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Summary 

Normal brain maturation is the result of many structural and molecular changes that can be 

modulated by endocrine variables and is associated with brain plasticity and sex- and age 

specific differences in cognitive performance. In many species, sexual dimorphisms in brain 

structure and function have been documented, some of which are present at birth but some of 

which develop post-natally. Using an ovine model, the work contained in this thesis 

demonstrates that a peri-pubertal pharmacological blockade of gonadotropin-releasing hormone 

(GnRH) action (by chronic treatment with a gonadotropin releasing hormone agonist (GnRHa)) 

results in increased sex-differences in emotional behavior and other cognitive functions. One of 

the aims of this body of work was to determine what changes in brain structure and function 

were present in such GnRHa treated animals. The hippocampus is the most investigated brain 

region with regard to the complex interaction of memory and spatial orientation, functions which 

are thought to be sexually differentiated.  

The aim of the study described in paper I was, therefore, to investigate whether peri-pubertal 

GnRHa treatment had an effect on a hippocampus dependent cognitive task, namely spatial 

orientation and whether the pharmacological blockade of GnRH affected expression of 

hippocampal genes associated with endocrine signaling and synaptic plasticity. The GnRHa 

treatment had no significant effect on spatial orientation ability although there was a tendency of 

females to perform better than males; however, GnRHa treatment was associated with significant 

sex- and hemisphere specific changes in mRNA expression for some of the investigated genes.  

The aim of the study described in Paper II, was to investigate the effect of GnRHa treatment on 

structural development of the ovine brain such as total brain, hippocampus and amygdala volume 
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using magnetic resonance image (MRI). Analysis revealed highly significant GnRHa treatment 

effects on the volume of the left and right amygdalae, indicating larger amygdalae in treated 

animals. Significant sex differences were found for total grey matter and the right amygdala, 

indicating larger volumes in male compared to female animals.  Additionally, we observed a 

significant interaction between sex and treatment on left amygdala volume, indicating stronger 

effects of treatment in female compared to male animals.  

The aim of the study described in Paper III, was to investigate the molecular mechanisms that 

underlie these GnRHa-induced morphological changes in the amygdala using Agilent ovine 

microarray technologies to identify genes affected by GnRHa treatment followed by qRT-PCR to 

verify the noted changes in gene expression. Gene network analysis was performed to predict the 

functional impact of the differentially expressed genes. The analysis demonstrated that GnRHa 

treatment was associated with significant sex- and hemisphere specific differential expression of 

genes in treated female, but not in treated male animals. 

Recent studies have indicated an association between hormones of the hypothalamic–pituitary–

gonadal (HPG) axis and cognitive senescence, suggesting that post meno-/andropausal changes 

in HPG hormones are involved in cognitive and neuropathological changes associated with aging 

such as in Alzheimer´s Disease (AD). GnRH and luteinizing hormone (LH) have long been 

shown to have central roles in reproductive physiology, however, GnRH receptors are also 

highly expressed in brain regions that are affected in AD (temporal-hippocampal cortex and 

limbic system), and thus age related changes in GnRH signaling could have an impact on 

amyloid deposits in AD. The aim of the study described in paper IV was therefore to investigate 

the effect of intervention with a GnRHa on amyloid plaque deposition  and GnRH and GnRHR 
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mRNA expression in a double transgenic mouse model that is predisposed to AD due to the 

presence of Arctic and Swedish amyloid beta (A4) precursor protein mutations (tg-ArcSwe). 

Analysis showed that the GnRHa/transgenes treatment clearly affects gene expression both at 

hormone and receptor level, while the effect GnRHa on amyloid plaque development remained 

unclear.  

Overall, these findings substantiate the need for further studies investigating neurobiological 

effects of GnRH and the potential neurobiological side effects of GnRHa treatment on the brain 

in animals and humans. 
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Sammendrag (Norwegian) 

 

Normal utvikling av hjernen er et resultat av mange strukturelle og molekylære endringer som 

påvirkes av endokrine variabler og er assosiert med hjernens plastisitet og kjønns – og alders 

spesifikke forskjeller i kognitive prestasjoner. Seksuell dimorphisme i hjernens struktur og 

funksjon er dokumentert hos mange arter, noe er til stede ved fødselen mens noe utvikles 

postnatalt. Ved å bruke en ovin modell, har arbeidet i denne avhandlingen vist at en peri-pubertal 

farmakologisk blokkering av gonadotropin frisettende hormon (GnRH) med en GnRH agonist 

(GnRHa), resulterte i økte kjønnsforskjeller i emosjonell adferd og andre kognitive funksjoner. 

Et av målene var å bestemme forandringer i hjernens struktur og funksjon hos GnRHa 

behandlete dyr. Hippocampus er det mest undersøkte hjerneavsnittet med tanke på den 

komplekse interaksjonen som fins mellom hukommelse og orientering i rom (spatial orientation), 

funksjoner sett på som seksuelt differensierte.  

Målet med studiet i artikkel 1 var derfor å undersøke om peri-pubertal GnRHa behandling hadde 

en effekt på en typisk hippocampus avhengig kognitiv oppgave som orientering i rom, og om den 

farmakologiske blokkeringen av GnRH påvirket uttrykk av gener i hippocampus assosiert med 

endokrin signalisering og synaptisk plastisitet. GnRHa behandling hadde ingen signifikant effekt 

på evnen til orientering i rommet, selv om det var en tendens til at hunndyr var bedre enn 

hanndyr, men GnRHa behandling var assosiert med signifikante kjønns – og hemisfære 

spesifikke forandringer i mRNA uttrykk for noen av de undersøkte genene.  

Målet med studiet i artikkel 2, var å undersøke effekten av GnRHa behandling på den 

strukturelle utviklingen av den ovine hjernen. Volum av hele hjernen, hippocampus og amygdala 
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ble undersøkt ved hjelp av magnetic resonance image (MRI). Det var signifikant økt volum av 

venstre og høyre amygdala hos behandlete dyr. Det ble funnet signifikante kjønnsforskjeller for 

total grå substans og høyre amygdala med større volum hos hanndyr enn hunndyr. I tillegg 

observerte vi en signifikant interaksjon mellom kjønn og behandling når det gjaldt volum av 

venstre amygdala, med større effekt av behandling hos hunndyr enn hanndyr. 

Målet med studiet i artikkel 3 var å undersøke de molekylære mekanismene som ligger bak disse 

GnRHa- induserte morfologiske forandringene i amygdala. Agilent ovine microarray teknologier 

ble brukt for å identifisere gener som ble affisert av GnRHa behandling, etterfulgt av qRT-PCR 

for å verifisere endringene i genekspresjonen. Gen nettverk analyser ble utført for å forutsi mulig 

funksjonell betydning av genene med endret uttrykk. Analysen viste at GnRHa behandling var 

assosiert med en signifikant kjønns- og hemisfære spesifikk differensiert ekspresjon av gener i 

behandlete hunndyr, men ikke i behandlete hanndyr. 

Nyere studier har indikert en assosiasjon mellom hormoner i hypothalamus-hypofyse-gonade 

(HPG) akse og kognitive prestasjoner ved begynnende aldring, hvilket indikerer at forandringer 

etter meno-/andropausen i HPG hormoner er involvert i kognitive og nevropatologiske 

forandringer assosiert med aldring som f.eks. i Alzheimers sykdom (AD). Det har vært kjent 

lenge at GnRH og luteiniserende hormon (LH) har sentrale roller i reproduksjonsfysiologien. 

Imidlertid er GnRH reseptorer også sterkt uttrykt i hjerneavsnitt som affiseres i AD (temporal-

hippocampal cortex og limbiske system), og alders relaterte forandringer i GnRH signalisering 

kan derfor ha en innvirkning på amyloid avleiringer i AD.  

Målet med studiet i artikkel 4 var derfor å undersøke effekten av GnRHa på dannelse av amyloid 

plakk, GnRH and GnRH reseptor (GnRHR) mRNA ekspresjon i en dobbel transgenisk 
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musemodell som er predisponert for AD grunnet Arctic and Swedish amyloid beta (A4) 

precursor protein mutasjoner (tg-ArcSwe). Studiet viste at GnRHa behandlingen i de transgene 

musene tydelig affiserte genekspresjonen både på hormon – og reseptor nivå, mens effekten av 

GnRHa på dannelsen av amyloid plakk forble uklar.  

Funnene i avhandlingen bekrefter behovet for videre studier for å undersøke nevrobiologiske 

effekter av GnRH og de potensielle nevrobiologiske bivirkningene av GnRHa behandling på dyr 

og mennesker. 
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Introduction 

Brain development is a complex and precisely regulated process that occurs over an extended 

period of time (Kostovic- and Judaš, 2006; Rubenstein, 2011). This developmental process is 

characterized by sex specific changes in cognitive performance, behavior and social ability 

(Bethke et al., 2009; Zeng et al., 2005). These cognitive and behavioral changes are also 

accompanied by structural and molecular changes in the brain (Dumas, 2005; Luna et al., 2001; 

Paterson et al., 2006; Shaw et al., 2006). Furthermore, these structural and molecular changes 

which are important for normal development, may also be associated with increased 

neuropsychiatric disorders, if disturbed (Anagnostou and Taylor, 2011; Chow et al., 2012). Brain 

development and functions such as cognitive ability, for example emotional control and spatial 

orientation, are not only influenced by age, but also sexually differentiated (De Bellis et al., 

2001) and are seen in numerous species (Cooke et al., 1998). In humans, the temporal sequence 

of brain maturation and the formation of functional circuits are sexually differentiated; the 

subcortical (e.g. striatum) and prefrontal cortical regions develop at different times in boys and 

girls (Casey and Jones, 2010). These temporal and organizational differences in brain 

development are thought to potentially result in sex-specific behaviors (Casey and Jones, 2010). 

It has been proposed that they may underlie sex-associated differences in the risk of developing 

some neuropsychiatric diseases (Bao and Swaab, 2010). This hypothesis is supported by the 

observation that the time of onset of neuropsychiatric disorders such as schizophrenia, autism 

spectrum disorders and Alzheimer’s disease (AD), correlates with major endocrine changes 

during puberty and menopause (Stevens, 2002; Tareen and Kamboj, 2012; Vadakkadath Meethal 

and Atwood, 2005;). Recently, different stages of development, such as the prenatal and pubertal 
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periods, have received more attention with regard to their organizational impact on brain 

development and behavior (Berenbaum and Beltz, 2011). In particular, the pubertal period has 

been noted as a time during which significant neuronal changes may be correlated with large 

changes in reproductive hormone production and secretion patterns (Blakemore et al., 2010; 

Pfaff, 2009; Sisk and Zehr, 2005). The timing and magnitude of these neuronal changes may be 

important in directing earlier organizational activities within the brain (Kalynn et al., 2013). To 

investigate underlying pubertal hormonal mechanisms that might underlie sex differences in 

brain development and cognitive functions, some studies have focused on the modulatory effect 

of the sex hormone precursor, gonadotropin-releasing hormone (GnRH) on cognition and 

psychomotoric activity (Bryan et al., 2010; Grigorova et al., 2006).  

Gonadotropin- releasing hormone and its receptor  

GnRH or GnRHI is a decapeptide, an evolutionary old, 10 amino acid neurohormone that plays 

an important connective role between the neuronal and endocrine system (Skinner et al., 2009; 

Tsai, 2006). This first GnRHI isoform was discovered and described in the mammalian brain 

(Cheung and Wong, 2008). The second type of GnRH or GnRH-II was first identified in the 

chicken brain and is referred to as chicken GnRH-II (Millar et al., 2001). It is also highly 

conserved among vertebrates, including mammals (Chen et al., 1998). GnRH-II specifically 

plays a role as a potent inhibitor of potassium channels in the amphibian sympathetic ganglion, 

and inhibition of these ion channels facilitates rapid excitatory transmission of conventional 

neurotransmitters which might provide a general neuromodulatory mechanism for GnRH-II in 

the nervous system (Millar et al., 2004).  In many vertebrate species, a third form of GnRH is 
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present and is designated as GnRH III. GnRH-III is localized in the terminal part of the olfactory 

neuronal cells in the brain (Millar et al., 2001).  

GnRH receptors have the characteristic features of G-protein coupled receptors (GPCRs). The 

amino acid sequence of the GnRH receptor was first revealed for the mouse receptor cloned from 

the pituitary αT3 gonadotrop cell line (Tsutsumi et al., 1992). This sequence was confirmed 

(Reinhart et al., 1992) and provided the basis for the cloning of GnRH receptors in the pituitary 

glands of the human (Chi et al., 1993) sheep (Illing et al., 1993) and pig (Weesner and Matteri, 

1994) which share over 80% amino acid identity. The identification of structural variants of 

GnRH, the discovery of their cognate GnRH receptor types in lower vertebrates and some 

mammals, and the influence of ligands and the intracellular milieu of signaling pathways are 

providing considerable insight into novel physiological and pathophysiological roles of GnRHs 

in diverse processes. In human, mouse and some ungulates the GnRH Type II receptor is non-

functional as a GPCR. Nevertheless, GnRH II is able to bind the Type I receptor and signal in a 

manner distinctly different from GnRH I. A detailed molecular delineation of the interaction of 

GnRH variants and GnRH analogs with GnRH receptors in different cellular environments is 

contributing to the development of novel GnRH therapeutics. 

Functional roles of mammalian GnRH and its receptors 

Functions in the reproductive system 

It is well known that GnRH is primarily synthesized and secreted by neuroendocrine cells in the 

preoptic area of the hypothalamus and transported along axons into the hypophyseal median 

eminence (Harrison et al., 2004) where it is released into the hypophysial portal vasculaturees 
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GnRH binds to its target, the GnRH receptor (GnRHR) on pituitary gonadotropes cells to 

stimulate the synthesis and intermittent release of the gonadotropins, luteinizing hormone (LH) 

and follicle-stimulating hormone (FSH), which in turn stimulate gametogenesis and gonadal 

hormone synthesis (Conn et al., 1986; Kasten et al., 1996; Rama and Rao, 2001). Feedback 

mechanisms by sex hormones regulate hypothalamic GnRH and pituitary gonadotropin release 

via homeostatic mechanisms. This hormonal cascade of events constitutes the well-documented 

hypothalamus-pituitary-gonadal axis (HPG) and this axis plays a pivotal role in the initiation of 

puberty and controls reproductive and behavioral function (Daniel, et al., 2011). GnRH, and its 

receptor gene expression in gonadotropes are critical for GnRH signaling and hence for 

gonadotropin secretion and sexual development. The importance of GnRH for sexual 

development has been shown by a strong induction of the gene and its receptor during the 

infantile period, followed by a weaker persistent activation during puberty in the female rat 

(Plant, 2001; Zapatero-Caballero et al., 2004). 

 

Figure 1: Classical view of the organization of the Hypothalamus pituitary gonadal axis (Source: 

Catherine rivier laboratory; http://pblcr.salk.edu/research.php) 
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 The expression of GnRH and/or its receptor in gonads (McGuire and Bentley, 2010) may 

modulate various processes or mechanisms during the fertilization process. The presence of 

GnRH and GnRH receptors have been shown to play a role in autocrine and paracrine regulation, 

gonadal steroidogenesis, follicular atresia, and mediation of apoptosis during spermatogenesis, 

sperm maturation, and fertilization (Ramakrishnappa et al., 2005).  

Function in the central nervous system  

Whereas the fundamental role of pituitary GnRH receptors in reproductive function is 

undisputed, their presence in peripheral and central tissues, unrelated to reproduction, is less 

known and their function poorly understood. GnRH receptors have been reported in the heart, 

kidney, liver, skin, bladder, hippocampus, amygdala, central grey, cerebellum, and other tissues 

in various species (Coit et al., 2009; Cheng and Leung, 2005; Dong et al., 2011; Harrison et al., 

2004; López de Maturana et al., 2007; Skinner et al., 2009; Xing et al., 2009;). Thus, the 

expression of both GnRH and its receptor in multiple mammalian non-pituitary tissues and cells 

suggest numerous and diverse autocrine, paracrine and endocrine extra-pituitary functions. These 

include neuronal migration during development (Romanelli et al., 2004), neuromodulation in the 

brain to affect sexual behavior (Millar, 2005), neuronal plasticity in the brain (Schang et al., 

2011) and inhibition of gastric acid secretion (Chen et al., 2005), cardiac development and 

function (Skinner et al., 2009).  

Over the last three decades, it has been also shown that GnRH can affect the central nervous 

system. GnRH has been shown to affect hippocampal (Albertson et al., 2008; Farn et al., 1999; 

Jennes et al., 1988; Osada and Kimura, 1995; Yang et al., 1999), amygdalar (Albertson et al. , 

2008; Jennes et al., 1988),  cerebellar (Renaud et al., 1975), preoptic (Pan et al., 1988), and 
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cortical (Renaud et al., 1975; Xu et al., 2004) neurons in mice, rats and sheep. GnRH projections 

are wide spread in the brain (Buma, 1989; Richardson et al., 2004); Furthermore, GnRH 

/GnRHR expression in several areas within the central nervous system provide indication of its 

more extended role in brain function. 

Among the different regions of the central nervous system, the hippocampus consistently 

expresses high levels of GnRH receptors (Skinner et al., 2009). GnRH receptor-immunoreactive 

neurons were found within the pyramidal cell layer, dentate gyrus and indusium griseum of the 

human, mouse and sheep brain (Albertson et al., 2008; He et al., 1999; Kubek et al., 1979; Lu et 

al., 1999; Osada and Kimura, 1995; Wilson et al., 2006). This region is the most important 

integrative central nervous area for cognitive, endocrinological and behavioral processes. The 

long lasting enhancement of synaptic transmission can be induced by activation of GnRH 

receptors that is mediated by ionotropic glutamate receptors in CA1 pyramidal neurons of rat 

hippocampal slices. Furthermore, GnRH potentiates the excitability of hippocampal and cortical 

neurons which are crucially involved in learning and memory (Wang et al., 2010). It has been 

also reported that hippocampal GnRH receptor-expressing neurons co-express estrogen receptor 

beta (ERβ) in sheep (Albertson et al., 2008). Interestingly, it has been reported that GnRH is 

likely to be elevated during the post-menopausal period in such regions  (Gore et al., 2004). 

Therefore, GnRH action on these neurons may contribute to the neurodegenerative pathology 

that accompanies Alzheimer’s disease.  

In addition to the presence of extensive GnRHR neurons in hippocampal regions, these neurons 

are also evident throughout the olfactory system in the rodent (Albertson et al., 2008; Choi et al., 

1994; Jennes et al., 1997). These structures include amygdala, mitral cell layers of the olfactory, 
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accessory olfactory bulbs, piriform cortex and tenia tecta. Among these structures, the amygdala 

is the region where GnRH receptor expressing neurons are most widely distributed (Albertson et 

al., 2008). Nevertheless, there are some controversial reports about the distribution of GnRH 

binding sites in the rat amygdala. Some authors have reported a limited distribution, while others 

have detected a high density of potential GnRH receptor expressing neurons in the mouse and rat 

amygdala (Granger et al., 2004; Haour et al., 1987). It is postulated, that GnRH may access these 

receptors through neurons that project directly to the amygdala (Sanchez and Dominguez, 1995). 

An increase in plasma gonadotropins after electrical stimulation of the amygdala in rats and cats 

has been reported, which is attributed to a direct connection between the amygdala and the 

preoptic area (Layton et al., 1981; Sirett et al., 1986; Velasco and Taleisnik, 1969;). Furthermore, 

a dense population of GnRHR-immunoreactive neurons was detected throughout the amygdala 

(Albertson et al., 2008) of adult mice, as with the hippocampus, elevated levels of GnRH in the 

amygdala provides further support for multifunctional physiological or pathological roles of 

GnRH. In addition to the olfactory system, GnRH receptor expression in the superior colliculus, 

red nucleus and cerebellum may also suggest that GnRH modulates motor control (Albertson et 

al., 2008) 

Functional roles of hippocampus and amygdala in cognition 

Hippocampus 

The hippocampus and amygdala are key structural elements of the limbic system and have been 

investigated as mediators for learning, memory and emotional regulation and control (Ortu et al., 

2013; Phillips et al., 2003). The hippocampal regions (the CA fields, dentate gyrus, and subicular 
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complex) are parts of a system of anatomically related structures in the medial temporal lobe that 

is important for generation of new neurons (Kheirbek and Hen, 2011) and contribute to diverse 

memory formation. The rate of hippocampal neurogenesis is positively correlated to 

hippocampal-mediated learning abilities (Drapeau et al., 2003) and Hippocampal synaptic 

plasticity is believed to be the mechanism underlying certain types of learning and memory 

(Bliss and Collingridge, 1993). In this regard, neuroimaging studies have provided evidence that 

the hippocampus becomes more active during spatial navigation in humans, and hippocampal 

morphology can be affected by learning of spatial navigation skills (Mark, 2002). Furthermore, 

studies have shown that damage to the hippocampus impairs the acquisition and retrieval of 

information required to navigate in spatial mazes in rats (Jarrard, 1978; Morris et al., 1982). The 

left hippocampus, in particular, appears to be a key component in the retrieval of spatial memory 

(Spreng and Mar, 2012), and though actions with other areas of the brain makes memory recall 

possible. 

Amygdala 

Extensive empirical evidence suggests that the amygdala is a key region  of the brain involved in 

underpinning emotions (Schaefer and Gray, 2007). Animal models investigation of amygdala 

function have emphasized its role in emotional learning and demonstrated that the amygdala is 

critical for the acquisition, storage, and expression of conditioned fear responses (Cahill et al., 

1995; Cahill et al., 1999; Maren, 2001). Studies on the cognitive neuroscience of emotion and 

memory have demonstrated a range of means by which emotion can change the formation and 

recollection of episodic memory. It has been suggested that emotion, through the amygdala’s 

influence, can alter three components of episodic memory: encoding, consolidation and the 
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subjective sense of remembering. Although episodic memory critically depends on other brain 

regions, most notably the hippocampal complex (Eichenbaum, 2002), the amygdala may be 

important for modulating the neural circuitry. Despite the fact that the amygdala and 

hippocampus have independent memory systems, their interaction seems to be crucial because an 

emotional stimulus increases the memorial impact (Phelps, 2004). 

 

 

 

 

Figure 2: Magnetic resonance images of sheep amygdala and hippocampus in axial view (Source: Nuruddin et al., 

2013).   Bilateral red colored areas indicate the amygdala and the yellow colored areas indicate the hippocampus. 

 

 



25 

 

Role of GnRH and its receptor in cognitive function 

In recent years, research has focused on the effects of gonadotropin-releasing hormone (GnRH) 

and its receptor on sex-specific cognitive and physiological patterns, initiated by the fact that 

GnRH receptor expression has been found in various brain areas and peripheral tissues unrelated 

to reproduction (Skinner et al., 2009; Wilson et al., 2006). Results in adult human males and 

females, as well as in rodents, indicate that blockage of GnRH function using chronic GnRH 

agonist treatment may lead to significant changes in several cognitive functions. Significant 

impairments in domains of visuospatial and higher-order executive control functions (Nelson et 

al., 2008), and an episodic increase of depressive symptoms (Schmidt et al., 2004), have been 

described in men. In females, GnRH agonist treatment is associated with a decline in working 

memory (Grigorova et al., 2006; Palomba et al., 2004) and disrupted encoding of episodic verbal 

memory (Craig et al., 2007). Furthermore, animal models of Alzheimer's disease show that 

blockade of GnRH signaling by GnRH agonist had positive effects on cognitive function (Bryan 

et al., 2010). However, these studies have only reported effects in adults. Comparative studies in 

children and adolescents are lacking (Carel et al., 2009) and it has been suggested that this is due 

to our insufficient understanding of the biological mechanisms of sex-specific brain development 

during puberty (Jazin and Cahill, 2010). Recent research has suggested that GnRH plays a vital 

role in controlling the extent of the specificity of brain function, and changes in the availability 

of this decapeptide during critical periods of brain development (such as at puberty) may be 

reflected in altered sex-specific behavioral and physiological patterns (Wojniusz et al., 2011) in 

later life. Nevertheless, the exact neurobiological mechanism by which GnRH might affect brain 

development during puberty is not fully understood. 
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GnRH agonist 

Pharmaceutical GnRH agonists (GnRHa) are synthetic peptides that bind to and activate the 

endogenous GnRHR. GnRH agonists have been developed to be more potent than natural GnRH 

peptide due to the fact that they have a higher affinity to GnRH receptors and a longer half-life 

(Conn and Crowley, 1994). The natural GnRH has a shorter half-life because of the rapid 

cleavage of the bonds between amino acids at positions 5-6, 6-7 and 9-10. Synthetic GnRH 

agonists are derived from native GnRH by substitution of a D-amino acid for the native L-amino 

acid position 6 in the decapeptide. This substitution at position 6 helps the agonist resist 

degradation and increases its half-life and the time of receptor occupancy. Under normal 

conditions pulsatile secretion of GnRH from the hypothalamus is required to stimulate the 

release of FSH and LH from the pituitary gland as, upon stimulation, receptors are internalized 

and the interval between pulses allows receptor concentration to be replenished. A continuous 

administration (subcutaneous/intramuscular/intranasal) of GnRH agonists (goserelin, leuprolide, 

nafarelin, buserelin, triptorelin) initially induce a sharp increase in pituitary secretion and serum 

level of FSH and LH (the flare effect), which stimulates an increase in serum sex steroids (within 

3 days of initial treatment). However, continuous stimulation of the pituitary by chronic 

administration of a GnRH agonist produces an inhibition of the hypophyseal-gonadal axis due to 

a down-regulation of pituitary receptors for GnRH, and decreased levels of LH, FSH and sex 

steroids within 2-4 weeks (Schally et al., 2001). 

Application of GnRH agonist in adults and their side effects  

In adults GnRH- agonists are applied in the treatment of various sex hormone dependent 

conditions including endometriosis (Rothman and Wierman, 2007), prostate cancer (Tammela, 
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2004), breast cancer (Mastro et al., 2011) and suppression of the LH surge for use in in-vitro 

fertilization protocols (Zafeiriou et al., 2000). GnRHa has also been implemented in the 

treatment of AD patients (Bowen et al., 2004; Wang et al., 2010). The major side effects of 

GnRHa therapy have been primarily explained as a result of withdrawal of sex hormones. Men 

with prostatic cancer, receiving GnRHa therapy report physical discomfort, (Potosky et al., 2001) 

and lowered quality of life (Alibhai et al., 2006), reduced bone mineral density (Diamond et al., 

2004), increased risk of cardiovascular events including myocardial infarction and 

cardiovascular mortality (Bourke et al., 2012; Levine et al., 2010) and decreased cognitive 

functions (Nelson et al., 2008). 

GnRHa treatment in women with breast cancer is also associated with a variety of side effects 

including hot flushes, decreased libido, mood swings, increased cardiovascular risk and skeletal-

related conditions such as bone loss (Tan and Wolff, 2007). A decline in working memory has 

also been reported in women treated for benign gynecological problems (Grigorova et al., 2006). 

Usage of GnRHa in pediatric medicine  

In pediatric medicine, GnRHa is mainly used in the treatment of central precocious puberty 

(CPP) and developmental disorders of the genital system. Puberty is defined as the biological, 

social and cognitive maturation to adulthood where the individual becomes capable of sexual 

reproduction to enable fertilization (Marcell, 2007). The pubertal transition is initiated and driven 

by increased GnRH secretion into the hypophysial portal circulation leading to downstream 

activation of the HPG axis (Partsch et al., 2002). Precocious puberty (CPP) is defined as the 

development of pubertal changes, at a younger age than the accepted lower limits for the age of 

onset of puberty. Specifically, CPP is characterized by early onset of secondary sexual 
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characteristics in girls who are less than eight years old and in boys who are less than nine years 

old (Cesario and Hughes, 2007). CPP is associated with mental and behavioral problems ranging 

from depression, anxiety and eating disorders to increased risk- taking behaviors as well as 

reduced adult height (AH) due to earlier epiphyseal closure initiated by rising sex hormones 

(Baker et al., 2012; Carel et al., 2004; Graber et al., 2004; Negriff et al., 2011; Stattin et al., 

2011) Nevertheless, whether comorbidity is correlated with the treatment or the condition itself 

has not been properly investigated. To a lesser degree GnRHa treatment is used in several other 

diseases including idiopathic short stature, severe hypothyroidism, growth hormone deficiency or 

congenital adrenal hyperplasia (Carel et al., 2009). 

GnRHa treatment in children is generally considered to be safe and well tolerated, No clear 

evidence of predicted side-effects, such as increased body mass index and reduced bone mineral 

density, headaches and hot flashes, have been documented (Carel et al., 2009). However, little is 

known about the ability of GnRHa treatment to prevent or affect development of mental and 

behavioral problems in children. A tendency towards fewer difficulties in coping with precocious 

puberty in treated CPP patients vs. untreated has been previously reported (Xhrouet-Heinrichs et 

al., 1997); however this study was hampered by a very small control group consisting of five 

untreated CPP patients that were compared to 15 GnRH analog treated CPP girls. 

In neuropsychiatric research to investigate GnRH treatment effects in children, one of the main 

challenges is that study design is limited in such studies. To explore the effects of treatment on 

behavior, cognitive function and emotion regulation, an ideal design would be a randomized 

controlled trial (RCT). However, since GnRH agonist treatment in CPP is well established and 

considered to be somatically advantageous, it is unethical to randomize CPP patients into a non-
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treatment group for comparison reasons. In practice, this limits the design possibilities to 

longitudinal, cross-sectional or case-control studies. A longitudinal design where CPP children 

are assessed several times; before, under, and after cessation of the treatment, and compared to 

other types of patients or healthy children, assessed at the same time points, is an acceptable 

alternative. Nevertheless it is still difficult to interpret whether the observed effects in such 

studies are a result of the progressing condition or the GnRHa therapy. To address this limitation, 

it is necessary to use an animal model. In contrast to human models, animal studies provide the 

opportunity for systematic experimental manipulation of genetic and environmental variables in 

a RCT setting. Although the applied outcome measures and their neural substrates are not always 

directly applicable in humans, there are considerable similarities between pubertal and 

adolescent developmental processes in mammals and humans considering behavioral, neural and 

hormonal characteristics (Spear, 2004). 

Aim of the thesis 

Manipulation of GnRH receptors for clinical purposes has been used in adult and pediatric 

medicine for several decades with the goal of blocking sex hormone production. Existing 

research has concentrated on the specific effects of GnRHa treatment on the targeted disease or 

its influence on reproduction, with little focus on potential side effects of this treatment regime 

on cognitive function, emotion regulation, structural brain organization or cellular and molecular 

changes during brain development (Carel et al., 2009). These potential side effects of GnRHa 

treatment are of significant clinical importance, as many neuropsychiatric disorders, behavior 

and emotional problems are first observed during the peri-pubertal period. The principal aim of 

this thesis was to investigate effects of peri-pubertal GnRHa treatment on brain development to 
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shed light both on the potential roles of GnRH and GnRHR in structural, neurobiological and 

cognitive functions, in brain regions that are unrelated to reproductive function. 

Secondary aims were to investigate the effects of GnRHa treatment on 

  Endocrine and synaptic plasticity related gene expression levels in the hippocampus and any 

association with spatial orientation behavior. 

 Structural volume of total brain and other regions of interest such as the hippocampus, 

amygdala, white matter and grey matter. 

  Molecular mechanism and gene expression levels in amygdala that might underlie treatment 

induced structural changes in this structure. 

 Expression levels of GnRH and its receptor GnRHR in the hippocampus as well as beta 

amyloid (Aβ) deposition in the thalamus, cerebral cortex and hippocampus, in an AD mouse 

model.  
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Materials and Methods 

 

Animals and treatment  

For paper (I, II, III), the study  was conducted at the University of Glasgow’s Cochno Research 

Centre (55° 55’N) and all animals procedures were approved by the University’s Welfare and 

Ethics Committee, and in accordance with Home Office regulations (PPL 60/3826). To eliminate 

the possible developmental effects of steroid transfer between siblings of different sexes and 

reduce genetic variation, the whole study was conducted using 46 pairs of same-sex twin lambs 

(Scottish Mule Texel Cross, 22 female and 24 male). Lambs were born between 17th March and 

1st April 2008, and remained with their dams until weaned at about 12 weeks of age. Males and 

females were maintained separately during the entire study period. Within each set of twins, one 

was randomly assigned, at birth, to the control (C) and the other to the treatment (T) group. 

Animals in the treatment group received subcutaneous implants of the GnRH agonist, goserelin 

acetate (Zoladex®; kindly donated by Astra Zeneca; Macclesfield, UK 3.6 mg) every 4 weeks 

from 8 weeks of age in males and 28 weeks of age in females because of the sex-specific timing 

of puberty in this species (Wood and Foster, 1998). The Zoladex® implant was administered in 

the axillar region, using a ‘SafeSystem’ needle and syringe. Animals were maintained in 

accordance with normal husbandry conditions, i.e., on grass, at all times except for periods of 

behavioral testing at  approximately 8, 28 and 48 weeks of age, when they were group housed 

indoors.  Every four weeks, throughout the study, animals were gathered and held, for no more 

than two hours (with their mothers, prior to weaning), in a specialized sheep handling facility at 

the University of Glasgow’s Cochno Research Center where blood samples were collected from 
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the jugular vein, physical measurements taken (weight, shoulder height, girth) and agonist 

administered (where required). To guarantee that GnRHa treatment blocked pubertal 

development, plasma samples were assayed regularly for testosterone (males) and progesterone 

(females), monthly measurements of scrotal volume made during the animals’ life and the testes 

or ovaries excised, weighed and histologically evaluated after euthanasia at 12 months of age 

(March 2009) (Robinson et al., in press)  

For paper IV, we used transgenic mice (Tg-ArcSwe) carrying a human AβPP cDNA with the 

Arctic (E693G) and Swedish (KM670/671NL) mutations and wild-type mice. Animals (Tg-

ArcSwe and wild–type mice) were injected subcutaneously with 25 ng/g of the GnRH-agonist 

Leuprorelin acetate (Procren Depot “AbbVie”) dissolved in physiological saline, or vehicle 

alone. The injections were given once every fourth week from the age of 4 months, before plaque 

deposition has begun (Lord et al., 2006). Of the animals included in the study, about 20 % died 

of unknown causes before reaching the age of 12 months. This included both treated and 

untreated animals, leaving us with the number of animals referred to in Table 1.  The remaining 

animals were anaesthetized using Isofluran Baxter (Isoflo™, Abbot Laboratories Ltd) and 

sacrificed by decapitation at 12 months, after 8 months of treatment. In addition to this, 4 month-

old animals, who did not receive any pharmacological intervention, were sacrificed. Details are 

shown in Table 1. The tissues from all sacrificed animals were stored at -80 ºC for further use.  
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Table 1. Animals involved in the paper IV study. 

Age (in months) 12 12 4 

Treatment  

(Leuprorelin acetate; 25ng/g) Treated Untreated Untreated 

Tg - ArcSwe males 3 6 6 

Wild-type males --- 6 6 

Tg - ArcSwe females 7 6 6 

Wild-type females --- 6 6 

--- indicate tissue not analyzed 

Methods 

The sheep used in the studies of articles I-III were subjected to several behavior experiments at 

three different time points to assess their cognitive, emotional and behavioral development. The 

results from all of these behavioral tests are not included in this thesis. In a subsample of 30 

animals (16 males and 14 females, half of them treated), spatial orientation, the expression of 17 

genes within the hippocampus and the transcription profile within the amygdala (by microarray) 

were analyzed to ascertain if they were affected by GnRHa treatment or sex. The brains of 41 

sheep (17 treated; 10 females and 7 males, and 24 controls; 11 females and 13 males) were used 

for morphometric analysis of different regions of the brain by using Magnetic resonance image 

(MRI). The mRNA expression of GnRH and GnRHR (study-IV) were analyzed by quantitative 

real time PCR (qRT-PCR) by using hippocampal samples from the Tg-ArcSwe mouse model 

and its respective controls. Furthermore hippocampus, cerebral cortex and thalamus from these 

animals were used for imunohistochemical studies of amyloid beta deposition.  
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Behaviour study - Spatial orientation task  

Spatial orientation is an essential cognitive function because most mammals depend on it for 

finding food, mates, and avoiding becoming prey (Wolbers and Hegarty, 2010). Animal and 

human studies have demonstrated that robust sex-differences exist in spatial abilities, usually 

favoring males (Jonasson, 2005; Kerns and Berenbaum, 1991; Terry, 2009). The main goal of 

this experiment (Paper I) was to explore the sexually differentiated nature of spatial orientation 

ability and to establish whether pre-pubertal GnRHa treatment interfered with the development 

of this function. 

Spatial orientation was assessed at 48 weeks of age (when males and females had received 

GnRHa treatment for 40 and 20 weeks respectively) by means of a spatial maze task. The spatial 

maze setup (Figure 3) was based on the design developed and validated for use in sheep by Lee 

and colleagues (Lee et al., 2006) 

The dividing walls of the maze were made of metal penning that was familiar to the animals and 

through which the test animals could see the audience pen. The outer walls of the maze arena 

were solid. For testing, animals were separated into smaller groups and sequentially placed in the 

audience pen. Individual ‘test’ animals were removed from the audience pen by a trained and 

familiar handler and calmly led to the entrance of the maze. 



35 

 

 

Figure 3: Diagram of the spatial maze used at 48 weeks of age (Paper: I).  

Each sheep was given 300s to traverse the maze and the test was deemed completed when the 

animal passed line C (Figure 3). The time taken to reach lines A, B and C were recorded as was 

the vocalization rate (VR) in each of the three sections of the maze, calculated as a number of 

vocalizations per min. If an animal did not complete the maze within 300s, it was moved back 

through the maze and exited through the entrance gate. Animals were tested in the same 

sequence over three successive trials. Trial one and two were carried out on the same day and 

trial three was performed on the next day. 

Hippocampal gene expression involved in synaptic plasticity and endocrine 

signaling 

In paper I of this thesis, hippocampal gene expression analyses were performed using tissue 

collected from animals maintained in the model outlined above and the results discussed in the 

context of spatial orientation, a hippocampus dependent cognitive function (Stella et al., 2012). 
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Specifically, animals were sacrificed at approximately 50 weeks of age, with an overdose of 

barbiturate (Somulose 1ml/kg body weight; Decra Veterinary Products, Shrewsbury, UK), 

decapitated and their brains removed. The hippocampus was then carefully dissected from the 

right and left hemispheres, and the right and left hippocampi individually trisected, perpendicular 

to the long axis of the hippocampus, allowing isolation of hippocampal subregions (each 

containing CA1 to CA3). Samples were immediately frozen in liquid nitrogen and stored at -

75
o
C. Total RNA was isolated from the sub region containing CA1 to CA3, from the anterior 

section of the hippocampus of each animal, using TRIzol Reagent (InvitrogenTM, Paisley, UK) 

and processed according to standardized procedures. Samples were analyzed using quantitative 

real time-PCR (qRT-PCR) in a subset of 30 animals (Texel Cross, 14 female and 16 male). The 

expression of genes involved in synaptic transmission (Grin1, Gria1, GABRA4, Syn1, spn, 

BDNF, VGF), proliferation and differentiation (LHX5), structuring (NCAM1), that underlie 

synaptic plasticity and genes associated with endocrine signaling (GnRH I, GnRH II, CYP19, AR, 

GH, ESR1 and ESR2) were analyzed. 

Postmortem magnetic resonance image (MRI)) for morphometric analysis of global 

and regional brain volumes 

MRI provides many benefits relative to the assessment of the volume of specific brain areas, as it 

bypasses dissection and photography methods, which carry higher risks of errors in quantitative 

measurements (Pfefferbaum et al., 2004). In paper II of this thesis, the goal of the experiment 

was to explore GnRHa treatment effects on global and regional brain volumes. This experiment, 

was conducted using 41 brains (17 treated; 10 females and 7 males, and 24 controls; 11 females 

and 13 males) that were perfusion fixed with 4 % paraformaldehyde in 0.5% BSA immediately 
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following euthanasia, post fixed in 4% PFA overnight and stored in 30% sucrose until 

examination. In order to minimize movements during scanning, each fixed postmortem specimen 

was suspended in agar gel, which was placed in a rectangular plastic container. Image acquisition 

was performed with a 3-T MRI scanner. For MRI preprocessing, the raw dicom files were 

converted to nifti and inspected for artifacts. Bias correction of the images was done using 

Freesurfer mri_nu_correct.mni to correct for intensity non-uniformity. Spurious noise outside the 

brain was removed, and Brain Extraction Tool (BET) (Smith, 2002) part of FMRIB’s Software 

Library (FSL)(Smith et al., 2004) was used to strip residual gel artifacts outside the brain. A set 

of anatomical regions of interest (ROIs) were manually drawn on the best quality brain MRI, of 

the chosen sheep, to act as a template. The manual segmentation of the amygdala and the 

hippocampus was done using FSLView, part of FMRIB’s Software Library (FSL) (Smith et al., 

2004) by a single rater (Muriel Bruchage) blinded to any subject characteristics. The 

hippocampal ROI included the cornu ammonis, dentate gyrus and the subiculum, as each of these 

components show different histological characteristics and topographically well-ordered 

afferents and efferents (Nolte, 1993). A combination of T1- and T2-weighted data was used to 

distinguish the anterior boundaries that separate the amygdala from the hippocampus. However, 

precise delineation of the boundaries is difficult even at a histological level (Bergin, 1994). 

Therefore, inter-rater reliabilities for each ROI were established by having two raters (Muriel 

Bruchhage and Syed Nuruddin) independently segment five datasets. Percent inter-rater voxel 

overlap was 94 % for hippocampus and 97 % for amygdala, indicating high reliability. For tissue 

segmentation, FMRIB's Automated Segmentation Tool (FAST) (Zhang et al., 2001) was used to 

automatically segment the T2-weighted MRI volumes of the individual brains into gray matter 

(GM) and white matter (WM). The underlying method of FAST is based on a hidden Markov 
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random field model and an associated Expectation-Maximization algorithm. All segmented data 

were visually inspected for accuracy. Total GM and WM volumes were calculated by 

multiplying the number of voxels in each of the segmented classes by its voxel resolution. Four 

datasets (3 untreated males and 1 treated male) were excluded during the automatic tissue 

segmentation procedure due to imaging artifacts probably related to the formalin fixation of the 

brain where water mobility can be affected (Tovi and Ericsson, 1992). 

Transcription profiling through microarray in amygdala samples  

Based on the results from the MRI experiment which suggested changes in amygdala volume, 

microarray gene expression studies were conducted to explore GnRHa effects in the amygdala at 

a molecular level. The genome information availability and the parallel development of 

microarray technology have provided the means to perform global analyses of the expression of 

thousands of genes in a single assay (Eisen and Brown, 1999; King and Sinha, 2001). The results 

provide an assessment of the expression levels of the genes included on the microarray in a 

particular cell, tissue or organ. In Paper III of this thesis, we describe the gene expression 

profiles of the left and right amygdala using 8 X 15 K Agilent ovine microarrays in 30 same-sex 

twin lambs (14 female and 16 male), half of which were treated with the GnRHa. Two-color 

microarray experiments were conducted to identify genes being significantly differentially 

expressed due to long term peri-pubertal GnRHa treatment. The microarray experiment was 

conducted as a common reference design, using a reference where target samples were 

hybridized with a reference sample consisting of equal amounts of total-RNA from all samples. 

This method reduces human error as each sample is handled the same way and compared against 

a reference sample which contains many samples pooled (Kendziorski et al., 2005; König et al., 
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2004). Total RNA extraction was performed according to the TRIzol manufacturer 

recommendations (InvitrogenTM, Paisley, United Kingdom), followed by a DNase I treatment 

(RNase-Free DNase Set, Qiagen, Crawley, UK) for 20 minutes at 25°C. Further RNA 

purification was conducted using an RNeasy Mini-Kit (Qiagen, Crawley, UK) according to the 

manufacturer’s recommendations. A dye swap design was applied, whereby within each group 

DNAse treated RNA was randomly labeled with cyanine 3 (Cy3) CTP and cyanine 5 (Cy5) CTP 

using a Quick Amp Labeling Kit, two-color (5190-0444, New Castle, DE) according to the 

manufacturers methodology. Following hybridization, washing and drying, the slides were 

scanned in GenePix® 4000B two-color scanner (Axon instrument, Foster City, CA). Two 

channel images were imported into Agilent’s feature extraction 9.1 software for features (spot) 

extraction and alignment.  

After analysis microarray data have been submitted to the NCBI's Gene Expression Omnibus 

(GEO) and are accessible through GEO Series accession number GSE44202. The differential 

expressions of some of the selected genes from the microarray experiment were confirmed by 

qRT-PCR.  In order to understand the biological significance of microarray results, Gene 

Ontology (GO) term enrichment analysis of the list of differentially expressed genes was 

conducted in The Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.7 

(Huang et al., 2008). To identify gene orthologs or homologs to sheep genes, we used a 

translation table provided by Agilent Technologies and converted probe IDs into official gene 

symbols using an in-house python script. Furthermore, to interpret the biological function of the 

gene lists, the Ingenuity Pathway Analysis (IPA) version 7.5 (http://www.Ingenuity.com) 

software packages were used for networking analyses. This software not only generates a 
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biological network from a list of selected genes, but also provides biological functions and 

canonical pathways from HUGO ortholog names of the genes that were imported into the 

program. A network of genes is created when a gene regulates the function of other genes. To 

develop a network, the IPA software adds other genes and/or different molecules that are linked 

with two focus genes. 

mRNA Expression of GnRHI and GnRHR in the hippocampus of Transgenic mice  

In paper IV of thesis, exploration of GnRHa (Leuprorelin acetate) treatment effect on murine 

gene expression level of GnRHI and its receptor in hippocampal samples were performed by 

using standard qRT-PCR methods from the sample of left hemisphere hippocampus. 

Measurement of amyloid-β deposition in cerebral cortex, thalamus and 

hippocampus using immunohistochemistry  

The right hemisphere of hippocampus, cerebral cortex and thalamus were used for 

immunohistochemistry study. Sagittal cryosections (25 µm; Leica CM3050 S) of tissues were 

performed. All sections were post–fixed with 4% formaldehyde (PFA) for 5 minutes, pretreated 

with 80 % formic acid for 2 minutes and 2% H2O2 for 7 minutes. After washing with 10 mM 

PBS, pre - incubation solution (10% normal goat serum (NGS), 1% bovine serum albumin 

(BSA), 0.5% Triton X-100 in 10 mM PBS) was applied to the sections for 30 minutes at room 

temperature. Afterwards, the sections were incubated with an Aβx-40-specific polyclonal 

primary antibody (0.5 μg/ml; Agrisera, Umeå, Sweden) diluted 1:2000 in primary antibody 

solution (3% NGS, 1% BSA, 0.5% Triton X-100 in 10 mM PBS) at 4˚C overnight. The antisera 

was generated and evaluated for specificity as described (Näslund et al., 2000). After washing 
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steps, the sections were incubated for 1 hour with a biotinylated goat-anti-rabbit antibody (BA-

1000, Vector Laboratories, CA, USA) diluted at 1:300 in 3% NGS, 1% BSA, 0.5% Triton X-100 

in 10 mM PBS, washed in 10 mM PBS, and afterwards, incubated 1 hour at room temperature 

with streptavidin-biotinylated horseradish peroxidase complex diluted at 1:100 in 0.5% Triton X-

100 in 10 mM PBS. After washing with 10 mM PBS, all sections were incubated with 3,3’-

diaminobenzidine tetrahyprochloride (Sigma, MO, USA) for 5 minutes, before 0.1% H2O2 was 

added to 10 ml DAB solution and applied on the sections until proper labeling was achieved (3 

minutes). The sections were briefly rinsed in water, mounted and stored at room temperature.   

Then, image acquisition was done by using an automated slide scanner system (Mirax Scan, Carl 

Zeiss MicroImaging GmbH, Jena, Germany) for acquiring high-resolution TIFF images with a 

spatial resolution of 0,205 µm/pixel. Images were inspected by virtual microscopy using the 

Mirax Viewer tool. To compensate for differences in background color intensity following 

immunohistochemistry, all image histograms were normalized using the match-color algorithm 

in Adobe Photoshop CS6 with a photomicrograph of a wild-type section as reference (Sedgwick, 

2008). Afterwards, quantitative image analysis was performed in three regions of interest (ROIs) 

using ImageJ 1.46r (http://imagej.nih.gov/ij). The outlines of the cerebral cortex and 

hippocampus were manually delineated in each section. The cerebral cortex was delineated, in an 

anterior plane, by a line connecting the rhinal fissure and anterior tip of the external capsule, 

dorsally by the external surface of the brain, ventrally by the external capsule, and posteriorly by 

the dorsal subiculum. The delineation of the hippocampus included the three cornu ammonis 

subfields (CA1, CA2, and CA3), the dentate gyrus, and subiculum, and was defined anterior to 

the fimbria, dorsally and posterior to the external capsule, and ventral to the thalamus. Images 
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were binarized by selecting a threshold value in ImageJ which yielded boundary definitions best 

corresponding to the observed plaque boundaries. The same threshold value was used for all 

sections. The area of each ROI and the area of labeled objects within each ROI were calculated, 

and the results expressed as labeled area fraction in percent (labeled area/ ROI area x 100). For 

each animal the mean area fractions of three sections were used for the final analyses of group 

variation and standard deviation (s). 

Statistical analyses  

The analyses were conducted with the goal of exploring the sex-specific effect of GnRHa 

treatment on various outcome measures. The statistical methods were applied according to the 

experimental design and data characteristics. 

Paper I 

Spatial orientation 

Times to traverse the spatial maze and vocalization rate at 48 weeks of age were analyzed in the 

same 30 animals as hippocampal gene expression. All data were logarithmically transformed 

because of skewed data distribution. Mixed between-within subject ANOVA was used to 

analyze the change in time and vocalization rate through the three successive trials and to assess 

the differences between T and C animals. Independent sample t-tests were used for assessment of 

sex differences. Since gene expression analysis provides only relative values no statistical 

associations between spatial orientation results and gene expression analyses could be 

performed. 



43 

 

The analysis of hippocampal gene expression 

 The ΔCt was calculated from the difference in expression between the gene of interest and mean 

expression of the two reference genes (GAPDH and SDHA). In order to assess any effects of 

treatment the ΔΔCt was calculated as the difference between the ΔCt value of control and treated 

samples, within sexes and for both hemispheres. Sex differences were analyzed separately for 

control and treated animals; ΔΔCt was calculated as the difference between male and female ΔCt 

values.  Relative gene expression, expressed as fold change was calculated by using 2
-ΔΔCt

. The 

log2 transformed fold change values (2
-ΔΔCt

) were used for statistical analysis. Differences in 

gene expression between C and T animals, as well as between males and females were evaluated 

by Wilcoxon signed rank test. 

Paper II 

MRI study for measurement of global and regional brain volume 

The mean and standard deviation (SD) were calculated for the volume of the different regions of 

interest. Total brain volume, white matter and gray matter volume, as well as the volume of the 

left and right amygdala and hippocampus, were compared between groups (C vs T), while 

controlling for sex and treatment group using General Linear Models (GLMs). The sex by 

treatment interaction term was included in the models, allowing us to test for differential effects 

of treatment between male and female animals. The null hypothesis of no effects was rejected if 

p < 0.05, Bonferroni adjusted by a factor of 7 (corresponding to a nominal alpha of p < 0.007). 

The assumption of normally distributed residuals was evaluated using a normal quintile (Q-Q) 

plot and this assumption of normally distributed residuals was met for all parameters. Statistical 

analyses were performed using SPSS version 19.0 (IBM Corp., Armonk, NY, USA). 
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Paper III 

Transcription profiling through microarray gene expression experiment 

The statistical program R was used to analyze the microarray data. Microarray data generated 

from Genepix were imported into the Bioconductor package LimmaGUI and corrected for 

background (Smyth and Speed, 2003). For within- and between-array normalization, print tip 

Loess and scale were used, respectively (Smyth and Speed, 2003). In order to detect 

differentially expressed genes across treated and control samples, an empirical Bayes moderated 

t-test (Smyth and Speed, 2003; Smyth et al., 2005) was applied. The p-values were corrected for 

multiple testing using the Benjamini-Hochberg (BH) method (Benjamini and Hochberg, 1995), 

and adjusted p-values <0.05 were selected as differentially expressed genes. The generated gene 

list was further filtered for genes with low intensity and with small changes in expression. In the 

averaged normalized MA-plot, the genes with M values between ±0.3 and mean log intensity < 3 

were excluded from the gene list. 

Validation of microarray analysis by qRT-PCR 

qRT-PCR technical replicates of samples were averaged, and expression ratios were calculated 

by the ΔCt method normalized to the reference genes (GAPDH and ACTB). Statistical 

significance of analyses was calculated by using Wilcoxon signed rank test. These statistical 

analyses were performed in the software JMP 10.0 (SAS Institute Inc, Cary, NC, USA). The 

Pearson product-moment correlation coefficient was used to analyze the qRT-PCR data. The 

non–parametric Spearman’s p correlation coefficient was used when the outlier was included. 

The p-values <0.05 were considered statistically significant. 
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Paper IV 

Gene expression in hippocampal samples 

The ΔCt was calculated from the difference in expression between the gene of interest and mean 

expression of the two reference genes. To observe the effect of genetic modification in 

transgenic mice, defined as the difference between the ΔCt value of WT mice and AD mice 

samples for both sexes at 4 months and 12 months of ages. In order to assess any effects of 

treatment at 12 months of age, the ΔΔCt was calculated as the difference between the ΔCt value 

of untreated AD mice and GnRHa treated AD mice samples, within sexes. Relative gene 

expression, expressed as fold change was calculated by using 2
-ΔΔCt

. The log2 transformed fold 

change values (2
-ΔΔCt

) were used for statistical analysis by applying JMP 10.0 software (SAS 

Institute Inc, Cary, NC, USA). Differences in gene expression between AD and treated (T) AD 

animals as well as between WT and AD animals with each sex were evaluated by the Student’s t-

test (p < 0.05). 

Measurement of amyloid plaque deposition 

Statistical analyses were performed using InStat® (GraphPad Softwear, San Diego, CA, USA). 

ANOVA assay and paired t‑test used for observation Amyloid plaques deposition measurement 

between different groups (Control vs treated). A p-value less than 0.05 was considered to 

indicate a statistically significant difference. 
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Results; summery of the papers  

Paper I 

Peri-pubertal gonadotropin releasing-hormone analog treatment affects hippocampus gene 

expression without changing spatial orientation in young sheep 

In this study, we explore the effects of GnRHa treatment on hippocampal gene expression and 

spatial orientation. This study shows, for the first time, that longtime peri-pubertal GnRHa 

treatment, in sheep, is associated with significant changes, within the hippocampus, of levels of 

expression of mRNA transcripts known to be involved in endocrine signaling and synaptic 

plasticity. Indeed, expression of 12 out of the 16 genes was altered in GnRHa treated sheep 

compared to controls. It should be noted, that the effects of treatment varied, both between the 

sexes and the right and left hemispheres. Interestingly, the study showed for the first time that 

long-time peri-pubertal GnRHa treatment in sheep is associated with significant changes of 

levels of expression of mRNA transcripts known to be involved in endocrine signaling and 

synaptic plasticity. This treatment also led to a significant increase of sexually dimorphic 

expression patterns of genes associated with neuronal plasticity. In contrast, treatment led to a 

generalized reduction in the levels of gene expression associated with endocrine function. 

Despite the known importance of the hippocampus for spatial learning and memory, the 

differences in hippocampal gene expression was not paralleled by differences in performance in 

a behavioral test of spatial orientation conducted prior to tissue collection. However, while there 

was a tendency for females to perform better than males in spatial orientation, the differences 
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were not significant. Although these effects could not be connected to spatial orientation ability, 

the study underlines the need for further investigations in this area. 

Paper II 

Effects of peripubertal gonadotropin-releasing hormone agonist treatment on brain 

development in sheep - a magnetic resonance imaging study 

In this Magnetic Resonance Image (MRI) study, effects of peri-pubertal GnRHa treatment on 

regional brain volumes in an ovine animal model were investigated. Specifically, total brain 

volume, total white matter and grey matter, as well as hippocampal and amygdala volumes were 

compared between female and male animals that had been treated with GnRHa during the peri-

pubertal period and their respective controls. The results demonstrated significant effects of 

GnRHa treatment on the volume of the left (t = -13.76, p = 0.0001) and right (t = -16.56, p =0 

.0001) amygdala, indicating larger amygdala in treated compared to untreated animals. Further, a 

significant (t=-3.56, p =0.001) sex by treatment interaction effect on the volume of the left 

amygdala was observed, indicating that the effect of treatment was stronger in female (Mean 

volume=50 and SD =1 in mm3) compared to male (Mean volume =48 and SD=1 in mm3) 

animals. All treatment and treatment/sex effects on regional volumes remained practically 

unaltered when including total brain volume (TBV) as an additional covariate, significantly 

larger volumes in male compared to female animals were observed in total GM (t = -3.05, p = 

0.004) and the right amygdala (t = -5.12, p= 0.0001). There was also a significant sex difference 

in total WM volume (t = -2.37, p = 0.024), indicating larger volumes in males compared to 

females. Sex differences were still significant for total GM (t= -2.91, p=0.006) and WM (t=-3.12, 

p=0.004) when including TBV as an additional covariate. The effects of GnRHa treatment on 
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amygdala volumes indicate that increasing GnRH concentrations during puberty may have an 

important impact on normal brain development in mammals. 

Paper III 

Peri-pubertal gonadotropin-releasing hormone agonist treatment affects sex biased gene 

expression of amygdala in sheep 

In this gene expression study, by using ovine 8 X 15 K Agilent microarrays followed qRT-PCR 

and gene network analysis, we compared the effects of GnRHa treatment on gene expression 

levels compared to controls within both sexes. The results revealed that GnRHa treatment was 

associated with significant sex- and hemisphere specific differential expression of genes. GnRHa 

treatment was associated with differential expression of 432 (|log FC| > 0.3, adj. p value <0.05) 

and 46 (p value <0.0.5) genes in the left and right amygdala, respectively, of female animals, 

relative to the reference sample which consisted of a pooled sample from control and treated 

animals of both sexes. No genes were found to be differentially expressed as a result of GnRHa 

treatment in the male animals. Further, gene ontology analysis demonstrated that within the 

treated female left amygdala sample group the biological function term “microtubuli” was 

significantly overrepresented among the up-regulated genes. In the down-regulated group, the 

following terms were significantly overrepresented: “Anti-apoptosis”, “mitotic cell cycle”, 

“positive regulation of transcription”, “ovulation-cycle process”, “mitochondrial envelope” and 

“ubiquitin binding”. In the right part of the amygdala of treated females, two enrichment terms 

were considered significantly overrepresented: “immunoglobulin-mediated immune response” 

and “immune response. The results indicated that GnRH may, directly and/or indirectly, be 
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involved in the regulation of sex- and hemisphere-specific differential expression of genes in the 

amygdala. 

Paper IV 

Down-regulation of elevated gonadotropin-releasing hormone gene expression in 

hippocampus in tg-ArcSwe mice following receptor agonist treatment 

Quantitative real time PCR gene expression analysis (qRTPCR) on hippocampal samples 

demonstrated that GnRHa treatment clearly effects gene expression both at hormone and 

receptor level. At 12 month of age, both GnRH I (p=0.001 in both sexes) and GnRHR I (p=0.01 

male and p=0.001 female) mRNA expression was significantly elevated in tg-ArcSwe compared 

to WT in both sexes. Strikingly, after 8 months of treatment with Leuprorelin acetate, the gene 

expression of both GnRH I (p=0.001 male and p=0.003 female) and GnRHR I (p=0.001 in both 

sexes) were significantly down-regulated in both sexes when comparing treated tg-ArcSwe to 

vehicle treated tg-ArcSwe at the same age. At 4 months no significant differences were observed. 

Furthermore; Immunohistochemistry and image analysis showed that Leuprorelin acetate 

treatment had no significant effects in changes of the plaques load in hippocampus, cerebral 

cortex and thalamus. However, we found a tendency of lower plaque load in the cerebral cortex 

of treated females (p= 0.0597) compared to female vehicle treated. This study points to the 

involvement of hormonal changes in AD and the prospect of mitigating these through targeted 

treatment. Although known to increase in normal aging, this study shows that Gnrh/Gnrhr 

mRNA expression increases even more with amyloid-β deposition in Tg-ArcSwe mice. Further, 

treatment with Leuprorelin acetate alters hippocampal gene expression. However, the effect on 

amyloid plaque development remains uncertain in this model. 
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Discussion 

The diversity of the signaling pathways activated by the type I GnRHR, suggests that GnRHR 

mediates a variety of functions in mammalian brain development. The role of GnRH in 

Alzheimer’s disease (AD) is also evidenced by a reduction in neurodegenerative disease among 

prostate cancer patients receiving GnRH agonistic therapy (Almeida et al., 2004). We will 

discuss the evidence supporting the role of the GnRH hormone and its receptor system in brain 

development and aging condition by using two different animal models (sheep and tg-ArcSwe 

mouse). The major benefits of using these two models were to further understanding of this 

treatment effect in neurodegenerative disorder during pubertal development and during the aging 

process. 

The results presented in this thesis show, for the first time, that long term peri-pubertal GnRHa 

treatment in sheep affects the expression of hippocampal genes involved in synaptic plasticity 

and endocrine signaling in sex and brain-laterality specific ways. Despite the known importance 

of the hippocampus in spatial orientation behavior, the differences in gene expression were not 

paralleled by differences in performance of a spatial orientation task. Peri-pubertal GnRHa 

treatment also affected the volume of both hemispheric amygdalae, such that the amygdalae in 

treated animals were larger compared to controls. This anatomical change in the amygdala was 

accompanied by sex biased changes in the expression of genes linked to emotional regulation 

and behavior. Furthermore, the results  from  the transgenic AD  mice model demonstrated that 

GnRHa treatment induced down-regulation of GnRHI and GnRHR gene expression in the 

hippocampus of 12 months old AD mice relative to the vehicle treated AD mice, but this was 

without effect on AD associated plaque load. 
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Methodological considerations 

Well established methods, such as microarray transcription profile, quantitative reverse 

transcription PCR (qRT-PCR), Magnetic resonance image (MRI), immunohistochemistry and 

spatial orientation behavior tests were used to investigate different endpoints. Specific 

methodological considerations will be discussed below. 

Animal models 

Despite the fact that GnRHa has been used in adult and pediatric medicine for over 30 years, 

investigations of GnRH effects on brain development in humans is limited, due to the obvious 

ethical restrictions. Furthermore, as children e.g. that are treated for precocious puberty, have 

been subjected to the influence of sex hormones before diagnosed and starting GnRHa treatment, 

they do not provide an ideal system to differentiate between the effects of the diagnosis in itself 

and the medication. In contrast, our treated sheep had not been subjected to a classical pubertal 

increase in GnRH, and represent, therefore, an important clinical model for GnRHa substitution 

effects. 

We used this model for observations of GnRHa treatment effects on brain development. The 

relatively large number of sheep used in this experiment (46 pairs of same sex twins) allows for 

good environmental control and reduces the impact of genetic variability and other potentially 

causal factors such as maternal nutrition and gestation length. Our sheep model provided 

sufficient tissues for extensive analyses and the simultaneous measurements of DNA, RNA and 

protein in relatively homogeneous tissue samples. The recent publication of the sheep genome 

(The International Sheep Genomics Consortium et al., 2010) helps with the identification of 
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target genes related to phenotypes important in human disease and key to the development of 

new therapeutic strategies. In addition to benefits of body size with regard to tissue samples post 

mortem, the large body size in sheep also allows repeated blood sampling. Furthermore, pubertal 

development, has been well characterized in the sheep (Foster et al. 2002; Smith and Clarke, 

2010) and the mechanisms behind sex-differences in the timing of puberty onset and sexual 

differentiation of reproductive neuroendocrine function  are well researched (Wood and Foster, 

1992; Wood and Foster, 1998). While the onset of puberty and periodicity of fertility differ 

between sheep and humans, a similar interplay between neurosecretory cells of the brain and the 

peripheral sexual organs is well documented in mammals, primates and humans (Wang et al., 

2010). Recent studies have also demonstrated that the sheep is a very useful model in research of 

complex cognitive executive functions (Morton and Avanzo, 2011). An additional major benefit 

of using sheep as a model for brain development is the fact that sheep have a long period of brain 

maturation (Wood and Foster, 1998) compared to small laboratory species such as rodents. This 

make sheep especially suited for assessment of peri-pubertal brain development and brain 

functions such as cognitive ability. Sheep are also relatively easy to handle and inexpensive. 

In addition to a sheep model, a transgenic Alzheimer’s (tg-ArcSwe) mouse model was used to 

observe the impact of GnRHa on AD pathogenesis in mice. There is an urgent need for improved 

diagnostic tools and a better understanding of the genetic and molecular basis of AD which may 

lead to more efficient therapeutic interventions. Therefore, genetically altered animal models 

represent powerful tools for experimental investigations of pathogenic processes, potential 

development of new diagnostic markers, and identification and evaluation of potential new 

therapeutic strategies. Several gene mutations associated with familial AD (Schellenberg and 
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Montine, 2012) have been used to create transgenic mouse models. The first genetic animal 

model reflecting important characteristics of AD was the PDAPP model carrying the Indiana 

mutation (p.V717F) (Games et al., 1995). Since then a range of other models have emerged, and 

there are a considerable number of genetic mouse models available that mimic various aspects of 

AD (Philipson et al., 2010). None of the animal models, however, can reproduce the full 

spectrum of histological and biochemical changes seen in AD patients (Duyckaerts et al., 2009) 

and the selection of appropriate models for different experimental investigations is a 

considerable challenge and critical for investigational outcomes. For studies of AD, a model 

should  typically express specific hallmarks of AD such as the amount, density, size and detailed 

morphology of amyloid plaques or neurofibrillary tangles (Philipson et al., 2010). The transgenic 

tg-ArcSwe mouse model (Lord et al., 2006; Philipson et al., 2009) stands out as a particularly 

promising model for investigations of intraneuronal Aβ accumulation as well as formation and 

clearance of amyloid plaques, resembling the human AD brain. The transgene carries both the 

Arctic mutation (p. E693G) which is located within the Aβ domain of the amyloid-β precursor 

protein (AβPP) gene and facilitates Aβ protofibril formation (Nilsberth et al., 2001; Philipson et 

al., 2012) and the Swedish mutation (p. KM670/671NL), which is coupled to increased 

generation of Aβ peptides (Citron et al., 1992, Mullan et al., 1992). The Swedish AβPP mutation 

accelerates of the age of AD onset compared to using the Arctic mutation alone (Lord et al., 

2006, Rönnbäck et al., 2011). Among dozens of APP-transgenic models, the tg-ArcSwe mouse 

model is practical to use, considering the early onset of extracellular plaque formation. Senile 

plaques appear in the brain at an age of 5-6 months (Lord et al., 2006), become highly abundant 

in regions where the AβPP-transgene is expressed by 12 months of age, but are also present in 

other brain regions. Compared to other models, e.g. the commonly used Tg2576, phenotype, 
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variability among tg-ArcSwe mice is modest, both in terms of anatomic distribution and density 

of deposits in the cerebral cortex and hippocampus. This means that fewer mice are needed to 

gain statistical power when evaluating novel therapeutics.  

It is important to bear in mind that the findings of mice study (Paper IV) should be interpreted 

very cautiously as we have lost animals and the final number of animals for gene expression and 

immunohistochemistry analysis was relatively small. 

Spatial orientation test 

The spatial orientation test has captured a solid position in neuroscience research. This task has 

been frequently investigated in animal models (Lee et al., 2006; Wolbers and Hegarty, 2010) and 

has been used mainly on rats, a species endowed with formidable spatial abilities (Olton et al., 

1979). Sheep have also previously been shown to be able to learn and improve their performance 

in a spatial maze test (Edwards et al., 1996; Lee et al., 2006). Spatial orientation tasks facilitate a 

measurement of working and reference memory based on exploration (Oades, 1982; Morris, 

1984). This test also encompasses spatial ability, i.e. the capability to generate and recall spatial 

information (Voyer et al., 1995), but differs from spatial ability as it also involves the 

environment and, therefore, the ability of a subject to acquire information about its surroundings 

and navigate through them (Coluccia and Louse, 2004). It has been reported that pubertal 

hormones can modulate learning and memory (Sisk and Zehr, 2005); therefore spatial orientation 

behavior results have been used in Paper I to assess the sex specific GnRHa treatment effect on 

spatial orientation ability. 
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Microarray 

Over the past decade microarray analysis has gained acceptance as a standard tool for studies in 

molecular biology. Although it is subject to several considerations, a microarray experiment 

cannot verify or falsify a null hypothesis, since it is, primarily a screening technique. The use of 

microarray and fold change has the disadvantage that it needs cut-off values; consequently, it 

does not include all biologically present genes at any time, as some might have a very small fold-

change, while some mRNA have a short half-life due to rapid degradation. In contrast, 

microarray analysis allows for massive data acquisition in parallel, which increases experimental 

efficacy, and provides for meaningful comparisons (Schena et al., 1998). The ability to study the 

behavior of many genes simultaneously is perhaps the greatest advantage of its use. Today’s 

microarray technology is convenient, and since the first reported use of this technology in 1982 

(Augenlicht and Kobrin, 1982), the method has improved, and is now considered to provide 

reliable results. Because of the fact that the microarray experiment itself is a procedure involving 

multiple steps, the design needs to be strictly standardized. It is also of utmost importance that 

the starting material is of the highest quality. In order to secure quality of the total RNA, we used 

standard procedures such as keeping the sample in dry ice before adding it to the Trizol solution. 

In order to analyze the microarray results, we used Bioconductor package LimmaGUI. One of 

the most commonly used software tools is limma (Linear model for microarray analysis) which 

provides data analysis, normalization for cDNA microarray data and analysis of differential 

expression for multi factor designed experiments. The core of the limma package is an 

implementation of the empirical Bayes linear modeling approach (Smyth et al., 2005). 

LimmaGUI provides a point and click interface to the core function of the limma package. For 

within- and between-array normalization, print tip Loess and scale were used, respectively 
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(Smyth and Speed, 2003). Normalization is required to adjust for effects which arise from 

variation in the microarray technology rather than biological differences between the RNA 

samples or between the printed probes. The differences between the labeling efficiencies or 

scanning properties of CY3/CY5 dyes or different scanner settings can cause the imbalance 

between the red and green dyes. Differences between arrays may arise from differences in print 

quality, from differences in ambient conditions or changes in the scanner settings. Therefore 

normalization between as well as within arrays were considered. Print tip Loess and scale 

method has been recommended as routine normalization methods for cDNA arrays (Smyth and 

Speed, 2003). It corrects the M-values both for sub array spatial variation and for intensity-based 

trends.  We used GO (gene ontology) analysis (Michael et al., 2000) to gain knowledge about the 

biological process, cellular components and molecular functions of the genes that were identified 

as being differentially expressed in the microarray experiment. This analysis is widely used for 

systemic assessment of the key functions and processed enriched in a set of genes identified by 

transcriptomic analysis. In addition, gene network analysis was used to visualize the biological 

relationships between genes. Although we used both GO and gene network analysis, it is 

important to bear in mind that the results of such in silico analysis could be due to the many 

different gene interactions that could be occurring as a result of various experimental variables. 

Although, the gold standard for transcriptional assays is still the Northern blot, the time and 

RNA amounts needed are often beyond what is available, real-time qRT-PCR is the default for 

validation of microarray results. The qRT-PCR is often referred to as the “gold standard” for 

gene expression measurements, due to its detection sensitivity, sequence specificity, large 
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dynamic range, as well as high precision and reproducible quantitation. Therefore, we used qRT-

PCR to validate microarray results. 

Quantitative real time pcr (qRT-PCR)  

In paper I, III and IV, qRT-PCR was used to investigate gene expression changes. The reference 

genes in relative quantifications were different between the studies included in this thesis. In 

Paper 1, GAPDH and SDHA genes were used, in Paper III, GAPDH and ACTB genes and in 

Paper IV, B2m (beta-2 microglobulin) and Gusb (glucuronidase, beta). It has become 

increasingly clear that expression of the traditionally used reference genes may vary according to 

tissue, development, disease state or treatment and species. It is, therefore, recommended to test 

for stability of the reference genes (Ruan and Lai, 2007; Stürzenbaum and Kille, 2001). 

Although, the expression of no single gene will stay fully stable under all conditions; it is 

advisable to use more than one reference gene. In order to identify most stable reference genes, 

recently several software programs have been developed. The one chosen for use in the studies 

of this thesis, GeNorm, builds on the idea that the expression ratio of two ideal reference genes is 

identical in all samples. For every gene included in the test, a pairwise variation with all other 

genes is determined and the gene with the most variation, lowest M-value, is excluded in a 

stepwise fashion until the two most stable are determined (Vandesompele et al., 2002).  

Magnetic resonance image (MRI) 

In the MRI study (volumetric study), we utilized a region of interest (ROI) approach. We 

included seven a priori defined ROIs, and performed seven independent multiple linear 

regressions. Hence, we adjusted our nominal alpha by a factor of seven according to Bonferroni. 
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Importantly, Bonferroni correction is most appropriate when analyzing independent measures, 

and may actually be too conservative when performing several non-independent tests. This is to 

some degree the case in the present context, where the various volumetric estimates are expected 

to be correlated. Thus, it is believed that the present correction for multiple comparisons may 

actually be too conservative rather than too liberal. However, it was preferred to control strictly 

for Type I errors in the study III. One could argue that Small Volume Correction (SVC at p=.05) 

could be used on ROIs. SVC is one way of reducing the number of statistical tests by reducing 

the number of voxels to predefined areas, but this is something very different from the current 

ROI approach, where SVC is both intuitively and technically inappropriate. Another argument 

could arise that performing anatomically detailed volumetric measures would be of interest. 

However, since detailed probabilistic atlases of the sheep brain currently do not exist, we would 

have to perform full-brain manual labeling of all datasets. This would be extremely time-

consuming. Increasing the number of ROIs would also increase the number of statistical tests, 

effectively reducing our power to detect true differences in the amygdala and hippocampus, 

which was the main scope of the study because our study using the same cohort of the animals 

showed sex specific effect of GnRHa treatment on hippocampal gene expression (Paper I) and 

emotional regulation behavior (Wojniusz, et al., 2011). Furthermore, in multiple linear regression 

model analysis result, we presented t value for interaction term instead of an F-value. The t-

values reflect the effect sizes of the estimated parameter estimates from the multiple regressions. 

Since we only had two groups, the t-value reflects the sign and strength of the interaction term 

scales directly with the F-value (or more precisely, t = sqrt(F)), but provides additional 

information about the direction of the effects, of which the F-value is insensitive. Therefore, the 

t-value is more informative. Regional brain volumes often scale almost linearly with total brain 
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volume (TBV), and apparent regional effects may in fact reflect global effects if one fails to 

account for variability in TBV. Our main hypotheses were related to specific structures including 

the hippocampus and the amygdala. Thus, we first tested for treatment effects on TBV. Since we 

did not observe any effects of treatment on TBV, we performed our main regional analysis 

without adjusting for TBV. However, to rule out that marginal differences in TBV still affected 

our results, we ran extra analysis with TBV as an additional covariate. Importantly, all reported 

treatment effects on regional volumes remained practically unaltered. Thus, it indicates that the 

reported effects are not confounded by more “trivial” global effects. 

Immunocytohistochemistry 

There are several antibodies specific for different Aβ epitopes available. The Aβx-40-antibody 

used in immunohistochemistry experiment for paper IV detects a neo-epitope tested for 

specificity by using ELISA (Näslund et al., 2000). It has previously been demonstrated that Aβ 

antibodies stain the same, homogeneous population of cored Aβ-plaques in the tg-ArcSwe 

model, irrespective of whether the antibodies recognize the N- or C-terminal epitopes in Aβ 

(Lord et al., 2006; Philipson et al., 2009). Thus, it is assumed that the 6E10, Aβx-40 or Aβx-42 

antibodies will produce the same labeling pattern and indicate the same Aβ burden in tg-ArcSwe 

mice, at least at the light-microscopic level. This probably reflects the fact that the Arctic AβPP 

mutation makes Aβ-peptides far more prone to aggregate, including Aβ1-40 (Nilsberth et al., 

2001). Additional evidence of the specificity of the Aβx-40-antibody was provided by an earlier 

investigation of tg-Swe mice, where two plaque populations were demonstrated,  one consisting 

of diffuse wild-type Aβ plaques which are only Aβ42-immunopositive, and a second of cored 

plaques which stains with Aβ40- and Aβ42-specific antibodies (Lord et al., 2011). It should 
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further be noted that antibody 6E10, unlike an Aβx-40 antibody, binds to both AβPP and sAPPβ. 

However, pretreatment of sections with formic acid as was done in the present study, will 

dramatically lower signals from AβPP and enhance detection of aggregated and fibrillized Aβ 

(Chirstenson et al., 2009; Philipson et al., 2009). 

Experimental findings 

GnRHa treatment impact in spatial orientation as well as hippocampal genes 

involved in synaptic plasticity and endocrine signaling  

While indications of treatment effects on emotion regulation and emotion processing dependent 

behavior were found in this cohort of GnRHa treated sheep (Wojniusz et al., 2011), no clear 

effects were observed with regard to cognitive function, spatial orientation ability. In the 

behavior study of Paper I, the spatial orientation ability task was investigated at 48 weeks of age. 

Interestingly, at this time point, when animals were well into their adolescence, females seemed 

to outperform males in the spatial maze task. Despite this, the difference in performance was 

identical in GnRHa treated and untreated groups. It is challenging to fully explain the fact that 

females outperformed males at this time point, especially as the opposite is usually found 

(Jonasson, 2005; Voyer et al., 1995). Nonetheless, it must be underlined that spatial orientation 

as a complex function that not only encompasses the capability to generate and recall spatial 

information (i.e. spatial ability), but also involves acquisition of information about the 

environment and navigation through it (Coluccia and Louse, 2004). Consequently, our findings 

might be related to the experimental setup, as males and females use different strategies to solve 

spatial tasks (Rodriguez et al., 2010; Sandstrom et al., 1998; Saucier et al., 2002). Motivational 

differences might also explain the difference, previous shown by the food acquisition task (FAT) 
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experiment, where females appeared more eager to rejoin their social group than males 

(Wojniusz et al., 2011).  

Beside this sex difference in spatial orientation ability, one could argue that there is no treatment 

effect observed due to the low sample number, which could be a valid point. It is important to 

appreciate that this study was part of a more extensive one. Specifically, the total study sample 

consisted of 92 animals (44 females and 48 males) and all of them were tested with regard to 

spatial orientation at three different time points (8, 28, and 48 weeks of age). When the whole 

sample was analyzed, there were still no significant differences between treated and control 

animals (Wojniusz et al., 2013). This is particularly interesting in the light of earlier findings on 

the same sample of sheep that showed the impact of GnRHa treatment on higher order cognitive 

function. In a food acquisition task treated females were less prone to leave their companions to 

acquire the food than control females while the opposite was seen in males. Furthermore, treated 

males displayed more risk taking behavior than control males. The similar pattern was also found 

in measurements of heart rate variability (HRV), showing a relative increase in HRV in treated 

males and a relative decrease in treated females; lower HRV indicates poorer ability to regulate 

emotions (Wojniusz et al., 2011). The treatment effects on emotional regulation were also 

observed in another experiment measuring psychophysiological motoric activity, where treated 

males were significantly less affected by separation and movement restriction compared to 

control males (Evans et al., 2012). Overall, these findings showed that blockage of pubertal 

hormones with GnRHa treatment may influence development of emotion regulation and decision 

making. Therefore, it is interesting that peri-pubertal GnRHa treatment did not affect 

development of spatial orientation, which indicates that pubertal hormones selectively influence 
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specific cognitive functions. It might be possible that spatial orientation as an example of a 

fundamental and evolutionary “old” cognitive function and is more likely to be genetically pre-

programmed and shaped prenatally; whereas other cognitive functions, e.g. risk taking behavior 

and emotion regulation, are more susceptible to the influence of pubertal hormones than spatial 

orientation.  

There was a hypothesis that if GnRHa influences the development of spatial orientation, a 

hippocampus dependent function (O’Keefe and Nadel, 1978), it should have an effect on 

hippocampal gene expression. Therefore, GnRHa effects on mRNA expressions of hippocampal 

genes associated with synaptic plasticity and endocrine signaling were explored. The results 

were viewed in the light of findings from the spatial orientation experiment. Although molecular 

processes for learning and memory in the brain are not clear, it is reasonable to assume that they 

are strongly related to synaptic plasticity (Wieraszko, 1998). Genes that were selected to be 

studied are known to be involved in synaptic transmission, proliferation, differentiation and 

structuring that underlie synaptic plasticity. While there were no effects of GnRHa on spatial 

maze performance in the present subsample of 30 animals (half of them treated), significant 

differences between treated and untreated animals and between the sexes were found with regard 

to the levels of expression of mRNA transcripts in a number of genes within the hippocampus. 

This indicates that some other hippocampus dependent functions, which are not directly related 

to spatial learning, might have been influenced. Since the hippocampus is well known to play a 

role in emotion regulation, being involved in the inhibition of stress responses (Lopez et al., 

1999) and complex regulation of affective states, involving behavioral inhibition and facilitating 

exploratory rather than defensive patterns of behavior (Gray and McNaughton, 2000), it is 
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possible that the observed differences in gene expression are related to differences in emotion 

processing. In any case, such interpretation is at best speculative as it is difficult to establish a 

direct association between expression levels of particular genes and behavior. Differential 

mRNA expression is only an intermediate step on the way to protein synthesis which can be 

more directly related to particular behaviors. Moreover, single genes are rarely responsible for 

such a complex behavior trait, but they rather operate together with other genes and cellular 

processes, mutually influencing each other. Consequently, by choosing genes of interest, as has 

been done in this study, it is possible that other important genes, affected by GnRHa, have been 

left out. For large scale investigations of gene expression, microarray would be a preferred 

method, giving a possibility of screening the expression of thousands of genes simultaneously. 

As the next step, these finding should be validated by qPCR that is a much more sensitive 

method compared to microarray (Vanguilder et al., 2008). Due to logistical reasons and high 

costs, microarray investigation was not performed. 

GnRHa treatment effect on amygdalar volume of the brain  

The sex and hemisphere specific peri-pubertal GnRHa treatment effect on hippocampal gene 

expression (Paper I) and sex specific emotional regulation behavior that linked to function of 

amygdala  in this sheep model (Wojniusz et al., 2011),  let us anticipate that this treatment might 

have localized effects both in the structure of the hippocampus and amygdala. Magnetic 

resonance imaging of fixed brains demonstrated GnRHa treatment effects on the volume of the 

left and right amygdalae, indicating larger amygdalae in treated animals. Further, a significant 

sex by treatment interaction on the volume of the left amygdala indicated stronger effects of 

treatment in female compared to male animals. This MRI study also revealed sex differences in 
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gray matter and right amygdala volume, indicating larger volumes in males compared to females. 

These results finally indicated that treatment affected the amygdala, but not other major 

structures of the limbic system. The observation of an effect of GnRHa treatment on amygdala 

volume is especially interesting as this brain region also expresses a high density of GnRH 

receptor expressing neurons (Albertson et al.,  2008; Granger et al., 2004; Haour et al., 1987), It 

could be argued however, that sex steroid perturbations could contribute to the observed 

morphological changes in brain development, as it has been reported that testosterone is 

positively associated with increased regional volume of the medial amygdala (MeA) and 

posterodorsal subnucleus (MeApd) of the posterior MeA in males. In addition, rising 

concentrations of androgen promote excitatory synaptic connectivity (Cooke and Woolley, 2009; 

Romeo and Sisk, 2001) and functional activity in the amygdala. An MRI study in children and 

adolescents (males age 6-16 years and females 4-11 years) has  also reported that changes in 

volume and functional activity of the amygdala might be due to excess androgens, estrogens or 

progestins, deficiency or further exogenous excess of glucocorticoids or some combination of 

these (Merke et al., 2003). This study focused on the examination of the effect of sex steroids on 

the growth and development of the amygdala, however possible involvement of GnRH has not 

been described elsewhere. Thus, volumetric effects of GnRHa treatment on the amygdala suggest 

that GnRH directly may play a modulatory role in morphology and function of the amygdala. 

Furthermore, human and animal behavioral studies have shown that amygdala volume is 

associated with increased anxiety and reactivity (Barrós-Loscertales et al., 2006; De Bellis et al., 

2000; MacMillan, 2003; Thomas et al., 2001; Vyas et al., 2006).  Thus, GnRHa treatment effects 

on amygdala structure, as reported in this study by MRI, might be related to the cognitive 

changes reported in Wojniusz et al., (2011) The significant sex differences in GM and trend 
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differences for WM volume in this sheep model is in concordance with human studies as sex 

differences for GM and WM volume during pubertal development has been documented (Peper 

et al., 2011) where GM and WM volumes were larger in males than females. The sex difference 

in right amygdala volume, seen in this study, could add further weight to the proposals for sex 

dependent lateralization of the amygdala (Peper et al., 2011; Schneider et al., 2011). However 

this result should be interpreted cautiously because male animals reach puberty 20 weeks earlier 

than female and the male animals had in these studies received GnRHa treatment for a longer 

duration than females.  

The significant treatment by sex interaction on the volume of the left amygdala could indicate a 

stronger effect of treatment in females compared to males. In imaging studies, sex related 

hemispheric lateralization of amygdala function in relation to emotion regulation has been 

reported where the left amygdala has been implicated as dominant in females while the right 

amygdala was more dominant in males (Cahill et al., 2004; Koscik et al., 2010). We have 

observed GnRHa treatment affects the volume of the amygdala in both sexes that corresponds to 

the behavior results where both sexes were affected by treatment. Therefore, the cautious 

interpretation was necessary and this sex related hemispheric lateralization warrant further 

studies. In paper I, though it was reported that GnRHa treatment affected hippocampal gene 

expression involved in synaptic plasticity and endocrine signaling, we expected that treatment 

could affect hippocampal volumes in this cohort of GnRHa treated sheep. Our data did not show 

any effects of treatment on hippocampal volume. It could be that treatment affects hippocampal 

processes on a molecular level without affecting microstructural processes in this region.  
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Impact of GnRHa treatment on gene expression changes in the amygdala 

The morphometric analysis (Paper II) and sex specific emotional regulation behavior results 

using same cohort of GnRH treated sheep (Wojniusz et al., 2011) triggered us to perform further 

molecular biology study. Therefore, we used microarray transcription profile to gain further 

insight into the molecular changes that might underlie the effect of GnRHa treatment in sex-

specific cognitive function, as well as structural volume changes in the amygdala. Interestingly, 

peri-pubertal GnRHa treatment in sheep was associated with significant changes in the levels of 

expression of mRNA transcripts in the amygdala, the changes being dependent upon sex and 

hemisphere. The GnRHa treatment effects were only observed in females, and there were a much 

higher number of differentially regulated mRNA transcripts (432) in the left compared with the 

right amygdala (46). 

This finding indicates a lateral effect of GnRHa treatment on gene expression within the 

amygdala that might cause, or be involved in, later functional behavioral differences. It is 

interesting to note that our MRI study (Paper II) also revealed lateral, in addition to, sex effects 

in amygdala volume after treatment, the left amygdala volume in treated females being much 

larger than the right amygdala in the females and both left and right amygdala in the treated 

males. The combination of our morphometric and gene expression studies suggests that GnRHa 

treatment effects at the level of the amygdala may be more pronounced in females than in males, 

and also that GnRHa treatment has a lateral effect on the development of the amygdala. Few 

studies have specifically addressed or described lateralization of amygdala function in either 

humans or animals. Hemispheric lateralization of amygdala function in relation to emotion 

regulation has been reported in human imaging studies where the left amygdala has been 



67 

 

implicated as dominant in females (Cahill, 2004; Koscik et al., 2010). To our knowledge, this is 

the first study that shows a hemispheric lateralization of gene expression levels in the amygdala 

due to peri-pubertal GnRHa treatment. Although we have found such finding in humans and 

compared with the present sheep study, such interpretation should be tempered by the fact that 

sheep and humans differ in terms of reproductive behavior and seasonality, and thus 

physiological differences in species exist that might preclude extrapolation of such data. 

Replication of this type of study is also needed to determine the mechanisms by which GnRHa 

affects amygdala function in sheep. 

It is interesting that GnRHa treatment effect on gene expression were only seen in females as the 

behavioral results with the same cohort of GnRHa treated sheep, has also demonstrated sex-

specific effect on behavior and emotional regulation (Wojniusz et al., 2011). As the amygdala 

plays a central role in emotional processing (Zald, 2003), the present findings could suggest that 

sex specific gene expression changes due to GnRHa treatment are related to sex-specific 

emotional responses reported in the previous study (Wojniusz et al., 2011). GnRHa treatment 

effects on development of the amygdala are also supported by the results of morphometric 

analysis using MRI (Paper II). Although MRI study demonstrated that GnRHa treatment was 

associated with increased amygdala volume. However, this effect on volume was not limited to 

the females and was seen in both sexes (Paper II). Therefore, the sex specific changes in gene 

expression observed in the present study might indicate that while GnRHa treatment has an 

effect at a macro-structural level in both sexes, at the molecular level the effect is more 

pronounced in the female.  
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Since, we are predicting that gene expression changes in amygdale, due to GnRHa treatment, 

might be related to cognitive function and structural changes in the localized brain regions, it 

could be interesting to perform correlation analysis between all these experiments which are 

parts of a larger study. However, the behavioral task for emotional regulation and control that we 

refer to (Food Acquisition Task - FAT), although showing clear differences between the groups 

and sexes, did not discriminate well between the individual sheep, particularly in the treated 

female group. The main outcome measure of FAT was a probability of leaving the social group 

to acquire the food. Five out of seven treated female sheep included in this study achieved 

probability scores of zero, meaning that they did not move away from their companions to find 

the food on any of the eight trials. Only two out of seven sheep went after the food, one on four 

out of eight trials (score 0.5) and one on every trial (score 1.0) (Wojniusz et al., 2011). 

Consequently, it is not statistically meaningful to correlate the FAT scores with gene expression 

findings. Furthermore; we could not use MRI data for correlation analysis with gene expression 

data because brain samples were not collected from the same animals.  

The amygdala gene expression study (Paper III) clearly showed significant differential 

expression of some genes within the amygdala, these changes are of particular note as the mRNA 

extraction was from the entire amygdala and thus any observed changes must represent large 

scale changes in gene expression. The use of this protocol however means that small changes or 

region specific changes in gene expression could have been missed, given the heterogeneous 

nature of this brain structure and thus further targeted studies are necessary. 
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GnRHa treatment effect on gene expression changes and amyloid plaques deposition  

In the final chapter we used transgenic mice model to observe GnRHa treatment effects on brain 

function in a model of neurodegenerative disease during aging. (Paper IV).  This study showed, 

for the first time, that gene expression of GnRHI and its receptor were not changed at 4 months 

of age in AD relative to WT mice. However, At 12 month of age both the mRNA expression 

levels of the hormone and its receptor were elevated in AD relative to WT mice, and thus suggest 

that GnRH and its receptor might have a functional role in the AD condition. This speculation 

can be supported by the fact that we have observed Leuprorelin acetate (GnRHa) treatment 

induces down regulation of GnRH I and GnRHRI gene expression in AD mice relative to WT of 

the same age. Despite the known importance of the hippocampus in terms of plaque deposition in 

AD pathology (Reilly et al., 2003), we could not find significant changes in plaque load after 8 

months treatment with GnRHa in hippocampus, cerebral cortex and thalamus. The involvement 

of GnRH in neuropathology such as AD is also supported by recent findings where it has been 

suggested that GnRH/GnRHR act on hippocampal synaptic activity and is involved directly in 

controlling central nervous system physiology and pathophysiology of AD (Meethal et al., 2005; 

Wang et al., 2010). It has also been reported that the hippocampal GnRH system is acutely 

sensitive to both age and reproductive status, as GnRHR expression is increased in aged rats. 

(Badr et al.,1988). Therefore, our findings in terms of gene expression are in accordance with 

these reports.  

It is described that GnRHa treatment reduced Aβ concentration in total brain after 2 months of 

treatment in C57BL/6 mice (Bowen et al., 2004) and in Tg2576, carrying the Swedish AβPP 

mutation) (Casadesus et al., 2006). Therefore; we anticipated that GnRHa treatment could reduce 
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Aβ burden in the region of interest (ROIs) that we observed. However, we did not find any 

significant effects of treatment in terms of plaque deposition and the reason is unclear. It could 

be speculated that tg-ArcSwe is a stronger genetically driven model than Tg2576. The major 

limitation of this study was less number of brain samples than originally intended and that the 

gene expression study was performed for only one hormone and its receptor. Microarray 

expression study followed by qRT-PCR could provide a clearer picture about the genetic 

contribution and therapeutic effects in this disease.  

Relevance of findings for human medicine 

The anatomical and behavioral effects associated with chronic GnRH treatment of sheep during 

the peri-pubertal period observed in this thesis suggest that interruption of GnRH signaling may 

have significant effects out with the reproductive system. Given that the peri-pubertal period is a 

known period of neuronal plasticity, the level of which may decrease in later life stages the long-

term nature or permanence of these effects of GnRH treatment are not known and could not be 

determined from the studies conducted. It would be of great interest to test whether similar 

effects of peri-pubertal GnRHa treatment are seen in other species and therefore it would be 

interesting to monitor mood and anxiety parameter in human clinical population that also receive 

a comparable GnRHa treatment. These parameters are suggested as emotional regulation is 

controlled at the level of the amygdala and hippocampus (Andari et al. 2012; Campbell et al., 

2004), areas in which morphological and molecular changes were seen in the sheep study. 

GnRHa is used to treat peri-pubertal children for a variety of medical and neuropsychiatric 

disorders and thus such studies should be feasible although establishing an adequately sized 

patient cohort may require international collaboration, due to confounding differences associated 
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with condition and treatment options.  The establishment of such a patient cohort however would 

allow design and development of longitudinal studies to examine the long term effects of GnRHa 

treatment.  In addition such a patient group could be used in studies that are more difficult in 

animals such as fMRI and cognitive reasoning.  Having established the principle that GnRH can 

have actions outside the reproductive axis, particularly during development the reported 

expression of receptors in hippocampus and amygdala mean that treatments that affect GnRH 

signaling may also affect these systems.  Thus it would be justified to investigate effects of 

GnRHa treatment on brain functioning using both animal models and in human populations.  The 

present findings may provide a help for clinicians to take careful consideration when 

pharmacological blockade of GnRH action is used in treatment of young children.  

Furthermore; GnRH agonist has been used for AD condition under the clinical trial Phase III 

(Clinicaltrial.gov. ALADDIN study—phase III, 2005) by assuming that luteinizing hormone is 

the cause of Alzheimer's disease. The gene expression findings from transgenic AD mice model 

reported in this thesis revealed that GnRH/GnRHR might also have a potential influence in AD 

condition. This finding provides the possibility developing GnRH as a diagnostic marker for AD. 

Further research in this field in different mice and rat models might provide better information to 

human medicine. 

Conclusions 

Overall, the findings suggest that peri-pubertal GnRHa treatment may influence gene expression 

in hippocampus and amygdala as well as structural morphological changes in amygdala, 

probably in a sex and side specific manner. The data emphasize that changes in the activity of the 

hypothalamus-pituitary gonadal axis may also affect other brain functions during sensitive 
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periods (i.e. perinatal, puberty, and aging). GnRH-agonist treatment affects gene expression both 

at the hormone and receptor level during a treatment period of 8 months, while the effect on 

amyloid plaque development is marginal in our tg-ArcSwe mouse model and the reason is 

unknown. Further study using different advanced experimental conditions will provide better 

information about possible roles of GnRHI/GnRHR in aging disorder such as AD. 

Further studies 

To gain more knowledge on the consequence of the documented altered gene expression in 

hippocampus and amygdala as well as structural changes in amygdala due to GnRHa treatment 

in different animal models need further research. This will provide knowledge for human 

medicine considering new therapeutic approaches for the treatment of neurodevelopmental and 

neurodegenerative diseases. 

Examples are: 

1. There is a need for more mechanistic and systemic research elucidating GnRHa treatment 

effect on hippocampus. We used some selective genes for qRT-PCR study from 

hippocampus sample and found sex and side specific gene expression changes but 

microarray experiment followed by qRT-PCR, gene ontology, gene network analysis, 

proteomics and pathway analysis can provide detailed information about mechanism or 

pathway affected due to GnRHa treatment. 

2. In the MRI study, we exclusively defined two region of interest (hippocampus and 

amygdala) in the limbic system to observe GnRHa treatment effects. Further 

morphometric analysis of other limbic structures such as anterior cingulate cortex (ACC), 
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nucleus accumbens, parahippocampal gyrus and orbitofrontal cortex (OFC) will provide 

more detailed information of relationship between limbic structures changes and 

emotional regulation behavior due to GnRHa treatment. 

3. Although microarray followed by qRT-PCR have been performed in amygdala samples, 

proteomic studies of genes of interest identified by microarray will aid further 

understanding of GnRHa treatment effect. Furthermore, given the fact that amygdala is 

known to be a heterogeneous region, specified subregions should be used for further 

analyses.  

4. Although we have found significant effects of GnRHa treatment in gene expression of 

GnRHI and its receptor in hippocampal samples of AD mice, our results could not 

provide us detailed mechanism of GnRH involvement in AD condition. A replication of 

this transgenic mouse model study with parallel microarray and proteomics analyses may 

provide understanding the role of GnRH in this disease. 
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Background:  Normal  brain  maturation  is  the  result  of  molecular  changes  that  can  be  modulated  by
endocrine  variables  associated  with  brain  plasticity  and  results  in sex-  and  age specific  changes  in cog-
nitive performance.  Using  a sheep  model,  we  have  previously  shown  that  peri-pubertal  pharmacological
blockade  of  gonadotropin  releasing  hormone  (GnRH)  receptors  results  in  increased  sex-differences  in
cognitive  executive  function  and  emotional  control.  In  this  study  we  explore  effects  of  this  treatment
regime  on  hippocampal  gene  expression  and  spatial  orientation.
Methods:  The  study  was  conducted  with  30 same-sex  twin  lambs,  half  of  which  were  treated  with  the
GnRH  analog  (GnRHa)  goserelin  acetate  every  4th  week,  beginning  before  puberty,  until  50  weeks of
age.  Animals  were  tested  in  their  spatial  orientation  ability  at  48 weeks  of  age.  Quantitative  real  time
PCR  analysis  was  conducted  to examine  effects  of  treatment  on the expression  of genes associated  with
synaptic plasticity  and  endocrine  signaling.
ynaptic plasticity
ndocrine signaling

Results:  GnRHa  treatment  was  associated  with  significant  sex-  and  hemisphere  specific  changes  in  mRNA
expression  for some  of the  genes  studied.  The  treatment  had  no  significant  effect  on  spatial  orientation.
However,  there  was  a tendency  that females  performed  better  than  males  in spatial  orientation.
Conclusion:  Our  results  indicate  that  GnRH  directly  and/or  indirectly,  is  involved  in the regulation  of  sex-
and side-specific  expression  patterns  of  genes.  Hence,  these  results  should  be  considered  when  long-term
peri-pubertal  GnRHa  treatment  is used  in  children.
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1. Introduction
Brain development is characterized by sex-specific changes
in cognitive performance, behavior and social ability [1,2]. Given
the chronology and dynamic nature of such changes, for example
the silencing of cognitive differences in late childhood, their
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Table  1
Target genes and real-time amplification products.

Gene symbol Gene name Forward primer Reverse primer Accession number

GnRHI Gonadotropin-releasing hormone1 GCTGCGCCCTGGAGGAAAGAG TCCAGAGCTGCCTTCAGGTCCC U02517
GNRHII Gonadotropin-releasing hormone2 GCAGCCCTGCTATGGGCCAC GCCGTGGGACCGGTGTTGAG XM 001255677
CYP19 Aromatase CTGGCCTGGTGCGCATGGT TGCGCCGCATGAGGGTCAAC NM 001123000
AR  Androgen receptor AAGGCCTTGCCTGGCTTCCG TCCGGGACTTGTGCATGCGG AF105713
GH  Growth hormone CCGAAACCATCCCAGCCCCC AGACACGGTCCGAGGTGCCA NM 001009315
ESR1  Estrogen receptor alpha TGCACGCCCCAGCCAACTTC CGGGAGCCGGGGAACTCTCA AY033393
ESR2  Estrogen receptor beta TCAGGCCTGTCGACTGCGGA GCTCAGGGCACTCAGCAGCA NM 001009737
BDNF Brain derived neurotrophic factor GGGAGCTGAGCGTGTGCGAC GCTGGCCTTTCGAGACGGGG NM 001046607
VGF VGF nerve growth factor inducible AATCTCTGCTGACCGAGACC CTCCTGAAGCAGGGAAGCTA XM 870373
GRin1 Glutamate (NMDA) receptor, ionotropic GACCACAAGCGCGGACCCAA ACCAGCCACACGTACCCCGA AY434689
NCAM1 Neural cell adheshion molecule 1 ACGTGAAACCCACAGCCAAACT TGCCGGTTCGGCAACACCAA NM 174399
Gria1  Glumate receptor AMPA1 TGCGGACCACAGAGGAGGGG TCTCAGGGCGGACCCCTTGG AY346122
LHX5  LIM homeobox 5 GCAGCAAAGTCTTCCACCTC CAGGTAGTCGTCCTTGCACA NM 001102061
Syn1 Synapsin1 GCAAAATTTCCCCAATCCTT AAAACTTTGAGGGGCTTGGT NM 174191
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passed the finish line (Fig. 1). One of the T males effectively completed the task but
stopped for a while before crossing the finish line increasing his total time to 274 s.
After all animals had been tested once, the process was repeated a 2nd time on the
SNTA1 Syntrophin, alpha 1 GG
spn spinophilin CA
GABRA4 Gamma-aminobutyric acid (GABA) A receptor, alpha 4 TTC

eintroduction with puberty and the decline in cognitive perfor-
ances during aging [3],  it has been proposed that age-related

ndocrine changes may  affect plasticity genes and modulate brain
tructure and function. Sex differences in hormone sensitivity
f such plasticity genes might, therefore, underlie measured
ex-specific cognitive differences [1,2].

Sex-specific differences in brain organization and function are
een in numerous species [4]. In humans, the temporal sequence of
rain maturation and the formation of functional circuits are sex-
ally differentiated; the subcortical (e.g. striatum) and prefrontal
ortical regions develop at different times in boys and girls [5].
hese temporal and organizational differences in brain develop-
ent are thought to result in sex-specific behaviors [5] and it has

een proposed that they may  also underlie sex-associated differ-
nces in the risk of developing some neuropsychiatric diseases [6].
he observation that the time of onset of neuropsychiatric disorders
uch as schizophrenia, autism and Alzheimer’s disease (AD) corre-
ates with major endocrine changes during puberty and menopause
7–9] would also support this hypothesis.

While the primary target of the neuropeptide gonadotropin
eleasing hormone (GnRH) has historically been considered to be
n the pituitary gland, to facilitate the central regulation of repro-
uctive function, recent studies have identified non-reproductive
ffects of GnRH, including a role in cognitive function [10]. In this
egard, GnRH receptors are expressed in regions of the brain not
ssociated with the regulation of reproduction [11] and recent
eports have also indicated that therapy with GnRH analogs
GnRHa) may  reduce adult neuropsychiatric disease symptoms
12]. Consequently, their use in the treatment of Alzheimer’s dis-
ase (AD) has been discussed [10]. While it was originally proposed
hat the cognitive effects of GnRH were indirect and mediated by
uteinizing hormone (LH) or gonadal steroids [9],  recent findings
upport a direct GnRH receptor (GnRHR) mediated effect [10].

This study is part of a major project, characterizing the effects
f peri-pubertal GnRHa treatment in sheep. Using this novel
heep model, we have demonstrated significant effects of GnRHa
reatment on sex-specific cognitive functions and emotional con-
rol in young sheep [13,14]. Specifically, GnRHR blockage led to
ronounced avoidance behavior in females and exaggerated risk-
aking approach behavior in males.

The aim of the present study was two-fold; first to investigate
hether pharmacological blockade of GnRH action affected expres-

ion of hippocampal genes associated with endocrine signaling

nd synaptic plasticity and second, to explore the effects of peri-
ubertal GnRHa treatment on a hippocampus dependent cognitive
ask, namely spatial orientation. We  investigated effects of GnRHa
reatment on a selection of genes (Table 1) known to be involved
CGTCTGGGGCTCT GCAATCAGCGGAGGGCCAGG NM 001075898
GCTCCAGATCAAGC ACCCCAGTAGCCTTCCAGTT NM 001103102
GCCTGGCGGCTTG CCCCCAAATCCAGGACGCAGC NM 174543

in the synaptic transmission (Grin1, Gria1, GABRA4, syn1, spn,
BDNF, VGF), proliferation and differentiation (LHX5) and structur-
ing (NCAM1) that underlie synaptic plasticity and genes associated
with endocrine signaling (GnRH I, GnRH II, CYP19,  AR,  GH,  ESR1 and
ESR2).1

2. Materials and methods

2.1. Animals

All animal procedures were conducted at the University of Glasgow’s Cochno
Research Centre (55◦55′N) following review by the University’s Welfare and Ethics
Committee and in accordance with Home Office regulations (PPL 60/3826). To elim-
inate the possible developmental effects of steroid transfer between siblings of
different sexes, the study was conducted using 46 pairs of same-sex twin lambs
(Scottish Mule Texel Cross, 22 female and 24 male). The study presented here is
based on a subsample of 30 animals (14 female and 16 male) that had been tested
in  their spatial orientation ability and that had their hippocampal gene expression
analyzed. Lambs were born between 17th March and 1st April 2008 and remained
with their dams until weaned at about 12 weeks of age. Males and females were
maintained separately during the entire study period. Within each set of twins, one
was randomly assigned, at birth, to the control (C) and the other to the treatment (T)
group. Animals in the treatment group received subcutaneous implants of the GnRH
analog goserelin acetate (Zoladex, kindly donated by Astra Zeneca; Macclesfield, UK
3.6  mg)  every 4 weeks from 8 weeks of age in males and 28 weeks of age in females.
The differences in the timing of treatment initiation between males and females,
was instigated as puberty in sheep, as in humans, is sexually dimorphic. Opposite
to humans, in sheep, male pubertal transition begins earlier than female. This treat-
ment paradigm was designed so that the pharmacological inhibition of GnRH action
should begin approximately 2 weeks before the predicted time of onset of pubertal
development in both rams and ewes [15]. Blood serum analyses were performed
regularly during the animals’ life. The analyses confirmed that treatment prevented
puberty by complete suppression of the hypothalamus–pituitary–gonadal axis (data
not  shown).

2.2. Behavioral test: spatial orientation and learning

Animals were tested at about 48 weeks of age, approximately 2 weeks before
they  were euthanized and tissues, including the brains collected for laboratory anal-
ysis. The spatial maze used in this study (Fig. 1) was an adaptation of that used by
Lee  and colleagues [16]. The dividing walls of the maze were made of metal pen-
ning that was familiar to the animals and through which the test animals could see
the  audience pen. The outer walls of the maze arena were solid. For testing, ani-
mals were separated into smaller groups and sequentially placed in the ‘audience’
pen. Individual ‘test’ animals were removed from the audience pen by a trained and
familiar handler and calmly led to the entrance of the maze. Each animal was given
300 s to traverse the maze and the test was deemed completed when the animal
same day and for a 3rd time the following day.

1 All genes symbols and full names are explained in Table 1.
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.3.  Tissue processing

At approximately 50 weeks of age, animals were sacrificed with an overdose
f barbiturate (Somulose 1 ml/kg body weight; Decra Veterinary Products, Shrews-
ury UK), decapitated, and the brains removed. After removal, the hippocampus
as  carefully dissected from the right and left hemispheres, and the right and left
ippocampi individually trisected, perpendicular to the long axis of the hippocam-
us, allowing isolation of the hippocampal subregions (each containing CA1–CA3).
amples were immediately frozen in liquid nitrogen and stored at −80 ◦C.

.4. mRNA expression analysis

.4.1. RNA isolation
Total RNA was  isolated from the sub region containing CA1 to CA3, from

he anterior section of the hippocampus from each animal, using TRIzol reagent
InvitrogenTM, Paisley, UK). For each sample, 27–30 mg  of frozen tissues were
omogenized in 1 ml  of Trizol reagent using MagNA lyser green beads (Roche Diag-
ostics, Mannheim, Germany) and Retsch MM 301 mixer mill (Retsch GmbH, Haan,
ermany). After extraction, RNA pellets were dissolved in 50 �l of RNase-free water

Qiagen, Crawley, UK) followed by DNase I treatment (RNase-free DNase set, Qiagen,
rawley, UK) for 20 min at room temperature, immediately followed by purification
sing RNeasy mini-kit (Qiagen, Crawley, UK) according to the manufacturer’s rec-
mmendations. The concentration and quality of the RNA were determined using
anoDrop (Thermo-Scientific, Waltham, MA,  USA) and Agilent 2100 bioanalyzer

Agilent Technologies, Santa Clara, CA, USA), respectively. RNA was stored at −75 ◦C
ntil further processed.

.5. Primer design and testing

Sixteen genes known to be involved in the regulation of endocrine function and
euronal plasticity were selected for analysis (Table 1). Primer pairs were designed
o  target cDNA fragments that encompassed at least one intron in the gene sequence
o  prevent amplification of genomic DNA. Primer sequences of reference genes
ACTB, YWHAZ, RPL19,  GAPDH, G6PDH, and SDHA) were obtained from Garcia-Crespo
t  al. [17].

To find the most stable reference genes, the GeNorm software (Primer design
td)  was  used. Out of six genes tested, GAPDH and SDHA were the most stable (M
alue < 0.5) and were selected as the reference genes in this study. All primers were
ptimized with regard to annealing temperature. PCR products were analyzed on
n  ethidium bromide agarose gel to ensure the expected product size and to check
or  potential primer artifacts. Amplification efficiency was examined by generating
tandard curves from 10 fold serial dilutions of pooled cDNA from both control and
reated samples, respectively. The primer efficiency for each gene was in the range
f  95%–105%.

.6. Quantitative real time-PCR (qRT-PCR)

cDNA synthesis and real-time PCR was  performed using superscript platinum III
wo-step qRT-PCR with SYBR green (Invitrogen, Paisley, UK) according to the man-
facturer’s instructions. A Peltier thermal cycler-225 (MJ Research, Waltham, MA,
SA)  was  used to synthesize cDNA and real time-PCR was carried out using a DNA

ngine thermal cycler with chromo 4 real-time detector (MJResearch, Waltham,
A,  USA) operated by the Opticon Monitor 3 software (Bio-Rad Laboratories, CA,
SA). Technical duplicates of RNA samples, negative controls without reverse trans-
riptase of each RNA sample and negative control with no added RNA template
nderwent cDNA synthesis. 800 ng of total RNA was  used to synthesize cDNA
aze layout.

(10 min  at 25 ◦C, 50 min  at 42 ◦C and 5 min  at 85 ◦C). The qPCR reaction contained
30  ng of cDNA, 200 nM of each primer pair, 0.5 �l ROX dye (10× diluted), and 12.5 �l
qPCR supermix in a final reaction volume of 25 �l. Cycling conditions were 50 ◦C for
2  min  (UDG incubation), 95 ◦C for 2 min  (enzyme activation), followed by 40 cycles
of  95 ◦C for 15 s, 62 ◦C for 30 s and 72 ◦C for 30 s. A melting curve from 65 to 90 ◦C,
read  for 1 s every 0.3 ◦C, was included to monitor potential primer dimer formation
or products from genomic DNA or other DNA contamination at the end of each run.
Negative controls without template and without reverse transcriptase enzyme were
included in each run.

2.7. Statistical analyses

2.7.1. Spatial orientation
SPSS version 17 was used for statistical data analysis. Time spent to complete

the maze was  used as the main outcome measure. The number of vocalizations per
minute (VR) made by a sheep during the test-period was recorded. All data were
logarithmically transformed because of skewed data distribution. Mixed between-
within subject analysis of variance was used to analyze the change in time and VR
through the three successive trials and to assess the differences between T and C
animals. Independent sample t-tests were used for assessment of sex differences.

2.7.2. qRT-PCR analysis
The �Ct was  calculated from the difference in expression between the gene of

interest and mean expression of the two reference genes. In order to assess any
effects of treatment the ��Ct was calculated as the difference between the �Ct
value  of control and treated samples, within sexes and for both hemispheres. Sex
differences were analyzed separately for control and treated animals; ��Ct was
calculated as the difference between male and female �Ct values. Relative gene
expression expressed as fold change was calculated by using 2−��Ct. The log 2 trans-
formed fold change values (2−��Ct) were used for statistical analysis by applying
JMP  9.0 software (SAS Institute Inc, Cary, NC, USA). Differences in gene expression
between control (C) and treated (T) animals as well as between males and females
were evaluated by Wilcoxon signed rank test. Cohen’s d was calculated to estimate
the  effect sizes.

3. Results

3.1. Spatial maze

A mixed between-within subjects’ analysis of variance was con-
ducted to assess the change in spatial performance and in VR in
C and T animals respectively. No significant interaction effects
between T and C groups and spatial performance or VR were
observed in either males or females. In course of three trials, males
improved significantly in their spatial performance, F(2, 28) = 18.19,
p < .001 and their VR decreased, F(2, 28) = 4.14, p = .027. Females
also improved significantly in spatial performance, F(2, 24) = 12.16,
p = .001, however no decrease in VR was noted F(2, 24) = 1.78,

p = .190. No significant between subjects effects were observed
in females F(1, 12) = 0.11, p = .751. In males, although not signifi-
cant, there was a tendency that treated males were slower than
untreated, F(1, 14) = 3.24, p = .093. Specific comparisons of C and T
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Table  2
The effects of puberty blockage on spatial maze traverse time and vocalization rate (VR) in 48 weeks old sheep.

Males Females

Time p d VR p d Time p d VR p d

Trial 1 C 3.87 (0.99)
.358 0.48

0.80 (0.98)
.208 0.53

3.36 (0.70)
.719 0.20

1.51 (1.13)
.397 0.12T  4.28 (0.70) 1.36 (0.70) 3.52 (0.83) 1.00 (1.04)

Trial  2 C 2.97 (0.36)
.071

0.98 0.44 (0.83)
.600 0.46

2.61 (0.41)
.751 0.17

1.13 (1.09)
.386 0.23T  3.36 (0.44) 0.68 (0.94) 2.71 (0.72) 0.62 (1.05)

Trial  3 C 2.95 (0.43)
.102 0.87

0.36 (0.66)
.333 0.52

2.66 (0.47)
.974 0.02

1.86 (0.27)
.009 1.08T  3.26 (0.24) 0.73 (0.81) 2.65 (0.40) 0.54 (0.94)

The results are presented as means and standard deviations of total time (s) spent to traverse the maze and number of vocalizations/min (VR). All data have been logarithmically
t dent 
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ransformed. C – control group; T – treatment group; p – significance value (indepen
nd  14 females that were also analyzed according to hippocampal gene expression
nd  20 weeks respectively.

nimals according to the time spent in spatial maze and to the VR
re shown in Table 2.

Sex differences were tested with independent sample t-tests
or every trial and group separately. In the C group, although not
ignificant (p > .008), there was a tendency that females were com-
leting the maze faster than males on every trial. In the T group
he differences in performance were more pronounced; at trial
, t(13) = 1.93, p = .075, d = 1.00; at trial 2, t(13) = 2.143, p = .052,

 = 1.11; at trial 3, t(13) = 3.61, p = .003, d = 1.87. There were no sig-
ificant sex differences in VRs, apart from in C animals at trial 3,
hen females vocalized significantly more than males t(13) = 5.61,

 < .001, d = 3.01 (Table 2).

.2. qRT-PCR

.2.1. Effects of treatment on relative gene expression
The effects of GnRHa treatment on the panel of transcripts are

ummarized in Table 3. The data indicate significant changes in
he mRNA levels of 12 out of 16 genes following GnRHa treatment,
ncluding genes associated with both endocrine variables and neu-

oplasticity. With the exception of CYP19,  effects of treatment on
ene expression differed between males and females. Furthermore,
ith the exception of CYP19 and AR,  the direction of change was
emisphere-specific.

able 3
ffects of GnRHa treatment on gene expression in left and right hippocampus of male and

Gene grouping Relative gene exp

Males 

Left 

Endocrine variables GnRH I – 

GnRH II – 

CYP19 0.66* (0.22) 

AR  0.68* (0.2) 

GH  0.48* (0.35) 

ESR1 – 

ESR2  – 

Neuroplasticity BDNF – 

VGF  

Grin1 – 

NCAM1 – 

Gria1 – 

LHX5 –  

Syn1  – 

Spn  – 

GABRA4 – 

ene expression is presented as fold change and values in brackets ‘( )’ are the standard
ecreased expression in treated relative to control animals. ‘–’ indicates that gene expr

ndicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.
sample t-test); d – effect size (Cohen’s d). Results represent a subsample of 16 males
e time of the test 8 males and 7 females were under treatment with GnRHa, for 40

Among the studied genes that encoded endocrine variables,
GnRHa treatment was  associated with lower mRNA expression of
GnRH1 (left hemisphere, females) and CYP19 (males and females in
both hemispheres), AR (left and right hemispheres, males) and GH
mRNA (left hemisphere, females). ESR1 mRNA expression was  only
affected by GnRHa treatment in females but the observed effects
differed between the two hemispheres, being elevated in the left
but reduced in the right hippocampus.

Among the studied genes encoding molecules involved in neu-
roplasticity, within the males, significant effects of treatment were
seen in 4 out of 9 genes. In each case the effect was  localized to the
right hemisphere. GnRHa treatment was associated with signifi-
cantly decreased expression levels of VGF, NCAM1 and LHX5 but an
increased expression level of Gria1. In the females, the expression of
5 of the studied genes associated with neuroplasticity was  affected
by GnRHa treatment; in all cases gene expression was  increased but
the patterns of change were hemisphere dependent. BDNF, Grin1
and LHX5 were all affected in the right hemisphere, whereas NCAM1
and GABRA4 mRNA expression were affected in the left hemisphere.

3.2.2. Effects of sex on bilateral patterns of gene expression in

control animals

The relative levels of the studied gene transcripts, within the
hippocampus, were compared between the female and male ani-
mals as shown in Table 4. Four transcripts (GH, ESR1, BDNF, LHX5)

 female sheep.

ression in GnRHa treated animals relative to controls

Females

Right Left Right

– 0.63* (0.21) –
– – –
0.47* (0.14) 0.71* (0.19) 0.85* (0.31)
0.64* (0.17) – –
– – –
– 1.90* (0.29) 0.60* (0.31)
– – –

– – 1.54* (0.20)
0.64* (0.22) – –
– – 1.45* (0.15)
0.76* (0.12) 1.53*** (0.08) –
1.3* (0.14) – –
0.73* (0.24) – 1.75* (0.25)

–– – –
– – –
– 1.36* (0.14) –

 error of the mean. Values higher than 1 indicate increased, values lower than 1
ession was  not significantly affected by GnRHa treatment. Significance levels are
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Table 4
Effects of sex on gene expression in left and right hippocampus.

Gene grouping Relative gene expression in females (females/males)

Control Treated

Left Right Left Right

GnRH I – – 0.57* (0.21) 0.55* (0.20)
GnRH II – – – –
CYP19 – – – –

Endocrine variables AR – – – –
GH –  2.66* (0.41) – –
ESR1  0.10*** (0.14) 1.46*** (0.12) – –
ESR2  – – – –

BDNF  – 0.72** (0.16) – –
VGF – – 1.39* (0.16) 1.60*** (0.12)
Grin1 – – – –
NCAM1 –  – 1.53*** (0.08) 1.89*** (0.17)
Gria1  – – – 1.09*** (0.11)

Synaptic  plasticity LHX5 – 0.56** (0.33) 1.46* (0.19) –
Syn1 – – – –
Spn  – – 1.30* (0.14) 1.26* (0.05)
GABRA4 – – – 1.13* (0.105)
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ene expression is presented as a fold change and values in brackets ‘( )’ indicate st
ecreased gene expression in females relative to males, respectively. Missing obser
emales. Significance levels are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.0

howed sexually dimorphic patterns of expression in the con-
rol animals. GH was seen to be elevated in females relative to

ales (right hippocampus); whereas BDNF and LHX5 were lower in
emales compared to males (right hippocampus). ESR1 was the only
ene for which a significant sexually dimorphic pattern of expres-
ion was seen in both sides of the hippocampus. Interestingly, the
bserved pattern of expression differed between the two sides of
he hippocampus being higher in samples from the right in females
nd samples for the left in males.

.2.3. Effects of sex on bilateral patterns of gene expression in
reated animals

One of the most pronounced effect of peri-pubertal GnRHa treat-
ent was the induction of robust bilateral sex differences in the

xpression of one gene encoding an endocrine variable namely
nRH, and 3 genes associated with synaptic plasticity; VGF, NCAM
nd Spn. In addition a unilateral sex differences were seen in a fur-
her 2 genes associated with synaptic plasticity, Gria1, and GABRA4,
n the hippocampi of the GnRHa treated animals. In all cases, the
xpression levels were higher in females compared to males. In
ontrast to controls animals, sexual dimorphism was not seen in
he expression of GH,  ESR1 and BDNF mRNA in the GnRHa treated
nimals (Table 4). The LHX5 was the only gene in which expression
as sexually dimorphic in both the control and GnRHa-treated ani-
als. GnRHa treatment was associated with higher levels of LHX5

xpression in females in the left hemisphere and the loss of a sex
ifference in gene expression in the right hemisphere.

. Discussion

This study shows, for the first time, that longtime peri-pubertal
nRHa treatment, in sheep, is associated with significant changes,
ithin the hippocampus, of levels of expression of mRNA trans-

ripts known to be involved in endocrine signaling and synaptic
lasticity. Indeed, expression of 12 out of the 16 genes was  altered

n GnRHa treated sheep compared to controls. It should be noted,
hat the effects of treatment varied both between the sexes and
he right and left hemispheres. Interestingly, GnRHa treatment led

o a significant increase of sexually dimorphic expression patterns
f genes associated with neuronal plasticity. In contrast, treatment
ed to a generalized reduction in the levels of gene expression asso-
iated to endocrine function. Despite the known importance of the
d error of the mean. Values higher and values lower than 1 indicate increased and
 (‘–’) indicate that gene expression did not differ significantly between males and

hippocampus for spatial learning and memory the differences in
hippocampal gene expressions were not paralleled by differences
in performance in a behavioral test of spatial orientation conducted
prior to tissue collection.

4.1. Effect of treatment and hemisphere side on gene expression

Hippocampal GnRH1 gene expression was affected by peri-
pubertal GnRHa treatment albeit only unilaterally in females. This
result could indicate that GnRH1 mRNA expression in females might
be more sensitive to GnRHa treatment. The observed sex spe-
cific down-regulation in AR and GH mRNA expression in males
could reflect the effects of longer exposure to GnRHa. It has been
reported in imaging studies that AR gene might play a role in
the sexual dimorphism of neurodevelopmental processes such as
growth of white matter and cortical maturation during human
adolescence [18,19]. This sex specific nature of AR gene functions
and its expression in hippocampus due to GnRHa treatment raises
the possibility of GnRH involvement in the regulation of AR gene
expression. GnRHa treatment suppressed aromatase gene CYP19 in
both T males and females, which has been shown to be involved
in sexual differentiation, regulation of the reproductive cycle, male
reproductive behavior and local conversion of androgen to estro-
gen, throughout the hippocampus in both sexes [20,21]. This result
would strongly suggest that the expression of CYP19 within the hip-
pocampus is linked to the endocrine changes that occur at puberty
and agrees with the view that GnRH may  regulate the expression
of CYP19 in hippocampus [22].

Interestingly the effects of the peri-pubertal GnRHa treatment
on a large proportion of the studies genes (GnRH1, GH,  BDNF, VGF,
Grin1, Gria1, LHX5, GABRA4) were mainly limited to one hemi-
sphere. In only one case were both hemispheres (ESR1 in females),
affected and even in this instance the changes observed in gene
expression in the two  hemispheres were in opposite directions.
This lateralized pattern of change agrees with the view that gene
expression is differentially regulated in different hemispheres lead-
ing to lateralized hippocampal functions [23].

The side-specific (right) significant down-regulation of plastic-

ity genes (VGF, NCAM1 and LHX5) in the male hippocampus suggests
that synaptic remodeling and structuring is regulated by GnRH
in sex and hemispheric manners for signal transduction cellular
migration, proliferation, structuring, synaptogenesis and synaptic
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lasticity [24–26].  This possibility is further supported by the noted
igher expression of glutamate receptor ionotropic genes (Gria1)
RNA on the same side of the hippocampus in T males, as this gene

s critical for the maintenance of synaptic plasticity [27]. Thus, the
attern of altered plasticity gene expression in T males relative to

 males might be associated with the tendency toward relatively
poorer” performance in the spatial orientation task observed in
he T males compared to C males.

In females, however, GnRHa treatment effects on plasticity
enes were seen in both the right and left hemispheres. This
ess strict lateralization of the changes in gene expression agrees

ith the suggestion that the male brain might be more lateralized
han that of the female [28]. Regardless of hemispheric specificity,
ene expressions in females tended to be up-regulated by GnRHa
reatment. This finding suggests that blocking GnRH action had
timulatory effect on plasticity genes in the female and therefore
ay  have increased the potential for production of proteins that

re involved in long-term potentiation, synaptic plasticity shaping
nd memory formation [25,29,30].

BDNF is a member of the neurotrophin family known to play
n important role in maintenance and growth of neurons as
ell as modulation of synaptic plasticity [31]. Recent studies
ave shown that BDNF increase glutamatergic synaptic trans-
ission and facilitates phosphorylation of the subunit (Grin1) of
-methyl-d-aspartate (NMDA) receptors and, thus, enhance long

erm potentiation (LTP) in the hippocampus [32] by post synaptic
echanism. The higher expression of BDNF and Grin1 mRNA in the T

emales in the current study suggests that an effect of GnRHa treat-
ent on BDNF mediated synaptic activity may  occur via a variety

f signal cascades; and therefore may  be beneficial with regard to
evelopment [33] as well as synaptic plasticity. GABRA4 gene is one
f the 16 distinct subunits of GABA (gamma-aminobutyric acid) A
eceptor which encodes subunit alpha-4. It has been reported that
ABRA4 expression increases at pubertal onset in the mouse hip-
ocampus [34] and higher expression of GABAA receptors in the
ippocampus play a pivotal role in the generation of anxiety [35].

nterestingly, the expression of GABRA4 was increased in the hip-
ocampus of the GnRHa treated female sheep in the current study
nd our previously published work with this cohort of animals has
ocumented increased anxiety and poorer emotional control [14]

n this group, which would be conducive with a role for GABRA4
n enhancing inhibitory synaptic transmission. Therefore, the hor-

onal regulation of GABRA4 gene expression may  be important for
nderstanding the etiology and treatment of anxiety.

.2. Effect of sex on gene expression

For the first time, we show here that the hippocampal expres-
ion of two of the plasticity genes BDNF, LHX5 is sexually dimorphic.
dditionally, we documented that LHX5 expression was  sexual
imorphic in the left hemisphere in the GnRHa T group and in
he right hemisphere in the C group. The most pronounced sex-
ally dimorphic gene expression patterns were seen in the genes
ssociated with neuronal plasticity, significantly higher expression
evels were seen in 6 of the 9 genes in T females relative to T

ales. This result would imply that pre-pubertal GnRHa treatment
ncreases synaptic plasticity in females relative to males. However,
ur results do not allow us to conclude finally whether the treat-
ent suppresses the expression of plasticity genes in the male or

timulates their expression in the female because timing of the
ubertal transition and, thus, the timing and duration of treatment
iffered between males and females. Further studies are needed
n order to explain the sex specific role of BDNF and LHX5 gene in
heep hippocampus during the pubertal transition.

In the C animals, the expression of two endocrine genes GH
nd ESR1 were seen to be sexually dimorphic. This pattern of gene
ain Research 242 (2013) 9– 16

expression is in concordance with the literature for GH [36] but not
for ESR1 which although dynamic during the peri-pubertal period
has not previously been reported to be sexually dimorphic [37].
It should be noted, however, that the later report was in rodents
and thus the difference relative to the results of the current exper-
iment could reflect a species difference. Interestingly, in animals
in which puberty was blocked the sex differences in GH and ESR1
gene expression were lost suggesting that the sex-differences in
gene expression are the result of pubertal endocrine driven events.
The lower levels of GnRH1 mRNA expression in T females than T
males could be explained by a greater sensitivity of the female to
treatment than males but as noted above it is difficult to specu-
late as the duration of the treatment differed between males and
females.

4.3. Spatial orientation

There has been a considerable debate about the effects of puber-
tal hormones on the development of cognitive functions, including
spatial abilities [38]. Some naturalistic human studies indicate
that differences in maturation rate and thus in exposure to sex
hormones, may  influence development of spatial abilities; early
maturation being associated with better spatial abilities [39–41].
However the effects seem to be small and it is difficult to establish
whether they are specifically related to sex hormones exposure.
Therefore more research is needed to further explore these issues.
In present study, although there were no significant effects of
treatment on performance in spatial maze, in males, there was
a tendency that T animals were slower in completing the spatial
maze than the controls during every trial. Whereas it is possible
that treatment might have influenced spatial learning in T males,
the fact that the improvement from trial to trial was similar in T
and C group tells against it. Furthermore, the analysis of the whole
sample (92 animals) revealed the same pattern of results but still
no significant differences between T and C animals (Wojniusz et al.,
submitted for publication). This does not prove that the pubertal
hormones have no effect on spatial orientation in the developing
sheep but if any, the effect is probably small. In the same time it
is important to consider whether treatment might have influenced
other cognitive functions such as emotion regulation that could
indirectly influence animals’ performance in the spatial maze. In
present experimental design, the main incentive for the sheep to
complete the maze as fast as possible was  a perspective of join-
ing their peers on the other side of the maze, which would reduce
the stress imposed by social separation. In previous experiments
conducted on the same sample, treated males were less emotion-
ally affected by social separation than untreated, displaying more
uncritical and explorative behavior [14]. Thus, in present experi-
mental context, T males might have been less motivated than C
males to complete the maze in fastest possible manner.

In contrary, in females, the maze performance was  more similar
in T and C group than in males. The fact that T females were treated
for 20 weeks shorter than T males may  explain the diversity in
differences between T and C group in two  sexes. It is also interest-
ing those females tended to outperform males in the spatial maze,
especially when treatment groups were compared. This sex differ-
ence was confirmed in C and T groups after analysis of the whole
sample (Wojniusz et al., submitted for publication). Spatial orien-
tation is usually characterized by significant sex differences in the
opposite direction [42]. However, the results in spatial tasks can be
influenced by the physical test-environment and exposure to stress
[43]. In the current study, the audience pen was constantly visible

to the animals during conduct of the spatial orientation task; this is
likely to have promoted use of landmark based searching strategies,
which are described in the literature as advantageous to females
[43,44]. In addition, we have previously reported that females were



ral Br

l
a
w
[
m
m
C
t
m
V
t
r
i
c
m
F
e
t
d

5

i
t
d
c
u
i
b
m
p
t
i
m

A

(
(
L
t
G
t
J

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

S. Nuruddin et al. / Behaviou

ess prone to leave their companions to acquire food than males,
 result that would suggest lower emotional control, while males
ere more prone to engage in explorative and risk taking behavior

14]. Therefore, the forced separation in our spatial orientation test
ay  have differentially increased stress levels in the female sheep,
otivating them to reach the audience pen as quickly as possible.

ortisol measurements, which were significantly higher in females
han males, suggest that females were generally more stressed than

ales [13], however the lack of clear sex differences in VR (higher
R indicates higher level of stress [45]), especially in the T group
ells against it. In summary, the observed sex differences could be
elated to several interplaying phenomenon; a real sex-difference
n spatial orientation abilities, enhanced motivation in females to
omplete the maze due to higher stress level, or higher tendency in
ales to engage in explorative behavior while traversing the maze.

inally, our results emphasize the importance of careful consid-
ration of testing environment and choice of task in assessment of
he sex differences in spatial orientation, usually referred to context
ependency of neuropsychological abilities in humans [46].

. Conclusions

The results indicate that GnRH directly and/or indirectly, is
nvolved in the regulation of sex- and side-specific expression pat-
erns of genes that encode proteins modulating brain plasticity
uring the peri-pubertal period. These results have to be taken into
onsideration when long-term peri-pubertal GnRHa treatment is
sed in children [47]. The data emphasize that changes in the activ-

ty of the hypothalamo-pituitary gonadal axis may  also affect other
rain functions during sensitive periods (i.e. perinatal, puberty, and
enopause). These results could indicate effects of GnRHa on the

erception of stress and the role of stress as a motivating factor in
he spatial orientation task used in this study. Our findings strongly
mply the importance of further studies connected to GnRHa treat-

ent in humans.
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Summary In many species sexual dimorphisms in brain structures and functions have been
documented. In ovine model, we have previously demonstrated that peri-pubertal pharmaco-
logical blockade of gonadotropin releasing hormone (GnRH) action increased sex-differences of
executive emotional behavior. The structural substrate of this behavioral alteration however is
unknown. In this magnetic resonance image (MRI) study on the same animals, we investigated the
effects of GnRH agonist (GnRHa) treatment on the volume of total brain, hippocampus and
amygdala.

In total 41 brains (17 treated; 10 females and 7 males, and 24 controls; 11 females and 13
males) were included in the MRI study. Image acquisition was performed with 3-T MRI scanner.
Segmentation of the amygdala and the hippocampus was done by manual tracing and total gray
and white matter volumes were estimated by means of automated brain volume segmentation of
the individual T2-weighted MRI volumes. Statistical comparisons were performed with general
linear models.
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Highly significant GnRHa treatment effects were found on the volume of left and right
amygdala, indicating larger amygdalae in treated animals. Significant sex differences were
found for total gray matter and right amygdala, indicating larger volumes in male compared to
female animals. Additionally, we observed a significant interaction between sex and treatment
on left amygdala volume, indicating stronger effects of treatment in female compared to male
animals. The effects of GnRHa treatment on amygdala volumes indicate that increasing GnRH
concentration during puberty may have an important impact on normal brain development in
mammals. These novel findings substantiate the need for further studies investigating potential
neurobiological side effects of GnRHa treatment on the brains of young animals and humans.
# 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Pronounced neurobiological differences exist between males
and females beyond the traditional domain of reproduction,
including brain anatomy and function (Keller and Menon,
2009; Tomasi and Volkow, 2011). In humans, sex differences
have been documented in the limbic system (Filipek et al.,
1994; Caviness et al., 1996; Goldstein et al., 2001), and sex
differences in the brain correlate with emotional and facial
processing, working memory and spatial learning ability
(George et al., 1996; Speck et al., 2000; Killgore et al.,
2001; Andreano and Cahill, 2009).

To gain an understanding of the hormonal mechanisms
that might underlie sex differences in cognitive functions,
studies have investigated the modulatory effects of gonado-
tropin-releasing hormone (GnRH) and its agonist (GnRHa)
(Grigorova et al., 2006; Bryan et al., 2010; Wojniusz
et al., 2011) on physiological and cognitive parameters
(Skinner et al., 2009; Wojniusz et al., 2011; Evans et al.,
2012). GnRH is a decapeptide neurohormone that plays a key
role in the reproductive axis, ultimately modulating the
release of gonadal steroid hormones. Its receptor (GnRHR)
has been found in various brain regions, including the frontal
cortex, the olfactory bulb and the limbic system (Albertson
et al., 2008; Skinner et al., 2009; Chu et al., 2010; Rosati
et al., 2011; Schang et al., 2011). Importantly, not all of these
brain regions have roles in the control of reproductive func-
tion, suggesting that GnRH is involved in other processes and,
as such, may modulate sex differences in emotional proces-
sing and cognitive functions.

In this regard, GnRHa treatment has been shown to influ-
ence visuospatial and higher-order executive control functions
(Casadesus et al., 2006; Bryan et al., 2010). To date, effects of
GnRHa on cognition have only been reported in adults and
studies that delineate the possible effects of peri-pubertal
GnRHa treatment on brain development in children and ado-
lescents are lacking. During critical stages of development,
structural and functional neuronal circuits that follow sex-
specific spatiotemporal patterns are built (Casey and Jones,
2010) and it has been proposed that disturbances of this
maturational process might cause abnormal behavioral and
cognitive function in later life (Sisk and Foster, 2004; Casey and
Jones, 2010). Despite the widespread use of GnRHa for treat-
ment purposes, ranging from central precocious puberty,
gonadal protection for children undergoing chemotherapy,
congenital adrenal hyperplasia to autism (Carel et al.,
2009), the mechanisms by which GnRHa treatment may inter-
fere with the maturation of fronto-temporal-limbic circuits
and corresponding cognitive functions are not understood.
In order to investigate possible sex specific effects of
peripubertal GnRHa treatment on brain development, we
have developed a novel ovine model, chosen because of its
relatively long period of brain maturation compared to other
model species, e.g. rodents. To assess possible effects of
GnRHa treatment on brain morphology, we combined this
model with postmortem magnetic resonance imaging (MRI),
to accurately measure global and regional brain volumes. MRI
has the advantage that it bypasses conventional dissection
and photography methods, which carry higher risks of intro-
ducing errors in quantitative measurements (Pfefferbaum
et al., 2004). In previous studies, we have shown different
effects of GnRHa treatment in this animal model, specifically,
sex specific effect on behavior and emotion regulation (Woj-
niusz et al., 2011) and gene expression in hippocampus
without changing spatial orientation ability (Nuruddin
et al., 2013). Although emotion regulation may be more
closely linked to the amygdala and spatial navigation to
the hippocampus; we anticipated that GnRHa treatment
might have localized effects in both structures.

2. Materials and methods

2.1. Animals

All animal procedures were conducted at the University of
Glasgow’s Cochno Research Centre (558550N) following
review by the University’s Welfare and Ethics Committee
and in accordance with Home Office regulations (PPL 60/
3826). To eliminate developmental effects of steroid transfer
between siblings of different sexes, the study was conducted
using forty six pairs of same-sex twin lambs (Scottish Mule
Texel Cross, 22 female and 24 male). Lambs were born
between 17th March and 1st April 2008 and remained with
their dams until weaned at about 12 weeks of age. Males and
females were maintained separately during the entire study
period. Within each set of twins, one was randomly assigned,
at birth, to the control (C) and the other to the treatment (T)
group. Although sheep and humans have different timing of
onset of puberty and periodicity of fertility, a common
interaction between neurosecretory cells of the brain and
the peripheral sexual organs is well documented in verte-
brates (humans, primates and other mammalsl including
sheep) (Wang et al., 2010). Intracerebral blockage of GnRH
isoforms in both sheep and human will therefore suppress the
hypothalamic-pituitary-gonadal axis, stop production of
gonadal hormones in sheep as effectively as in humans,
arresting sexual maturity in both species. In our study animals
in the treatment group received subcutaneous implants of
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the GnRH agonist Goserelin acetate (Zoladex; kindly donated
by Astra Zeneca; Macclesfield, UK 3.6 mg) every 4 weeks from
8 weeks of age in males and 28 weeks of age in females. The
difference in the timing of treatment initiation between
males and females is necessary as onset of puberty in sheep,
as in humans, is sexually dimorphic (Wood and Foster, 1998).
Opposite to humans, ovine pubertal transition begins at
about 10 weeks in males, and in females 20 weeks later
(Claypool and Foster, 1990; Foster and Ryan, 1979). Our
Figure 1 Magnetic resonance images including automatic and manu
following: V = ventral, D = dorsal, L = left, R = right. (A)—(D) repr
segmentation: (A) female untreated, (B) female treated, (C) male u
the amygdala and the yellow colored areas indicate the hippocampus
males, (F) females. The red colored area represents white matter, th
image of the manually drawn mask of the total brain. (For interpreta
referred to the web version of the article.)
treatment protocol ensures that pharmacological inhibition
of GnRH action begins approximately 2 weeks before the
predicted time of onset of pubertal development in both
rams and ewes. To confirm that GnRHa treatment blocked
pubertal development, blood serum analyses were per-
formed regularly during the animals’ life. In addition, after
death at 12 months of age, testes and ovaries were excised
and weighed and histologically evaluated. The analyses
confirmed that treatment prevented puberty by complete
al segmentations in axial view. Orientation of the picture are the
esents magnetic resonance images of manual and automatic
ntreated, (D) male treated. Bilateral red colored areas indicate
. (E) and (F) represent automatic tissue segmentation images: (E)
e yellow colored area represents gray matter; (G) represents an
tion of the references to color in this figure legend, the reader is
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suppression of the hypothalamic-pituitary-gonadal axis (for
more details see: Wojniusz et al., 2011).

2.2. Specimen collection

At approximately 50 weeks of age, animals were sacrificed
with an overdose of barbiturate (Somulose 1 ml/kg body
weight; Decra Veterinary Products, Shrewsbury UK), decapi-
tated, and brains perfused, with 4% formaldehyde, through
the carotid artery (bilaterally) using a peristaltic pump. In
total 41 brains (17 treated; 10 females and 7 males, and 24
controls; 11 females and 13 males) were fixed in this way.
These brains were stored in a 4% neutral buffered formalin
solution and were the brains used for the MRI study.

2.3. Postmortem specimen preparation

To minimize movement during scanning, each postmortem
specimen was suspended in agar, which was placed in a
rectangular plastic container. The agar was semi-translucent,
thus permitting gross land marking before scanning. Land-
marks for scanning were drawn on each container and helped
obtain the same alignment across scanning sessions.

2.4. MRI acquisition

Imaging was performed at the Interventional Centre (Oslo
University Hospital, Oslo, Norway) using a 3T Philips Achieva
Scanner (Release 2.5.3, Philips Healthcare, Netherlands) and
a dedicated solenoid rat coil (signal to noise: 1064). Struc-
tural T1- and T2-weighted MRI data were obtained by acquir-
ing a series of sagittal IR-spoiled GRE sequences with the
following parameters: for the T1-weighted image; field of
view (FOV): 90 mm � 90 mm � 72 mm, 144 slices of 0.5 mm
with matrix size 180 � 180, bandwidth 95.8 Hz, inversion
time = 450 ms, repetition time (TR)/echo time (TE) = 11/
3.1 ms with segmented linear k-space filling (20 lines) and
20 repeated acquisitions to improve SNR with a total scan
duration of 18 min. Voxel size was fixed to
0.5 mm � 0.5 mm � 0.5 mm. For the T2-weighted image;
FOV: 90 mm � 90 mm � 72 mm, 144 slices of 0.5 mm with
matrix size 180 � 179, bandwidth 137.0 Hz, inversion
time = 450 ms, TR/TE = 2000/200 ms, voxel size was fixed
to 0.5 mm � 0.5 mm � 0.5 mm and total scan duration was
34 min. Volumes covered the whole brain, cerebellum and
brain stem. T1- and T2-weighted volumes were resampled to
0.23 mm � 0.23 mm � 0.5 mm on the scanner.

2.5. MRI preprocessing

The raw DICOM files were converted to NIFTI and inspected
for artifacts. Bias correction of the images was done using
Freesurfer mri_nu_correct.mni to correct for intensity non-
uniformity. Spurious noise outside the brain was removed,
and Brain Extraction Tool (BET) (Smith, 2002), part of FMRIB’s
Software Library (FSL) (Smith et al., 2004) was used to strip
residual gel artifacts outside the brain. A set of anatomical
regions of interest (ROIs) were manually drawn on the best
quality MRI brain of the sheep chosen to act as the template.
These ROIs were then aligned to each individual’s native
space by first using FLIRT (Jenkinson and Smith, 2001) to
calculate the affine transform of each individual brain to the
template brain using 12 dof, and minimizing correlation
ratio. Next, non-linear warp fields generated by FNIRT
(Andersson et al., 2007a, 2007b) using a 6 mm warp resolu-
tion were calculated and inverted. The inverse warp was
applied to the template-drawn ROI, followed by application
of the inverse affine transform, bringing the template-drawn
region of interest into the individual subject space. The ROI
in subject space was then hand edited. Inter-rater reliability
was calculated by comparing the percent overlap between
two raters. Finally, the number of voxels of each ROI was
extracted and multiplied with voxel size for use in statistical
models.

2.6. Region of interest definition/selection and
inter-rater reliability

Segmentation of the amygdala and the hippocampus was
done by manual tracing using FSLView, part of FMRIB’s Soft-
ware Library (FSL) (Smith et al., 2004) by a single rater (M.B.)
blinded to any subject characteristics. The hippocampal ROI
included the cornu ammonis, dentate gyrus and the subicu-
lum, as each of these components show different histological
characteristics and topographically well-ordered afferents
and efferents (Nolte, 1993). A combination of T1- and T2-
weighted data was used to distinguish the anterior bound-
aries that separate the amygdala from the hippocampus.
However, precise delineation of the boundaries is difficult
even at a histological level (Bergin et al., 1994). Therefore,
inter-rater reliabilities for each ROI were established by
having two raters (M.B. and S.N.) independently segment
five datasets. Percent inter-rater voxel overlap was 94% for
hippocampus and 97% for amygdala, indicating high reliabil-
ity.

2.7. Tissue segmentation

TBV was calculated using manually segmented brain masks
covering both the gray and white matter, ventricular com-
partments and the cerebellum. FMRIB’s Automated Segmen-
tation Tool (FAST) (Zhang et al., 2001) was used to
automatically segment the T2-weighted MRI volumes of
the individual brains into gray matter (GM) and white matter
(WM), while correcting for spatial intensity variations (bias
field or RF in homogeneities). The underlying method of FAST
is based on a hidden Markov random field model and an
associated Expectation-Maximization algorithm. All segmen-
ted data were visually inspected for accuracy. Total GM and
WM volumes were calculated by multiplying the number of
voxels in each of the segmented classes by its voxel resolu-
tion. Four datasets (3 untreated males and 1 treated male)
were excluded during the automatic tissue segmentation
procedure due to imaging artifacts probably related to the
formalin fixation of the brain (Tovi and Ericsson, 1992).

2.8. Statistical analysis

The mean and its standard deviation (SD) were calculated for
the volume of the different ROIs. TBV, WM and GM volume, as
well as the volume of the left and right amygdala and
hippocampus, were compared between groups (control vs
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treated), while controlling for sex and treatment group using
General Linear Models (GLMs). The sex by treatment inter-
action term was included in the models, allowing us to test
for differential effects of treatment between male and
female animals. The null hypothesis of no effects was
rejected if p < 0.05, Bonferroni adjusted by a factor of 7
(corresponding to a nominal alpha of p < 0.007). The assump-
tion of normally distributed residuals was evaluated using a
normal quintile (Q—Q) plot and this assumption of normally
distributed residuals was met for all parameters. Statistical
analyses were performed using SPSS version 19.0 (IBM Corp.,
Armonk, NY, USA).

3. Results

MR images including example automatic and manual segmen-
tations in difference data sets are shown in Fig. 1. The raw
mean volumes of each ROI by group and sex and in total are
summarized in Table 1. Significant effects of GnRHa treat-
ment (Table 1) were observed on the volume of the left
(t = �13.76, p = 0.0001) and right (t = �16.56, p = 0.0001)
amygdala, indicating larger amygdalae in treated compared
to untreated animals. Further, a significant (t = �3.56,
p = 0.001) sex by treatment interaction effect on the volume
of the left amygdala was observed, indicating that the effect
of treatment was stronger in female (mean volume = 50 and
SD = 1 in mm3) compared to male (mean volume = 48 and
SD = 1 in mm3) animals. All treatment and treatment*sex
effects on regional volumes remained practically unaltered
when including TBV as an additional covariate (results shown
in Supplementary Table 1). Table 1 also shows the effect sizes
and the corresponding p-values for each of the estimated
parameters from the GLMs. Briefly, significantly larger
volumes in male compared to female animals were observed
in total GM (t = �3.05, p = 0.004) and the right amygdala
(t = �5.12, p = 0.0001). There was also a marginally signifi-
cant sex difference in total WM volume (t = �2.37,
p = 0.024), indicating larger volumes in males compared to
females. Sex differences were still significant for total GM
(t = �2.91, p = 0.006) and WM (t = �3.12, p = 0.004) when
including TBV as an additional covariate.

Supplementary material related to this article found, in
the online version, at http://dx.doi.org/10.1016/j.vet-
mic.2013.03.014.

4. Discussion

In the present MRI study, we have reported sex differences in
the volume of specific regions of the brain and effects of
peripubertal GnRHa treatment on regional brain volumes in
an ovine animal model. Specifically, total brain volume, total
WM and GM, as well as hippocampal and amygdala volumes
were compared between female and male animals that had
been treated with GnRHa during the peripubertal period and
their respective controls. The results demonstrated strong
and specific GnRHa treatment effects on the volume of left
and right amygdalae, indicating larger amygdalae in treated
animals. Further, we found a significant sex by treatment
interaction on the volume of the left amygdala, indicating
stronger effects of treatment in female compared to male
animals. Also, we have demonstrated sex differences in total
GM and right amygdala volume, indicating larger volumes in
male compared to female animals. As far as we know, this is
the first study demonstrating effects on MRI derived regional
brain volumes in GnRHa treated sheep. The interpretations
and implications of these novel findings will be discussed
below.

4.1. GnRHa treatment effects on amygdala
volume

We observed a specific effect of pharmacological hypotha-
lamus-pituitary-gonadal axis (HPG) blockage on amygdala
volume, indicating larger volumes in GnRHa treated com-
pared to untreated animals. This pattern of change indicates
that GnRHa treatment did not affect the development of all
areas within the limbic system but rather modulated the
development of specific limbic structures. It should be noted
that the experimental design does not allow differentiation
between direct effects of GnRHa treatment or secondary
effects such as the blockade of the reproductive axis with its
consequent reduction in gonadal steroid secretion.

Previously published work has indicated that a number of
factors could contribute to the observed morphological dif-
ferences, for example, steroid hormones. Specifically, tes-
tosterone has been shown positively associated with
increased regional volume of the medial amygdala (MeA)
and posterodorsal subnucleus (MeApd) of the posterior MeA
in males. In addition rising concentrations of androgen pro-
mote excitatory synaptic connectivity (Cooke and Woolley,
2009; Romeo and Sisk, 2001) in the amygdala.

It has previously been demonstrated, with this cohort of
GnRHa treated sheep that GnRHa treatment had a sex spe-
cific effect on behavior and emotion regulation. Specifically,
female animals in which the pubertal transition was blocked
by GnRHa treatment displayed pronounced avoidance beha-
vior, less emotional control capability or more anxiety beha-
vior, whereas male animals exhibit risk-taking and
exaggerated approach behavior (Wojniusz et al., 2011).
The results of this study indicate that GnRHa treatment
was also associated with increased amygdala volume in these
animals. In line with these findings, amygdala volume in
humans has been shown to be associated with both anxiety
and depression during childhood and adolescence (Thomas
et al., 2001), and children diagnosed with anxiety disorder
show a larger and more reactive amygdala as well as greater
processing bias for negative information (De Bellis et al.,
2000; MacMillan et al., 2003; Barrós-Loscertales et al., 2006).
Furthermore, an MRI study including children and adoles-
cents (males age 6—16 years and females 4—11 years) has
reported that changes in volume and functional activity of
the amygdala might be due to excess androgens, estrogens or
progestins; endogenous deficiency or exogenous excess of
glucocorticoids; or some combination of these (Merke et al.,
2003). This study focused on the examination of the effect of
sex steroids on the growth and development of the amygdala,
however possible involvement of GnRH has not been
described elsewhere. Thus, volumetric effects of GnRHa
treatment on the amygdala suggest that GnRH might also
play role in the growth, development and functional activity
of the amygdala.

http://dx.doi.org/10.1016/j.vetmic.2013.03.014
http://dx.doi.org/10.1016/j.vetmic.2013.03.014
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Animal research also suggests an association between
hypertrophy and increased reactivity of the amygdala (Vyas
et al., 2006). The GnRHa treatment effect on the volume of
the amygdala observed in the present study, therefore,
might be related to cognitive changes reported in our pre-
vious behavioral data (Wojniusz et al., 2011) and by exten-
sion, anxiety and mood parameter changes should be
monitored in clinical human populations following GnRHa
treatment.

4.2. Sex differences in brain volumes

Sex specific volumetric differences in global and regional
brain structures can be important indicators for the devel-
opment of specific behaviors and diseases (Filipek et al.,
1994; Caviness et al., 1996; Allen et al., 2002; Giedd, 2004;
Sowell et al., 2007). This is of interest as sexual maturation is
linked with changes in brain morphometry in normal devel-
oping children and adolescents (Giedd et al., 1997, 2006;
Wilke et al., 2007; Neufang et al., 2009). For example, the
hippocampi in young females have been shown to be larger
compared to males (8—18 years of age) (Filipek et al., 1994;
Giedd et al., 1996), and larger amygdalae have been shown in
young male compared to female individuals (7—11 years of
age) (Caviness et al., 1996; Giedd et al., 1997). Furthermore,
extensive evidence has demonstrated that the hippocampi in
males and females differ significantly in their anatomical
structure, their neuroanatomical makeup and their reactivity
to stress (Juraska, 1991; Madeira and Lieberman, 1995). In
contrast to human studies, our results show no significant sex
difference in hippocampal volume in sheep.

Human studies have also shown sex differences for GM and
WM volume during pubertal development (Peper et al., 2011)
where GM and WM volumes were larger in males than
females. The observed significant sex differences for global
GM and the trend differences for WM in the present study are,
thus, in concordance with human studies. The sex difference
in right amygdala volume, seen in this study, could add
further weight to the proposals for sex dependent lateraliza-
tion of the amygdala (Peper et al., 2011; Schneider et al.,
2011). However, it is worth issuing a note of caution relative
to this possibility, as while the male and female subjects were
age-matched, the interpretation of sex differences is com-
plex because male sheep reach puberty some 20 weeks ear-
lier than female sheep and, thus, the male animals had
received GnRHa treatment for a longer duration than
females. The results, nevertheless, showed a significant
treatment by sex interaction on the volume the left amyg-
dala, which would indicate a stronger effect of treatment in
females compared to males.

Sex related hemispheric lateralization of amygdala func-
tion in relation to emotion regulation has been reported in
imaging studies where the left amygdala has been implicated
as dominant in females while the right amygdala was more
dominant in males (Cahill et al., 2004; Koscik et al., 2010).
The present results indicate effects of GnRHa treatment in
both male and female animals. Interestingly, this corresponds
with the fact that behavior was also affected in both sexes of
the treatment group (Wojniusz et al., 2011). Final interpre-
tations regarding the observed sex by treatment interaction
should be performed with caution and warrant replication in
future studies.
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In a recent study, we found that GnRHa treatment affects
hippocampal synaptic plasticity and endocrine signaling gene
expression without changing spatial orientation ability which
is a hippocampus-related function (Nuruddin et al., 2013),
thus we could expect that this treatment could affect hip-
pocampal volumes in the same animals. Our data show no
effects of treatment on hippocampal volume. The reason for
this is unknown but it could be that treatment affects
hippocampal processes at the molecular level without affect-
ing microstructural processes in this region. An important
limitation, using this technique/approach to assess brain
morphology is that the exact neurobiological substrates of
the volumetric effects of the GnRHa treatment are still
unknown.

It could be speculated that increase in pubertal GnRH,
androgen and estrogen release might affect the growth and
development of the amygdala during puberty; or possibly
that GnRH along with sex hormones alter the neural sub-
strates of the circuitry involved in growth and development
of amygdala and other brain structures. These speculations
can be supported by the fact that GnRH and sex hormones
receptors are abundant in limbic regions particularly in the
amygdala and hippocampus (Simerly et al., 1990; Beyenburg
et al., 2000; Skinner et al., 2009). Further studies will there-
fore be required in which histological, cellular, and genetic
analysis such as gene expressions and proteomics are com-
bined in order to identify the molecular biological mechan-
isms that underlie these GnRHa-induced morphological
changes in the amygdala.

4.3. Conclusion

Our results demonstrate that GnRHa treatment modulates
specific facets of the development of the amygdala, as
indicated by increased amygdala volume in treated com-
pared to untreated animals. These novel findings demon-
strate that gonadotropin releasing hormone concentrations
during puberty are important for normal brain development.
Pharmacological manipulation of gonadotropin releasing hor-
mone action in clinical settings using young patients should
therefore be accompanied by carefully monitoring for neu-
robiological side effects.
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riére, J.N., 2011. GnRH receptor gene expression in the develop-
ing rat hippocampus: transcriptional regulation and potential
roles in neuronal plasticity. Endocrinology 152, 568—580.

Schneider, S., Peters, J., Bromberg, U., Brassen, S., Menz, M.M.,
Miedl, S.F., Loth, E., Banaschewski, T., Barbot, A., Barker, G.,
Conrod, P.J., Dalley, J.W., Flor, H., Gallinat, J., Garavan, H.,
Heinz, A., Itterman, B., Mallik, C., Mann, K., Artiges, E., Paus, T.,
Poline, J.B., Rietschel, M., Reed, L., Smolka, M.N., Spanagel, R.,
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GnRHa treatment was associated with significant sex- and hemisphere-specific differential
patterns of gene expression. GnRHa treatment was associated with differential expression of 432
(jlog FCj > 0.3, adj. p value <0.05) and 46 ( p value <0.0.5) genes in the left and right amygdala,
respectively, of female animals, relative to the reference sample which consisted of all a pooled
sample from control and treated animals of both sexes. No genes were found to be differentially
expressed as a result of GnRHa treatment in the male animals.

The results indicated that GnRH may, directly and/or indirectly, be involved in the regulation of
sex- and hemisphere-specific differential expression of genes in the amygdala. This finding should
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be considered when long-term peri-pubertal GnRHa treatment is used in children.
# 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Brain development is a complex and precisely regulated
process that occurs over an extended period of time (Kostovic
and Judaš, 2006; Rubenstein, 2011). This developmental
process underlies changes in complex cognitive skills and
emotional control behavior, and is accompanied by structural
and molecular changes in the brain (Dumas, 2005; Luna et al.,
2001; Paterson et al., 2006; Shaw et al., 2006). Indeed,
recent studies have described how the transcriptome of
the brain follows a sequential pattern of change over the
course of pre- and postnatal development (Fu et al., 2011;
Liu et al., 2012). These structural and molecular changes
within the brain, while important for the development of
normal function, may also be associated with the increased
prevalence of neuropsychiatric disorders (Anagnostou and
Taylor, 2011; Chow et al., 2012) seen at this developmental
stage. Brain development and functions such as cognitive
ability, e.g. emotional control are, in addition to being
influenced by developmental age, also sexually differen-
tiated (De Bellis et al., 2001). Sex differences in structural
and functional brain areas, along with changes in hormone
levels, such as occur at the pubertal transition, are also
closely related to sex differences in behavior and the pre-
valence of neuropsychiatric disorders such as autism spec-
trum and anxiety related disorders (Bao and Swaab, 2010)
which would again suggest a potential causative link.

Given that the pubertal transition is driven by changes in
secretion of the hormone gonadotropin releasing hormone
(GnRH), to identify hormonal mechanisms that might under-
lie sex differences in brain development and cognitive func-
tion, several studies have investigated the modulatory effect
of GnRH (Bryan et al., 2010; Grigorova et al., 2006; Wojniusz
et al., 2011) and it’s agonist (GnRHa) on psychomotoric
reactivity, cognitive parameters and gene expression in
the hippocampus (Evans et al., 2012; Nuruddin et al.,
2013; Wojniusz et al., 2011). GnRH is synthesized in specia-
lized neurons in the brain and released into the hypophysial
portal blood vessels to act on receptors in the anterior
pituitary gland (Millar, 2005). GnRH has been known to be
central to the regulation of reproductive physiology and
sexual behavior for decades but recent studies, have
reported GnRH receptor (GnRHR) expression in a number
of non-reproductive tissues including the heart (Dong
et al., 2011), bladder (Coit et al., 2009), skin (Reichler
et al., 2008) and in malignant cells (Harrison et al., 2004).
The precise role of GnRH in these locations is not known, but
it suggests that GnRH might have important physiological
functions beyond the traditional ascribed role in reproduc-
tive physiology. Several studies have indicated that GnRHR is
expressed in regions of the brain, such as the hippocampus,
cortex and amygdala, which are not closely linked with
reproductive function. These brain areas are rather involved
in cognitive functions, for example; memory, emotions and
learning (Albertson et al., 2008; Chu et al., 2010; Schang
et al., 2011; Skinner et al., 2009; Wilson et al., 2006).
Interestingly, long term GnRHa treatment has been reported
to lead to impairment of higher-order executive control
functions, the processing of visuo-spatial information (Nelson
et al., 2008) and working memory (Bryan et al., 2010;
Grigorova et al., 2006) in adult humans that suggests a
physiological role for GnRH in these brain areas. Similarly,
in animal models of Alzheimer’s disease (AD), improvements
in cognitive function have been reported due to GnRHa
treatment (Bowen et al., 2004; Casadesus et al., 2006)
and these studies, in combination with others, have led to
clinical interest in GnRHa therapy for this condition (Dorais-
wamy and Xiong, 2006). Although there are a growing number
of publications that have described cognitive effects of
GnRHa treatment in adults, there is a lack of knowledge
about possible extra-gonadal effects from GnRHa treatment
in children, and safety concerns were raised in the recently
published ‘Consensus Statement on the Use of Gondotropin-
Releasing Hormone Analogues in children’ (Carel et al.,
2009). During the peripubertal stage, brain maturation is
characterized by the development of sex-specific functional
circuits that follows a distinct spatio-temporal pattern
(Casey and Jones, 2010), and it has been hypothesized that
any disturbances of this maturational process might lead to
altered behavior and cognitive functions later in life (Casey
and Jones, 2010; Sisk and Foster, 2004). In pediatric medicine
the main indications for GnRHa treatments are central pre-
cocious puberty, idiopathic short stature, protection of the
testes and ovaries in children undergoing cancer chemother-
apy, and early onset gender identity disorder (Carel et al.,
2009; Delemarre-van de Waal and Cohen-Kettenis, 2006).
Despite the fact that GnRHa has been used in adult and
pediatric medicine for over 30 years, knowledge on how
GnRHa treatment may interfere with maturation of the
brain, and specifically the fronto-temporal-limbic system
and development of cognitive function and behavior is still
very limited. Due to the obvious ethical restrictions, inves-
tigation of GnRH effects on brain development in humans is
limited. Furthermore, as children that are treated for pre-
cocious puberty have been subjected to the influence of sex
hormones before GnRHa treatment, they do not provide an
ideal system with which to differentiate between the effects
of central precocious puberty and the medication itself.
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Consequently an animal model where animals are not sub-
jected to a pubertal increase in GnRH represents a better
model. As part of a large ongoing study, we have begun to
characterize gonadal and extra-gonadal effects of peripu-
bertal GnRHa treatment, in an ovine animal model. To date
we have demonstrated that long term peri-pubertal GnRHa
treatment impacts on sex-specific brain development, and
affected the regulation of behavior and cardiac function in
young animals (Wojniusz et al., 2011). In addition, at 48
weeks of age, female sheep in which puberty was blocked
displayed increased anxiety and pronounced avoidance beha-
vior, tended to stay close to their companions in the audience
pen and were much less prone to engage in food seeking
behavior. If they sought food, it was more often the nearby
and visible hay than the remotely placed and out of sight
pellets, whereas males in which puberty was similarly
blocked revealed risk-taking and exaggerated behavior and
were highly motivated by the possibility of obtaining a high
reward food source that they could not see. This exaggerated
‘‘maleness’’ indicates improved emotional control as a result
of GnRHa treatment, compared to their same sex twins
(Wojniusz et al., 2011). These findings provided evidence
that blockade of GnRH’s actions during peripubertal devel-
opment may lead to sex-specific cognitive differences, a
finding that is of great medical interest. A structural mor-
phology study, using post mortem magnetic resonance image
(MRI) of the brains of these same sheep, demonstrated that
GnRHa-treatment was associated with increased volume of
the amygdala in both males and females, with a specific sex
by treatment interaction whereby the left amygdala in the
treated females was significantly larger than in treated males
(Nuruddin et al., in press). The observation of an effect of
GnRHa treatment on amygdala volume is supported by the
fact that this brain region also expresses a high density of
GnRH receptor expressing neurons (Albertson et al., 2008;
Granger et al., 2004; Haour et al., 1987), although a sec-
ondary effect cannot be ruled out. The amygdala plays a
fundamental role in emotional regulation, anxiety and fear
(Maren and Quirk, 2004; Millan, 2003; Thomas et al., 2001). In
human neuroimaging studies, it has been shown that amyg-
dala volume is associated with anxiety and depression in
children and adults (Morris et al., 1998; Thomas et al.,
2001). Animal studies have also revealed an association
between hypertrophy of the amygdala and increased reac-
tivity (Vyas et al., 2006). Based on previous findings from our
ovine model, the present study aimed to investigate gene
expression profiles in the amygdala, in order to gain further
insight into the molecular changes might underlie the effect
of GnRHa treatment in sex-specific cognitive function, as
well as structural volume changes in the amygdala.

2. Materials and methods

2.1. Animals

All animal procedures were conducted at the University of
Glasgow’s Cochno Research Centre (558550N) following
review by the University’s Welfare and Ethics Committee,
and in accordance with Home Office regulations (PPL 60/
3826). To eliminate the possible developmental effects of
steroid transfer between siblings of different sexes and
reduce genetic variation, the study was conducted using
15 pairs of same-sex twin lambs (Scottish Mule Texel Cross, 7
female and 8 male). Lambs were born between 17th March
and 1st April 2008, and remained with their dams until
weaned at about 12 weeks of age. Males and females were
maintained separately during the entire study period.
Within each set of twins, one was randomly assigned, at
birth, to the control (C) and the other to the treatment (T)
group. Although the timing of the onset of puberty differs
between sheep and humans, a similar interplay between
neurosecretory cells of the brain and the peripheral sexual
organs is well documented in vertebrates (mammals, pri-
mates and humans) (Wang et al., 2010). The first GnRH
isoform was discovered in the mammalian brain, the same
forms of GnRH are present in most vertebrate species
(Burgus et al., 1972; Matsuo et al., 1971; Millar, 2005).
Intracerebral blockage of such GnRH isoforms in both sheep
and humans results in sexual immaturity in both species.
GnRH agonists can be used to block the hypothalamic-
pituitary-gonadal axis, inhibiting the production of gonadal
hormones in sheep as effectively as in humans. GnRHa
initially induces a sharp increase in serum concentrations
of the pituitary gonadotropins luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), known as the ‘flare
effect’ that leads to an increase in serum sex steroids
(within 3—4 days) but this is followed by down-regulation
of GnRH receptors resulting in suppression of gonadotropins
and sex steroid secretion within 2 weeks (Schally et al.,
2001). In our experiment, animals in the treatment group
received subcutaneous implants of the GnRH agonist, goser-
elin acetate (Zoladex1; kindly donated by Astra Zeneca;
Macclesfield, UK 3.6 mg) every 4 weeks from 8 weeks of age
in males and 28 weeks of age in females. The Zoladex1

implant comes within and was administered in the axillar
region, using a ‘SafeSystem’ needle and syringe. The dif-
ferences in the timing of treatment initiation between
males and females was chosen because puberty in sheep,
as in humans, is sexually dimorphic, and this treatment
paradigm was designed so that the pharmacological inhibi-
tion of GnRH action should begin approximately 2 weeks
before the predicted time of onset of pubertal development
in both rams and ewes (Wood and Foster, 1998). Animal were
maintained in accordance with normal husbandry condi-
tions, i.e., on grass, at all times except for periods of
behavioral testing, approximately 8, 28 and 48 weeks of
age, when they were group housed indoors. Every four
weeks, throughout the study, animals were gathered and
held, for no more than 2 h (with their mothers, prior to
weaning), in a specialized sheep handling facility at the
University of Glasgow’s Cochno Research Centre where
blood samples were collected from the jugular vein, phy-
sical measurements taken (weight, shoulder height, girth)
and agonist administered (where required). To guarantee
that GnRHa treatment blocked pubertal development,
plasma samples were assayed regularly for testosterone
(males) and progesterone (females), monthly measure-
ments of scrotal volume made during the animals’ life,
testes or ovaries were excised, weighed and histologically
evaluated after euthanasia at 12 months of age. The ana-
lysis confirmed that treatment prevented puberty by com-
plete suppression of the hypothalamo-pituitary-gonadal
axis (for more details see: Wojniusz et al., 2011).
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2.2. Tissue processing

At approximately 50 weeks of age, over a 2 day period,
animals were moved to the postmortem facility at the Veter-
inary School, University of Glasgow where they were group
housed until individually isolated, euthanized with an over-
dose of barbiturate (Somulose 1 ml/kg body weight; Decra
Veterinary Products, Shrewsbury UK), decapitated and the
brains removed for sample collection by experienced neu-
roscientists. The interval, across all animals, between eutha-
nasia and tissue collection was less than 10 min.

The amygdala samples were carefully dissected from the
right and left hemispheres. A total of 60 amygdala samples
(30 controls, 30 treated, 7 female and 8 male pairs for each
hemisphere) were collected. All samples were immediately
frozen in liquid nitrogen and stored at �80 8C.

2.3. RNA extraction and microarray strategy

Total RNA was extracted from the left and right amygdala
samples for microarray and quantitative real time polymer-
ase chain reaction (qRT-PCR) analysis. For RNA extraction the
15—31 mg of frozen tissues were kept on dry ice and resus-
pended in 1 ml TRIzol reagent (InvitrogenTM, Paisley, United
Kingdom). Homogenization was carried out using MagNA Lyser
Green Beads (Roche Diagnostics, Mannheim, Germany) and
Retsch MM 301 mixer mill (Retsch GmbH, Haan, Germany).
Total RNA extraction was performed according to the TRIzol
manufacturer recommendations (InvitrogenTM, Paisley, Uni-
ted Kingdom), followed by a DNase I treatment (RNase-Free
DNase Set, Qiagen, Crawley, UK) for 20 min at 25 8C. Further
RNA purification was conducted using an RNeasy Mini-Kit
(Qiagen, Crawley, UK) according to the manufacturer’s
recommendations. After purification, the samples were
eluted in 50 ml RNase-free water (Qiagen, Crawley, UK)
and aliquoted in 2 samples for microarray and qRT-PCR
analyses. The concentration and quality of the RNA were
determined using a NanoDrop ND-1000 (NanoDrop Technolo-
gies, Wilmington, DE) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), respectively.

Four samples had an RNA integrity number (RIN) value
ranging from 5.1 to 5.5 and were excluded from further
analysis: The remaining RNAs had RIN values of 7.0—8.7. In
total 56 samples, corresponding to 8 groups (male/female,
treatment/control and left/right amygdala) with 7 replicas
(n = 7), were used for microarray target preparation and
hybridization. A reference design was used for this micro-
array experiment where target samples were hybridized with
a reference sample. This method reduces human error as
each sample is handled the same way and compared against a
reference sample which contains many samples pooled
(Kendziorski et al., 2005; König et al., 2004). To ensure
sufficient reference sample for all the arrays and for PCR,
the reference sample was made by taking 1500 ng RNA from
each sample. As the RNA concentration for the samples
varied, the volumes of the samples had to be adjusted to
make sure that the same amount of each sample was added to
the pool. This pooled reference sample (concentration of
399.6 ng/ml) was aliquoted and stored at �70 8C until used to
compare the variation in mRNA expression among groups. A
dye swap design was applied, whereby within each group
DNAse treated RNA was randomly labeled with cyanine 3
(Cy3) CTP and cyanine 5 (Cy5) CTP using a Quick Amp Labeling
Kit, two-color (5190-0444, New Castle, DE) according to the
manufacturers methodology. The labeled RNA was purified
with the Qiagen Rneasy kit (Valencia, CA) according to
Agilent’s revision of the Qiagen protocol (as shown in the
quick Amp kit protocol) except that the micro centrifugation
spins were performed at room temperature instead of 4 8C.
The resulting labeled cRNA was analyzed with the NanoDrop
spectrophotometer, and the specific activities and the yields
of cRNAs calculated; these ranged from 9.25 to 28.54 pmol
Cy3/Cy5 per mg cRNA. The labeled cRNA was stored at �80 8C
until use.

2.4. Microarray hybridization

Microarray hybridization was performed according to proto-
cols supplied by Agilent. In brief 300 ng of each labeled cRNA
was fragmented and mixed with hybridization buffer using
the Agilent gene expression hybridization kit. These samples
were then applied to a sheep 8 � 15 K array slide (Agilent
019921), containing eight arrays with 15,208 oligomers with a
length of 60 bases, and hybridized at 65 8C for 17 h at 10 rpm.
The arrays were washed, dried, stabilized, and scanned with
a GenePix1 4000B two-color scanner (Axon instrument, Fos-
ter City, CA). Two channel images were imported into Agi-
lent’s feature extraction 9.1 software for features (spot)
extraction and alignment.

2.5. Statistical analysis of microarray

The statistical program R was used to analyze the microarray
data. Microarray data generated from Genepix were
imported into the Bioconductor package LimmaGUI and cor-
rected for background (Smyth and Speed, 2003). For within-
and between-array normalization, print tip Loess and scale
were used, respectively (Smyth and Speed, 2003). In order to
detect differentially expressed genes across treated and
control samples, an empirical Bayes moderated t-test (Smyth
and Speed, 2003; Smyth et al., 2005) was applied. The p-
values were corrected for multiple testing using the Benja-
mini—Hochberg (BH) method (Benjamini and Hochberg,
1995), and adjusted p-values <0.05 were selected as differ-
entially expressed genes. The generated gene list was further
filtered for genes with low intensity and with small changes in
expression. In the averaged normalized MA-plot, the genes
with M values between �0.3 and mean log intensity < 3 were
excluded from the gene list.

2.6. Data deposition

Microarray data have been submitted to the NCBI’s Gene
Expression Omnibus (GEO) and are accessible through GEO
Series accession number GSE44202. (http://www.ncbi.nlm.-
nih.gov/geo/query/acc.cgi?acc=GSE44202).

2.7. Gene Ontology

In order to understand the biological significance of the
results, Gene Ontology (GO) term enrichment analysis of
the list of differentially expressed genes was conducted in
The Database for Annotation, Visualization and Integrated

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44202
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44202
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Discovery (DAVID) 6.7 (Huang et al., 2008). To identify gene
orthologs or homologs to sheep genes, we used a translation
table provided by Agilent Technologies and converted probe
ids into official gene symbols using an in-house python script.
Results were split in a 4-leveled hierarchy: 1 — Male/Female,
2 — Left/Right part of amygdala, 3 — Treated/control, and
finally 4 — up-regulated and down-regulated genes. Only
those genes showing an absolute value of fold change log
ratio greater than 0.3 (jlog FCj > 0.3) and with adjusted p-
values < 0.05 were included for functional clustering. Clus-
tered terms were considered significant if they showed an
EASE score < 0.01. Clearly overlapping concepts were
omitted.

2.8. Gene networking analysis

In order to interpret the biological function of the gene lists,
the Ingenuity Pathway Analysis (IPA) version 7.5 (http://
www.Ingenuity.com) software packages was used for net-
working analyses. This software not only generates a biolo-
gical network from a list of selected genes, but also provides
biological functions and canonical pathways from HUGO
ortholog names of the genes that were imported into the
program. A network of genes is created when a gene reg-
ulates the function of other genes. To develop a network, the
IPA software adds other genes and/or different molecules
that are linked with two focus genes.

2.9. Quantitative real-time PCR validation (qRT-
PCR)

To validate changes in gene transcription identified by the
microarray experiment, the relative mRNA expression levels
of 10 genes (Table 1), selected based on changes seen in the
left amygdala of treated sheep, were verified by qRT-PCR
using the same pooled and target RNA samples. For quanti-
fication of mRNA transcripts, primers were designed using the
Primer3Plus software, a web-based primer designing tool
(Untergasser et al., 2007). Primer sequences of reference
genes (ACTB, YWHAZ, RPL19, GAPDH, G6PDH, and SDHA)
were obtained from Garcia-Crespo et al. (2005). Primers
were synthesized by Sigma—Aldrich (St. Louis, MO, USA)
and their Specificities were checked using nucleotide BLAST
and primer BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
To find the most stable reference genes, GeNorm software
(Primer design Ltd) was used. Out of six genes tested, GAPDH
and ACTB were the most stable (M value < 0.5) and were
selected as the reference genes in this study. All primers were
optimized with regard to annealing temperature. PCR pro-
ducts were analyzed on an ethidium bromide agarose gel to
ensure the expected product size and to check for potential
primer artifacts. Amplification efficiency was examined by
generating standard curves from 10 fold serial dilutions of
pooled cDNA from both control and treated samples, respec-
tively. The primer efficiency for each gene was in the range of
95—103%.cDNA synthesis and quantitative real-time PCR
were performed using superscript III platinum Two-Step
qRT-PCR kit with SYBR Green (Invitrogen, Carlsbad, CA,
USA) according to the manufacturers protocol. A Peltier
Thermal Cycler-225 (MJ Research, Waltham, MA, USA) was
used to synthesize cDNA and q-RT-PCR was run with an ABI
PRISM 7900 Sequence Detector System (PE Applied Biosys-
tems, USA). Technical duplicates of RNA samples, negative
controls without reverse transcriptase of each RNA sample
and negative control with no added RNA template underwent
cDNA synthesis. 1 mg of total RNA was used to synthesize
cDNA (10 min at 25 8C, 50 min at 42 8C and 5 min at 85 8C).
The reaction mixture (20 ml) contained 3 ml (15 ng) of cDNA,
10 ml of Platinum SYBR Green qPCR Super Mix-UDG, 0.2 ml of
ROX reference dye, 1 ml each of 10 mmol forward and reverse
primers and 4.8 ml of DNase/RNase-free water (Invitrogen).
Cycling conditions were as follows: Initial denaturation at
95 8C for 2 min; 40 amplification cycles at 95 8C for 30 s, 62 8C
for 30 s, and 72 8C for 30 s. Each assay was performed in
quadruplicate, and three negative controls were run for
every assay: no template (sample lacking cDNA), no reverse
transcriptase, and no RNA in reverse transcriptase reaction.
The absence of primer-dimers, genomic DNA, and other DNA
contaminations was also monitored during the experiment by
including melting curve analysis (ABI PRISM 7900 manufac-
turer’s recommended default settings) at the end of each
run.

2.10. qRT-PCR data analysis

qRT-PCR technical replicates of samples were averaged, and
expression ratios were calculated by the delta Ct method
normalized to the reference genes (GAPDH and ACTB). Sta-
tistical significance of analyses was calculated by using Wil-
coxon signed rank test. These statistical analyses were
performed in the software JMP 10.0 (SAS Institute Inc, Cary,
NC, USA). The Pearson product-moment correlation coeffi-
cient was used to analyze the qRT-PCR data. The non-para-
metric Spearman’s p correlation coefficient was used when
the outlier was included. p-Values <0.05 were considered
statistically significant.

3. Results

3.1. Transcription analysis through microarray
profiling

Microarray data analysis revealed that a large number of
genes (n = 432; adjusted p < 0.005) were differentially regu-
lated in the samples collected from the left amygdala of the
treated females, compared to the reference sample. Of
these genes, 133 were up- and 299 down-regulated. Forty
six (adjusted p < 0.05) genes were also found to be differ-
entially expressed in the samples collected from the right
amygdala of the treated female group, compared to the
reference sample; 33 being up- and 13 down-regulated.
Interestingly, there was no significant difference in gene
expression in samples collected from either side of the
amygdala of the treated males, relative to the reference
sample.

Comparison of untreated samples with the reference
sample, separately for sex and hemisphere, revealed signifi-
cant differences in gene expression for the control female
left (n = 43) and control male left (n = 45) samples, but not
for control female right and control male right. The numbers
of genes that exhibited significant differential expression
across multiple groups are shown in Fig. 1. The intersections

http://www.ingenuity.com/
http://www.ingenuity.com/
http://blast.ncbi.nlm.nih.gov/Blast.cgi


Table 1 Sequences of genes primer for qRT-PCR and correlation analysis between microarray and qRT-PCR results.

Gene
symbol

Gene full name Forward primer Reverse primer Product
length

Accession
number

Correlation
coefficients
(CO)

Fold changes (FC) in gene
expressiona

qRT-PCR vs
microarray

qRT-PCR Microarray

CO p-Value FC p-Value FC p-Valueb

ATXN10 Ataxin 10 CTGAAGAGCCCGGAATTGGT ACACAGGGGCATCATCCTTG 130 XM_004007655 0.821 0.001 3.63 0.001 1.41 0.03
GABARAP GABA(A) receptor-

associated protein
GCTGTACCAGGAACACCATGA CAGCAGCTTCACAGACCGTA 84 XM_004012641 0.95 0.01 3.45 0.01 1.31 0.019

APP Amyloid beta (A4)
precursor protein

GTGCAGAATGGGAAGTGGGA TCAGGGTAGACTTCCTGGCA 98 XM_004002800 0.891 0.02 4.01 0.01 1.47 0.044

TTR Ovis aries
transthyretin

TGCAGAGGTGGTGTTCACAG CTCACTCCTTGGGACTGCTG 116 NM_001009800 0.94 0.001 �0.61 0.02 �0.25 0.049

APOE Apolipoprotein E GAGGCGAAGAACGCGGTTG CTCCATATCCGCCTGGCATC 101 NM_173991 0.913 0.001 2.80 0.001 1.55 0.038
CCNE1 Cyclin E1 ACTTCTGTACCCACACGCTG TTGCCCAGTTCAGTACAGGC 89 XM_004015131 0.946 0.001 �0.69 0.031 �0.80 0.000
ARHGAP32 GTPase activating

protein 32
CGACGATTCTCCCAGCTCTC TGAGTGACCGACTCTGGACT 71 XM_004019539 0.871 0.03 �0.85 0.001 �0.81 0.006

ITGA5 Integrin, alpha 5
(fibronectin receptor,
alpha polypeptide)

AACAACTGCACCACCAGTCA CTGCCTCTGGGCATTTCAGA 148 XM_004007382 0.903 0.001 �0.68 0.01 �0.51 0.000

MAP4 Microtubule-associated
protein 4

TAGGAACCTGTCCACACCCT CTCAAGTCAGCTGGTGCAGA 108 XM_004018497 0.92 0.001 5.65 0.001 1.71 0.000

ADD3 Adducin 3 (gamma) TTCTCCTCCCCTCAGTCTCG GTCTGTACAGGCTGGCAAGT 119 XM_004020184 0.851 0.03 �0.82 0.001 �0.52 0.006

CO values indicate Pearson product-moment correlation coefficient between qRT-PCR and microarray for 10 genes.
a Fold changes were calculated by comparison of the mean expression values in treated female left amygdala group to reference group (pooled RNA samples from all groups). Negative values

indicate a decrease in expression in treated female left amygdala group.
b p-Values were calculated using the Benjamini—Hochberg (BH)method (Benjamini and Hochberg, 1995) for multiple testing inmicroarray data. In the qRT-PCR analysis, all genes were normalized

to GAPDH and ACTB genes.
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Figure 1 Venn diagrams showing the number of genes identified as differentially expressed. Section UP contained all the significant
upregulated genes in different groups; section DOWN contained all the significant downregulated genes across the groups. Both figures
also show the overlap of genes between different groups of samples. The intersections of the circle indicate the number of genes in
common between contrasts. ConFL and Con ML indicates control female left and control male left amygdala respectively as well as TrFL
and TrFR indicates treated female left and right respectively.
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in Fig. 1 show the number of differentially expressed genes
that were common across the different samples. The com-
plete list of up- and down regulated genes in the different
samples can be found in Supplementary Table 1.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.psyneuen.2013.09.011.

3.2. Gene Ontology

Clusters of functional enrichment terms that met the criteria
stated in the materials and methods section were only pre-
sent in the treated female group and are presented in Table
2. Results were most striking relative to the samples col-
lected from the left amygdala; in the treated females the
biological function term ‘‘microtubuli’’ was significantly over
represented among the up-regulated genes. In the down-
regulated group, the following terms were significantly over
represented: ‘‘Anti-apoptosis’’, ‘‘mitotic cell cycle’’, ‘‘posi-
tive regulation of transcription’’, ‘‘ovulation-cycle process’’,
‘‘mitochondrial envelope’’ and ‘‘ubiquitin binding’’. In the
right side of the amygdala of treated females, two enrich-
ment terms were considered significantly over represented:
‘‘immunoglobulin-mediated immune response’’ and
‘‘immune response’’. There were no clusters of GO enrich-
ment terms meeting the criteria in any other groups.

3.3. Network analysis of differentially expressed
genes in the left and right sides of amygdala in
GnRHa treated females

Gene network analyses on the differentially expressed genes
were carried out using the Ingenuity Pathway Analysis plat-
form. For the samples collected from the left amygdala of the
GnRHa treated females this resulted in five networks with a
score > 10. Functions in the top two networks were asso-
ciated with neurological disease, cancer and cardiovascular
disease (score = 39) and cell death, hereditary disease, and
neurological disease (score = 28). These networks had 8
genes in common and were merged (Fig. 2). The up-regulated
gene, amyloid beta (A4) precursor protein (APP), and the
down regulated gene, ubiquitin C (UBC), formed prominent
central nodes in this merged network.

For the samples collected from the right side of the
amygdala of the GnRHa treated females a network with
functions associated with cell death, cellular development,
and cell growth and proliferation was identified (score = 22)
(network shown in Supplementary Figure 1). In this network
the up- and down-regulated focus genes occupied a more
peripheral position, whilst APP and beta-estradiol, nodes
added by IPA, took up a central position.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.psyneuen.2013.09.011.

3.4. qRT-PCR

Data from qRT-PCR and microarray showed a high degree of
concordance with a correlation coefficient (rs) estimated to
be 0.964 (Table 1).

4. Discussion

This study shows, for the first time, that long-term peri-
pubertal GnRHa treatment in sheep is associated with sig-
nificant changes in the levels of expression of mRNA tran-
scripts in the amygdala, the changes being dependent upon
sex and hemisphere from which samples were collected.
Effects of GnRHa treatment were only observed in females,
and there were a much higher number of differentially
regulated mRNA transcripts (432) in the left compared with
the right amygdala (46). The interpretation and implication
of this novel finding are discussed below.

4.1. Sex specific effect of GnRHa treatment on
gene expression in the amygdala

The observation that gene expression within the amygdala
was only affected by GnRHa treatment in the females indi-
cates that GnRHa treatment affects development of specific

http://dx.doi.org/10.1016/j.psyneuen.2013.09.011
http://dx.doi.org/10.1016/j.psyneuen.2013.09.011
http://dx.doi.org/10.1016/j.psyneuen.2013.09.011
http://dx.doi.org/10.1016/j.psyneuen.2013.09.011


Table 2 Over represented Gene Ontology (GO) groups determined by the DAVID 6.7 software.

Left/right Up/down Category Term Genes p-Value

Left Up Cellular component Microtubuli ARL2, NEIL2, KEAP1, GABARAP, TUBB, APP, TBCB, MAP1LC3A, MAP4,
TUBA1A, MAP7D1, EMD, TUBB3, NUDC, TUBA1C

6.44E�05

Right Up Biological process Immunoglobulin-
mediated immune
response

C1QB, C3, INPP5D, HLA-DMA, CD74 3.18E�06

Right Up Biological process Immune response IGL@, C3, CTSS, HLA-B, HLA-DMA, CCL4, FTH1, IFI35, PSMB8, CD74,
CYBA, C1QB, CEACAM8, CTSC, INPP5D

3.87E�12

Left Down Biological process Anti-apoptosis SGK3, VHL, SKP2, SON, SQSTM1, VEGFA, GLO1, UBC, PRNP, RPS27A,
API5, IFI6, UBA52

1.34E�04

Left Down Biological process Mitotic cell cycle YEATS4, CCNK, MAP2K1, HAUS2, SKP2, LRRCC1, EML4, CCNE1, INHBA,
PSMB4, CDKN1B, NIPBL, PSMB6, NOLC1, PSMD2, MAPRE2, UBC, UBA52, RPS27A

3.30E�05

Left Down Biological process Positive regulation
of transcription

YEATS4, PPARA, HMGB2, VHL, MSTN, ARNTL, MED13, CCNE1, INHBA, NCOA3,
SQSTM1, PAX8, VEGFA, GTF2A2, UBB, TCF4, UBA52, RPS27A, MYSM1

0.004

Left Down Biological process Ovulation-cycle process CCNE1, INHBA, VEGFA, MSTN, FANCG, SIRT1 0.003
Left Down Cellular component Mitochondrial envelope UQCRC2, NDUFAF4, SUOX, USP30, NDUFB5, COX11, CHCHD3, CPT1A, NDUFS4,

COX2, TOMM70A, RHOT1, MTOR, AGK, MDH2
0.006

Left Down Molecular function Ubiquitin binding SQSTM1, BRE, AGL, UIMC1 0.008

Enriched Gene Ontology terms calculated using the differentially expressed genes in treated female group samples (left and right) relative to reference samples (combination of all groups, male,
female, control, treated, left and right amygdala). Clearly overlapping enrichment terms were collapsed into one group. Only those termswith an EASE score of<0.01were considered significant.
Modified from output in DAVID 6.7 (Huang et al., 2008).
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Figure 2 Ingenuity pathway analysis (IPA) was used to identify the connection between genes associated with GnRHa treatment in
left amygdala. The analysis identified a network in which up regulated gene APP and down regulated genes UBC occupied central
positions. Pink: up regulated genes. Green: down regulated genes. Shapes represent different molecule types as illustrated in the right
panel. The intensity of the node (gene) color represents the degree of up-regulation and down-regulation where Pink: upregulated
genes and Green: down regulated genes. Nodes (Genes) with uncolored background were not identified as differentially expressed in
our experiment and were integrated into the computationally generated network on the basis of evidence stored in IPA knowledge
memory indicating a relevance to this network. Solid lines denote protein—protein interactions and dashed lines denote regulation
relationships. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the
article.)
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limbic structures in the amygdala in a sex specific manner.
Our previously published work, with the same cohort of
GnRHa treated sheep, has demonstrated that GnRHa treat-
ment also had a sex-specific effect on behavior and emotional
regulation. Specifically, female animals in which the pubertal
transition was blocked by GnRHa treatment, displayed pro-
nounced avoidance behavior, less emotional control capabil-
ity or more anxiety behavior, whereas male animals exhibited
risk-taking and exaggerated approach behaviors (Wojniusz
et al., 2011). As the amygdala plays a central role in emo-
tional processing (Zald, 2003), the present findings could
suggest that sex specific gene expression changes due to
GnRHa treatment are related to sex-specific emotional
responses reported in the previous study (Wojniusz et al.,
2011). The possibility that GnRHa treatment affected devel-
opment of the amygdala is also supported by the results of
morphometric analysis (using MRI) of the brains of these
animals as this demonstrated that GnRHa treatment was
associated with increased amygdala volume, however, this
effect on volume was not limited to the females and was seen
in both sexes (Nuruddin et al., in press). The sex specific
changes in gene expression observed in the present study
might indicate, therefore, that while GnRHa treatment has
an effect at a macro-structural level in both sexes, at the
molecular level the effect is more pronounced in the female.
The present results, however, do not allow us to make
definitive conclusions as the timing of the pubertal transi-
tion, and thus, the timing and duration of treatment differed
between males and females in the current study.

4.2. Lateral effect of GnRHa treatment on gene
expression in the amygdala

Interestingly, we observed a greater number of changes in
gene (mRNA) expression in the left (438) compared to the
right amygdala (46) in the GnRHa treated females lambs. This
finding indicates a lateral effect of GnRHa treatment on gene
expression within the amygdala that might cause or be
involved in later functional behavioral differences. It is
interesting to note that our MRI study (Nuruddin et al., in
press) also revealed lateral in addition to sex effects in
amygdala volume after treatment, the left amygdala volume
in treated female being much larger than the right amygdala
in the females and both left and right amygdala in the treated
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males. The combination of our morphometric and gene
expression studies, suggests that GnRHa treatment effects
at the level of the amygdala may be more pronounced in
females than males, and also that GnRHa treatment has a
lateral effect on the development of the amygdala. Few
studies have specifically addressed or described lateraliza-
tion of amygdala function in either humans or animals. Hemi-
spheric lateralization of amygdala function in relation to
emotion regulation has been reported in human imaging
studies where the left amygdala has been implicated as
dominant in females (Cahill, 2006; Koscik et al., 2010). To
our knowledge, this is the first study that shows a hemispheric
lateralization of gene expression levels in the amygdala due
to peri-pubertal GnRHa treatment. It is interesting to spec-
ulate that the hemispheric and sex-biased changes in gene
expression levels in the amygdala, as a result of GnRHa
treatment, might be related to the cognitive changes that
we have previously reported (Wojniusz et al., 2011). These
data further support the concept of hemispheric lateraliza-
tion of amygdala function in sheep. However, such interpre-
tation should be tempered by the fact that sheep and humans
differs in terms of reproductive behavior and seasonality and
thus physiological species differences exist that might pre-
clude extrapolation of such data. Replication of this type of
study is also needed to determine the mechanisms by which
GnRHa affects amygdala function in sheep and to study
anxiety and mood parameters in humans subject to such
treatments. In our study, we used GO analysis (Michael
et al., 2000) to gain knowledge about the biological process,
cellular components and molecular functions of the genes
that exhibited differential expression between hemispheres,
sexes or as a result of treatment. This analysis is widely used
for systemic assessment of the key functions and processed
enriched in a set of genes identified by transcriptomic ana-
lysis. In addition; gene network analysis was used to visualize
the biological relationships between genes which were dif-
ferentially expressed as determined by the microarray ana-
lysis. These analyses indicated that relative to gene
expression in the left amygdala the up-regulated APP and
down-regulated UBC genes formed central nodes. This is of
interest as a recent report has linked APP with proteins
constituting the cytoskeleton network polymers, actin and
microtubulin (Henriques et al., 2010) and our GO analysis also
revealed that the biological function term ‘microtubule’ was
significantly over represented among the up-regulated
genes. While it is important to bear in mind that the results
of such in silico analysis could be due to the many different
gene interactions that could be occurring as a result of
various experimental variables, the observed changes in
APP gene expression are of functional interest. The APP gene
encodes a transmembrane protein that is cleaved by b and g

reductase enzymes to generate amyloid beta (Ab), the
deposition of which occurs in the plaques characteristically
seen in Alzheimer’s disease patients (Sambamurti et al.,
2002). Further, the APP gene has been implicated in detri-
mental changes in cognitive function associated with the
amygdala, such as anxiety, fear and emotional problems,
both in human Alzheimer patients and in a mice model of
Alzheimer’s disease (España et al., 2010). APP and human
presenilin (APP/PS1) mutant mice also express abundant
extracellular plaques, synaptic dysfunction and loss, astro-
cytosis, activation of microglia and cognitive deficits (Games
et al., 1995). Recently, the morphological basis for amygdala-
dependent cognitive impairment was studied using trans-
genic mice that express a chimeric mouse/human amyloid
precursor protein (Mo/HuAPP695swe) and a mutant human
presnilin1 (Ps1-d39) (Knafo et al., 2009). The results demon-
strated that auditory fear conditioning, a learning task that
depends on the amygdala, was clearly impaired in APP/PS1
mice (Knafo et al., 2009). The authors also found morpho-
logical alterations in the dendrites and spines of neurons in
the amygdala. Spines are the main postsynaptic elements of
excitatory synapses in the brain and are fundamental in
memory, learning and cognition (Lamprecht and LeDoux,
2004). Thus, morphological changes in the dendrites and
spines could underlie the cognitive impairment observed in
the APP mutant mice. Additional rodent studies have also
reported significantly increased expression of APP and Ab in
the basolateral amygdala, in response to environmental
stressors and persistent anxiety and it has been suggested
that these might be predisposing factor for Alzheimer’s dis-
ease pathogenesis. Collectively these findings suggest that
the amygdala is significantly and consistently affected by Ab

both in patients with AD and in mouse models of this disease
and that the amygdala is a central participant in the pathol-
ogy of AD (Unger et al., 1991). Furthermore that the frequent
emotional, psychological and memory disturbances observed
during AD may be due to molecular and structural changes in
the amygdala which could be linked to hormonal change.
Given the evidence of a role for APP within the amygdala
during AD pathogenesis, it is perhaps surprising that the
expression and functional involvement of the APP gene at
the time of the pubertal transition, another time of known
cognitive change, has not been described elsewhere. Further
studies on APP gene function in the peri-pubertal stage are
therefore warranted.

The other central node within the functional network
derived from our results was Ubiquitin C. Studies that have
investigated the role of ubiquitin molecules on target pro-
teins suggest that these molecules play a role in numerous
cellular processes including cell cycle regulation, signal
transduction, gene transcription and synaptic plasticity
(Hegde, 2010; Soh et al., 2010; Wickliffe et al., 2009).
Recently, it has been suggested that in Alzheimer’s disease,
amyloid beta disrupts BDNF-mediated retrograde signaling by
alterations to ubiquitin homeostasis (Poon et al., in press).
This provides a functional connection between APP, neuro-
tropic and ubiquitin genes and potentially links them with
periods of known cognitive change.

It could be speculated that an increase in pubertal GnRH,
androgen and estrogen release might affect the growth and
development of the amygdala during puberty, or possibly,
that GnRH along with sex hormones alter the neural sub-
strates of the circuitry involved in growth and development
of amygdala, as well as other brain structures. These spec-
ulations can be supported by the fact that GnRH and sex
hormones receptors are abundant in limbic regions particu-
larly in the amygdala and hippocampus (Beyenburg et al.,
2000; Skinner et al., 2009). Our results clearly show differ-
ential expression of some genes within the amygdala, these
changes are of particular note as mRNA extraction was from
the entire amygdala and thus any observed changes must
represent large scale changes in gene expression. Conversely,
however, the use of this protocol means that small changes or
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region specific changes in gene expression could have been
missed, given the heterogeneous nature of this brain struc-
ture, therefore, further more targeted studies are necessary.
Histological, cellular and proteomics studies should be com-
bined in order to gain more insight into the molecular
biological mechanisms that underlie these GnRHa-induced
structural (Nuruddin et al., in press) and sex and side biased
differential expression mRNA transcript.

4.3. Conclusion

Our results demonstrated that GnRHa treatment modulated
specific facets of the development of amygdala, as indicated
by sex and hemisphere specific gene expression in GnRHa
treated compared to control animals. These novel findings
demonstrate that changes in GnRH concentrations during
puberty are likely to affect normal brain development and
should be borne in mind when pharmacological blockade of
GnRH action is used for treatment of young children.
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Abstract 21 

Research on Alzheimer’s disease (AD) has indicated an association between hormones of the 22 

hypothalamic–pituitary–gonadal (HPG) axis and cognitive senescence, indicating that post 23 

meno-/andro-pausal changes in HPG axis hormones are implicated in neuropathological changes 24 

in AD. Studies of transgenic mice with AD pathologies have led to improved understanding of 25 

the pathophysiological processes underlying AD. The aim of this study was to investigate the 26 

effect of a Gonadotropin releasing hormone analog (Gnrh-a; Leuprorelin acetate) on amyloid 27 

plaque deposition and mRNA expression of Gnrh and its receptor (Gnrhr) in transgenic mice 28 

carrying the Arctic and Swedish amyloid-β precursor protein (AβPP) mutations (tg-ArcSwe).  29 

Tg-ArcSwe mice were injected subcutaneously with the Gnrh-a once every fourth week from the 30 

age of 4 months until 12 months. Quantitative real time PCR for gene expression was performed 31 

in hippocampus, while immunohistochemistry analysis was performed on hippocampus, cerebral 32 

cortex, and hypothalamus. In both sexes, Gnrh-a treatment caused significant down-regulation of 33 

Gnrh and Gnrhr expression in tg-ArcSwe relative to vehicle treated tg-ArcSwe at the same age. 34 

Furthermore, immunohistochemistry and quantitative image analysis showed no significant 35 

changes in the plaque load after Gnrh-a treatment in hippocampus and thalamus. However, 36 

plaque load in the cerebral cortex of treated females tended to be lower than in female vehicle-37 

treated mice. The present study points to the involvement of hormonal changes in AD and the 38 

prospect of mitigating these through targeted treatment. Although known to increase in normal 39 

aging, our study shows that Gnrh/Gnrhr mRNA expression increases even more with amyloid-β 40 

deposition in Tg-ArcSwe mice. Further, treatment with Leuprorelin acetate alters hippocampal 41 

gene expression both at the hormone and receptor level. However, the effect on amyloid plaque 42 

development remains uncertain in this model. 43 
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1. Introduction 44 

Alzheimer’s disease (AD) is the most common form of dementia. The disease affects more than 45 

35 million people worldwide [1] and each year 4.6 million new cases are diagnosed [2]. Although 46 

much is known about the neuropathology of AD, the etiology remains unclear and currently 47 

there is no cure for this neurodegenerative disease. 48 

It is assumed that AD pathogenesis perturbs signal transduction pathways and that this 49 

contributes to neurodegeneration. Alterations in different neurotransmitter systems are well 50 

established, perhaps most clearly affecting cholinergic and glutamatergic pathways [3]. 51 

Misprocessing of amyloid-β precursor protein (AβPP) plays a pivotal role in inherited forms of 52 

AD [4], but oxidative, inflammatory [5] and hormonal processes [6,7] might additionally and 53 

significantly contribute to the pathogenesis. 54 

Hormonal mechanisms underlying AD development have gained renewed interest. It was 55 

recently reported that gonadotropin-releasing hormone (Gnrh) induces adult neurogenesis in 56 

several brain regions typically afflicted by AD neuropathology [8]. Furthermore, Gnrh agonist 57 

(Gnrh-a) therapy has been shown to decelerate aging in animals [8] and reduce the risk of 58 

developing  AD in prostate cancer patients [9]. 59 

Gnrh is a decapeptide hormone. There are three forms of Gnrh (1, 2 and 3), of which Gnrh1 and 60 

2 are present in reptiles, birds and mammals. Gnrh1 and 2 are not only expressed in the 61 

hypothalamus but also in other brain regions e.g. caudate nucleus, hippocampus and amygdala 62 

[10–12]. Based on the wide distribution of Gnrh, this hormone is likely to have roles beyond its 63 

endocrine function, possibly serving as a neurotransmitter or a modulator of neuroplasticity [13–64 

15]. There is only one single functional Gnrh receptor (Gnrhr) in most species, including mice. 65 
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Gnrhr is a unique rhodopsin-like G protein-coupled receptor that appears to mediate a wide 66 

variety of Gnrh1 and 2 signaling mechanisms [16].    67 

Furthermore, recent research has elucidated cognitive and physiological effects of Gnrh [17–19]. 68 

Results from mice and human studies of both sexes indicate that modulation of Gnrh and its 69 

receptor using a Gnrh analog (Gnrh-a) may lead to significant changes in cognitive functions [17, 70 

20, 21].  71 

The hippocampal region is most vulnerable to AD and turns out to be particularly rich in Gnrh 72 

receptors [12, 16]. Therefore in this study, we have focused on Gnrh and receptor gene 73 

regulation in the hippocampus.  74 

It is proposed that estrogen has a modifying effect on Alzheimer’s disease [22] and as Gnrh is 75 

elevated post-menopause due to the loss of estrogen feedback, Gnrh may have a direct effect on 76 

neurodegeneration [12]. Therefore, the aim of our study was to investigate the effect of 77 

Leuprorelin acetate, a Gnrh-analog, on Gnrh and Gnrhr mRNA-expression, as well as on 78 

amyloid-β (Aβ) deposition in transgenic mice expressing amyloid-β precursor protein (AβPP) 79 

mutations with the Arctic and Swedish mutations (Tg-ArcSwe), an established model of AD 80 

[23,24]. 81 

2. Materials and methods 82 

Animal model: 83 

In this study we used transgenic mice carrying a human AβPP cDNA with the Arctic (E693G) 84 

and Swedish (KM670/671NL) mutations. The animals were housed under standard conditions 85 

(12 h dark/light cycles) with unrestricted access to food and water, and sacrificed after 4 or 12 86 

months. All animal procedures were in accordance with the National Institutes of Health Guide 87 
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for the care and use of laboratory animals (FELASA) and approved by the Biological Research 88 

Ethics Committee in Norway (FOTS/3209). 89 

Animals (Tg-ArcSwe and wild–type mice) were injected subcutaneously with 25ng/g of the 90 

Gnrh-analog Leuprorelin acetate (Procren Depot “AbbVie”) dissolved in physiological saline, or 91 

vehicle alone. The injections were given once every fourth week from the age of 4 months, 92 

before plaque deposition has begun [24]. Of the animals included in the study, about 20 % of the 93 

animals died of unknown causes before reaching the age of 12 months. This included both 94 

treated and untreated animals, leaving us with the number of animals referred to in table 1. The 95 

remaining animals were sacrificed at 12 months, after 8 months of treatment, and used for 96 

quantitative real time PCR (qRT-PCR) and immunohistochemical investigations. In addition to 97 

this, gene expression was analyzed with qRT-PCR in 4 months-old animals who did not receive 98 

any pharmacological intervention. Details are shown in Table 1. 99 

Tissue processing: 100 

Animals were anesthetized using Isofluran Baxter (Isoflo™, Abbot Laboratories, Abbot Park, IL, 101 

USA) and sacrificed at 4 or 12 months by decapitation. The brain was extracted, and divided into 102 

its two hemispheres and freezed using Nordfjord® cool spray (Norden Olje, Ski, Norway) and 103 

dry ice. The tissue was stored at -80 ºC until further use. The right hemisphere was used for 104 

immunohistochemistry, while hippocampus from the left hemisphere was used for qRT-PCR.  105 

RNA Isolation: 106 

Total RNA was isolated from the hippocampus with TRIzol Reagent (InvitrogenTM, Paisley, 107 

UK). For each sample, 11-14 mg of frozen tissue was homogenized in 1 ml of Trizol reagent 108 

using MagNA Lyser Green Beads (Roche Diagnostics, Mannheim, Germany) and Retsch MM 109 
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301 mixer mill (Retsch GmbH, Haan, Germany). Purified RNA was dissolved in 50 µl of 110 

RNase-free water (Qiagen, Crawley, UK) followed by DNase I treatment (RNase-Free DNase 111 

Set, Qiagen, Crawley, UK) for 20 minutes at room temperature, immediately followed by 112 

purification using RNeasy Mini-Kit (Qiagen, Crawley, UK) according to the manufacturer’s 113 

recommendations. The concentration and quality of the RNA were determined using NanoDrop 114 

(Thermo-Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, 115 

Santa Clara, CA, USA), respectively. RNA was stored at -80
o
C until being further processed. 116 

Quantitative RT-PCR (qRT-PCR): 117 

To predict the most stable reference gene under the present study condition [25], the GeNorm-118 

method was used. GeNorm human detection kit and software was obtained from PrimerDesign 119 

Ltd (Southampton, UK). Of the 6 reference genes tested phosphoglycerate kinase 1 (Pgk1), 120 

ribosomal protein S18 (Rps18), beta-2 microglobulin (B2m), glyceraldehyde-3-phosphate 121 

dehydrogenase (Gapdh), glucuronidase, beta (Gusb), transferrin receptor (Tfrc),  the two most 122 

stable genes; B2m and Gusb were selected as reference genes in this study. 123 

Genes included in the gene expression analyses are listed in Table 2. Primer sequences for 124 

Gnrh1, Gnrhr, B2m and Gusb were designed by using primer-3 plus, a web-based primer 125 

designing tool [26]. All primers were synthesized by Sigma-Aldrich (St.Louis, MO, USA). 126 

Specificities of all primer pairs were checked using nucleotide BLAST and primer BLAST 127 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).   128 

Primer annealing temperature and cDNA concentration were optimized before the experiment 129 

was carried out. All products were run on an agarose-ethidium bromide gel as to verify distinct 130 

bands of a size matching the intended product in the absence of primer-dimer formations. 131 
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cDNA synthesis and qRT-PCR were performed using superscript III platinum Two-Step qRT-132 

PCR kit with SYBR Green (Invitrogen, Carlsbad, CA, USA) according to the protocol 133 

recommended by the manufacturer. A Peltier Thermal Cycler-225 (MJ Research, Waltham, MA, 134 

USA) was used to synthesize cDNA, and qRT-PCR was done with an ABI PRISM 7900 135 

Sequence Detector System (PE Applied Biosystems, CA, USA). Technical duplicates of RNA 136 

samples, negative controls without reverse transcriptase as well as negative controls devoid of an 137 

RNA template all underwent cDNA synthesis. 1 µg of total RNA was used to synthesize cDNA 138 

(10 min at 25°C, 50 min at 42°C and 5 min at 85°C). The reaction mixture (20 µl) contained 3 µl 139 

of cDNA (15 ng), 10 µl of Platinum SYBR Green qRT-PCR Super Mix-UDG, 0.2µl of ROX 140 

reference dye, 1µl of 10µmol of forward and 1µl of 10 µmol of reverse primers, and 4.8 µl of 141 

DNase/RNase-free water (Invitrogen). Cycling conditions were: initial denaturation at 95°C for 2 142 

min; 40 amplification cycles were at 95°C for 30 s, 62°C for 30 s, and 72°C for 30 s. Each assay 143 

was performed in quadruplicate, and three negative controls were run for every assay: no 144 

template (sample lacking cDNA), no reverse transcriptase, and no RNA in reverse transcriptase 145 

reaction. The absence of primer-dimers, genomic DNA, and other DNA contaminations was also 146 

monitored by melting curve analysis at the end of each run (ABI PRISM 7900 manufacturer’s 147 

recommended default settings). 148 

qRT-PCR analysis:  149 

The ΔCt was calculated from the difference in expression between the gene of interest (Gnrh1 150 

and Gnrhr) and mean expression of the two reference genes (Gusb and B2m). To investigate the 151 

effect of genetic modification in transgenic mice at 4 months and 12 months, the ΔΔCt was 152 

calculated by the difference between the ΔCt value of wild type-mice (WT-mice) and tg-ArcSwe 153 

mice samples, within both sexes.  Furthermore, in order to assess any effects of treatment at 12 154 
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months of age, the ΔΔCt was calculated as the difference between the ΔCt value of vehicle-155 

treated tg-ArcSwe mice and Leuprorelin acetate treated tg-ArcSwe mice samples, within both 156 

sexes. Relative gene expression expressed as fold change was calculated by using 2
-ΔΔCt

.  157 

Immunohistochemistry: 158 

Sagittal cryosections (25 µm; Leica CM3050 S) from the right hemisphere were stored at -20 ºC. 159 

All sections were post–fixed with 4% formaldehyde (PFA) for 5 minutes, pretreated with 80 % 160 

formic acid for 2 minutes and 2% H2O2 for 7 minutes. After washing with 10 mM PBS, pre - 161 

incubation solution (10% normal goat serum (NGS), 1% bovine serum albumin (BSA), 0.5% 162 

Triton X-100 in 10 mM PBS) was applied to the sections for 30 minutes at room temperature. 163 

Afterwards, the sections were incubated with an Aβx-40-specific polyclonal primary antibody 164 

(0.5 μg/ml; Agrisera, Umeå, Sweden) diluted 1:2000 in primary antibody solution (3% NGS, 1% 165 

BSA, 0.5% Triton X-100 in 10 mM PBS) at 4˚C overnight. The antisera was generated and 166 

evaluated for specificity as described [23,27]. 167 

After washing steps, the sections were incubated for 1 hour with a biotinylated goat-anti-rabbit 168 

antibody (BA-1000, Vector Laboratories, CA, USA) diluted at 1:300 in 3% NGS, 1% BSA, 169 

0.5% Triton X-100 in 10 mM PBS, washed in 10 mM PBS, and afterwards, incubated 1 hour at 170 

room temperature with streptavidin-biotinylated horseradish peroxidase complex diluted at 1:100 171 

in 0.5% Triton X-100 in 10 mM PBS. After washing with 10 mM PBS, all sections were 172 

incubated with 3,3’-diaminobenzidine tetrahyprochloride (Sigma, MO, USA) for 5 minutes, 173 

before 0.1% H2O2 was added to 10 ml DAB solution and applied on the sections until proper 174 

labeling was achieved (3 minutes). The sections were briefly rinsed in water, mounted and stored 175 

at room temperature.  176 
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Image acquisition and quantitative analyses: 177 

An automated slide scanner system (Mirax Scan, Carl Zeiss MicroImaging GmbH, Jena, 178 

Germany) was used for acquiring high-resolution TIFF images with a spatial resolution of 0.205 179 

µm/pixel. Images were inspected by virtual microscopy using the Panoramic viewer software 180 

(3D Histech, Budapest, Hungary). Using the export functionality of the Mirax Viewer, images 181 

were scaled 1:16 (to a spatial resolution of 3.28 µm/pixel). To compensate for differences in 182 

background color intensity following immunohistochemistry, all image histograms were 183 

normalized using the match-color algorithm in Adobe Photoshop CS6 with a photomicrograph of 184 

a wild-type section as reference [28]. Afterwards, quantitative image analysis was performed in 185 

three regions of interest (ROIs) using ImageJ 1.46r (http://imagej.nih.gov/ij). The outlines of the 186 

ROIs (cerebral cortex, thalamus, and hippocampus) were manually delineated in each section. 187 

Anterior delineation in the cerebral cortex was a line connecting the rhinal fissure and anterior 188 

tip of the external capsule. Dorsally it was delineated by the external surface of the brain, 189 

ventrally by the external capsule, and at posterior level by the dorsal subiculum. The anterior, 190 

ventral, and dorsal boundaries of the thalamus were defined by the surrounding white matter in 191 

the fimbria, internal capsule and cerebral peduncle and the hippocampus, while the posterior 192 

boundary was approximated by connecting the brachium of the superior colliculus and cerebral 193 

peduncle with a curved line encompassing geniculate nucleus. This delineation may also include 194 

the subthalamic nuclei. The delineation of the hippocampus included the three cornu ammonis 195 

subfields (CA1, CA2, and CA3), the dentate gyrus, and subiculum, and was at anterior level 196 

defined against the fimbria, dorsally and posteriorly against the external capsule, and ventrally 197 

against the thalamus. Images were binarized by selecting a threshold value in Image J, which 198 

yielded boundary definitions best corresponding to the observed plaque boundaries. The same 199 
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threshold value was used for all sections. The area of each ROI and the area of labeled objects 200 

within each ROI were calculated, and the as area fraction in percent (labeled area/ ROI area x 201 

100) was used as a measure of plaque load. For each animal the mean area fractions of three 202 

sections were used for the final analysis.  203 

Statistical analysis: 204 

For immunohistochemistry, ANOVA assay and paired t-test in InStat® (GraphPad Softwear, San 205 

Diego, CA, USA) were used to analyze amyloid plaque deposition in different groups (Control 206 

vs treated). A P-value less than 0.05 was considered to indicate a statistically significant 207 

difference. 208 

For gene expression, the log2 transformed fold change values (2
-ΔΔCt

) were used for statistical 209 

analysis by applying JMP 10.0 software (SAS Institute Inc, Cary, NC, USA). Differences in gene 210 

expression were evaluated by Wilcoxon signed rank test. 211 

3. Results 212 

Gene expression: 213 

To investigate the association between Gnrh1/Gnrhr and AD we assessed the gene expression 214 

levels in hippocampus of tg-ArcSwe mice at 4 months and 12 months. In addition, we analyzed 215 

the gene expression level at 12 months after 8 months of treatment with Leuprorelin acetate (25 216 

ng/g). The results are presented in Figure 1. Our gene expression analyses show that at 12 217 

months of age, both Gnrh1 (p<0.001 in both sexes) and Gnrhr (p<0.01 male and p<0.001 218 

female) mRNA expression were significantly elevated in tg-ArcSwe compared to age-matched 219 

WT in both sexes. Furthermore, gene expression analysis of 12 months old WT mice relative to 4 220 

months old WT mice revealed elevated expression of Gnrh1 (fold change 2.56, p<0.05 for male 221 
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and fold change 2.33, p<0.05 for female) and Gnrhr (fold change 3.21, p<0.05 for male and fold 222 

change 3.56, p<0.05 for female).Strikingly, after 8 months of treatment with Leuprorelin acetate, 223 

gene expression of both Gnrh1 (p<0.001 male and p<0.01 female) and Gnrhr (p<0.001 in both 224 

sexes) were down-regulated comparing Leuprorelin acetate-treated tg-ArcSwe to vehicle-treated 225 

tg-ArcSwe at the same age. At 4 months no significant differences were observed. All fold 226 

change values, standard errors and p-values are presented in Table 2.  227 

Immunohistochemistry: 228 

The amount of Aβx-40 labeling was determined by quantitative image analysis. Estimates of 229 

relative amyloid-beta (Aβ) deposition in cerebral cortex, hippocampus and thalamus of 12 230 

months-old tg-ArcSwe mice are listed in Figure 2. The average plaque load in the hippocampus 231 

of 12-month-old female and male tg-ArcSwe mice that received Leuprorelin acetate (7 female 232 

and 3 male mice), compared to untreated sex- and age-matched tg-ArcSwe mice (4 female and 6 233 

male mice), did not significantly differ (Figure 3). However, we found a tendency of lower 234 

plaque load in the cerebral cortex of treated females (p=0.06) compared to female vehicle-235 

treated. Additional comparisons of plaque load in cerebral cortex and thalamus in the same 236 

animal groups did not reveal any differences.  237 

4. Discussion 238 

This study provides the first evidence that Gnrh1 and Gnrhr are significantly up-regulated in 12 239 

months old tg-ArcSwe mice compared to WT. We further demonstrate that treatment with 240 

Leuprorelin acetate effectively down regulates Gnrh1 and Gnrhr mRNA expression in tg-241 

ArcSwe mice relative to age-matched vehicle-treated tg-ArcSwe mice. Interestingly, at young 242 

age (4 months old animals) there was no significant differences in Gnrh1 and Gnrhr mRNA 243 
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expression between transgenic and WT-mice (prior to treatment and onset of plaque deposition 244 

in this animal model). Nevertheless, despite the known importance of the hippocampal plaque 245 

deposition in AD pathology [29], we did not find any significant change in hippocampal plaque 246 

load after 8 months treatment with Leuprorelin acetate between the groups. Furthermore, we did 247 

not observe quantitative differences in plaque load in the cerebral cortex and thalamus between 248 

the groups. The interpretation and implication of these findings are discussed below. 249 

It has been reported that the hippocampal Gnrh system is acutely sensitive to both age and 250 

reproductive status, as Gnrhr expression is increasing in ageing rats [30]. This result is in 251 

concordance with our study in mice, in which we found increased mRNA expression of Gnrh1 252 

and Gnrhr in 12 months WT compared to 4 months WT. Our findings of increased Gnrh1/Gnrhr 253 

expression in 12 months old AD-mice relative to age-matched WT show that Gnrh1/Gnrhr 254 

expression increases even further in AD-mice. This is in line with the idea that Gnrh/Gnrhr 255 

contributes to the development of AD pathology and studies reporting that Gnrh/Gnrhr 256 

influences hippocampal synaptic activity and impacts central nervous system physiology as well 257 

as pathophysiology [16, 31]. However, it remains to resolve whether this is a direct influence of 258 

Aβ-pathology or a consequence of secondary pathology, e.g. micro-/astrogliosis with release of 259 

substances that increase Gnrh/Gnrhr expression in hippocampus.  260 

The potential of Gnrh-a treatment was first demonstrated in a mouse study in which treatment 261 

lowered hippocampal plaque load and prevented AD-related cognitive dysfunctions [32,33]. 262 

Additionally, it has been described that Gnrh-a treatment reduced Aβ concentration in total brain 263 

after 2 months of treatment in C57BL/6 mice [32]. This finding suggests that Gnrh-a treatment 264 

decreases Aβ levels by suppressing serum gonadotropins [32]. Further, luteinizing hormone (LH) 265 

promoted AβPP-processing towards the amyloidogenic pathway in a neuroblastoma cell line, as 266 
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evidenced by increased Aβ-formation and secretion [32]. Another study, in which very old mice 267 

(Tg2576, carrying the Swedish AβPP mutation) were treated with a Gnrh-a for two months, 268 

resulted in decreased hippocampal Aβ-deposition and improved cognitive functions among the 269 

aged transgenic mice [33]. Gnrh-a therapy reduced LH by down-regulating Gnrhr expression in 270 

the anterior pituitary [34]. Because individuals with AD show a two-fold increase in circulating 271 

gonadotropins (LH and Follicle stimulating hormone) compared with age-matched controls, 272 

gonadotropins have received increased attention over the last years [35–37]. Mechanistically, 273 

Gnrh has been suggested to promote the reactivation of mitotic signaling pathways that occurs 274 

early in AD pathogenesis. Although LH might mediate these effects, it is also possible that Gnrh-275 

a treatment mediates its effects directly [38]. 276 

Based on these findings, we expected that Leuprorelin acetate would modulate Gnrh1 and Gnrhr 277 

expression in tg-ArcSwe, and also exert an impact on amyloid plaque load in the animals.  278 

However, we did not record any significant differences in plaque load between groups after 8 279 

months of treatment, although we observed a tendency of decreased cortical plaque load in 280 

treated females compared to vehicle-treated controls. Our recent study of plaque load variability 281 

in Tg-ArcSwe mice [23] indicates that it would have been possible to detect a major change in 282 

plaque load , while smaller changes might have been missed due to insufficient sample size. The 283 

fact that tg-ArcSwe is a stronger genetically driven model than, e.g., Tg2576 might also explain 284 

differences in therapeutic effects. The modifying effect of Leuprorelin acetate could be relatively 285 

weaker than the (trans)-genetic effect in tg-ArcSwe and thereby difficult to detect.    286 

 In this study we used an Aβx-40 antibody to assess amyloid burden. It has previously been 287 

demonstrated that Aβ antibodies stain the same, homogeneous population of cored Aβ-plaques in 288 

the tg-ArcSwe model, irrespective of whether the antibodies recognize the N- or C-terminal 289 
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epitopes in Aβ [23,24]. Therefore in tg-ArcSwe mice the 6E10, Aβx-40 or Aβx-42 antibodies 290 

will produce similar labeling pattern and indicate the same Aβ burden, at least at the light-291 

microscopic level. This probably reflects the fact that the Arctic AβPP mutation makes Aβ-292 

peptides far more prone to aggregate, including Aβ1-40 [23, 39].  293 

The present gene expression analyses were restricted to a single hormone and its receptor. 294 

Obviously, this confers a limitation on the conclusions that can be made. The present findings 295 

warrant further studies using microarray gene expression profiling along with proteomics 296 

analyses to gain a deeper insight in the hormonal processes that affect the development of AD.  297 

In conclusion, Gnrh1 and its receptor are overexpressed in 12 months old tg-ArcSwe compared 298 

to WT. Leuprorelin acetate treatment was shown to affect the expression of the gene encoding 299 

the hormone receptor as well as the gene encoding the hormone itself, consistent with down-300 

regulation of endogenous endocrine systems. The present study brings to the fore the 301 

involvement of hormonal changes in AD and the prospect of mitigating these through targeted 302 

treatment.  303 
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Figure Captions: 415 

Figure 1: mRNA expression levels across the age and groups 416 

                            ----Figure 1---- 417 

Hippocampal expression of Gnrh1 and Gnrhr transcripts in male and female tg-ArcSwe mice 418 

related to control groups. Data are represented as fold change and standard error mean (SE). 419 

The fold change values are derived from relative quantification and normalization to the 420 

expression of two reference genes (B2m and Gusb). Genes with values higher than 1 indicate 421 

increased mRNA expression, values lower than 1 decreased mRNA expression in target group 422 

relative to control group. Light grey bars indicate fold changes of gene expression at 4 month of 423 

age AD-mice relative to age-matched WT-mice; Grey bars indicate fold change of gene 424 

expression level in 12 month old AD-mice relative to age-matched WT-mice. Black bar indicate 425 

fold changes in gene expression in 12-month-old Gnrh-a treated AD-mice relative to vehicle 426 

treated AD-mice; within both sexes. Significant (Wilcoxon signed rank test, p<0.05) changes in 427 

gene expression are indicated by asterisks. 428 

Figure 2: Immunohistochemistry image for Aβ-deposits across different groups 429 

                                                       ……Figure 2……….. 430 

Immunohistochemistry for amyloid (Aβx-40) in the right hemisphere of male and female mouse 431 

brain. Aβ-deposits are found throughout the cerebral cortex (Cx) and hippocampus (Hc) in all 432 

animals regardless of treatment. Enlarged images E-H show morphological details in the 433 

hippocampus. Insets show sections from wild-type animals of corresponding genders 434 

demonstrating that background staining was low. 435 

Figure 3 : Effect of Gnrh-analog treatment on Aβ-deposits across different regions of the brain 436 

                                  ……………..Figure 3……… 437 

Aβ-beta deposition in the cerebral cortex, hippocampus and thalamus of the treated (tre-)and 438 

untreated (untre-) tg-ArcSwe mice. For each animal the mean area fractions of three sections 439 

were used for the final analysis. Results are presented with means and standard error means 440 

(SEM). Unt-untreated females (○) and males (□), Tre- There 441 

was no significant change between the groups, but a trend towards lower plaque deposition in 442 

treated female cerebral cortex (p=0.06) compared to vehicle treated controls. 443 

  444 
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Table 1. Animals involved in the study. 445 

Age (in months) 

12 12 4 

Treatment  

(Leuprorelin acetate; 25ng/g) Treated Untreated Untreated 

Tg - ArcSwe males 3 6* 6 

Wild-type males - 6 6 

Tg - ArcSwe females 7 6* 6 

Wild-type females - 6 6 

* A subset of these animals were anatomically characterized in reference [23] 446 

Table 2. Primer sequences for target and stable reference genes used in the study. 447 

Gene 

abbreviation 

Forward primer Reverse primer Product 

length 

Accession 

number 

Gnrh1 GCTCCAGCCAGCACTGGTCCTA 

 

TGATCCACCTCCTTGCCCATCTCTT 

 

100 

 

NM_008145.2  

 

Gnrhr 

 

ATTAGCCTGGACCGCTCCCTGG 

 

CATTGCGAGAAGACTGTGGGCCC 

 

182 NM_010323 

 

B2m 

 

CTTCAGTCGTCAGCATGGCTCGT 

 

TTTCTGGATAGCATACAGGCCGGC 

 

83 NM_009735.3 

 

Gusb AAGGCGCTGGACGGACTGTGG AGACTGGGCCCGACTCCCGTA 109 NM_010368.1 

 448 

Table 3. Gene expression results across different groups, at different age. 449 

 Age (months) Sex                                                    Gnrh1    Gnrhr  

    FC  SEM  p-value   FC 

 

SEM  p-value 

ArcSwe-mice relative to 

 Wild-type mice 

4 M 0.98 0,14 0.65  1.30 0.23 0.57 

4 F 1.23 0.26 0.54  0.98 0.11 0.46 

12 M 2.89 0.23 <0.001  2.43 0.28 <0.01 

12 F 2.00 0.11 <0.001  1.60 0.10 <0.001 

Treated relative to 

untreated ArcSwe-mice 

12 M 0.46 0.14 <0.001  0.33 0.15 <0.001 

12 F 0.67 0.15 <0.01  0.51 0.19 <0.001 

T = treatment with Leuprorelin acetate, VT = vehicle treated, FC = fold change, SEM = standard error mean.  450 
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ERRATA 

1. Page 17:  ‘Kalynn et al., 2013’ should read ‘Schulz et al., 2013’, first names (i.e.., 

Kalynn, Heather, Cheryl) were used, rather than surnames. In the reference list, it should 

be: Schulz, K.M., Molenda-Figueira, H.A., Sisk, C.L., 2013. Back to the Future: The 

Organizational-Activational Hypothesis Adapted to Puberty and Adolescence. Hormones 

and Behaviou 55, 597-604. 

2. Page 19: Daniel et al., 2011’ should be ‘Beyer et al., 2011’. In reference list it should be : 

Beyer, D. A., Amari, F., Thill, M., Schultze-Mosgau, A., Al-Hasani, S., Diedrich, K., 

Griesinger, G., 2011. Emerging gonadotropin-releasing hormone agonists. Expert 

Opin.Emerging Drugs 16, 323-340. 

 

 


