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Introduction

Summary

In the failing human heart, due to idiopathic dilated cardiomyopathy, it
has been suggested that the P,-adrenergic receptor (B,AR) is a potential
pathogenic autoantigen. The aim of the present study was to investigate
whether immunization of rats with a synthetic peptide corresponding to
the second extracellular loop of the B,AR (B,AR EC;) was able to induce the
early stage of cardiomyopathy and also to investigate immunological and
receptor functional parameters at a transcriptional level to permit insights
into the autoimmune mechanism in cardiomyopathy. Eleven Whistar Fur
rats were immunized with a B,AR EC,, peptide (H26R) once a month dur-
ing 12 months and seven control rats were injected with vehicle according
to the same procedure used for the immunized group. Cardiac function,
B.AR autoantibodies and their functional effects on cardiomyocytes were
analysed. PB,AR receptor signalling, immunological and cardiomyocyte
stretch markers were determined on transcriptional level. In H26R immu-
nized rats, B;AR autoantibodies were shown to be present and functionally
active, cardiac functions in terms of fractional shortening were decreased
and [;-adrenergic receptor kinase (GRK2) mRNA were increased com-
pared with the control group. These data have shown that immunization of
rats with a putative antigenic peptide was able to induce an early stage phe-
notype of cardiomyopathy in the form of cardiac dysfunction and up-
regulation of GRK2 as the first step in the desensitization process of the B,AR,
implying the pathological importance of the ;AR autoantibody.

Keywords: [3,-adrenergic receptor, cardiac function, cardiomyopathy,
immunization

balance, rather than targeting the primary causes of the
disease.

Idiopathic dilated cardiomyopathy (DCM) is one of the lead-
ing causes of severe heart failure and one of the most com-
mon reasons for heart transplantation. Mortality due to
heart failure has decreased significantly during the last
decade since ACE inhibitors, B-adrenergic receptor (B,AR)
blockers and angiotensin II receptor blockers were intro-
duced. Nevertheless, chronic heart failure remains one of the
most important causes for morbidity and mortality and has
a very high frequency of readmission to hospitalization
because of aggravation of the heart failure, which accounts
for a significantly higher health-care expenditure that is
more than twice that of the cost for cancer. One of the most
important reasons is that current heart failure management
is aimed mainly at the restoration of neurohormonal

What causes dilated cardiomyopathy remains unclear, and
research has focused on three possible mechanisms of dam-
age: genetic factors [1], viral persistence [2] and immuno-
logical abnormalities [3]. During the last 10 years there have
been many investigations showing distinct autoantibodies or
other immune factors in heterogeneous subsets of DCM
[4,5] which have contributed supportive and confounding
evidence to hypothesis that multiple autoimmune mecha-
nisms are involved pathophysiologically in DCM. Studies
have shown immune regulatory disturbances in: cytokine
levels [6], autoantibodies against different cardiac proteins
[7,8], T lymphocyte subset populations [9] and cell-medi-
ated inflammation in DCM hearts [10]. These findings
have also been supported in DCM animal models, where
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immunization with different identificated cardiac antigens
[11-14] or transfer of peripheral blood lymphocytes from
patients with DCM to severe combined immunodeficiency
(SCID) mice [15] were able to induce cardiomyopathic
changes. Emerging immune therapies in the treatment of
dilated cardiomyopathy such as immunoadsorption show
favourable effects on cardiac performance [16], adding fur-
ther weight to the hypothesis that cardiomyopathy is possi-
bly autoimmunity mediated.

According to Witebsky’s criteria to define an autoimmune
disease, immunization of animals with the antigen should
result in production of the disease [17,18]. Autoantibodies
against the second extracellular loop (ECy) of the B,AR has
been shown in DCM patients to be the main autoimmune
target [7,12,19] and monoclonal antibodies against the AR
ECy; have also been shown to induce a positive inotropic
response [20] and apoptosis [21] in isolated cardiomyocytes.
Recent studies have demonstrated that both immunization
with a fusion protein of the B;AR ECy; in rats [13] and B,AR
DNA immunization in mice [22] have been shown to induce
impaired cardiac function. The present study is a step further
in this direction, aiming to demonstrate whether immuni-
zation of a peptide corresponding to the §,AR ECy could
induce an early stage of DCM in rats and also investigate fur-
ther the immunological and receptor functional parameters
on a transcriptional level.

Materials and methods

Immunization

Immunization was performed in 11 male Whistar Fur rats,
beginning at the age of 10 weeks. A synthetic peptide (H26R)
corresponding to the human and rat ;AR ECy (residues
197-222: H-W-W-R-A-E-S-D-E-A-R-R-C-Y-N-D-P-K-C-
C-D-F-V-T-N-R), was produced by LSUHSC Core Labora-
tories (New Orleans, LA, USA). These rats were immunized
by subcutaneous injection of the peptide (1 mg/ml), dis-
solved in 0-1 M Na,CO5/1% B-mercaptoethanol and emulsi-
fied in Freund’s adjuvant once a month for 12 months.
Another seven male Whistar Fur rats were used as control
receiving vehicle in the same manner. At the end of the study,
heart and sera were collected for analysis. The apex of the
heart was used for mRNA analysis and frozen later in RNA;
the rest of the heart was frozen immediately in optimal cut-
ting temperature (OCT) for histology analysis or in liquid
nitrogen for further analysis. All tissue and sera were then
stored at —80°C.

Autoantibody detection

To detect B,AR autoantibodies in rat sera, the ;AR peptide
H26R was used in an enzyme-linked immunosorbent assay
(ELISA). To determine the specificity of B,AR peptide-
induced immune response, another peptide belonging to the
G-protein coupled receptor superfamily and sharing a high

degree of homology in sequence, the [3,-adrenergic receptor
peptide (H-W-Y-R-A-T-H-Q-E-A-I-N-C-Y-A-N-E-T-C-C-
D-F-F-T-N-Q) was also used. Nunc (Roskilde, Denmark)
plates were coated with 10 pg/ml peptide dissolved in 0-1 M
Na,CO;/1% B-mercaptoethanol for 1 h at room tempera-
ture. After saturation of the wells with PMT buffer [3%
skimmed milk/0-1% Tween 20 in phosphate-buffered saline
(PBS), pH =7-4]. The rat sera was added to the plates and
incubated in 37°C for 2 h. The antibodies were revealed by
incubation with biotinylated donkey anti-rat immunoglob-
ulin (IgG) antibodies (Jackson Immuno Research Laborato-
ries Inc., San Diego, CA, USA) diluted 1: 1000 in PMT and
incubated at room temperature for 1h following addition
of streptavidin—peroxidase conjugate (Jackson Immuno
Research) at 1 : 1000 dilution in the same buffer. Plates were
then washed with PBS and 2,2-azino-di (3-ethylbenzothiaz-
oline) sulphonic acid (ABTS)-H,0, (Roche, Switzerland)
substrate buffer was added and incubated for 30 min in the
dark at room temperature. The absorbance was measured at
405 nm in an ELISA reader (Spectra Max Plus, Molecular
Devices, Sunnyvale, CA, USA).

Transthoracic echocardiography

Transthoracic echocardiography was used for evaluation of
left ventricular function and geometry using previously
validated two-dimensional (2D), M-mode and Doppler
techniques. The animals were anaesthetized briefly with
isofluorane (Baxter, Deerfield, IL, USA) and echocardio-
graphy was performed as described previously [23].

Histochemistry

Cardiac structure and infiltration of immune cells were visu-
alized with haematoxilin/eosin and collagen with Sirus red
staining on cryosections from rat hearts, following analysis
with routine light microscopy. Seven and six hearts, respec-
tively, were used when calculating cardiomyocyte size to
investigate dilatation from cells in the H26R immunized
group compared to controls. Cells (15-30) were calculated
per heart depending on how many cells were cross-sectioned
and had the right conformation, with a round shape and the
nucleus in the middle.

Isolation of RNA and real-time reverse transcription-
polymerase chain reaction (RT-PCR)

We used real-time RT-PCR to assess the effect of immuniza-
tion on mRNA expression in the heart tissue of components
in the B,AR signalling cascade [B,AR and P,-adrenergic
kinase(GRK2)], cardiomyocyte stretch biomarkers such as
cardiotrophin-1 (CTF1) and brain natriuretic peptide
(BNP); also, components of the immune system were anal-
ysed as the monocyte chemotactic protein-1 (MCP1) which
recruits monocytes, complement factor 3 (C3) and inflam-
matory cytokine tumour necrosis factor (TNF)-o. Total
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RNA was isolated from myocardium using the SV total RNA
isolation system (Promega, Madison, W1, USA), according
to the manufacturer’s reccommendations. RT reaction using a
TagMan Gold RT-PCR Kit [Applied Biosystems (ABI), Fos-
ter City, CA, USA)] was performed for cDNA synthesis. Ran-
dom hexamers were used as primers for the RT reaction. The
cycling parameters are as follows: 10 min at 25°C, 30 min at
48°C and 5 min at 95°C. Real-time PCR analyses for C3,
TNF-o, GUS, CTF1, BNP and GRK2 were performed with
TagMan assay-on-demand on the ABI 7700 Sequence Detec-
tion System, according to the manufacturer’s recommenda-
tions. The sequences of primer/probe of B,AR were as
follows (5"-3"): B,AR sense: TGCAGACGCTCACCAACCT;
BiAR anti-sense: CAGCAGTCCCATGACCAGATC; f3,AR
FAM-MGB probe: TTCATCATGTCCCTGGCC.

The reactions were analysed in duplicate and the rela-
tive expression levels were calculated according to the stan-
dard curve method. The expression data were normalized
to an endogenous control, B-glucuronidas (GUS). The log-
arithm of the RNA concentration was calculated from
standard curves. The expression was determined as the
ratio of RNA g/ RNAGys.

C3 in rat sera

Detection of C3 in rat sera was made with an ELISA. Nunc
(Roskilde, Denmark) plates were coated with polyclonal goat
IgG anti-rat C3 (ICN Pharmaceuticals Inc., Ohio, USA) at 1/
2000 dilution in PBS and incubated in 37°C for 1h. The
wells were then saturated with PMT buffer for 1 h in room
temperature, and samples and standard curves were then
added to the plate. Pooled sera from healthy Whistar Fur rats
(n=3) was used in the standard curve, ranging from a dilu-
tion of 1/1000 to 1/128 000, and the samples were diluted 1/
10000 in PMT buffer. Both standards and samples were
incubated at 37°C for 1 h 1/500 dilution of peroxidase-con-
jugated goat IgG to rat C3 (ICN Pharmaceuticals Inc.) was
then added to the plates and incubated for 1 h in room tem-
perature following the addition of substrate buffer, ABTS-
H,0, (Roche, Switzerland), and incubated for 30 min in the
dark at room temperature. Absorbance was measured at
405 nm in an ELISA reader (Spectra Max Plus, Molecular
Devices, CA, USA).

IgG purification and culture of neonatal beating
cardiomyocytes

IgG from rat sera was purified by caprylic acid/ammonium
sulphate purification, as described by McKinney and Parkin-
son [24].

The culture of neonatal cardiomyocytes was performed by
removing hearts aseptically from 1-3-day-old Whistar rats
and cultured as described previously [25]. The number of
beats of a selected isolated myocardial cell or a cluster of syn-
chronously contracting cells in each of 10 fields was counted
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for 15 s each time. Rat IgG, synthetic antigen peptide and the
corresponding receptor agonists were added, respectively,
and the cells were observed 60 min after each addition. This
procedure was repeated twice in different cultures to yield
results representing a total of 30 cells or cell clusters. The
basal rate of beating was 136 & 15 beats/min.

Membrane preparation and receptor binding assay

Apical heart segments from rats (n=4) in each group were
homogenized in ice-cold buffer I (50 mM Tris-HCI, 100 mM
NaCl, 2mM EDTA, pH 7-4) and centrifuged at 4°C for
15 min at 3000 g. All the following steps were performed at
4°C. The supernatant was filtered through a 100 pm nylon
cell strainer (BD Biosciences, Bedford, MA, USA) and then
centrifuged for 30 min at 80000 g; the pellet was then
washed in buffer II (50 mM Tris-HCI, 1 mM EDTA, pH 7-4)
and centrifuged for 30 min at 80 000 g. Finally, the mem-
brane was dissolved in the binding assay buffer (12 mM
MgCl, 25 mM Tris, pH 7-2) and stored at —80°C.

B-Adrenergic receptor density (B..) was determined
using ["*’I] cyanopindolol (['*I]-CYP; 2200 Ci/mM; Perkin
Elmer Life and Analytical Sciences, Billerica, MA, USA).
Membrane protein (25 pg) was incubated in the binding
assay buffer with increasing concentrations of ['*I]-CYP
(12-5-400 pM) at 37°C for 30 min. The reaction was stopped
by washing three times with ice-cold binding assay buffer
and rapid filtration, using Wharman GF/C filters. Filter-
bound radioactivity was measured by a counting. The
unspecific binding was defined as the bound radioactivity in
the presence of unlabelled isoproterenol (4 uM). Specific
binding was determined by subtracting unspecific from total
['®I]-CYP binding activity. Estimations of maximal bound
(Bmax) and equilibrium dissociation constant (Kp) were
obtained by non-linear regression curve fitting with the one
site binding model (hyperbola) using GraphPad Prism ver-
sion 4-00 software (San Diego, CA, USA). B,,,, was standard-
ized against the protein concentration, determined with a
bicinchoninic acid (BCA) protein assay regent kit (Pierce,
Rockford, IL, USA).

Statistical analysis

Results are expressed as the mean + s.e.m. Mann—Whitney’s
test was used for analysis of significance of differences
between the groups. Values of P < 0-05 were considered to be
statistically significant.

Results

Body weight, heart weight and heart/body weight ratio

All rats were alive throughout the study. There were no obvi-
ous signs of heart failure in the form of breathlessness
and fluid retention. No differences in either body weight
(452 £ 16 g versus 463 £ 20 g), heart weight (1-49 + 0-16 mg
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Fig. 1. Autoantibodies against the (3,-adrenergic receptor extracellular
-10 - H26R Controls

loop 2 (B,AR ECy;) during 13 months. ;AR autoantibodies in rat sera

at 1/400 dilution were measured with peptide enzyme-linked immun- . . . . .
Fig. 2. Chronotropic action of rat immunoglobulin (IgG). Chronotro-

osorbent assay (ELISA) at six time-points during the study period. The . . .
pic response of IgG from H26R immunized (n=7) and control rats

curve shows ;AR autoantibodies in the H26R immunized group. 3,AR ) . .
o . (n=5) on neonatal rat cardiomyocytes. The response is shown in
autoantibodies were undetectable in the control group. ) . o .
increase of beats/min after addition of IgG compared to basal beating

frequency and the horizontal lines corresponds to the mean value of

versus  1:45£0-2mg) or heart/body weight ratio each group. Statistical analyses between the groups were made with the
(3-3+0-3 mg/g versus 3-2+0-6 mg/g) between the H26R Mann-Whitney test, *P < 0-05.

immunized and control group were observed.

B.AR antibody production chronotropic effects on spontaneous beating neonatal rat

i Fig. 2).
Rat sera were screened for 3;AR autoantibodies with ELISA. cardiomyocytes (Fig. 2)

It was shown that there was an increasing titre of anti-f,AR
antibodies during the study period, with the highest concen- Heart function
trations at 10 months followed by a decrease of specific B;AR
autoantibodies until the end of the study (Fig.1). No
autoantibodies were detectable in control rats. Rat sera were

At at 12 months following immunization echocardiography
examinations showed a significant decrease in fractional
shortening and circumferential shortening (fraction short-
ening/ejection time) in the H26R immunized group due
to a tendency of dilatation of the left ventricular systolic
dimensions in the H26R immunized group; all other echo-
cardiographic parameters remained unchanged (Table 1).
Examinations were also made at 9 months, but by that time
Functional properties of 3;AR antibodies were analysed in no change in heart function was observed between the
vitro. IgG from H26R immunized animals showed positive groups.

also screened for autoantibodies against another cardiac
antigen, the [P,-adrenergic receptor peptide, but no cross-
reaction with this receptor peptide was shown.

Positive chronotropic effects of B,AR antibodies

Table 1. Echocardiographic parameters 12 months after immunization with H26R.

H26R immunized Controls

(n=7) (n=7) P-value
HR (beats/min) 342+ 10 366+9 n.s.
CO (ml/min) 165+2 16442 ns.
LVD (mm) 9:0+0-3 9:-1+£0-2 n.s.
LVS (mm) 64+02 5.7 403 0-08
Posterior wall thickness in end-diastole (mm) 1-53+0-13 1-50 £ 0-07 n.s.
1vSsd 1:3+0-3 1-3+0-4 n.s.
FS (%) 312+ 1-1 37:4+25 0-02%
Circumferential shortening (circ/s) 3.92+0-16 517 £0-42 0-012*

Data are given as mean =* s.e.m.. Differences between groups were calculated with the Mann—Whitney test, *P < 0-05. HR = heart rate; CO = cardiac
output (stroke volume - heart rate); LVD =left ventricle end-diastolic diameter; LVS =left ventricle end-systolic diameter; PWd = posterior wall
diameter; IVSd = intraventricular septum thickness in end diastole; FS = fractional shortening (LVD-LVS/LVD X 100); circumferential fibre shortening
(fraction shortening/ejection time).
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Morphology, collagen and inflammation examination of
heart tissue

When studying cardiomyocyte size, no significant differ-
ences between the H26R immunized group and the control
group was observed. If anything, there was a small tendency
towards greater size of the cardiomyocytes in the H26R
immunized group compared to the controls (112-6 +11-9
versus 87-23 + 11-1 um?, P = 0-13). No differences in inflam-
mation or collagen infiltration were observed between the
groups.

B.AR antibody effect on B,AR signalling and
immunological parameters at mRNA level

Using RT-PCR, mRNA encoding for GRK2 from heart tis-
sues in the H26R immunized group was increased, whereas
for B,AR, the cardiomyocyte stretch markers CTF1 and BNP,
complement component C3, monocyte recruiter MCP1 and
inflammatory cytokine TNF-o. mRNA expression remained
unchanged between groups (Table 2).

C3 in rat sera

ELISA analysis showed no signs of differences in C3 in rat
sera between the groups: 109 £ 17% in the H26R immunized
group compared to 83 + 8% in the control group. The value
of C3 is given as C3mple/ C3standara i %.

B-adrenergic receptor density in rat hearts

Membrane prepared from rat hearts was analysed in a satu-
ration binding assay with the non-selective '*I-labelled B-
AR antagonist cyanopindolol. Saturation binding parame-
ters were not significantly different, due probably to limited
numbers of heart tissue (n=4 in each group). The H26R-
immunized animals showed a tendency towards down-reg-
ulation of B-adrenergic receptors: 170-3 + 221 compared to
2142 £209 fmol/mg in controls, P=0-2. The K; was not

Table 2. mRNA expressions in heart tissue.

Gene H26R immunized® Control® P-value
B 1AR 1-:58 £ 0-10 1-:31+0-14 n.s.
B ARK 2:11+0-12 1-83 £ 0-07 0-03*
C3 1-80 £ 0-10 1.76 £ 0-17 n.s.
TNF-o 0-06 = 0005 0-07 £ 0006 n.s.
CTF1 1:05+0-11 1-:38+0-12 n.s.
BNP 0:94+0-10 1-14+0-16 n.s.
MCP1 0-46 = 0-06 0-48 +0-07 n.s.

*>mRNA expressions were calculated via a standard curve and nor-
malized against an endogen control. “Data are given as mean * s.e.m.
Statistical analysis between immunized and control animals was calcu-
lated with the Mann-Whitney test. *P<0-05. B,AR: [,-adrenergic
receptor; n.s.: not significant.

Early cardiomyopathic changes induced by active immunization

different in the H26R immunized group: 6:3 +0-7 versus
6:7£0:6 pM in the control group.

Discussion

Growing evidence suggests a pathophysiological role of
autoimmunity in cardiomyopathy and heart failure
[7,8,14,16,26]. Our and others’ previous studies have shown
that autoantibodies directed against the 3;AR EC;; seem to be
involved in DCM [7,12,19], but questions regarding the
exact role of these autoantibodies in the development of
DCM remains to be clarified. In this study we focused on the
effects of active immunization with a $,AR ECy, peptide con-
taining functional epitope(s) on cardiac structure, function
and also the underlying mechanisms at transcriptional level.

Previous studies, using rabbits as host species for active
immunization with 3;AR peptide, have shown that immu-
nization was able to induce cardiomyopathy-like changes
[12,27,28]. However, the high susceptibility in rabbit species
to induction of immune response raises the question of
whether such active immunization is able to induce similar
autoimmune damage in another animal species which is less
susceptible to the immune response. This is of great impor-
tance, because in humans there is normally an effective
immune defence system protecting the body from autoim-
mune diseases until this defence system has been broken
down or manipulated. The rat is such a type of animal of
choice.

Our results have shown high titres of antibodies against
the B,AR in the sera from immunized rats, without cross-
reactions with another closely related cardiac G-protein cou-
pled receptor sharing a high degree of structural and bio-
chemical similarities (J,-adrenergic receptor), indicating
that an autoantigenic peptide was able to induce a specific
and potent autoimmune response. We have also shown that
these antibodies are functionally active, as they were able to
induce positive chronotropic effects in cultivated neonatal
cardiomyocytes.

A decrease in cardiac function was demonstrated without
overt signs of heart failure in the 3,AR peptide immunized
rats. GRK2 expression seems to be a sensitive biomarker for
heart failure, as it has been shown recently that the increase
of GRK2 corresponds to disease severity in heart failure
patients [29]. In our study we could show an increased
expression of GRK2 on a transcriptional level, which often
represents the early adaptation phase of the signal transduc-
tion pathway in myocytes and preceding desensitization of
the B,AR, as shown in heart failure patients [30] and in a
spontaneously hypertensive heart failure rat model [31]. The
above changes indicate an early stage of cardiomyopathy, due
probably to the limited response to the antigen, as the
immune responses to a small antigen (< 5 KD) is more prob-
lematic to receive compared to an antigen of greater size. In
our case, the molecular weight of the peptide is 3-3 KD and
is in the limit zone of providing a good antigen response by
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itself, and this could explain the late peak of antibody pro-
duction in the immunized animals.

Interaction of autoimmunity and cytokines, particularly
in cardiomyopathy and heart failure, has received increased
attention in recent years. However, in our present study we
have not seen any changes in transcriptions of: a myocyte
stretch marker (CTF1), a stress biochemical marker (BNP), a
monocyte recruiter MCP1, a complement system compo-
nent (C3) and an inflammatory cytokine (TNF-a). This
might be due to the fact that our animal model is dealing
with an early stage of cardiomyopathy. It will be interesting
to enhance the immune response, e.g. by prolonging immu-
nization duration or enhance the amount of immunized
antigen, to see whether more pronounced cardiomyopathic
change is associated with an increased expression of stretch
biomarkers and augmented inflammation. On the other
hand, this may strengthen our hypothesis that the early car-
diomyopathic phenotype shown in this study is indeed
caused exclusively by anti-f3,-adrenergic receptor antibodies,
and thereby the subsequent intracellular signalling cascade,
without involvement of inflammatory components at this
primary stage.

In summary, our data have shown that immunization of
rats with a putative antigenic peptide was able to induce a
phenotype of early stage of cardiomyopathy in the form of
cardiac dysfunction and up-regulation of GRK2, as the first
step in the desensitization process of the ,AR, implying the
pathological importance of B,AR autoantibodies.
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