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Impaired regulation of heart 
rate and sinoatrial node function 
by the parasympathetic nervous 
system in type 2 diabetic mice
Yingjie Liu1,2, Hailey J. Jansen1,2, Pooja S. Krishnaswamy3, Oleg Bogachev3 & 
Robert A. Rose1,2*

Heart rate (HR) and sinoatrial node (SAN) function are modulated by the autonomic nervous system. 
HR regulation by the parasympathetic nervous system (PNS) is impaired in diabetes mellitus (DM), 
which is denoted cardiovascular autonomic neuropathy. Whether blunted PNS effects on HR in 
type 2 DM are related to impaired responsiveness of the SAN to PNS agonists is unknown. This was 
investigated in type 2 diabetic db/db mice in vivo and in isolated SAN myocytes. The PNS agonist 
carbachol (CCh) had a smaller inhibitory effect on HR, while HR recovery time after CCh removal 
was accelerated in db/db mice. In isolated SAN myocytes CCh reduced spontaneous action potential 
firing frequency but this effect was reduced in db/db mice due to blunted effects on diastolic 
depolarization slope and maximum diastolic potential. Impaired effects of CCh occurred due to 
enhanced desensitization of the acetylcholine-activated K+ current (IKACh) and faster IKACh deactivation. 
IKACh alterations were reversed by inhibition of regulator of G-protein signaling 4 (RGS4) and by the 
phospholipid PIP3. SAN expression of RGS4 was increased in db/db mice. Impaired PNS regulation 
of HR in db/db mice occurs due to reduced responsiveness of SAN myocytes to PNS agonists in 
association with enhanced RGS4 activity.

Heart rate (HR), which is a critical determinant of cardiac performance, is determined by the intrinsic proper-
ties of the sinoatrial node (SAN) and is modulated by the autonomic nervous system (ANS)1,2. The sympathetic 
nervous system (SNS) increases HR by enhancing SAN activity while the parasympathetic nervous system (PNS) 
reduces HR via the actions of acetylcholine on muscarinic receptors (M2R) in the SAN2.

In diabetes mellitus (DM), cardiovascular complications are highly prevalent, leading to death and morbidity 
in DM patients. HR regulation by the ANS is known to be impaired in DM patients, which has been attributed 
to a condition denoted cardiovascular autonomic neuropathy (CAN)3,4. CAN, which can be associated with 
damage to the nerves that innervate the heart, can affect up to 90% of DM patients and increases mortality by 
two- to five-fold compared to DM patients without CAN3,5. Although nerve damage may be involved in the 
impairments in HR regulation by the PNS, it is also possible that these impairments may occur due to alterations 
in PNS signaling within the SAN.

SAN myocytes generate spontaneous action potentials (APs), which set the intrinsic HR, in association with 
a diastolic depolarization (DD) that occurs between successive APs2. The DD is generated by a number of ionic 
currents including the hyperpolarization-activated current (If), which is generated by hyperpolarization-activated 
cyclic nucleotide gated (HCN) channels, and a rapidly-activating delayed rectifier K+ currents (IKr), which is 
generated by ether-a-go-go (ERG) channels1,6. The PNS reduces HR via the activation of inhibitory G proteins (Gi) 
associated with M2Rs. Key mediators of this reduction in HR are the acetylcholine-activated K+ current (IKACh; 
generated by Kir3.1 and Kir3.4 channels) and If

1,7. Specifically, activation of IKACh by the βγ subunit of the Gi protein 
results in hyperpolarization of the maximum diastolic potential (MDP) in SAN myocytes while inhibition of If 

OPEN

1Department of Cardiac Sciences, Libin Cardiovascular Institute, Cumming School of Medicine, University 
of Calgary, GAC66, Health Research Innovation Centre, 3280 Hospital Drive N.W., Calgary, AB  T2N 4Z6, 
Canada. 2Department of Physiology and Pharmacology, Libin Cardiovascular Institute, Cumming School 
of Medicine, University of Calgary, GAC66, Health Research Innovation Centre, 3280 Hospital Drive N.W., 
Calgary, AB  T2N 4Z6, Canada. 3Department of Physiology and Biophysics, Dalhousie University, Halifax, NS, 
Canada. *email: robert.rose@ucalgary.ca

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-91937-2&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12465  | https://doi.org/10.1038/s41598-021-91937-2

www.nature.com/scientificreports/

downstream of Gαi and a reduction in cyclic AMP (cAMP) reduces the slope of the DD in SAN myocytes. Both 
effects contribute importantly to a slowing of spontaneous AP firing in SAN myocytes.

Previous studies have shown that regulation of HR by the PNS is impaired in type 1 DM (T1DM) and that this 
occurs in association with altered responsiveness to PNS agonists in the SAN8,9. Type 2 DM (T2DM) accounts 
for up to 90% of all DM patients and is also associated with impaired PNS activity4,10. Importantly, blunted PNS 
activity and CAN present earlier in T2DM patients compared to T1DM4; however, the basis for this is unknown 
making studies of dysregulation of HR by the PNS specifically in T2DM essential. Accordingly, the purpose of 
this study was to investigate the regulation of HR and SAN function by the PNS using db/db mice, a model of 
obesity and T2DM11.

Methods
An expanded methods section is available in the Supplementary Information.

Animals.  This study used male and female littermate wildtype and db/db (strain: C57BL/gj-Leprdb) mice 
between 16 and 20 weeks of age. The db/db mice contain a mutation in the leptin receptor (Lepr) gene leading to 
hyperphagia11. These db/db mice exhibit the expected features of T2DM including obesity and hyperglycemia, 
as we12 and others13,14 have shown. All experimental procedures were approved by the University of Calgary 
Animal Care and Use Committee or the Dalhousie University Committee for Laboratory Animals and were in 
accordance with the guidelines of the Canadian Council on Animal Care and the ARRIVE guidelines.

Intracardiac electrophysiology and electrocardiogram recording.  HR was measured from lead II 
surface electrocardiograms (ECGs) and corrected SAN recovery time (cSNRT) was measured using an octapolar 
electrophysiology catheter in anesthetized mice as described previously8,15,16 and in the Supplementary Informa-
tion.

Patch‑clamping of isolated sinoatrial node myocytes.  Isolated SAN myocytes were used to record 
spontaneous APs and ionic currents, including If and IKr, using the whole cell patch-clamp technique in current 
clamp or voltage clamp mode, respectively. The protocols and solutions for these experiments are described in 
the Supplementary Information.

Quantitative polymerase chain reaction and Western blotting.  Quantitative gene expression was 
measured in isolated SAN tissue as previously described16,17. Western blotting was performed using isolated 
SAN tissue as described previously16. The experimental protocols for these techniques are described in the Sup-
plementary Information.

Statistical analysis.  All data are presented as means ± SEM. Data were analyzed using two-way ANOVA 
with the Holm–Sidak posthoc test or Student’s t-test as indicated in each figure legend. P < 0.05 was considered 
significant.

Results
Effects of carbachol on heart rate and sinoatrial node function in db/db diabetic mice.  ECG 
recordings in anesthetized mice (Fig. 1A) demonstrate that HR was lower in db/db mice at baseline and that 
the ability of the PNS agonist carbachol (CCh; 0.1 mg/kg intraperitoneal injection) to reduce HR was reduced 
compared to wildtype mice (Fig. 1B,C). The kinetics of the effects of CCh on HR, and the return of HR to base-
line after application of the muscarinic (M2) receptor blocker atropine (10 mg/kg, intraperitoneal injection), are 
presented in Fig. 1D–F. These data further demonstrate that the ability of CCh to reduce HR is impaired in db/
db mice and that the return to baseline HR after application of atropine occurs faster in db/db mice (Fig. 1D–F). 
Impaired HR regulation by CCh in db/db mice was also studied by directly assessing SAN function, as deter-
mined by corrected SAN recovery time (cSNRT), in  vivo (Fig.  2A). cSNRT was longer at baseline in db/db 
mice. Application of CCh (0.1 mg/kg) prolonged cSNRT; however, this response was reduced in db/db mice 
(Fig. 2B,C). These data indicate that the effects of CCh on HR are reduced in db/db mice and that this is associ-
ated with impaired responsiveness of the SAN to PNS agonists.

Effects of CCh on SAN myocyte electrophysiology in db/db mice.  To determine the basis for the 
impaired effects of CCh on HR, spontaneous APs were recorded in isolated SAN myocytes from db/db and 
wildtype mice (Fig. 3A). SAN AP frequency was lower at baseline in db/db mice. CCh (50 nM) reduced SAN 
AP frequency, but this effect was smaller in db/db SAN myocytes compared to wildtype (Fig. 3B). Consistent 
with this, CCh elicited a smaller reduction in DD slope (Fig. 3C) and failed to produce a statistically significant 
hyperpolarization of the MDP (Fig. 3D) in db/db SAN myocytes. These responses were similar in SAN myocytes 
isolated from male and female db/db and wildtype mice  (Supplementary Fig. S1).

The absence of a normal hyperpolarization of the MDP suggests a key role for IKACh in the blunted response to 
CCh in db/db mice. Thus, IKACh was investigated next. Figure 4A illustrates representative recordings at baseline, 
at the peak of the CCh (10 µM) response and 2 min after the peak CCh response when IKACh has undergone 
desensitization. Peak IKACh (i.e. peak of the CCh activated IK) was not different between wildtype and db/db SAN 
myocytes (Fig. 4B). In contrast, plotting the time course of the effects of CCh on IKACh (measured at − 100 mV; 
Fig. 4C) revealed that IKACh desensitization (i.e. the reduction in IKACh amplitude that occurs in the presence of 
CCh following peak response) was increased (Fig. 4D) and IKACh recovery time (i.e. deactivation) during CCh 
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washout was faster (Fig. 4E) in db/db SAN myocytes compared to wildtype. There were no differences in expres-
sion of Chrm2 mRNA or M2R protein in the SAN in db/db mice (Supplementary Fig. S2). While the mRNA 
expression of Kcnj3 was reduced, there were no differences in the expression of Kcnj5, or the corresponding 
proteins, Kir3.1 and Kir3.4, in the SAN in db/db mice (Supplementary Fig. S3). These data demonstrate that IKACh 
is impaired in db/db SAN myocytes due to enhanced desensitization and faster deactivation kinetics.

CCh can also reduce SAN AP firing by inhibiting If. Accordingly, the effects of CCh on If in db/db SAN 
myocytes were investigated. CCh (10 µm) reduced If density in wildtype and db/db SAN myocytes (Fig. 5A–C). 
Comparison of these effects illustrates that If tended to be smaller at baseline in db/db SAN myocytes and that If 
was reduced similarly in both genotypes following application of CCh (Fig. 5D). CCh reduced If in association 
with a hyperpolarizing shift in the If activation curve (Fig. 5E,F). There were no differences in the voltage depend-
ence of activation (V1/2(act)) at baseline or after CCh in wildtype and db/db SAN myocytes (Fig. 5G) indicating that 
the effects of CCh on If were similar between both groups of mice. There were also no differences in the mRNA 
expression or protein levels of HCN1, HCN2 or HNC4 in the SAN of db/db mice (Supplementary Fig. S4). These 
data demonstrate that impaired SAN responsiveness to PNS agonists is not related to altered effects of CCh on If.

Since baseline spontaneous AP firing and DD slope were reduced in db/db SAN myocytes, and this wasn’t 
accounted for by differences in baseline If, other mechanisms were explored. Repolarizing IK was reduced in 
db/db SAN myocytes (Supplementary Fig. S5). Furthermore, voltage clamp protocols designed to detect IKr tail 
currents revealed that IKr is reduced in db/db SAN myocytes (Supplementary Fig. S5). This reduction occurred 
without changes in V1/2(act) or slope factor (k) for IKr tail currents (Supplementary Fig. S5). IKr has been shown 
to be a critical determinant of SAN spontaneous AP firing and DD slope18 suggesting that the reduction in IKr 
could account for baseline differences in spontaneous AP firing in db/db mice.

Altered RGS4 and PIP3 signaling underlie impaired IKACh in db/db SAN myocytes.  Previous 
studies have shown that IKACh desensitization and deactivation kinetics are critically affected by regulator of 
G protein signaling 4 (RGS4) in the SAN19. Furthermore, RGS4 is inhibited by phosphatidylinositol (3,4,5) P3 
(PIP3)20 which is activated by insulin-mediated PI3K signaling21,22. Therefore, impaired insulin and PI3K signal-
ing in T2DM could result in enhanced RGS4 activity due to a loss of PIP3-mediated inhibition of RGS4. To test 
this hypothesis, wildtype and db/db SAN myocytes were dialyzed with the RGS4 inhibitor CCG-4986 (10 µM) 

Figure 1.   Effects of carbachol on heart rate in db/db mice in vivo. (A) Representative surface ECGs in baseline 
conditions and after application of CCh (0.1 mg/kg) in anesthetized wildtype and db/db mice. (B) Summary of 
heart rate at baseline and after CCh in wildtype (n = 9) and db/db (n = 13) mice. *P < 0.05 vs baseline; +P < 0.05 
vs. wildtype by two-way ANOVA with Holm–Sidak posthoc test. (C) Change in heart rate after CCh application 
in wildtype and db/db mice. *P < 0.05 vs. wildtype by Student’s t-test. (D) Time course of changes in heart rate 
after application of CCh and atropine (10 mg/kg) in wildtype (n = 5) and db/db (n = 6) mice. (E) Magnified 
region of data from panel D illustrating the changes in heart rate upon application of atropine in wildtype 
and db/db mice. For panels (D) and (E) *P < 0.05 vs. wildtype by two-way repeated measures ANOVA with 
Holm–Sidak posthoc test. (F) Recovery time for heart rate after application of atropine. *P < 0.05 vs. wildtype by 
Student’s t-test.
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for 10 min prior to studying the effects of CCh (10 µM) on IKACh (Fig. 6A). Time course plots demonstrate that 
IKACh desensitization and deactivation kinetics were normalized in db/db SAN myocytes after CCG-4986 appli-
cation (Fig. 6B). Summary data demonstrate that there were no differences in peak IKACh density (Fig. 6C), IKACh 
desensitization (Fig. 6D) or IKACh recovery time (Fig. 6E) between wildtype and db/db SAN myocytes following 
inhibition of RGS4 with CCG-4986. RGS4 mRNA expression and protein levels were increased in the SAN in 
db/db mice (Fig. 7).

Next, wildtype and db/db SAN myocytes were dialyzed with PIP3 (1 µM) for 10 min prior to application of 
CCh (10 µM) to investigate IKACh properties (Fig. 8A). Similar to RGS4 inhibition, time course plots demonstrate 
that IKACh desensitization and deactivation were normalized in db/db SAN myocytes treated with PIP3 (Fig. 8B). 
On average, peak IKACh density (Fig. 8C), IKACh desensitization (Fig. 8D) and IKACh recovery time (Fig. 8E) were 
not different between wildtype and db/db SAN myocytes when treated with PIP3.

In control experiments, wildtype and db/db SAN myocytes were dialyzed with phosphatidylinositol 4,5-bis-
phosphate (PIP2), a phospholipid that does not directly inhibit RGS4 or mediate the actions of insulin-dependent 
PI3K signaling. PIP2 (1 µM) was dialyzed into SAN myocytes for 10 min prior to application of CCh to investi-
gate IKACh (Fig. 8F). Time course plots demonstrate that in the presence of PIP2, IKACh desensitization remained 
enhanced and IKACh deactivation was faster in db/db SAN myocytes (Fig. 8G). Summary data show that in the 
presence of PIP2, peak IKACh density was not different (Fig. 8H), but that IKACh desensitization tended to be 
increased (Fig. 8I) and recovery time was faster (Fig. 8J) in db/db SAN myocytes compared to wildtype.

Discussion
The present study demonstrates that db/db mice display impaired responsiveness to the PNS agonist CCh in the 
SAN leading to impaired HR regulation, indicating that this mouse model of T2DM reproduces the phenotype 
of impaired ANS regulation of the heart seen in T2DM patients. Furthermore, the present study provides novel 
insight into the cellular and molecular mechanisms leading to blunted PNS regulation of HR in T2DM. In isolated 
SAN myocytes, CCh displayed a reduced ability to slow spontaneous AP firing in association with a smaller 
reduction in DD slope and less hyperpolarization of the MDP in db/db mice. In fact, CCh failed to produce a 
statistically significant hyperpolarization in db/db SAN myocytes. These responses were similar between male 
and female db/db mice.

Consistent with these effects, IKACh was centrally involved in the impaired effects of CCh on AP firing in SAN 
myocytes. Analysis of IKACh properties revealed that the peak IKACh density was not altered in db/db SAN myo-
cytes. Similarly, there were no major changes in gene or protein expression of M2R or Kir3 channels in the SAN 
in db/db mice. Rather, the major alterations in IKACh in db/db SAN myocytes were an increase in desensitization 

Figure 2.   Effects of carbachol on sinoatrial node recovery time in db/db mice in vivo. (A) Representative 
recordings illustrating assessment of corrected sinoatrial node recovery time (cSNRT) at baseline and after CCh 
(0.1 mg/kg) in wildtype and db/db mice. (B) Summary of cSNRT at baseline and after CCh in wildtype (n = 7) 
and db/db (n = 11) mice. *P < 0.05 vs baseline; +P < 0.05 vs. wildtype by two-way ANOVA with Holm–Sidak 
posthoc test. (C) Change in cSNRT after CCh application in wildtype and db/db mice. *P < 0.05 vs. wildtype by 
Student’s t-test.
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and faster deactivation kinetics. These findings are consistent with our studies in vivo, which demonstrated that 
the effects of CCh were reduced in db/db mice (likely in association with enhanced desensitization of IKACh) 
and that reversal of the effects of CCh upon application of atropine was much more rapid in db/db mice (likely 
in association with faster IKACh deactivation). Both of these effects resulted in impaired PNS effects on HR (and 
SAN function) over the full time-course of CCh application and removal. Our findings are also consistent with 
previous studies demonstrating that IKACh plays a critical role in mediating SAN and HR responses to CCh23,24.

IKACh is well known to undergo a process of desensitization whereby current amplitude decreases in the 
presence of M2R agonists such as CCh25–27. IKACh desensitization, as well as deactivation are critically affected 
by regulator of G protein signaling (RGS) proteins, including RGS4, which is highly expressed in the SAN19,28. 
Genetic ablation of RGS4 leads to enhanced PNS signaling due to reductions in IKACh desensitization and slower 
IKACh deactivation19. Thus, increased IKACh desensitization and faster deactivation in db/db SAN myocytes (i.e. 
the opposite of RGS4 ablation) suggested enhanced RGS4 activity in db/db mice. This was confirmed using 
CCG-4986, which is a selective RGS4 inhibitor at the doses used in this study29,30. These findings are consistent 
with previous studies demonstrating an essential role for RGS proteins in regulated PNS signaling in the heart 
via effects on IKACh

19,28,31–33.
RGS4 is importantly regulated by PIP3, which exerts an inhibitory effect on RGS4 activity20,34,35. In the normal 

heart, PIP3 is generated from PIP2 through the actions of PI3Kα (p100α isoform)21. In T2DM, impaired insulin 
signaling results in reduced PI3K activity, which would result in less PIP3 generation22,36. This loss of PIP3 would 
lead to less inhibition of RGS4 and could underlie increased RGS4 activity in the SAN of db/db mice. In sup-
port of this, bypassing insulin signaling and directly dialyzing db/db SAN myocytes with PIP3 normalized IKACh 
desensitization and deactivation. Thus, the studies conducted here demonstrate that the kinetic properties of IKACh 
are altered in T2DM due to the loss of PIP3 mediated inhibition of RGS4 and that this is a major determinant of 
impaired PNS signaling to the SAN and HR regulation in T2DM.

Figure 3.   Effects of carbachol on spontaneous action potential firing in isolated sinoatrial node myocytes from 
db/db mice. (A) Representative spontaneous APs at baseline and after CCh (50 nM) in wildtype and db/db SAN 
myocytes. Dashed lines are at 0 mV. (B) Summary of spontaneous AP frequency at baseline and after CCh in 
wildtype and db/db SAN myocytes. (C) Summary of DD slope at baseline and after CCh in wildtype and db/
db SAN myocytes. (D) Summary of maximum diastolic potential (MDP) at baseline and after CCh in wildtype 
and db/db SAN myocytes. For panels (B–D) n = 14 wildtype and 13 db/db SAN myocytes; *P < 0.05 vs baseline; 
+P < 0.05 vs wildtype by two-way ANOVA with Holm–Sidak posthoc test.
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CCh can also reduce spontaneous AP firing by inhibiting If, which was also investigated in the present study. 
As expected, CCh reduced If density in association with a hyperpolarizing shift in the V1/2(act); however, this effect 
was similar in wildtype and db/db SAN myocytes. This indicates that HCN channel function was not altered by 
a change in RGS4 activity in T2DM. CCh can also modulate SAN activity via other mechanisms such as L-type 
Ca2+ currents and SR Ca2+ handling1,6. These targets were not investigated in this study; therefore, whether the 
effects of CCh on these targets are altered in db/db mice and whether these targets are regulated by RGS4 is 
presently unknown. These could be areas for future study. Nevertheless, the absence of altered CCh effects on 
If (which is also an important mediator of PNS signaling in the SAN) in db/db mice suggests that the effects of 
RGS4 are selective for Kir3 channels. In addition to RGS4, RGS6 has also been shown to regulate IKACh kinetics 
in the SAN33,37. Whether RGS6 is regulated by PIP3 in similar ways to RGS4 and whether RGS6 contributes to 
impaired PNS signaling in DM is not currently known.

Figure 4.   IKACh properties in isolated SAN myocytes from db/db mice. (A) Representative IK recordings during 
a voltage ramp from + 50 mV to − 120 mV (holding potential = − 80 mV) at baseline, at the peak of the CCh 
(10 µM) response and 2 min after the peak CCh response in wildtype and db/db SAN myocytes. (B) Peak IKACh 
I–V relationship in wildtype (n = 28) and db/db (n = 25) SAN myocytes. P = 0.998 for wildtype vs. db/db by 
two-way repeated measures ANOVA with Holm–Sidak posthoc test. (C) Time course of CCh stimulated IKACh, 
measured at − 100 mV, in wildtype and db/db SAN myocytes. (D) Summary of IKACh desensitization in wildtype 
and db/db SAN myocytes. (E) Summary of IKACh recovery time during CCh washout in wildtype and db/db 
SAN myocytes. For panels (D,E) *P < 0.05 vs. wildtype by Student’s t-test.
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Figure 5.   Effects of carbachol on the hyperpolarization-activated current (If) in db/db SAN myocytes. 
(A) Representative If recordings at baseline and after CCh (10 µM) application in wildtype and db/db SAN 
myocytes. Voltage clamp protocol shown at bottom of recordings. (B) If IV curves at baseline and after CCh 
application in wildtype SAN myocytes (n = 15). (C) If IV curves at baseline and after CCh application in db/db 
SAN myocytes (n = 16). For panels (B) and (C) *P < 0.05 vs. baseline by two-way repeated measures ANOVA 
with Holm–Sidak posthoc test. (D) If density at − 120 mV at baseline and after CCh application in wildtype and 
db/db SAN myocytes. *P < 0.05 vs baseline by two-way ANOVA with Holm–Sidak posthoc test. (E) If steady-
state activation curves at baseline and after CCh application in wildtype SAN myocytes (n = 15). (F) If steady-
state activation curves at baseline and after CCh application in db/db SAN myocytes (n = 16). (G) If V1/2(act) at 
baseline and after CCh application in wildtype and db/db SAN myocytes. *P < 0.05 vs. baseline by two-way 
ANOVA with Holm–Sidak posthoc test. Refer to Supplementary Table 1 for additional analysis of If steady-state 
activation.
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Figure 6.   Effects of RGS4 inhibition on IKACh kinetics in db/db SAN myocytes. (A) Representative IK recordings 
illustrating peak and desensitized responses to CCh (10 µM) in wildtype and db/db SAN myocytes pre-treated 
with the RGS4 inhibitor CCG-4986 (10 µM). (B) Time course of CCh stimulated IKACh, measured at − 100 mV, 
in wildtype and db/db SAN myocytes in the presence of CCG-4986. (C) Summary of peak IKACh at − 100 mV 
in wildtype and db/db SAN myocytes in the presence of CCG-4986. (D) Summary of IKACh desensitization in 
wildtype and db/db SAN myocytes in the presence of CCG-4986. (E) Summary of IKACh  recovery time during 
CCh washout in wildtype and db/db SAN myocytes in the presence of CCG-4986. For panels (C–E) n = 16 
wildtype and 18 db/db SAN myocytes; data analyzed by Student’s t-test.

Figure 7.   RGS4 gene and protein expression in the SAN in db/db mice. (A) mRNA expression of rgs4 in 
wildtype (n = 5) and db/db (n = 5) SAN. *P < 0.05 vs wildtype by Student’s t-test. (B) Representative Western blot 
and summary protein expression for RGS4 in the SAN of wildtype (n = 6) and db/db (n = 6) mice. *P < 0.05 vs. 
wildtype by Student’s t-test. Uncropped Western blot provided in Supplementary Fig. S6.
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Figure 8.   Effects of PIP3 on IKACh kinetics in db/db SAN myocytes. (A) Representative IK recordings illustrating 
peak and desensitized responses to CCh in wildtype and db/db SAN myocytes dialyzed with PIP3 (1 µM). (B) 
Time course of CCh stimulated IKACh, measured at − 100 mV, in wildtype and SAN myocytes dialyzed with PIP3. 
(C-E ) Summary of peak IKACh at − 100 mV (C), IKACh desensitization (D) and IKACh recovery time during CCh 
washoff (E) in wildtype (n = 16) and db/db (n = 19) SAN myocytes dialyzed with PIP3. Data in panels (C–E) 
analyzed by Student’s t-test. (F) Representative IK recordings illustrating peak and desensitized responses to CCh 
in wildtype and db/db SAN myocytes dialyzed with PIP2 (1 µM). (G) Time course of CCh stimulated IKACh, 
measured at − 100 mV, in wildtype and SAN myocytes dialyzed with PIP2. (H–J) Summary of peak IKACh at 
− 100 mV (H), IKACh desensitization (I) and IKACh recovery time during CCh washoff (J) in wildtype (n = 18) and 
db/db (n = 19) SAN myocytes dialyzed with PIP2. For panels (H–J) *P < 0.05 by Student’s t-test.
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PNS signaling in the SAN has also been previously investigated in T1DM using Akita mice8. The present study 
demonstrates that while there are similarities in how PNS signaling is altered in Akita and db/db mice, there 
are also important differences. Similar to the present study in db/db mice, HR regulation by CCh was impaired 
in Akita mice in association with impaired responsiveness of SAN myocytes to CCh. IKACh desensitization and 
deactivation also showed similar changes in Akita SAN myocytes to those identified here in db/db mice and 
these changes were reversible by RGS4 inhibition or application PIP3 in both models of DM. Conversely, Akita 
mice showed no differences in expression of RGS4 in the SAN8, whereas RGS4 gene and protein expression were 
increased in the SAN in db/db mice. This indicates that RGS4 plays a central role in impaired PNS signaling in 
the SAN in T1DM and T2DM, but that there are some differences in how RGS4 is altered in the two forms of 
DM. The increase in RGS4 expression, in combination with increased RGS4 activity due to loss of PIP3 signaling, 
demonstrates that alterations in RGS4 are more complex and multifaceted in db/db mice compared to Akita mice. 
This could explain, at least in part, the finding that CAN often develops earlier in T2DM compared to T1DM 
patients4. Collectively, these data demonstrate that RGS4 signaling is particularly important in the SAN in type 
2 diabetic db/db mice due to multiple alterations including increases in its gene and protein expression as well 
as its functional regulation by PI3K-PIP3 signaling.

The present study also shows that baseline HR and spontaneous AP firing in SAN myocytes are reduced in 
db/db mice. This is consistent with previous studies showing lower HR and impaired SAN function in animal 
models of T1DM and T2DM12,38–42. In the present study, baseline If density tended to be lower in db/db SAN 
myocytes; however, there were no differences in baseline V1/2(act) or in the gene and protein expression of HCN1, 
HCN2 or HCN4 in db/db mice suggesting If does not play a major role in baseline HR differences. IKr plays an 
integral role in the SAN where it controls AP repolarization, contributes to the DD slope and helps determine 
AP firing frequency18. We measured IKr from tail currents, which showed V1/2(act) values very similar to those 
reported in previous studies for this current18, and found that IKr is reduced in db/db SAN myocytes, suggesting 
that this could contribute to baseline differences in HR and SAN activity in db/db mice. Additional studies will 
be required to investigate the roles of If, IKr and other ionic mechanisms not assessed in this study in baseline 
differences in SAN AP firing in db/db mice. Reduced basal HR in vivo in the presence of impaired PNS signaling 
suggests additional alterations in db/db mice. Baseline HR is determined by intrinsic SAN function, the balance 
between sympathetic and parasympathetic nervous system regulation of the SAN and other factors such as cir-
culating factors that affect the SAN. Our study suggests that even though PNS signaling is impaired, baseline HR 
is reduced in part due to impaired intrinsic SAN function. Furthermore, sympathetic nervous system activity 
was not investigated in this study, but may also be altered in db/db mice. As such, future studies investigating 
sympathetic regulation of HR and baseline HR differences in db/db mice are warranted.

In summary, the present study provides new insight into the basis for impaired PNS regulation of HR in 
T2DM. The effects of CCh on HR were reduced in association with impaired responsiveness of SAN myocytes 
to CCh. IKACh, which is a key mediator of the effects of PNS activation in the SAN, displayed enhanced desen-
sitization and faster deactivation kinetics in db/db SAN myocytes resulting in blunted effects of CCh on HR 
throughout the duration of CCh exposure and removal. These IKACh alterations occurred due to enhanced RGS4 
activity and the loss of PIP3 signaling in db/db SAN myocytes. These findings, which identify potential new 
targets for intervention in diabetic patients, should be taken into consideration when interpreting CAN and 
blunted ANS signaling to the heart in T2DM.

Data availability
Any data or experimental reagents are available from the corresponding author upon reasonable request.
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Supplemental Methods 
 
Animals 
 

Male and female littermate wildtype and db/db mice1 between the ages of 16 and 20 

weeks were used in this study. This mouse contains an autosomal recessive mutation in the 

leptin receptor (Lepr) gene. Mice homozygous for the mutation display hyperphagia and 

hyperglycemia2. Db/db mice were initially obtained from the Jackson Laboratory (strain 

C57BL/6J-Leprdb) and then bred locally. Homozygous db/db mice and wildtype littermates were 

used in this study. Animals were fed ad libitum and kept on a 12:12 h light-dark cycle. At the age 

range used in this study db/db mice were overtly obese and hyperglycemic as we have shown 

previously3.  

 

Intracardiac electrophysiology and electrocardiogram recording 

Surface ECGs (used to assess changes in heart rate) were measured in anesthetized 

mice (2% isoflurane inhalation) using 30 gauge subdermal needle electrodes (Grass 

Technologies). A 1.2 french octapolar electrophysiology catheter containing 8 electrodes 

spaced 0.5 mm apart (Transonic) was used for intracardiac pacing experiments. Correct 

catheter placement was ensured by obtaining a ventricular signal in the distal lead and a 

predominant atrial signal in the proximal lead. Sinoatrial node recovery time (SNRT) was 

measured by delivering a 12 stimulus drive train at a cycle length of 100 ms. SNRT is defined as 

the time between the last stimulus in the drive train and the occurrence of the first spontaneous 

atrial beat (P wave). SNRT was corrected for heart rate (cSNRT) by subtracting the prestimulus 

RR interval from the measured SNRT. All ECG data were acquired using a Gould ACQ-7700 

amplifier and Ponemah Physiology Platform software (Data Sciences International) as we have 

described previously4,5. Body temperature was maintained at 37˚C using a heating pad. CCh 

and atropine were delivered by intraperitoneal injection.  
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Isolation of mouse sinoatrial node myocytes 

Mouse SAN myocytes were isolated using procedures we have described previously6-8. 

Mice were administered a 0.2 ml intraperitoneal injection of heparin (1000 IU/ml) to prevent 

blood clotting. Following this, mice were anesthetized by isoflurane inhalation and then 

sacrificed by cervical dislocation. The heart was excised into Tyrode’s solution (35ºC) consisting 

of (in mM) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 MgCl2, 1.8 CaCl2, 5.55 glucose, and 5 HEPES, 

with pH adjusted to 7.4 with NaOH. Atrial preparations were dissected and the SAN region was 

cut into strips, which were transferred and rinsed in a ‘low Ca2+, Mg2+ free’ solution containing (in 

mM) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 0.2 CaCl2, 50 taurine, 18.5 glucose, 5 HEPES and 1 

mg/ml bovine serum albumin (BSA), with pH adjusted to 6.9 with NaOH. SAN tissue strips were 

digested in 5 ml of ‘low Ca2+, Mg2+ free’ solution containing collagenase (type II, Worthington 

Biochemical Corporation), elastase (Worthington Biochemical Corporation) and protease (type 

XIV, Sigma Chemical Company) for 30 min. The tissue was then transferred to 5 ml of modified 

KB solution containing (in mM) 100 potassium glutamate, 10 potassium aspartate, 25 KCl, 10 

KH2PO4, 2 MgSO4, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 HEPES, and 0.1% BSA, 

with pH adjusted to 7.2 with KOH. The tissue was mechanically agitated using a wide-bore 

pipette. This procedure yielded individual SAN myocytes with cellular automaticity that was 

recovered after readapting the cells to a physiological concentration of Ca2+. SAN myocytes 

were identified by their small spindle shape and ability to beat spontaneously in the recording 

chamber when superfused with normal Tyrode’s solution. When patch-clamped, SAN myocytes 

always displayed spontaneous action potentials. The capacitance of single SAN myocytes was 

20 – 35 pF.  

 

Solutions and electrophysiological protocols 
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 Spontaneous action potentials, as well as the acetylcholine activated K+ current (IKACh), 

the hyperpolarization activated current (If) and the rapid delayed rectifier K+ current (IKr) were 

recorded in single SAN myocytes using the patch-clamp technique in the whole cell 

configuration9,10. Action potentials and ionic currents were recorded at room temperature (22-

23°C). IKACh was investigated using a voltage ramp from +50 mV to -120 mV (holding potential 

was -80 mV) before and after application of carbachol (CCh; 10 µM) as we have described 

previously10. IKACh was quantified as the CCh-sensitive difference current. If was recorded by 

applying a series of 2.5 s voltage clamp steps between -150 mV and -30 mV, followed by a step 

to -130 mV,  from a holding potential of -35 mV. Activation kinetics for If were determined by 

normalizing tail currents at each voltage to the maximum current level at -130 mV and fitting the 

data to the Boltzmann function: I/Imax=1/(1+exp[(Vm-V1/2)/k]) where Vm is the potential of the 

voltage clamp step, V1/2 is the voltage at which 50% activation occurs and k is the slope factor. 

IKr was recorded by applying a series of 1 s voltage clamp steps between -50 and +50 mV, 

followed by a 2 s step to -45 mV to elicit IKr tail currents11. IKr tail currents were fit to the 

Boltzmann function: I=Imax/(1+exp(Vm-V1/2)/k) where Vm is the potential of the voltage clamp step, 

V1/2 is the voltage at which 50% activation occurs and k is the slope factor11. 

 For recording APs, IKACh, IKr and If, the recording chamber was superfused with a normal 

Tyrode’s solution (22 – 23ºC) containing (in mM) 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 

and 5 glucose, with pH adjusted to 7.4 with NaOH. The pipette filling solution for APs, IKACh, IKr 

and If, contained (in mM) 135 KCl, 0.1 CaCl2, 1 MgCl2, 5 NaCl, 10 EGTA, 4 Mg-ATP, 6.6 Na-

phosphocreatine, 0.3 Na-GTP and 10 HEPES, with pH adjusted to 7.2 with KOH. 2 mM BaCl2 

was added to the superfusate when recording If in order to block IKACh
12. 

Micropipettes were pulled from borosilicate glass (with filament, 1.5 mm OD, 0.75 mm 

ID, Sutter Instrument Company) using a Flaming/Brown pipette puller (model p-87, Sutter 

Instrument Company). The resistance of these pipettes was 4 – 8 MΩ when filled with recording 

solution. Micropipettes were positioned with a micromanipulator (Burleigh PCS-5000 system) 
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mounted on the stage of an inverted microscope (Olympus IX71). Seal resistance was 2 – 15 

GΩ. Rupturing the sarcolemma in the patch experiments resulted in access resistances of 5 – 

15 MΩ. Series resistance compensation averaged 80 – 85% using an Axopatch 200B amplifier 

(Molecular Devices). Data were digitized using a Digidata 1440 and pCLAMP 10 software 

(Molecular Devices) and stored on computer for analysis. 

Spontaneous AP parameters, including the maximum diastolic potential (MDP), the 

slope of the diastolic depolarization (DD slope) and the take-off potential were analyzed as 

described previously13-15. The DD slope was measured by fitting a straight line to the initial linear 

portion (~2/3) of this AP component as we and other have previously done6,7,14,16. 

 

Quantitative PCR 

Quantitative gene expression was measured in the SAN as we have described 

previously4,6,17. Intron-spanning primers were designed for Chrm2 (M2R), Kcnj3 (Kir3.1), Kcnj5 

(Kir3.4), Hcn1, Hcn2, and Hcn4. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as a reference gene. Primer sequences are listed in Supplemental Table 2 below. 

Total RNA was isolated from the SAN using a PureZOLTM RNA Isolation Reagent and 

the AurumTM Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad Laboratories) as per kit 

instructions. RNA samples were eluted from the spin column in 40 µL elution buffer. RNA yield 

and purity were assessed using a Nanodrop. All samples had a A260/A280 of over 2.0 and 

therefore were free of DNA contamination. Next, cDNA (2.5 ng/µL) was synthesized using the 

iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories). Reactions were performed in a Bio-Rad 

MyCycler thermal cycler using the following protocol: 5 min of priming at 25ºC followed by 

reverse transcription for 30 min at 42ºC then 5 min at 85ºC to inactivate reverse transcriptase.   

All qPCR reactions were run in duplicate in 10 µL reactions that contained the following: 

4 µL sample cDNA, 5.6 µL GoTaq® qPCR Master Mix (Promega), and 0.4 µL primers. Primers 

were reconstituted to a final concentration of 100 µM with nuclease free water and stored at -
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20ºC until use. Primers were diluted to 10 µM for qPCR reactions. RT-qPCR reactions were 

performed using the CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad) using the 

following protocol: Taq polymerase was activated for 2 min at 95ºC followed by 39 cycles of 

denaturing for 15 s at 95ºC, annealing for 30 s at 60ºC, and extension for 30s at 72ºC. This was 

followed by melt curve analysis from 65-95ºC in 0.5ºC increments. Data were analyzed using 

the 2-ΔΔC
T method using the CFX Manager Software version 3.1 (Bio-Rad). Gene expression 

was normalized to GAPDH.  

 

Western blotting 

Protein samples were extracted from two SANs and pooled for each experimental 

replicate in order to ensure sufficient protein, as we6 and others18 have described previously. 

Tissues were pre-cooled in liquid nitrogen and homogenized in an ice-cold RIPA buffer (50mM 

Tris, 150mM NaCl, 1mM EDTA, 25mM sucrose, 1% Triton, 0.1% SDS) containing 0.5mM DTT 

(1,4-Dithiothreitol, Roche) and Protease Inhibitor Cocktail (Sigma-Aldrich). Preparation was 

centrifuged at 10000 rpm at 4⁰C for 10 min and supernatant was collected. Protein 

concentrations were measured using a Bio-Rad DC Protein Assay Kit II (Bio-Rad).  Protein 

samples (20 µg/lane) were prepared in Laemmli sample buffer (Bio-Rad) containing 355 mM 2-

marcaptoethanol (Bio-Rad) separated by 7.5% SDS-polyacrylamide gels (SDS-PAGE) and 

transferred onto Biotrace™ NT nitrocellulose Transfer Membrane (VWR). The membrane was 

blocked with 1% casein in tris-buffered saline (TBS; Bio-Rad) for 1 hour and incubated overnight 

at 4⁰C with rabbit primary antibodies separately including HCN1 1:500 (Alomone Labs), HCN2 

1:500 (Alomone Labs), HCN4 1:500 (Alomone Labs), M2R 1:500 (Abcam), Kir3.1 1:1000 

(Abcam), Kir3.4 1:1000 (Abcam) and RGS4 1:500 (Aviva Systems Biology). The membrane was 

washed 3 times with TBST (TBS with 1% Tween 20 (Bio-Rad)) and incubated with 

StarBright700 anti-Rabbit secondary antibody (Bio-Rad) at 1:10000 together with Rhodamine 

anti-GAPDH at 1:5000 (Bio-Rad) for 1 hour at room temperature. Then the membrane was 
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washed again 3 times with TBST and scanned using the ChemiDoc system (Bio-Rad). We 

quantified expression of each of these proteins based on the identification of bands at the 

predicted molecular weight according to the information from the supplier. 
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Supplemental Figures 
 
 

 
 
Figure S1: Comparison of spontaneous action potential parameters in isolated sinoatrial 
node myocytes from male and female db/db mice. A: Summary of spontaneous AP 
frequency at baseline and after CCh (50 nM) in male and female SAN myocytes from wildtype 
and db/db mice. B: Summary of DD slope at baseline and after CCh (50 nM) in male and 
female SAN myocytes from wildtype and db/db mice. C: Summary of MDP at baseline and after 
CCh (50 nM) in male and female SAN myocytes from wildtype and db/db mice. For all panels 
n=10 wildtype male cells, 7 db/db male cells, 4 wildtype female cells and 6 db/db female cells. 
*P<0.05 vs. baseline; +P<0.05 vs wildtype by two way repeated measures ANOVA with Holm-
Sidak posthoc test.  
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Figure S2: Muscarinic (M2) receptor gene and protein expression in the SAN in db/db mice. A: 
mRNA expression of Chrm2 in wildtype (n=8) and db/db (n=8) SAN. Data analyzed by Student’s 
t-test. B: Representative Western blot and summary protein expression for M2 receptor (M2R) in 
wildtype (n=6) and db/db (n=6) SAN. Data analyzed by Student’s t-test. Uncropped Western blot 
provided Supplemental Fig. S6. 
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Figure S3: Gene and protein expression of IKACh subunits in the SAN in db/db mice. A and B: 
mRNA expression of Kcnj3 (A) and Kcnj5 (B) in wildtype (n=8) and db/db (n=8) SAN. *P<0.05 
vs wildtype by Student’s t-test. C and D: Representative Western blots and summary protein 
expression for Kir3.1 (C) and Kir3.4 (D) in wildtype (n=6) and db/db (n=6) SAN. Data analyzed by 
Student’s t-test. Uncropped Western blots provided Supplemental Fig. S6. 
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Figure S4: Gene and protein expression of If subunits in the SAN in db/db mice. A-C: mRNA 
expression of Hcn1 (A), Hcn2 (B) and Hcn4 (C) in wildtype (n=16) and db/db (n=14) SAN. Data 
analyzed by Student’s t-test. D: Representative Western blot for HCN1, HCN2 and HCN4. E-G: 
Summary protein expression for HCN1 (E), HCN2 (F) and HCN4 (G) in wildtype (n=6) and 
db/db (n=6) SAN. Data analyzed by Student’s t-test. Uncropped Western blot provided 
Supplemental Fig. S6. 
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Figure S5: Rapidly activated delayed rectifier K+ current (IKr) in db/db SAN myocytes. A: 
Representative IK recordings in wildtype and db/db SAN myocytes. Voltage protocol shown at 
bottom of recordings. B: IK IV relationship at the end of the 1 s voltage clamp step in wildtype 
(n=53) and db/db (n=42) SAN myocytes. *P<0.05 vs wildtype by two-way repeated measures 
ANOVA with Holm-Sidak posthoc test. C: Boltzmann fit of IKr tail current in wildtype and db/db 
SAN myocytes. *P<0.05 vs wildtype by two-way ANOVA with Holm-Sidak posthoc test. D: 
Voltage for 50% channel activation (V1/2(act)) for IKr tail current in wildtype and db/db SAN 
myocytes. E: slope factor (k) for IKr tail currents in wildtype and db/db SAN myocytes. For panels 
D and E data analyzed by Student’s t-test.  
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Figure S6: Uncropped Western blots. Full, uncropped representative Western blots for M2R (A), 
Kir3.1 (B), Kir3.4 (C), HCN channels (D) and RGS4 (E) in the SAN in wildtype and db/db mice. 
HCN channels and Kir3.4 were run on the same blot (panels C and D, which are presented at 
different contrasts). Red boxes indicate regions that were cropped and presented in figures 
within the manuscript. Note that membranes in panels A, B C and D were cut, as indicated by 
arrows, so that multiple proteins could be assessed on the same blot.   
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  Supplemental Table 1: If activation kinetics in db/db mice 

 wildtype db/db 

 baseline CCh baseline CCh 

V1/2(act) (mV) -107.9±0.4 -111.4±0.4* -108.1±0.4 -112.3±.04* 

k (mV) 13.4±0.4 13.0±0.4 14.3±0.3 14.3±0.4 

V1/2(act), voltage for 50% channel activation; k, slope factor. *P<0.05 vs baseline by two-way 
repeated measures ANOVA with Holm-Sidak posthoc test; n=15 SAN myocytes for wildtype and 
16 SAN myocytes for db/db.   
 
 
 
 
 
 
 
Supplemental Table 2: Quantitative PCR primers 

Gene of 
Interest 

Forward Primer (5’ → 3’) Reverse Primer (5’ → 3’) 
Amplicon 

Length 

Chrm2 
AGTGTGGACAATTGGCTACTGG 

 
ACCTTGTAGCGCCTATGTTCT 

 

140 
 

Kcnj3 
AAACTCACTCTCATGTTCCG 

 
TCCAGTTCAAGTTGGTCAAG 

 
134 

Kcnj5 
AGATAGAAGGGCGAGGCAGA 

 
CCCTTGGGGCTAACTTCTGG 

 
192 

HCN1 CTCTTTTTGCTAACGCCGAT CATTGAAATTGTCCACCGAA 291 

HCN2 CTTCACCAAGATCCTCAGTCTG GGTCGTAGGTCATGTGGAAA 92 

HCN4 CCAGGAGAAGTATAAACAGGTGGAGCG GTTGATGATCTCCTCTCGAAGTGGCTC 169 

gapdh AATGGGGTGAGGCCGGTGCT CACCCTTCAAGTGGGCCCCG 87 
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