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Abstract 

Anatomical and functional studies have suggested that the highly conserved neuropeptide 

relaxin-3 plays an important role in a diverse range of functions, including behavioural 

arousal, stress responses and cognitive processes. Within rodent brain, relaxin-3 is primarily 

expressed by γ-aminobutyric acid (GABA) neurons in the pontine nucleus incertus (NI) that 

project to a number of forebrain areas containing its cognate G-protein-coupled receptor, 

relaxin-family peptide 3 receptor, RXFP3. Importantly, the relaxin-3/RXFP3 system performs 

synergistic and complementary roles to monoamine signalling (i.e. noradrenaline (NA)/locus 

coeruleus (LC) and serotonin (5-HT)/dorsal raphe (DR) systems) within shared downstream 

target regions. It has previously been established that relaxin-3-containing nerve fibres and 

RXFP3 mRNA and binding sites are strongly expressed in the main nodes of the 

septohippocampal system (SHS), including the medial septum/diagonal band of Broca 

(MS/DB) and hippocampal formation. Indeed, anatomical studies in the rat have 

demonstrated that relaxin-3-positive nerve fibres terminate on MS/DB GABAergic and 

cholinergic neurons that project to hippocampus, and functional studies have demonstrated 

that the relaxin-3/ RXFP3 system within the MS/DB modulates hippocampal theta rhythm and 

spatial working memory. However, the precise neurochemical and physiological 

mechanism(s) by which the relaxin-3/RXFP3 system modulates hippocampal activity are 

largely unknown and there are no studies of this system in mice. Therefore, to address this 

gap in knowledge, the studies described in this thesis investigated the role of the relaxin-

3/RXFP3 system in the mouse in three key areas: (1) hippocampal function and memory; (2) 

progression of neurodegenerative disease; and (3) affective states and stress responses. 

Initial anatomical studies revealed that relaxin-3-positive nerve fibres/boutons make 

close contacts with multiple GABA neuron populations in the hippocampus, including a large 

population of somatostatin (SST)-positive neurons in the dentate gyrus hilus (DG hilus), and a 

smaller population of neurons expressing the calcium-binding proteins, parvalbumin (PV) and 

calretinin (CR). In subsequent functional studies, a ‘floxed’ RXFP3 mouse strain was validated 

and Cre-recombinase-mediated depletion of RXFP3 from the DG hilus in adult mice produced 

impairments in spatial reference and working memory. Together, these findings suggest 

endogenous relaxin-3/RXFP3 signalling is important for normal cognitive function via 
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modulation of inhibitory GABA networks, including effects on the SST neurons that regulate 

the activity of principal cells and hippocampal oscillatory activity. 

Determining the role that relaxin-3/RXFP3 signalling plays in hippocampal function and 

cognition, and any synergistic actions with ascending monoamine systems, is important in 

relation to potential causative and/or therapeutic roles that relaxin-3/RXFP3 signalling play in 

disease. Dysfunction of ascending monoamine systems is a feature of several neurological 

diseases, including tauopathies and related neurodegenerative dementias, but it is not known 

if damage to the NI relaxin-3 system might contribute to cognitive decline in a similar way to 

the disruption of brainstem monoamine transmission in the hippocampus and frontal cortex. 

Therefore, using quantitative histochemical methods, the number and viability of relaxin-3 

neurons in the NI was assessed in a cohort of transgenic tau-P301L mice and age- and strain-

matched controls. The tau-P301L mouse is a model of human tauopathy and carries the P301L 

mutation (tau-4R/2N-P301L) in the tau protein, which is critical for binding to microtubules 

to aid their stabilization, essential for axonal transport, whereas under pathological 

conditions, phosphorylated tau results in aggregates that are toxic to neurons. A reduced 

number of relaxin-3-immunoreactive neurons was detected in the NI of 7 – 8 month old tau-

P301L mice, relative to age matched controls, suggesting that reduced activity of the relaxin-

3/RXFP3 system may contribute to cognitive decline in tauopathies and related disorders. This 

initial study of relaxin-3 neurons in a preclinical model of neurodegenerative disease indicates 

that further research in this and other models is warranted, including correlative studies of 

relaxin-3 mRNA levels and measures of relaxin-3 fibre and RXFP3 densities in key nodes of the 

septohippocampal system. 

In a series of functional studies, the relationship between the relaxin-3/RXFP3 system and 

monoamine signalling in controlling stress responses and affective states was explored by 

examining the impact of monoamine deficiency on the behavioural profile of normal C57BL/6J 

mice and mice with a constitutive whole-of-life deletion of the relaxin-3 or RXFP3 genes. 

Monoamine deficiency was achieved by withdrawal from chronic methamphetamine 

treatment. It was hypothesized that endogenous relaxin-3/RXFP3 signalling may compensate 

for the temporary reduction in monoamine signalling and reduce the depressive- and anxiety-

like behaviours associated with methamphetamine withdrawal. Depressive- and anxiety-like 

behaviours were assessed in relaxin-3 and RXFP3 knockout (KO) mice and their wildtype (WT) 
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littermates following withdrawal from escalating doses of methamphetamine. All groups of 

mice (relaxin-3 and RXFP3 KO, and WT) displayed similar sensitivity to chronic 

methamphetamine withdrawal in measures of body weight change, behavioural despair and 

anxiety-like behaviours. These data indicate that a global deficiency in endogenous brain 

relaxin-3/RXFP3 signalling does not exacerbate depressive- and affective-like behaviours 

observed during chronic methamphetamine withdrawal. 

In summary, these studies have demonstrated that relaxin-3/RXFP3 signalling can 

modulate hippocampal-dependent spatial reference and working memory most likely via 

modulation of key GABAergic neuron populations in the hippocampus. Furthermore, 

evidence was obtained that relaxin-3 neurons are dysregulated in a mouse model of 

tauopathy, further highlighting the importance of this system for healthy cognition. The 

identification of the contribution of the relaxin-3/RXFP3 system to hippocampal function and 

cognition encourages further research to identify the potential therapeutic value of RXFP3 

targeted drugs to enhance cognitive functioning and improved mental health in a range of 

neurodegenerative and psychiatric diseases. 
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1.1 Neuropeptides: Important modulators of the hippocampus and other 

brain structures 

Henry Gustov Molaison, known as ‘Patient H.M.’, suffered from severe amnesia as a result of 

a bilateral ‘hippocampectomy’ (a medial temporal lobe resection including the hippocampus, 

amygdala and adjacent parahippocampal gyrus) performed to treat his epilepsy. Studies of 

Patient H.M. lead to the first comprehensive insight into the role of the medial temporal lobe 

in cognition (Scoville and Milner, 1957; Squire, 2009). Up until these studies in 1953, it was 

believed that memory was a distributed property of the whole brain. The early descriptions 

of H.M. launched the modern era of memory research, influencing the direction of 

subsequent work which focused on the hippocampus and associated areas in several species 

including non-human primates (Mishkin, 1978; Squire and Zola-Morgan, 1991; Murray, 1992). 

Since these early studies, decades of research by many laboratories have helped establish the 

role played by the hippocampus, including the adjacent entorhinal and parahippocampal 

cortices, in memory and other cognitive functions and the associated neural mechanisms (see 

e.g. Bannerman et al., 2014; Moser et al., 2015 for review).   

In more recent times, behavioural/cognitive neuroscientists have begun to understand 

how hippocampal function is modulated by upstream brain regions such as the basal 

forebrain (i.e. septal region, forming the septohippocampal system, SHS ;Brown and 

McKenna, 2015) and brainstem (i.e. dorsal raphe and the nucleus incertus, NI). In addition to 

classical neurotransmitters such as glutamate, γ-aminobutyric acid (GABA) and the 

monoamines, the role that neuropeptide transmitters play within the hippocampus to 

influence learning and memory has been recently highlighted (Hokfelt et al., 2000; Borbely et 

al., 2013). More broadly, based on their distribution in the brain and data from functional 

studies, neuropeptides are increasingly being recognised as regulators of several cognitive 

pathways (Ogren et al., 2010), including anxiety and depression circuits (Heilig et al., 1994; 

Holmes et al., 2002; Holmes et al., 2003). Prominent examples of such peptides include 

corticotropin-releasing factor (CRF), somatostatin (SST), vasoactive intestinal polypeptide 

(VIP), neuropeptide Y (NPY), the opioid peptides, and galanin (Ogren et al., 2010).  

Targeting neuropeptide systems therapeutically has several potential advantages over 

‘classical’ neurotransmitter systems (see Holmes et al., 2003 for review). Several 
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neuropeptides appear to be preferentially released under specific ‘challenging’ physiological 

conditions, such as stressful life events and disease states (Holmes et al., 2003). Therefore, 

drugs that target these neuropeptide systems might only affect disease-related behaviours 

(rather than ‘basal’ fundamental behaviours and neurological processes), hence reducing the 

likelihood of adverse side effects. For example, relatively specific protective/therapeutic roles 

of several neuropeptide receptor agonists and antagonists have been demonstrated in rodent 

models of Alzheimer’s and Parkinson’s disease (for review see, Borbély et al., 2013), including 

an SST4 agonist (Sandoval et al., 2013), a VIP receptor agonist (VPAC1) (White et al., 2010), 

and a delta opioid receptor (DOR) antagonist (Cai and Ratka, 2012).  

Neuropeptides range between 3-100 amino acids (i.e. up to 50 times larger than classical 

neurotransmitters) in size (Hokfelt et al., 2003), and neuropeptide/receptor systems are often 

highly conserved between species. Neuropeptides differ from classical neurotransmitters that 

are produced by enzymatic cascades and are recycled via reuptake at the synapse. Instead, 

neuropeptide-encoding mRNA transcripts are translated in the rough endoplasmic reticulum 

of neuronal cell bodies to form pre/pro-peptide precursors, that are packaged into large 

dense core vesicles and transported to nerve terminals by fast axonal transport (Gainer, 1981; 

Hokfelt et al., 2003). During this passage they are converted into their mature form via 

proteolytic cleavage, and neuropeptide signalling is mediated via both pre- and post-synaptic 

receptors - usually G-protein-coupled receptors (Branchek et al., 2000; Holmgren and Jensen, 

2001; Hokfelt et al., 2003).  

Importantly, neuropeptides usually coexist with other neurotransmitters acting as 

modulators at post-synaptic sites (Holmgren and Jensen, 2001). Several neuropeptides that 

modulate hippocampal activity via direct or indirect modulation of excitatory/inhibitory 

systems have been identified (Ogren et al., 2010; van den Pol, 2012; Gotzsche and Woldbye, 

2016; Li et al., 2017). For example, many neuropeptides are present in hippocampal 

glutamatergic neurons including the opioid peptides, dynorphin, enkephalin, and nociception 

(Ogren et al., 2010). Activation of k-opioid receptors exerts an inhibitory effect on 

hippocampus glutamatergic pyramidal neurons, reducing hippocampal excitability (Simmons 

and Chavkin, 1996) and therefore inhibiting hippocampal transmission and induction of long-

term potentiation (LTP) (Huge et al., 2009). Whereas populations of hippocampal GABAergic 

neurons co-express other neuropeptides, including VIP, cholecystokinin, dynorphin, 



Chapter 1 

4 

neurokinin B, substance P, NPY, and SST (Dun et al., 1994; Acsady et al., 1996; Freund and 

Buzsaki, 1996; Bering et al., 1997; Acsady et al., 2000; Billova et al., 2007; Antonucci et al., 

2012), acting as intrinsic modulators of GABAergic signalling in the hippocampus. Additionally, 

extrinsic modulation of GABAergic hippocampal neurons has also been identified. For 

example, galanin coexists with NA in the LC, 5-HT in the DR nucleus, and with acetylcholine in 

the MS (Melander et al., 1986), and all these neurons project to the hippocampus. Thus, 

galanin is positioned to influence hippocampal function by modifying the inputs of NA, 5-HT 

and acetylcholine. 

A quite recently discovered neuropeptide/receptor system that also modulates 

hippocampal activity and demonstrates therapeutic potential via modulation of the 

hippocampus and related brain regions is the ‘relaxin-3/RXFP3’ system, and this system is the 

focus of the research described in this thesis. Therefore, this introduction will briefly review 

the relaxin-3/RXFP3 system, including its anatomy, and its proposed neurochemical and 

functional relevance in modulating hippocampal activity and learning and memory, as well as 

the potential response of this system in neurodegenerative disease. Finally, as described 

above (Abstract), due to the synergistic relationship between the relaxin-3/RXFP3 system and 

monoamine signalling, the role of this system in controlling stress responses and affective 

states will be reviewed. 

1.2 Relaxin-3 

Relaxin-3 is a 5.5 kDa neuropeptide that consists of an A- and B-chain with two inter-chain 

disulphide bonds and one intra-chain disulphide bond (Bathgate et al., 2002). Relaxin-3 

consists of 51 amino acids (in both humans and mice/rats), and was discovered by searching 

the Celera Genomics database in 2001 (Bathgate et al., 2002) for homologs of the peptide 

hormone relaxin. It is a member of the insulin/relaxin superfamily, which includes relaxin 

(relaxin-2 in humans) that plays a role in female reproductive physiology, promoting growth 

and softening of the cervix, and ‘relaxing’ the pelvic ligament during birth (for which relaxin 

owes its name) (Hisaw, 1926; Sherwood, 2004).  

In contrast to the peripheral production and primary actions of relaxin (Sherwood, 2004), 

relaxin-3 is abundantly expressed within the mammalian brain (Bathgate et al., 2002; Burazin 

http://topics.sciencedirect.com/topics/page/Norepinephrine
http://topics.sciencedirect.com/topics/page/Dorsal_raphe_nucleus
http://topics.sciencedirect.com/topics/page/Acetylcholine
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et al., 2002). Its gene and peptide sequence and expression within the brain is highly 

conserved across species including zebrafish and fugu fish (Wilkinson et al., 2005), rodents 

(Ma et al., 2007; Smith et al., 2010), higher-order primates (Ma et al., 2009b), and humans 

(Liu et al., 2003). The neuroanatomical distribution of relaxin-3-containing neurons has been 

comprehensively studied in the rat (Tanaka et al., 2005; Ma et al., 2007; Banerjee et al., 2010), 

mouse (Smith et al., 2010) and macaque (Macaca fascicularis) brain (Ma et al., 2009b), 

revealing abundant expression of relaxin-3 within neurons of the pontine brainstem NI (Figure 

1.1A). Smaller populations of neurons expressing relaxin-3 are also present in the pontine 

raphe nucleus (PnR), the anterior and posterior periaqueductal grey (PAG), and in an area 

dorsal to the substantia nigra (dSN) (Tanaka et al., 2005; Ma et al., 2007; Smith et al., 2010). 

In zebrafish, relaxin-3-like genes are expressed in two regions of the brainstem; one that is 

comparable to the PAG, and another that appears similar to the rodent NI (Donizetti et al., 

2008). In the rhesus macaque (Macaca mulatta) and human brain, relaxin-3 is expressed in 

neurons in the dorsal and ventral tegmentum of the brainstem (Ma et al., 2009a), which is an 

area that corresponds to the location of the NI in mice and rats. Relaxin-3 has been detected 

within presynaptic vesicles (Tanaka et al., 2005), in line with its role as a ‘releasable’ 

neurotransmitter.  

The NI contains the largest population of relaxin-3 expressing neurons in the rodent brain, 

with ~2000 relaxin-3 positive neurons in the rat NI, while the PnR contains ~350 neurons, the 

PAG ~550 neurons and the dSN ~350 neurons (Tanaka et al., 2005). In mice, there are ~440 

relaxin-3-immunoreactive neurons in the NI, while the PAG contains ~110 cells, the PnR ~70 

cells, and the dSN ~200 cells (Zhang C, personal communication).  

1.3 Nucleus Incertus 

In 1903, George L. Streeter described the NI or ‘uncertain nucleus’ as a midline region in the 

floor of the 4th ventricle in the human brain with unknown function (Figure, 1.1B, C; Streeter, 

1903). The NI has also been describes as the dorsal tegmental nucleus pars ventromedialis 

(Morest, 1961; Cowan et al., 1964; Riley and Moore, 1981), nucleus recessus pontis medialis 

(Jennes et al., 1982), and nucleus ‘O’ (Meessen and Olszewski, 1949; Paxinos and Butcher, 

1985). In the mouse and rat, the NI is located in the midline periventricular central grey in the 

pontine tegmentum, just ventral to the 4th ventricle (Goto et al., 2001; Bathgate et al., 2002; 
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Burazin et al., 2002). In the rat, the NI consist of two parts: the ‘pars compacta’ (NIc, compact 

part) and the ‘pars dissipata’ (NId, diffuse part) (Goto et al., 2001). The mouse NI is comprised 

of a bilateral medial pars compacta (NIc), which borders the sagittal midline, and more diffuse 

and lateral pars dissipata (NId) (Smith et al., 2010), similar to that described in the rat (Franklin 

and Paxinos, 1997; Goto et al., 2001; Olucha-Bordonau et al., 2003).  

To date, two comprehensive anatomical studies in the rat have mapped the afferent and 

efferent connections of the NI (Goto et al., 2001; Olucha-Bordonau et al., 2003) using 

retrograde (cholera-toxin B, CTB and fluorogold, FG) and anterograde (Phaseolus vulgaris-

leucoagglutinin, PHA-L and biotinylated dextran amine, BDA) tracers, respectively. The NI 

receives inputs from the prefrontal cortex, medial septum/diagonal band of Broca (MS/DB), 

intralaminar thalamic nuclei and regions of the hypothalamus, including the supramammillary 

nucleus. These inputs illustrate that the NI is highly integrated with circuits regulating higher 

cognitive processes and emotion. The NI sends strong efferent projections to distinct 

hypothalamic, amygdalar and thalamic nuclei, in addition to septal nuclei and the 

hippocampal formation, in a pattern that strongly overlaps the observed distribution of 

relaxin-3-immunoreactive (IR) fibres (Ma et al., 2007; Smith et al., 2010). Notably, following 

injection of an anterograde tracer (miniruby) into the rat NI, it was revealed that choline 

acetyltransferase (ChAT)-, parvalbumin (PV)- and calbindin (CB)-positive neurons in the 

MS/DB receive a direct NI innervation (Olucha-Bordonau et al., 2012). In contrast, retrograde 

and anterograde tracing studies have not been reported for the mouse NI. Nonetheless, the 

presence of relaxin-3-IR throughout the mouse brain suggests the distribution of relaxin-3-

positive neuronal soma and axonal projections are similar to the rat (Smith et al., 2010).  
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Figure 1.1. Relaxin-3 neurons in the mouse nucleus incertus 

(A) Low (left) and high (right) magnification micrographs of a coronal section through the mouse 

nucleus incertus (NI), illustrating neurons positive for relaxin-3 immunoreactivity. The midline (m/l) is 

indicated with a dotted line. Anterior/posterior coordinates from bregma, -5.38 mm. Scale bar, 100 

µm. (Adapted from Smith et al., 2014a). The location of the mouse nucleus incertus in (B) a sagittal 

section (bregma -5.4 to -5.52 mm) and (C) coronal view (bregma -5.4 mm) (shaded in red). Images in 

B and C adapted from Paxinos and Watson (2007). Abbreviations: DTg, dorsal tegmental nucleus; NI, 

nucleus incertus; MLF, medial longitudinal fasciculus. 

NI 

A 

B 

C 

NI 
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1.3.1 Neurochemical characterisation of relaxin-3-positive neurons in the 

nucleus incertus 

Neurons in the rat NI express the GABA-synthesising enzyme, glutamate decarboxylase (GAD) 

(Ford et al., 1995; Olucha-Bordonau et al., 2003). Subsequent immunohistochemical 

experiments found that the majority of relaxin-3 NI neurons express GAD65, and therefore 

likely produce and release the inhibitory amino acid neurotransmitter GABA (Ma et al., 2007). 

Notably, the vesicular glutamate transporter-2 (VGLUT2) has been reported to be expressed 

in rat NI neurons that project to the MS (Cervera-Ferri et al., 2012), but VGLUT2 was not 

expressed in relaxin-3-positive neurons (Ma et al., 2007). Rat NI neurons also express high 

levels of the calcium-binding proteins, CB and CR, but not PV (Ma et al., 2007). More recently, 

relaxin-3 was found to be co-expressed to varying degrees with GABA, CB and CR in rat NI 

(Singleton CE et al., 2017, ms in preparation). Although some differences have been observed 

in the neurochemical profile of mouse and rat relaxin-3 NI neurons (Zhang C, Ma S, personal 

communication), the available data suggest that relaxin-3 can be co-released with GABA from 

NI neurons, and that relaxin-3 can perform complementary inhibitory roles to GABA in target 

areas such as the septum and hippocampus (see below). 

In addition to relaxin-3, a number of other neuropeptides have also been identified within 

rat NI neurons, including cholecystokinin (CCK) (Kubota et al., 1985; Olucha-Bordonau et al., 

2003), substance P, galanin, dynorphin (Sutin & Jacobowitz 1988), neurotensin (Jennes et al., 

1982) and a ‘ranatensin-like peptide’, neuromedin-B (NMB) (Chronwall et al., 1985). The 

enzyme AChE has been detected within rat NI neurons (Sutin and Jacobowitz, 1988; Olucha-

Bordonau et al., 2003), suggesting the NI may be functionally influenced by acetylcholine (see 

Ryan et al., 2011 for review; Ma and Gundlach, 2015).  

Immunohistochemical studies have revealed that CRF receptor 1 (CRF1) is expressed by 

the majority of relaxin-3 NI neurons in the rat (Tanaka et al., 2005). In line with these findings, 

increased c-fos expression was observed within the NI following intracerebroventricular (icv) 

administration of CRF, and following a water immersion-restraint stress protocol (Tanaka et 

al., 2005). Interestingly, acute swim stress provokes rapid CRF-dependent increases in relaxin-

3 mRNA expression in rat NI neurons (Banerjee et al., 2010), while CRF-induced depolarisation 

of relaxin-3 NI neurons was prevented by the CRF1 antagonist, NBI35965 (Ma et al., 2013). 
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The sources of this afferent CRF are likely to be numerous, and include the lateral preoptic 

hypothalamus (Ma et al., 2013). An intrinsic CRF innervation is also possible, as a recent study 

identified CRF mRNA within the rat NI (Walker et al., 2016). A small population of CRF-IR 

neurons were also observed in the NI of the rat, and mouse (using a CRF-reporter mouse 

strain, Crh-IRES-CrexAi14), and in both cases a small number of neurons appeared to co-

express relaxin-3 (Walker et al., 2016). Relaxin-3-positive neurons in the rat NI express 5-HT1A 

receptors (Miyamoto et al., 2008), and 5-HT depletion (chemically induced by intraperitoneal 

(i.p) injection of p-chlorophenylalanine (PCPA) significantly increased relaxin-3 mRNA in the 

NI, suggesting 5-HT neurons from the DR directly innervate NI relaxin-3 neurons and act to 

inhibit relaxin-3 expression. In a more recent study, administration of an anxiogenic drug, FG-

7142, followed by exposure to an elevated plus maze resulted in an increase in c-fos 

expression in 5-HT neurons in the DR (dorsal and ventrolateral regions) and relaxin-3 neurons 

in the NI of adult rats (Lawther et al., 2015). These data support the hypothesis that the 

relaxin-3 system in the NI and 5-HT system in the DR interact to form part of a network 

involved in the control of anxiety-related behaviour. Furthermore, immunohistochemical and 

electrophysiological studies in rat have shown that NI relaxin-3 neurons co express and 

orexin-2 receptors (OX2), and are depolarised in response to bath application of orexin-A 

(Blasiak et al., 2015), providing additional support the NI may be involved in arousal and 

motivated behaviours.   

Importantly, recent studies in our laboratory have identified the selective expression of 

tropomyosin receptor kinase A (TrkA) by relaxin-3 positive neurons in the rat NI (Singleton CE 

et al., ms in preparation), consistent with the detection of TrkA-IR in the rat NI in an earlier 

study in which the NI was incorrectly identified (Sobreviela et al., 1994). TrkA is a high affinity 

nerve-growth factor (NGF) receptor, which regulates synaptic strength and plasticity and is 

required for normal cognitive functioning (Woolf et al., 2001; Rispoli et al., 2008; Liu et al., 

2014). Notably however, TrkA-IR was not co-localized with relaxin-3-IR in the mouse NI (Zhang 

C et al, unpublished observation), indicating a major difference in the nature of trophic 

support utilised by these neurons in these two main experimental species.  
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1.3.2 Ascending projections of relaxin-3 nucleus incertus neurons 

Neuronal fibres and terminals containing relaxin-3-IR are broadly distributed throughout the 

rodent brain (Figure 1.2; Ma et al., 2007; Smith et al., 2010), including a dense innervation of 

the septal nuclei, amygdala, hippocampal formation, and hypothalamic nuclei. This 

distribution closely matches the distribution of NI efferent projections (Tanaka et al., 2005; 

Ma et al., 2007; Smith et al., 2010), providing strong evidence that may contribute to relaxin-

3 may contribute to some or all of the functional roles of the NI (see section 1.5.1.2). 

 

Figure 1.2. Distribution of the relaxin-3/RXFP3 system in rodent brain 

Schematic parasagittal representation of the rodent brain, illustrating the ascending relaxin-3 system 

and the distribution of RXFP3 in regions grouped by functions (Smith et al. 2014). Relaxin-3 expressing 

neurons (red dots) broadly project (red arrows) throughout the brain from distinct populations in the 

nucleus incertus, periaqueductal grey, pontine raphe and an area dorsal to the substantia nigra. 

RXFP3-dense regions strongly overlap with the presence of dense relaxin-3 immunoreactive fibres. 

Relevant publications: relaxin mRNA and IR (Osheroff and Ho, 1993; Burazin et al., 2005); relaxin 

binding sites (Osheroff and Ho, 1993; Burazin et al., 2005; Ma et al., 2007); relaxin-3 IR fibres (Tanaka 

et al., 2005; Ma et al., 2007; Smith et al., 2010); RXFP3 mRNA and binding sites (Sutton et al., 2004; 

Smith et al., 2010). Abbreviations (alphabetical order): Amyg, amygdala; Arc, arcuate nucleus, BST, 

bed nucleus of stria terminalis; Cb, cerebellum; CgC, cingulate cortex; Cx, cerebral cortex; DBB, 
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diagonal band of Broca; DG, dentate gyrus; DMH, dorsomedial nucleus of hypothalamus; DR, dorsal 

raphe nucleus; dSN, region dorsal to the substantia nigra; Hi, hippocampus; Hypo, hypothalamus; IC 

inferior colliculus; IGL, intergeniculate leaflet; IPN, interpeduncular nucleus; LH, lateral hypothalamus; 

LPO, lateral preoptic area; MR, median raphe; NI, nucleus incertus; OB, olfactory bulb; PAG, 

periaqueductal grey; PnR, pontine raphe; PVA, paraventricular thalamic area; PVN, paraventricular 

hypothalamic area; RSC, retrosplenial cortex; S, septum; SC, superior colliculus; SuM, 

supramammillary nucleus; Thal, thalamus. 

Relaxin-3-positive axonal projections are prominent within the SHS, with the highest 

density of relaxin-3-IR in the rodent forebrain in the MS (Ma et al., 2007; Smith et al., 2010), 

whereas lower levels are observed in the adjacent lateral septum (LS). Within the 

hippocampus, relaxin-3-IR is present at a high density in the oriens layer, and a moderate 

density in the bordering alveus, and a much low density in the pyramidal cell layer (Figure 

1.3). Within the dentate gyrus (DG), a moderate density of relaxin-3-IR is detected throughout 

the hilus layer.  

 

Figure 1.3. Distribution of relaxin-3 and RXFP3 in mouse dorsal hippocampus 

Left: Coronal drawing of mouse brain at -1.94 mm relative to bregma, adapted from the stereotaxic 

atlas of Paxinos and Watson (2007). Middle: Schematic representation of the distribution and densities 

of relaxin-3 (RLN-3)-like immunoreactivity (red lines), RXFP3 mRNA (blue dotes) and RXFP3 binding 

sites labelled by [125I]-R3/I5 (green areas), in a coronal section of all subfields of mouse dorsal 

hippocampus. Right: Legend. 
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Other brain regions which display prominent relaxin-3-positive neuronal projections 

include the hypothalamus, where high densities of relaxin-3-IR fibres are observed adjacent 

to the supraoptic nucleus (SON), and a low density is observed within the paraventricular 

hypothalamic nucleus (PVN). The amygdala also contains relaxin-3-IR fibres with low to 

moderate densities in the central (CeA), medial (MeA) and basomedial (BMA) nuclei. A 

detailed summary of the distribution of relaxin-3-IR fibres in the rat and mouse brain can be 

found in Ma et al. (2007) and Smith et al. (2010), respectively. 

1.4 Relaxin family peptide 3 receptor (RXFP3) and its distribution in brain 

The cognate receptor for relaxin-3 is RXFP3, a seven-transmembrane domain G-protein-

coupled receptor known as GPCR135 (G-protein-coupled receptor 135; Liu et al., 2003; Sutton 

et al., 2004). It was initially discovered in 2000 using low stringency hybridization screening 

of a human cerebral cortex cDNA library (Matsumoto et al., 2000), and was given the name 

somatostatin- and angiotensin-like peptide receptor (SALPR) due to its high amino acid 

sequence similarity with the SST (SSTR5) and angiotensin (AT1) receptors. Considerable 

evidence suggests that RXFP3 is the preferred endogenous receptor for relaxin-3 (Bathgate et 

al., 2013). Cell-based assays have revealed that following relaxin-3 binding; RXFP3 couples to 

Gi/o-proteins resulting in inhibition of adenylate cyclase, and a reduction of cytoplasmic cyclic 

adenosine monophosphate (cAMP) accumulation (Liu et al., 2003). Reduced cAMP levels in 

neurons is often associated with hyperpolarisation, which further supports the notion that 

relaxin-3 performs a synergistic inhibitory function to GABA upon release. 

 However, bath application of a specific RXFP3 agonist, R3/I5, resulted in an activation of 

RXFP3-positive neurons in the rat IGL, which co-express NPY. Conversely, RXFP3-positive and 

NPY-negative neurons were hyperpolarised (Blasiak et al., 2013). In a more recent study, 

RXFP3 activation by the selective agonist, RXFP3-A2 (Shabanpoor et al., 2012), resulted in a 

reduction in firing frequency of the majority of recorded (responsive) neurons in the 

magnocellular and parvocellular regions of the PVN, whereas a small number of PVN neurons 

displayed an increase in firing frequency (Kania et al., 2017). Taken together, these data 

suggest heterogeneous effects following RXFP3 activation. In addition to RXFP3’s inhibitory 

effect via the cAMP pathway, these differential results suggest RXFP3 may also activate the 

MAPK pathway (Kocan et al 2016), in specific target neuron populations. In cell based studies, 
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RXFP3 activation stimulates the extracellular signal-regulated kinase (ERK) 1/2 pathway 

through a protein kinase C-dependent mechanism, resulting in downstream changes in gene 

expression (van der Westhuizen et al., 2007).  

Furthermore, both human and rat RXFP3 proteins consist of 469 amino acids, whereas the 

mouse RXFP3 contains 472 amino acids. Rat and mouse RXFP3 share high sequence homology 

with human RXFP3 (86% and 85%, respectively) and with each other (94%) (van der 

Westhuizen et al., 2007).   

The neuroanatomical distribution of RXFP3 mRNA and binding sites has been assessed in 

mouse and rat brain using in situ hybridization and radioligand binding studies, respectively 

(Figure 1.4; Sutton et al., 2004; Ma et al., 2007; Smith et al., 2010), revealing a strong overlap 

with relaxin-3-IR fibres (Ma et al., 2007; Smith et al., 2010) in regions such as the septum, 

hippocampus, amygdala, lateral and paraventricular hypothalamus, interpeduncular and 

supramammillary nuclei, periaqueductal grey, and raphe nuclei. The RXFP3 distribution in 

non-human primate or human has not yet been described in detail, but there is evidence of 

similarities in Macaca fascicularis (Ma et al., 2009b) with the distribution seen in rodents.  
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1.4.1 Neurochemical characterisation of RXFP3-positive neurons 

Although mapping the regional distribution of RXFP3 mRNA/binding sites has been 

informative in predicting the putative function of relaxin-3/RXFP3 signalling, it is still largely 

unknown which specific populations of neurons express RXFP3 within the different brain 

regions. Such information is crucial for determining the precise neural substrates through 

which relaxin-3/RXFP3 signalling modulates behaviour. Due to the unavailability of a specific 

RXFP3 antibody, conventional double-label immunohistochemical studies to neurochemically 

‘phenotype’ RXFP3-positive neurons are not possible. In light of this limitation, a recent series 

of double-and triple-label immunohistochemical experiments using characterised relaxin-3 

antisera and antisera for protein markers expressed by MS neurons in the rat (Olucha-

Bordonau et al., 2012) observed relaxin-3 positive nerve fibres/terminals in close contact with 

MS ChAT-, PV-, and GAD67-positive neurons that project to the hippocampus, as well as 

contacts with local CB- and CR-positive neurons (Olucha-Bordonau et al., 2012). Consistent 

with this observation, in similar studies in the mouse relaxin-3-positive nerve fibres were 

observed in close apposition with MS/DB PV and ChAT-positive neurons and some contacts 

with MS CR-positive neurons (Haidar M, Tin K, Gundlach AL, unpublished data). Taken 

together, these data suggest RXFP3 within the MS/DB is expressed by neuronal populations 

important for the modulation of hippocampal function.  

In order to visualize RXFP3-expressing neurons, our laboratory is also investigating a 

‘knock-in’ transgenic mouse strain in which the Cre recombinase enzyme is expressed under 

the control of the RXFP3 promoter. These mice have been crossed with a second strain of 

mouse that expresses eYFP under the control of the strong Rosa26 promoter downstream of 

a floxed stop codon. In these resultant mice, Cre recombinase can potentially excise the stop 

codon exclusively within RXFP3-expressing neurons, allowing visualisation of these neurons 

by fluorescent microscopy in combination with immuno-labelling of other candidate markers. 

Although the validation of this mouse line is still ongoing, it should eventually allow RXFP3 

neurons within at least some key brain regions to be neurochemically characterised. 
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Figure 1.4. Distribution of RXFP3 mRNA in mouse brain 

Distribution of RXFP3 mRNA in mouse forebrain detected by in situ hybridization (Smith et al. 2010). 

X-ray film autoradiograms of [125I]-R3/I5 binding sites in selected coronal sections of the forebrain at 

the level of (A) bed nucleus stria terminalis; (B) hypothalamic paraventricular nucleus; (C) anterior 

amygdala and dorsal hippocampus; (D) posterior amygdala and anterior periaqueductal grey; (E) 

ventral hippocampus; (F) superior colliculus. Scale bar, 1.25 mm. Abbreviations (alphabetical order): 

AD, anterodorsal thalamic nucleus; AHi, amygdalohippocampal area; APir, amygdalopiriform 

transition area; AuC, auditory cortex; BLA, basolateral amygdala; BMA, basomedial amygdala; BNST, 

bed nucleus of stria terminalis; CA3, cornu ammonis 3 hippocampus; DEn, dorsal endopiriform 

nucleus; DG, dentate gyrus hippocampus; Hb, habenula; Hip, Hippocampus; La, lateral amygdala; M1, 

primary motor cortex; M2, secondary motor cortex; MeA, medial amygdala; Pe, periventricular 

hypothalamic nucleus; S1, primary somatosensory cortex; SC, superior colliculus; V1, primary visual 

cortex; V2, secondary visual corte 

 

 



Chapter 1 

16 

1.5 Studies to investigate three key features of the relaxin-3/RXFP3 system 

This thesis describes studies that investigated three aspects of the relaxin-3/RXFP3 system: 

i) The role of relaxin-3/RXFP3 signalling within the hippocampus (Chapter 2) 

ii) The potential loss of relaxin-3 neurons in a mouse line with tauopathy-related 

neurodegeneration (Chapter 3) 

iii) The ability of relaxin-3/RXFP3 signalling to interact with monoamine signalling (Chapter 

4). 

In addition to the introductory descriptions provided below, further introductory background 

information is provided in each separate experimental chapter. 

1.5.1 Role of relaxin-3/RXFP3 signalling within the hippocampus? 

As mentioned, relaxin-3-positive nerve fibres/terminals and RXPF3 mRNA-expressing neurons 

are enriched in the hippocampus, but two key features of relaxin-3/RXFP3 biology within the 

hippocampus that remain unknown are: 

i) the neurochemical identity of RXFP3-positive neurons within the different regions of the 

hippocampus, and 

ii) the physiological and behavioural effects of modulation of relaxin-3/RXFP3 signalling 

within the hippocampus. 

1.5.1.1 Identity of RXFP3-expressing neurons within the hippocampus? 

The hippocampus is a bilateral structure located in the medial temporal lobe, spanning across 

a dorsal-to-ventral axis in rodents, and a posterior-to-anterior axis in humans (Strange et al., 

2014). The dorsal and ventral portions have different connectivity with cortical and 

subcortical structures, leading to differing functional roles (for reveiw see, Bannerman et al., 

2014). Spatial memory and anxiety-related functions of the hippocampus are predominantly 

mediated by the dorsal (Morris et al., 2006) and ventral sub-regions respectively (Bannerman 

et al., 2003; Morris et al., 2006; Fanselow and Dong, 2010; Bannerman et al., 2014). 

Importantly, the connectivity and functionality of the dorsal and ventral regions of the 

hippocampus are highly conserved across species (Manns and Eichenbaum, 2006). 
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The hippocampal formation consists of three cytoarchitectonically distinct regions, 

namely the dentate gyrus, the subiculum and the hippocampus proper consisting of Cornu 

Ammonis (CA)-1, -2 and -3 (Figure 1.5, van Strien et al., 2009). The hippocampal formation 

comprises quite distinct layers including the hilus (polymorph layer) of the DG; the stratum 

oriens (SO) in the CA regions, comprising afferent and efferent fibres and interneurons; the 

granule cell layer in the DG; the pyramidal cell layer in the CA regions and subiculum, which 

are composed of principal cells and interneurons; and the molecular layer (the stratum 

molecular) in the DG and subiculum. Furthermore, the CA regions are further subdivided into 

multiple layers, with the stratum radiatum and the stratum lacunosum-molecular in all CA 

regions, and a third layer (stratum lucidum) exclusively in the CA1 and CA3 regions. In turn, 

the parahippocampal region consists of the medial and lateral entorhinal and perirhinal 

cortices, and the post-rhinal (in rodents) or parahippocampal (in humans) cortex.  

The hippocampus is populated by a large diversity of GABAergic interneurons, 

representing approximately 10% of the total hippocampal neuronal population (for review 

see, Freund and Buzsaki, 1996; Somogyi and Klausberger, 2005; Katona et al., 2016; Schmid 

et al., 2016; Stefanelli et al., 2016). While glutamatergic cells in the hippocampus 

predominantly modulate neuronal excitability of local circuits, GABAergic interneurons 

provide inhibitory control of both local circuits and projection regions. For example, in the DG 

hilus, GABAergic interneurons inhibit granule cell excitability mainly via feedback circuits from 

mossy fibre collaterals, and via feed forward circuits from entorhinal cortex and contralateral 

hippocampal inputs (Freund and Buzsaki, 1996; Katona et al., 2016). Additionally, in the CA1, 

cells in the oriens layer are a major subclass of hippocampal interneurons involved in 

controlling synaptic plasticity (Leao et al., 2012; Mikulovic et al., 2015) and SST has been 

frequently used as a molecular marker for identification of CA1 oriens layer cells (Forro et al., 

2015). Recent studies have suggested different subtypes of SST-positive neurons differ in their 

activity and function (see Muller and Remy, 2014 for review).  

Ramon y Cajal provided the first description of several different morphological subtypes 

of interneurons in the cerebral cortex and hippocampus (Ramon y Cajal, 1893). In the 

hippocampus, interneurons are now divided into 21 different subtypes which can be 

distinguished based on axonal distribution, synaptic targets, neuropeptide or calcium-binding 

protein content and physiological characteristics (Freund and Buzsaki, 1996; Maccaferri and 
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Lacaille, 2003; Somogyi and Klausberger, 2005). For example, interneurons of the DG can be 

visualized with antibodies to neuropeptides including SST, CCK, NPY and VIP, or calcium-

binding proteins PV, CB or calretinin (CR) (Jinno and Kosaka, 2002; Molgaard et al., 2014).  

 

Figure 1.5. Coronal schematic of the mouse hippocampal region  

Representative coronal Nissl (left panel) and brain map (right panel) of mouse dorsal (A) and ventral 

(B) hippocampus (and neighbouring regions) adapted from Allen Brain Institute Interactive Atlas 

<www.brain-map.org>. Abbreviations (alphabetical order): CA1, cornu ammonis-1; CA2, cornu 

ammonis-2; CA3, cornu ammonis-3; DG, dentate gyrus; FC, fasciola cinerea; hf, hippocampal fissure; 

HPF, hippocampal formation; po, polymorph layer; mo, molecular layer; sg, granule cell layer; slm, 

stratum lacunosum-moleculare; slu, stratum lucidem; so, stratum oriens; sp, pyramidal layer; sr, 

stratum radiatum.  

 

 

 

A 
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Importantly, the distribution of relaxin-3 fibres and RXFP3 mRNA/binding sites in the 

hippocampal formation (Ma et al., 2007; Smith et al., 2010) is topographically similar to GABA 

expression in the hippocampus, particularly with the distributions of GABAergic 

subpopulations containing the neuropeptide SST, and the calcium-binding proteins PV, and 

CR (Figure 1.6, Freund and Buzsaki, 1996; Jinno and Kosaka, 2002; Baraban and Tallent, 2004). 

It is therefore very likely that GABAergic neurons within the hippocampus co-express RXFP3, 

supporting the proposal that relaxin-3/RXFP3 may confer some of its functional effects by 

directly inhibiting GABAergic neurons, and thereby indirectly disinhibiting principal neurons 

that are normally hyperpolarized by these GABAergic interneurons. 

1.5.1.2 Role of relaxin-3/RXFP3 signalling within the hippocampus 

The activity of GABAergic interneurons in the DG hilus is modulated by inputs from the septal 

nuclei. The MS/DB has been termed the hippocampal theta rhythm ‘pacemaker’ and consists 

of GABAergic and cholinergic neurons which provide alternating synchronous 

excitatory/inhibitory input to hippocampal neurons (Vertes and Kocsis, 1997; Wang, 2002) in 

all subfields, particularly the DG hilus (Wainer et al., 1984; Amaral and Kurz, 1985; Wainer et 

al., 1985; Lübke et al., 1997). More recently, glutamatergic projections from the MS/DB to the 

hippocampus have also been identified (Manns et al., 2001; Danik et al., 2003; Sotty et al., 

2003; Danik et al., 2005). MS/DB cholinergic neurons innervate dendrites of pyramidal cells 

as well as cell bodies and dendrites of GABA- and SST containing interneurons (Frotscher and 

Léránth, 1985; Yamano and Luiten, 1989; Cobb and Davies, 2005), whereas GABAergic 

neurons specifically target hippocampal interneurons, providing inputs that in turn disinhibit 

pyramidal cells (Freund and Antal, 1988; Tóth et al., 1997). Interestingly, many of the 

hippocampal GABAergic cells that receive GABAergic septal projections are also 

immunoreactive for CCK, SST, or VIP, or contain one of the three major calcium-binding 

proteins CR, CB, or PV (Freund and Antal, 1988; Gulyas et al., 1990; Acsady et al., 1998).  
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Figure 1.6. Comparative distribution in mouse dorsal hippocampus of RXFP3 mRNA and 

mRNAs encoding peptide and protein markers of hippocampal interneurons. 

(A) Distribution of RXFP3 mRNA in adult mouse hippocampus with abundant expression detected in 

neurons located in CA1 stratum oriens, across the CA3 region and within the hilus of the dentate gyrus 

(DG) with higher magnification views of CA3 and DG (boxed areas) provided (A′, A′′). The comparative 

distribution of GAD67 (B), SST (C), PV (D), and CR (E) mRNAs illustrate the strong similarity between 

the distribution of RXFP3 mRNA positive neurons and some of the GAD67, SST, PV and CR mRNA 

positive neurons in the CA1 stratum oriens, CA3 region and hilus, suggesting that RXFP3 is expressed 

by a population of GABA interneurons (or projection neurons) in these areas. Images adapted from 

the Allen Brain Institute Gene Expression Atlas <www.brain-map.org>. 
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Hippocampal activity is also modulated by direct inputs (or via indirect projections to the 

MS/DB) from other subcortical regions including the SUM in the posterior hypothalamus, as 

well as serotonergic and noradrenergic projections from the DR and locus coeruleus (LC), 

respectively (Freund et al., 1990) (Milner et al., 1995; Bergado et al., 2007). Similarly, the 

bilateral reticular pontis oralis (RPO) nucleus in the brainstem relays through the MS to the 

hippocampus, and when activated/stimulated is highly effective at evoking hippocampal 

theta rhythm (Vertes and Martin, 1988; Vertes, 2005). Importantly, the adjacent NI receives 

strong input from the RPO (Teruel-Martí et al., 2008) and is involved in the modulation of 

hippocampal theta rhythm. Thus, the MS and the various other brain regions providing 

ascending inputs to hippocampus represent the main nodes of the SHS, and their combined 

activity strongly modulate hippocampal theta rhythm (Figure 1.5, see Brown and McKenna, 

2015 for review).  

Hippocampal theta rhythm is a state of hippocampal activity whereby a large proportion 

of principal neurons synchronously fire at a rate of ~4-10 Hz (in humans), which can be 

recorded by electroencephalography (Vertes and Kocsis, 1997). This pattern of activity is 

crucial for the hippocampus to execute its core functions in learning and memory 

(McNaughton and Gray, 2000). 

Since the anatomical mapping of the NI (Goto et al., 2001; Olucha-Bordonau et al., 2003), 

experimental studies have tested the hypothesised physiological and behavioural 

involvement of this structure in the modulation of hippocampal theta rhythm and spatial 

memory (Teruel-Martí et al., 2008). In an early study by Nunez and colleagues (2006), 

electrical stimulation of the NI evoked hippocampal theta rhythm in urethane-anaesthetised 

rats, while theta rhythm evoked by RPO stimulation was abolished following electrolytic 

lesions of NI or by pharmacological inhibition with the GABAA agonist, muscimol. This suggests 

the NI may be a critical relay station in the pathway connecting the RPO with the MS/DB to 

initiate hippocampal theta rhythm. In support of this hypothesis, anterograde tracer 

(fluorescein-labeled dextran biotin amine (BDA), or dextran tetra-methyl rhodamine and 

biotin, (miniruby)) injections into the RPO revealed an abundant projection from the RPO to 

the NI (Teruel-Martí et al., 2008). This projection was confirmed by injections of retrograde 

tracer (hydroxystilbamidine methane sulfonate, Fluorogold) into the rat NI. Interestingly, 

injections of a retrograde tracer into the MS/DB further confirmed the strong NI-MS/DB 
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projection. More recently, descending projections from the MS/DB to the rat NI were 

observed (Sanchez-Perez et al., 2015) suggesting a bidirectional ‘feedback loop’ to modulate 

hippocampal theta rhythm via inputs to major nodes of the SHS.  

 

 Figure 1.7. Schematic diagram illustrating the ‘ponto-septal-hippocampal circuitry’ 

Schematic diagram illustrating the proposed position of the NI within the classic ‘ponto-septal 

circuitry’ involved in the control of hippocampal theta rhythm. NI GABA/relaxin-3 positive neurons 

receive input from neighbouring reticular pontis oralis (RPO) neurons, representing a putative 

pathway complementary to the well-established RPO-SUM-MS/DB circuit. The main efferent targets 

of the NI include the MR, SUM and MS/DB, as well as direct projections from the NI to the 

hippocampus. A direct connection between the RPO and neurons in the NI which project to the MS 

has been identified (adapted from Teruel-Marti et al. 2008). Abbreviations: HPC, hippocampus; MRn, 

median raphe nucleus; MS/DB, medial septum/diagonal band of Broca; NI, nucleus incertus; RPO, 

reticular pontis oralis; SUM/PH, supramammillary nucleus/posterior hypothalamus.  

In further support of the capacity of the NI to modulate hippocampal theta rhythm and 

spatial memory, pharmacological blockade of the NI by lidocaine impaired the long-term 

spatial memory of adult rats in a Morris water maze (MWM) (Nategh et al., 2015). Similarly, 

inhibition of rat NI neurons using the hM4Di DREADD resulted in a deficiency in spatial 

working memory in a discrete reward alternation Y-maze task and a disruption of long-term 

NI RPO MR 

SUM/PH 

HPC 

MS/DB 
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spatial memory in a MWM (Ong-Pålsson EKE et al., personal communication). Interestingly, 

electrolytic lesions of the rat NI resulted in a delayed extinction of conditioned freezing 

responses (Pereira et al., 2013), indicating a modulatory role of the NI in fear conditioning, 

possibly mediated via direct and/or indirect projections to the extended amygdala.  

Although the ability of the NI to modulate SHS function may involve GABA and other 

neurotransmitters that are released by these neurons, importantly, relaxin-3/RXFP3 signalling 

appears to significantly contribute to this role. Functional studies have confirmed the 

regulation of hippocampal theta rhythm and memory by RXFP3 modulation in the MS. Direct 

administration of an RXFP3 agonist into the rat MS significantly enhanced hippocampal theta 

power in both anaesthetized rats and conscious rats moving freely in a home-cage 

environment (Ma et al., 2009c). In contrast, infusions of an RXFP3 antagonist significantly 

reduced hippocampal theta power in conscious rats, and attenuated hippocampal theta 

activity driven by electrical stimulation of the RPO in anaesthetized rats (Ma et al., 2009c). 

These pharmacological manipulations and resulting changes in hippocampal theta rhythm 

also translated into observable changes in behaviour. For example, infusions of an RXFP3 

antagonist into the MS dose-dependently impaired the performance of rats in a spontaneous 

alternation plus maze task (Ma et al., 2009c), which is used to assess spatial working memory, 

and is hippocampal theta activity dependent (Iwahara et al., 1972; Fujisawa and Buzsáki, 

2011). Interestingly, co-treatment with an RXFP3 agonist was able to significantly rescue the 

impairment observed in spatial working memory (Ma et al., 2009c). In a more recent study, 

icv infusion of RXFP3-A2 (Shabanpoor et al., 2012), a selective relaxin-3 receptor agonist, 

increased ERK phosphorylation in cholinergic neurons in the rat MS/DB, and resulted in an 

impairment in spatial working memory in a delayed spontaneous T-maze task (Albert-Gasco 

et al., 2017). In agreement with earlier anatomical studies (Olucha-Bordonau et al., 2012), 

these results suggest the relaxin-3/RXFP3 system may directly or indirectly modulate the 

activity and function of MS/DB cholinergic neuron activity.  
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1.5.2 The loss of relaxin-3 neurons in a mouse model of tauopathy 

Alzheimer’s disease (AD) is currently the most common age-dependent neurodegenerative 

disorder. A major neuropathological hallmark of AD is the formation of neurofibrillary tangles 

(NFTs, first described and depicted by Alois Alzheimer, Alzheimer, 1907), which are clumps of 

intra-neuronal filaments composed of abnormally hyperphosphorylated tau and aggregated 

microtubule-associated tau protein (Goedert and Spillantini, 2006; Wang and Mandelkow, 

2016). NFTs are not unique to AD, but are also observed in other neurodegenerative diseases 

that are collectively designated as ‘tauopathies’; including progressive supranuclear palsy, 

Pick’s disease, Huntington’s disease, frontotemporal dementia with parkinsonism (FTDP-17) 

(Hutton et al., 1998) and other tauopathies (Irwin, 2016). 

Loss of memory is among the first symptoms reported by patients suffering from 

tauopathies, including AD. Memory dysfunctions are in part due to NFT accumulation in limbic 

regions, particularily the hippocampus which is known for its role in modulating memory 

functions, as well as neocortical regions (Braak and Braak, 1991). Importantly, dysfunction of 

the hippocampus, as well as other limbic cortical regions, occurs via two ways (described in 

Chapter 3, Section 3.2); (i) loss/damage of hippocampal neurons themselves, and/or (ii) 

loss/damage of afferent inputs (e.g. NA/LC and 5-HT/DR) that normally control hippocampal 

function (Clavaguera et al., 2009; Braak et al., 2011; de Calignon et al., 2012; Liu et al., 2012; 

Ahmed et al., 2014; Iba et al., 2015). 

As summarised above (Section 1.5.1.1 and 1.5.1.2), relaxin-3-IR axonal fibres from the NI 

which project to the hippocampus are likely to play an important role in normal hippocampal 

function and cognition. Importantly, the NI and relaxin-3/RXFP3 systems are proposed to 

perform synergistic and complementary roles to monoamine signalling (i.e. NA/LC and 

5HT/DR ascending brainstem systems which are damaged in tauopathies and related disease, 

Trillo et al., 2013) within shared efferent target brain regions (for review see, Smith et al., 

2014a). Therefore, it is likely that any loss of NI/relaxin-3 neurons may contribute to memory 

dysfunction observed in tauopathies; however, whether relaxin-3 neurons in the NI are 

damaged or spared in neurodegenerative conditions such as tauopathy is unknown.  
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1.5.3 Relaxin-3/RXFP3 system interactions with monoamine signalling 

Wakefulness and activated behavioural states are mediated by signalling of a range of 

ascending arousal neurotransmitter systems (Saper et al., 2005), including the monoamines 

5-HT, NA, acetylcholine and dopamine (Nestler, 1998; Saper et al., 2005; Berridge et al., 2012), 

as well as a range of peptide systems (Hokfelt et al., 2003). Considerable anatomical evidence 

suggests the NI/relaxin-3 system contributes to a brainstem ascending arousal system (Ma et 

al., 2007; Smith et al., 2010). For example, as mentioned, relaxin-3 neurons project to many 

forebrain regions that regulate arousal, such as the midbrain, cortex, thalamus, and limbic 

and septohippocampal regions, in a similar way to ascending monoaminergic systems, in close 

agreement with LC/NA and DR/5-HT pathways. Indeed, NI/relaxin-3, LC/NA and DR/5-HT 

neural systems display highly overlapping efferent projection patterns.  

Furthermore, functional studies have suggested relaxin-3/RXFP3 signalling involvement in 

a range of arousal-related functions which are also strongly modulated by LC/NA and DR/5-

HT systems (Smith et al., 2014a). For example, arousal encompasses many behavioural 

processes including wakefulness and motivated goal-directed behaviour, responses to stress 

and anxiety, and hippocampal-dependent behavioural activation. These behaviours are 

strongly controlled by LC/NA and DR/5-HT systems, among other transmitter and peptide 

systems (Nestler, 1998; Saper et al., 2005; Berridge et al., 2012). Similarly, functional studies 

in mouse and rat have demonstrated that the relaxin-3/RXFP3 system performs similar 

functional roles to monoamine systems, suggesting that relaxin-3/RXFP3 signalling may work 

in a synergistic and complimentary manner. For example, relaxin-3/RXFP3 is functionally 

associated with sleep/wake states and circadian rhythm (Smith et al., 2012), feeding 

(McGowan et al., 2006; Ganella et al., 2013; Smith et al., 2014b) and motivation (Hosken et 

al., 2015), responses to stress (Tanaka et al., 2005; Banerjee et al., 2010; Watanabe et al., 

2011; Walker et al., 2015) and anxiety (Ma et al., 2010; Ryan et al., 2013; Zhang et al., 2015), 

and modulation of hippocampal theta activity (Ma et al., 2009c). Taken together, anatomical 

and functional studies strongly suggest relaxin-3/RXFP3 signalling might act synergistically 

with LC/NA and DR/5-HT systems within shared downstream structures to modulate arousal 

and stress-related behaviours.  
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Furthermore, depletion/disruption of LC/NA and DR/5-HT systems has been associated 

with a range of behavioural symptoms in animals. A reduction in monoamine signalling is 

strongly associated with depressive- (such as behavioural despair in mice) and anxiety-like 

behaviours. For example, methamphetamine can be used experimentally in rodent models of 

monoamine depletion to acutely induce the presynaptic release of monoamines such as NA 

and 5-HT, and causes their depletion following withdrawal from chronic use (Kita et al., 2003; 

Bamford et al., 2008; Yamamoto et al., 2010). This monoamine depletion is largely responsible 

for the symptoms associated with methamphetamine withdrawal syndrome that includes 

increased anxiety and depressive-like behaviours, as demonstrated in rodent studies 

(Kokkinidis et al., 1986; Cryan et al., 2003; Kitanaka et al., 2010). Therefore, based on the 

evidence described above, it is possible that during methamphetamine withdrawal relaxin-

3/RXFP3 signalling may ‘compensate’ for the reduced monoamine signalling and might act to 

alleviate the negative affective features of methamphetamine withdrawal. 

1.6 Hypotheses and Aims 

In light of the current literature, including that summarised above, this thesis describes three 

studies that investigate different aspects of a central hypothesis that: 

“Relaxin-3/RXFP3 signalling modulates the function of the hippocampus and related cortical 

and limbic brain areas, in line with the established roles of other brainstem arousal systems; 

and the relaxin-3/RXFP3 system may be relevant to the development or treatment of several 

neurodegenerative and psychiatric disorders that involve excitatory/inhibitory imbalance”. 

Aim 1 (Chapter 2): Determine the identity of RXFP3-positive neurons in the hippocampus, and 

the role played by RXFP3 signalling within the dentate gyrus in learning and memory. 

Firstly, based on the overlap between the restricted topographical distribution of neurons 

expressing RXFP3 mRNA with the more extensive distribution of GABAergic interneurons, it 

was hypothesised that RXFP3 is expressed by a subpopulation of GABA neurons in the 

hippocampus, in particular the SST/GABA neurons that have a similar restricted topographical 

distribution. In the absence of a validated RXFP3 antibody, these studies determined which 

hippocampal neurons received a relaxin-3 innervation by immunohistochemical staining with 

a characterised monoclonal relaxin-3 antisera, and antisera for GABA, SST, PV and CR. 
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Secondly, based on the important role of DG hilus SST/GABA neurons in modulating 

learning and memory (Baratta et al., 2002; Andrews-Zwilling et al., 2010; Spiegel et al., 2013),  

and the likely expression of RXFP3 by SST/GABA populations in this region, it was 

hypothesised that RXFP3 depletion from the dorsal DG hilus would alter spatial memory. To 

test this hypothesis, the behaviour of adult ‘floxed RXFP3’ mice which had undergone bilateral 

viral-induced, Cre-recombinase-mediated deletion of RXFP3 from the dorsal DG hilus in tests 

of spatial learning and memory, was examined. The specificity of the observed effects and the 

effectiveness of the intended restriction of RXFP3 depletion to the dorsal DG hilus was tested 

by probing for any changes in anxiety-like behaviour in these mice, which are more generally 

associated with changes in ventral hippocampal activity (Bannerman et al., 2014).  

Aim 2 (Chapter 3): Determine whether the number of relaxin-3-positive and/or negative 

neurons in the nucleus incertus is altered in a transgenic mouse model of human tauopathy 

Relaxin-3-containing nerve fibres innervate the hippocampus and other brain structures that 

are dysfunctional in AD and tauopathies, and these disorders strongly affect the brainstem 

(Braak et al., 2011; Iba et al., 2015; Lee et al., 2015). Therefore, we hypothesised that relaxin-

3-positive (and negative) neurons in the NI might be affected in a rodent model of tauopathy. 

If these neurons were reduced in number by the tauopathy related neuronal degeneration, it 

would raise the possibility that this loss might contribute to the decline in cognitive 

performance observed in these mice (Ramsden et al., 2005; Kremer et al., 2011; Hunsberger 

et al., 2015), with implications for AD and tauopathy patients. In these studies, the brains 

from 8 month-old transgenic tau-P301L mice and age-matched controls were studied. The 

numbers of relaxin-3-positive and -negative neurons in the NI were counted in age- and 

strain-matched controls and tau-P301L mice following immunohistochemical staining. In 

addition, the number of NI neurons displaying phosphorylated tau (p-tau)-IR was assessed. 

Aim 3 (Chapter 4): Determine whether reduced relaxin-3/RXFP3 signalling is able to alter the 

anxiety and depressive-like symptoms observed during methamphetamine withdrawal 

Based on the possible synergistic roles of relaxin-3/RXFP3 and monoamine signalling systems 

(Miyamoto et al., 2008; Lawther et al., 2015), it was hypothesized that endogenous relaxin-

3/RXFP3 signalling might compensate for the reduced monoamine signalling and increased 

anxiety and depressive-like behaviours that are observed during withdrawal from chronic 
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methamphetamine treatment in mice (Kokkinidis et al., 1986; Cryan et al., 2003; Kitanaka et 

al., 2010). To test this hypothesis, ‘global’ relaxin-3 and RXFP3 KO mice and their respective 

WT littermates, were subjected to multiple daily methamphetamine or vehicle injections for 

10 days; and then treatment was halted to induce methamphetamine withdrawal. 

Behavioural testing for relative levels of innate anxiety and depressive-like symptoms was 

conducted over the subsequent 3 weeks period.
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2.1 Introduction 

This Chapter contains a body of experimental work, complete with Introduction, Methods, 

Results, Conclusion, Bibliography and Supplementary Information, which is presented as a 

manuscript that was accepted for publication in the peer-reviewed scientific journal, 

Hippocampus, on 18 January, 2017. 
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Supplementary Information – Tables 1-3 and Figures 1-2  

Table S1. List of primary antibodies used in immunofluorescence studies 

Antigen Immunogene Host, Antibody Source/Cat No. Dilution 

RLN3 
N-terminal region of mature 
RLN3 peptide 

Mouse, 
monoclonal 

Florey Institute of 
Neuroscience and Mental 
Health, Melbourne, 
Australia 

1:5 

GABA 
γ-Aminobutyric acid (GABA) 
conjugated to BSA 

Rabbit, 
polyclonal 

Sigma-Aldrich, St. Louis, 
MO, USA, A2052 

1:3,000 

SST 

Amino acids 1-14 of cyclic 
somatostatin conjugated to 
bovine thyroglobulin using 
carbodimide 

Rat, monoclonal  
Millipore, Darmstadt, 
Germany, MAB354 

1:200 

PV 
Full-length native protein 
(purified) corresponding to 
rat parvalbumin.  

Rabbit, 
polyclonal  

Abcam, Cambridge, UK, 
ab11427 

1:1,000 

CR 
Recombinant human 
calretinin containing a 6-his 
tag at the N-terminal.  

Rabbit, 
polyclonal 

Swant, Bellinzona, 
Switzerland, CR7697 

1:1,000 

For further details see Chapter 2 Materials and Methods. 



Chapter 2 

50 

Table S2. Hippocampal neuron populations and proportion innervated by RLN3 fibres 

Immunological 
Marker 

Field Layer No. of positive neurons 
No. and (%) of neurons 
contacted by relaxin-3 fibres 

GABA 

DG 

Hilus 
GC 
Mol 
Average 

46.3 ± 11 
7.67 ± 2.2 
25.3 ± 2.0 
79.3 ± 14 

5.3 ± 0.3 (12) 
ND 
ND 

5.3 ± 0.3 (7) 
 

CA1 

LMol 
Rad 
Pyr 
Or 
Average 

67.3 ± 7.22 
27.0 ± 2.3 
33.0 ± 5.0 
38.0 ± 9.1 
165 ± 7.9 

1.0 ± 0.6 (2) 
0.7 ± 0.3 (3) 
1.5 ± 1.2 (5) 

5.7 ± 2.3 (15) 
8.3 ± 2.7 (5) 

 

CA3 

Rad 
Pyr 
Or 
Average 

26.0 ± 4.5 
23.0 ± 8.1 
76.3 ± 17 
125 ± 26 

1.7 ± 1.2 (6) 
2.0 ± 1.0 (9) 
4.0 ± 1.0 (5) 
7.7 ± 0.9 (6) 

 Total Average 123 ± 15 7.0 ± 1.0 (6%) 
SST 

DG 

Hilus 
GC 
Mol 
Average 

23.3 ± 2.9 
0.67 ± 0.7 

ND 
24.0 ± 3.5 

6.0 ± 1.0 (26) 
ND 
ND 

6.0 ± 1.0 (25) 
 

CA1 

LMol 
Rad 
Pyr 
Or 
Average 

0.67 ± 0.7 
2.33 ± 1.2 
4.00 ± 2.3 
34.0 ± 6.1 
41.0 ± 8.7 

ND 
0.3 ± 0.3 (14) 

ND 
4.7 ± 0.7 (14) 
5.0 ± 0.6 (12) 

 

CA3 

Rad 
Pyr 
Or 
Average 

8.33 ± 2.8 
7.67 ± 0.9 
64.3 ± 4.1 
80.3 ± 2.4 

2.7 ± 2.9 (33) 
0.3 ± 0.3(4) 
6.0 ± 2.5 (9) 

9.0 ± 1.5 (11) 
 Total Average 48.4 ± 9.0 6.7 ± 1.0 (14%) 
PV 

DG 

Hilus 
GC 
Mol 
Average 

4.33 ± 0.88 
9.67 ± 2.4 

0.67 ± 0.67 
14.7 ± 1.9 

1.0 ± 0.0 (23) 
1.0 ± 0.8 (10) 

ND 
2.0 ± 0.6 (14) 

 

CA1 

LMol 
Rad 
Pyr 
Or 
Average 

ND 
1.67 ± 0.3 
26.0 ± 3.0 
11.7 ± 3.0 
39.3 ± 5.8 

ND 
ND 

0.7 ± 0.3 (3) 
0.7 ± 0.3 (6) 
1.3 ± 0.7 (3) 

 

CA3 

Rad 
Pyr 
Or  
Average 

7.33 ± 1.8 
27.0 ± 3.6 
45.3 ± 7.8 
79.7 ± 8.4 

0.7 ± 0.3 (9) 
1.0 ± 0.6 (4) 
3.3 ± 1.2 (7) 
5.0 ± 1.5 (6) 

 Total Average 44.6 ± 10 3.0 ± 0.8 (7%) 
CR 

DG 

Hilus 
GC 
Mol 
Average 

23.3 ± 3.5 
1.00 ± 1.0 
25.7 ± 4.6 
50.0 ± 7.1 

2.0 ± 0.6 (9) 
ND 

0.3 ± 0.3 (1) 
2.3 ± 0.7 (5) 

 

CA1 

LMol 
Rad 
Pyr 
Or 
Average 

17.3 ± 1.2 
31.0 ± 8.6 
18.0 ± 4.7 
34.0 ± 3.1 
100 ± 7.4 

ND 
ND 
ND 

3.3 ± 1.9 (10) 
3.3 ± 1.9 (3) 

 CA3 Rad 22.3 ± 7.4 2.3 ± 0.9 (10) 
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Pyr 
Or 
Average 

7.00 ± 3.6 
20.3 ± 7.9 
49.7 ± 17 

0.7 ± 0.7 (10) 
1.3 ± 0/9 (7) 
4.3 ± 2.3 (9) 

 Total Average 66.7 ± 10 3.3 ± 1.0 (5%) 

 

Quantification of the total number of GABA-, SST-, PV-, and CR- positive neurons in all layers of the 

DG, and CA1 and CA3 fields, and the total number and proportion of GABA-, SST-, PV- and CR- positive 

cells observed to be in close apposition with relaxin-3-positive nerve fibres. Data are expressed as 

mean ± SEM, n = 3 mice. Abbreviations in alphabetical order: CR, calretinin; DG, dentate gyrus; GC, 

granule cell layer; LMol, lacunosum moleculare layer; Mol, molecular layer; ND, not detected; Or, 

stratum oriens; PV; parvalbumin; Pyr, pyramidal cell layer; Rad, stratum radiatum; SST, somatostatin. 

For further details see Chapter 2 Materials and Methods. 
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Table S3. General locomotor activity and anxiety-like behaviour of AAV(1/2)-eGFP and 

AAV(1/2)-Cre-IRES-eGFP treated mice 

Behavioural Test Behavioural Measure GFP mice Cre mice 

Locomotor Activity Total distance travelled (m)  114 ± 6.3 109 ± 5.7 

Elevated Plus Maze  
Time in open arms (s) 
No. of entries in open arms 

53.7 ± 7.8 
6.92 ± 0.96 

55.4 ± 9.6 
7.67 ± 1.2 

Light/Dark Box 
Time in light side (s) 
No. of entries into light side 

195 ± 17 
28.5 ± 3.4 

215 ± 14 
35.5 ± 2.9 

Data are expressed as mean ± SEM, n = 12 – 13 mice per group. No treatment differences were 

observed in the total distance travelled (m) in a 60 min locomotor test (t(23) = 0.551, p = 0.587; n = 12 

– 13 per group), or the time spent in the open arms (s) (t(23) = 0.886, p = 0.139) or entries into open 

arms (t(23) = 0.498, p = 0.623) in a 10 min EPM test, or in the time spent in the light side (s) (t(22) = 0.886, 

p = 0.385) and entries into the light side (t(22) = 1.528, p = 0.141) in a 10 min L/D box. For further details 

see Materials and Methods. 
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Figure S1. Comparative distribution of RLN3-immunoreactive nerve fibres and hippocampal 

neurons immunoreactive for somatostatin (SST) and parvalbumin (PV) in the dorsal DG hilus 

of adult mouse hippocampus. 

Mosaic confocal images (20× magnification represented as z-stack maximum projections, 1 µm 

intervals) of mouse DG (reproduced from Figure 4), illustrating (A) RLN3 (red), SST (green) and PV 

(blue) immunoreactivity. Further details of the putative interactions between RLN3 inputs and SST 

neurons were recorded in this section. The DG hilar SST-positive neurons indicated by arrowheads in 

A, are illustrated at higher resolution in (B) and (C). There are several points of close apposition 

between the RLN3 fibres/boutons and the soma and proximal/distal processes of the SST neurons 

(yellow). Scale bars, 100 µm (A) and 20 µm (B, C). 
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Figure S2. Comparative distribution of Cre-recombinase and somatostatin (SST) in DG hilar 

neurons of dorsal hippocampus in mice injected with the AAV(1/2)-Cre-IRES-eGFP viral 

vector. 

Bilateral injections of AAV(1/2)-Cre-IRES-eGFP into the DG of floxed-RXFP3 mice resulted in expression 

of Cre-immunoreactivity (red) (A, A) in SST neurons (blue) (B, B) of the DG hilus. Cre-immunoreactivity 

(pink) was consistently observed in nuclei of SST-immunoreactive neurons in the region (C, C), 

consistent with the deletion of RXFP3 expression from these neurons. In the higher magnification 

images of the boxed areas (A, B, C), arrowheads indicate examples of neurons in which Cre and SST 

are co-localized. Scale bars, 100 µm (A-C) and 20 µm (A-C)
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3.1 Introduction 

Tau is a microtubule-associated protein first described in 1975 (Weingarten et al., 1975), 

which plays an important role in maintaining cell structure and cytoarchitectural stability. 

Under pathological conditions tau becomes hyperphosphorylated (Goedert and Spillantini, 

2006; Wang and Mandelkow, 2016) resulting in dissociation from microtubules. The unbound 

tau assembles into intracellular neurofibrillary tangles (NFTs) in neuronal cell bodies, leading 

to disruption of intracellular neuronal function and neuronal death, as well as altered axonal 

transport. The accumulation of NFTs is characteristic of many neurodegenerative diseases, 

including Alzheimer’s disease (AD) (Alzheimer, 1907), progressive supranuclear palsy, Pick’s 

disease, Huntington’s disease, frontotemporal dementia with parkinsonism-17 (FTDP-17) 

(Hutton et al., 1998) and other tauopathies (Irwin, 2016). In AD, NFTs were initially thought 

to first accumulate in the entorhinal cortex and progressively spread to limbic areas (i.e. 

hippocampal formation and cingulate cortex) followed by neocortical areas (Braak and Braak, 

1991). More recently, in post-mortem brains from patients with AD and related tauopathies, 

Braak and colleagues (2011) found NFTs to initially form in noradrenergic (NA) projection 

neurons of the locus coeruleus (LC), and thereafter in neurons of other brainstem nuclei with 

diffuse cortical projections, including the dorsal raphe (DR) nuclei. 

Interestingly, following brainstem formation of NFTs, the first cortical regions to display 

NFT pathology are the anatomically connected trans-entorhinal and neocortical regions 

(Braak et al., 2011). This observation suggests that upstream brainstem regions might trigger 

cortical NFT pathology. For example, in post-mortem AD brains, NFTs have been detected in 

regions that receive LC and DR projections, including the hippocampus and cingulate cortex 

(Arnold et al., 1991; Tekin et al., 2001) and diminished levels of NA and 5-HT have been 

detected in these regions (Aral et al., 1984; Reinikainen et al., 1988; Storga et al., 1996). 

Furthermore, in an early study the loss of LC NA neurons was found to correlate significantly 

with NFT accumulation in the cingulate cortex (Bondareff et al., 1987). In line with this, 

inoculation of synthetic tau fibrils in the LC of transgenic mutant tau mice (tau-P301S, which 

express hyperphosphorylated tau) induces a time-dependent spread of NFTs from the 

injection site to anatomically connected forebrain regions including the hippocampus and 

cingulate cortex (Iba et al., 2015), suggesting that cell-to-cell transmission of NFTs can occur 

along efferent brain projections (Clavaguera et al., 2009; de Calignon et al., 2012; Liu et al., 
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2012; Ahmed et al., 2014). Two potential mechanisms are likely to contribute to this effect. 

Firstly, a release of tau aggregates into the extracellular space near axonal terminals may be 

taken up by downstream synaptically connected neurons. Secondly, this release of tau 

aggregates is likely promoted by their own formation within presynaptic neurons, as NFTs can 

cause leakage of the presynaptic membrane. Therefore, these two mechanisms likely 

facilitate release of tau ‘seeds’ from presynaptic sites (e.g. from brainstem neuron terminals), 

which can then diffuse along the synaptic cleft and be taken up by postsynaptic neurons, 

which subsequently initiates tau aggregation in these downstream cells (e.g. within the 

cerebral cortex) (Wang and Mandelkow, 2016; Wu et al., 2016). 

In addition to potentially ‘triggering’ cerebral cortical/hippocampal NFT formation, tau 

pathology within the brainstem is important for another reason. The release of brainstem 

neurotransmitters such as the monoamines, 5-HT and NA, plays a critical role in cortical and 

hippocampal function. In AD and other tauopathies, the function of these regions is impaired 

not only due to disruption of cortical/hippocampal neurons themselves, but also due to 

disruption of brainstem neurons that normally modulate these areas via monoamine and 

other neurotransmitter actions. Notably, total RNA levels in 5-HT and NA neurons within the 

brainstem of AD patients are significantly reduced (Mann et al., 1982; Mann et al., 1984), and 

pre-clinical rodent studies suggest that targeting these neuronal populations represents a 

promising research avenue for the treatment of neurodegenerative disorders (Himeno et al., 

2011; Jurgensen et al., 2011; Kalinin et al., 2012; for review see Trillo et al., 2013). 

GABA projections from the adjacent pontine brainstem region, the nucleus NI (Nunez et 

al., 2006; Ma et al., 2007; Olucha-Bordonau et al., 2012; Ma et al., 2013; Sanchez-Perez et al., 

2015), is likely to perform synergistic and complementary roles to monoamine signalling 

within shared efferent target brain regions (for review Smith et al., 2014a). For example, NI 

GABA-positive projections regulate hippocampal theta rhythm (4-8 Hz in rodents and 4-12 Hz 

in humans), which is important for spatial navigation and memory formation (Vertes et al., 

1994), and is similarly modulated by parallel 5-HT/DR and NA/LC ascending systems (Kocsis 

et al., 2007; Sorman et al., 2011).  

As mentioned (see General Introduction), the NI is the primary source of the neuropeptide 

relaxin-3 (Bathgate et al., 2002; Burazin et al., 2002), which acts via its cognate Gi/o-protein-
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coupled receptor, RXFP3 (Liu et al., 2003; Bathgate et al., 2006). The distribution of relaxin-3-

positive nerve fibres and RXFP3 mRNA strongly overlap with NI forebrain projections, with 

dense relaxin-3-positive nerve fibres and RXFP3 mRNA present in regions heavily affected in 

AD, including the cingulate cortex, hippocampus and septum (Ma et al., 2007; Ma et al., 

2009b; Smith et al., 2010); and anatomical studies have identified relaxin-3 neuronal contacts 

with distinct neuronal populations in septum (Olucha-Bordonau et al., 2012) and 

hippocampus (see Chapter 2). In addition to anatomical studies, the functional role of the NI 

(Nunez et al., 2006; Ma et al., 2013; Pereira et al., 2013; Nategh et al., 2015) and medial 

septum (Ma et al., 2009c) in hippocampal activity and cognition is well established.  

Therefore, the NI GABA/relaxin-3 system represent an ascending brainstem network, 

which may act in a similar fashion to the 5-HT/DR and NA/LC systems and the main aim of the 

studies described in this Chapter was to examine the state of NI relaxin-3 neurons in a mouse 

model of tauopathy, the tau-P301L transgenic mice (Terwel et al., 2005; Terwel et al., 2008). 

This study is an important first step to determining whether damage to the NI relaxin-3 system 

occurs and may contribute to the ‘seeding’ of hippocampal/cortical tauopathy, and/or the 

cognitive decline that results from disrupted brainstem innervation of, and neurotransmission 

in, the hippocampus and cortex.  

Triple-fluorescence immunohistochemistry was performed to characterise the expression 

of NeuN (neuronal nuclei, a neuronal specific nuclear protein, Mullen et al., 1992), relaxin-3, 

and NFTs in NI neurons of 7 - 8 month old tau-P301L transgenic mice (Terwel et al., 2005; 

Terwel et al., 2008), and age matched FVB/N controls. In P301L mice, NFTs progressively 

develop in neurons of the brainstem and midbrain (Dutschmann et al., 2010), and forebrain 

regions, such as the cortex (Hampton et al., 2010), hippocampus (Gotz and Nitsch, 2001; 

Harris et al., 2012) and septal nuclei (Kohler et al., 2010), and neurological symptoms are 

present at 6-7 months of age (Terwel et al., 2005).  
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3.2 Materials and Methods 

All studies were conducted with approval from The Florey Institute of Neuroscience and 

Mental Health Animal Ethics Committee and were in accordance with ethical guidelines 

issued by the National Health and Medical Research Council of Australia. 

3.2.1 Mice 

Experiments were conducted using 7 - 8 month old male tau-P301L transgenic mice (n = 6), 

and age- and sex-matched FVB/N controls (n = 3). The tau-P301L mice line used were 

generated and characterised previously (Dutschmann et al., 2010; Trillo et al., 2013) and bred 

within the Howard Florey Laboratories, Parkville. These mice express the longest human tau 

isoform with the P301L mutation (tau-4R/2N-P301L) under the control of the mouse thy1 

gene promoter to provide neuron-specific expression commencing in the third postnatal 

week (Terwel et al., 2005). Transgenic mice were generated on a FVB/N genetic background, 

and mice homozygous for the tau-P301L transgene were genotyped by polymerase chain 

reaction (PCR) with a forward primer specific for the thy1-tau-P301L mouse gene promoter 

(5′-CTG-GGGCGGTCAATAAT-3′) and a reverse primer specific for human tau cDNA (5′-CAA-

GGTCCCCGTTTCTCC-3′) (Terwel et al., 2005).  

3.2.2 Brain fixation and sectioning 

Mice were deeply anaesthetised with 5% isoflurane inhalation (Delvet, Seven Hills, NSW, 

Australia) and then administered sodium pentobarbital (11 mg/kg 0.1 ml, i.p.) and 

transcardially perfused with 0.1 M phosphate buffer (PB, 2.7 nM KCI, 11.2 mM Na2HPO4, pH 

7.4) followed by 4% paraformaldehyde (PFA) in 0.1 M PB. Mice were decapitated and their 

brains dissected and post-fixed in 4% PFA in 0.1 M PB for 1 h on ice. Brains were transferred 

to 20% sucrose in 0.1 M PB and kept at 4°C overnight. Brains were then embedded in O.C.T. 

(Tissue-Tek, Sakura Finetek, USA) and frozen on dry ice. Forty (40) µm coronal sections were 

cut using a cryostat (Cryocut 1800, Leica Microsystems, Heerbrugg, Switzerland) at -18°C and 

stored in cryoprotectant solution (30% ethylene glycol, 30% glycerol, 0.05M PB) at -20°C. For 

quantitative analysis, four coronal sections of the NI spanning -5.25 mm to -5.45 mm from 

Bregma were collected from each brain. 
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3.2.3 Immunohistochemistry for NeuN, relaxin-3 and p-tau 

All sections were washed 3 × 5 min in 0.1% Triton X-100 in 0.1 M PB, and then blocked in 10% 

normal horse serum (NHS) in 0.1% Triton X-100, 0.1 M PB for 1h at RT. Sections were 

incubated with (1) a mouse monoclonal relaxin-3 antibody (HK-4-144-10; 1:5; Kizawa et al., 

2003; Tanaka et al., 2005; Ma et al., 2013) in 2% NHS and 0.1% Triton X-100 in 0.1 M PB 

overnight at RT. On the following day, sections were washed 3 × 5 min in 0.1 M PB, followed 

by secondary incubation in (1) donkey anti-mouse Alexa-594 (JIR, 715585151, 1:500) for 1h 

at RT. Following the incubation in the secondary antibody for visualisation of relaxin-3-

immunoreactivity, sections were then washed 3 × 5 min in 0.1 M PB, followed by primary 

incubation in (2) a mouse monoclonal NeuN antibody (Millipore, MAB377, 1:1000) and (3) 

rabbit polyclonal phospho tau (p-tau) serine 199/202 antibody (tauPS199/202) (Chemicon, 

AB9674, 1:500) in 2% NHS and 0.1% Triton X-100 in 0.1 M PB overnight at RT. This antibody 

recognises pre-, i-NFTs and e-NFTs phosphorylated at serine 199 and 202 (Kimura et al., 1996; 

Augustinack et al., 2002). 

 Sections were washed 3 × 5 min in 0.1 M PB, followed by secondary incubation in (2) 

donkey anti-mouse 647 (Jackson ImmunoResearch, 711546152, 1:500) and (3) donkey anti-

rabbit 488 (Jackson ImmunoResearch, 715605151, 1:500) in 0.1 M PB for 1h at RT. Following 

the secondary antisera incubation, sections were washed 3 × 5 min with 0.1 M PB and 

mounted on glass slides using Fluoromount-G (Southern Biotech, Birmingham, AL, USA). 

Notably, the relaxin-3 and NeuN primary antibodies were from the same host species, 

therefore, cross-reactivity with the secondary antibody binding to two targets occurred. 

However, a sequential protocol was used to immunostain for relaxin-3 first, followed by NeuN 

on the subsequent day, which ensured accurate immunostaining of relaxin-3-positive neurons 

(i.e. not all NeuN-positive neurons were detected as relaxin-3 positive, and the expression of 

relaxin-3 in the present study is consistent with previous reports). However, although using 

this approach will detect all relaxin-3-positive neurons to co-express NeuN, it is reasonable to 

assume all relaxin-3 containing neurons will express NeuN as only neurons express relaxin-3. 

As such, this protocol allowed the differentiation between relaxin-3-positive and negative 

neurons in the NI, and was sufficient for quantitative purposes. 

Anti-tauPS199/202 antibody is specific for extra-neuronal NFTs (eNFTs) phosphorylated at 

serine 199 and 202  and characterised by atrophic neuronal staining with no basal dendrites, 
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as well as pre- and intra-neuronal- NFTs (iNFTs) characterised by punctate neuronal staining 

and a homogeneously stained soma with slightly damaged basal dendrites, respectively 

(Augustinack et al., 2002). The specificity of anti-tauPS199/202 for NFTs has been confirmed 

with no neuronal or extra-neuronal expression in brain sections from non-transgenic mice 

(Terwel et al., 2005; Boekhoorn et al., 2006; Terwel et al., 2008; Dutschmann et al., 2010). 

3.2.4 Imaging 

Immunostaining was observed under a LSM 780 Zeiss Axio Imager 2 confocal laser scanning 

microscope (Carl Zeiss AG, Jena, Germany). Mosaic z-stack images were obtained with a 63× 

objective and 1 µm z-intervals covering the entire NI from 4 coronal sections for each mouse 

(from -5.25 mm to -5.45 mm from Bregma) and obtained with 10% overlap with each image 

on the X-Y plane.  

3.2.5 3D Data analysis 

Z-stacks were loaded into Amira (v.6.0.1, FEI) to create an isosurface (3D surface 

representation). Cells were counted by manually placing landmarks in the cell bodies of the 

labelled 3D representation of the neurons.  

3.2.6 Statistical analysis 

Statistical analysis and graphical representations of the data were conducted using Graph Pad 

Prism (v.6) (GraphPad, La Jolla, CA, USA). All data are expressed as mean ± SEM. For 

comparison of data, a one-way ANOVA was performed followed by a Bonferroni’s multiple 

comparisons test. Results were considered statistically significant if p < 0.05. 
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3.3 Results 

3.3.1 Relaxin-3 and NeuN immunostaining in the NI of 7 - 8 month old FVB/N 

control mice 

In agreement with studies in 8 week old C57BL/6J wildtype mice (Smith et al., 2010), the 

present study identified relaxin-3-positive neurons within the NI of 7 - 8 month old FVB/N 

control mice located medioventral to the LC and along the medial and ventral border of the 

ventral tegmental nucleus (see Figure. 3.1). Relaxin-3-positive nerve fibres were also 

observed within the NI region in addition to the nearby pontine central gray (CG) and an area 

adjacent to the fourth ventricle.  

3.3.2 Relaxin-3, NeuN and p-tau immunostaining in the NI of 7 - 8 month old 

tau-P301L mice 

The topographical distribution of relaxin-3-positive neurons and nerve fibres, and NeuN-

positive neurons, in 7 - 8 month old tau-P301L mice was similar to that in FVB/N age-matched 

control mice (see Figure. 3.2), although quantitative assessment of the number of positive 

neurons revealed significant differences between the two groups of mice (see below). P-tau-

positive neurons were observed predominantly in the lateral regions of the NI, and in 

surrounding areas such as LC. As previously observed (Dutschmann et al., 2010), p-tau 

positive nerve fibres was detected in the NI.  

3.3.3 Quantitative analysis of relaxin-3-, NeuN- and p-tau-positive neurons in 

the NI of 7 - 8 month old tau-P301L and FVB/N control mice 

There was a non-significant difference in the total number of neurons in the NI of 7 - 8 month 

old tau-P301L mice compared to age-matched control mice, i.e. the number of NeuN-positive 

neurons was 25% lower in the tau-P301L mice (Figure 3.3A; unpaired t-test, t (4) = 2.34, p = 

0.0792). Similarly, the number of relaxin-3-negative neurons was not significantly different in 

tau-P301L mice relative to FVB/N controls, although there was a 21% numerical reduction 

(Figure 3.3A; unpaired t-test, t (4) = 1.14, p = 0.316). In contrast, the number of relaxin-3-
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positive neurons was 35% lower in tau-P301L mice than in the FVB/N age-matched controls 

(Figure 3.3A; unpaired t-test, t (7) = 3.03, p = 0.0193). When the % differences in the number 

of stained NI neurons observed in tau-P301L mice and controls were calculated, it equated to 

a ~20% reduction in relaxin-3-negative neurons and an ~35% reduction in relaxin-3-positive 

neurons. However, these differences were not statistically significance (Figure 3B; unpaired 

t-test, t (7) = 1.61, p = 0.152), perhaps due to the small sample size. Thus, these initial findings 

suggest that alterations in the number and/or immunostaining characteristics of neurons 

within the NI may occur in this mouse model of tauopathy and indicate that further studies 

are warranted. There may also be differential effects on populations of relaxin-3-positive and 

-negative NI neurons; but further studies are also required to address this issue. 

Notably, a significantly larger proportion of relaxin-3-negative NI neurons (~30%) were 

found to contain p-tau, (a marker of NFTs), than relaxin-3-positive NI neurons, which rarely 

displayed p-tau (~5%) (Figure 3C; unpaired t-test, t (7) = 3.96, p = 0.0054). These findings 

suggest that at this time-point (7 - 8 months), some or many of those relaxin-3-expressing 

neurons affected by the tauopathy have either died or no longer express detectable levels of 

relaxin-3 peptide (see Discussion).  
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3.4 Discussion 

This Chapter describes the first study to neurochemically phenotype the NI and relaxin-3 

system in a transgenic mouse model of tauopathy, and provides important preliminary 

insights into the potential involvement of the NI and relaxin-3 system in tauopathies and 

related neurodegenerative disorders, including the impact on NFTs on these neurons and 

their response to the insult. The NI is a small, heterogeneous brainstem nucleus that sends 

strong GABAergic projections to hippocampus and forebrain regions that influence 

hippocampal activity (Goto et al., 2001; Olucha-Bordonau et al., 2003; Brown and McKenna, 

2015), and the NI is important for normal cognitive behaviours, including memory (Nunez et 

al., 2006; Nategh et al., 2015). Similarly, the relaxin-3/RXFP3 system is also an important 

modulator of hippocampal activity as well as cognitive-related behaviour via actions within 

the septum (Ma et al., 2009c) and hippocampus (see Chapter 2). As such, if NI and/or relaxin-

3-positive neurons are damaged or lost in tauopathies, this might contribute to 

septohippocampal dysfunction and related cognitive symptoms. Consistent with this 

possibility, this study observed a 35% reduction in the number of relaxin-3-immunopositive 

NI neurons in 7 - 8 month old tau-P301L mice, relative to the number in appropriate age-

matched control mice. A trend for a reduction (~20%) in the number of relaxin-3-negative NI 

neurons was also observed.  

The present studies did not examine whether the density and characteristics of relaxin-

3-positive axonal projections and terminals within the hippocampus and other target regions 

were altered to a similar or greater extent. Based on recent studies describing impairments 

of SHS GABAergic (Levenga et al., 2013; Soler et al., 2017) and cholinergic neurons (Belarbi et 

al., 2009; Belarbi et al., 2011; Hara et al., 2017) in mouse models of tauopathy, some 

alterations would be predicted. For example, in a recent study, early onset deterioration of 

GABAergic SHS connections particularly on PV-positive hippocampal interneurons in a mouse 

model expressing human mutated tau (mutations G272V, P301L, and R406W, VLW transgenic 

strain) in 2-month old VLW mice was observed, and more severe effects were observed in 8-

month old VLW mice, mainly by p-tau expressing PV-positive hippocampal interneurons (Soler 

et al., 2017). In THY-Tau22 transgenic mice, the retrograde transport of FG through the SHS is 

impaired, which was found to be associated with a significant reduction in the number of 

ChAT-positive neurons in the MS (Belarbi et al., 2011). Taken together, analysis of the relaxin-
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3/RXFP3 system within the hippocampus (and other target regions including the septal nuclei) 

represents an important future direction, which could also be extended by examining the 

state of relaxin-3 cell bodies and axons/terminals at different stages of tauopathy 

progression. These studies might also indicate whether the relaxin-3-positive neurons that 

are ‘compromised’ in 7 - 8 month old tau-P301L mice represent a sub-population with distinct 

projection targets, or whether more ‘broad’ changes are evident. 

A further interesting finding in the present studies was the rare detection of relaxin-3- 

and p-tau staining in NI neurons in the 7 - 8 month tau-P301L mice. In this experiment, the 

presence of NFTs was assessed with a tau phospho-serine 199/202 antibody, tauPS199/202, 

and staining was predominantly observed in the lateral NI, with cells in this area accounting 

for ~30% of the relaxin-3-negative neurons that displayed p-tau staining (NFTs). Based on the 

significant reduction in relaxin-3-positive neurons detected and the retained expression of 

NeuN staining within p-tau positive neurons, it is possible that the expression/production of 

relaxin-3 in normally ‘relaxin-3 capable’ neurons has ‘ceased’ during earlier stages of NFT 

production, but before neuronal death, producing a hypo-functionality of relaxin-3 signalling. 

For example, it may be possible for NI  neurons to no longer express ‘detectable’ levels of 

relaxin-3 peptide immunoreactivity, due to a tauopathy related down-regulation of relaxin-3 

mRNA expression and subsequent reductions in peptide translation and processing (i.e. the 

neurons contained no relaxin-3 peptide or only very low undetectable levels, due to cellular 

compromise and reprogramming perhaps preceding neuronal death.  Notably, three 

morphological stages of NFT production/toxicity have been identified: (1) pre-NFTs, defined 

by punctate NFT staining within the cytoplasm with well-preserved dendrites and a centred 

nucleus; (2) iNFTs, characterised by punctate NFT staining within the cytoplasm as well as 

slightly damaged dendrites, and; (3) eNFTs identified by the absence of basal dendrites and 

the presence of atrophic neuronal staining resulting from the death of the tangle-bearing 

neurons (Kimura et al., 1996; Augustinack et al., 2002; Serrano-Pozo et al., 2011). 

Morphological stages of NFTs progress sequentially throughout development of tauopathies 

(Kimura et al., 1996; Augustinack et al., 2002), whereby a healthy neuron develops punctate 

phospho-tau inclusions and becomes a pre-NFT cell, thereafter giving rise to an iNFT, and after 

neuronal death occurs eNFTs remain. Although some reports suggest the tauPS199/202 

antibody is specific for eNFTs, pre- and i-NFTs have also been shown to be phosphorylated at 
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serine 199 and 202 and this antibody has been shown to recognise pre- and i-NFTs (Kimura et 

al., 1996; Augustinack et al., 2002). As 30% of relaxin-3-negative, NeuN-positive neurons 

display p-tau staining with the tauPS199/202 antibody, a large proportion of the NFTs 

detected in the present study are likely to be pre- or i-NFTs. However, future studies should 

confirm this by more closely examining the morphological characteristics of NFTs in the mice 

studied here. If pre- or i-NFTs predominate, expression/production of relaxin-3 in neurons 

may be susceptible to the effects of NFTs at early stages of the disease (i.e. before the 

expression of eNFTs). This is consistent with reports on other GABA/neuropeptide systems 

including SST and NPY neurons in hippocampus (Ramos et al., 2006), and the 

expression/detection of SST receptor 2 (SSTR2) in LC neurons (Ádori et al., 2015). There are 

early decreases and selective losses of these peptides and receptor preceding the onset of 

advanced AD pathology. As such, it is crucial for future studies to determine the time course 

of changes in relaxin-3 immunoreactive peptide by neurochemically phenotyping the NI at 

earlier and later stages of disease progression (within subject design), along with measures of 

relaxin-3 mRNA to better detect relaxin-3-capable neurons under these conditions.  

Additionally, as mentioned, RXFP3 mRNA and binding sites are highly expressed in the 

MS/DB and hippocampus, and strongly overlap with NI projections and relaxin-3-positive 

nerve fibres and terminals (Ma et al., 2007; Ma et al., 2009b; Smith et al., 2010). As such, 

expression of NFTs within NI relaxin-3 neurons may facilitate the release of tau ‘seeds’ from 

presynaptic projection sites within the hippocampus and other downstream target regions, 

which might be taken up by postsynaptic neurons in these forebrain regions, triggering NFT 

accumulation in downstream neurons. Therefore, a potentially important future study could 

determine whether lesion/ablation of the NI in young tau-P301L mice alters the progression 

of tauopathy within the hippocampus and other regions that normally receive NI/relaxin-3 

innervation.  

Having established that relaxin-3 peptide levels in NI neurons are reduced in this mouse 

model of tauopathy, a major future challenge will be to determine whether a reduction in 

relaxin-3/RXFP3 signalling within key downstream regions (i.e. MS/DB and hippocampus) 

contributes to their dysfunction and cognitive decline. One potential approach could involve 

the generation of double mutant relaxin-3 KO/tau-P301L transgenic mice, and assessing 

whether the rate of cognitive decline is greater in the absence of relaxin-3 signalling. Acute 
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or perhaps preferably chronic pharmacological RXFP3 antagonism in tau-P301L mice might 

achieve this same goal. Conversely, increasing relaxin-3/RXFP3 signalling might provide some 

indication of the pre-clinical therapeutic potential of this system for treating 

neurodegenerative disorders. Chronic pharmacological treatment with RXFP3 agonists, or a 

viral approach whereby excitatory Designer Receptors Exclusively Activated by Designer 

Drugs (DREADDs) are driven by a relaxin-3 specific promoter within the NI could be tested. In 

the case of an excitatory hM3Dq DREADD study, subsequent semi-chronic administration of 

CNO ligand would result in activation of remaining/resilient NI relaxin-3 neurons in tau-P301L 

mice (or other models), which may alter (slow) the progression of cognitive decline. 

Conversely, CNO-mediated activation of the inhibitory hM4Di DREADD in separate tau-P301L 

mice might accelerate (or slow) the progression of cognitive decline.  

The tau-P301L mouse used has been validated as a model of human tauopathy (Terwel 

et al., 2005; Terwel et al., 2008; Dutschmann et al., 2010), and the pathology in tau-P301L 

mice is similar to that in other mutant tau mice (Hasegawa et al., 1997; Lewis et al., 2000; 

Gotz et al., 2001; Allen et al., 2002; Belarbi et al., 2011; Levenga et al., 2013; Soler et al., 2017). 

Notably, the P301L tau mutation is associated with FTDP-17 (Goedert and Spillantini, 2000; 

Lewis et al., 2000), and therefore, tau-P301L mice phenotypically recapitulate features of 

human FTDP-17 rather than classic features of AD. It will be valuable for future studies to 

confirm/confound and extend the observed results in mouse models that better recapitulate 

the hallmark pathology of AD by, for example, crossing tau-P301L mice with transgenic mice 

with Aβ amyloidosis, and to eventually match these studies with studies of the NI and its 

targets in post-mortem human AD brains. 

3.5 Conclusions 

The brainstem contains discrete neuronal populations, including 5-HT and NA neurons within 

the DR and LC, respectively, that project to and modulate brain regions important for 

cognitive functions, including MS/DB and hippocampus. Damage to these brainstem regions 

and their axonal projections is thought to contribute to cognitive dysfunction observed in 

tauopathies and related neurodegenerative diseases, and may also ‘seed’ the development 

of tauopathy within downstream brain structures. Characterising other brainstem systems 

that are important for the normal function of key forebrain targets and that are damaged by 
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or resilient to tauopathies is also key to increasing our understanding of neurodegenerative 

disease aetiology. To this end, this study provides an important foundation for further 

research to investigate the role and therapeutic potential of relaxin-3/RXFP3 signalling in 

tauopathies and other neurodegenerative diseases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.1. Relaxin-3- and NeuN- positive neurons in the NI of 7 - 8 month old FVB/N control 

mice. 

Maximum intensity projection of mosaic z-stack confocal images (63× magnification, 1 µm z-intervals) 

illustrating (A) NeuN (blue) and (B) relaxin-3 (RLN3) (red) and (C) both RLN3/NeuN in the nucleus 

incertus (NI) and surrounding regions of 7 - 8 month old FVB/N control mice. DTg, dorsal tegmental 

nucleus; mlf, medial longitudinal fasciculus. Scale bar represents 100 µm.  
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Figure 3.2. Relaxin-3-, NeuN- and phospho-tau- positive neurons in the NI of 7 - 8 month old 

tau-P301L transgenic mice. 

Maximum intensity projection of mosaic z-stack confocal images (63× magnification, 1 µm z-intervals) 

illustrating (A) NeuN (blue), (B) relaxin-3 (RLN3) (red), (C) p-tau (green) and (D) an overlay of 

NeuN/RLN3/p-tau in the nucleus incertus (NI) and surrounding regions of 7 - 8 month old tau-P301L 

mice. DTg, dorsal tegmental nucleus; mlf, medial longitudinal fasciculus. Scale bar, represents 100 µm.  
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Figure 3.3. Quantification of relaxin-3-negative and positive neurons in the NI of tau-P301L 

transgenic mice and FVB/N age matched control mice. 

(A) Quantification of the total number of neurons, and the number of relaxin-3 (RLN3)- negative and 

-positive neurons from 4 coronal sections (from -5.25 mm to -5.45 mm from Bregma) of the nucleus 

incertus (NI) of 7 - 8 month old FVB/N control and tau-P301L mice. (B) The total proportion (%) of 

RLN3-negative and -positive neurons detected in P301L-tau mice relative to FVB/N control mice. (C) 

The proportion (%) of RLN3-negative and -positive neurons that contain p-tau in the NI of tau-P301L 

mice. Unpaired samples t-test, *, p < 0.05, ** p < 0.01. Data are expressed as mean ± SEM, n = 3 – 6 

mice per group.  
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CHAPTER 4  

Relaxin-3/RXFP3 system and 

possible interactions with 

monoamine signalling 
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4.1 Introduction 

This Chapter contains a body of experimental research, complete with Introduction, Methods, 

Results, Conclusion and Bibliography, which is presented as a manuscript that was accepted 

for publication in the peer-reviewed scientific journal, Neurochemical Research, on 18 May 

2015. 
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CHAPTER 5  

General Discussion 
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5.1 Introduction 

Since the discovery of relaxin-3 in 2001, our understanding of the roles played by this highly 

conserved neuropeptide within the brain has grown rapidly. As a major neurotransmitter in 

an ascending neural network that innervates a broad range of brain regions, relaxin-3 

signalling has been implicated in a diverse range of functional modalities. This diversity of 

action is further reflected by the studies described in this thesis, which expand our knowledge 

of relaxin-3/RXFP3 neurobiology within three distinct domains, by exploring the role of 

relaxin-3/RXFP3 signalling in: (i) controlling hippocampal function and memory; (ii) the 

possible progression of neurodegenerative diseases; and (iii) affective states and stress 

responses. These aspects are briefly reviewed below. 

(i) Hippocampal function and memory. In Chapter 2 the published manuscript included 

describes the neurochemical characterisation of neurons in the mouse dorsal hippocampus 

targeted by relaxin-3 inputs, and the behavioural consequences of specific RXFP3 depletion 

in mouse DG hilus. These studies revealed that relaxin-3-positive nerve fibres are in close 

apposition with GABAergic neurons in the hippocampus, particularly SST-positive GABA 

neurons, which in turn, strongly suggests RXFP3 is expressed by these neurons. These studies 

also revealed that conditional Cre-dependent deletion of RXFP3 from neurons in the DG hilus 

resulted in impairment in spatial reference and working memory, in an appetitive T-maze task 

and spontaneous alternation task in a Y-maze, respectively. These effects were potentially 

mediated by a weakening of the synaptic inhibition of pyramidal neuron dendrites in the DG 

granule cell layer, or via inhibition of GABAergic and/or cholinergic neurons in the MS 

innervated by SST-positive GABA projection neurons from the DG hilus (Figure 5.1, Bassant et 

al., 2005; Amaral et al., 2007; Mendez and Bacci, 2011; Lovett-Barron et al., 2014; Schmid et 

al., 2016); and potential experiments to explore this putative mechanism are described in 

detail below (Section 5.2). In hippocampus, inhibitory interneurons regulate excitatory 

principal cell activity, shaping information processing and orchestrating network activity that 

underlies learning and memory. Those targeting distinct pyramidal neuron that are recruited 

at defined phases of behaviour and learning, include SST and PV-basket neurons (Caroni, 

2015). SST/GABA neurons in CA1/3 and DG hilus are critical to hippocampal function and 

contribute to disease aetiology in human AD and rodent AD models (Huh et al., 2016; Katona 

et al., 2016; Schmid et al., 2016; Stefanelli et al., 2016). Taken together, our novel 
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experimental data, in combination with other studies in rat (Olucha-Bordonau et al., 2012) 

and mouse (Haidar M, Tin K, Gundlach AL, unpublished data) reveal that the relaxin-3/RXFP3 

system contributes to learning and memory via modulation of GABAergic neurons in the 

hippocampus as well as modulation of the septum (Figure 5.1). These studies suggest that the 

relaxin-3/RXFP3 system is similar to other characterised neuropeptide modulatory neuronal 

circuits that influence cognitive processing (Hokfelt et al., 2003; Ogren et al., 2010).  

Additionally, these studies describe the characterisation, validation and use of a new 

‘floxed RXFP3’ strain of mouse, paving the way for future studies of regional and temporal 

control of RXFP3 gene deletion and RXFP3 protein depletion. Together, these studies build 

upon earlier data, which demonstrate that the NI (Nunez et al., 2006; Pereira et al., 2013; 

Nategh et al., 2015) and relaxin-3/RXFP3 signalling (Ma et al., 2009c) are able to modulate 

hippocampal function and associated behaviours such as spatial memory. 
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Figure 5.1 Putative circuit mechanisms by which the relaxin-3/RXFP3 system modulates 

activity in the hippocampus and medial septum/diagonal band of Broca. 

The relaxin-3/RXFP3 system is anatomically positioned to modulate the activity of the SHS and HSS, 

which are pathways important for cognitive functions and related behaviours. The ascending relaxin-

3 projections from the NI innervate local and/or projection SST/GABA neurons in the DG hilus, and PV 

and ChAT neurons in the MS/DB, and these neurons likely express RXFP3. Abbreviations: ChAT, choline 

acetyltransferase; DG hilus, dentate gyrus hilus; GC, granule cell; HSS, hippocamposeptal system; 

MS/DB, medial septum/diagonal band of Broca; NI, nucleus incertus; PV, parvalbumin; RXFP3, relaxin 

family peptide receptor 3, SHS, septohippocampal system; SST, somatostatin.  
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 (ii) The progression of neurodegenerative diseases. In Chapter 3, studies were described 

that aimed to determine the state of relaxin-3-positive and negative neurons in the NI in a 

mouse model of tauopathy (tau-P301L), particularly their level of p-tau staining as a reflection 

of the presence of NFTs. In these quantitative immunohistochemical studies the number of 

NI relaxin-3-positive neurons was found to be reduced by ~35% in 7 - 8 month old tau-P301L 

mice, relative to the number in age- and strain-matched controls. Relaxin-3-negative NI 

neurons were also reduced by ~20%; but this change did not reach statistical significance in 

the cohorts used. Interestingly, very few if any relaxin-3-positive neurons displayed signs of 

NFTs (p-tau staining), highlighting the importance of expanding these studies to examine the 

state of these neuron populations at earlier time-points, and to assess the levels of relaxin-3-

positive axons within the hippocampus and other downstream targets of the NI. These 

findings are consistent with the hypothesis that compromised function of NI relaxin-3 neurons 

might contribute to the dysfunction of the hippocampus and other brain structures that gives 

rise to cognitive impairment during AD and other neurodegenerative disorders. Although only 

an initial insight, this hypothesis and data are consistent with evidence that the brainstem is 

a major site of tauopathy (Braak et al., 2011; Trillo et al., 2013), and that NI relaxin-3 neurons 

can modulate the hippocampus and associated behaviours such as memory (see above). 

(iii) Affective states and stress responses. In Chapter 4, the studies described were an 

investigation of whether relaxin-3 or RXFP3 deficiency exacerbated methamphetamine 

withdrawal symptoms. As mentioned, the NI and relaxin-3/RXFP3 system has been proposed 

to perform synergistic and/or complementary roles to monoamine signalling within shared or 

functional-linked target brain regions and neural circuits (for review see, Smith et al., 2014a). 

Depletion/disruption of ascending monoamine systems (i.e. NA/LC and 5-HT/DR systems) 

have been described in models of disease, including AD and related neurodegenerative 

disease, as well as in affective disorders, such as depression and anxiety, which can also be 

associated with neurodegenerative disease. The studies conducted assessed whether an 

absence of relaxin-3/RXFP3 signalling might alter the reported depressive- and anxiety- like 

behavioural profile observed in response to the reduction in monoamine signalling 

association with methamphetamine withdrawal. Whole-of-life relaxin-3 and RXFP3 KO mice 

and their WT littermates were injected once daily with saline or escalating doses of 

methamphetamine and during the subsequent withdrawal phase, relaxin-3 and RXFP3 KO 
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mice displayed similar measures of despair, body weight change and anxiety-like behaviours. 

These data indicate that a whole-of-life deficiency in endogenous relaxin-3/RXFP3 signalling 

does not markedly alter behavioural sensitivity to chronic methamphetamine treatment or 

withdrawal, under the experimental conditions used. Nonetheless, this study was the first to 

characterise the response of female C57BL/6J mice to a chronic methamphetamine treatment 

regime and demonstrated that the methamphetamine schedule used strongly increased 

acute locomotor activity and effectively reduced body weight and increased behavioural 

despair in a Porsolt forced swim test.   

Although the broad common theme present in these three experimental studies 

(Chapters) is an effort to examine the ability of relaxin-3/RXFP3 signalling to control brain 

activity and behaviour, the implications that each experimental study has for the others is 

somewhat limited, and this is largely due to logistical issues such as differential availability of 

the different transgenic mouse strains used during the course of this research program. 

Therefore, as a comprehensive interpretation and discussion of the separate studies has been 

provided in each experimental Chapter, further discussion here will focus on important 

emerging experimental tools and techniques that can be used to further progress relaxin-

3/RXFP3 research, and how each of these might be applied to the three broad research 

domains described above. 

5.2 Emerging ‘tools’ and techniques to progress relaxin-3/RXFP3 research 

5.2.1 RXFP3-Cre transgenic mice 

To date, despite comprehensive mapping studies of the distribution of RXFP3 mRNA in rat 

and mouse brain (Ma et al., 2007; Smith et al., 2010), which allow speculation about the likely 

target cells, the precise neurochemical phenotype of RXFP3-positive neurons throughout the 

rat and mouse brain remains largely unknown. This is due to several factors including an 

absence of routine double-label in situ hybridisation studies using probes for RXFP3 and other 

mRNA species; and a lack of antibodies that specifically and reliably detect RXFP3 (Lee et al 

2016, Meadows et al 2014), which unfortunately for the field, is not uncommon for peptide 

and other GPCRs.  
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One common approach to address such limitations is to use a reporter line of mouse or 

rat in which the receptor of interest is coupled to the expression of a fluorescent or other 

protein that allows its detection by conventional immunohistochemistry and microscopy. In 

this regard, our laboratory first obtained a RXFP3-Cre recombinase mouse line from the 

Genstat program and developed a putative RXFP3 reporter line by crossing these mice that 

express Cre recombinase under the control of the RXFP3 promoter with mice that 

ubiquitously express enhanced YFP (eYFP) under the control of a strong Rosa26 promoter, 

upstream of a floxed stop codon. Thus, in the progeny, Cre excises the stop codon exclusively 

within the Cre recombinase (RXFP3) positive neurons, and eYFP is expressed only in these 

neurons. If the Cre recombinase remains constrained to only those neurons that express 

RXFP3, these mice can be used to assess the distribution of RXFP3 neurons in adult brain and 

during development. The successful use of these mice could therefore accelerate anatomical 

and functional studies of the relaxin-3/RXFP3 system and their potential usefulness for the 

research areas investigated in this thesis is highlighted below. 

Hippocampal function and memory. The work described in Chapter 2 and a comprehensive 

study of the rat MS (Olucha-Bordonau et al., 2012) assessed relaxin-3-positive neural 

terminations on specific populations of hippocampal and MS neurons, respectively. The 

observation of relaxin-3-positive fibres/boutons in close apposition with GABA neuron 

populations in the hippocampus strongly suggests RXFP3 is expressed by these GABA 

neurons. Therefore, RXFP3-Cre-YFP mice are potentially useful for determining the 

neurochemical characteristics of RXFP3-positive neurons in the hippocampus (and septum) 

by immunostaining for GABAergic neuron markers and visualising the co-expression (or 

absence of) with eYFP, either endogenous or immuno-amplified fluorescent staining.  

An alternative/complementary approach to neurochemically phenotype RXFP3-target 

neurons is to apply RNAscope® protocols. RNAscope® in situ hybridization is a powerful new 

technique which allows the detection of multiple mRNA species in individual neurons and 

which can identify the chemical phenotype of RXFP3-expressing neurons in specific loci. 

Indeed, using this technique, very recent studies in our laboratory have identified that a major 

RXFP3-positive hippocampal neuron population in the rat ventral hippocampus is SST-

positive, while a smaller population is SST-negative (Rytova V, Ma S, Gundlach AL, 

unpublished data). Current studies are further examining the chemical phenotype of this 
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latter population. In addition to the use of RXFP3-Cre mice, RNAscope® suggests an exciting 

future for the further neurochemical phenotyping of RXFP3 neurons in both mice and rats, 

particularly while a fully validated and effective (sensitive) RXFP3 antisera is not available. 

Furthermore, in addition to facilitating the neurochemical phenotyping of RXFP3-positive 

neurons, the RXFP3-Cre reporter mouse strain has additional functional/behavioural 

applicability. Selective targeting/modulation of RXFP3 targeted neurons in hippocampus 

offers the potential of further identifying the importance of RXFP3 targeted neurons in the 

modulation of spatial memory and other hippocampal-dependent functions. For example, to 

inhibit the activity of the RXFP3-positive neuron population, a viral vector encoding the Cre-

dependent inhibitory hM4Di DREADD (e.g. AAV-DIO-hM4Di) could be injected into the 

hippocampus of RXFP3-Cre mice, followed by subsequent repeated/semi-chronic 

administration of the CNO ligand, which would result in inhibition only of neurons that 

express Cre and RXFP3. These studies could assess the effect of this inhibition in relevant 

spatial learning and memory tasks. hM4Di activation by CNO results in hyperpolarization and 

transient neuronal silencing (Armbruster et al., 2007; Ferguson et al., 2011; Rogan and Roth, 

2011), and in addition to examining behavioural outputs, whether neighbouring cells are 

activated (i.e. disinhibited) could be assessed via c-fos immunohistochemistry or other similar 

approaches. Conversely, to assess effect of activating RXFP3-positive neurons on spatial 

learning and memory tasks, the same approach could be adopted using a viral vector 

encoding a Cre-dependent excitatory hM3Dq DREADD (e.g. AAV-DIO-hM3Dq). In related 

studies, neuronal activity of RXFP3-positive neurons could be determined following exposure 

to spatial memory tasks, by immunostaining for c-fos in RXFP3/eYFP reporter mice following 

a spatial memory task.  

Importantly, to further explore potential neuronal mechanism(s) associated with RXFP3 

modulation in the hippocampus, this reporter mouse or an alternate RXFP3-Cre/tdTomato 

strain with stronger endogenous fluorescence could be used to visualise RXFP3-positive 

neurons in brain slices for in vitro studies to examine the response of RXFP3 neurons following 

RXFP3 activation by specific agonists (e.g. R3/I5 or RXFP3-A2; Liu et al., 2003; Shabanpoor et 

al., 2012) or their modulation by other transmitters and peptides. The former studies are of 

particular interest as recent studies have shown that RXFP3-expressing neurons in different 
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brain areas and/or within a single brain region can be activated or inhibited by RXFP3 agonists 

(Blasiak et al., 2013; Kania et al., 2017).  

Additionally, following validation of the expression of RXFP3 by specific hippocampal 

GABA neuron populations, future studies should examine the neurophysiological response of 

RXFP3-positive SST/GABA neurons and other subtypes (e.g. PV/GABA neurons) following 

activation or inhibition of RXFP3. These experiments are essential to determine the potential 

direct and/or indirect neuronal modulation of GABA transmission in the hippocampus. 

Progression of neurodegenerative diseases. Studies described in Chapter 3 demonstrated 

that the number of relaxin-3-positive neurons in the NI is reduced in tau-P301L tauopathy 

mice. However, future studies could determine whether this manifests as a loss of relaxin-

3/RXFP3 signalling within key downstream regions such as MS/DB, hippocampus and 

cingulate cortex, and secondly whether this contributes to dysfunction in these areas and 

associated cognitive decline. In addition to studies to examine relaxin-3-positive nerve fibres 

(see Chapter 3), an alternative approach could be the generation of double mutant RXFP3-

eYFP reporter mice/tau-P301L transgenic mice to examine the relative level of expression of 

p-tau within RXFP3-positive neurons relative to other populations. The expression of p-tau 

within downstream RXFP3-positive neurons would further suggest impairment of RXFP3 

signalling in anatomically connected brain regions. Furthermore, such an observation would 

be in line with NFT/relaxin-3-positive neurons in the NI potentially facilitating the release of 

tau ‘seeds’ from presynaptic projections within the hippocampus and other downstream 

target regions, which could be taken up by postsynaptic neurons in these forebrain regions, 

triggering NFT accumulation in downstream (anatomically connected) RXFP3-positive 

neurons. If RXFP3-positive neurons which co-express p-tau at earlier stages of disease 

progression are preserved, important subsequent studies in double mutant RXFP3-eYFP/tau-

P301L mice could assess the therapeutic potential of activating the remaining RXFP3 neurons 

and measuring whether any cognitive enhancement is observed.  

Affective states and stress responses. The studies described in Chapter 4 did not reveal an 

effect of the presence or absence of endogenous relaxin-3/RXFP3 signalling in whole-of-life 

KO mice, on the assessed responses to chronic methamphetamine treatment and withdrawal. 

Nonetheless, other evidence suggests the relaxin-3/RXFP3 system plays a role in affective 
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states and stress responses (Tanaka et al., 2005; Banerjee et al., 2010; Ma et al., 2010; 

Watanabe et al., 2011; Ryan et al., 2013), potentially via parallel mechanisms to those of the 

brainstem ascending monoamine systems (Figure 5.2, Smith et al., 2014a). Therefore, further 

studies are required to examine the anatomical and functional basis for interactions between 

relaxin-3 and monoamine systems (i.e. NA/LC and 5-HT/DR). 

 

Figure 5.2 Distribution and projection patterns of the relaxin-3/RXFP3 system and 

noradrenaline/locus coeruleus serotonin/raphe nuclei monoamine brainstem systems.   

Anatomical data suggests the (A) relaxin-3/RXFP3 system contributes to a brainstem ascending 

arousal system, similar to parallel ascending monoaminergic (B) noradrenaline/locus coeruleus 

(Schwarz and Luo, 2015) and (C) serotonin/raphe nuclei (Lesch and Waider, 2012) systems. These 

three neural systems display highly overlapping regional efferent projection patterns.  

For example, it will be important to examine which specific subpopulations of neurons 

express RXFP3 in key stress and affective regions in brainstem (e.g. DR) as well as downstream 

anatomically connected brain regions (e.g. PVN, amygdala, ventral hippocampus), to 

determine the precise neural substrates through which relaxin-3/RXFP3 modulates stress and 

affective related brain regions. This can be achieved with the use of RXFP3-eYFP reporter 

mice. For example, high densities of relaxin-3-positive nerve fibres and RXFP3 mRNA are 

present within the DR. Therefore, it is possible that GABA and/or 5-HT neurons within this 
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area express RXFP3, which would support the proposal that relaxin-3 might confer at least 

some of its functional effects by directly or indirectly influencing 5-HT neurons. In particular, 

it might be possible that relaxin-3 may increase (disinhibit) the activity of these neurons, if 

RXFP3 is expressed by GABAergic interneurons within the DR, which normally act to inhibit 

local 5-HT neurons. Furthermore, the likelihood that the relaxin-3 and monoamine systems 

have shared downstream targets has only been shown at a regional level, and the RXFP3-eYFP 

reporter mouse could facilitate experiments to determine at the cellular level which 

monoamine receptors are expressed by RXFP3-eYFP-positive neurons. For example, the 

broad regional distribution of relaxin-3-positive nerve fibres in areas such as the 

hippocampus, septum, midline thalamus, and parts of the hypothalamus and amygdala are 

similar to that of 5-HT- and NA-positive nerve fibres (Lambert et al., 2000; Samuels and 

Szabadi, 2008; Hale et al., 2012; Lesch and Waider, 2012) and these regions express receptors 

for 5-HT and NA (e.g. 5HT1A/2A and alpha 1(α1) adrenoceptors; Marazziti et al., 1994; 

Pieribone et al., 1994; Burnet et al., 1995). Therefore, it is possible that RXFP3 is co-expressed 

with subtypes of monoamine receptors within shared downstream target neurons. 

Subsequent studies could then determine the electrophysiological responses of RXFP3-

eYFP-positive neurons to activation or inhibition of 5-HT and NA receptors, and examine the 

physiological effects observed following RXFP3 activation or inhibition by RXFP3 agonists (e.g. 

R3/I5 or RXFP3-A2, Liu et al., 2003; Shabanpoor et al., 2012) or antagonists (e.g. R3(BΔ23-

27)R/I5, Kuei et al., 2007), respectively. A synergistic effect may occur, because for example, 

activation of postsynaptic 5-HT1A evokes hyperpolarization and/or inhibitory effects of target 

neurons in various brain regions, including the hippocampus (Hirose et al 1990), lateral 

septum (Van den Hooff and Galvan, 1992), and IGL (Ying et al., 1993). Similarly, activation of 

RXFP3 in the rat IGL with an RXFP3-agonist (R3/I5) was shown to evoke inhibitory effects 

(decrease in firing rate and hyperpolarization) in the majority of IGL neurons (Blasiak et al., 

2013), an effect probably associated with the inhibition of cAMP production caused by RXFP3 

activation (Liu et al., 2005). 

Furthermore, studies to examine the responsiveness of RXFP3-eYFP-positive neurons to 

stress related behaviours in regions such as the amygdala and hypothalamus will provide 

insights into the role of relaxin-3/RXFP3 signalling in affective states and stress responses. For 

example, this could be accomplished by examining changes in c-Fos levels in RXFP3-eYFP-
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positive neurons during withdrawal of chronic methamphetamine treatment, as well as other 

well-known stressors, including chronic restraint and swim stress. An increase in the number 

of c-fos-positive neurons was observed following treatment with methamphetamine within 

the PVN and central amygdala (Giardino et al., 2011; Tomita et al., 2013; Zuloaga et al., 2014), 

two regions central to the regulation of the hypothalamic-pituitary-adrenal (HPA) axis. Based 

on the expression of RXFP3 mRNA within these two brain regions (amongst other stress 

responsive regions, Ma et al., 2007; Smith et al., 2010) and the proposed role of the relaxin-

3/RXFP3 system in affective states and stress responses based on studies in the rat (Tanaka 

et al., 2005; Banerjee et al., 2010; Ma et al., 2010; Watanabe et al., 2011; Ryan et al., 2013), 

it will be of interest to observe the profile of RXFP3-positive neurons during 

methamphetamine withdrawal and other stress regimes.  

5.2.2 Relaxin-3-Cre mice 

As described in Chapter 1, the ability of the NI to regulate hippocampal theta rhythm and 

spatial learning and memory has been examined in rats (Nunez et al., 2006; Ma et al., 2013; 

Nategh et al., 2015). However, the contribution of the relaxin-3-positive population of NI 

neurons is less clear. Studies in our laboratory are attempting to address this issue, by trying 

to develop a promoter sequence suitable for use in viral vectors that can drive relaxin-3 cell 

specific expression. If such a promoter can be produced and fully optimised, it will allow for 

studies to better determine the specific role of relaxin-3-positive GABA neurons in the NI in 

hippocampal activity and related cognitive behaviours. For studies with a cell-specific 

promoter, one key restriction is the allowable size of foreign DNA (5 kb) that can be inserted 

into an AAV-vector (Dong et al., 1996; Wu et al., 2010), if this virus is preferred, highlighting 

a possible disadvantage in the development of a reliable and specific relaxin-3 cell specific 

viral vector.  

An alternative method particularly for further studies in mice, would be the development 

of a relaxin-3-Cre mouse strain in which Cre recombinase expression is driven by the relaxin-

3 promoter. Importantly, such a mouse line has recently been produced by a US laboratory in 

collaboration with our laboratory and validation studies are currently underway. Therefore, 

possible use of these mice in studies to learn more about the role of NI and relaxin-3 signalling 

in the research areas investigated in the thesis studies are described below. 
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Hippocampal function and memory. Relaxin-3-Cre mice will facilitate studies to inhibit or 

activate NI relaxin-3 (GABA) neuronal activity and examine the effect on hippocampal theta 

rhythm and spatial learning and memory. This could be achieved by injections of Cre-

dependent inhibitory hM4Di or excitatory hM3Dq DREADDs, respectively, followed by 

administration of the CNO ligand, which would result in modulation (inhibition or excitation) 

of relaxin-3-positive GABA neurons in the NI. As described, these experiments are crucial to 

investigate the hypothesis that relaxin-3 neurons in the NI are important for healthy 

cognition. Another application of relaxin-3-Cre mice would be to use Cre-dependent neural 

tract-tracing to determine whether the NI is the sole source of the relaxin-3 innervation to 

the hippocampus (and other interconnected components of the SHS), or whether the more 

diffuse populations of relaxin-3 in the pontine raphe nucleus, the anterior and ventrolateral 

periaqueductal grey, and in the area dorsal to the substantia nigra also innervate these 

regions.  

Progression of neurodegenerative diseases. Having established that relaxin-3-positive 

neurons in the NI are affected by tauopathy in tau-P301L mice, a future challenge is to 

examine the therapeutic potential of the relaxin-3/RXFP3 system in neurodegenerative 

disease. In similar experiments to those described above, this could be achieved by generating 

double mutant relaxin-3-Cre/tau-P301L transgenic mice and inhibiting or activating the 

remaining relaxin-3-positive neurons in the NI with the use of Cre-dependent inhibitory 

hM4Di or excitatory hM3Dq DREADDs. If modulation of the relaxin-3/RXFP3 system is 

therapeutic, an increased rate in cognitive decline in behavioural measures of spatial learning 

and memory might be predicted following CNO activation of Cre-dependent inhibitory hM4Di 

within NI relaxin-3-positive neurons of relaxin-3-Cre/tau-P301L mice. Conversely, acute CNO 

activation of Cre-dependent excitatory hM3Dq within the remaining relaxin-3 NI neurons 

might enhance cognitive performance and chronic activation might slow the rate of cognitive 

decline. 

Furthermore, to observe the anatomical characteristics of NI relaxin-3 neuron efferent 

projections in relaxin-3-Cre/tau-P301L mice, injections of a Cre-dependent AAV vector could 

drive expression of fluorescent protein only in relaxin-3-positive cells expressing Cre 

recombinase. These experiments are crucial to addressing the following important questions: 

(1) Are relaxin-3-positive nerve fibres (originating from relaxin-3 NI neurons) 
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impaired/reduced in forebrain regions (e.g. hippocampus and cingulate cortex) of relaxin-3-

Cre/tau-P301L mice, and (2) does the degree of impairment of relaxin-3-positive inputs 

correlate with NFT expression in these forebrain regions. Importantly, these experiments will 

also allow studies to distinguish between relaxin-3-positive nerve fibres originating from the 

NI versus relaxin-3 fibres originating from the pontine raphe nucleus, the periaqueductal grey, 

and/or dorsal to the substantia nigra. Together, these experiments will provide insights into 

the therapeutic potential of the relaxin-3/RXFP3 system in neurodegenerative disease.  

Affective states and stress responses. As described, relaxin-3-positive neurons in the rat NI 

are reported to express 5-HT1A receptors (Miyamoto et al., 2008), and 5-HT depletion induced 

by local infusion of PCPA within the DR significantly increased relaxin-3 mRNA expression in 

the NI, suggesting 5-HT neurons from the DR or other raphe nuclei directly innervate NI 

relaxin-3 neurons and act to inhibit relaxin-3 expression. Further experiments are required to 

assess this interaction. This can be achieved by recording the electrophysiological activity of 

relaxin-3 neurons in the NI following administration with 5-HT, in which hyperpolarization of 

NI relaxin-3 neurons is expected following 5-HT activation. Furthermore, the NI is a highly 

stress-reactive nucleus (Tanaka et al., 2005; Ryan et al., 2011), and all relaxin-3 neurons in the 

rat NI co express CRF-R1 (Ma et al., 2013). The majority of relaxin-3 neurons in the rat NI 

exhibit depolarization (excitation) in response to CRF infusion (Ma et al., 2013), but similar 

studies have not been conducted in mice. Therefore, future studies should address this by 

recording the electrophysiological effects of CRF on identified relaxin-3 NI neurons in relaxin-

3-Cre/reporter protein mice.  

5.2.3 Studies of relaxin-3/RXFP3 in humans 

A major long-term goal of research on the relaxin-3/RXFP3 system is to apply the knowledge 

gained in animals to the equivalent human physiology and pathology, and to identify 

therapeutic applications of RXFP3-targeted drugs. Such studies would provide a valuable basis 

for further translational research. The relatively high degree of amino acid conservation 

across species indicates that the structure (and function) of the relaxin-3 peptide has been 

highly constrained during evolution. Accordingly, identification of mutations and/or 

polymorphisms within the relaxin-3 and/or RXFP3 genes that might be present in patients 

suffering from affective and neurodegenerative disease are important.  
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In the first study of this type related to the relaxin-3/RXFP3 system, patients diagnosed 

with a familial form of schizophrenia were found to have a mutation within a chromosomal 

locus that contains the RXFP3 gene (Bespalova et al., 2005), suggesting a potential 

relationship between RXFP3 and schizophrenia. In another gene association study, a 

polymorphism in the relaxin-3 gene and two in the RXFP3 gene were observed in 

schizophrenia patients undergoing treatment with antipsychotic medications and who 

displayed co-morbid metabolic syndromes (Munro et al., 2012). However, these studies are 

limited and have not been confirmed in larger genome-wide association studies (GWAS). Due 

to improvements in and reduced costs of gene sequencing, more information about the 

profile of RXFP3 expression in neurodegenerative and neuropsychiatric disorders should 

become available in the near future. Such experiments have been successful in linking other 

neuropeptide receptor systems to neurodegenerative (Bertram and Tanzi, 2009; Huang and 

Mucke, 2012) and affective disorders, including major depressive disorder (MDD) (Wray et al 

2012). For example, a single nucleotide polymorphism in the SST gene increases the risk for 

AD in carriers of the apoE4 gene (Vepsalainen et al., 2007), and polymorphisms in the 

neuropeptide galanin gene have been observed in patients with MDD (Wray et al., 2012), in 

line with the proposed role of galanin in MDD and related stress states (Weiss et al., 1998).  

In a more recent study, putative RXFP3 immunoreactivity was reported to be increased in 

post-mortem neocortex of depressed AD patients relative to controls, and unaffected in non-

depressed AD patients (Lee et al., 2016). Interestingly, levels of putative RXFP1 protein in the 

parietal cortex were reported to be correlated with the severity of depression symptoms. In 

contrast, cortical levels of RXFP1 and RXFP3 immunoreactivity did not correlate with 

dementia severity and β-amyloid accumulation (Lee et al., 2016). However, several technical 

limitations need to be considered as part of an evaluation of this data, particularly the full 

validation of the specificity of RXFP1 and RXFP3 antibodies used. Additionally, further 

comprehensive studies of RXFP3 levels (and gene transcript and binding properties) in post-

mortem brain samples from AD patients (and MDD patients) from brain regions important in 

cognition and emotional regulation (i.e. hippocampus, septum, amygdala and hypothalamus) 

are crucial, as well as levels of relaxin-3 immunoreactivity and the state of the NI in post-

mortem brains from relevant patient groups.  
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Assays for detecting cerebrospinal fluid (CSF) levels of neuropeptides and transmitters in 

patients diagnosed with AD and neuropsychiatric diseases, are commonplace. For example, 

SST levels detected in CSF are significantly reduced in patients diagnosed with AD and elderly 

patients with MDD, relative to healthy age-matched controls, and the reductions in CSF levels 

of SST correlates with CSF CRF levels in both AD and MD patients (Molchan et al., 1993). In a 

similar study, a significant correlation between reduced levels of the monoamine metabolite, 

5-hydroxyindoleacetic (5HIAA), in CSF with CSF SST levels was reported in AD and MDD 

patients (Molchan et al., 1991), suggesting SST may interact with 5-HT in AD and affective 

disorders. Similarly, reduced CSF levels of NA in AD patients relative to age-matched healthy 

controls have also been reported (Martignoni et al., 1992). Similar studies of CSF relaxin-3 

levels in patients with neurodegenerative and/or neuropsychiatric disease may indicate the 

potential involvement of the relaxin-3/RXFP3 system in these disease states. 

5.3 Concluding remarks 

Since the discovery of the highly conserved, neuropeptide, relaxin-3 and the subsequent 

identification of RXFP3 as its cognate receptor more than a decade ago, experimental studies 

have yielded exciting insights into the role of the relaxin-3/RXFP3 signalling system in 

modulating arousal and several motivated behaviours, along with related cognitive processes. 

The neuroanatomical distribution of relaxin-3 and RXFP3 indicate relaxin-3 containing 

GABAergic neurons are an integral part of the SHS (Ma et al., 2009c; Smith et al., 2010; 

Olucha-Bordonau et al., 2012), contributing to neuronal circuits that play key roles in 

cognition.  

The studies described in this thesis extend this knowledge, and demonstrate, firstly, that 

relaxin-3 nerve fibres terminate on specific types of GABAergic neurons in the hippocampus, 

and secondly, that selective depletion of RXFP3 from the dorsal DG hilus in adult mice impairs 

spatial reference and working memory. In line with a role for relaxin-3/RXFP3 signalling in 

healthy cognition, separate studies demonstrated a reduction in relaxin-3-positive neurons in 

the NI of tau-P301L transgenic mice that display a human form of tauopathy, relative to the 

number of these neurons in healthy age-matched controls. These studies suggest that effects 

on the relaxin-3/RXFP3 system may contribute to the cognitive decline observed in 

tauopathies and related conditions. These findings invite further investigations of the 
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involvement of the relaxin-3/RXFP3 system in tauopathies and related neurodegenerative 

diseases and studies to examine the therapeutic potential of RXFP3-related drugs in the 

treatment of these conditions.  

Furthermore, based on the possible complementary roles of the relaxin-3/RXFP3 system 

and ascending monoaminergic systems in modulating stress and affective states, the effect 

of altered endogenous relaxin-3/RXFP3 signalling in whole-of-life relaxin-3 and RXFP3 KO mice 

on affective- and depressive-like behaviours following chronic methamphetamine treatment 

(monoamine depletion) was investigated. While these studies did not reveal genotype effects 

on behavioural sensitivity to chronic methamphetamine treatment in whole-of-life relaxin-3 

and RXFP3 KO mice, these studies suggest that further research to examine whether more 

specific depletion of monoamines and/or localised manipulations of endogenous relaxin-

3/RXFP3 signalling in the adult brain might reveal significant interactions between 

monoamine and relaxin-3 signalling networks. 

There is an urgent global need for basic and translational research to provide a better 

understanding of the brain circuits that are dysfunctional in neurodegenerative and affective 

disorders, and to identify novel structural and molecular targets that might provide better 

symptomatic treatments and a meaningful slowing of disease progression. Importantly, the 

current studies form part of a broader, worldwide scientific endeavour to better understand 

neuropeptides and their neuromodulatory role within important neuronal circuits during 

‘healthy’ and normal cognitive processing as well as under pathological conditions in 

neurodegenerative and neuropsychiatric disorders, which are often comorbid.  

Overall, the research described in this thesis has laid the foundation for ongoing preclinical 

studies to investigate the effects of relaxin-3/RXFP3 signalling in normal brain and in models 

of neurodegenerative disease and psychiatric illness. In the long term, it is hoped the 

knowledge gained from such research on the relaxin-3/RXFP3 system can be applied to clinical 

testing, to assess the therapeutic potential of RXFP3-targeted drugs.
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