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Abstract

Background: Experimental autoimmune myocarditis (EAM) is a common animal
model for the investigation of the pathophysiology of myocarditis. Because of di-
verging findings from previous studies, we performed serial echocardiographic ex-
aminations throughout the course of the disease and investigated the dimensions of
the murine heart and left ventricular (L'V) systolic function.

Materials and Methods: Experimental autoimmune myocarditis was induced in
male Balb/c mice by subcutaneous injection of a fragment of the a-myosin heavy
chain (MyHC-a 614-629: Ac-SLKLMATLFSTYASAD). Transthoracic echocardi-
ography was performed on days 0, 7 and 21 in healthy animals and mice with EAM.
Results: Experimental autoimmune myocarditis was associated with a reduction in
LV systolic function and an increase in LV internal diameter in diastole (LVIDd) and
systole (LVIDs) 7 days postimmunization. After 21 days, EAM led to a significant
increase in LV-thickness (1.3-fold increase in LV anterior wall diameter in diastole
[LVAWDd]), but there was no difference in LV systolic function between immu-
nized animals and healthy controls. LV-thickness correlated well with the severity of
myocarditis in the histopathological examination (LVAWDd: rs = 0.603, P = 0.003,
LV anterior wall diameter in systole (LVAWDs): rs = 0.718, P < 0.0001).
Conclusion: Our results indicate that EAM leads to an initial dilatation of the L'V that
is followed by ventricular “hypertrophy.” On day 21, there was no significant differ-
ence in LV systolic function between immunized animals and controls. Furthermore,
the ageing of the animals had a major impact on the echocardiographic parameters;
therefore, the use of healthy age-matched controls seems warranted when echocardi-

ography is performed in rodents.
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1 | INTRODUCTION
Myocarditis is a serious health issue around the world.!
Although prognosis is excellent for patients with acute myo-
carditis and preserved left ventricular (LV) systolic function,
patients with a decreased LV systolic function at presenta-
tion had a 4-year-mortality rate of 56% in the Myocarditis
Treatment Trial.” Myocarditis is a common cause for sudden
cardiac death (SCD), and it accounts for approximately 12% of
unexplained deaths in autopsy studies.' Moreover, myocardi-
tis can result in a deterioration of LV systolic function that
may progress to dilated cardiomyopathy (DCM), which is as-
sociated with formidable symptoms and increased mortality.4
In order to investigate the pathophysiologic mechanisms
behind this devastating disease, various animal models have
been developed and are now frequently used in the scientific
field. For example, the disease can be induced in susceptible
mouse strains, such as A/J mice or Balb/c mice, by immu-
nization with a fragment of the cardiac myosin heavy chain
(MyHC-a 614-629) together with a strong adjuvant.s’6 The
majority of the immunized animals then develop a CD4+
cell-mediated experimental autoimmune myocarditis (EAM)
peaking 21 days after the first immunization, despite no ap-
parent clinical symptoms of heart failure.”® In addition to the
histopathological examination, the effect of applied thera-
peutic remedies is then frequently assessed by transthoracic
echocardiography (TTE), which depicts the macroscopic
and functional sequelae of underlying pathophysiologic pro-
cesses.” " To improve the feasibility of the examination, TTE
is frequently conducted under continuous anaesthesia (eg
with isoflurane), which can affect haemodynamics and LV
systolic function. Therefore, close monitoring of the depth of
anaesthesia is essential to obtain valid and reliable results.""
Since echocardiographic parameters, such as LV systolic
function, have been used as outcome parameters for interven-
tional studies in EAM before, and previous studies reported
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diverging echocardiographic findings in this setting, we per-
formed serial TTE examinations throughout the course of the
disease to establish imaging standards and reference values
for future examiners.

2 | MATERIALS AND METHODS

All animal experiments were approved by the government of
the state of Salzburg, Austria (20901-TVG/108/22-2018), and
conducted in compliance with the Declaration of Helsinki.

2.1 | Primary and secondary outcome
measures

The primary outcome measure of the study was LV systolic
function throughout the course of the disease.

The secondary outcome measures were other structural
and functional parameters obtained by TTE, such as LV
anterior wall diameter in diastole and systole (LVAWDd,
LVAWD:s), LV posterior wall diameter in diastole and systole
(LVPWDd, LVPWDys), LV internal diameter in diastole and
systole (LVIDd, LVIDs) and diastolic dysfunction.

Hereby, we wanted to establish reference values for
6-8 weeks old Balb/c mice with and without EAM under an-
aesthesia with 2%-3% isoflurane to facilitate future research
in these animals.

2.2 | Induction of experimental autoimmune
myocarditis

Experimental autoimmune myocarditis was induced in
6-8 weeks old male Balb/c mice by subcutaneous injec-
tion of a fragment of the a-myosin heavy chain (MyHC-«
614-629: Ac-SLKLMATLFSTYASAD, purity: 95.04%,
CASLO Laboratories) on day 0 and day 7, as previously

Sacrifice

|

Day 0 Day 7

Day 21

Transthoracic echocardiography (TTE)

Histopathological examination|

n =12 EAM group
n = 10 untreatedcontrols
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FIGURE 1 Timeline of the study
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publisheds’7 (Figure 1), in 12 animals. 10 animals served
as controls.

2.3 | Anaesthesia and transthoracic
echocardiography

Echocardiography was performed under continuous anaes-
thesia with 2%-3% isoflurane using the SomnoSuite small
animal anaesthesia system (Kent Scientific Corporation,
USA) on days 0, 7 and 21 (Figure 1). The body temperature
of the animals was regulated at 37 + 0.5°C using a heating
pad and a rectal probe. Heart rate and oxygen saturation were
monitored with pulse oximetry, and depth of anaesthesia was
controlled regularly by assessing the toe-withdrawal reflex
and the heart rate (the target HR was 400 + 50 bpm).
Transthoracic echocardiography was conducted using
an Alpinion E-cube i7 (Alpinion Medical Systems Co. Ltd.,
Seoul, South Korea) with a IO8-17T high-frequency linear

(A)

P —

(B)
FIGURE 2 A, (i) Parasternal short
axis view (PSAX) of the LV at the level
of the papillary muscles. (ii) M-mode
image of the PSAX with the respective
measurements; LVAWDd, LV anterior
wall diameter in diastole; LVAWDs,
LV anterior wall diameter in systole;
LVPWDd, LV posterior wall diameter
in diastole; LVPWDs, LV posterior wall
diameter in systole; LVIDd, LV internal
diameter in diastole; LVIDs, LV internal

probe (15 MHz, Alpinion Medical Systems). Standard
echo views (parasternal long axis view [PLAX], paraster-
nal short axis view [PSAX] and apical four-chamber view
[4-CV]) were performed as previously published.n'14 All
measurements were taken from M-mode images in the
parasternal short axis view (PSAX) at the level of the pap-
illary muscles (Figure 2). Three repeated measurements
were taken of all investigated parameters.

For the evaluation of LV systolic function (ejection frac-
tion [EF]), the LV end-diastolic volume (LVEDV) and the LV
end-systolic volume (LVESV) were calculated as follows':

(LVEDV —LVESV)

EF=100x
(LVEDV)

(7XLVIDd?)
(2.4+LVIDd)

(7xLVIDs?)

LVEDV =
(2.4+LVIDs)

; LVESV =

The LV myocardial mass was calculated as follows'”:

*
LVAWDd
*

LVIDd

LvPWDd +

, Céhtrol

EAM
Control

P=0.001
between groups

diameter in systole. B, Animals with EAM (©)

showed significant inflammatory lesions Loy
in the histopathological examination; 8 -
haematoxylin and eosin staining of mouse

myocardium, magnification of 10x. C, 6
Histogram of the myocarditis score in both =
groups; 0: no inflammatory infiltrates; 4
1: small foci of inflammatory cells 2
between myocytes; 2: larger foci of >100

inflammatory cells; 3: < 10% of a cross- 0

section involved; 4: >30% of a cross-section
involved
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LV mass = 1.055 X ((LVAWDd + LVPWDd + LVIDd]® — LVIDd?)

For the evaluation of diastolic dysfunction, the transmitral
inflow pattern was measured in an apical four-chamber view
(4-CV) using pulsed wave (pw)-doppler sonography. Normal
LV filling was defined as E/A: 1-2, diastolic dysfunction
grade 1 as E/A: <1, diastolic dysfunction >2 as E/A: >2.'

2.4 | Preparation of paraffin sections and
histopathological examination

Animals were sacrificed 21 days after EAM induction.
Immediately after sacrifice, hearts were excised and cut along
the short axis of the LV at a mid-ventricular level. After fixa-
tion in 4% formaldehyde overnight, the tissue was prepared for
paraffin sections and stained with haematoxylin and eosine.

The acquired sections were analysed on a Leica DM2000
microscope (Leica Biosystems, Nussloch, Germany) at a mag-
nification of 1.6X, 10X, 20x and 40x. The presence of myo-
carditis was graded according to a semi-quantitative scale as
previously published (0: no inflammatory infiltrates; 1: small
foci of inflammatory cells between myocytes; 2: larger foci of
>100 inflammatory cells; 3: < 10% of a cross-section involved;
4:> 30% of a cross-section involved).”!®

Measurements of the cross-sectional area (CSA) of car-
diomyocytes were performed in representative areas of the
histological sections and not directly in the regions of the in-
flammatory infiltrate. Image analysis was conducted using
Imagel software (ImageJ, Wayne Rasband).

2.5 | Statistical analyses

Statistical analyses were performed using SPSS (version
24.0, IBM Corp., Armonk, NY, USA) and GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Due to the sam-
ple size, continuous variables were expressed as median and
interquartile range (25%-75%-quartile) and a Mann-Whitney
U test was used to compare medians between the groups. A

TABLE 1 Echocardiographic findings in both groups at day 0
EAM (n = 12)
DAY 0 Median IQR
LVIDd (mm) 3.0 2.8-3.3
LVIDs (mm) 1.8 1.4-2.0
EF (%) 74.6 66.0-81.8
LV-mass (mg) 92.3 81.9-142.9
m=9) %
Diastolic dysf.: 0 4 44.44
1 2 2222
>2 3 33.33

Wilcoxon signed-rank test was applied for the comparison of
paired observations, and a Fisher’s exact test was applied for
the comparison of categorical data. In order to further explore
the association between the severity of myocarditis and echo-
cardiographic parameters, correlation analysis was performed
(using Spearman's correlation coefficient). A two-sided P-
value < 0.05 was considered to be statistically significant.

3 | RESULTS

In total, we investigated 22 6-8 weeks old male Balb/c mice
in this study. Of these, 12 animals constituted the EAM group
and 10 the control group. No animal died before the sacrifice
on day 21.

3.1 | Results from the histopathological
examination

The presence of myocarditis was confirmed by significantly
more prominent inflammatory infiltrates in animals from the
EAM group (semi-quantitative scale: EAM 2.17 + 0.83 vs
controls 0.2 + 0.42, P = 0.001, Figure 2).

There was no statistically significant difference in the
cross-sectional area (CSA) of cardiomyocytes between ani-
mals with EAM and healthy controls (EAM 444 pm2 Vs con-
trol 439 um?, P = 0.869, Figure S1).

3.2 | Echocardiographic findings

At day 0, the median ejection fraction (EF) of animals in
the EAM group was 74.6% (IQR = 66.02-81.8), the median
LVIDd was 3.0 mm (IQR = 2.8-3.3) and the median LV mass
was 92.3 mg (IQR = 81.9-142.9). There was no statistically
significant difference in EF or LV mass between animals in
the EAM group and the control group prior to immunization,
but interestingly, controls had a slightly larger LVIDd at day 0
(Table 1).

Control (n = 10)

Median IQR P-value
33 3.1-3.6 0.011
2.0 1.9-2.2 0.050
73.0 66.5-77.3 0.382
98.3 82.9-138.0 0.862
m=7) %

5 71.25 0.351

0 0

2 28.57
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@ | Day 0 Day 7 Day 21
100 A ﬁ EAM (n=12) | Median 1QR Median 1QR Median IQR p-value
N N N LVIDd (mm) 3.0 2.8-3.3 36 3.4-3.9 5.8 4.8-6.0 | <0.0001
& & 0,;\" LVIDs (mm) 1.8 1.4-2.0 23 2.2-2.5 3.8 3.3-3.9 | <0.0001
EF (%) 74.6 66.0-81.8 652 | 62.7-69.1 | 623 | 56.8-64.0 | 0.0004
LV-mass (mg) 92.3 81.9-142.9 | 1273 [112.5-152.8| 426.8 |281.0-442.1 <0.0001
Control (n = 10)
LVIDd (mm) 3.3 3.1-36 3.3 3.2:36 5.0 4653 | 0.0002
LVIDs (mm) 2.0 1.9-2.1 2.1 2.1-2.3 3.4 2937 | <0.0001
EF (%) 73.0 66.5-77.3 670 | 63.7-71.5 | 587 | 55.9-63.6 | 0.0018
LV-mass (mg) 98.3 82.9-138.0 | 1005 |92.0-115.9 | 266.3 |205.2-302.4] 0.0009

FIGURE 3 Echocardiographic findings in animals from the (A) EAM group and the (B) control group throughout the study; EF = ejection

fraction
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TABLE 2 Echocardiographic findings in both groups at day 7 and day 21

Control (n = 10)

EAM (n = 12)

Control (n = 10)

EAM (n = 12)

P-value

IQR

Median

IQR

Median

DAY 21

P-value

IQR

Median

IQR

Median

DAY 7

MIRNA ET AL.

0.0515
0.0443
0.4483
0.0161

4.6-5.3

5.0
34
58.7

4.8-6.0
3.3-3.9

3.2-3.6 0.028 LVIDd (mm)

2.1-23

33
2.1

3.4-3.9

LVIDd (mm)

2.9-3.7

LVIDs (mm) 3.8

EF (%)

0.041

23 2.2-2.5

LVIDs (mm)
EF (%)

55.9-63.6

56.8-64.0

62.3
426.8

62.7-69.1 67.0 63.7-71.5 0.508
0.012

65.2
127.3

205.2-302.4

266.3

281.0-442.1

LV-mass (mg)

92.0-115.8

100.4

112.5-152.8

LV-mass (mg)

%

(n = 10)

m=11)

%

(n=28)

%

m=11)

4

0.969

Diastolic dysf.: 0 5 45.45 40
20
40

0.943

37.5
50

36.36

45.45

Diastolic dysf.: 0

18.18
36.36

>2

12.5

18.18

>2

Throughout the study, the LV systolic function decreased
significantly (EAM: median EF 65.2% at day 7 and median EF
62.3% at day 21, P < 0.0001), whereas the LVIDd, the LV in-
ternal diameter in systole (LVIDs) and the LV mass increased
significantly in both investigated groups (Figure 3 and Table 2).

In contrast to the controls, we observed a statistically
significant change in LVIDd (median 3.0 mm vs 3.6 mm,
P =0.0068), LVIDs (median 1.8 mm vs 2.3 mm, P = 0.0005),
EF (median 74.6% vs 65.2%, P = 0.0034) and fractional
shortening (FS; median 42.7% vs 35.2%, P = 0.0093) in mice
with EAM between day O and day 7 (Figure 3).

Consequently, animals in the EAM group had a signifi-
cantly larger LVIDd (median 3.6 mm vs 3.3 mm, P = 0.028)
and LVIDs (median 2.3 mm vs 2.1 mm, P = 0.041) and the LV
mass was significantly higher (median 127.3 mg vs 100.4 mg,
P =0.012) than in the control group at day 7. Moreover, LV
systolic function was lower in animals from the EAM group,
yet this did not reach statistical significance (median EF 67%
in controls vs 65.2% in EAM, P = 0.508, Table 2).

At day 21, there was a significant difference in LV-thickness
(LV anterior diameter in diastole [LVAWDd]| median in EAM
0.76 mm (IQR = 0.65-0.82) vs control 0.6 mm (IQR = 0.52-0.65),
P =0.0017, 1.3 fold change; LVAWDs: median in EAM 1.2 mm
(IQR =1.1-1.3) vscontrol 1.0 mm (IQR =0.8-1.02), P=0.0044),
LV mass (median in EAM 426.8 mg (IQR = 281.0-442.1) vs
control 266.3 mg (IQR =205.2-302.4), P =0.0161) and LVIDs,
but there was no statistically significant difference in LVIDd or
EF between the two investigated groups (Table 2). Similarly to
LVAWDs, we observed a larger LV posterior diameter in systole
(LVPWDs) in mice with EAM, yet, this finding remained statis-
tically insignificant.

Furthermore, we found a significant correlation of
LV-thickness on day 21 with the extent of myocarditis in
the histopathological examination (LVAWDd rs = 0.603,
P = 0.003; LVAWDs rs = 0.718, P < 0.0001; LVPWDs
rs = 0.553, P = 0.0076, Table 3). Notably, there was no
significant correlation between systolic LV function, FS or
posterior wall thickening (PWT) and the extent of myocar-
ditis. Moreover, there was no statistically significant differ-
ence in diastolic dysfunction between animals in the EAM
group and animals in the control group at neither of the three
echo-examinations.

4 | DISCUSSION

Experimental autoimmune myocarditis in susceptible mouse
strains is amongst the most commonly used animal models
for the investigation of the pathophysiologic mechanisms be-
hind myocarditis and its progress to DCM. In this study, we
performed serial echocardiographic examinations of Balb/c
mice with EAM, because previous studies reported diverg-
ing findings regarding LV systolic function in immunized
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TABLE 3 Correlation analysis between the extent of myocarditis (graded by semi-quantitative myocarditis severity scale) and the

echocardiographic findings on day 21

DAY 21 LVIDd LVIDs LVPWDd LVPWDs LVAWDd LVAWDs LVmass E/A PWT FS EF
IS 03158  0.1698  0.2868 0.553 0.603 0.718 0.4076 0.1450  0.3958  0.3451  0.3195
P-value  0.1521 0.4498  0.1955 0.0076 0.0030 0.0001 0.0596 0.5305 0.0682  0.1157  0.1471

Abbreviation: rs = correlation coefficient.

animals. Hereby, we wanted to establish reference values for
future examiners who use TTE in this animal model.

Interestingly, we found that EAM leads to a significant
change in the LV internal diameter in diastole (LVIDd), the LV
internal diameter in systole (LVIDs) and LV systolic function
in the first week after the immunization, whereas an increase
in LV-thickness (1.3-fold increase in LV anterior wall diameter
in diastole [LVAWDd]) seems to be the predominating pathol-
ogy 3 weeks postimmunization. These results indicate an initial
dilatation of the left ventricle that is followed by ventricular
“hypertrophy.” Since we did not find a difference in the cross-
sectional area (CSA) of cardiomyocytes between animals with
EAM and healthy controls, the increase in LV-thickness most
likely results from inflammatory oedema or changes in the ex-
tracellular matrix.'”" This assumption is strengthened by the
significant correlation between LV-thickness and the extent of
myocarditis in the histopathological examination.

Our results from day 21 are well in line with the results
of a recent study by Pistulli et al, who found that EAM is
associated with LV-hypertrophy and diastolic dysfunction,
but not with a deterioration in LV systolic function, when im-
munized animals are compared to healthy age-matched con-
trols. Interestingly, various previous studies reported little
or no decrease in LV systolic function in EAM,ZI’22 whereas
others found a significant systolic dysfunction.23 24

In humans, myocarditis can result in a variety of echo-
cardiographic findings including decreased LV systolic func-
tion, LV-hypertrophy, diastolic dysfunction or regional wall
motion abnormalities.>*>%° Interestingly, Felker et al found
significant differences between the clinical syndromes of ful-
minant and acute myocarditis that portray different courses
of the same disease. According to the authors, patients who
suffer from acute myocarditis tend to show LV dilatation and
a significantly reduced LV systolic function at the time of
presentation, whereas patients with the fulminant course of
the disease present with LV-hypertrophy and a mildly re-
duced systolic function.?” Considering the diverging echo-
cardiographic findings from previous studies, we speculate
that there might be similar “syndromes” in mice with EAM
that portray different courses of the autoimmune disease.
Interestingly, the authors of the studies reported that little or
no decrease in LV systolic function in EAM (Pistulli et al
and Miyawaki et al*>*?) used the same amino acid sequence
(MyHC-a 614-629: Ac-SLKLMATLFSTYASAD) for the
immunization of the animals that was used in our study.

Perhaps the amino acid sequence of the peptide has an in-
fluence on the underlying pathophysiologic processes, and
hence on the course of the disease, which is further displayed
in the findings upon TTE." This hypothesis could be inves-
tigated in future studies by comparing the effects of different
peptides that can be used for the induction of EAM.%%

Although we found a significant decrease in LV systolic
function in animals with EAM throughout the study, there
was also a significant decline in LV systolic function in ani-
mals from the control group, which was accompanied by an
increase in LVIDd, LVIDs and LV mass. We speculate that
the aforementioned changes in the control group can be at-
tributed to the growth and ageing of the animals during the
3 weeks of investigation. These findings highlight the neces-
sity of using age-matched controls when echocardiographic
examinations are performed in rodents. Hence, the sole use of
the trend of LV systolic function throughout EAM, without
the use of a proper control group, could lead to erroneous
interpretations of the acquired results. For upcoming studies,
we herein provide detailed echocardiographic measurements
for healthy male 6-8 weeks old Balb/c mice under anaesthesia
with 2%-3% isoflurane that can be used as a reference in the
future.

Concluding, LV systolic function appears to be an unsat-
isfactory outcome parameter for the evaluation of the effect
of applied therapeutic remedies in EAM, because there is no
significant difference at day 21 between animals with EAM
and healthy age-matched controls. In contrast, evaluating
LV-thickness upon TTE could be a suitable additional pa-
rameter to the histopathological examination in this implica-
tion. Moreover, the use of age-matched controls is necessary
for a valid interpretation of echocardiographic findings in
rodents.

5 | CONCLUSION

Experimental autoimmune myocarditis (EAM) leads to a sig-
nificant change in LVIDd, LVIDs and LV systolic function
in the first week after the immunization, whereas ventricu-
lar “hypertrophy” seems to be the predominating pathology
3 weeks postimmunization. Interestingly, EAM did not result
in a significant difference in LV systolic function 3 weeks
postimmunization when immunized animals were compared
to healthy controls. Of note, we found significant changes
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in LV systolic function, LV mass and the dimensions of
the heart in animals from the control group throughout the
study—findings that can be attributed to the growth of the
animals. These results highlight the necessity of age-matched
controls when echocardiographic examinations are per-
formed in rodents.

6 | LIMITATIONS

A limitation of our study is the fact that TTE was performed
under anaesthesia with isoflurane. Isoflurane has an impact
on hemodynamics and LV systolic function, which can lead
to erroneous measurements, especially when the depth of an-
aesthesia is insufficiently monitored. Since the majority of
published studies regarding TTE in mice with EAM was con-
ducted under anaesthesia with isoflurane, and we aimed at
setting reference values for this examination, we chose to use
isoflurane in our study as well. Examiners should consider
the possibility of performing TTE in trained conscious mice
to exclude this possible impact.

Another limitation of our study is the low number of in-
vestigated animals, which can be explained by ethical issues
associated with animal experiments. We plan to conduct fur-
ther studies in order to confirm and strengthen our present
findings.

Lastly, the study protocol was nonrandomized and TTE
examinations were not blinded. Although TTE was per-
formed according to published recommendations and after a
standard operating procedure (SOP), a bias can therefore not
be excluded definitely.
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