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Abstract

Animals and humans are chronically exposed to endocrine disrupting chemicals (EDCs) which are
ubiquitous in the environment. There are strong circumstantial links between environmental EDC
exposure and both declining human/wildlife reproductive health and the increasing incidence of
reproductive system abnormalities. Verification of such links, however, is difficult and requires
animal models exposed to 'real life', environmentally relevant concentrations/mixtures of
environmental contaminants (ECs), particularly /n- utero, when sensitivity to EC exposure is high.

The aim of this study was to determine whether the fetal sheep reproductive neuroendocrine axis,
particularly GnRH and galaninergic systems were affected by maternal exposure to a complex
mixture of chemicals, applied to pasture, in the form of sewage sludge. Sewage sludge contains
high concentrations of a spectrum of EDCs and other pollutants, relative to environmental
concentrations but is frequently recycled to land as a fertiliser. We found that foetuses exposed, to
the EDC mixture /n-utero through their mothers, had lower GhnRH mRNA expression in the
hypothalamus and lower GnRHR and galanin receptor (GALR) mRNA expression in the
hypothalamus and pituitary gland. Strikingly, this, treatment had no significant effect on maternal
GnRH or GnRHR mRNA expression although GALR mRNA expression within the maternal
hypothalamus and pituitary gland was reduced. This study clearly demonstrates that the
developing foetal neuroendocrine axis is sensitive to real-world mixtures of environmental
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chemicals. Given the important role of GnRH and GnRHR in the regulation of reproductive
function, its known /n-utero programming role, and the role of galanin in the regulation of many
physiological/neuroendocrine systems, /n-utero changes in the activity of these systems are likely
to have long term consequences in adulthood and represent a novel pathway through which EC
mixtures could perturb normal reproductive function.
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Introduction

There is a wealth of evidence linking exposure to environmental chemicals (ECs) with
harmful effects on physiological systems in both animals and humans (1-4). Exposure to
such chemicals, is increasingly associated with disorders of male reproductive function (1-
3), precocious puberty (4, 5) early menopause and breast cancer in females (4, 6). ECs are
typically present as complex mixtures and include endocrine disrupting compounds (EDCs),
such as phthalates, polychlorinated biphenyls (PCBs) and nonylphenol (7, 8), and heavy
metals. Given that these diverse compounds can act via different mechanisms to perturb
endocrine function (9), investigation of these complex interactions presents a major
emerging issue for research and risk assessment.

Exposure to environmental pollutants can occur via inhalation, ingestion and direct contact
but the health impacts are influenced by a variety of physiological parameters including rates
of uptake, metabolism and excretion. Prenatal and early developmental life stages are
particularly sensitive to EDCs (10) and exposure during these critical periods may
programme processes influencing adult reproductive health and productivity (11). Such
exposures can be via the placenta or, post-natally, via milk. Much of the evidence for
detrimental effects of ECs has come from studies of acute supra-environmental doses of
single chemicals (12) although these don’t take account of the fact that humans, domestic
animals and wildlife are chronically exposed to mixtures of low levels of environmental
pollutants which can also exert significant effects (6). Sewage sludge, is a by-product of
waste water treatment that contains a variety of pollutants (13-15), at levels higher than
those found within our immediate environment (16). At present, most sewage sludge is
either incinerated or recycled onto pasture, as a fertiliser. The use of sewage sludge as a
fertiliser provides an ideal model system in which to study the effects of exposure to
environmentally relevant levels of EDCs (after the EDC burden is diluted by spreading on
pasture) on physiological systems. Sewage sludge application to pasture results in only a
slight increase in EDC concentrations in the soil, grazed herbage and in livers of animals
reared on sludge-exposed pastures (14, 17, 18). On the basis of reported “no observable
effect levels (NOELS)” the observed concentrations of individual chemicals would not be
expected to pose a significant health risks. Nevertheless, domestic animals exposed to EDCs
using this model have numerous physiological and neuroendocrine abnormalities, including
altered foetal testis and ovary development (19, 20), foetal hypothalamic kisspeptin mRNA
expression (21), behavioural changes in adult offspring (22) and maternal bone density (15).
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Reproductive success depends on activity within the hypothalamic gonadotrophin-releasing
hormone (GnRH) neurosecretory system which is dynamically regulated and highly
sensitive to the organisational and activational effects of endogenous steroids (23, 24).
Galanin, a 29-amino acid cellular messenger (neurotransmitter/modulator) widely
distributed within the central (CNS) and peripheral nervous system (PNS) is involved in a
wide range of regulatory functions in many species. Galanin has clearly been shown to be
involved in the oestrogenic regulation of hypothalamic GnRH secretion (25) and LH
secretion from the pituitary gland in laboratory rodents (26). Despite fewer functional
studies in sheep, reports again support a role for galanin in the regulation of reproductive
function in this species since galanin is expressed in appropriate areas of the hypothalamus
(27), it is colocalised within GnRH neurones in both males and females (28) and the
coexpression of galanin and ERa within the preoptic area is oestradiol responsive (29).
Galanin acts via three receptor subtypes: GALR1, GALR2, and GALR3 all of which are
expressed in the sheep hypothalamus (24, 30) and have been shown to be expressed on
GnRH neurones (31). We therefore proposed that galanin and its receptors are potential EDC
target systems that could affect the activity within the reproductive neuroendocrine system.

The primary aim of this study was to test the hypothesis that maternal exposure to sewage
sludge would suppress GhRH mRNA expression and inhibit mMRNA expression within
galaninergic systems (either galanin or galanin receptor mRNA expression) in the foetal
hypothalamus and pituitary gland. Our secondary aim was to determine whether exposure to
a “real life” mixture of ECs perturbed expression of GnRH, galanin or GALR1-3 mRNA in
the maternal hypothalamus and pituitary gland.

Materials and Methods

Animals

Control (C) and sludge-exposed (E) preghant ewes were maintained on pasture treated with
conventional inorganic fertilizers, or sewage sludge, respectively. Sewage sludge had been
applied to these pastures for 4 years prior to the present study, according to protocols
described in detail elsewhere (19). Briefly, for E animals sludge was applied twice annually
to three 9-ha plots at a rate of 2.25 metric tons of dry matter per hectare to the whole of each
plot until seven separate applications had been made. This rate of sludge application, which
resulted in the application of about 225 kg nitrogen/ha/year, was consistent with normal
United Kingdom management practice at the time. Animals were not allowed to graze the
pasture for a minimum of 3 weeks after sludge application, as prescribed by legislation
(Great Britain Parliament 1989). C animals were maintained on similar pasture to which 225
kg of nitrogen/ha/year was applied using conventional, inorganic fertilisers. At 110 days of
gestation (GD110), maternal and foetal animals were euthanised (Schedule 1, U.K. Animals
(Scientific Procedures) Act, 1986). Immediately after euthanasia, hypothalami and pituitary
glands were collected from mothers (6 control and 6 exposed) and their foetuses (9 control
and 9 exposed, 5:4 ratio of female to male per group) halved, immediately frozen on dry ice
and stored at -80°C before later mMRNA extraction and analysis. There was an approximately
equal representation of foetuses from single, twin and triplet pregnancies in C and E groups
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and body weights at the time of tissue collection were not significantly different between
groups (C:1305+233¢ vs E:1220+1899).

Tissue Preparation

While still frozen, maternal and foetal hypothalamic blocks were cut into coronal slices
(~4mm in adult, ~2mm in foetal lambs), using external landmarks on the base of the brain,
with the most rostral cut ~ Imm in front of the optic chiasm such that the first slice
encompassed the preoptic area and the second the mediobasal hypothalamus/median
eminence as previously described (24). From each tissue block, approximately 100-200mg
of tissue was harvested for RNA extraction, from an area close to the ventricle.
Approximately 100-200mg of tissue was also harvested from the mid sagittal face of
maternal and foetal pituitary glands for RNA extraction. Total RNA was extracted from each
tissue using TRIzol® (Invitrogen, UK) as recommended by the manufacturers and mRNA
(200-300ng) was reverse transcribed using Moloney-Murine Leukemia virus (M-MLV)
reverse transcriptase (Invitrogen, UK), random hexamers (Promega UK) and Rnasin
(Promega, UK) as described previously (32). Purity and quantity of mMRNA and cDNA were
assessed using an ND-1000 spectrophotometer (NanoDrop® Technologies).

Quantitative PCR (qPCR)

gPCR was conducted using oligonucleotide primers and Tagman probes for ovine g-actin,
galanin, GALR1, GALRZand GALR, GnRH and GnRHR as previously validated and
described previously (24). The Tagman probes for galanin, GALRI, GALR2and GALRS3,
B-actin GnRH and GnRHR were synthesized by Eurogentec and contained FAM as the 5’-
reporter and Blackhole Quencher 1 as the 3’-quencher. Sequences for all primers and probes
are shown in Table 1. All gPCR reactions were performed in duplicate and a reagent blank
was included within each plate to detect contamination by genomic DNA.

qPCRs for ovine GnRH, GnRHR galanin, GALRI1, GALRZ, GALR3and the endogenous
reference gene B-actin (21, 24) were conducted using a Mx3000P™ Real-Time PCR System
(Stratagene) according to the manufacturer’s instructions. Each gPCR reaction (25ul)
contained PCR Buffer Il (Applied Biosystems, 50 mM KCI, 10 mM Tris-HCI (pH8.3), 1.5
mM MgCl,, 0.001% (v/v) gelatin), 0.2 mM of each deoxynucleotide triphosphate, 0.625 U
AmpliTag Gold DNA polymerase (Applied Biosystems), template cDNA (2ul), and
optimized quantities of the respective probe and primers for the genes of interest and
molecular biology grade H,0 (BDH, UK). Thermal cycling conditions were 10 min at 97°C
(initial denaturation step) and 45 cycles of 45 sec at 95°C (denaturation step) and 1 min at
60°C (primer annealing and elongation). GnRH, galanin, GALR1, GALRZ, GALR3 mRNA
expression was quantified using the comparative CT (cycle threshold) method (33) and gene
expression calculated relative to the reference gene (B-actin).

Statistical Analysis

All data are presented as mean + S.E.M. All data was normalised by log transformation and
analysed using either Student’s T-test or two-way ANOVA where appropriate. A Pvalue of
less than 0.05 was considered statistically significant.
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In the foetal animals there was no significant effect of gender on the expression of any of the
genes examined in either the hypothalamus or pituitary gland so data from both genders
were combined. There was also no significant difference in mRNA expression for any of the
genes measured in tissue taken from the two hypothalamic slices studied. Data from these
two areas were therefore combined before further analysis.

Results

Maternal GnRH and GnRHR mRNA expression

Hypothalamic GhnRH mRNA expression was not significantly different with exposure (C :
0.40+0.26; E : 0.19+0.12). GhRHR mRNA expression was also similar in C and E ewes in
both the hypothalamus (C: 0.27+0.23; E: 0.05+0.05) and pituitary gland (C: 0.35+0.12; E:
0.2040.21).

Maternal galanin and galanin receptor mRNA expression

MRNA expression for all three galanin receptor subtypes (GALR1, GALR2 and GALR3)
was significantly lower in E compared to C animals in both the hypothalamus (P<0.05,
Figure 1A) and pituitary gland (P<0.05, Figure 1B). There was no difference in galanin
receptor mRNA expression levels between the different tissues tested. Levels of galanin
mMRNA expression in the hypothalamus were not significantly different between E and C
animals (Figure 2). Sewage sludge exposure also had no significant effect on galanin mRNA
expression in the maternal pituitary gland (C: 0.008+0.0029 E: 0.01+0.009).

Foetal GhRH and GhnRHR mRNA expression

Unlike in the ewes, foetal hypothalamic GnRH (P<0.01, Figure 3A) and GhRHR mRNA
expression (P<0.01, Figure 3B) were significantly lower in E than C foetuses. However,
GnRHR mRNA expression in the foetal pituitary glands was not different between E and C
animals (C: 0.34+0.13; E: 0.30+0.18).

Foetal galanin and galanin receptor mRNA expression

As in the mothers, there was no difference in galanin receptor expression levels between the
different tissues. Levels of hypothalamic galanin mRNA expression were similar for E and C
foetuses (Figure 2) and galanin mRNA expression within the pituitary gland was also similar
(C: 0.020+£0.012 E: 0.0053+0.003). However, expression of GALR1, GALR2 and GALR3
MRNA was significantly lower in the hypothalami (P<0.05, Figure 1C) and pituitary glands
(P<0.05, Figure 1D) of E compared to C animals.

Discussion

This study demonstrates that the expression of gene members of the GnRH and galaninergic
systems within the foetal hypothalamus and pituitary gland are significantly affected by
exposure of their dams to an environmentally relevant mixture of environmental pollutants,
that contains known EDCs, by pasturing on sewage sludge treated pastures. Effects were
most pronounced in the hypothalamus where expression of mMRNAs for GnRH and its
receptor, as well as the three galanin receptor isoforms, were suppressed. Gene expression in
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the mothers, who received the primary exposure, however, was not as profoundly affected as
that in the foetuses they carried. As the affected systems stand at the apex of the
reproductive axis, such effects could have major consequences for downstream reproductive
processes and could contribute to the previously reported effects of this form of EDC
exposure on development of the male (19) and female (20) gonadal systems.

The results of the present study have confirmed our hypothesis since hypothalamic GnRH
MRNA expression was decreased in sewage sludge-exposed foetuses. Hypothalamic GnRH
MRNA expression is suppressed by oestrogen (34), although it is also minimal during
seasonal anoestrus in sheep (35) and in postmenopausal women (36). The sewage sludge
used in this study contains many oestrogenic chemicals, such as diethylhexyl phthalate
(DEHP), polychlorinated biphenyls (PCB), polybrominated dipheny! ethers (PBDE)
congeners and polycyclic aromatic hydrocarbons (PAH) as previously published (14, 15);
thus it is possible that the low levels of GnRH mRNA expression in exposed foetuses may
be attributable to a suppressive action of the oestrogenic chemicals in sewage sludge. The
precise nature of the “insult” to which foetuses are actually exposed, however, remains
unclear since studies of foetal concentrations of EDCs in sheep exposed to these sludge
treatments indicate that tissue burdens differ greatly between individuals, cannot be
predicted from maternal tissue levels or environmental concentrations, and depend on EDC
class (14). The results of the present study support and extend our previous neuroendocrine
findings (21), and given our previous results, support the hypothesis that the effects of
sewage sludge exposure may be exerted indirectly through reduced kisspeptinergic drive to
the GnRH neurosecretory system.

In addition to a reduction in GhRH mRNA in the hypothalami of sewage sludge exposed
animals, GnRHR mRNA expression was also reduced in E compared to C foetuses. GhRHR
expression has been reported to be lower during anoestrous than in the luteal phase of the
oestrous cycle (35) suggesting that it is sensitive to circulating steroids, although the precise
role of changes in hypothalamic GnRHR expression in the regulation of reproductive
function in the ewe remains to be determined. The reduced hypothalamic GnRHR mRNA
expression following sewage sludge exposure is also consistent with our hypothesis that
GnRHR are sensitive to exposure to exogenous oestrogenic, and possibly other, compounds.
This possibility is supported by evidence that oestradiol and GnRH also interact to regulate
GnRHR mRNA expression in the adult ovine pituitary gland (37, 38) however little is
known about the regulation of hypothalamic GnRHR in foetal animals with a sexually
immature neuroendocrine system. The reduced expression of hypothalamic GnRH and
GnRHR mRNA could result in reduced LH secretion with adverse consequences for
reproductive development and function in adulthood.

ECs may perturb the reproductive axis indirectly by acting on neurotransmitter systems that
modulate GnRH output. Galanin can stimulate hypothalamic GnRH release (39, 40),
pituitary LH secretion (39, 41) and can modulate the amplitude of the preovulatory LH surge
(40, 42) in the rat. Although the role of galanin in the regulation of the GnRH /LH system in
the sheep is less well characterised, galanin and its receptors are expressed in the ovine
hypothalamus (24, 43), galanin is co-expressed in all ovine GnRH neurones (28) and
GALRL receptor immunoreactive neurones colocalise with GnRH (44). Interestingly our
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results show that mMRNA expression of all three galanin receptors (GALR1, GALR2 and
GALR3) was significantly reduced in both the hypothalamus and pituitary glands of sewage
sludge-exposed foetuses. Additionally, while the treatment had no effect on maternal GnRH
or GhRHR mRNA expression, hypothalamic and pituitary gland galanin receptor mRNA
expression was significantly reduced in exposed mothers, as in the foetal animals,
demonstrating that this system may be particularly sensitive to chemical exposure.

Galanin’s effects on the reproductive neuroendocrine systems are probably mediated
predominantly via GALR1 (45). Little is known about the regulation of GALR1 gene
expression but GhRH/GALRL1 co-localisation changes during the ovine oestrous cycle, with
the lowest levels of co-localisation during the late follicular phase (high oestrogen) and
highest during the luteal phase (low oestrogen) (44) suggesting that it may be regulated by
oestradiol. This would again be consistent with the putative effects of oestrogenic chemicals
present in sewage sludge. The observed effects of sewage sludge exposure on mRNA
expression of galanin, a neuroendocrine ligand and its receptors is similar to but the opposite
of our previous findings in which kisspeptin mMRNA was reduced in exposed animals without
a change in mRNA expression of its receptor (21). These differential effects of ECs on
neuroendocrine ligand and receptor mRNA expression indicates that GALR mRNA
expression is more sensitive to endogenous oestradiol/oestrogen-like compounds and would
suggest that alteration of receptor instead of ligand expression, might be used to regulate
galanin’s actions.

The effects of sewage sludge exposure on the GnRH and galanin neurosecretory systems in
this model occur as a result of chronic exposure during development, and were seen after the
programming of many sexually dimorphic physiological characteristics. It is possible
therefore that the effects of EC exposure could also alter programmed activities and affect
long term reproductive function and fertility. Although this study is primarily focussed on
the role of galanin and its receptors and their association with reproductive function, it
should be noted that galanin has many other neuroendocrine roles and so alterations in
galanin receptor expression may also impact on other physiological systems. Thus it is worth
noting that animals raised in this model also exhibit alterations in male and female typical
behaviours (46) which could occur either as a direct effect of EC on behavioural systems or
an indirect effect of alterations in the reproductive neuroendocrine axis.

Given the known oestrogenic action of many of the chemicals present in the soil of sewage
sludge treated pastures (47) and sensitivity of both GnRH and galanin to the regulatory
effects of oestrogen, it is feasible that exposure to ECs in sludge may have led to the effects
on down regulation seen in the GnRH and galaninergic systems observed in this study.
Together with our previously published work (22), the data point to potential down-
regulation of the positive drive to GnRH neurosecretion via decreased kisspeptin signalling
and reduced receptivity to galanin signalling at the level of the hypothalamus. Since GnRH
neurones lack classical oestrogen receptors (48, 49), this provides a potential mechanism
through which exposure to oestrogenic chemicals might indirectly decrease GnRH
neurosecretion and these changes might explain some of the additional physiological
changes observed in the gonads of sewage sludge exposed foetuses, especially those in the
male (19).
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Interpretation and extrapolation of our findings to human health requires caution as human
exposures to EDCs are ill-defined and may not be comparable to those of the current study.
Nevertheless, since human waste is an important contributor to sewage sludge, it is highly
likely that humans themselves are exposed to many of its constituents. The current findings
suggest that low-level exposure to ‘safe’ levels of environmental chemicals can exert
negative effects on the neuroendocrine axis which may impact on reproductive function and
fertility.
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