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Cardiac arrhythmias ranging from harmless premature extra 
beats to severe disorders such as high-degree atrioventricular 
(AV) conduction block or ventricular fibrillation affect mil-

lions of people worldwide1–4. The socioeconomic burden of cardiac 
arrhythmias is expected to grow with the aging population, given 
that arrhythmia prevalence increases with age and is already higher 
than 10% in individuals older than 75 years5. Current treatment 
options depend on the specific arrhythmia and include antiarrhyth-
mic drugs and catheter ablation; however, these treatments are often 
insufficient and accompanied by serious side effects6,7. The detailed 
mechanisms of arrhythmogenesis are still incompletely understood, 
hindering the development of targeted therapies8. Basic research is 
therefore critical to provide new insights into the pathophysiology 
of arrhythmias and to allow the development of new therapies9.

Choosing an appropriate preclinical arrhythmia model is a com-
plex and multifactorial decision8,10. Investigators generally follow a 
stepwise translational approach: initial fundamental investigations 
are performed in vitro to identify target structures; these stud-
ies are followed first by in vivo investigations using small animals 
such as mice to confirm initial findings; then more extensive in vivo 
studies are done in larger animals such as rabbits or pigs to vali-
date the results and to perform preclinical testing before finally first 
in-human clinical trials can be conducted. Mouse models have an 

essential role in this translational road, because they can conve-
niently be genetically modified, have a short generation time and 
can be housed and bred in most institutions at reasonable costs8. 
Because of these advantages, mouse models are widely used for ini-
tial studies on cardiac electrophysiology (EP) in vivo. While assess-
ment of basic electrocardiogram (ECG)-based parameters can be 
achieved noninvasively, a comprehensive in vivo assessment of 
parameters such as sinus node or AV node function can only be real-
ized invasively11. Regardless of the investigated species, this invasive 
assessment comes at the cost of a potential confounder: the need for 
anesthetics. This requirement is based on animal welfare consider-
ations supported by governmental regulations as well as the need 
for a controlled environment to introduce a catheter into the heart. 
However, results obtained under the influence of anesthetics may 
differ from those obtained in conscious animals, because of direct or 
indirect effects of anesthetics on cardiac EP12, which may represent a 
major potential confounder.

In the past decades, various narcosis regimens have been pro-
posed and successfully established for rodents13,14. The combinations 
of medetomidine, midazolam and fentanyl (MMF)13,15,16 as well as 
isoflurane and fentanyl (IF) are among the most popular regimens 
for in vivo cardiovascular studies17. Utilization of medetomidine 
has been reported to cause cardiocirculatory depression in small 
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Arrhythmias are critical contributors to cardiovascular morbidity and mortality. Therapies are mainly symptomatic and often 
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without narcosis. In two other groups of mice, electrocardiogram and invasive electrophysiology studies were performed under 
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and large animals, ranging from bradycardia up to third-degree AV 
block and even arrhythmia16,18–24. Although these effects seem to be 
dose dependent, even the smallest doses (1 and 2 µg/kg), which are 
200–5,000 times below the recommended doses for murine applica-
tion (0.2–50.0 mg/kg (refs. 25,26)), show cardiocirculatory depression 
in a dose titration study in dogs27. Midazolam as well can show car-
diodepressant effects and even alter calcium handling in cultured rat 
ventricular cardiomyocytes28. On the other hand, regimens based on 
isoflurane have been used in a broad range of species29–31 and have 
been demonstrated to maintain physiological cardiovascular param-
eters and EP in humans as well as guinea pigs32,33. Although various 
studies have investigated the general cardiovascular effects and the 
effects on surface ECG of different narcosis regimens in mice, only 
a single study by Appleton et al.34 has invasively evaluated the effects 
of narcosis on EP in mice so far. The study focused on pentobarbital, 
and a combination of ketamine, xylazine and acepromazine, which 
to our knowledge are both not commonly used in murine electro-
physiological studies. Given that even studies assessing cardiac EP 
noninvasively have shown the fundamental impact of different nar-
cosis regimens on ECG35,36 and given the increasing importance of 
transgenic mouse models in arrythmia research, a systematic assess-
ment of narcosis-related effects in general, and specifically of MMF 
and IF, on cardiac EP in mice is highly needed.

In this Article, we hypothesized that narcosis-induced cardio-
depression leads to significant alteration of electrophysiological 
properties of the heart. To test this hypothesis, we investigated the 
influence of MMF and IF narcosis on murine cardiac autonomic 
nervous activity and EP and evaluated the applicability of these regi-
mens for arrhythmia research in mice.

Results
Experimental setup. A total of 29 C57BL/6N mice were randomly 
assigned to either telemetry (without narcosis) or ECG/inva-
sive EP study with MMF or IF narcosis (Fig. 1). Telemetry trans-
mitters were implanted in seven mice (four female/three male), 
which served as controls for baseline ECG parameters without 
narcosis. ECG and invasive EP studies were performed in 22 mice 
under narcosis: n = 10 for MMF (five female/five male); n = 12 
for IF (five female/seven male). Basic ECG parameters, spontane-
ous arrhythmias and conduction disorders, heart rate variability 
(HRV) parameters, sinus node and AV node function, refractory 
periods and atrial and ventricular susceptibility to arrhythmias  
were assessed.

Narcosis influences heart rate and cardiac conduction. To investi-
gate the effects of narcosis on surface ECG, we compared measure-
ments obtained from awake animals to those obtained under MMF 
or IF narcosis (Fig. 2; mean ± standard error of the mean (s.e.m.), 
representative traces can be found in Supplementary Fig. 1).  
Both narcosis regimens significantly lowered mean heart rate 
(Fig. 2a), but while this effect can be considered moderate in the 
IF group, severe bradycardia resulted from narcosis with MMF 
(awake mice, 486.00 ± 30.82 bpm; MMF, 248.20 ± 12.38 bpm; IF, 
378.60 ± 9.11 bpm). The PR interval was significantly prolonged 
under narcosis (Fig. 2b), with a pronounced prolongation in 
the MMF group (awake, 38.05 ± 0.95 ms; MMF, 54.01 ± 1.12 ms; 
IF, 44.43 ± 1.38 ms), suggesting slowed AV conduction37. MMF 
also significantly increased P wave duration versus both awake 
mice and IF group (Fig. 2c), indicating slowed atrial conduction 
(awake, 11.65 ± 0.72 ms; MMF, 18.74 ± 0.61 ms; IF, 12.16 ± 0.57 ms). 
Ventricular conduction and repolarization remained unaffected by 
MMF and IF (Fig. 2d,e).

MMF alters HRV parameters. HRV parameters (Fig. 3; mean ± s.e.m.)  
provide insight into the influence of autonomic nervous innervation 
on the heart by beat-to-beat analysis of changes in RR intervals38.  

Time domain (Fig. 3b–d), frequency domain (Fig. 3e–h, repre-
sentative plots can be found in Supplementary Fig. 3) and non-
linear analysis (Fig. 3i,j, representative plots can be found in 
Supplementary Fig. 2) reflect different aspects of the autonomous 
nervous tone39. While IF narcosis had no influence on any HRV 
parameter when compared with awake mice, MMF narcosis signifi-
cantly increased median RR (Fig. 3a; awake, 126.10 ± 7.62 ms; MMF, 
227.30 ± 14.62 ms; IF, 157.50 ± 3.77 ms); time domain analysis also 
revealed higher standard deviation of all RR intervals (SDRR, Fig. 3b; 
awake, 12.72 ± 2.76 ms; MMF, 75.46 ± 8.75 ms; IF, 22.10 ± 5.45 ms), 
higher square root of the mean of the sum of the squares of dif-
ferences between adjacent RR intervals (RMSSD, Fig. 3c; awake, 
15.12 ± 3.51 ms; MMF, 133.10 ± 17.14 ms; IF, 22.59 ± 8.88 ms) and a 
higher percentage of differences between adjacent RR intervals that 
are greater than 50 ms (pRR50, Fig. 3d; awake, 1.01 ± 0.50%; MMF, 
67.37 ± 8.33%; IF, 0.37 ± 0.13%) in MMF mice compared with awake 
mice, suggesting a predominant parasympathetic tone. Frequency 
domain analysis showed reduced very low frequency (VLF, Fig. 3e; 
awake, 23.13 ± 6.94%; MMF, 0.59 ± 0.24%; IF, 18.97 ± 4.69%) and 
low frequency (LF) with MMF narcosis versus awake mice (Fig. 3f; 
awake, 29.89 ± 2.80%; MMF, 13.19 ± 2.71%; IF, 26.13 ± 2.52%), sug-
gesting reduced baroreflex sensitivity38. Frequency domain analy-
sis also showed increased high frequency (HF) with MMF (Fig. 3g;  
awake, 47.86 ± 6.90%; MMF, 86.48 ± 2.75%; IF, 55.43 ± 5.15%), 
supporting the time domain results suggesting predominant para-
sympathetic activity. These conclusions are also supported by 
the reduced rate of LF to HF quotient (LF/HF) in MMF narco-
sis (Fig. 3h; awake, 0.56 ± 0.08; MMF, 0.16 ± 0.04; IF, 0.55 ± 0.10). 
Nonlinear analysis showed increased overall variability for MMF 
narcosis as reflected by increased Poincaré standard deviation 1 
(SD1, Fig. 3i; awake, 10.70 ± 2.48 ms; MMF, 94.14 ± 12.13 ms; IF, 
15.98 ± 6.28 ms) and Poincaré standard deviation 2 (SD2, Fig. 3j; 
awake, 14.43 ± 3.04 ms; MMF, 48.45 ± 5.34 ms; IF, 25.73 ± 5.04 ms) 
compared with awake and freely moving mice.

MMF impairs sinus node and AV node function. Invasive assess-
ment of sinus node function by EP study revealed a significant 
prolongation of the sinus node recovery time (SNRT) with MMF 
compared with IF narcosis indicating sinus node dysfunction (Fig. 4a; 
mean ± s.e.m.; SNRT at 120 ms drive train: MMF, 87.93 ± 19.39 ms; 
IF, 20.63 ± 5.52 ms; at 100 ms drive train: MMF, 62.76 ± 13.72 ms; IF, 
30.13 ± 6.58 ms).

To further investigate AV conduction properties, Wenckebach 
cycle length (WB CL), 2:1 AV conduction cycle length, retrograde 
conduction cycle length and the effective refractory period of the 
AV node were assessed (Fig. 4b–e; mean ± s.e.m.). These param-
eters further demonstrated a severe AV node dysfunction under the 
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Fig. 1 | Study design. A total of n = 29 C57BL/6N mice were randomly 
assigned to telemetry (without narcosis) or ECG/invasive EP study with 
MMF or IF narcosis. Basic ECG parameters, HRV parameters, sinus node 
and AV node function, refractory periods, susceptibility to arrhythmias and 
spontaneous arrhythmias were assessed. Figure created with BioRender.com.
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Fig. 2 | ECG parameters. a–e, ECG measurements obtained from awake mice were compared with those obtained under MMF or IF narcosis. a, Heart rate. 
b, PR interval. c, P wave duration. d, QRS duration. e, QTc (calculation was done according to Mitchell60). n = 7 for awake, n = 10 for MMF and n = 12 for IF, 
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influence of MMF: whereas WB CL (Fig. 4b; MMF, 88.71 ± 7.26 ms; 
IF, 79.83 ± 1.64 ms) showed only a trend towards a prolongation, 
2:1 conduction cycle length (2:1 CL, Fig. 4c; MMF, 69.90 ± 2.47 ms, 
IF, 55.25 ± 1.72 ms) as well as retrograde conduction cycle length 
(VA CL, Fig. 4d; MMF, 117.60 ± 4.98 ms; IF 90.70 ± 2.76 ms) and 
AV effective refractory period (AVERP, Fig. 4e; at 120 ms drive 
train: MMF, 71.38 ± 6.26 ms; IF, 53.86 ± 2.60 ms; at 100 ms drive 
train; MMF, 70.38 ± 4.96 ms; IF, 52.18 ± 2.69 ms) were significantly 
increased with MMF compared with IF narcosis. The atrial effective 
refractory period (AERP) as well as the ventricular effective refrac-
tory period (VERP) did not differ between groups (as seen in Fig. 4f; 
mean ± s.e.m.; AERP at 120 ms drive train: MMF, 39.00 ± 3.68 ms; IF, 
41.14 ± 1.35 ms; AERP at 100 ms drive train: MMF, 39.70 ± 3.20 ms; 
IF, 40.75 ± 1.58 ms; and Fig. 4g; mean ± SEM; VERP at 120 ms drive 
train: MMF, 46.40 ± 2.03 ms; IF 45.33 ± 8.84 ms; VERP at 100 ms 
drive train: MMF, 45.40 ± 1.98 ms; IF, 47.00 ± 2.96 ms).

MMF enhances arrhythmogenesis. Atrial arrhythmia inducibility 
by programmed electrical stimulation and burst stimulation did not 
differ between narcosis regimens (Fig. 5a; MMF, 3.18%; IF 4.72%). 
Nevertheless, animals anesthetized with MMF showed a statisti-
cally significant increased duration of atrial arrhythmia episodes 
(Fig. 5b; mean ± s.e.m.; MMF, 26.47 ± 10.78 s; IF 9.47 ± 2.49 s), a 
trend towards an increased arrhythmia burden per animal (Fig. 5c; 
mean ± s.e.m.; MMF, 63.06 ± 36.39 s; IF 16.74 ± 7.14 s) and a higher 
total arrhythmia burden (Supplementary Fig. 4a; MMF, 741.20 s; IF, 
457.58 s) compared with IF narcosis.

While no ventricular arrhythmia could be induced with IF 
narcosis, animals under the influence of MMF showed significant 
inducibility (Fig. 5d; MMF, 1,26%; IF, 0%), with consequently higher 
mean episode duration (Fig. 5e; mean ± s.e.m.; MMF, 1.21 ± 0.22 s; 
IF, 0 s), and a trend towards a higher burden per animal (Fig. 5f; 
mean ± s.e.m.; MMF, 1.21 ± 0.92 s; IF, 0 s) as well as higher total 
arrhythmia burden (Supplementary Fig. 4b; MMF, 12.13 s; IF, 0 s).

ECG assessment revealed spontaneous occurrence of sinus 
arrhythmia (Fig. 6a; 9/10 animals), high-grade AV block (Fig. 6b, c; 
5/10 animals) and nonsustained abnormal spontaneous ventricular 
activity (Fig. 6d; 3/10 animals) with MMF narcosis, whereas no such 
disorders occurred in awake mice or those undergoing IF narcosis.

Discussion
Mouse models are widely used to study cardiovascular (patho)
physiology. Increasing EP studies have been performed in mice 
within the past years to characterize their cardiac electrical pheno-
type. While clinical EP studies are usually performed in conscious 
patients, animal studies require anesthetics, which potentially affect 
cardiac EP and arrhythmogenesis. Thus, establishing a narcosis reg-
imen with minimal impact on EP is essential to obtain valid results. 
Currently, MMF and IF are among the most popular anesthesia 
regimens to invasively study EP in mice, but a direct comparison of 
their effects on autonomous nervous function as well as on cardiac 
EP is lacking so far.

An ideal anesthesia would have no side effects on cardiac 
EP itself. To be able to address the influence of narcosis regi-
mens on cardiac EP, we used animals equipped with implantable 
telemetry devices to record ECG parameters and spontaneous 
arrhythmias in conscious mice. Data from these animals were 
then compared with data obtained from mice under MMF and 
IF narcosis. Telemetry data were obtained in a lead II position 
around noon, and ECG data during narcosis in a lead I position 
at full onset of narcosis during daytime. There is a lack of experi-
mental data on inter-lead variability in ECG intervals; although 
inter-lead variability may have contributed to differences seen 
between controls and IF/MMF animals, unchanged QRS or QTc 
duration between the three groups suggests otherwise. As circa-
dian effects can influence parameters such as heart rate, which 
in median is lower during light cycles40, we compared telemetry 
data obtained around noon to ECGs obtained under anesthesia 
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during daytime from 10:00 to 18:00 within the 12 h light cycle  
(7:00 to 19:00).

As reported by prior studies16,19,20,30,31, both regimens lowered 
heart rate compared with awake and freely moving animals. This 
effect was significantly less pronounced in mice treated with IF, 
which is well in line with previous findings showing an almost pre-
served heart function under isoflurane narcosis15,29,41 in various spe-
cies. Both protocols prolonged the PR interval, with only a slight 
increase under IF and a profound increase under MMF narcosis. 
This indicates, together with a significantly prolonged P wave dura-
tion, that especially MMF narcosis has a profound effect on both 
atrial and AV conduction. Neither of the protocols changed QRS 
duration or QTc interval, suggesting no direct influence on ven-
tricular conduction or repolarization. Besides severe bradycardia, 
almost all animals treated with MMF developed sinus arrhythmia 
and some showed higher-grade AV block and even spontaneous 
ventricular activity as previously described for dogs20, horses18,19, 
rats24 and a Sumatran tiger23 treated with medetomidine.

Previous studies have suggested that conduction impairments 
are caused by the alpha 2-adrenoceptor agonist42 medetomidine, 
although the underlying mechanism is not completely clear. It is 
known that medetomidine induces a decrease in the central release 
of norepinephrine42, suggesting that the effects of medetomidine 
could be mediated by its influence on the autonomous innervation 
of the heart, tilting the scale towards a predominant vagal tone. This 
hypothesis is in line with our data clearly showing in MMF mice 
a remarkable increase in SDRR, RMSSD and pRR50, which are 
considered valid indicators of an increased vagal tone38. Frequency 
domain analysis also showed a distinct effect of MMF narco-
sis. Vagal tone correlates with the HF component of short-term 
HRV analysis38, which in our study was increased among animals 
receiving MMF, suggesting an increased vagal tone in this group. 
SD1 represents short-term variability of the NN intervals and is 
mainly influenced by parasympathetic activity43. The significantly 
higher SD1 in mice treated with MMF further hints towards higher  

parasympathetic activity in this group. SD2 is said to correlate 
more with sympathetic activity44, and individuals with diabetes for 
instance show a phenotype with reduced SD1 and increased com-
pensatory SD2 (ref. 44). The higher SD2 values in the MMF group 
could suggest a sympathetic reaction to the overly activated para-
sympathetic system, but further studies are clearly warranted to 
unveil the exact underlying mechanisms. Of note, sinus arrhythmia, 
among other factors, can influence the accuracy of HF analysis by 
causing heart rhythm fragmentation45. As sinus arrhythmia is very 
much present in MMF-treated mice, it remains unclear whether the 
observed alterations in HRV are solely due to direct effects of MMF 
on the autonomic nervous tone. However, it is important to empha-
size that IF narcosis did not have any effects on HRV analysis in our 
study; taken together with the previous findings discussed above, 
it can therefore be assumed that IF narcosis has little to no effects 
on cardiac autonomic nervous tone. Nevertheless, further studies 
using approaches such as pharmacological interventions are needed 
to clarify if the effects of MMF observed here are directly caused by 
vagal modulation.

Our invasive EP studies have provided further evidence of 
adverse effects of MMF narcosis. Given that surface ECG measure-
ments demonstrated little to no effect of IF narcosis on cardiac EP, it 
can be assumed that the prolonged SNRT observed in MMF-treated 
animals is indeed a prolongation in this group rather than a short-
ening under the influence of IF. This finding is also in line with find-
ings from young patients undergoing EP studies under isoflurane, 
showing no effect of narcosis on sinus node function and AV node 
function33. The same inference can be made for the impaired AV 
node function under MMF narcosis (as indicated by an increased 
2:1 CL, an impaired retrograde AV node conduction as well as an 
increased AVERP), which is further supported by the spontaneous 
occurrence of sinus arrhythmia and higher-grade AV block in the 
MMF group. It is striking that sinus node and AV node function 
are affected in such a strong fashion by MMF narcosis, whereas 
ventricular conduction remains unchanged. Both effects could be 
mediated by an increase in vagal tone, as demonstrated by previ-
ous studies46. The spatial distribution of autonomic innervation of 
the heart further supports this hypothesis, as sympathetic as well 
as parasympathetic fibers mainly innervate sinus and AV node47,48; 
therefore, the effects observed in our study could be explained by 
the effects of MMF on the autonomic balance. By contrast, the ven-
tricular myocardium is only sparsely innervated by efferent para-
sympathetic fibers.

Atrial arrhythmia induction by programmed electrical stimula-
tion and burst stimulation showed no difference between MMF and 
IF groups. Interestingly, in MMF-treated mice episodes were signif-
icantly longer and arrhythmia burden, both per individual animal 
and in total, was increased without reaching statistical significance. 
Whether this is due to MMF enhancing the susceptibility or to IF 
inhibiting arrhythmias is unclear; however, previous studies suggest 
protective effects of isoflurane49,50, potentially caused by a prolonged 
action potential duration under 1.0–1.5% vol/vol isoflurane32. These 
findings are further supported by the reduced susceptibility to ven-
tricular arrhythmias in mice under IF in our study.

Overall, this study clearly shows a general impact of narcosis on 
cardiac EP in mice. While this effect is profound for MMF narcosis, 
causing conduction disorders and ultimately arrhythmias, IF narco-
sis exerts only little effects on EP and no effects on cardiac autono-
mous nervous regulation, as depicted by HRV analysis. MMF as well 
as IF resulted in rapid onset and sufficient anesthesia, making ani-
mal handling convenient. Nevertheless, considering the intraperito-
neal (i.p.) bolus concept of MMF narcosis, optimal narcosis depth 
was harder to achieve, and experiments had to be stopped for fur-
ther injection after 45 min. Isoflurane allows for a better control of 
the anesthesia depth since its dose can easily be adjusted according 
to the animal’s heart rate. Whether these findings translate to larger  
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mammals and ultimately humans remains speculative for the 
moment. Given that the i.p. bolus concept of murine MMF narcosis 
causes higher peaks in drug concentrations compared with continu-
ous intravenous (i.v.) administration, which is commonly used in 

larger mammals, a less profound effect on cardiovascular function 
and EP may be expected with i.v. administration of the regimens. 
However, a growing body of evidence suggests that anesthetics 
such as medetomidine can cause similar arrhythmic effects in large 
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mammals also under continuous i.v. application18. Further studies 
are necessary to determine if medetomidine should especially be 
avoided in individuals prone to arrhythmia. As this study is based 
on final experiments, potential reversibility and time course of 
the observed MMF and IF effects could not be assessed. However, 
numerous studies have used both regimens for survival surgeries 
and there is no evidence of irreversible effects, suggesting that the 
effects on cardiac EP may be reversible as well. Future survival stud-
ies, in which EP is assessed by esophageal catheter, for example, are 
warranted to investigate reversibility of the observed effects.

Besides the two narcosis regimens studied in this manuscript, there 
are various other possible forms of anesthesia, including isoflurane- 
based regimens combined with other opioids than fentanyl or bar-
biturates, as well as regimens based on injectables such as ketamine/ 
xylazine, or avertin and pentobarbital51,52. Some of these protocols 
are more widely used for studies in mice in other contexts than 
arrhythmia53. Whether certain other anesthesia protocols may lead 
to less interference with murine cardiac EP remains elusive. However, 
available data on parameters such as hemodynamics and heart  
rate34–36,53–55 suggest that all protocols have the potential to largely inter-
fere with cardiac function and EP; therefore, further invasive studies 
are warranted to compare IF regimen with other isoflurane-based or 
injectable protocols, and identify the best compromise for invasive 
arrhythmia research in rodents.

For a long time, females have been excluded from clinical and 
basic research, on the assumption that the test results obtained from 
male individuals would equally apply to females56. In recent years, 
multiple reports have suggested that findings from male popula-
tions may not always be applicable to female cohorts57,58, and have 
thus emphasized the need to consider sex as a major variable in all 
experimental study designs59. Consequently, this study included 
C57BL/6N mice of both sexes distributed equally among groups. 
However, the small group sizes limit robust sex-specific analysis and 
we cannot exclude that some of the observed effects on EP may be 
more or less pronounced depending on the sex of the animal. As it is 
becoming clear that sex is an important biological variable affecting 
experimental outcomes, further studies are needed to shed light on 
the sex-specific effects of drugs on cardiac EP in mice, but also in 
lager mammals and ultimately in humans.

In summary, this study shows that, compared with MMF narco-
sis, IF narcosis is easier to control, seems to have no effect on car-
diac autonomic nervous function and does interfere far less with 
cardiac EP. To comply with the 3R concept (replacement, reduction 
and refinement), identifying a suitable narcosis regimen for arrhyth-
mia research is essential. Reducing confounders limits variance in 
results, increases statistical power and allows for smaller cohorts 
(reduction). Decreasing the adverse effects of mandatory anesthesia 
further increases animal welfare (refinement). Ultimately, if more 
research can be reliably performed on small animals (for example, 
for screening for novel drug candidates), a lower number of large 
animal models will be needed on the translational road to clinical 
medicine (replacement). Further studies are warranted to compare 
IF with other narcosis regimens, but based on the results of this 
study and the above mentioned considerations, we strongly suggest 

avoiding MMF regimen in favor of IF narcosis for EP and arrhyth-
mia studies in mice. Furthermore, these considerations also apply 
to other fields of research such as heart failure or imaging studies, 
given that an irregular heartbeat may affect contractile function and 
prevent triggered computed tomography/magnetic resonance scans.
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Methods
All experimental procedures were approved and performed in accordance with 
the regulations by the Regierung von Oberbayern (ROB-55.2-2532.Vet_02-19-86 
and ROB-55.2-2532.Vet_02-16-106), the ARRIVE guidelines61 for the reporting 
of in vivo experiments in animal research and the Guide for the Care and Use of 
Laboratory Animals62.

Animals. Altogether, 29 female and male C57BL/6N mice (body weight 21.4–
30.4 g; age: 8–10 weeks (4 female/3 male for telemetry, 5 female/7 male for IF and 
5 female/5 male for MMF narcosis)) from our own breeding were used. Animals 
were housed in numbers of 4 to 5 per cage in our animal facility under temperature 
(24 ± 1 °C) and light (12:12 light–dark cycle, light on from 7:00) control. Standard 
laboratory mouse chow and tap water were available ad libitum.

Study design. The goal of this study was to determine whether the choice of 
the narcosis regimen has an impact on cardiac EP and arrhythmogenesis in 
mice. To address this issue, we studied the effects of two of the most commonly 
used narcosis regimens for mice in arrhythmia research (MMF and IF) on 
ECG and HRV parameters using awake and freely moving animals as controls. 
Further, we invasively assessed sinus node function, AV node function as well as 
electrophysiological properties of atrial and ventricular tissues in vivo under the 
influence of MMF or IF narcosis.

Telemetry. Continuous ECG telemetry was performed by implanting ETA-F10 
transmitters (Data Science International) under general anesthesia as previously 
described63,64. Transmitters were implanted in the abdomen, and the leads were 
tunneled subcutaneously to the upper right and lower left chest, resulting in a 
lead II position. Telemetry data were recorded continuously via a receiver (RPC-
1 Data Science International) placed under the mouse cage. Data analysis was 
performed using LabChart Pro software. Five-minute recordings around noon 
with good signal-to-noise ratio were averaged to obtain baseline ECG parameters 
and were used to analyze HRV. The same 5-min sections were visually screened for 
arrhythmias by two experienced cardiologists.

Narcosis. IF. Narcosis was induced by administration of 2–3% vol/vol isoflurane 
driven by 95% oxygen (1 l/min), using an induction chamber (Hugo Sachs 
Elektronik). Once narcosis was established, the animal was moved to a surgical 
platform (Kent Scientific) and fixed in a supine position on a surgical suite (Kent 
Scientific) equipped with a temperature control module (Kent Scientific) to 
continuously keep temperature at 37 °C throughout the entire protocol guided by 
a rectal probe. We used a vaporizer (Hugo Sachs Elektronik) for precise regulation 
of inspiratory isoflurane concentration and maintained narcosis with 1.5% vol/vol 
isoflurane. Intraperitoneally, 0.05 mg/kg body weight fentanyl was applied, and toe 
pinch reflex was checked to assess anesthesia. Once toe pinch reflex was negative, 
we proceeded with the experiments.

MMF. Narcosis was induced by i.p. injection of medetomidine 0.5 mg/kg body 
weight, midazolam 5 mg/kg body weight and fentanyl 0.005 mg/kg body weight. 
Once narcosis was established, the animal was moved to a surgical platform (Kent 
Scientific) and fixed in a supine position on a heat platform to control temperature 
at 37 °C guided by a rectal probe. Toe pinch reflex was checked and once negative, 
we proceeded with the experiments. If needed, an additional half-induction dose 
was administered intraperitoneally to maintain narcosis 45 min after onset.

ECG. Three needle electrodes (29 G, AD Instruments) were subcutaneously 
inserted to allow a lead I position, and data were obtained using an amplifier (AD 
Instruments), Powerlab (AD Instruments) and LabChart Pro (AD Instruments). 
Data analysis was performed using LabChart Pro software. Five-minute recordings 
were obtained right after complete narcosis onset and after the animal was placed 
on the surgical pad, averaged to obtain ECG parameters and used to analyze 
HRV in LabChart. Experiments took place during daytime from 10:00 to 18:00. 
Time domain parameters are defined as follows: average RR, mean RR interval; 
median RR, median RR interval; SDRR, standard deviation of the RR interval; 
SDSD, standard deviation of successive RR interval differences between adjacent 
RR intervals; RMSSD, root mean square of successive RR interval differences; and 
pRR50, percentage of successive RR interval differences longer than 50 ms. The 
HRV Module uses the Lomb Periodogram nonparametric method for spectral 
analysis, which computes the spectral frequencies directly from the unevenly 
sampled tachogram. For frequency domain analysis, VLF band was between 0.00 
and 0.15 Hz; LF band between 0.15 and 1.50 Hz and HF band between 1.5 and 
5.0 Hz, as predefined by LabChart for mice. The Poincaré analysis plots RR interval 
(RRn) against the subsequent RR interval (RRn+1). The RR interval time series is 
defined as RRn, where n = 1… N. SD1 and SD2 are second moment measures of the 
distribution of points around the line of identity (RRn = RRn+1), and characterize 
the Poincaré plot. For a detailed description of the complex mathematics behind 
this automated module, the interested reader may be referred to the manufacturer’s 
manual, which can be found in the ‘Help’ section of the LabChart software. Sinus 
arrhythmia (defined as visibly irregular sinus rhythm), AV block (°IIA, increasing 
PR interval until AV conduction block; (intermittent) °III, (intermittent) AV 

conduction block) and abnormal spontaneous ventricular activity (defined as 4 or 
more consecutive spontaneous ventricular beats) were analyzed visually from these 
5-min ECGs by two experienced cardiologists.

EP study. After disinfection of the right collar region, a short incision was made 
along the sternocleidomastoid muscle with subsequent dissection of the internal 
jugular vein. Through an incision, an octopolar 1.1F EP catheter (Millar Inc.) 
was inserted into the vein and the tip was carefully placed into the right ventricle 
under ECG guidance. Positioning was correct when the distal electrodes showed 
a ventricular signal, and the proximal electrodes showed an atrial signal. 
Data were recorded using the same hardware as for the ECG and a stimulator 
(ISO-STIM-01D NPI electronic) was used to generate electrical impulses. 
EP study was performed as previously described64–66. In brief, programmed 
electrical stimulation followed a standard protocol with 120 ms and 100 ms 
drive trains and single extra stimuli to measure function of the AV node and the 
conduction properties of atrial and ventricular tissue. The WB CL was measured 
by progressively faster atrial pacing rates. Retrograde (VA) conduction cycle 
length was measured by progressively slower ventricular pacing rates. Sinus node 
function was determined by measuring the SNRT following 30 s of pacing at two 
cycle lengths (120, 100 ms) and corrected by subtraction of the corresponding 
basic cycle length. A S1/S2 protocol was used to assess atrial and ventricular 
refractory periods at 120 and 100 ms basic cycle length, respectively. Arrhythmia 
induction consisted of programmed electrical stimulation in right atrium and 
right ventricle using double (S1/S2/S3) extra stimuli of 40–20 ms with 5 ms 
decrements at 120 and 100 ms basic cycle length. Burst pacing was performed 
with application of two 3 s and 6 s bursts at rates of 40–10 ms in 5 ms decrements. 
Atrial arrhythmia was defined as high frequent polymorphic atrial excitation 
with regular/irregular ventricular conduction or a clear change in atrial basic 
cycle length post stimulation with morphologic change of the atrial signal 
indicating ectopic origin, either of them lasting for ≥3 s. Ventricular arrhythmia 
after programmed stimulation was defined as occurrence of four or more 
consecutive ventricular beats after stimulation. Inducibility was calculated as the 
number of successful stimulation maneuvers over all stimulation maneuvers, and 
burden represents the sum of all respective episodes of one animal or an entire 
group (IF/MMF).

Statistical analysis. All values are presented as mean ± s.e.m. All statistical analyses 
were conducted with GraphPad Prism software version 8.0.1. Data were tested for 
normality using the D’Agostino–Pearson normality test. Statistical significance 
was assessed by two-sided Student’s t-test for normally distributed data. If normal 
distribution assumption was not valid, statistical significance was evaluated using 
the two-sided Mann–Whitney test. For multiple comparisons, one-way analysis of 
variance with Tukey’s multiple comparison test was used. Arrhythmia inducibility 
was analyzed by chi-square test. A P value <0.05 was considered as statistically 
significant.

Reporting summary. Further information on research design is available in the 
Nature Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.
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