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Abstract

Background—The ventricular myocardium is the most prominent layer of the heart, and the

most important for mediating cardiac physiology. Although the ventricular myocardium is critical

for heart function, the cellular hierarchy responsible for ventricle-specific myocardium

development remains unresolved.

Results—To determine the pattern and time course of ventricular myocardium development, we

investigated IRX4 protein expression, which has not been previously reported. We identified

IRX4+ cells in the cardiac crescent, and these cells were positive for markers of the first- or

second heart fields. From the onset of chamber formation, IRX4+ cells were restricted to the

ventricular myocardium. This expression pattern persisted into adulthood.

Interestingly, we observed that IRX4 exhibits developmentally-regulated dynamic intracellular

localization. Throughout prenatal cardiogenesis, and up to postnatal day 4, IRX4 was detected in

the cytoplasm of ventricular myocytes. However, between postnatal days 5-6, IRX4 translocated

to the nucleus of ventricular myocytes.

Conclusions—Given the ventricle-specific expression of Irx4 in later stages of heart

development, we hypothesize that IRX4+ cells in the cardiac crescent represent the earliest cell

population in the cellular hierarchy underlying ventricular myocardium development.
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Introduction

Cardiogenesis encompasses several morphological changes triggered by molecular

pathways, which drive cell fates, all leading to the formation of a four-chambered heart
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(Evans et al., 2010; Moorman et al., 2003; Solloway and Harvey, 2003). The heart is the

first functional organ to arise during mammalian embryogenesis, and the process of

cardiogenesis starts as early as embryonic day 7 (E7). Onset is signified by the presence of

Mesp1+ cardiac progenitors in the nascent cardiac mesoderm, which lies adjacent to the

primitive streak mesoderm (Saga et al., 2000; Kitajima et al., 2000). Within 24 hours, the

cardiac crescent is formed. This hallmark structure is comprised of cardiac progenitors that

are segregated into two cell groups, termed the first- and second heart fields. The second

heart field is recognized as being composed of progenitors derived from the splanchnic

mesoderm, and located in the medial and posterior regions of the cardiac crescent (Liang et

al., 2013; Dyer and Kirby, 2009; Vincent and Buckingham, 2010; Francou et al., 2013).

Progenitors of both heart fields contribute to the development of a mature, functional heart.

The cardiac crescent fuses at the mid-line to form the linear heart tube at ~E8.5 (Vincent and

Buckingham, 2010). Chamber formation ensues as the heart tube exhibits regionalization

with the atrial precursor, inflow tract, located at the venous pole, and opposite of the outflow

tract, which will give rise to the aorta. The most prominent region of the heart tube is the

primitive ventricular chamber, which is medially located. The myocardium, unlike epi- and

endocardial counterparts, is primarily comprised of myocytes. Myocyte phenotype is one of

the primary factors that distinguish the atrial and ventricular myocardiums, and this

manifests in the physiology of the heart chambers. Expression of chamber-specific myocyte

markers, such as Myl2, the ventricular isoform of myosin light chain, confirms that

cardiomyocyte differentiation has occurred. Non-rhythmic contraction of the heart tube

confirms that myocytes, and the cardiac conduction system are immature (Kubalak et al.,

1994). The heart chambers become more obvious following looping of the heart tube, as the

inflow tract moves dorsally, and in the anterior direction to sit atop the common ventricle

(E9-10).

Following looping of the heart tube, the common ventricular chamber undergoes septation,

myocytes mature, and the cardiac conduction system develops (Anderson et al., 2003;

Fishman et al., 2005). These developmental events are crucial for ventricular physiology;

perturbation of these maturation processes can impair cardiac physiology. As medical

interventions move toward gene and cell therapeutics to cure cardiogenic anomalies, it is

important to understand the process of ventricular myocardium differentiation.

While the morphogenesis underlying heart chamber formation is well studied, the cellular

hierarchy responsible for ventricular myocardium specification remains unresolved. In this

study, we use an immunostaining approach to identify the onset of ventricular myocardium

specification, and development during murine embryogenesis by assessing the

spatiotemporal expression pattern of Iroquois related homeobox protein 4 (Irx4). Irx4 is a

member of the Iroquois homeobox gene family, which encodes transcription factors, all of

which play a role in heart development and function (Kim et al., 2012; Christoffels et al.,

2000b). Results of Irx4 mRNA detection assays (Bao et al., 1999; Bruneau et al., 2000)

suggest that the Irx4 transcription factor is expressed in progenitors of the cardiac crescent at

E7.5-8. Irx4 transcripts exhibit ventricular specificity at the nascent stages of chamber

formation, as they have been detected in the primitive ventricular myocardium of the linear

heart tube (Christoffels et al., 2000a). Irx4 transcripts remain restricted to the ventricular
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myocardium in the developing, pre- and postnatal heart (Bruneau et al., 2001). Although

previously published in situ hybridization data have established an expression pattern for

Irx4, these data do not reveal much about the cells that are positive for this transcription

factor. Using co-immunofluorescence, we show that IRX4 is present in cardiac-specific

troponin T+ (cTnT) myocytes in embryonic, and neonatal cardiac tissue.

Interestingly, we observed cytoplasmic localization of IRX4 in positively stained cells

throughout embryogenesis, and early postnatal cardiac tissue, which was not shown in

previously reported mRNA detection assays. Results of this study show that Irx4 is

maintained in the cytoplasm throughout embryogenesis, and translocates to the nucleus of

ventricular CMs on the fifth day of postnatal maturation. We have identified the

chromosome region maintenance 1 (CRM1; also known as Exportin 1) pathway as the

conduit of IRX4 translocation from the nucleus to the cytoplasm (Fukuda et al., 1997).

Results

IRX4 is co-expressed with markers of the first- or second heart field in the cardiac
crescent

Prior to the formation of the cardiac crescent (E7), cardiovascular stem cells have been

identified in the lateral plate mesoderm (LPM), adjacent to the primitive streak (David et al.,

2011). To determine if IRX4 localized to the LPM, E7.25 wholemount embryos were

labeled with an antibody to IRX4 and optically sectioned using confocal microscopy.

Compared to Brachyury (T) (Fig. 1A, B), IRX4 was not detected in cells of the cardiac

mesoderm, which are a subset of Brachyury+ cells (David et al., 2011) (Fig. 1C,D). Notably,

NKX2.5, a regulator of Irx4 expression, was also not detected at E7.25 in the LPM (Bruneau

et al., 2000) (Fig. 1E). However, Nkx2.5, which identifies cardiac progenitors, marked cells

of the newly formed cardiac crescent at E7.75 (Wu et al., 2006). Although Irx4 transcripts

have been detected in progenitors of the cardiac crescent, our co-immunofluorescence

assays, using E7.75 embryos, show that IRX4 was not present in the cardiac progenitors,

while Nkx2.5+ cells were detected (Bruneau et al., 2000) (Fig. 1F-H). This result indicates

that Irx4 translation either did not occur during the nascent stages of cardiac crescent

formation, or the protein had not yet accumulated sufficiently to be detectable by our

immunostaining methodology.

We first detected IRX4 at E8.5, after the cardiac crescent has thickened, prior to the

formation of the linear heart tube (Fig. 2B, F; see Experimental Procedures for staging). This

later cardiac crescent stage (E8.5) is devoid of myocytes, and the developing heart is not yet

contracting (Christoffels et al., 2000a).

In situ hybridization data have shown that Irx4 is expressed in the cardiac crescent and later

in both ventricular chambers (Christoffels et al., 2000a). The second heart field (SHF)

signficantly contributes to the right ventricle, but not the left, while the first heart field

(FHF) contributes primarily to the left ventricle (Sun et al., 2007; Verzi et al., 2005; Abu-

Issa et al., 2004). Cells positively stained with the Irx4 antibody were detected in the

majority of the cells of the crescent, and a subset of this population were positive for TBX5

(Supplemental Movies 1,2), a marker of the FHF. The IRX4+/TBX5+ population was
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observed in the anterior and lateral regions of the cardiac crescent (Fig. 2B-D). IRX4-/

TBX5+ cells were found in small regions of posterior tips, and the anterior region of the

crescent (arrowheads in figure 2D). IRX4+/TBX5- cells were abundant in medial and

posterior regions of the cardiac crescent (arrows in figure 2D).

Like Tbx5, Islet1 also labels a subset of Irx4+ cells in the cardiac crescent at E8.5. ISLET1+/

IRX4+ cells were prominent in the posterior, and dorsal, region of the crescent, while

IRX4+/ISLET1- (arrow in figure 2H) cells were prominent in the anterior of the cardiac

crescent (Fig. 2F-H; Supplemental Movies 3,4). A subset of IRX4-/ISLET1+ cells were

detected in the posterior branch of the cardiac crescent (arrowhead in figure 2H).

Interestingly, at this stage of cardiogenesis we observed IRX4 in the cytoplasm of cells

comprising the cardiac crescent. This subcellular localization differed from the nuclear-

restricted expression of TBX5 & ISLET1 (Fig. 2D’, H’). Elucidation of IRX4+ cells in the

cardiac crescent is an important finding for the continued efforts to resolve the cellular

hierarchy responsible for ventricular myocardium differentiation.

IRX4+ cells were restricted to the ventricular region of the linear heart tube at the onset of
chamber myocardium development

Following fusion of the cardiac crescent at the mid-line the linear heart tube is formed. At

this stage (E8.5-9; see Experimental Procedures for staging) of cardiogenesis regionalization

of the developing heart becomes obvious. The anterior portion of the crescent primarily

contributes to the ventricular segment, while the posterior tips of the cardiac crescent give

rise to the inflow tract. We found that cells positive for IRX4 were restricted to the

ventricular segment of the linear heart tube, but were not expressed at the arterial or venous

poles of the heart tube (Fig. 3A, B). Co-immunofluorescence experiments show that IRX4

co-localized with NKX2.5 in cells of the ventricular segment (Fig. 3B-D; Supplemental

Movies 5, 6). Unlike cells positive for NKX2.5 alone, cells expressing IRX4 protein do not

contribute to the venous pole of the heart tube, further supporting the specificity of Irx4 as a

genetic marker of the developing ventricular chambers (Fig. 3C-D).

As observed in cells of the cardiac crescent, IRX4 was found in the cytoplasm, while

NKX2.5 was restricted to the nuclei of cells of the linear heart tube (Figure 3D’).

IRX4+ ventricular myocytes primarily contribute to the compact zone of the developing
ventricular myocardium following heart tube looping

While chamber myocardium differentiation commences in the linear heart tube, the heart

chambers are not yet formed or positioned properly at that stage of cardiogenesis. Looping

of the heart tube (E9-E10) results in positioning of the inflow tract, the precursors of the

atria, anterior to the common ventricle. The developing atrial chambers are separated by the

outflow tract, which will give rise to the aorta and pulmonary trunk. By E10.5, the chambers

are more distinguishable and within the ventricular myocardium there is an emerging

distinction between trabeculae, and the compact zone. Anti-IRX4 staining was

predominantly observed in the compact zone of the ventricular myocardium at E10.5 (Fig.

4A, B). Cardiac troponin T (cTnT), one of the first contractile proteins expressed

specifically in cardiomyocytes, marked myocytes of the compact zone and trabeculae (Fig.
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4C,G,K). As the myocardium thickened at later stages of embryogenesis, due to

proliferation of ventricular myocytes, IRX4+ cells heavily populated the developing compact

zone, with diminished expression in the trabecular region (Fig. 4F,J). This trend, of IRX4+

myocytes contributing significantly to the compact zone of the myocardium and less to the

trabeculae, persisted following birth. Cytoplasmic localization of IRX4 in cTnT+ myocytes

was maintained from E10.5-14.5 (4D’, H’, L’). This intracellular localization of IRX4 was

maintained throughout embryogenesis (data for later embryonic time points are not shown).

IRX4 exhibits dynamic subcellular localization as the neonatal heart matures

Irx4 transcripts have been detected in neonatal and adult cardiac tissue, maintaining a

ventricle-restricted expression pattern as the heart matures following birth. Using

immunofluorescence analysis of paraffin-embedded heart sections, we observed IRX4+ cells

exclusively in the ventricular myocardium, consistent with our observations of

immunostained embryonic sections, described above. Subcellular analysis revealed that

IRX4 is was restricted in the cytoplasm throughout embryogenesis and this intracellular

localization persisted in postnatal day 2 & 4 hearts (Fig. 5A, B, E, F). In addition to visual

confirmation of the intracellular localization of IRX4, we measured the intensity of the

fluorescent signal using FIJI (FIJI is just Image J) imaging analysis software. Results of this

analysis showed that Irx4 was not detected in the nuclei of myocytes up to postnatal day 4

(Fig. 5U). Irx4 translocates to the nucleus between postnatal days 5-7 and was exclusively

detected in the nuclei of cTnT+ myocytes by postnatal day 8 (Fig. 5F, J, N, U). Interestingly,

the translocation of IRX4 from the cytoplasm to the nucleus occurred as cardiomyocytes

were showing signs of maturation, such as binucleation. The presence of multiple nuclei is

indicative of myocyte maturity and a lack of proliferative capacity. Cardiomyocytes at this

stage often undergo a final round of DNA synthesis, resulting in mitosis but not cytokinesis

(Liu et al., 2010; Bersell et al., 2009). IRX4 was not detected in the cytoplasm of ventricular

myocytes from postnatal day 8 onward (Fig. 5M-T)

To further understand the kinetics of the nuclear translocation of Irx4, we prepared primary

ventricular myocyte cultures by dissecting and enzymatically digesting the ventricles of

postnatal days 2, 4, and 6 hearts. After overnight incubation to allow cell attachment, the

cells were considered postnatal days 3, 5, and 7. The cultures were co-stained for IRX4 and

cTnT. IRX4 is observed in a diffuse pattern in the cytoplasm of postnatal day 3 myocytes

(Fig. 6A-D). Interestingly, the immunofluorescent signal was considerably more

concentrated around the nucleus, with diffuse expression in other parts of the cytoplasm.

IRX4 was detected in both the nucleus and cytoplasm of postnatal day 5 myocytes. The

signal began to accumulate in the nucleus, with diffuse expression in the cytoplasm (Fig. 6E,

F, M). Nuclear fluorescence intensity was significantly higher in postnatal day 5 myocytes

when compared to postnatal day 3 cells. By postnatal day 7, IRX4 was exclusively detected

in the nuclei (Fig. 6I-L, M). These immunostaining results with the primary myocyte

cultures not only defined the time course of the change of IRX4 subcellular localization, but

shows that migration to the nucleus begins at day 5 of postnatal maturation.
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The CRM1 pathway is responsible for IRX4 subcellular translocation

Our results show that throughout embryogenesis Irx4 protein was detected exclusively in the

cytoplasm of immature ventricular cardiomyocytes, and was not found in the nucleus until

postnatal day 5. This lengthy cytosolic restriction is unusual, as other transcription factors,

such as Mef2c, exhibit transient translocation to the cytoplasm during cardiomyocyte

differentiation (Munoz et al., 2009). To determine the mode of translocation, we first

performed peptide sequence analysis and identified a putative nuclear export signal (NES)

(LSDLEDFDP). The motif is primarily comprised of hydrophobic residues, and similar to

that found in T-box transcription factors (Kulisz et al., 2008). T-box factors containing this

NES are shuttled from the nucleus to the cytoplasm via the chromosome region maintenance

1 (CRM1) pathway. To determine whether Irx4 employs this mode of intracellular

translocation, we disrupted the CRM1 pathway in primary E12.5 myocytes, when Irx4

expression is cytoplasmic, using the antibiotic Leptomycin B (Kudo et al., 1998; Sun et al.,

2013). Even when maintained in vitro, these ventricular myocytes continued to exhibit

cytoplasmic IRX4 (Fig. 7B, J). Following overnight incubation with Leptomycin B, IRX4

was detected in the nucleus, suggesting that the antibiotic prevented translocation of IRX4 to

the cytoplasm, indicating that the CRM1 pathway is involved in the movement of IRX4

from the nucleus to the cytoplasm (Fig. 7F). Localization of IRX4 within the cells was

reflected by fluorescence intensity, which correlates with pixel measurements. We observed

a significant increase of fluorescence intensity in the nuclei of myocytes treated with

Leptomycin B, confirming that IRX4 was held in the nucleus when the CRM1 pathway was

blocked (Fig. 7M)

Discussion

In this study, we elucidated the spatial and temporal localization of Irx4 protein during

murine embryogenesis. To the best of our knowledge, this is the first study to localize IRX4,

as all previous studies focused on RNA expression of this homeobox transcription factor

(Bruneau et al., 2000; Christoffels et al., 2000b). Our whole-mount embryo

immunofluorescence assay results show that IRX4+ cells contribute to the cardiac crescent.

Given the ventricle-specific expression of Irx4 at later stages of cardiogenesis, the presence

of IRX4+ cells in the crescent suggests that ventricular myocardium specification occurs

prior to formation of the linear heart tube. To address this hypothesis, lineage tracing

experiments must be employed.

Lineage tracing experiments have shown that cells of the cardiac crescent represent cardiac

progenitor populations that contribute to heart formation (Moretti et al., 2006; Ma et al.,

2008). Using in situ hybridization, several groups have identified Irx4 transcripts in a spatial

pattern which suggests that the transcription factor labels cardiac progenitors (Bruneau et al.,

2000; Christoffels et al., 2000a&b). Results of the present study further our understanding of

the Irx4+ cells that have previously been identified using transcript detection assays. IRX4

was found in cells of the cardiac crescent, along with TBX5 or ISLET1, which have been

established as markers of the first and second heart fields, respectively (Herrmann et al.,

2011; Engleka et al., 2012). The subpopulations of IRX4+/TBX5+ or IRX4+/ISLET1+ cells,

identified in this study using an antibody staining approach, suggest that the IRX4+ cells of
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the crescent potentially encompass two distinct progenitor pools. Because Irx4 is expressed

in both ventricular chambers, while Tbx5 or Islet1 expression is restricted to the left and

right ventricle, respectively, it is reasonable to hypothesize that Irx4 labels two distinct

ventricular progenitors in the cardiac crescent (Herrmann et al., 2011; Engleka et al., 2012;

Domian et al., 2009). The identification of putative left- and right ventricular progenitors is

important for understanding the cellular dynamics responsible for the allocation of cells to

distinct ventricular chambers. Given the identification of cardiac crescent cells positive for

IRX4, and the ventricle-specific localization of IRX4+ cells following chamber formation,

this transcription factor appears to be an ideal marker for isolating ventricular progenitors

that can contribute to cell therapeutic approaches to ameliorate insult to the ventricular

myocardium.

Irx4 is one of the first markers to label immature myocytes of the nascent ventricular

myocardium in the linear heart tube at E9. This heart chamber specificity is maintained

throughout murine embryogenesis (Christoffels et al., 2000a). We show that IRX4 was

restricted to the ventricular segment of the linear heart tube, which differs from transcript

detection data published by Christoffels and colleagues detecting Irx4 transcripts in the

posterior region of the outflow tract, and anterior portion of the inflow tract (Christoffels et

al., 2000a). The discrepancy in these observations could be due to migration of Irx4+ cells

from adjacent regions of the heart to the medially located ventricular segment. The

translation pattern in this study follows the spatial and temporal RNA expression pattern

shown by Bruneau and colleagues, which highlights a clear boundary of Irx4 expression

between the ventricular region of the heart tube (linear and looping) and venous or arterial

poles. In this same study, an obvious demarcation of Irx4 expression between the ventricular

and atrial (inflow tract) segments of the linear heart tube was displayed (Bruneau et al.,

2000). Within the developing myocardium, following looping of the linear heart tube,

IRX4+ cells were predominantly observed in the expanding compact zone during the later

stages of heart development in the mouse embryo. Thickening of the compact zone during

embryogenesis is a result of cell division, and the prescence of IRX4 in the dividing

myocytes indicates that the transcription factor is expressed in immature, cycling ventricular

myoctyes (Sedmera and Thompson et al., 2011).

Interestingly, we found that in embryonic and neonatal cardiac tissue IRX4 localized to the

cytoplasm. Cytoplasmic localization of IRX4 in immature myocytes is likely due to the

presence of a leucine-rich nuclear export sequence, which is recognized by CRM1 (Fukuda

et al., 1997). In postnatal day 5-6 hearts, IRX4 is shuttled into the nucleus of ventricular

myocytes due to the presence of a nuclear localization signal, and this translocation

correlates with the loss of myocyte proliferative capacity, signified by an increase of bi-

nucleated myocytes in the ventricular myocardium (Li et al., 1996).

Recent reports show that myocyte turnover is significantly diminished after postnatal day 7

(Porrello et al., 2011). The miR-15 family appears to drive the downregulation of

proliferation markers in the maturing cardiomyocytes, along with the expression of

Meis1(Porrello et al., 2013; Mahmoud et al., 2013). Genome profiling of neonatal heart

tissue, indicates that proliferation markers (Ki67, PCNA) are significantly downregulated in

postnatal day 7 hearts compared to newborn (day 0) hearts (Chen et al., 2004). After
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myocytes cease to proliferate, the primary source of heart growth is hypertrophy.

Conversely, markers of mature myocytes such as Junctophilin-2, which is necessary for

transverse tubule maturation, are upregulated as expression of proliferation markers

diminish (Reynolds et al., 2013). Nuclear translocation of IRX4 appears to coincide with a

significant change in the gene expression profile of myocytes. The relationship between

IRX4 subcellular localization and myocyte proliferation warrants further investigation, with

a specific focus on the regulatory function of IRX4 in the cytoplasm and nucleus of

cardiomyocytes, and the signal(s) responsible for IRX4 cytoplasmic tethering and nuclear

translocation.

Dynamic subcellular localization of IRX4 suggests that this transcription factor plays

multiple roles within myocytes, and these roles change as the cells mature. When Irx4

expression is ablated in the mouse, cardiogenesis occurs normally, with functional

ventricular myocytes contributing to a healthy myocardium (Bruneau et al., 2000). Effects of

this Irx4 mutation manifest in adult myocytes, which according to our results, express IRX4

in the nucleus. The lack of a mutant phenotype during embryogenesis implies that IRX4

doesn’t function as a gene regulator during embryogenesis.

Elucidation of novel ventricle-specific cell types that facilitate ventricular myocardium

differentiation have considerable biological and clinical implications. In this study we have

shown that IRX4+ cells in the cardiac crescent co-express markers of the first- or second

heart fields at E8.5. Given that IRX4+ cells are restricted to the ventricular segment at E9,

our findings suggest that ventricular myocardium specification occurs in the cardiac

crescent, preceding linear heart tube formation. We propose that tracking IRX4+ cells during

cardiogenesis will contribute significantly to resolving the cell dynamics responsible for the

development of the myocardial layer of both ventricular chambers.

Experimental Procedures

Embryo preparations

For whole-mount immunofluorescence (IF) staining, we used BALBc mice without genetic

modification. Mice were maintained on a 12-hour light/dark cycle (lights off: 18.00/lights

on: 6.00). Timed matings were carried out to assure accuracy of embryo staging (Champlin

et al., 1973). Noon, the day following pairing, was considered day 0.5.

In this report, we have integrated the widely accepted morphological staging system of

Downs and Davies (1993) with embryonic days post-coitum in the BALB/c mouse strain

according to the light/dark cycle used here, the timing of plug detection, and with the

morphological stage of the heart as follows:

i. onset of cardiogenesis (E6.5); this corresponds to the onset of gastrulation and

mesoderm formation

ii. formation of the cardiac crescent (E7.5-8.5); we found evidence for the early

crescent at the early headfold stage (E7.75), and the late crescent at 4-6-somite

pairs (E8-8.5);

iii. formation of the linear heart tube (E8.5-9.0),
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iv. heart looping (E9.0-10.0), and

v. septation of the ventricular chamber (E10.5-11.5)

Correlating these three parameters provides an unprecedented degree of accuracy in staging

the heart than is presently available in the literature. We chose this system because the

variation in staging of embryos is affected by the time of mating in the 12 hour dark cycle

and the 12+ hour variability than can occur within any litter. Also, it is possible that

differences between our staging and that commonly described elsewhere may be due to

strain variability.

For E7-7.25 samples, the chorion was maintained. Reichert’s membrane was reflected, and

the anterior portion of the yolk sac was breached in embryos E8 or older to allow for

antibody penetration. Following embryo dissection, the samples were rinsed in 1× PBS and

fixed with 4% paraformaldehyde (Sigma), prepared in 1× PBS, at 4°C, for 45 minutes with

gentle agitation. Embryos were dehydrated with a gradient of increasing concentrations (25,

50, 75, & 100%) of methanol (Fisher Scientific) prepared in deionized water for storage at

-20°C. Colony maintenance, experimental procedures and euthanasia of mice were approved

by the Institutional Animal Care and Use Committee of the University of Wisconsin School

of Medicine & Public Health.

Whole-mount embryo embedding and antibody staining

Embryos were rehydrated with a decreasing gradient (100, 75, 50, & 25%) of methanol, and

rinsed twice in 1× PBS. Embryos were incubated twice in blocking solution (1× PBS, 0.1%

Triton x-100, and 10% serum) with gentle agitation for 1 hour. Embryos were incubated

with the primary antibody solution (primary antibody diluted in blocking solution) overnight

at 4°C. Secondary antibodies (Invitrogen) were incubated with embryos overnight at 4°C,

following five, 1 hour rinses in blocking solution. Embryos were rinsed with blocking

solution and samples were oriented and embedded in 2% agarose (Promega) on coverslips.

Coverslips, with embedded embryos attached, were mounted onto concave glass slides

(Varsity Glass). For each whole-mount IF assay we used 2 embryos/immunostain. Whole-

mount IF experiments for each embryonic stage were repeated 4 times. The following

antibodies were used in this study: Goat anti-Irx4 N-16 IgG (SCBT-22582 200μg/ml

[1:100]), Mouse anti-Irx4 IgM (Abgent 600μg/ml [1:500]), Goat anti-Brachyury

(SCBT-17743 200μg/ml [1:500]), Goat anti-Nkx 2.5 IgG (R&D Biosystems-AF2444

100μg/ml [1:250]), Rabbit anti-Tbx5 IgG (Abcam-ab18531 400μg/ml [1:100]), Rabbit anti-

Islet1 IgG (SCBT-30200 200μg/ml [1:100]), Mouse anti-cardiac troponin T IgG

(Neomarkers-MS295P1 200μg/ml [1:250]).

Embryonic, post-natal and adult heart preparations

Hearts were dissected at post-natal days 2, 4, 6, 8, & 10. Adult heart samples were dissected

from 1 and 2 month old female mice. Following dissection, hearts were rinsed briefly in 1×

PBS. Hearts were incubated in 4% paraformaldehyde overnight, at 4°C with gentle agitation.

Fixed hearts were dehydrated and embedded in paraffin under vacuum (25 hg) at 62°C in

preparation for sectioning. All heart sections were 5μm thick. E10.5-14.5 embryos were

rinsed in 1× PBS and incubated with 4% paraformaldehyde at 4°C, for 2 hours. Embryos
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were embedded in paraffin and sectioned to a thickness of 10μm. Sections were boiled in

sodium citrate, 0.05% Tween-20 solution for 30 minutes to unmask the antigens. The

sections were then rinsed with 1× PBS (3 times, 5 minutes each), followed by an eight

minute rinse in 1% saponin (Sigma) solution. Sections were then rinsed in 1× PBS plus 5%

Triton X-100 and blocked in a solution containing 5% animal serum and 0.1% Triton X-100

diluted in 1× PBS. Sections were placed at 37°C for 45 minutes to block the tissue. Primary

antibodies were incubated on sections overnight at room temperature. Following three

washes in 1× PBS plus Triton X-100, the sections were incubated in secondary antibody

solution (fluorescent secondary antibodies were diluted 1:200 in blocking solution) for 2

hours at room temperature. All secondary antibodies are supplied at a stock concentration of

2mg/ml (Invitrogen). Immunofluorescence experiments for each embryonic and postnatal

time point were repeated 3 times.

Microscopy

The Leica TCS SP5 confocal microscopy system was employed to observe results of whole-

mount embryo immunostained preparations. Confocal microscopy was performed using the

10× objective (numerical aperture of 0.3, resolution max in XY= 4768, resolution in Z= 651,

and working distance= 11000μm), or 40× objective (numerical aperture of 1.3, resolution

max in XY= 150, resolution in Z= 299, and working distance= 220μm). We maintained a

setting of 27% power to the Argon laser for all confocal microscopy sessions. To ensure that

the images were comparable, we kept laser power at 13% for 488 and 568 wavelengths,

while the UV light was fixed at setting 7. Epifluorescence samples were observed and

imaged using the Zeiss Axiovert 200 microscope, with a Nikon CCD camera connected.

Primary myocyte preparations & Leptomycin B treatments

Mouse ventricles were dissected from E12.5 embryos and atria discarded. After being rinsed

in PBS, the samples were incubated at 37°C in digestion solution (2.5% trypsin, 1%

collagenase, chicken serum, and Hank’s Buffer Saline Solution) supplemented with 1μl of

DNase I (1unit/μl). Tissue samples were pipetted (gently) several times, then incubated with

fresh digestion solution after collection of the supernatant. Samples were pelleted and

resuspended in DMEM (Invitrogen)+10%FBS (Gibco). Cells were pre-plated for 15 minutes

using uncoated tissue culture dishes to remove fibroblasts from the preparations. Myocytes

were plated into wells of a 24-well dish, containing 1% gelatin-coated glass coverslips. Cells

were incubated in DMEM+10%FBS overnight, before changing medium the next morning.

Leptomycin B (Sigma) treatments were performed as described by Kulisz, A et al (2008).

Leptomycin B (supplied at 1μg/ml in 70% methanol) was added to DMEM+10%FBS

medium at a final concentration of 1nM. Observations were made and photographs taken

using the Leica TCS SP5 confocal system. The 20x objective used for observations has a

numerical aperture of 0.7, resolution max in XY= 278.9, resolution in Z= 1284, and working

distance= 0.59mm. Experiments using Leptomycin B treatments were repeated with 3

independent primary embryonic myocyte preparations.

Nelson et al. Page 10

Dev Dyn. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Image & statistical analysis

Pixel intensity was determined for immunofluorescence samples using FIJI image analysis

software. Regions of interest (ROI) were outlined around random nuclei using images that

show DNA labeled with hoechst dye. By labeling nuclei in the nuclear counterstain image,

the ROI selections were unbiased. At least 20 ROIs were selected from a single image, and 3

images were used for each sample. Each image was from an independent experiment.

Microscope settings were maintained for each experiment so the results were comparable.

Intensity measurements were compiled and analyzed for a one-way ANOVA in Prism 6

program. Significance= p < 0.05

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CRM1 chromosome region maintenance 1

cTnT cardiac troponin T

FHF first heart field

FIJI FIJI is just image J

Irx4 Iroquois related homeobox protein 4

Mef2c myocyte enhancer factor 2c

Mesp1 mesoderm posterior 1

Myl2 myosin light chain 2V
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Nkx2.5 Nk2 homeobox 5

SHF second heart field

Tbx5 T-box 5
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Bullet points

I. Ventricular myocardium specification occurs in the cardiac crescent

II. IRX4+ cells in the cardiac crescent co-express markers of both heart fields

III. IRX4 exhibits dynamic intracellular localization in maturing cardiomyocytes
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Figure 1. IRX4+ cells are absent from the cardiac mesoderm progenitor pool and cardiac progenitor populations of the early cardiac
crescent

(A,B) Phase-contrast image (A) of E7.0 (late streak stage, Downs and Davies, 1993) conceptus shown in (B), immunostained for

Brachyury. Conceptus was imaged in sagittal orientation. (C-E) Neural plate stage conceptus (E7.25, Downs and Davies, 1993)

co-immunostaining with Hoechst (C), anti-IRX4 (D), and anti-NKX2.5 (E). The white line in panels A, C marks the separation

between extra-embryonic and embryonic tissue. E7.25 conceptus was imaged in a sagittal orientation. (F-G) Epifluorescence

images of an E7.75 (early headfold, Downs and Davies, 1993; early crescent stage) conceptus in frontal view counterstained

with Hoechst dye (F), and co-immunostained with IRX4 (G) and NKX2.5 (H) antibodies. Abbreviations: AC, amniotic cavity;

CC, cardiac crescent; Ch, chorion; HF, head folds; PS, primitive streak. Scale bar (A, C, F), 100μm.
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Figure 2. IRX4+ cells contribute to the first and second heart fields
E8.5 conceptuses (4-6s, Downs and Davies, 1993; late crescent stage) in frontal view; (A-D and E-H represent two different

conceptuses). (A, E) Hoechst, (B, F) IRX4, (C) TBX5, and (G) ISLET1. The Alexa fluor-488 (B, F) and -568 channels (C, G)

were merged (D, H, respectively). Abbreviations: HF, head folds; CC, cardiac crescent; Nc, Notochord. Scale bar (A, E),

100μm. Arrows (D, H) point to IRX4+/TBX5- (D) or IRX4+/ISLET1- (H) cells of the cardiac crescent. Arrowheads (D, H) point

to IRX4-/TBX5+ (D) or IRX4-/ISLET1+ (H) cells of the cardiac crescent. Panels D’ and H’ are magnified images of boxed

regions in panels D and H, respectively. Scale bar in panels D’ and H’, 25μm. Images in each panel are a single focal plane

acquired using the confocal microscope.
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Figure 3. IRX4 labels immature ventricular myocytes at the onset of myocardium differentiation
Confocal microscopy of an E9 conceptus. (A) Hoechst (B) IRX4, and (C) NKX2.5. (D) Alexa fluor 488 and 568 channels were

merged to illustrate the relation of IRX4+ and NKX2.5+ cells in the heart tube. Panel D’ is a magnified image of the boxed

region in panel D. Images represent a single focal plane. The embryo was oriented in frontal orientation, and images were

obtained using confocal microscopy. Images represent a single focal plane. Abbreviations: HF, head folds; VS, ventricular

segment; IT, inflow tract; Nc, Notochord. Scale bar for A, 100μm, and scale bar for D’, 25μm.
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Figure 4. IRX4+ myocytes primarily contribute to the compact ventricular myocardium
Confocal microscopy images of embryonic sections in sagittal orientation. (A,E,I) Hoechst stain. (B, F, J) Irx4 stain, (C, G, K)

and Cardiac troponin T stain of E10.5, 12.5, 14.5 embryonic sections, respectively. (D, H, L) Alexa fluor 488 and -568 channels

were merged to illustrate the relation of IRX4+ and cTnT+ cells in the developing heart. Panels D’, H’, and L’ are magnified

images of the boxed regions in panels D, H, and L, respectively. All sections were embedded in paraffin prior to sectioning.

Each panel represents a single focal plane. Abbreviations: At, Atrium; Vent., Ventricle. Scale bar all panels, 50μm. Scale bar for

D’, H’, L’, 25μm.
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Figure 5. IRX4 exhibits dynamic subcellular localization in neonatal cardiac tissue
Neonatal and early postnatal cardiac tissue was imaged using confocal microscopy. Each panel represents a single focal plane.

(A-C) Postnatal day 2 heart sections stained for (A) Hoechst, (B) Irx4, and (C) cardiac troponin T. (E-G) Postnatal day 4 heart

sections stained for (E) Hoechst, (F) Irx4, and (G) cardiac troponin T. (I-K) Postnatal day 6 heart sections stained for (I)

Hoechst, (J) Irx4, and (K) cardiac troponin T. (M-O) Postnatal day 8 heart sections stained for (M) Hoechst, (N) Irx4, and (O)

cardiac troponin T. (Q-S) Postnatal day 10 heart sections stained for (Q) Hoechst, (R) IRX4, and (S) cTnT. (D, H, L, P, I) Alexa

fluor 488 and -568 channels were merged to illustrate the relation of IRX4 and cTnT at the subcellular level in ventricular

myocytes of the postnatal day 2, 4, 6, 8, and 10 ventricular myocardium, respectively. (U) Graph depicting the mean pixel

intensity within the nuclei. Errors represent standard deviation. n=62. ****P < 0.0001. Arrowheads in J highlight nuclei positive

for IRX4. Abbreviations: P=postnatal. Scale bars, 25μm.
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Figure 6. IRX4 exhibits dynamic intracellular localization in cardiac explant cultures
Confocal microscopy of cardiomyocyte explant cultures. Each panel represents a single focal plane. (A, E, I) Hoecsht stain of

explant cultures for postnatal day 3, 5, and 7, respectively. Postnatal day 3, 5, and 7 primary myocyte preparations were co-

stained for IRX4 (B, F, J) and cTnT (C, G, K). Alexa fluor 488 and -568 channels were merged to illustrate the intracellular

localization of Irx4 protein in primary myocytes (D, H, L). (M) Graph depicting the average pixel intensity within nuclei. Errors

represent standard deviation. n=60. ****P < 0.0001. Arrowheads in F point to nuclei that are positive for Irx4 expression.

Abbreviations: P, postnatal. Scale bars, 25μm.
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Figure 7. The CRM1 pathway is responsible for IRX4 nuclear export
Confocal microscopy of E12.5 cardiomyocyte explant cultures. The panels represent a single focal plane. (A, E, I) Hoechst stain,

(B, F, J) IRX4 stain, and (C, G, K) cTnT stain of primary myocyte preparations before, after, and omitting Leptomycin B

treatment, respectively. (D, H, L) Alexa fluor 488 and -568 channels were merged. (M) Graph illustrating the average pixel

intensity detected within nuclei. Errors represent standard deviation. n=60. ****P < 0.0001. Abbreviations: LeptoB, Leptomycin

B. Scale bars, 50μm.
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