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Abstract 

Anxiety disorders are highly prevalent in modern society and better treatments are urgently required. 

Key brain areas and signalling systems underlying anxiety include prefrontal cortex, hippocampus, 

and amygdala, and monoaminergic and peptidergic systems, respectively. Hindbrain GABAergic 

projection neurons that express the peptide, relaxin-3, broadly innervate the forebrain, particularly the 

septum and hippocampus, and relaxin-3 acts via a Gi/o-protein-coupled receptor known as the ‘relaxin-

family peptide 3 receptor’ (RXFP3). Thus, relaxin-3/RXFP3 signalling is implicated in modulation of 

arousal, motivation, mood, memory and anxiety. Ventral hippocampus (vHip) is central to affective 

and cognitive processing and displays a high density of relaxin-3-positive nerve fibres and RXFP3 

binding sites, but the identity of target neurons and associated effects on behaviour are unknown. 

Therefore, in adult, male rats, we assessed the neurochemical nature of hippocampal RXFP3 mRNA-

expressing neurons and anxiety-like and social behaviour following chronic RXFP3 activation in vHip 

by viral vector expression of an RXFP3-selective agonist peptide, R3/I5. RXFP3 mRNA detected by 

fluorescent in situ hybridisation was topographically distributed across the hippocampus in 

somatostatin- and parvalbumin-mRNA expressing GABA neurons. Chronic RXFP3 activation in vHip 

increased anxiety-like behaviour in the light-dark box and elevated-plus maze, but not the large open-

field test, and reduced social interaction with a conspecific stranger. Our data reveal ‘disruptive’ 

effects of persistent RXFP3 signalling on hippocampal GABA networks important in anxiety; and 

identify a potential therapeutic target for anxiety disorders that warrants further investigation in 

relevant preclinical models. 

 

Key Words: adeno-associated virus; GABA; nucleus incertus; parvalbumin; social interaction; 

somatostatin; ventral hippocampus 
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INTRODUCTION 

Anxiety disorders are the most prevalent type of mental disorder, diagnosed in ~18% of the United 

States adult population (Kessler et al. 2005), and include diverse conditions, such as generalized 

anxiety, phobic-, panic-, obsessive/compulsive-, and post-traumatic stress disorder (PTSD) (Lenze and 

Wetherell 2011). Anxiety disorders share both physiological and psychological symptoms, such as 

dysregulation of brain corticotropin-releasing factor (CRF) systems and plasma cortisol levels 

(Siegmund et al. 2011), and hypervigilance and social avoidance (LeDoux 2003; Kennedy and 

Adolphs 2012). Despite their prevalence and socio-economic impact, the neural circuits and synaptic 

mechanisms underlying anxiety disorders remain quite poorly understood. Current treatment options 

are limited, and generally comprise agents originally used for treating depression, such as 

benzodiazepines and selective serotonin reuptake inhibitors (SSRIs), which are associated with major 

side-effects (Gomez et al. 2018). Thus, new insights into the nature of anxiety-related circuits and their 

regulation by transmitter and neuromodulatory systems are key to developing better treatments; and 

research to identify and explore novel structural and molecular therapeutic targets is essential. 

The hippocampus has been demonstrated to be important for processing memory and emotions, in 

both clinical and experimental studies (Scoville and Milner 1957; O'Keefe and Dostrovsky 1971; 

Squire 1992; Wik et al. 1993; Bremner et al. 1999; MacMillan et al. 2003; Richardson et al. 2004). 

Lesions of the ventral, but not dorsal, hippocampus and dentate gyrus (DG) in rats, reduced anxiety-

like behaviour and increased time spent in the aversive open arms of the elevated plus maze (EPM) 

(Kjelstrup et al. 2002; Weeden et al. 2014), while increased activity in ventral hippocampus (vHip) has 

been associated with anxious behaviour (Adhikari et al. 2011). These and other studies suggest vHip is 

crucial for mediating anxious behaviour (Fanselow 2010), and details of the precise networks and 

neural populations involved are beginning to be identified (Yeung et al. 2011; Felix-Ortiz 2014; 

Lovett-Barron et al. 2014; Calhoon and Tye 2015; Çalışkan et al. 2016; Padilla-Coreano et al. 2016; 
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Stefanelli et al. 2016; Li et al. 2017; Yuan et al. 2017). At a neurochemical level, anxiety is correlated 

with dysfunctions in hippocampal inhibitory interneuron network activity (Engin and Treit 2007; 

Kalueff 2007). For instance, selective stimulation of parvalbumin (PV)-expressing GABAergic 

interneurons in the DG, using designer receptors exclusively activated by designer drugs (DREADDs), 

reduced anxiety and promoted social interaction behaviour (Zou et al. 2016). Meanwhile, recent 

studies of somatostatin (SST)-expressing GABAergic neurons in the DG have reported their 

involvement in memory formation during aversive stimuli (Stefanelli et al. 2016). 

The vHip receives/sends information from/to many emotional centres, such as the amygdala (Maren 

1995), hypothalamus (Herman et al. 1992; Cenquizca and Swanson 2007) and medial prefrontal cortex 

(Padilla-Coreano et al. 2016). The vHip also receives a strong noradrenergic input from the locus 

coeruleus (Pickel et al. 1974), a dopaminergic projection from the ventral tegmental area (Gasbarri et 

al. 1997), and both serotonergic and non-serotonergic inputs from median and dorsal raphe nuclei 

(Aznar et al. 2004). It is well established that the inputs from the medial septum (MS) and diagonal 

band of Broca to the hippocampus are crucial for generating/regulating ‘theta rhythm’. The firing of 

theta-rhythmic septal GABAergic neurons provides a drive for theta oscillations in the hippocampus, 

as the firing of septal neurons disinhibits principal hippocampal neurons (Hangya et al. 2009). 

The vHip also receives a dense input from a population of GABAergic neurons in the hindbrain region 

known as the nucleus incertus (NI) (Goto et al. 2001; Olucha‐Bordonau et al. 2003; Ryan et al. 2011), 

many of which co-express the neuropeptide, relaxin-3 (Tanaka et al. 2005; Ma et al. 2007)(Ma and 

Gundlach 2015). In fact, the vHip receives a dense relaxin-3 innervation, and contains a large number 

of neurons that express the cognate relaxin-3 receptor, known as relaxin-family peptide 3 receptor 

(RXFP3) (Liu et al. 2003; Sutton et al. 2005; Ma et al. 2007; Ma et al. 2009). Relaxin-3 is an 

evolutionarily conserved neuropeptide (Wilkinson et al. 2005), and while primarily expressed by NI 

neurons, it is also present in smaller populations of neurons in the pontine raphe nucleus, an area 
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dorsal to the substantia nigra pars compacta and medial and ventrolateral periaqueductal grey 

(Bathgate et al. 2002; Burazin et al. 2002; Tanaka et al. 2005; Ma et al. 2007; Blasiak et al. 2013). In 

addition to vHip, relaxin-3-containing nerve fibres strongly innervate other forebrain structures 

involved in anxiety and fear-related processing, such as the amygdala, bed nucleus of the stria 

terminalis (BNST), prefrontal cortex, and lateral hypothalamus (Tanaka et al. 2005; Ma et al. 2007). 

Recent studies have established a role for relaxin-3/RXFP3 signalling in the regulation of the 

septohippocampal system, hippocampal theta rhythm, and spatial memory, via actions in the MS and 

dorsal hippocampus (Ma et al. 2009; Ma et al. 2013; Albert-Gasco et al. 2017; Haidar et al. 2017). 

Furthermore, chemogenetic activation of NI neurons altered hippocampal activity and theta rhythm, 

and increased risk assessment behaviour, consistent with an influence of NI GABA and relaxin-3 

transmission on affective and cognitive processes (Ma et al. 2017). Notably, all clinically effective 

anxiolytic drugs reduce the average frequency of brain theta activity, despite their substantial 

neurochemical dissimilarities (McNaughton and Gray 2000; McNaughton et al. 2007), suggesting that 

relaxin-3 modulation of hippocampal theta rhythm may also impact anxiety. 

Initial pharmacological studies in our laboratory revealed that acute, intracerebroventricular (icv) 

administration of an RXFP3 agonist, RXFP3-A2, resulted in decreased indices of anxiety-like 

behaviour in rats in the light-dark box (LDB) and EPM paradigms, but not in the large open-field 

(LOF) test (Ryan et al. 2013). However, these studies did not identify the brain areas in which these 

effects were mediated or the identity of the neurons expressing RXFP3 in these areas. In a rodent 

model of alcohol self-administration and relapse, acute local injection of antagonist has confirmed a 

role for RXFP3 signalling in specific brain regions on complex behaviours (Ryan et al. 2013). Another 

approach, which avoids the technical and logistic issues of repeated injections of RXFP3 agonist into 

brain areas, is a viral-based method for chronic local secretion of an RXFP3-selective agonist 

(McCown 2006; Ganella et al. 2013). When injected in the PVN, chronic secretion of the RXFP3-
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selective agonist, R3/I5, induced a significant increase in daily food intake and body weight gain, 

associated with decreases in oxytocin and vasopressin mRNA levels in this region (Ganella et al. 

2013). 

Therefore, in these studies in adult, male Sprague-Dawley rats, we utilised a highly-sensitive, 

multiplex fluorescent in situ hybridisation method (RNAscope™) to identify the nature of 

hippocampal RXFP3-expressing neurons; and examined the effects of chronically enhanced RXFP3 

signalling in vHip on indices of anxiety-like and social behaviour. 
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MATERIALS AND METHODS 

Animals 

Experiments were conducted with the approval of The Florey Institute of Neuroscience and Mental 

Health Animal Ethics Committee and according to the guidelines issued by the National Health and 

Medical Research Council of Australia. All efforts were made to minimise the number of animals 

used. Male Sprague-Dawley rats supplied by the Animal Resources Centre, Perth, WA, Australia, 

weighed 250–300 g on arrival. Rats were housed under ambient conditions (21°C) and maintained on 

a 12 h light:dark cycle (lights on 0700-1900) with ad libitum access to laboratory chow and water. 

Rats were acclimatised to the animal facility for at least 1 week prior to experimentation and were 

individually housed for the entire study. 

Multiplex in situ hybridisation histochemistry 

On the basis of the topographic distribution of RXFP3 mRNA in the hippocampus observed in rat (Ma 

et al. 2007) and mouse brain (Smith et al. 2010); Allen Brain Atlas; www.brain-map.org), multiplex in 

situ hybridisation (ISH) was performed to determine the neurochemical phenotype of RXFP3 mRNA-

positive vHip neurons. Naïve rats were deeply anesthetised with sodium pentobarbital (100 mg/kg, 

i.p., Virbac, Milperra, NSW, Australia), decapitated, and brains were rapidly collected, frozen over dry 

ice and stored at -80°C. Fresh frozen coronal sections (16 μm) through the vHip were cut at -16°C 

(Cryocut 1800, Leica Microsystems, Heerbrugg, Switzerland) and thaw-mounted onto Superfrost Plus 

slides (Thermo Fisher Scientific, Melbourne, Australia). Slides were processed according to the 

manufacturer's protocol (Advanced Cell Diagnostics (ACD), Hayward, CA, USA) using specific ACD 

probes for mRNA encoding Rxfp3 (probe #316181), vesicular γ-aminobutyric acid transporter (vGAT, 

Slc32a1, probe #316181) somatostatin (SST, probe #412181), and parvalbumin (PV, probe #407821). 
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Following ISH, sections were stained with DAPI (ACD), coverslipped with Fluoromount-G (Southern 

Biotech, Birmingham, AL, USA) and imaged. 

Stereotaxic surgery and viral vector infusions 

Rats were initially anaesthetised by inhalation of 4% isoflurane in an enclosed vessel and maintained 

with 2% in 200 ml/min air via an anaesthetic mask (Kopf Instruments, Tujunga, CA, USA) fitted on a 

stereotaxic frame (Kopf Instruments). The head was shaved and swabbed with 10% povidone-iodine 

(Riodine; ORION Laboratories Pty Ltd., Balcatta, WA, Australia) and treated with ilium lignocaine (5 

mg/kg, s.c.; Troy Laboratories, Australia). Rats were also treated with pre-operative meloxicam (3 

mg/kg, i.p.). Two burr holes in the skull were drilled targeting the vHip at stereotaxic coordinates 

relative to bregma: AP -5 mm, ML ± 5 mm, DV -7 mm (Paxinos and Watson 2006). Rats were 

randomly assigned to control or agonist groups, and received bilateral 1 µl infusions (0.5 µl/min) of 

either AAV1/2-sCAG-eGFP control vector (7.73 × 1010 gc/ml) or AAV1/2-FIB-R3/I5 agonist vector 

(4.75 × 1012 gc/ml). The latter vector, which contains a fibronectin secretory sequence (FIB), to ensure 

constitutive secretion from transduced neurons at the site of injection (McCown 2006; Ganella et al. 

2013), was diluted with the GFP-expressing control vector in a 9:1 ratio (with GFP-expressing control 

vector being 10% of the injected mixture) to assist with targeting (see Fig. 1). Viral vectors were 

delivered by a pulled glass micropipette connected to a 1 µl Hamilton syringe (Harvard Apparatus, 

Holliston, MA, USA). The AAV1/2-FIB-R3/I5 agonist vector has been validated in vitro and in vivo 

(Ganella et al. 2013). Subsequent cohorts used a newly devised and validated agonist vector AAV1/2-

sCAG-R3/I5-IRES-eGFP (2 × 1011 gc/ml), which is structurally identical to the previous vector with 

the advantage of an incorporated GFP fluorophore (see Fig. 1). The injector was kept in place for 10 

min, retracted 1 mm, kept in place for a further 1 min before complete withdrawal, to maximize 

diffusion. The incision was sutured, swabbed with povidone-iodine, and rats regained consciousness in 
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a warm chamber. Rats were left for 3 weeks prior to behavioural testing to allow maximal viral 

transduction. 

Behavioural testing 

Behavioural tests were conducted during the light phase (between 7:00-19:00) and rats were 

habituated to the behavioural test room prior to experimentation. A minimum of one day between 

experiments was allowed for sufficient rest and recovery. Each trial lasted 10 min and the apparatus 

was wiped with 80% ethanol and dried between rats. 

Elevated plus maze 

The EPM consisted of four arms, 30.5 cm (length) × 5 cm (width) × 38.7 cm (height) projecting from 

a central square (5 cm × 5 cm). Two opposing arms were enclosed by 15.2 cm walls (designated 

‘closed’ arms), while the ‘open’ arms had a 0.9 cm ledge to prevent rats from slipping off. The 

apparatus was placed in the middle of the experimental room under low light (~50 lux closed arms, 

~70 lux open arms) and behaviour was recorded and analysed by TopScan software (CleverSys, 

Reston, VA, USA) via an overhead camera. Arm entries, time spent in arms, distance travelled in arms 

and latency to enter open arms (all four feet in outer half of the open arm) were quantified. 

Light-dark box 

Rats were placed into an automated clear-walled locomotor arena measuring 43.2 cm × 43.2 cm × 30.5 

cm, encased by two photobeam rings (Rat Open Field Arena, ENV-515; MED Associates Inc., St. 

Albans, VT, USA). A black, opaque plastic insert measuring 21.6 cm × 21.6 cm × 30 cm was used to 

create the dark zone (~2 lux interior). The light zone was lit with an array of light-emitting diodes 

(~600 lux in the centre). A small entry door enabled rats to move between the dark and light zones. 

The TruScan 2.04 software (Coulburn Instruments, Whitehall, PA, USA) was used to analyse 
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horizontal and vertical movements in the arena recorded by photobeams. Zone entries, time spent in 

each zone, and distance travelled in each zone, as well as latency to enter the light zone were analysed. 

Large open-field 

The LOF was a 1.4 m diameter circular arena on the floor of an experimental room, surrounded by a 

60 cm high aluminium wall. The arena was divided into two regions: a ‘centre’ region of 0.45 m in 

diameter, and an outer ‘periphery’ region of 0.15 m. The arena was lit using a flood light mounted on 

the ceiling (~1200 lux in the centre and ~1000 lux at the periphery). Rats were placed in the centre of 

the arena prior to a 10 min trial and time spent, distance travelled in each region, as well as latency to 

enter the centre region was analysed using TopScan software (CleverSys, Reston, VA, USA). 

Social interaction test 

Each rat was placed in the centre of a 1 m × 1 m square arena with a 30 cm wall, and allowed to 

habituate for 1 min. A conspecific ‘stranger’ rat of matched age and gender was placed in the centre of 

the arena and their interactions were recorded during a 10 min trial. SocialScan software (CleverSys, 

Reston, VA, USA) was used to analyse social behaviours, including time spent in active and passive 

contact, contact to specific body parts, approach, leave, follow, sniffing, mounting, and distance from 

stranger. 

Validation of GFP targeting in vHip 

At the end of behavioural testing, rats were deeply anesthetised with sodium pentobarbital (100 mg/kg, 

i.p.) prior to transcardial perfusion with 300 ml ice-cold 0.1 M phosphate-buffered saline (PBS: 137 

mM NaCl, 2.7 mM KCl, 11.2 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) followed by 400 ml 4% 

paraformaldehyde in 0.1 M PBS. Brains were isolated and postfixed in fixative for 1 h then transferred 

to 30% sucrose-PBS solution at 4°C for at least 48 h.  

Coronal sections (40 µm) containing vHip were imaged for native eGFP fluorescence on an Olympus 
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BX51 upright immunofluorescence microscope (Olympus Imaging, Notting Hill, Australia). Images of 

viral injection sites were imaged with a 5× objective and intensity thresholds adjusted to accurately 

quantify moderate- to high-expressing eGFP fluorescent cells. For histological assessment, 

corresponding sections from each rat along the AP axis of the vHip were imaged and cell body 

fluorescence spread was mapped onto representative rat brain atlas plates (Fig. 2) (Paxinos and 

Watson 2006). 

Immunohistochemistry 

Free-floating coronal sections (40 µm) were cut on a cryostat at -18°C (Cryocut 1800, Leica 

Microsystems) and collected into 0.1 M PBS. Sections were washed 3 × 10 min in PBS and blocked 

with 10% normal horse serum (NHS), 0.1% Triton X-100 in PBS for 1 h at room temperature. 

Sections were then incubated in 2% NHS, 0.1% Triton X-100 in PBS containing mouse monoclonal 

relaxin-3 antibody (HK4-144-10; 1:5; (Kizawa et al. 2003; Tanaka et al. 2005; Ma et al. 2007), rat 

polyclonal somatostatin antibody (Millipore, MAB354, 1:200), polyclonal rabbit parvalbumin 

antibody (Abcam, ab11427, 1:500), or polyclonal rabbit cleaved caspase-3 antibody (Cell Signaling 

Technology, #9661, 1:5000) overnight at 4°C. Control sections were incubated without primary 

antibody. On the following day, sections were washed 3 × 10 min in PBS prior to 1 h incubation in 

donkey anti-mouse AlexaFluor-488 (Life Tech, A21206, 1:500), and donkey anti-rat AlexaFluor-594 

(Jackson Immunoresearch, 712-586-150, 1:500), or anti-rabbit AlexaFluor-647 (Jackson 

Immunoresearch, 711-605-152), and donkey anti‐mouse Alexa‐594 (Jackson Immunoresearch, 715-

585-151, 1:500) in 0.1 M PBS for 1 h at room temperature. The reaction was stopped by 3 × 5 min 

PBS washes and the sections were mounted onto glass microscopy slides before being coverslipped 

with Fluoromount-G (Southern Biotech, Birmingham, AL, USA). 

Fluorescence microscopy and imaging analysis 

Imaging of ISH and immunofluorescence was performed using LSM 780 Zeiss Axio Imager 2 
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confocal laser scanning microscope (Carl Zeiss AG, Jena, Germany). The system is equipped with a 

stitching stage and Zen software (Carl Zeiss AG) was used to stitch tiled images. To assess mRNA co-

localisation in vHip, each fluorescence channel and probe was imaged sequentially using a 20× 

objective and the entire vHip reconstructed from stitched images. DAPI-stained nuclei with >5 

fluorescence particles were considered as mRNA-expressing. The percentage co-localization of 

RXFP3, SST, and PV mRNA was assessed at matching rostro-caudal levels of the CA1 and CA3 

subfields of vHip. Data were collected from 2-3 naïve rats. Three analogous sections that contain the 

vHip were delineated into CA1 and CA3 regions (as defined in the Rat Brain Atlas, (Paxinos and 

Watson, 2006)). Each region was imaged and neurons were counted using FIJI software for mRNA 

expression in each layer within each region. For immunofluorescence, each fluorescence channel was 

imaged sequentially using a 20× or 63× objective. High magnification images were collected at 63× 

through the entire Z-plane and collapsed into maximum projection images. Data is presented as mean 

± SEM.  

Statistical analysis 

Data analysis and graph generation was performed using GraphPad Prism 7.0 (GraphPad Software, 

San Diego, CA, USA) and results are expressed as mean ± SEM. For behavioural data, statistical 

significance between control and agonist-treated groups was evaluated using unpaired Student’s t-test.  
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RESULTS 

Identification of RXFP3 mRNA-expressing neurons in hippocampus of naïve rats 

On the basis of the topographic distribution of RXFP3 mRNA in the hippocampus in rat (Ma et al. 

2007) and mouse brain (Smith et al. 2010; Allen Brain Atlas; www.brain-map.org), multiplex ISH was 

performed using naïve rat brains. The aim of these studies was to determine the regional distribution 

of RXFP3 mRNA-positive neurons across the hippocampus and to identify if labelled neurons were 

GABAergic in nature, reflected by expression of the vesicular GABA transporter (vGAT) mRNA 

(Chaudhry et al. 1998). In addition, RXFP3 mRNA-positive neurons were examined for co-expression 

of SST and PV mRNA, to reflect two key peptide/protein markers of hippocampal GABA neurons 

(Klausberger and Somogyi 2008). The topographic expression pattern of SST and PV mRNA in the 

polymorphic layer of the DG and stratum oriens layer of the CA1 and CA3 hippocampal subfields 

correlates well with that of RXFP3 mRNA (Katsumaru et al. 1988; Esclapez and Houser 1995; Ma et 

al. 2007). 

As predicted, multiplex ISH revealed that RXFP3 mRNA was expressed in vGAT mRNA-positive 

neurons in the CA1, CA3, and DG subfields of vHip (Fig. 3A, B) and in SST mRNA- and PV mRNA-

positive neurons (Fig. 3C-E). In line with the abundance of SST and PV neurons in these regions, 

RXFP3 mRNA expression was abundant in the oriens and hilar layers. In the material examined, in the 

CA1 subfield, RXFP3 mRNA was expressed in ~34% of SST mRNA-positive neurons (22 ± 2 of 64 ± 

1, n = 3), and in ~13% of PV mRNA-positive neurons (8 ± 2 of 63 ±14; n = 2; Fig. 4). In the CA3, 

~26% of SST mRNA-expressing neurons (19 ± 2 of 74 ± 4, n = 3; Fig 3C), and ~25% of PV mRNA-

expressing neurons (16 ± 0 of 65 ± 7, n = 2; Fig. 3E) co-expressed RXFP3 mRNA (Fig. 4). In the total 

population of RXFP3 mRNA-expressing neurons detected in the CA1 subfield, ~36% (16 ± 2 of 45 ± 

1, n = 2) were SST mRNA-positive only, ~22% (10 ± 1 of 45 ± 1, n = 2) were PV-mRNA positive 
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only, and ~13% (6 ± 1 of 45 ± 1, n = 2) co-expressed both SST and PV mRNA (Fig. 4). In the CA3, 

~37% of all RXFP3 mRNA-expressing neurons co-expressed SST mRNA (19 ± 2 of 51 ± 4, n = 2), 

and ~31% co-expressed PV mRNA (16 ± 0 of 51 ± 4, n = 2), and ~9% (4± 1 of 45 ± 1, n = 2) co-

expressed both SST and PV mRNA (Fig. 4). In this study, we did not quantify the level of co-

expression of RXFP3 mRNA with SST or PV mRNA in the hilus, as this region will be the subject of 

separate further investigation. 

No RXFP3 mRNA was detected in non-vGAT mRNA-positive neurons in CA1/CA3 principal layers 

or the DG granule cell layer. However, we cannot exclude the possible expression of RXFP3 mRNA 

in other major or minor populations of hippocampal GABAergic projection- or inter-neurons (i.e. non-

SST, non-PV mRNA-positive neurons; see Fig. 3C-E), and further studies would be required to 

explore further possibilities. 

In the current study, we did not conduct a quantitative analysis of the relative number and 

neurochemical phenotype of RXFP3 mRNA-positive neurons in dorsal and vHip, but a qualitative 

examination of sections through the dorsal region from up to three rats, indicated that the density 

RXFP3 mRNA-positive neurons was lower in the dorsal region than in the VHip, in line with previous 

reports in the rat (Ma et al. 2007), and the apparent differential receptor density in the mouse 

hippocampus (Smith et al. 2010, Allen Brain Atlas; <www.brain-map.org>). Furthermore, RXFP3 

mRNA was similarly co-expressed with SST and PV mRNA in equivalent layers of the dorsal and 

vHip. 

Relaxin-3 innervation of vHip neurons 

In naïve rats, dense relaxin-3-immunoreactive fibres were observed in vHip, with a particularly dense 

plexus in the polymorphic layer of the DG, CA1 oriens layer, and across the CA3 region (Ma et al. 

2007). In the current studies, relaxin-3-immunoreactive fibres were detected in close vicinity to SST- 
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and PV-immunoreactive neurons in the CA1 oriens layer, as well as in CA3 oriens and DG 

polymorphic layers (Fig. 5), further suggesting that hippocampal GABA neuron activity is regulated 

by relaxin-3/RXFP3 signalling (see also Haidar et al. 2017). Future studies employing presynaptic and 

postsynaptic protein markers, and higher-resolution fluorescence or electron microscopy could also 

better identify the precise nature of the putative synaptic contacts between relaxin-3-containing fibres 

and SST- and/or PV- GABAergic neurons. 

Transduction of vHip neurons with AAV1/2-sCAG-GFP and AAV1/2-R3I5-IRES-eGFP 

Strong, persistent eGFP expression induced by AAV1/2-sCAG-GFP (hereafter referred to as vHip-

eGFP) and AAV1/2-FIB-R3/I5-IRES-eGFP (hereafter referred to as vHip-R3/I5) viral vectors was 

observed in vHip neurons up to 3 months post-injection. A series of four analogous coronal sections 

from the vHip of each rat was used to create comparative eGFP expression profiles (Fig. 2). Rats from 

two different cohorts were included in the analysis, and only rats that displayed somatic eGFP 

immunofluorescence in one or more vHip regions – CA1, CA3, or DG, were included in the data 

analysis. Three rats were observed to have a unilateral distribution of eGFP, and presumed chronic 

R3/I5 synthesis and secretion unilaterally in vHip. Nonetheless, analysis revealed that their behaviour 

was comparable to, and not significantly different from, that of bilaterally targeted rats, and therefore 

these rats were included in the vHip-R3/I5 group. 

Chronic RXFP3 activation in vHip induces anxiety-like behaviour 

In the EPM, rats in the vHip-R3/I5 group spent significantly less time in the open arms compared to 

control vHip-eGFP rats (t(16) = 2.9, p = 0.01, n = 7-11 rats per group), which was associated with 

decreased distance travelled in the open arms compared to control (t(16) = 3.05, p = 0.008; Fig. 6A). In 

addition, the vHip-R3/I5 group performed significantly less entries into the open arms (t(16) = 2.9, p = 

0.01). Conversely, the vHip-R3/I5 rats spent significantly more time in the closed arms compared to 

control (t(16) = 3.8, p = 0.002), and travelled less distance in the closed arms (t(16) = 2.5, p = 0.02). 
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However, no differences were observed in the number of entries into the closed arms (t(16) = 1.86, p = 

0.08). Furthermore, the total distance travelled by vHip-R3/I5 rats was significantly less than the 

control group (t(16) = 3.33, p = 0.004), suggesting an impact on locomotor activity in this test. 

In the LDB, rats in the vHip-R3/I5 group spent significantly less time (t(16) = 4.59, p = 0.0003), and 

travelled less distance (t(16) = 3.40, p = 0.004) in the light compartment compared to control vHip-

eGFP rats (Fig. 6B). However, the two groups did not differ in distance travelled in the dark 

compartment (t(16) = 2.05, p = 0.06), or the number of compartment crossings (t(16) = 1.23, p = 0.24), 

indicating that chronic vHip RXFP3 stimulation did not affect locomotor ability and drive to explore 

the light compartment, respectively, but was specific in promoting avoidance of the light 

compartment. In contrast with EPM, there was no difference in total distance travelled in the LDB 

between the vHip-R3/I5 and control groups (t(16) = 1.28, p = 0.21). 

In the LOF, no significant differences were observed between vHip-R3/I5 and vHip-eGFP groups in 

the average number of entries (t(16) = 1.91; p = 0.07); time spent in the centre (t(16) = 0.57, p = 0.58), 

distance travelled in the centre ((t(16) = 1.14; p = 0.27), or in total distance travelled (t(16) = 1.65 ; p = 

0.12; Fig. 7), suggesting no impact on anxiety or locomotor activity in this test.  

Chronic activation of RXFP3 in vHip leads to a decrease in social interaction 

In a social interaction test, vHip-R3/I5 rats exhibited significantly less social approach (t(16) = 2.94, p = 

0.009), follow (t(16) = 2.88, p = 0.01), and sniff (t(16) = 2.6, p = 0.04) behaviours, which in turn, was 

associated with increased passive social contact (i.e. less contact initiation; t(16) = 3.72, p = 0.009), in 

response to a stranger conspecific rat, compared to control vHip-eGFP rats (Fig. 8). vHip-R3/I5 rats 

did not exhibit a difference in social leave behaviour (t(16) = 1.3, p = 0.21) or social mounting (t(16) = 

2.02, p = 0.06). 
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DISCUSSION 

These studies have revealed a novel action of the relaxin-3/RXFP3 signalling system in the vHip 

through identification of the RXFP3-expressing target neurons and characterisation of robust 

anxiogenic effects following chronic RXFP3 activation. In light of the identified inhibitory effect of 

acute RXFP3 activation on neurons in rat thalamus and hypothalamus (Blasiak et al. 2013; Kania et al. 

2017), the likely chronic inhibition of multiple hippocampal GABAergic neuron populations suggests 

several putative mechanisms for altering hippocampal output and inducing anxiety-like behaviour that 

warrant investigation in future studies. These possible actions and the implications of the current 

findings are discussed below. 

In the EPM, rats face conflict between exploration of a novel environment and innate aversion of 

elevated and open spaces. In the current study, the vHip-R3/I5 group exhibited significantly less time 

and distance travelled in, and fewer entries into the open arms of the maze, as well as less total 

distance travelled than control rats, which is reflective of increased anxiety and/or a potential sedative 

effect of the agonist. The latter effect is not consistent, however, with previous experiments 

demonstrating that viral vector-mediated chronic secretion of RXFP3 agonist within the 

cerebroventricular system reduced locomotor habituation to a novel environment in mice (Smith et al. 

2013). This difference may be species-related, or is more likely due to site-specific differential actions 

of RXFP3 activation, which is further discussed below. 

Moreover, there were no difference between groups in the number of entries into closed arms, 

indicating that vHip-R3/I5 rats specifically avoided the open elevated platforms, naturally aversive to 

rats (Walf 2007). Similarly, the LDB test is based on conflict between exploration of a novel 

environment and an aversion of brightly illuminated spaces with preference for dark, ‘safe’ 

environments (Merlo Pich 1989). In this test, the vHip-R3/I5 rats spent significantly less time and 

travelled less distance in the light compartment than control rats, which is reflective of increased 
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avoidance and anxiety-like behaviour. There were no difference between groups in the number of 

compartment crossings and distance travelled in the dark compartment, indicating that chronic RXFP3 

activation did not affect the drive to initially investigate the light compartment or general locomotor 

activity. There was also no significant difference in the total distance travelled by each group in the 

LDB, implying normal overall activity. Finally, the LOF is a test in which rats exhibit conflict 

between exploration of a novel environment and aversion of a brightly illuminated centre space, with 

an innate preference to remain close to the wall (thigmotaxis). In this test, however, vHip-R3/I5 rats 

did not display any significant differences in behaviour compared to control rats, which may be due to 

the lack of an escape from the ‘stressor’ (brightly-lit circular arena), in contrast to the LDB and EPM 

paradigms which provide ‘safe zones’ in the dark compartment and closed arms, respectively. Similar 

to performance in the LDB, there was no difference in the total distance travelled by vHip-R3/I5 and 

vHip-eGFP control rats in the LOF, indicating that chronic RXFP3 activation in vHip had no major 

effects on locomotor activity in this paradigm. 

Notably, this is the first study of relaxin-3/RXFP3 signalling in social behaviour, whereby vHip-R3/I5 

rats exhibited significantly reduced measures of various social interactions with a conspecific rat, 

compared to control rats. Specifically, they spent less time in social approach, follow, and sniff, and 

increased passive social contact (i.e. less initiation of contact). Although earlier studies have reported 

that the vHip does not play a crucial role in social interaction in adulthood (Sams-Dodd et al. 1997; 

Becker et al. 1999), lesion studies have illustrated its likely role in regulating social behaviour 

(Cadogan et al. 1994; Pentkowski et al. 2006). More recent studies have revealed that the vHip-

basolateral amygdala (BLA) circuit bi-directionally modulates non-competitive social behaviour 

(Felix-Ortiz and Tye 2014), and that CA1 pyramidal neurons in the vHip are ‘necessary and sufficient’ 

for social memory formation and recall (Okuyama et al. 2016). Importantly, impairments in social 

interaction are a common feature in psychiatric disorders, including ADs (Kennedy and Adolphs 
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2012); and the involvement of relaxin-3/RXFP3 circuitry in regulating anxiety is consistent with an 

impact on social behaviour. Together, our findings point to a role for relaxin-3/RXFP3 signalling in 

the vHip in social behaviour and expression of anxiety-like behaviours. 

The anxiogenic phenotype associated with chronic RXFP3 agonist secretion in the vHip contrasts with 

the anxiolytic phenotype of rats receiving acute, intracerebroventricular infusions of an RXFP3 

agonist (Ryan et al. 2013). These data suggest that pharmacological RXFP3 activation can 

differentially affect anxiety-like behavioural responses depending on the precise site(s) of action (and 

possibly duration of action). While broad activation of RXFP3 in brain regions proximal to the lateral 

cerebral ventricle may be anxiolytic, restricted activation of RXFP3 in the vHip is anxiogenic. In this 

regard, it is not unprecedented for neuropeptide receptor activation to affect behaviour in this 

bidirectional fashion. For example, icv administration of CRF was shown to increase anxiety (Adamec 

and McKay 1993) and reduce social interaction behaviour (Dunn and File 1987), whereas local CRF 

infusion into the globus pallidus has been associated with anxiolytic effects (Sztainberg et al. 2011). 

Conversely, local CRF infusion into vHip increased anxiety and defensive behaviours via activation of 

CRF1 receptors (Radulovic et al. 1999; Pentkowski et al. 2009). The differential effects of RXFP3 

agonist administered via different routes may also be partly attributed to the temporal differences in 

action after acute icv injections versus chronic, local synthesis of RXFP3 agonist. Therefore, further 

studies comparing acute agonist injections into the vHip with chronic activation of RXFP3 via the icv 

route are warranted. Another possibility is that chronic RXFP3 activation in regions that are more 

readily targeted by icv RXFP3 agonist than the vHip might recapitulate the anxiolytic effects seen 

after icv administration. 

Furthermore, in the future it would be of interest to assess the comparative behavioural and 

neurochemical effects of chronic RXFP3 activation in the dorsal hippocampus, as this region also 

receives a topographic relaxin-3 innervation and expresses RXFP3 (Tanaka et al. 2005; Ma et al. 
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2007; Ma and Gundlach 2015), and different amino acid, monoamine and peptide transmitters have 

been implicated in the control of anxiety via actions in this area in several earlier and recent 

investigations (see e.g. File et al. 2000; Solati et al. 2010; McEown and Treit 2013; Funck et al. 2018; 

Gunther et al. 2018). 

Nonetheless, the current data reflects the effects of long-term, elevated and exogenously-driven 

RXFP3 signalling in the vHip to produce an anxiogenic and asocial phenotype. This allows some 

speculation about the nature of endogenous relaxin-3/RXFP3 signalling in vHip under different 

conditions. As mentioned, there is a very dense innervation of the vHip by the NI, particularly of the 

hilus region (Goto et al. 2001; Olucha-Bordonau et al. 2003), and studies in our laboratory have 

identified an equivalent high density of relaxin-3 positive fibres in this region, relative to a lower 

density in the dorsal Hip (Ma et al. 2007). It is well established that relaxin-3 neurons are stress-

reactive in rats (Tanaka et al. 2005; (Banerjee et al. 2010; Tanaka 2010; Ma et al. 2013), and there is 

clear evidence that the relaxin-3/RXFP3 system interacts with the CRF/CRF1 system within the 

brainstem and forebrain (Huang et al. 2006; Farooq et al. 2013; Farooq et al. 2013; Lenglos et al. 

2013; Ma et al. 2013; Ma and Gundlach 2015; Walker et al. 2015; Walker et al. 2017). Therefore, it 

will be of interest to further probe the nature of endogenous relaxin-3/RXFP3 signalling in the vHip 

and its effects on behaviour under different stress conditions. Relaxin-3 gene expression and peptide 

levels have been shown to be altered by acute and chronic stressors that involve the CRF/CRF1 

system, HPA axis, and circulating stress hormones (Ribeiro-Barbosa et al. 2005; Huang et al. 2006; 

Banerjee et al. 2010; Ma et al. 2013). However, despite a recent investigation in a feeding and obesity 

model (Lenglos et al. 2014), none of the previous studies have focused on expression changes in the 

hippocampus and monitored levels of relaxin-3 immunostaining or RXFP3 expression under these 

conditions. This should be a fruitful area of investigation, particularly as the current study identified 
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important populations of RXFP3-targeted neurons in this region, namely SST and PV GABAergic 

neurons. 

Indeed, SST and PV are co-expressed with GABA in hippocampal neurons (Esclapez and Houser 

1995; Katsumaru et al. 1988) and SST receptors are abundant in limbic regions devoted to anxiety 

processing, including amygdala, hippocampus and septum (Schindler et al. 1997; Stroh et al. 1999). 

Thus, based on the similar topography of RXFP3 mRNA-positive neurons and SST and PV 

GABAergic interneurons in the ventral hippocampus (Esclapez and Houser 1995; Katsumaru et al. 

1988; Ma et al. 2007), we hypothesized that RXFP3-expressing neurons in vHip are GABAergic, and 

confirmed this by detecting co-expression of RXFP3 and vGAT mRNA. We also demonstrated that 

RXFP3 mRNA is co-expressed in a significant proportion of SST mRNA- and a smaller proportion of 

PV mRNA-expressing neurons in the vHip. And using immunohistochemistry, relaxin-3-positive 

nerve fibres/terminals were detected in close vicinity of SST- and PV-immunoreactive neurons 

throughout key layers of the vHip (see also Haidar et al. 2017). In line with the likely regulation of 

SST- and PV-immunoreactive GABA neurons in the vHip by relaxin-3/RXFP3 signalling, in a recent 

preliminary investigation we observed decreased cellular SST-immunoreactivity in the CA1 and DG 

subfields and decreased PV-immunoreactivity in the DG subfield of vHip-R3/I5 rats, compared to 

levels in control rats (data not shown). These data warrant further quantitative studies of the impact of 

acute and chronic pharmacological RXFP3 activation on the activity and gene and peptide/protein 

expression profiles of the SST- and PV- GABA neurons in all hippocampal zones in response to 

different stressors and behavioural challenges, with further elucidation of their neurochemistry, 

morphology and connectivity within the hippocampal principal and granule cell layers. 

Our functional findings are consistent with recent evidence of a differential contribution of distinct 

hippocampal subfields to anxiety-like behaviour. For instance, optogenetic activation of granule cells 

in the ventral, but not dorsal DG, reduced innate anxiety behaviour in mice (Kheirbeck et al. 2013). 
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More recent studies using both calcium imaging and optogenetics demonstrated that attenuating the 

activity of neurons in the ventral CA1 decreased anxiety-like behaviour of mice in the EPM, while 

activation of ventral CA1 neurons projecting to the lateral hypothalamus increased anxiety-like 

behaviour in the open field test (Jimenez et al. 2018). In our current model of RXFP3 action, a 

presumed inhibition of SST- and PV- interneurons, in the ventral DG and CA1 in particular, increases 

anxiety-like behaviour, consistent with these studies. 

Our findings also contribute to a number of functional studies that demonstrate the involvement of 

hippocampal GABA in anxiety (Kalueff and Nutt 1996; Engin and Treit 2007; Kalueff 2007; Guilloux 

et al. 2012; Nuss 2015), and studies alluding to the role of SST in ADs (Lin and Sibille 2013, 2015). In 

line with this, acute injections of bicuculline, a GABAA receptor antagonist, directly into the vHip 

increased anxiety-like behaviour in rats, and reversed anxiolytic effects of GABAA receptor agonists 

(Rezvanfard et al. 2009). Furthermore, genetic deletion of the γ-GABAA receptor subunit (essential for 

GABAergic synaptic inhibition) from SST-positive neurons was anxiolytic, via a process of 

disinhibition of SST neurons, resulting in enhanced inhibition of pyramidal CA1 neurons (Fuchs et al. 

2017). These findings support the idea that sustained inhibition of vHip SST/GABA neurons, 

presumably via chronic RXFP3 signalling, would promote anxiety-like behaviour. Moreover, a recent 

study revealed that Sst gene knock-out (KO) mice exhibited increased anxiety-like behaviour in the 

EPM paradigm (Lin and Sibille 2015). Previous research has shown that acute icv (Engin et al. 2008) 

and intra-amygdala and intra-MS infusions of SST were anxiolytic in rats (Yeung et al. 2011), and 

could be reversed by administration of an SST receptor-specific antagonist (Yeung and Treit 2012). 

Supporting these findings, injection of SST into the MS decreased hippocampal theta rhythm (Bassant 

et al. 2005), a prominent feature of anxiolytic drugs (McNaughton et al. 2007). 

Similarly, hippocampal PV GABAergic interneurons have been implicated in anxiety and social 

behaviours (Sun et al. 2016; Wöhr et al. 2015; Çalışkan et al. 2016). Activation of these neurons in the 
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vHip of mice induced anxiolytic effects in the EPM and impaired social behaviour (Zou et al. 2016), 

while PV KO mice have been shown to display significant deficits in social interaction and serve as a 

model for autism spectrum disorders (Wöhr et al. 2015). Moreover, a rat model of PTSD displayed 

anxiety-like behaviour in the EPM and LOF, accompanied by significant decreases in glutamic acid 

decarboxylase (GAD)-67, a marker of GABAergic neurons, and PV immunoreactivity (Sun et al. 

2016). In the current study, we have shown that a population of vHip RXFP3 mRNA-expressing 

neurons co-express PV mRNA. Thus, the anxiogenic and asocial phenotypes observed following 

chronic RXFP3 activation in vHip may be mediated by SST- and PV-expressing interneurons and 

their interactions with each other and their principal neuron targets. Indeed, there are multiple 

locations and circuits that may underlie these behavioural phenotypes. In the hippocampus, GABA 

neurons expressing SST are widely but topographically distributed, with a dense population in the 

polymorphic layer (hilus) of the DG and in the stratum oriens layer of CA1 and CA3 (Buckmaster et 

al. 1994; Esclapez and Houser 1995). 

It is also clear that pharmacological modulation of distinct SST and PV neuron populations will have 

discrete and ultimately integrated effects on local network function and hippocampal outputs. 

Therefore, in the future, it will be of interest to determine which SST/GABA and PV/GABA neuron 

populations are altered by endogenous RXFP3 signalling and how this underlies different behavioural 

states. It will also be important to further assess the effect of RXFP3 activation on the 

neurophysiological activity of the hippocampus under conditions such as the home cage and in tests of 

anxiety or social interaction, including recordings of local field potentials and hippocampal theta, 

since suppression of hippocampal theta is a well-established feature of anxiolytic agents, while its 

elevation is associated with anxiety; and recent evidence confirms a strong association between a 

major group of relaxin-3 neurons in the NI and likely relaxin-3/RXFP3-mediated modulation of 
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hippocampal theta (Ma et al. 2009; Ma and Gundlach 2015; Ma et al. 2017; Martínez-Bellver et al. 

2017).  

While our viral-based approach of chronic vHip RXFP3 activation disrupted the inhibitory neural 

network by sustained occupation and activation of RXFP3 located on distinct populations of 

SST/GABA, PV/GABA, and SST/PV/GABA neurons in the vHip, to produce anxiety-like and asocial 

behaviour, the pattern and level of receptor activation is likely to be distinct from that under normal 

physiological conditions, where these neurons are inhibited intermittently. It is likely that any 

naturally occurring differential levels of endogenous RXFP3 signalling within the hippocampus do not 

mimic the distinct behavioural phenotypes observed in these studies, although this possibility could 

perhaps be explored experimentally in the future, with appropriate technology. Nonetheless, our 

paradigm may be mimicking chronic ADs, which are associated with chronic dysregulation of 

GABAergic signalling (Nuss 2015), particularly in light of evidence of the dysfunction of 

hippocampal SST (Lin and Sibille 2013, 2015; Schmid et al. 2016) and PV interneurons (Marin 2015; 

Winkelmann et al. 2014) in neurological and psychiatric disorders. 

Together, our results further elucidate the role of relaxin-3/RXFP3 signalling in anxiety-related 

behaviour in hippocampal-specific circuits, and support a possible role for GABA dysfunction in vHip 

in specific anxiogenic and asocial behaviours observed across ADs. In addition, the current findings 

contribute to the literature regarding the functional implications of SST and PV interneuron activity in 

emotional behaviour and cognition, and are the first to document the interaction between relaxin-

3/RXFP3, and SST- and PV- related systems. Our validated viral-based approach can now be used to 

assess the behavioural effects and the underlying neurochemical mechanisms of chronic RXFP3 

activation in other regions involved in anxiety-related circuitry, such as the amygdala, BNST, and the 

prefrontal cortex. 
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Figure Legends 

Figure 1. Schematics of adeno-associated viral (AAV) vectors used to transduce neurons in vHip. 

(A) Control viral vector construct: AAV1/2-sCAG-eGFP, in which the AAV serotype 2 and the coding 

sequence of eGFP was packaged into a rAAV mosaic serotype 1/2 capsid; resulting in cellular eGFP 

as the vector product. (B) Agonist viral vector constructs: AAV1/2-FIB-R3I5 and AAV1/2-FIB-R3I5-

IRES-eGFP, in which the AAV serotype 2 and the coding sequence of FIB-R3/I5 or FIB-R3I5-IRES-

eGFP was packaged into a rAAV mosaic serotype 1/2 capsid. The resultant vector products were 

secreted R3/I5, and secreted R3/I5 plus cellular eGFP, respectively. 

 

Figure 2. Distribution of viral vectors within the vHip of rats subjected to behavioural analysis. 

(A) Transduction of vHip neurons with AAV1/2-sCAG-GFP and AAV1/2-FIB-R3I5-IRES-eGFP. 

Fluorescence microscopy images of eGFP expression in a representative rat from the vHip-eGFP and 

vHip-R3/I5 groups. (B) Coronal sections of the vHip depicting histologically-verified placements of 

virus injections in the vHip-eGFP control group (n = 11) and (C) vHip-R3/I5 group (n = 7). 

Representations of the hippocampus are modified from (Paxinos and Watson 2006). 

 

Figure 3. Distribution of RXFP3 mRNA in vHip and co-expression with vGAT, SST and PV 

mRNA. (A, B) Distribution of RXFP3 and vGAT mRNA in the CA1 and DG, respectively. Low-

power overview images (left) and high-power images (boxed areas) of RXFP3 (green) and vGAT 

mRNA (red), and a merged image with DAPI staining of neurons located in (A) the CA1 oriens layer 

and in (B) the DG polymorph layer. Arrowheads indicate examples of double-labelled neurons that co-

express vGAT and RXFP3 mRNA. (C, D) Low-power overview images (left) and high-power images 

(boxed areas) of RXFP3 (green) and SST mRNA (red), and a merged image with DAPI staining in 

neurons located in (C) the CA3 oriens layer and in (D) the DG polymorph layer. Arrowheads indicate 
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examples of double-labelled neurons that co-express SST and RXFP3 mRNA. Open arrowheads 

indicate an example of a labelled neuron that expresses SST mRNA, but does not express RXFP3 

mRNA. (E) Low-power overview image (left) and high-power images (boxed area) of RXFP3 (green), 

PV (red) mRNA, and a merged image with SST (white) and DAPI staining in neurons located in the 

CA3. Arrowheads indicate an example of a neuron that co-expresses RXFP3, PV and SST mRNA, 

and open arrowheads indicate a neuron that expresses RXFP3 mRNA, but does not express PV 

mRNA. Scale bars, 200 µm and 20 µm. Abbreviations: alv, alveus; cp, cerebral peduncle; Gr, granule 

cell layer; Mo, molecular layer; Or, oriens layer; Po, polymorphic layer; Py, pyramidal layer; Rad, 

radiatum layer. 

 

Figure 4. Co-localization of RXFP3, SST, and PV mRNA in the CA1 and CA3 vHip subfields. 

Percentage co-localization of RXFP3, SST, and PV mRNA was assessed at matching rostro-caudal 

levels of the CA1 and CA3 subfields of vHip. Data were collected from 2-3 naïve rats. The percentage 

co-localization of RXFP3, SST, and PV mRNA was assessed at matching rostro-caudal levels of the 

CA1 and CA3 subfields of vHip. Data were collected from 2-3 naïve rats. Three analogous sections 

that contain the vHip were delineated into CA1 and CA3 regions (as defined in the Rat Brain Atlas, 

(Paxinos and Watson, 2006)). Each region was imaged and neurons were counted using FIJI software 

for mRNA expression in each layer within each region.  

 

Figure 5. Distribution of relaxin-3-immunoreactive nerve fibres and SST- and PV-

immunoreactive neurons in the rat vHip. (A) Mosaic confocal images (×20 magnification) of rat 

DG, illustrating relaxin-3 immunoreactive fibres (green) in close vicinity of SST-immunoreactive 

neurons (red). Boxed area in A is shown on the right and illustrates (×63 magnification) SST-

immunoreactive neurons (red) in the DG and relaxin-3 fibres (green) represented as three-dimensional 
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orthogonal view in 3 planes (y/x,x/z,y/z). (B) Mosaic confocal images (×20 magnification) of rat CA1, 

illustrating relaxin-3 immunoreactive fibres (green) in close vicinity of PV-immunoreactive neurons 

(red). Boxed area in B is shown on the right and illustrates (×63 magnification) PV-immunoreactive 

neurons (red) in the CA1 and relaxin-3 fibres (green) represented as three-dimensional orthogonal 

view in 3 planes (y/x,x/z,y/z). Scale bars, 200 µm and 10 µm. 

 

Figure 6. Effect of chronic RXFP3 activation in vHip on performance in the elevated plus maze 

and light-dark box. (A) Compared with control (n = 11; open circles), vHip-R3/I5 rats (n = 7; closed 

circles) spent significantly less time, travelled less distance, and made fewer entries in the open arms 

of the EPM. Consistent with this, they spent more time in the closed arms of the EPM, travelled less 

distance in the closed arms, and there was no difference in the number of entries into the closed arms 

of the EPM. (B) Compared with control, vHip-R3/I5 rats spent less time and travelled less distance in 

the light zone of the LDB. No differences were observed in the number of light zone entries, or 

distance travelled in the dark zone. Data is represented as mean ± SEM. *, p ≤ 0.05; **, p ≤ 0.01; ***, 

p ≤ 0.001; ns, not significant. 

 

Figure 7. Effect of chronic RXFP3 activation in vHip on performance in the large open-field. In 

the large open-field test, there was no significant differences observed between the control vHip-eGFP 

group (n = 11; open circles) and the vHip-R3/I5 group (n = 7; closed circles) in the time spent in the 

centre or in the periphery, the number of entries into the periphery, the distance travelled in the centre 

or periphery, or in total distance travelled. Data is represented as mean ± SEM. ns, not significant. 

 

Figure 8. Chronic RXFP3 activation in vHip reduced social interaction with a conspecific 

stranger rat. Compared with control (n = 11; open circles), vHip-R3/I5 rats (n = 7; closed circles) 
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spent significantly less time engaging in social approach and leave, follow, and sniff with a 

conspecific, sex and age-matched, stranger rat. Reduction in these social behaviours was accompanied 

with increased passive contact (i.e. less contact initiation). Data is represented as mean ± SEM. *, p ≤ 

0.05; **, p ≤ 0.01; ns, not significant. 
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