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Abstract

Sections

The heart adapts to changing physiological demands through
bidirectional interactions with the brain. These are mediated via
extensive feedback loops of the cardiac autonomic nervous system,
acomplex network of neurons and glial cells. Although the presence

of gliainthe heart and its nervous system has been known for

decades, only recently has an understanding of their contribution to
cardiac physiology and pathophysiology emerged. As new types of
cardiac gliaare discovered, it becomes evident that they represent
heterogeneous cell populations in distinct anatomical locations of the
cardiac nervous system, contributing not only to autonomic control of

the healthy heart but also to pathological changesin the diseased heart.
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Introduction

Initially introduced in the brain in the mid-nineteenth century by the
pathologist Rudolf Virchow, the term ‘glia’ originates from the Greek
word for ‘glue”’. These cells are now accepted to be more than glue; the
myelination of axons by glial cells in the peripheral nervous system
(PNS) is considered one of the major steps in vertebrate evolution®. The
term‘glia’isanumbrella term for numerous heterogeneous types of cell
found all across the central, peripheral and enteric nervous systems®>.
Glia have long been renowned for their well-established core func-
tions: supporting neuronal survival and homeostasis; contributing to
nervous system development and synaptogenesis; providing energy
support to axons®; and, importantly, supporting reinnervation after
peripheral nerveinjury’®. However, recent studies have revealed new,
organ-specific functions of peripheral glia, such as sensory processing
of painand touchinthe skin’", intestinal homeostasis and immune reg-
ulationin the enteric nervous system'>"*, and modulation of autonomic
control of the heartbeat™ ¢,

Glia in the heart were first described more than 50 years ago in
electron microscopy studies in rodents'”"® and humans'®%, but char-
acterization of the non-myocyte cardiac cell composition has long
focused on its major populations, including fibroblasts, endothe-
lial cells and immune cells?**. Nowadays, state-of-the-art transcrip-
tomicapproachesallow us to explore the cellular landscape of the heart

in greater detail, highlighting the presence of functionally important
but rarer cell types such as neurons and glia, which are often found
in close association with each other*? (Fig. 1). Although the role of
the autonomic nervous system for modulation of cardiac rhythm
and function is well established and subject to investigation in health
and disease®?”, its neurons have traditionally been the focus rather
than their glial counterparts. Recent studies are now providing more
insights into glia of the heart and its nervous system, and specific
functional roles are starting to emerge, such as regulation of cardiac
nerve development™*°, release of neurotrophic factors by glial cells
upon neuronal injury in the heart", interaction with cardiac innerva-
tion to regulate the heart rate'® and, potentially, even contribution to
rhythmogenesis modulated via signalling molecules”.

This Review explores the roles of different types of glial cell as an
integral part of the cardiac nervous system and their physiological
impact on cardiacautonomic control. We further discuss their involve-
mentin cardiacarrhythmias, investigate potential clinical applications
and assess open questions, such as the emergingrole of gliain cardiac
repair processes.

The intracardiac nervous system and its glial cells
Theheartisarichlyinnervated organthatis connected toandinteracts
with the brain via sympathetic and parasympathetic efferents and
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Fig.1| The little brain of the heart’. a, The intracardiac nervous systemis
composed of predominantly cholinergic ganglia organized into ganglionated
plexi (GP). Most ganglionated plexi are located in the fat tissue surrounding the
atria (epicardial fat) near the pulmonary veins (PV). The position of these central
intracardiac relay stations on the posterior side of the heart is indicated (yellow
asterisks). b, Different types of glial cells are associated with cardiac innervation —
for example, satellite glia surrounding neuronal somain anintracardiac ganglion
(inset), and non-myelinating Schwann cells that ensheath intracardiac nerve
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fibres. These fibres provide postganglionic input to the working myocardium by
releasing neurotransmitters from synapse-like varicosities. ¢, Immunohistological
staining of ahuman intracardiac ganglion. Satellite glia, marked by expression

of the glial marker S100 calcium-binding protein B (SI00B) (green; labelled with
white arrows in magnification (right panel)), surround cholinergic neuronal soma,
marked by choline acetyltransferase (ChAT) (red). Part ¢ modified with permission
fromref.14, AAAS.
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Fig.2|Glia of the cardiac autonomic nervous
system. Different types of glial cell (yellow),
associated with neuronal soma and nerve fibres
(red), are present throughout the whole CNS and
peripheral nervous system (PNS), including key
regions for cardiac autonomic regulation. The
dorsal motor nucleus and the nucleus ambiguus
(the origin of parasympathetic preganglionic fibres)
and the nucleus tractus solitarius (integration of
afferentinput) are located in the medulla oblongata
of the brainstem (upper panel). The stellate ganglia
are part of the sympathetic trunk and mediate
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along postganglionic fibres; satellite glia within
intracardiac ganglia; terminal glia at the neuro-
cardiacjunction; and specialized, cardiac-specific
gliasuch as astrocyte-like cellsin the outflow tract
(major vessels transporting blood to the pulmonary
and systemic circulation) and aninterstitial network
between pacemaker cells of the sinoatrial node (SAN)
(bottom panel). The SANis located on the posterior
side, as are most intracardiac ganglia. *The presence
of myelinating Schwann cells has been demonstrated
in the human but not the mouse heart**.
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sensory afferents®®*' (Fig. 2). As is characteristic for the PNS, sympa-
thetic neuronal soma are assorted into ganglia that are located away
from the target organ within the sympathetic chain, whereas para-
sympathetic neuronal soma are located in ganglia in close proximity
to the target organ. The number of these — predominantly, but not
exclusively — cholinergic neurons in the adult human heart is only
around 43,000 cells assorted into 700-1,500 ganglia®’. Accumulations
ofthese ganglia, so-called ganglionated plexi, are often described asthe
‘little brain of the heart’ and located primarily within atrial epicardial
fat tissue (Fig. 1a), whereas few are found on the ventricular level and
in the myocardium®*, In general, the autonomic nervous system is
essential for maintaining physiological functions of the heart**%,
whereas the intracardiac nervous system acts as a functional relay

station to convey signals from the brain and via the large and small
axons innervating the atrial and ventricular conduction system and
working myocardium?-*¢%,

The importance of glia in the heart was recently highlighted
by findings from the Human Heart Cell Atlas**. In this extensive
single-cell transcriptomic analysis of human cardiac cell types, the
first version annotated a cluster consisting of neuronal cells*. This
interpretation was recently revised, finding that cells in this cluster
lack core neuronal genes and instead express typical pan-glial genes'*,
The ‘neuronal cell cluster’ is now considered to represent exclusively
different populations of glial cells*, a finding consistent with the car-
diacregions fromwhich the samples were obtained, where gliawould
be expected but no neuronal soma: although glial cells canbe foundin
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cardiac ganglia (Figs.1and 2), they are mostly surrounding larger and
smaller nerve fibres and bundles and are found between cardiomyo-
cytes, where they are associated with the delicate autonomic nerve
fibres that innervate the myocardium''**%, In the following sections,
we summarize and examine the different glial cell types in the heart
and its nervous system. These can be categorized by their anatomic
location — central, peripheral and intrinsic cardiac components — as
well as the specific type of glial cell, as visualized in Fig. 2.

Myelinating Schwann cells

Probably the best-known type of peripheral glial cell is the myelinat-
ing Schwann cell. These cells fill the niche of oligodendrocytes from
the CNS, providing insulation of axons for improved electrical con-
duction — one of the key concepts in neurophysiology’. Myelinating
Schwann cells are in constant communication with the axon they
ensheath and are essential for axonal integrity”. Although they are
highly relevant for proper electrical conduction in the large nerve
fibres from the brain to the heart (Fig. 2), within the human heart
itself myelinating Schwann cells are found only unevenly distributed
withinintracardiac nerves”***°, In general, cardiac nerve fascicles have
been found to contain small unmyelinated (approximately 1.5 pm) and
larger myelinated (approximately 2.6 pm) axons that are individually
wrapped by Schwann cells separating them from neighbouring den-
dritic processes and surrounded by a collagen matrix®. Of note, inthe
mouse heart only non-myelinating Schwann cells have been described
todate'®*** (also see literature overview in Table 1), indicating potential
species-related differences. Given that axon calibreis a primary deter-
minant of myelination*?, the absence of myelinated axons in the mouse
heart might be attributed to the size of the axons present. This differsin
rats, where myelinating Schwann cells were shown to be presentinthe
heart**** The ratio of myelinated to unmyelinated fibresin the epicar-
diumisapproximately 1:10 (ref. 43), but arecent transcriptomic study
of the rat heart found that the majority of myelinating Schwann cells
areactually located in the myocardial sleeves of the pulmonary veins
and insinus and atrioventricular nodes**.

Non-myelinating Schwann cells
All other forms of peripheral glia are considered non-myelinating
Schwann cells with functions far more diverse than those of their myeli-
nating counterparts. Although often collectively only referred to as
non-myelinating Schwann cells, these cells can be distinguished into
several types that differ anatomically, morphologically and function-
ally, as recently summed up by Reed et al. for the whole PNS*. In the fol-
lowing sections, we will be focusing on those types of non-myelinating
Schwann cells which have been observed in the heart and its nervous
system. These include satellite glia, Remak Schwann cells, terminal
(also perisynaptic) Schwann cells, which are depicted in Fig. 2, and
cardiac-specific types addressed only in individual studies to date.
Asinall other peripheral ganglia, satellite glia — a specialized sub-
type of gliawrapping around neuronal cellbodies — are presentin the
atrial intracardiac ganglia of mouse and human hearts**! (as shown by
theimmunohistological staininginFig.1c). They are commonly marked
by expression of anti-brain fatty acid-binding protein (B-FABP; also
known as FABP7?) (see Fig. 3 for an overview of commonly used mark-
ers). Satellite glia provide nutrients to ‘their’ neuron, but they also have
specificroles depending onthe need of the neurons they are associated
with**¢, Although there s little information on the role of satellite glia,
specifically inintracardiac ganglia, it has been suggested that they are
important for establishing cholinergicinnervation of the heart*. Thisis

supported by the fact that parasympathetic neurons also derive from
Schwann cell precursor cells during development*’*%, a phenomenon
which hasnotbeenstudiedin the adult cardiac nervous system to date.

Remak Schwann cells are a type of non-myelinating Schwann cell
ofthe PNS ensheathing small-calibre axons, such as slowly conducting
group C-type fibre axons, including sensory and autonomic axons,
forming so-called Remak fibres. They fulfil the role of myelinating
Schwann cells in larger axons, and are in general smaller than their
myelinating counterparts but make up a greater percentage**’. Of
note, they still share markers with Schwann cell precursor cells and,
besides ensheathing axonsin the healthy state, they have the ability to
react to nerve injury by adaption to a repair phenotype, which is dis-
cussed below®. Inthe heart, dataon these cellsand their role are sparse,
butgenetic depletion of Remak cells (marked by periostin expression)
during development was shown to lead to reduced sympathetic car-
diac nerve fibre fasciculation (the process of bundling of axons from
different neurons to form large nerves) in mice®. This indicates that
cardiac Remak Schwann cells contribute to the maturation of cardiac
innervation during development.

Terminal Schwann cells, also named perisynaptic glia*’, are very
well studied at the neuromuscular junction of the skeletal muscle,
where a large body of evidence points towards a role of these cells
in synaptic transmission®>". The concept of the tripartite synapse —
the interaction of a presynaptic neuron, a postsynaptic target and a
terminal glial cell — was initially used for astrocytes in the brain, later
adaptedtothe neuromuscularjunction and recently also proposed for
the heart®. Itis very likely that there are functional similarities between
terminal glia at the neuro-cardiac junction (also called the cardiac
neuroeffector junction®’) and the neuromuscular junction, where their
main functionis to release chemicals and neurotrophic factors***. One
specific example for aregulatory neuro-glial feedback loop that could
alsoberelevantinthe heartis the release of neuregulin1from axons of
the neuromuscular junction upon release of the neurotrophic factors
BDNF and GDNF by terminal Schwann cells®. Neuregulin1— originally
termed ‘glial growth factor’ — is expressed by central and peripheral
neurons and is key to Schwann cells and their precursors, as it pro-
motes growth, survival, migration, differentiation and myelination®®.
Of note, neuregulinsignalling is alsoimportantin heart development
and cardiac remodelling®”*,

With organ-specific glia, for example in the skin and the gut®,
itis not surprising that new types of (non-myelinating) glia are also
being discovered in the heart. Specifically, glia with a morphology
resembling astrocytes (specific for the CNS) and expressing markers
typically found in astrocytes (such as glial fibrillary acidic protein
(GFAP)) were recently described for the first time". These cells, termed
nexusglia, were functionally characterized inthe cardiac outflow tract,
theregion where blood leaves the ventricles, but transgenic evidence
from this study suggests the presence of similar populations in other
areas of the heart as well”. Experimental evidence in the zebrafish heart
indicates that they delay axonal outgrowth in early developmental
stages®. Additionally, they have been shown to regulate the heart rate
byinteracting with sympathetic and parasympatheticinnervation, as
their depletionin zebrafish abolishes the chronotropic effects of sym-
pathetic and parasympathetic agonists®. Also recently, another new
type of non-myelinating glial cell was discovered in the sinoatrial node
(SAN), potentially contributing to the generation of every single heart-
beat: aninterstitial web of gliaislocated between pacemaker cellsand
was shown to interact with different cell types, including autonomic
neurons and the conduction system, forming an anatomical unit®.
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Table 1| Morphological, transcriptional and functional studies on intracardiac glia in mice and men

Year Type of glial cell Location in the heart Main finding on glial cells Type of study Species Ref.
1969 Non-myelinating Atrial and ventricular Nerve bundles of the atria and Morphological Mouse 18
Schwann cells myocardium ventricles are partially ensheathed
by non-myelinating Schwann cells
1970 Non-myelinating Atrioventricular node The atrioventricular node contains Morphological Mouse 38
Schwann cells non-myelinating Schwann cells
1970 Schwann cells Ventricular myocardium The axonal varicosity is sheathed by Morphological Human 19
(not further classified) a thin layer of Schwann cell cytoplasm
1997 Myelinating and Atrial and ventricular In the human heart, myelinating Morphological Human 21
non-myelinating intracardiac ganglia and non-myelinating Schwann cells
Schwann cells ensheath axons and satellite glia in
cardiac ganglia
2000 Myelinating and Atrial and ventricular epicardial ~ The authors characterize, in detail, Morphological Human 39
non-myelinating nerve fibres nerve fibres and bundles of the heart
Schwann cells and their association with myelinating
and non-myelinating Schwann cells
2012 Satellite glia, Intracardiac ganglia, atria, Satellite glia and Schwann cells® in Morphological Mouse 4
Schwann cells (not atrioventricular node, SAN, intracardiac ganglia are present in
further classified) ventricles embryonic development, suggesting
arole for development of cardiac
innervation
2014 Non-myelinating SAN Non-myelinating Schwann cells Morphological Mouse 123
Schwann cells incompletely envelop fibres in the SAN
2018 Schwann cells (not Ventricular myocardium The murine ventricles contain a Transcriptional Mouse 24
further classified) relatively homogeneous population
of Schwann cells®
2019 Cardiac glia (not Whole hearts, intracardiac Glia (satellite glia and Schwann cells) Functional Mouse 14
further classified), ganglia, atrial myocardium, accompany every nervous structure Morphological Human
intracardiac intracardiac nerve fibres in the heart, releasing neurotrophic
satellite glia factors upon myocardial neuronal
damage, which modulates neuronal
activity and outgrowth in vitro
2020 Schwann cells (not Right and left atrium, right and The authors used MBP, PRX and MPZ Transcriptional Human 25
further classified) left ventricle, septum and apex to define Schwann cells® within the
neuronal subcluster
2021 Remak Schwann cells  Whole heart Remak Schwann cells in the heart Functional Mouse 30
contribute to nerve fasciculation Morphological
during postnatal development
2021 Nexus glia Outflow tract, ventricular A cardiac-specific astrocyte-like Functional Mouse 15
(novel term) myocardium subtype (nexus glia) located in Morphological Human
the outflow tract interacts with )
. . Zebrafish
sympathetic and parasympathetic
function
2022 Glia (not further SAN A cardiac-specific web of glial cells Functional Mouse 16
classified) in the SAN contributes to calcium Morphological
signalling and initiation of the
heartbeat
2023 Schwann cells Right and left atrium, right and The neuronal subcluster from Transcriptional Human 26
left ventricle, septum and apex,  Litvifukova et al.® was revised as glial
SAN, atrioventricular node due to expression of pan-glial markers
2024 Schwann cells (not Atrial and ventricular A reduction in the number of Functional Mouse 93

further classified)

myocardium, conduction
system

Schwann cells® (and nerve fibres)
and a higher susceptibility to
ventricular arrhythmias are
detectable in ageing hearts

Morphological

MBP, myelin basic protein; SAN, sinoatrial node. °Not differentiated into myelinating and non-myelinating Schwann cells.

These cells express GFAP, but also S100 calcium-binding protein B
(S100B), acommon —but not exclusive —marker for central and periph-
eralglial cells*’. Of note, different kinds of glia also release SI00B, which
has various functions such as neurotrophic activity*, modulation of

neuronal activity'®° and calcium-binding properties®*®. The latter
might be the reason why the glial network in the SAN generates and
processes calciumoscillations, leading toincreases in variability of the
heart rate and cycle length upon treatment with SI00B. Even though
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the underlying mechanisms are still unresolved, this study indicates
that a specific type of glial cells in the sinus node might contribute to
thelocal calcium oscillations that initiate each heartbeat, potentially
contributing tostability of the heart rhythm'. Of note, the authors also
discovered a different ‘glia-like’ cell population in the SAN associated
with pacemaker cells and other cell types. These cells express SI00B,
but not GFAP, and some of them appear to have vesicles which are
secreted into the interstitial space’®, again indicating a modulation
of SAN function.

These findings underscore the existence of diverse intracardiac
glial subtypes with distinct functions, many of which remain to be fully
characterized. Table 1 sums up all studies since their first description
55 yearsago. ltbecomes evident that there is afocus on morphological
studiesinthehealthy heart, and functional dataindicate that gliahave a
roleinnerve development and neuronal-myocardial signal processing.
Figure 4 sums up the current understanding of functional insightsinto
intracardiacgliaand theirinteraction with cardiac neurons. The under-
lying mechanisms and pathways, but also functions specific to certain
subtypes, need further study. However, there are technical limitations
when studying cardiac glia: they make up only a small proportion of
the cells in the heart and to date there are no markers to distinguish
intracardiac glial cells from other peripheral glia.

Physiological roles of peripheral (extracardiac)
gliain the heart

Heart rate, rhythm and function are constantly modulated by the dif-
ferent branches of the autonomic nervous system: sympathetic and
parasympathetic efferents and sensory afferents transmit communica-
tion between the brain and the heart™** (Fig. 2). Ingeneral, functions of
satellite gliainsympathetic and sensory gangliaare better studied than
inparasympathetic gangliaandinclude contributions to pain sensation,
synaptic transmission and metabolism*®*. They provide metabolic and
trophicsupportfor neurons, buffer extracellular fluid viaexpression of
potassium channels, control the microenvironment of the associated
neuron, promote synapse formation and influence neurotransmitter
synthesis®**®. As one of the key centres for mediating sympathetic
input to the heart, there is now also growing evidence that satellite
gliain the stellate ganglia (Fig. 2) can also modulate cardiovascular
function. Notably, these glia are not homogeneous but, rather, consist
of several different subpopulations with the potential for dynamic

adaptations to changes in the neuronal requirements®. Two of these
populations, described by van Weperen et al., make up more than half
ofthe cells and express genes associated with mature astrocytes such
as GFAPY. Interestingly, a study in rodents has shown that increased
activity of GFAP-expressing glia in sympathetic ganglia leads to sub-
sequent increases in the heart rate and left ventricular contractility
(ejection fraction and fraction shortening)®®. This indicates a potential
function for these cells in cardiac control, but it must be considered
that the authors used DREADD (designer receptor exclusively acti-
vated by designer drugs) technology, resulting ina non-physiological
depolarization of gliain response to a designer drug to increase their
activity®®. The authors hypothesize that the subsequent effects are
mediated by sympathetic neurons, as they are accompanied by an
increased release of norepinephrine from cardiac sympathetic fibres
and subsequent B,-adrenergic receptor activation in the heart®®, This
might indicate that glia are acting hand in hand with their neuronal
teammates. Mechanistically, there are also growing data that satellite
glia contribute to local cholinergic regulatory circuits within sympa-
thetic ganglia® and regulate firing rates of sympathetic neurons®. As
autonomic neurons of the different branches of the autonomic nervous
system differ regarding neurotransmitters and protein expression®?,
the same can be expected for glial cells, especially given their high level
of heterogeneity. Importantly, although satellite glia are presentin all
peripheral ganglia, gene expression patterns of sensory ganglia-specific
and sympathetic ganglia-specific satellite glia have been reported to
differ according to the needs of their respective neurons®. Also, the
constitution of glia differs: Schwann cells are scarce in sympathetic
ganglia compared with sensory ganglia®.

Taken together, these findings show that glia of the extracardiac
autonomic nervous system do not represent one unique population
but show different phenotypes depending on the neurons they are
associated with, and have the potential to modulate cardiac function.

Physiological effects of central glia on the heart

Key centres for central regulation of cardiac autonomic control are
located in the brainstem (pons, medulla oblongata)®. In particular, the
role of motor neurons of the nucleus tractus solitarii (NTS), an affer-
entintegration station for cardiovascular reflexes, is well established.
But the CNS consists in equal proportions of neurons and glia®’, the
latter presenting not one but several different types of cell such as, in

Nature Reviews Neuroscience


http://www.nature.com/nrn

Review article

decreasing order, astrocytes, oligodendrocytes and microgliamaking
up the biggest populations®’°. Astrocytes have been shown to con-
tribute to numerous functions in the brain from metabolic support
to altering neuronal activity®. Thus, it is not unexpected that there
is evidence that astrocytes in the NTS contribute to cardio-neuronal
reflex control””2. Damage of NTS astrocytes — with intact neurons —
was shown to lead to an attenuation of key elements of haemo-
dynamic homeostasis such as the baroreflex, chemoreflex and von
Bezold-Jarisch reflex’. The extent of these effects is comparable with
theresults of damage to neurons of the NTS themselves, demonstrating
animportantrole of central gliain the physiology of cardiac autonomic
control. Thisis further strengthened by the fact that astrocytes of the
NTS alsoreact to changes in autonomic input. Dissection of the vagal
nerve and subsequent removal of afferent input leads to differences
in not only astrocyte morphology but also microglial morphology,
number and activation™. Vice versa, stimulation of the vagal nerve
toincrease its activity induces the release of adenosine triphosphate
from NTS astrocytes, which then subsequently modulates sensitivity
of the baroreflex via purinergic receptor signalling”. These datashow
thatglial cells of the CNS contribute to cardiac reflex control and react
to autonomic stimulation.

Glia in pathophysiology

Cardiacarrhythmias are associated with remodelling of the autonomic
nervous system, suchas anincrease insympathetic tone and adecrease
in parasympathetic tone, induced by physiological (for example,
ageing’®) and pathophysiological (for example, hypertension”, heart
failure®*’®, myocardial infarction’, diabetes®*®") changes. Neuronal
remodelling is well known to take place on all levels of cardiac auto-
nomicinnervation but, more recently, similar findings have been eluci-
datingglial cells in the context of arrhythmias, which will be discussed
inthe following.

Inthe CNS, astrocytes have been described to undergo morpho-
logical and molecular remodelling, a process called ‘reactive astro-
gliosis’, inresponse to pathological conditions®. This process includes
changes in shape, size (hypertrophy) or number of glial cells and,
interestingly, upregulation of GFAP expressionisits most widely used
marker®. Astrocytes lose some functions (for example, for homeo-
stasis) and gain others (for example, neuroprotective), which can be
beneficial or harmful for the specific disease depending on the specific
changes®. Although acutely neuroprotective, this state might also
negatively regulate neuronal plasticity®*®*. In the PNS, glial remodelling
andincreased glial activity canalsobe induced by pathophysiological
changes. Astrogliosis has been shown to be pro-arrhythmic in several
studies: inautonomic control centresin the CNS, damage of NTS astro-
cytes without neuronal damage leads to various rhythm disorders;
ventricular arrhythmias (extrasystoles and runs), but also bradycardia,
asystole and sudden death”. Increased glial activity in the paraventricu-
lar nucleus of the hypothalamus — one of the central control regions
for sympathetic activity — has been shown to accompany anincrease
in ventricular arrhythmias after myocardial infarction®. Chemical
inhibition of glial activity in this region also reduces arrhythmias and
improves ventricular electrical stability®. Thisindicates thatincreased
glial activity contributes to the pathological increase in sympathetic
tone that contributes to the generation of arrhythmias.

Activation of satellite glial cells, along with increases in GFAP
expression, inflammation and oxidative stress, is present in the stel-
late ganglia — one of the key relay stations of the sympathetic nervous
system — of patients with ventricular arrhythmias compared with

individuals with healthy hearts®. This reactive state was also induc-
ible by myocardial infarction in the stellate ganglia and dorsal root
ganglia in experimental models¥. Interestingly, this can be counter-
acted by chronic vagal stimulation. This not only stabilizes electrical
heterogeneity in vivo by normalizing myocardial repolarization, and
reducesthe potential for ventricular arrhythmias, butalso suppresses
satellite glial activation®. As mentioned earlier, the DREADD-mediated
increasein activity of GFAP-expressing satellite gliain genetically modi-
fied mice leads to an increased noradrenaline release in the heart®®.
Importantly, this study indicates that the increased activity of these
specificglial populationis not only areactionto the pathophysiological
processesinthe heart, but actively contributes to them by increasing
sympathetic tone.

Other typical cardiac comorbidities that are associated with
increased sympathetic tone, such as diabetes, are also often found
to accompany pathological changes in satellite glial cells of the stel-
late ganglia®®*®. Indeed, experimental studies have shown increased
expression and activity of purinergic receptors in diabetic rats®.
Although therole of purinergic receptorsin this contextstillhastobe
studiedindetail, reducing their expression leads to decreasesinblood
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Fig.4 | Currentunderstanding of the functional roles of intracardiac glial
cellsand theirinteractions with neurons. a, In the healthy heart, different types
of glial cell interact with neuronal soma and fibres and contribute to various
functions. b, Inthe injured heart, intracardiac neuronal damage (for example,
duetolocal denervation) leads to the release of neurotrophic factors from
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pressure, heart rate and heart rate variability as well as sympathetic
nerve activity®®*, again connecting glial activity and a pathological
increase in sympathetic tone.

Eventhoughintracardiac gliahave beenstudied to alesser extent,
ithasbeen shown thatremoving the astrocyte-like gliafromthe heart
leadsto ventricular tachycardia and ventricular fibrillation inzebrafish,
suggesting that their disruptionis pro-arrhythmic. This effectis poten-
tially mediated via their interaction with sympathetic and parasym-
pathetic autonomicinnervation®. Butit should also be noted that the
cardiac outflow tract, where these cells are located, is a clinically rel-
evant origin for cardiacarrhythmias in the structurally healthy heart®
and that neural crest-derived cells play an essential role in the forma-
tion of the outflow tract during embryonic development®, potentially
contributing to the predisposition to arrhythmias®™.

In the ageing heart, an increase in susceptibility to ventricular
arrhythmiasin vitro was observed together with areduced number of
Schwann cells and decreased autonomic innervation®. Interestingly,
the restoration of intracardiac innervation with senolytics abolishes
ventricular arrhythmias in aged mice’™. Glia were not analysed in this
study, soit remains unclear whether glial and nerve reduction go hand
in hand or one entails the other, but as the role of peripheral glia in
nerve regeneration has long been known®*, their function in ageing is
also starting to emerge”.

In addition, it was shown that cardiac glia release the neuro-
trophic factor SI00B upon damage of intracardiac innervation in
patients with atrial arrhythmias'. S100B is taken up by intracardiac
neuronsinvitro, probably via the receptor of advanced glycosylation
end products (RAGE), and increases neurite growth'. Whether this
uptake mechanism and its effects on neurite growth are definitively
mediated by RAGE in this context remains an area for further inves-
tigation. Also, whether this potentially contributes to an increase in
axonal sprouting in vivo, which is a pro-arrhythmic substrate®, still
needs to be determined. Of note, S1I00B also functionally modulates
electrophysiological properties of parasympathetic neurons and the
sinus node itself, but not the atrial working myocardium'*'®. Another
study has shown directly that glial cells can modulate the density of
cardiacinnervation and arrhythmia susceptibility: transplantation of
Schwann cells isolated from the sciatic nerve led to an increase in the
intracardiac parasympathetic/sympathetic nerve fibre ratio in a rat
model of myocardial infarction”. This was accompanied by changes
infunctional parameters of cardiacinnervation (heart rate variability)
andadecreasein susceptibility to ventricular arrhythmias. Even though
itremains unclear to whatextent Schwann cells from the sciatic nerve
resemble intracardiac glia, this indicates that glial cells could be
apotential therapeutic target for treatment of cardiac arrhythmias.

Clinical applications for cardiac glia

The intracardiac nervous system is clinically highly relevant and
addressed intranslational and clinical approaches to treat atrial fibril-
lation, vasovagal syncope and other entities’. The fact that intracar-
diac gliaactas afirst responder to intracardiac nerve damage with
the acute release of SI00B, which can be measured in the blood™**’,
gives rise to diagnostic applications of glial cells. In patients under-
going catheter-based interventions for the treatment of atrial fibril-
lation, SI00B was recently established as a surrogate marker for
neuro-cardiac damage'*?*'°°, Several groups have compared the extent
of neuro-cardiac damage with thermal and novel non-thermal energy
forms that are used for the treatment of atrial fibrillation (see Table 2
for an overview of clinical studies)'° ', Even though glia in the heart

clearly express and release S1I00B", astrocytes in the brain are one of
itslargest sources and S1I00B has also been used as asurrogate for the
detection of central neuronal damage'®*'°°. As a consequence, the
application of glialblood-based measurements should be accompanied
by appropriate controls and functional testing.

Interestingly, the glial growth factor neuregulin1hasbeen tested
for patients with heart failure in several clinical trials (phases I-1II; see
Table 2 for details)'*”'°%, Intravenous treatment with different recom-
binant forms of neuregulin 1 was found to improve left ventricular
function. Although a temporary reduction of nearly 50% in serum
noradrenaline was found in one study'*®, the impact of glia and cardiac
innervation has unfortunately not been studied in this context.

Currently, clinical translationis still limited, but these studies high-
light that there might be afuture diagnostic and therapeutic potential
for glial cells in cardiovascular disease. Whether or how glia can be
used for autonomic neuromodulationin cardiac pathologies remains
asubject for further studies.

Future directions — repair glia?

Oneofthe most notable facts on the PNSisits intrinsic ability for regen-
erationafter nerveinjury, whichis assisted by glial cells'”’. In the heart,
reinnervation after injury (also known as nerve sprouting) hasbeena
well-established phenomenon for decades, which is clinically highly
important as it is a potential pro-arrhythmic mechanism’*">™, The
presence of Schwann cells together with sprouting nerve fibres has
been described in human hearts from patients with arrhythmias'?.
Of note, GAP43, a protein which is upregulated in Schwann cells in
the absence of axons, has been used in several studies to characterize
the sprouting of nerves in the canine heart, indicating that glia might
be present in cardiac nerve regeneration*>""* The release of neu-
rotrophic factors by glial cells is probably an important underlying
mechanism for this'*. Open questions are currently remaining, such as
whether repair Schwann cells (arepair phenotype that myelinating as
well non-myelinating Schwann cells can redifferentiate into***') play
aroleinthe heart. As terminal glia in the neuromuscular junction are
also able to assume this repair phenotype'>"'*'”, the same could hold
true for glia at the neuro-cardiacjunction, but the role of repair gliain
the heart after injury, such as myocardial infarction, remains unclear
to date and warrants further exploration.

The heart and its glia — methodological
challenges and gaps in knowledge

Cardiac autonomic innervation is affected in many cardiac
pathologies"®, as well in physiological processes such as ageing’.
With current knowledge, it remains unclear whether glial cells play
an active role in these conditions or are just passive bystanders. To
elucidate this, a deepened knowledge of intracardiac and extracar-
diacgliais needed. State-of-the-art techniques such as single-cellRNA
sequencing have been performed on extracardiac glia in the stellate
ganglia®™, but not onintracardiac gliaspecifically. Although glia have
been detected from cardiac tissue in RNA sequencing studies in mouse
and men®?°, they do make up a very small population of the total cell
composition, which may result in their overall transcriptome not
being fully captured. Enrichment of cells via cell sorting would there-
fore be recommended. Chemogenetic approaches such as DREADD
technology®®'*° and optogenetic modulation'” of cardiac autonomic
innervation have already been shown to be helpful in uncovering first
autonomic neuro(-glial) pathways and mechanisms in cardiac control.
Butthey are currently limited by alack of specificity for cardiac glia, as
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Table 2 | Diagnostic and therapeutic clinical studies on glial cell and glial-derived factors

Application Typeofstudy Study identifier Condition Study Patients End-points Publication
treatment year (ref.)
Diagnostic ~ Observational NCT03388333 Arrhythmias  NA n=153 patients S100B release for 2019 ()
undergoing ablation intracardiac neuronal
of atrial fibrillation damage, heart rate,
arrhythmias
Observational NCT03388333 Arrhythmias  NA n=73 patients S100B release for 2020 (*)
undergoing ablation intracardiac neuronal
of atrial fibrillation damage, heart rate,
(sub-analysis from arrhythmias
ref. 14)
Observational NA Arrhythmias  NA n=18 patients S100B, GFAP, B-FABP, 2022 (%)
undergoing ablation neurofilament light
of atrial fibrillation chain for intracardiac
neuronal damage
Observational NCT05521451 Arrhythmias  NA n=91 patients S100B release for 2023 (")
undergoing ablation intracardiac neuronal
of atrial fibrillation damage, heart rate,
arrhythmias
Observational NA Arrhythmias  NA n=97 patients $100 [sic] release for 2023 ('%%)
undergoing ablation intracardiac neuronal
of atrial fibrillation damage, silent cerebral
emboli
Observational NA Arrhythmias  NA n=40 patients $100 [sic] release for 2025 ("*4)
undergoing ablation intracardiac neuronal
of atrial fibrillation damage, biomarkers
for haemolysis,
myocardial injury
and renal function
Therapeutic Open ACTRN12607000330448 Heart failure Intravenous n=15 patients with Changein 2011 ("°8)
label, not infusion with chronic heart failure, haemodynamics
randomized, 1.2ugkg™ per NYHA Il and IIl (acute and sustained;
firstin man day neuregulin LVEF, left ventricular
182 (Neucardin) end systolic and
daily for 11 days diastolic volume),
in ascending neurohormonal and
doses immunological serum
markers, safety and
tolerability
Phase I, NA Heart failure Intravenous n=44 patients with Changein 2010 (%)
randomized, infusion with chronic heart failure, haemodynamics (LVEF,
placebo 0.3,0.6and NYHA Il and Il left ventricular end
controlled 1.2ugkg™ per systolic and diastolic
day neuregulin volume) at baseline
182 (Neucardin) and days11, 30 and 90
peptide over
10days
Phasel, NCT01258387 Heart failure  Intravenous n=40 patients with Safety; LVEF 2016 (')
randomized, infusion with chronic heart failure,
placebo full-length NYHA Il and Il
controlled neuregulin 183
(Cimaglermin
alfa) in
ascending
doses
Phase lll, NCT05949801, study Heart failure  Intravenous n=198 patients with Changein https://
randomized, completed October 2024 infusion with NYHA lI-1ll chronic haemodynamics clinicaltrials.gov
placebo 0.6ugkg™ per systolic heart failure (simultaneous
controlled day neuregulin  (male: NT-proBNP reduction of left
(status: 1B2 (Neucardin)  <1,700pgml™; ventricular end systolic
ongoing) for 10days female: NT-proBNP and diastolic volume)

<4,000pgml™)

after 35days

B-FABP, anti-brain fatty acid-binding protein (also known as FABP7); GFAP, glial fibrillary acidic protein; LVEF, left ventricular ejection fraction; NA, not applicable; NYHA, classification of heart

failure according the score of the New York Heart Association (I-IV); S100B, S100 calcium-binding protein B.
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they express typical markers for peripheral glial cells (see Fig. 3), and
specific targeting of cardiac glia is not yet possible.

To advance our understanding of cardiac glial cells, their devel-
opmental origin also needs to be clarified. In the PNS in general,
non-myelinating Schwann cells originate from Schwann cell precursors
whicharelargely derived from the neural crest,acommon developmen-
tal originthey also share with myelinating Schwann cells>*. Inthe heart,
however, experimental evidence is limited and originates primarily
fromsingle studies. Nexus glia have been shown to originate from the
neural crest”, as well as the non-neuronal cells — presumably satellite
glia—withinintracardiac ganglia'>. But Schwann cells expressing pro-
teolipid protein (PLP), amarker for Schwann cell precursors, immature
and myelinating Schwann cells®, appear not to share this origin®. In
contrast, cardiac Remak cells have partially been traced to the neural
crest®®. This shows that systematic lineage tracing is needed to define
the origins and to understand the diversity of cardiac glial populations.

Conclusions

Central and peripheral glia are emerging as integral players in the
regulation of cardiac neural control. Future studies will need to
determine cellular interactions and molecular pathways by which
the heterogeneous glia of the cardiac nervous system contribute to
the modulation of rhythm and function in the healthy heart and the
diseased heart. Individual findings indicate that glia have the potential
to modulate cardiac innervation and electrophysiology after injury,
yet the role of the repair glia in this context remains to be elucidated.
A deeper understanding of the underlying mechanisms is required
to establish a clear roadmap for translationinto clinical applications.
Initial clinical evidence indicates that glia could serve as therapeu-
tic targets in the pharmacological and interventional treatment of
cardiovascular diseases. That being said, further research is needed
to better characterize glial involvement in pathophysiological pro-
cesses and to develop targeted therapeutic strategies. In summary, it
is essential to recognize the role of cardiac glia in the exploration of
cardiacautonomic control, inarrhythmiamechanisms and in potential
patient-specific diagnostic and therapeutic applications.
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References

1. Somien, G. G. Nervenkitt: notes on the history of the concept of neuroglia. Glia1, 2-9
(1988).

2. Nave, K. A. Myelination and support of axonal integrity by glia. Nature 468, 244-252
(2010).

3. Fields, R. D. & Stevens-Graham, B. Neuroscience: new insights into neuron-glia
communication. Science 298, 556-562 (2002).

4.  Hanani, M. & Spray, D. C. Emerging importance of satellite glia in nervous system
function and dysfunction. Nat. Rev. Neurosci. 21, 485-498 (2020).

5. Jessen, K. R. & Mirsky, R. The origin and development of glial cells in peripheral nerves.
Nat. Rev. Neurosci. 6, 671-682 (2005).
This review describes the development of peripheral glial cells, outlining key
transitions and regulatory signals.

6. Allen, N.J. &Lyons, D. A. Glia as architects of central nervous system formation and
function. Science 362, 181-185 (2018).

7. Avraham, O. et al. Satellite glial cells promote regenerative growth in sensory neurons.
Nat. Commun. 1, 4891(2020).

8. Jessen, K. R. & Mirsky, R. The repair Schwann cell and its function in regenerating nerves.
J. Physiol. 594, 3521-3531(2016).

9. Abdo, H. et al. Specialized cutaneous Schwann cells initiate pain sensation. Science 365,
695-699 (2019).

10. Ojeda-Alonso, J. et al. Sensory Schwann cells set perceptual thresholds for touch and
selectively regulate mechanical nociception. Nat. Commun. 15, 898 (2024).

1. Parfejevs, V. et al. Injury-activated glial cells promote wound healing of the adult skin in
mice. Nat. Commun. 9, 236 (2018).

12.  Progatzky, F. et al. Regulation of intestinal immunity and tissue repair by enteric glia.
Nature 599, 125-130 (2021).

20.

21

22.

28.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Schneider, K. M. et al. The enteric nervous system relays psychological stress to
intestinal inflammation. Cell 186, 2823-2838.20 (2023).

Scherschel, K. et al. Cardiac glial cells release neurotrophic S100B upon catheter-based
treatment of atrial fibrillation. Sci. Transl. Med. 11, eaav7770 (2019).

This study reveals that cardiac glial cells respond to intracardiac neuronal damage by
releasing the neurotrophic factor S100B, which promotes outgrowth and diminishes
action potential firing in intracardiac neurons.

Kikel-Coury, N. L. et al. Identification of astroglia-like cardiac nexus glia that are critical
regulators of cardiac development and function. PLOS Biol. 19, e3001444 (2021).

This study identifies a novel population of glial cells in the heart that play an essential
role in cardiac development and function.

Bychkov, R. et al. The heart’s pacemaker mimics brain cytoarchitecture and function:
novel interstitial cells expose complexity of the SAN. JACC Clin. Electrophysiol. 8,
1191-1215 (2022).

This study reveals that the heart’s pacemaker region contains glia and glia-like
interstitial cells which are able to modify the heart rhythm.

Melax, H. & Leeson, T. S. Electron microscope study of myocardial tissue space contents
in rat heart. Cardiovasc. Res. 6, 89-94 (1972).

Thaemert, J. C. Fine structure of neuromuscular relationships in mouse heart. Anat. Rec.
163, 575-585 (1969).

Chiba, T. & Yamauchi, A. On the fine structure of the nerve terminals in the human
myocardium. Z. Zellforsch. Mikrosk. Anat. 108, 324-338 (1970).

Shvaley, V. N. & Sosunov, A. A. Electron microscopic study of cardiac ganglia in human
fetuses. J. Auton. Nerv. Syst. 26, 1-9 (1989).

Armour, J. A., Murphy, D. A., Yuan, B. X., Macdonald, S. & Hopkins, D. A. Gross and
microscopic anatomy of the human intrinsic cardiac nervous system. Anat. Rec. 247,
289-298 (1997).

This study provides a first detailed anatomical map of the human intrinsic cardiac
nervous system, characterizing the complex organization of intracardiac ganglia.
Pinto, A. R. et al. Revisiting cardiac cellular composition. Circ. Res. 118, 400-409 (2016).
Banerijee, ., Fuseler, J. W., Price, R. L., Borg, T. K. & Baudino, T. A. Determination of cell
types and numbers during cardiac development in the neonatal and adult rat and
mouse. Am. J. Physiol. Heart Circ. Physiol. 293, 1883-1891(2007).

Skelly, D. A. et al. Single-cell transcriptional profiling reveals cellular diversity and
intercommunication in the mouse heart. Cell Rep. 22, 600-610 (2018).

Litvilukova, M. et al. Cells of the adult human heart. Nature 588, 466-472 (2020).
Kanemaru, K. et al. Spatially resolved multiomics of human cardiac niches. Nature 619,
801-810 (2023).

Miranda, A. M. A. et al. Single-cell transcriptomics for the assessment of cardiac disease.
Nat. Rev. Cardiol. 20, 289-308 (2023).

Shen, M. J. & Zipes, D. P. Role of the autonomic nervous system in modulating cardiac
arrhythmias. Circ. Res. 114, 1004-1021(2014).

This review highlights the central role of the autonomic nervous system in the
initiation and modulation of cardiac arrhythmias.

Mehra, R. et al. Research opportunities in autonomic neural mechanisms of
cardiopulmonary regulation: a report from the National Heart, Lung, and Blood Institute
and the National Institutes of Health Office of the Director workshop. JACC Basic Transl.
Sci. 7, 265-293 (2022).

Hortells, L., Meyer, E. C., Thomas, Z. M. & Yutzey, K. E. Periostin-expressing Schwann cells
and endoneurial cardiac fibroblasts contribute to sympathetic nerve fasciculation after
birth. J. Mol. Cell. Cardiol. 154, 124-136 (2021).

Herring, N., Kalla, M. & Paterson, D. J. The autonomic nervous system and cardiac
arrhythmias: current concepts and emerging therapies. Nat. Rev. Cardiol. 16, 707-726
(2019).

Pauza, D. H., Skripka, V., Pauziene, N. & Stropus, R. Morphology, distribution, and
variability of the epicardiac neural ganglionated subplexuses in the human heart. Anat.
Rec. 259, 353-382 (2000).

Crick, S. J., Anderson, R. H., Ho, S. Y. & Sheppard, M. N. Localisation and quantitation

of autonomic innervation in the porcine heart. Il: endocardium, myocardium and
epicardium. J. Anat. 195, 359-373 (1999).

Fukuda, K., Kanazawa, H., Aizawa, Y., Ardell, J. L. & Shivkumar, K. Cardiac innervation and
sudden cardiac death. Circ. Res. 116, 2005-2019 (2015).

Valenza, G., Mati¢, Z. & Catrambone, V. The brain-heart axis: integrative cooperation of
neural, mechanical and biochemical pathways. Nat. Rev. Cardiol. 22, 537-550 (2025).
Armour, J. A. The little brain on the heart. Cleve. Clin. J. Med. 74, S48-S51(2007).
Jungen, C. et al. Disruption of cardiac cholinergic neurons enhances susceptibility to
ventricular arrhythmias. Nat. Commun. 8, 14155 (2017).

Thaemert, J. C. Atrioventricular node innervation in ultrastructural three dimensions.
Am. J. Anat. 128, 239-263 (1970).

Pauziene, N., Pauza, D. H. & Stropus, R. Morphology of human intracardiac nerves:

an electron microscope study. J. Anat. 3, 437-459 (2000).

Marron, K. et al. Distribution, morphology, and neurochemistry of endocardial and
epicardial nerve terminal arborizations in the human heart. Circulation 92, 2343-2351
(1995).

Fregoso, S. P. & Hoover, D. B. Development of cardiac parasympathetic neurons,

glial cells, and regional cholinergic innervation of the mouse heart. Neuroscience 221,
28-36 (2012).

Voyvodic, J. T. Target size regulates calibre and myelination of sympathetic axons. Nature
342, 430-433 (1989).

Nature Reviews Neuroscience


http://www.nature.com/nrn

Review article

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

56.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

Pauziene, N. et al. Comparative analysis of intracardiac neural structures in the aged rats
with essential hypertension. Anat. Rec. 306, 2313-2332 (2023).

Arduini, A. et al. Transcriptional profile of the rat cardiovascular system at single-cell
resolution. Cell Rep. 44, 115091 (2025).

Reed, C. B., Feltri, M. L. & Wilson, E. R. Peripheral glia diversity. J. Anat. 241, 1219-1234 (2022).
This review portraits the diversity of peripheral glia, emphasizing subtypes and their
specialized roles beyond traditional Schwann cell functions.

Hanani, M. Satellite glial cells in sympathetic and parasympathetic ganglia: in search of
function. Brain Res. Rev. 64, 304-327 (2010).

Espinosa-Medina, |. et al. Parasympathetic ganglia derive from Schwann cell precursors.
Science 345, 87-90 (2014).

Dyachuk, V. et al. Parasympathetic neurons originate from nerve-associated peripheral
glial progenitors. Science 345, 82-87 (2014).

Jessen, K. R. & Mirsky, R. The success and failure of the Schwann cell response to nerve
injury. Front. Cell. Neurosci. 13, 33 (2019).

Griffin, J. W. & Thompson, W. J. Biology and pathology of nonmyelinating Schwann cells.
Glia 56, 1518-1531(2008).

Sugiura, Y. & Lin, W. Neuron-glia interactions: the roles of Schwann cells in
neuromuscular synapse formation and function. Biosci. Rep. 31, 295-302 (2011).

Tedoldi, A., Argent, L. & Montgomery, J. M. The role of the tripartite synapse in the heart:
how glial cells may contribute to the physiology and pathophysiology of the intracardiac
nervous system. Am. J. Physiol. Cell Physiol. 320, C1-C14 (2021).

Janig, W. Integrative Action of the Autonomic Nervous System (Cambridge Univ. Press,
2006).

Alvarez-Suarez, P., Gawor, M. & Proszynski, T. J. Perisynaptic Schwann cells—the
multitasking cells at the developing neuromuscular junctions. Semin. Cell Dev. Biol. 104,
31-38 (2020).

Ma, Z., Wang, J., Song, F. & Loeb, J. A. Critical period of axoglial signaling between
neuregulin-1and brain-derived neurotrophic factor required for early Schwann cell
survival and differentiation. J. Neurosci. 31, 9630-9640 (2011).

Birchmeier, C. & Nave, K. A. Neuregulin-1, a key axonal signal that drives Schwann cell
growth and differentiation. Glia 56, 1491-1497 (2008).

Meyer, D. & Birchmeier, C. Multiple essential functions of neuregulin in development.
Nature 378, 386-390 (1995).

Zurek, M. et al. Neuregulin-1induces cardiac hypertrophy and impairs cardiac
performance in post-myocardial infarction rats. Circulation 142, 1308-1311(2020).

Vives, V., Alonso, G., Solal, A. C., Joubert, D. & Legraverend, C. Visualization of
S100B-positive neurons and glia in the central nervous system of EGFP transgenic mice.
J. Comp. Neurol. 457, 404-419 (2003).

Kubista, H., Donato, R. & Hermann, A. S100 calcium binding protein affects neuronal
electrical discharge activity by modulation of potassium currents. Neuroscience 90,
493-508 (1999).

Donato, R. Intracellular and extracellular roles of S100 proteins. Microsc. Res. Tech. 60,
540-551(2003).

Janig, W. Neurocardiology: a neurobiologist’s perspective. J. Physiol. 594, 3955-3962
(2016).

Mapps, A. A. et al. Diversity of satellite glia in sympathetic and sensory ganglia. Cell Rep.
38, 110328 (2022).

Birren, S. J., Goodrich, L. V. & Segal, R. A. Satellite glial cells: no longer the most
overlooked glia. Cold Spring Harb. Perspect. Biol. 17, a041367 (2025).

This study sums up current knowledge on satellite glial cells in peripheral ganglia,
highlighting their roles in neuronal support, signalling and response to injury.

Mapps, A. A. et al. Satellite glia modulate sympathetic neuron survival, activity, and
autonomic function. eLife 11, e74295 (2022).

Enes, J. et al. Satellite glial cells modulate cholinergic transmission between sympathetic
neurons. PLoS One 15, e0218643 (2020).

van Weperen, V. Y. H. et al. Single-cell transcriptomic profiling of satellite glial cells in stellate
ganglia reveals developmental and functional axial dynamics. Glia 69, 1281-1291(2021).
Xie, A. X., Lee, J. J. & McCarthy, K. D. Ganglionic GFAP* glial Gg-GPCR signaling enhances
heart functions in vivo. JCI Insight 2, 90565 (2017).

Feldman-Goriachnik, R., Wu, B. & Hanani, M. Cholinergic responses of satellite glial cells
in the superior cervical ganglia. Neurosci. Lett. 671, 19-24 (2018).

von Bartheld, C. S., Bahney, J. & Herculano-Houzel, S. The search for true numbers

of neurons and glial cells in the human brain: a review of 150 years of cell counting.

J. Comp. Neurol. 524, 3865-3895 (2016).

McDougal, D. H., Hermann, G. E. & Rogers, R. C. Vagal afferent stimulation activates
astrocytes in the nucleus of the solitary tract via AMPA receptors: evidence of an atypical
neural-glial interaction in the brainstem. J. Neurosci. 31, 14037-14045 (2011).

Martinez, D. & Kline, D. D. The role of astrocytes in the nucleus tractus solitarii in
maintaining central control of autonomic function. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 320, R418-R424 (2021).

Lin, L. H., Moore, S. A., Jones, S. Y., McGlashon, J. & Talman, W. T. Astrocytes in the rat
nucleus tractus solitarii are critical for cardiovascular reflex control. J. Neurosci. 33,
18608-18617 (2013).

Hofmann, G. C., Hasser, E. M. &Kline, D. D. Unilateral vagotomy alters astrocyte and
microglial morphology in the nucleus tractus solitarii of the rat. Am. J. Physiol. Integr.
Comp. Physiol. 320, R945-R959 (2021).

Mastitskaya, S. et al. Astrocytes modulate baroreflex sensitivity at the level of the nucleus
of the solitary tract. J. Neurosci. 40, 3052-3062 (2020).

76.

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Wagner, J. U. G. et al. Aging impairs the neurovascular interface in the heart. Science 381,
897-906 (2023).

Grassi, G., Mark, A. & Esler, M. The sympathetic nervous system alterations in human
hypertension. Circ. Res. 116, 976-990 (2015).

Olshansky, B., Sabbah, H. N., Hauptman, P. J. & Colucci, W. S. Parasympathetic nervous
system and heart failure. Circulation 118, 863-871(2008).

Olivas, A. et al. Myocardial infarction causes transient cholinergic transdifferentiation
of cardiac sympathetic nerves via gp130. J. Neurosci. 36, 479-488 (2016).

Jungen, C. et al. Increased arrhythmia susceptibility in type 2 diabetic mice related to
dysregulation of ventricular sympathetic innervation. Am. J. Physiol. Heart Circ. Physiol.
317, H1328-H1341(2019).

Bassil, G. et al. Pulmonary vein ganglia are remodeled in the diabetic heart. J. Am. Heart
Assoc. 7, 008919 (2018).

Escartin, C. et al. Reactive astrocyte nomenclature, definitions, and future directions.
Nat. Neurosci. 24, 312-325 (2021).

Robel, S., Berninger, B. & Gotz, M. The stem cell potential of glia: lessons from reactive
gliosis. Nat. Rev. Neurosci. 12, 88-104 (2011).

Pekny, M., Wilhelmsson, U., Tatlisumak, T. & Pekna, M. Astrocyte activation and reactive
gliosis—a new target in stroke? Neurosci. Lett. 689, 45-55 (2019).

Chen, J. et al. Modulation of activated astrocytes in the hypothalamus paraventricular
nucleus to prevent ventricular arrhythmia complicating acute myocardial infarction.
Int. J. Cardiol. 308, 33-41(2020).

Ajijola, O. A. et al. Inflammation, oxidative stress, and glial cell activation characterize
stellate ganglia from humans with electrical storm. JCI Insight 2, €94715 (2017).
Hadaya, J. et al. Vagal nerve stimulation reduces ventricular arrhythmias and mitigates
adverse neural cardiac remodeling post-myocardial infarction. JACC Basic Transl. Sci. 8,
1100-1118 (2023).

Guo, J. et al. Involvement of P2Y12 receptor of stellate ganglion in diabetic
cardiovascular autonomic neuropathy. Purinergic Signal. 14, 345-357 (2018).

Sheng, X. et al. Knockdown the P2X3 receptor in the stellate ganglia of rats relieved the
diabetic cardiac autonomic neuropathy. Neurochem. Int. 120, 206-212 (2018).
Roberts-Thomson, K. C., Lau, D. H. & Sanders, P. The diagnosis and management of
ventricular arrhythmias. Nat. Rev. Cardiol. 8, 311-321(2011).

Kirby, M. L. & Waldo, K. L. Neural crest and cardiovascular patterning. Circ. Res. 77,
211-215 (1995).

Boukens, B. J., Coronel, R. & Christoffels, V. M. Embryonic development of the right
ventricular outflow tract and arrhythmias. Heart Rhythm. 13, 616-622 (2016).

Sassu, E. et al. Age-related structural and functional changes of the intracardiac nervous
system. J. Mol. Cell. Cardiol. 187,1-14 (2024).

Jessen, K. R., Mirsky, R. & Lloyd, A. C. Schwann cells: development and role in nerve
repair. Cold Spring Harb. Perspect. Biol. 7, a020487 (2015).

Fuentes-Flores, A. et al. Senescent Schwann cells induced by aging and chronic
denervation impair axonal regeneration following peripheral nerve injury. EMBO Mol.
Med. 15, €17907 (2023).

Chen, P. S. et al. Sympathetic nerve sprouting, electrical remodeling and the
mechanisms of sudden cardiac death. Cardiovasc. Res. 50, 409-416 (2001).

Zhang, H. et al. Alteration of parasympathetic/sympathetic ratio in the infarcted
myocardium after Schwann cell transplantation modified electrophysiological function
of heart: a novel antiarrhythmic therapy. Circulation 122, $193-S200 (2010).

Shivkumar, K. et al. Clinical neurocardiology defining the value of neuroscience-based
cardiovascular therapeutics. J. Physiol. 594, 3911-3954 (2016).

Scherschel, K. et al. Impact of the ablation technique on release of the neuronal injury
marker S1T00B during pulmonary vein isolation. Europace 22, 1502-1508 (2020).
Pappone, C. et al. Pulmonary vein denervation enhances long-term benefit after
circumferential ablation for paroxysmal atrial fibrillation. Circulation 109, 327-334
(2004).

Lemoine, M. D. et al. Pulmonary vein isolation by pulsed-field ablation induces less
neurocardiac damage than cryoballoon ablation. Circ. Arrhythmia Electrophysiol. 16,
EO11598 (2023).

Guo, F. et al. Effects of pulsed field ablation on autonomic nervous system in paroxysmal
atrial fibrillation: a pilot study. Heart Rhythm 20, 329-338 (2023).

Tohoku, S. et al. Impact of pulsed-field ablation on intrinsic cardiac autonomic nervous
system after pulmonary vein isolation. JACC Clin. Electrophysiol. 9, 1864-1875 (2023).
Sorci, G. et al. S100B protein, a damage-associated molecular pattern protein in the
brain and heart, and beyond. Cardiovasc. Psychiatry Neurol. 2010, 656481 (2010).
Sramko, M. et al. A novel biomarker-based approach for the detection of asymptomatic
brain injury during catheter ablation of atrial fibrillation. J. Cardiovasc. Electrophysiol. 25,
349-354 (2014).

Borisincova, E. et al. Impact of access route to the left ventricle on asymptomatic
periprocedural brain injury: the results of a randomized trial in patients undergoing
catheter ablation of ventricular tachycardia. Europace 23, 610-615 (2021).

Lenihan, D. J. et al. A phase |, single ascending dose study of Cimaglermin alfa
(neuregulin 1B3) in patients with systolic dysfunction and heart failure. JACC Basic
Transl. Sci. 1, 576-586 (2016).

Jabbour, A. et al. Parenteral administration of recombinant human neuregulin-1to
patients with stable chronic heart failure produces favourable acute and chronic
haemodynamic responses. Eur. J. Heart Fail. 13, 83-92 (2011).

Mabhar, M. & Cavalli, V. Intrinsic mechanisms of neuronal axon regeneration. Nat. Rev.
Neurosci. 19, 323-337 (2018).

Nature Reviews Neuroscience


http://www.nature.com/nrn

Review article

10.

m.

12.

13.

4.

5.

116.

7.

8.

19.

120.

121

122.

123.

124.

125.

126.

127.

128.
129.

130.

Okuyama, Y. et al. Nerve sprouting induced by radiofrequency catheter ablation in dogs.
Heart Rhythm. 1, 712-717 (2004).

Oh, Y. S. et al. Spatial distribution of nerve sprouting after myocardial infarction in mice.
Heart Rhythm. 3, 728-736 (20086).

Cao, J.-M. M. et al. Relationship between regional cardiac hyperinnervation and
ventricular arrhythmia. Circulation 101, 1960-1969 (2000).

Numata, A. et al. Spontaneous atrial fibrillation initiated by tyramine in canine atria with
increased sympathetic nerve sprouting. J. Cardiovasc. Electrophysiol. 23, 415-422 (2012).
Tan, A.Y. et al. Neural mechanisms of paroxysmal atrial fibrillation and paroxysmal atrial
tachycardia in ambulatory canines. Circulation 118, 916-925 (2008).

Stassart, R. M., Gomez-Sanchez, J. A. & Lloyd, A. C. Schwann cells as orchestrators of
nerve repair: implications for tissue regeneration and pathologies. Cold Spring Harb.
Perspect. Biol. 16, a041363 (2024).

Reynolds, M. L. & Woolf, C. J. Terminal Schwann cells elaborate extensive processes
following denervation of the motor endplate. J. Neurocytol. 21, 50-66 (1992).
Bailce-Gordon, R. J. Schwann cells: dynamic roles at the neuromuscular junction.

Curr. Biol. 6,1054-1056 (1996).

Habecker, B. A. et al. Molecular and cellular neurocardiology in heart disease. J. Physiol.
603, 1689-1728 (2025).

Bardsley, E. N. et al. RNA sequencing reveals novel transcripts from sympathetic stellate
ganglia during cardiac sympathetic hyperactivity. Sci. Rep. 8, 8633 (2018).

Kaiser, E. et al. DREADD technology reveals major impact of Gq signalling on cardiac
electrophysiology. Cardiovasc. Res. 115, 1052-1066 (2019).

Hernandez-Dominguez, R. A. et al. Optogenetic modulation of cardiac autonomic
nervous system. Auton. Neurosci. Basic. Clin. 255, 103199 (2024).

Hildreth, V. et al. Cells migrating from the neural crest contribute to the innervation

of the venous pole of the heart. J. Anat. 212, 1-11 (2008).

Pauza, D. H. et al. Innervation of sinoatrial nodal cardiomyocytes in mouse. A combined
approach using immunofluorescent and electron microscopy. J. Mol. Cell. Cardiol. 75,
188-197 (2014).

Gold, C. et al. Haemolysis and myocardial and neural injury after monopolar pulsed field
ablation using a novel lattice-tip catheter to treat atrial fibrillation. Europace 27, euaf210
(2025).

Gao, R. et al. A phase I, randomized, double-blind, multicenter, based on standard therapy,
placebo-controlled study of the efficacy and safety of recombinant human neuregulin-1in
patients with chronic heart failure. J. Am. Coll. Cardiol. 55, 1907-1914 (2010).

Harty, B. L. et al. Myelinating Schwann cells ensheath multiple axons in the absence of E3
ligase component Fbxw7. Nat. Commun. 10, 2976 (2019).

Quintes, S. et al. Zeb?2 is essential for Schwann cell differentiation, myelination and nerve
repair. Nat. Neurosci. 19, 1050-1059 (2016).

Jessen, K. R. Glial cells. Int. J. Biochem. Cell Biol. 36, 1861-1867 (2004).

Metzger, J. M. et al. Myelin basic protein and cardiac sympathetic neurodegeneration in
nonhuman primates. Neurol. Res. Int. 2021, 4776610 (2021).

Gomez-Sanchez, J. A. et al. After nerve injury, lineage tracing shows that myelin and
remak Schwann cells elongate extensively and branch to form repair Schwann cells,
which shorten radically on remyelination. J. Neurosci. 37, 9086-9099 (2017).

131. Suarez-Mier, G. B. & Buckwalter, M. S. Glial fibrillary acidic protein-expressing glia in the
mouse lung. ASN Neuro 7,1759091415601636 (2015).

Curtis, R. et al. GAP-43 is expressed by nonmyelin-forming Schwann cells of the
peripheral nervous system. J. Cell Biol. 116, 1455-1464 (1992).

Hastings, R. L., Mikesh, M., Lee, Y. il & Thompson, W. J. Morphological remodeling during
recovery of the neuromuscular junction from terminal Schwann cell ablation in adult
mice. Sci. Rep. 10, 11132 (2020).

Bachiller, S. et al. HERC1 ubiquitin ligase is required for normal axonal myelination in the
peripheral nervous system. Mol. Neurobiol. 55, 8856-8868 (2018).

Pérez, V. et al. The p75"™ neurotrophin receptor is required to organize the mature
neuromuscular synapse by regulating synaptic vesicle availability. Acta Neuropathol.
Commun. 7,147 (2019).

132.

133.

134.

135.

Acknowledgements

In memoriam to K. R. Jessen (deceased 16 April 2025) and in recognition of R. Mirsky for
their pioneering work on Schwann cells, nerve repair and peripheral glial development. The
authors are supported by the German Research Foundation (525357558 to K. Scherschel) for
work related to the topic of this Review. C.M. and K. Scherschel acknowledge grant support
from Interreg (33142). J.A.G.-S. is supported by a Miguel Servet Fellowship from the Spanish
Health Institute Carlos Ill (CP22/00078). K. Shivkumar, O.A.A. and C.M. acknowledge grant
support from the Leducq International Network of Excellence Award (23CVDO04).

Author contributions

K. Scherschel, HW., J.A.G.-S. and C.M. researched data for the article. K. Scherschel, D.L.,
J.A.G.-S. and C.M. made substantial contributions to discussion of content. K. Scherschel,
J.A.G.-S. and C.M wrote the article. K. Scherschel, O.A.A., K. Shivkumar, D.L., J.A.G.-S. and C.M.
reviewed and/or edited the manuscript before submission.

Competing interests
The authors declare no competing financial interests.

Additional information

Peer review information Nature Reviews Neuroscience thanks Edward Lakatta, who
co-reviewed with Magdalena Juhaszova; Julian Wagner; and Cody Smith for their contribution
to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2025

Nature Reviews Neuroscience


http://www.nature.com/nrn

	Glia of the heart’s nervous system

	Introduction

	The intracardiac nervous system and its glial cells

	Myelinating Schwann cells

	Non-myelinating Schwann cells


	Physiological roles of peripheral (extracardiac) glia in the heart

	Physiological effects of central glia on the heart

	Glia in pathophysiology

	Clinical applications for cardiac glia

	Future directions — repair glia?

	The heart and its glia — methodological challenges and gaps in knowledge

	Conclusions

	Acknowledgements

	Fig. 1 The ‘little brain of the heart’.
	Fig. 2 Glia of the cardiac autonomic nervous system.
	Fig. 3 Established subtypes of intracardiac glia and commonly used markers.
	Fig. 4 Current understanding of the functional roles of intracardiac glial cells and their interactions with neurons.
	Table 1 Morphological, transcriptional and functional studies on intracardiac glia in mice and men.
	Table 2 Diagnostic and therapeutic clinical studies on glial cell and glial-derived factors.




