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Introduction. Metallothioneins (MT) 
constitute a distinct group of low-molecu- 
lar-weight metal- binding proteins sy n t he- 
sized in liver and other tissues of animals 
exposed to heavy metals such as Cd and Zn 
(1). Although a variety of roles has been 
suggested for MT, their function in Cd 
metabolism, if any, remains uncertain. 
One attractive proposal considers a contri- 
bution of Cd-MT to transport of Cd from 
liver to kidneys and subsequently to its 
urinary excretion as reabsorption dimin- 
ishes following onset of renal damage (2). 
Vostal and Cherian (3) followed the excre- 
tion of intraarterially injected Cd-MT, but 
little is known of mechanisms involved in 
the renal handling of the compound. Criti- 
cal testing of the hypothesis that inhibi- 
tion of Cd-MT reabsorption accounts for 
urinary Cd excretion requires determina- 
tion of rates of filtration and reabsorption 
of Cd-MT in Cd-poisoned animals. We re- 
port here the results of such determina- 
tions. 

Materials and methods. The experi- 
ments were performed on male Japanese 
white rabbits weighing approximately 3 kg 
and maintained on regular laboratory 
chow. Half the animals were injected sub- 
cutaneously for approximately 12 weeks 
with 0.5 mg of Cd as CdClJkg initial body 
weight/day; at that time the Cd content of 
the renal cortex averaged 262 2 21 (SD) 
pg/g of fresh weight. Labeled Cd-MT was 
isolated from livers of animals which had 
received Cd for 19 days. At that time they 
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were given 150 pCi o l  llSrnCd (carrier free) 
by subcutaneous injection; 2 days later 
they were killed by a blow on the head and 
the livers were quickly removed and 
placed on ice. Isolation of the labeled mate- 
rial followed the method of Cherian (4). 
The final product contained no appreciable 
Zn, optical absorption at 252 nm equalled 
1.51, and the specific activity of Cd was 
3500 cpmlpg, as counted in Bray’s solution 
on a Packard Model 3320 liquid-scintilla- 
tion spectrometer. Concentrations of Cd- 
MT are calculated on the basis of a mean 
molecular weight of 10,000, equivalent to 
seven molecules of Cd. All metal assays 
were performed by flameless atomic-ab- 
sorption spectrometry (Varian-Technitron 
Models 1100 and 63) after wet-ashing, ex- 
traction into dithizone-chloroform, and 
reextraction into 2 % HC1. Detection limits 
for Cd were 0.5 ng/ml of plasma, and 8 ng/ 
ml of urine. Glomerular filtration was 
equated to clearance of [3H]methoxyinulin 
(New England Nuclear). For clearance 
studies rabbits were anesthetized with 
nembutal; urine flow was stimulated by 
continuous intravenous infusion of 5 % 
mannitol at 2.4 ml/min. Urine was col- 
lected from each kidney through ureteral 
catheters, but results from the two kidneys 
were combined for calculation of tubular 
maxima and other characteristics of reab- 
sorption in each animal. In order to reduce 
the need for administration of large 
amounts of Cd-MT, the compound was in- 
fused through a mixing chamber (6 ml) at 
0.3 ml/min ( 5 )  and a femoral catheter was 
advanced into the thoracic aorta. This per- 
mitted maintenance of steady arterial 
plasma levels of Cd-MT and inulin, with 
an average variation of 6 %  from the mean 
over a period of 1 min. A catheter in the 
contralateral femoral artery permitted 
rapid collection of arterial blood. Blood 
was obtained 1 min after the beginning of 
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infusion, and again 1 min later at the be- 
ginning of a 1-min urine collection period. 
No significant uptake of Cd-MT by eryth- 
rocytes could be observed. The expected 
free filterability of plasma Cd-MT and ab- 
sence of binding to high-molecular-weight 
proteins could be inferred from the obser- 
vation that, even 20 min after injection, all 
plasma l15,Cd remained in one low-molec- 
ular-weight fraction upon gel chromatog- 
raphy. Filtered load of Cd-MT could there- 
fore be calculated as the product of its 
plasma concentration and inulin clear- 
ance. Following stepwise addition of Cd- 
MT to the mixing chamber, repeated clear- 
ance determination at different filtered 
loads were performed on each animal. Ex- 
cretion of unlabeled Cd by exposed ani- 
mals was determined on 24-hr urine sam- 
ples collected in metabolism cages. 

Results. Preliminary experiments had 
suggested that fractional excretion of fil- 
tered Cd-MT increases with the dose ad- 
ministered, i.e., that reabsorption might 
be mediated by a saturable process. In or- 
der to study this saturation phenomenon 
more quantitatively, clearance and reab- 
sorption of Cd-MT were determined as dis- 
cussed in the Methods section. Results of a 
control experiment are shown in Fig. 1. 

Reabsorption, equated as usual with the 
difference between filtration and excre- 
tion, was complete below a filtered load of 
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FIG. 1 .  Excretion of Cd-MT at different filtered 
loads. Control animal; five successive clearance pe- 
riods were obtained, and each point represents an 
observed ( X )  or calculated (0) value from one kid- 
ney. Lines were calculated by least-squares analy- 
sis. Extrapolation of the reabsorption line to zero 
leads to a calculated T,,, of 0 . 6  pg  of Cd/min, equiva- 
lent to 15.2 pg  of Cd-MT/two kidneys/min. 

1.2 yg/min. At that level some process 
must have reached saturation, so that fur- 
ther increases in filtered load now led to 
gradually increasing excretion. If this sat- 
urable process, however, could account for 
all Cd-MT reabsorption, no further in- 
creases in reabsorption should result from 
raising filtered load above the saturation 
point. Reabsorption, however, continued 
to increase with filtered load even though 
a saturation point had been reached and 
exceeded. It is necessary to assume, there- 
fore, that a second process is involved in 
Cd-MT reabsorption which did not become 
saturated in our experiments. The same 
interpretation was previously offered for 
similar results obtained in the study of 
tubular glycine reabsorption (6). 

According to convention, extrapolation 
of the reabsorption line to zero leads to a 
value of T,. The slope of the reabsorption 
line provides a measure of continuing con- 
stant fractional reabsorption even at the 
highest filtered loads attained in these 
studies. Results of a total of four control 
studies and of similar determinations on 
seven Cd-poisoned animals are compared 
in Table I .  Exposure to Cd significantly 
reduced the maximum capacity of that 
portion of the reabsorptive process which 
is saturated under present conditions, 
without apparently exerting an effect on 
the nonsaturated component. Mean re- 
sults are described by the following equa- 
tions linking reabsorption ( R )  to filtered 

TABLE I .  REABSORPTION OF Cd- 
METALLOTHIONEIN. a 

Control Poisoned 
4 7 

n 
Inulin clearance (ml/ 20 2 2 17 f 5 

Cd-MT reabsorption: 18.6 f. 2 . 4  7.2 2 5.0* 
min) 

T,,, of saturated proc- 
ess (pg/min) 

(pg/pg filtered) 
Nonsaturated process 0.47 2 0.13 0.55 f 0.10  

Plasma Cd (ng/ml) NDb 9.7 f 1.7 

(ng/min) - 45 2 15 
Urine Cd (ng/ml) N D  350 f 190 

a Mean values, calculated on basis of two kidneys, 
are shown for n animals ? SD. 

ND, not detectable. 
* Significantly different from control, P < 0.01. 
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load (F) and excretion (E): In control ani- 
mals, R = 0.47 F + 18.6 pg of Cd-MT/min; 
similarly for poisoned rabbits, R = 0.55 F 
+ 7.2 pg of Cd-MT/min. The equation for 
poisoned animals may be rewritten as E = 
F - R = 0.45 F - 7.2 pg/min. 
Discussion. In work to be reported else- 

where, no significant movement of Cd-MT 
from peritubular blood in the direction of 
secretion could be found. Analysis of renal 
excretion data of Cd-MT may therefore 
focus on the processes of filtration and 
reabsorption. The data reported here are 
conveniently explained in terms of two si- 
multaneous reabsorptive processes, only 
one of which becomes saturated at rela- 
tively low levels of Cd-MT; the second 
process does not approach saturation even 
at the highest plasma levels of Cd-MT 
reached in the clearance experiments. A 
similar fractional reabsorption of other 
low-molecular-weight proteins (insulin, ri- 
bonuclease) independent of wide absolute 
changes in filtered load was previously de- 
scribed by Cortney et al. (7). 

Given the renal capacity for tubular 
reabsorption of filtered Cd-MT, it is now 
possible to consider the question of 
whether excretion of Cd in urine can be 
ascribed to Cd-MT. Analysis of 24-hr spec- 
imens of bladder urine from Cd-treated 
animals yielded a mean value of Cd excre- 
tion of 0.045 pg/min, equivalent to 0.57 pg 
of Cd-MT if present as such. According to 
the equation relating excretion to filtered 
load, this corresponds to a value of 17.26 
pg of Cd-MT or 1.3 pg of Cd which must 
have been filtered per minute if excretion 
of the metal is to be entirely attributed to 
Cd-MT. Given a mean total GFR of 17 ml/ 
min (see Table I), this presupposes a 
plasma level of 0.076 pg of Cd in the form 
of Cd-MT/ml. The actual plasma level of 

Cd amounted only to 0.01 pg/ml. Because 
of the low concentration, it proved difficult 
to determine with any accuracy the pro- 
portion of this Cd present as Cd-MT; at 
best, however, only a portion of circulating 
Cd was thus bound. But even if we as- 
sumed that Cd-MT could account for all 
plasma Cd, there would still remain an 
eightfold discrepancy between calculated 
and observed plasma levels. It seems un- 
likely, therefore, that Cd-MT can account 
for Cd excretion in Cd-poisoned rabbits. 

Summary. Metallothioneins isolated 
from the liver of rabbits injected with 
llSrnCd were infused into normal and Cd- 
treated rabbits, and renal filtration, excre- 
tion, and reabsorption of the isotope were 
determined. Reabsorption involved at 
least two processes, only one of which be- 
came saturated at low plasma concentra- 
tions of Cd-MT. This process was greatly 
depressed in poisoned animals. Neverthe- 
less, the reabsorptive capacity even of poi- 
soned kidneys remained so high that renal 
excretion of Cd in the poisoned rabbit can- 
not primarily involve filtration of Cd-MT 
and its tubular rejection, as had been sug- 
gested by other workers. 
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