BIOCHEMICAL EFFECTS OF Cd2+-INJURY IN THE
RAT AND MOUSE TESTIS
M. WEBB
Research Laboratory,

Strangeways
Cambridge
{Received 7th June 1971, accepted Wth November 1971)
Summary. Biochemical changes that occur in the rat or mouse testis
after a single subcutaneous injection of a sub-toxic dose of CdCl2 (2\m=.\2
\g=m\mol/100 g body wt) include decreases in the contents of DNA, RNA
and in the activities of certain Zn2+-containing enzymes. The protein
content is increased, although the rate of protein synthesis is reduced.
Uptake of Cd2+ by the testis is small and does not cause the displacement of Zn2 +. In both species, the concentration of Zn2 + remains constant
in the testis for a short time after the parenteral administration of Cd2 +,
and then increases progressively. Initially, this increase appears to be
due to the decrease in weight of the damaged testis, which is not accompanied by the loss of Zn2+. Later, when the testicular weight becomes

constant, Zn2+ continues to accumulate to a level nine to ten times
greater than in the normal testis.
In the male rat, subcutaneously injected Cd2+ accumulates to high
levels and is retained in the liver and kidneys. In both of these organs
also, the Zn2+ content increases with the uptake of Cd2+. Bound Cd2+ is
present in the soluble components (cell sap) of these tissues as a single
fraction, probably metallothionein. This Cd2+-binding protein also
accumulates Zn2+ and is responsible for its increased uptake.
Competitive antagonism between the toxic Cd2+ cation and the
essential Zn2 + ion may occur in the epididymis since, in this organ, the
content of the latter cation decreases with the uptake of the former.

INTRODUCTION
The selective injurious action of a single subcutaneous injection of sub-toxic
levels of Cd2 + on the testes of many laboratory animals with scrotal testes has
been confirmed repeatedly (see e.g. Johnson & Miller, 1970, for a survey of the
observations of Pafizek & Zahor (1956). The
literature) since the initial
+
action
of
Cd2
appears to be on the permeability of the vascular
primary
the
end-arterial
system, probably
capillary bed (e.g. Niemi & Kormano, 1965;
Waites & Setchell, 1966; Clegg, Carr & Niemi, 1969; but cf. Johnson, 1969)
and leads to ischaemia and testicular necrosis. Subsequently, the testes become
revascularized, although with a different arrangement of blood vessels (Niemi &
Kormano, 1965) and there is some regeneration of interstitial tissue but not
of the seminiferous tubules (Parizek, 1960).
Excess Zn2+ is known to protect against the Cd2 +-induced injury to the testis
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(Parízek, 1960; Kar, Das & Mukerji, 1960; Gunn, Gould & Anderson, 1961;
Mason & Young, 1967), and it has been suggested (Pafizek, 1960; Hodgen,
Butler & Gomes, 1968; Johnson, 1969) that one, possibly secondary, effect of
Cd2 + may be through interference with the metabolism and function of Zn2 +.
A similar hypothesis has been advanced to explain the teratogenic effect of
Cd2+ in the golden hamster (Ferm & Carpenter, 1967). The present paper
summarizes an investigation on the biochemical effects of Cd2 + injury on the
mouse and rat testis, particularly with regard to the possible antagonism between
this cation and the normal biologically-functional Zn2+ ion.
MATERIALS AND METHODS

Chemicals
The disodium salts of ATP and phosphocreatine, the sodium salt of guanosinetriphosphate and pyruvate kinase were obtained from Sigma Chemical
Company, London. The radioactive materials, [l-14C]L-leucine (62 mCi/mmol),
[14C]protein hydrolysate (54 mCi/m Atom C) and 65ZnCl2 were purchased
from The Radiochemical Centre, Amersham, Bucks. Before use, the 65ZnCl2
supplied as a solution in 04 n-HCI, was supplemented with carrier ZnCl2 and
evaporated to dryness in vacuo over P205 and KOH, the residue being redissolved in 0-001 n-HCI at a concentration of 1 mg Zn2+ (or 250 /jCi)/ml.

Animals
Male mice and rats, weighing about 25 g and 250 g, respectively, of the
laboratory C3H and 'hooded' strains, were maintained on Diet No. 86 (North
Eastern Agricultural Co-operative Society Ltd) and had free access to water.
Single injections of CdCl2 (2-2 µ /100 g body wt) in isotonic saline were
made subcutaneously into ninety 8-week-old mice and ninety-seven 12-weekold rats, the control animals (sixty mice and forty-three rats) being injected
with the same volume of 154 mM-NaCl. Other injections (e.g. of 65Zn2+ or

[14C]protein hydrolysate)

were

given intraperitoneally.

Histology

For routine

examination, tissues were fixed in Bouin's solution, embedded in
and
sectioned at 8 µ , the sections being stained with haemaparaffin wax
or
carmalum-aniline
blue. Fresh frozen cryostat sections (10
toxylin-eosin
or
either
fixed
in
absolute methanol, were used for the
µ thick),
unfixed,
histochemical detection of Zn2+ by the dithizone method of Mager, McNary &
Lionetti (1953).
Amino acid incorporation into tissue proteins in vitro
Liver and testicular tissue (after removal of the tunica albugínea) were im¬
mersed in ice-cold Hanks' saline and minced with scissors. Portions (about 20
mg) of the minced tissue were blotted on Whatman No. 54 filter paper, weighed
on a torsion balance and transferred to 25-ml Erlenmeyer flasks that contained
3ml Medium 199 (Burroughs Wellcome and Company, London) devised by
Morgan, Morton & Parker (1950). The bicarbonate buffer was replaced by
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was supplemented with [l-14C]L-leucine (04

Biochemical

phosphate and the medium
juCi/ml). Flasks were incubated in a metabolic water bath at 37° C for different
periods up to 1 hr, the tissue then being precipitated at 0° C by the addition of
2-5 vol. of 5% (w/v) trichloroacetic acid (TCA) containing 04% (w/v) lleucine. Protein precipitates were treated as described by Campbell, SerckHanssen & Lowe (1965) and dissolved in 0-5 ml of 1-0 N-NaOH by incubation
overnight at 37° C. Protein synthesis by epididymal fat pad pieces was followed
as described by Quarterman (1967). Results given in the text are mean values
of four experiments.
Tissue fractionation
Complete fractionations of the cytoplasmic components of rat kidney homogenates were made by the method of Dingle & Barrett (1969). Preparations of
ribosomal particles of the liver and testis were made from homogenates of the
tissues in Medium A (5 mM-MgCl2, 25 mM-KCl, 250 mM-sucrose and 50 mMtris buffer, pH 7-4) as described elsewhere (Webb, Creed & Atkinson, in pre¬
paration). Cell-sap fractions were obtained from homogenates of liver, kidney
and testis in the same medium by centrifugation first at 10,000 g for 10 min to
remove nuclei and mitochondria, and then at 105,000 g for 90 min to sediment
the microsomes. Fat, which collected at the surface of the supernatant fluid, was
separated and discarded. When necessary 'pH 5 enzyme fractions' were ob¬
tained from cell-sap preparations by the method of Hoagland, Keller &
Zamecnik (1956).

Incorporation of labelled amino acids by isolated polyribosomes
This was measured as described by Webb et al. (in preparation), except that
yeast s-RNA

was

omitted from the medium.

Enzyme assays

Carbonic anhydrase was determined as described by Mclntosh (1968) and
a-mannosidase by the method of Conchie, Findlay & Levvy (1959). Tissue
extracts were prepared either as described above or from smaller quantities of
tissue, by grinding with acid-washed sand in a pre-cooled mortar.

Analytical methods
Protein separations

done by gel-filtration on columns of Sephadex
disc
by
electrophoresis (Davis, 1964), the samples being
if
concentrated,
necessary, by dialysis against solid sucrose. The cations Cd2+,
Zn2 + , Fe2+ and Cu2+ were determined by atomic absorption on wet-ashed
samples (Heath & Webb, 1967). At least four mice and two rats from the Cd2 +injected and control groups were used at each time, the analyses being done on
paired and single testes from the mice and rats, respectively, and on four
separate samples of other tissues. Contents of RNA, DNA and protein were
determined essentially by the method described by Schneider (1957). Tissues
for these analyses were given a preliminary extraction with ice-cold 5% (w/v)
TCA, then washed three times with absolute ethanol before being extracted
twice with chloroform-methanol (2:1, v/v) at the b.p., once with ethanol-ether
were

G-200 and G-75 and
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(1:1 v/v) at 40° C and then twice with ether. After being dried in vacuo, the
tissue residues were extracted three times with 5% (w/v) TCA at 90° C, the
extracts being made up to volume (5 ml or 10 ml) and analysed for RNA and
DNA. The protein residues from these extractions were washed first with ethanol
and then with ether, dried in vacuo, and dissolved in 1 -0 N-NaOH by incubation
overnight at 37° C. Ribonucleic acid, DNA and protein were measured by the
methods of Mejbaum (1939), Burton (1956) and Lowry, Rosebrough, Farr &
Randall (1951), respectively, with yeast RNA, calf-thymus DNA (both pre¬
pared in 5% (w/v) TCA at 90° C) and bovine serum albumin as standards.
Determination of radioactivity
This was achieved in a Packard Tricarb Liquid Scintillation
described by Webb et al. (in preparation).

Spectrometer as

RESULTS
+

Morphological and histological changes produced by Cd2 in the testis of the mouse and rat
As described previously by others (e.g. Meek, 1959; Pafizek, 1960; Lee &
Barnes, 1967), subcutaneous injection of Cd2+ in the mouse or the rat was
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Text-fig. 1. Changes in weight of (a) the mouse testis and (b) the rat testis with time
after a single subcutaneous injection of CdCl2 (2-2 //mol/100 g body wt). ·, Control; O,
Cd2+-injected animals.

followed by an initial increase in the gross weight of the testes. In both animal
species, this increase was not observed before 6 hr and was maximal (20 to 25%
above the control level) 18 to 24 hr after the injection (Text-fig. 1) ; thereafter,
the testicular weight decreased with time to about 25% of normal, and then
remained constant for at least 12 months. The regain in weight of the testes of
two rats that were kept for 82 weeks after a single injection of Cd2+ (Text-fig.
cell tumours (see below).
1) was correlated with the growth of interstitial
The decrease in weight induced by Cd2 + occurred predominantly through
the loss of seminiferous tissue, whilst the weight of the tunica albugínea in¬
creased (see also Pafizek, 1960). Thus, in the mouse testes after 7 days, the
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weight of the tunica albugínea was about 30% greater than that of the normal
testis (3-5 mg 5-2% of the wet weight of the whole organ) and accounted for
12-9% of the total weight of the testis. In the rat testis after 12£ weeks, the cor¬
responding value was 16%.
Apart from a little extravasation at 12 hr, little change was observed in the
histology of the testis until 18 hr after the injection of Cd2 At this time, the
capillary damage and necrosis, particularly in the spermatogonia of some
tubules (cf. Meek, 1959; Païizek, 1960; Gunn, Gould & Anderson, 1963a),
were apparent. By 7 days, most tubules were completely necrotic, although
some still contained spermatocytes and syncytia derived therefrom. The pro¬
portion of the latter increased considerably during the next 3 weeks. Excessive
amounts of healthy connective tissue were apparent between the tubules and,
after prolonged periods (e.g. 59 weeks in the mouse), most of the testicular
tissue was replaced by dense, fibrous, connective tissue. In each of two rats that
were killed 82 weeks after Cd2"""-injection, the tunica albugínea was healthy,
but thickened. Most of the spermatogenic tissue was replaced by interstitial cell
tumours (see also Gunn, Gould & Anderson, 1963b) ; the tumour cells enclosed
sharply demarcated necrotic regions, some of which were extensive. In one
testis, a lipomatous region was present within the tunica and adjacent to the
+

.

interstitial cell tumour.

Biochemical changes induced by Cd2 + in the rat and mouse testis
The testes of the Cd2 """-injected animals differed greatly from those of the
controls in chemical composition. On a wet weight basis, the DNA and RNA
contents of the rat testis (1-5 to 1-6 mg DNA and 5-0 to 6-7 mg RNA/g wet wt)
and by 67% and 80% at 5
decreased, respectively, by 33% and 29% at 15 days
weeks after a single subcutaneous injection of Cd2 + , whereas the acid-insoluble
protein content at 5 weeks increased to 67% above the mean control level (21-3
mg protein/g wet wt tissue).
In these analyses, which were made

by the conventional method on TCAdefatted
and
dried
the chloroform-methanol extracts (see
tissue,
precipitated,
'Materials and Methods' section) of the testes of the Cd2 """-injected, but not of
the control animals, were emerald green in colour and had an absorption maxi¬
mum in the visible region at 675 nm with a shoulder at 610 to 645 nm. This
green material, which contained considerable amounts of iron, appeared to be
derived from breakdown products of haemoglobin that were formed in the
testis of the Cd2+-injected animals in consequence of the vascular damage.
Acid-denaturation (e.g. TCA precipitation) of protein was necessary before this
material became soluble in organic solvents, and CHCl3-CH3OH extracts,
prepared from ethanol-dehydrated powders of testes, that had been frozen in
liquid nitrogen and pulverized whilst solid, did not absorb at 675 nm and were
essentially colourless.
Although, in both the rat and the mouse, the protein content of the testis
increased after Cd2+ injection, the rate of protein synthesis in these tissues was
inhibited significantly. In mice, for example, after a single subcutaneous injec¬
tion of Cd2+, the rate of [14C]L-leucine incorporation into protein by the
testicular tissue in vitro was reduced by 30 to 50% after 7 to 10 days and by 80%
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Text-fig. 2. Gel-filtration of the soluble proteins of the rat testis 15 weeks after the
parenteral administration of CdCl2 (2-2 //mol/100g body wt) Each animal was injected
with [14C]protein-hydrolysate (33 /¿Ci) 22 hr before autopsy. The soluble fraction (25
mg protein) of the testicular tissue was isolated as described in the 'Materials and
Methods' section and subjected to gel-filtration on a column (40x2-5 cm) of Sephadex
G-200. The column was eluted with 1% (w/v) NaCl, and 2-5-ml fractions were collected
at a flow rate of 15 ml/hr and were analysed for protein by measurement of the absorbance at 280 nm. Fractions were pooled as indicated on the elution profile, concen¬
trated by dialysis against solid sucrose and analysed for protein and for 14C. Figures
above the abscissa give the counts/min/mg protein.
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Text-fig. 3. Gel-filtration of the soluble proteins of the normal adult rat testis, 20 hr
after the parenteral administration of 65Zn2+ (250 /¿Ci
1 mg Zn2+/rat). The soluble
fraction (212 mg protein), isolated from the testes as described in the legend to Text-fig.
2, was subjected to gel-filtration on a column (40 cm 4 cm) of Sephadex G-200. The
column was eluted with 1% (w/v) NaCl at a flow rate of 20 ml/hr, and 5-ml fractions
were collected. These were analysed for protein by measurement of absorbance at 280
nm, and for 65Zn2+ (see 'Materials and Methods' section). ·, Absorbance at 280 nm;
=

O, "Zn2 +

.
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after 3 weeks. Thereafter, the rate of protein synthesis remained approximately
constant and even after 59 weeks, leucine incorporation into TCA-insoluble
protein was almost 20% ofthat in the testicular tissue from untreated, control
animals. By contrast, protein synthesis by rat liver (which as shown in Textfig. 5(b) accumulated more than thirty times as much Cd2+ as the testis) and
or even stimulated slightly by
by epididymal fat pad pieces, was unaffected,
+
of
the
animals
with
With
isolated
Cd2
preinjection
polyribosomes from the
livers of rats 20 weeks after Cd2 + injection, however, the rates of amino acid
incorporation into protein was 15 to 20% less than that by ribosomal particles
"""

Biochemical
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Text-fig. 4. Changes in the Zn2 + content of the mouse testis after the subcutaneous
injection of CdCl2 (2-2/¿mol/100 g body wt). The animals were killed at various intervals
after injection and the paired testes were analysed for Zn2 + (see 'Materials and Methods'
Control tissue was taken from mice of the same age, maintained under the
section).
same conditions as the experimental animals.
O, Control mice; ·, Cd2+-injected mice.

from normal liver. Both gel filtration (Text-figs. 2 and 3) and disc electrophoresis showed that the cell sap fractions from the testes of the control and
Cd2 """-injected rats differed in protein composition. These fractions also dif¬
fered in their contents of certain enzymes. Seven weeks after the injection of
Cd2 + into the mouse, for example, the activity of carbonic anhydrase in the
soluble fraction of the testis was reduced from 84 to 72 units/g wet wt. In the
rat testis after 3 weeks, the reduction in carbonic anhydrase activity was even
greater (from 128 to 0 units/g wet wt) and the activity of a-mannosidase was
decreased by about 50%.
Although both carbonic anhydrase and a-mannosidase are Zn2+-metalioproteins, it seems probable that the reduced activities of these enzymes in the
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testis of the Cd2 """-treated animal were due to the altered pattern of protein
synthesis, and not to the displacement of the +functional cation by Cd2 +. As
shown in Text-fig. 4, the concentration of Zn2 in the mouse testis remained
unaltered for about 48 hr after injection of Cd2+, and then increased rapidly,
particularly during the 2nd and 3rd week. Several series of measurements
indicated that this initial increase in Zn2+ -concentration (//g Zn2+/g wet wt)
+
in the
was due to the decrease in weight, and that the total amount of Zn2
testis remained constant. After longer times, however, there was a dispropor¬
tionate increase in the content of Zn2 + Thus, as shown in Text-figs. 1(b) and
5(a), the weight of the rat testis reached a minimum value (about 25% of the
control weight) 5 weeks after the injection of Cd2+, whereas the Zn2+ content
.

Table 1
distribution

of

zinc

in

the

testis

cadmium-injected
µg

of

the

normal

and

rat

Zn2+ls wet weight
Cd2 +-injected rat

( 17
Tunica albugínea
Residual tissue
Seminiferous tubules
Interstitial tissue

6-2

5-2
22-9

weeks after injection)

22-9
113-2

Analyses were made on wet-ashed samples as described in the 'Materials and
Methods' section. Seminiferous tubules and interstitial tissues were separated as
described by Christensen & Mason (1965).
Figures given in the table are mean values of two analyses, each on a single testis
from the same animal. Rats I, II and III were 4, 6 and 16 months old, and the
weights of the tunica albugínea were 4·4, 4·5 and 4·9%, respectively, of the wet
weights of the testis. The corresponding value for the testis of the Cd2+injected
animal was 18%.

continued to increase for about 30 weeks to a concentration nine to ten times
greater than that in the normal gland. In the latter, the contents of Zn2+ in the
tubules and interstitial tissue were approximately the same and about three or
four times greater than that of the tunica albugínea (Table 1 ). Although inter¬
stitial and seminiferous tissue could not be separated from the testes of Cd2 +
injected animals, the amounts of Zn2 + in the isolated tunica albugínea and
residual tissue were about four and five times greater, respectively, than those of
the corresponding fractions of the normal testes (Table 1). Cryostat sections of
these Zn2+-rich testes were stained uniformly by the dithizone method, and
there was no evidence for the localization of Zn2 + in specific regions. Analysis of
effluent fractions (such as those shown in Text-fig. 2) obtained on gel-filtration
of the soluble components (1-9 µg Zn2 + /mg protein) of the rat testis 15 weeks
after Cd2 +-injection, showed that Zn2+ was distributed throughout the elution
profile, and there was no single component of greatly increased Zn2 + content
(cf. data in Text-fig. 3).
As observed previously by Pafizek (1960), the amount of Cd2+ accumulated
at any time by the rodent testis was small, and under the conditions of the
-

Downloaded from Bioscientifica.com at 01/08/2023 04:53:37PM
via free access

M. Webb

92

experiments was too low in the mouse testis for accurate measurement.
In the rat testis, the Cd2 + content remained below 0-5 /jg/g wet wt for the first 7
parallel with the increase in
days after injection, but then increased roughly in
Zn2+ content to a maximum of about 2 µg Cd2 + /g wet wt at 35 weeks (Textfig. 5a). In the testes of these animals, the contents of iron and copper also
increased from the control levels of 15-8 and 0-9 µg/g wet wt to 45-5 and 3-7
/¿g/g wet wt, respectively. Although increased levels of these ions were to be
expected from the haemorrhage that accompanied the breakdown of the vascu¬
lar system, the disproportionate increase in Cu2 + content suggests some non¬
It seems unlikely,
specific binding of cations by the damaged testicular tissue.
+
Zn2
accumulation
of
and
that
this
would
the
Cd2 + since, as
however,
explain
shown in Text-fig. 5(a), all Cd2+ had been eliminated from the rat testis at 82
weeks whereas the elevated content of Zn2 +, a cation with a lower binding
with
affinity for protein than Cd2+, was maintained. When rats were injected
Co2+ instead of Cd2+, greater amounts of this cation (1-25 //g Co2 + /wet wt)
were accumulated by the testis within 24 hr. At this, and subsequent times,
however, there was no change in either the Zn2 + content or the histology of the
testis.
present

Uptake ofCd2+ by other tissues of the male rat
By contrast with the testes, appreciable amounts of Cd2 were accumulated
in the livers and kidneys of the Cd2 + -injected animals, this accumulation being
+

Table 2
intracellular distribution of cadmium in rat kidney at
different times after subcutaneous injection

ng/Cd2 +/mg protein
Fractions
12 hr

Lysosomes

Mitochondria
Mitochondria
Microsomes
Cell sap
Membranes

(round)
(filamentous)

40-8
39-7
0-0
24-7
147-2
57-3

Time after injection
18 hr
15
150
24-1
1-5
37-9
188-8
—

days
5-0

\ 1/u
12.0

/

79-0
284-0
—

Injection of CdCl2 240 /¿g Cd2+/100 g body wt.
Kidney cortex was fractionated by the method of Dingle & Barrett (1969)
and the separated cytoplasmic components analysed for Cd2+ as described
=

in the 'Materials and Methods' section.

accompanied by increases in the content of Zn2

+

In the rat, maximum concen¬
trations of both cations in these organs were reached after about 13 weeks ; the
high levels of Zn2 + then being maintained whilst the Cd2 + content decreased+
(Text-figs. 5b and 5d). In the liver, as in the kidney (Table 2), most of the Cd2
was associated with the soluble (cell sap) fraction and, even during the initial
period of accumulation, the amounts of the cation bound by the lysosomes as
.
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well as by the mitochondria and microsomes (Table 2) were very small. Since,
however, the Cd2 + content in the lysosomes of the kidney decreased with time,
and was significantly higher at 12 hr than at 18 hr after injection (Table 2), it is
still possible that cellular uptake of the cation occurs by a lysosomal mechanism.
On gel-filtration on Sephadex G-200 of cell-sap fraction from either liver or
kidney of the experimental animals, bound Cd2 + was recovered in a single
fraction (Text-figs. 6a and 6b). This fraction also contained considerable
amounts of Zn2 + Although the Cd2 +-binding proteins of liver and kidney were
located similarly in the elution profiles, disc electrophoresis of preparations,
after further purification, has shown that they are not identical (M. Webb,
unpublished results).
In addition to testicular damage, low levels of Cd2 + are known to cause
oedema, haemorrhage and epithelial desquamation in the proximal segments of
the caput epididymidis, also through selective injury to the vascular supply
(Gunn et al., 1963a; Mason, Brown, Young & Nesbit, 1964; Mason & Young,
1967). As shown in Text-fig. 5(c), Cd2+ accumulation in the epididymis was
small and similar to that in the testis (Text-fig. 5a), although the maximum
Biochemical

.

concentration was reached much earlier. In contrast to the pattern in the testes,
liver and kidney, however, this accumulation was accompanied by a decrease
in the epididymal Zn2+ content to a minimum, approximately coincident in
time with the maximum in the content of Cd2 +. Thereafter, the Zn2 + content
increased slightly but, even after 82 weeks, did not regain the level characteristic
of the normal tissue (Text-fig. 5c).
DISCUSSION

Very little is known about the function of Zn2 + in mammalian reproduction,
although it appears to be essential both for the maintenance of pregnancy in the
female (Apgar, 1970), and of fertility in the male (e.g. Mann, 1964). It is well
known, for example, that the content of Zn2 + in the prostate gland and its
secretion in various mammalian species becomes extremely high at sexual
maturity, whilst an adequate supply of the cation in the testis seems necessary to
maintain the germinal epithelium and spermatogenesis (e.g. Mann, 1964).
It has often been assumed, albeit without experimental justification, that in
biological systems the (toxic) Cd2 ion competitively displaces the functionally
active Zn2+ cation, e.g. from Zn2+ metalloproteins necessary for gametogenesis. The possibility was first suggested by Parizek (1960) and Fox & Fry
(1970) refer to the 'well-known cadmium-zinc antagonism'. The present re¬
sults, however, show that, whilst such competitive interaction may occur in the
epididymis, it does not occur in the testis, an organ that is extremely susceptible
to (selective) injury by Cd2+ (e.g. Johnson & Miller, 1970). Only small
amounts of Cd2 + are accumulated by the testis, and this accumulation does not
lead to displacement of Zn2 +. On the contrary, the Zn2 + content of both the
rat and mouse testis remains unchanged for a short time after the parenteral
injection of Cd2+, and then increases progressively (Text-figs. 4 and 5a). This
increase appears to be due initially to the decrease in testicular weight, which is
not accompanied by the loss of tissue Zn2 + and, later, to the uptake of further
+
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of Zn2 +. The reason for this accumulation of Zn2 + has not been estab¬
but
lished,
possibly it is associated with the proliferation of interstitial and, par¬
connective
tissue that is observed histologically at this time. In this
ticularly,
+
it
is
connection,
interesting that Zn2 accumulates in healing wounds, and the
rapid proliferation of connective tissue that occurs under these conditions is
stimulated by administration of additional Zn2+ (e.g. Strain & Pories, 1970).
Also, the possibility that Zn2+, which is known to be concentrated in calcified
tissues (e.g. Luécke, Ruskan & Baltzer, 1970), occurs in localized areas, such as
the calcified tubules observed in the rat testis 11 months after the injection of
Cd2+ (Gunn et al., 1963b), cannot be excluded, although no evidence for this
was obtained histochemically by the dithizone method of Mager et al. (1953).
Furthermore, much of the extra Zn2+ in the damaged testis of the Cd2+treated animals is associated with proteins of the cell sap, the composition of
which differs from that of the normal testis (Text-figs. 2 and 3). Indeed, the
increase in Zn2 + content is only one of a number of biochemical changes that
occur in the testis after the subcutaneous injection of a single non-toxic dose of
Cd2 +. The experimentally observed decreases in the contents of DNA and
RNA, and the increase in protein content are in accord with the histological
changes that have been described in detail (e.g. Meek, 1959; Pafizek, 1960;
Gunn et al., 1963a), and which include the destruction of the seminiferous
tubules and subsequent proliferation of interstitial and connective tissue.
Presumably, with the loss of specialized testicular function, the turnover of total
protein is reduced, since the rate of protein synthesis in the damaged testis is
much less than in the normal.
In contrast to the testis, Cd2 + accumulates to high levels and is retained in the
soluble, cell-sap fractions of the liver and kidneys of the adult male rat. At least
in the kidney, only small amounts of Cd2 + are found at any time in the lyso¬
somes (Table 2). Since the content of Cd2+ in these organdies, however, is
greater at 12 hr than at 18 hr or 15 days after the injection of the cation, it is
possible that uptake occurs by a lysosomal mechanism. Indeed such a mechan¬
ism seems likely if the Cd2 + cation is transported in the blood as a complex with
protein. Furthermore, the Hg2 + cation which, after parenteral administration,+
appears to be bound in rat kidney by the same soluble protein that binds Cd2
(Wisniewska, Trojanowska, Piotrowski & Jakubowski, 1970), as well as various
other heavy metals (Koenig, 1963), are known to accumulate rapidly in the
lysosomes of kidney and liver.
In both the liver and kidney, the Zn2 + content is not depressed but increases
with the uptake of Cd2 """. The results of the gel-filtration experiments sum¬
marized in Text-figs. 6a and b provide additional evidence for the absence of
amounts

of protein-bound Zn2+ by Cd2 + Thus, Cd2 +
accumulates in the liver cell sap only in a single and specific protein fraction
(Text-fig. 6a); it does not substitute for Zn2+ in the three Zn2"""-containing
protein fractions that are present in the soluble fraction of the liver of the
normal male rat (Webb, 1971). This Cd2 +-binding protein subsequently
accumulates Zn2+ and, thus, is responsible for the increase in the content of the
latter cation in the liver of the Cd2 +-injected animal.
The isolation and purification from horse renal cortex of a Cd2 + -binding pro-

competitive displacement

.
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tein (metallothionein), which also contains large amounts of Zn2+, have been
described by Kägi & Vallee (1960, 1961). Although Kägi & Vallee (I960) were
unable to define the biological function of the metalloprotein from horse kidney,
the subsequent isolation of metallothioneins of similar properties from human
Biochemical

100
Fraction

no.

Text-fig. 6. Gel-filtration of the soluble proteins of (a) liver and (b) kidney of the male
rat, 14 weeks after the subcutaneous injection of CdCl2 (2-2 /¿mol/lOOg body wt). Cellsap fractions were made from homogenates of the tissues in 5 vol. medium A (see
'Materials and Methods' section). Portions of these fractions from the liver (15 ml) and
kidney (18 ml) were applied to columns (60x4 cm) of Sephadex G-200. These were
eluted with 1% (w/v) NaCl at a flow rate of 20 ml/hr, and 5-ml fractions were collected
and analysed for protein (see legend to Text-fig. 3) and for Cd2+ (see 'Materials and
Methods' section). ·, Absorbance at 280 nm; O, Cd2 +
.

kidney (Pulido, Kägi & Vallee, 1966), from the livers of Cd2 +-injected rabbits
(Piscator, 1964), and from the livers and kidneys of rats after intravenous injec¬
tion of 203HgCl2 (Jakubowski, Piotrowski & Trojanowska, 1970) suggests that
these proteins act as defence mechanisms against certain heavy metals. From
the present results, it seems likely that the synthesis of metallothionein is either
Downloaded from Bioscientifica.com at 01/08/2023 04:53:37PM
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induced

or stimulated in the liver, and
possibly in the kidney, in response to the
uptake of Cd2 A similar conclusion has been reached by Piscator (1964,
1966), who considers that metallothionein is synthesized in the liver and
transported to the kidney. If this explanation is correct, the liver protein must
be altered during transport, since protein components of the Cd2 +-binding
fractions of liver and kidney differ in electrophoretic mobilities (Webb, 1971).
The results of Text-fig. 5(b) show that maximum concentrations of Cd2
and Zn2+ in the liver of the Cd2 """-injected rat are reached after about 13 weeks.
The fact that the elevated content of Zn2+ is then maintained, whilst the Cd2 +
content gradually decreases, implies that the binding protein, once induced by
a toxic cation, persists in the liver. If, as suggested elsewhere (Webb, 1971), the
pre-existing binding protein protects against Cd2+ toxicity, this offers an
explanation for the decreased susceptibility of rats to a second injection of Cd2 +,
even when this is given several months after the first
(Gunn, Gould & Anderson,
1966; Cleggrt al, 1969).
+

.

+
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