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laboratoryanimalsareat a similarlyearlystage
of development (Tindall and Ashby 2004).
Moreover,such studiesareconfinedto combinations of a small number of selected test
chemicalsratherthan reflectingthe multitude
of environmentalchemicalexposuresto which
humansaresubjectedin the courseof a normal
day. Although there are major difficulties in
establishing whether such exposures might
contributeto human disorders,threedevelopments have given them a new urgency:a) the
evidence for increasingprevalenceof human
male reproductivedisordersas a consequence
of testicular maldevelopment in fetal life
(Sharpe and Skakkebaek2003; Skakkebaek
et al. 2001); b) the induction of comparable
effectsin laboratoryanimalsas a resultof fetal
exposure to certain phthalate esters (Fisher
et al. 2003; Mylchreestet al. 1999; Parkset al.
2000); and c) recent evidence that associates
human fetal exposure to phthalates with
reducedproduction/actionof androgensin the
male fetus (Swan et al. 2005). Collectively,
thesestudieshighlightthe potentialvulnerability of the male fetusto endocrinedisruptionas
a resultof environmentalchemicalexposures.
In contrast to some of the reproductive
One situation with potential fetal expodisordersin wildlife,in which an environmen- sure to a naturallyoccurringmixtureof envital chemicalcause is clearlyestablished(IPCS ronmental chemicals is in farm animals that
2002), concerns for human reproductive are rearedon pasturethat has been fertilized
health are basedlargelyon extrapolationfrom with sewage sludge. The latter is broadly
laboratoryanimalstudiesin which exposureto reflectiveof most human chemical exposures
supraenvironmentallevels of test chemicals in that it contains outputs from domestic,
havebeen used (IPCS2002; Sharpeand Irvine agricultural,and industrialsources and con2004). It can be arguedthat, becauseinduc- tains a cocktail of man-made chemicals
tion of adverse effects in such models only (phthalates,alklyphenolics,bisphenolics,polyaromatichydrocarbons,organochlorinepestioccurs at levels of exposure considerably
greater than those experienced by humans, cides, etc.) as well as inorganic compounds
effects at real-world concentrations of the and heavy metals such as lead and mercury
chemicalin question are unlikelyto occur. A (Smith 1995; Webber and Lesage 1989).
Land application of sewage sludge is a techcounterargument is that, in normal life,
humans(andwildlife)areexposedto a cocktail nique widely used around the world and has
of environmentalchemicals(CDC 2003) that
may have additive or interactive hormonal Address correspondence to R.M. Sharpe, MRC
effects(Rajapakse
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(Rajapakseet al. 2002) and studies in vivo in

The purpose of this study was to evaluate whether experimental exposure of pregnant sheep to a
mixture of environmental chemicals added to pasture as sewage sludge (n = 9 treated animals)
exerted effects on fetal testis development or function; application of sewage sludge was undertaken
so as to maximize exposure of the ewes to its contents. Control ewes (n = 9) were rearedon pasture
treated with an equivalent amount of inorganic nitrogenous fertilizer. Treatment had no effect on
body weight of ewes, but it reduced body weight by 12-15% in male (n = 12) and female (n = 8)
fetuses on gestation day 110. In treated male fetuses (n = 11), testis weight was significantlyreduced
(32%), as were the numbers of Sertoli cells (34% reduction), Leydig cells (37% reduction), and
gonocytes (44% reduction), comparedwith control fetuses (n = 8). Fetal blood levels of testosterone
and inhibin A were also reduced (36% and 38%, respectively) in treated compared with control
fetuses, whereas blood levels of luteinizing hormone and follicle-stimulating hormone were
unchanged. Based on immunoexpression of anti-Miillerian hormone, cytochrome P450 side chain
cleavage enzyme, and Leydig cell cytoplasmic volume, we conclude that the hormone changes in
treated male fetuses probably result from the reduction in somatic cell numbers. This reduction
could result from fetal growth restriction in male fetuses and/or from the lowered testosterone
action; reduced immunoexpression of a-smooth muscle actin in peritubular cells and of androgen
receptorin testes of treated animals supports the latter possibility. These findings indicate that exposure of the developing male sheep fetus to real-worldmixtures of environmentalchemicals can result
in major attenuation of testicular development and hormonal function, which may have consequences in adulthood. Key words:anti-Miillerianhormone, environmentalchemicals, follicle-stimulating hormone, FSH, gonocyte, inhibin-A, Leydig cell, LH, peritubular myoid cell, Sertoli cell,
sewage sludge, testosterone. Environ Health Perspect113:1580-1587 (2005). doi:10.1289/ehp.8028
availablevia http://dx.doi.org/[Online 11 July 2005]

There is growing concern that exposure of
adults and, especially,of the developingfetus
to environmental chemicals could have
potentially detrimental effects on various
aspects of health, particularly reproductive
development. This concern stems from four
areasof information.First,evidencefor a range
of reproductivedisordersin various wildlife
species, ranging from aquatic snails and fish
to mammals, has established close associations with environmentalchemical exposure
[InternationalProgrammeon ChemicalSafety
(IPCS) 2002; Toppari et al. 1996]. Second,
the occurrenceand possiblyincreasingprevalence of reproductive disorders in human
males are thought to originate in fetal life
(Sharpe and Skakkebaek2003; Skakkebaek
et al. 2001) and can be induced in animal
models by fetal exposure to environmental
chemicals(Fisheret al. 2003; Mylchreestet al.
1999; Parkset al. 2000). Third, our understandingis growingregardingthe many pathways by which particular environmental
chemicals-so-called endocrine disruptors
(EDs)-can alterhormoneproduction,metabolism, and/or action in animalsor in isolated
cells (IPCS2002). Fourth,evidenceshowsthat
humans are exposed to a broad range of
environmentalchemicals[Centersfor Disease
Controland Prevention(CDC) 2003].
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grownin popularitydue to tighteningof regu- application,as prescribedby legislation(Great
lationsfor disposalof suchwasteat sea and the BritainParliament1989). Control ewes were
pressuresto recyclewaste (Commissionof the maintainedon similarpastureto which 225 kg
EuropeanCommunities 1994; Swansonet al. of nitrogen/ha/yearwas appliedusing conven2004). In the presentstudies,we have investi- tional,inorganicfertilizers.In the study flocks,
gated whether long-term exposureof ewes to treatedand control groups consisted of three
the mix of chemicalspresentin sewagesludge replicategroupsof five breedingewes in each
affects development of the fetal testis when of four age categories,so that at any one time
these animalsbecome pregnant.Using a pro- therewere 120 ewesin the study.All eweswere
tocol that was designedto maximizepotential fromsimilargeneticstock.Eachyear,ewesthat
exposure to the chemicals present in sewage were 6 years of age were slaughteredduring
sludge,we have evaluatedthe developmentof pregnancy, and replacement animals were
Sertoliand Leydigcells in termsof their num- broughtinto the flocksto be bredfor the first
bers and hormonal function as well as germ time. Stocking ratesfor ewes on control and
cell numbers.
pastureswerecomparasewagesludge-fertilized
ble. There was no supplementaryfeeding for
Materials and Methods
eithergroup.
Nine ewes maintained for the previous
Animals, blood,and tissuecollection.Animals
were maintainedon pastureat the Macaulay 5 years on conventionally fertilized pasture
Institute research station at Hartwood,
(controls) and nine ewes reared on sewage
Lanarkshire,Scotland. Animals were main- sludge-treated
pasturewereusedfor the present
tained at conventionalstocking rates,accord- studies.All ewes were synchronizedin estrus,
ing to the pastureheight.They were inspected using progestagensponges, before mating to
by a qualifiedshepherdon a daily basis, and rams from the same genotype and source.
routine animal care and vaccination proce- Becauseestruswas synchronized,conception
dures were conducted, as prescribedby best can be predicted to have occurred within a
48-hr window at the end of the firstcycleafter
practiceprotocols.
From July 1997 until the end of July sponge removal.This was used as the basisfor
1999, liquid, digested sewage sludge was determininggestationalage of approximately
applied twice annually to three 9-ha plots 110 days (GD110), when all animals were
until five separateapplicationshad been made. euthanizedaccordingto Schedule 1 protocols
Thereafter,thermallydriedsludgepelletswere as defined by the U.K. Animals (Scientific
appliedtwice annuallyat similarratesbecause Procedures)Act, 1986. Fetuseswere collected
of changesin sludgeproductionand spreading from both sets of ewes, and all of the resulting
practicesby the U.K. water authoritiesat the males (n = 12 in both control and treated
time. The compositionof the sludgeon a dry- groups) were used for the studies detailed
matterbasiswas not altered.On eachoccasion, below. Maternal and fetal body weight and
sludgewas appliedat a rateof 2.25 metrictons fetal testis weight were recordedat slaughter;
of dry matterper hectareto the whole of each fetal blood samples were also collected and
plot, using eithera pivot irrigationsystem(liq- serum isolatedaftercentrifugationand stored
uid sludge; estimated to cover > 95% of the at -20?C. Testeswerefixedfor 6 hr in Bouin's
surface) or a lime spreader (pelleted dried fixativeand then transferredto 70% ethanol
sludge),respectively.This rateof sludgeappli- until analysis.The testesweresubsequentlycut
cation, which resulted in the application of in half sagittally using a razor blade and
about 225 kg nitrogen/ha/year,was consistent processed in an automated Leica processor
with normalmanagementpracticeat the time, (Leica,Nussloch,Germany)beforeembedding
although recommendationsfor good practice in paraffinwax. Fetal body weight for female
in the United Kingdom have since been fetuseswas alsorecorded.
revised (SEDE and ArthurAndersen 2001).
Immunohistochemistry.
Sagittal5 um secOur studiesweredesignedto resultin the maxi- tions of each fetal testiswere cut, floatedonto
mum rateof contaminationof the herbageand slides, and dried at 50?C overnight. Slides
topsoil, and thus the maximum likely risk of were dewaxed in xylene, hydrated gradually
exposure of grazing animals to the chemical through graded alcohols, and washed in
constituents of sewage sludge through their water. Some antibodies [androgen receptor
food. Animals were not allowed to graze the (AR) and Ki-67] requiredantigen retrievalby
pasturefor a minimum of 3 weeksaftersludge pressure cooking in 0.01 M citrate buffer
Table1.Antibodies
usedforimmunohistochemistry.
Antibody
AMH
AR
P450scc
Ki-67
SMA

Type
GoatIgG
Rabbit
IgG
Rabbit
IgG
Rabbit
IgG
Mousemonoclonal
antibody

Source
SantaCruz
CA,USA)
(SantaCruz,
Biotechnology
Novocastra
UK)
(Newcastle-Upon-Tyne,
Chemicon
UK)
(Hampshire,
DAKO
UK)
(High
Wycombe,
UK)
Sigma(Poole,
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(pH 6.0), afterwhich sectionswere washedin
Tris-bufferedsaline (TBS; 0.05 M Tris-HCl,
pH 7.4, 0.85% NaCl) twice for 5 min.
Endogenousperoxidaseactivitywas blockedby
immersionin 3% (vol/vol)hydrogenperoxide
in methanol (BDH Laboratory Supplies,
Poole, Dorset, UK) for 30 min, followed by
rinsing in tap water and washing in TBS for
5 min. Nonspecific binding sites were
blocked with the appropriatenormal serum
diluted 1:5 in TBS containing 5% bovine
serum albumin (BSA; Sigma Chemical Co.,
Poole, Dorset, UK) applied for 30 min at
room temperature. For anti-Miillerian hormone (AMH) and oc-smooth muscle actin
(SMA) immunostaining,normalrabbitserum
was used; for all other antibodies, normal
swine serum was used (Scottish Antibody
Production Unit, Carluke, Scotland, UK).
Tissueswere then incubatedwith the primary
antibody (Table 1) diluted in the appropriate
blockingserum, and incubatedovernightin a
humidifiedchamberat 4?C.
Afterwashingtwice in TBS for 5 min, secondaryantibodieswere added to sectionsand
incubatedfor 30 min at room temperature.A
1:500 dilution in the appropriate blocking
serum of biotinylatedrabbitanti-mouse IgG
(DAKO, High Wycombe, UK) for SMA and
Ki-67, biotinylated rabbit anti-goat IgG
(DAKO) for AMH, and biotinylated swine
anti-rabbit IgG (DAKO) for AR and P450
side chain cleavage enzyme (P450scc) was
used. After two 5-min washes in TBS, the
biotinylatedantibodywas linkedto horseradish
peroxidase(HRP) by 30 min incubationwith
avidin-biotin-HRP complex (ABC-HRP;
DAKO) diluted in Tris-HCl (pH 7.4). This
was followed by two 5-min washes in TBS.
Antibodylocalizationwas determinedby application of liquid diaminobenzidine substrate
chromogensystem(DAKO) for 1-5 min until
the brown positivestainingin controlsections
was optimalas determinedby repeatedmicroscopic examination. The color reaction was
stoppedby immersionin water.Sectionswere
subsequentlycounterstainedwith hematoxylin,
dehydrated in graded ethanols, cleared in
Histoclear(VWR, Lutterworth,UK) and then
xylene, and mounted using Pertexmounting
medium (CellPath plc, Hemel Hempstead,
UK). Testis sections from all control and
treatedanimalswere run for each antibodyat
the same time and under the same conditions
to ensurecomparability.Slideswere then evalso that the
uatedsubjectivelybut systematically
for
of
was
scored
intensity immunostaining
each animal on a scale from negative (-)
Dilution throughweakly(+) to strongly(++++)positive.
1:1,000 Medianvaluesfor immunostainingscorewere
then determined for control (C) and treated
1:20
1:200
(T) animals and compared. Immunostained
1:100 sections were photographed using a Provis
1:3,000
microscope(Olympus Optical, London, UK)
1581
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fittedwith a digitalcamera(Canon EOS 10D,
Surrey,UK). Capturedimageswerethen transferred to a personal computer and compiled
using Photoshop7.0 (AdobeSystemsInc., San
Jose,CA, USA).
Determination of gonocyte, Sertoli, and
Leydig cell numbers per testis. Stereologic
analyses to determine cell numbers used
AMH-immunostained slides for Sertoli cell
and gonocyte counts and P450scc-immunostained slides for Leydig cell counts. For
measurements,imageswere capturedfrom an
Olympus BH2 microscope using a video
camera(Hitachi HV-C20, Tokyo, Japan)and
were analyzedwith Image Pro Plus software
with a Stereology 5.0 plug-in (Media
Cybernetics, Berkshire, UK). Slides were
viewed using a 40x objective for counting
and a 100x oil-immersion objective for
nuclear volume measurement.The software
was used to trace around each section, creating an area of interest (AOI). Forty fields,
randomlyselectedby the program,within the
AOI were then examined on one sagittal
cross-sectionof the testis from each animal.A
grid consisting of 432 evenly distributed
points was superimposed over the digital
image of each microscopicfield studied. The
numbersof intersectionson the grid overlying
the component of interest(Sertolicell nuclei,
Leydigcell nuclei, and cytoplasmor gonocyte
nuclei) were then counted using a manualtag
system.The ratio of the total count per testis
to the total number of points possible (40
fields x 432 points per field) multiplied by
testicularvolume (cubic centimeters,derived
from testis weight) was considered to be the
absolutevolume of the cellularcomponent in
question. These data were converted to
absolute numbers of cells per testis by determining the averagevolume of the nucleus of
each cell type. The mean nuclear volume of
Leydig cells and gonocytes was measured
using the stereology program, which calculatesvolume basedon the assumptionthat all
objects are spherical.The software takes the
average of three measured diameters per
nucleus. A minimum of 70 nuclei per cell
type per testis were measured,and an average
nuclearvolume was then calculated.Because
the Sertolicell nucleusis not spherical,its volume was determined using a different
approach(Mahood et al. 2005; Sharpeet al.
2000). An AOI was created by drawing
around the Sertoli cell nucleus, within which
the computer programthen determined the
averagelength of severaldiametersmeasured
at 2? intervalsthat passed through the center
of the nucleus.This was measuredfor a minimum of 70 Sertoli cell nuclei per testis, and
mean nuclearvolume was then determined.
Fetal ovine testes possess a fairly thick
tunica (capsule) and contain a large central
rete, neither of which contain Sertoli and
1582

Leydigcells or gonocytes. Becauseestimation
of cell numberper testis used testis weight as
the measure of overall testis volume, this
would lead to overestimationof cell numbers.
To overcomethis problem, the percentageof
testis volume occupied by rete and capsule
was measuredusing the Image Pro Plus software. One representativefetal testis from a
sewage-sludge-exposedmother and one from
a control mother was seriallysectioned, and
every 30th slide was immunostained for
AMH, which does not stain the rete or the
capsuleand thereforeclearlydemarcatesthese
structures.Three areaswere then measuredin
the same way that the nuclearareaof Sertoli
cells was measured,describedabove:the rete,
the testicular parenchyma (including rete),
and the entire testis. The averagepercentage
of testicularvolume occupied by parenchyma
was then calculatedfrom these measurements,
and this percentageused to correctthe average volume of the testis in each animalbefore
calculationof cell numberper testis.
Determination of the Sertoli cell and
gonocyteproliferation index. The proliferation index of Sertoli cells was determinedby
counting the number of Ki-67-immunopositive and immunonegative Sertoli cell nuclei
in 30 seminiferous cords per animal. The
proliferation index of gonocytes was calculated in the same way. The Leydigcell proliferation index was not determined because
Ki-67-immunopositive Leydig cells could
not be reliably distinguished from other
interstitialcells.
Hormone measurements.Fetal serum levels of follicle-stimulatinghormone (FSH) and
luteinizing hormone (LH) were measuredby
radioimmunoassaysthat have been described
and validatedpreviouslyfor sheep (McNeilly
et al. 1986); the assay standards used were
NIDDK-FSH-RP2 and NIH-LS18, and
assaysensitivitieswere 0.1 and 0.2 ng/mL for
FSH and LH, respectively. Serum levels of
testosteronewere measuredusing an enzymelinked immunosorbent assay adapted from
an earlierradioimmunoassaymethod (Corker
and Davidson 1981), as describedpreviously
(Rivaset al. 2002); the limit of detection was
8 pg/mL. Serum levels of inhibin A, the
main inhibin type produced by Sertoli cells
in the male sheep (McNeilly et al. 2002),
were measured using a two-site, enzymelinked immunoassaythat uses a captureantibody directed against amino acid sequence
82-114 of the human and ovine 3Asubunit
and a C-specific biotinylated monoclonal
antibody raised against a synthetic peptide
that corresponds to amino acid sequence
1-32 of the human oc-C subunit, as the
detection antibody (Knight et al. 1998); the
limit of detection was 20 pg/mL. For each
hormone, all fetal blood sampleswere run in
a single assay.

Statisticalanalysis.We comparedweights,
cell numbers, and hormone levels in control
and treated animals using Student's t-test.
Correlationsbetween variableswere assessed
using the Pearsoncorrelationtest (Graphpad
software,San Diego, CA, USA). In the present
studies, four C and six T male fetuses were
derivedfrom multiple pregnanciesand might
thereforebe viewedas not beingtrulyindependent samples.When valuesfor such co-twins
were meaned,and these valuesthen reentered
in statisticaltests,it did reducethe level of significance for all parameters,but not so as to
alterany of the main conclusionsof the study.
Mean values for all parametersfor these cotwins also did not differsignificantlyfrom the
remaining animals. Data are therefore presentedwith co-twins includedas independent
samples.

Results
Testes taken from male fetuses from ewes
grazedon sewage-sludge-treatedpasturesare
referredto as T testes, and those taken from
male fetusesfrom ewes maintainedon conventionally fertilizedpastureare referredto as C
testes. Two of the control ewes are known to
haveescapedinto adjoiningpasturesin which a
ramwas present,betweenprogestagensponge
removal and the prescribed mating date.
Becausethe size of the four fetusesfrom these
animals(F22, 23, 39, 40; Table 2) was entirely
consistent with them having been conceived
one cycle (17 days) earlier than were the
remainingfetusesin the study, on the basisof
known growth trajectories,it was concluded
that theywereprobablymatedone cycleearlier
than the remaininganimals.Similarly,the size
of the T animalF47 (Table2) indicatedthat it
was probablyconceivedone cyclelaterthanthe
remaining animals, based on fetal weight.
Exclusionof these five animalsfrom analyses
did not materiallyaffectthe resultsor conclusions from thesestudies,althoughit did reduce
the statisticalpower and significanceof several
of the findingsand, in the instanceof the most
variable parameter (testosterone levels), it
resultedin loss of statisticalsignificance.For
completeness, data pertaining to the five
fetuses conceived at different times are indicatedin all of the figures,andp-valuesarepresentedboth with and withoutinclusionof data
from thesefetuses.Similarly,in the text below,
where percentreductionscausedby treatment
are referredto, two valuesare quoted, the first
excluding the five fetuses and the second
includingthem.
Effectsof treatmenton maternalandfetal
body weight andfetal testis weight. Maternal
exposure of ewes to pastures treated with
sewage sludge (for the preceding 5 years,
including the gestationalperiod of 110 days)
resulted in a 15-36% reduction in body
weight and a 32-46% reduction in testis
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weight of male fetusescomparedwith those of
C fetuses,althoughmaternalbody weight was
similarin the two groups(Table2). The mean
(+ SD) body weight of femalefetusesfrom the
same treatedewes (1,400 + 183 g; n = 8) was
also significantly reduced (p < 0.05) versus
controls(1,593 ? 258 g; n = 15). Mean body
weightswere significantlyhigher (p < 0.05) in
male C fetuses than in female C fetuses, but
this sex differencewas minimal in T animals.
A significantpositivecorrelationwas observed
betweentestisweight and body weight in both
T (p < 0.005, r = 0.76) and C (p < 0.0001, r=
0.92) male fetuses, although this ratio was at
least 20% lower in T than in C animals
(Table2).
Cell number per testis. The number of
SertolicellsperT testiswas34-51% lowerthan
in C testes at GD110 (p < 0.05; Figure 1A).
However, averageSertoli cell nuclearvolume
remainedrelativelyconstant in the T (95.4 +
8.8 ,um3)and C (100 ? 10.5 pm3)testes.
The numberof Leydigcells per testis was
reduced by 37-46% in T compared with C
testes (Figure 1B). The mean nuclearvolume
per Leydigcell for T testes (122 ? 14.7 pm3),
however,was similarto that for controls (112
+ 14.5 pm3). The cytoplasmic volume of
Leydigcellswas comparablein T (91.4 ? 23.0
x 10-6 pm3) and C testes (79.6 + 18.7 x
10-6 upm3)(Figure 1D), implying that the

steroidogenic function of individual Leydig
cells in T testesis not impaired.
As with Sertoli and Leydigcells, the total
numberof gonocytesper testiswas significantly
(p = 0.001) reduced(by 43-44%) in T comparedwith C testes (Figure 1C). Again, there
was no significantdifferencein mean nuclear
volumeper gonocytebetweenT (294.7 + 32.7
x 10- pm3)and C (310.1 ? 29.1 x 10-6 pm3)
testes. Becausemultinucleatedgonocyteshave
been shown to be inducedin the fetalrattestis
by in utero exposure to certain phthalates
(Fisheret al. 2003; Mylchreestet al. 1999), we
searchedfor these in C and T testes,but only
occasionalsuchcells(one to fivepertestiscrosssection)werefoundin both groups.
Despite the differences in absolute cell
number,describedabove, therewas no significant differencebetweenthe T and C testesin
the number of Sertoli cells (respectively,
180.8 x 106 cells/g and 193.5 x 106 cells/g),
Leydigcells (273.2 x 106 cells/g and 279.9 x
106 cells/g), or gonocytes (20.0 x 106 cells/g
and 21.2 x 106 cells/g) when expressed per
gram of testis. There was also no significant
difference in the ratios of each of the aforementioned cell types with each other in C
and T testes(datanot shown).
Changesin fetal plasma hormone levels.
There was no significantdifferencein plasma
levels of either FSH or LH betweenT and C

animalson GD 10 (Figure2A,B). However,
plasmainhibin A concentrationswere significantlydecreased,by 38-46%, in T animals(p
< 0.05; Figure2C). Plasmatestosteronelevels
showed a reduction of 50% in T compared

with C testes (p < 0.05), and although a
decrease in mean levels was still evident
(36%) when excluding the five animals
referredto above, it was no longer statistically
significant(Figure2D). We appliedPearson's
correlationtest to determine the correlation
between plasmalevels of FSH and inhibin A
and between LH and testosterone, but we
found no significantcorrelationin eithercase.
Correlationbetweenplasma hormonelevels
and cell number. Because FSH can regulate
Sertoli cell number and LH regulatestestosterone secretionby Leydig cells, we explored
the possibleexistenceof significantcorrelations
between these sets of parameters.No significant correlation between plasma FSH levels
and Sertoli cell number or between LH and
testosteronelevelswas found in eitherT or C
animals (data not shown), implying that the
lower Sertolicell numberand testosteronelevels in T animalsare not explainedby altered
gonadotropinlevels.
Cellproliferation (Ki-67 immunostaining) in seminiferouscords.We determinedthe
proliferationindex for Sertoli cells and gonocytes on the basis of the percentage of cells
immunostainedfor Ki-67. There was no sigTable2. Effectsof sewage sludgeexposureon maternalandfetalbodyweightandon fetaltestisweight nificantdifferencein the proliferationindex in
(atGD110).
T versus C testes for either Sertoli cells (T,
Fetus
18.6 + 4.3%; C, 19.1 ? 3.1%; mean ? SD) or
TW(mg) TW:BW
Birth
status gonocytes(T, 31.4 ? 6.2%;C, 32.3 ? 7.2%).
Fetusno.
Treatment Eweweight(kg)
(%)
BW(g)
Evaluation of testicular cellfunction
2.1
478
90
F31
Control
2,224
Triplet
Twin
273
1.6
75
Control
F7
1,706
using cell-specificand other markers.Sertoli
Twin
2.2
347
75
F10
Control
1,575
cells. In order to determine whether or not
Twin
1.9
307
79
Control
F13
1,613
therewere any treatmenteffectson Sertolicell
Twin
1.3
366
84
F22a
Control
2,733
function, immunoexpression of AMH was
Twin
1.7
600
84
Control
F23a
3,545
evaluated and was found to be of similar
172
1.3
Quad
92
F29
Control
1,347
221
1.5
Quad
92
F30
Control
1,478
intensityin T and C testes(Figure3A,B).
336
1.6
90
Control
F33
2,127
Triplet
Leydig cells. For Leydigcell function, we
1.7
346
93
F34
Control
2,053
Single
evaluatedimmunoexpressionof two protein
Twin
1.7
505
Control
81
F39a
3,059
markers: P450scc and 33-hydroxysteroid
Twin
641
1.9
81
F40a
Control
3,389
dehydrogenase(3f-HSD). No difference in
1.7?0.3
84.7+6.6
383 145
2,237?768
Mean+ SD
the intensity of immunoexpression of
204
1.0
80
P450scc was observedbetweenT and C testes
F1
Treated
1,979
Triplet
1.1
190
80
F2
Treated
1,678
Triplet
(Figure 3C,D). Immunoexpression of
1.4
302
78
F5
Treated
2,175
Single
was of a very low intensity in both
3P-HSD
Twin
218
1.5
85
F11
Treated
1,435
T and C testes and so was not consideredto
Twin
1.4
269
95
F16
Treated
1,871
be a good means of Leydigcell identification
1.6
197
80
F19
Treated
1,246
Triplet
138
1.3
80
F21
Treated
1,082
Triplet or of evaluatingtheirfunction.
AR immunoexpression.Nuclearimmuno1.8
192
75
F25
Treated
1,053
Triplet
165
1.6
75
F26
Treated
1,021
Triplet
expressionof the AR was evidentin interstitial
R1
Twin
1.8
269
F38
Treated
1,466
and peritubularcells whereasSertolicells were
1 A71
nAq
Treated
189
1.3
Treated
Triplet
largelyimmunonegative.There appearedto be
less intenseimmunostainingfor AR in interstitial and peritubularcellsin T comparedwith C
testes (Figure 3E,F). There was also strong
immunostainingof AR in the cells of the rete
epithelium in testes from both control and
Abbreviations:
TW,testisweight.
BW,bodyweight;NS,notsignificant;
treatedanimals(datanot shown).
aDataforanimalsthatmaydifferfromthe restintermsof gestational
age (see "Results").
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numberof Sertolicells, Leydigcells, and gono- and Leydigcell number,on the one hand, and
cytes per testis. There was a markedand con- in blood levels of their secretedhormones,on
sistent reduction (between 32 and 51%) in the otherhand, suggeststhat the hormone-pronumbersof all three cell types in T compared ducing function of these cells is normal and
with C fetal testes. The numericalchanges in that it is the reduction in cell number that
Sertoliand Leydigcells in treatedanimalswere accountsfor the reductionin hormonelevelsin
matched by parallel reductions in hormone blood. Three other pieces of informationreinproduction by these two cell types, as evi- force this view. First,averageLeydigcell cytodenced by the blood levels of inhibin A plasmicvolume was not reducedin T animals,
(secreted by Sertoli cells) and testosterone and steroidogenicfunction of the Leydigcells
(secretedby Leydig cells), although the latter invariablygoes hand-in-handwith their cytoDiscussion
change was only statisticallysignificantwhen plasmic volume (Ewing and Zirkin 1983).
The principalaim of this study was to deter- all animalsfrom the study were included.The Second, immunoexpression of functional
mine whether or not long-term experimental similarity in degree of suppressionof Sertoli markers (AMH in Sertoli cells, P450scc in
exposureof pregnantewes to real-worldcock200
400
tails of environmental chemicals (present in
sewagesludge appliedto the pasture)had any S
150
300
IUa -'.effect on testiculardevelopment in the male
'.fetus. This was prompted by concerns about ii
.=M 200
deterioratinghuman male reproductivehealth, l .o
in particularfalling sperm counts (Swan et al
d
100
i
50: N
2000), and its possiblerelationshipto environ- U
mental chemicalexposuresduring fetal development (Sharpeand Irvine2004; Sharpeand
Skakkebaek2003). Our resultsshow that long150
termexposureof breedingewes to a mixtureof
chemicals added to pasture in sewage sludge
(T animals),accordingto standardfarmingand
e
European Union-recommended practicesat
the time the studywas initiated(1997), resulted Eo_
?X 50 }
5tE
in majorreductions(32-51%) in the numbers
Z
and hormonal function of the two principal
3
somaticcell typesof the fetaltestis (Sertoliand
C
T
Leydigcells) as well as a parallelreduction in
the numbersof fetal germ cells. These changes Figure 1. Numbers of Sertoli cells (A), Leydig cells (B), gonocytes (C), and Leydig cell cytoplasmic
wereassociatedwith growthrestrictionof male volume (D) in the testes of C and T fetuses on GD110.Each symbol corresponds to the cell numberfor an
and femalefetuses;bodyweightin the pregnant individualC or T animal(n = 12 per group);symbols that are circled indicate animalsfor which the gestaewes was unaffected. The present study was tional age may be differentfromGD110,and p-values in parentheses indicatethe effect of removingthese
restrictedto late fetallife and thereforedid not animalsfromstatistical analysis. The horizontalline indicates the mean for each group.
addresswhetherthe adversetesticularchanges
1.2 3.5
in T male fetuses have any permanentconse3.0
it
be
that
1.0
quences.However, might anticipated
some aspectsof the masculinizationprocessin
2.5 i
0.8 tiv
E 2.0
T male offspringcould be attenuated(due to
.
'a
s
0.6 g
suppression of testosterone levels), as might
1.5
-a
=t
=L
=r o.4
capacityin adulthood(due to
sperm-producing
,i
1.0
reducedSertolicell number).These remainto
0.2 |
0.5
be explored,as does the more complexissueof
o a
0
which constituentsof the treatmentmight have
induced the adverseeffectson testiculardevel1.5 opment. Under the presentstudy conditions,
sludgeapplicationhasonly minoreffectson the
soil concentrationsof at leastsome of the more
1.0
b& 200
0
a.
readilydegradedEDs (Rhindet al. 2002); other
studies indicatethat the same is generallytrue
0.5s
100
a
of other, more persistentEDs (Smith 1995). It
T
is thereforelikely that the presentlyobserved
effects on the male fetus after exposure to
0
T
C
sewagesludgereflectsthe effectsof exposureto
a mixture of environmental chemicals, and
Figure2. Plasmalevels of FSH(A),LH(B), inhibinA (C),and testosterone (D) in the testes of C and T fetuses
thesemay not be EDs as such.
on GD110.Each symbol correspondsto the cell numberfor an individualC or T animal(n = 12 per group);
In the present study we used established symbolsthat are circled indicateanimalsfor which the gestationalage may be differentfromGD110,and pstereologic methods (Mahood et al. 2005; values in parentheses indicatethe effect of removingthese animalsfromstatisticalanalysis.The horizontal
Sharpe et al. 2000) to quantify the total line indicatesthe mean for each group.

Peritubular myoid cells. Seminiferous
cords appeared to be normally formed in T
and C testes, on gross inspection. However,
mean testosteronelevelswere lower in T than
C testes, so immunoexpression of SMA in
peritubular cells was evaluated because it is
suggested to be androgen regulated in some
species (Schlattet al. 1993). Immunostaining
intensity was generallylower in T than in C
testes (Figure3G,H).
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Leydigcells) did not revealany obviousdiffer- in intensityof AR immunoexpressionin testes
ence betweenT and C testes.Third, therewas of treated animals, which can occur when
no change in the hormonal drive (LH, FSH) testosteronelevels are low and which leads to
to the T testes, comparedwith C testes, that destabilization of the AR protein (Bremner
could account for either the reductionsin cell et al. 1994; Zhou et al. 1995), providesindirect support for this possibility, as does the
numberor reducedhormoneproduction.
Severalpieces of new informationsuggest reduction in SMA immunostaining in perthat testosterone plays an important role in itubular cells. The perinatal effect of androregulating Sertoli cell proliferation in fetal gens on Sertoli cell number is considered to
(Johnston et al. 2004) and early postnatal be mediated via the peritubularmyoid cells
(Atanassovaet al. 2005; Johnston et al. 2004; that express ARs (Atanassova et al. 2005;
Ramaswamyet al. 2000) life, raisingthe pos- Sharpe 2005), whereas Sertoli cells do not
sibility that treatment-inducedsuppressionof express ARs in fetal life (Sharpe 2005), as
testosteronelevels in the present study could confirmedfor the sheep in the presentstudy.
have contributed to the reduction in Sertoli If the reduction in Sertoli cell number in T
cell number. The observationof a reduction testes in the present study resultssecondarily

from reduced testosterone levels/action, the
primary adverse change in treated animals
could be in the proliferationand/or differentiation of the Leydigcells.
In the present studies, male T fetuses
showedgrowthrestrictioncomparedwith controls of the same gestational age, whereas
growth restrictionwas somewhat less evident
in female fetuses from the same pregnancies
and the treatedpregnantewes themselvesdid
not show any differencein body weight from
control ewes. The latter observationmakes it
unlikelythat the growtheffectsobservedin the
malefetusesresultsimplyfromgeneralizedtoxicity. The reductionin body weight in male T
fetusesessentiallyresultedin obliterationof the
normal sex difference in body weight-a
Treated
change associated with reduced testosterone
levelsin the treatedmales.
It is well established for both sheep
(Mitchellet al. 2002) and humans(Hindmarsh
et al. 2002; Schwarzleret al. 2004) that male
AMH
fetusesgrowat a higherrateon averagethan do
female fetuses, such that males are largerfor
most growth parametersthan are females at
most gestational ages, as well as at birth.
Testosteroneproductionby the male may conb ;.nJ<*
r..JkN.-I
l
tributeto this difference(de Zegheret al. 1999;
Gill and Hosking 1995). Whether or not the
'
.
i.~'"
,
:
.."
treatment-induced growth restriction in the
malefetusescontributedto the reductionin testicularparametersin the presentstudyis uncertain (see Rhind et al. 2001). Experimental
P450scc
growth restrictionin fetal sheep, as a resultof
underfeedingof the pregnantewes, was shown
JX
:
!C. __
j
in one study to result in a 20% reduction in
Sertolicell numberat aroundbirth (Bielliet al.
2002), whereasthree other studies found no
significantchangein Sertolicell numberand/or
testis weight (Da Silva et al. 2003; Rae et al.
2002a, 2002b). Furthermore,in one of these
studies (Rae et al. 2002b) an increase,rather
than a decrease,in blood testosteronelevelsin
male fetuseswas reported,in
AR
growth-restricted
contrast to the present findings. We are not
awareof any publishedexperimentalmanipulation in sheep that resultsin such majorreductions in fetal testis weight and testicular
hormones as found in treatedanimals in the
present study. Irrespectiveof the exact interrelationshipsbetween body weight, testicular
growth, and testosteroneproduction,the present findings may be consistentwith observations in the human that show a robust
relationshipbetween fetal growth restriction
SMA
and increasedriskof reproductivedevelopmental disorders such as cryptorchidism and
hypospadias(Akreet al. 1999; Weidner et al.
1999), testicular cancer (Skakkebaeket al.
2001; Toppari et al. 1996), and, less consistenty, reducedspermcounts (Cigognaniet al.
(brownstaining)of AMH(A, B), P450ssc (C,D),AR(E,F),and SMA(G,H)in tesFigure3. Immunoexpression
ticularsections fromrepresentativeC and T animals.Note the lower expressionof AR(E,F)in interstitialand 2002; Francoiset al. 1997; Olsen et al. 2000).
peritubularcells (arrows)and the lower expression of SMA(G,H)in peritubularcells (arrows)of T animals, It is also of relevancethat all of these disorders
can be associatedwith reducedproductionor
comparedwith Canimals.Arrowheadsin (G,H)indicateSMAstainingin perivascularcells. Bar= 100pm.
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actionof testosteroneby the fetaltestis(Sharpe
and Skakkebaek 2003; Skakkebaek et al.
2001). It will be importantto explorewhether
or not such abnormalitiesoccuralso in treated
sheep in follow-up studies to those presently
reported.
The present study does not identify the
cause(s) of growth restriction and impaired
testis development in treated male fetuses
other than to demonstrateits associationwith
the experimentalapplicationof sewagesludge
to the pasture.The sewage sludge contains a
complex cocktail of chemicals that includes
heavy metals, alkylphenolic compounds,
phthalates, and other classes of EDs (Rhind
et al. 2002; Smith 1995), and cases could be
made for several of these individual compounds playing some part in the presently
observedchangesin treatedanimals(see IPCS
2002; Sharpeand Irvine2004; Sweeneyet al.
2000; Toppari et al. 1996). So far, no major
differencehas been observedin phthalate or
alkylphenol tissue levels in T and C ewes
(Rhind et al. 2005b) and/or their fetuses,
although some differences in heavy metal
exposure are evident (Rhind et al. 2005a;
Wilkinson et al. 2001). It seems most likely
that the presently observed effects in male
fetusesstem from exposureof theirmothersto
a combinationof chemicalsthat were present
in the sewage sludge, but identifying what
thesemay be is a difficulttask.
It is not possible, from the information
available,to gauge whether the present findings in sheep have direct relevanceto humans
in terms of their exposureto such chemicals,
because the effective chemicals present in
sewage sludge have not been identified.
Nevertheless, because human waste is an
importantcontributorto sewage sludge, it is
not unreasonableto assume that humans are
themselvesexposedto many of its constituent
chemicals,even if the actuallevelsof exposure
may be much lower in the human than was
the case in sheep from the presentstudies, in
which sewage sludge was delivered onto the
surfaceof the soil or herbageto maximizeewe
exposure. The levels of exposure achieved
experimentally in this study also probably
exceed those in animals that are grazing on
land fertilizedby sewage sludge accordingto
current recommendations in the United
Kingdom. However, the importance of the
presentstudy is that it demonstratesthat prolonged exposureof ewes to a cocktailof chemicals present in sewage sludge, with clear
relevance to real-world chemical exposures,
retardsfetal growthand leadsto majorattenuation of testiculargrowthand parallelattenuation of hormone production, and that the
effectsobservedin the fetal sheep appearrelevant to concernsabout human male reproductive disordersthat stem from maldevelopment
of the fetaltestis(Skakkebaeket al. 2001).
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