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PHENYLKETONURTA

An overall discusgion of the disease and, in
particular, exemination of the value of the "Guthrie

Microbial Inhibition Assay™ diagnostic technigue.
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Peeanbla .

Until the advent of easily performed, accurate and cconomic
methods Por dotection of phenylketonuria, this disease wes thoughd
to bo somewhat vare. Dablmates of its frequency bave varded
between 2 to 6 per 100,000 to 10 per 100,000, and in epder to
doternine the trus ineidence of the disease in Bootiond vomplete
neonatal goreoning would be nesegsary over o perlod of yoays.

Such a project net proving feasible at thils Juncture, roubine
seresning of all neonatep born within Stcbhill and Robroyston
Hospitals and Redlands Hospltad for Women, Glaggow, has boon
performed over o pordod of one year. A furgher programue of
poreoning has been undertakon for all childvon in Speciel Schools
and children and m@nﬁally rotarded adulis in Ocoupationnd Contros,
whers such are adminigtered by the Gopporation of the Gity of
Glapgows Swrveys heve also been undertaken im Lem@x Captle
Hospitald, Lennoxtown, and the Royal Secottish Hatlomald Instlitution,
Leapberts In all the scroening programmes, tho "Guthrie Microbial
Ivhibition Assay”® technique has been cmploysi.

The aims of the verious screenlng programmes bave beoniw

1s t0 determine if utilisation of this techniguo wos feasible
in discovering neopatal cases of the disease;

2. %o determine if use of the technique could discovor ony
hitherto-unouspestod cases of the disease;

34 to dotermine if the particular tochnique possossed any
significent advantages over convontional methods of scrceoning
cmpdoying ucinalysiss

L to deoteormine If it wore possible to demonstrats the

exsistonce of yeglomd frequency-verdation of the disessg.
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Phenylketonurie is a discase resulting from an inborn defect
in the mebtabolism of the amino acid, phenylalenine, cauvsing the
development of mental retardation in the mejority of untreated
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Higboriond, Baoluround.

With the discoveldglomicnd Boolppound. opiginal paper on
inheritance in peas, the foremost British oxpoment of the
Yendolian Theory very quickly became W.H.Boboson who, in
conjunotion with many of his puplls, published a mass of work
exbonding Mendeddom to mon and mawmalss In additdon to sush
publications he sugsested ceyrbtein lives of investigetlon to be
follomed by others. Among such was his friend Gavrod (later
Siw Avchibald Garrod), to whom he made the suggestion that the
disease, aleaptonumia, might be dnherited as & simple Mondelian
autosemal recessive traite Garrod investigatod this subject and,
in the Croonian Leeture of 1908 delivored before the Royal Collogs
af Fh;ysﬁ.aiam, suggested the existonce of a group of diseases
causod by inborn metebolic defectss In 1909 he published the
locture wndor the title of "Inbovrn Hyrovs of Motabolism® and
dlseussed four such motabolic disorders: albinism, alcoptonwrda,
oyatinudn ond pentosurda. The correlating features of those
diserses wore, he pointed oubte

1o onset in the early days or weeks of lifog

2¢ & pronounced fomilial tendency s

Je thelr relative bonignity and compatibility with an

approxiuately normal llfe~expoctoncys

5+ ‘thelr ecourrence with incressing frequeney in the

ehildren of consanguinoous maAYPinges .
Gavyod furthormore expounded his firmly-hold bolief to the offect
that many more sueh disenses existed and would eventually ho
dlegnosed, From such a prophesy, the stato of affailivs has now
been veached when 14 bas been stated by Stovens and Hobor (1964) /
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that elmost ninety such diseases have been demonstrated.
Phenylketonuria was first described by the Norweglan
physiologist, Dr. Asbjdrn Fglling (1934). Two retarded children
were brought to Fglling by their mother after she had consulted
numerous other doctors regerding their mentel and physicel states
and also regarding an odour which appeared poculiar to them. At
birth, both children were apperently guite normal but had shown
evidence of mental defect within several months. Furthermore, at
about the age of six wesks, each had developed this noticeably-
pronounced and unpleasant smell which was so evident that their
fother could not be in their presence for more then a very short
peried without developing an asthmatic attack (Centerwall and
Centerwell, 1961). T#lling noted that the urine from both children
became green in colour when a solution of ferric chloride was
added to it. Investipgetion of other somewhat clinically-similar
petients in nearby institutions for the mentally retarded uncovered,
within o period of five months, a further eight in whom a similer
uwrinary reactlon to ferric chloride was present. Of those ten
cases, all of whom showed a forric chloride urine~posgitive reaction,
frea & genetic stendpoint it was outstanding that six were from
three sibships. To the condition Félling gave the nome
"Imbecillites Phenylpyrouvice" , having discovered thet the substence
present in the urine and cauvsing the development of the green
colouration with ferric chloride was phenylpyruvic scld, a phenyl
ketope (COH5~CH2-CO-COGEI)s In urine from umaffected subjects, he
found this substonce to be presont only in inslignificent amount.
Penrose (1935) end Jervis (19373 1939) determined the

inheritence of the disease and respectively suggested the adoption

of the terms "Phenylketonuria” and Phenylpyruvic Oligophrenia® /




in its description. The usage of Fglling's original designation
has now been discarded. Penroge initially suggested use of the
term "Phenylpyruvic Amentie”, but both this end the "Phenylpyruviec
Oligophrenia® of Jervis have been yendered outmoded by more-or=less
unlversal adoption of the short and succinet term, phenylketonuria.

Usage of the term phenylketonuria, while correctly referring
the disorder to its classification of an inborn motabolic disorder
denotes, by inforence, diagnosis by urinalysis for deotection of the
phenyl ketone. It will be subsequently shown that it is not
n@eesgéry'for & pergon suffering from the disease to excrote
phenylpyruvic acld in the urine. Basically, the criterion to be
adopted for the diegnosis of the disease is tho demonstration of an
excess of phenylalenine in the blood, either with or without the
rresence of uvrinary phenylpyruvic acid in readily detectable amount.
Adoption of such a oriterlon would semantically Jjustify the adoption
of the term "Hyperphenylalenaemis® but this will not be advocated.
For purposes of convenience and brevity, that proposed by Guithrie
(1961) is to be preferred, nemely, "P.K.U.". Whevever this term
is subsequently used in the text it will be held to denoto the
disease, phenylketonurie, or the adjective, phenylketonuric.

In spite of the discarding of Fglling's descriptive term, it
must be clearly noted, as has been pointed out by Centerwall and
Centerwiall, 1961, thot his work on the nature of the discase
represented the first demonstration of a mental defect resulting
from & besie biochemical disorder. Not only that, as they also
pointed out, in collaboration with Norwegian colleoagues, some of his
other accomplishments included his being the first to devise a
method for the determination of phenylalanine levels in serum and

thus show that those levels are elovated in patilents suffering /
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from Pialle, ond also his bolng the Plvet o domonstrats the
inoreased urlnery oxoretion of cortadn metabolites sush as
phenylisetic oodd and of phemylalanine dbselddy dn suffowers fyon
the dlsesses Yob, in apite of the PYerereoching ploneoring
stufllos undortaken by Fdlling, moro then thirty yeors afbterwails
the tprue veason for the dovelopment of the mentald retorietion hap

not been oelicltode
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Gonotden and Tnoidenco.

Phenylketonuris is an hereditory discass, known only to opew:
in man (Woolf, 1962), affecting both soxes equally and transmibbed
by om auwbosomal vecessive gene (Ponrose, 1955). 9411 quito
recontly it had beon thamght that this gone coourred in aboud 9 im
70 porpons of Buropean stogk (Guthrie, 1961), but resont advancos
in mothods of disgnosis of the disease ceouplad with the screoning
of puffloiontly darge numbers of infamts havo shown thot this ratie
1, in cextain oareas, at present cotimated to be in the roglon of
1 in 50 (Guthrie and Whitney, 19643 MacCrondy, 1964, 196%;

Garson, 1965), BSince the choneo of marriage botween twe carriers
of the wopponnible geno - assuwning such o hetoropysoto-insidenco
forr PoKells to be 1 dn 50 « will bo 50 times 50, or 1 in 2,500, and
simee, theoretically, 1 oub of overy & childven born of such o
marrioge will bhave homozygous P.KJU«, it follows thel the disease
should ccour approxinatoly once in overy 10,000 bivths im sush
populations. Thoso crleulations, togother with o dypical
Juhoritoncompattorn, arc shown in Piguro 1.  Jervis (1939)
ghudiod 200 casen of PuJKJW.« ond concluded from the dote whish he
obtadned thot the transmission of the discase was, on o gquantitative
bapis, in ascordance with the theory of monomerie veocossivity, by
establishings»

1« that the ratio of affected to normal sibs in Pamilics with

normald pavonts was 1 Yo &4 whon the nccessary stotisbicnd
corpactions had beon applicd; /




Figure 1.

(Modificd from Gubthrie, 1961)
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2. thot the vate of consenguinity among the pavents of
affested individuals was significantly highor thon normald s
Fe that the distribution of the chavecter among the ascondond
and collateral relatives followed the rulos foar menomeric

2eoossivity .

Untild Gubhwrde (1961) introduced his microbiologicel mothod

for entimation of serun phenylalenine in dobeetion of the discaso
on & large soals, methods basod on the use of forrde chlerdde in
wrdnndysis had been omployod. It would be bub mbtuwrel that sueh
survays would be condueted in countries possossing o sophioticeted
culbure aud, for this reason, populations of Iuropean ordgin veould
be primayily thoso to hovo boen invostigated. It follows from
this that tho widely-held bolief of the discanc boing move common
in populetions of Buropoan origin (Jervis, 1954; Xnox, 1960) could
be fallacious. The Plgure of 2 to 6 P.KJU. patients pow 100,000
advaneed by Jorvis (1954) and Knox (1960) would, in the light of
evidence submittod by Guthric ond Whitney (1964) end Mac@ready
{1963 1965), appoar o bo too low. Jervis (195h) bad argonised
& tomprehongive survey of institutions for the mentally wetarlicd on
& worddwride basis and reported that 312 oub of 48,536 tients
{060 per cont) suffored from P.KU. Aceopbing this Plguwe as
soprogentative of the insidonco of P.RJi. in the defoetive
population and teking the figwoe of 1 par conb ap bolng
reprosontative of the incldenco of defoctives in the genvral
population, the ineidonoo of P.K.U. in tho gonsral populatiion wap
essuned to be in the veglon of 6 par 100,000, Agnin 3% mush be
onphagilsed that thoso figuwros, in consegquonco of populations of
Rurogcan origin hawing primarily boen those frem whom the date /
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wos cbtadned, refer o PLAWU« lnoidence dn suweh populaticns.
Proylous ostimatos of the Ineldonce of the discase made by

Ponroso (1946) and Muwaro (1947) with rogard 4o the populations of
Braglond and Svwoden, had suggostod that in those counterios 1t wes
botwoen 2 and 55 poxr 100,000« With tho renlication thatl
osbimateos of incidence of the dlsease based wpon institutiomnl
genpling might bo frought with inccourocios consequont upon 5o0ig-
ceonaudo and othor fastors worying the rate of instltutionalisetlon,
it becane appovent that thors was & noed for divect casa-dotoctlon

cubirith such estobldsimontss In cansequenso, dotocbloneprogrous
ubildsing fexpie ehloride winclysis were initiatod and directed
primerdly tovards noonato and ohild populations. With the
introduction of such progranmes It bocane ovldont het thoe PJXJU.
henozygoto-incidonce for the avoas in which they wore condustod

was dn the roglon of 1 in 20,000 o thovosbouto.

Such supvoys were primarily initinied in Oveat Britodin by
vardous Looal Health Authordliics and, dn the Us8.44, by Btotos!
Public Health Dapertmonts. In Great Britein, after the valw
Jnherent in initiel pilot-surveys had quiclkly becomo apporcnt,
the Hodieal Rogearch Gounegll set up its sub-cwmittoes on
phonyleotonupdo dn 1960« The stimulug provided by this body was
such that within three years 87 por eont of Local Health Authopities
wero co~opeyating in neonatal sopreening programucs for the carly
detoetion of PRJAe In the UdS.4«, surveys of ¢ pimiloy sord
bovo boen conducted in many States. (The bibliography will detadld
o peprosentative selection from both couwntries.) In addition to
such large-sealo sercenings of neonates in Groot Dritein end the
Uuledey voarious othor investigotions into the incddence of he
discane in ilnstitutions for the mentelly rotownded havoe heen/
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updortolons Apgpdn 4t 4s wot proposed that all such invostlaniions
should be dotalled; whe dnvostigntlon wnderteken by Mellon (1969)
pay be takon an typicel and his £indings aoted. His lnvestigtilon
took ploce dn Jeotlend ond oncompassed 828 defoetivos in mentald
Aeficleney hospitals and puplls at a spocilel school and en
cooupablonal contre. Using “FIENISTIX" tostwestrips (Ames Go.),
he condsmod the diamosia of L knovn cascs and Glocovorad o
further 11 hitherbo-unknown and subsequontiy~confiriod casess In
the conduoting of this and other surweys, mony probloms, suth as
finding of falsewpositive veaulds, becams appovent and highlightoed
the nocd for o moxe accurato and Fool~proaf method of detootione
As an Illvstmeion of one such prdblen, the experlonse of
Fowquliny gb al. (1962) will be quobed.

In Bdinburghy begloning dn 1960, routine sorosning Por Pl
was sarried out on 0.2 pov ecnt of all ncomates ot tho age of
6 wockse Tho mothod Indbtially empleyed was that whorohy “ERENISTLR
tesbeotrips wore prossed betweon the folds of o winewimproganted
peplkdne. No noew oases wore veported ap o dlreot rosuls of this
serconings The only now cose found, the younger sibling of o
lenown P.KW¥e ohild, nd had & negmbtive naphkin test at the ago of
6 weeks and again at the age of 8 months, by which time the oldew
pibling had boen dlapgnosed as haying P.K4.  However, the tceting
of freshly-volded uprine gave o positive xesult for the yowger
child ab the ago of 8 montbs with subsequent confirmation of the
Glagnosls of PJ.KJI« by domongtration of an abnermally high loved
of phenyladanine dn the serume Thus, in splie of all the
psereoning which had beon done, this ceso had escaped doteoetlon an
two peporate ococesdons of testings Such o matbey wos, of ibeelf

serdousy bus when taken in conJunstion with the average number/




of Jdwo-bivihs pey annpun in ‘mmmmga end the thenweneeptod
dooddenco of PoKelle dn o lovge Britdsh oity (Doyd, 1961), i
bescame appaxent that, on stotisticsl grownds, this child was the
only P.KeUe homomysoto who could have been bern in Rdinburgh in
this two and ono~helf yoor porioda

Guthedo (1961), using his omn nevly-devoloped tochnique ’
demonstrated an ineddonce fop hmnézygﬂu:s P.Ealle 0f 1 in 20,000
for part of New York Stoto. Irom his findings in vospech of this
pllotestody, 1t appeared that there was no significont 4ifferonce
in the validity of results dotormined either by ferric ohloride
urinalysis or by miercbiologicel estimotion of serun phonylalonine.

Difforont conclusions, of groat significance, wore published
by Guthrlo and Whitney in 1964. With the co-oporation of 29
Staton of the U.S.4., sereoning of 400,000 noonatos had boon
wndertaken ubilising Gubthrio's own method of dotoetion ond fron
thie totel there omergod 39 positive eoses, oll of whom wers
pubsequently confirmed by biochemical methods. This £inding led
%0 postulation of a P.KJ. homogygote~incidonee of 1 dn 10,000 Sop
$ho populotions concerned ond a hotorogygotesfraquency of 1 in 50,
owl this doubling of the previously-aceopted insidence of tho
disease showod eonolusively that formewlyeused mothods of doteetion
had boen dnadequate and that at locnt onoehalf of detootablo
homesygous PRI« neonatos were oscaping such detestion and
presurnnbly bhecoming the victims of drveversible montald rotardation.
The rosults obiained by Guthrie and Whitney showod thot +he Gubhwio
mothod was accwate and oultablo for largo-seale wsc. Utilising
Guthrie's tochnique, MaoCroady (1965) has founl 30 confirmad-
poitive coses in o tetal of 255,000 noomaton, op a vosuld of o
mondatory sorcening programme for suweh neonctos introduced by the/
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State Legislature of Masgsashusetis. This resuld shows & PJKWJU.
homonygote=incidonce of 4 4n 8,500 of ol births in this Stote and
e oaloulatoed ha*teroz;ygei:a»t‘mguamy of 1 in 46 for the population
o the fAtato.

The latest survey to be published is that of (avson (1965),
to detornine the incidonce of P.K.. among the menitally retarded
pa@uﬁm;ﬁ.ma in paxrt of Great Beitein. By oxaminotion of the wrine
and/ox serun for phenylalenine and other motebolites associsted
with the disordor, she discovered 69 porsons sufforing from the
fliscoge anong 2,920 mentally retarded individuvals in Northern
Irelands Such an incidence glves a provelence of P.K.U. amnong
the mentally retapded persons examined, of 2.4 per cent. 8Sho
pointod out that, since only 55 por cent of the lndividuwals lmown
40 be mentally yotarded bad boon examined at the time of
publication of the swrvey, such en incidence must not be acoepted
as the final ones Indecd, ubillising known facts and prospoetive
deduetion, she postulated an incidence for PKJU. in Northem
Trolend in the region of 1 in 10,000, Vhen token in conjunction
with the Pindings published by Guthrie and Whitney and also thoso
published by Maclroady, it thus scomg that the incideonce of the
discaese in the U.8.A. and Northern Ireland is closely similar.

The woported vardty of the disease among Jews (Jervis, 1954)
was based on the absense of the condition among the children of
Fows in the UJS.A. and the Pinding of only one previeusly-reported
case in the literature, by Cohon and Kozimn (1949). Conterwall
and Neff (1961) reported o family caso-history in which 2 out of
5 Jowlsh ohildren had P.KJU. and, botween them, illugtrated many
of the frequently~cneountered features of the disease. This
report was, thoy thought, only the second reported instence in the/




Vordd's medical llteraturs in vwhich one or both perenis of Pl
ochildron were Jewdsh, They reported that this Jewlsh mother and
hew weolatives were proud of tholy raciald baskground and believed
they vopresonted a purc Jewlsh straine. Neovertheless, Centerwall
and Noff suggosted that tho possibility of some oubside
contendnetion of the Semitlc strain sonld not be ruled dut, since
the mothor herself had blonde hailr, fair complexion and blue oyes.
Vory shoertly before Conterwall and Neff had published thelw
findings, Gohon ot al. (1961) had intimated o preliminopy
ennoweenent Lo the effect that they had dlscovered many more
Jewish children suffering from PJX.U. With different associstos,
Cohon published full details im 1962 to the effact that o suwvey
off 1,000 children in instltutions for the mentally votaorded in
Israel had diselosed the existence of 10 cases of P.K.U. among
Jewish familles of noneAshkenezi origin, including two families
from Yemon and one cach from Ivaq, Irvan and Afghanistan. Mono
wore found among patients of Ashkenazi Jewish heritags. The total
population of those institubtions consisted of approximatoly equal
proportions of Ashkenazl and non-Ashkenoszi children. A fyequeney
£0ir PoKelUa 0f 1.0 por cent for non-Ashkenaszi children was thus shown
to oxdst in such institubions in Isrvaely o froquency, ot that time,
closoly-comparable to tho accepted frequeney for P.KJU. childron
in Pritish end Amorican institutions of a similar sort. Cohon
noted that plgment-defect was not necessarily a constant featuro
of the disease in tho non-Ashkenazi Jows and its ebsence in the
Ashkenagzim could be explained by the occcurrence of consanguinoous
marrioges contrary to Mosaic Law among the "oriontal® Jews or by a
basic difforence in geme~froquency between the two groups. ‘HG

aseribed the reports on the rarity of the condition among Jews in /




1D
Rurope anfl the U.A« 50 the fact thet the Ashkemazim comprise the
maJordty of Jows in thoge conbinents. In this connsotion it thup
besomes probable that Ashkenazi heritoge is involved in the family
reported by Centerwall and Moff.

Salam (1963) pub Porward tho suggestion that the relative
absonoe of reported casos of P.K.U. from anong the dndigenous
populetion of the Middle Eest was perhaps dus to lack of sultable
soyeoning programmes wrather than to major differonces in the
goographienld distribution of the discase. She found an Armenian
ehild puffering from P40 during routine sereoning of childron
with mentald defest, utilising fervie chiloride urinalysis, af'ter
only 202 such children had beon gercened. She gubsequently found
3 additional csses among 60 dnmates of an imstitution Por retarded
ehildren = 2 Arab and 9 other Armenian. The disease hes also beon
voported among Indiens (Chatterjee, 196L), Chinese {(Wu, 196k;

Ba, 196k}, Japanese (Fujild et al., 19613 Tonake ot al., 1961),
Amevican Negroes (Bngol, 19643 Kats, 196L) and o puresblooded
0jibwa Red Imdian (Pavtington, 1961)e It would thus appeaw
peobeble that the introduction of such simple and officicnt
diagnostic methods of populstion=sercening, as is instanced by the
Guihric method, together with the eathusiastic prosesution of sush
soroonings, will eventually demonstrate that no ethnie grovp is
truly fireo from the diseaso.

The possibililiy of tﬁé axistence of regional freguoncy=
veriation in tho incidence of the disease in Great Britian was
Investigated by Carter and Woolf (1961). They compared the bivihe
places of pavents and grandparenis of & control series of pationts.
The P.K.U. patients nudbered 38, the controls 303 and the index

patients in coch sories were restricted to those referved to the/
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Hospiteld for Sick Ghildren, Lomdon, betwoen 1949 and 1959 and
resident in southweant Englende The contyol series compriped
cescs of Hirschprung's disease, congenital dislocotion of the hip
and coolisc discases The findings howed a high proportion of the
parents snd grandparents of the PJ.K.Ue« children o have been bhorn
in weat=-Sootland and Ireland. The Ffroquenciss of P.K.U. children
with grandperents born in wesi-Bcotland and Ireland, relative to
the sontrol patients, suggested that PJK.W. gene-froquensy was
about four times as high in the population of those parts of FTho
British Isles as in the population of southeeast Fnglond, A
similay mapping of pevents and grandparents of patients with P.K.U.
wap undertaken by Lerson (1964) which seemed 4o reveal regional
differences within the supposedly more homogenous populetlon of
soubh Swedens He was able to demonstrate that thore is en
increased frequency for homozygous P.KU. in districts of Sweden
bordering upon Norway and also distributed on both sides of the
ancient bordor between Sweden ond Denmark. He aleo suggested,
somewhat tentatively, thet demographic date revealing o redotively
low population-mobility, taken in conjunction with ectually~obscrved
consanguineous marriasges emong parents of affocted rationts, could
be called upon to apport the hypothesis that the inmhabitents of
those regions keep at some degree of volitional inbrecding. The
gquestion of sueh frequency-veriation in Denmark may also be raised
by perusal of a report by Lund and Wamberg (196L). This report,
inter alia, noted the distribublon of P.K.U, patients in 11 Denish
T:ocald Government Centres for the m@ntélly rotardeds Such centren
receive patients only from the aren in wirleh they ave estoblished
andy although attention was not dramm speeificelly bo the foet,

stuldy of the date demonstrates that sven in the small country of /
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Denmenlk the possibility of sueh frequency~variction must be
copgidered, it being reallly sppavent that there are indeed morked
vardations in the nunbers of RPJJU» patlents in the various Genties .
Verification of this suggestion would necessitate investligation
along the lincs follewed by Lerson (1964) before it could be
seriously consideved«

One further genotie aspeet which hos roceived considerstbion
is that first proposed by Ponrose (1945) and Munvo (1947) to the
of'feet that there existed the possibility of 2 linkepge mechanism
between the ABO blood growvp locus and the P.KW. locuss It had
been puggested by both that such a laogse linkoge meshenism might
exigt, bub Penvose (1951) in further investigetious siated that
evidence to this efioot wes incvonclusive and that he coudd advance
o ovidense for linkage of the ABD and MY blood group antigen logld
and the PuK.U. locus. Rfmwick gb al. (1960) and Hein end
Steinberg (1960) subjected the initial postulate to Ffurther
duvestisation and both arrived ol conslusions similar to those
reached by Penrose in 1951. Hsle ond Stoinberg atated that, in
PeKolla, “linkage with ABO, Rh or MIE as close as »9 is excluded”
and that "linkagse with X of .05 or less is excluiledt,. They
further noted that their dote was insufficient to werrant putiing
forward sany additionel conelusions. It would thus appear that no
evidence exists to demongtrate eny linkage mechanism botween the

blood group loci and the PJReT. locus.
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letpbolie ani Plochon

Fglling, in 1934, demonstrated the presence of phenylpyruvie
acid in the urdne of patients suffering from phenylketonurla,
Since then, clayification of all the biochemiveld aspests of the
vadordying metobolie defesct has not been acscomplished speedildy or
yet with certeinty, Blook gi al. (1940) fouwnd mo significant
difference in amino aeid compopivion of the proteins of the blood
and bissues in normod persons andl P.K.Ue patients. In the same
year however, Jervis gt _al. (1940) were able to demonslratc an
increese in the level of phenylalanine in the blood of P.K.U.
patients after the ingestion of proteins, phenylalanine, phonyl-
pyruvic scid and phenyliactic aeide They alze demonstyatoed thab
ingestion of phenylalanine produced an increase in the emount of
phenylalanine in the C.S.F. of such patients., Possibly of greatoer
significance was the determinationy on a quentitative basis, of
phonylalanine and phenylpyruvic acid in the blood of 16 P.K.U.
patients, showing phonylalanine content to be from 45 4o &1 mg.
por 100 ml. and phenylpyruvic acid to be absents Jorvis continuved
to dnvestigato in this particuler field and, in 1947, published
£indings in support of the hypothesis that the basic evrop
responsible for the devolopment of P.X.U. was a blockags dn tho
conversion of phenylalenine o tyrosines He showed that normald
individuals, after the dngostion of phenylalenine, exhibited o
tenmporary increase in blood levels of tyrosine and tyrosine«liks
subgtences; such was not demonstreble in patients suffering from
Puells, In his unremiiting pursulb of the uneclved blochemical
peoblens Jepvis (19503 1952) notod that administration of o highe
protedn diet, phenylalanine or phenylpyiuvie ecld to P.K.U. patients

caused en increased daily outpub of phenyl compounds and alsoy dn &/



somewhat diffevent conbent, that there eppeared to be no
correlation between the content of phenylalanine, phenylpyruvic asid
and phenyllectic acdd in the blood of such patiends and thelr level
of intelligence. In 1953 he contributed significently to basie
kmowledge of the engyme-fefect responsibley by studylng livers
from normal non-P,K.« persons and P.KWJa pationts. He denonstirated,
by colopimelrie methods, that exbracts from novmeld livers always
brought ebout o significant degree of conversion of phenylalaning
to tyrosine but that simider exbtreots from livers of PJKlU.
paticnts feiled to acoomplish this conversion. From this, he
concluded that a specifie euzyme which would normally faecilitate
this conversion was abgend from, or lackiag in, the livers of P.K.J0.
patients. The demonsbration of the absence, or lacky of sush a
specific engymey he postuviated, clopificd the observations that {the
dnherlitance of P.KJUs s determined by the tepnsnission of a single
recessive gene. e published a review of the subjeet in tho
following year (1954) end noted that two other theorics bad already
been suggested as being responsible for the development of the
condition. Those were, he gtated, thatim
1+ & block in phenylalanine metebolism at the sbage of phenyle
pyruvic acid led to excretion of the ummetebollised acids
2¢ an abnormal recemisatlon of phenylelanine took place, with
the Imform (naturally ocourring) belng converted to the D-
form by the patilent suffering from P.K.0., then vndergoing
deonination by the kidweys and being oxerobted as phonylw
pyruvio aocid.
Nevertholoss, Jervis felt that his own hypothesis of single engyme
doffect was the correct oxplenation, Subscquont developments in

the wain bave upheld his theory end it is now aceepted (Labu, 1962)/
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that the feiluve of PJRWe petients to oxidise phenylalonine to
tyrosine is due to diminished activity of the ensymo, phenylalanine
hydroxylase, fizst isolated by Wellsce ot al. (1957) and

Mitoma gt el. (1957)s This onzyme hag been shown by Posner ab al.
(1961) Yo bo soluble, lwe. nonmicrosonsl.

As Yas beon stated by Knox and Hele (1957), it has nobt yetb
been clarified whether there is actunlly o diminighed amount of
ongyme in patients wlth the disease or if an abnormld form of the
onzyne ip present. Bither of Those conditions could resulit in
dininished catalysis off the oxidative rcactlion of phenylalenine to
tyrosine and lead to a high level of blood phenylelenine and o low
Jevel of tyrosines Although Jervis must be given pride-ofeplace
in the earlier studies to eclarify the reason for the defect, many
others have contpibubed sipnificantly 4o overall kmowledsge of the
probleme

In compeny with verious essoeiates, Armotrong (19545 19553
19563 19573 1958) investigeted many aspecte of the problem. Ho
Investigated the exeretion of indole derivatives in P.K.U. ond
identifled indoleacetio acid as the indolde derivative prosent in
greatest amount in PJRJJ. uwwine; determined thot P.K.U. patients
exerete 100 to 400 per cent of the amount of orthohydroxy
rhepylacetic acld exeroted by normal subjeets, but eould not zelaete
this in eny divect woy to the oesurrence of the mental defeoct, nor
could he dotect any obunormality in the metaholism of orthotyrosine =
the probable precurscor of orthobydvoxyphenylacetic acld = in PulWU.
raticntss Ho showed, im o newborn infant who subscquently
developed the disease, thab cord bleoed at birth showsd o normal
prhonylalanine lovel which wese to 62 mge per 100 ml. ot 24 doys
after birthy with phenylpyruvie acid only appearing in the urine /
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at 34 deys, and also that phenylpyruvic acid cxcretion by P.K.U.
ratients is roughly proportional to fasting levels of blood
phenylelanine. TFurthermore, he demonstrated phenylpyruviec acid
only to be detectable in uweine when P.K.U. patients have blood
phenylalanine levels in oxcess of 15 mge per 100 ml. and that
infants fed with artificial milks developed high levels of blood
phenylalanine more rapidly than those who weore breast-fed. From
this lasti study he suggested that newborn sibs of known P.K.U.
patients should be kept on a low-protein diet till blood phenyle
alanine levels could be estimated for positive diagnostic purposes.
This partlceulsr study was one primerily initiated to observe the
developuent of blochemical abnormalities in newborn P.K.U. infents
in order to learn whether or not there were differences in the
times of development of such ebnormelities and also what foctors
milght be incriminsted as being vesponsible for such differences
in timing. His findings supported the hypothesis that there mey
be marked differences in times of development and appearance of
various biochemicel ebnormalitics in different P.K.U. paticnts.
Differences in time of appearance of phenylpyruvic acid, he felt,
might be of especial sipgnificence, there being some indication
that patients with atypical high mental ability might excretc less
phenylpyruvic acid then usuvale Should inereased production of
this acid be directly concerned with the damage to the C.N.S.
which ocours in the majority of infants with P.K.U,, production of
it in lerge emounts by some infants at ebout one week of sge but
not until five weeks or later by others, might resulit in o great
difference in the brain damage suffercd in cach of the vespective
casess He concluded that differencesin timing of development of

biochemical ebnormality finelly established, might lead to great /




differonces in neurclogical damage and holp to explain the lack of
sorrolation between biochemical abnormelity end mental ﬂ'bﬁ.li;ty
often chsoyved in oldeyr children pulfering from P.KU. With o
moxe comprehensive knowledge of the biochemistry of the discess
having become availablo, 4% ig not now felt that this partlioulay
live of reasoning is truly walid.

povek gk ale (1950) also domomstrated, in an invostigation
into the comstency of the metabolic errop in P.Kd., that there
was no covrelation botween thoe degree of mental deficlency and the
concontration of phenylalanine in gerums Studying 18 potdento,
thoy showed that phenylelenine concentration in the C.8.F, varicd
botween 641 and 842 ngs por 100 mle  They postulated thet, slthough
Inereased amount of phonylalanine in the blood results from
metebolis evpor, i6s level in the serum ip dotiermined by the
officioncy of the kidney tubules to recbsorb the aminge apld. In
this comestion, revont work (Gutheie, 1965) has demounstrated that
tubuley weabsorption may be so efficient that oven in cases of P.K.U
where soyvun phonyledanine levels may be in excess of 20 mge por
100 mla, no phenydalanine is dolectadble in the wrine.

An important finding wes amnounced by Udenfrdend omd CGoopor
(1953) o the effect that a feasible procedure exlsted wherehy
phenylothylemine could be cblained engymatically from aming aoid
mintures containing pheonylalanine, in sufficient quantity erd
purdity for its radiocactive measurement. Utlllsing this mothed,
Udenfriend and Bessman (1953) were able to prove that hydroxylatlon
of Lephonylolonine to tyrosine doos take place in P.K.U., albedd to
o limited oxtents This suggested that absenco of the cngyme from
the livers of P.K.U. pationts wes not absolute or, clternatively
but somewhbat unlikely, thet other pathweys for the metabolism of /




phenyledonine existed which 444 not depend on the pregence of this
particuloy onmyne, A further puggestlon was maedo by fHsis of al.
{1956) who applicd Pouling's consept of “molegular Aisease™ %o
PuRalla, postulating & one~to-ons genewenzyme sctivity reolationship,
with pavt of the ewngymo being presont in an inaetlve form in the
hoterezygote with one abnormal gene and almost all of the engyme
being dnactive in o homozygous patient possessing two abnormal
goness Knox and Messinger, howaver, wore able to demonsirete two
yoars later (1958) that P.KJU. hotovozysotes bad clovated baseld
lovels of blood phenylalaninc. They noted that spproximately the
pane degree of disturbance of phenylalenine metabolism was prosend
in PoKeUe heterosysgotes under both basal and leading condibions,
llupbrating this by the fact thet the serum phonylelanipe lovels
in those individwnls were opproximetely 1.5 4o 2,8 times thnt of
normeld subjects whon hoth the hoteropygote snd normeld levels were
measured under the same conditions of festing or phomylalonine
Joading,.

In conseguonss of those findings, Know and Messinger statod
thot e opperently "the cnsyme~defect caused by o mingle (PuK.U.)
gone yosults in the same dogree of inefficioncy of the reaction ab
both low and high svbstrato concemtrations”. They pub ferwerd the
viow thot this Pinding nogeted Hein's concept of hoterozygotes
hoving diminished onzyme- activity with no vesorve avelleble to
degrade loading doses by calling upon o frogtlon of tho onmyme not
usnally used., While the balance of probebilities would appear to
favour the view advanced by Knox and Messingor, there osn be no
doubt thet the stato of eonfusion vesulbting from the apparent;
impossibility of reconeiling this wiew with that advanced by
Heda of al. can only be wvesolved by further investigtions %o /




Outlino of nothod of action of doublo-cnzymo
system in formation of tyrosine from

phenylalanine °

(DPNH)
phenylalanine + Enzyme 1 = Tyrosine + H20
i Enzyme 11 A

(TPNH +0 + Tetrahydroptex’idine )

FifOiro 2



determing AF olternativeo ensymowsystom metabolle yathways for
phenylalanine do exist and are actwlly opexative jn viwa.

The currently=held view on the metabolism of phenylalenine in
the mormal subject hos been stabed by Heds (196Lh). FHe stetod that
the hydvorylation of phenylalonine to tyropine yoquires nob one,
bub two, onsymess The Pivsh, onsyme 1, ds labiley can bo
peopared from rat diver and voquires vedused diphonphopyridine
nusleotide (PPNH); the scaoni, onmyme 11, is steble, con be
obltedned from shoap liver eubracts end rogulres, ln addition to
oxyEen, redueed triphosphopyridine nuwsleotdde (TFIT) ond any oo
of soveral totrohydrepteridines (Koufman, 1958)s  The seecond
engyme is not involved in the hydroxylation reactlon but merely
satnlyzos o yesction which keeps the coongyme in an active forn
for hydvosylation to teke ploses Figure 2 gives an oulline of
tho node of action of tho doublo=angyme systom. Ih is now knowm
that ongyme 1 is the compoment Jneking from the complete onmyme
systens in P.EJWe This has boon shown by the fact that when cngyme
12 (oofector) is added to the liver homogonote from o PR
potiont, there is Little converstlon of phonylodening fo tyrosino.
On the other hond, if ensyme L in added, conversion ccowrs at o
wpld vate (Mitoma gf ol., 19575 Wallooe gt ales 1957).  AlL of
the metabolie abnoymalities in P,KJU. can be accounted fop by an
onsyme bloek ot the phenylnlanine Ho tyrosine level. Pollowing
upon the concept of phenylelonine hydroxylation advenced by Hela,
when thero is & block in the hydroxylotion at the phenyladonine $o
tyrosine devol, inereased emoumbs of phenylalewing persilet i the
tlssuns and ellow the formotion to tele place, in sigificantly
lopge quantibies, of motabolitos nermelddy prosenit in trnces only.
Such metabolites rench levels high enovgh to be oxeretod in /
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measvreble amounrts In the svbsequont degradation prososs,
transenlontion by phenylrlanine tronseninase leads bo the eonversion
of large emounts of phenylelamivne to phenylpyruvic acids Sueh
phenylpyruvic acid is subsequontly degraded to phenyllactie and
phenylasetic ncifds, Brovetion of suoh notebolitos was stated by
Ydontedend (1961) teo teke place via the urins when the sorum
phenylelenine reached 12 4o 15 mg. por cend o higher {figwre 3)«
Wodsmen gb 2d., (1959) added 245 to 7 per cend Lephonylelenine o
the diet of wesnling »ats op infent ond adolescent moukeys ond
duplicated the chaxecteristic aberrotions found in the huaon Pl
pufferer, lncluding the high plosme phenylelenine level,
phenylketones In the uwwine and the vnusunl odovr atimibuieble to
phenylacetie eold and vhenylacotylglutonine.

Thile the above owbline of the metabolde pethiry involyed im
the hyldvoxyiatlon of phenylalemine Lo tyvosine isy ag stated, ob
present the currently held wviow, Hevper (1965) detniled sovoral
aspeuts of the problem with porticulor roforence to the optho-
hyiroxy dewivatives. He statod that normel prosesses in $ho
metabolism of phenylalanine esuse 1ts carldy coavevsion to phonolie
derdvetivos in which the hydwoxyl group is edded to the aremnti
ving olther dn the pavaw or tho orthow positions. Ioymally tho
poxo~ derivative is fagoured, so thet tyrosine (porashydromxys
phonylelanine) is the major profuct of the hydvoxylation. Howevor,
the finding of small bub nonetheless significant emounts of owthoe-
hydwosy derivatives im the weline of normel subjocds, and of vory
lovge amounts in tho urine of P.K.Jf. patdonts (Armstrong end Show,
1955) 4 sugeested that both types of tyrosine could be formed by
nopand subjectse  The PluWWe patients ero wmblo to produse the

para= devivetive, showing that the besic ensyme defeed is the leok /




etabolio pathwayg of Phenylalanine.
fin P.K.U.)

o-d*rooino. - 4 o-liydroxyi)hOnyl- 4 o-hydroxyphonyl-
pjTuvic acid. acetic acid*
FiuKtJYL/JiAI"Dn]. APhonylpyruvio 4 Phenylacetic
acid* acid*
Phonyllactic
aciu*
D.ol>.A. p-Tyrooino * 4 p-hydroxyi“honyl*
1 ["yruvilc acid*
Dopamine.
Norz}dronalin* Tyrarnine p-4ydroxyphenyl'

lactio acid.
Adrenalin¥®

The dotted line denotes the hydroxylase-block in P*K*U*

All metabolites above tho dotted line are increased in
P*K.U* and all below are deficient*

FigureA#
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of such enzymetic activity for the para~oxidetion of phenylalenine.
Since this ma jor pathwey for the uwbilisation of phenylalanine is
bloclted, phonylalanine and some of ilts metebolites are diverted to
the ortho- pathwey, normally & very minor route. There is no
impairaed ebility on the part of P.K.U. patients to m@t&bolise
ortha-hydroxyphanyl conpounds 3 +the oxcess amounts of those
subsgtonces in the urine are directly atbribubable o their greater
production in consequence of the underlying inability to produce
para-hydroxy derivatives (figure 4)e

Keufman (1961) redised an interesting point with repard to'the
possibility of there being a free intermedioite (e.g., an "activated
phenylalanine") in the hydroxylation of phenylalenine to tyrosine,
eftor it had been shown that the conversion required a double
enzyme system. He pogtulated that this hypothetical inltermediate
could accumul&ta and, in abnormally high concenbtrations, behave as
& toxlce coumpound. Be thet as it may, the hydroxylation reaction
hos not yet been separated into two steps. Thile further work may
&chievelsu@h 2 separation, there still is no direct evidence thet
a frec intermediste is formed in the reaction. In consequence of
this, although the ides of such & toxic intermedinte beihg operative
in P.K.Us 008 o cerbain attraction, it has not beon substentisted
by any rocent work on the mechenism of tho reaction.

An earliex plece of resecveh was that of Dancis and Balils
(1955), who showed thet, in vitro, Lephenylelenine partially
inhibited the action of tyrosinase on tyrosine. They suggested
that the conpetition of the two amino aclds for the tyrosinase

depended upon the similerity of structure between them. /




Metabollites of Phenvlalanine in Plasma and Urine.

Elasme .
(mge por 100 mls)

Urine
(rge per 100 ml.)

PKWJU.

Normal. « P.K.U. Normad e
: . . 300 -
Phenylalanine . (It 78 =¥ 50 1,000
300 -~
Phenylpyruvic acid. Oef= 148 2,000
290 -
Phenyllactic acid. 95 50.
Phenylacetic scid. Increased
. 200 =~
Phenylocetylglutamine . 300. (2,400

Teble 1. (Adopted from Horper,i963).
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Table 1, (adopted from Harper, 1963) shows the relative
emounts of phenylalanine and some of 1is metabolites in the plasma
and urine of normal individunls and P.K,U. patients. The
exoretion of phenylacetic acld in the urine talkes place meinly in
the form of phenylacetyl-glutamine and it is this substance which
is responsible for the malodour in the disease (Jervis, 1954)e

Tyrosine derdvatives such as melanin end adrenalin ars
defioient end P.KJU. patients may thus show general diwinution of
plgmentation and have e low blood level of adrenalin. TFigure 5
shows the sitoes of the verious enzyme blocks int= 1. PKJUa}

1l. Tyrosinosisy 111, Aleaptonuria; 1V. Albinism.

Knox (1960), in his masterly review of the subject, made two
further points which ere worthy of nolte, to the offect thati-

1+ 2ll motabolites are normel, although present in abnormsal

amount

2. the disease, but not the primery defoct, is acquirod.

He pointed out that before end immediately after birth, 2ll animals
have the "phenylketonuric" defeot in consequence of phenylalanine
hydroxylase only appearing during the biochemical diffeventiation
of the liver following birth; it is the failure to develop
phanylalanine hydroxylase activity in P.KJU. which is hereditary.

Although it would appear that the specific metabolic dofect
involved in the determination of the disease may bave been
determined, tho actuality of the pathogenetic mechanism responsible
for the clinical monifestalions of the disesse is, as yet, only
incompletely lmown. Such an incomplete knowledge raises soveral
speculative queries regarding the pathogenesis of the disease. For
example, could inorease in the quantity of one or more normal

metabolites, as pointed oub by Knox, produce the mental reterdation /
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observed in the majorily of P.KJU. paticents?

Tho answer to this, at the present state of cwr lmovlaedge,
wouldd appeer o be reservedly affirmative. At a purely cmpirical
level, the therapoutic offects of the early initlation and
meintenance of phenylalenine-low dietaries favowr the hypothesis
thet phenylalanine in substantially incroased amount thworts normal
mental functions Nevertheless, as has beoen pointed out by
Borelk gt al., (1950), Armstrong ot_al., (1958) and by meny others,
in the majority of cases of P.K.U., phonylalanine levels in serum
do not parallel levels of intelligonce. P.KJN,. pationts who
displey normel or neer-normal intelligence, as instancod by
Sutherland ¢t al., (1960) and Partington (1962), and who
conconitantly possess relatively low levels of serum phenylalanine,
hove been xoported only on very flew oceasions. Such reports, by
thelyr very paueity, would appear tailored to £it the hypothesis
that phenylalanine in anounts in excess of physiological levols
doss cause impairment of brain function. Whatever does happen 1o
the brain would eppeaxr to be falrly finsl after the first yoar of
life, If any conclusions may be drawn from the sporse and meinly
negative obsocrvations of changed brain-structure in P.K.U., not
much happens to the brain before births The results of initiation
and maintenance of a phenylalanine~low dietary in the early weeks
of lifo in P.KJU. patients indlcate that this therapeutic measure,
in the vast majority of cases, will keop brain function closely
aligned to the normal.

Kenny ot al., (1958) suggosted that there was strong indirect
evidonce 40 sugpest the oxclusion of toxic action of phenylalenine

prior to birth in consequence of the foetus lacking the
hydroxylation mechanism which operates in the normal non-PJ.K.U, /




child., This suggestion, however, can no longer be upheld if
Knox's statement (1960), to the effect that phenylalanine hydroxylasc
only appeoars for the first time in the blochemical differentiation
of the liver subsequent to birth, is correct. The reports on the
effects of ralsed levels of phenylalanine on the foetus, in respect
of the subsequent development of mental retardation, arc themselves
inconsistent. Mabry et al., quoted by Guthric and Whitney (1964),
dosoribed threoe women whose abnormally high blood phenylalenine
levels apparently produced mental reterdetion in all of the 14
children born to thems None of the children were P.KJU,
homogygotes, although they were all presumably hoterosygotos.
Guthrie and Whitney (1964.) also oite o case reported by Coffelt,
Ste Joseph's Hospitel, Burbank, California, whore a homozygote
F«K.U, mother had had 2 children. The sccond child was shown to
have & blood phenylalanine level of 6 mge per 100 ml. on the third
day of life. This bhad risen to 12 mg. per 100 ml. at the age of
six weeks but had fallen to within normel limits at sovon woeks.
It wus then found that the mother had a blood phenylalanine lovel,
on two soparate occasions, of 26 mg. per 100 ml. and 33 mge per
100 ml. and that her first ochild was retarded. The lattor ohild
shows no evidence of mental retardation (Guthrie, 1965).

From the cases quoted by Mabry et al., it would seem that
the inforence to be drawn is that phenylalanine (and/or possibly
its abnormal metabolites) can pass from maternal to footal
circulation and thus produce an abnormel pre-natal brain metabolism
cauging mental retardation to become evident several months after
birthe On the other hend, the ocase cited by Coffelt seems to

indicate that although o foetus may be 'expossed to an abnormally

high phenylelanine level prior to birth, development of mentel /
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retordation does not necessarily result. Woolf et al. (1961) had.
already indicated thet such was & possibility, by instoncing the
cagses of two sisters, cach of whom suffered from homozygous P.K.U.,
who producod 6 children between them, none of whom showed signs of
mental reterdation. At the present stage of owr knowledge it is,
on this partiocular aspeot, not possible to make any dogmatic
pronouncement «

Can 1t be, as suggested by Bickis et al. (1957), that high
blood levels of phenylalanine lead to competition with enzymes
involved in the metabolism of tyrosine? These investipgations
reported that o patlient suffering from P.K.U. shows both a decroase
in total serum tyrosine - from lack of conversion of phenylalanine -
and. en inability to utildise all that is available, duc to the high
phenylalonine level prevalling. It is possible that mental
retardstion rosults from phenylalanine or its metabolitoes
intorfering with other equally-important enzyme systems.

Several othor possible mechonisms for the developmont of +the
nental retardation in P,K.U. have been postulated, among thom that
proposed by Udenfriend (1961). He showed that traces of
phenylethylamine are normally present in wrine. Following upon
the administration of mono-amine-oxidase inhibitors, P.K.U.
subjects excreted more than 3 mg. phonylethylamine per dey wheroos
normal. subjeots exoreted less than 0.05 mge. per day. Tho P.KlJU,
patients who recoeived mono=amine-oxidese inhibitors developed
inercased tromor, ataxia and ankle clonus, suggesting that
phonylethylamine did possess nourotoxic properties. He establishod
that as much as 50 mge of this amine may be synthesised in P.K.U.
each day. Phenylethylamine is pharmecologically astive, possessing
weak, amphotomine-like properties in small doses and convulsant /




properties in lorge doses and it can be formed by decarboxylation
of phenylalenine in memmalisn tissues. Udenfriend ot al. (9960)
demongtrated the existence of eromatic Le-amino oxidase in many
tissves and, in the brain, especially in the stem aveos. They
also demonstrated that the affinity of phenylalanine for the
decarboxylese is so low that saturating levels are not reached.
It was shown thet in the presence of cxcess phenylalanine the
decarboxylation rate was incrcased and therefore the pogsibilily
presents itself that phenylethylamine preoduction tekes place at a
rate 20 to 60 times that of the novmal in P.K.U. breins since there
is no evidence thet brain levels of phenylethylanine do not
correspond with blood and C.S.F. levelds. This then may be the
"neurotoxic" substence, the existence of which had already been
suggested by Avmstrong (1957).

Udenfriend (1961), Knox (1960) and Reichle et al. (1961) have
denonstrated that PK.U. patients all bave lower levels of serotonin
(G-hydroxytryptamine ) than normel non~P.K.U, persons. llow
gignificant ig this fact in roletion to the pethogenesis of the
mental defect? The possibility does exist that the untoward
effect of phonylalanine, 1f operative in P.K.U., could be
intormediated by serotonin. There has been a great deal of
speculation on the part which serotonin pleys in normeld braine
functioning but the only real conclugion which could be drawn from
much extensive researeh, fully documented by Page (1958), was to
the effect that meddling with serotonin lmpalirs brain-functioning.
It bad boen demonstrated by Armstrong end Robinson (1954) thet
there is a disturbance in the metabolism of indole in P.K,U,
petionts. This was suggested by the £inding of the indole

derivetive, indoleacetic acid, in the uvrine of such patients and, /
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in some petilents only, & diminishod excretion of S-hydromye
infoleacetic acld (figuwre ). Pore gh al. (1957) compeved the
levels of sepotonin in the serum and S-hydrozyindolescetlc ascid in
the urine in P.K.Ue. with the lovels in non-P.K.U. control subjects,
and found thet in PJL.U. there was a marked diminution in both.

Tn 1956, Pare gt _gl. studied the offesct of & phenylalonine=lovw
dlotery edministored to seven children suffering fron PX.O. and
were able to domongtrate that there was a significent rise in the
mean serum scrotonin level in comsequence of guch a dietory regims.
After intravenouvs S=hydwroxytryptophan injections, four patients
showed a lower wrinary output of serobonin and S-hydroxyindolescetic
acid when comparcd with motched control subjects. These results
suggested that S-hydroxytryptophen decarboxylese might be inhibited
by abrnormal metebolites of phenylalanine in P.K.U. If such
inhibition were to take place then serobtonin formation would be
diminished and, if the assumption to the effect that sevrotonin ip

a trensmittor substance at synepses be velid (Page, 19543 Frspaner,
19543 Spector and Willoughby, 1957), this diminished level might
thus cause an dmpairment of cerebral function. In 1959, Pove ¢t al.
investigated P.K.U, children who were mentolly retayrded and also
mentally retarded children who were not suf'ferers from P.K.U. They
were able to show that there was & very mueh higher level of
serotonin in the blood of the non=P.K.U, mentelly retorded children
and were also able to demonstrate o welatlonship between Hehydroxy-
indole levels and intelllgence. From this study they concluded
that Jjustification had been mede for the postulate to the effect
that S-hydroxytryptophan decarboxylase cen be inhibited by abnormal
metabolitos of phenylalanine, and thet the risc in the serum level

of serotonin ond increased uwrinary oubput of Sehydroxyindoleacetic /




One of the pathways of tryptophan metabolism.
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2o b=hydroxytryptophan.
3o S-hydroxytryptamine (Serotonin).

Lo bBe=hydroxyindoleacetic acid.
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acid, consequent upon the introduction of a phenylelanine=low
dletory in PJX.U., wasconvineing evidence of such inbibition. The
next step wes taken by Vang eb al. (1961) who observed that ratbs
fed with excess phenylelenine showed diminished levels of serotonin
in their brains. They also were able to demounstrate theit such
diminution in brain~levels of serotonim could be remedied by the
adminlstration of an excess of tryptophane. The conclusions of
Pare ot gl. could not altogether exclude the possibility of
supplementary action by altered metabolites in the brain in P.K.U,.
This latter point was surcssed by Ywwiler and Loutitt (1961) after
progentation of evidenec which had initially secmed to show that
pooxr mental performace in rats resulted from tho presence of low
levels of serotonine Phenylalanino fed in excess to rabts (4o
inorcese the brain level of the aminoia@id) secemed to load to such
rets performing maze ond discriminstion tests in & poorer fashion
than control rats. Nevertheless it was guickly shown that thore
was no correlation between brain serotonin levels and tost rosulis
and thot administration of such excess phenylalanine did not of
itself lead directly to & diminution of brain serotonine The fiml
conclusion was to the effect that phenylalanine leadings alter o
number of metabolic processes in the brain and that low serotonin
levels in serun in P.K.U. rosult, in o subsidiary fashion, from
such & general metebolic changes. Turther gupport for such a
concopt was given by Schanberg gt al. (1961) who showed that
phenylalanine inhibited the uptoke of S-hydroxytryphophen into
brain tissuc. Purther clarification was moade by Freedlond et al.
(1961) and Renson et al. (1961). Freedland et al. showed thet
phenylalenine hydroxylase could also fumction to hydroxylate

tryptophan and corroboration of this somewhat surprising finding /
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wag afforded by Remson eb al. (19613 1962) who proved that im an

An yitro system utilising liver as the source of the enzyme,
phenylaldanine is o potent imhibitor of {tryptophan hydroxyletion and
that the maximum rate for hydroxylation of phenylalanine is thirty
times that for tryptophan. They suggested that in patients
guffering from P.K.U, accunulation of phenylalenine would be
suff'icient to inhibit hydroxylation of txyptophan in the liver.

Were this proven to be so, then previously-noted observations with
respeot to low levels of serotonin in the serum of P.K.U. patients
could be explained satisfactorily. Such & metabolic process could
also account for the diminished excretion of S5=hydroxyindoleacetic
acid by such patients. In connection with the two latter
sugeestions, 1t is again of value to recall that when P.K.U.
patients are given a phenylalanine~low dietary, blood serotonin

and urinary SHe-hydroxyindoleacetic acid levels soon reach normal
levelss Weng ot al. (1962) investigated the influence of various
concentratiops of both phenylalonine and tryptophan on the serotonin
content of brain and liver. They showed that high concentrations
of tryptophan encouraged preferential hydroxylation of this amino
acid in the liver but when significant concentrations of phenyl-
alonine were added along with such tryptophan, the hydroxylation of
tryptophan was suppressed. It vemains yet to be proven whether the
high level of phenylalanine in P.K.U. patients acts as an inhibiltory
factor in tryptophan hydroxyletion in such cases. One further fact
to emerge from thelr studies wes thet serolonin necessary for normal
brain function must be formed in that organ itself. Such serotonin
formation takes place through decarboxyletion of S~hydiroxytryptophon

and this substrate, capable of crossing the blood:brain barrier /




is produced by hydroxyletion of tryptophen which only takes place

in the liver. The serotonin production-and-sffect complex,
involved as it has been shown to be, mey take place in the

following sequence =

lack of phenylaianine hydroxylose == accumulation of phenylelanine
in liver -e= dvhibition of tryptophen hydroxylation --+ diminished
produetion of Sehydroxytryptophan =-- lessened amount aveilable for
decarboxylation == diminished production of serotonin we % effeet
on brain function ?

Practical proof of this suggested line of veasoning will not merely
consist of produstion of experimental evidence to the offect that
diminlshed serotonin levels dia brain can be remedied by en excess
of tryptophen, as was shown by “eng ¢t al. Only purification of
the hydroxylese engyme will enable definitive experiments Lo be
made regarding the role played by serotonin in norml brain
functioninge.

The conclusion reached by Yuwiler and Loutitt to the effect
that phenylelenine loading altered a number of metabolic processes
in the brain received confirmation from Lajtbha and Mela (1961).
They showed that a rapid exchange of free amino aclids took place
between plasme and brain even when there was an increase in the
concentration of such amino acids. When brain concentration was
inereased, there was an increase in the rate of exchange of any one
amino acid, suggesting the existence of a homeostatic mechanism to
preserve oquilibrium between the levels of such amino acids in
plasma and brain in ordexr, possibly, to prevent the storage of
excess emino acids or metabolites in the brain sufficilent to cause

impairment of structure or funcilon. Following this line of

reagoning, the supposition emerges that marked increose of plasme /
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phenylalanine above physiological levels may bring about breakdown
of the underlying homeostetic mechanism, due o successful
competition of this excess phenylalanine for enzyme and transport
mechanisms . Interesting although the sbove hypothesis may be, at
theo present state of our knowledge such reasoning cennot be
velidated or disproven.

It may be of value at this Juncture to examine several of the
hypotheses mentioned in the text by referring to figures 5 and 7.
IM.gure 5 shows the normel pethway for the degradation of phenyl-
alanine and tyrosine and figure 7 shows the real and apparent
metabolic blocks in PJK.JU. The main metabolie routes of phenyle-
alanine, tyrosin and tryptophan are indicated by double arrows.

1. Conversion of phenvialanine to o=~lyrosine, o=tyramine

o=hydroxyphenylacetic acids- flipure 7, B L, 2 and 3.

It 1s probable that orthohydroxylation of phonylelenine occurs first
to form o-tyrosine and that this is exercted as o=hydvoxyphenylecetic
acid. An alternative route would be for the o=tyrosine to be
converted too-tyramine, with the reaction being catelyzed by a
decarboxylieseo.

2. Conversion of rhenvielanine to phenvlivyruviec acid

through trensaminationg= Pfipure 7, C 1, 2, 3 and L.
Through the action of phenylalenine transaminasec, phenylelanine is
converted to phenylpyruvie acid by the following reactioni—

phenylalanine & a=ketoglutarate == phenylpyruvate + glutemate
pyridoxel phosphate

As Meister et al. (1956) bave shawn, evidence for the reversibililty
of this xeaction is indicated by the fact thet the administration of

glutamle acid or glutemete to patients suffering from P.JK.U. results

van inhibition of phenylpyruvic acid exeretion. In such patientsy
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the excretion of phenylpyruvic acid is largely o function of
protein intake and, in consequence of active remal tubular seeretion,
plasma concentrations of this metabolite are lowe The observation
that phenylalenine transeminase appears in rat liver only afier
birth may account for the relatively late appearance of phenyl-
pyruvic acid in the uwrine of P.K.U. patients. Zeller (1943)
demonstrated that the formation of phenyllectic aeid occurred in
consequence of lactic dehydrogemase catelyszing the reversible
reduction of alpha=keto acids by DPNH to their lactic acid
derivetives. Since the mechanism for the conversion of arometic
alpha-keto acids to the acetic mcid derivaitives is not known,

there is at present no explanation for the conversion of phenyle

pyruvic acid bo phenylacetic aoid.

3¢ lxyplophan transeminesgse= fisure 7 . D.
Vhile 1t is known that iryptophan is converted to indolepyruvie
ecid and this, in turn, is converted o indoleacetic acid, the
mechanism responsible for the transemination has not been fully
explained (Armstrong end Robinson, 19543 Heie and Huang, 1961).
Bessman and Tada (1960) have shown that the urinary exeretion of
indican parallels the blood level of phenylzlanine. Thoy also
showed that the net conversion of indole to indican, subsequent o
indican leeding, was less in the case of P.K.U. patients than in
control subjects, suggesting that excessive emounts of rhenylalanine
m2y cause an inhibition at this step.

ke Effect of phenylalanine upon mammelian

Lyrogineses= figure 5.

The formation of melenin involves, firstly, the conversion of
tyrosine to 3,h-dihydroxyphenylalanine (DOPA) and, secondly, the

conversion of DOPA {o DOPA-quinone, Tyrosinase catalyzes the /




Probable pathway of adrenslin formation,
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first step and the second step is markedly accelerated by this
enzyme bubt it can also ocour nonenzymatically (block 1V). Dancis
and Dalis (1955) and Miyemato and Fitgpatrick (1957) have shown that
Le=phenylalonine acts as a competilive iahibitor of tyrosinge
tyrosinase activity at the melanocyle level and that this is the
reapon for the comparetively common oceurrence of blonde hair and
fair skin in P.XKJe. paticnts rather that the uswelly-accepted
mechanism of failure of hydroxylation of phenylalanine leading to a
reduction in blood tyrosine with comsequent diminution of tyrosine
dervivatives. It is a maitter of general observation that
perseverance with & phenylalenine-low dietary will, in the majority
of cases, lead to & gradual davkening in the colour of the halv.

5. Effect of phenvialonine upon DOPA decarboxyloss i

Tipgare 8.

It bas been shown that the primery pathwey of adrenalin formation

is as follows i

- R nopa ( . ‘ s Adrenn”
Tyrosine = DOPA e ARBORTEASE < DOPAmine < WNoradrenalin < Adrenalis

Cawte (1956) end Knox ond Heis (1957) pointed to the possibility of
there being a disturbance in tho meitebolism of adrenalin 3in P.K.U.
patients by demomstrating an imcreased rise in blood prossure
following upon the administration of an intravenous doss of
adrenalin when compared with the rise in normal subjocts. Fellman
(1956) and Boylen and Quastel (1961) have shown that the derivatives
of phenylalenine inhibit DOPA decerboxylese in vitro and Nadler and
Heda (1969) have shomn that there is a dccresse in the levels of
noradrenadin and adremslin in the plasme and of DOPAmine,

noredrenalin and adrenalin in the urine of P.KJ.U. children. /
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Go Effsct of phenylalanine upon S-hydroxytryptophan

decarboxyiase.

The normal pothway for the degradation of trypbophan is shown in
Tigure 7 pathway .F.

Notwithstanding the multiplicity of alternative pathogenetioc
mechapisms postulated as being responsible for the development of
the mentel retardation in P.Kd., at the present stoge in oup
understending of the various bloschemieal processes operative in the
disease, it is reasonable ~ and indeed justifiable, from a practical
stendpoint - to assume that the mental reterdation arises as &
direct consequence of the blookege of the hydroxylation of phenyl-
alanine. An alternative and mot altogethor Insupportable theory
would suggest that the P.K.U. gene moy produce an ensyme-inhiblibor
which, in turn, would ceuse the initlation of sequences of cvents
giving rise to disturbances in processes of synthesis of imgporitance
to proper functioping of the brain. Indeed, Knox (19641) has
founded o working hypothesis based upon sush induced adaptive
enzyme changes, suggesting thet the abmormel chemical environment
in the brain cells of P.K.U. infoants produces an abnormal pattern
of enzymic maturation, such adeptive changes thoreafter becoming
irreversible and cepable of belng produced by soveral agents.

Such & hypothesis, however, rests substentially on what Knox
implies by "normal blochemicel maturation of the brain". leny
peinsteking studies on the methods of mction of microsomel and
nonmicrosomel ensymes will be nocessary before the very edge of
this perticulay curtein mey be 1if'ted.

All=in=21l, there can be no doubt that the majority of
observed focts support the concept of P.K.U. being primerily o

atle disorder with mentel impaivment wesulting from one primery /




enzymatic block, irrespective of how such dmpalrment may, in actual
fact, be a@{ermin@d. The nunber and complexity of hypotheses with
rogard to one aspect or another of the biochemistry, metebolism and
vathogenesls of P.K.U. mentioned in this chapter, indicates the

amcunt of investigation which s8till remains to be vnderialken.
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Pathology

In this chapter it is proposed that primerily only the
vathology of the central nervous system in P.K.U. will be discussed.

Alvord et al. (1950) exomined the C.N.S. of five ceses who
bad clinical manifestations of P.K.U. A marked lack of myelination
involving prineipally the optle, cortico-gpinel and cortico~ponto-
caregbellar trects in the ecentral and peripheral nervous systems was
demongtrated in siblings of 16 months and 5 years. In one adult
cagse o defeot in myellinetion was noted in the optic chiasma but two
other adults showed no such myelimstion-~defect, Other abnormalitiecs)
including gliosis and increase in periveseular fat of the cerebral
vessels were present im all five cases. Alvord eb al. reised the
question as to whether-or-not the myelinetion-defect could have been,
in part ot least, responsible for the montal deficiency which had
bcen present in all five cases. Poser and Van Bogrert (1958)
published comprehensive findings and deductions regerding the
pethology of the brain of an 18 year old P.K.U. patient. The
principal finding was the presence of "multiple areas of altered
myelination associated with varieble degrees of fibrillary gliosis
and, taking their own case and comparing their findings with those
of Alvord et al., concluded that the pethogenetic defect in P.K.U.
was posslibly “a metebolically~determined disturbance of the glial
cell - myelin sheath relationship®. Turthernore, they steted thet
"neuropathologic observations indicate that this discase should be
classified with the leucodystrophies and the cerebrel lipidoses in
the general group of dysmyelinating disecases". They thus took
thelr stand in favour of the disturbance of myelination being in the

neture of o defect in the laying-town and not the result of a /
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process of demyelination. Crome and Pare (1960) published a
review of the llterature and of their own pathological findings in
four cases. Thelr main findings were those of micrencephaly and
fibrous gliosis of the white matter in all four cases bub slight
pallor of myelin steining was also demonstreted in two. They
stated that, in 20 cases reviewed, the most conslstent finding wos
of redustion in brein weight, in many ceses accompaniocd by
ventriculayr dilatation. In many of the smaller breins there was
a reduction in the total volumo of the white matter accompanied by
e diffuse fibrous gliogls. They also reported thot older patients
did actually show widespread demyelination. No very firn
conclusions were drawn by the authors, but, after stebing "entire
fibres in the white matter ave removed" and that "there is no
ovidence as to whether this precedes myelination and explains the
lack of myelin or whether the fumction of the oligodendroglisl cells
is interfered with and the resulting non-myelinated or poorlye
myelinated fibres later destroyed", they agreed that either of the
above possibillties corresponded with the observation that most of
the damage to the cenlral nervous system occurs in the earliest
months of life, Their summing-up was to the effect that the
observed defects in myelination might result from degencration of
some neurones teking place early in 1life, thus resulting in thoir
showing signs of poor myelinationy other neurones dying later in
life and thus showing actual demyelination. It thus appearcd that
both the processes of dysmyelination and demyelination may be
operative. Crome (1962) noted that reporis of Schilder's disease
(leucodystrophy) occeurring in sssociation with four cases of P.KU.
had been reported. From this he stated, "leucodystrophy ocours in

conjunction with phenylketonuria ina sufficiently large number of /




cases to exelude the possibility of such an occurrence being of a
fortultous nature"., In another publication in 1962, Crome gt al.
subjected the white matter of the brains of P.K.U. paticnts to
chemioal oanalysis and compared the resulbs with thoso from agoe
matched ocomtrols. They found a weduction of total solids content
In PJKJU. brains and showed the percentage of the solids represented
by cerebrosides and cholesterol to be less than in normeld
individuals of the same age. Cholesterol esters were not found
except in parts of the brein of ome patient with leucodystrophy.

In this publication it was suggested that the laying down of myelin
appeared to be hindercd in P.K.U., bubt that gradovald active
demyelination could not be excluded, Thus Crome et al. went on
record as protagonists of combined processes of dysmyelination and
demyelination belng operative in P.KWJU. In 1963 however, (rome
suggested that Schilder’s disease or, as it is now called in
vreferance , non~inflommatory sudanophilic leuccdystrophy, may be
one of the reaction patterns of the brain and, as such, common to &
number of pathogenetic processes. Should this prove to be the
case, earlier views with regard to the cauvsal relationship betueen
PoKelle and this pathological finding are not necessarily valid.

In this particular paper, Crome also noted that he had nob found
any structurel changes in the oligodendroglial cells in the brains
examined in PJX.U.

Lesions outwith the central msrvous systen have occasionnlly
been reported. These include pituitery and testicular hypoplesia,
fatty degeneration of the liver and absence of hypophyseal
chromophilic elements. Such reports wouvld appear o be in the
nature of mnaturally-occurring chance findings and not im divect

consequence of the pathogemetic and pathologic processes operative /




in PJXW.U. There can be no doubt that the opportunities for
investigation of the pathology of PJK.U, have not been at all
numcrous , if the published articles are an indication. On so few
cases, so Little of a dogmatic and factual nature can be pronounced.
The belief’ of Poser and Van Bogrert and of Crome, to the effect
that dysmyclinetion is possibly of more importance than
domyelinotion, remains to be proved and the question as to whether
the olteration in myelination is reponsible for the mental
retardetion, or merely a further manifestation of the total picture
of P.K«U., remalns unsettled, Conclusive pathologicel preoof would
necessidate fulfillonent of the following postulatesi-
1. that the central norvous system chenges must be
caused by P.K.U.:
2. that the central nervous system changes must be
showmn t0o be the obvious cause of the mental

votardotion asgociated with this particular upset.

A% present, convineing pathological proof is lacking.
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Clinicol Findings.

It must be stated that there is no comprehensively infallible
picture of PJX.U. a3 a clinical entity. The signs and symptoms of
the discase mey be quite diverse and, although & potient-
conformance picture of the blonde heived, blue cyed, mentally
retarded ochild is commonly held, adherence on the part of the
clinician to such o mewntal impression will frequently allow the non-
conforming infant or child to pass unsuspected. It is true that
the majority of homozygote cases exhibit fair bhair, fresh
complexions and blue eyes. It i8 equally true that meny cases have
brown hair, sallow complexions end brown eyes. The only absolute
truth in the disecase is the demonstration of the existence of an
elevated level of serum phenylalenine. This, then, is the
criterion to be adopted and none other.

Partington (1961) noted the Protesn monifestations of the
disecoese as they may present in the first year of life as follows:=

"suspeoted or actual mental retardation; a rctarded or P.K.U.
s8iby infentile eczema or other nonwspecific inflammetory skin
lesions including dieper rashy soizures; o complaint on the part
of the parents that the child or its urine has a peculier smell,
aoven if the physicien canmot appreciate it; vomiting in the eerly
weeks of life, including feeoding problems, colic and possibly
(symptoms suggestive of) pyloric stenosis; irritability®.

He pointed out that if the child presenting with eny of the above
did happen to be blonde and blue eyed, the suspicion should be
increased but that presence of adequate pigmentation must never
allow the possibility of the existence of the discase to be

summarily dismissed. He also found, in the early history of 36 /




pationts, that more than 50 per cewnb had suffered from symptoms of
one sort or another in thoe sorly weeks of 1life which bhad been noted
by the pavents long before they had suspected the eximstence of
mental defect. He categorised these symptoms as follows e

1o vomiting (17 patienta).

2. seizures (13 patients).

3. Avritebility (12 petients).

ke ocgema (6 paticnts).

Knox and Haie (1957) stated thet the commonest mevrcloglcel
finding wes restlessness. Neurologicsl signs are apparent in the
ma jority of P.K.U. pationts and are predominantly oxtre-pyremidal.
They consist of tremors, ataxis, muscular hyportonicity, sthetold
movements and emaggeration of deop coflexmes. Paine (1957) reporbed
upon a scries of 109 uwntreated patients. He pointed out that
approximately one=half showed mild to marked microcephaly end that,
cspecially among those of low intelligence, hand posturing was o
very striking characteristice The purposeless hand movements
include rhythmic pill-rolling, lrreguler tic~like motions, aimless
tomand=Tro finger movements and frequent habitvel fiddling of the
fingers held close before the eycs. These movements mey be
agcompanied by & rhythmic rocking back end forth lasting for
several howrs. Such oxtra-pyramidal signe ave presumebly related
to demage of developing pathways within the C.N.S, Microcephaly
was also mentioned by Crome (1962) as cccurring in several cosos.

The quostion of the colour of the balr was studied by Cowie
and Penrose (1951) who showed, by reflectograms, that there is a
significent lightening of the bhair colour of P.K.U. children
compared with their waffected sibs. This matter of hair colour

is possibly most evident 3In theo case of Japonese sufferers from /
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the diseess. All Japanese children normally are born with, and
retain, black hair colour. Shizume and Neruse (1958) showed that
Jopanese P.KJ.U. children bave brown haiyr, lighter skin and lighter
irds colouwr then non-P.K.U. Japenese children., This lighter
colouwration, in the case of the umtreated individuals, persists

into adult life.

Knox and Hsia (1957) found that many P.K.U. petients showed
some Torm of skin discase varying from s mild eruption to o severe
eczemntodd lesion or the presence of & vough, scaly skin of the
dchthyotic type. They were unable to state whebher such epidermal
changes were the direet result of the metebolic ervor or resulited
from traume to an epidermis essentially normal bul hypersensitive
in consequence of the lack of melanin. Fleisher and Zeligmen (1960)
studied 23 PJK.JU. patients over o poricd of & years and demonstrated
atopie dermatitis in three, In investigation of intradermel test-
responses, they demonstrated 10 positive in 21 PJJK.U. subjects and
only & positive in 29 controlse.

Little (1962) reported on two cases in which the presumptive
diagnogis of P.KJU. had beon made by himself, an otolaryngologist.
Both childron had been presented on account of supposed hearing |
difficultics bubt he wes unable to £ind any objective ovidence for
the existence of the hearing difficulties. This led him to suspect
the development of mental retardation es being the responsible
condition for the difficultiss of the children, and subsequent
demonstration of am clevated serum phenylalenine confirmed the
diagnosis of PKJU. In consequence of this exporience, he
advoscated the routine screening for P.KJU. for all children under
the age of five puspected of deafnesse. There is also the

posgibility of speech difficuliy beilng the presenting feature of the/




disease. Diedrich and Poser (1960) discussed two sibs with
congenital apbasia, later dlagnosed as PJKJWU. sufferers. On a
phenylelanine-lowr dletary maintained during three yeers, thers wes
marked improvesent in language as well as functional mentation.
Sinece such a dietary was not commenced +1ll the children were & and
3 years respectively, it was sugpested by them thet speech
thorapists should be made awara of P.K.U, a8 & possibility in the
case of delay in longuage development in children who might
otherwise appear norml.

Feinberg and Fisch (1962) presented rodiologicel evidence of
wusvel bone change in growing long bones of P.K.U. childrene.
Those changes were initlally noticed in the cases of children who
hed been placed on phenylalanine-low dietaries, end consisted of
galelified spicules of cartilage projecting into the epiphyseal
certilage from the zone of the distal metaphyses®. Such spicules
were shown 40 pevsist during growth, but "the originol portions were
simultaneously incorporated in the ossecus metaphyses®. TFour oldeyx
patients who had not beon on dietary restriction displayed
"modevatoly positive findings®™. One child showed the change only
after the age of 4 when he was placed on a reatricted diet. Such
findings, interesting thouvgh they may be, cannot truly be ascribed
t0 the prosence of P.K.U. per se. More than lilkoly they resuldt
from general amine acid deficiencies rather then specific
deficlencies, and further wedioclogical investigations will be
necessary together with concomitant bioshemieald stulles before this
particular aspect of the P.K.U. problem ocan be clarified.

Tiplleptiform selgures occur with inereased frequency in P.K.U.
In gulferers from the diseaso, B.H.G. stuldies have been made during

sloeping and waking states. Fols gt al. (1955) demonstrated that /




s 8
walking activity is usually abnormal end, in their study of 19
patients, showed that such activity was of high voltage, slightly
fash, slightly slow, or a mixture of fast and slow, with seizure
discharges of the petit mal type ocouwrring quite commonly. Rleven
patients showed seizurs activity in the waking state and 18 showed
it in the sleeping state. Tols gt al. suggested that, in P.KJU.,
there was a profound disturbance of both cortical and thalamic
function. Low ot al. (1957) confirmed, from their own cbservations,
that the majority of P.K.JU. patients showed R.E.G. obnormalities if
untreated. Thelr findings suggested eplleptiform selzures as being
more common og an infantile menifestation of the disease, such cases
‘showing hypserhythmie and multiple seizure foeci. As these childven
mabured, Low et al. showed that btonic-clonic comvulsive attecks
frequontly developed, accompenied by E.B.G. chenges showing focel

or generalised gpike discharges. TITn the series of 23 cases
investigated, thaysteted "7 had spike-ond-wave complexes similar o
those evident in petit mal epllopsy" and furthermore, that 8 patienis
placed on a phenylalenine-regtricted diet showed improvement or
normelisation of the B.E.G. with the passing of time, while in 3

out of 5 cages with clinical seiszures, such selzures ceased to ocour,
Grumer (1962) confirmed Low's findings with regerd to the infrequency
of epilepiiform seizwres in adults. Herrlin (1962) published e
clinlcal and E.E.G. study of & pair of monozygotic P.K.U. twins.
Both hed showm signs of mental wotardation and epilepsy
simultaneously at the age of a few months, but at the age of two
and one=half years, thedsr oligophrenia, epilepsy end E.E.G. Pindings
showed appreciable differcnces. Pointing to the P.XW.U. a3 being
the only kmown common factor in each case, he stated "it appears

that their brain demages @iffer in type and degres of severity, /




although the metabolic disturbances could be expected to be sequelly
pronounced im both and the reaction norms of their brain tissue the
same, since they are geneticelly identical"™. While it can be
stated that D.R.G. changes avre evident in the majority of P.K.Us.
patients whether or not they exhibit epileptiform selzures, there is
no constantly=oppearing pathognomonic feature in the B.E.G. I
would appear that what dlfferences in patiterns are scen depend
primarily upon rendom differences in the oxtent and localisation of
the causative cercbral lesions.

In gpite of the verious elinical findings so-far mentioned,
there is no disputing the fact thet montel retardation is the most
gignificant and consistent finding in PJKJU. From what has been
stated, both in this and previous chapters, such rotardation has
been shown not to be evident in the earliest months of life but to
become manifest, in the untreated case, after the first months of
1life bave possed. Hsia (1960) bas stated thet the mejority of
untreated cases bave & low level of intelligence with I.Q's. of
30 oxr less &n&,‘althmugh in general agreement with this statement,
Knox (1960) has pointed out thot e minority show an I.Q. in the
renge of 60 to 80 and may be educable. Knox and Hsia (1957) had
stated, in more goneral torms, thet "the mejority of patients with
PEJUe are idiots® and "poerbaps one=half of them never learn to
tallk and ope-third of them never learn o wallk., They also poinied
to the feet that o small proportion cen show borderline intellectusl
development but, as was the ocase with Knox (1960), could point to
no obvious genetic explanation for such differences in intellectunl
capacity. This matter will be considered further in o later

chaptor. /




The significant clinicel manifostations of the disease ars
only apparont in the homozygote. Although it has been suggested by
Knox (1960) that thers may bo o higher incidence of mental disovder
amnong heterogygotes, this has not yet been proven conclusively. In
addition, although the hetorozygote may possibly bave o higher
festing serwa phenylalanine level that the normal person, it has
never been shown thet other clinical features of P.K.U. can ocour

in conjunction with the heterosygobe state.

In general, signs and symptoms of P.K.J. mey be divided into
three major groups:i=

1. mentel menifestetiong: wmainly retardation bui also

embracing restlessness and otherwise inexpliceble
irvitability;

2. peurological abmormalities; dineluding, especielly im

infants and young children, epileptiform selzures;

musculaxr hypertonleity; mobor impairments microcephaly:
5e oxtraneurel menifestations: including defect in

pigmentationy skin lesionss maledouwr from the wrine or

person; vemiting (in infants).
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Psychologleal Aspects of PeKeU.

In 1934, Fflling stated "the study of phenylpyruvie amentin
may throw light on the whole problem of mental deficieney®. In the
yeers which have intervened, no clear understanding has as yet been
reached beotween the wrelationship of the biochemicael abnormality and
the deficiency in intellectueld function usvally veflected in sovere
mental reterdation. No matier what the true pathogenecsis of the
amentiz may be, there can be no doubt thet the disease inberfeves
with psyshological processos necessery For normal development of
cortioal activity. While the wtreated case, in the wejority of
oceasions will quleckly progress to drreversible mewntel retardation,
the treated case - agsuming diagnosis to hove been made sufficlently
ecarly = should develop normal or average cercbrationes In the event
of dilsgnosls not having been made before the onset of prosesses of
mental deteriovation, introdustion and malnbenance of proper
treatment should arvest such deterioration in developmental or
intelligence levels. Thus, psychological appects of the disease
will primerily be concernod with the observation, measurement end
recording of developmentald, intellectual and behavipourald focets of
the total personality of the individual in relatlon to the benefiecieal
effects of distery treatment.

Among the most interesting of the many reports on the
psychological aspects of the discase was that presented by Koch
(196&). In his roport he dealt with 31 patients from 23 families.
The ages at which diagnosis bad boon made ranged from 5 deys to
8 years, with the average age of diegnogis being 2 years and
4 months. Ethnic backgrounds were predominantly Irish, English,

Scottish and Gorman. All cases displeyed an elevated sorum /
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phenylalanine ranging‘fram 13-ﬁo 6l. mg. per 100 ml. when such was
estimoted by the McCamen and Robins fluorimetric method. 24 of the
31 bhad been adequately treated with a phenylalanine=ldow dietaxry for
more than one years 4 wers no longer being treated at the
publication of the report and 3 had been on therapy for less than
§ne year. In gpite of the lale average age of diagnosig, nearly
every child showed an improvement in developmentel or behavioursl
progress. Flgure 9 shows the relationship of the age of diagnosis
to the developmental or intelligence quotient (DeQ. 0r I.Q.)s It
should be noted that, except in 2 cases, there is a gradual decline
in the D.Qs or L.Q, as the age of disgnosis increases. Infants
diagnosed during the first six months of 1life all hod o D.Q. of over
75, compared with an average D.Q. of 35 in children diagnosed after
the age of two. Table 2 veveals the changes in the D.Q. or I.Q.
ranging from & to 43 points in the treated patients, corresponding
to an average increase of 17 polnts. Again o noteworthy fact is
the intellectunl improvement which occurred with dietery treatment
even in children diagnosed after the age of three. The most
spectacular goin was thet ocourring in case 8, who, whon diagnosed,
hod & D.Q. of 37 at the age of elght months which, by the age of
five, had reached 79 (figure 10).

Anothey child, in whom the dlagnosis was not made till he had
attained the age of three years and two months, was put on a
phenylalaning=low dietary at the insistence of the mother. Initial
T.Q. was stated to be 10 and, at the age of seven, his L.Q. (the
then most-recent) was estimated to be 53. Al this period he was
in & school for the educeble mentally retarded, had developed
language abillity and behaved well. Another five=ysar old boy

(case 29) was put on dictary therapy becoeuse of severe uncontrollabls)

T~




Case
No.

11

12

13

14

15

16

17

18

19

Age

Diagnosed
Birth

Birth

0-1

0-6

0-7

0-7

1-2

1-2

1-6

1-6

1-7

1-9

1-10

DQ CHANGES IN 31 PKU CHILDREN

Initial
DQ/ 1Q

104

100

108

75

57

81

37

37

61

31

62

40

30

49

46

66

45

48

Dietary
Control*

Excellent
Excellent
Excellent

Good

Excellent
Excellent
Excellent
Excellent
Good
Good
Good
Excellent
Poor
Good
Good

Excellent

Good

Table 2.

(Koch, 1964)

WTH OR WITHOUT TREATMENT

Latest
DQ/ 1IQ

100
94

108

83

74
73

75

101
77
52

73

68
29
86
62

72

59

DQ/ 1Q
Change

-4

-6

+8

+ 36

+38

117

+ 16

+cl

+11

+28

+37

+16

+6

+11

Diet

Duration

1-1

1-9

0-8

1-0

0-4

1-2

1-4

4-3

1-5

1-8

3-6

1-5

1-9

1-0

0-1

1-10

Presen
Age

1-1

1-9

0-8

1-6

0-11

3-8

5-0

7-4

2-11

3-3

2-7

1-10

3-8



Case
No.

20

21

22

23

24

25

26

27

28

29

30

31

Age

Diagnosed

1-10

2-0

2-1

2-6

2-6

3-0

3-2

4-6

4-8

5-5

8-0

8-4

* Excellent control indicates serum phenylalanine tontent less

mg.$.

Initial Dietary

DQ/ 1Q Control*
98 Excellent
NM** Poor

(discont'd)

50 Excellent
43 Good

30 Poor
132 None

10 Good

-9 Poor

46 -

26 Good
NM** None

27 Poor

(discont'd)

Good control indicates 6-12 mg.%.
Poor control, serum levels above

Latest
DQ/ 1Q

102

NM#*

67
76
40
124

53

28

37
N

10

12 nig.%.

** NM - Abbreviation for not measurable.

DQ/ 1Q

Change

+4

+16

+33

+10

Diet
Duration

2-3

1-6

3-11

3-4

Present
Age

4-1

10-0

4-9

7-9
6-7
4-9
8-0
15-10

10-4

than 6
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behaviour; I.Qe at that time was 26, With continuation of the
dietery therapy he calmed dovmn remarkably, was able to atiend e
school for the mentally retarded and had developed patierns of
speechs As measured by the Stanford Binet method, his I.Qe. bhad
improved to 37 but, Lo the parents and others concerned, the
improvement in behaviour was of fer greater lmportance than the
slight improvement in intellectual cepacity.

Case 24 presents a different aspeot of the P.K.,U. pilecturce.
As 8o often happens, the parents of this ohild were of poor
intelligence and somewhat incompetent. Domiciliary dletery
therapy hed never been satlsfactory bul, in spite of this, the
child's T.Q. had increesecd from 30 to 40 by the time she was the
age of five years end ten months, by which time it had become
necessery to have her admitted to an institution where, for some
reason, dilectaxry therapy was discontinued. Her regression there-
af'ter was so rapld that the parents, dull though they were, became
alermed and removed her from the institution. OF their own
volitlion they resumed dietexy therapy end were stated to be trying
to manage this more suecessfully than they had done previously.

& ocases were not being treated when the report was published.
Case 25 was of superior intelligence and distery therapy had not
been advocated. The other 3 cases in this group were already
severely defective when diagnosis was made and, because of the more
advenced ages of the children, the mothers could not merage dietary
supervision. On publication of the report, 2 of the 3 cases had
been admitted to institutions. From Koch's findings it would
appear that, if at all possible, there is Justification for
initiating and meintaining dietary measures in 2ll mentally subnormal

PJKUs ohildrens. There would appear to be no doubt that the /




sooner sush-ﬁi@tary therapy is initiated, the more effective it will
prove to be and the greater will be the liklihood of prevention of
further intellectual deterioration. Centerwall et al. (1960) had
alroady steted this but had not been as optimistic as Koch, meking
the dogmatic pronouncement that "an infant whose treatment is
started at the age of one month may be expecied to develop his full
potential. When treatment ls started at two months, mentality will
probably be normal but mey lag 10 or more points behind the expected
i.Q. level of the child. In most cases whon the treatment is
delayed uwntil the second half of the first year of life, some
revardation will result. Those who are dlagnosed past one year of
age, or later im life, and then placed on diet may show little
significant improvement in I.Q. and are often modevetely to severely
mentelly retarded”.

Wright gt gl (1958) hed reviewed 362 cases recorded in the
literature and had shown thati-

63 per cent had an I.Q. between 1 and 203

32 per cont had an I.Q. between 21 and 503

4 per cent had an I.Q. between 51 and 703

1 per cont hod an I.Q. above 71.

In another review published in 1957, Paine had shown thet, of 106
cases s~

70 por cent had en I.Q. below 20;

&L per cent had an I.Q. below 30;

93 per cent had an I.Q. below 40;

98e1 per cont had an I.Q. below 50.
From those studies it cen be seen that the me Jority of P.KJU.
patients fall within the category of 'moderate to severe'! mental

retardation. /




Fishler (1964.) investignted the levels of imtellectual
functioning of all the parents, together with the normal sibs, in
cach of 23 families with a child suffering from P.KU. The results
are presented in teble 3., From this table it becomes evident that
the parenis and sibs of the P.K.U. children, in this particulay
study, were of pormael intaelligence although L of the mothers end 1
of the sibs were in the borderline range of l.Q. testing. It is of
intersst to note that the average I.Q. of the fathers compared
favourably with those of the soms and fell within the bright, normal
ranges The compariaon between the I.Q's of the mothers and

deughters was also c¢lose but at & scmewhed lower level.

Although there is no doubt that the mejority of untreated
P.KUo. children become lrveversibly mentally rvetarded, there is
equally no douvbt that e smell minority do not develop intellectual
deterioration in spite of the fact of thelr never receiving
treatments Why this shouldd be so is not at all clear, but this
fact should mever allow an infency-diagnosed case of P.K.U. to be
deprived of dietary treatment. If such atypicel cases be considered
in relation to the question of intelllgence levels in generel in
P.JKJU., there can be no doubt that such cases mey occur for a
variety of ressons. When the distribubtion of intelligence among
all P.KJU. patients is considered, it is to be expected that 1 to 2
por cent should have a level in excess of 60. The description of
25 such individuels emong about 1,000 known P.KJU. potients (2.5 per
cent), as mentioned by Haeia (1964), is probebly not excessive. The
possibility also exlasts that such cases represent o 'forme fruste!
of PJKoUey with those patients lying in a region between tyue
homozygosity and true heterozygosity, where such are expressed in

terms of biochemicel and mental findings. Such patients would /




DISTRIBUTION OF IQ LEVELS IN PARENTS

AND UNAFFECTED SIBLINGS OF PKU PATIENTS

Fathers (N=22%) Mothers (N =23)
Range: IQ 89 - 130 Range: 1Q 72 - 130
Mean: IQ 112.4 Mean: 1Q 103.2

Sons (N =11) Daughters (N= 10)
Range: IQ 94 - 126 Range: IQ 78** - 128
Mean: 1Q 113.2 Mean: 1Q 102.6
* One father is separated and not available for testing.

Sibling with IQ j&8 has parents with following IQ's:
Father: 1Q 97 - Mother: 1Q 72.

Table 3.

(Fishier, 1974)
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then represent the oxlstence of another allele for the abnormal
gene or refleet the influence of modifying genes. This matier
will be comgidered in the chapter dealing with Heredity and
Preventions The following casewreporis typify the intellectually-
eberrent P.K.U. sufferer ag distinct from the usual P.K.U, ement.
Halo gt al.(1957) reported the discovery of an educeblo P.KJU.
homozygote during & survey for heterogygote=detorminetion smong sibs
of known cases. The patient was aged thirteen and a pupil in the
6ih. grade of ap ordinary school. She had en I.Q. of 78 (Wechsler)
ond & mental age of nine yenrs and seven months as measurcd by the
Stanford-Binet method. A caveful evaluation of her school record
showed that she was not performing to the level of her class and had
wade the remark, "Why am I so dumb when everyone else is smort!?
The other 2 petients discovered were siblings aged nine and twelve
years who were doing entirely normel work in the 3rd. and 6ih.
grades in school, Their serum phenylalanine lovels were 26.6 and
2ke3 mge per 100 ml. and their urine phenylpyruvic acid tests were
strongly positive. Also dun 1957, Coales et _al. reported on the
occurrence of P.KaU. in a child suffering concomitently from
Gower's musoular dystrophy. There wes apperently no possibility
off connection between the two diseases, such an ocourrence being a
random bappening. At the age of six years and six months, the
child had an T.Qs of 103+ 1In this particuler case, dietory therepy
wes dnstituted but only waintained for a period of three months, the
child beving shown no gain in intellectuwnl cepacliy on reassessment
at the expiry of this period. After the lapse of two years there
was found to have been a significant intellectunld deterioration,
Le.Qe now being - rather vofortumately « 85. Leonard and leGuire

(1959) reported on & case with bovderline intelligence who /




novertheless had a high ability for rote memory. They suggested
thet continued envirommental securdty might, of ilself, bring aboutb
increese in mental age. Caudle (1960) weported on an untreated
PJKoU. homogygote child who, at the sge of two ycars and nino
months , had en I.Q. of 134 and Sutherlend gt al. (1960) on two cases
of watreated PJK.U., one with normal and the other with nearenormal
intelligence.

Tischler gt al. (1961) reported on o very intoresting family
of three siblings, all male. Tho eldest was o known P.K.U.
homogygote with marked mentel vetardation, the second=horn was also
& P.KeUe homogygote but with less-merked mental retardation, while
the youngest showed no sign of the disorder and was of average
mentality. Notwithstending the differences in degree of
intellectual attaimment of the brothers, all exhibited similar
EJiaGe pattorns, with the youngest hmyhher showing the best
regulated. The oldest child was placed on a phewylelaning—
restricted diet with some subsequent improvoment inm I,.Q. » behaviour
and B.E.Gs pattern.

The assoelation of homozygovs P.K.U. with average or neare
average intelligence but with & concomitant behewviour disorder has
been & frequont subject of comment. Among various reports s those
of Allen and Gibson (1961) and Topin (1961) will be mentioncd.
Allen end Gibson's patient was & twelve-year 0ld boy who, possibly
because of envirommentel factors, showed en improvement in the
behaviour disorder over o two=ysar period and in whom initiation
and meintononce of a phenylelanine-low dietery over a further period
of seven months produced no further improvement. Tapia's report
concerned an elght=year old boy who hed an I.0. of 91 and whoge

behaviowr disorder manifested dtself priwerily by "aervousness", /




motor and speech dif'ficulties, In this case, improvement in the
behaviour disorder had taken place afterlonky six months on a
phenylalanine-restricted dicterys. The child's teacher remarked
that thoro had been sudden improvement in his rcading and writing
towards the latter part of this period. In cases such as those
instanced above, it cannot be stated dogmaitically how much the
improvenent is due to envirommentel factors and how much to the
dietery therapy. The possibility of relotionship between the
levels of serum phenylelanine and the degree of intellectunl.
capacity in P.K.U. was dnvestigated by Partington in 1961. IHis
findings with regard to the levels of intelligence in such patients
were very similer to those previously published and showed that,

for 75 untreated patients over the age of Ywo, over 90 per cent had
an I.Q. of 60 or less. Ho was unable to establish any velationship
between serum phenylalanine levels and I.Q. except - somewhat
tenuously - in the cases of three patients, each of whom had an I.Q,
or more then 60 and whose serum phenylaelanine levels were less then
25 mg. per 100 ml. e was also able to demonstrate in this paper
that mental reterdation in the sib of a known P.K.U. patient is not
necessarily dus 4o P.K.Ue. From his observations, he concluded thot
the full benefits to be obtained from & phenylalaonine-restricted
dietary, especially in the case of children whose disease had not
been dlagnosed in early infaney, would not be apparent until o
sufficiently large number of such patients had been treated
dietetically over a very long period. Knox (1960) also investigated
the psychological aspects of P.K.U. and stated "there is o loss of

2 polnts of I.Qe per week of delay in initieting therapy®s The
significence of such & stetement from an authority of his stature

cannot be summarily dismissed. /
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As has already been stated, although mentel retardation occurs
in nearly all persons affected by untreated P.K.U., there can be
great wvariety in its clinical pictures The mentally reterded P.K.U,
chlld is typically hyperactive and behaviour is cheracterised by
unpredictable and erratic activity. Ixcessive rosking movements,
arm waving, grinding of teeth and general overall purposeless
behaviour of'ten suggest autism or childhood schizophrenia. Vhere
mental retardstion is severe, there is slgnificant limitetion in
verbal communication and vocalisation may be unintelliglible.
Frequently there may be aggravation of the bizarve displays of
metor activity, poor co~ordination and difficulties in visuvale
pevcaptual arces, by superimposition of convulsive disorders of +the
petit mal type. Unbreated children are irritable, easily
distractible and, in general, show an extremely induced frustation.
They do not readily integrate, either with their own family oirvcle
or with soclety in general., Emotionally and socially they present
a picture of very immature and overly-dependent youngsters. The
desirabllity of continued environmental security, stressed by so
many workers, 1s not isolated from the meintenance of such continued
envivopmental security in other groups of mentally retarded children,
In this respect, the three cardinal "R's" « Roubine, Repetition and
Relaxation =~ used with mentally retarded children in general, are
appropriate in helping retarded P.K.U. children attaein o more
setisfactory envirommental adjustment.

The early diagnosis of the disease and the initiation and
meintenance of & phenylalenine~low dietary are all essential if
normal or near-normal mental development is to be attained.
Regardless of when childhood treatmsnt is initiated, alihough

intellectual goin may be minimal, improvement in behaviour ig /
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almost elways manifest. To the perpetvally-haressed mother of
such a child, improvement of this sort may meen the crossing of the
line dividing impossibility from possibility insofar as the day=-to-
doy menagement of the family is concerned. In the successful
mopagenent of & P.KJU. patient, particulery if o child, periodic
psychological assessment is mondatory, even although there is not,
as yet, complete understanding of the dynamics involved. The degree
of mental retardation and the subsequent improvement derived from
inltiation and meintensnce of & phenylaelenine=low dietary combine

%0 shift the emphasis more on to the physicel mapagement of the
child rather than on to eny attempied rebabilitation in terms of
personallty change to be brought about by conventionald psychotherapy

to enhance emotional matwration and stebility in such children.




Metheds of Detection and Disenosis.

Despite the fact that signs and sympltoms of the disease arae
well-ktunown and documented, the dlagnosis of phenylletonuria con be
made with certainty only on the basis of certein laboratory findings.
Prior to discussion of diagnostiec laboratory procedures, seversl
requirenents merit consideration. TFor example, in large-scalc
sereening of a population the primery requirements should be
cheapness, speed of performance and simplicity. 1In such
circunstances an absclute degroe of accuracy is not essentiel, the
roason for this being that such methods must, of necessity, be
gualitetive and will tend to disecover false posiitive resulis. Tho
solection of those menmbers of the community uvnder investigation who,
by demonstrafion of presumpbive positive rosulis, may possibly be
sufferera from the dlsease, is more important than their exclusion
by initial adoption of methods of scroening which may tend to allow
truly positive cases to pass undeteoted. Agein, with regard to the
testing of individuals, is the petient a suspected homozygote or
heterosypote? If the former, o comparatively simple diagnostic
vrocedure will suffices if the latter, load=testing end other
complex proecedures muat be wdertaken.

In the casc of detestion of the homozygote, two categoriss of
tegts are in genoval usel=

1« uwrdne testing for the presemce of phenylypyruvic scid by

meang of ferric chloride solubion, "PHENISTIXY, 2,h-dinitro-
phenylhydresine ;chronatography ;

Z2e blood testing for the presence of vhenylalenine by meens

of bilochemical or misroblological methois. /
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Ferric chloride testing of urine has long held pride of place
ag the method of detection employed in diagnosing P.KJU. First
used by Félling in 1934, surveys utilising this method have boen
opervated till the present day. Centerwell (1957)3 - Whose Tepoxrd
wag the first to deal with ites large-scale application = Gibbs and
Woolf (1959), Allen (1960), Centerwall et sl. (1960), Farqubar ot_al.
(1962), Lund and Wemberg (1964) and Lerson (1964) were emong those
to publish reports of surveys conducted by means of ferric chloride,
Several methods of performing the test oxist, the simplest consisting
in the dropping of & few dirops of & 10 per cent feryric chloride
solution onto o diaper previously wetted wibth an infant’s urine.
When this method 1s used, it is advisable thal the diaper be
recently wetted. Should this not prove feasible, it is possible
for testing to be made on the diapcr after the urine has dried but,
as Genterwall gt _al. (1960) have pointed out, this leads to a
diminubion in the effectivity of the test. A positive result is
reported when a medium=dork bluewgreen colour develops lmmediately
and fades generally in less than 50 seconds. The fadling starts at
the eentire of the spot of colour and the green=-primmed periphery is
lagt o disappoar. PFerqubar et al (1962), in the course of their
Edinburgh survey, eventually preferred to use "KLEENEX" tissues
which had been impregnated with the infant's uwrine rather then the
diaper iteelf and to use the cork gtopper of the ferric chloride
solution bottle as o Yagtamp®. Thoy found incressed reliability
where the "KLEENEX" tissuc had not been allowed to diy, and
suggested "the tests should be sarried oubt by an experienced person
with normal colovr vision, preferably at a centrel point such as the

locald health department™. There is no douvbt that all ferric

chloride methods are lisble to different interpretations of colour /



values, especially where slight differences in hue present themselves
Sueh differences in interpretation ere most evident in the case of
"PHENISTIX" test=strips, which will be dealt with later in this
section.

The second method utilising fervic chloride solution ig to add
a few drops of a 5 to 10 per cont agueous solution o & gmall amount
of urine in a test-tubes The same blue-green colour develops a2s in
the diaper or "Kleenex" test but is more quickly apparent and elso
fades more rapidly with 10 per cent solution then with 5 per cent
(Centerwall et al.,1960). It is immediately obvious that, in the
caso of infants who are not yet toilet-trained, difficulty may be
experichced in collecting the specimen of urine. Lund and Wanberg
(1964) showed thet with the use of incressing amounts of urine it
became necessary to use more and stronger amounts of ferric chloride
solutions in order to obtain a positive reoction. They also
pointed out that excess of ferric chloride will cause a positive
reaction o become apporently negative in a very short time.
Larson (1964) pointed out that where the ferric chloride solution
method was used and the urine contained excess phosphate, a pgreyish
precipitate would form before the development of the blue-green
colours To obviate this, he suggested the prior addition of a few
drops of dilute hydrochloric acid to precipitate suech phosphate and
thus minimise the denger of misging a weak positive test.
Centerwall and Centerwall (1961) did not feel this to be necessary,
pointing out that when only a small amount of urine (1 ml.) is used
in the performance of the test, the acidity of 10 per cent ferric
chloride solution itself (pH 1.8) is such that phosphates are

dissolved, /
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The third method of employing forric chloride is in the filter
paper technique (Berry ot 8l.,1958; Centerwall ol al.,1960). 1In
this method & plece of filler-paper i1s impregnated with urine and
allowed to dry, being subjected to the action of ferric chloride
solution at some subsequently-convenient place and time. The
reactions produced, in the main, are similer to those produced by
the other variants of the ferric chloride technlque. The adventage
of this perticular methed lies in the fact that such filter=paper
strips can be meiled to o central screening depot for examination.
There is a disadvantage however, in thet there is also a diminution
in the effectivity of the test with the passing of time and false
negabive reactions may result. Thus, as Cemterwall et al. (1960)
pointed out, one such negative test cannot exclude the presence of
PJKaUs

The fourth method is by the use of "PHENISTIX" test~strips.
These strips, manufoctured by the Ames Company, Nuffield House,
London, Wele, are of strong filter-paper impregnated with a buffered
ferric salt, The end of tho styrip is dipped into fresh urine or
yressed betweén the folds of a diaper. Colour change, similar o
other forric chloride evaluntions, is thon compared apainst & colour
chart incorporated in the label of the containing botitle, in ordew
that a rough estimation of the amount of phenylpyruvic acid present
mey be obtained.

All the ferric ehloride methods of detection may allow false=-
negative reactions, in consequence of which the sufferer from the
disease will not be detectod. Such felse~negative reactions result
fromie

1. the infent suffering from homozygovs P.K.U. not yet

excreting phenylpyruvic acid at the time of the screcning. As has/




been stated previouvsly (Armstrong and Binkley, 19563 Armstrong et al
1961), phenylpyruvic acid mey not appesr in an infant's urine till
the age of s8ix wecks. In this connection, the routine soreening
of infants' urine by Loocal Authority Health Visitors shortly after
a mother has returned home from confinement in hospital is of little
valve unless the testing is deleayed till aftor the child has reached
the age of six weeks. Should this delay be allowed to elapse, in
the case of an infent who shows a positive urine test and is then
subsequently followed-up and provenm biochemicelly, much valuable
time will have been lost, time which may prove to have been of vital
laportence insofar as preservetion of the child's intellect is
concerned. The reasons for the appearance of phenylpyruvic acid in
the urine have been dealt with in the chapter dealing with Metebolic
Aspecises While it may be a generalisation that a blood loevel of
phenylal&nihe of 12 t0 15 ngs per 100 ml. is the minimum which will
allow of the ready detection of wurinary phenylpyruvic acid,
Fargquher (1965) has shown that it is not absolute, having reported
on the case of a child who consistently displayed o positive ferric
chloride test for the presence of urinary phonylpyruvic ecid and in
whon the blood phenylalanine level was never shown to rise above
745 mge per 100 ml. I% is of interest to consider the opposite to
this state of affeirs. Guthric (1964) quoted MacCready as having
failed to demonstrate the presence of uvinery phenylpyruvic acid in
the ceses of 4 proven cases of P.K.U. Since then, further
instences have been recorded (Guthrie, 1965) and atitributed to
hyperafficiency of reabsorption by the remal tubule in some cases
of the dipcosc.

2 delay in processing filtere-paper specimens gives rise %o

offectivity-diminutlion of the test (Centerwall et 2l.,1960). This/
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happens when progessing of filterepaper or "KLEENEX" specimens is
delayed aftor arrival at central processing depots.

As 1s the case with false-negative reactions, all the forric
chloride metheds of delection cen cause the development of false=-
positive reactions. Such false-positive reactions, with one
exception, are caused by the presence in the urine of substances
reastive with ferric chloride which are the result of disease or
the lngestion of drugs. The exception is the positive reaction
which ocours in about 1 in 160 full-term neonntes, due to immeturity
of the tyrosine degradative pathway with consequent excretion of
parahydroxyphenylpyruvic acid (Gibbs and Woolf, 1959). This is a
transient and harmless condition not t0 be confused with P.KeU.
Centerwell ot al. (1960) listed some of tbe substances giving rise
to guch falge=-positive reactions asi=

1o saligylates = giving a blue~purple colour;

2. bile, homogentisic gcid (in alcaptonurie), catecholemines

(in pheochromocytonn) = giving a green ¢olour (except that
no change of colouwr is produced by homogentisic acid on
YPHENISTIX® 3

3e maple syrup urine disease, oasthouse urine disease,

histidinoemis - giving o green coloury

re melonin (in malignont melonoma) = giving a grey colour;

5. diecetic acid (in acldosis) ~ giving a brown colour;

6. chlorpromezine and prochlorperazine - giving & light

violet and purple colour respsctively.
Centerwall and Centerwall (1961) stated that the "PHENISTIX" method.
was the most accurate and gave the fowest false=positive resulis.
This is in keeping with the claims of the manufacturers but was not

borne out by Gibbs and Woolf (1959) who could find no significant /
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differences in the wrinaxry phenylpyruvic acid levels detecteble by
any of the ferric chloride methods, one versus another, It should
be noted that the colours produced by such reactive substances in
the production of falsee-positive results ave, with the exception of
that produced by homogentisic acid, fairly steble and may persist
Tor dayss ‘The colour produced by homogentisic acid is fleeting
and lasts for a very fow seconds.

Mony lorge=scale screenings, particularly of infants, have
been condueted by ferric chloride methods. ALl bubtressed
Centerwall's plea (1957) that such testing should be carricd oub at
well=baby examinations in earliest infancy. Nonethelesé , useful
a8 they have been, their P.K.U. homogygote detection-rete cen be
bettered considerably by other techniques.

Centermall et ol. (1960) veported on the effectivity of urine
testing with 2,4~-dinitrophenylhydrezine, first utilised by Fellman
(1956).  TFollmen's original peper deslt with the inadequacy of
only employing ferric chloride solutions in screening progranmes,
having discovered in institutional screening, that chlorpromezine
ingestion produced false-positive results. Conterwall et ol. showed
that this test wes bagically more relisble and sensitive than the
ferric chloride test, giving false=negative reactions in less then
1 per cent of testings when used on nown untreated cases of P.K.U.
0f the substances mentioned previously which glve o false=positive
reaction with ferric chloride, only dizcetic acid and the urine of
maple syrup urine discase give positive reactions with this
substance as does parahydroxyphenylpyruvic acid (Gibbs and Woolf,
1959)«  The reagent is prepared by adding L gn. of 2,4~-dinitro-
phonylhydrezine to 1 litre of one normal hydrochloric acid. This

mixture is heated in a water bath overnight to make a gupersaturated,)
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approximately 0«3 por cent solubion of 2 h-dinitrophenylhydreszine.
The supernatant clear-yellow solubion is filtered off and gtored
in o dark gloss bottles The lest is performed in the following
manneri= % = 9 ml. urine 1s placed in o tesi~tube. To this is
added an equal amount of 2 b-dinitrophenylhydraszine as prepored

above. Immediotely after addition of this solution, the mixturs

is a pale yellowe=orange solution and it will remain thus if the test
is negative., The test is positive when, in the course of 1 Lo 5
minutes, the solution graduelly becomes an opaque, bright yellow
colovr. This is a permencnt reactlon end will remain essentially
unchanged 1f' observed hours or even o doy later. There is a
possibility of confusion in interpreting test results if the urine
is initially cloudy. When in doubt, the tester should duplicete
the test and compare the opaeities of the older and the fresher
mixtures and should cross=check with ferrie chloride testing in one
of its varieties. Although this test is cheap, it is still about
five times as costly as ferrie chloride solution in equivalent
amounts .

Berry (1959) described procedures of chromatography for
testing of' urine for phenylpyruvic acid, phenylalanine and ortho=
hydroxyphenylacetic acid in patients suffering fron P.JK.U. and other
metebolic disorderse. UThe method for demonstration of phenylpyruvie
acid and phenylalanine in urine consisted basicelly of ascending
one~dimensional chromatography overnight, utilising n-butanol
acetic acid : water :: 1,000:33:1,000 as the solvent and, after
drying, developlug cither with 0.3 per cent ninhydwrin in 95 per cent
ethanol for the demonstration of phenylalanine or 5 per cent agueous
feryric chloride to demonstrate phenylpyruvie scid. The method

advoceted for the demonstration of orthohydroxyphenylacetic acid /




was advonced by Armstrong et al. (1956), Veal (1961) and finmalised
by Woolfe (1963) as follows:=

A sheet of Whatman Noe 52 €ilter paper 10% squaxe with
gorner holes punched 4o patitern A hos 10 restonguler holes, 2 cme X
1 omey, aub out so that the ceabres of the holes arc 2 cm. apart and
3e¢H cm. from one edges From essch wrine-improgoated filter-paper,
a rectangular strip, 3 cme X 6 mm., is cub, the serial number
being fivst written on the stedlp in pencil. The strip is fixed
across the hole, using 2 Rexel No. 25 steples and a Rexel "Nippor"
staplers These tinned steel staples do not intorfere with the
running of development of the sheet - copper staples are
inadvisable. The sheet is run overnight in disopropanol - 0.880
amuonia ~ water (8:1:1), taken oub and dried in aire It is then
sprayed with one of the reagents for phenols, viz., diazobised
sulphanilamide reagent as deseribed by Block, Durrum end Zwelg (A
Menual of Paper Chromatography and Peper Electrophoresis, 2nd. edn.,
Academic Pross, pe132:1958) or o slightly simpler reagent, Brentoming
Fast Red GG (Imperiel Chemicel Industries, Litd.) with sodium acetete
and sodium cavbonate (Bloxaw, Doy, Gibbs and Woolf: Blochem. Je,
77:320:1960). The finding of orthohydroxyphenylacetic acid, giving
an orenge spot of cheractsristic R with diazotised sulphanilamide
or a purple spot with the Brentemine Red GG, is diagnostic for
P.RKJWe Ocoult caeses are also dotectable by this test".

Poerformance of this method was found to be time~consuming and
frugtrating and, as an alternative, adopbion of the technique
employed in chromatography Lor the demounstration of blood phenyle
alonine was uwndertaken. One~half inch diameter circuler pleces of
Whatwen 3P filter paper were punched from o whole sheet, using a

commercial hond punch. The circles were seperated by 4 em. and /
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and were punched 2 cme from the bobttom of the shesbs From urine-
impregoated peper of simllar grade, 4" discs weve punched and Fitted
carofully into the correspondimg holes in the base of the complete
lorge sheet, t was caleulated that the avea of the civele (154
5QeMme approx.) would contain sufficient uwrine for the demonstration
of the orthehydroxyphenylacetic acid and this was found to be so0.
After overnight running in the solvent advocated, a mixture of equal
parts of an aqueous 0.5 per cent Bremtamine Fast Red GG solution and
50 per sent (W/V) aqueous scdium acetete solubion was sprayed on the
paper, followed, one minuwte later, by afraying with & half-saturoted
aqueous solution of sodium carboneto. The orthohydroxyvhenylacetic
acid appeared as a very marked purple spot with an BP of 0.89. The

slgnificaice of the method will be discussed subsequently.

Blochemical methods for the determination of serum phenyl-
alanine are the most widely=-used where quantitative results are
desired and are mandatory where any screening method demonstrates
the existonce of a Ypresumpbive positive" PL.K.U. With the gredual
development of awareness in the efficiency of the modern micro=
biological methods, the possibility exists that such biochenmical
methods mey be ousted in the future insofar as the routine check on
blood levels of phenylalanine during dietary therepy is concerned.
Nevortheless, blochemical evaluation allows of & truly-positive
diagnosis being made very early in 1life. Guest et al. (1962) have,
with such methods, demonstrated the exisitence of homozygous P.K.U.
at 3 to b days after birth, thus allowing of the earliest possible
introduetion of a phenylalanine~low dietery. When sueh biochemical
methods are properly conducted, the chance of a false-negative

result is negligible. Newly-born sibs of known P.K.U, children /
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should be tested by such mothods, as Guest gt _al. have suggested,

5 to 5 days after birth., In this particular paper it was also
suggested that an infant, suspected on such grounds of having tho
disease and who showed a level of phenylalanine within the normal
range of 1 %o 4 mge per 100 ml, blood in the first week, should be
retested at two, three and six weeks, Where the initial level in
the firgs week was elevated above 4 mge per 100 ml. blood, retesting
should be performed immediately. Guest ol al.steted that a serum
phenylalanine level which rises above 15 mg. per 100 ml. by the
third week of life confirms the diegnosis of P.K.U.

The carliest, but now somewbat outmoded, bilochemical test to
detect phenylalanine was the Kepeller=Adler reaction, fivsi
described by Kapeller-Adler (1932)e In this procodure, nitration
of phenylalanine is followed by photometyric determination of the
nitrated product with hydroxylemine. Armstrong ond Tyler (1955)
introduced & modification of the method which utilised trichlor-
acotic acid to precipitate out mecromolecules before testing for
phenylalenine. Utilising this method, normel levels in blood were
found to be 3 to 5 mge per 100 rle The major disadvantege of
Armstrong and Tyler's method lay in the fact that 10 ml. of sorum
were reyuired and difficulty wes frequently experienced in obteining
complete removal of the trichloracetic acid prior to photometric
oxaminotion. Hemry et al. (1957) modified the technique still
further by using picric acid in place of trichloracetic acid and by
using an lon-exchange resin to isoclate phenylelanine before
conducting the standard Kapeller=Adler reaction. Although this
method only necessitated use of 1 to 2 ml. serum, accuracy was
difficult to achieve, especially in the lower renges. Henry et al.

stated "it is promble thal the accuracy of the technique is low in /
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the case of normal sera, and undoubitedly the precision is poor
baecauvse the absorbances obtained with normel levels are in a region
of high photomeiric error. Fortunately, however, thos facts do not
negate the value of analysis for the diagnosis of phenylpyruvie
oligophrenia, in which the serum levels are about 15 mg. per 100 ml.
or highery

Ancther purely biochemical techmique for the estimetion of
scrum phonylalanine, and one which was till recently the most
accurate, is lon-exchenge ehromatography. Moore and Stein (1951)
demonstrated the possibility of separation of amino acids from
mixtures by the use of such ion-exchenge resins. In 1954 they
described the use of such methods to determine plesma amino acids
and detailed the necessary ﬁ@shniqﬁ@s (Stein and Moore, 1954:

Moore and Stein, 19543 Moore and Stein, 1954). The basic method
consists of using Dowex 50=X vesin (Dow Chemicel Co.) and eluﬁiﬁg
with sodlum acetate/cltrate buffers of sradually rising pH (3.1 to
5¢1), utllising ionic strength to separate the amino acids.
Photometric determination of the effluent fractions is subsequently
mde, using o modified ninbydrin reagent. No doubt attaches to

the extrome sensitivity of the method, in respect of both
qualitative and quantitative detorminations, but its complexity end
tediousness lessen ite value other than as a vrescarch tool.

The most widely~used bicchemical technique at the present time
is the engymatic spectrophotometric methed of LaDu (LaDu and Michael,
1960), In this method, Lephenylalanine in the blood is first
oxidised to phenylpyruvic acid by means of L-amino acid oxidase in
snake venoms Such oxidabion gemerates an enol-borate phenylpyruvic
acld complex and the degree of absorption of this complex is

meosured spectrophotometrically, Tho procedure is less complex /




than many others and gives accurate vesults,

The latest and possibly the most precise of the biochemical
methods = although not yet widely adopted - is thot devised by
MeCaman and Robins (1962). This method requires as little as 5
microlltres of serum whercas the latest modification of the LaDu
method requires 100 microlitres (LeDu et al.,1963). Fluorimetric
dotormination of phenylalanine content of serum by this method
dopends on the enhancement of fluorescence of a phenylalanine-
ninhydrin reaction product, by leucylalanine, one of the peptides.
Plasme is combined initially with trichloracetic aecid, the resultont
preeipitateo (containing mooromclecules) is discarded end the
supernstant combined with ninhydrin and Leleusyl-L-alanine in o
buffered medium., After appropriate incubation and dilution, the
resultent solubtion is rcad in o fluorimeter. The basis of the
technique rests in the fact that although some fluorescence is
developed by the combinetion of phenylalenine and ninhydrin, the
addition of a predetermined amount of Le=leucyl-L-slanine increascs
the fluorescence by a lmown fector and it then becomes readily
possible to ealculate the amount of phenylelanine present in the
initial specimen. The technlque = apery from the initial expense
of the particular fluorimeter specified - has many adventeges over
other meﬁhods.l It requires only 5 to 10 microlitres of serum, is
simple, direct and reletively rapid in performence, allowing the

assay of 50 serum speclmens in three hours (McCaman and Robins ,1962).

The use of paper chromatography to detect elevation of serum
phenylalenine has also found favour as a biochemical method. Berry
(1957), Fischer ot al. (1960), Berry (1962) and Hudson gt al.(1963)

have all published reports on its efficacy. Berry, and Fischer /
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et _al., utilised semi=quantitative methods involving reading of the
ninhydrin-developed chromotograms either visuvally or with a
densimeter. Neilther suggested that sush techniques should supplant
more seeuwrate vlochemical bechniques bubt would have 2 use in
following patients during treatment or where extreme accuracy was
not required. Iludson's varistion involves elution of the phenyl-
alanine from the chromatogren followed by its colovimelbric
determination, and possibly possesses greater accuracy thon the
other methods. A full deseription of the chromatography methods
used as corroboration in the performance of the Guthric Mierobial
Tohibition Assay will be described fully in the chapier dealing
with the Guthrie technlque. Chromotography is simple to perform,
relatively cheap and requires small amounts of blocd OF Serum, C.ge,
0.05 mi, Tt 8till remains, nevertheless, & btechnique not fully
sulted to large scale investigations and will continue thus until

some sulbteble method of automation s devised.

Regording the micyrobiological methods for the estimetion of
sorum or blood phenylalenine, the oldest is that besed on the work
of Shankmen (1943) who noted that the "ossertiality” of an emino
acid could be determived by atlempted cultwe of suitable micro-
organisms in a cultuwre modium lacking one or more such amino acids.

In his work he employed Loctobacillus arabinosus, A.T.C.(e E01Le

Hier et al. (1945) showed that it wes feasible, by ubilisation of

several strains of bacteria, to label numorous amino acids by prior
determination of the amino acid requivemenis of such bacteria. By
this method they were able to test the amino acid content of blood

plasme. Por the debection of phenylalanine they used Loctobacillus

casel, A.T.Cels 7469 and concluded thet the microbiologlcal /




technigue provided e “rapid, convenient and accurate procedurc" for
measuring amino acids quantitatively. From this work, Steel et ol.
(1949) developed o dehydrated growth medivm for the assay of L~ and
DL~ phenylalenine. This mediuvm is free from phenylalanine bub

containg all other grewbth factors and amino acids necessary for the

growth of Leuconostoc mesenteroides, Ad.C.C. 8042, in the micro-

biclogical assay of phenylalanine. The addition of L= or Dle
phenylalanine, in specified increased consentrations, gives a growth
response by the test organism which mey be measured turbidimeiricelly
or a¢idimetricelly. This method, when properly condueted, will
give en accuracy of T 2.5 microgremmes phenylalanine per 1 ml.

The growth medium eand the miero-organisms are marketed commereially
by the Difeo Labs., Detroit, Michigan, U.S.A. and the assay method
is excellent for follow=up or individual ecases under treatment
although too complex for routine uvse. Since the method has been
used for the checking of the Guthrie blood levels in scveral cases,
it will be glven in detail. The word "BACTO" is a registered

trade mark of the Difco Loboratories.

Stoek cultures of the test organism axe prepared by steb
inoculation into tubes of prepared Bacto=Micro Assay Culture Agare
After 24 hours incubetion at 35 = 37 degroes Cenbigrade the tubes
are stored in thoe refrigerator. The transplanis are made at
monthly intervels. The inoculum for assey is prepered by sube-
culturing the test organism into 10 ml., Becto-iicro Inosulum Broth.
Afver 16 to 24 hours incubation at 35 to 37 degrees Centigrade, the
cells are centrifuged under aseptic conditionz and the supernatant
liguid discarded. The cells are resuspended in 10 ml. sterile 0.85
per cent sodiuvm chloride golution. One drop of the lattor

suspension 1s used to inosulate each of the assay tubes (10 ml.). /
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It is essential that a stenderd curve be prepared each time the
assay is performed, since conditlons of autoclaving, temperature
and duration of inoubation, olc., camnot be accurately duplicated
on cash 0ccasion. A stenderd curve is obtained by uwsing L=
phenylalanine at levels of 0, 5, 10, 15, 20, 25, 30, 40 and 50
microgrammes per 10 ml. assay tubse. Turbidinetric readings are
made after 16 to 20 hours inecubation at 35 4o 37 degrees Centimrads.
The concentrations of phenylalanine required for the construction of
the standard curves may be prepared by dissolving 1.0 g. of L=
phenylalanine in 1,000 ml. of distilled water, glving a stock
solution of 1,000 microgrammes vphenylalonine per 1 mle  Diluite the
stosk polution by adding 1 ml. to 99 ml. dlstilled water to make a
standard solution containing 10 microgrommes phenylelenine per 4 ml.
Use 0e0y 045, 10, 1e5, 240, 245, 340, 4o ond 5.0 ml. per tubs.
When stored under toluene, the stock soluition of phenylalonine
remaing steble for two months at 2 to 6 degrecs Centigrade. To
rehydrate the medium, suspend 10«5 ge Dacto-Phenylalanine Assoy
Meddlum in 900 ml. distilled water and heat to bolling for 2 to 3
minutes. The slight precipitate which forms should be evenly
distributed by shaking. 5 mle of the mediun ere added to sach
tube 1n the preparation of the tubes for the stendard curve and to
each tube containing material under assey. Ior the assay, each
tube must contain 5 ml. of rehydrated mediwm, increasing amounts of
the standerd or unknown, and sufficient distilled water to glve a
total volume of 10 ml. per tube. The tubes are autcclaved for
10 nminutes at 15 1bs. pressure (121 degrces Centigrade)e QOvere
sterilisation of the medium will give unsetisfactory results. A
typlcal curve obteined by this method is shown in figwee 11 with

insert information with regard to the method of caloulating /




Plate 1,



the amount of the unknown. Plate 1 shows the assay tube-range.

A combined biological/biochenical method ie that of Udenfriend
and Cooper (Udenfriend and Bessmen, 19533 Udenfriend and Cooper,
1953)s In this proccdure, phanylalanine in plasma is decarboxgyloted

to phenylethylamine through utilisetion of Streptococcus faecelis

decarboxylase, Determination of the phenylethylemine is then made
by meamns of the methyl orange procedure for organlc bases. One
mole of the amine is formed for cach mole of the phenylelanine
decavboxylated so thet determination of the amine level is a direct
veflection of the phenylalanine level. The method is very accurate
but necessitates prior procedures of complexity and tediousness to
prepare the bacteriel extract before the test can itsell be
conducted.

The sole vemining method of homogygote detection awaiting
discussion is that devised by Guthrie (1961) which will be discussed
fully in the following ehapler. Before discussing this perticular
matter, the question of deteetion of the heterozygote for the
digease will be examined.

No simple method exists for the detection of the peraon
heterozygous for P.K.U. Trom the standpoints of public health,
epidemlology of P.K.U. and marrisge counselling, such a simple
method of detection would prove a boon. iethods of detection in
vogue at the present day are primprily only of value as research
tools or wherc o relative of a known P.K.U. patient requires
investigation. Penrose (1946) discussed the motter of heterozmygote
detection and concluded, that for all practical purposes, it was not
readily possible to identify the heterozygote state. There is no

significant change in the position ot the present day. The mainstay

in studies designed to deteot such heberozygobtes has been that of /



phenylalanine loading. Heia ot al. (1956) were the first Go
investigote such leading studles and, as has already been montioned
in the chapter dealing with Biochemistry end Metebolic Aspects, in
consequence of their findings, postulated that Pauling's concept of
molecular disease could be extended to P.K.U. It is folt thet
eleboration of this aspect of the question should now be mede.

They stated "An extension of this concept of molecular disease leads
%0 the prediction thet in hereditary diseases associated with the
losg of actlvity of an ensyme, the asymptomatic heterozygotes should
be identificble by baving less of the engyme normally present and
primerlly involved in the disease". They suggested, from the mede
of inheritence of the disease, that the fraction of enzyme arising
from the abrormal gene in the heterozygote should be defective.

In the loading sbudies on relatives of known P.K.U. sufferors and
normal controls who had no known conneetion with anyone suffering
from the disease, they used 0.1 g. per kilo body weight. They
showed thet the relatives of the P.K.U. homozygotes displayed a
diminished ability to metabolise the phenylalanine lond but only os
a group, there being wide divergence in individual levels when
comparing such individuals against the control subjects. They
stated "The most probable interpretation of the results is thet the
heterozygotes as a group have significently less than the normeld
phenylalanince-oxidising ensyme activity. “hile the results in o
single individusl must be interpreted with ceution, tho abnormsl
velues found in a group of known heterozygotes esteblish the
decroased abllity to metebolise phenylalanine as the phenotypic
expression of & single P.Ke.U. gone, This finding provides
confirmtion for the view thet lack of the phenylelanine-oxidising

enzymo is the primery lesion in P.K.U. TFinelly, the presonce of /
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part of the emgyme in an imsctive form ln the heterozygote with one
abnormal gene, and nearly all the enzyme inpetive in the homogygote
with two abnormel genes, extonds the concept of hereditery molecular
diseases, based till now on the abmormal haemoglobins, to those
disorders called by Garrod, 'inborn errors of metabollsm'". The
samples for the determination of phenylalanine were teken at 1, 2
and L howrs after the load had been administered and it was found
that, on the everage, heterozycotes bad plasme levels twice those
seen among the normal eontrols. Alse in 1956, Hsia and Driscoll
described observetions made on helerozygous carriers of PJK.U.
without the use of a lead. Plasme levels of phenylalanine weso
determined after an overnight fast in 37 pawvents of known P.K.U.
homozygotes and 34 normal adull comntrols. The plasme levels of
the two groups overdapped considerably but the difference between
the neans was significant. The authors suggested that the data
rresented added confirmatory evidence for the detection of
heterozygous carriers of P.K.U. and suggested that the phenylalanine
loeding merely brought out the difference between the two groups
move strikingly. As previously stated, Knox and Messinger (1958)
also demonstrated thet persons heterozygous for P.K.U. had eclevated
basal levels of phenylalanine im their bloodsireams but used this
as an argument Lo discredit the theory of "moleoular dlscase” as
postulated by Hsia ¢t gl. as being operative in P.K.Ue The crux
of their reasoning was b&sed on the demonstration thet serum
phenylalanine levels in heterosysotes werc 1.5 4o 2.5 times normal
when both hoterozygote and normel levels were measured under the
same conditions of fasting or phenylalenine loading. The telling
sentences have also been quoted in the chapter dealing with

Biochemistry and Metabolic Aspects. It would appeer thet, with /




Ol e
the passing of time, Hsia bas laid less emphasis on the "moleculer
disease”™ postulate. Be that as it may, phenylalonine loading tests
are accepled as being more reliable in the detection of the
heterozypote state than estimation of the fasting serun phenylelenir
levels by themselves. Remwick gl 8l.(1960) introduced a refinement
in the loading technlque by epplying a correction factor for the
dose of phenylalanine administered and utilised, a8 a base-line
evelvation point, the serum phenylélanina level L hours afier
ingestion. This particvlar approach wes further investigated by
Wang gb al. (1961) who used the weighted logrithme of fagting
serum levels of phenylalenine as o diserimivent neasure and estimated
the levels efter loading at 1.5, 2 and 3 hours. They concluded
thot estimation of the serum phenylalenine levels at 1 and 4 hours
did not increase the diseriminant power of the measurements. By
their method they were able to distinguish the heterozysote state
with a classification error of 4 per cent.

It moy be that the most procise method so-far adopted in the
detection of the heterozygote is that fivst advoeated by Usie (1958)
and subsequently refined by Jervis (1960) and Anderson et al. (1962),
In this methoed, which depends for its officacy on the eoncept that
it is possible to detevmine the astivity of phenylalanine hydroxylase
in any dndividvel by measwring the amount of tyrosine, the product
of the resction catalysed by the engyme, it bas been shown that
homozygotes for the disease show littie or no rise in serum tyrosine
levels after the administration of a loading dose of Phenylalanine .
On the other hand, normal individuals display a rise which is
approximeely three or four times as high. Heterozygotes for the
digsease display o ocwrve Intermedinte in configuration between the

"platean’ curve of the homosygote and the “plmmacle” curve of the /
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normed perscn. It has been demonstrated that there is no dogree of
ovordapping in the Jevels displayed by the verious groups.
Avderson et al. (1962) stated "ihe vate of tyrosine formation within
a two-hour pericd after sueh loading appears Lo be a criticel method
of neasurement of partial genew-enzyme deficiency” .

Although it wes stated by Woolf (?963) that the demonstration
of wrinary orthohydroxyphenylacetlic aold was diagnostic for PoKUo.,
studies conducted by Cullen and Kaox (1958) showed that equivalent
loading with phenylalonine produced equivalent excretion of the acild
in normal persons, heterozygotes for the dilseanse and similar
homogygotes. From this they concluded that the method was not
suilteble for such heterosygote detection,

Usia b al. (1961) iuvestignted the excretion of H-hydroxy=
indoleacetic acid after phenylalenine loading, It was demonstrated
that heterozygetos for the disease excreted a smollexr amount of this
acld then a group of normsl controls. They postulated that the
depression in the synthesls of S5~hydroxyindole compounds by the
heterozygotes might well result from inhibition of S=hydroxy-
tryptophan carboxylage by the presence of increasecd levels of
phenylolanine and its metabolites in such persons.

As wes suggested in the chapier dealing with Metebolle Aspecis,
the increasel excretion of urinery phenylethylemine after the
administretion of mono-amine=-oxidase inhibitors to homozygotes for
the disease should be worthy of investipgation im respect of
heterozygote detection. Perusal of the literature has failled to
show publication of resulits comcerned wilth such studies.

At the present, it would epypear thet the most widely=-used
methol of heterozygote detection is that of phenylalanine loading

followed by subsequent estimetion of the serum phenylelanine level./




Whether or not this method is really as accurate ag the method of
detestion which depends upon the measurement of serum tyrosine
levels ie debateble. Nevertheless, with the developmont of modern
methods, 4t should not prove unduly difficult to determine the serum
levels of the two substances after such phenylelenine loading. The
combined use of the methods of Wang ot al.(i1961) and Jervis (1960)
would appear to be the method of choice. Whethor the combined
method will be superseded by the estimation of the weinery phenyl-
ethylemine after the administration of phenylelanine must await
roportes on the accuracy of this method in the detection of the
hetorozygote state.

Trrespective of which substance or substences may subsequently
be measured, almost invariably the ingestion of phenylelanine
causes the development of extreme nausen and vertige in the subjectsd
Bven after the diseppearence of those symptoms there may be the
objective impression of alechol=-induced intoxicationy needless to

say this stage is followed by that of the conventional "hangover' .
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"Guthrle Microblal Inhibition Assay®.

This particulsr test-method iz the mosterecently introdused
of the mlowrobiological methods. (Guthric and Tieckelman, 49503
Guthrde, 1961, 1962). Basicolly, the method depends on "bloshemiecsl
antagonisn™ botween two substances. It wos shown by Woods (1940)
that the mode of actlon of sulphenilemide jn vivo was based upon
competition with para-omincbenzole acid. This latter substance
was shown o be e vitemin necessayy for the synthesis of o second
vitemin, folic acid. The similar structures of sulphanilamide
(p=H2N-CEIL~S02NE2) and para-ominobenzoic acld (p-H2W-COHL-COH),
inmnediately sugeested that the action of sulphanilenideo was due to
competition for an engyme=-centre speecific {for this molsgular
gtructures Sinee that discovery, it bas become cleayr thal metabolic
pathways in living cells involve mulitiple steps, wlth possibilities
for such molescular antogonisms erising at cvery step. In this
sense, sulphanilanide was shown to be an "entimetabolite®,

Subsequent to the presentation by Darwin of his views on the
origin of species, genebtic and biochemical studies conducted
parviculaxly in the last 50 yeors have re-cmphasised and docunsented
his central ldea of the common origin of «ll living things. Genetie
studies have shown that all living cells have o common apparatus
for eontrolling inheritance through deoxyribonucleic acid.
Biochemical studies have shown that siwiler metabolic pathways exist
for the acquisition of energy in all living cells and that this
encrgy is wsed o drive the biloshemical reactions for the synthesis
of living materials along such similar metebolic pathweys. It is
known that molecular chenges in eells cscur in very smell steps

invokving relatively small expendituce or upteke of onergy and /




small changes in molecular strucbure, so that the intermediates,
becauvse of this similority between them, can compete with each other
for the common ensyme=centres in o similar manner to that which
sulphanilenide competes with para-amincbenzolic acid. This can be
shown in numcrous biological systems and Bonner (1946) showed that
in o mutant of the mould, Neurogpora, a double amino acid requirement
resulted from o gingle genetic block in biosynthesis. The double
requirement shown to be due to an "“internal inhibition® of the
second amino acid caused by the accumulation of the keto-aceid
precursor of the first, which then entered into competition for an
enzyme which carried out the blosynthesis of the second amino acid
from ite keto=-acid precursor. It was thus shown by Bonner that
there can be "molecular antagomism” between two maturelly-occurring
metabolites, as well as between a naturally-occurring and a synthetic
"antimetabolite"™s Hitehings et al. (1948) showed that a synthetic
pyrimidine, Senitrouvracil, produced a growth-inhibition of Lagcto=-
boedllus casel which could be relieved by the addition of aenother
pyrimidine, S=bromourcacil, to the medium. They demonatrated that
"moleculaxr antagonism” can exist between two "umetural” compounds,
one beohaving as an inhibitor and the other as an agent relieving

the inhibition (o "pseudo-metebolite" )e  Gubthric and Tieckelmen
(1960) were the first to utilise this comsiderable summetion of
knowledge in the development of microbial assays for the purpose of
delineating biochemical differences associated with humen disease.
For thelir purposes and with especial reference to the detection of

phenylalanine in P.K.U., they chose Bagillus subtills, ATCC 6051 as

the micro-organism and bete-2-thienylalanine as its antimetabolite.
The fully-developed technique, as devised by Guthrie and Susi (1963),

will now be deteiled. /




hedinadih t

PRINCIPLE. The ivhibition of growlth of Bocillus subtilils,

ATCC 6051, by beta-2-thienylalanine in & minimal culture medium, is
rrevented by phenylalanine, phenylpyruvie acid and phonylloctic acidd
This finding has permitted the development of a convenient agpw
diffusion mioroblal assay for P.KJU., cmploying smell filter poper
discs, impregnated with blood, placed upon the surface of tho agr
culture meddium,

PROCEDURE, Ae Preparation of Specimens.

T» A small amount of fresh blood obtained by heel punciture is
applied immediately to a pisce of thick, very absorbent filter paperd
Generally Schleicher and Schuell No. 903 is employed in U.S.4. bub
in all investigations conducted for the purpose of this thesis, 31
ET Whatman has been employed. This particular British peper
matches very alosely the characteristics of its Amorican counterpart.
The blood spot, when air dried, should be ot least &' in dicmeter
(but not more then ") and close enough to the edge of the paper to
facilitate punshing out the diss. Tho paper is so absorbent that
even very viscous bloed from & young infent spreads through, so that
the appearance of the blood spot is similar on both sides of the
paper. These conditions must be met in order to obtein e uniform
blood sample by means of the paper punch.

2. Refore assay, the individwel filier papers are numbered in
geries with pencil, placed on pileces of metal screening or wirve test
tube racks and autoclaved at 15 lbs. pressure for 3 minutes with dry
steam., This prevents the subsequent diffusion of blood pigments
from the peper dises into the ager during the incubation periocd with
consequent mesking of possible growth zones. Prolonged auwtoelaving

will destroy the phenylalenine. /




3o A dlso, ¥ in diemeter, is then punched from the ceabre
of the blood spotb.

he It is conveniemt to place the discs as they ave punched in
rows an & clean pleoce of paper, in the same sequence in which they
will be placed on the agar dish for the essay. The discs are
placed within nunbered sguares primted on the paper. An altermative
method conslsts in using a "PERSPEX" plate with rows of depressions
incorporated in it, placing each disc as it is punched in ite
corrvesponding depression in the "PERSPEX" plate.

B.  Prepovation of the Assay Medium.

The fowrmula for this is & modification of Demain's medium

(1958).

Grammes/Litre . Grommes/Litre .
Dextrose 1040
K28R 0L, 3040
KH2POh. 1040
NEGC 4 5«0
NEANO3 140
Na.280%. 140
Glutomic Acid 160
Asparegine 140
Le=alonineg 0s5

Salts solubion (10 ml.)

MgSCl.e 7H20 10.0
MrC124H20 140
FaC 13.6H20 140
Cafil2 045

The constituenis in the amounts shown in Table 4 are dissolved in

900 mls water (distilled). The pH will be 648 to 7.0. A 90 ml. /




volume of the solubion is dispensed in cach of ten fGe-ounce
preseription bottles and sterilised by aubovlaving. The 10 per cend
solution of dextrose is sterilised separately and used in 10 ml.
supplements in cach bottle of the medivm. Similar botiles
containing 100 ml, of 3 per cent agar ere prepored and sterilised.
Tor wse, the dextrose molution is added to the sterile medium and
100 mle of the resultant mixture is added to 100 ml, of agar,
previously melted and then cooled to 55 degress Centigrade inm a
wator bath.

C. Preparation of the Incoulum.

The usé of & dried spore powder as the incowlum is very
convenlent end helps to ensure wiformity of results. This is
prepared as follows:= botitles or Pelrl dlshes conteiming o potate
infusion ager medium (.80, Difeo Becto B 51) are prepered. The
ager surface is inocoulated heavily with 2 cell suspension of

Bagillus subbilis ATCC 6051 from overnight oulitures grown on Difco

Heart Infusion agar slopes. During incubetion for one week at

30 degrees Centigrade, the growith is examined microscopicelly atb
intervals for the presonce of spores. When present in suitable
amount, these are washed off the ager into 0.85 per cent sodiuvam
chloride solution and subsequently washed three times in similar
sodlum chloride solutlon by centrifuging at 11,000 rep.n, Final
suspension is mede in distilled water et an opbtical density of 0.9,
measuwred at 550 millinicrons wave length in o colowineter; 0.5 ml.
of this suspension is dispensed in each of a large number of serew=
cepped bijou bottles, dried on e shaking machine at 60 degrees
Centigrade and stored at 2 te 5 degrees Centigrade with the cap
tightly closed. In use, 1 or 2 ml. of Demain's medium is added to

the bottle, the dried powder scraped off the sides of the bijou /




bottle with an orange stick and the suspension decented into 200 ml,
of the culiure medium,

Do Bete=2-Thienyilelening..

This compound (Californis Biochemical Corporation, Calbiochem
Catalogue No.5901) is made up in o 0.01M solution and 0.3 ml. is
pipettod into each of a number of scrxrew=cepped bijou bottles, driesd
and stored at room temperatwre till needed. Personal preference =
without loss of growth~inhibitory effects being shown in nine months
of storage = is for the inhibitor to be made up in 5 ml. amounts end
kept in the frozen stete. In use, after thowing ot room temperaturd,
0.5 ml, dis pipetted into 200 ml. of Demain's mediwm with aseptic
precavtions. This provides a final concentration of 1.5 X 10”‘5 of

the inhibitor.

Te Preparation of Controls.

Outdated blood is obtained from the blood bank and assayed for
phenylalanine content by the LeDu, McCamen and Robins or any othor
accurate and readily available procedure. Lesphenylalanine is then
added to a series of aliguots of blood o make concentrations of 2,
hy 6, 8, 10, 12 and 20 mg. per 100 ml. With o storile pipette, the
blood is spotted on the Whatman filter peper, o make spots of between
£ and 3" in diamoter. After dvying, these control spots are kept
in a dessicator at 2 to 5 degrees Cenitigrode. The controls are
autoclaved simultancously with the "unknowns" before the discs are

punched from each spot.

P Procedure for ASSaV.

After combining the culture medium, apgar, beta=-2-thienylaloning
and the spore powder, all are thoroughly mixed by pouring back and
forth and finally pouring into & sultable flat dish. Suech & dish

is 8" X 12" Pyrex baking dish or a transparent styrene plasbtic tray./




PKU BLOOD TEST
Laboratory PK[J jVf"

Write In pencil

Patient's Name: { -
Address : b
Ward 2 : "
Hospital

ri “0

Date of Specimen—.
Date first milk fppHing “L
Bottle Breasc>—
Date of Rirth AR

50()2

Both” , AA*QA

FIII. ALL CIRCLES WITH BLOOD

# @

Plate 2.
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It is essentiald that the top of the bench be perfoctly flat to
ensure an agar layer of uniform thickness. After the agar bhas set,
the tray is placed over o papér rattern sheot with a printed grid
containing an appropriate number of imbersecting Lines (50 o 100),
and & sultable space approximately 1" wide, with positions marked
for the control dises. With forceps, the control discs end the
dises from the "unknowns" are pleced in position. The ager troy is
then placed in an ncvbator at 35 to 37 degrees Centligrode, overnight,
for examination the following morning. In prectice, the trey is
kept at rcom tempervaturs 4ill 5 pem. before placing in the incubator.
In the dncubator it is advisable to invert the tray lest condensetion
develop and cause nmasking of the results by distortion of the surfaca

grawth of the germinating spores of Bacillus subtilis or by causing

wave patterns to develop on the suwrface of the agar. After 2L
hours incubation, increasing baclkground growbth in the ager interforces
with interpretotion of resulits. The complete sequence is presented
in pictorial Torm in plates 2 %0 5. It will be seen from

plate 5 that there is bactorial growth sround the c ontrol discs and
one other. Such discs are those which contain phenylelanine and
thus nevtrelise the growth-inhibitory effect of the bete=2-thicnyl-
alanine. The diameter of the growth zone around o disc, comparsd
with the dismeter of the growbh zones around the control discs,
glves an estimate of the phenylelenine concentration of the blood.
In the initial papers on the implications raised by the technique

it was suggested that the oritlcal level -~ above which retesting by
the inhibition assay and re-sxamination by a biochemicel method was
mondatory = was 6 mge per 100 ml. In comseguence of & subseguently-
proven P.K.U. who showed en initial level of & to 6 mg. per 100 ml.

blocd at & days, Guthrie (1964) rocommends that all coses which /




initially show a blood phenylalanine level in excess of 4 mg. por
100 nl. should be retested by his method one week later. On such
rebesting, if the phenylalanine level has risen, blochemical
evaluation must be uwndertaken. & mge per 100 ml. is thus the
"oregumptive positive" level.

The Gubthrie tochnigque can be performed within a few days of
birth utilising blood obtaincd by heel-prick. It con give an
indication, at such an carly ags, if an infent ls & possible sufferer
Trom P.XeU., whereas, as already noted, ferric chloride urimlysis
may not become positive tild the infent is 4 to 6 weeks of age. It
is comparatively inexpensive to perform on & lerpe scale and one
technician can set up 200 to 300 tests deily without being haressed.
In comsequence of its semie-quantitative nature, it can be readily
ubilised to flollow the success of dietary therapy without having
rocourse, as would be the case in infants, Lo froguent fontanslls
puncture with its attendant hagards.

ObJjections which have been reised to the Guithrie technigue
will be dealt with in the chepter dealing with "Discussion®.

The bactorial "Inhibitlon Assay" already discussed, although
efficient in the detection of P.K.U., requires conlirmation before
o "presumptive posltive® ocase can be properly called *truly®
positive. As previously stated, confirmatory ovidence of a
biochemical nature is mandstory, preferebly conducted by an
independent leboratory. It may be thet access to such a biochemiceal
laboratory is not easy. In such cases, and also for the further
evaluwetion of the initlal resulis by the laboratory meking the
preliminaxry microbiologicel diagaopis of the condition, the methods
now o be detelled were formulated by Gubhrie and Susi (1965) and.

modified by Bfron ot al. (1964.). /




The procedure involves ascending overnlght paper
chromatogrephy followed by development with ninhydrin reagent and
further "inhibition assay®™ of peper strips cuwt from the chromatogrem
prior o development. A sheet of the Whatman filber poper has e
pencil line wruled §" from, ond parallel %o, the botlom edpe.
Commencing at 43" from one edge, and of intervels of 14" thereaftoer,
7" holes are punched in the sheet along the line. This line serves
as the "origin® of the chrometogram in the caleulation of the Hf.
Into the holes punched in the sheet, " discs punched from dyied
blood spots made onthe Whatman filber paper ave carvefully
menipuwleted. In this manipulation, it is essential that no fingewr
contemination of the sheet be madce. In addition to the I disecs
of dried blcod for purposes of confirmation, & %" disc of similor
filter paper impregneted with 0.01 ml. of a M/100 L=phenylelonine
solution is elsc insertsd to act es & control. The filter paper
is now used for ascending chrometography in the usuel mamner with,
as golvent, n~butanclecetic acidiwater/100:3.3:100. After overe
night oxposure to the action of the solveni, the chromatogrom is
dried and inspected in a dark room with en eppreopriste ultraviolet
light 1o make cortein that the materials eluted from the blood spots
bave migrated vertically and in persllel lines. AlL fluoresecing
migratory substances are outlined in pencil. The control L=phenyl-
alanine and any similer phenylalanine present in any of the blood
spots can be seen (but not by overyone) as uliraviclet-sbsorbing
spots at an RF of spproximately 0.3. This R can be caleuleted
after marking the "front" of the solvent i.e., the height to which
it has reached, calculating the ratio of:~ phenylalanine migration/

helght of "front", /
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The sheet of filter paper is now placed on a clean sheet of
paper on 2 soft pine board and two lines arve dvewn iu pencil 2% mm.
on cach side of the centre of cach "lane" and the full length, firom
10 mms bolow the origin to 10 mm. above the "front", making certain
that the areas outlined in pencil under the ultreviolet light avs
ingluded. Using these lines es a guide, o filter peper strip, 5 mm.
in width is cut from each lane with a scalpel blade and set aside
for "inhlbition assey’. The paper chromatogram from which the
strdp hos boen cut is now trented with ninbydrin solubtion (0.3 per
cent indenetrione hydrate in 95 per cent ethanol) in the usual
menners This may be elther by "dipping", 1.0., by passing the
chrometogren through a trough conteining the solution, or by
spraying the solution from an abomiser. The expected pinkisheblue
spot will be seen in the combtrol lane at an Rf of approximately 0.3
(coinciding with the pemcilled spot already outlined under the
ultraviolet Light), with the 5 mu. centrel spot deleted from the
spot as part of the proviously cute-out gtrip. In the lanes from
the dried blocd dises, a similer ninhydrin reection at the same
RE is sought for as an indicadtion of the presemce of an increased
amount of phenylaleanine. It is always edvisable o include a
dried spot of normal non=P.K.U. blood in one of the lanes. An
Tinhibitlon assey® agar test tray is now prepared in the menner
proviously doescribed in this chapter. Using fine forceps, the
filter paper strips cut from the chromatogram sheet are placed, on
the egor surface, parallel to each other and ot least 1" aparb.
After overnight incubation in the usual monner, o large ovel zone
of growth is found, symmetrically surrounding the Lephenylalenine
spot, es previcusly located under the ultraviolet light and also by

the ninhydrin development of the chromatogram. These findings /




Plate 6.



Plate 7.



Plate 8.



provide wmequlvocal identificetion for the active substance in the
dried blood spot or spots wider investigation as belng L-phenyl-
elanine. This evideonce is wmambiguous, being derived, es it is,
from three souwrces:-

Ae. the partition coefflcient or Rf (physicel properiy),

Be tho ninhydrin development test (chemloel property),

C. the specific regponse of the "inhibition assay"

(biological property).

These three tests heve 2ll been performed not only on the sane
specimen, but actually on the SAME SUBSTANCE as isolated in o

specifle location on the paper chromatograms

Confirmation of a "presuwmptive positive” provided by the above

methods will, when tekon in conjunction with the pure bieochemical
mothod porfermed by en independent laboratory, be accepied as
indisputeble evidence of the existence of a "itruly" positive cese

of P (Plates 6, 7 and 8 illustrate part of the techunique.)
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Addendum.

This addendun gives full details for the preparation of the
control discs end thelr actual value (expressed as mg. phenylaloninc
per cont) compared with thoeir nominal wvalus,

It is essential to commence preperation of stock solutions
with blood which hag beon cavefully cevaluated by the ILaDu oxr the
MeCamon and Robins methods (outlined in the chaptor dealing with
Methods of Diegnosis) end found to possess a basal phenylalanine
devel of 2 mge. per 100 ml. On obtaining outdatod blood from the
blood bank whieh fulfils this specification, subsequent procedure
is as follows.

L=-phenylalonine is placed in a volumetric flasl, the previously
ovaluated whole blood is added and the nmixturc warmed in a water both
to allow of the dovelopment of o proper solution. Using the table
below, the whole blood is diluted to the desired level. It hag been
found that this solution will keep guite well for a few weeks if
kept in & refrigerator. When spotting the controls on the filter
paper of the reqguisite quallty, it is desirable that the spotls
should be of approximately the samo dicmeter as those outlined on
the collection cards. One disc is punched from the middlc of cach
spot after the spotted filtor paper has been auboclaved for 5 minutes
at 15 1bs. pressure. If kopt in a dessicator inside the refriger-

ator, such control dises can be kepl for an indefinite period.

INSTRUCTIONS FOR MAKING STOCK SOLUTION.

100 mla 100 mgdb stosk = 98 mg. Lephenylalanine + 100 ml. 2 ngd
whole blocd.

50 ml. 100 mg stock = 49 mg. Lephenylalanine + 50 ml. 2 mgdb

H

whole blood. /



25 mle 100 mgde stock = 2445 mg. L=phenylalonine + 25 ml. 2 mge

whole blood.

Refercnce to table 5 shows the f@sp@ctiva amounts of 100 mgdb
stock and 2 mg.% wholce blood to be added together to moke control
disc mixtures of the nominal veluc stoted. Toable 6 shows the
nominal value of such control disc mixturcs compored with their

actunrl valuve.




Nominal value of contirol
discs (mgedh).

2

L
6

8
10

12

60
70
&0
20
100

100 ngJg stock
solution

062 mls
Oed. il s
0e6 mlo
0«8 mle
160 mia
148 ml,
268 mle
38 mle
be mlLe
58 mla
68 mle
78 mle
88 mle
O mle

Pable 5,

e e

2 ngdb whole
blocd.

100 mlo
9¢8 mle
9.6 nl.,
ek mle
De2 11do
90 mi.
8.2 ml,
72 1l,
6.2 ml.
542 mle
he2 mle

542 mle

2.2 mle

De2 mlo




Nominal walus of control
dlscs (mgedh)

2
b
6
&
10
12
20

30
40

60
70
80
20
100

Actual value of control
discs (mgds)

240
3496
5492
7488
984,
11480
19467
29 alidy
59«24,
L9 0
58 o84
68464,
784k,
88.24
98 .04

Table 6.




Heradity and Prevention.

Penrose (ﬁ955) steted that phenylkotonurie made ltself
menifest by the inheritance, on the part of the vietim, of an
auvtosomal recessive genee. Since this statement, there have been na
descriptions of phenocoples and there has been no general disagroo=
ment with regerd to the theory of monomeric recessivity as being
operative in the inheritance of the disease. Nevertholess, when
the studics of Jervis (1939) and Cohen and Kozinn (1949) are
examined alongside those of Haia et _al. (1956) and Knox and
Messinger (1958), there arc seen to be possibilities of altermative
megdes of inheritence. xamination of this aspect of the subject
mugt be undertaken in conjunction with discussion of the degree of
absoluteness of the helerozygote state.

Jervis's study included two cases of offected children with
one affected parent ond that of Cohen and Kozinn one such case. In
such instances two alternative methods of transmission offer them-
slevess the first = which has been shown to exist and to which
further reference will be made in the chapter on Discussion - the
mating of a homozygote with a heterogygote; the second - at prescnt
purely hypothetical = by the operation of o dominent mode of
inhoritances In the first method, all the offspring will be either
homogygous or heterozygous for P.K.Us. in consequence of their
possessing cither a double or single dose of the responsible gens.
The second hypothetical method of inheritance could be compatible
with mutetion at another locus which possesses influence on the
genetic code responsible for the metabolism of phenylalanine, and
also with genle interaction. In this latter type of case, the same
locus moy bo concerncd in both dominent and recessive P.K.U., even

although the phenotypic manifestation must be dependent upon the /




action of modifying genes. Following this, such nodifying genes
must oxert a suppressant effect on the gene assumed to be specific
for P.K.U., whether this gene be present in single or double dose.
Although it is possible that wetardation in perents end sibs of
P.KUe patieonts may be oolncidontal , the possibldlity also exists of
gueh porsons being sufferers from P.K.Us., being mentelly retearded in
consequence, but having the gene assumed to be specific for P.K.U.
becoming suppressed in conscquence of mutation ot another locus
having teken place togethor with concomitent genic interaction.
With the advent of more praecise methods of messuring levels of blood
phenylalanine suitable for large=-scale screenings, investigation of
retarded parcnts and sibs of P.K.U. potionts may prove eventually
whether such o hypothetical method of inberitence docs, in fact,
exlste.

Hsie et al. (1956) studied the levels of plesma phenylalanine,
after giving loading doses of phenylalanince, in porents and sibs of
known PJK.U. patients and compered such levels with those in control
gubjectse The parents and sibs of the P.K.U. peblents were agsumed
to be heterogygotes for P.K.U. in consequence of the relationship; |
the controls were persons who had no comsenguineous relationship with
P.K.U. paticnts and were nob suspected of being heteroszygotes. The
investigotion disclosed a considorable degree of overlap in levels
of plasme phenylalenine between the heteroszygotes and the normal
controls at various intervals after the administration of phenyl-
alanine; although this overlap was pronounced in iwndividuals,
there was o stetistically significent difference in the mean of the
levels between the two groups. Hsia ot al. stete that "the results
in o single individual must be interpreted with caution, (but) the

abnormal values found in a group of knoun heterogygotes esbtablish /




the docreased ability te metabolise phenylolaanine as the phonotypic
cxpression of o single P.X.U. gene”. DBe that as it moy, thovrs

nust nevertheless be doubt with regerd to the validity of the bose-
Line from which this investigation wes condueted. In such
circumstences it caunot be assumed that all sibs of lnown PJKJU.
homogygotes will themselves be heterosygotes. In the ovent of such
8ibs not being heterozygous Yoy the disecese, it vemains a possibility
that this fact is portly responsible for the degree of overdap which
was demonstrated in individvals. Conversely it is also e
possibility thot heterozygotes for the disease weore imadvertently
Sneluvded in the control group. If the randon heterozygote
freguency be assumed o be in the region of 1 in 50 and the none
PKolie geno=carrier frequency to be {1 in 4 in o typlcel Mendellen
inberitence-pattern family, it is obwvious that the results in
regpect of one group investigated would not pullify the resuvlis
obtained from the other group. With approximately equal numbers of
prosumed heterozygotes and presumed non-P.K.U. gene-carriers being
investigated, there will be o 1 in 50 chapce of the presumed none
PJKWUe gone~carvier being heterosygous for the discase and & 1 in 4
chance of the presvmed heterozygote being a non~P.K.U. gene~carrier.
Thus there is a twelve~fold dispavity in the validity of resulis
obtainod from load testing between sush groups.

Knox and Messinger (1958) studied the basal levels in blood
prhenylalanine between hetlerozygotes and control subjects classified
ag non=heterozygotes. They demonstvated thot heterozygotes for
P.XJU, had olevated basal levels of phenylalonine and that such
heterosygotes had the same degree of inefficiency in metebolising
phenylalonine uwnder both fasting and loading conditions. What is

truly vrelevant to the matter under discussion is thet in both the /




above investigationa, pevsoms who fell inte a category betueen trus
homozygosity and true heterozygosity were domonstrated. Kuox and
Hessingey moted this in particulay, pointing to the caso of the
sister of a lImown P.K.lJ. patlent who was of this type and, not
altogother convineingly, suggested that this resulied fron her ags.
There was & very similar cese in the study of Hsia gt el. (1956)
but no direet comment was mede as o ite possible significence.
There can be no doubt that suck cases mentloned by both those
auvthorities could £it the hypotheticel ivherltances-paitiern mentioned
garliecr, where suppression of the complete manifestations of
honozyegous P.JKeU. could be mediated by genlc inberaction. In
pursult of such a concept along a somewhal~-differcnt direction, it
should he noted that Poisner (1960) was able to demonstrete that
schizophrenic reletives of patients sulffering from P.X.U. exhibited
o higher serum phenylalonine than did schizophrenic relatives of
non~P.K.U. control subjects. Lorson (1964) instances the cases of
13 "sehizophrenle" patients in Swedish mentel hospitals who had
relatives suffering from P.K«U» He was more than caubtious in his
coneclusions regarding them, stating "these 13 cases come from 31
familics where numerous moembers were exposed to diagnosis. True
enough, some parents and sibs of potients were more than moderately
eccentric, but only in three instances was o perent or sibling among
the persoms institutlonalised for psychosis. The theoretical
possibility thot heberozygotos rum an inercased risk of developing
mentel disease may be left openy as a rule, however, the perents
and well sibs of patients with P.K.U. romin well®,

In many cases patients with P.K.U. willd reach edult age
without the introduction and maintemence of a phenylalanine=

restricted diet. with the advent of antiblotic and other forms of /|




therapy, such potients are not now as liable as formerly to die
during the course of an intercurrent infection: indeed, survival
to the seniuvm is a distinet possibility for many of those ceses.
The patient who has the good fortune to have the discase dlognosed
in carliest infancy ond who thereafter receives propexrly controlled
dietary therapy should be able to live & comporatively normal and
self=supporting life. The patiecnts in whom dietary treaiment is
not commenced ot all, or in whom such treatment is not instituted
till they are several years old, will not be able to lced such

self-gupporting lives oxcepdt in oxcepbional cases.

Prevention of the discase depends mainly upon the none-
procreation of two hoterozygotes. Such a tenet necessitatos
scvoral conslderations for its full implomentation, the principal
being forelmowledpge of the existonce of the heterozygote state. At
present thore is no simple end satisfactory method of detection of
such hetorozygotes. Even it it woere feasible to estimate the basal
gerun phenylalonine levels of all persons prior to marriege, the
existonce of the overilap between heterozygotes and normel non-P.K.U,.
geno~carrying individuals (estimated by Knox and Messinger (1958)
to oceur in 15 per cent of oxomined porsons) is such that no
discrete sepavetion can be made with absolute certeinty. In point
of fact, what could be achicved by the adoption of such & nmethod
would be the ability to refer presumpiive heterozygotes to cne of
several categories:= probable geno-carriers, probable non-carriers
and "undecided". Such o method of cetegorisation has beon
suggested by larson (?96@). On the basis of monomeric recessivity
mode of inheritence of the diseese, it is certain that consenguineovs

marriages must increese the risk of propegetion and perpetuation /




of PJK.Us Statistically, this visk is estimated by Larson (4]96L.)
to increase by a factor of 12.5 por cent in the case of first
cousin marriages. In the ovont of heteroszygotes mating fortuitousdly
end their first child proving to be homozygous for P.K.U., the
chances of their having a normal child in an additional threc child
family will be 1 = 1/6L, iees 984 per cent (Lerson, 196#). How-
ever, it nust be noted that two of three non=homozygote children
will be heterozygotes.

As has been steted carlier, P.K.U, mothers may have offspring
who are homozygous or heterozygous for the discase. With the
development of mneomstal screening programmes for the detection of
the diseasc in its earliest stages, it becomes increasingly'evident
that the total population of phenylketonurics must increase in
future generations unless steps ore taken to linlt their procreation.
In the past, such elimination of genes for P.K.U. as occurred bag
been due to non-reproduction of homozygotes. In the future, the
influences maintaining the gene in the population will be not only
mutetion and greater fertility of the heterozygotes but also divect
transmission by successfully=-treated homozygotes. The progeny
from the mating of a homogygote aand & non=-P.K.U. individual will all
be heterozygous for the diseaso although having normal phenotypes.
One helf of the progeny of a homozygote and a heterozygote will be
homozygous for the disease and the other half will be heterozygous.

The cases of the homozygous femele who morries either o
heterozygotc or 2 non=P.K.U. male are worthy of further considerabior
Where such & situation arises, the matter of supreme importance is
that perteining to the mental state of the child after birth. If it
be accepted that the children born to & homozygous and untreated

mother are, in the main, mentally retevded, it would appear /




reasonable to suppose thet such retardstion results from cxposure
of the foetus in ubero to an increased level of phenylelanine or its
metobolites. Sueh being the case, it reomeins to be shown what
offect thore will be on the processes of neurological development
in the foetus in the event of phenyledonine restriction,

administration of gerotonin and/or Sehydroxylryptanine (dealt with

in the soction on Biochemical Aspects), or the giving of mono=-amine-
oxddese inhibitors being practised throughout pregnency. One can
postulate that results on the heterozygote foetus should be
beneficial, in that the probable pathogenetic mechanism responsible
for the development of the mental retardation will not have been
operative, but that thers should be 1ittle likelihood of beneficial
results to be obtained in tho case of the homozygotc foetus, but the
postulate with regard to the heterosygote foetus can only be
verified or refuted by clinicol trial.

The greater part of this thesis is devoted to the concept of
phenylketonuria es & tangible problem to be tackled by all who come
in contact with it3 a problem in which the individual sufferer from
the disease is the central figure. Be that as it mey, no one
directly concerned with the discasc = whether it be in the carly
detection or in supervision of {therapy designed to prevent mental
reterdation - can afford to remain aloof from comsideration of the
cugenic aspects. Our rosponsibility oxtemds not only to the vwictim

of the disease bubt to society as a whole.
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Undoubtedly the ideal form of treatment of phenylketonuria
weuld be to roplace the missing enzyme, phenylalenine hydroxylasc.
As guch a replacement has not so=far proven possible, the next best
form of therapy consists in the initiation and maintenance of a diet
low in phenylalenine. Before glving congidoration to such o form
of treatment, other therapeutic measures which formerly have been
uvbiliged will be montioned: these bave consisted in the
adninistration of amino acids, fructose, hornones, bleod-transfusion
and vitamning.

toolf and Vulliamy (1951) administered glutamic acid to 2
paticents suffering from PJK.Ue. bul could nol show that this hoed ony
effoct on their intellipgence. 1In 1956, Moister ¢t _gl. showed that
administration of single oral doscs of Leglutemine, sodiun Le
glutamato, L-asporagine, glysine, scdium svcoimato or D-glucose,
combined in a mixture, brought ebout & weduction in the level of
urinary phenylpyruvic acid in 2 P.K.U. paticnts. It would appear
that the rationelo behind such a methed of treatment 1s based upon
the reversible reaction mentioned in the chapbor on Biochomical and
HMetabolic Aspects, namelys=

Phenylalanine 4 alpha=-ketoglutarnte s= vhenylpyruvato + glutamte
pyridoxal phosphote

No further studies along such lines were published till thot of
Bowman end. King (1961) which dealt with tho effects of glutamine and
agparagine supplemonts givon to 3 P.K.U. petients. The purpose

of this study was, by incroasing the available amino donor, to
decrease the phenylpyruvie acid:phenylalanine ratio by means of
tronsanination and to study the offects of this in thoso patients

over & period of soveral months. The aubhors statod, thot "the /
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results contribute evidence of the hypothesis that (in P.KeU.)
phenylalenine is convorted to phonylpyruvie scid by meens of a
transamination process which may be reversed by inereasing the
available omino donor®. Although it was stated that reduction of
the phenylpyruvic acid:phenylelanine ratio was sccompanicd by Ya
slight though significant improvement in each subjeet's mental
ebility"™ it is obvious that further application of this technique
in the treatmont of infants diagnosed as sufferiang from P,K.0. peior
to tho development of meatal reterdation, must discount the
existence of elevated blood levels of phenylalanine as being of a
harmful nature.

The ennouncements by Jervis (1947) to the effect that the
basic foult in metebolism in P.K.U. was a blockage in the conversion
of phenylalanine to tyrosine, and in 1953 thot the explanation for
this lay in the demonstration of deficiency of the responsible
enzyme in the livers of patients suffering from the disecase, led to
the investigation of the effcets of the administration of tyrosine
to such patients by Snydermen ot 2l.(1955). This investigation
showed that such administration bed no effeet om the intellectual
funcetioning of suech patientso. Beryy gt al. (?958) showsd that an
increaged intake of tyrosine in P.K.U. patients - admittedly when
given in conjunotion with a phenylelanine~low dietary = possibly led
to diminished irritability in such patients. They suggested that,
in such cases, tyrosine might teke on the status of an Yessentinl®
amino acid and that the elevated levels of serum phenylalanine might
vesult from tissue breakdown. Nevertheless, they did not advocate
the administration of tyrosine wiless given in conjunction with a
phenylelanine~low diete. The deficient plasms levels of 5-hydroxy-

tryptamine end urinery Se-indoleacetic acid, proviously discussed in/




the chapter dealing with Biochemical end Metebolic Aspects, led to
the investigotion of the value of the systenie administration of
S=hydroxytrypbophen by Pave ob al. (1957:1958) end Kirmen ot al.
(1957)e Such investigetions showed litile promise end were not
pursued to any great lemgths. Kirmou and Pave (1961) reporied
limlted success in increasing plesme end C.S8.1, levels of G=hydroxy=-
tryptamine by adminlstration of an amine-oxidese inhibitor awnd
suggested that this form of treeatment might bave o part to play in
the case diagpnosed in cavrly infancy,

Ceisler and Stroder (1958) reported that large amounts of
fructose, up to 6 g. per kg. body welght, raiscd phenylelanine
tolerance and reduced the phenylketonuria present with a normald
diet, when gilven to potients sufforing from the dilscese. Perusal
of the literature has failed to discover any subsequent publication
confirming this finding, Gelsler and Siroder's study had been
preceded by the observation of Blainey and Guiliford (1956) to the
effect that o high carbohydrate initake is an essential pert of a
phenylalonine-low dietery. vhen this perticular forn of therapy
was initiated in two of their patients, phenylalenine content of
the wrine and plasma was increased when the carbohydrete in the diet
was reduced. They considered this to be due to o specific effect
of carbohydrate defi@ieney'andﬁig o def"iciency in calorics. Not=-
withstanding this conclusion, they did not edvecate the pursvance of
o diet high in cerbohydrate as being, per se, an effective method of
trectnont of the disesse. The effect of blood~transfusion was
studied by Maubtner (1960); of pyridoxine by MceGesr and Tischler
(1959) and of cortisone by Thelander (1958) and Fois (1960). 1In
none of those stullies was it possible to demomsirvate any resulitant

benefilcial effects on tho disessc. /
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It must nevertheless be pointed out that, in spite of the
negative conclusions reoched by MeGear and Tischler (1959) remrding

the effieacy of pyridoxine, recent work by Moncrieff (1905) has
shawe that when this vitemin is adwinlstored in doscs of 50 mg.
daily to ehildren suffering from the disease and who are
concomltently receiving a phenyladanines~vestricted dietary, therc is
a markoed lowering of the blood levels of phenvislenine. It has
been suggented by hin that such administration will allow of an
infant receliving & greater intake of phenylalenine than is normally

possible without detrinental effects resulting therefrom,

Voolf and Vulliamy (1951) suggested that the mental and neuro=
logical ciffects of P.K.U. were due to phenylalanine intoxication and
that o diet low in phenylalenine would be worthy of trial as a
possible form of treatment; such o dletory to be based upon casein-
seld hydvolysetee Bickel et al. (1953) weported on the
admninigeration of such & dielt Hto o patient suffering from the
disease. After preparation of the cascin-scid-hydrolysate,
treatment with activated acld~washed charcoal removed phenylalanine
end tyrosine. Trypbophan, tyrosine and ¢ystine were then added in
amounts caleculatod to be slightly in excess of daily requirements.
The prepevation was then used om & P.K.U. givd aged two ycars who
was an "idiot", unable to stand, walk or talk, who showed no
interest dn her fool or environment and who spent her time groaning,
crying and banglng her head. Treatment was commenced in hoppiteld
and, during o foure-week preliminery peried when no phenylalanine was
permlitited, no definite clinical change other than logs of weight was
observed, although the characteristic "mousce~like" odour was no

longer apprecicble. Significontly however, the levels of /




phenylalanine in the plasms and urine fell to normal, the excretion
o phenylpyruvic acid ceased and the ferric chloride resaction
became negative.  Fhonylalanine was then edded in smell anounts in
the fornm of whole milk, a daily intake of 0.3 to 0.5 g. of phenyle-
adenine beling found sufficient for normal weightegain with greaily
improved blochesical findings. Durdng the next few nonths of oute
pationt treatment a gradval improvement in heyr mental state toolk
placece The child learned to erewl, to stend end to ¢limd on chailrs,
hey eyes beecame brighter, her hoir grew devker and she no longer
banged her heod or cried continuously. When the amount of phenyl-
alenine in the diet was inerecased to 5 g. daily, o definite
deterioration in the ¢hild’s eondition occurred within a fow days.
The plosms phenylolonive and the winary excretion of phenylalanine
rose Lo high levels but €ell whenever the extra phenylelenine was
discontinued. DBickel et al. gove further details of the diet in
1954 In additlon to the casein hydrolysate, glulen=free wheat
flour and sugar were glven ad 1ib., the phenylalenine supplemont was
supplicd as mill and ofher supplements were cobbage, turnips, grated
apple or banare and mulbi-vitamin drops. Such a diet provided

17 o of protoing 0.3 ge of phenylalanine, 1.5 g of Letyrogine,
025 go of Letryptophan and 0.7 g. of Legystine per diem. On this
diet the blood levels of phenylalanine becams normel, there wag no
exercbion of phenylpyruvic acid in the urine and the child gained
weight satisfactorily.

"oolf el _al.(1955) reported their Cindings for two children,
both aged 2 yeors and 8 months at the commencement of the trestment,
who had been fed a phenylalanlne~low diet for 9 to 10 months
respectively. lMorked intelleectual improvement rosulted and the

TeLEels bevame normal in one cese in which it was previously sbnormal.
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A third child aged 5 years and 5 months was fod on this diet for o
shorter period and the preliminary findings indicated that even at
this age it appoared probeble that the brain bhad suffered very litilg
permancnt damage. A mentaelly reterded child age 10 months who was
having up to 4 major epileptic seizures and 10 to 20 petit mal attack]
daily, was treated by Breude (1956) with o phenylalanine-restricted
diete AT the commencement of the diet, wrine chromatography showred
a @grossly excessive excretion of phenylalanine but the ferric
chloride reaction became completely negative 5 days after treatnent
was commenced, petit mel atlacks were greatly diminished in number
and grand mal attacks stopped completely. The physical condition
of the child improved and at the end of 6 months there wes a marked
improvement in the mental picture, the child having become bright,
active, alert and interested in his environment. Also by the end
of this period his hair had darkened considerably, a troublesome
eczemd had cleared, novemenis of the hands bhad become co=-ordinated
and ropetltive movements of the thumbs and geinding of the testh
had ceasod.

Woolf et als (1958) deseribed the progress of their threec
original treated cases togethor with seven additional new ones.
The originel cases had now been treated for a further 32 nonths and
the additional cases for periods of 11 to 34 months. They also
announced modification of the original diet adopted by Bilckel et al.
(1953) in which the main altcrations were reduction in the intake of
cow's milk with compensatory increase of cascin hydrolysate, and the
addition of DlL-methionine. In the earlier cases the intake of
phenylalenine, in the form of milk protein, was roduced until
phenylpyruvic acid was no longer detectable in the urine. As the

blood and urine phenylalanine levels were still abnormelly high, /
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the daily intake of cow's milk was reduced until thosc levels werc
the seme as in normel childrem. DL-mothionine was addod to the
diet (1 g. per dey Ffor children over one year) as an additional
source of suwlphur, since the process of hydrolysis and charcoal
troantment depletes the casein of its sulphur-gontaining amino acids.
The reason for the choice of methionine rather than cystine was in
consequenca of the fact that methionine can replace cystine but not
the reverse. The diet was controlled in every instance by repeated
biochemical estimabtions of the levelds of phenylelanine and certein
of its metebolites in the blood end wrine. Paper chromatogrophy
was employed to ensure a proper concenbration of phenylalanine
compared with other amino acids. The advantage of this particular
modification of the basic diet lay in the foct that any drop in
blood phenylalanine levcel to below normal could be detected and
com‘e@ted by increasing the intake of cow's milk, usually by 15 or
30 mle per daye Too low a level was associanted with an
unsatisfactory rato of growth and too high a level slowed down the
child's progress. The ages of the cases described, at the
conmencenment of the dictary therapy, had beon from 5 weeks to

5 years 5 months. In almost every cage there was a shaerp rise in
the T.Q. and in some cases the rise was conbinuous, amouwnting to as
much ag 20 points in 2 years. It was pointed out that the offects
of the diet woerae greater, the younger was the child and the less the
degree of its mentel deterioration as moasured by the IT.Q. It was
also suggested by Woolf and his colleaguss that a worthwhile
improvement often resulted from dietary itreatment in older children
albelit though such improvement was only an increase in the nental
rating from the level of "idiot" to that of "imbecile". As o

rough guide, the authors considered treatment to be of value in the/
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case of the child two years odd or undor with a D.Q. not less than
203 three years o0ld with a D.Q. of 30 or over and four years old
with & D.Qe. of 40 or over. In border-line cases it was suggested
that o six month's trial be advised, psychological testing being
vndertelen at the commencement, at three months and ot the expiry
of the probationary period, & decision then being taken as to the
advisability of further dictary conbinustion.

Bickel and Grueter ({1960) roviewed the position as they saw it.
They reported on their personmal experiences with 11 P.K.U. petients
and. compered these with comparable findings from reports on 79 cased
treated by others. In 47 treated cages the date on mentel develop-
ment wos compaved wilth thet from 19 untreated cascs. Thelr findings
with regard to tho seriecs as o whole, showed that in the uwntreated
group the development of intelligence combinued to fall during the
first 90 to 14 years of life, after which it remeined approximately
stationary. In those patients whoso dietary trestment was commenced
between the ages of 1 and 5, they found, as conpared with untreated
cases, an average incresse in the I.Q. of 18 per cent. TFTor 9 cases
whose dietary treatment had been commenced before they had ettained
the age of 20 wecks, subsequent development was normal. Af'ter the
age of 5, commoencement of treatment conforred 1little benefit, but
nevertheless such cases still ghowed an average increase in
intelligence of neerly 6 por cent. On the basis of those findings,
the authors believed Justification existed for the continuation of
such dietary measures up to the ege of 10 = always stressing the
vitel lmportence of commencing treatment at the earliest possible
age.

In 1960, Knox published "An Evaluation of tho Treatment of

Phenylketonuwria with Diets Low in Phenylelanine®. In this he /




veviewed all cases of P.JK.U. treated with a phenylolanine-low
dictary and reported up to Decembor, 1959. In this evaluation, all
information available and relating to untreated P.K.U. patients was
also noted. He was able to demonstrate thet 44 petients over the
age of 3 who received such dietary treatment showed no ilmpresgive
change in mental or meurological status. Vith regerd to 435 patienis
in whon treatment was commenced before the age of 3, findings wore
cvaluated in detail. Twenly untreated coses with an I.Q. above

60 were identified. The treated group showed 18 times as mony with
an I.0. above 60 and twice as meny with & normal E.E.G. as the
wtreated pgroupe Over & period under review, & minimal loss of
nearly five points in L.Q. occurred in sach 10 weeks by which
treatment was delayed. The phenylalanine-low %getary, when
commenced in the early weeks of life and meintained thercafter, was
shown to be effective in preventing mental rectardetion and neuro-

logic abnormalitics.

It hos been felt to be of importance to give more thon oculline-
details of the earlicr reports and reviews on the matter of the
rhenylalenine~low dietary. In the enthusiasm which greeted the
initial reports by Bickel gt al. (1953) end Woolf et al. (1955),
aany papers regerding the effects of the distary on single cases wexe
published by peedietricians bubt such individual deteiling would be
only & vepetition of what has already been noted above.

It is wiformly agreed that the prognosis for the untreated
child is poor on the extreme when directed specifically towards
assessment of intellectual function. The earliest pronouncements
on this matter wore thosc made by Penrose (1946) who atated that 90

per cent would become ocither “idiots" of “irmbeciles". Cowie (19951)/
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found that normal oxr even near-normal mentality was rare in
untreated PXJU. and that only in 1 per cent did the I.Q. exceed 70.
Surveys of large numbors of untreated PK.U. patients, to determine
the level of the I.Qe, have been reported upon by Paine (1957 -

106 cases), Knox (1960 - 466 cescs) and Parbtington (1962 - 75 cases)

The levels for these thres surveys are as follows =

Paino. koox.  Partinglon. Yoom,
I.Q. Pergontage. Percentage. Percentage. Percentage.
0 =-20 70 64 e3 6l ol 65
29 = 40 23 267 2343 2,
41 - 60 5 55 Oe7 7
61 - 80 1 563 149 3
81 and over 1 143 0.6 =« 1

It is thus cevident fLrom the above table that o marked degree of
agreement exists belween those three investigators with regard to
the intelligonce~levels obtaining in untresated P.K.U. One of the
many unsolved problems relating to the disease is the ocewrrence of
the 1 per cent who show atypical mentel development. Particular
instances of such cases have been detailed in the chopter dealing
with psychological aspects of the condition. Discounting the
hypothetical possibilities which come to mind, such as a partial
deficicney in phenylalenine hydroxylation, development of the engynme
block after the period of sarliest infancy, the possible existence
of a third allele synthesising a protein with weak enzymatic
propertics, the inheritance of a modifying gone and the existence of
an alternative metabolic pathway, o low renal threshold for phenyl-
olanine end o paturally-occurring diet low in phenylalenine, it
seems nmore then & possibility that such cases represent only the

90th. percentile of a distribution~curve of intelligence in P.K.U./
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ag Tischler gt al. (1961) have suggested.

The earliest successful attempts at dietary treatment announced
by Bickel et al. (1953) and Woolf et al. (1955) have been detailed
earlier in this cheapter. There can be do doubt that early
initietion and maintenance of a phenylalanine-~low diet is the cornecrs
stone in treatmont of the diseasc, in order that the onset of
irreversible mental retardation be prevented. It is doubtful if
anyone would disagrec with this postulate. Nevertheless, certein
bagic requirements must be met, both with regerd to the dietary
principles in general and needs of the individual patient in
particular. The following general principles ore common to all
P.K.U» dictary treatments:=

1. assurance of a protein=-intake based on body-weight;

2. maintenence of blood-phenylelanine levels in the region

of 3 to 6 mg. per 100 ml,
Although previously stated thet mental vetardation in P.K.U. mey
develop with a bloed level of phenylalanine slightly in excess of
4 mge per 100 ml., it should be noted that the homozygous infant
will be able to tolerate levels of blood phenylalanine approximating
to those of the heterozygous patienis, L.e., 3 = 6 mge per 100 ml.
Most natural proteins conbain 4 to 6 per cent phenylalonine
(Armstrong and Tyler, 1955), thus meking it impossible to prepare o
woll=balenced diet for the P.K.U. petient, while supplying all the
necesgary nutrients, from natural foods. The cosein hydrolysate
already mentioned is the basis of scveral proprietory foods which
are of low phenylalanine content and are specially propered for the
P.K.U. dietary. Among such widely-used in Great Britain and the

UeS oA axe ALBUMAID X.P. (Seientific Hospitel Supplies, Ltd.), /
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CYMOGRAN (Allen & Hombury, Ltde), LOFENALAC (Meadﬁohmon & Co. and
BuDeHo, Ltda), MINAFEN (Trufoocd, Lid.) and KEPONIL (Merck, Sharp &
Dohme, Ltd. In respect of the latter four, it may be stated
that their vileness of taste appears to be in inversc proportion to
thelr phenylalenine-content. The composition of each of the foods
listed is as follows:=

ALBUMAID X P. = 370 calorles por 100 g., contains no phenyle

alanine per 100 g. and conbtaing no fat ovr

carbohydrate
CYMOGRAN. - 400 calories per 100 g., contalns less thon
10 mge phenylelanine pexr 100 ge. and has o fat:
protein : carbohydrote rotio of 9 : 29 : 38.5g
LOFENALAG. = 450 ealories per 100 g., contains 60 to 100mg.

pvhenylalonine pexr 100 g. and has o fat 3
protein : carbohydrate retio of 18 : 15 & 573
MINAFEN, = 550 calories por 100 ge, containg loss than
20 mge phenylalanine per 100 g. and has o fatls
protein : carbohyiraite ratio of 31 5 17.5 @48
KETONIL. = 250 calories por 100 g., contains not mors
then 100 mg. per 100 g. and conteins no fatb
or carbohydrete. It is o "mixture of &
rhenylalenine deficilent acld hydrolysate of
cagoin fortificd with glycine, L~tyrosine,
DL-methionine, DL~ {ryptophan, L=histidine,
minerals and choline chleoride". Fach kilo-
granne contains protein components = 625 g.,
water and inorgenic salts = 243.38 g.
Ketonil is not marketed in Great Britain end

deteiled information regarding it is difficult

e
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Iive

to obtaine This produet will not be doealt
with suvbsequently.

From the above it can be scen that the dietary may follow one of two
methods s~ a. ubtilisation of ALBUMAID X.P. with complete supplow
mentation of fat, carbohydrate, amino acids, etc., from natural
sources, in & wide range of foods selected from tables supplied;
which allow the provision of o knowa dodly amount of phenylalanine
%o the childs

be utilisation of one of tho other phenylalenine-low
diotary supplemonts with addition of medified "equivelent” foods
(Lymen and Lymon, 1960) low in phenylalanine and allowing sufficiont
milk to maintein the proper phenylelenine level. With rogard to
the first method suggested, it should be noted that the taste of
ALBUMALD X.P. is somewhat less mausesting then some of the other
proprietary preperations and, proscribed on an age and weight basis,
may prove to have some adventages insofar as feeding in the carliest
monthe ls comcerned. In an inberesting study by Wilson and Clayton
(1962), it was pointed out that administration of unmatural mixtures,
instenced by the othexr proprietary preparations mentioned above, may
alter the intestinal flora of infants to whom they have been
administerced and thus lead to the non~production oy destruction of
cssentiol nutrients and metebolites. This, in tuwrn, could leed to
the development of an amine acid imbalance and result in impeired
growth of the child. Should such invariably prove to be the case,
the glving of ALBUMAID X.P, might lead to less disturbance of
intestinal bacterial flore and to consequent dimlnution in the risk
of development of amino acid imbelanse, I+ should be noted that
ALBUMALID X.P. is prepared by hydrcchloric aocid hydvolysis of boviane

blood gorum. The other proprietary preparations ave prepared by /




sulphuric acid or engymatic hydrolysis of casein. In the latter
type of diets,; 1l.0. those utilising phenylalenine~low natural mille
source alternatives, - and those most generally used - the
"oquivalents” arc such that 1 "equivalent” is cqual to 15 mg.
vhenylalonine and extensive lists of such cquivalents arxe supplied
by tThe various manufacturers.

The sctual protein requirements of infants and young childron
are still in doubte The Committee on Nutrition of the British
Medical Assoeiation, in 1950 suggestaed that for infants, children
end adolescents, 14 per cent of the caloric intake should be
rrovided by proteine Tho U.S. National Research Council
Rocommended Allowences for Forly Infancy (1958) suggested that diets
furnishing 1.6 g. of protein per 1b. bedy-welght were the usual.
However, since the protein for P.K.U. infants is generally supplied
in the forn of a casein hydrolysate, it moy be nccessary to give
more protein than the normal amounts. It is thus desirable that
P.KJU. patients have, from birth to the age of 3 months, 15 40 2 Eo
por 1lb. body-weight; from 4 to 412 months, 1% e per lb. body-woilghts
from 1 to 3 yoars of age, 40 g. deily and from & to 7 yeors of age,
50 go daidye.

The phenylalanine requirements of the infant from birth to the
age of 9 months appear to be in the region of 41 mge. per 1 1lb. body=-
welght (Snydermen gt al., 1955), but, as the same authors noted,
requlrements for normal children firom the age of 9 months to 13 years
have not been studied adequately. Centerwall et el. (1961) stated
that there is a graduval decline in the requirements of the P.K.U.
child for phenylolanine as age increases and suggested that & basc=
line in the commencement of {reatment shouwld provide for a maximum

of 22 mge per 1 lh. body-weight at the age of 7. It must be /




appreciated that those ranges are not ebsolute and ere completely
dependent on the individueld tolerance of the child undergoing
treatment and may require inereasc or decrease. Indeed, Paine and
Heia (1957) hovo shown that the phenylalanine~tolevance of one
particuler chlld of 6 months appeared to be 11 mg. per 1 lb. body=
welght, o figure conalderably lower then that set by Conterwall for
a2 ehild of this age.

With regard to fat, at present there ave no set requirements
in the dlet. Research has pointed to the fest that there mey be
better pgrowth on fewer colories if some saturated fet is included
in the diet (folt, 1957). Cesein hydvolysate conteins only
wnsaturated fot and it is folt that this aspect of the dietary
requires some attention. Blainey and Gulliford (1956), as carlier
m@ntiono&; drow attention to the fact that a dietary high in carbo-
hydrate was essential in the treatment of P.K.U. when phenylalenine
intake was wreduced and proposed that 70 per cent of the total
calorics should be in the form of carbohydrate. The caloric
requirements of the normal child, as suggested by the U.S. National
Reseereh Councll Rocommended Dietary Allowences, decrease from
approximately 55 calories per 1 1lb. body-weight at bizxth bo
approximately 40 calories per 4 1b. body-weight at 7 years of age.
According to Blainey end Gulliford (1956) and Centerwell gt el.(1961)
it would appear thet the ehild suffering from P.K.U. has need of a
greater oaloric intake, end they have sugpested 60 to 65 calovies
per 1 1b. body-welght for the nowborn P.K.U, infant with o gradual
decrease to L0 to 50 caloriles per 1 lb. body-welght at the age of 7.
Agpin 1t must be appreciated that the question of the proper caloric
intoke must procesd hand-in-hond with the growth and development of

the individual ohild ond thet rothing will be gained by produsing /
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g maxied degree of adiposity = as cen readily hoppen. I the
protein requirements of the P.KJU. patient are properly met by the
adequate administration of a phenylaleninse-low dietary supplement,
there is no need for concern over the requirements of calcium. It
is gemerally advosated thet poly-vitemin-supplementation be
presoribed in the infentile stage of development. As the child
geows older, it may only be necessary to supplement the vitemin

B complex.

In conjunction wilth phenylalanine=low dictary supplements,
sorving lists of foodstuffs have been evolved (Acosta and Centerwall,
196035 Acosta, 1964) which are of much more practical value than the
already-montioned "equivalonts"” of Lymon which were primarily
designed for dieticians. Such lists are of partioculapr velue o
perents, as opposed to dieticiamns, thereby onebling them to visuslise
the dailly dietary requirements necessery for thelr particular child
and teke into congideration its omn poariticuler fods and fancies.

The lists of Acosta and Centerwall are besed on the food exchenge
lists for disbetics. In such lists, foods with similer nutrient
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