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Abstract

Sphingosine 1-phosphate (S1P) is a bioactive lipid that acts via G protein-coupled receptors. The 

S1P receptor S1P1, encoded by S1pr1, is expressed in developing heart but its roles there remain 

largely unexplored. Analysis of S1pr1 LacZ knockin embryos revealed β-galactosidase staining in 

cardiomyocytes in the septum and in the trabecular layer of hearts collected at 12.5 days post 

coitus (dpc) and weak staining in the inner aspect of the compact layer at 15.5 dpc and later. 

Nkx2-5-Cre− and Mlc2a-Cre−mediated conditional knockout of S1pr1 led to ventricular 

noncompaction and ventricular septal defects at 18.5 dpc and to perinatal lethality in the majority 

of mutants. Further analysis of Mlc2a-Cre conditional mutants revealed no gross phenotype at 12.5 

dpc but absence of the normal increase in the number of cardiomyocytes and the thickness of the 

compact layer at 13.5 dpc and after. Consistent with relative lack of a compact layer, in situ 
hybridization at 13.5 dpc revealed expression of trabecular markers extending almost to the 

epicardium in mutants. Mutant hearts also showed decreased myofibril organization in the 

compact but not trabecular myocardium at 12.5 dpc. These results suggest that S1P signaling via 

S1P1 in cardiomyocytes plays a previously unknown and necessary role in heart development in 

mice.
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INTRODUCTION

Sphingosine 1-phosphate (S1P) is a bioactive lipid that acts via five G protein-coupled 

receptors (GPCRs) called S1P1-S1P5 (Blaho and Hla, 2011; Mutoh et al., 2012). The S1P1 

receptor, encoded by S1pr1, contributes to a variety of different cellular processes including 

actin polymerization, cell migration, survival, proliferation and other responses in 

endothelial cells, lymphocytes and other cell types (Cyster and Schwab, 2012; Hla et al., 

2001). Global and “endothelial-specific” knockout of S1pr1 in mouse leads to embryonic 

lethality by approximately 12.5–14.5 days post coitus (dpc) due to abnormal blood vessel 

development (Allende et al., 2003; Gaengel et al., 2012; Liu et al., 2000). In cultured human 

endothelial monolayers, S1P1 promotes barrier integrity, and removal of S1P from the 

plasma compartment or pharmacological inhibition of S1P1 in postnatal mice impairs 

endothelial barrier function (Donati and Bruni, 2006; Garcia et al., 2001; Singleton et al., 

2005) (Camerer et al., 2009; Rosen et al., 2009). These and other data suggest a vital role for 

S1P signaling via S1P1 in endothelial cells in blood vessel development and maintenance of 

vascular integrity. S1pr1 is also highly expressed in mouse heart during embryonic 

development (Liu et al., 2000; Poulsen et al., 2011), but the role of S1P1 in cardiomyocytes 

or other cardiac cells and whether it contributes to cardiac development is unknown.

As the mammalian heart develops, the ventricular walls undergo significant morphological 

changes through processes known as trabeculation and compaction. From ~9.5 dpc, 

cardiomyocytes proliferate asymmetrically from the subepicardial myocardium and project 

into the ventricular space to form an endocardium-covered meshwork of sheets and cords 

called the trabecular layer (Li et al., 2016). Cardiomyocytes in the subepicardial region are 

morphologically and molecularly distinct from trabecular cardiomyocytes and organize in a 

dense arrangement known as the compact layer. Between ~9.5 and ~12.5 dpc, the compact 

layer of cardiomyocytes remains very thin, with the majority of the ventricular mass in the 

trabecular layer. Beginning at ~12.5 dpc and extending until birth, the compact layer 

expands as cardiomyocytes proliferate and adopt a compact morphology; trabecular layer 

growth is rapidly outpaced by the compact myocardium, which eventually composes the 

majority of left ventricular mass (Ieda et al., 2009; Lee et al., 2000; Luxán et al., 2013). 

Disruption of either trabeculation or compaction has important consequences; failure to 

undergo trabeculation results in growth arrest and embryonic lethality, while defective 

compaction results in left ventricular non-compaction cardiomyopathy. To date the 

molecular mechanisms that regulate the proliferation and differentiation required for 

trabeculation and compaction remain incompletely understood (Paige et al., 2015; Towbin et 

al., 2015; Wilsbacher and McNally, 2016).

To detect potential roles for S1P1 in heart development, we generated mice in which S1pr1 
was excised in cardiomyocytes. We report evidence that S1P1 in cardiomyocytes is required 
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for heart development, specifically for normal ventricular compaction as well as septation 

and normal postnatal survival.

METHODS

Mouse strains and genotyping

All procedures were approved by the UCSF Institutional Animal Care and Use Committee. 

Richard Proia (National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, 

USA) provided S1pr1 β-galactosidase knockin mice (S1pr1tm2Rlp, here called S1pr1+/Lac−) 

(Liu et al., 2000). Dr. Jerold Chun provided mice carrying a floxed S1pr1 allele 

(S1pr1tm1Jch, ; here called S1pr1f/f in the text) (Choi et al., 2011). Dr. Robert Schwartz 

provided Nkx2-5-Cre knockin mice (Nkx2-5tm1(cre)Rjs) (Moses et al., 2001). Dr. Xu Peng 

(Scott & White Memorial Hospital, Temple, USA) provided Mlc2a-Cre knockin mice 

(Myl7tm1(cre)Krc) (Wettschureck et al., 2001). Mice carrying Cre knockin or wild-type alleles 

at Nkx2-5 or Mlc2a are called Cre + or – herein. "Mutants" refers to mice/embryos with 

genotypes predicted to have no functional S1pr1 alleles in cardiomyocytes (Cre+;S1pr1f/−). 

"Controls", usually littermates, refers to mice/embryos predicted to have at least one 

functional S1pr1 allele (Cre−;S1pr1f/+, Cre− ;S1pr1f/−, and Cre+;S1pr1f/+ as indicated). 

Genotyping primer sequences are listed in Supplemental Table 1.

Mouse embryo collection, histology, antibody staining, and myocardial wall measurements

Noon of the day a vaginal plug was observed was defined as 0.5 dpc. Embryonic hearts were 

hematoxylin and eosin stained using standard protocols. S1pr1 expression was assessed in 

S1pr1+/LacZ embryonic hearts using whole mount X-gal staining followed by 4% PFA post-

fixation overnight and either paraffin or cryosectioning. For antibody staining, whole 

embryos collected up to 13.5 dpc and excised embryonic hearts collected from 14.5 to 18.5 

dpc were snap frozen and immunostained as previously described (Wilsbacher and 

Coughlin, 2015) using sarcomeric α-actinin (Sigma A7811) and fibronectin (Sigma F3648) 

primary antibodies. Measurements of compact and trabecular myocardial wall thickness 

were obtained from sections of embryonic hearts collected at 12.5, 13.5, 15.5, and 16.5 dpc 

from controls and mutants using Fiji image analysis software (Schindelin et al., 2012). 

Measurements were taken at two to six evenly spaced intervals along the left ventricular free 

wall of each section. For one control and one mutant heart at both 15.5 dpc and 16.5 dpc, 

only high power images of the compact wall were obtained; trabecular wall measurements 

were not made in these hearts. The average of measurements from each heart was used for 

statistical analysis (see Statistics).

5-ethynyl-2’-deoxyuridine (Edu) proliferation assay and TUNEL assay

Pregnant females received 30 mg/kg Edu i.p. at 12.5 and 13.5 dpc. Embryos were collected 

after two hours and fixed overnight in 4% PFA in PBS at 4°C prior to cryoprotection and 

cryosectioning. Transverse embryo sections were collected and the sections with maximal 

LV diameter were analyzed for each heart. Cardiomyocytes were identified by s-α-actinin 

staining. TUNEL detection, Edu detection, and Hoechst nuclear staining were performed per 

the manufacturer’s protocol (Roche 11684795910, Life Technologies C10337). In each 

section, contiguous, non-overlapping boxes were tiled over the myocardium along the left 
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ventricular free wall and cardiomyocytes were classified as compact or trabecular based on 

position and morphology. Total and Edu-positive cardiomyocytes per high power field, were 

counted blind to genotype using manual detection and Fiji image analysis software 

(Schindelin et al., 2012). The average number per high power field for individual ventricles 

was used for statistical analyses (see Statistics).

In situ hybridization

Embryos were collected at 13.5 dpc, and fixed overnight in 4% PFA in PBS at 4°C prior to 

cryoprotection and cryosectioning. The plasmids for Nppa and Bmp10 were those 

previously described (Koibuchi and Chin, 2007; Morikawa and Cserjesi, 2008). Each 

plasmid was linearized with XhoI and transcribed with T3 polymerase to generate the 

digoxigenin-labeled probe, which was hybridized at 70°C overnight at a concentration of 1–

1.5 microgram/ml. Digoxigenin detection was performed using anti-digoxigenin labeling 

and chromogenic alkaline phosphatase development with Roche BM Purple (Roche 

11442074001).

Electron microscopy

Electron microscopy was performed as described (Kurrasch et al., 2009). Briefly, 12.5 dpc 

embryonic hearts (n =1 each for Nkx2-5-Cre−; S1pr1f/− control, Nkx2-5-Cre+; 

S1pr1f/−mutant, Mlc2a-Cre−; S1pr1f/− control, and Mlc2a-Cre+; S1pr1f/− mutant) were 

dissected in ice-cold PBS and fixed in 0.1 mol/L sodium cacodylate buffer (pH 7.4) 

containing 2% glutaraldehyde and 1% PFA. Hearts were post-fixed in the same buffer 

containing 2% osmium tetroxide, then block-stained in 2% aqueous uranyl acetate, 

dehydrated, and embedded in LX-112 resin (Ladd Research Industries). Semi-thin sections 

were stained with toluidine blue to identify areas of interest. Ultrathin sections were taken 

on a Reichert-Jung Ultracut S ultramicrotome (Leica Microsystems) and stained with 0.8% 

lead citrate. Grids were visualized on a JEOL JEM-1230 transmission electron microscope 

and images were captured using a Gatan Ultrascan 1000 digital camera. Z-disc length 

measurement was made across the electron-dense portion of the Z-disc perpendicular to 

myofibrils. For the Nkx2-5 animals, 117 total sarcomere units in 13 fields were analyzed for 

Cre− and 59 units in 11 fields for Cre+. For Mlc2a animals, 83 sarcomere units in 8 fields 

were analyzed for Cre− and 49 units in 8 fields for Cre+. Each field was 8.3 µm by 8.3 µm.

Statistics

All measurements were done blind to genotype. The Chi-square test was used to analyze 

viability data at 18.5 dpc and weaning. Differences in ventricular wall thickness and cell 

number and Edu labeling per high-power field were assessed using two-way ANOVA by 

genotype (control, mutant) and embryo age (12.5 dpc, 13.5 dpc, 15.5 dpc, 16.5 dpc). When 

permitted, follow-on individual comparisons were performed using the Tukey test. All 

statistical analyses were performed using GraphPad software (La Jolla, CA).
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RESULTS

Pattern of S1pr1 expression in the myocardium of the developing mouse heart

To determine the pattern of S1pr1 expression in the developing heart, we examined paraffin 

(Figure 1) and frozen sections (Supplemental Figure 1) of hearts collected from S1pr1+/LacZ 

embryos in which one S1pr1 allele is a β-galactosidase reporter knock-in (Liu et al., 2000). 

β-galactosidase staining was detected in ventricular myocardium as early as 9.5 dpc 

(Supplemental Figure 1 and Liu et al., 2000). At 12.5, 14.5, 15.5 and 18.5 dpc, β-

galactosidase staining was detected in cardiomyocytes in the septum and trabeculae (Figure 

1 and Supplemental Figure 1). At 15.5 dpc, lower-intensity staining could be detected in 

compact layer cells adjacent to the trabecular layer (Figure 1C, F, I). At 18.5 dpc, staining 

extended farther into the ventricular wall but usually spared the immediate subepicardial 

myocardium (Supplemental Figure 1). No staining was detected in atrial cardiomyocytes 

(Figure 1A–C). While differences in tissue penetration of Xgal could contribute to the 

observed pattern, this seems unlikely as the thicker septum showed more staining than the 

thinner ventricular free walls. Extraction of stain during tissue processing might also 

influence the staining pattern, but the pattern was similar in hearts processed for paraffin and 

frozen sections (Figure 1 and Supplemental Figure 1); the latter undergo minimal processing 

with no exposure to organic solvents between staining and sectioning. Moreover, staining 

spanned the thin ventricular wall in hearts from 9.5 dpc embryos (Supplemental Figure 1G). 

Thus, at face value, the temporal and spatial pattern of β-galactosidase staining seen in 

hearts from S1pr1+/LacZ embryos suggests that S1pr1 is expressed in most ventricular 

cardiomyocytes beginning at 9.5 dpc, is localized in the septum and trabecular myocardium 

at 12.5 and 14.5 dpc, and extends at lower levels into the inner compact myocardium as 

development proceeds.

S1pr1 in cardiomyocytes is necessary for normal cardiac structure and postnatal survival

We probed for possible roles of S1P1 in cardiomyocytes during heart development by 

deleting S1pr1 using Nkx2-5-Cre and Mlc2a-Cre knockin mice in a flox/null S1pr1 
background (Choi et al., 2011). Nkx2-5-Cre excises floxed sequences in cardiomyocytes as 

well as in endocardium and epicardium, while Mlc2a-Cre excises specifically in 

cardiomyocytes (Peng et al., 2008). At weaning, Nkx2-5-Cre+; S1pr1f/− and Mlc2a-Cre+; 

S1pr1f/− mice were present at only 17% and 32% of the expected Mendelian rate, 

respectively (Table 1). By contrast, at 18.5 dpc, Nkx2-5-Cre+; S1pr1f/− and Mlc2a-Cre+; 

S1pr1f/− embryos were present at the expected Mendelian rate (Table 1) and were 

indistinguishable from control littermates by external examination. Thus, mutant embryos 

died between 18.5 dpc and weaning. Three Nkx2-5-Cre+; S1pr1f/− and Mlc2a-Cre+; 

S1pr1f/− pups were found dead within 24 hours of birth and none were found thereafter, 

suggesting that those mutants that died did so shortly after birth (with the "missing" dead 

pups presumably cannibalized).

All Nkx2-5-Cre+; S1pr1f/− (4/4) and Mlc2a-Cre+; S1pr1f/− (3/3) hearts collected at 18.5 dpc 

all showed a markedly thin compact layer and a thick trabecular layer, a phenotype known as 

ventricular noncompaction, as well as a membranous ventricular septal defects (VSD) 

(Figure 2). The three dead pups collected at P0 also showed ventricular noncompaction and 
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VSD, but hearts collected from the four mutants that survived beyond weaning showed 

ventricular noncompaction with complete septation. We did not observe other endocardial 

cushion defects such as atrial septal defects, double outlet right ventricle, or truncus 

arteriosus (Figure 2). These observations suggest that deletion of S1pr1 in cardiomyocytes is 

associated with ventricular noncompaction and VSD and that postnatal lethality in mutants 

was likely due to the latter.

As Nkx2.5-Cre excises floxed alleles in multiple lineages in the developing heart, and given 

the similarity of the Nkx2-5-Cre+; S1pr1f/− and Mlc2a-Cre+; S1pr1f/− phenotypes and our 

goal of defining the role of S1P1 specifically in cardiomyocytes, we focused our subsequent 

studies on analysis of Mlc2a-Cre+; S1pr1f/− mutants and what appeared to be a fully 

penetrant ventricular noncompaction phenotype.

S1pr1 in cardiomyocytes is necessary for ventricular compaction

To quantitate the noncompaction phenotype, we measured the thickness of the compact and 

trabecular layers at different developmental time points in mutants and littermate controls 

(Figure 3). At 12.5 dpc, the thickness of the compact layer was not different in control and 

mutant hearts. However, while in control hearts compact layer thickness increased 

approximately 5-fold from 12.5 to 16.6 dpc, compact layer thickness did not increase after 

12.5 dpc in mutant hearts, such that at 13.5, 15.5, and 16.5 dpc, the compact layer was 

significantly thinner in mutant vs. control hearts (Figure 3A). Trabecular layer thickness was 

not different between mutant and control hearts at any time point examined (Figure 3B).

An analysis of the number of cardiomyocytes per high-power field confirmed that the 

number of compact and trabecular cardiomyocytes increased in control but not mutant hearts 

between 12.5 and 13.5 dpc; likewise, Edu labeling revealed that the total number of compact 

and trabecular cardiomyocytes in S-phase was different in control vs. mutant hearts at 13.5 

dpc (Figure 4). As noted in global S1pr1 knockouts (Poulsen et al., 2011), virtually no 

apoptosis was detected in cardiomyocytes in mutants or controls at either time point: the 

fraction of cardiomyocytes that was TUNEL-positive was less than 0.1% in all samples 

tested and was not different between controls and mutants (e.g., 0–2 TUNEL-positive 

cardiomyocytes per heart section, with an average of 0.105% cardiomyocytes TUNEL-

positive in controls (n=13) and 0.127% in mutants (n=7) at 12.5 dpc). These results strongly 

suggest that S1P1 function in cardiomyocytes is necessary for normal expansion of 

cardiomyocyte number during a time period critical for normal ventricular compaction. 

Interestingly, the fraction of cardiomyocytes that became Edu-positive in the windows 

sampled at 12.5 and 13.5 dpc was not different in controls and mutants (Supplemental 

Figure 5). Thus, while the presence of fewer total cardiomyocytes with fewer 

cardiomyocytes in S-phase in mutant hearts at 13.5 dpc suggests that a decrease in the 

number of cardiomyocytes available to proliferate may contribute to failed expansion of the 

compact layer thereafter, the basis for the initial failure to increase cardiomyocyte number 

between 12.5 and 13.5 dpc remains to be determined (see Discussion).
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Expanded distribution of trabecular cardiomyocyte markers in cardiomyocyte-specific 
S1pr1 knockout hearts

In addition to morphological differences, trabecular and compact myocardium have 

differential expression and distribution of markers including Nppa, Bmp10, and fibronectin. 

We next examined whether loss of S1pr1 affected the distribution of these markers using in 
situ hybridization and immunostaining. In hearts from control embryos collected at 13.5 dpc, 

Nppa and Bmp10 expression was detected in the trabecular layer and absent from the 

compact layer. In hearts from littermate Mlc2a-Cre+; S1pr1f/− mutants, Nppa and Bmp10 
expression was detected in trabecular structures that extended to or almost to the epicardium 

(Figure 5 and Supplemental Figure 2). Similarly, fibronectin distribution was expanded into 

the compact layer in mutant hearts (Supplemental Figure 3). In controls collected at 16.5 

dpc, fibronectin staining was most abundant in basement membrane just beneath 

endocardium, with high staining in endocardiumcovered trabeculae and low staining in the 

compact layer. In littermate Mlc2a-Cre+; S1pr1f/− mutant hearts, fibronectin staining 

extended almost to the epicardium (Supplemental Figure 3). Overall, the presence of 

trabecular markers close to the subepicardial region is consistent with a relative lack of a 

compact layer in the mutants and suggests that S1P1 signaling in cardiomyocytes is 

necessary for normal compaction.

Disorganization of the thin compact layer in cardiomyocyte-specific S1pr1 knockout hearts

To determine whether the thin outer layer of cardiomyocytes in mutant hearts has features of 

normal compact myocardium, we examined cardiomyocyte and myofibril organization by 

transmission electron microscopy (TEM). TEM revealed myofibrils with Z discs and 

repeated sarcomeric units in compact layer cardiomyocytes in control hearts collected at 

12.5 dpc. (Figure 6A and Supplemental Figure 4). In compact layer cardiomyocytes in 

mutant hearts, myofibrils appeared to be smaller with less overall organization than in 

controls (Figure 6B and Supplemental Figure 3) despite the absence of gross morphological 

changes at this time point (Figures 3 and 4). Quantitation of Z-disc size and number per field 

in TEM images revealed smaller and fewer Z-discs in mutant hearts than in control hearts 

(Figure 6C,D).

Despite the ultrastructural differences noted in TEM images but in keeping with our other 

histological observations, immunostaining for the Z-disc component s-α-actinin did not 

reveal differences in pattern or intensity of immunofluorescence in compact layer 

cardiomyocytes in control and mutant hearts at 12.5 dpc (Figure 6E, F). However, at 13.5 

dpc and 16.5 dpc, s-α-actinin of cardiomyocytes in the thin compact layer of mutant hearts 

displayed less regular myofibril alignment both within cardiomyocytes and between adjacent 

cardiomyocytes compared to the normal compact region of control hearts (Figure 6G–J and 

Supplemental Figure 4). In contrast to the compact layer, no differences in cell or myofibril 

alignment or sarcomere structure were observed in trabecular cardiomyocytes between 

control and mutant hearts: well-formed myofibrils aligned from cell to cell were readily 

detected by immunofluorescence and TEM, including within the trabecular cardiomyocytes 

adjacent to the thin mutant compact layer (Supplemental Figure 4). Taken together, the 

persistence of trabecular myocardium, the thin outer layer of cardiomyocytes where the 

compact myocardium would normally reside, and the decreased cellular and myofibril 
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organization in this outer layer in the mutants suggests a necessary role for S1P1 in 

formation of a normal compact layer.

DISCUSSION

Our results demonstrate an unexpected role for S1pr1 in cardiomyocytes in heart 

development in mice. Specifically, loss of S1P1 in cardiomyocytes led to postnatal lethality, 

VSD, and ventricular noncompaction. To our knowledge, this necessary role for S1P1 in 

cardiomyocytes in heart development represents a previously unknown role for S1P 

signaling and a new role for cardiomyocyte GPCRs in the process of ventricular compaction.

Loss of S1P1 appears to affect the process of compaction by an overall reduction in 

trabecular and compact layer cardiomyocyte number after 12.5 dpc. Trabeculation and 

compaction are largely temporally distinct processes, with trabeculation beginning at ~9.5 

dpc and ending by ~13.5 dpc, during which time the trabecular myocardium appears to be 

more differentiated than outer ventricular wall myocardium and provides the bulk of the 

contractile force of the heart (Samsa et al., 2013). Compaction begins at ~12.5 dpc, with 

compact layer cardiomyocytes maintaining a higher proliferative rate than trabecular 

myocardium until the compact layer comprises the majority of ventricular mass. Trabecular 

and compact cardiomyocyte numbers failed to increase normally after 12.5 in mutants 

lacking S1P1 in cardiomyocytes. The time of onset of this phenotype, after the majority of 

trabeculation has occurred but at the onset of compaction, probably accounts for the failed 

expansion of the compact layer but relative preservation of the trabecular layer in the 

mutants as seen by both cardiac morphology and trabecular marker expression in our study. 

The decreased myofibrillar organization in cardiomyocytes in the compact layer in the 

mutants at 12.5 dpc, before expansion of the compact layer begins and when mutant hearts 

were still morphologically indistinguishable from controls, raises the possibility that S1P1 

may also contribute directly to differentiation of compact layer cardiomyocytes.

The number of total and Edu-positive (S-phase) trabecular and compact cardiomyocytes 

increased in control hearts but not cardiomyocyte S1pr1 mutant hearts between 12.5 dpc and 

13.5 dpc; however, the ratio of Edu-positive cardiomyocytes to total cardiomyocytes was not 

different between control and mutant hearts in the windows sampled at either 12.5 dpc or 

13.5 dpc (Supplemental Figure 5). Rates of apoptosis at these time points were insignificant. 

Thus, while a decreased number of cardiomyocytes available for proliferation might 

contribute to subsequent failure of compact layer expansion, how the difference in 

cardiomyocyte number between control and S1pr1 mutants arose during the period from 

12.5 to 13.5 dpc is not clear. Precedent for alterations in cardiomyocyte number without 

detectable changes in the fraction of S-phase cells exists in other systems. In chick hearts 

lacking epicardium, the loss of one round of cell division over four days was associated with 

a 50% reduction in the number of cardiomyocytes compared to control without a detectable 

change in the rate of Brdu positivity (Pennisi et al., 2003). Lack of a detectable difference in 

cardiomyocyte proliferation or apoptosis in association with ventricular noncompaction was 

also noted in RXRalpha-deficient mouse embryos (Kastner et al., 1994). Whether slowing of 

cell cycle progression outside of S-phase, decreased DNA replication in a window not 

sampled in our Edu study (see below), or other explanations account for decreased 
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cardiomyocyte number without a decreased fraction of Edupositive cardiomyocytes in the 

window examined remains to be determined.

S1pr1 expression, as assessed by β-galactosidase staining of hearts from S1pr1+/LacZ 

embryos, appeared confined to trabecular cardiomyocytes at and after of onset of the 

noncompaction phenotype. How might loss of S1P1 function in cardiomyocytes alter 

compaction if S1pr1 expression is limited to the trabecular layer? S1pr1 appears to be 

widely expressed in ventricular myocardium at 9.5 dpc in this (Supplemental Figure 1) and 

other studies (Liu et al., 2000; Poulsen et al., 2011). Thus, loss of S1P1 function at an early 

stage of myocardial development, before separation of the myocardium into trabecular and 

nascent compact layers has occurred, might alter the properties of cardiomyocytes in a 

manner that leads to a later decrease in expansion of cardiomyocyte numbers. The outsized 

effect on expansion of the compact layer may be for reasons of timing, as outlined above. 

Alternatively, altered differentiation with decreased responsiveness to epicardial growth/

trophic factors in cardiomyocytes destined to form the compact layer might also contribute 

to noncompaction and perhaps to the decreased myofibril organization noted in compact 

layer cardiomyocytes at 12.5 dpc (Pennisi et al., 2003). Lastly, S1pr1 might be expressed in 

compact layer cardiomyocytes during compaction at levels that are functionally important 

but below the limits of detection of the β-galactosidase reporter, or S1P1 function in 

trabecular myocardium might somehow indirectly influence the behavior of compact layer 

cardiomyocytes.

Multiple complex and essential interactions between the myocardium and endocardium, 

epicardium, and cardiac fibroblasts contribute to ventricular compaction (Kastner et al., 

1994; Lavine et al., 2005; Li et al., 2011; Pennisi et al., 2003). In accord, more than 60 genes 

have been linked to ventricular noncompaction in human and mouse studies (Paige et al., 

2015; Towbin et al., 2015; Wilsbacher and McNally, 2016). Disruption of endocardial and 

myocardial Notch signaling pathways after the onset of compaction leads to ventricular 

noncompaction, but in contrast to cardiomyocyte-specific S1pr1 deletion, these mutants 

display increased proliferation especially within the trabecular myocardium (D'Amato et al., 

2016; Luxán et al., 2013). Disruption of epicardial signals, such as retinoic acid, fibroblast 

growth factors, and insulin-like growth factor lead to noncompaction with reduced 

proliferation (Kastner et al., 1994; Lavine et al., 2005; Li et al., 2011); whether S1P1 

signaling intersects with signals from these factors and their receptors remains unknown. 

Finally, myocardial excision of FOG2 (Zfpm2 gene) and focal adhesion kinase (FAK; Ptk2 
gene), as well as cardiomyocyte-specific overexpression of the FAK inhibitory protein 

FRNK, all result in a noncompaction phenotype with decreased cardiomyocyte proliferation 

similar to that seen in cardiomyocyte S1pr1 mutants; these provide attractive candidate 

pathways for further study.

The source of S1P driving S1P1 signaling in cardiomyocytes during cardiac development 

remains unknown. S1P, primarily generated by erythrocytes (Pappu et al., 2007), is abundant 

in plasma, and it is plausible that plasma S1P might traverse endocardium in the developing 

heart to reach cardiomyocytes. Alternatively, S1P generated by the epicardium, 

endocardium, fibroblasts or cardiomyocytes themselves might contribute to activation of 

cardiomyocyte S1P1. Finally, S1P1 in cardiomyocytes may participate in a mechanosensing 
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program in response to stretch or strain, as has been suggested in endothelial cells in 

response to flow (Jung et al., 2012). In such a scenario, S1P1 might sense wall stress as a 

milestone in cardiac development and trigger compaction as a result. Future studies will 

address potential sources of S1P via conditional deletion of sphingosine kinases 1 and 2, the 

enzymes that generate S1P (Camerer et al., 2009; Gaengel et al., 2012; Wang and Dudek, 

2009).

In conclusion, our results demonstrate an unexpected role for S1P1 signaling in 

cardiomyocytes in the developing heart in expansion of cardiomyocyte number and 

ventricular compaction. Exploration of gene expression and signaling pathways altered by 

loss of cardiomyocyte S1P1 may provide further insight into the mechanisms by which 

ventricular compaction is regulated. Future studies will identify the cellular and molecular 

mechanisms by which S1P1 signaling in cardiomyocytes contributes to compaction, the 

source of the S1P ligand important for cardiomyocyte S1P1 function, and whether those 

mutant mice that survive to adulthood might be a useful model of cardiomyopathy 

associated with noncompaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mouse embryo cardiomyocytes (CM) express S1P1, a sphingosine 1-

phosphate receptor.

• Normal expansion of cardiomyocyte number in mouse embryos 

requires S1P1.

• Loss of S1P1 in CM results in ventricular noncompaction.

• These results suggest a new role for S1P signaling.

Clay et al. Page 13

Dev Biol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. S1pr1 reporter expression in embryonic mouse heart
Hearts were collected from S1pr1+/LazZ embryos in which one S1pr1 allele was a β-

galactosidase reporter knock-in at 12.5 dpc (A, D), 14.5 dpc (B, E), and 15.5 dpc (C, F). 

Hearts were Xgal-stained as whole mounts, paraffin embedded, sectioned and counterstained 

with Nuclear Fast Red. Panels D–F are high-power views of the areas indicated in A–C. 

Note prominent staining for β-galactosidase activity in cells that appear to be 

cardiomyocytes by morphology and location in the septum at all three time points, in 

trabeculae increasing in intensity and distribution from 12.5 to 15.5 dpc, and in the inner 

aspect of the compact layer at 15.5 dpc (asterisk). Scale bar 500 µm for A–C; 100 µm for D–

F. Similar results were obtained with 3–5 hearts analyzed at each time point.
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Figure 2. Cardiac abnormalities in cardiomyocyte-specific S1pr1 knockouts
(A–D) Hematoxylin and eosin stained sections of hearts from (A) Nkx2-5-Cre−; S1Pr1f/− 

control, (B) Nkx2-5-Cre+; S1Pr1f/− mutant, (C) Mlc2a-Cre−; S1Pr1f/− control and (D) 

Mlc2a-Cre+; S1Pr1f/− mutant embryos collected at 18.5 dpc. Note ventricular 

noncompaction with persistence of trabeculae (arrows) and thin compact layer (arrowheads) 

as well as ventricular septal defects (asterisks) in mutant hearts. Scale bar 1mm. (E and F) 

Higher magnification view of areas boxed in C and D, respectively. Scale bar 100 µm. VSD 

and noncompaction were noted in 4/4 Nkx2-5-Cre+; S1Pr1f/− mutant and 3/3 Mlc2a-Cre+; 
S1Pr1f/− mutant hearts analyzed at 18.5 dpc.

Clay et al. Page 15

Dev Biol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Quantitation of compact and trabecular layer thickness
Quantitation of (A) compact layer thickness and (B) trabecular layer thickness in Mlc2a-Cre
−; S1Pr1f/− control (Con) and Mlc2a-Cre+; S1Pr1f/− mutant (Mut) hearts collected at the 

indicated gestational ages. By two-way ANOVA, groups were significantly different by 

gestational age and genotype with a significant interaction term. Follow-on individual 

comparisons by Tukey test revealed compact layer thickness to be different in controls and 

mutants to be different at 13.5, 15.5 and 16.5 dpc (**** p < 0.0001). Trabecular layer 

thickness did not differ between control and mutants at these time points.
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Figure 4. Cardiomyocyte (CM) density and proliferation at 12.5 dpc and 13.5 dpc in 
cardiomyocytespecific S1pr1 knockouts
To quantitate the number of CM and those in S-phase, Edu-positive and s-α-actinin-positive 

cells were detected in sections of hearts collected from Mlc2a-Cre−;S1pr1f/+ Control (Con) 

or Mlc2a-Cre+;S1pr1f/− Mutant embryos at 12.5 or 13.5 dpc as indicated. (A–D) 

Representatitive images with s-α-actinin staining in green and Edu in red. Scale bar 100 µm. 

(A’-D’) High-power images from AD, respectively. Note Edu-positive nuclei stained with 

Hoechst in s-α-actinin-positive CM and non-CM. Scale bar 25 µm. Note also the increased 

thickness of the s-α-actinin-positive CM in the compact layer of Control (C,C') vs. Mutant 

(D,D') hearts at 13.5 dpc. (E) CM number per high-power field (HPF) in the compact and 

trabecular layers from control or mutant hearts collected at 12.5 or 13.5 dpc. By two-way 

ANOVA, CM per HPF in both the compact and the trabecular layers was different by 

gestational age and genotype with a significant interaction term. Follow-on individual 

comparisons by Tukey test revealed that the total number of compact and trabecular 

cardiomyocytes increased in controls but not mutants from 12.5 to 13.5 dpc such that CM 

per HPF was different in control and mutant hearts at 13.5 dpc. (F) Edu-positive CM per 

HPF in the hearts analyzed in (E). For the compact layer, two-way ANOVA revealed a 

significant difference by genotype with a significant interaction term; individual 

comparisons by Tukey test demonstrated that the number of Edu-positive compact CM per 

HPF in controls at 13.5 dpc was different from mutant at 13.5 dpc and control at 12.5 dpc. 

For the trabecular layer, two-way ANOVA detected a significant difference by gestational 

age and genotype with a positive interaction effect, and individual comparisons by Tukey 

test showed that the number of Edu-positive trabecular CM per HPF in controls at 13.5 dpc 
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was different from mutant at 13.5 and control at 12.5 dpc. *, p < 0.05; **, p < 0.01; ***, p < 

0.001; and ****, p < 0.0001.
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Figure 5. Trabecular marker expression differences in cardiomyocyte-specific S1pr1 mutant 
hearts
In situ hybridization for the trabecular marker Nppa was performed on littermate 13.5 dpc 

Mlc2a-Cre+;S1pr1f/+ control (A, C) and Mlc2a-Cre+;S1pr1f/− mutant (B, D) embryos. C 

and D are higher magnification views of the boxed areas of A and B, respectively. The 

dotted lines indicate the position of the epicardium. Note the presence of a zone free of blue 

Nppa staining (the compact layer) between the trabecular layer and epicardium in control 

but not mutant heart. Similar results were obtained with two embryos of each genotype. 

Scale bar 500 µm for low-power and 300 µm for high-power magnification.
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Figure 6. Structural changes in compact layer cardiomyocytes in cardiomyocyte-specific S1pr1 
knockouts
(A, B) Representative transmission electron microscopy in the left ventricle compact layer of 

hearts from (A) Mlc2aCre−;S1pr1f/− control and (B) Mlc2aCre+;S1pr1f/− mutant embryos 

collected at 12.5 dpc. Note narrower and less continuous myofibrils in the mutant heart. 

Scale bars 1 µm. (C, D) Mean Zdisc length (C) and number of Z-discs per field (D) in EM 

images of hearts from S1pr1f/− 12.5 dpc embryos negative and positive for Mlc2a-Cre or 

Nkx2-5-Cre transgenes. Error bars represent SEM. *, p < 0.05; **, p <0.01, and ****, p < 

0.05 by Student’s unpaired t-test. (E-J) Representative s-α-actinin immunostaining of the 

left ventricle in control (E, G, H) or mutant (F, H, J) embryos collected at 12.5 dpc (E, F), 

13.5 (G, H) and 16.5 dpc (I, J). Specific genotypes were as indicated. The epicardium is to 

the lower right of the field in each image, and the white diagonal line indicates the compact 

layer. At 12.5 dpc, no differences in s-α-actinin immunostaining were apparent between 

control and mutant hearts. At 13.5 dpc and 16.5 dpc, compact layer cardiomyocytes in 

control hearts appeared to align parallel to the epicardium, while cardiomyocytes in the thin 

compact layer of mutant hearts failed to align with each other or the epicardium. Similar 

results were seen in 8–14 hearts of each genotype at 12.5 dpc, 3–5 hearts per genotype at 

13.5 dpc, and 4 hearts of each genotype at 16.5 dpc. Scale bars 10 µm.
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Table 1

Genotypes of live 18.5 dpc embryos and pups from S1pr1f/f X S1pr1+/−; Cre+/0 crosses

Numbers of live, grossly normal embryos of each genotype present at 18.5 dpc and of live pups at weaning are 

shown. Numbers in parentheses indicate number expected assuming equal survival of the control genotypes. 

The Cre driver is indicated at left.

S1pr1f/+, Cre− S1pr1f/+,
Cre+

S1pr1f/−, Cre− S1pr1f/−, Cre+

Nkx2-5, 18.5 dpc 19 (13.3) 8 (13.3) 13 (13.3) 17 (13.3)

Mlc2a, 18.5 dpc 8 (6.3) 4 (6.3) 7 (6.3) 6 (6.3)

Nkx2-5, weaning 16 (17.7) 21 (17.7) 16 (17.7) 3* (17.7)

Mlc2a, weaning 28 (25) 24 (25) 23 (25) 8* (25)

Note that live Cre+;S1pr1f/− mutant embryos were present at the expected Mendelian frequency at 18.5 dpc when either “cardiac-specific” 
Nkx2-5-Cre or cardiomyocyte-specific Mlc2a-Cre was used to generate conditional knockouts, but at weaning both conditional knockouts were 
markedly underrepresented

*
p=0.005 and 0.007 by Chi-squared analysis, respectively).
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