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Abstract

The Periostin Cre (Postn-Cre) lineage includes endocardial and neural crest derived mesenchymal
cells of the cardiac cushions, neural crest-derived components of the sympathetic and enteric
nervous systems, and cardiac fibroblasts. In this study, we use the Postn-Cre transgenic allele to
conditionally ablate Hand2 (H2CKQ). We find that Postn-Cre H2CKOs die shortly after birth
despite a lack of obvious cardiac structural defects. To ascertain the cause of death, we performed
a detailed comparison of the Postn-Cre lineage and Hand2 expression at mid and late stages of
embryonic development. Gene expression analyses demonstrate that Postn-Cre ablates Hand2
from the adrenal medulla as well as the sphenopalatine ganglia of the head. In both cases, Hand2
loss-of-function dramatically reduces expression of Dopamine Beta Hydroxylase (Dbh), a gene
encoding a crucial catecholaminergic biosynthetic enzyme. Expression of the genes Tyrosine
Hydroxylase (Th) and Phenylethanolamine N-methyltransferase (Pnmt), which also encode
essential catecholaminergic enzymes, were severely reduced in postnatal adrenal glands.
Electrocardiograms demonstrate that 3-day postnatal Postn-Cre H2CKO pups exhibit sinus
bradycardia. In conjunction with the aforementioned gene expression analyses, these results
strongly suggest that the observed postnatal lethality occurs due to a catecholamine deficiency and
subsequent heart failure.
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Introduction

Hand2 is a member of the Twist family of bHLH transcription factors, exhibiting essential
roles in both cardiogenesis and sympathetic neuronal development (Hendershot et al., 2008;
Howard, 2005; Vincentz et al., 2011). Loss-of-function experiments in mice demonstrate the
necessity of Hand2 for proper cardiac neural crest cell migration, ventricular chamber
expansion, epicardial differentiation, cell type specific gene expression within both
sympathetic and enteric neurons, craniofacial development, and digit formation (Barnes et
al., 2011; Firulli et al., 2005; Galli et al., 2010; Hendershot et al., 2008; Holler et al., 2010;
Lei and Howard, 2011; McFadden et al., 2005; Morikawa et al., 2007; Srivastava et al.,
1997; Tsuchihashi et al., 2011). Although these previous studies have done much to improve
our understanding of the role of Hand2 in these tissues, the dynamic spatiotemporal
expression profile of Hand2 suggests the existence of additional functions, which remain
unexplored.

Hand2 is strongly expressed within both the endocardium of the heart tube (Barnes et al.,
2011), and the cardiac neural crest (Holler et al., 2010). The early heart tube consists of an
inner endocardial layer and an outer myocardial layer separated by extracellular matrix
referred to as cardiac jelly (Abu-Issa and Kirby, 2007). As development proceeds the heart
tube loops, expands, and septates to form the distinct ventricular and atrial chambers. A
subset of endocardial cells simultaneously undergo an epithelial to mesenchymal transition
(EMT) and migrate into the atrioventricular (AV) cushions, which will subsequently
remodel into the tricuspid and mitral valves of the heart (VanDusen and Firulli, 2012).
Concurrently, cardiac neural crest ectomesenchyme invades the outflow tract (OFT)
cushions, which, along with some endodermally-derived cells, will remodel into the aortic
and pulmonary valves (Keyte and Hutson, 2012). Thus, Hand2 is strongly expressed in all of
the cellular progenitors of all cardiac valves.

Hand2 is also strongly expressed within the neurons of the sympathetic chain, where it is
required to both induce and maintain expression of genes encoding the biosynthetic enzymes
that produce nor-epinephrine (Hendershot et al., 2008; Howard et al., 1999). Additionally,
Hand2 expression within the catecholaminergic cells of the adrenal medulla has been
reported (Wildner et al., 2008), but the role of Hand2 in this tissue remains unknown.

To determine the role, if any, that Hand2 plays during later stages of embryonic
development, we employed the Postn-Cre transgenic allele (Lindsley et al., 2007; Takeda et
al., 2010) to conditionally delete Hand2. Postn-Cre lineage overlaps with Hand2 expression
within populations of post-migratory cardiac neural crest and some neural crest-derived
components of the autonomic nervous system, as well as the endocardial derived
mesenchymal cells of the endocardial cushions (Lindsley et al., 2007; Takeda et al., 2010;
VanDusen and Firulli, 2012). Interestingly, these H2CKOs do not exhibit detectable cardiac
phenotypes within the OFT, and exhibit normally formed tricuspid and mitral valves.
Despite the lack of cardiac phenotypes, H2CKOs die within 10 days of birth. A low
incidence of Postn-Cre—independent cleft palate in Hand2™/™ offspring contributes to some
of the observed H2CKO lethality, but this hypomorphic phenotype does not account for the
complete penetrance of neonatal lethality observed. To better understand the mechanisms
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which underlie the major causes of H2CKO lethality, we performed detailed Postn-Cre
lineage-trace analyses and directly compared these findings with Hand2 expression during
mid-(E12.5) and late-stage (E16.5) embryonic development. These studies reveal that
H2CKOs retain Hand2 and Dopamine-g Hydroxylase (Dbh) expression within the ganglia of
the sympathetic chain; however, Postn-Cre efficiently ablates Hand2 expression within the
sphenopalatine ganglia and the catecholaminergic cells of the adrenal medulla, an organ
that, via its catecholamine production, regulates cardiac homeostatic functions such as blood
pressure, metabolism, and heart rate (Axelrod and Reisine, 1984; Fung et al., 2008). Loss of
Hand2 function in the adrenal medulla and sphenopalatine ganglia results in a corresponding
large decrease in Dbh levels, as well as a drop in levels of Th and Pnmt expression within
adrenal glands. We show that this downregulation of genes encoding enzymes crucial for
catecholamine synthesis has a functional effect on the heart rates of 3-day postnatal (P3)
H2CKO pups. In addition, we demonstrate that H2CKOs suffer from impaired
gastrointestinal motility, which may also contribute to neonatal lethality.

Materials and methods

Mice

Postn-Cre(+) mice (Lindsley et al., 2007) were crossed with Hand2™/X (Morikawa et al.,
2007) mice to generate Postn-Cre(+);Hand2™®* males. These males were then crossed with
Hand2™/™X;ROSA26R lacZ (R26R?2) reporter mice to generate conditionally null Hand2
embryos. Genotyping of ROSA26R and Hand2 conditional alleles was carried out as
previously described (Barnes et al., 2011). Similarly, Nestin-Cre(+);Hand2*/~ males were
crossed with Hand2™/X:ROSA26R YFP reporter females to generate conditionally null
Hand2 embryos. Nestin-Cre mice were genotyped as previously described (Tronche et al.,
1999). Postn-Cre mice were genotyped by southern blot with a probe corresponding to an
EcoRI fragment of the pTurbo-Cre cDNA.

Section RNA In Situ Hybridization and quantitative RT-PCR

Antisense digoxygenin labeled riboprobes were transcribed with T7, SP6, or T3 (Roche).
Section in situ hybridization was performed as previously described (Vincentz et al., 2008).
Analysis was performed on a minimum of 3 somite-matched embryos for each probe and
genotype. For quantitative RT-PCR (qRT-PCR) total RNA was isolated from flash-frozen
adrenal glands using the High Pure RNA Isolation Kit (Roche). This RNA served as a
template to generate cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche).
cDNA was amplified using Tagman Probe-Based Gene Expression Assays (Applied
Biosystems). Relative gene expression was determined after normalization to GAPDH.
Three samples were collected per genotype. The Student’s t-test was used to detect
significant differences between sample groups, with P-values < 0.05 considered significant.

Histological Preparations

Histology and X-gal staining were conducted essentially as previously described for paraffin
embedded embryos (Vincentz et al., 2008). For Alcian Blue staining of endocardial
cushions, xylene cleared paraffin embedded embryos were sectioned at 10um and stained
using 0.15mg/ml Alcian Blue in 5% glacial acetic acid. Results reflect an n of 3 or more.
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Electrocardiograms

Results

P3 pups were anesthetized with 4% isoflurane before electrode placement. Four percent
isoflurane was continuously supplied via facemask and environmental temperature was
controlled via heat lamp. ECGs were collected and processed as described previously (Shen
et al., 2008). Results reflect n = 4; as previous studies have established that catecholamine
insufficiency would only be expected to result in a decreased heart rate, p-value was
calculated using a student’s one tailed t-test.

H2CKOs exhibit normal cardiac valve development

Timed matings between Postn-Cre;Hand2™* males and Hand2™/:R26R2 females were
conducted and the embryos collected at various time points from mid-gestation to birth. As
Postn-Cre activity is evident by E11.5 (Lindsley et al., 2007), hearts from E12.5 embryos
were analyzed for p-galactosidase activity to compare Cre lineage in relation to Hand2
expression. The enhancer controlling Postn-Cre activity is reportedly induced at
approximately E10.5 in mesenchymal cells of the cardiac cushions (Lindsley et al., 2007).
As expected, p-galactosidase staining within the E12.5 heart robustly marks the AV cushion
(black arrow Fig. 1A) and OFT cushion mesenchyme (black arrow Fig. 1D), as well as a
small population of cells within the epicardium from which a population of cardiac
myofibroblasts are derived (Fig. 1A, D). Hand2 in situ hybridizations (ISH) similarly
confirm that Hand2 expression overlaps with Postn-Cre lineage in each of these cardiac cell
populations, but Postn-Cre lineage does not overlap with Hand2 expression within the
endocardium (Fig. LA—C). Hand2 ISH of H2CKO embryos shows significant Postn-Cre-
mediated deletion of Hand2 within both the cardiac OFT and AV cushions (asterisks in Fig.
1C, F), in contrast to unaffected Hand2 expression within the endocardium and epicardium.

H2CKOs are viable at birth, but die within the first 10 days of life (Table 1). A small portion
of Hand2™/™ pups die from cleft palate (Sup. Fig. 1, Table 2); however, the occurrence of
the palate defect is independent of the presence of the Cre allele, and results from
hypomorphic expression, which has been previously reported with this Hand2 conditional
allele (Morikawa et al., 2007). To determine whether H2CKOs exhibit aortic or AV valve
phenotypes, E18.5 hearts were sectioned and analyzed by Alcian Blue staining, which marks
proteoglycans within the heart valves (Fig. 2A-D). No significant differences in size or
shape between control and H2CKO cardiac valves are observed. Alcian Blue staining
reveals comparable proteoglycan levels and distribution in control (Fig. 2A, C) and H2CKO
valves (Fig. 2B, D). E18.5 Hand2 ISH reveals that Hand2 expression is restricted to the
endocardium overlying both OFT and AV canal valves, and is not detectable within the
valve mesenchyme of either control (Fig. 2E, G) or H2CKO (Fig. 2F, H) leaflets. Postn ISH
shows no significant difference in Postn expression within the mesenchymal cells of the
cushions or within the cardiac fibroblasts between control (Fig. 21, K) and H2CKO (Fig. 2J,
L) embryos. These data indicate that Hand2, within the Postn-Cre lineage, has no obvious
cell-autonomous role in OFT or AV cushion remodeling.
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Postn-Cre ablates Hand2 from the enteric nervous system

It has been demonstrated that Hand2 function is required for many aspects of proper enteric
nervous system development, including neurogenesis, cell type specification, proliferation
of enteric precursor cells, and gangliogenesis (D’ Autreaux et al., 2011; Hendershot et al.,
2007; Lei and Howard, 2011). As these functions may be impaired in H2CKOs, we next
looked for defects within the developing gut. Lineage tracing at E12.5 and E16.5 shows that
Postn-Cre indeed marks the myenteric plexus in the stomachs and intestines of control (Fig.
3A, C) and H2CKO embryos (Fig. 3B, D). Similarly, ISH at E16.5 confirms previous
reports (Hendershot et al., 2008; Lei and Howard, 2011; Wu and Howard, 2002) that Hand2
is also expressed within these enteric neurons (Fig. 3E). Furthermore, this expression is
ablated in H2CKOs (Fig. 3F). To determine if this loss of Hand2 affects viability, we
dissected out and visually assessed the gastrointestinal tracts of P3 pups (Fig. 3G). While
deletion of Hand2 in enteric neural precursor cells results in gut obstruction and severe
bowel distention by P20 (Lei and Howard, 2011), P3 Postn-Cre H2CKOs displayed a lack
of fecal matter posterior to the cecal appendages (arrow Fig. 3E). This is indicative of
impaired bowel motility and may contribute to the observed early neonatal death in
H2CKOs.

H2CKOs display a loss of Dbh expression within sphenopalatine ganglia

We next carefully compared Postn-Cre lineage with Hand2 expression in the sympathetic
chain. It has been previously demonstrated that Hand2 is required for early development of
sympathetic neurons. Neural crest-specific H2CKO embryos die at approximately E11.0
from low levels of catecholamines, and can be pharmacologically rescued by administration
of catecholamine intermediates (Hendershot, Liu et al. 2008). Wholemount analysis at E12.5
reveals robust Cre activity in components of the peripheral nervous system, as well as in and
around the developing nasal cavity and maxilla (data not shown). As the Postn-Cre lineage
is reported to include Schwann cells surrounding the sympathetic ganglia (Lindsley et al.,
2007), we examined the sympathetic ganglia of H2CKOs at E12.5, when Wnt1-Cre
generated H2CKOs die from lack of catecholamines (Hendershot, Liu et al. 2008). Postn-
lineage analysis in transverse sections at the level of the heart confirms activation of the
ROSA reporter within the cells surrounding the sympathetic ganglia (Fig. 4B, C). Although
the cells enveloping the trunk sympathetic ganglia were clearly marked, ISH demonstrates
that expression of Hand2 (Fig. 4D, E) as well as Dbh (Fig. 4F, G), a gene known to be
directly regulated by Hand2 (Rychlik et al., 2003; Xu et al., 2003), is unaffected when
control and H2CKO embryos are compared. Further immunchistochemical analyses using
the Nestin-Cre (Tronche et al., 1999) and a YFP reporter allele at E14.5 indicate that the
Postn-Cre(+) population of cells surrounding the trunk ganglia are also selectively marked
by the Nestin-Cre lineage (Sup. Fig. 2A-I). ISH shows that ablation of Hand2 within the
Nestin-Cre lineage does not result in loss of Hand2 within trunk ganglia cells (Sup. Fig. 2J,
M, P), while expression of the pan-neuronal marker Hu is also not affected (Sup. Fig. 2K, N,

Q).

Interestingly, more detailed analyses of E12.5 heads reveal that the Postn-Cre lineage is not
restricted to cells on the outer surface, but also marks the neurons within parasympathetic
sphenopalatine ganglia (arrow; Fig. 4H). Despite being commonly considered
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parasympathetic and having a parasympathetic root, the sphenopalatine ganglia have an
additional sympathetic root derived from the cervical sympathetic ganglia (Coppola et al.,
2010). The sphenopalatine ganglia are known to express Dbh, with levels peaking at E12.5
and gradually being downregulated (Hirsch et al., 1998). In the rat, at least a subpopulation
of sphenopalatine cells express TH and produce catecholamines, while most of the cells
produce low levels of TH but do not produce catecholamines (Leblanc and Landis, 1989).
Projections from the sphenopalatine ganglia are known to innervate the lacrimal gland, and
regulate blood flow to the nasal mucosa, while additional evidence suggests a role in
regulating cerebral blood flow (Suzuki et al., 1990; Ter Laan et al., 2013). ISH of frontal
sections reveals that Hand2 is robustly expressed within the sphenopalatine ganglia of
control embryos (Fig. 41), and its expression is ablated in H2CKOs (Fig. 4J). This loss of
Hand2 is accompanied by a loss of Dbh, which is likely dependent on Hand2 function (Fig.
4K, L). This data suggested that, despite normal Hand2 expression within the mid-gestation
sympathetic trunk, neonatal H2CKOs may exhibit a reduction in catecholamine biosynthesis
outside the sympathetic chain, or possibly within trunk ganglia due to a later stage deletion.
We thus sought to examine additional tissues at later embryonic time points, to better define
all of the sources of norepinephrine and epinephrine that might be compromised in
H2CKOs.

Late-stage Cre activity does not affect the sympathetic chain, but mediates the deletion of
Hand?2 from the adrenal medulla

To determine whether the Postn-Cre lineage, which is initially restricted to cells surrounding
the trunk ganglia, later expands expression to include the ganglia neurons, ROSA reporter
staining was conducted at E16.5. B-galactosidase staining indicates that the Postn-Cre
lineage includes only a small subpopulation of neurons within sympathetic trunk ganglia
(Fig. 5A, B). Importantly, Hand?2 (data not shown) and Dbh (Fig. 5C, D) expression within
the sympathetic trunk remains robust in H2CKOs. In the neonate and the adult, the adrenal
medulla is the primary site for synthesis of circulating catecholamines (Malmejac, 1964).
ROSA reporter staining at E16.5 indicates that Postn-Cre lineage includes cells of control
(Fig. 5E) and H2CKO (Fig. 5F) adrenal medulla. Control and H2CKO adrenal glands were
then collected from P3 pups, and analyzed by ISH. Hand2 (Fig. 5G) and Dbh (Fig. 51) are
both robustly expressed within control adrenal medulla at P3, whereas Postn-Cre efficiently
ablates Hand2 (Fig. 5H), resulting in downregulation of Dbh, which would be expected to
reduce catecholamine biosynthesis (Fig. 5J) in H2CKOs. Furthermore, we confirmed these
results by collecting additional P3 adrenal glands, isolating RNA, and conducting gRT-PCR.
In H2CKOs Hand2 expression was reduced to approximately 7% of control levels (p-value
= 0.004), while Dbh levels were reduced to approximately 11% (p-value = 0.023).
Expression of Th, which encodes the enzyme responsible for conversion of L-tyrosine to a
dopamine precursor, and Pnmt, which encodes the enzyme responsible for converting
norepinephrine to epinephrine, was reduced to approximately 23% (p-value = 0.001) and 9%
(p-value = 0.016) respectively (Fig. 5K)

Postn-Cre H2CKO Pups exhibit bradycardia

When observing H2CKO pups, it is clear that the animals are significantly smaller by P3 and
exhibit a failure to thrive (Fig. 6A). Given the lack of cardiac structural defects, and the
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identification of multiple catecholaminergic Hand2-expressing cell populations that overlap
with the Postn-Cre lineage, a catecholamine deficiency in conjunction with gastrointestinal
dysfunction is the most likely cause of the lethal failure to thrive phenotype. As
catecholaminergic stimulation is essential for proper cardiac function, we tested this
hypothesis by conducting electrocardiograms (ECGs) on P3 pups, and thereby assessing
heart rates. After assessing four mutants, and an equal number of littermate controls (Fig. 6B
and C), we determined that Postn-Cre H2CKOs had significantly slower sinus node rates (P-
value = 0.019, Fig. 6D), a condition commonly referred to as bradycardia. Control pups
averaged 466 beats per minute (bpm), while Postn-Cre H2CKOs averaged only 337 bpm. In
addition to heart rate, the ECG traces were used to calculate the average amount of time
between the start of atrial activation and the start of ventricular activation (PR interval), but
no significant difference was noted (Fig. 6E). Similarly, the duration of atrial depolarization
(P-wave duration), and duration of ventricular depolarization (QRS complex duration) were
measured, with no significant difference found between controls and H2CKOs (Fig. 6E). To
determine if H2CKOs were experiencing heart failure we examined expression of Nppa
(atrial natriuretic factor; Anf), which becomes upregulated in ventricular muscle when
undergoing stress (Edwards et al., 1988). Compared to the highly restricted atrial expression
of Anf in control hearts (Fig. 6F) a clear marked increase in ventricular Anf expression is
observed in H2CKO hearts (Fig. 6G; see Supplemental Fig. 3 for additional sections),
supporting heart failure as a cause of H2CKO neonatal lethality.

Discussion

This study demonstrates that, in addition to the established early embryonic roles Hand2
plays in cardiac morphogenesis and the development and function of the sympathetic
ganglia, Hand2 plays important homeostatic post-embryonic functions in the production of
catecholamines. Deletion of Hand2 from mesenchymal cells of the cardiac cushions at
E11.5, well after initiation of Hand2 expression in endocardial precursors, does not result in
any cardiac valve phenotypic abnormalities. This data supports a model in which essential
Hand2 function likely lies within the ventricular endocardium. Hand2 expression within the
early stage cushion mesenchyme is gradually downregulated, and by E18.5, Hand?2
expression within the valves is restricted to only the Postn-Cre-negative endothelium
covering the valve surface. We conclude that Hand2 does not play a critical role in
endocardial- or neural crest-derived cushion cells post EMT. It is interesting that Hand2
expression is robustly sustained in overlying valve endocardium, particularly on the
backside of valves (ventricular side in AV canal, non-ventricular side in OFT; Fig. 2E-H).
These data do not rule out a possible non cell-autonomous role in cushion remodeling,
through endothelial to mesenchymal signaling.

Hand2 expression and Postn-Cre lineage also overlap within components of the enteric
nervous system. Previous studies of enteric function show that ablation of Hand2 within
enteric neural precursors via the Nestin-Cre, which is initiated by E11.5, results in a severe
bowel distention by P20 (Lei and Howard, 2011). The data in the current study show that
Postn-Cre is initiated by E12.5, making it possible that Postn-Cre H2CKOs share the same
gastrointestinal dysfunction as Nestin-Cre H2CKOs. Indeed, a lack of fecal matter posterior
to cecal appendages of Postn-Cre H2CKOs indicates that decreased gastrointestinal motility
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could be contributing to neonatal lethality. Interestingly, this lack of motility resembles a
human congenital motility disorder called Hirschsprung’s disease, which is pathologically
characterized by a lack of enteric ganglia in a variable stretch of the distal bowel wall. While
Postn-Cre H2CKOs do not appear to suffer from a complete loss of enteric ganglia (Fig.
3D), it is possible that a reduction in gangliogenesis within specific regions of the gut has
evaded our detection. Indeed, as Nestin-Cre H2CKOs suffer from a functional aganglionosis
(Lei and Howard, 2011), and the Postn-Cre enteric lineage closely resembles that of the
Nestin-Cre, this would not be surprising; however, as the Nestin-Cre H2CKOs survive until
P20, while H2CKOs generated by the Postn-Cre do not, the involvement of additional non-
enteric phenotypes is likely.

It is well established that Hand2 expression within the sympathetic chain is required for
neurons to acquire and maintain a catecholaminergic phenotype (Hendershot et al., 2008;
Schmidt et al., 2009). Loss of Hand2 within the sympathetic chain results in downregulation
of the crucial biosynthetic enzymes Tyrosine Hydroxylase and Dbh (Hendershot et al.,
2008). For a more complete description of Hand2’s role within the sympathetic nervous
system, as established by various manipulations of Hand2 expression within multiple
genetic systems, see Table 3. Our results confirm previous data showing that Postn-Cre
expression is restricted to the cells surrounding sympathetic chain ganglia at E12.5 (Lindsley
etal., 2007). As expected, Hand2 expression within the trunk sympathetic ganglia is
unaffected in H2CKOs, at both E12.5 and E16.5. Dbh expression is similarly unaffected,
indicating that trunk sympathetic ganglia in Postn-Cre H2CKOs produce sufficient
concentrations of norepinephrine and epinephrine for embryonic survival to birth. However,
we observed that Hand2 expression and the Postn-Cre lineage overlap within the
sphenopalatine ganglia at E12.5, and ablation of Hand?2 results in a dramatic decrease in
Dbh expression in these ganglia. Given that the sphenopalatine ganglia is reported to have a
sympathetic root derived from the superior cervical sympathetic ganglion, in addition to
parasympathetic and sensory roots, the observation of Dbh downregulation is not surprising,
and suggests that dysfunction within these ganglia could be contributing to the early
neonatal death in H2CKOs.

Interestingly, Hand2 expression and the Postn-Cre lineage overlap within the
catecholaminergic cells of the adrenal medulla. Similar to what is observed in
sphenopalatine ganglia, ablation of Hand2 within the adrenal medulla also results in a
dramatic reduction of Dbh. ISH of H2CKO adrenal glands indicates that a small population
of cells maintains Dbh expression, while the vast majority of expression within the adrenal
medulla is lost. This is consistent with Hand2 loss of function studies within the sympathetic
chain, where Dbh is known to be a direct Hand?2 target (Rychlik et al., 2003; Vincentz et al.,
2013; Xu et al., 2003). Furthermore, gqRT-PCR shows that H2CKO adrenal glands exhibit
significant decreases in Th and Pnmt, which like Dbh, encode enzymes that catalyze
essential steps in the synthesis of the catecholamine adrenalin. In a study of Dbh™'~
embryos, it was stated that while most die in utero, approximately 12% survive until birth.
The 12% survival was attributed to a flow of catecholamines across the placenta, thus also
explaining why of those that survive to birth, 40% die by P2 (Thomas et al., 1995). These
data make it tempting to consider that Postn-Cre H2CKOs may have enough
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catecholaminergic biosynthetic capability to survive to birth as a result of unaffected
sympathetic chain ganglia and supplementation from the mother, but at birth this
supplementation ceases, leading to lethal catecholamine deficiency. It is well established
that the adrenal medulla is a particularly important source of catecholamines that regulate
heart rate, blood pressure, blood vessel constriction, and other critical aspects of
cardiovascular function (Axelrod and Reisine, 1984; Fung et al., 2008). These data suggest
that catecholamine deficiency, in conjunction with an enteric phenotype, causes H2CKO
postnatal lethality. Heart rates in H2CKOs are significantly slower than control littermates.
This phenotype is consistent with previous publications on genetic models of catecholamine
deficiency, such as Epasl null mice, which are reported to have low catecholamine levels
and a pronounced bradycardia (Tian et al., 1998), as well as Th null embryos, which are
reported to have a 28% reduction in heart rate (Ream et al., 2008). In contrast, no difference
in PR interval was observed between controls and H2CKOs, and while P-wave duration and
QRS complex duration both trended toward an increase, no significant differences were
observed, indicating that conditional ablation of Hand2 does not alter dromotropic
properties of the P3 heart. The reason for the differential effects of Hand2 deficiency on
chronotropy versus dromotropy is unclear. It may involve differential expression of beta-
adrenergic receptors and/or their downstream targets in sinoatrial nodal cells versus cells of
the cardiac specific conduction system. The decreased heart rates observed in P3 H2CKOs
support the conclusion that a catecholaminergic insufficiency, in addition to enteric
dysfunction, results in the neonatal H2CKO failure to thrive. In further support of this
conclusion, upregulation of ventricular Anf expression in H2CKO hearts indicates
pathological changes within these cardiomyocytes that ultimately lead to cardiac failure.

Conclusion

This study establishes that in post-migratory/post-EMT cushion mesenchyme Hand?2
function is not required for proper valve development. Postn-Cre H2CKOs survive till birth,
but fail to thrive and die soon after. While our analyses reveal an absence of cardiac or
sympathetic chain phenotypes, Hand? is clearly ablated from the adrenal medulla and
sphenopalatine ganglia where, similar to the sympathetic trunk, Hand2 plays an important
role in regulating Dbh expression. The reduction of Dbh, Th, and Pnmt in H2CKOs indicates
that pups likely have a decreased ability to synthesize catecholamines, resulting in the
observed postnatal lethality. Both ECG data showing that P3 H2CKOs have slower heart
rates than control littermates and upregulation of Anf within the ventricles of H2CKOs
supports this conclusion, as catecholaminergic sympathetic stimulation is essential for
proper cardiac function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Postn-Cre mediated deletion of Hand2 from AV and OFT cushions
Transverse section of Postn-Cre(+) lacZ stained control AV cushion at E12.5 (A). Hand?2

ISH of control (B) and H2CKO (C) AV cushion. Transverse section of Postn-Cre(+) p-
galactosidase stained control OFT cushions at E12.5 (D). Hand2 ISH of control (E) and
H2CKO (F) OFT cushion. Black arrows indicate cushion mesenchyme, brown arrows
indicate the primitive tricuspid valve (TV), mitral valve (MV), and pulmonary valve (PV).
Asterisks indicate deletion of Hand2, right ventricle, RV; left ventricle, LV.
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Figure 2. Postn-Cre H2CKO heart valves are normal at E18.5
Alcian blue stained section of control (A) and H2CKO (B) tricuspid valve. Alcian blue

stained section of control (C) and H2CKO (D) aortic valve. Hand2 ISH of control (E) and
H2CKO (F) tricuspid valve. Hand2 ISH of control (G) and H2CKO (H) aortic valve. Postn
ISH of control (1) and H2CKO (J) tricuspid valve. Postn ISH of control (K) and H2CKO (L)
aortic valve. TV, tricuspid valve; AV, aortic valve.
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Figure 3. Postn-Cre is co-expressed with Hand2 within the enteric nervous system
B-galactosidase stained sections of control (A) and H2CKO (B) intestines at E12.5. B-

galactosidase stained sections of control (C) and H2CKO (D) stomachs at E16.5. Hand?2
section ISH of control (E) and H2CKO (F) stomachs at E16.5. Dissected out gastrointestinal
tract of control and H2CKO P3 pups (G). Arrows in (A, C, E) indicate myenteric plexus,
arrow in (F) indicates deletion of Hand2, arrow in (G) indicates lack of fecal matter
posterior to the cecal appendage in H2CKOs.
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A

Figure 4. Postn-Cre mediates deletion of Hand2 within cells surrounding the sympathetic trunk
and within the sphenopalatine ganglia at E12.5
Schematic showing planes of section (A). B-galactosidase stained sections of control

sympathetic ganglia (B, C). Hand2 ISH sections of control (D) and H2CKO (E) sympathetic
ganglia. Dbh section ISH of control (F) and H2CKO (G) sympathetic ganglia. B-
galactosidase stained frontal sections of sphenopalatine ganglia (arrow, H). Hand2 ISH of
sphenopalatine ganglia in control (1), and H2CKO (J) embryos. Dbh ISH in control (K), and
H2CKO (L) embryos. B-galactosidase staining and ISH was conducted at E12.5
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Figure 5. Expression of Dbh within sympathetic ganglia of H2CKOs is maintained at late stages
of embryonic development, but Postn-Cre does ablate Hand2 expression within the adrenal
medulla, resulting in downregulation of Dbh, Th, and Pnmt

B-galactosidase stained sections of control sympathetic trunk ganglia (A) and magnification
(B) at E16.5. Dbh ISH of H2CKO sympathetic trunk ganglia (C), and magnification (D) at
E16.5. Arrows in (B, D) indicate ganglia. B-galactosidase stained sections of control (E),
and H2CKO (F) adrenal medulla at E16.5. Hand2 ISH of control (G) and H2CKO (H)
adrenal medulla at P3. Dbh ISH of control (1) and H2CKO (J) adrenal medulla at P3. qRT-
PCR of Hand2, Dbh, Th, and Pnmt in isolated P3 adrenal glands (K). Asterisks in (H, J)
indicate reduction of Hand2 and Dbh respectively. Asterisks in (K) indicate p-values less
than 0.05.
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Figure 6. Postn-Cre H2CKO pups have significantly slower heart rates and expanded Anf
expression
H2CKO pups that survive to P3 are noticeably smaller than littermates (A). Representative

ECG trace for P3 control (B) and H2CKO (C) pups. Panel (B) insert represents one cycle of
cardiac contraction. Red bars denote the portion of the trace measured for P-wave duration,
PR interval, and QRS complex duration as labeled. Control pups averaged 466 bpm, while
H2CKO pups averaged 337 bpm (D). P = p-value. Differences in average PR interval (ms),
QRS complex duration (ms), and P wave duration (ms) between control and H2CKO P3
pups were not statistically significant (E). Anf ISH in P3 control (F) and H2CKO (G) hearts.
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H2CKOs die shortly after birth
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Genotypes of embryos and pups collected at various stages of development. Expected number in parentheses.

Postn-Cre(-)

Postn-Cre(+);Hand2/*

Postn-Cre(+);Hand2™/

E125 21 (22) 11 (11) 13 (11)
E145 7(5) 1(3) 3(3)
E16.5 9(7) 4(4) 1(4)
E185 30 (29) 15 (15) 13 (15)
P10 29 (23) 16 (11) 0 (1)
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Table 2

Penetrance of Cleft Palate in Hand2™/™ embryos

Embryos assessed from E14.5 to E18.5.

Postn-Cre(-); Hand2™/*

Postn-Cre(-); Hand2™/f

Postn-Cre(+);Hand2™/*

Postn-Cre(+);Hand2/

Total Analyzed

10

12

10

10

# with Cleft Palate

0

2

0

2
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Table 3

Hand2 function within the sympathetic nervous system.
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Study

Model

Phenotype/Results

Conclusions

(Morikawa et al.,
2005)

P19-embryonic
carcinoma (P19-EC)
cells stably expressing
Hand2 (P19-H2)

Retinoic acid treated P19-H2 cells but not P19-EC
cells express peripherin (a peripheral nervous
system marker), and a subset of these co-express
Th.

Ectopic Hand2 expression is able to
activate the sympathetic nervous
system developmental program
within P19-EC cells.

(Lucas etal.,
2006)

Zebrafish hand2 deletion
mutant (hands off)

Sympathetic precursor cells aggregate to form
normal sympathetic ganglion primordial, but th and
dbh expression is strongly reduced

Generic neuronal differentiation is
unaffected, but noradrenergic
differentiation of sympathetic

neurons is impaired

(Morikawa et al.,
2007)

Mouse Wnt1-Cre Hand2

Death at E12.5 with cardiovascular and craniofacial
defects. Sites of sympathetic development are
populated by neural crest cells, which express pan-
neuronal markers. Th and Dbh expression is
dramatically reduced.

Hand2 permits sympathetic neurons
to acquire a catecholaminergic
phenotype

(Hendershot et
al., 2008)

Mouse Wnt1-Cre Hand2
CKO

See above; H2CKOs exhibit a significant and
progressive loss of sympathetic neurons.

Hand?2 affects generation of the
neural precursor pool by affecting
proliferative capacity of progenitors
and by regulating expression of
transcription factors necessary for
noradrenergic neuronal
differentiation

(Morikawa and
Cserjesi, 2008)

Mouse Wnt1-Cre Hand2
CKO

See above; early embryonic lethality could be
rescued by administration of isoproterenol, a B-
adrenoceptor agonist

Noradrenergic deficiency alone
accounts for early embryonic lethality
of Wnt1-Cre H2CKOs

(Schmidt et al.,
2009)

Reduction/ablation of
Hand2 within
differentiated

sympathetic neurons by
siRNA in cultured chick
sympathetic neurons, and
Dbh-Cre in Hand2
conditional mice

Large decrease in Th and Dbh expression within
Hand2 siRNA treated chick sympathetic neurons.
Pan-neuronal genes were not affected, while
expression of cholinergic marker genes was
enhanced. Dbh-Cre H2CKO mice showed
decreased numbers of sympathetic neurons, and
large reduction in Th expression

Hand2 plays a key role in
maintaining noradrenergic properties
in differentiated neurons
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