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Abstract Altered autonomic input to the heart plays a major role in atrial fibrillation (AF). Auto-
nomic neurons termed ganglionated plexi (GP) are clustered on the heart surface to provide the
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last point of neural control of cardiac function. To date the properties of GP neurons in humans
are unknown. Here we have addressed this knowledge gap in human GP neuron structure and
physiology in patients with and without AF. Human right atrial GP neurons embedded in epicardial
adipose tissue were excised during open heart surgery performed on both non-AF and AF patients
and then characterised physiologically by whole cell patch clamp techniques. Structural analysis was
also performed after fixation at both the single cell and at the entire GP levels via three-dimensional
confocal imaging. Human GP neurons were found to exhibit unique properties and structural
complexity with branched neurite outgrowth. Significant differences in excitability were revealed
between AF and non-AF GP neurons as measured by lower current to induce action potential
firing, a reduced occurrence of low action potential firing rates, decreased accommodation and
increased synaptic density. Visualisation of entire GPs showed almost all neurons are cholinergic
with a small proportion of noradrenergic and dual phenotype neurons. Phenotypic distribution
differences occurred with AF including decreased cholinergic and dual phenotype neurons, and
increased noradrenergic neurons. These data show both functional and structural differences occur
between GP neurons from patients with and without AF, highlighting that cellular plasticity occurs
in neural input to the heart that could alter autonomic influence on atrial function.

(Received 30 January 2024; accepted after revision 22 March 2024; first published online 1 May 2024)
Corresponding author J. M. Montgomery: Department of Physiology, Faculty of Medical and Health Sciences, 85 Park
Rd, Grafton, Auckland, New Zealand. Email: jm.montgomery@auckland.ac.nz

Abstract figure legend Cartoon rendition of properties of human GP neurons from non-AF (left) and AF (right)
patients. In AF patients, there are significantly fewer cholinergic neurons, more noradrenergic neurons, and fewer
dual-phenotype neurons compared to GP neurons from non-AF patients. Cellular electrophysiological studies show GP
neurons also fire action potentials for a longer time duration in AF patients compared to non-AF patients. Together these
data show both functional and structural differences occur in GP neurons from non-AF vs. AF patients, highlighting
that cellular plasticity occurs in neural input to the heart that could alter autonomic influence on atrial function.

Key points
� The autonomic nervous system plays a critical role in regulating heart rhythm and the initiation
of AF; however, the structural and functional properties of human autonomic neurons in the
autonomic ganglionated plexi (GP) remain unknown.

� Here we perform the first whole cell patch clamp electrophysiological and large tissue confocal
imaging analysis of these neurons from patients with and without AF.

� Our data show human GP neurons are functionally and structurally complex. Measurements of
action potential kinetics show higher excitability in GP neurons from AF patients as measured
by lower current to induce action potential firing, reduced low firing action potential rates, and
decreased action potential accommodation.

� Confocal imaging shows increased synaptic density and noradrenergic phenotypes in patients
with AF.

� Both functional and structural differences occur in GP neurons from patients with AF that could
alter autonomic influence on atrial rhythm.

Introduction

The intrinsic cardiac nervous system (ICNS) is part of
the autonomic nervous system that forms neural circuits
in the heart. The ICNS integrates control signals from
higher neuronal centres, transmitted via sympathetic
and parasympathetic nerves, with sensory feedback from
neurons in the heart and thorax to provide local

coordination of heart rate and rhythm (Armour et al.,
1997; Ardell & Armour, 2016). The ICNS consists of
multiple, interconnected ganglia – termed ganglionated
plexi (GP) – that are made up of efferent and sensory
afferent neurons, as well as local circuit neurons, which
exhibit diverse neurochemical phenotypes (Edwards et al.,
1995; Armour et al., 1997; Richardson et al., 2003; Hoover
et al., 2009). GPs are embedded in adipose tissue on the

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP286278 by M

inistry O
f H

ealth, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

mailto:jm.montgomery@auckland.ac.nz


J Physiol 0.0 Physiological and structural properties of human intracardiac neurons 3

epicardial superficial surface of the myocardium at the
roots of the great vessels and at the base of the ventricles,
comprising an estimated 14,000–43,000 neurons (Ardell
& Armour, 2016; Pauza et al., 2000). GPs in specific
anatomic locations have been shown to exert control over
distinct regions of the heart. For example, the right atrial
GPs (RAGP) anterior to the right superior pulmonary has
been shown to mediate vagal control over the sinoatrial
node (Rajendran et al., 2019).

Intracellular and whole cell patch clamp recordings
have been performed on individual GP neurons in
rodents (Edwards et al., 1995; Rimmer & Harper,
2006; McAllen et al., 2011; Ashton et al., 2020) and
reveal heterogeneous electrophysiological properties
with diverse action potential kinetics, ability to fire
bursts of action potentials, rectification properties,
afterhyperpolarisation duration and synaptic input.
Morphologically, GP neuron architecture differs between
mammalian species, with varied relative contributions of
unipolar, pseudo-unipolar and multipolar neurons, and
large differences in total dendritic area and axon length
(Richardson et al., 2003; Edwards et al., 1995; Horackova
et al., 1999). Dipolar and pseudodipolar morphologies
have been associated with sensory phenotypes, whereas
multipolar neurons are thought to have at least one
projection to the myocardium and be of efferent nature
(Edwards et al., 1995).

Aberrant autonomic nerve activity within the ICNS
is known to contribute significantly to the pathogenesis
of atrial fibrillation (AF). In both animal models and
humans, altered GP output and the remodelling of myo-
cardial innervation have been found to correlate with AF
(e.g. Ashton et al., 2020; Lim et al., 2011; Salavatian et al.,
2016; Tan et al., 2008; Smith et al., 2023; Ashton et al.,
2018). Thus, pathophysiological conditions which modify
the physiological properties of GP neurons or the strength
of their neurotransmission – i.e. neuronal plasticity – have
the potential to profoundly influence susceptibility to AF.
Consistent with this, we have recently shown that atrial
arrhythmia in the spontaneously hypertensive rat model
correlates with increased activity at GP neuron synapses
as well as increased synapse density, supporting a role for
neural plasticity in arrhythmia substrate (Ashton et al.,
2020).

As the ICNS is the last point of neural control of the
heart, it is a target for strategies aimed at improving
AF treatment (Linz et al., 2014; Armour, 2008; Kron
et al., 2010; Buckley et al., 2016). In order to refine these
therapies, it is critical that we develop a greater under-
standing of the physiological properties of ICNS neurons
and how these change with AF, particularly in humans
where no cellular electrophysiological recordings have
beenmade and hence no knowledge exists of their physio-
logical properties. Here we have performed pioneering
cellular electrophysiological recordings in human GP

Table 1. Summary of patient data

Non-AF AF

Age (years) 66.16 ± 5.89 69.67 ± 11.32
Sex, female (n (%)) 6/25 (24%) 3/12 (25%)
BMI (kg/m2) 30.06 ± 6.82 25.99 ± 3.98
Hypertensive (n (%)) 17/25 (68.00%) 7/12 (58.33%)
Diabetes (n (%)) 5/25 (20.00%) 1/12 (8.33%)
Hyperlipidaemia (n (%)) 14/25 (56.00%) 5/12 (41.67%)
Beta blockers (n (%)) 13/25 (52.00%) 6/12 (50.00%)
Persistent AF (n (%)) 0/25 (0%) 10/12 (83.3%)
Paroxysmal AF (n (%)) 0/25 (0%) 2/12 (16.7%)

neurons from patients with and without AF and have
imaged entire ganglia in both. Our data reveal that distinct
structural and functional differences in GP neurons are
associated with AF as compared to controls, which
suggests ICNS plasticity contributes to the AF substrate
in humans and therefore could be a target to decrease
excitability in GPs.

Methods

Ethical approval

All procedures were approved by the New Zealand Health
and Disability Ethics Committee (18/CEN/99), as well
as the Auckland District Health Board Research Review
Committee (ADHB number A+8285). After informed
consent was obtained in writing from patients undergoing
open heart surgery for coronary artery bypass grafting
and/or valve repair (Table 1), surgical biopsies of cardiac
epicardial adipose tissue from the RAGP were collected.
These studies conformed to the standards set by the
latest version of the Declaration of Helsinki, except for
registration in a database. All investigators understand the
ethical principles for human experiments under which
The Journal of Physiology operates.

Collection of surgical biopsies

Adipose tissue was resected as previously described
(Hoover et al., 2009) in the region of the right atrial
ganglionated plexus (RAGP) located anterior to the right
superior pulmonary vein, partially overlapping theWater-
ston groove and lateral right atrial free wall. Held from
the lateral epicardial edge, adipose tissue samples up to 10
mm3 were removed by careful separation from the atrial
myocardium using sharp dissection without damaging
the underlying muscle. Samples were then transferred
immediately to the laboratory on ice in carbogen bubbled
N-methyl d-glucamine (NMDG)-based extracellular
solution (composition in mmol/l: 93 NMDG, 2.5 KCl,

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose,
5 l-ascorbic acid, 2 thiourea, 3 sodium pyruvate, 10
MgSO4, 0.5 CaCl2, pH 7.35–7.4; Ting et al., 2014).

Adipose slice preparation

Epicardial adipose samples were cut into 0.5–1.0
mm-thick slices either parallel or orthogonal to the
visceral pericardial layer with a tissue slicer (model
51425, Stoelting, Wood Dale, IL, USA) and placed in
fresh NMDG-based extracellular solution, cooled to
4°C and continuously gassed with carbogen (5% CO2,
95% O2). Slice preparations were gently held by nylon
mesh between two stainless steel washers and then
incubated in carbogenated NMDG-based extracellular
solution with collagenase B (0.75 mg/ml, Sigma-Aldrich,
Auckland, New Zealand) and trypsin (5 mg/ml, T4799,
Sigma-Aldrich) at 37°C for 1 h to soften the connective
tissue sufficiently to enable access to GP neurons while
maintaining the structural integrity of the ganglia.
Slice preparations were then stored in carbogenated
extracellular solution (composition in mmol/l: 97 NaCl,
2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25
glucose, 5 l-ascorbic acid, 2 thiourea, 3 sodium pyruvate,
2 MgSO4, 2 CaCl2, pH 7.35–7.4) at room temperature
(22°C).

Whole-cell patch clamp recordings

Adipose slice preparations were mounted in the recording
chamber on an upright microscope (Axioskop, Zeiss
Microscopy, Jena, Germany) and perfused via gravity
feed with carbogenated artificial cerebrospinal fluid at
35°C. Using infra-red differential interference contrast
(IR-DIC) optics and a ×40 objective, GP neurons were
found in ganglia embeddedwithin adipose and connective
tissue adjacent to nerve fibre tracts. Glass microelectrodes
(resistance 6–8 M�) were filled with internal solution
(composition in mmol/l: 120 postassium gluconate, 40
HEPES, 5 MgCl2, 2 NaATP, 0.3 NaGTP, pH 7.2 with
KOH). Thesemicroelectrodeswere used to gently separate
the satellite glial cell sheath from the neuronal membrane
as previously described (Ashton et al., 2020) before
obtaining whole-cell patch clamp recordings from the
visualised neurons. Fluor 568 hydrazide (Alexa, Thermo
Fisher Scientific, Waltham, MA, USA; 50 μmol/l) was
included in the internal solution to enable identification
of neurons in subsequent imaging (Wang et al., 2013). All
analyses of whole cell patch clamp data were performed
in Clampex (pCLAMP 10.6, Molecular Devices, San
Jose, CA, USA) and using custom scripts written in
MATLAB (The MathWorks, Inc., Natick, MA, USA) as
described in our previous work (Ashton et al., 2020;

Lee et al., 2020; Park et al., 2020; Lee et al., 2022;
Vyas et al., 2020). A junction potential of +10 mV was
calculated, and membrane potential measurements were
adjusted accordingly. Passive membrane properties were
determined by averagingmeasurements from 10× 10mV
voltage steps taken in voltage clamp mode at a holding
potential of −70 mV. To calculate the cell membrane
time constant τ , we fitted an exponential function of
the form I (t ) = B + me−t/τ to the current decay trans-
ient, where B and m are constants which represent the
steady state current during the voltage step and the
peak transient current relative to this, respectively. Action
potential frequency was counted within 1000 ms current
steps from 200 to 1000 pA. The interspike interval (ISI)
between the first pair and the last pair of action potentials
within a current step (1000 pA, 1000 ms) was used
to measure accommodation of action potential firing.
Accommodating neurons were defined as those with an
ISI ≥ 1.5 and non-accommodating neurons as those with
an ISI ≤ 1.5 (Adke et al., 2021).

Confocal microscopy of dye-filled neurons

Images of dye-filled GP neurons were captured using
a FluoView1000 laser scanning confocal microscope
(Olympus, Tokyo, Japan) fitted with 0.8 NA/×20 water
immersion and 1.35 NA/×63 silicone oil immersion
objectives (Olympus) and controlled with the FluoView
4.2 software suite (Olympus). For ×60 images, individual
voxels were 0.1 × 0.1 × 0.5 μm (x, y, z) in size with the
pinhole set to 1 Airy unit. For ×20 images, the pinhole
diameter was adjusted to maximise information capture
for each sample and so, although voxels consistently
measured 0.31 × 0.31 μm in the x and y directions,
voxel size in the z axis was variable. The image field
was set so that the neuronal soma and all peri-somatic
dendrites were captured in ×60 images and the entire
neuron, including all detectable processes, in×20 images.
Offset and photo-multiplier tube gain were adjusted for
each image to optimise data collection.
Unless stated otherwise, data processing and analysis

were carried out using ImageJ (NIH, Bethesda,MD,USA).
Imaging the distribution of the dye injected into the
neuronal soma during whole cell patch-clamp recording
enabled the creation of masks for individual GP neurons.
These images were denoised using the despeckle function
and then smoothed with a Gaussian filter (α = 1).
Background signal was removed by subtracting intensity
from the entire image equal to the mean grey area
for a representative background region. Segmentation
was achieved using the random forest classifier in the
open-source software platform ITK-SNAP (http://www.
itksnap.org), and morphology was measured from the
resulting cell mask.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Tissue clearing, immunohistochemistry, and confocal
imaging of adipose slices

Fixed epicardial adipose samples were sliced at 1 mm
thickness orthogonal to the visceral pericardial layer,
washed in phosphate-buffered saline (PBS) and embedded
in 2% agarose before tissue clearing, as described in our
recent work (Sands et al., 2022). Sequential hydrophilic
(CUBIC R1) and hydrophobic processes were used to
clear neural tissue and fat in epicardial slices. Samples
were immersed in 50/50 ratio of CUBIC R1/H2O for
5 days, refreshed at 48 h intervals, followed by dehydration
in a graded series of methanol (25%, 50%, 75%, 95%)
and maintenance in 100% methyl salicylate for 5 days.
Dehydration gradient incubations were reversed to enable
immunostaining, and slices were stored in PBS + sodium
azide (0.025%). Immunohistochemistry was performed
as described below followed by hydrophilic clearing and
refractive index matching by transferring slices to 100%
Ce3D via gradient steps at 50% and 80% (Li et al., 2017).
Slices were suspended in 100% Ce3D for a minimum of
8 days before confocal imaging.

For immunostaining, slice preparations were incubated
with primary antibody dissolved in blocking solution (5%
normal donkey serum, 0.5% Triton X-100 in 1× PBS) for
5 days at 37°C. Primary antibodies used in this study were:
rabbit anti-synapsin1, 1:500, cat. no. S193, Sigma-Aldrich;
sheep anti-tyrosine hydroxylase (TH), 1:250, cat. no.
AB1542, Sigma-Aldrich; guinea pig anti-Vesicular acetyl-
choline transporter (VAChT), 1:500, cat. no. 139105
Synaptic Systems, Göttingen, Germany. Slices were then
washed in PBS + 0.025% sodium azide then incubated
in AlexaFluor conjugated secondary antibodies for 5 days
at room temperature (1:200, anti-rabbit Alexa Fluor 568
or 647, cat. no. 711-605-152, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA).

Images were acquired using a custom stage-scanning
line confocal microscope with a ×25 objective lens
(Olympus XLSLPLN25XGMP, 1.0 NA, 8 mm WD,
Refractive Index 1.41–1.52 (Sands et al., 2022). Initial
low-resolution z-stacks (1 × 1 × 50 μm voxels) were
acquired of entire epicardial slices to determine ganglia
locations enabling the inclusion of entire ganglia in the
visual field. High-resolution z-stacks (1 × 1 × 1 μm
voxels) were then acquired from all locations where
ganglia were visually identified. Images were deconvolved
using a measured point spread function (PSF) with 40
iterations of the Richardson–Lucy algorithm. Ganglia
from adipose slices immunolabelled with synapsin1
were reimaged at higher magnification (0.2 × 0.2 ×
0.5 μm voxels) on a point confocal microscope (Olympus
FV1000) with a ×60 silicone oil immersion objective
(NA 1.35). Amplifier gain and offset were adjusted to
accommodate the entire dynamic range of the signal
within each ganglion stack.

Image analysis was performed with FIJI, an enhanced
version of ImageJ software, as described in our previous
studies (e.g. Ashton et al., 2020; Lee et al., 2022; Vyas
et al., 2020). Analysis was performed blinded to AF status.
Z-series images were merged into maximal projection
images for manual counts of TH and VAChT-positive
neurons. Regions of interest (ROI) were drawn around
every neuron soma. Cells with double nuclei or severe
distortion were excluded from the selection. From a
complete ROI set for each ganglion, ROIs with colocalised
labelling for a second marker (TH) were duplicated in
a second ROI set. The percentage of TH-positive ROIs
that colocalised with VAChT-positive ROIs was calculated
according to the number of TH positive ROIs divided
by the number of VAChT positive ROIs, multiplied
by 100.
VAChT immunofluorescence was used to define

the image mask of the cholinergic neuronal soma and
proximal regions of adjoining fibres. Background sub-
traction and segmentation of synaptic puncta were
achieved via a Gaussian filtered (α = 5 pixels) duplicate
subtracted from each image to remove the background
signal. The signal representing synaptic puncta was then
segmented using an iterative thresholding technique
(volume ≥1 μm3, minimum intensity threshold,
mean image intensity + 2× standard deviation). Total
synapse count per ganglion was achieved by analysing
high-resolution z-stacks acquired from the stage-scanning
line confocal microscope enabling whole ganglion masks
to be used for segmentation. Synapsin1 puncta densitywas
normalised to area as number of puncta per 10,000 μm3

as in our previous work (Lee et al., 2022). For each data set,
the image analysis criteria including intensity threshold
and detection voxel size range were kept consistent.

Statistical analysis

Unless otherwise stated, data are presented as means
± standard deviation (SD). A subset of data are pre-
sented as median and 95% confidence intervals (CIs)
(median, lower interval, upper interval). Statistical
analyses were conducted using Graphpad Prism 8.2.1
(GraphPad Software, San Diego, USA), with a P-value ≤
0.05 considered significant. The Sharpiro–Wilk normality
test was performed to assess normality and homo-
geneity of variances in the data. Statistical significance
was determined by Student’s t test for comparison
between two groups with normally distributed data.
For non-normally distributed data, a Mann–Whitney test
was used to compare ranks. The Kolmogorov–Smirnov
test was applied to compare soma size distributions
between two groups. Significance of results are marked
with ns (non-significant), P> 0.05, ∗P≤ 0.05, ∗∗P≤ 0.01,
∗∗∗P < 0.001 and ∗∗∗∗P < 0.0001.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Results

Intracellular dye filling reveals complex morphology
of human GP neurons

We first sought to examine the morphology of human GP
neurons via confocal imaging of GP neurons that were
able to be successfully dye-filled during whole-cell patch
clamp recordings (Fig. 1A–D; n = 8 neurons from n = 6
patients). In comparison to similar cell fills performed in
rodent GP neurons (Ashton et al., 2020), the significant
increase in neuronal complexity and themultipolar nature
of human GP neuron morphology was immediately
evident, as shown by the high degree of neurite branching
and outgrowth (Fig. 1A and B). Human GP neurons were
observed to have multiple primary neurites extending
from the neuronal soma, ranging from4 to 11 (mean= 7.4
± 1.17). These were presumed to be dendrites based
on their extensions from the soma remaining within a
field close to the neuron. In addition, a high density of

synaptic sites formed onto these processes, as evidenced
by the high number of synapsin1 puncta (Fig. 1C).
Some GP neurons had many primary dendrites with few
or no branches leading to lower total dendrite length.
Dendrites were also frequently observed to form a ‘halo’
that enveloped the neuronal soma and were highly dense
in synaptic contacts (Fig. 1C andD). One primary neurite
in each neuron was often observed to extend hundreds
of micrometres beyond the field of view from the cell
body and branch significantly, possibly representing axons
extending towards other ganglia. Growth cones were also
evident at the end of neurites (Fig. 1B). On mean, total
neurite length was 499.04 ± 261.37 μm, but this varied
widely from neuron to neuron, ranging from 139.27 to
2319.86 μm. The total number of branches also varied
from neuron to neuron, ranging from 1 to 13 (mean
5.71 ± 1.91 branches). Total neurite area of human GP
neurons ranged from 3396.18 to 6254.90 μm (mean area
was 4948.09 ± 588.45 μm). Together these data show

Figure 1. Human GP neuron morphology
GP neurons were filled with Fluor 568 hydrazide during whole cell patch clamp recordings and imaged by confocal
microscopy. A and B, example successful fills of GP neurons showing complex and varied morphology. Neurites
are observed to branch and extend significantly from the cell body. Scale bar 50 μm. C, zoomed image of the
soma region of the GP neuron depicted in A. Note the wrapping of the neurites around the soma. Synapsin
immunostaining is shown in red. Scale bar 50 μm. D, 3D isosurface image of the filled GP neuron in A (red) with
synapsin puncta (green). Scale bar 50 μm.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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that human GP neuronal structure is highly complex and
indicate extensive networks among neurons both within
and between GP.

Human GP neuron electrophysiological properties
revealed by whole cell patch clamp

Whole cell patch clamp recordings were performed on
RAGP neurons from patients with and without AF
(Table 1; Figs 2–4). The RAGPs are known to contribute
to neural control of the sinus node and stimulation of the
RAGPs has also been shown to induce AF in large animal
models (Hanna et al., 2021; Cardinal et al., 2009; Gibbons
et al., 2012). Within the adipose slices containing GPs,
ganglia were typically found along nerve fibre tracts or at
branch points embedded within adipose and connective
tissue close to the cut surface of RAGP slice preparations.
Figure 2A shows a photomicrograph of a typical in situ
ganglion taken using IR-DIC microscopy. GP neurons
were readily identified from spherical adipocytes by their
densely packed large ovoid cell bodies with primary
neuronal processes extending into as well as away from the
ganglia.

Whole cell patch clamp recordings were performed
in both current clamp and voltage clamp mode to
enable measurements of passive membrane properties,
excitability, action potential kinetics and firing patterns
in human GP neurons (Figs 2–4). Membrane tests to
determine passive and active membrane properties (see
Methods) were performed on 25 GP neurons from 18
patients. No significant difference was observed in resting
membrane potential in GP neurons from patients with
AF compared to those without AF. Mean RMP was
−62.97 ± 9.19 mV in non-AF GP neurons, vs. −62.55
± 8.68 mV in GP neurons from AF patients (P = 0.917;
Fig. 2B), indicating good neuronal health in both groups.
No significant differences were observed in membrane
capacitance between GP neurons from non-AF vs. AF
patients (187.1 ± 17.74 pF vs. 159.92 ± 13.92 pF, non-AF
vs. AF, P = 0.241), or between either series resistance
(non-AF 12.61 ± 4.58 MΩ vs. AF 15.41 ± 4.11 MΩ;
P = 0.164) or membrane resistance (non-AF 243.31
± 38.52 MΩ vs. AF 320.04 ± 41.52 MΩ, P = 0.194;
Fig. 2C–E).

Human GP action potential kinetics were determined
in current clamp mode and were similar in GP neurons
from AF and non-AF patients (Fig. 3A–F). There was no
significant difference in mean action potential amplitude
(non-AF 58.3 ± 10.6 mV vs. AF 58.2 ± 12.6 mV;
P = 0.988), membrane threshold potential for single
evoked action potentials (non-AF −32.9 ± 6.3 mV vs. AF
−33.4± 6.0mV; P= 0.862) or action potential half-width
(non-AF 1.10± 0.47 ms vs. AF 1.36± 0.57ms; P= 0.323)
in GP neurons from AF vs. non-AF patients (Fig. 3B–D).

Single evoked action potentials with both short and long
after-hyperpolarisations were observed and there were
no significant differences in after-hyperpolarisation decay
time (non-AF 50.8 ± 36.4 ms vs. AF 64.9 ± 49.2 ms;
P = 0.541) or magnitude (non-AF −12.0 ± 6.1 mV vs

Figure 2. Passive membrane properties are similar in human
GP neurons from non-AF and AF patients
A, photomicrograph of GP neurons and adipocytes in a typical in situ
ganglion taken under IR-DIC microscopy. GP neurons (white
asterisks) are readily identified by their densely packed large, ovoid
cell bodies. The white arrow indicates the glass patch electrode. B–E,
passive membrane properties were measured from n = 18 non-AF
GP neurons and n = 7 AF GP neurons, taken from n = 13 non-AF
and n = 5 AF patients. No significant difference was detected in RMP
(B), membrane capacitance (C), series resistance (D), or membrane
resistance (E) between GP neurons from non-AF (black) and AF (red)
patients (Student’s t test).

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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8 J. L. Ashton and others J Physiol 0.0

AF −13.5 ± 6.5 mV; P = 0.605) between non-AF and
AF patients (Fig. 3E and F). There was also no difference
in the steady-state current response to hyperpolarising
voltage steps from −50 mV to −125 mV in AF compared
to non-AF patients (P = 0.540 for the effect of AF).
Next we measured action potential firing frequency

in response to prolonged (1000 ms) steps of increasing
current injection amplitude in both AF and non-AF GP
neurons (Fig. 4A–E). Action potential firingwas examined
in a total of 24 GP neurons (n = 16 non-AF and

Figure 3. Action potential kinetics of human GP neurons
A, example single action potential (AP) traces from whole cell patch
clamp recordings from GP neurons from non-AF (black) and AF (red)
patients. Active membrane properties were measured from n = 18
non-AF GP neurons and n = 7 AF GP neurons, taken from n = 13
non-AF and n = 5 AF patients. B–D, no significant differences were
observed in action potential mean magnitude/amplitude (B),
threshold potential (C), or half-width (D) between GP neurons from
non-AF and AF patients (Student’s t test). E and F, there was also no
significant difference in after-hyperpolarisation (AHP) decay (E) or
AHP magnitude (F) between non-AF and AF GP neurons (Student’s t
test).

n = 8 AF, from n = 11 non-AF patients and n = 6
AF patients). In GP neurons from non-AF tissue, failure
to fire action potentials occurred at a total frequency
of 37.5% (throughout all current steps), compared with
12.5% in GP neurons from AF tissue. At the initial
current step of 200 pA, action potential failure occurred
at a frequency of 31.35% in GP neurons from non-AF
tissue, compared with 0% in GP neurons from AF tissue.
Examining the relative frequencies of action potential
number at each current step (Fig. 4A and B) showed
GP neurons from non-AF patients exhibited a broader
range of AP firing frequency, and notably showed a higher
frequency of low firing neurons (range 0 to 5 action
potentials/1000 ms) compared with GP neurons from
AF patients (non-AF: percentage GP neurons with low
action potential frequency 29.17%; AF: percentage GP
neuronswith low action potential frequency 12.50%). This
was balanced by an increased frequency of medium-rate
spiking neurons (range 10–15 action potentials/1000 ms)
in GP neurons from AF patients (non-AF: percentage GP
neurons with medium action potential frequency 14.58%;
AF: percentage GP neurons with medium action potential
frequency 33.33%) as seen by the rightward shift in the
frequency histogram (Fig. 4B). GP neurons from AF
and non-AF patients showed a similar frequency of high
spiking neurons (15 or more action potentials/1000 ms;
non-AF: 44.75% and AF: 39.58%; Fig. 4B).
These differences in action potential firing raise the

possibility that GP neurons from AF patients require less
current to induce action potential firing. This is measured
as action potential rheobase, defined as the amount
of current required to induce action potential firing.
Rheobase was measured between GP neurons from AF
(n= 6) vs. non-AF patients (n= 12), and was significantly
lower in GP neurons from AF patients compared with
non-AF patients (non-AF: 0.80 ± 0.56 pA/pF vs. AF: 0.35
± 0.15 pA/pF; P = 0.027; Fig. 4C).
GP neurons from AF and non-AF patients also

responded to prolonged current injection with
accommodating and non-accommodating AP firing
patterns (Fig. 4D). Quantification of accommodation
in action potential firing, as measured by the relative
change in inter-spike interval (ISI) between the first pair
and last pair of action potentials (Adke et al., 2021),
was performed in n = 16 GP neurons from n = 11
non-AF patients and n = 8 GP neurons from n = 6 AF
patients. GP neurons from non-AF tissue were almost
all accommodating neurons that slowed their firing
frequency with time (93.75%). In GP neurons from AF
tissue, a lower frequency of accommodating neurons was
observed (62.5%) and therefore a higher frequency of
fast-spiking neurons that did not accommodate (37.5%
in AF GP neurons vs. 6.25% in non-AF GP neurons;
Fig. 4E).

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Physiological and structural properties of human intracardiac neurons 9

Structural plasticity at human GP neuron synapses

To examine synaptic input onto human GP neurons,
which may contribute to changes in GP neuron
excitability, we measured synapsin1 expression in the
GP neurons of patients with and without AF (Fig. 5A–G;
imaging performed on 19 ganglia from n = 5 non-AF
and n = 5 AF patients). Synapsin1 is a protein that
condenses synaptic vesicles to the synaptic vesicle
cluster associated with the active zone in presynaptic
boutons, and consequently synapsin1 shows localisation
of presynaptic sites (Ashton et al., 2020; Lee et al.,
2022). Synapsin1 puncta were observed to be densely

packed on both the somas and the dendritic trees of
GP neurons (Fig. 1 and Fig. 5A–D), indicating synaptic
input throughout the neuron in a pattern similar to
complex neurons of the central nervous system (Lee
et al., 2020; Park et al., 2020; Vyas et al., 2020; Lee et al.,
2022). Quantification of total synapsin1 puncta density in
non-AF human GPs showed an mean of 311.31 ± 27.62
synapsin1 puncta/ganglion (ranging from 39 to 484;
n = 9 ganglia from n = 5 non-AF patients). Interestingly,
total synapsin1 puncta density was significantly higher in
human GPs from patients with AF (mean 461.4 ± 26.42
synapsin1 puncta/ganglion, range 128 to 939; P = 0.05;
n = 10 ganglia from n = 5 AF patients). This difference

Figure 4. Action potential threshold and firing patterns identify differences in excitability in GP neurons
from AF and non-AF patients
A, example traces of low, mid and high action potential firing frequencies in response to prolonged current
steps in GP neurons from non-AF (black, top) and AF (red, bottom) patients. B, frequency histogram of action
potential firing frequencies measured from n = 16 non-AF GP neurons and n = 8 AF GP neurons (from 11 and
6 non-AF and AF patients, respectively). GP neurons from AF patients (red) have a frequency distribution that
is significantly shifted towards higher firing frequencies compared to control (P = 0.029, Wilcoxon rank sum
test). C, rheobase was measured in a total of 18 GP neurons from 18 patients (n = 12 non-AF and n = 6 AF).
Rheobase was significantly lower in GP neurons from AF vs. non-AF patients (Student’s t test). D, example traces
of accommodating and non-accommodating action potential firing in GP neurons from non-AF (black) and AF
(red) patients. E, quantification of the frequency of accommodating (grey) and non-accommodating (black) action
potential firing patterns in GP neurons (non-AF: n = 16 neurons from 11 patients and AF: n = 8 neurons from 6
patients). Scales = 25 mV/250 ms.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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10 J. L. Ashton and others J Physiol 0.0

was not due to AF-related changes in GP neuron density,
as no significant difference was measured in non-AF vs.
AF patients (non-AF: 5.23 × 10−6 (3.50 × 10−6, 6.37 ×
10−6) cells/μm3; AF: 5.21 × 10−6 (3.19 × 10−6, 6.83 ×
10−6) cells/μm3; median (95% CI); P = 0.99; Fig. 5E).
When calculated as density per unit area, synapsin1
puncta density per 10,000 μm3 was higher in GPs from
AF vs. non-AF patients (non-AF: 51.50 ± 9.90, vs. AF:
136.97± 26.11; P= 0.007; Fig. 5F). The synapsin1 puncta
area was also altered in GPs fromAF patients. Specifically,
the area of GP neuron cell soma associated synapsin1
puncta was significantly shifted rightward between
patients with and without AF (P = 0.0003) indicating
greater synapsin puncta size in patients with AF (Fig. 5G).
The volume of individual synapsin1 puncta surrounding
cell soma was also measured in samples from AF and
non-AF patients and showed that synapsin volume was
higher in AF patients than non-AF (P = 0.0006; non-AF
1.543 (1.457, 1.585) μm3; AF 1.650 (1.585, 1.693) μm3,
median (95% CI)).

Extended volume imaging of human GPs and
neuronal phenotypes

We applied our custom stage-scanning line confocal
microscope (Sands et al., 2022) to reconstruct the
3D arrangement of GPs in optically cleared human
adipose epicardial samples (Fig. 6A), enabling the
examination of the overall structure of human GPs and
their specific phenotypic characterisation (Fig. 6B–D).
Low magnification ‘scout’ images that can visualise up to
30 mm × 30 mm × ∼2 mm of tissue show GPs dispersed
throughout the epicardial adipose tissue (Fig. 6B). Entire
GPs and extensive nerve fibres were able to be visualised,
both in cross section and in 3D (Fig. 6B–D). Larger
diameter nerve fibres, either VAChT (green) or TH
(red) positive, were visible feeding into and out of each
ganglion and coursing through the entire epicardial tissue
sample (Fig. 6B–D). High-resolution image volumes of
individual GPs (Fig. 6C andD) show both VAChT (green)
and TH (red) positive GP neurons tightly packed within

Figure 5. Synapsin immunostaining on human GP neurons shows increased synaptic input with AF
A–D, example ×20 (top row) and ×60 (bottom row) confocal images of synapsin1 puncta (red) densely packed
on the somas and neurites of VAChT positive GP neurons (green) in non-AF (A and B) and AF (C and D) tissue.
E–H, quantification of synapsin1 puncta from n = 9 non-AF and n = 10 AF ganglia (from n = 5 non-AF and n = 5
AF patients). E, no significant difference was evident in neuron density between GPs from non-AF and AF patients
(Student’s t test). F, synapsin density per 10,000 μm3 was significantly higher in GPs from AF vs. non-AF patients
(Student’s t test). G, synapsin puncta area showed a significant right shifted distribution in GPs from AF patients
(Kolmogorov–Smirnov test).

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Physiological and structural properties of human intracardiac neurons 11

Figure 6. Extended volume imaging of GPs within cleared human adipose samples
A, example images of epicardial adipose tissue progression through the clearing process. Far left: uncleared
epicardial adipose tissue in PBS. Middle: after CUBIC-R1 (left) and methyl salicylate (right). Far right: cleared
epicardial adipose tissue with refractive index matching in Ce3D. B, example maximal intensity projection scout
image showing 10 mm across an epicardial adipose sample. Four GPs are visible dispersed amongst the adipose
tissue (boxed) as well as extensive nerve fibres, immunostained for VAChT (green) and TH (red; 0.933 μm pixel
resolution). C, a maximal intensity projection image (200 images at 0.933 μm spacing) of the central boxed GP,
showing VAChT positive cell bodies (green) and TH positive nerve fibres (red). The full image is 880 × 1276 × 889
pixels and has been deconvolved. D, 3D views of the same ganglion in C, visualised with ImageJ 3D viewer with
2× downsampling.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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12 J. L. Ashton and others J Physiol 0.0

each ganglion, with each containing a range of 11–205
neurons.
We performed phenotypic characterisation of human

GP neurons to quantify the relative frequencies of
cholinergic and noradrenergic neurons. VAChT immuno-
staining labelled the vast majority of GP neuronal
cell bodies (Fig. 7; n = 24 ganglia from n = 13
patients). Specifically, 98.57 ± 0.79% of GP neurons were
VAChT-positive in non-AF patients. Interestingly this was
significantly higher than in ganglia from AF patients,
where 88.52± 3.98%were positive for VAChT (P= 0.001;
Fig. 7A–F). A small minority of GP neurons showed
immunolabelling for TH (Fig. 7B and E): TH positive
neurons were observed in 7/8 (87.5%) ganglia from
AF patients, compared with only 2/16 (12.5%) ganglia
in non-AF patients (Fig. 7G). There was a significant
difference in the relative number of TH-positive neurons
in AF and non-AF ganglia. In non-AF patient tissue, only
1.09 ± 0.75% of neurons were TH-positive, compared
with 10.42 ± 3.96% being TH-positive in tissue from AF
patients (P = 0.003; Fig. 7G).
We observed that a subset of VAChT-positive GP

neuronal cell bodies also immunolabelled for TH,
suggestive of a dual cholinergic and noradrenergic
phenotype as described previously in rodent and human
tissue (Fig. 7C and F; Ashton et al., 2020; Clyburn et al.,
2022; Clyburn et al., 2023; Ernsberger et al., 1999; Lindh
& Hökfelt, 1990; Singh et al., 1999; Weihe et al., 2005).
The relative frequencies of dual phenotype GP neurons
were significantly different between non-AF vs. AF tissue,
with dual phenotype neurons more frequent in non-AF
(28.34 ± 7.27%) than in AF (2.89 ± 1.44%; P = 0.023;
Fig. 7G) ganglia.

Discussion

Here we have described the first integrated electro-
physiological and imaging examination of human GP
neurons from patients with and without AF. Applying
our expertise from electrophysiological analysis of human
neurons in the central nervous system (Lee et al., 2020;
Park et al., 2020) as well as rodent ICNS neurons (Ashton
et al., 2020), we were able to develop techniques that
enabled access of whole cell patch clamp glass micro-
electrodes to human GP neurons within epicardial fat
pads to examine their cellular physiology and structure.
A combination of hydrophilic and hydrophobic clearing
techniques then enabled extended volume tissue imaging
of entire human GPs. Together this has facilitated a major
shift in the ability to examine both the functional and
the structural properties of human GP neurons and has
identified evidence of remodelling in their properties
occurring with AF. The challenges faced with this type of
human tissue work are significant, including (1) limited
patient consent for the inclusion of additional surgical
dissection during complex heart surgery, (2) significantly
lower occurrence of AF patients compared to non-AF, and
(3) the technical difficulties of locating and accessing GP
neurons due to the glial cells ensheathing the soma as
well as the surrounding fibrous layer of connective tissue,
and the adipose cells significantly limiting visibility. The
information gained, however, and the future work this will
enable in human tissue over animal models, is critical for
our understanding of neural control of heart function and
its potential role in arrhythmias that occur in the human
heart.

Figure 7. Phenotypic characterisation and quantification of human GP neurons from AF and non-AF
patients
A–F, example extended volume images of VAChT (green) and TH (red) immunolabelling in GP neurons from non-AF
(A–C), and AF patients (D–F). G, quantification of the frequency of VAChT (left), TH (middle) and both VAChT
and TH (right) positive GP neurons in non-AF (n = 16) and AF (n = 8) ganglia. GPs from AF patients showed
reduced VAChT-positive neurons, increased TH-positive neurons and reduced dual phenotype neurons (Student’s
t test).

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 Physiological and structural properties of human intracardiac neurons 13

Increased electrophysiological and structural
complexity of human GP neurons

Our data have identified the cellular physiological
properties of human GP neurons including resting
membrane potential, membrane resistance, action
potential threshold and firing patterns. These data show
that the discrete biophysical properties of human GP
neurons are more complex than corresponding electro-
physiological data we recently published from rodent GPs
(Ashton et al., 2020). Specifically, in direct comparison
with rodent GP neuron data from Ashton et al. (2020),
human GP neurons have significantly higher capacitance
reflecting increased morphological complexity (rat: 84.4
± 29.0 vs. human: 187.1 ± 17.7 pF), lower membrane
resistance likely reflecting higher density of voltage-gated
membrane channels (rat: 373.8 ± 339.5 vs. human: 243.3
± 38.5 M�), and faster action potential half-width (rat:
3.10 ± 0.15 ms vs. human: 1.10 ± 0.47 ms) and after-
hyperpolarisation kinetics meaning a higher dynamic
range of possible action potential firing rates (rat: 159.3
± 48.8 ms vs. human: 50.8 ± 36.4 ms). Our cellular
dye fills of human GP neurons also reveal significantly
greater anatomical complexity of human GP neurons
compared to neuronal fills from rodent GPs (Ashton et al.,
2020). Unlike rodent unipolar or bipolar neurons, which
have short neurite outgrowth, human GP neurons are
multipolar, with significantly complex neurite branching
and outgrowth. Neurites from GP neurons were observed
to project to other neurons within the same ganglion
or extend to other ganglia within the same plexus. This
structural complexity reflects the potential for neuronal
computation, communication, and dendritic summation
of synaptic input in human GPs.

Physiological changes in human GP neurons occur
with AF

No differences in passive membrane properties or kinetics
of single action potentials were observed between GP
neurons from AF vs non-AF patient tissue. However,
rheobase was significantly lower in GP neurons from AF
patients showing reduced current is required to reach
threshold for action potential firing. In addition, the
proportion of low firing GP neurons was reduced. GP
neurons from AF patients therefore show a right-shifted
dynamic range of action potential firing. GP neurons
from AF patients were also less likely to slow their action
potential firing with time (i.e. accommodate), resulting
in action potential firing over a longer time period. The
cause of this reduced accommodation is likely a change in
K+ channel function altering the speed of repolarisation
in GP neurons from AF patients, and/or a change in
Na+ function resulting in lack of inactivation of the Na+
current altering the ability to reach threshold to fire action

potentials. Previous studies in animal models have shown
that autonomic neurons that do not accommodate exhibit
a prominent K+ current (A-type) and this increases
the interspike interval, while accommodating neurons
involve the M-type K+ current (Adams & Galvan, 1986;
Cassell et al., 1986; Myers, 1998). It will be important to
specifically examine both K+ and Na+ currents in human
GP neurons and their role in this AF phenotype. Together
these properties reveal GP neurons from AF patients are
more excitable at lower levels of incoming stimulation. A
potential result of this is increased activation ofGPneuron
target cells at lower thresholds that could contribute to
aberrant activity or increased excitability that has been
proposed to contribute to the substrate for AF (Lim et al.,
2011; Chen et al., 2014; Salavatian et al., 2016; Carnagarin
et al., 2019).

Synaptic input onto GP neurons and changes in the
weighting with AF

Our data show a high density of synaptic input onto
human GP neurons, highlighting potential synaptic
communication occurring between networks of GP
neurons. However further physiological measurements
of synaptic activity will be required to confirm this.
These structural synaptic sites likely reflect inputs both
from the extrinsic cardiac nervous system as well as
local synaptic inputs from neighbouring ganglia and GP
neurons (Armour et al., 1997; Shvalev & Sosunov, 1985).
This is supported by our imaging of filled GP neurons
showing neurites projecting to other GP neurons within
the same ganglia or out of the image area potentially to
other ganglia within the same plexus.
The higher complexity of the dendritic arbors of human

GP neurons compared with rodents and other mammals
enables increased synaptic input to both proximal and
distal dendritic branches of GP neurons. This highlights
their increased structural similarity to neurons of the
central nervous system. In addition, significant synaptic
sites were also evident on neuronal processes wrapping
around the GP neuronal somas (Fig. 1C), where we
have shown glial cells to wrap around the soma (Tedoldi
et al., 2021), suggesting significant synaptic input occurs
onto the glial cells. The precise role of these glia is
currently unknown, but their proximity to the soma and
synapses suggests a role in supporting neuronal activity
and plasticity as occurs in the brain (Tedoldi et al., 2021).
Quantification of synapsin1 immunostaining in GP

neurons showed significantly higher synapsin1 puncta
area, volume, total synapsin puncta per ganglion, as well as
puncta density inAF patient tissue, consistent with greater
synaptic input onto GP neurons occurring with AF. The
larger presynaptic area and volume of synapsin1 suggests
anatomical growth of presynaptic terminals and potential

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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14 J. L. Ashton and others J Physiol 0.0

increased presynaptic transmitter release. It will be of
significant interest to determine whether the observed
structural changes result in an overall increase in the
strength of neurotransmission at these synapses, i.e. the
expression of the major form of synaptic plasticity termed
long term potentiation (Bliss & Lomo, 1973; Bliss &
Collingridge 1993; Montgomery et al., 2001; Montgomery
& Madison, 2002; Nicoll & Malenka 1999). Electro-
physiological whole cell recordings of synaptic currents
are necessary to more fully understand this. Increased
synaptic input does correlatewith our electrophysiological
observations of lower rheobase and reduced incidence
of low action potential firing frequency, as increased
excitatory synaptic input will promote action potential
firing.
Put together these imaging and electrophysiological

observations support a lower threshold for excitability
in GP neurons driving a potential substrate for AF.
This also identifies the potential for opposing plasticity
mechanisms that decrease synaptic excitability, e.g.
long-term depression (Dudek & Bear, 1992; Montgomery
& Madison, 2002), as a potential therapeutic pathway to
pursue. This would include more specifically targeting
decreases in neuronal ion channel conductance, increases
in neuronal ion channel endocytosis, altering expression
of ion channel scaffold proteins at synapses, and changes
in presynaptic release probability (Castillo, 2012; Bagni &
Zukin, 2019; Wang et al., 2022).

Phenotypic changes in GP neurons with AF

As well as showing a unique visual perspective of entire
human GP ganglia, our large-tissue confocal imaging
also revealed phenotypic differences occurring in GP
neurons with AF. Specifically in GPs from AF patients
we observed a lower percentage of VAChT positive
neurons, a higher percentage of TH positive neurons,
and fewer dual phenotype neurons. These phenotypic
changes could alter cholinergic/parasympathetic and
noradrenergic/sympathetic drive to the SA node and the
atria to affect autonomic balance of heart rate and rhythm
regulation. High performance liquid chromatography
and mass spectrometry will be needed to measure
cholinergic and noradrenergic transmitter release from
GP at these sites. Compelling evidence exists of imbalance
between sympathetic and parasympathetic components
of the autonomic nervous system contributing to AF
(e.g. Chen & Tan, 2007; Czick et al., 2016; Kuyumcu
et al., 2017). At this stage it is unknown whether these
changes are cause or effect, i.e. do these phenotypic
changes occur early and contribute to AF, or are they
a resultant effect of AF. The significant decline in dual
phenotype neurons suggests a loss of functional plasticity
in balancing opposing inputs with AF if indeed these

neurons are capable of switching release of noradrenaline
and acetylcholine (Yang et al., 2002; Furshpan et al.,
1986). However immunostaining in mouse has shown
the presence of TH in mouse intrinsic cardiac neurons
but a lack of potential of noradrenaline storage or release
(Hoard et al., 2008), so it is important to note these
TH positive neurons may not release noradrenaline. Pre-
vious studies have shown additional neuronal phenotypes
occur in GPs, including neuropeptides such as neuro-
peptide Y, neurotransmitters including dopamine and
serotonin, and nitrergic neurons positive for neuronal
nitric oxide synthase (Hoover et al., 2009; Singh et al.,
1999). Identifying differences in the frequency of these
peptidergic, serotonergic, dopaminergic and nitrergic
neurons will be of significant interest to gauge AF-related
changes in specific subtypes of GP neurons. Biochemical,
imaging and electrophysiological analysis of the dual
and single phenotype neurons will also be required to
functionally verify which transmitters are released, and
what specific activity patterns occur in GP neurons before,
during and after AF, combined with post hoc identification
of phenotype(s) described above.
In conclusion, we have provided the first description

of cellular electrophysiological properties and structure
of human GP neurons and how these compare in
non-AF and AF patients. Our data identify the unique
properties and high complexity of human GP neurons,
with significant complex neurite outgrowth that more
closely resemble mature neurons in the central nervous
system. This represents a significant change from smaller
mammals. Interestingly we observed both functional
and structural differences in GP neurons from patients
with AF, including increased duration of action potential
firing, lower threshold of neuronal excitability, and
higher synaptic input and noradrenergic phenotype. This
functional and structural plasticity in the ICNS neurons
may underpin AF substrate and raises opposing plasticity
mechanisms as potential AF therapeutic pathways.
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