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The concentration of ceruloplasmin, the major copper-containing protein 
in serum, varies widely among individual persons. A study of 309 
individuals indicated that the ceruloplasmin concentration changes with 
age, declining from early childhood to about 12 years of age. 
Significant familial influences, mainly hereditary, were indicated by 
family and twin studies. 

The gene forcrecessively-inherited Wilson's disease (hepatolent!cular 
degeneration), is known to accompany a pronounced ceruloplasmin 
deficiency in affected homozygotes. Ceruloplasmin concentration was 
determined in 33 parents and 228 other relatives in 25 families of 
patients with Wilson's disease. In certain 'atypical' kindreds, 
heterozygotes showed abnormally low ceruloplasmin levels, apparently 
due to their particular genotyPe. The infrequent patients with 
Wilson' s disease who have a normal ceruloplasmin level pro~ably::,-carry 
the same defective gene as that in ceruloplasmin-deficient patients. 
Studies of rats provided evidence that liver copper concentration 
l fluences ceruloplasmin production. A new hypothesis, proposing the 
absence of a copper chelatase or incorporating enzyme as the primary 
defect in Wilson's disease, was presented. 
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: INTRODUCTION ',',. 

:' ..... 
" ... " 

.. 

A'p~()t~ln'which formed.a cerUleànbluesoiu~:i.on·whenpllrified was ' ;: " -' "" :'" " .. " ~".' "."'.. . . , " . . :. . . 

.. ,;>,!~;t~~~~t~~1~;,~~?~~~;f~;~~t;,~~j~~~f~s~;t~?~~~s~;r:::!n:: 
....• < <'stip' holds.ma~Y .. Jlly:s,t7:r:i,e~~,. ~'.'.' ""~;.~: :' ' . 

.. . .- :: ":, .<>; ;".':':' ... ~·:·:· .. :i,·:< ';,',:; ~~ :, ,:,.>,:'/ :.~~'.~',' :~~.:::; ; ;;: .... , ...... ,.' ... ,: .. ,: ......•... : ....•. ,~. '._ ...... :, .... ," ': ~' .. ,\ .",,", ·:.X<' '~.'" :~~\"<".:' .', ~ :.'" : .... :.;.~: ~~-:., ,', '. . " ';.:~',:'{.'{":'\.','",.,.".'>:' -, . ,,' .;.' ;.,", 
: ':, ; ... ~ .... ~. >~ ,:.:" " ',: ..... .... . ,,,. :.1.. ' ,. . , . =" ::: ... : . . \ ... '.;) ···::Jmpe~:~s:fot.·the.ill\res~igat:ion >of". ce~ul.QPl.as·miJf,was. 

' ....•.. ,. ·'.di~C~r":>;t1jât~!;~~~~Jm~~~f~%siitt,hiAiis~ll;s!~+~i.J;~· ~àv~a ••... ). ;' 
" ... '·re~ticêd·· serUIll" copper6,,~da~,e.àctlvi tY·tiùe·· to ...... ~ .. rel~ ti vedefi~iert~i" • h. '.", " ;_' •• , " : "', , ••••• ", ••• " • ,<...... 

",'" '::" ..... 
", " " ',;: ..... ;. ·.ofceruloplasmi#(B.earnélnd·Kunkell' 195?;Sc:heinbeiiluid Gft1in ~ , ":, '. 

.," 
:':,,', .... , " 

-" .: 

','> - -,' 

'1952)0 "Wilson' s di~:~asei~rhep~tolen1:icUlardegeneration, is an 

· inherifed' human:di~'ease:~ha~~~~eri~~~ .bY<increa.s eddèposltsof. c()pp~r .. . '.' , . .\ , ,'" .', .. ' ... ~ : : : .'" :; ::' .',.' '. '.'.:' -..... :, ... : .' '::.:" . ::.,. . '. . . , . : .. .... ,. . . .' .' . ,. - ~ . 

in ma~y body ti~sues.; 
. . . '. . - .: '. , ... , ... :. '~'. . . ~. 

· The present s~tid}"was;undertakén te>: determinewh~t factors influence 
.,variationinthè cbnée~trad.(m ofcerulOpl~smin.:i.n the serum of normal . . . '. ... '., '. .' . . 

. ind:i.vidital~~mdhClw.such va'riation might app1y.inWilson's disease . . ' - '. . .' '. 
1 

Thestudyisreported in two separatè sections. In Section' I,present 

knowledge of ceruloplasmin isreviewed and theauthor'sinvestigation' 

of sorne of the factors causing variation ~n serum cerulopla~min 

1evels in the normal individual are presented. Section II considers 

ceruloplasmin in Wilson.'s disease. New data on the genetic aspects' 

. of Wilson' s disease is analyzed o Ceruloplasmin levels in relatives 

of patients with Wilson's disease have been investigated and a new 

pattern of familial variation has been observed .. Qualitative 

studies have been carried out where applicable. Experimental studies 

of the effect of penicillamine adminis~ration to rats havebeen carried 
· out'to hel]? determine the reason for normal ceruloplasmin levels in 

certain unusual patients with Wilson's disease. 
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'. ,", ;,': .. ; 1: ~ ,;:,'. ... , .' : .. ::'.' :. ",'-' _. ':.' . ;', • . ,' ..... - . 
. . ". . 

.. ,';.", " 
:,',<,,' p ..... ,"' 

,,- ::. ",' ,:. :. ,',', :,' ·:····.Tlle·:lllbl(;lC41ariweight(jf::èèrùl0pi~~~~1l.··.·has~eEm .c~iêulat.ed~S'l59~OOO ·fK,;~~e~,~~~~eJ~s~h;i~~~);~i~;'~ii;:~;wh~t~igherthahtbat. of 151,000 . 
: " d~t~fII1i~ecl,by·J?~ •. ::.J~ •. 'Pè4e1;50n on:.the· o~iginaf puriJi~ici.ir~paJ;~t:ion~'<.·· " ..... . . :,.',: :."',' .:-' .. '" .. ; :,: ,'., :.; : .... : ... : ";. :.:,,":. ~i< :"" .. ' " .. :(H01mbefg"~ria~taure1Î~,1948)., Th~_'mo1ecuie coritain~.êightatoms.· of. 

r ' .', •••• " , •• '.":.' •••••••• '. •••• 
;.... :'" ,." ' •• : ,'".'.' , .. cëpperj)·oi ci'coppe:r.çq~tk~t·,bf<·Ô·~·i~· per' cent (H~llllbe.rg and Laure 11 , 

1948; Kasper. andDe:llts~h, 1963) ~ 
.' .. ,:', 

The abs:()rption., spect:runf'or "cêrul~p'1~5min shows a broadabsorption' 
. bandwi~h am~ximum at 605 to610 mp. and a band in .the ul travio1~t '~i th'. a·maximum at ;280m)1. c·()irespondi.ng·to the non-~pecific protein 
absorption maximum in this ~egion .(Ho1mb~rg and Lauren~ 1948). The 

1% extinction coefficient in a 1 cm. cuvette Il E (,10" is 0.68 (Holmberg 
and Laurel!, 1948; Kasper and Deutsch, 1963). The absorption peak at 

. 61.0 mJlo . and the bltie color of ceruloplasmin disappear in the presence of 
.reducing agents such as ascorbic acid (Ho1mberg and Laure11 1l 1948) 0 

, .. ".: 
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This reversible decolorizationis' not ,a reversible oxygenation· depende]1t .' 
, 

> • .' .: ':.";' 

on the presence of molecu1ar ox,ygen in'theprote~n,D101ecu.h~'010rel~';'êt~1., ' .. 

.• ' . 't'::""'\ ' •. ' '.;'.- •• '.' ',v l';: .. ,. , , ,,', "', .. ::< ,.;:.<:: (. ", "; , 

"1964) .... ' .... . , .... 

'", :; . ',.. : .' '. ."',:~ : : ... ~.: ",. " . "''',.;: ::: :'<" .' ~ . 
... , " cer'üi~pl~~~I#,~:~il~~~':,:.~~{:·'~~idasé:'~:cf~~itf, tciw~~d:.a.,.'Il~~·~~ · •. ~:()i •. "~b·i;;~~J101'~·,:': :,', ,,;:" .'. .' ":1' 

........• '::,/,.·.~Jt;s~;)lt;,!~X,.~Si~~~'~1isi:;~ett0'.j~eiê;~~~?Kr,;~d,~(;%::~~,~!~;~9.!tW;!11i,'~:';l;k<'>;l~: •. ' •. 
,':.< .' .',:The:'~iglit~tom~,of'èqpper in cerulop~asmin, don~thave:.'·identica:«,,:', . ~ .'';. . . ,.:" -. - ," " , . " ~::;.!; .. , .' ..... ::: "/: :"':.' . ;: ': -' -'. ":;:"'.'; '.'" ' , .' . '", 

- "-, .... ': 
;"'-F :.'., 

.":ln . electronpa;,a.magnet:tt'i~êd~'îi~nêe:' stticlies(B1kiberg et al. , "1963; .... 
, -- ,-.' ','" ", :', .:,' .:.; .. "' 

. , Broman_etaL;: 1962;'·'Kaspetp beütsch and .Beinert p 1963) • Ma.gnetic' 
, 

"'.} ~", ~., • .: < ".~. 

susceptibili ti:_Jn~llsurements,Sori~i~ed".tha t" half;o;'the .• copper:':is"lri .,'. 

-. the':cupr~~;'. st~ t~,' ,(~~~~b;r~'.':éf:hl.~_~:~'.C~~~~:2) ;~~:~,~,·çllpri.c:'·\C)n~.·':oi""the~r'·. ' 
specifie bonding ~re responsib1E~; f9:r 'the :b'1ûë:~o 10r and ,th,e _()x:idàS~ 

,., , ...... ". 

activity of' ,ceru1oplasliliil (BroIha.netai'~~ 1962;B1u1nb~,rg~t -!!.., 1963). 

The nature of the copper"l?rotein. bonçl in ceru1op1asminhàs not been 

complete1y determined. Copper is not r~moved from eeru10plasmin by . 
. the che1ating agentethylenediaminetetraac~tic ~~id (EOTA) 'at/pH 5.5 

(Levine and Peisacb. p 1963) p but is partîally removed at pH 7.4 (Kasper 
and Deutsch p 1963). When cerulop1asmin is treated with Tris~ EDTA, 

or aseorbic acid at pH7.4p it is partially converted to a more acidic 

co1o~les~ c~mp~~entwith-~igheranodalmobilityon,elëc:t:r:op~()resis 
(Kasper and Deutsch, 1963). The eo1or1ess derivative contained four 

atoms of copper per molecu1e of protein. The mo1ecular weight was 
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•. si1I1~~a~: •. ~~ ,.tllar.o.f"I1a,tive:e,rul~pl'~~in'.",·~~t\c~7,nges.' ,i~::~~:~~7~~;6f~?~\:':',::::\:." @ 'pto~e~ti.é~:iridi,êatë'~;.ari·tn'~~è~sê '. i~tI1é:a?,ial :ratiO. These',f~~ui t~:' '\ . " .. . . ;", .... .' •...• . . : ," . . . '" . . . .' . 
.: "'~.':' . " ," !' " " . .' ~ ... ,e_ indic~~e ··thÙ.ùÎl{9id;,~i·~~ •. i~~. c~iopl"smirr· ~.ccursaftersrme .. cif./ .•• . . ' .l'h~ .·.P"l'pe~l{i:~ô~9 .• ·!~~.fr:~·;a~~;·~~f~~c~·~~~~·.~~~~~~.d,~i .. · .. ~~(~~· ... ·:·· .. : 

basis"of théir studles'; that ~opp~r plays a rote in th~ ,'se~ondary;; ;J,"':':": ,.:".' ~ci' t,~~t~a~y ,s~ruct~~'e, '~f .··~·~ru'l~;·{~:~mi'~·.:,· .. '·'~p~'~~~~ib~i~~miri~' :~", ·~";);.;i~":<:" ,,""::;::\~:;:";\~i;'<-,,::. ,~:~:,:~; 
~':;~.:~;~,,;'~ , '. removed, 'c~n bé:':-.pi'~pa~~d:~~~:L~g:,so.diI:Uri;;di~tlly.1.dithi9ci:n:·b.atri~t~:,~n',:' ,:,"' " :'. .' ',', . 

," ' ." .:' ;,,' ',',,,:-'l':'',,~'' <::'~:::"~;.'" '.\:.: ... :.:.::: ... .:": ... : .. -:: .. ; .... : .......... ;:; :':":'~'<':""",.,,~;;., ~:' . .;;.,:0.'/';:: ·'::0:-:.:.:<~::::'·~.:)·.1>-:!;?~1 __ '''', ';"'" . """"';"" ~:<.~' " '>thè'pf~s~~çe,'of::;a.:':;red4c~i1g'::àge~t,·: fo~~6wèd' bl/ dialysi~:.··cM~r~ii<, ,,:,,:, .. ,\: .. ,:: .. ,"., ':::;:~.' :i\: :>: .,'~~':i,:':>'\' :,<":' .> >.! . ~ ':,:'(" :" " • .':i):,; i,";';: :,<.';::':~-:,"" , .,::." . , . '.: Scheinberg,.: 1958; < More 11 'et ·al., < 1964). " These autliors::have' 
o •• ·f·.····, '.o,f', 'l'~::~' ,.',:" • 

• , .. ·~·~~·b!t.·~~:.~ .. th~f·~~*\li~~ 14,;~iIl •• :~it~!;:t*~:::,.~:Erin~:,'<~1 .. QP;~~i~ ~ :.<:~~::.t~~t •. :.?~· •. ··.·.·.·,'~ •. :<., 
•• .. rulü1fe .. çe:t~opia,,~@~.~?~~\~e~§~~~i{~f~d·f~G;:ih~âJ6ier;;î~i.;~~ir;· . :by 'adding:,to it Ccl 'inth~jr~senC~qf:~~c~rbic,ac~d'C~t pîr::sA., : ' ,; r:; :.: ~" '.:' , .... \. . ,-.;, '.': .. : .•.. " .:Th~re: ateno~table intermediàte~' :fqrmêd'~with' more ~han .~ero or • '.. 

, .' ,':; ... , •••• :.:';::~~' 1 l' •• 'f less ,than' 'eigh~atomS' ot c()pper .. pe:r:'~ole~~ie,:{A~s.~n.aIÏd.MOl'él.l;'196S) •...... . . ': ... ' 

, 
, 'nativ~ 'c~ruloplaSmin(Ka'sper~?~, Dey1;:sch,: 1963). '. The reconstitution :::.,.,,( 

of ceru1op lasmin 'from" apoë~r~19plasnlinço~ldPe'duet()',the refqlding·· 
of.theproteininthe presence o~ Cu2+ o·,Whi1e 'thisreacti'on can 
proceed ~. vitro unde~ the givenconditions»' an ~nzYlll~tic process . ' .. '. 

. , ' .. ' .... 'could be required under physiologi~al·· co~di tio~s . . . , ,,'," 

Acid..,base andspectrophotcjmetric titration studies indicate that 
hist:i:dyl and either lysyl or tyrosyl residues in the proteiri are 
concerned with the binding of copper (K~sper and Deutsch, 1963). 
The resu1ts of .their spectrophotometric titrations did not appear to 
implicate tyrosine» although the evidence was equivocalo 



Bromall (196'4) .. hliS .. S1,lgg~stedthat the eight atoms of copper in cerulo-@'>; ,> .,', ,.pi~~~·~·J::~ill~~';:':~'~:.:~'i4~'{~f~'~;'iIrid'.:,·n·~~rid2D'ouncf core. . 'The structuré 'of " .,' .' .:.';",', :.:: ,: :.:: ',: ";., ,. . /~ .:',,'<':<:~!:.i,.::,·.··' '., < .:,. . . . , "';~erulop 1 asmin has,not:, been: 'e 1 ticida ted: suffi cien,t ~y,'f()r. ,examp 1 e by 
- . ",;: ,- . :>- ,. ." .': : ';'. . ,.,..... :: ~ ">",_ ",,:'~: ",':',':' .... ',: . ,j . ": ';. .. ".' '. ":: .... ':'". ", ~. ". ".; - . "'0' ...• '.-

• 

. " -
; .: ...... 

., .... 

((:;·Ystal~ographic.,techniquês ~<to' 'establish' this~':In'a>recent . 
. . .. .,' 'SYInPOSitim~"Biumbergü 966J'has.··.~iSC4Sséd·l~for~at~onav~i~~ble, ..... ;'> ,', .. ',' ... ·· ... ;.Œ;f~~~!~~~~~~~i,;~%~~~·;~i;f.~4;.f~i!ihiir;f~~~~:'·~{:~~~f~i~~·~-·~;{î!,;·~~»rt"··· 

sItes ;·'iric~~îo~lasmi~·~.':·:Tw6,,~·f tIie.·.l.ig~~ds' ,are weak and may,be . '.' ,~~:~.~~:~.:~~T~.~~l~~.~:,.··,~~~C\~·~~e·r~;~:iig~~'Js::'~k;e.;:.o{.:' .~w~'. :'t)'p~;S' '~i~ii'different ': 
.. re.1a~~~e'·:~:'~~fhg'rtr:~;Ilk~N~,:~~~~:~;.~t~.d~:çe,:~'~~sf?~~i6ns .•.. ·~n .,t~e.· ~omplex.·· . ';'., .•...• , :,.'Some. ·spe~ùtati~ns:·about'.the. posftions·ofcl.lpro1.ls'.a.nd 'cupric . ions 

'.' . ·~ri,·c·e:r~~;~Pl~~mi~.'ha~ebeen·~isëu.~s~4~~;~~éC·()ri~itist~~'of the'.. . ... . . ,·,.:·,prêSi.~~S~y~mê~fioA~'a's~~6iiti~,.::,:::, .. ;' ' . "':" .•.. ",;", .. , ,;:' 

"",.1' .. ,. ... , .. 
-." 

':::',' . 

.. Poùlik (1961) c'onvêrted il\-lma~>cerûloplasmin into subunits which . . . 
-appearêd to main~aiIlc()pperbutcouldnotbe recombinedto'restore 

.... ,', .... : .. ,',." . 
:',-,.' 

!-.• 

enzymaticactivity. Subunits ofceruloplasminwitha suggested " 
'. mOlecularwe{ght.~n~herange ()f SOpOOOwere.'similarly· obtained br . 
. Kasp~I' .andDeutsch(196~). .~lkali trea:tm~nt or~uccinic. anhydride> 
treatmentproduced,discrete subunitsrepresenting'ha1f:-mo1ecùles, 
quarter-molecu1es, and eighth-mo1ecules (Poillon and Bearn,1966). 
Two separate bands ofequalintensity appeared onpolyacrylamide 
electrophoresis of the eighth-molecule.su~tinits, suggesting to 

, . , . -
, . . .. , 

these authorsthat cerulop1asmin is composed of two kinds of polypep
tide chains, identicalin molecular weightbut differing in charge •. 

The carbohydrate portion of human ceruloplasmin has been analysed by 
Jamieson (i965) and contains per mole: nine moles of sialic acid p ' 

18 moles of N.;.acetylglucosamine, two moles of fucose g and 36 moles of 
hexose. Jamieson has suggested that the carbohydrate portion of Iii,erulop1asmin contains ni ne or ten chains of sim~lar size p but probably of 

6 

;, 
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different composition terminating in sia1ic acid and joiAed to the protein 
mo:Léty via asparaginy1 residues. :.Asparticand·g1~~amiC·,~ci.d~a~~.the most abundant ami no acids ~rese~t;.· in "~h~ '.' ~~t:~;e:; ~~~~eip" :~~a~~er: and '~e~ts~h,' . .'; 
1963) . Pep~~de. fing~rpr.irit~~g:'~~~ ..• b~~n:6~~;i·ed·~:6~t:after.:t'r1Pt~~.~ .:' .. 

. :::::::.:n(:::::;fJa~ti:i;)t:d'.·'ê~., .• ~f .• ~:~~S:?ha~t1;n,~~rC,entr:,:he... ........ ' .. ' . 
...•. ~~id~,;~~y;~f'ih~i:~~ii2,;i::f~;~~i~~:~i~~i~~~~)~~1}~J~~~,;~·~lF~~·~~~~·f{~~8);' uri~1 (1958 )~. ~~d:"~o;e·. ;;e~ent1~ .. ~···~~~~~~~:;tri~~~i~g~.~ors ~ .···.Ùà~~1.i.:,:i~d·;·:··.'· :':.:::.:'.' .. ',,~, .~" ',"',,' '\: ~ l', \,>:~' ":,,,), ~",'~;,: :~·~\.··I .. ·.: "\'\'·:"~<':~~""."":t' ,'. :,: ", ~ . ' .. ~.' .. Scheinberg .(1960) found 'four'different:ée~loplas~ins ,ànd suggested' that 
. the 'd~ff~r,~n~~f.:~\i;~t~\t8~i~?:~1'~~t~·,t:C#,i~f{~én~i.;1:SyJlth~~;'~<if.·iW~ .•.•..•.•.• ... formsof;·ceruloplasmiri:was:iniplicat.ëd.'in·Wi1~on's·d1sease··(Richterich.et al·, ,1.960) ,i~lo~eÇmfrio;el;c~OP~O~~~iÇ '~omppn~nthasheenfound i-:: .. .~~~i~d~1~~~#i~~hii~~di~~:i96iiîahJini~ra fr~pre~.ul~~~lne~.····· "(M~'AÙ~i~~:~':;M~~tin";~~élB~di tt ,<19'6 i)' ~~gge~~i~g1:ha~a.·~or~al minor .' . " . ~',' . '" :', :, : .... , .. '.' " ," 
. 

'. 1-
• 

• 'component may be present in the serum but in a very lowconc:entration. 

..: ....•.. : 

" ., .... : 

. ..... :. ," 
·.However, ~t:!.i.~:notClearwhetllerthi~ componenfispresent li vivo or is 

ind~c~d,f,0:r examp1e', by agirig of the serum, (Pou1ik and Bearn" 1962) .. Various .t~eatmênts:.app1ied to ceruloplasinin havebiùin'sh.()~to aiterits' physical 
" .',. :.;" " ,,'; .' ..... " ';" .:: ."':,. ,,' 

. and chemical properties (Kasper and Deutsch, 1963; . Poulik, 1963) as weIl .. as its immunological properties (Kasper and Deutsch, 1963). Sorne of the 
.'. he,terogenei ty found therefore âppearsto be an' a~tif~ct caused by partial denaturation of thè protein~ Thë electrophoret'ic variant found by McA1ister, , . ..... . . .. 
Martin and Benditt (1961) .oc,:urred in a.Caucasian and appeared to be 
geneticallydetemined. No Rther variants were found in 250 other sera tes~ed. Several genetic variants have been found in Negroes (Shref~ler 
~~., 1967)~ These authors have not found variants among hundreds of 
sera from Caucasians suggesting that variants are rare in this racial 
group .• 

. Reviews' ofstudfes on' the physical' and chemica1 nature of cerulop1asmin 
have been presented by Laurell (1960) andMàlmatr~mand Neilands (1964). 
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B. Methods for the Assarof:.Cerul(i)pla.smin::,;'i';:""H 

.. 'iI~~6t~giê'aiM~~hrid~·: '. .c·';'; .:,,/::~~"::.;.'.:.:. ",'. .. ... ' ." . '.,Oc ....... ", . 

••. ···•·•·• •• H:.m1~m.tS~z:r1 •.• g~~~.:1 ..•. ·9i6::l·.:)h.:.:.:::::~:·::~;;~~i,frj~f~~~l(~~~îi~~m~.~~rii~i~; •. . J.. ". '. '.' 
, . ··A 'highly'pur'i.fiedprepatàti~nof:hÛinàncerulopl~~min·< ...' .•.. ~:.: ..... .' 

'0 .~:~ 

..... ~~.~f.j,H~~r.\~~~~\#r:~~f:~f':~~~~(~~·~.#J(·t~~è·~·~K~~3i~:f~tt~~f1~~#li •• ·: 
' .. diseasé,. ~hich.lacks· ceruloplasJ)lin'; .' '. '" .':" . """'::i:;:\'::\(';".':.':' . . ,' .. . <, ,".". "'."~:; ;. ~',.\. ", ": '" ,,'. :"'." " . - '~"~ .. ' ,. ..;<';".:~~:.;,.:.:: .:::-: ..... .... : .. " .. :~ ... ", .:~: .. ~':., !;. "t ";:',;<,"!:.-:.:;:. l' 1 '" ... :.;'~"" .";; "':":" ..... ;. '., ; ..... ,;' ;". . .... . '" ~ ;;.~. '; .. :':;'.~' :;:.~::;'.' .' .... '....... .. ," " .'~ ... ',.' ..... , .. :. ':~:':'~~":.:::'}::·.::'t>:-; ... ~: ·:;~~:.~:·~::,.~~:;,·~~" .. ,::·,~.:\·-·'.·.":···:i;>:~:·<~~./~~~~::.:r;:.,;::. 

. ..... . .~~~~~dis: not~~;;~~ou{~n~~V~~~a~s~ it isl~~":s,:f;.picitium > 
;. en~ima tlê metho<is.·; ;.: . 

. ' :. '. 

"'C~lorimetriéMethbcis: ..... '. 
. :' ' .. ':: ~' .. " -.- ".; The strong1>11~é èolor'of ceni1oplasminw1th' its peakat ~ILO tII}l • . 

'. ismèasllred))e:e()rci'~4 after 'its4eco~o1:i~a1:ioI1~ 'An:aci~p1:iOI1 of'· . 
··:theme~ho·~·:~~~d·by·~ol~berg and ·La~reil·:(~95ib)·~~i~~. a~cb~~ic acid . . '.' 

" .' . ..' 

as. the. (:\eco1orizing agent·has;been :describ~dby Scheinb'erg.and··· 
Morell (1957)~· Sodiumcyanide''is .. a· m()rè:exf~ctive'deèoiorizing , . . ., . '. :-;.,~ ';",' : .. : .' . . .' .~. . '. .'. .:. :.. '." .: ' ~'. \ ,:' , ". .' .' !; '. '. '. 

agent (Scheinberg et .al. p 1958) •.. . --- . 

. ' ..... .. ( .. ' 

. Thismethod is particularlY'$JJitablefor., the determination'of 

cerüiopla~Ihi~iIi Pu~:i.fi~dpr~p~;~tions and is usedto standardize 

the ~:hzymatic methods. 

EnzymaticMethods: 

Ceruloplasmin. showsweak oxidase activity toward .. a number of 

substrates (Ho1mberg and Laurell, 1951a). The best substrates are 

p-phenyl~nédiamine. CPPD)and.its derivative N,N-dimethy-p-phenyle
nediamine (DPPD). This oxidase activi ty can be used 'jlI;s the basis 

':": ...... :", ... 
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. . 'for ,.~l1e·.q*~ntit~~i,~~·:i~·~·~~u:~~iii~h(··:bf .•• ·.ç.~~~i·op!a·S~i~>:;~th~: .. :·~.~~W";.·~~~~':.:,;· .... . .·.······;~:r~A~~~~~~~t;'i~·sh,~f~~h~{~~tiit~i,:,:·;.:;;' ••. k·}'·>:;.·r':<:.: 
... • ···.·· ..• ~~··:·q~~~~~~:.;~~i~~~t~.i~:~è!*~~yfr~·~ji~tg~~i.#i;fe;~~~~~i) . . : of 'oxygen iminome tri ca 11 y' .. œol~bezg and. La1-Jrell JI ' 19S1a)~' or more:' ;.;;/{fl~ .~~~~~~.); ·~~:i~~. , .. , ",< .co~ore~, .~xi.~~ti~irp;-·à4uèts.~',~: A-.'sta?le',pu:rple· pro'd~ct: 1s. formè~_. "., .>: ...• :: '; ... . ,; .. ",' ~~~~~~.~ . 

. '; ......... "J:" "'.>: .'. '. ........ . . ..... -,.:: .. . 

. À~m~~h~d'~~~~~f~rt~~!?~~àr~i~n.?~;D~PD'~S·d~ic;ib~~·.~i~effel~t 
·.:., .... (1.957).o: •.•. : •. :A·: ... l~g;.:P.~.~iod •.. wa.s .• · .• pre:s.ent •.... in ..... the •. '.reactio.n ••... wi.~~: .••• s.o~e .• : •.. sera ... ,.· ;iàndW~ii?~~;.i~cofreiat.~it~t~~.·am~u~~o~ ~~co;1>iëâ:id.in 

·.·t~e. se~a::(Ak~~fe.ldiJl····1957 ;Aprison·~lndGroSz, ·1~58) •.. Thê.pl'esence . 
• "'.", '. \ .. :', <1. :': : :.: .. : . :' ... ': . ". ' .' .,. ;.;, " ~ .; , 

" of:a.loriglag"period·in 'some sera,acceIltua.ted 'by the use of a short 

. ,.,., .. ' 

. " 

. 

. period ofm~asureniéntoftl,le .oxida~~· act:l.vity. and ~ large proportion 
. ' '. ~', . . .... . . 

of'se:rim;:i.n'··'the·r.eàcti~~'.mixture;,make this method unsuitable •. 
Th~caus~~i'the:l~g.pê:dod has·.ri9.t,.been ful1Y'elucidat~d~althé)Ugh .' .:'- '.' . ,.' . .... .""" ." ..... "j' ..... '" .: ...• .' . 

.. ... ; '; '.:':" .'. 

'. ascorbi~ acid'!s kno~toplay .. a roie (see discussion bySass- . .. '~.' . 

Kortsak, 1965 r. 
A method described by.Bromall (1958) ~is suitable for usewith 

.purifiedceruloplasmin preparations; for whichitwas described. 
The' .. reaction mixture included 4 x IO-SM ethylenediaminetetraacetic 
.acid(EDTA) to remove contaminati.ng copper ions whiqh ca1,1:' oxidize 
the substra te, PPD 0 The short incubation period of tan minutes . . 

1 

makes the method unsui table for use wi th serum as .the .lag period 



~ l' . 
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: . . 

" .', . '.. 
. could appreciablyaffecttlleresults,particularlywhe~th., 

,,' f:.~ku~~~l,~;~~~Z:.%~"~~ '~~(I?2.,:,,<),-(;"6D''','' •• -' •. /c • .• , •..• ,;,,:' .. '. ",':.. ' .. . , "~ ;.,' ," '.,~ •..• : ,',"" ',.:',' ',"".,,_ •• '_ ~ ..... ~."."'>' ,"1:' • ", ........ :;, ..••• ~,.. ' :;:.".:.> ... ;.~;<:,~,.:<.; . ,", .', ." .. . 
_,f:. """.' .\ ..• ~ ....• ;. ,'" :;.,., .... : .... >.;.~ ... :. . ~:' ,.,.': ,;;'::"_" .'.::;;.~'.~':;.:.,,~ :",;"\,,<.(,,..'.:: .,,:,' .... . ' ......... .. ~.:::~:,.:.è·.;:::;t;·i.:,·::: .i .. ··: ;::>.,,:.; ::.::':.,'\.: .'.:::":: :; ......... :.,: j:" :::; "::\>: ' .. ~/' ..... ;:.<.'::.: , .. , .......... ::..:: •. ; ....•.. ".' .. , • Sui tablemethOd.~,f9!~ea~ementbf'~Kë,;O~i~Se."act~vitY.'bayë~een •..••••• , ••••• "'.' ",' ,. .' .... 

.. ' 

.... ': ... :.- .'-::. 

," ,-
...... ':',", "'0, 

.... :: ... 

. : o~ .'the: lag· .period. i5 ';ful'ther minirnized in the Ravin method br ." , . ' .. : ~. "'·"~·.:':;I'···"·: -,,~." ... :.,f. ~., ... ', .. :~:(: .... ;,.',\ .... , ... ,:.' . ',,'." . greater s~~' dÙuii~Il'~ a~d .·~:~ne houx:' i~cubation p'eriod~ .. In both, l 
" ' .'..:. : " .,': 

_ .' ;:':" , ,_ • . of .·th.~së:~ë~h()dS'if~C3,'~*1:e:~t~f.Oxidatlb1"1 afi·~i.~ti·: iti:c~batioll' 'perfod .. :'.. ~. '-:, .. :. -'. , 
..... ::.:. 

is. mea.~ùrech:· .·The·111eth()cl· des~ribed·.bY.··Schrinb~~~·~n~ .. ~orell,. is'.not.·· . ,,<:.; 

measùred.,· Ifa lag:])~~iod ·:ts· ob~~rvcid/.'th~, r·~a~ti~~'::fâ.te .. ' canbe' . 
measuréd :'âfter. i'1:'has' ·.erid~d •...•. ·.A.~~~ise~'··~e;sJ.6~/~f'this.methodis 
availab~e (Scheinbetg~;.M()r~ll, and'Hayes ,'. '1962) •.. '~ecausethe " '.' "'. .,... . ",,:. ; .. ' . .',' '. " ", ..... reaction can ·be.obse:rvedthroughoilt.its. course~th~s.tY'Pe .. of'. : 

. ' .... .. ; " .' ,," ........ , 

method' offérs . a:dvantàges 'in" Idlle~~~·,·.· stu4ies'or: in circ~stances' ..... : .. 

where 't'he 'lag periodisexpected·.tQbeproi~Jlged," asÙiindividuals 
.' with littleserum cerUI0pla~n1inorininhîbitionstudies. 
The' ad\ri.sability ofusing EDTAi~the reactio~mixture i5 open to 
question. It:s . ~se has -been 5,u.ggested te prevent the non-enzymatlc 
oxidation ofP~pby copper (Broman~ 1958). However~ under certain 
conditions p ceru10plasmin is altered by treatment withEDTA 

...... : .. 

" .. ,'. 

(Kasper and Dë~tschj)' 1963).' Levine and Peisach (1963) have shown 
that Fe2

+ (ferrous) ions stimulate PPD oxidation at 10w concentration 

.• :.,.-. i: 

.. , . 
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., " . 
':~'/::"-: :»:';,"~'.:<;:>. ::'.;-;.'~': .. ','" <. , .- . ',,' ""<,,.' 

..•.....•.•....... · •••• ~~.~· .• ~~~e~ •..• ii~~.~t<~!~,~.~·;~~~:~i;.,~~.i~~~~;~~fi~y~1~,.~ëiiv1ty·~f.· 
ceruloplaSminincluding,.·t.b.i~cyanat.~.·~ .• :,,,clVJ:oridep~.r6mi4~,;,';'f1uor~del"'.' 

:··,··.:.· .. ·;;~·c··uitr;',rZ"',.~o'n~·~"'.1"~9U6:'OlP).:,h .••.. ,·a.",··.·:.~se·taa.··n~d~a·r~ed··.,-el.::tz,:ae·.dF ... e.·,· •••. t!,e:;s·.~tO,·,.·,.:.,·cimoibn:·"ed:::rl.;tg .•• i<aO;'nn·,.~.··!,:~';~~~·~X~'::i~si~;:.':~'.:,:'::" . ' 
# ...., '.' '. ,"" .. ' .' ,~:shouîd,,~;o.·~cl· effèc:'t.s 

... '~'1.·:··· 

ofthese,ions. 

Rapid Sereening T~stS: ',' ':' .' 
" .. ;.; ;;.; .:.~: .',:. ,,' ~ " r. 

. . Arapid screening' test l based, on the oxidase activi tr of' PPD, has·· , ... ;', " ..... ,' ... "; .. ,.' 
... ~; • • .' ., :, • f • 

been describ!;ld for·'d:i.stingûisPlng:·ce~l~~l~sllliri'îé~éi~ :beloN' , " ..... . .,., .. '. ". .' .. 
that of a givens1::and~r4(A:i.sen·etal.,·1960l. ',' Ân aut~mated' .. , . ' .. ·:···········,.:1··--.·;·,:··· ', .. ''', .: ...... ,. 

•• ,1, • 

screening technique is bE:dngéinplC~ye4 in the . 'OeneticAlert v program 
. 

" 

'. sponsored br the.Nati?~al'Fotinda~i()n.>fo;,Neu~om~scuia;Di~eases 
(Scheinberg l 1967, per$onal.commûnication). 



C. Physio1ogiea1 Function •. o:f!'"Cerulôplasmin, .. ·.· 

Oxidation: 
".:·,1 . ,·' .. ';i ... ·. '. ''','' • 

. Hydr~nône';~at~chOf.'P*QgaÙ01' .. <i~a; ... '~reilaÙn;and • R.scorbic 

.·.~cidwe;è s~à~~,,~t·.~.~~~~~A~f{~~~.e~l.·Çif~~~},to~~~.·.·~s'. $ub~tat.s 
for". cèrulO)l~"Smil!.lilttnght~ •. ~OSt~ffectivesu~strate,was ;.the . ... . 

~ .. ,--~.~ ;; .. 
"~~~l< .• ·o~icla.~"iÇ>n;.:r~aet'~dti~:·,ar.~.j~~oWI1'tQ·b·e/bi,phy~iti~()g'iCéll:·.I~poft:~ne~ .... " ~ '. ." " ,:J .' '<: ;", : "'. . ' "" ,",.':" 
. · ...•. Indee\i:il,..jinan<(i964 j·)Îl1siStl~g~~t~êfthat ·.denÙ~~l~mi;;m'l~ •• be ..•• " i ust ......... . 
. : an i;neffect~ye'9~id~~l'~ in::'tl1~\~~6n~: ':~l'ac.e',;lae;i·~~' :~'\Uit~b1e·· ...•.. l' . 

":. .. :.'.' "':,', ........ " 

'. .'. Copper. Trân~p()~t:' 
AbôiIt"haif'bf~lL~~ightatoms O.fc~pp~~. pere~;Ul.oPl~sniiIl~ôlecul~ . 

. . :,w;efe ... Sh?~:~o::~~eh~ngëJ~i~n~:~1d~,~";i~~b:,·t·S;6~~I~be,rg'::~n~·· MorelÎ " 
1957). . This ." find.illg,·led:t1l.e~eautho~s,t~stigge~tthatà reversibl~ 

'. '. .. . ..... '. ", ..... :. ' .... " ........ : •. > ',".;'.': .< ... '" ' ....... ,'. .:: .'.' .: ...... , .. ':""":" ,; ... ·:.i .rèl~ase,Q~eQpper"fl'Q,in~cêrtitôpla5iniri,'.migh~; regulàte :the . absorption' ; .... ,' ""' ... ", '." ."' . '", .': . ,.. . ",', .,,'", .' . 

ofeopp~r, from.the.irit~~tinal·traet.~ However» ia'terst~dies ',. '., 

indiea t.estha.tthere '\\Tas no exehange of eopperfrom ~eruloplasmin ~ 
~ (Sternlieb ~ al.» 1961a) •. , 

Another transport funetion for eeru10plasmin has been suggested by , 
. 

Broman (1964). He suggestedthat.,~pë~~gi?Ja5min transports eopper 
.. . 

into eytoehrom~' oxidase o' There ist'no supporting evidenç,~ for this 

hypothesisto date. and the normal funetioning of . i~d~'V~4ùall? lacking . 
" 

~eru1op1asmin and freed from toxie aeçU,jnulations 'of eopper suggests. 
that there!5 nô eon~~rrerit:·defie:i.ency·of eytoehroÏne oxidase. 

12 



Copper Excretion: 

The incorporatioIl_()f_çopper.into.·'cerul~piaSnÏln·hasbee,n;\s.~ggested<:: '." . . ... : . . ·:';._l.~ ....... ".' ,;,; :":. .. ," ' ; "" -:'.:' ;.' '. .: • ,. . : .: ," :' , : ,: _: .. , .' . . " '. . '" . :",:. ',' " 

as a prerequisitefor i ts ··excretion.via the :bil~. ·(Gaballah<~tal.·,·;>i:··:· '.:." ........ : ,":" . ,"' ...... "," .. ~ ... , "" .~.~ ... "." . . -. '. .. '. 

1965; Osborn and· Walsh, 1967). Evidence' indicatestha.t this'is<. 

not.~ true. Very litt1eceru1op1asminpefsei~ excretëd:in th~bi1e • ., . .,:..." ••.. ," •••• ' •••.. ·l. .:"' 

-. (Jeunet, ·Richterich~·~lld.Aebi, 01962). 

cerulop1àsmin.cou1d providethe ·copper excrèted.via· . .' '.' .. ". '.. " .. . . .... ~. . ".' . . . -"", . 

. tested by Aisen~!!.~ .(1964) br inject~ng. rabbit "' ... .&,u.a.I .... 1-'.&.,a..,jlll .... ~& 
. 1abelled wi~h 64Cuinto ~abb:i.ts~:Les~than~ivepe·;ce~t· ~f ... 1._ ... ,' .. :.: ...••... 

64c~was recovèred.;in ,bile~r.feces, .. indicating·. that. . th~>copper . of· . 
catabo1ized cerulop1a~I!d.~ .. i$.· notpreferential ~y .·or :direct1y excrèted' , . : •. "". ..,' '" ••.•. ;:\ *. ; ~\:.. ,". " . ," "" ........ " •. ' ' .• 

. Via the bile •. ' . FollowitÎg '·~l'.e..or~l adnÎinistra tion' of a d()se. of copper', 
to humans, tliereisa rapid :i,n~rèase':bl the bi1iarycopper:< 

excretion within ~hirty minut~~ ~"" ~e~s (Van :-:;[~.";\': ;.:;;.~:.< ... 1944). In 
. the is·oiatedperfus~dt~~t-:_livérjl.inwhich:themet·abolismof 64Cu ' 

appears' tobethe . saine as inthe intact rat~the peakbi1iary 
.. excretion of 64Cu o'ccurs' betweenone and twoh~urs a:ft·eradmi~istra·Ùon 

(Owen and Haze1rig, , 1966h"Since ceruloplasrilin hasa;'ha1flifeof 

about fi ve days and i ts copper cannot be exchanged in ~ untilthe 
protein is degrac:ted (Stern1ieb!!.!l., 1961a), the. bi1iary excretion·.· 
of copper cou1dnot show such a rapid response if dependent upori 

ceru1op1asmin degradation. 

13· 
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, " '. ~ ~ ':,: ;' ':.' ,,: .: .>'. ".~ 
;":":.:" 

, " 

,":,',.,' 

.... ,.J.'. 

<i,:,'},: ;;;{;.LaUrell:·i951a).·,.E~~~1~~iC~lAS;Y: .~~nl~~~i~~DI~nû':e~s·.ab~~t·"'·' ........: .....<. 

;;~rf(1, .•. tt',.~,:,\,;i~ll\~:::et~~::t::· ·::ri::::::;t;~:::t::Z:da::.z::::,nl::1;; ' .. " '.' .... : .... ". 
;'".,;' . . ";' 
";-:: :<"~'~\.' ::>.:; Markowitz ~.al., 1955). These ~igh levels contrasted markedly 

with the low levels found by these authors incord serum. Many 
later investigators have confirmed these findings. 

, Theadmin~stration of estrogens results in the elevation of 

ceruloplasmin levels (Russ and Raymunt, 1956). A similar effect 
was observed in sorne patients with Wilson's disease treatedwith 
estrogens (German and Bearn, 1961). Oral contraceptive preparations 
containing estrogenic hormones ca~se an increase in ceruloplasmin 
levels to about twice the normal levels (Carruthers, Hobb~and Warren, 
1966)0 

The above results s.ugg~stt~t an increased production of est~ogens: 
in pregnancy causes the increase in ceruloplasmin levels,. 

Sex and Age: 

Females have been'reported to have ~igher copper levels than males 
(Cart~w r.ight ~!!..., 1960; Neale and Fischer-Williams, ,1958). 
Ceruloplasmin levels werereported to be higher in 'females than 
males, however the sample consisted of only 30 individuals (Cartwright 
and Wintrobe,' 1964). 

".; 
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, . . . . . 
. -.. ,LeVe 1S .... 0f ....• serum.· ... copper ••. a~dceru1oPl.asmin'. alter .... apprecj.ablyd~ri?g;>-,:,,:,.:;~:,. '. .:.:" ' .. ", ,"; "c:~\ c":;~~:_;:~ 

':'~rphY,' 19S4;;"':~~j~ro~~:and':~~J~~~~·,· 196~; Ri~h~~;i~~D l:~6ï)~.' p~jer~~a:">, H' .....• ' .::. •.• ~ ,\~,;~ roJ~i;,k'ci§60îf~;,.itit:ëhi~,;,~i~l.;,p~~sj"l.;,i~iilJ .,~~".' ;l.S~I\'\X\,,'j~(.·.,?i,r '·;frqnl:l~~:newbornleve1S.to'n~rinal "levelsby on~\~.e~r of:.age~ •• ·•. ,:,::,,>: ,;' _"';1:: ~:·.'i ,.<,,\~., i~'~~i~ : highe~ than thoseof normal ~du1 ts '~~re . found at th~ age" of" . ,.,..:,:.:.~~~,/>: ,Ône:~yeàrbybothimmunological(Hitzig,1961) and'~niymatic' "." . . ... 
," 

'(Richterich, 1961) assay methods. Ceruloplasmin levels in older . . "' 

. children have not been investigated •. In stùdies ofwhole blood 
from children frorn one month to 1S years of ,age, the highest leveIs 
ofcopper~re found during the second year (Sachs, Levine and 
Fabian, 1936). 

:"ei-



o Eo Cefulopl~sinin;Levels.in:Disease:s't'~te~\.:: c' .,:,':/:.". "":',' !",;,':"<',, 

__ '~~-~l ~0~oc~~~~5~~ 
".::' ,:::,,'.! .;' A pronounèe~ deficiency. of' serum ,c~l'Uloplasmili' is . found in, W~1S9ri '(:,:'~;.;\'i:::(':,>.'<\;·<;,' >".;: '~" .:'::~'>~:\~' ;; .... '~,,;:; ':'.~<~ ~ . ' . j"" '. , ..... , .. ~.>.:.::~ ' .. ...;.,"... .. ".<>" ~'.:",': .' "',.:: ~. (.~ ;;'( .:;:. ':-.:;.<:y~~:.;.~:.:~:: .. , .:.'.:'. ;,,:\:" .. ": .. :;':.:.';:'.:' ,'-.,;;:,q;;,.,\,; ",.,. ' : ,dlséâse, (hepatole~tié:ul~~d.egenerati~~), to be discllssed, iIl;a.e'J~:i:~,;':'~)".;::~;':;},:,t-~::r:"a:}:::}i,-),~t\'. 
,.':, ........ " ';,"" in Section II., .rIùs' find~ng has provided."stimulation for maIly~f.', "'::i:?J~<\;.':,0·:,~:;:·/t\~iJ?Yi 

) 

. '(.::::'~ ,:: ',,"~.~~:'. the studies on ceruloplasmin. , ',: ;>,:,,',-::',:> 

Low levels of serum copper and ceruloplasmin are found in the , 
nephrotic syndrome because of 10ss of the ceruloplasmin in the urine 
(Markowitz et al., 19,5,5). ---" . 

Hypoceruloplasminemia is found in kwashiorkor, a form of malnutrition 
with inadequate protein intake g adequa~e calorie intake, and multiple 
vitamin deficiencies (Reiff and 5chneiden, 1959). Serum ceruloplasmin 
levels are also decreased in diseases such as celiac disease and 

sprue where absorption of copper from the intestinal tract is 
imgaired as shown by studies with 64Cu (Sternlieb and Janowitz, 1964). 

Serum cerulop1asmin levels are usually increased in patients with 
1iver disease. However occasiona1 patients with fatal hepatitis, 
chronic hepatitis, or cirrhosis of the liver with fatty degeneration 
have been reported with abnormally low ceruloplasmin 1evels (Wa1she 
and Briggs, 1962; Galt, Stein, and Aronoff, 1966). Studies of mouse 
liver culture (Hochwald, Thorbecke,and Asofsky, 1961) and isolated 
perfused rat liver (Owen and ~zelrig, 1966) indicate that cerulop1asmin 
is synthesized in the 1iver. When the 1iver is sufficiently damaged g .. 

its synthetic functions fai1 and ceru10p1asmin synthesis is decreased. 

, ': : '.~. 'j 'L .... ,. •• • 

: ""~':';::;.<:;~-<.\~\. 
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'. Uniikepa.~ients :w1th. W~lsoii tsdiseas~, .. tllese~~ti~Jlj:i 

.':C~l'ti10~1~~.~.~i,n .. :~.:.l:y~~.s:'.· •. ~.~SR~~â,fr •• ··.·f?':·;~.iY,~r.·.;J~;~~J'.~~ill~i##t~te. . 

",;.".'. ··."·;'copper iritô,ceriilc>pl~~in ·,:(W~ishéaI1d':,Biig·gi,···i9~2l.;"" ... . . ": .. ,- .' _ .. ", .;:~: : .•.. ; ..... ~ ... , " .: ... ,,. .. , .... :.,,.:: ',,: .. '}.'~ .":,", ;1: ........ ':" ..... : . .'.:~.,~ ... _ ":"1" ' ....... ,' ":''':'.''.',._,:.',:. ".' 
""'::.:.'.':'; .'.' 

";";.:'("',: '. .-", . ',::: .. :' "',. 
. ".:".;.'.',:'~'." "'" ': .... ~;.: "\';~";."',,:., .. ,"'~<'j:- ~-:':,,:,\:.1 '. :':::' ... : ... :,' ..... .':. :;',.:;-',':. 

,':', ; .• .:' .. , .. ,'...... ..~,,,\.,:;,:,~ ••. I, .•• ~ " , , •. ', ')' , '::'.'~'.'::.... • ,:;.:;--::,,:, / • .'."., ••. ~: ',;'j:., 

'Many patho~ogical condit~ori~' are ,associated ~\dth' àn increase" in ,the :"'';'; ',", , ,: . ,: .' .: ".' '.' .. ',;':, ,; .,;~: .... ~'(:::,,}:>., i,' .;:.:::: .'..,.:::,"','. '.',': ">'.\'.: ;:.;,::\.;:,.", . ' ,:,;:':~,"::~.:,"'; .::,;" ,;.,~ .. , ,' .. "',>.':".;" 
,'.;: ·:.:·s~rum'con~entrationof:ç~~lOplasnî~n~ .. · . '~':,'/" 'J':", ." .. ,:: "<; ',' '.,>,.,;',.,,' ..... 

, ;, ::;;,-.-.;:, , .... /:).~~;:. "';:,,":':'. ):<·\'<:~::\::.;:;\+.,r;::::y·,:',:::'··>:'< :'):', . ".....,' .:.. .' : .. 
";.,',; .. '~:<:'.': .... , '" .'~ ...... ~. ..:\:(:;.:: ... ; .. ' ...... :;:.;: .. ;,::. :~. :''(::,: ... ,: ..... \: ... ::~ ... ,.>: 

., "._,", "' . .'." :,"\. 
·:.<"<;::.,:~,;;:· .. :';>'i'h.e·~eruiopia.s~i# ât'id;copper'levels are increased in acute and "<",,. 

. ': .:~ .:_~ "', ... 

'" .'~.><:~ .:: ,,: 
; .. : .... .,. 

,chrônic infections of many kinds (Brendstrup, 1953; Markowitz ~ !!., 1955). Other diseases that are associated with increased 
ceru1op1asmin 1eve1s and correspond~ng1y increased 1eve1s of serum 
cOl?per are rheumatoiq arthritis, myocardia1 infarctio~~. hemochromatosis, 
1eukemias, and various forms of neop1asms (Lahey ~ !!.,', 1953; Koch, 
Smith,and McNee1y, 1~57; Sullivan ~nd Hart, 1960). 

Patients with chronic and acute 1iver disease frequent1y have 
high 1eve1s of serum coppel' and ceru1op1asmin (Pineda, Ravin, and 
Rutenberg, 1962; Wa1she and B~iggs, 1962; Gault, Stein,and Aronoff, 
1966). The 1eve1s are particu1ar1y increased in the presen~e of 
obstructive jaundice, probab1y because the bi1iary excretion of 
coppel' is prevented. An increased 1evel of coppel' w~s found in 
the 1iver of patients witn primary bi1iary cirrhosis (Hunt ~!!.., 
1963). 

Controversy has arisen r,egarding reports of an increase of ceru1op1asmin 
levels in schizophrenia, wh~ch was proposed as an aid to diagnosis. 
However, the increased DPPD oxidase activity fO\lnd in schizophrenics 
and other patientswith mental illness wasexplaihed only part1y by 

",'.' 



.. ';', à,nirlcrease 
.'~,':;" ... " 

. :: ..... '~':: ' . t : ~ 

":'.::,,\.:;"\ :1961l.':>'rheincreased oxidase activities can be explained br the ;:~;~ .. \.<: .. ~.: ,". -I;'~;''': ':./>,.:, 
.:<;, <):;" ":use of tests which are affected br reduc~ng substances, such as 
" . :';,: .. ~':: ':., 

ascorbic acid, in;\~ the serum and br the presence of infections 
or inf1ammatorr reactions in sorne patients (Horwitt ~ al., 1957). 

Other references on cerulop1asmin and cOHPer 1evels in disease 
can be found' in review articles br Stern1ieb and Scheinberg (1961) 
and Sass-Kortsak (1959). 

18 . 
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'hm PRESENT STUDIES 

Studies on the effects of pregnancy and hormone administration on the 
serum ceruloplasmin levels in healthy individuals have been reviewed 
previously. Anincrèase in'the ceruloplasmin level dudng the early 
months of life ~s been found, but factors influencing the levels in 
normal healthy individuals beyond infancy have not been investigated 
by others. 

Such information is required for assessing abnormal findings in families 
" 

19 

in which Wilson's disease has occurred. The present study was undertaken 
to determine the extent of daily variation of the ceruloplasmin level 
and possible effects of age, sex, body weight, the menstrual cycle, and 
familial, factors. Serum copper ievels have ~lso bekli measured for 
comparison w~th the c~ruloplasmin lèvels. Sorne of the results of these 
studies have recently been published (Cox, 1966). 

No existing assay method for ceruloplasmin was found completely ~atis
factory for our purposes. An enzymatic method was used becaqse ot 
simplicity and rapidity. Methods which measured the amount of oxidation 
product formed at the end of a specified incubation period were not 
considered suitable because.of the possible effect of the lag periode 
The effect could be significant when measuring very low levels of 

ceruloplasmin or in inhibition studies. J 
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!\ method iilWhich.the ~ of the oxidation reactionwasmeasured, 

. '. "':,.' 

" ..... 
The Quantitative Assay of Ce1'tilopl~smin: 
The rate of oxidation of paraphenylenediaminedihydrochioride·· (PPD~ ..... 

was measured in a Beckman DK-2 recording spec,:tropho~meterwith a:~'ime 
drive attachment and a. ~emperature-regulated cell holde~ ~hrough:. 
which water was circulated from a constant temperature wat~r bath~ 
The water bath was a cylindric~l pyrex container, four and one half " 

• • - t 

gallon .. capacity, controlled by a Bronwill constant tempera~ure circulator.· 
The reaction was carried out at 30.0 ± ·0. 050'C., as .measured in the cell 
holder. The actual reac~ion mixture was 0.10 C low~r.:;, 

AlI glassware was washed in di lute nitric ac~d and rinsed t~oroughly . '.' . . 
with deionized distilled wate:r,-.l De~0J1.ize4 distilled waterwas also 
used for the prepa:ratioJ1. of all solutions. P-phenylenecH&m.ine dihyd:oo
ch10ride (PPD) was recrystaJlized as fpllows (Schei~berg, Morell,and 
Hayes, 1962): 33 g. of PPD (Fis~er certif~ed), 90 ~l.conce~trated 
Hel, 60 ml. water, an4 2 g. stannous'chl~ride were heated •. After 
adding a further 150 ml. wate~, heating was continued until as mu ch 
of the PPD as possible dissolved. Activated charcoal, 3g., was 
added and the mixture'was filtered under p~~ssure through Whatman 
No. 50 paper withfu:rther small additions of ho~ wa'ter. To the f~ltrate, 

·1 Prepared by passing distilled water through cat~on exchangeresin. 

, ; ~'. ,:.f ", : ~. , 

''\ ,:": >".',:., 

.~. ~: 



.•.•...• Chilledin,,~.,.iCe-saltba~lt;Wereâdded.120/nÜ" •• ·éOn~eEt~a1:ed .•• HCl •..•. 
. ' .. ~ '~~::';i~i'~;~t~:'~~'à'i~s': p~~~~i~a~:~-t~;~,:/i!ri~~~~~"~~:::.~t~~dr6v~;~~g~~·,·i~.~.' .. ,: .. : ." 
.,' ;.," " • .' -: ":.: ~ < ~ .' , • '". ".~ ": " :": :', -," .' \'. '. '. '. ','; .,.' , .... / •• :, ' 

'the • fefrigera.t:br~; ''!'he- •. crys'tals,', pl1rewhite ,incOlo;~'~/9re 1 • , , " • ' • ' •• •• ; ", ' ". '. • .' •• ,".... ' " ' ; ,", ~.. 

.' ff1 teredoff,.on ,:~'liüchIJ.er,· tUIÏtlel·,:washec[~i th.~·feW'~l~·:aCX.: .'ci~i~~r/·.:,> 
. :,' ;,":". :;" 

, " ,",',., . 

. 'l!!:'va~~o'overNaOH,' and.,stored in' a t,ightfy capped vial~ AU of the, 
above precautions avoided contamination of the reacti()~Jlli~tur.e, . 

' . " ", -; ". ',,", .- .. '~' " ., . . ..•. ', • .. ," , : : ': .. -:. , ~~\. i· .~ withtl'aces.·'of.oir~n'~dcioPP~~·~hi~h ie'llas', tonon:"enzymatic oxi~ 
dation of PPD. 

Into a 1 cm. path-1ength cuvette was placed 2 ml. of acetate buffer . 
(1.0 M, pH S.2~.prewarnied to 300 C. and 1 ml. of a 0.4 per cent 
solution of recrystaÙized PPD in the same buff~r at room.temperature. 
The PPDsolution was freshly prepared for each batch of five to ten 
determinations... Th~cllvette was placed in a small container in the 
waterbatph for about two minutes whi1e the previous test was being 
completed. To thisreaction mixture was adqed 0.25 ml. of serum. 
The cuvette was covered with parafi1m and the contents were mixed. 
The cuvette was 1eft in the cell holder for two minutes for tempera- . 
ture equilibration. The change of optic density (AO.D. J was 
recorded at a wavelength of 530 mp, against a distilled water blank, 
for six to eight minutes. The slope of the recorded line was 
measured to give AO.D./minute •. 

A solution of purified human ceruloplas~inl was used to calibrate 
the method. The ceruloplasmin concentration in this solution was 

1 Prepared at the Connaught Medical Re"search Labo'ratories, Toronto, from outdated human plasma·collected byt4e.Canadian Red Cross Society from volunteer donors. Preparations were kindly donated ta. us through the courtesy of Dr. A. M. Fisher. 
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measured br a spectrophotometric method1 (Scheinberg!!.!!:l., 1958) 
using sodium cyanide as the ceruloplasmin decolorizer. Three or 
four different small measured aliquots of .thè ceruloplasmin solution 
were each added tosamplesof thesame serum,keeping,the total 

volume constant,.' and t:lle .'. ënzyme:act i vi tywa~ 'meâsttre,j:as ..... ' ...... " " .... ' .... . 

describèd.above •. ASt:raight lin~was obt~lined when, AO~D./minute 
'. was p1ottedaga~nst,the) concentration of :àdded':,cerUloplas~n~::,Th~:': ',,:. . " ',,', ", ",. ~"'. " ..... ~~.:.;.<' ...... > ....... ":-'.~':,:.": .. "":";" , ,r '.", . :.: .......... ,.:..... . ...•. \:.;. '''.'.::'~''. 

reciprocal·of the slope ofthisline' was usedto provide the factor 
to convert 60.D./minute to cer'uloplasminconcentrat1.on: in m~. per 

'. . . ' . . 

100 ml. (or mg .. per cent). Thi5c~libràtion was rèpèâted five 
1 

times using two different. preparat~ons 6f purified ceru1oi>1asmin 
and sera from two normal individuals~ and two pat~ents with Wilson's . 
disease and a pronouncèd ceruloplas~in deficiency (two calibrations 
were carried out on one of the 19tter sera). A ~tandard serum, 
stored frozen in suitab1e. aUquot~, was tested alohg witheach 
calibration curve and was measured in duplicate with each batch 
of determinations. Under the give~;conditions,using the mean of 
the five calibr~tions: 

Concentration. of ceruloplasmin, in mg./lOO ml. = AO.D./min. x 830 
The calibration factor varies between laboratories and must be 
determined for each laboratory. 

The method can aiso be carried out at 370 C , a more convenient 
temperature to maintain in sorne laboratories. We have found this 

1 Since a 1 cm. path~lengthcuvette was used, the concentration of ceruloplasmin in mg./lOO ml. was found by dividing optical densi ty a t 610 mJl. by the extinction coefficient (E 1Dto\ 0.68 .. 
IC~I 
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tempe rature easier to maintain in our labo~~torY.llnd 
i ts use. The· faste~rat~:.'bi;rea6·iior(at·'37ot·;:; wi'th<oth.~:~':· . 

", ',:,', 

condi tio~$ '" unehanged:'a~l:o~~theus'ê: :·()fOii5 .. ·nir.:'S~rUmi::'·· 
,,' _. " . ",' 

ofthis.,studt/carriê~{.otit.'~t.30gC,,:.a~é·p~ttinàn·t·: 
,,!'; " 

. . .... thecon~er~~bnfactor:.diffêrs~ . "At370 C f· . 

Concentra.tioJl· of ceru1op1a~min, in mg.(100ml = 

. . ... 
Total copper was determined in most sera, using 

and Green (1940) as adapted by Sass-Kàrtsaket al. (1959)." .. .- ......... , .. ~ ... , . 

The statistica1 methods used were described br Stee1and' Torrie" (1~60).;· ..... 

Test Subjects: . '., ...... ' 
" ..... : ...... '," , . '," :" .. 

Venous blood was obtai:red from309 unrelated normalCaucasian. "';" .... 
individuals ranging in age from two to 81 years. These individuals 
consisted of children atten~ing Toronto nursery, elementary,and 
secondary schools; university students; hospital and university 
personnel; and service club members. AlI were apparently healthy . 
and free from respiratory and other infection~. 

Blood samples were usually drawn after an overnight fast but in a 
few cases four or more hours after breakfast. ~lastic syringes, 
disposable needles, and acid-washed collection tubes were used. 
Serum was separated by centrifugation from the clotted blood. 

Individua1s were groupedby age and sex into chi1dren (males up 
to and including 14 years l fema1es up to and inc1uding 12 years), 
adolescents (males 15 to 19 years, fema1es 13 to 16 years), and adu1ts. 
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. .......... . . Age .. 1ilRit.s "eleC.~edfOradOl~Sc~ntllrollPSwe~ebÙ~d()n th~ .~ê~urrcîn~~ . 
'@>;. . ..•••.••. '.' .·.~~;Î'~r}~~~~;i"4@~~s;~~~~g;~~~~::b~g~~.01 ... ~~~.~~iy.tr~f' t~~:J~~lSj~~~1.9,645 ... 

·>i..:>'r ll]lî~i~~~~ài~~!à;;;";;·{.:~7i;;'> '. ·.i,. . .... ,.. ... " ... '. ' ....... '.;.' . 
"::,.:;.:.,.'~"" ..... :. Bl'oo'd; samplesw~r~.ob~ained:, as: outlined above J , frpmàv~l.lable·". ':':":,::,' "~'co ~ .. :,' 

' .. ;~\\;i;;>;:·~~2~ïi::l:~~j:~:n;::::::es~::u:;i;:ii~,;~~i:;~:~~:~:0;~\'.:v:~;:;i;i; , 
-." .l·'~::-: ,","0'. ._;" ," :..." . ;", ::..". .: .. :.' ...... '" :: ,:.':,"': .:~ ._:.".\"' .. ,: .... ~ ............ ~'':;<.:: '::'. ':':.).::1',;:" .:,'. ;'::'~ ;~·.:>i' .;- .. ";.:' ',,::':' includecl 12 parents,thre~' sibs,' fouiôf"f~pring,~~à'niti~;J~h~~tc;ilati"es"'" .. 

• :'" "oÔ', ',' \"', .,;' 
.,0'," 

of the, test subjects~ 

Blood samp1es, were collected from 19 parents and 26 offspring in 

'unrelat~d normal families. 

!win Studies: 

Blood samples l'lere obt~ined fromnine paizisof· dizyg;otic twillS 

(four pairslike-sexed,five pairs unlike-sexed) and nine pairs of 

monozygotic twins. Zygosity diagnoses 'were made by Dr. Nancy Simpson, ... 
of Queen' s University, Kingston, Ontario J based on physica1 characteristics j) 

. ". \ . . . and analyses of ni ne blood'groupsanddennlil patternsusing the 

niethod of Smith and Penrose (1955). Haptog1obinand serum 

choUnesterasesubtypes were also. determined for· someof -thetwin 

pairs. Dermatog1yphic analyses were notavailable"forthre~ pairs of 

monozygotic twins J but for aIl monozygoticpairs, the probability of 

monozygosity as determined from the availab1e data was gteater than 

0.985 •. These b100d samples, collected for another study, were drawn 

in plastic syringes and stored in acid-washed vials, but were not 

centrifuged in acid-washed test tubes. This did not have any 

detectable effect on the ceruloplasmin levels. Serum copper levels 

were not measured. 
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:,.' . ,,', -... 
' RESULTS .... · , .... ( .. :, ",::, 

:: t: .~:;: ":.-, .... ~. , .. , ' .... " ~.' . ,";'. " <;: '; . .~., . ." :', :,.: .;';'. . .... ~.; : '. ~: 
1 •• ',. ... '. • .•• :,,' ,'.. • ::-~"," .': l . ::,) .. ~. :<:-: :.'.,;; ,;'.: ',.' ,:;\.\;/<>.~, ~.:'.' :'.:.:~ :;',;:.' . . . <:\ :,': ·i:·.~: :",~."."~ .. ::: ':~::;;".~-~.<.;.~ <::.>.,".>."~ .. <~> ~: ~ ',"':':: ,:.' :.>~,,~.,:'.::::':.' .. :.:. ':~ ;/ :, ~~.<.'.» .. ~., .. : ..... ~";.':>:;~.':,:: .. >.; '::,:, ,'" \ .. >.\.~ ',: ..... . 

·A .. :.b~.·.f.: .• ~.er.:~ .. ~i.~.;'()~.:·a ... :·c.,~e.:. t01:~.;~:::~.,H, .:~;~.~:ù.):·t~~i~~,c~:~,:;:g .. ",r., ~:~ t, ~~.~~.~t.,~;,~;,~t ..... ;; .•.• ,'ib. ;)c(i,i';;""'''i 
, ',:,>'->J; oxida:tion' 't:haiidida:O~!i:W p~f~~~d?H .5·~ 2~ ",over a' .. range. of: su~s:t'r,~te' .'> :~ .. : ,',:' .. ...... ' 

' .• ·.~Q~~SO~~;u,~~d\:.°t,~~~'~!~~t'~~e~~~~~~\@~c.~j~teh~~f~tgti/~fÔà&····M .. ~> .....••.. <ct: 
",*ce~ate;in,th~:'firià:l're.abtion~:m~xtu.re~:,.exclu~;ive ofsèrum.·;, ... ·, • • '.' ( .' • ': '; •••• " ;. :~. ..' c ~ ... :,' • • • • , " r:. ".. '.. . . . " ".. ",. . . . . '. . ' ..' 

:":ém~i~ed,:~oll~~aA't thl'O~gh~l1t,the ~eaction period' when 1.0 M buffer 
.. ' .. w~s' ti~ed~, ' . 

.... . The .substrate concentration used in the assay allowed optimal 

.ox~dationo The velocity' of reaction is shown in Fig. 1. for 

several concentrations of substrate (PPD). The substrate concentration 
used was 6.8 x 10-3 M under the conditions of the experiment p or. 
7.4 x 10-3 M in the reactio~ mixture e~clusive of serum. 

A concentration of PPD of 2.0 x 10-2 M did not produce an increase 
in the rate of oxidation; this highly acidic PPD solution depleted 
the buffering capacity of the reaction mixture, causing a lowering 
of the pH • 

. The pH optimum under the conditions described lies between 5.0 and 
5.3 p as shown in Fig. 2. 

When the serum was diluted with physiological saline at intervals 
down to one in eight p a linear relation was obtained between the 
concentration of ceruloplasmin, as determined br the amount of sera 
used~ and the AO.Do/minute.. The. r.esults are shown in. Fig. 3. 
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Fig. 1. Rate of reaction plotted against substrate(PPD) 
concentration. Reaction was carried out in'acetatebuffer atpH 5.2 at acetateconcentrations of 0.5M and 1.0 M; 0.25 ml. human serum; 300 c. 
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.. Fig.·· 3. Rate of oxidase reac.tion in human serum plotted 

. 'against amount of serum used. Dilution of serum used for 
each point is indicated in parentheses. Acetate buffer, 1.0.M, pH 5.2; 300 c. 
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Lipemie se.r~ c~~i~. ;~(;}·.~~e~.prôvided:that .. thera,te .• of reactionwas:' ®''i'\' .'., .:.::ii~~~;·~ ~thi.s;··tia~·~;te~~~d:br~e~~~;~~{:1:he ; ie~eiof .ce~lopla~min in." 
<. ,····: .•. ·<.'·:~~~~btai~~d: ~~ci~·<th~··~~~·<I~di~i~~al :~~t~~:lUld one hour after a 

.:,'~:c. . ::~fattY~al: ~e·le~:lswere the. ~~;ê ,'~~V.~~lYoliP.miè~è~u$ ." . 

• .'? ..•.. ;:,;,~;iU::::t::',::::~:~~:~::::E:::,'~~~~tIc.~~,~~~;~!~.~:d:th.,r~~e' of 
. .. .. ;",".," .... - ,'. ,; .•• , ••.. ,"",: "- •. ;, ':'.: '" . -., :':~.,;' :;.;~.,./.,.: ... ~ •.. , ,Of:, .:, (" ":-;"', ,', ,., ... ::., •. " >::' . ". , ~'<:.'<~ .. :::" ,,~.' ...... ",~ -.... <..;:,.,:.: :.> .. ', -: '. . ," ."' . ::.",' .. ' -,,";, lO'," ;', ,i;; .. ::;-:-: "~ .... '~';., .. v. ' .. ~ •.•.• :., •• ~./: • . .. , .. ".:, ' ,'" ,.' .. , ' . ./ . . ::' ··:·::l~«:<· ., .. ", .;:: '.' .. ' :~ ':" t" ::~".: .. ".:.: : .:. 

">;.', ':'»;".:'~:;.'."" .. : ·:.A··.~~~ll.·.·ali~uCtt .·of·.a··· h.~#o~lbb~h:.·5o,~.~~~9n.·"w~·~;;.a·d4e:d.F~.:~~run;.,to,/'. 
','::' ···:.prodûce'~soluti6ncont~iI1îJlg'75 mg~ÎI0o' ml~.ha~~·glohin·~·This~ivid·· , . 

".' . . '. . ~ .. ~ " ," ,'."' ... 

. red mixture showed a threeper c~ht increas'e" iIl:(jxidàtionactiv.ity· 
over that of the serum alone. Results of theassaywe.l.'étll~refore; 
altered very little by a degree ofhemolysis more extreme thanwould 
be encounteréd in serum samples. 

The lag period cannot cause erroneous results in this m~;thod. Wi th . 
normal serail the lag period, during whichtime .AO.D. iszero, is 
briefand is completed weIl before the completion of the interval 
allowed for temperature equilibratioIl~' However, with sera having 
a low ceruloplasmin level ll as .in Wilson's disease ll and particularly 
in such patients on penicillamine treatmentD the lagperiod may last 
ten minutes or longero The rate of the reaction in such cases is not 
recorded until the end of the lag period. 

The method is highly reproducible. The mean difference between 
duplicate determinations on the same day was 0.09 mg./IOO ml. 

ceruloplasmin, based on 30 sets of duplicates. T~e difference is 
not significant from zero Ct = 101, dof. = 29 11 P>0.2). Because 
of the close agreement, duplicate determinations were made only wQen 
the first appeared unusual. In aIl such cases, duplicates were 
almost identical. 
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Differences betweenmeasurements on the same sample carried out on 
'. ...differ~ntd~yswer~;.also . nonsignific,ant. , An~lysis of variance of 

. measurenients ~ofsera from: tEmr~dolllly~~hosen,lndividualS, tested 
on,t~o succes~i v~ daysand, stol-ed.at4oc betweell,< ......... . 

30 

. ':::O:t~~1:s,Sho~e~'1:~âi~he":'e~fe~t:,o{'cî~;~:f,In~â~u~em~nt~ithi~ l~d~vicÎua~s"'" .' 
.. ·· .•. was not~Sign~fican~;(F =2.3;.d'.·f.·=10,2(); "p > 0.05) b~t;'· '. • , .. .. . : ,',.. ! ;. - '",., " • ~ ... 

•..•. '. 'va~;a1:iOnbetween"iridi v~duals " wB;shig~ly significa~t (F,; = 
'd.~:"~9~îb;·:P·:<~.:005)~; -/."...:. . :;' ., 

Effects of Freezing and Storage of Sera: 

Sera could be stored under refrigeration at approximately 40 C for 
at least a week with no apparent alteration of activity. In the 
present study, the sera were frozen immediately after preparation 
and were stored for later testing, usually within several weeks. 

Sera from eight individuals were tested on the day of collection 
(test 1), on the following day (test 2), and again after 15 to 

21 months of frozen storage at -15 to -20oC (test 3). Analyses 
of differences between paired resùlts showed no significance for 

tests 1 and 2(t = 1.52,' d~f. = 7, P > 0 •. 1), tests 1 and 3 (t= 0.8, 
d.f. = 5, P>0.4), or test!; 2 and 3 (t = 2.21 11 d.f. = 5, P>0.05). 
Two sera were omitted from test 3 because of heavy turbidity. 
Turbidity hasnot developed in samples stored for about a year or less. 

Daily Variation Within Individuals: 

From three individuals, a blood sample was drawn on each of six days 
one mon th or more apart. The sera were frozen as. obtained and aIl 

. , were measured in one batch to avoid possible vari~tions due to 
the method. The variation of the results for each individu al was 
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small (mean ± 5.0.: 27.5 ±·I.S, 36.1 ± 1.6,31.8 ± 1.1 mg./IOO ml.). 
Analysisof variance?howedn() significant effect of dayof sampling . . . .. . 

(F<.l;d.f.= 5 , :'10;. p, >()~2)btit .highlysignificant. vllriation.· 
" . . . '. . , '.. .. ''- : .. :. . . . "', .. :,. ..,:~ '., . ',. .' . . " . . ..', ::"b~:tw~~Il:itlc1iViciu~I5 (F=. 30~4r .d.,f~~:·2~'10; P<:'O~O'()Sr~': 

~ .' - \ 

~. ...,';-

. ··Effetts.· 'rifÂge~a" Sex: .. , 

Themea~sand liil~ar regressio~s of cel'1,lloplasmin level on age for 
, . . are'sho\ffiin Table I.None 'of the regressions . .. ': .... :; ... ,: .. 

. " .:' 

significant atthe one per cent level, although a suggestion of 
age effect (five per cent level'of significance) was found for both 
groups of males ,. The posi ti ve regression fol;' adul t males appears 
to be due to slighly lower levels amongthe younger male adults. 
Between the four groups, comp~risons ofme~s were made as follows: 

female adolescents vs adults: 

male adolescents vs adults: 

t = 1.35, d. f. = 93, P, 0.10 

t = 4.63, d.f. = 95, P< 0.001 
male adolescents vs female adolescents: t = 3.84, d.f. = 48, 

P < 0.001 
male adults vs female adults: t = 1.20, d.f. = 140, P>0.20 

. Adolescent .females and adult males and femaleswere therefore aIl 
c~m~ined, but adolescent males kept separate. Me~s and conf~den~e 
limits for the population are shown in Table 2. 

Adolescent male levels c~n·be adjusted to adult values as follows: ! 

mean of aIl adults Adjusted leveJ. = observed level x mean of adolescent males 
= ,a,bserved leveI x 1.17 

The values for adolescent males appear to cover a relatively narrow 
range. However, the variances are homogeneous (F = 1.97; d.f. = 67, 
28; P:> 0.025) • Based on our present sample, the gi ven conversion. 
therefore appears to be appropriate. 

31 



32 

TABLE 1 

CERULOPLASMIN LEVELS OF ADULTS AND ADOLESCENTS.BYSEX . 

,. 

Ceruloplasmin ... Regressiori 
Age (mg./100 ml.) coefficient Group (years) Sex No. me an ± S.D. b

O 

± sb ° t P 

Adolescents 15-19 M 29 25.8 ± 3.2 -0.98 ± 0.44 2.20 <D.05 
Adolescents 13-16 F 21 29.4 ± 3.3 -0.16 ± 0.71 0.23 >0.50 

Adu1ts >19 M 68 30.1 ± 4.5 0.09 "4= 0.04 ·2.24 <0 • .05 
Adu1ts >16 F 74 31.1 ± 5.7 0.07 ± 0.05 1.40 >0.1 
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TABLE 2 . . , ' 

- MEANSjAND cO~FIDENC~LIMITSFOR -CERULOPLASMIN -LEVELS_ 

Males 

Females 

",;",' 

TABLE-3-

REGRESSION OF CERULOPLASMIN LEVELON AGE IN CHILDREN 

-«MALÊ~ 2to 15 YEARS, FEMALES 2 to 12 YEARS) 

.. ,', 

Ceru1op1asmin Regression 
Mean age (mg ./100 ml.) coefficient 

No o (years) mean Sy.x b ± Sb 

63 9.1 34.2 6.34 -1.~4 ± 0.23 

54 7.7 36.3 5.48 -1.18 ± 0.24 

AlI children 117 8.4 35.2 5.91 -1.17± 0.16 

) -- . - -

P 

4.92 <0.001 -

4.82' <0.001 

7.16 <0.001 



Amongboth male,and female children, there is a significant 

r~'gr~S~i.on:ôfçeitlldpiasmin: iève:Ccmage, as shown in Table' 3 • 
. :.: ,,:;f~e:t~ô,:e$~Pl~s:have;iê9nilitbri,'v~ri.arige:,(F'=:1.3;:''d~ f. = '62, 53; 

.'. '.. .p> o. il.; l'h~. s~o;'~softhetwo ~egre~SiOns are the same ct = 0.10. 

',,' ' ..... ·.·.~:~}'~:{i3':'pIo.s).·.~FF~~~t ~oÇ~;:i.;,:+indicated thd .. ,a •. :.,ft.'.t:_erle,., .. : .... 
,'<: ,"-:',' , .. __ is ,no··differenc~.'iJl:·~iè~~~i~n .. :of~he· regr~ssions '(F < li 
.: "~ .:' ',' ~,~'.!-' u, ::'. ,"', :~i4i,,:~~::'ô.~~~;:~-:'-,Th~.'$~pi~~.c6~~d::th~.r~~fO~~_:~e'~~mbi~~d~ to'provldè · 

::;" ,"'.:'" ',:t~~;:~~i~î~~"ShoWiifO:r ail childrën·-iri'Tâb1~3. ''fhis'~e~ressiôJiis "'.' 
,/.:;:< "',. ·~lsê/~i~~J.fi6ànt ,at"the 0.1 per'c~nt' level.:'Tl1~indiVidual levels,.····· :' ",; '" .. ',:', '., ..... , ": .' -

J iJ), 

àndtheregression line are ~hown ill Fig. 4~ 

At the age of 12 years, children have approxilllatelythe same mean . .' ~ 

ceruloplasmin level as adults,although ,in males levels appear to 

shoW a further decrease. Childrent~ valuesc~ therefore be 

adjusted to age 12, that is to adult values, as follows:' 
Adjustedlevel = observed level - 1.17 x (12 - a.,ge in years) 

. -

, "The ~istogram in Fig. 5 shows the levels of aIl 309 individuals in i 
this study. Levels for children have been adjusted to l2years; 

levels,foradolescent males have been adjusted to adult values. 

The expected frequencies for a normal dist:dbution are shown. TJxère 

is sorne suggestion that the' observed distr.ij:mtiqn di:i:'fers from the 

'nornta.lcurve, using a chi-square test and combining the first two 

and last three observed intervals (~2 = 21.6, d.f. = 12, P< 0.02). 

The difference is due mainly to an excess of observed individuals 

in the highest ihterval.. The high values may be due to the response 

of ceruloplasmin to acute and chronic infection which could be 

present but u~diagn~sed, or to fsmilial factors. 
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Serum copper was.measured in most of the samples and the findings 
wereconsistentwiththose of ceruloplasm~nJevels.There:we~e 
no ~ignificant d~fferences between m~aJlcopp~r levels··of .54 mal~ .. and .... 

. .,' ,',;. ". :",", .. :'., .' .' 

. 'respectively;t:;:.l. 79,'d.f.' ~·,102 ;,·1?>0.05)an.d2I f'emaieadol'e~:~en1:s' .', .': 
, ,:.:., \. :,. " ... :: . ."': ... (103. 7, ". ±':16~O'pg~/1.()O 'm~. _)'~):<>nsequ~~î~iY:,~h:ë~e;w~re:colllbined'~ .;;The' 

. " , . .',' ,'>.. . ':'" ' .... , ".' .' -: . -: .. " ", ' ..... ':, '; '" .. .' .:,:'. ",". :. ;.< ........ :'". ; ...... , .. 

, 'c()I1f:i.dence,~iniits:', "97 ;t()·149).tg~/IOO.·~i~)~,c()pper levelsofmale" . ' 
. adoiësce~~~dif.ierëd"···· ·'·fr~m::t~ose()f.m~~e'·adults·'('t '~ ··2~49,d.f., = . , 

;' 74~.P<O.02)~~,lt4o*gh'tl1e c1ifference wasnotas JJlarke.d as' for 
'ceiulOplasJIlin level$.The mean ± 1 S.D.formale. adolescents was 
96.S± t7~3j.lg./lOO ml. (95 per cent confidencelimits: 61 to 
132 )1g.1l00ml ~}. There was no significant differencebetween male 
and female adolescents, 'however females were combined with adults to 
b~ consistent wi th the way in which ceruloplasmin level~ were treated. 
Both,male and female children showed a significaptregression of 

, copper level on age. Analysisof ~ovar~arice showed that the' 
regression~were the same. The'slqpe of the regression line from 
the combined data (62 males, 50 f~males) is -3.05 ±0.44pg./1~0 ml. 
and differs significantly from zero Ct = 6.99, d.f. = 110, P<O.OOl). 
The individual levels and the regression line are shown in Fig. 6. 
Children's co:pper levèls. are approximately the same as thoseof 
adults at the age of 12 years and can be adjusted for compar;son as 
follows: 

Adjusted level observed level - 3.05 x (12 ~ age in years) 
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Effect of the Menstrual Cycle: 

Pregnancy and est~ogen administration are known to alter copper 
metabolism and in particularto lead to an increase in the level of 
ceruloplasmin, as previously reviewed. The question of possible 
effects of hormonal influences during the menstrual cycle thexefore 
arpse. 

Noc;~rfshtent,ni't'ia.tiori:of' ~eruloplasmin, levelwas observed in two :.: ..... , .. 
'normal ~brill;in'testèd at 'weekiy' infervals overa period oflO, and 14 

. '. .. .... . ",. . .;. " .... ""~eéks~, res~ectiv~'i.;~ O-:~e~~n~~~ual cycle' of' 42 ~omen was di vided ••. ' ..••.. ' ~ .. , ..... ,: ••.• :' •• :~.~ ;.:': •• :-. :.',,' .• :~ ........... 1 •..•. ::!.. " <."' ... ~ .. ': intofoUr'periods':, daysl to :7, ~ ,to14, lSto, ~l,and 22 and over • . -' " ." " ., ',' 

.. , ,N~bersofwomerii~éachgrôpp· \'lere6~J3', ',,9, and' l4'respecti vely • 
• Analysis of var:ian~écomparin~"ariation a.nlongtime periods to that 
within timeperiods:showed n~ significant differences (F< 1; d.f. = 

.3" 38; P>"O.?).'" 
. . .' . , . 

, Effect ,of BOdy~efght ': 
Theeffect ,:~ib~d.y welght· wa's t~sted ,in 40, a.dtii t males. Resul ts 

.' .' . .. ." 
. , . . ". .' : 

were grouped into sevenweight categoriès often'.:.pound intervals. 
'Analysis of. variance,comparing, variation among weight intervals to 

, .' 
' ... ' - . thafwitJ?,indweight intervàl'sshowed no sign:ificant difference (F <: 1; 

d.f.= 6, 33;' P>0.2). 

Family Studies: 

Parents and sibs, or offspring, of seven individuals with low 
levels of ceruloplasmin were tested. Five of these individuals 
in the normal series had ceruloplasmin levels which were somewhat 
low but above the 99 per cent lower confidence limit. These 
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individuals are C. DL, C. Dr., and P.W. shown in Fig. 4; G.M., 

a 22-year old male with a ceruloplasmin level of 22.5 mg./lOO ml.; 
and D.W., a 15 - year old male with a ceruloplasmin level of 21.5 
mg .• /lOO ml. AH of these had ceruloplasmin levels above the 95 

per cent lower confidence limit except for C.Di., whose level was 
between the .95 and 99 per cent lowerconfidence limits. The 

cerulqplasmin leveis of ten parents and three sibs of these 

individuals are shown in Table 4. AlI levels are normal except 

for the father of D.W. whose level lies just above thelower 99 
per cent confidence limite In these famili~s, tijere does not appear' 
to be a singlegene exerting a pronounced effecton the ceruloplasmin 
level. 

G.N., an.ll-year old male, and N.R., a 46-year old female (see Fig. 
7) ha~ceruloplasmin levels.below the 99 per cent confidence limits. 
N.R. had a normal copper level (75 }1g./lOO m1.); that of G.N. was 
low (42 pg./lOO mL). Bothwereclinically normal, had no 

Kayser-Fleischer rings by slit lamp examination, and had normal 
urinary copper excretionand liver function tests, making a 

diagnosis of Wilson's disease virtually untenable. Their 

p,ed~grees are shown in Fig. 7. Ceruloplasmin levels in these two 
families were either normal or considerably below the established 
normal limits. AlI individuals were in good health. Inthese two 
families there appears to be a single gene exerting a pronounced 
effect on the ceruloplasmin level. Infive individuais with low 
ceruloplasmin levels in family N., the copper levels were corres
pondingly Iow. In family R., the serum copper leveI of N.R. was 
higher, on two occasions, than would be expected from the level of 
ceruloplasmin presen~. It was calculated that from 2l·iP 25 percent 
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Proband 

C.Dr. 

C.Di. 

G.M. 

D.W. 

P.W. 

TABLE 4 
CERULOPLASMIN LEVELS IN RELATIVES OF INDIVIDUALS 

WITHLOW CERULOPLASMIN LEVELS 

Ceruloplasmin levels (mg./lOO mIs.) .·1. Ittz=' 

Father Mother Sibb-

26.4 28.7 32.9 
35.2 31.2 46.7 
29.5 58.4 

17.8 31.5 

33.4 21.3 25.2 

a Refers to normal individual with 10w ceru1op1asmin through whom farnily was ascertained. 

b Adjusted for age effects in parentheses. 
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33.3 . 
'-(39.3) 

fAMILY R' 

lf"7· 1'3:7', 
("à.7).· ... , (f6~-6f 

N.R~· 

13.6 16.6 35.9 .15.2 
{6.6} (.6.1)(25.4) (1'4.0) 

Fig. 7. Pedigrees of famUies in whichabnormally low serum cèruloplasmin' levels occur, showingthose individuals .tested.' Figures are ceruloplasmin levels in mg./IOO ml. Age-adjusted values, when required, are shown in parentheses. Shaded symbols representindividuals with a low ceruloplasmin level. 
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of the copper was present in' the serum not bound to ceruloplasmin. 

Such values are infrequently found in normal individuals and may' 

be due to contamination of the serum sample with extraneous copper • 

. It. c<;mld, als6.beexpl~inèdbY the presence. of. a . normal amount of ',' " ' •••• 4. ',,', : • 
" ' ',' 

~e~ul(jPJasÎrii.~.:· 'wi th ,; an ·.::·~~no~aiiy', i~w .~xld~sè:'· ~c~1 vi ty :o~ . by a real. 
, 'i~'crea~e"'-i~' itil(~"amooo~"'~f:':~O~'~~~~'ï'~p~a~~~~ bo~nd: cop~er 5.Îl-;tlle •.. . ~ . ~. ,:, ~.. . .... ",. ' .. '. .' . .' 

~::~·<ii:j1~t.~:::~:~~~t~~e::ii~1'i;tifo:ij::i:~::; t::t:::' 
.. ' .• ·,·:of:(;·~N~JI'·~~:~,R. JI and:'t~·~j:\'lo:SOri~:Of.,'N~'R~:'~e';é. ~i 1 ;identical .. to that··· 
.. ' ," . ,()~.: .. ;~orm~l,·'~T'r~~,~pla.imi:~~~;·b~;· f~:~t:~c~l'; st~~'~·~~~l •. :~i·ecti()Ph·or~sisin.·: '. .' . 

-borate ':buffer of pH ,9.5. ' (D~tàii's of this ni~thod' ar~' pre~ented ' .. 

" '.·iri·'Seëii~rl,l1}.:"" Th~'.\li>take:~fc6ppel~~64into·ceruiopiasmin.as'· " . - ". ", ,..' 
' .. :. .' ' . 

.... measu~ëd'in:heter~z~g6t:~s" for . ~ii~~n~s d·ise~se (cl~;5cribèd .i'n . Se~tion 
'. A • , 

• '. '. ~ -!,' .. '.' , .' " .• 

' ...... IiJ:~as.·:u~iq\l~.The Jl~*ak~ :during,.the, first·· 24 'hour!; . of.the study" 

wa.snorIllà~JI~~Em 'p~céllll~·reduced,as_intypical .. h~tero~ygoü~s. for .. 

. -:'Wil~:O~'s,di~ èase ,<iuring the. remainde~ Of the 5 tudy ;.Hisrespollse 
'. ,'h" 

· Ts shown inFig~17 ~ 

· Lèss specificfamilial influences also appearto influence the 

.' ce~lopla~lIlinlevel.Ceruloptasmin levelswere measured in sera 

from45 parentsandoffspring 'oftennormal families. Variation . '.' . . . , . , 

between familieswas significantly greaterthim variation within . .. '.' 

· fainilies.{F=3.1; d.f.:=,9, 35;' P~O.OI). 

The serum ceruloplasmin levels of twins were evaluated to determine 

if the familial influences were due to heredi tary or non-hereditory 

factors. Analysis of variance and intraclass correlation (Steel and 
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Torrie, 1960), as app1ied to twin data by Kempthorne and Osborne 
(1961), were used for the analyses. 

The ceru1op1asmin 1evels of children and adolescents were adjusted 
. tt) equivalent adult;values as described previously~' The age 
di.stribùtionoftheMZ.~nd.DZtwinpairs'wassimilar; . seven pairs 
ofeachtype::werèbetween.:eight and<19)rears of age. Four pairs of 
uriÙked-se~ed DZtwins wereiri ·.thé adolesceirt: age' group, inwhich 

: .•.... the leveL of' oilly th~'male twinrequired age adjustment. 

The'~~lue~. d~termin~~,~~r mon~zygatiiO (Mz) ,aIL dizygctiiic (OZ), 
and'same~se~ëd"(SS)DZ twinpairs were as follows: 

.. 
B W P , 2 

<Tx rI MZ (9 pairs) 33.32 5.90 <0.01 19.61 0.70, 
OZ ,(9 pairs), 71.67 110.86 n.S. 91.27 -0.22 
OZ.;. 55 (4 pairs) ·.99.96. 31.28 n.s. .65.62 0.52 

The symbols used above are as fol~éws: . B=mean square betweenpairs; 
w= mean, .•.. square within 'pairs; P ?'. the probability that F differs 
from:~ero, whereF,as'determined from' the ànalysis of variance, 
= "'B,. o-i=va:dance for individua1sj rI = intrac1ass correlation. 

W.':. 
Kempthorne and Osborne (1961) pointed out that when a trait is - '.. .' . . influénced mainly by hereditary factors, th~ variance for individua1s 
((J'x 2) .should be' the saJÎle for, the two types of twins but the 
intrac1ass correlation should be ,.greater for MZ pairs tban for DZ pairs. 

In these data,the individual variation and that between pairs is 
1ess for MZ than for DZ pairs. This could suggest that the sampling 
has not"been random: ei~her the range of values covered by th~ MZ 
pairs is 1ess than in the normal pop~lation, the range of values 
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covered by the DZ pairs is greaterthan in the normal population, . 
or there is an unusually large spread of values.within the DZ 
pairs. An examination of individual ceruloplasmin levels shows 
an exceptionally large difference within three pairs of twins, 
aIl of themunlike-sexed. The agesof these twin pairs were 14, 
16, and 51 years. In .aH cases, the female of the' pair had a much 
higher ceruloplasmin level than did the male. Correction was 
made for the sex difference which exists during the adolescent 
years, as determined in this study~ The females were not known 
to be pregnant, taking hormone trea.tment', or having severe 
infection. The reason for thi~ discrepancy is, therefore, unknown. 
The same-sexed DZ twins wer~ analyzed separately and also show a 
larger individual variation, but the number studied is too sma!l 
to draw valid conclusions. 

The analysis of variance for MZ twins 'indicated a significant 
component of variance due .to differences between twins when 
compared to that within twins CF = 5.64; d.f. = 8,9; P~O.OI). 

45 

The intraclass correlation is greater for the MZ twins than for 
eithergroup of DZ twins, suggesting that hereditary r~ther than 
enviroiunental factors'.' predominate in influencing the serma ceruloplasmin 
level. 

DISCUSSION 
The method for the quantitative assay of ceruloplasmin presented 
here was high precision and reproducibility. The buffer system and 
substrate concentration used permit maximum enzyme activity. 
Measurement of the rate of enzyme acti-'\City provides one major 
advantage over colorimetrie methods in which a single measurement ismade 



after an incubation period: effects of the lag period Ifl.'~ avoided 
by measuring the rate of reaction. The other type of colorimetrie 

method may provide e~roneous,~esults unqer circumstances in which 
the lag period is long, for example when the ceruloplasmin level is 
very low. 

Mode~ate hemolysis and lipemia have little effect upon themethod, 
. 

. 

described.. Serashould not be used, however, if turbidity has 
developed aftel' prolonge4.sto~age since protein denaturation may 
have occured. 

The ceruloplasmin leve! of individuals'remained relatively constant 

over a period c;lf tim~ but differenc~s in levels.between individuals 
were marked. The me~ cerulo~lasmin level in 163 adul ts CfemaJes 
over 12 years,males over 19 jre,~,ts)'was 30.4 ±,5.0 mg./lpO ml. with 
95 percent confidence limits of 20.7 to 40.2 mg./lOO ml. This 

result was similar to the value qf32.3 ± 4.9 mg./lOO ml. obtained 
from 100 blood donor~ of unsp~cif~ed ag~s usi,ng another enzymatic 
method (Ravin, 1961) 0 Themean C;,opper level of 125 adul ts in the. 
present series was 108.1 ± 20.6.;a,g .. /100 ml. This is close tq the 
values found in two other series of normal adu1ts: 114 ± 14)1g./IOO ml. 
in 205 adults (Cartwright et~., 1960) and ,104 ± 14)lg./IOO ml.' in 
106 adul t,s (Neale arl.d Fischer-WilÜams, 1958). Copper and ceruloplasmin 
levels in the present series agreedwell with each other, with copper 
in ceruloplasmin account\ng for about 96 per cent of the serum'·çopper, 
as expected. 

Body weight in males and the menstrual cycle in females did ~ot 
significantly affect the ceruloplasmin level. No significant effect 
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of sex was found for ceruloplasmin or copper levels in children 

or adults. Ceruloplasmin levels were reported by Cartwright and 

Wirltr'obe (1964) to be higher in females than males al though the 

sample size of 30 was much smaller than in the present series. 

The mean serum copperlevèlwas slightly higher in females than 
. . '. . 

in males butthe'difference was not significant in the present . . .' . 

• ·stuclY"A,Sig~ific~ri,tdiffere~çehas" been 'rciported by Cartwright 
et~1.' (19~Ol'ancl,Neaïe' ând Fischer-Williams (l958). Male -.- ",::. ',' ", ···'0····.',··.···· ." . 

ad~le·sèents ha.d Signific~ntly,.lower ceruloplasmill levels than 
.', ',... 

those ,of.fema.lèadoleScents", .but' th~, difference was, not sîgnificant 
. '. . . ~ . 

for copper level s., 

,A sigriificant a.lteratlon Qf ceruloplasminwith age was found. Normal . ',' . . " , '. ".. . 

ievels iTl.young ,chi14r~n. were ~onsiderably higher than those in 

adults,,'andtherewas a constal1tdeclillewith age, reaching adult 
levels by t~e a~eof,12,years. :The rate ofdeclinewasthe same, 
for b'oth mà'le and, female, children., ' Males, however, appeared to have 
a further declineirÏ ceruiopl~~min levels, su ch that leve.ls in 
adolescentmaleswere lower than in adolescent females and in adults. • . '.' ..' . "f . 

Serumcopperlevels of,the same samples sl).owed similar age variations o 

Previous studies" as reviewed fromthe literature, 'have qemonstrated 
low levels ofceruloplasmin in newborns, increasing levels during the 
first year oflife, and levels equal to or higher than adult levels
by the age of one year. When these data are combined with those of 
~,present investigation, the overall picture of the ceruloplasmin 
level in serum is as follows: low levels in the newborn are 

followed by a graduaI rise during the early months of Jife, probably 
indicating the maturation of an enzyme system; adult levels are 
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reached in the latterhalf of the first year and the levels 
continue to rise to a peakat two or three years of .age; a 
graduaI decline fOllows, with adult levels reached by about 12 
years of age. 

These findings are of practicalimportance, particularly in 
studiesof relatives of patients with Wilson's disease. The age 
of a child must be considered in assessing the ceruloplasmin or 
copper levels. The use of adult values for children leads to the 
underdiagnosis of hypocerulop1asminemia or hypocupremia. The. 
correction factors are particularly useful when comparisons of 
individuals of different ages within families are desired, for 
example in families in which Wilson's disease has occurred. The 
corrections may not apply to patients with Wilson's disease who 
usually have a pronounced deficiency of ceruloplasmin, except possib1y 
in advanced stages of the disease. There is no evidence that the 
already defective mechanism for ceruloplasmin production .in such 
patients is influenced by the factors that are altered by age in 
normal individuals. 

Ceru10plasmin and copper levels of adolescent males (defined as 15 
to 19 years of age) are lower than those of adults. The observed 
values can be converted to those of adults by the factor given 
previous1y, although this assumes hornogeneity of variance between 
the adolescènt male and adult groups. This assumption is apparently 
valide As an alternative to conversion, the appropriate confidence 
limits found for the individuals in this group can be used. Males 
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13 and 14 years of age could have been included in the adolescent 

group as the group boundaries are arbitrary. 

If other laboratory methods for the determination of ceruloplas~in , 
, 

or copper levels are used, th~ given correction factors shouJd 

still be applicable ev en though~the normal mean and confidence 
limits may differ. 

Studies in normal families indicated that serum ceruloplasmin levels 
are influenced by familial factors. In two familiesascertained 
through a study of normal individuals, low ceruloplasmin levels 
showed'a regular pattern of inheritance. The pedigre~s were 

consistentwith the affected individuals being heterozygotes for 
a gene which produces a low en~ymatic activity of ceruloplasmino 

There was one exception to this pattern in family N. This may 
indicate that a single dominant g~ne is involved which lacks complete 
penetrance. On the other hand, the gene for Wilson's disease may 
be present in these families and may be responsible, as will be 

presented in Section II, for the low ceruloplasmin levels. The 
results of 64Cu studies carried out on one individual in family N 
were unusual and it was not possible to draw definite conclusions 
regarding the presence or absence of the gene for Wilson's disease. 
The two families may have decreased ceruloplasmin leveIs for different 
reasons, with the Wilson's disease gene implicated in one family, 
but not the other. The studies of heterozygotes of the Wilson's 

disease genepresented in Section II of this thesis indicate that 
about 6.1 per cent of heterozytoes have ceruloplasmin levels 
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below the 99 per cent confidence limits of the normal population. 
This figure is 10.0 per cent among heterozygotes of western 
European origin. The normal series presented here is almost entirely 
of western European origin, reflecting the population origin of the 
city area from which the sample was selected. If the frequency 
of heterozygotes is as high as one in 265, (Section II) then in a 
population of western European origin the expected frequency of 
heterozygotes for the Wilson's disease gene having a low level of 
ceruloplasmin would be about one in 3,000. Inclusion of two such 
individuals in a sample of 309 would be rather unlikely, however 
we may have, by chance, done so. With the data at present available 
it is pos~ible to conclude only that low ceruloplasmin levels 
appear to be inherited in occasional families and their relation to 
the gene for Wilson's disease is not known. 

The results of the twin studies indicated that ceruloplasmin levels 
are influenced by genetic factors. This interpretation must be 
accepted with reservation because of the unexplained increased 
individual variation for DZ compared with MZ twins. A similar 
conclusion was reached by considering only DZ twins of the same 
sex, which may be a more valid comparison, however, the number of 
such twin pairs was small. 
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SECTION II 

STUDIES ON, WILSON'S DIS~ASE 



) 

PAR"I: 2 

A Screeni,ng 'Test ,for . the .Detection of 

Low Levels of 8eruloplasmin 

Since a study of the ceruloplasmin leveis of relatives of patients 
with Wilson's diseàse would involve ~ great many. tests, a rapid. 
screening method appeared to offera feasible .substitute for the 
usual assay. 

A spot screening test» based on the oxidase activity of PPD, was 
reported to distinguish ceruloplasmin leveis belowthat of a given 
standard (Aisen ~!!.., 1960). In our experience, the paper test 
strips were found inconvenient to prepare and not suitable for storage, 
and test results werefrequently difficult to interpret. A cornmercial1y 
available kit, prepared for the detection of patients with Wilson's 
disease» util.izes paper dis cs and an unspecified color-producing 
reaction. The standard serum in this kit is suitable for use with 
sera from aduIts,.but our findings of a change of ceruloplasmin 1evei 
with age made this standard unsuitable for the testing of children. 
The kit would detect the severely deficient ceruloplasmin levels of 
children with Wilson's disease» but would not discriminate children 
wi th less-pronounced decreases below the normal Uwel for their age. 

The screening test devised can handle large riumbers of sera at one 
time» is low in cost» and can be adapted to test sera from children 
of any age. 
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MATERIALS AND'METHODS 
A standard serum (or plasma) contain~ng a known arnount of cerùloplasmin 
was prepared by mixi,ng, in sui table proportions, serum from a normal 
adult and serum deficient in ceruloplasmin. The latter was 
obtained eitherfrom the urnbilicalcord of anewborn or from a . . . . 
patient with Wilson' s disease. The ceruloplasmin leveIs, of the 

. "." ..' -". sera usedfor the standard and for the finalstandard~ixture were: . .' . . . - . . . 

determinedbythe 'as~at~ethodde~Criqed inPartL • A suitabIe· 
standard sert;1ffifor adtllts conta.ins 20~7,mg~/IOOm1~c~ru1oplasmin. 
This·· i~the:Iower,95 ··perée~~:.confidence'limit'foundiIl·the normal 
popu1a~io~salllpletested in Part 1.; 'Suitablestandard,sera for 
chi1d~enare as. follol'('s: .. 

. . ". . .. 
, 

ages "2 to .3 years- 30mg'/lOO ,ml • . ages 4 to6y~ars, -: 27ing ~/100 ml. ages 7,to, 9years ~ .. 30ing./100 mL··' ages 10 realS &up. ,~adultstanda.rd' 
A heparinized capillarytube(hematoc:i-it tube, 1.3-1.5 mm. diameter). 
was fil1ed.with b100d fi'om afinger puncture~Oneend of the tube 
was p1uggedwithplasticiJ1e and the plasma was separate<:lby . ., . centrifugation or gravityo The cell-containing portion of the tube· " ", ,"':, .. :' .. ". ',. was brokenoff alld discarded. rntoeachwe11~f a microtiter iU' 
plate (Can1ab • No •. 21828/4) lvasp1aceda tJlick fil'tiei"papèr'; . . " . : 

, . . . disc for· antibiotic assay, .. CFisher No. 9-897), (or 1. 3 cm. diameter 
disc cut from. Whatman No •. 3 MM. filterpaper) •. The microtiter plate 
was marked off into squares ofnine wells each. The centrewe11 of 
each group was used for the standard~ The centre of each disc was 
touched with a capi11ary tube of standard, or plasma to be tested, 
a110wing the absorption of about one inch of the capillary tube 
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contents into the disco The amount of plasma is not critical as 
it determines, within limitsg only ~he size of spot produced. On· 
each disc was dropped two drops of a 0.3 pel' cent solution of PPD 
dihydrochloride Œisher certifie~)'in acetate buffer (PH 5.2, 1.0 M), 

, prepared immediatelybefore test~ng. The plate was cover~d with 
, plastic film (saran wrap) and was placed, in a shallow water bath 

(rectangular pyr~x dish) at 35 to 400 C for ten m+nutes, or until 
the standard discs were pale bIue.: The pl~te wa~ theJl uncovered 
and read ,against a white bac,kgroundo A te~t disc as pale or pal el' 
than the standar4indicated a positi'ye test result, thatis a low 
level of ceruldp1~~min~,A disc darker than thé standard indicated 
a normallevel teruloplasmin. The ap~earance oi the discs is ,shown 
in Fig. 8'. 

It is convenient .to te$t 48 samples at one tiine. The microtiter 
, . plate contains 80·wells, however we used si~ groups of nine wélls 

each at onè timeoTheu$eof one control ~n eac~ group of nine 
compensatës fo~ differences in rèactiort times. 

IRecrystaIIization is not required when the ~PD crystais are:white 
and their solution is clear. If either are co1oredg PPD can be 
crysta1lized as described'previous1y in Part 1. 
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Fig. 8. . Appearanee of test dises, used in ser~ening test', after 
deve1opment.From 1eft to right, eeru1op1asmin 1eve.1s of sera· 
(by qualitative assay) are: 29.4 mg./l00 ml.·(negative); 18.9 
mg. /100 ml. (standard); 7.2 mg. /100 ml. (positive). 
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The screeni,ng test was eva1uated on 50 sera" hav~ng a broad rB:nge 
of ceru10plasmin 1evels. These sera were obtained from normal 
individuals and from patients With Wilson's disease and their 
relatives. The standard serum in this ,avaluation contained 18.9 
mgo/lOO ml. ceruloplasmin. Two inv~st,igators examined the test 
discs independently, without knowle,dge af the source of the sera, 
and recorded their conclusions. Theamount of cerulop1asmin was 
measured in these sera by the assay method described previously 
in Part l and the results of the two tests were compared. 

RESULTS 

The results of the evaluation of the screening test a.re shown in 
Table 5. A test result was classified as uncertain when the two 
investigators disagreed or when one or both investigations con-
side~ed a result open to question. In practice, su ch resu1ts should 
be considered posi.tive and invest,igated further. 

The screening test was found effective in detecting ceruloplasmin 
1evels below that of the standard; in aIl ten cases the pertinent 
sera were c1assified as positive in the screening test. Sera with 
ceruloplasmin levels up to 2 mg./IOO ml. above the standard 
registered as false positives, as did occasionally those with levels 
up to 5 mg./IO~~lo above the standard. The screening test there-
fore sometimes falsely registered sera with normal ceruloplasmin 
levels but did not fail to detect sera with Iow ceruioplasmin levels. 
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TABLE 5 

RESULTS OF SCREENING TEST COMPARED TO QUANTITATIVE 

ASSAY OF CERULOPLASMIN 

Ceru10plasmin 
concentrationa 
(mg./100 ml.) 

Results of Screening 

40.0 - 50.0 

30.0 - 40.0 

25.0 - 30.0 

23.0 - 24.9 

21.0 - 22.9 

19.0 - 20.9 

Standard (18.9) 

17.0 - 18.9 

15.0 - 16.9 

1ess than 15.0 

Number 
tested 

6 

19 

9 

2 

2 

2 

1 

3 

6 

Negative Positive Uncertain 

6 

19 

9 

1 1 

2 

1 1 

1 

3 

6 

aMeasured by quantitative determination of oxidase activity 
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The test results were apparently not altered aft~ blood samples 

had s1:J~nt two days in transit 0 This was confirmed by m~asuri,ng 
the ceruloplasmin levei in fresh serum and serum Ieft unseparated 

from the red blood cells for two days at room temperature. 

Freezing was avoided dur~ng transit. The tubes were weIl: seaied 

and were placed in a cor~ugated cardboard holder. This holder 

was then placed in a small mail~ng container. 

DISCUSSIQN 
This screening test is rapidand requires r~latively simple materials. 
The test is reliable for detecting ceruloplasmin levels equal to or 
below a given standard. There were no false negative" rest.tlts in 50 
tests. False positives are likely to occur when the ceruloplasmin 
level is up to 2 mgo/lOO ml. above the standard, however ourprevious 
studies have shown that a very small percentage of the levelsof 
the normal population lie in this range. 

This screening test has been tested for l~rge-scale use on 336 
patients in a psychiatrie hospital to detect possible patients 

with Wilsonvs disease (Cox, 1967). In this study, one false 

positive result was encountered, amo,ng 336 samples tested. The 

test was found convenient and rapid for the screening of large 

numbers of samples. 

The screening test is useful for the detection of individua1s 

wi th Wi lson Vs disease. An abnormally lot'l level of ceruloplasmin 
is characteristic of the majority of patients with Wilsonvs disease. 
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In one series of III 'patients, 96.4 pcr cent of patients had 

ceruloplasmin levels beloN 20 ~g./IOO ml. (Sternlieb and 

Scheinberg, 1963)0 Probably about one in 20 pati:entswould, 

therefore, not be detected by the screeni,ng test 0 This test 

could be suitably applied to the follow~ng individuals who could 
be considered suspects for hav~ng Wilson's disease: individuals 

with liver disease, extrapyramidal disfunction or psychiatric 

disorders, and children with unexplainable behaviour problems o 

Su ch screening could facilitate early diagnosis and consequently 

more. successful treatment for patients with Wilsonvs disease. 

Mlile this method has been particularly convenient for large

scale testing, it can also be used for testing small numbers 

of samples. The standard sera can be stored frozen in small 

aliquots to be usedand refrozen repeatedly unless turbidity 

develops. The test is suitable for use in hospital laboratories 
where a minimum amount of equipment is desired for screening of 
the ceruloplasmin level. The more extensive testing, which must 
be carried out on individuals showing a positive test result, 

could then be referred to centres equipped for such investigation. 

This test was developed particularly for studies of relatives of 
patients with Wilson's disease. By using the appropriate standard 
sera, ceruloplasmin levels beloN the normal population limits'can 
be detected in children or adults. Relatives with a low level of 

ceruloplasmin must then be investigated further to de termine if they 
are heterozygotes or asymptomatic homoz,ygotes for the Wilson' s 
disease genet The simplicity of the test allows its use on field 
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trips where the~may be no laboratoryfaçilities available. Because 
the test is not affectedby transit of s~ples in the mail, individuals 
can conveniently .l;le tested who ~ight otherwise be inaccessible. These 
features allow thé ~onvenient study of l~rge kindreds in which Wilson's 
disease has occurred. 
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SECTION II 

STUDIES O~ WILSON'S. DISEASE 



) 

REVIEW OP THE LI,TERATURE ' 

A. Clinica1 Features of .. Wilson's"Disease " 

Kinnier Wilson (1912), in his classica1 m0l'l:0graph, first rec.ognized 
the combinat ion of neuro1pgical disease and cirrhoslis of the 1iver 
as a disease entity which he called pr,ogressive 1enticular 

degeneratüm. He described in detai! the clinica1 and pathol.ogical 
features of four of his own patients, and six from the literature. 
Diagnosis of the disease has frequent1y been difficu1t because 

many patients show features deviating from Wilson's classica1 form 
of the' disease. 

Patients generally fall into two broad categories. In one, the 

symptoms involve primari1y the nervous system; in the other, primari1y 
the liver. 

Neurol.ogical Symptoms 1 

The neurologica1 symptoms arise mainly from diso,rganization of the 
1enticular region of the brain. Tremor like that seen in Parkinson's 
disease, rigidity, dysarthria,and dysphagia appear. Spastic rigidity 
usually predominates in the neurological picture in younger patients, 
whereas progressively worseni,ng tremor is common when the disease 
appears 1ater in life. 'Denny .. Brown (1964) has suggested that the 
two types of symptoms have two different cau~es, with trémor âris+ng 

1 

from the toxic effect of copper, and rigidity or dystonia from the 
effect of a second hepatic factor. Liver damage may bè apparent in 
these forms from abnormalities in liver functiort tests or may be 

~, diagnosed only,at biopsy~ 
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Hepatic Symptoms: 

With continued refinement of biochemical tests for Wi1son's disease~ 
the hepatic form of the disease is recognized as more common than 
was previously believed. The ear1y hepatic symptoms resemble those 
of acute or chronic hepatitis. Post-necrotic cirrhosis follows. 
This type is sometimes referred to as the "abdominal form" of Wilson's 
disease. 

Age of Onset: 

The age of onset is generally between adolescence and the twenties. 
The age of onset in three large series of patients ranged from nine 
to 31 years~ mean of 18.1 years~ for 33 patients (Cartwright ~ al.~ 
1960); nine to 36 years~ mean of 23.2 years, for 32 patients (Bearn, 
1960); and four to 15 years for 19 Japanese patients, 12 of whom were 
1ess than nine years of age (Arima and Kurumada, 1962a). The latter 
series suggests an ear1ier onset in the Japaneseo In·genera1, the 
hepatic form of the disease predominates in younger patients and 
is rapid1y progressive; the neuro1ogica1 form predominates in older 
patients and the disease may worsen slow1y, if ·untreated, over a 
period of years. 

Cornea1 Pigmentation: 

The on1y important c1inica1 feature not described in Kinnier Wilson's 
tho~haccount of 1912 was the Kayser-F1eischer ring. These 
corneal rings had been previous1y described independent1y by Kayser 

62 

and F1eischer~ and were recognized by Fleischer (1912) as characteristic of 



. Wilson'stype of pseudosclerosis. ,The ri,ngs are caused by the 
,deposititm .o~ golden o~ greenish copper-containi,ng p,igments in the 
outer edge of the cornea. A review of studiesof the,. ri,ng and an 
excellent colour pho~ograph have been pub1is~ed by 'Sternlieb 
(1966). The ri,ngs, which are sometimes visible only by slit .. lamp 
examination,are a1most always present in symptomatic Wilson's 
disease and are absolute diagnostic criteria. However, they may 
be 1acking in young patients with the hepatic form of the disease 
and their absence does not exclude the diagnosis. 

Other Clinica1 Features: 

The kidney is aiso frequentIy invo1ved in Wilson's disease, 
resuiting in generalized aminoaciduria and other signs of abnorma1 
renai tubular function. These are usua1Iy not c1inically obvious, 
a1though the y have been known to cause bone 1esions. 

Psychiatricdisturbances h~ve been reported in many cases of Wi1son's 
disease. In one series of 33 cases ,"~ ·15 per cent had p~ychiatric 
disturbances as their first deviation from good hea1th and in another 
25 per cent, such disturbances deve10ped withother c1inicai symptoms 
(Sternlieb and Scheinberg, 1964). Beard (l9S9), in a': review of cases 
of Wi1son's disease with psychiatric disturbances,has pointed out that 
the psychiatrie abnormalities present have often been mistaken for 
specifie psychiatric entities, for example ~chizophrenia. 

Bone 1esions and hemo1ytic crises infrequently accompany the disease. 

Reviews of c1inical features of Wi1son's disease, inc1uding numerous 
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references have been prepared by: Bearn (1957), Boudin and PeIll,n (1959), Sass-Kortsak (19~5), and Scheinberg and Sternlieb (1965). 
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B. Biochemica1 Abnorma1ities·in·Nilson'sDisease·· 
In his 1912 monograph, Wilson conc1uded that the disease was acquired 
and was cau5ed by a toxin, not microbial but possibly chemical in 
nature. Now, over 50 years later, evidence indicates that the 
disea5e i5 in fact produced by the toxic action of copper. However, 
the toxicity is not acquired, but results from an inborn error of 
metabo1ism. 

Copper i5 an e1ement essential to life and is present in abundance 
in the human diet. Copper deficiency is unknown in man. The normal 
metabo1ism of copper al10ws retention of the trace amounts required 
by the body and elimination of excess amounts which wou1d otherwise 
prove toxic. 

Numerous references to studies on normal metabolism of copper and 
on the biochemical aspects of Nilson's disease can be found in 
reviews by Cumings (1959); Peisach, Aisen, and B1umberg (1966); 
Sass-Kortsak (1965); Scheinberg and Stern1ieb (1965); and Walshe 
(1967). The main biochemica1 features are out1ined be1ow. 

Tissue Copper: 

Metabo1ic intoxication in Wi1son t s disease had been suggested in the 
German 1iterature soon after the description of the disease. In 
1945, G1azebrook investigated a patient with Nilson's disease·and 
found, at autopsy, a high copper content in 1iver and brain (G1azebrook, 
1945). More detai1ed studies fo1lowed, and have established the 
presence of abnormal1y high copper concentrations in the liver, 
brain, kidney, and cornea. 
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Tissue copper levels in. patients have beeIi listed by Cum~ngs (1959). Copperconcentration apparently increases as the disease p~ogresses. In one study, liver copper levels varied from 4 to 40 times the normal mean levels, and brain copper levels varied from 7 to 17 times the normal mean.level (Butt ~~.~ 19~8). It i5 of 
l 

interest that these authors found the silver content of liver and brain to be increased by 12 and 4 times, re$pectively. T4e increase in si1ver content has been mentioned in ear1ier German literature and has apparent1y never been adequate1y exp1ained. 
An increased copper content of the liver may be u~efu1 as à diagnostic feature in asymptomatic Wi1son's disease (Sternlieb and Scheinberg p 1963)p although the5e authors would now accept 250 pg./g.' dry 1iver rather than 100 pg./g. dry 1iver as the upper 1imit for normal copper content. 

Elevated tissue ~opper levels·presented by Butt ~~. (1958) in "juvenile cirrhosis" !;ire misleading because several of the patients were infants, in which copper levels are normally high p and at least "some", if not al! of the other patients were later reported to have Wilson' s disease (Butt and Nusbal.lln. 1962). 

Urine Copper: 

Mandelbrote et al. (1948) observed an increased amount of ur.inary --
copper in a patient with the disease. Porter (1949) soon confirmed this in two more patients. Many other investigators have similarly found inaœeased levels. 

Patients with symptomatic Wilson's disease usual1y excrete more than 100 ug. copper per 24 hours in the urinecompared with less than 50 ug. 
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per 24 hours in normal individuals. The level of urinary copper can 
vary considerably. Levels ate~ot usually increased before clinical 
symptoms appear. 

Bearn and Kunkel (1954a) found high urinary copper leveB in cirrhosis 
due to biliary obstruction. Urinary copper 1evels may also be increased 
in nephrosis (Cartwright, Gubler, and hW:1.ntrobe, 1954) due to loss of 
ceruloplasmin in the urine. Both these conditions are clinically dis-
tinguishable from Wilson's disease. 

Biliary Copper: 

The copper content in bile has been reported normal in four patients 
with Wilson's disease (Denny-Brown and Porter 1951; Cartwright ~ al., 
1954). The significance of this is discussed in the section on the 
dynamic aspects of copp~r metabolism. 

Serum Copper: 

Total serum copper levels were found to bebe~ normal levels in most 
patients with Wilson's disease (Bearn and Kunkel, 1952; Cartwright ~~., 
1954), an observation since confirmed in manypatients. In normal humans, 
about 95 per cent of the serum copper is firmly bound in the form of 
ceruloplasmin (Holmberg and Laurell, 1947; 1948). The finding of low 
serum copper values in patients prompted an examination of ceruloplasmin 
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levels, as discussed below. In patients with Wilson's disease, the direct-
reacting copper fraction, which is not bound to ceruloplasmin, is 
increased (Cartwright et al., 1954). 

A low total serum copper level is not a reliable feature of Wilson's 
disease. A moderately low ceruloplasmin level combined with an 
increased direct-reacting copper fraction can produce a normal serum 
ccpper level in a patient. 



Ceruloplasmin: 

Redueed levels of serum oxidase aetivity, as weIl as total serum 
eopper, were found in patients with Nilson's disease by Bearn 
and Kunkel (1952). Serum oxidase activity had previously been 
shown to be almost entirely due to ceruloplasmirl (Holmbergand 
Laurell, 1947; 1948). Seheinb~rg and Gitlin (1952) found a 
deficieney of eeruloplasmin in patients by spectrophoteme~~ic 
and immunologie methods. The majority of patients have a pronouneed 
deficiency of ceruloplasmin, for example, in one series of 111 
patients, 81.1 per cent had levels of less than one half of the 
lower normal limi t of about 20 mg,! 100 ml. (Sternlieb and Seheinberg, 
1963) • A decreased e,~ruloplasmin level provides one of the most 
reliable diagnostic tests for the disease. 

The ceruloplasmin 1evels of patients do extend over a range from 
complete deficiency tonormal levels CMarkowitz ~ al., 1955; 
Stern1ieb and Scheinberg, 1963). In these two series, four 
(2.9 per cent) of a total of 139 patients have levels above their 
normal lower limits. More than a dozen patients with normal 
eeruloplasmin have been reported in the literature (reviewed by 
Ku~tzep 1962; Scheinberg and Sternlieb, 1963). The presence of 
a normal ceruloplasmin level does, therefore,not exclude the 
diagnosis of Wilsonvs disease. The levels, even when normal, tend 
to be in ~he lower region of normal. No values have beenreported 
above the normal mean of about 30 to 32 mg./IOO ml. 
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Other Copper Proteins: 

Many proteins can forro complexes with coppe'!'. A true copper 

protein, however, has copper as an int,egral part of its molecule 
and in a definite proportion. Sorne of these copper-proteins have 
enzymatic functions. Copper and other metallo~proteins are 

discussed in reviews by Vallee (1955) and Malmstrom and Neilands 
(1964) • 

There is no evidenc~ that patients with Wilson's disease have 

abnormalities of any other copper 'proteins. Tyrosinase must 

not be markedly decreased l as in albinism ll because patients have 

normal pigmentatio~. Chromatographically defined copper proteins 
of the Brain are the sarne in normal individuals and in pati~nts 

although ll in the latt~r, copper is also complexed to a variety 
of proteins which are not normaily associated with copper (Porter 1 

1963; 1964). Excess copper in the liver of patients is bound to 
a protein in the mitochondrial fraction, which shows sorne properties 
similar to the mitocho.ndrocuprein of neonatal liver (Porter 1 1963). 

1 

The mean level of c~pper in erythrocytes ll most of which is bound in 
erythrocuprein (Markowitz !:.!. al. Il 1959) Il was found to be similar in 
patients with Wils~nvs disease and in normal, controls (Cartwr~ght 
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C. Copper Metabolism:·in Wilsôn~s··;.DiGeâse .. 
The use of radioactive isotopesof·copper bas helped elucidate the 
metabolic pathway of copper ~ . not only in Wilson' s disease, but in 
the normal individual. Copper-64 C64Cu), with a half~life of only 
12.8 hours» has been used almost exclusively in metabolic studies 
to date because of its commercial avilability.. The longer-lived J 

. . copper-67 (67Cu), with a half-life of 58.5 hours, is not available 
commercially. 

Copper Absorption: 

Orally ingested 64Cu appears rapidly in the blood, indicating 
rapid absorption from the intestinal tract. Comparisons of the 

64 . response curve, following an oral dose of Cu, have sh9wn an 64 ' 
64 increased peak of Cu and decreased rate of disappearance of, Cu 

from plasma or serum in patients with Wilsonvs diseasewhen compared 
with control subjects caarl, Mou 1 ton , and Silverstone, 1954; Bearn 
and Kunkel, 1955; Bush ~~., 1955; Jensen and Kamin, 1957). The 
higher peak of radioactivity has been interpreted to be a result of 
increased intestinal absorption in the patient with Wilson's disease. 
However, an equally valid explanation would be delayed clearance 
of 64Cu from the plasma. In fact p when 64Cu is a4ministered 
intravenously» patients show a delayed fall in the 64Cu level from 
their plasma in comparison with normal controls C~arl, Moulton,and 
Silverstone, 1954; Bearn and Kunkel, 1955; Bush, ~!!.. p 1955) 0 

Delayed clearance of 64Cu from the serum, perhaps because of failure 
of an excretory pathway, is thus a feasible explanation for the 
results. 
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Copper Incorporation into Ce~loplasmin: 
In ,the, normal individual, the fall in the' level of plasma 64Cu 
after its oral or intravenous administration is followed by a 
secondary rise. Bearn and Kunkel (1954b) demonstrated that 64CU 
was immediately bound to albumin after its entry into plasma and 64 that the secondary rise in plasma: Cu was due to its incorporation 
into ceru1op1asmin. These authors found that patients with Wilsonvs 
disease didnot show this incorporation of 64Cu into the ceru1op1asmin 
fraction. The failure of patients with WilsonVs disease to 
incorpora~e 64C~ into, ceruloplasmin is now well documented (Bush ~ !!. .. ~ 
1961; Sternlieb~'Morell, and Scheinberg, 1961a) and has also been 

, 
, 

70 

observed in a patient wi~h a normal level of ceruloplasmin (Sass-Kortsak 
~ !!.o, 1959). 

Ceruloplasmin - bpund copper, al tho,ugh exchanged in ~ (Schei:~lberg 
and Morell p 1957) ~ is not exch~nged in ~ (Stern1ieb .. =.!.!l. ~ 196Ia}. 
Ceruloplasmin~ therefore~ cannot function in the transport of copper. 
Copper is apparently transported to other body tissues from the small 
albumin-bound fraction, which contains only about five to ten per cent 
of the total serum copper. A small third fraction in equilibrium with 
albumin-bound copper is bound to amine acids and may be important 
in the transport of copper through membra~s (Neumann and Sass-Kortsak, 
1963; 1967). 

Copper Uptake into the Liver: 
As the albumin-bound fraction of 64Cu disappears from the bl~od, 
64Cu appears in tl1e liver, an observation first made by Bush ~ al. , 
(19~51. The uptake of 64Cu into the liver, the main organ in which 



conc~ntration takes place, was found to be slower irl patients with 
Wilson v s disease than in control subj ects (Sass .... Kortsak ~ al., 1962). 
A study of eight p~tients indicated that their livers took upa 
smaller fraction of the adminis~red dose than did the normal liver 

" 
i 

(Osborn and WalsheJ) 1961; OsT;lornj) Roberts,and Wa1she, 1963). In the 
normal individual, the 64Cu activity in the liver reaches a peak four 
to ten hours after a4ministration then gradual1y declines, while -
in the patient the activity rises more slow1y and continues to ~ise 
apparently because there is no dis charge of th~ 64Cu from the liver 
(Osborn and Walshe, 1961; S~ss-Kortsak ~!l:.. J) 1962; OsbornJ) Roberts, 
and Walshe, 1963). Thjs reduced ability of the liver ta take up 
radioactive copper appears ~o be a cbnsequence of the disease process. 
Aspin and Sass~Kortsak (1966), using a tracer dose of 64Cu, found 
that a patient with c1inically mild ciisease had a rapid uptake M 

." 
of Cu into the liver during the first ten hours afterintravenous 
d . . t . f 64C •• 1 t h t k . P ff t d 

a m1n1S rat10n 0" uJ) S1m1 ar 0 t e up a e 1n una ec e 
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individuals o The patient showed a further slow accumulation of activity 
in the 1iver instead of the expected Qecrease. The initial uptake 
appeared to be more rapid than in the unaffected individuals" but 
could rather indicate a decreased excretion from th~ liver since the 

64 " , 
response curve is the net affect of Cu input and excretion. After 
a re-examination of their data, Osborn and Walshe (1967) found that 
the impa~rment of copper concentration in the liver is seldom found 
in asymptomatic patients but is pronounced in severely affected 
patients. After several years of treatment with penicillamine, the 
liver regains some of its copper-concentrating function (Osborn and 
Walsh, 1967~". The improvement could be due to removal of the heavy 
copper deposits from the liver or to repair of previoùsly damaged liver. 



64 The former explanation is more likely since the uptake of Cu 
into the liver was normal in five out of six patients with liver 
damage not due to Wi1son's disease (Osborn» Roberts,and Walsh, 1963). 

Bi1iary Excretion of Copper: 

Copper has been shawn to be excreted mainly via'the bile in dogs 
(Mahoney et al o , 1955) and:_ humaris (Bush et al. li 1955). In humans --

.', --
given oral or intravenous copper, the amount of coppe:r in'the bile 
increases rapidly li and, shol>J's a cOl'lSidera]~le inGrease after 30 
minutes, (van Rave~te)'l1l1 1944) • Further evidence that biliary copper 
excretion, r~sponds quickly to increased coppet intake i5 provided 
by studies in mice» in which the 64Cu cont~nt of feces incre~s~s 
wi th the admin:i.Ster~d dose (Gi tlin, Hughes, an,d Janeway, 1960) and 
in rat liver, in w~ich recovery of 64Cu in bile increases with the 
administered dose (Owen and Hazelrig~ 1966). With thehigh 
concentrations of Gopper in the liver of patients with Wilsonvs disease, 
an increased concentration of coppel' would be expected in the bile. 
Scheuer and Barka (1964) have shown that rats whose livers have been 
loaded with copper prior to the administration of 64Cu have an 

64 increased excretion of Cu in the bile. The ratio between bile and 
liver activity was similar in copper-loaded and control rats o The 64 uptake of , Cu into the liver was increased in the copper-loaded 
rats. This is simi:Lar to the finding in early Wilson'$ disease 
(Aspin artd Sass-Kortsak, 1966). This evidence sJ,.I.ggests that, the low 
net uptake of 64Cu found in symptom~tic pati~nts is a result of 
saturation of the normal copper binding sit~s in the livÏ'!r. 
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Several studies have indicated a dec~eased fecal excretion of 
64Cu in patients withWilson's disease"CMatthews, 1954; Bush 
~.!!.., 1955; Bearn and Kunkel, 1955; Aspin and Sass,-·Kortsak, 
1966). Since most of this copper originates from the bile 
(Mahoney ~!!.., 1955), these data combined with thQ~ out
lined above provides strong evidence that biliary excretion of 
copper is impaired in Wilson's disease. 

qTfnary Excretion of Copper: 

The urinary excretionot 64Cu is higher in patients than in 
controls (Earl, Mou1ton,and Silverstone, 1954; Bearn and Kunkel, 
1955), ev en in e~rly stages of the disease (Aspin and Sass-Kortsak, 
1966)~ However ~he total of urinary and fecal copper excretion 
is nevertheless considerably reduced. 

Uptake of Cbpper into Erythrocytes: 
The initial uptake of 64Cu into erythrocytes was found to be, greater 
in one patient than in his normal brother and the secondary rise lower 
in the patient (Neumann and Silverherg, 1967). They suggested 
that the higher initial rise was due to the longer' ,ha1f-Hfe of 
circulating alhumin-bound 64Cu • This is probably a conseque~ce 
of its slower removal from the circulation via the liver. The 
sma1l reduction in secondary rise may be a chance deviation. 

64 Studies on other patients have shown a riormal uptake of Cu into 
the erythrocytes (Bush ~ al., 1955; Jensen and Kamin, 1957). 
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74 Summary Qi Biochemical and Metabolic Abnormalities: 
The main biochemical and metabolic abnormalities in untreated 
patients with Wilson's disease are as folloNS: 

1. increased copper content in liver and brain 
2. increased urinary excretion of copper 
3. decreased t,tal serum copper 

4. decreased serum ceruloplasmin 
5. decreased rate of incorporation of 64Cu into ceruloplasmin 
6. reduced uptake of 64eu into liver (in advanced disease) 
7. probably reduced biliary excretion of copper 



Do Genetic Aspects of: Wilson~s!Disease:: 
Racial Dist~ibution: 

Patients with'Wilson's disease have been reported from ~any cqPntries, 
and in individua1s of European, Chinese, Japanese, Indian, Eskimo, 
Indonesian,and ~egrostock (references in Cumi.ngs, 1959; Scheinberg 
and Sternlieb, 1965). The ~ccurrence of th~ gene for Wi1son's 
disease in African negroes is uncertain since in reported cases of 
American negroes, one had white anc~stors (Herz and Drew, 1950) artd 
pedigre~s of three other were not given (Bearn, 1960; Ho1tzman et!!., 

~ 1967). In the series of 32'patients compi1ed by Bearn (1960), 14 
were Jews from Eastern Europe, eight from the Mediterranean, and 
ten from vàrious other origins. This particular diS5tribution i~ of 
course inf1uenced by the racial distribution of the inhabitants oÏ 
New York City from where this samp1e wasdrawn. 

Clinical Type of Disease: 

Jewish patients fromE~stern Europe appear to have predominant1y 
neurologica1 symptoms with a lat~r,age of onset and more slow1y 
progressive character than is the tendency in other patients (Bearn, 
1960). The hepatic form of the disease, with early onset and rapid· 
deterioration is more prevalent amo,ng Oriental patients (Arl,ma and 
~utumada, 1962a; Tu, 1963). These clinical differences may be 
influenced by genetic factors. However 1 the copper-l'ich dièt of 
oriental peop1es may weIl be a contributing factor to the earlier 
onset of the disease (Tu, 1963). 
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Although it has recently been s?ggested that the hepatic form 
of the disease is a separat~geneticentity· (Levi, Sh.erlock, and , 

' 

Scheuer;, 1967) 1 present evidence does notf,avor thisinter-
. ' 

" . pretation. Inmany reported, cases, the combination, of' ,symptoms 
makes classification of the disease ihtoeitfier'àhepaticor neuro
logical form impossible. Abrief periodbf'hepatiédÏ.seasemay" ',' 
be followed many years la~~r by tYPica1'neuro~,ogicalSymPtoms :,Mlile" 
the dise~se i5 frequently~imilal'withiri asibship1in other sibships . .... . - -, -the clirdcal manifestations are different (Be~rn/1960;, W~lshei1962). 

Mode of Inheritance: 

Hall (1921) was the first to s,~ggest 'that Wilson' s disease 1s ' 
\ inherited. He suggested recessive inheritance was' apossibility but 

favored a two-gene hypothesis in whiclithe disêaseoccurred in the 
presence of a gene spread genera1ly in the populatlon"p1us a ',. t··. . 

, 
, recessive genewithinthe fâfuily. Evidence" presentèd,by Kehrer 

(1930) l ,St'adler, (1939), and André and van ~o~aert . (1950) suggested. 
. -'. ." . . , . recessive inheritance,. Matthews; Milne, and Bell. (1952)analyzed 

family data, main1yfromthe t~ee previously stated authors;'and . . , 
, conc1ufled that the disease resulted from arecessive hereditary 

factor, in spite of a significant increase in the mimber of 
affected sibs over that expectedo Correction had been made for 
the exclusion of carrier parent pairs who haveonly normal children, 
however, bias towards selection for families with more than one 
affected sib was, probable. 
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Early studies were hampered br lack of knowle,dge of biochemical 
abnormalities of the disease. Usuallr sibs under ~ given ,age 
were excluded because it was impossible to de termine if they had 
the disease. Bearn (1953, 1960), from an ana1ysis of his own 
data rather than reports from the 1,iterature, confirmed that th~ . . .' 

, ratio of affected sibs of probands was thflt expected for recess1ve 
inheritance. However,~hose unaffected sibs under the ,age of 

'1' 30 years or'those who died before 30 years were exc1uded because 
biochemica1 tests were not carried out on aIl sibs. 

Ana1ysis of pedigreps of 2l·Polish families (Wald, 1962), 18 
Japanese. families (Arima and Kurumada" 1962b), and nine Chinese 

, ' . families, (Tu, 1963)support recessive inheritance. 

The recent suggestion that the hepatic form of Wilson's disease 
is not inherited as a simple recessive trait (Levi; Sher1ock,and 
Scheuer~ 1967) is based on the erroneous use of data fromonlyfive 
families in which no correction hasbeen made for heterozygous'parent 
pairs who have~ by chance, had noaffected children. 

The consanguinity rate is, increased among the parents, as 'expected 
for ararerecessive, gene. Bearn (1960) found a first cousin 
consanguinity rate of 36.7 pér centamong'30 families in his series. 
The rlltewas particu1arly high amongEastern European Jews. A 
first cousin consanguinity rate of 40.3 per Fent was found among 
parents of patients in Japan, compared with a rate of four to six 
per cent in the general population (Arima and Kurumada" 1962b). 
On the other hand, Walshe(1967) .bas found a first cousin consanguinity 
rate of only 9.~"per cent among ~3 f~milies in Eng1and, where the 
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consanguinity rate of a ,"general hospital population" has been 
estimated at 0.61 per cent (Bell, 1940). Dahlbe,rg has demonstrated 
that the consanguinity rate amo,ng parents heteroz.rgous for a 
recessi ve gene decreases as the freC[aency of the, gene increases, 
(Sternp 1960, p. 376)p ~ggest~ng that th~ gene frequency is 
rather high among the population of ~ngland. 

Gene F;reqllency: 

,/ Bearn' (1953) estimated a gene frequencf of from one in one thousand to 
one in two thous~nd, with a corrésponding disease incidence 
of, fr 0 m, one in four million to one in ,one million" This 
estimate was derived from Dahlbe,:r;g" sformula Cse~ Stern .. 11960) .. 
assuming panmixia, and usingthe approximation q: = a (1 - x) p , , ,16 where q =gene frequency, a = frequency of cousin marriages in the 
general population, and x = observed incidence of cousin marriages 
in the manetic material to be analyzed.. F,igures of from 0.5 to 
1.0 per cent were used as the cons~nguinity rate in the populationp 

'both of which are probably too high. Many more cases were present 
in Bearn's seriesfrom New York than t'fould be expected,from the 
estimates 0,' Scheinberg (1967) has suggested a prevalence of' about 
one in one hundred thousand'for'Wils0t:l's disease in the United States. 
The difference between prevalence and incidence of diseases has 
been discussed CMyrianthop~ulos, 1961). Since the prevalence of 
Wilson's disease is expectedly lower than the incidence at birth 
because early death can occur p Bearn's estimates appear to be 
inadequate. Bearn has concluded that his data were derived from 
a non-homogeneous population of genetic isolates with a higher gene 
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frequency and higher cons~guinity rate than in the general 

population. Acttia11y, a higher cons~nguinity rate alone cou1d 

account for the observed findings. 

The gene frequency has been reported to be ten times ~igher in 

Japan than the estimate derived from Bearn's study. Using 

DahlbergVs formula, Arima and Kurumada (1962b) have estimated a 

gene frequency of one in 135 to 90» with a corresponding disease 
incidence of one in 73 thousand to 33 thousand. These figures 
were calcu1ated on the basis of an incidence of consanguinity in 

the general population of Japan of four and six per cent, 

respectively. There are insufficient data to estimate the gene 

frequency among the Chinese. However g no consanguinity was 

found in nine fami1ies with Wilsonvs disease. This may be due only 
to the lower rate of consanguinity among the Chinese compared with 
tl1'at of the Japah.O-ese (Tu, 1963) and not to a different gene 

frequency. 

The genefrequency in England can be estimated by DahlbergVg formula 
to be one in 274, with a disease incidence of one in 75 thousand. 
These figures are basedon a consanguinity rate of 0.6 per cent in 
the general population CBell g 1940) and 9.3 per cent in parents of 
patients with Wi1son vs disease ~alshe,l967). The gene frequency 
in the English populàtion is vety similar to the lowest estimate for 
Japan. Probably the gene frequency i9 similar in Caucas:Ïf~n and 

Oriental races. Bearn's very different estimates may reflect the 
'particular genetic constitution of the New York City population 

from which he has ascertainècf<>his patients, as described previously. 
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His material is in fact quite unique. in hav~ng a ~igh proportion of 
Eastern European Jews with a late, predominantly neurological onset. 
There is little genetic information on the patients described by 
Walshe (1967). The source populatiçn may be more homogeneous than 
that of New York City. 

Detection of Heterozyg<?tes: 
, .. 

Heterozygotes can be helpful in the identification of the basic 
defect of a recessively inherited condition. 

Individuals heterozygous for the Wilson v s disease. gene" that is 

parents of patients" occasionally have a ceruloplasmin level below 

the normal range (Cartwr.ight.:.!.!l." 1960; Sass-Kortsak .:!.ê.!..., 1961; 
and Sternlieb" .:!.ê.!..." 1961b). In fact, sorne heterozygotes have 
ceruloplasmin levels as lowas those typically found in patients, yet· 
do not have any clinical signs of the disease. Sternlieb" MoreIl, 
and Scheinberg (1961) have estimated, from reports in the literature" 
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that about 20 per cent of heterozygotes have decreased cerulop1asmiil 
1evels. In the 1argest single series presented (Stern1ieb .:! ~., 1961b)" 
two of 19 parents of patients had ceruloplasmin levels below thosè 
usuaUy found in normal individuals: 19,2 and 9,·5 mg./IOO ml. respective1y, 

A more frequently found defect in heterozygotes is a decreased .rate 
of uptake of 64Cu into ceru10plasmin after an oral dose of 64Cu 

(Sass-Kortsak ~ al., 1961; Sternlieb ~ aL" 1961b). The response 
curves frequency lie between those of individuals homozygous for the 
normal alleles and those homozygous for the recessive a11eles. Almost 

aU heterozygotes may show reduced inoorporation when suitable 



techniques are used, inc1ud~ng the intravenous rather than oral 
administration of 64eu (Taux'~'~., 1966; Sass-Kortsak, 1966). 

Heterozygotes do not have clinica1 symptoms of Wi1son's disease 
or hypercupuria. They can usua11y be differentiated from 
asymptomatic patients br their lower hepatic copper concentration 
(Sternlieb and Scheinberg, 1963) and br their response to 64Cu• 
In rare cases, the distinction between ~eterozygote and affected 
homozygote cannot be made despite aIl investigations. 

81 

: ~ .. , 
.. 



) 

E. Cheh.tion TheraPt for Wilson·' s·:Disease· . 

Clinical Aspects: 

Effective treatment of Wilson's disease requires the elimiriation 
of the excess stores of copper from the body and the. prevention' 
of its reaccumulation. 

Cumings (1948) s.u:ggested that BAL (2, 3-dimercaptopropanol) might 
be used to reduce the copper content of the tissues in Wilson's 
disease and at about the same time Mandelbrote and co-workers (1948) 
reported that BAL injections were followed by increased urinary 
excretion of copper. Many patients were treated with BAL with 
varying degrees of success. The necessity for intramuscular 
injections plus frequent side effects did not make BAL suitable 
treatment for prolonged therapy. 

In 1956, Walshe showed that penicillamine (i3, ~-dimethylcysteine) 
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. ,: ~, . increased the urinary excretion of copper in Wilson' s disease and .... 

:suggested it as a convenient form of therapy (Walshe, 1956). 
penicillamine can be taken oral1y, i5 relatively non-toxic, and 

. is . effective in the maintenance of a ~ega ti ve copper balance. Many'. .. ... . : ·····patients a~e nO\1 being treated on continuous perticillamine' therapy ' .•. 
'. usually wi th good resul ts (Wa1she, 1960; Sternlieb and Scheinberg,·:> 
1964), provi~ed that treatment is carried on long eno.ugh at an 
adequate dosage, usually of about l g. penicillamine daily.. . Clinical '. 
improvement may not be apparent for several months but usually occurs, 

. provided the disease is not in terminal stages before treatment is 
started. With early diagnosis, theprognosis in Wilson's disease 
appears to be extremely good and the disease is no longer "progressive' 
and invariably fatal tt as described by Wilson in 1912. 



The L-isomer of penici11amine produces toxic reactions apparent1y 

because it is a pyridoxine (Vitamin B6) antagonist (Kuchinskas and 

du Vigneaud, 1957). Studies in rats (Hedd1e, McHenrYII and Beaton ll 

1962) and man (Jaffe, Altman, and Merryman, 1964) provided biochemica1 
evidence of pyridoxine deficiency fo11owing the administration of 
D,L-penici11amine. The D-isomer of penici11amine is preferred 

for treatment in Wi1son's disease. A disturbance of tryptophan 

metabo1ism was produced, with high doses of D-penici11amine, in rats 
(Asatoor ll 1964) and in man (Jaffe, Altman, and Merryman, 1964) 

a1though six of the ni ne patients in the latter study were not normal 
in that they had rheumatoid arthritis. One patient with Wi1son's 
disease among 19 on D-penici11amine treatment showed evidence of 

pyridoxine deficiency as indicated by increased xanthure.nic acid 

excretion after a tryptophan load (Gibbs and Wa1she, 1966). The 
deficient individua1 was an adolescent boy taking a dai1y dose of 

1800 mg. penicillamine, or 47 mg./kg. body weight. These authors sug
.....•. gested that the administration of pyridoxine to patients on penicil-

. lamine therapy is probab1y unnecessary un1ess the daily dose exceeds 
. 40 mg./kg o or during active growth periods. 

Another copper-chelating agent, sodium diethy1dithiooarbamat~ has 
been c1aimed to be particular1y effective in mobilizing copper from 
the brain a1though it is 1ess effective in promoting the urinary 
excretion of copper (Sunderman, White ll and Sunderman, 1963). This 
form of treatment has not yet been adequate1y evaluated. 
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In addition to continuous treatment with a chelating agentj) patients 
usually have a diet which excludes copper~rich foods such as 
oysters, liver, nuts,and chocolate o 

A comprehensive outline of treatment has been presented by 
Sternlieb and Scheinbe.rg (1964). 

The Effects of Penicillamine U~on Copper and Ceruloplasmin Levels: 
Direct evidence from liver biopsies indicates that penicillarnine 
reduces the copper content of the liver (Sternlieb and Scheinberg, 
1964) as would be expected .. :.from the clinical improvement shown. 
Pen~cillamine probably competes for copper normally bound to 
albumin thus making the copper available for filtration at the 
glomerulus (Walshe, 1963b; Osborn and Walshe, 1964). Within the 
first six hours after the administration of penicillamine to normal 
individualsj) the plasma copper level fell, then rose to normal 
levels p probably due to its rep1acèment from tissue copper stores 
(Wa1she, 1964). The copper-protein bond in liver is fairly resistant 
to the .direct action of penicil1amine (Freyer and Wa1she, 1963). 
These data suggest that penicil1amine may dep1ete albumin-bound 
copperj) which is then made up from tissue deposits, rather t~an by 
direct remova1 of copp~r from the tissues. 

A pronounced decrease in the serum copper concentration is produced 
in patients with Wi1son's disease after continuous penici11amine 
treatment; this is sometimes evident after on1y four months of 
treatment (Sternlieb and Scheinberg, 1964; Walshe, 1964). In four 
patients with schizoprenia and presumably with normal copper 
metabolism, serum copper levels showed only a slight decrease after 
one year of penici11amine treatment (Walshe, 1964). 
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The level of serum ceruloplasmin usually falls in patients with 

Wilsonvs disease after peniciIIamine therapy. After peniciIIamine 

therapy, in 17 patients with measurable ceruloplasmin levels prior 
to therapY9 Sternlieb and Scheinb~rg (1964) found that the 

ceruloplasmin levels of e.ight patients were no l~nger measurable, 
six showed no change p and three showed a slight increase, one of 
the latter during an infection. In another series p in~ five 

out of six patients who had ceruloplasminlevels over 5 mg./IOO ml. 
before .any penicillamine therapy was started, the ceru10plasmin 

level decreased considerab1, after four to 12 months of treatment; 
the 1evel was unchanged in one patient after s~x months of treatment 
(Walshe, 1964). At least three patients have been reported in 

which the cerulop1asmin leveI was normal or nearly 50 prior to 
treatment and fell progressively to negligible amounts after 18, 
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eig~t and six months respectively (Rosenoer".196l; Walshe, 1964; 
Holtzman, Elliott,and HelIer, 1966). On the other hand, the ceruloplasmin 
levels were unchanged in four schizophrenies after taking 1200 mg. 
penicillamine each per day for one year (Walshe, 1964). 



86 

F. Pathogenesis of Wilsonvs Disease 

There is ample evidence, as reviewed previously, that copper is 

present in excessive amounts in certain organs of individuals with 

Wilson 9s disease. When the copper deposits are removed by effective 

chelation therapy~ as outlined, the symptoms of the disease regress. 
Wilson's disease is apparent1y synomymous with copper intoxication. 

Experimental studies·on the toxicity of copper have been reviewed 
by Scheinberg and Stern1ieb (1965) and Wa1she (1967). Evidence 

has been presented that, in the ce11~ copper exerts a toxic effect 

on the mitochondria (Voge1 and Kemper~ 19q3). In other studies, 

copper was shown to inhibit ATPase from the microsoma1 fraction of 

pigeon and rat brain homogenates (Peters, Shorthouse, and Walshe~ 
1966; Peters and Walshe» 1966). These authors therefore suggested 

that copper exerts its toxic effects by inhibiting ATPase and consequently 
the membrane transport of ions. The unanswered question now is which 
of the above two mechanisms is more important~ or indeed, whether 

either one is the primary mechanism. 

The primary defect causing the copper intoxication is not yet known. 
A genetica11y determined defect in protein metabolism was proposed 

as the primary defect of Wilsonvs disease, with disordered copper 

metabolism as a secondary effect (Uzman, Iber» and Cha1mers~ 1956). 
These authors suggested that abnormal proteo1ytic activity in the 
tissues led to the formation of protein or polypeptide residues with 
a high affinity for copper.. Aminoaciduria and peptiduria, 

consequences of proteolytic activity, were considered to be primary 
) . biochemica1 manifestations of the disease. There is 1ittle support 
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for this hypothesis. Abnormal copper-binding proteins or polypeptides 
have not been isolated from the liver (Porter, 1963; Morell~ Shapiro~ 
and Scheinberg, 1961). The delayed uptake of copper into the liver in 
advanced stages of Wilson's disease (Osborn, Roberts, and Walshe~ 1963). 
does not support the presence of abnormal substances with a high copper 
affinity. Furthermore, ~~inoaciduria is genera11y found as a 1ate 
symptom, while excess copper deposits are found even in comp1etely 
asymptomatic patients. Only in rare fami1ies is aminoaciduria found 
regu1ar1y in unaffected relatives (Uzman and Hood, 1952; Soothi11 et 
!!.. , 1961) • 

The more favoured hypothesis is that the basic defect lies in sorne aspect 
of copper metabolism. The ceruloplasmin deficiency, when first 
recognized, was proposed as the cause of Wilson's disease (Scheinberg 
and Git1in, 1952). Richterich ~!!. (1960) proposed that this 
deficiency arises because of 1ack of an enzyme converting ceru10plasmin 
from a precursor to final forma 

A number of hypotheses, invo1ving various aspects of the transfer of 
copper, have been proposed. A deficiency of an enzyme which concentrates 
copper in the 1iver was suggested by Walshe (1963a). Broman (1964) 
has proposed that the transfer of copper into ceru1op1asmin is b10cked 
and that cerulop1asmin is the on1y form in which copper is made 
available for the formation of cytochrome oxidase. Other hypotheses 
have inc1uded an unspecified block in the intracellular transport of 
copper (Sass-Kortsak, 1965); the lack of enzymatic incorporation of copper 
into ceruloplasmin which is required for the biliary excretion of copper 
(Gaballah ~ al., 1965), and impaired transport of copper across cell 

membranes (Neumann and Silverberg, 1966). 
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THE PRESENT STUDIES 

'PART 1 

Genetic Studies of Wilson's Disease and Studies of Ceruloplasmin 
in Relatives of Patients 

Genetic studies have been carried out by Bearn on a group of patients in 
New York City (Bearn, 1953, 1960)~, The studies reported here were carried 
out on a different group of patients and it was of interest to de termine if 
any of the genetic features differed in the two groups. 

The heterozygotes occurring in the families investigated were of particular 
interest. Sorne heterozygotes for the Wilson's disease gene have reduced 
serum levels of ceruloplasmin. These have generally been regarded as 
an extreme expression of the heterozygous Wilson's disease gene which, 
in the homozygous condition, causes a pr9nounced reduction of the 
ceruloplasmin level. Arima and Kurumada (l962a) repeated measure~ents 
of ceruloplasmin levels, usually on one occasion, in ten parents of 
patients with Wilson's disease. In seven of these parents, the levels 
were normal on one determination and below normal at another, but 
effects of variation due to technical factors could not be evaluated. 
Part of the present study was undertaken to determine how much variation 
in the serum ceruloplasmin level occurs in a heterozygote for the 
Wilso~'s disease gene and what factors cause low levels in certain 
heterozygotes. 



Wa1she and Carpenter (1965) have reported a statistica11y significant 
difference in the inhibitoryeffects of sQ~ium azide and of iproniazid 
on serum from Wi1son's disease patients compared with normal individuals. 
We have carried out further inhibition studies on sera from 
heterozygotes, patients and normal individuals. 

MA TERIAIS AND ME.TH0I:?S 
Probands: 

Many of the patients included in this study were admitted to either 
The Hospital for Sick Children g Toronto, or The Montreal Childrenvs 
Hospital. Others were referred to these hospitals for special study 
or were ascertained from records of other hospitals. AlI diagnosed 
patients known in the cities of Montreal and Toronto and surrounding 
areas up to mid-1967.have been inc1uded g with thé exception of one 
adult patient in Montreal who could who could not be inc1uded. A 
total of 33 proven cases from 25 fami1ies have been studied. The place 
of residence of these patients is as fo11ows: Toronto and vicinity -
fi ve g other Ontario centres -.nine, Montreal - four, Nova Scotia - one g 

Newfoundland - one, the United States - five. 

AlI patients were diagnosed definitely as cases of Wilsonvs disease 
by biochemica1 tests, tests of liver and renal function, clinica1 
features generally including Kayser-F1eischer rings, and frequently 
metabolic studies with 64Cu • Clinical diagnoses were confirmed by 
Dr. Andrew Sass-Kortsak g at the Hospital for Sick Children, or Dr. 
Mervin Silverberg at The Montreal Children 9s Hospital. 
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Relatives of Patients: 

Extensive family pe~igrees were obtained from each of the 2S families. 
In aImost aIl families, the pedigree was traced back to ancestry in 
Europe or Asia. 

A physical examinationp measurements of serum c~ruloplasmin and copper p 
and slit-lamp examination for Kayser-Fleischer rings were carried out 
on aIl living sibs of the probands.. In addition, sorne had liver 
function tests, measurement of urinary copper excretion and studies 
with 64Cu • The latter tests were always carried out when there 
was sorne question regarding diagnosis. 

Eleven genetically proven heterozygotes· (ten parents of patients 
with WilsonVs disease and the monozygotic twin of a parent) were 
studied over periods of six to seven months to determine the 
variation of their serum ceruloplasmin levels. Blood was obt~ined 
by venepuncture at approximately monthly intervals for a total of six 
or seven determinations. Serum copper was aiso assayed in these 
samples. The serum samples were frozen as obtained and stored at 
_4oC. Determinations of serum ceruloplasmin and copper were made 
on aIl samples for each individual at the same time, at the end of 
the test period, to eliminate variation due to technical error. 

In 13 of the families, as many as possible of the living aunts p 

uncles, grandparents p and cQusins had a venous blood sample taken 
for ceruloplasmin assayp or a finger capillary blood sample taken. 
for screening for ceruloplasmin deficiency. 
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Biochemical Techniques: 

The method used for the quantitative assay of ceruloplasmin' and the 
screening method for the detection of low ceruloplasmin levels were 
described in Section l of this t'hesis. 

Total serum copper was measured by the modified method of Eden and 
and Green (1940) as for studies in Section 1 • 

.. 
Starch gel electrophoresis was carried out on sorne of the sera 

using vertical electrophoresis (Smithies, 1959). The electrophoretic 
conditions were those described by Shreffler ~!!. (1967) to ob tain 
optimal resolution of electrophoretic variants in sera from 

certain Negroes. The gel buffer was 0.016 M borie acid, O.OlOM 
sodium qydroxide, pH 9.5. The cell buffer was 0.21 M borie acid, 
0.085 M sodium hydroxide, pH 9.0. Electrophoresis was carried out 
at 40 C for 22 hours at 180 v (6v/cm.). Serum samples were diluted 
one to two with water when the ceruloplasmin concentration was 
normal or one to one when the cerulop1asmin concentration was low. 
The gel ... was sliced in half horizontally. One half was stained for 
ceruloplasmin with o-dianisidine by a method slightly modified 
from that of Owen and Smith (1961). The staining solution consisted 
of 20 ml. 0.5 per cent o-diarlisidine stock solutibn in 0.05 N "HCl, 
30 ml. ethanol, and 10 ml. 0.2 M acetate buffer of pH 5.5, made up to 
a total volume of 100 ml. solution. The ceruloplasmin appears as 
a yellowish-brown band after about one and one-half hours at 37oC. 
This same half of the gel was usually stained for haptoglobin o The 
ceruloplasmin stain was poured off after staining was completed and 
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to the gel was added 20 ml. ,0.5 per cent o .. dianisidine stock 
solution made up in 0.05 N HCl,30 ml. ethanol~ 10 ml. 0.1 M 
acetate buffer of pH 5.7, and 1 ml. 10 per cent hydrogen peroxide, 
made up to a total voluine of 100 ml. ~olution.' This solution " 

stains the hemoglobin-haptoglobin bands in five to ten minutes 
at room temperature. The gel was washed for about ten minutes 
in water. The ceruloplasmin and haptoglobin bands were examined 
over an X-ray illuminator and were classified. The gel was then 
photographed, using transmitted light»'with a Polaroid camera 
using l46-L film. The gels must be photographed because the 
ceruloplasmin-stained are as broaden and diffuse in a period of 
hours. The other half of each gel was stained withAmido .. Black 
lOB to localize aIl serum proteins. 

Inhibition studies were carried out on sera from sorne of the 
patients with Wilson 9s disease and heterozygotes to determine 
possible differences in response from that of sera from normal 
individualso Sodium azide and-'i~roniazidl were the inhibitors 
used. The method used was basically the,same as that described for 
ceruloplasmin determination» with the followingchange: the 
appropriate concentration of inhibitor in 0.5 ml. buffer plus 1.5 
ml. buffer was used, instead of 2.0 ml. buffer only. Concentrations 
of inhibitor were selected such that a range of inhibition from 
almost zero to almost total was included. Reagents were added in the 
order buffer» buffer plus inhibitor» substrate (PPD), serum. 
Reactionswere carried out at 370 C using 0.15 ml. aliquots of serum. 

1 Kindly provided by Frank W. Horner, Ltd.~ Montreal» Canada. 
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Stuqies with Copper - 64: 

The fate of a dose of 64Cu was studied in some of the parents and 

other relatives. The investigations were directed by Drs. Andrew 

Sass-Kortsak and Norman Aspin at the Hospital for Sick Children. 

The te~hniques previously described for the oral administration 

(Sass-Kortsak ~~.p 19Q1) and intravenous administration of 64Cu 
(Aspin and Sass-Kortsak g 1966) were usedo 

RESULTS 

Features of the Probands and Their Affected Sibs: 

The 25 probands had a total of 14 affected sibs o Included among 

the 39 patients are six asymptomatic patients and five sibs who 

probably had Wilson's disease g in retrospect, but in whom no firm 

diagno~is was ever made. Four sibs were excluded; one died in 

infancy, one died at six years of nephrosis, one died accidental1y 

at 12 years, and one 31 year-old brother refused to be tested. 

In the appendix are listed aIl patients inc1uded in the study with 

the following information: sex of patient and of age of onset of 
disease, racial origin and consanguinity of the parents, and the 

number of normal and affected sibs. 

The first symptoms of Wilson's disease were primarily neurological 
in 13 patients and hepatic in 20 patients. AlI five of the patients 
with unconiirmed diagnoses died of hepatic failure following brief 
illnesses o Their symptoms were so typica1 of the course of the 

hepatic form of the disease that they can be inc1uded with reasonab1e 
certainty. 

93 



There were 23 male and 16 fema1e patients. 

The age of onset of the disease was 16 years or less for 27 
of the 33 c1inical1y affected patients. 

The age of onset of the 33 c1inica11y affected patients is p10tted 
against the geographical origin of their parents in Fig. 9.- Three 
patients, distinctive1y marked, are shown twice because their 
parents have different geographica1 origins •.. Sibs are indicated. 
Twenty-six patients from 18 farni1ies have one or bqthparents 
originating in western Europe (Great Britain, France and Germany). 
Eight patients from eight farni1ies have one or both parents 
originating in central-eastemEurope (Poianp il Czechos1ovakia, \',festern 
Russia). In many farnilies~ severa1 generations had been born in 
Canada or the U.S.A. and geographical origin refers to the country 
of their first foreign-born ancestors. 

The age of onset tended to be earlier in patients of western 
European origin that in pati~nts of centraI-eastern European ori~n~ 
although the nurnbers involved are too smalt for statistically 
valid comparisons. 

The distribution of ceruloplasmin levels in the patients is shown in 
Table 6. These. levels, with one exception, were measured prior to 
the commencement of penlicillarnine therapy. Three patients have 
normal or nearly normal levels: one Jewish male, S.C., had a leve1 
of 18.0 mgo/lOO ml. at the earliest available determination four 
years after treatment with penicil1arnine was started and 21.4 mg./I00 ml. 
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TABLE 6 

DISTRIBUT!ON OF CERULOPLASMIN LEVELS IN 
PATIENTS WITH WILSON'S DISEASE 

Ceru1op1asmin 1eve1 
(mg. /100 ml.) No. patients 

o - 4.9 20 
5.0 - 9.9 

3 

10.0 -14.9 4 
15.0 -29.9 0 

>20 
3 

unknown 9' 
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after a further four years of treatment. He was reported to 
have a vlow normal' level prior to treatment (Dauphinee, 1965; personal 
communication). The two remaini.ng patients were sibs, with 
ceruloplasmin lev~ls in the low normal ~egion. They have been 
reportèd in detai 1 previously (Sass~Kortsak !!. al., 1959). 
Both S.C. and a patient with a low· cerulop~asmin level (J.O.) 
had ceruloplasmin which showed the usual mo.l>ility on starch 
gel electrophoresis. 

Mode of Inheritance: 

Ascertainment is probably fairly complete for the large urban 
centres. Among cases referred from outlying areas, there 
may be a tendency ·to refer patients after at least one sib has 
been diagnosed or has died fr~ the disease. 

Assuming complete ascertainment, the 'a priori method V can be used 
to calculate the true proportion of affected children, correcting 
for the exclusion from our sample of families of two heterozygous 
parents in which, by chance, no children have been affected 
(Li, 1961, p.6l)0 If we assume recessive inheritance, the 
pfQbability that à ch~ld of two heterozygous parents is affected 
is 1/40 The probability that a sibship of size s will not contain 
any affected offspring is (3/4)5... Since a sibship is '~scertained 
only when at least one offspring is affected, wecan identify only 
1 - (3/4)s families of size s. 
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Since the total nurnber of offspri,ng observed, ts; represeilts 1 -
(3/4)s of the thcoretical total, c, then:, 

é= 
1 _(3/4)s 

• The theoretical total nurnber of children for each sibship lis shown 
in Table 7. The corrected proportion of affected offspring is 
therefore: 

b:; 
I:rs :; ___ .. :; 0.255 39 

The variance, calculated according to the method outlined ~y Li 

(l96l)is: 

1 
V(b):; ......... -0:>"'*- :; .0061 

163.57. 

The difference between the observed proportion, 0.255, and the 
expected proportion, 00 250, is much less than two standard 

deviations and is élearly not significant. 

If ascertainment'is considered to be incomplete and the data collection 
is by single selection, in which only one affected individual per 
family is ascertained, then the following method 'of analysis is 
appropriate (Neel and Schull, 1954, p. 223): 

R-N 39·,- 25 p :; :; :; 0.175 
T-N 105 - 25 

where p :; correct estimat-ei'of recessive proportion, R :; total number 
of affected indi viduals recorded, N :; total number of sibships, 'and 
T :; total number of childreno 
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TABLE 7 
ANALYSIS OF 25 SIBSHIPS WITH AT LEAST ONE CASE OF WILSON'S DISEASE 

BY 'A PRIORI' METHOD 

Family No. of No. of Theoretica1 No. of size families offspring :total of{spring , affected 
sn~ = t s 

" "-' s observed s ns c' = s 1 - (3/4)S 

2 5 10 22.857 5 
3 9 27 46.697 12 
4 5 20 29.252 10 
5 2 10 13.110 4 
7 1 7 8.078 1 

10 2 20 21.190 4 
11 1 11 11.483 3 

Total 105 152.667 39 



The variance of this estimate is as follows: 

(T-R) (N-R) = 0.0018 
(T-N) 3 

The standard error of the estimate is 0.0425. The estimated 
proportion p is not significantly different irom 0.25 (z = 0.176).' 
Recessive inheritance is supported' also by this method of analysis. 

Gene Frequency: 

The frequency of consanguineous marriages (first cousin) among 
the parents is three in 25 g that is 0.12 in this series. One 
pair of parents were second cousins and one pair third cousins. 
There were no consanguineous ',~arriages among the five pairs of 
parents of central-eastern European origine 

The frequency (q) of the rece'ssi ve gene for Wilson' s dise,ase 
can be calcu1ated from Dahiberg' s formula :(Stern, 1960, p. 375) : 

c(1-k) 
q = 

l6k - I5c - ck 

where c = freque~y of first cousin marriages in the general popu~ 
lation and k = observed incidence of cousin marriages among parents 
of the patients with Wilson's disease. This formula assumes 
random mating. The value to use for c poses sorne difficulty. An 
incidence of consanguinity of 0.4 per cent was found among parents 
of children in a general hospital population in England, however 
this may be an overestimate if illnesses requiring hospitalization 
are increased by consanguineous marriages. An incidence of 0.05 per 
cent was found in a large city in the U.S.A. The frequencyof'" 

100 



consanguineous marri,ages in the wh.ole of North America perhaps 
lies between,' these values" but probably closer to the lower 
figure. The consanguinity frequency was probably ~igher ;n the 
population of small European towns where four of the pairs of, 
parents originated, and in an isolated area of Canada where one 
parent pair originated. However, since the majority of parents 
were born and married on this continent p the overall consanguinity 
rate would be similar to that of the general North American 
population. The incidence of cousin marriages in the population from 
which our sample wa.s drawn probably lies between 00 2 and 0.6 per 
cent. The calculations of gene frequency (q) incidence of 
affected individuals ,(q2) and incidence of heterozygotes (2pq) are 
shown in Table 8 for values of c of 0.2 and 0.6. ' 

The present data suggest that the, gene frequency is of the order 
of 109 x 10~3 to 9.3 x 10-4 with a correspondingdisease incidençe 
of one in 280pOOO to one in lplOOpOOOo The frequency of,heterozy
gotes would then be one in 265 to one in 5370 

The corresponding estimatescalculated from the data of Bearn 
(1953)p Arima and Kurumad~ (1962b), and Wa1she (1967) are shown 
in Table 8 for comparisono These will be discussed later. 

Variability of Ceruloplasmin and Copper Levels in Heterozygotes: 
The ceruloplasmin levels were found to be remarkably constant in 

" most heterozygotes over the period of the study in the Il 
heterozygotes (ten parents p one identical twin of a parent). The 
individusl determi~ations, means and standard deviations are shown 
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TABLE 8 
ESTIMATIONS OF THE INCIDENCE OF THE RECESSIVE GENE, AFFECTED 

INDIVIDUALS, ~p HET~ROZYGOTE~ FROM THE PRESENT DATA AND FROM THE LITEWcrtmE 

Population Parental Gene Disease Heterozygote consang. consang. frequency incidence incidence 
Reference c k q q2 x 10-6 2 pq 

Present Study 00 004 0.12 1.9 x 10-3 3.6 1 per 265 
0.002 0.12 ' 9.3 x 10 .... 4 0.87 ' 1 pe;r 537 

Bearn (1953) 0.01 0.375 1.1 :le 10-3 1.1 1 p~r 167 
Bearn (1953) 0.005 0.375 5.3 x 1p-4 0.28 1 per 945 

Arima and 0.06 0.403 6.6 x 10-3 68.0a, 1 per 77b Kurumada 
(1962b) 0.04 0.403 4.1 x 10-3 27.0a 1 per 122b 

Wa1she' (1967) 0.004 O.O~$ 2.5 x 10-3 6.4 1 per 197 

a Disease incidence = Fq + Cl-J1)q2 ) 
b Heterozygote incidence = 2(1-F)pq 

) where F = coefficien~ of inbr~eding ) 
='0.004 



for each heterozygote in Fig. 10. The mean standard 
deviation of the ceruloplasmin levels of the 11 heterozygotes 
was 2.1 ± 0.8 mg./lOO ml. (coefficient of variation 8.3 per cent). 

The 95 per cent lower confidence limit of 20.7 mg./IOO ml. and 
the 99 per cent lower confidence limit of 17.6 mg./IOO ml. for 
the normal population studied,in Section 1 are shown in Fig. 10. 
If the 9S per cent limit is chosen to define the lower acceptable 
limit of normalitYJ three of the ten parents and the identical 
twin of one of these parents had an abnormally low mean 
ceruloplasmin level. Two of, the three parents and the identical 
twin had low levels at each occasion of testing~ with mean 
levels of l3.3 J 16.4,and 15.1 mg./lOO ml.J aIl below the 99 per 
cent lower confidence limite The levels of the third parent 
fluctuated around the lower 95 per cent limit with a mean of 
20.4 mg./lOO ml. The ceruloplasmin levels of the remaining seven 
parents wer'e wi thin the normal range on alI six or seven test 
occasions. It ~ therefore,' appears that the C'èruiopiasmill level, 
whether normal or low, is usually characteristic for any given 
heterozygote~ A heterozygote with a level close to the lower 
limit of normal on a single determination is difficult to classify. 

The serum copper levels determined in the same serum samples showed 
slightly greater variability: the mean standard deviati~n for the 
11 heterozygotes was 9.0 ± 6,9 pg./lOO ml. (coefficient of 
variation 9.2 per cent). The serum copper level was less effective 
in distinguishing the heterozygote p with only one parent having a 
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mean copper leveI below the normal limit (normal mean 108 pg./ 
100 ml., 95 per cent confidence limits 67 to 149 pgo/lOO ml. as 
shown.in Section I)o 

It should be noted that mild respiratory infections, which 
occured at some time during the test period in most of the hetero-· 
zygotes g had no apparent effect on ceruloplasmin or copper levels. 
None of the. feJ!lale heterozygotes were pregnant or taking oral 
contraceptives at the time of the study. 

In addition to the presumably heterozygous·· parents studied over 
several months g the ceruloplasmin levels in 23 other parents of 
patients with Wilson's .disease were determined g usually on at 
least two occasions. O~ the total 33 parents studied (excluding 
the identical ~win), aIl ~ad normaliceruloplasmin levels except 
for the three with low levels as mentioned previously. These 
parents inc1ude l7-f~thers and 16 mothers of 18 different 
families. In this sample g 9.1 per cent of the p~rents had 
ceruloplasmin levels below the 95 per cent confidence limits g 

6.1 per cent were be10w the 99 per cent limitso Of the 3~·~arents, 
one pairwere first cousins and one pair were secon~ cousins; the 
parents with low 1evels were from three different unrelated 
parent pairs. If the re1ated parents are counted only once, then 
two of 31 or 6.5 per cent of heterozygotes have ceru10plasmin . 
1evels below the 99 per cent·· confidence limits of the normal 
population. The incidence of such heterozygotes among aIl hetero
zygotes of western European origin is 10.0 pe~ cent. 
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In a series of 19 parents of patients g Sternlieb'~t'!!. (1961) 
found ~wo with ceruloplasmin levels g apparently detprmined on 
one occasionj) below, the normal limite These two parents had levels 
of 19.2 and 9.5 mg./IOO ml., respectivelYg and the normal lower 
limit was considered to be 20 ,mg./lOO ml. The assay method 
wasbasically similar to that used in the present series. When 
these two series are combined, four of a total of 52 presumed 
heterozygotes, or 7.7 per cent ,had ceruloplasmin levels below 
the normal limit ll assuming the limit of the latter series to be 
at the 99 per cent l~veill'and omitting our borderline parent. 
This figure cannot be corrected for the occurrence of related 
heterozygotes as these data are not given by Sternlieb ~ al. 
(1961) • 

The mean ceruloplasmin level of the 33 parents was 30.3 ± 6.6 
mg./IOO ml. When the t,wo parents with abnormally low levels were 
omitted, the mean level ~as 31.3 ± 5.4 mg~/lOO ml. These values 
differ from the mean of 30.7 mg./lOO ml. for the normal population 
by less than one standard deviation andiare clearly not signifi-
cantly different. 

Ceruloplasmin Levels in Other Relatives: 
,More extensive testing of cerulop1asmin levels was carried out 
in 13 kindreds. Only those kindreds in which five or more 
relatives, including parents and sibs, were tested have been inc1uded. 
These relatives were usually tested on on1y one occasion, un1ess the 

" level was abnorma1 on the first testing. 
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The ceruloplasmin level was m~asured in a total of 112 other 
relatives from Il kindreds inèlud~ng 35 unaffected sibs, five 
offspring (presumab1y heteroz,ygotes), 25aunts and uncles'J six 
grandparents, 36 first cou~ins,and five nieces and nephews. 
Chi1dren less than three years o~age, pregnant women, and women 
on oral contraceptives were not included in these numbers. 

The distribution of ceruloplas~in levels of these relatives and 
the 24 parents from the same kindreds is shown in Fig. lIb. The 
corresponding distribution of a normal population is shown in 
Fig. lIa. The d~stribution shown in Fig. lIa was obtained from 
the study of 309 normal individuals reported in Section l (see 
Fig. 5). The scale for the number of individuals was adjustèd 
in Fig. lIa so that the he,ights of the histogram are equivalent 
to those of the sample of 136 individuals in Fig. llb,making 

~ direct comparison possible. The ceruloplasmin levels of fem~les 
less than 12 years of age and males less than 15 years of age were 
adjusted to the equiva1ent of l? )l'earS as outlined in Section l. 
The 95 per cent confidence limits for males 15 to 19 yea;s of age 
are 19.1 and 32.~ mg./100 ml. (99 per cent limits: 16.8 and 34.7 

mg.,L100 ml.J.The age adjustment factor for male adolescents was 
app1ied only for use on the histogram, but in practicethis may 
result in broader confidence interval than actua11y exists in this 
group. Relatives who ar~ prQbably heterozygous for the Wilson's 
disease gene either 'from p~digree studies (that is, parents or offspring 
of a patient) or by studies of the rate of incorporation of 64Cu into 
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ceruloplasmin are indicated. Three of these presumed héterozygotes 
were relatives (offspring) of one of the probands with'a near normal 
level of ceruloplasmin and are indicated on the histogram. Fig. Il 
shows that there is a pronounced excess of relatives with low cerulo
plasmin levels over the number ~xpected in a sample fromthenorrnal 
population. The 95 per cent lower confidence limit (20.7 mg./IOO ml.) 
and 99 per cent lower confidence limit (17.6 mg./IOO ml.) are shown. 

An additional 1~6 relatives were tested by the screening :test for 
the detection of reduced ceruloplasmin levels as descri~,ed in Part 2 
of Section 1. The relatives included 15 aunts and uncles, two 

grandparents, 97 first cousins, one nephew,and one first cousin once 
removed. A standard of 20. '] mg ./100 mL was used for adul ts and 
appropriately higher standards were use,d for children (refer to 

Section I). Children less than three~~~rs of age, pregnant women, 
and women on oral contraceptives, were ,~~ain excluded from the results 
since no reliable normal figures were available. However no relatives 
in these categories had decreased ceruloplasmin levels. Of the', 116 
relatives tested, one had a positive test result and the remainder 
were negative •. The'one positive result was that of the first eousin 
once removed, a three and one ha1f year oldmale, in kindred B as 
shown in Fig. 12. A quantit~tive assay of ceru1op1asmin from a b100d 
samp1e obtained by venepuncture confirmed a low level: 11.9 mg./lOQ ml. 
as assayed, 2.0 mg./mL after age correction. This age correction 
may not be va1id in such a case where production of cerulop1asmin is 
probab1y already very Iow and may not respond to the factors which 
norrnaI1y cause the age effect. 
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The 13 kindreds whose ml'\mbe~s had ceruloplasmin l'evels determined 
by quantitative assay or by screen~ng were not known to be int~r
relatedo Seventeen relatives with levels below 20.7 .ngo/iOO ml:' 
were found in seven families. AlI of these relativeswere 
clinically normal. Studies of five sibsjl three parents, and one 
uncle with low ceruloplas~tn levels indic~ted a normal urinary 
excretion of copperjl normal. liver function tests, and no ,abnormal 
findings on physical examination. The two cousins and first cousin 
once removed in kindred B (Fig. 12) had normal liver funct~on . , 

tests and were normal upon physical examination. The young first 
cousin once removed will be examined in more,detail at a later 
date but on the basis of his pedigree, plus the extreme deficiency 
of ceruloplasmin found in the proband in this ~amily, it isunlikely 
that he ha~ Wilson's disease. The results of studies of the 
incorporation of 64Cu on these relatives will be '~iscussed 
subsequently. 

Eleven of the relatives with low ceruloplasmin levels cluster in 
the three kindreds shown in Figs. 12and 13. AU relatives tested 
are shown andtheir ceruloplasmin levels are indicated. The 
distribution of ceruloplasmin levels of aIl relatives te~ted is 

'c· shown in Fig~ 14. The levels of relatives in the three 'atypical t 

kindreds have been separated from those of the relatives in th~ ten 
'typical kindreds. Thé distribution of ceruloplasmin levels are 
distinctly bimodol in the atypical kindredsjl with one mode lying 
below the normal limite Five relatives wi~h low levels of ceruloplasmin 
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were found in four of the typical kindreds and include one offspring, one parent (previously mentioned as borderline), and three sibs of patients from two kindreds. 80th parent pairs of the three sibs had normal ceruloplasmin levels'on at least two Q'1lt~sions. The ceruloplasmin levels of these fiva relatives in th~ typical families are, even after age correctiong above the 99 per cent,lower confidence limit for the nQrmal population. On the'oth~r hand, ten of Il relatives from the atypical kindreds have levels below the 99 per cent confidence limit, the exception being an uncle in kindred M who died' before he coJld be re~ested. In Fig. 15. only adult relatives have been included. The.bimodality of the distri-bution of ceruloplasmin levels in the atypical kindreds is again clearly showno The borderline levels in the typical families are now almost entirely eliminated. While the formula for age correction is va1id on the average, each specific individua~' may deviate from the mean so that children with borderline corrected 1evels are difficult to c1assify with certaintY. 

lndividuals known to be heterozygotes g either from pedigree analysis d · f h . . f 64C . 1 1 . t b 

or stu les 0 t e ~ncorporatlon 0 u lnto ceru op asmln, 0 e discussed subsequently, are ind~cated in Figs. 14 and 15. The ceruloplasmin 1evels of heterozygotes in the typica1 kindreds cover a wide range not apparently different from that of the normal population. 

Metabolism of Copper-64 in Relatives of Patients: 
In two of the atypical kindreds (8 and W as shown in Fig. 12)g 12 relatives were studied to de termine the rate of incorporation of 
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64Cu into ceruloplasmin after the administration of an oral dose of 64 ' 0.5 or 1.0 mc. Cu. The results of these studies have been 
published (Sass-Kortsak ~~., 1961) and are presented in grèater 
detail in Fig. 16. The raw data for these graphs were kindly 
provided by Dr. Andrew Sass-Kortsak. A high rate of incorporation 
was shown by the mother S.W. (11-7 in Fig. 12) and amatetial 

! great-uncl~ ; (lI-l) in kindred W, and sib R .. B' (III-7) in kindred .B~ ; 
Bo,th parents in kindred B (1I-5 and 1I-6) had a lower rate of ' 
incorporation of 64Cu into ceru10plasmin p presumably indicating 

,-their heterozygous state. Definitely reduced rates of incorporatiLon 64 . 
of Cu were shown by the father H.W. (II-5), sib D.W. (III-5), 
aunt M.K. (II-2), and uncle U.W. (11-4) in kindred W, and sib B.B. 
(IU-8) in kindred B, aU apparently heterozygous for the gene for" 
Wilson's disease. 

The ratio, R, of the fraction of the administered 64Cu in the serum 
48 hours after administration compared with the fraction of 
administered 64Cu in the serum after one or two hours (using the 
higher value) was calculated for each individuai -i~ ki~red B 
to be as follows: father (I1-5) 0.278,'mother (II-6) 0.290, 
sib R.B. (IIl-7) 0.730, sib B.B., (III-8) 0.191. If a heterozygote 
usua11y has an R value of less than 0.559 and a normal homozygote 
usual1y has an R value greate~ than 1.253 (Stern1ieb ~ al., 1961), 
thenthe classification of heterzygous individua1s in kindred 'B 
remains the same as by graphic ana1ysis, but sib R.B. now fa11s 
into the overlap region where classification is uncertain. In 
kindred W, R va1u,es cou1d not be ca1culated for the aunt (II-2) and 
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Fig. 16. Incorporation of 64Cu into ceruloplasmin in relatives of patieg~s with Wilson's disease following oral administration of Cu. Solid lines - presumed heterozygotes (parents, one monozygotic twin of parent); dotted lines -other relatives, as ,described in text. 0 - relatives from kindred B; A - relatives from kindred W. 



great-uncle (11-1) because serum 64Cu levels were not'mea~ured until 
fou; hours after 64Cu administrati~no For the other members of·this 
kindred, only two hour measurements were available and these do not 
necessarily represent the peak of the one and two hour measurements. 
However, using the fraction o~ administered 64Cu in the serum at 
two hours, the R values are a~ follows: father (11-5) 0.330, mother 
(II-7) 1.40, uncle (II-4) "0.216, sib D.W. (III-5) 0.343. As by 
graphic analysis,the mother cannot be distinguished from normal 
homozygotes and the other individuals are probably heterozygous for 
the'Wilsonts disease gene. 

A number of other relatives were studied, after the intravenous 
administration of from 0.15 to 0.73 mc. of 64Cu, to de termine the 
following aspects of metabolism of 64Cu : rate of disappearance from 
and reappearance in plasma, rate of incorporation into ceruloplasmin, 
rate of uptake into the liver, and excretion in urine and fèces •. 
The rate of uptake of 64Cu into ceruloplasmin is the most useful : criterion, as previopsly revie,wed, for d~stinguishing heterozygotes 
from normal homozygotes. Seven patients:with ~onts disease, nine
teen relatives of patients, and two normal controls were studiefr. 
High specific activity 64Cu, allowing the use of tracet'-doses of 
copper, was used for aIl tests except for thoseof the two parents 
from atypical kindred M. The relatives consisted of the bIC parents 

1 from atypical kindred M, three parents and four sibs from typical 
kindreds included in the present study, and three parents and seyen 
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family data. The raw data on the incorporation of 64Cu into ceruloplasmin 



provided by Drs~ A.' Sass-Kortsak and N. Aspin, was analyzed 

graphicallyas shown in Fig. 17. The bands indicate the 'ranges, of 

values found at each time of measurement. None of the seven 

patients showed measurable incorporation of 64Cu into ceruloplasmin. 
The two normal controls showed high rates o~ incorporation. Seven 
of the heterozygous parents' (six of western European orig~n and one of 

.. 
central-eastern European,origin) showe4 rates of incorporation 
of 64Cu into ceruloplasmin weIl below the normal rates, as 

indicated in Fig. 17. One parent (J.Oc,;), of Itali~ origin, 

sho~d a somewhat hj,8.h~r rate of incorporation as plotted separately 
in Fig. i~,. The fathe:r of the patients in atypical kindred M showed 

64 one of the lowest rates of Cu incorporation. AlI of these parents 
had normal serum ceruloplasmin levels. Th~ sibs could be'div~ded 

h · 1 f 64C . .. . into two groups, one aV1ng a ow rat~ 0 u 1ncorporat1on s1m1lar 
tothat of the heterozygous parents, and the other sp.owing ~,high 

64 rate of Cu incorporation similar to that of the normal controIs'. 
The six sibs with a low rate of incorporation, as shown in Fig. 17, 
are probab1y heterozygous for the Wilson's disease gene. Two of 
these sibs had ceru10plasmin levels, after correction for age effects, 
between the 95 and 99 per cent lower confidence limits of the normal 
population; the other four sibs had normal ceru10plasmin levels. 
The five sibs with high rates of incorporation amprobably homozygous 
normal individuals. Four of these sibs were included with the 
normal controls in Fig. 17; the rate of,6~Cu incorporation of one 

sib Cl. D.) was exceptibnally high and is shown separately., AU of 
the sib's in the latter group had normal serum ceru10plasmin 1evels, 
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with the exception of sib J.Do who ha~ an .abnormally ~igh serum 
ceruloplasmin level. 

The usual pattern of' 64Cu in~orporation shown by an ~ndividual ~r~ 
family N (GoNoSr.), ascertained from the normal p~ptilation, is 
also shown in Fig. '17 and has been discussed in Section '1. 

Starch Gel Electrophoresis of Sera of Presumed Heterozygotes: 
Sera from individuals with low serum levels of ceruloplasmin from 
the three atypic:al kindreds were studiedby starch gel electrophoresis. 
AU relatives tested had ceruloplasmin whichmigrated l'lith the same 
mobility as that of normal ceruloplasmin. The following relatives l ' 

were tested: II-l and II-5 in kindred B; II-4.in kindréd M; II-2, 
Il-S, and III-2 in kindredW as shown in F~gs. 2 and 13. 

Individuals in families R and N, ascertained from the normal 
population, but perh~ps heterozygotes for the Nilsonts disease 
gene, also had ceruloplasmin showing normal electrophoretic mobility. 
Those tested were I-l, and Ir-l, and !I-2 in family Rand 1-5 in 
fami1y N as shown in Fig. 4. 

Inhibition Studies on Sera of P~esumed Heterozygotes: 
Sodium azide: Concentrations of sodium azide of '0, 10-5 M, 10-'!M, and 
10-3 M, were used to cover the range from no inhibition to almost 
complete inhibition. A response curve obtained with normal serum 
is shown in Fig. 18 0 The values for AO.D. were corrected for 
non-enzymatic' oxidation as this becomes an appreciable part .. of the 
oxidation when in1}ibition is high. The 'non-enzymatic'oxidation 
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\'las determined by assayi,ng the oxidase activity in thereagent mixture 
exclusive of serum in the presence of each of the concentrations 
of inhibitors used. The AO.D. due to non-enzymatic oxidation was 
low (0.0010) and was the same for aIl concentrations of inhibitor. 

Sera from three patients with Wilson's disease, three prob~ble 
heterozygotes with low ceruloplasmin levels, and five normal 
individuals showed a similar response to the inhibiting effect of 
sodium azide. The results are shown in Table 9. 

,I~,:roniazid: Concentrations of iproniazid of (1', 10-SM, 10-4M~and 
1O-3M, were used to coyer the full range of inhibition. Correction 
was made for non-enzymatic oxidation as above. 

Sera from three patients with Wilson's disease, three probable 
heterozygotes with low ceruloplasmin levels, and four normal 
individuals showed a similar response to the inhibit~ng effect of 
iproniazid. The results are shown in Table 9. 

The lag period in the above studies,was usually less than two minutes 
so that by the time recording of the optical density was started, 
the lag period had ended. However, when the lag period,was timed, 
it was observed that the lag period was noticeably longer at higher 
inhibitor concèntrations (10-3M). The lag period was part±cularly 
long (one and one half to two minùtes) for the serum from patients 
with Wilson's disease in which the oxidase activity was already low. 
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TABLE 9 

PERCENTAGE INHIBITION OP OXIDASE ACTIvITY 

IN ~ SERA 

Sodium azide concentration Iproniazid concentration 
Subgect 10 .. SM 10-4M 10·3t.i 10-4M 10·3M 10-2M 

W.D. Patients: 

S.C. 13.8 59.7 90.4 7.7 47.1 81.0 
E.T. 57.2 90.2 0 26.3 100.0 
F. B. 59.2 82.8 

M.T. 
8.8 52.7 100.0 

Heterozygotes: 

R.B. 6.4 51.2 84.9 10.3 51.0 82.8 
J. K. 13.5 59.9 94.8 
M. K. 

0 47.2 91.9 
G.N.Sr •. 17.9 56.3 90.0 4.6 42.9 88.8 
N.R. 

5.5 46.2 87.6 

Normal (5): 

mean 12.4 47.0 8908 8.3 47.6 90.3 
range 9.4- 54.7- 87.1- 6.0- 42.0- 86.3-16.7 B9.2 92.6 12.7 52.6 94.2 
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DISCUSSION. 

Clinical Data and Genetic Parameters: 
The majority ofpa~ients in this' series had an early age of onset of 
Wilson's disease .and are of western European o~igin. This series 
is very different from that of Bearn (1960), which consisted primarily 
of Jewish patients of eastern European origine , Thè eariier age of , 1 

oriset in the present series may be partIr due to bias from referrals 
predominantly of children from outside centres since the study was 
centred in two children's hospitals. An early age of onset aiso appears 
to be common in a series from England (Walshe, 1967) in which 75 per cent 
of a ~otal of 20 symptomatic patients se,en prior to tr~atment were 
16 years of age or less at the time of o:p.set~. These,patients were 
not asertained primarily through children's hospitals. In the present 
series, there are three families in which both parents trace th~ir 
origins to central-eastern Europe and are.not aware of any Jewish 
ancestry. However, the y are similar to the Jewish patients from the 
same area in Bearn's series and in this series in having a later 
age of onset and their disease primarily of a neurological type. The 
central--eastern European patients, whether of Jewish' or non-Jewish 
origin, appear to forro a clinically different and probably homogene~us. 
group with respect to Wilson's disease. Bearn (lQ60) ,suggested two 
possible explanations for the clinicaldifferences which he found in 
the central (eastern) European Jews in his series: 1) a different 
mutant gene, which might code for a modified gene product in central 
European patients rather than for no gene product as in the other g~oup 
of patients or 2) the presence of a modifying suppressor gene· in the 
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affected individuals. In the present series, there are three families 
in which one parent is of centra1-eastern Buropean origin and the 
partner is of western European o~igin. AlI three patients in 
these families had an early ~ge of onset and were clinically the 
same as o~her patients with an earlyage of onset. Ifdifferent 
mutant genes are involved, they are probably~t the same genetic 
locus. The 'central European alleIe' would appear to be recessive 
to the 'western European aI1eIe'. ·If su ch is th~ case, and if 
the western European alleIe, for ex~pIe, does not code for any 
pro~uct, then the heterozygotes might differ in the two groups. 
Since the rate of incorporation of 64Cu into ceruloplasmin is the 
most basic defect known to date, a more pronounced defect might be 
expected in heterozygotes of western European origin when compared 
with those of central-eastern European o~igin. Only one parent of 
centl'al-eastern I?uropeano~igin, from a 'mixed origin' marriage 
was studied with 64Cu• Her rate of incorporation of 64Cu into 
ceruloplasmin 'was, considerably reduced and was similar tothat 
of several heterozygotes of western European origine However, 
there is too littie evidence to exclude the hypothesis of different 
alleles. The second hypothesis, suggesting the presence of a 
suppressor gene, might aiso be expected to produce a difference in 
the heterozygotes, which, as we have stated, does not appear to existe 
If this hypothesis were correct, the three patients of mixed origin 
matings wouId, by chance, not have inherited the modifying gene from 
the parent of central-eastern European origin. 

A more general difference in genetic backgr~unds can reasonably 
account for the observations. For example, genetica11y determined 
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differences of the liver ~ight cause it to bè 1ess susceptible to 
the toxicity of excess copper in individuals of central-eastern 
European origine This in turn would allow a l~terage of onset, 
which appears to be correlated withthe neur01,ogical form of the 
disease. Alternatively, dietary differences may be the modifying 
factor, in view of the early age of onset in the Orientals J who have 
a relatively high copper diet (Tu, 1963;' Arima and Kurumada; 1962b). 

In this serles,'there were more aff7cted males than females. This 
sex difference has been found in most other series and is 'probably 
a real'difference. The reasonfor it is unknown. 

The three patients with normal or near-normal ceruloplasmin 1evels 
will be discussed in Part 2 to fo11o~. 

The present data supports a recessive mode of inheritance for 
Wilson's disease, using methods of analysis for both complete and 
incomplete ascertainmént. Part of t~ inaterial is believed to be 
completely ascertained J particularly that from the urban centres, 
and part is incompletely ascertained particu1ar1y the out-of-
province referrals. For the most part, there is 1itt1e t~ndency to 

". inc1ude preferentia11y sibships with multiple affected individua1s, 
therefore our ascertainment can be considered close to complete. 
There is very close agreement between the expected and observed 
genetic proportion when the 'a priori' method of ana1ysis for 
complete ascertainment is used. Assuming single ascertainment, 
which is a possibi1ity for part of our data since there was a 
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tendency to inc1ude only those patients first di,a~nosed during the 
period of our,study, recessive inheritance is also supported. 

The frequency of consanguineous marriages arno,ng the parents was 
relatively low in this series, as in,a series from Eng1and (Wa1she, 
1967) but'unlike the high frequencies found in the New York series 
(Bearn, 1953; 1960) and Japanese series (Arima arid Kururnada, 1962b). 
These diffe~ences do not necessarily reflect a difference in the 
gene frequency in the populatibnso' In the New York s'eries~ the 

1 • parents appear to be froin genetic isolates (Bearn~ 1953) and , 
probably the coefficient of inbreeding is high in these groups. 
The marriè-ges.in the population from which the present sel'ies is 

.drawn appear less likely to be consanguineous since most of the 
families have several generations of Canadian or Arnerican ancestors 
who have notlived in racial isolates. iOr the Japanese seri~s, a 
high fr'equency of consanguini ty is expected among the parents a~ 
it is high even in the general populat~on. No information has been 
given on the racial origins of the series from England. Estimati,ons 
of the gene frequency are uncertain because the frequency of 
consanguineous marri ages in the general population from which these 
patients were derived is unknown. This figure is perhaps most reliable 
for Japan because there is probably a relatively even distribution 
of consanguineous marri ages in this population. Assurning a 
consanguinity rate of four per cent among the Japanese, the gene 
frequency as estimated from the present data is two ta four times 
that found in Japan. Considering the possible in~ccuracies involved 
in the estimates, this difference is small and probably does not 
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indicate a real difference. Th~ gene frequency; q, estimate~, 
from our series, is 0.9 to 1.9 per 1000, the disease incidence 
o • 9 to 3.6 per l, 000,000 and the correspondi,ng incidence of 
heterozygotes is one per 265 to 537. The prevalence of patients 
is consistent with the higher estimate for the gene frequency 
so even this figure may be too low an estimate. Estimates of 
prevalence increase as diagnosis is improved. Although the gene 
frequency is probably not unusually high in Japan, the disease 
incidence is apparently about ten times higher, presumably 
because of the extent of inbreeding in the population. 

~tudies of Heterozygotes and Other Relatives: 
Our study indicates that the ceruloplasmin level of the heterozygote 
fluctuates within a relatively narrow range. This was also true for 
normal individuals, as reported in Section 1. A low level of 
serum ceruloplasmin is a constant feature in sorne heterozygotes_, 
This differs from the findings reported by Arima and Kurumada 
(1962a), of fluctations from normal to low levels in several 
heterozygotes. Our method .of analysis has ensured that there is 
neglibable variation due to technicalerror. The differences 
between the results of the two studies suggests either that the 
fluctation in the Japane~e data is due to techHical factors or that 
the difference between tho, Japanese heterozygotes and those from 
the present series is real. 

In this predominantly western European series, about nine per cent 
of heterozygotes have a ceruloplas~in level below the 95 per cent 
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lower confidence limit for the general population. Apout six per .cent 
are below the 99 per cent limit, where one 6xpects, by defini~ion 
0~5 per cent of the g.eileral population to falL . In actual practice., 
the only healthy. individuals found to date t'lith such low levels 
may be heterozygotes for the Wilson's disèase gene. One of the 
twp individuals in our control series who had low levels of 
ceruloplasmin sho~bd an abnorm~l rate of'inco~oration of 64Cu into 
ceruloplasmin, decreased for p~rt of the study'as in known 
heterozygotes. His identification as a heterozygote for the Wilson's 
disease gene is still uncertain. 

An investigation of the ceruloplasmin levels of numerous relatives 
has shown that the occurrence of low ceruloplasmin levels in 
heterozygotes is strongly familial. Low ceruloplasmin levels in 
related individuals can be seen in several faml1ies and kindreds 
in the li teratu.re, for example families Sm. and Q. of Sternlieb 
~al. (1961), relatives of case l of Cartwright ~!l. (1960), 
family A of Soothill et!l. (1961), and the families of cases 1 and 
3 of Canelas ~al. (1963). In the latter report, however, the 
investigation.was probably not aqequate to distinguish heterozygotes 
from asymptomatic affected homozygotes and çopper determinations 
appear to be too high, probably because of èontamination. The data 
from aIl of these families suggest that familial, probably genetic 
factors are involved in the production of an abnormally low serum 
cerulop!asmin lever in certain heterozygotes. Further evidence that 
the factors are indeed genetic is provided by the father of the 
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proband and his monoz,Ygotic twin in family W, both of whom have 10\'1 
ceruloplasmin levels. 

Studies of relatives followi,ng the oral or intravenous administration 
f 64C 'f l' d' , 'h' h f 

o u were use U 1n 1st1,ngu1s 1,ng eteroz'ygotes rom normal 
homozygotes. After oral administration of 64cu, three of the four 
presumably heteroz'ygous parents, as weIl as several other relatives, 
shoW'èd a decreased::'rate of incorporation of 64Cu into ceruloplasmin 
compared with that of three other relatives, including one parent, 
presumed to be homozygous normalo The calculation of R values 
(Sternlieb .=!. al. j) 19611;l)allowed similar conclusions to that of 
visual comparison of t~e plotted incorporation curves in distinguishing 

1 heterozygous individuals. There are several plausible explanations 
for the finding of a normal rate of 64Cu into ceruloplasmin in a 
parent of a patient. '1) Her test results may have been affected by 
the occurrence of her menstrual period during the test. 2) Some 
heterozygotes show a rate of 64Cu incorporation which do es not 
distinguish them from normal homozygoteso This appears to be true 
from the data of Sternl~eb , . .=!.!l. (196lb). While her value was 
unlikely to be that of ~heterozygote, it was calculated from two hour 
data rather than the higher of values at one and two hours. 3),This 
parent may actually be a normal homozygote in who~~ gamete a 
mutation of a gene at the Wilson's disease locus ~red and was 
transmitted to her affected daughter. This explanation seems 
unlikely in view of the relatively high frequency of heterozygotes 
in the population compared with the rarity of a mutational event at 
any one locus. The small amount of data in the atypical kindreds 
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indicates that individuals with low serum ceruloplasmin levels are 
probably heterozygous for th~ gene 'for Wilson's disease, but that 
individuals with normal serum "ceruloplasmin levels in. sorne cases . 64 show a reduced rate of Cu into ceruloplasmin typical for 
heterozygotes. Studies in which 64Cu is adminïstered intravenously 
are probably more effective in distinguishing 'heterozygous 
individuals because effects of individual differences in intestinal 
absorption of the 64Cu are eliminated. Tracer studies were carried 
out in most individuals (Aspin and Sass-Kortsak g 19G~) but the 
response curves areprobably ~he sarne as with higher do~es of total 
copper in heterozygotes and normal homozygotes. This may not be 
truefor patients i~ whom the liver is already Ioaded with copper. 
A graphicanalysis of the da~a showedaclear distinction between 
heterozygous parents and individuals beli~ved to be homozygous 
normais. The'normal' category inciuded ~ome sibs of patients \'1ith 

, 
. 

. 

Wilson's disease who were considered norm~1 because their rates of 
incorporation of 64Cu into ceruloplasmin were as high as in two normal 
controis. More data on normal controls wouldbe useful and may be 
possib~e to obtain as refinements of technique allow the use of 
lower doses of the radioactive isotope. The ~ncorporation curve of 
one parent.was a,lmost as high as that of the 'normal' group. 
Paternity was not excluded by a study of seven blood groups. .His 
response probably represents the extreme in the range for heterozygotes. 
This response,between six and twelve hours after administration of 
64Cu,falls in the range of the other known heterozygotes. The 
collection of more data on heterozygotes shoûad help resolve.the 
questions ra'ised by data from this individual." 
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The Possibility of Genetic Hom~geneity in Wilson's Disease: 

If the heterozygotes in the three atypical kindreds in the present 
series are actually genetically distinct from those in the more 
usual families, several hypotheses can be suggested to explain the 
findings. These are as follows: 

1) 'the gene for Wilsonvs disease decreases theceruloplasmin 
levels in aIl heterozygotes and the atypical kindreds 
are thosè in which the ceruloplasmin levels already tend 
to be rather low. 

2) adifferent allele for the- Wilson's disease gene occurs in 
1 

the a~ical families. 

3) a modifier gene g closely liked to the Wilson's disease 
locus g has a pronounced effect on the ceruloplasmin level. 

4) a modifier gene exists g as in the previous hypothesis,.' but 
is not clGSely linked to the locus for Wilson's disease. 

The data from the present series can be examined in the light of these 
hypotheses. Let us assume that the mutant,- gene for Wilson' s 
disease is IW

g occurring at a locus I which controls the incorporation 
of copper into ceruloplasmin. The individuals with Wilson's 
disease are therefore the genotype rWIw• 

Evidence for the reduction of the ceruloplasmin level by a single 
IW allele is unconvincinq. The me an ceruloplasmin level of the 
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heterozygous,parents studied t'las not s.ignificantly different from 
the mean of the general population, either when the parents 
from the atypical kindreds were included or omitted. The distri-
but ion of ceruloplasmin levels in the, general population, which is 
approximately Gaussian, s,~ggests multifactorial influences. 
Studies in normal families indicate a familial influence and twin 
studies indicate that genetia;influences are present. In the small 
number of sibships in which both normal and neterozygous sibs 
have been identified by studies with 64Cu, the heterozygotes do 
not appear to have consistently lower ceruloplasmin levels. From 
the distribution of ceruloplasmin levels in heterozygoteS in the 
typiad:mmilies and from these studies within sibships, it appears 
that the ceruloplasmin leveis are not appreciably reduced, if 
at aIl, by the presence of one IW alleleo Even if the atypical 
kindreds tended to have lower ceruloplasmin 1evels because of 
other factors in their genetic backgrounds, the levels would have 
to be reduced by 50 per cent or more to get such low levels in the 
heterozygotes. Furthermore, the distribution of ceruloplasmin leveis 
in the atypical kindreds would not be clearly bimodal, as found. The 
first hypothesis does not appear to be satisfactory. 

The second hypothesis would provide a situation analagous to that in 
cystinuria, in which one type of cystinurià, is compietely recessive 
and the other type is detectable in the heterozygous state (Harris 
~ al., 1955). If a different allele, IW, occurs at the Wilson's 
disease locus, then aIl h~terozygotes as identified from 64Cu studies 
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should have low levels of ceruloplasmin. In each of kindreds W 
and M, there is one relative of those studied with 64C\l;who 

appeared to be heterozygous for the Wilson's diseasegene yet had 
a normal ceru10plasmin level. Assumi.ng a common mechanism in aIl 

three kindreds, the postulated allele IW must oc~asionally fail 

to produce an abnormally low ceruloplasmin level. In the three 
kindreds, there are eight·matings of normal individuals with relatives 
assumed to be heterozygous, either on the basis of 6

4eu studies or a 
low level ot ceruloplasmiho Three of their·of~spring had ION 

ceruloplasmin levels, instead of the 13 in 26 expected accordingto 
this hrpothesis.. The data fro~ the atypical kindreds dQ' not 
provide good support fo~ the hypothesis of:different alleles. 

According to the third hypothesi~, a gene at a second locus influences 
the ceruloplasmin level in the atypicai kindreds. Let us designate 
this locus as C, a structua1. gene for aH or part of the apocerulop
lasmin, that is ceruloplasmin without its copper. The mutant allele, 
which we shaH caU eL, could produce a different apoceruloplasmin, 
consequently a different ceruloplasmin, with a reduced oxidase 

activity comparedwith that of the usual ceruloplasmin or could 
reduce the amount of apoceruloplasmin produced. This .allele, CL, may 
reduce the ceruloplasmin level somewhat in a eLeN individuai when no 
rW allele is present, but we shaii have to assume that it is the 
combination of the heterozygous stat"e of CL and IW in an individual 

'which· overtaxes the cerüloplasmin mechanism resulting in a low 

ceruloplasmin level. If, in heterozygotes for the Wilson's disease 
gene, the genes at other loci are distributed as in the general 
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population, then 6.1 per cent of normal individuals, as weIl às 
heterozygotes for rW

g would carry one CL allele and its frequency, 
as calculated from the Hardy-Weinberg lawg would be 0 .• 03. This , . 
hypothesis can satisfactori~y explain the findings in aIl three 
atypical kindreds. Inkindred B, the alleles CL could be linked 
and there is no evidence of crossing over in the family. In 
kindred Wp these alleles are'linked, occurring in the father, 
uncle, and brother of the proband o In the heterozygousaunt 
with a normal level p crossing qver couldhave occurred so,that 
her genotype is rWCN/lwCN• None of her children would have low 
ceruloplasmin levels, as is t~e case. In kindred M, IWand CL 
could have occurred in separate paternàl grandparehts so that the 
father has the genotype rWcN/rwcN therefore a normal ceruloplasmin 
level, a paternal aunt has the genotype rWcL/lw~and a low 
ceruloplasmin level~ ani~l)a.ternal uncle is the same as the aunt. 
Since this uncle was distinctive in having less reduction of 
ceruloplasmin than other atypical relatives in this family he could 
have either the genotype rWcN/I~CL or IWCN/rwdN , if the CL orlw 
alleles singly in the heterozygous stat~, have a small effect in 
reducing the ceruloplasmin level. If the genetic background of the 
uncle iS'~,such that his ceruloplasmin level would otherwise have put 
him at the lower end of the normal distribution, then the presence 
of either allele could reduce his ceruloplasmin level just sufficiently 
to'put his ceruloplasmin level in the low rang~. Assuming normal 
rWcN}rWcN marriage partners for the aunt and uncle under discussion, 
none of their offspring would have low ceruloplasmin levels but 
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half would be heteroz'ygous for the Wilson' s disease, gene. In fact, 
the uncle has seven and the aunt has e,ight adul t offspring who 
were tested and aIl have normal ceruloplasmin levels o None of 
these individuals were ayailable for tests with 64eu • The probable 
genotypes for members of the three atypical kindreds are shown in 
Table 10. 

If the gene for WilsonVs disease is al 50 present in farnilies N and 
R (Fig. 7) ascert~ined from the genera1 population study, then the 
hypothesis shou1d also be applicable in these farnilies. However, 
it must be emphasized that these families may have'low ceruloplasmin 
levels for a different reason. No studies with 64Cu have been carried 
out in family R and the one individual studied in famiIy N showed 
a normal rate of 64Cu incorporation into ceruloplasmin early in the 
study and a response typica1 of heteroz,Ygotes for the Wilson's 
disease gene for the remainder,of the study. If we assume that 
these families contain atypical heterozygotes for Wilson's disease, 
then in family ,N, 1 w and cL appear to be linked and the expected 
pattern of inheritance is foundJ) with the exception of one aunt 
(11-3). Her ceru10p1asmin Ievei is normal and almost twice as high 
as other atypica1 members of the kindred. Crossing over may have 

\ occurred in ~ parental gamete such that shehas the genotype 
IWCN/lwCN• Her daughter, who has a very Iow cerulop1asmin Ievel, 
must then have inherited a cL al1eIe from huir father. This is not 
un1ikely when one considers that 6.1 per cent of normal individuais 
are assurned to carry the gene. The father refused to have a b100d 
sarnp1e taken 50 thi5 mating leaves unanswered questions. In f~mi1y 
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TABLE 10 
PROPOSED GENOTYPES OF INDIVIDUALS IN ATYPICAL KINDREDS 

Kindred 

B 

W 

M 

Individuala Genotype 
W.D. 

locusb 

II-l 

III-l,4 to 

II-2 to 5 

1II-2,3,B 

IV-l 

III-9 

III-3,4 

II-2 

III-l,2 

1II-6 

II-l 

II-4 

II-6 

} 

N 

H 

A 

N 

H 

H 

A 

IWCN/IWCL~ N 
IwCN/rWcN or/IWCL or H 

IWCN/lwCN or/IWCL H or N 

rWcL/rwcN 

rWCN/IwCN 

H 

H 

III-8 to 18, 
27-32 IWCN/IWCN or/lwCN N or H 

111-19 to 26 rWcN/rWcL or/IWCN N or H 

A 

a See Figs. 12 and 13. 

Ceruloplasmin 
level 

normal 

low 

ni! 

normal 

low 

normal 

normal 

ni! 

norme (?)C 
norme (?) or Iow 

normal 

low 

normal 

normale?) 
or normal 

normal 

normal 

nil 

b N - normal homozygote; H - heterozygote; A - ,affecte4 homozygote. c Normal or slight1y Iow, depending upon genetic background. 
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R, the, limited, data s,ll:ggest lin~age of IW and CL with no crossing 
over. However no 64Cu studies could be carried out to confi~ the 
presence of IW• 

The fourth hypothesis is similar to the previous except for 
specifying no linkage or at least no close linkage. The assumption 
of close linkage appears to fit the data weIl as only one or two 
crossovers could be detectedo There are a total of 24 offspring of 
matings of a normal individual with a relative assumed to carry both 
the CL and IW alleles o Three of these offspring h~ve low 
ceruloplasmin levels. The expected number of such offspring is 
4.5 of 24assuming linkage and six of 24 assuming independent 
segregation of the two alleles. Therefore the data are in good 
agreement with either the hypothesis of no linkage or of close 
linkage. A valid assessment of the degree of linkage will require 
kriowledge of the genotype at the Wilsonvs disease locus for more 
individuals in the pedigrees presented. 

There still remain four isolated cases of low ceruloplasmin levels, 
aIl of which lie above the 99 per cent lower confidence limit for 
the general population and are therefore higher than those in the 
atypical kindreds. Two, of the relatives were children whoseJlevels 
were low only after correction for age. The other two were a father 
previously mentioned as borderline and a sib who appears to be 
a heterozygote by studies with 64Cu • Perhaps these individuals 
represent the lower end of a normal distribution shifted downward 
due to small effects of the IW al1ele. 
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Since a single genetic hypothesis can explain the findings in the 
family studies~ the origin of the proposed allele CL is of interest. 
The parents with atypicalrelatives in kindreds Band Ware both of 
western European origin~ and specifically German. Kindred M has 
lived in Canada for many generations and is probably of western 
European origine Its surname also occurs in the ancestry of 
kindred WJ so these people may be of G~rman origin and perhaps 
even have common ancestry with kindred W. The atypical families 
N and RJ ascertained through the population survey and'possibly 
carrying the same allele J are of Scottish and English-German 
origin respectivelY.. These data suggest that the modifyhig allèle may 
occur only in western Europeans J although we may have had 
insufficient data from families of central European origine The 
racial origin was not reported for the previously mentioned atypical 
families from the literatureJ except for those of Canelas ~!!:l. (1963) 
in which one family was reported to be of Italian descente In a 
Russian series of 20 unspecified relatives of patients (Mittetshtedt 
and Bauman J 1964) J two sibs have very low cerulop,lasmin levels ,but 
these are l;lrobablY,asymptomatic affected homozygôtes. Several. 
parents in t~ree series of Chinese and Japanese families probably 
had low ceruloplasmin leve1s eTuJ 1963; Arima and KurumadaJ 1962a; 
Fukuda~ 1965a) but the lower 1imits of normal were not èlear in 
these series. A careful study of more atypical kindreds J including a 
study of their racial origin~ is required beforè the hypothesis 
presented here can be accepted. 

140 



Since our evidence is consistent with the existence of a modifier 
gene in certain atypical families with Wilson's disease, we can 
examine data which may provide evidence on its mode of action. 
Such evidence is mainly of a negative type·o . If ~he modifier gene 
exerts its effect directly on the product of the Wilson'sdisease 
gene, IW

g then a correlation between the' rate of incorporation of 
64Cu into ceruloplasmin and the serum ceru19plasmin level might 
be expected. In.our series, sorne of the lower rates of incorpora
tion of 64Cu into c~ruloplasmin were shown by heterozygotes·with 
ceruloplasmin levels weIl within the normal range. In the studies 
of orally administered 64Cu reported by Sternlieb ~!.!.. (l961b), 
sorne heterozygotes with normal ceruloplasrnin levels have a much slower 

f . . f 64C · 1 1 . h h . h 
rate 0 ~ncorporat~on 0 u ~nto ceru op asrn~n t an t os~ w~t 
low ceruloplasmin levels, a1though a significant correlation was 
found in an analysis of aIl the data. An excep~ional1y high rate 
f . . f 64C . Il· f d· h . 

o ~ncorporat~on 0 u ~nto ceru op asm~n was oun ~n t e s~ster 
of one of our patients. She also had a ceruloplasmin 1evel above 
the upper 99 per cent confidence 1imit and was not pregant, not 
taking hormones, and was free of knowninfection.·· Therefore, assuming 
that these two features are causally related, in sorne cases the rate 
of copper incorporation can influence the final leve1 of ci~ulating 
ceru10p1asmin. 

The nature of the change brought about by the IW a11ele will be 
discussed ~n a la ter sectiong but for the present we shall assume 
that it exerts its effect on sorne phase of incorporation of copper. 
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It does not involve the structural locus for apoc~ru1oplasmin, which 
we have called C. If the variant allele CL, the modifie~ gene, 
promotes low ceruloplasmin levels g it could do this by producing a 
structurally alteredceruloplasming or more preciselYg apoceruloplasmin o 
The resulting ceruloplasmin ~ight have much lower oxidase activity 
than that of the normal ceruloplasmin. Starc~ gel electrophoresis was 
carried out in a system which has previously detecte~ homogeneity 
of ceruloplasming and no difference was found between the mobilit'y of 
normal ceruloplasmin and that of the atypical heterozygotes. If the 
reduced ceruloplasmin activity in atypical heterozygotes results 
from a structural alteration in apoceruloplasmin, the difference 
does not therefore involve molecular size or charge. Since the 
~taining of the ceruloplasmin on the gel depends upon its oxidase 
activity, a ceru10plasmin variant which lacks oxidase activity would 
not be detected. 

Inhibition studies did not show a difference in the response of sera 
from the atypical heterozygotes. Th~ variable lag period will be 
discussed later. A differential response to inhibitors has been 
found for isozymes of pseudocholinesterase (Kalow and Genest, 1957). 
This method would not detect a,variant which lacked oxidase activity. 

If a variant ceruloplasmin was present in the atypical heterozygotes:" 
we were not able to detect it. Another possibility i~ that no 
apoceruloplasmin is produced by the allele CL. This could result from 
a nonsense mutation in the CL allele such that coding is stoppeU at 
the mutant point and no apoqeruloplasmin is formed. A combination of 
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reduced incorporation of copper due to the prese~~e of I W and a reduced 
amount of apoceruloplasmin could result in the low ceruloplasmin levels 
of the atypical heterozygote!;. A mutation in a regulatory gene, which 
causes reduced apoceruloplasmin formation,would also show the dominant 
pattern of inheritance found in atypical heterozygotes in the 
present series. 

No special mechanism l with the possible exception o~ close linkage, 
is required to explain the pattern of inheritance in family B, and 
similarly in normal families R and NI assuming they too are atypical 
families possessing the IW allele. If there is close linkage between 
the 1 and C loci, then they could be adjacent on the chromosome. 
One deletion invo1ving parts of both the 1 and C loci would teduce 
the amounts of both gene products in the heterozygotes. l.f human 
genetic systems are similar to those of bacteria, the concept of the 
operon might be invoked o If l and C are within one operon, or 
within a genetic region under synchronized control, then families B, 
R,and N could have an extremelypolar nonsense mutation near the 
operator region l such that neither gene product is formed (Newton 
~!.!.., 1965). The application of such systems to hw;na,ns mustbe 
done with recognition of the pitfalls involved (Epstein,l964). 
These· explanations l while following the current voguel are very much 
in the rea1m of speculation and probably introduce àdditional 
comp1exity into the situation because of their application to only 
part of the data from atypica1 families. 
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The Interpretation of the Inhibition Studies: 
Sera from heteroz,Ygotes and from patients showed the same response 
as did sera from normal individuals to the inhibitorr action of 
sodium azide and iproniazid •. The appar~nt inhibition with iproniazid 
has been shown, to be partIr due to decolorization of the oxidation 
products p at least when DPPD is used as substrate' (Curzon and 
Cumings p 1966). 

An increase in the lag period was observed with decreasing levels 
qf ceruloplasmin and increasing concentrations of the inhibitor. 
Th~s increase in lag period did pot alter odt resu1ts as the rate 
of the reaction was ~easured when linear. Usua11y the lag period 
had ended during the warm-up interval of the reaction:mixture; if the 
lag exceeded this period, as it did with the combination of the 
lowest ceruloplasmin concentration and highest inhibitor concentrations, 
then the rate was not measured until after the lag period had ended 
and the rate was constant o The 1,ag period is probab1y due to ascorbic 
acid in the serum (Aprison and Grosz p 1958). The co1oured oxidation 
product of PPD can be reduced to its colour1ess form again by the 
ascorbic acido The coloured product remains and accumulates only 
after the reducing activity of the ascorbic acid is expended. 
The time required to reach this point will vary inverse~y to the 
concentration of ceru10plasmin present. Wa1she and Carpenter (196~) 
have reported that sera from patients with Wilson's disease show 
significant1y greater inhibi~on,with sodium azide and iproniazid 
as inhibitors. Their assay method is one which measures the amount of 
colored product formed after a constant period of incubation (~a1shep 
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1963c). The resu1ts of su ch a method are affected by variations "in 
the 1ag periode Walshe and Carpenter noted that "the degree of' 
inhibition produced by either inhibitor varied inverse1y to, the 
enzymatic concentration both' for normal' and Wilson' 5 disease serum"'. 
They attempted to correct for this by multiple regression analysis 
on an electronic computer and still found significant di'fferences, 
however the correction was apparently not adequate. Our findings 
suggest that the differences found are due only to the lag period effect, 
as an increased lag period in the presence of inhibitor does give 
an apparently lower percent,age 'of ~nhibition. ,The presence of an 
inhibitor in sera from Wilsonvs'disease hasbeen suggested in another . 

~ , 

studyby Walshe (1963c)o The effect of these apparent inhibitors 
was greatest when a high serum to pure ceruloplasmin mixture was 
used. This can again be explained by l,ag period effects: pure 
ceruloplasmin rais es the total ceruloplasmin concentration of ,the 
mixture enough', that the lag effect is' small, but wi th a lower ratio of 
pure ceruloplasmin the lag period is longer. 

We have found that mixtures of sera from normal subjects and from 
patients with Wilson's disease have the expected oxidase activity. 
There does' not at present appear to be any valid evidence for the 
presence of an inhÜd tor in the sera of patients wi th Wilson' s disease, 
or for a difference in the response'of'~eruloplasmin from patients 
with Wilsonvs disease to the inhibitors sodium azide and iproniazido 
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PART 2 

A Survey of Patients with Normal LevaIs of 
Serum Ceruloplasmin 

, \ 

While a deficiency of ceruloplasmin is a frequent find~ng in 
patients with Wilson's disease, a ·small percentage of proven cases 
have notmal cel'uloplasmin levels. Ina series of 111 patients with 
clinicàl signs of Wilsonvs disease, four patients, or 3.6 pel' cent, 
had normal ceruloplasmin levels·(Sternlieb and Scheinberg, 1963). 
In the present series of 33 pati~nts including asymptomatic patients, 
three have normal ceru10p1asmin 1evels. This represents eight pel' 
cent of the ·25 famili~s, as two patients with normal ceruloplasmin 
levels occurred in one family. 

A study of aIl reported patients with Wilson's disease and normal 
serum.ceruloplasmin levels was undertaken, particularly to determine 
if familial factors are involved. 

MATERIALS AND METHODS 

Patients with normal cerulop1asmin levels, including two of our own, 
have been presented in review articles by Kurtzke (1962) and'by 
Scheinberg and Sternlieb (1963). These patients form thé main part 
of the present series. One new patient from our own series, and tWQ 
reported by other authors haye been added. The combined list consists 
of 16 patients from 15 sibships. 
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The follow~ng information NaS obta!ned from the o~iginal teferences, 
where possible: sex, ,age of onset" clinical type of the disease, 
consanguinity of the parents, racial o~!ginlland ceruloplasmin 
levels in the parents and sibs. Genetic information was seldom 
available from the 'o~iginal references and was obtained" where 
possible" by personal communication from the authors. 

RESULTS 
The clinical features of the 16 patients col1ected ffom the 
1iterature and from our data are shown in Table Il. Genetic data 
axesummarized in Table 12. 

Sorne of the patients included in the review articles Cfurtze, 1962; 
Scheinberg and Sternlieb, 1963) have been excluded from the prese~t 
series. From the review by Kurtzke g case numbers X and Xl were 
omitted because the cerulop1asmin 1evels g as expressed in optical 
density units, were about oné half of the lower limit of the normal 
range and were therefore definitely low; case ·number XlI wa.s omitted 
because the ceru10plasmin level was low except at parturition when 
it approach~d.the normal range. Case numbers 4g 6» 8g 10, lI, 13, 
and 14 of the present series are included in both review artic~es. Our 
case number 14 was duplicated in both review articles: cases VI and 
VII of Kurtzke and caseslO and 12 of Scheinberg and Sternlieb. Our 
cases 1 and 7 are new cases added frorn the literature. Case 15 is 
frorn our own series and has not been published previously. 

'i 

Sorne of the patients on this list have ceru10plasmin leve1s somewhat 
below the usual normal 1imit" but have been inc1uded becausè the levels 
are higher than those usually found in Wilson'sdisease. 
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TABLE 11 
CLINICAL DATA ON PATIENTS WrTH 

A NORMALLEVEL.OF .SERUM CpRULOPLASMIN 

.Age of ohset Clinical type , ~as~ Sex (years) (Na or Hb) ~è~uloplasmin level Reference 

1. (Y.S.) M 12 N ~7.l mg./IOO ml. Arima et. al. -- (1960) 2. CM.S.) F 4 H(sev. ) ~7.5 mg./IOO ml. ibid. 3. M,. 10 a.symp. t705 mg./IOO ml. Combes~ in Scheinberg a~d Sternlieb (1963)· 40 M 35 N, H(sev.) rnormal' Enger (1959) 1 5. (RoE.) M 15 H, i604 mgo/lOO ml. German and BèarI\,(196l) 6. (V.C.) p-., 20 N, H(mod.) fO.8 mg./IOO mlo ibid. .,./ --... 7. M 31 N t5 mg·./lOO ml. Hol tzman et al. -- (1967) 8. M 32 N, H(sev. ) t7.5 mg./IOO mlo Kurtzke (1962) 9. M 28 H,(sev.) :?5 mgo/lOO ml. Schaffner,(1965) 10. (L. E.), F 14 N f7' mg./IOO ml. Roseno~r and Frailgl()n (1959) lla. (RboM9.) M 10 H(sev. ) ,4 mg./lOO ml. Sass-Kortsak et al. 
(1959) --llb. (R.MoJ M 11 H f606 mg~/IOO ml. ibid 0, 12. (Y oF .Ho) F 6 asymp. 0.254 Ravin units Tu et alo (1962) 1 --13. (F. T.) M 11 H(slight) 18 mg./lOO mlo Walshe (1960) 14. (C.W.) F 13 H ° normal , Walshe (1960); 

Sherlock (l960) 
1 ,. 

15. (S.C.) M 38 N ~8.0 mg./IOO mlo Present study 

a Neurological b Hepatic 



~ -;.""-::[, .~,' TABLE 12 

GENETIC DATA ON PATIENTS WITH WILSON'S DISEASE 
AND A NO~L LEV$L OF SERUM è~RULQfLASMIN 

No. of sibs 
r - 'Parents _..... : 

consang-o~ 
Cerul .. Case No. Radial Origin Normal ' - 'a 

Fàt~er tl.Q· 
/' ': 

,l, 

o J 

l Jap:anese 3 nC leM, 18 yrs.) lc •. on j), 
16.3 mg./IQO ml. 

2 Japanese 2(MIlF)-pro~~b1~ ° 2c .. n 
3 Anglo-Saxon 3 ;5 no 6,6,-',1 'mg ./100 ml. ' d~c. 
4 unknown 3(11) lc .. 
5 N.A. Ind./Negro,5,n lio n Spano/N~gro 

6 French/Span.~ l,n lc. :p French/NoA .. Ind .. 

7 Negro 7j)n no 
8 Italian 2 1 CF, 27 yrs.) no 

low cerul. 9 Puerto Rican 3 1 
10 Polish CJewish) '1 (1) - no 
11 Irish 3 aj)b-sibs ~c. n 
12 Chinese 3 ? CF ,F) no n low ceru1. 13 English 1 CM) no n low cerul. 14 Jewish 

no n 
15 Polish(Jewish) 3 nb 

asex and age in brackets,.. when ,known.; ,cel;'uloplasmin level in next !ine. bIc. - first cousins, 2c. - s~cond cousins. "Cnormal ceruloplasmin leve1. 
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Thirteen of the sixteen patients had clinica1 signs of Wi1son's , . . . 
disease. Hepatic disease was severe in five patients. In a further 
five patientsjl liver disease W8S rec,ognized but was apparently not 
severe at the time of report~ng the ceruloplasmin level. Case 3 
was asymptomatic at the time offirst testi,ng when his ceru1op1;;tslnin 
level was 17.5 mg./IOO mlo, had hepatosplenomegaly and a 
ceruloplasmin leve1 of 22.3 ~g./IOOmL at a second testing one 
year later, and was di,agnosed as a patient on the basis of finding 
post-necrotic cirrhosis on liver biopsy and a characte~istica11y low 

" ratio of copper -64 in the plasma fo11owing oral administration of 
the isotope (Stern1iebjl 1967, persona1 communication). Case 12 
was asymptomatic at the time of first testi,ng, except for m:Üd 
abnorma1ities of liver function tests. Unspecified abnormalitiès bf 
the 1iver were found at liver biopsy. The ceruloplasmin level was 
reported to have fallen to typically low 1eve1s spontaneously (Tu, 
1966j! persona1 communication). This is an unusua1 and unexp1ained 
observation. Case 13 had only hepatosplenomega1y, abnorma1ities in 
1iver function'test~,and a urinary copper excretion of 140 pg. per 
day at the Ume of first testi,ng .He was suspected previously oi' 
being a heterozygote (Walshe, ,1964, persona1 communication). At the 
age of 15 years, he had deve10ped Kayser-F1eischer rings (Osborn 
and Walshej! 1967) 0 His cerulop1asmin 1evel was 17 mg.'!100 ml. after 
two years of treatment withpenicil1amine. 

The ceruloplasrnin levels of cases 5 and 6 rose considerab1y during 
treatrnent with estrogens (German and Bearnj! 1961). Testicular 
atrophy was found in cases 8 and 9» consistent with recent hyper
'estrogenism (Scheinberg and Sternlieb, 196i),. 
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In at least three of the cases p the ceruloplasmin levels 
declined after treatment with penicillamine. In case 7, the 
ceruloplasmin level decreased to 8 ~g./lOO ml. after three and 
one half months, and to an undetectable level after a further 

1 three months of treatment (Holtzman ~ al.,1967). In case 10,. the 
cerulopl~smin level decreased to 3 ~~./100 ml. afte~ one year of 
treatment (Ros~nqer, 1961). In case 14, the' ceruloplasmin level 
was reported to have fallen to "cla~sical Wilson's disease levels" 
(Sherlock p 1960). In cases 3 and 13 p th~ response to penicillamine 
has been less dramatiç with declines .to 17 mg./lOO ml. (Walshe, 1~64p . 

.: personal communication) and 16.2 mg./IOO ml. (Scheinberg, Ip6~p~rsonal 
communication). I~ case 15 p the first ceruloplasmin measurement 
available (18.0 mg./lOO ml.) was mad~ after four years of penicillamine 
treatment; the ceruloplasmi~ l'evel was 21.4 ~go/lOO ml. after eight 
years of treatment. This patient p while cl~nically free.fro~ aIl 
but minor symptoms, is on ION doses of pen~cillamine intermitt~ntly, 
thus he may.not De adequately decopperedo 

. , 

From the genetic data summarized in Table l2 p it is apparent that a 
wide variety of racial origins are represented. The first cousin 
consanguinity rate including second cousin marriages is 28~6 per 
cent. While these rates are high, there is no evidenc~ that they 
differ from the rates in the complete series of patients with Wilson's 
disease from which they were drawn. 

In two cases:, land 11 p both affectéd sibs in the families had normal 
or nearly normal cerulop1asmin levels. In four families p thos~ of 
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cases 3g 8g l2,and l3 g the affected sibs had typically low levels of 
ceruloplasmin. 

AlI of 17 parents tested had ceruloplasmin leveis within the normal 
limitso 

DISCUSSION·· .. 

Severe liver disease with a subsequent increase in circulat~ng estro-
gens has been sugge'sted as the cause of normal levels of ceruloplasmin 

\ 

in certain patients with Wilso~"s .disease' (Sternlieb and Scheinbergg 

1963). The administration of est~ogens increases the level of 
~ ... '--

serum ceruloplasmin in sorne patients with Wi1son Vs disease (Germ~ 
and Bearng 1961). Two patients of those recorded here had signs of 
hyperestrogenism. In a further three patients, Iiver disease was 
severe and cou1d ~erhaps have interfered with estrogen metabolism. 
In the remaining eleven patients, the liver disease was not clinically 
severe at the time of testing and in sorne cases was recognized only 

,by tests of· 1iver function. While the effect ofestrogens may there-
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fore play an important role in caus~ng an increase in the ceruloplasmin 
level in sorne patients. this does not appear to be a suitable explanation 
in aIl cases. 

There is no evidence to suggest that patients with normal levels of 
serum ceruloplasmin are genetically di~;ferenl: from the m()~e common 
type of patient with a ceruloplasmindeficiency. The age of onset 
and racial origin are as varied as in the more common type of patient. 
The consanguinity rate is probably the same as in otherpatients 



altho.ugh we cannot exclude the possibility of a l1:igher rate. Patients. 
with both normal and typically low cerilloplasmin levels can occur 
within one sibship. 

Familial factors apparently are involved in the production. of normal 
ceruloplasmin levels in certain patients since two sibs in two 
different sibships both had normal ceruloplasmin levels. Since 
only about four per cent of patients have normal levels» the occur
rence of more than one such patient in a sibship is unlikely to be 
a chance occurrence. 

In aU of the patients who have been tl;'e~ted l~ng enough and on 
adequate doses of penicillamine, the ceruloplasmin level.has 
decreased» frequently to typically low levels. This could be the 
normal response to removal of copper from the body. This is 
investigated in rats in Part 3, to follow. Another possibility 
is that in sorne patients with Wilson's disease» the presence of 
large amounts of copper in the liver enables sorne of it to be 
incorporated into ceruloplasmin. SeriaI determinations of the copper 
in liver biopsies.indicate that penicillamine treatment decreases 
the liver copper content (Sternlieb and Scheinberg, 1963). The 
remova1 of the excess copper stores from the liver could account for 
the simultaneous decrease in the ceruloplasmin level. 

The presence of three clinically unaffected patients with Wilson's 
disease and normal ceruloplasmin levels in the series of 15 patients 
is important from a diagnostic viewpoint. Patients with normal 
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levels occur infrequently and these have usually had well.adyanced 
disease. HOl'leVer Jl in studies of as}tt1lptomatic sibs Jl a ION level of 
ceruloplasmin will usuallYJl but not always identify ~he homoz,ygotes 
for Wilson's disease. A clinical examination for ~epatosplenomegaly 

, v, plps liver function tests identified aIl three previously eonsidered 
asymptomatic. The patients have been treated with penicillamine so 
it is not known if they would have developed typical clinical features 
of the disease. Case 13 is undoubtedly a homozygote because he 
developed Kayser-Fleischer rings. Case 3 had a low uptake of 64Cu 

64 into ceruloplasmin, however, bis ratio of plasma Cu levels at 24 
hours to two hours, was in a regionwhere there is some overlap with 
heterozygotes (Sternlieb et ~ 1961b). Case 12 has not been studied 
with 64Cu. Cases 3 and 12 cou1d be heterozygotes with mild clinica1 
manifestations of the disease, although no such heterozygotes have 
been reported among many parents of patients. 

This survey has shown that ceruloplasmin levels may occasionally 
fa1l within the normal range in patients with Wi1son's diseasev 
These inçreased 1evels are aIl below the mean 1evel for the normal 
population. The patients haveJl in some casesJl had severe liver 
disease o A resulting increase in circulating estrogens maYJl in such 
patients, contribute to the increase in the ceruloplasmin level. The 
accumulation of large amounts of copper in the liverJl which begins 
early in the disease, may promote ceruloplasmin formation in some 
patients. The extent to which this occurs is probably under familial 
influences. As the excess copper in the liver is removed with 
pencillamine, the ceruloplasmin level falls to low levels. 
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PAR1' 3 

The Effect of D-Penicil1amine on, the Level of 
Sè~um Cer1l:~oplasmin in Rats 

This study was undertaken because of the reported observations, revi~wed 
previously from the litera.ture, of patients w~th Wilson's disease 
and normal ceruloplasmin levels who had a decrease of their ceruloplasmin 
levels following penicillamine treatment. Two possible hypothese~ for 
these findings are tenable: 

1) These patients are genetically similar to those wi~h a 
ceruloplasmin deficiency a~d factor(s) not involving 
the gène for Wilson's disease have caused an increase 
in their ceruloplasmin levels. Th~ removal ofexcess 
copper by penicillamine treatment might correct the 
secondary factor and a decrease in the, ceruloplasmin 
level would follow. 

2) These patients are genetically different from the more 
usual patients with a ceruloplasmin deficiency and 
could have a different allele at the same genetic 
locus or a different abnormal gene producing a 
defect further removed from ceruloplasmin synthesis •. 
In this caseJl the fall in cel'uloplasmin level following 
penicillamine treatment woul~ have to be explained as 
a normal effect of the drUg. 1 
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The response of normal individuals wou1d differ according to the above 
hypotheses. In the first case, normal individua1s would not be 

expected to show a decrease in their ceruloplas~in levels after 

penicillamine treatment. In the second case, the normal response would 
be a decrease in the cerulop1asmin level p pe~haps more rapid than 
in the patients with Wi1son vs disease because of smaller tissue copper 
stores in the normal individual. 

Since the decrease in ceruloplasmin level in patients requires at 
least several monthsof pen~cil1amine therapy and since patients 
with Wilson's disease are the only individuals, with the possible 
exception of sorne patients with cystinuria, on such therapy, 

it was decided to test the hypotheses in rats. 

- '" MATERIALS AND METHODS, 

Assay Procedures: 

The ceru10plasmin content of the serum was determined by measuring 
the oxidase activity with paraphenylenediamine (PPD) as substrate o 
A method basically similar to that described for the assay of 

human sera in Section 1 was found suitable for use with rat sera. 
The reaction was carried out at 370C using a 1.0 M acet'ate buffer 
of pH -5.2p as for human sera. A 50 pl. aliquot of rat serum was 
used for each assayo The results were expressed as change in 

optical densi ty per minute (AO.D./mino) 0 

The amount of copper in the urine of untreated rats was measured by 
direct extraction of the copper with zinc dibenzyldithiocarbamate 
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(Giorgio, Cartwright, and Wintrobe, 1964). This met~o~ gave fa1se1y 
low resu1ts on urine obtained after penici11amine treatment, 
presumab1y because of the chemica1 bonding of sorne of the copper .. 
Urinary copper excretion fo110wing penicillamine administration and 
the copper content of 1iver were me~sured as described by 8ass-Kortsak ! ~,a1. (1959), usi~g the method 9f Eden and Green (1940). In 

i this methodp sodium diethy1dithioca~bamate is used to produce a 
co1ored compound with copper after ~et digestion of the test materia1. 

Determination of Dose of Penici11amine: 
Twenty-four hour urinary copper exc~etion was measured after the 
administration of varying do~es of penici11amine, in order to 1 

determine a suitable dôse for the studyo Hooded rats of the 
Venning strain p weighing about 120 grams, we~e used for this test. 
After a one hour fast, each test rat was given the required dose of 
D-penicillamine1 by stomach tube o The penici11amine was administered 
as a two or five per cent solution in deionized distil1ed water, 
prepared immediate1y prior to administration. Each rat was then 
p1aced in a metabolic cage, special1y constructed to avoid cop~er 
contamination. The çages were constructed of 1ucite with a styrene 
grid to support the animal and a nylon mesh screen to retain the 
~ces. AU parts of' ,the 'cages were rinsed with deionized distilled 
water prior to the testo Urine was co11ected in acid-washed 
graduated cy1inders. During the 24 hour collection period, the rats 
were given a 1.5 per cent glucose solution in deionized distilled 
water, add libitum o The glucose pre~ented excessive weight 1055 and 
promoted a high fluid jntake. 

1 AlI D-penicil1amine used for this study was kind1y donated by Merck, Sharp and Dohme of Canada Limited. 
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The effects of a single dose ,of D-penicillamineon the ceru10plasmin 
level were determined up to eight hours' after administration. 
Penici1lamine was also ad~edto the serum to determine possible 
direct effects upon the assay procedure. 

Experimental Procedure: 

Hooded rats of the Venning strain p abO,ut 110 to 120 grams in weight 
at the start of the experiment, we~e used. Up to four rats 
were housedin each large cage. Their room was maintained at 21 to 24oC~ 
The rats were fed Purina Laboratory Chow. , 

The rats were divided into thr~e groups at the beginning of the~ 
experiment: five females in a control group, five femalesin a 
'low dose' group receiving 60 mg. D~penicillamine/kg. b04Y weight 
daily, and six females and two males in a 'high dose' group receiving 
120 mg. D-penicillamine/kg. dailyo Aft.er 11 weeks, the study was 
terminated in the 'low dose' group. The 'high dose' group was given 
240 mg. D-penicillamine/kg. daily for a further four weeks and 
360 mg./kg. daily for the last four weeks of the study. 

The rats were weighed each Monday' ~nd the amount of D-penicillamine 
required was calculated. The dailf, dose required for aIl the rats ! combined was weighed into each'offive test tubes. E~ch day, th~ 
required amount of water was added, plus a drop Of more of 1 N NaOH, 
as needed,to bring the solution to about 'pH 7. The concentration 
of the penicillamine solutionvarie~ from one to five per cent, 
depending upon the total dosel' so that the total amount of liquid 
given to a rat did not exceed 2 mlo'Penicillamine solution, or a 
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similar amount ofwater for control rats, was administered by stomach tube,' using narrow plastic tubi,ng attached to a syringe, each morning from Mond.ay to Friday. 

'FoQd was removed from the cages atabout 5 p.m. each week-day except Friday, and early Monday morn~ng. The penicillamine was adm~nistered at least three hours after food (Mondays only) and usually after an overnight fast. ' Food was replaced in the c~ges one to two hours after the gavage. Tap water was available ad libitum at aIl times. The intake of food and w~ter during the last weeks of the study when the rats weighed about 200 g. averaged ni ne g. Purina Laboratory Chow per rat daily and 30 cc. w~ter per rat daily. Th~.chow contains a specified 18.2 parts per million 'of copper. The copper content of the drinking water was assayed and found to be 0.51 mg./m!. The totaldaily intake of copper was therefore about 179 mg. per rat. 
Blood was taken from the tai! every week or every second wee~» depending upon the dose of,.drug. The samples were taken in mid-week 

, . 
after only two or three (continuous days ofdrug administration. This avoided prolonged bl~eding from the tail which might otherwise have been encountered, since an increased bleeding time waS found after !.continuous administration of higher doses of D-penicillamine to rats. However, this effect was found to disappearafter two days 

, of no drug administration (Merck Institute, personal ,communica'til:)n, 1964). The blood was col1ected in 100mm. long sections of acid-washed capillary tubing. The tubes were sealed with melted sealing wax, and the serum was separated by centrifugation o The tube was broken at the junction of the serum 'and red celis. The serum 
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containing portion afthe tube was,covered at both ends with parafilm -
and frozen until the assay for ceruloplasmin was carried out. 

Pyridoxine, 2 mg. per rat, was injected intraperitoneally every . 
· ... Driday into all rats on a penicillamine dose of 120 mgo/kg. or more. 

Sterile water and equipment were used o Thi,s injection was given as 
a precaution because of the pyridoxine deficiency found by Asatoor 
(1964) when rats were given 300 to 340 mg./kg. D-penicillamine daily. 

After 14 weeks of the investigation as ou~lined, the·two surviving 
control females and six 'high dose' females were allowed to mate. 
A male of the same strain was p1aced with two or three females for 
five dayso The fema1es were about 21 to 22 weeks of age and weighed 
about 200 g. at the time breeding was started. At this point, the 
drug was administered daily, se~en days per week, at an increaseddose 
of 360 mg./kg. body weight. D~ily drug administration and weekly 
pyridoxine injections were"carttinued until delivery. This parf of the 
study was ~arried out to determine if penicillamine produced a copper 
deficiency in the offspring of a mbther treated during pregnancy. 
This is not pertinent to the studies reported here and will not be 
included in this report. 

Drug administration was terminated after aIl pregnant rats had delifered. 
After 19 weeks of the study, the rats were ki1led and samp1es of the 
liver were obtained for assay of the copp~r content. Sma11· portions 
of the large liver sample were removed, weighed,and dried at 1100 C to 
constant weight after cooling in a dessicator. These figures were 
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RESULTS 

Assessment of the Method for Quantitative Assay of Ceruloplasmin 
in Rats: 

The fOllowing aspects of the assaymethod outlined below were studied 
before it was accepted as being suitable for uSd,with rat sera. 

a) Linearity: 

The oxidase activity was proportional to the amount of 
serum (therefore amount of'ceru1op1asmin) present in 
the reaction mixture. Results of assays using 25, 50, 75, 
100, 125· and 150 pla of·rat serum are shown for the two 
samp1es in Fig. 19. 

b) Buffer: 

The rate of reaction was measured using the fo11owing 
buffers: 

phosphat~ buffer: pH 5.8 and 6.8 at each of 0.1 and 1.0 M. 

phosphate - citrate buffer: 

acetate buffer: 

pH 6.8 of 0.5 M citrate/1.0M phosphate; pH ·.54>6 of 0.05 M citrate/0.1 M 'phosphate, 0.1 M. citrate/0.2 M phosphate, and 0.5 M. citrate/l.O M phosphate. . 1 

pH·4.8, 50 2,and 5.6 at 0.5 and 1.0 M. pH '5.5 at 0.1, 0.5,and 1.0 Mo 

When any oxidase activity was apparent, the non-enzymatic oxidation • 
was a1so determined by omitting serum fro~ the reaction mixture. 
In the presence of phosphate and phosphate-citrate buffers, the 
oxidase activity was very low and was found to be entire1y non-
enzymatic. Oxidase activity was highest in acetate buffer 
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of 1. 0 M concentration. The activity was sl,ightly higher at 
pH 5.6 than at pH 5.2~ as ,seen from the following resu1ts 
in two rat sera, respectively: 

pH 5.2: .0106, .0165 AD.D~/min6 

pH 5.6: , .0181, .0188 AD.D./min. 

Some, of this 4i~ference is due to higher non-enzymatic oxi
dation at pH 5.6. The optimum pH may be a litt1e higher than 
the pH 5.2 found for oxidase activity in human sera br this 
method (~ection I) but because the difference was slight, 
buffer of pH 5.2 was also used for the rat sera. 

c) Variation due to Experimental Error: 
Duplicate determinations were carried out on 21 random sera 
over a number of days. A mean difference of 0.0007 AD. D. /min. , 
considering differences in either direction, were found. Since 
this differenQe was small relative tothet~tal activity 
duplicate determinations were se1dom made. The t~sting on two 
days of previous1y ~ozen sera from three rats, whose b1ood,had 
been t.~ken on two occasions one week apart, indicated 1ittle 
day-to-da.r.technica1 variation. In the six samp1es, the mean 
differences for each rat between ~he two days of samp1ing were 
9, 19,and 21 times a large, respective1y. 

Selection of Dose of Penicillamine: 
The response of the 24 hour urinary copper excretion to a single dose of 
D-penici1lamine is shown in Table 13. The copper excretion rose 
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TABL~ 13 
24-HOUR URINARY COPPER EXCRETION AFTER A SINGLE DOSE 

OF D-PENICILLAMINE TO RATS 

Dose of 
Urinary Cu D-penicil1amine No. of No. of excretion (mg./kg. body wt.) rats copper determinations (ftg./24. hrso) 

0 5 5 3.7 
60 4 2 15.4 

120 4 2 25 0 3 
360 4 4 33.0· 
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rapid1yand 1inear1y with increas~ng,dose up to 8.idose 'of 120 ,mg~/kg. 
body weight, then rose more slow1y at a dbse between 120 and 360 mg./ 
kg. Patients with Wi1son's disease usua11y take 1 g. penici1lamine 
daily, equivalent to 14 mg.l,kgo for a 70 kg; man and 20 mg./kg o 

for a 50 kg. adolescent. The o~iginal doses ~e1ècted were 60 and 
120 mg./kg. These doses,a~~ three and six times, respective1y, 

&-the'higher (adolescent) humanl dose rate. The urinary excretion was 
increased five and eight-fold respectively over the control excretion, 
a lower response than that of the twenty fold increase in normal 
humans taking 1 g. penici11amine daily (Sass-Kortsak ~,~., 1961). 
The higher dose rat~s (240 and 360 mg./kg.) gave about a ten-fold 
increase inurinary copper excretion. 

There was no immediate effect of a single dose of 360 mg./kg. 
D-penicillamine upon th~ ceru1op1asmin 1eve1. In two rats, the values 
obtained before treatment, and one half and three hours after 
penicil1amine administration were 00219, .0208, .021IAO D Do /min. 
and .0229» .0255, .0238 AO.D./min. respective1y. In another rat', 
the pre-treatment value and those at two and four hours were 
si~i1ar: .02~6, o02J2, and .0241 ~O.D./mino, r~spectivelyo Wh~n 
added direct1y to rat serum, there was no demonstrab1e change in 
the rate of oxidase activity. A 1ag period of about 30 seconds .\ 

was observed with a concentration of 10-4M penicillamine. The 
1ag period was increased to one ha1f hour at 10-3 M and longer 
at 10,-Z.M. These resu1ts are similar to those observed in human 
sera in Section II, Part 1. 
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Levels of Serum Ceruloplasmin Du,ring Penicillamine Treatm<:;nt: 
The results of the ceruloplasmin determinations for 15 rats are 
shown in Figs o 20, 21» 22 and 23. The ceruloplasmin assay.was not 
carried out on aIl the ser~ samples cQllected during the(~arly 
part of the study when it could be seen that the ~els were not 
changing rapidly. Three rats did not survive the first 51days 
of treatment and were excluded from the studyo TwQ of these were 
control rats, receiving only water, and one was in the 'low-dose' 
group. An autopsy was carried out on each of these rats and 
extensive pueumonia was found. This was believed ·to be due ·to 
inspiration of some of the fluid during gavage. A third control 
rat died after 51 days of treatment and was incluq~d in the studyo 

The. pronounced rises in the ceruloplasmin levei ~n sorne of the 
rats, particularly d~ring the early weeks of treatment» probably 

1 
1 indicated a response to infection,such aspp~onia,aggravated by 

the gavage procedure. The ceruloplasmin levels in the cont-rol 
rats showedlittlechange during the 92 days of study. The Most 
pronounc~d changes in the c~ruloplàs~in levels are the decrease 

1 shown by rats in the 'high doSe', group between 51 and 72days of 
treatment with 240 mg o pe~ic~llamine/kg. daily and an increase in 
the levels after about 20 further days of treatment on a higher 
do~e of 360 mg. penicillamine/kg. dailyo 

The mem'values for. the ceruloplasmin levels of each group expressed 
as change in optical density per minute ( AO.D./min.) are shown 

·~n Table 14. The ceruloplasmin leveis of two female rats after 
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TABLE 14 

CERULOPLASMIN LEVELS . (OXIDASE ACTIVITY). OF "RATS 
AFTER TREATMENT,WITH D-PENICILLAMINE 

.' Oxidase activity Group No. of days No o of rats ,AO.D.lmin. x 10-2l Mean ' S.,D d' 

Control 0 3 1.907 0.145, 
51 3 2.233 0.114 
75-92 4 2.628 0.296 

Law Dose 0 4 2.112 0.545 
51 4 1.77~ 00390: 

High Dose 0 8 2.211 0.563 
51 8 1.898 00295 
72 8 1.024 0.334 
89-91 6 1.313 0.,381 



90 days of treatment in the 'h,igh dose', group CF,ig. 23J were excluped 
from analysis because the blood samples' were taken one or two days 
post-partwn. The control values, CF,ig. 20) were similar throughout 
the course of the study. There may have been a slight 'rise with time 
but there were too few survivi,ng animaIs to draw any firm conclusion. 
The ceruloplasmin levels pefore treatment in each of the 'low dose' 
(Fig. 21) and 'high dose· groups (Figs. 22, 2~) were similar. The 
pre-treatment values were used for statistical comparisons ~o that 
each group served as its own control. This seems reasonable 
because of the relative stabi~ity of the 1eve1s with time in the 
control rats. Although the mean ceruloplasmin leve1 was lower after 
51 days of 60 mg./kg. dai1y of penici11amine the difference was n~t 
significant (t = 1.00" d. 'f. :': 6 pP:> 0.3'. There was no significant 
difference betw~en the pre-treatment mean and the mean after 51 days 
of ~20 mg./kg. daily çt = 1. 39 p' do f. = l4p P>O.'l). The mean 
ceruloplasmin level on these eight rats was significantly lower than 
that prior to treatmen~ after a further 21days (total of 72 days 
of treatment) on a dos~ of 240 mg./kg. dai1y Ct = 5.l3p d. f. = 14p 
P< 0.,001) TI but the redu~tion was less pronounced after a fut'tl1er 18 
to 20 days on a still h~gher dose of 360,mg./kg. daily Ct = 3.28 p 

dG fo = 12p P < 0.0.1.). ,The difference between the ceruloplasmin 
level after 52 days of t~eatment and the final value was not significant 
Ct = 1.51p d. f. = l2p P ~ 0 • .1) p however a rise in level occurred 
in five of the six male ~rd non-pregnant female rats. When the 
pre-treatment ceruloplasm~n levels of aIl 15 rats in the study 
(mean ± S.D.: 212 0 4± 48.9 A, O.D.finin~) were used as control values, 

172 



, the differences were sl,ighlr greater but the conclus,ipns remained the 
same. 

The copper content of the liver was assayed at the end of the 

experimen~ ~n both s\1rvivi,ng control rats and in the eight rats of· 
the 'high:" dose~ group. The liver copper content"~ of four rats of 

the same age and strain and maintained under thesame conditions as 
the control rats were included with the results of the control rats 
because of the poor suryival rate of the lattero The results, 

shotqn in Table 15 p shQw that the, pen~cillamine significantly reduced 
the amount of copper in the liver, wh~ther calculat~d on a wet 

weight or dry weight basiso 

D ISCUSSION·~· -

AlI the results of the ceruloplasmin assay~ in this study have been 
~xpressed as change in optical densi:t;y per minute.;This is entirely 
satisfactory since comparison of values.can conveniently be made. A 
valid calibration'would require purified rat ceruloplasmin. However, 
if we assume that for both human and rat cerulop:lasmin th~ ~~l~tion 
between oxidase activity and the optical density at ~10!Dpo iS,the 
same p then the same conversion factor can be used. Forceruloplasmin 
~~sayed in human serum} we found the conversion factor at 370 C to 
be 730. The appropriate factor for use with rat serum is, th~refore» 
73a x 3 = 2190. Multiplication by three adjusts for the use of only 
50 pl. aliquots of rat serum p compared with 150 plo aliquots ofhuman 
serum. The,mean ceruloplasmin level in this strain of rats is therefore 
about 46,mg o/lOO ml. 
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TABL.B 15 

CQPJBR CONTB~ OF'THE LIVER IN CONTROL RATS AND.RATS,TREATED 
1 WITH D-PBNICILLAMINB FOR UP TO 92 DAYS 

No. of COEEer Content ()lg. /s·liver) Treatment group rats .mean SÔ!D .. t P 
" 

Liver - wet weight: 

Control 6 5.50 1.05 . 
4.91 <O~'OOl High dose 8 3.68 00 42 

Liver - dry weight: 

Control 6 20.27 4.22 
4.48 ~.001 High dose 8 12.75 ' 1.03 



The presence of penicillamine in the serum did' not alter the rate 

of the oxidase reaction, but did cause an increased l,ag period 

in in, vitro studies. In this s~udyg blood samples were always 

drawn about 22 hours after the previous administration of'penicil-

lamine to avoid possible undetected direct effects on the assay 

procedure. 

The ceruloplasmin levelsg as indicated b~ the serum oxidase activity, 
did not show any consistent change duri,ng the'90day period of 

the study, with one exception o In one of the three rats g a very 
pronounced rise in the ceruloplasmin level during the early weeks 
of the study was probably due to acute infection o Pneumonia 

aggravated by the gavage was prese~t_in several rats autopsied 

at this time. There was no pronounced increase in ceruloplasmin 
level attributab1e to age as obse~ved in albino rats of the Wistar 

" 
strain during the ages of 25 to 80 days (Legrand and Kayserg 1960)0 
The rats in the present study were abput 50 to 125 days of age 

during this first period and may have ~lready passed the time for 
the age effect to be apparent in this strain. Any increase in 

ceruloplasmin level with age would have tended to underestimate 
the significance of the findings when pre-treatment values for each 
group were used as the control. 

Pre-treatment values for each group were used for the statistical 
evaluation of treatment effects within each group.'After 51 days of 
treatment with 60 or 120 mg. D-penicillamine/kg o body weight, there 
was a possible slight decrease, although not statistically significant, 
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in theceruloplasmin levels. AlI of the ~ight rats tested showed a 
pronounced decrease in their ceruloplasmin levels during the next 

period of 21 days of treatmentwith a doubled dose of D-penicillamine, 
th,at is 240 mg. per kg. daily·. The mean value at the end of this 
period showed a highly significant decreas~ from thepre-treatment 
level. Possibly this ch~nge would have occurred if the dose had 
not been increased but would have required a longer time. This 

question cannot be answered by the present study. The mean cerulo
plasmin level was significantly lower than the pre-treatmentmean 
after the continuous daily administr~tion of 360 mg./kg. of 

penicillamine for a further 20 dayso or .after 90 days, in total, of· 
treatment. Continuous drug administration was required during this 
period because of concommitant teratological studies. 

The mean ceruloplasmin level after 90 days of treatment was higher 
than the mean level after.72 days of treatment, however the diffe~ence 
was not significant. This increase may therefore have been caused 
only by random fluctations. However, since six of the eight rats 
in this group showed a rise in the ceruloplasmin level, the increase 
may have been real but not of sufficient magnitude to appear 

significant in the small numbers of animaIs in this study. There 
were no signs of acute infection in the rats after ~~ days of 
treatment p as determined at autopsy, The ceruloplasmin levels of 
the two rats which were pregnant during the last phase of the study 
did not appear to respond differently from those of the non-p~egnant 
animaIs. The pregnant animaIs were, howevprp excluded from the 

statistical analyses because the ceruloplasmin level is known to 
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remain increased in humans dur~ng the post-partum periode The 

two rats which showed the ~ighest levels of ceruloplasmin at 72 

days apparently continued to respond to the penicillamine with 

an' even lower ceruloplasm!n level at 90days. This 5uggests a 

possible explanation for·the rise i~ leve~ observed in the remaining 
rats during the 72 to 90 day period. There may b~ a minimum 

threshold.level to which copper stores, reflected by ceruloplasmin 
formation, oan fall before an adapt~e response occurs. When the 
ceruloplasmin levelzeaches about one half of its normal level, 

more copper may be absorbed from food. The amount ofceruloplas
min formed i5 probably a reflection .of the amount of copper 

available in the liver~ so perhaps the.amount of copper in the 
liver triggers the physiological adaption. 

The treatment with penicillamine had causeda marked decrease in 
the copper content of the liver of the rats to about two thirds of 
the copper content in untreatedrats. 

A relatively high dose of penicillamine was required to produce a 
50 per cent reduction in the serum ceruloplasmin level of the rats 
in this study. The effective doses of penicillamine~ 240 and 360 
mgo/kg. daily~ administered to rats in the 'high dose' group were 
17 and 26 times, respective1yp the usualnuman adult dose of 1 go 
D-penicillamine daily, or about 14 mg./kg.~ when considered as 

dose per kg. of body weight. The daily copper in the diet of the 
rats was estimated to be about 180 pgo Rats in the Vhigh dose' 
group were therefore receiving about 115 and 173 moles of penici1-
1amine p respectively, per mole of copper in the diet D Assuming a 
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daily dietary intake for an adult humanof from two to four mg. of· 
copper, an adult patient on penicil~amine therapy receives from 

10.6 to 213 moles of penicillamine per mole of copper. On this 

basis, the dose administered to rats was sim~lar to the usual 

dose for humans o However~ the penicillamine was "administered. 

to the rats on an enw..:tX stomach.and presumably removes .tissue 

copper, as discussecl,,~"e~riously in the literature reviewp and not 
primarily dietary copper. The ~omparison.based on the'dietary 
intake of copper may, therefore, not be valid. 

The small amounts of data av~able from studies in humans also 

suggest that the ceruloplasmin level of a normal individual 

cannot be readily decreased penicillamine therapyo The usual 

therapeutic dose of penicillamine administered to patients with 

Wilson's disease probably do es not alter the ceruloplasmin level 
\ihen administered t'o~ normal individuals.' The ceruloplasmin and copper 
leveis were followed at about three-month intervals in a child being 
treated for cystinuria with 750 mg. D-penicillamine daily (Sass
Kortsak, 1967~ unpublished observations). The levels over a three
year periodp du~ing which time this boy was one and one nalf to four 
and one half years of age, are shown in Figure 24. The patient had 
frequent respiratory infections, particularly during the first year 
of treatment, ~~ reflected in sharp peaks in the copper and ceruloplas
min and copper levels. Rapid increases were followed br declines at the 
time of infections~ A slight decline in the ceruloplasmin level with 
age was" expected during this period and our previous studies indicated 
a normal decrease of about 2·.3 mg./IOO ml. in the ceruIoplasmin level 
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between two and four ye.ars. of.age (Cox, 1966). This rather SIJl.all 

change may have occurredp but it is difficult to be. sure because 
of the effects ofrepeated infections. This patient has cystinuria 
and a renai defect which may alter his metaboli~m of penicil larnine , 
however, we have nô, evidence of this. In four schizophrenic patient~ 
studied by Walshe (l'964)p the ceruloplasmin levels were reported 
unchanged after one yelir of taking 1200 mg .. penicillarnine daily. 

T~e results of these studies in rats and humans who do not have Wilson's 
diseasa suggest that the ceruloplasmin lev~l' is not changed br the 
daily dose of penicillarnine cornrnonly adrninistered to patients with 
Wilsonvs disease. In such patients, the ceruloplasmin level .declines from 
normal to negligible levels within several months. A very high 

dose of penicillamine brought about a'decline in the ceruloplasmin 
level only to about one half of the normal level in rats, at wh~ch 
point physiological chan~~$ ma~ have occurred which allowed greater 
retention of copper from the diet with a subsequent slight increase 
in the ceruloplasmin level. 

Our first hypothesis regarding patients with normal levels of serum 
ceruloplasmin appears to be supported: such patients are probably 
not different from those with a ceruloplasmin def!ciencyand a 

factor, or factors, not involving the gene for Wilsonvs disease 
probably caused an increase in"their ceruloplasmin levels. The 

most important factor involved in increasing: the ceruloplasmin level 
may be the high levels of excess copper available in the liver. This 
concept will be discussed further. 
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CONCLUSION 

Hypotheses for the Genetic Defect in Wilson's Disease: 

The available evidence indicates that Wilson's disease is caused by 
a defect in copper metabolismo 

The disease is prob~bly not caused by ceruloplasmin deficiency 

(Scheinberg and Gitlin, 1952) ev en thought this is a frequent feature 
of the disease o Sorne patients with proven Wilson's disease have 
normal levels of ceruloplasmin, while sorne heterozygotes have 

decreased ceruloplasmin levels yet are clinically normale No 

chemical differences between purified ceruloplasmin from a patient 
with a normal level and ceruloplasmin from a normal individual could 
be found in studies including an analysis of peptide fingerprints 
from aIl but about a ten per cent undigested core of the ceruloplasmin 
molecule (Holtzman ~~., 1967). Increasing the ceruloplasmin level 
in patients by administration of ceruloplasmin (Bickel, 1961) or by 
estrogen administration (German and Bearn p 1961) does not result 

in clinical improvement. In the review of literature on ceruloplasmin, 
the conclusion was reached that nophysiological role for ceruloplasmin 
~as yet been found, if indeed there is one o 

Lack p in the liver p of a copper-concentrating enzyme which also 
mediates the incorporation of copper into ceruloplasmin was proposed 
(Walshe p 1963a; Osborn, Roberts,and Walshe, 1963). Recent evidence 
indicates that the reduced uptake of '64Cu into the liver is a secondary 
consequence of the tIisease process and that there is appare~tly no 
defect in copper concentration (Osborn and Walshe p 1967). These 
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authors have now proposed that the defect lies in the incorporation 
of copper into cerulopla?min» and that ceruloplasmin is an essential 
precursor for biliary excretion of copper o 

A block in the transfer of copper into ceruloplasmin has been 

suggested as the primary defect producing Wilson's disease, on the 
assumption that ceruloplasmin-inoorporated copper is the only 

form in which copper is available for the synthesis of cytochrome 

oxidase (Broman, 1964). The basic problem in the disease, then, 

would actually be a deficiency of copper where required. However, 
patients who have been decoppered by chelating agents can become 

clinically normal, with no evidence of impairment of mitochondrial 
function from lack of so essential an enzyme as cytochrome oxidase. 

A defect in an ami no acid-mediated copper transport system across 

membranes, apparently an active transport system for amine acids 
(Harris and Sass-Kortsak, 1967), l'laS suggested by Neumann and 

Silverberg (1966)0 The uptake of 64Cu into the liver is normal in 
asymptomatic patients (Aspin and Sass-Kortsak, 1966; Osborn and Walshe, 
1967)>> so there is probably no abnormality in the transport of copper 
into the liver celle Abnormalities of membrane transport may be 

produced in Wilson's disease as a secondaryeffectof excess copper 
in the tissues (Peters, 1966)0 

The previously described studies using 64Cu have demonstrated that 

the incorporation of copper into ceruloplasmin is seriously impaired 
early in the course of Wilson's disease. A considerable body of 

evidence also supports the concept that biliary excretion of copper 
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is impairedo Evidence reviewed in Section 1 indicates that the 

incorporation of copper into ceruloplasmin is not a prerequisite 
for the biliary excretion of copper, as has been proposed. 

A New Hypothesis: 

The hypothesis which l shall now present is that the individuals 
homozygous for the Wilson's disease gene are unable toproduce 

an enzyme with two functions: 

1) . to incorporate copper into ceruloplasman, or into its 

subunits 

2) to incorporate copper into a form suitable for biliary 

excretion, thus preventing copper accumulation. 

Ceruloplasmin can be reconstituted in vitro from apoceruloplasmin 
and ionic copper, but under non-physio~ogical conditions (Aisen and 
MoreIl, 1965). An enzyme could be required in vivo for the efficient 
and preferential incorporation of copper, Other metals, for example 
iron and zinc, require such enzymes, called chelatases, for their 

incorporation into protein precursors. A typical example isthat of 
heme formation from iron and protoheme, a simple chemical reaction 
which nevertheless requires the enzyme iron synthetase, or ferro-
chelatase, in vivo (Phillips, 1967). The action of this enzyme 
has been studied in detail. While a porphyrin structure is involved 
in the case of heme and is not suggested for ceruloplasmin, there 
are several ways in which the proposed copper chelatase might 

function o The chelatase could incorporate the proposed ligand-bound 
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structure of eight copper ions CBroman, 1964; Blumberg, 1966) into 
ceruloplasmin and into a compound secreted in the bile. P~obably 

such a ligand-bound ionic cluster could form spontaneously under 

chemical forces. Alternatively, the chelatase might assemble sub-
units of ceruloplasming each containing sorne of the copper ions 

for the completed ceruloplasmin molecule. Such subUnits might 

even constitute the form in which copper is excreted via the bile. 
Failure to remove such subunits g because of absence of the chelatase, 
could stop their production through a feedback mechanismg thus 
impairing biliary extretion of copper and allowing copper to accumu-
late in the liver in other forms. The form in which copper is excreted 
in the bile is unknown~ so these possibilities are entirely speculative. 

Data on patients with normal ceruloplasmin levels have been presented. 
The reduced incorporation of 64Cu into ceruloplasmin reported in 

one su ch patient (Sass-Kortsak ~~., 1959)g may have been due 
te the difficulty in getting 64Cu into the liver, since the patient 

had an extremely high liver copper concentration. Data are required 
for other patients with normal levels of ceruloplasmin and especially 
for heterozygotes in these families. If the incorporation of 64Cu 
is in fact impaired in su ch patients, suggesting that their genetic 
defect also involves the proposed copper chelatase, the~ the hypo-
thesis must account for their normal ceruloplasmin levels. It has 
been shown that familial factors may be involved in the production 
of normal ceruloplasmin levels in patients. The elevated ceruloplasmin 
levels i~ these patients could arise from-increased non-enzymatic 
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incorporation of copper into ceru1op1asmin» with such non-enzymatic 
incorporation inf1uenced br genetic and environmental factors. 

The reaction taking place could be as'fbllows: 

apoceruloplasmin + Cu2:1" ~ ceruloplasmin 

The non-enzymatic formation of ceruloplasmin would be encouraged by 
an increase in either substrate, that is by: 1) an increase in the 

concentration of apoceruloplasmin or 2) an increase in copper 

concentration 0 Estrogen administration can increase the level of 

ceruloplasmin in sorne patients with Wilson's disease (German and 
Bearn, 1961) and may do this by increasing the production of 

apoceru1op1asmin o Increased estrogenic activity due to impaired 

estrogen degradation in the damaged liver has been suggested as 

the cause of normal ceru1op1asmin levels in Wilson 9s disease (Schein
berg and Sternlieb, 1963). This may be true in those patients who 
had definite evidence of increased estrogenic activity from liver 
damage. In other patients, perhaps the majority, an excessively high 
level of copper in the liver may promote the non-enzymatic incorpora
tion of copper into ceruloplasmin. Genetic factors may be involved 
in determining the effectiveness of alternate pathways for incorporation 
not involving the proposed chelatase. Several lines of evidence 

suggestfuat high liver copper levels may be responsible for the 

excess ceruloplasmin level: 1) The ceruloplasmin level of rabbits, 
as weIl as the liver copper content, is increased when rabbits have 
copper added to their normal diet (Gaballah ~~., 1965)0 An 

increased ceruloplasmin level has been reported in a child with copper 
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intoxication (Holtzmang Elliott g and Hellerg 1966), although this 
could be a normal response to inflammation rather than a response 

to the excess~copper. 2) In at least three patients with Wilson' 
disease, discussed in Section 2, Part 2g the ceruloplasmin level 
has been in the normal or near normal range prior to treatment and 
has fallen to very low levels after extensive decoppering with 
chelating agents. The studies in normal rats treated with penicil
lamine, as reported here, are somewhat ambiguous but suggest that 
with large doses of penicillamine, the ceruloplasmin level can be 
decreased, although not as' much as in patients with Wilson's 

disease. The few studies on humans who do not have Wilson'sdisease 
indicate that penicillamine treatment does not alter the ceruloplasmin 
level. Patients with normal ceruloplasmin levels are as severely 
affected as the more typical types of patient, which may indicate 
that there is little non-enzymatic excretion of copper from the 

bile under any circumstances. 

According to the hypothesis presentedg a lack of ceruloplasmin is 
not de triment al per se, as appears true in decoppered patients and 
in certain heterozygotes for Wilson's diseaseo During evolution, 
ceruloplasmin may have lost its once important physiological role 
and may now be maintained only as a consequence of the dual role 

of the chelatase required for normal copper excretion. 

While this hypothesis appears to fit weIl with aIl the findings in 
Wilson's disease, there is at present no direct proof for its 

existence. An enzyme-mediated interaction of ionic copper with 
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purified apoceruloplasmin can be sO,ught uSi,ng a liver homogenate, 

then sub-fractions of the ho~ogenate. Isolation of a copper 

chelatase would be the ul timate, goal. Determini,ng the role of 

such a chelatase, if found, in t~e biliary excretion of copper 

presents a larger tasko The isolation of pure bile is not easy 

and excretion products can rapidly be broken down by the bile. 

However chromatographie separation of copper-containing excretion 

products in the bile of normal individuals and patients with 

Wilson's disease would be a useful step. Ultimate proof of the 

role of the enzyme in biliary excretion would perhaps have to await 

isolation and purification of the copper chelatase. 
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SUMMARY 

~ 1. A revised method for determining the concentration of ceruloplasmin 

in serum by measuring the rate of oxidation of p-phenylenediamine was de

veloped. This method has high precision and reproducibility and is 

unaffected by a variable lag period. 

2. Serum ceruloplasmin levels of 309 normal unrelated individuals were deter

mined by the previous method. The mean level for 163 normal .. adul ts in 
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this series was 30.4 ± 5.0 mg./IOO ml. The mean copper level in 125 of these 

sera was 108.1 ± 20.6 pg./IOO ml. 

3. The serum ceruloplasmin level of 117 normal children and serum copper levels 

of 112 normal children each showed a negative regression on age. The high 

levels of early childhood declined to normal adult levels by about 12 

years of age. The levels of adolescent males 'were lower than those of 

adults. Appropriate factors were obtained for the adjustment of cerulo

plasmin and copper levels in children and adolescent males to corres

ponding adult values. 

4. The ceruloplasmin levels of adults showed little variation from day to day 

and were not influenced by body weight or the menstrual cycle. 

5. A study of ten normal families indicated that famial factors influence 

the ceruloplasmin level. In two families, ascertained through the study 

of normal individuals» low ceruloplasmin levels showed a regular pattern 

of inheritance. 

6. Analysis of the serum ceruloplasmin levels in nine pairs of monozygotic 

and nine pairs of dizygotic twins suggested that hereditary factors are 

important in determining the ceruloplasmin level. 



7. A rapid screening test, convenient for large-scale testing and easily 
carried out without laboratory facilities, was developed particularly for 
the study of large kindreds in which Wilson's dis~ase had occurred. The 
test detects individuals with a ceruloplasmin level below the acceptable 
limit of normal for any specified age. 

8. Twenty-five probands with Wilson's disease were found to have 14 affected 
sibs. Two main groups of patients were distinguishable. In 16 families 
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in which one or both parents were of western European origin, the majority 
of patients developed symptoms of Wilson's disease, usually hepatic, 
before 16 years o~ age. Patients in five families in which both parents 
originated in eastern Europe» and sorne of which were Jewish, had a later 
age of onset and predominantly neurological form of the disease. The 
difference could be due to different alleles at the Wilson's disease locus, 
to less specific genetic differences, or to dietary differences. 

9. Analysis of sib data indicated agreement with an autosomal recessive mode 
of inheritance, as previously accepted. The frequency of consanguinity 
among parents of patients was 0.12. The gene frequency was estimated to 
be from 1.9 x 10-3 to 9.3 x 10-4 and the incidence of heterozygotes from 
one in 265 to one in $37. 

10. The ceruloplasmin,level for a given heterozygote remains relatively 
constant» whether normal or low» as shown by studies in Il individuals 
presumably heterozygous for the Wilson's disease gene. Based on a study 
of 33 presumed heterozygotes, it was found that 6.5 per cent of unrelated 
heterozygotes have a ceruloplasmin level below the 99 per cent 
confidence limits for the normal population. 



Il. In 13 kindreds in which Wilson's disease had occurred, the cerulo-
plasmin level was measured in 112 relatives other than parents. 

An additional 116 relatives were screened for low ceruloplasmin levels 
by the rapid screening test. Three kindreds appeared to be atypical 
in that the heteroyzgotes could usually be recognized by a low level 

of ceruloplasmin. The most satisfactory explanation was that the 
atypical kindreds carried two alleles~ atdifferent genetic loci~ 
which acted together to reduce the ceruloplasmin level. The proposed 
loci were designated as I~ the Wilson's disease locus which controls 
copper incorporation intoceru1oplasmin~ and C~ a structural gene, 
locus for ceruloplasmin. The mutant allele of the C gene may be present 
primarily in individuals of German ancestry. 

12. Studies of the rate of incorporation of 64Cu into ceruloplasmin in 

patients with Wi1son's disease and their relatives showed that three 
non-overlapping groups could be distinguished. These groups were 
believed to be homozygous norma1 p heterozygous~ and homozygous abnormal 
at the Wi1son's disease locus. Studies in the atypical kindreds 
indicated that individuals with .low ceru1op1asmin levels were hetero-
zygotes. 

13. Ceruloplasmin of the atypical heterozygotes did not differ fron that 
of normal individuals either in its mobility in starch gel elec-
trophoresis or in its response to the inhibitors sodium azide and 
iproniazid. 

14. C1inical and genetic information was obtained on patients with Wilson's 
disease and a normal cerulop1asmin 1evel in 1~ families, main1y 
collected from the 1iterature. The patients did not constitute a 
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homogeneous group,. Severe liver disease was not a prerequisite for 
an increased level of ceruloplasmin o A greatly increased concentration 
of copper in the liver may hav~ facilitated ceruloplasmin production 
in these individuals. Familial factors were implicated in the 

production of normal ceruloplasmin levels in sorne of the patients. 

15. The effects of D-penicillamine on the ceruloplasmin level in the 
presence of normal metabolism .of copper was investigated in rats. 

During 92 days of treatment p the ceruloplasmin levels of eight rats 
decreased to about half of the pre-treatment values on a daily dose of 
up to 360 mg./kg. body weight. This dose is over 20 times as high p on 
a body weight basis, as .the dose usually administered to adult patients 
with Wilsonvs disease. It was concluded that the ceruloplasmin level 
could probably not be reduced by penicillamine therapy as extensively 
in the normal individual as in certain patients with Wilson's disease 
and a normal ceruloplasmin level. The normal ceruloplasmin level in 
su ch patients might therefore be caused by an excessively high copper 
concentration in the liver. 
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16. A new hypothesis for the genetic defect in Wilson's disease was presented: 
the patients lack a vcopper chelatase v, an enzyme which incorporates 
copper into ceruloplasmin and into a form suitable for its biliary excretion. 
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CASE MATERIAL FOR STUDIES OF WILSON'S DISEASE 

Age· of 
Parents Sibs 

~ onset 
iJir Proband Sex (years) ConsB:l1g. a Racial originb Normal ·lf~D.c 

D.B. F 9 Polish, Germ. 2 

R.Be. M 24 Irish, Eng. IF (20) 
(2 dec.) 

B.Bl. M 8 Eng. (1), Ital. 8 lM(9-as.) 

F .Bu. M 11 Eng o i Irish 2 

M.Ch. F 13 le. Eng. 2 

S.C. M 38 ~olish(J)d 2 

R.Co o M 9 Eng. 1 

V.O. M 10 French, Fr./N.A. 2 
Ind. 

B.K. M 11 Russian/Pol.,Eng •. 2 

M.L. M 13 French 8 lF(2-as.) 

B.Ma. F 3 (as 0) lc. Eng. (1) 8 2M(7?,10) 

V.Mc. F 23 Polish 1 
(1 n.t o) 

B.Mcl. F 8 Germ. , Eng. 6 

J.Mi. M 25 Czech. 3 

Rb. Mo. M 10 2c. Irish 3 lM(12) 

L.M. F 20 (as.) Anglo-Saxon(1) { 2M~9,11) 
IF 151) 

J.O. M 12 Ital./Eng.,Polish 3 lM(6-as.) 

J.Or. M 9 3c o Ital. 2 

O.Ro F 33 Ukranian 1 

M.T. F 16 Russian (J)d 3 

E.To. F 12 Italian 2 

F.Wa. M 9 (as.) Irish 2M(9?,13) 

Q' -'(/!' 
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Age of 
Parents Sibs onset 

Pro band Sex (years) Consa,ng. a Racial o~iginb Normal W.D.c 

K.W. F 9 Germ. , Eng. 1 

R.Wo. M 9 Chinese 3 

F.Y. M 13 lc. Irish 1 2F (Il?, 9?) 

a lc -first cousins, 2c - second cousins, etc. 

b Parents same where one listedj father,given first if different; 
stroke indicates mixed origin of parent." "-

cas. - asymptomatic; ? - probable Wilson's disease, but not confirmed. 

d (J) - Jewish 

) 




