3+31.3 12.0 S.S 

Apple 70.1+82.R 10.5+87.5* 68.0 0.2 

Values for the nmount of foods selected are given as menn of 32 + S.D. 

*, p(0.05 by two-tailed paired t-test comparing amount of food selected at 
lunclltime after carbohydrate or protcin breakfasts. 

(kcal) 

12.7 

O.l, 

31 

21 

25 

2/, 

20 

5.0 

(, • 7 

1.5 
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T"hle 1. Fffe .. t nf <llpt"ry tr .. "tmrntq on pl"«m,, ".nlnn "cid level ... 

Pr... or 
Rre:Jkfast poql 81('31 '!I.r. !.re':. TrI!. J'Y..!:. rh ... Vili Ile l.cu III " Hl'l -----
07. prot('!n pre 72.6~ 111.7 IO.'J+l.7 61.0t! 0.5 ';l,.f. + Il.9 2:7/lffiO 70.2 t 12.3 121, tt.9 85.5+ 9.6 21l.2+1.,fi 

pOlit ';9.6+17.2 7.ill.lI* 111. 'it Il.9* 1,0.6+11.1, lf,2. 1,2** }II. i+ 8.6** 87+17* 7J • I,t Il, .Il 17. 9~3./,** 

l,?; proteln pre 67.fH 13.11 9. HI.f1 51.7t Il.C, ,)O.H 7.1 2J]''''' (,';.}fl/l.J IJJfl7 82.1 H5.1l 23.711,.1 
P°'lt 56.RI 7.77 7-"'1.1 1,1. Il 'j.R 1,2.)+ 1 •• J IIl9IZR" 1,(,.61 6.1" 92tll· 71.6112.1 IR.AI7.6" 

117. prot('! n l'n' 17.1 fi Z. 1 }{I. J~2.0 ')6.')~I1.1 ')0.2+ 9,2 2111 '12 6',.S+12.7 12)'23 7lI.7+II.J 23.9.').7 

r oql 65.7113.3 R.51I,(, ,)1l.lf !l.6 ,)I.lt S.I 209+2/, ~8.91 6.0 109/11 77.319.5 2/,,1,1).2 

IZY. proleln pre (,';.1+10.11 9.8fi.5 S' •• 1t 6.J 51.3t 7.0 HO' ',~ 70.7H/ • .l. if, 11 Rf> R(,.'jII2.'J 2')."'2.7 
pO'lt 6)."110. 'j 1\.1,+1.2 57.JI8.2 5(,.1+ 7.2 21. r. j:IIl 70.9+11.1 13611'1 11( .. '11"1 J.R 2'i.7~2.(' 

[):JI1\"h p,<;lry pre 7A.(I+lf,.7 Il.R+1. 'j M.S+2').2 67. 7H J,Il Zl,717J AIi.(,t/,l.O 1671(,6 91.AI\').1 211.5'8.7 
pn"l (>7. (,11t.. fi 9.912.7 M).112'j.I. 61.111".11 7Iqt"!l (,R.RI"Jl.r.* 1 JOI,.11 1111.21" 9.7 ]' •• 1!::1I.3* 

R"RIIII'l ar .. l'r .. ,, .. nlptl "" m .. "n of 10 ~ <;.0. In "mol .. fl/l. 1\ llol" loI,y : ... ;11 y<;l" uf vllrlllnr'" wa" carrl",1 Otlt on th!' valu!''! Cnr .. ;1ch of 
th .. 11I.llvl" .. ,,1 "mlno nr'rlR. Th .. r" w;;-"., ,,1,~n'fl(,:l11l "rf",t oC tlm" 0 .. tnlnl rl""m, trYl'tnl'h"" (r(I.IIl)-Il.II. 1'«(l.01) f111f1 Cn'" 
1'1" .. m., 'r)p!"l'hnn (nl.IIl)-ll.T, l'(O.nl). l\1kpy'" t .. "l ,pv""I .. ,1 " .. Ip,nlfl.'"nl flp"II" .. In frpp llyptnl'hnn wllh 1"" m.: l'rot p ln 
mr:11 (q-J.q'"l. p<O.o,;). Ff"lT tyrnc;tn(- thrrr W,q , c;(~nlrlCf\nl p(rrct or ttmf" (F(1,1f\)=7 .. 27, 1'<0 .. 0")) .,ori ôl c;'h~nlf'cAnt ttmp hy 
"o."tltlo" Intprn"rlnn (H/ •• 7n-J.71. r(n.o'j). Tuh·y·., 1"'" 'l'v .. ,,l .. '' " "I"n'C'olnt ,J,.,. 1 ln ... 'n 1'1.,<:m, tyrn."" .. :'Iftt?r Ih .. 07. 
prol .. ln hr","C" .. t ('I-',.Pf,. 1"0.0',). For 1'1"'lIyl"l"mlll(, Ih .. rp w.,., lin .,I,:n' fl,.,lI,1 .. ff .... t nf tlm ... nlll thpr" ""1" Il qlp'II' flc""t tlm .. 
hv ,,,".'ltlon Int"I,ctlon (F(I •• 7J)-]J,'" 1'<0,(1), fll"T" "',,,, ·,lr"lfl""nt .. ff"rt "f tlmn for v:1Iln .. (F(I,JlI)-9.9?, p«(J.OI), 
1""1,, ... ·10 .. (F(I,llll-ll.7. 1'<11.(1) ,,",1 I""rlnp (F(I,IIl)-ll.!., 1'(11.(1'». Tllk"v'" ,,,,,t .,'v""lprl "Ip,olfl .. "ot <1 .... 1 ln .. " for th" 
hr"n", ... 1 c""ln "mlno n"l<l r fnr thp O! hr .. "kf,"t (for v"I, '1-'j.1A, 1"0.01; for Il,,", '1-~.6/., ,,<rl.OI; for 1"". '1",.0. ,,(0,0';) ,n<l 
th" I.r. hTP.,krMlt (for v:t!, '1-1./l6, 1'(0.0';, Cor 111'11, '1-1.11, pd).O~. Cor 1 ... ". 'l-J.IlR, p(O.O'i) .. hl 1 ... th ... 1""1",, """try """'1",1 " 
'llp,ntfl .. "nt rl .. r1ln .. In 11<'11 ('1-1.17. p(D.D'». For m!'thlonln" ll,,·r ... 101,1" " ~1p'111f1(,"l1t ('rCccl of tlmf' (F(I.ill)~16.6, 1'(0.01) "n,J " 
"I~nlr!c"nt tlm .. hy ('on.!lt!nn l"troT"rtlon (F(I.,72)~J.70, p<Il.()'». T,,~('y'l'l te"t rl've"I(',J " signlfle"nt ,J<'l'llnp ln m .. tbl'>I1lnl' 
"fu'r thp m: ('1-7.0(,,1'<0.01) "n,J t.r. hrf'"kf""t ('1-1.16, ,,<0.0'» "nfl :dteT th .. <I""I,,h p""try ('l~J.OI, ,,<0.05). *, p<n.O';, ". 
p(tl.OI I .. I.,tlvp tn pr"m .. ,1 v"III". 



u._,,\ 

,L 
-c 
w 

MW!! -- 7 

~ 

Tnhle G. Effeet of dlpta~y treatmrntR nn plasma amlno aeld rAtloR. 

A. 
l'~r or 

B~eakfnBt pnllt meal T~p/UIM f'n'(' T~p/LNM .!Y. r / I.NAA Phe/LNAA 1I1,;/LNA-\ 

0% proteln l'rp 0.113+0.029 0.020+0.006 0.11O~0.019 0.0?fdO.008 0.1 Iol. 10.071\ rOll t 0.168+0.0/,2* 0.022+0.00'> 0.103+0.022 0.10'>+0.01.5 O.179TO.051 

GX l'rot .. ln pre 0.129+0.030 0.0 18~ O. O(jl, 0.09SHJ.015 0.091+0.0(1) 0.137+0.026 pORt 0.140+0.021', O.OIIl+O.OOI, 0.097+0.016 0.099+0.008 0.153To.027 

R% proteln l'rI' O. JI,I,+O. 025 0.020.0.003 0.107 1 0.015 0.095-10.009 0.131-10.021 pORt 0.135+0.029 O.OIA+O.OOl O.llA+O.015 O. H))+O.009 0.141.0.022 

12% proteln pre 0.12HO.025 0.0 IIH O. 0(11, 0.099+0.019 O.097+0.0q9 0.147+0.021 pORt 0.112+0.017 0.015To.003 0.10ITO.OII, 0.09'1tO.015 0.140+0.027 

Dnnlsh pAstry p~1' 0.112-10.026 0.019-10.003 0.105 +0.01 3 0.107~0.021 0.136+0.025 pORt 0.129To.025 0.019+0.003 0.107+0.016 0.1111+0.fJ23 0.15i+0.024 R. 

0% prote 1 n pre 0.110.:!:.0,Ozt, 0.017~0.001'> 0.091+0.0lf, 0.ORO~0.(106 0.13 /, 10.021 pn .. t 0.1)4+0.035 0.01810.00/, 0.082+0.016 0.OR5+0.012 0.1 72+0.0/,f! 

4% protelo prp O.IORtO.OZt, 0.015+0.003 0.019Hl.Oll O.07&t0.OO' 0.13HO.025 pflst O.lIS+O.02l 0.015+0.nOl 0.01\0-10.01/, 0.082tO.001'> O.14I\HJ.OL6 

A% proteln pre 0.120+0.020 0.017+0.0()1 0.090~0.0l J O. OIl(HO. 007 0.126fO.020 
pORt 0.111"-0.02t. 0.015-;:-0.00} O. 0911"-0. Oll o.oMTn.OO7 0.13.5+0.021 

12% proteln pre 0.101+0.020 0.015+0.003 0.01\2 t-O. 011, o • OR 1 1 O. 01 l, 0.137-10.020 
pORt 0.091.+0.01) 0.01)+0.003 O.OBI.+O.OII 0.082+0.011 0.1)/,+0.026 

Dantsh pARtry pre 0.109+0.020 0.016+-0.002 O.OROIO.Oll 0.011(,+0.017 0.131-10.023 
pORt 0.106+0.019 0.015+0.002 0.OR9To.01l, 0.09J-;:-0.019 0.1 /,6+0.029 

ln Rection A the r"tlos "rI' calclllatrcl Il'>lng Trl', Tyr, Php, Lpu, 11PII nnd V:11 :16 the compptln,lt nmtno :1clclR. 
In Aeetton Il. Mpt and IIls are alRo tncllldE'd. Valllp,> arE' p,IVPll :19 mt'nl1 of LO + ".n. For ench ratio n two 
WAy analyRtA of variancE' was eArrlcd out .. ep"ratpl y for thl' vaillell tn geeJIonfi Anne! n. None of the time by 
condition interactl~ns Achleved qlgnlftcance, hllt thp value,> for tryptophnn ln Rection A were clo~e to 
slgnlfle:1n ... p (F (4,72)=2./,2: for 1'=0.05 :1 valll!! of 2.1,8 III needed). Tukey's test revealed lhllt only the 0% 
protein mp:11 cnllAed fi slgnl flc.,nt change ln the tryrtol'hnn ratio (Q"t,.73, 1'(0.05). 



Table 5. Effect of dle\.ary treatments on food se:!.ection anè ~o,_c.: dle)l. t 

questionnalres 

____________________ ~F~o~o~è Se12ctlon 
---~---~--

Protein (g) C3rholl\'':: r;;t c { r " ---.. --
Pre meal ~ pos~ pre } ~\ )~ __ t_ --- ---
O·' protein 133+63 191 .... 102 23(1 --lI" " . /. -
4% protein 141+59 180"'51 ::~"I:-+ll) ~I ) ~I • 1 1 

8% protein 125+93 146+78 2: :2-1 ,~CI ~ kl " ~ , 

12% protein 130+70 129+84 26b .... 124 _) t) 1. ~ 

breakfast 136+107 160-108 ::SS+l t)) ,,-
.... ) .. ' 

Forced ChOlce 
----------------------~~~~ ~~~~-----

Number of hu:h proteln foods -- --"--

Pre meal pre ~ ----- "'---
pre rrl~ ~ 

O·' " proteln 9.0+4.8 Il. 6+3. 6 6.9+4.7 4.!. ... ~ .• () 

4·' 1. protein 10.2+2.5 11.7"'2.0 5.8+2.5 ".3+::. () 

S·' 1. proteln 7.0+5.4 8.0"'3.7 9.0- 5. t. 7.9+3.7 

12:: proteln 8.8+5.0 6.9+5.2 8.2 ... 4.9 9.1+5.: 

':>reakfast 7.5+5.0 8.0+4.8 8.5+5.0 8.C'-rL..~ 

Values for food selectIon sho .. • the amount of ?roteln and céirbun,'orAt,· ]~, , ;" 
selected by the subJect from a menu before anà after Inges::lo:- C: ;:. l'r',:. d " 

carbohydrate breakfast. \'alues are the mean of lO-Sn. ?~<;L.l:~ ,f ; r,·_ : r 
chOIce questIonnaIre are gl\'en as mean of lO+SD fornurn:'er Df ',,).' -'_,1.-, 
hlgh carbohyèrate foods selected. 1'.'0 \olay analysls of \é:·:a~l: ,,""l 

slgnlflcant tlme by COndltlOn lnterac::lons, indlca::::1ç nu: '> - ',(,_, ",,­
were not dlfferent for the èlfferent treatments. 
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Flg. 1 The effect 0: carbohydrate or protein breakfasts on energy 
selectlon at lunchtlme. The key refers to carbohydrate CC) or protein 
(P) breakfasts glven on either day 1 or 2 or both. Thus, the C, 1 l. 2 
under the first bar refers to values for energy selection at lunchtime in 
subjecrs ... 'ho rec€:lved a carbohydrate breakfast on either day l or 2. 
Under the thad bar C & P, 1 refers to values all subjects on day l 
\o,'hether they recel veè a protein or carbohydrate breakfast. Under the 
flfth bar C, 2 refers to the subjects who recelved a carbohydrdte breakfast 
on da" 2. Values are mean + SE. For the flrst 4 bars l.e. the whole 
group; n=32. Of these li reëelved proteln first and 15 recelved 
carbohydrate flrst. A t ... 'o-tailed paireè t-test revealed that, taking the 
whole group together, subject ate signiflcantly less on the second da)' 
(t=2.39, p(O.05). ln the subjects who had the carbohydrate breakfast on 
the first day, and the protein breakfast on the second day, energy lntake 
at lunchtime ... :as slgniflcantly sma11er on the second day (t=2.19, p(O.05). 
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Flg. 2 The effect of carbohydrate or proteln breakfasts on proteln 
selection at lunchtlme. The explanatlon of the flgure 1s the same as in 
the caption to Fig. 1. TaJ....lng all the surjec:::s tOfether, slgnElcantly 
less protein was ingested on the second èay (:::=2.28, p(O.OS). In the 
subjfcts who had the carbohydrate b~eakfast on the flrst day, and the 
protein breakfast on the second day, the decllne in prote:~ Intake on the 
second day was close to slgnlflcance (t=2.0, ~ ... hereas a t of 2.415 

necessary to achieve slgniflcance). 
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Flg. 3 The effect of carbohydrate or protein breakfasts on carbohydrate 
selectlon at lunchtime. The explanation of the flgure is the same as in 
the captlon to FIg. 1. ln the subjects who had the carbohydrate 
breakfast on the fIrst day, and the protein breakfast on the second clay, 
carbohydrate intake at lunchtlme was significantly smaller on the second 
day (t=2.29, p<O.05). 
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PREF ACE TO CH}.PTER SE\'Ef\ 

-::'-:-.E: €>:periments in chapter sb: àemonstrateG rhôt th€' :n.Çest 10n "i 

physiolo&lCal anounts of protein or carbohvclrate ~ld not alter 

macro:1utrient selection at the subsequent JTleal. Frol!' the!'," reslll!·:, (Wl' 

could conclude that proteln and carbohy~ra::e èlè not al ter 51:':' : 1111l'! 1 ('". 

It .. as suggested that changes in the plasma tn'pto;:Jh31' rri: 1\) W.~', 1Wt 

breat enough magnitude to alter cer.~ral SET metabclJs~. ;'(' èe:(·"o"H? 

central SHI could be aJtereè by èletary lr.take, a ,",cre è:r·!ct ;n.'. '\lr\;':II' .:'. 

of Cl,S SHI ~ould be requlred. In thlS expenITient, ar.11111:' !'lC('1JP:,"]"S ~j'" 

rnetabolites in hl'wan lurnbar cerebrospinal f1'.nè ' .. :I?re ~1(·d~t.:(:C :::!(,r tri" 

admlnistratlon of protein or carbo~ydratE: breakfasts. -:!,' C ' ... i ,1· r f '1'" :) • 

.. as Triade to answer the question of \.:hether Cle:an' ::;:,1: ( .ir r r..', .. 

SHI metabolism ln humans. 
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l 
Chapter ï 

ACl'TE EFFECT OF PROTEIK OR CARBOHYDRATE BREAKFASTS OK H:n·1AK CEREBROSPINAL 
FLUIn MONOAMI~E PRECURSOR ~;D METABOLITE LEVELS 
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AESTRACT 

?a:ier:ts ""1 th norr::al pressure r.ydrocephal us "Tho haè ::hree l tl;'l'~)ar 

pU::1ctures èu:-:..::g one "'eek ingesteè elther .. "ater, a p"ote:" :rc,1;·:.1t·~ c.':-.' 

carbohydrate breakfast 2.5 h berore each of the l umbar punctures. Tht:' 

CSF "'as a:1a1 yzed for biogenic aT:li ne precursors 3ilè meta::,oll t es. TIlt' 

but dld not alter tryptophan or any of the blogen:c a~:ne m~tab01:ter. 

Th~ carbohyèrate meal lncreasea CSF 3-methyo)y-~-nv~rcxypnenyle::hyle~e 

glycol, an unexplained finëing. :'he carbohydra:.e r.ot~al r:ld not l:lfltlr>nct:> 

CSF tryptophan, tyrosine, 5-hydro,:yindoleace:r:( a~:i.(: :;," ;n1Dé,,'a:illlic 

acid. Our results support the idea that in Illl'i1;")" r:-Jteln or 

carbohyd:-ate rneals do not alter plasrua a:n:.no éClè :,:"c~o. '·'·;,cjPt'tly tCI 

cause app:-eCl.able changes ir. C~S t:-yptopr.an le\'e:" cr ~,-~" ,":-" ... 'tn'p:'dmlIH: 

synthes1s. 
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IJ\TRODUCTIOJ\ 

T~yptopha~, pheny2a:anine, tyrosine and histidine are the dietary 

precursors of the neurotransmltters dopamine, noradrenaline, 5-hydroxy­

t ryp::am::. ne (S-HT) and r.i stalIlne. For aIl these preci.1rsors variations 

i~ their brain levels can, in sorne circumstances, influence the rate of 

synthesls o~ :he product neurotransmitters. In the case of S-HT, the 

rate-l1rr:i ting e:lZyme in the synthetic path>o:ay is tryptophan hydroxylase 

wn~cn lS unsaturated at phYSlological concentrations of substrate. 

':'nerefore, admlnistration of tryptophan v .. i11 increase brain 5-HT in rats 

(Ashcroft et al., 1965) and 5-hydroxyind01eacetic acid CS-HlAA) in the 

cereb::-osplna1 fluid (CSF) of humans (Eccleston et aL, 1970). The 

relatlo~ship be: ... een dietary tryptophan and brain 5-HT is not as 

straight:or\."ard, èue to the nature of the transport system for amino 

acids across the blooè brain barrier. The large neutra1 amino acids, 

lncluding tryptophan, compete for the sarne carrier (Olderdorf and Szabo, 

2976). Therefore to estimate tryptophan avallabi1ity to the brain, the 

plasma ratlo of tryptophan to the sum of it's competitors must be 

deterluned (Fernstrom and Ioiurtman, 1972; Ashley and Anderson, 1975; 

Fernstrot:l and FalIer, 1978). 

In rats, proteln and carbohydrate have opposite effects on the 

plasma tryptophan ra:10 and on brain tryptophane Carbohydrate ingestion 

ellcits the secretlon of lnsulln, which causes uptake of the branched 

chain amino aClds into muscle. This lowers the concentration of the 

corepetltors in plasma and a110>o:s more tryptophan to enter the brain. 

TnlS may resu1t in increased brain 5-HT (Fernstrom and Wurtman, 1971) 

although occasionally no effect on brain tryptophan and 5-HT has been 

reported after carbohydrate (Glaeser et aL, 1983). Protein, \o,'hich 
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contains high concentrations of ether amine acids relative to trypto~h~~, 

has been found to lower brain tryptophan (Glaeser et al., !983) or have 

no effect (Fernstrom and FalIer, 1978). Simllarly, a lack of effect 

(Peters and Harper, 1987) or a de:rease (Teff and Young, 1988) ha,> hec;l 

sho ... "I1 for brain 5HT. In general, meals contai.ning both carbohyJrate il li ,1 

protein will tend to lower the plasma tryptophan ratio (Yokogoshi Jnd 

Wurtman, 1986) and decrease brain tryptophane However, in one study 

brain 5-HT was not altered after :ngestion of a balanced èiet (Perez­

Cruet et al., 1972). The reason for the discrepancies between the 

different studies 15 not known. 

For obvious reasons, the bulk of the experimental work on diet and 

brain 5-HT metabolism has been performed on experimental animaIs. In 

humans, indirect rnethods must ~~ used. Measurement of the plasma amino 

acid ratio after dietary manipulation has been employed as an indicator 

of potential changes in brain tryptophan and 5-HT metabolism (Fernstrorn 

et aL, 1979; Ashley et aL, 1982; Ashley et aL, 1985; Lieberman et aL, 

1986). These studies aIl found that protein-containing rneals lowered the 

plasma tryptophan ratlo or that carbohydrate meals raised the ratio. 

Perez-Cruet et al. (1974) found no change in the plasma tryptophan ratio 

after a balanced meal when they used the total plasma tryptophan level in 

the calculation. However, they found a decline in the ratlo uSlng the 

free (non-al bumin bound) pl asma tryptophan rati o. Thus, ther-e 15 grea ter 

unanimity in the data on the changes in human plasma tryptophan ratios 

after meals than there is in the results on the effects of meals on rat 

brain tryptophan or 5-HT. However, the signiflcance of the human plasma 

tryptophan ratio changes is a matter of dispute. Ashley et al. (1985) 

have argued that any char.ge in the plasma tryptophan ratlo wi Il cause a 
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smaller change in brain tryptophan and a still smaller change in brain 

)-HT. They suggest that the magnitude of 1 he changes in human plasma 

tryptophan ratios after protein or carbohydrate meals would 1ead to 

neg 1Igi bl e changes ln brain 5-HT. 

There is on1y one report examining the effect of diet on tryptophan 

and )-HlAA ln human cerebrospinal f luid (CSF) (Ferez-Cruet et al., 1974). 

CSF was taken before and four hours after neuro1ogica1 patients ate one 

of two nutrlt10nally balanced lunches. CSF tryptophan and 5-HlAA were 

sigrllflcant ly lower in the postprandial samples than in the first CSF 

sampl es. In patIents who did oot eat lunch there was no change in the 

CSF indoles. The purpose ot the present study was to Investigate further 

the effect of rneals on human CNS biogenic amine metabolisrn. We measured 

amIne precursors and rnetabolites in the CSF of patients who ingested a 

cdrbohydrate breakfast, a protein breakfast, or no breakfast. 

HETHODS 

CSF was obtained from patien ts wi th normal pressure hydroeephal us 

(12 men, 3 wornen, age (mean .:. SD) 10.6+8.7) undergoing a series of three 

lumbar punctures. This procedure has been found to improve their 

neuropsycho10g1cal pertormance (Botez et al., 1974) and was the sole 

reason for hospi ta l admIssion. The dlagnosis of normal pressure 

hvdrocephal us was made on the basis of a CSF scan and a radioisotope 

dsternogram. Clinical testing revealed mlld neuropsychological deficits 

but no cvidence of Alzl1eimer's disease. Our only alteration of the 

prev iously existing protoeol was ta administer specifie dietary 

trcdtments. Subjects underwent the three lurnbar punctures wi thin a one 

week period, but with a period of at least one day between each puneture. 

These "'ere pertormed at approximately 9: 30 a.m.. Between 6:30 and 7: 00 
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a.m., after an overnight fast, subj ects \..rere gi ven one of three 

treatments a) 500 ml of water b) 500 ml of orange juice ,,'llh bUcro:-e 

added to give a carbohydr&te content of lOOg c) 45g of proteln ln the 

torm ot a chocolate pudding. The proteln puddIn~ conslsted oi threé' ~ 

oz. packets (with 210 mIs of water added) of a protein supplement 

manufactured by Bariatrix International of Hontreal. Each puddlng 

contained 45g of protein, 12g of carbohydrate and 3g of fat. The 

carbohydrate meal contained more Kcal than the proteln mcal beCélUSp 

humans norma11y take in more carbohydrate than protcln. The treatllJellt~ 

were given in a counterbalanced order. Therefore tor edch subJcct, r1 CSF 

sample was obtained after fasting and after protein and cal hnhydraté' 

ingestIon. For a few patients, we were not able to ildml11l'-,tt!r ;d1 tltr'f.:'(' 

treatments. These subjects were only Included if a CSF C;Llm:,Jeo "d'; 

obtained after fasting. The number ot subJects included ln tht: 

carbohydrate group was 14, whlle in the protein group ther(' WL'rt:> l J. CSF 

was withdrawn from a needle Inserted between vertebrae L3 and L4 wltlt th(' 

patient in the sitting position and was allowed to drip from the needlf.:' 

directly lnto the tube. The tust 4ml were taken tor routIne ana] Y'~' s, 

whIle the next Sml were collected as a single tractIon tor research 

purposes. l'or sorne of the patients (tor carbohydrate, n=); tor proteln, 

n=/) a blood sample was taken immediatel y before CSF rerP~val and 

collected into heparinized tubes tor analysls of plasma amino aClds. 

Both CSF and blood samples were taken to the laboratory on ice, ;lIld 

frozen at -70o e. The protocol was approved by the EthlCS Commlttees of 

Hotel Dieu Hospital and the Department of Psychiatry, HcClll Un) versi ty. 

The tree plasma tryptophan concentra t ion was taken as the 

concentration of tryptophan in an ul trat il trate ot plasr.oa prepared at 
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25°C under 5'; CO2 in an &llicon NPS-I centrifugaI ul trafil ter using YMT 

membranes. Ul trafil tratio:1 through YHT membranes removes protein from 

the plasma. Thus, tryptophan bound to albumin \o,Till be removed and only 

the free (i.e. non-al bumin bound) tryptophan remains in the 

ul trafll trate. Tryptophan in the ul trafil trate and in the plasma were 

measured by the f1 uorometric method of Denckla and Dewey (1967). Plasma 

was prepared for amine acid analysis by adding 50mg of 5-sulfosal icylic 

acid to Iml of plasma. Samples were vortexed, left for 1 h at -4°C and 

centrifuged at 12,OOOg for 10 min. The supernatant was mixed with O.3N 

Li tlllum Hydroxide in a ratio of 2.5:1.0, and assayed on an LKB Alpha Plus 

ar:llno acid analyzer Idth high resolution column. 

Tryptophan, tyrosine, 5HIA.A.. and homovani 1lic acid (HVA) in the CSF 

\.:ere measured using the method of Anderson et al. (1979). This method 

l nvol "es direct injection of the CSF into a high performance liquid 

chromatograph, separation of the c.ompounds on a reverse-phase column 

(30cm X 3.9 mrr. of 10 u micro-Bondapak C18 from Water Associates Ine.) and 

fI uorometric and electroehemical detection. 3-Methoxy-

4hydroxyphenylethylene glycol (NHPG) was measured by reverse-phase HPLC 

wi th electrochemical detection (Anderson et aL, 1981). The effect of 

protein and carbohydrate breadfasts on plasma amino acids and CSF indoles 

,,'ere analyzed using a paired t-test. "alues after protein or 

carbohydrate pretreatment were cempared \dth the fasted control values of 

the same subject s. 

RESULTS 

ln Table l, the effects of protein and carbohydrate mea1s on plasma 

amlno acid neurotransmitter precursors are shown. The carbohydrate meals 

} o\o,'ered aIl the amino aClds except for total tryptophan, but the effect 



was statistically significant only for phenylalanine. In contras::, 

protein significantly increaseè. all the a!ti~o aciàs excert histidine. 

The effect of the dieta:-y treatments on the ratios of the neUtl"rl] :1IT'lnO 

acids ta the sum of the competitors i5 shol.'11 in Table:. ln the!;!:" l'dt,()' 

the sum of the competitors included tryptophan, tyrosi~e, phclw1a13nlllt'. 

valine, leucine, isoleucine, histidine and r.lethionine \o."lth ttlC ,lî.',Th) Il ,,~ 

in question being excluded from the group. The ca,b0hvdrotc 1-: l',I; : 

raised the ratio of total tryptophan, tyrosine and hlS'.:'C.ll " 

and 33% respectively, but the re5ult was statistical J y Sl[;t'tll " .. " ' 1 

for the histidine ratio. Protein resulted in a significant 1 'Vl: l '1 

the tryptophan, free tryptophan and histidine ratios. Tyrc:- J '.C' dll' 

phenylalanine were not changed significantly. 

Fig. l illus'trates the effect of carbohydrate on the b}'_'renlc [,m Il'' 

precursors and me~aboli tes in CSF from 1L, subj ects. Carboh\"èrate ccJu<,ed 

a significant increase in ~mPG le\'els but did not infl uence tr\'ptophan, 

tyrosine, 5-HIA.t\ or HVA. The effect of prote~n Oil eSF measures in 15 

patients is shown in Fig. 2. Proteir. increaseè CSF tyrosine levels 

significantly but did not affect the other compounds. Mter ~he control 

treatrnent there was a slgnificant correlation between eSF 5HIM\ and H\';" 

(r=0.72, p(O.Ol) and thi.s remained after tne carbohyèr3~~' (r=C;.,sS, 

p<O.OI) and protei TI (r=O. 93, p<O.Ol) meal s. 

DISCUSSIO~ 

Studies on experimental animaIs have establ1s~eG :1",'.: ttJf~~l le, a 

relationship between tryptophan in brain and CSF (YO.J:-lr' d é'l., 1976), 

while human autopsy material has been used to demonstrau· a r€:l,jtlonsh:r' 

between 5HlAA and H\'A in brain and CSF (Stanley et al., 4925). llCJWè\.Pr, 
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a variety o~ clinical factors can influence CSF amine metabolite levels, 

and su ch measurements are a rough index rather than a direct measure of 

the turnover of the paunt amines in the CNS. Nonetheless, changes in 

a~ine synthesls due to alterations in precursor availability have been 

detected through CSF measurements. Increases in CSF 5-HlAA after 

tryptophan loading have been seen in severa1 st'Jdies Ce.g. Eccleston et 

al., 1970; Young and Gauthier, 1981), and an increase ln CSF HVA has been 

detected in patients ~nth Parkinson's disease after tyrosine 

admnlstration (Growdon et aL, 1982). Thus, in the present study 

measurernents on CSF should have been able to detect any important changes 

ln CKS blogenic amine metabollsm due to diet-inèuced alterations in 

precursor a vai labi 1 i ty. Factors such as age, sex and height of the 

patlent, volume of CSF rernoved and movements of the patient which can 

Influence amIne metabolite levels in CSF would not have been important 

for the data reported ln this paper because each patient acted as his or 

her ovm control, the "01 urne of CSF taken was constant and the patients' 

movements were limited. 

One disadvantage of CSF studies is the lack of neuroanatomical 

resolutlon of the results. Netabolite levels in lumbar CSF reflect 

metabolism in both the spinal co rd and various parts of the brain. The 

contribution froœ the spinal cord differs for the different metabolites 

(Garelis et aL, 1974). HO\.,,1ever, alterations in precursor availability 

\0,"111 not necessaril y produce al terations in amine synthesis that are 

Ilmlted to speciflc regions. Thus, tryptophan administration increases 

5-HT levels in a11 areas of rat CNS (Moir and Eccleston, 1968). Any 

diet-induced alterat~on in amine metabo1ism would a1so likely occur 

throughout the C~S if it was mediated by an alteration in precursor 
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availablll ty. 

OUT results show that protein or carbohydrate meals falled to 

influence CS? tryptophan or SHLo\..A.. Thus, our data suppo:::-t the Cc):l~l'n:. .('11 

of Ashley et al. (1985) that, in humans, meals do not al ter plasma 

tryptophan enough to cause important changes in Ci,$ S-p.~ l'letabol i sm. 

They suggest that a rise of 50~~ in the plasna tryptopha:1 ratlO 1 c; :l12l:'(ll·d 

ta produce slgnificant increases in 5-HIA.;. ln our stuc)' the 

carbohydrate meal produced a 47% increase in the plasffi2 trvptoph2P rat .. 

Because of the small number of patients from \-.'hom i t was pOSSl t> le tl' \'" t 

these plasma measurements this change in the ratio ~3S not statl~t]CHlj v 

significant. The signlÎicant decline of 25~: in the plasma tryptc'phan 

ratio after the meal is smaller than the 30~~ Ïa11 in the ratio winch 

Ashley et al. (1985) estima te is needed to cause a decl i ne :..n ,)-H1!/,. 

Our results do not, at flrst sight, agree wlth the resultc; of !)(,re.l­

Cruet et al. (1974). However, one important difference b2tl-'een our 

results and those of Perez-Cruet et al. (1974) is the length of tllne the 

patients fasteà before the meal or l urnbar puncture. Ir. their study 

patients v.'ho remalned fasting before the second l umbar puncture 11<lè :l{,t 

eaten for near1y 24 hours, almost t ... 'ice the length of fast 111 '.'U!- sturly. 

Sorne aspects of the results of Perez-Cruet et al. (1974) dre pU::: .. lIJl,c'. 

First, they dld not find a decline i.n the plasma u"'yptophai ratl" u'o:n
" 

the value for total plasma tryptophan, after the subJect at,= a p;-c l tel:-:­

containing meal. Although they dic finà a signlflcan~ decLne Hl the: 

ratio ... 'hen they used the free (non-al bunin bounè) plasffié t:-yptophan 

value, the lack of change in the total tryptophan ratio contradlcts a 

variety of other studies (Fernstrom et al., 1979; Ashley et al., 1982; 

Ashley et al., 1985; Lieberman et aL, 1986), as v.'ell as th15 nudy. 
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Fu!":nernore, tne effect of albumin binding on uptake of tryptophan into 

che ~:-a1:-1 1s probably small (Etienne et al., 1976; Yuwiler et aL, 1977). 

Seconè, the changes i:1 CSF 5-HlAA are rnuch larger than would be expected 

wlth the magnitude o~ changes 1n CSF tryptophan seen in the study of 

Perez-Cruet et al. (1974). In humans 3S ln rats tryptophan hydroxy1ase 

lS normal1y about half saturated ~..'ith tryptophan (Young and Gauthjer, 

1981). Under the se ciëcurnstances a 20/: decl ine in tryptophan levels 

",,'auld Iead to a ll~, decrease in the rate of 5-HT synthsis. However, in 

t\om experiments Perez-Cruet et al. (1974) found tha t meal-induced 

decl1nes ln CSF tryptophan 0: 20% and 21% led to decreases in CSF 5-HlAA 

of 20'; and 35~~. It lS unlikely that the entire dec1ine in CSF 5-HlAA in 

these two expec-iments was due to a decline in tryptophan availability. 

In spi te of the factors discussed above the discrepancy between the 

resu1ts af our study and those of Ferez-Cruet et al. (1974) remain 

some\o.'hat puzzling. Nonetheless we feel that in viev: of the agreement 

between our data and the conclusions of Ashley et al. (1985), we can 

safely conclude that, ln the absence of prolonged fasting as in the study 

of Perez-Cruet et al. (1974), protein or carbohydrate roeals w111 not 

al ter human CNS tryptophan le\'el s enough ta have any important effect on 

5-HT. 

In spi te of the absence of any change in CSF tryptophan, the prote1n 

mea l increased CSF tyrosine. This is consistent ~d th animal data which 

showed that the lDcrease in brain tyrosine after a 401: protein meal was 

3.3 fold, a magnitude of change much greater than that which oecurs with 

rn'ptophan (Glaeser et aL, 1983). However, the increase in tyrosine did 

not lead to any increase in catecholamine synthesis. This 1S what would 

be expected as tyro51ne hydro>:ylase i5 cl05er ta saturation with tyrosine 
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than tryptophan hydroxylase is '\o.'i th tryptophane In aocl tian tyr .. ..,~ l.W 

hydroxylase 15 normall)' controlleà by feedbacl.. Inhi[,itior: anè tyrnSl:lC 

a ..... ai1ability usually only becomes an important factor::.n the contr,,~ c' 

catech:::>lar:line synthesis when catecholarr.inE: neurons are dJ.strihu'-(·-:; :r~':~ 

their normal equilibrium (I~urtman et aL, 1981). 

The significant changes in the histIdine ratio after protêl!" ,,' 

carbohydrate meals are quallt.atively different from those seen lr. 1.,; 

brain, presumably reflecting èifferences :n the control of ~l1stldlne 

metabolism ht>f"' een rats and humans. In this study the plasma 11lstldlnt~ 

ra tio increased wi th the carbohydra te mea1 and dec li ned \o,Ti th the prote l n 

meal, '\o."hi le in the rat carbohydrate decreased, and a 40~, protcin meal 

increaseè brain histiGJ.ne (G1aeser et aL, 1983). The magni tude of the 

decline in the histidine plasma ratio after protei n (56,:) may wd l have 

been sufflcient to alter brain histalT'lne synthesls, ns nistamine 

rnetabol ism is sensiti ve to changes in presursor av ai labi 1 i ty (Imura et 

a1.,1986), 

The reason for the increase in l'1HPG aiter carbohydrate is unknown, 

but it does not seern to be due to altered tyrosine avallabllity. As 10 

comparisions were made on CSF measures (fI ve metabol i tes each \on th two 

àl.fferent rnea1s) there is a reasonable probabllity of flndln,ç one taIse 

positive at the 0.05 leve1. If the e:fect is a rea1 one l t ma)' be-

mediated by the vagus nerve. In the rat subd:aphral'"atlc vagotOr:1v can 

al ter brain catecholamine metabolisrr: and tne \'agus nerve has receptors 

for man y dlfferent dietary consistuents. Direct effects of nutrients on 

braln cells is also a possibiJ it)' as there are glucose-sensitive neurons 

in the hyp0thalamus (Shimizu et aL, 1983). Glucose has been reported to 

suppress firing of central dopar.1inergic neurons CSaller and Chioda, 
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!Yi)U), but this finding has not been replicated (Trulson et al., 1983). 

ln thi s study we found no ettect of a carbohydrate meal on CSF HVA. 

Our results have Implications tor the design (lf studies which 

Invol 'Ile measurement ot amIne metabolite levels ln human CSF. As diet­

lnduced changes in brain aITline metabol1sm are likely to be negligible, 

precautions concerning diet need not be too stringent. Controlling the 

diet of patients in the days before a lurnbar puncture is unlikely to be 

necessary. The differences between our results and those ot Perez-Cruet 

et al. (1974) suggest that a 24 hour fast, as in the study of Perez-Cruet 

et al. (1974), may brlng about unphyslological changes in CNS metabol1sm. 

Probably the only necessary precau-cion is to study the patients after an 

overnlght tast, although lt may weIl be that, in many situations, even an 

overnight fast is unnecessary. 

The Important conclusion of our study is that protein and 

carbohydrate meals did not alter cr-;s tryptophan or 5-HT metabolism. 

Al though macronutrient inges tion can al ter 5HT in roden ts, such changes 

are unI ikely to occur in humans. This species difference exists 

presumably because of differences in affilno acid metabolism, which cause 

the al teratIons ot the plasma tryptophan ratio after a meal to be smaller 

in humans than in rdts. This illustrates the problems lnherent in 

extrapolating trom one species to another. lndeed it is important not to 

generallze two widely trom the results ot the present study. The 

patIents studied had a mean age ot 71, suffered from normal pressure 

hydrocephalus and had rnlld neuropsychological deficits. However, the 

tact that there was a significant correlation between CSF 5HlAA and HVA, 

a flnding in most human CSF studies (Agren et aL, 1986), suggests that 

their braIn amIne metabolism was relatively normal. Nonetheless, our 
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fIndi~g does not mean that food would not influence brain amine 

metabo llsm in younger normal subj ects ingestinb large, mea l s. The\' dD 

f 

suggest that ln rnany circumstances food 1S unlJ.kely to Influence br:lln 

amine rnetabolisrn in humans, and that If changes do oceu~ ln any 

circumstances they are likely to be srnall. This means that the "ffeets 

of mood on C!\S function are unlikely to be medlated by alterat10ns jn 5-

HT function ~hich occur as a ,esul t of al tered brain try;'tophai1. Srr} ni' 

et al. (1983) lookeà at the effects of carbohydrate or protein meéils ln 

humans. They found that the carbohydrate meals tended to have a sedat l \'t' 

effect relative to the protein meals and attributed th!s effect to a 

carbohydrate-induced increase in S-HT function. If our conclusions are 

correct another mechanisrn must be invokeè to e}:plain thlS type of food-

medIa teci al teration in brai n fune t ion. 
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Tahle 1. Efff'ct of carhohydrale :md proleln brcakfa"ts on pInsmrl élInino ncids 

Pinsmn C'oncentrrlt ion (nmo1/m]) 

Tot<11 Fr-ce 
Treatment Tryylophan Tryptophnn Tyros ine Phenylalanine lIi!>tidinc 

Control 5',.1~11.l 7.561-1.90 58.9~19.8 47.1,-12.7 (,5. 11-20.', 

** 'j(l.IU7.!, (l./,6+1.00 )() • /, 1- 9. 3 12.1-15.1 59.',1-13.7 C<1rhohydrate 

Control 51,.R+I0.R R. 2'5 1-1. 30 56.8 H 7 • 0 I,R. B-I 5.0 63.7+16.9 

l'rotC'in ** * *** -l, 
132.R+L9.6 Il.611.9 121 1-21 HI.H16.2 58. 1+ JI,. ) 

V<1ll1es c;llOwn <1rE' ml'nn .:!:. sn, n::'j for r,lrhohydrnle group, n=7 for protein group. Frec tryptoplwl1 
rcf('rc; tu llH' \loll-nlhlllllin hOllllcl levpl, \vldle tot<11 tryplnplJaIl refers tn the fr('e plll~ hOIlI1r1 
Ipvelc;. 
* ** *** p(o.n'), P(O.O!, 1'<0.001 verc;us [plf'v;Jl1t ronlrul group. 
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Tahle 2. Effect of earhohydr<lte and protein hreakf;l<;ts on plél<;lTI;l ,11111110 aeid ratios 

Treatrnent Total Trp/NM Free Trp/NM Tyr/NAA Phe/NM /Ii 5 /y/\/\ ----

Control 0.093+0.019 0.0 12-f·0. OO/f 0.101+0.043 0.081+0.010 0.110+0.01,0 

Cn r bohyd r <l te 0.137+0.066 0.Ol4+0.002 0.115-10.071 0.0761-0.018 O. UI6+0.026 ** 

Control 0.093+0.0]7 0.013+0.002 0.09010.036 0.082,' o. OUll 0.107+0.0YI 

Prolein 0.070+0.018 
,,<* 

0.009 f-(). 00 L * 0.106+0.012 0.07HO.Ol9 0.047+0.025 
,'c** 

Vi'llues shown Are mei'lO + sn, 0=5, (or cnrbohycIrate group, n=7 (or protein group. 
NA/\ (large neutrnl a;tno acids) '= surn of Trp, Phe, Tyr, !lis, Val, Len, lieu, Het (ornitting arnino 
acid in the n\lffierntor of (';teh ratio) 
* ** **)~ P<O.05, P<O.Ol, p<O.OOl versus relevant control group. 
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Fig. 1. The effect of a carbohydrate breakfast on aminf:' prE'CUi'!:->ors ,j;J( 

metabolites ln CSF. The pOlnts connected by a llne gn'e data fo::- d 

slngle patlent. In each case the value at the left end of the 2) ne ; s 
the value after ingestlon of water (control) and the value at t:--J(: llr~.:­
end of the llne lS the value after lngestlon of a carbony~rate cr~a~ fa~:. 

There .... as a signlficant (P<C.OS) increase 11"' CS: ~HPG after :.')[es~ ion (If 

the carbohydrate meal. AlI other change~ were not slgnl~lcant. 
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FIg. 2. The effect of a protein breakfast on amine precursors and 
metabolltes in CSF. The points connected by a line glve data for a 
single patient. In each cause the \'alue at the left end of the line is 
the value after Ingestion of water (control) and the value at the right 
end of the Ilne i5 the value after ingestion of a protein breakfast. 
There was a slgnlflcant (p(O.05) Increase in CSF tyrosine after ingestion 
of the protein meal. Al1 other changes were not signiflcant. 
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Chapter 8 

GEKEP~L DISCUSSION 

..1 ...... 



GENERAL DISCUSSION 

The original premlse of the work was ta determlne the extent of 

dletary lnfluences on 5HT metabolls~ and ultlmately, tunction. The 

3ssuwption, derlved trom the literature, thdt pure proteln and carbohydrate 

would affect SHT metabolism in opposite ways, through alterations in 

precursor avallability, was upheld by the results of the first animal 

experiment. Bath brain and pancreatic tissue 5HT were found to be 

responslve to macronutrlent admInIstration. Determining the functional 

signlticance ot these changes was the next log1cal step. Though the 

possiblllty of pancreatlc 5HT modulating insulin release was a concept 

worth exploring, our area of expertise was in neurochemlstry and therefore 

we decided to approach the problem of evaluating functional SHT in the 

brain. The measurernent of 5HT in the cisternal CSF of the rat was found to 

be an appropnatel:ldex of tunctional ~HT. Inltlally, we looked at whether 

tunctlonal changes would parallel the metabolic alterations observed after 

treatment with dletary components. Tryptophan administration, under normal 

envlronmental conditions, did not increase CSF SHT, suggesting that large 

increases in precursor availability were not sufficient ta alter SHT 

release appreciably. An increase jn functional SHT could be observed after 

tryptophan, if the animaIs were placed ln a novel environment in a darkened 

room. ThIs was used as a behavioral arousal paradigm to optirnize the 

chances of seelng an eftect of the macronutrients on SHT release. Despite, 

the optImal conditIons and the rppeated administration of pure protein and 

carbohydrate, CSF 5HT was not significantly altered. Therefore, it was 

concluded that ln rats, the metabolic changes resulting from macronutrient 

Ingestion were not of appreciable functlonal significance. 
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ln hurnans, siroilar questions were asked. Results revealed sorne 

similarlties and sorne differences from the animal work. The lmportant 

sirnilari ty \o:as that protein and carbohydrate do not infiuence brinn 51l'":."' 

function due to changes in precursor availability. However, in humans, 

unlike in rats, this is because protein and carbohydrate fail to 

influence brain SHT metabolism to any extent. 

As direct measurement of functional SHT in humans was not pOSSIble, 

macronutrient selection, a behavior demonstrated to he medlated by 5HT ln 

animaIs, was monitored as a means of assesslng functional changes in 

humans. The flrst human experiment supported the original hypothesis 

that changes ln precursor availabillty could alter 5HT function. Thus, 

dep1etion of peripheral tryptophan by the admInIstration of a 

tryptophan-deficient mixture of ar.Jino acids resul ted ln 1855 protein 

selected at the following meal. An effect on rnacronutrient selection was 

not observed however, ,;;'hen normal èletary constituents ,,'ere jngested, 

suggesting that in humans, SHT is not involved in the regulation of 

rnacronutrients on a mea1 to meal basis. Furthermore, plasma tryptophan 

ratios considered to be an index of tryptophan availabl1ity to the brain, 

were on1y significant1y increased after the ingestion of pure 

carbohydrate. Small amounts of proteln were found to l~hIblt the rise in 

the ratio normally observed after carbohydrate Ingestion. As vIrtually 

all foocis contain more than 4~ protein, differentlal effects on the ratlo 

after food lntake are un11kely. ln addItion, extrapolating fro~ animal 

data, the rise in the ratio was not thought to be of sufficient magnItude 

to alter CNS SHT metabo11sŒ. This was later verified by the final 

experiment on humans in which amine precursors and metabolites were 

measured in human lurr.bar CSF afeer protein and carbohydrate ingestion. 
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CNS tryptophan and SHI were uneffected by dletary intake. Therefore, it 

~as concluded that though SHI may be a modulator of macronutr1ent 

se~ec:ion, ln numans, this is not a mechanism under dietary control, as 

lngest~on of proteln or carbohydrate do not alter central SHI rnetabolism 

or function. 

The results of both the animal and hurnan work led to the same final 

conclUSIon; ingestIon of the macronutrients, protein and carbohydrate on 

a phYSI0logieai scale do not alter central SHI function. Ihis certainly 

was not our origInal hypothesis but one, wIth the advantage of hjndsight, 

y,Thich 1s not dlfflCult to accepte An objective review of the literature, 

in conjunctlon wIth the data presented in the thesis, leds one to surrnise 

that in sorne ~ays, the concept of SHI being involved in a feedback loop 

has been propagated by It'S lntellectual appeal rather than by objective 

assessment of the eVldence. Ihough dietary intake can alter SHI 

metabolism ln rats (Fernstrom and Wurtman, 1971; Fernstrom and FalIer, 

1978; Tefi and Young, chapter 2), this is not a robust phenomenon. 

Publlshed reports of a lack of effect on braln tryptophan and SHT are 

endent (Glaeser et al., 1983; Feters and Harper, 1987). 

~~ile pharmacological manipulations support the idea of a feedback 

loop existlng ln animaIs, i.e. increases or decreases in brain SHI 

resultlng ln a compensatory selection of either protein or carbohydrate 

(Ashley et aL, 1979; LI and lmderson, 1984; Wurtman and Wurtman, 1979), 

acute dietary experirnents examining food selection without the 

admInistratIon of either tryptophan or monoamine oxidase inhibit0rs are 

very fe~. ln add1tion, the demonstration that as 11ttle as 5% protein 

ca~ inhlbit the rise in the plasma tryptophan rario (Yokogoshi and 

\,'urtrnan, 1986), y,ThlCh has also been shown in humans (chapter 6) suggests 
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that neurochemically, only pure carbohydrate foods can be dlfferentlate~ 

from protein. The majority of the self-selection experlments offered 

animaIs a choice of two dlets, usually containing 10 and 6C~ proteln, 

which based on the above experiment, would not have contrastin~ effplts 

on brain sHT. 

~lost of the studies looking at food selection in anlma!s are C:,:O"J 

dletary experlments in which an1mals have been maintained on one spec:~l 

dlet or allowed to select from two diets for an extended perlod of tlme 

(Ashley and Anderson, 1975; Anderson and Ashley, 19ïï). Even v:ithln thl' 

chronic dietary work, there are a number of reports suggesting that 5HT 

is not involved in the regulation of macronutrier.t Intake (Peters and 

Harper, 1984; Fernstrom et aL, 1985; Leathwood and As)-,ley, 1983). At 

this point, several issues can be raised: 1) the phar~acologlcal 

experiments ver1fy the role of SHT i~ rnacronutrient selectlon, but do not 

support the hypothesis that changes in ?recursor availabillty brou~ht 

about by dietary 1ntake, can alter functional sHT which in turn can 

effect food selection 2) interpretation of chronic dietary experlments 15 

àifficult since one does not know whethe~ selectIon i5 a result of 

altered brain levels or lf braln levels are a result of foo~ selection. 

3) The difference between chronlc and acute dletary experlrnents should be 

emphasized. Induction of peripheral enzymes a:ter protell'~ :ntake has 

been demonstrated (Anderson et al., 1968) and could play a:- 1mportant 

raIe ln l1miting precursor availability. Thus, the endence for proteL) 

and carbohydrate altering SHI levels ~n the brain, which ln turn alters 

food selection in anlmals, 1s not that strong. 

The situation in the human Ilterature is similar, but the 

misinterpretation is derived from a dlfferent source. Desplte evidence 



and discuSSIon suggesting that, in man, changes in the plasma 

lryptophan ratio after ingestion of dietary components were unlikely to 

,Jlter central .JllT metabolism (Ashley et aL, 19HZ; Ashley et aL, 1985; 

Curzon and Sarna, 1984), many ot the behavioral effects of food have been 

attrlhut~d to changes in brain SHT metabolism, mediated by precursor 

dvaililbI1ity (Ueberman et aL, 1986; Spring et al., 1983). If dietary 

Intake does not alter the plasma tryptophan ratio sufficiently to effect 

ccnlrdl ~HT m~tabolism, as we have demonstrated (Chapter 6) and others have 

buggested (A~hley et al, 1985; Curzon and Sarna, lY84), then it is unlikely 

lhat the various cognitive and psychological effects observed after dietary 

Inlake Are medlated by brain SHT. Numerous other biochemical compounds are 

cdndldates as mediators of the behavioral effects of foods. Flrstly, there 

Jr€ the other amIno aCld precursors, tyrosine, phenylalanine and histidine 

~11Ch have the capability of altering the neurotransmltters, dopamine, 

noradrenaline and histamIne. However, with the possible exception of 

tll stIdi ne, which has not been studied in humans, i t i s doubtful that the 

effects are medlated by tyrosine or phenylalanine since they are less 

susceptjble to dletary Intake than tryptophane Another possibility is that 

glucose, which has been shown to have a direct effect on dopamine neurons 

ln the substantia nigra (Saller and Chiodo, 1980) and an indirect effect on 

the vagal nerve (Shimlzu et al., 19~3). ln tact, it has been dem.:>nstrated 

thdt the v3gal nerve can be stimulated by a variety of gut hormones thought 

lo be lnvo1ved ln satiet)' (Norley et aL, 1984; Smith and Gibbs, 1984) and 

<1150 by amlno acids (Li and Anderson, 1984). Many of the lntestinal 

peptIdes suell ilS neuropeptide Y, bombesin, cholecystokinin and somatostatin 

hi'lV~ been suggested dS regulators of food intake and probably exert direct 
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effects on the brain. If they influence food intake via systems ln the 

brain, then the possibility exists that they influence other aspects of 

brain function. 

Though no effect of dletary lntake on central SH'; netaholism and 

function was observed under normal circumstances in nor~al people, ~hl~ 

does not rule out the possibility that in sorne populations or ln sorne 

situations, an e:fect could be demonstrated. People with certaln 

psychiatric disorders may be mo~e susceptible to macronutrient lntake, 

for example, patients displaying a trend to impulsivity, a condition 

associated with lowered SHT function. Also, environmental condItions 

could perhaps enhance the effect of dlet, as lllustrated by the 

behavioral arousal paradigm used to enhance the effect of tryptophan 

administration in rats (chapter four). There~ore, though precu[sor 

availability was not found to alter cenlral SHI functlon, this conclusion 

is applicable only within the context of the specifIc experIment. 

Sorne of the problerns associated with the measurement and 

determination of SHI function in ar.imals and humans have been dlscussed 

throughout the thesis. These difficultles point to areas which requIre 

exploration and aet as suggestions for the dIrection of future work. One 

subject repeatedly mentioned, whlCh is of crucIal importance, lS 

experimental design. Especially ln hurnans, psychologlcsl factors can 

exert signiflcant effects on food Intake and rnay overrlde the subtle 

physiological rneehanisms. A prime example of :hl~ lS the suppresslon of 

food Intake on the second trial of the dietary selectIon study CChapter 

six). Eagerness for pa)-ment combined wi th the lack of novel ty of the 

foods offered, caused a reduction in food intake tnat was greater than 

any physiologieal effect on macronutrient IngestIon. Psychological as 
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weIl as sensory factors are often ignored but are essential components in 

regu:atin~ dietary intake. The design of experiments which take into 

account these Elements is obligatory if subtle changes brought about by 

food Inges~lon are not to be overlooked. 

Indivldual variability in response is a problern comrnon to both the 

animal and human experiments. If one could determine the factors 

responsible for this varlability, then a greater understand1ng of the 

mechanisrns invol~ed in precursor availability would develope. Rat CSF 

SHT manifests a large individusl variation even wihin the same sp~cies, 

weight, tirne of day, treatrnent etc. An attempt was made to evaluate 

these factors by assessing the effect of stress, starvation and light on 

CSF 5HT (Tefi and Young, unpublished data). In sorne cases trends were 

observed, but none of the above parameters si~nificantIy influenced CSF 

SHT levels. The Individusl animal's response to stress may be an 

Important deter~inant of the variation. Thougn restraint stress had no 

effect on CSF SHT, It 1S possible that other kinds of stress would be 

effective. The acute withdrawal of CSF does not allow for comparisons 

between basellne and posttreatment values within one animal. Hutson et 

al.(1985) have rnonitored the effect of tryptophan administration on CSF 

tryptophan and 5HIAA over an extended period of time, using a chronically 

irnplanted cannula. The individual response to tryptophan administration 

is very stnking. In sorne animaIs, huge increases were observed, y:hile 

ln others, the ris.e was barely above basellne variation. v.That accounts 

for these large differences? Many factors may be responsible. Genetic 

variation in enzyme affinity is one possibility. Tryptophan uptake lnto 

the braln is another. The physiologleal parameters which regulate amine 

aCld uptake have not been explored. There is one small piece of evidence 
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which suggests that stress may influence upcake of amlno aClds Into th~ 

brain. Kennett et al. (1986) founci that most of the hrain a~lno nClds 

were elevateè after immobil ization. Though the rnechanl SM for thl S ].:: 

unknown, an alteration in the kinetics of transport at the hloc"")rl-~'r.1' '1 

barrier, possibly meè.iateè by hormones, was postulateè. It l~, ('~O(,e.1:i·1 

to detennine the factors regulating amine scid urt3ke. 'luch, r r,~ l' l,,' 

been placed on the plasma tryptophan ratio as an l 'Idex 0: . n \,~, ,l" 

availability to the brain. If ln sorne circumstances th1 C 1 ~ l ' 

appropria te measure (as has been suggested ln the frf_e \' _. r, ,,< , 

tryptophap controversy), then much experimental data ""Ill h,',', 

reevaluated. 

Inaividual variation 1s also evident i;-. huma:1 resp0nsc'-. ;:1' "lit 

human subjects, large changes were observed ln dletary 5ele:c:'(jr\ '''<:I~ 1· 1\\ 

others, food intake remained constant. This may be reLated :0 Elthrf 

basellne plasma tryptoph~n or tryptophan ratlOS. FranklIn et al. 

(manuscript in preparation) found that basal tryptophan leve15 e~hiblted 

a high correlation with post-operative morphine requlrements. It i5 

possible, due to various physiologieal factors that subjects (and ncrhRps 

animals) could be divided into responders and non-responders to pr~cursor 

availability. Experiments designed to test rhis hYDo~hesis ~l~ht prO V0 

very useful for future work. 

The final conclusion of the thesls suggests ~hét ln r<1~ -, ;';"," 

and carbohydrate can alter SHT metabolism but r.ot :t.l"lctJ()., "'~-':-

humans, neither central SHT metabollsm or function 15 E::;( 1.'" t\ Il' 

dietary macronutrients. ln sorne ,,'ays, this has been diséf'T!' 

seems that the concept of dietary intake InfluenC1:1g brél;; " : __ -,:)-,11<,1" 'I.l' 

come full c:ircle from initial disbelief, .. 'hlCh reoUlrec: 0;:"0':- d :.If'.' 
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t1llh<lturatlOn of tryptophan hydroxylase, leading to a general acceptance of 

the hehaVlOri11 et-fects of food. Unrnrtunately, this idea has been readily 

tdker: up b) the lay press and general populace and now, based on sound 

~n\!ntific data, must be qualified. The results presented here should lay 

ta rest sorne of the myths and beliefs surrounding carbohydrate intake and 

1:1 thdt WilV, are very sati.sfYlng. We have only just begun to comprehend 

lhl' vast complexlty of the consequences of food Intal-.e and the mechanisms 

1n\'oh~d 111 Its regulatlon. Integration of the many different areas of 

'-(lCII(e; Includlng genetlcs, neurochemistry, nutrition, psychology, and 

pllyc,](Jlogy wIll be necessary before a complete understanding is reached. 
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CLAIMS FOR ORIGI~AL RESEARCH 

Chapte~ 2. In rats, protei:1 êdm:i.~~stration \.;as 5tlOI.'. to :O\,c'~ tr,1:n 

levels. Dleta~y effects were a180 dernonstratea 0:1 p<lnCreat1c :::"8\1f'. 

Acute protein intake lowered pancreatic 5HT and carbohydratr IdlSI cl ,r. 

These effects seern to be mediatea by cO'"Jpe::Hlon hct.w~cn t;-\r,-n t':,I.: '1, 

other ar:;ino acids for entry froIT, blooà :0 panC!"8aS, SllS'pt:S~ll1r ~.)f' 

existence of a "blooè-pancreas" barrler. 7he rlnt~al ",";:''3 SII(\ .... ':', " ' hl' 

unresponsive to dletary man~pulation. 

Chapter 3. A method for the direct oeasurement of SH-:- 1n ~at C1slL'rn,d 

cerebrospi:1,al fluid was validited as a:- lnde). rI: fU:lctlor.allv act1Ve SHT 

by the admin1.stratio71 of a variety of èru;s kno ... "7. to aet on SHT rl 111êunl:. 

Antidepressant drugs werre sho .... "n ta lncrease CSF 5E:- ::Il,ee fold, \.:h; le 

treat~ents ~hich cause the serotonln behavlcral syndrome lncreased csr 

SHT 16-20 Ïol~. 

Chapter 1... Tryptophan adŒ1G~stration dl~ not lncrease rat CSF und~;-

normal Clrcumstances. However, tryptophan ~as also ~lvep ta animals 

~hlCh had been aroused bv placlng them in a nove: enVlronrnent in the 

dark. Arousal is kno\."l1 to : ncrease :lTln& of SB:- neurons and ~J"ljer ~h'~'~t 

circut:Jstances tryptophan ln~reases CSF SHT. T'11S suggests :hat 

alterat~ons in the brain levels of precurscrs such as tryp:op~~P ~_.l 

influence release of the proèuc: 7leurotransr.lltter on}\" ,,;he;- ::,' ;-, }c";.'.: 

neurons are firlng at a h1gh rate. r.;o effect or fU:1ct1or~: )l~~. ciS 

measured by CSF SHT, was observe:: a:ter Elthe: p,oteli, cr- :aTflc,\:" ':rii:':;-



although ~ietary intake can alter central SH! rnetabolisŒ, the changes are 

tOG small ta altel SHI function. 

Chane:- .5. In humans, the administration of a tryptophan deficient 

aml~a aCId mixture ln tle mornlng, slgniflcantly decreased protein 

c;rdectlo:-: at lunch time. Tds demonstrateè that 1) large changes :in 

~ryptophan availabillty can alter a behavior thought to be mediated by 

5YT =) SET 15 Involved in the modulatIon of macronutrient selection in 

hUllJans. 

Chaélter 6. Protein and carbohydrate meals of similar sensory qualities 

wer~ developed. ThIS made possible a study of the metabolic effects of 

IDeals èiffering ln ~acronutrients which elimlnated any effects that were 

due to differences in taste sensation or cognitive attribution. The 

Ingestion of a breakfast of either proteln or carbohydrate had no effect 

on overall energy or macronutrient selection at lunchtime. This 

suggesteè that functlonal SHT was not altered by dietary intake and that, 

on a physiologieal level, SHT was not regulating macronutrient selection 

on a meal-to-meal basis. The addition of 4% protein to a carbohydrate 

breakfast W3G found to inh:bit the rise in the plasma tryptophan ratio, 

Indlcatlng that as far as the plasma tryptophan ratio is eoncerned, only 

pure carbc~ydra:e foods can be dlfferentiated from protein foods. From 

the change ln the tryptophan ratio after ingestion of breakfasts 

contalnl!l,Ç ,'aryIng amounts of protein, it was postuated that the degree 

0f change exhibIted by the tryptophan ratIo was not of sufficient 

mag~ltude to alter central SHT metabolism. 
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Chapter ï. Pure ~arbohydrate or protein b!"eakfasts were not found tC' 

alter CSF tryptophan or 5HIAA in hurn:.ns, inèicating that ~r-'e dle:2.n 

oacronutrients do not alter central SET metabohsrn Ir. humar.s. 
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