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This study analyzes cadmium effects at the hypothalamic-
pituitary-testicular axis. Malerats were given cadmium during
puberty or adulthood. Cadmium exposure through puberty In-
creased norepinephrine content In all hypothalamic areas stud-
Ied,but not In the median eminence. Metal exposure Increased
serotonin turnover In median eminence and the anterior hypo-
thalamus, while decreased It In medlobasal hypothalamus.
Also, decreased plasma levels of testosterone were found. Cad·
mlum exposure during adulthood Increased norepinephrine
content In posterior hypothalamus and decreased the neuro-
transmitter content In anterior and medlobasal hypothalamus.
Decreased circulating levels of luteinizing hormone (LH) and
testosterone andIncreased plasma follicle stimulating hormone
(FSH) levels were also observed. Cadmium accumulated In all
analyzed tissues. Various parameters showed age-dependent
changes. These datasuggest thatcadmium globally effects hy-
pothalamlc-pltultary-testlcular axis function by acting at the
threelevels analyzed andthatan Interaction between cadmium
exposure and age emerge.
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The gonad is considered the main target for environ-
mental toxins (1). Cadmium, among them, is very
dangerous to testicular function (2-9). Different

studies have shown that cadmium affects plasma gonado-
tropin levels (10-15) and the content of several neurotrans-
mitters in discrete areas of the brain that are not involved in
the regulatory mechanisms of these hormones (15-23).

Supported by the XUDla de Galicia (XUGA 38302A96 ~d PGIDT99PXI38301Bl and
the Universidad Complutense (Multidisciplinar), Madrid, Spam. . .
I To whom requests for reprints should be addressed at Departm~nt of BI.ochemlst~:
Facultad Medicine, Complutense University, 28040 Madrid, Spam. E-mail.
pelayos@eucmax.sim.ucm.es

Received April 6, 2000.
Accepted February 5, 200 I.

0037-9727/01/2266-0605$15.00
Copyright © 200 I by the Society for Experimental Biology and Medicine

Changes in dopamine, serotonin, and norepinephrine con-
tents in half brains after metal exposure were described (17,
23). Also, modifications in serotonin, 5-hydroxyindolacetic
acid, dopamine, and norepinephrine contents in the cortex,
striatum, and hippocampus from rats exposed to the metal
alone or in combination with lead were reported by Nation
et al, (18). Changes in dopamine, DOPAC (3,4-
dihydoxyphenil acetic acid), serotonin, 5-hydroxyindol ace-
tic acid contents, and their metabolic rates in the frontal
cortex, nucleus accumbens, olfactory bulb, and the striatum
of rats exposed to this heavy metal were also shown (21).
Only Shukla and Shinghal (23) and Das et al. (20) measured
the contents of serotonin in the whole hypothalamus, be-
cause this area is involved in pituitary hormone release.
These results do not explain the specific changes at the
hypothalamic areas involved in the regulation of pituitary
hormone secretion (24-26). There is no work that poses
changes at the regulatory areas of the hypothalamus, with
plasma levels of gonadotropins, prolactin, and testosterone.

The study of the hypothalamic-pituitary-gonadal axis in
animals exposed to the metal is of great interest since the
levels of cadmium in air, water, soil. and foods have in-
creased several-fold in many parts of the world as a result of
emissions from industrial activities. It is also of interest
since the natural biogeochemical cycle of cadmium has
been overwhelmed (27). The safety limit of cadmium intake
for adult humans is of 51 to 71 p.g/day in industrialized
countries (28),

This work was undertaken to answer the following
questions: (i) if the exposure to cadmium modifies the hy-
pothalamic-pituitary-testicular axis function; (ii) if cad-
mium effects on the male reproductive axis are dependent
on sexual development (prepubertal or postpubertal) during
the exposure to the metal; and (iii) if these possible changes
in the reproductive axis are related to cadmium accumula-
tion within the axis. Serotonin turnover (as the index
5-HIAA, 5-hidroxyindol acetic acid/5-HT serotonin) and
norepinephrine content in various hypothalamic areas, as
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well as plasma levels of gonadotropins and testosterone,
were measured. Cadmium accumulation at the hypothala-
mus, the pituitary, and the testis was also evaluated.

Materials and Methods
Animals and Treatment. Male rats of the Sprague-

Dawley strain kept under controlled conditions of light
(lights on from 07:00 to 21:00 hr) and temperature (22° ±
2°C) and having access to food and water ad libitum were
used. Four groups of 16 animals were used. Groups I and 2
were 30-day-old rats (prepubertal) and groups 3 and 4 were
60-day-old male rats (young adults) at the beginning of the
experiment. Groups 2 and 4 were exposed to the metal (as
cadmium chloride [CdClz] at a dose of 50 ng/ml in the
drinking water) from Day 30 to 60 or from Day 60 to 90,
respectively. Groups 1 and 3 received water from University
supply as controls. The daily dose of cadmium was 2 mg/kg
body wt, considering that water consumption is about 20 ml
per day/rat and that it was not modified by cadmium addi-
tion. The dose of the metal was not significantly modified
by the content in the water supply (20 ng/20 ml). This dose
of cadmium is one-half of the lethal dose for rats divided by
a factor of security of 500. However, this dose is 40 times
higher that the range of the dietary intake by the human in
several countries (29-31). Considering that the mean-half
life of cadmium is over 30 years, the metal will accumulate
in the tissues. Moreover, other factors may increase the
intake of cadmium. For example, the smoking of 20 ciga-
rettes may increase cadmium intake by 0.5 and 2 J-Lg (31).

At the 60th day of life for groups I and 2, and at 90th
day of life for groups 3 and 4, animals were sacrificed by
decapitation at 14:00 hr (25). The decapitation procedure
was completed within 5 to 10 sec to avoid stressors. Trunk
blood was collected in tubes containing EDTA (60 gil) and
plasmas were collected after centrifugation at 1500g for 15
min at 4°C, and the samples were kept frozen at -20°C until
LH, FSH, and testosterone were measured. The hypothala-
mus from eight animals of each group were used to mea-
sured cadmium accumulation and the other eight were used
to measured norepinephrine, 5-HT, and 5-HIAA contents in
the median eminence, and anterior, mediobasal, and poste-
rior hypothalamus.

The studies were conducted in accordance with the
principles and procedures outlined in the National Institutes
of Health Guide for the Care and Use of the Laboratory
Animals (32).

Amine Measurements. The hypothalamus was
quickly removed as described in previous works of the
group (24). Tissue was weighed and homogenized in chilled
(0°-1°C) 2 M acetic acid. After centrifugation (at 15,000g
for 30 min at 4°C), the supernatants were analyzed by high
performance liquid chromatography (HPLC) using electro-
chemical detection (Coulochem, II, ESA). A C-18 reverse
phase column was eluted with a mobile phase consisting of:
0.1 M sodium acetate, 0.1 M citric acid, 0.7 mM sodium
octylsulphate, and 0.57 mM EDTA containing 10% metha-

nol (v/v), pH 4. The flow rate was I ml/min at a pressure of
2200 psi. Fixed potentials against HzlH+ reference elec-
trodes were conditioning electrode -0.4 V, pre-oxidation
electrode +0.10 V, and working electrode +0.35V. Amine
concentrations were calculated from the chromatographic
peak areas by using external standards. The linearity of the
detector response for norepinephrine, 5-HT, and 5-HIAA
was tested within the concentration ranges found in super-
natants of anterior, mediobasal, and posterior hypothalamus
and median eminence (33).

Hormone Measurement. Plasma LH and FSH lev-
els were measured by homologous specific double antibody
radioimmunoassay using material kindly supplied by the
National Hormone and Pituitary Program (NHPP, Rock-
ville, MD) and by Dr. A. Parlow (Harbor UCLA Medical
Center). The intraassay coefficients of variation were 7.3%
and 9.5% for LH and FSH, respectively. Sensitivities of the
assays were 0.025 and 0.04 ng/mL, respectively, using r-
LH-RP-3 and r-FSH-RP-2 reference preparations, respec-
tively. All samples were measured in the same assay to
avoid interassay variation. Plasma testosterone levels were
measured using a commercial kit form Diagnostic Systems
Laboratories Inc. (Webster, TX), validated in our labora-
tory. The intraassay coefficient of variation was 9% and the
sensitivity of the assay was 0.1 ng/mL.

Cadmium Determination. Cadmium concentration
was determined in the water supply and in the hypothala-
mus, pituitary, and testis of eight animals. Tissue cadmium
concentrations were determined by graphite furnace atomic
absorption spectrophotometry after microwave digestion
(GFAAS). The samples were mineralized in a Parr 4780
microwave, acid digestion bomb, and a Samsung M-745
microwave oven. The mineralization step was performed by
treating 25 mg of dried homogenized samples with 3.0 ml of
ultra pure nitric acid and I ml of distilled water. In the case
of pituitary and hypothalamus, the whole tissue was treated.
Then, the samples were digested in the microwave acid
digestion bomb. The mineralization was completed after
two digestions at 450 W for 2 min and 20 s. For cadmium
determination, an atomic absorption spectrophotometer
(Perkin-Elmer, Varian Spectra 250 plus) with Zeeman back-
ground correction was used. Accuracy was obtained by cali-
bration against aqueous standards (RSD 5%). Sensitivity of
the method was 0.02mgn. Samples of the whole experiment
were analyzed within the same assay to avoid interassay
variations, and the intraassay coefficient of variation
was 4%.

Statistical Analysis. Stadistical analysis of results
was performed by using a factorial ANOVA followed by a
Scheffe test (StatView for Macintosh). The results were
considered significant at P < 0.05. All values represent the
means ± SEM.

Results
In older control rats, the norepinephrine content in-

creased in the anterior, mediobasal, and posterior hypothala-
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mus as compared with the values found in younger controls
(P < 0.001; Fig. 1, b, c. and d). This increase was not
observed in the median eminence (Fig. la). Serotonin turn-
over decreased in the anterior mediobasal and posterior hy-
pothalamus in 90-day-old rats as compared with the values

Figure 1. Norepinephrine content in me-
dian eminence (a), and in anterior (b),
mediobasal (c), and posterior hypothala-
mus (d) in 60- or 90-day-old male rats
treated with cadmium-free water or with
cadmium chloride at a dose of 50 ppm in
the drinking water for 1 month beginning
from Day 30 or 60 of life, respectively.
The values are expressed as means ±
SEM (n = 8 in each group)...P < 0.01'
"'p < 0.001 versus controls of 60 day~
of life. #P < 0.05, ###P < 0.001 versus
controls of 90 days of age.

found in 6O-day-old control animals (P < 0.0 I; Fig. 2, b, C,

and d).
In rats treated with CdCI2 from 30 to 60 days of life, the

norepinephrine content increased in the anterior, medio-
basal, and posterior hypothalamus (Fig. I, b, C, and d) as

Figure 2. Serotonin turnover measured
as 5-hydroxyindole acetic acid/serotonin
ratio in median eminence (a), and in an-
terior (b), mediobasal (c), and posterior
hypothalamus (d) in 60- or 90-day-old
male rats treated with cadmium-free wa-
ter or with cadmium chloride at a dose of
50 ppm in the drinking water for 1 month
beginning from Day 30 or 60 of life re-
spectively. The values are expressed as
means ± SEM (n = 8 in each group). "p
< 0.01 versus controls of 60 days of life.
##P < 0.01 versus controls of 90 days of
age.
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compared with the values found in their age-matched con-
trols (P < 0.001). In these animals, serotonin turnover in-
creased in the median eminence and anterior hypothalamus
(Fig. 2a) as compared with the values found in age-matched
controls (P < 0.0 I). However, in the mediobasal hypothala-
mus, serotonin turnover decreased (P < 0.001; Fig. 2 c).

When cadmium was administered from Day 60 to 90 of
life, the norepinephrine content increased in the posterior
hypothalamus (P < 0.05; Fig. Id) and decreased in the an-
terior hypothalamus (P < 0.05; Fig. I b) as compared with
the values found in their age-matched control rats. The se-
rotonin turnover increased in mediobasal and posterior hy-
pothalamus (Fig. 2, c and d; P < 0.001 and < 0.05, respec-
tively) as compared with controls.

The analysis of norepinephrine content within the hy-
pothalamus indicates the existence of a global cadmium
effect in mediobasal (F = 43.10; P < 0.0001), anterior (F
= 21,668; P < 0.0002), and posterior (F = 205.33; P <
0.000 I) hypothalamus. An interaction between age and cad-
mium appeared in the same areas of the hypothalamus (P <
0.0001 for each comparison). However, no effects of the
metal or interaction between the metal and the age were
determined in the median eminence.

Serotonin turnover analysis indicates the existence of a
global cadmium effect at the anterior (F = 6.62; P < 0.01)
and mediobasal (F = 23.94; P < 0.0001) hypothalamus and
the median eminence (F = 22.72; P < 0.0001). An inter-
action between age and cadmium appeared in mediobasal
hypothalamus (P < 0.0001) and median eminence (P <
0.0 I), but not in the anterior hypothalamus.

In older animals, plasma levels of LH and testosterone
increased as compared with the values found in younger rats
(P < 0.00 I; Fig. 3), while plasma FSH levels decreased (P
< 0.001; Fig. 3). After cadmium treatment from 30 to 60
days of life, only plasma levels of testosterone decreased (P
< 0.0 I; Fig. 3) as compared with the values found in the
control group (Fig. 3). Metal exposure during adulthood (60
to 90 days of life) decreased plasma levels of LH and tes-
tosterone (P < 0.01 and < 0.001 versus age-matched con-
trols; Fig. 3) and increased plasma FSH levels (P < 0.01;
Fig. 3).

Hormone analysis shows a global effect of cadmium on
LH (F = 5.14; P < 0.02), FSH (F = 18.82; P < 0.00019),
and testosterone (F = 6.2; P < 0.01). An interaction
between cadmium and age appeared for LH and FSH
(P < 0.04 and < 0.006, respectively). However, the interac-
tion was not detectable for testosterone.

Prepubertal exposure to cadmium (from 30 to 60 days
of life) increased metal content in the hypothalamus (P <
0.05; Fig. 4) and the testis (P < 0.05 versus control; Fig. 4),
but not in the pituitary (Fig. 4) as compared with the values
found in age-matched control rats. Cadmium treatment in
adult rats (from 60 to 90 days of age) increased metal con-
tent in the hypothalamus, the pituitary, and the testis (P <
0.001, < 0.01, and < 0.001, respectively, versus control; Fig.
4) as compared with their age-matched controls.

Figure 3. Plasma LH, FSH, and testosterone levels in 60- or 90-
day-old male rats treated with cadmium-free water or with cadmium
chloride at a dose of 50 ppm in the drinking water for 1 month
beginning from Day 30 or 60 of life, respectively. The values are
expressed as means ± SEM (n = 16 in each group). **P < 0.01
versus controls of 60 days of age. ##P < 0.01; ###P < 0.001 versus
controls of 90 days of life.

In Figure 5, absolute body weight gain can be observed.
In animals exposed to the metal during puberty, this param-
eter was not changed. However, when rats were exposed to
the xenobiotic during adulthood, body weight gains signifi-
cantly decreased (P < 0.01).

Discussion
To our knowledge, this is the first report showing the

effects of oral exposure to cadmium on several hypotha-
lamic areas involved in the regulation of pituitary hormone
secretion (anterior and mediobasal hypothalamus) and in
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content did not change after postpubertal treatment, which
agrees with the data reported by Andersson et al. (21).
These data indicated age-dependent effects of the metal on
norepinephrine, which may be explained by the sensitivity
of the hypothalamic-pituitary axis to exogenous stimulation
with age (35). Serotonin metabolism changes were only
evident in prepubertal animals and the data agree with those
reported earlier using other brain areas (IS, 18-20). Metal
accumulation in the hypothalamus and pituitary was higher
after postpubertal than after prepubertal metal exposure, al-
though the changes observed in norepinephrine content and
serotonin metabolism were more marked in younger than
in older rats, thus confirming previous data in growing
rats (I8).

In cadmium-exposed animals from 60 to 90 days of
life, plasma levels of LH and FSH were differentially modi-
fied. These changes did not correlate with norepinephrine
content and 5-HT metabolism at the hypothalamic level, as
these neurotransmitters were unchanged after metal expo-
sure. This may be the basis to explain the age-dependent
effect of cadmium on reproduction, as both neurotransmit-
ters (norepinephrine and serotonin) are involved in the regu-
lation of gonadotropin (36-38). Other neuromodulators not
studied in this work, implicated in gonadotropin secretion
regulation, may be responsible of the observed changes.

Globally, the data indicate multiple levels of action for
the metal on the hypothalamic-pituitary axis, as specific
levels of this axis were affected. This may indicate that
cadmium differentially affects both hypothalamic and pitu-
itary lev~ls in the ~eproductive axis, depending upon the age
of the animals dunng the metal exposure, as indicated by the

Control Cd Control Cd
60 30-60 90 60-90

Figure 5. Body weight gain in male rats treated with cadmium chlo-
ride at a dose of 50 ppm in the drinking water for 1 month beginning
from Day 30 or 60 of life, respectively. The values are expressed as
means ± SEM (n = 8 in each group)."P < 0.05 versus controls of 90
days of age.
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Figure 4. Cadmium accumulation in the hypothalamus, pituitary,
and testis in 60- or 90-day-old male rats treated with cadmiu"!1·f~ee
water or with cadmium chloride at a dose of 50 ppm in the drinking
water for 1 month beginning from Day 30 or 60 of life, respectively.
The values are expressed as means ± SM (n = 8 in each group)."P
< 0.001 versus controls of 60 days of age. liP < 0.01; IIIP < 0.001
versus controls of 90 days of life.

median eminence and in the posterior hypothalamus, an area
not directly related to this function. The changes found at
the hypothalamus, together with those observed in plasma
levels of gonadotropins and testosterone, suggest a global
effect of the metal on the reproductive function and that an
interaction exists between the metal and the age during cad-
mium exposure.

The changes in norepinephrine content within the hy-
pothalamus observed in this study agree with those de-
scribed for the whole brain (34). However, norepinephrine
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interaction between the metal and the age in most of the
parameters studied.

We found increased plasma levels of FSH after cad-
mium administration from 60 to 90 days of life. This finding
could be due to the accumulation of cadmium in the testis.
In this context, it was shown that cadmium affects Sertoli
cell activity by decreasing inhibin synthesis and release.
Thus, the increased plasma levels of FSH could be ex-
plained, as this peptide is the main inhibitory signal for FSH
secretion (39). These data confirm that the severity of cad-
mium-induced damage at the testicular level increased with
age (40, 41).

The decrease in plasma testosterone levels observed
after both prepubertal and postpubertal cadmium exposure
may reflect direct effects of the metal at the testis as this
metal accumulates in this tissue (this study; 42-44). This
effect may be explained considering the results described by
Laskey and Phelps (9) from in vitro studies that showed a
reduction in both human chorionic gonadotrophin and di-
butyl cyclic adenosine monophosphate-stimulated testoster-
one production in rats treated with cadmium.

The changes in testosterone did not correlate with the
modifications in gonadotropin secretion. This might suggest
that selective accumulation of the metal on the reproductive
axis disrupts the bidirectional regulatory mechanism that
operates in this specific axis.

The decrease in body weight gain in the postpubertal
cadmium-treated animals may be correlated to the greater
accumulation of the metal in both hypothalamus and pitu-
itary in these animals. This decrease does not seem not to be
caused by alterations in growth hormone secretion, as serum
levels of this hormone are not changed by postpubertal cad-
mium administration (45, 46). The changes that we have
found could be explained by differential target sensitivity
with the age, or different functionality of the hypothalamic-
pituitary-testicular axis after sexual development. However,
further studies are needed to fully understand the mecha-
nism through which cadmium decreases body weight gain.

In conclusion, these data suggest that cadmium exerts
age-dependent effects on the hypothalamic-pituitary-
testicular axis function that may be related to the selective
cadmium accumulation within this axis.

We are indebted to NIDDK's National Hormone and Pituitary Pro-
gram (NHPP. Rockville. MD) and to Dr. A. Parlow (Harbor UCLA Medi-
cal Center. Torrance. CA) for the gift of the kit to measure serum levels
ofLH.
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