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1 Relaxin produces powerful inotropic and chronotropic responses in isolated atria. The effect of
relaxin has been examined in a rat model of cardiac failure, induced by myocardial infarction (MI).
2 Maximum inotropic responses to isoprenaline (sham 5.4+0.3 mN; MI 2.6+0.3 mN; P<0.001)
and relaxin (sham 5.1+0.6 mN; MI 2.8 +0.5 mN; P=0.013) were reduced in left atria following MI.
No change in chronotropic responsiveness was observed in right atria.

3 Pertussis toxin (PTX) treatment restored inotropic responses to isoprenaline (sham 5.5+ 1.3 mN;
MI 5.84+1.0 mN; P=0.850) but not to relaxin. Instead, PTX reduced inotropic responses to relaxin
in sham animals to the same level seen in the MI group (sham 3.2+1.7 mN; MI 2.8+0.6 mN;
P=0.847). In right atria, PTX treatment did not affect the maximum chronotropic response to
isoprenaline, but reduced responses to relaxin in both sham and MI animals.

4 R3 relaxin and relaxin receptor (LGR7) mRNA was present in atria and left ventricle (LV) from
sham and MI animals. R3 relaxin mRNA expression was increased in atria but not LV from MI
animals. LGR7 mRNA expression was reduced in atria and LV from MI animals.

5 PTX treatment in unoperated rats increased chronotropic responses (vehicle 184.3+5.3 beats
min~'; PTX 211.349.5 beats min—'; P=0.029) and produced a rightward shift in the concentration-
response curve to isoprenaline in left atria. PTX reduced inotropic (vehicle 3.3+0.7 mN; PTX
0.840.2 mN; P=0.005) and chronotropic (vehicle 130.24+8.1 beats min~'; PTX 90.6+11.1 beats
min~'; P=0.012) responses to relaxin.

6 In left atria, relaxin produced a small increase in cAMP compared to those produced by
isoprenaline and forskolin. However, PTX treatment significantly reduced relaxin-, isoprenaline- and
forskolin-stimulated cAMP accumulation.

7 Cardiac failure in MI animals caused a reduced inotropic response to both relaxin and (—)-
isoprenaline. In non-MI animals, PTX treatment also reduced inotropic responses to relaxin.
Differences between responses to (—)-isoprenaline and relaxin can be explained by changes in
coupling efficiency occurring at the level of adenylate cyclase.
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Introduction

Relaxin is a 6 kDa polypeptide predominantly produced by
the ovaries to promote connective tissue remodelling of the
reproductive tract to facilitate parturition (Sherwood, 1994).
Relaxin is also synthesized in the prostate and has been
shown to increase motility and egg penetrating ability of
sperm in vitro (Carrell et al, 1995). In addition to its
reproductive role, relaxin produces powerful inotropic and
chronotropic responses in isolated rat atria (Kakouris et al.,
1992) and participates in the regulation of blood pressure and
fluid balance (Parry et al., 1990; Weisinger et al., 1993).
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Relaxin also releases vasopressin and oxytocin (Dayanithi et
al., 1987; Way & Leng, 1992) from the neurosecretory
magnocellular hypothalmic nucleus (Osheroff & Phillips,
1991; McKinley et al., 1997). These functions have been
supported by the discovery of binding sites in rat atria
(Osheroff et al., 1992) and brain (Osheroff & Phillips, 1991)
where binding assays using receptor autoradiography have
shown that relaxin binds to a single high affinity binding site
with a Kp in the low nanomolar range. The presence of
localized binding in rat atria and cerebral cortex as well as
uterus (Tan et al., 1999) emphasises the importance of relaxin
in non-reproductive tissues. Relaxin has recently been found
in myocardial tissue from human heart failure patients
(Dschietzig et al., 2001). The plasma concentrations of



A.R. Kompa et al

Effect of relaxin after Ml and pertussis toxin 711

relaxin and gene expression of the HI and H2 relaxin gene
found in these patients correlates well with the severity of
heart failure. Furthermore an elevated left ventricular
diastolic pressure in rat heart is associated with increased
relaxin gene expression (Dschietzig et al., 2001).

We have previously used the rat myocardial infarction
(MI) model of cardiac failure to evaluate signal transduction
pathways involved in inotropic and chronotropic responses to
p-adrenoceptor (S-AR) agonists (Kompa et al., 1999; Kompa
& Summers, 1999). We found that inotropic responses to f-
AR agonists are significantly reduced in this model and that
pertussis toxin restores this responsiveness indicating that
after MI, there is a component of -AR signalling through
the inhibitory G-protein, G;. There has been much debate on
the signalling mechanism utilized by relaxin. Earlier studies
suggested that cyclic AMP (cAMP) (Han et al., 1994),
inositol trisphosphate (Mayerhofer er al., 1995) or ATP-
sensitive K* channels (Noack er al., 1992) were involved.
Relaxin, like isoprenaline, produces powerful inotropic and
chronotropic effects in rat atria (Kakouris et al., 1992). The
multiplicity of effects and the fact that relaxin is a structural
homologue of insulin and insulin-like growth factors suggests
that it might also signal via a tyrosine kinase receptor.
However, a recent study has identified the relaxin receptor as
a G-protein-coupled orphan receptor, LGR7, that can couple
to adenylate cyclase to increase cAMP (Hsu et al., 2002). In
this study we demonstrate that inotropic but not chrono-
tropic responses to relaxin and isoprenaline are reduced in a
rat model of cardiac failure. Pertussis toxin (PTX) treatment
restored the response to isoprenaline but not relaxin, and in
fact responses to relaxin after PTX were significantly reduced.
Relaxin treatment also produced small but significant
increases in cAMP accumulation that were markedly reduced
by PTX.

Methods
Rat model of cardiac failure

Twelve-week-old female Sprague-Dawley rats (250 g) were
anaesthetized with Alfaxan vig tail vein injection
(1.5 ml kg™, i.v.), intubated and placed on a respirator. A
left thoractomy was performed, the heart exteriorized and
the left coronary artery ligated (MI) 2 mm below the left
atrium with a 6-0 nylon suture 4 mm in diameter. The chest
was closed and animals allowed to recover. On showing
signs of consciousness, animals were given buprenorphine
(0.01 mg kg~!, i.m.) for post-operative pain. Sham animals
were treated identically except that the suture was not tied.
The protocol used in this study was approved by the Ethics
Committee at Monash University and within the guidelines
recommended by the National Health and Medical Research
Council of Australia. Four weeks after surgery, animals were
anaesthetized with 20% O, in CO,, decapitated, and tissues
and infarct size measured. Infarct size (surface area) is
expressed as a percentage of the left ventricle surface area for
both epicardial and endocardial surfaces, ventricular septum
was not included (Kompa & Summers, 2000). Animals with
an infarct area covering >45% of the left ventricular surface
area were included in the study. This level of ischaemic
damage produces right ventricular hypertrophy and increased

lung weight, as well as haemodynamic changes resulting in
reduced sustained systolic blood pressure and raised left
ventricular end diastolic pressure (Kompa et al., 1999;
Kompa & Summers, 2000).

Atrial bioassay

Four weeks after surgery sham and MI animals were
anaesthetized in 80% CO, and 20% O, and decapitated.
The heart was removed and the atria dissected in 37°C Krebs
bicarbonate (composition in mM: NaCl 118.4, KCl 4.7, CaCl,
19, MgSO47H20 12, NdH2P042H20 12, NdHCO; 25,
glucose 11.7, pH 7.2) containing 2,3.butanedione monoxime
(BDM, 0.03 M), a short-acting calcium antagonist to prevent
tissue damage. Right and left atria were mounted separately
in organ baths under 5 mN force, at 37°C and aerated with
carbogen (95% 0O,/5% CO,). Left atria were paced at 5 Hz
with square-wave pulses of 2 ms duration at 1.5 times
threshold voltage, and right atria were allowed to beat
spontaneously (Tan et al., 1998). Tissues were washed every
5min over a 30 min period and allowed to equilibrate.
Responses were recorded wusing isometric transducers
(FTO3C) connected to a MacLab system. A cumulative
concentration-response (c/r) curve to the non-selective f-
adrenoceptor agonist isoprenaline was constructed. Tissues
were washed eight times over a 30 min period until responses
returned to baseline values and a cumulative c/r curve to
human gene 2 (B29) relaxin constructed. At the end of the c¢/r
curves, a single supramaximal dose of isoprenaline (300 nM)
was added to the organ baths followed by a single
supramaximal dose of calcium (7 mm).

RT— PCR analysis of relaxin and relaxin receptor
expression (LGR7) in cardiac tissue from sham and M1
animals

Atria and left ventricles (LV) from sham and MI animals
were isolated 4 weeks after surgery. Total RNA was extracted
by homogenizing tissues in Trizol (Boehringer Mannheim,
Australia) according to the manufacturer’s instructions.
Relaxin and LGR7 gene expression in the atria and LV
from sham and MI animals were determined using RT-—
PCR.

Rats have two relaxin genes designated rat relaxin-1 (R1
relaxin) (Hudson et al., 1981) and rat relaxin-3 (R3 relaxin)
(Burazin et al., 2002). A total of 100 ng of primers and
500 ng of the cDNA template in 50 ul were used for the R1
and R3 PCR reactions, while 1 ug of cDNA was used for rat
relaxin receptor (LGR7) PCR reactions. All primers used
were designed to span intron-exon junctions to control for
genomic DNA contamination, while the PCR reactions were
carried out in a Perkin Elmer Gene Amplifier. Rat tissues
were screened for R1 relaxin using specific forward (5'-
AGACTGGCTTTGAGCCAGG-3') and reverse (5-
GAGTTTAGCAATGGATCTT-3') primers, which generated
a 396 bp product. R3 relaxin expression was also determined
using specific forward (5-GGAATTCTTCGCTGATGGA-
GA-3') and reverse (5-ATAGCTGACAGCAGGTTGGAC-
3’) primers, generating a 292 bp product. Sequences for the
rat relaxin receptor (LGR7) were obtained by BLAST
searching of the incomplete high throughput genome
sequence (NCBI) using the human LGR7 (Genebank
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Accession No. AF190500) cDNA sequences. Rat equivalents
were identified in a BAC clone sequence (Genebank
Accession No. AC098607) which showed high homology to
human LGR7 (85%). These sequences were used to design
specific forward (5-CTGACAAACCCCTCTGTCAGC-3')
and reverse (5-TTCCTTATTGCCAAGTGGAGC-3') pri-
mers, generating a product of 850 bp. For R1 relaxin gene
expression, an annealing temperature of 55°C (40 cycles) was
used, while an annealing temperature of 52°C (40 cycles) was
used for R3 relaxin expression. For LGR7 mRNA expres-
sion, the following (touch-down) annealing temperatures were
used: 54°C (3 cycles), 53°C (3 cycles), 52°C (3 cycles), 51°C (3
cycles), 50°C (3 cycles), 49°C (3 cycles) and 48°C (25 cycles).
GAPDH was used in separate PCR reactions to control for
quality and equivalent loading of the cDNA. Aliquots of the
PCR products were electrophoresed on 2% (w v~') agarose
gels stained with ethidium bromide and photographed.

To confirm the PCR products, the appropriate bands were
excised, the DNA eluted from the gel using the Ultraclean
TM 15 DNA purification kit (Geneworks Pty Ltd, Adelaide,
Australia) and subsequently subcloned into the pGEM-T
vector (Promega, Madison, WI, U.S.A.). Multiple subclones
were sequenced on both strands using the ABI PRISM 377
automatic DNA sequences, according to the manufacturers
instructions (Applied Biosystems, Melbourne, Australia).

PTX treatment of animals

In separate experiments, sham and MI animals were treated
with PTX (10 pug kg='i.p.) 3 days prior to experimentation
to inactivate Gi. Cumulative c/r curves to isoprenaline and
human gene 2 (B29) relaxin were constructed in left and right
atria as described above. We have previously shown that this
protocol inhibits the relaxation response to adenosine (Gi-
mediated effect) in submaximally isoprenaline-contracted
tissues (Kompa et al., 1999).

In a separate set of experiments, unoperated Sprague-
Dawley rats (250 g) were treated with PTX (10 ug kg=', i.p.)
or vehicle (0.3 mg BSA in 0.9% saline) 3 days before
experimentation. Cumulative c¢/r curves to isoprenaline and
human gene 2 (B29) relaxin were constructed in left and right
atria as described above. A single dose of isoprenaline
(300 nM) was added after the relaxin c/r curve. Adenosine
(100 umM) was then added to left atria to determine the
effectiveness of PTX treatment, this was followed by a
maximal dose of calcium (7 mM). In spontaneously beating
right atria only isoprenaline (300 nM) was added after the
relaxin ¢/r curve.

cAMP assay

Left atrial tissue was removed from rats pretreated with
vehicle or PTX (10 pug kg~', i.p.) 3 days prior to experi-
mentation. Tissues were loosely placed in warm aerated
Krebs bicarbonate and washed every 5 min for 30 min. The
phosphodiesterase inhibitor IBMX (1 uM) was added for
30 min followed by a 30 min incubation with either Krebs
(control), relaxin (100 nM), isoprenaline (1 uM) or forskolin
(10 um). Tissues were then quickly dried and snap frozen in
liquid nitrogen for cAMP analysis.

Tissues were homogenized in 0.8 ml of ice cold 75%
ethanol containing 4 mM EDTA, centrifuged for 5 min at

400 x g and the supernatant removed and dried in a speed
vacuum for 2 h. The remaining pellet was resuspended in 2 M
NaOH and the protein in each sample was determined by a
Lowry assay (Lowry et al., 1951). The dried supernatant
pellet was redissolved in 50 mM Tris with 4 mm EDTA, pH
7.4 at 4°C and sonicated for a few seconds. cCAMP was
quantitated using the [PH]-cCAMP assay system (Amersham
TRK 432) and expressed as pmol mg protein—'

Statistics

Non-linear regression was used to obtain pECs, values from
concentration-response curves. Individual points between
sham and MI animals for each dose on the concentration-
response curve were analysed using an unpaired Student’s ¢-
test. Differences between curves were analysed using a two-
way ANOVA, to obtain a P value. Statistical significance was
achieved with P<0.05.

Materials used

Alfaxan (alphaxalone + alphadolone acetate) (Jurox, Silver-
water, Australia), adenosine, (—)-isoprenaline bitartrate,
pertussis toxin, 3-isobutyl-l-methylxanthine (IBMX), forsko-
lin, 2,3.butanedione monoxime (BDM), Folin & Ciocalteu’s
Phenol reagent (Sigma, St Louis, MO, U.S.A.), Cyclic AMP
(3H) assay system (Amersham International, U.K.), Trizol
reagent (Boehringer Mannheim, Australia), human gene 2
(B29) relaxin (Dr J.D. Wade, Howard Florey Institute,
Melbourne, Australia).

Results
Model of cardiac failure

Four weeks after surgery, organ and tissue weights were
measured from sham-operated and MI rats and expressed as
a proportion of body weight. Body weight was not
significantly altered after MI (Table 1). Right ventricular
weight (+27%) and lung weight (+18%), expressed as a
ratio of body weight, were significantly increased after MI
(Table 1), indicating congestion of the lungs and right
ventricular hypertrophy representative of cardiac failure.
Animals with MI included in this study had a minimum
infarct size of 45% as determined by the epicardial left
ventricular surface area (Kompa & Summers, 2000). We have
previously shown that these morphological changes are
associated with reduced systolic blood pressure and raised
left ventricular end diastolic pressure (Kompa et al., 1999).

Comparison of inotropic responses to isoprenaline and
relaxin in a rat model of cardiac failure before and after
PTX treatment

Maximum inotropic responses to isoprenaline (sham
54403 mN; MI 2.6+03 mN, n=8, P<0.001; —52%)
and relaxin (sham 5.14+0.6 mN, n=6;, MI 2.8+0.5 mN,
n=_8; P=0.013; —45%) in field stimulated left atria were
significantly reduced after 4 weeks MI (Figure 1a,b). Potency
of inotropic agents measured from the ECs, of the
concentration-response curves to isoprenaline (pECsy: sham
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8.03+0.07, n=6; MI 8.11+0.11, n=8; P=0.563) and relaxin
(pECsp: sham 8.66+0.10, n=6; MI 8.4540.09, n=S§;
P=0.147) were not significantly altered by MI (Figure
la,b). However, maximal inotropic responses to supramax-
imal concentrations of isoprenaline (300 nM) and Ca®**
(7 mM) were both significantly reduced after MI (Figure lc).

PTX treatment restored the maximum inotropic response
to isoprenaline (sham 5.5+ 1.3 mN, n=8; MI 5.8+1.0 mN,
n=38; P=0.850; Figure 1d) and although it appeared to
restore the maximum inotropic response to relaxin, it was
evident that the maximum inotropic response to relaxin in the
sham group after PTX treatment was in fact lowered to a
similar extent to that obtained in the MI group (sham
32+ 1.7 mN, n=8; MI 2.8+0.6 mN, n=38; P=0.847; Figure
le). The potency of isoprenaline (pECsy: sham 8.00+0.12,
n=38; MI 7.98+0.11, n=8; P=0.881) and relaxin (pECs:
sham 8.55+0.35, n=8; MI 8.17+0.11, n=8; P=0.307) were
not significantly altered after MI (Figure 1d.,e). As previously
reported (Kompa et al., 1999), PTX restored the inotropic
response to supramaximal concentrations of isoprenaline
(300 nM) and Ca’" (7 mM) to levels similarly observed in
the sham group (Figure 1f).

Table 1 Morphological data on sham and MI rats used in
this study

Sham (n=8) MI (n=38)

Body weight (g)
Lung weight/Body weight (mg g~ ")
Right ventricle weight/
Body weight (mg g~ ")
Infarct size (%)

295.0+3.3  284+5.5
431+£0.07 5.08+0.14*
0.514+0.02 0.65+0.01*

5l1.6+1.4

Increased lung weight/body weight and right ventricular
weight/body weight ratios following MI in rats are indicative
of pulmonary oedema and cardiac hypertrophy respectively.
Results are expressed in wet weight as mean+s.e.mean,
*P<0.01.

Y]

Comparison of chronotropic responses to isoprenaline and
relaxin in a rat model of cardiac failure before and after
PTX treatment

Maximum chronotropic responses to isoprenaline (sham
173.4+8.3 beats min~', n=6; MI 170.14+10.6 beats min—',
n=238; P=0.822) and relaxin (sham 135.14+ beats min~', n=6;
MI 135.2416.7 beats min~', n=8; P=0.994) in sponta-
neously beating right atria were not changed at 4 weeks MI
(Figure 2a,b). The potency of isoprenaline (pECsy: sham
8.534+0.08, n=6; MI 8.60+0.10, n=28; P=0.578) and relaxin
(pECsp: sham 9.2740.13, n=6; MI 8.9940.15, n=S;
P=0.192) were not significantly altered by MI (Figure
2a,b). Chronotropic responses to a supramaximal concentra-
tion of isoprenaline (300 nM) were unaltered by MI (Figure
2¢).

PTX treatment failed to change chronotropic responsive-
ness to isoprenaline (sham 205.4+9.2 beats min~', n=38; MI
207.64+10.9 beats min~!, n=8; P=0.882) or relaxin (sham
95.9414.9 beats min~', n=8; MI 97.8+11.8 beats min—',
n=38; P=0.707) in either sham or MI groups (Figure 2d,e),
although it appeared to reduce the maximum chronotropic
response to relaxin in both sham and MI animals (Figure 2e
compared to Figure 2b). The potency of isoprenaline (pECsg:
sham 8.44+0.08, n=38; MI 8.43+0.10, n=8; P=0.896) and
relaxin (pECsy: sham 9.05+0.06, n=28; MI 8.924+0.05, n=8;
P=0.602) were not significantly altered by MI (Figure 2d,e).
Chronotropic responses to a supramaximal concentration of
isoprenaline (300 nM) were unaltered by MI (Figure 2f).

Relaxin and relaxin receptor (LGR7) mRNA expression
in sham and MI rats

The levels of R1 relaxin, R3 relaxin and rat LGR7 gene
transcripts were determined by RT—PCR in atria (Figure 3a)
and LV (Figure 3b) tissues from sham and MI animals. R1
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Figure 1 Inotropic responses in electrically stimulated left atria. (a—c) Responses to isoprenaline (ISO) and relaxin (h2R1x (B29))

in sham (filled symbols) and MI (open symbols) rats. (d—f) Responses to isoprenaline and h2R1x (B29) in sham and MI rats after
PTX treatment. P values on ¢/r curves are from a two-way ANOVA performed to determine differences between curves. P values on

bar graphs indicate significance using an unpaired Student’s 7-test.
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Figure 2 Chronotropic responses in spontaneously beating right atria. (a—c) Responses to isoprenaline (ISO) and relaxin (h2R1x
(B29)) in sham (filled symbols) and MI (open symbols) rats. (d—f) Responses to isoprenaline and h2R1x (B29) in sham and MI rats
after PTX treatment. P values on c/r curves are from a two-way ANOVA performed to determine differences between curves. P
values on bar graphs indicate significance using an unpaired Student’s r-test.
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Figure 3 RT-PCR of R1 relaxin, R3 relaxin and rat LGR7 mRNA expression in atrial (a) and LV (b) tissue from sham (lanes 2 -
5) and MI (lanes 6—9) animals. Ethidium bromide-stained PCR products of R1 relaxin (396 bp), R3 relaxin (292 bp) and rat LGR7
(850 bp) are shown, while GAPDH products were used as controls for quality and equal loading of the cDNA. Samples consist of a
molecular weight marker (lane 1), and gene transcripts from four separate sham atria (a, lanes 2—5), four separate MI atria (a, lanes
6-9), four separate sham LV (b, lanes 2—5) and four separate MI LV (b, lanes 6—9). cDNA from a late pregnant ovary was used
as a positive control for R1 relaxin (b, lane 10), while cDNA from the pons/medulla and cortex were used as positive controls for
R3 relaxin and rat LGR7 mRNA expression, respectively. Water replaced cDNA in negative control reactions for each PCR (b,

lane 11).

relaxin gene expression was absent in the atria and LV from
both groups of animals. In contrast, R3 relaxin mRNA
expression was clearly detected in atria and ventricular tissues
from sham and MI animals, suggesting that R3 relaxin is the
predominant form expressed in rat atria. In atria from the
MI group (Figure 3a, lanes 6-9), R3 relaxin mRNA
expression was greater than in atria from the sham group
(Figure 3a, lanes 3—5). LGR7 gene expression was observed
in both atrial and ventricular tissues from sham and MI
animals with a higher level of LGR7 mRNA expression
detected in atria (Figure 3a), compared to LV (Figure 3b).
However, the LGR7 gene expression in both atria (Figure 3a,
lanes 6,7,9) and LV (Figure 3b, lanes 6—8) was decreased in
MI animals compared to tissues from sham-operated animals.

Effect of isoprenaline and relaxin after pertussis toxin
treatment on inotropic and chronotropic responses

Since PTX treatment caused a reduction in inotropic and
chronotropic responses to relaxin independently of MI, we
tested this effect in animals that had not undergone MI or a
sham operation.

Sprague-Dawley rats were treated once with either PTX
(10 ug kg, i.p.) or vehicle 3 days before experimentation.
Maximum inotropic responses to isoprenaline, in left atria
were unaffected by PTX treatment (vehicle 5.1+0.5 mN,
n=7, PTX 4.34+0.6 mN, n="7; P=0.304; Figure 4a), whereas
responses to relaxin were significantly reduced (vehicle
3.3+0.7 mN, n=7; PTX 0.84+0.2 mN, n=7, P=0.005;
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—76% Figure 4b). The potency of isoprenaline (pECsy:
vehicle 8.51+0.13, n=7; PTX 8.04+0.11, n=7; P=0.020)
was significantly altered by PTX but not that of relaxin
(pECsq: vehicle 8.90+0.08, n=7, PTX 8.59+0.18, n=7;
P=0.136) (Figure 4a,b). The effectiveness of PTX treatment
was tested by examining the negative inotropic response of
adenosine in left atria stimulated with isoprenaline (300 nM).
The negative inotropic response to adenosine, a known Gi-
coupled receptor, was blocked by prior PTX treatment
(Figure 4c).

In right atria, chronotropic responses to isoprenaline were
slightly increased by PTX treatment (vehicle 184.3 4+ 5.3 beats
min~!, n=7; PTX 211.349.5 beats min~!, n=7; P=0.029;
+15% Figure 4d), however responses to relaxin were
significantly reduced (vehicle 130.2+8.1 beats min~', n=7,
PTX 90.6+11.1 beats min~', n=7;, P=0.012; —30% (Figure
4e). The potency of isoprenaline (pECsy: vehicle 8.63+0.05,
n=7, PTX 8.33+0.10, n=7; P=0.027) was significantly
altered by PTX but not that of relaxin (pECsy: vehicle
9.16+0.07, n=7; PTX 9.06+0.01, n=7; P=0.395) (Figure
4d,e). Chronotropic responses to supramaximal concentra-
tions of isoprenaline (300 nM) were increased by PTX
treatment (P=0.006, Figure 4f).

The effects of relaxin, isoprenaline and forskolin on
cAMP production in left atria: alteration by PTX
treatment

Relaxin, isoprenaline and forskolin all produced an increase
in cAMP. Relaxin (100 nM) produced a small but significant
increase in cAMP from the basal level of 0.02340.003 to
0.06340.002 pmol mg protein~—!, 2.7 fold above basal. Iso-
prenaline (1 uM; 0.161+0.023 pmol mg protein~') produced

a 7 fold increase in cAMP, 2.6 times greater than relaxin.
Maximal stimulation of adenylate cyclase with forskolin
(10 um; 0.5384-0.054 pmol mg protein—') produced a 23 fold
increase in cAMP, 3.3 and 8.5 times greater than isoprenaline
and relaxin, respectively (Table 2). Treatment of animals with
PTX did not alter basal cAMP levels (control: 0.02340.003,
PTX: 0.018+0.002, P=0.135), however cAMP responses to
relaxin (x~60%; 0.025+0.001 pmol mg protein '), isoprena-
line (~80%; 0.031+0.005 pmol mg protein—') and forskolin
(~81%; 0.10240.010 pmol mg protein~') were all signifi-
cantly reduced (Table 2). However the cAMP response to
relaxin, isoprenaline and forskolin after PTX treatment was
still significantly increased above basal (Table 2).

Discussion

In the rat MI model we have demonstrated that the
maximum inotropic responses to isoprenaline and relaxin
are reduced in cardiac failure. We have also shown that of
the two rat relaxin genes, R1 and R3, only R3 relaxin is
expressed in both atria and left ventricle. In atria, R3 relaxin
gene expression was increased in MI animals suggesting
increased production and release of R3 relaxin. This together
with the reduction of mRNA expression of LGR7 (relaxin
receptor) 4 weeks after MI in atria may be responsible for the
desensitization observed in the c/r curves to relaxin.

R3 relaxin but not R1 relaxin is expressed in the rat heart,
consistent with the finding that only R3 relaxin is found in
normal rat atrial and ventricular tissue and cells with ageing
(unpublished data, CS Samuel). In addition to acting as a
neuropeptide or neuromodulator (Bathgate et al., 2002), R3
relaxin appears to have a role in the heart regulating

a Left Atrium b Left Atrium c Left Atrium
~10 .10 ~10 _
= = Z P=0.011
E s E g c 8
@ 2 P<0.001 o
S 5 g6
£ £ £ 4
% 4 o 4 Gg)
c 2 _§ 2 < 2
o P<0.001 S o o

04 . . T , 0+ 2 7 : :

1 10 9 -8 7 -8 42 11 10 9 -8 7 180 300nM ADEN 30uM Ca7mM

Log[lsoprenaline} Log[h2RIx (B29)]

d Right Atrium e Right Atrium f Right Atrium

250 250+ 250 *
& & g
S 200 S 2004 £ 200
® ® 5
2€ 150 2E 150 2E 150 )
=8 = £g mm Vehicle (n=7)
2= 100 °~ 100 §V100 CaPTX - 3days (n=7)
§ 50 .g 504 £ =0
o P=0806 = ©

o4 " , . ; , 0 . . . 0
1 10 9 8 -7 6 -2 -1 9 -8 7 1SO 300nM
P=0.006

Log[Isoprendine]

Log[h2RIx (B29)]

Figure 4 (a—c) Effect of PTX treatment on inotropic responses to (a) isoprenaline, (b) hR1x (B29) and (c) single consecutive doses
of isoprenaline (ISO, 300 nM), adenosine (30 uM) and calcium (7 mm) after the relaxin c/r curve. (d—f) Effect of PTX treatment on
chronotropic responses to (d) isoprenaline, (¢) hR1x (B29) and (f) single dose of isoprenaline (ISO, 300 nm) after the relaxin c/r
curve. Filled symbols represent vehicle-treated animals, whereas open symbols represent PTX-treated animals. P values on ¢/r curves
are from a two-way ANOVA performed to determine differences between curves. P values on bar graphs indicate significance using

an unpaired Students’ z-test.
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Table 2 Effect of basal, h2R1x (B29), isoprenaline and
forskolin on cyclic AMP production in left atria with vehicle
and PTX treatment

Vehicle treatment PTX treatment P value

Basal 0.02340.003  0.01840.002  0.135
h2R 1x(B29) (100 nM) 0.063+0.002%%% 0.025+0.001** <0.001
Isoprenaline (1 ) 0.161+0.023%%% 0.031+0.005%  0.002
Forskolin (10 uM)  0.538+0.054%** 0.102+0.010%* <0.001

Values are expressed in pmol cAMP mg protein~' as

mean+s.e.mean from n=4 in each group. P value column
indicates significance between vehicle and PTX-treated left
atria using an unpaired Student’s r-test. *P<0.05,
**P<0.01, ***P<0.001 indicates significant differences
compared to the basal group for the same treatment.

inotropic responses. LGR7 mRNA expression was detected
in both the atria and LV of sham and MI animals. LGR7
expression in the atria was much higher than in the LV,
consistent with the high levels of [**P]-relaxin binding in rat
atria (Osheroff et al., 1992; Tan et al., 1999).

In previous studies we have found that PTX treatment
restores inotropic responses to isoprenaline (Kompa et al.,
1999; Kompa & Summers, 1999), whereas in the present
study it failed to restore the inotropic response to relaxin.
Rather, in sham-operated animals, the inotropic response in
left atria was reduced to the level seen in MI-operated
animals. In addition, we have confirmed that PTX treatment
did not alter the chronotropic response to isoprenaline in the
MI model (Kompa et al, 1999), but did reduce the
chronotropic response to relaxin in both sham and MI
animals. Thus it appeared initially that in the heart, relaxin
signalling might contain a PTX-sensitive element. This
observation was confirmed in experiments on unoperated
Sprague Dawley rats treated with PTX, where the maximum
inotropic and chronotropic responses to relaxin were
significantly reduced. The cAMP data is in agreement with
the functional results and shows that PTX treatment
significantly reduced the cAMP response to relaxin. The
effects of PTX on responses to relaxin did not therefore
depend on cardiac failure or on the operating procedure
carried out in sham-operated rats. A recent study has
suggested a role for relaxin in human heart failure since
increased plasma concentrations of relaxin are seen with
increased severity of heart failure, and increased relaxin
immunoreactivity occurs in myocytes from failing cardiac
tissue (Dschietzig et al., 2001). Furthermore, under conditions
that mimic left ventricular failure in a flow chamber, relaxin
inhibited endothelin-1 peptide secretion from pulmonary
artery cells and also inhibited the angiotensin II-stimulated
increase in endothelin-1 secretion which was abolished by the
ETg receptor antagonist A-192621 (Dschietzig et al., 2001).
These results suggest that relaxin may be involved as a
compensatory mediator in human heart failure inhibiting the
vasoconstrictor actions of angiotensin and endothelin. In
terms of our results, we have previously shown in the in vitro
situation that responses to relaxin are difficult to wash out,
persisting up to 6 h with constant washing (Summers et al.,
1995). An increase in plasma relaxin, in our 4 week MI
model, could chronically stimulate the receptor leading to the
significant receptor desensitization seen in the left atria.

Although the plasma concentration of relaxin determined by
Dschietzig et al. (2001) may be lower than the concentration
range of relaxin used in this study, we have shown that M1
increases relaxin gene expression in the atria which may
increase local relaxin to concentrations that do cause
desensitization.

The chronotropic response to relaxin in right atria was
unaffected following MI, which may indicate that relaxin
utilizes a different signalling pathway in right atria compared
to left atria. Toth et al. (1996) reported that relaxin utilizes at
least three different intracellular pathways in right atria,
protein kinase A (PKA), protein kinase C (PKC) and a
calcium/calmodulin dependent protein kinase. The PKA
inhibitor H89 (100 nM) inhibited chronotropic responses to
relaxin (Toth et al., 1996) and although H-89 also is a f,-
adrenoceptor antagonist at nanomolar concentrations (Penn
et al., 1999), the protein kinase inhibitor (PKI) and PKI (5-24
amide) prevented inhibition of potassium current by relaxin
in rat atrial myocytes (Piedras-Renteria et al., 1997a, b), and
prevented a dose-dependent increase in L-type calcium
current to relaxin in rabbit sino-atrial nodal cells (Han et
al., 1994). PKI is highly specific for PKA, at 1-5 uM and
does not inhibit other kinases such as casein kinase I and II,
proteolytically activated protein kinase I, Ca®*-phospho-
lipid-dependent protein kinase, c¢cGMP-dependent protein
kinase, Ca**-calmodulin-dependent protein kinase, or myosin
light chain kinase (Cheng et al., 1986). In this study, relaxin
did produce a significant increase in cAMP, although much
less than that produced by isoprenaline. Furthermore there
has been recent recognition that the orphan receptor, LGR7,
is a relaxin receptor that can produce cAMP when stimulated
by relaxin (Hsu et al., 2002). Our results confirm that relaxin
increases CAMP in left atrial tissue, although this response is
small compared to either S-AR activation or forskolin.
Relaxin has also been suggested to signal through PKC.
The PKC inhibitor staurosporine inhibited chronotropic
responses to relaxin in right atria, as well as atrial ANP
secretion in the perfused rat heart (Toth et al., 1996).
Furthermore, previous studies have described relaxin-induced
translocation of PKC from the cytosol to the cellular
membrane in human endometrial cells (Kalbag et al., 1991).
These studies suggest that relaxin in right atria may signal
through both PKA and PKC-dependent pathways. The
calcium/calmodulin-dependent protein kinase may also be
involved in relaxin signalling, with KN-62 (1-[N, O-bis (1,5-
isoquinolinesulphonyl) - N-methyl-L -tyrosyl] - 4-phenylpipera-
zine, a calcium/calmodulin dependent protein kinase II
inhibitor) significantly reducing the chronotropic response
to relaxin (Toth et al., 1996). Relaxin had been reported to
increase L-type calcium current in single cells isolated from
rabbit sino-atrial node (Han ez al., 1994). This increased
calcium influx binds to calmodulin activating the calcium/
calmodulin protein kinase, which is involved in the
chronotropic response.

These pathways do not readily provide an explanation for
the reduced relaxin responsiveness in heart following PTX
treatment. If relaxin was signalling through PKA via a G
protein (Gy) to increase cAMP, PTX would be expected to
remove any dampening of the cAMP response via G; and
increase the response, and not the observed opposite effect.
Furthermore, PTX-sensitive G-proteins are not involved in
the PKC pathway, which signals predominantly through

British Journal of Pharmacology vol 137 (5)



A.R. Kompa et al

Effect of relaxin after Ml and pertussis toxin 717

Ggj11-coupled receptors (Gutkind, 1998). The effect of PTX
on the relaxin-stimulated cAMP response was in close
agreement with the organ bath data, although this was not
as obvious for isoprenaline. The effect of PTX pre-treatment
on the relaxin, isoprenaline and forskolin stimulated cAMP
responses may be explained by compensatory reductions in
other components of the signalling pathway and in particular
adenylate cyclase. This appears plausible as PTX was
administered 3 days before the responses to agonists were
tested, and long enough for such changes to occur. The data
also showed that basal cAMP levels were 23% lower in PTX-
treated tissues, which although not significant (P =0.135) may
indicate some compensatory down-regulation of adenylate
cyclase. This is further supported by studies that showed that
24 h PTX treatment had no effect on maximum responses in
relaxin c/r curves (unpublished observations). Following PTX
treatment, we speculate that the increase in isoprenaline-
stimulated cAMP following PTX treatment (38% increase
above non-PTX basal) is adequate to produce maximal
responses, whereas the increase in relaxin-stimulated cAMP
(11% increase above non-PTX basal) produces a significantly
reduced response when compared to responses in the absence
of PTX pretreatment. The coupling efficiency of receptor-Gs-
adenylate cyclase is higher for isoprenaline than for relaxin.
The estimated molar proportions of the elements of the f-
AR-Gs-adenylate cyclase complex in cardiac myocytes are
1:200:3 (Post et al., 1995), suggesting that f-AR number or
the amount of adenylate cyclase may limit f-AR-mediated
transmembrane signalling.

In human endometrial stromal cells and a human
monocyte cell line (THP-1), which naturally express the
relaxin receptor, increases in relaxin-stimulated cAMP
accumulation are inhibited by the non hydrolysable analogue
of GDP — GDP-§-S, an inhibitor of G-protein activation
(Bartsch et al., 2001). Tyrosine kinase inhibitors such as
tyrphostin AG 1478 or AG 527, which are specific for EGF
receptor tyrosine kinase, also suppressed the relaxin-stimu-
lated cAMP response in these cells in a dose-dependent
manner (Bartsch et al., 2001). In contrast, the broad
spectrum tyrosine kinase inhibitor tyrphostin AG 213 and
the platelet derived growth factor receptor-specific tyrphostin
AG 1295 had no effect on the relaxin-stimulated cAMP
response (Bartsch ez al., 2001). These studies suggested that
the relaxin receptor may be associated with a membrane
tyrosine kinase closely related to the EGF receptor. Many
studies have shown that activation of the EGF receptor can
lead to the activation of the mitogen-activated protein kinase
(MAPK) pathway in heart (Rebsamen et al., 2000; Ding et
al., 2000). Bartsch et al. (2001) reported that relaxin-
stimulated cAMP accumulation in THP-1 cells is inhibited
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