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Abstract

Mice may now be the preferred animal model for biomedical research due to its anatomical,
physiological, and genetic similarity to humans. However, little is known about accentuated
antagonism of chronotropic and dromotropic properties in conscious mice. Accordingly, we
describe the complex and interacting influence of the autonomic nervous system on cardiac
electrophysiology in conscious mice. Specifically, we report the effects of single and combined
cardiac autonomic blockade on measurements of pulse interval (heart rate), atrio-ventricular
interval, sinus node recovery time (SNRT), SNRT corrected for spontaneous sinus cycle, and
Wenckebach cycle length in conscious mice free of the confounding influences of anesthetics and
surgical trauma. Autonomic influences were quantified as the change in parameter induced by its
selective blocker (Sympathetic or Parasympathetic Effect) or as the difference between the
intrinsic value and the value after a selective blocker (Sympathetic or Parasympathetic Tonus).
Sympatho-Vagal Balance (SVB) was assessed as the ratio of control interval to intrinsic interval.
SVB suggests slight parasympathetic dominance in the control of cardiac electrophysiology
intervals. Furthermore, results documents a complex interaction between the sympathetic and
parasympathetic divisions of the autonomic nervous system in the control of cardiac
electrophysiology parameters. Specifically, the parasympathetic effect was greater than the
parasympathetic tonus in the control of cardiac electrophysiology parameters. In contrast, the
sympathetic effect was smaller than the sympathetic tonus in the control of cardiac
electrophysiology parameters. Results have important implications because actions of
pharmacological agents that alter the autonomic control of cardiac electrophysiology are
transformed by these interacting mechanisms.
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1. INTRODUCTION

Mammalian heart rate and cardiac electrophysiology are profoundly influenced by the
sympathetic and parasympathetic divisions of the autonomic nervous system. Heart rate is
slowed by parasympathetic nervous system activity via the muscarinic M2 receptor (Fisher
et al. 2004) and elevated by sympathetic nervous system activity via the beta 1-adrenergic
receptor (Rohrer et al. 1998). In addition, the sympathetic and parasympathetic divisions of
the autonomic nervous system alter heart rate and cardiac electrophysiology through
complex and interacting mechanisms.

Sympathetic stimulation has similar effects on both atrial and ventricular electrophysiology
and is pro-arrhythmic for both chambers (Shen and Zipes 2014; Kapa et al. 2010). In
particular, beta-adrenergic receptor stimulation, by increasing intracellular cAMP levels,
increases heart rate, atrial-ventricular (A-V) nodal conduction, and contractile force while
shortening atrial and ventricular refractoriness. Furthermore, beta-adrenergic stimulation
enhances the development of after-depolarizations and triggered beats (Engel 1978;
Schwartz et al. 1993; Wharton et al. 1992; Zipes 1991).

In contrast to sympathetic stimulation which has similar effects on atrial and ventricular
electrophysiology, parasympathetic stimulation has opposing effects on these chambers.
Specifically, parasympathetic stimulation prolongs ventricular action potential duration and
the effective refractory period, (Martins and Zipes 1980; Ng et al. 2001). In contrast,
parasympathetic stimulation reduces the atrial effective refractory period (Zipes et al. 1974;
Wijffels et al. 1995) while increasing electrophysiological heterogeneity (Fareh et al. 1998)
and promoting early afterdepolarization (EAD) (Burashnikov and Antzelevitch 2003).
Accordingly, parasympathetic stimulation is pro-arrhythmic in the atria but antiarrhythmic in
the ventricles (Wijffels et al. 1995). Furthermore, parasympathetic activation of muscarinic-
cholinergic receptor decreases intracellular CAMP levels, heart rate, AV nodal conduction,
and contractile force.

There also exists a complex interaction between the sympathetic and parasympathetic
divisions of the autonomic nervous system. Early pioneering studies documented that the
reduction in heart rate produced by parasympathetic activation was greater during
sympathetic stimulation (Rosenblueth and Simeone 1934; Samaan 1935; Warner and Russell
1969; Levy and Zieske 1969a; Stramba-Badiale et al. 1991; Vanhoutte and Levy 1980). This
effect was documented to be due, in part, to the fact that efferent parasympathetic
stimulation inhibited efferent sympathetic activation at both pre- and post-junctional sites
(Vanhoutte and Levy 1980; Takahashi and Zipes 1983; Shen and Zipes 2014) as well as
reduced cAMP levels to markedly influence heart rate, ventricular function, intracellular
calcium handling, and cardiac electrophysiology (Levy and Zieske 1969b; Brack et al. 2004;
Martins and Zipes 1980; Shen and Zipes 2014). Thus, parasympathetic effects became
progressively stronger with increasing sympathetic activity. Furthermore, sympathetic
effects are substantially smaller in the presence of high parasympathetic activity. This
complex interaction has been called accentuated antagonism (Levy and Zieske 1969b) and
suggests that changes in cardiac electrophysiology resulting from changes in sympathetic
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control cannot be interpreted accurately unless concurrent parasympathetic activity is taken
into account. Similarly changes in cardiac electrophysiology resulting from changes in
parasympathetic activity cannot be interpreted accurately unless concurrent sympathetic
activity is taken into account (Rosenblueth and Simeone 1934; Samaan 1935; Warner and
Russell 1969; Levy and Zieske 1969a).

In addition to activation of the parasympathetic and sympathetic divisions, the complex and
interacting influences on the autonomic nervous system on cardiovascular function can also
be studied indirectly by using pharmacological cardiac autonomic blockade (Sayin et al.
2016; Chen et al. 1995a). Results obtained from these studies have been analyzed by a
variety of approaches. Comparisons have been made among parasympathetic and
sympathetic effects, as well as parasympathetic and sympathetic tonus. A parasympathetic
effect is defined as the response to cardiac muscarinic cholinergic receptor blockade
(difference between control value and the value after muscarinic cholinergic blockade). A
sympathetic effect is defined as the response to cardiac betal-adrenergic receptor blockade
(difference between the control value and the value after betal-adrenergic receptor
blockade). It has been suggestedthat these effects are difficult to interpret because it is
challenging to distinguish the direct result of blockade from the indirect result (Gava et al.
1995; Negrdo et al. 1992; Chen and DiCarlo 1997). For example, the heart rate after
muscarinic cholinergic receptor blockade (parasympathetic effect) is the result of the direct
effect of removal of the parasympathetic influence on the heart as well as the indirect effect
of the unopposed sympathetic influence on the heart in response to blockade of the
parasympathetic limb. Another potential limitation when using the parasympathetic (or
sympathetic) effect is that a possible change in intrinsic heart rate is not considered. Any
change in intrinsic heart rate would affect the final heart rate.

In an attempt to reduce the influence of these two suggested limitations, investigators have
used parasympathetic and sympathetic tonus (Gava et al. 1995; Negrdo et al. 1992; Chen and
DiCarlo 1997; Sayin et al. 2016). Parasympathetic tonus is defined as the difference between
the intrinsic value and the value after betal-adrenergic receptor blockade. Sympathetic tonus
is defined as the difference between the intrinsic value and the value after muscarinic
cholinergic receptor blockade. Thus, both parasympathetic and sympathetic tonus represent
the effect of the parasympathetic and sympathetic nervous systems on the heart without the
influence of the opposing limb of the autonomic nervous system. By using sympathetic and
parasympathetic tonus, investigators are also able to account for any potential change in
intrinsic heart rate. However, it is important to note that no consensus exists on the use of
these two approaches (Sayin et al. 2016).

This complex interaction between the sympathetic and parasympathetic systems has
important implications because actions of pharmacological agents that alter the autonomic
nervous system control of cardiac electrophysiology are transformed by these interacting
mechanisms (Morady et al. 1988; Mirro et al. 1980). Specifically, agents used in the
treatment of cardiovascular disorders have varying effects depending on background levels
of autonomic nervous system functioning (Fukudo et al. 1992; Mirro et al. 1980; Hayano et
al. 1990). Furthermore, the interacting influences must also be considered in the context of
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stress and exercise because the high sympathetic activity associated with these conditions is
modified by parasympathetic activity (Morady et al. 1988; Mirro et al. 1980).

To address these concepts, we describe for the first time, the complex and interacting effects
of the autonomic nervous system on heart rate and cardiac electrophysiology in a conscious,
murine model of cardiac electrophysiology (Lujan and DiCarlo 2014). The mouse has
significant advantages over other experimental models for the investigation of autonomic
control of cardiac electrophysiology (Bryda 2013). The mouse is readily available,
inexpensive, has a high throughput, and gives the investigator the ability to create genetically
modified models. As a result, conscious mice have replaced many of the other animals, such
as dogs, cats and rats in biomedical research because of the many advantages (Bryda 2013;
Lujan et al. 2012b, a; Lujan and DiCarlo 2013; Lujan and DiCarlo 2014). However, virtually
nothing is known regarding autonomic control of cardiac electrophysiology in conscious
mice. Furthermore, when considering accentuated antagonism, investigators must
distinguish between chronotropic and dromotropic properties to fully understand cardiac
function because each property has its own distinctive relationship with the two divisions of
the autonomic nervous system.

Accordingly, using two analytical approaches we investigated the autonomic control of pulse
interval (heart rate), atrio-ventricular (AV) interval, sinus node recovery time (SNRT), SNRT
corrected for spontaneous sinus cycle (cCSNRT), and Wenckebach cycle length (WCL) ina
conscious murine model free of the confounding influences of anesthetics and surgical
trauma. The approach allows for the accurate documentation of the complex and interacting
influence of the autonomic nervous system on cardiac electrophysiology in conscious mice
and may be adopted for advancing the concepts and ideas that drive autonomic research.

2. METHODS

2.1 Experimental Subject

All surgical and experimental procedures involving animals were reviewed and approved by
the Institutional Animal Care and Use Committee and conformed to the American
Physiological Society Guiding Principles in the Care and Use of Animals. Studies
determining the complex and interacting influences of the autonomic nervous system on
cardiac electrophysiology parameters were conducted in 8 male C57BL/6J mice (15 weeks
of age), a strain commonly used in transgenic studies (Berul et al. 1996).

2.2 Surgical Procedures

Instrumentation—All surgical procedures were performed using aseptic surgical
measures. Adult, male C57BL/6 mice were anesthetized with sodium pentobarbital (60
mg/kg, i.p.) and supplemental doses (10-20 mg/kg, i.p.) were administered if the mice
regained the blink reflex or responded during the surgical procedures.

The hearts were approached via a left thoracotomy through the second intercostal space.
Teflon coated stainless steel wire electrodes (0.003 inch, part no. 316 SS 7/44T, Medwire,
Mount Vernon, NY) were sutured 1-2 mm apart with 8.0 silk on the surface of the left
ventricle and atrial appendix as previously described in rats (Rodenbaugh et al. 2003a;

Auton Neurosci. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lujan et al.

Page 5

Rodenbaugh et al. 2003b) and mice (Lujan and DiCarlo 2014). The stimulating wires were
tunneled subcutaneously and exteriorized at the back of the neck. Subsequently, a catheter
from a telemetry device (Data Sciences International, PA-C10), for recording arterial
pressure was inserted into the left carotid artery until the tip reached the aortic arch as
previously described in mice (Lujan and DiCarlo 2014). The body of the transmitter was
placed subcutaneously on the left side. Next, two catheters for the infusion of cardiac
autonomic antagonists (Chen et al. 1995b, 1997; Lujan et al. 2009; Chandler and DiCarlo
1997, 1998; Rodenbaugh et al. 2003a) were placed within the intraperitoneal space via a
ventral abdominal approach, tunneled subcutaneously and exteriorized at the back of the
neck.

Finally, ECG electrodes (DataSciences International, Small Gauge Lead Coupler Kit:
276-0065-001) were sutured with 6.0 silk subcutaneously in a modified lead Il
configuration, tunneled subcutaneously and exteriorized at the back of the neck as
previously described in mice (Lujan and DiCarlo 2013; Lujan et al. 2012a). The local
anesthetic, bupivacaine, was injected (s.q.) at all incision sites. At least 10 days were allowed
for recovery. During the recovery periods, the mice were handled, weighed and acclimatized
to the laboratory and investigators.

2.3 Experimental Procedures

Conscious, unrestrained mice were studied in their home cages (standard mouse
polycarbonate cage, 17 cm W x 27 cm L x 12 cm H) during the light cycle for all
experiments. Arterial pressure was recorded via telemetry and the ECG was recorded by
taping the leads to single-stranded stainless-steel wires from a miniature electric swivel
(Dragonfly Research & Development, Ridgeley, WV). The atrial or ventricular pacing leads
were connected and secured with tape to teflon coated stainless steel wire electrodes (0.003
inch, part no. 316 SS 7/44T, Medwire, Mount Vernon, NY). The ECG signals were initially
amplified (1,000 times) with a Grass P5 11 differential preamplifier and high-impedance
probe (HIP 511GA, Grass Instruments Co., Quincy MA). The low and high pass filters were
set at .3 Hz and 10 kHz. The temperature within the cage was monitored and maintained
near the thermoneutral zone for mice of approximately 29-31° C (Swoap et al. 2004) by use
of a circulating water pad under the cage and a Pelonis® heater. Mice were allowed to adapt
to the laboratory environment for approximately two hours to ensure stable hemodynamic
conditions.

After the stabilization period, beat by beat, steady-state heart rate, arterial pressure and ECG
parameters were recorded over 10-15 s. Subsequently, the atrio-ventricular interval (AV
interval), sinus node recovery time (SNRT), SNRT corrected for spontaneous sinus cycle
length (cSNRT), and Wenckebach Cycle Length (WCL) were determined as previously
described in conscious mice (Lujan and DiCarlo 2014). Briefly, the PowerLab stimulator
delivered current via the leads attached to the atrial appendix. The current was recorded via
an amp meter (Radio Shack, 22—-805) in series with the atrial appendix stimulating electrode.
Atrial pacing thresholds were determined and stimulation was performed for 1.0 ms pulse
widths at the capture current (approximately 0.002uA).
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The AV-interval, SNRT and cSNRT were determined during atrial pacing at a frequency of
8.4, 10 Hz, and 11.6 Hz for approximately 30 second durations (Lujan and DiCarlo 2014).
The AV interval was measured as the time from the last paced stimulus to the onset of the
QRS complex (Lujan and DiCarlo 2014). The SNRT was measured as the time from the last
paced stimulus to the onset of the P wave (Lujan and DiCarlo 2014). To control for
differences in sinus rate, SNRT was normalized to resting heart rate by subtracting the sinus
cycle length from SNRT (cSNRT = SNRT - sinus cycle length). Sinus cycle length was
determined from at least sixty consecutive cycles before the pacing period. A period of at
least 60-sec was allowed to elapse between each successive pacing.

The WCL was determined during incremental increases in atrial pacing frequency
performed for 1.0 ms pulse widths at twice the capture current (Lujan and DiCarlo 2014).
The WCL was defined as the minimum cycle length that fails to conduct through the AV
node as indicated by missed ventricular contractions. Missed ventricular contractions were
detected by both the ECG and arterial pressure wave form. The WCL is an index of AV
nodal conduction where increases in the WCL represent depressions in AV nodal conduction
and decreases in WCL represent enhancements in AV nodal conduction.

All the procedures were repeated following betal-adrenergic receptor blockade (metoprolol
10mg/kg, i.p.). The time elapsed between blocker administration and start of data collection
was standardized to 15 minutes. The duration of data collection after blockade was
approximately 10 minutes. Following data collection with beta-adrenergic receptor blockade
the procedures were repeated with combined autonomic blockade [beta-adrenergic and
muscarinic cholinergic receptor blockade (methylatropine 3mg/kg, i.p.)]. Note that the
cardiac autonomic antagonists were administered through the chronically implanted i.p.
catheters so that the mice were not handled or disturbed during the procedure. Furthermore,
supplemental doses of the first antagonist was administered with the second antagonist
assuring complete combined blockade. The duration of data collection after double receptor
blockade was also approximately 10 minutes.

On an alternate day (>48 h), the mice were treated identically as described above except that
the order of blockade was reversed. Intrinsic heart rate was considered to be the heart rate
after complete cardiac autonomic blockade (muscarinic cholinergic- and beta-adrenergic-
receptor blockades).

Comparisons were made among parasympathetic and sympathetic effects, as well as
parasympathetic and sympathetic tonus. A parasympathetic effect was defined as the
response after cardiac muscarinic cholinergic receptor blockade (difference between the
control value and the value after muscarinic cholinergic blockade). A sympathetic effect was
defined as the response after cardiac betal-adrenergic receptor blockade (difference between
the control value and the value after betal-adrenergic receptor blockade). Parasympathetic
tonus was defined as the difference between the intrinsic value and the value after betal-
adrenergic receptor blockade. Sympathetic tonus was defined as the difference between the
intrinsic value and the value after muscarinic cholinergic receptor blockade (Figure 1).
Intrinsic values were considered to be the values after complete cardiac autonomic blockade
(muscarinic cholinergic- and beta-adrenergic-receptor blockades).
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2.4 Data Analysis

All physiological recordings were sampled at 4 kHz, and the data were expressed as means
+ SE. The final values for Av-interval, SNRT and cSNRT are the maximum value obtained
during atrial pacing at frequencies of 8.4 Hz, 10 Hz, and 11.6 Hz. These frequencies were
chosen for two reasons. First, these frequencies are within the physiological range (500, 600
and 700 bpm) and were used in a recent study in conscious mice (Lujan and DiCarlo 2014).
Second, these frequencies are within the range of previous studies with anesthetized animals
[6.67 (400bpm), 8.3 (500 bpm) and 10 Hz (600bpm)] (Berul et al. 1996).

The maximum value obtained during atrial pacing at frequencies of 8.4, 10 Hz, and 11.6 Hz
was chosen because of the pioneering work of Berul and colleagues (Berul et al. 1996).
These investigators reported the maximum value from all three pacing drives in the
calculations of SNRT because this approach is analogous to the methods used in human
studies (Mandel et al. 1971).

Control and responses to cardiac autonomic antagonist during the two experimental trials for
pulse interval (heart rate), cardiac electrophysiology parameters and mean arterial pressure
were compared with a two-way repeated measures ANOVA with post-hoc Student-Newman-
Keuls method. Students’ paired t-tests were used to compare parasympathetic effect versus
parasympathetic tonus as well as sympathetic effect versus sympathetic tonus. A value of
£<0.05 was considered statistically significant.

Sympatho-Vagal Balance was calculated by dividing control intervals by intrinsic intervals
for all parameters. Intrinsic intervals were considered the value after combined cardiac
autonomic blockade and represents the spontaneous interval in the absence of autonomic
modulation. When parasympathetic effect or tonus dominate, control intervals are above
intrinsic intervals; however, when sympathetic effect or tonus dominate, control intervals are
lower than intrinsic intervals (note that intervals are reciprocals of rate) (Goldberger 1999;
Sayin et al. 2016).

3. RESULTS

3.1 Experimental Trials

Figure 1 presents a flow diagram of the experimental protocol showing a direct view of the
two experimental trials and the point where the crossing between the two trials of the
protocol occurred. This figure provides clarity on how the variations plotted in the figures
were computed.

Figure 2, Panel A presents cardiac electrophysiology parameters (PI, AV interval, SNRT,
cSNRT and WCL) for the 8 intact, conscious mice before (control) and after Muscarinic
Receptor Blockade (M-X) followed by combined Muscarinic Receptor Blockade + Beta
Receptor Blockade (M-X + B-X). Panel B presents the change in cardiac electrophysiology
parameters (Pl, AV interval, SNRT, cSNRT and WCL) for the 8 intact, conscious mice,
before (control) and after Beta Receptor Blockade (B-X) followed by combined Beta
Receptor Blockade + Muscarinic Receptor Blockade (B-X + M-X). There was no statistical
difference between control or intrinsic values for any variable on the two experimental days.
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3.2 Comparison of Parasympathetic and Sympathetic Effects and Tonus

Parasympathetic effect was considered the interval change induced by methyl-atropine alone
and the sympathetic effect was considered the interval change induced by metoprolol alone.
Parasympathetic tonus was considered the interval change induced by methyl-atropine after
metoprolol. The interval change induced by metoprolol after methyl-atropine was
considered sympathetic tonus. Figure 3, Panel A compares the parasympathetic effect and
parasympathetic tonus on cardiac electrophysiology parameters (P1, AV interval, SNRT,
cSNRT and WCL) for the 8 intact, conscious mice. Panel B contrasts and compares the
sympathetic effect and sympathetic tonus on cardiac electrophysiology parameters. Figure 3,
documents a complex interaction between the sympathetic and parasympathetic divisions of
the autonomic nervous system in the control of cardiac electrophysiology parameters.
Specifically, the parasympathetic effect was greater than the parasympathetic tonus in the
control of cardiac electrophysiology parameters in conscious mice (Panel A). In contrast, the
sympathetic effect was smaller than the sympathetic tonus in the control of cardiac
electrophysiology parameters in conscious mice. (Panel B).

3.3 Assessment of Sympatho-Vagal Balance

The Sympatho-Vagal balance (SVB) index (ratio of resting interval to intrinsic interval on
the two experimental days) for pulse interval, AV interval, SNRT, cSNRT and WCL are
presented in Figure 4. The SVB was greater than 1, independent of the order of blockade,
indicating a slight parasympathetic dominance in the regulation of PI, SNRT, cSNRT and
WCL in conscious mice. In contrast, the SVB for AV interval was less than one and equal to
one during experimental trials one and two respectively. Of note, the SBV for heart rate
(control heart rate divided by intrinsic heart rate) was less than 1 on both experimental days
as rate is the reciprocal of interval, also indicating a slight parasympathetic dominance
(Goldberger 1999; Sayin et al. 2016)

3.4 Autonomic Blockade Effects on Blood Pressure

Figure 5, Panel A presents resting mean arterial pressure (MAP) for the 8 intact conscious
mice before (control) and after Muscarinic Receptor Blockade (M-X) followed by combined
Muscarinic Receptor Blockade + Beta Receptor Blockade (M-X + B-X). Panel B presents
resting mean arterial pressure before (control) and after Beta Receptor Blockade (B-X)
followed by combined Beta Receptor Blockade + Muscarinic Receptor Blockade (B-X + M-
X). Cardiac autonomic blockade, regardless of the order of blockade, did not significantly
alter MAP.

4. DISCUSSION

Mice may now be the preferred animal model for biomedical research due to its anatomical,
physiological, and genetic similarity to humans (Bryda 2013). Other advantages of mice
include its small size, ease of maintenance, short life cycle, and abundant genetic resources.
Furthermore, when considering accentuated antagonism, investigators must distinguish
between chronotropic and dromotropic properties to fully understand autonomic function
because each property has its own distinctive relationship with the two divisions of the
autonomic nervous system. However, little is known about accentuated antagonism in
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conscious mice. Accordingly, we administered cardiac autonomic antagonists alone and in
combination so that cardiac electrophysiology parameters could be determined under control
conditions without antagonists, with either autonomic branch blocked alone, and with both
branches blocked (Sayin et al. 2016). In this setting, the effect produced by a selective
blocker alone were compared with the effect produced by a selective blocker without the
influence of the opposing limb of the autonomic nervous system (Sayin et al. 2016). A
comparison of parasympathetic and sympathetic effects alone or the net effect of their
interaction documented for the first time accentuated antagonism of cardiac
electrophysiology parameters in conscious mice.

Specifically, this study documents a complex and interacting influence of the sympathetic
and parasympathetic divisions of the autonomic nervous system on the control of pulse
interval (heart rate) and cardiac electrophysiology parameters in intact conscious mice. The
procedures conducted in conscious C57BL/6J mice, a strain commonly used in transgenic
studies, can be utilized in genetically modified models to enhance our understanding of
single gene defects and their autonomic phenotypes in conscious animals (Chien 1995;
Curran et al. 1995; Field 1988; Grace and Chien 1995; Wang et al. 1995). Furthermore, the
cardiac electrophysiology protocols can be initiated in the conscious state after the
resolution of the inflammation that occurs during the initial surgical preparation.

The SVB was greater than 1, independent of the order of blockade, indicating a slight
parasympathetic dominance in the regulation of PI, SNRT, cSNRT and WCL in conscious
mice. However, until recently (Swoap et al. 2008) it was generally accepted that mice have a
resting heart rate between 550-600 beats/min, display low parasympathetic tone, are
sympathetically dominate and have an intrinsic heart rate below resting heart rate
(Gehrmann et al. 2000; Janssen and Smits 2002). Specifically, early studies reported that the
intrinsic heart rate of mice (approximately 500 beats/min) is below the resting heart rate of
about 600 beats/min (Janssen and Smits 2002). This has led to the generally accepted
concept that the heart rate of mice is dominated by cardiac sympathetic activity at rest
(Gehrmann et al. 2000; Janssen and Smits 2002). Subsequent reports have questioned the
concept of sympathetic dominance in the control of heart rate at rest in mice (Baudrie et al.
2007; Chen et al. 2005; Pelat et al. 2003). Specifically, investigators (Swoap et al. 2004;
Williams et al. 2003; Williams et al. 2002; Wernstedt et al. 2006; Swoap et al. 2008) have
documented that the tachycardia and sympathetic dominance of heart rate at rest was
associated with mice being housed or studied in environments below their thermoneutral
zone (TNZ). The TNZ of mice is 29-30°C (Gordon 1993) and is the range of ambient
temperatures in which the mice do not elevate their metabolic rate to maintain core body
temperature (Gordon 2012; Jakobson 1981). Studied or housed at temperatures below 29—
30°C exposes mice to a significant cold stress (Cannon and Nedergaard 2011) and they
respond by enhancing sympathetically mediated non-shivering thermogenesis (Gaskill et al.
2012; Jakobson 1981; Ocloo et al. 2007). Thus environmental conditions of mice are an
important determinant of cardiac sympathetic and parasympathetic activity, which in turn
has a major impact on heart rate and cardiac electrophysiology (Swoap et al. 2008).

It is now generally accepted that the metabolic and cardiovascular consequences of the cold
stress that exist under standard laboratory conditions accounts for the tachycardia and
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sympathetic dominance of heart rate at rest (Bissonnette et al. 2007; Swoap et al. 2004;
Talan et al. 1996; Wernstedt et al. 2006; Williams et al. 2002) and, when mice are studied at
thermoneutrality, resting heart rate is below 450 beats/min and cardiac autonomic regulation
of heart rate is more similar to that of humans than originally reported. Specifically, the
Sympatho-Vagal balance index indicates a slight parasympathetic dominance in the control
of resting pulse interval in conscious mice (Figure 4).

This study, for the first time, also documents a complex and interacting influence of the
sympathetic and parasympathetic divisions of the autonomic nervous system on the control
of pulse interval as well as cardiac electrophysiology parameters in conscious mice such that
the response to blockade of one division of the autonomic nervous system was significantly
influenced by the presence or absence of the opposing division of the autonomic nervous
system (Figure 3). For example, the cardiac electrophysiology responses to muscarinic
receptor blockade were greater before beta receptor blockade (Parasympathetic Effect); i.e.
in the presence of sympathetic tone (Figure 3, Panel A). Similarly, the cardiac
electrophysiology responses to beta receptor blockade (Sympathetic Effect) were smaller
before muscarinic receptor blockade; i.e. in the presence of parasympathetic tone (Figure 3,
Panel B). This complex interaction has been called accentuated antagonism (Levy and
Zieske 1969b). The concept of accentuated antagonism may have originated with the
pioneering work of Rosenblueth and Simeone (Rosenblueth and Simeone 1934) who
initially documented that the decrease in heart rate produced by parasympathetic (vagal)
stimulation was greater when heart rate was increased by sympathetic stimulation.
Subsequently, Samaan (Samaan 1935) reported that the cardiac acceleration produced by
sympathetic stimulation was attenuated by parasympathetic (vagal) stimulation. These
complex and interacting sympathetic and parasympathetic influences on heart rate have been
confirmed by many investigators (Warner and Russell 1969; Levy and Zieske 1969a). The
current study extends this concept to cardiac electrophysiology parameters in conscious
mice.

The concept of Sympatho-Vagal balance has historically been limited to discussions of
sympathetic and parasympathetic interactions involving vagal activation and sympathetic
withdrawal or sympathetic activation and vagal withdrawal. However, it is clear from recent
pioneering studies in humans using indirect, noninvasive, spectral indexes of autonomic
function that these interactions are much more complex and interacting (Marchi et al. 2016)
as also documented by the complex and interacting influence of the autonomic nervous
system in mice.

Parasympathetic activity has been called nature’s beta blocker because of its inhibitory
influence on sympathetic activity (Herring and Paterson 2009). The inhibitory influence of
parasympathetic activity on sympathetic activity is mediated by a cholinergically induced
reduction in norepinephrine release (Burn and Rand 1965; Burn 1967; Lindmar et al. 1968;
Haeusler et al. 1968; Loffelholz and Muscholl 1969) as well as a cholinergic reduction in
cyclic AMP (adenosine 3”, 5"-monophosphate) (Sutherland et al. 1968; Epstein et al. 1971).
Specifically, acetylcholine has been documented to decrease the rate of cyclic AMP
formation in cell preparations from canine hearts (Murad et al. 1962). Furthermore,
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acetylcholine blocked the positive inotropic effects elicited by epinephrine and theophylline
by decreasing cyclic AMP (Meester and Hardman 1967).

In addition, many local cardiac neuromodulators intrinsic to sympathetic or parasympathetic
neurons impact the complex and interacting influence of the sympathetic and
parasympathetic divisions of the autonomic nervous system on heart rate and cardiac
electrophysiology (Steele and Choate 1994; Beaulieu and Lambert 1998; Paterson 2001).
Specifically, acetylcholine release from parasympathetic terminals activating muscarinic
receptors and norepinephrine release from sympathetic terminals activating beta receptors
are modified by numerous local cardiac factors (Herring and Paterson 2009). These
neuromoduators include neuronal nitric oxide synthase, neuropeptide Y, natriuretic peptides
and others (Paterson 2001). Numerous pathological conditions are known to enhance the
effect of these neuromodulators on sympathetic and parasympathetic activity. For example,
there is evidence that when sympathetic activity is high, the enhanced inhibitory influence of
parasympathetic activity is due, at least in part, to accentuated antagonism involving
cholinergic-induced formation of nitric oxide (Paterson 2001).

In addition to the peripheral interactions between the sympathetic and parasympathetic
divisions of the autonomic nervous system within the heart, complex and interacting
influences of the autonomic nervous system on heart rate and cardiac electrophysiology also
occurs within the central nervous system. Accordingly, the central nervous system is critical
for the autonomic nervous system control of heart rate and cardiac electrophysiology at rest
and during physiological and pathophysiological stress. For example, studies document the
existence of neuroanatomical interconnections between sympathetic and parasympathetic
central neurons which constitute the basis for functional interactions at the central nervous
system level (Buijs et al. 2001).

5. CONCLUSION

The Sympatho-Vagal Balance index documents a slight parasympathetic dominance in the
regulation of cardiac electrophysiology in conscious mice. Thus, resting cardiac autonomic
balance of conscious mice is more similar to that of humans than originally reported. In
addition, the concept of accentuated antagonism of heart rate as well as cardiac
electrophysiology parameters applies to conscious mice. This is important, especially in
view of the ever increasing use of this animal species in cardiovascular research.
Furthermore, when considering accentuated antagonism, investigators must distinguish
between chronotropic and dromotropic properties because each property has its own
distinctive relationship with the sympathetic and parasympathetic divisions of the autonomic
nervous system. Understanding the complex and interacting influences of the autonomic
nervous system on cardiac electrophysiology has important implications because
pharmacological agents used in the treatment of cardiovascular disorders have varying
effects depending on background levels of autonomic nervous system functioning (Fukudo
et al. 1992; Mirro et al. 1980; Hayano et al. 1990).
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Highlights

The Sympatho-Vagal Balance index documents a slight
parasympathetic dominance in the regulation of cardiac
electrophysiology in conscious mice.

Thus, resting cardiac autonomic balance of conscious mice is more
similar to that of humans than originally reported.

The concept of accentuated antagonism of heart rate as well as cardiac
electrophysiology parameters applies to conscious mice.

This is important, especially in view of the ever increasing use of this
animal species in cardiovascular research.

Pharmacological agents used in the treatment of cardiovascular
disorders have varying effects depending on background levels of
autonomic nervous system functioning.
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| Trial | | | Trial 2 |
| Heart Rate and EP Data | | Heart Rate and EP Data |
| Beta Blockade (Sympathetic Effect) | J Muscarinic Blockade (Parasympathetic Effect) I
| Heart Rate and EP Data | I Heart Rate and EP Data I
Beta Blockade + Muscarinic Blockade Muscarinic Blockade + Beta Blockade
(Parasympathetic Tonus) (Sympathetic Tonus)
I Heart Rate and EP Data | I Heart Rate and EP Data I
- Versus Muscarinic Blockade + Beta Blockade
—_—
| Beta Blockade (Sympathetic Effect) | (Sympathetic Tonus)
Beta Blockade + Muscarinic Blockade Vérsis

(Parasympathetic Tonus)

I Muscarinic Blockade (Parasympathetic Effect)

FIGURE 1.
Figure 1 presents a flow diagram of the experimental protocol showing a direct view of the

two experimental trials and the point where the crossing between the two trials of the
protocol occurred.

Auton Neurosci. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lujan et al.

Page 19

A mmmm Control ”\#
250 - — M-X ¥
M-X +B-X _°
-
200 - i
o Ty 150 -
tf
= 100 -
+
50 -
o x n
SNRT cSNRT WCL
B
250 1 mmmm Control ’
# — B-X , 1
ot == B-X + M-X |+ |
#
o Ty 150 -
£ &
- E
~ 100 -
50 -
0 BERN orerees SRR
Pl SNRT cSNRT WCL
FIGURE 2.

Figure 2, Panel A presents cardiac electrophysiology parameters [pulse interval (PI), atrio-
ventricular (AV) interval, sinus node recovery time (SNRT), SNRT corrected for
spontaneous sinus cycle (¢SNRT) and Wenckebach cycle length (WCL)] for the 8 intact,
conscious mice before (control) and after Muscarinic Receptor Blockade (M-X) followed by
combined Muscarinic Receptor Blockade + Beta Receptor Blockade (M-X + B-X). Panel B
presents the change in cardiac electrophysiology parameters (Pl, AV interval, SNRT, cSNRT
and WCL) for the 8 intact, conscious mice, before (control) and after Beta Receptor
Blockade (B-X) followed by combined Beta Receptor Blockade + Muscarinic Receptor
Blockade (B-X + M-X).
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Figure 3, Panel A contrasts the parasympathetic effect and parasympathetic tonus on cardiac
electrophysiology parameters [pulse interval (Pl), atrio-ventricular (AV) interval, sinus node
recovery time (SNRT), SNRT corrected for spontaneous sinus cycle (cSNRT) and
Wenckebach cycle length (WCL)] for the 8 intact, conscious mice. Panel B contrasts the
sympathetic effect and sympathetic tonus on cardiac electrophysiology parameters.

*P<0.05, Effect vs Tonus
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FIGURE 4.
Figure 4 presents The Sympatho-Vagal balance (SVB) index (ratio of control interval to

intrinsic interval on the two experimental days) for cardiac electrophysiology parameters
[pulse interval (P1), atrio-ventricular (AV) interval, sinus node recovery time (SNRT), SNRT
corrected for spontaneous sinus cycle (cSNRT) and Wenckebach cycle length (WCL)]. The
SVB was greater than 1, independent of the order of blockade, indicating parasympathetic
dominance in the regulation of PI, SNRT, cSNRT and WCL in conscious mice.
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FIGURE 5.

Figure 5, Panel A presents resting mean arterial pressure (MAP) for the 8 intact conscious
mice before (control) and after Muscarinic Receptor Blockade (M-X) followed by combined
Muscarinic Receptor Blockade + Beta Receptor Blockade (M-X + B-X). Panel B presents
resting mean arterial pressure before (control) and after Beta Receptor Blockade (B-X)
followed by combined Beta Receptor Blockade + Muscarinic Receptor Blockade (B-X + M-
X). Cardiac autonomic blockade, regardless of the order of blockade, did not significantly
alter MAP.
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