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The molecular mechanisms regulating sympathetic innervation of
the heart during embryogenesis and its importance for cardiac
development and function remain to be fully elucidated. We
generated mice in which conditional knockout (CKO) of the Hifla
gene encoding the transcription factor hypoxia-inducible factor 1«
(HIF-1a) is mediated by an Islet1-Cre transgene expressed in the
cardiac outflow tract, right ventricle and atrium, pharyngeal me-
soderm, peripheral neurons, and hindlimbs. These Hif1laCKO mice
demonstrate significantly decreased perinatal survival and im-
paired left ventricular function. The absence of HIF-1a impaired
the survival and proliferation of preganglionic and postganglionic
neurons of the sympathetic system, respectively. These defects
resulted in hypoplasia of the sympathetic ganglion chain and de-
creased sympathetic innervation of the Hif1laCKO heart, which
was associated with decreased cardiac contractility. The number
of chromaffin cells in the adrenal medulla was also decreased, in-
dicating a broad dependence on HIF-1x for development of the
sympathetic nervous system.

sympathetic neurons | cardiac innervation | tyrosine hydroxylase |
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he heart is innervated via the autonomic nervous system,

which comprises sympathetic and parasympathetic nerves
that exert antagonistic effects on cardiac function. Disruption of
sympathetic-parasympathetic balance in the heart is central to
the pathophysiology and progression of many types of heart
disease. Sympathetic innervation regulates cardiac function by
increasing heart rate, conduction velocity, and myocardial con-
tractility (1). Changes in cardiac innervation pattern and activity
of the sympathetic nervous system are implicated in many car-
diac pathologies, ranging from sudden infant death syndrome (2)
to such common diseases of adulthood as hypertension, myo-
cardial ischemia, cardiac arrhythmias, sudden cardiac death, and
heart failure (3).

The sympathetic nervous system is composed of preganglionic
neurons residing in the spinal cord (the preganglionic motor
column) and postganglionic neurons forming the sympathetic
ganglion chain. Postganglionic sympathetic neurons that in-
nervate the heart are generated from trunk neural crest cells,
which first migrate and form the primary sympathetic ganglia
(PSG) chain near the dorsal aorta, starting at embryonic day (E)
10.5 in the mouse (4, 5). Sympathetic neuroblasts express
markers associated with mature sympathetic neurons, such as
tyrosine hydroxylase (TH), but still undergo proliferation (6). TH
is the first enzyme in the catecholamine biosynthetic pathway
that produces norepinephrine, the primary neurotransmitter re-
leased from postganglionic sympathetic neurons (7). In the sec-
ond migration step, sympathetic progenitors migrate away from
the dorsal aorta to form secondary sympathetic ganglia at
E13.5 and undergo final differentiation into sympathetic neurons
with exit from the cell cycle that peaks at E14.5 (6).
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The differentiation of sympathetic neurons is induced by sig-
naling molecules of the bone morphogenetic protein family se-
creted by the dorsal aorta, followed by expression of a variety of
transcription factors that initiate noradrenergic and neuronal
differentiation, including PHOX2A, PHOX2B, GATA2, GATA3,
INSM1, HAND2, ASCL1, SOX4, and SOX11 (5, 8). Another
transcription factor required for the development of sympathetic
progenitors in the PSG is the LIM homeodomain protein Islet-1
(ISL1), which acts at both early and late stages of sympathetic
neurogenesis (9, 10).

Postganglionic sympathetic neurons innervating the heart are
located primarily in the stellate ganglion, with minor contribu-
tions from the middle cervical and upper thoracic paravertebral
sympathetic ganglia (11, 12). Cardiac sympathetic fibers origi-
nate in sympathetic ganglia, extend along large-diameter coro-
nary vessels into the underlying myocardium, and end as
sympathetic nerve terminals reaching the endocardium (13). The
density of sympathetic innervation is highest in the sub-
epicardium and central conduction system, which consists of the
sinoatrial node (SAN), atrioventricular node, and bundle of His
(1), and sympathetic innervation gradually decreases from the
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atria to the ventricles and from the base to the apex of the
heart (13).

Tissue hypoxia plays important roles in the recruitment of
neural crest cells, sympathetic axon guidance, and patterning of
cardiac innervation (13, 14). The master regulator of transcrip-
tional responses to decreased O, availability is hypoxia-inducible
factor 1 (HIF-1), a heterodimeric protein consisting of an O,-
regulated HIF-1o subunit and a constitutively expressed HIF-1p
subunit. Germline knockout of the Hifla gene results in mouse
embryos with profound cardiac, vascular, and neural tube defects
and developmental arrest at E8.5 (15, 16). Severe placental and
vascular defects, as well as the resulting early embryonic lethality
of germline Hifla knockout mice, preclude an in-depth investi-
gation of the mechanisms by which HIF-1 contributes to heart
development and function.

Conditional knockout (CKO) by deletion of a floxed Hifla
exon 2 (Hifla"**"") (17) under the control of several CRE
driver lines (18-20) has provided insight into the role of HIF-1a
in later stages of cardiogenesis, but no previous studies have
investigated whether Hifla is required for cardiac sympathetic
innervation. Although TH expression is regulated by HIF-1 in
certain cell types (21, 22), whether HIF-1a is required for the
development of sympathetic neurons is unclear. In this study, we
generated HiflaCKO mice by mating Hifla'®""*" and IslI-Cre
mice. Lineage studies have demonstrated Is//-Cre expression in
progenitors of the second heart field, pharyngeal mesoderm,
hindlimbs, spinal motor neurons, cranial ganglia, dorsal root
ganglia, and sympathetic chain (23, 24). Our analysis of mice
with Hif1laCKO in ISL1-expressing cells has revealed a key role

A

Hif1 aloxP/loxP
Hif1 a+/loxF’

Isl1-Cre;Hif1a*/loxP

Isl1-Cre;Hif1aloxP/oxP

D Embryos Surviving mice

for HIF-1a in sympathetic innervation of the heart and devel-
opment of sympathetic ganglia.

Results

Loss of HIF-1a in ISL1" Cells Leads to Neonatal Mortality and Impaired
Cardiac Function. Embryonic lethality of germline Hifla knockout
mice by E10.5 (15, 16) precludes analysis of HIF-1lo—dependent
events at later developmental stages. To address this limitation,
we disrupted the HIF-1a coding sequence in Hifla'™"* mice
(17) by expression of an Is/I-Cre transgene (Fig. 14) that has
been used extensively to study cardiovascular and nervous system
development (24-29). To identify tissues with Is/I-directed ex-
pression of CRE recombinase, we crossed Is/I-Cre mice with
Rosa26 reporter mice, which express p-galactosidase only in the
presence of CRE. Descendants of cells expressing the IslI-Cre
transgene were detected mainly in the heart, hindlimbs, cranial
ganglia, sympathetic ganglion chain, and dorsal root ganglia at
E10.5 (Fig. 1B), similar to previous reports (24). The CRE-
mediated excision of Hifla exon 2, which encodes the basic
helix-loop-helix DNA-binding domain of HIF-1a in Hifla™""**;Isl1-
Cre (HiflaCKO) mice was very efficient, with quantitative real-
time PCR (qPCR) analysis of genomic DNA revealing 77%
elimination of exon 2 in the heart, whereas exon 2 copy number
was not significantly different in the forebrains of control and
HiflaCKO mice at E10.5 (Fig. 1C).

HiflaCKO embryos were recovered at expected Mendelian
ratios at all embryonic days examined in utero (Fig. 1D and SI
Appendix, Table S1). We analyzed cardiac development, including
the outflow tract and pharyngeal arch arteries, by histological
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Fig. 1. Decreased neonatal survival and hindlimb malformations in Hif1aCKO mice. (A) The Is/7-Cre transgene was transmitted paternally to eliminate any

potential influence of maternal HIF-1a haploinsufficiency on the developing embryos. (B) Whole-mount X-gal staining of E10.5 Is/7-Cre;Rosa

R26R embryos

revealed p-galactosidase expression in the dorsal root ganglia (DRG) and sympathetic cervical ganglia (SCG), trigeminal ganglion (tg), vestibular ganglion (vg),
heart (h), and hindlimb (hl). (Scale bar: 100 pm.) (C) qPCR analysis of exon 2 (normalized to exon 3) sequences in genomic DNA isolated from heart and
forebrain of Hif1aCKO and control embryos at E10.5. The data are presented as mean + SEM (n = 6 embryos per group). **P < 0.01, Student’s t test. (D, Left)
The genotype distribution of embryos and surviving mice. (D, Right) Observed distribution of genotypes of embryos collected between E7.5 and
E17.5 according to the expected Mendelian ratio (Top). In contrast, the observed genotype distribution of surviving mice at 3 wk after birth shows a decreased
number of Hif1laCKO mice (Bottom). ****P < 0.0001, x° test. (E) Micro-CT scan shows hindlimb malformations with reduced tibia, femur, and pelvis lengths in
adult Hif1aCKO mice. (Scale bar: 10 mm.)
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analysis of E14.5 and E15.5 embryos. HiflaCKO hearts (n = 11)
were indistinguishable from control (Hifla™™" or Hifla™*"*")
hearts (n = 7) with no gross structural abnormalities. Thus, Hifla
deletion in ISL1* cardiac progenitor cells did not affect overall
heart development. However, HiflaCKO mice had significantly in-
creased neonatal mortality (P < 0.0001, 3> test), with 40% fewer
HiflaCKO mice identified at the time of genotyping (3 wk) com-
pared with Hifla™"*?;IslI-Cre mice (Fig. 1D). Examination of sur-
viving adult HiflaCKO mice revealed major malformations of the
proximal and distal hindlimbs (Fig. 1E and SI Appendix, Fig. S1).
Conditional inactivation of HIF-1a during limb development using
Prx1-Cre caused malformation of both forelimbs and hindlimbs (30).

Due to gender differences in cardiac electrophysiological
properties (31), we focused our functional analyses on male
mice. Since the body weight of HiflaCKO mice was decreased
(Fig. 24), as was heart weight (HW) (Fig. 2B), we adjusted HW
using the length of the cranial base (LCB) measured by micro-
computed tomography (CT) (Fig. 2C and SI Appendix, Fig.
S2 and Table S2). The HW of the surviving HiflaCKO mice was
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Fig. 2. Impaired LV function in HiflaCKO mice. (A) Body weight (BW) was
decreased in adult Hif17aCKO mice (n = 37) compared with controls (n = 40).
(B and C) Both HW and HW relative to the LCB (HW/LCB) were decreased in
Hif1aCKO mice (n = 13) compared with controls (n = 15). (D) The ratio of LV
weight to HW (LV/HW) was not significantly different between genotypes. (E
and F) Echocardiographic analyses of adult (3-mo-old) males revealed sig-
nificantly decreased fractional shortening (FS) but no significant difference
in heart rate (HR) in Hif1TaCKO mice (n = 12) compared with control mice (n =
10). (G and H) Representative M-mode echocardiography (long-axis view of
LV) in control (G) and Hif1aCKO (H) mice. All numerical data are presented as
mean + SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, Student’s t test.
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modestly decreased compared with age-matched controls (Fig. 2B),
but the ratio of left ventricular (LV) weight to HW was unaffected
(Fig. 2D). Although HiflaCKO mice had no detectable structural
abnormalities of the cardiac chambers or valves, analysis of adult
males using echocardiography revealed significantly impaired LV
function, with fractional shortening of 33.3 + 0.4%, compared with
37.0 £ 0.9% in control littermates (Fig. 2 E, G, and H and SI
Appendix, Table S3). Observed differences in heart rate were not
statistically significant (Fig. 2F and SI Appendix, Table S3).

Impaired Sympathetic Innervation in HiflaCKO Hearts. Immunohis-
tochemical staining of TH revealed significantly impaired sym-
pathetic innervation in the hearts of HiflaCKO mice. At E14.5,
TH* sympathetic axons were found on the heart surface and in
an area adjacent to the sinus venosus, reaching the base of the
ventricles in control hearts, whereas in HiflaCKO hearts, TH*
axons were significantly reduced in number and length and were
restricted to the area of the sinus venosus (Fig. 34). Between
E14.5 and E17.5, sympathetic axons extended to and branched in
the dorsal subepicardium of control hearts, whereas expansion of
sympathetic innervation in the HiflaCKO hearts was attenuated.
In comparison with control littermates, sympathetic innervation
was significantly decreased in E16.5 HiflaCKO hearts (Fig. 3B).
In contrast to the abundant TH* neurons in control hearts (Fig.
3C), considerable variation in sympathetic innervation of HiflaCKO
hearts was observed, ranging from a 30% reduction to a com-
plete absence of TH* neurons (Fig. 3D). Decreased sympa-
thetic innervation was also detected in the hearts of surviving
3-mo-old HiflaCKO mice, as shown by anti-TH and anti-TUJ1
immunofluorescence (Fig. 3 E-H). Consistent with the reduced
innervation of HiflaCKO hearts at E14.5, reverse-transcription
and qPCR revealed decreased levels of mRNA encoding TH as
well as nerve growth factor (NGF) (Fig. 37), which is required
for terminal sympathetic innervation of target tissues (32).

Since ISL1 is expressed in the SAN during the development of
cardiac pacemaker cells (33), we investigated formation of the
SAN in HiflaCKO hearts. Hyperpolarization-activated nucleotide-
gated cation channel 4 (HCN4) is a well-established marker for
slow-conducting components of the cardiac conduction system with
pacemaker potential (34). At E16.5, formation of the SAN was
comparable between genotypes, although innervation in the prox-
imity of the SAN was reduced, thinner, and more disorganized in
HiflaCKO hearts compared with control hearts (Fig. 3 J and K).

The gap junction alpha 1 (GJA1) protein, also known as
connexin 43 (CX43), plays a key role in myocardial conduction,
and decreased CX43 expression is associated with decreased
conduction properties in a heart failure model (35). Further-
more, HIF-1 binds directly to the GJAI gene and activates its
transcription in hypoxic melanoma cells (36). Immunohistochemistry
(Fig. 4 A, Upper) and image analysis (Fig. 4 A, Lower) revealed
significantly decreased CX43 protein levels in the compact myo-
cardium of the LV in HiflaCKO hearts compared with controls
(Fig. 4B).

Aberrant Coronary Artery Architecture in HiflaCKO Hearts. The
physical proximity and similar branching pattern of the coronary
vasculature and peripheral nerves imply coordinated develop-
ment of these networks. Since sympathetic innervation was im-
paired in HiflaCKO hearts, we investigated coronary vascular
architecture using Microfil injection (Flow Tech) and micro-CT.
Quantification of the branching pattern (i.e., frequency and
distance of identifiable branches from the left coronary artery)
did not reveal any significant differences between control and
HiflaCKO adult mice (SI Appendix, Table S4). As described
previously (37), the most common coronary architecture was the
presence of two independent coronary arteries originating from
the left and right aortic sinuses, with the septal artery originating
from the right coronary artery (Fig. 5 A and B). However, in
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Fig. 3. Impaired sympathetic innervation of Hif1aCKO hearts. (A) Inmunohistochemical staining of TH in posterior view of hearts from control (Upper) and
Hif1aCKO (Lower) littermate embryos between E14.5 and E17.5. (B) Quantification of TH* fibers per ventricle area in E16.5 control and Hif1aCKO hearts (n =
4 each). *P < 0.05, Student’s t test. (C and D) Posterior view of E16.5 control heart (C) and Hif1aCKO heart with no detectable TH* fibers (D). In C, the dashed
green line demarcates the ventricular area of the heart. (Scale bar: 500 um.) (E-H) Sympathetic innervation of hearts from 3-mo-old male mice (M3) was
analyzed by anti-TH (E and F) and anti-TUJ1 (G and H) immunohistochemistry. The posterior view is shown, and dotted lines encompass the left ventricle (LV)
and right ventricle (RV) of the heart. (Scale bar: 1 mm.) (/) Relative Th and Ngf mRNA levels were measured by reverse-transcription and gqPCR, using mRNA
extracted from the whole heart at E14.5, when the sympathetic neurons reach the heart and start to innervate the ventricles (n = 8 hearts per genotype).
*P < 0.05, **P < 0.01, Student’s t test. (J and K) Expression of HCN4, a marker for the cardiac conduction system, in E16.5 heart sections. HCN4* area of the
SAN in the Hif1aCKO embryo is comparable to that in the control embryo at E16.5, but TUJ1-labeled nerve fibers in proximity of the SAN are reduced,
thinner, and more disorganized in the Hif1laCKO (arrow) compared with control heart. (Scale bar: 100 pm.) HS, Hoechst stain. All numerical data are
presented as mean + SEM.

2 out of 13 HiflaCKO hearts, we detected a major anomaly in
which a single coronary artery arose from the right aortic sinus,
from which the left coronary and septal arteries then originated
(Fig. 5 C and D). This type of coronary artery anomaly, which
was observed in none of 15 control hearts, is considered a
pathological malformation in humans (37).

HIF-1a Is Required for Development of Sympathetic Ganglia. Based
on our finding of compromised sympathetic innervation of the

Bohuslavova et al.

heart in HiflaCKO mice, we assessed the development of the
sympathetic nervous system more broadly (Fig. 6). ISL1 expression
is initiated in the developing sympathetic progenitors at E9.5 and
is maintained in sympathetic ganglia until E16.5 (9). ISL1 is also
expressed in developing preganglionic motor neurons of the ventral
spinal cord (38). We first analyzed the expression of ISL1 and TH,
the marker of sympathetic lineage cells, at E10.5. TH expression
was reduced in preganglionic motor neurons and their axons within
the thoracic spinal cord of HiflaCKO mice compared with control
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Fig. 4. Decreased connexin 43 expression in Hif1aCKO hearts at E16.5. (A)
CX43 immunohistochemistry was performed (Upper), and the CX43* area
was captured using ImagelJ (Lower). (Scale bar: 50 pm.) (B) CX43 staining was
quantified using ImagelJ, and the CX43" area was expressed as percent-
age of total cross-sectional area of compact myocardium of LV in control
and Hif1aCKO littermates (n = 3 embryos per genotype and 4-6 fields
per LV). ****P < 0.0001, Student’s t test. The data are presented as
mean + SEM.

littermates (Fig. 6 A-D). The TH* domain was significantly
decreased in motor neuron columns of Hif/laCKO embryos
(Fig. 6K). TH and ISL1 expression appeared to be decreased
in neurons of developing PSG of HiflaCKO mice compared
with controls (Fig. 6 E and F). At E11.5, HIF-1a expression
was almost completely absent in thoracic motor columns of
HiflaCKO embryos compared with control littermates (Fig. 6 G
and H).

To zietermine whether the impaired development of sympa-
thetic ganglia was due to altered proliferation or survival, we first
performed immunostaining for cleaved caspase 3, which revealed
significantly increased apoptosis of preganglionic neurons in
motor columns of E11.5 HiflaCKO embryos (Fig. 6 1, J, and K).
The ISL1* domain was significantly decreased in HiflaCKO
motor columns compared with controls (Fig. 6M). Since de-
veloping preganglionic neurons and postganglionic sympathetic
neurons interact extensively (39), increased death of pregangli-
onic neurons may influence the formation of sympathetic gan-
glia. In contrast to increased apoptosis of neurons in the neural
tube, no caspase 3-positive cells were observed in the PSG
of HiflaCKO or control embryos at E11.5 (Fig. 6 P and Q).

13418 | www.pnas.org/cgi/doi/10.1073/pnas.1903510116

However, Ki67 immunostaining revealed significantly attenuated
proliferation of sympathetic neurons in the developing ganglia in
HiflaCKO embryos at E11.5 (Fig. 6 R-T), when most sympa-
thetic neurons have reentered the cell cycle until their terminal
differentiation (6). Taken together, these data suggest that HIF-
la is required for proliferation of progenitors of the sympathetic
ganglia and for survival of preganglionic neurons in the de-
veloping thoracic spinal cord. Consistent with these changes,
axon projections in the cervical and upper thoracic area were
diminished in HiflaCKO embryos compared with control em-
bryos at E11.5 (Fig. 7). Axonal bundles of sympathetic neurons
also appeared thinner in HiflaCKO embryos (Fig. 7 C and D).

We next investigated formation of the secondary sympathetic
ganglia. Hypoplasia of PSG was accompanied by decreased overall
size of the secondary sympathetic chain ganglia in HiflaCKO
embryos. The superior cervical ganglia, stellate ganglia, and tho-
racic sympathetic chain ganglia of HiflaCKO embryos were no-
ticeably smaller than those of littermate controls at E14.5 as
visualized by TH immunostaining (Fig. 8 4 and B). We focused
our analyses on the stellate ganglia, where the overwhelming
majority of cardiac nerve fibers originate (12). To assess the
functional state of neurons in the stellate ganglia, we evaluated the
expression of neuronal nuclear antigen (NeuN), a differentiation
marker of mature postmitotic neurons. The number of NeuN"
neurons in the stellate ganglia of HiflaCKO embryos was signifi-
cantly decreased (Fig. 8 C—F). Using NeuN whole-mount staining,
we determined that HiflaCKO ganglia were 34% smaller com-
pared with those of littermate controls at E14.5 (Fig. 8F and S/
Appendix, Fig. S3). At E14.5, strong nuclear HIF-1a was detected
in neurons of the stellate ganglia in control embryos (Fig. 8G),
whereas HIF-1a expression was reduced and localized to the

Hif1aCKO

Control

Fig. 5. Main coronary artery anomalies in Hif1aCKO hearts. Micro-CT visual-
ization of coronary artery branching patterns in 2-mo-old control (A and B) and
Hif1aCKO (C and D) mice. Anterior aspect (A and C) and top view (B and D) are
shown. Arteries are highlighted from their origin: right coronary artery (RCA;
orange), left coronary artery (LCA; yellow), and septal artery (SA; red). The
classic arrangement with two independent coronary arteries, the RCA and LCA,
arising separately from the aorta and the SA arising from the RCA was ob-
served in 15 out of 15 control hearts (A and B). An anomalous single coronary
artery arising from the aorta with subsequent division of the RCA, SA, and LCA
was observed in 2 out of 13 Hif1aCKO hearts (C and D). (Scale bar: 5 mm.)
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Fig. 6. Abnormal development of sympathetic neurons in Hif1aCKO embryos. (A and B) Cross-section images of E10.5 embryos showing decreased expression
of TH (red) in developing neurons of the sympathetic system in HiflaCKO embryos compared with control embryos. ISL1* neurons (green) were detected in
the dorsal root ganglia (DRG), in developing motor neuron populations (including preganglionic motor columns of the sympathetic system) within the ventral
neural tube (MN), and in forming PSG (arrowheads). TH expression was detected in the MN, sympathetic axons, and PSG neurons. HS is shown in blue. (C-F)
Higher magnification images show TH expression in the MN (C and D) and PSG (E and F). (G and H) HIF-1a expression (red) was decreased in the MN of
Hif1aCKO embryos compared with control embryos. (/, J, L, and M) Cleaved caspase-3 immunostaining shows significantly increased apoptosis and decreased
ISL1" area in the MN of Hif1aCKO embryos at E11.5 (n = 5 embryos per genotype and 2 ganglia per embryo). ****P < 0.0001, Mann-Whitney U test; *P < 0.05,
Student’s t test. (K) Quantification of TH* area as a percentage of the total ISL1" area in the MN (n = 3 embryos per genotype and two sections per
embryo). *P < 0.05, Student’s t test. (N and O) Sagittal sections of E11.5 embryos were analyzed by TH immunostaining to identify the PSG. The dotted
yellow line indicates the plane of cross-sectioning for the images shown in P-S. (P and Q) Cross-sections of E11.5 embryos show no apoptotic cells in PSG
neurons of control or HifTaCKO embryos (n = 5 embryos per genotype analyzed). (R and S) Immunostaining for proliferating cell nuclear antigen Ki67
(red) in PSG neurons. (T) Quantification of proliferating neurons in PSG of control and Hif1aCKO embryos (n = 5 embryos per genotype and 2 ganglia per
embryo). **P < 0.01, Student's t test. (Scale bars: 100 um for A-F, 50 pm for G—J and P-S, and 1,000 um for N and O.) All numerical data are presented as
mean + SEM.

cytoplasm of TH* neurons in HiflaCKO embryos (arrowheads
in Fig. 8H). The cross-sectional area of the stellate ganglia
(dotted ovals in Fig. 8 G and H) was decreased in HiflaCKO
embryos. Thus, the loss of HIF-1a expression and differen-
tiated neurons in sympathetic chain ganglia correlates with
the attenuated sympathetic innervation of HiflaCKO hearts
and impaired development of secondary sympathetic ganglia
at E14.5.
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Development of Adrenal Chromaffin Cells Is Impaired in HiflaCKO
Embryos. Since sympathetic neurons and neuroendocrine chro-
maffin cells in the adrenal medulla derive from a common cat-
echolaminergic sympathoadrenal progenitor (9), we analyzed the
development of adrenal chromaffin cells in HiflaCKO embryos.
We first analyzed TH expression in the adrenal medulla at
E17.5, and found that TH expression in the adrenal medulla of
HiflaCKO embryos was only 55% of that of control littermates
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Fig. 7. HIF-1a is required for normal axon growth. (A and B) Whole-mount
immunostaining of nerve fibers with anti-TUJ1 (green) shows decreased in-
nervation in the cervical area of the DRG and developing PSG in HiflaCKO
embryos compared with control embryos at E11.5. Neurons are labeled with
anti-NeuN (red). The cervical (red line) and thoracic (white line) DRG are
indicated in A. (C-F) Higher-magnification images of the upper thoracic
region show thinner axonal bundles of neurons in PSG (arrows in E and F)
and decreased numbers of DRG axons (arrowheads in E and F) in HiflaCKO
embryos compared with control embryos. Thoracic T1 vertebra are indicated
in C and D. (Scale bars: 1,000 pm for A, B, E, and F; 500 pm for C and D)

(Fig. 9 A-C). We next analyzed expression of chromogranin A,
a secretory protein located in chromaffin vesicles that is
costored and coreleased with catecholamines, in the adrenal
medulla. The chromogranin A expression domain in the adre-
nal gland was also decreased in HiflaCKO compared with
control littermates (Fig. 9 D-F). These findings show that HIF-
la deficiency affects the development of chromaffin cells as
well as sympathetic neurons.

Discussion

In this study, we generated conditional deletion of the Hifla
gene to bypass the early embryonic lethality associated with
germline Hifla knockout (15, 16). We found that mice selec-
tively lacking HIF-1a in ISL1* cells have a profound deficit in
sympathetic innervation of the heart and impaired development of
sympathetic ganglia and chromaffin cells. Thus, HIF-1a is essential
for the development of neuronal and endocrine sympathoadrenal
lineage derivatives.

HIF-1a is required for physiological responses to hypoxia and
plays critical roles in the pathophysiology of cancer, cardiovas-
cular disease, and other common causes of mortality (40, 41).
During development, HIF-1a is required for circulatory system
development and O, homeostasis (15, 40, 42). Mice lacking
Hifla expression die at midgestation due to profound cardio-
vascular and neural tube defects (15, 16). We previously reported
that global Hifla haploinsufficiency in combination with an
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Fig. 8. The growth and maturation of secondary sympathetic ganglia are
impaired in E14.5 Hif1laCKO embryos. (A and B) Whole-mount TH immu-
nostaining was performed to detect the secondary chain of sympathetic
ganglia, which are smaller in HiflaCKO mice compared with control lit-
termates. Arrowheads indicate the superior cervical (SCG) and stellate
(STG) ganglia; bracket indicates the thoracic chain of sympathetic ganglia
(SChG). (Scale bar: 1,000 um.) (C and D) Immunostaining for NeuN (a
marker for differentiated neurons; red) shows reduced neuronal density
in the STG of Hif1laCKO compared with control embryos (n = 5 embryos
per genotype and 2 ganglia per embryo). **P < 0.01, Student’s t test.
(Scale bar: 50 um.) (E and F) Morphometry of sympathetic ganglia (the STG
and three upper ganglia of the thoracic sympathetic chain) by whole-
mount NeuN immunostaining of the spinal cord (n = 5 embryos per ge-
notype, left and right sympathetic chain ganglia per embryo). ***p <
0.0005, Student’s t test. (G and H) Coronal sections of embryos immuno-
labeled with anti-TH (red) and anti-HIF-1a (green) show a smaller STG area
(dotted oval) and lower HIF-1a expression in HiflaCKO embryos. Strong
HIF-1a expression was detected in nuclei of TH* neurons in control em-
bryos (G) but only in the cytoplasm of a few TH* neurons in HiflaCKO
embryos (H, arrowheads). (Scale bar: 50 um.) All numerical data are pre-
sented as mean + SEM.
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Fig. 9. Decreased number of adrenal chromaffin cells in HiflaCKO embryos. (A and B) Cross-sections through the adrenal glands of Hif1TaCKO and control
embryos at E17.5 were stained with anti-TH antibody (red). (C) TH* area was quantified using ImageJ software and expressed as percentage of total adrenal
gland area (n = 4 embryos per genotype and two sections per embryo). **P < 0.005, Student’s t test. (D and E) Chromogranin A expression in cross-sections of
the adrenal glands of control and HiflaCKO E14.5 embryos was detected by immunostaining. (F) Chromogranin A* area was quantified using ImageJ and
expressed as a percentage of the total adrenal gland area (n = 3 embryos per genotype and two sections per embryo). *P < 0.05, Student’s ¢ test. (Scale bar:

200 pm.) All numerical data are presented as mean + SEM.

adverse diabetic environment in utero is associated with an
increased incidence of congenital cardiac defects and im-
paired cardiac function (43, 44). In the present study, we used
an Is/1-Cre transgene to generate selective HIF-1a deficiency.
ISL1 is expressed in progenitors of the cardiac outflow tract, right
ventricle and atria (23), hindlimbs, and all peripheral neurons
(45). ISL1 regulates both early and late development of the
sympathetic nervous system, including axon growth as well
as neuron proliferation and maturation (10).

IslI-Cre-mediated excision of Hifla exon 2 did not affect heart
development at a gross morphological level, as the chambers and
outflow tract were comparable between control and HiflaCKO
embryos. Thus, the disruption of Hifla in ISL1* cardiac pro-
genitor cells did not affect cardiac morphogenesis. This conclu-
sion is consistent with the recent finding that ISL1* cardiac
progenitor cells proliferate in a normoxic niche with low HIF-1a
expression (46). Conversely, HIF-1oa forms a repressor complex
to silence Isl! expression under pathological hypoxia, leading to
congenital cardiac defects (46).

In attempting to understand how HIF-1la loss of function in
ISL1* cells influences neonatal survival and cardiac function of
HiflaCKO mice, we uncovered an essential role for HIF-1a in
the development of cardiac sympathetic neurons. We observed
significantly impaired sympathetic innervation of HiflaCKO
hearts compared with littermate control hearts at E14.5. Ex-
pression of the Th gene, a direct target of HIF-1 (21), was de-
creased in the heart at E14.5, when sympathetic nerve terminals
reach the heart and begin to innervate the ventricles. The ex-
pression of mRNA encoding NGF, which is required for cardiac

Bohuslavova et al.

sympathetic innervation and axon growth (32, 47, 48), was also
reduced in E14.5 HiflaCKO hearts. We cannot rule out the
possibility that these changes in gene expression represent the
consequence, rather than the cause, of decreased sympathetic
innervation or reflect an indirect effect of HIF-1a loss of func-
tion. We also cannot exclude the possibility that impaired pro-
duction of neurotrophic factors by cardiac myocytes might
contribute to impaired cardiac innervation. However, the im-
paired development of sympathetic chain ganglia suggests direct
effects of HIF-1a deficiency on sympathetic neurons.

In addition to the impaired sympathetic innervation, CX43
expression was significantly decreased in HiflaCKO hearts.
CX43 is an integral membrane protein and the major gap junc-
tion protein that contributes to the electrical coupling of ven-
tricular cardiomyocytes (49). A single nucleotide polymorphism
in the GJAI gene encoding CX43 is associated with arrhythmias
and sudden cardiac death (50). CX43 is a key mediator of car-
diomyocyte protection during hypoxia (51), and CX43 expression
is directly regulated by HIF-1 in melanoma cells (36). Decreased
CX43 expression in the LV of HiflaCKO mice may have con-
tributed to the impaired contractility detected on echocardiog-
raphy and may have increased the risk of arrhythmias and
sudden death. Is/] expression has been documented in cardiac
pacemaker cells (33, 52), providing another potential mechanism
for arrhythmias in HiflaCKO mice.

It is interesting that increased neonatal mortality was reported
in mice with germline deletion of Th, and that, as in the case of
HiflaCKO mice, no pathological abnormalities were found in
Th™'~ mice that could definitively establish the primary cause of
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death (53). It is possible that the neonatal mortality of HiflaCKO
mice is due to reduced catecholamine production or defective
sympathetic innervation of other tissues, such as the lungs,
because a catecholamine surge at birth is critical to maintain
euglycemia (53) and trigger the pulmonary fluid absorption
necessary to increase lung compliance and pulmonary function
(54). A number of additional mechanisms underlying sudden
infant death syndrome have been proposed, including inborn
errors of metabolism, respiratory dysfunction, cardiorespiratory
instability, and cardiac arrhythmias (55). Finally, the hindlimb
defects of HiflaCKO mice might impair suckling and thereby
contribute to neonatal mortality, but conditional inactivation of
Hifla in the limb bud mesenchyme using PrxI-Cre resulted in
severe forelimb and hindlimb shortening without any effect on
neonatal survival (30).

Within the central nervous system, blood vessels modulate
neurogenesis and neuronal migration (56), and neurons re-
ciprocally regulate angiogenesis by expressing angiogenic factors
(57). Similarly, the development and function of peripheral in-
nervation and vasculature in the heart depend on precise com-
munication between the nervous and vascular systems (13).
Based on our finding of impaired sympathetic innervation, as
well as on genetic and toxicologic data linking HIF-1 to coronary
development (58, 59), we analyzed the arrangement of coronary
arteries. Notably, in 15% of HiflaCKO hearts, we observed a
single coronary artery (from the right aortic sinus), which is
considered a major anomaly in human pathology associated with
myocardial ischemia (37). We interpreted this as a defect in
remodeling of the periaortic plexus, from which two coronary
arteries normally form, one penetrating to the left aortic sinus
and the other to the right aortic sinus. Major coronary anomalies
could be the cause of death in a proportion of the HiflaCKO
mice. Further studies are needed to identify the major defects in
cardiac vascularization or innervation (e.g., Fig. 3D) that are
found in late-stage HiflaCKO fetuses more frequently than in
surviving Hif1aCKO neonates and thus are likely to contribute to
neonatal mortality.

Multiple transcription factors drive the development of sym-
pathetic neurons (4, 5), and our results demonstrate that HIF-1a is
involved in this process. We found that HIF-1a loss of function
resulted in significantly decreased TH expression and in-
creased cell death in neurons of the preganglionic motor
columns. Furthermore, reduced proliferation of sympathetic
progenitors in the PSG impaired the development of sym-
pathetic chain ganglia and sympathetic innervation of the
heart, demonstrating a continued requirement for HIF-1a at
later stages of sympathetic neuron differentiation and mat-
uration. As a master regulator of responses to hypoxia, HIF-
1 signaling directly or indirectly targets hundreds of genes
(40). HIF-1 has been shown in different cell types to regulate
genes involved in a regulatory network of early sympathetic
neuron development, for example, bone morphogenetic
protein signaling (60), Handl and Hand2 (16), Th (21), and
Sox4 (61). In addition, HIF-1 is an important regulator of a
key angiogenic factor, vascular endothelial growth factor
(VEGF), which is essential for the regulation of axon growth
(62). Nerve-derived VEGF is required for arterial differen-
tiation (63), and decreased VEGF levels cause neuron de-
generation (64).

The present study has uncovered a requirement for HIF-1a in
cardiac sympathetic neurogenesis, whereas germline knockout
of the Phd3 gene causes abnormal adrenal and sympathetic
nervous system development due to HIF-2a overexpression (65).
HIF-1a is required for sympathetic nervous system activation
mediated by the carotid body, and its action is opposed by HIF-
2a (66). Our findings raise the intriguing possibility that in ad-
dition to its critical role in the development of sympathetic
neurons, HIF-1a may play a role in various sympathetic abnor-

13422 | www.pnas.org/cgi/doi/10.1073/pnas.1903510116

malities underlying cardiac pathologies, such as sudden cardiac
death and heart failure.

Materials and Methods

Expanded descriptions of our animal models and methodology are provided
SI Appendix, Materials and Methods.

Animals. Experiments were conducted according to protocols approved by the
Animal Care and Use Committee of the Institute of Molecular Genetics, Czech
Academy of Sciences. All experiments were performed with littermates (males
and females) cross-bred from two transgenic mouse lines: floxed Hif1atm3Rsie
with exon 2 of the Hif1a gene flanked by loxP sites (Hif1a'™""*) (17) and Is/1-
Cre (Isl7tm(®)Sevrry (24). Hif1a*"®® or Hif1a'”""** mice served as controls.
Control and heterozygous Is/1-Cre;Hif1a*"°** mice were born and sur-
vived according to the expected Mendelian ratio of genotypes. To de-
termine the efficiency of CRE-mediated recombination, Is/7-Cre mice
were bred with Rosa26 (Gt(ROSA)265or™™'5°") reporter mice. Phenotyp-
ing and data analysis were performed by investigators blinded to the
genotypes of the mice.

Detection of Hif1a Exon 2 Deletion. DNA was isolated from embryonic hearts
and forebrains at E10.5. Primers for exon 2 and exon 3 of the Hif1a gene were
used for qPCR as described previously (67). The difference (A) between the
quantification cycle (Cq) of exon 2 and Cq of exon 3 was determined for
each sample, and ACq values were compared between groups of HiflaCKO
and control mice using an unpaired two-tailed t test (GraphPad Prism 7). The
relative amount of exon 2 DNA was calculated, based on the following
formula: AACq = ACq of HiflaCKO -ACq of control (68).

Echocardiography. Echocardiographic evaluation of geometrical and func-
tional LV parameters was performed using the GE Vivid 7 Dimension (GE
Vingmed Ultrasound) with 12-MHz linear matrix probe M12L. The diastolic
and systolic dimensions of the LV were measured in 12-wk-old mice as de-
scribed previously (43).

Coronary Artery Visualization by Micro-CT Imaging. Hearts perfused with po-
lymerized yellow Microfil (Flow Tech) were prepared as described previously
(69) and processed by micro-CT scanning (SkyScan 1272; Bruker). Projection
images were reconstructed using NRecon SW (Bruker). 3D visualizations were
achieved with CTVox SW (Bruker). For some specimens, CTAnalyser SW
(Bruker) was applied for removal of excess extravascular contrast that limited
image clarity. Branching of coronary arteries was evaluated using 3D visuali-
zation, and distances between branches of the left coronary artery were
measured in 3D.

Cranial Morphometry. Whole mouse cadavers were scanned on an Albira
MikroPET/CT scanner (Bruker), and micro-CT images were used for
measurement of the LCB skull dimension, the distance between the
anterior point of premaxilla and occipital condyles. Skulls were reor-
iented in 3D using DataViewer SW (Bruker) to reach the same position for
all specimens. Distances (LCB) were measured in the sagittal plane of
3D visualization.

Statistical Methods. Data are presented as mean + SEM. Differences between
two groups were analyzed by an unpaired two-tailed t test. The Mann-Whitney
U test was used when Gaussian distribution could not be assumed. Differences
between groups were considered significant at P < 0.05. All statistical tests were
performed using GraphPad Prism 7. Sample sizes and individual statistical results
for all analyses are provided in the figure legends and tables.
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