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bstract

Tributyltin (TBT) is an environmental contaminant commonly used in anti-fouling agents for boats, as well as a by-product from several
ndustrial processes. It has been shown to accumulate in organisms living in areas with heavy maritime traffic thereby entering the food chain.
ere, we determined the consequences of in utero exposure to TBT on the developing fetal gonads in the Sprague–Dawley rat. Timed pregnant

ats were gavaged either with vehicle or TBT (0.25, 2.5, 10 or 20 mg/kg) from days 0 to 19 or 8 to 19 of gestation. On gestational day 20, dams
ere sacrificed; fetal testes and ovaries were processed for light (LM) or electron microscopic (EM) evaluation and RNA was prepared for gene

xpression profiling. At the highest doses of TBT the number of Sertoli cells and gonocytes was reduced, there were large intracellular spaces
etween Sertoli cells and gonocytes and there was an increased abundance of lipid droplets in the Sertoli cells; EM studies revealed abnormally
ilated endoplasmic reticulum in Sertoli cells and gonocytes. In the intertubular region between adjacent interstitial cells, immunostaining for
he gap junctional protein connexin 43 was strong in controls, whereas it was reduced or completely absent in treated rats. In the ovaries, TBT
20 mg/kg, days 0–19; 10 mg/kg, days 8–19) reduced the number of germ cells by 44% and 46%, respectively. On examining gene expression

rofiles in the testis, 40 genes out of 1176 tested were upregulated more than two-fold over control. While no genes were upregulated in the TBT
xposed fetal ovary, eight genes were downregulated. In conclusion, in utero exposure to TBT resulted in gender-specific alterations in gonadal
evelopment and gene expression profiles suggesting that there may be different adaptive changes to toxicity in developing male and female rats.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Tributyltin (TBT), is an environmental pollutant that is most

idely used as a defouling agent for paints and for coating struc-

ures exposed to the aquatic environment such as ships, oil rigs
nd water intake pipes [1]. Bioaccumulation of TBT occurs in
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quatic and wildlife species due to the lipophilic and ionic prop-
rties of the compound and its slow elimination [2]. TBT enters
he human food chain mainly through contaminated marine and
reshwater species, industrial effluents [3], domestic use as a
ood preservative, leaching from PVC pipes, and inhalation and

bsorption through the skin [4]. In a recent study, Forsyth and
asey [5] found butyltin in 62 of 74 mollusc products purchased
rom major supermarket outlets in 7 cities across Canada. TBT
as detected in 41 samples, with levels up to 233 ng g−1.
TBT is known to cause imposex in marine species. Imposex

s a condition in which female sex organs are masculinized

mailto:jacquetta.trasler@mcgill.ca
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nd animals become sterile due to the development of non-
unctional male secondary characteristics [6]. Although the
echanisms underlying TBT-induced imposex are not fully

nderstood, TBT is thought to act as a neurotoxin that alters
he release of the neuropeptide hormone, Penis Morphogenic
actor [7]. Other possibilities include the inhibition of aromati-
ation and conjugation of testosterone and inhibition of several
teroidogenic enzymes by TBT [8,9].

Mammals are also sensitive to the toxic effects of TBT.
ncidences of accidental and occupational human exposures
ave been reported. Symptoms include mucous membrane
rritation [4], headaches, nosebleeds, nausea and vomiting
10], as well as significantly greater frequencies of cycles of
epression and destructive rage [11]. Exposure of rodents to
igh doses of TBT appears to cause irreversible brain dam-
ge [12]. Immunotoxic effects of TBT include atrophy of
he thymus and spleen, decreased T-lymphocyte populations,
uppression of natural killer cell activity, and lowered resis-
ance to infections in rats and mice [13–15]. TBT can also
lter circulating levels of thyroid hormones suggesting that it
an significantly alter many developmental processes that are
hyroid-hormone dependant, including the reproductive system
16,17].

TBT inhibits human aromatase activity in a granulosa cell-
ike tumor cell line and transfected cells [9,18,19] and, at non-
ytotoxic doses, enhances aromatase activity in human placental
horiocarcinoma cells [20], raising the possibility of such inter-
ctions during exposure. Exposure to organotins can affect mam-
alian reproduction. Evidence of testicular effects were reported

n a two-generation toxicity study where daily doses of 10 mg/kg
f TBT affected both testicular histology and sperm counts; the
act that more severe effects were seen in the second generation
uggested effects of gestational exposure [21]. Transplacental
ransfer of TBT has been documented [22]. In rats, studies from
ur group and others have shown that in utero exposure to high
oses of TBT led to decreased maternal weight gain and fetal
eights, induced pre- or post-implantation losses [16,23–25]

nd caused fetal toxicity [26]. Although gestational exposure to
BT altered anogenital distance in both postnatal day 1 female
ups [27] and gestational day 20 male rat fetuses [16], sex ratio
as not altered in these studies. However, the effects of iso-

ated in utero exposure to TBT on the development of the fetal
onad are yet to be reported. Given the effects of TBT on the
unctions of a wide range of mammalian cells and organs, in
he current study we investigated the consequences of exposure
o TBT during pregnancy on the histology and gene expression
rofiles of fetal gonads. In a previous study, we reported the
ffects of the same dosing regimen on TBT concentrations in
aternal blood, maternal weight gain and pregnancy outcome

16].

. Materials and methods
.1. Chemicals

Tributyltin chloride (TBT, 96%) was purchased from Sigma–Aldrich Canada
Oakville, Ont.). Olive oil, the vehicle used, was purchased from Aldrich Diag-
ostics USA (St. Louis, MO).
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.2. Animals and treatment

Male (300–350 g) and female (200–250 g) Sprague–Dawley rats were
btained from Charles River Canada (St. Constant, Quebec, Canada) and housed
n the McIntyre Medical Building Animal Resource Centre at McGill University
ith a 14 h light:10 h dark cycle. The animals had free access to food (Purina

how 5012, Mondou Feeds, Montreal, Canada) and water; all animal handling
nd care followed the guidelines of the Canadian Council on Animal Care.

Virgin female rats in proestrus were mated overnight with males. Successful
ating was indicated by the presence of spermatozoa in the vaginal smear on the

ollowing morning (day 0 of pregnancy). Pregnant rats were randomly divided
nto groups that were given a daily dose of vehicle (control; n = 25) or TBT (0.25,
.5, 10 or 20 mg/kg; n = 12/treatment) by gavage either from days 0 to 19 or 8
o 19 of pregnancy. All TBT solutions were prepared fresh daily. Dams were
eighed on days 0 and 20 of pregnancy and once every 3 days in that interval, the
olume and dose of TBT administered was adjusted to 5 ml/kg of body weight.

On day 20 of pregnancy, dams were sacrificed and the uterus was dissected
ut. The fetuses were carefully separated, weighed and sexed. Testes and ovaries
rom fetuses belonging to different litters were fixed in either Bouins solution
r glutaraldehyde for subsequent histological processing and analysis. Testes or
varies were pooled from individual fetuses in each litter, flash frozen in liquid
itrogen and stored at −80 ◦C for gene expression profiling and analysis; pooled
estes and ovaries from control and treated litters (n = 5 separate litters for each
roup) were used for gene array analysis.

.3. Light microscopy

Fetal testes and ovaries (n = 3–8 per group) were fixed by immersion in
ouins fixative for 2 h and stored in 70% alcohol until further histological pro-
essing. Gonads were dehydrated in a graded series of alcohol and embedded in
araffin. Sections of testicular tissue (5 �m) were cut, mounted on glass slides
nd stained with hematoxylin and eosin (H&E). A similar number of testes and
varies were fixed by immersion in 2.5% glutaraldehyde, buffered with 0.1 M
odium cacodylate for 24 h and washed overnight in cacodylate buffer. On the
ollowing day, the tissues were post-fixed in 2% osmium tetroxide (OsO4) for
h, dehydrated in a graded series of methanol and embedded in Epon. Semithin

esticular and ovarian sections were sectioned (0.5 �m) and stained with tolui-
ine blue for light microscopic (LM) viewing. Histological data were analyzed
y two-way ANOVA followed by Tukey and t-tests.

.4. Electron microscopy

For electron microscope (EM) analysis, ultrathin Epon sections (silver inter-
erence color) from selected areas were cut using a diamond knife. The ultrathin
ections were subsequently mounted on copper grids, stained with uranyl acetate
nd lead citrate, viewed and photographed with a Philips 400 EM.

.5. Quantitative analysis of gonocytes and Sertoli cells

Toluidine blue-stained sections of fetal testes (n = 5–8 animals/group) were
hotographed. Briefly, four micrographs of different fields per testis were taken
t a magnification of 400×. Seminiferous tubule area was calculated using a
eiss MOP-3 instrument and averages obtained. The MOP-3 instrument soft-
are was used to measure area as manually defined by a stylus connected to the
achine. The nucleoli of gonocytes and Sertoli cells within the measured area

f seminiferous tubules were scored and expressed as number of gonocytes or
ertoli cells per unit area of seminiferous tubule (unit area = 0.01 mm2). These

wo values were used to calculate the ratio of Sertoli cells/gonocytes for each
nimal group.

.6. Immunostaining and quantitation of Leydig cells
Unstained paraffin sections (5 �m) of fetal testes were deparaffinized in
istoclearTM, rehydrated in a graded series of ethanol and immersed in a solu-
ion of glycine (5.63 g in 250 ml of dH2O) for 5 min. Non-specific binding was
revented by blocking sections in 5% goat serum for 15 min at 37 ◦C. 3�-HSD
as immunolocalized on sections by incubating at 37 ◦C with an anti-3�-HSD
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ntibody [28] at a dilution of 1:100 (in Tris-buffered saline—TBS; pH 7.4)
or 90 min. Sections were rinsed with three changes of TBS containing 0.1%
ween-20 (TWBS) for 2 min each. All sections were blocked in 5% goat serum
t 37 ◦C for 15 min and then incubated with goat anti-rabbit IgG conjugated
o peroxidase (Sigma Chemical, St. Louis, MO) at a dilution of 1:250 in TBS
or 30 min. Sections were then rinsed in three changes of TWBS at 2 min per
inse, then incubated for 10 min in TBS containing 0.05% 3,3-diaminobenzidine
etrahydrochloride, 0.03% hydrogen peroxide, and 0.1 M imidazole (pH 7.6).
he sections were rinsed with two changes of distilled water and then coun-

erstained with 0.1% methylene blue for 15 s, dehydrated in ethanol, immersed
n xylene and had cover slips mounted with PermountTM. The specificity of
he antibody was verified by the incubation of sections without the primary anti-
ody or with normal rabbit serum. Three different fields of interstitial space were
hotographed per individual control and experimental testis (10 and 20 mg/kg
BT, n = 6–10 animals). To calculate interstitial space area, random fields were
utlined and measured (for each group) using a Zeiss MOP-3 instrument in a sim-
lar manner as described above for the seminiferous tubules. Leydig cells were
dentified by their 3�-HSD-immunostained cytoplasm counted and expressed
s number of cells/unit area (0.1 mm2).

Immunocytochemical localization of Cx43 in the fetal testis and ovary was
one using a rabbit polyclonal Cx43 antiserum (Zymed Laboratories, Seattle,
A). Antibody binding to Cx43 was detected using the horseradish peroxidase
ethod as outlined above using a horseradish peroxidase conjugated anti-rabbit

econdary antibody (Sigma Chemical). Slides incubated with normal rabbit anti-
erum were used as a negative control.

.7. Quantitative analysis of ovarian germ cells

Germ cells were counted from hematoxylin and eosin-stained paraffin sec-
ions of control and treated ovaries and expressed as number of cells per unit
rea. Briefly, one ovary per fetus was photographed at a magnification of 840×.
ach micrograph represented a rectangular area of 0.0319 mm2 taken from the
enter of the ovary; germ cells within this area were identified and counted.

.8. Quantitation of apoptotic cells in fetal ovaries

Apoptotic cells were detected using terminal deoxynucleotidyl transferase-
ediated dUTP nick end-labeling (TUNEL) in unstained sections. Unstained

ections were deparaffinized in xylene, rehydrated in a graded ethanol series,
ashed in PBS for 5 min and stained for apoptotic cells according to the
popTag (Intergen, Norcross, GA) manual and specifications. Sections were
hotographed at a magnification of 168× and TUNEL-stained cells were iden-
ified and counted in a single section of each ovary (n = 6–9). The area of each
ection was determined using a Zeiss MOP-3 and the number of apoptotic cells
er 0.01 mm2 of ovary was calculated.

.9. Elemental histology

A JEOL 2000 FX (Tokyo, Japan) electron microscope equipped with an
-ray energy dispersion spectroscope (PGT IV, USA) with a resolution of
0 nm was used to determine the chemical composition [29,30] of dense bodies
bserved in germ and stromal cells of fetal ovaries exposed to TBT.

.10. RNA extraction

Total RNA was extracted from the testes and ovaries of fetuses obtained from
estational day 20 dams that were either gavaged with vehicle alone or 20 mg/kg
BT from days 0 to 19 of gestation. The Qiagen RNAeasy kit and protocols,

ncluding column DNase treatment (Qiagen, Mississauga, Canada), were used
or the extraction. The RNA was assessed for absence of genomic DNA and
uality (28S–18S ratios of 2:1) by electrophoresis in agarose-formaldehyde gels.
.11. Preparation of radiolabelled cDNA and hybridization

Total RNA (3.5 �g) was reverse transcribed with Moloney-murine-leukemia
irus reverse transcriptase (MMLV-RT) in the presence of [�-32P]dATP (Amer-

a
t
f
e
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ham Pharmacia Biotech, Baie d’Urfé, Québec; 10 �Ci/�l), as described pre-
iously [28]. Probes were purified with nucleospin columns (BD Sciences
lontech, Mountain View, CA) and hybridized to Atlas Rat1.2 Array nylon mem-
ranes (BD Sciences Clontech) at 68 ◦C overnight. Hybridization and washing
onditions were as described previously [31]. RNA was extracted from pooled
estes and ovaries of fetuses from five control and five treated dams.

.12. Analysis of gene expression

Hybridization intensity was captured using a phosphorimager (Storm, GE
ealthcare Life Sciences, Piscataway, NJ) after a 24 h exposure of membranes to
hosphorimaging intensifying screens. The intensity of each spot was quantified
sing the Atlas Image TM version 2.0 software; these data were then imported to
eneSpringTM (version 4.0.7, Agilent Technologies, Palo Alto, CA) for further

nalysis. For each individual array, the gene detection threshold was set at a
aw signal intensity of 2× the background intensity on that array. To minimize
xperimental variation, expression values were normalized to the median of all
easurements on that individual array (standard experiment-to-experiment nor-
alization). Statistical comparisons were made of TBT exposed as compared

o control gonads by Mann–Whitney Rank Sum Test (p ≤ 0.05 and p ≤ 0.10)
or genes that had passed a >2.0-fold change filter in at least three out of five
eplicates (each replicate from a separate litter, n = 5 litters/group). In addition
o ‘experiment-to-experiment normalization’ we applied ‘gene-to-gene normal-
zation’ to the data to allow for clearer visualization of cluster patterns with all
enes being closer on the vertical axis; the gene expression value for each gene
as normalized relative to the median of all values taken for that gene in each

reatment [31].

. Results

.1. Fetal testis

Semithin sections of testicular tissues fixed in glutaraldehyde
nd stained with toluidine blue revealed abundant lipid droplets
n the cytoplasm of Sertoli cells of the treated animals, particu-
arly in the group treated with 10 and 20 mg/kg TBT (gestation
ays 0–19 and 8–19, respectively). The lipid droplets were more
rominent and frequent in the group treated with 20 mg/kg TBT
hloride (Fig. 1). The LM of toluidine blue-stained semithin
ections also revealed occasional lipid droplets in the cytoplasm
f gonocytes. The lipidic nature of the cytoplasmic droplets
as determined by the osmophilia exhibited by these structures.
nother abnormality observed in the treated testes, particularly

n those exposed to the higher doses of TBT (10 and 20 mg/kg)
as the presence of large intercellular spaces between gonocytes

nd Sertoli cells that were rarely seen in the controls (Fig. 1).
Quantitative analysis of gonocytes and Sertoli cells in the

eminiferous tubules was done on the different experimental
roups to determine the effect of TBT on these cells; the nucleoli
sharply displayed in toluidine blue-stained sections) of both
ell types were scored separately. The number of gonocytes was
ignificantly lower only at 10 mg/kg TBT and when exposure
as from days 8 to 19 (p = 0.003) (Table 1). The quantitation
f Sertoli cells/unit area of the seminiferous tubules revealed a
ignificant decrease in the fetuses exposed to 10 or 20 mg/kg
BT on days 0–19 and 8–19 (Table 1).

The quantitative analysis of Leydig cells stained with the

nti-3�-HSD antibody showed a trend toward a decrease in
he number of Leydig cells per unit area of interstitial space in
etuses exposed from gestational days 0 to 19 (Table 1). How-
ver, the differences in these values were not significant.
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Fig. 1. Testes of 20-day-old fetuses fixed in glutaraldehyde. (A) Control testis and (B
and nucleoli of Sertoli cells seen in the field (solid arrows) were counted for a quantit
(open arrows) in the cytoplasm of Sertoli cells (S) and gonocytes (G) are observed in

Table 1
Effects of in utero exposure to tributyltin chloride from gestational days 0 to 19
and 8 to 19 on cell numbers within the testis on gestational day 20

Treatment Gonocytes
(0.1 mm2)

Sertoli cells
(0.1 mm2)

Leydig cells
(0.1 mm2)

Control 63.2 ± 4.4 88.4 ± 3.9 54.2 ± 5.3

Days 0–19
10 mg/kg 61.5 ± 2.4 69.9 ± 4.1* 47.2 ± 3.7
20 mg/kg 63.3 ± 4.1 62.9 ± 2.5* 44.5 ± 5.9

Days 8–19
10 mg/kg 42.9 ± 3.7* 69.7 ± 3.4* 52.9 ± 4.1
20 mg/kg 60.0 ± 2.8 62.6 ± 4.2* –
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indicate that cellular communication via Cx43 type gap junc-

F
t

umbers are mean ± standard error of mean (S.E.M.). *Significantly different
rom control. p ≤ 0.05, ANOVA; –, not determined.

When examined by electron microscopy, the cytoplasm of

ertoli cells and gonocytes of fetuses exposed to 10 or 20 mg/kg
BT showed the presence of lipids, large intercellular spaces

Fig. 2) and abnormally dilated endoplasmic reticulum (ER)

t
o
i

ig. 2. Electron micrograph of fetal testis fixed in glutaraldehyde. (A) Control. (B) Te
he presence of intercellular spaces between gonocytes and Sertoli cells (arrows) in th
) treated testis (20 mg/kg TBT, days 0–19 of gestation). Nucleoli of gonocytes
ative analysis. Intercellular spaces (arrow heads) and the accumulation of lipid
the treated but not in the control testis. 500×.

Fig. 3). These features were absent in the testes of control
etuses.

In control fetal rat testes, a weak Cx43 immunoreaction was
resent between Sertoli cells of the developing testis. A much
tronger reaction was present between interstitial cells. In rats
xposed to 10 mg/kg TBT throughout the period of gestation
0–19 days), we noted that Cx43 immunostaining appeared
naltered between adjacent Sertoli cells (Fig. 4C and D). How-
ver, in the intertubular region between adjacent interstitial
ells, Cx43 immunostaining was reduced or completely absent;
his effect was variable among the testes, sometimes no effect
as noted on the staining of Leydig cells. In rats exposed to
BT during organogenesis (8–19 days), Cx43 immunostain-

ng appeared to be slightly decreased between Sertoli cells
Fig. 4E and F). Furthermore, there was little or no immunore-
ction between interstitial Leydig cells. Together, these data
ions is decreased following in utero exposure to high doses
f TBT. This effect was observed for both exposure periods
n interstitial Leydig cells while the effects on adjacent Ser-

stis exposed to a maternal dose of 10 mg/kg of TBT, gestation days 0–19. Note
e treated testis only. 11,309×.
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ig. 3. Electron micrograph of fetal testis fixed in glutaraldehyde and stained wi
o a maternal dose of 10 mg/kg TBT from gestational days 0 to 19. Note abnorm
R is not dilated in the control testes (see Fig. 2A). N, nucleus; Cy, cytoplasm.

oli cells appeared to occur only during the 8–19 days exposure
eriod.

.2. Fetal ovaries

A survey of the light micrographs of fetal ovarian sections
tained with hematoxylin and eosin indicated the presence, in
he ovaries of maternally treated animals, of a large number of
erm cells with pyknotic nuclei, typical of degenerating cells.
lthough these degenerating cells were occasionally seen in the

ontrol ovaries, they were more frequent and more prominent
n the treated ovaries, particularly at the higher doses (10 and
0 mg/kg)(Fig. 5).

Quantitative analysis of ovarian cells showed a decrease in
he number of germ cells per unit area of fetal ovary (unit
rea = 0.0319 mm2) in both groups that was significant at the
ighest doses (i.e. at a dose of 20 mg/kg TBT for the gestation
ays 0–19 group and a dose of 10 mg/kg TBT gestation for the
estation days 8–19 group) (Fig. 6, top). The mean number of
erm cells/unit area in these two groups showed a decrease of
3.8% and 46.1%, respectively, as compared to control values.

The terminal deoxynucleotidyl transferase-mediated dUTP
ick end-labeling (TUNEL) method was applied to histological
ections of the fetal ovaries in order to determine whether, and
o what extent, apoptosis contributed to the reduced number of
erm cells in TBT exposed ovaries. Both experimental groups
gestation days 0–19 and 8–19) showed a trend toward increased
umbers of apoptotic cells with the higher doses of TBT. In
varies exposed to 10 mg/kg of tributyltin (gestation days 0–19),
here were significantly more apoptotic cells than in controls
Fig. 6, bottom).

There were no differences in Cx43 immunostaining in the
etal ovary between control and TBT-treated rats (data not

hown).

An EM qualitative survey of the ovaries indicated that myelin
gures and dense bodies appeared more common in germ and
tromal cells of ovaries exposed to TBT than in controls (data not

a
o
n
M

nyl acetate and lead citrate. (A) Gonocyte and (B) Sertoli cell of a fetus exposed
ilated endoplasmic reticulum in both gonocytes and Sertoli cells (arrows). The
5×.

hown). Energy-dispersive X-ray emission spectroscopy indi-
ated that many of these dense bodies contained iron. Tin was
owever, not detected.

.3. Gene expression profiles in fetal gonads

As part of our evaluation of the effects of in utero exposure to
BT on the fetal gonads, a profile of genes expressed in the testes
nd ovaries of control and treated (maternal dose: 20 mg/kg TBT,
ays 0–19) gestational day 20 fetuses was obtained. Out of the
185 genes (including housekeeping genes) on the arrays, 223
ere detected in the testes of both the control and the TBT

xposed fetuses (Fig. 7); 58 genes were exclusively expressed
n the testes of the TBT exposed males while only a few genes
i.e. 5) were exclusively expressed in the control fetal testes.
he effects of in utero exposure to TBT on the ovary differed

rom those in the testis. Approximately equivalent numbers of
enes, 230 and 227, respectively, were expressed in the ovaries
f control and TBT exposed fetuses; of these, 215 were detected
n the ovaries of both the control and the TBT exposed fetuses,
ith equivalent numbers expressed exclusively in control (i.e.
5) or TBT exposed (i.e. 12) gonads (Fig. 7).

Compared to the control, the testes of fetuses exposed to
BT showed an increased expression by more than two-fold,
f 40 genes (Table 2); no genes showed a comparable decrease
n their expression. The changes in the profile of gene expres-
ion were completely different in the ovary. While no genes
ere upregulated in the fetal ovary after TBT exposure, eight
enes were downregulated (Table 3). Interestingly, the expres-
ion intensity of integrin beta 1 was changed in the opposite
irection by greater than 2.5-fold in the fetal testis (upregulated)
nd ovary (downregulated) (Tables 2 and 3, Fig. 8). Amongst the
0 genes upregulated in the fetal testis following TBT exposure,

number were involved in the stress response. A comparison

f the effects of TBT exposure in the fetal testis and ovary on a
umber of the stress response-related genes is shown in Fig. 8.
icrosomal glutathione S-transferase 1, superoxide dismutase 1
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Fig. 4. Effects of in utero exposure to TBT on the immunolocalization of Cx43 in the fetal testis of the rat. Cx43 was immunolocalized as described in Section 2.
Panels A and B are representative of vehicle exposed control rats. Open arrows indicate the presence of Cx43 between Sertoli cells of the developing testis while
closed arrows indicate a strong immunoreaction between adjacent interstitial cells. In rats exposed to 10 mg/kg TBT from gestational days 0 to 19 (panels C and D),
Cx43 immunoreaction was decreased in both Sertoli and Leydig cells. However, the intensity of Cx43 immunostaining varied between individuals, as noted by the
more intense immunostaining shown in panel D. In rats exposed to 10 mg/kg TBT from gestational days 8 to 19 (panels E and F) there was also an overall decrease
in Cx43 immunostaining; however, as with the gestational days 0–19 treatment group, the results indicated individual variability with regards to this effect. Most
individuals, as shown in panel E, showed a marked decrease in Cx43 immunostaining while some individuals showed little or no effect (panel D). These results
s here i
c arrow
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uggest that there are variations in response between individuals, even though t
ells. Open arrows indicate Cx43 immunostaining between Sertoli cells. Closed

nd cytochrome c oxidase subunit I were significantly induced
t least 2.5-fold in TBT exposed fetal testes as compared to
nexposed testes while smaller non-significant increases were
een for glutathione S-transferase mu2 (2.3-fold), glutathione
-transferase alpha 4 (two-fold), cytochrome c oxidase, and sub-
nit IV isoform 1 (1.6-fold); in contrast, increases in these genes
ere not seen in the fetal ovaries.

. Discussion
In this study, we investigated the effects of in utero expo-
ure to TBT on fetal rat gonads. We chose TBT among other
rganotins because it is the most commonly used ingredient in

a
o
d
b

s an overall decrease in Cx43. ST, seminiferous tubules; IT, interstitial Leydig
s indicate Cx43 immunostaining between interstitial Leydig cells. 500×.

any biocides, disinfectants and antifouling products [2]. Fur-
hermore, TBT has been documented to accumulate in the food
hain [32]. Although it is known to induce imposex in aquatic
nvertebrate species, little is known concerning its effects on the

ammalian gonads during embryonic development. Thus, the
bjective of this investigation was to test the hypothesis that
xposure to TBT during early development induces damage in
he gonad of the fetal rat.

Our quantitative analysis of the number of gonocytes/unit

rea of the seminiferous tubules revealed a significant decrease
nly at a maternal dose of 10 mg/kg (days 8–19). However, both
oses and exposure periods resulted in a reduction in the num-
ers of Sertoli cells, an effect which could potentially reduce
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ig. 5. Ovaries of gestational day 20 fetuses fixed in Bouins solution. (A) Co
gestation days 8–19). Degenerating germ cells (arrows) appear collapsed, dense
ells are more frequent in the treated ovary. 665×.

perm production in adulthood. The proliferation of Sertoli cells
n fetal rats increases progressively from day 16 to a maximum

n day 20 [33] and, FSH is the major regulator of Sertoli cell
umber during fetal development [34]. Our data suggest that
n utero exposure to TBT may have inhibited FSH-stimulated
ertoli cell expansion, increased Sertoli cell loss or both.

ig. 6. The effect of in utero exposure to TBT on germ cells in the fetal ovary.
Top) The number of germ cells per 0.0319 mm2 and (bottom) the number of
poptotic cells (per 0.01 mm2) in the fetal rat ovary. *Significantly different from
ontrol, p ≤ 0.05; values are mean ± S.E.M. (standard error of mean). (Bottom)
wenty milligrams per kilogram dose (gestation days 0–19), p = 0.1.
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ovary. (B) Ovary of a fetus exposed to a maternal dose of 20 mg/kg of TBT
ined with hematoxylin and surrounded by a clear space. Note that degenerating

LM and EM analysis of the testis exposed to tributyltin chlo-
ide revealed an unusual increase in lipid inclusions within the
ytoplasm of gonocytes and particularly within the cytoplasm
f Sertoli cells. The molecular mechanisms for the formation
f these organotin-induced lipid inclusions remain enigmatic. It
ould be due to the potent inhibition of mitochondrial oxidative
hosphorylation by TBT [35–37], accumulation of acetyl-CoA,
nd inhibition of fatty acid transport to the mitochondria, hence
ts accumulation in the cytoplasm [38].

Light and electron microscopic examination also revealed
he presence of enlarged intercellular spaces between gonocytes
nd Sertoli cells in the testes of fetuses exposed to TBT. Sev-
ral hypotheses have been proposed to account for the numerous
oxic actions of organotins, however, the exact molecular mech-

nism of toxicity of these compounds remains unknown. The
nhibition of Na+-K+-ATPase [39,40] by organotin was sug-
ested to result from a direct interaction of organotins with the

ig. 7. The number of genes expressed in the gonads of day 20 fetuses after
xposure to olive oil (spotted circles) or TBT (20 mg/kg) (dashed circles) from
estational days 0 to 19. The numbers in the middle areas are the genes that
ere coexpressed.
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Table 2
Genes that were altered by in utero TBT exposure in the testes of day 20 fetuses

Upregulated genes Accession number Expression Intensity Fold change

Control 20 mg/kg TBT

Integrin beta 1 U12309 0.7 ± 0.2 1.9 ± 0.4 2.7a

Tumor necrosis factor receptor superfamily, member 1a M63122 0.8 ± 0.3 2.0 ± 0.4 2.3b

Scavenger receptor class B, member 1 U76205 4.9 ± 1.6 13.0 ± 2.0 2.7a

Max. protein D14447 1.2 ± 0.4 2.8 ± 0.5 2.3a

Activating transcription factor 2 U38938 1 ± 0.2 2.1 ± 0.5 2.2b

Inhibitor of DNA binding 2 D10863 0.8 ± 0.2 2.9 ± 0.8 3.5a

Inhibitor of DNA binding 3 D10864 3.6 ± 0.4 7.9 ± 2.2 2.2b

Valosin-containing protein U11760 3.2 ± 0.8 6.9 ± 1.2 2.2b

Wilms tumor 1 X69716 3.9 ± 0.9 12.0 ± 2.0 3.0a

v-ets erythroblastosis virus E26 oncogene homolog 1 L20681 0.6 ± 0.2 1.5 ± 0.6 2.4
Murine thymoma viral (v-akt) oncogene homolog 2 D30041 1 ± 0.3 2.7 ± 0.5 2.6a

Expressed in non-metastatic cells 1 D13374 1.1 ± 0.2 3.3 ± 0.8 3.0a

Expressed in non-metastatic cells 2 M91597 1.4 ± 0.3 4.0 ± 0.9 2.8a

v-crk sarcoma virus CT10 oncogene homolog (avian) D44481 1.6 ± 0.3 4.2 ± 1.1 2.6b

v-raf oncogene homolog 1 (murine sarcoma 3611 virus) X06942 1.3 ± 0.3 3.2 ± 0.7 2.5b

v-akt murine thymoma viral oncogene homolog D30040 1.9 ± 0.3 5.5 ± 2.0 2.9b

Adenomatous polyposis coli D38629 0.5 ± 0.1 1.1 ± 0.2 2.3b

Heat shock protein 1 (chaperonin) X54793 4.1 ± 0.8 8.7 ± 1.6 2.1a

Microsomal glutathione S-transferase 1 J03752 4.4 ± 0.8 11 ± 2.6 2.5a

Cytochrome P450, subfamily 51 U17697+D87997 1.2 ± 0.1 2.5 ± 0.5 2.2a

Superoxide dismutase 1 Y00404 9.3 ± 1.7 23.0 ± 5.0 2.5a

Potassium voltage-gated channel, lsk-related subfamily, member 1 M22412 1.3 ± 0.2 2.8 ± 0.6 2.1a

Solute carrier family 25 (mitochondrial carrier; adenine nucleotide
translocator), member 5

D12771 2.1 ± 0.3 5.6 ± 1.9 2.7b

Fatty acid binding protein 3 J02773 1.1 ± 0.3 2.8 ± 0.6 2.6a

Vesicle-associated membrane protein 3 S63830 0.6 ± 0.2 1.5 ± 0.3 2.6a

Cytochrome c oxidase subunit 1 S79304 24 ± 5.6 61.0 ± 18.0 2.6a

ATP synthase, H+ transporting, mitochondrial F1 complex, beta
polypeptide

M19044 5 ± 1.2 12 ± 2.6 2.5a

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit
b, isoform 1

M35052 1 ± 0.1 2.5 ± 0.7 2.5a

Hydroxysteroid dehydrogenase-1,3-beta (predicted) M38178+M38179 14 ± 3.5 35 ± 8.3 2.5a

Adenylate kinase 3 D13062 0.8 ± 0.2 2 ± 0.7 2.4b

Calmodulin 3 X13817 2.9 ± 0.5 7.7 ± 3.0 2.7b

Ubiquitin-conjugating enzyme E2B M62388 2.4 ± 0.4 5.1 ± 0.8 2.2a

Heterogeneous nuclear ribonucleoprotein K D17711 3.9 ± 0.3 11 ± 3.7 2.7a

Survival of motor neuron 1 U75369 1.2 ± 0.1 3.1 ± 0.9 2.5a

Set protein S68987+S68989 1.4 ± 0.2 4.4 ± 2.0 3.1a

Insulin-like growth factor 2 receptor U59809 3.0 ± 0.5 7.5 ± 1.4 2.5a

Bone morphogenetic protein receptor, type 1A D38082 1.1 ± 0.0 3.1 ± 1.1 2.8a

Luteinizing hormone/choriogonadotropin receptor M26199 0.5 ± 0.2 1.2 ± 0.2 2.3a

Cholinergic receptor, nicotinic, alpha polypeptide 4 L31620 0.7 ± 0.3 2.6 ± 0.8 3.7b

Apurinic/apyrimidinic endonuclease 1 D44495 2.8 ± 0.7 11.0 ± 5.7 3.8b

Ribosomal protein S29 X59051 206 ± 47 482 ± 80 2.3a
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he numbers represent relative intensity ± S.E.M. of testicular genes in gestatio
as exposed to 20 mg/kg TBT from gestational days 0–19. NCBI’s Entrez Gen

ontrol, Mann–Whitney Rank Sum Test.

lasma membrane and is linked to neurotoxicity [39]. Organ-
tins have also been implicated in the alteration of active and
assive membrane properties of pyramidal neurons and changes
n the efflux and uptake of l-glutamate and d-aspartate [41].

ost of the ion channel proteins, cell adhesion and transport
roteins on the gene array were expressed at background lev-
ls in the fetal testes; of those that were altered, the intensities

ere higher by at least two-fold in the TBT-treated testes com-
ared to control for integrin beta 1 (Accession no. U12309),
cavenger receptor B, member 1 (Accession no. U76205), and
otassium voltage-gated channel, Isk-related subfamily, mem-
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y 20 fetuses: control group received olive oil (vehicle); the experimental group
es and Genbank accession numbers are shown. ap ≤ 0.05 or bp ≤ 0.10 TBT vs.

er 1 (Accession no. M22412). Thus, the appearance of large
ntercellular spaces between gonocytes and Sertoli cells at the
ighest doses of TBT may reflect changes in the membrane
roperties of these cells. Also shown in the testes of fetuses
xposed to TBT, were distorted and often dilated endoplas-
ic reticulum in both Sertoli cells and gonocytes. We speculate

hat this finding could suggest early stages of cell degeneration

42] or large accumulations of gene products [43] in the endo-
lasmic reticulum, resulting from stress. The expression of a
ene coding for valosin-containing protein (Accession no. U1
760), a protein important for the function of the endoplasmic
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Table 3
Genes that were altered in the ovaries of day 20 fetuses by in utero TBT exposure

Downregulated genes Accession number Expression Intensity Fold change

Control 20 mg/kg TBT

Integrin beta 1 U12309 2.6 ± 0.4 1 ± 0.2 −2.6a

Cell division cycle 25 homolog B D16237 4.6 ± 1.1 2 ± 0.7 −2.3b

Heat shock 90 kDa protein 1 beta S45392 65 ± 11 31 ± 5.6 −2.1a

Gamma-aminobutyric acid (GABA) A receptor, pi U95368 2.1 ± 0.5 0.6 ± 0.2 −3.2b

Mitogen activated protein kinase kinase 2 D14592 3.3 ± 0.8 1.6 ± 0.3 −2.1b

Adenylate cyclase 2 M80550 1.7 ± 0.4 0.8 ± 0.2 −2.1b

ADP-ribosylation factor 5 L12384 6.4 ± 0.9 3.1 ± 0.8 −2.1a

Aminopeptidase Vp165 U32990 4.1 ± 0.8 2 ± 0.3 −2.1b

The numbers represent relative intensity ± S.E.M. of ovarian genes in gestational day 20 fetuses: control group received olive oil (vehicle); the experimental group
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as exposed to 20 mg/kg TBT from gestational days 0–19. NCBI’s Entrez Gen
ontrol, Mann–Whitney Rank Sum Test.

eticulum, was increased by 2.2-fold, lending support to this
otion.

In mammals, high levels of TBT have been shown to alter
he functions of a variety of endocrine tissues such as the pitu-
tary, endocrine pancreas, gonads and thyroid glands [8,35,44].

e therefore examined the number and morphology of Ley-
ig cells in testes of control fetuses and those exposed to TBT.
lthough the quantitative analysis showed a relative decrease in

he number of Leydig cells per unit area of interstitial space in
he treated testes (gestation days 0–19) this decrease was not sig-
ificant. Thus, our results could not substantiate a loss of Leydig
ells.

LM examination of fetal ovarian sections revealed a large
umber of degenerating germ cells. This was particularly evi-
ent in rats treated with the highest dose of TBT. Quantitative
nalysis demonstrated a decrease of germ cells/unit area, which
as significant at the highest doses. In ovaries treated with
0 mg/kg of TBT (gestation days 0–19), a reduction in the num-
er of germ cells of 43.8% was observed whereas ovaries treated
ith 10 mg/kg of TBT (gestation days 8–19) exhibited a 46.1%
ecrease. To determine if this decrease was due to apoptosis of
erm cells, we stained paraffin sections using the TUNEL tech-
ique followed by quantitation of apoptotic cells. This exper-
mental approach demonstrated a trend towards a dose-related
ncrease in the number of apoptotic cells in the ovaries of fetuses
xposed during gestation days 0–19. These results were con-
istent with the well-documented apoptotic induction of TBT
45,46]. However, only the ovaries exposed to 10 mg/kg of TBT
gestation days 0–19) showed a significant increase in apoptotic
TUNEL positive) cells. This disparity suggests that the expo-
ure to the highest doses of TBT may have induced necrosis,
n addition to apoptosis of the germ cells; or that apoptosis had
ccurred in these cells prior to TUNEL staining.

EM analysis of fetal ovaries showed that the highest doses
f TBT favored the formation of iron-containing myelin-like
ggregates within the cytoplasm of both germ and stromal cells.

his is an indication that in utero exposure to TBT at high doses
ould result in altered tissue handling and distribution of other
etals, in this case, iron. This is in support of previous reports

47] that in utero and lactational exposures to lead or cadmium

s
o
d
f

es and Genbank accession numbers are shown. p ≤ 0.05 or p ≤ 0.10 TBT vs.

esulted in changes in organ concentrations of iron and zinc
n pups. Whether these alterations represent a disturbance of a
iven intracellular compartment, i.e., ER, lysosomes, etc., is not
lear. However, these myelin structures are indicative of focal
egeneration, which may precede apoptosis. In fact, organotin-
ediated induction of intramembranous aggregation has been

eported in human erythrocytes [48].
The immunolocalization studies indicate that cellular com-

unication via Cx43 type gap junctions is decreased following
n utero exposure to high doses of TBT. This effect was observed
or both exposure periods in interstitial Leydig cells while the
ffects on adjacent Sertoli cells appeared to occur only during
he 8–19 days exposure period. The presence of Cx43 gap junc-
ions has been demonstrated by Aravindakshan and Cyr [49] to
e essential for cellular communication between Sertoli cells.
ellular coordination, which is mediated by gap junctions, is
rucial for the development and function of reproductive tissues
50]. It is therefore significant that these key interactions are
educed or disappear following exposure to TBT. This suggests
hat cellular communication in the testis may be particularly
ensitive to xenobiotic exposure.

In the testes of fetuses exposed to a maternal dose of 20 mg/kg
BT, the expression of as many as 40 genes was increased
y greater than two-fold over control. These genes belong to
wide range of functional classes, including a number of stress

esponse genes. It is plausible that this increased expression
eflects at least in part, an increase in mRNA stability, an adap-
ation of the organism to stress that negatively affects translation
51], in this case, TBT, a known inhibitor of protein synthesis.
hese fetuses showed significantly smaller weights than controls

even though their placentas were bigger) and delayed bone ossi-
cation [16], an indication of a sub-optimal intrauterine envi-
onment. Interestingly, in the ovaries of littermates, eight genes
ere downregulated, suggesting that TBT-induced changes in
ene expression patterns are gonad-specific; this observation
eiterates the potential gender-specific effects of in utero expo-

ure to toxicants [52]. Differential effects on the fetal testis and
vary may reflect the different events occurring in the two tissues
uring fetal development; although germ cells in the male and
emale fetal gonads divide, only the female germ cells enter
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Fig. 8. Relative intensities of expression of stress response-related genes in the
testis and ovary of day 20 fetal rats after administration of olive oil (black bars)
or TBT (20 mg/kg) (gray bars) from gestational days 0 to 19. The selected genes
(numbers on X-axis refer to genes shown in upper-testis and lower-ovary graphs)
are: (1) microsomal glutathione S-transferase 1, Accession no. J03752; (2) glu-
tathione S-transferase, mu2, Accession no. J02592; (3) glutathione S-transferase,
alpha 4, Accession no. X62660; (4) superoxide dismutase 1, Accession no.
Y00404; (5) cytochrome c oxidase, subunit IV isoform 1, Accession no. X14209;
(6) cytochrome c oxidase, subunit Va, Accession no. X15030; (7) glutathione
peroxidase 4, Accession no. X82679; (8) cytochrome c oxidase subunit I, Acces-
sion no. S79304. *Indicates that gene expression was altered by at least 1.5-fold
in at least three out of five replicates. Genes marked with an asterisk whose
expression was altered less than two-fold or were altered more than two-fold
but were not statistically significant do not appear in Tables 2 and 3 and include
for the fetal testis, (2) glutathione S-transferase, mu2 (2.3-fold increase), (3)
glutathione S-transferase, alpha 4 (2.0-fold increase) and (5) cytochrome c oxi-
dase, subunit IV isoform 1 (1.6-fold increase) and for the ovary, (5) cytochrome
c oxidase, subunit IV isoform 1 (1.7-fold increase), (6) cytochrome c oxidase,
subunit Va (1.5-fold increase), and cytochrome c oxidase subunit I (2.4-fold);
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eiosis while the male germ cells arrest their divisions and
nly enter meiosis after birth. To better understand mechanisms
nderlying effects of TBT on fetal gonads it will be important
n future studies to examine effects on isolated germ cells and
omatic cells at different developmental times.

In conclusion, our results support the notion that TBT is a
embrane-active agent that changed the properties of the plasma
embrane and induced the formation of intramembranous and
ipid aggregates. In utero exposure to TBT altered gene expres-
ion profiles differently in the fetal testis and ovary and induced
ell loss by apoptosis and perhaps necrosis in germ and somatic
ells, which may lead to permanent damage in the adult gonads.
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