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Myocardial Infarction Causes Transient Cholinergic
Transdifferentiation of Cardiac Sympathetic Nerves via
gp130
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Sympathetic and parasympathetic control of the heart is a classic example of norepinephrine (NE) and acetylcholine (ACh) triggering opposing
actions. Sympathetic NE increases heart rate and contractility through activation of � receptors, whereas parasympathetic ACh slows the heart
through muscarinic receptors. Sympathetic neurons can undergo a developmental transition from production of NE to ACh and we provide
evidence that mouse cardiac sympathetic nerves transiently produce ACh after myocardial infarction (MI). ACh levels increased in viable heart
tissue 10 –14 d after MI, returning to control levels at 21 d, whereas NE levels were stable. At the same time, the genes required for ACh synthesis
increased in stellate ganglia, which contain most of the sympathetic neurons projecting to the heart. Immunohistochemistry 14 d after MI
revealed choline acetyltransferase (ChAT) in stellate sympathetic neurons and vesicular ACh transporter immunoreactivity in tyrosine
hydroxylase-positive cardiac sympathetic fibers. Finally, selective deletion of the ChAT gene from adult sympathetic neurons prevented the
infarction-induced increase in cardiac ACh. Deletion of the gp130 cytokine receptor from sympathetic neurons prevented the induction of
cholinergic genes after MI, suggesting that inflammatory cytokines induce the transient acquisition of a cholinergic phenotype in cardiac
sympathetic neurons. Ex vivo experiments examining the effect of NE and ACh on rabbit cardiac action potential duration revealed that ACh
blunted both the NE-stimulated decrease in cardiac action potential duration and increase in myocyte calcium transients. This raises the
possibility that sympathetic co-release of ACh and NE may impair adaptation to high heart rates and increase arrhythmia susceptibility.
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Introduction
Autonomic control of the heart is one of the best characterized
examples of sympathetic and parasympathetic nerves triggering

opposing actions in a target organ. Cardiac sympathetic neurons
release norepinephrine (NE) to increase heart rate and force of
contraction via activation of �1 adrenergic receptors (�1AR) on
sino-atrial node cells and cardiac myocytes. In contrast, parasym-
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Significance Statement

Sympathetic neurons normally make norepinephrine (NE), which increases heart rate and the contractility of cardiac myocytes.
We found that, after myocardial infarction, the sympathetic neurons innervating the heart begin to make acetylcholine (ACh),
which slows heart rate and decreases contractility. Several lines of evidence confirmed that the source of ACh was sympathetic
nerves rather than parasympathetic nerves that are the normal source of ACh in the heart. Global application of NE with or without
ACh to ex vivo hearts showed that ACh partially reversed the NE-stimulated decrease in cardiac action potential duration and
increase in myocyte calcium transients. That suggests that sympathetic co-release of ACh and NE may impair adaptation to high
heart rates and increase arrhythmia susceptibility.
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pathetic nerves release acetylcholine (ACh) to slow the heart and
decrease contractility via activation of M2 muscarinic ACh recep-
tors (mAChR). The first demonstration of neural plasticity used
these opposing actions of NE and ACh on myocytes to identify a
transition from noradrenergic to cholinergic transmission in
sympathetic neurons cultured with cardiac myocytes (Furshpan
et al., 1976). Follow-up studies using biochemical methods con-
firmed that sympathetic neurons could be either noradrenergic
or cholinergic (Reichardt and Patterson, 1977) and that leukemia
inhibitory factor (LIF) was the “cholinergic differentiation fac-
tor” released from myocytes that triggered the suppression of NE
synthesis and induction of ACh production in cultured sympa-
thetic neurons (Yamamori et al., 1989). A similar transition in
neurotransmitter phenotype was identified in vivo in sympathetic
neurons innervating developing sweat glands (Schotzinger and
Landis, 1988, 1990) and periosteum (Asmus et al., 2000).

Several classes of growth factors have now been shown to
stimulate the induction of cholinergic properties in sympathetic
neurons, including cytokines such as LIF and cardiotrophin-1
(CT-1), which act through the gp130 receptor (Yamamori et al.,
1989; Habecker et al., 1995; Stanke et al., 2006), as well as
Neurotrophin-3 (NT-3) and Glial Cell Line-Derived Neu-
rotrophic Factor (GDNF) (Brodski et al., 2000; Brodski et al.,
2002; Hiltunen and Airaksinen, 2004; Apostolova et al., 2007).
Many studies implicate target-derived factors in stimulating cho-
linergic sympathetic differentiation (Schotzinger and Landis,
1988, 1990; Asmus et al., 2000; Hiltunen and Airaksinen, 2004;
Stanke et al., 2006), but other data suggest that sympathetic neu-
rons can acquire a cholinergic phenotype during development in
the absence of target interactions (Schäfer et al., 1997; Furlan et
al., 2013). In contrast to developmental studies, however, the
genes and proteins involved in cholinergic transmission have not
been detected in sympathetic neuron cell bodies after axotomy-
induced nerve injury (Boeshore et al., 2004; Brumovsky et al.,
2011; Wojtkiewicz et al., 2013). Instead, inflammatory cytokines
such as LIF (Rao et al., 1993; Sun and Zigmond, 1996) suppress
noradrenergic properties and induce production of neuropep-
tides thought to be important for regeneration (Hyatt-Sachs et
al., 1996; Klimaschewski et al., 1996; Zigmond and Sun, 1997;
Brumovsky et al., 2011; Hesp et al., 2012; Wojtkiewicz et al.,
2013).

These data and others led to the conclusion that sympathetic
acquisition of cholinergic properties was confined to develop-
ment. Factors such as LIF that suppressed NE and induced ACh
in immature sympathetic neurons were thought to suppress NE
but only induce neuropeptides in mature sympathetic neurons.
However, a recent study examining cardiac sympathetic neuron
phenotype in failing hearts—in which LIF and CT-1 are increased
chronically—revealed gp130-dependent expression of cholin-
ergic markers in tyrosine hydroxylase (TH)-immunoreactive
stellate ganglion neurons (Kanazawa et al., 2010). Most of the
sympathetic neurons in the stellate ganglia project to the heart, so
this suggests that sustained retrograde signaling by cardiac-
derived cytokines induces cholinergic function in mature sympa-
thetic neurons. In contrast to the extended time course of
inflammation during heart failure, reperfusion of a blocked cor-
onary artery during myocardial infarction (MI) leads to a large
acute inflammatory response (Aoyama et al., 2000; Frangogian-
nis, 2012). Patients who survive an MI have a high risk of devel-
oping arrhythmias, especially during the first 30 d after MI
(Solomon et al., 2005). Given the large inflammatory response
after reperfusion and the opposing actions of ACh and NE on ion
channels in cardiac myocytes, we investigated whether cardiac

sympathetic nerves produced ACh after MI. Here, we provide
evidence that adult cardiac sympathetic nerves transiently pro-
duce ACh after acute MI and that the induction of cholinergic
genes requires gp130 expression in sympathetic neurons.

Materials and Methods
Mice. WT C57BL/6J were obtained from Jackson Laboratories.
gp130 DBH-Cre/lox mice and inducible dopamine � hydroxylase (DBH-
CreERT2) driver mice were generated as described previously (Stanke
et al., 2006; Stubbusch et al., 2011) and were obtained from Dr. Her-
mann Rohrer (Max Planck Institute). Choline acetyltransferase (ChAT)
is the enzyme that synthesizes ACh. To generate mice with adult sympa-
thetic neurons that lack ChAT, we crossed DBH-CreERT2 mice with
ChAT lox/lox mice (Buffelli et al., 2003) that were obtained from Dr. Josh
Sanes (Harvard University). Offspring that were homozygous for
ChAT lox/lox and expressed at least one copy of DBH-CreERT2
(ChAT DBH-CreERT2/lox) were treated with tamoxifen (2 mg/d, i.p.) for 7 d
to stimulate expression of Cre recombinase and to generate mice with
noradrenergic neurons that lacked ChAT (iChAT KO). Treatment of
mice for �7 d did not produce complete deletion of the ChAT gene in
cardiac sympathetic neurons.

All mice were kept on a 12 h:12 h light/dark cycle with ad libitum access
to food and water. Male and female mice 12–18 weeks old were used for
all experiments. Animals from differing genotypes were age and sex
matched for each experiment. All procedures were approved by either the
Oregon Health and Science University (OHSU) or the University of
California–Davis Institutional Animal Care and Use Committee and
complied with the Guide for the Care and Use of Laboratory Animals
published by the National Academies Press (Ed 8). The experimental
groups used were sham-operated animals and animals that underwent
ischemia–reperfusion surgery, with tissue collection for both the sham
and MI groups occurring at identical times after surgery. A minimum of
four animals was assigned to each group for each experiment and tissue
was processed together for each type of analysis.

Rabbits. Male New Zealand White rabbits were obtained from the
Western Oregon Rabbit Company and kept on a 12 h:12 h light/dark
cycle with ad libitum access to food and water.

Genotyping. A two-step PCR was used to genotype both the DBH-
CreERT2 and ChAT lox/lox mice. For DBH-CreERT2 samples, forward
(TCAGAGATACCTGGCCTG) and reverse (CTGAAGGGTCTGG-
TAGGA) primers were used with a 56°C annealing temperature, gener-
ating an 865 bp product. For ChAT lox/lox samples, a common forward
primer (GCCCTGCCAGTCAACTCTA) was used in combination with
two different reverse primers. To identify the WT allele, the reverse
primer GAAATCCTGACAGATTCCAACA was used and the product
was 525 bp. To identify the mutant allele, the reverse primer TTTCCGC-
CTCAGGACTCTTC was used and the product was 400 bp. The anneal-
ing temperature was set at 60°C for both WT and mutant samples.

Heart rate analysis. Age-matched female WT and iChAT KO mice were
intubated and anesthetized with 2% isoflurane. Heart rate was continu-
ously monitored using subcutaneous electrodes in lead II configuration
and body temperature was maintained at 37°C. Heart rate was allowed to
stabilize for 10 min once body temperature reached 37°C to determine
the baseline rate. Mice were then given an intraperitoneal injection of 1
mg/kg atropine (Sigma-Aldrich). Heart rate was again allowed to stabi-
lize and 10 min of additional heart rate was recorded. Five minutes of
heart rate data were averaged to determine baseline and atropine-
induced heart rates.

Myocardial ischemia–reperfusion. Ischemia–reperfusion was performed
as described previously (Parrish et al., 2010; Gardner and Habecker, 2013).
Adult mice were placed in an induction chamber and anesthetized with 4%
isoflurane. Mice were intubated, mechanically ventilated, and maintained
with 1–2% isoflurane mixed with 100% oxygen. Core body temperature was
maintained at �37°C and a two-lead ECG was monitored throughout the
surgery using a PowerLab data acquisition system (AD Instruments). A left
lateral thoracotomy was performed in the fourth intercostal space and the
pericardium was opened. The left anterior descending coronary artery
(LAD) was reversibly ligated with an 8-0 suture for 45 min and then reper-
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fused by release of the ligature. Occlusion was confirmed with ST segment
elevation, regional cyanosis, and wall motion abnormalities. Reperfusion
was confirmed by the return of color to the myocardium distal to the ligation
and disappearance of ST elevation. The suture remained within the wound
for the identification of the ligature site and the chest and skin were closed in
layers. After surgery, animals were returned to individual cages and given
regular food and water until euthanasia and tissue harvest. Buprenorphine
(0.1 mg/kg) was administered as needed to ensure that animals were com-
fortable after surgery. All surgical procedures were performed under aseptic
conditions. Sham animals underwent the procedure described above except
for the LAD ligation.

HPLC analysis of NE and mass spectrometry analysis of ACh. NE levels
were measured by HPLC with electrochemical detection as described
previously (Parrish et al., 2010) and ACh was quantified by mass spec-
trometry in the OHSU Bioanalytical Core facility as described previously
(Hasan et al., 2012). Hearts were excised and cut in 2 mm transverse cross
sections and the tissue below the site of LAD occlusion was separated into
left and right ventricles (LV, RV). The LV was further dissected under a
microscope into scar and viable (peri-infarct) tissue before freezing and
storage at �80°C. Sham tissue underwent similar processing so that any
ACh degradation by acetylcholinesterase during the dissection was com-
parable. Tissue samples from each heart were homogenized and neu-
rotransmitters extracted at room temperature with 300 �l of perchloric
acid (0.1 M) containing a 1.0 �M concentration of the internal standard
dihydroxybenzylamine to correct for NE sample recovery. Cat-
echolamines were purified from 100 �l of the supernatant by alumina
extraction before analysis by HPLC. Detection limits were �0.05 pmol
with recoveries from the alumina extraction �60%. ACh was quantified
in a second aliquot of 100 �l that was filtered at 4°C before analysis on the
mass spectrometer.

Immunohistochemistry. Hearts were fixed for 1 h and stellate ganglia
for 15 min in 4% paraformaldehyde. Tissue was rinsed in PBS (5 � 5
min), cryoprotected in 30% sucrose overnight, and 10 �m transverse
sections were thaw mounted onto charged slides. To reduce fixative-
induced autofluorescence, heart sections were rinsed in 10 mg/ml so-
dium borohydride in PBS 3 � 10 min and then rinsed in PBS for 10 min.
Sections were then blocked in 1% BSA/0.3% Triton X-100 in PBS for
1.5 h, incubated with rabbit anti-TH (1:300; Millipore), sheep anti-TH
(1:300; Serotec), rabbit anti-ChAT (1:150; Proteintech), or goat anti-
vesicular ACh transporter (anti-VAChT, 1:50; Promega) overnight,
rinsed 3 � 10 min in PBS, and incubated 1.5 h with donkey anti-rabbit,
donkey anti-sheep, or donkey anti-goat Alexa Fluor secondary antibod-
ies (1:500; Invitrogen). Sections were rinsed 3 � 10 min in PBS. To
reduce lipofuscin-induced autofluorescence, heart sections were treated
with 10 mM CuSO4 in 50 mM NH4C2H3O2 for 30 min. Slides were then
dipped briefly in mqH2O and placed in PBS, coverslipped, and visualized
by fluorescence microscopy. Sections from sham and MI animals were
stained and photographed side by side to minimize variation between the
groups due to the immunohistochemistry procedure.

Real-time PCR. Stellate ganglia, which contain the majority of the
sympathetic neurons that project to the heart, were harvested 7, 10, 14, or
21 d after sham or ischemia–reperfusion surgery and stored immediately
in RNAlater. RNA was isolated from individual stellate ganglia using the
Ambion RNAqueous micro kit. Total RNA was quantified by OD260 and
then 200 ng of total RNA was reverse transcribed and diluted for use.
Real-time PCR was performed with ABI TaqMan Universal PCR master
mix in the ABI 7500. Samples were assayed using ABI prevalidated Taq-
Man gene expression assays for mouse genes encoding the nuclear pro-
tein Satb2, with GAPDH as a normalization control, and the proteins
required for cholinergic transmission: ChAT, the enzyme that synthe-
sizes ACh; the high-affinity choline transporter (CHT), which transports
choline into the cell and is the rate-limiting step in ACh synthesis, and
VAChT, which packages ACh into vesicles for release. For the PCR am-
plification, 2– 4 �l of RT reactions (representing 5 ng of RNA template)
were used in a total volume of 20 �l and each sample was assayed in
duplicate. Standard curves were generated with known amounts of RNA
from brain, ranging from 0.8 to 100 ng. Values for ChAT, VAChT, CHT,
and Satb2 were normalized to GAPDH from the same sample. Sham

controls from different time points were identical and were combined
into a single sham group.

Dual optical mapping of transmembrane potential and intracellular
Ca2�. Langendorff perfusion of isolated rabbit hearts and optical map-
ping of transmembrane potential (Vm) and Ca 2� was performed as de-
scribed previously (Myles et al., 2012). Briefly, male New Zealand White
rabbits (n � 3) were anesthetized with an intravenous injection of pen-
tobarbital sodium (50 mg/kg) containing 1000 IU of heparin. After a
midsternal incision, hearts were rapidly excised and perfused at 37°C
with oxygenated (95% O2, 5% CO2) modified Tyrode’s solution contain-
ing the following (in mmol/L): NaCl 128.2, CaCl2 1.3, KCl 4.7, MgCl2
1.05, NaH2PO4 1.19, NaHCO3 20, and glucose 11.1, pH 7.4 	 0.05. The
flow rate (25–35 ml/min) was adjusted to maintain a perfusion pressure
of 60 –70 mmHg. Two Ag/AgCl disc electrodes were positioned in the
bath to record an ECG analogous to a lead I configuration. Bipolar pacing
electrodes were positioned on the base of the LV epicardium for pacing,
which was performed at a cycle length (CL), or pacing interval, of 300 ms
using a 2 ms pulse at twice the diastolic threshold. Blebbistatin (Tocris
Bioscience; 10 –20 �M) was added to the perfusate to eliminate motion
artifact during optical recordings. Hearts were loaded with the acetoxym-
ethyl ester form of the fluorescent intracellular Ca 2� indicator Rhod-2
(Rhod-2 AM; Invitrogen; 0.5 ml of 1 mg/ml in DMSO containing 10%
pluronic acid) and subsequently stained with the voltage-sensitive dye
RH237 (Invitrogen; 50 �l of 1 mg/ml in DMSO) via the coronary perfu-
sion. The anterior epicardial surface was excited using LED light sources
centered at 531 nm and band-pass filtered from 511 to 551 nm (LEX-2;
SciMedia). The emitted fluorescence was collected through a THT-
macroscope (SciMedia) and split with a dichroic mirror at 630 nm. The
longer wavelength moiety, containing the Vm signal, was long-pass fil-
tered at 700 nm and the shorter wavelength moiety, containing the Ca 2�

signal, was band-pass filtered with a 32 nm filter centered at 590 nm. The
emitted fluorescence signals were then recorded using two CMOS cam-
eras (MiCam Ultima-L; SciMedia) with a sampling rate of 1 kHz and
100 � 100 pixels with a 31 � 31 mm field of view.

Baseline electrophysiological parameters were determined during epi-
cardial pacing with a 300 ms CL (equivalent to 200 bpm heart rate). To
measure how the action potential duration (APD) and intracellular Ca 2�

release adapt to sudden changes in heart rate, an APD restitution curve
and S2/S1 ratio of Ca 2� transient (CaT) amplitude were constructed by
a standard S1–S2 pacing protocol in which 12 pacing stimuli were deliv-
ered at a 300 ms interval (S1) followed by a premature S2 stimulus. The
S2 interval was gradually shortened until the effective refractory period
was reached and the S2 stimulus failed to propagate an action potential
(AP). Adrenergic effects on APD restitution and the refractoriness of
Ca 2� release were investigated using 1.5 �M NE in the perfusate. Com-
bined adrenergic and cholinergic effects were investigated by adding 1.5
�M NE and 1.5 �M ACh to the perfusate. The sino-atrial node was re-
moved to allow for pacing. Data analysis was performed using a commer-
cially available analysis program as described previously (Myles et al.,
2012). AP activation time was determined as the time at 50% between
peak and baseline amplitude. APD at 90% repolarization (APD90) was
calculated as repolarization time � activation time from data collected
during pacing at various S2s. APD restitution curves were constructed by
plotting APD90 versus S2 coupling length. The ratio of S2 and S1 CaT
amplitude was used to assess the refractoriness of Ca 2� release.

Statistics. Student’s t test was used for a single comparison between two
groups. One-way ANOVA with a Dunnett’s multiple-comparison post
test was used to compare surgical groups with the sham control group
from the same genotype. Two-way ANOVA with a Bonferroni post test
was used to compare across two genotypes and treatment groups. The
slopes of APD restitution curves were compared by linear curve fit and
CaT curves were analyzed using nonlinear curve fit of the S2/S1 ratio
using one-phase association. Statistical analyses were performed using
Prism version 5.0 (GraphPad Software).

Results
To determine whether acute MI induced cholinergic function in
cardiac sympathetic neurons, we first quantified NE and ACh
content in the heart 10, 14, and 21 d after sham surgery or MI.
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Our previous studies revealed a sustained loss of nerves in the
cardiac scar 10 d after MI, with normal innervation density and
NE content in the viable left ventricle surrounding the scar
(Gardner and Habecker, 2013). Therefore, we dissected scar tis-
sue away from viable “peri-infarct” tissue and quantified NE and
ACh in both regions from each heart. Levels of NE and ACh were
identical among shams obtained 10, 14, and 21 d after surgery, so
the shams were combined into a single group. NE content was
decreased in the scar compared with sham (Fig. 1A), consistent
with the loss of sympathetic nerve fibers, whereas ACh content
remained unchanged (Fig. 1D). The innervated tissue outside of
the scar exhibited NE levels similar to shams (Fig. 1B), whereas
ACh levels were increased significantly 10 and 14 d after MI,
returning to sham levels 21 d after MI.

The rise in ACh within the left ventricle is consistent with the
induction of cholinergic function in sympathetic neurons, but
could also be due to changes in the rare cholinergic parasympa-
thetic nerves in the ventricle. To determine whether the increase
in cardiac ACh was due to sympathetic nerves, we quantified
expression of the genes required for cholinergic function in the
stellate ganglia, which contain most of the sympathetic neurons
projecting to the heart. Ganglia were collected 10, 14, and 21 d
after MI from the same mice used for cardiac NE and ACh anal-
ysis in Figure 1. To gain additional insight into the time course of
ACh induction, we also examined stellate ganglia that had been
collected 7 d after MI for another study. The genes required for
cholinergic transmission, the synthetic enzyme ChAT, the rate-
limiting CHT, and VAChT, were present a similar levels in shams
from each time point, so the shams were combined into a single
group. ChAT and CHT mRNA levels were increased significantly
7, 10, and 14 d after MI (Fig. 2A,B), whereas VAChT mRNA was
increased significantly 10 and 14 d after MI (Fig. 2C).

To confirm that the increased expression of cholinergic genes
in sympathetic neurons led to production of the associated pro-
teins, immunohistochemistry was performed in stellate ganglia

and heart sections 14 d after MI, when cholinergic genes were
elevated and ACh levels were high in the heart. Double-label
immunohistochemistry confirmed coexpression of the ACh syn-
thetic enzyme ChAT with TH, the rate-limiting enzyme in NE
synthesis, in sympathetic neuron cell bodies (Fig. 3). In contrast
to the TH�/ChAT� neurons identified 14 d after MI, sham gan-
glia contained predominantly TH�/ChAT� sympathetic neu-
rons surrounded by TH�/ChAT� preganglionic fibers. Heart
sections were double labeled for TH and VAChT and, consistent
with the presence of ChAT in sympathetic neuron cell bodies,
TH�/VAChT� fibers were identified in heart sections 14 d after
MI. In contrast, sham hearts contained only TH�/VAChT�
sympathetic fibers and rare TH�/VAChT� parasympathetic
fibers.

Finally, to confirm that the rise in cardiac ACh observed after
MI was due solely to increased ACh production in sympathetic
neurons and not to changes in parasympathetic transmission, we
generated mice in which the ChAT gene was deleted in adult
sympathetic neurons. Adult mice homozygous for a ChAT lox/lox

allelle (Buffelli et al., 2003) and expressing an inducible Cre re-
combinase driven by the dopamine � hydroxylase promoter

Figure 1. Differential changes in cardiac NE and ACh content after MI. NE and ACh were
quantified in scar tissue (A, C) and viable peri-infarct myocardium (B, D). NE content in scar
tissue (A) decreased compared with sham tissue 10, 14, and 21 d after MI, whereas NE in viable
peri-infarct myocardium did not (B). ACh content in the same scar tissue (C) did not change after
MI, but ACh content in viable peri-infarct tissue increased significantly 10 and 14 d after MI,
returning to sham levels 21 d post-MI. Data are shown as means 	 SEM; n � 4 – 6 except sham
n � 9; **p � 0.01, ***p � 0.001 compared with sham.

Figure 2. MI induces expression of cholinergic genes in cardiac sympathetic neurons. Cho-
linergic genes were quantified in stellate ganglia 7, 10, 14, and 21 d after MI and normalized to
the associated sham controls. mRNA encoding ChAT (A), CHT (B), and VAChT (C) were increased
significantly after MI. Data are shown as means 	 SEM; n � 4 –5 except sham n � 6; *p �
0.05, ****p � 0.0001 compared with sham.
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(DBHCre-ERT2) (Stubbusch et al., 2011) were treated for 7 d
with tamoxifen to drive deletion of the ChAT gene in noradren-
ergic neurons (iChAT KO). ChAT mRNA was near the limit of
detection in WT sham ganglia, making it difficult to confirm
deletion of the ChAT gene in stellates from unoperated iChAT
KO mice. Therefore, we performed MI surgery to induce cholin-
ergic genes in tamoxifen-treated mice and collected hearts and
stellate ganglia 14 d after MI. Cholinergic gene expression and
neurotransmitter levels were quantified and compared with the
values obtained previously for WT mice 14 d after MI (Figs. 1, 2).
Real-time PCR confirmed deletion of the ChAT gene in cardiac
sympathetic neurons. ChAT mRNA levels in post-MI iChAT KO
mice treated with tamoxifen were similar to the low levels present
in WT sham mice, and significantly lower than ChAT mRNA in
WT mice 14 d after MI, denoted by the dashed line in Figure 4A.

In contrast, the other cholinergic genes
were expressed at high levels similar to
those observed in WT post-MI mice
rather than sham mice. Once deletion of
ChAT mRNA was confirmed in stell-
ate ganglia, neurotransmitter content was
quantified in viable peri-infarct myocar-
dium from the same mice. Deletion of
ChAT from sympathetic neurons abol-
ished the post-MI increase in cardiac ACh
content, resulting in ACh levels signifi-
cantly lower than WT post-MI hearts (Fig.
4B) and similar to those in sham hearts
(sham 0.127 	 0.03 pmol/mg, n � 9;
iChAT KO 0.065 	 0.02 pmol/mg, n � 4).
In contrast, NE levels, which should not
be affected by deletion of ChAT in sympa-
thetic neurons, were identical to values
obtained earlier from WT mice 14 d after
MI (Fig. 4B). This suggests that the in-
creased ACh observed in the left ventricle
after MI was due to production of ACh by
sympathetic nerves rather than other
sources.

Constitutive DBH-Cre driver lines can
cause recombination in cardiac parasym-
pathetic neurons due to transient expres-
sion of DBH in neural crest precursor
cells (Parrish et al., 2009). Although this
should not occur in the DBH-CreERT2
mice used for this study (Stubbusch et al.,
2011), we confirmed retention of ChAT
expression and ACh production in para-
sympathetic neurons by examining para-
sympathetic control of heart rate in
unoperated WT and iChAT KO mice.
Basal heart rate was the same in both ge-
notypes and blockade of cholinergic
transmission with atropine generated an
identical increase in heart rate (Fig. 4C),
confirming intact parasympathetic trans-
mission in iChAT KO hearts.

Several different classes of growth fac-
tors can induce cholinergic function in
sympathetic neurons, including cytokines
that act via gp130 signaling, NT-3, and
GDNF (Yamamori et al., 1989; Brodski et
al., 2000; Brodski et al., 2002; Stanke et al.,

2006). NT-3 expression is unchanged in the heart after ischemia–
reperfusion (Hiltunen et al., 2001), whereas GDNF levels are low
in adult heart (Miwa et al., 2010) and have not been examined
after injury. In contrast, gp130 cytokines such as LIF and CT-1 are
elevated in the left ventricle after MI (Aoyama et al., 2000; Grit-
man et al., 2006), where they affect the remodeling of cardiac
myocytes (Haghikia et al., 2011; Oba et al., 2012) and trigger the
local loss of TH from sympathetic nerves via proteasomal degra-
dation (Parrish et al., 2010; Shi and Habecker, 2012). We hypoth-
esized that cytokine activation of gp130 was responsible for the
induction of cholinergic function in cardiac sympathetic neurons
after MI. To test that hypothesis, we quantified expression of the
genes associated with cholinergic transmission in stellate ganglia
from WT mice and mice with noradrenergic neurons that lack
gp130 (gp130 KO). Cytokine stimulation of cholinergic function

Figure 3. A, B, Stellate ganglion sections 14 d after sham (A) or MI (B) stained for TH (red) to identify noradrenergic neurons and
ChAT (green) to identify cholinergic neurons. Scale bar, 50 �m. In sham ganglia, only preganglionic fibers are positive for ChAT,
whereas sympathetic cell bodies are TH�. After MI, however, TH� sympathetic neurons also express ChAT. C, D, Heart sections
after sham (C) or MI (D) stained for TH (red) and VAChT (green). Scale bar, 100 �m. Yellow arrowheads identify TH�/VAChT�
sympathetic fibers; white arrowheads identify TH�/VAChT� parasympathetic fibers; blue arrows identify fibers positive for both
noradrenergic and cholinergic markers, which were observed only after MI. Note that parasympathetic fibers are sparse in the left
ventricle whereas sympathetic fibers are abundant.
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in sympathetic neurons requires the nuclear matrix protein
Satb2, which is not involved in the induction of cholinergic genes
by other growth factors (Apostolova et al., 2010). Therefore, we
also quantified Satb2 mRNA in WT and gp130 KO ganglia. Three
days after MI, cholinergic genes were not increased compared
with shams (data not shown), but 7 d after MI, the mRNAs en-

coding ChAT, CHT, VAChT, and Satb2 were all increased signif-
icantly in WT neurons, but not in neurons lacking gp130 (Fig. 5).
These data suggest that inflammatory cytokines stimulate ACh
production in cardiac sympathetic neurons after acute MI, just as
they do in nonischemic heart failure (Kanazawa et al., 2010). In
addition, basal levels of CHT and ChAT mRNA were significantly
lower in the gp130 KO stellates than in the WT stellates.

To understand the functional consequences of cholinergic
sympathetic transmission in the heart, we first investigated the
effect of exogenous neurotransmitters in a normal heart. The
transmural (epicardial to endocardial) gradient in APD is critical
for normal activation and repolarization of the left ventricle
(Costantini et al., 2005) and the gradient in APD is matched by a
transmural gradient of sympathetic innervation. Disrupting the
innervation gradient in a normal heart is arrhythmogenic
(Ieda et al., 2007; Lorentz et al., 2010), highlighting the impor-
tance of neuronal regulation of cardiac repolarization. To elu-
cidate the impact of NE and ACh, we focused on regulation of
APD and calcium release using a standard S1–S2 pacing pro-
tocol. Control hearts were paced under baseline conditions
and then adrenergic effects on APD restitution and CaTs were
investigated using 1.5 �M NE in the absence or presence of 1.5
�M ACh. Global application of NE decreased APD across all
pacing intervals, consistent with allowing the ventricle to
adapt to the higher heart rates present during sympathetic
stimulation. The addition of ACh together with NE resulted in
APDs that were somewhat longer (Fig. 6 A, C), which would
likely make it harder for the heart to adapt to higher heart rates
and may increase the likelihood of arrhythmia. Application of
NE also increased CaT amplitude after a premature stimulus
(Fig. 6 B, D), whereas coapplication of ACh with NE reduced
the CaT amplitude back toward baseline levels, suggesting that
cardiac contractility would be blunted with co-release of ACh
and NE.

Figure 4. Deletion of ChAT in adult sympathetic neurons prevents the increase in left ven-
tricle ACh after MI. A, Expression of cholinergic genes. ChAT, CHT, and VAChT mRNA were
quantified 14 d after MI in ChAT DBHCreERT2/lox mice that had been treated with tamoxifen for 7 d
(iChAT KO) and normalized to GAPDH mRNA in the same samples. Data are graphed as a per-
centage of control using the levels of each gene previously observed in WT mice 14 d post-MI as
the control values (dotted black line). ChAT mRNA was present at levels similar to sham controls
and was significantly lower than WT post-MI mice, whereas CHT and VAChT mRNA levels were
not significantly different from WT mice after MI. B, Ventricular ACh and NE. The loss of the ChAT
gene in sympathetic neurons resulted in ACh levels 14 d after MI that were similar to sham
hearts and significantly lower than the post-MI levels previously identified in WT mice (dotted
black line). NE levels were unchanged compared with WT mice. Data are shown as means 	
SEM; n � 4; ****p � 0.0001 compared with WT 14 d post-MI. C, Parasympathetic control of
heart rate. Heart rate was quantified in unoperated WT and iChAT KO mice before and after
atropine injection (mean 	 SEM, n � 3).

Figure 5. Neuronal gp130 is required for cholinergic gene expression after MI. ChAT (A), CHT
(B), VAChT (C), and Satb2 (D) mRNA were quantified in WT and neuronal gp130 KO (hashed
bars) stellate ganglia 7 d after sham surgery or MI. Data are shown as means 	 SEM; n � 4
except WT 7 d MI n � 3; *p � 0.05, **p � 0.01, ***p � 0.001 compared with sham of the
same genotype; #p � 0.05 compared with sham WT (two-way ANOVA).
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Discussion
Our data indicate that cardiac sympathetic neurons transiently
produce ACh together with NE in the weeks after MI. Several
lines of evidence suggest that the increase in ACh content ob-
served in viable heart tissue after MI is due to the induction of
ACh in sympathetic nerves rather than increased production by
parasympathetic nerves. First, there are few parasympathetic fi-
bers detectable in the mouse left ventricle, in contrast to robust
innervation to the SA node and cardiac conduction system (Mabe
et al., 2006), and functional studies indicate that stimulating car-
diac parasympathetic nerves has little impact on contractility of
the left ventricle (Matsuura et al., 1997; Takahashi et al., 2003;
Brack et al., 2010). Second, the transient increase in cardiac ACh
content coincided with increased expression of the genes re-
quired for ACh production in the stellate ganglion and the ap-
pearance of ChAT and VAChT protein in TH� cardiac
sympathetic neurons. Third, selective deletion of the ChAT gene
in adult sympathetic neurons prevented the increase in cardiac
ACh content after MI. These data are consistent with ACh pro-
duction in cardiac sympathetic nerves after MI, which is interest-
ing because cholinergic properties have also been observed in
adult sympathetic neurons during heart failure (Kanazawa et al.,
2010), but have not been seen in other injury paradigms, includ-
ing axotomy (Boeshore et al., 2004; Wojtkiewicz et al., 2013) and
inflammatory colitis (Skobowiat et al., 2010).

The large fraction of neurons within the stellate ganglion pro-
jecting to the heart facilitate use of this model to track changes in
neurotransmitter phenotype. Approximately 92% of rat stellate
neurons project to the heart (Pardini et al., 1989), so mRNA

isolated from rodent stellate ganglia is pri-
marily from cardiac neurons. Therefore, it
is not surprising that we were able to de-
tect increases in cholinergic genes within
the stellate after MI and widespread coex-
pression of ChAT protein in TH� neurons.
Most of these cholinergic sympathetic neu-
rons project to the heart, consistent with the
increase in ACh content in the heart and
identification of VAChT in TH� axons
within the heart. However, some of the non-
cardiac neurons in stellate ganglia project to
sweat glands in the front paws, which also
have a TH�/ChAT� phenotype in the
mouse (Guidry and Landis, 1995, 1998).
These neurons were relatively rare and were
also observed in sham ganglia (data not
shown).

The acquisition of cholinergic func-
tion required expression of the gp130 cy-
tokine receptor in sympathetic neurons,
suggesting that retrograde signaling by
target-derived cytokines induced the
acquisition of a cholinergic neurotrans-
mitter phenotype in adult sympathetic
neurons. This was further supported by
the HPLC analysis Satb2 mRNA within
the stellate ganglia because Satb2 mediates
cytokine stimulation of cholinergic genes
in sympathetic neurons, but is not in-
volved in the induction of cholinergic
genes by other factors (Apostolova et al.,
2010). Previous studies have shown that
removal of gp130 from sympathetic neu-

rons also prevents the local suppression of noradrenergic trans-
mission in the left ventricle after acute MI (Parrish et al., 2010)
and induction of cholinergic transmission in heart failure (Ka-
nazawa et al., 2010). Together, these data suggest that retrograde
signaling by gp130 in adult neurons can alter sympathetic neu-
rotransmitter phenotype in a manner similar to the gp130-
dependent noradrenergic to cholinergic conversion of sympathetic
neurons innervating developing sweat glands (Stanke et al.,
2006).

A technical advance of our study was the development of a
method to quantify cholinergic and noradrenergic properties si-
multaneously by measuring NE and ACh within the same heart
tissue. Sensitive HPLC assays for NE and other catecholamines
have been available for many years, but it was not possible to
quantify ACh directly until the recent development of a sensitive
mass spectrometry assay. Therefore, cholinergic function in the
past was assayed indirectly by measuring ChAT activity in tissue
homogenates (Schotzinger and Landis, 1988) or by the lack of a
potassium permanganate precipitate in EM analysis of vesicles
(Landis, 1976; Kanazawa et al., 2010). The advent of a sensitive
assay for ACh has allowed us to quantify both NE and ACh in the
same tissue and thus track relative changes over time. Our earlier
studies of the post-MI ventricle-quantified NE content in the
entire left ventricle (Li et al., 2004; Parrish et al., 2010; Lorentz et
al., 2011), but newer data indicate that the scar remains dener-
vated for an extended period of time after ischemia–reperfusion
(Gardner and Habecker, 2013). Therefore, we dissected scar tis-
sue away from the viable innervated left ventricle before analysis
of NE and ACh for these studies. One consequence was a delay in

Figure 6. Functional effects of NE and ACh co-release. A, C, Application of NE (1.5 �M) alone dramatically shortens APD90 at all
premature (S2) pacing intervals to allow the heart to quickly adapt to high heart rates during sympathetic activity. Coapplication
of ACh (1.5 �M) does not allow the APD90 to shorten to the same extent, which may lead to arrhythmia. B, D, Application of NE
alone also increased the size of CaTs after premature stimuli (increased S2/S1 ratio), whereas coapplication of ACh reduced the
effect of NE (B, D). The S2/S1 ratio was calculated as the S2 CaT amplitude divided by S1 CaT amplitude (D). Data are shown as
means 	 SEM; n � 3.
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freezing the tissue, which resulted in a small loss of ACh due to
metabolism by acetylcholinesterase. This was not the case for NE,
which was more stable. To control for the degradation of ACh,
tissue from sham hearts was processed in the same way as in-
farcted hearts so that any loss of ACh would be comparable across
all groups. Therefore, we are confident that the relative changes in
ACh content reported here are accurate, but the exact levels of
ACh reported may underestimate the amount present in vivo.

The functional consequences of sympathetic cholinergic
transmission in the heart are not yet understood. Many func-
tional studies have been performed in mice with noradrener-
gic neurons that lack gp130 (Parrish et al., 2008; Parrish et al.,
2010; Kanazawa et al., 2010), but removal of gp130 from all
DBH-expressing cells does not simply prevent the acquisition
of cholinergic function in sympathetic neurons innervating
the heart. Constitutive noradrenergic gp130 knock-out mice
have autonomic imbalance due to disrupted central auto-
nomic control (Parrish et al., 2009), elevated ACh content in
cardiac parasympathetic nerves (Hasan et al., 2012), altered
neuropeptide expression after MI (Alston et al., 2011), and
impaired axon regeneration (Pellegrino and Habecker, 2013).
Importantly, the promiscuous expression of DBH in neural
crest cells results in the deletion of target genes in cardiac
parasympathetic neurons as well as sympathetic neurons (Par-
rish et al., 2009), necessitating the change to the inducible
DBH-CreERT2 that does not generate recombination in para-
sympathetic neurons (Stubbusch et al., 2011). Therefore, elu-
cidating the role of sympathetic cholinergic transmission after
MI will require detailed functional studies in iChAT KO mice,
which have not yet been characterized.

As a first test to elucidate the impact of combined norad-
renergic and cholinergic transmission in the ventricle, we ex-
amined the effect of global NE and ACh on cardiac APD and
calcium transients. Activating cardiac � receptors with exog-
enous NE decreased APD and flattened the slope of the APD
restitution curve, consistent with previous studies (Hartzell,
1988). The shallower slope of the APD restitution curve at
short cycle lengths is suggestive of decreased arrhythmia pro-
pensity (Nash et al., 2006; Selvaraj et al., 2007) and allows the
heart to function properly at high heart rates. Likewise, NE
increased the size of myocyte CaTs after a premature stimuli,
which normally produce small transients due to refractory
ryanodine receptors and low calcium stores within the sarco-
plasmic reticulum (SR). NE activation of � receptors stimu-
lates faster recovery of ryanodine receptors and enhanced
filling of SR calcium stores by the SR calcium transport AT-
Pase, resulting in larger CaTs and increased cardiac contrac-
tility even at high heart rates. Coadministration of ACh with
NE blunted the NE-stimulated increase in CaT and increased
APD, suggesting decreased contractility and impaired adapta-
tion to fast heart rates when ACh is present together with NE.
This contrasts with the normal situation of ACh release only
from parasympathetic nerves, which strongly decreases heart
rate and has limited direct effect on ventricular APD (Mat-
suura et al., 1997; Brack et al., 2010).

Together, our data indicate that cardiac sympathetic nerves
produce ACh in addition to NE after MI. The production of
ACh is transient and corresponds to a period of cardiac re-
modeling that is characterized by high levels of inflammatory
cytokines and macrophages within the heart and includes a
period of particularly high arrhythmia risk. The induction of
cholinergic genes requires expression of the gp130 cytokine
receptor in sympathetic neurons, suggesting that retrograde

signaling by heart-derived cytokines stimulates the acquisition of the
cholinergic phenotype. The functional consequences of cholinergic
sympathetic transmission remain unclear, but our data suggest that
release of ACh together with NE from sympathetic nerves may
impair adaptation to fast heart rates and increase arrhythmia
propensity.
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Hiltunen JO, Laurikainen A, Väkevä A, Meri S, Saarma M (2001) Nerve
growth factor and brain-derived neurotrophic factor mRNAs are regu-
lated in distinct cell populations of rat heart after ischaemia and reperfu-
sion. J Pathol 194:247–253. CrossRef Medline

Hiltunen PH, Airaksinen MS (2004) Sympathetic cholinergic target inner-
vation requires GDNF family receptor GFR[alpha]2. Mol Cell Neurosci
26:450 – 457. CrossRef Medline

Hyatt-Sachs H, Bachoo M, Schreiber R, Vaccariello SA, Zigmond RE (1996)
Chemical sympathectomy and postganglionic nerve transection produce
similar increases in galanin and VIP mRNA but differ in their effects on
peptide content. J Neurobiol 30:543–555. Medline

Ieda M, Kanazawa H, Kimura K, Hattori F, Ieda Y, Taniguchi M, Lee JK,
Matsumura K, Tomita Y, Miyoshi S, Shimoda K, Makino S, Sano M,
Kodama I, Ogawa S, Fukuda K (2007) Sema3a maintains normal heart
rhythm through sympathetic innervation patterning. Nat Med 13:
604 – 612. CrossRef Medline

Kanazawa H, Ieda M, Kimura K, Arai T, Kawaguchi-Manabe H, Matsuhashi
T, Endo J, Sano M, Kawakami T, Kimura T, Monkawa T, Hayashi M,
Iwanami A, Okano H, Okada Y, Ishibashi-Ueda H, Ogawa S, Fukuda K
(2010) Heart failure causes cholinergic transdifferentiation of cardiac
sympathetic nerves via gp130-signaling cytokines in rodents. J Clin Invest
120:408 – 421. CrossRef Medline

Klimaschewski L, Grohmann I, Heym C (1996) Target-dependent plasticity
of galanin and vasoactive intestinal peptide in the rat superior cervical
ganglion after nerve lesion and re-innervation. Neuroscience 72:265–272.
CrossRef Medline

Landis SC (1976) Rat sympathetic neurons and cardiac myocytes develop-
ing in microcultures: correlation of the fine structure of endings with
neurotransmitter function in single neurons. Proc Natl Acad Sci U S A
73:4220 – 4224. CrossRef Medline

Li W, Knowlton D, Van Winkle DM, Habecker BA (2004) Infarction alters
both the distribution and noradrenergic properties of cardiac sympa-
thetic neurons. Am J Physiol Heart Circ Physiol 286:H2229 –H2236.
CrossRef Medline

Lorentz CU, Alston EN, Belcik T, Lindner JR, Giraud GD, Habecker BA
(2010) Heterogeneous ventricular sympathetic innervation, altered
{beta} adrenergic receptor expression, and rhythm instability in mice
lacking p75 neurotrophin receptor. Am J Physiol Heart Circ Physiol 298:
H1652–H1660. CrossRef Medline

Lorentz CU, Woodward WR, Tharp K, Habecker BA (2011) Altered norepi-
nephrine content and ventricular function in p75NTR-/- mice after myo-
cardial infarction. Auton Neurosci 164:13–19. CrossRef Medline

Mabe AM, Hoard JL, Duffourc MM, Hoover DB (2006) Localization of
cholinergic innervation and neurturin receptors in adult mouse heart and
expression of the neurturin gene. Cell Tissue Res 326:57– 67. CrossRef
Medline

Matsuura W, Sugimachi M, Kawada T, Sato T, Shishido T, Miyano H, Naka-
hara T, Ikeda Y, Alexander J Jr, Sunagawa K (1997) Vagal stimulation
decreases left ventricular contractility mainly through negative chrono-
tropic effect. Am J Physiol 273:H534 –H539. Medline

Miwa K, Lee JK, Takagishi Y, Opthof T, Fu X, Kodama I (2010) Glial cell

line-derived neurotrophic factor (GDNF) enhances sympathetic neurite
growth in rat hearts at early developmental stages. Biomed Res 31:
353–361. CrossRef Medline

Myles RC, Wang L, Kang C, Bers DM, Ripplinger CM (2012) Local beta-
adrenergic stimulation overcomes source-sink mismatch to generate fo-
cal arrhythmia. Circ Res 110:1454 –1464. CrossRef Medline

Nash MP, Bradley CP, Sutton PM, Clayton RH, Kallis P, Hayward MP, Pat-
erson DJ, Taggart P (2006) Whole heart action potential duration resti-
tution properties in cardiac patients: a combined clinical and modelling
study. Exp Physiol 91:339 –354. CrossRef Medline

Oba T, Yasukawa H, Hoshijima M, Sasaki K, Futamata N, Fukui D, Mawatari
K, Nagata T, Kyogoku S, Ohshima H, Minami T, Nakamura K, Kang D,
Yajima T, Knowlton KU, Imaizumi T (2012) Cardiac-specific deletion
of SOCS-3 prevents development of left ventricular remodeling after
acute myocardial infarction. J Am Coll Cardiol 59:838 – 852. CrossRef
Medline

Pardini BJ, Lund DD, Schmid PG (1989) Organization of the sympathetic
postganglionic innervation of the rat heart. J Auton Nerv Syst 28:193–201.
CrossRef Medline

Parrish DC, Gritman K, Van Winkle DM, Woodward WR, Bader M, Ha-
becker BA (2008) Postinfarct sympathetic hyperactivity differentially
stimulates expression of tyrosine hydroxylase and norepinephrine trans-
porter. Am J Physiol Heart Circ Physiol 294:H99 –H106. Medline

Parrish DC, Alston EN, Rohrer H, Nkadi P, Woodward WR, Schütz G, Ha-
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Generation of the tamoxifen-inducible DBH-Cre transgenic mouse line
DBH-CT. Genesis 49:935–941. CrossRef Medline

Sun Y, Zigmond RE (1996) Involvement of leukemia inhibitory factor in
the increases in galanin and vasoactive intestinal peptide mRNA and
the decreases in neuropeptide Y and tyrosine hydroxylase mRNA in
sympathetic neurons after axotomy. J Neurochem 67:1751–1760.
Medline

Takahashi H, Maehara K, Onuki N, Saito T, Maruyama Y (2003) Decreased
contractility of the left ventricle is induced by the neurotransmitter ace-
tylcholine, but not by vagal stimulation in rats. Jpn Heart J 44:257–270.
CrossRef Medline
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