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ABSTRACT

Background. Chronic alcohol intake produces multiple neuroadaptive changes, including up- and
down-regulation of neuropeptides and receptors. There are widespread projections of relaxin-3
containing neurons to, and abundant relaxin family peptide 3 receptor (RXFP3) expression within,
brain regions involved in modulating alcohol intake. Recently we demonstrated the involvement of
relaxin-3/RXFP3 signalling in alcohol-seeking in rats, therefore in this study we examined whether
relaxin-3 and/or RXFP3 expression were altered by chronic alcohol intake in alcohol-preferring iP
rats.  Methods. Expression of relaxin-3 mRNA in the hindbrain nucleus incertus and RXFP3
radioligand binding levels in discrete forebrain regions were investigated following voluntary intake
of alcohol or sucrose for 12 weeks, with a 2 day washout, using quantitative in situ hybridisation
histochemistry and in vitro receptor autoradiography, respectively, in cohorts of adult, male iP rats.

Results. Levels of relaxin-3 mRNA in the hindbrain nucleus incertus were positively correlated with
the level of intake of both alcohol (r(12) = 0.59, p = 0.03) and sucrose (r(7) = 0.70, p = 0.04) in iP rats.

125

Dense binding of the RXFP3-selective radioligand, [**"]-R3/I5, was detected in hypothalamic and
extrahypothalamic sites, but no significant changes in the density of RXFP3 were observed in the
brain regions quantified following chronic sucrose or ethanol intake. Conclusions. Our findings
suggest high endogenous relaxin-3 expression may be associated with higher intake of rewarding

substances, rather than its expression being regulated in response to their intake; consistent with an

active role for the relaxin-3/RXFP3 system in modulating ingestive and alcohol-related behaviours.
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1. INTRODUCTION

Chronic exposure to alcohol and other drugs of abuse evokes many neuroadaptive changes
in the brain, including up- and down-regulation of neuropeptides and their receptors, particularly
those which modulate stress-related functions, including corticotropin-releasing factor (CRF), the
urocortins (1-3) and their cognate receptors (CRF; and CRF,; Ubaldi et al., 2013). For example,
chronic exposure to alcohol is associated with upregulation of CRF mRNA in the paraventricular
nucleus of the hypothalamus and central amygdala (Rivier et al.,, 1990; Sommer et al., 2008),
upregulation of CRF; mRNA expression within the central amygdala and down-regulation of CRF,
MRNA expression in the basolateral amygdala (Heilig and Koob, 2007; Sommer et al., 2008), as well
as upregulation of CRF, binding sites in the dorsal raphé nucleus and lateral septum (Weitemier and
Ryabinin, 2005). Chronic alcohol consumption is also associated with up-regulation of the mRNA
encoding orexins, in the lateral hypothalamus (Lawrence et al., 2006). By contrast, the daily amount
of alcohol consumed correlates with baseline expression levels of certain neuropeptides and their
receptors. For example, daily alcohol consumption positively correlates with CRF; CRF, and
vasopressin mRNA expression levels in the hypothalamus and urocortin-1 expression in the midbrain
Edinger-Westphal nucleus; and shows a trend to a positive correlation with orexin receptor 1,
melanocortin-concentrating hormone (MCH) and a,; adrenoceptor mRNA expression in the
hypothalamus, but no up- or down-regulation of these neuropeptides/receptors in these regions
(Bachtell et al., 2003; Pickering et al., 2007; Ryabinin and Weitemier, 2006). Understanding the role
of neuropeptides/receptors and neuroadaptive changes that occur during chronic alcohol intake can
assist the development of new more targeted therapeutic agents for alcohol-related clinical
conditions (e.g., clinical trials are currently proceeding for CRF; receptor antagonists in alcohol and
drug dependence; Zorrilla et al., 2013); and, therefore, it is important to examine the involvement of

other relevant neuropeptide/receptor systems in these responses.
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In this regard, recent studies have demonstrated that central antagonism of the relaxin
family peptide 3 receptor (RXFP3), the cognate receptor for the highly conserved neuropeptide
relaxin-3, decreases alcohol self-administration, as well as cue- and stress-induced reinstatement in
alcohol-preferring (iP) rats (Ryan et al.,, 2013). In the rat and other species, relaxin-3 is highly
expressed in GABAergic projection neurons in the hindbrain nucleus incertus, and in smaller, more
diffuse populations of neurons in the pontine raphé nucleus, the anterior and medial periaqueductal
grey, and a region dorsal to the substantia nigra (Burazin et al., 2002; Ma et al., 2007, 2009; Smith et
al., 2010). Notably, relaxin-3 expressing neurons are strongly regulated by neurogenic stressors
(Banerjee et al., 2010; Lenglos et al., 2013; Ryan et al., 2011), arousal-related stimuli (Smith et al.,
2012) and associated transmitters, including CRF (Blasiak et al., 2013; Ma et al., 2013) and orexin

(Blasiak et al., 2010).

Furthermore, relaxin-3 neurons project widely throughout the rat forebrain (Ma et al., 2007;
Tanaka et al., 2005), with relaxin-3 immunoreactive axons/terminals in several regions known to
mediate and/or modulate the central effects of alcohol and other drugs of abuse in this species,
including the amygdala, bed nucleus of the stria terminalis, thalamic and hypothalamic
paraventricular nuclei and lateral hypothalamus (Koob, 2008; Lawrence, 2010; Martin-Fardon and
Boutrel, 2012; Nestler, 2005; Smith et al., 2011), which largely coincides with the distribution of
RXFP3 expressing neurons (Ma et al., 2007; Sutton et al., 2004). Together these data suggest that
examining the response of the relaxin-3/RXFP3 system to chronic alcohol exposure will increase our
understanding of the complex neurochemical changes that occur in stress and arousal networks in

substance abuse disorders.

In the present study, expression of relaxin-3 mRNA in the hindbrain and the density of RXFP3
binding in selected forebrain areas were investigated using quantitative in situ hybridisation
histochemistry (Banerjee et al., 2010) and in vitro radioligand autoradiography (Ma et al., 2007),

respectively, in alcohol-preferring iP rats, using the two-bottle choice paradigm, an established

Page 4 of 32



method for studying voluntary chronic alcohol use (Lodge and Lawrence, 2001; Sanchis-Segura and

Spanagel, 2006).

2. METHODS

2.1 Animals and ethics

Male, alcohol-preferring (iP) rats were obtained from the breeding colony at The Florey
Institute of Neuroscience and Mental Health (University of Melbourne, Victoria, Australia). Parental
stock was originally obtained from Professor T.K. Li (currently at Duke University School of Medicine,

Durham, NC). All experimental procedures were approved by The Florey Animal Ethics Committee.

2.2 Two bottle choice paradigm for alcohol and sucrose

Male iP rats were divided into three age-matched groups (~3 months of age at
commencement) and were single-housed under ambient conditions (21°C) and maintained on a 12h
light:dark cycle (lights on 0700-1900) with access to food (laboratory chow) and water ad libitum.

Rats in each group were spread randomly throughout the holding room.

One group of iP rats (n = 14) was allowed to consume ethanol in a two bottle free-choice
paradigm for 12 weeks. For the first 5 weeks, rats were given a choice of ethanol (5% v/v) or water,
after which they had a choice of ethanol (10% v/v) or water. The position of the drink containers was
randomly altered to prevent any side preference. Volumes of fluid consumed and preference for
ethanol were calculated daily. Two days prior to decapitation, rats were denied further access to

ethanol. The average consumption of ethanol was calculated for the last two weeks of consumption.

A second group of iP rats (n = 9) was allowed to consume sucrose (a ‘natural’ reward) in a
two bottle free-choice paradigm for 12 weeks. Rats were initially given a choice of sucrose (7.625%
w/v; isocaloric to 5% ethanol) or water. The sucrose concentration was then adjusted to ensure a

similar caloric intake to ethanol-drinking rats. The position of drink containers was randomly altered
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to prevent any side preference. Volumes of fluid consumed and preference for sucrose were
calculated daily. Two days prior to decapitation, all rats were denied further access to sucrose. The

average consumption of sucrose was calculated for the last two weeks of consumption.

A control group of age-matched iP rats (n = 9) was also housed in the same room as the other
groups for 12 weeks, with access to rodent chow and tap water. At the end of this period, all rats
were injected with ~0.7 mL ‘Lethabarb’ (325 mg/mL sodium pentobarbitone; Virbac (Australia) Pty
Ltd, Milperra, NSW, Australia) and decapitated. Brains were rapidly removed, cooled in ice and

blocked in the coronal plane. Tissues were then frozen over liquid nitrogen and stored at -80°C.

2.3 Tissue processing

Rat brains were coronally sectioned (14 um) at -18°C using a cryostat (Reichert-Jung Cryocut
1800, Leica Microsystems (Schweia) AG, Heerbrugg, Switzerland). For in situ hybridisation
experiments, brains were sectioned through the nucleus incertus and pontine raphé nucleus (50
sections per brain; bregma -9.84 mm to bregma -9.12 mm; (Paxinos and Watson, 2007). Sections
were thaw-mounted onto slides pre-coated with poly-L-lysine solution (0.1 mg/mL in
diethylpyrocarbonate (DEPC) treated deionised water). During sectioning, coordinates were
identified by microscopic examination of tissue sections counter-stained with 0.01% thionin and

reference to a stereotaxic atlas (Paxinos and Watson, 2007). Slides were stored at -80°C until use.

For in vitro autoradiography experiments, rat brain sections were collected in four series on
slides pre-coated with 0.5% gelatin (Sigma-Aldrich, St Louis, MO, USA) in milli-Q water: series 1 (48
sections per brain; through bregma 3.20 mm to 2.20 mm); series 2 (48 sections per brain; through
bregma -0.26 mm to -0.80 mm); series 3 (48 sections per brain; though bregma -0.92 mm to -1.40
mm); and series 4 (48 sections per brain; through bregma -1.80 mm to -2.56 mm). Two sections per

rat brain were mounted per slide.
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2.4 In situ hybridisation histochemistry

We have chosen this method of investigation because it allows precise regional localization
of gene expression in particular tissue, allowing us to not only determine changes in the density of
expression, but also changes in the area of expression (Gundlach and O'Shea, 2002). Indeed we have
previously used this strategy to demonstrate region-specific effects of chronic alcohol consumption
on expression of the mRNA encoding orexin in the rat hypothalamus (Lawrence et al., 2006). For
relaxin-3 in situ hybridisation, four antisense oligonucleotide probes specific for rat relaxin-3 mRNA
were used (Table 1; GeneWorks, Hindmarsh, SA, Australia; Banerjee et al.,, 2010). A solution
containing each probe (10 ng/uL solution) was 3’-end labelled with a-[**S]-dATP (1250 Ci/mmol;
PerkinElmer, Waltham, MA, USA) by incubation with terminal deoxynucleotidyl transferase (TdT;
Roche Diagnostics, Mannheim, Germany) for 1 h at 37°C (Banerjee et al., 2010; Lawrence et al.,
1996). The reaction was then stopped and probes were applied to a Sephadex G25 column pre-
equilibrated in TNES buffer (5 M NaCl, 1 M Tris, 0.5 M EDTA, 10% SDS in DEPC-treated water) and
centrifuged (2000 rpm, 1 min) to separate unincorporated nucleotides from the labelled probes.
Concentration and specific activity of collected a-[**S]-labelled oligonucleotides were checked in a

Tri-Carb 2900-TR liquid scintillation analyser (PerkinElmer); specific activity was >1-2 x 10° dpm/ug.

Prior to hybridisation, fresh-frozen sections were equilibrated to room temperature and
subsequently dehydrated in ethanol (70% for 2 min; 100% for 5 min), delipidated in chloroform for
15 min, rinsed in 100% ethanol, and allowed to air-dry. Sections were hybridised overnight at 42°C
with labelled probes (2 pg/uL; 70 uL) in hybridisation buffer (50% formamide, 4 x SSC, 10% dextran
sulphate and 0.2 M DTT). Specificity was confirmed by blocking the signal with a 100-fold molar

excess of unlabelled probes (Banerjee et al., 2010; Burazin et al., 2002).

After overnight hybridisation, slides were immediately rinsed in 1 x SSC, then washed in 1 x
SSC at 55°C for 1 h to remove excess unbound probe. This was followed by rinses in fresh 1 x SSC and

0.1 x SSC at room temperature. Sections were then dehydrated in 70% and 100% ethanol and
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allowed to air-dry. Slides were apposed to film (Kodak® BioMax® MR film, Rochester, New York,
USA) in the presence of brain paste standards overnight (Banerjee et al., 2010). The following day,

the film was processed using AGFA CR1000 film processor (AGFA, Mortsel, Belgium).

2.5 In vitro receptor autoradiography

Autoradiography with the selective RXFP3 agonist, [**°1]-R3/I5 (Liu et al., 2005) was based on
previous studies (Ma et al., 2007; Sutton et al., 2004). Slide-mounted tissue sections were allowed to
warm to room temperature prior to pre-incubation for 15 min at room temperature in HEPES buffer
(20 mM HEPES, 120 mM NaCl, 0.22 mM KH,PO,, 1.3 mM CaCl,-2H,0 and 0.8 mM MgSO,-7H,0,
adjusted to pH 7.4). Sections were then incubated for 60 min at room temperature with 10 pM [***I]-
R3/I5 (specific activity, 2200 Ci/mmol) in HEPES buffer with 0.017% Pefabloc SC protease inhibitor
(Roche Diagnostics) and 0.5% bovine serum albumin (BSA, 5 mg/mL). Non-specific binding was
determined in the presence of 100 nM human relaxin-3 (Bathgate et al., 2006). After incubation,
excess radioligand was removed by immersing slides in HEPES buffer (briefly at room temperature;
then 3 x 5 min at 4°C) and rinsing with distilled water (4°C). Slides were air-dried overnight, and then

apposed to film (20 cm x 25 cm Kodak® BioMax® MR) in the presence of “*C-microscales for 7

weeks, prior to developing using standard methods.

2.6 Densitometry and data analysis

Digital images of the in situ hybridisation film were acquired using MCID Elite™ 6.0 software
(Imaging Research Inc., St Catharines, OT, Canada) as described (Chen et al., 1998; Gundlach and
O'Shea, 2002). For analysis of film images, a Sony DXC-930P CCD video camera (Sony Co, Minato,
Tokyo, Japan) was used, which was attached to a Nikon micro Nikkor 55mm f 2.8 lens (Nikon Co,
Shinjuku, Tokyo, Japan). A 36 mm Vivitar extension tube (Nikon) was used for additional image
magnification. The camera was mounted on a Kaiser Copy Stand RS1 (Kaiser Fototechnik GmbH &

Co.KG, Buchen, Germany) above a light-box (Northern Lights Precision lllumination Model 890;
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Imaging Research Inc., St. Catharine’s, OT, Canada; Gundlach and O'Shea, 2002). Slides used for in
situ hybridisation were stained with 0.01% thionin and examined under a Leica DM LB2 stereology
microscope (Leica Microsystems Wetzlar GmbH, Wetzlar, Germany) to allow identification and

correlation of coronal brain levels (Paxinos and Watson, 2007).

All data are represented as mean + SEM unless otherwise specified. An average of three
adjacent sections was used for each data point. Statistical analysis was performed using GraphPad
Prism V5.00 for Windows (GraphPad Software, San Diego, CA, www.graphpad.com). Assessment of
differences in mRNA levels between groups were performed on raw data (hybridisation density in
dpm/mg; or area of expression in mm?; or product of density x area (dpm/mg x mm?); Gundlach and
O'Shea, 2002) by one-way ANOVA with Tukey’s post hoc Multiple Comparison Test using GraphPad

Prism V5.00.

3. RESULTS

3.1 Preference and total fluid intake during chronic alcohol and sucrose intake

Male adult iP rats displayed a range of alcohol/sucrose intake levels and differing levels of
preference. A significant positive correlation was observed between alcohol intake (g/kg/day) and
alcohol preference (%) (r(12) = 0.94, p < 0.0001); but no correlation was noted between alcohol
intake (g/kg/day) and total fluid intake (g) (r(12) = 0.22, p = 0.45) (Figure 1A, B). In contrast to
alcohol-ingesting rats, no significant correlation was observed between sucrose intake (g/kg/day) and
sucrose preference (%) (r(7) = 0.34, p = 0.37), possibly due to a ceiling effect on sucrose preference.
There was however, a significant positive correlation between sucrose intake (g/kg/day) and total

fluid intake (g) (r(7) = 0.99, p < 0.0001) (Figure 1C, D).

3.2 In situ hybridisation of relaxin-3 mRNA

Relaxin-3 mRNA expression in the hindbrain was investigated in three groups of rats: (i)

control (water intake only), (ii) alcohol intake and (iii) sucrose intake. Coronal sections from two

9
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different brain levels were analysed: (i) caudal nucleus incertus (bregma -9.7 mm) and (ii) rostral
nucleus incertus and the adjacent ‘pontine raphé nucleus’ which extends ventrally from the nucleus
incertus (bregma -9.4 mm; Paxinos and Watson, 2007), to determine if the level of relaxin-3 mRNA
reflects a possible difference in function and consequent response to activation between these two
rostrocaudal levels. A one-way ANOVA revealed no significant differences in density, area, or ‘density
x area’ for any groups of rats at bregma -9.7 mm nor at bregma -9.4 mm (Figure 2), suggesting that
chronic alcohol or sucrose intake did not markedly up- or down-regulate regional relaxin-3 mRNA

expression.

3.2.1 Correlation between alcohol intake and relaxin-3 mRNA levels. The relationship between
alcohol intake (g/kg/day) and relaxin-3 mRNA expression (density, area, density x area) was assessed
by calculating Pearson product-moment correlation coefficients. At bregma -9.7 mm, there was a
significant positive correlation between alcohol intake and area (r(12) = 0.65, p = 0.01) and between
alcohol intake and ‘density x area’ (r(12) = 0.59, p = 0.03), with an approximate doubling in relaxin-3
MRNA ‘density x area’ values across the lowest to the highest levels of daily alcohol intake; whereas
there was no significant correlation between alcohol intake and density (r(12) = 0.34, p = 0.23; Figure
3A-C and 4). In addition, relaxin-3 mRNA expression was compared for rats that drank larger daily
volumes of ethanol (>5g/kg/day) versus smaller volumes, and there was a significant difference in
terms of area of relaxin-3 mRNA expression (t(12) = 2.74; p = 0.02); and area x density (t(12) = 2.38; p

=0.04).

At bregma -9.4 mm, there were no significant correlations between alcohol intake and
density (r(11) = 0.23, p = 0.45), between alcohol intake and area (r(11) = 0.19, p = 0.54), or between
alcohol intake and ‘density x area’ (r(11) = 0.24, p = 0.43) (Figure 3D-F), suggesting that the

correlation of relaxin-3 mRNA to alcohol intake is restricted to the caudal nucleus incertus.

10
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3.2.2 Correlation between sucrose intake and relaxin-3 mRNA levels. The relationship between
sucrose intake (g/kg/day) and relaxin-3 mRNA levels was also assessed by calculating Pearson
product-moment correlation coefficients. At bregma -9.7 mm, there was a significant positive
correlation between sucrose intake and density (r(7) = 0.68, p = 0.04), between sucrose intake and
area (r(7) = 0.69, p = 0.04), and between sucrose intake and ‘density x area’ (r(7) = 0.70, p = 0.04),
with an approximate three-fold increase in relaxin-3 mRNA ‘density x area’ values across the lowest

to the highest levels of daily sucrose intake (Figure 5A-C).

At bregma -9.4 mm, there was a significant positive correlation between sucrose intake and
area (r(7) = 0.69, p = 0.04), suggesting that the correlation of relaxin-3 mRNA to sucrose intake is
more widespread than for alcohol intake. However, there was no significant correlation between
sucrose intake and density (r(7) = 0.49, p = 0.18), or between sucrose intake and ‘density x area’ (r(7)

=0.64, p = 0.07; Figure 5D-F).

3.3 Receptor autoradiography

Specific [**°1]-R3/15 binding was observed in the supraoptic nucleus (SON) and the
magnocellular part of the paraventricular nucleus of the hypothalamus (mPVN), the central amygdala
(CeA), bed nucleus of the stria terminalis (BNST), paraventricular nucleus of the thalamus (PVT) and
central medial thalamic nucleus (CM), as described (Ma et al., 2007). A one-way ANOVA revealed no
significant differences in density, area, or ‘density x area’ of specific ['**I]-R3/15 binding in any of
these regions between the different groups of rats, suggesting that chronic alcohol or sucrose intake
did not markedly alter the binding of this selective radioligand to RXFP3 in these areas (Table 2). In
addition, there were no significant correlations between alcohol or sucrose intake and radioligand
binding in these regions (data not shown). Notably however, there was a significant correlation
between total area of the PVN and alcohol intake in the alcohol-ingesting rats (p = 0.03; data not

shown), in accordance with a previous study (Silva et al., 2002).

11
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4. DISCUSSION

Here we identify a positive correlation between the level of relaxin-3 mRNA detected in the
nucleus incertus and the daily intake of ethanol or sucrose by adult, male iP rats in a two-bottle
choice paradigm. This supports the hypothesis that relaxin-3 levels in the nucleus incertus and
associated signalling may regulate the voluntary intake of ‘rewarding’ substances. Relative relaxin-3
MRNA levels detected in the control (water) group displayed a similar spread to levels in the chronic
alcohol and sucrose groups, supporting the interpretation that brain levels of relaxin-3 mRNA were
not markedly up- or down-regulated by chronic alcohol or sucrose intake, but rather predisposed rats

to consume alcohol or sucrose.

Similarly, previous reports demonstrated a positive correlation between alcohol (but not
sucrose) consumption and urocortin-1 mRNA levels in the Edinger-Westphal nucleus (Bachtell et al.,
2003; Ryabinin and Weitemier, 2006). Also a strong positive correlation exists between
alcohol/saccharin consumption and hypothalamic expression of CRF;, CRF, and vasopressin (in a
paradigm involving 9 days self-administration of alcohol and saccharin, followed by 20 days
abstinence), but no up- or down-regulation, suggesting that these systems also predispose rats to
consume alcohol (Pickering et al., 2007). By contrast, several neuropeptides and their receptors are
modulated following alcohol consumption, including orexin mRNA levels in the lateral hypothalamus
which are upregulated (reflected by an ~3-fold increase in hybridisation area (mm?) following
chronic alcohol intake in a similar paradigm to this study (Lawrence et al., 2006); and increased CRF
mRNA in PVN and CeA following chronic exposure to alcohol (Rivier et al., 1990; Sommer et al.,

2008).

Several studies have demonstrated a strong relationship between increased consumption of
‘sweets’ and alcohol intake, in animals and humans, which may be at least partially genetically based,
as alcohol preferring rats often consume sucrose and saccharin well in excess of their normal fluid

intake (Kampov-Polevoy et al., 1999). This may explain the positive correlation of relaxin-3 mRNA

12
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with consumption of both alcohol and sucrose. An alternative explanation of our data, albeit less
likely given the similar spread for sucrose consumption, is that decreased relaxin-3 mRNA levels are
associated with increased sensitivity to the effects of alcohol, thus requiring reduced intake. This
could be investigated by assessing the sensitivity to the acute intoxicating (e.g., sedative/hypnotic)
effects of ethanol in rats with high vs low relaxin-3 mRNA levels in nucleus incertus. Such an
experiment is difficult to conduct given that mRNA expression levels are only known post-mortem,
which would mean behavioural assessment of large numbers of rats followed by retrospective

correlation of brain neurochemistry.

High-alcohol ingesting rats increased their alcohol intake in a different manner from high
sucrose-ingesting rats. Higher alcohol intake correlated with a higher percentage preference for
alcohol, but similar total fluid intake to the lower alcohol-ingesting rats, while higher sucrose intake
correlated with higher total fluid intake. One explanation is that the ethanol solution contains higher
calories per gram (7.1 Cal/g or 29.7 kJ/g) than the sucrose solution (4.2 Cal/g or 17.6 kl/g), and there
was a ceiling effect of sucrose preference, requiring higher total fluid intake of the sucrose solution
to achieve a higher caloric intake. Despite the correlation between intake of ‘rewarding’ substances
and relaxin-3 mRNA, there was no correlation between body weight and relaxin-3 mRNA expression
(data not shown). An additional analysis was performed comparing the amount of weight gained
during the 12 week experiment versus relaxin-3 mRNA levels at the end of this period, which also
demonstrated no significant correlation (data not shown), suggesting endogenous relaxin-3
(levels/activity) does not strongly influence body weight, but does influence the amount of
‘rewarding’ substances ingested. It also indicates that the total caloric intake of rats remains similar;
suggesting that rats with higher intake of alcohol or sucrose may have eaten less chow than their
counterparts. Alternatively, rats with a higher intake of alcohol or sucrose may have had increased

activity and/or a higher baseline metabolic rate.

13
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The correlation between alcohol intake and relaxin-3 mRNA expression is in line with recent
studies from our laboratory, which demonstrated that central injections of an RXFP3 antagonist
decreased alcohol self-administration and attenuated cue- and stress-induced reinstatement
following extinction in adult rats (Ryan et al., 2013). Interestingly, there was no significant effect on
self-administration or reinstatement of sucrose-seeking in that study, despite the current correlation
between sucrose consumption and relaxin-3 mRNA expression. There are several possible
explanations: perhaps higher doses of the RXFP3 antagonist are required in the sucrose paradigm
compared to alcohol, or alternatively other neural circuits and neuropeptides may regulate sucrose
intake more powerfully. In addition, the amount of sucrose consumed in a 20 minute operant session
may not represent a ‘ceiling’ level for satiation in the rats (in the two bottle choice paradigm, rats

drank much larger daily volumes of sucrose solution than ethanol).

Both stress and CRF regulate expression of relaxin-3 mRNA in the nucleus incertus (Banerjee
et al., 2010; Tanaka et al., 2005). A recent study also demonstrated a significant increase in relaxin-3
mMRNA in the nucleus incertus of female but not male Sprague-Dawley rats following repeated food
restriction and weekly restraint stress (Lenglos et al., 2013). Interestingly, these female rats
considerably overate chow during recovery from stress and food restriction and significantly
increased their body weight, while male Sprague-Dawley rats lost considerable weight following a
similar paradigm, suggesting that increased relaxin-3 mRNA levels may be associated with stress-
induced overeating (Lenglos et al., 2013). Further studies are warranted to establish the relationship
between stress-induced increases in relaxin-3 expression and their impact on food and alcohol
intake. Such studies could also investigate changes in expression of other stress- and arousal-related
peptides, some of which are known to influence relaxin-3 neuron activity (Ma et al., 2013). Further
studies are also warranted to determine whether differences in relaxin-3 are associated with in the
differences between male and female rats regarding alcohol intake, particularly given the difference
in relaxin-3 expression between male and female rats observed in relation to stress-induced

overeating (Lenglos et al., 2013).

14
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A recent genetics study described a possible association between relaxin-3 polymorphisms
and hypercholesterolemia, obesity and diabetes in patients treated with antipsychotic agents (Munro
et al., 2012). While we did not find a correlation of relaxin-3 mRNA and increased body weight, it is
possible that administering antipsychotic medication to rats with different expression levels of
relaxin-3 mRNA may influence body weight, and this could be addressed in future investigations. In
support of this possibility, it has been reported that antipsychotic treatments, such as clozapine and
chlorpromazine increased c-Fos immunoreactivity in the nucleus incertus (Rajkumar et al., 2013).
Further studies are also warranted to investigate relaxin-3 polymorphisms in relation to alcohol

related disorders.

Recent reviews have highlighted the overlap in the neurocircuitry involved in drug addiction
and in the ingestion of palatable food intake leading to obesity (Volkow et al., 2013a, b). Drugs of
abuse tend to exert their major effects directly on brain reward pathways, while food tends to affect
multiple peripheral and central pathways, conveying information to brain reward pathways both
directly and indirectly. This difference may explain our observation that high alcohol intake
correlated with relaxin-3 mRNA expression in a smaller, more distinct, region (caudal nucleus
incertus) than high sucrose intake (which correlated with both the rostral and caudal nucleus
incertus, and the pontine raphé nucleus). Future studies could potentially identify the anatomical
and functional differences between brain regions activated by alcohol and sucrose, in particular

details of the neural and humoral regulation of relaxin-3 neuron populations.

The hypothalamic SON and magnocellular PVN expressed robust [**’I]R3/I5 binding densities
(Ma et al., 2007; Sutton et al., 2004; Tanaka et al., 2005), but no correlation between binding to
RXFP3 and alcohol or sucrose intake. Markedly decreased neuronal numbers occur in these regions
following prolonged alcohol intake, which was attributed to cell death; but surviving neurons were
hypertrophied and the total volume of the SON and magnocellular PVN increased (Madeira et al.,

1993; Silva et al., 2002). We found that total PVN (but not SON) size correlated with alcohol intake.

15
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RXFP3 levels were also quantified in the CeA, BNST, PVT and CM, although no significant up- or
down-regulation was detected. The BNST was of particular interest, as we have recently identified it
as an anatomic locus where RXFP3 signalling modulates stress-induced alcohol-seeking (Ryan et al.,
2013), although our current data would suggest that chronic alcohol intake does not appear to
markedly regulate RXFP3 expression. It is possible, however, that downstream receptor signalling
mechanisms, rather than receptor density, may be impacted by alcohol intake; or that RXFP3
expression/signalling is susceptible to adaptation during protracted withdrawal from alcohol use.
Such possibilities warrant further examination in future studies. In conclusion, our results reveal a
correlation between the expression of relaxin-3 mRNA in the nucleus incertus and the amount of
alcohol and sucrose ingested in iP rats, suggesting endogenous relaxin-3/RXFP3 signalling may play a

role in setting the intake of ‘rewarding’ substances.
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FIGURE LEGENDS

Figure 1. Linear regression analyses of alcohol/sucrose intake (g/kg/day) vs alcohol/sucrose
preference (%) and total fluid intake (g) in adult, male iP rats after chronic alcohol or sucrose intake
in a two-bottle choice paradigm

(A) Alcohol intake (g/kg/day) vs alcohol preference (%) demonstrated a positive correlation (r(12) =
0.94, p < 0.0001). (B) Alcohol intake (g/kg/day) vs total fluid intake demonstrated no significant
correlation (r(12) = 0.22, p = 0.45). (C) Sucrose intake (g/kg/day) vs sucrose preference (%)
demonstrated no significant correlation (r(7) = 0.34, p = 0.37). (D) Sucrose intake (g/kg/day) vs total
fluid intake demonstrated a significant positive correlation (r(7) = 0.99, p < 0.0001). n = 9-14 rats per

group for the alcohol and sucrose studies; alcohol (closed circles), sucrose (open circles).

Figure 2. Relaxin-3 mRNA expression in adult male iP rat brain (at bregma -9.7 and -9.4 mm) after
chronic alcohol or sucrose intake in a two-bottle choice paradigm

Semi-quantitative in situ hybridisation histochemistry of relaxin-3 mRNA levels in rats at the level of
nucleus incertus (caudal NI; bregma -9.7 mm, Fig. 2A-C) and nucleus incertus and pontine raphé
nucleus (rostral NI; bregma -9.4 mm, Fig. 2D-F), demonstrating no significant differences between
groups. The density and area of mRNA hybridisation of each rat was the average of values from three
coronal sections. Group data were analysed by one-way ANOVA, and are expressed as mean + SEM, n
= 9-14/group; control (closed squares), alcohol (closed circles), sucrose (open circles). (A) Bregma
-9.7 mm: density of relaxin-3 mRNA (dpm/mg). (B) Bregma -9.7 mm: area of relaxin-3 mRNA (mm?).
(C) Bregma -9.7 mm: product of density x area (dpm/mg x mm?). (D) Bregma -9.4 mm: density of
relaxin-3 mRNA (dpm/mg). (E) Bregma -9.4 mm: area of relaxin-3 mRNA (mm?). (F) Bregma -9.4 mm:

product of density x area (dpm/mg x mm?).
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Figure 3. Linear regression analyses of alcohol intake (g/kg/day) and relaxin-3 mRNA levels in adult,
male iP rats after chronic alcohol intake in a two-bottle choice paradigm

Linear regression analysis of alcohol intake (g/kg/day) and relaxin-3 mRNA levels at the level of
nucleus incertus (caudal NI; bregma -9.7 mm; Fig. 3A-C) and nucleus incertus and pontine raphé
nucleus (rostral NI; bregma -9.4 mm; Fig. 3D-F). The density and area of mRNA hybridisation of each
rat was the average of values from three coronal sections and all data are expressed as mean + SEM,
n = 13-14/group. (A) Bregma -9.7 mm: alcohol intake (g/kg/day) vs density of relaxin-3 mRNA
(dpm/mg) demonstrated no significant correlation (r(12) = 0.34, p = 0.23). (B) Bregma -9.7 mm:
alcohol intake (g/kg/day) vs area of relaxin-3 mRNA (mm?) demonstrated a positive correlation (r(12)
= 0.65, p = 0.01). (C) Bregma -9.7 mm: alcohol intake (g/kg/day) vs product of density x area
(dpm/mg x mm?) demonstrated a positive correlation (r(12) = 0.59, p = 0.03). (D) Bregma -9.4 mm:
alcohol intake (g/kg/day) vs density of relaxin-3 mRNA (dpm/mg) demonstrated no significant
correlation (r(11) = 0.23, p = 0.45). (E) Bregma -9.4 mm: alcohol intake (g/kg/day) vs area of relaxin-3
mRNA (mm?) demonstrated no significant positive correlation (r(11) = 0.19, p = 0.54). (F) Bregma -9.4
mm: alcohol intake (g/kg/day) vs product of density x area (dpm/mg x mm?®) demonstrated no

positive correlation (r(11) = 0.24, p = 0.43).

Figure 4. Representative images of relaxin-3 mRNA in the nucleus incertus detected by in situ
hybridisation in rats that consumed alcohol for 12 weeks in a two-bottle choice paradigm

(A) Nissl-stained section illustrating the location of the nucleus incertus (NI) (bregma -9.7 mm; also
known as ‘nucleus O’ and ‘central gray, alpha part’); 4V, 4" ventricle; PDTg, posterodorsal tegmental
nucleus. Inset displays full coronal section at bregma -9.68 mm (Paxinos and Watson, 1997; Ryan et
al., 2011). (B-D) Levels of relaxin-3 mRNA detected in rats which ingested (B) 1.64 g/kg/day alcohol
(low alcohol intake), (C) 3.7 g/kg/day alcohol (medium alcohol intake), (D) 5.29 g/kg/day alcohol

(high alcohol intake). Scale bar: (B-D) 250 pum.
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Figure 5. Linear regression analyses of sucrose intake (g/kg/day) and relaxin-3 mRNA levels in adult,
male iP rats after chronic sucrose intake in a two-bottle choice paradigm

Linear regression analysis of sucrose intake (g/kg/day) and relaxin-3 mRNA levels in nucleus incertus
(caudal NI; bregma -9.7 mm; Fig. 4A-C) and in the nucleus incertus and pontine raphé nucleus (rostral
NI; bregma -9.4 mm; Fig. 4D-F). The density and area of mRNA hybridisation of each rat was the
average of values from three coronal sections and all data are expressed as mean * SEM, n = 9. (A)
Bregma -9.7 mm: sucrose intake (g/kg/day) vs density of relaxin-3 mRNA (dpm/mg) demonstrated a
significant positive correlation (r(7) = 0.68, p = 0.04). (B) Bregma -9.7 mm: sucrose intake (g/kg/day)
vs area of relaxin-3 mRNA expression (mm?) demonstrated a positive correlation (r(7) = 0.69, p =
0.04). (C) Bregma -9.7 mm: sucrose intake (g/kg/day) vs product of density x area (dpm/mg x mm?)
demonstrated a positive correlation (r(7) = 0.70, p = 0.04). (D) Bregma -9.4 mm: sucrose intake
(g/kg/day) vs density of relaxin-3 mRNA (dpm/mg) demonstrated no significant correlation (r(7) =
0.49, p = 0.18). (E) Bregma -9.4 mm: sucrose intake (g/kg/day) vs area of relaxin-3 mRNA expression
(mm?) demonstrated a positive correlation (r(7) = 0.69, p = 0.04). (F) Bregma -9.4mm: sucrose intake
(g/kg/day) vs product of density x area (dpm/mg x mm?) demonstrated no significant correlation

(r(7) =0.64, p=0.07).
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Table

Table 1. Relaxin-3 oligonucleotide probes

Probe Sequence

H3-1 5’ CAC TCG CAA CAG CTG CTG GAA AGG CCA GCC AGCACATCT 3’
H3-3 5’ CTG TTT GCC TGG ATA GAG GAT GGC CAG CAG CAAAAG TGG 3’
H3-4 5’ CAC AGC TTC GTC CAG TTC GCT GGC CAG GTG GTCTGT ATT 3’
H3-5 5 GCCAGT TTG GGT AGATGG ACA TCT ATCTGG TTG CTG CCG 3’
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Table

Table 2. Radioligand (**I-R3/15) binding expression.

Control Ethanol Sucrose
Density Area (mm?) Density x Density Area (mm?) Density x Density Area Density x
(dpm/mg) area (dpm/mg) area (dpm/mg) (mm?) area
SON 479.4 +34.8 0.10+£0.01 49.3+4.7 422.1+24.8 0.10 +£0.003 429+2.8 411.0+35.7 0.10£0.01 42.3+5.6
mPVN 303.3+36.6 0.08 £ 0.02 25.0+5.2 226.5+28.1 0.07 £0.01 16.0+3.3 288.7 + 80.5 0.06 £ 0.01 18.6 +5.2
CeA 315.2+36.2 0.08 £0.01 283+6.1 349.2+23.0 0.09 £0.01 31.5+4.1 317.7+40.3 0.08 £ 0.01 25.6+3.8
PVT 287.3+38.5 0.29 £0.03 90.0+17.3 327.6+35.1 0.28 £0.03 101.3+15.8 393.9+75.0 0.30+£0.06 132.4+37.1
Ccm 308.5+58.3 0.57 £0.09 187.8 £ 54.5 285.6+41.2 0.60 £ 0.07 156.2 £ 26.8 384.3+35.2 0.58 £ 0.08 204.2+5.8
BNST 117.3+11.1 0.54 +0.06 62.7+8.5 122.1+4.6 0.54 +0.04 63.4+5.1 133.3+9.0 0.63 +0.04 88.1+4.4

Page 26 of 32



Figure

Alcohol
B

>

150+

Am L J
3 s
§ 78 éiw-w
3 ® 3
g £ 504

25+ .
E g o I e e ae
€ o 2 0

0 2 4 6 5 0 2 4 “

g'kg/day g/kg/day

Sucrose
C D

150+

100+

Sugar preference (%)
|
Total fluid intake (g)
3

0 2 4 5 0 0 2 s :
okgiday g/kg/day

Page 2/ ot 32


http://ees.elsevier.com/dad/download.aspx?id=199096&guid=ca1135c7-da84-49d9-8cc0-eafdedfcb5a0&scheme=1

Figure

Caudal NI

Rostral NI

>

g §

Density of relaxin-3 mRNA
(dpmimg wet weight)

b s e
i! . o°
i-

044
sol - o
2 . %
20 T v
Control Alcohol Sucrose
E
044 °

it = & 5
%%

Page 28 of 32


http://ees.elsevier.com/dad/download.aspx?id=199097&guid=ec94ac1c-65ba-4acc-9219-800931a5599a&scheme=1

Figure

. " -~
M m r
{, umas x Buupiadp )
wose X Apsuag
- o
.
=4
\ M
- -
-
.
. i
r * o
- ~ -
< L] L=
(g unu) sy w
-

J

- 4 v cupepes jo Geueg ()

IN lepned

i

(10 Jam Buidp)

L -4
L
r o
b4 s s
#E.g
d
. - -
)
. M
i
-
"o
P - al
-

3

i §

(1glham yam Duuiusdp)

VNHW C-upeeial jo isueg

IN [e43SOYy

Page 29 of 32


http://ees.elsevier.com/dad/download.aspx?id=199098&guid=6bb54beb-df70-4bec-a875-fec849deffa0&scheme=1

RLN3 mRNA in low alcohol intake

RLN3 mRNA in medium alcohol intake RLN3 mRNA in high alcohol intake

Page 30 of 32



Figure

Page 31 of 32

{, s x Buasudp) (st x Buspdp)
Q wos0 x Alrsung (T woe x mueq
° ? In °
- o
o (-] o
o = -
o
g 3 " p 3 3
(44] ( waw) wory w [, wan) w0y

I

(yOsam s Duyuxdp) (i Bonn 3o, Buyusdp)
< T = | YN £-uprnes jo Ausueg

IN Iepnep IN [e43soy


http://ees.elsevier.com/dad/download.aspx?id=199100&guid=b1db9d77-5582-43be-92a2-7b92357b40db&scheme=1

Author Disclosures

Contributers. Study conceived and planned by AJL & PJR. Reagents provided by MS.
Study performed by PJR & EVK. Data analysed and interpreted by PJR & AJL.

Manuscript written by PJR, AJL & ALG.

Role of Financial Support. This research was supported in part by project grants
508976, 509246 and 1021227 from the National Health and Medical Research Council
of Australia, of which ALG and AJL are Research Fellows. We gratefully acknowledge
financial support from the Besen Family and Pratt Foundations and the Victorian
Government’s Operational Infrastructure Support Program. PJR was supported by an
Australian Postgraduate Award and a Dowd Foundation Scholarship; MS was supported

by an Australian Research Council Postgraduate Scholarship.

Disclosure / Conflict of Interest. None.

Page 32 of 32



University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Ryan, PJ; Krstew, EV; Sarwar, M; Gundlach, AL; Lawrence, AJ

Title:
Relaxin-3 mRNA levels in nucleus incertus correlate with alcohol and sucrose intake in rats

Date:
2014-07-01

Citation:

Ryan, PJ; Krstew, EV; Sarwar, M; Gundlach, AL; Lawrence, AJ, Relaxin-3 mRNA levels in
nucleus incertus correlate with alcohol and sucrose intake in rats, DRUG AND ALCOHOL
DEPENDENCE, 2014, 140 pp. 8 - 16

Publication Status:
Accepted manuscript

Persistent Link:
http://hdl.handle.net/11343/41927






