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Abstract

Regular physical exercise reduces the risk of cardiovascular disease and improves outcome in 

patients with cardiovascular diseases. The dynamic changes in blood pressure and heart rate with 

acute exercise are independently predictive of prognosis. Quantification of the haemodynamic 

response to exercise training in genetically modified mouse models may provide insight into the 

molecular mechanisms underlying the beneficial effects of exercise. We describe, for the first time, 

the use of radiotelemetry to provide continuous blood pressure monitoring in C57BL/6J mice 

during a programme of voluntary wheel exercise with continuous simultaneous recording and 

analysis of wheel rotations and beat-by-beat haemodynamic parameters. We define distinct 

haemodynamic profiles at rest, during normal cage activity and during episodes of voluntary wheel 

running. We show that whilst cage activity is associated with significant rises both in blood 

pressure and in heart rate, voluntary wheel running leads to a further substantial rise in heart rate 

with only a small increment in blood pressure. With 5 weeks of chronic exercise training, resting 

heart rate progressively falls, but heart rate during episodes of wheel running initially increases. In 

contrast, there are minimal changes in blood pressure in response to chronic exercise training. 

Finally, we have quantified the acute changes in heart rate at the onset of and recovery from 

individual episodes of wheel running, revealing that changes in heart rate are extremely rapid and 

that the peak rate of change of heart rate increases with chronic exercise training. The results of 

this study have important implications for the use of genetically modified mouse models to 

investigate the beneficial haemodynamic effects of chronic exercise on blood pressure and 

cardiovascular diseases.

Measures of autonomic dysfunction during exercise are an important quantitative predictor 

of cardiovascular risk and prognosis in man (Aktas et al. 2004; Balady et al. 2004; Erikssen 

et al. 2004). Regular physical exercise is associated with improved autonomic balance and is 

an important protective factor in long-term cardiovascular health (Tanasescu et al. 2002). 
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Beneficial effects of exercise have been demonstrated in hypertension (Kelley & Kelley, 

2000; Whelton et al. 2002), ischaemic heart disease (Jolliffe et al. 2001; Thompson et al. 
2003; Taylor et al. 2004), myocardial infarction (Dorn et al. 1999) and heart failure 

(Belardinelli et al. 1999; Piepoli et al. 2004). Acute exercise in humans leads to a rapid 

increase in both heart rate and arterial blood pressure, which is closely correlated with the 

intensity of exercise (Sharman et al. 2005). In contrast, chronic regular exercise training 

lowers resting heart rate and blood pressure whilst accelerating heart rate recovery following 

exercise, itself an independent predictor of prognosis (Cole et al. 1999, 2000; Nishime et al. 
2000; Shetler et al. 2001; Aktas et al. 2004; Jouven et al. 2005). Identification of the specific 

molecular and genetic mechanisms underlying the autonomic consequences of exercise 

offers potential for the identification of future therapeutic targets in humans (Gielen et al. 
2010). Although genetically modified mouse models have considerable potential to provide 

insight into these mechanisms, accurate phenotyping of the murine autonomic response to 

exercise has been technically difficult.

Little is known about the normal murine blood pressure and heart rate response to acute and 

chronic exercise in physiological conditions. Previous attempts have been limited to the use 

of tethered or telemetered animals undergoing forced treadmill exercise, usually over short 

time periods (Desai et al. 1997; Rohrer et al. 1998; Masuki et al. 2003; Schuler et al. 2010). 

Interpretation of such experiments is difficult owing to the use of a forced exercise regime 

and/or the lack of adequate postoperative recovery time following chronic arterial 

cannulation, both of which are likely to induce a significant and confounding stress response 

(Van Vliet et al. 2000). In contrast, voluntary exercise has the advantage of being 

physiological and non-stressful and does not interfere with normal murine diurnal rhythms. 

When provided with a running wheel, C57BL/6 mice will run long distances spontaneously 

(Swallow et al. 1998; Allen et al. 2001; Lerman et al. 2002; Bernstein, 2003; Konhilas et al. 
2004; De Bono et al. 2006). Assessment of the blood pressure and heart rate response to 

voluntary exercise requires continuous monitoring over long periods of time using 

techniques that do not impact adversely on the ability to exercise.

Recent advances in radiotelemetry (Mills et al. 2000; Butz & Davisson, 2001; Van Vliet et 
al. 2003) allow continuous real-time measurement of arterial blood pressure and heart rate in 

ambulant, non-restrained, unanaesthetized mice, in normal cage conditions. Radiotelemetry 

overcomes many of the limitations of more traditional approaches, such as tail-cuff (Krege et 
al. 1995; Van Vliet et al. 2003) or tethered systems (Davisson et al. 1997; Mattson, 1998); 

however, its use to investigate the blood pressure responses to exercise in mice has been 

limited by potential effects of the size of the device on exercise performance and by 

technical difficulties in precisely correlating beat-to-beat haemodynamic changes with 

exercise episodes.

A new murine radiotelemeter (PAC10 DSI®) has recently been developed, which is 50% 

smaller by weight and volume than previous devices (PAC20 DSI®). We have combined use 

of this smaller telemeter with a system allowing continuous, real-time monitoring of 

voluntary wheel running in mice (De Bono et al. 2006) enabling, for the first time, the 

production of a simultaneous recording of wheel running and beat-to-beat changes in blood 

pressure. We now report the acute haemodynamic response of C57BL/6J mice to different 
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intensities of voluntary exercise and the effect of chronic exercise training on these 

parameters in vivo.

Methods

Animals

All animals were 10- to 12-week-old male C57BL/6J strain littermates from an inbred 

colony (mean weight 29–30 g). Mice were provided with standard chow and water ad 
libitum and housed singly at 24°C in individually ventilated cages (Techniplast Inc., Milan, 

Italy). All mice were exposed to a regular 12 h–12 h light–dark cycle. Studies were 

performed in accordance with both the UK Home Office Animals (Scientific Procedures) 

Act 1986 and the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health (NIH publication no. 85-23, revised 1996). The study was 

approved by the Local Ethical Approval Panel.

Implantation of radiotelemeters

The PAC10 radiotelemeters (DSI, Transoma Medical Inc. St Paul, MN, USA) were 

implanted in 10- to 12-week-old C57BL/6 mice under carefully titrated isofluorane 

anaesthesia adjusted to ensure abolition of established murine pain reflexes, including the 

pedal withdrawl reflex. Mice were kept on a warming blanket and eye protection provided 

with Viscotears. The surgical field was sterilized with chlorhexidine and the procedure 

performed under an extraction hood in full sterile conditions. Buprenorphine (0.02 mg) was 

administered to provide postoperative analgesia. Telemeter catheters were implanted in the 

left carotid artery, with the body of the telemeter placed in a subcutaneous pocket equidistant 

from the fore- and hindpaw (Mills et al. 2000; Butz & Davisson, 2001). The wound was then 

closed with 4.0 Vicryl. Postoperatively, mice were held in a recovery chamber at 37°C until 

mobile and subsequently moved to a recovery cabinet at 28°C for a further 4 h. Animals 

were kept under close observation for the duration of the experiment, both by the 

experimental team and by the veterinary officer. Additional buprenorphine and subcutaneous 

0.9% normal saline were given where necessary, although recovery was usually rapid. All 

mice underwent 14 days postoperative recovery before commencement of voluntary 

running. Blood pressure traces were checked, and animals with damping of the 

haemodynamic profile were excluded from analysis. On completion of the experiment, 

animals were killed by terminal isofluorane anaesthesia.

Haemodynamic measurements

The PAC10 radiotelemeters allow continuous monitoring of blood pressure waveforms and 

cage activity. Data were acquired continuously at 500 Hz using standard acquisition software 

(DSI, Transoma Medical Inc.). Periods of recording were carried out over 24 h for the 

duration of exercise training. Recordings were taken daily for the first 5 days of wheel 

activity but subsequently, in order to preserve battery life, on at least alternate days.

Voluntary exercise

The system used for monitoring voluntary running in mice individually housed in 

individually ventilated cages has been described previously (De Bono et al. 2006). In brief, 
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following surgical recovery the mice were introduced to a freely rotating angled running 

track (Lillico Inc., Surrey, UK). Wheel rotations were monitored using an optical switch 

mounted outside the cage capable of recording the passage of a stainless-steel mirror 

attached to the external rim of the running track. The exact timing of individual wheel 

rotations was logged using Spike2 acquisition software (Cambridge Electronic Design Ltd, 

Cambridge, UK). Mice were allowed to use the wheel ad libitum and were monitored 

continuously for the duration of the period of exercise training.

Data analysis

Analysis of both wheel rotations and haemodynamic data were performed using Spike2 

software (Cambridge Electronic Design Ltd). Raw blood pressure waveform data were 

imported into Spike2 and merged with the wheel rotation data corresponding to each animal 

for a 24 h period. This allowed a precise time correlation between wheel rotations and 

haemodynamic parameters on a beat-to-beat basis. Data were analysed according to the 

activity state of the animal at the time of acquisition. The following three activity states were 

defined: wheel running, defined as periods of continuous wheel rotation with a maximal 

rotation-to-rotation interval of 5 s; cage activity, characterized by a lack of wheel rotations 

but movement within the cage defined by the presence of a signal on the DSI activity trace; 

and rest, defined as periods with no wheel rotations and no signal on the DSI activity trace 

preceded and succeeded by at least 30 activity-free seconds.

Haemodynamic profiles for systolic, mean and diastolic blood pressure, pulse pressure and 

heart rate were determined for each activity state for each day of recording for the duration 

of the period of exercise training. A rolling 3 day average was then performed for each 

parameter to allow interpolation of battery-life-preserving ‘off days’ prior to final analysis.

For onset and offset heart rate analysis, running bouts were defined as periods of wheel 

rotation of at least 30 s duration preceded or succeeded by at least 60 s with no further wheel 

rotations. A sigmoid curve fitted to the heart rate was then constructed at the point of each 

marked onset or offset. The heat rate data from the analysable curves for each 24 h period 

were then averaged around the mid-point of the sigmoid curve to obtain a composite 

waveform average onset or offset for each 24 h period and each animal. The size of heart 

rate drop and the maximal gradient of the rate of change of heart rate were recorded for each 

day of analysis. As with the baseline parameters, a rolling 3 day average was performed for 

each parameter prior to final analysis to allow effective interpolation of battery-life-

preserving ‘off days’.

In vitro measurement of cardiac response to vagal nerve stimulation

The in vitro technique has previously been described (Choate et al. 2001). In brief, animals 

were killed by cervical dislocation. The atria and right vagus nerve were isolated mounted in 

an organ bath at 36.5°C in carbogen-bubbled mouse Ringer solution (in mmol l−1: 118 

NaCl, 4.7 KCl, 1.2 MgSO4, 0.5 Na2EDTA, 1.2 KH2PO3, 25 NaHCO3, 11 glucose and 1.75 

CaCl2, pH 7.4). Atrial rate was measured using a pressure transducer attached to the left 

atrial appendage. The right vagus nerve was directly stimulated using a silver bipolar 

electrode at 3 or 5 Hz for 30 s each (10 V, 1 ms pulse width) and the change in atrial rate 
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determined. These experiments were performed on singly housed exercise-trained mice and 

sedentary littermates provided with a non-rotating wheel.

Statistics

Results are expressed as the means ± SEM. Data were compared with Student’s paired t test 

unless otherwise stated, with P values modified to account for multiple tests performed using 

the Bonferroni correction. Where appropriate, different time periods were analysed 

separately.

Results

Voluntary running in telemetered mice

All implanted mice ran freely on the running track provided. Telemetered mice showed a 

good capacity for voluntary exercise, achieving on average over 2 h of running per night at a 

cruising speed of more than 45 m min−1. Telemetered animals also showed a characteristic 

training response (Allen et al. 2001; De Bono et al. 2006); time spent running peaked around 

day 7 before reaching a plateau and gradually declining, whilst cruising speed peaked 

around day 15 before plateauing thereafter.

Haemodynamic consequences of acute exercise

In order to determine the differential haemodynamic response to increasing intensities of 

exercise, we analysed beat-to-beat changes in blood pressure and heart rate during 

spontaneous wheel running, cage activity and at rest. The typical 24 h haemodynamic profile 

was multimodal, with each peak representing specific blood pressure and heart rate 

combinations (Fig. 1). Rest, cage activity and wheel running were associated with distinct 

blood pressure and heart rate profiles (ANOVA for repeated measures, P < 0.001 for both 

heart rate and blood pressure).

Wheel running was associated with a single haemodynamic peak at highest blood pressure 

and heart rate (e.g. 140 mmHg and 730 beats min−1 in Fig. 1). Cage activity also coincided 

with a single haemodynamic mode (e.g. 135 mmHg and 650 beats min−1 in Fig. 1). Heart 

rate during wheel running was significantly higher than during cage activity (Fig. 2), 

whereas blood pressure was only marginally increased (Fig. 3). Rest was associated with a 

more complex haemodynamic profile, usually incorporating more than one peak. The most 

prominent peak was at a considerably lower blood pressure and heart rate than activity (e.g. 

115 mmHg and 400 beats min−1 in Fig. 1; P < 0.001 heart rate in Fig. 2; P < 0.001 systolic 

blood pressure in Fig. 3). A second peak, at higher heart rate and blood pressure, coincided 

exactly with the haemodynamic mode for activity (e.g. 135 mmHg and 650 beats min−1 in 

Fig. 1), suggesting that during these periods of physical immobility the mice remained alert, 

with a haemodynamic profile consistent with activity.

Change in exercise state from rest to cage activity led to an increase in both blood pressure 

and heart rate, whilst the transition from cage activity to wheel running led predominantly to 

a rise in heart rate (Fig. 4). Indeed, the rise in blood pressure from cage activity to wheel 

running was very small (mean 5 mmHg), with a much greater increase occurring at the 

Adlam et al. Page 5

Exp Physiol. Author manuscript; available in PMC 2017 March 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



initiation of lower intensity cage activity from rest (mean 20 mmHg; Fig. 4). There was no 

significant increase in pulse pressure with either cage activity or wheel running (first 5 days: 

rest, 31.1 mmHg ± 1.53; active, 31.2 mmHg ± 1.66; and exercise, 36.3 mmHg ± 2.48).

Effect of chronic exercise training on haemodynamic parameters

We next evaluated the effects of chronic exercise training on blood pressure and heart rate 

during rest, cage activity and wheel running. As exercise training progressed, there was a 

significant fall in resting heart rate. The mean heart rate fell by 37 ± 7 beats min−1, and 

reached a minimum by day 20 (P < 0.01 for days 1–7 versus days 20–38), coinciding exactly 

with the time taken for the cruising speed of wheel running to reach a stable maximum (Fig. 

2). Resting mean heart rate then reached a plateau thereafter, although with some variability. 

Heart rate during cage activity also declined with exercise training (Fig. 2; from 622 to 586 

beats min−1, P < 0.01, for days 1–7 versus days 20–38). In contrast to the reduction in heart 

rates during rest and activity, heart rate during wheel running initially rose rapidly in the first 

few days of wheel running before declining to reach a stable plateau.

The overall consequence of the changes in heart rate with exercise training was thus a 

significant increase in the heart rate increment from cage activity to wheel running (average 

increase from active to exercise, 90 beats min−1 for days 1–7 versus 116 beats min−1 for 

days 20–38, P < 0.01; Fig. 4), but with little change in the increment from rest to activity.

In contrast to the changes seen in heart rate, chronic exercise training induced only a small 

fall in blood pressure. Following an initial rise in blood pressure during the first 2 days of 

exercise, there was then a small but steady trend towards a blood pressure decline in all 

activity states. This only reached significance for resting systolic blood pressure (P < 0.05 

for days 3–7 versus days 31–38), with a downward trend in active and wheel running blood 

pressure modes (Fig. 3). This fall in blood pressure did not appear to plateau, but continued 

at least until the end of the training period in these experiments. There was no significant 

change in the increment in blood pressure from rest to activity or from activity to wheel 

running with chronic exercise training and no significant change in pulse pressure with 

exercise training.

Heart rate onset and recovery during voluntary wheel exercise

We next aimed to quantify the nature of the acute changes in heart rate that occurred at the 

onset of and recovery from episodes of exercise, in each 24 h period. Onset of wheel running 

was associated with a rapid rise in heart rate (Fig. 5A). During exercise training, the 

magnitude of the increase in heart rate at onset of exercise did not change significantly. 

Chronic exercise training, however, was associated with a marked increase in the peak rate 

of change in heart rate at onset of exercise (Fig. 5B; 6.2 beats min−1 s−1 for days 1–7 versus 
8.4 beats min−1 s−1 for days 20–35, P < 0.01).

At the end of individual bouts of voluntary wheel running, heart rate fell rapidly (Fig. 5C). 

Exercise training significantly increased the peak rate of heart rate recovery, as measured by 

the maximal gradient of the rate of change of heart rate (Fig. 5D; 4.5 beats min−1 s−1 for 

days 1–7 versus 5.9 beats min−1 s−1 for days 20–35, P < 0.01). The rate of heart rate 
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recovery increased to a maximum by day 20 of exercise training and remained stable 

thereafter.

In vitro confirmation of vagal training in response to chronic voluntary wheel running

Confirmation of a training effect on cardiac vagal function was obtained by in vitro 
measurements of cardiac vagal responsiveness, on non-telemetered exercising and sedentary 

littermates. Chronic exercise training was associated with a marked increase in the response 

to direct vagal nerve stimulation (Fig. 6).

Discussion

In this study we report, for the first time, the use of radiotelemetry in mice to measure real-

time changes in blood pressure and heart rate during voluntary wheel running. No previous 

study has reported the accurate temporal alignment of running wheel rotations with a 

radiotelemetric haemodynamic recording. This enables precise phenotyping of murine 

haemodynamic changes during different activity states, during the onset and recovery from 

exercise bouts and during voluntary exercise training without the stressors associated with 

tethering or forced treadmill exercise.

Using this approach has allowed us to phenotype and quantify important new aspects of the 

autonomic response to both acute and chronic exercise in mouse models. We have 

demonstrated first, that rest, cage activity and wheel running are associated with distinct 

haemodynamic profiles in mice; second, that the transition from rest to cage activity is 

associated with a marked increase in both heart rate and blood pressure, whilst the 

predominant haemodynamic effect of acute wheel running, in contrast, is a large and rapid 

rise in heart rate with only a very small increase in blood pressure; third, that chronic 

exercise training is associated with a decline in resting heart rate but an initial rise in heart 

rate during wheel running; and fourth, that the peak rate of change of heart rate at the onset 

of and recovery from individual exercise bouts, but not the magnitude of that change, 

significantly increases with chronic wheel running. This new phenotyping tool will allow 

detailed in vivo analysis in genetic mouse models of the mechanisms underlying the 

autonomic control of cardiac function.

The use of mouse models allows investigation of the effects of genetic modifications in vivo. 
In contrast to man, however, mice have a high resting heart rate and limited parasympathetic 

tone at baseline. Exercise provides a means to enhance vagal function and investigate the 

dynamic process of vagal training in vivo. The published data describing murine autonomic 

responses to exercise are limited (Kaplan et al. 1994; Desai et al. 1997; Rohrer et al. 1998; 

Masuki et al. 2003; De Angelis et al. 2004; Gu et al. 2004). Most murine exercise 

haemodynamic studies to date have used a carotid-implanted fluid-filled catheter tunnelled 

to the back, exteriorized and attached to a distant pressure transducer. This approach is 

subject to a number of technical challenges and stresses to the animal (Van Vliet et al. 2000). 

In addition, difficulties in maintaining catheter patency mean that studies are typically of 

short duration and are often performed a relatively short time after surgery (Desai et al. 
1997; Rohrer et al. 1998; Masuki et al. 2003), despite evidence to suggest that the normal 

Adlam et al. Page 7

Exp Physiol. Author manuscript; available in PMC 2017 March 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



diurnal variations in haemodynamics take 7–10 days to recover after surgery (Whitesall et al. 
2004).

Radiotelemetry allows long-term haemodynamic monitoring of voluntary wheel running in 

normal cage conditions. Improved battery technology has allowed for the production of a 

new generation of smaller murine blood pressure telemeter implants (PAC10 DSI Transoma 

Medical Inc.). Combined use of this evolving technology with a novel approach to data 

analysis (Spike2; Cambridge Electronic Design Inc.) to precisely align in time the beat-to-

beat blood pressure data with wheel rotation data has allowed us not only to investigate the 

acute heart rate response and blood pressure to both lower intensity cage activity or higher 

intensity voluntary wheel running, but also to examine the effect of chronic exercise training 

on autonomic control of the cardiovascular system.

It has previously been established that haemodynamic parameters in mice are not normally 

distributed. Instead, there are preferred modal peaks of blood pressure and heart rate, the 

lowest of which occurs largely during periods of rest and during daylight hours and the 

higher of which coincides with periods of greater activity and at night (Janssen et al. 2000; 

Van Vliet et al. 2003). Our data confirm that activity was associated with a distinct 

haemodynamic profile, with increased blood pressure and heart rate compared with rest. 

Furthermore, higher intensity wheel running led to further changes in the haemodynamic 

profile, with additional increases in heart rate but only a slightly higher blood pressure. 

Indeed, in trained animals 85% of the increase in the rate–pressure product occurring as 

exercise intensity increased from cage activity to wheel running was due to the rise in heart 

rate, whereas between rest and cage activity only 62% was attributable to heart rate, with 

38% due to the blood pressure increase. This is in contrast to humans, where there is a 

graded increase in both heart rate and blood pressure with incremental exercise (Sharman et 
al. 2005). The lack of further response of blood pressure to higher intensities of exercise 

may in part be explained by the murine heart force–frequency relationship. At lower heart 

rates, increases in heart rate are associated with an increase in myocardial contractility, but at 

higher heart rates (>600 beats min−1), this relationship plateaus (Georgakopoulos & Kass, 

2001). In the human heart, increases in heart rate are accompanied by increases in 

contractility throughout the physiological range.

There are few previous reports of the effects of chronic exercise training on heart rate and 

blood pressure in mice (Kaplan et al. 1994; De Angelis et al. 2004; Gu, 2004; Falcao et al. 
2010; Schuler et al. 2010). Our data show that voluntary exercise training has distinct effects 

on the haemodynamic profiles associated with different activity states. The major effects 

were on heart rate. Heart rate both at rest and during cage activity fell with regular exercise, 

but the effect was more marked for resting heart rate. These changes were complete by day 

20 of voluntary wheel running, a time course which coincided exactly with the number of 

days of training required to reach the maximal cruising speed (the modal running speed). 

This suggests that cruising speed may be a better running measure of physiological training 

during voluntary wheel running than more traditional running parameters, such as distance 

run or time spent exercising, which show a more rapid increase (Allen et al. 2001; De Bono 

et al. 2006). The overall effect of exercise training in C57BL/6J mice was therefore to 

maximize the heart rate increase, both from rest to cage activity and from cage activity to 
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wheel running. This may lead to an increase in cardiac output in response to different 

activity states, allowing for the improvement in running performance reflected by the 

parallel rise in cruising speed.

The effect of chronic exercise training on blood pressure was surprisingly minimal, with 

only a small decrease in blood pressure parameters whether at rest, during cage activity or 

during wheel running. Thus, in mice the increase in cardiac performance with chronic 

voluntary exercise training appears largely to be due to effects on heart rate, in contrast to 

humans, where both blood pressure and heart rate are important. The minimal blood 

pressure response to training in mice may in part be related to the small increase in blood 

pressure seen with acute voluntary wheel running, acting as only a modest stimulus for 

chronic blood pressure adaptation. Furthermore, in contrast to the changes in heart rate, 

which reached a clear maximum 20 days after the onset of voluntary running, the gradual 

decline in blood pressure appeared to continue throughout the study period. This suggests 

that the mechanisms involved in mediating the blood pressure response to exercise training 

may be distinct from those responsible for the changes described for heart rate. Further 

reductions in blood pressure may also be possible with more prolonged exercise. These 

findings are consistent with the only previous report of the haemodynamic effects of 

voluntary exercise in mouse models (Falcao et al. 2010). This demonstrated no change in 24 

h averaged mean arterial blood pressure over 1 month. Falcao et al. (2010) did not 

simultaneously measure wheel rotations and telemetered haemodynamics and so do not 

report haemodynamic variations with different activity states or at the onset of or recovery 

from exercise bouts. There is also no description of the effects of exercise training on heart 

rate.

The acute changes at the onset and offset of exercise are closely associated with autonomic 

function in humans (Freeman et al. 2006). In humans, patients with a reduced heart rate 

response during exercise testing (‘chronotropic incompetence’) have a greater risk of 

coronary heart disease events and mortality (Sandvik et al. 1995; Lauer et al. 1996, 1999). 

Heart rate recovery following exercise is also an independent marker of cardiovascular risk 

in humans (Cole et al. 1999, 2000; Nishime et al. 2000; Shetler et al. 2001; Aktas et al. 
2004; Jouven et al. 2005). It has not previously been possible to measure these parameters 

following voluntary wheel exercise in mouse models. However, our studies have now 

revealed that the onset of voluntary exercise in mice is accompanied by a very rapid 

chronotropic response. Equally, heart rate recovery following cessation of wheel exercise is 

also extremely rapid, taking less than 30 s (compared with humans, where recovery is of the 

order of minutes). Chronic exercise caused a significant increase in the peak rate of both the 

rise in heart rate at the onset of exercise and heart rate recovery at the end of exercise. This 

increase occurred between days 7 and 15 of exercise training.

The changes in both resting heart rate and heart rate recovery are consistent with enhanced 

parasympathetic function with exercise training. This is further supported by the in vitro 
data, confirming a significant upregulation of vagal responsiveness in exercise-trained 

animals compared with sedentary littermates.
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One limitation of this study is that haemodynamic measurements are not presented prior to 

running wheel insertion. It is possible that the stress associated with this environmental 

change may have contributed to some early haemodynamic changes. We have previously 

shown that a similar stress leads to an elevation in heart rate for around 60 min (data not 

shown) and decided to focus telemeter battery life on recordings during the exercise training 

period. We do not feel that this effect would substantially confound the data presented. 

Another potential limitation is the lack of a sedentary control group. There are, however, 

established data to demonstrate that apart from diurnal varation, there is no systematic 

change in haemodynamic parameters in the time period of the study presented (Whitesall et 
al. 2004). We therefore elected to focus telemetry resources on exercising animals.

It is clear that regular physical activity has multiple benefits in humans, both in reducing 

cardiovascular risk and in improving prognosis in patients with cardiovascular disease. 

Monitoring heart rate and blood pressure responses to exercise is now a routine part of the 

clinical assessment of patients with cardiovascular disease. Mouse models are increasingly 

allowing the molecular genetic mechanisms underlying these beneficial effects to be 

investigated. Radiotelemetry of the dynamic effects of exercise on haemodynamic 

parameters in genetic mouse models, coupled with the long-term haemodynamic effects of 

exercise training, may provide novel insight into the central role of haemodynamic 

regulation in cardiovascular health and disease.
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Figure 1. Typical example of distribution for systolic blood pressure and heart rate over a 24 h 
period in a single mouse
A, contour plot showing haemodynamic distribution at rest (black contours), during cage 

activity (blue) and during wheel running (red). B, three-dimensional interval histogram 

showing distribution of haemodynamic parameters overall, at rest, during cage activity and 

during wheel running. The lower rest mode occurs at 115 mmHg and 400 beats min−1 in this 

example, the cage activity mode at 135 mmHg and 650 beats min−1 and the wheel running 

mode at 140 mmHg and 730 beats min−1. There is also a second resting peak, coinciding 

exactly with the cage activity peak.
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Figure 2. Effect of chronic voluntary exercise training on mean heart rate during different states 
of activity
Values are means ± SEM; n = 14. There is a significant fall in resting heart rate (P < 0.01 for 

days 1–7 versus days 20–38) and heart rate during cage activity (P < 0.05 for days 1–7 

versus days 20–38), but a rise in heart rate during wheel running during the early stages of 

training. The effect of exercise training on cruising speed is shown on the same time axis for 

comparison.

Adlam et al. Page 15

Exp Physiol. Author manuscript; available in PMC 2017 March 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3. Effect of chronic voluntary exercise training on blood pressure during different states 
of activity
Systolic, diamonds; mean, squares; and diastolic, triangles. Blood pressure is shown at rest 

(A), during cage activity (B) and during wheel running (C). n = 14. There is a gradual 

decline in blood pressure with exercise training, which only reaches significance for the 

resting mode (P < 0.05 for days 1–7 versus days 31–38).
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Figure 4. Effect of chronic voluntary exercise training on the average increment in mean heart 
rate and systolic blood pressure between different activity states
Values (means ± SEM) are shown between rest and cage activity (A and B) and from cage 

activity to exercise (C and D). n = 14. Both heart rate and blood pressure markedly increase 

between rest and cage activity, but the predominant additional effect of wheel running is an 

increase in heart rate with only a small rise in blood pressure. With chronic exercise training, 

there is a significant increase in the heart increment rate from cage activity to wheel running 

(P < 0.05 for days 1–7 versus days 20–38). Most of this increase occurs between days 1 and 
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20 of voluntary running. In contrast, there is no significant effect of exercise training on the 

increase in blood pressure between any of the activity states.
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Figure 5. Changes in heart rate at the onset and offset of voluntary wheel running
A, a typical example of the rapid rise in heart rate at the onset of wheel running. B, effect of 

chronic voluntary exercise training on the mean peak rate of heart rate increase at the onset 

of wheel exercise (means ± SEM, n = 6). This shows a significant rise in the peak gradient 

of heart rate onset (P < 0.01), with most of the increase occurring between days 7 and 15 of 

exercise. C, a typical example of the rapid fall in heart rate at the cessation of wheel running. 

D, effect of chronic voluntary exercise training on the mean peak rate of heart rate recovery 

at the cessation of wheel exercise (means ± SEM, n = 7). This shows a significant rise in the 

peak gradient of heart rate recovery (P < 0.01), reaching a peak at day 20 and plateauing 

thereafter.
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Figure 6. Response to right vagal nerve stimulation in vitro on atrial rate in mice following 4 
weeks of voluntary exercise training (WTex) and in sedentary control mice (WTsed)
The effect of direct stimulations at 3 and 5 Hz is shown. n = 10 per group. There was a 

significant increase in the response to vagal stimulation in exercised animals. Values are 

means ± SEM. * P < 0.001.
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