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Electrocardiographic Characterization of Cardiac
Hypertrophy in Mice that Overexpress the ErbB2
Receptor Tyrosine Kinase

Polina Sysa-Shah,' Lars L Serensen,** M Roselle Abraham,” and Kathleen L Gabrielson"

Electrocardiography is an important method for evaluation and risk stratification of patients with cardiac hypertrophy. We hy-
pothesized that the recently developed transgenic mouse model of cardiac hypertrophy (ErbB2%) will display distinct ECG features,
enabling WT (wild type) mice to be distinguished from transgenic mice without using conventional PCR genotyping. We evaluated
more than 2000 mice and developed specific criteria for genotype determination by using cageside ECG, during which unanesthetized
mice were manually restrained for less than 1 min. Compared with those from WT counterparts, the ECG recordings of ErbB2" mice
were characterized by higher P- and R-wave amplitudes, broader QRS complexes, inverted T waves, and ST interval depression.
Pearson’s correlation matrix analysis of combined WT and ErbB2% data revealed significant correlation between heart weight and
the ECG parameters of QT interval (corrected for heart rate), QRS interval, ST height, R amplitude, P amplitude, and PR interval.
In addition, the left ventricular posterior wall thickness as determined by echocardiography correlated with ECG-determined ST
height, R amplitude, QRS interval; echocardiographic left ventricular mass correlated with ECG-determined ST height and PR
interval. In summary, we have determined phenotypic ECG criteria to differentiate ErbB2' from WT genotypes in 98.8% of mice.
This inexpensive and time-efficient ECG-based phenotypic method might be applied to differentiate between genotypes in other
rodent models of cardiac hypertrophy. Furthermore, with appropriate modifications, this method might be translated for use in

other species.

Abbreviations: HCM, hypertrophic cardiomyopathy; LV, left ventricle; QT , QT interval corrected for heart rate.

Electrocardiography is an important method used in human
patients for evaluation of cardiac hypertrophy, for example, hy-
pertrophic cardiomyopathy (HCM).** Although echocardiogra-
phy is considered to be the ‘gold standard” in HCM diagnostics,
ECG evaluation may provide additional information needed for
diagnosis.*® In some patients with HCM, ECG changes precede
echocardiographic changes;*? therefore the 2 modalities are
often used together to screen family members of patients with
HCM. Similarly, there are reports of athletes who suddenly die
during training, in whom HCM was confirmed at autopsy and in
whom ECG abnormalities were recorded in the absence of overt
clinical signs.” In contrast, although developed before echocar-
diography, ECG is often underutilized in the characterization of
mouse models of cardiac disease.

The first reports on mouse ECG were published in the 1950s'>4
and were followed by the rapid development of rodent ECG
methods, recording, and analysis.'® Several approaches support
the recording and analysis of mouse ECG, including 12-lead
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ECG,”*" open-chest models,””' telemetry using radiofrequency
transmitters,'® and recording in anesthetized mice.””' All of these
methods provide information on cardiac electrophysiology, yet
each has its specific advantages and limitations.”" Further use of
ECG in mouse models of cardiac disease could improve our un-
derstanding of the electrophysiologic remodeling in these dis-
eases.

Several mouse models of HCM (due to genetic modifications
of genes related to human HCM'"?2'% or to lysosomal storage
disease-related cardiomyopathies****) were developed to study
these hypertrophic conditions and the resulting electrical dis-
turbances in the myocardium. However, despite carrying the
same genetic alterations that cause human disease, many mouse
models do not have phenotypic ECG changes or even hypertro-
phy.’21% Therefore the development of a small animal model of
cardiac hypertrophy with ECG features similar to those in hu-
man patients is of particular interest. We recently developed a
mouse model with cardiac hypertrophy and pathologic features
compatible with HCM* and hypothesized that various electro-
cardiographic features could enable us to distinguish between
wildtype (WT) mice and transgenic littermates after weaning.
In the current study, we established an ECG method that identi-
fies the hypertrophic phenotype and thus assists in determining
the genotype of mice. This ECG method thus reduced laboratory
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costs and the time necessary to isolate and analyze DNA for ge-

notyping.

Materials and Methods

Generation of ErbB2 mice. To investigate whether ErbB2 ex-
pression induced cardiac hypertrophy, we previously constructed
2 transgenic lines.*” To this end, we first isolated rat ErbB2 mRNA
from brain and converted it to cDNA. The 5-kb ¢cDNA fragment
was subcloned into the BamHI-Sall site of the cardiac specific
expression vector (0-myosin heavy-chain promoter) kindly pro-
vided by Dr Jeffrey Robbins (Molecular Cardiovascular Biology,
Heart Institute, Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH). Fertilized eggs from B6SJLF1/] mice were used
for pronuclear microinjection of the DNA by the Johns Hopkins
Transgenic Core Facility (Baltimore, MD). Founder animals were
identified by PCR analysis and Southern blotting; 2 founder mice
were used to develop 2 transgenic lines. Mice for these studies
were housed in top-ventilated cages under a 12:12-h light:dark
cycle with free access to food and water. Mice were negative for
fur mites, pinworms, Helicobacter spp., mouse hepatitis virus, epi-
demic diarrhea of infant mice virus (rotavirus), minute virus of
mice, mouse parvovirus types 1 and 2, mouse theilovirus, mouse
adenovirus types 1 and 2, ectromelia virus, lymphocytic chorio-
meningitis virus, Mycoplasma pulmonis, pneumonia virus of mice,
reovirus, Sendai virus, mouse norovirus, and mouse cytomega-
lovirus.

All studies were performed in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals."”
The protocols for these studies were approved by the IACUC at
the Johns Hopkins Medical Institutions.

ECG studies To characterize the in vivo electrophysiologic
features, we performed ECG studies in unanesthetized WT and
ErbB2% littermates (age, 1 to 3 mo or 7 to 9 mo, depending on the
study). The entire procedure was performed in approximately 1
min per mouse, without anesthesia. The ECG recordings were
analyzed by a reviewer who was regarding the genotype of the
mice (PSS).

Figure 1 A shows the manual restraint of a conscious mouse
in the left hand. Using the right hand (not shown), the handler
inserted 3 electrodes subcutaneously into right axilla right (black),
right inguinal (green), and left inguinal (red) regions (lead II con-
figuration; Figure 1 B) Lead Il was used for most of the mice (ap-
proximately 95%) and was the first electrode configuration we
selected to record data to determine phenotype. Lead I was used
for the remaining mice, in which electrodes were placed in the
right axilla (negative) and left axilla (positive) to better record the
ECG of hearts with left-axis deviation (present in approximately
5% of transgenic mice). Lead III (electrode placement in the left
axilla [negative] and left inguinal [positive] areas) was used rarely
(less than 1% of recordings) to confirm the ECG phenotype in
mice with unclear lead II and lead I recordings. Early in our de-
velopment of the protocol, we anesthetized some mice (80 mg/
kg ketamine and 10 mg/kg xylazine) when prolonged recording
periods were needed.

The electrode needles used for this study were all 29-gauge
recording needles (Figure 1 C) and were easily inserted under
the skin. ECG recording was done at cageside in the hood next to
cage racks. Restraining a mouse and inserting ECG electrodes is
similar (in terms of the level of stress) as giving anesthesia subcu-
taneously or intraperitoneally.
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In general, electrocardiograms were recorded for 5 to 10 s
by using a PowerLab data acquisition system (model ML866,
ADInstruments, Colorado Springs, CO) and Animal Bio Amp
(model ML136, ADInstruments). The LabChart software (ADIn-
struments) allows for automated averaging of the recording by
overlaying all the cycles recorded within defined time interval,
by using QRS maximum (the tallest peak) or QRS minimum (the
deepest peak) for the alignment. The resulting ‘average’ cycle
was used for subsequent analysis. Thus, averaged standard ECG
time intervals (RR, PR, QT) and waves (P, QRS complex, T) were
detected and measured automatically. The ECG strain pattern
was defined as a combination of downsloping convex ST seg-
ments with ST depression and inverted T waves opposite to the
QRS axis.* The QRS interval was measured from the onset of the
Q wave to the peak negative deflection of the S wave. The end of
the QT interval was measured from the Q wave onset to the end
of the negative portion of T wave; all QT intervals were corrected
for heart rate according to a published formula (thus QT_ here-
after).”” ST segment is not clearly defined in mice, unlike in hu-
mans, whose ECG show a pause between the end of QRS and the
start of the T wave.! Therefore, for consistency, we measured ST
height according to the method provided by LabChart software,
in which the measurement was taken at 10 ms after R wave peak
and which served as an alignment point for beat-to-beat averag-
ing. In one case, where software recognition of the ECG waves
and intervals was incorrect, we manually measured parameters
in a situation where the software incorrectly determined the P
wave end at the beginning of the QRS complex instead of junc-
tion between the end of P wave deflection and isoelectric line; this
situation was corrected by moving the marker for P wave end to
the correct location.

Echocardiography. In vivo cardiac morphology and function
were assessed echocardiographically by using a high-frequen-
cy, high-resolution ultrasound system (Vevo 2100, VisualSonics,
Toronto, Canada) equipped with a 40-MHz transducer." Briefly,
mice were analyzed while at a plane of anesthesia (under 1% to
2% isoflurane) that did not depress the heart rate lower than 450
bpm and that provided optimal respiratory rates of 60 breaths per
minute. Anesthesia was induced in mice by using an acrylic anes-
thesia box (VisualSonics); mice were moved to a custom imaging
platform for maintenance of anesthesia by using a nose cone at-
tached to a scavenging system. This platform contains a built-in
ECG and surface thermometer system to continuously monitor
heart rate and temperature during imaging. Body temperature
was maintained at 37 °C, and a feedback system increased plate
temperature when the temperature fell below 37 °C. Monitoring
these parameters is important, because mice exposed to more
than 2% isoflurane and body temperatures lower than 37 °C can
develop bradycardia and depressed heart function.

The thicknesses of the left ventricular (LV) anterior and poste-
rior walls were measured in short axis at papillary muscle level
by using M-mode images, and LV mass was calculated from these
measurements.*® All echocardiography and image analysis was
done by a single investigator (LLS), who was blinded in regard
to genotype status.

To compare measurements obtained by ECG with those from
echocardiography, echocardiographic studies were performed
in 1- to 2-mo-old mice, followed 1 wk later by ECG recording
and analysis. Data from WT and ErbB2* mice were combined
and used to evaluate the overall correlation of various ECG and
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Figure 1. Electrocardiogram recording in an awake mouse. (A) Handling the mouse during ECG recording (electrodes are placed for the recording of
the standard lead II). G, ground electrode (green). (B) The scheme of the electrodes placement for ECG recordings in a mouse: standard leads I, II, IIL.
The placement of negative electrodes is indicated in black, and that of positive electrodes is marked in red. (C) ECG recording electrodes (2, 3, 4) with

28- (1) and 26- (2) gauge needles for comparison

echocardiographic parameters, whereas data for WT or ErbB2*
mice only were analyzed for the specific correlation between ECG
and echocardiographic parameters in individual animals.

Necropsy. Mice were euthanized by CO,; carcasses were
weighed, and hearts were excised and weighed.

Statistics. Prism software (GraphPad, La Jolla, CA) was used
to perform statistical analysis. Paired Student ¢ tests were used
to compare data from the same animal at different ages, and un-
paired Student ¢ tests were used to compare 2 unrelated groups
of mice. To compare 3 or more groups, one-way ANOVA was
performed. A P value of less than 0.05 was considered significant.
Data are presented as mean + 1 SD.

False-positive and false-negative results were determined
by matching the ECG-predicted genotype with the genotype as

confirmed by the heart weight measured at necropsy, the pres-
ence of distinctive myocardial disarray on review of pathology, or
results of standard PCR-based genotyping assays. False-positive
results were defined as mice that were transgenic according to
ECG analysis but that whose heart weights were comparable to
those of age-matched WT controls, with no myocardial disarray
and negative PCR findings. False-negative results were defined
as mice that were WT by ECG analysis but whose heart weights
were increased 2- to 3-fold as compared with that of WT age-
matched controls, that showed myocardial disarray, or that were
transgenic-positive by PCR analysis.

The sensitivity, specificity, and predictive values of the method
were calculated by using Prism (GraphPad). A Pearson prod-
uct-moment correlation matrix was used to identify significant
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relationships among the independent variables (ECG and echo-
cardiographic parameters, heart weights).Combined WT and
ErbB2'¢ data were used to evaluate the power of various ECG
parameters to distinguish between WT and ErbB2'¢ mice, whereas
data from individual WT and ErbB2% mice were used to evalu-
ate the ability of ECG parameters to predict heart weight in indi-
vidual animals.

Results

ErbB2 overexpression caused significant cardiac hypertrophy.
When compared with their WT littermates (Figure 2 A, C, and
E), ErbB2% mice had enlarged LV, interventricular septa, right
ventricles, and atria, typical of concentric hypertrophy (Figure 2
B, D, F). Early in our characterization of ErbB2 mice, we found
that heart weight correlated 100% with genotype. For example, in
7- to 8-wk-old female mice, heart weight in WT mice ranged from
85 to 133 mg, whereas in transgenic mice, heart weight ranged
from 203 to 408 mg. Male hearts are slightly larger in both WT (92
to 155 mg) and ErbB2'¢ (233 to 462 mg) mice.

ECG features of cardiac hypertrophy in ErbB2%mice. To deter-
mine whether the anatomic changes in the hypertrophied hearts
of ErbB2%® mice induced distinctive electrocardiographic features,
we compared ECG analyses between WT and transgenic litter-
mates. Representative ECG tracings are presented (Figure 3),
and averaged ECG parameters are listed in Table 1. Compared
with those of WT mice (Figures 3 A and 4), the ECG of ErbB2%
mice (Figures 3 B and C, and 4) is characterized by higher P- and
R-wave amplitudes, wider QRS complex, and repolarization
changes (prolonged QT _interval and electrophysiologic LV strain
pattern, consisting of T-wave inversion and ST depression). In ad-
dition, most ErbB2¢ mice showed QT_ prolongation (Figure 4 G).
Therefore, the ErbB2* mouse model of cardiac hypertrophy is as-
sociated with an ECG pattern characterized by increased voltage,
widened QRS complex, prolonged QT _interval, and LV strain.

In addition to these common ECG changes, other distinctive
changes were present in some ErbB2%¥mice but not in any of their
WT littermates. These changes include shortened PR interval (less
than 20 ms, approximately 60% of ErbB2' mice), ECG features
suggestive of left axis deviation (R, < R,, 7.7% of ErbB2'¢ mice;
Figure 3 C, Table 2), and variable QRS morphologies (11.4% of
ErbB2% mice; Figure 5 C, Table 2).

ECG parameters enabled the classification of ErbB2¢ compared
with WT mice. To determine whether ECG parameters predicted
anatomic heart parameters, thus allowing us to assign genotype
according to a characteristic ECG phenotype, we performed Pear-
son’s correlation matrix analyses of ECG data compared with
heart weight as normalized to body weight. When combined
WT and ErbB2% data were used to evaluate the power of various
ECG parameters to distinguish between WT and ErbB2%mice, the
following parameters (in order of significance) correlated with
normalized heart weight:QT_interval (r = 0.86), QRS interval (r
=0.81), ST height (r = -0.78), R amplitude (r = 0.77), P amplitude
(r=0.7), and PR interval (r = -0.53; Table 3, Figure 6), whereas
heart rate (r = 0.03) and P duration (r = 0.34) did not correlate with
normalized heart weight (Table 3). In contrast, within the WT
group, only R amplitude correlated (r = 0.65) with normalized
heart weight (Table 3), and no correlation between any ECG pa-
rameter and normalized heart weight occurred within the ErbB2*
group (Table 3). Therefore, ECG analysis enables discrimination
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between the WT and ErbB2’ genotypes but does not predict heart
weight in individual mice.

ECG parameters correlated with echocardiographic measure-
ments. Next, we examined whether specific ECG parameters and
specific echocardiographic measurements in WT andErbB2' mice
were predictive of each another. Overall, when all data from both
genotypes were combined, the strongest correlation was between
the echocardiographically determined thickness of the LV pos-
terior wall and the following ECG parameters (in order of sig-
nificance): ST height (r = -0.86), R amplitude (r = 0.81), and QRS
interval (r = 0.75; Table 4).

Correlation of echocardiography-based estimation of LV mass
with ECG parameters is of particular interest for evaluation of LV
hypertrophy. When the combined data from both genotypes were
evaluated, LV mass correlated with ST height (r = -0.80), R am-
plitude (r = 0.78), QRS interval (r = 0.68), PR interval (r = -0.58),
P amplitude (r = 0.60), and P duration (r = 0.44; Table 4, Figure 7).

In the WT group, P duration correlated with the thickness of
the LV anterior (r =-0.51) and posterior (r = -0.54) walls and with
LV mass (r = -0.50), and QRS interval correlated with LV mass (r
=0.52; Table 4). In ErbB2¢ mice, ST height correlated with LV an-
terior wall thickness (r = -0.66), and heart rate correlated with LV
posterior wall thickness (r = —0.65; Table 4). Therefore, ECG and
echocardiographic parameters strongly correlate in the combined
group of WT and ErbB2*mice, whereas Pearson r coefficients (0.5
to 0.6) were not as predictive within either the WT- or ErbB2%-
only groups.

Age-related changes of ECG in mice with cardiac hypertrophy.
To evaluate whether ECG parameters vary as mice grow older,
we performed ECG in ErbB2% and WT mice at 1 to 2 mo of age
(young) and then at 7 to 9 mo of age (old; Figure 8). Heart rates
did not differ significantly between young and old mice (WT:
young mice, 496 + 159 bpm; old mice, 515 + 126 bpm; ErbB2:
young, 591 + 77 bpm; old, 512 *+ 141 bpm).The following ECG
parameters showed the strongest correlation with heart weight in
young mice and were analyzed: QT _ interval, QRS duration, ST
height, R amplitude, P amplitude and PR interval. In WT mice,
only R wave amplitude decreased significantly with age (young,
1.04 £ 0.2 mV; old, 0.80 £ 1.89 mV; P = 0.0005), whereas in ErbB2'¢
mice, the following parameters showed significant changes:
QT _ interval (young, 61.97 + 5.49 ms; old, 53.14 £ 10.37 ms; P =
0.0023); ST height (young, -0.4 £ 0.3 mV; old, -0.04 £ 0.19 mV; P
<0.0001); R amplitude (young, 2.83 £ 1.7 mV; old, 1.34 £ 0.66 mV;
P =0.0065); P amplitude (young, 0.41 + 0.27 mV; old, 0.20 + 0.09
mV; P = 0.0293); and PR interval (young, 21.18 +7.18; old, 31.06 +
12.36 ms; P = 0.0224).

Development of criteria for evaluation of cardiac hypertrophy
in mice. Based on regression data analysis, we determined the
criteria that allowed us to phenotypically distinguish between
WT and ErbB2% mice (Table 5). Similarly to those in human
HCM cases, we determined that ErbB2® mice most frequently
had repolarization changes, and other characteristic findings
included increased P and R waves amplitudes, shortened PR
and prolonged QT _intervals. The most sensitive parameter
was QT _length, and the most specific parameters were P- and
R- wave amplitude, QRS duration, and ST height. Using these
criteria, we were able to correctly determine the genotype of
98.8% of mice, whereas the genotype of the remaining 1.2% (33
of 2671) of mice was unclear according to the ECG, mainly due
to electrical noise during recording because additional tracings
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Figure 2. Cardiac hypertrophy in ErbB2* mice. The hearts of (A) WT and (B) ErbB2¢ mice in situ. Gross morphology of hearts in (C) WT and (D) ErbB2*
mice. Transverse sections of the hearts in (E) WT and (F) ErbB2* mice.
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Figure 3. ECG tracings in WT and ErbB2* mice. Representative 3-lead ECG tracings in (A) WT, (B) ErbB2* (intermediate electrical axis of the heart),

and (C) ErbB2% (left axis deviation) mice.

were diagnostic. In addition, the initial ECG in some of the 33
mice were positive in terms of criteria for minor characteristics
but not major ECG criteria. In these cases, the suspected geno-
type was recorded, but the possibility of its being incorrect was
noted; these mice generally were excluded from subsequent
experiments. In addition, we also determined the false-positive
and false-negative rates in a subset (1 = 352) of mice of known
ErbB2% genotype (heart weight, distinctive myocardial disarray,
and PCR results). The false-positive rate was 2.08%, due to 3
WT mice that were thought to be ErbB2 mice due to difficulty
in reading the ear markings of one litter. The false-negative rate
was 0.48%, due to 1 ErbB2"%¥ mouse among 208 WT mice that
tested negative for ErbB2¢ genotype according to ECG criteria
but that was transgenic according to heart weight and pathol-
ogy. Again, this situation resulted from earmarkings that were
difficult to distinguish.
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Table 1. Values (mean * 1 SD) ECG parameters in WT and ErbB2 mice

WT ErbB2'
Heart rate (bpm) 608 + 112 596 + 88
RR interval (ms) 102 £20 105+ 18
PR interval (ms) 27.62 £3.51 20.17 £ 8.27°
P duration (ms) 8.81+4.36 12.74 £ 4.61*
QRS interval (ms) 7.18 £0.83 13.12 £2.53¢
QT _ interval (ms) 30.1£11.91 61.57 +£4.95¢
P amplitude (mV) 0.12+£0.04 0.41+0.17¢
R amplitude (mV) 1.09£0.36 2.96 £0.88¢
ST height (mV) 0.13+0.04 —0.42 +0.26°
Values differed significantly (*P < 0.05; °P < 0.01; P < 0.0001) between

groups.
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Figure 4. ECG comparison of WT and ErbB2* mice. (A) Heart weights and (B through I) ECG parameters in the WT and ErbB2'¢ mice.*, P < 0.05; 1, P <
0.01; and §, P < 0.0001 (Student unpaired ¢ test).

Table 2. Incidence of left axis deviation and variable QRS morphologies®

Male mice Female mice Total mice
n % n % n %
Total mice 468 471 525 52.9 993 100
WT mice 336 33.8 359 36.2 695 70
ErbB2'¢ mice 132 13.3 166 16.7 298 30
ErbB2’ mice with left axis deviation 9 6.8 14 8.4 23 7.7
ErbB2% mice with variable QRS morphologies 15 114 19 11.4 34 11.4

“These features were present only in ErbB2* mice.
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Figure 5. ECG evaluation in WT and ErbB2¢ mice. Determination and averaging of individual ECG parameters in (A) WT and (B) ErbB2¢ mice. (C)

Variable QRS morphologies in ErbB2‘ mice.

Discussion
Previously we demonstrated that cardiac ErbB2 receptor ty-
rosine kinase overexpression results in the development of sig-
nificant cardiac hypertrophy in mice,* similar in cardiac mass to
overexpression of IGF31,%* IGF-R1,” AKT,* and PI3K.*# Using
ErbB2* mice and their WT littermates, we measured specific ECG
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parameters and related them to anatomic changes due to ErbB2-
induced cardiac hypertrophy. On the basis of these findings, we
established ECG phenotyping criteria for cardiac hypertrophy.
We developed an inexpensive and time-efficient method to pre-
dict the genotype from the ECG phenotype; this method could be
explored in other rodent models of cardiac hypertrophy.?-2$3944



Table 3. Pearson product-moment correlation between heart weight
(normalized to body weight) and ECG parameters in WT and ErbB2'
mice

Data used to determine power of ECG parameter
to differentiate between genotypes

WT and ErbB2' ErbB2's data
data combined =~ WT data only only
Heart rate (bpm) -0.04 -0.13 0.1
PR interval (ms) -0.5° -0.24 -0.15
P duration (ms) 0.34 -0.16 -0.16
QRS interval (ms) 0.77¢ -0.42 -0.03
QT interval (ms) 0.84¢ -0.44 0.25
P amplitude (mV) 0.69¢ 0.25 -0.05
R amplitude (mV) 0.82¢ 0.65° 0.3
ST height (mV) ~0.81¢ ~0.09 ~0.28

Values differed significantly (°P < 0.05; °P < 0.01; <P < 0.0001) between
genotypes.

Using lead I ECG recording, the standard lead for most mouse
ECG studies,>*'*"® we were able to predict ErbB2 transgene ex-
pression in individual mice, which resulted in a distinct hypertro-
phic phenotype that was easily recognized on ECG tracings with
minimal training. Our method yields a high-quality recording
without anesthesia-related ECG changes (for example, brady-
cardia), with minimal handling of the mouse. Technically, ECG
recording for genotyping purposes required less than 1 min per
mouse (3 to 5 min per cage of 5 mice), including transporting the
cage from the cage rack to the adjacent laminar flow hood, spray-
ing the cage with disinfecting solution, handling the mice, using
the ear puncher to label the mice, performing ECG, recording the
result in the colony census spreadsheet and on the cage identifica-
tion card, transporting the cage back to the cage rack, saving the
LabChart file, and opening a new file for the next cage.

ErbB2 overexpression in the heart results in the development of
significant cardiac hypertrophy that involves both ventricles and
atria. We examined 2 age groups (1 to 3 mo and 7 to 9 mo) each
of male and female WT and ErbB2*mice and discovered several
ECG abnormalities in the ErbB2* mice: high P and R amplitudes,
wide QRS complexes, and repolarization changes including pro-
longed QT _ intervals and electrophysiologic LV strain pattern
(inverted T waves and ST depression).Repolarization changes in
ErbB2% mice may be due to primary alteration in repolarization in
hypertrophied muscle or to relative subendocardial ischemia.*24
On a cellular level, changes in action potential duration in cardio-
myocytes have been suggested as basis for the T-wave inversion
in the rat model of isoproterenol-induced cardiac hypertrophy:*
In our study, repolarization changes appeared to have the high-
est correlation with cardiac mass determined by other methods:
ST-segment and T wave abnormalities showed the greatest cor-
relation with the echocardiographically determined LV mass,
whereas the QT _interval correlated most with heart weight.

The ECG changes in ErbB2¢ mice are characteristic of LV hy-
pertrophy in humans with HCM (short PR interval, extremely
large QRS voltage, T-wave inversion).”? Generally, T-wave inver-
sion and ST-interval depression are suggestive of acute myocardi-
al infarction.’ In cases of confirmed LV hypertrophy, in addition to
voltage criteria characteristic of LV hypertrophy, T-wave and ST-
interval changes are attributed to hypertrophy. Similar variable
QRS morphologies, suggestive of multiple accessory atrioven-

Cardiac hypertrophy in ErbB2-overexpressing mice

tricular connections, occurred in a mouse model of cardiac hy-
pertrophy that was due to mutated PRKAG2V#¥! overexpression.*
Interestingly, in clinical practice, a shortened PR (PQ) interval
(with or without a 8-wave) is most often observed in patients with
lysosomal storage diseases who have cardiac hypertrophy.?>*

We compared ECG with echocardiography parameters because
echocardiography is more widely used in both human and mouse
cardiology. In human clinical practice, echocardiography is con-
sidered to be a gold standard for the diagnosis of hypertrophic
cardiomyopathy, although other more precise but more costly
methods are available, including cardiac MRL.¥# In human pa-
tients undergoing ECG, ST-segment abnormalities and inverted
T waves occur in most patients with a diagnosis of hypertrophic
cardiomyopathy,’>* and the LV strain pattern has been shown
to correlate with echocardiographic LV mass and corrected QT
duration.®***! Evaluation of the QT interval together with more
common voltage criteria adds to the specificity of ECG diagnosis
of LV hypertrophy.* Although in human patients, the sensitiv-
ity of the strain pattern as a measure of LV hypertrophy is low
(3.85% to 50%), specificity ranges from 89.8% to 100%,* and strain
pattern, but not Sokolow—Lyon voltage criteria (more commonly
used), was shown to be associated with the presence and predic-
tive of anatomic LV hypertrophy."

In mice, we compared ECG findings between young (1 to 2
mo) and older (7 to 9 mo) mice and observed decreases in P- and
R-wave amplitudes that correlated with age-related heart mass
loss in ErbB2% mice. Decreased ECG voltages might be attributed
to age-associated progressive cardiac fibrosis in ErbB2% mice. In-
terestingly, PR-interval duration was increased in old compared
with young mice. Although we did not identify the etiology of
the shortened PR interval in some ErbB2% mice, possible causes
include accessory atrioventricular connections; the developing
fibrosis may affect these accessory pathways, contributing to de-
layed atrioventricular conduction in older mice.

Cardiac hypertrophy in ErbB2¢ mice is characterized by cardio-
myocyte hypertrophy, myofiber disarray, and interstitial fibrosis
that increases with age.” Hypertrophy in ErbB2% mice hearts does
not progress to overt dilation and heart failure, consistent with the
clinical scenario in humans with HCM. Mutations of the ErbB2
gene have not yet been studied in humans with HCM. Many ro-
dent HCM models lack the specific ECG features, hypertrophy, and
pathology often observed in human HCM. Most cases of HCM in
humans are linked to more than 1500 mutations in 11 sarcomeric
proteins, with multiple mutations in some patients.* Another cause
for HCM in human patients, when sarcomeric gene mutations
are not present, is lysosomal storage diseases,”*' and some exam-
ples can mimic HCM associated with sarcomeric gene mutation.®
Human patients with HCM due to sarcomeric genes mutations
or lysosomal storage diseases share electrocardiographic features
with ErbB2% mice, including increased P- and R-waves voltages
and durations (due to increased myocardial mass) and repolariza-
tion changes (ECG strain pattern, QT_prolongation). To date, few
of the mouse HCM models share this distinctive group of features.

Using ECG analysis to determine phenotype bears various
limitations. The method is applicable after gross anatomic
changes occur, which become a substrate for the ECG-associ-
ated changes, and is sufficient to distinguish between WT and
ErbB2¢ mice. This increase in cardiac mass becomes signifi-
cant after day 11 to 12 of life; because the increased rate of false
negatives in younger mice, we wait to perform ECG when mice
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Table 4. Pearson product-moment correlation matrix of echocardiographic and electrocardiographic parameters in WT and ErbB2' mice

LWAW LVPW LV mass

WT and ErbB2% WT data  ErbB2% WT and ErbB2®* WT data  ErbB2% WT and ErbB2®* WT data  ErbB2%

data combined  only  data only data combined  only  data only data combined  only data only
Heart rate (bpm) -0.17 0.12 -0.23 -0.27 0.18 —0.65 -0.15 0.33 -0.25
PR interval (ms) -0.67¢ -0.28 -0.23 -0.63¢ -0.44 -0.02 -0.58¢ -0.25 0.08
P duration (ms) 0.4 -0.51° -0.39 0.46° -0.54* -0.48 0.44° -0.5° -0.32
QRS interval (ms) 0.75¢ 0.36 0.27 0.694 0.45 -0.09 0.684 0.522 -0.04
QT interval (ms) 0.44° -0.06 -0.09 0.4° 0.08 -0.33 0.34 -0.33 -0.36
P amplitude (mV) 0.64¢ 0.09 -0.15 0.634 0.08 -0.39 0.6 0.34 -0.39
R amplitude (mV) 0.81¢ -0.21 0.38 0.724 -0.4 -0.18 0.784 -0.01 0.21
ST height (mV) -0.86¢ 0.26 -0.66 -0.814 -0.08 -0.27 -0.84 -0.19 -0.33

LVAW, left venticular anterior wall; LVPW, left ventricular posterior wall, LVmass, left ventricular mass.
Values differed significantly (*P < 0.05; °P < 0.01; °P < 0.001; “P < 0.001) between genotypes.

*P <0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

are weaned at 3 to 4 wk of age. Heart weight begins to differ
between WT and ErbB2' mice on day 7 to 9 of life. Therefore,
our ECG method is not applicable for determining the genotype
in 1- to 3-day-old mice. Instead, to isolate cardiomyocytes from
the 2 genotypes, we sample the tail tips of newborn mice, isolate
DNA, and use PCR to determine the genotype of the pups. In
addition, in studies in which drugs can be used to prevent or
reduce hypertrophy, analysis of DNA for genotyping is done at
1 to 3 days after birth. Therefore, phenotyping by using the ECG
method is not always superior to the DNA-based method.

Our brief literature review suggests that our model offers both
advantages and disadvantages in regard to its HCM-specific ECG
features, which are not always seen in other models of HCM.
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Therefore, although we present this model of concentric cardiac
hypertrophy as one of a few animal models that mimics HCM
that is accompanied by ECG changes, the ECG characteristics we
present here may not be specific for other rodent models of HCM,
particularly those modeling asymmetric, apical, right ventricular,
restrictive, or other types of hypertrophy.

Although our method is cost-efficient over the long term
(years) in colony management and for large colonies, it may not
be as useful for small projects that require dozens (but not hun-
dreds to thousands) of mice or for labs that do not anticipate us-
ing the data acquisition system for other projects. In addition, the
described method does not distinguish between homozygotic
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Table 5. Criteria for determination of cardiac hypertrophy in ErbB2* mice

Sensitivity Positive predictive Negative predictive
Value (%) Specificity (%) value value
PR interval <20 ms 61.1 91.7 91.7 61.1
P wave amplitude >0.2 mV 94.4 100 100 923
P wave duration >10 ms 722 83.3 86.6 66.6
QRS duration >10 ms 94.4 100 100 92.3
R wave amplitude >2mV 83.3 100 100 80
QT interval >50 ms 100 91.7 94.8 100
ST height <0 mV 94.4 100 100 92.3
and heterozygotic transgenic mice, nor can it determine the trans- 12. Elliott PM, Anastasakis A, Borger MA, Borggrefe M, Cecchi F,

gene copy number.

In summary, we have developed a murine model of cardiac
hypertrophy characterized by ECG features similar to those in
human patients with HCM. These ECG features enabled us to
separate WT mice from ErbB2* littermates after weaning and re-
duced the costs and time needed relative to those required for
standard genotyping methods.
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