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ABSTRACT

Hippocampus is innervated by y-aminobutyric acid (GABA) ‘projection’ neurons of the nucleus
incertus (NI), including a population expressing the neuropeptide, relaxin-3 (RLN3). In studies aimed
at gaining an understanding of the role of RLN3 signaling in hippocampus via its Gj,-protein-coupled
receptor, RXFP3, we examined the distribution of RLN3-immunoreactive nerve fibres and RXFP3
mRNA-positive neurons in relation to hippocampal GABA neuron populations. RLN3-positive
elements were detected in close-apposition with a substantial population of somatostatin (SST)- and
GABA-immunoreactive neurons, and a smaller population of parvalbumin- and calretinin-
immunoreactive neurons in different hippocampal areas, consistent with the relative distribution
patterns of RXFP3 mRNA and these marker transcripts. In light of the functional importance of the
dentate gyrus (DG) hilus in learning and memory, and our anatomical data, we examined the possible
influence of RLN3/RXFP3 signaling in this region on spatial memory. Using viral-based Cre/LoxP
recombination methods and adult mice with a ‘floxed’ Rxfp3 gene, we deleted Rxfp3 from DG hilar
neurons and assessed spatial memory performance and affective behaviors. Following infusions of an
AAVYPCre-IRES-eGFP vector, Cre expression was observed in DG hilar neurons, including SST-
positive cells, and in situ hybridization histochemistry for RXFP3 mRNA confirmed receptor deletion
relative to levels in floxed-RXFP3 mice infused with an AAV"?-eGFP (control) vector. RXFP3
depletion within the DG hilus impaired spatial reference memory in an appetitive T-maze task
reflected by a reduced percentage of correct choices and increased time to meet criteria, relative to
control..In a continuous spontaneous alternation Y-maze task, RXFP3-depleted mice made fewer
alternations in the first minute, suggesting impairment of spatial working memory. However, RXFP3-
depleted and control mice displayed similar locomotor activity, anxiety-like behavior in light/dark box
and elevated-plus maze tests, and learning and long-term memory retention in the Morris water maze.
These data indicate endogenous RLN3/RXFP3 signaling can modulate hippocampal-dependent spatial
reference and working memory via effects on SST interneurons, and further our knowledge of

hippocampal cognitive processing.
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INTRODUCTION

The hippocampus plays an important role in learning and memory, in both rodents and humans
(O'Keefe and Nadel, 1978; Burgess et al., 2002). The hilus (or hilar region) of the dentate gyrus (DG)
contains a diverse population of interneurons, which are thought to be crucial in mediating these roles
(Freund and Buzsaki, 1996). Interneurons within the DG hilus (as well as hippocampal CA1 and CA3
fields) receive GABAergic and cholinergic inputs from the medial septum/diagonal band of Broca
(MS/DB) (Freund and Antal, 1988; Dutar et al., 1995; Vertes and Kocsis, 1997), which together with a
number of other subcortical structures (e.g. supramammillary nucleus (Kocsis and Vertes, 1997;
Ruediger et al., 2011), median raphe (MR) (Vertes et al., 1999; McKay et al., 2013) constitute the
‘septohippocampal system’ (Freund and Antal, 1988; Dutar et al., 1995; Vertes and Kocsis, 1997).
The majority of GABAergic septal projection neurons terminate on DG hilus interneurons (Freund and
Antal, 1988; Amaral et al., 2007) participating in the control of hippocampal theta oscillations (Vertes
and Kocsis, 1997; Vertes, 2005; Lubenov and Siapas, 2009), and the processing of cognitive and
spatial maps (O'Keefe, 1993; Leutgeb et al., 2005; Schiller et al., 2015).

In addition to these well characterized forebrain subcortical sources of afferent input, brainstem
GABA projections to the hippocampus have been characterized (see Brown and McKenna, 2015, for
review). GABAergic projections from the nucleus incertus (NI) (Nunez et al., 2006; Olucha-Bordonau
etal., 2012; Ma et al., 2013; Sanchez-Perez et al., 2015) and nucleus of Gudden (VTg) (Bassant and
Poindessous-Jazat, 2001; Kocsis et al., 2001; Bassant and Poindessous-Jazat, 2002) can regulate
hippocampal theta rhythm (4-8 Hz in rodents and 4-12 Hz in humans), which is important for spatial
navigation and memory formation. The NI, which sits within the dorsal tegmentum, sends strong
GABA-positive projections to the MS/DB, hippocampus, supramammillary nucleus and MR nucleus,
amongst other hypothalamic and limbic circuits that influence hippocampal activity (Goto et al., 2001;
Olucha-Bordonau et al., 2003). Stimulation of the NI in urethane-anesthetized rats increased theta and
decreased delta rhythm activity in the hippocampus, whereas electrolytic lesions of the NI abolished

hippocampal theta rhythm (Nunez et al., 2006).

More recently, it was reported that lidocaine infusion into the NI impaired long-term spatial
memory of adult rats in a Morris water maze (MWM) (Nategh et al., 2015) and delayed learning and
impaired retention in a passive avoidance learning (PAL) task (Nategh et al., 2016), which are both
hippocampal-dependent memory tasks. In the latter study, perforant path-DG short-term synaptic
plasticity was also examined upon NI inactivation, both before a paired-pulse stimulation, and before
or after tetanic stimulation, in freely-moving rats; revealing that NI inactivation did not change the
perforant path-DG granule cell synaptic input, but decreased the excitability of DG granule cells,
consistent with an effect of normal NI activity to inhibit the inhibitory interneurons in the DG and

disinhibit granule cells (Nategh et al., 2016).
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A large population of NI neurons express abundant levels of the neuropeptide relaxin-3 (RLN3)
(Bathgate et al., 2002; Burazin et al., 2002), which acts via its cognate G;,-protein coupled receptor,
relaxin family peptide 3 receptor (RXFP3) (Liu et al., 2003; Bathgate et al., 2006). RLN3 neurons in
the-NI co-express glutamate decarboxylase (GAD), the enzyme involved in converting glutamate to
GABA) (Ma et al., 2007). RLN3-positive efferents overlap extensively with NI forebrain projections
(Maetal., 2007; Ma et al., 2009c; Smith et al., 2010), and in a GAD2-Cre reporter mouse, injection of
a Cre-dependent viral vector expressing enhanced yellow fluorescent protein (eYFP) into the NI
produced strong eYFP colocalization with RLN3-IR in NI neurons, and in hippocampus (including
DG hilus) extensive eYFP-IR was observed, suggesting RLN3- and GAD-positive neurons in the NI
provide projections to the hippocampus (S Ma, personal communication). RLN3-positive fibres make
close contacts with MS/DB neurons which project to the hippocampus, including populations that
express choline acetyltransferase (ChAT) or GAD67 and/or parvalbumin (PV) cells (Olucha-Bordonau
et al;;2012), which are known to act as ‘pacemaker’ cells for hippocampal theta rhythm. Furthermore,
the distribution of RLN3 fibres strongly overlaps with that of RXFP3 mRNA in the MS/DB and
hippocampus, and other forebrain areas (Tanaka et al., 2005; Ma et al., 2007; Smith et al., 2010).
Injection of a RXFP3-selective agonist peptide (R3/I5; Liu et al., 2005) into the MS increased
hippocampal theta rhythm in urethane-anesthetized rats, which was significantly attenuated by prior
mjection of a selective RXFP3 antagonist (R3(BA23-27)R/IS5, Kuei et al., 2007). In conscious rats,
R3/I5 injection into the MS increased hippocampal theta rhythm in a home cage environment, whereas
injections of R3(BA23-27)R/I5 dose-dependently reduced hippocampal theta rhythm in rats exploring
a novel, enriched context, and impaired performance in a spontaneous alternation task (SAT) (Ma et
al.; 2009a). However, the neurochemical mechanism(s) by which the RLN3/RXFP3 system modulates

hippocampal activity are largely unknown and there are no studies of this system in mice.

In the present studies designed to address this gap in knowledge, the first aim was to determine
which hippocampal neurons are potentially regulated by RLN3/RXFP3 signaling. We initially
examined the regional distribution of RXFP3 mRNA in the mouse hippocampus, but due to the current
unavailability of a fully validated RXFP3 antibody, double-label immunohistochemistry studies to
neurochemically phenotype RXFP3-positive neurons were not possible. Therefore, we conducted a
series-of double- and triple-label immunohistochemical experiments using a characterized monoclonal
RLN3 antisera and antisera raised against key markers expressed by the hippocampus, including
GABA; the neuropeptide somatostatin (SST), and the calcium-binding proteins PV and calretinin
(CR). Next we assessed the behavioral role of the RLN3/RXFP3 system within the DG hilus in
‘floxed-RXFP3’ mice, in which the endogenous RXFP3 gene is flanked by two loxP sites (‘floxed’).
In these floxed-RXFP3 mice, RXFP3 can be ‘conditionally’ deleted from neurons within discrete brain

regions of adult mice by local viral delivery of the Cre recombinase restriction enzyme, which detects
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loxP sites and deletes the stretch of DNA between them (Ryding et al., 2001). Thus, this approach

provides temporal control and spatial specificity of receptor deletion.

These studies have revealed that RLN3-positive fibres terminate on a population of SST- and
GABA-positive neurons, and a smaller population of PV- and CR- positive neurons. Appositions were
observed most notably with SST-positive neurons in the DG hilus, as well as in CA1 and CA3 fields.
Interestingly, conditional hippocampal RXFP3 depletion in the DG hilus impaired spatial reference
memory in mice, in an appetitive T-maze reference memory task and spatial working memory in a
continuous SAT in a Y-maze. We also assessed anxiety-like behavior, based on the key functional
influence of the ventral hippocampus on stress and anxiety (Bannerman et al., 2004; Engelmann et al.,
2006), and on the substantial number of neuroanatomical and functional studies that suggest a role for
RLN3/RXFP3 signaling in responses to stress and anxiety (Banerjee et al., 2010; Smith et al., 2011;
Watanabe et al., 2011; Shabanpoor et al., 2012; Ma et al., 2013; Ryan et al., 2013; Smith et al., 2014).
Notably however, anxiety-like behavior was unaltered, suggesting a likely regional functional
specificity of RLN3/RXFP3 signaling within the hippocampus, although the viral spread did not
extend across the entire dorsoventral extent of the DG hilus in the ventral hippocampus, therefore
likely reducing any potential effect on anxiety-like behavior. Taken together, these findings suggest
that endogenous RLN3/RXFP3 signaling modulates neurons within the DG hilus, particularly a
population of GABA/SST-expressing neurons, to promote spatial reference and working memory

(Andrews-Zwilling et al., 2012).
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MATERIALS AND METHODS

Mice

‘Floxed-RXFP3’ mice were generated by Gen-O-way (Paris, France), and kindly supplied by
Janssen Pharmaceutical Companies of Johnson & Johnson (La Jolla, CA, USA), and bred within The
Florey Institute of Neuroscience and Mental Health Animal Facility. These mice possess a 5'-loxP site
located 1.4 kb upstream of the RXFP3 S'UTR, while a 3'-loxP site is located directly after the STOP
codon and upstream of the 3'UTR. Floxed-RXFP3 mice were originally generated on a 129SV/B6
mixed background before being subjected to successive rounds of backcrossing onto a C57BL/6
background for 8-10 generations, via a >99% purity speed congenic approach. 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.

Behavioral experiments were performed on male homozygous RXFP3-floxed mice between 11-
20 weeks of age (n = 12 — 13 per group). Mice were group housed (mixed treatments, ~4 mice per
box) for the duration of studies. Mice were acclimatized to behavioral rooms 24 h prior to testing, and
were -maintained on a 12-h light-dark cycle (lights on 0700-1900) with regular chow and water

available ad libitum, except during a food restriction regime used during T-maze testing (see below).

Detection of RXFP3 mRNA by In Situ Hybridization Histochemistry

Mice were deeply anesthetized with 5% isoflurane inhalation (Delvet, Seven Hills, NSW,
Australia) and then administered sodium pentobarbital (100 mg/kg. 0.1 ml, i.p.) and transcardially
perfused with 0.1 M phosphate buffer (PB, 2.7 mM KCI, 11.2 mM Na,HPO,, 1.8 mM KH,PO,, pH
7.4) followed by 4% paraformaldehyde (PFA) in 0.1 M PB. Mice were decapitated and their brains
removed and post-fixed in 4% PFA in 0.1 M PB for 6 days. Brains were then transferred to a solution
of'4% PFA and 20% sucrose in 0.1 M PB and kept at 4°C overnight. Brains were frozen on dry ice
and 25 jum sections were cut using a sliding microtome (Histoslide 2000, Heidelberg, Germany).
Levels.of RXFP3 mRNA expression in the hippocampus were analyzed by in situ hybridization as
described (Martin and Timofeeva, 2010; Lenglos et al., 2014; Lenglos et al., 2015). An RXFP3
riboprobe was generated from the 907-bp fragment of rat RLN3 receptor RXFP3 cDNA (Gene bank
NM 001008310; the probe included 274-1180 bp sequence of the complete 1431 bp rat RXFP3
cDNA;.. forward primer: 5-AGCGCC-GTTTACTGGGTGGTTTG-3";, reverse primer: 5'-
TGGGGTTGAGGCAGCTGTTGGAGT-3"). NCBI BLAST sequencing revealed that the cDNA for
rat RXFP3 is 93% homologous to mouse RXFP3.

Double- and Triple-Label Immunohistochemistry for RLN3 and GABA, CR, PV or SST
For analysis of RLN3 in nerve fibres in relation to key neurochemical markers of hippocampal

neurons, a sequential double- and triple-label immunohistochemistry protocol was used. To enhance
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immunoreactivity in cell bodies, 10 week-old male mice (n = 3) were administered colchicine (20 pg
in 5 pl) into the lateral ventricle using a stereotaxic procedure (described below), at a rate of 1 pl per
min. Sixteen (16) h post-surgery, mice were transcardially perfused (4% PFA in 0.1 M PB) and post-
fixed in. 4% PFA in 0.1 M PB for 1 h at RT, then transferred to a solution of 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 over dry ice and stored at -80°C. Forty (40) um coronal sections were cut and collected into
4 series spanning from -1.22 mm to -3.80 mm from Bregma 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.

All sections were washed 3 x 5 min with 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 1 h at RT. Sections were
incubated with a mouse monoclonal RLN3 antibody (HK4-144-10; Kizawa et al., 2003; Tanaka et al.,
2005; Ma et al., 2013) in 2% NHS and 0.1% Triton X-100 in 0.1M PB overnight at RT (for dilutions
and information about the primary antisera used, see Table S1). On the following day, sections were
washed 3 x 5 min in 0.1 M PB, followed by incubation in donkey anti-mouse Alexa-594 (JIR,
715585151, 1:500) or donkey anti-mouse Alexa-647 (JIR, 715605151, 1:500) in 0.1 M PB for 1 h at
RT. Following application of the secondary antibody for visualization of RLN3-IR, sections were
washed 3 x 5 min with 0.1 M PB and incubated with either: (1) rabbit anti-GABA (Sigma, A2052,
1:3,000) (2) rabbit anti-PV (Abcam, ab11427, 1:1,000) and rat anti-SST (Millipore, MAB354, 1:200)
(3) and rabbit anti-CR (Swant, CR7697, 1:1,000) in 2% NHS, 0.1% Triton X-100, 0.1 M PB overnight
at RT. Sections were washed 3 X 5 min in 0.1 M PB before incubation in the following secondary
antibodies (1) donkey anti-rabbit Alexa-488 (Life Tech, A21206, 1:500) (2) donkey anti-rat Alexa-488
(Life Tech, A21208, 1:500) and donkey anti-rabbit Alexa-594 (JIR, 711585152, 1:500) and (3)
donkey anti-rabbit Alexa-488 (Life Tech, A21206, 1:500) in 0.1 M PB for 1 h at RT. Following the
secondary antisera incubation, sections were washed 3 x 5 min with 0.1 M PB and mounted on glass

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

Resultant staining was observed under a LSM 780 Zeiss Axio Imager 2 confocal laser scanning
microscope (Carl Zeiss AG, Jena, Germany). Each fluorescence channel was imaged sequentially
using a 20 objective for mosaic z stacks (1 pm intervals) and the total proportions of GABA-, SST-,
PV- and CR- positive neurons contacted by RLN3-IR fibres were manually counted from the dorsal
hippocampus of a representative unilateral coronal section from 3 mice (-2.54 mm from Bregma)
based on the strong RLN3 fibre innervation observed at this coronal level. Mosaic z-stack images
covering the entire hippocampus from each representative coronal section were obtained with 10%
overlap between each image on the X-Y plane, and a defined region was set up for the z plane to scan
from the bottom to the top of each image comprising the mosaic. Z-stack images (63% objective, 0.1

um intervals) were taken to further evaluate putative contacts between RLN3-IR nerve fibres and
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hippocampal cellular markers. A putative contact was scored when an RLN3-IR fibre/terminal bouton

was observed immediately adjacent to the cell body of a neuron expressing a hippocampal marker.

Adeno-Associated Viral (AAV) Vectors

The AAV mosaic serotype 1/2 with capsid from AAV1 and ITR (internal terminal repeats) AAV2
was purified and harvested as described (Ganella et al., 2013). The AAV "*"Cre-IRES-eGFP viral
vector encodes Cre recombinase and an enhanced green fluorescent protein marker (eGFP) linked by
an IRES sequence (internal ribosome entry site), allowing for the expression of Cre recombinase and
eGFP from a single vector. The control AAV"**eGFP construct was also packaged in a 1/2 mosaic
capsid, encoding the expression of eGFP marker protein. Transcription of both constructs was driven
by the chicken B-actin (SCAG) promoter. The titres were assessed visually in HEK293T cells under a
fluorescent microscope and by measuring genomic copies (gc) per ml (gc/ml), using quantitative
polymerase chain reaction (QPCR). The resulting titre of AAV"? Cre-IRES-eGFP and the control
AAV")-eGFP vector were approximately 2 x 10" gc/ml.

Stereotaxic Surgery

Mice were initially anesthetized with 5% isoflurane inhalation (Delvet) mixed with oxygen till
loss of righting reflex, then secured in a small animal stereotaxic frame (Kopf Instruments, Tujunga,
CA;USA) with 1.5-2% isoflurane delivered through a small animal nose cone. Analgesic (Meloxicam
20mg/kg; Troy Laboratories, Smithfield, NSW, Australia) was then administered intraperitoneally
(1.p., 0.1 ml), and eyes were moistened with lubricating eye ointment (Lacri-Lube, Allergen, New
Jersey, USA). A small midline incision was made to expose the skull, which was then cleaned/dried
with 6% hydrogen peroxide. AAV"?-Cre-IRES-eGFP viral vector or control AAV"?-eGFP viral
vector was-loaded into a glass capillary injector which was connected to polyethylene tubing and a 10
ul Hamilton syringe (0.46 mm diameter, Harvard Apparatus, Holliston, MA, USA), and mounted on
an infusion pump (PicoPlus, Harvard). Small holes were drilled through the skull above the injection
sites, and the glass capillary was lowered to the following coordinates from Bregma based on the
mouse brain atlas (Paxinos and Franklin, 2001): anterior-posterior, -2.3 mm; medial-lateral, -1.60 mm;
dorsal-ventral, -2.1 mm; adjusted proportionally for skull size, determined by bregma-interaural
distance). Viral vectors were infused at a rate of 0.1 pl/min to a total volume of 1 pl. After each
infusion, the injector was left in place for 7 min, retracted 1.0 mm, and left for another min to
minimize deposition of virus in the injection tract, before being slowly removed. After surgery, the
skin incision site and holes in the skull were closed/sealed with glue (superglue, Daiso, Hiroshima,
Japan) and a single suture. After surgery mice were placed in recovery chambers (30°C, Thermacage,
Datesand Ltd., Manchester, UK) for ~1 h, and left to recover for 3 weeks to allow for Cre expression,

RXFP3 gene deletion, and subsequent RXFP3 protein deletion.
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Validation of Cre Expression (Cre-IR) Within SST-Positive Neurons

In studies to assess Cre-recombinase expression in the targeted area and the expression of Cre
within SST-positive neurons, coronal sections (40 pm) were washed 3 x 5 min with 0.1% Triton X-
100-in,0.1 M PB, and then blocked in 10% NHS in 0.1% Triton X-100 and 0.1 M PB for 1 h at RT.
Tissue were then incubated with rabbit polyclonal Cre antibody (Novagen, 69050-3, 1:500, n = 3) and
rat- monoclonal anti-SST (Millipore, MAB354, 1:200, n = 3) in 2% NHS and 0.1% Triton X-100
overnight at RT. On the following day, sections were washed 3 x 5 min in 0.1 M PB, followed by
incubation in anti-rabbit Alexa-594 secondary antibody (Jackson ImmunoResearch Laboratories,
Address, USA, 120330, 1:500) and anti-rat Alexa-594 secondary antibody (1:500) in 0.1 M PB.
Sections were then washed 3 x 5 min with 0.1 M PB and mounted on glass slides using Fluoromount-
G (Southern Biotech, Birmingham, AL, USA). The resulting staining was observed under a Zeiss Axio

Imager 2 confocal laser-scanning microscope (Carl Zeiss AG, Jena, Germany).

Validation of RXFP3 mRNA Deletion

RXFP3 mRNA loss following AAV"?-Cre-IRES-eGFP injection, was measured in mice injected
bilaterally with AAV"?-Cre-IRES-eGFP (n = 5), or with AAV""?-eGFP (n = 3). Twenty-one days
after stereotaxic surgery, mice were transcardially perfused (4% PFA in 0.1 M PB). For quantitative
analyses, slides were examined with dark-field microscopy using an Olympus BX61 microscope
(Olympus Canada, Richmond Hill, ON, Canada). Images were acquired with a DVC-2000C digital
camera (Thorslabs Scientific Imaging, Austin, TX, USA) and analyzed with Stereo Investigator
software (MBF Bioscience, Williston, VT, USA). Brain sections from bregma -1.7 mm to -2.7 mm
(based on a stereotaxic atlas of mouse brain, (Paxinos and Franklin, 2001)) were used for quantitative
analyses. The optical density (OD) was obtained by defining the contour of the region of interest (DG
and CA3), and three background contours (regions without positive hybridization signal) were
collected to correct for the average background signal. This analysis was taken from 3-5 sections on
each side of the brain for bilaterally injected mice, and from 7-12 sections from unilaterally injected
mice. The mean OD of AAV"?-Cre injected tissue was normalized to the mean value of RXFP3

mRNAin AAV"?-GFP injected tissue, to obtain the relative level of RXFP3 mRNA for each section.

Validation of Cre Targeting of Dentate Gyrus Hilus

Following confirmation that local hippocampal injection of AAV!""?-Cre-IRES-eGFP viral vector
resulted.in Cre expression and deletion of RXFP3 mRNA in floxed-RXFP3 mice, in subsequent
studies, the presence of Cre-IR throughout the DG hilus was taken as sufficient evidence of adequate
RXFP3 deletion within this structure. For all histological analyses a 1-in-3 series of brain sections was
collected spanning from -1.22 mm to -3.80 mm from Bregma (Paxinos and Franklin, 2001), and only
mice which had consistent expression of Cre-IR throughout the DG hilus of dorsal hippocampus were

included in behavioral analyses. Of the 16 mice that received bilateral AAV"® Cre-IRES-eGFP
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injections, 4 mice were excluded from the analyses due to a lack of transduced neurons present in the

DG hilus. No viral spread was observed outside the DG and CA3.

Behavioral Tests

All behavioral experiments were conducted during the light phase, between 0900-1700 h, and
were conducted from 21 days after surgery in the following order: (1) Automated locomotor cell; (2)
Morris water maze (MWM); (3) Light/dark box; (4) Elevated plus maze; (5) Continuous spontaneous
alternation test, and; (6) Appetitive spatial reference T-maze test. All mice were sacrificed 3 days after

behavioral testing for histological analyses.

Automated Locomotor Cell

Mice were tested in a 27 x 27 cm automated locomotor cell (Med Associates, Fairfax, Vermont,
USA), illuminated by 70 lux light, for a total duration of 1 h. The total distance travelled was tracked
by a photobeam array. Data was analyzed using Activity Monitor, v.9.02 software (v.6.02; Med

Associates).

Morris Water Maze (MWM)

In a test of hippocampus-dependent spatial reference long-term memory, mice were trained in a
circular pool (1.2 m diameter) to locate a hidden platform (10 cm diameter) which was submerged
~0.5-1‘cm beneath opaque water, made using non-toxic white paint and maintained at 18-22°C. The
pool -was surrounded by distal extra-maze cues. The acquisition phase consisted of 6 consecutive
training days with 4 trials per day, with an inter-trial interval (ITI) of 30 min. For each trial, mice were
placediin from a semi-random starting location (N, NW, E, SE) facing the pool wall, and were allowed
to swim until they found the hidden platform or for a maximum of 30 s. If a mouse failed to locate the
platform within the allocated time, the experimenter guided the mouse to the platform. The mouse
then remained on the platform for 30 s, before being returned to its home cage, and allowed to dry
under ‘a heat lamp. For the acquisition sessions, a mean latency to locate the target quadrant was
calculated for each mouse by averaging the latency to reach the platform across all 4 trials. Twenty-
four (24) h after the last training day, the platform was removed from the target quadrant and the mice
were allowed to swim freely for a duration of 120 s. The percent time spent in the target quadrant and

the number of platform crossings was calculated.

Ancxiety-like Behavior - Light/Dark Box

Mice were placed in the automated cells described above with half of the locomotor cell fitted
with a black Perspex box, which was impermeable to visible light. The other half was exposed to a
light-emitting diode array, illuminated the light side to ~700 lux in the centre and 650 lux in the
corners, creating an aversive environment. For testing, mice were placed in the dark side of the

apparatus for 10 min. A small opening in the Perspex box allowed access between both sides of the
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cell. Time spent in and number of entries into the light side was recorded using Activity Monitor

software (v.6.02; Med Associates).

Elevated Plus Maze (EPM)

The apparatus consisted of four 30 cm long and 6 cm wide arms extending from a central square
(6 X 9 x 6 cm), elevated 39 cm above the ground. High (15 cm) walls enclosed two opposing ‘closed’
arms, while the two opposite arms were ‘open’. Mice were placed in the centre of the apparatus, and
were allowed to roam freely for 10 min. Movement was tracked from above using Top Scan Lite 2.0
software, and the time spent in the open arms, and the number of entries into the closed and open

arms, were assessed.

Spatial Working Memory: Continuous Spontaneous Alternation Test (SAT)

The SAT was conducted using an enclosed Y-maze, with each arm 10 cm wide and 30 cm long,
with 17 cm high walls. The maze was cleaned with water between tests and for testing, mice were
placed in the centre of the arena facing the ‘home’ arm. Mice are allowed free access to the three arms
of the maze for a total of 10 min during which the sequence of arm entries was recorded using
Ethovision XT software. From these sequences, proportions of arms entered that were different from
those previously entered were calculated to arrive at a percentage alternation score (PAS). An
‘alternation’ is determined from successive entries of three arms in which three different arms are
entered. PAS was calculated by dividing the number of observed alternations by the number of

maximum possible alternations (total number of entries -2) and multiplying the quotient by 100.

Spatial Reference Memory: Appetitive T-maze Test

Acquisition and reversal learning in a reward-based T-maze (each arm was 7.6 cm wide and each
oppesing arm was 26.7 cm long, with a 28.9 cm home arm, with 13 c¢cm high walls) was tested as
described (Moy et al., 2007). Acquisition of this task demands the use of allocentric spatial cues and is
affected by hippocampal lesions (Deacon et al., 2002; Reisel et al., 2002; von Engelhardt et al., 2008).
The maze was surrounded by distal 3-D spatial cues placed 40 cm above and outside each arm. Before
testing, mice were food deprived to 85-90% of their free-feeding body weight 5 days before testing
and throughout the duration of the experiment. Mice were habituated (with 4 trials per day) to the T-
maze and trained to obtain a food reward (0.2 g of chocolate-flavored rice puffs) from cups located at
the:ends of the two choice arms. Only when the mice could readily run from the start arm to a choice
arm and consume their reward was acquisition commenced. After 5 days of habituation, 10 successive
trials per day were initiated. One choice arm was designated the ‘reward’ arm with a food reward (0.2
g chocolate-flavored rice puffs) placed at the end of the arm. The reward arm was on the left for half
the mice, and on the right for the remainder, and this was randomized between treatment groups. At
the beginning of each session, the mouse was placed in a start box at the bottom of the home arm. The

start box door was opened, and the mouse was given the choice between entering either arm.

John Wil & Sons
This article is protected by copyright. All rights reserved.



Hippocampus

Following a correct choice the mouse was given time to consume the food reward and then guided
back into the start box to begin the next session. If the mouse made an incorrect choice it was left in
the maze for 15 s before being guided back to the start box. To meet criterion, mice were required to
make 80% correct choices for 3 consecutive days before reversal training commenced, in which the
reward-arm was switched to the opposite arm and 10 trials per day were initiated. Testing was stopped
after criterion for individual mice was met during reversal. Time spent in junction before choice were
recorded using Ethovision XT software; and the number of correct choices, and number of days to

meet criterion were recorded by an observer.

Statistical Analysis

All graphs and statistical analysis were conducted using Graph Pad Prism (v.6) (GraphPad, La
Jolla, CA, USA). All data are expressed as mean + SEM. Shapiro-Wilks test were employed to assess
the shape of data distributions. For data sets which met the assumptions of normality, comparison of
data was performed using either one-way ANOVA or two-way RM ANOVA, followed by appropriate
post-hoc comparisons, as described or unpaired t-test. For data sets which did not meet the assumption
of normality, the non-parametric equivalent of a t-test, the Mann-Whitney U test was used. Results

were considered statistically significant if p < 0.05.
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RESULTS

Distribution of RXFP3 mRNA and RLN3-Positive Innervation in Hippocampus

In agreement with previous studies in mouse (Smith et al., 2010) and rat (Ma et al., 2009c), the
present study identified RXFP3 mRNA expression in mouse hippocampal formation (Fig. 1A)
particularly in the DG hilus (Fig. 1B), across the stratum oriens layer of CA1, with less expression in
the pyramidal layer of CA1 (Fig. 1C). RXFP3 mRNA was also detected in cells across the pyramidal,
stratum joriens and radiatum layers of CA3 (Fig. 1D). Furthermore, the RXFP3 mRNA expression
pattern overlapped the distribution of neuronal fibres and terminals containing RLN3-IR in the
hippocampus (Fig. 2A), with abundant fibres observed in the DG hilus (Fig. 2B), and similar to
RXFP3 mRNA levels, a smaller density of neuronal fibres containing RLN3-IR was observed in the
pyramidal layer of CA1l and the stratum oriens of CA1 (Fig. 2C). Dense RLN3-positive fibres were
detected across the pyramidal layer and radiatum of CA3 (Fig. 2D).

These results are also in agreement with the distribution of RXFP3 mRNA reported in the Allen
Brain Institute atlas of gene expression (Fig. 3A). Notably, the distribution of RXFP3 mRNA and
RLN3-positive nerve fibres is similar to that of a proportion or population of y-aminobutyric acid
(GABA) neurons in the hippocampus, as reflected by the pattern of GAD67 mRNA expression (Fig.
3B), as well as other populations of GABA neurons that express the neuropeptide, SST (Fig. 3C) and
the.calcium-binding proteins, PV (Fig. 3D) and CR (Fig. 3E), which are co-expressed with GABA in
the hippocampus (Freund and Buzsaki, 1996; Jinno and Kosaka, 2002b; Baraban and Tallent, 2004).

RLEN3 Innervation of Hippocampal Interneurons

For the analysis of RLN3-IR in neuronal fibres in relation to other markers of hippocampal
neurons, a sequential double and triple label immunohistochemistry protocol was used with RLN3 and
GABA,; SST and the calcium-binding proteins, PV and CR (Fig. 4). Boutons containing RLN3-IR
were observed in apposition to neurons positive for GABA (Fig. 4A), SST, PV (Fig. 4B; Fig. S1) and
CR (Fig. 4C); and the number and proportions of the GABA-, SST-, PV- and CR- positive neurons
contacted by fibres containing RLN3-IR were counted in the unilateral dorsal hippocampus of a
representative coronal section (-2.54 mm from Bregma), from 3 mice (see Materials and Methods for

details), based on the strong RLN3 innervation observed at this level (Table S2).

A high density of SST neurons was detected within the DG hilus and stratum radiatum of CA1
and CA3 with the highest density in the oriens layer of both subfields, and in the material assessed,
~26% of SST-positive neurons (6 £ 1 of 23 + 3 neurons counted, » = 3) in the DG hilus received
contacts from fibres containing RLN3-IR. Similarly, ~14% of SST-positive neurons (5 + 1 of 34 £ 6, n
= 3) in the stratum oriens layer of CA1 and ~33% of SST-positive neurons (3 +2 of § £ 3, n=3) in
the stratum radiatum of CA3 were contacted by fibres containing RLN3-IR. Furthermore, we observed

RLN3-positive bouton contacts on a subpopulation of GABA-positive neurons, representing ~12% of
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GABA-positive neurons (5 £ 0 of 46 £ 11, n = 3) in the DG hilus and ~15% of GABA-positive
neurons (6 = 2 of 38 £ 9, n = 3) in the stratum oriens layer of CAl. Notably, the number of neurons
innervated by fibres containing RLN3-IR is similar for both SST and GABA populations with a total
of 40 SST-positive neurons and 44 GABA-positive neurons (Table S2).

In contrast, neuronal fibres containing RLN3-IR were observed to innervate a smaller population
of PV- and CR-positive neurons in the hippocampus, with ~23% of PV-positive neurons (1 + 0 of 4 +
1, n = 3) in the DG hilus innervated, and ~7% of PV-positive neurons (3 £ 1 of 45 + 8) in the oriens
layer of the CA3, and ~7% of PV-positive neurons (a total of 17 of 268) in all subfields of the
hippocampus. Similarly, ~9% of CR-positive neurons (2 £ 1 of 23 £ 4, n = 3) in the DG hilus were
innervated by fibres containing RLN3-IR, with only ~5% of CR-positive neurons (a total of 18 of 399,

n=23).innervated in all subfields of the hippocampus, in the material examined (Table S2).

InVivo Validation of AAV"?-Cre-IRES-eGFP and Cre Expression in SST-positive Neurons
Based on the reported role of SST-positive neurons in the DG hilus in learning and memory
(Baratta et al., 2002; Andrews-Zwilling et al., 2010; Spiegel et al., 2013), and the appositions observed
between RLN3-positive afferents and SST-positive neurons in the DG hilus, we examined the
functional role of RXFP3 in this region by conditionally deleting RXFP3 in the DG hilus in adult
floxed-RXFP3 mice using an AAV"?-Cre-IRES-eGFP viral vector. To validate that the AAV"?-Cre-
IRES-eGFP viral vector effectively drove Cre recombinase expression in vivo and transduced
hippocampal DG hilus SST-positive neurons, sections from adult floxed-RXFP3 mice (injected
bilaterally in the DG hilus with AAV"?-Cre-IRES-eGFP) were processed for Cre- and SST-IR.
Examination of these sections revealed abundant eGFP (Fig. 5A) and Cre-IR (Fig. 5B) in neurons in
the:DG hilus. Importantly, Cre-IR was observed in the majority of SST-positive neurons present in the

DG hilus of injected mice (Fig. 5C, D; Fig. S2).

Confirmation of Conditional RXFP3 Deletion within the DG Hilus

Six (6) weeks after bilateral injections of AAV"?-Cre-IRES-eGFP into the DG hilus, a
significant reduction in RXFP3 mRNA was observed in the DG hilus, relative to control AAV"/>-
eGFP bilaterally injected mice (t4) = 3.64, p < 0.01, n =3 - 5 mice per group, Fig. 6A-C). Although
Cre-IR was observed in CA3, a significant reduction in RXFP3 mRNA was not observed in this area
in AAV""?-Cre-IRES-eGFP bilaterally injected mice, relative to control, AAV""?-eGFP injected mice
(tas = 2.06, p = 0.058, Fig. 6D). Therefore, while Cre was present in some CA3 neurons, it is
presumed that an insufficient number of RXFP3 mRNA-positive neurons were transduced to produce
a detectible decrease in mRNA levels. Viral spread was observed along the rostrocaudal extent of the
dorsal DG hilus and CA3 in AAV""?-Cre-IRES-eGFP treated mice, but did not reach the ventral DG
hilus/CA3 regions (Fig. 6E).
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RXFP3 Deletion from DG Hilus Impaired Spatial Reference Memory in an Appetitive T-maze
Task

In an appetitive T-maze task, AAV"?-Cre-IRES-eGFP-treated mice made significantly fewer
correct. choices compared to AAV?-eGFP-treated control mice, but a significant increase in
performance over days tested was observed in both groups (RM 2-way ANOVA, main effect of
treatment, F(; o) = 9.18, p = 0.0064; main effect of day, Fi g4 = 32.6, p < 0.0001; treatment x day
interaction, F4 g4 = 1.89, p = 0.120; Bonferroni post hoc analysis between treatments within days 1-3,
p <0.05, Fig. 7A). Although mice from both treatment groups met the criterion of 80% correct choices
for 3 consecutive days, AAV!""?-Cre-IRES-eGFP mice took significantly longer to meet the criterion
than AAV"?-eGFP mice (U = 35, p = 0.0210, Fig. 7B).

When the criterion of correct choices was met during acquisition, the reward arm was swapped to
the opposite arm, and reversal learning was commenced. This was done to test whether AAV""?-Cre-
IRES-eGFP-treated mice displayed a resistance to alter/change a learned behavior (i.e., altered
behavioral flexibility). Two-way repeated measures ANOVA did not reveal a main effect of treatment
(Fa20 = 1.79, p = 0.196), nor an interaction effect (Fs9) = 0.403, p = 0.806) in % correct choice
during reversal, however a main effect of day was observed (F(;, 24y = 4.46, p = 0.045, Fig. 7A).
Interestingly, during reversal, AAV"?-Cre-IRES-eGFP mice spent significantly more time in the T-
maze centre junction before making a choice. No differences were observed between groups in time

taken to meet the learning response criterion (U = 66.5, p = 0.780, Fig. 7B).

RXFP3 Deletion from DG Hilus Impaired Spatial Working Memory in a Continuous SAT in a
Y-maze

In_studies to measure spatial working memory, mice were assessed in a continuous SAT in a Y-
maze. RXFP3 deletion in the DG hilus significantly impaired spontaneous alternation in the percent
alternation score (PAS) in the first 1-min time bin (tp2)= 3.92, p = 0.0007, Fig. 8), with a PAS score of
67.6% for AAV'"?-eGFP-treated controls, and 35.8% for AAV""?-Cre-IRES-eGFP-treated mice. A t-
testrevealed AAV""?-eGFP mice performed significantly better than chance (PAS 50%) (tes=3.02,p
=0.0059), relative to AAV"?-Cre-IRES-eGFP mice that performed significantly below chance (t(4) =
2.26, p = 0.0329) in the first min of the SAT test. However, over a total test time of 3 min, a
significant difference between treatments was not observed (t,) = 1.18, p = 0.0822), with control mice
performance only just above chance (PAS, 52.1 + 3.35; tps) = 0.630, p = 0.536), and poorer
performance observed for AAV!""?-Cre-IRES-eGFP mice (PAS, 44.8 = 3.54; t,5,= 1.80, p = 0.0844).

RXFP3 Deletion from DG Hilus Did Not Alter Learning and Long-term Memory Retention in a
Morris Water Maze
We next determined whether deletion of RXFP3 from the DG hilus impaired spatial learning and

long-term retrieval in a MWM. A 2-way repeated measures ANOVA revealed a significant main
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effect of day (Fs.110) = 35.4, p = < 0.0001), but no main effect of treatment was observed (F( ) =
0.0240, p = 0.878), nor an interaction (Fs 110y = 0.272, p = 0.928, Fig. 9A) in the latency (s) to locate
the hidden platform during acquisition. Twenty-four (24) h after the last acquisition day, in the probe
trial; both treatment groups spent significantly more time in the target quadrant relative to the other
quadrants in the first 1 min time bin (one-way ANOVA, F734 = 11.3, p < 0.0001) and in the total
duration of 2 min (one-way ANOVA, F744 = 29.2, p < 0.0001, Fig. 9B). Bonferroni’s planned
comparison tests confirmed that both AAV"?_Cre-IRES-eGFP-treated mice and AAV"?-eGFP-
treated control mice spent significantly more percent time in the target quadrant than in the adjacent
quadrant to the right (AAV"?-eGFP; p < 0.0001, AAV"?-Cre-IRES-eGFP; p < 0.05), the adjacent
quadrant to the left (p < 0.0001) and to the opposite quadrant (p < 0.0001). No significant differences
were observed between treatment groups in the percent time spent in the target quadrant in the first
min (t;)= 0.0605, p = 0.952) and the total 2 min test duration (t;;,= 1.009, p = 0.325). The time each
group'spent in the target quadrant on probe day was compared with a ‘chance’ value of 30 s (i.e., the
amount of time a mouse would be expected to spend in the target quadrant over a total duration of 2
min if no spatial memory had been formed). Both groups spent significantly more than 25% (15 s) of
their time in the target quadrant in the first min (AAV(IQ)—GFP, tos = 3.91, p = 0.0007; AAVY?_Cre,
tosy=4.01, p = 0.0005 and significantly more than 25% (30 s) of their time in the target quadrant in the
total.2/min duration (AAV"2-GFP, t,4 = 5.80, p < 0.0001; AAV"?-Cre, tp4) = 4.00, p = 0.0005),

suggesting intact spatial long-term memory on probe day.

RXFP3 Deletion from DG Hilus Did Not Alter General Locomotor Activity or Innate Anxiety in
an EPM and L/D box

No differential effects were observed between treatments in the total distance travelled in a
locomotor cell 21 days after viral injections (tp3 = 0.551, p = 0.587; Table S3). This result was
consistent across 5-min bins within a total duration of 1 h, and both groups significantly decreased
their distance travelled over time (RM 2-way ANOVA, main effect of treatment (F(; ,3) = 0.303, p =
0.587); time (Fy; 253 = 15.6, p < 0.0001); treatment X time interaction (F;; »s3y = 0.520, p = 0.889).

Twenty-four (24) h after the probe day in the MWM, the different groups of mice were tested in
an EPM: to measure stress-induced anxiety-like behavior. RXFP3 deletion from DG hilus did not
induce any changes relative to AAV"?-GFP control mice in the time spent in the open arms (tes) =
0.886, p = 0.139; Table S3), or the number of entries into the open arms (f,3 = 0.498, p = 0.623).
Similarly, in the L/D box, no differences were observed between groups in the total time spent in the

light side (tp2) = 0.886, p = 0.385; Table S3) or entries into the light side (t2,) = 1.528, p = 0.141).

John Wil & Sons
This article is protected by copyright. All rights reserved.

Page 16 of 40



Page 17 of 40

Hippocampus

DISCUSSION

In the present study, in light of the distinct topography of RXFP3 mRNA in the mouse
hippocampus, we conducted a histochemical analysis of the possible association of RLN3-positive
nerve fibres with some established hippocampal neuron types; and a behavioral analysis of mice after
deletion of RXFP3 from the DG hilus. The main findings were firstly, that RXFP3 mRNA was
confirmed to be expressed in distinct layers of the hippocampus, with strong expression in neurons
within the DG hilus, and non-principal neurons located within the pyramidal and stratum oriens layer
of CA1 and across the pyramidal layer, stratum oriens and radiatum of CA3. Interestingly, neuronal
fibres and terminals containing RLN3-IR were identified making consistent putative close contacts
with GABA- and SST- positive neurons and, to a lesser degree, contacts with PV- and CR-positive
neurons. Secondly, in this first study to manipulate RLN3/RXFP3 signaling within the hippocampus
by deletion of RXFP3 from the DG hilus, we observed a strong and consistent deficiency in an
appetitive reference memory task in a T-maze, and impairment in spatial working memory in a Y-
maze SAT test. In contrast, deletion of RXFP3 from the DG hilus did not affect the ability of mice to
learn and acquire the location of a hidden platform in a MWM test of long-term memory retention.
Furthermore, hilar RXFP3 deletion did not alter anxiety-like behavior in an EPM or L/D box. Overall,
this study identified key behavioral consequences of RXFP3 depletion from DG hilus and the
neurochemical phenotype of the RLN3/RXFP3 targeted neurons in the hippocampus, providing new

insights into the complex role of this modulatory neuropeptide system in learning and memory.

Our first goal was to assess the neurochemical anatomy of the RLN3/RXFP3 system within the
hippocampus. A detailed mapping of the distribution of RXFP3 mRNA/binding sites and RLN3-IR
has been completed in mouse (Smith et al., 2010), rat (Ma et al., 2009c; Olucha-Bordonau et al., 2012)
and non-human primate (Ma et al., 2009¢) brain and the results are consistent with the present analysis
in the mouse hippocampus. Based on the overlap between the quite restricted topographic distribution
of: neurons expressing RXFP3 mRNA with the more extensive distribution of GABAergic
interneurons, we hypothesized that RXFP3 is expressed by a subpopulation of GABA neurons in the
hippocampus. This in turn predicted that neuronal fibres expressing RLN3-IR would make close
contacts with GABA-positive neurons in the hippocampus, particularly in the DG hilus and the oriens
layer of CAl, and this was demonstrated experimentally. Notably, RLN3-positive fibres were also
found to make a significant number of contacts with SST-positive neurons in these areas. As the
majority of SST neurons (~90%) in the DG hilus co-express GABA (Kosaka et al., 1988), our results
indicate there is a subpopulation of RXFP3-positive neurons which co-express both GABA and SST in
the hippocampus. Interestingly, RLN3-positive fibres and terminals were also observed to make close
contacts with PV- and CR-positive neurons in the hippocampus, but their incidence was approximately
half that for contacts with GABA- and SST-positive neurons. PV and CR label distinct, non-
overlapping subsets of inhibitory hippocampal interneurons (Xu et al., 2010), therefore, it is likely that
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a majority of RXFP3-positive neurons in the hippocampus express GABA and SST, while non-

overlapping smaller subpopulations of RXFP3-positive neurons co-express PV or CR.

SST neurons constitute one of the largest groups of GABA neurons within the DG, with all these
SST-positive neurons located within the hilus (Scharfman and Myers, 2012). Retrograde tracing
studies in mice indicate that a large proportion (44%) of SST-positive neurons in the DG hilus project
to the septal region (Zappone and Sloviter, 2001; Jinno and Kosaka, 2002a), and directly innervate
GABAergic and cholinergic neurons in that region (Toth et al., 1993; Gulyas et al., 2003). In turn,
SST hippocampal-septal neurons are reciprocally innervated by cholinergic and GABAergic septal
neurons (Freund and Antal, 1988; Freund and Buzsaki, 1996). The high percentage of SST DG hilus
neurons that innervate the septum and the high incidence of RLN3 inputs to SST- and GABA-positive
neurons in the DG hilus, suggest RLN3/RXFP3 signaling plays an important role in the hippocampo-
septal and septo-hippocampal circuitry, modulating cognition and learning and memory. Therefore, it
will be of interest to further investigate the precise anatomical connectivity of those neurons and

circuits influenced by the RLN3/RXFP3 system and its resultant functional impact.

However, there is a considerable amount of existing evidence regarding the functional role of
SST-containing DG hilus interneurons that might inform the possible effects of RXFP3 signaling on
hippocampal activity. Activation of SST DG hilus interneurons reduces long-term potentiation (LTP)
in.the mouse DG (Baratta et al., 2002), a cellular process involved in learning and memory; and an
age-dependent reduction in SST and GAD67 DG hilus neurons in apolipoprotein E4 (apoE4) knock-in
mice correlated with learning and memory deficits in the MWM test (Andrews-Zwilling et al., 2010).
Notably, a similar result was observed in a study of rat DG hilus neurons (Spiegel et al., 2013). In
early studies, global depletion of SST in rats by cysteamine hydrochloride, a somatostatin inhibiting
agent, impaired learning and memory in a passive avoidance task (Yamazaki et al., 1996); and similar
studies have shown impairment in spatial discrimination in mice (Guillou et al., 1998; Epelbaum et al.,
2009; Tuboly and Vecsei, 2013). Interestingly, optogenetic inhibition of GABAergic DG hilus
interneuron activity impairs spatial learning and memory retrieval (Andrews-Zwilling et al., 2012),
although this effect was via the entire GABA interneuron population with no implicit selectivity for
SST/GABA neurons. Multiple studies have reported that SST interneurons inhibit excitatory synaptic
transmission excitability, resulting in silencing or hyperpolarization in hippocampus (see (Liguz-
Lecznar et al., 2016) for review); and increases in inhibition (of hippocampal interneurons) is well-
known to be an important cellular mechanism in learning and memory (McEchron and Disterhoft,
1997; Knott et al., 2002; Ruediger et al., 2011). In more recent studies, an enhancement in inhibition
onto CA1 pyramidal neurons during learning in a trace eye blink conditioning task, was found to be
mediated by an increase in intrinsic excitability of SST interneurons in mice and rats (McKay et al.,
2013), and inactivating SST dendrite-targeting interneurons during aversive stimuli increased CAl

pyramidal cell population responses and prevented fear learning in mice (Lovett-Barron et al., 2014).
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Therefore, our second goal was to assess the behavioral effects of Cre-recombinase-induced local
deletion of RXFP3 in the DG hilus of adult floxed-RXFP3 mice. In these studies we observed a strong
and consistent deficiency in the performance of AAV"?-Cre-IRES-eGFP-treated floxed-RXFP3 mice
in.an appetitive reference memory task in a T-maze. In a continuous spontaneous alternation Y-maze
task, RXFP3-depleted mice made fewer alternations in the first min of the task, suggesting impairment
in'spatial working memory. In terms of the functional implications of these findings, it is proposed that
the REN3-containing inputs to the GABA/SST-positive neurons and other GABA neuron populations
in'the'DG hilus can regulate hippocampal and cognitive processing. If this is the case, depletion of
RXFP3 from GABA and/or GABA/SST neurons in the DG hilus may disrupt disinhibition of target
neurons, and weaken synaptic inhibition of excitatory neurons, a key component in compromised
cognitive processes. This, in turn, could produce impaired learning and memory, via effects within the
directly targeted hippocampus and via remote, relayed effects in the MS/DB. Further studies are
required to explore this hypothesis, including an examination of the effect of RXFP3 activation by
validated RXFP3-specific agonist peptides (Liu et al., 2005; Shabanpoor et al., 2012; Zhang et al.,
2015) on DG hilus SST neuron activity, perhaps in a convenient strain of SST reporter mice (Ma et al.,

2006; Peng et al., 2013).

In contrast to these effects, however, a deficiency in spatial learning and long-term memory was
not observed based on the performance of AAV!"? Cre-IRES-eGFP-treated floxed-RXFP3 mice in the
MWM. The differences observed in these tests of memory retention suggest a specific role for hilar
RLN3/RXFP3 signaling in learning and memory that may reflect the different neurochemical and
psychological processes involved in acquiring memory. Optimal performance in the MWM requires
the use of allocentric strategies where distal cues provide a geometric reference to an animal’s current
location ‘and this form of memory consolidation is primarily hippocampal-dependent (Vorhees and
Williams, 2006; Garthe et al., 2009). While effective performance in the appetitive T-maze task also
requires the use of hippocampal-dependent allocentric strategies whereby the animal is rewarded for
choosing a constant, designated goal arm on the basis of its spatial location (Deacon et al., 2002;
Reisel;.et al., 2002; Sanderson et al., 2008; von Engelhardt et al., 2008), differences in memory
consolidation between these two spatial reference memory tests have been highlighted (Hodges, 1996;
Deacon et al., 2002; Bannerman et al., 2012). The most prominent refers to the distinct differences in
the motivational aspect of both tasks. The MWM is motivated by the desire to escape onto a safe
platform, whereas the appetitive T-maze is motivated by food reward. Therefore, differences in
reinforcement may affect the strategy adopted and activate different brain circuits involved in
motivation and reward. Furthermore, although both tests require the use of allocentric strategies, the
appetitive T-maze requires the mouse to use spatial information to guide selection between two
alternative responses and to learn to make a constant body turn for a food reward. Taken together, the

results from the present study suggest RXFP3 in the DG hilus is not essential for spatial tasks that rely
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solely on the use of allocentric spatial maps, but may influence tasks which integrate multiple
strategies for using spatial information to guide selection between alternative responses that lead to a
reinforcing reward. Moreover, in regard to the contradictory effects observed in the spontaneous
alternation Y-maze task and MWM in the present study, spontaneous alternation has been shown to be
a.more reliable measure in detecting hippocampal dysfunction than the commonly used MWM
(Rawlins and Olton, 1982; Reisel et al., 2002; Deacon and Rawlins, 2005). Although both tasks detect
spatial memory deficits in mice with whole lesions of the hippocampus (Morris et al., 1982; Lalonde,
2002; Deacon and Rawlins, 2005), consistent with the results from the present study, a deficit in
spatial memory following deletion of the GIuR-A (GluR1) AMPA receptor subunit was only detected
in-a-spontaneous alternation T-maze task, whereas spatial reference memory was not affected in a

MWM (Reisel et al., 2002).

In a continuous SAT in a Y-maze, mice with RXFP3 depleted from the DG hilus displayed
significantly lower rates of alternation (PAS, 36%) relative to control mice (PAS, 68%) in the first
minute of the task, demonstrating an impairment in spatial working memory. After 3 min, DG hilus
RXFP3 depleted mice still displayed low rates of alternation (PAS 47%), but the control mice had
similar rates (PAS, 52%), suggesting poor spatial working memory performance in both treatment
groups. However, the weak performance of the control group assessed over a 3-min session is not
surprising. The continuous nature of the task means there is considerable inter-trial interference, a
likely reason for low rates of performance in both T-maze (Gerlai et al., 1994) and Y-maze (Hsiao et
al., 1996; Deacon et al., 2002) tasks (for review see, Deacon and Rawlins, 2006). Therefore, the
decline in PAS observed over the subsequent 2 and 3 min time bins in both treatment groups is likely
due to methodological issues associated with the task, whereby the first min is the period in which the

most reliable measures are observed.

Lastly, RXFP3 depletion from the DG hilus did not alter anxiety-like behavior in an EPM or L/D
box, tested 1 and 3 days, respectively, after the MWM test with its associated swim stress (Engelmann
et'al;;2006). In the mice studied, we observed AAV'"? spread along the rostral-caudal length of the
DG hilus and CA3, including part of the ventral hippocampus, which is functionally implicated in the
control of emotion and affect, and wherein RLN3-positive nerve fibres and RXFP3 mRNA are
abundant (Ma et al., 2009b; Smith et al., 2010). However, the viral injections in the present study did
not- cover the entire dorsoventral extent of the DG hilus in ventral hippocampus, reducing the
likelihood of observing an effect on anxiety-like behavior. The RLN3/RXFP3 system in mice and rats
has been shown to be involved in stress responses (Tanaka et al., 2005; Banerjee et al., 2010) and
modulation of anxiety-like behavior (Ryan et al., 2013; Zhang et al., 2015), with pronounced changes
in RLN3 mRNA expression and RLN3-IR levels in response to stressors (Tanaka et al., 2005; Lenglos
et al., 2013; Ma et al., 2013; Walker et al., 2015; Calvez et al., 2016). Therefore, further studies with

more extensive and/or focused depletion of RXFP3 in ventral hippocampus are warranted.
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Conclusions

The anatomical distribution of the RLN3/RXFP3 system in the major nodes of the septohippocampal
system (Ma et al., 2009¢; Smith et al., 2010; Olucha-Bordonau et al., 2012) suggests it contributes to
important neuronal circuits in cognition, and learning and memory. This first study to investigate the
specific role of RLN3/RXFP3 signaling in the mouse hippocampus has demonstrated neuronal
contacts with distinct populations of GABAergic neurons in the hippocampus, and that depletion of
RXFP3 within the DG hilus can produce impairments in spatial reference and working memory in an
appetitive T-maze and spontaneous alternation task in a Y-maze, respectively. These data suggest that
the RLN3-containing pathway from the NI to the hippocampus can mediate inhibitory control of local

and septal target neurons via RXFP3, and modulate memory processes.
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Figure Legends

FIGURE 1. RXFP3 mRNA in the mouse dorsal hippocampus.

Representative dark-field photomicrographs of emulsion autoradiographic analysis of RXFP3 mRNA
expression in the hippocampus. (A) Silver grains for RXFP3 mRNA were detected in the DG hilus
(B), the pyramidal layer and stratum oriens of the CA1 (C) and the radiatum, pyramidal layer and
stratum oriens of the CA3 (D). Boxed areas in (A) indicate the areas illustrated in magnified images in

(B, C and D).

FIGURE 2. RLN3-positive nerve fibres and terminals in the mouse dorsal hippocampus.

Mosaic' confocal image (20x magnification represented as z-stack maximum projections, 1 pum
intervals) of mouse dorsal hippocampus illustrating RLN3-positive nerve fibres and terminals (A).
Nerve fibres and terminals containing RLN3-IR were detected in the DG hilus (B), the pyramidal layer
and-stratum oriens of the CA1 (C) and the radiatum, pyramidal layer and stratum oriens on the CA3
(D). Boxed areas in (A) indicate the areas illustrated in magnified images (63x maximum projections

z-stacks, 0.1 um intervals) (B, C, D). Scale bars, 200 pm (A) and 20 um (B, C and D).

FIGURE 3. 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 iis 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>.

FIGURE 4. Comparative distribution of RLN3-immunoreactive nerve fibres and neurons positive for
amino acid, peptide or protein markers of hippocampal interneurons in dorsal hippocampus of adult
mouse.

Mosaic confocal images (20x magnification represented as z-stack maximum projections, 1 pum
intervals) of mouse DG illustrating (A) RLN3 (red), SST (green) and PV (blue) immunoreactivity, (B)
RLN3 (red) and GABA (green) immunoreactivity, and (C) RLN3 (red) and CR (green)
immunoreactivity. Boxed areas in A-C are further illustrated (63x magnification z-stacks, 0.1 pm
intervals) and represented as three-dimensional orthogonal maximum projections orientated in 3
planes (y/x, x/z and y/z) (A’, B’, C'). Dotted lines in these panels indicate appositions of RLN3-
positive elements with hippocampal neurons in the y/x, x/z and y/z planes. Scale bars represent 100

um (A, B, C) and 20 pm (A’, B’, C").
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FIGURE 5. Comparative distribution of eGFP, Cre-recombinase and somatostatin (SST) in hilar
neurons of dorsal hippocampus in mice injected with the AAV""?-Cre-IRES-eGFP viral vector.

Bilateral injections of AAV!"?-Cre-IRES-eGFP into the dentate gyrus (DG) of floxed-RXFP3 mice
resulted in expression of eGFP (A) and Cre-immunoreactivity (B) in neurons of the DG hilus. Cre-
immunoreactivity and endogenous eGFP immunofluorescence were consistently observed in SST-
immunoreactive neurons in the region (C, D), consistent with the likely deletion of any RXFP3
expression from these neurons. In the higher magnification images (inserts), arrowheads indicate some
of'many neurons in which eGFP, Cre and SST are co-localized. Scale bars, 100 um (A-D) and 20 um

(insets).

FIGURE 6. Effect of an AAV"?-Cre-IRES-eGFP or an AAV""?-eGFP viral vector injection into the
dorsal dentate gyrus hilus of floxed-RXFP3 mice on levels of RXFP3 mRNA in the target and CA3
regions,-.and a schematic illustration of the virus distribution observed.

Representative dark-field photomicrographs of nuclear emulsion autoradiographic images of the
distribution of RXFP3 mRNA in DG hilus of floxed RXFP3 mice labeled by an [**S]-riboprobe
(Lenglos et al., 2014) following bilateral injections of either (A) AAV"?-eGFP, or (B) AAV"?-Cre-
IRES-eGFP. A significant reduction in relative RXFP3 mRNA levels was observed after bilateral
AAV").Cre-IRES-eGFP injections into the DG hilus, relative to bilateral AAVY?_eGFP (control)
injections in (C) hilus and (D) CA3 (unpaired t-test, ** p < 0.01, n = 3 — 5 mice per group). Data are
expressed as mean + SEM. (E) Schematic representation of viral spread observed within the DG of
treated mice. The distribution of virus and Cre recombinase was similar on both sides of the
hippocampus in all of the mice included in the final behavioural analysis. (Coronal brain mages

adapted from a stereotaxic mouse brain atlas (Paxinos and Franklin 2001)).

FIGURE 7. Effect of RXFP3 deletion in the dentate gyrus hilus of adult floxed-RXFP3 mice on
subsequent spatial reference memory in an appetitive T-maze.

An AAV"?-Cre-IRES-eGFP or an AAV"?-eGFP (control) viral vector was injected bilaterally into
the dentate gyrus (DG) of groups of floxed-RXFP3 mice and their spatial memory was tested after a 3-
week recovery period. (A) During acquisition training, mice with RXFP3 deleted from DG hilus made
significantly less correct choices than control mice on day 1-3 of testing in a hippocampus-dependent
spatial reference memory task - an appetitive T-maze. RXFP3 deleted and control mice performed
similarly during reversal training (2-way repeated measures ANOVA, Bonferroni post-hoc analysis, *
p <0.05). (B) Mice with RXFP3 deleted from DG hilus took significantly more days of training than
control mice to meet criteria during acquisition (Mann-Whitney U-test, * p < 0.05). No treatment
differences were observed during reversal training. Data are expressed as mean + SEM, n = 12 — 13

mice per group.
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FIGURE 8. Effect of RXFP3 deletion in the dentate gyrus hilus of adult floxed-RXFP3 mice on
subsequent performance in a spontaneous alternation task in a Y-maze.

An AAV"?_Cre-IRES-eGFP or an AAV"?-eGFP (control) viral vector was injected bilaterally into
the-dentate gyrus (DG) of groups of floxed-RXFP3 mice and their performance in a spontaneous
alternation task in a Y-maze was tested after a 3-week recovery period. Mice with RXFP3 deleted
from DG hilus displayed a significant reduction in percent alternation score (PAS) in the first min of a
spontaneous alternation task (SAT) in the Y-maze, relative to control mice. No treatment differences
in'PAS were observed during the 2™ or 3" min bins of the test (Unpaired t-test, *** p < 0.001, n = 12

=13 mice per group). Horizontal dotted line indicates 50% chance level.

FIGURE 9. Effect of RXFP3 deletion in the dentate gyrus hilus of adult floxed-RXFP3 mice on spatial
learning and long-term reference memory in a Morris water maze (MWM) test.

An AAV"?_Cre-IRES-eGFP or an AAV""?"e¢GFP (control) viral vector was injected bilaterally into
the dentate gyrus (DG) of groups of floxed-RXFP3 mice and their performance in a Morris water
maze (MWM) test was tested after a 3-week recovery period. (A) Mice with RXFP3 deleted from DG
hilus and matched control mice displayed normal spatial learning in the MWM. (B) On the probe day,
both groups spent significantly more time in the target quadrant relative to other quadrants (one-way
ANOVA, Bonferroni post-hoc analysis, * p < 0.05, **** p < (0.0001, » = 12 — 13 mice per group).
Data are expressed as mean + SEM. Horizontal dotted line indicate 25% chance level. Abbreviations:

T, target quadrant (SW), A, adjacent quadrants (NW, SE) and O opposite quadrant (NE).
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FIGURE 1. RXFP3 mRNA in the mouse dorsal hippocampus.

Representative dark-field photomicrographs of emulsion autoradiographic analysis of RXFP3 mRNA
expression in the hippocampus. (A) Silver grains for RXFP3 mRNA were detected in the DG hilus (B), the
pyramidal layer and stratum oriens of the CA1 (C) and the radiatum, pyramidal layer and stratum oriens of
the CA3 (D). Boxed areas in (A) indicate the areas illustrated in magnified images in (B, C and D).
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FIGURE 2. RLN3-positive nerve fibres and terminals in the mouse dorsal hippocampus.

Mosaic confocal image (20x magnification represented as z-stack maximum projections, 1 um intervals) of
mouse dorsal hippocampus illustrating RLN3-positive nerve fibres and terminals (A). Nerve fibres and
terminals containing RLN3-IR were detected in the DG hilus (B), the pyramidal layer and stratum oriens of
the CA1 (C) and the radiatum, pyramidal layer and stratum oriens on the CA3 (D). Boxed areas in (A)
indicate the areas illustrated in magnified images (63x maximum projections z-stacks, 0.1 uym intervals) (B,
C, D). Scale bars, 200 um (A) and 20 um (B, C and D).
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FIGURE 3. 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>.

109x91mm (300 x 300 DPI)

John Wiley & Sons
This article is protected by copyright. All rights reserved.



Page 33 of 40 Hippocampus

FIGURE 4. Comparative distribution of RLN3-immunoreactive nerve fibres and neurons positive for amino
acid, peptide or protein markers of hippocampal interneurons in dorsal hippocampus of adult mouse.
Mosaic confocal images (20x magnification represented as z-stack maximum projections, 1 um intervals) of
mouse DG illustrating (A) RLN3 (red), SST (green) and PV (blue) immunoreactivity, (B) RLN3 (red) and
GABA (green) immunoreactivity, and (C) RLN3 (red) and CR (green) immunoreactivity. Boxed areas in A-C
are further illustrated (63 x magnification z-stacks, 0.1 um intervals) and represented as three-dimensional
orthogonal maximum projections orientated in 3 planes (y/x, x/z and y/z) (A’, B’, C"). Dotted lines in these
panels indicate appositions of RLN3-positive elements with hippocampal neurons in the y/x, x/z and y/z
planes. Scale bars represent 100 um (A, B, C) and 20 um (A’, B’, C’).
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eGFP/Cre/SST

FIGURE 5. Comparative distribution of eGFP, Cre-recombinase and somatostatin (SST) in 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 dentate gyrus (DG) of floxed-RXFP3 mice resulted in
expression of eGFP (A) and Cre-immunoreactivity (B) in neurons of the DG hilus. Cre-immunoreactivity and
endogenous eGFP immunofluorescence were consistently observed in SST-immunoreactive neurons in the
region (C, D), consistent with the likely deletion of any RXFP3 expression from these neurons. In the higher
magnification images (inserts), arrowheads indicate some of many neurons in which eGFP, Cre and SST are
co-localized. Scale bars, 100 um (A-D) and 20 um (insets).
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FIGURE 6. Effect of an AAV(1/2)-Cre-IRES-eGFP or an AAV(1/2)-eGFP viral vector injection into the dorsal
dentate gyrus hilus of floxed-RXFP3 mice on levels of RXFP3 mRNA in the target and CA3 regions, and a
schematic illustration of the virus distribution observed.

Representative dark-field photomicrographs of nuclear emulsion autoradiographic images of the distribution
of RXFP3 mRNA in DG hilus of floxed RXFP3 mice labeled by an [35S]-riboprobe (Lenglos et al., 2014)
following bilateral injections of either (A) AAV(1/2)-eGFP, or (B) AAV(1/2)-Cre-IRES-eGFP. A significant
reduction in relative RXFP3 mRNA levels was observed after bilateral AAV(1/2)-Cre-IRES-eGFP injections
into the DG hilus, relative to bilateral AAV(1/2)-eGFP (control) injections in (C) hilus and (D) CA3 (unpaired
t-test, ** p < 0.01, n = 3 - 5 mice per group). Data are expressed as mean + SEM. (E) Schematic
representation of viral spread observed within the DG of treated mice. The distribution of virus and Cre
recombinase was similar on both sides of the hippocampus in all of the mice included in the final behavioural
analysis. (Coronal brain mages adapted from a stereotaxic mouse brain atlas (Paxinos and Franklin 2001)).
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FIGURE 7. Effect of RXFP3 deletion in the dentate gyrus hilus of adult floxed-RXFP3 mice on subsequent
spatial reference memory in an appetitive T-maze.

An AAV(1/2)-Cre-IRES-eGFP or an AAV(1/2)-eGFP (control) viral vector was injected bilaterally into the
dentate gyrus (DG) of groups of floxed-RXFP3 mice and their spatial memory was tested after a 3-week
recovery period. (A) During acquisition training, mice with RXFP3 deleted from DG hilus made significantly
less correct choices than control mice on day 1-3 of testing in a hippocampus-dependent spatial reference
memory task - an appetitive T-maze. RXFP3 deleted and control mice performed similarly during reversal
training (2-way repeated measures ANOVA, Bonferroni post-hoc analysis, * p < 0.05). (B) Mice with RXFP3
deleted from DG hilus took significantly more days of training than control mice to meet criteria during
acquisition (Mann-Whitney U-test, * p < 0.05). No treatment differences were observed during reversal
training. Data are expressed as mean £ SEM, n = 12 - 13 mice per group.
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FIGURE 8. Effect of RXFP3 deletion in the dentate gyrus hilus of adult floxed-RXFP3 mice on subsequent
performance in a spontaneous alternation task in a Y-maze.

An AAV(1/2)-Cre-IRES-eGFP or an AAV(1/2)-eGFP (control) viral vector was injected bilaterally into the
dentate gyrus (DG) of groups of floxed-RXFP3 mice and their performance in a spontaneous alternation task
in a Y-maze was tested after a 3-week recovery period. Mice with RXFP3 deleted from DG hilus displayed a
significant reduction in percent alternation score (PAS) in the first min of a spontaneous alternation task
(SAT) in the Y-maze, relative to control mice. No treatment differences in PAS were observed during the 2nd
or 3rd min bins of the test (Unpaired t-test, *** p < 0.001, n = 12 - 13 mice per group). Horizontal dotted
line indicates 50% chance level.

47x31mm (300 x 300 DPI)

John Wiley & Sons
This article is protected by copyright. All rights reserved.



Page 39 of 40 Hippocampus

50-
@ o
£ 404
S
8 304
o
S
> 20'
o
g 4ol ® GFP
« ® Cre

*kkk kkkk

T A A O T A A O

% time in target quadrant and others

FIGURE 9. Effect of RXFP3 deletion in the dentate gyrus hilus of adult floxed-RXFP3 mice on spatial learning
and long-term reference memory in a Morris water maze (MWM) test.
An AAV(1/2)-Cre-IRES-eGFP or an AAV(1/2)-eGFP (control) viral vector was injected bilaterally into the
dentate gyrus (DG) of groups of floxed-RXFP3 mice and their performance in a Morris water maze (MWM)
test was tested after a 3-week recovery period. (A) Mice with RXFP3 deleted from DG hilus and matched
control mice displayed normal spatial learning in the MWM. (B) On the probe day, both groups spent
significantly more time in the target quadrant relative to other quadrants (one-way ANOVA, Bonferroni post-
hoc analysis, * p < 0.05, **** p < 0.0001, n = 12 - 13 mice per group). Data are expressed as mean %
SEM. Horizontal dotted line indicate 25% chance level. Abbreviations: T, target quadrant (SW), A, adjacent
quadrants (NW, SE) and O opposite quadrant (NE).
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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 (20x magnification represented as z-stack maximum projections, 1 um 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 um
(A) and 20 um (B, C).

105x87mm (300 x 300 DPI)

John Wiley & Sons
This article is protected by copyright. All rights reserved.



Hippocampus

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 the 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 um (A-C) and 20 um (A’-C’).
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