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The concentration of ceruloplasmin, the major copper-containing protein

in serum, varies widely among individual persons. A study of 309

“t

individuals indicated that the ceruloplasmin concentration changég 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 forerecessively—inherited Wilson's disease (hepatolenticular
degeneration), is known to accompany a pronounced ceruloplasmin
deficiency in affected homozygotes. Cerﬁloplasmin concentration was
determined in 33 parents and 228 other relativeslin 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 probablycearyy
the same defective gene as that in ceruloplasmin-deficient patients,
Studies of rats provided evidence that liver copper concentration
Tpfluences 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 -

Wllson s dlsease or‘hepatolentlcular degeneratlon, 1s an

ed byjlncreased dep051ts of copper;;;yaffﬁuh

‘-fﬂj‘varlatlon in the concentratlon of ceruloplasmln in’ the serum of normal."'

”bfflndiv1duals and how such varlatlon mlght apply in- Wilson's dlsease.

'f:The study 1s reported 1n two separate sectlons.} In Sectlon I 'present
knowledge of ceruloplasmln 1s reviewed and the author s 1nvest1gat10n -

of some of the factors cau51ng Varlatlon 1n serum cerulopiaemln |
levels in the normal 1nd;v1dual are presented. Section II considers
ceruloplasmln 1n WllSOH'S dlsease. New data on the'genetiC'aSpects'

.. of Wllson's dlsease is analyzed Ceruloplasmin levels in relatives

of patients with Wilsdn's dlsease have been 1nvest1gated and a new

pattern of fam111a1 varlatlon has been observed. Qualltatlve |

studles have been carrled out where appllcable. Exper1mental studies

of the effect of pen1c111am1ne admlnlstratlon to rats have been carried

“out “to help determlne the reason for normal ceruloplasmln levels in

certain unusual patients with Wilson's disease.



- A STUDY OF SERUM CERULOPLASMIN LEVELS -

IN NORMAL INDIVIDUALS




 REVIEW OF ‘THE LITERATURE. . . .

w1th a-maximum at 280 mp corre5pond1ng to the non- spec1f1c proteln

absorptlon maxlmum in thls reglon (Holmberg and Laurell 1948). The

extinctlon coefflclent inal cm, cuvette E 1%

g0 is 0. 68 (Holmberg

and Laurell, 1948; Kasper and Deutsch 1963). The absorptlon peak at
610 mp,  and. the blue color of ceru10p1asm1n disappear in the presence of

freduc1ng agents such as ascorbic acid (Hblmberg and Laurell 1948),



wh:vspec1f1c bondlng are responsible for the blue color and the ox1dase

'act1v1ty of ceru10p1asm1n (Broman et al., 1962 Blumberg et al., 1963)

'The nature of the copper-protein bond 1n ceruloplasmln has not been :

This reversible decolorization is not .a reversible oxygenation dependent

on the presence of molecular oxygen in the protein molecule GMorel

completely determined. Copper is not removed from ceruloplasmln by

“the chelatlng agent ethylenedlamlnetetraacetlc ac1d (EDTA) at/pH 5. 5

'(Lev1ne and Pelsach 1963), but is partially removed at pH 7.4 (Kasper

and Deutsch, 1963). When ceruloplasmin is treated with Trls, EDTA

or ascorbic acid at pH-7, 4, it is partlally converted to a more acidic
colorless component w1th hagher anodal moblllty on electrophor351s
(Kasper and Deutsch, 1963) The colorless derivative contalned four

atoms of copper per molecule of protein. The molecular weight was




ed»ax1al ratlo compared to that of

; ._;&:natlve ceruloplasmln (Kasper and Deutsch 1963) The reconstltutlon R

.'*4‘of ceruloplasmln from apoceruloplasmln could be due to the refoldlng

.of the proteln 1n the presence of Cu2+ : Whlle ‘this reactIon can’
“.proceed. 1n v1tro under the glven condltions, an enzymatlc process

L“could be requlred under physxological condltlons.‘

Ac1d-base and spectrophotdmetric titration studies 1nd1cate that
histidyl and e1ther lysyl or tyrosyl re51dues 1n the protein are
concerned with the binding of eepperT(Kasper énd Deutsch, 1963).
The results of thelr Spectrophotometric titrations d1d not appear to

implicate tyrosine, although the evidence was equlvocal




*?Poullk (1962) converted human ceruloplasmln 1nto subunlts whlch

"1””appeared to malntaln copper but could not be recombrned to restore e

' ‘enzymatlc act1v1ty.‘ Subunlts of ceruloplasmln with a suggested

| H~7rmolecu1ar welght in’ the range of 50 000 were- 81m11ar1y obtalned by;ﬁjpif-gaj‘”:f~-

'lKasper and Deutsch (1963) Alka11 treatment or succ1n1c anhydrldeg_f"

'3’F'treatment produced dlscrete subunits representlng ha1f~m01ECUIeS:ab

quarter-molecules and elghth-molecules (P01llon and Bearn, 1966)

Two separate bands of equal 1nten51ty appeared on polyacrylamlde :
relectrophore51s of the elghth-molecule subunlts, suggestlng to |
these authors that ceruloplasmln is composed of two klnds of polypep-

tide chalns, identical in molecular welght but dlfferlng in charge.

The carbohydrate portlon of human ceruloplasmln has been analysed by -
Jamieson (1965) and contalns per mole°~ nlne moles of 51a11c acid
18 moles of N- acetylglucosamlne two moles of fucose, and 36 moles of

hexose. Jamieson has suggested that the carbohydrate portion of ¢erulo-

Plasmin contains nine or ten chains of simjlar size, but probably of



different composition terminating in sialic acid and JOlned to the proteln

moiety via asparag1ny1 re51dues.v

”1szcA115ter,uMart1n and Bedltt 1961) suggestlng that a normal minor -

fcomponent may be present 1n the serum but in a very low concentratlon. T st

t-‘:f;However, 1t 15 not clear whether th1s component is: present in v1vo or 1sv/ |

'ihﬁlnduced for example, by aglng of the serum (Poullk and Bearn 1962) Varlous'dij;i

-[,treatments app11ed to ceruloplasmln have been shown to alter 1ts phy51ca1 o

.spand chem1ca1 propertles (Kasper and Deutsch 1963 Pou11k 1963) as well

| hias 1ts 1mmunolog1ca1 propertles (Kasper and Deutsch 1963) ' Some of the

‘ﬂaheterogenelty found therefore - appears to be" an artlfact caused by part1a1 :
‘denaturation of the proteln. The electrophoretlc Varlant found by McAllster,
‘Martin and Bendltt (1961) occurred in a Cauca51an and appeared to be

'fgenetlcally determined, No other variants. were found in 250 other sera
'tested. Several genet1c varlants have been found in Negroes- (Shreffler

‘EE.EE:’ 1967). These authors have not found varlants among hundreds of
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'7t,ijolor1metr1c Methods-ﬁVV

M7fﬁls measured beforeyand after its decoﬂorlzatlon.

"“fThe strong blue color of ceruloplasmln with 1ts peak at 6i0 mp |

_An adaptlon of

aﬂ;}the method used by Holmberg and Laurell (1951b) u51ng ascorblc ac1d ;f;ft7f1-“'7'“

i;eas the decolorlzlng agent has been descrlbed by Schelnberg and

cafg Morell (1957) Sodlum cyanlde 15 a more effective decolorlzlng

Iragent (Schelnberg et al., 1958).~~~-m'¢n

. This method is partlcularly suitable for the determlnatlon of

'ceruloplasmln in purlfled preparatlons and 1s used to standardlzev~‘ |

the ehzymatlc methods.

Enzymatic'Methods:
Cernloplasminisnows“weak3oxidaseAaetivity”teward“a number of
substtates (Holmberg and Laurell, 1951a), The best substrates are
p-phenylenedlamlne (PPD) and. its derivative N, N d1methy-p-pheny1e4

nedlamlne (DPPD) This oxidase act1v1ty can be used gs the basis



- Vw:ascorblc acld 1s-known to play

sera (Akerfeldt '1957' Aprlson and Grosz, 1958) The presence f!

;e”of a long lag perlod in some sera, accentuated by the use of a short

~eﬁper10d of measurement'ofvthe oxldase activ1ty and a large proportiont[fﬁ]j;gfi’“"

'*?ﬁof serum 1n the, eaction m1xture make thls method unsultable.,

"The cause of the lag period has npthbeen fully eluc;dated although ;{; a¢;.,fu"'

role (see dlscussion by Sass--j,

:‘Kortsak 1965)

‘A method descrlbed by Broman (1958) 1s sultable for use w1th
,H.purlfled ceruloplasmln preparatlons, for which it was described
The reactlon mixture included 4 x 10‘5M ethylenedlamlnetetraacetlc
acid (EDTA) to remove contamlnating copper 1ons whlch can’ oxidlze
‘the substrate, PPD The ‘short. 1ncubat10n perlod of ten m1nutes

" makes the method unsultable for use W1th serum as ‘the lag period



10

-could appreclably affect the”results,-

' reactlon can be observed throughout-its course;"thls type of

.Amethod offers advantages 1n kinetlc_“studles or,ln 01rcumStances
"where the lag period 1s expected to be prolonged as 1n 1nd1V1duals B

with llttle serum ceruloplasmln or 1n 1nh1b1t10n studles.';"”

The adv1sab111ty of u51ng EDTA 1n the reactlon m1xture is open to
questlon. Its ‘use has been suggested tn prevent the non-enzymatlc
oxidation of PﬂD by copper (Broman, 1958) However, under certaln
conditions, ceruloplasmin is altered by treatment w1th EDTA

’(KasPer and Deqtsch 1963). Levine and Pelsach (1963) have shown

that Fe2 (ferrous) ions stimulate PPD oxidation at low concentratlon



;ﬁfybeen descrlbed for dlstinguishlng ceruloplasmin 1evels below

11

“of ‘these ions,

"‘vRapld Screenlng Tests.

A rapld screenlng test based on the oxldase actlvlty of PPD has

| :bthat of a glven standardH(Alsen et al., 1960) 3fAn auto';ted

lscreenlng technlque is belng employed in the 'Genetlc Alert' programf_ :.

'ﬂ:sponsored by the Nat10na1 Foundatlon for Neuromuscular Dlseases

(Schelnberg, 1967, personal commum.catlon)



12

C. Phy51olog1ca1 Function‘of Ceruloplasmin S !

Oxldatlon s

"‘fh*f1957j ThlS f nding led th se;authorsifo suggest that a rever31ble
¥ lgh'. regulate the absorptlon g

f'gfrelease of copper fro
"f_of copper from,thej ntestlnal tract. However, later studles
flndlcates that there was no exchange of copper from ceruloplasmln in- -

vivo (Stern11eb et al., 1961a)

‘Another tran5port functlon for ceruloplesmrn has been suggested by
Broman [1964). He suggested that ccmuLgplasmln transports copper
into cytochrome oxldase° There 1sxnosupport1ng ev1dence for this

‘h hypothe51s to date and the normal functlonlng of 1ndiv&duals lacklng
vceruloplasmln and freed from toxic accumulatlons of copper suggests

" that there is no concurrent def1c1ency of cytochrome oxidase.




e 1965 Osborn and Walsh 1967) Bvidence 1ndicates that this

- not true. Very 11tt1e ceruloplasmin per se is excreted_in the'bile

K eaGJeunet Richterich and Aebi 1962) The possibility-that catabol e

' "itested by Alsen et al (1964) by 1nJecting rabbit ceruloplasmin

vflabelled wrth 64Cu into rabbits.. Less than five per cent of th

'catabolized ceruloplasmi'vi" referential] otly excrote
.3v1a the b11e. Follow1ng “he: ra1 administration of a dose of copper
",)‘to humans, there 1s a rapid 1ncrease in the biliary copper :
: excretion w1th1n thirty minutes dr less CVan ‘Moxo;ea-‘ 1944).
- :pthe 1solated perfused rat' liver, in which the metabolism of. 64Cu

: appears to be the same as in the intact rat, the peak biliary

13.

Copper Excreti0n° :

’The 1ncorporation of:;opper intorceruloplasmin has

:as a prerequlsite for its excretion via the bile (Gaballah e a1

ceruloplasmin could provrde the copper excreted vra the bil was

'64Cu was’ recovered in bile or feces, indicating that the copper of

; excretion of 64Cu occurs between one and two hours after administration -

(Owen and Hazelrig, 1966) Since ceruloplasmin has a half 1ife of

'about five days and 1ts copper cannot be exchanged in V1vo until the

protein is degraded (Sternlieb et al., 1961a), the-biliary excretionig;~~f*~

of copper could not show such-a rapid response if dependent updn.'“.u

ceruloplasmin degradation,

-
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D. Factors Affecting Ceruleplasmim: Lévels incNosmal “Individuals

ilast trlmester of pregnancy (Scheinherg, Cook and Murphy, 1954
'f_Markow1tz et.al., 1955), These hlgh levels contrasted markedly
with the low levels found by these authors in cord serum. Many>“

later investigators have confirmed these findings.

 The admlnlstratlon of estrogens results in the elevatlon of

ceruloplasmin levels (Russ and Raymunt, 1956). A similar effect B -

was observed in some patients with Wilson's disease treatedtwith‘.fVu i,

estrogens (German and Bearn, 1961). Oral contraceptive preparations%fgfiﬂf
containing estrogenic hormones cause an increase in ceruloplasmin'"
~1evels to about twice the normal levels (Carruthers, Hobbs, and Warren, - =+ "

. 1966)0A y

The above results suggest that an- 1ncreased productlon of estrogens

in pregnancy causes. the increase in ceruloplasmln levels._‘f" SR

Sex and Age: . . | |
Females have been reported to have hlgher copper levels than males .
(Cartiw right et al., 1960; Neale and F15cher—W1111ams, 1958) |
Ceruloplasmin levels were reported to be hlgher in females than
' males, however the sample consisted of only 30 individuals [Cartwrlght

and Wlntrobe, 1964)
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- Levels of serum copper and ceruloplasmin alter appreciabl durij

= to narma adult levels by one year of age
Levels higher than those of normal adults were fbund at the age of

onefyear by both 1mmunolog1ca1 (H1t21g, 1961) and enzymatlc

(Rlchterlch 1961) assay methods.

N Ceruloplasmln levels 1n older
7f’ch11dren have not been 1nvest1gated '

In studles of whole blood
o from children from one month to 15 years of age,

the hlghest levels P
“of copper w@re found during the second year (Sachs,

Levine and
| Fabian, 1936) |
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;”1sease,(hepatolenticular degeneration), to be discussed in eta“

hln Section II,. This finding has provided stlmulation fbr many o

] the studles on ceruloplasmin.vv~

- Low levels of serum copper and ceruloplasmin are found in the.

nephrotlc syndrome because of loss of the ceruloplasmin in the urine

GMarROW1tz et al., 1955)

-Hypoceruloplasminemia is found in Kwashiorkor, a form of malnutrition
with inadequate protein intake, adequate calorie intake, and multiple
vitamin deficiencies (Reiff and Schneiden, 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 54Cu (Sterniieb ang Janowitz, 1964).

Serum ceruloplasmin levels are usually increased in patients with

liver disease. However occasional patients with fatal hepatitis,
chronic hepatitis, or cirrhosis of the liver with fatty degeneration
have been reported with abnormally low ceruloplasmin levels (Walshe

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 Hezelrig, 1966) indicate that ceruloplasmin
is synthesized in the liver. When the llver is suff1c1ent1y damaged

its synthetlc functions fail and ceruloplasmln synthesis is decreased



,fal., 1955). Other diseases that are associated with increased

chronlc'lnfectlons of many kinds (Brendstrup, 1953; Markowitz et

R 17

andhcopper levels are increased in acute and

ceruloplasmin levels and correspondingly increased levels of serum
copper are rheumatoiq arthritis, myocardial infarction, hemochromatosis,
leukemias, and various forms of neoplasms (Lahey et al., 1953; Koch,

Smith, and McNeely, 1957; Sullivan and Hart, 1960).

Patients with chronic and acute liver disease frequently have

high levels of serum copper and ceruloplasmin (Pineda, Ravin, and
Rutenberg, 1962; Walshe and Briggs, 1962; Gault, Stein, and Aronoff,
1966). The levels are particularly increased in the presence of
obstructive jaundice, probably because the biliary excretion of
copper is prevented, An increased level of copper whs fbund in
the liver of patients with primary biliary cirrhosis (Hunt et al.

1963).

Controversy has arisen regarding reports of an increase of ceruloplasmin
levels in schizophrenia, which was proposed as an aid to diagnosis.
However, the increased DPPD oxidase activity found in schizophrenics

and other patlents with mental illness was explalned only partly by




al., 1957; O'Reilly,

;;The 1ncreased oxidase activities can be explained by the

use of tests which are affected by reducing substances, such as
ascorbic acid, in’ the serum and by the presence of infections

or inflammatory reactions in Some patients (Horwitt et al

Other references on ceruloplasmin and copper levels in disease

can be found in review articles by Sternlieb and Scheinberg (1961)

. and Sass-Kortsak (1959),

1957).

18 -
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~ THE PRESENT STUDIES

fFactors: nfluencin Sé&gm Ceruloplasmin' Level

‘in Normal Individuals:

Studies on the effects of pregnancy and hormone administration on the
serum ceruloplasmin levels in healthy individuals have been reviewed
previously. An increase in'the ceruloplasmin level during the early
months of life Has been found, but factors influencing the levels in
normal healthy individuals beyond infancy have ﬁot been iﬁvestigated

by others.

Such information is required for assessing abnormal findings in families
in which Wilson's disease has occurred. The present study was undertaken
to determine the extent of daily variation of the ceruléplasmin level

and possible effects of age, sex, body weight, the menstrual cycle, and
familia} factors. Serum copper levels have also beén measured for
comparison with the ceruloplasmin levels. Some of the results of these

studies have recently been published (Cox, 1966).

No existing assay method for ceruloplasmin was found completely satis-
factory for our purposes. An enzymatic method was used because of
simblicity 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 period.
The effect could be‘significant when measuring very low levels of

ceruloplasmin or in inhibition studies.
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The rate of oxidation of paraphenylenediamzne dzhyd“ochlo;ide (PPD)
was measured in a Beckman DK-2 recording spectrophoﬁometer with a; time
drive attachment and a temperature-regulated ce11 holder through
which water was c1rculated from a constant temperature water bath
The water bath was a cylindrical pyrex container, four and one halff\'
gallonﬂcapaclty, controlled by a Bronwill constant temperature clrculator.__fd
The reaction was carried out at 30.0 + 0,050C , as measured'ln the cell

holder. The actual reaction mixture was 0 1°¢ lower.; bh“j*ﬂ:”‘f

All glassware was washed in dilute nitric acid and rinsed thoroughly : ”}h‘/h
with deionized d15t111ed water.1 Delonlzed dlstllled water was also ‘h i:
used for the preparation of all solutions. P-phenylenedlamlne dlhydno-
chloride (PPD) was recrystalllzed as fbllows (Scheinberg, Morell*and

Hayes, 1962): 33 g. of PPD (F1sher certlfled), 90 ml, conceqtrated

HC1, 60 mi1, water, and 2 g. stannous chlorlde were heated, - After

adding a further 150 ml. water, heatlng was continued until as much

of the PPD as possible dlssolved Actlvated charcoal 3g., was

added and the mlxture was f11tered under pressure through Whatman

..No. 50 paper w1th further small addltlons of hot water, To the filtrate,

1 Prepered'by passing distilled water through catjion exchange resin,
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<=1n'vacuo over NaDH and stored 1n”a trghtly capped v1a1 All of the

o above precautlons av01ded contaminatron of the reaction mlxture '

tO nonfenzymatlc OXI? .

datlon of PPD.

Into al cm. path-length cuvette was placed 2 ml, of acetate buffer L
(1.0 M, pH 5 2), prewarmed ‘to 30°C, and 1 nl. of : a 0 4 per cent

solution of recrystalllzed PPD in the same buffer at room temperature. :
The PPD solutlon was. freshly prepared for each batch of five to ten
‘determlnatlons. The cuvette was placed in a small container in the
water batph for about two minutes. whlle the prev1ous test was belng ‘ -
completed To this reaction mixture was added 0.25‘m1, of serum. S
The cuvette was covered with parafilm and the contents Were ﬁixedq

The cuvette was left in the cell holder for two mlnutes for tempera-' o
ture equilibration. The change of optlc density (AO0.D.) was B
- recorded at a wavelength of 530 mp, agalnst a drstllled water blank
for six to eight minutes. The slope of the recorded 11ne was

measured to give AO0.D./minute.

A solution of purlfled human ceruloplash1n was used to callbrate

the method. The ceruloplasmin concentratlon in this solution was

1 Prepared at the Connaught Medlcal Research Laboratorles, Toronto,
from outdated human plasma.collected by the. Canadian Red Cross
Society from volunteer donors. Preparatlons were klndly donated
to us through the courtesy of Dr. A, M Fisher, :
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_were each added to samples of the same serum, keeplng the total

'Q.volume constant and the enzyme actlvrty was'measured a

_g.was plotted agalnst the concentratlon' £ added“cerulo‘lasmln

measured by a spectrophotometric methodl (Schelnberg et al., 1958)
using sodium cyanlde as the ceruloplasmin decolorlzer. Three or

four different small measured allquots of the ceruloplasmln solutlon

- desch.bed above.‘ A stra:.ght 11ne was obtalned when AO D /mlnute

"mh‘reclprocal of the slope of thlS line was used to prOV1de the factor S

to convert Ao, D /minute- to ceru10p1asm1n concentratlon in mg. per iu:f

100 m1 (or mg. per cent).. Thls callbratlon was repéated flve
tlmes using two different. preparatlons of purlfled ceruloplasmln
and sera from two normal 1nd1v1duals, and two pat;ents w1th Wllson'
disease and a pronounced ceruloplasmln def1c1ency (two callbratlons
were carried out on one of the ldtter sera). A standard serum,
stored frozen in suitable‘aliquots,'was tested along with each

callbratlon curve and was measured in dupllcate W1th each batch

‘of determlnatlons. Under the glven condltlons u51ng the mean of

the flve callbratlonS‘

Concentration of ceruloplasmin, in mg./100 ml, = A&O.D./min. x 830
The calibration factor varies between laboratories and must be

determined for each laboratory.

‘The method can also be carrled out at 37°C , » @ more convenient

temperature to maintain in some laboratories, We have found this

1 Since a 1 cm, path <length cuvette was used the concentration of
ceruloplasmin in mg./100 mi, was found by d1v1d1ng optical
density at 610 mp. by the extinction coefficient (E‘%) 0.68,

22



. sg“;the conver51on‘fe 'or“ 1ffers.

S Coneenfrafion offéeruIOplasmin,

' Total copper was determlned in most sera,
“and Green (1940) as adapted by Sass Kortsak et a1 (1959)
The statistical methods used were descr1bed by Steel and Torr;e (1960)

| Test SubJects~

- Venous blood was obtalned from 309 unrelated normal Caucasran
consisted of children attendlng Toronto nursery,

secondary schools; unlver51ty students,

personnel- and service club members.

few cases four or more hours after breakfast,

disposable needles, and acid

adolescents (males 15 to 19 years,

23

temperature ea51er to ma1nta1n 1n our laboratory and now prefer.:

its use.' The faster ratf“of”‘ actic

carrled'out t‘30°C‘ ere pe 1nan at 37°C as’only

in mg./100 ml = A0,D./nin.

u51ng the method of Ede

individuals ranging in age from two to 81 years. These 1nd1v1duals

elementary, and
hosp1ta1 and unlver51ty

A11 were apparently healthy

and free from respiratory and other 1nfect10ns.

Blood samples were usually drawn after an overnight fast but in a

Plastic syringes,

-washed collectionvtubes were used.

Serum was separated by centrifugation from the clotted blood.

Individuals were grouped,by age and sex into children (males up

to and including 14 years, females up to and including 12 years),

females 13 to 16 years), and adults,



'“f‘of the test subJects..ﬂ»fff-~

vf'Blood samples were collected from 19 parents and 26 offsprlng 1n ten

”unrelated normal famllles.

Twin Studies:
Blood samples were obtalned from nine pairs of dizygotic tw1qs
v(four pairs 11ke-sexed five palrs un11ke-sexed) and nlne palrs of

monozygotic twins, Zygosity dlagnoses were made by Dr. Nancy Slmpson

“of Queen's Unlver51ty, Klngston, Ontar1o, based on phy51cal characterlstlcs;pir‘;
o and -analyses of nine blood: ‘groups- and dermal patterns u51ng the:”‘ltd :: R
method of Smlth and Penrose (1955) Haptoglobln and serum
..choLumsterase Subtypes were also determined fbr some ‘of- the tw1n
pairs. Dermatoglyphic analyses were not available ‘for three palrs of
monozygot1c twins, but for a11 monozygotic pairs, the probability of
monozyg051ty as determlned from the available data was greater than
0.985. These blood samples collected for another study, were drawn
in plastic syringes and stored in acid-washed vials, but were notl
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. .

_remained constant thr: ghout the Teaction period when 1.0 M buffer

o was.used,

i ;A ;ﬁ;The eubstrate concentratlon used in the assay allowed optimal
| moxidatlon, 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, or
‘7 4 x 10 -3 M in the reaction mixture exclu51ve 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, as shown in Fig. 2,

When the serum was diluted with physiological saline at intervals
down to one in eight, a linear relation was obtained between the
concentratlon of ceruloplasmin, as determined by the amount of sera

used, and the A0.D./minute. The results are shown in Fig. 3.

N



26"

—— 1.0 M acetate buffer

OXIDASE ACTIVITY — 2

e 0.5 M acotate buffer

o 2 i 5 & w

|SUBSTRATE CONCENTRATION — m

Fig. 1. Rate of reaction plotted against substrate “(PPD) -
concentration. Reaction was carried out in acetate buffer .
at ' pH 5.2 at acetate concentrations of 0.5 M and 1,0 M; ' o
0.25 ml. human serum; 30° . ; : : ' '
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o total
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OXIDASE ACTIVITY —

7 pHO F..'_"'RE:ACT{ON MIXTURE

»Fig. 2;»‘Rate of reaction plotted against pH of aqétate
buffer. '-Acetate concentration 'was 1.0 M; 0:25 ml. human
serum; 30° ¢, o '




'OXIDASE ACTIVITY —A

AMOUNT OF SERUM — ml.

~Flg. 3. 'Rate of oxidase reaction 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; 30° c. o
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t'red mlxture showed a three per cent 1ncrease‘1n ox1dat10n act1v1ty
over that of the serum alone. Results of the assay were therefore
“altered very little by a degree of hemoly51s more extreme than w0u1d‘”'"

be encountered in serum sampleso

- The lag period cannot cause erroneous results.ln this method Wlth
normal sera, the lag period, during whlch time A0, D 1s zero, 1s ' i"
brief and is completed we11 before the completlon of the 1nterva1
allowed for temperature equilibration. = However, w1th sera hav1ng
a low ceruloplasmln level; as in Wilson's disease, and particularly
in such patlents on pen1c111am1ne treatment, ‘the lag perlod may 1ast '

ten mlnutes or longer° 'The rate of the reaction in such cases is not

recorded until the end of the lag perlod

The method is highly reproducible, The mean difference between
’dupllcate determlnatlons on the same day was 0, 09 mg./100 ml
ceruloplasmln, based on 30 sets of duplicates, The difference is
not 51gn1f1cant from zero (t = 1, 1, d, f. = 29, P>0.2), Because

of the close agreement, duplicate determinations were made only when
the first appeared unusual., In all such cases, duplicates were

almost identical.
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leferences between measurements on the same sample carrled out on

v:dlfferent days were also non51gn1f1cant.4 Ana1y51s of varlance of

»r{-measureme ts or sera from ten randomly'” 1sen 1nd1v1duals tested

11n'"up1;cate on two successive days¢and stored;at 4°C between

'?fVEffeets of Freezing and Storage of Sera:

Sera could be stored under refrigeration at apprordmateiy.4°6{for.
at least a week with no'apparent alteration of activity,':In the,‘v”
present study, the sera were frozen immediately after preparation
and were stored for later testing, usuallv 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 -20°C (test 3). Analyses
of differences between paired resdlts showed no significance for

.. tests | and 2 (t = 1,52, d.f. = 7, P>»0.1), testS'l‘and*S (t=20 8;'~~
d.f, = 5, 4P>‘0.4),.or.tests 2 and 3 (t = 2.21, d.f. = 5, P> 0.05).
Two sera were omitted from test 3 because of heavy turbldlty.

Turbidity has not developed in samples stored for about a year or less.

Daily Variation Within Ind1v1duals'

From three 1nd1v1duals, a blood sample was drawn on each of six days
one month or more apart. The sera were frozen as obtalned and all
were measured in one batch to avoid possible variations due to

the method. The variation of the results for each individual was
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small (mean * S.D.: 27,5 %], 3, 36.1 1, 6, 31.8 + 1,1 mg./100 ml1,),

‘- } _ Analys:.s of Varlance showed no: s:LgnJ.fJ.cant effect o(f day of sampllng

o (F<l RN

= EffectSOf “Age‘f}'.éndf‘féé‘k,‘:‘;

Tuadults”and'adolescents are shown 1n Table 1._ None of the regre551ons S

wg’are.51gn1ficant at the one per cent level, although a suggestlon of

ih_age effect (five per cent level of significance) was found for both
groups of males, The positive regression for adult males appears
to be'dne to slighly lower levels among the younger male adults,

- Between the four groups, comparisons of means were made as follows:

female adolescents vs adults: t =1,35, d.f. =93, P»0,10

male adolescents vs adults: 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 females were therefore all
~ comblned but adolescent males kept separate. Means and confidence

limits for the population are shown in Table 2.

Adolescent male levels'cqnibe-adjusted to adult values as follows:

mean of all adults
Adjusted level = observed level x mean of adolescent males

observed level 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,
9 28; P:>0.025j. Based on our present sample, the given conversion

therefore appears to be appropriate,
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CERULOPLASMIN LEVELS OF ADULTS AND ADOLESCENTS BY SEX . . ..

Group

Age
(years) Sex

No.

:'Céruioplasminf
(ng./100 m1,)
mean * S.D,

Regression '~ .
coefficient .
b % sy

Adolescents

Adolescents

Adults

Adults

15-19
13-16

>19
>16

M
F

M

F

29

68

74

25.8

29.4

30.1

31.1

+

%

3.2

3.3

4,5

5.7

-0.98 *

20.16 #

0.09 #

0.07 =

0.44

0.71

0.04 -

0.05

2.20

2,24
- 1.40

10.23

<0.05
>0.50 ©

>0.1

P

<0.05..
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MBANS AND CONFIDENCE~LIMITS FOR CERULOPLASMIN LEVELS

i Confldence 11m1ts

o 5 )
(females > 12)

‘ REGRESSION OF CERULOPLASMIN LEVEL ON AGE 'IN CHILDREN

(MALES 2 ‘to 15 YEARS, FEMALES 2 to 12 YEARS)

Regression

All children

8.4 352 5.0

: Ceruloplasmin
Mean age  (mg./100 ml.) coefficient :
No. . ‘(years) | mean Sy .x b % s | t - P
" Males 63 9.1 342 6.34 -1.14% 0.23 4.92 <0.001.
Females 54 7.7 36.3  5.48 -1.18%0.24 4.82 <0.001
117 .

-1,17+£0.16 7.16 <0,001 -




34

there is a significant

'::Among both male and female chlldren,

huf;At the age of 12 years, chlldren have approx1mate1y the same mean VY

'hhf ceruloplasmln level as adults, although in males levels appear to
‘ff%?A;,-,L;;j_showva further decrease; Chlldren § values can therefbre be

adJusted to age 12, that is to adult values, as follows:
’ Adjusted level = observed level - 1.17 x (12 - age in years)

"“7”Theﬂhietogram in Fig. S shows fhe.levels of all 309 individuals in
hthis}srudy. Levels for children have been adJusted to 12 years;
- levels for ‘adolescent males have been adJusted to ‘adult values.
;'The expected frequencles for a normal dlstrlbutlon are shown. There
hfﬁls some suggestlon that the observed dlstrlbutlon d1ffers from the
'normal curve, u51ng a chl-square test and comb1n1ng the first two
and last three observed 1ntervals (%2 21 6, d.f, 12 P<0.,02),
The dlfference is due mainly to an excess of observed individuals
in the hlghest 1nterva1 The high values may be due to the response

of ceruloplasmln to acute and chronlc infection which could be

5 ' present but uhdlagncsed, or to familial factors.



60~

o

s

; ssn’Um‘.ftsau:.opiAsmN

204 % males T S

e lémcqu.r 1

¥ = 4s0mtazk

o epw

';ééﬁaF}f,:” Qt

Son -

o g T R .

Fig,i&,"vSerum,Ceruloplasminjlevelsfdf'117'nofMal_children
plotted against age, The regression line and its equation

are shown.

2. 14

: 35



. 85 -

- NO. OF INDIVIDUALS

Caed

e

R o .‘ P T
RS o !
.""'--... § oL
- Lo g
B s - . o,
S . e

R S ,,

B

30

38

© U sERum CERULOPLASMIN

Fig. 5. Distribution of serum ceruloplas
ls '

. individuals. Leve

“mo %

.40

36




=;50 female a ults (105.4

Serum copper was. measured 1n most of the s amples and the f1nd1ngs

were con51stent w1th those of ceruloplasmln levels. There were

, although the dlfference was not as: marked as for N

hh*ﬁ;:;96 5 17 S‘pg /100 ml (95 per cent confldence 11m1ts' 61 to

.'132‘pg /100 ml:), There was no significant difference.betweenvmale :

; :copper level‘on age. Ana1y51s ‘of covariance showed that the g
h,regre531ons were the same. The slope of the regre351on 11ne from
.the comblned data (62 males, 50 females) 1s -3, 05 0.44;pg /100 ml,
: _and dlffers 51gn1flcantly from zero (t 6:99, d.f, = 110 P<:0 OOl)
' The 1nd1v1dual levels and the regre551on 11ne are shown in Flg. 6.
‘v:Chlldren's copper levels are approx1mately the same as those of
?iadults at the age. of 12 years and can be adJusted for comparlson as

.follows

4Adjusted.1eve1 = observed levelv-‘S.OS x (12 - age in years)

37

".no 51gn1f1Cant dlfferences between mean.copper levels of 54 male and G

'5'cerulop1asm1n levels._ The mean % 1s. D. for male adolescents was ' ';ft'”
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.Fig. 6. Serum copper levels of 112 normal children plotted
- agalnst age, - The regression line and_itsvequationjaré shown, .
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Effect of the Menstrual Cycle:

Pregnancy and estrogen administration are known to alter copper

metabolism and in Particular to lead to an increase in the level of

ceruloplasmin, as prev1ously reviewed. The -question of possible

'days 1 to 7 8 to 14 15 to 21 and 22 and over.

"f”Numbers of women 1n each group were 6 13 9 and 14 respectlvely.
;“,f';Ana1y51s of varlance comparlng varlatlon among t1me perlods to that

within t1me perlods showed no slgnlflcant dlfferences (F<:1 d.f,

""iiyﬁffect of Body Welght

i The effect of body welght was tested 1n 40 adult males. Results
‘f!:’were grouped 1nto seven welght categorles of ten-pound 1ntervals.
f"Ana1y51s of varlance comparlng varlatlon among welght 1ntervals to

R .’,,that within welght 1ntervals showed no - 51gnlflcalnt difforence (Fel;

df.--—6 33; 'P>0, 2).

Family Stndies: ,

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. Di., C. Dr., and P.W. shown in Fig, 4; G.M.,

a 22-year old male with a ceruloplasmin_level of 22.5 mg.7100 ml.;
and D.W,, a 15 - year old male with a ceruloplasmin level of 21,5
mg./100 ml. All 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 lower confidence limits. The
ceruldplasmln levels of ten parents and three sibs of these
1nd1v1duals are shown in Table 4. All levels are normal except

for the father of D W whose level lies Just above the lower 99

per cent confidence 11m1t In these famllles, there does not appear
to be a 51ngle gene exertlng a pronounced effect on the ceruloplasmln

level

G.N., an_ll-Year old male;'and N.R., a 46-year 01d‘fema1e (see Fig.
7) had ceruloplasmln levels ‘below the 99 per cent confldence 11m1ts.
N.R. had a normal copper level - (75‘pg /100 ml.); that of G.N. was
low (42 ng./100 m1.). Both were,cllnlcally normal, had no
Kayser-Fleischer rings'by~elit'1amp examination, and had normal
urinary copper excretion-andlliver function tests, making a
diagnosis of Wilson'e'disease‘virtually untengble. Their

pedigrees are shownlin:Fig. 7. Ceruloplasmin levels in these two
families were either normal or considerably below the established

normal limits, All 1nd1v1duals were 1n good health In these two

famlllegia;;;:appears to be a single gene exerting a pronounced
effect on the ceruloplasmin level. In five 1nd1v1duals Wlth low
ceruloplasmin levels in family N., the copper levels were corres-
pondingly low. In family.R., the serum copper level of N.R. was
higher, on two occasions, than would be expected fron the level of

ceruloplasmin present. It was calculated that from 21-¢p 25 per cent



TABLE 4

CERULOPLASMIN LEVELS IN RELATIVES OF INDIVIDUALS ‘
WITH Low CERULOPLASMIN LEVELS
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Ceruloplasmln levels (mg /100 mls )

Proband « U Father B ,':5' Mother Sib?’
C.Dr. | 26.4 28.7 52.9
C.Di. 35.2 3.2 46.7 (36.7)
G.M. 29.5 E 58,4
D.W. 17.8 31,5

21.3 25,2

P.W. 33.4

@ Refers to normal individual with low ceruloplasmin through whom

family was ascertalned

b Adjusted for age effects in parentheses.



Age-adjusted values, when required

s> are shown in Parentheses.
Shaded symbols represent 'individuals with a lowvceruloplasmin
level. . ' ‘ ‘
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of the copper was present im the serum not bound to ceruloplasmin,
Such values are infrequently found in normal individuals and may-

be due to contamlnatlon of the serum sample with extraneous copper,

_JIt could also%be explalned by the presence of a normal amount of

fII) was'unlque | The uptake durlng the flrst 24 hours of the study

. en became reduced as An. typlcal heterozygotes for

,'was‘norma1~

1s,shown'1n'F1g.‘17 .,;f

'itLess spec1f1c fam111a1 1nf1uences also appear to 1nf1uence the
?.}1fcerulop1asm1n 1eve1 Ceruloplasmln levels were measured 1n sera’
~7jfromm45 parents and offsprlng of ten normal famllles. Var1at1on _

'Jffbetween fam111es was 51gn1f1cant1y greater than varlatlon within

Lo v'f;_"famues (F = 3. 1 duf= 9, 355 p<o 01)

Twin Studies‘f»v
‘The serum ceruloplasmin levels of . tW1ns were. evaluated to determine
if the fam111a1 1nf1uences were due to heredltary or non-hereditory

factors, Ana1y51s of varlance and intraclass correlation (Steel and

s'dlsease, durlng the remalnder of the study. uH;sﬂresponse;'"“
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Torrie, 1960), as applied to tw1n data by Kempthorne and Osborne

(1961), were used for the analyses

} The ceru10p1asm1n levels of chlldren and adolescents were.adJusted
_to equ1valent adult values as descrlbed prev1ously. The age
K;:dtstrlbutlon of the MZ and DZ tw1n palrs was 51m11ar,;-seven palrs'}
Vdr:‘of each type were between elght and 19 years of age.h Four palrs of
““bzunllked-sexed DZ tw1ns were 1n the adolescent age group, 1n¢wh;ch

| Y:the level of only the malevtw1n requlred age adJustment. LA

_;.’The values d'termlned for monozygoblc(Mz)’ a11 dlzygutic(DZJ,, }:hf"‘

‘:*::Jfand same-sexed (SS) DZ tw1n p 1rs were as fOllOWS‘:v,,h

v’”:;HMZ (9 palrs) '-;‘ "33 32 5,90" <. 01 19.61 o, 7o
: j;'Dz ) palrs) 71 67 110 8 - n.s. - ;91.27 -o 22

I

"ﬁg»lDz = ss “ palrs) 99 96 31, 28 n.s._ 65.62 - 0,52 7; f»**
o The symbols used above are as follows Bs mean square between palrs,
-.ZW mean square w1th1n palrs, P,-' the probablllty that F d1ffers -

':from zero, where F, as determlned from the analy51s of varlance

W" 6'2- varlance for 1nd1v1duals rl = 1ntraclass correlat1on.

'Kempthorne and Osborne (1961) pointed out that when a trait is

1nfluenced malnly by heredltary factors, the varlance for individuals
GT ) should be- the Same for the two types of twins but the

intraclass correlation should be greater forMz pairs than for DZ pairs.

In these data, the individual variation ang that between pairs is
less for MZ than for Dz pairs. This could suggest that the sampling
has not'been random: either the range of values covered by the Mz

pairs is less than in the normal populatlon the range of values
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covered by the DZ pairs is greater ‘than in the normal population,

- or there is an unusually large spread of values within the DZ

pamrsr An examination of 1nd1v1dua1 ceruloplasmin levels shows
an exceptlonally large difference within three pairs of twins,
all of them unlike- -sexed. The agesof these twin pairs were 14,
16, and 51 years, In all cases, the female of the pa1r had a much
higher ceruloplasmin level than did the male, Correctlon was
made for the sex dlfference which exists during the adolescent
years .as determlned in this study, The females were not known
to be pregnant taking hormone treatment or having severe
1nfect10n.3 The reason for this dlscrepancy is, therefore, unknown.
The same-sexed DZ twins were analyzed separately and also show a
larger 1nd1v1dual variation, but the number studied is too small

to draw va11d conclusions,

The analysis of variance for MZ twins 1nd1cated a 51gn1f1cant

component of variance due to differences between twins when

'compared to that w1th1n twins (F = 5, 64; d.f, = 8 »9; P<0,01),

The intraclass correlation is greater for the MZ twins than for

either group of DZ twins, suggesting that hereditary rather than _

DISCUSSION
The method for the quantltatlve assay of ceruloplasmln presented
here was high precision and reproducibility. The buffer system and
substrate concentration used permlt maximum enzyme activity,

Measurement of the rate of enzyme activity provides one major
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advantage over colorimetric methods in which a single measurement is made
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- after an incubation period: effects of the lag period are avoided

by measuring the rate of reaction. The other type of colorimetric
method may provide erroneous results under circumstances in which
the lag period is'long, for example when the ceruloplasmin level is

very low,

_ Moderate hemoly51s and 11pem1a have llttle effect upon the method

, descrlbed Sera should not be used however, 1f turb1d1ty has

developed after prolonged storage 51nce proteln denaturatlon may

have occured

The eeruloplasmln 1eve1 of 1nd1v1duals remalned relat1vely constant
over a perlod of t1me but dlfferences in levels. between 1nd1v1duals
were marked The mea1cerulop1asm1n level in 163 adults (females

over 12 years, males over 19 years) was 30.4 +.5, 0 mg. /100 m1 W1th

95 per cent confldence limits of 20 7 to 40, 2 mg, /100 ml. This:

result was similar to the value of 32,3 + 4,9 mg /100 ml, obtalned

from 100 blood. donors of unspec1f1ed ages u51ng another enzymatlc
method (Rav1n, 1961) The mean qopper level of 125 adults in the
present serles was 108.1 * 20, 64&@ /lOO ml, ThlS is close tq the
values fbund in tWo other series of normal adu1t5°. 114 % 14}ug./100 ml.
in 205 adults (Cartwrlght et al,, 1960) and 104 14Jug./100 ml,- in

106 adults (Neale and Flscher-W1111ams 1958) . Copper and ceruloplasmln
levels in the present series agreed well with each other, with copper
in ceruloplasmln accountlng for about 96 per cent of the serumcopper,

as expected.

Body weight in males and the menstrual cycle in females did not

significantly affect the ceruloplasmin level, No significant effect



'fhffstudy._

.p‘for c0pper levels..aih

of sex was found for ceruloplasmin or copper levels in children
or adults. Ceruloplasmin levels were reported by Cartwright and
Wintrobe (1964) to bevhiéher in females than males although the
sample size of 30 was much smaller than in the present series,

The mean serum copper level -was sllghtly h1gher in females than

h”;ln males but the dlfference was not 51gn1ficant 1n the present

;A251gn1f1cant dlfference has been reported by Cartwrlght

'fv-et al v(1960) and"Neale and Flscher-W1111ams (1958) Male

‘ Effadolescents had 51gnif1cantly lower ceruloplasmln levels than

‘1 ;fthose of female adolescents but the d1fference was not 51gn1f1cant

:5“A751gn1f1cant alteratlon of . ceruloplasmln w1th age was found Normal
':levels in young chlldren were con51derably hlgher than those in

Th”adults and there was a constant dec11ne w1th age, reach1ng adult

;;‘levels by the age of 12 years.i The rate of dec11ne was. the same

"}h:for both male and female chlldren Males however, appeared to have

E a further decllne 1n ceruloplaﬁmln levels, such that ‘levels in.
;badolescent males were lower than 1n adolescent females and in adults,
eSerum copper levels of the same samples showed 51m11ar age variations,
| Prev1ous studles, as revlewed from ‘the 11terature, have demonstrated

low levels of ceruloplasmln in newborns, 1ncrea51ng levels during the

first year of 11fe and levels equal to or higher than adult levels-
by the age of one year. _When these data are combined with those of
ﬂuapresent 1nvest1gatlon, the overall plcture of the ceruloplasmln
level in serum is as follows low levels in the newborn are .
followed by a gradual rise during the early months of life, probably

indicating the maturation of an énzyme system; adult levels are

47



48

reached in the latter half of the first year and the levels
continue to rise to a peak ‘at two or three years of age; a
gradual decline follows, with adult levels reached by about 12

years of age,

These findings are of pract1ca1 1mportance, partlcularly in

studies of relatlves of patlents w1th Wilson's dlsease. The age

of a child must be con51dered in assessing the ceruloplasmin or.

copper levels. The use of adult values for children leads to the

B underdlagn051s of hypoceruloplasmlnemla or hypocupremla. The

correctlon factors are partlcularly useful when comparlsons of
individuals of different ages W1th1n 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 ceruloplasmln except poss1b1y
in advanced stages of the disease, There is no evidence that the
already defectlve mechanism for ceruloplasmin productlon .An such
patients is influenced by the factors that are altered by age in

normal individuals,

Ceruloplasmin 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
previously, although thls assumes homogeneity of variance between
the adolescént male and adult groups, This assumption is apparently
valid, As an alternative to conversion, the appropriate confidence

limits found for the individuals in this group can be used. Males



13 and 14 years of age could have been included in the adolescent

group as the group boundaries are arbitrary.

If other'labpratory methods for the determination of ceruloplasmin
or copper levels are used, the given correction factors should
still be applicable even though, the normal mean and confidence

limits may differ.

Studies in normal families indicated that serum ceruloplasmin leveis
are influenced by familial factors., In two families‘asgertained
through a study of normal individuals, low ceruloplasmin levels
showed 'a regular pattern of inheritance, The pedigrees were
consistent with the affectéd individuals being heterozygotes for

a gene which produces a low enzymatic activity of ceruloplasmin,
There was one exception to this pattern in family N. This may
indicate that a single dominant gene is involved which lacks complete
penétrance. 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 %4cy 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 levels 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 gene presented 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 ofigin, 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
heterpzygotes 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 possible 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.



SECTION II

STUDIES ON WILSON'S DISEASE




PART 2

A_Screening-Testnfornthe.Detection of

Low Levels of Ceruleplasmin

Since a study of the ceruloplasmin levels of relatives of patlents
with Wilson's disedse would involve & great many. tests, a rapid
screening method appeared to offer-a feasible substitute for the

usual assay.

A spot screening test, baséd on the oxidase activity of PPD, was
reported to distinguish ceruloplasmin levels below that of'a given
standard (Aisen et al,, 1960). In our experience, the paper test
strips were found inconvenient to prepare and not suitable for storage,
and test results were frequently difficult to interpret., A commercially
available kit, pPrepared for the detection of patients with Wilson's
disease, utilizes paper discs and an unspecified color-producing
reaction. The standard serum in this kit is suitable for use w1th
sera from adults, but our findings of a change of ceruloplasmin level
with age made this standard unsuitable for the testing of children,
The kit would detect the sevefely deficient ceruloplasmin levels of
children with Wilson's disease, but would not discriminate children

with less-pronounced decreases below the normal level for their age.

The screening test devised can handle large rnumbers 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) containing a known amount of ceru10plasm1n

was prepared by mixing, 1n suitable proportions, serum from a normal

“adult and serum deficient in ceruloplasmin. The latter was .

obtained either’ from the umb11ica1 cord of a newborn or from a
patient wrth WllSOﬂ'S dlsease° The ceruloplasmrn levels of the
sera used for the standard and for the final standard m1xture were

determlned by the assay method descrlbed 1n Part 1 A sultable

"standardserumfbr adults contains 20 7 mg /100 ml.,ceruloplasmln.-:?

.fThls 1s the lower 95 per cent confidence 11m1t found 1n the normal

populatlon sample tested 1n Part 1 Sultable standard sera for d_ f:ip_f

Tlchlldren are as follows'ffhﬁ D

;jf’ages 2 to 3 years{ué 30 mg /100 ml, ;f,_»' S
. .ages 4 to-6 years =27 mg,/100 ml e e Tl
" ages.' 7 to 9. years' '« 30. ‘mg./100 ml, e
"f,'~'ages 10 yeals& up_'» ,~';- adult standardv" RO

l

»5A heparlnlzed cap111ary tube (hematocrlt tube, 1 3 1 5 mm. dlameter) g

‘:'was f111ed w1th blood from a flnger puncture.‘ One end of the tube |

was plugged w1th plast1c1ne and the plasma was separated by fif’f

'centrlfugatlon or grav1ty.‘ The ce11-conta1n1ng portlon of the tube
‘ was broken off and dlscarded., Into each ‘well of a mlcrotlter 'U' ‘
plate (Canlab No. 21828/4) was placed z thlck fllter paper ‘ﬁﬁ S

~disc. for ant1b10t1c assay (Flsher No. 9~ 897),(or 1 3 cm. dlameter ‘

disc cut from Whatman No. 3 MM fllter paper) The-mlcrotlter plate
was marked off 1nto squares of n1ne wells each, The centre well of
each group was used for the standard The centre of each disc was
touched w1th a capillary tube of standard or plasma to be tested,

allowing the absorption of about one inch of the capillary tube



contents into the disc, The amount of plasma is not critical as

it determlnes, within limits, only the size of spot produced Onv

each disc was dropped two drops of a 0.3 per cent solution of PPD

dlhydrochlorlde (Fisher certified5 in acetate buffer (pH 5.2, 1.0 M),

' prepared 1mmediate1y.before testing, The plate was covered with

plastic film (saran wrap) and was placed in a shallow water bath

(rectangular pyrex dish) at 35 to 40°C for ten mlnutes, or until

the standard dlSCS were pale blue The ‘plate wasg then uncovered

and read agarnst a whlte background “A test disc as pale or paler

5than the standard 1nd1cated a positrve test result that is a low
Vlevel of ceruloplasmln : A drsc darker than the standard 1nd1cated

-a normal level CeruloplaSmln. The appearance of the dlscs is shown

in Fig. .

It is convenlent .to test 48 samples at one tlme. The microtiter

plate contalns 80 wells however we used six groups of n1ne wells
each at one tlme. The use. of one control in each group of nine

_compensates for dlfferences in reactlon times,

'1Recrystallizatlon is hot required when the PPD crystals are white

and the1r solution is clear. If either are colored, PPD can be

crystallized as descrlbed previously in Part 1.
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Fig. 8.  Appearance of test discs, used in screening test, after
developmént. From left to right, ceruloplasmin levels of sera
- (by qualitative assay) are: 29.4 mg./100 ml. (negative); 18.9

. mg./100 ml. (standard); 7.2 mg./100 ml. (positive).
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The screening test was evaluated on 50 sera, having a broad range
of ceruloplasmin levels. These sera were obtained from normal
individuals and from patients with Wilson'sldisease and their
relatives. The standard serum in this evaluation contained 18,9
mg./100 ml, ceruloplasmin., Two investigators examined the test
discs independently, without knowledge of the source of the sera,
and recorded their conclusions. The amount of ceruloplasmin was
measured in these sera by the assay nethod described previously

in Part 1 and the results of the two tests were compared.
RESULTS

The results of the evaluation of the screening test are shoun in

Table 5. A test result was classified as uncertain when the two

sidered a result open to question, In practice, such results should

be considered positive and investigated further,

levels below that of the standard; in all ten cases the pertinent
Sera were classified as positive in the screening test. Sera with
ceruloplasmin levels up to 2 mg./100 ml. above the standard
registered as false positives, as did occasionally those with levels

up to 5 mg./10¢ml. above the standard, The screening test there-




TABLE 5

RESULTS OF SCREENING TEST COMPARED TO QUANTITATIVE

ASSAY OF CERULOPLASMIN

Ceruloplasmin - Results of Screening’
concentration? Number

(mg./100 mi,) tested Negative Positive Uncertain
40.0 - 50,0 6 6

30.0 - 40.0 19 19

25.0 - 30,0 9 9

23.0 - 24,9 2 1 1
21.0 - 22,9 2 2

19.0 - 20.9 2 1 1
Standard (18.9J

17.0 - 18.9 1 1

15.0 - 16.9 3 3

less than 15.0 6 6

AMeasured by quantitative determination of oxidase activity
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The test results were apparently not altered after blood samples
had spent two days in transit, This was confirmed by maasuring
the ceruloplasmin level in fresh serum and serum left unseparated
from the red blood cells for two days at room temperature.
Freezing was avoided during transit., The tubes were well sealed
and were placed in a corrugated cardboard holder. This holder

was then placed in a small mailing container.

DISCUSSION

This screening test is rapid and requires relatively simple haterlals.
The test is reliable for detecting ceruloplasmln levels equal to or
below a given standard. There were no false negative results in 50
tests. False positives are likely to occﬁr when the ceruloplasmin
level is up to 2 mg./100 ml. above the standard, however our previous
studies have shown that a very small percentage of the levels of

the normal population lie in this range,

ThlS screening test has been tested for large-scale use on 336
patients in a psychiatric hospital to detect p0551b1e patlents
with Wilson's disease (Cox, 1967). 1In this study, one false

positive result was encountered among 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 individuals
with Wilson's disease. An abnormally low level of ceruloplasmin

is characteristic of the majority of patients with Wilson's disease.
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In one series of 111 patients, 96.4 per cent of patients had
ceruloplasmin levels below 20 mg./lﬁo ml, (Sternlieb and
S;heinberg, 1963). Probably ab;ut one in 20 patients would,
therefore, not be detectqd by the screening test, This test
could be suitably applied to the folloﬁing individuals who could
be considered suspects for having Wilson's disease: individuals
with liver disease, extrapyramidal disfunction or psychiatric
disorders, and children with unexplainabie behaviour problems,
Such screening could facilitate early diagnosis and consequently

more successful treatment for patients with Wilson's disease.

While 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 bé stored frozen in small
aliQuots to be used ‘and refrozen repeatedly unless turbidity
deve10ps.'-The test is suitable for use in hospital laboratories
where a minimum amount of equipment is desired for screening of
the ceruloplasmin levél. 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.particuiarly for studies of relatives of
patients with Wilson's disease, By using the appropriate standard
Sera, ceruloplasmin levels below the normal population limits'can

be detected in children or adults, ‘Relatives with a low level of
ceruloplasmin must then be investigated further to defermine if they
are heterozygotes or asymptomatic homb;ygotes for the Wilson's

disease gene. The simplicity of the test allows its use on field



59

trips where therénmy'be no laboratory facilities available, Because

the fest is not affected by transit of samples in the mail, individuals
can conveniently .be tested who might otherwise be inaccessible, These
features ailow thé convenient study of lérge kindreds in which Wilson's

disease has occurred.
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" REVIEW OF THE LITERATURE .

A. Clinical Features of .Wilson's Disease -

Kinnier Wilson (1912), in his classical monograph, first reqoghized
the combination of neurological disease and cirrhosis of the liver
as a disease entity which he called progressive lenticular
degeneration. He described in detail the clinical and pathological
features of four of his own patients and six from the literature.
Diagnosis of the disease has frequently been difficult because

many patients show features deviating from Wilson's classical form

of the disease,

Patients generally fall into two broad categories. In one, the
symptoms involve primarily the nervous System; in the other, primarily

the liver.

Neu?plogical Symptom;, ~
The neurological symptoms arise mainly from disorganization of the
lenticular 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 woréening tremor is common when the disease
éppears later in life, Denny-Brown (1964) has suggested that the

two types of symptoms have two dlfferent causes, with tremor arising
from the toxic effect of copper, and rigidity or dystonia from the
effect of a second hepétic factor. Liver damage may be apparent in
these forms from abnormalities in liver function tests or may be

diagnosed only .at biopsy.



Hepatic Symptoms :

With continued refinement of biochemical tests for Wilson's disease,
the hepatic form of the disease is recognized as more common than
was previously believed, The early 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!

disease,

Age of Onset:

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
less than nine years of age (Arima and Kurumada, 1962a). The latter
series suggests an earlier onset in the Japanese, In general, the
hepatic form of the disease predominates in younger patients and

is rapidly pProgressive; the neurological form predominates in older
patients and the disease may worsen slowly, if'untreated, over a

period of years,

Corneal Pigmentation:
The only important clinical fleature not described in Kinnier Wilson's

thoraugh account of 1912 was the Kayser-Fleischer ring., These

S
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Wilson's type of pseudosclerosis, The rings are caused by the.

Adep031txcn of golden or greenish copper-containing pigments in the

outer edge of the cornea, A review of studies of the ring and an
excellent colour photograph have been published by Sternlieb
(1966), The rings, which are sometimes visible only by slit-lamp
examination,are almost always present in Symptomatic WllSOﬂ'
disease and are absolute diagnostic criteria. However, they may
be lacking in young patients with the hepatic form of the disease

and their absence does not exclude the diagnosis.

Other Clinical Features:

‘The kidney is also frequently involved in Wilson's disease,

resulting in generalized aminoaciduria and other signs of abnormal
renal tubular function, These are usually not clinically obvious,

although they have been known to cause bone lesions,

Psychiatric'disturbances have been reported invmany cases of Wilseon's
disease. In one series of 33 cases,’ 15 per cent had psSychiatric
disthirbances as their first deviation from good health and in another
25 per cent, such disturbances developed with other clinical symptoms
(Sternlieb and Scheinberg, 1964), Beard €1959), in asrevxew of cases
of Wilson's disease with psychiatric disfurbances,has pointed 6ut»that,
the psychiatric abnormalities present have often been mistaken for

specific psychiatric entities, for example schizophrenia,

Bone lesions and hemolytic crises infrequently accompany the disease.

Reviews of clinical features of Wilson's disease, including numerous

references have been preparéd by: Bearn (1957), Boudin and Pegin (1959),
Sass-Kortsak (1965), and Scheinberg and Sternlieb (1965).



B. Biochemical AbnormalitiesfinaW1ISon!s‘Diseasev-

In his 1912 monograph, Wilson concluded that the disease was acquired
and was caused by a toxin, not microbial but possibly chemical in

nature. Now, over 50 years later, evidence indicates that the

metabolism,

Copper is an element essential to life and is present in abundance

in the human diet, Copper deficiency is unknown in man. The normal
metabolism of copper allows retention of the trace amounts required
by the body and elimination of excess amounts which would otherwise

prove toxic,

Numerous references to studies on normal metabolism of copper and
on the biochemical aspects of Wilson's disease can be found in
reviews by Cumings (1959); Peisach, Aisen, and Blumberg (1966);
Sass-Kortsak (1965); Scheinberg and Sternlieb (1965); and Walshe

(1967). The main biochemical features are outlined below,

Tissue Copper:
Metabolic intoxication in Wilson's disease had been suggested in the
German literature soon after the descriﬁtion of the disease., 1In

1945, Glazebrook investigated a patient with Wilson's disease -and
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found, at autopsy, a high copper content in liver and brain (Glazebrook,

1945), More detailed studies followed, and have established the
presence of abnormally high copper concentrations in the liver,

brain, kidney, and cornea,
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normal mean levels, and brain copper levels varied from 7 to 17
times the normal mean level (Butt &t al., 1958). 1t is of
interest that these authors found the silver content of liver and

bréin to be increased by 12 and 4 times, respectively, The

1963), although these authors would noy accept 250 Pg./g. dry liver
rather thanvloo‘pg./g. dry liver as the upper limit for normal .

copper content,

Elevated tissue copper levels presented by Butt et al, (1958) in-
"juvenile cirrhosis" are misleading because severa] of the patients
were infants, in which copper levels are normally high, and at
least "some", if not all of the other patients were later reported

to have Wilson's disease (Butt and Nusbaum; 1962) .

Urine Copper:
Mandelbrote Esuilf (1948) observed an increased amount of ufinary
copper in a patient with the disease, Porter (1949) soon confirmed
this in two more patients, Many other investigators have similarly

found inepeased levels,

Patients with Symptomatic Wilson's disease usually excrete more than

100 ug, copper per 24 hours in the urine compared with less than 50 ug.
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per 24 hours in normal individuals. The level of urinary copper can
vary considerably. Levels arenot usually increased before clinical

symptoms appear.

Bearn and Kunkel (1954a) found high urinary copper levels in cirrhosis
due to biliary obstruction, Urinary copper levels may also be increased
in nephrosis (Cartwright, Gubler, and "Wintrobe, 1954) due to loss of
ceruloplasmin in the urine. Both these conditions are clinically dlS-

tinguishable from Wilson's disease.

Biliary Copper:

The copper content in bile has been reported normail in four patients
with Wilson's disease (Denny-Brown and Porter 1951; Cartwrlght et al,
1954).’ The significance of this is discussed in the section on the

dynamic aspects of copper metabolism.

Serum Copper:

Total serum copper levels were found to Belbmmﬂ normal levels in most
patients with Wilson's disease (Bearn and Kunkel, 1952; Cartwright et al,
1954), an observation since confirmed in many patlents In normal humans,
about 95 per cent of the Seérum copper is firmly bound in the form of
ceruloplasmin (Holmberg and Laurell, 1947; 1948). The finding of 1low
Sérum copper values in patients prompted an examinaticn of ceruloplasmin
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

cepper level in a patient,
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Ceruloplasmin:
Reduced 1levels of serum oxidase~activity, as well as total serunm
copper, were found in pafients with Wilson's disease by Bearn

and Kunkel (1952). Serum oxidase activity had pPreviously been

shown to be almost entirely due to~cerulop1asmiﬁ (Holmhgng and
Laurell, 1947; 1948), Scheianrg and Gitlin (1952) found a
deficiency of ceruloplasmin in patients by $pectrophéteme€?ic

and immunologic methods. The majority of batientsvhave a pronounced
deficiency of ceruloplasmin, for €Xample, in one series of 111
patients, 81.1 per cent hag levels of less than one half of the
lower normal limit of about 20‘mg,/100‘m1. (Sternlieb and Scheinberg,

1963). A decreased ceruloplasmin leve] provides one of the most

reliable diagnostic tests for the disease,

The ceruloplasmin levels of patients do extend over a range from
complete deficiency to normal levels (Markowitz et al., 1955;
Sternlieb and Scheinberg, 1963). In these two series, four

(2.9 per cent) of a total of 139 patients have levels above their
nbrmal lower limits. More than a dozen patients with.normal
ceruloplasmin have been reported in the literature (reviewed by
Kurtze, 1962; Scheinberg and Sternlieb, 1963). The Presence of

a normal ceruloplasmin level does, therefore,(not exclude the
diagnosis of Wilson's disease. The levels, efen when normal, tend
to be in the lower region of normal. No values have been reported

above the normal mean of about 30 to 32 mg,./100 mi1,
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Other Copper Proteins:

“Many proteins can form complexes with copper. A true copper

protein, however, has copper as an integral part of its molecule
and in a definite proportion. Some of these copper-proteins have
enzymatic functions. Copper and other metallo—proteins are
discussed in reviews by Vallee (1955) and Malmstr8m and Neilgnds.

(1964),

There is no evidence that patients with Wilsdn's disease have
abnormalities of any other copper proteins. Tyrosinase must

not be markedly decreased, as in albinism, because patients have
normal pigmentation. Chromatographlcally defined copper proteins
of the brain are the same in normal 1nd1v1duals and in patients
although, in the latter, copper is also complexed to a variety

of proteins which are not normally associated with copper (Porter,

1963; 1964). Excess copper in the liver of patients is bound to

a protein in the mitochondrial fraction, which shows some properties
similar to the mltochondrobuprein of neonatal liver (Porter, 1963) .
The mean level of copper in erythrocytes, most of which is bound in

erythrocuprein (Markowitz et al., 1959), was found to be similar in

patients with Wilsen's disease and in normal. tontrols (Cartwrlght

et al., 1954),
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C. Copper Metabolisméin‘WElson?SiDiséase:'

The use of radioéctivé isotopesiof-copper has helped elucidate the
metabolic pathway of copper;‘not only in Wilson's disease; but in
the normal individual, Copper-64 (64Cu), with a half.life of only
12.8 hours, has been used almost exclusively in metabolic studies
to date beqause of its commercial avilﬁbility.. The longer-lived
copper-67 (67Cu), with a half-life of 58.5 hours, i$ not available

commercially,

.Copper Absorption:

Orally ingested 64Cu appears rapidiy in the bloqd, indicating

rapid absorption from tﬂe»intestinal tract. Comparisons of the
response curve, fblldwing an oral dose of 64Cu, have'shqwn an
increased peak of 64Cu and decreased rate of disappearance,of,64Cu
from plasma or serum in patients with Wilson's disease_when compared
with controi subjects (Earl, Moulton,‘and Silverstone, 1954; Bearn
and Kunkel, 1955; Bush et al.; 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 64cy from the plasma. 1In fact, when 64Cu is administered
intrafenously, patients show a delayed fall in the 64Cu level from
their plasma in comparison with normalAcontrols (Earl, Moulton,and
Silverstone, 1954; Bearn and Kunkel, 1955; Bush et al., 1955),
Delayed clearance of 64Cu from the Seérum, perhaps because of failure
of an excretory pathway, is thus a feasible explanation for the

results.
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Copper Incorporation into Cern!oplasmin:

In the normal individual, the falil in the level of plasma 64Cu
after its onal or intravenous administration is followed by a
secondary rise, Bearn and knnkel (1954b) demonstrated that 64Cu'
was immediately bound to albnmin after its entny into plasma and
that the secondary rise in plasma;64Cu was due to its incorporation
into ceruloplasmin, These authors found thatipatients with Wilson's

: . 64 | :
disease didnot shoyw this incorporation of 'Cu into the ceruloplasmin

fraction. The failure of patients with Wilson's disease to

incorpora;e 64Cn into.ceruloplasmin is now well documented (Bush et al.,

1961;vSternlieb;'Mo§e11, and Scheinborg, 1961a) and has also been

~_ observed in a patient with a normal level of ceruloplasmin (Sass-Kortsak

et al., 1959),

Ceruloplasmin - bound'copper, although exchanged in vitro (Scheinberg

.5 1961a),

—

and Morell, 1957), is not exchanged in vivo (SternliEb;gz_al
Ceruloplasmin, thefefore, cannot function in the transport of copper.
Copper is appaiently transported to other body tissues from the small
albumin-bound fraction; which contains only about five to ten per cent
of the total serun copper; A small third fraction in equilibrium with
albumin-bound copper is bound to amino acids and may be important

in the transport of copper through membranes (Neumann and Sass-Kortsak,

1963; 1967).

Copper Uptake into the Liver:
As the albumin-bound fraction of 64Cu disappears from the blpod,

64C_u appears in the liver, an observation first made by Bush et al,

(1965)e The uptake of %%cy into the liver, the main organ in which
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concentration takes place, was found to be slower in patients with
Wilsen's disease than in control subjects (Sass ~Kortsak et al,, 1962).
A study of eight patients indicated that their livers took up. a
smaller fraction of the administ?red dose than did the normal liver
(Osborn and Walshe,_1961; Os§ornp Roberts, and Walshe, 1963). 1In the
normal individual, the 64Cu activity in the liver reaches a peak four
to ten hours after administration then gradually declines, while |

in the ﬁatient the activity rises more slowly and continues fo rise
apparently because there is no discharge of the 64Cu from the liver
(Osborn and Walshe, 1961; Sass-Kortsak et al., 1962; Osborn, Roberts,
and Walshe, 1963), Thisredu;ed abiiity éf the liver to take up
radioactive copper appears to be a cbnséquence of the disease process,
Aspin”and Sass~Kortsak (1966), using a tracer dose of 64Cu, found
that a patient with clinically mild disease had a rapid uptake

of 64Cu into the liver during the first ten hours“after,intravendus
administration of~64Cu, similar to the uptake in Lnaffected
individuals, The patient showed a further slow accumulation of activity
in the liver instead of the expected decrease. The initial uptake
appeared to be more rapid than in the unaffécted indiyiduals; But
could rather indicate a decreased excretion from the liver since the
response curve is the net affect of 64Cu input and excretion. After
a re-examination of their data, Osborn and Walshe (1967) found that
the impairment of copper concentration in the liver is se;dom found
in asymptomatic patients but jis pronounced in severely affected
patients. After Several years of treatment with penicillamine, the
liver regains some of its copper-concentrating function (Osborn and
Walsh, 19679, ‘The improvement could be due to removai of the heavy

copper deposits from the liver or to repair of previously damaged liver,



The former explanation is more likely since the uptake of 64Cu
into the liver was normal in five out of six patients with liver

damage not due to Wilson's disease (Osborn, Robérts,and Walsh, 1963).

Biliary Excretion of Copper:
Copper has been shown to be excreted mainly via the bile in dogs
{Mahoney et al., 1955) and;humaﬂs (Bush et al.; 1955), 'In hpmans
given oral or intravenous cépper, thé amount of copper in the bile
increases rapidly, and shows a édnsiderqble increase after 30

minutes (van Ravesdteyn, 1944), Further evidence that biliary copper

_excretion responds quickly to increasedtcopper intake is provided

by studies in mice, in which the 64Cu content of feces increases

with the adminiﬂzqu dose (Gitlin, Hughes, and Janeway, 1960) and

in rat liver, in which recovery of 64Cu in bile increases with the
administered dose (Owen and Hazelrig, 1966), With the"high
cdncentrations of copper in the liver of patients with Wiléon's disease,
an increased’concentration of copper would be expected in the bile,
Scheuer and Barka (1964) have shown that rats whdse livers have been
loaded with copper prior to the administration of 64Cu have an
increased excrétion of 64Cu in the bile., The ratio betweén Bile and
liver activity was similar in copper-loaded and control rats. The
uptake of §4Cu into the liver was increased in the copper-loaded
rats. This is simiiar to the finding in early Wilson's disease
(Aspin and Sass-Kortsak, 1966). This evidence suggests thét-the low
net uptake of 64Cu found in symptomatic patients is a result of

saturation of the normal copper binding sites in the livpr,
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Several studies haye indicated a dec;eased fecal excretion of
64Cu in patients with Wilson's diseaseﬂﬂwatthews, 1954; Bush
et.al., 1955; Bearn and Kunkel, 1955; Aspin and Sassmeortsak,
1966). since most of this copper originates from the bije
(Mahoney et al., 1955), these data combined with those. out-

lined above provides strong evidence that biliary excretion of

copper is impaired in Wilson's disease,

Yrinary Excretion of Copper:

The urinary excretion of %4cy is higher in patients than in
controls (Earl, Moulton,and Silverstone, 1954; Bearn ang Kunket,
1955), even in early stages of the disease (Aspin and Sass-Kortsak,
1966), However ﬂhe total of urinary and fecal copper excretion

is nevertheless considerably reduced.

Uptake of Copper into Erythrocytes:

The initial uptake of 64Cu into erythrocytes was found to be greater
in one patient than in his normaj brother and the Secondary rise lower
in the patient (Neumann and Silverberg, 1967). They suggested

that the higher initial rise was due to the longer half-life of
circulating albumin-bound 64Cu. This is probably a consequence

of its slower removal from: the circulation via the liver. The

small reduction in secondary rise may be a chance déviation.

Studies on other patients have shown a normal uptake of 64Cu into

the erythrocytes (Bush et al., 1955; Jensen and Kamin, 1957).
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Summary Qf Biochemical and Metabolic Abnormalities:
The main biochemical and metabolic abnormalities in untreated

patients with Wilson's disease are as follows:

1, incréased copper content in liver and brain

2. increased urinary excretion of copper

3. decreased tgtal serum copper

4. decreased serum ceruloplasmin

5. decreased rate of incorporation of 64Cu into ceruloplasmin
6. reduced uptake of 64Cu inte liver (in advanced disease)

7. probably reduced biliary excretion of copper
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D. Genetic Aspects of;WilsonESLDisease:;-

Racial bistribution:

Patients with‘Wilson's disease have been reported from gany cointries,
and in individuals of European, Chinese, Japanese, Indian, Eskimo,
Ind;nesian,and Negro stock (references in Cumings, 1959; Scheinberg
and Sternlieb, 1965); The dgccurrence of the gene for Wilson's
disease in African negroes is uncertain since in reported cases of
Amefican hegroes, one had white ancestors (Herz and Drew, 1950) ang
pedigrgps of three other were not given (Bearn, 1960; Holtzmagtgg'a .y
1967)..:In the series of 32 patients compiled by Bearn (1960), 14
were Jews from Eastern Europe, eigﬁt from the Mediterranean, and

ten from various other origins. This particular distribution is of
course influenced by the racial distribution.of the inhabitants of

New York City from where this sample was drawn,

Clinical Type of Disease:

Kurumada, 1962a; Tu, 1963). These clinical differences may be
influenced by genetic factors, However, the copper-rich diet of
Oriental peoples may well be 3 contributing factor to the earlier

onset of the disease (Tu, 1963),
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Although it has recently been suggested that the hepatic form

of the disease is a separate genetic entity (Levi Sherlock,and

Scheuer, 1967), present evidence does not favor this 1nter- S
. pretation. In many reported cases, the combination of symptoms St

' maPes c1a551f1cat10n of the disease 1hto either a hepatic or neuro-;“i*'“

10g1ca1 form 1mpossib1e._ A brief period of hepatic dlsease may

v‘f'be fbllowed many years later by typicai neurologlcal symptoms While,fsﬁzhitif

" the disease is frequently 51m11ar w1th1n a 51bsh1p, 1n other 51bsh1PSJAZVL

the clinlcal manlfestations are different (Bearn, 1960 Walshe, 1962),ilf‘

Mode of Inheritance*»w .

_ Hall (1921) was the flrst to suggest that Wilson's dlsease 1s

inherited. He suggested recessive 1nher1tance was a pos51b111ty but fb

- favored a two-gene hypothesis 1n Wthh the dlsease occurred in the ajivffafbe.v5

presence of a gene spread generally in the populatlon, plus a e
rece551ve gene w1th1n the famlly. Ev1dence presented by Kehrer
(1930), . Stadler (1939) and Andre and van Bogaert (1950) suggested
rece551ve 1nher1tance. Matthews, Milne,and Bell (1952) analyzed |
famlly data, ma1n1y from the three prev1ously stated authors, and
conclufled that the disease resulted from a rece551ve heredltary
factor, in spite of a 51gn1f1cant increase in the number of
affected sibs over that expected Correctlon had been made for
the exclusion of carrier parent pairs who have only normal chlldren,
however, bias towards selection for fam111es w1th more than one -

i

affected sib was _probable.
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Early studies were hampered By lack of knowledge of biochemical
abnormalities of the disease, Usually sibs under a given age
were excluded because it was impossible to determine if they had
the dlsease Bearn (1953 .1960),from an analysis of his own

data rather than reports from the llterature, conflrmed that the

' ratlo of affected sibs of probands was that expected for rece351ve

1nher1tance. However, those unaffected 51bs under the age of

: 30 Yyears or those who died before 30 years were excluded because

‘blochemlcal tests were not carrled out on all 51bs.

4Ana1y51s of pedlgreps of 21. Pollsh famllles (Wald, 1962)

Japanese families (Arlma and Kurumada, 1962b),and nine Chlnese

"':famllles (Tu, 1963) support recessive 1nher1tance.

"~ The recent suggestlon ‘that the hepatlc form of Wilson's disease

is not inherited as a simple recessive trait (Levi, Sherlock and

Scheuer, 1967) is based on theverroneous use of data from'only.five

" families in which no correction has been made for heterozygous parent '

palrs who have, by chance had no affected ch11dren.‘

. The consangulnlty rate 1s 1ncreased among the parents as expected

‘for a rare rece551ve gene. Bearn (1960) found a first cousin

consangulnlty rate of 36.7 per cent among 30 fam111es in his series.

The rate was’ partlcularly hlgh among Eastern European Jews., A

flrst cou51n consanguinity rate of 40.3 per gent was found among

bparents 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) has found a first cousin consanguinity

rate of only 9, 3 per cent among A3 families in England, where the
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consanguinity rate of a "general hospital population" has been
estimated at 0, 61 per cent (Bell 1940), Dahlberg has demonstrated
that the consangulnlty rate among parents heterozygous for a
recessive gene decreases as thekfreqnency of the gene increases,
(Stern, 1960, p. 376), suggesting that the gene frequency is-

rather high among the population of Englend.

Gene Frequencyf' ’

Bearn’ (1953) estimated a gene frequency of from one in: one thousand to
one in two thousand with a correspondlng disease incidence

of from one in four millioh to one in one milliom, This

estimate was derived from Dahlberg'S'formuIa'(see Sfern, 1?60),
assuming panmixia, and using the approximation q = a (%6- X) ,

where q = _gene frequency, a frequency of cousin marrlages in the
general population, and x = observed 1ncidence of cousin marriages

in the gﬁnetlc materlal to be analyzed Figures of from 0.5 to

1.0 per cent were used as the consangulnlty rate in the populatlon

‘both of which are probably too high. Many more cases were present

"~ in Bearn's serles f£rom New York than would be expected from the -

estimates, . Scheinberg (1967) has suggested a prevalence of  about

one in one hundred thousand ' fbr Wilson's disease in the United States.
The difference between prevalence and incidence of diseases has

been discussed (Myrlanthopqulos, 1961). Slnce the prevalence of
Wilson'’s disease is expectedly lower than the incidence at birth
because early death can occur, 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 consanguinity rate than in the general

population, Actually, a higher consanguinity rate alone could

account for the observed findings,

The gene frequency has been reported to be ten times higher in
Japan than the estimate derived from Bearn's study, Using
Dahlberg's formula, Arima and Kurumada (1962b) have éstimated 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 calculated 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, no consangulnlty was

found in nine families with Wilson's disease. This may be due only
to the lower rate of consangﬁinity among the Chinese compared with
tHat of the Japanese (Tu, 1963) and not to a dlfferent gene

frequency.

Tﬂe geﬁe»ffequency in England can be estimated by Dahlberg's formula
to be one in 274, with a disease 1nc1dence of one in 75 ‘thousand,
These figures are based on a consanguinity rate of 0 6 per cent 1n
the general population (Bell, 1940) and 9.3 per cent in parents of
patients with Wilson's disease dWalshe,1967).‘ The gene frequency

in the English population is very similar to the lowest estimate for

Japan; Probably the gene frequency is $imilar in Caucasign and

0r1enta1 races. Bearn's very different estimates may reflect the

‘Particular genetic constitution of the New York City population

from which he has ascertainééehis patients, as described previously,
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His material is in fact quite unique-in having a high 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 populativn may be more homogeneous than

that of New York City.

Detection of Heterozygotes:
Heterozygotes can be helpful in the identification of the basic

defect of a recessively inherited condition,

- Individuals heterozygous for the Wilson's disease gene, that is

parents of patients, occasionally have a ceruloplasmin level below .

the normal range (Cartwright EE.E&:! 1960; Sass-Kortsak et al,, 1961;

and Sternlieb, et ai;, 19615)."In fact, 'some heterozygotes have
ceruloplasmln levels as low as those typically found in patients, yet’

do not have any clinical 51gns of the disease. Sternlleb Morell,

and Schelnberg (1961) have estlmated from reports in the 11terature,,
that about 20 per cent of heterozygotes have decreaSed ceruloplasmin
levels, In the largest single series presented (Sternlieb et al., 1961b),

two of 19 parents of patients had ceruloplasmln levels. below those

usually found in normal individuals: 19.2 and 9.5 mg./100 ml, respeetiﬁely.

A more frequeﬁtly found defect iﬁ heferozygotes is a decreased rate
of uptake of 64cy into ceruloplasmin after an oral dose of 64Cu
(Sass-Kortsak et al., 1961; Sternlieb et al., 1961b). The response
curves frequency lie between those of individuals homozygous for the
normal alleles and those homozygous for the recessive alleles, Almost

all heterozygotes may show reduced incorporation when suitable

"
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techniques are used, includﬁng the intravenous rather than oral

administration of ey (Taux et al,, 1966; Sass-Kortsak, 1966).

Heterozygotes do not have clinjcal Symptoms of Wilson's disease
| or hypercupuria. They can usually be differentiated frém
.asympfomatic patients by their lower hepatic copper éencentf&tion‘
(Sternlieb and Scheinbgrg, 1963) and by their response to 64Cu.
. In rare cases, the distinction between heterozygote and affected

S homozygote cannot be made despite all investigations,
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Chelation Therapy for Wilson's Disease- -

| Clinical Aspects:

-'Effectlve treatment of Wilson's disease requires the ellmlnatlon .

of the excess stores of copper from the body and the preventlon

© of 1ts reaccumulation

"fif_Cumlngs (1948) suggested that BAL @, 3-d1mercaptopropanol) mlght

h'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 1n3ections were followed by increased urinary

' excretion of copper. Many patients were treated with BAL with

vary1ng degrees of success. The necessity for intramuscular

1n3ect10ns plus frequent side effects did not make BAL sultable

o treatment for prolonged therapy°

- 1mprovement may not be apparent for several months but usually occurs,

bUIn 1956, Walshe showed that penicillamine (8, ﬁ-dlmethylcystelne)

f9,1ncreased the urlnary excretion of copper in Wilson! s dlsease and

' fsuggested it as a convenlent form of therapy (Walshe 1956)
'{f.Penlclllamlne can be taken orally, is relatively non- tox1c and -" |
”fpls effectlve in the malntenance of a negative copper balance. Many

h:patlents are now be1ng treated on continuous penrcrllamlne therapy

"if:1964), pr0V1ded that treatment is carried on long enough at an -

adequate dosage usually of about 1 g. penicillamine daily. Clinical’

. provided the dlsease is not in terminal - stages before treatment is

started, W1th early d1agnos1s, the prognosis in WllSOH'S dlsease

and invariably fatal" as descrlbed by Wllson in 1912

Tig’q'usually W1th good results (Walshe, 1960 Sternlleb and Schelnberg,za..*v i

appears to be extremely good and the disease is no longer "progre551ve"




The L-isomer of penicillamine produces toxic reactions apparently
because it is a pyridoxine (Vitamin Bg) antagonist (Kuchinskas and
du Vigneaud, 1957). Studies in rats (Heddle, McHenry, and Beaton,

1962) and man (Jaffe, Altman, and Merryman, 1964) provided biochemical

B evxdence of pyridoxine deficiency following the administration of

D L-penlclllamlne° The D-isomer of penicillamine is preferred

* for treatment in Wilson's disease. A disturbance of tryptophan

metabolism was produced, with high doses of D-penicillamine, in rats
(Asatoor, 1964) and in man (Jaffe, Altman, and Merryman, 1964)
although six of the nine patients in the latter Study were not normal

in that they had rheumatoid arthritis. One patient with Wilson's

disease among 19 on D-penicillamine treatment showed evidence of

pyridoxine deficiency as indicated by increased xanthureénic acid

excretion after a tryptophan load (Gibbs and Walshe, 1966). The

deficient individual was an adolescent boy taking a daily dose of
‘11800 mg. penicillamine, or 47 mg./kg. body weight., These authors sug-
?ﬁgested that the adm1n15trat10n of pyr1d0x1ne to patlents on penicil-
“iillam1ne therapy is probably unnecessary unless the daily dose exceeds

”'440 mg./kg. or during active growth periods,

* Another éopper-chelating agent, sodium diethyldithioccarbamate has

"been claimed to be particularly effective in mobilizing copper from

the brain although it is less effective in promotlng the urinary
excretion of copper (Sunderman, White, and Sunderman, 1963). This

form of treatment has not yet been adequately evaluated.
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In addition to continuous treatment with a chelating'agent, patients
usually have a diet which excludes copper-rich foods such as

oysters, liver, nuts, and chocolate,

A comprehensive outline of treatment has been presented by

Sternlieb and Scheinberg (1964),

The Effects of Penicillamine Upon Copper and Ceruloplasmin Levels:
Direct evidence from 1iver biopsies indicates that penicillamine
reduces the copper content of the liver (Sternlieb and Scheinberg,
1964) as would be expected ..from the clinical improvement shown.
Penficillamine probably competes for copper normally bound to
albumin thus making the copper available for filtration at the
glomerulus (Walshe, 1963b; Osborn and Walshe, 1964). W1th1n the
first six hours after the administration of pen1c111am1ne to normal

1nd1v1duals, the plasma copper level fell, then rose to normal

levels, probably due to its replacément from tissue copper stores

(Walshe, 1964), The copper-protein bond in liver is fairly resistant

- to the direct action of penicillamine (Freyer and Walshe, 1963).

These data suggest that penicillamine may deplete albumin-bound
copper, which is then made up from tissue deposits, rather than by

direct removal of copper from the tissues,

A pronounced decrease in the serum copper concentration is produced
in patients with Wilson's disease after continuous penlclllamlne
treatment; this is sometimes evident after only 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 penicillamine treatment (Walshe, 1964).
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' The level of serum ceruloplasmin usually falls in patients with

Wilson's disease after penicillamine therapy. After penicillamine
therapy, in 17 patients with measurable ceruloplasmin levels prior
to therapy, Sternlieb and Scheinbgrg (1964) found that the
ceruloplasmin levelé of eight patients were no longer measurable,
six showed no change, and three showed a slight ihcrease, one of

the latter during an infection. In another series, in' five

out of six patients who had ceruloplasmin levels over 5 mg./100 ml.
before any penicillamine therapy was started, the ceruloplasmin
level decreased considerably after four to 12 months of treatment;
the level was unchanged in one patient after six months of treatment
(Walshe, 1964). At least three patienté have been reported in
which the ceruloplasmin.ievel was normal or nearly so prior to
treatment and fell progressively to negligible amounts after 18,
eight and six moﬁths respectively (Rosenoer,, 1961; Walshe, 1964;
Holtzman, Elliott,and Heller, 1966), On the other hand, the ceruloplasmin
levels were unchanged in four schizophrenics after taking 1200 mg.

penicillamine each per day for one year (WaiShe, 1964).
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Pathogenesis of Wilson's Disease

There is ample evidence, as reviewed previously, that copper is
present in excessive amounts in certain organs of individuals with
Wilson's disease. When the copper deposits are removed by effective
chelation therapy, as outlined, the symptoms of the disease regress,

Wilson's disease is apparently synomymous with copper intoxication,

Experimental studies.on the toxicity of copper have been reviewed

by Scheinberg and Sternlieb (1965) and Walshe (1967). Evidence

has been presented that, in the cell, copper exerts a toxic efféct

on the mitochondria (Vogel and Kemper, 1963). In other studies,

copper was shown to inhibit ATPase from the microsomal fraction of

pigeon and rat brain homogenétes (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 genetically determined defect in protein metabolism was proposed
as the primary defect of Wilson's disease, with disordered copper
metabolism as a secondary effect (Uzman, Iber, and Chalmers, 1956),
These authors suggested that abnormal proteolytic 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

biochemical manifestations of the disease. There is little support
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for this hypothesis, Abnormal copper-binding proteins or polypeptides
have nét 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, aminoaciduria is generally found as a late
symptom, while excess copper deposits are found even in completely
asymptomatic patients., Only in rare families is aminoaciduria found
regularly in unaffected relatives (Uzman and Hood, 1952; Soothill et

al 1961).

—.’

The more favoured hypothesis is that the basic defect lies in some aspect
of copper metabolism. The ceruloplasmin deficiency, when first
recognized, was proposed as the cause of Wilson's disease (Scheinberg

and Gitlin, 1952). Richterich 8t al. (1960) proposed that this
deficiency arises because of lack of an enzyme converting ceruloplasmin

from a precursor to final form,

A number of hypotheses, involving various aspects of the transfer of
copper, have been proposed. A deficiency of an enzyme which concentrates
copper in the liver was suggested by Walshe (1963a). Broman (1964)

has proposed that the transfer of copper into ceruloplasmin is blocked

and that ceruloplasmin is the only form in which copper is made

available for the formation of cytochrome oxidase. Other hypotheses

have included an unspecified block in the intracellular transport of
copper (Sass-Kortsak, 1965); the lack of énzymatic incorporation of copper'
into ceruloplasmin which is required for the biliary excretion of copper
(Gaballah et al., 1965), and impaired transport of copper across cell

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

'PART T

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 determine if

any of the genetic features differed in the two groups.

The heterozygotes occurring in the families investigated were of particular
interest. Some 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 prpﬁounced reduction of the
ceruloplasmin level. Arima and Kurumada (1962a) repeated measurements
of ceruloplasmin levels, usﬁally 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 dye 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
Wilson's disease gene and what factors cause low levels in certain

heterozygotes,



on serum from Wilson's disease patlents compared with normal 1nd1v1duals
We have carried out further inhibition Studies on sera from

heterozygotes, patients and normal individuais,

MATERJALSAND METHODS
Probands:
Many of the patients included in this Study were admitted to either
The Hospital for Sick Children, TOrontb, or The Montreal Children's
Hospital. Others were referred to these hospitals for special study
Oor were ascertained from records of other hospitals. All diagnosed
patients known in the.cities of Montreal and Tofonto and surroundlng
areas up to mid-1967 have been included, with the exceptlon of one
adult patient in Montreal who could who could not be included. A
total of 33 proven cases from 25 families have been studied. The place
of residence of these patients is as foilows' Toronto and v1c1n1ty -
five, other Ontario centres - nine, Montrea] - four, Nova Scotia - one,

Newfoundland - one, the United States - five,

All patients were diagnosed definitely as cases of Wilson's diseése
by biochemical tests, tests of liver and renal function, clinical
'features generally including Kayser-Fleischer rings, and frequently
metabolic studies with 64Cu. Clinical diagnoses were confirmed by
Dr. Andrew Sass- -Kortsak, at the Hospltal for Sick Children, or Dr.

Mervin Silverberg at The Montreal Children's Hospital,
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Relatives of Patients:

Extensive family pedigrees were obtained from each of the 25 families,
In almost all familiés, the pedigree was traced back to ancestry in

Europe or Asia,

A physical examination, measurements of serum ceruloplasmin and copper,
and slit-lamp examination for Kayser-Flelscher rings were carried out.
on all living sibs of the probands, In addition, some had llver‘
function tests, measurement of urinary copper excretion and studies
with 64Cu. The latter tests were always carried out when there

was some qliestion regarding diagnosis.

Eleven genetically proven heterozygotes'(ten parents. of patients

with Wilson's disease and the monozygotic twin of g parent) were
Studied over periods of six to seven months to determine the
variation of their serum ceruloplasmin levels. Blood was obtained
by venepuncture at approximately monthly intervals for a total of six
Or seven determinations., Serum copper was also assayed in these
samples. The serum samples were frozen as obtained and stored at
-4°¢, Determinations of serum ceruloplasmin and copper were made

on all 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,
uncles, grandparents, and cousins had a venous blood sample taken
for ceruloplasmin assay, 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 I of this thesis. .

Total serum copper was measured by the modified method of Eden and

and Green (1940) as for studies in Section I,

Starch gel electrophoresis was carried out on some of the sera

using vertical electrophoresis (Smithies, 1959), The electrophoretic
conditions were those described by Shréffler gg'g&,'(1967) to obtain
optimal resolution of electrophoretic variant§ in sera from

certain Negroes, The gel buffer was 0.016 M boric acid, 0.010 M. .
sodium Kydroxide, pH 9.5. The cell bﬁffér was 0.21 M boric acid,
0.085 M sodium hydroxide, pH 9.0. Electrophoresis was carried out

at 4°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 ceruloplaémin concentration was low.
The gel.was sliced in half horizontally., One ha1f>was‘stained for
ceruloplasmin with o-dianisidine by a method slightly modified

from that of Owen and Smith (1961). The staining sblution consisted
of 20 ml. 0.5 per cent o-dianisidine stock solutibn in 0,05 N HC1,

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 37°cC,
This same half of the gel was usually stained for haptoglobin, The

ceruloplasmin stain was poured off after staining was completed and

91



92

to the gel was added 20 mi, .0.5 per cent o-dianisidine stock
solution made up in 0,05 N HC1, 30 mi1, ethanol, 10 m1., 0.1 M
acetate buffer of pH 5,7, and 1 mil, 10 per cent hydrogen peroxide,
made up to a total volume of 100 ml. dolution. - This solution
stains the hemoglobln-haptoglobln bands in five to ten mlnutes
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 146-L film, The gels must be photographed because the
ceruloplasmin-stained areas broaden and diffuse in a period of
hours. The other half of each gel was stained with. Amido-Black

10B to localize all serum proteins.

Inhibition studies were carried out on sera from some of the
patients with Wilson's disease and heterozygotes to determine
possible differences in response from that of sera from normal
individuals. Sodium azide and-iproniazid! yere the inhibitors

used. The method used was basically the: same as that described for
ceruloplasmin determination, with the following'change the
appropriate concentration of inhibitor in 0.5 m1, buffer plus 1.5
ml. buffer was used, instead of 2.0 ml, buffer only. Concentratlons
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. .

Reactions were carried out at 37°C using 0.15 mil, aliquots of serum.

1 Kindly provided by Frank W, Horner, Ltd,, Montreal, Canada,



Studies 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 teghniques previously described for the oral administration
(Sass-Kortsak et al., 1961) and intravenous administration of 64y

(Aspin and Sass-Kortsak, 1966) were used.

RESULTS

Features of the Probands and Their Affected Sibs:

The 25 probands had a total of 14 affected sibs, Included among
the 39 patients are six asymptomatic patients and five sibs who
probably had Wilson's disease, in retrospect, but in whom no firm
diagnogis was ever made. Four sibs were excluded; one died in
infancy, one died at six years of nephrosis, one died accidentally

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

In the appendix are listed all patients included 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. A1] five of the patients
with unconfirmed diagnoses died of hepatic failure following brief
illnesses, Their Symptoms were so typical of the course of the
hepatic form of the disease that they can be included with reasonable

certainty.
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There were 23 male and 16 female patients.

The age of onset of the disease was 16 years or less for 27

of the 33 clinically affected patients.

The age of onset of the 33 clinically affected patients is plotted
against the geographical origin of their parents in Fig, 9,. Three
patients, distinctively marked, are shown twice because their

parents have different geographical origins. . Sibs are indicated,
Twenty-six patients from 18 families have one or both parents
originating in western Europe (Great Britain, France and Germany),
Eight patients from eight families have one or both parents
originating in central-eastem Europe (Polang, Czechoslovakia, western
Rﬁssia). In»many families, several 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 patients of central-eastern European origin,
although the numbers involved are too small 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.penﬁcillamine therapy. Three patients have
normal or nearly normal levels: one Jewish male, S.C., had a level
of 18.0 mg./lOO ml. at the earliest available determination four

years after treatment with penicillamine was started and 21.4 mg./100 ml.
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TABLE 6
DISTRIBUTTON OF CERULOPLASMIN LEVELS IN
PATIENTS WITH WILSON'S DISEASE

Ceruloplasmin level

(mg./100 m1,) No. patients observed
0-4,9 20

5.0 - 9.9 3

10.0 -14.9 4

15.0 -29.9 : 0
>20 3

unknown 9




after a further four yeérs of treatment. He was reported to

have a "low normail! level prior to treatment (Dauphinee, 1965; personal

communication). The two remaining patients were sibs, with

ceruloplasmln levels in the low normal reglon. They have been
reported in detail previously (Sass-Kortsak et al., 1959),

Both S.C. and a patient with a low ceruloplasmin level (J, 0.)

had ceruloplasmin which. showed the usual - mobility on starch

gel electrophoresis,

Mode of Inheritance:

Ascertainment is probably fairly complete fbr the large urban
centres. Among cases referred from outlylng areas, there
may be a tendency to refer patients after at least one sib has

been diagnosed or has died frgm the disease.

Assuming complete ascertainment, the ia priori method' can be used
to calculate the true pProportion 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.61), 1If we assuﬁs recessive inheritance, the
probability that a child of two heterozygous parents 1s affected

is 1/4. The probability that g sibship of size s will not contain
any affected offspring is (3/4)S. Since a sibship is ascertalned
only when at least one offspring is affected, we can identify only"

1 - (3/4) families of size Se

97



Since the total number of offspring observed, ty, Trepresents 1 -
(3/4)° of the thporetical total, c, then:
c= —

1-(3/4)%
The theoretical total number of children for each sibship is shown
in Table 7. The corrected proportion of affected offspring is

therefore:

‘Ez:?s 39

= .= 0,255
Zcg 1527

The variance, calculated according to the method outlined by Li

(1961) is:

1
V(b) S iy y— = ,0061
163.57.

The difference between the observed proportion, 0.255, and the
expected proportion, 0,250, is much less than two standard

deviations and is dlearly not significant,

If ascertainment 'is considered to be incomplete and the data collection

is by single selection, in which ohly 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 estimaterof recessive proportion, R = total number
of affected individuals recorded, N = total number of sibships, -and

T = total number of children,
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TABLE 7

ANALYSIS OF 25 SIBSHIPS WITH AT LEAST ONE CASE OF WILSON'S DISEASE

BY 'A PRIORI' METHOD

P

Family No. of No. of Theoretical No. of
size families offspring total offspring affected
s i, i ~,£ e g observed
= C. = me——
y s $ 1 - (3/4)8
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:

2 | _(T-R)(N-R) = 0.0018
(r-N)3

G

The standard error of the estimate is 0.0425, The estimated
proportion p is not significantly different from 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, that is 0,12 in this series. One
pair of parents were second cousins and one pair third cousins,
There were no consanguineouszmarriages among the five pairs of

parents of central-eastern European origin.

The frequency (q) of the reéessive gene for Wilson's disease
can be calculated from Dahlberg's formula:(Stern, 1960, p.375):
c(1-k)

q = —=

16k - 15¢ - ¢k

where ¢ = frequency 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 some 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 frequency of -
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consanguineous marrlages in the whole of North America perhaps
lies between-these values, but probably closer to the lower
figure. The consangulnity frequency was probably higher in the
population of small European towns where four of the palrs of -
parents originated, and in an isolated area of Canada where one
parent pair orlglnated However, since the maJorlty of parents
were born and married on this continent, the overall consangulnlty
rate would be similar to that of the general North American
population. The incidence of cousin marriages in the population from
which our sample was drawn probably lies between 0,2 and 0,6 per
cent. The calculations of gene frequency (q) incidence of
affected individuals (q ) and incidence of heterozygotes (2pq) are

shown in Table 8 for values of ¢ of 0,2 and 0,6,

The present data suggest that the gene frequency is of the order
of 1.9 x 10--'3 to 9.3 x 10"4 with a corresponding disease 1nc1dence
of one in 280,000 to one in 1,100,000, The frequency of heterozy-

gotes would then be one in 265 to one in 537,

The corresponding estimates,calculated from the data of Bearn
(1953), Arima and Kurumada (1962b), and Walshe (1967) are shown

in Table 8 for comparlson. These will be discussed later,

Variability of Ceruloplasmln and Copper Levels in Heterozygotes:

The ceruloplasmin levels were found to be remarkably constant in
most heterozygotes over the perlod of the study in the 11
heterozygotes (ten parents, one identical twin of a parent). The

individual determinations, means and standard deviations are shown
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TABLE 8
ESTIMATIONS OF THE INCIDENCE OF THE RECESSIVE GENE, AFFECTED

INDIVIDUALS, AND HETEﬁOZYGOTES FROM THE PRESENT DATA AND FROM THE LITERATURE

Population Parental Gene Disease Heterozygote
. consang, consang, frequency incidence incidence
Réferenéé c k q q2 x 10-6 2 pq
Present Study 0.004 . 0.12 1.9 x 10-3 3.6 1 per 265
0.002 0.12- 9.3 x 104 0.87 . 1 per 537
Bearn (1953) . 0.q1 0.375 1.1 x10% 1.7 per 467
Bearn (1953) 0.005 0.375 5.3 x 104 .28 1 per 945
Arima and - 0,06 0.403 6.6 x 10-3 63,02, 1 per 77b
Kurumada ' . ‘
(1962b) 0,04 0.403 4.1 x10°3 2708 = per 122b
Walshe"(1967) 0.004 0.093 2.5 x 10-3 6.4 1 per 197
2 Disease incidence = Fq + (1-F)q2 )
b Heterozygote incidence = 2(1~F) :pq 3 where F = coefficient of 1nb:§3d33§
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for each heterozygote in Fig, 10. The mean standard
deviation of the ceruloplasmin levels of the 11 heterozygotes

was 2,1 +0,8 mg./100 ml, (coefficient of variation 8,3 per cent),

The 95 per cent lower corifidence 1imit of 20,7 mg./100 ml, and

'the 99 per cent lower confidence limit of 17,6 mg./100 ml, for

ceruloplasmin level, Tyo of the thfee parents and the identical
twin had low levels at each occasion of testing, with mean

levels of 13,3, 16.4,and 15,1 mg./100 ml,, al1 below the 99 per
cent lower confidence limit, The levels of the third parent
fluctuated around the lower 95 Per cent limit with a mean of

20.4 mg./100 m1, fhe ceruloplasmin levels of the remaining seven
parents were within the normal'range on all six or seven test
occasions. It, therefore,'appears that the ééruloplasmiq level,
whether normal or low, is usually characteristic for any given

heterozygote; A heterozygote with a level close to the lower

variation 9,2 per cent). The serunm copper level was less effective

in distinguishing the heterozygote, with only one parent having a




— mg./100 ml.
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Fig. 10. Serial determinations of serum ceruloplasmin levels in
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Mmean copper level beloyw the normal limit (normal mean 108 pg./
100 m1., 95 per cent confidence limits 67 to 149 ug,./100 mi1. as

shown in Section I).

It should be noted that mild respiratory infections, which

zygotes, had no apparent effect on ceruloplasmin or copper 1levels,
None of the female heterozygotes were Pregnant or taking oral

contraceptives at the time of the study,

In addition to the presumably heterozygous”parents studied éver
Several months, the ceruloplasmin levels in 23 other parents of
patients with Wilson's‘diSease were determined,'usually on at
least two occasions, Of the total 33vpafents studied (excluding

the identical twin), all had normal;ceruloplasmin levels except

for the three with low levels as mentioned previously, These

parents include-17’f§&hers and 16 mothers of 18 different

families., 1In this Sample, 9.1 per cent of the p%rents had
ceruloplasmin levels beloy the 95 per cent confidence limits, v
6.1 per cent were below the 99 per cent limits, Of the SS”éarents,
one pair were first cousins and one pair were second. cousins; the
parents wiih low levels were from three different unrelated |
parent pairs, If the related parents are counted only'once, then
two of 31 or 6,5 per cent of heterozygotes héve cerulopiasmin
levels below the 99 pPer cent--confidence limits of the normal

population, The inéidence of such heterozygotes among all hetero-

zygotes of western European origin is 10,0 per cent,
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In a series of 19 parents of patients, Sterplieb'gz;gg, (1961)
found two with ceruloplasmin lévels, apparently determined on
one occasion, belownthe normal limit, These two parents had levels
of 19.2 and 9.5 mg./lOO ml,, respectively,‘and.the normal lower ,
limit was considered to be 20.mg,/100 ml, The asSay method

was basically similar to that:used in the present series, IWhen
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, assuming the limit of the latter sefies fo be
at the 99 per cent level, and omitting our borderline parent,
This figﬁre cannot be corrected for the occurrence of related
heterozygotes as thesé data are not given by Sternlieb et al,

(1961).

The mean ceruloplasmin level of the 33 parents was 30.3 + 6,6
mg./100 mil, When the two parents with abnormally low levels were
omitted, the mean level was 31.3 + 5,4 mg./100 ml. These values
differ from the mean of 30.7 mg,/100 ml. for the normal pPopulation
by 1ess‘than one standard deviation andﬁare-clearly not signifi-

cantly different,

Ceruloplasmin Levels in Other Relatives:

More extensive testing of ceruloplasmin levels was carried out

in 13 kindreds.' Only those kindreds in which five or more

relatives, including parents and sibs, were tested have been included,
These relatives were usually tested onwonly one occasion, uniesslthe

leyel was abnormal on the first testing,
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The ceruloplasmin level was Weasured in a total of 112 other
relatives from 11 kindreds 1nc1uding 35 unaffected sibs, five
offsprlng (presumably heterozygotes), 25 aunts and uncles, six
grandparents, 36 first cousins, and five hieces and nephews.,
Children less than three years of age, pregnant women, and women

on oral contraceptives were not included in these numbers,

The distribution of ceruloplasmin levels of these relatlves and
the 24 parents from the same klndreds is shown in Fig. 11b. The
corresponding distribution of a normal population is shown in

Fig. 1la. The distribution shown in Fig. 1la was obtained from
the study of 309 normal individuals reported in Section 1 (see
Fig. 5). The scale for the number of individuals was adjusted

in Fig. lla so that the heights of the histogram are equivalent

to those of the sample of 136 individuals in F1g 11b making
direct comparison p0531b1e The ceruloplasmin levels of females
less than 12 years of age and males less than 15 years of age were
adjusted to the equivalent of 12 years as outlined in Section I.
The 95 per cent confidence limits for males 15 to 19 years of age
are 19.1 and 32.4 mg,/100 ml. (99 per cent limits: 16.8 and 34,7
mg.(100 m1,), The age adjustment factor for male adolescents was
applied only for use on the histogram, but in practice this may
result in broader confldence interval than actually exists in this
group. Relatives who are pgrobably heterozygous for the Wilson's
disease gene either ‘from pidigree studies (that is, parents or offspring

of a patient) or by studies of the rate of incorporation of 64Cu into
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relatives of patients with Wilson's disease..

‘Shaded squares - heterozygotes; solid squares - relatives of

patients with normal ceruloplasmin levels.,
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ceruloplasmin are indicated. Three of these presumed he%erozygotes ‘
were relatives (offspring) of one of the probands with-a near normal
level of ceruloplasmin and are indicated on the hlstogram. Fig. 11
shows that there is a pronounced excess of relatives with low cerulo-
plasmin levels over the number expected in a sample from'the'normal
population. The 95 per cent lower confidence limit (20.7 mg./100 ml.)

and 99 per cent lower confidence limit (17.6 mg./lOO ml.) are shown,

An additional llé relatives were tested by the screening test for

the detection of reduced ceruloplasmln levels as descrlbed in Part 2
of Section I. The relatives included 15 aunts and uncles, two
grandparents, 97 first cousins, one hephew;and one first cousin once‘
removed. A standard of 20.7 mg./lOO'ml. was used for adults and
appropriately higher standarde were used for children (refer to
Section I), Children less than three years of age, pregnant women,
and women on oral contraceptives, were‘ggaln 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 ecousin
once removed a three and one half year old male, in klndred B as
shown in Fig, 12, a quantitative assay of ceruloplasmin from a blood
sample obtained by venepuncture confirmed a low level: 11.9 mg./100 m1.
as assaved, 2.0 mg./ml. after age correction. This age correction
may not be valid in such a case where production of ceruloplasmin is
probably already very low and may not respond to the factors which

normally cause the age effect,
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The 13 kindfeds whose membefs had ceruloplasmin levels determined
by quantitative assay 6? by screeniné were not known to be inter-
related, Seventeen relatives with levels beloy 20.7 ng./100 ml:
were found in seven families. A1l of these relativeS‘wére
clinically normai, Studies of five sibs, three parents,and‘one
uncle with low ceruloplasmin levels indicated a normal ufinaiy
excretion of copper, 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 norma}_liver functfon

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 defiéiency
of ceruloplasﬁin found in the proband in thig family, it is‘unlikély
thét he has Wilson's disease. The results of studies of the
incorporation of 64Cu on these relatives will be'ﬁiscﬁSSed

subsequently,

Eleven of the relatives with lbw ceruloplasmin levels cluster in
the three kindreds shown in Figs., 12 and 13, All relatives tested
are shown andﬁtheir ceruloplasmin levels are indicated, The |
distribution of ceruloplasmin levels of all relatives teﬁtéd is
shbwn in Fig. 14, The levels of relatives in the three 'atypical'
kindreds have been separated from thése of the relatives in the ten

"typical kindfeds. The distribution of ceruloplasmin levels are

distinctly bimodol in the atypical kindreds, with one mode lying

below the normal limit, Five relatives wiﬂh 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, Both parent pairs of the three sibs had

adult relatives have been included, ‘The.bimodality of the distri-
bution of ceruloplasmin levels in the afypical kindreds is again
clearly shown, The borderiiﬂe levels in the typical families

are now almost entirely eliminated, While the formula for age
correction is valid op the average, each specific individual' may
deviate from the Mmeéan so that children with borderline corrected levels

are difficult to classify with certainty,

Individuals known to be heterozygotes, either from pedigree'anélysis
Or studies of the incorporation of 64Cu inté ceruloplasmin, to be
discﬁssed subsequently, are indjcated in Figs. 14 and iS. The
ceruloplasmin levels of heterozygote§ in the typical kindfeds cover a
wide range not aéparently different fropm that of the normal

Population,

Metabolism of Copper-64 in Relatives of Patients:
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4Cu into ceruloplasmin after the administration of an orai dose of
0.5 or 1.0 me. %cu, The results of these studies have been
published (Sass-Kortsak 33;21:, 1961) and are presented in greater
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, (1I-7 in Fig. 12) and a,materﬁal
great-unclb;(II-lj in kindred W, and'sib R.B (I1I-7) in kindred,B;*
Both pafents in kindred B (II-5 and 1I-6) had a lower rate of
incorporatién of 64Cu into ceruioplasmih, presumably indicating
their heterozygous state, Deflnltely reduced rates of 1ncorporatmon
of 64Cu were shown by the father H.W, (II-S), sib D.W. (II11-5),
aunt M,K. (II-2), and uncle U.W. (II-4) in kindred W, and sib B.B.
(II1-8) in kindred B, all 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 admlnlstratlon compared with the fraction of
administered 4Cu in the serum after one or two hours (using the
higher value) was calculated for each indiv;duaf in kiﬂﬁred B

to be as follows: father (II-5) 0.278, mother (11-6) 0.290,

sib R.B, (I11-7) 0.730, sib B.B, (III-8) o, 191, If a heterozygote
usually has an R value of less than 0, 559 and a normal homozygote
usually has an R value greater than 1,253 (Sternlieb et al., 1961),
then the c1a551f1cat10n of heterzygous individuals in kindred ‘B
remains the same as by graphic analysis, but sib R,B, now falls
into the overlap region where classification is uncertain, 1In

kindred W, R values could not be calculated for the aunt'(II-Z) and
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great-uncle (II-1) because serum 64Cu levels were not measured until
foun hours after 64Cu admlnlstratlon. For the other members of. this
kindred, only two hour measurements were available and these do not
necessarlly represent the peak of the one and two hour measurements,
However, u31ng the fraction of admlnlstered 64Cu in the serum at

two hours, the R values are ae follows: father (11-5) o, 330, mother
(II-7) 1.40, uncle (I1-4) o0, 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: Wilson's disease gene,

A number of other relatives were studied, after the intravenous

administration of from 0.15 to 0.73 mc, of 64Cu, to determine 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 feces.

The rate of uptake of © Cu into ceruloplasmln is the most useful
criterion, as previously reviewed, for d;st1ngu15h1ng heterozygotes
from normai homozygotes, Seven patients: with Wilson's disease, nine-
teen relatives of patients, and two normal controls were studied;
High specific activity 64Cu, allowing the use of tracerpﬂeses of
copper, was used for all tests except for those of the two parents
from atypical kindred M, The relatlves consisted of the two parents
from atypical klndred M, three parents and four sibs from typical

kindreds included in the present study, and three parents and seyen
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sibs from kindreds not classified and not included because of insufficient

family data. The raw data on the incorporation of 64Cu into ceruloplasmin



provided by Dts; A.'Sass—Kortséi and N. Aspin, was analyzed

graphically as 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 of incorpbration - Seven
of the heterozygous parents (six of western European origin and one of
central-eastern European -origin) showed rates of incorporation

of 64Cu into ceruloplasmin well below the normal rates, as

indicated in Fig. 17. One parent (J.Qr), of Italian origin,

showed a somewhat hxgher rate of 1ncorporat10n as plotted separately
in Fig. 17, The fathexr of the pat;gnts in atypical klndred M showed
one of the lowest rates of 64Cu incorporation, All of these parents
had normal serum ceruloplasmin lévels The sibs could be- divided
into two groups, one having a low rate of 64Cu incorporation similar
to that of the heterozygous parents, and the other showing a high
rate of 64Cu incorporation similar to that of the normal confroiS}
The six sibsvwith a low rate of incorporation, as shown in Fig, 17,
are probably heterozygous for the Wilson's disease gene. Two of
these sibs had ceruloplasmin levels, after correctibn for age effects,
between the 95 and 99 per cent lower confidence limits of the normal
population; the other four sibs had' normal ceruloplasmin iévels.

The five sibs with high rates of incorporation amw probably homozygous
normal individuals, "Four of these sibs were included with the

normal controls in Fig.v17; the rate of.6§Cu incorporation of one

sib (\J. D.) was exceptibnally high and is shown separately. All of

the siBé in the latter group had normal serum ceruloplasmin levels,
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with the exception of sib J.D. who had an abnormally high serum

ceruloplasmin level,

* The usual pattern of 4Cu 1ncorporatlon shown by an ‘individual from
family N (G.N.Sr.), ascertained from the normal population, is

also shown in Fig. 17 and has been discussed in Section I.

Starch Gel Electrophoresis of Sera of Presumed Heterozygotes:

Sera from individuals with low serum levels of ceruloplasmin from

the three atyplcal klndreds were studled by starch gel electrophoresis.
. All relatives tested had ceruloplasmln which migrated with the same
mobility as that of normal ceruloplasmin, The following relatives
were tested: II-1 and II-5 in kindred B; 11-4.in kindred M; II-2,

II-5,and IIT-2 in kindred W as shown in Figs. 2 and 13,

Individuals in families R and N, ascertained from the normal
population, But perhapsvheteiozygotés for the Wilson's disease

gene, also had ceruloplasmin showing normal electrophoretic mobility,
Those tested were I-1, and IT-1, and II-2 in family R and 1-5 in

family N as shown in Fig. 4,

Inhibition Studies on Sera of Presumed Heterozygotes:

Sodium azide: Concentratlons of sodium azide of 0, 10-5 M, 10 4M
1073 M, were used to cover the range from no inhibition to almost
complete 1nh1b1t10n. A response curve obtained with normal'serum‘
is shown in Fig. 18, The values for A0.D, were corrected for

non-enzymatic oxidation as this becomes an appreciable part.of the

oxidation when injibition is high. The~non-enzymatic‘oxidation
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was determined by assaying the oxidase activity in the reagent mixture
exclusive of serum in the presence of each of the concentrations
of inhibitors used. The .80.,D, due to non-enzymatic oxidation was

low (0.0010) and was the same for all concentrations of inhibitor.

Sera from three patients with Wilson's disease, three probable
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.

Iproniazid; Concentrations of iproniazid of Q, lO'SM 10” M and
107 M were used to cover the full range of inhibition, Correction

was made for nhon-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 inhibiting 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 concentrations (10’3M) The lag period was pargicularly
long (one and one half to two minutes) for the serum from patients

with Wilson's disease in which the oxidase activity was already low,
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Fig. 18. 1Inhibition of ceruloplasmin oxidase activity,
in human sera, with sodium azide., At each concentration
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PH 5.2; 37° c.

123



124

TABLE 9
PERCENTAGE INHIBITION OF OXIDASE ACTIVITY
IN HUMAN SERA

o————f

Sodium azide concentration Iproniazid concentration

Subect 107 1074y 10-3 1074 1073y 10-2y

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 1100.0
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  o1.9
G.N.Sr, 17.9  56.3  90.0 4.6 42,9 gg.g
N.R. - - - 5.5 46,2 87.6
Normal (5):
mean 12,4 47.0 89.8 8.3 47.6 90.3
range 9.4- 54.7- g7.1. 6.0-  42,0- g86.3.

16.7 B9.,2 92,6 12,7 52.6 94.2
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DISCUSSION

Clinical Data and Genetic Parameters:

The majority of patients in this?series had an early age of onset of
Wilson's disease and are of western European origin., This Sepies

is very different from that of Bearn (1960), which consisted primarily

of Jewish patients of eastern European origin,  The earlier age of

onset in the present series may be partly 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 also appears
to be common in a series from England (Walshe, 1967) in which 75 per cent
of a total of 20 Symptomatic patients seén prior to trqatment were

16 years of age or less at the time of onset, . These patients were

not asertained priﬁarily through children's hospitals. 1In the present
series, there are three families in which both parents trace their
origins to central-eastern Europe and are not aware of any Jewish
ancestry. However, they 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 g neurglogical type. The
central-eastern European patients, whether of Jewish or non;Jewish
origin, appear to form a clinically different and probably homogene9u§u
group with respect to Wilson's disease, Bearn (1ﬁ50)nsuggested two

possible explanations for the clinicalﬂdifferences which he found in

the central (eastern) European Jews in his series: 1) a different

European patients rather than for no gene product as in the other group

of patients or 2) the presence of a modifying Suppressor gene. in the



affected individuals. In the present series, there are»three families
in which one parent is of central-eastern European origin and the
paitner is of wesfern Euroﬁean origin, All three patients in

these families had an early age of onset and were clinically the
Same as other patients with an early age of onset, If‘different
mutant genes are involved, they are probably‘gt the Same genefic
locus. The 'central European allele! wouid appear to be recessive
to the 'western European allele', 1f such‘is'the case, and if

the western European allele, for example, does not code for any
product, 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 prbnounced defect might be
expected in heteiozygotes of western European origin when compared
with those of central-eastern European origin, Only one parent of
central-eastern European_o;igin, from a 'mixed origin! marriage

was studied with 64Cu. Her rate of incorporation of %4y into
ceruloplasmin ‘was. considerably reduced and was similar to -that

of several heterozygotes of western European origin, However,

there is too little evidence to exclude the hypothesis of different
alleles. The second hypothesis, Suggesting the presence of a
suppressor gene, might also be expected to produce a difference in
the heterozygotes, which, as we have stated, does not appear to exist,
If this hypothesis were correct,~;he three patients of mixed origin
matings would, by chance, not have inherited the modifying gene from

the parent of central-eastern European origin,

A more general difference in genetic backgroﬁnds can reasonably

account for the observations. For example, genetically determined



differences of the liver might cause it to be less susceptible to
the toxicity of excess copper.in individuals of central-eastern
European origin. This in turn would allow a later age of onset
which appears to be correlated with -the neurolog1ca1 form of the
disease, Alternatlvely, dletary dlfferences may be the modifying
factor, in view of the early age of onset in the Orlentals, who have

a relatively high copper diet (Tu 1963; Arima and Kurumada, 1962b),

In this series, -there were more affected males than females, This
sex difference has been found in most other series and is ‘probably

a real difference. The reason for it is unknown,

The three patlents with normal or near-normal ceruloplasmin levels

will be discussed in Part 2 to follow.

The present data supports a recessive mode of inheritance for
Wilson's disease, using methods of analysis for both complete and
incomplete ascertainment. Part of the material is believed to be
completely ascertained, Pparticularly that from the urban centres,
and part is incompletely ascertained partlcularly the out-of-

province referrals. For the most part, there is little tendency to

-

include preferentially sibships with multiple affected 1nd1v1duals,

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 analysis for
complete ascertainment is used. Assuming single ascertainment,

which is a possibility for part of our data since there was a
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tendency to include only those patients first diagnosed during the

period of our .Study, recessive inheritance is also supported,

The frequency of consanguineous marriages among the parents was
relatively low in thig series, as in a series from England (Walshe,
1967) but ‘unlike the high frequencles found in the New York series
(Bearn, 1953; 1960) and Japanese series (Arlma and Kurumada, 1962b).
These dlfferences do not necessarily reflect a difference in the
gene frequency in the populétlons. In the New York serles, the
parents appear to be from genetic 1solates (Bearn, 1955) and ;
probably the coeff1c1ent of 1nbreed1ng is hlgh 1n these groups,

The marrlages in the population from which the present series is

.drawn appear less likely to be consanguineous since most of the

families have several generations of Canadian or American ancestors
who have notlived in racial isolates, For the Japanese serles, a
high frequency of consanguinity is expected among the parents as

it is high even in the general populatlon. No information has been
given on the racial origins of the series from England Estimations
of the gene frequency are uncertain because the frequency of
consanguineous marriages 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 dlstrlbutlon
of consanguineous marriages in this population, Assuming a
consanguinity rate of four per cent among the Japanese, the gene
frequency as estimated from the present data is two to fbur times
that found in Japan, Considering the possible inaccuracies involved

in the estimétes, this difference is small and probablyAdoes not
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indicate a real difference, The gene fréquency; q, estimated
from our series, is 0.9 to 1.9 per 1000, the disease incidence
0.9 to 3.6 per 1 »000,000 and the correspondlng incidence of
heterozygotes is one per 265 to 537. The prevalence of patients
is consistent with the highér 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,

Studies of Heterozygotes and Other Relatives:

Our study 1nd1cates that the ceruloplasmin 1eve1 of the heterozygote
fluctuates within a relatively narrow range. This was also true for
normal individuals, as reported in Section I. A 1low level of

serum ceruloplasmin is a constant feature in some heterozygotes.
This differs from the fihdings 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 technical error, The dlfferences
between the results of the two studies Suggests either that the
fluctation in the Japanese data is due to techﬁical factors or that
the difference between the. Japanese heterozygotes and those from

the present series is real,

In this predominantly western European series, about nine per cent

of heterozygotes have a ceruloplasmin level below the 95 per cent
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lower confidence 1imit for the general population. 4bout Six per cent
are below the 99 per cent limit, where one expects, by definition

0.5 per cent of the general population to fall. _In actual practlce
the only healthy. individuals found to date with such low levels

may be heterozygotes for the Wilson's disease gene. One of the

two individuals in our control series who had low levels of
ceruloplasmln shoWéd an abnormal rate of 1ncorporat10n of 64Cu into
ceruloplasmin, decreased for part 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 relatlves
has shown that the occurrence of low cerulopiasmin levels in
heterozygotes is strongly familial, Low ceruloplasmin levels in
related ‘individuals can be seen in several families and kindreds

in the literature, for example families Sm. and Q. of Sternlieb
et al. (1961), relatives of case 1 of Cartwright et al. (1960),
family A of Soothill eﬂ al. (1961), and the families of cases 1 and

3 of Canelas et al. (1963), 1In the latter report, however, the

appear to be too high, probably because of contamination. The data
from all of these families suggest that familial, probably genetlc
factors are involved in the production of an abnormally low serum
ceruloplasmin level 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 monozygotic twin in family w, both of whom have low

ceruloplasmin levels,

Studies of relatives following the oral or intravenous administration
of 64Cu were iuseful in,distinguishing heterozygotes from normal
homozygotes, After oral administration of 64Cu, three of the four
Presumably heterozygous parenfs, as well as several other relatives,
showed a decreased:rate of incorporation of 64Cu into ceruloplasmin |
compared with that of three other relativés, including one parent,
presumed to be homozygous normal, The calculatioh of R values
(Sternlieb et al., 1961b) allowed similar conclusions to that of
visual comparison of the plotted incorporation curves in distinguishing
heterozygous individuafs. There are several plausible explanations
for the finding of a normal rate of 64Cu into ceruloplasmin in g
parent of a patient. fl) Her test results may have been affected by
the 0ccurrence of her menstrﬁal period during the test, 2) Some
heterozygotes shoy a rate of 64Cu incorporation which does not
distinguish then from normal homozygotes, This appears to be true
from the data of Sternliebigg_glé (196ﬂ$._ While her value was
unlikely to be that of d‘héterozygote, 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 whoge gamete g

mutation of a gene at the Wilson's disease locus oanrred_and was
transmitted to her affected daughter, This explanation seems |
unlikely in view of the relatively high frequency of heterozygotes

in the population éompared with the rarity of a mutational event at

any one locus., The small amount of data in the atypical kindreds



indicates that individuals with low serum ceruloplasmin'levels are
probably heterozygous for the gene for Wilson's disease, but that

individuals with normal Serum ceruloplasmin levels in.some cases

64 ' '
-show a reduced rate of  Cu into ceruloplasmin typical for ,

heterozygotes. Studies in which 64Cu is a&ministered intravenously‘
are probably more effective in distinguishing'heterozygous
individuals because effects of individual différences in intestinal
absorption of the 64Cu are eliminated. Thager studies were carried
out in most individuals,(Aspin and Sass-Koitsak, 1965) but the
response curves are probably the same as with higher doges of total
copper in heterozygotes and normal homozygotes, This may not ﬂé
true for patients in whom the liver is already loaded with copper.
A graphic analysis of the data showed a clear distinction betweeﬁ
heierozygous parents and individuals believed to be homo;ygous
normals, ‘The 'normai! category included gome sibs of patients with
Wilson's disease who were considered normél becaﬁse their rates of
incorporation of 64Cu into ceruloplasmin were as high as in two ﬁormal
controls. More data on normal controls would be useful and may be
possibie to obtain as refinements of technique allow the ﬁse of
lower doses of the radioactive isotépe. The gncorporation curve of
one parent was almost és high as that of the 'normailt group,

Paternity was not excluded by a stu&y of seven blood groups, His

This response,between six and twelve hours after adminisfration of

64Cu,falls in the range of the other known heterozygotes. The

collection of more data on heterozygotes shoudd help resolve. the

questions raised by data from this individual.,-
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The Possibility of Genetic Homegeneity in Wilsont's Disease:

If the heterozygotes in the three atypical kindreds in the present
series are actually genetically dlStlnCt from those in the more
usual fhmllles, several hypotheses can be suggested to explain the

i

findings. These are as follows:

1) " the gene for Wilson's disease decreases ﬂuaceruloplasmln
levels in all heterozygotes and the atypical kindreds
are those in which the ceruloplasmin levels already tend

to be rather low,

2) a different allele for the Wilson's diseése gene occurs in

the afiypical families,

3) a modifier gene; closely liked to the Wilson's disease

locus, has a bronounced effect on the cerulopiasmin level.

4) a modifier gene éxists, as in the previous hypothesis,, but

is not claBely linked to the locus for Wilson's diéease.

‘'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 » occurring at a locus I which controls the 1ncorporat10n
of copper into ceruloplasmin. The individuals with Wilson's

disease are therefore the genotype %1%

Evidence for the reduction of the ceruloplasmin level by a single

1" allele is unconv1nc1ng The mean ceruloplasmin level of the

133



~ : 134

heterozygous”parents Studied was not significantly different from
the mean of the general population, either when the parents

from the atypical kindreds were included or omitted. The distyi-
bution of ceruloplasmin levels in the general population, which is
approximately Gaussian, Suggests multifactorial influences.

Studies in normal families indicate a familial influence and twin
studies indicate that genetiq: influences are present, In the small
number of sibships in which both normal and heterozygous 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
typical: fimilies and from these studies within sibships, it appears
that the ceruloplasmin lévels are not appreciably reduced, if

at all, by the presence of one 1% allele,. Even if the atypical
kindreds tended to have lower ceruloplasmin levels because of
other‘factors in their genetic backgrounds, the levels would ﬂave

to be reduced by 50 per cent or more to get such low levels in the
heterozygotes, Furthermore, the distribution of ceruloplasmin levels
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 cystinuria is completely recessive
and the other type is detectable in the heterozygous state (Harris
et al., 1955), If a different allele, IV, occurs at the Wilson's

disease locus, then al1 heterozygotes 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 64Cg5who

appeared to be heterozygous for the Wilson's disease'é;ﬁe yet had

a normal ceruloplasmin level, Assuming a common mechanism in all
three kindreds, the postulated allele IV pust océasionally fail

to produce an abnormally low ceruloplasmin level. 1In fhe three
kindreds, there are eight matings of normal individuals ﬁith relatives
assumed to be heterozygous, either on the basis of 64Cu‘studies or a
low level of ceruloplasmih. Three of their'offépfing had low
ceruloplasmin levels, instead of the 13 in 2% expected accordiné-to
this hypothesis. The data from the atypical kindreds dgo not

provide good support fox the hypothesis of 'different alleles.

According to the third hypothesis, a gene at a second locus influeﬁces
the ceruloplasmin level in the atypical kindreds. Let us designate
this locus as C, a structual géne‘for all or part of the apocerulop-
lasmin, that.is ceruloplasmin without its copper. The mutant allele,
which we shall call CL, could produce a different apoceruloplasmin,
consequently a different ceruloplasmin, with a reduced oxidase
activity compared with that of the usual ceruloplasmin or could

reduce the amount of apoceruloplasmin produced. This allele, CL, may
reduce the ceruloplasmin level somewhat in a clcN individual when no
Iw'allele is present, but we shall have to assume that it is the

combihation of the heterozygous state of cL and IY in an individual

"which overtaxes the ceruloplasmin 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



population, then 6.1 per cent of normal individuals, as well as
heterozygotes for Iw, would carry one CL allele and its freqﬁency,
as caiculated from the Hardy-Weinbgrg‘law, would be 0.03, This
hypothesis can satisfactorily explain the findings in all three
atypical kindreds, In kindred B, the alleles CL could be linked
and there is no evidence of crossing over in the family, In
kindred W, these alleles are'linked, occurring in the fathér,
uncle, and brother of the proband, 1In the heterozygous-aunt

with a normal level, crossing qver could have occurred so -that

her genotype is IWCN/IWCN. None of'her children would have low
ceruloplasmin levels, as is the case. In kindred M, IY and CL
could have occurred in separate paterndl grandparents so that the
father‘has the genotype IWCN/IWCN therefore a normal ceruloplasmin
level, a paternal aunt has the genotype IWcl/1WdNang 5 104
ceruloplasmin level,aniéﬁaxernal 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 IWCN/IREL or IWCN/IWdN » if the CL or IV H
alleles singly in the heterozygous stafe.have a small effect in
reducing the ceruloplasmin level, If the genetic background of the
uncle iscsuch that his ceruloplasmin level would otherwise have ﬁut

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 range. Assuming normal
IWCN/IWCN 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 heterozygous for the Wilson's-diseasg gene. 1In fact,
the uncle has seven and the aunt has eight adult offspring who
were tested and all have hormal ceruloplasmin levels, None of
these individuals were available for tests with 64Cu. The probable

genotypes for members of the three atypical kindreds are shown in

If the gene for Wilson’s disease is also present in families N ang

R (Fig. 7) ascertained froﬁ the general population study, then the ..
hypothesis should also be applicable in these families, 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 family N showed

a4 normal rate of 64Cu incorporation into ceruloplasmin early,in the
study and a Treésponse typical of heterozygotes for the Wilson's
disease gene for the remainder: of the study, 'If we assume that
these families contain atypical heierozygotes for Wilson's disease,
then in family,N, ™ and CL appear to be linked and the expected
pattern of inheritance is found, with the exception of one aunt
(11-3). Her ceruloplasmin level is normal and almost twice as high
as other atypical meﬁ%ers of the kindred. Crossing over may have

occurred in & parental gamete such that she has the genotype

;WCN/IWCN. Her daughter, who has a very low ceruloplasmin level,

"must then have inherited g CL allele from her father. This is not

unlikely when one considers that 6.1 ber cent of normal individuals
are assumed to carry the gene. The father refused to have a blood

sample taken so this mating leaves unanswéred questions. In fémily
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. TABLE 10
PROPOSED GENOTYPES OF INDIVIDUALS IN ATYPICAL KINDREDS

W.D, Ceruloplasmin
Kindred Individual? Genotype locusb level
B II-1 '
III-1,4 to 7} TWeN/ TWeN N normal
II-2 to 5
I1I-2,3,8 IWCN/pwcl H low
V-1
I11-9 IWCN/ wcL A nil
W I1-1,3,6
I1I-3,4 } IWCN/TWeN N normal
1I-4,5; 111-5 WcN/pwcl H low
I1-2 IWCN/ TN H normal
I1I-1,2 NN/ THEN or/TWeN N or g normal
ITI-6 IWCN/ pweL A nil
M II-1 IWCN/TWCL, N norm, (?)¢
IWCN/TWeN or/IWcL or g norm. (?) or low
II-2,3,5 IWEN/TWeN op /TWCL | op N normal
I1-4 WcLyrweN H low
II-6 IWCN/ pweN H normal
ITI-1 to 7 TWCN/ueN, H normal (?)
IWeN/ TWeN” o /TWCL or N or normal
ITI-8 to 18,

27-32 IWCN/TWEN or/IWCN N or H normal
III-19 to 26 TWCN/TWCL op/TWEN \ op 4 normal
) ITI-33 to 36  TWCN/TWCN A nil

8 See Figs. 12 and 13, : :
b N - normal homozygote; H - heterozygote; A - affected homozygote.

€ Normal or slightly low, depending upon genetic background.



R, the limited data Suggest linkage of I¥ anq ¢l with no crossing
over. However no‘64Cu studies could be carried out to confirm the

presence of IV,

The fourth hypothesis is similar to the-previous éxcept for
specifying no linkage or at least no close linkage, The assumption
of close linkage appears to fit the data well as only one or two
crossoverskéould be detected, There are a total of 24 offspring of
matings of a normal individual with a relative assumed to carry both
the CL ang 1% alleles. Three of these offspring hgvellow
ceruloplasmin levels. The expected number of such offspring is

4,5 of 24 assuming 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
knowledge of thé genotype at the Wilson's disease locus for more

individuals in the pedigrees presented.

There still remain four isolated cases of low ceruloplasmin levels,
all of which lie above the 99 per cent lower confidence limit for
the general population and are fherefore higher than those in the
atypical kindreds. Two of the relatives were children whose :levels
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

ddeyto small effects of the I¥ allele.



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 atypical relatives in kindreds B and W are both of
western European origin, and specifically German, Kindred M has
lived in Canada for many generations and is probably of western
European origin. Its surname also occurs in the ancestry of

kindred W, so these people may be of German origin and perhaps

even have common ancestry with kindred W. The atypical families

N and R, ascertained through the population Survey and ‘possibly
carrying the same allele, are of Scottish and English- German

or1g1n respectlvelyi These data suggest that the modlfylng allele may
occur only in western Europeans, although we may have had
insufficient data from families of central European origin, The
racial origin was not reported for the previously mentioned atypical
families from the llterature except for those of Canelas et al. (1963)
in which one family was reported to be of Italian descent In a
Russian series of 20 unspecified relatlves of patients UWlttelshtedt
and Bauman, 1964), two sibs have very low ceruloplasmln levels but
these are Probably Aasymptomatic affected homozygotes° Several .
parents in three series of Chinese and Japanesé families probably

had low ceruloplasmin levels (Tu, 1963; Arima and Kurumada, 1962a;
Fukuda, 1965a) but the lower limits of normal were not clear in

these series. A careful study of more atypical kindreds, including a
study of their racial origin, is required before the hypothesis

presented here can be accepted.
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Since our evidence is consistent with the existence of a'modifier
gene in certain atypical families with Wilson's disease, we can
éxamine data which may provide évidence on its mode of action,

Such evidence is mainly of a neggtive type. If the modifiei gene
exerts its effect directly on the product of the Wilson's disease
gene, IY, then a correlation between the rate of incorporation of
64Cu into ceruloplasmin and the serum ceruloplasmin 1evei might

be expected. In our series, some of the laﬁer rates of incorpora-
tion of 64Cu into ceruloplasmin were shown by heterozygotes .with
ceruloplasmin levels well within the normal range. In the studies

of orally administered %4cy reported by Sternlieb et al. (1961b),

some heterozygotes with normai cefuloplasmin levels have a much slower
rate of incorporation of 64Cu into ceruloplasmin than thosé wifh

low ceruloplasmin levels, although a significant correlation was
found in an analysis of all the data, An exceptionally high rate

of incorporation of 64Cu into ceruloplasmin was found in the sister‘
of one of our patients. She also had a ceruloplasmin level above

the upper 99 per cent confidence limit and was not Pregant, not

taking hormones, and was free of known infection, Therefore, assuming
that these two features are Causally related, in some cases the rate

of copper incorporation can influence the final level of civgulating

ceruloplasmin,

The nature of the change brought about by the IV allele will be
discussed in a later section, but for the Present we shall assume

that it exerts its effect on some phase of incorporation of copper.
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It does not involve the Structural locus for apocgruloplasmin, which

‘we have called C. If the variant allele CL, the modifier gene,

promotes low ceruloplasmin levels, it could do this by producing a
structurally altered.ceru10p1asmin, Ox more precisely, apoceruloplasmin,
The resulting ceruloplasmin might have much lower oxidase activity
than that of the normal ceruloplasmin, Starch gel electrophoresis was
carried out in a System which has previously detected homogeneity

of ceruloplasmin, and no difference was found between the mobility of
normal ceruloplasmin and that of the atypical heterqzygotes. If the
reduced ceruloplasmin activity in atypical heterozygotes results

from a structural alteration in apoceruloplasmin, the differen?e

does not therefore involve molecular sjze or cﬁérge. Sinée the
Staining of the ceruloplasmin on the gel depends upon its oxidase
activity, a ceruloplasmin 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, The variable lag period will be
discussed later. A differential response tb 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 is that no

apoceruloplasmin is produced by the allele CL. This could result from

a noffsense mutation in the ¢l allele such that coding is stoppell at

the mutant point and no apogeruloplasmin is formed. A combination of
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of ‘the atypical heterozygotes. A mutation in a regulatory gene, which

Present series,

No special mechanism, with the possible exception of close linkage,
is required to explain the pattern of inheritance in family B, and
similarly in normal families R and N, assuming they too are atypical
families possessing the I¥ a1jeje, If there is close linkage between
the I and C loci, then they could be adjacent on the chromosome.

One deletion invelving parts of hoth the I and C loci would reduce
the amounts of both gene products in the heterozygotes. If human
genetic systems are similar to fhose of bacteria, the concept of the
operon might be invoked, If T and C are within one operon, or
within a genetic region under synchronized control, then families B,
R,and N could have an extremely'polar'nonsense'mutation near the
operator region, such that neither gene pProduct is formed (Newton
&% al.;, 1965). The application of such Systems to humans muSt'be
done with recognition of the pitfalls involved'(Epgtein,1964).l
These»explanations, while following the current vogue, are very much
in the realm of Speculation and probably introduce additional
complexity into the Situation because of their application to only

bart of the data fronm atypical families,




The Interpretation of the Inhibition Studies:

Sera from hetero;ygotes and from patients showed the same response

as did sera from normal individuals to the inhibitory action of
sodium azide and iproniazid. . The apparent inhibition with iproniazid
has been shown to be partly due to decoiorizapion of the oxidation
products, at least when DPPD is used as substrate (Curzon and

Cumings, 1966),

An increase in the lag period was observed with decreasing levels

of ceruloplasmin and increasing cbncentratiqnsofﬂthe inhibitor.

Thiis increase in lag period did not alter out results as the rate

of the reaction was measured when linear, Usually the lag period

had ended during the warm-up interval 6f the reaction;mixture; if the
lag exceeded this period, as it did with the combination of the |
lowest cerulqplasmin concentration and highest inhibitor concentrations,
then the rate was not measured until after the lag period héd ended
and the rate was constaht° The lag period is probably due to ascorbic
acid in the serum (Aprison and Grosz, 1958), The coloured oxidation
product of PPD can be reduced to its colourless form again by the |
ascorbic acid, The coloured product remains and accumulates only
after the reducing aétivity of the ascorbic acid is expended,

The time required to reach this point will vary inversely to the
concentration of ceruloplasmin present, Walshe and Carpenter (1963)
have reported that sera from patients with Wilson's disease show
significantly greater inhibition with sodium azide and iproniazid

as inhibitors, Their assay method is one which measures the amount of
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1963¢). The results of such a method are affected by variations in
the lag period, Walshe and Carpenter noted that "the degree of
inhibition produced by either inhibitor varied inversely to the

eénzymatic concentration both for hormal and Wilson's disease serum",

‘They attempted to correct for this by multiple regression analysis

on an electronic computer and still found significant differences,

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

[P

an apparently lower percentage36f inhibition, The presence of an
inhibitor in sera from Wilson's}diseése has'been suggésted in another
study by Walshe (1963c). The effect of these apparent inhibitors

was greatest when a high serum to pure ceruloplasmin mixture was

used. This can again be éxplained by lag period effects: pure

We have found that mixtures of sera from normal subjects and from

patients with Wilson's disease have the expected oxidase activity,

presence of an inhibitor in the sera of patients with Wilson's-disease,
Y . .
or for a difference in the response of ‘ceruloplasmin from patients

with Wilson's disease to the inhibitors sodium azide and iproniazid,
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PART 2

A Sur&ey of Patients with Normal Levels of

Serum Ceruloplasmin

While a deflclency of ceruloplasmin is a frequent finding in
patients with Wilson's disease, a 'small percentage of proven cases
_have normal ceruloplasmin levels, In g series of 111 patients with
clinical signs of Wilson's disease, four patients, or 3.6 per cent,
had normal ceruloplasmin levels (Sternlieb and Scheinberg, 1963),

In the present series of 33 patients including asymptomatic patients,
three have normal ceruloplasmin levels. This represents eight per
cent of the .25 families as two patients with normal ceruloplasmin

levels occurred in one family,

A study of all reported patients with Wilson's disease and normal
Seérum ceruloplasmin levels was undertaken, particularly to determine

if familial factors are involved,

MATERIALS AND METHODS

Patients with normal ceruloplasmin levels, including two of our own,
have been presented in review articles by Kurtzke (1962) and by
Schelnberg and Sternlieb (1963), ‘These patients form the main part
of the present series. One new patiert from our own series, and twg
reported by ofher authors haye been added, The combined 1ist cohsists

of 16 patients from 15 sibships,
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The following information was obtained from the original ieferences,
where possible: sex, age of onset, clinical type of the disease,
consanguinity of the parents, racial origin, and ceruloplasmin

levels in tﬂe parents and sibs, Genetic information was seldom
available from the original references and was obtained, where

Possible, by personal communication from the authors,

RESULTS

The clinical features of the 16 patients collected from the
literature and from our data are shown in Table 11.. Genétic data

dre summarized in Table 12,

Some of the patients included in the review articles (Kurtze, 1962;
Scheinberg and Sternlieb, 1963) have béen exéluded from the present
series. From the review by Kurtzke, case nuﬁbers X and X1 were
omitted because the ceruloplasmin levels, as éxpressed in optical

density units, were about one half of the lower limit of the normal

it approached . the normal range. Case numbers 4, 6, 8, 10, 11, 13,
and 14 of the present series are included in both review articles. Our

case number 14 was duplicated in both review articles: cases VI and

VII of Kurtzke and casesl0 and 12 of Scheinberg and Sternlieb. Our

cases 1 and 7 are new cases addgd from the literature, Case 15 is

from our own series and has not been published previously, ,

below the usual normal limit, but have been included becausé the levels

are higher than those usually found in Wilson's disease.
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TABLE 11
CLINICAL DATA ON PATIENTS WITH
A NORMALfLEVEL.OF.SERUM CERULOPLASMIN

148

Age of ohset Clinical type

ranglen

PGase Sex (years) (N& or HbJ Ceruloplasmin level Reference
Lo (t.s) o 12 N 17.1 mg./100 ml.  Apimg et. al. (1960)
2. (M.S.) F 4 H(sev.) 27.S‘mg./100 ml, ibid,
3. M. 10 asymp, v?7~5 mg./100 m1, Combes, in.Scheinber
and Sternlieb (1963)
4, M 35 N, H(sev.)  Inorma1: Enger (1959)
5. (R.E.) M 15 oy 1;6,4 mgo/100 ml.  German and Bearn(1961)
6. (V.C.) P~ 20 N, H(mod.) .?o.s mg./100 m1, ibid, s
7. M 31 N 25 mg./100 m1. Holtzman et a1, (1967)
8. M 32 N, H(sev.) i7.5 mg./100 ml, Kurtzke (1962)
9. M 28 H(sev,) 25 mg./100 m1, Schaffner, (1965)
10, (L.E.) F 14 N 27 mg./100 m1, Rosenogr and
(1959)
11a. (Rb.Mg) M 10 H(sev.) 24 mg./100 m1, Sass-Kortsak et al,
4 ' (1959)
11b. (R.Mo) M 11 H ?606 mgs/100 mi. ibid,
12, (Y.F.H,) F 6 asymp. 0.254 Ravin units Tu'gz_gl, (1962)
13. (F.T,) M 11 H(slight) 28 mg./100 m1, Walshe (1960)
14, (C.W,) F 13 H 'normai! Walshe (1960);
Sherlock (19§O)
15, (s.c.) M- 38 N 18.0 mg./100 ml, Present study
8 Neurological b Hepatic




149
TABLE 12
GENETIC DATA ON PATIENTS WITH WILSON'S DISEASE
AND A NORYAL LEVEL OF SERuM CERULGPLASMIN
No. of sibs e %fParénts A
, . L : . __ Cerul, level
Case No. Racial Origin Normal w.pn.2 Consang., P Father Mother
' 1 : JaphnéSe 3,n¢ 1(M, 18 yrs,) lc.: 'n n
2 Japanese - 20M,F)~probgb1gl‘ 2c, n n
3 lo-Sa 3 3 - dee.
Anglo-Saxon © 6,6,<1 mg./100 m1, ™ i g
' 4 unknown 3(1?) , - v le, - -
5 N.A. Ind./Negro, 5,n - : ‘ rio n n
Spanu/Negro ‘ - .
6 French/Span., 1,n - lc, n dec.
French/N,A. Ind,
7 | Negro 7,n - ' no - n
8 Italian 2 1(F, 27 yrs.) no - -
low ceryl. e
9 Puerto Rican 3 - ? - ﬁec.
10 - Polish (Jewish) 1(?) - no - -
11 Irish | 3 a,b-sibs 2c. n n
12 Chinese 3 2(F,F) no n n
" low cerul.
13 English S - 1M , no n - n
low cerul, :
14 Jewish - - no n : n
15 Polish(Jewish) 3 - 1o - -

#sex and ageminvbrackets,ﬂwhen.known;.ceruloplasmin level in next line.
blc. - first cousins, 2¢, - second cousins, :
Cnormal ceruloplasmin level,



Thirteen of the sixteen patients had clinical signs of Wilson's
disease. Hepatic disease was severe in five patients. In a further
five patients, liver disease was recognized but was apparently not
severe at the time of reporting the ceruloplasmin level. Case 3

was asymptomatic at the time of first testing when his ceruloplasinin
level was 17.5 mg./100 ml,, had hepatosplenomegaly and a
ceruloplasmin level of 22.3 mg./100 mL at a second testing one

yYear later, and was diagnosed as a patient on the basis of finding
post-necrotic cirrhosis on liver biopsy and a characterlstlcally low
ratio of copper -64 in the plasma following oral admlnlstratlon of
the isotope (Sternlieb, 1967 personal communicatibn). Case 12

was asymptomatic at the time of first testlng, except for mild
abnormalities of liver function tests. Unspecified abnormalitiés 6f
the liver were found at liver biopsy. The ceruloplasmin level was
reported to have fallen to typically low levels Spontaneously (Tu,
1966, personal communication). This is an unusual and unexplained
observation. Case 13 had only hepatosplenomegaly, abnormalities in
liver function® tests,and a urinary copper excretlon of 140 ng. per
day at the time of first testlng, He was suspected previously of
being a heterozygote (Walshe, .1964, personal communication), At the
age of 15 years, he had developed Kayser-Fleischer rings (Oéborn

and Walshe, 1967). His ceruloplasmin level was 17 mg./100 ml. after

two years of treatment with penicillamine,

The ceruloplasmln levels of cases 5 and 6 ‘rose considerably during
treatment with estrogens (German and Bearn, 1961). Testicular

atrophy was found in cases 8 and 9, consistent with recent hyper—

‘estrogenism (Scheinberg and Sternlieb, 1961)
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In at least three of the cases; the ceruloplasmin levels

declined after treatment with penicillamine; In case 7, the
ceruloplasmin level decreased to 8 pg./lOO'ml. after three and

one half months, and to an undetectable level'after a further

three months of treatment (Holtzman»gg al,1967). In case 10,. the
ceruloplasmin level decreased to 3 mg./lOO ml; afte: one year of
treatment (Rosenqer » 1961). In case 14, the'ceruloplasmin level

wés reported to have fallen to "classical Wilson's disease levels"
(Sherlock, 1960). In cases 3 and 13, the response to penicillamine

has been 1less dramatic with declines to 17 mg./100 m1. (Walshe, lg64,
personal communication) and 16.2 mg./100 m1. (Scheinberg, 1967,personal
communication). In case 15, the first ceruloplasmin measurement |
available (18.0 mg./100 m1,) was made after four years of penicillamine
treatment; the ceruloplasmin level was 21,4 mé./lOO ml. after eight
years of treatment, This pétient, while clinically free.from all

but minor symptoms, is on low dqses of penicillamipe intermittgntly,

thus he may .not be adequately decoppered°

From the genetic data summarized ih Table 12,.it is apparentithat a
wide variety of racial origins are represented, Thé first cousin
consanguinity rate including second cousin marriages is 28;6 per

cent. While these rates are high, there is no evidence that they
differ from the rates in the complete series of patients with Wilson's

disease from which they were drawn,

In two cases, 1 and 11, both affected sibs ip the families had normal

or nearly normal ceruloplasmin levels, 1In four families, those of
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cases 3, 8, 12,and 13, the affected sibs had typically low levels of -

ceruloplasmin,

All of 17 parents tested had ceruloplasmin levels within the normal

limits,

DISCUSSION:
Severe liver disease with g subsequent increase in circulating estro-
gens has been suggested as the cause of normal levels of ceruloplasmin
in certain patlents with Wilsoni's disease (Sternlieb and Scheinberg,
1963)» The admlnlstration of estrogens 1ncreases the level of
serum cerula;lasmln in some patients with Wilson's disease (German
and Bearn, 1961), Two patients of those recorded here had signs of
hyperestrogenism. In a further three patients, liver disease was
severe and could perhaps have interfered with estrogen metabolism,

In the remaining eleven patients, the liver disease was not clinically

severe at the time of testing and in some cases was recognized only

by tests of liver function. While the effect of estrogens may there-

fore play an important role in causing an increase in the ceruloplasmin
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level in some patients, this does not appear to be a suitable explanatlon

in all cases,

There is no evidence to Suggest that patients with normal levels of
serum ceruloplasmin are genetically diﬁferent from the more common
type of patient with a ceruloplasmin'deficiency. 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 other patients
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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 5 sibship is unlikely to be

a chance occurrence,

In all of the patients who haye been treated long 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 some patients with Wilson's disease, the presence of
large amounts of copper in the liver enables some of it to be
incorporated into ceruloplésmin. Serial determinations bf the copper
in liver biopsies.indicate that penicillamine treatment decreases
the liver copper content (Sternlieb and Scheinberg, 1963). The
removal of the excess copper stores from the liver could account for

the simultaneous decrease in the ceruloplasmin leve],

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




levels occur infrequently and these have usually had well-advanced
disease, However, in $tudies of asymptomatic sibs, a low level of
ceruloplasmin will usually,'but not always identify the homo;ygotes
for Wilson's disease., A clinical examination for hepatosplenomegaly

.p.’v
pPlus liver function tests identified all three previously considere

‘asymptomatic, The patients have been treated with penicillamine so

it is not khéﬁﬁmifwihey would have deveIope&mE;ii;al-clinical features
of the disease. Case 13 is undoubtedly a homozygote because he
developed Kayser-Fleischer rings. Case 3 hadva low uptake of 64Cﬁ
into ceruloplasmin, howevér, his rétio of plasma 64Cu levels at 24
hours to two hours was in & region where there is some overlap with
heterozygotes (Sternlieb et al, 1961b). Case 12 has not been studied
with 64¢y, Cases 3 and 12 could be heterozygotes with mild clinical

manifestations of the disease, although no such heterozygotes have

been reported among many parents of patients,

This survey has shown thatlceruloplasmin levels may occasionally

fall within the normal range in patients with Wilson's disease,

These ingreased levels are all below the mean level for the normal
pPopulation, The patients have,'in some cases;, had severe liver
disease, A resulting increase in circulating estrogens may, in such
patients, contribute to the increase in the‘ceruloplasmin level, The
accumulation of large amounts of copper in the liver, which begins
early in the disease, may promote ceruloplasmin formation in some
Patients. The extent to which this occurs is probabiy 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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This study was undertaken because of the reported observatlons reviewed
previously from the literature, of patients with Wilson's disease
and normal ceruloplasmin levels who had a decrease of the1r ceruloplasmln

levels fb110w1ng pen1c111am1ne treatment,

PART 3 )

The Effect of D-PenicilIamine on the Level of

Sevum Ceruloplasmin in Rats

these findings are tenable:

1) These patients are genetically similar to those with a

2)

ceruloplasmin deflclency and factor(s) not involving
the gene for Wllson s dlsease have caused an increase
in their ceruloplasmin levels, The removal of- excess
copper by penicillamine treatment might correct the
secondary factor and a decrease in thevceruloplasmiﬂ

level would follow,

These patients are genetically &ifferent 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 ceruloplasmln synthesis,
In this case, the fall in ceruloplasmln level following
penicillamine treatment would have to be explained as

a normal effect of the drug.

Two possible hypotheses for
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The response of normal individuals would‘differ according to the above
hypotheses, In the first case, normal individuals would not . be
expected to show a decrease in their cerulopiasmin levels after
penicillamine treatment., In the second case, the normal response would
be a decrease in the ceruloplasmin level, perhaps more rapid than

in the patients with Wilson's disease because of smaller tissue copper

stores in the normal individual,

Since the decrease in ceruloplasmin level in patients requires at
least several months of penjcillamine therapy and since patients
with Wilson's disease are the only. individuals, with the possible

exception of some patients with cystinuria, on such therapy,

- it was decided to test the hypotheses in rats,

MATERIALS AND METHODS

Assay Procedures:

The ceruloplasmin content of the serum was determined by measuring
the oxidase activity with paraphenylenediamine (PPD) as substrate.
A method basically similar to that described for the assay of
human sera in Section I was found suitable for use with rat sera.
The reaction was carried out at 376C using a 1.0 M acetate buffer
of pH 5.2, as for human sera. A 50 pl. aliquot of rat serum was
used for each assay, The results were expressed’as change in

optical density per minute (A0.D./min,),

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 method gave falsely
low results on urine obtained after penicillamine treatment,
presumably because of the chemical bonding of some of the copper,
Urinary copper excretion fbllow1ng penicillamine admlnlstratlon and
the copper content of liver were meqsured as described by Sass- Kortsak
et.al, (1959), using the method qf Eden and Green (1940). 1n

this method, sodium dlethyldlthlocaﬂbamate is used to produce a

colored compound with copper after ﬁet digestion of the test material,

Determination of Dose of Penlclllamlne'

Twenty-four hour urinary copper excﬂetlon was measured after the
administration of varying doses of penlclllamlne, in order to
determine a suitable dose for the study. Hooded rats of the -
Venning Strain, weighing about 120 grams; were usea for this test,
After a one hour fast, each test rat was given the required dose of
D-penicillaminel by stomach tube,  The penicillamine was administered
as a two or five per cent solution in deionized diétilled water,
prepared immediately prior to administration. Each rat was then‘
placed in a metabolic cage, specially constructed to avoid copﬁer
contamination, The cages were constructed of lucite w1th a styrene
grid to support the animal and a nylon mesh screen to retain the
féces. All parts of -the cages were rinsed with deionized distilled
water prior to the test, Urine was collected in acid-washed
graduated cylinders, During the 24 hour collection period, the rats
were given a 1.5 per cent glucose solution in deionized distilled
water, add libitum., The glucose prevented excessive weight loss and

promoted a h1gh fluid intake.

L ana D-penicillamine used for this study was kindly donated by
Merck, Sharp and Dohme of Canada Limited.
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Experimental Procedure:

Hooded rats of the Venning Strain, about 110 to 120 grams in weight
at the start of the experiment, were used, Up to four rats
were housed in each large ¢tage. Their room was maintained at 21 to 22°C.

The rats were fed Purina Laboratory Chow,

The rats were divided into three groups at the beginning of the.
experiment: five females in a control group, five females in a

'low dose! gTroup receiving 60 mg, Drpenicillamine/kg,‘body weight
daily; and six females and two males in a '"high dose! group recei?ing
120 mg, D-penicillamine/kg‘ daily, After 11 weeks, the study was
terminated in the 'loy dose! groﬁp, The 'high dose! group was given
240 mg, D—penicillamine/kg. daily for a fﬁrther four weeks and

360 mg./kg. dail& for the last four weeks of the study,

required was calculated, The daily dose required for all the rats

The rats were weighed each Monday’jnd the amount of D-penicillamine
!

combined was weighed into eaeh'of»five test tubes, Each'day, the

required amount of water wa; added, plus a drop or more of 1 N NaOH,

as needed, to bring the solution to aboutpr 7. The concentration

of the penicillamine solution.varieﬂ from one to five per cent,

depending upon the total dose, so that the total amount of liquid

given to a rat did not exceed 2 ml. Penicillamine solution, or a
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"Foed was removeq from the cages at about 5 Pom. each week-day except

Friday, ang early Monday morning. The penicillamine wag administered»
at least three hours after food (Mondays only) and usually after
an overnight fast, - Food was replaced in the-cgges one to two hours

after the gavage, Tap water was available ag libitum at a13 times,

when the rats weighed about 2¢g g+ averaged nine g. Purina Laboratory
Chow per rat daily and 30 CC. water per rat daily, The 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./ml, The

total daily intake of copper was therefore about 179 mg, per rat.

i

Blood was taken from the taij évery week or eévery second week,

depending upon the dose of drug. The Samples were taken in mid-week

1964), The blood was collected_in 100mm, long sections of acid- -
washed capillary'tubing. The tubes were sealed with melted Sealing
wax, and the serupm Wwas separated by centrifugation, The tube was

Broken at the junction of the serum ‘and red cells. The serum
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containing portion of the tube was covered at both ends with parafilm

and frozen until the assay for ceruloplasmin was carried out,

Pyridoxine, 2 Mgs per rat, was injected intraperitoneally every
'\Briday into all rats on g penicillamine dose of 120 mg./kg; or more,

Sterile water and equipment were used, This injection was given as

& precaution because of the pyridoxine deficiency found by Asatoor

(1964) when rats were given 300 to 340 mg./kg, D-penicillamine daiiy.

After 14 weeks of the investigation as outlined, the-two surviving
control females and six 'high dose' females were allowed to mate,

A male of the same strain was placed with two or three females for
five days. The females were about 21 to 22 weeks of age and weighed
about 200 g, af the time breeding was‘started. At this point, the
drug Vas administered daily, seven days per week, at aﬁ increased_dose
of 360 mg./kg. body weight, Dgily d}ug administration and weekly
pyridoxine injections were -. cantinued until delivery. This part of the
Study was carried out to determine if penicillamine Produced a copper
deficiency in the offspring of a mpther treated during pPregnancy.

This is not pertinent to the studies reported here and will not be‘

included in this report.

Drug administration was terminated after all bregnant rats had deli@ered.
After 19 weeks of the study, the rats were killed and samples of the

liver were obtained for assay of the copper content, Small portions

constant weight after cooling in a dessicator. These figures were

used to calculate the liver copper content in terms of dry weight of liver.
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RESULTS

Assessment of the Method for Quantitative Assay of Ceruloplasmin.

in Rats:
The following aspects of the assay method outlined below were studied

before it was accepted as being suitable for use. with rat sera.

a) Linearity:
The oxidase activity was proportional to the amount of
serum (therefore amount of-ceruloplasmin) Present in
the reaction mixture., Results of assays using 25, 50, 75,
100, 125 and 150 pl. of rat serum are shown for the two

samples in Fig, 19,

b) Buffer:
The rate of reaction was measured using the following

. buffers:

phosphate buffer: PH 5.8 and 6.8 at each of 0,1 and
1,0 M,

phosphate - citrate buffer:
PH 6.8 of 0,5 M citrate/1,0M phosphate;

PH 5.6 of 0.05 M citrate/0,1 M phosphate,
0.1 M citrate/0.2 M Phosphate, and 0.5 M
citrate/1.0 M phosphate,
acetate buffer: PH 4,8, 5,2,and 5,6 at 0.5 and 1.0 M,
PH 5.5 at 0.1, 0.5,and 1.0 M,
When any oxidase activity was apparent, the non-enzymatic oxidation
was also determined by omitting serum from the reaction mixture,
In the presence of phosphate and phosphate-citrate buffers, the

oxidase activity was very low and was found to be entirely non-

eénzymatic. Oxidase activity was highest in acetate buffer -
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Fig. 19, Rate of oxiﬁase activity in rat sera piotted.
against amount of Serum used. Results of sera from two
dioffe'rent rats are shown, Acetate buffer, 1.0 M, pH 5.2;
37" .c. :
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of 1.0 M concentration. The activity was slightly higher at

PH 5.6 than at PH 5.2, as seen from the following results
in two rat Seéra, respectively:
pH 5.2: »0106, ,0165 A0.D./min,

PH 5.6: 0181, .0188 40.D./min,

Some of fhis_diﬁference is due to higher non-enzymatic oxi-
dation at pH 5.6. The optimum PH may be a 1ittle higher than
the pH 5.2 found for oxidase activity in human sera by this
method (Section I) but because the difference was slight,

buffer of pH 5.2 was also used for the rat sera,

c) Variatidn due to Experimental Error:
Duplicate determinations were carried out on 21 randon sera
over a number of days. A mean differehée of 0.0007 tkO.D./min.,
considering differences in either direction, were found. Since
this differenge was small relative to the total activity
duplicate determinations were seldom made, The testing on two
days of previously froZen sera from three rats, whose blood had
been taken on two occasions one week apart, indicated little
day-to-dax,technical variétion. In the sik Samples, the mean
differences for each rat between ;he two days of Sampling were

9, 19,and 21 times a large, respectively,

Selection of Dose of Penicillamine:

The response of the 24 hour urinary copper excretion to a single dose of

) D-penicillamine is shown in Table 13, The copper excretion rose
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TABLE 13
24-HOUR URINARY COPPER EXCRETION AFTER A SINGLE DOSE

OF D-PENICILLAMINE TO RATS

Dose of ' Urinary Cu
D-penicillamine No. of No. of excretion
(ng./kg. body wt.,) rats copper determinations (Mg/24 hrs,)

0 5 5 3.7
60 "4 2 ‘ 15,4
120 4 ‘ 2 25.3
360 4 4 33.0.




rapidly'and lin;arly with increasing,dose up to g dose of 120 mg./kg.
body weight, then rose more slowly at a dbse between 120 and 360 mg./
kg. Patients with Wilsén!s disease usually take 1 g, penicillamine
daily, equivalent to 14 mg./kg. for a 70 kg. man ahd 20 mg./kg,

for a 50 kg. adolescent, The original doses selécted were 60 and

120 mg./kg. Theée'doses.are-three and six tiﬂeg, respectively,

the higher (adolescent) human dose rate, The urinary excretion was
increased five and eight-fold respectively over the control excretion,
a lower respbnse than that of the twenty fold increase in normal
humans taking 1 g, penicillamine daily (Sass-Kortsak et al., 1961),
The higher dose rates (240 and 360 mg./kg.) gave about a ten-fold

increase in urinary copper excretion.

There was no immediate effect of # single dose of 360 mg./kg;
D-penicillamine upon the ceruloplasmin level, In two rats, the values
obtained Before treatment, and one half and three hours after
penicillamine administration were -0219, ,0208, +0211 A0.D,/min,
and .0229, .0255, ,0238 4A0.D,/min, respectivély, In another rat, .
the pre-treatmept value and those at two and four hours were
similar: 0266, .0232, and .0241 A0.D./min,, respectivelj. When
added directly to rat serum, there was no demonstrable change in
the rate of oxidase activity, A lag period of gpouf‘SO-seconds
was observed with g concentration of 10-4M penicillamine, The
lag period was increased to one half hour at 10"‘3 M and longer

at 10~2.y, These results are similar to those observed in human

Sera in Section II, Part 1,
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Levels of Serum Ceruloplasmin During Penicillamine Treatment

The results of the ceruloplasmin determinations for 15 rats are
shown in Figs, 20, 21, 22 and 23, The ceruloplasmin assay was not
carried out on all the Serum samples callected during the.early
part of the study when it could be seen that the Ewels were not
changing rapidly. Three rats did not survive the first 5] days
of treatment and were excluded from the study. Two 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 ppeumonia 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 included in the study.

The pronounced rises in the ceruloplasﬁin level in some of the
rats, particularly during the early weeks of tpeatment, pProbably
indicated a response to 1nfect10n sSuch as pnGUmonla aggravated by
the gavage procedure. The ceruloplasmln levels in the control
rats showedllttlechange durlng the 92 days of study. The most
pronounced changes in the ceruloplasmin levels are the decrease
shown by rats in the 'high dose’ grduﬁ between Slvand 72 days of
treatment with 240 mg, penicillamine/kg. daily and an increase in
the levels after about 20 furthey days of treatment on a higher

do§e of 360 mg. pen1c111am1ne/kg. daily,

The mean'values for the ceruloplasmin levels of each group expressed
as change in optical density per minute ( 40.D./min,) are shown

~in Table 14. The ceruloplasmin levels of two female rats after

166



OXIDASE ACTIVITY —AO.D./min. x 10-2

ﬁ ' | © 167

'CONTROLS

5
o T A A L TS R SRR ORISR .

e

A
©
e
)
.
:

0 20 40 60 80 100
| NO. DAYS OF TREATMENT

Fig. 20. Oxidase activity in serum of three control rats
(female), given no penicillamine.
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Fig. 21. Oxidase activity in serum of four 'low dose' rats
(female), given 60 mg./kg. body weight D-penicillamine daily.

Solid and dotted lines are used to help distinguish individual
rats, '
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Fig. 22. Oxidase activity in serum of four 'high dose' rats
(female), given 120, 240, and 360 mg./kg. body weight D-
penicillamine daily, during periods indicated. Solid and
dotted lines are used to help distinguish individual rats,
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Fig. 23. Oxidase activity in serum of four 'high dose'
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value for female rats was obtained one or two days post-partum. '
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TABLE 14
CERULOPLASMIN LEVELS . (OXIDASE ACTIVITY) OF RATS
AFTER TREATMENT WITH D-PENICILLAMINE

Oxidase activity

' 0.D./min, x 10-2
Group No. of days No, of rats "g‘Aﬁa'axT-/ 5,93 _
Control 0 3 1.907 0.145
51 3 , 2,233 0.114
75-92 4 2.628 0.296
Low Dose 0 4 | 2.112 0.545
51 4 1,775 0.390:
High Dose 0 8 2,211 0.563
51 8 1.898 0,295
72 8 1,024 0.334

89-91 ) 6 1.313 0.381




90 days of treatment in the 'high dose' group (Fig. 23) were excluded
from analysis because the blood samples were taken one or two days
post-partum, The control values (Fig. 20) were similar throughout
the course of the study. There may have been a slight - rise with time
but there were toc few surviving anlmals to draw any firm conclusion,
The ceruloplasmin levels before treatment in each of the 'low dose!
(Fig. 21) and 'high dose! groups (Figs. 22, 23) were similar, The
pre-treatment values were used for statistical comparisons so that
each group served as its own eontrolD This seems reasonable

because of the relative stability of the levels with time in the
control rats, Although the mean’ceruloplasmin level was lower after
51 days of 60 mg./kg. daily of penicillamine the difference was not
significant (t = 1, 00, d. £, = 6, P>0, 3) There was no significant
difference betwaen the pre-treatment mean and the mean after 51 days
of 120 mg./kg. daily (t 1.39;, d, £, = 14, P>0.1). The mean
ceruloplasmin level of these eight rats was significantly lower than
that prior to treatment after a further 21 days (total of 72 days

of treatment) on a dosq of 240 mg.,/kg. daily (t = 5, 13, d. f, = 4,
P<0.001), but the redugtlon was less pronounced after a further 18
to 20 days on a still higher dose of 369 ‘mg./kg. daily (t = 3, 28,

de fo =12, P < 0, . 01). . The difference between the ceruloplasmin
level after 52 days of tyeatment and the final value was not significant
(t = 1.51, 4, £, = 12, P» 0.1), however a rise in level occurred

in five of the six male qnd non-pregnant female rats. When the
pre-treatment ceruloplasm@n levels of all 15 rats in the study

(mean * S.p,: 212,43+ 48.9¢§(LDwmunJ were used as control values,
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- the differences were slighly greater but the conclusions remained the

same,

The copper content of the liver was assayed at the end of the
experiment in both surviving control rats and in the eight rats of.
the 'highvdoseé group. Thegliverjcoéper content’ of four rats of
the same age and strain and maintained under the same conditions as
the control rats were included with the results of the control rats
because of the poor survival rate of the latter, The results,

shown in Table 15, show that the,pen%cillamine significantly reduced
the amount of copper in the liver, whether calculated on a wet

“weight or dry weight basis,

DISCUSSION: . -

All the results of the ceruloplasmin assays in this study have been
expressed as change in optical density per minufe._;This'is entirely
satisfactory since comparison of valﬁes.éan conveniently be made, A
valid calibration would require purified rat ceruloplasmin. However,
if we assume that for both human and rat ceruloplasmin the relation
between oxidase activity and the optical density at élO‘mp,‘is_the
same, then the same conversion factor can be used. For ceruloplasmin
a$sayed in human serum, we found the conver;ion factor at 37°C to

be 730. The appropriate factor for use with rat serum is, therefore,
730-x 3 = 2190. Multiplication by three adjusts for the use of only
50 pl. aliquots of rat serum, compared with 150 ul, aliquots of human
serum. Themean ceruloplasmin level in this strain of rats is therefore

about 46 mg./100 ml.
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TABLE 15
COBPER CONTENT OF THE LIVER IN CONTROL RATS AND.RATS .TREATED
WITH D-PENICILLAMINE FOR UP To 92 DAYS

nise

No. of Copper Content Oug./g.liver)
Treatment group rats -mean S:D, t P
Liver - wet weight:
Control 6 5.50 - 1.05.

. 4.91 0,001
High dose 8 . 3,68 0.42

Liver ~ dry weight:

Control 6 20.27 4.22
4.48 . <0,001
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 lag period

in EB;XEEEQ studies. In this study, blood samples were alvays
drawn about 22 hours after the previous administration of penicil-
lamine to avoid possible undetected direct effects on the assay

procedure.

The ceruloplasmin levels, as indicated by the serum oxidase activity,
did not show any consistent change during the 90 day period of

the study, with one exception. In one of the three rats, a very
pronounced rise in the ceruloplasmin level during the early weeks
of the study was probably due to acute infection. Pneumonia
aggravated by the gavage was present in several rats autopsied

at this time. There was no pronounced increase in ceruloplasmin
level attributable to age as observed in albine rats of the Wistar
strain during the ages of 25 to 80 days (Legraed and Kayser, 1960)
The rats in the present study were abbut 50 to 12§'days of age
during this first period and may have already passed the time for
the age effect to be apparent in this strain, Any 1ncrease in
ceruloplasmin level with age would have tended to underestlmate

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. -pen1c1llam1ne/kg. body weight, there

was a possible slight decrease, although not statistically significant,
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in the ceruloplasmin levels. All of the eight rats tested showed a
pronounced decrease in their ceruloplasmin levels during the next
period of 21 days of treatment with a doubled dose of D-penicillamine,
that is 240 mg, per kg. daily. The mean value at the end of this
period showed a highly signifiéant.decrease from the pre-treatment
level. Possibly this change would haﬁe occurred if the &ose had
not been increased but would have required a longer time. This
question cannot be answered by the present study. The mean cerulo-
plasmin 1eve1 was significantly lower than the pre-treatment mean
after the continuous daily administration of 360 mg./kg. of
penicillamine for a further 20 days. 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 difference
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 animals in this study. There
were no signs of acute infection in the rats after PO days of
treatment, 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 pf the non-pnegnant
animals, The pregnant animals were, howevbf, excluded from the

statistical analyses because the ceruloplasmin level is known to
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remain increased in humans during the post-partum perio&, The
two rats which showed the highest levels of ceruloplasmin at 72
days apparently continued to respond to the penicillamine with

an even lower ceruloplasmin level at 90 days. This suggests a
possible explanation for the rise in‘level observed in the remaining
rats during the 72 to 90 day period. There may be a minimum
threshold level to which copper stores, reflected by ceruloplasmin
formation, wan fall before an adaptiye response occurs, When the
ceruloplasmin levelreachés about one half of its normal level,
Iore copper may be absorbed from food. The amount of ceruloplas-
min formed is 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 caused a marked decrease in
the copper content of the liver of the rats to about two thirds of

the copper content in untreatéd'rats°

A relatively high dose of penicillamine was requifed to produce a
50 per cent reduction'in the serum ceruloplasmin level of the rats
in this study. The effective doses of penicillaminé, 240 and 360
mg./kg. daily, administered to rats in the 'high dose! group were
17 and 26 times, respectively, the usual human adult dose of 1 g,
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 Mg. Rats in the 'high dose!
group wé¥e therefore receiving about 115 and 173 moles of penicil-

lamine, respectively, per mole of copper in the diet, Assuming a
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dailyndietary intake for an adult human of from two tb_four mge of -
copper, an adult patient on penicillamine therapy receives from

106 to 213 moles of penicillamine per mole of copper. On ‘this
basis, the dosejadministered.to rats was similar,to the usual

dose for humans, HoweVer, the penicillémine was -administered

to the rats on an emg;y stomach and presumably removes tissue
copper, as discusse@_pgeviouslyvin the literature review, and not
primarily dietary copper. The comparison based on the-dietary

intake of copper may, therefore, not be valid,

The small amounts of data aviilable fiom studies in humans also

suggest that the ceruloplasmin level of a normal individual

cannot be readily decreased penicillamine therapy, The usual
therapeutic dose of penicillamine administered fo patients with
Wilson's disease probably does not alter the ceruloplasmin 1evé1

when administered tolnormal individuals, - The ceruloplasmin an& copper
levels 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 period, during which time this boy was one and one half to four
-and one half years of age, are shown in %igure.24. The patient had
fr;queﬁt respiratory infections, particularly during the first year

of treatment, ap reflected in sharp peaks in the copper and ceruloplas-
min and copper‘levels, Rapid increases were followed by declines at the
time of inféctions; 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./100 ml, in the ceruloplasmin level
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between two and fbur yaars_ofuage (Cox, 1966). This rather small

change may have occurred, but it is difficult to be sure because

of the effects of repeated infections, This patient has cystinuria
and a renal defect which may alter his metabolism of. pen1c111amine,
however, we have no. evidence of this., In four schizophrenic patients
studied by Walshe‘(19§4), the ceruloplasmin levels were reported

unchanged after one year of taking 1200 mg, renicillamine daily,

The results of these studies in rats and humans who do not have Wilson's
disease suggest that the ceruloplasmin 1evp1 is not changed by the

daily dose of penicillamine commonly administered to patients with
Wilson's disease. In suéh patients, the ceruloplasmin level declines from
normal to negligible levels within several moﬁths. 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 which

point physiological changes: may. 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 ge supported: such patienté.are probably
not different from those with a ceruloplasmin deficiency and a
factor, or factors, not involving the gene for Wilson's 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.




181

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 metabolism,

The disease is probgbly not caused by ceruloplasmin deficiency
(Scheinberg and Gitlin, 1952) even thought this is a frequent feature
of the disease. Some patients with proven Wilson's disease have
normal levels of ceruloplasmin, while some heterozygotes have
decreased ceruloplaémin levels yet are clinically ndrmal. 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 all but about a ten per cent undigested core of the ceruloplaéﬁin
molecule (Holtzman et al,, 1967). Increasing the ceruloplasmin level
in patients by administration of ceruloplasmin (Bickel, 1961) or by
estrogen administration (German and Bearn, 1961) does not result

in clinical improvement. In the review of literature on ceruloplasmin,

the conclusion was reached that no physiological role for ceruloplasmin

has yet been found, if indeed there is one,

Lack, in the liver, of a copper-concentrating enzyme which also
mediates the incorporation of copper into ceruloplasmin was proposed
(Walshe, 1963a; Osborn, Roberts, and Walshe, 1963)., Recent evidence
indicates that the reduced uptake of %4cy into the liver is a secondary
consequence of the {lisease process and that there is apparently no

defect in copper concentration (Osborn and Walshe, 1967). These
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authors have now proposed that the defect lies in the incorporation

of copper into ceruloplasmin, and that ceruloplasmin is an essential

precursor for biliary excretion of copper,

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-incorporated 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 émino acid—mediated-copper transport #ystem across
membranes, apparently an active transport system for amino acids
(Harris and Sass-Kortsak, 1967) , was suggested by Neumann and
Silverberg (1966). The uptake of %4cu iﬁto 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 cell. Abnormalities of membrane transport may be
produced in Wilson's disease as a secondary effect of excess copper

in the tissues (Peters, 1966) .

The previously described studies using %4Cu 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 impaired. 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 I shall now present is that the individuals
homozygous for the Wilson's disease gene are unable to produce

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-physiological conditions (Aisen and
Morell, 1965). An enzymé could be required in vivo for the efficient
and preferential incorporation of copper, Other metals, for example
iron and ziﬁc, require such enzymes, called chelatases, for their
incorporation into protein prgcursors. A typical example is that of
heme formation from iron aﬁd protohéﬁe, 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. The chelatase could incorporate the proposed ligand-bound



structure of eight copper ions (Broman, 1964; Blumberg, 1966) into
ceruloplasmin and into a compound secreted in the bile. Pyobably
such a ligand-bound ionic cluster could form spohtaneously under
chemical forces. Alternatively, the chelatase might assemble sub-
units of ceruloplasmin, each containing some 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, because of absence of the chelatase,
could stop their production through a feedback mechanism, thus
impairing biliary excretion 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 4cu into ceruloplasmin reported in

one such patient (Sass-Kortsak et al., 1959), may have been due

to the difficulty in getting 64cy 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 64cy

is in fact impaired in such patients, éuggesting that their genetic
defect also involves the proposed copper chelatase, then 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 in these patients could arise from-increased non-enzymatic
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incorporation of copper into ceruloplasmin, with such non-enzymatic
incorporation influenced by genetic and environmental factors.
The reaction taking place could be as 'follows:

apoceruloplasmin + CuZi;:: 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, Estrogen administration can increase the level of
ceruloplasmin in some patients with Wilson's disease (German and
Bearn, 1961) and may do this by increasing the production of
apoceruloplasmin, Increased estrogenic activity due to impaired
estrogen degradation in the damaged liver has been suggested as
the cause of normal ceruloplasmin levels in Wilson's 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 coéper in the liver may promote the non-enzymatic incorpora-

tion of copper into ceruloplasmin. Genetic factors may be involved
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in determining the effectiveness of alternate pathways for incorporation

not involving the proposed chelatase. Several lines of evidence
suggest that high liver copper levels may be responsible for the
excess ceruloplasmin level: 1) The ceruloplasmin level of rabbits,
as well as the liver copper content, is increased when rabbits have
copper added to their normal diet (Gaballah et al.;, 1965), An

increased ceruloplasmin level has been reported in a child with copper
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intoxication (Holtzman, Elliott, and Heller, 1966), although this

could be a normal response to inflammation rather than a response

to the excess:copper. 2) 1In at least three patients with Wilson'
disease, discussed in Section 2, Part 2, 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 Wiison's'disease
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, whlch may indicate
‘that there is little non-enzymatic excretion of copper from the

bile under any circumstances,

According to the hypothesis presented, a lack of ceruloplasmin is
not detrimental per se, as appears true in decoppered patients and
in certain heterozygotes for Wilson's disease. 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 well with all 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 sought using a liver homogenate,
then sub-fractions of the homogenate. Isolation of a copper
chelatase would be the ultimate goal, Determining the fble of
such a chelatase, if found, in the biliary excretion of copper
presents a larger task., The isolation of pure bile is not easy
and excretion products can rapidly be broken down by the bile.
However chromatographic 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,

Serum ceruloplasmin levels of 309 normal unrelated individuals were deter-
mined by the previous method. The mean level for 163 normal.adults in
this series was 30,4 * 5.0 mg./100 ml. The mean copper level in 125 of these

sera was 108.1 #* 20.6 pg./100 ml.

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, Appropfiate factors were obtained for the adjustment of cerulo-
plasmin and copper levels in children and adolescent males to corres-

ponding adult values,

The ceruloplasmin levels of adults showed little variation from day to day

and were not influenced by body weight or the menstrual cycle,

A study of ten normal families indicated that famial factors influence
the ceruloplasmin level. 1In two families, ascertained through the study
of normal individuals, low ceruloplasmin levels showed a regular pattern

of inheritance,

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,
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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 disease 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
in which one or both parents Qere of western European origin, the majority
of patients developed symptoms of Wilson's disease, usually hepatic,
before 16 years of age. Patients in five families in which both parents
originated in eastern Europe, and some 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~% and the incidence of heterozygotes from

one 'in 265 to one in 537.

10. The ceruloplasmin level for a given heterozygoté remains relatively
constant, whether normal or low, as shown by studies in 11 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,
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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 usuaily be recognized by a low level
of ceruloplasmin. The most satisfactory explanation was that the
atypical kindreds carried two alleles, at different 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 intd'ceruloplasmin, and C, a structural gene
locus for ceruloplasmin. The mutant allele of the C gene may be present

primarily in individuals of German ancestry.

Studies of the rate of incorporation of 9%4cy into ceruloplasmin in
patients with Wilson's disease and their relatives showed that three
non-overlapping groups could be distinguished, These groups were
believed to be homozygous normal, heterozygous, and hémozygous abnormal
at the Wilson's disease locus, Studies in the atypical kindreds
indicated that individuals with .low ceruloplasmin levels were hetero-

Zygotes,

Ceruloplasmin of the atypical heterozygotes did not differ from that
of normal individuals either in its mobility in starch gel elec-
trophoresis or in its response to the inhibitors sodium azide and

iproniazid,

Clinical and genetic information was obtained on patients with Wilson's
disease and a normal ceruloplasmin level in 15 families, mainly

collected from the literature. 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. A greatly increased concentration
of copper in the liver may have facilitated cerulopiasmin>production

in these individuals. Familial factors were implicated in the

production of normal ceruloplasmin levels in some of the patients,

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, 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, on
a body weight basis, as the dose usually administered to adult patients
with Wilson"§ disease. It was concluded that the ceruloplasmin level
could probably not be reduéed by peniciilamine 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
such patients might therefore be caused‘by an excessively high copper

concentration in the liver,

A new hypothesis for the genetic defect in Wilson's disease was presented:
the patients lack a ‘copper chelatase’, an enzyme which incorporates

copper into ceruloplasmin and into a form suitable for its biliary excretion,



LIST OF REFERENCES



193

AISEN, P. AND MORELL, A. G. 1965. Physical and chemical studies on
ceruloplasmin. 3. A stabiliging copper-copp¥r interaction
in ceruloplasmin, J. Biol. Chem. 240: 1974-1978,

AISEN, P,, MORELL, A, G., AfPERT, S., :STERNLIEB, L. 1964, Biliary excretion
of ceruloplasmin copper., Naturk 230: 873-874. '

AISEN, P,, SCHORR, J. B;, MORELL, A, G.,.GOLD, R, Z., SCHEINBERG, I, H., 1960.
A rapid screening test for deficiency of plasma ceruloplasmin and
its value in the diagnosis of Wilson's disease. Amer, J, Med.
28: 550-554,

AKERFELDT, S. 1957, OQxidation of N,NY-dimetﬂyl-p-phenylene diaminé by
‘ serum from patients with schizophrenia and with mental disease,
Science 125: 117-118. '

s

ANDRE, M. J. AND VAN BOGAERT, L. 1950, L'hér€dité dans la dégénérescence
hépato-lenticulaire et le probléme des rapports intrinséqués de la
pseudoscl€rose de Westphal-Striimpell et de la maladie de Wilson.
Encéphale 39: 1-54,

APRISON, M. H, AND GROSZ, H. J. 1958, Ascorbic acid level and lag time
in oxidation of N,N-dimethyll-p-phenylenediamine. - Arch, Neurol.
Psychiat, 79: ~575-579,

ARIMA, M. AND KURUMADA, T. 1962a. Genetical studies of Wilson's djisease
in childhood 1I. Clinical and biochemical analysis of sixteen
families. Paediat. Univ. Tokyo 7: 1-6.

ARIMA, M. AND KURUMADA, T. 1962b. Genetical studies of Wilson's'disease
in childhood II. Mode of inheritance and gene frequency in Japan.
Paediat. Univ. Tokyo 7: 7-12,

ARIMA, M,, OSHIMA, M., SHIMA; N., OBE, Y., SUZUKI, M. 1960. Wilson's
' disease in children. Report of eleven cases with special reference
to juvenile cirhosis. Pediat, Univ. Tokyo 5: 14-19, '

ASATOOR, A, M, 1964. Pyridoxine deficiency in the rat produced by D-
penicillamine. Nature 203: 1382-1383, .

ASPIN, N. AND SASS-KORTSAK, A. 1966, Radiocopper studies on a family
with Wilson's disease.in Biochemistry of Copper. Peisach, J.,
Aisen, P,., and Blumberg, W. E., Eds. New York: Academic Press,
“pp. 503-512, :

BEARD, A. W. 1959. The association of hepatolenticular degeneration with
schizophrenia, Acta Psychiat. Neurol, Scand. 34: 411-428,

BEARN, A. G. 1953, Genetic and biochemicalaspects of Wilson's disease.
Amer. J. Med. 15: 442-449, ‘ '




194

BEARN, A, G, 1957, Wilson's disease. An inborn -error of megabolism
with multiple manifestations. Amex. J. Med.A22“ 7474757 '

BEARN, A. G. 1960, A genetical analysis of thirty families with
Wilson's disease (hepatolenticular degeneration). Ann, Hum,
Genet, (Lond.,) 24: 33-43, -

BEARN, A, G. AND KUNKEL, H. G, '1952. Biochemical abnormalltlgs in
Wilson's disease, J. Clin, Invest. 31: 616,

BEARN, A. G. AND KUNKEL, H. G. ‘1954a., Abnormalities of copper metabolism
in Wilson's disease and their relationship to the aminoaciduria.
J. Clin, Invest. 33: 400-409,

BEARN, ‘A, ‘G. ‘AND KUNKEL, H. G. 1954b. Localization of_64Cu in serum
fractions ¢following oral administration. An alternation in
Wilson's disease, Proc. Soc. Exp. Biol, Med. 85: 44-48.

BEARN, A. G..AND KUNKEL, H..G. 1955, Metabolic studies in Wilson's disease
using 64Cu. J. Lab,Clin. Med. 45: 623-631,

BELL, J. 1940. A determination of the consangu1n1ty rgte in the general
hospital population of England and Wales, Ann. Eugen. (Lond.)
10: 370-391. ' o

BICKEL, H, -1961. Attempts at ceruloplasmin sybstitution.]n Wilson's
diseaseg Some Current Concepts, Walshe, J. M. and Cumings,
'Jo No, Eds. Springfield, Illinois: Charles C. Thomas, pp. 273-281.

BLUMBERG, W. E. 1966, Some aspécts of models of copper complexes. In
Biochemistry of Copper. Peisach, J. , Aisen, P., and Blumberg,
‘W. ‘E., Eds. New York: Academic Press, pp. 49-64. -

BLUMBERG, W. E., EISENGER, J., AISEN, P., MORELL, A, G., AND SCHEINBERG,.I. H.
1963, Phy51ca1 and chemical studies on ceruloplasmin.l. The
relation between blue color and the valence states of ‘copper. J.
Biol, Chem. 238: 1675-1682, :

BOUDIN, G..AND PEPIN, B, 1959. Dégénérescence HEpato-lenticulare.
Paris: . Masson et Cie.

BRENDSTRUP, P, 1953. Serum copper, serum iron and total iron-binding
capacity of serum in acute and chronic infections. Acta Med.
Scand. 145: 315—325n

BROMAN, L. 1958, Separation and characterization of two ceruloplasmlns
from human serum. Nature 182: 1655-1657,

BROMAN, L, 1964. Chromatographic and magnetic studies on human
ceruloplasmin., Acta Soc. Med. Upsalien, 69, Suppl. 7: 1-85. °



195

BROMAN, L. AND KJELLIN, K. 1964. A rapid semicontinuous method for
~ purification of ceruloplasmin from humsn serym. Biochem.
Bicphys., Acta 82: 101-109,

BROMAN, L. MALMSTROM, B. G., AASA. R., AND VKNNGARD, T.: 1962, .
Quantitative. electron spin resonanceé studies on native and
denatured ceruloplasmin and laccase. J. Mol. Biol. 5: 301-310,

BUSH, J. A., MAHQNEY Je Po MARKOWITZ H., GUBLER, J. C., CARTWRIGHT, G. -
E., AND WINTROBE, M. M. 1955, Studies on copper metabolism.
XVI. Radloactlve copper studies in normal subjects and in
patients with hepatolenticular degeneration, J. Clin. Invest.
34: 1766-1778. '

BUTT, E.:M. AND NUSBAUM, R. E. 1962, - Trace metals and disease., Ann. Rev,
Med. 13: 471-480. '

BUTT, E. M., NUSBAUM, R. E., GILMOUR, T. C., AND DIDIO, S. L. 1958,
Trace metal patterns in disease states. II. Copper storage
diseas¢s with consideration of  juvenile c1rrh051s, Wilson's
disease, and hepatic copper of the newborn. Amer, J. C11n
Path, 30: 479-497.

CANELAS, H. M. DeJORGE, F. B. ESCALANTE, Q. D., AND ROCHA-QUINTAO, E. C.
1963 Hepatolentlcular degeneratlon. Clinical and biochemical
study of three cases, Arch. ‘Neuro-psiquiat. 21: ~229-256

CARRUTHERS, ‘M. E., HOBBS, C. B., AND WARREN, R. L. 1966, Raised serum
copper and ceruloplasmln levels in subjects taking oral
contraceptlves. Jo Clin. Path, 19: 498-500.

CARTWRIGHT, G. Ee, GUBLER, C. J., AND WINTROBE;. M. M, .1954. Studies on
copper metabolism.XI. Copper and iron metabollsm in nephrotic
syndrome, J. Clin. Invest. 33: .685-698.

CARTWRIGHT, G. E. AND WINTROBE, M. M. 1964, Copper metabolism in normal
subjects. Amer. J. Clin. Nutr. 14: 224-237, '

CARTWRIGHT, G. E. HODGES R. Be, GUBLER, C. J., MAGHONEY, J. P., DAUM, K.,
WINTROBE M. M., AND BEAN, W, B. 1954. Studies on copper
metabollsm XIII, Hepatolenticular degeneration, J. Clin. Invest,
33: 1487-1501. :

CARTWRIGHT, .G, E., MARKOWITZ, H., SHIELDS, G. S., AND WINTROBE, M. M..1960.
Studies on copper metabolism XXIX.A critical analysis of serum
copper and ceruloplasmin concentrations in normal subjects, patients
with Wilson's disease and relatives of patients with Wilson's
disease, Amer. J. Med. 28: 555-563.

COX, D. WILSON, 1966, Factors influencing serum ceruloplasmin levels in
normal individuals, J.Lab. Clin. Med, 68: 893~ 904



196

COX, D. WILSON, 1967, A screening test for Wilson's disease and its
application to psychiatric patients. Can. Med. Assoc. J. 96:
83-86.

CUMINGS, J. N. 1948. The copper and iron content of brain and liver in
the normal and in hepatolenticular degeneration., Brain 71: 410-415,

CUMINGS, J. N, 1959. Heavy Metals and.the Brain, Springfield, Illinois:
Charles C, Thomas ,

CURZON, G. 1958, Effect of chymotrypsin on ceruloplasmin., Nature 181:
115-116.

CURZON, G. 1960+ The effects of some ions and chelating agents on the
oxidase activity of caeruloplasmin. Biochem. J. 77: 66-73,

CURZON, G. AND CUMINGS. J. N. 1966. Some interactions of ceruloplasmin
with inhibitors, In Biochemistry of Copper. Peisach, J., Aisen, P,,
and Blumberg, W. E., Eds. New York: Academic Press; pp. 545-557.

DENNY-BROWN, D. 1964. Hepatolenticular degeneration (Wilson's disease).
Two different components. New Engl. . J. Med. 270: 1149-1156.

DENNY-BROWN, D. AND PORTER, H., 1951. The effect of BAL 2, S-dimpfcapﬁunopanol)
on hepatolenticular degeneration (Wilson's disease). New Engl. v
J. Med. 245: 217-925,

DEUTSCH, H. F. 1960. A chromatographiCASpectrophotometric method for
the determination of ceruloplasmin. Clin. Chim. Acta 5: 460-463.

DEUTSCH, H. F., KASPER, C. B., AND WALSH, D. A. 1962. Rapid method for
preparation of crystalline human cerulopiasmin from Cohn fraction
IV-1. Arch. Biochem, 99; 132-135,

EARL, C. J., MOULTON, M. J., AND SILVERSTONE, B. 1954, Metabolism of
copper-in Wilson's disease. Amer. J. Med. 17: 205-213,

EDEN, A. AND GREEN, H, H, 1940, Micro-determination of copper in biological
material. Biochem. J. 34: 1202-1208, :

EHRENBERG, A. MALMSTROM, B. G., BROMAN, L., MOSBACH, R. 1962, A magnetic
susceptibility study of copper valence in ceruloplasmin and laccase.
J. Mol. Biol., 5: 450-452,

ENGER, E. 1959. Wilson'’s disease: report of a case with norinal-serum
ceruloplasmin level. Acta Med. Scand. 163: 121-124.

EPSTEIN,C. J. 1964, Structural and control gene defects in hereditary
diseases in man. Lancet 2: 10661067,



197

FELSENJFELD., G., McDONALD, R. K., PATRICK, R. W. 1963. Hnpublished
observations, reported by Blumberg et al., 1963.

FLEISCHER, B, 1912, Uber eine der 'Pseudosklerose’ nahestehende bisher
unbekannte Krankheit (gekennzeichnet dureh Tremor, psychische
_Storungen, brdunliche Pigmentierung bestimmter Gewebe, insbesondere .
auch der Hornhautperipherie, Leberzirrhose) Deut. Z. Nervenheilk.
44: "¥79%201,

FREYER, S. AND WALSHE, J. M. 1963, Effect of chelating agents on the copper-
protein bond in liver. Nature 198: 189,

FUKUDA, K. 1965. (Clinical and biochemical aspects in Wilson's disease in
several families)in Japanese Adv. Neurol. Sci. (Tokyo) 9: 817-827

GABALLAA, S. A., ABOOD, L. G., CALEEL, G. T.,, AND KAPSALIS, A. 1965, Uptake
and biliary excretion of 64Cu in rabbits in relation to blpod
ceruloplasmin, Proc. Soc. Expr,  Biol. Med, 120: 733-735.

GAULT, M, H.,, STEIN, J., AND ARONOFF, A, 1966. Serum ceruloplasmin in
hepatobiliary and other disorders: significance of abnoxmal
values. Gastroenterology 50: ﬁ-18,

GERMAN, J. L. AND BEARN, A. G. 1961, Efﬁect of estrogens on copper

metabolism in Wilson'’s disease. J. Clin, Invest., 40: 445-453,
i

GIBBS, K. AND WALSHE, J. M, 1966. Penicillamine and pyridoxine require-
ments in man. Lancet 1l: 175-179.

GIORGIO, A,, CARTWRIGHT, G. E., AND WINTROBE, M. M. 1964. Determination of
urifis copper by means of direct extraction with zinc dibenzyl
dithicarbamate. Amer. J. Clin. Path, 41: 22-28.

GITLIN, D., HUGHES; W, L., AND JANEWAY, C. A. 1960, Absorptibn and excretion
of copper in mice. Nature 188: 150-151,

GLAZEBROOK, A. J. 1945, Wilson's'diseaSe. Edinb, Med, J. 52: 83-87.

HALL, H; C. 1921. La dégénérescence hépato-lenticulaire. Maladie de
Wilson-pseudo~sclérose. Paris: Masson et cie,pp. 190-192. ‘

HARRIS, D, I; M. AND SASS-KORTSAK, A, 1967, The influence of amino acids
on copper uptake by rat liver glices. J. Clin. Invest. 46: 659-667.

HARRIS, H., MITTWOCH, U., ROBSON, E. B., AND WARREN, F. L. 1955, Phenotypes
and genotypes in cystinuria. Ann. Hum. Genet. (Lond.) 20: 57-64.

HEDDLE, J. G., McHENRY, E. W., BEATON, G. H. 1962, Penicillamine and.
vitamin Bg interrelatidnships in the rat. Canad. J. Biochem,
Physiol. 41: 1212-1221.

HERZ, E., AND DREW, A. J. JR, 1950. Hepatolenticular degeneration;
relation of degree of hepatic damage to course ofthe disease;
nervous disorders in ordinary disease of.the liver., Arch.
Neurol. Psychiat. 63: 843-874,



198

HITZIG, W. H. 1960, Das Bluteiweissbild im Sduglingsalter. Zurich:
Habilitationsschrift, quoted by Richterich (1961). '

HITZIG, W. H. 1961, Das Bluteiweissbild beim gesunden Sdugling.
Spezifische Proteinbestimmungen mit besonderer Berilichsichtigung
immunochemicher Methoden. Helv, Paediat. Acta 16: 46-81.

HOCHWALD, G, M., THORBECKE, G. J.; AND ASOFSKY, R. 1961. Sites of
formation of immune globulins and of a component of C'3, 1I.
A new technique for the demonstration of the synthesis of
individual serum proteins by tissues in vitro. J. Exper. Med.
114: 459-470.

HOLMBERG, C. G. AND LAURELL, C. B. 1947. Investigations in serum
copper. I. Nature of serum copper and its relation to the
iron-binding protein in human serum. Acta Chem. Scand. 1:
944-950,

HOIMBERG, C. G. AND LAURELL, C. B. 1948, Investigations in serum
Copper. II. Isolation of the copper containing protein, and
a description of some of its properties. Acta Chem. Scand.
2: 550-556,

HOIMBERG, C. G. AND LAURELL, C. B. 1951a. Oxidase reactions in human
plasma caused by coeruloplasmin. ‘Scand. J. Clin. Lab, Invest.
3: 105-107.

HOLMBERG, C. -G. AND LAURELL, C. B. 1951b. Investigations in serum
copper. III, Coeruloplasmin as an enzyme. Acta Chem. Scand.
5: 476-480. '

HOLMBERG, C. G. AND LAURELL, C. B. 195lc. Investigations in serum
copper. IV, Effect of different anions on the enzymatic
activity of coeruloplasmin. Acta Chem, Scand. 5: 921-930,

HOLTZMAN, N. A., ELLIOTT, D, A,, AND HELLER, R. H, 1966. Copper intoxi-
cation. Report of a case with observations on ceruloplasmin.
New Engl. J. Med. 275: 347-352,

. HOLTZMAN, N, A., NAUGHTON, M. A., IBER;, F. L., AND GAUMNITZ, B, M. 1967,
Ceruloplasmin in Wilson's disease. J. Clin, Invest. 46: 993-1002.

HORWITT, M. K., MEYER, B.-J., MEYER, A, C.; HARVEY, C. C., AND HAFFRON, D.
1957, Serum copper and oxidase activity in schizophrenic
patients. A.M.A, Arch. Neurol. Psychiat. 78: 275-282,

HOUCHIN, O. B, 1958, A rapid colorimetric method for the quantitative
determination of copper oxidase activity (ceruloplasmin).
Clin. Chem. 43 519-5230

HUNT, A. H,, PARR, R. M. TAYLOR, D. M., AND TROTH, N. G., 1963, Relation
between cirrhosis and trace metal content of liver with special
reference to primary biliary cirrhosis and copper. Brit. Med. J.
‘ 2: 1498-1501.



199

3
JAFFE; I. A., ALTMAN, K., AND MERRYMAN, P, 1964. The antipyridoxine
effect of penicillamine in man. J. Clin. Invest. 43: 1869-1873.

JAMIESON, G, A, 1965. Studies on glycoproteins. 1. The carbohydrate
portion of human ceruloplasmin. J, Biol. Chem. 240: 2019-2027.

- JENSEN, W. N.. AND KAMIN, H. 1957. Copper transport and excretion in
normal subjects and in patients with Laennec's cirrhosis and
Wilson's“disease: A study with 64Cu. J. Lab. Clin. Med,
49: 200-210.

JEUNET, F,, RICHTERICH, R., AND AEBI, H. 1962. Ftude in vitro }
l'aide de’la perfusion du foie de rat isolé. J. Physiol,
(Paris) 54: 729-737,

KALOW, W. AND GENEST, K. 1957. A method for the detection of atypical
forms of human serum cholinesterase., Determination of
dibucaine numbers. Canad. J. Biochem. Physiol. 35: 339-346.

KASPER, C. B. AND DEUTSCH, H. F. 1963, Immunochemical studies of
crystalline human ceruloplasmin and derivatives. J. Biol. Chem.
238: 2343-2350,

KASPER, C. B., DEUTSCH, H. F., AND BEINEkT, H. 1963, Studies on the
state of copper in native and modified human ceruloplasmin.
J. Biol. Chem. 238: 2338-2342,

KEHRER, F, 1930, Ziir Atiologie und Nosologie der Pseudosklerose
Westphal-Wilson. Z. Neurol. Psychiat. 129: 488-542.

KEMPTHORNE, O. AND OSBORNE, R. H, 1961. The interpretation of twin
data. Amer, J. Hum. Genet., 13: 320-339.

KOCH, H. J. JR., SMITH, E. R., AND McNEELY, J. 1957. Analysis of trace
elements in human tissues. II, Lymphomoatous diseases.
Cancer 10: 151-160.

KUCHINSKAS, E. J., AND Du VIGNEAUD, V., 1957. An increased vitamin
Bg requirement in the rat on a diet containing L-penicillamine,
Arch, Biochem. Biophys. 66: 1-9,

KURTZKE, J. F. 1962. Normal ceruloplasmin in Wilson's disease.
Arch. Neurol. (Chicago) 7: 371-376.

LAHEY, M. E., GUBLER, C. J., CHASE, M. S,, CARTWRIGHT, G. E., AND
WINTROBE, M. M. 1953. Studies on copper metabolism XII.
Blood copper in pregnancy and various pathological states.
J. Clin, Invest, 32: 329-339,

LAURELL, C. B, 1960. Metal binding plasma proteins and cation trans-
port. In the Plasma Proteins. Putham, F. W,, Ed. New York:
Academic Press, pp. 349-378,



200

LEGRAND, G. AND KAYSER, J. 1960, Effet de divers facteurs (anesthesie,
jeune dge) sur 1'activitié de la paraphenylenedlamlne du
serum de rat. Compt, Rend. Soc. Biol. 154: 1186-1191,

LEVI, A, J., SHERLOCK, S., SCHEUER, P. J,, AND CUMINGS, J. N. 1967.
Presymptomatic Wilson's disease. Lancet 1: 575-579.

LEVINE, W. G. AND PEISACH, J. 1963. Ethylenediaminetetraaceticacid,
iron and ceruloplasmln activity. Biochem, Biophys. Acta.
77: 602-614,

LI, C. C, 1961. Human Genetics. New York and Toronto: McGraw-Hill.
MAHONEY, J. P,, BUSH, J. A. GUBLER, C. J., MORETZ W. H., CARTWRIGHT, T
G. E., AND WINTROBE M. M. 1955, Studiés on copper metabollsm
XV. The excretion of copper by animals. J. Lab. Clin. Med.
46: 702-708. -

MALMSTRaM, B. G. AND NEILANDS, J. B. 1964, Metalloproteins. Ann., Rev.
Biochem, 33: 331-354,

MANDELBROTE, B. M., STANIER, W. M., THOMPSON, R. H. S., AND THRUSTON,
M. N, 1948, Studles on copper metabollsm in demyelinating
dlseases of the central nervous system. Brain 71: 212-228,

MARKOWITZ, H., CARTWRIGHT, G. E., AND WINTROBE M. M. 1959, Studies
on copper metabolism XXVII. The 1solat10n and properties of
an erythrocyte cuproprotein (erythrocuprein). J. Biol, Chen.
234: 40-45, :

MARKOWITZ, H. GUBLER, C. J., MAHONEY, J. P., CARTWRIGHT, G. E., AND
WINTROBE, M. M, 1955, Studles on copper metabollsm. IX.
Copper, ceruloplasmln and oxidase activity in sera of normal
human subjects, pregnant women, and patients with infection,
hepatolenticular degeneration and the nephrotic syndrome.
J. Clin. Invest. 34: 1498-1508.

MATTHEWS, W. B. 1954, The absorption and excretion of radio-copper in
hepatolentlcular degenerations (Wilson's disease) J. Neurol.
Neurosurg. Psychiat, 17: 242..246.

MATTHEWS, W. B., MILNE, M. D., AND BELL, M. 1952, The metabolic disorder
in hepatolenticular degeneration. Quart. J. Med. 21: 425-446.

McALISTER, R., MARTIN, G. M., AND BENDITT, E., P, 1961. Evidénce for
multlple caeruloplasmln components in human serum. Nature
190: 927-929.

MITTEL'SHTEDT, A. A. AND BAUMAN, L. K. 1964. (Ceruloplasmin in
relatlves of patients w1th hepatolenticular degeneration)
in Russian. Zh. Nevropat. Psikhiat. Korsakov., 64: 819-823,

MORELL, A. G. AISEN, P., AND SCHEINBERG, I. H. 1962, Is ceruloplasmin
an ascorbic acid oxidase? J. Biol. Chem. 237: 3455-3457.



201

MORELL, A,.G. AND SCHEINBERG, H. 1958, Preparation of an apoprotein
from ceruloplasmin by reversible dissociation of copper.
Science 127: 588-590,

MORELL, A. G. AND SCHEINBERG, I. H. 1960. Heterogeneity of human
ceruloplasmin, Science 1313 930-932,

MORELL, A, G., SHAPIRO, J. R., AND SCHEINBERG, I. H. 1961, Copper
binding protein from human liver. In Wilson's disease:
Some Current Concepts. Walshe, J. M. and Cumings, J. N.,
Eds.  Springfield, Ill.: Charles C. Thomas, pp. 36-42,

MORELL, A. G., AISEN, P., BLUMBERG, W. E., AND SCHEINBERG, I, H.
1964, Physical and chemical studies on ceruloplasmin,
II. Molecular oxygen and the blue colour of ceruloplasmin,
J. Biol. Chem, 239: 1042-1043,

MYRIANTHOPOULOS, N. C. 1961. Incidence and prevalence in human:
genetics. Amer. J., Hum, Genet. 13: 285-286.

NEALE, F. C. AND FISCHER-WILLIAMS, M. 1958, Copper metabolism in
normal adults and in clinically normal relatives of patients
with Wilson's disease. J. Clin, Path. 11: 441-447,

NELSON, W. E., ED. 1964, Textbook of Pediatrics, 8th ed. Philadelphia:
W. B, Saunders Company, .pp. 32-39. :

NEUMANN; P. Z, AND SASS-KORTSAK, A. 1963. Binding of copper by serum
proteins, Vox Sang., 8: 111-112,

NEUMANN, P. Z. AND SASS-KORTSAK, A. 1967. The state of copper in human
serum: evidence for.an amino acid-bound fraction. J. Clin.
Invest. 46: 646-658,

NEUMANN, P. Z. AND SILVERBERG, M. 1966. Active copper transport in
mammalian tissues - a possible role in Wilson's disease.
Nature 210: 414-416.

NEUMANN, P. Z., AND SILVERBERG, M. 1967. Metabolic pathways of red
blood cell copper in normal humans and in Wilson's disease.
Nature 213: 775-779,

NEWTON, W. A., BECKWITH, J. R., ZIPSER, D., AND BRENNER, S. 1965.
Nonsense mutants and polarity in the lac operon of Escherichia
coli. J. Mol. Biol., 14: 290-296,

O'REILLY, S. 1961. Observations on ceruloplasmin and method for its
estimation. Neurology (Minneap,) 11: 259-265,

OSBORN, S. B., ROBERTS, C. N., AND WALSHE, J. M. 1963. Uptake of radio-
copper by the liver. A study of patients with Wilson's disease
and various control groups. Clin, Sci., 24: 13-22.



202

OSBORN, S. B; ‘AND WALSHE, J. M. 1961, Copper uptake by the liver:
study of a Wllson's disease family., In Wilson's Disease:
Some Current Concepts. Walshe, J. M. and Cumings, J. N.,
Eds. Springfield, Il1l,: Charles C. Thomas, pp. 141-150.

OSBORN, S;_B. AND WALSHE, J. M. 1964, F11terable and non-filterable
serum copper. (2) Studies with 64cu, Clin. Sci. 26:
213-217,

OSBORN, S, B, AND WALSHE, J. M. 1967. Studies with radioactive copper
(64Cu and 67Cu) in relation to the natural history of Wilson's
disease, Lancet 1: 346-350,

OWEN, C. A. AND HAZELRIG, J. B. 1966, Metabolism of 94Cu-labelled
copper by the isolated rat liver. Amer. J., Physiol, 210:
_ 1059-1064.,

OWEN, J. A. AND SMITH, H. 1961, Detection of ceruloplasmin after zone
electrophoresis: Clin. ‘Chim. Acta 6: 441-444,

PEISACH, ‘J.,; AISEN, P., AND BLUMBERG, W. E., Eds. 1966, Biochemistry
of Copper. New York: Academic Press.

PEISACH, J. AND LEVINE, W. G. 1963, On the mechanism of ceruloplasmin-
catalyzed oxidations. Biochem. Biophys, Acta 77: 615-628.

PETERS, R. A., SHORTHOUSE, M., AND WALSHE, J. M. 1966. Studies on the
toxicity of copper. II. The behaviour of microsomal
membrane -ATPase of the pigeon's brain tissue to copper and some
other metabolic substances. Proc. Roc. Soc. 166: 285-294,

PETERS, R. AND WALSHE, J. M. 1966. Studies on the toxicity of copper.
1. The toxic action of copper in vivo and in vitro. Proc.Roy.
Soc. 166: 273-284, '

PHILLIPS, J. N. 1967, Some aspects of metal incorporation into porphyrins.
Enzymologia 32: 13-17, ' .

PINEDA, E. ‘P.; RAVIN, H. A., AND RUTENBURG, A. M. 1962, Serum ceruloplasmin:
observations in patients with cancer, obstructive jaundice, and
other diseases. Gastroenterology 43: 266-270.

POJEROVA, -A. AND TOVAREK, J. 1960, Ceruloplasmin in early childhood.
Acta Paed. (Stockholm) 49: 113-120.

PORTER, H. 1949. Amino acid excretion in degenerative diseases of the
nervous system., J. Lab. Clin., Med. 34: 1623-1626.

PORTER;, H. 1963. The intracellular distribution and chromatographic
separation of copper proteins in Wilson's disease. Trans.
Amer, Neurol. Ass. 88: 159-164,

PORTER, H. 1964, Tissue copper proteins in Wilson's disease., Arch.
Neurol. (Chicago) 11: 341-349,



.203

POULIK, M. D. 1962. Electrophoretic and immunological studies on
structural sub-units of human ceruloplasmin, Nature 194: 842-844,

POULIK, M. D, 1963. Heterogeneity and structural subunits of human
ceruloplasmin, In Protides of the Biological Fluids. Peeters,
H,, Ed. Amsterdam : Elsevier Publishing Company, pp. 170-
182, -

POULIK, M. D. AND BEARN, A. G. 1962, Heterogeneity of ceruloplasmin,
Clin. Chim., Acta 7: 374-382,

POILLON, W. N. AND BEARN, A. G. 1966, The molecular structure of human
ceruloplasmin. Evidence for subunits. Biochem. Biophys.
Acta 127: 407-427, '

RAVIN, H. A. 1961. An improved colorimetric enzymatic assaf of ceruloplasmin.
J. Lab., Clin, Med. 58: 161-168,

REIFF, B. AND SCHNEIDEN, H. 1959, Plasma copper and iron levels and plasma
paraphenylenediamine oxidase activity (plasma copper oxidase
activity) in kwashiorkor. Blood 14: 967-971,

RICHTERICH, R., GAUTIER, E., STILLHART, H., AND ROSSI, E. 1960. The
heterogeneity of caeruloplasmin and the enzymatic defect in
Wilson's disease., Helv, Paediat. Acta 15: 424-436,

RICHTERICH, R. 1961. The heterogeneity of caeruloplasmin in the newborn.
In Wilson's Disease: Some Current Concepts. Walshe, J. M. and
Cumings, J. N., Eds. Springfield, I11l,: Charles C. Thomas,
pp. 81-95,

ROSENOER, V. M, 1961. In Wilson's Disease: Some Current Concepts.
Walshe, J. M, and Cumings, J. N., Eds. Springfield, Ill.:
Charles C. Thomas, pp. 110-111,

ROSENOER, V., M. AND FRANGLEN, G. 1959, Caeruloplasmin in Wilson's
disease, Lancet 2: 1163-1164.

RUSS, E. M. AND RAYMUNT, J. 1956. Influence of estrogens on total
serum copper and caeruloplasmin. Proc. Soc. Exp. Biol., Med.
92: 465-466.

SACHS, A., LEV.INE; V. E., AND FABIAN, A. A. 1936, Copper and iron in
human blood IV. Normal children. Arch. Intern. Med. (Chicago)
58: 523-530.

SASS-KORTSAK, A. 1965, Copper metabolism. Adv. Clin. Chem., 8: 1-67.

SASS-KORTSAK, A. 196. Unpublished observations.

SASS-KORTSAK, A., CHERNIAK, M., GEIGER, D. W., AND SLATER, R. J. 1959,

Observations on ceruloplasmin in Wilson'’s Disease. J. Clin,
Invest, 38: 1672-1682,



204

SASS-KORTSAK, A., GLATT, B. S., CHERNIAK, M., AND CEDERLUND, I, 1961.
Observations on copper metabolism in homozygotes and hetero-
zygotes of Wilson's disease, In Wilson's Disease: Some
Current Concepts. Walshe, J. M. and Cumings, J. N., Eds,
Springfield, Ill.: Charles C. Thomas, pp. 151-167..

SASS-KORTSAK, A., BAKER, R. G., CAMERON, H. H., AND NEUMANN, P, Z.
1962. The fate of a single intravenous dose of copper in
patients with Wilson's disease. Gastroenterology
42; 229, '

SCHAFFNER, F. Ed. 1963, Clinico pathological conference. Jaundice,
ascites and cornial discoloration with normal ceruloplasmin,
J. Mount Sinai Hosp. N.Y. 30: 349-352,

SCHEINBERG, I. H., COOK, C. D,, AND MURPHY, J. A, 1954, The concen-
tration of copper and ceruloplasmin in maternal and infant
plasma at delivery., J. Clin. Invest. 33: 963.

SCHEINBERG, I. H. AND GITLIN, D. 1952, Deficiency of ceruloplasmin in
patients with hepatolenticular degeneration (Wilson's
disease). Science 116: 484-485,

SCHEINBERG, I. H. AND MORELL, A. G. 1957. Exchange of ceruloplasmin
copper with ionic 4Cu with reference to Wilson's disease,
J. Clin, Invest. 36: 1193-1201. :

SCHEINBERG, I. H., MORELL, A., AND HAYES, J. B. 1962, Measurement of
the concentration of ceruloplasmin in serum by determination
of its oxidase activity. Unpublished manuscript.

SCHEINBERG, I. H. AND STERNLIEB, I. 1963. Wilson's disease and the
concentration of caeruloplasmin in serum. Lancet 1: 1420-

1421,

SCHEINBERG, I. H. AND STERNLIEB, I. 1965. Wilson's disease. Ann.
Rev. Med. 16: 119-134,

SCHEINBERG, I. H., MORELL, A. G., HARRIS, R, S., AND BERGER, A. 1957.
Concentration of ceruloplasmin in plasma of schizophrenic
patients. Science 126: 925-926.

SCHEINBERG, I. H., HARRIS, R. S., MORELL, A, G., AND DUBIN, D, 1958.
Some aspects of the relation of ceruloplasmin to Wilson's
disease. Neurology (Minneap.) 8, Suppl. 1: 44-51,

SCHEUER, P. J. AND BARKA, T. 1964. Effect of copper loading on uptake
and excretion of copper-64 by rat liver., Nature 20i:
1135-1136.

SHERLOCK, S. 1860. Conference on Wilson's disease, the National
Hospital, Queen Square, London, Sept. 20-22, 1960; reported
in Lancet 2: 1294-1295,



205

SHREFFLER, D. C., BREWER, G, J., GALL, J. C., AND HONEYMAN, M. S. 1967,
Electrophoretic variants in human serum ceruloplasmin: a new
genetic polymorphism. Biochem, Genet, 1: 101-115,

SMITH, S. AND PENROSE, L. S. 1955. Monozygotic and dizygotic twin
diagnosis. Ann. Human. Genet, (Lond.) 19: 273-289,

SMITHIES, O. 1959. An improved procedure for starch-gel electrophoresis:
further variations in the serum proteins of normal individuals.
Biochem. J. 71: 585-587,

SOOTHILL, J. F., BLAINEY, J.-D., NEALE, F, C.,FISCHER—WILLIAMS, M.,
AND MELNICK, S." C. - 1961. A family study of the biochemical
defects in Wilson's disease. J. Clin. Path, 14: 264-270,

STADLER , H. 1939, Die Erkrankungen der Westphal-Wilsonchen Pseudo-
sklerose auf Grund Anatomischer, Klinischer und erbbiologischer
Untersuchungen, Z, ges. Neurol, Psychiat, 164: 583-643,

STEEL, R. G. D. AND TORRIE, J. H, 1960, Principles and Procedures of
Statistics. New York, Toronto and London: McGraw-Hill.

STERN, C. 1960, Principles of Human Genetics. San Francisco and London:
W. H. Freeman and Co.

STERNLIEB, I. 1966, The Kayser-Fleischer ring. Med. Radiogr. Photogr.
42: 14-15, i

STERNLIEB, I. AND JANOWITZ, H. D. 1964. Absorption of copper in mal-
absorption syndromes., J. Clin. Invest., 43: 1049-1055,

STERNLIEB, I., MORELL, A. G., AND SCHEINBERG, I. H. 1961, Homozygbsity
and heterozygosity in Wilson's disease. In Wilson's Disease:
Some’ Current Concepts, Walshe, J. M, and Cumings, J. N., Eds.
Springfield, Ill.: Charles C. Thomas, pp. 133-140.

STERNLIEB, TI. AND SCHEINBERG, I. H. 1961, Ceruloplasmin in health and
disease. Ann, N,Y. Acad, Sci. 94: 71-76,. ‘

STERNLIEB, I. AND SCHEINBERG, I. H. 1963, The diagnosis of Wilson's
disease in asymptomatic patients. J.A.M.A. 183: 747-750,

STERNLIEB, I. AND SCHIENBERG, I. H. 1964. Penicillamine therapy for
hepatolenticular degeneration. J.A.M.A. 189: 748-754,

STERNLIEB, I., MORELL, A. G., TUCKER, W. .D., GREENE, M. W., AND SCHEIN-
"BERG, I, H. 196la. The incorporation of coRper into
ceruloplasmin in vivo: studies with copper6 and copper67.
J. Clin. Invest, 40: 1834-1840.

STERLIEB, I., MORELL, A. G., BAUER, C. D., COMBES, B., DeBOBES-STERNBERG,
S., AND SCHEINBERG, I. H. 1961b., Detection of the hetero-
zygous carrier of the Wilson's disease gene. J. Clin. Invest.
40: 707-715,



206

SULLIVAN, J. F. AND HART, K. T. 1960, -Serum benzidine oxidase. J. Lab,
Clin. Med, 55: 260-267,

SUNDERMAN, F. W., JR., WHITE, J. C., AND SUNDERMAN, F. W. 1963, Metabolic
balance studies in hepatolenticular degeneration treated with
diethyldithiocarbamate, Amer. J. Med, 34: 875-888.,

TAUXE, W. N., GOLDSTEIN, N. P., RANDALL, R, V., AND GR088; J. B. 1966,
Radiocopper studies in patients with Wilson's disease and
their relatives. Amer. J, Med. 41: 375-380, :

TU, J. B, 1963. A genetical, biochemical and clinical study of Wilson's
disease among Chinese in Taiwan. Acta Paediat. Sinica 4:81-
104,

TU, J. B., COOPER, W, C,, BLACKWELL, R. Q., AND HOU, T. V. 1962,
Asymptomatic Wilson's disease, Acta Paediat, Sinica 3: 154-160.

URIEL, J. 1958. . Colorimetric detection of human caeruloplasmin oxidase
activity after electrophoresis in agar plates or after immuno-
electrophoresis. Nature 181: 999-1000,

UZMAN, L. L., AND HOOD, B. 1952, The familial nature of aminoaciduria
in Wilson's disease. Amer. J. Med. Sci, 223: 392-400, ‘

UZMAN, L. L., IBER, F. L., AND CHALMERS, T. C. 1956, Mechanism of
copper deposition in the liver in hepatolenticular degeneration
(Wilson's disease). Amer, J. Med. Sci, 231: 511-518,

VALLEE, B. L. 1955. Zinc and metalloenzymes. Adv. Prot. Chem, 10:
317-384,

VanRAVESTEYN, A. H. 1944, Metabolism of copper in man. Acta Med. Scand.
118: 163-196.

VOGEL, F. S, AND KEMPER, L, 1963. Biochemical reactions of copper
within neural mitochondria, with consideration of the role of
the metal in the pathogenesis of Wilson's disease, Lab.
Invest. 12: 171-179.

WALD, I. 1962. A genetic analysis of hepatolenticular degeneration.
Folia Biolog. (Praha) 10: 321.

WALSHE, J. M., 1956, Wilson's Disease, new oral therapy. Lancet
1: 25-26.

WALSHE, J, M. 1960. Treatment of Wilson's disease with penicillamine,
Lancet 1: 188-192,

WALSHE, J. M. 1962, Wilson's disease. The presenting symptoms. Arch,
Dis. Child. 37: 253-256.

WALSHE, J. M. 1963a. Copper metabolism and the liver., Postgrad.
Med. J. 39: 188-192,



WALSHE,

WALSHE,

WALSHE,

WALSHE,

WALSHE,

WALSHE,

WILSON;

207

J. M, 1963b. Filterable and non-filterable serum copper: the

action of penicillamine. Clin. Sci. 25: 405-411.

J. M. 1963c. Studies on the oxidase properties of ceruloplasmin:
factors in normal and Wilson's disease serum affecting oxidase
activity. J. Clin, Invest. 42: 1048-1053,

J. M, 1964, Endogenous copper clearance in Wilson's disease -
a study of the mode of action of penicillamine. Clin. Sci.
26: 461-469.

J. M. 1967, The;physiology of copper in man and its relation
to Wilson's disease. Brain 90: 129-176.

J. M. AND BRIGGS, J. 1962. Ceruloplasmin in liver disease.
A diagnostic pitfall. Lancet 2: 263-265.

J. M, AND CARPENTER, R. G, 1965. Abnormal behavior of Wilson's
disease ceruloplasmin in the presence of enzyme inhibitors.
Gastroenterology 48: 499,

S.A.K. 1912, Progressive lenticular degeneration: a familial
nervous disease, associated with cirrhosis of the 1liver.
Brain 34: 295-509.



APPENDIX




209
CASE MATERIAL FOR STUDIES OF WILSON'S DISEASE

Age of
onset Parents Sibs

Proband Sex (years) Consang.2 Racial originP Normal  W.D.C

D.B. F 9 - Polish, Germ. 2 -
R.Be. M 24 - Irish, Eng. - 1F (20)

(2 dec.) .
B.Bl. M 8 - Eng.(?), Ital, 8 1M(9-as.)
F.Bu, M 11 - Eng., Irish 2 -
M.Ch. F 13 lc. Eng. -2 -
s.C. M 38 - Polish(J)4 2 -
R.Co. M 9 - Eng. | 1 -
V.D. M 10 - French, Fr./N.A. 2 -

Ind.

B.K, M 11 - Russian/Pol, ,Eng. .2 -
M.L. M 13 - French 8 1F(2-as.)
B.Ma, F 3(as.) lc. Eng. (?) 8 2M(77,10)
V.Mc. F | 23 - Polish | 1 -

(1 n.t.)
B.McI. F 8 - Germ., Eng, 6 -
J.Mi. M 25 - Czech. 3 -
Rb. Mo. M 10 2c. Irish 3 1M(12)
L.M. F 20 (as.) - Anglo-Saxon(?) - {%%Egéé%}
J.0. M 12 - Ital./Eng.,Polish 3 IM(6-as.)
J.0r. M 9 3c, Ital. : 2 -
O0.R. 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(97,13)
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Age of
gnset Parents Sibs

Proband Sex (years) Consang.2 Racial origiﬁb Normal W.D.C

K.W. F 9 - Gem., Eng- 1 -
‘R.Wo, M 9 - Chinese 3 -
F.Y. M 13 lc. Irish 1 - 2F(117,97)

& 1c - first cousins, 2c - second cousins, etc.,

b Parents same where one listed; father given first if different;
stroke indicates mixed origin of parent.: : «

€ as. - asymptomatic; ? - probable Wilson's disease, but not confirmed.

d (J) - Jewish





