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Abstract
Proteasome function insufficiency and inadequate protein quality control are strongly implicated
in a large subset of cardiovascular disease and may play an important role in their pathogenesis.
Protein degradation by the ubiquitin proteasome system can be physiologically regulated. Cardiac
muscarinic 2 (M2) receptors were pharmacologically interrogated in intact mice and cultured
neonatal rat ventricular myocytes (NRVMs). Proteasome-mediated proteolysis was measured with
a surrogate misfolded protein, proteasome peptidase assay, and by characterizing key proteasome
subunits. Successful M2 receptor manipulation in cardiomyocytes was determined by measuring
an endogenous protein substrate, and in mice, the cardiovascular physiological response. M2
receptor stimulation was associated with increased proteasome-mediated proteolysis and enhanced
peptidase activities, while M2 receptor inhibition yielded opposing results. Additionally, M2
receptor manipulation did not alter abundance of the key proteasome subunits, Rpt6 and β5, but
significantly shifted their isoelectric points. Inhibition of protein kinase G abrogated the
stimulatory effects on proteasome-mediated proteolysis from M2 receptor activation. We conclude
that M2 receptor stimulation enhances, whereas M2 receptor inhibition reduces, proteasome-
mediated proteolysis likely through posttranslational modifications. Protein kinase G appears to be
the mediator of the M2 receptors actions.
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1. Introduction
Through targeted proteolysis, the ubiquitin-proteasome system (UPS) regulates a variety of
cellular processes, including cell cycle [1], antigen presentation [2], signal transduction [3,
4], DNA repair[5], and protein quality control (PQC) [6, 7]. UPS-mediated proteolysis
generally occurs through two steps: ubiquitination and subsequent degradation of the
ubiquitinated proteins by the 26S proteasome [6]. Ubiquitination attaches covalently a
ubiquitin or a chain of ubiquitin to the target protein molecule via a series of enzymatic
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reactions involving an ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2),
and ubiquitin ligases (E3) [6, 8]. The 26S proteasome is a large catalytic multi-subunit
protease complex, whose activity may be regulated by physiological states [9]. The UPS is
responsible for the degradation of about 30% of newly synthesized polypeptides that do not
properly mature to native proteins in addition to degrading 80-90% of intracellular proteins
[5, 8]. It is well-known that the ubiquitination of a specific protein is strictly regulated;
increasing lines of evidence indicate that proteasome function is also highly regulated in the
cell [10]. We have recently demonstrated that protein kinase G (PKG) positively regulates
proteasome activities and thereby facilitates the degradation of misfolded proteins in the cell
[11].

Terminally misfolded proteins are primarily degraded by the UPS, however as seen in
proteinopathy and ischemia-reperfusion injury there is an excessive production of misfolded
proteins which can overwhelm the UPS, especially the proteasome [12-14]. The end result is
proteasome functional insufficiency (PFI) and PQC inadequacy [15]. The majority of human
failing hearts from various etiologies have an increased amount of ubiquitinated proteins and
show signs of abnormal protein aggregations, indicative of PFI and PQC inadequacy
[16-19]. These observations suggest that PFI may play an important role in the pathogenesis
of cardiovascular disease during progression to congestive heart failure (CHF) in humans
[7]. Animal models recapitulating PFI have suggested this to be true [20, 21]. Importantly,
the improvement/attenuation of PFI was found to improve cardiovascular function, reduce
cardiac remodeling, and lifespan extension [22, 23]. Enhancement of proteasome-mediated
proteolysis may be a novel therapeutic strategy; however, a lack of understanding of the
regulatory mechanisms represents a critical barrier.

The parasympathetic nervous system (PNS) utilizes the vagus nerve to carry the signal to the
heart where acetylcholine is released to stimulate cardiac muscarinic (M) receptors. The
human body expresses five subtypes of the M receptor (M1 through M5), four of which (M1
~ M4) are expressed in cardiac tissue [24]. PNS control of the heart is primarily mediated by
the M2 receptor [24, 25]. M2 receptors are located more abundantly in the atria than the
ventricles, primarily located at the SA and AV nodes in the atria [24, 26]. While the ability
of M2 receptors to elicit control over ventricles is controversial, a growing body of evidence
suggests this is the case [27-30]. Cardiac stimulation from the PNS is associated with
reduced chronotropy and inotropy, but regulation of cardiac protein degradation by the PNS
has not been examined.

An imbalance between the sympathetic nervous system and PNS activities are a common
hallmark of many cardiovascular diseases, with depressed PNS activity associated with
hypertension [31, 32], diabetes [33], obesity [34], and CHF [35]. In CHF patients, reduced
PNS activity is associated with a poorer outcome [36], whereas PNS augmentation through
pharmacological activation [37, 38] or vagal stimulation [39, 40] is associated with
improved cardiac function and reduced mortality. During chronic adrenergic stress, the
stimulation of M2 receptors was found to maintain ventricular contractility and inhibit
adverse cardiac remodeling [27]. Whether improved PQC is an underlying mechanism
during beneficial M2 receptor stimulation has not been tested. In the present study, we
examined the effect of pharmacological modulation of M receptors, particularly the M2
receptor, on myocardial UPS function and explored the underlying mechanism. Our findings
suggest that stimulation of M receptors enhances myocardial proteasome activities and UPS-
mediated protein degradation via a PKG-dependent manner.
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2. Materials and Methods
2.1 Animal models

The protocol for the care and use of animals in this study was approved by the University of
South Dakota Institutional Animal Care and Use Committee. GFPu is an enhanced green
fluorescence protein (GFP) modified by carboxyl fusion of degron CL1 [41]. GFPdgn is a
slightly shorter version of GFPu. Both GFPu and GFPdgn are proven surrogate substrates of
the UPS in cardiomyocytes [42, 43]. A UPS “reporter” transgenic (tg) mouse model
expressing GFPdgn was created and validated as previously described [42]. GFPdgn mice
were maintained in the FVB/N inbred background [42]. Genotypes were determined using
PCR analysis of tail DNA. Mice were treated with pilocarpine (1 mg/kg), M2 receptor
antagonist methoctramine (1 mg/kg) (Sigma-Aldrich, St. Louis, MO), or volume corrected
saline control every four hours intraperitoneally (i.p.). Pilocarpine (Pilo) is a non-selective
agonist of M receptors and methoctramine (Meth) is an antagonist of the M2 receptor [24].

2.2 Radiotelemetry
Mice were surgically implanted subcutaneously with radiotelemetry devices (model
TA10EA-F20, Data Sciences Incorporated, St. Paul, MN) to monitor conscious heart rate
and to record electrocardiograms (ECGs) before and during muscarinic receptor modulation.
Mice were allowed to recover for approximately 1 week before treatment manipulations
began. To ensure the accuracy of the radiotelemetry devices, the mice were placed on
receiving pads and allowed to roam freely with no treatment while heart rate and ECGs were
recorded every minute for ten seconds. After 20 hours with little or no change in heart rate
or ECG, muscarinic receptor manipulation began and persisted over a period of 24 hours
during which heart rates and ECG’s were recorded.

2.3 Primary cell culture of neonatal rat ventricular myocytes (NRVMs)
Cellutron Neomyocytes Isolation System (Cellutron Life Technology, Baltimore, MD, Cat.
No. nc-6031) was used to isolate NRVMs by following the manufacturer’s instructions; and
the cell culture was performed as previously described [44].

2.4 Recombinant adenoviruses infection of NRVMs
NRVMs in cultures were infected with replication-deficient recombinant adenoviruses
harboring the expression cassette for GFPu (Ad-GFPu) [43], or red fluorescent protein
(RFP) that does not contain a degron sequence (Ad-RFP), or Ad-GFPu alone, as previously
described [43]. In Ad-GFPu and Ad-RFP, the regulatory elements for GFPu and RFP
expression are exactly the same [45].

2.5 Protein extraction and western blot analysis
Proteins were extracted from atrial and ventricular myocardium tissue or cultured NRVMs.
Bicinchoninic acid (BCA) reagents (Pierce biotechnology, Rockford, IL) were used to
determine protein concentrations. Protein fractionation by SDS-PAGE, electrical
transferring the fractionated proteins onto PVDF membranes, immune-detection of the
proteins of interest, and densitometry were performed as previously described [46]. The
following primary antibodies were used: total VASP (vasodilator-stimulated
phosphoprotein), Ser239-phosphorylated-VASP, PKG (Cell Signaling), RPT6 (Biomol), β-
tubulin (University of Iowa), α-actinin and ubiquitinated proteins (Sigma), and GFP, RFP,
and PSMB5 (customized antibodies). The corresponding horseradish peroxidase-conjugated
goat anti-mouse or goat anti-rabbit secondary antibodies (Santa Cruz Biotechnology) were
used respectively.
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2.6 Reverse transcription- polymerase chain reaction (RT-PCR)
The Tri-Reagent (Molecular Research Center, Inc., Cincinnati, OH) was used to isolate total
RNA from ventricular myocardial tissue, following the manufacturer’s protocol. To
determine RNA concentration Agilent RNA 6000 Nano assay (Agilent technologies, Inc.
Germany) was used following the manufacturer’s protocol. The cDNA was generated using
SuperScript III First-Strand Synthesis kit (Invitrogen) and carried out according to the
manufacturer’s instructions. GFPdgn mRNA levels were quantitatively compared using RT-
PCR at the minimum number of cycles. Primers for GFPdgn: forward 5’-
GGGCACAAGCTGGAGTACAACT -3’ and reverse 5’-
ATGTTGTGGCGGATCTTGAAG -3’. Primers corresponding to GAPDH were included to
probe GAPDH in duplex as a control [11].

2.8 Cycloheximide (CHX) chase assay
CHX chase assays were performed as described [23]. NRVMs were subjected to
pharmacological treatment incubated in serum-free DMEM containing 100μM CHX
(Sigma-Aldrich) to block further protein synthesis. Collection of cells occurred at different
consecutive time points after CHX administration. GFPu protein levels were analyzed from
whole-cell lysates by western blot analyses.

2.9 Fluorescence confocal microscopy
Ventricular myocardium from GFPdgn tg mice was fixed with 3.8% paraformaldehyde and
processed for obtaining 6μm cryosections, as previously described [46]. To discern
cardiomyocytes from other cardiac contents, the myocardial sections were stained with
Alexa Fluor 568-conjugated phalloidin (Invitrogen) to visualize F-actin. GFPdgn direct
fluorescence (green) and the stained F-actin (red) were visualized and imaged using a multi-
laser fluorescence confocal microscope (Olympus Fluoview 500, Center Valley, PA).

2.10 Two dimensional (2D) western blot analysis
Two-dimensional gel protein electrophoresis was performed as described [11]. In brief,
proteins were extracted from cultured cardiomyocytes through first lysing the cells in 2D
lysing buffer (8 M Urea, 2 M Thiourea, 1% DTT, 2% CHAPS, 1% Carrier Ampholytes, and
protease inhibitor cocktail). Equal quantities of extracted proteins were placed into a gel
rack with a gel strip (IPG gel strips, 11 cm, pH 3-10; Bio-Rad, Hercules, CA) placed on top
to rehydrate the membrane at 20°C. Next the gel rack was placed into the Bio-Rad IEF cell
machine for isoelectric focusing. For the 2nd dimension, the gel strips were electrophoresed
through SDS-PAGE and then transferred to a PVDF membrane with a Trans-blot apparatus
(Bio-Rad, Hercules, CA). The subsequent immuno-detection of RPT6 and PSMB5 was
performed as described in the western blot analysis.

2.11 Statistical analysis
All continuous variables are presented as mean±SD. Differences between two groups were
evaluated for statistical significance using two-tailed Student’s t-test, unless otherwise
noted. When evaluating a difference among 3 or more groups, one-way analysis of variance
(ANOVA) or when appropriate, 2-way ANOVA, followed by the Holm-Sidak test for pair-
wise comparisons were performed. Degradation rates were determined by regression
analysis followed by an unpaired t-test to determine significance of the difference in slope.
Protein half-life was calculated as log10 of 50% of the protein density, as described by
Kagawa et al. [47]. A paired t-test was used to determine significance between protein half-
lives [47]. The P value <0.05 were considered statistically significant.
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3. Results
3.1 M2 modulation mitigates cardiac proteasome-mediated proteolysis in mice

To probe the potential regulation of PNS on UPS activity in the heart, GFPdgn tg mice were
treated with two consecutive intraperitoneal injections (with an 4-hour interval) of the M
receptor agonist, pilocarpine (Pilo, 1mg/kg), M2 receptor antagonist, methoctramine (Meth,
1mg/kg), or saline (vehicle control). The mice were sacrificed two hours after the second
injection and atrial and ventricular myocardium was respectively sampled for protein and
RNA analyses and immunofluorescence confocal microscopy (Figure 1). The treatment
regimens were determined on the basis of the half-life of the drugs and the results of our
pilot studies which were designed to optimize the dosing by monitoring the conscious
electrocardiogram (ECG) using radiotelemetry (Table 1, Supplementary Figure 1). As
expected, stimulation of M receptors by Pilo resulted in a reduced heart rate and an increase
in the PR and RR intervals (p<0.05). M2 receptor inhibition by Meth had opposing effects.
Neither Pilo nor Meth showed statistically significant effects on QRS and QT intervals
(Table 1).

Pilo significantly reduced, whereas Meth significantly increased, the steady state protein
levels of GFPdgn in ventricular myocardium (Figure 1A). Neither Pilo nor Meth altered the
myocardial steady state mRNA levels of GFPdgn (Figure 1B), indicating that the GFPdgn
protein level changes were caused by a post-transcriptional mechanism. The presence of the
GFPdgn protein level changes in the cardiomyocyte compartment was confirmed via
confocal microscopic examination of GFPdgn direct fluorescence in myocardium (Figure 2).
These results suggest that M stimulation enhances, whereas antagonizing the M2 inhibits,
the degradation of GFPdgn, a surrogate misfolded protein substrate of the UPS.

To explore the potential mechanism by which M2 receptors regulate UPS function, we then
assessed the effect of M2 modulation on myocardial proteasome peptidase activities and the
abundance of representative proteasome subunits. In the absence of ATP, the assays assess
the activity of proteasome peptidases in the 20S proteasome. In absence of ATP, the assay
did not detect differences in myocardial chymotrypsin-like and caspase-like activities among
Pilo, Meth, and Saline treated groups but the assay showed that trypsin-like activity was
higher in the Pilo group and lower in the Meth group, compared to the Saline group (Figure
3A). These results suggest stimulation of M2 receptor increases the trypsin-like activity of
myocardial 20S proteasomes. In the presence of ATP, the assays are believed to assess 26S
proteasome activities. In the presence of ATP, M receptor stimulation by Pilo elicited
remarkable increases in chymotrypsin-like activity but showed no effect on caspase-like and
trypsin-like activities (Figure 3A). Conversely, M2 blockade by Meth decreased
chymotrypsin-like and caspase-like activities (Figure 3A); indicating that M2 receptor may
play an important role in positively regulating chymotrypsin-like activity of the myocardial
26S proteasome. Neither Pilo nor Meth treatment caused a significant change in the
abundance of representative subunit of the 19S (Rpt6) or the 20S (β5, β2, β1) proteasomes
(Figure 3B, 3C). These results suggest that M2 receptor activation stimulates specific
proteasome activities without altering the 19S and the 20S proteasome abundance.

3.2 Proteasome activity is enhanced by M receptor stimulation in cultured cardiomyocytes
Our in vivo data suggest a significant regulatory role for the M2 receptor in modulating
myocardial proteasome activities. To examine whether the M receptor-mediated regulation
on the proteasome is cardiomyocyte-autonomous, we tested the effect of M2 stimulation by
Pilo on the proteasome in cultured NRVMs.
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To assess UPS function, GFPu and RFP were overexpressed in cultured NRVMs via an
identical adenoviral vector. GFPu is similar to GFPdgn and is a proven UPS surrogate
substrate but red fluorescent protein (RFP) is not a substrate. When GFPu and RFP are co-
expressed in cultured cells under the control of the identical vector, changes in RFP protein
levels provide a reference for potential changes in GFPu protein synthesis [23]. Therefore
the GFPu/RFP ratio corrects for protein synthesis and is a more accurate parameter than
GFPu alone in assessing UPS function. Pilo induced remarkable decreases in the GFPu/RFP
ratio (Figure 4A), suggesting that M2 stimulation destabilizes GFPu. Indeed, cycloheximide
(CHX) chase assays confirmed that Pilo markedly shortened GFPu half-life (Figure 4B).
These findings from cell cultures confirm that stimulating the M receptors of
cardiomyocytes enhances UPS-mediated proteolysis. This enhancement is associated with
increased 26S proteasome chymotrypsin-like and 20S proteasome trypsin-like activities
(Figure 4C) without an alteration in proteasome abundance (Figure 5A-5B, Supplementary
Figure 2). In parallel, Pilo induced an acidic shift of the isoelectric points (pI) of a
subpopulation of Rpt6 and β5 subunits (Figure 5C), suggesting that M stimulation enhances
proteasome function likely through triggering post-translational modifications (PTMs)
capable of decreasing the pI of key proteasome subunits.

To examine whether macroautophagy is involved in the observed effects, we performed the
autophagic flux assay, in which the protein levels of both the lipidated form of microtubule
binding protein 1 light chain 3 (LC3-II) and p62 in cultured NRVMs treated with saline or
Pilo were measured in the absence or presence of lysosomal inhibition by bafilomycin A1
(BFA),[48] a vacuolar proton-ATPase inhibitor. We found that in the same time frame and
treatment protocol that Pilo facilitates the degradation of GFPu, Pilo did not discernibly alter
autophagic flux (Supplementary Figure 3).

3.3 PKG mediates M receptor regulation of UPS-mediated proteolysis
The intracellular response of M2 receptor stimulation is thought to be mediated by the G
protein βγ subunits and PKG [24, 49]. Our previous studies suggest that PKG is a novel
regulator of proteasome-mediated proteolysis [11]. Therefore we investigated whether PKG
mediates M2 receptor-regulation of the proteasome.

Western blot analyses showed that the myocardial total protein levels of PKG and VASP, a
bona fide substrate of PKG [50, 51], were not altered but Ser239-phosphorylated VASP was
significantly increased by Pilo and decreased by Meth (Figure 6A), indicating that the M
manipulation was successful and induced expected PKG activity changes in the heart. As
observed in mice, Pilo treatment markedly increased Ser239-phosphorylated VASP (Figure
6B), indicating that PKG is activated by Pilo in cultured cardiomyocytes.

Inasmuch as both our in vivo and in vitro experiments showed PKG activation in parallel to
proteasome enhancement by Pilo treatments, we sought to test the role of PKG in triggering
proteasome functional changes by M stimulation in cultured cardiomyocytes. To inhibit
PKG, we used KT5823, a widely used, cell-permeable, and selective inhibitor of PKG [52].
We first verified that KT5823 suppressed PKG activity of cultured cardiomyocytes and
prevented Pilo from increasing PKG activity as evidenced by changes of Ser239-
phosphorylated VASP (Figure 7A, 7B). KT5823 accumulated GFPu and inhibited all three
proteasome peptidase activities. Pilo-induced decreases in GFPu protein levels and increases
in proteasome peptidase activities were all prevented by KT5823 co-treatment (Figure 7C ~
7E). These results suggest that the regulation of proteasome function by M receptors in
cardiomyocytes is mediated by PKG.
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4. Discussion
Decreased PNS control of the heart was observed in clinical and experimental CHF and
associated with a poorer outcome of CHF patients [53, 54]. Conversely, vagal stimulation
was shown to improve cardiac function and decrease mortality in animal models of CHF
[36, 39]; however, the underlying mechanism is incompletely understood. As with PNS
dysregulation, a role for PFI has been implicated in at least a subset of heart disease [15, 19].
A growing body of research has been focused on systems that regulate proteasome function,
more importantly how proteasome function is modified in different (patho-) physiological
states [55-58]. Notably, preserving or enhancing proteasome function was found to be
cardioprotective against proteotoxicity and ischemia-reperfusion injury [11, 59, 60].
Previous results from our lab demonstrated that improving proteasome-mediated
degradation of misfolded proteins, via genetic and pharmacological approaches, alleviates
cardiac pathological conditions with increased production of misfolded/damaged proteins
[11, 22, 23]. The present study provides the compelling evidence that: (1) likely through the
M2 receptor on cardiomyocytes, the PNS plays an essential role in regulating proteasome-
mediated protein degradation in the heart at baseline condition, (2) pharmacological
stimulation of M receptors is capable of enhancing proteasome function of the heart, and (3)
Proteasomal enhancement by M stimulation is mediated by PKG. These discoveries carry
significant clinical implications considering that: (1) the PNS innervates virtually every
organ and tissue in the body and (2) the PNS is dysregulated in many pathological
conditions.

4.1 M2 stimulation facilitates UPS-mediated protein degradation
Here we show first in mice that M stimulation by Pilo reduces, whereas M2 inhibition by
Meth increases, the cardiac protein level of stably expressed GFPdgn (a proven surrogate
substrate of the UPS), without affecting the mRNA level of GFPdgn. These findings are
corroborated by results from the experiments using cardiomyocyte cultures which showed
that pharmacological stimulation of the M receptors decreased the steady state level of GFPu
(similar to GFPdgn, a UPS surrogate substrate) and, more importantly, shortened GFPu
protein half-life. Although Pilo is a non-selective agonist for M receptors, M2 is the main
isoform of M receptors expressed in mammalian cardiomyocytes [24]; hence, it is highly
likely that M2 receptors are the primary receptor of cardiomyocytes stimulated by Pilo. This
view is supported by the observation that the M2 selective antagonist, Meth, attenuated
proteasome GFPdgn clearance. These results indicate that the effect of M2 activation on
myocardial UPS function is cardiomyocyte-autonomous and that PNS plays an important
role in the regulation of UPS proteolytic function in the heart.

Interestingly, it was recently reported that nicotinic acetylcholine receptor stimulation blunts
the increases of renal proteasome activities associated with acute experimental inflammation
[61]. These findings bring up an intriguing possibility that PNS may differentially regulate
proteasome function in a cell, depending on type of cholinergic receptors expressed on the
cell.

4.2 Potential mechanisms of M2 enhancement of cardiac UPS function
Protein degradation by the UPS consists of two main steps: ubiquitination of the target
protein molecule and subsequent degradation of the ubiquitinated protein by the 26S
proteasome. Although it is unclear at this time whether M stimulation alters the
ubiquitination of specific proteins, our data reveal that M2 stimulation induced enhancement
of the degradation of a UPS surrogate substrate is associated with increased proteasomal
peptidase activities in mouse hearts and cultured cardiomyocytes, suggesting that enhanced
proteasome activities may be responsible for the enhanced UPS function. This notion is
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consistent with our observation that the steady state protein levels of bona fide native UPS
substrates (eg, β-catenin, GATA4) were not reduced, but surrogate misfolded proteins
(GFPdgn and GFPu) were destabilized, by M stimulation in vivo and in vitro. GFPdgn and
GFPu carry degron CL1 which is characterized by surface exposure of a stretch of
hydrophobic amino acid residues, a signature conformation of protein misfolding [8]. Recent
studies have demonstrated that the degradation of a native protein is not increased by simply
enhancing proteasome function without affecting ubiquitination [11, 22, 62]. This is because
the rate limiting step of UPS-mediated degradation of native proteins (ie, regulatory
degradation) resides in the ubiquitination step, and in general the proteasome is incapable of
degrading a native protein that has not been polyubiquitinated. However, the rate-limiting
step of the degradation of misfolded proteins by the UPS in the cell resides likely in the
proteasomal degradation step as evidenced by misfolded proteins that are accumulated in the
cell under proteotoxic stress are usually ubiquitinated and measures to enhance proteasome
function can facilitate their removal [11, 13, 22, 62, 63].

The primary determinants of proteasome peptidase activities are proteasome abundance and
posttranslational modifications to the proteasome [10]. The M2 regulation of proteasome
activities is not due to altered proteasome abundance, as no changes were detected from key
proteasome subunits in cultured cardiomyocytes or intact mice. We have further unveiled
that M2 activation shifts the pI of key subunits of the 19S and 20S proteasomes toward the
acidic side, a change that is usually caused by increased phosphorylation and capable of
increasing proteasome peptidase activities [64]. These findings suggest that PNS innervation
via the M2 receptor plays an important physiological role in supporting proteasome function
in the heart and pharmacological stimulation of M receptors can lead to posttranslational
modifications to the proteasome and increase proteasome activity in the heart.

PKG is a known main downstream kinase to mediate M2 intracellular signaling in
cardiomyocytes [24, 49]; and notably, the effects of M2 manipulation on cardiac UPS
function are consistent with our previous results of PKG manipulation [11], suggesting that
PKG may be the mediator of the muscarinic response. Indeed, we show this is likely the
case. First, the phosphorylation of a PKG substrate (VASP) is increased after M stimulation
in mice and cells, which was reversed in cultured cardiomyocytes by PKG inhibition;
conversely, M2 inhibition reduces myocardial VASP phosphorylation in mice. Second, in
cultured cardiomyocytes, M2 stimulation (this study) and PKG activation (previous study)
induced the same pattern of changes in proteasome peptidase activities: both increased the
26S proteasome chymotrypsin-like activity and the 20S trypsin-like activity but showed no
discernible effect on the caspase-like activity [11]. Third, both M2 stimulation and PKG
activation shifted similarly the pI of a subpopulation of PSMB5 and Rpt6 toward the acidic
side [11]. Lastly, the M2-mediated enhancement of UPS-meditated protein degradation is
reversed by PKG inhibition in cardiomyocytes. These results indicate the importance of
PKG as a protein kinase in regulating cardiomyocyte PQC. It will be important to test if
PKG can directly phosphorylate proteasome subunits and, if so, whether the phosphorylation
is responsible for increased proteasomal degradation of misfolded proteins.

4.3 Significance and clinical implication
Here we show that administration of an M2 antagonist (Meth) remarkably impairs UPS-
mediated protein degradation of a surrogate misfolded protein, providing the first evidence
that PNS innervation via the M2-PKG cascade positively regulates proteasome function in
the heart and thereby facilitates the degradation of misfolded proteins in cardiomyocytes.
This is a significant discovery because it suggests that reduced PNS activity may contribute
to the development of myocardial PFI under pathological conditions. Both myocardial PFI

Ranek et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and reduced PNS activity are observed in many forms of cardiovascular disease [7, 19, 36,
54].

Previous studies have indicated the accumulation of misfolded proteins and inadequate
proteasome function in cardiac disease from various etiologies [7, 13, 16, 19]. It has also
been shown that enhancement of the proteasome can protect the heart from proteotoxic
stress [11, 22, 62]. The present study has also demonstrated that pharmacological
stimulation of the M receptors can enhance myocardial proteasome function. This is
potentially significant because pharmacological agents capable of enhancing proteasome
function and facilitating the removal of misfolded proteins in cardiomyocytes are limited to
our previous finding of sildenafil [11]. Therefore, M2 agonists are attractive drug candidates
to treat proteinopathies and a possible supplement to current CHF treatment regimens.
Moreover, enhancement of PNS/M2/PKG activity has been demonstrated to be protective
during many diseases [27, 39, 40, 65]. Findings of the present study suggest a novel
underlying mechanism that is at least partly responsible through increased UPS-mediated
degradation of misfolded proteins. It should be pointed out that while our findings are
provocative, a limitation is that this work examined primarily the short term effects of PNS
manipulation on proteasome function. In future work it will be interesting and important to
examine the long term consequences of PNS manipulation of proteasome function on
clearance of misfolded proteins and cardiac pathologies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Muscarinic stimulation facilitates cardiac proteasomal degradation

• Muscarinic 2 receptor blockade suppresses cardiac proteasomal degradation

• Muscarinic stimulation increases proteasome peptidase activity in
cardiomyocytes

• Muscarinic stimulation of the proteasome is mediated by protein kinase G
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Figure 1. Manipulation of the M2 receptor alters myocardial protein level but not the mRNA
level of a UPS surrogate substrate protein in mice
Ventricular myocardium was sampled from GFPdgn transgenic mice which had been treated
with pilocarpine (Pilo, 1 mg/kg), methoctramine (Meth, 1 mg/kg), or vehicle control (Saline)
for 6 hours, for protein and total RNA extraction. A, Representative images (upper panel)
and pooled densitometry data (lower panel) of western blot analyses for GFPdgn. B, RT-
PCR analysis of the mRNA levels of GFPdgn. Representative images (upper panel) and a
summary of pooled densitometry data (lower panel) are shown. *p<0.05, #p<0.01 vs. Saline;
n=6 mice/group.

Ranek et al. Page 14

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Representative confocal fluorescence micrographs of ventricular myocardium from
GFPdgn mice
GFPdgn mice were treated as described in Figure 1. Ventricular myocardial tissue samples
were fixed and processed to obtain cryosections. The cryosections were subsequently
stained with Fluor 568-conjugated phalloidin to visualize F-actin which is most abundant in
cardiomyocytes. The direct green fluorescence of GFPdgn and the indirect red fluorescence
of F-actin were then imaged via confocal microscopy. Scale bar = 30μm.
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Figure 3. Manipulation of the M2 receptor alters myocardial proteasome peptidase activities but
not proteasome abundance in mice
Myocardial tissues were collected for analyses reported here after mice were treated as
described in Figure 1. A, the chymotrypsin-like, caspase-like, and trypsin-like activities in
the crude protein extracts from ventricular myocardium were assessed in the presence and
absence of ATP using specific fluorogenic substrates. *p<0.05, #p<0.01 vs. Saline; n=6
mice/group. B and C, the key proteasome subunits RPT6 of the 19S cap and β5, β2, and β1
subunits of the 20S core were assessed by western blot analyses. β-Tubulin was probed as
the loading control. Pooled densitometric data are shown in the lower panels. No statistically
significant differences were detected for RPT6,β5, β2, and β1 subunit protein levels between
any treatments.
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Figure 4. Stimulation of M receptors enhances UPS proteolytic function and proteasome
activities in cultured cardiomyocytes
A, Pilocarpine (Pilo, 10μM) or saline control (Saline) was administered to neonatal rat
ventricular myocytes in culture (NRVMs) 24h after infection with Ad-GFPu and Ad-RFP.
The cells were harvested at 48h of pilocarpine treatment. Total protein extracts were used
for western blot analyses of the steady state GFPu and RFP. B, Cycloheximide (CHX) chase
assay for GFPu. NRVMs were first infected with Ad-GFPu (10MOI) and 24h later treated
with pilocarpine (10μM) or saline. After an additional 24 hours, CHX (100μM) was added
to the culture media to inhibit protein synthesis. Cells were harvested at baseline (0 min), 5,
10, and 15 min after CHX addition and the cell lysate was used for immunoblot analysis.
Representative images (upper panel) and pooled densitometry data from 4 biological repeats
(lower panel) are shown. GFPu half-life (t1/2) in the pilocarpine treated cells was
significantly shorter than in the saline control treated cells (8.3±1.3min vs. 18.7±2.5 min;
n=4 pairs; p<0.05, paired t-test). C, Proteasome peptidase activity assays. Crude protein
extracts from NRVMs that had been treated as in panel A were used for assessing
chymotrypsin-like, caspase-like, and trypsin-like activities in the presence (+) and absence
(−) of ATP. *p<0.05 vs. Saline, n=12 biological repeats.
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Figure 5. Stimulation of M receptors alters the pI of key proteasome subunits in cultured
cardiomyocytes
NRVMs were cultured for 24 hours prior to treatment with the muscarinic receptor agonist,
pilocarpine (10μM), or volume corrected vehicle control, saline, for 48 hours. A and B,
western blot analyses of the key proteasome subunits, RPT6 and Beta5. Representative
images (A) and the summary of pooled densitometry (B) are shown. β-Tubulin was probed
as the loading control. N= 6 per treatment. C, Representative images of 2D western blots for
Rpt6 and β5 subunits in cultured NRVMs harvested 15 min after pilocarpine (Pilo, 10μM) or
volume corrected saline (Sal) treatment. In gel for the 2nd dimension electrophoresis, the
isoelectric focusing gel strip (pH 3-10) was placed in the large central well sandwiched by
small wells (denoted by arrowheads) that were loaded with the input of the first dimension.
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Figure 6. M2 receptor manipulation alters the phosphorylation of a PKG substrate
Shown are representative images (upper panels) and pooled densitometry data (lower
panels) of western blot analyses for PKG, Ser239-phophorylated VASP (P-VASP), and total
VASP (T-VASP). β-Tubulin was probed for loading control. Muscarinic receptors in mice
(A) were interrogated as described in Figure 1; those in cultured NRVMs (B) are
interrogated as described in Figure 5. N= 6 per treatment.
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Figure 7. Enhancing proteasome function by muscarinic stimulation is PKG-dependent in
cardiomyocytes
Cultured NRVMs were infected with Ad-GFPu (10 MOI) and cultured for additional 24
hours before being treated with pilocarpine (Pilo, 10μM), KT5823 (KT, 1μM), Pilo plus KT
(Pilo+KT; P+K), or vehicle control (saline) for 24h. A and B, Representative images (A)
and the pooled densitometry data (B) of western blot analyses for the indicated proteins. C
and D, Representative images (C) and the pooled densitometry data (D) of western blot
analysis for GFPu. α-Actinin was probed as loading control. E, Changes in the proteasomal
chymotrypsin-like, caspase-like, and trypsin-like peptidase activities in NRVMs.
*p<0.05, #p<0.01 vs. the saline control group; n=6 repeats.
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Table 1

Changes in cardiac electrophysiological intervals in mice subject to M receptor manipulation

Treatment N Timing Heart rate
(beats/min) RR (ms) PR (ms) QRS (ms) QT (ms)

Pilocarpine
5 Before 673.8±15.21 89.04±2.13 29.58±0.26 8.64±0.46 19.63±1.17

5 After 552.7±12.84*# 108.55±2.96*# 31.85±0.55*# 9.49±0.53 19.88±1.18

Saline
5 Before 687.6±13.85 87.26±2.02 30.31±0.44 7.43±0.32 19.89±1.19

5 After 684.5±11.98 87.66±1.92 29.71±0.97 7.53±0.60 19.52±0.92

Methoctramine
5 Before 672.0±14.67 89.28±2.09 29.54±0.65 8.61±0.29 19.40±0.59

5 After 743.6±17.45*# 80.69±1.81*# 28.67±0.40*# 7.89±0.31 19.08±0.66

ECG tracings were analyzed from mice treated with muscarinic modulators for 24 hours for modifications of electrical movement during
muscarinic receptor manipulation. RR, PR, QRS, and QT indicate the R-R interval, the P-R interval, the QRS complex, and the QT interval,
respectively.

*
: p<0.05 vs. respective saline after treatment;

#
: p<0.05 vs. the same group before treatment.
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