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Functional Integrity of Metallothionein Genes
in Testicular Cell Lines
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Abstract The presence and inducibility of the major cadmium (Cd) chelating protein metallothionein (MT) in
testicular cells has been controversial. In this study, the induction and production of MT in testicular cells were studied
using mouse Leydig and Sertoli cell lines. Metal accumulation was studied by subjecting the cells to increasing levels of
Cd. The presence of transcription factors for MT synthesis was analyzed by transfecting the cells with a reporter gene
under the control of the MT promoter. The dose- and time-dependent induction of MT were conducted by Northern
analyses. Expression of MT genes occurred in both Leydig and Sertoli cells. To avoid cross hybridization of the MT probe
with mRNAs encoding testicular metal binding proteins and to investigate the integrity of MT mRNA, isoMT mRNA
identification and primer extension experiments were performed. Those studies show that the induced mRNA indeed
encodes MT. The biosynthesis of MT was confirmed by following 33S-cysteine incorporation into the protein. Finally,
cadmium tolerance of testicular cells is compared with that of fibroblast cells. By these studies, we conclude that the MT

genes are functional and inducible in testicular cells.
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Among the tissues studied, testis is one of the
most sensitive target sites for cadmium (Cd)
toxicity. At doses at which no obvious effects can
be observed in other tissues, testes progressively
show severe hemorrhage and necrosis within 48
hr [Parizek and Zahor, 1956]. However, only a
very small fraction of the metal accumulates in
the testes compared with other tissues [Singh et
al., 1974; Shaikh and Tewari, 1990]. Besides
tissue damage, Cd has also been reported as a
potent carcinogen in certain cells of rodent tes-
tes {Gunn et al., 1963; Waalkes et al., 1988,
1989].

For most cells, high levels of metallothioneins
(MTs) are synthesized during Cd challenge [Ka-
rin, 1985; Hamer, 1986]. MTs are low molecular
weight, metal binding proteins with high cyste-
ine content. They can be induced by metals,
hormones, interferon, interleukin, and lipopoly-
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saccharides [Hamer, 1986; Cousin, 1985]. Al-
though their main function is probably directly
linked to heavy metal detoxification, they may
also be involved in the homeostatic control of
certain essential trace elements (e.g., zinc and
copper). In addition, they possibly participate in
embryonic development, free radical scaveng-
ing, cell differentiation, and proliferation [Ka-
rin, 1985]. Recently, there is more cumulative
evidence showing that MTs may play a role in
carcinogenesis and multiple drug resistance
[Kelly et al., 1988; Waalkes and Ward, 1989;
Muller et al., 1991). It is also reported that one
of the MT isoforms may be involved in prevent-
ing neuronal sprouting and development of neu-
rofibrillary tangles [(Uchida et al., 1991; Pal-
miter et al., 1992].

The presence or inducibility of MTs in testes
by Cd is still controversial. High basal levels of
either MT-like protein or mRNA have been ob-
served in rodent testes [Onosaka and Cherian,
1982; Durnam and Palmiter, 1981], but the
level did not increase after Cd induction [Shaikh
and Tewari, 1990; Onosaka and Cherian, 1982;
Abel et al., 1991]. Using immunochistochemical
techniques, Danielson et al. [1982] identified the
presence of MT in Leydig and Sertoli cells but
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not in developing spermatogonial cells. How-
ever, other reports have indicated that MT is
absent in Leydig cells but present in germ cells
[Nishimura et al., 1990; De et al., 1991].

Although MT-like proteins have been identi-
fied in the testes [Chen et al., 1974; Webb, 1975;
Brady and Webb, 1981] based on physical char-
acteristics (e.g., molecular mass, charge, metal
binding), successful attempts to purify MTs from
testes have not been reported. Instead, Cd bind-
ing proteins, which are totally different from
MT, were found in testes of several animal spe-
cies [Waalkes et al., 1984a,b; Deagen and
Whanger, 1985; Waalkes and Perantoni, 1986,
1988]. The inability to induce MT synthesis
after metal challenge has thus been suggested as
an explanation for the susceptibility of testes to
Cd.

In order to clarify whether MT can be faith-
fully synthesized in testicular cells, we investi-
gated the expression of MT in mouse Leydig and
Sertoli cells at transcriptional and translational
levels. We found that MT is inducible in two
testicular cell lines.

MATERIALS AND METHODS
Cell Culture

Mouse Leydig (TM3), Sertoli (TM4), and em-
bryo fibroblast (STO) cell lines were obtained
from ATCC (Rockville, MD). TM3 and TM4 cells
were cultured in Ham’s F-12/Dulbecco’s modi-
fied Eagle’s medium (DMEM, 1:1) supplemented
with 5% horse serum and 2.5% fetal bovine
serum. STO cells were cultured in DMEM me-
dium supplemented with 10% fetal bovine se-
rum. All media contained penicillin (100 U/ml)
and streptomycin (100 pg/ml). Cells were grown
in 5% CO,, 95% air at 37°C, and 80% confiuent
cell culture (in 100 mm petri dish) was used for
the experiments. Stock solutions of CdCl,,
ZnS0,4, and CuSO, were prepared in deionized
water, and dexamethasone was dissolved in etha-
nol, filter sterilized, and added to the medium at
the indicated final concentrations.

Measurement of Cd Content

Cellular metal content was quantitated by the
method of Gagne et al. [1990]. Briefly, cells were
treated with various concentrations of Cd for 12
hr before washing twice with PBS (phosphate-
buffered saline) and removed using a rubber
policeman. The cells were resuspended in PBS
to the final volume of 10 ml, and 0.5 ml of the

suspension was removed for cell counting. The
remaining cells were collected by centrifugation
at 2,000 rpm for 5 min, and resuspended in 2 ml
of 10 mM of Tris-acetate (pH 7.4), 50 mM of
sucrose, 1 mM of B-mercaptoethanol, 0.002% of
NaN3, and 8 N HNO,. After incubating at 60°C
for 24 hr, the samples were diluted at least
fourfold with deionized water and the metal
contents determined with a graphite atomic ab-
sorption spectrophotometer (Varian).

Transcriptional Factor Assay

The 5’ upstream flanking sequence of Chinese
hamster metallothionein-II gene containing the
promoter region [Hung et al.,, 1991] was in-
serted in front of the chloramphenicol acetyl
transferase (CAT) gene of pCAT®-Basic vector
(Promega). The resulting plasmid (pMTCAT)
was cotransfected with pSV-B-galactosidase con-
trol vector (Promega) into TM3 and TM4 cells
by the calcium phosphate method as described
by Sambrook et al. [1989]. Rous sarcoma virus
long terminal repeat fused to CAT (RSVCAT)
plasmid [Gorman et al., 1982] was also used as a
positive control. Forty hours after transfection,
10 pM of Cd was added and the cells were
further incubated for an additional 10 hr. The
cells were harvested, lysed by three successive
freezing—thawings in liquid nitrogen and at 37°C,
and the supernatant collected after centrifuga-
tion. Galactosidase activities were measured us-
ing o-nitrophenyl-B-D-galactopyranside as sub-
strate, and an appropriate amount of cytosols
with the same enzyme activity was used to con-
duct the CAT assay [Sambrook et al., 1989].

Extraction of Cytoplasmic RNA
and Northern Blot Analysis

Cells were washed twice with chilled PBS, and
1 ml of the same buffer was added to the petri
dish. Cells were then removed using a rubber
policeman and collected into 1.5 ml microcentri-
fuge tubes. Following centrifugation at 2,000
rpm for 5 min at 4°C, cell pellets were resus-
pended in 0.5 ml of NTE (100 mM NaCl, 10 mM
Tris-Cl, pH 7.5, 1 mM EDTA). After adding 25
wl of Nonidet P-40 and standing on ice for 10
min, the samples were spun at 12,000 rpm for 5
min in an Eppendorf microcentrifuge. Superna-
tants were then transferred to new tubes and 50
wl of 10% SDS was added. The supernatants
were successively extracted with 0.5 ml of water-
saturated phenol and a phenol/chloroform/
isoamyl alcohol (25:24:1) solution. RNA in the
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supernatant was precipitated with 1 ml of etha-
nol at —70°C for 1 hr. The RNA was pelleted by
centrifugation at 12,000 rpm for 10 min, and
resuspended in diethylpyro-carbonate-treated
water. An equal amount of RNA from each
treatment was separated by electrophoresis on a
1.2% formaldehyde agarose gel and transferred
onto a nitrocellulose membrane. Hybridization
was conducted as described by Ausubel et al.
[1989] using Chinese hamster metallothionein-I1
c¢DNA [Griffith et al., 1983] as probe. Human
a-tubulin mRNA was used as an internal stan-
dard for normalization of the amount of RNA
applied.

Isoform Detection and Primer Extension

Oligonucleotides (27 mer) for detecting MT
isoforms were synthesized as described by De et
al. {1991]. These sequences are complementary
to the 3’ untranslated region of MT-I or MT-II
[Glanville et al., 1981; Searle et al., 1984). These
oligonucleotides were labeled using y-32P-ATP
and T4 polynucleotide kinase and served as
probes for Northern analysis. Another oligo-
nucleotide (5'-CAGGAGCAGTTGGGGTCCAT-
3"), complementary to the coding region of the
first seven amino acids of both mouse MT-I and
MT-II [Glanville et al., 1981; Searle et al., 1984]
genes, was synthesized for primer extension ex-
periments. The primer was 2P end labeled and
50,000 cpm of the primer was mixed with 50 pg
of total RNA. The primer extension experiment
was carried out as described by Ausubel et al.
[1989].

Detection of MT

Leydig and Sertoli cell lines were cultured in
the medium described above. Before conducting
the experiments, the medium was replaced with
a cysteine-deficient RPMI 1640 medium (GIBCO
BRL) with various MT inducers. Two hours
later, 5 pl of 35S-cysteine (New England Nuclear,
1197.6 Ci/mmole) was added for a final radioac-
tivity of 5 pCi/ml. Cells were harvested and
collected into microcentrifuge tubes 12 hr later
and resuspended in 100 pl of Tris-Cli (pH 7.4).
The cells were lysed by the freezing—thawing
method and the cytosolic fractions were ob-
tained after centrifugation at 12,000 rpm for 5
min. Protein concentration in each sample was
determined by the dye binding method of Brad-
ford [1976]. An equal amount of protein from
each sample was boiled for 2 min, and the soluble
fraction was carboxymethylated according to

Koizumi et al. [1982]. Proteins were separated
by electrophoreses in a 10-18% linear gradient
SDS polyacrylamide gel. The MT bands were
identified after autoradiography.

Cell Survival Assay

Cell survival assay was carried out according
to the procedure of Alley et al. [1988]. Briefly,
1 x 10* (STO) or 5 x 103 (Leydig and Sertoli)
cells were seeded on a 24-well plate. Sixteen
hours later, fresh medium with various concen-
trations of Cd was added. After incubation for 5
hr, the cells were washed three times with PBS
and 1 ml of fresh medium was added. Two days
later, 0.4 ml of fresh medium containing 0.5
mg/ml of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) was added to
each well. Three hours later, the medium was
replaced with 0.5 ml of dimethylsulfoxide. The
final reaction product was then transferred to a
96-well plate and quantitated at 540 nm with a
Microplate Autoreader (Bio-tek Instruments).

RESULTS

It has been speculated that Cd does not accu-
mulate in testicular cells due to a defect of the
transport system, and thus no MT is induced.
To test this hypothesis, various concentrations
of Cd were added to the medium and the amounts
of cellular Cd were determined. As shown in
Figure 1, Cd accumulated in Leydig and Sertoli
cells in a dose-dependent manner. This indicates
that metal transport is not blocked in these two
testicular cell lines. After confirming that Cd
can accumulate in these cells, the ability of Cd to
stimulate the transcription of MT genes was
examined. We first investigated the possibility
of defective MT transcriptional factor(s) in tes-
ticular cells such that MT could not be expressed
or induced. A plasmid containing CHO MTII
promoter chloramphenicol acetyl transferase
(CAT) gene was transfected into the cells, and
the expressions of CAT after Cd challenge were
measured. The results in Figure 2 show that
CAT activities can be demonstrated in both cell
lines transfected with pMTCAT but not with
pCAT. Furthermore, CAT activities were 2.5-
and 8.5-fold higher in Cd-treated TM3 and TM4
cells, respectively. The results indicate clearly
that the trans-acting factor(s) for the MT pro-
moter is present in the testicular cells and is
functionally active. Next, we studied the expres-
sion of MT genes in the presence or absence of
Cd. Figure 3 shows the steady state level of MT
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mRNA in the two cell lines with and without Cd
induction. There is a basal level of MT mRNA
and the level increases in both Leydig and Ser-
toli cells upon Cd concentration elevation. The
induction was blocked by Actinomycin D (data
not shown), suggesting that Cd indeed stimu-
lates the transcription of MT genes.
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Fig. 1. Accumulation of Cd in testicular cells. Leydig (TM3)
and Sertoli (TM4) cell lines were treated with various levels of
Cd for 12 hr and cellular concentrations of Cd were determined
by atomic absorption spectrophotometry. Each value repre-
sents a mean = SD of three samples.

M3

It is speculated that delay of MT mRNA ex-
pression in testicular cells may not sequester Cd
in time, allowing it to cause damage to the
tissue. Therefore, the kinetics of MT mRNA
induction were investigated. Figure 4 shows MT
gene expression at various time points after Cd
administration. For both Leydig and Sertoli cells,
MT genes respond to Cd stimulation within a
very short time. These results are consistent
with the findings in other cell types in which the
responses were seen within 1-2 hr after metal
exposure [Durnam and Palmiter, 1981].

Since MT is quite similar in physical and
chemical characteristics to testicular metal bind-
ing proteins [Bhave et al., 1988], it is conceiv-
able that the results obtained from Northern
analyses are due to cross hybridization of MT
¢DNA with mRNAs of testicular metal binding
proteins. The specificity of induction and the
nature of the induced mRNA were studied to
rule out this possibility. First, cells were exposed
to various concentrations of zinc, copper, or
dexamethasone, which are known to be able to
induce MT. The results in Figure 5 show that
MT accumulated in Leydig cells in a dose-
dependent manner for all the inducers tested.
The induction of MT was quite limited in the

M4

RSV PCAT

MT PCAT MT

Fig. 2. Transcriptional factors analyses. Leydig (TM3) and
Sertoli (TM4) cells were cotransfected with 5 ug of indicated
plasmid and 5 pg of pSV-B-galactosidase vector. Ten hours
before cell harvest, 10 uM of Cd was administered. Cytosols
with equal B-galactosidase activity were reacted with "4C-
chloramphenicol and acetyl Co-A at 37°C for 1 hr. The products
were analyzed by thin layer chromatography. Percent conver-

sion was calculated by cutting out the acetylated and nonacety-
lated forms of *C-chloramphenicol and quantifying them in a
scintillation counter. The percent conversion from left to right is
67, 75,1, 1, 36, 89, 1, 1, 11, and 94, respectively. pCAT,
plasmid without MT promoter; MT, plasmid with MT promoter
inserted (pMTCAT); RSV, RSVCAT transfected into TM3 cells as
a positive control. —, no Cd treated; +, 10 pM of Cd treated.
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Fig. 3. Induction of MT mRNA after Cd administration. Leydig
(A) and Sertoli (B) cells were treated with various concentra-
tions of Cd for 12 hr and cytosolic RNAs were extracted for
Northern analyses. The relative induction of MT mRNA was
determined by densitometric scanning of the autoradiogram
using a-tubulin as the internal standard. 1, MT mRNA; 2,
tubulin mRNA.

copper- and dexamethasone-treated Sertoli cells.
Isoform-specific oligonucleotides were used to
investigate the identity of induced mRNA. The
sequences of the oligonucleotides were comple-
mentary to and specific for the 3’ untranslated
region of mouse MT-I and MT-II genes, respec-
tively [De et al., 1991]. Figure 6 shows that both
MT-I and MT-II mRNAs are synthesized in Ley-
dig and Sertoli cells after administration of Cd
and Zn.
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Fig. 4. Time course studies of MT mRNA expression in testicu-
lar cells. Leydig (A) and Sertoli (B) cells were treated with 20 uM
of Cd and harvested at various time points. Cytosolic RNAs
were extracted and analyzed by Northern hybridization. The
relative induction of MT mRNA was determined by densitomet-
ric scanning of the autoradiogram using mouse a-tubulin as the
internal control. 1, MT mRNA; 2, tubulin mRNA.

Since MT mRNA is inducible in these cells, we
determined whether the newly synthesized
RNAs are transcribed correctly by primer exten-
sion experiments. Due to the fact that the se-
quence of the first 20 nucleotides (see Materials
and Methods) from the translation initiation
site (ATG) for both mouse MT-1 and MT-II
genes is exactly the same [Glanville et al., 1981;
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Fig. 5. Induction of MT mRNA by various inducers. Leydig
(TM3) and Sertoli (TM4) cells were treated with various concen-
trations of zinc (A), copper (B), or dexamethasone (C) for 12 hr
and cytosolic RNAs were extracted for Northern analyses. The
dose (from left to right) used for induction was (A) 0, 20, 50, 80,
100 uM for TM3 and 0, 10, 20, 50, 70 uM for TM4; (B) 0, 20,
50, 80, 100 uM for both cells; (C) 0, 0.5, 1, 5, 10 uM for both
cells. 1, MT mRNA; 2, tubulin mRNA.
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Fig. 6. Identification of MT mRNA isoforms in testicular cells
after induction. Leydig (TM3) and Sertoli (TM4) cells were
treated with Cd, Zn, Cu, or dexamethasone for 12 hr and
cytosolic RNAs were extracted for Northern analyses. The nitro-
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Searle et al., 1984], an oligonucleotide comple-
mentary to this sequence was synthesized and
used as a primer for analyzing RNAs isolated
from metal-treated Leydig and Sertoli cells. The
distance between the transcription and transla-
tion initiation sites of mouse MTI gene is six
bases longer than that of MT-II {Glanville et al.,
1981; Searle et al., 1984]. It is possible to iden-
tify each isoform on a sequencing gel. Figure 7
shows that both MT-I and MT-II mRNA of
testicular cells were transcribed from the cor-
rect positions of their respective genes. The lad-
der shown in the metal-induced Leydig cells may
be resulted from the incomplete extension.
After examining MT expression at the tran-
scriptional level, we investigated the translation
of MT mRNA into proteins. As a cysteine-rich
protein, a high proportion of cysteine will be
incorporated into MT during MT synthesis.
Therefore, cells were cultured in a cysteine-
deficient medium, and 35S-cysteine was fed to
allow incorporation of the isotope into MT after
metal induction. The cells were then harvested
and the cytosolic proteins were separated by
electrophoreses. Mouse MTs are heat-stable pro-
teins that can be identified in SDS-polyacryl-
amide gel only after carboxymethylation [Koi-
zumi et al., 1982]. Taking advantage of these
characteristics, the cytosolic proteins were heat
treated, followed by chemical modification, and
electrophoresed in 10-18% linear gradient gels.
Figure 8 shows the autoradiograms of the gels.
Intense bands were observed at low molecular
weight regions of the induced samples. These
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cellulose membrane was initially hybridized with MTl-specific
probe. After autoradiography, it was washed and rehybridized
with MTll-specific probe.
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Fig. 7. Primer extension analyses of RNAs isolated from testicu-
lar cells. RNAs isolated from Leydig (TM3) and Sertoli (TM4)
cells with or without metal treatment were analyzed by primer
extension. Lanes 1 and 2, Sertoli cells without and with Cd
treatment; Lanes 3 and 4, leydig cell without and with Zn
treatment.

bands migrated to a position similar to that of
purified duck MT [Lin et al., 1990] and they
cannot be visualized in samples without carboxy-
methylation (data not shown). The intensity of
the MT bands increased upon metal administra-
tion. The results demonstrate that the transla-
tional systems are effective and MT proteins are
synthesized in testicular cells.

All these studies indicate that MT is inducible
in Leydig and Sertoli cells at both transcrip-
tional and translational levels. We then address
the question of whether these cells are more
susceptible to Cd toxicity than other mouse cells.
Thus, a mouse embryonic fibroblast (STO) cell
line was used for comparison with testicular

cells for metal tolerance. After exposure to vari-
ous concentrations of Cd for 5 hr, the fraction of
surviving cells was estimated. As shown in Fig-
ure 9, no obvious difference in metal tolerance
among the cell types can be detected. This sug-
gests that even at the cellular level, Leydig and
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Fig. 8. Identification of MT protein by polyacrylamide gel
electrophoresis. Leydig (TM3) and Sertoli (TM4) cells were
cultured in media supplemented with 35S-cysteine. After induc-
tion for 12 hr, the cells were harvested and cytosolic proteins
were heat treated, carboxymethylated, and electrophoresed.
The positions of MT bands were indicated. C, cells without
induction; Cd, cells treated with 20 uM of Cd; Zn, cells treated
with 70 uM of Zn.

100 #s o—o0 TM4
*—e TM3
50 a—aA STO
5
S 20 ¢
o
L
— 10F
le]
=
5 ° —o
n ¢\X
2 L
1 1 i
0 20 40 60

[Cadmium] uM

Fig. 9. Comparison of Cd susceptibility among cells. Mouse
Leydig (TM3), Sertoli (TM4), and embryonic fibroblast (STO)
cells were treated with various concentrations of Cd for 5 hr and
survival fractions were determined by MTT assay. Each value
represents a mean = SD of three samples.
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Sertoli cells respond to Cd challenge in a man-
ner similar to fibroblast cells.

DISCUSSION

In this report, we present a detailed study on
the induction of metallothionein in both Leydig
and Sertoli cells. This study was initiated with
the investigation of metal accumulation in tes-
ticular cells (Fig. 1). Once metal accumulation
was demonstrated in the cells, the transcrip-
tional system for metallothionein expression was
examined. Data from transcriptional factor(s)
and Northern analyses indicate that the machin-
ery is active and MT mRNA can be synthesized
in both Leydig and Sertoli cells by dose- and
time-dependent manners after Cd induction
(Figs. 2-4). To further confirm that the induced
mRNA belongs to the MT family rather than to
testicular metal binding proteins and to ensure
MT is transcribed correctly, isoform-specific
probe hybridization (Fig. 6) and primer exten-
sion analyses (Fig. 7) were performed. The re-
sults show clearly that MT mRNA was indeed
synthesized without defect in the cells after
induction. Following transcription, the transla-
tional mechanism was also examined. As shown
in Figure 8, MT mRNA can be translated into
proteins. Finally, the Cd susceptibilities of tes-
ticular cells were compared with cells from other
tissues and no obvious differences were found
among them. The results of this series of studies
confirm that MT is inducible and expressed in
Leydig and Sertoli cells.

By the absence or presence of testicular necro-
sis following exposure to Cd, strains of mice can
be classified into ‘“‘susceptible’ and ‘‘resistant”
to Cd toxicity. It may be argued that the cell
lines used in this study are derived from a mouse
strain (BALB/c) which is ‘“‘resistant” to Cd-
induced testicular toxicity [Gunn et al., 1964]. It
has been proposed that the resistance to Cd
toxicity is mainly due to hypomethylation of MT
genes [Bhave et al., 1988]. The lower level of
gene methylation may result in a more effective
expression of MT in testicular cells and hence
reduced Cd toxicity. Thus, the production of MT
in the cell lines used is expected. However, no
difference in testicular MT levels can be detected
between ‘‘resistant’ or ‘“‘susceptible’’ strains of
mice after Cd administration [Abel et al., 1991].
In addition, the basal level of MT expression is
similar in both strains and is three- to sevenfold
higher than those of liver and kidney. If MT
genes in testes were methylated in one of the

strains, there should be a difference in expres-
sion under either basal or induced situations.
Thus, methylation of MT genes is not the major
factor in determining the ineffectiveness of MT
induction in testes, and the ‘“‘resistance” to Cd
toxicity in testes does not correlate with MT
induction in the testicular cells.

The discrepancy between the induction of MT
in the whole testicular tissue and isolated cells is
difficult to explain. It may be speculated that
long-term culture conditions have changed the
physiological characteristics of the cells. How-
ever, studies by Abel et al. [1991] suggest that
freshly isolated Leydig cells show the same prop-
erties as established cell lines in the synthesis of
MT or MT-like proteins. We expect that the
same conclusion is applicable to our studies here.
Another explanation may be that the proportion
of MT-synthesizing cells in testes is low enough
that the amount of MT produced is masked by
other cellular compartments. This may be true
for Leydig cells that contribute only 3—4% of the
total tissue volume [Mori and Christensen,
1980]. With the addition of Sertoli cells, the
difference of MT content between Cd-treated
and untreated testes should be measurable. Fur-
thermore, high levels of MT mRNA have been
found in the male germ cells of adult mice [Chen
et al., 1974; De et al., 1991]. It thus becomes
obvious that MT cannot be isolated successfully
from testes of Cd-exposed animals [Waalkes et
al.,, 1984a,b; Deagen and Whanger, 1985;
Waalkes and Perantoni, 1986, 1988].

Parizek [1960] has shown that Cd exposure
may cause male sterilization due to interference
with Zn metabolism in testes and lead to atro-
phy of the cells lining the seminiferous tubules.
Another study indicates that testicular injury is
due to the binding of Cd to testicular capillary
endothelium and an increase in its permeability
[Chen et al., 1974]. Both may eventually result
in necrosis of the tissue. Thus, cell damage may
be the reason for the lack of MT induction in
testes of Cd-treated animals. However, early
changes in tubules and interstitial edema of
testes were observed 6 hr after Cd injection
[Parizek, 1960], while MT mRNA was synthe-
sized in Leydig and Sertoli cells within 2 hr of
metal exposure (Fig. 4). There should be time to
observe the increase of MT in the testes. Never-
theless, the MT level did not change in mouse
testes 3 hr after Cd injection [Durnam and Pal-
miter, 1981]. It is thus speculated that distribu-
tion of Cd in testes may be the critical factor in
determining MT induction.
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In summary, we used the established Leydig
and Sertoli cell lines to investigate MT expres-
sion at transcriptional, translational, and cellu-
lar levels. All the results indicate that MT can be
expressed in these cells. It is possible that other
physiological factors are involved in the inability
to measure MT accumulation in testes after Cd
exposure.

ACKNOWLEDGMENTS

This work was supported in part by the Grants
of National Science Council NSC82-0203-B007-
028 and NSC83-0421-B007-006. We thank Dr.
M. F. Tam, Dr. W. K. Chou, and Mr. Ken Muller
for their discussion and critical reading.

REFERENCES

Abel J, Ruiter DeN, Kuhn-Velten WN (1991): Comparative
study on metallothionein induction in whole testicular
tissue and isolated Leydig cells. Arch Toxicol 65:228-234.

Alley MC, Scudiero DA, Monks A, Hursey ML, Czerwinski
MJ, Fine DL, Abbott BJ, Mayo JG, Shoemaker RH, Boyd
MR (1988): Feasibility of drug screening with panels of
human tumor cell lines using a microculture tetrazolium
assay. Cancer Res 48:589-601.

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman
JG, Smith JA, Struhl K (1989): “Current Protocols in
Molecular Biology.” New York: John Wiley and Sons, Inc.,
pp 4.8.1-4.9.5.

Bhave MR, Wilson MT, Waalkes MP (1988): Methylation
status organization of the metallothionein-I gene in livers
and testes of strains of mice resistant and susceptible to
cadmium. Toxicology 50:231-245.

Bradford MM (1976): A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein dye binding. Anal Biochem 72:248—
254.

Brady FO, Webb M (1981): Metabolism of zinc and copper in
the neonate. J Biol Chem 256:3931-3935.

Chen RW, Wagner PA, Hoekatra WG, Ganther HE (1974):
Affinity labelling studies with 1°°Cadmium in cadmium-
induced testicular injury in rats. Environ Physiol Bio-
chem 38:293-306.

Cousins RJ (1985): Absorption, transport, and hepatic-
metabolism of copper and zinc—Special reference to metal-
lothionein and ceruloplasmin. Physiol Rev 65:238-309.

Danielson KG, Ohi S, Huang PC (1982): Immunochemical
detection of metallothionein in specific epithelial cells of
rat organs. Proc Natl Acad Sci USA 79:2301-2304.

De SK, Enders GC, Andrews GK (1991): High level of
metallothionein messenger RNAs in male germ cells of
the adult mouse. Mol Endocrinol 5:628-636.

Deagen JT, Whanger PD (1985): Properties of cadmium-
binding protein in rat testes (characteristic unlike metallo-
thionein). Biochem J 231:279-283.

Durnam DM, Palmiter RD (1981): Transcriptional regula-
tion of the mouse metallothion-I gene by heavy metal. J
Biol Chem 256:5712-5716.

Gagne F, Marion M, Denizeau F (1990): Metal homeostasis
and metallothionein induction in rainbow trout hepato-
cytes exposed to cadmium. Appl Toxicol 14:429-437.

Glanville N, Durnam M, Palmiter RD (1981): Structure of
mouse metallothionein-I gene and its mRNA. Nature 292:
267-269.

Gorman CM, Merlino GT, Willingham MC, Pastan I, Howard
BH (1982): The Rous sarcoma virus long terminal repeat
is a strong promoter when introduced into a variety of
eukaryotic cells by DNA-mediated transfection. Proc Natl
Acad Sci USA 79:6777-6781.

Griffith BB, Walters RA, Enger MD, Hildebrand CE, Griffith
JK (1983): cDNA cloning and nucleotide sequence compari-
son of Chinese hamster metallothionein I and II mRNAs.
Nucleic Acids Res 11:901-910.

Gunn SA, Gould TC, Anderson WAD (1963): The selective
injurious response of testicular and epididymal blood ves-
sels to cadmium and its prevention by zinc. Am J Pathol
42:685-702.

Gunn SA, Gould TC, Anderson WAD (1964): Effect of zinc
on cancerogenesis by cadmium. Proc Soc Exp Biol Med
115:653-657.

Hamer DH (1986): Metallothionein. Annu Rev Biochem
55:913-951.

Hung S-H, Yu C-W, Chou T-M, Huang PC, Lin L-Y (1991):
Molecular cloning of Chinese hamster metallothionein II
gene and its 5' flanking region. Biochem Biophys Acta
1090:255-258.

Karin M (1985): Metallothioneins: Proteins in search of
function. Cell 41:9-10.

Kelly SL, Basu A, Teicher BA, Hacker MP, Hamer DH, Lazo
JS (1988): Overexpression of metallothionein confers re-
sistance to anticancer drugs. Science 214:1813-1815.

Koizumi S, Otaki N, Kimura M (1982): Estimation of thi-
onein synthesis in cultured cells by slab gel electrophore-
sis. Ind Health 20:101-108.

Lin LY, Liu LF, Tam MF, Huang PC, Vestling M, Fenselau
K (1990): Primary sequence of duck metallothionein. Bio-
chim Biophys Acta 1041:31-35.

Mori H, Christensen AK (1980): Morphometric analysis of
Leydig cells in the normal rat testis. J Cell Biol 84:340—
354.

Muller T, Schuckelt R, Jaenicke J (1991): Cadmium/zinc-
metallothionein induces DNA strand breaks in vitro. Arch
Toxicol 65:20-26.

Nishimura H, Nishimura N, Tohyama C (1990): Localiza-
tion of metallothionein in the genital organs of the male
rat. J Histochem Cytochem 38:927-933.

Onosaka S, Cherian MG (1982): The induced synthesis of
metallothionein in various tissue of rats in response to
metals. II. Influence of zinc status and specific effect on
pancreatic metallothionein. Toxicology 23:11-20.

Palmiter RD, Findley SD, Whitmore TE, Durnam DM (1992):
MT-III, a brain-specific member of the metallothionein
gene family. Proc Natl Acad Sci USA 89:6333-6337.

Parizek J (1960): Sterilization of the male by cadmium salts.
J Reprod Fertil 1:294-309.

Parizek dJ, Zahor Z (1956): Effect of cadmium salts on
testicular tissue. Nature 177:1036-1037.

Sambrook J, Fritsch EF, Maniatis T (1989): Molecular Clon-
ing: A Laboratory Manual. Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory, pp 16.30-16.72.

Searle PF, Davison BL, Stuart GW, Wilkie TM, Norstedt G
(1984): Regulation, linkage, and sequence of mouse metal-
lothionein I and IT genes. Mol Cell Biol 4:1221-1230.

Shaikh ZA, Tewari PC (1990): Similarities between metallo-
thionein and low molecular weight testicular cadmium-
binding protein. Experientia 46:694-696.



Metallothionein in Testicular Cells 495

Singh KS, Nath R, Chakravarti RN (1974): Isolation and
characterization of cadmium-binding protein from rat
testes. J Reprod Fertil 36:257-265.

Uchida Y, Takio K, Titani K, Thara Y, Tomonaga M (1991):
The growth inhibitory factor that is deficient in the
Alzheimer’s disease brain is a 68 amino acid metallothio-
nein-like protein. Neuron 7:337-347.

Waalkes MP, Perantoni A (1986): Isolation of a noval metal-
binding protein from rat testes. J Biol Chem 261:13097-
13103.

Waalkes MP, Perantoni A (1988): In vitro assessment of
target cell specificity in cadmium carcinogenesis: Interac-
tion of cadmium and zinc with isolated interstitial cells of
the rat testes. In Vitro Cell Dev Biol 24:558-565.

Waalkes MP, Ward JM (1989): Induction of hepatic metallo-
thionein in male B6C3F1 mice exposed to hepatic tumor
promoters—Effects of phenobarbital, acetaminophen, so-
dium barbital and di(2-ethylhexyl)phthalate. Toxicol Appl
Pharmacol 100:217-226.

Waalkes MP, Chernoff SB, Klaassen CD (1984a): Cadmium-
binding protein of rat testes (characterization of a low-
molecular-mass protein that lacks identity with metallo-
thionein). Biochem J 220:811-818.

Waalkes MP, Chernoff SB, Klaassen CD (1984b): Cadmium-
binding protein of rat testes (apparent source of the pro-
tein of low molecular mass). Biochem J 220:819-824.

Waalkes MP, Rehm S, Riggs CW, Bare RM, Devor DE,
Poirier LA, Wehk ML, Henneman JR (1988): Cadmium
carcinogenesis in male wistar[Crl:(WI)BR] rats: Dose-
response analysis of tumor induction in the prostate and
at the injection site. Cancer Res 49:4654-4663.

Waalkes MP, Rehm S, Riggs CW, Bare RM, Devor DE,
Poirier LA, Wehk ML, Henneman JR (1989): Cadmium
carcinogenesis in male wistar[Crl:(WI)BR] rats: Dose—
response analysis of effects of zinc on tumor induction in
the prostate in the testes, and at the injection site. Cancer
Res 49:4282-4288.

Webb M (1975): The metallothioneins. Biochem Soc Trans
3:632-634.





