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M Abstract Background Genetically altered mice will provide important
insights into a wide variety of processes in cardiovascular physiology under-
lying myocardial infarction (MI). Comprehensive and accurate analyses of
cardiac function in murine models require implementation of the most
appropriate techniques and experimental protocols. Objective In this study
we present in vivo, whole-animal techniques and experimental protocols for
detailed electrophysiological characterization in a mouse model of myo-
cardial ischemia and infarction. Methods FVB mice underwent open-chest
surgery for ligation of the left anterior descending coronary artery or sham-
operation. By means of echocardiographic imaging, electrocardiography,
intracardiac electrophysiology study, and conscious telemetric ECG record-
ing for heart rate variability (HRV) analysis, we evaluated ischemic and post-
infarct cardiovascular morphology and function in mice. Results Coronary
artery ligation resulted in antero-apical infarction of the left ventricular wall.
MI mice showed decreased cardiac function by echocardiography, infarct-
typical pattern on ECG, and increased arrhythmia vulnerability during elec-
trophysiological study. Electrophysiological properties were determined
comprehensively, but were not altered significantly as a consequence of MI.
Autonomic nervous system function, measured by indices of HRV, did not
appear altered in mice during ischemia or infarction. Conclusions Cardiac
conduction, refractoriness, and heart rate variability appear to remain pre-
served in a murine model of myocardial ischemia and infarction. Myocardial
infarction may increase vulnerability to inducible ventricular tachycardia
and atrial fibrillation, similarly to EPS findings in humans. These data may be
of value as a reference for comparison with mutant murine models necessi-
tating ischemia or scar to elicit an identifiable phenotype. The limitations of
directly extrapolating murine cardiac electrophysiology data to conditions in
humans need to be considered. 

M Key words Myocardial infarction – mice – echocardiography – electro-
physiology – heart rate variability
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Introduction

Cardiac arrhythmias following ischemia and myocardial
infarction (MI) may arise as a result of the progressive
process of post-infarct tissue remodeling that may alter
the substrate for electrical excitation and conduction.
Clinical trials and experimental studies studying ven-
tricular arrhythmias and mortality after MI in different
species, such as the dog (11, 35, 75), pig (19, 69), rabbit
(65), and rat (2, 36, 56) have contributed to the under-
standing of the mechanisms underlying arrhythmogen-
esis and to the development of diagnostic and therapeu-
tic strategies. The rat model of MI has also been used in
studies of ventricular remodeling (21, 63). As the mech-
anisms of electrical responses following MI are not fully
understood, the availability of non-genetic murine mod-
els of infarction (42, 46, 51), ischemia and reperfusion
(53+), and the development of genetic mouse models
with altered expression of molecules that affect the
ischemic process should yield insights into remodeling
and arrhythmogenesis. For example, the recent genera-
tion of mice expressing disrupted, nonfunctional
angiotensin II type 1 (33) and type 2 (27, 32), transgenic
mice overexpressing heatshock protein (31), as well as
mice overexpressing genes encoding the b2-adrenergic
receptor (54) and b-adrenergic receptor kinase (40) pro-
vide interesting genotypes. Recently, Yoshida, et al. (81)
demonstrated that manipulation in the Sod I gene is
responsible for the heart’s vulnerability to ischemia
reperfusion injury, and Sumeray (76) reported on the
protective role of endothelial nitric oxide synthase
(eNOS) against ischemia-reperfusion injury in a knock-
out mouse model. The recognition of the genetic and
molecular bases of arrhythmogenic disorders will have
an impact on clinical management (64), however pheno-
typic characterization is lagging behind the abilities
to manipulate the genotype. Therefore, application of
appropriate experimental methodology for functional
analyses of the molecular mechanisms underlying result-
ant phenotypes is imperative. Technical limitations pre-
viously precluded accurate in vivo analysis of cardiovas-
cular morphology, function, and electrophysiology in
murine disease models. Analysis of integrated cardio-
vascular function in genetically engineered mice has
been accomplished by miniaturization and refinement of
methodologies used in larger mammals. To this end, we,
as others (22, 28, 77), used transthoracic echocardio-
graphy for assessing changes of LV geometry and con-
tractile function after experimental MI. To enhance our
understanding of the fundamental mechanisms underly-
ing cardiac conduction system function, we recently
developed and described two novel techniques and pro-
tocols for electrophysiologic phenotyping in the mouse.
The in vivo cardiac electrophysiology study allows com-
prehensive analysis of cardiac conduction and EP evalu-

ation, including response to pacing, programmed stim-
ulation, and pharmacological agents (7, 24).

In humans, decreased heart rate variability (HRV) is
an independent predictor of increased morbidity and
mortality with various forms of heart disease including
myocardial infarction (10, 72). HRV analysis technology
permits assessment of autonomic regulation of the
murine heart rate in the conscious state and its potential
contribution to arrhythmogenesis (25). The purpose of
this study was to evaluate the electrophysiological
properties of the murine conduction system, including
influences of the autonomic nervous system on heart rate
dynamics, and their correlation to structural changes in
the context of remodeling after experimental ischemia
and infarction.

Methods

M Study animals

Adult male FVB mice, age 12–16 weeks (weight 20–29 g),
were studied. Animals were randomly divided into either
the MI groups (n = 16) and sham-operation control
groups (n = 5). After completion of the functional stud-
ies, the heart was excised and presence or absence of MI
was judged by gross macroscopic inspection. All proto-
cols fully conformed to the Guide for the Care and Use of
Laboratory Animals (NIH Pub. 85–23, 1996), Harvard
Medical School and Children’s Hospital Animal Care and
Use Committees.

M Coronary artery ligation

Sixteen mice underwent coronary artery ligation to
induce a myocardial infarction. The details of the surgi-
cal procedure employed have been described elsewhere
(53, 71, 83). Briefly, animals were anesthetized with
pentobarbital, intubated, and ventilated. After opening
the thoracic cavity, ligation of the left descending coro-
nary artery was performed with a 7–0 silk suture, 3–4 mm
from the tip of the left atrium. Each MI was confirmed by
the following criteria: a) inspection immediately after
LAD ligation in situ (paleness of left anterior ventricular
myocardium), b) echocardiographic evidence of MI, c)
macroscopic signs of MI at autopsy at the end of the
study. All mice with ligation fulfilled these criteria and
made up the MI-group. Mice assigned to the sham-oper-
ation group were subjected to the same procedure except
the LAD was not ligated. The perioperative mortality was
37.5 % in MI mice and zero in sham-operated mice.
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M Echocardiography

Echocardiographic studies were performed 24 h after the
surgical procedure under light anesthesia with sponta-
neous respiration using intraperitoneal tribromo-
ethanol/amylene hydrate (Avertin) 2.5 % w/v solution
(8 µl/g) (71). Imaging was performed by an ultrasono-
grapher experienced in rodent imaging, using a Sonos
5500 (Hewlett Packard Medical; Andover, MA) and an
8–12 MHz transducer. A dynamically focused annular
array and fusion frequency technology were employed,
allowing ultrasound frequencies of up to 18 MHz. A
standoff was used with the depth set at 4 cm with zoom
mode to optimize resolution and penetration. Short-axis
2-dimensional echocardiographic images acquired at the
mid-papillary and apical levels of the left ventricle were
stored as digital loops. Frame acquisition rates using the
loop mode reached 120 MHz, allowing excellent tempo-
ral resolution for 2-dimensional analysis. At the same
anatomic levels, short-axis M-mode images were
obtained at a sweep speed of 100 mm/s. Ultrasound
analyses were performed by two researchers experienced
in rodent echocardiography, neither of whom knew the
surgical procedure performed in each animal. From M-
mode short axis imaging, end-diastolic diameter, end-
systolic diameter and fractional shortening [(end-dias-
tolic diameter – end-systolic diameter)/end-diastolic
diameter] were calculated. For each data point, three
consecutive cardiac cycles were traced and averaged.

M Electrocardiography and electrophysiology studies

The in vivo mouse cardiac electrophysiological study
methodology has been previously described in detail
(5–8). Briefly, mice were anesthetized by intraperitoneal
administration of pentobarbital (0.033 mg/g). A tracheo-
tomy was performed (7) and intubation was achieved for
mechanical ventilation (FiO2 = 0.21, VT = 1cc, respiratory
rate 130/minute). The surface frontal plane 6-lead ECG
was obtained from 25 gauge electrodes placed subcuta-
neously in each limb and filtered between 0.5 and 250 Hz.
ECG intervals (PR, QRS, QT, QTc) were calculated for
each animal, and QT intervals were rate corrected using
the formula proposed by Mitchell, et al. (55). For the EP
study, conducted one week after coronary artery ligation,
an octapolar 1.7 F catheter (CIBer mouse EP, NuMed,
Inc., Hopkinton, NY) was inserted via jugular vein cut-
down approach and placed into the right ventricle.
Simultaneous atrial and ventricular pacing and record-
ing were performed. Intracardiac ECGs were amplified
(0.1 mV/cm) and filtered between 40 and 400 Hz, at an
acquisition rate of 1000 samples/second. Standardized
pacing protocols were used to determine the electro-
physiological parameters, including sinus node recovery
times, atrial, A-V nodal, and ventricular conduction

properties and refractory periods (7). Each mouse
underwent an identical pacing and programmed stimu-
lation protocol. The stimulation protocol for arrhythmia
induction consisted of programmed right atrial and right
ventricular double and triple extrastimulation tech-
niques down to a minimum coupling interval of 10 ms at
150-ms drive cycle length. Right atrial and right ventric-
ular burst pacing with application of short bursts at rates
of 30–50 ms for 1 min duration was also performed. The
following definitions were used:  negative study – no
ventricular beats or up to four repetitive ventricular
responses; nonsustained VT – five or more ventricular
beats up to 30 s; sustained VT – VT lasting more than 30 s.

M Heart rate variability (HRV) analysis

Animal preparation and surgery

For ambulatory, long-term ECG analysis, telemetry
devices [Model TA10-F20, DataSciences Intl, St. Paul,
MN] were implanted. Mice were anesthetized and the
radiofrequency transmitter was inserted into a subcuta-
neous tissue pocket on the back.

Study protocol

Serial assessments of 60-minute ECG recordings were
performed twice on the day of instrumentation at 1 hour
and 3 hours, and on day 1, 4, and 14 after coronary artery
ligation. Data was obtained from freely moving con-
scious mice between 9:00 AM and 3:00 PM.

Data acquisition and analysis

ECG signals were recorded using a telemetry receiver
[DataSciences Intl, St. Paul, MN] and an analog-to-digi-
tal conversion data acquisition system [MacLab System,
AD Instruments, Milford, MA]. The analog signal was
digitized with 12-bit precision at a sampling rate of 2 kHz.
ECG interval [PR, QRS, QT] measurements and
calculations [QTc] were performed independently by two
experienced investigators, blinded to the surgical proce-
dure. Digital signal processing was performed using
customized software written in the MATLAB [The Math
Works, Inc, Natick, MA] programming language (25). A
120-s segment of the digitized ECG signal was digitally
bandpass filtered [4–140 Hz], and the event detected
using a threshold-lockout algorithm. For standardiza-
tion, only stable segments of sinus rhythm were used for
analysis. A graphical interface allowed visual reviewing
and manual editing of erroneously detected events and
aberrant ECG complexes, such as premature ventricular
beats, electrical noise, or other errant ECG signals, and
their adjacent RR intervals were excluded from analysis.
The sequence of inter-event times was linearly interpo-
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lated to a 20 Hz time series of beat intervals. HRV was
quantified using standard time- and frequency-domain
techniques (78). Adjacent 120-s signal epochs recorded
during given test conditions exhibited comparable HRV
metrics, obviating the need for joint time-frequency
methods, such as a Wigner-Ville distribution, often
applied to non-stationary signals (52).

Time-domain measures

Mean RR interval [RRmean], median RR interval
[RRmedian], standard deviation (SD) of all normal RR
intervals [SDNN], SD of averages of normal RR intervals
[SDANN], and the square root of the mean of squared
differences between adjacent normal RR intervals
[RMSSD] were calculated directly from the sequence of
inter-event times. Mean heart rate [HRmean] was calcu-
lated as the mean of the sequence of the reciprocals of the
inter-event times. As heart rate changes per se may affect
HRV, an additional parameter was calculated to normal-
ize the data for heart rate: the coefficient of variance
[CV], defined as the SD of RR intervals/RRmean.

Frequency-domain measures

Power spectral density of the beat-interval-time-series
was computed using a modified averaged periodogram
method. Specifically, the signal was divided into 12 over-
lapping segments of 512 samples. Each segment was
mean-detrended, multiplied by a Hanning window and
zero-padded to 1024 samples. The squared magnitudes
of the discrete Fourier transform of the segments were
averaged to form the power spectral density. Four differ-
ent frequency-domain measures of heart rate variability
were computed. Cutoff frequencies for power in the low-
frequency range [LF] and high-frequency range [HF] and
very low-frequency [VLF] were based on those utilized in
human studies multiplied by a factor of 10 for heart rate
adjustment [the approximate ratio between murine and
human HR], and defined as 0.4 to 1.5 Hz, 1.5 to 4 Hz and
0.00 to 0.4 Hz respectively; total power [TP] was defined
as 0.00 to 4 Hz. LF and HF were also measured in nor-
malized units [nLF, nHF], representing the relative value
of each power component in proportion to the sum of the
HF and LF components (25, 59).

M Statistical analysis

All statistical analyses were performed with Excel and
STATA software. Values are presented as the mean ± 1
standard error of mean (SEM). Surface ECG and intra-
cardiac conduction parameters were measured by two
independent observers and compiled for statistical inter-
pretation. Differences between groups were tested using
a 2-tailed Student’s t-test, analysis of variance (ANOVA)

or chi-square distribution test, where appropriate. A 2-
tailed t-test was used in comparisons of electro-
physiologic data before and after myocardial infarction.
A p value of < 0.05 was considered significant.

Results

M Procedures and mortality

Ten MI mice (out of 16) and all 5 sham-operated mice
survived throughout the study, for an overall survival
rate of 72 %. Of the 6 animals that died, 2 died during
coronary artery ligation, another 2 animals within 48
hours after surgery (echocardiographic and postmortem
findings of large infarct, cardiac dilatation, LV rupture)
and 2 mice died during the electrophysiologic study, due
to anesthesia intolerance in one and atrial perforation in
another. The mean age at surgery was 14.9 ± 2 weeks in
the MI mice and 15.4 ± 2 weeks in sham-operated mice
(p = NS). The mean weight at surgery was 23.7 ± 3 grams
in the MI mice and 28.0 ± 3 grams in sham-operated
mice (p = NS).
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Fig. 1 Echocardiograms. Representative M-mode echocardiogram from a sham-
operated (top) and a myocardial infarction (MI) mouse (bottom). Images were taken
from a short axis view at the apical level. IVS interventricular septum; PW left
ventricular posterior wall. Left ventricular cavity dilation and decreased shortening
fraction is evident in the MI mouse.



M Effects of ischemia and myocardial infarction 
on morphological and functional parameters

Echocardiography was performed on the surviving 10
MI mice and 5 sham-operated mice 24 hours after sur-
gery (Fig. 1). Myocardial infarction was defined by wall
motion abnormalities (Table 1). The infarcted animals
showed significantly increased chamber diameters at the
apical level as compared with sham-operated animals;
the end-diastolic diameters were 2.77 ± 0.16 versus 1.95
± 0.12 mm, p = 0.004, the end-systolic diameters 1.24 ±
0.17 versus 0.33 ± 0.09 mm, p = 0.002. Mid-papillary
measurements did not yield statistically significant dif-
ferences between groups. Fractional shortening was sig-
nificantly reduced (81.5 ± 6.1 % versus 55.9 ± 5.0 %, sham
versus MI, p = 0.007). This reflects wall motion abnor-
malities in the infarcted area and early infarct expan-
sion. Consistent with these early apical changes, the
uninfarcted left ventricular myocardium, reflected in the
papillary measurements, showed only non-significant
signs of left ventricular enlargement.

In two sham-operated mice, transient repolarization
abnormalities were noted on ECG perioperatively char-

acterized by ST segment depression and T wave inversion
consistent with ischemic myocardial injury. These mice
exhibited no echocardiographic alterations and absence
of MI was demonstrated later by pathologic examination. 

M Effects of ischemia and myocardial infarction on the
murine cardiac electrophysiology 

A total of 15 of 21 mice (71 %) were evaluated with the
mouse EP study protocol. Full 6-lead ECG data were
obtained on 19 mice (90 %) and right jugular venous
access was successfully obtained on 17 mice (81 %). Com-
plete electrophysiological data were obtained from 10 of
16 mice that underwent left anterior descending coro-
nary artery ligation.

Electrocardiographic data

ECG measurements and calculations for all animals stud-
ied are summarized in Table 2. The average resting sinus
cycle length (SCL) was significantly faster in myocardial
infarction mice (126.5 ± 19.9 ms) compared to sham-
operated mice (173.9 ± 61.6 ms), p = 0.02, at 3 hours post
infarction. No statistical significant differences were
observed in PR, QRS, QT, and QTc intervals at any time
point post infarction chosen in this series. The surface
ECG recordings proved to be a very useful tool in deter-
mining the operative procedure of ligating the coronary
artery versus doing a sham procedure. 100 % (14 of 14)
of the animals that developed myocardial infarction, as
proven later by echocardiography and gross pathological
examination, exhibited a strikingly pathologic, infarct-
typical ECG pattern during and after the operative pro-
cedure, compared to 0 of 5 sham-operated group (Table
3). The pathologic ECG pattern persisted over the entire
study period. The early ECG manifestations of trans-
mural MI included a diminished R wave amplitude,
marked ST segment elevation and the development of a
significant Q wave. A representative surface ECG from a
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Table 1 Summary of echocardiographic studies; means ± SEM

Echocardiographic Sham-operation Myocardial infarction p
parameters (n = 5) (n = 10)

Mid-papillary measurements

ED diameter (mm) 2.5 ± 0.12 2.63 ± 0.19 0.86

ES diameter (mm) 0.8 ± 0.09 1.18 ± 0.16 0.19

FS (%) 69.0 ± 2.3 56.3 ± 3.7 0.06

Apical measurements

ED diameter (mm) 1.95 ± 0.12 2.77 ± 0.16 0.004

ES diameter (mm) 0.33 ± 0.09 1.24 ± 0.17 0.002

FS (%) 81.5 ± 6.1 55.9 ± 5.0 0.007

Baseline echocardiographic measurements. 
ED end diastolic; ES end systolic; FS fractional shortening

Table 2 Summary of electrocardiographic parameters; means ± SEM

ECG parameters Time after operation 

Sham-operation (n = 5 each) Myocardial infarction (n = 10 each)
3 hours day 4 day 14 3 hours day 4 day 14

SCL (ms) 173.9 ± 61.6* 80.0 ± 3.5 78 ± 2 126.5 ± 19.9 84.2 ± 8.6 80.9 ± 4.6

PR (ms) 41.5 ± 12.9 25.7 ± 1.7 26.5 ± 1.0 37.9 ± 6.1 25.4 ± 1.8 26.2 ± 2.9

QRS (ms) 18.0 ± 3.0 13.3 ± 0.7 12.6 ± 1.2 18.7 ± 5.3 12.9 ± 0.7 12.1 ± 1.2

QT (ms) 78.9 ± 26.3 47.9 ± 3.2 47.4 ± 4.2 67.2 ± 10.1 52.1 ± 5.2 46.1 ± 3.2

QTc (ms) 60.0 ± 11.6 53.6 ± 3.7 53.7 ± 3.9 59.7 ± 5.3 56.8 ± 4.4 51.3 ± 3.3

Abbreviations: SCL sinus cycle length, PR PR interval, QRS duration of the QRS complex, QT QT interval, QTc corrected QT interval. *P < 0.05 sham-operation vs. myocardial
infarction



mouse during the acute ischemic and chronic phase after
coronary artery ligation is shown in Fig. 2. The infarct-
typical ECG pattern was easily distinguishable from the
transient phenomena relating to ischemia observed in a
subset of sham-operated mice (see above).

Cardiac conduction properties and electrophysiologic
study

Atrial, A-V, and ventricular conduction properties were
assessed in sham-operated and MI mice. The mean ± SD
sinus cycle lengths were 188.5 ± 19.8 ms in sham-oper-

ated mice, equivalent to an average of 318 ± 32 bpm, and
227.0 ± 33.4 ms in the MI mouse group, corresponding to
a heart rate of 264 ± 43 bpm.

The electrophysiological parameters obtained are dis-
played in detail in Table 4. Sinus node function, evaluated
by indirect measurement of SNRT, exhibited no sig-
nificant differences between groups. AV conduction
remained intact with atrial pacing down to an average
paced cycle length of 110.0 ± 9.1 ms (545 bpm) in the
sham-operated mice compared to 116.2 ± 12.4 ms (516
bpm) in the MI mice. Pacing at more rapid rates caused
AV-His-Purkinje system block. The maximum cycle
length that produced 2:1 AV block was 88.7 ± 7.5 ms (676
bpm) in the sham group and 96.2 ± 11.9 ms (624 bpm) in
the MI group. Higher-grade AV block was not observed
in any of the mice. With programmed atrial stimulation
with single and double atrial premature extrastimuli at
two pacing drive rates, the mean AVERP was 71.3 ± 8.5
ms in sham-operated mice versus 90.0 ± 11.9 ms in MI
mice with pacing at 200-ms cycles (p = 0.02), and 76.2 ±
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Table 3 Myocardial infarct detection

ECG Echo Pathology

Deep Q Wave ST Segment Elevation

Sham-operation (n = 5) 0/5 (0 %) 0/5 (0 %) 0/5 (0 %) 0/5 (0 %)

Myocardial infarction (n = 10) 10/10 (100 %) 10/10 (100 %) 10/10 (100 %) 10 /10 (100 %)

Fig. 2 Electrocardiograms. Surface electrocardiogram (ECG) from sham-operated
mouse (left) and infarcted mouse (right). The ECG was recorded at 1 hour post-oper-
atively (top), day 4 (middle) and day 14 (bottom) following surgery. The P waves,
QRS, and T waves are visible and annotated, and the sweep speed is normalized for
sinus cycle length (SCL) for comparisons. The SCL is shorter acutely post-operatively
in MI mice, and recovers to normal by 4 days post-operatively. Following infarct,
there is acute ST segment elevation, followed by development of chronic negative
“Q” waves.



7.5 versus 88.1 ± 15.1 ms respectively at 150-ms cycles
(p = 0.17). Ventricular pacing demonstrated retrograde
VA conduction in 3 of 5 (60 %) sham-operated mice and
6 of 10 (60 %) MI mice. In those animals showing intact
retrograde VA conduction, the conduction remained
intact to a minimum paced ventricular cycle length of
135.0 ± 25.9 ms in the sham-operated mice compared to
168.3 ± 37.5 ms in the MI mice, which are similar to the
antegrade block rates (antegrade versus retrograde con-
duction, p = NS).

Programmed electrical stimulation and arrhythmia
inducibility

Using standard programmed electrical stimulation pro-
tocols and burst atrial and ventricular pacing, provoca-
tion of ectopic or reentrant rhythms was attempted. The
vulnerability for arrhythmias is illustrated in Table 5. We
defined a sustained arrhythmic episode as one that lasted
> 30 s. Non-sustained ventricular tachycardia (0.5–29 s)
was reproducibly inducible by single, double and triple
premature ventricular extrastimuli or by burst ventricu-
lar pacing in 6 out of 9 (67 %) myocardial infarction mice.
Additionally, atrial fibrillation (0.5–29 s) was inducible
by burst atrial pacing or programmed atrial stimulation
with single or double extrastimuli in 3 out of 9 (33 %)
myocardial infarction mice. In one MI mouse (11 %),
atrial fibrillation was also induced by ventricular burst
pacing. Representative examples of the induced arrhyth-
mias are illustrated in Fig. 3. In the sham-operated con-
trol group, non-sustained ventricular tachycardia was
inducible only with burst ventricular pacing in 1 out of 5
(20 %) mice. Neither atrial nor ventricular stimulation
protocols could provoke any atrial arrhythmias. We did
not observe supraventricular tachycardias (SVT), sus-
tained atrial fibrillation, sustained ventricular tachycar-
dia, ventricular fibrillation, nor sudden cardiac death in
any mouse.

In summary, comparing the two study groups, there
were no significant differences between atrial and ven-
tricular conduction properties and refractoriness. The
EP study findings further provide strong evidence that
arrhythmia vulnerability is markedly increased in both
ventricle and atrium after experimental myocardial
infarction in mice.

M Effects of ischemia and myocardial infarction on
measures of heart rate variability

Table 6a demonstrates the time-dependent course of
heart rate dynamics in both study groups. During the
ischemic phase (3 hours postoperatively), MI mice had
faster heart rates (478 ± 57 bpm) compared to the sham-
operated control group (360 ± 63 bpm), p = 0.02. On day
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Table 4 Summary of electrophysiological studies

Sham-operation Myocardial infarction P
(n = 5) (n = 10)

Atrial pacing parameters

Threshold 0.1 ± 0.0 0.11 ± 0.03 0.5

Sinus node

Sinus cycle length (SCL) 188.5 ± 19.8 227.0 ± 33.4 0.16

SNRT200 246.3 ± 40.9 292.7 ± 39.2 0.11

CSNRT200 57.8 ± 43.7 65.7 ± 45.8 0.85

SNRT/SCL200 % 131.4 ± 23.6 131.3 ± 24.9 0.95

SNRT150 299.8 ± 42.7 327.0 ± 69.0 0.71

CSNRT150 86.3 ± 33.2 98.9 ± 53.5 0.69

SNRT/SCL150 % 141.6 ± 15.1 144.5 ± 27.1 0.70

SNRT100 354.0 ± 48.5 338.6 ± 64.2 0.39

CSNRT100 138.3 ± 33.5 109.2 ± 53.5 0.38

SNRT/SCL100 % 164.4 ± 14.4 149.4 ± 26.6 0.51

A-V node

AV interval 42.2 ± 2.1 42.7 ± 4.6 0.55

AVC (min CL) 110.0 ± 9.1 116.2 ± 12.4 0.19

AV Wenckebach 105.0 ± 9.1 111.2 ± 12.4 0.79

AV 2:1 88.7 ± 7.5 96.2 ± 11.9 0.87

AVERP200 71.3 ± 8.5 90.0 ± 11.9 0.02

AVERP150 76.2 ± 7.5 88.1 ± 15.1 0.17

Ventricular pacing parameters

Threshold 0.15 ± 0.1 0.29 ± 0.23 0.27

VAC (min CL) 135.0 ± 25.9 168.3 ± 37.5 0.27

VA Wenckebach 130.0 ± 25.9 163.3 ± 37.5 0.27

VA 2:1 98.3 ± 30.1 107.5 ± 3.5 0.71

VERP200 35.0 ± 9.1 32.1 ± 12.2 0.69

VERP150 37.5 ± 9.6 41.9 ± 20.0 0.69

Values are means ± SEM, with intervals in milliseconds, unless other indicated.
Threshold minimum pacing threshold (milliamperes at 1.0-ms pulse duration). SCL
sinus cycle length; SNRT sinus node recovery time; CSNRT corrected SNRT (SNRT-
SCL); AV atrio-ventricular; AV Wenckebach atrial pacing Wenckebach cycle length;
AV 2:1 atrial pacing 2:1 AV block cycle length; VA ventriculo-atrial; ERP effective
refractory period; “200”, “150” and “100” refer to the cycle lengths (in ms) of the
pacing protocols. VAC (min CL) VA conduction minimum cycle length; VA Wencke-
bach ventricular paced maximum cycle length allowing VA conduction; VA 2:1 ven-
tricular paced maximum cycle length causing 2:1 VA block; VERP ventricular ERP

Table 5 Arrhythmia inducibility

Atrial pacing protocols Ventricular pacing protocols

A Fib NSVT A Fib NSVT

Sham-operated 0/5 (0 %) 0/5 (0 %) 0/5 (0 %) 1/5 (20 %)
(n = 5)

Myocardial infarction 3/9 (33 %) 0/9 (0 %) 1/9 (11 %) 6/9 (67 %)
(n = 9)

A Fib Atrial fibrillation; NSVT Non-sustained ventricular tachycardia
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Fig. 3 Arrhythmia examples in MI
mice. A Atrial tachycardia. The top
panel is lead I of a surface electrocardio-
gram (ECG), middle panel is the right
ventricular (RV) intracardiac electro-
gram, and lower panel is the right atrial
(RA) electrogram. The first beat is sinus,
with distinct P wave and QRS complex
on ECG (and A and V spikes on intracar-
diac electrograms). Right atrial pacing is
performed which initiates a rapid atrial
tachycardia, with variable ventricular
conduction, and spontaneously con-
verts back to normal sinus rhythm.
B Ventricular tachycardia. The top panel
is ECG lead I, and the lower panel is a
composite intracardiac electrogram.
Burst pacing in the right ventricle (RV)
initiates a monomorphic-appearing
ventricular tachycardia (VT) at a cycle
length (CL) of 68 ms. Ventriculo-atrial
block is demonstrated on the intracar-
diac channel. The tachycardia degener-
ates into a polymorphic VT and then
spontaneously terminates, with recov-
ery of sinus rhythm.

A

B

Table 6a Time domain measures of heart rate variability; means ± SEM

Parameters of HRV Time after operation

Sham-operation (n = 5 each) Myocardial infarction (n = 10 each)
1 hour 3 hours day 1 day 4 day 14 1 hour 3 hours day 1 day 4 day 14

RR (ms) 178 ± 42 185 ± 21* 89 ± 11* 78 ± 4 78 ± 3 150 ± 39 127 ± 17 123 ± 35 84 ± 6 81 ± 1

HR (bpm) 370 ± 87 360 ± 63* 679 ± 77* 769 ± 44 772 ± 25 423 ± 99 478 ± 57 518 ± 130 719 ± 52 745 ± 9

SDNN (ms) 1.0 ± 0.7 1.2 ± 0.5 5.3 ± 3.1 2.4 ± 1.4 1.3 ± 0.6 1.4 ± 0.9 3.1 ± 1.9 7.0 ± 2.6 3.1 ± 1.5 1.9 ± 0.5

SDANN (ms) 0.6 ± 0.4 0.5 ± 0.2 3.3 ± 3.3 1.1 ± 1.1 0.6 ± 0.4 0.6 ± 0.4 0.9 ± 0.5 2.4 ± 1.5 1.1 ± 0.8 0.7 ± 0.3

CV (%) 0.6 ± 0.4 0.7 ± 0.3 5.9 ± 3.5 3.1 ± 1.8 1.0 ± 0.8 0.9 ± 0.6 0.7 ± 2.2 5.7 ± 2.1 3.7 ± 1.8 2.3 ± 0.6

RMSSD (ms) 1.7 ± 1.4 2.0 ± 0.8 4.7 ± 2.1 3.7 ± 2.0 1.7 ± 0.5 2.0 ± 0.8 6.0 ± 5.8 8.5 ± 5.2 4.0 ± 2.1 3.1 ± 1.6

Abbreviations: RR RR interval; HR heart rate, measured in beats per min (bpm); SDNN standard deviation of all normal RR intervals; SDANN standard deviation of the  aver-
age RR interval; CV coefficient of variance; RMSSD the square root of the mean of the squared differences between adjacent normal RR intervals. *P < 0.05 sham-
operation vs. myocardial infarction



1 following the surgical procedure, HR almost normal-
ized in the sham-operated mice, whereas recovery of HR
was incomplete in the MI mice. By postoperative day 4,
in the phase of acute MI, and continuing until the end of
the study period on day 14 (“infarct scar”) normal values
for heart rate were reached in all mice without any dif-
ferences between groups (Fig. 4).

J. Gehrmann et al. 245
Electrophysiology following murine ischemia and infarction

Fig. 4 Heart rate tachogram and spectral analysis of heart rate variability. The top
three panels illustrate consecutive 5-s segments of ECG lead I telemetered record-
ing from a  myocardial infarction mouse. The detected beats are indicated by tick
marks directly above the electrogram tracings. The middle panels show R-R inter-
vals computed from detected ECG beats. The bottom panels reveal the power
spectra computed from the R-R interval time series. The time series (40 Hz) were
calculated from beat series using linear interpolation. Although plots of R-R inter-
vals show low frequency (LF) oscillations, such biological noise is likely due to
activity of the conscious, unrestrained animals. The similarity of spectral power
traces over the three consecutive segments indicates stationarity of the signals.

Table 6b Frequency domain measures of heart rate variability; means ± SEM

Parameters of HRV Time after operation

Sham-operation (n = 5 each) Myocardial infarction (n = 10 each)
1 hour 3 hours day 1 day 4 day 14 1 hour 3 hours day 1 day 4 day 14

Total power (ms2/Hz) 12.1 ± 16.0 15.1 ± 14.9 382.7 ± 413.1 75.1 ± 78.1 19.1 ± 21.3 28.3 ± 48.1 109.2 ± 113.8 602.1 ± 430.2 114.1 ± 122.0 30.5 ± 14.4

LF power (ms2/Hz) 3.0 ± 5.3 2.0 ± 1.7 52.0 ± 45.9 17.8 ± 17.1 3.4 ± 3.0 9.0 ± 18.2 28.5 ± 38.9 94.0 ± 129.2 14.1 ± 13.3 4.8 ± 2.9

HF power (ms2/Hz) 0.7 ± 0.6 1.2 ± 1.5 20.4 ± 17.6 11.9 ± 6.1 1.5 ± 0.9 1.8 ± 1.7 23.5 ± 32.3 29.5 ± 22.4 9.1 ± 7.3 2.8 ± 0.8

VLF power (ms2/Hz) 8.4 ± 10.3 11.1 ± 10.4 310.3 ± 354.6 55.5 ± 78.2 14.2 ± 17.8 17.6 ± 28.5 57.1 ± 53.0 478.5 ± 338.3 90.9 ± 104.4 22.9 ± 11.8

nLF power 0.81 ± 0.1 0.62 ± 0.2 0.71 ± 0.1 0.6 ± 0.2 0.69 ± 0.1 0.83 ± 0.3 0.45 ± 0.2 0.76 ± 0.1 0.6 ± 0.1 0.63 ± 0.2

nHF power 0.19 ± 0.1 0.38 ± 0.2 0.29 ± 0.1 0.4 ± 0.2 0.31 ± 0.1 0.17 ± 0.3 0.55 ± 0.2 0.24 ± 0.1 0.4 ± 0.1 0.37 ± 0.2

LF/HF ratio 4.2 ± 2.9 1.7 ± 1.0 2.7 ± 0.8 1.5 ± 1.2 2.3 ± 0.8 5.8 ± 2.7 1.2 ± 1.2 3.1 ± 1.9 1.5 ± 1.2 1.7 ± 0.5

Abbreviations: LF low-frequency; HF high-frequency; VLF very low frequency; n normalized



It is further evident that there were no significant
changes in any of the time-and frequency-domain vari-
ables of the heart rate variability as a consequence of
ischemia, acute myocardial infarction nor in the chronic
phase of the “infarct scar”. Table 6a illustrates the
detailed data of all time-domain variables (SDNN,
SDANN, CV, and RMSSD) which remain highly pre-
served over the entire study period. Table 6b shows that
calculations of total power, LF power, HF power, and
VLF power of frequency-domain variables did not reveal
a reduction in total nor in the individual power of spec-
tral components. The higher values for LF power com-
pared to HF power, and the positive LF/HF ratio indicate
a sympathetic predominance and a low vagal tone in all
mice in both experimental groups. Particularly in the
frequency-domain, HRV data showed a high inter-indi-
vidual variation.

Discussion

Major advances in transgene and gene targeting technol-
ogy have made the mouse the principal animal model for
studying molecular mechanisms underlying disordered
cardiac conduction and sudden cardiac death following
myocardial ischemia or infarction. The main findings of
this study can be summarized as follows: a) we confirmed
prior demonstrations of the feasibility of coronary artery
ligation for MI induction in mice as well as the echocar-
diographic visualization and quantification of the struc-
tural sequelae following MI, b) we determined the func-
tional electrophysiological consequences of ischemia
and infarction, including the propensity for arrhythmias,
and c) we evaluated the impact of autonomic nervous
system HR modulation by means of serial HRV analysis.
To our knowledge, this is the first study in the mouse to
describe the impact of myocardial ischemia and infarc-
tion on the cardiac conduction system in vivo, the role of
the autonomic nervous system on heart rate dynamics,
and to directly correlate structural echocardiographic
parameters with functional electrophysiological meas-
urements.

Cardiovascular research has focused attention on the
electrophysiological architecture of ventricular myo-
cardium in the ischemic and infarcted heart (45, 62, 66).
Several lines of experimental evidence obtained in a
canine model of myocardial infarction clearly demon-
strated the impact of disturbed gap-junctional pattern in
the healing epicardial border zone on impulse conduc-
tion and arrhythmogenesis (17, 30, 62). In humans,
altered connexin43 gap junction distribution has been
shown in the border zone of healed infarcts (74). Con-
nexin43 knockout (67) and other transgenic mouse mod-
els are available and have recently been characterized
electrophysiologically (26, 57). Mouse models of myo-
cardial ischemia and infarction may be used to study the

molecular mechanisms of myocardial stunning, precon-
ditioning and the role of adhesion molecules in geneti-
cally altered mice (53).

M Coronary artery ligation and animal model

Coronary artery ligation as a method to induce myocar-
dial infarction has been extensively documented in rats
(41, 63) and more recently, Michael, et al. (53) described
mouse coronary artery anatomy and methods of coro-
nary artery ligation. Lutgens, et al. (46) delineated the
cardiac structural and functional consequences with
respect to infarct localization, LV morphology, DNA syn-
thesis and interstitial fibrosis. Patten, et al. (61) quanti-
fied hemodynamics and parameters of ventricular
remodeling in a mouse model of MI. Coronary artery
anatomy in the mouse is comparable to that of other
mammals, with early branching of a septal artery from
the left coronary system (18). It is well known that type
and incidence of the electrical changes and arrhythmias
differ among species. In larger species (dog, pig, cat), the
arrhythmias following ischemia and infarction are rela-
tively well characterized and whereas several observa-
tions provided circumstantial evidence that the electrical
changes in humans and large animal hearts are similar,
this may not be the case for small animals (16, 18, 34, 36).
By miniaturization of instruments, technical limitations
have recently been overcome and comprehensive func-
tional analysis in mice is now feasible.

M Echocardiography, left ventricular dysfunction 
and arrhythmia vulnerability in MI mice

In the present study, we provide confirmatory evidence
that echocardiography is a reliable and non-invasive
means to study LV dimensions and dysfunction after MI
in mice. Wall motion abnormalities and increased cham-
ber diameters were mainly seen apically. The echocar-
diographic studies were conducted in the acute phase
after MI and results therefore represent early effects on
left ventricular diameters. Others (22) reported on the
use of serial echocardiographic assessment of LV dimen-
sions and function after MI, which is important to define
the time-dependent process of post-infarct remodeling.
We also demonstrated that the echocardiographic
parameters correlated well with ECG changes and
arrhythmia vulnerability during EP study.

M Electrocardiography and electrophysiology during
ischemia and after myocardial infarction

The basic electrocardiographic time intervals (PR, QRS,
QT, and QTc) were similar in both groups and in agree-
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ment with those reported in earlier studies in mice (5–8).
During the ischemic phase, MI mice had faster heart rates
compared to the sham-operated controls. This may be
caused by a more pronounced increase in sympathetic
tone in these mice versus their sham-operated counter-
parts, or alternatively, may simply be a consequence of
differential heart rate response to surgery and anesthesia.
By day 4, full recovery of SCL time intervals was reached
which remained constant over the 2-week follow-up
period. Our in vivo murine EP methodology, based on
analogous clinical protocols used to evaluate cardiac
conduction in humans, allows a comprehensive assess-
ment of the conduction characteristics relevant for
understanding arrhythmia mechanisms. The major elec-
trophysiological conclusions from this study are that
myocardial infarction causes increased inducibility of
ventricular and atrial arrhythmias. Electrophysiological
properties did not significantly differ when compared to
control mice. These findings are in good agreement with
studies performed in other mammalian species (82) and
closely reflect results obtained in human clinical studies.
Therefore this approach validates the mouse as a model
to assess post-MI arrhythmic risk stratification. The fun-
damental mechanisms of cardiac electrical activity at the
molecular level involving gap junctions, membrane ion
channels or other genetic manipulations underlying
post-ischemic and post-infarction cardiac arrhythmias
are now amenable to thorough investigation on the
whole animal level.

M Heart rate variability during ischemia 
and after myocardial infarction

There have been few basic reports of HRV analysis in
smaller animals such as rats and mice (12, 43) and HRV
analysis has been employed in transgenic mouse models
(38, 52, 79, 80). However, as yet, few data are available on
the influence of myocardial ischemia and infarction on
autonomic innervation of the heart in mice. Depressed
HRV is a powerful predictor of mortality and of arrhyth-
mic complications, particularly sudden cardiac death, in
patients after acute MI (39, 58). The underlying physio-
logic mechanism of decreased HRV is thought to reflect
an alteration in cardiac sympathetic-parasympathetic
balance, characterized by a relative sympathetic domi-
nance likely secondary to reduced parasympathetic
activity. It has been further proposed that this imbalance
may lead to cardiac electrical instability (82). As the time
after acute MI at which depressed HRV reaches the high-
est predictive value has not been fully investigated, and
to ascertain the process of autonomic remodeling, we
chose to perform serial assessments during ischemia and
post MI. The surprising finding of the present study is
that we did not demonstrate convincing evidence of
measurable autonomic imbalance after myocardial

infarction in mice. Contrary to our expectations, a sig-
nificant decrease in HRV measured was not seen, either
in the early ischemic period or in the chronic MI phase.
The results obtained in the sham-operated and even the
MI mice were similar to those we recently reported in a
larger cohort (n = 24) of normal mice (25). These findings
are in contrast to studies conducted in other species
including humans (20, 39, 44), and rats (3, 41) demon-
strating that HRV is depressed after MI. As this is the first
study of this kind in mice, no data are available for com-
parison. Post-MI reduction of heart rate variability seen
in different species is considered a reflection of increased
sympathetic and reduced vagal activity (14, 41). How can
our data of unaltered measures of HRV after MI in the
mouse be interpreted in the light of the aforementioned
evidence derived from different mammalian species?
There are at least two possible answers to this question.
First, the divergent findings in the mouse might be
related to the study protocols, techniques or to the algo-
rithms used; influenced by extrinsic factors rather than
species-specific variables. This is unlikely, as we were
recently able to demonstrate that analysis of beat-to-beat
fluctuations in murine heart rate provides a quantitative
measure of parasympathetic and sympathetic influences
on heart rate modulation. We showed that responses to
pharmacological manipulation are quantifiable, repro-
ducible and qualitatively similar to those in larger mam-
mals including humans (25). Second, it is conceivable
that the mouse is indeed different from other species
with respect to the sympatho-vagal makeup. We favor
this latter hypothesis based on the following lines of evi-
dence. In mice, sympathetic tone predominates (or vagal
tone is low) under physiological conditions; in previous
experiments of others (37, 52, 80) and our group neither
parasympathetic blockade nor sympathetic stimulation
was able to increase heart rate (25). High-frequency
power is predominantly a marker of cardiac parasympa-
thetic control (3), whereas low-frequency power receives
both sympathetic and parasympathetic contributions,
with a large parasympathetic component as shown in
human (1, 4, 73) and canine studies (7, 13, 29, 68). We
could fully confirm this phenomenon in mice (25). As
vagal tone in mice is attenuated by the saturating influ-
ence on the sinus node of a persistently high sympathetic
tone under physiologic conditions, vagal input with-
drawal after MI may not at all be measurable by HRV
analysis. According to the present data, the original
proposition of increased sympathetic and reduced vagal
activity after MI is not identifiable in the mouse. Our pre-
vious observation, that pharmacological parasympa-
thetic blockade significantly reduced time- and fre-
quency domain measures of HRV in normal mice, sug-
gests that pharmacological intervention may be a more
powerful means of vagal withdrawal than MI. With
respect to sympathetic-induced electrical instability, the
capability of time-and frequency domain measures of
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