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ARTICLE INFO ABSTRACT

Keywords: The retrosplenial cortex (RSC) plays a central role in processing contextual fear conditioning. In addition to
Neuropeptide modulation corticocortical and thalamocortical projections, the RSC receives subcortical inputs, including a substantial
G-protein-coupled receptor (GPCR) projection from the nucleus incertus in the pontine tegmentum. This GABAergic projection contains the neu-
]él::gzon ropeptide, relaxin-3 (RLN3), which inhibits target neurons via its Gi/o-protein-coupled receptor, RXFP3. To
Glutamate assess this peptidergic system role in contextual fear conditioning, we bilaterally injected the RSC of adult rats

with an adeno-associated-virus (AAV), expressing the chimeric RXFP3 agonist R3/I5 or a control AAV, and
subjected them to contextual fear conditioning. The R3/15 injected rats did not display any major differences to
control-injected and naive rats but displayed a significantly delayed extinction. Subsequently, we employed
acute bilateral injections of the specific RXFP3 agonist peptide, RXFP3-Analogue 2 (A2), into RSC. While the
administration of A2 before each extinction trial had no impact on the extinction process, treatment with A2
before each acquisition trial resulted in delayed extinction. In related anatomical studies, we detected an
enrichment of RLN3-immunoreactive nerve fibers in deep layers of the RSC, and a higher level of co-localization
of RXFP3 mRNA with vesicular GABA transporter (vGAT) mRNA than with vesicular glutamate transporter-1
(vGLUT1) mRNA across the RSC, consistent with an effect of RLN3/RXFP3 signalling on the intrinsic, inhibi-
tory circuits within the RSC. These findings suggest that contextual conditioning processes in the RSC involve, in
part, RLN3 afferent modulation of local inhibitory neurons that provides a stronger memory acquisition which, in
turn, retards the extinction process.

Excitatory/inhibitory balance

1. Introduction processes. The retrosplenial cortex (RSC) is one of the key regions
participating in the associated complex neural circuits. Pathological

Relevant information from the external and internal environment is alterations in tau protein(s) within the RSC are associated with the first
codified, stored, and retrieved through brain learning and memory clinical signs of Alzheimer’s disease [1] and these alterations occur
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before the clinical signs of disease [2]. Moreover, hemorrhagic lesions
circumscribed to the RSC result in anterograde and retrograde amnesia
[3]. In fact, lesion studies indicate that the RSC is necessary for spatial
learning and navigation, and that these functions require the integrity of
the circuit interconnecting the RSC with the anterior thalamic nuclei and
the hippocampus, as combined pairs of lesions are much more effective
to impair these spatial learning and navigation [4].

In rodents, the RSC occupies a large cortical extension and is cen-
trally positioned between cortical sensory areas and the hippocampal
formation integrating egocentric and allocentric spatial information to
configure contextual perception [5]. Contextual fear conditioning is a
complex form of Pavlovian conditioning in which a set of external and
internal stimuli are presented together as an engram and become asso-
ciated with an unpleasant, unconditioned stimulus. The perception of
the context as a set, then, acquires emotional predictive value [6,7], and
the RSC is a key node for processing contextual fear conditioning [8].

Data from studies involving inactivation of the RSC indicate a central
role for neural processing in the RSC in the recall of contextual mem-
ories. Indeed, lesions either pretraining or post training led to a reduc-
tion in the conditioned responses after re-exposure to the same context
[9]. In fact, specific inactivation of glutamatergic neurons in the deep
layers of the RSC impaired the recall of contextual memories [10].
Moreover, optogenetic re-activation of contextual-specific neural en-
grams in the RSC tagged using c-Fos promotors, is able to produce
conditioned responses [11]. Furthermore, it has been reported that the
RSC is highly involved in the retrieval of remote contextual memories
[7]. Notably, while there are only minor effects of the RSC on cued fear
conditioning when the test is done close to the acquisition trials, there is
an impairment of conditioned responses when retrieval is tested > 1
month after acquisition [12]. Thus, remote retrieval of cued condition-
ing appears to be RSC-dependent. In contrast, acquisition and retrieval
of trace-fear conditioning can be impaired by manipulations of the RSC,
including blocking protein synthesis during acquisition or blocking
NMDA receptors during retrieval [13].

In addition to the specific association between the context (as a set of
the environmental and internal elements that meet in a particular
moment) and the unconditioned stimulus (US), the context may
configure an association with a cue as a unique configuration [14] and
the RSC plays a role in these associations. For example, pre-exposure to a
cue (i.e., latent inhibition, which is context-dependent) prevents the
association between the cue and the US and elicits neural activity in the
RSC. Under these conditions, after context extinction, there is an
enhancement of conditioned responses to the cue and, at the same time,
there is an enhancement of RSC activity to the pre-exposed cue. These
results suggest a central role for the RSC in the contextual coding of
latent inhibition [15].

During contextual fear conditioning, there is a change in the coher-
ence pattern of the oscillatory neural activity at theta frequency between
the RSC and the hippocampus, the anterior cingulate cortex and the
anterodorsal thalamus, with an increased coherence during encoding,
retrieval and extinction [16]. Moreover, coherence between the RSC and
the hippocampus is decreased during retrieval of remote contextual
memories, which was interpreted as a loss of dependency on the
hippocampal-RSC interaction under those conditions [15,17].

Of interest to our research, a prominent ascending projection that
targets the RSC and septohippocampal system arises from the nucleus
incertus (NI) in the pontine tegmentum [17,18]. Furthermore, the
abundant GABAergic NI projections are well recognized as delivering
the neuropeptide, relaxin-3 (RLN3) to distant nerve terminal [19]. The
distribution pattern of RLN3-positive nerve fibers [20,21] correlated
quite well with the distribution of efferents from the NI assessed using
neural tract tracers [17,18,22]. Both, electric stimulation of the NI and
direct infusion of an RLN3 agonist peptide into the medial septum in-
duces hippocampal theta [23-25]. Lesion of the NI induces a retardation
of the extinction of a cue that previously paired with a shock [26] and
extinction is a context dependent procedure. In addition, it has been
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demonstrated that activation of NI GABAergic neurons is able to impair
contextual fear memory acquisition and this impairment is mediated
through somatostatin interneurons of the CA1. Thus, it was concluded
that NI action was filtering non-salient contextual information and
enhancing relevant incoming contextual features [27].

RLN3 belongs to the relaxin-family of peptides and is present in all
vertebrate taxa [28]. Soon after its discovery, RLN3 was identified as the
cognate ligand for the brain-enriched, G;j/,-protein-coupled receptor,
GPCR135 [29], which was subsequently renamed relaxin-family pep-
tide-3 receptor (RXFP3) [30]. Activation of RXFP3 inhibits adenylate
cyclase-induced cellular accumulation of cAMP [29], and induces the
phosphorylation of ERK in vitro [31] and in vivo [32]. In recent func-
tional studies, the genetic deletion of RXFP3 in hippocampus [33] or
medial septum [34] in adult Rxfp3'”®'® mice, impaired spatial
memory. However, the effects of alterations in RXFP3 activity in RSC on
learning and memory have not been explored.

In this study, we hypothesized that the strong NI RLN3 projection to
the RSC plays a role in processing the perception of context and par-
ticipates in its Pavlovian association to an unconditioned stimulus. In
studies to explore this hypothesis, we used an AAV that produces the R3/
I5 agonist peptide, specific for RXFP3, which is locally secreted by RSC
neurons. The AAV1/2-sCAG:R3/I5-IRES-eGFP vector has been
employed in previous studies that revealed an RXFP3-related, sustained
regulation of food intake, body weight and reduced peptide hormone
expression in the hypothalamus of adult rats [35] and increased levels of
anxiety-like behavior following chronic expression and secretion of R3/
15 in the ventral hippocampus of adult, male rats [36]. In addition, we
injected the selective RXFP3 agonist peptide, RXFP3-Analogue 2 (A2)
[37] into the RSC, just before acquisition or during retrieval and
extinction, to determine whether enhanced RXFP3 signalling partici-
pated in acquisition, retrieval or extinction mechanisms. Finally, we
mapped the location of RLN3-positive nerve fibers and RXFP3 mRNA-
positive neurons in the different layers of area 29 and area 30 of the
RSC, and the relative localisation of RXFP3 transcripts in GABAergic and
glutamatergic neurons by detecting the co-localisation of RXFP3 mRNA
with vesicular GABA transporter (VGAT) or vesicular glutamate
transporter-1 (vGLUT1) mRNA.

2. Experimental procedures
2.1. Animals

This study used a total of 38 male Wistar rats (Janvier, Le Genest-
Saint-Isle,France) weighing 300-510 g. Rats were housed in groups of
2-3 rats per cage for a 7 days period. After surgery, rats were single-
housed with food and water available ad libitum. Rats were individu-
ally housed and held in a temperature and humidity controlled colony
room on a regular 12 h light-dark cycle with lights on at 8 am. All ex-
periments were conducted during the light phase.

All experimental procedures were approved by the Animal Welfare
Ethics Committee of the Universitat Jaume I, Castellon (Spain) and
developed in accordance with the European Community Council
Directive (86/609/EEC; 2010/63/EU), Spanish directive BOE 34/
11370/2013, and local directive DOGV 26,/2010.

2.2. Surgery

Rats were anaesthetised with isoflurane (Isoflutek, 1000 mg/g,
Karizoo, Barcelona, Spain) (1.5-2 % in oxygen) and placed in a stereo-
taxic apparatus (David Kopf Instruments, Tujunga, CA, USA). The skin
covering the skull was separated, and holes were drilled in the skull
targeting the RSC at stereotaxic coordinates relative to bregma: AP —6.5
mm, ML + 0.8 mm, DV -2.2 mm. For recovery after surgery, all rats
were administered Meloxicam (Metacam® Boehringer-Ingelheim Vet-
medica GmbH, Rhein Germany) at a dosage of 0.5 mg in 0.1 ml for two
days.
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2.2.1. AAV injections

Using a 1 uL Hamilton syringe, we infused 0.75 pl (0.2 pl/min) of
AAV1/2-sCAG:R3/I5-IRES-eGFP particles (8 x 10*! ge/ml) (n = 7) or
AAV1/2-sCAG-IRES-eGFP particles (2 x 10! gc/ml) (n = 6) into the RSC
of rats at a rate of 0.5 uL/min and both particles were allowed to diffuse
for 10 min before the syringe was slowly removed. Subsequently, the
incision was sutured, and the rat was returned to its cage for recovery
(see Fig. 1).

2.2.2. Guide cannula placement

For indwelling guide cannula implantation (n = 24), a stainless-steel
guide cannula (21-gauge) was positioned and implanted in the RSC
using surgical screws and dental cement. Subsequently, rats were
housed in individual cages (see Fig. 2).

2.3. Peptide synthesis

The RXFP3 agonist peptide A2 was synthesized as described [37]. In
brief, the A- and B-chains are prepared by continuous flow Fmoc (N-(9
fluorenyl)methoxycarbonyl)-solid phase peptide synthesis [38,39].
Directed disulfide bond formation was achieved by the selection and use
of appropriate S-protection groups [40,41] which were subsequently
removed in a stepwise fashion to individually form each of the two di-
sulfide bonds. The two-chain peptide A2 was purified using RP-HPLC
and its identity and purity were confirmed by RP-HPLC and MALDI-
TOF MS.

2.4. Apparatus

The conditioning apparatus used consisted of two fear chambers (28
x 21 x 26 cm; Model 80015, Lafayette Instruments, Lafayette, IN, USA)
with a camera installed in the top to record behavior. The chambers
were equipped with a stainless-steel shock-delivery grid floor (0.9 cm
inter-bar separation) and two dim lights. The equipment was calibrated
to deliver discharges with an amplitude of 0.3 mA and a duration of 0.5 s
(Lafayette Instruments). The timing of shock administration was estab-
lished prior to the start of the behavioral sessions and was automatically
administered through a shocker fitted with an Arduino card (Uno R3,
Ivrea, Italy) using customized software (HackCS, Castellon, Spain). The
apparatus was cleaned with 30 % ethanol before and after each rat was
tested.

2.5. Contextual fear conditioning protocol

All rats had two handling sessions during the two days prior to the
behavioral experiment. The process was divided into sessions of 10 min
(2 acquisition and 4 extinction sessions) across three days. One extra
extinction session was added for the RXFP3 agonist experiment.

Day 1 — Acquisition. In the first session, 2 h after the start of the light
cycle, rats received an electric shock after 4 min in the conditioning box.
In the second session, at least four hours later, the shock was applied
after 6 min in the conditioning boxes.

Day 2 and 3 — Extinction. On day 2, the rats were returned to the
conditioning box for extinction sessions 1 and 2, and the sessions were
spaced 4 h apart. During these sessions, the rats were placed in the boxes
with the same context, but without shock for a total of 10 min. On day 3,
the same procedure as day 2 was repeated for extinction sessions 3 and
4. For the RXFP3 agonist experiment, on day 4 rats were returned to the
conditioning box for extinction session 5.

2.5.1. Effect of chronic RXFP3 agonist secretion in RSC on contextual fear
conditioning

Previous studies have shown that three weeks after the AAV injection
is sufficient to produce a behavioral effect, and we delayed studies for a
further week to ensure optimal AAV expression [35,36]. In our experi-
ments, rats performed the contextual fear conditioning behavioral
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protocol 1 month after injection of AAV1/2-sCAG:R3/I5-IRES-eGFP
(R3/15 group) or AAV-sCAG-IRES-eGFP (SHAM group) (see Fig. 1).

2.5.2. Effect of acute RXFP3 agonist administration into RSC on acquisition
and extinction of contextual fear conditioning

Three groups of rats performed the behavioral protocol 4 days after
guide cannula implantation. Group 1 received an A2 infusion 15 min
prior to each acquisition session and an infusion of aCSF prior to each
extinction session (A2-AC); group 2 received an aCSF infusion 15 min
prior to acquisition and an infusion of A2 15 min prior to each extinction
session (A2-EXT); and group 3 received an aCSF infusion 15 min prior to
all sessions (SHAM). A solution of 40 pmol/ul A2 was used and 0.5 pl of
A2 or aCSF was administered at a rate of 0.25 ul/min.

2.6. Multiplex RNAscope™ in situ hybridization

Multiplex in situ hybridization (ISH; RNAscope™) was performed as
described by Advanced Cell Diagnostics (ACD, Newark, CA, USA) (see
also [42,45]). Four naive rats were deeply anesthetized with sodium
pentobarbital (Dolethal, 200 mg/kg, i.p., Vetoquinol S.A., Madrid,
Spain), and decapitated. Brains were rapidly removed and rapidly frozen
over liquid nitrogen isopentane (Sigma-Aldrich, St Louis, MO, USA) and
stored at —80 °C until further processing. Brains were warmed to -20 °C
for 2 h and then mounted in a cryostat (Cryocut CM 1800, Leica
Microsystems, Wetzlar, Germany). Coronal sections (16 pm) were cut
and thaw-mounted on Superfrost-Plus Slides (Fisher Scientific, Hamp-
ton, NH, USA, Cat#12-550-15).

Slides were transferred to cold (4 °C) 4 % paraformaldehyde for 15
min then rinsed in 0.01 M PBS, and dehydrated in increasing ethanol
concentrations (50, 70 and 100 %). Once dehydrated the sections were
stored in 100 % ethanol overnight at —20 °C. Slides were then air-dried,
and a hydrophobic barrier was drawn around the sections (ImmEdge
hydrophobic PAP pen, Vector Laboratories, Burlingame, CA, USA; Cat
#310018). Sections were incubated with protease pre-treatment 4
(ACD, Cat #322340) for 16 min. After a PBS rinse, sections were incu-
bated for 2 h at 40 °C with three different probe combinations targeting
(i) RXFP3 (ACD, #316181), (ii) vGLUT1 (Slc17a6; ACD, #317011) and
(iii) vGAT (Slc32al; ACD, #424541) mRNA. Following incubation,
sections were rinsed with wash buffer (ACD, Cat#310091) and signals
were amplified with ACD amplifier reagents according to the manu-
facturer’s protocol. After 2 rinses in wash buffer, sections were stained
with DAPI (ACD, #320851) and coverslipped using Mowiol (Sigma-
Aldrich).

2.7. Image acquisition and analysis

Immunofluorescent multiplex ISH images were captured with a
confocal microscope (Leica DMi8, Leica Microsystems CMS GmbH,
Wetzlar, Germany). Analysis images were captured with 40 x lenses and
resolution of 512 x 512 dpi. Quadruple-labelling was captured with
lasers 405 (laser intensity: 3.0 %; gain: 775; offset: —2) 488 (laser in-
tensity: 6.0 %; gain: 750; offset: —2), 561 (laser intensity: 0.3 %; gain: 50;
offset: 0), 633 (laser intensity: 3.0 %; gain: 750; offset: —2) that were
constant for each analysis. Each image was formed by a stack of 10
images of 1.5 ym and the tilescan option for all RSC regions, and then a
mosaic merge and maximal projection process was applied using the
Leica Application Suite LAS X (Leica Microsystems). Individual images
for illustrative purposes were captured with 63 x objective and stacks of
1.5 ym through the entire cell.

Quantification of the relative neuronal co-localization of RXFP3,
vGLUT1, and vGAT mRNA (with DAPI) was conducted automatically
using QuPath 0.4.3 (https://qupath.github.io/). Images were sub-
divided for RSC areas (29a, 29b, 29¢, and 30) and cortical layers (I, II/
IIL, IV, V, and VI) using different ROIs and then counted automatically
using the ’Create single measurement classifier’ feature within the ob-
ject classification in QuPath. This tool is designed for the precise
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Fig. 1. Effect of chronic RXFP3 activation by R3/I5 on contextual fear memory. (A) Schematic of the surgical procedure illustrating the injection into the RSC of
AAV1/2-sCAG:R3/15-IRES-eGFP (R3/I5 group; left) or AAV-sCAG-IRES-eGFP (control SHAM group; right). (B) Illustration of eGFP fluorescence associated with the
bilateral expression of the R3/15 AAV (upper) and the control AAV (lower). Scale bar 200 pm. (C) Schematic timeline of the various procedures conducted during the
behavioral protocol. (D) Comparison of freezing levels observed in R3/I5 group rats (green; n = 7) and control SHAM group rats (red; n = 7).
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Fig. 2. Effect of acute RXFP3 activation by A2 on contextual fear memory. (A) Schematic of the surgical procedure illustrating the coordinates of the guide cannula
placement in the RSC. (B) Illustration of a histological coronal brain section indicating the position of the bilateral indwelling cannulae (circled). Scale bar 1 mm. (C)
Schematic timeline of the various procedures conducted during the behavioral protocol. (D) Comparison of freezing levels observed in rats receiving a bilateral A2
injection 15 min prior to the acquisition sessions (A2-AC; blue; n = 8); or 15 min prior to the extinction sessions (A2-EXT; purple; n = 8) and in rats receiving aCSF 15
prior to all sessions (SHAM; orange; n = 8).
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classification and quantification of elements in images. It works by
identifying and classifying each object based on a set of predefined
measurements, such as marker intensity, shape, or size. In our study, this
feature was utilized to efficiently differentiate and count neurons
exhibiting RXFP3, vGLUT1, and vGAT mRNA. Adjustments to the clas-
sifier’s parameters were made to recognize the unique characteristics of
these neurons. Importantly, the parameters were kept consistent across
all animals and ROIs to ensure uniformity in data analysis. This
approach enabled a more accurate and detailed quantification of
neuronal co-localization in the regions of interest.

2.8. Data analyses

Measures obtained were plotted as percentages in a database of the
statistical program GraphPad Prism 9 (GraphPad Software Inc., LaJolla,
CA, USA). Normality Shapiro-Wilk and Kolmogorov-Smirnov tests were
applied to assess the normal distribution of data in each sample.

Two-way ANOVAs were performed, followed by Bonferroni and
Tukey post-hoc analyses. The a value was set at 0.05 for all analyses.

3. Results

3.1. Impact of chronic and acute RXFP3 activation in RSC on contextual
fear conditioning

In experiments to determine the effect of RLN3/RXFP3 signalling in
the RSC on contextual fear, we initially injected AAV bilaterally into the
RSC, which produced and secreted locally the RXFP3 agonist peptide,
R3/I5 [35,36], to assess the effect of chronic local RXFP3 activation on
the conditioning process. In subsequent studies to dissect the nature of
the overall effects observed, we injected the selective RXFP3 agonist
peptide, A2 [37], into the RSC just prior to each acquisition, or
(retrieval)/extinction session to assess the effect of acute RXFP3 acti-
vation on these specific processes.

3.1.1. Effect of chronic RXFP3 activation by R3/I5 on contextual fear
memory

A two-way repeated measures ANOVA between and within groups
(SHAM, n = 7; R3/15, n = 7) was conducted with one grouping variable
(treatment) and one repeated measure (conditioning sessions). The main
effects of the conditioning session was significant [F (2.878, 31.66) =
18.81, p < 0.001], as was the main treatment effects [F (1, 11) = 14.08,
p = 0.0032].

Post-hoc analysis with Siddk’s multiple comparisons test indicated
that during the last three extinction sessions (T2, T3 and T4) SHAM rats
displayed significantly less freezing than R3/I5 treated rats (T2, p =
0.0393; T3, p = 0.0410; T4, p = 0.0152). Although the SHAM group
displayed less freezing during PostS2 than the R3/I5 group, this differ-
ence was not significant, and no other comparisons between treatments
were significant.

Acquisition of conditioned responses was examined by measuring
freezing in sessions PreS1, PreS2, PostS2 and T1.

Both groups of rats displayed equivalent levels of freezing during the
pre-shock time of the first acquisition session (PreS1) and the second
acquisition session (PreS2) (R3/15, p = 0.3410; SHAM, p = 0.2256).
Furthermore, before the shock in the second conditioning session
(PreS2), both groups froze less than during the first extinction session
(T1; p = 0.0170, for both groups), indicating the acquisition of fear
conditioning. No differences were detected in the level of freezing be-
tween PostS2 and T1 in either group (Fig. 1).

Extinction was assessed by testing for differences in the level of
freezing by the rats in both groups between the T1 and T4 sessions. Rats
in the R3/I5 group did not display significant differences in freezing
between these two sessions (p = 0.7984), while rats in the control SHAM
group displayed a significant reduction in freezing between the first and
last extinction session (p = 0.0467; Fig. 1). These data indicate an
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impairment in the extinction of context-conditioned fear in the R3/I5
treated rats, due to the continuous bilateral activation of RXFP3 in the
RSC.

3.1.2. Pre-acquisition RXFP3 activation inhibited extinction of contextual
fear memory

In order to assess whether the effect observed with the chronic
activation of RXFP3 in the RSC was associated with the acquisition and/
or extinction process, we employed an acute pharmacological approach
in three groups of rats that received bilateral injections into the RSC of
either: the RXFP3 agonist, A2, before each acquisition session and aCSF
before each extinction session (A2-AC, n = 8); or A2 before each
extinction session and aCSF before each acquisition session (A2-EXT, n
= 8); or aCSF before each acquisition and extinction session (SHAM, n =
8).

A two-way repeated measures ANOVA between and within groups
was conducted with one grouping variable (treatment) and one repeated
measure (conditioning sessions). The main effects of the conditioning
session were significant [F (4.107, 86.25) = 42.38, p < 0.001], as was
the main subject effects [F (21,147) = 6.297, p < 0.001].

Post-hoc analysis with Tukey’s multiple comparisons test indicated
that rats that received RXFP3 agonist prior to the acquisition sessions
(A2-AC) displayed significantly more freezing in extinction sessions 2
and 3 than rats that received aCSF prior to acquisition and RXFP3
agonist prior to the extinction sessions (A2-EXT) (T2, p = 0.0393; T3, p
= 0.0410). Rats in the A2-AC group also displayed significantly more
freezing in extinction sessions 3 and 4 than rats in the SHAM group (T3,
p = 0.0393; T4, p = 0.0410), but no other comparisons between treat-
ments were significant.

Acquisition of conditioned responses was examined by measuring
freezing in sessions PreS1, PreS2, Post2 and T1. All groups displayed
equivalent levels of freezing during the pre-shock time of the first
acquisition session (PreS1) and the second acquisition session (PreS2)
(A2-AC, p = 0.0667; A2-EXT, p = 0.1184; SHAM, p = 0.0797). Both
groups of rats froze less before the shock in the second conditioning
session (PreS2) than during the first extinction session (T1) (A2-AC, p =
0.3904; A2-EXT, p = 0.3207; SHAM, p = 0.7986), which indicated the
acquisition of fear conditioning. No differences were detected in the
level of freezing between PostS2 and T1 in either group (Fig. 2).

Extinction was assessed by testing for differences in the level of
freezing by the rats in both groups between the T1 and T4 sessions. Rats
in the A2-AC group did not display significant differences between these
two sessions (p = 0.1956), while rats in the A2-EXT and SHAM groups
displayed significant differences between the first and last extinction
session (A2-EXT, p = 0.0350; SHAM, p = 0.05; Fig. 2). These data
indicate an impairment in the extinction of context-conditioned fear in
the A2-AC group of rats due to the acute bilateral activation of RXFP3 in
the RSC.

3.2. Expression of RXFP3 mRNA in GABAergic and glutamatergic
neurons of RSC

For the delineation of the divisions and subdivisions of the RSC we
used established cytoarchitectonic criteria [44]. In brief, we divided the
RSC into an agranular A30 and granular A29 area according to the
granular layer V in A29 and the neuronal density in layers II/111, also in
A29. We also subdivided the A29 area into three subareas A29a, A29b
and A29c. A29a is the ventral area where delineation of layers is difficult
as there appears to be a uniform layer. A29b is vertical in coronal sec-
tions and layers II/III contain a thin layer I and a wider layer III. A29¢
appears more dorsally and is characterized by an arrangement of layer
III neurons in rows parallel to the pial surface. RLN3 immunoreactivity
was present in a high density of fibers throughout the extent of the RSC
(Fig. 3). Fibers innervating the RSC arrive via the subicular area and
enter A29c of the RSC. Although RLN3 positive nerve fibers were
observed in all layers, layer V contained the highest density, particularly
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Fig. 3. Confocal image of immunofluorescent RLN3 immunoreactivity in a coronal section through the unilateral RSC. RLN3-positive fibers were particularly
concentrated in layer V, but dispersed fibers were observed in all layers. Calibration bar 200 um.

in A29b (Fig. 3).

A multiplex in situ hybridization (RNAscope™) study was performed
to estimate the relative proportion of glutamatergic and GABAergic RSC
neurons that express RXFP3 mRNA. A separate analysis was conducted
for the A30 and A29 areas and for the A29a, A29b and A29c fields. DAPI
fluorescence was used to discriminate between RSC layers I-VI. We
analyzed data from the RSC of four naive rat brains, but as there was
considerable variability in the absolute numbers of neurons labeled in
different brains, a formal statistical analysis was not undertaken. How-
ever, the relative proportions of single-, double-, and triple-labeling
were similar between cases. Thus, we analyzed the relative pro-
portions of vesicular GABA transporter (vGAT), vesicular glutamate
transporter-1 (vGLUT1) and RXFP3 mRNA co-labeling observed in A30
and A29a-c in a single RSC (Figs. 4-7).

DAPI labeling allowed the discrimination of single-, double- or triple-
labeling in different cortical layers of the A30 area (Fig. 4A). In general,
RXFP3 mRNA was more frequently expressed in neurons containing

VvGAT mRNA than in those containing vGLUT1 mRNA in layers I to V
(Fig. 4B-E). However, notably, in layer VI, the situation was reversed
(Fig. 4F). Nonetheless, the absolute number of vGLUT1 mRNA labeled
cells in layer VI, was much lower than in the upper layers. Notably, the
most RXFP3 mRNA-labeled neurons occurred in upper layer I (Fig. 4B)
and layers II/1II (Fig. 4C).

Analysis of the co-expression of RXFP3 mRNA with vGLUT1 or vGAT
mRNA in subregion A29c, revealed a strong association of RXFP3 and
VGAT mRNA. vGAT mRNA was relatively abundant, while vGLUT1
mRNA was only apparent at higher magnification in layers II/III
(Fig. 5A). In layer I, there was a lower density of neurons and there was
higher number of RXFP3/vGAT mRNA double-labeled neurons than
RXFP3/vGLUT1 mRNA labeled cells (Fig. 5B). Layers II/III were char-
acterized by densely packed vGLUT1 mRNA-positive neurons. However,
the proportion of vGAT/RXFP3 mRNA co-expression was higher than
that of vGLUT1/RXFP3 mRNA co-expression (Fig. 5C). Layer IV was
narrower than the other layers and displayed a low cell density. In this
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Fig. 4. Comparative distribution of RXFP3 mRNA-positive neurons within different layers of A30 revealed by specific probes for RXFP3 (green), vGLUT1 (white) and
VGAT (red) mRNA and counterstained with DAPIL. (A). Overview of the layers and their boundaries along a vertical strip of A30. Calibration bar 20 um. (B-F) Single
and double labeling for cells in different layers of A30. Calibration bar 5 um. (G-K) Pie charts illustrating the proportion of vGAT neurons (red) vGLUT1 neurons
(grey) that express RXFP3 (green) mRNA. (L-P) Venn diagrams illustrating the number of single-, double- or triple-labeled neurons for each probe.
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Fig. 5. Comparative distribution of RXFP3 mRNA-positive neurons within different layers of A29c¢ revealed by specific probes for RXFP3 (green), vGLUT1 (white)
and vGAT (red) mRNA and counterstained with DAPI. (A). Overview of the layers and their boundaries along a vertical strip of A29c¢. Calibration bar 20 um. (B-F)
Single and double labeling for cells in different layers of A29c. Calibration bar 5 um. (G-K) Pie charts illustrating the proportion of VGAT neurons (red) vGLUT1
neurons (grey) that express RXFP3 (green) mRNA. (L-P) Venn diagrams illustrating the number of single-, double- or triple-labeled neurons for each probe.

layer, the number of vGLUT1 mRNA positive neurons was very low but
many of these expressed RXFP3 mRNA (Fig. 5D). In contrast, the abso-
lute number of vGAT neurons was higher in layer IV and the proportion
of RXFP3/vGAT mRNA co-expressing cells was increased over that in the
upper layers. In layer V, the absolute number and proportion of vGAT
mRNA positive neurons and vGAT/RXFP3 mRNA labeled cells was
higher than the absolute number and proportion of vGLUT1/RXFP3
mRNA cells (Fig. 5E). Finally, the polymorphic layer VI also contained a
higher proportion of vGAT/RXFP3 mRNA neurons than vGLUT1/RXFP3

mRNA neurons (Fig. 5F).

In the A29b field, there was a generally stronger association of
RXFP3 mRNA with vGAT mRNA than with vGLUT1 mRNA (Fig. 6). Area
29b displayed a dense layer II/IIl composed mainly of vGLUT1 mRNA
positive neurons (Fig. 6A). In layer I, there was a considerable number of
RXFP3 mRNA positive cells, but very few displayed either vGLUT1 or
vGAT mRNA (Fig. 6B). In contrast, layers II/III contained a high density
of vGLUT1 mRNA positive neurons, but the percentage of vVGAT/RXFP3
mRNA double-labeled neurons was higher than the percentage of
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Fig. 6. Comparative distribution of RXFP3 mRNA-positive neurons within different layers of A29b revealed by specific probes for RXFP3 (green), vGLUT1 (white)
and vGAT (red) mRNA and counterstained with DAPL (A). Overview of the layers and their boundaries along a vertical strip of A29b. Calibration bar 20 um. (B-F)
Single and double labeling for cells in different layers of A29b. Calibration bar 5 um. (G-K) Pie charts illustrating the proportion of vGAT neurons (red) vGLUT1
neurons (grey) that express RXFP3 (green) mRNA. (L-P) Venn diagrams illustrating the number of single-, double- or triple-labeled neurons for each probe.
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neurons (grey) that express RXFP3 (green) mRNA. (L-P) Venn diagrams illustrating the number of single-, double- or triple-labeled neurons for each probe.
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vGLUT1/RXFP3 mRNA labeled cells (Fig. 6C). Layer IV contained a
similar number of vGLUT1 mRNA and vGAT mRNA neurons and the
proportion of vVGAT/RXFP3 mRNA double-labeling was higher than the
proportion of vGLUT1/RXFP3 double-labeling (Fig. 6D). A similar sit-
uation was observed in layer V (Fig. 6E) and layer VI (Fig. 6F). In
addition, nearly 30 % of vGAT mRNA neurons in layer VI were RXFP3
mRNA positive.

In area 29a, the relative proportions of vVGAT/RXFP3 mRNA and
vGLUT1/RXFP3 mRNA co-expression was more different than in other
RSC subfields (Fig. 7). In this area it was difficult to differentiate be-
tween the cortical layers apart from layer I (Fig. 7A). In layer I, most
labeled cells displayed RXFP3 mRNA signal and the proportion of vGAT/
RXFP3 mRNA double-labeling was greater than that for vGLUT1/RXFP3
mRNA (Fig. 7B) This difference increased in the deeper, inner layers of
the RSC. In layers I1/111, although the number of vGLUT1 mRNA neurons
was three times the number of vGAT mRNA neurons, the percentage of
vGLUT1/RXFP3 mRNA cells was only 5 % of the total vGLUT1 mRNA
cells, while the proportion of vGAT/RXFP3 mRNA double-labeled neu-
rons was 13 % of the total vGAT mRNA cells (Fig. 7C). Neurons in layer
IV were loosely packed and the number of vVGAT mRNA cells was higher
than the number of vGLUT1 mRNA cells. Again, the percentage of
VGAT/RXFP3 mRNA co-expression was 24 % of the total vGAT mRNA
cells, and 11 % of the total vGLUT1 mRNA cells co-expressed vGLUT1/
RXFP3 mRNA (Fig. 7D). An identical proportion of labeling was
observed in the wider layer V, where vGAT/RXFP3 mRNA was detected
in 24 % of vGAT mRNA cells, with vGLUT1/RXFP3 mRNA co-expression
detected in 10 % of the total vGLUT1 mRNA cells (Fig. 7E). The largest
difference was observed in layer VI where the percentage of vGAT/
RXFP3 and vGLUT1/RXFP3 mRNA positive cells accounted for 36 % and
13 % of the respective total number of vGAT and vGLUT1 mRNA posi-
tive neurons (Fig. 7F).

A quantitative analysis of the different layers and areas of the RSC
revealed that, despite a higher abundance of glutamatergic neurons
(22.1 %) than GABAergic neurons (16.4 %) throughout the RSC, the
proportion of RXFP3-positive VGAT neurons (3.2 %) was greater than
that of RXFP3-positive glutamatergic neurons (2 %).

Examination of the RSC granular layer (A29a, A29b, A29c) and
agranular layer (A30) revealed similar average percentages of RXFP3
mRNA-positive neurons present in each (9.6 % and 10.2 %, respec-
tively), with a vGAT mRNA-positive population of 16.4 % and 16.6 %,
respectively, and a different percentage of vGLUT1 mRNA-positive
neurons (27.1 % and 8.9 %, respectively). Furthermore, we observed
similar percentages of RXFP3 mRNA and vGAT mRNA positive neurons
across the four areas (A29a 9.6 % and 15.4 %; A29b 9.3 % and 17.8 %;
A29¢ 9.7 % and 16 %; A30 10.2 % and 16.6 %), while the percentages of
vGLUT1 mRNA positive neurons displayed greater variability (A29a
26.3 %; A29b 35.3 %; A29c 20.4 %; A30 8.9 %). The neuronal density of
RXFP3/vGLUT1 mRNA-positive neurons was lower in all areas of the
granular layer (A29a 7.9 %; A29b 8.3 %; A29c 8.9 %) than in the
agranular layer (A30 16.1 %). By comparison, the co-expression of
RXFP3/vGAT mRNA was higher in A29a (21.3 %) and A30 (23.2 %)
than in A29b (15.3 %) and A29c (17.9 %).

4. Discussion

This pharmacological study suggests a modulatory effect of RLN3 on
context-conditioned fear processes via activation of RXFP3 receptors on
inhibitory GABAergic interneurons, this effect being observed both
chronically after administration of the R3/I5 viral particle and acutely
after injection of the RXFP3 agonist, A2, into the RSC.

Activation of RXFP3 in the RSC may be involved in the initial for-
mation of fear associations with context, as administration of A2 prior to
acquisition but not prior to extinction was observed to impair the
extinction process of fear memories. It can also be inferred that activa-
tion of RXFP3 in the RSC interferes with the arousal-inhibition balance,
leading to a delay in the extinction process of contextual fear
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conditioning.

Regarding the expression of RXFP3, vGLUT1 and vGAT mRNA in the
RSC, we found consistent levels of RXFP3 mRNA and vGAT mRNA-
positive neurons in all four areas of the RSC, with varying percentages
of vGLUT1 mRNA-positive neurons. The neuronal density of RXFP3/
vGLUT1 mRNA-positive neurons was lower in the granular layer
compared with the agranular layer. In addition, RXFP3/vGAT mRNA
coexpression was higher in A29a and A30 than in A29b and A29c.
Notably, a higher proportion of GABA + RXFP3 neurons compared to
vGLUT1 + RXFP3 neurons was observed in all layers and areas of the
RSC.

The occurrence of RXFP3 in GABAergic neurons has been shown in
the septum where RXFP3 is associated with parvalbumin neurons [45],
the hippocampus, where it is associated with somatostatin expressing
neurons [36] and in the amygdala where some RXFP3 and vGAT neu-
rons also express somatostatin [42]. It has also been documented that
RLN3 fibers are associated with calcium binding protein expressing
neurons in the amygdala and septum [46,47]. We have also observed
RXFP3 expression in vGLUT1 RSC neurons but the exact role and rele-
vance to behavior have not been studied.

The role of the RSC in context conditioning processing is to involve
the convergent inputs of sensory internal and external stimuli and
bidirectional projections with the hippocampal formation [6,10,48].
Our data indicate that acquisition and extinction of context conditioning
are related, not independent, processes. Relative to cued fear condi-
tioning, the acquisition and within session extinction processes are
dependent on the lateral amygdala, but the recall of the extinction
process the next day involves the infralimbic cortex [49,50]. In contrast,
it has been reported that lesion of the RSC before acquisition only has
small effects on the codification and retrieval of contextual fear condi-
tioning, while a major impairment occurs when the RSC lesion is made
after acquisition [9,51]. It can be argued that the lack of effect of the
pretraining RSC lesion is due to the use of alternative pathways to
configure the acquisition process, while after the post-training RSC
lesion, the natural pathway of memory retrieval is damaged. Our results
indicate that acquisition of contextual fear conditioning is being ach-
ieved under different conditions than for cued fear conditioning.
Following an inhibitory pharmacological action on RXFP3 expressing
neurons in the RSC, we did not observe changes in the acquisition or
retrieval of contextual conditioning, but instead, a slowing of extinction
mediated by RXFP3 activation in the RSC. Thus, in the presence of an
RXFP3 agonist, the ‘plastic’ neural changes occurring in the RSC make
the subsequent re-exposure to the context without US more refractory to
extinction.

On the basis of previous studies of RXFP3-related cell signalling and
neuronal responses in cell-based systems, brain slices and in vivo, the
presence of exogenous RXFP3 agonist within the neuropil of the RSC
during the acquisition/extinction process may activate three signalling
processes within specific RXFP3-positive neurons in the RSC, namely: (i)
a rapid mechanism of increased inhibition via ion channel-associated
currents (M—current) [52], (ii) sustained inhibition of a AC/cAMP
cascade [29], and (iii) activation of the ERK1/2 cascade [31,32].
Moreover, to decipher the precise role of these possible cellular mech-
anisms in relation to the observed behavioral outcomes, it is important
to consider that RXFP3 mRNA expression was more prominent in vGAT
mRNA positive neurons than in vGLUT1 mRNA positive neurons in the
RSC. Thus, RXFP3 activation would likely have a greater effect on
inhibitory, GABAergic than excitatory, glutamatergic neurons.
Furthermore, previous studies in rats and mice suggest that the popu-
lation of GABAergic neurons involved might be somatostatin-expressing
neurons [27,36].

Regarding the possible rapid inhibition of RXFP3-expressing neurons
in the RSC, RXFP3 activation in the paraventricular hypothalamic nu-
cleus produced an inhibitory effect on hypothalamic oxytocin (and
arginine vasopressin) neurons by activating an M—like K* current [53].
This current was a voltage-dependent, slowly activating and non-



M. Navarro-Sanchez et al.

inactivating K™ conductance which contributes to the resting potential
membrane and is involved in the regulation of excitability [54]. The
outward current produced by RXFP3 activation was dependent on a
Ca* conductance, as it was attenuated by Cd**, a potent Ca®* channel
blocker [52]. Thus, as a higher level of RXFP3 mRNA expression was
observed in inhibitory GABAergic neurons in the RSC, RXFP3-mediated
inhibition of these neurons may result in increased glutamatergic
neuron output responses within the region.

Regarding the effect of acute or chronic RXFP3 activation on cAMP
signalling pathways, in Chinese hamster ovary (CHO) cells expressing
RXFP3, RLN3 blocked the increase in cAMP obtained by application of
forskolin [29]. Notably, the AC/cAMP pathway has been established as a
key pathway for memory acquisition and consolidation in a fear con-
ditioning paradigm via the consecutive activation of protein kinase A
(PKA) and the cAMP-responsive element binding protein (CREB), which
activates key memory-associated genes [55,56]. CREB phosphorylation,
produced by PKA activation, is one of the long-term mechanisms asso-
ciated with different forms of conditioned learning and extinction in the
amygdala and the hippocampus, depending on the nature of the cued or
contextual conditioning, respectively [57]. Moreover, persistence of
extinction memory to a cue is also dependent on cAMP regulated
pathways in the infralimbic cortex [58]. Specifically, extinction of
contextual fear required down-regulation of the cAMP-PKA-CREB
pathway in the RSC [59]. Considering this, the inhibition of the
pathway through phosphodiesterase activation may not inhibit extinc-
tion unless this mechanism be restricted to inhibitory neurons such as
VvGAT neurons expressing RXFP3.

A further intracellular signalling mechanism that can be triggered by
RXFP3 activation is the ERK1/2 cascade pathway. This activation was
first described in CHO and HEK cells [31] and later altered levels of
pPERK were observed in the septum [32] and amygdala [42] following
the intracerebroventricular (icv) injection of an RXFP3 agonist,
although these latter effects may have been indirect. Notably, a role for
ERK activation in the plasticity mechanisms induced by extinction of
trace conditioning has been described in the RSC [13]. Additionally,
under certain conditions in the hippocampus, resistance to context
conditioning extinction has been shown to be dependent on ERK-
mediated coactivation of NR2A and NR2B subunits of NMDA receptors
[60]. Additional studies would be necessary to obtain data on the spe-
cific role of inhibitory interneurons of the RSC in processing acquisition
or extinction and quantification of the variations of key downstream
signalling along this process is necessary to assess the mechanisms
mechanism triggered by RXFP3 activation.

Previous studies have reported a role of the RLN3/RXFP3 signalling
system in different aspects of the learning and memory processes [61].
These works have been focused on the septo-hippocampal system for
spatial memory tasks and on the amygdala-prefrontal cortex for
emotional related processes. In the present work, we claim for a special
participation of the RLN3-RXFP3 system in the contextual fear extinc-
tion through the RSC. It is worth noting that, in spite the main effect that
emerges during the extinction process, the step that is mainly affected is
acquisition. This may be one of the most important differences with the
cued acquisition/extinction processes. In cued conditioning the memory
is acquired in the amygdala whereas the extinction memory is stored
and retrieved in the infralimbic prefrontal cortex [49]. Also, the
extinction memory is contextual dependent as appears in the reinstate-
ment process [62]. Thus, a transfer should occur between the RSC and
the prefrontal cortex. In fact, such kind of transfer has been described for
the contextual engrams [63].

In transgenic mice expressing cre under the promotor of RLN3, it has
been shown that long telencephalic RLN3 projections to the RSC comes
from the NI in the pontine tegmentum [22]. Unpublished data from our
lab on both retrograde and anterograde tracers also confirm that the
main source of RLN3 afferents to the RSC arises from the NI. We have
also observed that projections from the NI to the medial septum and
different areas of the temporal lobe including entorhinal cortices and
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hippocampus comes from different subsets of neurons displaying a low
level of collateralization. Thus, it is expected that projections to the RSC
also comes from an independent set of NI neurons. The action of the NI
and its associated RLN3/RXFP3 signalling system could be also related
to the contribution of the hippocampus to the contextual fear condi-
tioning. The activity of NI innervation on somatostatin neurons in the
CA1 field disrupts the acquisition of contextual fear conditioning [27]
and CA1l is one of the main afferents to the A29 RSC. Thus, both pro-
cesses, the acquisition on CA1l field and the extinction on RSC may be to
linked processes both directed from the NI.

In conclusion, we have demonstrated that activation of RXFP3 in the
RSC delays contextual fear extinction, but the main impact of this ac-
tivity occurs during acquisition by inhibiting inhibitory interneurons.
Long term actions of the RLN3/RXFP3 system on the RSC in contextual
fear conditioning has not been analysed yet, but persistence of fear to
unpredictable cues like the context could be considered a feature of a
post-traumatic stress disorder (PTSD) syndrome and there is abundant
literature on the role of RLN3 in anxiety processes [36,64].
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