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ABBRIVIATIONS

 The abbreviations shown for the compounds listed below

have been used throughout the thesis,

A

CNT
D
DHM A
. DHPE
DHPG
DHPPA
DOPA
DOPAC
GLC
GC
GC-Me
HIB A
HMPE
HMPG
HVA

5HT
SHIAA

adrenaline, f;(3,h-dihydroxyphenyl)/3-hydroxy-N-
methyl ethylamine

catechol-C-methyltrensferase

dopamine, [R{B,A-dihydroxyphenyl) ethylamine
3,4-dihydroxymendelic acid |
3,h-dihydroxyphenylethanol
3,Lk-dihydroxyphenylglycol
3,hk=dihydroxyphenylpyruvic acid
ﬂ(B,h-dihydroxyphenyl) alanine
3,k-dihydroxyphenylacetic acid

gasrliquid chromatography

gas chromatography

combined gas chromatogra, hy/mass spectrometry
L-hydroxy-3-methoxybenzylalcohol
L-hydroxy-3-methoxyphenylethanol
L-hydroxy-3-methoxyphenylglycol

homovanillic acid, 4-hydroxy=-3-methoxyphenylacetic
acid

5«hydroxytryptamine
5-hydrexyindoleacetic acid
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5HTCH 5-hydroxytfyptophol

MAQ monosmine oxidase

ME/TE methylester/trimethylsilylether

m-~HPAA »grhydroxyphenylagetic acid

MU _ vn1ethylene unit |

NA - noradrenallne,fB(B h-dihy’rcxyphenyl)i3-hydroxy-_
ethylamine

o=-HPAA grhydroxthenylacetic acid

PLaN=T phenylethanolasmine-li-methyltransferase

p-HMA ~ p-hydroxymandelic acid

p-HPLE p-hydrexyphenylethanol

p=ili'G g-hydroxyphenylglycol

E-HPAA p-hydrexyphenylacetic acid

p=HFLA ~ p-hydroxyphenyllactic acid

p=-HPFA p-hydrcxynhenylpyruvic acid

PaNeiiT phenylalkylamine-k-methyltrensferase

T=/E | trimethylsilyl ether/ester

TLC thin layer chromatography

VA L-hydroxy-3-methocymandelic acid
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The theory and practice of gas chromatography have been
described in detail, Such knowledge provides an essential
background to 2n understanding of the various parameters and
modifications of earlier procedures adopted in the gas
chromatographic procedure finslly devised., U ith this procedure
it has been possible to measure accurately large numbers of
aromatic acids and alcohols in urine.

The normal excretion range for a number of such compounds
of importence in clinical practice was éstablished. In
general, values were in zgreement with those obtained by cther
procedures both in man snd rat. .stisfactcry quantitative
assay procedures had not previously been zvailable for some
of these compounds such as p-HFLA put cut in excess in
tyrosyluria, statistical anslysis revealed a positive correlation
between jaundice during the first week of 1ifé and tyrosylurisa,
which was more strongly associated with low gestationzl age
than with low birth weipght. A positive correlation between
urine volume ~nd the total excreticn of HVA and VilA was also
observed in this period of life.

Urine samples from a number of patients with carcinoid
syndome were enalysed for indolic metabolites, mainly for

SHIAA and S5HTCH. 1In 211, an increased 5HIAA output was



observed accompanied by 2zn elevated 5HTCH excretion., 5HICH |
constitutes about 1° of the total 5HIAA excreted.

In urine samples from patients with catecholemine
secreting tumours, 5 wide spectrum of phenolic metsbolites
was studied. As might have been expected, the metabolites
most useful for the diagnosis of phsechromocytoma were VMA
and perhaps HYPG. These together with HVA, DOPAC and HMP:
were diagnosticelly helpful in the assessment of neuroblastoma.
The occurrence cf other metabolites such as p-HiLA, VLA, DHNA
and DHPG was critically assessed.

Intravenous administration of reserpine czused a shift
in the further metabolism of aldehyde intermediates of
catecholanines and some other monocazmines from a predominently
oxidative pathway to a2 reductive one, resulting in an increased
cscretion of alcoholic metabolites at the expense of acids
during the first nine hours after dosage.

In a group of post encephalic and idiocpathic rfarkinsonian
patients, an extenzive study of the excretion of phenolic acids
and alcohols was carried out before, during and after oral

L=[.CfA therapy. Nc abnormality in catecholamine metabolite

-

output coulc be detected in any cf the pre-treatment patients.
Curing treatment, a dramatic increase in the excretion of
dV/4A and DOPAC were observed. The ratio of LCrPAC to HVA was

much nigher than was found in neuroblastoma. A slight increase
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only cf ﬁ ~hydroxylated catecholamine mctabolites was observed,
indication that DOPA was unlikely to be acting by virtue of its
conversion to noradrenaline., Cther metabolites which were
elevated after L-DOPA include VLA, p-HPLA and m-HPA%,
txperimental evidence has been provided to show that the latter
owes its origin to p-dehydroxylation either of L-[ICFA or one |

of its dihydroxy-metabolites by gut flora.
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INTRODUCTION

Animals are well equipped with a versatile renge of
enzymes with which to convert precursor aromatio materials
to the wide variety of coupounds found in and exoreted by
the body (Willlams, 1959). While most urinary aromatic
metabolites in man (Armstrong, Shaw end Wall, 19563 Armetrong
Shaw, Gortatowski and Singer, 1958} Hathiell and Revol, 1968)
az?c 'probably derived from ingested substances foreign to the
body economy (Williams, 1969) including druge, flavourings,
pestioldes and beauty prepsrations, & proportion are derived
from endogenous sources. Becsuse the body 1s not easily
able to split the bensans ring, this molety forme & useful
marker whose characteristic properties can be employed as
the basis of a variety of physicoechemical appromchss to
assay. OSuch assay of the phenolic or indolic aocids and
alcohols, which are the end=-presults of a nunber of important
metabolic pathways, has helped to shed conmiderable light on
& vari:ty of physiological snd pathological states. Hany
different measuring prinoiples have been utilised for the
assay of these oompounds, Vieible and ultraeviolet
spectrophotometry (Sandler and Ruthven, 1959 a,bs Sunderman,
Cleveland, Iaw and Sunderman, 19603 Sandlexr and Ruthven,
19613 Felloan, Sevcrson.' Robineon and Fujita, 19623 Pisano,
Crout and Abraham, 19623 Ruthven and Samdley, 1962, 1964,



19653 Georgems, 1964) and fluorimetry (Uienfriend, 1962)
have perhsps been employed most widely for individual asssys
although many other approaches have been drought to besr on
these problems including biological assay (Vane, 1964}
Everstt, 1964), tnfra-red spectrometry (iandell, 1965 ¥arren
Eudorﬁr-. Thompson and Zaresbo, 196%5), ipcotrophotphorinetry
(St.John, Brook and Biggs, 1967), isotope dilution (Veiss,
NoDonald and IeBrosse, 1961) and imaunonssmy (Pniép and
Sohneidear, 19643 Ranadive and Sehon, 1967 &, b, ©)s A
discussion of thess aspeots 1s beyond the scope of this
thesis. Full roviews o:lnaay procedures for 1&10110
compounde are provided by Sandler (19633 1968) and Hanson 1966.
- Informmtion pertaining to the relatively large field of
phenolic metabolite measurement is more widely socattersd
through the literature although useful reviews of some arems
of the topic are provided by Ruthven(1963)and Sandler and
Ruthven (1969

Paper chromatography was one of the first tephniquu
employed to study urinary phenolic (Armatrong st al,1956)
and indolic (Jepmon, 19553 Arastrong et al, 1958) metabolitew)
it bas subsequently been used widely (Jepmon, 19693 Smith,
19693 Sandler and Ruthven, 1969) to unravél complex metabolio
problems wheye semiquentitative information about a large
number of different metabolites was requireds Although
nany of these assays are oow performed by thin layer
chromatography (see Smith, 1969) which despite certain



drawbacks is quicker and more sensitive than paper
ghromatography, the approach is atill at best umiqmnt;tutivo
unless tedicus mancsuvres imvolving eluting material from the
chromatogram (Sankoff and Sourkes, 1963) are employeds Thie
difficulty 1s overcoms by the introdustion of gas
ohromatography which with »!.tc quality of speed, sensitivity,
high regolution and quantitative interpretation (Dalgliesh,
Horaing, Horuning, xnai and Yarger, 1966 Raroum, Ruthven and
S8andler, 1968) has proved very ussful in the study of a variety
of diseamer characterised by the urinary exeretion of a wide
lpeetrﬁm of different metabolites (mee later).

To carry ocut gas chromatographic investigations of
phenolic and indolioc metabolites, it is necessary to be
faniliar with many difforent metabolic pathways and their
abnormlities,s A sound understanding of the underlying
prinoiples of gas chromatography is also nccessary for the
planning and ‘exeoution of suitable procedures. The first
three chapters of this thesis are desizned to go nome way to
providing this background. |



CHAPTZR 1

Biochemistry of aromatic smines

ietabolism ¢f phenylslanine

This metabolic pathway has been particularly well
stucied because of the discovery of 2 number of inbtorn errors
of metabolism involving its earlier enzymatic steps. Cne
ramification of the pathway results in the prcducticn of
catecholamines with their vast literature (see Second
{.ymposium on Catecholamines, 1966; Glowinski and Baldessarini,
1566; Hornykiewicz, 1966; Iverson, 1967).

The first major step in the metabolism of vhenylslanine
iz its hydroxylation to tyrosine by the enzyme phenylalanine-
L-hydroxylase (Kaufman, 1957) which is mainly localised in
the liver (Udenfriend and Cooper, 1952) and is fairly specific
towards phenylalanine. It is now well established that the
enzyme is different from either tryptophsn (Renson, Goodwin,
"eissbach and Udenfriend, 1S61; Renson, "“eissbach and
Udenfriend, 1962; Hagen and Leonard, 1966) or tyrosine

rycroxylases (Sandler and huthven, &86€). "hile it has a

weak action on tryptophan (KRenson et_al, 1961 and 1962), it

has no el ect on tyrosine (Ikeda, Levitt and Udenfriend, 1965).
Hydroxylation of phenylzlanine in the adrenal medullar, the
brain snd organs supplied by the sympathetic nervous system,

is believed toc be catalysed by tyrosine hydroxylase (Udenfriend,



19663 Ikcda, Ievitt and Udeniriend, 1967).

| Iiver phenylalanine hydroxylaee, like tryptophan
hydroxylase (Renaon et &l, 1961), consists of two protein
fractions or enzynes {(Udenfriend, Weissbaoh and Clark, 19553
Mtoma, 19564 Kaufwan, 19593 Kaufmen and Iovenberg, 1959).
One sffeats the hydroxylation while the other keepa the
cognzywe in an active form (Keufman, 1959)« Hydroxylation of
phenylalanine (Kaufman, 1958y Kaulfnan, 1963 a, b) ae of
tyrosine (Brennaman and Kaufman, 19643 Raufman, 1964) and
tryptophan (Grehame~Smith, 19673 Jequie, Robinson, Iovenberg
and Sjoerdeme, 1969) requires tetrahydropteridine or closely
related derivatives, HADPBé, Fe't and atwospheric oxygen
(Raufman, 1966).
Ryrosine major patimay

Tyroeaine is moinly metabolieed through trancamination
by & liver transaninage (E«Cs 2464145) (Onnellakis and Cohen,
19563 Kenney, 19593 Jocoby and Ie Du, 19625 Hamvaldsen anmd
liorseth, 1965) to p-hydroxyphenylpyruvic acid (p~HPPA)e There
are apparently two forme of tyrosine trensaminave, one soluble
and the other aitochondrial., Very 1little of the soluble
veriety is found in the foetus and ueonste compered with the
witochondrial form. After bixrth hovever, the activities of
both rise steadily although that of the supernatant rises
faster. As 2 rasult, the level of the soluble enzyme is
higher than that of the mitoohondriam during the post-natal
period and in adults (Koler, Vanbellinghen, Fellman, Jones



and Behrman, 1969)e p-HPPA i@ oxidised by p-HPPA oxidase
to homogentisia acid (Schefartz and Gurdn, 19493 Taniguchi,
Kappe and Armstrong, 1964), @ reation associated with what
bas now come to be called the "WIH shift" (Guroff, Daly,
Jerina, Renson, “itkop and Udeniriend, 1967) coupled with
decarboxylatione Further degradation of homogentisic acid
iuvolves oxidation by homogentisic acid oxidase, with
splitting of the benzene ring to maleylacetoacetic acid
which undergoesf-oxidation and enters the citric acid
eycle (Fize 1el)e Tor a more detailed account of the
metabolism of tyrosine, sce Dalgliesh (1955) and Knox,
(1955) .

Catecholamines blosynthesis

Dopamine, noradrenaline (liA) and adrenaline (A) are
the main catecholamines found in wammalse Thelr synthesis
is largely restricted to structures derived from the embryonic
neural orest (Kaser, 1966). They have thus been detected in
many organs supplied by sympathetic nerves where the levels
of catecholanines are directly related to the extent of
synpathetic innervation. TFor example, in the vas deferens,
the dense supply of sympathetic nerves (Sjostrand, 1965;
Palek, Owman and Sjostrand, 19653 Owman and Sjostrand, 1965)
is reflaected by its hizh content of noradrenalines It is
now well established that A is released from sympathetic

nerve endings, acting as a transmitter (ZBuler, 1956).
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Dopanine {251tz and Credner, 1942) which is pz?cupt in high
ooncentration in the bussl ganglism of the brain hy’!nva a
sizilar function (Hornykiewlos, 1966). Adresaline aight
auo'phy a role as & neuro-transmiiter, particularl.} in the
Irog (Loewdi, 19213 Axelrod, 1966) and certain birds (Axelrod,
1966) » ' |

- Ever since the disoovery of A by Oliver and Sobafer
in 1894, the biosynthstic patimay of the catecholamines bas
bean the subject of much spoculations The metabolio route
suggested by Blasohko (1939) was finally establishad by redioe
isotopic studies asg tho zain pathway. During these studies,
phenylalanine (Gurin and Delluva, 1947), tyrosine (Udenfriend
and Yyngearden, 19563 Goodall and Kirshner, 1957), DOPA and
dopanine (leeper and Uldenfriend, 1956) were conclusively
shown to be pz'ﬁourlorl of EL.-
Zyrosine hydroxylase (Z.Ce lsl4s3.?)

‘The first step in the synthesis of the catecholasines
wag the last to bde ohnraotiriud. It involves the aonversion
of tyrosine to DOPA by tyrosine hydroxylase (lmgatsu, levitt
and Wenfriend, 1964)¢ This enzyme hae uow been demonstrated
in adrenal medulla, brain, heart and other sympathetically
innervated tissues of A variety of animal cpecien‘ (meafrieud,
1966}« It has recently been shown to be 'Locatnd exolusively
within the neurones in the adrenal glands (E&gﬂtdh. Lyoan,
Rust and DeQuattro, 1969)¢ The putative role of tyroasineas
(EeCs 1410e341s) in the hydroxylation of tyroatne (Udenfriend




1966), tme now been conpletely dlemiesed. Ths suboellulsr
» digtributioh ofv_thd gnzyne is d-batsblml ‘Thile some authors
" bave claimed that 1t is associated with suboellular particles
in the adrenal medulla (Hagateu et al, 1964} Petrmck, Sheppy
and Petzer, 1968), brain (Nagateu gt _al, 19643 Bagchi and
¥oGeer, 1964) and syopsthetioally innervated tissues
(Nagatsu ot _al, 1964), others have shown it to be ssmentimlly
a oytoplasimio enzyme in the beef adrenal (:lusscchio, 19683
Iaduron and Bslpaire, 19683 Musecohio and Wursburger, 1969).

The oofaoctor reguirements of the enayne are the same as
those of phenylalanine hydraxylasa (Udenfriend et al, 1966}
Petrack et al, 1968). The purified enzyme is specific for
‘tyrosine and phenylalanine, in gontrast to phenylalanine
hydroxylase which oould not hydroxyiite tyrosine (Iksc‘-j.a_ et al,
1965)« However it does not hydroxylate D-tyrosine, tyramine
or tryptophan (Wenfriend, 1966). This finding lwpliea tiut
the 1iver is not the only site of tyrosine production and that
in nervous tissues and related chromaffin struoturee the
couversion of phenylalanine td tyrosine and tyrosine to DOPA
zay be ?3\:?:;&?130 fut by the same ensywe (Udenfriend, 1966}
Sandler gt/ ml, 19623. This laat view is supported by svidence
for an extrahepatic souxrce of tyrosine in phenylketonuria
(Udenfriend and Bessman, 1953).

There 1s considerable evidence to suzgest that
hydroxylation of tyrosine is the rate-limiting step in the



bioasynthesie of WA, Thus when tyx"oum..jom and Aoynuj.m

were in turn perfused through the guines-pilg heary_t‘ the mimm
rate of conversion to FA was only achieved iith tyrosine, with
a Hichaelis constant '(K.) valus npproxiutciy sinilar to that
of tyrosine hydroxylase (ILevitt, Spector, Sjoerdesa and
UWenfriend, 1965), Further support was furnished from

in vivo studies with {ghibitors of tyrosine hydroxylase,

from which the extent of inhibition of HA synthesie was found
to be exmotly the same am tbhat of tyrosine hydroxylage
(Gdentriend et sly 19663 Udenfriend, Zaltzman-Nirenberg,
Gordon and Speotor, 1966a)s The rate of tyrosine hydroxylation
in the bovine adrenal wedulla (Petrdok st al, 1968) wam found
to correspond well with the sotivities of DOPA decarboxylese
and dopamine 4 ~hydroxylase reported by Nagatsu et ai.{1954).
This good corrslation formed the basis of s suggestion put
forward by Petrack et al,(1968) tomt the rate of tyrosine
hydroxylation in vivo may be limited by availability of
substrate and cofactor rather than by catalytic sotivity of
the ensymes On the other hand, the possibility exists that

& negative feed-back meohanism involving inhibition of tyrosine
hydroxylase by A and A, aote as the rate limiting factor in
the blosynthesis of catecholamines (Nagatou et al, 19643 Heff
and Costa, 1966) although this view has been disputed (Patreck
at al, 1968).
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DOPA_decarboxylase (SHIP decarboxylase)

This wae the firot enzyme involved in catecholamine
biosynthesis to be characterised (loltz, Heise and Iudtke,
19383 Holtz, 1939)e It is widely distributed in mammelian
tissues, including the central nervous system (Goodall and
FKirshner, 1958). Its intracellular localisation in the
cytoplasn (Iaduron gt ale., 1968) indicates that decarboxylation
of DOPA takes nlace outside the granule were tyrosine is
hydroxylated = provided that tyrosine hydroxylase is accepted
as a particulate enzyme (Udenfricnd, 1966) but if tyrosine
hydroxylase is a cytoplasmic enzymec, 88 is likely to be the
case with the bovine adrenal medulla (:lusacchio, 1968;
lusacchio et al., 1969) then the reactions converting tyrosine
to dopamine take place in the cytoplasm (Fige 1e2)e

DOPA decarboxylase has been claimed to be relatively
non=g8pecific for a number of I~aromatic amino acids
(Lovenberg, Veissbach and Udenfriend, 1962), Certainly the
1likelihood of its identity with 5 HI'P decarboxylase is hizh
as is evident from their many similarities in tissue
distribution (Vesterman, Balzer and Knell, 1958), affinity
towards both DOPA and 5HD (VWesterman et al., 19583 Fellman,
19593 Vorle and Aures, 19593 Yuwiler, Geller and Eiduson,
1959; Rosengren, 19603 Udenfriend, Lovenberg and Weissbach,
19603 Kuntgman, Shore, Bogdanski and Brodie, 19613 Hagen,



102

Tyrosine

Fig. 1.2. Model for the intracellular biosynthesis

of catecholamines in the adrenal medulla. Abbreviations
used: TH = Tyrosine hydroxylase, DDC = dopa decarboxylase,
DA = dopamine, DBH = dopamine- -hydroxylase, NA = nor-
adrenaline, NMT = N-methyltransferase, A = adrenaline.
After Laduron and Belpaire, (1968).
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19623 Lovenberg et 8l., 1962), from competition experiments
in which DOPA and SHIP were incudated together or separately
with preparations of the encyme (Bertler and Roaengren,

19593 Fellmmn, 139593 Werle st al., 1959) Yuwiler gt al.,
19593 Magen, 1962) and from inhibition studiem (Festermann
‘&t _8lsy 1958)s It will deosrboxylate to some extent o- and
mtyrosine (Blamchko and Sloane~Stanley, 19483 Blaschke and
Holton, 1950) and otheyr amino acids including tryptophan,
phenylalanine and p~tyrosine (I.ovenberg ot al,, 1962;
Lovenberg, Bamlan, Waiasbaoh and Wenfriend, 1965) dalthough
to an extent whioh probably ro:tleotc an insignificant &n vivo
role (Awapara, Sandman, and Hanly, 19623 Awaparas, Perry, ilanly
and Peck, 1964)s The ensyme is speocific for the I~isomer of
DOPA (Holts et @l., 1938; Holtz, 1939) and SH'P (Clark,
Welssbach and Udenfriend, 1954). It can also decarboxylate
d-hydroxytrygophan (CErspaser and Glasser, 19603 Hrspamer,
Glesser, Pasini and Stoppani, 1961), but cannot function when
the hydroxyl group is on the 7 (Udenfriend, Clark and Titus
19533 Exapamer gt al., 1961) 6 and 2 (Erapamer ot al., 1961)
positione,

Fyridoxal phosphate im nesded s a cofactor (Garattini
and Velzelli,1965) but the manmer in which enzyme and coensyme
interaot is complicated, depending on source of encyme, type '
of sudbstrate, pH and the way the ensyme is stored (Awapara
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ot al., 19623 Sourkes, 1966).

DOPA deoarboxylmse ia widely distributed in smaamalian
tissue (Caddum and Cisrmane 19563 Holtg, 1959) with the.
highest sotivities being found in the kidney, liver, adremal
medulla, sympathotic ganglim and intestine. High aotivities
has alao been found in certain neoplastic tisoues e.ge in
phmecohromooytoma (Burger and langemann,; 19563 Hagzen, 19623
Iangemann, Boner and iuller, 1962), carcinoid (Hagen, 19623
Tangamann g_g__g}_‘., 1962) and neoplaatic mouse mant cell
tissues (Iagunoff, Imm, Roepsr and Banditt, 19573 Hagen and
Icae, 19583 Hagen, Ono and lee, 1960).

The pharmacological propertiss of compounds which act
as DOPA decarboxylase inhibitors (Clark and Pogrund, 1961;
Clarky, 1963) bave atimulated much investigatory activity
in their mode of action and their thorapeutlc potentials,
with particular emphasis on the treatment of hypertension
(Martin, Bremiel and BDeiler, 19503 Hartman and Olark, 19553
Bartoan, Akawle and Clark, 1955) A full diegueaion of this
theme (Sandlexr and Ruthven, 1962') is beyond the scopa of
this theasis. It should be noted in paseing however, that such
coapounde as < -methyldopa are unlikely to exert their antie
hypertensive effect by virtue of sn inhibitory action on DOPA
decarhoxylaae, Although there is some dispute about their
mwracice mods of action, it is 1likely that decarboxylated



metebolites of the drug may compete with iA at its receptor
site (Sourkes, 1965), acting aos "false tranemitters® (Kopin,
Pischar, Musacohio, Horst and Weiss, 1965). $

Dopapine=lbhydraxylese (I.0alel4s2e1s)

The next step in ocatecholamine blosynthesis is
P=hyiroxylation of dopamine to Nk by domuiuc-ﬁ-hjdiuylnat
(Goldstein, Ericdhoﬂ'. Simmons and Froohoroff, 1960)« The
ensyme was first oharactarised by levin, lavenberg and
Xaufemn, 1959), although its aotion had previously been
demonstrated both in vivo (Iseper and Udenfriend, 19%6) and
in vitro (Hagen, 19563 Neri, Hayano, Stone, Lorfman and
Blaed jian, 19563 Goodall and Kirshner, 1957 Kirshner, 1959).
The enzyme ie located in the catecholamine storing graunules
(Kirshner, 19573 Musacohio, Kopin and sdyd-rg 19643 (km,
Kajikame, Ohuchi, Yoshida and Tmeisumi, 1957) provably bound
to the inner surfage of ths vesicular memdrane (Xaufman and
Priedman, 1‘965)- It is found in the adrenal medulla (Pisano,
criveling and Udenfriend, 1960), brain (Udenfriohd and
Creveling, 1959), hemart (Chideey, Kaiser and Sraumwald, 1963),
sympathetic nerve granules (Potter and Axelrod, 1963) and in
phecchrozooytome and meuroblastoms tumour tissue (Goldateiu,
Prochoroff and Sirlin, 1965a$ Bohuon and Guerinot, 1966).

Pollowing ite puriffcation from bovine adrenal particles
(Ievin Isavenberg and Kaufman, 1960), studies have been carried
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out on its compooition, properties and kinetics (Goldstein,
Tauber und ¥oKereghan, 1965)e It wae ehown to be &
metello~engyne (Tevin et 8le, 19603 Kirshner, 1962;
Goldsteln, 19623 Groeny, 1964) with copper as the prosthetic
group (Friedman and Keufwan, 1965a3 Goldetein, Iauber,
Blumberg ard Peiesmoh, 1965t Frieduwan and EKaufman, 1965) end
to have a molacular weight of 290,000 (Goldctein gt ml.,
19653 Pried=an et &ly 1965, 13658). The ensyme raquires
ascorbic and fumaric ecids as cofactors (Ievin gt al., 1960).
A omtechol compound cen substitute for ascorsle acid {Tevin
and Kaufoan, 1961)« Apart from these faotors ATP (Isvin st
8le, 1961p Goldstein and Contrera, 1962), a divalent metal
such 88 Mn*’. moleoular oxygen (Kaufman, Bridgers, Zisenberg
and Priedwan, 1962) and <30 groups (Goldstein, xnxareghng and
Taubar, 1963) ere also naeded.

The enzymé is aonapecific and accepts & variety of
syapathomimatio aminee including phenylethylanine, tyzrsmine,
epinine, 3—matho§ydopamint and other phenylethylamine and
phenylyropylamines {Tavin gt al,, 19613 Goldstein and Contrera,
1961y Goldstein et al., 1925 Creveling, Dely, Witkoep and
HWenfriond, 19623 Bridges and Kaufman, 1962) s substrates.
Some compounds atructurally related to dopamina, which are not
aubatrates for the ensyms, act as iohidbitors (Goldstein,
Mmseochio, Xenin, Contrers and Rice, 19623 Crevellng, van Der
Sohoot, and Udenfriend, 1962a3 wvan Dey Schoot, Creveling,
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Feagatsu and Udenfriend, 1963). For further information on
the inhidbition of dopmin-P-'derozyh_a. nes Sandler et al.,
(1969) « |

Ehenyletimgolanine-ti-pethyltrageterase (£.0e2slele?)

In manmalisn sdrenal glande (Axelrod, 1966), the
conversion of TA to its Nemethylated mnmlogue A is oatalysed
by phenylethanoluaine=lf-methyltransferass, FE-H-)T, (Axelrod,
1962) using Se-adenosylmethionine as mathyl donor (Hmrris,
19613 Axelrod, 1962)., Other phenyhthanolam'imo.1nolud1ng
- normetadrensaline and ocotopamine, together with seoondary
amines such as A and metedrenalins, and druge structurally |
related to phenylethmanolamine will act as sudstrates (Axelrod,
19623 1966). The ensyme is however, absolutely apscifiec for
phenylethanolamine derivatives and has no action on
phenylethylemines (Axslrod, 1966).

FE«N=-ID is present in the soludble lupcrnata‘nt fraction
of the adrenal medulla of a variety of species (Axelrod, 1962)
inoluding man (Kitabohi and Williams, 1969). It is also
present in relatively small amount in other organs e«ge brain
(MoGeer and McGeer, 19643 Pohoreoky, Zigmond, Karten and
Wurtmmn, 1969) and hesrt (Axelrod, 1962)s The synthesis of A
will therefore require FA to leave the cihromaiffin granuleas
and santer the oytoplasm, where it is Nemethylated. Adrensline
then returns to the storsge granules to he stored until it i
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liberateds There is now evidence hawever to suggest the
intragradular synthesis of A in the bovine adrenal medulla
(Goldstein, Gang and J‘oh, 1969). A wider distribution of
bhe enzyme is found in aome non-mammalian speciea, particularly -
amphibiane such as the frog (I.oewi, 19213 Falck, Haggendal
and Osman, 19633 Axelrod, 1966) and some birds (Axelrod, 1966) «
It 1s thue possoible that_» adrenaline acts as a neurotransmitter
substance in these specles (Azelrod, 1966)‘.

iluch recent information 1s available reclevant to the
production and control of A in the adrenal medullae Adrenaline
appcar to be responsible for product inhibltion of PE~H='T '
(Puller and Hunt, 1967« A very high local concentration of
adrenal cortical cortiebsteroid i8 necessary for lencthylation
("urtoan and Axelrod, 19653 19663 Jurtman, 1966)e Thus a
production in the adrenal medulla is probably coﬁtrolled at
two levels.
Phe nylalkyiamine-lf-math,yltz'ansferase (EeCe20lele?)

Phenylalkylanine=ll=methyltransferasey Peli=IT, wag Tivst
characterised by Axelrod and his colleagues (Azelrod, 1961;
19623, bg larki, Axelrod and fitkop, 1962). Unlike PE-ij=iT,
1t 1s relatively non=specific and has been found o
il=methylate phenylethanolanincs, phenylothylamines and
indolalkylamines. Tike PO-H=IT, Seadenosylmethionine is

required as nethyl donor, but Xg** or glutathione do not seem
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to be necessary for the reaction,

P=!T hap been detected in audstantial amount in the
parotid gland of a South Azerican toad (MBrki et ale., 1962)
and in humen and rabbit lung (Axelrod, 19613 1962b). It 1s
yrasent in relatively low aotivity in a mumber of mamaslian
organs inoluding the adrenal medulla and the heart (Sandler
at al,, 1969)« Its physiologioal role ie unknown,

Minor blosynthetic pathwsys of categholamivag

Whether a compound 1is actually produced in the body
depends not only on the existence there of an enzyme oapable
of its aynthesis but on many othex factors such as
availability of substrate, subcellular localisation and ensyme
sontrol ugohuniucs Haverthelsss, it should hs noted that
most of the eunsymes involved in catecholamine biosynthesis
are not absolutely specific so that other products of their
_motion are theorstically poesible. Indeed many such mina
metabolio pathways have been identified in various species.
For a datalled review reference should be mede to Sandler and
Ruthven (1969)« These patimays probably lead to the
biosynthesis of certain diologically active amines such as
tyramine and octopaumine (Pisano =t ale., 19603 Musacohio amd
Goldstein, 1963) and synaphrine (Axelrod, 1962). A schemtic
representation of some of them is shown in 7ig. 1.3,
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¥ats of omtecholamines in the organisw

The insotivation of eatscholamines Ind of othex
biologioally active nmonoamines is achisved via two
processes which together are responsidle ior the short duration
of their effeots The Lirst is associsted with tissue uptake
{Iveraon, 1967 &, b3 1969) and the second with metabolio
degredation.

The end-products of metabolism are excreted largely
in the urine and play no further part in the bdody econouy.
The measurement of urisary metadbolites of bilologioally aotive
moncamines has bdeen widely employsd as & diognostic indax in
both men and the experimental animels The importance of thim
approach is reflected by the nunber and dlversity of
methodologionl spproaches eaployed for such msssurenments. das
shromtographic assey is but the latest addition to this
ssthodologioal armementarium but is likely to be the most
fruttful. |
Metabolism of emtegholamines

As with those responsible for biosynthesin, the eunaymes
which bring about degradation of the eategholamines are
relatively non-apecifio.

The major metabolic pathwey of catecholamines is by
exidative deamimmtion and O-methylation (Pige 1e4)s 7The
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Lirst is catalysed by moncamine axidase (MAO) and the segond
by oatechol=O-methyltransferase (COM')s Their relative
importance appears to depml on a number of factors, not the
least of which is anatonionl site o.ge (A0 may play & more
igportant role in the brain and sympathetic nexrvous aystem
(Glowineki gt 8les 1966) whilst COMI is more prominent
cxtnm%omuy (IaBroess, Axclrod and Kopin, 1961} Anl;-oa'.
1966)(« The agent responsidle for anine libderation (Iverson,
19673 Kopin, 1968) also tends to produce a cheracteristic
metabolic pattern. Thus nerve stimulation and tyremine appear
to liberate NA from & small intracellular pool of rapid turn-
over where the primery inagtivation mechanism is by CO:fs
conversely, drugs such us reserpine which releass KA from &
different, larger pool, tend to bring about inmotivation
primarily by MAO. For a full discussion of this prodlem ses
Kopin and Gordon (19623 1963), Kopin (1965) and Sandler and
Youdim (1968).

Yonosmine oxidase SE.G. 1.4.2;5.)

Honoamine oxidase (MAO) catalyses the axidative
deanination of a nunber of aliphatic and aromtic monoazines
0 the ecorresponding aldehyde (Blaschko, 1952)s It 18
relatively nonespecific but its affinity towards ite known
substrates varies greatly with time and species source of the
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ensymes In genoral howsver, its activity is high against
monophenolio mnd catecholio amines, uqiiutc towards
P-hydroxy subetituted compounis and absent when the amine iw
attached to the ring (Blamohko, 19523 1963). Dopamine,

- prhydroxyphenylethylamine and tyramine are better substrates
for ¥AO than A and FA (Blaschko, Richter and Schlossmann,
19373 Blasohko, 19523 1963; Ieeper, Weisshach and Udenfriend,
1958)s The enzyme tends to exhibit some sterwospecifioity
towards certain enantiamorphs, depending on the compounds
(=)=noradrenaline and A are better substrates than the
correaponding (+)=form, (Gimohetti and Shore, 1966).

The diatribution of ths ensyme is very widg. It tas
been deteoted in many vertedrate organs and tissusz whare it
is presant in particulate orgamlle.; nainly mitochondris
(Oowald and Strittmater, 19633 Baudhin, Beaufay, Rabman,
Sellinger, Wattisux, Jacqueas and de Duve, 1964). A smaller
proportion 1g probably present in the microsomal or supere
natant fractions (de, C;'nmphin; Axalrod, Krakoff and Mueller,
1968)s Within the mitochondris, AO activity is probably
1lrcalised on the outer membrane (Schnaitman, ixwin and
Greenmwalt, 19673 Boadle and Bloom, 1969).

Iatterly, HAQ ne been extensively studied in .
solubilised, purified and stable form (Barbato and Abood,
19633 Gorkiny, 19633 Coq and Baron 19643 Guia and Kirshm iurti,
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1965¢ Nara and Yaaunabu. 19663 Youdim and Scmrlmn. 1966)« It
has a nolsouhr weight of adout 290,000 auﬂ its absorption
speotrum shows two cxunction peike at 280 nm and 410 nn
(exidised form) or 460 nm (reduced form) (Youdim et aley 1966).
The ensyme is oonaumd to de flavoprotein (Viseman«Distler
and Sonrkes, 1963) with 8 -« SH groups assooiated with each
nolocﬁlc (Brwin and Hellerman, 1967). Inhibition of the
onsyni by chelating egents (Gbrkm and Romanova, 1959) points
to tha involvement of a covalent metal, but attempts to identify
it ave not been aucaessful (Youdim et nl.. 19663 Exwin et al.,
1967).

The 1nhomggn¢1ty of the'ensm towards inhibitors
(Platucher, 1966) together with kinetic studies, provide
indirect evidence that MAC is not & single enzyme (Gorkin et
81es 19593 Gorkins 19653 Viseman-Distler st ale, 19633 Nara
st _als, 19663 Gorkin, 1966; Pletmcher, 1966). Recently,
direot svidence (Youdim and Sandler, 19673 Oolline, Youdim and
Sandler, 19683 Youdim, Collins and Sandler, 1968j Youdim,
Collins and Sandler; 1969), employing disc electrophoresis,
has eatablished the existence of multiple forme of MAQ which
migrate at different rates thmrough polyacrylamide and possess
differing pnyaioo—chemicai oharacteriastics. !Bhe possibility
of this finding being an ertifact cannot be completely
excludaed, however, although the constant and reproduaible
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@lectrophoretic behaviour of these bands in relation to the
tiscue and species from which they derive makes this
unlikelye.

Catechol=-O-methyltransferase

ilethylation of substituted eyclic compounds conatitutes
an important detoxication or inactivation mechanism in all
living organiems. Of the many methylating engymes, CO is
among the most important because of 1ts role in the insctivation
of circulating catecholamiﬁes (Axelrod, 1959). Together with
HAQ, 1t 18 lavrgely responsible forlthe netabolic degradation
of catecholanines.

The enzyme is widely distributed§ nich cgncentrationa
are preseht in the nervous system although the hizhest levels
‘have been detected in the liver and kidneys (Axelrod, Albers,
and Clemente, 195%8)s It has been dotected in nouroblastoma
tiesﬁe'(la Brosse and Karon, 1962). Its activity doubles
1n'the rat uterus during presnancy (Wurtmén, Axelrod and
Potter, 1964), and appreciable amounts have been detected in
the human placenta (Iisalo and Castron, 1567)« Within the
cell, COIT is mainly confined to the goluble supernatant
fraction (Axelrod and Tomchick, 1958). An atypical form of
COIT aprears to be precent in the microsomal Lyaction of

liver homogenates. This variant differs from the soluble



form with respeat to pH optimum and responsa to cold stress
and Scnlpynne (Insooe, Daly and Axelrod, 1965) . .

‘ Polyaoryhuiﬁe gel sleotrophoresis has revealed multiple
. ,b““ of aotivity suggesting the eximtence of isocensymes
(Anderson and DtIorio, 1968).

Studdes on ths purified enzyme (Axelrod et al., 1958
Anderu'on. Ziegler mnd Doeden, 1968) uming both isotopioc amd
non~isotopic rrocedures (Axelrod, 1966) and Sephadsx column
ohromatography (Anderson et al., 1968), bhave shown it to
exhibit no stereo~spsoificity but specific for catechola as
& clasee, It appears to have a molegulaer weight of 29,000
and employs S-adeuuylmthionine as methyl donore Por the
reaction to take place r@”, or another divalont ocation such
as sm“, co"", ca‘", Zntt, re** or 1** in dessending oxder,
ie necessary as cofactor.

O-Mathylation tends to ocour predominently at the
_ S-z»_on:ltion although, depending on the nmature of the side
ohain, the 4=hyirexyl group oan be affected (Senoh, Daly,
Axelrod and Witkop, 19593 Daly, Axelrod and Witkop; 1960).
A1l maturally ocourring catechols are O-methylated in the
3~position &nd 1t has bean difficult to £ind evidence for
4=nethylation of these compounds in vive {von Studnits, 1967).

Aldehivde oxidation and reduotion

The aldeyde resulting from the axidative deanination

b
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of a monoamine by !AO may be further metabolised by two
alternative reactions involving its traneformation by
aldehyde dehydrogenase to the corpresponding acid ar by
aldehyde reduotase to the alechols The proportion of
intermediate aldehyde further metabolised by an oxidative

or a reductive patlway depends on the nature of the side
ohain and, in perticular, on whether a ﬁ' ~hydroxyl group is
present (Breeec, Chase and Kopin, 1968 1968)« Thug
phenylethylaminee are predominantly degraded to their
corresponding acid, whereas reduction to the alcohol assumes
greater importance in the further metaboliesa of
phenylethanolaminesy the proportion depends to & large extent
on the apeciess Reduotion seems to prodominmte in come tissues,
notably the brain (imnnarino et al., 19633 Glowineki et als,
19653 19663 Rutledge and Jonson, 1967) whero NA is mainly
metabolised to HFGe Even 4in the brain however,
phenylethylauines gegs dopanine (von Euler, 19583 Rosengren,
19603 8harman, 1963) and tyramine (Breese et 8le, 1968) are
mainly metabolised to their oomaponding acide In zmn, &
greater proportion of the [ ~hydroxylated catecholamines, A
and HA, is converted to VA than in speoclies such as the rat
where HUPG is the oajor metabolite (Kopin, Axelrod and Gordon,
19613 Kopin and Gordons 1962)« Dopamine and other
phenylethylaninss are almost wholly metabolised by the




oxidative route, independently of species, and only very smll
amounts of alcohols such as HIPE (Goldstein, ?ricdhott,
Pomexants and Coutrera, 1961) and dihydroxyphnnyhtunol
(Goldetein, T'riedhoff, Pomorants and Simmonds, 1960) Goldstein
M—, 1960,) and rhyﬂzuyphanyhthnn&l can norsally be
dottctcd (see context of thie thesis).

A nuober of differsut ascntn. including ethanol (Smith,
Gitlow, Gall, Wortis and Mendlowits, 19603 Davis, Brown, Huff
and Oashaw, 1967) and reserpine (Sandlexr and Youdiw, 1968),
produce @ #hift in the normal metsbolism of the oatechol
aldehyde from an oxidative to & reduotive patiways The
underlying msohanism of this shift will be diccussed in some
detall in ochapter 9« |
Othexr metabolis routes

Apert from the metabolic route of degradation alresdy
desoribed above, there exist other pathmays for the metabolism
of oatecholaminos and their preoursor, I»DOPAes Although
quantitatively these pathwayo are of minor importance, in
cortain matholosiecal conditione asaccinted with increamsed
produotion of entacholamines and their precursors they mey
become exagrerated.

Of particular interest ie timt involving the
trenpenination of DOPA or its Oe-methylated derivative,
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vanilalanine, to thelr corresponding pyruvic acida, ‘
dihpdraxyphenylpyruvic (DHPPA) and vanilpyruvio (VPA) acidme
These kato acids might fwrther be raduced to their lactio
forme giving dlhyiroxyphenyllsotic (DiPIA) and vanillmotic
(VIA) aolds respectively (Fige 6)e Thus in melanoma (Coward,
Smith and ltddleton, 19673 Duchom, Matous and Proohaskovs,
1967), neuroblastoma (Gjessing, 196343 1965) malignant
phaeoohromosytome and & numder of other discrders such as
cancer and rheucatold arthritis (Szmith, 1965)', an increassd
urisary output of these metabolites haa been reporteds In
this connsction there is evidence of an alternative patimay
- (oey, 1368) whareby p-HPFA gives riss to DOPA both in vivo
and in vitro, presumably through mhydrm:.rhtion followed by
transanination.

Other metabolie routes which appear to be less iaportant
than transamination inolude in vivo O-demethylmtion of
noranetadrenaline, metadrenaline and other methylated catechols
(Azelrod and Ssara, 1958,3 Daly e @ley 1960)and in vivo
I=-demethylation of mtadremum in tie rabbit (de Potter,
Bacqe Oriel, De Schaspdryver and Renson, 1963) and the oat
(Verley, Kooh and Hunebelle, 1962)3 in vitro, metsdrensline
has been conwected (o normetadremaline by a rabbit liver
miorosoml preparation (Axelrod, 1960). Other minor metabolic
routes inolude ring dehydroxylation (Datdm, Booth and Jones,
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19573 Booth, Emerson, Jones a&nd DeEds, 19573 Lcheline,
Willlanms and Wit, 19603 Shaw, CGutenstein aud Jepson, 1961}
Tayman and Jepeon, 1969), /3’ «dghydroxylation (Sandler,
Ruthven, and Contractor, 19633 Sandler, Ruthvem and Wood,
1964,3 Goodall and Alton, 1965) and the production of
vanillic @cid from A and NA (Imaizumi, Yashide and Kita,
1958) and DOPAC (Alton and Goodall; 1969)« For a more
detailed account of these uwinor patimays, aee revicw by
Sandler and Rutlwen (1962) .

Iryptophan metabolism with intact indole ring

Tryptophan vlays a versatile role in mamrals (Jsiaster,
1965) as an indispensihle amino neld scrviug in the syntheeis
of protein and ag the precursor of the important biologically
gotive compounis tryptamine, S-hydroxytryptamine (Serotonin,
s}, melatonin and nicotinic acide Altbough it hae been
studied since the beginuing of this century (Hopkine and
Colc, 1902), little was known about metabolie patimays ot hexr
than that tavolving ring-eplitting (Dalzliesh, 19553 Meleter,
1965) until the early ninteen fifties when the potent |
pharmacpl:)gically active ogont SHT begab to be intensively
irvestizated (Rrapmmer, 19545 Page, 18543, 1958). Since
that time, 8 vast literature has ar;sen on this subjeot which
hags been well summirised in recaent reviewu (Garattint and
Valselli, 19653 Evspamer, 1966) and sympoeia (Garattini, ma,
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Cogta and Sandler, 19683 Symposium on Se~hydroxytryptamine,
1968)«s The S=hydroxyindole pathway of tryptophan metabolism
has received attention out of all proportion to its
quantitative importancé. It has been estimated (Udenfriend,
Weissbach and Sjoerdsma 1956) that no more than 1% of body
tryptophan is metabolised in this waye. Iost of the impetus
has been clinical however, derived from two main areas of
investigation; carcinoid tumours Which give rise to large
amounts of indoles (Kahlexr and Hbiimeyer, 1961) and stddiés
in the aetiology of mental disease in which.s-hydroxyindoles'
may'be implicated (Stoll, 1947; Gaddum, 19532, b3 Vioolley |
and Shaw, 19543 Woolley et ale, 1954).

Another patkway of tryptophan metabolisn in which the
indole ring remains intact has indoloacetlc acid as its
end=product. This compound possessen great significance in
the plent kingdom as one of the most inportant growth
substances (Kogl, Ihagen-Smit and Erglcben, 1933)e. Its
cignificance in mammals however is obaocure.

S-iydroxyindole natlway of tryptophan metabolism

Since the discovery of S5~hydroxytryptophan decarboxy-
las (Udenfriend et ale, 19533 Clark et ale, 1954) in mammalian
kidney, S5=hydroxylation of tryptophan vas strongly suspected
as the initial step in the pathway leading to the production
of 54 (Udenfriend, 1958). Both 5P (Udenfriend, Veissbach
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and Boganskl, 1957; Udenfriend and ieisshach, 1958a) and
tryptophan (Donaldson, Gray and Ietsou, 1959) Were shown
to be suitable precursors of 5HTe After what was likely
to have been a falee start (Cobper and elier, 1961), direct
in vitro evidence for one type of hydroxylation waa provided
in 1961 wnen tryptophan was shown to be converted to SHLP by
a soluble rat liver supernatant {Friedland, Wadzinski and
Viaisman, 1961)e This observation was soon confirmed by
Renson, Goodwin, Yeissbach and Udenfriend (1961). After
gonme early confusion as to the ideniity of the enszyne
'rGSponsible -~ the hepatic enzyme 1a nom thought to be
phenylalanine hydroxylase (!lazen and Cohen, 196G) - the
tryptophan hydroxylating enzyme was at length shown to be
quite distinct (Renson et al., 1961), see section on
phenylalanine hydroxylase.

The enzyme tryptophan hydroxylasa was first identified
' by Grahame=-Smith (1964c) in carcinoid tumouwr and has since
been found in a variety of tissues where 5ii 18 known to be
- prescat, including intestinal mucosa.(novenbcrg, Jequier
and Sjoerdsma, 1968), brain (Grahame=Smith, 1964 b, c}
Grahame=5nm1th and Moloney, 19653 Green and Sawyer, 19653
1966; Makamura, Tchiyama and Hayaishi, 1965; cal, 1965;
Gal, Armstrong and Gineberg, 19663 ILovenberg, Jequier and
Sjoerdsma, 1967), and platelets (Lovenberg gt ale, 1968).
It is mainly a soluble or perhaps an easily solubilised
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mitochondrial enzyme (Ichiyama, iakamura, iishizuma and
Hayaishi, 19685 Lovenberg et _al., 1968) and exhlbits the
characteristics of a typical hixed function aromatic ring
hydroxylase (Lovenberg et al., 1968)« As with tyrosine
hydroxylase (Hagatsu‘gg_gl., 1964), the usc of mercapto-
ethanol was found to be essential to obtain in vitro

enzyme activity in mammalian tissues (ilosoda and Click,
19663 Sato, Jequier, Tovenberg and Sjoerdsma, 15673
Lovenberg et ale, 1968). For this in vitro reaction however,
there is an apparent requirement for ferrous iron (Tovenberg
et _al, 1963)s There is now sufficient evidence available to
establish the rate 1imiting function of the enzyme in the
synthesis of 5: (Tchiyama gt ale., 19683 Green, 1963;
Lovenberg et 8l., 1968)s The enzyns is specific for the
I~form of tryptophan on which hydroxylation occurs only on
the Seposition (Udenfriend, Creveling, Posner, Hadfield,
Daly and Witkop, 1959) in contrast to the tryptovnhan
hydroxylase of the milcroorzonism Chromobacterium Violaceum
(r14toma, Veissbach and Udenfriend, 1955, 1955) which
hydroxylates tryptophan in either the S= or the 6« position
(Contractor, Sandler and Vragg, 1964). D-tryptbphan may be
metabolised (leister, 1957) but has first to be converted to
the I~form via De=amino acid oxidation to indolepyruvic acid

followed by transamination (Greenstein and Vinitz, 1961).
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The further metabolism of SHUP possesees many points of
aimilapity to that of DOPA where the bamic degradation
seguences and mechaniane of inactivation ars closely anmlogous,

Purther metaboliem of 5HTP 18 through decarboxylation
to 53¢ whioh may then be atored within special intracellular
granules whoms ultrastruoture depends on the amatomical sites
SHE storage 18 found in the enteroshromaffin cella of the
alimentary mucous membrans (Erspamer and Asero, 1952), blood
‘platelets (Rand and Ze4d, 19513 Mynert and Tsmac, 1966)
spleen (Erspamer, 1965) and other sitess 4 emall proportion
of SHIP may be metabolised via transsmination to S-hydroxye
indolepyruvic acid (5HIPYA), @ winor patimay whioh nas been
demonetrated in vitro by Sandler, Speetor, Ruthven and
Davison (1960) and Spencer and Zamohek (1960), SHIPyA mey
be sonverted non-eungymtically to S-hydroxyinioleacetaldehyde
(5-HIAAld) (Udenfriend, 1957) and then oxidised to SHIAA by
aldehyde dehyirogenase (Velsshbachy Wenfriend and Redfield,
1957)¢ Alternatively oxidative decarboxylation or non-
ensynic oxidation of SHIPYA may give rise dirsotly to S5HYAA in
& sinilay manner to the degradation patiway postulated for
1PyA by Welsshach, King, Sjoerdsma and Udenfriend (1959)

(mee Pige 1eT)e

The ensyms responaible for the decarboxylation of S5HEP,
SHIP decearboxylass, is probably identical with DOPA
deserboxylase} ite poperties, distribution and gensral
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charegteristios are Zully denoribed in the earlier section
on DOPA decarbaxylase, |

The metabolio dezredation of 5 may prooeed by &
variety of reasctions, as showrn on Pige le7s The moat
mroninent involves oridative deanimation by MAO to
S-hydroxyinioleacetuldetyde (Wenfriend, Titue, Veisabaoh
And Ppterson, 1956b)« 2hs ansyme has bean disoussed more
fully in an earlier ssction. The aldehyde s netabolised
lnrzely by aldehyde dehydrogenase to SHIAA (Freyburger,
Gratmm, Bapport, Seay, Govier, Swoop and Van Der Brook, 1952
Sioardsma, Saith, Stevenson and manfriauﬂg 19588 Gdenfriend
8% 81+¢ 1356b3 Erspsmer, 1956) which is the major metadolite
of both endogenous and exoganous S5iT (Irmpamer, 19613
Erapaner and Dertmcaini, 19623 Carattini and Valselli, 1965)e
A small proportion hauﬂr, ~3y be reduoed by aldehyde
reductace to 510H (Rveder, islric and Feglavio, 1962)e An
'Mand outrut of this mloohol has deen noted in the wrine
of pationts with oaroinodd dissase (Davis, Cashaw, Huff end
Drown, 1961)« The conversion of aldehyde to 221d ar aloohol
is apparently depesdent on the mn/mm2 retio, since the
addition of HADH, to rat liver homogenmate inoubated with
labeled S5 imoressed the formation of SHTOH at the expance
of SHIAA (Peldgtein and Wong, 1965a, b). In vitro brain
homogenates have Lesn found to convert 5! to 510U



33

Zooleston, ifoir, Reading and Ritchie, 19663 B‘aldneiu and
¥illiams, 1963), but here NADPH, wae found to promete the
remotion me officiently than HADH,e

-Aftoy the diszoovery of high eomnm‘tiozxs of S5HE in
careinoid tumour tissue {Tembeck, 1953) its major metabolite
S5HIAA was shmﬁ to be excreted m‘gz.-eatiy increased amount
in the urine of offeoted subjecta (Tage, Covooran, Udenfriend,

Sjoordema and Weionbacl, 19554 3joerdem, Weissbach and
Menfriend, 195505 Wenfriend gt aly 19565)s Urimry SHIAA
asmy has since been wi&e‘ly umsed 88 in vivo index of SHY
turnover, although oareful distary control must be iuatigated
becouse of the presence of high concentrations of 5T in
cortain fruits cuch ag banana (Ahderaou, Zieglexr and Doesden,
19585 Udenfriend, Iovenbexg and Sjoerdsma, 19595} and walnut
(Kirbergar. 1962). Tho nerml urinary output 1s rather lsss
then 10 mg/24 hre, deponding on the method of aomsy (Sendler,
1963, 1968).

‘SIIIM. myy at least theoretlonlly, exriee from a miety
of b;ﬂrmindohalkylamimn such ag hufotenidine (Erspancr,

1 1955), bufotenine (Srspamey, 19554 Gessner, Kioirellahy

eleneo and Tage, 1960) and paaéibly Irom thalr derivatives,
Sehydroxy=i-acetyltryptophan and S-acetoxy-l-acetyltryptopmn
both of which were found to be excreted as 51 when aduinietered
in large quantities (Erepemor, Glisser and obili, 19¢)s |
Their ocourrence in man is perhaps doubtfule Although
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Nemethyl=-5-hydroxytryptophan and bufotenine werc claimed
to be present in hﬁman urine (Bumpus and Page, 1955), this
finding could not be confirmed after careful search
(Rodnizht, 1956). |

Apart from the major metabolic route of 5HT described
above, there exist minor pathways which may not involve-
oxidative deamination. Cther pathways include transamination
(Sandler et _al., 1960; Spencer et al., 1950), conjugation
as sulphatg (Snow, Lennard-Jones, Curzon and Staééy, 1955;
Curzon, 19573 Chadwick and Vilkinson, 196C) or glucYronide
(‘ieissbach, fiedfield and Udenfriend, 1958; IcIsaac and :age,
1958; Airaksinen, 1961), N-methylation by P-N-itT (ixelrod,
1961, 19528), Neacetylation by a non-specific cytoplasmic
engyme (. eissbach, Redfield and #xelrod 19608) and C-
methylation (‘xelrod and wWeissbach, 1960, 1961). The last
two reactions are associated with the formztion of melatonin
in the pineal gland (‘uay, 1958; ‘“urtman, Axelrod and Douglés;
(1968). It should nerhaps be menticned that the authenticity
of melatonin has been gquestioned by Feldstein and “illiams
(1G68) who suggest that it might be an artifact formed by a
reaction between S5-methoxytryptamine snd the organic solvent
used for the extracticn; elternatively it might be a different
indole, perhaps 5-methoxytryptophol which has many prorerties
similar to those of melatonin. This, however, is very much a
minority view (Axelrod, 1968). A further pathway of

5=hydroxyindoleacctaldehyde recently'described involves the
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loss of one carbon atom from the side chaim, giving
5-hydroxyindollacetic acid (iig. 1.8) (Xvender and Iskric,
1965; KXeglevic, Kvender snd Iskric, 1968).

Indoleescetic acid pathway of tryptophan mctabolism

It is possible that a proporticn of human urinary
indoleacetic acid is derived from the action of gut fleora
on tryptophan. This view however is extrapolated entirely
from observaticns on certain psthological conditions where
tryptophan absorption is defective such as malabsorptién
syndrome (Blaschko and Levine, 1966) and Hsrtnup discase
(Baron, Uent, Harris, Hart ona Jepson, 1956; Jepson, 1960)
- and where a considerably increased urinary excretion ol the
acid is fouhd. This elevation is dramsatically abolished znd
in some cases output lowered to less than normal (5 to &mg/
24 hr), (Weissbzch, King, Sjoerdsma and Udenfriend, 1959)
by gut sterilizaticn as shown in Hartnup disease by sevefal
groups (Shaw, Redlich, iright and Jepson, 196C; Halvorsen,
1963; e Lacy, Hooft, Timmermans and Snoeck, 1954) and in
non-tropical sprue (-eissbach ¢t 21, 1959). (n belance
however and excluding vegetable sources, it seems likely that
by far the grester proportion of IAZ normally present in the
urine is produced endogenously from tryptophan, cither irom
decarboxylation to tryptamine (“eissbach gt al., 1959; Hess,

fedfield and Udenfriend, 1959) and subsequent oxidative
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dc_amination, or via transanination to 1ndoupyrmie acid
(Pounum, Hesvaldsen and Tangen, 19643 Hdeaveldsen, 1964
fangen, Fonnum and iaaveldeen, 1965) followed by
deoarboxylation (Yetssbeoh gt ale, 1959) (Pize Le@)e

Other minor wetabolic route conneoted with the TAA
patimay are Nemethylation of tryptamine (Axelrod, 1961
1962) and Gehydroxylation of tryptamine (Japson, Wenfriend
and Zaltwesn, 1959¢ Jepson, Zaltsman and Udenfriend, 1962)s
Andole petimay of tryptophan

The production of indole from try;:tnp!ﬁn by
tryptophanase from mammeifan gut flora is well recognised
(Happold, 1950)e Further metadolism of indole taokes pilace
partly by the further action of gut flora and partly within
the mammalian tisswes (Fige 118)s The patiway starting with
the conversion of iadole to isatin has been assigned to
bacterial action by Sékamoto_. Uohide snd Ichihaya (1953)e
Methylation of indole to Semthyl indole {skatole) ocours
by e similar mechanism as is evident by ite reduced excretion
after gut sterilization (Rodnight, 1961)s Indole da a
suitadle substrate for hydroaxylation by the liver miorosomal
ensyne which preferentially hydroxylates at the 3 pocition
{Jepson, 1962) forming :!.Mmyi from indole (Tosner, kitoma
and Wenfriend, 1961). EHydroxylation also takes place at
the 6-ponition giving rise to G~hydroxy-indole (Jepaon,
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zaltznhn and Udenfriend, 1962) and &Wuwtni. (Boroiagy
Sﬂahy, Dalgneah and Kally, 1959)« The exmtiun of

G-hydruymteh 1- luihrh muccd nztcr m muumm
(I‘T&k&ﬁ ond 3311’ 1950)' o '
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CHAPTER 2

Theory of gas-liguid chromatography

In their original paper on partition Chrcmafography
Yartin and Synge (1941) pointed out the possibility of
substituting gas for,a liquid mgbile phase.. The response
tc this suggestion was slow gnd GLC d¢id not become properly -
establiéhed until the "early 1950's, The'numbar of papers.
on the subject published since that time is very large snd
continues tc grow; phé technique is now ﬁeli established
as a powerful analyticél tool., The availability of a wide
variety of detectors and the qpportunity of ccimbining mass
spectroﬁetry, infra-red spectrometry and nuclear msgnetic
resonance analysis with gas chromatography have greatly
increéséd its scope and application. |

A detailed study of the dynamics of ga$ chromatography
involves 2 number of highly mathematical considerstions which
are, in general, beyond the sacope of this thesis. Some
acquaintance with this background however is cssential for a
proper understanding of the techﬁi:qe. Cf the two types of
g3s chromatography, gas-sclid and gas-liquid, the latter only
"will be considered. -

In GLC, the mobile gaseous phase is usually an inert

gas and the stationary phase a non-volatile materisl coated
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either on the ourfacen of 4 solid support (packed oolumns)
or on the walls of captllary tubss (oapilinry columue)e o
Sam‘l:ion of a mixture of subotences ie achieved by nmploying:‘fifi
d1ffercnocen in thelir partition ooe!ficicntva, in one of three
ways (Purnell, 1962): , :

i¢  Displacemant devealopment technigue

11. Frontal developaent technique

114. Flution technique

Both techniques (1) and (11) depend upon cx fnvolve
sorptive competition, & mrocess which introiuces much
uncertainty into theoretical comwidexetion of the mathods
and which, in praotice, may bs expesated to act adversely
with regard to effestiveress of separation (Purnell, 1962).
For these reasons, teshniques (1) and (1) have never been
sariously exploiteds In principle, the elution technique
is Ifres froxm theme dyawbacks and may thue be expsoted to
offer a wactical approach to eeparations Thus all work
parformed in conneotion with this thesis employs elution
GI0 and dlecuseion will be confined to a review of ite
urderlying vrinciplens |
Separation and the theorotical plate concept

If one ceonaidders a nixture of two components with
different ‘partition coeffiolent (X) values pacaing down
a GIO oolunny each coupoment will be distridbuted and
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redistriduted hetweon the two phaeses during ite progreesion,

that with the higher K valus tending to remain longer in the

stationary phase., If passage is prolonged, complete

sepazation will bs sohieved and the components will emerge

separately from the columne The procecsss involved are

voyy sinilar to thoss ocourring during freotional distillation;

it is belpful to ploture the column ae consisting of & nuaber

' of amall sectione where equilibrium takes place. Separation

1s dependent on the number of such seationsy & small nuzhey

would provide partial separation and a hrga-numﬁer oomplete

separation.s This argument introduces the thnmﬁoal plate

oongepts A thearetioal plate 4s defined as a hypothetical

seotion of a column where unit equilibrium of solute between

nobile and stationary phase occurss The number of

theorstical plates n 1 used to measure column effioienoy

and henoce is & term of column parformances | |
Thus if the oolumn length 48 I and the thecretiocal

plate hag a width or heizht H, then

2+1

-]
5
sl

or Hom 2 2.2
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Ideal 1inear chromatography

The theoretical plate concept with respeot to certain
functions may be simplified by considering an"idaal systen
which 48 linear and whers all laws of vapours and 'gnea are
perfectly obayed f.e. & linesr ideal shromatography. Here
osrtain assumptions are mede which ey not be gompletely
valid in praotice, but are neecessary in oxder to derive
oortain fundamental formulae genexrally used for the
deternination of column efficiency, sepsration factors and
resolution of peaks, from measuradble parameterss. JThese
sesumptions are (Purnell, 1962): |
Le The partition coaffiocfent (K) ies conatant throughout
the column and is independent of concentrations
2+  Equilibzrium of molute betwaen the gaseous and 1iguid
phase {8 rapid coupared with the rate of flowe
S Diffumion along the length of the column in eithey
phatte is negligibla.

4o The oolunn s eonsidered to oonmist of a number of
{dentical volume clements in sach of which one equilidriunm
occourss Esch volume ig referred to ae & plate volume (v).
Ge Flow of mobile phase can be regarded as discontinucus,
iete it conuista of a atep-wise ad&itaon of volumes of
mobils phase from one plate to snother.

By considering the padwge of & solute plug through
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& column, the first fundamental equation relating the
Tetention volume Vp (Ambrome, Jemes, Ksulsmans, Kovats,
Rook, Rouit and Strosse, 1959) with fixed parameters of the
column I8 given by "

where Vo, = the volume of empty epaces in the columnj 1t
does not inolude the volume of s0lid support. )

vn = yolume of liquid puio.

and X = partition coeffiocient of tha solutes

s 4 vg and V4 are the volumes of the geseous and the
1iquid phases 1in 8 plate, then equation (23) may be
written as

g o= alv,+m,) | 24

Equationg 2.3 and 2.4 are graphically represented in Pige 2¢le
Irailing peaks '

Subatancea whose ainribnt:loh between the gaseous and
the 1iquid phases i uniform give symmetrical peaksj for
the gradusl inorease and decrease of concentrations on
either émel ai'- the maximum &are sguale If they are not
equal, nom-symtﬂaal peaks aries (Fiét».2¢2)c-.

When the solute enters the 1iguid phmes more slowly
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Fig. 2.1. Graphical representation of retention volume.
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Fig. 2.2. Hypothetical representation of a plot of X
(concentration of solute in the liquid phase) against

Xz (concentration of solute in the gaseous phase) together
w%th an illustration of elution profile accompanying the
non-linear curves.
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than it emerges Xg/xl follows curve A in Fige 2.2, Where
Xg and Xl are the concentratioﬁa of solute in gaseous and
liquld phases respectivelys. This phenomenon is often caused
by low temperatures or by non-uniform interaction of solute
and ligquid phasee. Vhen, oonﬁérsely,'the solute tends to
remain longer in the 11quid phase, xg/xl folloﬁs curve e
This finding is commonly due to adsorption. The e¢lution
peak which results from this variation is also shown on

Figo 2026

Resolution of mixtures

If two compounde ars well enouzh separated to permit
a catiefactory estiration of the peak width, and the peaks
are approximately Gaussian, the resolution may be cxpressed
by (Ambrose et al, 1959) |

Resgolution, R = 2x (Differences betwean retention volumes)
' (Sum of peak widths) 2.5

At unit resolution therefore. VRo = VRl == the peak
width of the first peak (x) Fige 243

The difference between adjacent peaks are often
referred to as the peak coefficienty hence at unit
resolution two pecaks are said to have a8 peak coefficieat
equal to the peak width of the firste In deriving the

ceneral equation (Fige 243) where
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t 7

Fig. 2.3. Separation of two peaks at unit resolution,
(Vg is the retention volume of substance A and VR2

that of substance B).



peak coefficient » Vpa « W
substituting frow squation 2.3

pesk ooefficient = (V; + Xy¥y) = (V4 + K, V)
» (n - !B)vh 246
= A Ky, 2e7

where K, KB and A X are reapscotively ths partition
aosfficlents of substances A and By, and their differencess
Prom equation 247 therefore, the pesk ococeffiocient,
and hence resolution, is proporticnal to A X and Vy leee
the anount of statiomary ptases Since A X velues of any
two sudstances are constant ths only changeable parameter

affecting reegolution an fur a» tqultiou 247 19 concerned is
therefore VL. ‘

- In figure 24 42 x = peak wikh

y = ratention volume 1.é.
m = true retention volune 1.6. KVL
h = poak height

i k width Bt int of
1 P“mm po

and £ = ypeak height at point of
infleotion
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Fig. 2.4. Illustration of peak heights, widths and
retention volume. (see text).
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The peak width at the point of infleotion is related
to n by |

| X, = Vo | | 2.8
converting equation 2.8 in termm of retention volume
S 2/n . {V‘ + ml) 249
Henoe 2y o n (vo*!wa) - /n 2410
2 .
Therefors n = 4Y - 2411
7

When n {number of theoxwtical puton) is large as
1o the cess with oost GIC, the pesk width is twice xy and
#/h 1s usimlly referred to as being equal to two standard
Asviations fe8¢ S =2

4 - n(V +KV1)
X * eV

e
- \_/‘g 2612

tharefoare Vn = 4y
X

o n = 365 2413

Bquation 2+13 is ususlly employed to determing coluan
efticienviess
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Oonsider two substances A and B as shown on Fige 2e3
At unit resolution | -

4Jg. (Vg ¢ xﬁ;) = n (Vg ¢ KVy) «n (Vg +XV,)

Dividing thxroughout by (VB + x*v.l)

4n = n| g5 -l 2.14
Vg + Favy

vV, + '
Ir i\t R BBy which 1o the relative retention

. * Ky - volume of A with respect to 3

Then 4/o @ n (R Be1)

and n = V 215
(Bp5-1)% )

Prom equution 2.15 one oan celoulate the reguired
efficionoy of & column which will give & unit resolution foy
the separation of any two substances once their retention
relative to one another ie known.

The aoncaept of separation fagtor provides a theorstical
approach to separation independent of column parameterss It

7
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is given by the equation'(Purnell, 1962):

s = 36 [ o | 2.16
- =1

where ©¢ = true retention volume of A
[ T ] " o

when the true retention volumes of A and 5 ere much greaster
than the column free space Vs, 5 is equal to n. In practice,
this situation cannot often be achieved and & is related to

nb

6]

<

2 .
n =2 5 1+2_..19_.>+_V_VC_3_> 2.17
R 7 |-

ViB

Linear non-ideal chromatosrapny

In the linear ideal chromatograyh, certain assumptions
were made which are not true in practice. owuch an approach
is helpful for Jetermining column performance and resolution
in terms of measurable functions where these assumptions do
not zreatly affect the finel results. .hen asscssing the
contribution of column perameters to performence, a more
realistic approach is needed., Cf three possible devintions
from tihe linear ideal condition; linear non-ideal, non-lincar
idezl 2znd non-lincar ncn-ideal, only the first is likely tc
apply to GLC (furnell, 1962}.

The underlying principles of linear non-ideal
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ohromatography were first explored by Iapidus and Agpundson
(1952) and elaborated by many other workers amonz whom
Elinksnberz a,nd Sjeniter (1956) and Van Deemtor, Zuiderweg
and Klinkenberg (1956) are prominents The basio approach

18 statistical and nakcs use of the theorem tat for
independent statistical processee ocourring simultaneously,
the total variance 1g the aum of individual variances, while
the mean is the sum of individuml resnes Here,; eguations forx
ths theoreticnl plate height H are deduced individually in
terms of sach of the main factora dnvolveds a final equation
for H is then written taking all the fagtors into account by
adding up the different individual egquations. Ths faotors
include diffuvion and resistance to mass transfer and are
thewwelves determined by such parameters ag rsssure,
teapoxature, tlow rate, particle sise, eto.

Band sprending ie caused mainly -by'diifuaiou in the
gueunl phase, In pachd columme, diffusion manifests itself
in two waysy | |

le¢ Diffueional spreading duv to the presence of the
ooated particles which tend to form obstacles to longitudinal
aiffusion and therefore enhance lateral diffusion.

2, Eddy aiffusion due to the presence of channels of
varying sise among the particless OSince the ressure déop
18 the eame at any plate, the time teken for solute melegules
¢o pass through narrower channels is less than that for wider
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oneng thus dirfusion takes place in all directions, both
laterally and longitudinally.
H 18 related to diffueional spreading by {Furnell, 1962)
B = 2YyDg 2418
--—v--i, v
y = = %ogstant. ueually having & value between 1 and
*De o

Dg = average coluan pressure |
U = average linear velooity of gaa
ani H ip relatad to eddy diffusion by

I = 2Mp o 2419

During elution throurh a8 columm, solute mélecuxau
diseolve in the 1iouid phese repeatedly before emerging.
This process ocours, in part at leaet, by diffusion which
io sublect to a certain degree of resistence av the solute
diffuces 'in' and out of solution. vRaaiaﬁance‘ to mgos transfer
in the gas phase ie therefore 'likely'tu-'be considerably lcss
than in liguida, elthough this can oiten be offsct by making
the liquid @ very thin f£ilm in which ths distances to {raverse
are mh‘mner tbén in the gas pbasé.fi _

H is réfl.at'ed to resistance to masa trané::ér in the
1iquid pmée' by '
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: 2 +» ak « 4 » U - 220
H » T W L » _
*; v . 4

a = ;5 v+ K = partition cosfflodent,
|

df » the effeotive thickness of the liquid
phmse,

D) = daiftusion coefficient of solute in
14quid phass.

The relationship between H and resistance to mass
trensfer in the gae phase is

H = 1:%5 . T?m? . dg;g} 2421

Combining squations 2418, 2,19, 2.20, anmd 221 for
the £inal equation of Hwe get

2 e at’t + 3 %0 2422
R=24p+D25w 2. ok 2'rfzn e “2.%; 22

Equation 2422 may be simplified as

H*A###G,Uircg% 2423
(]

Theoretical depsndence of H u perizental nete

In GICy every attempt should be made to attain the
wininum value of the theoretical plate height Hyz,, by
interchanging the various parameters whioh contribute towards
aquation 2423« Thie concept muy bs better underatood by
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aoneidering each variant in the equation on itm own.
Mdy di2union Leee (Ade

| ¥A® im a function of packing and particle misxe. The
smaller the pi-nole siZe the sunuer 1s- Hy bub only up to

a certain point atter which mmtiug chunncnug ltarta
to inorease B, Thus there is a minim puruou aiss
which uswlly 1l4es between 85/100 mesh and 100/120 mesh, as
will be discussed in the next echapters, Once the purticls
sise 15 selected however, H can be further reduced through
‘eareful sud uniform column yacking.
w_.mm;_mqm 1see B,/0s

Here H diminishes with increased gas velocity anmd,
through reduction of D, with inereased molecular weight
of ocarrier guse I is almo reduced by increseing column
outlet precsures “ | ' '
| Gae_ptase wase_trensfer isee 02 T, 3
The effect of molecular night of ecarrier gas and

outlet pressure on Of is exaotly opposite to their effect
on Bou Therefors for any type of colusmn, the terms are
exagtly opposed aod their combiuved contribution to H can
only be svaluated experimentally. This being ®o, CF is
inversely proportional to K for which high vuluca are to

be favoured turough keeping cg lows
% is mmg“a or 00 deoreased by 1mﬁng th‘



solvent/oupport ratio and by reducing the column temperetures
Tuese obeuges shouid be bdrought sabout with osre, taking

iuto mecount their effecta on other varianoes viss Ay B,

and ¢ aw well aa certain practical linitaiionas Fow
exomple there is a limit to the incxeased solvent/support
ratio above which excesalva column bleeding is inavitables
Liquid phana g trangfop ieee 0T 4 |

The contyibution of C¢; to H depende on the mode of
distribution of the liquid phese which may be either of
& true £1ls or droplet tyve. O, diainishee rapildly with
reduced particle size and ie¢ inversely proportional to the
interdiffunional cooifiolent (Bf) = wuea equation 24224
Iittle can be doma to control (ﬁ#) except that high
tenpexatures and aolvents of low viscosity are to be
welferrede Tiis {9 porbaps one of the yeasons why the
@#iliaon ‘o:ll group of atationory phaasns gege 760 are
#lightly better than the silicon gua groupy gege SE30,
under done oircunstances (Karouuw; Ruthven and Sandlexry
1968) »

As for the relationship between ¢\ and X, while
ie praportional to X in the {ilm type of diatribution, in
the droplet a plot of C; against K rises to a maxinum and
then falla Pize 25
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Fig. 2.5. Illustration of a hypothetical type of dependence
of Cy upon K in the two types of liquid phase coating. The
upper curve is that of a droplet coating, and the lower that
of a film coating. The broken line curve is the resultant
of the two types when occur together, a most likel

y
?ituat%on with supports coated below 20%. After Purnell,
1962.
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In practice the likely dilatribution of solvent im a
oonbination of the iwo typee of distridution, depending
on aolvent/support ratios For exampls at uigh ratios of
solvent/aupport the £ilm type of distribution predominmtes
while at low ratio the dreoplet dletribhution is observed.
The preciae effeot oannot be predioted; but the transition
fornm will agquire & curve similar to{the broken line ourve
sluilay to the Lyoken line curve ehown in Filgs 2456

Approagh_to fast analysis

Whils it 4s deairable to obtain meximum effiolency,
Hnin, from any ocolumn, it is equally important to aim for
the GIC arrangement offoring aminimum analysis time, o '

‘It can he ahown that every time a condition of maximum
effiolency of & olum ip maohad, there is a minimum
gorreaponding analysis time which alwmo omeapond- toa
maxinumn teaperatm (Ppax)e At temperatires below T,,xs the
ecolumn efficiency a8 vall as the values of K and Cido not
ghangs substantially, while at higher tempsratures, the
efficisnoy falls greatly.

Thers ocolumn efficiency is fer in excess of what
18 nesded for a partioular performance, n can be sxohanged
for time by inareasing the temperature above T,o., but it
should be emphasised here that the seyaration faotors S



and oc ave also reduced (ses equation 2,16}. In practice,
the test approach in such situations ls to altei other
peraneters without changing Tppye

Paraneters which are ugually changed to inorosse or
decrease n inolude solvent/mupport ratios, column langth
and internal diemeter, 1o rates, temperatures, inlet
prassures and particle siga, in order of importances It
should, however, be ntressed that whotever column s ueed,
it must be oporated at conditlons optimum for flow rata,
packing and temperatures
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CHAPTER 3

GLC theory into vpractice

For the analysis of complex mixtures such as urine, the
general aim is to obtain the best separation in the shortest
time. # sound understanding of CLC theory greatly assists in
defining a set of properties which characterice an appropriate
column. In this chapter a discussion of theoretical
considerations will precede, At each stage, the experimental
methods by which the writer has been able to convert them into
practice,

A practical approach to>obtaining a suitable GLC procedure
may be listed under three main headings:

1., LEstablishing the form in which the solute is
introduced intc the column e.g. with or withcut prior treatment.

2. Choice of stationary phase.

3. Choice of appropriaste conditions offering the best
result in the shortest time and pernmitting accurate and
reproducible quantitation.

Helative merits of isothermzl) and temperature vrogramming analysis

Structurally related substznces with similar molecular
weights and boiling points, usually have simil=r retention
volumes also. Biologicslly important phenolic and indeolic
compounds fall within this category so that optimal GLC

separstion is needed if accurate quantitation is to be achieved.
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On the other hand, when a mixture of wide boiling range is
aralysed thers frequently occura a byoad spread of retention
times or volumesj beocause compounds of inoressing retention
volumes are inoresmsingly 4iluted, a progressive diaminution of
detector sensitivity towsrds components results. Quantitative
neasurensnt of peaks appesaring late may thus be diffioult if .
not impossibles Ideslly therefore one nesds a column nmngomnf»
where different components of & mixture ars well separated but
which yet allows easy end acourate quantitations The two most
cowmon ways of overcoming this difficulty are by using
temperature programaing which has been succesafully employsd
for qmuuﬂﬁ and semi=qualitative amlysis of urinary
aromatic scids (Dalgliesh st al., 1966¢ Horning et 81+, 19663
Horning, Boucher and Homss, 19673 Cowsrd and Smith, 1968) or
by employing more them one column under isothermal comditions
(Swesley and Williams, 19613 1961a, 19623 Williams, 1962;
Williams and Leonard, 19633 Williams Dorin and Greer, 1963aj
¥illiame and Greer, 1963bj Williems and Sweelsy, 19643 Willisas
and Greer, 1965; Wilk, Gitlow, Mendlowits, Pranklin, Carr and
Clerke, 19653 Horii, Makita, Takeda, Tanurae and Ohnishi, 1965}
Bondurant, Greer and Willisme, 19663 Msndes and Stevenson, 1966§
Karoum, Ruthven and Sandler, 1968) Keroua and Sendler, 1968m)
Karoum, Anah, Ruthvén and Sandler, 1969).

In spite of great instrumental improvements, teaperature
programming (Drew and lMoNesdby, 1965) does not offexr resolution
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as groat as isothermal analysis (Purnell, 1962). Other things
being equal, in a temperature programming system & graduai drop
in efficiency ocours as the temperature rises, because of a
fall in K and oc (see quations 2.7 and 2.16)« Thus a pair of
substances which are well ssparated isothermally at the lowest
temperature of a programme, are brought closer together by
tenpexature programming unless a different column with greater
separation efﬂoienoy is useds This advantage of hothcrnal
analysis coupled with the fagt that it is easy, quick snd
sinple to opsrate makes it. more useful than temperature
programuing eapecially when routine GIC analyeis of large
quentities of urine as during soreening examinations for
abnormal excretion of phenolic and indolic metabolites (XKaroum
at al., 1968, 1969) is desired.

Temperature progreamming, however, haa its proper place
&8 a research procedure during investigatione where qualitative
information on a wide rangs of compounds 1s desired and in
prelinminary setting up of GIC methoda prior to selecting optimal
chrometographic conditiona for isothermal operation (ses
chapter 2)e In such situations, the employment of isothermal
systeme requires the use of multiple columns, not always a
practical approachs ’

Because accurate guantitative data were always the goal
during the present project isothermal analyeis wae carried out
at every stage of this works: '



Choice of derivatives

For offective GIC separation, the piug dr‘ solute should
be introduced to the colusn in as eompact a haud nl. poniibllo
One of the first prerequisites zor achiaving thia aim is that
tha injected solute should vaponriu ooaphtcly and unndhtoln
low vapourisstion leads to band distortion and low resolutions
Therefore, for the ohromatography of substances of high boiling
points {low vapour moanma)§ temperatures conéidombly higher
than their boiling points are nesded for quick vapourisation to
be achieved. |

High temperature ohromatography does not often offer the
best solution, for 4t suffers from two iaportant drawbacks.
Piretly the subdbetences undergoing analysis may not be stable
at suoh high temperatures and secondly, as discussed sarlier,
the pertition coefficient K of & substance diminishes as
colusn temperature increases, with consequent reduction in
column effioiencys Thus unless the solute i prement in pure
solution or is sufficlently different from other cqmponnuts to
be well separated, quantitation msy be arffected. |

Although some phenolio (iendes et aly 1966) and indolio
(5tone and Sohilke, 1964) compounis have been successfully
separated by GIC in their nmatural atate, in gamml these
compounds are not sufficiently volatile and gre in soma oases '
thermally unetable.  They are best chromatographed by converting
them ohemically to suitable volatile derivativess Ohemiocal
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conversion often necessitates the preparation of ether and/or
" ester derivatives resulting in changes-in polarity as well ag
. volatility 6f:the"parent compoupdg These duélities play
’imﬁortant'roleé,ih the solute-spiveqt molecular interactions
xvhich»affeet retention yo}umes and,‘in most cases, seﬁaratiph 
-characferistics (Vanderheuvel, 1966). . |
Among the different types of derivative proposed for the
‘GIC of ﬁhgﬁolic (Williams, 1962; Willians Ei_él" 1964§ ‘
Williams, 1965; Wilcox, 1966) and indolic (Powell, 1964;
Jq@ith, Biggs, SteJohn aﬁq Anthony, 19673 Grunwald, Vendrell
and Stone, 1967) compounds, methyl ester/trimethylsilyl cthers
A@/TE) and trimethylsilyl cther/esteps (TE/3) have pro&ed most
suitable for the analysis of urinary metabolites (Dalgliesh
st ale, 19663 Horning‘gi_g;., 19663 Viilcox, 19673 Karoum et al.,
1968, 1968a).

ngerimental‘findings concerning the preparation of [15/T and
Tu/5 derivativese

During the preparatidd of methyl ester derivatives certain
findings‘emerged concérning the O-methylation of ring hydroxyl
groups of phenolic and indolic compounds. VUhile all monoaromatic
acids sﬁudied were completely esterified within one minute on
exposﬁre t0 ethereal diazomethane (see chapter 4), dihydroxy-
phenolié acids undervent varying degrees of O-methylation alsoe.
The tendency for O-methylation to occur was found to be highest

among the 3,4 and 3,5- and lowest among compounds with a 2,5-
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substitutione The effect decreased with the nuaber of -082-
groups in the side ohainj thus 3,4~-dihydraxybeuzolic acid formed
4hs ocorresponding vanillic acid ester more realily than
3,4-d1hydroxyphenylacetic acid formed homovanillic acid ester.
By reducing esterification time to 30 ssconds for dihydroxy~
phenolic compoundae, adventitious O-methylation was eliminated
without seriously reducing the yleld of methyl saters of
monohydroxy compounds. In contrast, mono &nd dihydroxyindoles
443 not undergo appreciadble O-methylation even after 15 min. in
& solution of diasometbane. With the exception of phenylpyruvic
s0id, exposure of kxaetoaclds to diagzomethans for 2 mine rather
than 1 oine conaiderably reduced the tandency to farm eubsidiary
peaks (Karoum st 8l., 1963).

During the preparation of TL/E and 'IT/TE derivatives,
aozplote silylation (as will be desoribed in chapter 4) was
chtained within 1 hre ag indicated by the oclear supernatant
rosulting from centrifugation of the reaction mixture.

8olvant for trimethylsilylation

Pyridine was the solvent employed by many early workers
for the preparation of trimethylsilyl (731S) Aerivatives (Hedgley |
and Overend, 1960)« It bas subsequently been widely used for
this purpose prior to GIC (Ianger, Pentage and Wender, 19583
Smith and Carlsson, 1963} Bentley, Oweeley, Makita and Wells,
19573 Sen and MeGeer, 19633 Praedman and charuer_, 19643 Horii
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ot als, 1965; Williams et_ales 19653 Dalgliesh st a)., 1966).
Other solvents have also bétu used {noluding dioxmne (Mendes
at 81, 19663 Earoum et s}, 1968, 19688, 1969), carbon disulphide
(Rowland and Kiegelumn, 1967) ethyl scetate, triethylamine,
hexamethylsilasane, acetone (Coward gt ale., 1968a) and
tetrahpirofurene (&rniug. Borning, Vanden Heuvel, Kuox,
Bolwatedt and Brooks, 1964). The solvent of oholce as to
satisfy three prerequisites (apart from soting as & mediun in
whioh chemical reaction takes place)s. These are listed belows
ie It should not interferse with the produsction of &
derivative or destroy it in any way.

i1, It should have & short elution time, with winimal

trailing.

111, It should be easy to Mandle, convenient to use and

pleasant to work with.

All ths solvents mentioned adbove fulfil prerequisite i,
although pyridine pocseseed the added advantags in that it mey
act as a catalyst for the silylation process (Dalgliesh st al.,
1966)» The introduotion of trimethylohlorosilane (TiCS) as an
additional additive to catalyse the reaotion (Horii st ale, 1965)
robe pyridine of its pre-eminences As pyridine possesses an
 affensive amell and tends to omuss headaches if repeatedly
inhaled, an inevitable consequence during these manoceuvres, &
more satisfaotory solvent was soughts Carbon disulphide was not
investigated becaume of its toxloity even though it has been
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c¢laimed to pospess a short elution time on a QFl column
(Rowland et ale, 1967).

Amonzst the solvents mentioned above (with the exception
of carbon disulphide) dioxane showed the shortest elution time
with least trailing. As it is also odourless it appeared to be
the solvent of choice. Coward gt 8le., (1968) criticised dioxane
as giving rise to most variatilon compared with other solvents
after chromatography of urine extracts. This criticism has been
difficult to substantiate; derivatives of all compounds studied
during the present work unless otherwise stated gave single
symmetrical peaks when dioxane was usede. Dioxane has never been
found to interfaere in any way with the production of a derivative.

Cholce of stationary phase

The selection of an approprinte phase is the most important
step in any GIC procedure, for it is the means by which the
actuwal separation takes placee Unlike other factors, it is often
difficult to predict its behaviours A9 a general guide hovaver,
the principnle of "like.dissolve like" should be adopted. ior
instance non—polai golutes arc best separated by non-polar
golvents while polar solutes are best dealt with using polar
solventss In come cases when a golute 1s olightly polar,
columns with a oixture of two solvents, one polar and the other
non=-polar esge 75 silicone 0il plus 15 ethylene glycol succinate~

phenylmethyleiloxane, F~60-3z (Brooks and Horning, 1964) or a
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#lightly polar solvent such as QFl (Greer and Williams, 1967)
mey be required to obtain effeotive separation,

Because there are a few hard and fast rules to guide the
choice of solvent, it is neceassry to rely mainly on trisl and
exXTors

Bxperinentsl findinge

For the ocholce of a satisfactory stationary phase, fourteen
different arrangements of phases were investigated (Tadle Jel),
applying to the column the TE/E derivatives of a mixture of
closely related phenolio acids. An experinental arrangement
wag selected for each oolumn in acaordance with its optimun
teaperature and flow as desaribed laters Comparison of solvents
was oarried out by assessing the separation of the mixture,
especially of 3,4-dihydroxybensofc and 3,4-dihydroxyphenylacetic
acidse The non-polar solvents F60, 3830, SE52 and SES54 proved
to be the most satisfagtory, although all wers shown later to
poosess certain drawdaoks with regard to quantitation of urinary
VMA (Earoum et al., 1968)« The bast separation was obtained with
F60 followed dy 3ES52, SE30 and SES4.

A sivilar comparison was ocarried out of the four non-polayr
phases mentioned above using ME/TE derivatives. Coaparison of
11quid ptmse was asmsessed by neasuring the degree of separation
of 3,4~44ihydroxyphenylacetio and homogentisic acidse The best
meparation was obtained with the SE group of phases Fige Jol
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. TABL: 3.1 (Cont.)

Stationary phase | . Polarity . . ’ : Comment
5.. silicone elastomer and 5% . Hon polar ' . Hot satisfactory. - Long retention time
F-6C, ‘ ' . ‘of phenolic acid derivatives. Poor
' : ' -resolution of derivatives.
5% F=60 plus 54 SES54 - ~ HNon polar , - Satisfactory. No imbrovement on when-
' . ~either used alone.
10:f F-60 plus 5% 3352 '  Mon polar . | ~Satisfactory. ‘' No improvement on when
: S . either used alone. . -
7.5% F=60 plus 2. 5’r 0 Very slightly o improvement on F-60 when used alone.
pelar - Lo )
7+5.c $E52 plus 2.5 GFI Very slightly MNo improvement on SE3C when used alone.
‘ x " polar ' ' ~ -

-, N

Summary cn the characteristics of a group of stationary phases investigated for the
separation of phenolic acids when converted to their LL/ derivatives. Phases were

coated on 85/1C0 mesh siliconised celite and packed 1nto 7 ft. U-shaped gzlass columns,
. For condition of G.L.C. avalysis see text. L » ‘

a¢9
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and 3.2, The 5/TE derivative was found to be the wost
suitadle for thﬁ amlysis of urinary yhoxiouo acids (Karoum |
et al, 1968, 1960a) am it persits the seasurement of doth HVA and
- YMA on the mame chrommtograme Among the 35 group, SE52 was e
found to be the most suitable. |

Euploylng the same four none-polar atatioumary phases,
indolic soids showed siailar aoberscteristics to phsnolic soide
with reepect to derivatives and eolvents) #B/TE derivatives
olxomatographed on SES2 appeared to provide the best ssparation
(zroun ot al, 1968a, 1369). "

A 7B/E derivative was of necessity used for phanolic and
indolic alaoholes Whilst thers was little to choose betwesn the
four non=polar pheses, SE5Z was seleoted for convenience, as it
bad previously been adopted as the 1liquid phese of choice fop
the analysie of phenolic and indolic scids.

Iyps and of ) i

Toe prinoipal function of & eolid support in GIC is to
provide an inert framework for tie rmnouary pimsss A suitadle
support should possess the following physical properties
{Purnell, 1962): B |
1e It esbould be able to abeordb large volums of viscous liquidj}
even 80, its onstituent particlea should run freely and paok
into a column offering maximum permeadbility to gas flow.
2+ It ahould be saparable into fraotions of well deiined
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rortiole sise within the approximate range of diameters 0.05
10 05 mme |
J+« The particles should be suffigiently robust to withstand
the usual procedures of preparation snd column construction
without deterioration. |
4+ It should offer a large surface arsa per gram of weight,
but neverthelecs be completely non-eadsorbing and chamically
unreaotive. |

| mtei-:la‘lu approximating to thase requirements include
glass powder and microtpherél. 1ovi aotivity carbon Pelletex,
certain orystalline salts and diatomaceous earth products sugh
as Celite, Dioalite, Posalsil and Chromasorb and the fire bdbricks,
S11~0-0el and Sterchamol (Purnell, 1962). The diatomeceous
earth products Celite, Chromosorb and Silwowgel are the most popaln

In metico. adsorption of aolute by support is not '

:lutrequqntly encountered, and ha® been attrﬂmted to the presencs
of metal (Fe and AL) (Iibertt, 1958) and fres hydroxyl redicals
on the surfaces of the support (Purnell, 1962). ¥Washing with
acid and alkali (Iiberti, 1958) removes the metals, but does not
provide & complete answer. Silylation of the support with
trimethylchlorosilane (T#S) (XKiselev, 1958) and hexamethyl~-
aicilazane (Bohaﬁen. ‘Ianger, Porrett and Purnall, 1960) which
attack the free hydroxy radicals provides more eatiefactory
results than acid and alkali washings Celite is the most inert
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of the diatomaceous earths, and siliconisation luproves further
this property (Pigse 3.3 and 3ed)e |

In general colusn efficiency {mproves with diminishing
partiole sise because of the effects of this characterisation
on eddy aiffusion (texrm 2:4p in equation 2.19) where reduction
in 4p (partiole sisze) reduces "H®*. Although this ism true for
particles over 100 meah, the reverse is seen with smaller
partioles (Purnell, 1962). Thus, for any support, there exists
an optimum particls size, usually lying batwesn 60 and 120 |
wesh.

Fapazigeutal Lindlace

The partiocle sizes often referred to in the literature
1ie between 60 and 120 mesh (Purnell, 1962)s A comparison has
been made of column performance of 5% and 10/ SZ52 coated on
85/100 mesh and 100/120 mesh siliconised celite, employing
ME/TE and TE/E derivatives. The resulta, which are qualitative,
but point quite distinotly to the superiority of 85/100 rather
than 100/120 wesh, are summarised as followas
ls Ises erumbling was observed with 85/100 mesh when both
ware coated with 5% or 10% SES2.

2. Coated 85/100 mesh support runs freely during packing
and unpacking dbut 100/120 mesh did not.

3+« Iess solvent trailing was observed with ogoated 85/100
than 100/120 meshe | |
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Vads (M. vapour N.T.P. per g. solid)

0 SRR U N S B

40 . 60
Partial pressure of acetone at equilibrium, pq

Fig. 3.3. Isotherms for the adsorption at SOOC.
of acetone vapour by A, Sil-0-Cel and Chromosorb;
B, acid washed Chromosorb; C, Chromosorb-W; D,
Celite 545. After Purnell (1962).
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Vads (m!. vapour N.T.P. per g. solid)

I

: 0
/ 0 10 20 30 40 50
. Partial pressure of benzene at equilibrium, peq

Fig. 3.4. Isotherms for the adsorption at SOOC.
of benzene vapour, first by Sil-0-Cel (A, before
and C, after treatment with hexamethyldisilazane)

and second by Celite 545 (B, before and D, after
treatment). After Purnell, (1962).
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4 The ovorall performance 2s judged from elution of peakas,
steadiness of baseline and flow of carxier gas, waa better with
85/100 than 100/120 mesh celite. -

Thus it was decided to use 85/100 mesh siliconised celite
in preference to auny other grade. |

Ohoice of optimun porameters from studice on "“height eéquivelent
To theoretical pE*e" (§3i5193) _ ,

During the stage of cearching for a suitablc statiomery
phasa, little attention was paid to tho pelection of paremeters

offering the bost performance with respect to analysis time,
geparation factors and quantitations Thenme parameters include
flow rats, U; % of solvent to support, column length and
temperaturas

A8 meuntionecd in chaptexr 2, a column sﬁould ideally be
operated under oondition of meximum efficiency whilet at the
pame time 8llowing effeotive separation‘to be carriad out in
the ghortest posaible tima. The practical approach to eolving
thins problem 1s to plot H sgainst U (and in come cases azalnet
H/0) an shown in Fige 3¢5+« Here H drops rapidly to a mlnimun,
Hpyne @8 U increases and then riseo gradually. Tor rapid high
efficlency operation, low values of Hys /Up,, or (B/U) .
should be souglite

¥rom a consideration of the simplified Van Deented

equation (equation 2423), minimum values of I and T for any
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“column and solute (Furnell, 1962) are given by
Bnin = A+ 2\/B.Cl | 3.1

and ) Umin = V/EVCI' : ‘ : 3-2

(A eand B being constants and C1 a factor corresponding to

amcunt of stationary phése)

Hence Hmin =, t.’s& + 201 303
B

Cn the cther hand, writing the simplified Van Ceemter equation
r g q

as (see ecjuation 2,23)

-
*

X B
= 2 + -~ + C BQLP
U 7 1 -

=i fo

(ﬁ) is approximately equal to Cl winen values of U are high.
min '

ihis 1s shown graphically in l'ig. 3.5. where the slope Hiin

. - : - Yain

is approximately twice (E) as predicted from equation

3.3 and 3.1@

for rapid high efficiency column operation therefore,

min

there exist two main approaches; either to run the columnsat its

U value or, better, at hich values of carrier gas {low i.e.

min
.Up; but here, it the curve BC in Fig. 3.5 is not a plateau,

O

there will be some loss of theoretical plates, n, which will
nave to be compensated for if a particular efficiency is needed,

by increasing the column length. Thus, if one uses a column
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0.1 .
o - | i i i
0 5 7 10 15 20 25 30
i{cm. per sec.) -
Fig. 3.5, Plot illustrating the difference

between (H/&)yin and (Hpin/Opin)

Purnell, 1962,
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with ‘characteristics shown in Fig. 3.5, it should be Operated

for a given value of n with a length L cm at 7. cm sec '}f
("min or, better, with a length 1.7 L cm at 30 om sec ~1,
U - .

MM for fast analysis, ‘where H/U Cae C1'+ Cg (Purnell,

P

) - o e 5 S :
. 1962) f being a-constant, the time of elution of the second
compoﬁenp of an exactly'separatéd~bair’of éubstqnces is

given by
’ o . R B .
’ ol . t .
- c (1 + k') _ .
v 36‘(7:::-“ XS5y 72

oc = relative retention volume of the second component

to the first

k' = VR or Vp-
2 K= l
Va Vg
if C'= a constant which is equal to the slope BC in Fig. 3.5.

Hence t can be varied by changing occor k'. Siﬁce in GLC high
values of o are importaﬁt, it is usually the pfactice to change
k' to attain tpin.

By differentiating equation 3.5, it will be seen that

t

min corresponds to k' = 2. For rapid analysis’ther?fore, the -

solvent/support ratio and temperature should bé chosen so that
k' = 2 for the second of a pair of substances most difficult

to separate well in a mixture. It is desirable to keep O
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high, usually by keeping the temperature low (high k')j hence
once a suitadble teamperature is selected, &a described below,

k' 48 usually monitored by changing the solvent/support ratioc.
To keep k' values low and near 2, therefore, @ low percentage

of aolvent is to be preferred to a high one. YWhenever possible |
therefore, column efficiencies are best increased by inoreasing
column length while keepiug the percentage of solvent to a
minimum, | |

| The optimum temperature for a particular solvent/solute
system may be determined approximately by plotting H against
temperature, at constant Uggpe The temperature which |
corresponds to Hyyp, is within # 590 of T,,.+ This factor can
then be evaluated precisely by etudying column performmnce |
with & aixture of ocompounds af temperatures iarying batween

£ 500 from that determined from the above experimente Trex
is selected as thet which offere the bdest uparat‘ion of peaks
yet permitting easy quantiation of all substances
chrola_togrlphcd; '

Experimental £indinse

Prom HETP studies on 7 £t columns of 10% F60 and SE52,
as desoribed above, the optimum temperaturcs for the TE/E
derivatives were found to be 195°C and 190°C for F60 and SES2
columns respectively, and 190°C for both columns when the
ME/TE derivative was umed. Fige 346 represents plots of H
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=7£t.1078SE52. h vs IN.Prees, at
Constant Temp. (1908)

=7ft, 10f¥-60. h vs IN.Prees, at
Constant Temp. (180C ).

O =h vs Temp, at Constant IN, Prees.
(1500 mm/Hg),For BOth Colusn
7£t, 10% F-60, Or SE52.

(+]
180% 190% 200°¢c

Tem.
1200 1300 1400 1500 1600 1700

1'800 in. Press.(mm/Hg)

Fig. 3.6. Plots of h (plate height) against inlet pressure at
constant temperature, and against temperature at constant inlet

pressure for two 7 ft. columns packed with costed 10% SE52
and 10% F-60.
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against inlet pressures at comstant temperature, and K
againat teupératm 8t Uyypny from uhioh‘thq optiaum
temperatures ware approximately dottlrnincd.

mviug.dotcrumd the optilﬁn tomntm- for S$5852 |
and P60 oolumne, the next task was to assess the appropriste
efficiences required for the quantitative amlysis of urinary
metaholites, and the types of columns able to produce these ,
efficiences. It was found that urinery matabolitu of interest
during the present investigation fell into two groups, the
ﬂrét ireluding most of the important phenolic ocompounds eegs
HVA, VYA etoe, 2nd the second,; hydroxyindolic gompound® e«ge
5HIAA and SHIOH, possessing longer retention times than the
first groupe For their guantitative analysis, metabolites
bolonging to the first group required column efficlency between
2500 and 3500 pletes while those of thc secord need efficiencies
of about 1500 plates} higher efficiencies produce broad peaks
which ayre difficult to quantitate acourstely at concentrations
norzally present in the urine. '

 In an attenpt to f£ind SE52 columns providing these

efficiencles, 3 fte 5 £te,7 £8. and 9 ft. columns packed with
3%, 5%, 10% and 15% SE52 on 85/100 wesh siliconised celite
were examined, employing mixfma of phenolic and indolic
conpounds both as their MZ/TE and TZ/E derivatives. VThe
results were judged gqualitetively taking into acoount solvent
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elution, recorder pen return to baseline, solute elution and
goneral column performences For phenolio compounds it was
established that a 7 f£. 10% 5E52 oolumn was optizal, while
for hydroxyindolic compound & 5 ft. 5% column appeared to be
the most suitable.

Summazrys An o '1nu- GIC arrsngement taki into agoount
eoretical and experimental considerations
The features discussed adbove which hiave been established

as moat nppfnprinto for GI0 analysias of phenolic and indolic
compounde of bHiologioal origin are suamsarised belows

Cholce of derivative ME/TE for acidic compounds.
- T5/E for alooholic compounds.
Columnn dimension i) For phenolic compounds,
7 £t. x 5 oo (interoml
dizneter) siliconised U-shaped
glaas tube prepared &s :
descrihed in chapter 4. -
11) ¥Yor hydroxyindolio compounds, ;
| 5 £t x 5 mm siliconised :
U-nhaped glasa tubes as in (1)

Support ' 85/100 mesh siliconised celite.
Carrier gas £low and 1500 mm/Hg inlet and atmospheric
pressure

outlet preasures, producing an

average carrier gas flow

- gorreswondine to 60 « 100 om ccc'l.



Stationary Phase 1) For phenolic compounds, 10%
SE5@e
11) Yor hydroxyindolic gompounds,
5% SE524
Colusn temperature 190% & 3%.

Injection volumes

Tor high efficiency analysis, it im eosential that
solute bands occupy the smallest possible nuzber of plates
if agourate and reproducible results are to de odtained. ZThis
48 achieved by injeoting small compact volumes of solute,
making sure that the temperaturs of the injection hsad is high
enough to bring about immediate waporisation of solute. Were
large volumes of solute to be injected, vaporisation would be
impeded, particularly if the volume of solute vapour, at thea
tenperatures employed, is larger than the volume of the
injection chamber. The importance of injecting emall volumes
created a demand for suffioiently sensitive deteotors, of whioh
several are now available on the merket {(Fowlis, Mhages and Soott,
1963) -
Macre argon ionieation dstector

This deteator is based upon a prinoiple foramulated by
Tovelook (1958, 19588)« Argon oarrier gas molecules bdecome
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excited as they pnu through & radiation chember (3%a). 7The
metastadble molecules have & sufficiently long i!.:h to allow
them to collide with other molecules to which they transfer
their energy and fall to their ground levels. The energy
transferred (1146 eleotron volts) is encugh to lonise a large
variety of organic substances. These ions are tthn collected
on an electrode plsoed inside the lonisation chamber with
voltege applied aoxroas it, The ocurrent produced is measured
aftor amplifying it several thousand times and fed to a
suitadls recording device. | '

The deteotor possesses & high degres of sensitivity while
being relatively unaffected by changes in temperature, pressure .-
and gas flowe Owing to its high sensitivity, lwnur,' it is
essily contaninated (by deposited ®10p) particularly when thers
is excessive dleedins from the column or if large volumes of
solute ars frequently injected (personal observation)j such
contamination is charsoterised by inoreased bese line "noise"
and may be followed ultimately by oomplete destruction of the
detestor, o

Jipsaxity of the datsgtor
The deteotor is linear at one operating voltage only.

Fortunately it i» ul’uany possible to arrenges for the applied
voltage to decrsase with inorease of ourrent through the
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voltages above a certain minimum (detector linearisation).

For quantitative work, it is essential to calibrate the
detector =nd to determine the appropriate voltage with its
linear range of response for the type of analysis involved
(Fowlis, Maggs and Scott, 1964). For more detailed information,
see Lvans and Scott (1963). The recommerded voltage range at
different detector temperatures, whereby linearity may be
expected, is given in the table below, (FYL Psnchromatograph

manual 1964):

Table 3.2

Temperature Typicsl voltage range

50°¢ 550 - 1500

75°C 55 - 1250
166°C 550 - 1250
150°¢ 550 - 1000
200°C 380 - 1000

225°C 380 - 77
250 38C - 77

- —————— o ——

The detector is normally used with the following amplifi-

er ranges.
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1 x 10  Amp. zull scals
5 x 107 o w "
1 x 1072 =« » "

Experimental findings

The most convenient applied voltage and operating temperature
for the doteotor were found to be 1000 V and 200°C respectively.
Operating at high tempsratures and voltages, although offering
fncreased detector sensitivity, dramatically shortens itas
working life from over six aonths to less than two monthw,

The 1linearity of the detector was assessed at tixree applied
voltages 800V, 1000V snd 1250V, at & constant temperature of
200°C. Different amounts of & mixture of the TE/E derivatives
of HVA, V#ke DOPAC and DHMP were injeoted into a 7 ft. 10¥% 5E52 |
column minta:md under “optimal conditions” (see earlier) with
applied voltages of 800V and 1000V (Pige 3.7 and 3.8) and
repeated using a Cig norsal alkane standard at applied voltages
of 1000V and 1250V (Pige 3¢9)s Quantitative results were '
obtained by integrating peak areas with a Technicon integrator
oalaulator and by measuring psak heighte.

As seen from Pigse 3.7 and 3.8, at applied voltages of
800 and 1000 V the deteator response is linecar for amounts of
up to 1.5/ g of parent phenolic compound converted to its T%/E
derivative. At an applied voltage of 1250V, however, the upper
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Uetector's Kesponseymm)
© s =HVA.
80 »n =DOPAC.

© O=VMA.

o=DHMA.
70
60
50
40
. 30
20
10

. Amount Injected.
002 014 016 0‘8 ].0 1‘2 ]l4 Ilé ﬁ\?

Fig. 3.7. Plots of different quantities of phenolic acid
as their TE/E derivatives against detector response measured
in terms of peak heights at an applied voltage of 800 V.
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Fig. 3.8. Plots of different quantities of phenolic acids
as their TE/E derivatives against detector response measured
in terms of peak heights at an applied voltage of 1000 V.
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area at two applied voltages.

) against detector response

g

Plots of n-octadecane (

- measured in terms of peak height an

Fig. 3.9.
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1init of linearity is reduced to about 0.5 /’g parent pbjnono
compound, as shown in Pize. J+8« PFor the ressons noted adave,
an operating detector temperature of 200°C and an applied
voltage of 1000V were selected as optimal and employed for all |

subsequent work.

Quantitetion of peaks

For acourate quantitative analyeis 1'(:' 18 necessary to
eliminate all sources of instrumental error ani employ accurate,
reliable and consistent means of pesk measureuent.
To -uuiuate inetrusental teohnical error, it is necessary -
to bear the following points in mind (Evane et ale, 1963): |
1« The sample should be stored correctly.
2+ A "hypodermic syringe® method of injection should be
nploy.d. ‘

3¢ Adsorption on to the support ahould be reduced to a
minimum, (adsorytion is muitestod.by agymmetrioal
peaka)a | '

4« The detector uhould bc Op-mtcc at the nininmunm umit:lvity i

| -commensurate with other column rquinum. When small

changes and very high sensitivities tave to be suployed,
calibration nhouid bo carried cut to account for the

. effeots of adsorption or othexr faators affeoting poak

lymetry.
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'8, Ths detector used should have been proved to have &
linear response over the seneitivity range of operation.
Por deteotoro with significant non linesrity, mass/pesak
ares calibration must be carried out for each asubatance
under the colunn conditions to be used for analysis. Any
change in the type of compound or column conditions wild
necespnitate recalibration. '

With regard to peak measurements, theres are basically
two approachas, neasurenents of peak height and of peak area.
Feak height may be measured directly from the differential
recordj peak area can be obtained by geometrical measurement
or by the use of an automatio integrator. Nbaeuriﬁg Peak
height, although sizple (Purnell, 1962} Zvans et _al., 1963)
possesses the disadvantage of bednz dependent on constant
column operating conditions., Thus, peak heipght measurements
are more ouited to isothermal analyeis than temperature
programinge Furthermore, the precision of the measurement is
not merely dependent on ths mass of subatance present, but on
its reteution volume. DPeaks repraeeaenting equal masess of
gubstances with different retontion ratios may hau‘ widely
d1fferont heightoe Thies sffect may dbe overcome sither by
using internal stardards for each subestance to be measursd or
enploying one standard and multiplying by an appropriate
relative response factors This ie deteraninsd from the ratilo
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of the detector response for squal quantities of & standard
to that of othsr compounds. The scourscy of any result
obtained by peak height messurement also depends upon the
peak being symmetrical or gaussisne

Expariassntel Lindings

The experimental arrangemsnt £or GIC analysis throughout
this work was carefully controlled to eliminate any source
of error deriving from the apparatus or from the mode of
injection. Thus 8) during the period of analysis column
aonditions were kept constant, ®) adeorption of solute by
stationary phase was known to be negligidble as manifeated by
the production of symmetrical peaks, o) precision syringes
wore used for injection and the amount of any individual
constituent in & mixture to be injected did not exceed
1 = 145 fge 203 &) 88 shown in Pigs. 5.7 and 5.8 (and disoussed
sarlier), the deteotor was used within its linear range of
TENPONNee

During the present work, peak height and peak area X
neasurements 41d not differ apprecinbly. Apart from its rapidity
the former technigue 18 probably more suitable for the adalysis
of urimry metabolites where returs of the reocordexr pen to
base-1ine {0 alow because of solvent trailing. Further
support fox the validity of peak height measurement was
provided by observations on the exorstion ranges of gertain
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A B A

Fig. 3.10. An illustration of four main types of peaks
encountered in urinary GLC analysis showing how their
heights would be measured for gquantification.
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HNFG/UHEG

Compcuncs compared Solvent Pi serivative helstive detector reponse
P=tPhL /HVE tthylscetste 2 /TR 415
th/;crtc " " " 1.7
BV2/ VA " o " 2ol
FerPLA/VEA " " " 1.4
VEA/DHIFA " " " 1.8
Vil VLA " " " 2.5

VEA/P=RPPA " " " 2.0

F=HPL/HIFG " 8 TE/E 8.0

. HYPE/HIFG " " . 2.2
1" L4 4]

1.7

Eeclative response values of pairs of phenolic cempounds when extracted snd
chromatograrhed through exactly the same procedure ac they would be trested
for urinsry anslysis of such mctabeclites,
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urinary metabolites which were found to be coaparable with
thoses obtained by other wethods. (see chapter 5)« The fowr
main types of peak encountered and the manner in whioh their :
heights were mesmsured are shown in Pig. 340 fable 3.3 contains
relative responss values of some phenolioc compounds encountered
in the ocourse of this work.

ak characterisatio

Suscessful analysis of any nixture depends upon three
faotors, devising 8 soundly based experimental procedure
fnvolving the use of dependadble apperatus, uneguivocsl
{dentification of all compcnents to be analysed and finding
meane of acourate determination of ssch eluted components The
first faotor has been mdegquately dealt withy peak identification
and measuremant will be the concern of the remainder of this '
chapter. |

Of the methods which have been employed for peak
identification (Purnell, 1962) thoss based on reletive
retention data are the wost commonly used. They employ the
principle that the true retention volume Vp, of different
substances undex the sane conditions are dependent on their
partition coefficiente, as shown in the equation

Vm = XVIL 346

where VL is the volume of stationary phuse and K the paptition



cocfficient.
Alternatively the ratios of the true retention volumes of
two substances, within certain ranges of temperatures, are

constant; thus

X1 | | 37

—

Ko

Vi1
Vg2

This relationship between true retention voluues of
substances and their partition coefficients nas been
extensively avplied in characterising peaks on chronatograams
where the retention data are recorded in relation to an
arbitrary standard. Such rosults are usually reported as
relative retention times, RRT, or volumes. Anomalics usually
associated with RRT are mainly due to tne commonly committed
error of using apparent retention volumes or times rather

than true retention volumes or timea. The apparent rctention

vol:me Vi Is rclated to X by

V., = V, + KVL (sce chapter 2)

G

pey)

vihere VG is the fre=2 space in the column, sgsometimea referrad
to as the dead volunes VG has therefore to be culculated and
subtracted from the apparent retention volume Vipo

Recently (Dalgliesh ¢t ale., 19663 Karoum et ale, 1968)
the use of mcthylene units (i.7.) in the choracterisation of

peaks has been reported. These nave tne advantage over Ll AM
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that they are not dependent on true yetention volumes or
times apd that they can be easily and accurately measureds

The metbylene unit value of & substance is measured by
gomparing ite poeition on the chromatogram with thoss of
two even numbsred normal alkane standarde batwesen which 4t
appears. Thus the M.Ue. value of a particular peak is
aaloulated trom»,tha Lormuls.

"W'ﬂ"‘% : 3.8

where y ie ths distance (mm) from the peak to that of a
neighbouring reference standard (On) and x is the distanocs
(mm) between the pink of this standard and that of a secomd
hydrocarbon of chain langth One2. |

Experimental f£indings

Yarintion of aolumn temperature by X 5% from the optimum
and of stationary phase by ¥ 6% from the preferred
concoutration of 10% (Karoum et al., 1963) was found to
produce changes of MeU. values of lesn than O0.04 in four
nan-polar coluana, a f£indinz within the overall experimental
error of the nmethode The mothylene unit values of & number
of phenolic aumd indelic compounds are glven on tables 34,
345 and 346 |

Apart Jrom using HeUe measuremants, the menﬂty of some
coapounda of possible matadholic importance was confirmed in



NAME

Phenylacetic Acid
Salicylic %cid

p-hydroxybenzaldehyde
m-hydroxybenzoic Acid
E-hydroxybenzoic Aeid
o-hydroxyphenylacetic “cid
m-hydroxyphenylacetic fcid
E-hydroxyphenylacetic necid (P=HFAA)
3,L4-dimethoxybenzoic Acid
3,4=dimethphenylacetic Acid
2,5=-dimethoxyphenylacetic Acid
3,4-dimethoxymandelic Acid
3,4=dihydroxybenzeocic Acid
3,4=dihydroxyplienylacetic Acid (LOPC)
2,5-dihydroxybenzoic “cid (Gentisic)
2,S-Oihydroxyphenylécetic (Homogentisic)
Ilsndelic fcid
/5 -phenyllactic *cid
Phenylpyruvic Acid
Ferulic fcid
Hippuric Acid
p=hydroxynandelic Acid
p-hydroxyphenyllactic Acid (p-HFLA)
p-hydroxyphenylpyruvic Acid (P=HPTA)

3,h=dihydroxycinnamic Acid

BE/TE
13.G5
14,28
14,22
14.63
15.C5
14,73
15.16
15.54
16.07
16.29
16.28

17.29
17.50
17.04
17.66
14.11
14.85
19.49
17.27
17.27
13,18
15.57
21l.L7




{(Conte)

j-methoxy-L-hydroxyphenylacetic ‘cid (EVA

3 methoxy-L-hydroxymsndellic Scid (9¥4)
3,4=-dihydroxymanuelic Meid (DENMA)

3 methoxy-L-hydrcxyphenylpyruvic feid (VPA)
3 methoxy-i-hydroxyphenyllactic Acid (VLA)
m-hydroxyrropionic *cid

p-hydroxypropionic Acid

3,Lk=-Uihydroxyferulic Acid

3 methoxy-A-hydroxybenzoic Acid (vanillic)
5 methoxy-2-hydroxyrentisic Aeid
3,4 c¢ihydrexy-5-methoxyphenylacetic Acid

p-kydroxycinnamic Acid

i,y of 2 nurber of aromatic acids as their TE/Z and ©t/7% derivatives

characterised on a 7 ft. 10: &L52 column,

16.84
13.43
18.87
21.15
19.41
16.14
16.L6
16.53
16.94
12,82
18.C3

82b

TE/E

17.78
18.77
19.3C

20,31

17.63

17.70
17.63

19.37
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TABLo 345.

el e s viprin
SUEST \NCH

p-hydroxyphenylethanol (P=HPL) 15.31
3 methoxy-4-hydroxyphenyethanol (EMPE) 17.Ch
3,L4-dihydroxyohenylethanol (LHPE) 17.79
3 -methoxy-L-hydroxyphenylglycol (KNFG) 18.37
Lihydroxyphenylglycol (LHFC) 18.82
E-hydroxyphenylglycol 17.26
2-(3,4-direthoxyphenylethanol) 16.54

f.eUe 0f 38 nunber of aromatic alcohols ss their Ti/E derivatives
¢ haracterised on a 7 ft. 10;: (E52 cclumn,
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Indolacetic Acid
Indolacetaldehyde
Indolpyruvic fcid
5-hydroxyindoleacetic Acid

S5-hydroxy-6-methoxyindol-2-carboxylic *cid
5,0=dihydroxy=-2-~carboxylic fcid

Indole \
5,06-dihydroxyindoleacetic ’cid

Tryptophol

S5-hydroxytryptophol

“.Ue 0of & number of Indelic compounds on &

[~
A

£

824

17.55 19.15
13.17 -
22,92

21.45 22.16
22,16 , -
22,51 -

(15.65) -

t.

22401[4' -
13.!}2 -
21.3C . -

5. .52 coclumn,



the following way: A

1., By preparing two derivatives of the unknown, ME/TE and
TE/By and comparing M.Us values with those of an
authentic reference compound. This spproech has also
bsen usad to distinguish detween compounds with amd
without carboxylis groups which bdecome methylated
during the formation of & HE/TE derivative (Xeroum
et ale, 1968, 1969).

2. By combining eithcr column and/or thin layer
ohromatography (TIL) with GICe

3¢ By combining gas chromatography and maes-spectrometry,
as desoridbed in ohapter §.

4., DBy demethylation of methoxy aromatio compounds to the
hydroxy configuration followed by GIC identification of
the produot (msee chapter 4 for details).

Preliminary extraction prior to GIO

A material of bilological origin such a® urine aontains
in solution a nmixture of a very lnrge’number of ocoapounds.
Ag the detector on the apparatus will not discriminate
batween any compound presanted to it, 1t 4is usvally necessary
to limit the larga number of potential peaks by separating
sompounds of like physicowchemical oheracteristics by organio
extraction procedurses. Thus urinery phenolic and indolie
acids and alcohols may be suitably separated in thie way.



Experimental findings.

A survey of the extraction charaoteristics of & number
of phenolic and indolic compounds &t different pH values
was carried out with the two ergenic solvents most widely
used in this £ield, ethyl acetate and ethere 1he recoveries
of a nunber of phenolio and indoliec compounds from agusous
solution using thase two solvents are shown in tabls 37

Whilst, in general, both ethyl mcstate and sther wers
found suitable for phenolic compounds, the indolic metabolites
SHIAA end S5HIOH were more readily extraoted with ethsr,
which was about twenty times more efficient than ethyl
acetate. Ethor was also found to be a more suitable solvent
for certain phenolic acids, p-hydroxymandelic, phenyllaetic,
dlhydroxyphenylacetic and homogentisio acidss

‘Information obtained from theme studies on ths bebaviour
of compounds during extrastion, summarised on table 3.7, was
extensively employed durinz the analysis of urimery metabolites
Zrom both normal and pathological subjeats. For example,
although pH values of e{ther 1 or 2 are suitable for the
extraotion of moat urinary phaenolic acids into ethyl acetats,
pH 2 was selected, a8 hippuric aoid, which may interfere with
oertain GIC analyses (Karoum st ale, 1368, 1968a) iz less
readily extracted at this pll« For indolic acidpy on the
other hand, pH 3.5 was salected, as extraction with ether
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TAbLL 3.7
Fercentasge hecovery
Ethyl acetate extract Ether extract
rH value of agueous phzse 1 4 6 8 16 1 4 6 8 16
Phenyllactic acid 3¢ 3¢ 20 N.£® w.D 75 12 N.D N.D N.D
p-Hydroxyphenyllactic acid 73 31 24 13 N.D 8L 25 N.D N.D E.D
D-Hydroxyphenylacetic acid G0 70 58 N.,I., N, 100 81 12 N.D N.D
Phenylpyruvic acid" 56 HN.L N.L N.D N.D 5 5 N.& K.L MN.©
E-Hydroxyphenylpyruvic acid 166 5 H.L N.I  MN.D 35 N.D N.I N.I N,D
L-Hycroxy-3-methoxymsndelic acid (ViiA) 85 1C H.© H.L li.D 45 N.L N.& H,D N.D
Homovanillic acid (HV1) 1CO 1CC 23 23 - 79 23 10 H.D N.D
3;A-Lihydroxyphenylacetic acid 16 5 3 N.D N.D 75 LO 3 N.L N.D
p-hydroxymandelic acid 23 & 1 n.p . 68 19 N.D N.L .G
3,4-Lihydroxymandelic acid 63 N.L N.D N.I  N.I 13 N.D N.L N.T N.D
Homogentisic acid N.L N.L N.L H.D N. 71 R.D NI N.T N.D
Gentisic acid 97 28 3, & 8 97 42 13 15 N.D
Hippuric acid 64 N.U N.D N.D N.D 47 N.© N.D NI ¥®.D
l,-Eydroxy-3-methoxyphenylglycol (HMPG)* 99 72 68 58 5. 7 29 L7 50 29
- = 797 - - - - - -

L, -Hydroxy-3-methoxyphenylethanol®



Percentage Recovery

Pthyl acetate extract . LEther extract

_ pR value of aqueous phase SRR S 6 & 10 1 & 6 8 10
.Indolylscetic acid L 53 53 26 W.D. N.D & 53 26 N.D N.D
Tryptophol * . S. 4 - ND28 34 48 M 97 97 97 100 100
S-Hydroxyindolylacetic acid (5HTAA) ‘ih‘ 5 : SLEiN.Q N.D:l N{Bi 76 94 9 . ﬁ.D"N.D
S5-Hydroxytryptophol™ o . - «"g‘ - o .- 9L 109 103 lpé 110
Dihydroxyphenylethanol | B ' - - N.D N.b - - - g 4. -

. Recoveries of pthollc and indolic compounds extracted with ethyl acetate or ether from

* aqueous solution at pH values between 1 and 10. - Except -where stated, ME/TE derivatives
were prepared and chromstographed-on a 7 ft. 10% SE52 column. apart from SHIAA and

~ 5-hydroxytryptophol where a 5 ft. 63 °L52 column was used.v

Note: NeD =.not detected - +The_TE/E derivative was-prepared;*

g
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leaves behind wmost phenolic compounds at thais pHe Phenolic
armd indolic alocohole and other neutral compounde were
extraoted with one or other approprlate solvent at pH 8,
vhich effectively laavea most acidic conpoumis in the agueous
vhaga.

Proservation nf urine

As 1t is noi pragticadle to anslyse all urine samples
freshly after volding, it is obviously important that they
ghould be affectively preserved, rvreventing degradation of
metabolites by shemical or baoterial action.

Experivental findings nemolic

Both fres and conjugatcdl(cozpounds appearad to be
satlefactorily prescrved at pH 1 and 2 when stored at 4%.

o changes in apparent concentrations of HVA, VA or HMFG
weye obecerved in urine samples of normal ox pathological
origin collected and stored in this vay when analysed within
one month and again alter two yezra. iree and conjugeted
SHIAA and 501 were both found to be unstable at low pH
heviever, asg shown fron the following exparinment) V4 50 g

of 5ATAA and SWOH respectively were added to thrse AQuplicate
portion of 10 nl offreshly vollected urin: one of which was
adjusted to pH 1 with HC1, onc +5 pH 3.5 with gleoial acetis
and one remained ot pH 5.5 praserved with only a few drops

of chaloroform. Oua set of duplicotes was left at room
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tonperature for two days and SHIAA and S5HIOH were then
measured by the GIC method descridbed ia the next chapter
anploying standards of S0 g of SHIAA and S5HPOH evaporated
from a freshly prepered methanolic solution (taking these

to represent 1007 recoveries). The other set was stored

at 4°C for 5 weeks and similarly analysed. The overall
recoverics obtaingd compared with authentio standards, are
given in table 3.8. In another experiment, two 24 hre urine
saaples colleoted from 2 careinoid patient in the same week
were analysed for SHJAA and 5HIOH ae deescribed in chapter 4 -
apd 7 one mas preserved with 25 ml £6HHCl and the other
with 25 ml glacial acetic and stored for over eix months

at = 189C before analysis. Both SHIAA and 5HIOH werse
significantly lover 4in the semple preserved with HC1l compared
with that preserved with glacial acetioc, valuwes baeing 78 ng
SHIAA/24 hr and O3 mg SHIOH/24 hr in the formexr compared
with 304 mz SHTAA/24 hr and 7.45 mg SHIOR/24 hr in the
latter., These diifeyrences may be physiologloal, but tihe
poseibility that the preservative employed ia responsible
for such eifferences cannot completely be excluded.

From these experiments, it wae concluded that for
urinary analysia of SHYAA and 5HT0H, 24 hr urine colleations
gre beat stored frozen either with a mu emount of glacial
agetic (not more than 10 ml) to prevent bacteriasl growth



Compound Natural pH (5«6)
L A

A - SHIAA 1160

A - 5LTOH 9L

B - SHIAA Less than 1C:
B - SHICH n

DH3 (acetic_acid)

707
75
Less tian 10,

]

- pHl.5 (Hel)

707
37

Less tkan 1031

1

Hecoveries of SHIAA and S5hTCH at three different PH values compared against authentic

standard (representing 1CC;i recovery) after incubatin:s at:

L8 hr and B - at 49C for 5 weeks.

A « room temperature for

€98



a7
or better, at normal acid or neutral urine pH with a little
chloroform or toluens (5 wl) as a preservative.
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CHAPY .t 4

SXPENTIVLHTAT

‘aterinl, equipment, preparation and methods

aterial

Siliconiged, acid-washed celite, 85/100 and 120/100
meshj stationary phases, silicon oil (#60 or UCH50),
Apiezon grease, polyethylene glycol 23:1 (PiG20),
trifluropropylmethyl silicone tluid (QFl), diethylene glycol
succinate (D:GS), methyl silicone gum (o£839), metaylphenyl
gilicone gum (5352), methylphenylvinyl silicone gum (LES4);
3 ft, 5 £t and 7 ft. U-shaped glass tubes: all obtained from
TeGe Pye Itde, Cambridge, inglande Silicone elastomer (E301)
was from ‘ay & Baker, Ltd., Dagenham, Znzland.

7+ 160 plus 1ly» ethylene glycol succinate-phenylmethyl=
siloxane copolymer (:GuS-2z), on 100/120 mesh chromosorb P
(F60-2), and 0.2, cyclohexane~dimethanol succinate polyester
(G 18) plus 0,6 methylsiloxane polymer (JXR) on 109/12J mesh
chromosorb P (0,65 JXR and 0e2;; HIIFP-8BP), were purchased
from Applied Science Imboratories, Ince, P«0s Box 440, utate
College, Pennsylvania, U.s5.A.

n-Alkane reference standards, from n-dodecane to

n-eicosane (012, C14s C1g9 C1g and Cpy) were obtained fron
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British Drﬁg Houses, Itde, Pooie, porset, England (BbH) and
n-docosane and n-tetracosane (Cpp and Cpa) from Koch-Iight
Taboratories, Itde, Colnbrook, Bucks, kngland (Koch-Tight). -
1,4-2ioxane (specially dried) was obtained from BDH
trimethylechlorosilane (T:CS) from Hopkin & Viilliams ILtd.,
Chadwell Heath, Zssex, Zngland (‘opkin & Williams),
hexamethyldisilazane (HDS) from Sigma Chemical Company, 12
Tettice Ste, Iondon Se'We6, England (Sigma) and p-tolylsul-
phonylmethylnitrosoanide (pure) from Xoch-TLight.

Authentic aromatic and phenolic compounds listed in tables
3e4y, 3¢5 and 36 were purchosed from commercial sources, with
the exception of VPA and VIA which were gifts from ur. P
Smith and 3,4=-dihydroxyphenylglycol from Dre. Jeo Axelrod.

Lthereal diazomethane (approxe. 10 mg/1l ml) was prepared
as described below under "methods".

A1l other reagents were of analytical grade.

nquipment
An "Ivapo-mix" was purchased from Buchler Instruments,

lew 7York 31, MeVey UeteAes 1F1 Hamilton syringes from Pye;
and a Honeywell chart recorder with an electronic continuous
balance potentiometer (ifoneywell Contfols, Ttde) by Tyce

GIC analysis was carried out with a Tye Fanchromatograph
fitted with an argon ionisation detector ( AID) (see chapter’3 ;.

0
The detector was maintained at a teuperature of 200 ¢ with an



ionising potential of 1000V. The sensitivity was varied
between 102 to 3 x 10’9, a full scale deflectione A coluamn
wag not connected until the detector had reached the opsration

temperature.

Preparation of columns

Glass U-sghaped columns vere siliconised before packing
by allowing them to stand overnight with a aixture of
petroleun ether (B.P 40/60°) = ©.90S = D5 (120:4:2)3 they
were then rinsed with petroleum ether, and dried in a streang
of argon at 200°C. Obstinate deposit@s of iH,Cl were removed
by buraningz over a bunsen flame until the coluon appeared clcan
and transparente.

Columns viere packed evenly with the appropriate coated
support. Freshly packed columna were prehcated fop 48 hr at
250°% in a stream of argon. This procedure was repeated for

at least 24 hr whenever a fresh preheated column was ugeds

Collection of urine sanples

Urine samples irom newborn male infants viere collected
by attaching Paul's tubing to the penis. <The tubing was
enptied at 6 W intervals and the contents were deep-frozen,
later to be combined in 24 hr collections. i{he volume of the

collection was estimated approximately and the specimen was
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acidified with a volume of 6!1iCl equal to about 1% of the
total volume. The volume was then accurately measured and
the urine returned to the deep~freeze to await analysise.

For the analysis of urinary phenolic acids and alcohols
in adult subjects, 24 hre urine samples were collected into
containersg with 25 ml 6 iiCl, and kept at 400 until aésayed.

For the analysis of S5HIAA and 5:fud in normal and
carcinoid subjects, urines were collected into 1v 21 glacial
acetic (in some cases into 25 ml glacial acetic acid) and

gtored in the decp freeze (sece chapter 3).

Urine extraction

eonatal urine specimens (1% @l if tune 24 hr volume
wag greater than 120 ml or 10 al if less), or urine sSamples
from normal adults (5 or 12 =ml) or from patiente with
catecholaaine secreting tuwmours, tyrosyluria, phenylketonuria,
alkaptonuria, or carcinoid disease (1 to 5 ml), made up to
1J @1 with water, were adjusted to an appropriate 7’ii value and
saturated with laCl, after which they were extracted with
either ethyl acetate or ether as indicated on table 4.l.
nxtraction was carried out twice by vortex nmixing
("hirlimixer") for 1 nin, viith the appropriate solvent (25 ml)e
Aliquots (20 and 25 ml) of the organic phases waere separated

by centrifuzation, combined, and evaporated to dryness at about



Conmpcund
Phenyllactic, homogentisic
and dihydroxyphenylacetic acids

All phenolic acids except
those mentioned above

HMPG and HIFE
Lihydroxyphenylethsanol
Indolic acids

Indolic alcohols

iiecommended pbo

&G & & &

4

Soivent

Ether

Zthyl acetate

Zthyl acetate
Ether
Ether

tther

Comment

Lydrolysed urine¥

Eydrolysed urine®

liydrolysed urine®

Appropriste ph and solvent for the extraction of urinary phenclic snd indolic compounds

prior to CLC,

¥ PIor hydrolysis of urine, see methods section.

BT6
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40°% 1n vacuo ("rotary evapo-mix").

Por the quantitation of DOPAC, urine allquots as above
were extracted with ether and the T&/5 prepared.

For p~hydroxymandellic acid urines were extracted with
ethylacetate at PH 4.5, the PH then lowered to 1 with 0.5 ml
of 6 HHCl, then extracted with ether. The TE/E was preparede.

Chromatographic arrangzenent for CiC analysis

Phenolic_and_indolic_compounds viith leU. values beiween 14.0

Coluamn: 7 fte 10,5 5552 on 85/100 siliconiscd celite.

Column temperaturc: 190°

Inlet pressure and flow: 1500 mm/iiz, corresponding to 50=10.
nl/mine

Detector tenp: 200°¢

Applied voltage: 1030 V.

Derivative: '3/7% or Ti/Z, depending on the type of analysis,

a8 discussged 1n relevant sections of this thesin

Injcction volunmes: Ol to 0e5 1 of clear supernatant
(MHamilton cyringe)

Recordexr chart sypead: 1 em/1 oin.

Phenolic and_indolic compounds with_'lels values over 19+0

Jolumn: 5 fte 55 5552 on 85/100 mesh siliconised celite.
Coluan temperature: 190°%

Inlet pressure: 1500 mm/ige
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Detector temp: 200%

Applied voltage: 1000 V

Derivatives: ME/TE or 1i/zZ, depending on type of analysis.
Injection volume: Oe¢l to 05 1 of clear supernatant.

Recorder chart speed: 1 cm 1 mine.

slethods

Prevaration_of_ethercal digzomethape_(approxe 10 mze/1l nl)

ilteagents

p~tolylsulphonylmethylnitrosamidec.
Totassium hydroxide (¥ 0H)

Absolute ethanol

nther (AeR)

Procedure

The proccdure is a modification of that described by
Vogel, 1961

All work was carried inslide a fume cupboard with the
extraction fan switched on.

48 g of p~tolylsulphonylmethylnitrosocanmide vicre
digsolved in 675 ml of ether, kept ice cold in a 5L round
bottom flask following which a solution of 9 g KO in about
200 ml of 9675 (V/y) ethanol was added; the flask was then

stopprered and mixed. Jurther 96, ethanol (about 100 ml) was
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added, with constant mixing, until the yellow precipitate
which had formed just redissolved. The solution was left
at room teaperature with the flask well stoppered for 5 mine
After five minutes, the ethereal diazomethane was distilled
off by heatinz the flask in a water bath, gradually from
30°C to 50°C, keeping at that temperature for 10-15 minutes
and then gradually raising the temperature to 73°%. This
temperature was maintained until the distillate became almost
colourless. Ithereal diazomethane .listillate was collected
in a flask cooled by acetone in solid carbon dioxide (app. -
60°C) and stored in brown bottles at below = 149C.

Itherecal diazomethane was found to last over one month
if the bulk of the preparation is kept in the deep-freeze.
A portion of about 30 ml in another separate bottle kept also
in the deep~freeze was assigned for regular use. ‘lien in use
the ethereal dlazomethane bottle was kept cold in ice-cold water

and returned back to the deep-freeze as soon as possible.

- — — — e S vy e Aty s T

igterification was carried out by dissolving the dried:
urine extract or authentic refercnce compound in methanol
(Ge2 ml) and etherecal diazomethane (1le5 =l,, mixinz Lfor 1
minute and then immediately evaporating under a strcam of

nitrogen. oihydroxyphenolic coumpounds were, however, expoced
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to ethereal diazomecthane for only 39 sec,y, to reduce O-methyl-

ation (Xaroum et al, 1969).

reparation of trimethvlethers and esters, is/T: and 1./
Karoun et _al, 1968)

materified acidic compounds as described above (i), or
untrcated phenolic and indolic compounds either as urine
extracts or reference compounds vere silylated by the addition
of 0e¢3 0l of 2 1:2 mizture of NS and dioxane, followed by
0405 a1 of T'7Jue IFor the preparation of the trimethylsilyl-
ether/ester of a urinary extract the dry residue was recon-
gituted in about 0.3 ml of methnanol and dried under a strean
of nitrogen, before silylatione The silylated mixture is kept
for 15=20 min and then transferred with a pasteur pipette into
2 nl test tubes, left for about 30 min. and then centrifuged.
The end of silylation reaction is indicated by the production

of a clear supernatant after centrifugation.

pemetnylation of phenolic compounds (Ruthven and Zandler, 1964)

Lieagents

secasoes

Concentrated [3Br frecd of broaine by extracting several tiumes
with carbon tetrachloride.

ttlacial acetic acid.

“Tp - acetic acid mixture: oprepared by mixing 2 parts or :idr

with 5 parts or glacial acctic acide Gtable indefinitely at
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veTethylation, progedurs

2 ml of IBr - acetic acid mixture is autoclaved at 15 1h/in2
with the methylated compound for 1 hr. This procedure was
employed for the demethylation of both HVA and HPZ. The
latter may hovever givé rise to some brominated derivative
of DiiPiie This could substantially be reduced, however, by
treatins H 75 with !Br - acetic at room temperature for

Lhip_layer chromatosraphy

Tlates coated with microcryastalline cellulose (19 microns)
were uzcde.
solvents: 1. TIsopropyl alcohol: ammonia: water 8:1:1.

1i. Dp-Butanol: acetic acid: water 4:1:1

Ton=exchange coluwn for the absorption and elution of HVA and HI%

5ilica gel (..vison U.Se.Ae grade 923, 100=200 mesh; or
Davison U.G.Ae grade 950, 60-200 mesh).

Dichloromethane, redistilled (BRDH)
rrogedure

s e 0 am

2 ¢ of silica gel was added to dichloromcthane in a small
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beaker and then transferred to a column (Oe5 cm internal
diamcter) with a pasteur pipette, always maintaining the level
of dichloromethane above the gel. Urine extracts of
dichloromcthane are run throuszh the coluun which absorbs both
1P and VA

i was eluted by a 2y (V/V) anethanol in dichloromethane
mixture, and (WA by a 5% (V/y) methanol in dichloromethane

mixture.

ilydrolysis of conjugated metaholites

Urine aliquots were adjusted to about pil 6.0 and then

incubated with 0.2 ml of :ilelix pomatia enzyme preparation for

at least 17 hours with the container tubes loosely stopperede.
After incubation thg pi was adjustéd to 8 and the mixture

extracted as described carliers

Guantification

This was carried out by adding an internal standard to
one specimen in eaéh batch of seven analyses. The peak helght
equivalent to the added standard was then used to quantify other
peaks presumed to consist of the eame substance by virtue of
the rate at which they migrate. 1In gsome cases the peak heignt
of one particulsr standard was uged to quantify another peake

The final result however, was corrected by multiplying by an
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appropriate relative response factor. This was obtained fron
the ratio of detector response (peak heights) of one substance
to another vhen equal amounts of the two were analysed by the
same procedure. or example, if S was the resoonse equivalent
to Jel mge of substance A and the relative response of & to
substance B is R, and if the peak beirnt corresvonding to 5 on
the chromatogram was i, then the amount of substance B equivalent

to a peak height of i is equal to

1 ™
x 0.1 x R "8

w e
ke

The relative rcsvnonse values of some metabolites agalnst VA

and VA and I PG as shown on the table 3e¢3.
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CHAPT:R 5

iixcretion of phenoiic and indolic acids and alcohols in normal
adult humans and rats

Of the many phenolic (Arastrong et al., 1956; iathieu
and Revoll, 1958) and indolic (Armstrong et al., 1958;

Karoum et ale, 1968) acids and alcohols identified in
mammalian urines, those derived from endogenous biologically
active monoamines are particularly interesting because of
their physiological implicationas. By measuring these
endogenous metabolites one is also able to make souxe
quantitative assessment of the rafézg%ﬂ¥gége anines in a
variety of pathological conditions. In order to evaluate
variations from the normal however, it is necessary to pousgess
methods suifficiently censitive to neasurc relatively low
concentrations of metabolites excreted under normal conditions
and even detect small rluctuations within the normal rangec.

The GIC procedures developed in the course of this work have

proved sguitable for these purposes.

sSubjecte and material

Adult humans

Urine from normal healthy adults (2l males and 3 females)

aged between 25 and 45 years, were analysed for a variety of
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phenolic and indolic compoundse o restrictions on diet or
activity were imposed during the time of urine collectione.

For assaf?phenolic compounds, 24 hre urine samples were
collected into bottles containing 25 ml. 617 iiCl, and stored
at 49C for periods varying from one wecek to 5 years until
analysede.

r'or assay of indolic comvounds, 24 hre urine specimens
were collected into bottles containing 10 mle glacial acetic acid
and stored irozen (-15°C) for periods of up to two years until

analysed.

Rat
Rats (‘ister, male, 280-350 g in one experiment and
latter when 55-775 g) vwere placed separately in cylindrical
(2645 cme diamcter) perspex metabolic cages fitted with floors
of stainless steel inesh resting on large glass funnels. Lhe
mesh was siliconiged by trecating it with polymethylhydrogen
g8iloxane (ilopkin and Villiams, Iid.) to prevent possible
catalytic oxidation of catecholamines on contact with the nmctal.
"acces were scparated from urine by interposin;:: a conical glass
bulb, apex downwards, between the tip of the large glass funnel
and the urine collection vessele Urine was collected for 24 hr.

into 67 U1l (1 mle) during which time the animal was fasted

fromn solid food but allowed water ad libitume At the end of

.



101

collection period any urine on the funnel was washed into the
collection veesel with distilled watere pecinmens were stored

at - 15°C until required.

*'ethodg

A detalled description of all the vrocedures mentioned
below are zien in chapter 4. The concentration 9f subotances
other than those added as internal standards were calculated
fron these standarﬂs by multiplying bv an appropriate relative
recgponce factor.

A sanple to whiech internal standard nad been added vias
included in every baten oi sevea hunan urince; eaci: rat urine
wag assayed with a duplicate to which internal standard tad
buen added.

Thenolic acide asud aleshols were analysed ona 7 {te 10,
5252 column, while indolic acids and alcohole were analyced on a

5 fte 5,0 0252 colunne

Phenolic acids

Urine aliquots (10 71le of human urine when the 24 hre
volume was over one litre or 5 uale urine + 5 mle HZO when leas,
or 5 to 10 mle rat urine) werc adjusted to pH2 and then extracted
twice with ethyl acetate. The 1./7% was preparcd. Oel mre V.5
and 005 mge VA wag used as internal standards in human urine

and Je¢02 mgze YMA and JeJl mge VA 1n rat urine.
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Total phemolic alcokols

Similsr urine aligquots were hydrolysed and extracted
twice at pH8 with ethyl acetate. The TZ/L was prépared. Gl mg.
HMFG was inclﬁded as intérndl étandard in human urine snd

0«02 mg., in rat urine,

Indolic acids (S5HIAA)
Similar aliquots were extracted twice with ether at pH 3.5.
The Fi/TE was prepared. 0.1 mg. SHIAA was included as internsl

standard in humsan urine. |

Total indolic alcohols (S5HIGH)
Similsr sliquots were hydrolysed and extracted twice with
ether at ok8. The TiL/Z was prepared. C.l mp. 5HTCH was included

as internal standard in both human and rat urine.

Eesult and Liscussion

24 hour excretion vslues of scme met2bolites in adult
human and rat urine together with their means, observed ranges
and standard error, are summarised on tables 5.1 2nd 5.2. Other
metabolites, either occasionsl pea.svfrom compounds of dietary
origin or those excreted in insufficient auantity for accurate
measurement by the procedure emplcyed without specisl
modification are also considered (table 5.H.

Excretion values of Viih, HVA, HIFG and 5RIAA in normsl
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[ABi5 5.1
NE Vich HVA HIAFG 5HIA" p-HPAR
N 5.C 3.9 - - -
C.ii.da 5.8 3.9 - Leg -
“h. 3.6 5.1 - - -
5 5¢5 Lok - - -
H 8.8 3ub - - -
P 4.9 3.5 - - -
¢ L.G 2.3 - - -
Ch 5.9 7.1 - - -
L - - 2.5 3.4 -
F.K Le3 - 2,2 6.5 -
M - - - 3.1 -
L - - - Lal -
28 L.2 Le2 1.5 2.3 15.7
Stke 3.1 3.6 1.3 - O
{9l La2 3.C 2.9 - 545
My 5e9 L6 2.5 - 25,2
it 6.1 Lo7 3.9 - 745
Chm 6.7 5.8 1.9 - 38.2
P.C 5.6 L.6 2.7 - 12.1
ne 0.6 1.8 2¢5 - 11.3
Fr - - - 52 -
Plk L8 6.C - - 9e7
S50 1.¢ 1.3 0.5 - L.S
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.1 (Cont.}

NAME VIVA . HVA HVN.PG SHIAA p-HPAA
J 3 'o 2 L] 2 b - -
ILm - - - 3 . 5 ‘ -
Mean 5.0 3.9 2.2 L. 13,7

t standard 0.5

croor ok 0.3 C.3 0.6 3.5

Observed (1.8-8.8) 1.8-6.0) (C.5=3.9) (2.3-6.8) (5.5-38.2)
Kange

Normal excretion of {ive bidlogically important monoamines met2bolites
in adult humans. All values are expressed in 2% mg/24 hr.
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Ho. of rat HUA py/2L hr | }ﬁﬂx;ngZA;hr SHTOH/MR/2A hr
1. Group 4 3h.1 - . -
2. T 39.3 - -
3. " 38.C - -
v " L2 | - .
5, " 6l1.5 - | -
3 " L9.6 - | -
nean LL .77 - -
Selie r 4.05 - -
tange (3L.1-61.5) - -
L, Group 3 BL.LS 42,93 3242
2. " 39.14 103.49 31.2
3. " 36.16 70 o LG 19.43
v " 37.32 77414 22l
Se " 36.16 . 53.46 224
3. " - 41.79 16,0
nean _ 34L.77 65,70 2L .0
(£.,5) t 2,07 £ 9.48 £ 2.6
lange (3445-39.5) (L1.79-108.49)  (16-32.2)

The excretion of UVA, HiPG and SHTCH in normal rats (see text).
In group X the rats weighed 28CG-35Cg and in group B 455-775¢.
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TABLE 5.
SUpsTINCE COMBENT
n-hydroxyphenylacetic Cricin cbscure, probsbly from gut flora,
Acid. Could be formed {rom v-dehydroxylation of

LOPA, dopamine and OPAC (Calne et 8l.,
1669,). 24 hr excretion varies from IGOMg
to 2 mg.

o-hydroxyphenylacetic - Its excretion is increased in phenyl-
Acid ketonuria (Armstrong, Shaw and hobinson,
1955). Derived probably from dietary
c-tyrosine (Armstrong and Chaw, 1955;.
It was less frequently detected than
m=hydroxyphenylacetic acid. ‘s judged
from their relative peak heights,
o=-hydroxyphenylacetic acid is excreted
in amounts about 1/3 of the m-iscmer.

p=- snd m- hydroxypropionic These two substances are infrequently
fcids detected. Their probable daily
‘ excretion is not more than (.5 mg/24 hr.

Vanillic Adcid , Cerived f{rom 2 variety of ve.etables,
food additives and catfeic scid (Booth,
Emerson, Jones and Le Eds, 1957;
Dirscherl and Wirtzfeld, 1964). It
could be formed endogenously as a minor
product of LOP'C (Alton and Goodall,
1669), ¥4 and & (Imaizumi, Yoshids and
Kita, 1953). Excreted in values varying
from 100 Mg to 16 mg/24 hr.

p=-hydroxycinnamic +Acid It is occ2sionally observed in normal

- chromatograms and in scme c3ses the
excretion may be s#s hish as 2 mg/24 hr.
Hermal outout however rarely exceeds
0.5 mg/24 hr.

> Acid flways detected in acid extracted urines,
“hen M./TL derivatives are preparec it
rasks peusks corresponding to LLFYC and
dihydroxybenzoic acid. Its normsl
excreticn is grester than 2/g/24 hr in
ma jority cf cases,
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TA3LE 5,4 (Cont)

— e L8

SUESTANGE

p-hydroxymandelic “cid

phenylpyruvic, p-hydrbxy-
vhenylpyruvic, phenyllactic
and pe-hydroxyrnhenyllactic
acide,

LCFAC

LhiA

VLA, VP
HLTE, DUPE

3-methoxy=-L-hydroxy-
benzylslcohol (iifBhA)

together with ccmments,

A summry cn the excretion of
that were encountered during

Its excretion by the modilied procedure
described in chapter L4, ranges between 1
and 3 mg/24 hre ZILxcretion between

l-4 mg/24 hr have been reverted by
Villinams #nd Swecley, 1904,

{utput of each rarely exceed 1 wg/2L hr.

pifficult te detect in normal urines
unless s large volume cf urine (20-L40 ul)
is extracted (see chapter 4). GIxcretion
is less than C.5 mg Free LUPAC/2L hr.

ifficult to detect in norpsl urine.
Cutput rarely exceeds 5GC/1i/24 hr.
Lxcretion reported in the literature
are 300400 Mg/2L4 hr. (Leauattro, _
Wybengs, von Studnitz snd Srunjes, 13064
and 720 £ 32C Mg/24 hr (iiyake, Yoshids
and Imaizumi, 1962; trujsn, "lvsrez nand
Borges, 1966).

Lifficult tc detect in normnal u;ine.
Ixereticn rarely exceeds 5GCAH /24 hr.

Exereted in quantities less tkan 106G /4 g/
24 hr.

Ocecasicnally a small peak corresnonding
to this comround w2s noticed. Zxecreticon
is less trnon 1O/ ¢/24 hr.

certain aromatic acids and alcohols
urine snalysis of normnl asdult humans,
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adults (table 1) are not too dissimil-r from those obtained

by other methods (Pisano, Crout and Abraham, 1962; 'ilk,
Gitlow, Clarke and Psley, 1667; Udenfriend, Titus snd eissbsch
1955) , (table 5-3)

p=-Hydroxyphenylacetic acid is the end metabolite of
tyramine which is derived'mainly from decarboxylation of
tyrosine by tissue and intestinal bacteris L-amino acid
decarboxylzse (Asatoor, 1968); larce amounts may also be
present in some foodstuflfs, especially cheese (Zen, 1%69).
Although the presence of v-hydroxyphenylacetic in norm2l urines
has beeﬁ recognised since the classicsl report on paper
chromatography of phenolic acids by “rmstrong gt _al., (1956)
no previous attempt has apparently been rade accurately to
measure its excretion by any more precise assay procedure.

In the rat, the major metabolite of M' and A is ENPG
(Kopin et al., 1961). Cesssr, Huthven and Sandler (1%69)
obtained values of 67.73 £ 3.73., Ag HNFG/2k hr. and 31.97 =
4L.07 Mg HV /24 hr. which are not very different from those
shown in tacle 5.2. 1t is interesting to note the higher
output of HV% in the young rats (group %) comp2red with the
clder ones (group B. in table 5.2) perhaps implying 2n increased
dopamine turnover in the former. In the human also, at least
on 5 weight for weight basis, urinary N4 and A, dopamine and

/54 output (Voorhess, 1967) tend to be hipher before than after
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Substance iean and/or upper Se.% and/or References
limit of normal range
excretion.
i MA Below 7 mg/24 hr - SYandler & Ruthven (1963)
" 3.6 mg/24 hr 10.66 mg/24 bhr Voorhess (1967)
" - 2-4 mg/24 hr Lrmstrong ,MeMillan &
Shaw (1957)
" Le& mg/2L hr tC,.1 mg/2L hr Jon 3tudnitz (196C),
(3.2-044)
HVA ‘pprox. 6 mg/24 hr | Williams and Sweeley
(3.6 M/mg, creat- - (1561)
inine)
" selow 1 mgp/24 hr - Sandler « huthven (1963)
" Bekh mg/24 hr 1.1 mg/24 hr ruthven & Sandler (1966)
o Sely mg/2£ hr 1.4 mg/24 hr Sato
' (3.7-745 mg/24 hr
" 6.0 mg/24 hr 1.1 mg/24 hr  Kuthven (1962)
HliPG 3.0 mg/24 hr 0.8 mg/24 hr Futhven and Yandler (1965)

" Approx. 2 mg/24 hr

(C.80A g/mg creatinine)

51 AA

" Less than 8 mg/24 hr

man repcrted in the literature.

A

L surmary on the normsl excretion of Vidd, VA, HNPE

“ilk, Gitlow, Clarke =nd
Paley (1507)

Lembeck (1956)
Sjoerdsma, “elssbach &
Udenfriend (1956)
Lalgliesh (1©58)

Davis 4 fosenbers (1961)

Oates and 3joerdsma (1962)

Udenf{riend, Titus =snd
“eisabach (1955)

and SHIAA in adult
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puberty. The observed difference in the excretion of HVA in
the two groups of rat could be related to changes in the
activities of the two major enzymes involved in the destruction
of catecholamines, COIT and A0 In the rat liver the activities
of both enzymes are increased between 9-35 weeks éompared with
those over 35 weceks old (Franze, .hite, Lipton and Kinkead,
1967), (group A falls within the age of 8-35 weeks and group
3 over the age of 35 weeks) whilet in the kidney CO.T decreases
with age (Frange et _al, 1967). Cardiac *AQ activities also
increase with age (Novick, 1961; :orita, 19673 Prange et al
1967)s Thus it is possible that the hizher urinary excretion
of HVA in the younger rats is mainly a reflection of the
hizher kidney and liver CO.D ;étivities in thie groupe. To
test the validity of this hypothesis it would be interesting
to compare the excretion of DOPAC in rats of similar age to
groups A and B, and thereby investigate whether or not the
excretion of DLOPAC follows an opposite pattern to that of HVA
Unfortunately, the 24 hr. urine volumes of the rats were
almost complctely used up for the quantification of VA, HIFG
and 5i[f0HH, and as tné urines were collected sometime ago before
the analysis was undertaken, it was not possible to determine
5:TAA in thege series. 5SHHITVOI has been reported as a major

metabolite of administered labelled 5:iT in rats (Kveder et al,
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1962). Ii however, the 5HTICH shown on table 5.2 is compared
with the SHIAA excretion value of L8.4 £ 8.93 g/24 hr. reported
by Caesar et 3l (1969) it is likely that in rats about 307 of
the sldehyde deriving from oxidative deamination of 5nl follows
a reductive rcute of metabolism. In humans on the other hand,
5hILH excretion cannot exceed 1CC A g/24 hr., as is evident

from many unsuccessful attempts tec quantify its exéretion,

even a{ter the extraction of 50 ml. of urine, nc 5HTCH pesk
cculd be obtained gas chromatographically although internal
standard csrried through the procedure could easily te identifiec
down to 2/4g when added to a8 urine aliquot. Thus SUHTCH may be
quantitatively a more imrertant mctabelite in the rat than in
numan an observation in keeping with the relatively major role

Of i:;pG .
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CHAPTER 6

The urinary excretion of phenolic acids and alcohols in the
newborn intant '

Intrecduction

The importance of early detection of inborn errors
of metabolism is well known (Lancet, 1969). Although obvious,
it is perhzps still worth sﬁating that in order to identify
an abnormality, the full range of the normal must first be
defined. The urinary excretion pattern dﬁring the neonatal
pericd cof compounds relevant to this study often differs
from that found in later life (Voorhess, 1967; Partington,
1968; ceisel 2nd Keische, 1959). It is likely that such
differences may be ascribed to the erfect of enzymatic (Boehm
and ('SBrien, 1663) and renal (McCance and Yiddowson, 1954
cCance, 1959) immaturity snd to differences between the
infant and adult diet. |

Characteristic and grossly abnormal phenolic acid
excretion patterns in the fully developed case of
phcnylketonuria (Knox, 1966}, tyrosinosis (LaDu, 1966,) or
alkaptonuria (Lalu, 1966b), for example, are cuite immistakeable.
There occur cases of these, or cther inborn errors of
mctabeolism however where the biochemical defect shades off
int6 a transitory thouyh abnormal urinary excretion pattern
associated with a purely temporary enzyme immaturity (hvery,

Clew, Mankes, lomas, Scriver, Stern and “asserman, 1967).
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typical examples are "tyrosyluria" (sloxaa, Lay, Gibbs and
woolf, 19603 Voolf, 1965; iong, Lambert and Komrower, 19673
Tartington, 1968) or "hyperphenylalaninaemia™ (ileykes and
Aﬁery, 1963) where immaturity of p-hydroxyphenylpyruvic
oxidase and phenjlalanine hydroxylase respectively may bte
diificult to.distinguish from a similar blcchenmical pattern
acgociated with absence of the enzyme. It 1o thus important
to try to delimit each condition. It is similarly mportant
for other reasons to define the normal ran:;e of catecholamine
metabolite outout. Catecholanine secreting tumours are

known even in the newbornvpa:iod of 1if¢ (Brett, ané,
Ruthven and Sandler, 1964).

Although some quantitative information exiusts on tie
excr.tion of VA in the neonate (von Studnitz, 196Qu;'Gjessing
196643 ‘ilcolopoules, igzathopoulos, lanelatou-ithanassiadou
and Bafataki, 1968) comparable data far VA, .LIFG and [P
and metabolites of phenylalanine and tyrosine are scanty,
due no doubt to the complexity of the methods available up to
now for their determination. This difficulty has now been
overcone by using relatively simple (IC techniquese With
their aild the excretion of a number of phenolic acids and
alcohols has been studied quantitatively in infants during

the first week of lire.
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‘aterial and methods

Forty-four infaants, mostly zales (38 infants) were
classified into four groups:
Group 1 = iull-term non=jaundiced (¥iJ); period of
gestation 39 weeks or over; weight at birth greater than
5¢51b (2,500 g); peak serum total bilirubin concentration
not exceeding 5 mg/100ml.
Group 2 - Tull-term jJjaundiced (zJ); as group 1, except
that peak serum total bilirubin concentration was over
5me/100a1.
Group 3 - TFremature non-jaundiced (?:J); period of
gestation under 37 weeks; birth weight less than 5.5 1b
(2,520 g); peak serum total bilirubin range as in group l.
Croup 4 = Premature jaundiced (7j); As group 3, except
that peak serum total bilirubin range vias the saze as that
in group 2.
| ileasured 24 hre urine collections were made on most
of the days of the first wcek of like in tue infants. A
few colleections viere made between the end of the First week and
the end of the thirde Lhe urine samples were acidified
(2 w1 64 HC1l) and stored frozen. All specimens were tested
for keto acids using "phenistex" and ferric chloride (Zerry,
!ansen and ‘acbougall, 1966).

'or examination of phenolic acids, urine aliquots
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(10 ml if the 24 hre volume was less and 15 if it was gfeater
than 100 ml.) were extracted with ethylacetate and the /7%
prepared. For urine specimens which turned out to be
tyrosyluric (higzh excretion of p=iPTA), 2 to 5 ol urine
volumes were employed for definitive analysise. Internal
standard was added to a duplicate of every urine samnle as
follows: Oel mg VA, D¢l mg p-HPTA and Qe 05 mg iVAe Other
metabolites were quantified using the relative response of
one of the internal standards chosen as described previously
(see chapter 3).

Alcoholic metabolites (3G and iI.7L) were deternined
in hydrolysed urine aliquots as above. “Lhe P./s derivatives
was prepared.:'I'G (0.1 mg) wag added as internal standardlto a
duplicate of every urine specimen. ‘nere smz2ll curomatograpnhic
peaks only were obtained for metabolitcs under investization,
the analysis was repeatéd on a larger volume usging in some
cagses two levels of internal standards.

Serum total bilirubin was estimated daily froam birth
to the 7th day of lire by the method of Tathe and huthven
(1958). VUrine dreatinine was estimted by the metnod of
Jere (1950).
leagults

"Phenistex" and ferric chloride tests wecre ncgative for

all urine samples except for two specimens whicn gave a weak
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positive reaction - a pale green colour - with ferrie
- chloride, althou-h "phenistex" was negative.

Creatinine concentration, estimated in 29 iniants
during the first week oi life, was variable with values
ranzing from 8 - 300 mg/24 hr; the lower values Were tfound
in premature habies.

Quantitative analyticalrdata fron tge four groups
(Fid,y FJy FiJ and PJ) are compured in a nuaber of ways in
table 6ele The tendency for metabolite excretion values to
be hi:zher in premature than full-term, when expressed in
terns of/”g/mg creatinine, but not when expressed as/”g/24hr
arises from the low levels of creatinine excreted by
premature Infants. (listograms of the mean 24 hr. excretion
values of VA, V.A and p-I[7ZA are shown on figures 6.1 and 642

In a few infants in the I'J group estimations of urine
p="TA and total serum bilirubin vwere made up to the age of
one nonthe Although serum total bilirubin concentration
dropped to values about or below 5 mz/1'0 ml within the first
week of life, p-:FTA excretion continued to be elevated for
up to 2 or 3 weeks, althoush occasionally, lo:er values
(less than 1 mz/24 hr) were cncountered durin. tiais time.

Other mctabolites detected are listed and comaented on

in table 6424



Full-term non-Jaundiced (39) Full=-term Jaundiced (13) B Premature non-Jaundiced (23) -

o Prematurc Jaundiced (25) A1l groups combined (100)

ean Observed range -lean Qbserved range ’ lean Observed range ‘ean  Observed range fean Observed range
p-HPAA H £/24 br 671 95-1070 422 70-775 638 40-1640 96 10~200 463 10-1640
HTG ff g/24 b 7845 10-252

. The overall mean excretion of HVA, VA, p=-iPTA, p~HPPFA, HIPG, p-hydroxyphenylacetic
acid (p-FPAA) during the first week of life.




Full-term non-Jaundiced (39)

Premature non~Jaundiced (23)

Premature Jaundiced (25)

All groups combined (100)

Full-term Jaundiced (13)

p~HPPA fg/ml

14 .5

Jean Observed range Jean Observed range ‘lean Observed range Jlean Observed range ilean Observed range
HVA Mg/24 br 265 38-1350 195 84-1010 217 15-575 231 - 46-490 260 10-1350
HVA/Qg/mg creatinine 13.2 0e7=29.8 - - 17.6 10-45.2 28.8 8+3=-101
HVA j g/ml 69 2-18 245 1.1-644 560 0e6-11.2 6e3 242-23,2
HVA / g/Kg/24 br 120.8 611-400 - 90.8 38.2-376 124.9 53 +6=163 . 12643 60~233
Vi f g/24 br 208 24~1230 152 40450 - 93 15-975 109 50500 156 10-1230
VA fg/mg creatinine 840 0.5=-20.8 - - 840 2.7-29.8 18.2 5-49.5
Vi A g/ml 625 0.5-18 1.6 0.5-10 2.8 0.5-25 2.1 10-10
VA He/Ke/24 nr 126.5 23 .9-365 55 e4 15.4-132 ° 6640 15.6-159 6440 547133
p~HPTA #g/24 br 227 10-975 639 54-4166 453 10-4100 2377 155-7800
E—HPLA/Hg/mg creatinine 137 1-45 - - zé gf 27«8 0.9-95 3674 92-530
p-HPTA flg/ml 5e7 1-10 845 1.5-4045 SN 9.2 1444 5Le3 1.3-166
p-HPTA fg/Kg/24 br - - - - G - - - _
p-1iPPA fa/24 br 50 10-100 - - 148 10-570 1299 155-7800 o
p~HPPA flg/mg creatinine - - - - < _; - - - -

- - - - | 347 1~20.8 10-43.5

p-ipPA / g/¥e/24 br

vl
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Fig. 6.1. Histogram representation of HVA
and VMA excretion in the four groups of neonates
as classified in the text.
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Fig. 6.2, Histogram representation of B-HPLA
excretion in the four groups of neonates 3as
classified in the text.
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‘Table 6.2
Subgtance .: o . Gomuant .
' R - e '. . . . -
- melydroxybengoic acid, = Wot detected
;E-Hydroxybeﬁéoiciaéidf - Datected -only in trace amountae

. Iess’tuan 1004 g/24 uar.

grﬁbdroxyhﬁehylééefic'uéid " Detected in sost ceses in gaounts
' - ' S varying from 10 - 100 Ag/24 hr.

.Q-Hydfoxyphenylacetic acid - Detected in uost cases in amounts
: S - varying from 10 - 100 Ag/24 hr.
. vanillic acld . =~ . . Uetected in mbout 30% or cases in
- : amounts varying from 5 = 1000 Ag/24
hr . )

G - o ixcretion lass than 507*g/24‘ﬁr.

fHippuric acid ’ Detected in trace amounts in cost cas-
' C8e - :

p-Hydroxymandelic acid Its excrestion in most cases is

: - parallel to that of p-:PTA and

3 p-i'FA. It cannot be accurately

’ ' quantified under present conditions,

-t since it is only poorly extracted
b7 ethyl acetate. For accurate

' quantitation the modified procedure
for this compound should be used
(see chapter 4).

LY

Coanents on the occurrence and excretion of some freec acids
{n neonatal urine.
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Statistical tests.

Statistical analysis of results was bascd on the
logorithms of the recorded data, as tnis transformation
appeared to create greater similarity of variance within
groupse.

The mean VA excretion valuss per 24 ur. for each
group, compared bstween groups siaowed no statistically.
significant di:ferencus. A similar comparison oI the mean
VA excretion valucs also showed no siznificant differencee
except between the following pairs, IFid,« PHJy, FiJ & PJ, and
P:J & °J (table 6.3). ''hen, however, the VA excretion was
exnressed in terms of concentration, the followin- two pairs
PAJT & Py, and FIJ & PUJ viere now significantly different. V.A
output on the other hand, whether expressed in terms of
concentration or excretion per 24 hr, #@é essentially the
saméz‘2@%2§§ all groups (table 6¢3).

A similar statistical analysis was carried out for
mean p-irTlA excretion and the results are sumparised in
table 6+¢%« Comparin: the differences of the mcan 24 hr
exceretion or concentration between groups Lor p-.i°JA and
either VA or VA, statistically birger diiferences were
observed for p-=!I’TA (smaller "p" values) (table Ge3).

vean 24 hr. excretion values of HVA, V.'A and p-iFTA
for each group in the first day of life were cozpared with

tha corresponding mean pooled values over the remainder of



Table 6e3,.

(nuaber of cases)

Frobability

“letanolite Yyalués Compared = Between Groups
VA ‘'ean 24 hr Pug (39) v ¥ (13) pYU.1
excretion ’
1t ] 3] 1] \V PuT (23) n
1 1 f 1 v 2J (25) n,
" moow PiT (23) v FT (13) n
1 H o . n v PJ (25) ] i
w " T - R (13) v 3 (25) " '
HVA ‘ean urine Fir (39) v. @7 (13) 0eQL)p) 04 005
coucentration ,
u n i " v PuJ (23) O.1>p>_ 0e05
] y v B (39) v BJ (25) ~ p)o.l
o w b PuEF (23) v 27 (13) u
i 1 " 1] v PJ (25) 1]
n con " - I"J (13) V PJ (25) ‘ 1]
Vi fean 24 hr PI5(39) v PuF (23) 04 0Ly D) 04005
excretion ~ e N ‘
1] t 1 .n Y. v PT (25) 0.05>p>0.025
" a 0 B (13) v P (23) p(D.001
“ o u T (39) v FT (13) 15>0-1
" n. o w 0 (23) v 25 (25) "
n n " FJ (]_3) v pI (25) "
Vi ‘‘ean urine’ Fug (39) v pug (13) O-OOf?z?O-Wl

concentration

BTTL



Table 643 Cont:

Jetabolite Values Coapared Between Groups (nuaber of cases) Probability
VA “ean urine PAJ (39) v PI(25) 0. OL) p) 0. 005
' concentration

n o n 1 1 v B (13) v p>0-1

" " " ¥id (23) v x4 (13) "

" " ] n v J (25) 1

" " " FJ (13) v Pd (25) "
-HP LA ‘‘ean 24 hr urine FUJ (39) v Pd (13) 0+02)py Qe 01

2
excretion

0 " y " v P5 (25) p<o.001
i " " PUT (23) v »F (25) ' p@.OOl
" " ! - P (13) v PJ (25) 0405)pY 0+ 025
" " n PUT (39) v P (23) py0el

L " " PiJ (23) v Y (13) "

" Yean urine Pid (39) v BT (25) P<U-001

concentration ,

" o n Pidd (23) v PS (25) p(0.001
" n " PSS (13) v P (25) O.2>;> 0«01
n : " " RS (39) v FJ(13) p70-1

" " u u v PiJ (25) "

" " " P (23) v S (13) "

otatistical evaluation of urinary output of metabolites between groups. soaparisons

viere made on the logoritnas of recorded data (see text).

aTTT



112

the first weeke Althouzh the differcences were not
statistically significant (P >0.1), the mean excretion of |
VA and VA was higher on the first day than durin: the rest
of the week in the ¥iJ group; the reverse relationznip was
obgerved for the prematures (PiJ and PJ) (table 644).

fhe correlation betweeb urine volume and metabolite
excretion expressed in terms of both 24 hr. metabolite output
and concentration was examined (table 6+5)e¢ It was established
that urine output is positively correlated with VA and V.IA
excretion and negatively with their concentrations. =1Lhe
correlations were stronger ior (VA than ViA. o such
corrclation could be obtained for p-HrTA where the probability
was larger than D.2 in all groups whether expresssd as mg/24hr

or as urine concentration.

Discussion

Catecholamnine metabolites

The merits of expressing the output of urinary metabolites
on the bhasis of creatinine excretion as opposed to 24 hr.
collections has been the subject of some debate (Vestergaard
and Teverett, 19583 Cramer, Gramer'and Selander,l1967;
Applegarth, :ardwick and ross, 19683 Gitlow, .lendlowitz, Wiik,
vilk,Wolf and Bertani, 1968). <The comvenience oi the former
method cannot be denied, particularly where a complete collec-

tion of the specimen is difficult, as in young children



Tahle GCeH.,

‘etabolite valueg compare roup Correlation sign ol Probability
(nuwber) UogLticicnt (i) Jlope
HVA 24 br urine ¥ (39) Qed 70 +ve Ue J1DpY e 01
excretion
" " pig (23) 06637 " p 0. 001
" " 7 (13) 00577 " 0eU5)p) Ve U1
L L P (25) 0e359 L 2e1)p) Ve U5
v v v #ud (39) 0e271 tve 0e17p) 0605
" L »id (23) 0e511 0 0005 p)0e 01
g " ¥3  (13) 00377 " 0e2/p) el
u L P (25) 0e359 " O-l>p>0.05
VA urine riF (39) De236 -ve 0.0§>§>0.0l
concentration
" L pig (23) 0314 " pylel
n " PT (13) 0.190 " {0 291
f L »T o (25) Ve 230 " DeuLypy0e UL
Vo " " AT (39) De342 " O.‘-J5>p>‘d.:)1
. y PyT (23) 04385 ! Os 13y Ve 05
" u FT O (13) De598 Y DeU5) By O IL
n L PS (25) Ded4d5 u 0.05>p> 0e0L
.

Correlations resulis of urine 24 ur voluame with mctabolite excretion per 24 nr and witi .
urine concentratione.

D
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ligtabolite values compared Groups (Numter of csses) Probability
VA 2L hr urine FNJ (lst day &, rest 31) p 0.1
excretion
" 1 " FJ -
" " ? PuJ (lst day 5, rest 18) po.l
" " " PJ  (1st day 6, rest 19) 0,025 p 0.02
" urine concentration FNJ (lst day 8, rest 31) p 0.1
o T L Pid (lst dey 5, rest 18) "
" n " ¥J 1"
" Z " Pd  (1lst day 6, rest 19) "
Valh and p-BPLA 2L hr urine v¥d, PHI, Fd, FJd pC.l
‘ gxcretion
VA and E-hPLA urine concentration tind, Pid, Fd, FJ po.l

The excretion ol metabelites in day one compsred statistically with rest of the first

week of life.

Comparisons were wade on the logorithms of recorded data (see text).

SrANN
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(Gitlow et al, 1968). ﬁnfortunately, however, in this age
group creatinine concentration is less reliable as an index

of total urinary volume than any other time (Applegarth ¢t al.,
1968)« Renal function (Berlyne, 1965) and disturbances

in normal feeding accompanied by weight loss (Pscheidt, Berlet,
Spaide and Himwich, 1966) have been reported to influence
creatinine excretion in the adult. Renal dietary and metabolic
factors undoubtedly exert an even greater effect on urinary
creatinine levels in the new born (Smith, 1959). Therefore,

in these subjects particularly, it seems desirable to express
metabolite exeretion in terms of a timed collection, or as
concentration per unit volume (Cramer et al., 1967) if this

is not possible, rather than link it to the nighly variable
creatinine outpute.

There have been a numbsr of reports on the urinary
excretion of VIIA in the first week of life (Von ostudnitz, 19604;
Zeisel, 1961; Boehm and O'Brien, 1963; ilicolopoulos et al.,
1968). All values compared closely with the present
observations apart from those of licolopoulos et al.,(1968)
which are somewhat higher. Corresponding data for VA in
the neonatal period do not appear to be available in the
literature, although excretion values of both HVA and Vbﬁ in
infants from the age of one month to one year have been
reported (von Studnitz, 1962; Gjessing 196643 Gitlow et al.,
1968)3 these values range from 1.2 to 35/“g HVA/mg creatinine
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and 1.4 to 15 Mg Vi2/mg creatinine. When comparisons are
made on the basis of creatinine excretion, these levels are
broadly similar to those found for the rFiJ infants and PliJ,
but they are lower than those observed in the PJ infants
(table 6¢1) (creatinine was not determined in the full=term
jaundiced infants). .

The reasons for the observed statistically significant
higher urine output of HVA (Fiid and PiJ, FIJ and PJ) and. of
VA (31T compared with all groups) in the iJ than all other
aroups (table 643) and the implications of the jaundiced
state are not readily forthcomingze Lhey probably indicate
a more elficient renal clearance and more mature
catecholamine metabolising enzyme system 1n the FiiJ coapared
with the otner groups. 4ihe lower output of V.IA in the
premature compared with the full-term infants agrces with the
report by Zeisel (1961) of comparatively low adrenaline (A)
and noradrenaline (ilA) production in the former.

After the first few days of life HA and A excretion
is higher on a weight for weight basis in the newborn than
in adults (Zeisel and Kuschke, 1959), although the ratio
of doramine to 'IA remains proportionately the same (Stern,
Creenberg and Tind, 1961). These observations therefore
point to a raised output of dopamine in the neviborn coapared
with the adult, an impression wnicn has recently received

dir:ct support Ifrom Voorhegs (1967)e« In the light of the
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consistancy in the relationship between the two amines
irrespective of age, the tendency tonards an age dependent
alteration in ratios of their major acidic metabolites HVA
and VA (sce earlier) may be a further exsumple of a
differchce between nconatal and adult renal excretion
mechanisms and/or rate of metabolism. Voorhess (1%67)

.

speculated that the greater outﬁat of dopanine =nd 1t per unit
bodyvsﬁrface area which she noted during: the first vear of
life, ;i;ht.he related to ranid growtn and maturation of the
synpathetic nervous system at this times The same argument

migzht apply to the increacse of catecholamines psr unit body

S

weisht observed by Zeisel and Yuschke (1959) in the first
vear or life. ilowever in all work oi this kind, including
that deseribed in this thesis, it io not immadiately obvious
whether variations in osutput stem from alterations in
catecholaline synthesis, cnanre in rate of release fronm
gtorage granules or alterations in degradation pathwayse
The hirher YA to 7..A ratio observed in the nconates (table
Gel), with a mean of le6 and a range between 1 aud 3, which
are consideranly hirher than the valuzs of Je5 to Lafound in
nor-al adults (scze chapter 5), stronzly indicate a zomewhat
hirsher dopamine turnover than - and lile

The dircct asgociation between urine volume and both

758 and V. output observed during the first weelt of life is
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a further illustration of a functional difference between the
neonate and older child or adult, a difference which presumably
derives from immaturity of the neonatal kidney (Smith, 19593).
Using a colorimetric procedure (Pisano et al., 1962) to
estimate VA, Ruthven (1965) also observed a significant
correclation (Pg:0.0l) between V.IA excretion and urine volume
in the neonate.

von Studnitz (1960), in a study of a small number of
newborn infants, observed an increased V.JA excretion on the
first day of life compared with the third day. Although
results obtained here point to & higher mean excretion of
both HVA and V'A in the first day compared witn the rest of
the first week of life in the FiJ group, the differences are
not statistically significant (table 6.4)s is suggested by
von Studnitz (1960) for VIA, an argument which may apply
equally to VA, the high levels excreted aftcr birth in the
PiJ group might reflect a rise in catecholamine production
following the stress of birthe This view is in fact
supported by the indirect evidence oi Howard, .icDevitt and
Stander (1964) who observed a significant inc:ease in
catecholamnine excretion in the first urine specimen passed
after birtn by infants delivered by forceps compared with
those delivered spontaneously by a caesarcan section.

YirG excretion (table 6+1) bears approximately the same
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rroportionate relationship tc VMA excreticn ss in adults when
me=n values are compared with those of sdults, although the
individual messurements are much more widely scattered in the
necnate.
A reduced activity of p-hydroxyphenylpyruvic acid

oxidase (p-HFPA oxidase) is not uncommon in the newborn

period of.life especially in the premature infant (Kretchmer,
Levine, NcNamara and Barnett, 1956; XKretchmer and lMcMamara,
1956; Bloxam et _al, 1G60). This phenoﬁenon is caused either
by a deficiency of the enzyme (Kretchmer et al., 1956;
Kretchmer and lMcNamara, 1956) or by substrate inhibition
(Zannoni snd Lalu, 1959; Bloxam et al., 196C) and may usually
te correctéd ty the administraticn o?f sscorbic acid (Levine,
¥arples and Gordon, 1939; Levine, Gordon and Farples, 1941.;
Levine, Dann and l‘arples, 1943; “oolf and Edmunds, 195C:
Mitowsky, Covan and Gordon, 1953), 2,6-dichlorophenolindophencl
(Hager, Gregerman and Xnox, 1957) and folic acid (Nitowsky et al.,
1953; kenkes and Avery, 1G63). The condition is manifested by
rzised blood tyrosine concentration (tyrosinaemin) (Mathews and
Partington, 196L; “ong et =2l,., 1967; Fartington, 1968) 2ana
increased excretion of both tyrosine and its mctabolites p-hHiLA,
p-HPPA and p-hydroxyphenylscetic acid (tyrosyluris) (Zloxam

et.al., 1960; oolf 1965; Partington, 1903).



118

‘ﬁeports on the incidence of tyrosyluria and its
agsociation with tyrosinaemia vary, principally becausge of
the greater sensitivity of methods used to estimate blood
tyrozine conpared vith those employed to diagnose tyrosyluria.
In a survey of 1276 infants azed 3 to 8 weeks, Gibbs ana Woolf
(195 ) found 14 casges of tyrosyluria using ferric chloride,
wihile in another survevy of 120 infants, Bcreeaning urines by
paper chromatography whicu 1s more sensitive than ferric
chloride, Woolf (1965) detected 26 cascs of tyrogsyluria.
“arly reports by Tevine and his co-workers (Tevine et al.,
1939; Ievine et ale, 1941y ,p;5 Tevine et ale, 1943) that
tyrosryluria occurs only in the v»remature haby were later found
to be incorrect (Wong =t al., 1967). Tartington (1968) in a
survéy of 123 nconates under the age of four weeks, found that
the incidcnee of tyrosyluria ig closely related to tyros?iﬁ?ia
if the blood tyrosine is greater thzn 1u 1ag/100 nl, but that
the relationghip ic less constant when the trrosine level is
below this valuee Tt is surprising that the correlation
between these twio conditions is not stronger since one is a
direct consequcnece of the other. Althouyn tryrosinacmia has
been quantitativelr defined (rartington, 1968),tyrosy1uria
has not heen,due to lizited quantitative information on p=iuTA
and p-='PPA excretion. 7oolf (1965) reported values of 1200

and 3500 Mg p-7%8/ng creatinine in cases classified as
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tyrosyluria, whilst Coward and Smith (1968b) gave values of
p=PTA greater than 5oo,ﬁg/mg creatinine in a study of six
Bimilar patientse. These valucs are greater than most of those
observed in the oresent series, whire the uppsr ¢nd o1 the
range was 539 Ag/ng creatinine (table 6.1)e By virtue of its
stability compared with p-iPPA, p-~iiPTi is a nore useful index
of tyrogyluria. in excretion of 1 my p=liTa /24 or is tenta-
tively proposced hcore as the upper limit ol normal since this
lewel wag aot exceeded Ln the r'd zroup of infants.

“ue incidence of tyrosyluria (p-.ivTi excretion greater
than 1 mp/24 ar) in infants during the {irst week of life was
found to be hisher in the present series than any previously
rcported studr, about 27, of the neonatal populatione This
fizure was caleulated on the assumption that the infante
studied were representative of the population froa which tney
were drawn, vhich ig probably valid since they viere chosen in a
random mouner. The eauge of the digereponcy ig the higher
sensitivity of the GTL oprocedure employed hore compared with
other methods available Lor the detection of tyrosine metabolites
in urines UTor example a2 varallel survey on these babiles
using eonventional cereaning tests (Perry, iensen and facdougal
196%) shnowed that the majority would have been classed as non-
tvrosvluric.

The associatlon between jauundice aund an increased
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outvut oi tyrosine mctabolites has not previously been reported.
Kecently Tartinzton (1968) observed a bimodal dis tribution of
plasma tyrosine levels in newborn infants, more marked in the
premeture than the full-term babye A comparable distribution
more pronounced in premature than rull=term infants could be
observed on the bhasisc of p=ilTA excretions The distribution
was stroncly influcnced by the presence of jaundice, which also
mav have heen an immortant factor in the himodel distribution
ohzerved by Tartington (1968). It is possible that nigh serun
bilirubin levels irreversibly inhibit p-ii’PA oxidase and that
the lag observed between the disappearance of jaundice

(usually within the first week) and tyrosyluria or tyrosinaemia
(usually about 6 weeks) (Iaftington, 1968) represents the time
required ior the production of fresh enzyme. However a
tendency for »-:PUA oxidase activity to be low in common with
other neonatal enzyzes c¢oge urldine glucuroayl transfcrase
{3rown and Juelzer, 10523 Tathe and Jalker, 1958) is a more
likely exovlanation of tyrosyluria in the newborn.

Gome increaee in p-hydroxypienylacetic acid excretion
has_been surrested in tyrosyluria (iloxam et al., 1960). This
observation is suvported indirectly by the detection or an
increasqd output of its precufsor, p~tyranine, in severe
tvrosinaemia (“remer, Jaenicke and Teopold, 196%,. It ig

possible that an insufficient degree of tyrosinaenia was
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present in the present series to bring about a significant
increase in p=hydroxypneunylacetic acid.

Becauase of the low sensitivity oif the C:C aseay for
p~hydroxymandelic acid (table 6.2) it could only be estimated
satisfactorily by the procedure eaployed here wWhen present
in large amountas (see table 642)e This mctabolite probably
arises irom octopamine by oxidative deanination (see chapter 1).
Jetopamine @ay be derived from tyramine by tne action oI
dopaminc P-hydroxylase (see chapter 1,. uevertueless a peak
corresponuins witn p-hydroxymandelic acid was detected in
many tyrosyluric urinegs but not in non-tyrosyluric, agreein.

with the Lindings of “oolf (1965).
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CHAtT:R 7

Studies on 5=-hydroxyindole metabolites-in carcincid disease

Although 55T has yielded rride of biochemical .lace to
the kinins (Cates, Melmon, (joerdsma, Gillespie &nd izson,
1964 ) and more recently, the postaglandins (Sandler, Karim
and .illiams, 1968) its ovzrproduction must still be
considered "a hallmark of the carcinoid syndrome™” (ingelman,
Levenberg and Sjoerdsma, 1967). hilst possible interactions
between all tirese charmccologically active agents should not
be neglected‘(Sandler, 19688) as having a possible medifying
effect on 5-hydroxyindole pathways, mest useful information
cen still be obtained from quantitative studies of this group
ol cem ounds in carcincid disease. 5HT is derived from
tryptorhan by 5-hydroxylation fcllcwed by decarboxylaticn
(dagen and Cchen, 1966) as discussed in chanter 1. It is
nainly metabolised through cxidative desmination by MAC to
5=hydroxyindclacetalderyde which is then further oxidised by
aldehyde dehydrogenase to 5HILA (Cjoerdsma et a2l., 1955
“eissbach et_al., 1957). 4 small proiortion of this aldehyde
intermediate is however reduced to the alcoholic metabolite,
51TCH, as described eerlier in charter 1. In normzsl subjects,
the excretion of 5HTCH does not exceed 1{C Mg/2h hr (see

cha:ter 5, a level very ccmparable with the urinary out,ut
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of 54T (Rcdnight, 1956; Rodnight and McIlwein, 1956;
tJjoerdsma et el., 1656; Pernow snd haldenstrom, 1957;

Noble, 1361; C(ates and 3joerdsma, 1962). Apart from the
observaticn of one group (Lavis et _2l., 1966), no iniormation
is available on the pattern of excreticn cf' HTICH in carciﬁoid
disease. [lollowing an e=rly obeervaticn (Cmith, Nyhus,
calgliesh, Jutton, Lennox and Macfarlane; 1957) that etianol
inzestion causes a decrease in 5HIAA excretion ih pstients
with cercinoid, 2 shiit in 5-hydrcxyindolacetaldenyde
mctabolism frcm & predominently oxidative pathway tb a
reductive one (lavis gt _al., 19656; Lavis, Brown, Huff and
Cashaw, 13567,) was identificd in normal and czrcinoid subjects.
To brovide more informsticn cn 5UTCH excreticn and the erfect
of ethrenol ingesticn on it, estimaticns of urinary 5:i14iA and
54TCH were undertaken on a grour of carcinoid patients, one

of whom had ingested an alccholic beverage.

Material and methcds

Urine sem les from all subject were collected into
plastic bottles ccntaining 25 ml glacial acetic acid, and
were stored at - 159C until time of enzlysis.

For 5HIAA analysis, urine alisuots (lnml., excest when
concentration of 5UIAA were high, when (.5 ml of urine was

taken) were made u- to 1C ml with distilled viater. After the
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pH had been adjusted to 3.5 with C.1 N NaoH, the mixture vas
extracted twice with ether, by the standard rrocedure (sece
chapter 4). #n internal stendard of C.1 mg 5HIrA was used
for wach batch of 7 estimaticns. The M./7. was ;renared and
analysis performed on a 5 ft. 5/ $0£52 column,

For 5H1{H assay, urine aliquots (1C ml when 5HI,A
lev:.1ls were less tinzn 50 mg/Zhk hr or 5 ml when grester) wore
hydrolysed, extracted twice with ether at pH 8, and the 12/L
nrepared. 4As with 5ilIaf, a 5 ft. 5. &:52 column was emnloyed.
Internal standard (C.C2 mg) was used with every batch of

seven estimaticns.

Results and discussicn

5(IAA and S5HTOH urinary excretion values and ratios in
13 patients with cercinoid diseanse are shown in table 7.1.
Strtistical enalysis of these results revealed a positive
correlsticn (p<<Q.Cl) between 5HILA and S5HTCH output.

The excretion of 5HIAA 1s usueslly but not invariably
(von Heilmeyer and Clotten, 1958; CZavis snd Hosenberg, 1901)
reised and the increase is usually lerge; thus values of
5CC - 1CCU mg/2h hr sre not uncommon (Stracey, 1965). ihe
r:nge observed here (lable 7.1) is on the whcle consistent
with what one ex;pects in this disease in view of tne varieble

mass =nd activity of 5:7T secreting tumcur tissue.
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\
TABL: 7.1
o . : SHIAA/
HAME SHIAA __ SHTCH ___SHTOH
KT ' - - 3CL mg/2h hr 7.&5:mg/2h hr 4GS
) 125 " K. 27.7
PT L - : 1.58 7 -
n  " 155 " f 1454 i 10¢.6
FDF . 66.5 0 0.81 - a2.0
AT 140 g/ml 2.1 g/l © 7040
stp . :__'4 25.2 mg/2hhr 1.33 mg/ayhr - 18.9
5K  13.7.” " - .
IR © 18.4 mg/1coml 0.212 mg/lcoml  €6.7
FRD 17045 mg/24hr 5.1 mg/2hhr 13.8
Hg 52,3 v ©0.98 53.3
HA% 535 " 6.6 M. 81.¢
cLy 200 v 7.6 v 2603
" | 9w v T 28.8 v L - 32.6

Rangge 18.7-940  0.81-288 " . 18.9-100.6

Urinary excretion of 5HT metabolites in carcinoid disease
employing a2 5 ft 5,/ $£52 column, preparing the ME/TE for
5HIAA and the TE/L for 5HTCH. '
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Davis et sl., (1955) in a study of two carcincid
patients re.orted values of SHTCH of C.826 mg and C.5CkL
mg/2L hr in one, 2nd of 1.G671 mg/24 hr in another. The
present results are in general, of the same order, althoﬁgh
the highest value obtained wzs 23.8 mg/24 hr.

the ratio of 5HIAA to SHTCH were found to vary from
13,9 to 1C0.5 with a2 mean of 52.8. Althcugh no such relation-
ship has sc f-r bzen established directly for output in the
normal subject, sporoximate values czn be inferred indirectly:
thus frcm the reported value of ...3" of adainistered lhﬁ-SHT
recovered as 5HTCH in both normal and carcinoid subjects
(Covis et _sl., 1966) and from & consideration of the ranges
of SHIAA (2-1C mg/2h hr) and 5HTCH (less then 1CC/”g/2h hr)
excretion values in normz2l subjects (sece chsrter 5), =2
calculated value of 5C might not be too unressonazble.

o attempt hos been made here to distinguish between the
di{ferent forms of carcinoid (+illisms and Sandler, 1G563)
or to detect whether or nect there was an increased excrstion
of 54T or 5HT:-. It would have been cf interest tc rave
stulied crses of carcinoid syndrcme excreting an elevated
amount of 5HT (Ssndler and CZnow, 1958), with siecisl reference
to the excretion of 5-hydrcxyindolelactic acid which might be
fermed by transamination followed by oxidation of 5HTIPA,

Urine samples from one carcinoid patient before =nd
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after ingestion of 5C ml of brandy were analysed for SHIAA

and S5HTCH. lesults before brandy were 3Q.4 mg SHIAA/12 hr and
{292 mg 5HICH/12 hr, ond after brandy 29.6 mg 5HIAA/LR hr

and 0.43C mg SHICH/12 he. Thus alter ingesting brandy there
was a slight decrease of 5HIMA, but a doubling of S5HTCH
excretion. This effect was considerably smaller than that
#hich mizht have been expectced from a considerztion c¢f the
work of Tavis st al., (1966). This discrepancy is probably
explained in terms c¢f the consider-bliy smaller dose of

etl:anol employed in the present work. Smith et al., (1957)
have re;ortcd an actusl decrease in S5HIAA after ethianol
ingestion in carcinoid disease., It is therefore possible that
any direct or indirect inhibitory effect ¢f ethaznol on
éldehyde denydrogenase or stimulatory effect on aldehyde
reductasé is dependent on the smount ingested and the

individusl tested,
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CHAPTER 8

Studies on catecnolamine-secreting tumours

Intreduction

Catecholamine-secreting tumours belong to 2 group of
neoplasms derived frem cells differentisted embryologically
{rom elements of the neursl crest. Tumours of both medullary
and extramedullary chrcmaffin cells give rise to phaeochromo-
cytoma while those of the neuroblsst and mature ganglicn gi;e
riss to neuroblastoms and ganglicneurvma respectively (Kaser
195863 Gjessing, 1966). JFor a more comprehensive classification,
see Gjessing (1968). Although the characteristic feature of
most of these tumours is an over roduction of catecholamines,
the excretory raittern of the amines and their metabolites
varies considerably from patient to patient (von Studnitz,
1366), especlially in phaeochromocytoma (Gitlow, Mendlowitaz,
Kruk and Khassis, 1961; Crout, -issno and $joerdsma, 1961;
Crout snd >joerdsma, 1964; von studnitz, 1955).

{hasochromocytoma occurs mainly in adults and is cnly
rarely cresent in children. The oversll incidence is abcut
¢.5 of 211 hypertensive patients (Graham, 1951; Kvale, iloth,
Manger and Triestley, 1956) but the problem is not quite so

Clear-cut as patients with this tumour may scmetimes be
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normotensive or even nyrotensive (Yoorhead, Caldwell, Kelly
and Norales, 1566). In abcut 8C. of cases the turncur arises
in the adrenal gland (Gjessing, 1968) being benign in the
majority; the patient has 2 good prognosis if it is removed
early (loorhead et al., 1966). NA, and tc a lesser extent

% are tiie main secretery products of these tumours (Ssndler,

4

1357). The rate c¢f ;roduction <f ! may refllect the age =2nd
maturity of the tumcur (iobinson, 1356), since in malignant
rhzeochromocytoma the A centent in the primary tumour

(Kennedy, Symington end “oodger, 1G.,l) tends to be higher

than in the metastases (Davis, Feart and van't Hoff, 1955;
Kennedy et 21., 1961). The overall secretion of catechclamines
is often related to the size and activity of the tumour.

omall tumcurs tend tc h-ove hicher rates of c:techolamine turn-
over coarared with larger ones in whici. secreticn is lower

)

and tae tissue content cf amines higher (Crout =nd 3joerdsma,
19043 Crcut, 1966). ~lthough the presence of catecholanine-
nrcducing metastases in organs wnich do nct normally ccntain
chromaffin cells is the only conclusive proof of malipnancy
in phaeochromocytoma (GJjessing, 1968), the excretion of
dopemine(iicMillan, 1956; cil-Halherbe, 1956) and its
metabclites together with the excessive prcduction cf . is

often associzted witn mzlighancy (Robinson, Smith and

~hittaker, 1964). The [ormer observstion lead Robinson and
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his collegues (iobinson et al., 1964; Hobinson, 1966) to
suggest that the presence cf urinary OCP4 and dopemine and
their metabolites might be indicative of malignancy. It

has since been established however, that this is not always
the case (Sato and Cjoerdsma, 1965; Sandler, 1G67); but
nevertheless, dopamine secretion increases the likelihocd of
the tumour being malignant (Kaser, 19566).

Neurcblastoma occurs fer more fresquently in early
cnildhood than later in 1ife and may be present at birth
(ells, 194C; otter and rarrish, 1942; Bodian, 1959; Gross,
Farber and iartin, 1959; Xing, Ctoraasli and Bolande, 1951;
iargoen, 1962; Vocrhess and Gardner 1962,). <Such esrly cases
are more likely tec undergo srontaneous remission th-n thosze
occurring in the older child (Bedian, 1959; Brett, (p:re,
“uthven and Sandler, 1964). The tumours are primerily dopemine-
secreting (tmellie and Sendler, 1961; Ssndler and ruthven,
1561; Voorhess et 21, 1962; iicsenstein znd ingelmann, 1963;
Kdser, Bettex znd von Studnitz, 1964). The urinary output
secreticn of 1" and A is usually low compared with
‘haecchromocytoma despite the fzct that large amounts of
p-hydroxylated catecholamine metabolites zre found only &
few of the subjects with neuroblastoma heve elevated btlood
pressure (Voorhess and Gardner, 1952; dourkes, Denton, Murphy,

Chavez and St. Cyr, 1963; von Studnitz, Kdser and ojoerdsma,
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1963). Fresumably the productien of B-hydroxylated
catechclamines by the tumcur is higher than in phaecehremo-

cytema, but degradation within the tumcur is also high,

m

h
resultine in a gre-ter urinsry excreticn cof metzbolites
(Candler and iwuthven, 1956,; Calne, Karoum, iuthven and
hsndlcr,v1969). A greater proyorticn of these derive {rom
dopamine (von Studnitz, 1966§ Gjessing, 1963; Kaser,
Jchweisguth, fellie and Spengler, 1963; Sourkes et al, 1363;
fluthven and Sandler, 1954; 3Brett et al, 1984; linterberger
and “Jartholomew, 196%) altiough hi, 1 concentraticns of NA
metabolites are alsc seen (von Studnitz, 1$62; Voorhess,
vickett snd Gsardner, 19533 +<illizms znd Gresr, 1963;

Hinterberger et al., 1968).

In ganglicn.iurcma a benign tumour, the biochemical
features may not be as well defined as in either pheecchromocyto-
ma or neurcblrgtcma, althcugi: an incressed preducticn of
catechiclamines has been feported (Dicke, &ingma, wadman, de
J.ngh and %ooch, 1959; Gréenberg and Gerdner, 1959, 1G5(;
imellie and Sandler, 1951; von Studnitz, Kaser snd . jcerdsma
19633 Gjessing, 1983; 1964; Rosenstein and .nglemann, 1563;
vankeff and Sourkes, 19533 Greer, /nton, Jilli-ms rnd
.chevarria, 1965; Kaser, 1946) with doramine agrin being more

AR

rrominent than % or & (Greenberg and Gardner, 196C; ven
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Studnitz et al.,'1963; Gjessing, 1364). Hewever nen-secreting
tumours}are much more ccmmon among gsnglioneurcmas than in
other neural tumoufs (von Studnitz, 1G62; Kaser et 2l., 1904;
Kaser, 19356). |

Zlagnostic elevations of mestubolites derived from the
major patiways of coteciiolanine motsbelism (a2s discussed in
chnrter 1) are found in catecholsmine-secreting tumcurs.
Thus in thaeochromocytoma, ¥ii4 (/rmstreng st _al., 1957;
vandler and Ruthven, 1959,; Crcut gt _=l., 1961;v Gitlow et al.,
1951) and #4:-.C (ixelrod, Korin and ann, 1959; .andler and
Ruttven, 1966,; ~ilk, Gitlow, Clarke and I'sby, 1967) are
excreted in large amcunts in a high percentzge of cases ((reut,
1306) as are the C-methylated amines, normetadrenaline and
metadrenaline (Crcut, 1668; landler, 1967). 1In cases where
cC. 0 and dopemine are secreted such zs malignant phacochromo-
cytoma (ﬁobinson et _al., 1964) the excretion oi dopamine
metabolites is alsdirnised (Sankoff et al., 1963; ..obinscn
et zl., 196k; tato et al., 1965; endler, 1967). Cther
metabclites recorted in pheeoc!romccytoma urincs whiéh hzve
not so far been evaluated diagnosticaliy include vanillic
acid (ngelman :nd :joerdsma, 1564) protocatechuic aldechyde
(Herrlich and Zekeris, 1963), N-methylmetadrenaline ({(Itoh,
Yoshinaga, Cato, Ishida and vada, 1962; nobinscn end imith,

1962), and N-acetylated doramine (Ksrlson, lekeris and
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Herrlich, 1963).

4s already stated, the overproduction of catecholemines
in neurcblastoma is accoemponied by a wide urinary spectruﬁ
of metebelites usurzlly higher in concentration and more
varied than in phaeochromocytoma. The majcr metabolites
include HV: (Greenberg and Gardner, 1959; von ftudnitz, 1G6C,
1566; Brett et sl., 1954; Hinterberger and Bartholomew, 1969)
and LCPAC (von Studnitz, 196C; Sourkes et el., 1953; “illisams
and Lecnard, 1963) deriving from Ll:: and do;amine, and B-
hydroxylated metabolites of iiA and * (LaBrosse and Karon,
1952; GJjessing, 1963; vandler and huthven, 1G66,; Kaser, 1966;
Hinterberger znd Bartholomew, 136G). 'The fcllowing metabolites
have also been detected in neuroblastoma: L-hydrcxy-3-
methoxyphenylalamine (von Studnitz, 1961), L-hydroxy-3-methoxy
shenylpyruvic acid (Gjessing and Borud, 1964,; tmith, 1965)
and A-hydroxy-3-methoxyshenyl lactic acid (Gjessing, 1963,
3,4=-dihydroxymandelic scid (Leluattro, ybenga, von Studnitz
~nd Hrunjes, 1954) and 3,u-dihydrcxy:henyl;yruvic acid
(Gjessing, 1964 ).

In view of the great veriasticn in tiie pattern of
cntecholamines metabolite excretion in these tumours, it is
often useful tc estimate at lesst two mctebolites to help to

differentiate them (Viorhess and Gerdner, 1951; Gjessing, 1963).
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Chromatégraphic proqédures afé usuéliylmbre'suitable forf:
this'purposé beczuse of their simplicity compzred with other
procedures (for review, see Sandler and kuthven, 1969). ‘
Among'the differenﬁ tyres of chromatography.GLC\is the only
approach capable of providing accurate quéntitative estimabions
(Karoum et al., 1968, 1969f; other types are at best
semiquantibative (Sandler and Ruthven, 19663).' Luring its
earl& stages of development however, GLC of aroﬁétic cbmpounds
was beset with many problems connected with peak trailing,
purity of eluted components and difficulty of separation
(willisms and Greer, 1962, 1965) nhlch have now bzen almost
completely overcome, at least for the assay of most of the
important phenolic and indolic'écids and alcohols of‘bioloéical
intereét (Dalgliesh et al., 1966; Horning et _al., l§66;
Karoum et _al., 1968,1969). " o

In this chapter the exéretioﬁ"of'a wide range of
phenollc acids end alcohols is re»orted on a group of patients
with’ cntecholamlne secreting tumours. ‘

Material - -and method

Urine samples (24 hr.) were collected into 25 ml 6 N dCl
and stored at 4°C until analysed. \
Fer the estimation of “henollc 901ds, urine aliquots

(1 to 5 ml) were made up to 1C ml with distllled Nater the

t
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pH was adjusted to- 2 and they were extracted with ethyl
‘acetate. Lther was substltuted for ethyl acetate ‘in-the
:‘estimation of DOPAC - (see chapter L). - The ML/TE der1Vatives

were prepared for all c0mpounds except DOPAC where the Tb/E

‘1,was formed. Internal standards were inccuded in every batch

as follows: O l mg VEA, 0.1 mg DOPAC and 0.05 mg HVA. Gther
metabolites were quantiiied by comparing their relatlve ‘
response with thet of either VIMA or HVA (see chaoter 3 )

Alcoholic metabolites were analyoed by extractlng
with ethyl acetate at pH’ 8 (see chapter,h) after preliminefy
hydrolysis (5 ml).l‘HMPG:(O.l.mg) was ‘em;loyed as internal-
sﬁandardfand, with anpropriate relative responsé corrections,v
was used to quantify HMPZ and dihydroxyphenylglycol (see
chapter 3). 4

The identity of HMPE was checked by direct gas
chromatography-mass spectrometry (GC-MS) using an ALY HMS-12
mass spectrometry in cooperation With‘Df.cJa Chapmen of |
-Associated xlectrical Industries, Manchester, to whom gracefﬁl‘
thanks'areidue. Three technijues were employed: scanning |
the peak corresponding to_HM?; with a total ion monitor: to
obtain a ccmplete maéé‘scectrum; ‘monitoring the curreht at
m/é 312 (the molecular ion of HMPX), dohc on the assumption

that any impurity would not contribute an intense peak at
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- m/e'312;;tvottain a more precise characterisation of ﬁme
the accelefating voltage of the MS~-1l2 was swmtched rapidly
to monitor m/e 297 and 312 alternately every. 0. sec, Both
‘mass peaks are characteristic of HMPE, but are unlikely to o
be present in the spectra of other comnound partlcularly in x
the correct relative intensity (Ylg. 8.1. )
Results ' ' |

_Urine sem;les from 19 patients were'énalysédi 9 with .
'benign and k Nith malignant phaeochromocytoma, ana 6 with
;neuroblastoma._ Individual output values of the major and
minor metabolites are given 1n tables 8.1 (benlgn phaeochromocyto-
ma), 8.2 (malignant phaeochrcmocytoma),and 8.3 (neuroblzstoma),
Tatle 8.4 proVideé information abqﬁt the excretion of other
metnbplites which were detected in-concentrations too low to
allow accurate measurement to be performed. Figures 8.2, 8.3,
8.4 and 8.5 illustrate patterns of phenolic acid and alcohol
excretion in typical cases of phaeochromocytnma and neuro- -
blastoma. figure 8.7 shows a summary of the mean excretion
nf five’important metabolites in the three ty;es of
catecholamine secreting tumours discussed here.

The identity of HMPE was confirmed by GC-MS in a2ll
neuroblastoma and in 4 malignant phaeochromocytoma patients

(Fig. 8.1). 1The identities of HVA, V¥A and HYPG in two urine



Multiple peak monitoring

FIL.O.TRACE

HMPE HMPG

e e T L T S G - . ——

Fig. 8.1. Illustration of how low levels of HMPE in urine as its
TE/E could be detected by monitoring ions M/g297 and m/e312 .
alternatively every 0.5 sec. Here only HMPE derivative have ions

at both Mm/e 297 and m/% 312. ' HMPG on the other hand has an ion at
m/e 312 ang s0 will not give the peak corresponding to ion 297

as shown -for HMPE. It will be noticed that the maxima of the traces
at m/e 297 and 312 correspond to the FID (Flame ionisation detector)
maximum, confirming the identity of the peak as HMPE. The urine

© was obtained from a patient suffering from neurcblastoma.
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TABLLE Be.2

’ o ' Vanillic ] ~

Patient HYV A Vith acid P=HPLA P=Hiih EQPAC HIEG
RN 121 24,2 L100/g Zs500fs 27.6 - 2.5
STK 528 . - . 174 ' 22.0 i 31k L7 2044
HER 3455 11.5  Licof 8.2 | 62.5 Lsaole 6.2
PEL 28.1 241, " 6.3 7.1 6.3 52.5
Mean 2441 113 - - 32,1 - 3.8 204

7.1-62.5

fange 3.6e52.6

11.5-24L  £100/g-22 <so§/’%_

£500/g = 2.5-52.5
He3°

Urinary excretion of phenolic. acid and alecohol mﬂtabolites (mg/2h hr unless stated)

in malignant phaeochromocytoma

o96¢T



T)B8L.. 8.3

Vanillic . 5
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BEY k1.5  51.5 5.3 4500/ 5.3 3.3 21.0  0.50
HLT 79.c  15.8 . <aco/k. " Le3 6.1 7.5  1.85
HAS © 19.5 93 S22 " 1.1 3.8 41.C Ce75
WHL  211.0 143 100 g " 1.9 18.7 56.0 9.2
HY, . k3.5 17.9 c.2 g 29.8 . 6.4 2.4 - 3.2
HYp 3.4 2.5 100/l j? 8.2 100 g 1.6 . 1cofle
Sty 56.5 65 3.8 7.2 3.8 5.6 34.4  <10¢f%g
HSN, 260 385 2.0 1.6 1.7 40 97 . 3.8
Mean 68,1 - 110 . - 7.C 11.9 513, 2.43
15.8-3854'iloOﬁg-22‘<5o§ﬂg6-9 1.1-29.8 3.3=4C 2:u-97 ¢ g -

Range 19.5-260 .

Urinary excretion of phenolic acid and alcohol metabolite (Mg/ZL hr unless stated)
in. patients with neuroblabtoma. v
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Fig. 8.2. Chromatogram of the ME/TE
derivative of an ethylacetate urine

extract from a patient with, phaeochromocytoma.
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Fig. 8.3. Chromatogram of the ME/TE
derivative of an ethyl acetate urine
extract from a patient with neuroblastoma.
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Fig. 8.4.. Chromatogram of the TE/E
derivative of an ethyl acetate
hydrolysed urine extract from a patient
with phaeochromotytoma.
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Fig. 8.5. Chromatogram of the TE/E derivative
of an ethyl acetate hydrolysed urine extract
from a patient with neuroblastoma.
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excretion of five important metabolites in the
three major types of catecholamine secreting
tumours.
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samples one froﬁ a benign phée&chromocytéma and the other
frcﬁ'a neurobléstéma patient'were also ébnfirngd by direct

_ scanning of the a; pro ‘riate peaks (rlg. 8.6). . An unknown
compound which was termed substanco "x",was détected in .
"substantial quantity in specimens from six benign -
phaeochrohécjtomﬁ”ﬁapients; - it was also present in one -
post-operative neuroblastoma sample. It poséessed the same
MU value as HﬁfE.: Attemﬁ&std‘work out itsvstructure by‘GC-Mé ’
.were unsuccessful due to -its weak. ionlc propertleq. Cer%ain
clues have emerged however- it is llkely to be an amins ‘
without a hydroxyl group attached to the benzene ring or the
side chain; it hes-a molecular weight of 199.

Discussion

Reports providing a broad coverége of phenolic metabolite
.assay in catecholamine secreting tumours are few and studies
tend to be confined to the major. metabolites (von Studnitz,
1966 Crout, 1966 Kaser 1966) Phaeqcnromocytoma
particularly tends to have bcen badly served'(Robinson et al.,
1964). Urinary meta bolltes in neuroblastoma have been
iﬁvestigated rather more thoroughly (von Studnltz, 196C;
Greenberg et al., 196@; Gjessing, 1953} von Studnitz et _al.,
1963; Gjeésing, 1964; Greer et al., 1665; Vgorhess; 1568).

‘The excretory patternsﬂre;orted here for the major

metabolites of DOFA, dopamine NA and A are essentially
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_‘31mllar to thoee observed by others in phaeochromocytoma
V (#xelroa, Kopin and Mann, 1959, Gjessing, 1963, Crout 1906)
"and neuroblastoma- (GJessing, 1963, 1968 ¥illiems and Greer,
1962)., g | 1' |
Ercretion values of VMA and HNFG were greater than ;'
normal (see chapter 5) in all, patients with secreting tumours
_ who were studied ‘and were coneiderably higher in neuroblastomax
‘,than in phaeochromocytoma (Table 8. 1 8 2, 8. 3).« AVA and free f
DOPAC excretion values, reflecting DOPA ‘and dopamlne -
‘production by tumour tlssue ‘were normal in all but one case ‘
‘of benign phaeochromocytoma (see table 8 l) in contrast, ‘
_output of these metabolltes was elevated in all neuroblastoma
‘patients (see taole 3.3). The patiente with malignant_
~pHaeochromocytoma tend to be-intermeciete within:tnese two -
extremes,'three“out of. four excreting‘moderately increased
amounts of HVA and free DOPAC. " These results tend to
“ support the putatlve relationship between dopanine excretion .
‘and malignancy in phaeochromocytoma (nobinson gt_gl., l9oh,
Robinson, 1966)
HMPE, first reported 1n urine from the normal human
subject by Goldstein, rriedhoff, Pomerantz and Contrera,
(1961) and by La Brosse and Karon (1962) in‘orine from
’ patients withﬁneuroblastoma,lwas found to parellel tne high
- output of HVA (see table-8.3). The ratio .of HMPE to HVA -
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howevef, was higher than thot"observed4after o;al l-DOPA
admihlotration (see chapter 10), Preauﬁaoly because the
redﬁctive pathway of h-ﬁ}droxf-j;methoxyphenyl‘aéetaldehydé\

is more proﬁineot‘within the tumohr than in normal pissués.

The .same patterozis obsérvad between HMPG and VMA in neuroblast-

. oma (Gjessing, 1963 La Brosse, 1968), La Brosse (1968) even

' -suggested that H“PG might be the main tumour. metabollte which.

is in. part converted elsewhere in the body to VMA (La Brosse,
1969). , ‘

~ No metabolic. importance can be attached to the
excretion of vanillic acid or 1ts corresponding alcohol
L-hydroxy-B-methoxy benzyl alcohol (vanilyl alcohol), since
variations in their excrotlon pattern did not appear to
correlate nith those of the major metabolites (table 8.4)
Nevertheless, vanillic acid may arise as a minor product of
DCPAC (Alton and Goodall, 1969) and of NA and A (Imaizumi,
Yashida and Kita 1958). High excretion of vanillic acid has
_ been reported in malignant phaooChromocytoma'(Robinson gg_gl.,'
l96h). 'Moreooer, the high levelo of vanillic acid observed
during the‘present work in one case of benign and one of
‘malignant phaoochromocytoma ond in a patient with neuroblastoma
(tables 8.1, 8.2, 8.3) would seem unlikely to arise solely
from dietary sources; in view of the very low values found

" in other patients.
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fﬁe inconstant excretion of VLA and‘VPL (Gjessing,

: 1963";A,l;‘54mith','11965'; Coward and Smith, 1968) identified in

sﬁbé@ahtial output in only one case of neuroblastoma (table

 844) and in traceé in a malignant‘phaeochromocytcma appears

_éo be of little value as an-aid ﬁo differential diagnosis.

One sugéestion to account for their‘presénce iSAextreme :

malignancy (Gjessing, 1966);\ anothervpossibility is thét

ovg?péoduction of vanilalanine occurs (von Studnitz, 196C)

which is not as easily decarpoxylated as DCPA (Gjessing,

- 1965) so that more is shunted down the transaminatioqrpathwaf.;
von Studhitz.gg_gl., (1963) observed an increased urinary

excreiion of tyramine in six out of 21 patients with neﬁrél

c¢rest tumours. Such enhanced production'bf tyramine might

" be expected to result in a rise in the excretion of its

oxidatifely deaminated metabqlite, f-hydroxyphenylacetig acid

(P-HPAA). Altﬁough there is 'a wide normal range of :'=iiPAA

excretion because of variation in dietary tyramine intake

(see chapter 5), values greater than 25 mg/2h hr are likély

to be consldered high., It is interesting therefore to note

that two out of 9 cases of benign ahd 3 out of 4 of malignant

' phaeochromocytoma and one out of S.patients with neuroblastoma

_excreted more than 25 mg/2khr P-HPAA (tables 8.1 to &8.3).

There was no correlation with VLA, VPA of P-HPLA output; in



only one out of four subjects (HAR, table 8 2) was there an -
increaaed r-H LA excretion (over l mw/2h hr) and thls was - ‘
_accomp anled by a r-HPAA. Increaaed S-H’Ln excretlon has been
, observed in a number of pathological conditions 1nclud1ng
phaeochromocytoma (Robinson et al., 196L, Loward and Smith
";9688) and neuroblastoma (Coward and Smith, 19688). Cne
poséible exi:lanation for thio:phenonenon may lie in an u*take:’
- .of tyrosine by the .tumour in excess of that whlch can be .
‘:handled by tyrosine hydroxylase. Thus larger amounts will
be aVaiiable for cransaminacion, perhaps brlngina about an
~~accumulatlon of its product, l-HPPh, Nhlch may aubseouently
act as ‘an 1nhibitor of its own degradative enzyme, =HPAA
oxidase. o
The ﬁrocébune»enployéo here is not capable of"néasuring
less than 2 mg r‘‘:Uiydroxyrne'mdﬂl:i.c (DHMA) or 1 mg dihydrox&phenyl4
’glycol (DhPG)/Zh hr, unless specifically modified. - According
to De Quattro et-al.,, (196&) normal excretlon values of free
and conjugated DHMA are between 240 .- 575 /"g/Zh.'hr and c-zég,
‘ﬁg/2h hr resbectiﬁely, while in'phaeochromocytoma and .
neuroblastoma, marked increases were reported (LOC - 985C
Jlg/24 br in phaeocnromocycoma and 5050)”g/2b hr in a Case(of
neuroblastoma). Dihydroxyphenylglycol (Kopin and Axelrod,
1960) the glycol analogue of DHMA, has not previousl& been
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l'detected in the. urine of patients with catecholamine"
secreting tumours. Amounts in excess of normal (less than

SCO,ﬂg/Zh hr) were found in one- benlgn (i.H) .and one

- malignant (STK) phaeochromocytoma and one aoult (ﬁée) and

two chlldren {WHL and HA) with neuroblestoma. A high output
‘of ‘DHIG was. accompanled by. increased excretion of HMPG |
rether than ﬁHMA the excretion of which was lower than 2 mg/2h
:hr in all but one case. This finding~euggeste that in tumour
'tlssue, the intermediate aldehyde formed by the actlon of
MAC on HA and A is preferentially reduced to DMPG rather than
oxidised ‘to DHJA._ The comparatively low incidence of 1ncreaseda
) JHJA output in catecholanine secreting tumour can be explained
by its rﬂoid conversion to thG by CCwT 1n tumour tieeue.
: 1'It is also tempting to speculate along the seme lines as La..
Brosse (1968) did about hMﬁG in tumour tissue' DHFG may be .
f.the prominent dihydroxy metabolite in tumour tissue whilst
DHMA is formed after JHPG ie released into the blood stream.
" A similar situation is encountered in the braln nhere radio--
[active NA is predominantlyicatabolised to HMPG.(Mannarino,
V_Kirshner,and‘Néshold,§1963;.Glowinski;'Kopin and. Axelrod, |
1965). S o
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CHAPTER 9

'The exfect of reserpine cn the excretion of catechclaminc
_mttabolites in man .

Reserpine, 2zn alk3101d extracted from rauwolfia

_serpentina and related Species (huller Schlittler and Bein,

_31952) exhibits a multiplicity of nharmacological actions
(Goodman and Gilman, 1965, Carlsson, l966) and at least some
.‘of them may be explained in terms of the depletlnb effect of the
.drug on tissue stores of tne biologically active~monoamines ‘
S5HT (rletscher, Shore and: Brodie, 1955;3: Shore, Silver and
Brodie 1955) and the catecholamines (Carlsson and Hillarp,
1956; Holzbauer and Vogt 1956 Bertler Larlsson and .- \
_Hosengren, 1956 Burn and Fand 1957, Brodie, Olin Kuntzman
and Shore, 1957, Carlsson, nosengren, Bertler and Nllsson, :
1957; huscholl and Vogt, 1958 Bcrtler 1961; Higuchl, 1962).S
The dreg probablyvexerts>ite efiect directly rather than
through an intermediate, sihce”ﬁone‘of the known metabolites
are sspotent in their action as. reeeroine itself (Carlsson,
x1966) It is almost completely metabolised within a few
hours of its administration (Numerof, Gordon and Kelly, 1955)
apart from a very small fraction detectable in the brain
—(Plummer, Sheppard and Schulert, 1957; Sheppard, Tsien,
Plummer, Peets, Giletti and Schulert, 1958; Maggiolo and Haley,
19643 lMueller and Shideman, 1968) ard other organs (Alpers
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and éhore, 1969) long after the drug had'd;eabpeafed’from'the
circulation. '
whilst the tiue eourSe of depletion of nonoaminee
by reser ine is relatively short, lt derends on. anatomical
site, drug dosage and route of 'administration, and varies
considerably in different animal 3pec1es (Carlsson, 1966).
The restoration of tissue monoamines to normal values, on
'" the ‘other’ hand usually requires perlods ranging from ‘one
':(“hore and Brodie, 1957) to several weeks’(Carlsson, nosengreu,__
Bertler and Nilsson, 1957,; Haggendal,eud Lindqvist, 1964).
The ﬁechanism by which feserpine causes amine depletion'
is not cleariy undersﬁood, although mauy hypothesis have been
proposed (Costa, Boullin, Hammer Vogel and Brodle, 1966).
In vitro experiments on the 1mmediete effects of the drug
(Brodie, Tomich, Kuntzman and Shore, 1957, Hughes, bhore “and
Bredie, 1958; Hughes and Brodie, 1959) suagest that reserplne
acts by blocking an active pumping'mechanism,responsible for
maintaining the ﬁigh levels ef menqaminES in storage granules
against a concentration gradient (Hughes and Bredie, 1959; .
Costa et al, 1966). This effect is probably mediated via
inhibition of an ATPr-Mg dependent mechanism (Kirshher, 1962,
19624; Carlsson, Hillarp and Waldeck, 1962, 1963). This
mechanism envisages the incorporation of amines, bound with

ATP, into a large pool within the granule from which they
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"are not easily releesed.‘.mnother mechanism, however, not

:Laffected by reserpzne may be eVailoble whereby the amines

are taken up into a small but important oool loosely bound

‘_and hence easily released. Long term reser,ine may exert

an effect by: interfering with amine synthesis .and metabolism.
Thus - conversion of dopamine to noradrenaline is inhibited ‘
-(Kirshner, 1962- nutledge and . einer 1967) perhaps by a ~
:small re31due of drug remaining in the brain and other organs~;

C long after the bulk of the drug has’ been metabolised. " This |
‘hypothesis was - recently supported by the findings of Kopin‘

' fand-%eise (1968) after chronic administration of reserplne

,to man and rat there wes a marked increase 1n HVA output ;
] whilst ‘that of HNFG was significantly reduced. The total

.amount of HVA plus HArG excreted however was not'greatly

1 'different from control values, suggesting that tyrooine

hydroxylase proceeds at a normal rate but that}dopamine
conversion to noradrenaliné'is diminished. Other factors
which may contribute to "long-term effect" of ‘the drug include
'enhenced'MAQ actiﬁity’ilaumi, Oka;'Yashida‘and.lmaizumi, 1967;
1669; Youdim and Sandler, 1968), inhibition of aldehyde
dehydrogenase (Youdim and Sendler, 1968) and increased membrane
permeability (Izumi et al., 1967, 1969).

It is now well established thet degradation of monosmines

by MAC essentially takes place intracellulerly.' For example

P
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in. in ritro'exneriments With'plareletsi unchangedASHT ‘
released by reserpine could only be .achieved by inhlbltlng
MAC (Carlsson Shore and Brodie, 1957)., imilar findlngs
:have directly (Koyin and Gordon 1962 1963) and indirectly'

" (Anden and eerdinius, 1963 196h) been demonstrated for.

i catecholamines. A number of metabolltes arising from the
.degradapxon of monoamlnes;after relense by"reserpine have‘,.
been‘sﬁudied’inEluding'VMh'fthonald'and ﬂeiSe, 1952-

Anton and Greer, 1966), Hui G(Kopln and ueise, 1968° Sandler ‘;'
and Youdim, 1968) HVA (hllliams, 1962 Kopin and ueise, 1968)A~
and- 5HIaA (Shore, oxlver ‘and Brodie, 1955- nrspamer, 1956,
Flscher and Tecomte, 1956, Erspamer and Ciceri, 1957, Sano,
Kaklmoto, Ckamoto, Nakajima and Kudo, 1957, Todrick, Dick

and 1alt 1958 Valcourt 1959) Recently reserpine has been
. found to- possess a further effect similar to that of 1ngested
ethanol (uMith, Gitlow, Gall, “artis and'MendIOWitz, 196C;
Davis, BroWn, Huff and Cashaw, 1967;) on the metabolism of
adrenaline and noradrenaline. It causes a shift from a

' predominently oxidative to a reductive route of further )
degradation of the intermediate aldehyde (bandler and Youdim,
1968) . so that there .is an increase alcohol production at

Jthe expense of the acid. To examine the effect of . resernine
on catecholamine metabolism as a whole and to determine

_whether this applies to aldehyde intermediates of other
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endogenous or exogenous monoemines other than £ and. NA a
‘Astudy was carrled out on urine semples from a group of

volunteers given reserpine 1ntravenously rad the urinary
i‘metabolites were Compared ﬂlth control samcles employing

GLC,assay tecnniques.

SubjectsL naterlal end methods ‘

Six healthy mele volunteers, aged 2&-26 years, were
'glven 1.25 mg reserpine intrevenously. Urine semples were
collected atter 1, 3, 6, 9, 12 and 24 hr followlng the drug,
put lnto plastic containers, preserved with 2-5 ml 6 N HC1 \
and stored .at L°C until analysed._ éimilar urine collections-
were made after placebo admlnistration one month before
adminlstering reserplne. ‘ 7 " |

GLC anelysis ‘was, carried out on a 7 ft. 10° ESé
column;‘ 10 ml urine portions from placebo semples ano"
5 ml from reserpine semrles were employed ,

“For the determlnation of acidic metabolltes (VMA,. HVA,r
p-HPAA and vanillic acid) urine specimens were extracted
twice with ethyl acetate at pH2 and M:/TE derivatives were
nreoered as described. C.l mg VMA and O. G5 ng HVA were used
as internal standards for each batch of 6 urlnes. Phenolic
acids other than VMA and BVA were quantified by maklna use of

their relative response values with res;ect to HVA (see
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Vtable 3. 3). _ ‘

”henolic alcohols were determined in urine‘eliquots ‘
by preliminary hydrolysms, extracting twice at pH8 with
ethyl acetate and preoqring TL/L derlvatives.: C.1l'mg HMPG |
was em; loyed as internal standard forevery bauch of 6 urines, -
and used to quanultate other alcoholic metabolites after
correcting with an appropfiate factor derived from their )
relative response to HJPG (table 3 3).

The identity of alcoholic metabolites (H¥PG, 'HMPL, 17H?E
and HMBA) were checked in randomly selected urines by studying
their U values when TE/E and ¥E/TE derivatives were prepared.
In addition, the structures of HYPE and HMPG were studied and

confirmed by direct GC-MS as described in chapter §.:

Results

Ixcretion rates of the different metabolites after
plaCebo‘andtreserpine administration are summarised in tables
9.1 to 9.8 and shown grachically for the means of HVA, HMPG,
HPE, P-H. E and HMBA in figures 9.1 to 9.3. Mean 2k hr excre-
tion values of acidichand alcoholic metabolitesAin each group
are given in tables 9.9 ~nd 9.10. i o

YMA, vanillic and P-HPAA output showed no significant
difference between %rsﬁgs. #rthoush In the two grouﬁs, the

mean excretion rateLafter reserpine, starting Irom specimens

collected after the 6th hr post inaection was & ignificantly
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TAHLE 9.1
Time R.C, ‘M.Y. M.S.  C.He ' D.R. P.C. liean )'Standard Error
1he 607 246 113 =224, 137 425  20C 71
3 - 203 125 131 83 212 151 -t 32
6" 175 79 192 257 .- 196 180 - £ 4O
9" 253 155 193 182 71 - 171 r LL
12% 263 - 147 169, 20k - 76 - 231 172 x 36
21, 292 204 100 128 65 172 160 T::37
PLACEE0
Time ‘H.Ce ~  M.Y, MeSe  Cofie Dol P.C, Mean Standard irror
1 hr 225 156 250 225 159. 96 185 + 25
37 15, 150 . ‘165 2100 45 169 149 £ 27
6" 177 135 1270 254 59 285 173 x 37
9 v 25¢. 300 210 194 117 329 235 £ 34
12" 402 269 179 417 110 312 282 z 50
+ 52

24" 288 235 115 379 . 60 177 209

Rate of urinary excretion of HVA ( g/br) after i.v. administration
of placebo and reserpine.

N.B. p less than 0.0I after the 9th.hr.!
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'TABL: 9.2
Time el WX Mol Colie \'E.H.( P.CJ‘ Meani Standard Zrror
1hr 112 . 545 633 633 .479 391 256 x70
3" - 318 24,0 240 206 2,0 223 ‘% 5C
6 114 16  230. 230. - 352 198 + 58
9" 363 ' 350 570 240 290 - 283 £ 36
12 387 131 354 15 330 . 486 24¢ + 68
24" 354 263 205  2C5 254 245 ' 251 & 31
 PLACERO
Time ol ‘M.Y. M8, | C.h, U, P.Co Kean Stendard Lrror
lhr 237 289  25¢ 187 889 5, 214 t L5
3" 202 373 368 © 219 260 227 263 . x 32
6 " 167 30, 317 387 146 35L 279 r 46
g " 219 591 335 225 . 364 . 3Ch 339 X 73
12" 360 152 122 364, 633 375 324 + 98
* 33

2h" 171 288 115 158 = 117 177 171

RoSEROINE
”~

nate of urinary excretion of Vii (/Vg/hr) after i.v. administration
of placebo and reserpine.

N.B. p values greater than (.2 for all.

\
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ih?c

"REL oAl INE

Time ' R.C. M:¥.  M.5:° C.R. - D.3. P.C. Meén;' _Standard Error
1 1o 710 10 Tdo 137 60. 39.5 s 0205
3" 1 10 10 10 8 i3 27.6 “211.8 -
6" | 10 153 | 38 46 - 39 - W7.6 £ 231
9"  -10. 249 . 386 187 - 127 . - 102 .. % 59.7-
127 10 333 160 . 97 76 117 122, 52,2
4% 5 .83 212 L 65 8- .63 $32.6

© PLACERC
Time - R.C.  M.¥. 4.8,  Gui.  DeR.  P.Ce  Mean  Standard Irror
Ler o2 - 4 26 36 705 15 136 t112.2
3 138 23 14 15 152 13 59,2 £ 22,9
6 " 104 L5 6 8 W6 36 59.1 + 21,9
9t 1o 63 .2 15 Ak 67 98.3 % 65.2
127 35¢ 36 115 387 . ‘85 . 162.3 .t 61.8
27, 59 53 1, .71 20 36,8 - :10.8 .-

hate of urinary excretion of vanillic acid (/Vg/hr) after 1.v.

administration of placebo and reserpine.

¥.B. ; values sare greatcr than 0.2 in each’ case.
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g

Time R.C. - M.Y., -#.8. Cexs - D.R. P.C. Hean  Stendard .rror

1he - 88, 226 307 988 510 583 - 145
3ov - sek 173 183 6L 386 559 1196
?ﬁlﬁ.i1390‘“w~23;6-1{*527v'1'598“.%516 . 500 97k 2293 )
-9‘",’_2332— 1343 f 2347 508 546 ‘,” - 9937 BLQ.' 
1?n‘_”§;hi':1',ééé"__1}3u"-*255_v“623 o6k 795 331,
24 17310770 1190 L 455 616 473 219

N P Ty

i+

~ PLACLEEC

Time  R.Ce - ° ¥.¥e MiS. CuKe - DoR. . P.C. Mean - Stendard irror

I+

Ihr 720 1137 132 722 - 3% _ 609 192
30 219 2609 152 .62 < 180 7hk % 466
6" 720 459 9 396 - 333 a0

9 " 81,3 1852° 25 R R
127 - 294 1134 284 1134 < 370 . 643
24m 345 7530 257 . 513 - 237 . A2

1+ Mt
' oW
v OOy
O W N O

RESERZPINE

Rate of urinary excretion of p-hydroxyphenylacetic acid gﬂg/hr) after
i.v. administration of placebo and reserpine. ‘ ‘

N.8. p values gréatéﬁ than C.2 for Qll.~
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Time «'”‘;-Co . :':-:Yo - ‘E"?.s. - \:n?"’l ioetle f':'.C:‘. : Neﬂn - Standard EI“I‘DI‘
he 85 lo2 . 315 <172 . 1C9 - 238 170 137,

[ B

1
‘ 3. L 55 - 21¢ 162 Vlojf', 233‘,_'15u
6 79 83 226 1ah 133 a4 8.
9 " W93 “‘"230 C1s6” 129 . - 1300
120 - gg ,' g3 '1cc . 105 137 157 - 112
a6 130 47 193 - 78 0 86 166

5
26
3%
12
21,

| O £

. L

 PLACEBG -

Time .‘;:i.c' ~ .PJQOY' ]

I
el

s o Cotte el 7.C. Mean . Standard irror

e 275 35k 233 102, 76 245 . 2L &4l
© 290 185 240 233 225 175 225 19 |
651 180 460, 231 302 2h2 334 76
T LSk C 252 - 5CL .23, 209 - 15, 3cl 48
127 412 314 425 271 185 270 . 313 37
an 275 175 AOL - 232 173 217 229 153

1+ 1+ 14

0 W

-+

e PoEn e gy ey
2 S P e
L e DR LK
S L AR e

“ate of urinery execretion of HMEG @ﬂg/hr) after i.v. administration
ol placebo and reserpine. )

W.3e p values less than C.0Cl ln each case.
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Hate of urinary excretion of p-hydroxyphenyl ethanol (p-HPi

after 1i,v. administration of placebo and reserpine.

N.B.pvalues less than 0.(C1 in each case.

BL.. 9.6
Time  LaCe  MuTe  Miade  Cufw Dol 2.Ce  'Mehn . Standard Irror
Lor {16 Lo Qo e e <1e
3 7 CLoom " on . 1y . v} . v )
6 " o n '_ r; 1 " u.
—910 L :.n'.l fr . " " Com
127! ' 141 11 . !A? 'f': " 7;
21, ' ' ) T * oy n i
: L pLACEEG.
Time %.C. el 6;5” Caile . P.t.. lMean - Stondard Irror
lhe 18 - 55- 10 - <100 3¢ 4L 22 x 7
30 16 7. " 85 - 27 28 12
6 350 -<1¢ "o a7 183 " 98" * 55
g ¥ 350 13 m {10 . 264 't 110 + 55
120 253 {10 v 1lo. - 10 20 . 59 39
2" 122 18 v 2l 10 72 53 + 18
LESERPINE

) 9&5/hr)'
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- TABLE 9.7.

ﬂ+7g

.

16

1¢

10

10

. I‘IUY. 'E‘IE'S. c-R. l ﬂ.?i. . poC. - I‘feﬂn -

10

5tandard Srror

. 10 -

h

N0 O W e

12" '

2L"

r 7.36~f ‘

328

i
w207
403

72
88

nate of urlnatry excreticn of HUPE
of placebo and reserpine.

N.B. p values lesélthan,O,CCl in each °358°.u'

10

"

"

-

v -

-

‘43
29

13

-, ’t ':s‘,ﬂ‘wqq“-
R!Lf)::.ki doiull
T AR BTN

198
296
27 ... |
L6 :

72

38, . "
27

583
-
388
e
JROTES
342 |

3 n 1" A " S " n n - -
6 " " " n T SR n. -
. A . . [S -

Q" ' " n " - .1 e o -
- ) n 1 1 " - ‘1 v

l - | -

24" " ) 1 " ro- 1" - -

LACTH0
Time el MoTs  MeS Cai Dot - -refs Mean - ‘3tondard Srror

1767

171
156

82

Qﬂg/hr) after 1.V, administratimn ;
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MaTe 54300 La2hh
MoSe - 3.513 3.0k
C.Re 74700 34955
. 1,828 1.522
PeCo 54375 L4199

w—
o SN

.
Jy

7.627
o559
5453
64224
54731

5.9C8

7o OLO

5.942
6.329

2.168
C.973
t I
L7602

0;839,

AR LE S
. o . p-nydroxyphenyl
S HVA Viih VARILLIC acetic acid.
jubject Hes. Plac. Hes.  flac. hes. Plac. Hes,  Tlac.
nrow G, 1.C noATn ) 1 £ 001 e l" 10.868 18 8
i evde Og»»)s DAl 3) +t74v7 ety (.,ft?\.;B i e 8500 Al e D

LoCOL  25.717 2
o557 545306
1,058 1 19 7514
1.65¢ - 1133
Ce71h 64329 lE,lEl

i
L4
[
~1

W

W
L ]

)
D
™
Wi
~

#

4

~
84

W

-»

ixcretion of phenclic neid

placebo and reserpine.

s (mg/2Lhr) after i.v. administration of -
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UMBA

1473

RS

. L HMPE KiMPG peilP

jubject fles. -Plac. fes. Plac, Res. Plac. Hes., Plac.
M5 3.799. £0.1 - 84030 1.977 2.220 1o 10376, 04340
M.Y. 0.1 " 5.0604 2,550 0.61L 1CCfg C.382° C.274
MiS. . 1,960 ¢ 9.5L9 2,956 6,221 0.684 04020 0,020 -
C.R. 0,509 ¢ 5.554 3.960 0.1 0,393k 0.597 0.020
BuRe 3377 " 3485 2.445  1.746 0 L0.1  L.485 0,179
P.C.° 7.800  m 5.19 2.541 - 3.674 0.997 0.020

{0.1

fxcretion of phenolic alcohols (mg/24hr) after i.v. acministration
of placebo and reserpine. ' .
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Hva [fo/he Y Placebo
300} . i Niiliilil Reserpine
200 é % § % %
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a2l
X X N
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E = =
9 12 24 HOUR

Fig. §.1. Comparison between the mean rate of HVA excretion
in sixX volunteers before (placebo) and after i.v. reserpine
(1.25 mg), p<0.01 after the 9th hour.
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Comparison between the mean rate of HMPG

excretion in six volunteers before -(placebo) ‘and after
i.v. reserpine (1.25 mg), p{0.01 in each case.

a\



L7 m

| Placebo
p-HPE :
HMen Reserplne
9/ pr. HMPE B8
200

100

F1g S Comparlson between thé mean excretlon
of p-HPE, HMBA, HMPE before (placebo, solid columns)

and after i.v. reserplne (1 25 mg). p'(0.00I;in'each
case. : ’ :
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higher (p<LO 001) than the corresoonding,value during

~placebo treatment. efigurer9 1Y. Outputkalcohollc metabolites

was Sipnificantly increased after reserpine compared with

plecebo dosage (see tables 9 5 to 9.8 and figures 9 2 and 9. 3)
The excretion of P-HrAA and vanillic acid in the two -

-groups was variable, reilecting their dietary origin (lables

9.3 and 9 b) and’ 81milar variation was observed ior their

' corresponding alcohols, hPs and HPBA (Tablea9 6 and 9. 8)

| . The ratio. of acidic to its corresponding alcoholic

: metabolite showed a significant decrease (p<(0 Ol) after

.reserpine, when compared with placebo. Thus a shift in the

‘metaboliem of the aldehyde intermediate of" ox1dative

deaminated amines from a.predominantby oxidat}ve to a -

\is ! e “ .:.'
reductive pathway Was é%identa* vy A e

Discussion

_The.increased,ekcretion'of alcoholic metabolites of a .
number of monoamines together'withithe shift from an
- oxidative to a reductive pathway are in accordance with
data of Sandler and Youdim (1968) on the excretion of HNPG
after reserpine. The findings are similar to those noted |
followiné ethanol ingesticn on the metabolism of'noradrenaline
(Smith et al., 1960; Davis et al., 1967a), adrenaline (Davis,
Cashaw, Huff, Brown ‘and Nicholas, 1967.) and 5HT (bavis,

Brown,hHuff and Cashaw, 1967b). The absence of significant
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cnange in VMA excretion after reeerpine compgred with plecebo
adninietration"conflicts, howeeer,-with centain feports that
resernine lncreases Vi output (JcDonald and vieise, 1962;
Anton and Greer, 1966 Sandler and Youdim 1968}, The_reason
for this discrepency is not at present understooa. Anart'fnem'
) HVA (Kopin and uelse 1968) no comparable study of the

‘ excretion of other phenolic acids has previously been reported;
L reserpine appears to cause very litble change in their
excretion pattern. nlthough Sandler and Youdim (1968)
attributed the- metabolic shift observed after. reserpine tc a
possible inhibition of aldehyde dehydrogenase, other
aiternative explanatione_whlch deserve consideration is that
reserpine interferes with the ccnversion'of‘phenolic alcohols
to’their-corresponding acid (as discnssed in chapter 8) a ‘
view based on,pfeliminary reports by La Bfoese (1968, 1969).
It'iSrpossible, therefore, that the obeeryed increase in .
urinary excretion of alconolic metabolites noted eften
reeerbine administration may reflect the actual ﬁissue
"metabolism of released amine. Studies in a number ef isolnted,
tissue indicate that the HFPG at least mey be the predominent
primary metabolite (Breeee, Chase, eni Kopin, 1669; Shimizu
and La Brosse, 1669). It is also possible that a sudden rise
in the production of alccholic metabolites ovarwhelms the

mechasmism responsible for such conversion. A third possibility
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_worth considering is faci11tated conjucation whereby th

B alcohol 1s prevented from being converted to. the 301d.':In -
any instance aldehyde dehydrogenase need not oe inhiblted.

Inopection of tables 9 1 to 9 8 reVeals a tendency_ |
to an inverse relationehip between the excretion rate of-:
alcoholic and acidic metabolites after reserpine dosage.‘
This is seen particularly clearly. in the- case of HVA and _1‘
| HY APEs during the first 6 hr after reserpine (fibure 9 1),.
“the excretion rate of HFPt was dramatically increased whilst
that of HVA remained unchanged compared with controie. From
the 6th hr; onwards,'a gradual fall in HMPE excretion was |
accomy .anied by a corresoonding increase in dVA outnut.

.The significantly incresased excretion of nVA after
" reserpine is compatible with some form of dopemine releaee'
from its binding sites whilst the effect on ac1d~ alcohol
ratio is beccming attenuated. ”hus the two actions of
reserpine may well be independent of each other. '

5HIAA and 5HTOH were not quantified, as it haa not
been realised at the time of collectlon thet tney were
_relatively labile in diluted HCL (see chapter 3, preservaticn
of urineﬁsempies);‘ Because of the apparent'eimilarity E
between the actions of reeernine and ethsnol on Hﬁ?dxexcretion :

(Davis_et ai., léé?a and c{ Sandler and Youdim, 1968)‘and
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as 5HTGH output increases after etbanol ingestion (see
'chapter 7), it is llkely that its excretion also increases
-.after reserpine administration in 2 similar manner to other
alcoholic metabolites. . . ‘
| The increased output of HMPG and HVFc is likely to .
_be accounted for by the respective release of noradrenaline

and dopamine (Carlsson, 1906) if this conclusion be accepted ]

. it is difficult to find an explanation for the - increased

‘ excretion of - P-H”" and hVBA without postulatinv the existence

.~ of some storage mechanlsm for their precursor amlnes. Clalms

N

'have in fact been ‘made for the presence of tyramine in

certain areas of the brain (Scector Melnon,‘Lovenberg and -
':’Sjoerdsma, 1962) although this has never been convincingly
confirmed. lhe related amine, octopamine has- recently been
detected in tissue (Malinoff and Axelrod, 1969) although no

. consistent increase in the outputxof its corresﬁondlng alcohol

F=HFG was detected during the course of the present work.

—



152

CH» TVR 10 j

N < .. R ~
R S .- . N
. - T- - -

T l-DOPAQnetebolism'in“Parkinsonism-

Parklnson 's. dlsease, first described by Jamcs
:flParkinson (1817), is = clinical disorder characterised by

g dysfuncticn of. the basal genglia. Altbough anatomlcal '
lesions tend to be scsnty, depegmentation of the substantla
nigra has been noted (Alvord 1958) ‘and- there is sometimes N
evidence: of neurdeegeneration (Harriman, 1966) Cllnlcally, L
the disease presents 2 disturbance of motor functlon

,characterised by slowing and enfeeblement of emotlonal and

’ fVOluntary movement, muscular rigidity and tremor (Lord 1962)

) several subdivislons of the disease have been. defined. - The
post-encephalitic Variety tend to include the more severely
affected patients (Farriman, 1966). This group appears to
consist solely of surv1vors of the 1920-1924 pandemic of
encephalitis lethergice Nho developed the disease at varying
1nterVels after the 1nfection.' Apart from a poorly defined
ﬁ group associated wmth arteriosclerosis and aldrugfinduced
group,~the term "parkinson's diseased_(paralysisegitans).is‘
‘usuelly used for pernaps the most commecn group of effected
'subjects whose illness is idiopathic. ©During the past decade,'

it has gradually become obvious that parkinson's disease is
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associated with a disturbance of dopemine metabolism in the

baszal {anplia (Hornyklewiez, 1966) Jopamine is now bélieved
to‘posses funation ef its own WLthin the braln , probably

ectiha 88 a neurotrhnamltter (Lwrloson, L1nqu1st [egnusson
and ‘aldeck, 1958 H¢1t£;”1959;~sarbeau; 1961; &ourkes, 19@1;
Greenbcrg and Llnd 1961’ Horwiiz _Lox end Glldberg, 1962
}ornyklew1cz 1962' uagirmanalan Laverty, uantegc421m,'uh<rman
and Vogt 1963) Lhe ch racterlotic dlstrlbuiidn ofvdopaminé‘

within the brain (%ertler and ncnnngr n, 19594; Csrlsson, 1959)

especially;the basal genglla (C« ”son Lindcvist,yﬁagnuescn}an&

faldeck: 19584 Sano, Gsmo, Kaklmoto, Tanﬂuchl, Tékesa&a and
Hishinuma, 1959, Hornykiewicz, 19603 Bertler 1901 Zhringer
and Hornyk1ew1cz,-1960- Hornykiewlcz, 1063), tgeticer with its
pharmucolo"lcal nropertles (Gurd 1937; CurL anc’D¢v1s,
1901 Bloom, Coste and urlmoiraghi 19 65, ch»nn en end York,
; 1967) stronglyvsupport th;s-hypothe51s. A key observation
125 the demonstraticn df décreased brain dch$ine‘levels
(;rrlnger and Hornyklewicz 196C; bernh81mrr, Blrkmaycr

- Hcrnyklowlcz, Jelllnger snd »eltclberger 1965) 7artlcglﬁrly
:in tbe bas al gangllﬁ. 20 camplewent thlu ilnding, a gimlanned
‘urinery excretlon of dopamlnb (warbeau 19 fBerbeeu; Kuréhy
an4 Qourkes, 1961) hau been demonatr@ted.~ "he cerebrbspiﬁal

,1lu1d level cf th is clSO reduced (bernhelmcr ﬂirkmayer-and

- Hornykiewicz, 1966 Johansson and Roos, 1967; mlnﬁe and
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‘Sonninen, 1968). It sppears to be relevant to this argument

that reserpine, which depletes brain stores of dopamine

(Carlsson et_al., 1958), as well as other amines, can produce
a parkinégnian syndfomes. ~11 thése factors\firﬁly pcint to
‘the involvement of dopamine in parkinsonism. It has beeﬁ
suggested that Parkinson's syn.irome might result'fromAgn
imbalance between. colinergic-exitatory and dopaminergic
inhibitory control in the direction of cholinefgic dominance
(McGeer, Boulding, Gibson, Foulkes, 1961; Barbeau, 1962;
Arvidsson, Roos ahd Steg, 1966). ft is possibleiphat this
imba;énce is induced by a variety of causes which directly
or indirectly affect the.métabolism and storage of dopamine
in the basal ganglia (Hornykiewicz, 1966). |
As.a logical extention of the de@ohsﬁration of dopamine
deficiency in this disease various éﬁteﬁpta have been made to
ccrrect it by administering DCFA. During the early history
of administration of tﬁis drug (Birkmayer and Hornykiewicz,
1G61) theraputic benefit coﬁid nét be demonstrated convincingly.
Whilé(sbme improvement had been reported (Birkmayer and |
- Hornykiewicz, 1962; Barbeau, 1962; Gestenbrand end Patiesby,
1962; Friedhoff, Hekimian, Alpert and Tobach, 1963; Hirschmann
and Mayer, 1964; Umbach and Baumann, 1964}, others could not -
confirm it (McGeer, Boulding, Gibson and Foulkes, 1961; Greer
and Williams, 1963; Rinne and Soqninen) 1968). This'



155

discfepéncy was brobably due>£o'£he use of the D-ﬁpisomerl

‘and - to the administratlon of low dosage for periods 1nsufficient
for the drug to take its effect. ‘Recently, trials with _
large oral doses of “-L-”OPA (Cotzias, van uoert and uChlffer,
<‘1967) and L-uOPA (Cotzias, Papavasiliou, Gellene, Aronson and
Mena, 1969) for suff1c1ently long perlods ‘have shown very
encouraglng results and have -aroused great interest in Lhe -
~J:l'ua*rapeut.ic: role of the drua (Calne, Jtern, Laurence, Sharkey
and Armitage 1969, Godwin-Ausben, Tbmlinson, -Frears and Kok
1969; Q’Reilly, 1969, Calne, qpleré, Stern, Laurence and
Armitage, 1969¢; Yahr‘ Duvoisin, uchear, Burrett and Hoehm,

- 1959). | |

‘The decreased urinary excretion of dopamine (Barbeau,

' 1960; Barbeau et al., 1961) and its major metabolite -’

‘Berhhéimér'and'ﬁorﬁykiéﬁicz, l96h;\Bérnheimer;§§_g;., 1955)’
;»has not béén éonfirmed at otherycentres: (Greer and filliams,
© 1963; uestlake and Tew, 1966 kinne, Laitinen and Sonninen,
1967; Rinne aqd.bonninen, 1968) so that the case for a
genera;iéed défectvof amiﬁe metébolism'is,as yeﬁ’uhprovén.
‘Nhilst~decréased brain levels oflndradpénaline (Ehringer and
‘Hofﬁykiewicz, 1960; Bernheimer, Birkmayén and Hornykiewicz,
1963) and 5HT (Bernheimer, éirkmayer and Hornykie&icz, 1961)
have been noted in the’brain of parkinsonian ﬁaﬁiénts, these

changeg are similarly not reflected-by any alteration in the
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- output'of their respective metabolites, VM4 (iinne et al.,

o 1967) or SHIAA (Rinne and Sonninen, 1968)

Although the clinical effect of L-DOPA has now been
studied on a number of occasiens, biochem;cal data‘are.ecenty.
In this‘éhaoter therefore the excretion of pheholic metaboiités .
is aesessed'in a,gfoup of affected sﬁbjects»before, during
and after'the'administfation of oral L-DCPA. These studies

were performed with two aims in mind: %o clarify the con-

-vtroversy as to whéther any alteration existed in excretlon

of VHA, HVA and perhaps other metabolites in untreated

parklnsonian patients' to study the catecholamine 'net.abolite'~

‘excretion pattern after L~JUPA, and to see if zny pOSalble

‘correlation could be detected between the ‘therapeutic effect

of the drug. and their urinary output.

Patienté'and methods

Urine specimeno (24 hr), preserved with 6& HCL (25 ml},
were obtained from forty-long-term hospital patients (18
men and 22 women) with postencephalitic Parkinsonism under-
going a Ydouble-blind" therapeutic trial of oral L-CCFA
(dose range 0.5-2.5 <g/oay; mean l.3g for 47 days). Full
details of this triel are given by Calne et _al., (1969).
Urineicollect;ons were made at four stages in the

trial: (1) either before commencing placebo or ﬁ-DOPA,regimes
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or while control supjecté were on placegox(ﬁpre-tfgatment");
(2)\some days afﬁer"starting oral L-DOPA ("under treatment');
{3) within 24-48 hr of stopping ﬁhe L-DOPA regime ("end of
treatment™); ané (L) two weeks later ("follow=-up').

Analysis was not carried on every_2h\hr urine collectiop;
instead aznalyses were carried:out in two series, 1In the
"homogeneous" series, six female subjects were followed through
tthe fﬁur stages enumerated above. In the heterogeneous serieé,
{the "pre-treatment” group consiszted of éhree males and eleven
fémales; seven males and five femalés were,"undér treatment";
seven ferales constituted the "end of treatment" and ten
females the "follow-up™ groups. JSome éubject§ were common to
all groups. The full range of metabolites was not measured
lin every\subject in the heterogeneous series; the number of
’ subjects_from whom the mean of each metabolite levél_waé

calculated is shown in parentheses in Tables 10.7. '

. Urine samples (24 hr) were also collected for enzlysis
from four patients with idiopathic Parkinson;sm who were on
4.25 to 4.75 g oral L-DOPA per day, almost double the maximum’
dose given to any of the post-encephalitic patients.,

po ‘Six patients with idioﬁathic Pgrkinsonism maintained
.on different doses of L-LOPA (between 2 and 8g per day) were
" treated with neomycin (1Q/Qay) as an intestinal anbibiotic.]

Urine sampleé were collected before and during the third day
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of neomycin treatment.

Procedure

am,les frcm patients in the “pre-treatment" or "follow-
up" groups were analysed by extracting urine aliquots twice
’(lO ml of either unhydrolysed or hydrolysed urines) with
ethyl acetate,dh/TE and IQ/E derivatives were prepared for . -
‘acidie‘and aléoﬁelic métabolltes respectively. Internal
1 etedderds employed were C.1 mg VMA,.C.OS’hé HVA end d.l mg
_HMPG, and ether metabolites Qere'determined by_making use Ofl
their résponse yalués*relaﬁive to any of these three standards
(see Table 3. 3) o
' Analysis of specimeng from patients in the "under-uu
treatment” and “end of treatment" groups, and before and
during neomycin aas modified in order to assure satisfactery
quantlfication of the large zmounts of HVA and DOPAC present
and prevent their 1nte;fer1ng with the estimation of
metabolites. excreted in lesser concentrapionJ HVA and -DOFAC
'were‘asseyedlby extracting 0.5 er 1 ml of urine sample |
dilqted to lO ml with C.01 dCl . twice with ether and preparing
_the TE/E derivative. HVA and COPA (C.5 mg) were included ‘as
interhal standafds for every batch of seven Speeimens.
To eliminate BOPAC, which 1nterferes with measurement
f VMA and other pnenolic acids at the nigh concentraticns

present in patients under treatmenb,4urine (:5 ml) was .
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was adjusted to pH o.h, ‘and ‘neutral alumina nas .added and
-\VOrtex mixed ("nhirlimixer") for 1 min. After centrifuging and ’
adJustlng the’ pd -of the supernatant to 2, phenclic acids -

- were, extracted with ethyl acetate ana tne Mu/lb prepared.
t ZO l mg of VWA added at the beginnlng of experlment'and

" passed tnrcurh all the various stsges, was emnloyed as an
internal standard for every batch of seven Spec1mens. For
'phenolic alcohol assay, phenolic acxds wereafirst'extracted
into ethcr (2 X 25 ml) fron urine (10 ml) at pH 1. :ne'
r“seperated aqueous phase was heated at 60 for a few minutes
--under vacuum to expel treces of solvent and then hydrolysea.
g rollo~1nv hydrolysis the pH was raised to 8 h, alumina addcd
mixed, centrifuged, and the phenolic alcoholo isolated from
.the ‘supernatant and snalysed as before by preparing the T&/a‘
derivative. Oedl mg IMFG wds used as internal stanaard Ior
every batch of seven specimens, having been added at tne
beginning of the experiment. . .
‘ WHo evidence of free dMFG could be_detected in either tte
untreated or treated urines. This fact was established By,'
ﬂcareful examination of all chromatogrems where free BMEG . ,,',
might have been present (Lnose containing VIA) ' he slmilar A
#.U. value of HMPG. (18 37) to that of VMA (18 43) llelea
that if there had been any free H‘PG its presence in any

large quantity would nave red uced the VHA retention distance
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or itiyou}d héve gppeéréd.és\é.hpmp on ;hé ascending'arm

of thg"éeak; neither was observed; M1 VA peaks éncoﬁntereq
had‘exactly the same reﬁention fime'as‘that ofvstandard VA,

sc that the presence of any substantial amounﬁ of free HMIG )
could be excluded. | ‘

Statistical tests

MeanS'andlstandard efroré (S.Z.) of means were
calculated for the 24 hr urinary excretion values of each
metabolite and t-testé were carried cut to ascertaiﬁ the
significance of ¢ifferenées between treatment groups as weli
as fheip ?elationsHip to dose oftL~DCFA. Within eacir group,
"an‘examigation of the degree of correlation was made forlthe
féllowing variables: celected metabolites, urihe volume,

" .dose of, L-DOPA in the previous 24 houfs and total dose to date-
" of collection of speciman under teat.

uach group was regarded as a random sam;le from its
aprropriate population and no attempt was madé to matCﬂ
oatients who appeared in more than one group. It was ‘assumed
but not teSued tnap these samples were not §ubject to
selection. The results of statisticalgtests on the small
homogeneous series of 6 patients’ analysed during all four

phases of the investigation suprort those found in the larger

but heterogeneous series. The "between group" anal&sis in the
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heteroéeneous series was based en the logarithms of‘EEe
recorded data as this transformatxon apaeared to create'
greater 51milar1ty of- varlance within each of the groups.
For the analysis of the homogeneous serles, the actual -
reedihgsjwefe used as their range was smaller compared with
the unmatched groups. leens and S.E. of means for the
.measured metabolites are given in tables 10.7 and lO 8.

, ealient features of the statistlcal examinatlon are recorded
and - dlSCUuSGd ‘below. N

it O lts

Indlvidual results of all. four groups in ‘the homogeneous
and heterogeneous series and of the idiopathic Parklnsonlans
are shown in tables 10,1 - 10 6.} a

The results of GLC annly51s on the heterogeneous serles
expressed as mean 24 hr excretlon values = S.u. of means,
together with observed ranges, are tabulated in Table 10.7
.and grouped‘aceording to’the four collection schedules.

Values are giveh for urinary phenolic acids and alcohols and
for the ratie of h-hydroxy—B—methdxymahdelic acid (VNA) to
L-hydroxy-3-methylphenylglycol (HMPG). A parallel but
extended set of reeults from the homogeneous series is

shown in Table 10.8.

The urinary excretion of metabolites in post-

encephalitic Parkinsonian subjects in "pre-treatment'.and



TABLE 10.1.

Name HV A VMA UCPAC p-HPAA m-HPAA p-HPLA  HMPG HMPE _ Viia/HIMPG VLA
WL 1.8 L+ 80 2.0 7.80 4. QO 1.060 1.8, 0.1 0.1
HUB¥ 2.34 5.0C " 3.16 2.18 2.00  1.37 " L
HLT*® 2. 54 5.05 " .75 C.86 1.00  1.86 n L
r1s¥ 3.02 3.50 L 13.9 1.00 & 1.21 L "
ose® 3.7 5445 L 8.0 l.1c L 1.5L 2 X
ORS 2.4 L.20 L 6.40  €.92 " 0.61 n "
Car¥ 1.60 3.20 " 3.00 1.21 " 1.32 " I
JY 5.20 9.30 n 10.80 L. 00 " 3.3 " i
BL 2.26 L. 20 " 2.98 0.85 L C.8 " i
BRY 3.30 1.4C 4 2.80 C.86 i 3.14 i "
CiiB 3.12 7.85 n 9.10 3.75 " 3.5 I "
HL 1.87 .95 " lys 50 1.49 n 2.42 " r
oV 2420 5.70 " 6.05 1.14 " lohe i t
BRY 5.95 L .65 " 9.20 1.0C " - " "
MU 3.70 3.90 " L. 80 1.0C L - & "
Y 2.88 1.36 " 7.75 ly 420 il 2.26 i "
MRK 1.86 3.75 . 3.28 1.58 4 1.70 " L
LLY 3.04 3.80 " 16.50 1.80 L - " " &



TABLE 1C.1 {(Cont.)

0.1

Name HV A VMA DOPAC p~-HPAA m-HPAA p-HPLA HMPG

CkP 2.80 3.50 2.0 2.90 1.72 1.00 -

CK 3.12 5.45 " 8.30 R.12 " 1.92 "
BRA 3.28 R.72 " .50 290 " - "

Bxcretion of urinary phenolic metabolites (mg/24hr) in The "pretreatment! group

of post encephalitic Parkinsonian subjects.

¥ Patients in the homogenous group.

HMPs  VMA/HMPG  VLa

0.1l

t

1]

1ot



TABLE 10.2

Viia/ vosage of
Name HV A Vila UGPAL _ p-HPAA m-HPAA _ p-HPLA  HMFG  HMPL  HMPG VL.  L-_OPA
WL 181 5.10 192 3.95  L.05 - 0.57 = 8.9 12.4C 2z on prev
HUB* 350 9.10 230 12.20  10.40 23. 2.18 - L.l 108.CC g e
HLT* 252 6.55 200 15.80 7.60 - - - - 8.05 2g
FTs* 135 2.88 151 7.05 2.56 - 0.54 - 5.3 2.00 0.5 on
05B% 248 7.90 194 16.7 2.8 - 1.4l 1,20 5.5  16.7 p§?¥5gaay
TUR® 460 7.80 336 2,10 2.9 - 0.86 2.3 9.1 18.3  2.5g
NAS 200 7.65 268 - - - 1.34 0C.1 5.7 - lg
IL 52 Le55 110 - - - 0.39 1l.12 4.1 - 0.5g
PP 23C 11.8 140 - - - 2.46 0.1 b8 - 2.25¢g
HL 190 7.80 298 - - - 0.76 0.1 10.2 - 2.25g
ASB 78 9.85 82 - - - 3.16 0.1 3.1 - 1.5g
TLY  19.8 5.05 30 - - - 2.16 0.1 2.3 - 0.5g
JY 51 2.86 6L.5 - - - 0.20 0.1 14.0 - 1.45¢g
MYN 8.05 3.50 123 - - - 0.1 0.1 20.U - U.5g on
RD 56.5 1.68 11x - - - 0.62 1.26 8.7 T
KLY 28¢C 8. 40 390 - - - 1.4 2.LC 7.4 - 1.5z
DYS 37.5 - 26 - - - - - - - C.5g on

prev. day
}..J

(O

[

0
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TABLE 10.3.

Neme __ 4Va VMA  DOPAC  p-HFAA m-HEAA  p-UPLA  HMPG  HMEL  VMA/HVIG VLA
LY 33,20 0.6 13.4  6.90  7.55 - 0.57  0.25 0.5
HUB® 218 5.05 146 9.8  14.3¢  11.C0  1.40  C.1 65.5
HLT*  71.5 3.32 111 2.1 2.1 - 1.42 0.1 C.5
FTS® 57.5 1.33 75.00 8.7 3.9 - 0.k 0.1 1.5
0s8® 8 1.01 141 8.2 2.8 - 1.32 0.5 1.7
TURT 505 a3 365  15.6 4.6 - 0.9 0.5 b3
BER  12.3 - 20,4 - - - 0.7 0.1 -

sxcretion of urinary pnenolic metabolites (mg/24hr) in the 'end oi treatment™

group of post encephalitic Parkinsonian subjects.

¥ Patients in the homogenous group.
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HMFG

Neme HVA___VHA___ DOPAC ' n-HPAA meHPAA  peHI'Li _HMPE VMA/HNFG VL3
W 2,10 2.36 2,00 3.0 2.10 100 . 1.30. ;:6.11_ 1.8 0.1
HUB :2.L8: Le90 - 2,00 3.95  2.66 2.6 0.82"‘ el - 5L9 0.1’
HLT © 1.73  3.60 " 5.6 - 1.08  1.00 1.18 " 3.0 "
FTS 1.82. 3.8 " 6435 1.73 " .6.62' " 6.0 "
0SB 5.05 3;85 " l18.5 : 2;53’ " ‘2.0 1.9 "
IR 3.7 5.1 " 7.7 2.3 n 1.5 - v 3 d
DYS . 1.23 1.0  ® - - " 1.96. " . 0.9 i
GAR 2.2 3.75 " - - " 1.27 n 3.7 "
BFR  0.96  1l.42 ", - - " 0.72. " 2.0 "
RLY 2.6 3.22 " - " 0.93 " 3. o

zxcretion of urlnary phenolic metabolites (mg/24hr) in the "follow up"® group
of post encephalitic Parkinsonian subjects.

% Patients in the homogenous group.

JTOT



TA3LE 10,5,

- Mean

Neme _ EVA VKA DGEAC _ p-HPAA m-APAA WMPG UMPE VLA p-HPLA _VMA/HMEG

CAR 1220 10,00 2080 5.2 1L.50. 2.92. 0.87 54 . 3.5

JNS 2820 . 10.50 3486 12.0 16.10 '3;4 C 0ek2- 32;2 1.73

COP 1290 © 9.65 1910 11.0 - 15.00 4.3 3.3 AkcS he8

MAG 1500 10,20 1110 12.9  13.50 7415 L.25 318 3.6 . -
1707 10.C0 | 1.5 41 2.8 2.5

. 2135

10.0 - 14.CO°

L.5

ixcretion of ﬁrinary pheﬁolic acids and alcohols (mg/2Lhr) in.the high

dosage (h.25~L.75g L-0CPA/day) series of i

patients.

diopathic Parkinsonian -

3T9T
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CHVA T el SBCPACTT L L peHRAA UL L meBPAK

pDré=- - pPOSt- ) . bree- ' post; " - pre= . poét- L pfe-‘ poSt= -

‘Name ' -neomycin neomycin( ‘neomycin - . heomycin . neomycin  neomycin ~neomycin - neemycin

suT 950 640 . 895 . 615 . 8.0 0 15.0 | 165 hao
CENY 393 455 - K10 U385 6.5 25.0 . L5 9.3
FLT il;k © 1570 955 1222 6.6 L9.0 - 12.9 - 6.9
VS 640 945 515 - - 800 32,8 56.00 01741 2.8
EDW 8L0 600 - 880" . 685. 300 19;5 : 29,0 9.0
PTR 485 415 Lo 367 - 9.0 7 178 5.7 1
n 7427121 770%186  .683%e8 - 6794138 . 1535:5;2 ;s23;7}7;é._-15.9:3;7 5.5%1.2

Excretion of-urinafy phenolic metabglités"(mg/2hhr) beforé and durin@‘the
third day of oral neomycin (lg/day) treatment.in six idiopathic Parkinsonian
patients under oral therapy with L-DOFPA-(2g-8g/day).

Ut9T ..



TABLE 10.7

Pre-treatment Under treatment  End. of treatrent Follow=up

: ‘Cbserved . Observed .. _ GObserved T Cbserved
lietabolite. MeaniS.E Range MeaniS.E Hange  IKean=3.& Range Mean-S.:n Range

HVA
Free

DOPAC

T VMA
Total
HMPG

VMA/HHMFPG
"ratio

3.130.33 1.6-6.0 201%38 . 51-46C 140566  12-505 - 2.430.41  1.C=5.1

(14) 12" T () S o 135 R
2.0 (1) - 195833 - 30-390 '12a-u5 13-365  2.0(20) = -
(12) | (7). - N .

620,51 L4923 7.3%0.75 2.7-11.8 2.6:0.83f“o;6i5;1”; 3.4:0.37 1.4-5.1
(14) (1) - - . (6) T (10) L

2.220.32° 0.8-3.5 1.5%0.28 0.2-3.2° 1.0%0. 16 7-1;4 | 1.280.14 0.6-2.0.

(9) (10) o (7) B ¢ 1)
%§§-o.5 . o.a-n.9> 6.621.2 . 2.3-14.0 2.5$0.6 0.8-3.6 3.2qq;52'

oy ™ T ey IR 1

Excretion of urinary phenolic acids qnd alcohols (mg/2Lhr) in tha neturoaenous T
ser;es. \umbur of patients in parentheses.

" TI9T



TABLE 10.8

Under treatment

End of

- Follow~up

. Fre-treatment treatment
ﬁetabolite Meani3 .k Cbgg:égd HMeanis. B ”?éﬁigégd Meanls.E Obﬁziggd Aﬁeanib}E “Obﬁzggzd'
HVA 2.730.27 1.8-3.8 271348 135-460  161%73 33-505  2.9%0.53 1l.7-5.1
Free DOPAC 'g.a‘ ;- . 217%50 .151-336 142321 13-365 2.0 -
VMA 4e6%0.27 3.5-5.3  6.610.92 3.0=9.1 ' 2.620.83 0.6-5.1 3.9%0.40 z.g-a.9,‘
Total 1.420.16 0.9-1.9  1.1%0.,25 0.5-2.2 1.020.18 OCuh-l.h  1.2%0.20 06-1.5
¥ , _ _ T . ,
p=-HPAA 7.4%1.52 3.2-13.9 8.872.18 ’2;;-16.7 8.541.79 2.1-15.6 7.532.3C '3,d;18.5
m=HPAA 1.710.51' 0.9-4.0 1’5.1;1.32 2.6-10.4 5.8%1.88 2.1-14.3 .2.1io;24 1.1-2.5
VLA 0.1 - 27.5416.3 2108 . 12.3%10.6 0.5-6.6 T
vﬁﬁ/ﬁuﬁc 3.330.33 ’ 6.3%c.85 2.520.60 0.8-4e5 3.6%0.78 -i.8-6.1

2.7k 8

4.1—9.0

Excretion of urinary phenoliC‘aéids énd alcohols (mg/zbh?) in the howogeneous.

series.

CToT.
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'"follow-up" groupe (Lables 10.7 and 10, 8 ) dia not differ from;
the normal range (Karoum g&_gl., 1909, .also see chapter 5)s
’ _ Results on the determination of phenollc acids btiore o
and atter neomycin adminlstratlon are recorded in. t ble 1G. 6
) Compared hlth ”pre-treatnent" values, a: several- i
hunoredfcld rlse in HV; excretion was detected in both series
of analyses whlle the patients were Munder treatment" ‘At
the'%nd of- treatment",lthese levels fell signiflcantly

'(heterogeneous sern.es, P 0. 05, homogeneous series P<O 025)

o to about one-thlrd of the "under treatment" value and had

"returned to normal in all subjects tested by’“follow-ug .
There was 8 very simil T high output of. free DCOPAC
'"under treatment" whlch fell considerably at the "end cof
treatment", returning\to normal in the “follow—up" samples,
InAbotb tbe "under treatment" and "end of .treatment" gronps;
there vas a strong positive correlation (PQCOaOl) between, out-.
put of HVA and DCPAC. Totel dose of'drug up to the time of
:urlne sampling and dose in the 24 hr period precedlng urlne
‘collection were positively correlated w1th HV A and DOrAC ‘
excretion values in both the "under treatment" and "end of
treatment"‘groups. There was also a positivelcorrelation
(P<:G 02j between urinery HVA or:uO”‘C output 1n the "end |
'Jof treatment" group and urine volume. 4 |

ﬁlthou&h total h-hydroxy-B-methoxyphenylethanol (H”H')
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excretlon in the "under trestment” or "end of treatment"
_groups was small compared with output of HVA or DOP“C it
) represents a- substantial increzse over the small quantitles
(less than lOC/“g/Zh hr) ‘found in normal urine. In four
subjects from the heterogeneous series "under treatment"
‘(Table 1C. 2), levels of '1.12, 1. 12, 1. 26 and 2eb mg A
2h hr were recorded whilst three others belonginr to the‘
e"end of treatment" (Table-lO 3) grout in this series had,'
an output of C 25, C 5 end Oe5 mg Hﬁro/2h hr. ‘
flthough the absolute increase in urlnary VA was not

as dramatic in natients “under treatment", it was Stlll
31gnificantly;higher (neterogeneoue series p{0.02;. ,
~homogeneous series P<:b 05)'thanltne Mpre-~treatment” group_
and remained high (P(fo 02) in the "follow-up" group of
the homogeneous serles.»

 In the heterogeneous series, total HUMPG excretion )
whilst ﬁunder treatment” was significantly (P<fb 05) lower
than in the "pre treatment" group. Tne "end of treatment"
: output was 'still lower (P<:O ol) than control values and
even 1ower'(f’<p 05) than the "under treatment" excretlon.
"~ There was a tentency for the "end of" treatment’ HurFG outout in the
homogeneous series to be lower than the “pre-treatment" level
but this did not reach significance (r>0,1) in this small -

series.
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iherelmas a positire correlation (P< 0.02) between,
"HMPG and VMA output in patients in the heterogeneous series
- "hnder‘treatment“; although a similar relationship was‘not
observed in éhy of the other groups. The mean ratio of
the excretion values of VMA to total H¥PG in "under treat-
-ment" groups in both series was higher than in any of the
other groups (Tables lO 7 and 10.8), In the‘homogeneous L
series, this rise was significant (P<0.02) for comperisons }
between‘”under treatment" and "pre-treatment™ or "end of |
‘treatment" groups.‘ Inspection of ratios in the heteroaeneous‘
serles suggested a 51milar relationship. |

h-hydroxy 3-methoxyphenyllactic acid (VLA) was almost
undetectable (less than lOO/Ag/Zh hr) in urine from "pre-
treatment" and "folloa-up" groups but was excreted in large
amounts (Table 10.8) by patients "under treatment" (pL 0. 025)
(see Fige. 1,2,3,4). h-hydroxy-B-methoxyphenylpyruv1c acid
(VPA) could not be detected in any sample.

Oral L-DOPAC did not affect the_excretion of p~hydroxy-
phenylacetic-acid'which remained within normal range (see
chapter{S) throughout the investigation. In contrast there
was a significant increase in output of m-hydroxyphenylacetic
acid (Table 10.8) in both "under trestment® and ftend of
treatment"” groups when compared with "pre-treatment” (P<L0.05)
and "follow-up" (P (Q.OS) groups.
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- The r range cf metabolites neasured in the honogeneous
‘series was also estlmated in a small group of patients with
idiopathic Parklnsonism on'a higher doeage of L-DGrﬁ (Table__
10 5).‘ Apart from p-hydroxyphenylacetic acid "the value of
each was greater than after ‘treatment with the lower dosage;
g,Hydroxyphenylacetic eeid excret%on was so increaoed as to
be greater than that of its grieomer;f its output is normelly
considerably less (see chapter-5)s N |

‘Comparing the excretion of phenolic acids before and
;fter neomycin, no 31gnificant dlfferences coule be observed' B
for HVA, DCPAC, g- PLA or VLA. m-nydroxyrhenylacetic 301d
output was 31gn111cantly reduced (FM<O Cl) after neomyc1n
(Iig. 10 5). D—Hycroxyphenylacetic acid excretlon was : |
) increased in'five out oi six patients after neomyc1n. ﬂlthough
;{ mean excretion, values of p-HPAA before and after necmycin
' were not signiflcantly dii‘ferent. (0 2( >O 1) on a “tyio tail

varlance scale the difference becomes significant~if one .

" were to asstme a one tail variance.

‘Discussion

~

Since the earliest observations on L-[DCPA metabolism'
'in man and rabbit by Gﬁggenheim (1913), its major pathways
\'of degradation have become well established (Sandler ond

Ruthven, 1969a). The greater proporpion is decarboxylated
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to dopémine wnich is either/G -hydnoxyleted'to noradrenaline
or, in common with tne other catecholamines; ;nactivated oy
two alteknative routes,‘involving“the primary action of
either catechol O-methyltransferese or monoamine oxldase

_K(MAC) (see Tig. 1. h in chapter l) HVA whlch results from

« . the action of bocth enzymes on dopamine, is quantltatively tne

_ most important endogenous COPA metabolite in normal human :
urine (see chapter 1). ) |

The "pre-treatment" data . presented here whlch dc not
apnear to differ from normal values (see chapter 5), together
-with the previous. flnding of a normal HVA output in this
disease group (Greer and : illiams, 1965 Rinne, Laitinen
and Sonninen, 1967; Rinne and Sonninen, 1968) argue against
. there being a generalised disturbance of dopamine metabollsm
in Rarkinsonism. This is understandable since dopamine
concentration in the brain represents only a small proporticn
of the total dopamine content in the body (Einne and.Sonninen,
1968). - | |

" Sourkes gg_é;., (1965) gave L-DCPA to one postenoephelitie

Parkinsonian subject and noted some oelay in the rise in
urinery HVA excretion compared with controls;  but, in
general, the present findingsﬁin oatients with tnis disease
during treatment are not too dissimilar from those following

mﬁqBCRA administration to normal“snojects (Shaw gt al., 1957;
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Sourkes et al., 1965), There was a very large incresse in
urinary excretion of HVA which was equalled (Tables 10.2,

10.3)_and at-high dosage even exceeded'(Table:lC.B).’by )

S DGPAC output.” This increase in relative concentration of

DOPAC appears to depend to some extent on route of
“administration (ucurkes et al., 1965). ‘-

It is of interest that children with dopamine-secretlng _
"tumours may scmetimes out cut as much HVA as the patients
"under treatment" (Table 10.2) ‘DGPAC excretion, on the\

" other hand; although markedly raised, forms a proportionately
snaller'part of the total metabolite odtbut (von Studnitz, -
19603 . Sourkes et al, 1963) (see chapter 8). This flnding
'_1mpliea that the site of metabollc degradation of thls
,.endogenously aecreted dopamine differs from that’generated :
.-from exogenously administered DOFA. \

~‘ There are other points of difference frcm dopamine-‘
eecreting tumours,s The intermediate aldehyde produced by
onidative desmination of dopamine is‘oreferential;y oxidised
further to HVA rather than reduced to HY¥PZ (Breese et al.,
1969);  during the present investigation, an even smaller
.proportion'of HEPE‘was found after L-DCPA treatment than is
observed in cases of dopamine-secreting tumodr {see chapter
8). |

4zsecond difference concerns-the degree of /37hydroxy-.
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| lation. Apart from metabolites derived from the direct
metabolism of dOpamine, patients thh dopamine-secreting
tumours almost inVariably have -a large output of the‘
'ﬁ;-hydroxylated noradrenaline series of metabolites with a

'relatively large contribution from the. aldehyde reduction

"jproduct HMPG. Oral DCPA treatment houever resulted 1n O

‘ comparatively,small increase only in VMA and a marginal

fdecrease 1n HVFG resulting in an increased VMA/HLPG ratio.':'i

‘ioIn the light of these findings, some re-interpretation of E

'views published from these laboratories concerning ‘the 31te‘f
' “of Aﬂ -hydroxylation of dopamine deriVed from a secreting
tumour (Sandler and Ruthven 1966a) is probably necessary.

L nherees this had been localised at sites peripheral to the

tumour, it now seems likely that the metabolic change. occurs
within the tumour tissue itself.l

| Defds et et _al., (1957) found that bOPA adminlstration to
‘rabbits gave rise to an increased urinary output of m-hydroxy-
phenylacetic acid, presumably by ggdehydroxylation brought
aboutlto a large extent by the gut,flora-( Scheline, 1968)

. Dehydroxylation has been demonstrated in vivo for a wide.
range of substancés:in the mammalian organism (Scheline,
1968) Because this reaction is attenuated or abolished-by ’
gut sterilization with neomycin, it is generally accepted that

intestinal micro-organisms are reSponsible for its occurrtnce
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~ (Shaw, Gutenstein and Jepson, 1961; Booth and 'illisms,
'-;963; Dacre and willisms, 1968; Dacré, Geheline and
williams, 1968; Doayman and Jepson, 1969). Recently a strain
of béctérium responsible for this dehydroxylation hqs'been
isolated (Perez-3ilva, Hodriguez and Perei-éilva, 1966).

- Althougl: Chaw et al., (1957) were not able to marshal éﬁy
evidence for the existence of this pathway in man; the pressant
findings show that a small Sut §ignificant proportion’of
L-LCHA is'deg:aded‘by‘this route (Table 10.5).. This viéw'is>
furthgr supportéd’by the significant redgction of—g~hydroxy~
pheﬁylacetic acid oﬁppui after gut séerilization (Table'
17.6). 1There was no evidence of h-dehyd;oxylation, as the
oﬁc?ut of p-HPA4 was uncl.anged aftér L-2CPA admipigpration.
Neveftheless, this may have occurred since both p- and m-
dehydroxylation of catecholic acids have been described in
:ecme‘syecies-(ﬁacfe et_al., 1968)§‘but whereas the m-isomers
remain’iptact,’g;iscmers'ére reedi;y.decarboiylated in the’
gut‘(icheliné, 1966 and léﬁﬁﬂ. In view of the claims by
Boulton et al., (1967) and Smith and Xellow (1959) that
patients with Parkinsonism have an increéased ufinary outrut
of p-tyramine, the p-hydroxyphenylacetic acid' precursor, the
finding of a normal ou?put.of the acld is st {irst sight
puzzling. Both observaticns may be reconciled however by

assuming a decrease of in vivo MAC activity. . Tryptamine
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-out ut also appears to be increased in rarkinsonism (Kuehl ‘
—.et’ al., 1968), an observation consistent Nith this view
’lPreliminary direct observations in this laboratory (J.

"fSouthgate - unpublished) indicate that there nay be a decrease

o in platelet A0 activity in affected subjects. The increased

o-hydroxyphenylacetic acid out,ut observed aiter gut
'sterilisation of patients with: Parkinson s disease during

L-TCPA treatment is similarly observed in normal subjects fb‘

‘g'following gut sterllisation (uayman and Jcpson, personal 'w::'y;

communication) 1t is therefore likely that L-LGPA does not

' contribute to this increase. ‘The phenomenon is- presumably
explalned by speculating that grtyramine the main precursor&é
this phenolic acid is normally further metabolised in the gut
a degradation prevented by antiblotic administration.

In their classical paper,. ahaw et al., (1957) olscussed

" the p0531b1e existence of "an alternative pathway of LOPA’

. metabelism via transamination,<although-they were not able tod
prove it directly. For many years, it has been known that
L-BCPA can participate»in transamination'reactions’(Cammarata

" and Cohen 1956) and Fonnumyﬁaavaldsen and Tanger (196&) have
charﬂcterised several COPA transaminases: in brain. Smith (1967)
claimed to find an increased urinary excretion of the unstable
VPA but no eV1dence of its more . stable derlvative, VLA, after

L-DCPA administration to volunteers.~ Uespite the sensitivity{"
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.of "the methods employed and the considerably higher dosage ‘.~-,
‘ range of L-DGPA it was not possible to detect VPA in any B
1,sample.' There was a considerable increase, however, of its
reduction product {(Weber and annonl 1966 Sannoni and ueber,‘
:lQéS),-VLA, coufirming‘earller observatlons‘in petients with
-§O?Q-secretiug'tumours;(Gjeasihg 1963 .smith '1965)

v . The major netabollte of - tyrosine’ mﬂ*abollsm is 2,

hydroxyphenyloyruvic acid (p-HFPA) which is normally further
metabolised by D-HJHA-oxidase (La Du, 1966) undergoing the
recently described "MIH snift" (Guroff et _al., 1967},
2 5-dihydroxyphenylacet1c ‘acid (homogentisic ac1d) The

"vincreased output of the immedlate reduction product of EfdP 4,‘_

-H;LA which tends to correlate‘with VLA output, suggests:
that DHPFA.oriVPA moy comoete with‘ErH?rA for grdFPA-oxidasei
"If this were so, HE A or»V?A might itself be exwected to be
metabolised by a simllar "NIH shift" medianism, to 2,4,5-
trllyoroxykhenylacetic or 2 5-dihyoroxy-h-methoxyphenylacetlc
acid. A recent attemot to detect these substances by GC-MS
-has surgested the presence of minute amounts of both in one
normal urine sample out of six two Parklnsoniﬁﬂ (pretreatment)
urine samples out of 12 and in 2 treated- Parkinsonisn samples -
out of 3. ' '

Although no significahtlcorrelation has so far beeu

'established‘between excretion of its urinary metabolites ‘and
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the therapeutic responee of L-DOPA (Calne et al., l969a)

there is the suggestion thet such correlatlon may "exist between ,

HVA levels in the CSr and clinical improvement (Klowans and

’ einer, 1969). As CCF anatomically at least _is more-

intimately'associated with the site of action of the drug, its |

'_investigation is more likely to yield result of value ("inne

and oonninen, 1968), were it not for ethical conoideration.‘ ’

~ The fime leg between start of clinical improvement after

OPA therapy and the oresumed rapid generation of dopamine

‘ ‘within the central nervous system (Calne et et al., 19693)

however, suggests other biochemical factors need to be

’considered. For instﬁnce it is oossible that the delay is

directly related to a build-up of sSome minor metabolite
unconnected with the main routes of DOPA degradation. 4 full '
account of this aspect of the problem is given by candler ‘
(1970). |
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Since Sweeley and villiems's first publlcation in
11961 the appllcatlon of gas chromatograohy to the analy51s
of arqmatic.801ds and alcohols has largely been confined to
a study of authentic sgbstances, thus by;passing many of the
difficulties encountered during metabolic investigations.
In the last three years, however, interest in gas chromatograph}
has broadened -as .the scope and potentiality of the appro ach
has been appreciated. . With the advent of the electron capture
depeetor, the possibility of measuriﬁg minute‘éoncentratione
of endogenous metabolites in'body fluids and tieeues hae'
been opened up and methods continue to be publlshed with
'incre831ng frequency attesting to the adaptablllty of tnis
analytical tool. Such a sensitive, versatile and quantitative
analytical- approach makes these precedures unique, and as
" GLC can be linked to a mass spectro@eter, its scope is
accordingly broadened. Fkuch structural information can be
obtained about unkncwn metabolites, an aspect of the. subject
of special relevance to iqvestigations of metabolic disorders
and studies of drug metabolism.

As shown during the present investigation, the
preparation of the ME/TE derivative for phenolic and indolic

acid assay and the TE/E for that of the corresponding
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’ alpohols; together with“chrometography on an\SE52'column,
seems to offer the best arrangement for;rapid and accurate -
analysis of a wide range of metsbolites. Neu pheses have .
recently been reported.suchAds~OV1 and 0Vi7‘(Horning, Boucher

) and Moss, 1967), and new methods of preparing the TL/E

'._derivatives (e.g. ”hambaz and Horning, 1969; Pierce,»1968)
are continually appearing in the literature, . A'brief surveyl
of these innovations (unpublished) has not’ revealed any
advantage ‘over the. procedure described here-“ accordingly

" the methods described in this theSis are recommended'st least
for metabolic investigations of. urine in man and rat. Cne .

:[of t?e main reasons why the technique promises 80 well is

’ that 1t is highly flexible and more manoeuvreable than other
chromatographic methods, By adjusting a number of different

'-Variables, a procedure cazn be "tailor-made" to suit almost

l

/’any type of analysis required (see chaptem 2 and 3). The

/

specificity of such procedures can be further improved by

// ,/Selective extraction (Karoum et al., 1969)‘to eliminate

/ interfering'substances which might otherwise affect accurate

‘f quantification. It is howeuer, important to realise -that

¢ although the application of GLC is simple and straiéhtforuard,
initial setting up of methods requires a sound knowledge of
the fundamental principles of its operation; such expertise
3¢1ps considerably in assessine column performance, resolution

/



175

/and in selecting optimal eff;ciency mith res“ect to the
oversall performance and analyeis time,’ . N ‘

Uszng the present procedure, excretion values of
certain metabolites in human and rat urine were easentially
'eimilar'to those reported by other technlquee (see chapter 5);
'elthdugh differences'were obeervec in the ﬁuman new=born
"infant. A rather hlgher 1ncidence of tyrosyluria then had
been exrected was obeerved and this excretory pattern was
-hlghly correlated with the incidence of jaundice. , Whether
‘enzyme immaturity wae feeponsible_fof both phenomena, or
whether bilirubin inhibits BgH“PA oxidase and is thus ‘
responsible for the increaeea cutput of’ g-HiLA in tyrosyluria
must be the eubject of'fur;her work, rurther information is
also required in the nechete on the excretion'of a Wider'rangeaj
of metabolltee derived from phenylalanine and tyrosine which
mlght be of. diagnostic assistance in dlscrlminating between
true phenylketonur;aiand transitory forms of disturbed
' phenylaianine and tyrosihe metabclism,

GLC emerged as being particularly -suited to the
investigation of aminc-secreting tumours (eee chapters 7 and 8).
In carcinoid syndrome, spart from abnormal excretion values of
5HIAA, a raised output of SHIOH was observed. Published data
are extreeelj scanty conceening excretion of ehis mecabolite,

for no simple assay procedure had previously been available.
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During the investigation of catecholamine secreting tumours,
a wide range of métabclites was determined; some have already

demonstrated- their diagnostic uéefulness, whilst others will

obv1ously prove of diagnostic value when sufficient experience  '

is obtalned and further data accumulate. The methodology is
oarticularly suited to thls ‘type of investigation for many
" more than one metabolite are present on the seame chromatogram.
Thus' liVA as well as ViiA can be quantlfied at the same time,
a valuable ancillary test in view of the_putative association
' between dopamine secretion and malignancy in phaeochromocytoma
i(see chapter 8) During tﬁese etudies output of a uumber &T
compounds which hed not been measured before in this condition
was noted. Of epeclal interest is an unknown peak, designated
as. substance X, the excretion of which was found to be - -
increased in about 6C} of‘cases of phaeochromocytoma.
Idenpification of this substance and of certain other comﬁonly‘
observed unknown peaks are urgent tasks for' future GC-IS.-
otudies, ? |
The shift in metabolism of noradrenaline (Sandler and
Youdim, 1968) from a predominently oxidative pathway of the
intermediate aldehyde to a reductive cne -after intravenous
reserpine\ueé shown to be a general phenomenon and to/aoply
to\the metabolism of other monoamines (see chapter 9). Cne

might well view the conduct of this type of experiment as a
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5<prototype. The approach can obviously be extrapolated to a
';study of the action of many different categories of drugs on
" phenolic acid and. alcohol metabolism. A further example of
the usefulness of this set of techniques is demonstrated by
present studies on the metabolism of L-DOPA in Parkinsonism. o
A number of minor metabolic pathways of- L~DCPA metabolism
were demonstrated. It is probably of considerable imrortance o
'_ to -chart them for the mechanism of action of L-DOPA in |
‘\Parkinsonism is by no means completely explained. There ars
some’ rather puzzling discrepancies in the time course, whilst
’:the beneficial effect may only be observed after a number of
days~or weeks have elapsed (Calne gt_gl.,-l969d. O'Reilly, 1969
Godwin;Austen et al,, 1959; balne:gt_gl.,'l969c, Yaher
gt_gl., 1969), dopamine’ generation is likely to-be‘rapid‘
(Hornykiewicz, 1966). Thus the build-up of"some miror - -
‘metabolite may contribute'in'greater‘or lesser_measure £o the-
theraputic action of the drug. 1
So far, techniques have only been develOped for the.
assay of phenolic and indolic acids and aloohols. It is hoped
. to broaden the scope’ of this work by devising procedures for
bases also. This would undoubtedly entail preparing a
halogenated derivative and employing the electron capture
detector. It seems likely that such procedures, which have so

far been Telatively scantily investigated, will contribute
as much as their predecessors., -



»178_

- REFERENCES

.Airaksinen,‘ﬁ.M; (1961) Blocnem. Pharmac. 8, 245
" Klpers, H.S. and Shore, P.h. (1969). Biochem, Pharmac. 18 1363
_ Alton, H.and Goodall, McC. (1969) . Biochen. Pharmac. 18, 1373 -

--Alvord, E.Co (1958). In: athogenesis ind Treatment of
Darkgnsonism, eds W.S. Tields,‘o C. Thomas, oprinvileld Ill.

' Ambroae, D., James, K.T., Keulemans I.M., Kovats Ty
Rock, H., Rouit, .C. and Stross, Foile (1960). In “Pure and
Applied Lhemistry" 1, 423.

Anden, N.u., Roos, B.o. and uerdinuis, Bs (1963). Llle ocl.
2, 319, v

_;ndin, N.ES, roos, ‘B.E. and Werdinuis By (196&). Llfe oci.
L9. ’

‘Anton, A.H. and Greer (1966); Clin, Pharmac. Ther. z, 727

;nderson, P.J. and D’Ioris, A. (1968). Blochem. Pharmac. _z,
%9,

'Anderson J.A., oiegler, M.Ra and Doeden, D. (1959). o01ence,
_ N.Y. Z, 236.

_Applegarth, [.As ardwick, D.Fe and ﬁoss,»P.M. (1968). Clin.
Chim. Acta. 22, 131. ‘ -’ 7

Asatoor, A m. (1968), Clin. Chlm. Acta., 22 223.

Asatoor, A.M., Chamberlain Med s -nerson u-To, Johnson, delle,
Levi, A.J.. and Milne, M.D. (1967). Clin. 3ci.. 33, 111.

Armstrong,,M.u., Mcﬂillan, A. and Shaw) K NeTw. (1957). Biochim.
blophys. Acta. _i, L22., - -

Armstrong, Ni«Ds and Shaw, K.i.F. (1955). 'J. biol. Chem. 213, &C5.

" prmstrong, m.u., Shau K.l.F., Gortatowski, M.J. and Singer, H.
. (1958). Jo blOJ.u Chema 3 ’ 17. i ‘



179

Armstrong, M.D., Shaw, K.s.x. and Qoblnson, K. S. (1955)
J. biol, Chem. 213, 797. :

Armstrong, M.T., uhaw K.}.F. and-Wa11: ?. (1956) J. biol.
“Chem, 218, 293. o ‘ B

hnrvidsson, Jey- Hoos, B.L., Steg, ; (1966). Acta th31ol.
Scand. _1, 399. ) , ‘

Avery, H.b., Cloa, C.L., Menkes, J.H., Romas A., ucriveri C.u.,
el

..Stern, L. and ”asserman, B, }. (i967). Pgdiat:iqs, Springf
12’ 378' ' - . ) . ’ a .

Awapara, J., Perry l.L.;_Hanly, c.,and'Peck;,a. (196H)J’Qlih; B
Chim. kcta. 10, 285. ) -

Awapara, T.; uandman, R P and Fanly, C. (1962). HrChO. Biochem.-
Biophys. 28, 520, -

Axelrod, J. (1959)« thsiol. Rev. '39,. 791. _
Axelrod Jo (1960). Biochim. biophys. Acta. L5, 614,
"ﬁxelrod Je. (1960 ) In. Ciba sympcsium on~adrenergic
Mechanlsms ed: GoE.i. Wolstenholme and M. C'Connor,
bhurchill Lond. pe 28, - - S

- kxelrod, J. (1961). Science; NeTo 13%4, 343.

-~ axelrod, dJ. (1962a). J. biol, ‘Chem, 237, 1657.
'axelrod Je 11962b) . Pharmag. exp. Ther. 1 3 , 28.

ixelrod, J. (1963) In: Clinical Chemistry of Monoamines, ed.
o Varley and. AWl Gowenlock Elsevier,, Amsterdam 2, b5,

Axelrod, J. (1966). Pharmac. Rev. 18 95,
ixelrod, J. and Tomchick, R. (1958). J. biol. Chem. 233, 702. .

nxglrod J. and 3zara, 5. (1958,). Biochim. biophys. Acta. 30,
l b [ ] ' . . . - -

sxelrod, 'J. and Yeissbach &. (1960). Science, N.¥. 131, 1312.
Axelrod, J. and ﬁeigsbaéh, Ae (1951). J. biol. Chenm, ggé, 1281, .



nxelrod J., Kopin, I.d. and Mann J. (1959). BlOChlm. biophys.
Acta. zé, 576. :

erlrod J., 1bers, J. and Clemente, C D. (19593). J,_
.Neurochem. 5, 68. :

“Ayd, FuJ., (1961). J. mr. med.- Ass. _15, 1054,

Bagchi, S.P. and McGeer, P.L, (1964). Life Sci. 3, 1195.
:Barbeau, A (1960). Veurology Minneap., 10 hh2.,
Barbeau, A. (1961). Archs, Neurol., Paris, 4, 97.

g Barbeau, A. (1962). Canad. Hed, Ass. Js _1, 802.

’ Barbeau, A., Murphy, C.F. and oourkes, T.L. (1961). uc1ence,.
~N.T. 133, 17¢6.

Barbato, L. and Abood L.G. (1963) Biobhim.'biophys. heta 67,
531. T

Baron oiie, Dent C.u.; Harris, H., Hart Eewe and Jepson, JdeB.
(1956) "Lanset. 2, 421,

‘Baudhin, P., Beaufay, H., Rahman, 1. Y., Selllnger C.Z.,
uattiaux, R., Jacques, P and de uuve, Co (1564) Biochem.,J.

. 22, 179,

Bentley, R., Sweeley, C.C., Makita, M. and uells, Wede (1963)
Biochem. biophys. Res. Commun. 11, lh. ~

Berlyne, G.M. (1965), Brit. Heart J. 70, 143.

Bernheimer, H. Birkmayer, v and Hornykiewicé, C. (1961). Klin,
Wschr, 39, 1058,

Bernheimer, H., Birkmayer, N. and Hornykiewicz, 0. (1963)
Klin. .schr. 41, 465,

Bernheimer, H., Birkmayer, W oand Hornykiewicz, 0. (1966).
vien. Klin. Uschr. 78, L17.

Bernheimer, H,, Birkmayer, Wey Hornyklewicz, ¢., Jellinger, K.
and Seitclberger, Fo (1965). Proc. 8th Intern. Long. Neurol.
Vienna, ¥iener Nedizinische Akademie, 1L5. . - E



181

Bernhelmer "H. and Hornyklewicz, 0. (1964). Archs. exp. Fath, .
Pharmak g , 305 .

Bernhelmer H. and Hornyk1ew1cz, 0. (1965), Klin.-:sch. 51, 711.

‘ Bernhelmer He and Hornykienlcz, 0. (196h) hrch. exp. Path.,
rharmakol 2L7, 305 : . T . S

‘Bertler, A, Carlsson Ao -and’ ?osengren,'h. (1956);
' ,Vaturw1ssenscha£ten, gg 521.

 Bertler, A and Rosengren, L (1959a)- mxperientla _2, 10.
L“%ertler, A. (1961). Acta. Physiol. ucand i_, 75. 4
.Bertler, A. and nosengren,-E. (1959).: Experientia, 15, 382.

Birkmgyer S¢"and Hornykiewicz, O. (1961). wien. K1lin. wschr,
23, 787. ‘ ‘

Birkmayer, w. and Hornykiewicz, 0. (1962). Arch Psychiat.,
Nervkrankh. .203, 56C.

Blakley, Z.R. (1966). fnal. Biochem. 15, 350.
 Blaschko, H. (1939)..J. Physiol, Lond. 96, 50p.
Blaéchko, R. (l952). Pharmac, Rev, 5, L15.
Blaschké; He (19523). Biochem. J. 52, 10p.

" Blaschko, H. (1957). Experientia, 13, 9.

Blaschko; He (1963). In: The “nzymes ed. by P.D. Boyer, H.A.
Lardy and K. Yyrback, 8, 337. ncademlc ress. Inc. i. Y.

Blaschko, . and Holton, P. (1950) Je Phy31ol. Lond., 110, 484.
Blaschko, H. and Levine, “.G. (1966). In: Handbook of Experiment-
~al Pharmacology, Vol. 19, ed. by 0. uichler and' A. Farah. ,
Springer-Verlag. Berlin, p. 212.

Blaschko, H. and Sloane-Stanley, G.H, (19hé); Biochem; J. 42, iii

Blaschko, H. Richter, D. and Schlossmann, H. (1937). Bilochem. |
J. 31, 2187. ‘



182

Bloom, P.E., Costa, Z. and Salmoiraghi, G.C. (1965). J. Pharmac,
' EXD. Thero il’ 2[{-1&0 . B

Bloxam, H.G., Say, M. G., Gibbs, X.K. and woolf, L.I. (19603.
_ﬁBioc(em. Je _z, 32C. )

Boadle, M.C. and Bloom, Fod. (1969). J.\Histochem{ Cytochem.
_1, 3310 ) -

Bodian, i. (1959). Pediat. C11n. N. Amer. 6, hh9.

Boehm, J.J. and O'Brien, D. (1963). Pediatrics. Sprlngfleld
31, 8d1. ‘

Bohemen, J., Langer, S.H., Perrett, ? H. and Purnell J H.
(1960)0 Jo Chem, vJOCc 2[]—‘}14-.

Bohuon, C. and Guerinot, F. (1966). Clin. Chem. Acta. ;5,'41a..

Bondurant, i.3,, Greer, M. and Williams, C.M. (1966). Anal.
Biochem, iS 364, '

Booth, A.X., Emerson O.H. Jones, F.J. and De Zds, F. (19575
J blOlu Chenm. 9, 51-

Booth, A.#., and Williams, R.T. (1963). Biochem. J. 88, 66p-
Booth, #.N. and ¥illiems, R.T. (1963). Nature, lond. 198, 68k.

Booth, #fAsive, Masri, M.5., ltobbins, D.Jd., unerson Co H., dJones,
F.T., and Ce ¥ds, F, (1960). J. biol. Chem. 235, '261,9.

Breese, G.i., Chase, T.N. and Kopin, I.J. (1968). Fedn._Proc.
ledn. ’m. Socs. exp. Biol. 27, 399. .

Breese, G.i., Chase, T.N., and Kopin, I.d. (1969). J. Pharmac.
exp. Ther. éi, 9. (

Bremer, V., Jaeniche, V. and Leupold, D. (1969). Clin. chim.
Acta. 23, 2LL. .

Brenda, C.i. and Cobb, S. (1942). Medicine, Baltimore, 21, 95.

i

Brenneman, A.R. and Kaufman, S. (1964). Biochem. biopys. Res.
Commun. 17, 177, ’

Brett, E.M., Oppé, ToEe, Ruthven, C.R.J. and Sandler, M. (1964).
Archs, Dis. Childh. 39, 403.

\



183

'-Bridgers, u.F., and Kaufman, '; (1962) " J. biol, Chem. 237, 526

Brodie By B., Tomich R G., Kuntzman, ﬁ. and Shore, P, A.;
,(1957) . Pharmac. exp. Ther. 2, L6l - :

Brodie Bd 8., Olin 'Ja S., Kuntzman, R. and Shore, P. A. (1957).

H,uclence : Y. 125, 1293. .

Brook, J. L., Bigg TeHey St John, x.n. and Anthony, oSe
.(19675. Analyt. Biochem. 18, h53. . -

;"BrQWn K. A., and ‘Zuelzer, J.u. (1958).AJ. Clin, Invest. 22, 332.
: }1Bumpus, F. M. : and Page I He (1955).~J. 8101. Chem. 212, 11,
ABurger ﬁ. and Langemann, H. (1956). Klin. ‘schr. 25, 9&1. ‘

\'Burn, J.H. and Rand. Mod. (1957). Lancet, 51 1097.’

;Calne, 3.8., Karoum, F., Ruthven, C:R.d. and Sandlnr M. (19693);
© Br. J.,Pharmac. Chemother. 21,_57 : ,

A*Calne, u.B., atern G Me, Laurence, J.R., Sharkey, J. and
Armitage, P. (1969b) Lancet. i, k.

: Calne, h.B. Opiers, n.o.D.» Stern, Golo,. Laurence, D k. and
*ﬁrmitage,‘b. (1969c) Lancet. ii 973. -

‘ACammarata, P.S. and Cohen, P. P, (1950). J. biol. Chem. 2, 439.

- Campbell :«.C Po’ Go’henlOCk ‘\QHQ’ Platt, DQO., end Snow, PedeDe’
(1963) Gut. 4, 61. . ‘

Cavellakis Zele and Cohen, PoPa (1956) Je biol. Chem. 222, 53.
‘\Carlsson, A (1959) rmac. Rev. ll 490, - | - ‘

Carlsson, A. (1966). In. Handbook of prerlmental Pharmacology,‘
ed., O, Eichler and A. Yarah ZIX, 529, bprlnger-Verlag,’Berlln.

Carlsson, A. and Hillarp, 8TA. (1956). K. Fysiogr. Sallk. Lund.
l‘orh 26- ND. 8. . e B

Aggrlsgon, A. and Hillarp, N-A. (1962). Acta Physiol. Scand.’

Carlsson A. Hillarp, N-A. and Hokfelt, B. (1957). J. biol.
Chem. ___Z, 2‘&3- . . . .



1384

Carlsson A., Hillarp, N-A. 2nd ?aldeck Be (1962) Med. exp.
(Basel), é L7. _

.Carlsson, A., Hillarp, N-A. and 7aldeck B. (1963). fcta.
. Physiol. ocand 59, uuppl. 215 1.

>Carlsson, A. Lindqvist Hagnusson, T. and Jaldeck B. (1958).
Science, N. Y., 127, h?l. ) } o

Carlsson, A., Lindqvist and Magnusson, T (1960). In. Ciba

" symposium on adrenergic mechanisms, ed. G.E.W. uolstenholme and
.M. 0'Connor, 434, Churchill, lond. ‘ L . ‘
Carlsson, A., Rosengren, L., Bertler A. and Nilsson, J. (1957).
In: Psychotropic Drugs, ed. S. Garattini and Ve Ghetti 363,
Elsevier, /Amsterdam. -

Carlsson, A,, Shore, FP.A. and Brodie, B;B. (1957b);xJ.'PharmacJ
exp. Ther. 120, 334.

- Catroux, G. and Blachere H. (1966); Compt. Hend., Serie, . 2062,
1345, : ' _

Ceasar, F.M., Ruthven CeRe J. and Sandler M. (1969). Br. J.
Pharmac. Chemother. zé, 70. ‘ ' '

Chadw1ck, B.Te and Wilkinson, J.H. (1960). Biochem. Js 70, 102.
Chambaz, Z.M. and Horning, &.C. (1969). Anal. Biochem. 30, 7.

Chidsey, Cehs, Kaiser, G.H. and Braundwald £, (1963). Science,
139, 828, .

Clark, %W.G. (1963). In: Metabolic Inhibitors. ed. by R.lM.
‘Hochster and J.H. juastel, 1, 315, Academic Press, Inc. Lond. N.Y.

Clark, WeG. and Pogrund, ReSe. (1961). Circulation Res. 9, 721.

Clark, C.T., ”eissbach H. and Udenfriend, 6. (1954). J. biol.
Chem. 210, 139.

Collins, G.G.S., Youdim, MeB. H., and Sandler, . (1958). FEBS
Letters 1, 215.

Contractor, S.F. (1966). Biochem. Pharmac. 15, 17Cl.

,C838ractor, S.F., Sandler, M. and Yragg, dJ. (1964).. Life. 5ci.. 3,



185

Cgoper Je R. and Melcer I. (1961). J. Pharmac. exp. Ther. 132,
265. ‘ . ;
Cog, M.H. and Baron, C. (196&). prerientia, 20 37#.

Costa Boullin D J., Hammer, e Vogel, Ve and Broale,‘
B.3. t196 ‘Pharmac. Rev, 18, 577. ,

Cotzias, G. c.; Papavasiliou, P.S. and Gellene R (1969)
. New Lngl. Je. Med. 280, 337. .

Cotzias G.Cesy PapaVasiliou P.S., Gellene, R, Aronson, R.B. ;
.and hena, I, 11969). In: Third symposium on Parkinson's Disease,
Do 178. E and Livingston Ltd. Edinburgh'and Lond..

*Cotzias G C. van noert, MJRS and- chiffer, L.M. (19675.:N.
<ungl. J. Med, _z_, 37h . . »

‘ Co:ard, A.F and Smith P. (1968).'Biochem. Med. 2, 216.
: Coward, R.F. ang ‘Smith, P. (1968,). J. Chromat. 37, 1ll.
' Coward, H.F. and Smith, P. (1968by. Biochem. Med. 2, 216,

 Cowérd, H;F., Sﬁith, Pe and Middleton, J.E. (1967)- Nature,
Lond. 213, 520,

- Cramer, K., Cramer ﬂ and belander, S. (1967). Clin. chim, Acta.
_2,331- ; , .

'_Crevellng, Ce R., Daly, J.u.,‘uitkop, B. and Udenfriend,u(1962).'
Biochim. blophys, Acta, 6L, 125.

Creveling, C. R., Van Der Schot, J.B. and. Udenfriend 5. (1962 )._
Biochem. biophys. Res. Commun, 8 215,

Crout, J. R. (1966). °harmac. Rev. 18 651.
Crout, J.R. (1968). Anesthesiology, 29, 661,
Crout "J.R. and'Sjoerdsma, A (iQéh)} J. Clin. Invest. 43, 94.

Crout J.R., Plsano, JeJo and Sjoerdsma, A. (1961). ‘Am. Heart
J. 61 375. , _—

‘" Curzon, G. (1957);_Afchs. Biochem, biophys. 66, L97.



186

2§cre, J C. and Ailliams, ReTe (1968) J. Fharm. Pharmac. gQ,
Ce . | . .

. Dacre, J. C., Schellne, ReRa and‘wiiliams;;ﬁ.T. (1968)..J. Pharm,
Phamac. 20 6190‘ oo o - ) -

Dagirmanjian, Laverty R., Mantegazzinl, Pey Sharman), DJF.
and Vogt. M. (1953 “J. Heurochem. 1, 177. '

Dalgllesh C:E. (lQS%).xAdv. Protein Chem. lO 31.‘;f<
ralgliesh C u. (1955b). Adv. Protein Chem. 10 '79..
Dalgliesh c.d. (1955c) Adv. :rotein Chem. 10 110.,_7"

Dalgliesh C-uo (1958) In. Advances in ulinlcal Chemiutry.'l )
193. Academic Press. Inc._N.Y. S . o

- Dalgliesh L.d. Horning Q.C. Horning, M. G., hnox, K. L. and
Yarger, x. (1966) + Blochem. Je 101, 792,

Daly - Jdu%e, Axelrod, J. and uitkop, B. (1960 + J. biol. Chem.
25, 11550 T s - o

Dargeon, N. (1962) 5 Pediat. 61 h56.-,‘
“Davis, R.B. and Rosenberg, J C. (1961). “hm. J. Med..z_, 167.

Davis, V. E., Brown, H., Huff J.A. and Cashah J.Ls (19678).v
J. Lab. clin. Med. 69, 132. ' : -

Davis V.&., Brown, H., Huff J.A. and Casha", JJL. (19675).

J. Lab, clif, Wed.,;Q, 787.

Davis, V.E., Cashaw, JuL., Huff, J.Ae, Brown,HH;‘and Nicholas,
NeLe (l96?c5 -Proc. Soc, exp. ‘Biol. Med 125, 11,40,

Davis, V.E,, Cashaw, J.L., Huf:, JeA. and Brown, H. (1966).
Proc. Soc. exp. Biol. Med. 122, 89C. :

Davis, P,, Peart, w.S. and van't Hoff, Yo (1955). Lancet. ii;
27k :

Dayman, J. and Jepson, J.B, (1969). Biochem, J.'liz, 1lp.

de Champlein, J., Axelrod, J., Krakoff, L.P. and Mueller, R.A.
(1968). Fedn. Proc. Fedn. Ame Socs, exp. Biol. 27, 399.



- 187

De Eds, F., Booth, A.l., and Jones, i.Ts (1957). J. biol. Chem.
222’ 615. - - ) L

: De:Laey,'?. Hooft, C., iimmermans, Je and Snoek, J. (1964).
innals.’ pedldt. 202; 145. o DA

De Potter, WsP., Bacd. Zel.,. Criel, G., De Schaepdryver, h.F.
and Henso_n’ J.t1963)l Biochem. Pharmac. _l__z_, 661. . '

_Den ler, H.J., Michaelson, I.i., Spiegel, H.Go and Titus, =.C.
(19 ?); Int. 3.-Neurpphgrmgc. i, 23f, C o

Dgiuattrd,‘v.i.~and Sjoerdsmé,‘Ay (1967). Clin. chim. ficts, ;é,l
227. - o ; - - ' ‘ -
Teluattro, VL., Kybenga; D;, von Studnitz, v, and'Brunjés,
s. (196#).!’. Labo ¢clin. MEdt _6_2, 861}. ’ . B

Dew; C.l%, ‘and Mcillesky, JoR. (1965). 1In: Vaﬁour hase :
Chromatography. ed. .. Desty, p. 213!'Butterworths, Londcn.

Dicke; N;K;,.Kingma, ﬁ.E., wédman, SeXe, de Jongh, 3.5. and-
Nooch, E.L. (1959). Presented-at the IXth Intern. Cong. of
Pediatrics, Montreal. ' e :

' pirscherl, il. ond uirtafeld, A. (1964). G Physiol. Chem. -
l L] ' B .

Doft, FeS8. (1965). Paper presented to NiT0 Advenced Study
‘Institute, in Hartley wintney, Hampshire. Englend, fugust. 1965.

Donaldson, R.M., Jr., Gray, 5.J., and Letsou, V.C. (1959).
Lancet, ii, 1002.

Donath, A., Kaser, H., Roos, B., Ziegler, ., Cetliker, O.,
Colombo, J.F. and Bettex, M. (1965). lleh. Pediat. Acta. 2u, 1.

Drujan, B.D., Alvarez, Ne and Borges, J.M. (1966). Analyt.
Biochem. 15, B 4

Duchof, J., MatouS, B and Prochhzkova, B. (1§67). Clin. chim.
Acta. 18, 487. : ‘

1

Zceleston, U., Yoir, A.7.B., Reading, H.'J., and ficchie, I.l.
(1966). Br. J. Fharmac. Chemother. 24, 367.

hringer, H. and Hornyklewicz, 0. (1960). Klin. Wwschr, 38, 1236,



188.

. . Engelman, K. and SJoerdsma, A (196&) -Jeo Am, med. Asso. l 2, 81.

Zngelman, K., Lovenberg, e -and SJoerdsma, Ao (1967) New Engl.
J. led, 277 1103.

“fspamer V} (1954 ) « rharmac. Rev, 6, h25.

' f;rspamer V. (195ha) in Ciba Ioundatlon symposium on
!yperten31on, London: Churchill, ed..G.!.%. Wiolstenhclme and

.7 Camerson, p. 78 g .

Erspatier, V. (1955). J.;=h95161;, Lond. 127,'118;'

ﬂ”.ﬁrspémﬁr;AV..(l§56) axperientia, 12 63.

Efspemer,‘v. (1961). rortschr. Arznelmittlforsch. 3, 151.

. Erspamer, V. (lééé) In Fandbook of uhperlmental rharmacology.
ed O. aichler and A, rarah. uprlnger Berlin.-_ﬂ, 113.

urspamer V. and Asero, B. (1952). hature Lond. 16 2, 8LO. i

-‘urspamer,nv; and Bertaccini, G.v(l962) Archs.alnt. fharmacodyn

137, 6.°
. Crspamer, V. and Ciceri, C. (1957). uxperientia 13, 87..
"ﬁrSpamcf,lV; éndvclasser, ke (196C). Ateneo’ parmense, 2_, 511.

| urspamer, V.; Glasser, A.“ana Nobili, #.B. (1961). Archs. Biochém.
93, 673. :

“rspamer, V., ulasser Ay H331ni C. and doppéni G.‘(1961)
Nature Lond. 187, 483) - \

trwin, V.G. and Hellermagf L. (1967). J. biol -Chem. 242, 4230.
Erwin; v.GC. and‘:eitrich, A (1955) Je biol. Chem. 241, 3533.l
, Ewin; ﬁ.i. and Laidlaw, P,P. (1910). J. :Hysiol., Lond. 41, 78.
fuler, V.S. von;.(lésé), "Noradrénaline" gprlngfield, Illinois.
fvans, R.5. (1963). Chimia, 17, 137.

Iverett, S.U. (1964). J. Pharm. Fharmac. 16, 767.



~ 189

Falck, B., Haggendal J. and Cwman, C.” (1963). Q. J1 exp.
rhy31ol. 48, 253.

Falck8 B., Owman, C. and Sjostrand N—O. (1965). Experientia,
21, 9 :

Feldstein, A. end Williams, C. (1968). In: Advances In
Pharmacology. ed by S. Garattini, P.A. Shore, E. Losta, and M.
Sandler, 6, Fart A. 91.

Feldstein, A. and Wong, K.K.K. (1965,). Life Sci. 4, 183.
_Feldstein, A. and cong, K.K.K. (1965y). Analyt. Biochem. 11, .467.
Fellman, J.H. (1959). fnzymologia, 20, 366.. ' -

Fellman, J.H.,, Severson, L. J., Yoblnson, Z+He and Fujita, T.S.
(1962). *sm. J. c¢lin. Path. 38, 651,

rlsgher P. «and Lecomte, J. (1956). C.r, Séanc. Soc. Biol. 150,
102

ronnum, F., Haavaldsen, ?. and Tengen, O. (l96h) J+ Neurochem.,
11, 109. \

Fowlis, 'A., Maggs, 2.d. and Scott, i.P.W. (1964). J. Chromat.
_Li’ l‘-?lo ‘ LT '

Freedman, R.¥. and Charlier, G. C. (1964). fnalyt. Chem. 36, 138C.

N

rreedland, R.A., Wadzinski, H.A. and Waisman, H.A. (1961).
Biochem. biophys. Res. Commun 2, 94, , ‘

‘Friedhoff, A.J., Hekimian, L., Alpert, M. and . Lobach, Te (1963)
Je 1mer. med. Ass. 184, 285, ‘ :

Friedman, S. and Kaufman, 8. (1965). Je biol. Chem. 2&0,‘?0552.
friedman, S. and Kaufman, S. (19654). J. biol. Chem. 240, 4763.
Friedhoff, A.J. and Furiya, K. (1967). Nature, Lond. 214, 1127.
Freyburger, L.A., Graham, B.E., Rapport, M.M., Seay, P. A.
Govier, W.M., Swoap, O.Z. and. Vander Brook M.d. (1952)
Pharmac. exp. Ther, __2, 80, \

zuller, ReW. and Hunt, J.M. (1967). Life Sci. 6, 1107.

i



190

 Gaddum, J.H, (19534) . J Physiol., Lond. 121, 15p..

- Gaddum, 'J. H. (19545). Ciba Toundatlon on Hypertension, ed, G.u We
aolstenholme and M. P. Camerson, Do 75. ‘ o o

- Gaddgg, JuHL and Giarman, N J. (1956). Er.:J,uPharhac.~Chémother.ﬂ
) 11 . . . . . ) . . .

' Gal,-¢.M (1965). redn. Proc. Fedn. Am. hocs. exp. Biol. _5, 580;

| Gal, E.M. Armstrong, J. c. and Glnoberg, B. (1966). Je.

Veurochem. 13 6L3.

“Garattini, S. "and Valzelli L. (1965) Sqrotonin; Elsevier,”
;,msterdam. : , . :

" Garattini; S., Shore, .A. Costa, E. and Sandler, M.‘(1968)
Advances in Pharmacology. é “Part A. Academlc Press, N. Y.; _

- Georges, R.dJ. (1964). Clin. chim. -Acta. lO 583.

Gerstenbrand F. and Pateisby Ko (1962). wien. a. Nervenheilk
20, 90. N

V, Gessner, P, K., Khairallah, L.A., McIssac, WM. ‘and Page, I.H.
(1960) . Pharmac. exp. Ther. 3 , 126,

Gey, K.F. (1968). Abstract. Fifth meetlng. }ederatlon of
Zuropean Biochemical Societies Praha. :No. 472, 118.

Gey, K.F. and Pletscher, A, (196&). Biochem. 'J. 92, 30C.
Giachetti,.A. and ahore, P A. (1966) Life Jei. 3, 1373.
' Gibbs, N.K. and ¥oolf , L.I. (1959). Br. Med. J. ii, 532.

: Gltlow,‘o.d.; tendlowitz, M., Kruk, Z. .end Khassis, S. (1961).
- Circulation fes. 9, 746,

Gith'h ’ S.Ce ’ endlov\’itz I‘I. lilk L.K ﬂllk’ Ju ’ lolf’ RoLt
and Bertani, LM, (1968) J. Lab, clin. Med, Z_, 12. :

Gjesglng, L.ﬁ. (1963). Scand. J. clin. Lab. Invest. _2, L63.
Gjessing, L.R..(19633). Scand. J. clin..Lab. Invest. 15, 649.
,Gjeséing, L.A.- (1964). Scand., J. clin. Lab.. Invest. ;é,-éél.

5



191

Gjessing, L.R. (1966). In: Recent Results In -Cancer Research.-
Neuroblastoma Biochemical Studies. ed. C. Bohuon, p. 26,
Sprinver-Verlag, Berlin, Heldelberg, N.Y. :
Gjessing, L. R. (1966, ) " Scand. J..clin.\Lab. invest. 18, 540,

Gjessing, L.n. (1968), In: Advances In Clinical . Chemistry. -
ed. 0. Bodansky'and C.P. 3tewart, 11, .Academic Press, Inc. n.Y.

Cjessing, L.R. and Borud, G. (196kg). Lancet, i1, 818.

Gjessing, L. R. and Borud, O. (1965). Scand. J. clin. Lab,
Invest., 17, 80.

Glasstone, Se (1960). Textbook of Phy51cal ”hemistry, Machllan,‘
London 2nd. ed.

Glowinski, J. and Baldessarini, R.J. (1966). .harmac. ‘Rev., 18
© 1201, -

glowinski J. Kopin, I.d. and Axelrod, 3 (1965). J. Neurochem.
2, 25,

Goldstein, M. (1962). Experientia, 18, 334. - _
Goldéfein, M. and Contrera, J.T. (1G61). Experientié,'_l, LL7 .

Goldstein, M.,. Gang, H. and- Joh, T.H, (1969). Fedn. Proc. redn. :
Am. Socs. exp. Biol, 28, 287. :

Goldstein M. Lauber,.u. and ﬁcKereghan, M. Re (1965) . biol,
Chem. 240, 2056,

‘Goldstein2 M., Prochoroff Ne.N. and Sirlin, f’(l9658).
uxperientla, 21, 592. ,

Goldstein, M., Lauber, L., Blumberg, W.E. and Pelsach Je -
(1965b). Fedn. Proc. Fedn. Am. SOCS. eXPe BiOl _lt, 6OI+0 N

Goldstein, 4., McKereghan, M.R., and Lauber, Z. (1963). Biochem.
biophys. Hctao zz, 1610

Goldstein, L. B., Friedhoff, A.d., olnmons, C. and Prochoroff V.,
(1960), Proc. 30c. exp. Biol. Med. 103, 137.. ,

Goldstein, M., Friedhoff, A.J., Pomerantz, . end Contrera,
JeTa (1961). J. Biol. Chem. 230, 1816,



192
Goldstein, M., Friedhoff, A.d,, Pomerantz, S, and Simmons, C.

(19604). Biochem, biophys. Acta. 39, 189.

Goldstein, M., Muszcchio, J.M., Kenin, M.C., Contrera, J.P.,
and I Tice, *M.Do (1962,). Biochem. Pharmac. 11, 809. .

: Goodman L.S, and Gilman, A.. (1965). In: The rharmacological
Basis of Theraputics, Machillan, NeYs - ,

Goodall, McC. and Kirshnﬂr, (1957) Je- biol.'Chém. 226, '213.
Goodall, McC, and Kirshner, N. (1958). Circulation, 17, 366.

Ggodall, leC. and Alton, H. (l965)a J.-Pharmac.\exp. Ther. 14,
1595.

Goodwin-Austen, R.B. Tomlinson, .E«Ro, Fears, Ca C and Kok
H.w.Le (1959). Lancet. ii, 165.° .o o

Gorkin, V.Z. (1963). Nature Lord 200 77.

. Gofkin, V.ze (1966). Pharmac. Rev. 18 115.

~ Gorkin, V.Z. and Romanova, L. A. (1959). Blokhimiya 2L, 826.
Graham, J.B. (1951). Surgery Gynec. .Cbstet, 2_, 105.
'Grahame-Smith -D.G, (l96ha). Biochim. biophys. Acta, 86, 176.

Ggghame—umlth DyGe (1964y). Biochem. blophys. Res, Commun, 16,
5 ,

Grahame~Emith, D.G. (196hc). Biochém. Je 92, 52pe
Grzhame-Smith, D.G. (1967). Biophem, J. 105, 351. .
Grahéme—Smith, D.G., and Moloney, L. (1965). Bioéheﬁ. J. 96, éép.
Green, #.L. (1964). Biochim. biophys. Acta. 81, 396.

Green, H. (1958). In: AdVances In Pharmacology. ed. S.
Garattlnl, PeA. Shore, 4. Costa.and M. Sandler. 6, Part A, 18.

Green, H and Sawyer, J.L. (1965). Fedn. Proc. Fedn. Am, Socs.
eXPe Bi01¢ 21& 601&0

Green, H. and Sawyer, J.L. (1966). Analyt. Biochem. 15, 53.



193

Greenberg, it.E. and Gardner, L.I. (1959). Pgdiatfics,
Sprlngfieia,

Greenberg, FaZe and Gardner, L.I. (1960). J.'clln. Invest.
39, 1729. | :

~ Greenberg; - ..3. and Lind, Jo- (1961). Pedlatrlcs, Springfield, _z,
. 904, M :

,Greenfield “J.G. (1955). In: Neuropatholbgy,‘szg, Edwards, ;
ﬁArnold Lond. - - o e

Greenstein, J.P. and ”inltz, M. (1961) in;. Cheﬁisﬁry of
tmino Acids. 311, John uiley, N.Y. ' . .

'Greer, M. and- ”illiams, (1903). deurology, Jinneap. _1, 73.
",Greer5 M. and’ Hilliams, C.M, (1967). nnalyt. BlOChcm. _2, hC. ‘

‘Gfeef M. Anton, u.H., J'i.ll:i.ams, CeMo. and uchevarrle, Tiele

K ,(19653, Archs. Neurol., Chicago 13, 139. ¢

‘ Gross ‘ReE, rarber S. and Martin, L. (1959){ Pediatrics.
Snringfield 23, 1179. . , o .

Grunwald, C., Vendrell M.'and’Stoﬁe,‘B.B.‘(l§67). Analyt;.
Blochem. 20 L3k C ) _

Guggenhelm (1913). Hoppeseyler's Do thsiol. Chem. 88 276, *

Guha, S.R, and Kirshna Murti, (1965). Biochem. blophyo. Res.
Commun. 18, 350. - . ‘

Gurd. M.R. (1937), uart, Jl. 3harm. Pharmac. 10, 188,
Gurin, S. and Delluva, A.lM, (19h7). d. blol. Chem. 17C, SLS

Guroff, G. ‘Daly, J.7., Jerina, D.M., Renson, dJ., “itkop, B.
and Udenfriend 8. {1987). Science, N.T. 157, 1524.

Haa vuldsen R. (1964 ). Biochem., J« 92, 23p.

Haavaldsen, R. and Norseth, T. (1965). In: Cymposium on
Tjrosinosis, ed. L.RH. GJessing, Universitetsforlaget, Oslo, 5C.

Hogen, P. (1956). J. Pharmac. exp. Ther. 116, 26,



194

Hagen,.P. (1962). Br. J. Pharmac. Chemother. 18, 175. -
Hagen, P’.B. and‘Cohén, L.H., (1966). In: Handbook of .-
~xperimental Pharmacology. ed. C. Fichler and A. Farah. _3,
182, Springer-Verlag. Berlin. Heidelberg. NeY. ,

’Hagen, P. and Lee, F.L. (1958) J. Physiol., Lond. 143, 7.£.

Hagen, P., on0, S. and Lee, F,. L. (1966) J.APharmac} eip.f
Ther, 130, 9. , R

Hager, S.E., Gregermgn, R. I. and Knox, u.b. (1957). d. biol,"

""Chem. 225, 935..

- Hgggendal J. and Lindqvist M. (1961). hcta Pharmac. (Kbh)
278, . S

“’qalvogsen K. and Halvorsen s. (1963) Pediatrics, Springfield,
o 3L, 29. . . A

Hanson," A: (1966). In handbook of Experimental Pharmacology.
ed. O. ~,:lchler and A. Faran, Vol. 19, p.66. L

Happold F.Ce (lQSO).‘ndV. hnzymol. 10, 51.
‘Harriman, D.G.F. (1956). Hospital Medicine, Oct. 17.

’Hartmann, Wade ‘and Clark, .G, (1953). Tedn. Proc, Fedn. it
Socs, exp. Biol, 12, 62. .

Hartmann, W.J., Akawie, Ho%e, and Clark, #.Ce (1955)s J. biols
Chem, 216, 507. |

Hassler Re (1938). Je Physiol. Neurol.; Leipzig, 48, 387.
Hedgley, E.J. and Overend, .G. (1960). Chem. Ind. 378.

Heath, J.4, (;9&7). Archs,Neurgl. Psychiat., Chicago, 58, 484.
ﬂéilmeyér, L énd Ciottén, V.R. (1958). Dt. med. Vschr. 83, 617.

ngr%éch P, and uekeris, C.%, (1963). Biochim. biophys. Acta,
7 O. *

Hess, S., Hedfield, B.G. and Udenfriend, S. (1959). Fedn. Proc.
Fedn. /me. QOCS. exp. Biol. 18 Lp02.

Higuchi, H. (1962). Jap. J. Phormac. 12, 3h.



195

‘ LHinterberger H. and Bartholomew, Re J. (1969). Clin. chim.
“ACtoao _1’ 169| oo T . R

| Hirschmann, J. and Mayer, Ko (196h). Dt. med.’uschr. _2, 187,

.f.Holtz, Po (1939). Naturwissenschaften, 27, . 72&.

A-Holtz, P. (1959) Pharmac. Rev, 11, 317.
"holtz, Pa and Credner, K. (19&2) Archs. expilPatH;-Pharmak;

L 200, -356.

' Holtz, P., Heise, R. end Ludtke, X, (1938).iArchs. exg;lpath. 4
“ Pharmak. 12 1, 87. . - »,J" ‘ - "

R Holzbauer, Li anq Vogt. M. (1956): dJ. Neurochem. 1, &.
" Hopkins, F.G. 2nd Cole, Selte (1902). 'J. -Physicl. Lond. 27, L18

. Horii Z., Makita, Mey Takeda I., Tamura, Y. and Chnishi Y.
(1965} Chem. Pharmac. Bull, _2, 6. .

‘ Horita, A. (1967).“‘Nature Lond. __5, 411,

Horning, M G., Boucher, E.A. and Moss' A.M. (1067) J. Gas
‘Chromatog. 5, 297 , "

Horning, E.C. Horning, 1.G., Vanden Heuvel Wed. Aey hnox KeLas,
 Holmstedt, B. *and. Brooks, C.J.%. (1964). Analyt. Chem. 2_, 15&6.

”Horning M.G.y Xnox, K.L., Dalgliesh; C,E. and Horning, £, Co
(1966). Anahm. Biochem, _Z, 244,

Horning, E. C.,Sweeley, C, C., Dalgliesh, C.E., and Kelly, W
(1959). Biochlm. biophys. Acta. 2_, 566.

Hornykiewicz, 0. (1962).‘Germ.“mgd, Mon. 10, 3LkL.
" Hornykiewicz, O. (1963): tein, Klin, “fschr. 75, 309. .
Hornykiedicz, O. (1906). Pharmac. Rev. 18 925.

“ . Hormitz, D., Fox, s M., Goldberg, L.I. (1962). Circulation Res.

10, 237.
Hosoda, S. and Glick D (1906). R biol. Chem. _g_, 192.



196

Howard, W.T., McDevitt PeI, and otander,,t.w. (196A). ‘me dJo
Obstet. Gynec. 89, 615.

Hughes, T.B. and Brodie, B.B. (1959). Zxperientia, ;5, 178.

‘Hughesé T’B., Shore, «A. and Brodie, B.S. (1958). prerientlé,~
1L, 17 ‘ \

Ichlyama Nakamura: S.,’Nishizuka, ‘T and Fayaishi C.
(1968). in " Advances in Pharmacology, ed. S. Garattini., P.A,
‘ Shore, Be Costa, and M. uandler, é, Part -A.5,Academic Press. p.5.

Iiaola, Z. and Castren 'O, (1967). Mnnls. Med. exp. Biol, Fenn.
&i, 253 .

Ikeda, M. Levitt M.'ahd Udenfriend, 5. (1965). Bicchem. biophys.
Commun. 18, L82.

;o

-Ikeda, M., Levitt, M. and Udenfriend,. S. (1967). Archa. Biochen.
Biophys. 120, h20. ,

/
émaizumi R, Yashlda, H. and Kita, T. (1958). Jap. J. Pharmac,
9. : .

Inscoe, J. . Ualoy, Je- and Axelrod J. (1965). Biochcm. Pharmac.
1k, 1257, |

Itoh, L., Yoshinaga, K., Sato, T., ,Ishida, W. and Wwada, Y.
' (1962). Nature. Lond. 193, L77. - ’

Iverson, L.L. (1967}, The Uptske And Storage of Noradrenallne
In Lympathetic Nerves. Cambridge University Presa. -

Iverson, L. L. (1967 ). Nature, Lond. Zlh 8
Iverson, L.L. (1969). J. Physiol., Llond. 201, 1 p.

Izumi, ¥., Oka, M., Yoshida, H. and Imaizumi, R. (1967). Life
Sci. 6, 2333. |

- Izumi, K., Cka, M. Yoshlda, H. and Imaizumi, S (1969).
. Biochem. Pharmac. 18 1738,

Jacoby, G.Ae. and Lafu, B. (1962). Biochem, biophys. Res. Commun.
352. ‘ -



197

VJaépicke, 3.“ahd Bremer, H.J. (1966) . Ze Kinderﬁeilk 97, 281,
" Jere, R.S. (195C). Proc. Soc. exp. Biol. Med. ZL, 148, .
'Jepson, J.B., (1955). Lancet ii, 1009. o
Jepson, ‘J.Be (1966). In: The Metabolic Basis of Inherited
diseaae ed. J.B. Stanbury, J.S. syngaarden and D.S.

b redrlckson, 2nd edn. 1283, McGraw-Hill. N.Y.

Jepson, -J«B. (1969) In: Chromatogranhlc and'ulectrbphoretic
Techniques. ede I, Smith, 1,-243, 3rd. edn, Heinemann, London.

Jepson, J B., Udenfriend, S, and Zaltzman, P. (1959). Fedn.
Proc. /m. Socs. FxXp. Biol. 18, 254. -

Jepson, J.B., ualtzman, P. and Udenfriend S. (1962). Blochlm.-
: blophys. hcta, 62, 91. . :

Je uier, 3., Robinson, D. S., Lovenberg, . and ujoerdsma, Ao
(1969). Biochem. Pharmac. 18, 1C71.

Johansson B. and Roos, B.E. (1967). bife Seis 6, 1449,

Kahane, Z., Mowat, J.H. and Vestergaard Pe (1969). Clin. chim.
Acta. 26, 307. '

Kahler,ilJ. and Heilmeyer, L. (1901) Ergebn. Inn. Med.
Kinderheilk 16, 292. , .

Karoum 'F., Anah, C.C., Ruthven, C.R.J. and Sandler, M. (1959).
Clin. chim. Acta. 2k, 341,

Karoum, F., Ruthven, C.R.J. and Sandler, M. (1968), Clin, chim.
Acta,. 20 1}271 , '

Karoum, F. and Sandler, ¥. (1968). Proc. Assoc. Clin. Biochem.

5, 123,

-Karlson, P., Sekeris, C.Z. and Herrlich, P. (1963). TLt. Med.
Wlschre 39, 1873, .

Kiser, He (1946). Pharmac. Rev. 18, 659.

Kaser, H., Bettex, M and von Studnitz, W. (1964). Archs. Dis.
Childh. __2’ 1680 . T . : -



198

Kaser H. ochneisguth 0., Sellei, Ko and Spengler, Geho
(19635 Helv. chim, hcta. 30, 628, . «

Kaufman; S. (1957). J. biol.  Chem. 226, 511.

' Kaufman, S. (1958). Je Biol} Chem# _2_, 931;

Kaufman, S.. (1959). J. biol, Chem. 23k, 2677.

—KaﬁIﬁan; Se (1963a)' Procs. Natn. Acad. Sci. U.c.A. §g, 1085,

‘Kaufman, S. (1963y,) Inifokygeﬁases. ed, O Hayaishi, 129,
- Academic Press. N Y.. L ' “

Kaufman, - S. (196u). Trans.‘N T, icad. bCi., 26, 977.
Kaufmgn,~ (1966). Pharmac. Rev. 18 61,

: Kaufman, S,., Bridgers, WePo, nisenberg. e and Triedman, S, -
(1962). Blochen. blophys. Res., Comnun.,ﬂ, 497- -

~_ Kaufman, S. and Friedman, -S. (1965). Pharmac. Rev.-_z, 71,

Kaufman, S. -and Lovenberg, B. (1959). J. biol, Chem., 23L, 2683.
&egleV1c, D., Kveder, S. and Iskric, S. (1968).- In: hdvances .
In Pharmacology, ed. S, Garattini, P.A., Shore, k. Costa, and
¥+ Sandler, 6, Part R, 79. \

* Kenney, F.T.. (1959). J. biol. cném. 23k. 2707,

- Kennedy, J.S., uynnlngton, T. and “oodger, B.A. (1961). J. Path,
.’BHCto 81 lﬁ 9 ’

King, R L., Storaasli J.P. and Eolande, Re ", {1961). Ame J.
’Roentg. 85, 733. - L

'Kmrberger, . (1962). Dt. Med. uchsr. 87, 929.
Klrshner Ne . (1957). J. biol, Chem. 226 821.

Kérshner, Ne (1959). Fedn, Proc. Fedn. nm. Socs. exp. Biol. 18
261.

Kirshner, N. (1962). J. biol., Chem. 237, 2311.
Kirshner, N. (1962,). Science, N.Y. 135, 107.



199

Kiselev, A.V..(1958). In: The Structure And Properties of
Porous Materials, ed. D.H. Everett and F.S. Stone X, 257,
Butterworth Lond. R :

Klinkenberg A. end ojeniter F. (1956) Chem. Eng. Sci. 5, 258

Kitabehi, A.E. and uillisms, R.He (1969) -Biochin, blOtho-
ACt _L, 3.81. ) s -

Klawans, M.L. and einer, W~ (1959) 2nd~int.“meeting;u1nt{ 
Soc. heurochem. De 2&5. :

Knox, W,k. (1955). 1In: Symposiﬁm Gn fmino “Acid Metabolism.
ed. W.D. McElroy and H,B. Glass, Johns Hopkins,. Baltimore.

Knox, ‘. Z. (1966). . In: - The Metabolic Basis Of Inherlted
Disease, ed. J,B., Stanbury, -J.S. Wyngaarden .and D.S.
Frederickson, 2nd. cdn. 258 McGraw-Hill. ‘N. Y.

‘Kogl, i, Hasgen-Smit, A. J. and. erleben H. (1933). Z. physlol. -
‘Chem. 21L, . 241, - . g

Koler, R.:D., Vanbelllnghen, P J., Fellman, J.d., Jones, LT,
and Behrman, Ro . (1169). bcience, N. Y., 63, 1348,

Kopin, I.d. (1966). In: Symposium Cn Hechanisms Of Release COF
Biogenic 'mines. ed. U.G, von nuler, Se Rosell and B, Uvnas,
229, Pergamon, Cxford.

' Koaln, I.J. (1968). Anesthesiology, 29, 65&.

‘Kopln, I J. and Axelrod, J. (1960). Archs. Blochem. Biophys.
89, 148. ,

 Kopin Td., Axelrod J. end Gordon, E. (1961). J. biol. Chem.
236, 2109. ‘

Kopin I.J., Fischer, J. L. musacchio, J.A., Horst, WelDs and .
Weise, V.K.. (1965). d. . Pharmac. exp. Ther. 147, 186. .

Kopin, I.J. and Gordon, E.K. (1962)i J. Pharmac. expt. Ther.
138, 351.. . ' S o

Kopin, I.J. and Gordon, E,K. (1963). J.“Pharmaé.'exp. Ther.



260

”KO”ih I J.;and weise, U, K. 11958) Blochem.,Pharmac. 17, 1&61.

"rKretchmer Ne, Lev1ne J. Z., McNamara, ‘He and Barnett, H L.
(1956) J. clin. Invest. 35, 236. o v S

] Kretchmer, N. anndNamara, He. (1956) Js clln. Invest. 35, 1089

yﬁuntzman R., Shore, P.A.; Bogdanski, a. and Brodie B.B.
(19561). J. ueurochem. 6, 226. : -

Kvale, i, F Roth, G.u., Manper Telhe and-Priestley, J.T.
(19561 Circulation 1, 622. : . o

Ahveder, 5., Iskrié, S. and Keglevic, D. (1662). Biochem. J. 85, .
Lh7. : S

" Kveder, <. and Iskrid, S. (l§65).:Biochem.-J{‘25, 509.
‘La’Broése,‘E He (1968). J. pediaﬁ. Surg. 3, 148

La Brosse,® E.H. (1989). VIIth. Internatlonal congress of clinlcal
chemistry, Geneve/uv1an L,58.

La Brosse, E.H., Axelrod, J. Kopin, I.J. and Kety, S.S. (1961).
J. clin. Invest. L0, 253. . .

'La Brosse, S.H. and Karon, M. (1962). Excerpta Medica. Intern.
Con. Series No. L8.

La jrosse,»d.n.jand.xafon M. (1962,). Natufe Lond. 195, 1222,

La Du, H.N. (1966 ) In: ‘he Metabolic Basis of Inherited \
Disease, ed. J.B.- btanbury, J.S, iyngaarden and D5, rrederickson
2nd edn. 295, . McGraw-Hill, N,Y.

La Du, B. N. (1966 Yo In: The Metabolic Baéis of Inherited |
Disease, ed, -J.B. Stanbury J.5. Wyngaarden and D.S. Frederickson
.2nd edn. 303, McGraw-Hill, N.Y. . :
Laduron, P. and Belpalre, F. (1968). Biochem. -Pharmac, lZ: 1127,

Langemann, H., Boner, A. and Muller, P.Be (1962). Schweiz. med.
wWschr, 92, 1621, -

Lagunoff, D., Lam, K.B., Roeper,- &, and Benditt, E. P. (1957).
_Fedn. Proc. Fedn. Am. Socs. exp. Biol. 16, 363. i



201

. Laricet (1969). i, 1133.

Langer S.ile, Pantages, P..and ?eﬁder,}I. (1958);’Chem._ind. o
Lonﬂ. 166l|-0 - ’ N V

‘Lapidus, L. and Amiundson, Nofte (1952) J. physiol Chem.‘i_, 984,

"“~Lathe G.H. and Jalker M (1958) Biochem. J ,2_, 705.\

Lathe, G.H. and Ruthven, Coita J. (1958). clin Path. 11 155.

Leeper L C. and Udenfriend S.”(1956) Fedn. Proc.:Fedn.*Am;.
‘uocs. exp. Biol. 15, 298. RS S ‘ ~

Leeper, L.C., “elssbach, H. and'Udenfriend,'S. (1958). Archs,
"Biochem.. ZZ’ lyl?- ) . . )

‘Lembeck, F. (1953). Nature, ‘Lond. _z_, 910.
'Lembeck, T (1956). Schweiz. med. wschr. .86, 9h3.

Levin, E. Y., Levenberg, B. -and Raufman, Se (1959). 1edn. Proc.
Fedn. Am. - Scos. exp. Biol. 18, 272.

: Levin, u.Y., Levenberg, B. and Kaufman, Se (1960) J, biol. Chem,

‘ Levin E.T, and-Kaufman, S. “(1561). J. biol. Chemw gzg,\zonB.

Levine, Se a., Dann, M.:and Marple, Ee (19&3);'J,'clih. Invests
22, 551, o

Levine, S.Z., Gordon, H. H.,and Varples, E. (lQAla).\J.,clin.
Invest. 20, 209. ] e

Levine, S.,Z., 1 Warples, E. and Gordon H.H, (1941y).  J. clin.
Invest. 20, 199. '

Levine, S. Z., Marples, E. and Gordon, H.H. (1939). Science,—N.Y.f
90, 628,

Levitt, M., upector S., Sjoerdsma, A, and Udenfriend, Se7(1965).
J. Pharmac. exp. Ther. iL8, 1. <

Lin, 2.C.C. and Knox, W.E., (1957). Biocnim. biophys. Acta. 26,86.

Liberti, A. (1958). In: Gas Chromatography, ed. J,H. Cesty,
214, Butterworth Lond. ' , i



202

'Loewi 0. (1921). ‘Arch. ges. Physiol. 89, 239.

: Lord B. (1962) " In: Dlseases of The NerVQus System, Oxford
,,q‘Univ. Press, Lond. ' - A .

~~~~~~

“.’wLovelock J.u. (1958) J. Chromatog. 1 35.

' -"‘Lovelock J.u. (19538).,Nature, Lond:- 182 1663. .

_Lovelock JiE. (1960). In: Gas Chromatography, ed. R P.We

:f_ Scott,. 26 Butterworth Lond.

. Lovenberg Wy Barchas,”J. Jeissbach H.,and Udenfrlend S.
(1963). Arcrs. Blochem. Biophys. 103, 9.

Lovenberg, Wey Jequier E. and Sjperdsma,,ﬂ.'(1967). Science;
N.T., 55, 217. : ' o '

Lovenberg, ey Jequier,,~. and Sjoerdsma, A. (1968)
. Advances In xharmacology ed. S. Garattini, P.A. Shore, Ee
' Costa and M. Sandler, 6, Part Ay 21 Academic Press, N. Y.

) Lovenberg, i.. ueissbach H. and Udenfrlend 'S. (1962). J. biols
‘Chem. Z, 9.

Maggiolo C. and Haley, Toeds (l96h) Proc. Soc. exp{‘Biol.'Med.
115, 149, - - : . .

.. Malinoff, P. and Mxelrod, J. (1969). Science 16l , h28.
‘,Mandell Add.. (1965). Nature, Lond. 207, 977. -

Mannarino, E., Kirshner, N. ana Nashold B. S. (1963).
Neurochem. 10, 373.

’Marki F., Axelrod 'J. and Witkop, B. (1962). Biochim. biophys.
Acta. i_, 3 7 ’

Martln G. U., Brendel, R. and Beller, J.M., (195C). Exp. Med.

Martln A J.P, and Synge R.L.Me (1941). Biochem. J. 35, 1358.
Hathleu, P P. and Revol, L. (1968). Ann. Biol. clin. 26 383,

Nathews, J. and rartington, M.¥e (1964). Archs Dis. Childh.
39,. 371. . ‘ 4 _ , ,



203

Maynert, £.%”. and Isaéc ’L. (1958). In: AdVances In
Pharmacology, ed. S. Garattini P.As Shore, E. Costa and ,
M Sandler, é Part A 113, hCSdSMiC’PTGSS N.Y.

McDonald, "R, K. and :eise, U.K. (1962). J. Pharmac. exp. Ther.
136, 26.

McGeer, F.L. and McGeer, E.G, (1964). Biochem. biophys. Res.,
Commun., _Z, 502, '

- McGeer, P. L., Boulding, J.E., Gibson N.C.fand Eoulkes; R.G.
(1961) Je. tm, med, Ass. 22, 6650 ’

McIsaac, W.M. and Page, I He (1958) Science, N. Y. 128 537.
YicLennan, H. and York, u.d. (1967). J. physiol. 189, 393.

Meister, A. (1957). ' In: Biochemistry Of The imino Acids,.lst. -
edn, 11C, Academic Press, Inc, N.Y.

Meister, i, (1965). 1In: Biochenistry 0f The Amino Acids. 2nd,
- edn. 841, Acaedemic Press, Inc.

<

Mendez, J. and Stevenson, f.J. (19%6). J. Gas Chrométog. L, 483,

Menkes, J.H. and Avery, M.E, (19635. Bull -Johns HOpkins,Hosp.
) ___2’ 301- . .

Mitoma, C., Weissbach, H. and Udenfriend, s. (1955). Nature,
Lond., 25’ 991}0 - . ;

Mitoma, C., Aeissbach H. and Udenfriend, S. (1956). Archs,.
Biochem. Biophys. 63, 122. ‘

Miyaka, He, . Yashlda H. and Imaizumi Re (1962). Jap. J. Fharmac,

Moorhead,)L.L., Caldwell, J.i., Ke‘ly, A.i, and xorales, Aol
(1906)0 J. Amo ed Ass, 9 ’ 11070

Mueller, i.A. and uhideman, Fefe (1963). J. Pharmac.. exp. Ther.
163, 91,

Musacchio,” J.lii and Goldstein, M, (1963). Biochem. Pharmac. 12,
1055. -

Muscholl, £. and Vogt. M. (1958). J. physiol. lond. 141, 132,



204

4 guller J.M., Schlittler, s.‘and’Bein, Hado (1952); zxpefientia
338. : . : : ' C .

Nagatsu, T., Levitt, M.- and Udenfriend S. (196h). Je blOl-.
Chem., 59 2910. 4

' Nagatsu, T. Lyman, A.R. and De %uattro, V. (1909). Biochem.
PharmBCQ 18 lhhl.‘

Nakamura, ‘Sey Ichiyama, A. and Hayalshi O. (1965) Fedn: Proc.
. Pedno Am, SOCS: eXDe BiOlo 2&, 60h. X o S

Hakao, A..and Ball, M. (1960).  J. nerv. ment. Dis. 130, 417.
Nara, S. and Yasunobo, K.T, (1966). . Pharmac. Rev. 18, 1lhk..
Neff, N.H. and Costa, E. (1966). Life Sci. 5, 951.

Neri, R., Hayano, M., Stone De, Dorfman, n.Is and Elmadjian, r.
(1956). Archs. Biochem. Biophys. 60, 297. : »

Nicolopoulos, A., Agathopoulos, ‘A., Danelatou-Athanassiadou, C.
and Bafataki, M. (1968) Pediatrics, Springfield, k1, 777.

Nqble,’N.n. (;961). Med. J. Aust. ii, 589.
Novick, W.J., (1961). EZndocrinology, & _2,'55.

" Kumerof Py Gordon, M, and Kelly, JeMe (1955). J. Fharmac. exp;;
Ther. 115, 427. -

Qates, .J.A. (1901). C In: Methods of Medical Research. Q,.169.
. Oates, J.A. and Sjoerdsma, - A. (1962). bm. " de med 2_, 333.

Qates, J.A., Gillespie, L., Udenfriend S. and uJoerdsma, Ao
(1960}. Science, ®.7. 131, 1890,

Oates, JiA., Melmon, K.,'ujoerdsma, A., GllleSpie, L. and
Mason; D.T. (1964 ). Lancet i, 514, .

Oka, M., Kajikawa, K., Ohuchi T., Yoshida, H. and Imalzuml, 1.
(1937) Life Sci. 6, 461,

.



- 205

- Oliver, G. and Schafer, E.A., (1894). J. Fhysiol. (Proc.) 18,
O'zeilly, S. (1969). Lancet i, 98.4.

Oswald, E.O. and otrittmater, C.F, (1963). Proc. Soc. exp.
Biol., Med. 11 R 668 , R

Owman, C. and Sjostrand, N.0. (1965). 2. Zellforschi 66, 3CO.
Page, I.H. (1954). Physiol. Rev. 3L, - 563.
Page, I. H. (1958). Physiol. Rev. 38, 277.

Page, I. H. Corcoran A.C., Udenfriend, Sey Sjoérdsma,,A.'and
’eissbach H. (1955) Lancet, 1, 198.

Partington M. (1968). BlOl. Jeonat. 12, 316.
Pernow, 8. and ﬂaldenstrom, J. (1957). Am, J. iled, 23, 16.

Perry, T.L., Hansen S. and MacDougall, L. (1966). Can. Med.
Ass. Jo 22, n ; .

Perez-Silva, G., Rodriguez, D, and Perez-Silva, J. 11966).
Nature, Lond. 212, 303. . ‘

Perry, T.L., Hestrin, M., McDougall, L. and Hansen,.S. (1966).
Clin,’chim, Acta. 14, 116. - : \

Petrack, B., Sheppy, F. and Fetzer, V. (1968). J+ ‘biol. Chem.
243, 743 .

+ Pisano, J.Jd.,. Crout, Jeite and nbraham D.. (1962) Cline chim,
Actﬂ' Z’ 285'

Pisano, J.Jd., Crevaling, C. R. and Udenfriend Se (1960).
Biochim. biophys. Leta. 43, 566.

Pierce, A E. (1968). Silylation of Organic Compounds, Pierce
Chemical Company, Rockford, Illinois.

rletscher, A. (1966). Pharmac. Rev. 18 121,

Pletscher, A., Shore, P.A. and Brodie, B.B. (1955). Science,
N.Y. 122, 374.



206

pPletscher A., Bartholini G. and Tissot, Re’ (1967) Brain
Res. k, 165.

Plummer, Aede, Shepnard H. and" Schulert heHe’ (1957). In"
Psychotropic nrugs, ed. S..Garattini and V. Ghettl 350,

' nhlsevier Amsterdam

Pohorecky, L.A., Zigmond, Mae ;. Karten, I. and uurtman, Hede
(1969). J. Fharmac. exp. ”her. 5, 190, _ o

Potter, L.T. and Axelrod Je (1963). J. Pharmac. ' exp. Ther.’
’ _l‘k_’ 199- s .

Potter, LeTe and Axelrod Jde (1963). Je Pharmac. exp.'”her.
_-lt—l 299‘ - : . L

Potter, L.?..and ‘Parrish, J.d. (l9h2); Am. J. Phath.118 141,

Posner, H. b., Mitoma, C. and Udenfriend, S, (1961). Archs.
. Biochem. Biophys. 9k, 26 9.

~ Powell, L.E.‘(l96h). Plant. Physiol., 39, 836.

Prange, A.J., thite, Jr. J.E., Lipton, MeAs and Kinkead, A.M.
(1967) Life oci.-é 58 . ]

"Purnell 'H. (1962). In: . Gas thrbmatography, John wiley. N.Y.

Pscheidt G He, Berlet, H.H., Spaide, J. and Himwich HelLo
(1966). Clin. chim. Acta. 13, 228,

" Guay, W.B. (1968).- In: Advances In Pharmacology, ed. 5.
Garattini, P.A. Shore, E. Costa and M. Sandler, 6, 2383.

Ranadive, N.S. and Sehon, A.H.. (1967,). Canad. J. Biochem,
___2, 1681. ’ :

' Ranadive, N.S. and Sehon, A.He (1967,). Canad. J. Blochem,
L5, 1689. : :

Ranadive, ¥.S. and Sehon, S.H. (1967c). Canad. J. Biochem.,
45,.1701. ~ C :

Rand, M. and Reid, G. (1951), Nature, Lond. 158, 385.



207
Renson, J., Goodwin, r., Weissbach, H. and Udenfriena, 5.
(1961). Biochem. blophys. Rés. Commun. 6, 2C.

Renson, J., meissbach Hs end Udenfriend, S. (1962). J. biol.
Chem, 22 ’ 2261.

Rinne, U.K. and Sonninen V. (1968). Ann, Ned. Int. Fenn. 57,
105,

Rinne, U.K., Laitinen, L. and Sonninen, V. (1967). Neurology,
Minneap. 153, 345. «

Robinson, R. (1966). 1In: Recent Results In Cancer Research
.Neuroblastoma Biochemical Studies, ed. C. Bohuon, 37.

Robinson, R. and Smith, ?. (1962). Clin: chim. ‘Acta 7, 29.

Robinson, R., Smith, P, and vhittaker, S.R.F. (1964). Br.
med. J. i, 122, . -

Rodnight, R. (1956). Biochem. J. 6, 621.

Rodnight, n. (1961). Int. Rev. Neurobiol., 3, 251.

Rodnight, R. and McIlwain, H. (1956). Br. med. J. i, 108.

Roos, B.E. and verdinius, B. (1964). Life. Sci. 3, 351+
Rosengren, E. (1960). Acta physiol. Scand. 49, 370.

Roéensﬁein, B.Je and Engelmén, K. (1963). J. Pediat./éi, 217.k
Rowland, M. an&*Riegelman; S. (1967). Abalyt. Biochem. 20, 463.
Ruthven, C.R.d. (1963). In: The Clinical Chemistry of
Monoamines, ed. H. Varley and A.H. Gowenlock 39, Elsevier,
Amsterdam, - ‘

Ruthven, CeRude (1965). ?h. D. Thesis Univeréity of Londen.
Ruthven, C.,R.J. anﬁ Sandler, M. (1962). Biochem, J. 43, 30 p.
Ruthven, C.R.J,’and Sandler, M. (1964). Analyt. Biochem. 8, 282.
' Ruthven, C.R.d. aﬂd Sandler, M, (1965). Clin, chim. Acta. 12, 318,

!



208

Ruthven, C. R.J. and uandler, Mo (1966). Clin. chim, ACta.‘lg, 511
Rutledge C.0. and Jonason Je (1967) J. Pharmac, exp. Ther.

N ___51’ L}930

Rutledge, C.O;rand‘weiner, N;'(1967). J. Phérmac. exp. Ther.
'_22, 290. ) : . ST .

Sokamoto, Uchida M. and,Ichihgra,‘K. (1953). Med.‘J.:

"~ - Osaka Univ. i h77.

’ Sano I., Gamo, T. Kakimoto Y. Tanlguchi K., Takesada,
LM and Nishinuma, Ko (1959). Biochim. blophys. Acta. 2_, 586

Sandler M« (1963) In: The ulinical Chemistry of Nonoamines,
.eds H. Varley and “A,H. Gowenlock, 116, Elsevier, /msterdam.

' Sandler, M (1967). 'Proc, Re SocC. ﬁed 60, 1.

: Sandler, M. (1968). Annls. Med.,exp. Biol. Fenn. 5_, h79

, Sandler M, (lQéSa In: Advances In Pharmacology, ed. Se
Garattini Pt Shore, E. Costa and M. Sandler, 6, Part B,

127,: Academic Press, Inc. p. 127. :

Sandler, M.’Kérim; S.M.M. and wWilliams, .0, (1968).-Laﬁcet,
ii, 1053. . B : » ‘ ,

Sandler, .M. and Ruthven, C.R.d. (1959,). Lancet, ii, 11k.
Sandler,. M. and Ruthven, C.R.J. (1959,). Lancet, ii, 1034,
Sandler, M. and Ruthven, C.R.J. (1961). Biochem. J. 80, 78.
sandler, M. and Ruthven, M. (19614). Proc. Fourth int. Congr,
clin. Chem. ed. C.F. Stewart, P,C. Jocelyn and S,C. Frazer,
1£8, Livingstone, Fdinburgh. ‘

Sandler, M. and Ruthven, ed (1963). Associabion of Clinical
Pathologist, Broadsheet Nos 44 .

‘Sandler, M. and &uthven, CoRedoe (1966). Fharmac. Rev. 18, 3h3.
Sandler, M. and Ruthwen, C.R.J. (1966,). In: Recent Results

in Cancer Research. II Veurcblastomas. Biochemical Studies.
ed. Bohuon, C. 55,. Springer, Berlin.’



209

Sandler, M. and Ruthven, C.R.J.. (1969). In: Ghromatographic
And “lectrophoretic Techniques, ed. I. Smith, 3rd edn. 1, :
" 714, ill1am Heinemann, London.

- Sandler, Mo and Ruthven, C..de (19695)s 1In: Progress In
Medical’ Chemistry, ed. G.P. Ellis and °G . B. west, 6, 2C0.
Butterworth Lond.

Sandler, M., Ruthven, C.R.J. and Contractor, S.r. (1963).
Biochem, Pharmac. 12, Suppl. pe 203. ‘

Sandler,’ M., Ruthven, C.R.J. and %ood, C. (196L,). Int. J.
Neuropharmacol. 3, 123.

Sandler, M. and Snow, P.J.D. (1958). Lancet, i, 137.

Sandler, M., Spector, R.C., Ruthven, C.it.J. and Davison, A.N.
(1960). Biochem. J. 74, L2P.

Sandler, M. and Ybudim, M.Be (1967) Biochemical Aspects of
Pr¥enylamine, Capri, ed. F. Cedrangols, 14, 157.

Sandler, M. and Youdim, M.B.H. (1968). Nature, lond. 217, 771.

Sandler, M. (1970). Proc. Laurentian Conference on DOPA in.
Parkinsonism in Press. ,

oankoff I. and Sourkes, T.L. (1963). Can. J. Biochem. Physiol.
L1, 1381.

Seno, I.Y.,, Kakimoto, T., ukamoto, T., Nakajima, H. and Kudo,
Y. (1957). Schweiz. Med.{uschr. 87, 21&.

Sato, T.L. (1965). J. Lab. clin. Med. éé, 517.
Sato, T:L. and Sjoerdsma, A. (1965). Br. med. J. ii, 1472."

Ssto, Til., Jequier, E., lovenberg, V. and Sjoerdsma, A.’
] (1967)c uuro J. Pharmac. 1 180

Schayer, k.w. (1953). Proc. Soc. exXp. Biol. Med. 8k, 6C.
Scheline, A.R. (1967). Experientia, 23, 493.
Scheline, R.R. (1966). J. Pharm. Pharmac. 18, 664.



. | “ , 210
Scheline, R.R. (1968,). J. pharm. Sci. 57; 2021. -
Scheline, R.Re- (1968b).. Acta pharmac. tox. 26 189.

Scheline, R.R., Jllliams, Fe T. and Wit J G. (1960). Nature,
Lond. 188, 819. .

ochepartz, B, and Gurin, S. (1949). J. biol; Chem.“lBO 663.

Schnaitman, C., Erwin, V.G. and Greenawalt, Jetis (1967)
Cell. Biol. 2_, 719, )

Second International Symposiup on Catecholamines (1966). o
pharmac. ‘Rev. 18, No. 1. , ,

" Sen, N. P,  (1969). J. Feod, Sci. 25, 22.‘:

Sen, NeFe and McGeer, P.L. (1963). Biochem, biophys. iies,
Commun, 13, 390.

‘Senoh, o., Daly Je, Axelrod, J. and Jitkop, B. (1959. . Am.
chem. QOC. 6211-00 . . -

-Sereni Fa, Kenney,'r.T.»and Kretchmer N, (1959). J. blol.
Chem. 2&, 09.

'Sharman, D.F. (1963). Br. Je Pharmac.’Chemothérp. 20 204.

Shaw, K.N.F., Gutenstein, M, and Jepson, J.B. (1961). Proc.
St?. int. Cong.-Biochem. Moscow, 9, 427. Pergamon Press
Ox Or‘d-

Shaw, K.N r., McMillan, A. and xrmstrong, M;D. (1957). J. biol.
Chem. 226, 255. :

Shaw, K.N. I., Redlich, D., uright SeWe and Jepson, Je B. (1960).
Fedn. Proc. Fedn. Am. Socs. exp. Biol. 19, 194,

bgigizu, H. and La Brosse, EeHa (1969). Biochem. Pharmac. 18,
1 .

Sjoerdsma, A, umith T E,. otevenson, Te u. and Udenfriend, S.
(1955). Proc. Soc. exp. Blol. Med. 89, 36.

Sheppard H., Tsien, .M., Plummer, H.J., Peets, Zehey Gllettdl,
"R.J. and Schulert, ARe (1958), Proc. So¢. exp. Biol. "¥ed, 2_, 717



| _ | S A
Shore,,P A. and Brodie B.B; (1957 ). Ini Psychotropic
Drugs, ed. S. Garattini and V. Ghetti, b23. Elsevier,
Amsterdam. . ‘ .

. Shore, PoA. uilver, S. L. and Brodie, B.B. (1955). Science
- NeY. 154 17é ‘

Shulgin heTe uargent T and Naranjo, C. (1969). Vature,
Lond., 51 53% o

Vojoerdsma, Ao ueissbach H. ‘and’ Udeniriend, Se (1955a). J.
Am, med., Ass, 159, 397. _

Sgoerdsma, A., elssbach, H. and ernfriend, S. (1956). Am. -
Jo 1"edo 20 520. -

‘bJostrana, N Ce (1955). scta, phy31ol. Scand. 65, suppl. 257.

Smellie, J. h. and Sandler, M (1961). Proc, R. ooc. Ned. 5L,
' 327,

Snlth C.hds (1959). .In: The rhysiolovy of The Newborn Infant.
Brd edn. -Blackwell, Oxford.

'5m1th P. (1963). In: The Clinical Chemistry of Monoamines, ed.
Ha Varley and A.H. Gowenlock, 31, Flsevier, ‘msterdam.

Smith, P. (1965). Nature, Lond:, 203, 1236,
" Snith, Pe (1367). Nature 'Lond., 213, 802,

Smith, I. (1969). Chromatographic And Electrophoretic Technigues
1, Brd edn, Heinemann, London.

_Smith B. and Carlson, 0. (1963). Acta. chem, Scand. 17, k55.

Smith, A. Gitlow, S., Gall Eey Wortis, S.B., and Mendlowitz,
M. (1960). Clin, hes. 8, 367. - ‘ ‘

Smith, AN., Nyhus, L.H. Dalgliesh CeZs, Dutton, R,%.,
Lennox, B. and McFarlane, F.d. (195%). Scott, meds Ju 2, 2hs

.Snow, P.J.D., Lennard-dJones, J.%,, Curzon, J.E. and Stacey, R.S.
,(1955) Lancet ii, 1004.

Spector, S5.C., Kuntzman, Fe, Shore, 'P.A. and Brodie, B.B,
’ (1960) Jo Phar’maC. €XDe. 'lher. 3 ’ 256l

Spector, S., Belmon K., Lovenberg, %. and ajoerdsma, Ao (1963)
J. Pharmac. exp. Ther. ig y 229,



| _ o 212
" Sourkes, T.L. (1955). Br. med. Bull, 21, 66.

Sourkes, T.L. (1961). Rev. Can. Biol. 20, 187.

Sourkes, T.L. (1966), Pharmac. Rev. 18, 53. o

Sourkes, T.L., Lenton G.F., Murphy, G.F., Chavez B. and
St. Cyr. S. (1963). Pediatrics, Springrield, 31, 660.

: Sourkes, T.L., .Pivnicki, D., Brown, W.T., wiseman-Distler,
M.H., {lurphy, G.F. oankoff I. and Saint Cyr. Se (1965).
Psychlat. Veurol. igg, 7. ~

Spencer R.P, and aamcheck V.»(l960). Biochem. biophys. Res,
. Commun. 3, 386. .

aprinkle «J., Porter, hoHo, Greer, M. and Williams, C. M. (1969).
. €lin, chim. Acta. 23, L09.

otern L., Greenberg, R.Es and Lind, J. (1961). Acta. paediat.,
otockh. 50, 497.

- St.John, P.A., Brook, J.L. and Biggs, &.H. (1967). Analyt.‘
BiOChem. 18 11-59. '

Stoll, Wk, (1947). Uchweiz, Arch. Neurol, Psychiat. 68, 279.
Stowe, B,B. and Shilke, J.F. (1964). 1In: Regulateurs Naturels
dela Cr01ssance vegelate Colloq. intern. Centre Notl. Hech,
Sciae (par‘iS). 2, l}Ogo

Stacey, R.S. (1966). 1In: Héndbook of Experimental Pharmacology
ed. 0. Eichler and A. Farah, 19, 744, Springer, Berling,

Sweeley, C.C. and %Williams, C.H. (1961). inalyt. Biochem. 2, 83.

Sunderman, F.”., Jr., Cleveland, P.D.,, Low, N.C. and Sunderman,
Falie (1960)0 Mme J. clin. Path. 2&, 2930

Tangen, O., Founum, F and Haavaldsen, R. (1965). Biochim.,
biophys. scta. 96, 82,

Todrick, H., Dick, M. and Tait, A.C. (1958). Br. med., J. i, L96.

Tozer, T. N., Neff, K.Hs and Brodie, B.B. (1966). J. J. Pharmac.
XD lher. 152, 177«



213

Udenfriend, S. (1958). In. S-hydroxyﬁryptamine,‘ed. G.P.
LEWlS, L4, Pergamon, Lond.

: Udenfrlend "S. (1962). rluorescence Assay In Biology and
Medlclne, Academic Press, Lond. : ,

Udenfriend, a.‘(1966). Pharmac, Rev. 18, A43. _
Udenfriend, S. and Beséman,'s. (1953). J. biol., Chem. __2, 961.,—

Udenfriend, S., Clark Ce T. and Titus, Ze (1953). Js Am. chem.
SOCn Zi’ 501-

Udenfriend S. and Cooper, J.R. (1952). Js biol. Chem. 19k,  503.
‘Udenfriend, S. and Creveling, CoRe (1959). J. Neurochem. L, 350.

Udenfriend Se, Creveling, C.R. "Posner, H., Redfield B«G.,
Daly, d. and . ‘itkop, B.. (1959). *Archs: Biochem. biophys. _2, 501.

Udenfriend, S., Lovenberg WeM, and Sjoerdsma, A (1959a
Archs. Biochem. Biophys. éi, 487,

Udenfriend, S.,\Lovenberg WoM. and ueissbach (1960). Fedn.
Proc. Fedn. /im. Jocss exp. Biol. 19, 7. .

Udenfriend S. Titus, E and Weissbach, H. (19553). de biol.
Chem. 216 1}99 . _ i

Udenfriend S., veissbach, H. and Sjoerdsma, A. (19564). Science,
N.Y. 123, 669. . il

Uden{riend, S., Titus, E., weissbach, H. and Peterson, H.E,
(1956b). Jo blOl. Chemo 2, 3350

Udenfriend, S. and Weissbach He (19583). Proc. Soc. exp. Biol,
Med. 97, 74 . \

Udenfriend, S., Weissbach, H. and Bogdanski, DeFa (1957). J
biol. Chem. 22L, 803,

Udenfrlend S. and ﬁyngarden, J.B. (1956). Biochim. biophys.
hcta. 20, A8. - | "

Udenfriend, S., ualtman-Nirenberg, P., Gordon, R. and Spector, "
Sae (19663)0 Mol. Pharmac. 2 95. .



214
Umbach; “. and Baumann, D. (1964). Arch, Psychiat._Ztchr.
Neurol. 205, 28l1. , _ '
Valcourt, A.J. (1959).  Archs. Neurol. Psychiat. Chicago. 81, 292.

‘Van. Deemter, J.J., Zuiderweg. F.J. and Klinkenberg, A. (1956).
Chem. Eng. bei. 5, 27+ _

Van Der Schoot, J.B., Creveling, C.R;, Hagatsu, T. and Udenfriend,
S. (1963). J. Fharmac. exp. Ther. 141, 7h. - - '

Vane, J.R. (1964). Br. J. Fharmac. Chemother. gz,’360.
- Vandenhéuvel;\w.J;A. (1966). J. Chromatog. 25, 29.

Verley, W.G., Koch, G. and Hunebelle, G. (1962). Archs. int.
 Physiol. 70, 624. : :

Vogel, 4.I, (1961). A Textbook of Practical Organic Chemistry
Includigg- Quantitative Organic Analysis. 3rd. edn. 971.
Longmans Green, Lond. o

- Vestergaard, P.'andeevefett, R. (1958). J. Lab. clin, Med.
51, 211. A ~

von Fuler, V;S. (1958). ‘Recent Prog. Horm. Res. 1k, 451.
von Zuler, V.S. (1967). Circulation Res. Suppl. III, 10, 63.

. von Studnitz, ¥. (1960). Scani J. clin. Lab. Invest. 12,
. Suppl. 48, 58,

von Studnitz, W. (1960,). Scand. J. clin. Lab. Invest, 12,
Suppl. 48, 1,

von Studnitz, W; (1960b). Scend., J. clin. Lab, Invest. 12,
Suppl. 48, .27. « .

von Studnitz, W. (1960.). 3cand. J. clin. Lab. Invest. 12
Suppl. 48, 1.

von Studnitz, M. (1§61). Clin. chim. Acta. 6, 525.
von Studnitz, W. (1962). Klin. “schr. 40, 163.

von Studnitz, W, (1966). Pharmac. Rev. 18, 651.



von utudhitz; e (1967). Klin. \schr. 55, 307.-

von Studnitz, w., Kaser He :and Sjoerdsma, Ao (1963).‘new
t.l’l{“l..J. "oed' 2, 232.! .

" Voorhess, ML (1967). Pediacrics.,unringrield 33, 252..
E Véorhégs» Mo L. (1968) Je pediat. surg., 2_, 147
_?oorﬁéss; MeL. and. Gardner ‘LeI.: (1962). Je Clin. nndocr. 22 126.

S Voorhess "MeLey Plckett L.K‘ ‘and. Garuner, L I. (1963)
Hmo J. vurgo 106 330 N B

' Z#arren, H. J., uisdorfer, I. B., Thompson, J.;. and uarembo, J.u.:
(1965). Jo pham. DCi. ilt" . o_".’ JARRCEN '

“u,,neber, J.a. ‘and aannoni V.Co (1966). J. biol. Chem. ;g_, 13h5..ﬂ

weissbach, H., King, w., Sjoerdsmh,.,.land Udenfriena,'s.
(19)9)0 Jo blOlo‘ Chem. 2&, 81. - - HN

Welssbach, H., Lovenberg, e and Udenfriend, S, (lgbO) Biochem.
biophya. Hes. Commun. ;, 225. s -

‘Jeisabach, H., *edfield B.Ge. and. Axelrod J. (19603) Biochiﬁ;ii

‘ l biophya. Acta.,l 3 352,

T eissbach H., nedfield 8 G. and Udenfrienu, S. (1957)
© biol. Chem.’ 229, 953._ s e S

’.eissbach H., Redfield, B G._and Udenfrienq 5.
' Proc. Fedn. fm. Socs. exp. Biol. A7y 18, -

;ells, d G. (19h0). Archs. Path. 39, 535.;?j

(1958). Fedn,

' nerle, u. and Aures, D. (1959). Foppe-Seyler's Zie physiol
chem. 2 s b5. - ) .

oestermann, %., Balzer, H. and Anell J. (1958). Archs. eXpe. -
1th. rharmak. 234, 19&.

nest*ake R Je and Tew JeMe (1966). Neurology, 16,‘619.

| wilk, S., Gitlow, a.a.,tClarke, D.C. and Paley, D.H. (1967).
Clin. chim. Acta. 16, h03. ' o



216
uilk, Se, Gitlow Sebe, Hendlowita, Me, Franklin, M.d.,
Carr, H.E. snd ciarke, DeD. (1965). Analyt. Blochem, 13, 5hbs .

Willisms, ReTe (1959). detoxication %echanisms, 2nd. edn, -
Chapman nnd Hall -Lond.

allians, C. M. (1962). inalyt. Blochen. L, 423,
illiams, CoMa (1965). “Analyt.. Biochem. 11, 224,

villlams, CeMe, Lorin, Gei. and Greer, Mo (19633). Anal.
Biochem., §, héé

#illiams, C.M. and Greer, M. (1962). Clin, chim. fcta, 7, 880.
villiams, C.ﬁ.‘and46reér, e (1§63); J.‘Am; Med. Ass. 183, 836.
#illiams, C.M. and Greer, H. (1965). Clin. chim. Acta. 11, 495,
' >ﬁii1;§ﬁé; ﬁ.ﬁ. and Ledhéfd,‘ﬁ.ﬁi (iéé}i;“Aﬁaiyt. Biochem. 2,1362

williams 'ﬁ;ﬁ.,and Sweeley, C.C. (1961). J. clin. Lndocr.;

Williams, C.H. and ade@ley, C.Co (1964)., In: Biochemicél
Applicat{on of Gas Chromacography, ede: He Szymanski, 225,
Plenum Press, N.Y. _
williams, E.D. and Sandler, M; (1963). Lancet,li, 238,
wilcox, M. (1966). ‘nalyt. Biochem. 16, 253

wilcox, M. (1967). J. Phorm, Sci. 56, 642.

niseman-Pistler, .H. and Sourkes, T.L. (1963).. Biochem.
r’hys:lOlo L, 57.

Woolf, L,I. and Edmunds, M.Z. (195C). Biochem. J. 47, 630.

oolf, L.I. (1965). In: ymposium on Tyrosinosis, ed. Leite
. Gjesaing, Scandinavian University Books, p.2i. ‘

Woolley, D.¥, end Shaw, E. (1954). Proc. Netn. Acad. Sci.
U.S.A. 40, 228, |



217
Wong, P.%.K., Lambert, A.M. and Kamrower, G.M. (1967). Develop.

Med., Child, Neurol. 2, 551.

Wurtman, R.J., Axelrod, J. and Douglas, E. K. (1968). The
Pineal Gland Academic’ Press, N.Y. Lond.

Wurtman, Reds, Axelrod, J. and Potter, L.T. (196h). J. Pharmac.-
expe. Ther. 14k, 150. . ‘ _

Yahr, n.D. Duvoisin, R.C., Schear, M.J., Burrett, R E.- and
Hoehn, M. (1969). Arch, Neurol. 21, 343.

Toudim, M.BH, Collins G G.S. and bandler M, (1968), FEBS
.Letters 1 215, - . i

Youdim, M.BJL Collins, G G S and uandler, M. (1969). Nature,
Lond. 2. o .

- Youdim, M.B}{and’Sgndler,‘M.,(l967);‘Biochem;‘d;“log;.ABP
Youdim, M.BH and sendler, M. (1968). European J. Pharmac. 4, 105.

; Youdlm, M.B.H. and Sourkes T.L. (19665. Can.'J. Biochem.
‘Physiol. Lk, 1397.

Yuwiler, A., Geller, E. and Eiduson, S. (1959) Afchs. Biochem.
~ Biophys. 80, 162. ‘ ‘

Yuwiler, A., Geller, E. ‘and . niduson S. (1960). Archs}‘Bioéhem.
Biophys. _2, lh3. - ; : , .

Zannonl V.G. and La Du, B.N. (1959)- Je biol. Chem. .23L, 2925.
Zanhoni; V.G. and ¥Weber, W.W, (1966). J. biol. Chem. 2L1, lBhO.
Zeisel, H. (1961). Z. Kinderheilk, 86, 89. ‘ '
Zeisel, H. and Kuschke, H.,Jd. (1959). Klin. ‘ischr. 37, 1168. :



Reprinted from
Clinica Chimica Acta
Elsevier Publishing Company,
Amsterdam 427
Printed in The Neiherlands

GAS CHROMATOGRAPHIC MEASUREMENT OF PHENOLIC ACIDS AND
ALCOHOLS IN HUMAN URINE

F. KAROUM, C. R. J. RUTHVEN anp M. SANDLER

Bernhavd Baron Memorial Research Laboratories and Institute of Obstetrics and Gynaecology,
Queen Charlotte’s Malernity Hospital, London, W.6 (U.K.)

{Received January 31, 1968)

SUMMARY

Methylene unit values of trimethyl silyl ether/ester and of methyl ester/tri-
methyl silyl ether derivatives of some biologically important phenolic acids were
determined gas chromatographically under isothermal conditions. The former were
chromatographed on 4 non-polar stationary phases, methyl-, methyl phenyl-, methyl
phenyl vinyl-silicone gums and silicone oil, and the latter on methyl phenyl silicone
gum and silicone oil. Methyl ester/trimethyl silyl ether derivatives of a number of
phenolic alcohols were also run on methyl phenyl silicone gum.

From a detailed evaluation of these investigations using both authentic com-
pounds and urine extracts, suitable conditions were defined for the quantitative ana-
lysis of a large number of urinary phenolic acids and alcohols, with particular reference
to 4-hydroxy-3-methoxymandelic and homovanillic acids; the most satisfactory
quantitative systeminvolved chromatography of the methyl ester/trimethylsilyl ether
derivative on a 7 ft. 109, methyl pheny! silicone gum column.

The application of these procedures to the investigation of abnormal phenolic
acid excretion in phenylketonuria, alkaptonuria, tyrosyluria of the newborn and
catecholamine-secreting tumours is discussed.

INTRODUCTION

The first systematic assessment of the phenolic acid pattern of human urine
stemmed from the paper chromatographic studies of Armstrong et al.!. More recently
however, Williams and his colleagues?1!, and later others!?-2 have applied gas chro-
matographic analysis to the separation of the large number of aromatic acids present
in urine. At its best, this versatile technique is quick, sensitive, specific and quanti-
tative, although the methods originally employed by Williams and associates various-
ly suffered from certain drawbacks such as poor resolution and tailing!® and multiple
derivative formation from a single compound®®?®

A wide variety of volatile derivatives has been used for gas-liquid chromatog-
raphy (GLC) of urinary aromatic acids®:!%1%, It now seems clear that some form of
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trimethyl silyl (TMS) derivative, usually the TMS ether/ester, possesses the properties
necessary for satisfactory chromatograms!®-15,17-20 The TMS ether/ester is simple
to prepare in high and reproducible yield, and gives rise to few undesirable side reac-
tions. After somne early doubts!®, methyl ester/TMS ether derivatives have also been
shown to possess many desirable features®18,

A number of different stationary phases has been employed for the separation
of these TMS derivatives®, but many of the available data have been derived from
experiments which made use of simple mixtures of authentic compounds rather than
urine. Thus many of the problems which arise when urine extracts are studied have
been avoided. The object of the present work was to define the most suitable general-
purpose system or systems for the analysis of urinary phenolic acids. In the event, the
system chosen also proved to be highly satisfactory for the analysis of urinary phenolic
alcohols, which have so far received scant attention in the gas chromatographic
literature!?.

EXPERIMENTAL

Materials and equipment

Siliconised acid-washed celites 85/100 and 100/120 mesh, methyl silicone gum
(SE30), methyl phenylsilicone gum (SE52), methyl phenyl vinyl silicone gum (SE54) and
silicone oil (F-60) were obtained from W. G. Pye, Ltd., Cambridge, England. 1#-Alkane
standards, dioxane (dry), hexamethyldisilazane (HMDS) and trimethylchlorosilane
(TMCS) were obtained from British Drug Houses Ltd., Poole, Dorset, England.

Authentic aromatic and phenolic acids in the purest grade available, were
purchased from commercial sources, with the exception of vanillactic (VLA) and vanil-
pyruvic {(VPA) acids which were gifts from Dr. P. Smith and 3,4-dihydroxyphenyl-
glycol from Dr. J. Axelrod.

Ethereal diazomethane (approx. 100 mg/ml) was prepared by the reaction of
p-tolylsulphonylmethylnitrosamide with an ethanolic solution of KOH?\. The prepa-
ration is stable for at least one month if stored at o°.

All other reagents were of analytical grade.

GLC analysis was carried out with a Pye Panchromatograph fitted with an
argon ionisation detector. The detector temperature was maintained at 250° with an
ionising potential of 1250 V. The sensitivity was varied between 1078 to 3-10~% A
full scale deflection. Columns were not connected to the detector until it had reached
the temperature of operation.

Preparation of columns. Glass U-tube columns 5 ft. or 7 ft. X 5 mm (internal di-
ameter) were siliconised before packing by allowing them to stand overnight with a
mixture of petroleum ether (B.P. 40/60°)-TMCS-HMDS (100:4:2) before emptying
and drying in a stream of argon at 200°.

Columns were packed evenly with the appropriate coated siliconised celite.
Freshly packed columns were preheated for 48 h at 250° in a stream of argon. This
procedure was repeated for at least 6 h whenever a fresh preheated column was used.

Urine extraction. Neonatal urine (15 ml if the 24-h volume was greater than
100 ml or 1o m! if less), normal adult urine (o ml) or urine from patients with a cate-
cholamine-secreting tumour (5 ml) was adjusted to pH 1 with 6 N HCI, saturated with
NaCl and extracted twice with ethyl acetate (2o ml). Urine (10 ml) previously hy-
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drolysed with a sulphatase-glucuronidase preparation?® prior to further treatment
was used for the detection and estimation of phenolic alcohals. Aliquots (15 ml, 20 ml)
of each ethyl acetate extract were eombined and evaporated to dryness under vacuum
(“Rotary Evapo-Mix") at 40°. An internal standard equivalent to 0.05 mg homo-
vanillic acid (HVA) and 0.1 mg 4-hydroxy-3-methoxymandelic acid (VMA) was added
to a duplicate specimen and included with each batch of analyses when quantitation
was required. This additional step was not usually necessary when screening for the
presence or absence of a particular disease pattern.

TMS ether/ester derivatives were prepared by dissolving the authentic acid
(0.5 mg), or the residue obtained from the extracted urine, in dioxane (0.2 ml); HMDS
(0.2 ml) and TMCS (0.1 ml) were added to the tube and the contents mixed thoroughly.
The preparation was then transferred to a 2-ml test tube, which was tightly stoppered
and left for 30 min at room temperature. After centrifugation, o.5 1 of the clear
supernatant fluid was injected into the column with a Hamilton syringe. It was
usually convenient to carry out the chromatographic analysis on the same day as the
preparation of the derivative although derivatives are stable for at least 3 weeks if
stored in a desiccator.

Methyl ester/TMS ether derivatives were prepared by esterifying the authentic
acid (0.5 mg), or urine residue, with methanol (0.2 ml) and ethereal diazomethane (2 ml)
for 1 min. After evaporation under a stream of nitrogen, the dry residue was silylated
as described in the preceding paragraph.

Characterisation of peaks. Peaks were characterised from their methylene unit
value (MU) by the procedure described by Dalgliesh et al.?. The chromatogram was
calibrated by introducing even numbered straight chain hydrocarbons (C,, to C,,) into
the column, termed #n-alkane reference standards. The MU value for a particular peak
on a chromatogram was calculated from the formula: MU = n+-2 y/x, where y is the
distance (mm) from the peak to that of a neighbouring reference standard C, and x
is the distance (mm) between the peak of this standard and that of a second hydro-
carbon of chain length Cpy.,.

RESULTS AND DISCUSSION

MU values of the TMS ether jester derivatives of a number of biologically im-
portant aromatic acids were determined under isothermal temperature conditions on
four different non-polar stationary phases (Table I). The methyl ester/TMS ether
derivatives of these compounds were also examined and their MU values on two non-
polar phases are given in Table 1.

From studies of the height equivalent to the theoretical plate (HETP) at dii-
ferent temperature and inlet pressures, optimum conditions for TMS ether/ester
derivatives were established at an argon inlet pressure of 1500 mm Hg (flow 100-150
ml/min) and at column temperatures of 190° for SE phases and 195° for the F-6o
phase. At these temperatures stationary phases of less than 39, are notsuitable.
Variations of column temperature by 4- 5° from the optimum and of stationary
phases by 4 5%, from a 109, concentration produce a change of MU value of less
than 0.04, which is within the overall experimental error of the method. Similar con-
ditions apply to the methyl ester/TMS ether derivatives except that the optimum
temperatures were 190° for SE phases and also for F-60. The distances between 3
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TABLE I

O b W o oA

7
8
9
10

II
12

13
14
15
16
17
18

19
20
21
22

METHYLENE UNIT VALUES FOR DERIVATIVES OF PHENOLIC ACIDS AND ALCOHOLS ON DIFFERENT STATIONARY PHASES

Methyl ester [TMS ether derivatives TMS ether [ester derivatives

Phenylacetic acid

Salicylic acid
¢p-Hydroxybenzaldehyde
m-Hydroxybenzoic acid
p-Hydroxybenzoic acid
o-Hydroxyphenylacetic acid

m-Hydroxyphenylacetic acid
p-Hydroxyphenylacetic acid
3,4-Dimethoxybenzoic acid
3,4-Dimethoxymandelic acid
3,4-Dihydroxy-s-methoxyphenylacetic acid
3,4-Dimethoxyphenylacetic acid

Mandelic acid
p-Hydroxymandelic acid
f-Phenyllactic acid
Vanillic acid

Homovanillic acid (HVA)
3,4-Dihydroxybenzoic acid

3,4-Dihydroxyphenylacetic acid (DOPAC)
Gentisic acid

Homogentisic acid
4-Hydroxy-3-methoxymandelic acid (VMA)

109, F-60 10%, SEs2 10% SE3o0  10% SE52  10% SE54 109, F-60
13.92 13.05 13.35 13.46 13.43 15.00
14.82 14.28 14.90 15.20 —_ —
— 14.22 — — — —
15.25 14.48 15.72 15.68 15.67 16.15
15.87 14.96 16.16 16.29 16.30 16.66
15.50 14.79 15.70 15.84 15.80 16.23
15.95 15.16 — —_ — —
16.22 15.48 16.22 16.39 16.38 16.86
17.25 16.07 16.69 17.11 17.09 18.19
— 18.16 — — — —
— 18.82 — — — —
17.62 16.29 16.72 17.18 17.09 18.25
— 14.11 14.62 14.72 — 15.60
18.10 17.27 17.69 17.92 17.80 18.25
15.63 14.85 15.94 16.04 16.00 16.33
17.48 16.53 17.37 17.63 17.60 18.28
17.94 16.81 17.43 17.78 17.78 18.40
18.00 17.21 18.15 18.24 18.33 18.25
18.16 17.41 18.24 18.35 18.33 18.71
17.66 16.96 17.68 17.85 17.85 18.15
18.29 17.66 18.24 18.38 18.36 18.72
19.16 18.43 18.59 18.77 18.78 19.42

of¥y
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27
28

29

30

31
32
33
34
35
36

37
38
39
40
41
42

43
44
45
46
47
48

Dihydroferulic acid
p-Hydroxycinnamic acid
3,4-Dihydroxycinnamic acid — main peak

— subsidiary peak
Phenylpyruvic acid*

¢-Hydroxyphenylpyruvic acid*
Vanillactic acid (VLA)

Vanilpyruvic acid (VPA)** main peak
p-Hydroxyphenyllactic acid

Hippuric acid

Indolylacetic acid

Indolylacetaldehyde***

Indolylpyruvic acid

5-Hydroxyindolylacetic acid (§HIAA)
5-Hydroxy-6-methoxyindolyl-2-carboxylic acid
5,6-Dihydroxyindolyl-2-carboxylic acid
Tryptophol

5-Hydroxytryptophol
4-Hydroxy-3-methoxyphenylglycol (HMPG)
3,4-Dihydroxyphenylglycol
2-(3,4-Dimethoxyphenylethanol)
3-Methoxy-4-hydroxyphenylethanol
3,4-Dihydroxyphenylethanol

18.77

17.50

20.29

18.68
18.56

18.03
21.47
19.41
17.27

19.57
19.41
20.28
18.18
17-45
18.55

18.17
22.92
21.31
22.11
22.51
18.42

20.67
18.37
18.82
16.54
17.10
17.79

17.43
19.14

17.25

20.43
20.18

18.85

7 ft. columns, inlet pressure of 1500 mm Hg, 85/100 mesh siliconised celite.

SE columns were maintained at 1go° and the F-60 at 195° for running TMS ether/ester derivatives and at 190° for methyl ester/TMS ether derivatives.
* TMS ether/ester gave a subsidiary peak.

17.70
19.37

17.26

20.51
20.31

19.05

18.42

20.67
18.37
18.82
16.54
17.10
17.79

18.g0
19.35

17.27
21.26

20.60

19.02
18.39

** Forms many derivatives other than the main one shown in the Table. These may derive from impurities.
*** Forms a subsidiary peak corresponding to tryptophol.
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successive reference standards have been found to be related by the following formula

Cnts—Cnsq

- = % (constant) + o0.02
Crra—Cn M0

This formula serves as a useful check on whether the column has reached a stable
temperature or not, and assists in determining the estimated position of a reference
standard if it is not represented on the chromatogram.

Resolution was complete when the MU values of two peaks differed by 0.3 or
more if between 16 and 18, by 0.2 if between 18 and 20 and by 0.15 when in the zo
to22 range. Peaks differing in MU values by half or less of these minimum differences
were usually inadequately separated.

A comparison was made between peak height of detector response and integrator
reading (Technicon Integrator Calculator) of the area under the trace. Using varying
concentrations of a Cy, reference standard applied to the column in a range of 0.05 ug
to 0.5 g, results were similar at two applied voltages (1000 and 1250 V). A comparison
of the concentration of a number of phenolic acids in urine samples from 10 normal
adults, as determined by peak height and area, showed satisfactory agreement be-
tween the respective values; those obtained from peak height tended to be up to 5%,
higher than those based on area. When increasing amounts of TMS ether/ester deriva-
tives of authentic phenolic acids (HVA, dihydroxyphenylacetic acid (DOPAC), VMA,
dihydroxymandelic acid) were run in a concentration range (0.1-1.5 ug of parent
acid) similar to that likely to be encountered in clinical practice, a linear detector
response was obtained at 8oo V and 1000 V, as measured by peak height. For detec-
tion of small quantities, 1250 V is more suitable, although the upper limit for lincarity
is reduced to 0.5 ug. -

Horning and her colleagues!® found it necessary to treat urine samples with three
successive volumes of both ethyl acetate and ether to achieve adequate extraction of
aromatic acids. Such a sequence will provide information on a wide range of com-
pounds, including indolic acids, some of which have a comparatively low solubility
in ethyl acetate although a satisfactory assay of indolic acids can be obtained using
ether alone (Fig. 1). With some important exceptions, such as p-hydroxymandelic
acid®, most phenolic acids are relatively soluble in ethyl acetate however, so that the
procedure described above was suitable for their assay. Recoveries of p-hydroxy-
phenylacetic acid, HVA, VMA and DOPAC from urine were all greater than 9o, in
a series of three experiments.

Assessed from peak height measurements, the overall recovery of VMA was
similar, whether extracted from water or urine; however, HVA recoveries were con-
siderably greater from urine. Because of such variations, it is more accurate to add
internal standard toa urine sample on each occasion rather than employing a standard
curve, especially one prepared by extracting from aqueous solution.

The resolution of TMS ether/ester derivatives is in general better on F-60 than
on any of the SE phases; but neither stationary phase proved useful for the quanti-
tative analysis of this derivative of VMA. Hippuric acid, which is present in large
amounts in most adult urine samples, tended to mask normal levels of VMA on F-60.
This column also failed to separate VMA from p-hydroxyphenyllactic acid which is
present in large quantities in most neonatal urine specimens, especially those from
premature infants. F-60, however, may be used for screening urine samples for cate-
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cholamine-secreting tumours, since high levels of VMA are not masked by the pres-
ence of hippuric acid (Fig. 2a).

Methyl ester/TMS ether derivatives are much more suitable for quantitative
analysis of urine specimens, whether from adult or infant (compare Figs. 2a and 2b)
since they show better resolution than the TMS ether/ester derivatives on both F-60
and SE phases; the SE phases, particularly SE52 (Fig. 3), proved superior to F-6o
in their resolving power.

35|

22|

5

35 25 20 15 "0 &min
Fig. 1. Chromatogram of methyl ester/TMS ether derivatives of phenolic acids prepared from an

cther extract of 15 ml urine from a patient with phacochromocytoma, and runon a 7 ft. 10%, SE52
column. The peak numbers correspond with those used in Table 1.

5 1 5mn
Fig. 2. (a) Chromatogram of TMS ether/ester derivatives of phenolic acids prepared from an ethyl

acetatcextractof 5 mlurine fromapatient with neuroblastoma, and run on a 7 ft., 109, F-60 column.
The peak numbers correspond with those used in Table I.
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R S S G S Y 4—A—A—J

. 4
20 15 10 5 min

Fig. 2 (b) Chromatogram of methyl ester/TMS ether derivatives of phenolic acids prepared
from an ethyl acetate extract of 5 ml urine from a patient with malignant phaeochromocytoma,
and run on a 7 ft. 10% SE52 column. The peak numbers correspond with those used in Table 1.

As the phenolic alcohols contain no carboxyl group, they do not form a methyl
ester with diazomethane under the experimental conditions used here; consequently,
their TMS ether/ester and ‘“methyl ester/TMS ether”” derivatives are identical.

35 10 > min

Fig. 3. Chromatogramn of methyl ester/TMS ether derivatives of a mixture of phenolic acid refer-
ence compounds. About 0.01—0.02 ug of each, prepared as stated in the text, was run on a 7 ft.
10% SEs52 column. The peak numbers correspond with those used in Table I.

The detector response produced by the methyl ester/TMS ether derivative of
an acid was about ten times that of its corresponding TMS ether/ester, a difference
likely to be related to the greater ionisation potential of the former. Detector sensi-
tivity is also related to MU value. Using an amplification setting of 108 A to give a
full scale deflection at an applied voltage of 2250 V, the limits of sensitivity for methyl
ester/TMS ether derivatives with MU values between 16-18, 18-20 and 20-22 were
0.5, 1.0 and 2.0 nanograms of parent compound respectively, corresponding tos, 10
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and 2o ug in the aliquot of urine usually used. The sensitivity may be further increased
by a factor of 3 to 10 times if amplification settings of 3% 10~* A to T0=* A are used.
Under these circumstances however, some preliminary purification of the specimen
is required, as the high base-line and also the frequent presence of large amounts of
hippuric acid derivative tend to make quantitation inaccurate.

TMS ether/ester derivatives of all compounds investigated ran as singlesymmet-
rical peaks with the exception of the keto acids, which gave rise to two or more
peaks; the major had an MU value corresponding with that predicted for the acid
itself from considerations of polarity and molecular weight, whilst the minor registered
a value consistent with the loss of one or more C atoms from the aliphatic chain.

Dihydroxyphenylpyruvic acid formed secondary derivatives more readily than
phenylpyruvic acid, whilst p-hydroxyphenylpyruvic acid was of intermediate stabil-
ity. With three exceptions, VPA which gave two large and multiple small peaks,
dihydroxycinnamic acid which gave two peaks, and indolylacetaldehyde which gave
a secondary peak corresponding to tryptophol, the methyl ester/TMS ether derivatives
of these keto acids were stable and gave single symmetrical peaks. Whether the sub-
sidiary VPA peaks were impurities or decomposition products is unknown. The
problem is unlikely to lead to diagnostic difficulty however, as raised keto acid levels
are usually accompanied by an increase in the reduced, lactic acid form, which may
be readily identified. This association may be seen in Fig. 4 (b), where elevated levels
of both p-hydroxyphenylpyruvic and p-hydroxyphenyllactic acids are present in the
urine of a premature infant. These compounds are found in lower concentration in the
urine of full term infants (Fig. 4a).

O\I

—

+ At

15 10 5 min 15 10 5 min

Fig. 4. (a) Chromatogram of methyl ester/TMS ether derivatives of phenolic acids prepared from
an ethyl acetate extract of 1o ml urine from a full term newborn infant and run on a 7 ft. 10%
SE52 column. The peak numbers correspond with those used in Table 1.

(b) Chromatogram of methy!l ester/TMS ether derivatives of phenolic acids prepared from an ethyl
acetate extract of 10 ml urine from a premature newborn infant, and run on a 7 ft. 10% SEj32
column. Attention is drawn to prominent peaks corresponding with p-hydroxyphenylacetic,
p-hydroxyphenyllactic, and p-hydroxyphenylpyruvic acids. The peak numbers correspond with
those used in Table I.
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Some salient features of the application of GLC to the identification and meas-
urement of certain related groups of phenolic compounds, typifying four important
pathological conditions, are summarised in Table II.

TABLE 11

GLC BEHAVIOUR ON STATIONARY PHASES I'-60 AND SE52 OF DERIVATIVES OF SOME PHENOLIC ACIDS
EXCRETED IN EXCESS IN CERTAIN DISORDERS

Syndrome Acid

Comment

Phenylketonuria Phenylpyruvic acid
(23)

Phenyllactic acid

Phenylacetic acid

o-Hydroxyphenyl-
acetic acid

Alkaptonuria Homogentisic acid
(24)

Tyrosyluria of p-Hydroxyphenyl-
prematurity pyruvic acid
(25)

p-Hydroxyphenyl-
lactic acid

Catecholamine-  Homovanillic acid
secreting tumours (HVA)
(26)

3,4-Dihydroxy-
phenylacetic acid
(DOPAC)

Clin. Chim, Acta, 20 (1968) 427-437

Detected easily when present. The TMS etherfester
derivative is unstable; the methyl ester/TMS ether how-
ever is stable and can therefore be measured quantita-
tively although it has the same MU value as p-hydroxy-
mandelic acid (which provides minimal interference in
practice as it is poorly extracted into ethyl acetate?®).

Not detected in normal urine. Poorly extracted into
cthyl acetate® so that ether extraction is necessary. The
methyl ester/ TMS ether derivative runs together with
peaks deriving from p-hydroxybenzoic and m-hydroxy-
phenvlacetic acids; but a significant increase in size of
this mixed peak in association with an increased o-hy-
droxyphenylacetic acid peak, is diagnostic.

Very short retention time. Not accurately measurable
by this procedure.

Present in small amount in most normal urine samples—
an excess is diagnostic. The TMS ether/ester derivative
runs together with that of the dictary sm-hydroxyben-
zoic acid on SE52z but can be separated from it on F-6o
columns. These two acids are well separated as their
methyl ester/TMS ether derivative on either column,

Not detected in normal urine. The MU value of its TMS
ether/ester derivative coincides with that of DOPAC on
both F-60 and SEs52 (but DOPAC output is unlikely to
be increased in the absence of an HVA rise). The methyl
ester/TMS ether derivative is scparated from that of
DOPAC on both columns, although more satisfactorily
on SEj52.

Decomposes readily giving p-hydroxyphenylacetic acid
when TMS ether/ester derivative is prepared. The
methyl ester/TMS ether derivative is more stable and
suitable for quantitative assessment.

The TMS ether/ester derivative emerges with VMA on
F-60, but separately on SE52. As its excretion is mini-
mal in the adult, I-60 may be used for VMA estima-
tions in adult urine. Alternatively the methyl ester/TMS
ether derivative can be chromatographed on either
column.

The TMS ether/ester derivative is well separated on
F-60 but is mixed with vanillic acid on SE52, HVA and
vanillic acids are separated on both columns as their
methyl ester/TMS ether derivatives.

The TMS ether/ester derivative can be separated on
F-60 but care must be taken not to confuse it with a
neighbouring unknown peak (MU value 18.82). The
methyl ester/TMS ether may also be separated on SE52
provided DOPAC is first isolated by adsorption on alu-
mina before making the derivative.
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4-Hydroxy-3- The TMS ether/ester derivative cannot be estimated
methoxymandelic quantitatively (see text). The methyl ester/TMS ether
acid (VMA) derivative is recommended on SE52.

Vanillactic acid Easily identified and measured as either derivative on
(VLA) either column,

Vanilpyruvic acid Neither derivative is stable but the methyl ester/TMS
(VPA) ether derivatives give constant easily detected peaks.
Dihydroxyphenyl- Easily detected as the methyl ester/TMS ether deriv-
pyruvic acid ative. .

4-Hydroxy-3-metho- The "“methyl ester/TMS ether” derivative (see text) is
xyphenylglycol recommended on SEj52.

(HMPG)

Reference numbers in parentheses.
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Gas Chromatographic Measurement of Phenolic and Indolic Acids and Alcohols in
Human Urine

F. KAROUM AND M. SANDLER

Bernhard Baron Memorial Research Laboratories and Institute of Obstetrics and Gynaecology,
Queen Charlotte’s Maternity Hospital, London, W.6

Gas chromatographic analysis, with its qualities
of speed, sensitivity, high resolution and quantitative
interpretation, is gradually taking its place in clinical
biochemistry as an important analytical tool. So
far it is well established in the fields of steroid and
lipid assay; it undoubtedly has an important future
role in the diagnosis and therapeutic monitoring of
diseases associated with an abnormal excretion of
phenolic and indolic acids and alcohols (Karoum
et al., 1968). Some of the conditions which may be
profitably studied by this technique, together with
characteristic urinary metabolites are listed in
Table I.

TABLE I

Metabolites excreted
in excess

Disease

phenylpyruvic acid,
phenylacetic acid, o-
hydroxyphenylacetic acid

homogentisic acid

Phenylketonuria (Knox,
1966)

Alkaptonuria (La Du,

1966)

Tyrosyluria of pre- p-hydroxyphenylpyruvic
maturity (Bloxam et al., acid, p-hydroxyphenyl-
1960) lactic acid

Catecholamine secreting | homovanillic acid (HVA),
tumours (Sandler, 1967) | 4-hydroxy-3-methoxy-

mandelic acid (VMA),

4-hydroxy-3-methoxy-
phenylglycol (HMPG)

5-hydroxyindoleacetic
acid (SHIAA)

Carcinoid tumours
(Sandler, 1968)

Trimethylsilyl ether/ester (TMS E/E) and methyl
ester/trimethylsilyl ether (ME/TMS E) compounds
are the volatile derivatives most suitable for
quantitative assay of phenolic acids and alcohols.
For indolic acids and alcohols, the ME/TMS E
derivative is preferable.

TMS E/E derivatives may be chromatographed
on either a 7 feet 109 silicone oil (F-60) or a 10%
methyl phenyl silicone gum (SE 52) column, All the
phenolic compounds shown in Table I are easily
measured on the F-60 column with the important

Paper read at the Southern England and South Wales Region
Mescting, Halton, May, 1968,
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exception of VMA (Fig. 1). The ME/TMS E of
VMA however, run on a 7 feet 10% SE 52 column,
gives a discrete tracing which is very suitable for
quantitation (Fig. 2). In general, the ME/TMS E
derivatives of phenolic acids, run under isothermal
conditions, tend to give better separations on a 7
feet 10% SE 52 column than on F-60. ME/TMS E
derivatives of indolic acids and alcohols are best
chromatographed on a 5 feet 6% SE 52 column.
Before chromatography, an aliquot of urine is
extracted at pH 1, either with ethyl acetate (for
phenolic compounds) or with ether (for phenolic
and indolic compounds). After evaporation, an
appropriate derivative is prepared. The amount
injected into the column varies between 0.5 and
5 pg. depending on the type of detector used. When
analysis of phenolic and indolic alcohols is required,
the urine has first to be hydrolysed (Ruthven and

Fig. 1,—Chromatogram of trimethyl silyl ether/ester
derivatives of phenolic acids prepared from an ethyl
acetate extract of 10 ml. urine from a normal subject and
run on a 7 feet 109, F-60 column. (1. o-hydroxyphenyl-
acetic acid; 2, m-hydroxyphenylacetic acid; 3. p-hydroxy-
phenylacetic acid; 4. homovanillic acid (HVA); 5. 4-
hydroxy-3-methoxymandelic acid (VMA); 6. hippuric
acid.)
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)

Fig. 2.—Chromatogram of methyl ester/trimethyl silyl
ether derivatives of phenolic acids prepared from an ether
extract of 10 ml. urine from a normal subject, and run on a
7 feet 109, SE 52 column. (2. m-hydroxyphenylacetic
acid; 3. p-hydroxyphenylacetic acid; 4. homovanillic acid
(HVA); 5. 4-hydroxy-3-methoxymandelic acid (VMA);
6. hippuric acid.)

Sandler, 1965) and then extracted with the appropri-
ate solvent at pH 7.5.

Quantitative analysis is carried out by adding
internal standards to one of a duplicate of one of the
urine specimens in a batch. Measurement of peak
height has been found to give consistent results which
are comparable with those obtained using calcula-
tions involving peak area or the product of peak

height and half its width. Most of the technical
procedures referred to here are discussed in greater
detail by Karoum et al. (1968).

Recently, it has become obvious that the scope of
this type of gas chromatographic analysis can be
greatly enlarged if the instrument is coupled to a
mass spectrometer (Dalgliesh et al., 1966). Emerging
peaks can be scanned for purity and the identity of
unknown compounds can be obtained by this
technique.
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SUMMARY

Previous gas-liquid chromatographic (GLC) studies on urinary phenolic and
indolic metabolites and accompanying extraction and preparative procedures have
been extended. Whilst ethylacetate and ether were both suitable for the extraction of
phenolic compounds from urine, with a few exceptions, only the latter is recommend-
ed for indolic metabolites. Metabolites were selectively extracted into organic solvent
by suitably adjusting the pH of the aqueous solution. Thus all acids were extracted
at pH 2; between pH 3 and 5 only weaker acids were readily removed; at pH 8 neutral
compounds were still extracted but acids now remained in the aqueous phase. Con-
ditions have been devised to minimise O-methylation during the preparation of methyl
ester derivatives. Quantitation has been improved; indolic compounds at concentra-
tions present in normal urine may now be measured. Using the refined techniques for
their estimation, the normal output (20 subjects) of the catecholamine metabolites,
homovanillic acid, 4-hydroxy-3-methoxymandelic acid and 4-hydroxy-3-methoxy-
phenylglycol were (mean + S.D.) 4.2 + 1.5mg/24 h,5.7 + 1.3mg/24hand 2.4 + 0.8
mg/24 h respectively.

INTRODUCTION

The application of gas-liquid chromatography (GLC) to the analysis of urinary
phenolic and indolic metabolites'—® has yielded valuable information about their
excretion in normal and pathological conditions. We have previously shown':2 that
quantitative data can be obtained not only for such compounds as homovanillic
acid (HVA), 4-hydroxy-3-methoxymandelic acid (VMA) and 4-hydroxy-3-methoxy-
phenylglycol (HMPG) for which alternative assay methods are available, but also for
others whose relatively unhelpful chemical structure renders specific quantitative
estimation difficult, e.g. p-hydroxyphenyllactic and p-hydroxyphenylacetic acids.
Certain additional observations are now presented concerning overall recovery, purity
and resolution of chromatographic fractions, selection of solvent, choice of pH for
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preliminary extraction of metabolites from urine, control of conditions for the for-
mation of derivatives and optimum concentration of stationary phase.

EXPERIMENTAL

Instrumentation (Pye Panchromatograph fitted with an argon ionisation detec-
tor), materials and reagents, column preparation and characterisation of peaks were as
described previously!. The preparation of trimethylsilyl ether/ester (TE/E) and
methyl ester/trimethylsily]l ether (ME/TE) derivatives was slightly modified from
that used previously by theuseofo.3 ml of a 1:2 mixture of hexamethyldisiloxane and
dioxane (instead of 0.2 ml of each) followed by 0.05 ml of trimethylchlorosilane (in-
stead of 0.1 ml). Derivatives of phenolic compounds were separated isothermally as
before! on a 7-ft. 10%, SE52 column at 190°. A more satisfactory separation of ME/
TE derivatives of phenolic metabolites with methylene unit values over 20, and of
indoles, was obtained on a 5-ft. 5%, SE52 column run at 1go°.

The effect of solvent and pH on extraction of metabolites was investigated in
the following way: authentic compounds (approx. 0.2 mg in 0.5 ml methanol) were
added to water (10 ml), and after saturating with NaCl, the pH of successive replicates
was adjusted to a series of values (Table II) between 1 and 1o, using a glass electrode.
Extraction was carried out by vortex mixing (“Whirlimixer”) for 1 min with 30 ml
solvent (ether or ethyl acetate). Aliquots (25 ml) of the organic phase, separated by
centrifugation, were evaporated to dryness at about 40° n vacwo and the dry residue
from each was retained for the preparation of a ME/TE derivative, or, in the case of
phenylpyruvic acid and the neutral compounds, a TE/E derivative. TE/E derivatives
were prepared by mixing the dry residue with about 0.5 ml methanol and drying under
nitrogen before silylation. Overall recovery was gauged by comparison with data
obtained by GLC analysis (assuming 1009, recovery of derivatives) of the residue
obtained when standard solutions of authentic compounds, equal in amount to those
added prior to extraction, were taken to dryness directly.

RESULTS AND DISCUSSION

Conditions suitable for the GLC separation of TE/E and ME/TE derivatives of
phenolic acids and alcohols! were unsatisfactory for the analysis of indolic compounds
at concentrations present in normal urine. This deficiency has been filled by the intro-
duction of a 5-ft. 5%, SE52 column operating at 19o°, which is suitable for the separa-
tion of both mono- and dihydroxyindoles (Fig. 1). Methylene unit values of some in-
dolic and phenolic compounds which can be readily measured in this way are given
in Table I.

Experimental conditions employed for the preparation of methyl esters of
phenolic acids must be carefully controlled. All monohydroxy aromatic acids and
alcohols studied were completely esterified during our standard one-minute exposure
to ethereal diazomethane, but dihydroxyphenolic acids underwent minor degrees of
O-methylation as well. By reducing esterification time to 30 sec, adventitious O-
methylation was eliminated without serious reduction in yield of methyl esters of
monohydroxy compounds. In contrast, mono- and dihydroxyindoles did not form
measurable quantities of O-methylated derivatives even after 15 min in a solution of

Clin. Chim. Acta, 24 (196Q) 341-348
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/\ 2
. \

— — —

30 25 20 15 10 5 min

Fig. 1. Chromatogram of derivatives of authentic compounds of biological importance run as a
mixture on a 5-ft. 5% SEj52 column. Peak numbers correspond to the trimethylsilyl ether/esters
{TE/E) of (1) tryptophol, (2) indolylacetic acid, (3) 5-hydroxytryptophol, (5) sSHIAA and the
methyl ester/trimethylsily]l ethers (ME|TE) of (4) 5HIAA, (6) 5,6-dihydroxyindolylacetic acid, (7)
indolylpyruvic acid.

TABLE I

METHYLENE UNIT VALUES OF ACIDS AND ALCOHOLS WITH RELATIVELY HIGH RETENTION TIME
5-ft. 5% SEs52 column maintained at 190°, with inlet pressure of 1500 mm/Hg.

Methylene unit values of derivatives
Methyl ester [TMS ether TMS cther [ester

Indolylacetic acid 18.50 —
Tryptophol 18.34 18.34
5-Hydroxytryptophol 21.25 21.25
s-Hydroxyindolylacetic acid (SHIAA) 21.45 22.16
5-Hydroxy-6-methoxyindolyl-z-carboxylic acid 22.16 —
5,6-Dihydroxyindolyl-2-carboxylic acid 22.55 —
Indolylpyruvic acid 22.95 —
5.6-Dihydroxyindolylacetic acid 24.14 —
Vanilpyruvic acid ' 21.15 —
Vanillactic acid 19.40 —

diazomethane. Exposure of keto acids (e.g. p-hydroxyphenylpyruvic and 4-hydroxy-3-
methoxyphenylpyruvic acids) to diazomethane for z min rather than 1 min consi-
derably reduced the tendency to form subsidiary peaks. Phenylpyruvic acid was an
exception, readily decomposing to give multiple peaks. On the other hand TE/E
formation on an SE52 column gave only one derivative and is therefore the procedure
of choice (Fig. 2). This recommendation, which contradicts our previous suggestion
that the ME/TE derivative is preferable!, is based on recent detailed investigations
using GLC as a screening procedure for phenyltketonuria and tyrosyluria.

A comparison of the efficacy of ethyl acetate and ether for extractions at differ-
ent pH values is summarised in Table II. Whilst in general both were suitable for phenol-
ic compounds, indolic metabolites were much more readily extracted with ether,
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which was about twenty times more efficient than ethyl acetate for 5-hydroxyindolyl-
acetic acid (5HIAA). Ether was also more suitable for certain phenolic acids—
p-hydroxymandelic, phenyllactic, dihydroxyphenylacetic and homogentisic.

L//

10 5 min
Fig. 2. (a) Chromatogram of trimethylsilyl ether/ester (TE/E) derivatives prepared from an cther
extract of 0.z ml phenylketonuric urine, and run on a 7-ft. 10%, SEs52 column. (b) Chromatogram
prepared and run as in Fig. 2 (a) on an aqueous extract (10 ml) from a square foot of paper-tissue
(napkin) previously soaked in a dilution of 0.2 ml of the phenylketonuric urine (Fig. 2 (a)) in water
(5 ml) and then dried for 2 days.
The peak numbers (Figs. 2 (a & b)) correspond to the TE/E derivative of (1) phenylacetic
acid, (2) o-hydroxyphenylacetic acid, (3) phenyllactic acid, (4) p-hydroxyphenylacetic acid. (5)
phenylpyruvic acid.
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TABLE 1I
RECOVERIES OF PHENOLIC AND INDOLIC COMPOUNDS EXTRACTED WITH ETHYL ACETATE OR ETHER FROM AQUEQUS
SOLUTION AT pH VALUES BETWEEN I AND I0

Except where stated, ME/TE derivatives were prepared and chromatographed on a 7-ft. 10% SEs2 column,
apart from 5HIAA and 5-hydroxytryptophol where a 5-ft. 5% SEs52 column was used.

Pevcentage recovery

Ethyl acetate extract Ether extract

pH value of aqueous phase I 4 6 8 10 1 4 6 8 10
Phenyllactic acid 30 30 20 N.D*N.D 75 12 N.D N.D N.D
p-Hydroxyphenyllactic acid 73 31 24 13 N.D 84 =25 N.D N.D N.D
p-Hydroxyphenylacetic acid go 70 58 N.D N.D 100 81 12 N.D N.D
Phenylpyruvic acid+ so N.D N.D N.D N.D 50 5 N.D N.D N.D
p-Hydroxyphenylpyruvic acid 100 5 N.D N.D N.D 35 N.D N.D N.D N.D
4-Hydroxy-3-methoxymandelic acid (VMA) 85 10 N.D N.D N.D 45 N.D N.D N.D N.D
Homovanillic acid (HVA) 100 100 23 23 — 79 23 10 N.D N.D
3,4-Dihydroxyphenylacetic acid 10 5 3 N.D ND 75 40 3 N.D N.D
-Hydroxymandelic acid 23 8 1 N.D N.D 68 19 N.D N.D N.D
,4-Dihydroxymandelic acid 63 N.D N.D N.D N.D 13 N.D N.D N.D N.D
omogentisic acid N.D N.D N.D N.D N.D 71 N.D N.D N.D N.D
entisic acid 97 28 34 8 8 97 49 13 15 N.D
ippuric acid 64 N.D N.D N.D N.D 47 N.D N.D N.D N.D
-Hydroxy-3-methoxyphenylglycol (HMPG)+ 99 72 68 58 51 7 20 47 50 29
-Hydroxy-3-methoxyphenylethanol+ — — 79 70 — _ = = = =
-Hydroxyphenylethanol+ — — 8 8o — —_ = = = -
ndolylacetic acid 53 53 26 N.D N.D 80 53 26 N.D N.D
ryptophol* N.D 28 34 48 44 97 97 97 100 100
-Hydroxyindolylacetic acid (5 HIAA) 5 N.D N.D N.D N.D 76 94 g N.D N.D

l

-Hydroxytryptophol+ —_ = — 94 109 103 106 IIO

Nj) = not detected.
The TE/E derivative was prepared.

At pH values of less than 3, both acidic and neutral compounds were extracted,
but with increasing pH, recoveries of stronger followed by those of weaker organic
acids fell sharply; recoveries of neutral compounds were not markedly affected. These
properties have recently been discussed by Sapira®. Gitlow ¢f al.” took advantage of
the relatively strong acidity of VMA to eliminate weaker phenolic acids which inter-
fered during its colorimetric estimation. Dihydroxymandelic and p-hydroxymandelic
VMA, were effectively extracted by ethyl acetate only when the pH of the aqueous
phase was less than 3. Although these investigations (Table II) were carried out on
pure solutions, findings were similar when extraction was made from urine, with a
tendency for recoveries to be slightly better than from water alone.

Two other examples should be mentioned of how choice of a suitable pH for
extraction may help to eliminate unwanted compounds, prior to GLC separation;
although pH values of either 1 or 2 were satisfactory for the extraction of most urinary
phenolic acids into ethyl acetate, pH 2 must be recommended, as hippuric acid, which
sometimes causes interference, was less readily extracted at this pH. Indolic acids
however, particularly sHIAA, were efficiently taken up into ether at pH 3.5, prior
to their separation on a 5-ft. 59, SE52 column. Most phenolic acids remained in the
aqueous phase at this pH.

Phenolic and indolic alcohols and other neutral compounds were selectively
extracted with ethyl acetate or ether at pH 8, leaving acidic compounds in the aqueous
phase. The alcohols are excreted into the urine largely as highly polar conjugates
which had first to be hydrolysed before extraction. Hydrolysis was conveniently per-
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formed by incubating urine (10 ml, pH 6.2) with a sulphatase-f-glucuronidase pre-
paration (suc d’Helix pomatia, Industrie Biologique Frangaise, 35 & 49, Quai du
Moulin de Cage, 92 Gennevilliers, France) (0.2 ml). Traces of ethyl acetate were found
partially to inhibit these enzymes; its use for initial extraction of free aromatic acids

15 10 5 MIN

i5 10 5 miN

Fig. 3. Chromatograms of methyl ester/trimethylsilyl ether (ME/TE) derivatives prepared {rom (a)
an ethyl acetate and (b) dichloromethane extract of acidified (pH 1) alkaptonuric urine (1 ml), and
run on a 7-ft. 10% SEs2 column. The peak numbers (Figs. 3 (a & b)) correspond to the ME/TE
derivatives of (1) p-hydroxyphenylacetic acid, (2) ortho-methylated homogentisic acid masking
HVA, (3) homogentisic acid, (4) p-hydroxyphenyllactic acid, (5) VMA and (6) HVA.
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prior to enzymatic hydrolysis of conjugates in the aqueous phase is therefore inad-
visable.

Using the extraction procedures outlined above, followed by GLC analysis and
quantitation as previously described?, the urinary excretion of three important
catecholamine metabolites, HVA, VMA and HMPG, were determined in 20 normal
adult subjects. The results obtained (mean + S.D.) were 4.2 +- 1.5 mg HVA /24 h,

20 15 10 5 min

15 10 5 MIN
Fig. 4. Chromatogram of trimethylsilyl ether/ester (TE/E) derivatives prepared from (a) ethyl
acetate and (b) dichloromethane extract of hydrolysed urine (5 ml) at pH 8 from a patient with
neuroblastoma, and run on a 7-ft. 10% SEs2 column. The peak numbers (Figs. 4 (a & b) corres-
pond to the TE/E derivatives of (1) 4-hydroxy-3-methoxyphenylethanol, (z) HMPG, (3) HVA.
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5.7 + 1.3 mg VMA/24 h, and 2.4 + 0.8 mg total HMPG/z4 h, values not too dissi-
milar from those obtained by other techniques®-!*. Mass spectroscopy confirmed the
identity and purity of the GLC fraction associated with each of these metabolites.
The interpretation of chromatograms from the complex mixture of aromatic
compounds in urine should always be made with caution, particularly when excretion
is grossly abnormal. When ME/TE derivatives of urine extracts from patients with
phenylketonuria were prepared, decomposition products of the large amounts of
phenylpyruvic acid present gave rise to peaks which masked and might have been
mistaken for HVA. This difficulty did not arise when a TE/E derivative was prepared
(Fig. 2). In alkaptonuria (Fig. 3), the relatively enormous concentrations of urinary
homogentisic acid were responsible for the formation of a small amount of an O-
methylated analogue during preparation of a ME/TE derivative which at first led to
the erroneous conclusion that the artifact was an endogenous metabolite, characteris-
tic of the disease. As in phenylketonuria, the preparation of a TE /E derivative cleared
up this confusion. An alternative approach used to obtain an uncontaminated ME/TE
derivative of HVA in alkaptonuric urines was to treat the sample with dichlorome-
thane® extracting true HVA and leaving the spurious in solution. Dichloromethane
was also found to be a useful solvent for 4-hydroxy-3-methoxyphenylethanol (Fig. 4).
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depressed by PEA (and MAOI), its precursor phenylalanine (and MAOI), its derivative
phenylacetaldehyde and its a-methylated homolog amphetamine. In MAOI treated rabbits,
dopa and phenylalanine were mutually antagonistic. 5SHTP (i.v.) and 5HT (intraventricu-
lar) first enhanced and later depressed the slow wave; their effects were partially blocked by .
MAOD's. Indoleacetaldehydes also affect visual evoked response (Sabelli et al.: Pharmaco-
logist 1988). The locomotor activity of mice was depressed by dopa, epinephrine, isopro-
teronol, BH'T, T and large doses of PEA. MAOI'’s did not affect CA or 5HT depression,
potentiated T depression and changed the effect of PEA into an amphetamine-like stimul-
ation. Methamphetamine and phenylethylamine antagonized CA, 5HT and T depression;
methysergide and LSD antagonized 5HT and T. In newly hatched chicks (lacking blood-
brain barrier) not only CA. 5HT and T but also the aldehyde derivatives of 5HT and T
produced depression and drowsiness, MAOT partially conteract SHTP and 5HT sleep
{Giardine ot al.: Fed, Proe. 1069),

“These and other results suggest that the ergotropic-adrenergic va, trophotropic-seroton-
ergic concepts of Hess and Brodie should be modified as follows: a) catecholamines are
ergotropic modulators at least for sensory functions, but PEA may be the modulator of
ergotropic hypernetivity ; b) gleep inechanisms may involve not only 5H'T (Jouvet, 1967)
and possibly T, but also indoleacetaldehydes which may be the deaminated metabolites
of neuroamines postulated by Jouvet to be responsible for paradoxical sleep.

Supported by Grant MH-14110-01.

Sanprer M. Karoum F. Ruruven CLR.J. Sourneate.J. Cavvk D.B. (London):
Metabolism of L-DOPA in Parkinsonism

During recent trials of L-DOPA in postencephalitic and idiopathic Parkinsonism (Calne
ot al.. 1969). urine samples were collected before, during and after treatment. They have
now been quantitatively assayed isothermally for phenolic acidic and alcoholic metabolites
by gas-liquid chromatography.

Comparatively vast amounts of homovanillic acid and dihydroxyphenylacetic acid
were exereted as major metabolites but relatively smaller quantities than might have been
predicted of 4-hydroxy-3-methoxyphenylethanol.’A small increase only in VMA output,
together with a marginal decrease in 4-hydroxy-3-methoxyphenylglycol (HMPG) were
present, resulting in an increased VMA/HMPG ratio. Increased amounts of m-hydroxy-
phenylacotie acid wore vbsorved, presumably deriving from p-dehydroxylation of DOPA
(Dolids ot al., 19567) by gut Aora. Appreciable concentrations 6f 4-hydroxy-3-methoxy-
phenyllactic acid (VLA) were in evidence, thus establishing transamination as a minor
pathway of L. DOPA metabolism. 1t is possible that the ketoacid precursor of VLA competes
for p-hydroxyphenylpyruvate oxidase, as increased amounts of p-hydroxyphenyllactic
avid, the levels of which tended to correlate with VLA output, were also excereted. Despite
a putative inerease in p-tyramine output in Parkinsonism (Boulton et al., 1987), increased
levols of ita oxidntively denminated metabolite, p-hydroxyphenylacetie acid ecould not. be
doteeted at any atage in the invertigation, This prerndosienl finding tay porhape be oxs
plainsd by doereasod (o vioo mononmine oxidase (MAO) netiviry ; plitelot MAO lovels wern
found to bo significantly lower in patients with Parkinsonism than in controls,
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Effect of LSD on the Disappearance from Brain of Serotonin Formed in vivo from Labelled
Tryptophane

H3-l-tryptophane was administered to conscions mice by constant rate i.v. infusion or
injection. Labelled serotonin and tryptophane in brain was isolated by methods involving
ionexchange chromatography and organic solvent extraction. Labelled serotonin formed
was identified by paper chromatography. During infusion of H3-tryptophane labelled
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The metabolism of orally administered

L-DOPA in Parkinsonism

D. B. CALNE, F. KAROUM, C. R. J. RUTHVEN anp M. SANDLER
Medical and Neurological Units, University College Hospital, London W.C.1, and

Bernhard Baron Memorial Research Laboratories and Institute of Obstetrics and
Gynaecology, Queen Charlotte’s Maternity Hospital, London W.6

1. Gas-liquid chromatographic methods were used to measure urinary acidic
and alcoholic metabolites of 1L.-DOPA, which had been administered in high
oral dosage to patients with postencephalitic and idiopathic Parkinsonism.

2. The output of these compounds was normal before treatment. During
drug therapy, large quantities of the dopamine metabolites, homovanillic acid
and dihydroxyphenylacetic acid, were excreted but traces only of 4-hydroxy-3-
methoxyphenylethanol. Noradrenaline metabolites showed little change in
output other than a small increase in 4-hydroxy-3-methoxymandelic acid.

3. Information was obtained about a number of minor routes of degradation
which might be implicated in the therapeutic action of L-DOPA. A raised
output of m-hydroxyphenylacetic acid pointed to p-dehydroxylation of
dihydroxyphenylacetic acid by gut flora. Evidence of transamination as a
minor metabolic pathway was obtained by finding appreciable urinary levels
of 4-hydroxy-3-methoxyphenyllactic acid. A keto-acid precursor of this com-
pound may act as competitive inhibitor of an enzyme active in the normal
degradation route of tyrosine, p-hydroxyphenylpyruvic acid oxidase, for
increased amounts of p-hydroxyphenyllactic acid, the major metabolic derivative
of p-hydroxyphenylpyruvic acid, accumulated in the urine during DOPA
treatment.

The amino-acid r-dihydroxyphenylalanine (L-DOPA) is now firmly established
as precursor of the catecholamines in a wide variety of animal species (for review,
see Sandler & Ruthven, 1969). A deficiency of its immediate decarboxylation pro-
duct, dopamine, in the basal ganglia of the brain has been amply demonstrated in
Parkinsonism and may be a contributory factor in its pathogenesis (see Horny-
kiewicz, 1966). Attempts to redress this deficiency thus appear to be a rational
approach to treatment of the disease. Dopamine itself does not traverse the blood-
brain barrier in appreciable quantity; however, its precursor, L-DOPA, passes
across to be decarboxylated within the brain (Gey & Pletscher, 1964).

The clinical material on which the present investigation is based, was obtained
during a “ between patient **, * double-blind ” therapeutic trial of oral L-DOPA in
Parkinsonism (Calne, Stern, Laurence, Sharkey & Armitage, 1969). Although the
clinical effect of the drug has now been studied in a number of trials (Calne et al.,
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1969) the opportunity thus provided to obtain information on its further metabolism
has been largely neglected, apart from some limited studies (McGeer, Boulding,
Gibson & Foulkes, 1961 ;: Sourkes, Pivnicki, Brown, Wiseman-Distler, Murphy,
Sankoff & Saint Cyr, 1965 ; Cotzias, Papavasiliou & Gellene, 1969). Rather more
is known about the metabolism of L-DOPA in the normal human subject (Guggen-
heim, 1913 ; Shaw, McMillan & Armstrong, 1957 ; Sourkes et al., 1965 ; Pletscher,
Bartholini & Tissot, 1967 ; Smith, 1967).

Hitherto, assay procedures for many of the urinary metabolites of this amino-
acid have been difficult and time-consuming. Gas chromatographic methods for
urinary phenolic acids and alcohols have recently become available, however
(Karoum, Ruthven & Sandler, 1968 ; Karoum & Sandler, 1968 ; Karoum, Anah,
Ruthven & Sandler, 1969); they are fast and accurate, and with their help it is
possible to measure a number of different compounds on the same chromatogram.
We have used these techniques to monitor the urinary excretion of some of these
compounds in patients taking part in the therapeutic study described by Calne ez al.

(1969) and have obtained biochemical information which had not previously been
available.

Methods

Urine specimens (24 hr), with 25 ml. of 6 N HCI as a preservative, were obtained
from forty long-term patients (eighteen men and twenty-two women) with post-
encephalitic Parkinsonism who were undergoing a “ double-blind ” therapeutic
trial of oral L-DOPA (dose range 0-5-2-5 g/day in divided doses ; mean 1-3 g, for
47 days). Full details of this trial are provided elsewhere (Calne et al., 1969).

Urine collections were made at four stages in the trial: (1) either before commen-
cing placebo or L-DOPA regimes or while control subjects were on placebo (“ pre-
treatment ™) ; (2) some days after starting oral L-DOPA (*“ under treatment ) ; (3)
within 24-48 hr of stopping the L-DOPA regime (“ end of treatment ) ; and (4) 2
weeks later (“ follow-up ).

Circumstances prevented the systematic analysis of every 24 hr urine collection ;
instead analyses were carried out in two series. In the “ homogeneous ” series, six
female subjects were followed through the four stages enumerated above. In the
heterogeneous series, the “pre-treatment” group consisted of three males and
eleven females; seven males and five females were “under treatment”, seven
females constituted the “end of treatment” and ten females the “follow-up”
groups. Some subjects were common to all groups. The full range of metabolites
was not measured in every subject in the heterogeneous series; the number of
subjects from whom the mean excretion rate of each metabolite was calculated is
shown in parentheses in Table 1.

Urine samples (24 hr) were also collected for analysis from four patients with
idiopathic Parkinsonism who were being given 425 to 475 g L-DOPA per day,

orally in divided doses, almost double the maximum dose given to any of the post-
encephalitic patients.

Assay procedure

Urinary phenolic acids and alcohols were measured by isothermal gas lquid
chromatography (GLC), essentially as described previously (Karoum er al., 1968 ;
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Karoum et al., 1969), using a Pye Panchromatograph with a 7 foot 10% SES2
column at 190° C. The acids were usually run as methyl ester/trimethyl silyl ether
(ME/TE) derivatives and the alcohols as their trimethyl silyl ether/esters (TE/E).
Chromatographic peaks were characterized in terms of methylene unit values
(Dalgliesh, Horning, Horning, Knox & Yarger, 1966) and quantified by comparing
peak heights in analyses of duplicate urine samples, to one of which an internal
standard was added at the start of the procedure.

In samples from patients in the “ pre-treatment > or “ follow-up ” groups, phenolic
acids were isolated from 10 ml. of salt saturated urine at pH 2-0 by extracting twice
with 25 ml. of ethyl acetate. Phenolic alcohols were extracted from duplicate 10 ml.
specimens of urine after incubating overnight with 0-2 ml of a sulphatase-glucu-
ronidase preparation (Suc d’Helix pomatia, Industrie Biologique Frangais, Genne-
villiers en Seine, France) at 37° C and pH 63 to hydrolyse conjugated phenols. The
urine sample was adjusted to pH 8, saturated with NaCl and extracted twice with
25 ml. of ethyl acetate. Twenty and 25 ml. portions of the successive extracts from
each analysis were pooled, evaporated to dryness under vacuum at 40°-50° C and
derivatives prepared from the dry residue.

Analysis of specimens from patients in the *“ under treatment ” or “end of treat-
ment ” groups was modified in order to assure satisfactory quantification of the
large amounts of homovanillic acid (HVA) and dihydroxyphenylacetic acid
(DOPAC) present and prevent their interference with the estimation of lesser
metabolites. HVA and DOPAC were assayed following two successive extractions of
0-5 or 1 ml. urine with 25 ml. of diethyl ether AR after diluting with 10 ml. 0-01 N HCI
and saturating with NaCl. Portions of the ether extracts, 20 and 25 ml. respectively,
were combined and evaporated and, in this case, trimethyl silyl ether/ester deriva-
tives were prepared. To eliminate DOPAC, which interferes with measurement of
4-hydroxy-3-methoxymandelic acid (VMA) and other phenolic acids at concentra-
tions present, 5 ml. of urine was adjusted to pH 84, and 2-5 g of alumina (‘Camag’,
MFC, Hopkin & Williams Ltd.) was added and vortex mixed (‘Whirlimixer’) for 1
min. After centrifuging and adjusting the pH of the supernatant to 2-0, phenolic
acids were extracted with ethyl acetate, isolated and analysed as before. For the
estimation of phenolic alcohols a 10 ml. portion of urine adjusted to pH 1 with
6 N HCI was extracted twice with 25 ml. of diethyl ether in order to remove phenolic
acids, The extracted urine was heated at 60° C for a few minutes under vacuum to
expel traces of solvent and then incubated (37° C) with the sulphatase-glucuronidase
preparation after adjusting the pH to 6:3. Following incubation the pH was raised
to 84, alumina added, mixed, centrifuged, and the phenolic alcohols isolated from
the supernatant and analysed as before. The preliminary extraction of the phenolic
acids is also likely to remove free alcohols. The amount of free HMPG lost in
this way is probably negligible compared with the output of its conjugate for al-
though the derivatives of free HMPG (methylene unit value 18:37) and VMA
(methylene unit value 1843) run closely to each other during GLC, there was
neither an alteration in the retention time of VMA nor the presence of a shoulder
on the ascending slope of its peak in any sample.

Statistical tests

Means and standard errors (S.E.) of means were calculated for the 24 hr urinary
excretion values of each metabolite. ¢ Tests were carried out to ascertain the signi-
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ficance of differences between treatment groups as well as their relation to the dose
of L-DOPA. In the homogeneous series the paired ¢ test was used, the subjects
serving as their own controls. Within each group, an examination of the degree of
correlation was made for the following variables: selected metabolites, urine volume,

dose of L-DOPA in the previous 24 hr and total dose to date of collection of
specimen under test.

Each group was regarded as a random sample from its appropriate population
and no attempt was made to match patients who appeared in more than one group.
It was assumed, but not tested, that these samples were not subject to selection. The
results of statistical tests on the small homogeneous series of six patients analysed

during all four phases of the investigation support those found in the larger but
heterogeneous series.

The “between group ™ analysis in the heterogeneous series was based on the
logarithms of the recorded data as this transformation appeared to create greater
similarity of variance within each of the groups. For the analysis of the homo-

geneous series, the actual readings were used as their range was smaller compared
with the unmatched groups.

Differences between means and between correlation coefficients have been

accepted as statistically significant if the likelihood of their occurring by chance was
equal to or less than 5% (P<0-05).

Results

The results of G.L.C. analysis on the heterogeneous series expressed as mean
24 hr excretion values-+S.E. of means, together with observed ranges, are given in
Table 1 and grouped according to the four collection schedules. Values are given
for urinary phenolic acids and 4-hydroxy-3-methoxyphenylglycol (HMPG) and for
the ratio of VMA to HMPG. A parallel but extended set of results from the homo-
geneous series is shown in Table 2.

The urinary excretion of metabolites in postencephalitic Parkinsonian subjects in

“ pre-treatment ” and “ follow-up * groups (Tables 1 and 2) did not differ from the
normal range (Karoum ez al., 1969).

Compared with “ pre-treatment ” values, a several-hundredfold rise in HVA
excretion was observed in both series of analyses while the patients were * under
treatment . 1t is likely that a small percentage of this high output was represented
by the isomer 3-hydroxy-4-methoxyphenylacetic acid the ME/TE derivative of
which cannot be separated from that of HVA under the GLC conditions used.
However, the 4-hydroxy group of HVA is resistant to methylation during the 1 min
exposure to diazomethane used whereas O-methylation tends to occur more readily
in the 3-position. The small amount of 3,4-dimethoxyphenylacetic acid which was
noted on the gas chromatogram (Fig. 1b) after subjecting the urine extract to the
ME/TE procedure but not after the TE/E procedure indicates that the HVA peak
was contaminated by a small amount of 3-hydroxy-4-methoxyphenylacetic acid. At
the “end of treatment ”, the high mean HVA concentrations fell (significantly in
the homogeneous series, P<<0-025) to about two-thirds of the ““ under treatment ”
mean value, and had returned to normal in all subjects tested by “ follow-up .



TABLE 1. Excretion of urinary phenolic acids and alcohols in the heterogeneotts serics

** Pre-treatment * Under treatment >’ “ End of treatment ™ ‘“ Follow-up
mg/24 hr mg/24 hr mg/24 hr mg/24 hr
Mean Observed Mean Observed Mean Observed Mean Observed
Metabolite 4s.E. of mean range 4 5.E. of mean range 45s.E.of mean rangc +5s.E. of mean range
HVA 314 033 (14) 1-:6-6:0 201438 (12) 51460 140466 (7) 12-505° 2:414041 (10) 1:0-5-1
Free DOPAC <20 — 195433 (12) 30-390 124445 (7) 13-365 — —
VMA 464+0-54 (14) 1-4-9-3 7-3:£0-75 (11) 2:7-11-8 2-64-0-83 (6) 0-6-5-1 344037 (10) 1-4-5-1
Total HMPG 224032 (9) 0-8-3-5 1-54-0-28 (10) 0-2-3-2 1-:040-16 (7) 0-7-1-4 1-:240-14 (10) 0:6-2-0
VMA/HMPG
ratio 25405 (9) 0-4-49 664-1-20 (10) 2:3-140 2-5-0-60 (6) 0-8-3-6 324052 (10) 09-6-0

Number of patients in parentheses.
HVA, 4-hydroxy-3-methoxyphenylacetic acid, homovanillic acid; DOPAC, 3,4-dihydroxyphenylacetic acid; VMA, 4-hydroxy-3-methoxymandelic acid; HMPG,

4-hydroxy-3-methoxyphenylglycol.

TABLE 2. Excretion of urinary phenolic acids and alcohols in the homogeneous series

** Pre-treatment *’ ““ Under treatment ™’ “ End of treatment ’’ “ Follow-up »’
mg/24 hr mg/24 hr mg/24 hr mg/24 hr
Mean Observed Mean Observed Mean Observed Mean Observed

Metabolite +s.E. of mean range +s.E. of mean range 4-s.E. of mean range +s.E. of mean range
HVA 2:74027 1-8-3-8 271448 135460 161473 33-505 2:94-0-53 1-7-5:1
Free DOPAC <20 — 217450 151-336 1424-21 13-365 <20 —
VMA 464027 3-5-5-3 661092 3-:0-9-1 2:6--0-83 0-6-5-1 394040 2:4-4-9
Total HMPG 1-44-0-16 09-1-9 1-1-4-025 0-5-2-2 1-040-18 04-14 1-240-20 06-1-5
p-Hydroxyphenyl-

acetic acid 744152 3-2-139 8-84-2:18 2-1-167 8-54-1-79 2:1-156 7:542-30 3-0-185
m-Hydroxyphenyl-

acetic acid 1-7-0-51 0-9-4-0 51-51-32 2:6-10-4 5-841-88 2:1-14'3 2:140-24 1-1-2-3
VLA <01 — 27-5416-3 2-108 12-3::10-6 0-5-66 <01 —
VMA/HMPG ratio 3-3+0-33 2:7-4-8 6:34+0-85 4-1-9-0 2-540-60 0-8-4-5 3-6+0-78 1-8-6-1

Six patients. HVA, 4-hydroxy-3-methoxyphenylacetic acid, homovanillic acid; DOPAC, 3,4-dihydroxyphenylacetic acid; VMA, 4-hydroxy-3-methoxymandelic
acid; HMPG, 4-hydroxy-3-methoxyphenylglycol; VLA, 4-hydroxy-3-methoxyphenyllactic acid.
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FIG. I. (a) Gas chromatogram (7 foot, 10% SE 52 column) of methyl ester/trimethyl silyl
cther derivatives of phenolic acids prepared from an ethyl acctate extract of urine (10 ml.)
from a patient with postencephalitic Parkinsonism before treatment with L-DOPA. Peak
identification: 1, m-hydroxyphenylacetic acid ; 2, p-hydroxyphenylacetic acid ; 3, homovanillic
acid (HVA); 4, hippuric acid; 5, p-hydroxyphenyllactic acid; 6, 4-hydroxy-3-methoxy-
mandelic acid (VMA); 7, 4-hydroxy-3-methoxyphenyllactic acid (VLA); 8, p-hydroxyphenyl-
pyruvic acid. (b) Gas chromatogram (7 foot, 10% SE 52 column) of methyl ester/trimethyl
silyl ether derivatives of urinary phenolic acids from. the same patient as in (a) while under
treatment with L-DOPA. Urine (10 ml.) at pH 8-4 was shaken with alumina to remove DOPAC
before extracting at pH 2 with ethyl acetate. Peak identification: 1-8 as in (a); 9, 3,4
dimethoxyphenylacetic acid (artefact from O-methylation of 3-hydroxy-4-methoxyphenyl-
acetic acid—see text).
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There was a very similar high output of free DOPAC “ under treatment ” which
fell considerably at the “ end of treatment ”, returning to normal in the “ follow-up ”
samples. In both the “ under treatment > and “ end of treatment ” groups, there was
a strong positive correlation (P<C0-01) between output of HVA and DOPAC. The
total dose of the drug up to the time of urine sampling and the dose in the 24 hr
period preceding urine collection were positively correlated with HVA and DOPAC
excretion values in both the ““ under treatment” and “end of treatment” groups.
There was also a positive correlation (P<C(0:02) between urinary HVA or DOPAC
output and urine volume in the “ end of treatment ™ group.

Although 4-hydroxy-3-methoxyphenylethanol (HMPE) excretion in the “under
treatment ” or “ end of treatment * groups was small compared with output of HVA
or DOPAC, it represents a substantial increase over the small quantities (less than
100 pg/24 hr) found in normal urine. In four subjects from the heterogeneous
series “ under treatment ”, excretion rates of 0-5, 1, 2 and 2 mg HMPE/24 hr were
recorded, whilst three others belonging to the “end of treatment” group in this
series had an output of 0-25, 0-5 and 0-5 mg HMPE/24 hr. Althougth the absolute
increase in urinary VMA was not as dramatic in patients ** under treatment” when
compared with that of HVA and DOPAC, it was still significant (heterogeneous
series P<<0-02 ; homogeneous series P~-0-05).

There was a positive correlation (P<(-02) between HMPG and VMA output in
patients in the heterogeneous series ““ under treatment ”, although a similar relation-
ship was not observed in any of the other groups. The mean ratio of the excretion
values of VMA to HMPG in “ under treatment ™ groups in both series was higher
than in any of the other groups (Tables 1 and 2). In the homogeneous series, this
rise was significant (P<C0-02) for comparisons between “under treatment” and
*“ pre-treatment ” or “end of treatment” groups. Inspection of ratios in the
heterogeneous series suggested a similar relationship.

4-Hydroxy-3-methoxyphenyllactic acid (VLA) was almost undetectable (less than
100 pg/24 hr) in urine from “ pre-treatment ” and “ follow-up ” groups but was
excreted in large amount (Table 2) by patients “under treatment” (Fig. 1).
4-Hydroxy-3-methoxyphenylpyruvic acid (VPA) could not be detected in any
sample.

Oral L-DOPA did not affect the excretion of p-hydroxyphenylacetic acid which
remained within the range previously encountered by us (unpublished) in normal

TABLE 3. Excretion of urinary phenolic acids and alcohols in high dosage (4-25-4-75 g L-DOPA per
day) series

Metabolite Mean Observed range
mg/24 hr mg/24 hr
HVA 1,707 1,290-2,820
Free DOPAC 2,135 1,110-3,400
VMA 100 9-5-10-5
Total HMPG 4-5 2:9-7-1
p-Hydroxyphenylacetic acid 10 5-13
m-Hydroxyphenylacetic acid 14 12-16
VLA 41 32-54
HMPE 1-5 0-4-3-3
VMA/HMPG ratio 25 1-4-3-4

Four patients. HVA, 4-hydroxy-3-methoxyphenylacetic acid, homovanillic acid; DOPAC, 3,4-
dihydroxyphenylacetic acid; VMA,4-hydroxy-3-methoxymandelic acid; HMPG, 4-hydroxy-3-
methoxyphenylglycol; VLA, 4-hydroxy-3-methoxyphenyllactic acid; HMPE, 4-hydroxy-3-methoxy-
phenylethanol.
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individuals throughout the investigation. In contrast there was a significant increase
in output of m-hydroxyphenylacetic acid (Table 2, Fig. 1) in both “ under treat-
ment” and “end of treatment” groups when compared with * pre-treatment”
(P<<0-03) and “ follow-up > (P<<0-05) groups.

The range of metabolites measured in the homogeneous series was also estimated
in a small group of patients with idiopathic Parkinsonism on a higher dosage of
L-DOPA (Table 3). Apart from p-hydroxyphenylacetic acid, the value of each was
greater than after treatment with the lower dosage. m-Hydroxyphenylacetic acid
excretion was so increased as to be greater than that of its p-isomer ; its output is
normally considerably less (Fig. 1).

The excretion of p-hydroxyphenyllactic acid (PHPLA) was measured in the homo-
geneous series and in the four patients on higher dosage of L-DOPA. With the excep-
tion of one atypical case, patients in the homogeneous series excreted less than
0-5 mg pHPLA/24 hr in the “ pre-treatment ” and “ follow-up ” periods. Whilst
“under treatment ”, however, four of these patients put out increased amounts of the
acid, ranging from 0:9-4-8 mg/24 hr (mean 2-4 mg/24 hr). The patients on higher
dosage tended to excrete slightly more, with values ranging from 1-6 to 4-7 mg/24 hr
(mean 2:8 mg/24 hr). The atypical patient excreted about 2 mg pHPLA daily, even
when not on L-DOPA, the output rising as high as 23 mg/24 hr ““ under treatment ”
and dropping to 11 mg/24 hr at the “ end of treatment ”. This patient also excreted
by far the highest concentration of VLA whilst “ under treatment”. In general,
the excretion of p-HPLA tended to rise in parallel with VLA output.

Discussion

Since the first sighting observations on L-dihydroxyphenylalanine (L-DOPA)
metabolism in man and rabbit by Guggenheim (1913), its major pathways of
degradation have become well established (Sandler & Ruthven, 1969). The greater
proportion is decarboxylated to dopamine which is either B-hydroxylated to nor-
adrenaline or, in common with the other catecholamines, inactivated by two
alternative routes, involving the primary action of either catechol O-methyltrans-
ferase or monoamine oxidase. Homovanillic acid (HVA) which results from the
action of both enzymes on dopamine, is quantitatively the most important endo-
genous DOPA metabolite in normal human urine.

The * pre-treatment  data presented here which do not appear to differ from
normal values (Karoum et al., 1969), together with the previous finding of a normal
HVA output in this disease group (Greer & Williams, 1963), argue against there
being a generalized disturbance of dopamine metabolism in Parkinsonism. The
claim of Barbeau, Murphy & Sourkes (1961), pointing to a contrary conclusion, has
never been confirmed. Whether certain unidentified chromatographic peaks noted
in “ pre-treatment ” and “ follow-up * urine samples but not in normal urine are in
any way connected with the pathogenesis of the disease is still under investigation.

Sourkes, Pivnicki, Brown, Wiseman-Distler, Murphy, Sankoff & Saint Cyr (1965)
gave L-DOPA to one postencephalitic Parkinsonian subject and noted some delay in
the rise in urinary HVA excretion compared with controls ; but, in general, our own
findings in patients with this disease during treatment are not too dissimilar from
those following L-DOPA administration to normal subjects (Shaw, McMillan &
Armstrong, 1957 ; Sourkes et al., 1965). There was a very large increase in urinary
excretion of HVA which was equalled (Table 1), and at high dosage even exceeded
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(Table 3), by 3.4-dihydroxyphenylacetic acid (DOPAC) output. This increase in
relative concentration of DOPAC appears to depend to some extent on route of
administration (Sourkes et al., 1965).

It is of interest that children with dopamine-secreting tumours may sometimes
put out as much HVA as the patients “under treatment” (Table 1). DOPAC
excretion, on the other hand, although well above normal concentrations, forms a
proportionately smaller part of the total metabolite output (von Studnitz, 1960 ;
Sourkes, Denton, Murphy, Chavez & Saint Cyr, 1963). This finding implies that
the site of metabolic degradation of this endogenously secreted dopamine differs
from that generated from exogenously administered DOPA.

There are other points of difference from dopamine-secreting tumours. The inter-
mediate aldehyde produced by oxidative deamination of dopamine is preferentially
oxidized further to HVA rather than reduced to 4-hydroxy-3-methoxyphenylethanol
(HMPE) (Breese, Chase & Kopin, 1969) ; during the present investigation, an even
smaller proportion of HMPE was found after DOPA treatment than is observed
in cases of dopamine-secreting tumour (Karoum, Anah, Ruthven & Sandler, un-
published). von Studnitz (1967) was unable to detect the excretion of the 3-hydroxy-
4-methoxy isomer of HVA in patients with such tumours but there was indirect
chemical evidence that small amounts were put out in the Parkinsonian subjects
“ under treatment ”. This latter finding agrees with a previous claim (Smith, 1967).

A further difference concerns the degree of B-hydroxylation of the side chain.
Apart from metabolites derived from the direct metabolism of dopamine, patients
with dopamine-secreting tumours almost invariably have a large output of the
B-hydroxylated (noradrenaline) series of metabolites with a relatively large contribu-
tion from the aldehyde reduction product, 4-hydroxy-3-methoxyphenylglycol
(HMPG). Oral DOPA treatment, however, resulted in only a comparatively small
increase in 4-hydroxy-3-methoxymandelic acid (VMA) and an increased VMA/
HMPG ratio. In the light of these differences, it seems likely that further metabo-
lism of dopamine involving B-hydroxylation takes place largely within the tumour
tissue of affected subjects and not at sites remote from it (Sandler & Ruthven, 1966).

The gas chromatographic techniques used have permitted accurate quantitative
studies to be performed for the first time on a number of other minor metabolic
routes of L-DOPA metabolism in addition to that of HMPE formation. DeEds,
Booth & Jones (1957) found that DOPA administration to rabbits gave rise to an
increased urinary output of m-hydroxyphenylacetic acid, presumably by
p-dehydroxylation of DOPAC brought about to a large extent by gut flora
(Scheline, 1968). Although Shaw et al. (1957) were not able to obtain any evidence
for the existence of this pathway in man, Booth, Emerson, Jones & DeEds (1957)
and Shaw, Gutenstein & Jepson (1961) produced evidence pointing to p-dehydroxy-
lation of another catechol acid, caffeic acid, and we have now been able to show that
a small but significant proportion of L-DOPA is degraded by this route. There was
no evidence of m-dehydroxylation, however, as the output of p-hydroxyphenylacetic
acid was unchanged.

Shaw et al. (1957) discussed the possible existence of an alternative pathway of
DOPA metabolism via transamination, although they were not able to provide any
direct evidence for it. For many years, it has been known that L-DOPA can par-
ticipate in transamination reactions (Cammarata & Cohen, 1950), and Fonnum,
Haavaldsen & Tangen (1964) have characterized several DOPA transaminases in
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brain. The evidence now seems to point fairly strongly to an in vive metabolic
sequence initiated by DOPA transamination. The immediate product, 3.4-
dihydroxyphenylpyruvic acid (DHPPA), is probably O-methylated to 4-hydroxy-3-
methoxyphenylpyruvic acid (VPA). An alternate route to VPA would involve the
initial O-methylation of DOPA to 3-O-methylDOPA, followed by transamination
to VPA. Smith (1967) described an increased urinary excretion of the unstable
VPA but had no evidence of its more stable reduction product 4-hydroxy-3-
methoxyphenyllactic acid (VLA), after administration of L-DOPA to volunteers.
Despite the sensitivity of our methods and the considerably higher dosage range of
L-DOPA employed, we were unable to detect VPA in any sample. There was a
considerable increase, however, of VLA, its reduction product (Weber & Zannoni,
1966 ; Zannoni & Weber, 1966), confirming earlier observations in patients with
DOPA -secreting tumours (Gjessing, 1963 ; Smith, 1965). We would even postulate
that its presence is indicative of a sufficient production of DHPPA or VPA to
interfere with the normal metabolism of tyrosine. The major metabolite of tyrosine
metabolism is p-hydroxyphenylpyruvic acid (p-HPPA) which is normally further
metabolized by p-HPPA-oxidase (La Du, 1966), undergoing the recently described
“ NIH shift” (Guroff, Daly, Jerina, Renson, Witkop & Udenfriend, 1967), to 2.5-
dihydroxyphenylacetic acid (homogentisic acid). Our finding of an increased output
of the immediate reduction product of p-HPPA, p-HPLA, which tends to correlate
with VLA output, suggests to us that DHPPA or VPA may compete with p-HPPA
for p-HPPA-oxidase. If this were so, DHPPA or VPA might itself be expected to
be metabolized to 2,4,5-trihydroxyphenylacetic or 2,5-dihydroxy-4-methoxyphenyl-
acetic acid. We hope to make a careful search for compounds of this type as soon
as authentic reference samples become available to us. It has been suggested that
compounds with a 2,4,5-substitution pattern which appear to possess high psychoto-
mimetic activity may be implicated in the pathogenesis of schizophrenia (Shulgin,
Sargent & Naranjo, 1969).

Whilst it might seem that we have placed disproportionate stress on the existence
of minor pathways of L-DOPA metabolism, it must not be forgotten that the time
course of the therapeutic response to this drug (Calne et al., 1969 ; Cotzias,
Papavasiliou & Gellene, 1969) is slow. As there is indirect evidence to indicate that
dopamine generation within the human central nervous system is rapid (Pletscher,
Bartholini & Tissot, 1967), we cannot rule out the possibility that the clinical effect
derives not from dopamine replacement but from the build-up of some minor
metabolite unconnected with the main route of DOPA degradation.

The studies described in this paper were confined to a series of measurements on
the acidic and alcoholic end-results of L-DOPA metabolism in the whole organism.
We are well aware, however, that any therapeutic effect is likely to derive from
metabolic changes localized to a small area of the brain. Pletscher et al. (1967) have
observed appreciable amounts of labelled HVA in cerebrospinal fluid after “C-
DOPA administration in man and it seems likely that metabolite concentrations in
cerebrospinal fluid may mirror the metabolism of DOPA in the brain more faith-
fully than urinary levels. Parallel studies on amino-acid and amine excretion in
these patients are in progress.

We are grateful to the Smith, Kline & French Foundation for a grant for gas chromatography
equipment ; to Mr. G. B. Newman for help with the statistical evaluation ; and to the Wellcome
Trust, who defrayed the salary of D.B.C.
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and disc gel electrophoresis. Studies on the nature of the aggregation of
PNMT in the particulate fraction are in progress.

2.10.03 Catecholamine and Metabolite Content of Adrenal Medullary
Tissue in Hypertension and Other Clinical Conditions
H. Hinterberger, R. II. Steele and R. J. Bartholomeiwc: Division of
Clinical Chemistry, Department of Pathology, Prince Henry
Hospital, Sydney. Australia
Adrenalin (A), noradrenalin (NA) and 3,4-dihydroxyphenylethylamine
(DA) were estimated by fluorimetry, and 4-hydroxy-3-methoxymandelic
acid and 4-hydroxy-3-methoxyphenylglycol (HMMA +HMPG) by ab-
sorption spectrophotometry in necropsy speciinens of human adrenal
medullary tissue from more than sixty subjects.

No correlation was found between amine content and time elapsed
between death and removal of specimens within 48 h,

Adrenalin content appeared to vary over a wider range than noradrenalin
content when different areas of the two glands were sumpled scparately.

No correlation of amine content with age (15-83 ycars) or sex of the
subjeet could be established.

Speeimens from normotensive subjects and hypertensives treated with
reserpine for at least 2 weeks immediately prior to death showed no statisti-
cally significant differences of A and NA content, but DA could not be
deteeted in reserpine-treated hypertensives. Hypertensives who had not
been treated with reserpine prior to death had DA values comparable to
those of normotensives, but their NA and A content was signifieantly lower
(P <0.005 and <0.0005, respectively).

2,10.04 The Study of Catecholamine Seereting Tumours by Gas-liquid

Chromatography

C. R. J. Ruthven. F. Karoum, C. O. Anah, J. Chapman and

M. Sandler: Bernhard Baron Memorial Research Laboratories,

Queen Charlotte’s Maternity Hospital, London,

and Associated Eleetrical Industries Ltd., Manchester, England
Gas-liquid chromatography (GLC) was found to be a sensitive tool for the
rapid appraisal of phenolic acid and alcohol metabolites exercted by
patients with catecholamine secreting tumours. Characteristic urinary
cxcretion patterns were obtained by quantitative assay of two major and
one minor metabolite of dopamine, 3,4-dihydroxyphenylacetic and homeo-
vanillic acids and 4-hydroxy-3-methoxyphenylethanol (HMPE), and two
major and two minor metabolites of noradrenaline and adrenaline, 4-
hydroxy-3-methoxymandelic acid, 4-hydroxy-3-methoxyphenylglycol, 3.4-
dihydroxymandelic aeid and 3,4-dihydroxyphenylglycol. Output of p-
hydroxyphenylpyruvic and p-hydroxyphenyllactic acids, and vanylpyruvic
and vanyllactic acids, metabolite pairs deriving from transamination of
tyrosine and DOPA, was also measured. Further identification of some
GLC peaks by mass spectrometry (AE1 MS 902), showed that a compound
exercted in some cases of phacoehromocytoma, with a similar GLC mobility
to HMPE, was different from it in nature.
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ANNIETY PRECIPVYENTED BY L ACTANTE
Te the Fiditon

967) vepored dat intavenowsly aduimistered sodinm L -
e pevdipitater] @ severe amxiety ek e 93 per cent ol
atients with the dhagnoss ol anxicly bot e only 20 per cent
Fonoral controls They were also able o nnnbmize thr
flects of Laciare by innavenous calowm,

We undenook to repeat this study, vy their technies
nd then Lwate solutons, oo dive patienrs given factate,
cute anxiely  developed  besween the eighth and owelfth
nnutes of nlasion, peaked at B ommuges, and remained
were dor 15 1o 30 mimates. Eache patient experienced
altereffecs™ ol nritahilivy, dysphoria, tension, Laigne and
cakness Tor two 1o seven davs,

The sesponse 1o Lictie-calcivm infusion was similar 1o
e of lactoe alone, bt deavly less imense and ol shorter
uration; there were no “altereffeas.” There was no patient
esponse 1o dextrose iy saline,

L fonr control subjeas the vespanse 1o Lactare was charae-
erized by tachveardia and resifessress, hot withont anxiety
n thyee subjects, and with no “atterellects™ inalt four, Anxi-
@y owas elicited in one control. The controls becaime drowsy
e bored with Lictte and ealeinm and dextrnse in saline.

As observed by Pitis and MeClure, a “blind™ investigator
vas able 1o mme ety 25 of 27 solutions (925 per cent),
he paients 13 ol 15 solutons (87 per cemt), and the con-
rolv b ol 12 salutions (30 per cent).

I concarrent sedp-rerorded electrornce phalograms (FEG).
ve observed dimges with Lctite inthe patients, but not in
he controls noy alter dexoose in saline and lactate and cal-
ann solutions, The FEG exhibited increased beta and de-
reased alpha abundances and a deereased alpha amplitude.
Fhe findings are consistent with the ctectroencephalographie
hanges wsoally seen inanxiety states.

Hypuotheses velating anxiety and  lactive ave  well sum-
narized by Pins and McClure. We would also add 1w their
orimilations two interesting applications, A lactate wlevance
est, we osngaess, pravides an objective means of identifying
wwoup ol mentally il with comman characteristics of anxiety
winrnsis, for both therapeutic and prognosiic pucposes. The
miagonisin ol calcwun to lactate precpitated anxiety and its
suceessfol therapenne tial Gaceording 10 a personal comnu-
nication {rom  Dr. Pits) suggests that other  antianxiety
agents may be tested by means of this mndel.

Pies el MeChre (NEFN 27703202 1306,

Max Fing, M.D.
Micuafkl Aax Tavior, M.D.
Jan Voravka, M.D.
Department of Psychiatry
New Yark Medical College
Flower and Fifth Avenue Hospitals
New York, NY.

METFABOLISM OF DOPA IN PARKINSONISM

To the Edwor- In g letier o the Jomnad on Febrary 1,
P08, Avvis aned Bailey! reported consideralile amounts (2 to
Bogme pev 20 bhours) ol homogentisic s inoa darkly pig-
wented vrine bom o patient with Parkinsonism who was
reveiving 16 g of dapa per day, Cazias er al? had pre-
votshy observed afat uvine from surh patients oo dupa
therapy tvned blck on heeping.

Secause ol the patholagic sequekie ol high dssne levels aof
homogentisic wad in alkaptonuvia, it is important o know
whether patients on Jong-term dopa therapy ran a stimibar
visk, Our recent gas coomatographic stndies on the metabo-
s of tedopion Parkinsonism?® have provided ais with o
oppotiuaity o look for bomogentisic acid iy the arine from
fow patients with idiopathic Parkinsanism receiving 1.5 10
A.75 g ob dedopa per day. We were malile, however, 1o
dereet the presence ol homogentisic acid {iess than 0.1 iy
per 201 howrsy The procedure bsed, whicls is deseribed in
deral ebsewhere's was hrelly as Tallows, Salt-satutated vrine

CORRESPONDENCT

1429

at pll 2.0 was extripted winh etbner, the separined solvent
eviporated under vienunm, and the phenolic aods i the pesi
duc vomverted ta their methyd esier tomsethyl alvl ether e
vivatves. These were sepanarcd by isotheraal s cloomae
togephy ar U0 with the ose ol a Pve Pan lironvaogaph
with a 7 loor 10 pev cent SE 52 colunm, The posiman of any
peak doe 1o hooogentisie acd could Tuve been located andd
quennhied by vompayson ol peak heghe with oo ol smer-
vl stindinds ol the atnheatic acid o with known alkapron-
unic urine: methviene unit value provided conhriatian ol
idenuty, To climinate siny possilile nrsking of homogentisic
ackd by the Lirge gquannties ol 3-l-:Iih)'(lmxy|)Iu'n)£;u'cli( acirl
(dopa) present in these wymes after tdopa treitment, do-
pate was removed by prencannent of onne at pli 8.4 with
whimina, after it had first been confirmed shat homogendtisic
acitl was not also adsorbed.

The dillerence berween onr findings and those of Arras and
Baileyt dres not seem 1o he explained by the very high deny
dosaue than they used (16 gy pev day), pressmmably of the o
lorm: apprvendy, they were sitll able 1o detect nrmary homo-
gentisic aie ata dose of 10 pm perafay — that is, adter giving 5
em ol the visomer, Iris possible Vit the dilference between
owr twa sets of findigs steimns irom same as yer uncimted
pathwiay of padopi imenibolism, but this s prrely vorgecnnral,
(It s even ronceivable it their patient was ilso alvaptoma iv)
Arvas i Bailey snggested thiae the darkening of she mine
thant ahey abserved princidy denved  front homogemis
acid. Fhe oxalation of dopa asell, of dopamine or ol us
oxulanively deaminated metabalite, dopace, are likely 1o have
nurde an even larger conttribition, Any oxidation of catechol
metabolites would, ol course, have been gready increised if
the nyvine specimens had not heen preserved with acid.

M. SanprLer, M.D.
I. Karoun, B.Sc.
C. R. J. Rutuven, Pu.D.
. Queen Charlotte’s Hospital
London, Euglind
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'BCG VACCINE ((T()"']"INL'ED)

to the o Uhe editoral, The Paradox o BCG™
(NEJM. Seprember 40 1966), shonld be applauded. However,
there are two replies (NEJM, Ocober 23, 1969) obliquely
crincal enamiiting from the United Swates  Public Fiealth
Service, BCG viecination has always been anathema 1o the
Public Health Service. Tt hus depreciated the efbicacy of this
procedure in the prevention ol pulmonary tuberculosis in
spite nl' the overwhelming epidemiologic evidence to the
cantrany as cited in the editorial,

Tuberculosis is most prevalent smong the vacial minorities
and the poor. This segment of the papulation is completely
dependent on the Public flealth Service Ior treatment and
prevention ol the disease, As long as the Public Health Serv-
ice on the federal and state Jevel does not recognize BCG
vacdinatem as an cllecive tonl in the ight aganst tbeyealo-
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m-Hydroxyphenylacetic Acid
Formation from L-Dopa in Man:
Suppression by Neomycin

Abstract., The increased excretion of
m-hydroxyphenylacetic acid in the urine
of patients with parkinsonism being
treated with L-dopa was reduced by gut
sterilization with neomycin. The p-de-
hydroxylation step is thus brought
about solely by the action of gut flora;
the pathway is unlikely to be involved
in the events within the brain leading
to the therapeutic benefit effected by
L-dopa.

A substantial proportion of patients
with parkinsonism obtain more thera-
peutic benefit from L-dopa (dihydroxy-
phenylalanine) than from any drug
previously available (7). While it has
been assumed that clinical improve-
ment stems from dopamine generation
within the central nervous system, Calne
et al. (2) have pointed out that such
a chemical transformation is likely to
be rapid (3) whereas the time course
of the therapeutic response to the drug
is slow (). The possibility cannot there-
fore be ruled out that the clinical effect
derives not from dopamine replacement
but from the buildup of some minor
metabolite unconnected with the main
route of dopa degradation. Therefore
we charted minor pathways of dopa
metabolism revealed by the large doses
of drug employed (up to 8 g/day).

The existence of one such pathway,
terminating in an increased urinary out-
put of m-hydroxyphenylacetic acid (/-
HPAA), was noted during a trial of
dopa in patients with parkinsonism (2).
DeEds et al. (4), who made a similar
observation after feeding pL-dopa to
rabbits, considered that m-HPAA might
derive from the p-dehydroxylation of
the reaction se-
quence, 3,4-dihydroxyphenylacetic acid.
Howevcr, the possibility that the trans-
formation occurs at some other stage,
perhaps by p-dehydroxylation of dopa
itself, of dopamine, or even of dihy-
droxyphenylpyruvic acid, with the re-
maining metabolic steps taking place

- Fig. 1.
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after absorption of the dehydroxylated
product, cannot be ruled out. A human
stool suspension can bring about p-
dehydroxylation in vitro of a variety
of phenolic acids (5). If p-dehydroxy-
lation of the catechol moiety by gut
flora (6) were an essential step in the
production in vivo of m-HPAA from
L-dopa in man, gut sterilization with
neomycin might decrease the urinary
output of m-HPAA.

Six patients with idiopathic parkin-
sonism, receiving thcir maximum toler-
ated oral dosage of L-dopa (Fig. 1),
were given oral doses of neomycin (1
g) daily. L-Dopa metabolism is unlike-
ly to differ in healthy subjects and sub-
jects with parkinsonism (2). Urine
samples were collected before and dur-
ing day 3 of neomycin treatment. The
m-HPAA was isolated from urine satu-
rated with salt (3 ml diluted to 10 ml
with 0.01N HCI) at pH 2.0 by extract-
ing twice (25 ml) with ethyl acetate.
Portions (20 and 25 ml, respectively,
pooled) of the extracts were evaporated
to dryness under vacuum at 40° to ’
50°C, and the methyl ester—trimethyl-
silyl ether derivative was prepared. This
was separated from other phenolic acid
derivatives by isothermal (190°C) gas
chromatography (7) on a Pye Pan-
chromatograph with a 210-cm 10 per-

m—HPAA (mg/24 hours)

Patient 1
Dose (g/day) 3-0

2 3 4 5 6
20 60 80, 33 20

Excretion of m-hydroxyphenyl-
acetic acid (m-HPAA) before (hatched
columns) and during (solid columns)
day 3 of oral administration of neomycin
(1 g/day). The subjects were six patients
with parkinsonism being treated orally
with L-dopa at the dosage shown.



cent SES52 column. The peak corre-
sponding to m-HPAA was characterized
by its methylene unit value and quan-
titated by comparing peak heights be-
fore and after the addition of the au-
thentic acid as internal standard to
duplicate urine samples.

Even on the comparatively low dos-
age scale of antibiotic employed, a
significant (P < .0l1) decrease in m-
HPAA output was detected (Fig. 1),
from a mean =S.E. of 16.0:*3.10
mg per 24 hours before neomycin to
one of 5.6+ 1.35 mg per 24 hours
during its administration. Thus, an as
yet unidentified intestinal microorga-
nism or group of microorganisms sen-
sitive to neomycin is apparently respon-
sible for the formation of m-HPAA
from L-dopa. Neomycin suppresses the
excretion in human urine of a miscel-
laneous group of m-hydroxylated phe-
nolic acids, presumably derived from
dietary catechols (8). Similarly the in-
creased excretion of m-hydroxylated
acids which follows the oral administra-
tion of certain catecholic acids both in
man (9) and the experimental animal
(10) can be abolished by neomycin.

The p-dehydroxylation of L-dopa or
one of its catechol derivatives. apparent-
ly takes place by the action of gut flora
within the gastrointestinal tract. The
possibility is remote that this pathway
is concerned in the train of events cul-
minating in the clinical improvement
observed during r-dopa treatment of
parkinsonism; the question might be
settled however by ascertaining whether
a more prolonged trial of neomycin
results in clinical deterioration. Such a

trial might also indicate whether any
of the side effects of L-dopa therapy
are eliminated by gut sterilization and
thus perhaps stem from the production
of m-hydroxylated amines by gut flora.
M. SANDLER, F. KARoUM
C. R. J. RUTHVEN
Bernhard Baron Memorial Rescarch
Lahoratories and Institute of Obstetrics
and Gyunaecology, Queen Charlotte’s
Maternity Hospital, London, England

D. B. CALNE
Medical and Neurological Units,

University College Hospital, London

References and Notes

1. D. B. Calne. G. M. Stern. D, R. Laurence.
J. Sharkey, P. Armitage, Lancet 1969-k, 744
(1969); G. C. Cotzias, P. S. Papavasiliou,
R. Gellene, N. Engl. J. Med. 280, 337 (1969).

2. D. B. Calne, F. Karoum. C. R. J. Ruthven,
M. Sandler, Brit. J. Pharmacol. Chemother.
37, 57 (1969).

3. A. Pletscher. G. Bartholini. R. Tissot. Brain
Res. 4. 106 (1967).

4. F. DeEds, A. N. Booth. F. T. Jones, J. Biol.
Chem. 225, 615 (1957).

5. A. N. Booth and R. T. Williams, Biochent.
J. 88, 66P (1963).

6. R. R. Scheline, Acta Pharmacol. Toxicol. 26,
189 (1968).

7. F. Karoum, C, R. J. Ruthven, M. Sandler,
Clin. Chim. Acta 20, 427 (1968); F. Karoum,
C. O. Anah. C. R. J. Ruthven, M. Sandler,
ibid, 24, 341 (1969).

8. A. M. Asatoor, M. J. Chamberlain, B. T.
Emmerson, J. R. Johnson. A. J. Levi, M. D.
Milne, Clin. Sci. (London) 33, 111 (1967).

9. K. N. F, Shaw, M. Gutenstein, J. B. Jepson,
Proc. Int. Congr, Biochem. 9, 427 (1961);

J. Dayman and J. B. Jepson, Biochem. J. 113,
11P (1969).

10, J. C. Dacre and R. T. Williams, J. Pharm.
Pharmacol, 20, 610 (1968); J. C. Dacre, R.
R. Scheline, R. T. Williams, ibid., p. 619.

11, We thank the Smith Kline and French
Foundation for a grant for pas chromatog-
raphy equipment and the Wellcome Trust
for support of D.B.C.

s caran

7 July 1969: revised 22 September 1969

Copyright © 1969 by the American Association for the Advancement of Science



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262
	Page 263
	Page 264
	Page 265
	Page 266
	Page 267
	Page 268
	Page 269
	Page 270
	Page 271
	Page 272
	Page 273
	Page 274
	Page 275
	Page 276
	Page 277
	Page 278
	Page 279
	Page 280
	Page 281
	Page 282
	Page 283
	Page 284
	Page 285
	Page 286
	Page 287
	Page 288
	Page 289
	Page 290
	Page 291
	Page 292
	Page 293
	Page 294
	Page 295
	Page 296
	Page 297
	Page 298
	Page 299
	Page 300
	Page 301
	Page 302
	Page 303
	Page 304
	Page 305
	Page 306
	Page 307
	Page 308
	Page 309
	Page 310
	Page 311
	Page 312
	Page 313
	Page 314
	Page 315
	Page 316
	Page 317
	Page 318
	Page 319
	Page 320
	Page 321
	Page 322
	Page 323
	Page 324
	Page 325
	Page 326
	Page 327
	Page 328
	Page 329
	Page 330
	Page 331
	Page 332
	Page 333
	Page 334
	Page 335
	Page 336
	Page 337
	Page 338
	Page 339
	Page 340
	Page 341
	Page 342
	Page 343
	Page 344
	Page 345
	Page 346
	Page 347
	Page 348
	Page 349
	Page 350
	Page 351
	Page 352
	Page 353
	Page 354
	Page 355
	Page 356
	Page 357
	Page 358

