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Summary This study reports the effects of peripubertal GnRH receptor inactivation on
development of psychophysiological motoric reactivity (PMR; sometimes also called emotional
reactivity), plasma cortisol concentrations and the relationship between plasma cortisol and PMR
in male and female sheep.

The study formed part of a larger trial and utilised 46 same sex twins. One twin remained
untreated (control) while the other received a subcutaneous GnRH agonist (GnRHa Goserelin-
Acetate) implant every 4th week, beginning at 8 and 28 weeks of age, in males and females,
respectively (different, due to sex specific age of puberty). PMR, a measure of an animals’
response to social isolation, was measured over a two minute period at 8, 28 and 48 weeks of age,
using a three axis accelerometer. During the test period vocalisation rate was recorded. Cortisol
was assayed in blood samples collected on a single day when animals were 40 weeks of age.

PMR and vocalisation rate were significantly higher in females than males at all ages tested. At
28 weeks of age (20 weeks treatment) PMR was increased in treated males to the level seen in
control females, by 48 weeks of age treated males’ PMR was significantly less than controls. In
females, 20 weeks of GnRHa treatment (28—48 weeks of age) was not associated with differences
in PMR. Cortisol concentrations were significantly higher in females than males but were not
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affected by treatment. Plasma cortisol concentrations were positively correlated with PMR;
this relationship being driven by the treated animals in both sexes.

The results demonstrate that PMR is sexually dimorphic and cortisol dependent in sheep
from at least 8 weeks of age. Importantly, they also demonstrate that long-term treatment of
males with a GnRH agonist results in changes in age-dependent development of PMR.
# 2012 Elsevier Ltd. All rights reserved.

2 N.P. Evans et al.
1. Introduction

Gonadotropin releasing hormone (GnRH), as suggested by its
name, has been considered predominantly a reproductive
hormone it’s major function being the central control of
reproductive physiology and behaviour. Recent evidence,
however, supports a much wider physiological remit, with
roles in cardiovascular (Skinner et al., 2009; Wojniusz et al.,
2011) and smooth muscle function (Reichler et al., 2006;
Arnold et al., 2009; Coit et al., 2009) and a significant role in
cognitive function (Grigorova et al., 2006; Bryan et al., 2009;
Wojniusz et al., 2011). With regard to the latter, GnRH
receptor (GnRHR) expression has been demonstrated
throughout the mammalian brain including regions related
to learning and cognition such as the hippocampus (Albertson
et al., 2008; Skinner et al., 2009; Chu et al., 2010; Rosati
et al., 2011; Schang et al., 2011). Empirical support for a role
in cognition is also available; as cognitive side effects have
been described following GnRH analogue (GnRHa) adminis-
tration in a number of studies in adult humans (Meethal
et al., 2005; Grigorova et al., 2006; Nelson et al., 2008;
Palomba et al., 2008; Bryan et al., 2009).

A recent review of GnRHa therapy has reported significant
impairment of cognitive function, especially in domains of
visuo-spatial and higher-order executive control functions in
men following GnRHa treatment for prostate cancer (Nelson
et al., 2008). Similarly, in pre-menopausal women treated with
GnRHa a decline in cognitive function has been reported (Sher-
win and Tulandi, 1996; Palomba et al., 2004, 2008; Andreano
et al., 2011). While it could be argued that some of these
clinical results are secondary to the reduction in gonadal
steroids following GnRHa treatment, results from experimental
studies in animals have indicated that GnRH may have bene-
ficial effects with regard to cognitive function in models of
Alzheimer’s disease (Casadesus et al., 2006; Bryan et al., 2009)
and a GnRH-1 receptor agonist has recently entered phase III
clinical trials in the US for treatment of Alzheimer’s disease
(ALADDIN Study — Phase III: Antigonadotropin-Leuprolide in
Alzheimer’s Disease Drug Investigation (VP-AD-301)). Mechan-
istically, the effects of GnRH on brain function have been
proposed to be due to gonadotropins’ ability to trigger mitotic
division in quiescent (G0 phase) neurons (Bowen et al., 2002;
Harris et al., 2002; Mattson et al., 2004). While such effects of
GnRH on cognition have been reported in adults, there is an
almost complete lack of trials exploring possible effects of
chronic GnRHa treatment on cognitive brain development
and behaviour in children and adolescents, despite their wide-
spread use for treatment purposes (where the aim is normally
either to prevent or delay the sexual maturation and its sec-
ondary implications); i.e. central precocious puberty (CPP),
gonadal protection for children undergoing chemotherapy,
idiopathic short stature, severe hypothyroidism, growth hor-
mone deficiency, congenital adrenal hyperplasia, and even
Please cite this article in press as: Evans, N.P., et al., Development of p
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autism (Carel et al., 2009). Despite the lack of specific evidence
in children about possible extragonadal effects of GnRH analo-
gues their safety has been supported by the recently published
Consensus Statement on the Use of Gonadotropin-Releasing
Hormone Analogues in Children (Carel et al., 2009).

As part of major study, in which we have characterised the
effects of peripubertal GnRHa treatment, using a novel ovine
animal model, we recently demonstrated that longterm,
peripubertal GnRHa treatment had a significant impact on
sex-specific brain development, which affected the regula-
tion of behaviour and cardiac function in young animals
(Wojniusz et al., 2011). Females in which the pubertal
transition was blocked by GnRHa treatment displayed
increased non-verbal cognitive function like anxiety and
greatly pronounced avoidance behaviour, whereas males,
in which puberty was similarly blocked, exhibited risk taking
and exaggerated approach oriented behaviours, when the
animals (both males and females) were tested at approxi-
mately 48 weeks of age, i.e. after the expected time of the
pubertal transition (Wojniusz et al., 2011).

The possibility that blockade of GnRH actions during peri-
pubertal development can lead to cognitive differences is of
significant medical interest. This time period is characterised
by dramatic changes in the patterns of endogenous GnRH
secretion associated with final development and activation
of the reproductive system but also coincides with the onset
of numerous mental disorders which typically continue
throughout adulthood (Neufang et al., 2009). According to
the WHO, anxiety disorders have one of the youngest ages of
onset (median, 15 years of age), followed by substance-use and
mood disorders and, thus, onset typically falls within the time-
frame during which large changes in GnRH secretion occur.
Interestingly, as with the timing of puberty, the nature and time
of onset of many human mental disorders is also sexual
dimorphic. For example, between 6 and 12 years of age, two
thirds of diagnosed mental problems occur in boys, the most
common forms being hyperactivity, concentration/behavioural
problems, anhedonia, and ADHD. After puberty, however, this
balance shifts, such that two thirds of mental problems are seen
in young women but they reported more anxiety and depressive
symptoms (Nasjonalt folkehelseinstitutt, 2009; Naninck et al.,
2011). Similarly, while the incidence of depressive illness is
equal in prepubescent boys and girls, the chances of suffering
from such a condition in later life is 50% greater in women than
men (Pitychoutis et al., 2010; Naninck et al., 2011).

The peripubertal maturing brain is characterised by the
development of sex-specific and non-sex-specific functional
circuits, which develop according to distinct spatial-tem-
poral patterns in each sex. Subcortical regions (e.g. striatum)
mature functionally much faster than prefrontal top-down
control regions, and disturbances in this maturation have
been suggested as an explanation for observed insufficient
behavioural changes during puberty and adolescence. In
sychophysiological motoric reactivity is influenced by peripubertal
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addition, these circuits develop differently in boys and girls
(Sisk and Foster, 2004; Casey and Jones, 2010). GnRHR has
been reported to be present in the affected brain regions,
e.g. the hippocampus (CA1 to CA3) and amygdala, frontal
cortex within the forebrain, such as Brodmann’s area and the
dentate gyrus (Skinner et al., 2009; Stewart et al., 2009).
How GnRHa treatment may interfere with this maturation of
the fronto-temporal-limbic circuit has not currently been
determined.

While we recognise that is not possible to assess classically
defined human emotions in animals, there is a body of
literature supporting the use of behavioural and physiological
measures as proxies for emotional reactions (reviewed Desire
et al., 2002; Boissy et al., 2007). Psychophysiological motoric
reactivity (PMR) is a form of emotional reactivity that has
previously been shown to incorporate emotional elements of
behaviour as well as the appearance of a motor reaction and
provides a combined measure of fearfulness (Savage and
Eysenck, 1964; Archer, 1973; Suarez and Gallup, 1983; Boissy,
1998). Interestingly, PMR is sexually dimorphic, with males
being less reactive compared to females (Fordyce et al.,
1988; Vandenheede and Bouissou, 1993), therefore, the
potential exists that PMR could be controlled or altered by
changes in reproductive hormone secretion during the pub-
ertal transition. Physiologically, plasma cortisol is one of the
key physiological regulators of the mammalian response to,
or ability to cope with, stressful or fearful situations. Cortisol
secretion is regulated via the hypothalamo-pituitary adrenal
(HPA) axis, the activity of which, in the adult, is known to be
influenced by events that occur during psychophysiological
development (Meerlo et al., 1999; Meaney, 2001; Neal et al.,
2004; Lippmann et al., 2007; Parfitt et al., 2007).

In the present project we thus wished to investigate the
effects of peripubertal GnRHa treatment on aspects of PMR,
i.e. the ability of an individual to control negative fearful
emotions and behaviours, using our novel ovine animal
model. An ovine model was chosen because of its relatively
long period of brain maturation compared to other model
species, e.g. rodents, and the previous use of sheep to
investigate development of PMR (Erhard et al., 2004; Erhard
and Rhind, 2004). Data obtained from this model will be
compared to data obtained from our ongoing human studies.

2. Methods

2.1. Animals

This study was conducted using 46 sets of same sex twins (male
24, female 22) born at the University of Glasgow Cochno
Research Centre (558550N) between the 17th March and 1st
April 2008. Same sex twin were utilised to ensure that there
were no effects on sexually differentiated traits, of steroid
transfer between siblings during in utero development and
higher genetic comparability. All animals were Scottish Mule-
Texel crosses. All animal procedures were carried out following
approval of the University of Glasgow’s Welfare and Ethics
Committee and in accordance with Home Office regulations
(PPL 60/3826). Male and female lambs were maintained sepa-
rately throughout the study and lambs remained with their
dams until weaned at about 12 weeks of age. At birth, within
each set of twins, one lamb was randomly assigned to the
Please cite this article in press as: Evans, N.P., et al., Development of p
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treatment and the other the control group, thus minimising
potential parental effects.

2.2. GnRH agonist treatment

Animals in the treatment groups received a subcutaneous
implant of Goserelin-Acetate (Zoladex, kindly donated by
Astra Zeneca, Macclesfield, UK, 3.6 mg) every 4th week
beginning at 8 weeks of age in males and 28 weeks of age
in females until the end of the study in March 2009. The start
of treatment was approximately 2 weeks before the pre-
dicted time of puberty in each sex, the timing of puberty
being sexually differentiated in this species (Wood and Fos-
ter, 1998), as in humans. This treatment resulted in suppres-
sion of development of the hypothalamo-pituitary-gonadal
axis. PMR was assessed at 8, 28, and 48 weeks of age.

2.3. PMR during confinement in a weigh crate

At 8 weeks of age PMR was tested in a sub-sample of male
(n = 24) and female (n = 21) animals but all animals at 28 and
48 weeks of age, using an established method which has been
previously published (Erhard et al., 2004; Erhard and Rhind,
2004). Briefly, to facilitate ease of handling males and
females were split into sub-groups (12—16 animals per sub-
group) during the test periods. Animals were tested in a
random order and handling before the test was kept to a
minimum. Prior to being placed in the weigh crate, a sub-
group of sheep was moved into a holding pen. Then one
animal was moved into an area adjacent to the weigh crate,
the gate to the crate was opened and the sheep allowed to
enter the crate voluntarily. The sides of the crate were solid
but the front and back gates were barred so sheep were
visually isolated from their peers during the test and thus
expected to experience activation of their sympathetic ner-
vous systems. The movement of the crate was measured over
a period of 120 s using a three-axes accelerometer as
described previously (Erhard et al., 2004; Erhard and Rhind,
2004). The accelerometer collects movement data 100 times
per second. These data were averaged into 15 s bins for
analysis and both the maximum activity value per test (lar-
gest single movement/deflection of the animal in the crate)
and the average activity value per bin were used for analysis.
During the period of confinement in the crate the number of
vocalisations was recorded.

2.4. Blood sampling and measurement of
circulating cortisol concentrations

Plasma cortisol concentrations were measured in blood sam-
ples that had been collected, by jugular venipuncture, to
assess pubertal development when animals were approxi-
mately 40 weeks of age. This specific sample was chosen for
cortisol analysis as all animals were sampled on one day, over
a short period of time, in the absence of behavioural tests and
before GnRHa administration (to treated animals), thus ani-
mals had not been handled and seemed relatively unstressed.
Plasma cortisol concentrations were measured in a single
assay, using a commercial kit (Coat-a-Count, Siemens) from
which the assay standards were diluted relative to the
manufacturer’s instructions such that the standard curve
sychophysiological motoric reactivity is influenced by peripubertal
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Figure 1 PMR (mean � S.E.M.), in lambs at 8 weeks of age,
assessed as mean activity measured over eight 15 s time period
using a three axes accelerometer. Data from male and female
animals are depicted by the open and solid bars, respectively. At
this time no animals had been treated with the GnRH agonist.

4 N.P. Evans et al.
spanned 1.25—200 ng/ml. Assay sensitivity was 1.05 ng/ml
and the intra-assay coefficient of variation averaged 5%.

2.5. Statistical analyses

All data are reported as means � SEM. Maximum activity
(deflection) data was analysed for effects of sex (control
animals at weeks 8, 28 and 48) or treatment (males, weeks 28
and 48; females, week 48) using Student’s t-test. Average
activity observed within the 120 s test period was split into
eight 15 s intervals, log transformed to equalise variance and
analysed for effects of time and either sex (control animals at
weeks 8, 28, 48) or treatment (males, weeks 28 and 48;
females, week 48) and interactions between variables using
2-way ANOVA. Number of vocalisations/15 s was also calcu-
lated and analysed as described for mean activity. Cortisol
concentrations measured at �40 weeks of age were analysed
for effects of sex and treatment using 2-way ANOVA. The
cortisol data (�40 weeks of age) and the mean activity and
vocalisation data (48 weeks of age) were analysed for sig-
nificant statistical bivariate correlations using Pearson’s (r)
(activity data) and Spearman’s (vocalisations) correlation (rs)
coefficients with a significance threshold for P (two
tailed) < 0.05. All statistical analysis was done using com-
mercial software (Graphpad Prism).

3. Results

3.1. Average activity at 8 weeks of age

Two-way ANOVA indicated significant effects of sex
(P < 0.001) and time (P < 0.0005) on mean activity levels,
Fig. 1. Activity levels started high in both sexes, but stabi-
lised within 30—45 s. Average activity levels were higher in
females during six of the eight 15 s bins and post hoc tests
indicated a significant (P < 0.05) sex-difference in activity
levels in the 60—75 s time period.

3.2. Average activity at 28 weeks of age

Comparisons between control males and the females (all
untreated at this point) indicated that activity levels were
Please cite this article in press as: Evans, N.P., et al., Development of p
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Figure 2 Mean � S.E.M. PMR/15 second bin (A) and mean � S.E.M.
from control male and female animals are depicted by the open an
received GnRHa treatment from 8 weeks of age. * P < 0.005, **P <
not significantly affected by time (data not shown) but
remained significantly (P < 0.0005) higher in females than
males (mean data presented in Fig. 2). At 28 weeks of age,
half of the males had received GnRHa for 20 weeks but all
females remained untreated. While there was no significant
effect of time on mean activity levels in the males (data not
shown), GnRHa treatment was associated with significantly
(P < 0.005) increased mean activity levels. Interestingly,
activity levels in the treated males were not different from
those in untreated females (P = 0.27).

Analysis indicated no effect of time but a significant
(P < 0.0001) effect of sex, on vocalisations (vocalisation/
15 s bin); with mean vocalisation rate being higher in females
compared to males. Vocalisation rate in males was not
affected by treatment.

3.3. Average activity at 48 weeks of age

Comparison of mean activity levels between control males
and control females did not reveal effects of time (P = 0.97)
sychophysiological motoric reactivity is influenced by peripubertal
 — Results of an ovine model. Psychoneuroendocrinology (2012),
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Figure 3 Mean � S.E.M. PMR/15 second bin (A) and mean � S.E.M. vocalisation rate/15 s bin (B) in lambs at 48 weeks of age. Data
from control male and female animals are depicted by the open and solid bars, respectively. Hatched bars indicate males and grey bars
females that had received GnRHa treatment from 8 and 28 weeks of age, respectively. *P < 0.05.

Peripubertal GnRHa treatment affects development of psychophysiological motoric reactivity 5
but a significant effect of sex (P < 0.05), activity being higher
in females than males. Similar to the results at 28 weeks of
age, vocalisation rate was not affected by time but was
significantly (P < 0.05) higher in control females than control
males (0.16 � 0.03 vs 0.07 � 0.03 vocalisations per 15 s,
respectively).

At this test point, approximately half of both males and
females had received GnRHa treatment, although the dura-
tion of treatment differed in the two sexes. In the males,
there was again no significant effect of time but a significant
(P < 0.05) effect of treatment on mean activity levels, PMR
being reduced in animals that had received the GnRHa
treatment. As with the data collected at 28 weeks of age,
there were no significant effects of time or treatment on
vocalisations/15 s. In the females there were no significant
effects of either time or treatment (Fig. 3) on mean activity
levels or the number of vocalisations/15 s period.

3.4. Maximum activity within the weight crate

Maximum activity (maximum deflection/largest movement)
was not affected by sex or treatment at any of the ages tested
Please cite this article in press as: Evans, N.P., et al., Development of p
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Figure 4 Mean plasma cortisol concentrations at 40 weeks of
age. Data from control male and female animals are depicted by
the open and solid bars, respectively. Hatched bars indicate
males and grey bars females that had received GnRHa treatment
from 8 and 28 weeks of age, respectively. ***P < 0.001.
(8 weeks, males n = 24, 0.23 � 0.02, females n = 21,
0.25 � 0.03; 28 weeks, control males n = 23, 0.06 � 0.01,
treated males n = 24, 0.17 � 0.04, control females n = 43,
0.09 � 0.01; 48 weeks control males n = 22, 7.12 � 1.22,
treated males n = 22, 7.03 � 1.36, control females n = 21,
13.00 � 3.30, treated females n = 21, 8.42 � 1.7).

3.5. Plasma cortisol

Mean cortisol concentrations are shown in Fig. 4. Mean plasma
cortisol concentrations were significantly (P < 0.0001) higher
in females compared to males, but were unaffected by GnRHa
treatment. Statistical analysis indicated a significant
(P < 0.05) positive relationship (R = 0.234) between cortisol
and PMR across the entire data set (n = 84). Further analysis
indicated that, when split by sex, there was no relationship
between cortisol and mean activity levels in either males or
females. When split by treatment, a significant positive cor-
relation existed between plasma cortisol concentrations and
PMR over the whole test period in treated (Pearson R = 0.37,
P < 0.05) but not control animals.

Analysis of the vocalisation data did not show an overall
correlation (rs = 0.18, P = 0.10) or a correlation when the
data were split by sex (males rs 0.15, P = 0.33; females rs
0.10, P = 0.54) but as with the PMR data, showed a significant
(P < 0.05) correlation with cortisol in treated (rs = 0.381) but
not control animals.

4. Discussion

This study reports the effects on PMR, of pharmacological
inhibition of GnRH action during the peripubertal period.
Initial published work from this project has shown that
peripubertal GnRHa treatment significantly affects sex-spe-
cific brain development, evidenced by its impact on beha-
vioural and central cardiac regulation (Wojniusz et al., 2011).
The results of the current study indicate that PMR is sexually
differentiated from an early age, i.e. prior to puberty, being
significantly higher in females than males. This extends
previous data and suggests that the sexually differentiated
nature of PMR in sheep may be prenatally programmed.
Importantly, the results demonstrate, for the first time, that
PMR changes over the peripubertal period in male sheep as in
sychophysiological motoric reactivity is influenced by peripubertal
 — Results of an ovine model. Psychoneuroendocrinology (2012),
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humans (Spear, 2009) and that these changes are influenced
by the hormonal changes that occur during the peripubertal
period. Specifically, blockade of GnRH action for 20 weeks
that encompasses the peripubertal period in male sheep was
associated with higher levels of PMR and the consequent loss
of a sex difference in this characteristic (28 weeks of age). 40
weeks of GnRHa treatment, however, was associated with
significantly reduced PMR compared to animals that had been
allowed to progress through puberty normally (48 weeks of
age). Unlike in males, 20 weeks of GnRHa treatment was not
associated with any effects on PMR (at 48 weeks of age). The
experimental design however, does not allow us to exclude an
effect on PMR of more prolonged GnRHa exposure in female
animals.

Across the whole data set, PMR at 48 weeks of age was
positively correlated with plasma cortisol concentrations,
mainly due to a relationship between these characteristics
in the GnRHa treated animals.

The measure of PMR used in this study (Erhard et al., 2004;
Erhard and Rhind, 2004), combines the likelihood of an
animal responding to, and the reaction that an animal has
to, a situation that induces fear, in this case social isolation.
PMR in this paradigm can be assessed in multiple ways
including maximum or average activity. Previous ovine stu-
dies (Erhard et al., 2004; Erhard and Rhind, 2004) have
indicated sex differences in PMR when assessed as maximum
activity. In the current study both maximum and average
activity were analysed. While maximum activity was not
found to differ, it exhibited the same patterns as average
activity levels which differed significantly between groups at
each tested age. It is likely that average activity provides a
more robust measure of PMR as it reflects overall locomotor
activity and is less likely to be influenced by any one specific
movement.

The physiological response to isolation stress in sheep, has
previously been reported to be stronger in females than
males (Turner et al., 2002; Hernandez et al., 2009a,b) as
has the behavioural stress response which is present from
birth (Hernandez et al., 2009a,b). The results of this study
confirm that both the physical manifestation of the animals
psychological response to stress, i.e. its PMR (at 8, 28 and 48
weeks of age) and its physiological response, i.e. plasma
cortisol concentrations (40 weeks of age) were higher in
females than males (controls). The result therefore agree
with previous reports that adult male sheep show signifi-
cantly lower responses to fear in a range of both social and
non-social situations (Vandenheede and Bouissou, 1993) and
that they express lower PMR (Erhard et al., 2004) when
compared with adult females. The study by Hernandez
et al. (2009a,b) also reported a higher vocalisation rate in
female lambs when assessed 24 h after birth and proposed
that this reflected inherently greater fearfulness of social
isolation in females compared to males. The results of the
current study also indicated that females were significantly
more vocal than males at 28 and 48 weeks of age, and as with
previously published data (Hernandez et al., 2009a,b) sug-
gest that vocalisation rate decreases with age. The observa-
tion of the sex difference in PMR as early as 8 weeks of age is
of particular interest, as it confirms that development of a
sexually dimorphic fear reaction in response to social isola-
tion, occurs prior to puberty (39). Further, it indicates that
the sexually differentiated nature of this trait may be the
Please cite this article in press as: Evans, N.P., et al., Development of p
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result of programming very early in life, for example during in
utero development.

At 8 weeks of age, in both males and females, motion
within the crate was highest at the beginning of the two
minutes test period, potentially representing a heightened
fear upon initial isolation. Thereafter, activity rapidly
decreased as animals adjusted to their environment. In
the females, there was a statistically significant burst of
activity at the start of the second minute of the test; how-
ever, this was not seen in all animals, and was not seen in
later tests. Therefore we concluded that this burst of activity
did not reflect a consistent PMR and may have been caused by
random large movements in a small subset of animals.
Although some animals showed periods of increased activity
during the isolation paradigm at both 28 and 48 weeks of age,
no consistent patterns, over the eight 15 s time bins, were
seen in either the males or females. The loss of the initial
heightened PMR in the later two tests likely reflects persis-
tence of memory of the test or a decrease in fearfulness
following maternal separation/social isolation with
increased age, as has been suggested previously (Hernandez
et al., 2010).

GnRHa treatment begun in the male lambs after PMR was
assessed at 8 weeks of age. Thus, the effects of GnRHa
treatment on PMR in males were assessed after 20 and 40
weeks of treatment. Since neuroendocrine puberty in sheep
occurs later in females (Foster et al., 2002), PMR was
assessed twice in females before treatment started and only
once after treated animals had received GnRHa for 20 weeks.
It is, therefore, not possible with this experimental paradigm
to make direct comparisons between the effects of treat-
ment on the two sexes, the duration of treatment and due to
context dependent changes in the conduct of the test it is not
possible to directly compare results across time. It should
also be noted that the experimental paradigm used does not
allow the specific isolation of effects mediated directly via
GnRH receptors from those that are induced following sup-
pression of the reproductive axis in treated animals, as
GnRHa treatment prevents activation of the whole of the
hypothalamo-pituitary-gonadal axis. In this regard, it should
be noted that despite the reduction in circulating steroid
concentrations in the GnRHa treated lambs there were no
significant effects on either growth rate or final body weight
(data not shown) in either the male or female lambs.

Nevertheless, in the males, 20 weeks of GnRHa treatment
was associated with significantly increased PMR. By 48 weeks
of age, however, PMR was significantly less in GnRHa treated
than untreated males. This result indicates that PMR in the
male may change over the course of the pubertal transition
and that this change may be affected by the pubertal changes
in secretion patterns of GnRH, the gonadotophins and the
gonadal steroids. With regard to these changes in PMR, it has
previously been reported that anxiety is heightened during
adolescence in humans (reviewed in Buchanan et al., 1992)
and responsiveness to a stressful situation (Walker et al.,
1995; Hascoet et al., 1999) and the bodies neurological
response to stress (Shen et al., 2007) peak during adoles-
cence in other animals. While direct temporal comparisons
were not possible in this study, for the reasons outlined
earlier, the observed suppression of PMR in GnRHa treated
male animals at 28 weeks of age, relative to controls, could
indicate that the normal expected increase in PMR was
sychophysiological motoric reactivity is influenced by peripubertal
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prevented. Further, the lower PMR observed in the treated
males at 48 weeks of age, is in agreement with our previous
results in which treated males also expressed behaviour
commensurate with lower fearfulness, albeit in a psycholo-
gically different setting, namely a risk-taking task (Wojniusz
et al., 2011).

When combined, these results suggest a less critical,
fearless attitude in long term GnRHa treated males compared
to untreated controls. When considering the wider implica-
tions of the results of this study, given the neuroplastic
changes that occur during this period and the age-dependent
neurocognitive and psychophysiological sex-specific and non-
sex-specific changes that have reported in many species
(Clark and Goldman-Rakic, 1989; Overman, 2004; Overman
et al., 2004), it is important to remember that the effects of
GnRHa treatment could not only be affected by the time
point during maturation at which treatment began, but also
how long an individual receives treatment.

Puberty and adolescence in females are usually associated
with the development of increased affective physiological
symptoms like fearfulness and anxiety. While our results
indicated significant sex differences in PMR, there was no
effect of GnRHa treatment on PMR. This result contrasts to
the results of our earlier study which demonstrated that
GnRHa treatment was associated with effects on higher
cognitive functions including decreased initiative taking
and inflexible heart rate variability (Wojniusz et al.,
2011). The lack of an effect of GnRHa treatment on PMR
in females in this study could reflect the shorter duration of
GnRHa treatment (N.B. 20 weeks of treatment did result in a
significant differences in emotional reactivity between
GnRHa treated and control males), however, it could also
indicate that PMR in females has greater independence from
GnRH/gonadal steroids or that female PMR was already
expressed at its maximum compared to males. While such
a result is surprising, since a connection between gonadal
hormones and anxiety is well established (Meng et al., 2011;
Ryan et al., 2011) the published literature in this area has
never investigated whether the increases in gonadal steroids,
observed at puberty, could be a confounding factor with
regard to central effects of GnRH. This question cannot be
answered using the results of the current study and indicates
an avenue that requires further investigation.

Peripheral cortisol concentrations, the outward response
to activation of the HPA axis, are often used as a measure of
the physiological response to stress, as following exposure to
a stressor, plasma cortisol concentrations increase. Function-
ally, elevated plasma cortisol concentrations assist other
acute physiological responses to stressors such as the fear
fight and flight responses classically associated with activa-
tion of the sympathetic nervous system. Plasma cortisol
concentrations, however, are also central to the longer term
modifications an animal makes to chronic stressors, as it
helps the body to adapt and function in the face of a
homeostatic disturbance. The HPA axis has long been known
to be sensitive to the effects of gonadal steroids (Gaskin and
Kitay, 1971) and, importantly it is known to be programmed
by early developmental stressors (Seckl and Meaney, 2004).
Retrospective analysis of the animals in this study indicated
that PMR was positively correlated to plasma cortisol con-
centrations, a result which is not necessarily surprising, given
that sheep which are social animals, were studied in social
Please cite this article in press as: Evans, N.P., et al., Development of p
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isolation. Interestingly, the observed overall relationship was
driven by the GnRHa treated animals and would suggest that
the peripubertal actions of GnRH/gonadal steroids may sup-
press the physiological response to stressful situations, in this
case social isolation.

This study provides important new information about
potential extra reproductive effects of GnRH and the role
that GnRH might play in the sex-specific organisation of
central brain function, an area which is increasingly recog-
nised as being of critical importance (Cahill, 2006). In addi-
tion, this study also establishes GnRHa treatment as an
experimental tool to study sex-specific organisation of the
brain. The model employed blocked the effects of GnRH
using longterm agonist treatment, starting before puberty,
so as to prevent the changes in endogenous pubertal hormo-
nal and any consequent psychological cognitive changes. By
selecting peripubertal  GnRHa treatment as a model, this
study focussed on an important critical period of sex-depen-
dent neuroplasticity, that may be regulated directly and/or
indirectly by GnRH and which may have potential relevance
to sex-specific neuropsychiatric pathologies that occur early
in life (Cahill, 2006; Hebda-Bauer et al., 2007). The results,
however, may also be of importance with regard to normal
ageing and other life stages that are associated with sig-
nificant changes in reproductive endocrinology such as peri-
menopause. In this regard the timing and nature of the
endocrine changes that occur at these times are often
sexually dimorphic as are the incidence patterns of many
of the later onset neuropsychiatric pathologies such as
Alzheimer’s disease (Schmidt et al., 2008; Musicco, 2009).
It must be remembered, however that the pre-pubertal
silencing of sex-specific cognitive differences after birth,
their re-emergence or development with puberty and the
sex-specific changes in cognitive performance that occur
during normal ageing, result from the highly complex inter-
play that occurs between genetic factors, endocrine mole-
cular mechanisms and brain plasticity that give rise to
changes in cognitive performance, behaviour and social
interactions, brain function and morphology (Overman,
2004; Sisk and Foster, 2004).

To summarise as PMR provides a measure of cognitive
function, we can conclude that pubertal changes in GnRH
secretion are directly or indirectly involved in cognitive
changes that occur during the peripubertal period in sheep.
As such, prevention of physiological puberty results in indi-
viduals with lower PMR than animals that progressed through
puberty normally. This may have implications for human
treatment paradigms in which puberty is either delayed or
blocked using such agonists but also provides interesting
avenues to examine effects of age related changes in GnRH
secretion on cognitive function in different species.
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