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Cardiac sympathetic innervation network shapes the
myocardium by locally controlling cardiomyocyte size
through the cellular proteolytic machinery
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Key points

� The heart is innervated by a dense sympathetic neuron network which, in the short term,
controls chronotropy and inotropy and, in the long term, regulates cardiomyocyte size. Acute
neurogenic control of heart rate is achieved locally through direct neuro-cardiac coupling at
specific junctional sites (neuro-cardiac junctions).

� The ventricular sympathetic network topology is well-defined and characteristic for each
mammalian species.

� In the present study, we used cell size regulation to determine whether long-term modulation
of cardiac structure is achieved via direct sympatho-cardiac coupling.

� Local density of cardiac innervation correlated with cell size throughout the myocardial walls
in all mammalian species analysed, including humans.

� The data obtained suggest that constitutive neurogenic control of cardiomyocyte trophism
occurs through direct intercellular signalling at neuro-cardiac junctions.
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Abstract It is widely appreciated that sympathetic stimulation of the heart involves a sharp
increase in beating rate and significant enhancement of contractility. We have previously shown
that, in addition to these evident functions, sympathetic neurons (SNs) also provide trophic input
to cardiomyocytes (CMs), regulating cell and organ size. More recently, we have demonstrated that
cardiac neurons establish direct interactions with CMs, allowing neuro-cardiac communication
to occur locally, with a ‘quasi-synaptic’ mechanism. Based on the evidence that cardiac SNs are
unevenly distributed throughout the myocardial walls, we investigated the hypothesis that CM
size distribution reflects the topology of neuronal density. In vitro analyses of SN/CM co-cultures,
ex vivo confocal and multiphoton imaging in clarified hearts, and biochemical and molecular
approaches were employed, in both rodent and human heart biopsies. In line with the trophic
effect of SNs, and with local neuro-cardiac communication, CMs, directly contacted by SNs in
co-cultures, were larger than the non-targeted ones. This property reflects the distribution of
CM size throughout the ventricles of intact mouse heart, in which cells in the outer myocardial
layers, which were contacted by more neuronal processes, were larger than those in the less
innervated subendocardial region. Such differences disappeared upon genetic or pharmacological
interference with the trophic SN/CM signalling axis. Remarkably, CM size followed the SN
distribution pattern in other mammals, including humans. Our data suggest that both the acute
and chronic influence of SNs on cardiac function and structure is enacted as a result of the
establishment of specific intercellular neuro-cardiac junctions.
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Introduction

The myocardium comprises a complex network of
different cell types, which finely co-operate to ensure
repeated and adjustable blood ejection and match the
perfusional demands during any given physiological state
(Bers & Despa, 2009; Liu et al., 1993). In addition to
the intrinsic adaptation to mechanical load (i.e. pre- and
after-load), the sympathetic nervous system has been
classified as the most important extrinsic regulator of
cardiac function (Levy, 1997; Iriki & Simon, 2012). Such
a view stems from more than 200 years of studies that
have addressed the gross anatomy of nerves directed to the
heart, as well as the effect (as is self-evident throughout
species) of acute sympathetic neuron (SN) activation
on the abrupt increase of contraction and rate (Gros
et al., 1994; Guyton & Hall, 2006; Zipes, 2008; May
et al., 2010). The fine anatomy and interactions between
neurons and myocardial targets have only started to be
appreciated much later, in parallel with the development
and widespread use of β-adrenoceptor (β-AR) blockers
(Nattel et al., 1979; Clarke et al., 2010). This has uncovered
the emerging functions of SNs, spanning from the tuning
of heart rate variability (Eckberg, 2000; Li et al., 2000;
Thayer et al., 2012) and the regulation of cell cycle
to the modulation of cardiomyocyte (CM) proteostasis
(Ogawa et al., 1992; Zaglia et al., 2013; Kreipke & Birren,
2015). By analysing the heart upon chemical ablation

of cardiac innervation, we have shown that SNs provide
trophic input to CMs, as enacted through the downstream
effects of noradrenaline (NE)-activated β2-ARs on the
expression of muscle specific ubiquitin ligases, including
MuRF-1. Indeed, denervated hearts activate the atrophic
programme, which was operated in the early phases by
the ubiquitin/proteasome system and then subsequently
followed by activation of the autophagy/lysosome system,
accompanied by the probable decrease in protein synthesis
(Zaglia et al., 2013).

More recently, we have investigated the biophysics of
neuro-cardiac signalling, aiming to address whether the
neuronal effects on the heart were the result, in accordance
with the archetypal description of cardiac physiology,
of the unabridged propagation of sympathetic neuro-
transmitters throughout the myocardium, or whether
neuro-cardiac communication was confined to specific
junctional sites, similar to those involved in skeletal muscle
contraction (Hall & Sanes, 1993; Homan & Meriney,
2018). This latter hypothesis arose from the results
of several previous studies obtained in vitro (Chun &
Patterson, 1977; Shcherbakova et al., 2007; Oh et al.,
2016) and ex vivo (Fukuda et al., 2015), suggesting that
specific sympathetic synapses may exist in the heart.
By applying SN optogenetics, we demonstrated in vivo
that neurotransmission underlying the rapid and efficient
chronotropic effect of SN activation depended on the local
release of NE at the intercellular contact site, with features
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typical of synaptic transmission (Prando et al., 2018).
Such a proof-of-principle demonstration focused on the
acute sympathetic regulation of heart rate and the work in
vivo was therefore limited to the analysis of sino-atrial
node (SAN) function. However, close neuro-cardiac
appositions were observed in the ventricles and, together
with our previous research, this raised the question
of whether signalling through neuro-cardiac junctions
(NCJs) was also responsible for long-term modulation
of cell size in ventricular CMs.

Additionally, cardiac neurons are densely and unevenly
distributed throughout the myocardial walls, with a
non-randomic pattern, which has been well characterized
in the heart of mice (Freeman et al., 2014; Fukuda et al.,
2015), although this still remains largely underappreciated
in humans.

Altogether, this prompted us to follow-up our recent
work (Prando et al., 2018) and assess whether CM size
distribution in the ventricles reflects the topology of
cardiac sympathetic innervation.

To assess this hypothesis, we combined in vitro analyses
of SN/CM co-cultures, with ex vivo histological [immuno-
fluorescence (IF)], confocal and multiphoton imaging of
clarified hearts, as well as physiological [denervation with
6-hydroxydopamine (6-OH-DA)], biochemical [western
blotting (WB), co-immunoprecipitation] and molecular
biological [quantitative RT-PCR, in situ hybridization
(ISH)] approaches, in both rodent and human heart
biopsies.

Methods

All of the investigators involved in the present study
understand the ethical principles under which the journal
operates and the work conducted complies with the animal
ethics checklist of The Journal of Physiology (Grundy,
2015).

Human samples

Here, we analysed sections from one 2-month-old and
one adult subject who had both died as a result of
non-cardiac causes. Heart samples were acquired during
routine post-mortem clinical investigations and archived
in the historical collection of the Institute of Pathological
Anatomy of the University of Padova. Samples were
anonymous to the investigators and used in accordance
with the directives of the national committee of Bioethics
and Raccomandazione (2006) della Commissione dei Mini-
stri degli Stati Membri sull’utilizzo di campioni biologici di
origine umana per scopi di ricerca [Recommendation of the
Committee of the Ministers of EU member states on the use
of samples of human origin for research].

Ethical approval

Experimental procedures have been approved by Mini-
stry of Health (Ufficio VI), in compliance with the
Animal Welfare Legislation (protocols A06E0.N.ERD and
A06E0.18).

All procedures were performed by trained personnel
with documented formal training and previous experience
in experimental animal handling and care. All of the
procedures were refined prior to starting the study, and the
number of animals was calculated to use the least number
of animals sufficient according to statistical sample power
calculations.

Origin and source of animals

In the present study, we analysed hearts from: post-
natal day (P)1, P7 and P21 CD1 and C56BL/6J mice,
as well as adult (3 months old) CD1 and C57BL/6J
male mice (all from Charles River, Milan, Italy). In
addition, we used MuRF1 knockout (KO) (Dr David
J. Glass, Novartis Institute for Biomedical Research,
Cambridge, MA, USA) and α-MyHC-ChR2 (Zaglia et al.,
2015) adult (3 months old) male mice. Hearts from
Sprague–Dawley adult (2 months old) male rat and rabbit
hearts (all from Harlan, Milan, Italy) were also evaluated.
Animals were maintained in individually ventilated cages
in an Authorized Animal Facility (authorization number
175/2002A) under a 12:12 h light/dark photocycle at a
controlled temperature and had access to water and food
available ad libitum.

SN/CM co-cultures

SN/CM co-cultures were prepared and maintained for 15
consecutive days, as described previously Prando et al.
(2018). Co-cultures were treated, for 5 consecutive days
before fixation, with 1 µM nicotine (Sigma-Aldrich, St
Louis, MO, USA).

SN-cardiac fibroblast (CF) co-cultures

CFs were obtained from neonatal rat hearts, in accordance
with the same protocol used for CMs, by short-time plating
of the digested tissue on plastic plates. Mixed co-cultures
were established by plating CM in the central area of
the SN-containing coverslip, and CF in the surrounding
area. Cells were cultured in the CM culture medium,
supplemented with 10 ng mL–1 nerve growth factor
(Sigma-Aldrich).

Live cell imaging of neuro-cardiac co-cultures

Cells seeded on glass coverslips and maintained in the
culture plate were imaged every 30 min for up to 6 h using
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a custom modified microscope (Nikon, Tokyo, Japan)
equipped with a 5D MII digital camera (Canon, Tokyo,
Japan).

Mouse pharmacological sympathectomy

Pharmacological sympathectomy was achieved with
6-OH-DA (Sigma-Aldrich) injection. The drug was
delivered to adult (3 months old) mice (100 mg kg–1,
I.P.), at days 0, 2 and 7. Animals were killed 1, 8 or 30 days
after the first 6-OH-DA injection. For permanent heart
denervation, the drug was delivered at postnatal days 2,
4, 6, 8 and 9 (70 mg kg–1, I.P.). Denervated animals were
sacrificed, by cervical dislocation, at postnatal days 1, 7, 21
and 90. In both experimental groups, control mice were
treated with vehicle (0.9% NaCl solution supplemented
with 0.1% ascorbic acid) (Zaglia et al., 2013).

In vivo delivery of β2-AR modulating drugs

The β2-AR antagonist, ICI 118,551 (1 mg kg–1 day–1) or
the β2-AR agonist, clenbuterol (3 mg kg–1 day–1) (all from
Sigma) were delivered to normal adult (3 months old)
male mice by S.C. osmotic mini-pumps (model 1004; Alzet,
Cupertino, CA, USA), as described previously (Zaglia
et al., 2013), delivering drugs at a constant rate for 14
consecutive days. For mini-pump implantation, mice were
anaesthetized with isofluorane (2.5% in O2), secured to the
operating table in prone position, a 1 cm incision was made
in the interscapular region, s.c. muscles were dissected and
the osmotic mini-pumps inserted S.C. Body temperature
and respiratory rate were constantly monitored during the
procedure. The mice were left to awaken from anaesthesia
under a heating lamp, and were administered a single
injection of tramadol (7 mg kg–1, I.M.) in the perioperative
phase. At the end of the experiment, mice were killed by
cervical dislocation, and their hearts were harvested and
processed for IF and morphometric analyses.

Caloric restriction

Adult (3 months old) male mice underwent caloric
restriction for 7 days, as described previously (Zaglia et al.,
2013). At day 8, mice were killed by cervical dislocation,
and their hearts were harvested and processed for IF and
morphometric analyses.

IF analysis of the human myocardium

Formalin-fixed paraffin-embedded human heart sections
(3 µm thick) underwent antigen retrieval and IF staining,
as described previously (Zaglia et al., 2016).

Immunofluorescence analysis of rodent hearts
and cells

Hearts were harvested, fixed in 1% paraformaldehyde
(PFA) (w/v in 1 × PBS; Sigma Aldrich) and processed,
as described previously (Zaglia et al., 2013). Cryosections
(10µm thick) were obtained using a cryostat (model 1860;
Leica Microsystems, Wetzlar, Germany) and processed for
IF, as described previously (Zaglia et al., 2013). For in vitro
experiments, cells were fixed with 3.7% formaldehyde
(Sigma-Aldrich) at 4°C for 30 min, permeabilized with
0.1% Triton (v/v in 1 × PBS; Sigma-Aldrich) for 5 min and
incubated with the primary antibody for 2 h at 37°C. The
primary antibodies used in the study were: anti-α-actinin
(dilution 1:200; Sigma-Aldrich); anti-tyrosine hydro-
xylase (anti-TOH; dilution 1:400; Millipore, Billerica,
MA, USA); and anti-dystrophin (dilution 1:500; Abcam,
Cambridge, MA, USA). Primary antibodies were revealed
with 488- or Cy3-conjugated secondary antibodies (all
from Jackson Laboratories, Bar Harbor, ME, USA).
In a subset of experiments, sections were stained with
fluorescein isothiocyanate (FITC)-conjugated wheat germ
agglutinin.

Two photon imaging of whole-mount IF in human
heart samples

Blocks of human heart specimens (1 mm3) harvested
during routine autoptic examination, were fixed in 1%
PFA for 10–15 min, washed three times for 5 min in
1 × PBS, incubated for 4 consecutive days with anti-TOH
primary antibody diluted in 1 × PBS, supplemented with
1% BSA and 2% Triton X-100, at 4°C. Samples were then
incubated for 3 consecutive days with a Cy3-conjugated
anti-rabbit antibody diluted in 1 × PBS, supplemented
with 1% BSA and 0.5% Triton X-100, at 4°C. Sequential
stacks of images spaced by 1.5 µm along the Z-axis were
acquired using a multiphoton microscope (Scientifica
2P, Uckfield, UK) equipped with a Chameleon titanium
sapphire laser (Coherent Inc., Santa Clara, CA, USA).
The excitation wave-length was tuned to 1040 nm with
direct detection at 535 ± 25 nm. Images were analysed
and rendered in 3-D, using Imaris (Bitplane, Zurich,
Switzerland).

Evaluation of SN process (SNP) density

SNP density was evaluated in heart sections co-stained
with anti-TOH, to detect SNs, and anti-dystrophin anti-
body or FITC-conjugated wheat germ agglutinin, to
mark CMs, and analysed using a confocal microscope
(model SP5, Leica Microsystems). For the mouse hearts,
the number of TOH positive processes per CM, in the
EPIcardial (EPI) and ENDOcardial (ENDO) regions, was
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estimated in six non-consecutive sections at the level of
the heart base, the mid-portion of the ventricles and the
apex. In total, six hearts were analysed.

For rats (n = 3 hearts) and rabbits (n = 3 hearts), we
analysed six non-consecutive cryosections from the mid
portion of the ventricles. For human hearts (n = 1 neonate
and n = 1 adult), we investigated six non-consecutive
sections from the mid portion of the ventricles.

Evaluation of CM cross-sectional areas

The same sections used to assess SN density were analysed
to estimate the cross-sectional areas of the left ventricle
(LV) EPI vs. ENDO CMs. Here, we acquired, using a
fluorescence microscope (model DC130; Leica Micro-
systems) and analysed images from the mid portion of
the ventricles. Neighbouring images were automatically
aligned and composed using the photomerge function in
Photoshop, version 8.0 (Adobe Systems Inc., San Jose,
CA, USA). We restricted the analysis to CMs with the
same orientation, as identified by a score higher than
0.9 in the eccentricity index. Cross-sectional areas were
measured both manually using ImageJ (NIH, Bethesda,
MD, USA) (Schneider et al., 2012) and with an automated
plugin developed in MatLab (MathWorks Inc., Natick,
MA, USA). All CMs from the posterior, lateral and anterior
LV wall were evaluated. Longitudinal heart cryosections
were also obtained from additional subsets of normal mice,
processed for IF, as described above, and used to measure
the long axis of EPI and ENDO CMs.

Automated assessment of cross-sectional CM area

CM cross-sectional areas were measured in the IF images
of murine heart sections from the mid-portion of the
ventricles, composed of a single image as described above.
The analysis uses a custom-developed plugin running
in MatLab. Briefly, each cell contour is identified with
image segmentation tools, and automatically assigned a
unique region of interest, allowing measurement of the
cell cross-section. Colour-coded maps were generated in
which the cell colour corresponds to the surface area value,
according to the indicated Lookup Table, thus displaying
each cell with a color reflecting its size.

Tissue clarification and mesoscale imaging

Clarified heart samples were prepared by adapting the
tissue clearing ‘CLARITY’ protocol as described pre-
viously (Chung & Deisseroth, 2013; Costantini et al.,
2015). Briefly, α-MyHC-ChR2 transgenic mice were
anaesthetized by inhaled isoflurane (5%). Hearts were
harvested and immediately cannulated and retrogradely

perfused with 4% PFA (w/v in 1 × PBS) followed
by hydrogel solution [4% (w/v) acrylamide, 0.05%
(w/v) bisacrylamide, 0.25% (w/v) VA044 initiator]. The
gel-embedded LV was extracted from the gel, dissected
and incubated in the clearing solution (sodium borate
buffer 200 mM, pH 8.5; 4% sodium dodecyl sulphate) at
37°C with gentle shaking. After clearing, the sample was
stained first with anti-TOH antibody (dilution 1:200) for
3 days at 4°C, then with a secondary antibody conjugated
with Alexa Fluor 488 (AB150077; dilution 1:100; Abcam)
for 2 days at room temperature. Finally, samples were
optically cleared with 2,2’-thiodiethanol (68% TDE/PBS)
and imaged with a custom-made two-photon fluorescence
microscope. Briefly, a mode locked Chameleon titanium
sapphire laser (120 fs pulse width, 90 MHz repetition
rate; Coherent Inc.) operating at 710 nm was coupled
with a custom-made scanning system based on a pair of
galvanometric mirrors (LSKGG4/M; Thorlabs, Newton,
NJ, USA). The laser was focused on the specimen
with a refractive index tunable 25 × objective (LD
LCI Plan-Apochromat 25x/0.8 Imm Corr DIC M27;
Carl Zeiss, Oberkochen, Germany). The system was
equipped with a closed-loop xy stage (U-780 PILine R© XY
Stage System; Physik Instrumente, Karlsruhe, Germany)
for radial displacement of the sample and with a
closed-loop piezoelectric stage (ND72Z2LAQ PIFOC
objective scanning system, 2 mm travel range; Physik
Instrumente) to shift the objective along the Z-axis. The
fluorescence signal was collected via two independent
GaAsP photomultiplier modules (H7422; Hamamatsu
Photonics, Bridgewater Township, NJ, USA). Band-pass
emission filters centered at 600 ± 26 nm and 520 ± 18 nm,
respectively, were used for td-Tomato and Alexa Fluor 488
detection, respectively. Stacks of 450 × 450 µm, with a
depth of 400 µm and a Z-step of 2 µm were acquired.
To cover a larger surface area, serial Z-stacks of adjacent
regions, laterally overlapped by 40 µm, were collected and
images of corresponding Z-planes were stitched using
ZetaStitcher (https://github.com/lens-biophotonics/Zeta
Stitcher), a 3-D stitching tool specifically designed to
handle very large images.

Microdissection of EPIcardial and ENDOcardial regions

The mouse LV free wall was dissected and upon removal of
papillary muscles frozen in liquid nitrogen. Cryosections
were cut from a 300 µm thick tissue portion of the
EPI and ENDO region, and pooled separately for RNA
and protein isolation. The expression level of Kv4.2 in
extracts from EPI vs. ENDO regions was used as marker of
efficient separation of the surgically dissected myocardial
fragments (Fig. 2A) (Bru-Mercier et al., 2003; Brunet et al.,
2004; Teutsch et al., 2007).
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ISH

ISH on paraffin-embedded mouse heart sections was
performed as described previously (Ammirabile et al.,
2012). Images were acquired using a DMR microscope
(Leica Microsystems).

Quantitative RT-PCR analysis

Total RNA was extracted from heart tissue using,
the SV Total RNA Isolation System Z3100 (Promega,
Madson, WI, USA), as described previously (Zaglia
et al., 2014). The primers used were: (GAPDH:
forward: 5′-ACCATCTTCCAGGAGCGAG-3′, reverse:
5′-CCTTCTCCATGGTGGTGAAGAC-3′; MuRF1:
forward: 5′- ACCTGCTGGTGGAAAACATC-3′,
reverse: 5′-CTTCGTGTTCCTTGCACATC-3′; Kv4.2:
forward: 5′-CCTGGAGAAAACCACGAACC-3′, reverse:
5′-GACTGTGACTTGATGGGCGA-3′).

WB and immunoprecipitation

Protein extracts from the surgically dissected LV EPI
and ENDO regions were obtained as described pre-
viously (Zaglia et al., 2013). Immunoprecipitation was
performed with anti-cardiac troponin I antibody (Saggin
et al., 1989) adsorbed on A/G agarose beads (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), as described
previously (Bertaggia et al., 2012). Precipitated proteins
were revealed with anti-poly-Ubiquitin antibody (dilution
1:1000; Merck Millipore, Billerica, MA, USA).

Statistical analysis

All data are expressed as the mean ± SEM. Comparison
between the experimental groups was made using a
non-paired Student’s t test and ANOVA, with Bonferroni
correction. P < 0.05 was considered statistically
significant.

Results

Direct neuro-cardiac coupling regulates CM size,
in vitro

We have demonstrated that SNs and CMs, in co-culture,
develop in time junctional sites, where intercellular
communication takes place at a restricted extracellular
signalling domain. The ultrastructure and the biophysics
of cardiac synapses suggest that they underlie a stable inter-
cellular interaction (Prando et al., 2018). Consistently,
images of the co-cultures, acquired every 30 min, over
a period of 6 h, showed that most neuronal processes,
anchored to CMs, remained attached to the same cell

portion for the whole time (average interaction time:
300 min, 240–360 min, n = 48 SN processes). By contrast,
in SN co-cultured with CFs, neuronal process/target inter-
actions were transient and, in most cases, lasted less
than 2 h (average interaction time: 90 min, 60–120 min,
n = 28 SN processes) (Fig. 1A and B). Given our pre-
vious demonstration that SNs modulate CM proteostasis
and size (Zaglia et al., 2013), such evidence suggests
that innervated CMs would receive more trophic inputs
(thus becoming larger) than the non-innervated ones.
This was confirmed by morphometric analysis of the
cultured cells showing selective enlargement of innervated
CMs, compared to the non-innervated ones (CM area,
innervated CMs: 1197.03 ± 84.46 vs. non-innervated
CMs: 844.47 ± 59.38 µm2) (Fig. 1C and D). Nicotine
treatment, which was used to enhance SN activity, did
not affect the size of CM cultured alone (CM area, basal
conditions: 819.29 ± 66.06 vs. nicotine-treated CMs:
669.53±61.40µm2). These results demonstrate that direct
contact has a role in neuro-cardiac communication, both
in the acute activation of adrenergic responses (Prando
et al., 2018) and in the regulation of CM structure,
occurring over the long term. When translated to the
intact heart, which is heterogeneously innervated by SNs,
a correlation between local innervation density and CM
size could be inferred. To establish such hypothesis, we
compared the size of CMs from differently innervated
regions in both rodent and human myocardium.

Heterogeneous CM size throughout the myocardium
reflects SN distribution

It is well accepted that CM orientation varies across the LV
wall, with the cellular long axis rotating of �180° from the
outer to the inner side (Healy et al., 2011) and, based
on the fibre orientation, three adjacent layers, namely
the sub-EPIcardium (EPI), mid-myocardium (MID) and
sub-ENDOcardium (ENDO), can be identified. In trans-
verse mouse heart sections, similarly oriented CMs
were found within the 20–25 cell layers underneath the
epicardium and the innermost 20–25 layers (ENDO)
embraced by the papillary muscle basis and the MID.
Cells belonging to these two regions had an eccentricity
index >0.9, indicating that they had parallel orientation.
It has previously been demonstrated that, in the mouse
heart, the EPI is more densely innervated than the ENDO
(Chen et al., 2007) and in line with this, increased TOH
protein content was detected in the former, when WB was
performed on extracts from the two surgically dissected
regions (Fig. 2A and B). Consistently, quantification of
the number of TOH positive fibres per CM revealed that
the EPI cells were almost three-fold more innervated than
the ENDO ones (Fig. 2C). Together with our published
evidence (Zaglia et al., 2013) and the results obtained in
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co-cultures (see above), these data prompted us to assess
whether CMs from the highly innervated EPI region were
larger than those of the ENDO. We thus measured the
cross-sectional area of CMs, stained with an antibody to
dystrophin, in the EPI and ENDO regions of the post-
erior, lateral and anterior LV walls. The results of these
analyses showed that, for each heart region, CM size
paralleled the local neuronal density and that, on average,
EPI CMs were between 1.5- and 2-fold larger than the less

innervated ENDO cells (Fig. 2C, E and F). Despite these
differences, the long-axis length distribution was identical
in cells from all aforementioned regions (Fig. 2D). Given
that the intra-myocardial displacement of sympathetic
nerves varies among mammals, we aimed to assess the
SN density/CM size relationship in hearts from rodents
(i.e. rat, rabbit) and humans.

For the human heart, in the present study, we analysed
specimens from one heart of a neonate who died as a

Figure 1. Long-term effects of sympathetic neurons on cardiomyocyte size
A, time course of SN-CM contacts in co-cultures. B, time course of SN-CF contacts in co-cultures. Bottom:
representative cartoons. C, IF analysis on 15-day SN-CM co-cultures co-stained with antibodies to TOH
and sarcomeric actinin (α-actinin). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole. D, area of
non-innervated vs. innervated CMs. Bars indicate the SD (n = 42 and 53 CMs, respectively; ∗∗∗P < 0.001). [Colour
figure can be viewed at wileyonlinelibrary.com]

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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Figure 2. Correlation between the topology of the sympathetic neuron network and cardiomyocyte
size distribution in the adult murine heart
A, Kv4.2 expression, as evaluated by a quantitative RT-PCR, on extracts from surgically dissected EPI and ENDO
regions of wild-type mouse hearts. The expression of Kv4.2 was used to assess the efficacy of EPI vs. ENDO surgical
dissection (see Methods) (n = 6 hearts for each group; ∗∗P < 0.01). B, protein content of TOH, as measured by WB
in extracts from the EPI and ENDO regions of the LV wall. Staining with an antibody to actin was used to ensure
equal protein loading (left). Right: relative densitometry normalized for the immunoreactivity of the EPI sample.
Error bars indicate the SEM (n = 3 hearts, ∗∗P < 0.01). C, SNP density (normalized to CM number), evaluated in
the ENDO (black bars) and EPI (white bars) regions from the anterior, lateral and posterior LV wall of mouse heart
(left). In the same myocardial regions, CM cross-sectional areas were evaluated (right). Error bars indicate the SEM
(n = 8 hearts for each group; ∗P < 0.05; ∗∗P < 0.01). D, evaluation of the CM length in the EPI vs. ENDO regions
of the LV wall. Error bars indicate the SEM (n = 3000 CMs for each group, evaluated in six hearts). E, LV section
of a mouse heart stained with an antibody to dystrophin. The dashed lines delineate the ENDO and EPI regions
analysed. F, enlargements of the areas enclosed in the red boxes in (E), from the consecutive serial section. Top:
SNs in the ENDO (left) and EPI (right) regions, stained with an antibody to TOH. Bottom: pseudocolour scale map
(see Methods) obtained from dystrophin staining, highlighting the differences in the single cell cross-sectional
areas in the same ENDO and EPI regions. [Colour figure can be viewed at wileyonlinelibrary.com]
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result of extracardiac causes. In detail, we analysed six
non-consecutive sections, from the mid-portion of the
ventricles and compared the EPI and ENDO SN density
and CM size of corresponding regions. Although the
low statistical power did not allow proper quantitation,
this analysis was in line with the correlation between SN
density and CM size distribution demonstrated for rodent
hearts: (i) anterior LV: SN/CM ratio: EPI, 0.045 ± 0.005
vs. ENDO, 0.077 ± 0.006; CM cross-sectional areas:
EPI, 22.50 ± 2.82 vs. ENDO, 41.79 ± 3.05 µm2; (ii)
lateral LV: SN/CM ratio: EPI, 0.040 ± 0.004 vs. ENDO,
0.070 ± 0.007; CM cross-sectional areas: EPI, 23.99 ± 0.69
vs. ENDO, 47.08 ± 3.02 µm2; and (iii) posterior LV:
SN/CM ratio: EPI, 0.040 ± 0.004 vs. ENDO, 0.060 ± 0.005;
CM cross-sectional areas: EPI, 33.06 ± 2.77 vs. ENDO,
47.42 ± 3.33 µm2.

Our results demonstrate that the SN density/CM size
correlation holds true in the hearts from all species
analysed, regardless of the species-specific innervation
pattern (Fig. 3).

3-D reconstruction of the SN network in the murine
and human myocardium

Given the complex architecture of the neuronal
network, the tortuosity and the multiple directions of
intra-myocardial processes, the inspection of single thin
tissue sections fails to inform on the actual displacement
of the neurons throughout the heart walls. This leaves the
impression that, among similarly sized CMs, in the same
field of view, some are innervated, whereas others are not.
Such anatomy would hardly sustain a model where neuro-
nal input to CMs is confined to the cells in direct contact.

To finely describe the intra-myocardial neuronal
network, we thus aimed at visualizing heart innervation
in 3-D using whole-mount IF in tissue-clarified LV blocks
(Fig. 4). Neurons were stained with anti-TOH antibody in
a α-MyHC/ChR2-tdTomato mouse heart, which natively
expresses membrane tethered red fluorescent tdTomato.
The tissue volume was reconstructed by combining over-
lapping Z-stacks, acquired with a two-photon microscope.
This allowed 3-D mesoscale reconstruction of the SN
network within its intact anatomical context (Fig. 4A–D).
Quantitative analysis of the interaction between SNs and
CMs across the LV wall showed that CMs in the EPI
were contacted on average by more neuronal processes
than those in the ENDO region (EPI: 1.69 ± 0.10 vs.
ENDO: 1.24 ± 0.08, in neuronal processes per cell) (Fig.
4D and E). These results revealed two important concepts:
(i) as the entire CMs volume is accounted for, almost all
CM in the heart wall are innervated and (ii) the higher
neuronal density observed in the EPI vs. ENDO, when
assessed in thin sections, depends on the greater branching
of the neurons in the former region. Given the regular

displacement of varicosities along the processes, and the
local nature of intercellular communication at the NCJ,
such an arrangement implies that CMs in the different
heart regions would receive heterogeneous trophic input,
thus explaining the SN density/CM size relationship.

To determine as a proof-of-concept whether the
myocardial innervation architecture shows a similar
complexity in humans, we sampled myocardial blocks
from the EPI region of a post-mortem heart and
performed whole-mount IF with anti-TOH antibody.
Interestingly, neurons were highly arborized, resulting
in multiple interconnected processes displaying regularly
distributed varicosities, which appeared to envelop dark
volumes that, with respect to their autofluorescence,
geometry and size, are suggestive of CMs (Fig. 5).

Establishment and maintenance of regional
differences in CM size depends on neurogenic
signalling

To understand whether neurons have a causal role in
shaping the myocardial architecture, we interfered, by
pharmacological or genetic means, with the signalling
pathway relaying the neuronal effects on CM proteolysis
and cell size. Accordingly, we first assessed the CM
cross-sectional area in the LV wall during the early post-
natal weeks, when cardiac sympathetic innervation is
established. At P1, when the heart is still denervated, the
ratio between EPI and ENDO CM area is �1, indicating
that, in the absence of neurons, similarly oriented CMs
have the same size distribution. One week after birth,
as neurons appear at the epicardial front, EPI CMs
enlarge more than the ENDO ones, and such a difference
progressively increases in time and stabilizes only when
heart innervation is completed (�3 weeks) (Kimura et al.,
2012; Kreipke & Birren, 2015) (Fig. 6A and B). Inter-
estingly, early pharmacological neuronal ablation, when
performed before the development of cardiac innervation
(see Methods), caused heart atrophy, and did not allow
EPI/ENDO heterogeneity in CM size to be established
(Fig. 6B).

A disappearance of such physiological transmural
differences in size was also observed when adult normally
innervated hearts underwent the same treatment for SN
ablation, which resulted in overall heart atrophy (HW/BW,
control: 4.3 ± 0.3 vs. denervated: 3.8 ± 0.4 mg g–1), mostly
affecting cells of the EPI region (Fig. 6C and D). Of note,
other conditions promoting heart atrophy, such as caloric
restriction (HW/BW, caloric restriction: 3.9 ± 0.2 mg g–1),
resulted in similar fractional decrease in size of both EPI
and ENDO cells (Fig. 6C and D), and thus did not affect
transmural cell size heterogeneity.

The evidence that regional tuning of cell growth in
the postnatal development parallels the appearance of
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cardiac SNs, together with the effect of neuronal removal
in the adult heart, indicates that neurogenic inputs are
required for both establishing and maintaining correct
myocardial architecture. To address whether such effects
depended on the neuronal modulation of CM proteolysis
(Zaglia et al., 2013), we interfered with the β2-AR/MuRF1
signalling axis without perturbing heart innervation. We
first analysed hearts of normal adult mice upon systemic
delivery of β2-AR modulating drugs, with the rationale

that they would act diffusely on the heart irrespective
of the neuronal topology. Treatment with the β2-AR
antagonist ICI-118-551, which interfered (to the same
extent in all CMs) with activation of β2-AR, resulted in
cardiac atrophic remodelling (HW/BW, control: 4.3 ± 0.3
vs. ICI-118551: 4.0 ± 0.1 mg g–1), which was predominant
in the highly innervated (hence more stimulated) EPI
regions, therefore reducing the differences in cell size
between EPI and ENDO (Fig. 6C and E). Conversely,

Figure 3. Correlation between the topology of the sympathetic neuron network and cardiomyocyte
size distribution in the rodent and human myocardium
A and C, ratio between sympathetic neuron processes (SNPs) and CMs, evaluated in the ENDO (black bars) and
EPI (white bars) regions from the LV wall of the rat (A, left) and rabbit (C, left) hearts. CM cross-sectional areas
were evaluated in the same regions (A and C, right). Error bars indicate the SEM (n = 3 hearts for each group;
∗P < 0.05; ∗∗P < 0.01). B and D, confocal IF analysis on LV sections from rats (B) and rabbits (D), co-stained with
an antibody to TOH and FITC-conjugated wheat germ agglutinin (WGA). Images are details from EPI and ENDO
regions. E and F, confocal IF analysis of human post-mortem neonatal heart specimens, sectioned serially and
stained with either an antibody to TOH (left, green signals) or anti-dystrophin (right, red signals). [Colour figure
can be viewed at wileyonlinelibrary.com]
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the β2-AR agonist, clenbuterol, caused heart hyper-
trophy (HW/BW, control: 4.5 ± 0.2 vs. clenbuterol:
5.5 ± 0.3 mg g–1) to a higher extent in the ENDO CMs,
which grew larger (i.e. area was two-fold that of the EPI
CMs), probably because they were super-sentive to the
β2-AR agonist, thus reversing the pattern of CM size
heterogeneity (Fig. 6F and G). Finally, because β2-ARs
operate on cell size by modulating the ubiquitin ligase
MuRF1, we expected that, in the absence of MuRF1,
regional differences would not be detected. In line with
our hypothesis, MuRF1 KO hearts, which did not show
alterations in sympathetic innervation, displayed hyper-
trophic remodelling of both the ENDO and EPI CMs,
which measured approximately the same size (HW/BW,

control: 4.7 ± 0.5 vs. MuRF1 KO: 5.3 ± 0.3 mg g–1) (Fig.
6F and H).

Local control of CM proteostasis by SNs

Collectively, the cell-selective neuro-cardiac
communication (Prando et al., 2018) and the evidence
that the highly innervated EPI CMs enlarge more than
the ENDO cells via the β2-AR/MuRF1 axis, prompted
us to infer that the more pronounced remodelling of the
former, upon denervation (Fig. 6D), resulted from higher
activation of the atrophic programme. Accordingly, we
used ISH in adult heart sections to assess the expression
pattern of MuRF1 upon cardiac denervation. In line with

Figure 4. 3-D imaging of the neuronal
network in the murine myocardium
A, images of whole left ventricle before
(top) and after tissue clearing (bottom). B,
3-D rendering of the SN network imaged
upon whole-mount IF, with an antibody to
TOH, in a tissue-clarified LV block. C,
maximum intensity projection of
multiphoton image stacks acquired along
400 µm in tissue clarified LV blocks from the
EPI and ENDO regions of the LV of a
α-MyHC-ChR2 mouse heart, stained with
anti-TOH antibody. D, representative single
optical section of a sample processed as in
(C), illustrating the spatial resolution
resolving the neuro-cardiac interactions,
obtained in the clarified myocardial blocks
with two-photon imaging, and used for
quantification of neuronal processes/cell (E)
in EPI (45 CMs, magenta) and ENDO
(45 CMs, cyan) regions. [Colour figure can
be viewed at wileyonlinelibrary.com]
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our hypothesis, 1 day after 6-OH-DA injection, MuRF1
expression was higher in the EPI (Fig. 7A and B) than in
the ENDO. Molecular and biochemical analyses of myo-
cardial extracts from surgically dissected EPI vs. ENDO
regions confirmed that the expression level of MuRF1
was higher in the outer heart layers and was consistently
accompanied by increased ubiquitination of the MuRF1
sarcomeric target, cardiac TnI (Fig. 7C and D).

Altogether, our results indicate that the direct
neuro-cardiac communication takes place in vivo and,
although this finely regulates heart rate in the SAN (Prando
et al., 2018), it shapes myocardial architecture in the
ventricles via constitutive cell-targeted modulation of the
CM proteolytic machinery.

Discussion

The muscular component of the heart walls is made
of multiple consecutive layers of interconnected CMs,
which show, from the inner to the outer wall sides, a
differing size and orientation, as well as a distinctive
ion channel expression profile (Antzelevitch et al., 1991;
Honen & Saint, 2002; Strom et al., 2010; Qu & Robinson,
2004; Kreipke & Birren, 2015). Such a construction is
tailored to achieve optimal efficiency of the pump and
resistance to mechanical stretch generated by cardiac
activity. Although several physiological (e.g. exercise,
pregnancy) and pathological (e.g. hypertension, aortic
stenosis) conditions are known to modulate CM size
via mechanical, metabolic and neuro-hormonal inputs,
hypertrophic growth of the heart does not alter the steady
wall geometry, which remains unchanged throughout
life. We have previously shown that cardiac SNs provide
constitutive trophic input to CMs, which is mediated
by β2-AR-dependent control of the balance between
protein synthesis and degradation, operated by the
ubiquitin/proteasome system and autophagy/lysosome
system (Zaglia et al., 2013). More recently, we have

demonstrated that SNs establish stable contacts with
CMs, restricting neuro-cardiac signalling to the directly
innervated cells. Furthermore, cardiac SNs distribute
within the heart walls with a non-random pattern,
and different heart regions are therefore heterogeneously
innervated. All of these concepts coalesce in the results of
the present study, which demonstrates how the physio-
logical geometry of myocardial walls is shaped by the
topology of the cardiac sympathetic network via local
modulation of the CM proteolytic machinery.

We have recently addressed the physiology of
sympatho-cardiac communication in vivo, by exploiting
the capability of optogenetics to non-invasively control
neuronal activity, using a transgenic mouse expressing
ChR2 selectively in SNs. Combination of optical
actuation with electrophysiological, pharmacological and
morphological assays demonstrated that SNs finely
and efficiently regulate heart rate as a result of the
establishment of junctional sites with SAN CMs, allowing
intercellular communication to occur in a synaptic fashion
(Prando et al., 2018). Although the structural and
ultrastructural features of neuro-cardiac interaction in the
ventricles suggest that such a modality of communication
may also underlie the neurogenic control of contra-
ctility, this hypothesis is not easily addressable in vivo.
To test whether neurons communicate to ventricular
CMs locally, we exploited the effect of SNs on CM
size, which we previously demonstrated to depend on
β2-AR regulation of the heart cell proteostasis, as a
surrogate readout of neuro-cardiac coupling. The density
of the neuronal processes or the total axonal length/tissue
volume have previously been used to infer the degree of
sympathetic activation of the target tissue (Cao et al.,
2000; Li et al., 2004; Ieda et al., 2007). Our finding
that the regional density of SNs positively correlates with
CM size supports the model where the effect of SNs is
confined to the cells in their immediate surroundings. This
is further corroborated by the evidence that transmural

Figure 5. 3-D imaging of the neuronal
network in the human myocardium
Topology of the SN network, reconstructed
with 3-D rendering of 600 images acquired
with a multiphoton microscope along
200 µm, upon whole mount IF in 1 mm3 LV
blocks from the EPI region, stained with
anti-TOH antibody. Images were acquired
with an 18× objective, 1.1 NA, allowing a
large field of view (850 × 850 µm) at high
resolution. Image series were acquired
along the Z-axis, with a step size of 1.5 µm
and processed and analysed with a software
for 3-D rendering (Imaris). [Colour figure
can be viewed at wileyonlinelibrary.com]
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Figure 6. Sympathetic innervation is required to establish and maintain the transmural heterogeneity
in cardiomyocyte size
A, IF analysis of heart sections from P1, P7 and P21 mice stained with an antibody to TOH. Images are details of the
LV lateral wall. The dashed lines indicate the endocardial and the epicardial layers. B, D, E, G and H, ratio between
the cross-sectional areas of EPI vs. ENDO CMs, analysed in (B) heart sections from P1, P7, P21 and 3-month-old
control and denervated mice; (D) untreated controls vs. denervated mice vs. mice undergone caloric restriction; (E
and G) untreated controls vs. mice treated systemically with the β2-AR antagonist ICI 118,551 (E) or the β2-AR
agonist clenbuterol (G); (H) controls vs. MuRF1 KO mice. C and F, heart weight/body weight (HW/BW) relative to
the experimental groups in (D), (E), (G) and (H). In all graphs, bars indicate the SEM (all CMs of the anterior, lateral
and posterior regions of the LV wall were measured, n = 6 hearts for each group; ∗P < 0.05, ∗∗P < 0.01). [Colour
figure can be viewed at wileyonlinelibrary.com]
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heterogeneity in cell size disappears upon neuronal
removal and does not establish whether heart innervation
is prevented, and is also ablated when innervation anatomy
is by-passed by the systemic addition of adrenergic
agonists (Fig. 6). Given that workload, in addition to
neuro-hormonal regulation, is a well appreciated factor
affecting CM size, it could be argued that the EPI vs. ENDO
differences reflect the differential action of mechanical
forces in the two regions. If this were the case, because
sub-endocardial layers are subjected to the highest active
and passive pressures (Hoffman, 1987), ENDO CMs
would be larger than the EPI ones in all mammalian hearts,
independent of the innervation pattern. In addition,

cell size heterogeneity would be maintained upon
sympathectomy, which, under basal conditions, does not
affect workload distribution and myocardial strain (Zaglia
et al., 2013). Thus, our in vitro and ex vivo data support
the notion that, in analogy to the mechanism warranting
acute control of SAN function, the long-term effect of SNs
on ventricular CM trophism is also operated locally.

The overall sympathetic network topology, as delineated
in the present study by multiphoton imaging of
whole-mount IF, is in good agreement with that pre-
viously described in transgenic hearts with SN expression
of EGFP by Freeman et al. (2014). Although such a study
focused on the sub-epicardial LV layers, and investigation

Figure 7. Regional control of cardiomyocyte MuRF1 expression by innervating neurons in the adult
murine myocardium
A, ISH for MuRF1 on heart sections from MuRF1 KO mice, as a control of the probe specificity. A detail of the
LV lateral wall is shown. The black lines highlight the endocardial and epicardial layers. B, ISH for MuRF1 on
heart sections from normal and denervated wild-type adult mice. Images are details of the LV lateral wall. Dashed
lines enclose the reference EPI and ENDO regions. C, MuRF1 expression as evaluated by a quantitative RT-PCR on
extracts from surgically dissected EPI and ENDO regions of normal vs. denervated wild-type hearts. Bars indicate
the SEM (n = 6 samples for each group; ∗∗P < 0.01). D, immunoprecipitation with an anti-cardiac troponin I
(cTnI) antibody on protein extracts from ENDO and EPI regions of denervated mouse hearts. Immunoprecipitated
extracts were blotted for poly-ubiquitin and the total amount of cTnI was used as a normalization control. Input
represent total protein extracts. Experimental groups consisted in pooled EPI and ENDO extracts from n = 12
hearts. The experiments were repeated three times. Bars indicate the SEM (∗P < 0.05). [Colour figure can be
viewed at wileyonlinelibrary.com]
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was limited to the tissue layers in the first 50 µm
from the heart surface, the 3-D reconstruction of axonal
trajectories, branching and orientation was analysed in
detail, yielding information on the general topology of the
cardiac sympathetic tree. Thick epicardial nerve bundles
running over the epicardial surface, such as those evident
in our images (Fig. 4C), turn to invade the myocardial
wall and branch at variable transmural depth into thinner
processes, mostly laying with an orientation parallel to the
CM long axis. As a result, several thin axonal segments,
often interconnected by orthogonal portions, extend
parallel to each other in the interstitial space between CMs
at different tissue depths (Freeman et al., 2014) (Fig. 4C
and D), showing the typical enlargements (i.e. varicosities)
of SNs. The combination of tissue clarification and
multiphoton inspection allowed us to determine the inter-
action between neuronal varicosities and cardiac cells
across a deeper portion of intact myocardium, devoid of
sectioning or processing artefacts (Cao et al., 2000; Li et al.,
2004; Ieda et al., 2007; Muhlfeld, 2010; Yokoyama & Lee,
2017). Furthermore, imaging of a large surface area of the
specimen, from corresponding epicardial and endocardial
sides, was used to quantitate sympathetic innervation
in the respective regions. Interestingly, segmentation of
the analysis on single myocardial cells showed that each
CM may be in contact with multiple varicosities, from
the same or different neuronal processes, which typically
encompass more than one cell. This is in accordance
with the interpretation that such displacement of neurons
would enable co-ordinated signalling to multiple cells
in laterally adjoining regions. Remarkably, although we
found only rare CMs lacking neuronal contacts, the larger
EPI CMs interacted, on average, with more processes than
the smaller ENDO ones, suggesting that cell size may
reflect the cumulative neuronal input received by a given
cell in the tissue. Whether trophic neuronal signalling
to CM is accomplished solely at the NCJ, and how the
activation of a limited portion of the CM membrane
results in the regulation of a cell-wide effect, is beyond the
scope of the present study and remains to be determined.
Given that CMs normally have two/three nuclei localized
distally from the cell membrane, transcriptional effects,
including the regulation of atrogenes (e.g. MuRF1), are
probably not operated as they are in skeletal myocytes
via selective signalling from the neuromuscular junction
to the nearest myofibre nucleus (Gramolini et al., 1997;
Schaeffer et al., 2001).

The molecular and biophysical mechanisms underlying
the in-cell integration of multiple neuronal inputs
are currently unresolved, and will be investigated
in future research. When applied to the physiology
of neurogenic β-AR/cAMP signalling, however, the
unequivocal finding that, in the intact myocardial tissue,
neurotransmitter releasing sites in SNs are quite regularly

spaced along the CM membrane merits some speculation.
Research supporting the existence of neuro-cardiac
synapses has revealed that the molecular elements of the
β-AR/cAMP/protein kinase A (PKA) signalling pathway
are tethered to the CM post-junctional membrane
in correspondence with the neuronal varicosity/CM
interface (Shcherbakova et al., 2007). In addition, our
data showed that active SNs function as point-sources
of NE, which consistently activate cAMP generation
from the corresponding junctional membrane portion.
Previously, it was reported that free diffusion of cAMP in
the cellular matrix is restricted both through degradation
by phosphodiesterases (Jurevicius & Fischmeister, 1996;
Perry et al., 2002; Zaccolo & Pozzan, 2002; Mongillo
et al., 2004), as well as by physical barriers created by the
tortuous CM ultrastructure, including the positioning
of mitochondria and sarcomeres (Agarwal et al., 2016;
Richards et al., 2016). The obvious implication of
confined subcellular cAMP signalling is that rapid
and simultaneous cAMP/PKA-dependent effects (e.g.
‘inotropic’ phosphorylation of sarcomeric targets such as
TnI) would hardly be achieved in the entire CM volume by
spatially limited second messenger domains. Remarkably,
the regular extracellular displacement of release zones
(as shown in the present study) at extracellular sites
mirroring the regular and ‘modular’ CM cytoarchitecture
(sarcomere Z-Z repeats, SR, T-tubuli) would provide
the foundation for simultaneous activation of multiple
localized pools of β-ARs upon neuronal NE discharge.
Such an arrangement would overcome the need for intra-
cellular diffusion of cAMP or its voluminous downstream
effectors (i.e. PKA) over a long distance, at the same
time as allowing precise signalling control, fast on-off
kinetics and minimal energy expenditure, all of which are
desirable properties in the sympathetic control of heart.

The data obtained in the present study offer a new
viewpoint on cardiac physiology, showing the effect of
sympathetic innervation on the structural modulation
of the otherwise homogenous myocardium. Given that
alterations in the topology of cardiac sympathetic
innervation have been recognized in the pathophysiology
of ageing (Myles et al., 2012) and are common features
of several cardiovascular disorders, associated with either
heart dysinnervation (e.g. heart failure, diabetes) or
denervation (e.g. heart transplantation), our results
will potentially have implications for cardiovascular
pharmacology and pathophysiology.

In conclusion, although the ‘heart’ shape is widely
recognized as an icon of affection and romantic love,
in the present study we demonstrate that autonomic
neurons (in the metaphor, descending from the brain,
emblem of rationalism and thoughtful feelings) regulate
the structure of its basic components and thereby its size
and architecture.
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