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Propylthiouracil-induced hypothyroidism delays apoptosis during the
first wave of spermatogenesis
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ABSTRACT
Mammalian germ cell apoptosis plays a key role in controlling the correct number of germ cells supported by Sertoli cells during the first
wave of spermatogenesis in mammalian puberty. However, little is known about hormonal factors that could influence the rate of germ
cell apoptosis during puberty or adulthood. In this work we evaluate germ cell apoptosis under hypothyroidism induced by goitrogen
propylthiouracil (PTU) during the first wave of spermatogenesis. Neonatally administered PTU promoted a delay in the differentiation
of Sertoli cells as evaluated by the expression of clusterin using immunohistochemistry and RT-PCR. Clusterin had different expression
levels in control and PTU-treated animals, but under both conditions the highest levels were found in 35-day-old rats. In addition, clusterin
displayed a cytoplasmic localization in control testes, but appeared located in the nucleus in PTU-treated animals. The wave of apoptosis
(determined by caspase activity and quantification of apoptotic cells) characteristic of the first round of spermatogenesis was delayed by at
least 10 days in these animals. The expression levels of proapoptotic genes like BAX or BAD were different between control and PTU-treated
rats; although in both groups the highest level was found at the same age (days). Thus our results indicate that the characteristic pubertal
apoptotic wave during rat spermatogenesis is delayed in neonatal hypothyroid rats.
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INTRODUCTION

The Sertoli cell is a key player in spermatogenesis since
it provides nutrients, trophic signals, endocrine regulation,
mechanical support and is also believed to control germ cell
homeostasis by regulating the number of differentiating cells
executing apoptosis (Sharpe, 1994). In mice and rats, Sertoli
cells begin to proliferate at birth, but stop dividing around
postnatal day 15, which is accompanied by expression of
specific markers, such as clusterin (McKinnell and Sharpe,
1997; Plotton et al., 2005). This differentiation involves the
induction of the cyclin-dependent kinase inhibitor p27kip1 by
the thyroid hormone (T3) (Holsberger et al., 2005a; Holsberger
et al., 2003). Hypothyroidism in the neonatal rat impairs
testicular growth, germ cell maturation, seminiferous tubule
formation and other differentiation processes (De Franca et al.,
1995; Maran et al., 2001). Despite the inhibitory effects induced
by goitrogen 6-propyl-2-thiouracil (PTU) when administered
from birth to postnatal day 25, a dramatic recovery of thyroid
hormone levels to the euthyroid state after postnatal day
45 has been observed (Cooke et al., 1991). Once adult, these
treated animals experience an increase in testis size and daily
sperm production of 80% and 140% respectively, compared
to control animals. Thus after recovery from hypothyroidism,
these animals have a larger adult Sertoli cell population, which
leads to increased numbers of germ cells through an unknown
mechanism (Cook et al., 2005).
Conversely, rats treated with the thyroid hormone T3
express a premature cessation of Sertoli cell proliferation and
a stimulation of maturation events such as seminiferous tubule
canalization, and a subsequent decrease in sperm production
during adulthood, suggesting that T3 has direct effects on
Sertoli cells (Holsberger and Cooke, 2005). Overall, these data
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support the idea that thyroid hormone (T3) plays a role in
Sertoli cell differentiation.
Apoptosis is a particular type of programmed cell death
that is characterized by the expression of pro-apoptotic
genes and the activation of a family of cystein-proteases
called caspases (Taylor et al., 2008). Generally speaking two
pathways, intrinsic and extrinsic, are involved in the apoptosis
process in a variety of cell systems, including mammalian
germ cells. The intrinsic pathway of apoptosis involves the
release of cytochrome C from mitochondria into the cytosol,
where it binds to apoptotic protease activating factor 1 (Apaf
1) and dATP, resulting in the activation of initiator caspase
9 and the subsequent proteolytic activation of caspases 3, 6,
and 7 (Taylor et al., 2008). Members of the BCL2 family of
proteins play a major role in controlling this mitochondriadependent apoptotic pathway, with proteins such as BAX or
BAD functioning as inducers of apoptosis and proteins such
as BCL2 as suppressors of cell death (Youle and Strasser, 2008).
p53 is a well-characterized tumor suppressor protein, actively
involved in the mitochondrial pathway of apoptosis by either
inducing transcription of pro-apoptotic genes or its direct
effects on mitochondrial membranes (Pietsch et al., 2008). The
extrinsic pathway of apoptosis involves the binding of a death
receptor (such as FAS) to its ligand (Peter and Krammer, 2003),
FASL. Binding of FASL to FAS induces the trimerization of FAS
receptors, leading to the activation of initiator caspases 8 or 10,
which in turn activate the effector or executioner caspases 3, 6,
and 7, resulting in cellular disassembly.
During rat and mouse puberty a massive wave of
apoptosis occurs around the third week, characterized by
activation of caspases-3,-8 and -9, and an upregulation of
proapoptotic genes such as FAS, BAX and PUMA, suggesting
the participation of the extrinsic and intrinsic pathway during
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germ cell depletion (Billig et al., 1996; Codelia et al., 2008;
Lizama et al., 2007; Moreno et al., 2006; Rodríguez et al., 1997).
It has been hypothesized that germ cells undergoing apoptosis
are those supernumerary cells that cannot establish a proper
functional interaction with the Sertoli cells. In this context, we
wanted to test the hypothesis that the signal inducing germ
cell apoptosis is germ cell intrinsic or germ cell extrinsic. In
other words, if the timing of germ cell apoptosis during the
first wave of spermatogenesis depends only on germ cells
or if it depends on Sertoli cell-derived signals. Thus, using
a hypothyroidism model where Sertoli cell differentiation is
delayed, we hypothesized that if apoptosis depends on the
intrinsic properties of germ cells, we should not observe any
change in the timing of germ cell apoptosis during the first
wave of spermatogenesis. On the other hand, if germ cell
apoptosis depends on Sertoli cell differentiation, a difference in
the timing of the first wave should be observed.

and hematoxylin for the assessment of germ cell apoptosis.
Seminiferous tubule area and diameter were determined
using the program Image Tool 2.0, a free image processing
and analysis program for Microsoft Windows developed
by C. D. Wilcox, S. B. Dove, W. D. McDavid and D. B. Greer
(Department of Dental Diagnostic Science at the University
of Texas Health Science Center, San Antonio, Texas). The
area and diameter were determined using 100 seminiferous
tubules per rat per age (a total of 3 rats, 300 tubules) using the
tools provided by the program. The values are given as the
mean ± standard deviation (S.D.). Sertoli cell nuclei are easily
identified by their characteristic shape and localization along
the seminiferous tubule. Sertoli cell number was determined by
counting the Sertoli cell nuclei at each age in 100 seminiferous
tubules per rat per age (a total of 3 rats, 300 tubules). The
values are given as the mean ± standard deviation (S.D.).
RT-PCR

MATERIALS AND METHODS
Animals and treatment

Male Sprague–Dawley rats were acquired from the Animal
Facility of our faculty. The rats were housed under a 12L:12D
cycle, with water and rat chow being provided ad libitum.
They were killed by cervical dislocation. Investigations were
conducted in accordance with the rules laid down by the
Consortium for Developing a Guide for the Care and Use of
Agricultural Animals in Agricultural Research and Teaching
and by the National Research Council. All animal protocols
were endorsed by the Chilean National Fund of Science and
Technology (FONDECYT). Male rats were made hypothyroid
by adding 0.01% PTU (w/v) to the mother’s drinking water
from birth until Day 25 (Cooke et al., 1991; De Franca et al.,
1995). PTU ingested by the mother passes through the milk
into the pups, where it causes severe hypothyroidism.
Chemicals and antibodies

Unless otherwise stated, all chemicals were purchased from
Sigma Company (St Louis, MO). The antibody against clusterin
(sc-1023) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Caspase-8 (z-IETD-pNA), caspase-9
(z-LEHD-pNA), and caspase-3 (z-DEVD-pNA) substrates
were purchased from Merck (Darmstat, Germany). Anti-rabbit
UltraVision Detection Systems were obtained from LabVision
(Fremont, CA).
Thyroid hormone determination

T3 and T4 hormone determinations were made in 400ml
of 25-day-old rat serum with a solid-phase competitive
chemiluminescent enzyme immunoassay (Siemens/DPC,
Deerfield, IL) according to the manufacturer’s specifications.
Chemiluminescence was quantified in an Immulite 1000
(System Siemens Healthcare Diagnostics, Deerfield, IL).
Morphometric measures

Morphometric measurements were performed in crosssections of paraffin-embedded testes fixed in Bouin’s solution.
Sections were counterstained with peryodic acid-Schiff (PAS)

The levels of mRNAs were evaluated in a germ cell
suspension obtained from seminiferous tubules, as described
below. This procedure allowed us to determine the mRNA
only in cells inside the seminiferous tubules, avoiding
the interference of other cell types, such as Leydig cells,
macrophages or cells from blood vessels. Total RNA was
isolated using Trizol-Reagent (Invitrogen, Carlsbad, CA).
First, complementary DNA was made using 5 μg total RNA
in the presence of Superscript III reverse Transcriptase
(In Vitrogen, Carlsbad, CA) and random primers. After
the RT reaction 51 μl of the incubation mixture was used
as a template for the subsequent PCR reaction. Several
primer sets were used to obtain the PCR products of
clusterin forward 5’-CGGAAGTGTGTAACGAGACCA-3’:
R e v e r s e 5 ’ - AT C T T C A G G C AT C C T G T G G A G - 3 ’ : p 5 3
f o r w a r d 5 ’ - ATAT G A G C AT C G A G C T C C C T C T- 3 ’ :
r e v e r s e 5 ’ - C A C A A C T G C A C A G G G C AT G T- 3 ’ , B A X
f o r w a r d 5 ’ - A G A C A G G G G C C T T T T T G T TA C - 3 ’
reverse 5’-GAGGACTCCAGCCACAAAGAT -3’; BAD
forward 5’-GGGAGAAGAGCTGACG -3’ reverse
5’-GTCTCGGTTTACCAGGAC -3’ and GAPDH forward
5 ´ - A C C A C A G T C C AT G C C AT C A C - 3 ’ : r e v e r s e 5 ’
-TCCACCACCCTGTTGCTGTA -3’ The reaction was initiated
at 94 °C for 1 min, followed by 94ºC for 30 sec, 60ºC for 45 sec,
and 72ºC for 1 min for 30 cycles, and a final extension at 72
°C for 5 min. Aliquots of the PCR products were run in a 1%
agarose gel and then stained with 0.1 g/ml ethidium bromide.
Digital pictures were taken using a NIKON camera (Coolpix
4500, Japan) and the intensity of each band (number of pixels)
was calculated using the Program Image J v 1.41, a public
domain, Java-based image processing program developed at
the National Institute of Health (http://rsb.info.nih.gov/ij/).
The values are given in arbitrary units (UA) that represent
the ratio between the number of pixels between the band of
interest and that of GADPH, as a loading control.
Immunohistochemistry

Clusterin expression and localization were assayed in paraffinembedded cross sections of rat testes fixed in Bouin’s solution.
The samples were first treated with 3% H2O2 for 5 min, then,
to prevent unspecific binding, a standard protein block system
(Ultra V block, LabVision, Freemont, VA) was applied for 5
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min. Primary antibody (rabbit polyclonal) against Clusterin
(Santa Cruz Biotechnologies, SantaCruz, CA) was applied
at a concentration of 2 mg/ml and incubated overnight at
4ºC in a humidified chamber after being washed twice for 5
min in a Tris–HCl buffer, pH 7.6 with 0.3 M NaCl and 0.1%
Tween 20. Biotinylated secondary antibody donkey anti-rabbit
(1mg/ml), streptavidin–biotinylated–peroxidase complex,
amplification reagent (biotinyl-tyramide) and peroxidaseconjugated streptavidin were applied step by step for 30
min each. Afterwards, incubation slides were washed twice
in a buffer for 3 min. Finally, substrate-chromogen solution
consisting of concentrated Tris–HCl and 0.8% H2O2 (substrate)
and 3,3-diaminobenzidine tetrahydrochloride (DAB) solutions
(chromogen) were applied for 5 min and washed off in
distilled water. Samples were observed under a phase contrast
microscope (Optiphot-2, Nikon, Japan) and photographed with
a digital camera (CoolPix 4500, Nikon, Japan).
Apoptosis evaluation

The apoptotic index was calculated as the average number of
apoptotic (pycnotic) cells per seminiferous tubule cross-section.
Three testicular histological sections of the right testis were
used (three rats, a total of 9 sections), and a minimum of 100
randomly selected tubules was counted in each tissue section
(a total of 900 tubules were recorded per treatment). The data
represent the mean (± SD). We have previously shown that
pycnotic germ cells express apoptotic markers such as active
caspase-3 and stain positively for TUNEL (Codelia et al., 2010;
Moreno et al., 2006).
Seminiferous tubule cell isolation

Briefly, testes from 15-45 day-old rats were dissected into a
Petri dish with EKRB (enriched Krebs-Ringer bicarbonate)
medium containing 120.1 mM NaCl, 4.8 mM KCl, 25.2 mM
NaHCO3, 1.2 mM KH2PO4 (pH 7.2), 1.2 mM MgSO4x7H2O,
1.3 mM CaCl2, supplemented with 11.1 mM glucose, 1 mM
glutamine, 10 ml/L MEM essential amino acid solution
(GIBCO/Invitrogen, Carlsbad, CA), 10 ml/l BME nonessential
amino acid solution (GIBCO/Invitrogen, Carlsbad, CA), 100
mg/ml streptomycin, and 100 U/ml penicillin (K salt). Dry
collagenase was added at a final concentration of 0.5 mg/ml.
The testes were then incubated for 15–45 min at 32°C with
gentle stirring. Once the seminiferous tubules were dispersed
in the medium, they were allowed to settle at the bottom of the
dish, and the medium was aspirated and discarded. Germ and
Sertoli cells were mechanically dissociated by aspirating the
tubules with 18 G and 20 G syringes. This final cell suspension
was used to determine caspase activity.
Caspase activity measurement

Caspase activity assays were performed using a germ cell
suspension obtained from seminiferous tubules, as described
above. Briefly, the cell suspension was homogenized in a
buffer containing 1 M NaCl, 1 mM EDTA, 10 mg/ml PMSF,
1% Triton X-100, 20 mM Tris-HCl pH 7.4. Caspase substrates
were labelled with chromophore p-nitro aniline (pNA), which
is released upon caspase cleavage, producing a yellow color,
which is measured by a spectrophotometer at 405 nm. The
amount of product generated was calculated by extrapolation
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of a standard curve of free pNA. One international unit (IU)
was defined as the amount of caspase hydrolyzing 1 mmol of
pNA/min at 25C. Results are expressed in units of enzyme
per milligram of tissue (Units). The results are presented as the
mean for six rats. Each determination was performed in six rats
in triplicate.
Statistical analysis

Each experiment was conducted at least three times
independently, unless clearly stated otherwise. In case the
variance between groups was found to be similar, a oneway ANOVA was performed with a Bonferroni post-test to
determine differences between groups. When the data was
found to be non-parametric, a Kruskal-Wallis test was used.
Dunn’s multiple comparison tests were performed afterwards
to determine differences between groups. If these tests were
found to be at least p<0.05, differences were considered
statistically significant. Graphs show the mean of the
experiments and the bars indicate the standard deviation of the
mean (S.D.) (Sokal, 1995).
RESULTS

First, we set out to validate our experimental model and to
characterize the phenotype of PTU-treated pubertal rats.
To this end, we measured the levels of thyroid hormones in
25-day-old rats, the age at which the pup normally is weaned.
Hormone T4 was not detectable in PTU-treated rats, while
controls had 8.2 ± 1.1 mg/dl (n=6). Similarly, 25-day-old PTUtreated rats had undetectable levels of T3 while control rats
had 230 ± 12 ng/dL (n=6). Thus hormone parameters are in
accordance with neonatal hypothyroidism induced by PTU.
Histological examination of testes showed that the
area and the diameter of PTU-treated seminiferous tubules
were significantly smaller than controls in all studied ages
(Fig. 1B, C). Sections of 25-day-old treated rats showed a
clear decrease in the number of germ cells, compared to
controls, and many tubules showed the lumen fi lled with
clusters of spermatocytes (Fig. 1A). The few germ cells in the
seminiferous epithelium were classified as spermatogonia
and primary spermatocytes. Tubules of 35-day-old control
rats showed a well-developed lumen and round and early
elongating spermatids were the most advanced stages of
germ cell differentiation observed. On the contrary, only
a few seminiferous tubules of PTU-treated rats showed a
clear lumen, suggesting a defect in Sertoli cell function. In
addition, germ cells present in the seminiferous tubules
were mainly spermatogonia and spermatocytes, and no
round or elongating spermatids were observed at this age
(Fig 1A). Seminiferous tubules of 45-day-old control rats
showed a clear, well-developed epithelium exhibiting all
stages of spermatogenesis commonly found in adult animals;
spermatogonia, spermatocytes and late elongating spermatids
(step 16, Fig. 1A). On the contrary, PTU-treated testes showed
smaller tubules with fewer germ cells, and round spermatids
were rarely observed.
Next we evaluated Sertoli cell differentiation using
the expression levels of clusterin mRNA, a well-known
differentiation marker of Sertoli cells. Clusterin mRNA levels
in PTU-treated rats were significantly lower than in control
in 15, 25 and 45-day-old rats, again with exception of 35-day-
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old rats (Fig. 2). In fact, clusterin mRNA was not detectable
in the testes of PTU-treated 15-day-old rats. Despite the
differences in mRNA levels, both control and PTU-treated
testes showed the highest level of clusterin in 35-day-old rats.
Immunolocalization of clusterin in Sertoli cells from 15-dayold control testes showed a strong nuclear/perinuclear signal,
whereas in PTU-treated animals we did not observe any label
within the seminiferous tubules, which is in accordance with
the absence of mRNA levels found at this age (Fig 3). Sertoli
cells displayed a cytoplasmic localization of clusterin in control
rats of 25 and 35 days old, whereas PTU-treated animals had
a clear nuclear/perinuclear localization, similar to that found
in 15-day-old control testes (Fig 3). These results suggest that
PTU promotes a change in clusterin expression levels and
localization in Sertoli cells.
Thus, we were able to reproduce the phenotypical
characteristics of neonatally PTU-treated rats. These results
prompted us to ask whether other parameters of testis
physiology, such as apoptosis or germ cell development, were
also altered in PTU-treated rats.

Apoptosis is delayed in hypothyroidic rats

We evaluated apoptosis in histological sections of rat testes
stained with hematoxylin and PAS at different ages in both
control and PTU-treated animals. This method is based on
the fact that germ cells in late stages of apoptosis become
condensed and appear pycnotic (Moreno et al., 2006). In control
rats, the highest apoptotic index was found in 25-day-old
rats, all other values were significantly lower (Fig 4, *p<0.05).
The apoptotic index of PTU-treated animals was significantly
lower than controls in 25-day-old rats, and was similar to that
observed in 15–day-old rats (Fig. 4A, * p<0.05). Apoptosis
in PTU-treated rats increased with age and was significantly
higher in 45-day-old rats than in 15 or 25-day-old rats (Fig 4A
*p<0.05). Quantification of apoptosis in adult animals (90-dayold rats) showed us that apoptosis in control and PTU-treated
animals were similar (data not shown). Caspase activity
measurements in control rats showed that caspase-3, -8 and -9
had maximum activity in 25-day-old rats, while values at other
ages were significantly lower (Fig 4B, C and D, white bars).

Figure 1: Hypothyroidism induces histological alterations in pubertal testes.
A) The figure shows hematoxylin-PAS staining of slides of testes from control and PTU-treated rats from 5 to 45 days old. Note that the
number of cells inside the tubules is less in PTU-treated animals at all studied ages between 15 to 45 days. Observe that tubules of the
45-day-old rat are devoid of spermatids. The area (B) and diameter (C) of seminiferous tubules from PTU-treated rats are significantly less
than controls. **p< 0.01; ***p<0.001, n=3.
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Figure 2: Propylthiouracil induces a delay in clusterin expression.
A) Clusterin mRNA levels were measured at different ages and levels were quantified in relation to the housekeeping gene GADPH. In the
gel each lane represents a different experiment. Clusterin in PTU-treated testes from 15-day-old rats was not detectable. B) Sertoli cell
nuclei were counted in transversal sections of control (white bars) and PTU-treated testes (gray bars). Each bar represents 300 tubules
from three different rats (n=3, *p<0.05: **p<0.01; ***p<0.001).

Figure 3: Immunolocalization of clusterin in control and PTU-treated pubertal rat testes. Testes slides from 15, 25 and 35-day-old rats
stained with an antibody against clusterin. Observe how the Sertoli cells display a clear expression of clusterin in 15-day-old controls but not
after PTU treatment. Clusterin expression changed from nuclear to cytoplasmic in controls, but remained nuclear in PTU-treated rats. The
lower row shows a magnified image from the upper row. The first column at the left side shows a negative control. Bars represent 100 mm.
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Figure 4: Delay of germ cell apoptosis with PTU-induced hypothyroidism. A) Testes from control and PTU-treated rats at different ages
were fixed and the number of germ cells in apoptosis evaluated. The graph shows that the highest apoptotic index in control rats was at
25 days old. On the contrary, the apoptotic index in PTU-treated rats was significantly higher in 45-day-old rats. Seminiferous tubules from
control and PTU-treated rats were isolated and the activity of caspase 3(B), caspase 8 (C) and caspase 9 (D) was evaluated at different
ages. The graphs show that the highest activity of each caspase in PTU-treated rats was at 35 days, contrasting to controls where the
activity peaked at 25 days. Bars represent the mean ± S.D. (standard deviation) of three independent animals, each one with three replicas
(n=3, *p<0.05; **p<0.01; ***p<0.001). Different letters in the bars indicate a statistical difference between different ages under the same
experimental conditions (control or PTU).

However, the maximum activity of caspases in PTU-treated
rats was found to be in 35-day-old rats (Fig 4B, C, D, gray bars).
Caspase activity returned to low levels in 45-day-old animals,
similar to those found in control rats. Interestingly, control
and PTU-treated rats showed caspase-3 activity levels similar
under both conditions (Fig 4B). However, caspase-8 activity in
PTU-treated animals was significantly lower than in control rats
(Fig 4C, ** p<0.01), while the opposite was found for caspase-9
activity (Fig 4D, **p<0.01). These results suggest that, despite
the increase in caspase activation in 35-day-old rats, apoptosis
in the treated testes is related to the intrinsic pathway, rather
than to the extrinsic pathway of apoptosis, as is observed in
control animals.
Since caspase activation suggested a contribution of the
intrinsic pathway in PTU-induced germ cell apoptosis, we
decided to study the expression of some proapoptotic genes
involved in this process: p53, BAX and BAD. We found that
p53 and BAX mRNA levels appeared similar in control and
PTU-treated rat testes at all studied ages (Fig 5). p53 mRNA
levels peaked in rat testes of 35 days old, whereas the levels
of BAX mRNA peaked in 25-day-old rats, regardless of their
experimental condition. The level of BAX mRNA of PTU-treated
25-day-old rats was lower than control rats at all studied ages,
but this difference was not statistically significant (Fig 5B).
BAD mRNA levels were similar in both groups, except in 25
and 45-day-old rats where we found that PTU-treated rats had

significantly lower levels of BAD mRNA than control animals
(Fig 5C, ** p<0.01). On the contrary, 35-day-old rats showed that
BAD levels were higher in PTU-treated rats, but this difference
was not statistically significant (Fig 5C).
Thus, apoptotic index, caspase activity and mRNA levels
of proapoptotic genes suggest a delay of germ cell apoptosis in
PTU-treated rats.
Discussion

Here we have confirmed previous results showing that
neonatal PTU-treated rats have a lower body weight, along
with smaller testes and reduced diameter of seminiferous
tubules, along with retardation of germ cell differentiation
(Cook et al., 2005; De Franca et al., 1995; Holsberger and
Cooke, 2005; Plotton et al., 2005). In addition, we have
confirmed that there is a delay in the appearance of Sertoli
cell differentiation markers, such as clusterin, related to
retardation in Sertoli cell differentiation. An interesting finding
is that the localization of clusterin in 25 through 45-day-old
PTU-treated rats was similar to that found in 15-day-old
control rats indicating that the localization of this protein is
similar to that found in undifferentiated Sertoli cells. There
are two known clusterin protein isoforms generated in human
cells, a nuclear and a secretory form, produced through
alternative splicing (Shannan et al., 2006b). The nuclear form
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Figure 5: Gene expression patterns of apoptosis-related genes in PTU-treated rat testes.
The mRNA levels of (A) p53, (B) BAX and (C) BAD were measured at different ages and then quantified in relation to the housekeeping
gene GADPH. Each lane represents a different sample from control or propylthiouracil (PTU)-treated rat testes. Bars represent the mean ±
SD of three independent experiments (**p<0.01).

of clusterin has been associated with apoptosis and is possibly
related to Sertoli cell function and the control of germ cell
differentiation and apoptosis (Shannan et al., 2006a; Shannan
et al., 2006b). Apoptosis of pachytene spermatocytes induced
by methoxyacetic acid is preceded by an increase in clusterin,
which is transferred from the Sertoli cell to germ cells (Clark et
al., 1997). The abnormal localization of clusterin in Sertoli cells
of PTU-treated animals could be related to a Sertoli cell failure,
which is also related to the appearance of germ cell clusters
in the tubule lumen, a common event caused by germ cell
depletion due to Sertoli cell failure.
Apoptosis in PTU-treated rats

We showed here that germ cell apoptosis in PTU-treated rats
correlated with an increase in the activities of caspases 3, 8
and 9, suggesting an active participation of these enzymes in
this process. In this context, the individual contributions of
each caspase seem to differ between PTU-treated and control
animals. The levels reached by caspase-8 and -9 were similar
in PTU-treated animals, suggesting a similar contribution of
the extrinsic and intrinsic pathway under these conditions. On
the contrary, under physiological conditions (controls), only
initiator caspase-8 activity was significant increased during the
first round of spermatogenesis, suggesting a major activation
of the extrinsic pathway, which is similar to our previous
results (Codelia et al., 2008; Lizama et al., 2007; Moreno et
al., 2006). Thus, in terms of caspase activity, the apoptosis
observed in PTU-treated rats is different from that observed
under physiological conditions. In this context, it seems
that hypothyroidism is similar to other models of hormone
deprivation where the intrinsic apoptotic pathway plays a
major role in germ cell demise as well (Ruwanpura et al., 2008;
Sofikitis et al., 2008).
A major observation in this study was that the highest
activity of caspases in PTU-treated animals was delayed by at
least 10 days as compared to controls. It has been previously
shown that the major cell type undergoing apoptosis

during the first round of spermatogenesis is the pachytene
spermatocyte (Jahnukainen et al., 2004; Lizama et al., 2007;
Lizama et al., 2010; Moreno et al., 2006). We hypothesized
that there was a major increase in the population of pachytene
spermatocytes in more advanced ages in PTU-treated rats
than in control animals. In fact, a delay in spermatocyte
differentiation has already been described in this system (De
Franca et al., 1995). Therefore, it seems reasonable to propose
that the increase in caspase activity detected in 35-day-old
PTU-treated rats is due to the pachytene spermatocytes
undergoing apoptosis.
The kinetics of BAX and BAD expression during the
first wave of spermatogenesis were not different between
hypothyroid and control rats. Nonetheless, the expression
levels of BAD were different between PTU and controls. The
lower expression of BAD mRNA in 25-day-old PTU-treated
rats could explain the low apoptosis levels observed at that
age. Similarly, its elevated levels in 35-day-old rats could
explain the increase in the apoptotic index at that age, along
with caspase-9 activation. p53 and BAD mRNA showed
elevated levels after the peak of apoptosis observed in control
animals, which may be related to non-apoptotic function of
these genes at this stage. In fact, BAD-deficient mice are fertile,
and p53-deficient mice are sub-fertile, suggesting that their
functions are not essential for spermatogenesis (Beumer et
al., 1998; Ranger et al., 2003). Further studies are needed in
order to determine which BCL-2 family genes are involved in
germ cell apoptosis during hypothyroidism. Therefore, germ
cell death in PTU-treated rats showed some characteristic of
apoptosis, but the results suggest that the execution pattern is
different to that observed from physiological conditions.
A further complication of induced hypothyroidism comes
from the fact that thyroid hormone also stimulates Leydig
cell differentiation, leading to a defi ciency in testosterone
production, also important in maintaining spermatogenesis.
Follicle stimulating hormones (FSH), testosterone and growth
factors provided by Sertoli cells behave as germ cell survival
factors. In this context, PTU-induced hypothyroidism is
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an excellent model to study the role of this condition upon
spermatogenesis, since all available data indicate that
animals under these conditions have similar parameters to
those undergoing hypothyroidism by spontaneous genetic
alterations or dietary iodine deficiency (Crissman et al., 2000;
Holsberger and Cooke, 2005; Holsberger et al., 2005b). The first
wave of germ cell apoptosis seems to reflect the adjustment
in the number of germ cells that can be maintained by Sertoli
cells, which modulate the access to those growth factors.
Therefore, it is logical that hormone deprivation causes
important alterations in the first wave of germ cell apoptosis,
but it does not necessarily mean that thyroid hormones act
specifically on germ cells. Furthermore, the delay in apoptosis
seems to be because of a retardation of the first wave and
not because hypothyroidism affects apoptosis. In this way, it
seems that the first wave of apoptosis is closely related to the
formation and increase of pachytene spermatocytes, no matter
the timing of their formation.
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