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Abstract

Background Prenatal development of autonomic innervation of sinus venosus-related structures might be

related to atrial arrhythmias later in life. Most of the pioneering studies providing embryological background are
conducted in animal models. To date, a detailed comparison with the human cardiac autonomic nervous system
(cANS) is lacking. The aim of this study was to compare the morphological and functional development of the cANS
between mouse and human, specifically aimed at the venous pole.

Methods Wildtype mouse embryos (E9.5-E18.5) and healthy human fetuses (6-38 weeks gestational age (WGA))
were studied at sequential stages to obtain a comparative developmental series. Cardiac autonomic function

was assessed through heart rate variability (HRV) analysis using ultrasound. Morphological assessment of the venous
pole was performed using immunohistochemical stainings for neural crest cells and autonomic nerve markers.

Results Murine cANS function did not definitively establish in utero as HRV parameters depicted no trend prior

to birth. In contrast, human HRV parameters greatly increased from 20 to 30 WGA, indicating that human cANS func-
tion is established prenatally around 20 WGA and matures thereafter. Morphologically, cANS development followed

a similar sequence with neural crest-derived nerves entering the venous pole in proximity to the developing pul-
monary vein in both species. However, the timing of differentiation into sympathetic or parasympathetic phenotype
was markedly distinct, as human autonomic markers emerged relatively later when related to major cardiogenesis.
Structures related to arrhythmogenicity in humans, such as the ligament/vein of Marshall and the myocardium sur-
rounding the pulmonary veins, become highly innervated during embryonic development in both mice and humans.

Conclusion Although early morphological cANS development at sinus venosus-related structures follows a similar
sequence in mice and humans, there are substantial differences in the timing of functional establishment and dif-
ferentiation in sympathetic and parasympathetic phenotypes, which should be taken into account when extrapolat-
ing mouse studies of the cANS to humans. The abundant innervation of sinus venosus-related structures may play

a modulatory role in arrhythmogenesis under pathological conditions.
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Introduction
The cardiac autonomic nervous system (cANS) plays a
pivotal role in maintaining cardiovascular homeosta-
sis by adapting cardiac function in response to external
demands. Although the mechanism of cardiac autonomic
modulation is highly complex, generally, sympathetic
(adrenergic) activation arising from the paravertebral
sympathetic chains elicits an increase in heart rate, con-
traction force and conduction velocity, while parasympa-
thetic (cholinergic) stimulation originating from the vagal
nerve has the opposite effect [1, 2]. This adaptability of
the cANS is well reflected in the alterations of the heart
rate, also known as heart rate variability (HRV). In the
healthy and mature state, the two branches of the cANS
act in equilibrium resulting in a considerable HRV, which
is mandatory from fetal to adult life to respond to physi-
ological and pathophysiological stimuli. However, during
aging and pathological conditions, extensive remodeling
of the cANS can lead to regional and temporal domi-
nance of the sympathetic nervous system, both function-
ally and morphologically. This is associated with adverse
outcomes during prenatal and postnatal life, such as uter-
oplacental dysfunction, intrauterine fetal demise, sudden
infant death, and cardiac events or sudden death in adults
with or without known cardiovascular disease [3-9].
Over the last decades, autonomic imbalance has gar-
nered particular interest in the field of cardiac arrhyth-
mias as sympathetic predominance is linked to the
genesis and maintenance of atrial arrhythmias [10-12].
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A significant proportion of atrial arrhythmias find their
origin at specific predilection sites which are primar-
ily derived from the myocardium at the venous pole of
the heart, such as the terminal crest, the ostium of the
coronary sinus, the ligament of Marshall, and the myo-
cardial sleeves of the pulmonary and caval veins [13-15].
It has previously been observed that the development
of the embryonic cardiac conduction system relates to
these areas, suggesting that this may contribute to atrial
arrhythmias later in life, possibly by the re-expression of
a fetal program [16—19]. As the cANS is an important
modulator of the cardiac conduction system, under-
standing cANS development in relation to the venous
pole seems fundamental to further unravel the complexi-
ties of arrhythmogenesis.

Embryonic cANS development is a complex process
that involves numerous cell types, genes, and their inter-
actions [1, 12]. Depending on their axial level of origin,
neural crest cells (NCCs) generate cardiac sympathetic
and parasympathetic neurons after migrating from the
region overlaying the dorsal neural tube (Fig. 1) [20-23].
Cardiac nerves enter the heart through both the arterial
and venous poles. Nerves entering via the arterial pole
primarily innervate the ventricles, aorta and coronary
arteries, while those entering through the venous pole
supply nerves to both the atria and ventricles [24]. Nota-
bly, mammalian NCC migration and differentiation into
cardiac autonomic (i.e. sympathetic or parasympathetic)
neurons has predominantly been studied in mice [12,
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Fig. 1 Embryology of cardiac autonomic innervation. A Cardiac autonomic nerves at the arterial and venous poles are primarily derived from neural
crest cells (NCCs; dark blue dots), multipotent cells migrating from the neural tube region. Parasympathetic nerves emanate from the cranially
situated cardiac (vagal) NCCs while sympathetic nerves originate from trunk NCCs. B Cardiac (vagal) NCCs, precursors of parasympathetic

nerve cells, migrate along the developing vagal nerve pathway directly towards the heart to form the cardiac parasympathetic ganglia. From

there, parasympathetic nerve projections extend to the venous pole. Trunk NCCs, precursors of sympathetic nerve cells, migrate ventrally

towards the dorsal aortae to form the paravertebral sympathetic trunks. From there, sympathetic nerves extend into the heart through the cardiac
plexus alongside the previously developed vagal nerves. B is modified after Vegh et al. [1], published open access under Creative Commons

Attribution License (CC BY)
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22]. However, the development of the venous pole dif-
fers markedly between humans and mice: the left supe-
rior caval vein persists in mice, whereas in humans this
structure regresses to form the ligament of Marshall, that
contains numerous epicardial ganglionated nerves sup-
plying the dorsal surface of the ventricles and left atrium
[25]. Moreover, adult mice generally exhibit a predomi-
nant sympathetic tone while adult humans tend to have
a predominant parasympathetic tone [26]. Together, this
raises the question of whether the murine embryo is a
suitable model for studying human cANS development,
both from a morphological and functional perspective.
To our knowledge, no comparative studies between mice
and humans during the prenatal period exist. This study
aims to bridge this gap by providing a comparative analy-
sis of murine and human prenatal cANS development at
the venous pole at sequential prenatal stages, both func-
tionally and morphologically.

Material and methods
A schematic representation of the experimental setup is
depicted in Supplemental Fig. 1.

Heart rate variability recordings in mouse embryos

To study functional cANS development in mouse
embryos, heart rate variability (HRV) analysis was
assessed in vivo on heart rate recordings obtained by
high frequency ultrasound. HRV analysis is a tool that
quantifies the variation between two consecutive heart-
beats, where each derived HRV parameter reflects a dif-
ferent aspect of cANS activation or maturation. Heart
rate recordings were conducted on wildtype mouse
embryos (C57BL/6] background) ranging between E9.5
and E18.5 (n=49) using the Vevo3100 ultrasound sys-
tem (FUJIFILM VisualSonics, Toronto, Canada), with a
40 MHz transducer. Ultrasound examinations were per-
formed longitudinally at 2 subsequent stages between
E9.5 and E18.5 (either E9.5 and E13.5, E11.5 and E15.5,
or E13.5 and E18.5), or solely at E9.5 to include tissue
for histological examination at this early stage. Identi-
fication of the individual mouse embryos at the second
examination was based on their position in the maternal
abdomen, with the maternal bladder used as reference
point. All ultrasound examinations were performed by
FZ and CJM under similar conditions using a previously
described experimental setup [27]. Pregnant mother
mice (n=14) were sedated with isoflurane anesthesia via
a cone-shaped nose mask (induction 4% isoflurane; main-
tenance 1.5% isoflurane). During the study recordings,
isoflurane delivery was continuously adjusted to maintain
maternal vital signs at a cardiac frequency of 400-600
beats per minute, respiratory rate of 45-75 breaths per
minute and body temperature 36.5-37.5°C. Heart rate
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recordings were performed after at least 5 min of main-
tenance anesthesia and consisted of pulsed-wave Doppler
recordings over the (future) cardiac valves of all individ-
ual embryos. We aimed to record in- and outflow simul-
taneously by placing the Doppler sample volume across
both the (future) common atrioventricular orifice and
(future) common outflow tract orifice at the early stages
E9.5 and E11.5, and across the (future) mitral valve and
(future) aortic valve at stages E13.5, E15.5 and E18.5. If
a simultaneous recording was not feasible, in- and out-
flow were assessed separately. Each recording comprised
10 s and was repeated until 3 high-quality recordings
were secured. Scanning time was kept as short as possi-
ble to limit a possible effect of isoflurane anesthesia on
the measurements. Although the examiners were not
blinded to gestational age, beat-to-beat intervals and the
automatically derived HRV values were not visible dur-
ing recordings. Beat-to-beat intervals for HRV analysis
were obtained through offline analysis using VisualSonics
analytical software (Vevo LAB version 5.6.1, FUJIFILM
VisualSonics, Toronto, Canada) (Supplemental Fig. 1A).
HRV parameters were calculated separately from 3
high-quality beat-to-beat recordings and their mean
value was used for final analysis. Embryos that displayed
ectopic heartbeats were excluded from HRV analysis,
as HRV analysis requires sinus rhythm in order to study
the true vagosympathetic input into the sinoatrial node
(SAN). The following short-domain HRV parameters
were assessed according to the HRV Task Force guide-
lines [28]: SDNN, RMSSD, SDNN/RMSSD ratio, pNN10
(Table 1). Due to the short recording times (fetal move-
ments impede longer recordings), SODNN mainly repre-
sents short-term vagal activity.

Heart rate variability recordings in human fetuses

To assess functional cANS development in human
embryos, in vivo heart rate recordings of human fetuses
(n=18) were conducted longitudinally throughout ges-
tation using color Tissue Doppler Imaging (cTDI), an
advanced and accurate ultrasonographic technique [29].
The comprehensive methods and results of these func-
tional measurements have been published previously
[30]. For the current study, we processed these data as
reference against the morphological human data and data
derived from mice. In brief, healthy pregnant mothers
with singleton pregnancies (n=18) were subjected to 3
or 4 ultrasound examinations between 13 and 38 weeks
gestational age (WGA), with an inter-examination inter-
val of 8 weeks. Each participant was included at various
gestational ages (n=2-3 per week of gestation) to study
the full prenatal time course. Of note, accurate heart rate
recordings before 13 WGA are not feasible, as our pre-
vious study demonstrated technical limitations in ¢TDI
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Table 1 HRV parameters studied in murine and human embryos
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HRV parameter Description Interpretation

SDNN Standard deviation of all normal-to-normal interbeat intervals Total variability (in clips of 10's, mainly representing
(ms) vagal activity)

RMSSD Root mean square of successive differences between normal- Parasympathetic control
to-normal beats (ms)

SDNN/RMSSD ratio Ratio between SDNN and RMSSD Sympathovagal balance

pNN10 Proportion of normal-to-normal beat intervals differing more Very short time variation regulated by parasympathetic

than 10 ms (%)

activity

recordings between 10 and 13 WGA [30], and Doppler
recordings before 10 WGA are discouraged for safety
concerns. All ultrasound examinations were performed
by FZ under similar conditions using the Canon Aplio
i-800 ultrasound machine with abdominal PVI475BX
and PVT674 High Frequency convex transducers (Canon
Medical Systems Europe B.V., Zoetermeer, Netherlands).
Study recordings consisted of cTDI cine loops of the api-
cal or basal cardiac four-chamber view. Each recording
comprised 10 s and was repeated 10 times. Although the
examiner was not blinded to gestational age, beat-to-beat
intervals and the automatically derived HRV values were
not visible during recordings. The ultrasound record-
ings were analyzed offline using a measurement soft-
ware package provided by Canon Medical Systems that
automatically labeled the beat-to-beat intervals from the
myocardial velocity curve generated by cTDI (region of
interest placed around the entire cardiac four-chamber
view) (Supplemental Fig. 1B). For each examination,
HRV analysis was performed on 3 clips with the best
recording quality of the myocardial velocity curve, their
mean value was used for final statistical analysis. Simi-
lar to the embryonic mice, the following short-domain
HRYV parameters were assessed: SDNN, RMSSD, SDNN/
RMSSD ratio, pNN10 (Table 1).

Immunohistochemistry of embryonic mouse heart
specimens

To associate functional measurements with the morpho-
logical development of cardiac autonomic innervation,
mother mice were sacrificed by cervical dislocation fol-
lowing the last ultrasound examination (at either E9.5,
E11.5,E13.5, E15.5 or E18.5) and embryos were harvested
for histological examination. For a better understand-
ing of early development, the series was complemented
with stages E10.5 and E12.5 of wildtype C57BL/6] mouse
embryos from the Leiden Collection Cardiac Microscopy
Series, which holds an extensive collection of stained and
unstained slides from diverse cardiac specimens of vari-
ous species and ages. All cardiac specimens were treated

similarly according to routine immunohistochemistry
protocols: either the whole embryo or solely the tho-
rax (depending on the developmental stage) was fixed
in 4% paraformaldehyde phosphate (PFA) buffer pH 7.4
for 24—48 h, embedded in paraffin and transversely sec-
tioned at 5 um thickness. Immunohistochemistry was
performed as described previously (n=3 per develop-
mental stage) [31, 32], using primary antibodies against
autonomic nerve markers (general nerve marker tubulin
beta 3 class III (TUBB3) (Santa Cruz Biotechnology, Inc.
SC-80005, 1/1000), sympathetic nerve marker tyrosine
hydroxylase (TH) (Thermo Scientific PA1-4679, 1/1000),
parasympathetic nerve marker choline O-acetyltrans-
ferase (ChAT) (Abcam ab181023, 1/1000)), and primary
antibodies that distinguish the SAN and sinus venosus
myocardium from atrial myocardium (hyperpolariza-
tion activated cyclic nucleotide gated potassium channel
4 (HCN4), a cardiac conduction system marker (Alo-
mone labs APC-052, 1/1000); tropomyosin, a myocardial
marker (Sigma T9283, 1/1000) and Nkx2.5, a mesen-
chymal/myocardial second heart field marker (Santa
Cruz Biotechnology SC-8697, 1/4000). In addition,
WntlCre;mT/mG reporter mouse embryos [32] were
stained for enhanced green fluorescent protein (eGFP)
(Abcam ab13970 1/500) to study neural crest cell contri-
butions through lineage tracing. Primary antibodies were
visualized with respective Alexa-conjugated fluorescent
secondary antibodies (1/200, all purchased from Invit-
rogen). Finally, slides were counterstained with DAPI
(1/1000, Life Technologies) to visualize cell nuclei and
subsequently mounted with ProLong Gold (Life Tech-
nologies). High-resolution microscopy images were taken
with the digital slide scanners 3DHistech Pannoramic
250 Flash III and Zeiss Axio Scan.Z1.

Immunohistochemistry of human fetal heart specimens

Morphological development was assessed on human
embryos/fetuses without signs of developmental defects
ranging between 6 and 20 WGA (4—18 weeks postferti-
lization) (n=11), obtained from the historical collection
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of human embryos/fetuses at the department of Anatomy
& Embryology of the Leiden University Medical Center
(included in the local biobank “Congenital heart dis-
ease”), and from the local biobank “Ectopic pregnancy”
which holds early fetal tissues after surgical removal of an
ectopic pregnancy. Either the whole embryo or solely car-
diac specimens were fixed in 4% PFA buffer, embedded in
paraffin and transversely sectioned. Unstained sections
from the historical collection (n=6) were stained for
autonomic nerve markers TUBB3 (Santa Cruz Biotech-
nology, Inc. SC-80005, 1/1000), TH (Thermo Scientific
PA1-4679, 1/1000) and ChAT (Abcam ab181023, 1/500)
and myocardial marker tropomyosin (Sigma T9283,
1/1000) as described above. After counterstaining with
DAPI (Life Technologies, 1/1000), slides were shortly
incubated with TrueBlack (Biotum PI-230007, 1/20 dis-
solved in 70% ethanol) to quench autofluorescence. To
study NCC contribution, 4 hearts of the historical collec-
tion that were stained for HNK-1 (expressed in migrat-
ing NCCs [33]; Hybridomabank, 1/50) and anti-muscle
actin antibody HHF-35 staining (myocyte marker; Dako
M635, 1/500) as described [34] were reevaluated. To dis-
tinguish NCCs from the cardiac conduction system cells,
selected sections were stained with HCN4 Alomone labs
APC-052, 1/1000). In addition, more recently collected
embryonic heart tissue (n=1) obtained from an ectopic
pregnancy was stained for TUBB3, TH, ChAT, tropo-
myosin, HCN4 and HNK-1 as described above. Of note,
although HNK-1 has been successfully used to label early
migrating NCCs in humans by our group and others [33,
35], it has also been reported to label cells not derived
from NCCs, such as the developing cardiac conduction
system [34]. However, as an exclusive marker to NCCs
is currently lacking in humans [36], we consider HNK-1
as useful antigen. Careful interpretation in combina-
tion with a broad set of markers including neuronal and
conduction system markers was performed for the cur-
rent study to ensure proper interpretation of labelling, as
previously recommended [36]. High-resolution micros-
copy images were taken with the digital slide scanners

Table 2 Definition and interpretation of applied markers
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3DHistech Pannoramic 250 Flash III and Zeiss Axio
Scan.Z1.

Definitions

All morphological data was compared between mice
and humans per major stage of cardiogenesis. Early
cardiogenesis was defined as the looping phase of the
myocardial heart tube (mouse E9.5-11.5 vs human 6-7
WGA). Mid-cardiogenesis was defined as the phase of
four-chamber modeling (mouse E12.5-E14.5 vs human
7-9 WGA). Late cardiogenesis was defined as the phase
in which the heart has adopted its definitive anatomi-
cal configuration (mouse>E15.5 vs human>10 WGA).
Moreover, our interpretation of applied markers in mice
and humans is detailed in Table 2.

Statistics

All statistics were performed with SPSS Statistics 25.0
(IBM Corp., Armonk, New York, USA) and R Statistical
software version 4.2.2 (Foundation for Statistical Com-
puting, Vienna, Austria). Normally distributed variables
were described using mean+standard deviation (SD),
and continuous variables with skewed distributions
were described using interquartile ranges (IQR). Trends
over time for HRV parameters in both mice and human
embryos/fetuses were analyzed using linear mixed-
effects models, including a random intercept and slope
per subject and as covariates the age at examination,
mean embryonic/fetal heart rate and sex. This model
accounts for the correlation between repeated measure-
ments within subjects and allows different timings of
examinations and missing values. To determine true time
trends, cubic splines were used with knots at percen-
tiles of the data and the number of knots chosen based
on model fit (Akaike information criterion (AIC)). For all
HRYV parameters in mouse embryos, no knots (a linear
trend) was identified as best model. In human fetuses, a
linear trend was identified as best model to depict aver-
age HR and pNNI10, whereas spline function with 2
or 3 knots fitted best with SDNN, RMSSD and SDNN/

Tissue type

Set of markers in mice

Set of markers in humans

Sinus venosus myocardium
Atrial myocardium

Neural crest(-derived) cells
Undifferentiated nervous tissue
Sympathetic nervous tissue
Parasympathetic nervous tissue
Intrinsic cardiac adrenergic cells

HCN4*/NKx2.57/tropomyosin®
HCN4~/NKx2.5*/tropomyosin*
eGFP*

TUBB3*/TH™/ChAT~
TUBB3*/TH*/ChAT~
TUBB3*/TH™/ChAT*
TUBB3™/TH*/ChAT~

HCN4*/NKx2.57/tropomyosin®
HCN4~/NKx2.5"/tropomyosin®
HNK-1*/HCN4~
TUBB3*/TH™/ChAT™
TUBB3*/TH*/ChAT~
TUBB3*/TH™/ChAT*
TUBB3™/TH*/ChAT~
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RMSSD. Sampling error was quantified using 95% confi-
dence intervals (CI).

Results

Functional development of cardiac autonomic activity

in mice and humans

High frequency prenatal ultrasound in mouse embryos shows
frequent ectopic beats and tachycardia

A total of 49 mouse embryos were assessed by high fre-
quency ultrasound, which resulted in 72 individual
recordings (E9.5 n=22, E11.5 n=8, E13.5 n=19, E15.5
n=7, E18.,5 n=16). Median scanning time per embryo
was 8 min (IQR 5-16 min). Remarkably, frequent ectopic

Normal heart rhythm

0,4 0,5

Ectopic beat

Ectopic beat
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heartbeats were observed during 22 study recordings
(30.6%) and were therefore excluded from HRV analy-
sis (Fig. 2). Ectopic beats occurred in the majority of
embryos at E13.5 (16/19, 84.2%), and to a lesser extent at
E11.5(3/8, 37.5%) and E18.5 (3/16, 18.8%). They were not
encountered at stages E9.5 and E15.5. No difference was
found in potential confounding factors between those
with and without ectopic activity, as we found similar
duration of scanning time (and thus duration of anesthe-
sia) at onset of the ectopic beats (31.0 (IQR 21.0-41.75)
vs 30.0 (IQR 17.0-41.0) minutes respectively, p=0.759)
and similar maternal vital signs during the ultra-
sound examination, indicating similar anesthesia depth
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Fig. 2 Examples of normal heart rhythm and ectopic heartbeats in wildtype mouse embryos. A Pulsed-wave Doppler tracing across the mitral
and aortic valves showing normal heart rhythm at E18.5. During each cardiac cycle, there is a biphasic ventricular inflow pattern (E'and A’) followed
by a monophasic ventricular outflow pattern. B Pulsed-wave Doppler tracing at E13.5 showing multiple premature atrial contractions (PAC, yellow
arrows), i.e. extrasystoles, all followed by compensatory pause [illustrated by the elongated passive filling phase (red arrows)]. C Pulsed-wave
Doppler tracing at E18.5 showing a PAC followed by a tachycardia with a monophasic ventricular inflow pattern (only A). E" passive ventricular
inflow due to ventricular relaxation; A’z active ventricular inflow due to atrial contraction; PAC: premature atrial contraction; S": ventricular outflow

due to ventricular contraction



Zwanenburg et al. Journal of Translational Medicine (2025) 23:73

Mouse embryo Human fetuses

Heart rate
Af F
o
]
E8 H|Es :
I3 N N s
2 g 2 :
o o ?
-1 2
o I
£ 84 te
[ ® -
Q & Q
T | T,
3 8
t
84 3
1. 8
10 12 1‘4 16 18 15 2‘0 25 3‘0 35
Embryonic age (days) Gestational age (wks)
SDNN

@
(1]

7

12

6

5
10

4
ose

SDNN (ms)
3
\ '
|
\
\
TN o
SDNN (ms)

8

2

10 12 14 I‘B 15 15 20 25 3‘0 3‘5
Embryonic age (days) Gestational age (wks)

RMSSD
ce H_ |
. °
@ : = e
E | £
Q.- . a*
R P S a.
L S e
- .
:’**~—7~\J\‘;;‘ i ©
Theeld
~ T T T : © 1 T T T T T
10 12 14 16 18 15 20 25 30 35
Embryonic age (days, Gestational age (wks)
SDNN/RMSSD ratio
D I
o o | .
a-~ a . . .
4 B2 N
S s° PGS E T
« 3 eoT e
S / Sal -7 . .
EN EE T
S 2 o
o° or | e T
B -5 P N
®~ ] . . .. .
xS N :
©
S - <1
10 12 14 16 18 15 20 25 30 35
Embryonic age (days Gestational age (wks)
pNN10
E J .
8
S
& g
g g
o” =)
b= i=
2.0 EN
S 7: _ S
S -
ERE o
. s
: ¥ :
10 7>7777771‘47—> 1 18 15 25 30 35

12 6 20
Embryonic age (days) Gestational age (wks)

(maternal respiratory rate 38.5 (IQR 34-43) vs 37.0 (IQR
36—45) breaths per minute, p =0.646; maternal heart rate
540 (IQR 530-560) vs 535 (IQR 519.5-546.25) beats per
minute, p=0.354; and maternal temperature 36.2 (IQR
35.6-37.1) vs 36.6 (IQR 36.4-37.6) ‘C, p=0.131). In
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<« Fig. 3 Prenatal time trends of HRV parameters in murine and human
embryos/fetuses. Time trends using linear mixed models corrected
for mean embryonic/fetal heart rate and sex are provided separately
for all HRV parameters. The dotted lines indicate 95% confidence
intervals (Cl) and the black dots indicate the raw data points. A-E HRV
parameters in mouse embryos. A In mouse embryos, mean heart rate
increased throughout gestation. B, C SDNN consistently low, whereas
RMSSD demonstrated a slight decreasing trend. This suggests that,
although a trend towards a decrease in parasympathetic activity
during development was observed, definitive establishment
of cardiac autonomic function is not yet observed. D The SDNN/
RMSSD ratio remained predominant to RMSSD (i.e. ratio< 1),
butincreased in favor of SDNN throughout gestation. E pNN10
showed no specific trend. F-J HRV parameters in human fetuses. F
In human fetuses, mean heart rate decreased throughout gestation.
G-H SDNN and RMSSD increased from 20 to 30 WGA, suggesting
that cardiac autonomic activity (mainly parasympathetic activity)
establishes at approximately 20 WGA and matures until 30 WGA. I The
SDNN/RMSSD ratio remained predominant to RMSSD (i.e. ratio< 1),
demonstrating predominant vagal control throughout pregnancy.
J pNN10 increased with gestation, which illustrates that vagal effect
intensified throughout gestation. F-J are modified and extended
after Zwanenburg et al. [30], published open access under Creative
Commons Attribution License (CC BY)

addition, no difference was found in the number (first or
second) of examination at onset (11/48 at first examina-
tion vs 11/24 at second examination, p=0.06), eliminat-
ing a possible effect of previous anesthesia. In contrast to
mice, the 48 eligible recordings of 18 human fetuses did
not show cardiac ectopy or arrhythmias.

Distinct prenatal dynamics in the development of cardiac
autonomic function between mice and humans

In mice, the remaining 50 study recordings without
ectopic heartbeats were assessed by HRV analysis. In
humans, 48 recordings were eligible for HRV analysis.
The mean frame rate per second (fps) was 49.1 (18.3) in
mice and 115 (+27.1) in humans, allowing heartbeats to
be determined with respective precision levels of 0.02 s
and 0.009 s. Time trends of all HRV parameters in mice
and humans are provided in Fig. 3. Mean heart rate (HR)
differed significantly throughout gestation between mice
and humans (p<0.01): mean HR in mouse embryos
increased from 136 (+45.2) to 208 (+38.7) beats/min-
ute (linear trend R’=0.699, p<0.0001), whereas mean
HR in human fetuses decreased from 149 (+2.4) to 138
(£2.4) beats/minute (linear trend R*=0.231, p=0.0005).
All other HRV parameters also showed differential time
courses between mice and humans. In murine embryos,
the SDNN (representing total heart rate variability)
remained low and showed no particular trend [median
3.3 ms (IQR 2.15-4.25)]. Murine RMSSD (an indicator
of vagal activity) displayed a slightly decreasing trend
from 4.7 ms (+2.4) to 4.3 ms while the SDNN/RMSSD
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ratio increased, illustrating that the sympathovagal bal-
ance increased in favor of SDNN during gestation in
mouse embryos. Murine pNN10, also demonstrating
parasympathetic activity, remained consistently low at
a median of 3.1% (IQR 1-7%). All these parameters in
murine embryos together suggest that, although a mini-
mal trend towards a decrease in parasympathetic activity
during development was observed, definitive cANS func-
tion is not yet established prenatally in mice. In contrast,
in humans, both SDNN and RMSSD increased evidently
from approximately 20-30 WGA [SDNN 6.9 ms (+1.3)
to 10.7 ms (+0.7); RMSSD 10.1 ms (+1.7) to 13.4 ms
(+1.0)] and showed a small decreasing trend thereaf-
ter, suggesting that cANS activity (mainly parasympa-
thetic activity) is established prenatally around 20 WGA
and the parasympathetic branch further matures until
30 WGA. In addition, the human SDNN/RMSSD ratio
increased until 26 WGA, with predominance of RMSSD
(i.e. ratio<1) throughout pregnancy, indicating a pre-
dominant vagal tone. Human pNN10 showed a continu-
ous linear increase from 13 to 38 WGA (22.0% (+9.0) to
60.0% (+8.4) [linear trend R’°=0.323, p<0.001)], which
illustrates that the vagal effect intensified throughout
gestation.

Morphological development of cardiac autonomic
innervation in mice and humans

To relate the results on cANS function to morphology,
we next examined autonomic innervation and the con-
tribution of NCCs as precursors thereof in murine and
human heart specimens at sequential prenatal stages.

Early cardiogenesis (mouse E9.5-E11.5, human 6-7

WGA): formation of the primary sympathetic chains

and mediastinal vagal nerves

General morphology of the venous pole During early
cardiogenesis, cardiac structures at the venous pole are
morphologically largely comparable between mice (E9.5—
E11.5) and humans (6-7 WGA). In both species, the sinus
venosus is well discernable as a U-shaped structure at the
dorsal part of the common atrium, connected laterally to
the left and right cardinal veins. At the entrance of the
left and right cardinal veins, two putative SAN areas can
be recognized as thickened clusters of cells (Fig. 4A-C,
A—C’). These SANSs (i.e. a definitive right-sided and a tran-
sient left-sided SAN) become well established by E11.5 in
mice. The vascular walls of the left and right cardinal veins
are not yet covered by a myocardial sleeve and venous
valves are not established in the early stages (until E11.5 in
the mouse). The primordium of the pulmonary vein (the
midpharyngeal endothelial strand (MPES)), is situated in
the dorsal mesocardium and is initially not lumenized in
both mice (E9.5-E10.5) and humans (6-7 WGA) (Fig. 4D,
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D’). However, by E11.5 in mice, the primitive pulmonary
vein shows a clear lumen and peripheral branches.

Neural crest contributions NCCs are similarly distrib-
uted in mice and humans during early cardiogenesis. By
E9.5 in mice and 6 +4 WGA in humans, neural crest(-
derived) cells (WntlCre-GFP* in mice and HNK-1*
in humans) are prominently present in the regions of
the primary sympathetic chains adjacent to the dor-
sal aortae (Fig. 4A, A} red arrows) and in the mesen-
chyme surrounding the foregut/developing oesophagus,
which holds the area of the developing vagal nerves and
developing parasympathetic cells (Fig. 4, blue arrows).
NCCs are not discernable yet in the areas of the future
parasympathetic cardiac ganglia in either species. Ini-
tially, the sinus venosus myocardium, SANs, proximal
cardinal veins and MPES do not show expression of
neural crest markers in mouse embryos of E9.5-E10.5
(Fig. 4A-D). However, at E11.5 in mice and 6 +4 WGA
in humans, neural crest(-derived) cells are first observed
at the venous pole, although still in small numbers. They
are present in the vicinity of the proximal part of the
cardinal veins, in the dorsal mesocardium and sinus
venosus myocardium near the MPES (Fig. 5A, A] blue
arrowheads), and in mice also in the venous valves (not
shown). However, no neural crest(-derived) cells are dis-
cerned yet in the area of the SANs.

Autonomic nerve markers Cardiac autonomic nerve
markers follow a similar pattern during early cardiogen-
esis, with autonomic nerve development in the human
embryo of 6-7 WGA closely resembling that of the E11.5
mouse embryo. By E10.5 in mice and at 6+4 WGA in
humans, the sympathetic trunks have emerged bilaterally,
staining positive for TUBB3, TH and ChAT (Fig. 5B-D,
B’-D; red arrows). TUBB3" nerves are also identified in
the area of the developing vagal nerves at this stage. In
mice, these nerves initially still stain negative for TH and
ChAT at E10.5, indicating that no differentiation towards a
sympathetic or parasympathetic phenotype has occurred
yet. By E11.5 in mice and 6+4 WGA in humans, these
mediastinal nerves have differentiated towards a vagal
phenotype, staining positive for ChAT with minimal co-
expression of TH (Fig. 6B-D, B'-D); yellow arrows). No
autonomic nerve markers are encountered yet in the area
of the future parasympathetic cardiac ganglia. From E11.5
in mouse embryos and 644 WGA in the human embryo,
the first TUBB3"/ChAT* nerves (i.e. parasympathetic
nerves) are observed in the dorsal mesocardium near the
developing pulmonary vein (Fig. 5B-C, B’-C; red arrow-
heads). Autonomic nerve markers are not observed in the
sinus venosus myocardium, putative SAN areas or proxi-
mal cardinal veins during early cardiogenesis.
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Fig. 4 Neural crest cell distribution at early cardiogenesis (i.e. cardiac looping phase) in mice and humans. A-D Mouse sections at 9.5 depicting
Whnt1Cre-GFP* neural crest lineage (green) cell distribution at the venous pole. The approximate location of B-D is indicated by the white
dotted lines in A. Note C and D are from different sections. A'~D’ Human sections at 6 +4 WGA showing the distribution of HNK-1* (neural
crest) cells (green) at the venous pole. The approximate location of B'-D'is indicated by the white dotted lines in A". Note D'is from a different
section. A, A’ Overview sections in mice (A) and humans (A"). Note that in both species neural crest (-derived) cells are prominently present

in the regions of the primary sympathetic chains adjacent to the dorsal aortae (red arrows) and in the mesenchyme surrounding the foregut
where the parasympathetic cells and vagal nerves develop (blue arrows). Nota bene: endothelial cells (PECAM-1) are also stained in A (white).
B-C, B'-C’ At this early stage, no expression of neural crest cells (NCCs) is discerned in the putative right-sided sinoatrial node (SAN; yellow
dotted line in B, B') and left-sided SAN (C, C, yellow dotted line). D, D" In mouse embryos of £9.5 (D), NCCs are not encountered in the area

of the midpharyngeal endothelial strand (MPES), the precursor of the pulmonary vein. In the human embryo of 6 +4 WGA (D’), HNK-1* neural
crest cells are present in the dorsal mesocardium and sinus venosus myocardium nearby the MPES (red arrowheads). Blue arrows indicate NCCs
at the area of the developing vagal nerves. Scalebars: A, A 100 um, C, D, C, D": 50 pm. A: common atrium; Br: pulmonary bronchus; dAo: dorsal
aorta; Fg: foregut; L/RCV: left/right cardinal vein; MPES: mid-pharyngeal endothelial strand; Oe: oesophagus; PEO: proepicardial organ; SAN: sinoatrial

node

Mid-cardiogenesis (mouse E12.5-E13.5, human 8-9 WGA):
autonomic nerve distribution at the venous pole of the heart
General morphology of the venous pole During the
next phase of cardiogenesis, the first differences in the
area of the venous pole begin to emerge between mice
(E12.5-13.5) and humans (8—9 WGA). The sinus venosus
is initially in both species still U-shaped and connected
laterally to the left and right cardinal veins, where forma-
tion of a myocardial sleeve is initiated. In mice, the sinus
venosus still encompasses the definitive right-sided and
the transient left-sided SAN, whereas in humans the left-
sided SAN has disappeared by 8 WGA. Venous valves in
the right atrium are well established at this stage in either
species. The sinus venosus of murine embryos (E12.5—
E13.5) maintains its symmetrical U-shape with ongoing
development, although the sinus venosus myocardium
becomes relatively smaller as the working atrial myocar-
dium expands. In contrast, by 9 WGA in humans, the
sinus venosus becomes lateralized to the right side as the
lumen of the left superior cardinal vein has regressed. Its

remnant, the ligament of Marshall, can still be recognized,
connected to the coronary sinus (Fig. 6). In both spe-
cies, the primitive pulmonary vein has a clear lumen and
peripheral branches, and formation of a myocardial sleeve
is initiated (from E12.5 in mice and 8 WGA in humans)
(Fig. 7).

Neural crest contributions Despite the anatomical dif-
ferences at the venous pole, NCCs are similarly distrib-
uted in mouse and human during mid-cardiogenesis. By
E12.5 in mice and 8 WGA in humans, the development
of parasympathetic cardiac ganglia is discernable. Large
clusters of neural crest(-derived) cells have formed adja-
cent to the myocardialized orifice of the primitive pul-
monary vein (i.e. the developing parasympathetic cardiac
ganglia), which merge with neural crest(-derived) clusters
in the area of the vagal nerves (Fig. 7A, A). In both spe-
cies, neural crest(-derived) cells can now also be observed
at all cardiac structures of the venous pole. Neural crest(-
derived) cell tracts are present at most right-sided struc-
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Fig. 5 First parasympathetic nerves at the venous pole in proximity to the developing pulmonary vein in mice and humans. A, A" At E11.5 in mice
(A) and 6+4 WGA in human (A"), a small number of neural crest(-derived) cells (Wnt1Cre-GFP* in mice and HNK-1" in humans) are encountered

in the dorsal mesocardium and sinus venosus myocardium nearby the developing pulmonary vein (blue arrowheads). Also note the high amount
of NCCs at the sympathetic chains (red arrows) and area of the vagal nerve (red asterisks). B-D, B’-D" In both species, the sympathetic chains (red
arrows) stain positive for TUBB3 (B, B’; yellow), ChAT (C, C’; magenta) and TH (D, D’; cyan). Also the vagal nerves have developed (red asterisks),
staining positive for TUBB3 (B, B') and ChAT (C, C’) with minimal co-expression of TH (D, D’). The first parasympathetic nerves are identified

in the dorsal mesocardium nearby the developing pulmonary vein (red arrowheads), which stain positive for TUBB3 (B, B') and ChAT (C, C’) but are
negative for TH (D, D). Scalebars: 100 um. Br: pulmonary bronchus; dAo: dorsal aorta; MPES: midpharyngeal endothelial strand; Oe: oesophagus;
LCV/RCV: left/right cardinal vein; LV/RV: left/right ventricle; SAN: sinoatrial node; PV: pulmonary vein

tures of the venous pole [dorsal right atrial wall, the proxi-
mal right cardinal vein and the right-sided SAN (Fig. 8A,
A’)], while the venous valves are negative for NCC mark-
ers. Also left-sided structures of the venous pole (the
coronary sinus, left proximal cardinal vein and the still
unmyocardialized peripheral branches of the pulmonary
vein) contain neural crest(-derived) cell tracts. In mice,
a few NCCs are encountered in the transient left-sided
SAN. Notably, when analyzing the embryos section by
section, most NCC tracts at the venous pole, as well as
a tract through the dorsal mesocardial protrusion to the
area of the developing AV node, coalesce with the NCCs
at the pulmonary venous ganglia (Fig. 7C, 7C’). By E13.5
in mice, the number of neural crest(-derived) cells at the
venous pole has markedly increased. At this stage, addi-
tional large clusters of Wnt1Cre-GFP* cells have formed
midposterior from the atria at a more cranial level than
those surrounding the pulmonary vein, which are also
found in the human embryo of 8 WGA.

Autonomic nerve markers As expected, cardiac auto-
nomic nerves follow a similar pattern to neural crest(-
derived) cells in both mice and humans, although the

timing of their differentiation varies between the two
species relative to major cardiogenesis. From E12.5 in
mice and 8 WGA in humans, the developing intrinsic
ganglia surrounding the orifice of the primitive pul-
monary vein stain positive for TUBB3 (Fig. 7B, B’). In
mice, a few ganglion cells co-express ChAT and even
fewer express TH, while the ganglia in humans lack
autonomic nerve marker expression (Fig. 7B, B’). In
both species, fine dispersed TUBB3* nerve fibers are
observed between these ganglia and the dorsal right
atrial wall, the coronary sinus and through the dorsal
mesenchymal protrusion to the base of the atrial septum
near the area of the developing AV node (Fig. 7D, D’).
In mice, a small proportion of the nerves at the venous
pole express ChAT, confirming previous observations
that parasympathetic nerves arrive at the venous pole
prior to sympathetic nerves [20]. In humans, all nerves
are still undifferentiated, evidenced by the absence of
ChAT and TH. At 8 WGA in humans, the first undiffer-
entiated TUBB3™ nerves are observed in the right-sided
SAN (Fig. 8B’-D), red arrows). In contrast, at E12.5 in
mice, no nerve fibers are encountered in both SANs.
However, the right-sided SAN in mice features some
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Fig. 6 Anatomical differences at the venous pole at mid-cardiogenesis between mouse and human. A, B Mouse sections at E12.5 showing

that the sinus venosus is connected laterally to the right- and left cardinal veins. Note that the transient left-sided SAN is still present at this stage
(red arrow) and the myocardialization of the right cardinal vein is initiated. A’, B’ Human sections at 9 WGA depicting that the left superior cardinal
vein has regressed. Its remnant, the ligament of Marshall (black arrow), is well discernable at this stage and shows high expression of HNK-1.
Scalebars: 100 yum. AoV: aortic valve; Br: pulmonary bronchus; dAo: dorsal aorta; LA/RA: left/right atrium; LCV/RCV: left/right cardinal veins; LM:
Ligament of Marshall; LV/RV: left/right ventricle; Oe: oesophagus; SAN: sinoatrial node

TH*/TUBB3™ cells, considered to be intrinsic cardiac
adrenergic (ICA) cells [1], which increase in number
with subsequent stages (Fig. 8D, yellow arrowheads). At
stage E13.5 in mice, the cardiac ganglia highly express
ChAT and faintly express TH. TUBB3*/ChAT™* nerves
extend further and are now present between the pul-
monary venous ganglia and the right cardinal veins,
both SANS, the coronary sinus and the pulmonary vein
branches. The SANs contain both parasympathetic
(ChAT™") and sympathetic (TH*) nerves (Fig. 8B-D, red
arrows and arrowheads), while sympathetic nerves are
sparse in the other structures at the venous pole.

Late cardiogenesis (mouse E15.5-E18.5, human 10-20 WGA):
spatial distribution and differentiation of cardiac autonomic
nerves

General morphology of the venous pole During late car-
diogenesis, differences at the venous pole persist between
mice (E15.5-18.5) and humans (10-20 WGA). In mice,
both superior caval veins remain lumenized whereas only
the right superior caval vein persists in humans. In both
species, the caval vein(s) are fully covered by a myocar-
dial sleeve at this stage. The definitive right-sided SAN has
grown in size in either species, and the left-sided SAN in
murine fetuses (which has already disappeared in human
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Fig. 7 Neural crest and autonomic nerve markers surrounding

the pulmonary vein and dorsal mesocardial protrusion in mouse
and human at mid-cardiogenesis. A-D Mouse sections at E12.5. A'-D’
Human sections at 8 WGA. A, A’ Clusters of neural crest (-derived)
cells (Wnt1Cre-GFP* in mice and HNK-1* in humans) surround

the orifice of the pulmonary vein (PV), forming part of the intrinsic
cardiac ganglia (red/black arrowheads). Note the vagal nerves
surrounding the oesophagus (red arrow in A and black arrow in A’).
B, B’ The ganglia stain positive for TUBB3 (red arrowheads). Nerve
stainings are depicted separately in Supplemental Fig. 2. In mice (B)
most ganglion cells still only express TUBB3 (yellow), although a few
ganglion cells co-express ChAT (magenta) and even fewer TH
(cyan). Vagal nerves are indicated by the red arrows. In humans

(B"), the nerves remain undifferentiated (only TUBB3 expression).

C, C’ Neural crest (-derived) cells at the dorsal mesenchymal
protrusion between the PV clusters and the area of the developing
atrioventricular (AV)-node (red arrow). D, D’ In the same area, small
TUBB3™ nerves are present in both species, staining negative for TH
and ChAT (red arrowheads). Nerve stainings are depicted separately
in Supplemental Fig. 2. Scalebars: 50 um. Br: pulmonary bronchus;
CS: coronary sinus; LA/RA: left/right atrium; Oe: Oesophagus; PV:
pulmonary vein
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embryos) has become fully incorporated into the myocar-
dial sleeve surrounding the left superior caval vein. Venous
valves are initially still present in both species. However,
the venous valves have become indiscernible by 17 WGA
in humans. The pulmonary veins in mouse embryos still
drain via one solitary orifice, whereas in human fetuses, 4
separate orifices are visible. In both species, the myocar-
dial sleeve covering the pulmonary veins is complete.

Neural crest contributions Lineage tracing in the
mouse shows that neural crest-derived cells have
increased in number and by E17.5, the expression pat-
tern of Wnt1Cre-GFP™ cells almost completely overlaps
with TUBB3-expressing cells at all structures of the
venous pole. In contrast, human HNK-1 expressed by
migrating NCCs, has markedly decreased by 11 WGA.
At that stage, there is only faint expression at the periph-
ery of the SAN, the dorsal atrial wall, the area surround-
ing the pulmonary veins and at the mesocardial protru-
sion between the pulmonary ganglia and AV-junction.

Autonomic nerve markers During late cardiogenesis,
the general development of the cANS is comparable
between both species, but timing of autonomic differ-
entiation (as reflected by expression patterns of TH and
ChAT) differs relative to major cardiogenesis. In both
species, a well-developed network of autonomic nerves
at the venous pole has evolved (i.e. dorsal atrial wall, the
superior caval vein(s), right-sided SAN and pulmonary
veins) (Fig. 9) which gradually increases with ongoing
gestation. In mouse embryos, the majority of TUBB3™*
at the venous pole now co-expresses ChAT and TH,
although solely parasympathetic (TUBB3*/ChAT™)
and sympathetic (TUBB3*/TH™) nerves are also found.
In contrast, in human embryos, the first signs of dif-
ferentiation are only encountered by 10 WGA. Simi-
lar to E12.5-E13.5 in mice, parasympathetic nerves are
observed first, evidenced by the TUBB3*/ChAT*/TH™
expression in the majority of ganglion cells and nerves.
In addition, TUBB3* nerves lacking autonomic nerve
markers are also still encountered. By 11 WGA, the
first TH* cardiac ganglia and nerves are encountered at
the venous pole. Notably, besides TH expression, they
all co-express ChAT. Until 20 WGA, the majority of
nerves and cardiac ganglia in human fetuses maintain
predominant parasympathetic characteristics, although
the proportion of nerves expressing TH increases. Most
TH* nerves and ganglia retain their co-expression with
ChAT. Notably, in both species, the number of both
ChAT- and TH-expressing nerves in the definitive right-
sided SAN also increases with gestation (from E13.5 in
mice and 11WGA in humans). In mice, the number of
TH*/TUBB3™ cells, i.e. ICA cells, increases with ongo-
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Fig. 8 NCCs and autonomic nerve markers in the right-sided SAN in mice and humans at mid-cardiogenesis. A-D Mouse sections

of the right-sided SAN (blue/white dotted line) at E13.5. A'-D’ Human sections of the right-sided SAN (black/white dotted line) at SWGA. A, A’ In
both species, neural crest(-derived) cells (Wnt1Cre-GFP* in mice and HNK-1* in humans) are present at the right-sided SAN (red arrows). B, B’ In
both species, TUBB3™ nerves are found in the SAN (red arrows and arrowheads). C-D, C’-D’ In mice, both parasympathetic [TUBB3*/ChAT*, red
arrows in (B) and (C)] and sympathetic [TUBB3*/TH", red arrowheads in (B) and (D)] nerves are present. Also note the ICA cells [TUBB3™/TH", yellow
arrowheads in (D)]. In human, the nerves remain undifferentiated [(red arrows in (B")], evidenced by the negative staining for ChAT (C") and TH (D’).

Scalebars: 50 um. RA: right atrium; RCV: right cardinal vein

ing development whereas in the human SAN ICA cells
are not present (Fig. 10).
All findings are summarized in Table 3.

Discussion

The role of the cANS in outcome and late complications
of cardiovascular diseases has increasingly been recog-
nized over the past decades, in particular its role in the
genesis and maintenance of atrial arrhythmias. Even in
utero, proper functioning of the cANS has been shown
to be an important indicator of fetal outcome [4, 37], and
it has been postulated that (abnormal) prenatal develop-
ment of the cANS might be related to cardiac autonomic
dysfunction later in life [1]. Most of the pioneering stud-
ies providing insight into the embryological background
of cANS development have been conducted in animal
studies, whereas data derived from humans and how
this compares to smaller mammals such as the mouse,
is scarce. In the current study, we aimed to compare
the morphological and functional cANS development
between mouse and human embryos, specifically aimed
at the venous pole, which harbors major predilection sites
of atrial arrhythmias. Key findings of the current study
are: (1) Prenatal function of the cANS differs greatly
between the two species, as murine cANS function did

not appear to establish prior to birth while the dynamics
of human cANS activation could be observed at 20 WGA
and rapidly matured until 30 WGA. (2) Nerves reach the
venous pole before autonomic function is established in
both mice and humans. (3) Morphologically, the Anlage
of the cANS follows a similar sequence in mice and
humans. However, the timing of expression of sympa-
thetic or parasympathetic markers differs when related
to major cardiogenesis, with human cANS differentia-
tion commencing relatively later. (4) Structures related to
arrhythmogenicity, such as the ligament/vein of Marshall
and the myocardium surrounding the caval and pulmo-
nary veins, become highly innervated during embryonic
development in both mice and humans, supporting a role
of the cANS in modulation of focal arrhythmogenicity.

Functional cANS development in mice and humans

In the current study, prenatal development of cANS
function clearly differed between mice and humans. In
mouse embryos, although the increase in heart rate and
subtle decrease in RMSSD suggested a trend towards
reduced parasympathetic tone, cANS function did not
definitively establish in utero as no definitive trend of
HRV parameters was observed. This contrasts with
human fetuses, where a sudden increase in SDNN and
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Fig. 9 Autonomic nerve markers at the pulmonary vein

in mice and humans at late cardiogenesis. A-D Mouse sections

of the pulmonary vein at E18.5. The coronary sinus and dorsal right
atrial wall with the orifice of the right superior caval vein and venous
valves is also discernible. A’'-D" Human sections of the pulmonary
vein at 13 WGA. A-D. In mouse embryos at this stage, most nerves
at the venous pole co-express both ChAT and TH. A’-D” Also

in the human embryo of 13 WGA, many nerve cells co-express

both ChAT and TH. Scalebars: 200 um. Br: pulmonary bronchi; CS:
coronary sinus; LA/RA: left/right atrium; LV/RV: left/right ventricle; Oe:
oesophagus; PV: pulmonary vein

RMSSD from 20 to 30 WGA together with a decreased
heart rate indicated that cANS function (mainly para-
sympathetic) establishes prenatally around 20 WGA
and matures until 30 WGA. This discrepancy is not
surprising given autonomic function also differs postna-
tally between species. Small adult rodents such as mice
and rats generally exhibit a predominant sympathetic
tone under standard laboratory conditions, while the
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Fig. 10 Autonomic nerve markers at the right-sided SAN in mice
and humans during late cardiogenesis. A-D Mouse sections

of the right-sided SAN (white dotted line) at E18.5. Large TUBB3*
nerves are observed in the periphery of the SAN (white arrows),
co-expressing both ChAT (C) and TH (D). Note the large amount

of TH*/TUBB3™ cells, i.e. ICA cells (B and C). A'—D’ Human sections
of the right-sided SAN (white dotted line) at 1TWGA. The SAN

is highly innervated. Notably, the nerves are located more centrally
compared to mice. ICA cells are not present. Scalebars: 100 um. RCVY;
right cardinal vein

heart rate in larger mammals such as humans and sheep
is mostly determined by vagal activity [12, 26]. Previous
reports on prenatal cANS function in mouse embryos
are very limited and comprise contrary results. Kasa-
hara et al. reported an increase in heart rate only prior
to birth, which was accompanied by a decrease in para-
sympathetic nervous activity while sympathetic activ-
ity remained unchanged [38]. The study of Khandoker
et al. described an increasing heart rate together with
an increasing trend of SDNN and RMSSD, suggesting
that, in contrast to our study, cANS activity is already
established prenatally in mouse embryos [39]. Notably,
neither of these studies assessed HRV measurements
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Table 3 Similarities and differences in parallel stages of cANS development at the venous pole in mice and humans

Developmental stage Major event general cardiogenesis Similarities mouse-human

Differences mouse-human

Early cardiogenesis
>Mice: E9.5-E11.5
>Human: 6-7 WGA

+ Cardiac looping
- Sinus venosus U-shaped
- Atrial septation initiated

+ NCC migration
- Sympathetic trunks and first mediastinal
parasympathetic nerves discernable

- TUBB3* cells in area of developing vagal

nerves

+ NCCs in the dorsal mesocardium
at the area of the developing PV
- Absent parasympathetic cardiac ganglia

+ SAN formation established
-Venous valves formed

« Pulmonary vein canalized

- Start myocardialization of cardinal
vein(s) and pulmonary vein

Mid cardiogenesis
>Mice: E12.5-E13.5
>Human: 8-9 WGA

- First TUBB3* nerves (co-expressing

with ChAT) observed in the venous pole,
entering near the developing PV

- Cardiac ganglia formation at orifice SAN
pulmonary vein and dorsal atrial wall

- TUBB3* nerves distribute

over the (SAN(s), proximal cardinal vein(s),

+ Only in humans, the left SAN and left
superior caval vein disappear
+ Only in mice, ICA cells appear in the right

«In humans nerves have not differentiated
yet (ChAT and TH negative) while in mice
most nerves are ChAT* and few TH*

dorsal atrial wall, pulmonary vein

Late cardiogenesis
>Mice: E15.5-E18.5
>Human: 10-20 WGA

- Major cardiogenesis is complete

- Increase of nerve distribution and den-
sity over venous pole

- Most nerves express both TH and ChAT
at later developmental stages

«In mice, the left-sided SAN disappears
now

«In mice, increase of ICA cells at the right-
sided SAN, in human still absent

longitudinally despite HRV showing large inter-indi-
vidual differences [40]. Our data implies that murine
cANS function presumably establishes after birth,
which is supported by postnatal studies. HRV (SDNN
and pNNB®6) is found to be low until postnatal day (P)4 in
mouse pups, and only increased thereafter until 9 weeks
of age [41]. In addition, neonatal mice developed a tran-
sient bradycardia as a stress response to attachment of
electrocardiographic electrodes between P4-P8, which
was attributed to the development of vagal activation
[42]. Also for humans it is well known that further mat-
uration of the human cANS occurs postnatally, as vagal
activity reaches its maximum halfway through child-
hood and sympathetic activity continuously declines
after birth [43]. Our finding that human cANS activity
establishes prior to birth agrees with previous literature
on this topic. However, studies show large variation for
the trajectories of sympathetic and parasympathetic
functional maturation, which is largely explained by dif-
ferences in fetal state during HRV recording [30, 44—
47]. Notably, despite the fairly large body of research
on HRV development in human fetuses, it is essential
to point out that fetal HRV has been assessed using a
variety of techniques (such as fetal cardiotocography,
electrocardiography, magnetocardiography, and ultra-
sound) and analytical methods (i.e. time-domain analy-
sis, frequency-domain analysis, Fast Fourier Transform,
and Short-Time Fourier Transform), which makes direct
comparisons between studies difficult and empha-
sizes the need for generic guidelines for human fetal
HRYV analysis [48].

Morphological cANS development in mice and humans

The current study demonstrated that although the
Anlage of the cANS followed a similar developmen-
tal sequence, timing of differentiation into sympathetic
or parasympathetic phenotype was markedly distinct
between mice and humans (Table 3). The precursors of
cardiac autonomic neurons, the NCCs, were in both spe-
cies first observed in the dorsal mesocardium near the
developing pulmonary vein (E9.5-11.5 in mice and 6-7
WGA in humans), and distributed from there over the
venous pole with ongoing development (E12.5-E13.5 in
mice and 8-9 WGA in humans). Similarly, Hildreth et al.
observed WntlCre-dependent p-galactosidase expres-
sion, indicative of neural crest cells, in the dorsal meso-
cardium of embryonic mice at E11.5 [22]. The arrival of
neural crest cells at the heart has not been documented
before in human embryos, but in chick embryos, another
vertebrate species, NCCs also arrive at the venous pole,
albeit at a later stage of cardiogenesis, HH32 [49]. Simi-
lar to NCCs and corresponding to previous literature, the
first nerves reached the venous pole through the dorsal
mesocardium bordering the pulmonary vein and devel-
oping interatrial septum at E12.5 in the mouse and 8-9
WGA in humans [22, 50]. In our study, timing of differen-
tiation differed substantially between mice and humans
in relation to major cardiogenesis. In the mouse, differ-
entiation of cardiac nerves occurred during 4-chamber
formation (nerves at the dorsal mesocardium are ChAT*
and TH* at E12.5; atrial nerves are ChAT* at E12.5, and
TH* at E13.5; nerves at the SAN are ChAT* and TH* by
E13.5). Hildreth et al. also observed immunoreactivity
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for TH and vesicular acetylcholine transporter, another
parasympathetic marker in the dorsal mesocardium of
mouse embryos at E12.5 [22], and Manousiouthakis et al.
demonstrated the presence of TH* axons at the SAN in
wildtype mice of E14 [51]. In contrast, in humans, dif-
ferentiation emerged relatively later, when the heart had
already achieved its final configuration (10 WGA for
ChAT™ atrial nerves, 11 WGA for TH" atrial nerves).
Gordon et al. also reported a delay between the expres-
sion of general neural markers in the human SAN, at 8
WGA, and the expression of neuropeptides, at 10 WGA.
TH immunoreactivity was also mostly limited to ganglia
and paraganglia outside the heart until 10 WGA [52].
Of interest, we demonstrated that at late developmen-
tal stages in both mice and humans, many nerves co-
express ChAT and TH. This may represent a transient
state during embryonic development related to PHOX2B
expression [53]. However, this explanation is not all-
encompassing, as adult autonomic neurons retain the
ability to switch phenotypes in response to disease states,
such as during heart failure, after myocardial infarction,
or following sympathectomy [12, 54]. Co-expression of
cholinergic and catecholaminergic neurotransmitters
may therefore represent a compensatory mechanism.
Finally, it may reflect a ‘dual-transmitter’ phenotype, as
has been described for other neurons [55], supporting
the notion of a more nuanced neurotransmitter profile
than has classically been appreciated for the cANS.

Functional versus morphological cANS development

In this study, establishment of cANS function did not
directly relate to morphological development of auto-
nomic nerves, as autonomic innervation was observed
substantially earlier at sinus venosus-related structures
including the SAN. Interestingly, the heart rate in both
species already showed a clear alteration before cANS
function had been established. It is known that the
embryonic heart rate already responds to catecholamines
prior to establishment of cANS innervation [56]. ICA
cells, the major source of early catecholamine synthesis,
have been suggested as an underlying mechanism [1, 57].
In our study, ICA cells were observed in mice from E12.5,
which increased in number with subsequent develop-
mental stages, while the human SAN did not contain
ICA cells. The epicardium may also play a role in early
autonomic function of the heart, as mechanical epicar-
dial inhibition disturbs the response to catecholamines
in chick embryos [58]. Remarkably, severe epicardial
inhibition in the sinus venosus area resulted in a more
pronounced effect than mild inhibition in the same area.
Autonomic nerve markers and adrenergic beta recep-
tors are expressed in both mouse and human epicardium,
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although the functional meaning of this finding is still
largely unexplored [58].

Autonomic innervation and clinical arrhythmias
Autonomic imbalance is associated with the occurrence
of atrial arrhythmias [10, 59]. Electrophysiological
studies have shown that the majority of atrial arrhyth-
mias originate from sinus venosus-related structures
[13]. Notably, in adults these structures tend to be more
densely innervated compared to other regions of the
atrium [2]. The ligament/vein of Marshall has complex
nervous connections to the coronary sinus and orifices
of the pulmonary veins, which are related to the gen-
esis of atrial fibrillation [60]. In addition,the area sur-
rounding the pulmonary venous myocardium contains
numerous ganglionated plexuses that can trigger atrial
fibrillation when stimulated [59, 61]. The current study
shows that the inflow tract myocardium at the venous
pole becomes highly innervated during embryonic
development. Notably, not only the definitive right-
sided SAN and myocardium of the right cardinal vein
(primordium of the superior caval vein), but also a
transient left-sided SAN and the myocardium of the left
cardinal vein (which regresses in humans to become the
ligament of Marshall), as well as the myocardium sur-
rounding the pulmonary veins, are highly innervated at
early gestation. These findings may potentially explain a
modulatory role of the cANS in focal arrhythmogenic-
ity originating from structures such as the ligament of
Marshall and the pulmonary veins, under pathologi-
cal conditions [13, 14]. It remains unclear at this point
what the function of the broad autonomic innervation
of the venous pole myocardium is. We and others have
previously shown that the fetal cardiac conduction sys-
tem initially comprises a broad area with pacemaker
activity (corresponding to the sinus venosus myocar-
dium), potentially explaining why cardiac innervation
follows this broad pattern [19, 62]. Another hypothesis
is that the sinus venosus guides nerve sprouting, as was
shown for sympathetic axons in mouse embryos [51].

Prenatal atrial ectopy in relation to autonomic innervation
of the venous pole

We demonstrated frequently occurring ectopic heart
beats in mice embryos, which remarkably coincided
with the onset of SAN innervation, and with the right-
sided lateralization of the initially broad Anlage of the
embryonic CCS [16-18]. Although ectopic beats were
not observed in human fetuses in the current study, atrial
ectopy is a regular finding in the prenatal period [63].
The cause of these ectopic beats is still debated, but the
apparent association with the start of SAN innervation
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and CCS/sinus venosus lateralization invites speculation
that prenatal atrial ectopy marks a transition phase in
SAN autonomic regulation and function.

Limitations and considerations

Regarding cANS function, it should be noted that func-
tional measurements in mouse embryos were obtained
while the mother mice were sedated with isoflurane
anesthesia, whereas the human data were retrieved
without anesthetics. Low-dose isoflurane as used in
this study, however, has only minimal effect on the
autonomic reflexes of adult mice, as evidenced by the
variations in maternal heart rate and respiratory rate.
Therefore, the effect on mouse embryos is presumed to
be marginal. Conducting ultrasound recordings with-
out anesthetics is highly stressful for the mother mice
and is therefore not feasible. Regarding cANS morphol-
ogy, human fetal specimens for biomedical research are
relatively scarce, and the number of specimens included
in this study was dictated by the availability of fetal
human specimens in our biobanks. In addition, line-
age tracing, which provides valuable insights into cel-
lular origin, development and differentiation in mouse
embryos, is not feasible in human fetuses. Neverthe-
less, to the best of our knowledge, this is the first study
that provides a comparative timeline of prenatal cANS
development in humans and mice, encompassing both
functional and morphological aspects, offering valuable
insights within the constraints of available resources.

Conclusions and future perspectives

This study shows that, although the early morphologi-
cal cANS development at the venous pole follows a sim-
ilar sequence, there are substantial differences between
mice and humans. Anatomically, the timing of differ-
entiation into sympathetic or parasympathetic phe-
notype differs in relation to major cardiogenesis, with
human autonomic markers emerging relatively later.
Functionally, however, the human fetal cANS (mainly
parasympathetic) becomes activated around 20 WGA
and matures until 30 WGA, whereas full murine cANS
activity is not yet established in mouse embryos. These
results should be taken into account when extrapolat-
ing mouse studies of the cANS to humans. In particu-
lar, mouse embryos likely do not replicate the cANS
observed during advanced gestation in humans. In both
mice and humans, structures related to arrhythmo-
genicity in human, such as the ligament of Marshall
and the myocardium surrounding the pulmonary veins,
become highly innervated during embryonic develop-
ment, potentially explaining a modulatory role of the
cANS in focal arrhythmogenicity under pathological
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conditions. Current promising techniques such as the
use of single-cell RNA sequencing, disease modelling
using human induced pluripotent stem cells or com-
putational modelling, may help to further unravel the
mechanisms and involved pathways of human cANS
development and its potential role in arrhythmogenesis
later in life.
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