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Abstract

Parathyroid hormone-related peptide (PTHrP) has been implicated in mediating 

proliferation and differentiation in various tissues in the developing embryo but its role in 

early heart development has not been investigated. This study examined the spatial and 

temporal localization of chicken PTHrP (1-36) and PTHrP-binding sites utilizing 

immunohistochemistry during cardiac development. A PTHrP antagonist, PTHrP (7-34), 

was used to ascertain if PTHrP regulates cardiac looping during heart morphogenesis. Stage 

10 to 14 chick embryos were immunostained for PTHrP using a PTHrP-specific antibody and 

PTHrP-binding sites (i.e., target cells) were localized using biotinylated-PTHrP (1-36). From 

stages 10 to 14 PTHrP immunostaining was greatest along the outer curvatures of the 

ventricle and atrium compared to their inner curvatures during formation of the initial C- 

shaped heart. PTHrP-binding sites did not mimic the asymmetry observed with PTHrP 

immunostaining until stage 12. In the outflow tract, PTHrP immunostaining maintained a 

high staining intensity throughout all the stages studied while biotinylated-PTHrP binding 

decreased gradually by stage 14. PTHrP immunostaining decreased between stages 15 to 20 

except for in the outflow tract, areas surrounding endocardial-derived cushion cells, and 

developing trabeculae carnae. Therefore, immunostaining for PTHrP and PTHrP-binding 

sites was localized within areas thought to undergo cardiac cell proliferation and 

differentiation. To test for a functional role of PTHrP, a PTHrP antagonist was microinjected 

into the pericardial cavity prior to cardiac looping and the embryos were allowed to develop 

to stages 14 to 16. No detectable effect on cardiac morphogenesis was observed.

Limitations in the in ovo model used may have resulted in the inability of the PTHrP



antagonist to impede or affect cardiac looping at the stages studied but PTHrP 

immunolocalization and PTHrP-binding site staining did suggest PTHrP may have an 

important but unknown role in mediating the regional growth and expansion of the looping 

heart.
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Background

Heart Development: Single Heart Tube

The first functioning organ in vertebrates is the heart, which develops similarly across 

the vertebrate phylogeny. Heart formation begins with the emigration of precardiac 

splanchnic mesoderm derived from the primitive streak during gastrulation. This precardiac 

mesoderm, located on either side of the primitive streak migrates anteriorly between the 

ectoderm and endoderm (Fig. 1A and B). The formation of the foregut pulls these two 

precardiac areas toward the midline. By Hamburger-Hamilton stage 8 in chicken embryos 

[1], the cells begin to organize into two heart tubes, each tube consisting of an inner single

cell layer of endocardium surrounded by an outer myocardium and separated by an 

extracellular matrix known as cardiac jelly (Fig. 1C and D). With the formation of the 

foregut, the two primitive heart tubes come to lie next to one another and begin to fuse near 

the midline by stage 9 (28-33 hours). The initial fusion of the heart tubes generates two 

endocardial tubes within a single myocardial mantle. Eventually, these endocardial tubes 

fuse in a cephalocaudal direction to form the characteristic single tube of the embryonic 

cardiac system found in stage 10 (33-38 hours) chick embryos (Fig. IE and F).

Heart Development: Four Chambered Heart

As development continues, several morphological changes occur as the straight heart 

tube becomes an S-shaped tube and transforms into a four chambered heart. Even at this 

early stage, the heart tube can be divided into different regions: the cranial outflow tract; the
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ventricle; the atrioventricular region; the atrium; and the sinus venosus. Investigator 

variations in the terminology used to describe various regions of the heart, particularly the 

outflow tract, have led to confusion and inaccuracies in the descriptions of embryonic heart 

development. An attempt to clarify the nomenclature was published by Pexeider (1995) and 

his nomenclature will be used in this thesis [2], Based on this nomenclature, the early 

outflow tract is referred to as the bulbus cordis and as segments of the outflow tract become 

more distinct, it is subdivided into the conus arteriosus, truncus arteriosus, and aortic sac.

By stage 10, the single heart tube begins to bend to the right, primarily in the region 

of the ventricle, deviating from its initial bilateral symmetry (Fig. IE). The C-shaped 

alteration of the heart tube continues until about stage 12 by which time the heart is 

circulating blood (Fig. 1G). From stage 12 to 15, the heart tube develops into an S-shaped 

tube through a counter-clockwise rotation of the heart tube bringing the atrium rostral and 

dorsal to the ventricle (Fig 1H). This process, known as cardiac looping, continues until 

stage 24-25. Therefore, the process of cardiac looping establishes the adult position of the 

ventricle and the atrium.

Before heart development is complete, septa are formed that separate the ventricles 

from the atria, the right from the left ventricle, the right from left atrium, and the outflow 

tract into the pulmonary artery and aorta. The endocardium in the outflow tract and 

atrioventricular region undergo an epithelial-mesenchymal transformation forming a 

mesenchymal cell population referred to as endocardial cushion cells. Cushion cells generate 

the tissue needed for septa formation in the atrioventricular, atrial, ventricular and outflow 

tract region [3]. Cardiac neural crest cells that migrate from the neural tube into the outflow
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tract and are essential for the septation of the outflow tract [4], Meanwhile, outgrowths of 

the ventricular myocardium develop the trabeculae came and papillary muscles.

Defects in cardiac looping alter the alignment of the cardiac chambers with the 

connecting of the great vessels of the heart leading to heterotaxia syndrome, a partial or 

complete reversal of the viscera including the heart [5]. Accompanying this syndrome are 

cardiac defects such as abnormal alignment of the outflow tract and atrioventricular canals, 

abnormal venous and arterial connections, and a common atrium. Isolated defects such as 

ventricular inversion are also attributed to abnormalities in looping. Questions remain 

unanswered as to why the heart evolves asymmetrically, specifically the mechanisms 

dictating and controlling the bending and looping of the heart tube necessary for proper 

orientation of the heart chamber before septation.

Factors in Cardiac Bending and Looping

The first morphologically evident digression from bilateral symmetry along the left- 

right axis in the heart is the initial bending of the heart tube into a C-shaped structure. Several 

explanations have been proposed to elucidate the development of the cardiac left-right 

asymmetry. Patten (1922) postulated that the rightward bending of the heart occurs because 

of space constraints [6]. The dorsal mesocardium that suspends the heart tube disappears 

along the length of the tube except near the outflow tract and the sinus venosus. Since the 

mid-portion of the heart is free of attachments and lies ventral to the main body of the 

embryo and dorsal to the yolk, the heart tube may forced to bend as it lengthens.

Another possibility for the bending and looping of the heart tube is differential 

contributions of the right and left precardiac mesoderm. Stalsberg (1969a) showed that the
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right precardiac mesoderm contributes more to the cephalic part of the heart tube than the left 

precardiac mesoderm during stages 9 to 12 in the chick embryo [7]. This pattern is reversed 

at the caudal end of the heart tube where the left precardiac mesoderm contributes more to 

the heart tube. When the precardiac splanchnic mesoderm areas are prevented from joining 

two separate heart tubes form from each mesoderm area. It was observed that the cephalic 

part of the bending heart tube was larger in the heart tube from the right precardiac 

mesoderm and the caudal part of the bending heart tube was larger in heart tube from the left 

precardiac mesoderm. This suggests the bending is intrinsic to the precardiac mesoderm and 

may be mediated by differential contributions of the right and left precardiac mesoderm.

Differential growth within the heart tube itself may be responsible for the 

asymmetrical bending during heart development. Butler (1952) showed in isolated whole 

heart cultures that the right convex side of the heart increased in length along the anterior- 

posterior direction [as cited in 8], However, Stalsberg (1969b) did not find significant left 

and right differences in mitotic indices but rather observed significant cranial and caudal 

differences based on mitotic indices [9]. Suprisingly, Manning and McLachlan (1990) 

explanted heart tubes from stages 8 to 10 chick embryos and found the heart tubes developed 

in vitro and all but one heart bent successfully [10], This observation suggests that bending 

is not dependent on differing contributions from the splanchnic mesoderm. Rather, it 

suggests that the bending is intrinsic to the heart, possibly by differential growth within the 

heart.

Manasek et. al. (1972) showed through a series of measurements that the bending and 

looping of the heart may be driven by changes in cell shape [8]. They observed that 

myocardial cells on the right convex side of the heart tube become flatter (long axis of the
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cells parallel to cranial/caudal axis of the heart tube) than cells on the left concave side of the 

heart. The driving mechanism for this shape change remains unknown but could represent 

either a re-distribution of cellular volume or changes in cytoskeletal architecture within the

cells.

The cytoskeleton may be an important factor in the bending and looping of the 

embryonic heart. Icardo and Ojeda (1984) showed that disrupting the microtubule 

organization using colchicine blocked cardiac looping but did not prevent precardiac 

mesoderm from forming a single heart tube or its initial C-shaped bending [11], Colchicine 

also disrupts the actin fibril organization on the right side of the heart tube [12]. The 

arrangement of the cytoskeleton appears to be critical to the looping of the embryonic heart, 

possibly by altering cell shape and/or cell proliferation.

The extracellular matrix in the developing heart, referred to as the cardiac jelly, 

contains a variety of molecules that may also mediate the bending and looping of the 

developing heart. Glycosaminoglycans (GAGs) and non-collagenous protein play significant 

roles in the structure of the developing heart by providing an internal framework (structural 

support) and substratum for cell migration [13]. Internal hydroscopic pressure within the 

heart created by the presence of GAGs and non-collagenous protein gives the heart its plump 

shape. This suggests GAGs are important in shaping the heart. After the removal of certain 

components, like hyaluronic acid from the cardiac jelly using enzymatic digestion, the heart 

is flaccid and shrunken but still maintains the overall shape of a looped tube. This suggests 

that GAGs are not required to maintain looping [13]. However, these experiments were 

conducted in older embryos, therefore the extracellular matrix may have already driven 

looping to a point where GAGs were no longer required to maintain the looped shape.
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Flectin is the first extracellular matrix component shown to be asymmetrically 

distributed during early heart development [14]. Flectin is initially found within the left- 

precardiac mesoderm at stage 7+ in the chick embryo. Between stages 12 and 14. flectin is 

found in cardiac jelly extending from ventricular myocardium toward the endocardium on the 

left side of the heart. In vitamin A-deficient quail embryos which fail to undergo cardiac 

looping, flectin localization was disorganized and diminished. The asymmetrical distribution 

of flectin is reversed in inv/inv mice that exhibit complete situs inversus. This suggests that 

the spatial and temporal expression of an extracellular matrix molecule may be involved in 

mediating the looping process.

While neither flectin nor any other extracellular matrix component has been shown to 

mediate cardiac bending and looping, Yost et. al. (1992) found that the extracellular matrix 

contains left-right directional information [15]. Perturbing extracellular matrix-cell 

interactions using Arg-Gly-Asp (RGD) peptide leads to a randomization of the bending 

direction of the heart. In chicks, this also caused cardia bifida in younger embryos 

suggesting that precardiac mesoderm did not migrate toward the midline [16]. Collectively, 

these studies suggest that the cardiac jelly is important in cardiac looping and may contain 

directional information for cardiac bending and looping.

Control of left-right asymmetry is probably dependent on asymmetric gene 

expression. Hoyle et. al. showed that the direction of cardiac bending is established between 

stages 5 and 6 [ 17]. Several gene products that are responsible for establishing embryonic 

asymmetry have been identified. These include the secreted proteins sonic hedgehog (Shh) 

and chicken nodal-related 1 (cNR-1). Shh (stages 4-7), temporarily expressed within the 

notochord, induces cNR-1 expression in the left precardiac mesoderm (stages 7-11) [18].
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Exogenously induced expression of Shh on the right side or removal of the Shh signal on the 

left leads to corresponding changes in cNR-1 expression and randomizes the sidedness of 

cardiac bending and looping. Unlike the temporary expression of Shh and cNR-1, Pitx2, a 

transcription factor thought to be induced by cNR-1, is expressed on the left side of 

asymmetric organs such as the gut and heart as early as stage 7 and continues through stage 

22 [19, 20], However, unlike Shh and cNR-1, altering the normal left-side expression pattern 

of Pitx2 to the right causes a complete reversal rather than randomized reversal of heart 

bending and looping. Therefore, Pitx2 is one of the first known proteins to be associated 

with determining sidedness during embryonic development. It is apparent that factors critical 

in establishing direction for cardiac bending and looping appear before recognizable cardiac 

cells are present.

PTHrP: Background

Parathyroid hormone-related peptide (PTHrP) was isolated and identified in 1987 

[21 ] as a causative factor for humoral hypercalcemia of malignancy in 1987. Symptoms of 

humoral hypercalcemia of malignancy are hypercalcemia, hypophosphatemia, and elevated 

cyclic adenosine monophosphate (cAMP) in the nephron which are similar to the symptoms 

of hyperparathyroidism. An over secretion of PTHrP and parathyroid hormone (PTH) causes 

both disease states [22],

PTHrP not only causes humoral hypercalcemia of malignancy, but is also synthesized 

and secreted by many normal cells including embryonic and fetal cells. Unlike PTHrP, PTH 

is secreted only by the parathyroid gland. PTHrP is secreted from a wide range of adult and 

embryonic cells and tissues including bone, skin, mammary gland, smooth muscle, lung,
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kidney, immune system, placenta, liver, central nervous system, chorioallantoic membrane, 

and heart [review by 23]. In spite of its wide tissue distribution, the physiological roles of 

PTHrP in many of these tissues are not well understood.

The structural similarities between PTH and human PTHrP are thought to be a result 

of a chromosomal duplication. The PTH gene is located on the short arm of chromosome 11 

while human PTHrP gene is located on the short arm of chromosome 12 [24], At the NH,- 

terminal, eight of the first 13 amino acid residues are identical between PTH and human 

PTHrP [24] (Fig. 2). Additional similarities exist in the first 34 amino acids in that both 

peptides share a similar overall tertiary structure, as evident by the ability to illicit similar 

responses through the PTH/PTHrP receptor.

PTHrP Structure: Human PTHrP and Chicken PTHrP

PTH and PTHrP are also conserved with respect to gene products across many 

species including human, rat, and chicken (Fig. 2). The human PTHrP gene consists of nine 

exons and three promoter regions [24], Alternative splicing leads to the formation of three 

different protein isoforms of 139, 141, or 173 amino acids. Post-translational processing of 

the primary gene products gives rise to three mature PTHrP fragments. The NH2—terminal 

PTHrP (1-36) binds to the PTH/PTHrP receptor because of homology with PTH in the first 

13 residues. The mid-region of PTHrP (67-86) elevates calcium levels in a squamous 

carcinoma cell line through inositol triphosphate [25] while the carboxy-terminal PTHrP 

(107-139) inhibits proliferation and differentiation of osteoblast-like cells [26].

The chicken PTHrP gene resembles the human PTHrP gene in untranslated exons IV 

and VII and translated exons V, VI and IX [27]. Initial translation of this gene produces two
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isoforms of chicken PTHrP (139 and 141 amino acids) [28]. The mature peptide reveals 

identical homology of the first 21 residues between human, rat, and chicken PTHrP [28] (Fig.

2). Post-translational processing of initial translational products produce mature forms of 

chicken PTHrP similar to the human PTHrP. Conservation between human PTHrP and 

chicken PTHrP diverges after amino acid 112.

PTH/PTHrP Receptor

PTHrP and PTH bind to a common receptor known as the PTH/PTHrP receptor [29], 

re-named the PTH 1 receptor. The PTH/PTHrP receptor is a membrane spanning protein 

with a molecular weight of approximately 80 kDa. The protein is linked to Gs, G, and Gq 

subunits which controls adenylate cyclase and phospholipase C activity [30]. Eight of the 13 

amino acid residues are identical in the NH2-terminal region of PTH and PTHrP and both 

bind to the PTH/PTHrP receptor with equal potency. Binding of the NHr terminal PTH 

and/or PTHrP activates the secondary messenger system increasing intracellular cAMP.

PTHrP Function

There are three general known functions of PTHrP during development, 1) trans- 

epithelial calcium transport; 2) regulating epithelial-mesenchymal interaction; and 3) 

regulation of cellular proliferation and differentiation during skeletal development.

The study of trans-epithelial calcium transport during development has focused on the 

maintenance of a calcium gradient from the mother to the fetus across the placenta. The fetal 

parathyroid glands produce PTHrP as well as PTH and this organ is critical in maintaining a 

calcium gradient from the mother needed for normal development of the skeletal system [31].
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In PTHrP-null fetal mice, PTHrP (1-86) or PTHrP (67-86) replacement within the fetal 

circulation restores trans-placental calcium transport while PTHrP (1-34) did not [32], 

Additionally, PTH/PTHrP receptor null mice have low levels of serum calcium even though 

placental calcium transport was comparable to normal littermates. These results suggest that 

an independent receptor for the PTHrP mid-region maybe responsible for maintaining 

calcium transport across the placenta from mother to fetus.

PTHrP also functions as a regulator of cellular differentiation in developing bone, 

particularly during endochondrial bone formation [33], Mice homozygous for the PTHrP 

null mutation survive until birth but die shortly thereafter. Examination of these mutants 

revealed a shortened snout and mandible, shortened long bones, and a domed skull. Closer 

tissue examination showed a decrease in chondrocyte proliferation and premature 

chondrocyte differentiation and maturation in long bones. Cell proliferation studies using 

PTHrP-gene ablated mice also show reduced labeling indices for tritiated thymidine in the 

resting zone and between the proliferative and hypertrophic zones in growth plates of the 

proximal tibial epiphysis [34], These results suggest PTHrP plays an important role in 

regulating cell proliferation and differentiation.

PTHrP transgenic mice have also been used to study regulation of skin and mammary 

organogenesis. Wysolmerski et. al. (1994) overexpressed PTHrP in the skin of transgenic 

mice revealing that mutant mice exhibit an absence of hair on the ventral surface and thinner 

shorter hair on the dorsal surface of the mice [35], In addition, hair follicles were absent on 

the ventral surface of transgenic mice and underdeveloped on the dorsal surface of transgenic 

mice compared to normal littermates. Using the same mice, Wysolmerski et. al. (1995) also 

observed deficiencies in the branching morphogenesis of the mammary gland. Mammary
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gland branching requires changes in proliferation, cell-extracellular matrix adhesion, and 

extracellular matrix turnover dependent on mesenchyme-epithelial tissue interaction [36], 

These results suggest PTHrP is an important regulator of epithelial-mesenchymal 

interactions.

Unlike PTHrP gene knockout mice which survived until parturition, PTH/PTHrP 

receptor knockouts die in utero 10 days into gestation [37]. Receptor knockout mice show 

similar abnormalities as seen in the endochondrial bones of PTHrP mutant mice. In addition, 

receptor knockout mice exhibit diminished organ sizes not observed in PTHrP knockout 

mice. Therefore, PTH/PTHrP receptors are an absolute requirement for embryonic 

development.

There are reports in the literature suggesting that PTHrP may have a role in the 

development of the heart and great vessels. PTHrP (1-34) mRNA and protein have been 

found in the adult human heart and in the fetal heart at 12 weeks of gestation [38]. Zhao 

(1998) immunolocalized PTHrP (1-34) in embryonic chick hearts during the stages 

corresponding to cardiac septation [39], Interestingly, receptor knockout mice die in utero 

about day 10 of gestation corresponding to a critical period when the embryo relies on a 

functioning circulatory system to remain viable. The fact that PTHrP regulates cell 

proliferation and differentiation in many tissues, and is found in older embryonic hearts, led 

me to hypothesize that PTHrP may have a role in the looping of the early embryonic heart.

Hypothesis

My hypothesis was: parathyroid hormone-related peptide regulates looping of the 

embryonic heart tube. This hypothesis was tested using the following specific aims:
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1) . to determine the spatial and temporal distribution of PTHrP peptide during 

bending and looping stages of chick cardiac development;

2) . to determine the spatial and temporal distribution of PTHrP-binding sites 

identifying potential PTHrP-target cells during early chick cardiac development;

3) . to determine if a PTHrP antagonist administered in ovo alters heart looping 

during chick cardiac development and;

4) . to determine if PTHrP increased cAMP levels in intact embryonic hearts.

Immunohistochemistry was utilized to localize PTHrP peptide and biotinylated- 

PTHrP was used to localize PTHrP binding sites on target cells during early chick cardiac 

development. The results showed that both PTHrP and PTHrP-binding sites were present 

during early heart development. An asymmetric pattern of expression of both PTHrP and 

PTHrP-binding sites was consistent with the hypothesis that PTHrP may regulate bending 

and looping during cardiac development. To test the function of PTHrP, a PTHrP antagonist, 

PTHrP (7-34), was injected into the pericardial cavity of embryos in ovo at the time when 

looping begins. No effect of the antagonist on cardiac looping was observed. Moreover, 

PTHrP treatment of isolated cultured embryo hearts did not cause a detectable change in 

cAMP levels. While the distribution of PTHrP and PTHrP-binding sites suggested PTHrP 

may be an important regulator of heart development, it may not mediate events required for 

cardiac looping at stages when looping was ongoing.
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Methods

Embryo Preparation

Fertile white Leghorn chicken eggs (HyVac Laboratories, Adel, I A) were incubated 

at 38°C at 70% humidity and embryos were removed from the blastodisc at Hamburger- 

Hamilton stage 9 to 20 [ 1], Embryos were fixed in 80% methanol-20%; dimethyl sulfoxide 

(DMSO) overnight in -20°C for PTHrP localization or 10% formalin for one hour at 4°C for 

PTHrP-binding site localization. Embryos were then dehydrated in an ethanol series (80%, 

95%, and 100%), cleared in 100% Hemo-De (Fisher Scientific, Pittsburgh, PA), and then 

placed in Hemo-De:Paraffin solutions (2:1, 1:1, 1:2) at 54°C to 60°C for thirty minutes each. 

Embryos were placed in 100% paraffin for one hour and then in a fresh change of paraffin 

overnight in a vacuum oven at 54°C to 60°C. Eight micrometer sections mounted on poly-L- 

lysine coated slides or uncoated Superfrost Plus slides (Fisher Scientific, Fair Lawn, NJ) 

were stored until use.

PTHrP Immunolocalization

Sections were deparaffinized in 100% Hemo-De, re-hydrated in an ethanol series, and 

washed twice in deionized water for five minutes. Sections were then re-equilibrated in 

phosphate buffered saline (PBS) then incubated in blocking solution (PBS containing 1% 

normal donkey sera and 0.1% Tween-20, pH 7.2-7.4) for one hour. Sections were then 

incubated in rabbit anti-chicken PTHrP (1-36) (40 (ig/ml, Peninsula Laboratories, Belmont, 

CA) for one hour at room temperature. Slides were washed in PBT (PBS and 0.1% Tween-
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20, pH 1.2-1 A) three times for five minutes each then sections were incubated in 0.3% 

hydrogen peroxide for 15 minutes in the dark to quench endogenous peroxidase activity and 

washed in PBT. Slides were then incubated in donkey anti-rabbit horseradish peroxidase 

(1.6 pg/ml, Jackson ImmunoResearch, West Grove, PA) for one hour then washed in PBT 

followed by deionized water. PTHrP antibody binding was visualized using an AEC 

(aminoethyl carbazole)-substrate kit (Zymed Laboratories, South San Francisco, CA) that 

produced an insoluble red reaction product at the site of secondary antibody binding. The 

enzyme reaction was terminated by rinsing slides in deionized water and sections 

coverslipped using Crystal/Mount (BioMedia Corporation, Foster City, CA). PTHrP 

immunostaining was performed at least three times for each stage ranging from stages 9 to 

20. Sections were examined and photographed using a Nikon Labophot-2 microscope 

equipped with a 35 mm camera.

Between stages 10 to 14, the staining intensity of PTHrP was scored subjectively 

based on comparisons of staining intensities (summarized in Figs. 3 and 10). Intensity of 

staining was graded on a scale of 0-4 with 0 being no staining and 4 being the most intense 

staining observed at any of the stages studied.

Controls for PTHrP Immunolocalization

Control experiments included preabsorbtion of the primary antibody with chicken 

PTHrP (1-36) or omission of primary antibody. Preabsorbtion of rabbit anti-chicken PTHrP 

was conducted by coating an equal number of vials with chicken PTHrP (1-36) (8.4 ng/ul, 

2qM, Peninsula Laboratories) or with 2% bovine sera albumin (BSA, Sigma Chemicals, St. 

Louis, MO). All vials were then incubated with blocking solution (5 % donkey sera, 0.1%
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PBT, pH = 1.2-1 A) overnight at 4°C while rocking. Rabbit anti-chicken PTHrP (40 |ag/ml, 

10% donkey sera in 0.1% PBT) was added to the one vial from each set and incubated for 30 

minutes at room temperature. The solution was then transferred in series to subsequent vial 

and allowed to incubate for 30 minutes at room temperature before being transferred to the 

next vial. This procedure was carried out using 6 different vials on the first day and 

continued the next day using 4 additional vials. After incubation in these vials, the antibody 

solution was collected and used for immunostaining. The vials were washed in PBT, 

incubated in donkey anti-rabbit horseradish peroxidase (1.3 |ig/ml) for 1 hour at room 

temperature, and washed in PBT. The degree of antibody binding to the vials was measured 

using ABTS (Zymed Laboratories), a colormetric substrate, in 0.1 M citrate buffer (pH 4.1) 

solution. After twenty minutes, absorbency of the solution was measured at 405 nm using a 

microspectrophometer (Bio-Tek Instruments, Winooski, VT) (See Appendix A).

Localization of PTHrP-Binding Sites

Sections were deparaffinized and re-hydrated as described above. Sections were then 

incubated in PBS containing 2% BSA and 0.2% Tween-20 (pH 7.2-7.4) for two hours at 

room temperature and then incubated in biotinylated-chicken PTHrP (1-36) (4 |ig/ml, 

Peninsula Laboratories) overnight at 4°C. Sections were washed three times in PBS-0.2% 

Tween-20 (pH 7.2-7.4) for five minutes each and then treated for 15 minutes with 0.3% 

hydrogen peroxide to quench endogenous peroxidase activity. Binding of the biotinylated 

peptide was detected by incubating sections in a Vectastain ABC-Elite kit solution (avidin- 

biotin peroxidase complex; Vector Laboratories, Burlingame, CA) for 30 minutes, washed, 

and binding visualized using the AEC substrate as described above. Sections were
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counterstained with diluted Mayer’s hematoxylin (Sigma Chemicals) and coverslipped as 

described above. Localization of PTHrP-binding sites was repeated 3-4 times for each stage 

between stages 10 to 14. Sections were examined and images captured using a SPOT digital 

camera (Diagnostic Instruments, Sterling Heights, MI) and a Nikon Labophot-2 microscope. 

Staining intensity was assessed as described above for the PTHrP immunolocalized studies 

(Summarized in Figs. 3 and 10).

Control: PTHrP-Binding Site Localization

Control experiments for biotinylated-PTHrP binding studies included competitive 

binding between unlabeled chicken PTHrP (1-36) (Peninsula Laboratories) and biotinylated- 

chicken PTHrP. Unlabeled chicken PTHrP was added at 500 times greater concentration 

than biotinylated-PTHrP (2.8 fig/ml) and compared to binding obtained in the absence of 

unlabeled PTHrP.

In Ovo In jection of PTHrP Antagonist

An in ovo system was utilized to evaluate the effect of a PTHrP antagonist on cardiac 

looping. Eggs were first wiped with 70% ethanol and approximately 1-2 ml of albumin was 

removed from the blunt end of the egg. A window, 1.0 to 1.5 cm in diameter, was made on 

the top of the egg, where approximately 100-150 pi of India Ink (Speedball Art Products, 

Statesville, NC, 1:20 dilution in Ringer’s solution containing 0.5 U/ml of penicillin- 

streptomycin, Gibco BRL, Grand Island, NY) was injected beneath the blastodisc of the 

embryo. Using a tungsten needle, a tear was made in the vitelline membrane above the right 

or left pericardial cavity. A glass microcannula, attached to a Nanoject Micro-injector
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(Drummond Scientific Co., Broomall, PA) and mounted on a micromanipulator, was filled 

with the test solutions. The tip of the microcannula was positioned into the right or left 

pericardial cavity where 4.6 nl of the test solution was injected into the embryo. Prior to 

sealing the window, Ringer’s solution was added to the surface of the embryo to keep the 

embryo moist. The window in the egg was sealed with a coverslip using a glue gun. The 

albumin removal site was also sealed with hot glue. Eggs were then re-incubated for an 

additional 24 hours (stages 14 to 15) or 48 hours (stage 20). Embryos were then excised and 

fixed in DMSO.

The PTH/PTHrP receptor antagonist NH2-terminal human PTHrP (7-34) (Peninsula 

Laboratories) was injected into the right or left pericardial cavities of stage 9 to 11 embryos. 

This antagonist inhibits PTHrP-stimulated cAMP production by rat osteosarcoma cells in 

vitro, and increases calcification deposition by bovine vascular smooth muscle cells [40, 41 ].

Human PTHrP (7-34) was diluted in Ringer’s solution containing 0.1 M Fast Green 

FCF solution (Fischer Scientific, Fair Lawn, NJ) and 0.5 U/ml dilution of penicillin- 

streptomycin and injected into embryos at final concentrations of 1333 ng/ul, 2666 ng/ul, and 

4000 ng/ul in a volume of 4.6 nl. At least 48 embryos were injected in the right pericardial 

cavity per treatment group and 30 embryos were injected in the left pericardial cavity at 4000 

ng/pl. Embryos were examined 24 hours post-injection, at approximately stage 14 to 15.

The degree of looping, specifically the rotation of the heart tube bringing the atrium cranial 

and dorsal to the ventricle, was then evaluated. Treated embryos were also examined for 

signs of abnormal constrictions between the outflow tract and ventricle and in the 

atrioventricular region as well as cross-sectional size of the heart tube. Additionally, 12 

embryos treated at 4000 ng/pl were allowed to develop until they reached stage 20 and were
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evaluated as described above. Control and treated embryos that did not develop beyond the 

stage found at the time of injection were not included for analysis. Control embryos were 

injected with carrier only. Forty-eight control embryos were injected in the left pericardial 

cavity, and 88 embryos were injected into the right pericardial cavity.

Control: In Ovo Injection

Control groups included injecting various amounts of Ringer’s solution (4.6 nl, 9.2 nl, 

and 13.8 nl) containing 0.1 M Fast Green FCF and 0.5 U/ml of penicillin-streptomycin into 

the pericardial cavity. All control embryos were prepared for micro-injection as described 

above. The first and second control experiments involved making a window in the egg both 

with or without tearing the vitelline membrane over the embryo to observe if windowing the 

egg and/or the vitelline membrane affected development. Thirdly, equal amounts of Ringer’s 

solution was injected rather than India ink beneath the blastodisc to observe if the presence of 

a solution affected embryonic development. Lastly, India ink was injected beneath the 

blastodisc without tearing the vitelline membrane to observe if India ink affected embryonic 

development.

In order to ascertain whether or not the PTHrP antagonist was delivered to the 

developing heart, a chloromethylbenzamido derivative of Dil (CM-Dil) (Molecular Probes, 

Eugene, OR) was co-injected with the PTHrP antagonist into some embryos. CM-Dil is an 

aldehyde-fixable lipophilic compound that is incorporated into plasma membrane and 

fluoresces at 550 nm when excited by ultraviolet light at 480 nm. Embryos co-injected with 

CM-Dil were fixed in 10% formalin for 1 hour, stored in PBS, and examined using a Nikon
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Labophot-2 microscope equipped with epi-fluoresence. Images from this microscope were 

captured using a SPOT digital camera.

Cyclic AMP Accumulation in Chick Heart Tubes

Living stage 12 to 13 chick embryo hearts were isolated from the dorsal mesocardium 

by microdissection and kept in Medium 199 until all hearts were collected. The hearts were 

separated into three groups, each containing 20 hearts, and placed in Medium 199 containing 

0.5 mM 3-isobutylmethylxanthine (IBMX) for 30 minutes in a humidified incubator in 5% 

C 02 at 37°C. Pooled chick hearts were treated with chicken PTHrP (1-36) 0, 100 nM, or 500 

nM in the presence of 0.05 mM IBMX for 20 minutes in a humidified incubator in 5% C 02 

at 37°C. Cold 10% trichloroacetic acid was then added to each group and the hearts were 

homogenized using a hand-held homogenizer. Homogenates were then spun for 30 minutes 

at 16,250 x g, and the supernatant was collected and saved. Pellets were dissolved in 200 pi 

of Triton X-100 and protein amount was determined using a BCA assay (Sigma Chemicals). 

The supernatant was washed with diethyl ether five times and the aqueous layer dried in a 

Speed Vac. The dried product was reconstituted in assay buffer then analyzed for cAMP 

content using an enzyme immunoassay (EIA) system (Amersham Pharmacia Biotech Inc., 

Piscataway, NJ).
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Results

In all figures, where applicable, the right side of the embryo is designated with a R 

and the left side with a L. The cranial end of the embryo is located at the top of the page and 

the caudal end at the bottom.

PTHrP Heart Localization

In the heart, PTHrP was detected by immunohistochemistry in the myocardial wall 

and cardiac jelly in all the stages studied. No immunostaining was detected in the 

endocardium. Results of PTHrP immunostaining are summarized in Figures 3 and 10. In 

stage 9 embryos, PTHrP immunostaining in the myocardium increased in intensity from the 

cranial to caudal end. Near the cranial end of the heart tube, PTHrP localization was more 

intense within the outer portion of the myocardium whereas at the caudal end staining was 

more prevalent within the inner portion of myocardium (i.e., adjacent to the cardiac jelly) and 

in the cardiac jelly (Fig. 4A). PTHrP staining was absent in the region where the two heart 

tubes were fusing. The immunostaining intensity for PTHrP at this stage was the most 

intense of all the stages investigated. At stage 10, a left/right asymmetric pattern of PTHrP 

immunostaining was not detected within the outflow tract myocardium and cardiac jelly (Fig. 

4B). More intense PTHrP immunostaining was found in the right, convexed side of the 

primitive ventricular myocardium compared to the left concaved side. In contrast, PTHrP 

immunostaining in the atrial myocardium was more intense on the left, convex side 

compared to the right concave side. The asymmetric immunostaining pattern with the PTHrP 

antibody continued in stages 11 to 13, with the greatest left-right difference observed in the

20



ventricle after stage 11 (Fig. 5A). By stage 14, the left side of the ventricle had increased in 

PTHrP immunostaining intensity relative to that found in stages 11 to 13 (Fig. 5B). In the 

outflow tract region, PTHrP immunostaining was symmetrically distributed within the 

cardiac jelly and myocardium in embryos stages 9 to 11. However, beginning stage 12 a 

greater intensity of PTHrP immunostaining on the right side of the outflow tract was 

observed in embryos (Fig. 4D). This pattern persisted within the outflow tract and along the 

outer curvature of both the ventricle and atrium until stage 16 when it began decreasing (Fig. 

5C and 5D). Beginning in stage 17, endocardial derived cushion cells migrating in the 

cardiac jelly were immunostained for PTHrP. In stage 17 to 20 embryos, PTHrP 

immunostaining decreased in the myocardium and cardiac jelly throughout the heart with the 

exception of the outflow tract, the endocardial-derived cushion cell surfaces, and the distal 

ends of finger-like projections of the trabeculae came (Fig. 6).

Control PTHrP Localization

Preabsorbing the rabbit anti-chicken PTHrP antibody with chicken PTHrP eliminated 

PTHrP immunostaining (Fig. 7A and B). No immunostaining was detected when the 

primary antibody was substituted with a rabbit-IgG fraction from non-immunized rabbits or 

when the primary or secondary antibody was omitted from the immunostaining procedure 

(Fig. 7C and D). These controls showed that immunostaining observed in tissue sections 

using the PTHrP antibody was specific for PTHrP.
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PTHrP-Binding Site Heart Localization

PTHrP-binding sites (i.e., target cells) within the heart, specifically the myocardium 

and in a subpopulation of endocardial cells, were detected in embryos at all the stages 

examined but generally decreased in older stage embryos. Results are summarized in Figures 

3 and 10. There were temporal, regional, and axial differences in the distribution of PTHrP- 

binding sites within the heart between stages 10 to 14 (Fig.8). In stage 10 to 13 embryos, 

biotinylated-PTHrP binding sites were more prevalent in the outflow tract relative to other 

segments of heart (Fig. 8C) and this continued until stage 14 when it decreased. Elsewhere 

in the hearts of stage 10 to 11 embryos, biotinylated-PTHrP was evenly distributed along 

both cranial-caudal and right-left axes (Fig. 8). Interestingly, a left/right asymmetric pattern 

of PTHrP-binding sites was observed in embryonic hearts after stage 11 in the myocardium 

of the ventricle (Fig. 8B). By stage 12, binding of biotinylated-PTHrP was more pronounced 

on the right outer convex curvature of the ventricle and this pattern continued at least until 

stage 14. By stages 13 to 14, a reversed asymmetric pattern of PTHrP-binding sites was 

observed in the primitive atrium (Fig. 8D).

Control PTHrP-Binding Site Localization

The addition of unlabeled PTHrP to the biotinylated-PTHrP decreased the binding of 

biotinylated-PTHrP to all tissues within the embryo (Fig. 9B). Omission of the biotinylated- 

PTHrP incubation step also resulted in no staining indicating that the positive signal obtained 

with biotinylated-PTHrP was not due to endogenous avidin or biotin within the tissues (Fig. 

9C).
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PTHrP and Biotinvlated-PTHrP in Other Tissues

PTHrP was immunolocalized in various areas of stage 9 to 20 embryos. 

Immunodetectable PTHrP was found in the basement membranes of the ectoderm, neural 

tube, foregut, and dorsal aorta, and in the splanchnic mesoderm. The mesenchyme 

underlying the developing otic placode also immunostained with PTHrP antibody as well as 

the cranial mesenchyme and extracellular matrix surrounding the notochord. PTHrP-binding 

sites in stage 10 to 14 embryos overlapped these same sites.

In Ovo Injections

To determine if PTHrP played a role in cardiac looping, a PTH/PTHrP receptor 

antagonist, PTHrP (7-34), was microinjected into the pericardial cavity of stage 9 to 11 

embryos. First, control injections were performed to ascertain injection volumes and 

experimental conditions that would minimize the occurrence of anomalies. Making a 

window in the egg of stage 9 to 11 embryos alone, did not affect the development of the 

embryo after 24 hours of additional incubation. Making a small tear in the vitelline 

membrane overlying the embryo, however, reduced viability of the embryos to 50% and this 

was similar to the viability of embryos after injecting Ringer’s solution or India ink alone 

beneath the blastodisc. Placebo injections of 4.6 nl Ringer’s solution into the pericardial 

cavity did not increase the number of anomalies or cause a noticeable visual extension of the 

pericardial cavity, and approximately the same decrease in viability was seen in embryos 

with torn vitelline membranes (Fig. 11). Injections of 9.2 nl and 13.8 nl did cause a visible 

transient increase in the pericardial cavity volume. Therefore, in all subsequent experiments, 

a 4.6 nl injection volume was used. To determine the efficiency and delivery range of the
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antagonist, CM-Dil was co-injected with the PTH/PTHrP receptor antagonist. When CM- 

Dil was injected, alone or with the PTH/PTHrP receptor antagonist, 30% of the embryos 

incorporated CM-Dil into the heart and 50% somewhere within the embryo (Fig. 11,12 and 

Table 1).

Treatment with the PTH/PTHrP receptor antagonist had no effect on bending or 

looping of the heart compared to Ringer’s injected embryos regardless of whether the 

antagonist was injected in the left or right pericardial cavity (Fig. 12 and Table 1). After 24 

hours post-injection, both the control and experimental groups developed to stages 14 to 16. 

In addition, no differences were found between control and treated embryos which by that 

time had reached stage 20 (48 hours post-injection). There was no visible narrowing or 

expansion of the heart tube or chambers and the positions of the atrium and ventricle 

appeared no different from control embryos. Treated embryos exhibited no obvious increase 

or decrease in the degree of ventricular or atrial curvature.

Cyclic AMP Assay

No change in cAMP levels were detected between control and PTHrP-treated hearts 

in vitro (Fig. 13).
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Figure 1. Heart Development for Stages 5 to 14

A). Stage 5. Illustration showing the migrating paired of precardiac mesoderm. B). Cross 

section of A. Diagram illustrating gastrulation forming the germ layers, ectoderm, 

endoderm, and mesoderm, specifically the precardiac mesoderm. C). Stage 8. Illustration 

showing the formation of precardiac heart tubes. D). Cross section of C. Illustration 

showing the fusing paired primitive heart tubes during the closure of the foregut. E). Stage 

10. Illustration representing the ventral view of the initial C-shaped bending heart. F). Cross 

section of E. G). Stages 11 to 12. Illustration showing the bending heart tube and initial 

looping process. Ventricle is moving caudally as atrium is moving cranially. H). Stages 13 

to 14. Illustration showing the looping of the heart tube. Atrium continues to move rostral to 

the ventricle, while the ventricle becomes more caudal. The outflow tract is developing into 

the conus and truncus regions.
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Figure 2. Comparison of Human PTH, Human PTHrP, and Chicken PTHrP Amino

Acid Sequence (1-36)
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Myocardium staining intensity was graded on a scale of 0-4 with 0 being no staining and 4 

being the most intense staining observed at any of the stages studied. A). Staining intensity 

in outflow tract. B). Staining intensity in ventricle. C). Staining intensity in atrium.

Figure 3. Staining Intensity of PTHrP immunostaining and biotinylated-PTHrP

binding found in the heart between stages 10 to 14.
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A). Stage 9. PTHrP immunostaining (red reaction product on the sections counterstained with 

hematoxylin) was localized within the myocardium and adjacent cardiac jelly but not in the 

endocardium. Staining was more pronounced within the outer portion of the myocardium of 

the cranial end of the primitive heart tube. This pattern was reversed at the caudal end of the 

heart tube (i.e., more pronounced in the inner portion of the myocardium) identified with 

arrowheads. B). Stage 10. Immunostaining of the myocardium and cardiac jelly in the 

outflow tract was not asymmetric (arrowheads). C). Stage 11. Immunostaining in the 

myocardium was more intense on the left side of the atrium (arrowheads) than the right side 

and was not detected the endocardium. D). Stage 12. Staining of myocardium in the outflow 

tract was more intense on the right side. Bar represent 50 pm in A, B, and C. Bar represents 

25 pm in D. Key: atrium (a) and outflow tract (ot).

Figure 4. PTHrP Immunolocalization during Stages 9 to 12.
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Figure 5. PTHrP Immunolocalization during Stages 13 to 16

A). Stage 13. PTHrP immunostaining (red reaction product on the sections counterstained 

with hematoxylin) was more intense within the myocardium and cardiac jelly of ventricle on 

the right side (arrowheads). B). Stage 14. Immunostaining on the right side of the ventricular 

and atrial walls remained as intense as previous stages. Staining was more intense on the left 

side of the ventricular myocardium (arrows) as it merged with the atrium. C). Stage 15. 

Localization of PTHrP was observed on the left side of the atrium (arrowheads) and right 

side of the outflow tract (arrows). D). Stage 16. Decreased immunostaining on the left side 

of the atrium (arrowheads) and right side of the ventricle (arrows) compared to that observed 

in earlier stages. Bar represent 50 pm in A. Bar represents 25 pm in B, C, and D. Key: 

ventricle (v), atrium (a), and outflow tract (ot).

29





A). Stage 17. PTHrP immunostaining (red reaction product on the sections counterstained 

with hematoxylin) decreased in myocardium of the atrium while the ventricle maintained 

similar staining intensities (arrows) as seen in stage 16 embryos. B). Stage 18. 

Immunostaining intensity was greatest in areas associated with trabeculae camae formation 

(arrowheads) and endocardial-derived cushion cells (arrows) compared to other areas within 

the cardiac jelly. C). Stage 19. In areas without trabeculae carnae formation and endocardial- 

derived cushion cells staining within the cardiac jelly is diminished, as compared with 

Figures 6B and 6D. D). Stage 20. PTHrP localization associated with the developing 

trabeculae carnae and cushion cells. PTHrP antibody binding was greatest around migrating 

cushion cells and along endocardium covering trabeculae. Bar represent 25 pm in A. Bar 

represents 50 pm in B, C, and D. Key: trabeculae carnae (tc), endocardial-derived cushion 

cells (cc), ventricle (v), and atrium (a).

Figure 6. PTHrP Immunolocalization during Stages 17 to 20
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A). Stage 14. Preabsorbtion of PTHrP antibody with chicken PTHrP. No immunostaining 

was detected. B). Section adjacent to A preabsorbed in parallel using BSA. Immunostaining 

was detected and paralleled that described earlier. C). Stage 14. No immunostaining was 

detected when the primary antibody was replaced with an equivalent amount of purified 

rabbit-IgG. D). Stage 12. No immunostaining observed when the primary antibody step was 

omitted. A and B were not counterstained while C and D were counterstained with 

hematoxylin. Bar represent 25 pm in A, B, and C. Bar represents 12.5 pm in D.

Figure 7. PTHrP Immunostaining Controls
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A). Stage 11. Biotinylated-PTHrP staining (red reaction product on the sections 

counterstained with hematoxylin) of the ventricle including the myocardium and 

endocardium. Not all endocardial cells were labeled. B). Stage 12. Outer curvature of 

myocardial wall in the ventricle was more heavily stained (arrows) than elsewhere in the 

heart. Both positively stained (closed arrows) and unstained (open arrows) endocardial cells 

were observed. C). Stage 13. More intense staining was found in myocardium and 

endocardium of the outflow tract relative to that found in the ventricle and atrium. D). Stage 

14. Diminished atrial staining on the right compared to left side of the myocardium. Bar 

represents 25 pm in A, C, D and 50 pm in B. Key: myocardium (m), endocardium (e), 

foregut (f), neural tube (nt), ventricle (v), atrium (a), and outflow tract (ot).

Figure 8. Biotinylated-PTHrP binding during Stages 11 to 14
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A). Stage 14. Biotinylated-PTHrP binding (brown reaction product on the sections not 

counterstained) was found on sections incubated with biotinylated-PTHrP only. B). Stage 

14. Section adjacent incubated with PTHrP-biotin and 500 hundred more times unlabeled 

chicken PTHrP. The presence of unlabelled PTHrP significantly reduced biotinylated- 

PTHrP staining. C). Stage 14. No endogenous avidin-biotin sites were detected when 

sections were incubated in the absence of PTHrP-biotin. Bar in A. B, and C represents 25 

pm. Key: foregut (f), atrium (a), and outflow tract (ot).

Figure 9. Control biotinylated-PTHrP staining
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Figure 10. Schematic summarizing PTHrP immunostaining and biotinylated-PTHrP 

staining at stage 12 and 14.

The intensity of PTHrP immunostaining and biotinylated-PTHrP binding is represented by 

the color intensity of the lines drawn along side the outflow tract, ventricle, and atrium. The 

solid color line represents the most intense staining. The criss-crossed pattern represents the 

second most intense staining. The horizontal pattern represents the third most intense 

staining. The open box represents the least intense staining. These staining patterns were 

based on data presented in Figure 3. A). Stage 12. PTHrP staining. B). Stage 12. 

Biotinylated-PTHrP staining. C). Stage 14. PTHrP staining. D). Stage 14. Biotinylated- 

PTHrP staining. Key: ventricle (v), atrium (a), and outflow tract (ot).

34





A). Stage 14. Normal non-manipulated embryo as viewed from the right side (ventricle). B). 

Stage 15. Control embryo from only windowing the egg. C). Stage 13. Control embryo 

looking at the ventricle after injection of India Ink and tearing the vitelline membrane above 

the right pericardial cavity. D). Stage 13. Control embryo injected with Ringer’s solution 

and CM-Dil into the right pericardial cavity. Bar represent 12.5 (im in A, B, C, and D.

Key: ventricle (v).

Figure 11. Control I n  O v o  Injections
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A and B). Embryo co-injected with PTH/PTHrP receptor antagonist, PTHrP (7-34), (4000 

ng/|il) and CM-Dil. CM-Dil was incorporated into the ventricle (B). This embryo was 

injected at stage 9 and collected 24 hours post-injection at stage 14. C and D). Embryo co

injected with PTH/PTHrP receptor antagonist (4000 ng/pl) and CM-Dil. CM-Dil was 

incorporated into the ventricle and atrium (D). This embryo was injected at stage 10 and 

collected 24 hours post-injection at stage 14+. Bars in A, B, C, and D represent 12.5 pm. 

Key: ventricle (v), atrium (a), and outflow tract (ot).

Figure 12. I n  O v a  injections
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Extracted hearts from stage 12 to 13 were incubated with chicken PTHrP (0, 100 nm, 500 

nm) and cAMP levels were measured using an enzyme immunoassay. Levels based on 

standard curve using samples normalized based on protein content.

Figure 13. cAMP production in stage 12 to 13 heart tubes
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Table 1. Summary of I n  O v o  Injections

Embryos were scored for the appearance of looped hearts. Hearts that demonstrated a cranial 

and dorsal movement of the atrium relative to the position of the ventricle were recorded as 

normal. Hearts were also scored on the appearance of bending and looping and the apparent 

cross-sectional size of the heart tube. Control and untreated embryos were used to assess the 

abnormalities of looping in experimental embryos.
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Injection Groups

Control: Ringer’s Solution 
(# Normal/

# Abnormal)

Treatment Groups: PTHrP (7-34) 
(# Normal/

# Abnormal)

Stages
Injected

Left
Pericardial 

Cavity (LPC) 
n=48

Right 
Pericardial 

Cavity (RPC) 
n=88

1333.33 ng/ul 
RPC 
n=48

2666.66 ng/ul 
RPC 
n=48

4000.00 ng/ul 
RPC 
n=60

4000.00 ng/ul 
LPC 
n=30

Avg. Stage 
at

Termination

9,9, 9+ 24/0 36/0 22/0 24/0 25/0 17/0 14, 15

10, 10, 10+ 20/0 30/0 20/0 21/0 20/0 13/0 14, 15, 16

11', 11 4/0 10/0 6/0 3/0 3/0 n/a 15, 16

10, 10+ n/a 12/0 n/a n/a 12/0 n/a 20



Discussion

The aim of this study was to determine whether or not chicken PTHrP (1-36) has a 

role in regulating the bending and looping of the early chick heart. Immunodetectable 

chicken PTHrP (1-36) and PTHrP-binding sites (i.e., receptor sites on target cells) were 

present in the heart during stages when bending and looping occurs. The temporal and 

spatial distribution of PTHrP and PTHrP-binding sites during these stages suggest that 

PTHrP may be important in the early morphogenesis of the early heart including bending and 

looping. The inability to detect changes in cardiac looping in the embryos treated with a 

PTH/PTHrP receptor antagonist suggests that PTHrP is not required for looping and. hence, 

does not support the hypothesis. Limitations in the experimental methods may have 

contributed to the negative results and therefore, a role for PTHrP in bending and looping can 

not be ruled out.

PTHrP and PTHrP-binding sites were localized in areas reportedly undergoing active 

proliferation during cardiac tube lengthening, bending, and looping into an asymmetric S- 

shaped heart tube. De La Cruz et. al. showed that the heart lengthens by addition to the distal 

end of the outflow tract (cranial end) until stage 35 [42], Stalsberg (1969b) examined the 

mitotic indices (cell division) of the myocardium at stages 9 to 12 and found significantly 

higher mitotic indices near the outflow tract (cranial end of the heart tube). PTHrP antibody 

staining and biotinylated-PTHrP binding were greatest in the outflow tract in all stages 

studied. PTHrP immunolocalization and binding of biotinylated-PTHrP was the most intense 

in the ventricle between stages 11 to 13 and 12 to 14, respectively. This immunostaining

39



pattern correlated with the ventricular surge in myocardial mitotic indices reported by 

Stalsberg (1969b) during these stages. In addition, biotinylated-PTHrP staining decreased in 

the myocardium of the atrium during stages 13 to 14 embryos. This parallels the decrease in 

the mitotic index within the atrium at these stages. In older embryos, PTHrP was localized at 

the tip of the developing ventricular trabeculae camae where clonal cell division of 

underlying myocardial cells is responsible for generating these myocardial extensions [431. 

Therefore, the distribution of PTHrP immunolocalization and PTHrP-binding correlated with 

areas undergoing active proliferation and chamber expansion in the early heart suggesting 

that PTHrP may contribute to the lengthening and bending of the tube.

In older embryos, PTHrP was also intensely localized around migrating endocardial- 

derived cushion cells in the cardiac jelly. PTHrP promotes the outgrowth of parietal 

endoderm cells over substrata otherwise not conducive to their migration [44], Therefore, 

PTHrP may have some role not only in cushion cell proliferation, but may also promote their 

migration into the cardiac jelly.

The greater prevalence of PTHrP immunolocalization on the right outer side of the 

ventricle also correlated with changes in cell shapes that occurs during cardiac bending and 

looping [8,11]. Manasek et. al. (1972) compared myocardial cell shapes before and after 

cardiac tube bending. They observed that right ventricular myocardial cells undergo a 

change in cell shape. The myocardial cells, initially columnar at stage 10, became squamous 

by stages 11 to 12. This change in cell shape was associated with an increase in cell surface 

area, but cell number did not change. In addition, Icardo and Ojeda (1984) found colchicine, 

which perturbs microtubule organization, altered myocardial cell shape and produced deep 

intracellular clefts between myocardial cells on the right outer surface of the heart.
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Moreover, colchicine blocked cardiac looping but not bending. During stages 11 to 13, 

PTHrP immunostaining in the ventricle was greater on the right side than the left. Beginning 

at stage 12, PTHrP-binding sites exhibited these same bilateral differences. The temporal 

and spatial distribution of PTHrP immunostaining and binding sites correlated with the cell 

shape changes observed with ventricular myocardium during early heart bending and looping 

suggesting that PTHrP may have a role in mediating these processes.

PTHrP immunostaining was not only localized within the myocardial wall but was 

also distributed asymmetrically within the cardiac jelly. Yost et. al. (1992) showed that 

exposure to RGD peptides leads to randomization of heart looping. This shows the 

extracellular matrix contains directional information affecting the bending and looping of the 

heart. Only a few extracellular molecules have been shown to be asymmetrically distributed 

within the cardiac jelly at these early stages. Flectin is present in greater levels within the left 

ventricular cardiac jelly between stages 12 to 14. Flectin distribution is reversed in vitamin 

A-deficient quail embryos, which do not undergo cardiac looping, and inv/inv mice that 

exhibit dexU'ocardia. This suggests flectin may mediate cardiac looping. Smith et. al. (1997) 

demonstrated asymmetric expression of two additional extracellular matrix proteins. Heart- 

specific lectin-associated extracellular matrix protein-1 (hLAMPl) and a fibrillin-related 

protein localized by antibody JB3 [45], To date there are no known specific cellular 

functions for either of these protein. hLAMPl is asymmetrically expressed within the left

precardiac mesoderm at stage 6’ whereas the protein detected by JB3 is asymmetrically

expressed within the right precardiac mesoderm at stage 5. Exposure to exogenous retinoic 

acid placed on the left-side only caused significant randomization of heart looping and 

altered the asymmetric staining patterns of flectin, hLAMPl and fibrillin-related protein.

41



PTHrP can be added to the list of extracellular matrix molecules with an asymmetric 

distribution during cardiac bending and looping. Even more significant is that PTHrP 

receptors may be asymmetrically distributed with the developing heart. Therefore, 

expression of cell surface receptors for extracellular matrix molecules like PTHrP likely 

mediate cell functions important in cardiac bending and looping.

The asymmetric localization of both PTHrP and biotinylated-PTHrP suggest a role 

mediating morphogenic events of early heart tube formation and looping. To test this 

postulate, a PTH/PTHrP receptor antagonist, PTHrP (7-34), was used in an attempt to perturb 

PTHrP function. If PTHrP plays a role in looping, the antagonist should delay or block the 

morphogenic event. No difference in looping was observed between the control and PTHrP- 

antagonist treated embryos. However, a number of considerations must be taken into account 

before concluding that PTHrP does not have a role in looping.

Working with an in ovo model made it difficult to deliver an exact amount of 

antagonist to heart cells. In fact, the method of delivery of the antagonist may account for 

the lack of effect. When CM-Dil was co-injected with the antagonist, 50% of the embryos 

were labeled within the coelomic cavity by CM-Dil, but only 30% of the embryos had CM- 

Dil within the heart wall. Moreover, manipulation of the embryo alone at this early stage 

caused abnormalities in 50% of the embryos. Therefore, the delivery technique may have 

been inadequate to perturb PTHrP function.

Another possibility may be that timing of receptor antagonist injections may have 

been inappropriate. As mentioned in the Background, precardiac areas undergo an intrinsic 

change during stages 5 to 6 that determines the sidedness of cardiac bending and looping. 

Asymmetric expression of Shh, cNR-1, and Pitx2, which dictate direction of bending and
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looping, have already exerted their effects. Therefore, by the time the antagonist was 

injected, the processes that drive looping may have been completed or well underway and 

addition of the antagonist at this stage may have been too late.

No gross morphological abnormalities in heart development were observed in 

antagonist treated embryos. However, more subtle changes may have occurred that were not 

detected at the macroscopic level. In addition, most embryos were only allowed to develop 

until stages 14 to 16 with only a small group allowed to incubate until stage 20. The looping 

process is well underway by stages 12-16, but continues until stages 25-26. While no gross 

anomalies detected in those embryos incubated until stage 20, the heart is still elongating at 

the cranial end. Therefore potential downstream events regulated by PTHrP may not be 

observable until later in development.

The antagonist also may be unable to block endogenous chicken PTHrP. Though 

both human PTHrP and chicken PTHrP differ by only 7 amino acids in the first NHr terminal 

36 amino acids (Fig. 2), the PTHrP antagonist used in experiments was designed for human 

PTHrP and to block human PTHrP (1-36) binding to the PTH/PTHrP receptor. While both 

human PTHrP (1-34) and chicken PTHrP (1-34) elicit a cAMP signal transduction response 

in cells, it is possible that the antagonist may have been ineffective in inhibiting chicken 

PTHrP binding. In addition, as suggested in trans-calcium transport studies between the 

fetus and mother, it is possible that another region of chicken PTHrP (i.e., the mid-region) 

acting through a different receptor may function in cardiac looping and this interaction was 

not perturbed with the antagonist used here [32],

The inability to perturb cardiac development with this antagonist may also reflect an 

absence of functional PTH/PTHrP receptors during these stages. A cAMP assay was
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employed to determine if there were functional receptors for PTHrP. However, no effect of 

PTHrP treatment was detected. This may have been because: 1) the receptors were not 

functional; 2) the receptors were not coupled to a functional G-protein; 3) the number of 

hearts in each treatment group was too small to detect changes in cAMP with the ELISA 

assay; or 4) other parts of PTHrP were involved other than NH2-terminal 1-36 amino acids. 

Therefore, additional studies will need to eliminate these possibilities before concluding 

PTHrP is not involved in heart looping.

Conclusion

In conclusion, this study examined the temporal and spatial distribution of PTHrP and 

PTHrP-binding sites during early heart development and tested the effect of a PTHrP 

antagonist on the developing heart tube. Immunolocalization illustrated an asymmetric 

expression of both chicken PTHrP (1-36) and biotinylated-PTHrP (1-36) in both the left-right 

axis and along the length of the heart tube. Heart bending and looping involves many factors 

ranging from extracellular matrix molecules, transcription factors, environmental influences, 

cell proliferation, and changes in cell shape. It is unlikely that any single molecule is 

responsible for controlling and dictating the bending and looping of the heart tube. However, 

the asymmetric distribution of PTHrP and its receptor strongly support the possibility that 

PTHrP has some, yet unknown, role in this process.

Future experiments clarifying the relationship between PTHrP and heart bending and 

looping would include: 1) attempting to perturb PTHrP function with various peptide 

fragments of PTHrP at earlier stages of heart development; 2) re-examining cAMP or other 

possible signaling pathways for PTHrP in heart cells; 3) determining if PTHrP and PTHrP -
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binding site distribution within the heart changes if embryos were treated earlier with Shh, c- 

NR1, or retinoic acid, factors that reverse or randomize heart asymmetry; 4) examining 

PTHrP and PTHrP-binding site distribution in inv/inv mice where all the offspring mice have 

inverted organs with respect to the left-right axis and; 5) determining if the normal 

distribution of PTHrP and PTHrP-binding site is altered in vitamin A-deficient quail embryos 

that do not undergo looping. Finally, a close re-examination of the developing heart in 

PTHrP and PTH/PTHrP receptor knockout mice may show abnormalities that have been 

overlooked.
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Appendix

A-l. Preabsorbtion of PTHrP antibody

Rabbit anti-chicken PTHrP antibody was preabsorbed using vials coated with chicken 

PTHrP or with BSA. The presence of bound antibody was assessed using a donkey anti

rabbit HRP antibody and an ABTS-based substrate (Zymed Laboratories) that produces a 

green reaction product in the presence of the peroxidase. The absorbancy of the solutions 

was measured at 405 nm using a spectrophometric reader. Vials with absorbed chicken 

PTHrP produced a higher absorbency than those coated with BSA. Spectrophometric 

analysis demonstrated rabbit anti-chicken PTHrP bound absorbed chicken PTHrP but did not 

bind well to BSA. The increase in absorbency seen in the sixth set of vials likely represents 

none-specific binding due to prolonged incubation overnight. Solutions in the ninth set of 

vials were in the preabsorbtion control immunostaining experiments.
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