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Introduction

Protein and lipid glycoconjugates expressed on the 
surface of animal cells serve diverse and essential 
biological functions.1 Their distributions across tissue 
types and across species are highly heterogeneous. 
Specific carbohydrate moieties within glycoconju-
gates are recognized by an important family of pro-
teins: the lectins.2,3 Plant-based lectins in particular 
have long-established roles as tools for biochemical 
and histochemical studies in animals,4–6 and lectin 

binding patterns reflect differential glycoconjugate 
expression in a tissue, the evolutionary history of organ-
isms, developmental processes, or injury responses. 
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Summary
Lectins are carbohydrate-binding proteins commonly used as biochemical and histochemical tools to study glycoconjugate 
(glycoproteins, glycolipids) expression patterns in cells, tissues, including mammalian hearts. However, lectins have 
received little attention in zebrafish (Danio rerio) and giant danio (Devario aequipinnatus) heart studies. Here, we sought to 
determine the binding patterns of six commonly used lectins—wheat germ agglutinin (WGA), Ulex europaeus agglutinin, 
Bandeiraea simplicifolia lectin (BS lectin), concanavalin A (Con A), Ricinus communis agglutinin I (RCA I), and Lycopersicon 
esculentum agglutinin (tomato lectin)—in these hearts. Con A showed broad staining in the myocardium. WGA stained 
cardiac myocyte borders, with binding markedly stronger in the compact heart and bulbus. BS lectin, which stained giant 
danio coronaries, was used to measure vascular reconstruction during regeneration. However, BS lectin reacted poorly 
in zebrafish. RCA I stained the compact heart of both fish. Tomato lectin stained the giant danio, and while low reactivity 
was seen in the zebrafish ventricle, staining was observed in their transitional cardiac myocytes. In addition, we observed 
unique staining patterns in the developing zebrafish heart. Lectins’ ability to reveal differential glycoconjugate expression in 
giant danio and zebrafish hearts suggests they can serve as simple but important tools in studies of developing, adult, and 
regenerating fish hearts. (J Histochem Cytochem 64:687–714, 2016)
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Lectins allow identification of specific cell and tissue 
types such as endothelial cells and their characteriza-
tion as a result of differential cell membrane glycocon-
jugate expression.7,8 Depending on the lectin, binding 
to extracellular matrix proteins, cells, and tissue types 
can be species-specific or can be observed across 
species. As an example, Ulex europaeus agglutinin 
(UEA) binds selectively to human vascular endothe-
lium but not to the endothelium of several other spe-
cies tested.7,9,10 On the other hand, Bandeiraea 
simplicifolia lectin (BS lectin) displays a broader reac-
tivity by binding to various, but not all, vascular beds 
across several species.

Developmental and adult cardiovascular diseases 
remain a significant and global public health burden.11 
Mammalian animal models such as the mouse, as 
well as non-mammalian models such as the newt and 
the axolotl, have contributed significantly to our under-
standing of cardiac development, growth, repair, and 
regeneration.12–16 In addition, a remarkable body of 
developmental and physiological research with rele-
vance to mammalian cardiac biology has been per-
formed in a variety of fish species.17–21 Among fish 
species, the zebrafish serves as a robust model for stud-
ies aimed at elucidating the molecular basis of cardiac 
development22,23 and regeneration.24,25 Heart repair and 
regeneration have also been studied in fish species 
such as the giant danio,26 medaka,27 and the goldfish.28

Lectins are routinely used in cardiovascular studies 
in human and mammalian models of cardiac biology29,30 
as exemplified by their utilization in studies of cardiac 
myocytes, endocardium, and coronary endothelium. 
Various lectins have been used in the study of brain, 
kidney, and hematopoietic tissue of zebrafish.31–35 Yet 
lectins have rarely been applied to cardiovascular stud-
ies of non-mammalian models including the zebrafish. 
In studies where lectin reactivity with fish heart tissue 
has been tested, little to no binding was found.36 By 
contrast, we have successfully used wheat germ agglu-
tinin (WGA) lectin to image cardiac myocyte cell borders 
in the adult zebrafish heart37 and BS lectin in giant 
danio heart sections to visualize the coronary vessel 
profiles.26 However, to date, no comprehensive studies 
of glycoconjugate expression and lectin binding pat-
terns in the cardiovascular system of these fish species 
have been reported.

In this study, we sought to determine the binding pat-
tern of lectins in the hearts of the zebrafish and giant 
danio, two fish where cardiac regeneration has been 
documented, to characterize the distribution pattern of 
glycoconjugates. Specifically, we investigated the bind-
ing patterns of WGA, concanavalin A (Con A), BS lectin, 
Ricinus communis agglutinin I (RCA I), Lycopersicon 
esculentum agglutinin (tomato lectin), and UEA, which 

are commonly used lectins in cardiac biology. We dem-
onstrate differential lectin binding in zebrafish and giant 
danio hearts, suggesting lectins can serve as important 
tools in the study of fish cardiac biology.

Materials and Methods

Animals and Surgical Procedures

Giant danio, zebrafish, pearl danio, medaka, Buenos 
Aires tetra, Blue and Snakeskin gouramis, Chinese 
algae eater, Clownfish, rubbernose and Trinidad ple-
cos, Red Glass Rosy barb, koi, and goldfish were 
obtained from thatfishplace.com (Lancaster, PA), and 
Segrest Farms (Gibsonton, FL). For developmental 
studies, wild-type TuAb and Tg(cmlc2:nucDsred)38 
embryo, larvae, and adults were used. Adult zebrafish, 
giant danio, and pearl danio were raised in 10- and 
20-gallon aquaria at 28C. All other fish were main-
tained in 10-gallon tanks at 25C. All fish were kept on 
14/10 hr day/night light cycles. Experimental proce-
dures were approved by the Committee for the Care 
and Use of Laboratory Animals at DePauw University.

Fish were euthanized in 0.2% MS Tricaine (Sigma-
Aldrich, St. Louis, MO) in deionized water. Once oper-
cular movements ended, the fish were weighed and 
their length recorded. The hearts were quickly removed 
by cutting the ventral aorta proximal to the bulbus, lift-
ing the ventricle and severing the atrium. The hearts 
were briefly washed in PBS to remove the luminal 
blood. The heart (ventricle and bulbus) was gently 
drained of excess buffer, weighed, and transferred to 
ice cold fixative (500 µl of PBS buffer containing 4% 
paraformaldehyde) for 3 hr or overnight at 4C. Cautery 
injury to the apical region of the giant danio heart was 
performed as described previously.26 Briefly, giant 
danios were removed from tanks and anesthetized 
with 0.02% MS Tricaine for 1 to 2 min. The fish were 
placed ventral side up in a slit cut in a sponge block, 
under a Leica ZOOM 2000 dissecting microscope 
(Leica Microsystems, Bannockburn, IL). The skin, pec-
toral muscles, and the pericardium were gently dis-
sected midline to reveal the heart. The tip of the heated 
wire was gently applied to the apex of the heart. 
Following apical cauterization, fish were returned to a 
new freshwater tank. Fish were sacrificed at desig-
nated time points using 0.2% MS Tricaine.

Tissue Preparation

Fixed hearts were washed in PBS and transferred to 
PBS containing 30% sucrose for cryoprotection, 3 hr 
to overnight. Next, the hearts were washed in 1X PBS 
and embedded in 13-mm-diameter aluminum seal 
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cups (Wheaton, Millville, NJ) filled with freezing 
medium Tissue-Tek O.C.T. (Ted Pella, Torrance, CA), 
frozen, and stored at −80C. The hearts were sectioned 
(10 µm thick) sagitally and mounted on TruBond 360 
(Electron Microscopy Sciences, Hatfield, PA) or 
Superfrost Plus slides (Fisher Scientific, Waltham, 
MA). For whole-mount studies, the adult hearts and 
zebrafish embryos were fixed in 4% paraformaldehyde 
as previously described and permeabilized with 0.5% 
Triton X-100 in 1X PBS overnight at 4C. The hearts 
were washed and stained immediately.

Lectin Staining Procedures

Fluorescein-conjugated and rhodamine-conjugated 
BS lectin, Con A, WGA, RCA I, UEA, and tomato lec-
tin (Vector Laboratories, Burlingame, CA), and FITC-
conjugated BS lectin and Texas Red–conjugated 
tomato lectin (Sigma-Aldrich, St. Louis, MO) were 
used. For lectin binding and detection, sections were 
incubated for 2 hr at room temperature or overnight at 
4C in lectin-containing TBS (50-mM Tris, 150-mM 
NaCl, 1-mM CaCl

2
, 1-mM MgCl

2
, pH 7.6) or Hepes buf-

fer (10-mM Hepes, 0.15-M NaCl, 0.1-M CaCl
2
, pH 7.5) 

at the following final lectin concentrations: BS lectin 
(1:400, 5 µg/ml), Con A (1:1000, 2 µg/ml), WGA 
(1:1000, 2 µg/ml), RCA I (1:500, 4 µg/ml), tomato lec-
tin (1:200, 10 µg/ml), and UEA (1:500, 4 µg/ml).

For control, N-acetylglucosamine, N-acetylgalac-
tosamine, and α-methylmannoside (Vector Laborator-
ies) were diluted to 500-mM final concentration in TBS. 
WGA and tomato lectin were incubated in N-acetylglu-
cosamine, BS lectin with N-acetylgalactosamine, RCA 
I with d-galactose and N-acetylgalactosamine, and 
Con A with α-methylmannoside at a final lectin con-
centration of 2 to 10 µg/ml, for 1 hr at room tempera-
ture. Each preabsorbed lectin solution was reacted 
with giant danio heart sections for 1 to 2 hr at room 
temperature in parallel with the unabsorbed lectin 
solution at the same concentration. Preabsorption with 
the various sugars either abrogated lectin binding, or 
markedly decreased binding and showed minimal 
trace binding to the fish myocardium.

Following lectin incubation, the slides were washed 
in PBS, and cell nuclei were stained with Hoechst stain 
(Invitrogen, Eugene, OR), washed in PBS, and cover-
slipped using PermaFluor mounting medium (Thermo 
Fisher Scientific, Fremont, CA). For whole-mount 
staining of adult fish hearts and developing zebrafish 
embryos, the heart and embryos were incubated in 
400 µl of lectin at the same concentration described 
above. Adult hearts and embryos were mounted in 
glass-bottom tissue culture dishes (MatTek, Ashland, 
MA) in 2% low-melting agarose (Sigma-Aldrich).

Tissue Imaging and Image Analysis

Stained tissues were imaged using a Zeiss Axio Imager 
2 equipped with an ApoTome.2 for optical sectioning 
(Zeiss, Göttingen, Germany) or a Nikon A1R confocal 
laser scanning microscope (Nikon Instruments, Melville, 
NY). Maximum intensity projections of .czi and .nd2 
image stacks were performed using Fiji.39 For quantita-
tion of vascular density in whole-mount control and 
injured hearts, maximum intensity projections of image 
stacks were displayed on a Dell 17-inch monitor and 
overlaid with a point-counting grid with 280 equidistant 
point intercepts as previously described.26 Two to three 
fields per heart were evaluated. Vascular density was 
calculated based on the fraction of point intercepts 
landing randomly on vessels to the total number of point 
intercepts covering the projected field.

Statistics

Data are expressed as means and standard errors. A 
one-way ANOVA followed by a Tukey post hoc test was 
used to assess differences. A p value of ≤0.05 was 
considered significant.

Results

The overall results of lectin staining of zebrafish and 
giant danio hearts are summarized in Table 1.

Con A Staining in Adult Giant Danio and 
Zebrafish Hearts

We studied lectin binding patterns in various anatomic 
regions, segments, or tissue components of the 
zebrafish and giant danio hearts, including the bulbus 
(outflow tract), the compact, the spongy, and the junc-
tional regions of their ventricles, the valves, and coro-
nary vasculature. Con A displayed nearly uniform and 
strong staining of the bulbus (Fig. 1A), compact heart, 
and valves of the giant danio (Fig. 1B and C). In the 
spongy heart, Con A reactivity was higher in the endo-
cardial cells bordering the trabeculae than in the 
membrane of the cardiac myocytes (Fig. 1D). In the 
compact hearts of both fish, Con A reactivity was 
strong in the cardiac myocyte borders, and stronger in 
the compact heart coronary vessels, the epicardium, 
and in the junctional region between the compact and 
spongy hearts (Fig. 1F). Whether the staining was 
present in the basement membrane, the junctional 
space between the compact and spongy layers, or 
both, could not be resolved. A similar staining pattern 
was also observed in the zebrafish, with clear delin-
eation of cardiac myocyte borders in the spongy heart 
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(Fig. 1E) and an overall higher staining level in the 
compact heart than in the trabeculae (Fig. 1G).

WGA Staining in Adult Giant Danio and 
Zebrafish Hearts

Differential patterns of WGA lectin staining were 
observed in the giant danio and zebrafish myocardia 
and their respective outflow tracts. The strongest reac-
tivity to FITC-conjugated WGA lectin was present in 
the bulbus (Fig. 2A and B) and extended into the bul-
boventricular (BV) and atrioventricular (AV) valves of 
the zebrafish (Fig. 2C and D). At higher magnification, 
differential WGA staining was seen in the zebrafish 
ventricle. WGA staining was markedly stronger in the 
compact heart as well as the in the junctional region at 
the interface of the spongy and compact hearts of the 
zebrafish (Fig. 2E). WGA staining was also observed 
but with lesser intensity in the trabeculated myocar-
dium compared with that in the compact myocardium, 
the valves, and the bulbus. At higher magnification, 
WGA binding allowed visualization of the borders of 
compact and trabeculated cardiac myocytes in the 
ventricle (Fig. 2F) and of cardiac myocytes in the 
atrium (not shown). A similar staining pattern was also 
observed in the giant danio with staining strongest in 
the bulbus and valves (Fig. 2G). In the ventricle, stain-
ing of the compact heart was markedly higher than 
that of the spongy heart (Fig. 2H and I).

BS and UEA Lectin Staining in Adult Giant Danio 
and Zebrafish Hearts

We confirmed previous findings26 that BS lectin 
strongly stains the coronary vasculature of the adult 
giant danio compact heart (Fig. 3A). Less intense BS 

staining was also observed in the ventricular myocar-
dium. We also found intense BS lectin staining on 
endothelia of the AV valve (Fig. 3B) as well as the BV 
valve. The staining in the BV valve was continuous with 
the endothelium of the bulbus, whereas no reactivity 
was seen in the bulbus mesenchyme (Fig. 3C and D).

In the zebrafish, we were unable to detect BS lectin 
in the compact myocardium and its vessels (Fig. 3E), 
nor in the spongy myocardium and endocardium, the 
bulbus, or the valves (Fig. 3F, Table 1). We further 
investigated whether the visualization of the coronary 
vasculature in the giant danio and zebrafish could be 
performed using UEA, another marker of mammalian 
endothelium. We found that UEA did not stain the cor-
onary vasculature of either the zebrafish or the giant 
danio (Table 1).

To determine whether the BS lectin staining pattern 
in coronary vasculature was unique to the giant danio, 
we studied several additional fish species under a dis-
secting microscope and in sections double stained with 
Con A and BS lectin (Table 2). In the majority of these 
fish species, the coronary vasculature could readily be 
seen through direct observation of whole-mount tissue. 
In two of these species, a vasculature could not be 
observed. In koi, ventricular coronary vessels could be 
easily visualized in whole-mount (Fig. 4A) and in Con 
A–stained sections (Fig. 4B). However, BS lectin did 
not react with the koi coronary vessels (Fig. 4C). 
Similarly, coronary vessels were readily observed in 
the Buenos Aires tetra in whole-mount (Fig. 4D) and in 
10-µm sections stained with Con A (Fig. 4E). Yet no BS 
lectin reactivity was observed in these coronary vascu-
latures (Fig. 4F). In addition, we also found that BS lec-
tin strongly reacted to the heart of two groups of fish: 
the gouramis and the plecos. BS lectin showed intense 
staining along the bulbus and valve endothelia of 

Table 1. BS Lectin Binding in Adult Zebrafish and Giant Danio Heart Regions.

WGA Con A BS Lectin UEA RCA I Tomato

Zebrafish
 Compact myocardium ++ +++ − − ++ −
 Spongy myocardium + ++ − − − −
 Bulbus arteriosus ++++ +++ − − + ++
 Valves +++ +++ − − ++ ++
 Junctional region +++ ++++ − − +++ +
Giant danio
 Compact myocardium ++ +++ +++ (*) − ++++ ++++
 Spongy myocardium + ++ + (#) − − ++
 Bulbus arteriosus ++++ +++ +++ (*) − + ++
 Valves +++ +++ + (#) − ++ ++++
 Junctional region +++ ++++ − − ++++ ++

(*) vascular and bulbus endothelium; (#) endocardium; (+) weak, (++) moderate, (+++) strong, (++++) very strong. Abbreviations: BS, Bandeiraea 
simplicifolia; WGA, wheat germ agglutinin; Con A, concanavalin A; UEA, Ulex europaeus agglutinin; RCA I, Ricinus communis agglutinin I.
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Figure 1. Differential Con A lectin binding in the giant danio and zebrafish hearts. Con A-fluorescein lectin binding (green) is observed 
throughout the giant danio heart with the strongest staining seen on the bulbus (A), the CH (B), and the valves (C; nuclei, blue). At 
higher magnification, Con A binds to the trabecular bundles in the spongy myocardium and to cardiomyocyte membranes (D). Con A 
binding is comparatively stronger in the CH compared with that in the SH (E). Within the compact myocardium, Con A binding is par-
ticularly strong in the epicardium (arrow) and the coronary vasculature (*). The junctional region (arrowhead) is equally stained, forming 
a boundary line between the CH and SH, with small regions of discontinuity at regular intervals. A similar pattern is seen in the zebrafish 
heart with Con A staining cardiomyocyte borders of the SH (F) and CH (G). Abbreviations: Con A, concanavalin A; SH, spongy heart; 
CH, compact heart. Scale bars: A–G = 10 µm.
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gouramis (Fig. 4G) as well as a population of bulbus 
subepicardial cells (Fig. 4H). Strong BS lectin reactivity 
was observed in the ventricular endocardium (Fig. 4I). 
Moreover, in the pleco, we found that that BS lectin 
strongly stained the bulbus endothelium (Fig. 4J) as well 
as a population of bulbus subepithelial cells (Fig. 4K). 
Furthermore, BS lectin strongly stained the plecos’ ven-
tricular endocardium as well as the coronary vessel 
endothelium of the compact heart (Fig. 4L).

Whole-Mount Staining and Imaging of Fish 
Coronary Vasculature

The pattern of BS lectin binding in the giant danio, blue 
gouramis, and pleco coronary vessels observed in 
10-µm sections indicated that these vessels are 
restricted to the compact hearts of these fish. We per-
formed whole-mount staining to generate three-dimen-
sional images of the entire coronary vasculature. We 

Figure 2. Differential wheat germ agglutinin (WGA) lectin binding in the zebrafish and giant danio hearts. In the zebrafish, the strongest 
WGA lectin binding was observed in the bulbus mesenchyme (A, B) with the ventricle appearing minimally stained by comparison, and 
in the valves (C, D). At higher magnification, WGA could be seen staining the compact heart, the trabecular bundles of the spongy heart 
(E), and the cardiomyocyte borders (F). In the giant danio, the staining pattern was similar with the strongest staining level in the bulbus 
mesenchyme (G) with the ventricle appearing minimally stained. When imaged without the bulbus, WGA staining is seen throughout the 
ventricle but with higher levels in the compact heart and the valves (H). At higher magnification, WGA was observed to stain cardiac 
myocyte borders as well as the junctional region (arrowhead) of the giant danio heart (I). Scale bars: A–I = 50 µm.
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Figure 3. Differential BS lectin binding in the giant danio and zebrafish hearts. BS lectin strongly stained the endothelium of the coro-
nary vasculature of the CH, with minimal binding seen in the ventricular endocardium (A). Strong BS lectin binding was seen in the 
endothelium of the valves (B). BS lectin strongly stained the bulbus (C). Higher magnification show that the staining was localized in the 
bulbus endothelium folds (D). No BS lectin binding was observed in the zebrafish ventricle (E), including the valves (F). Abbreviations: 
BS, Bandeiraea simplicifolia; CH, compact heart. Scale bars: A–F = 50 µm.

Table 2. BS Lectin Staining in Fish Hearts.

Species Coronary Vessels Observed

BS Lectin Reactivity

Coronary Endothelium Bulbus Endothelium

Buenos Aires tetra (Hyphessobrycon anisitsi) Yes − −
Blue gourami (Trichopodus trichopterus) Yes + +
Chinese algae eater (Gyrinocheilus aymonieri) No − −
Clown pleco (Panaqolus maccus) Yes + +
Giant danio (Devario aequipinnatus) Yes + +
Goldfish (Carassius auratus) Yes − −
Koi (Cyprinus carpio) Yes − −
Pearl danio (Danio albolineatus) Yes − −
Rubbernose pleco (Chaetostoma milesi) Yes + −
Red Glass Rosy barb (Puntius conchonius) No − −
Snakeskin gourami (Trichogaster pectoralis) Yes + +
Trinidad pleco (Hypostomus plecostomus) No − −
Zebrafish (Danio rerio) Yes − −

(+) present; (−) absent. Abbreviation: BS, Bandeiraea simplicifolia.

found that BS lectin staining could be achieved in the 
adult whole-mount giant danio heart (Fig. 5A) but not 

in the zebrafish heart (Fig. 5B). Similar result was also 
obtained in the gourami and pleco (Fig. 5C and D).
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Using this approach, we performed BS lectin stain-
ing to assess the loss of coronary vasculature follow-
ing injury and to evaluate reconstruction of the 
coronary vascular network in regenerating giant danio 
hearts. We performed BS lectin staining in postfixed 
and permeabilized control and cauterized hearts. The 
intact pattern of coronary vessels was observed in the 
control ventricle (Fig. 5E). Following cauterization, the 
BS lectin–based vascular pattern was absent at the 
apical region of the ventricle. By contrast, the vascular 
pattern was maintained in areas remote to the injury, in 

the mid-myocardium, resulting in a clearly identifiable 
border zone (Fig. 5F). The myocardial apical region 
became progressively vascularized and appeared 
complete by 30 days postinjury (Fig. 5G and H).

RCA I Lectin Staining in Adult Giant Danio and 
Zebrafish Hearts

In the zebrafish, RCA I lectin weakly stained the bulbus 
endothelium and mesenchyme (Fig. 6A). Little reactivity 
was observed in the spongy myocardium. By contrast, 

Figure 5. Whole-mount staining and imaging of fish coronary vasculature. Widefield imaging of Bandeiraea simplicifolia (BS) lectin-
fluorescein stained adult giant danio heart where large and small coronary vessels can be visualized (A). Widefield imaging of BS lectin-
fluorescein stained zebrafish heart showing absence of BS lectin staining (B). Maximum projection of optical sections showing a vascular 
network on the gourami bulbus (C) and in the pleco ventricle (D). Maximum projection of optical sections showing a vascular network 
of uninjured giant danio heart (E) and during regeneration at days 3 (F) and 30 (G) following apical ventricular cautery injury. Dashed line 
highlights the border zone between injured and non-injured areas of the ventricle. Quantitation of coronary vascularization (H) during 
regeneration. Scale bars: A–G = 500 µm. GD = giant danio.

Editor’s Highlight

Figure 4. Differential BS lectin binding in various fish species hearts. Coronary vessels observed in the koi ventricle under dissecting 
microscope (A). Con A staining of 10-µm section of the koi ventricle with coronaries (*) (B). No BS lectin was observed in the vessels 
nor in the ventricle of koi hearts (C). Coronary vessels observed in the BAT ventricle under dissecting microscope (D). Con A staining 
of 10-µm section of the BAT ventricle (E; *, vessel). No BS lectin was observed in the vessels nor in the ventricle of BAT hearts using 
BS lectin-fluorescein, or BS lectin-rhodamine (F). Strong BS lectin binding in the gourami bulbus endothelium folds as well as in the 
ventricular endocardium (G). BS lectin also strongly binds to cell profiles on the bulbus external layer (H). At higher magnification, BS 
lectin binding was seen in the endocardium lining trabecular myocardial bundles (I). In the rubbernose pleco, BS lectin strongly stained 
the bulbus endothelium and the ventricular endocardium (J). At higher magnification, staining of cells in the external layer of the bulbus 
(K), the endocardium, epicardium, and subepicardium was observed (L). Abbreviations: BS, Bandeiraea simplicifolia; Con A, concanavalin 
A; BAT, Buenos Aires tetra; SH, spongy heart; CH, compact heart. Scale bars: B, C, E–L = 50 µm; A, D = 1 mm.
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strong reactivity was seen in the compact heart, in particu-
lar at the junctional region between the compact and 
spongy ventricles (Fig. 6B). Close inspection confirmed 
that the strongest reactivity appeared in the junctional 
region, the epicardium, and the capillary endothelium of 
the coronary vessels, with weaker staining on cardiac myo-
cyte borders (Fig. 6C). In the giant danio, RCA I staining 
pattern was similar to that of the zebrafish and was par-
ticularly evident in the compact myocardium with little to no 
reactivity in the spongy heart (Fig. 6D). In addition, high 
RCA I reactivity was seen in the basal aspect of the transi-
tional cardiac myocytes of the junctional region, and the 
epicardium. RCA I binding was also strong in the endothe-
lium of coronary vessels and compact cardiac myocyte 
borders (Fig. 6E). RCA I lectin staining was also strong in 
the AV and BV valves of both fish (not shown).

Tomato Lectin Staining in Adult Giant Danio and 
Zebrafish Hearts

In the giant danio, tomato lectin reactivity was observed 
in the bulbus endothelium and the adjacent mesen-
chyme, as well as the AV and BV valve mesenchymes 

(Fig. 7A and B). Tomato lectin reactivity was intense in 
the compact heart (Fig. 7C), outlining compact cardiac 
myocyte borders (Fig. 7D) similar to that observed with 
WGA staining. Tomato lectin binding could also be 
observed in the spongy myocyte borders (Fig. 7E) but 
to a much lesser extent than in the compact heart 
myocytes’ borders.

Tomato lectin displayed differential but relatively weak 
binding in sections of the zebrafish heart, with the excep-
tion of the bulbus endothelium and portion of the mes-
enchyme (Fig. 7F), and the AV and BV valve regions 
(Fig. 7G). Reactivity was also observed in the membrane 
of the transitional cardiac myocytes (also called primor-
dial) of the zebrafish junctional region (Fig. 7H and I).

Lectins Staining in the Developing Zebrafish 
Heart (WGA, Con A, and RCA I)

Given the potential of using lectins to study cardiac 
development, we performed whole-mount staining in 
zebrafish embryos. In the absence of trabeculae at this 
early stage, WGA relatively weakly stained cardiac 

Figure 6. Differential RCA I lectin binding in giant danio and zebrafish hearts. Low level of RCA I lectin staining was seen in the zebrafish 
bulbus mesenchyme (A). Strong RCA I lectin binding is seen in the zebrafish CH, and particularly in the junctional region (B). At higher 
magnification, RCA I staining can be observed in the epicardium, cardiomyocyte borders, and in coronary vessel profiles, albeit at a lower 
level than the junctional region (C; *, vessel). A similar binding pattern was seen in the giant danio with strong binding in the CH (D) 
and little to no reactivity in the spongy myocardium. At higher magnification, RCA I is observed to bind strongly in the epicardium, the 
junctional region, cardiomyocyte borders, and coronary vessel profiles (E; *, vessel). Abbreviations: RCA I, Ricinus communis agglutinin I; 
SH, spongy heart; CH, compact heart. Scale bars: A–E = 20 µm.
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myocyte borders and the endocardium of the single-
cell-layered compact heart. Intense WGA staining was 
observed in the developing bulbus by 72 hr postfertiliza-
tion (Fig. 8A and B), but the valve could not be readily 
visualized. Staining with Con A showed strong binding 
in the epicardium, the endocardium, and cardiac myo-
cyte borders (Fig. 8C and D). RCA I staining was strongly 
positive in the developing bulbus, the endocardium, and 
the epicardium (Fig. 8E and F). In contrast to WGA, Con 
A, and RCA I, we could not detect BS lectin, tomato 
lectin, or UEA staining in the developing zebrafish heart.

Discussion

This is the first comprehensive investigation of the lectin 
binding patterns in the giant danio and zebrafish hearts. 
It reveals the differential expression, level, and distribu-
tion of glycoconjugates in the hearts of these two closely 
related fish species used in cardiac regeneration studies. 

We selected a panel of plant-based lectins most com-
monly used in functional, histological, and biochemical 
studies of mammalian29,30,40,41 and non-mammalian36,42,43 
hearts. As lectins recognize specific carbohydrate moi-
eties on membrane, cytosolic, and extracellular glyco-
conjugates, and different lectins can bind the same 
carbohydrate moieties, they can be categorized into 
specificity groups.44,45 For these studies, we tested the 
binding pattern of six lectins belonging to five specificity 
classes that include mannose/glucose-binding lectin 
(Con A), N-acetyl-glucosamine (and N-acetylneuraminic 
acid)-binding lectin (WGA, tomato lectin), galactose/ 
N-acetylgalacto-samine-binding lectin (BS lectin), 
d-galactose-binding lectin (RCA I), and fucose-binding 
lectin (UEA).

Observation of Con A staining indicates that mannose 
residues are ubiquitously expressed in the ventricle, 
endocardium, myocytes, the valves, and bulbus mesen-
chymes, as well as in the endothelium of coronary 

Figure 7. Differential tomato lectin binding in giant danio and zebrafish hearts. Tomato lectin staining was present in the bulbus endo-
thelium and mesenchyme, and strong in the valves (A, B; higher magnification of bulbus) of the giant danio. Binding was also strong in 
the CH, staining the cardiomyocyte borders (C, D; higher magnification). A similar binding pattern was seen in the SH but weaker (E). 
In the zebrafish, tomato lectin staining was present in the bulbus (F) and the valve (G). Little to no reactivity was seen in the ventricle 
except for low but discernable binding in the junctional region (H) and to the borders of the transitional cardiac myocytes (I) bridging 
the compact and spongy myocardia. Abbreviations: SH, spongy heart; CH, compact heart. Scale bars: A–I = 20 µm.
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Figure 8. Differential lectin binding in developing zebrafish heart. WGA lectin staining of zebrafish heart 72 hr postfertilization shows strong 
staining of the bulbus mesenchyme (A, B), and little to no staining of the ventricle. Con A stains the endocardium and epicardium of the devel-
oping heart (C) as well as cardiac myocyte borders (D). RCA I stains strongly the epicardium and myocardium (E) as well as the developing 
bulbus (F). Abbreviations: WGA, wheat germ agglutinin; Con A, concanavalin A; RCA I, Ricinus communis agglutinin I. Scale bars: A–F = 10 µm.
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vessels. Mannose is essential to N-linked glycosylation of 
proteins.46 This could explain the broad, strong, and ubiq-
uitous staining of the heart by Con A. However, Con A 
binding sites were markedly enriched in the compact 
myocardium in both the giant danio and zebrafish. The 
differential level of staining between the spongy and 
compact hearts supports the notion of phenotypic het-
erogeneity within the zebrafish heart. The compact heart 
in the zebrafish arises not during development but during 
the juvenile stage. Indeed, the compact heart emerges 
from a number of cardiac myocyte clones that originate 
from the base of the ventricle,47 and its accretion is pro-
gressive into adulthood. The different level of glycosyl-
ation using mannose may be another difference 
underlying or reflecting the heterogeneity in the zebraf-
ish and giant danio ventricles.

Enhanced Con A staining was also observed in the 
junctional region and indicated that mannose was 
enriched in the abluminal aspect of the transitional (pri-
mordial) cardiac myocytes, including the basement 
membrane. We have previously shown that the com-
pact and spongy hearts are separated by a junctional 
space containing fibroblasts forming a network framed 
by a set of flat elongated transitional cardiac myocytes 
that subtend the spongy trabeculae and anchor the 
compact myocardium to the spongy myocardium.37 
The transitional cardiac myocyte abluminal surfaces 
for the most part are not directly apposed to the com-
pact heart cardiac myocytes; instead, they make con-
tacts with adjacent cardiac myocytes at regular 
intervals through mostly narrow contact bridges, a pat-
tern also observed in other fish species.48 We note 
that in the junctional region, Con A staining was absent 
at regular intervals. These gaps in the Con A staining 
may represent the region of contact between transi-
tional (primordial) myocytes and the adjacent cardiac 
myocyte in the compact (cortical) myocardium, where 
desmosomes and fascia adherentes are abundant 
and where basement membrane may be absent.

Observation of WGA and tomato lectin staining indi-
cated that N-acetylglucosamine is expressed through-
out the myocardium and bulbus of the giant danio and 
zebrafish hearts. However, although the binding was 
similar in some regions of the heart, the staining pat-
tern and intensity diverged in other areas, and differen-
tially across the two species. The highest WGA binding 
was observed in the bulbus mesenchyme, valves, and 
compact hearts of the two species. The WGA binding 
pattern overlapped with that seen with Con A staining, 
suggesting a higher level of expression of various gly-
coconjugates in the compact heart as compared with 
that in the spongy heart, further supporting the notion 
of phenotypic differences between compact and 

spongy heart myocardia. However, by contrast to Con 
A, WGA did not appear to react with coronary vessels 
or the bulbus endothelium of the adult giant danio and 
zebrafish hearts.

In contrast to WGA, tomato lectin patterns diverged 
in the giant danio and zebrafish hearts. On the one 
hand, the binding pattern of tomato lectin was similar 
to that observed with WGA in the giant danio, and 
this pattern was consistent with their shared glyco-
conjugate binding specificities. However, tomato lec-
tin reactivity was generally lower than that of WGA. 
This may reflect differences in the affinity of the two 
lectins for the glycoconjugates. On the other hand, in 
the zebrafish heart, tomato lectin displayed a differ-
ent pattern than that observed in the giant danio, as 
well as WGA-stained hearts. Indeed, the binding of 
tomato lectin was discernable but weak in the ven-
tricle and was mostly restricted to the transitional 
cardiac myocyte borders in the junctional region. 
Whether these differences could be explained by the 
affinity of these lectins for these residues within each 
species, or by differential patterns of expression on 
the glycoconjugates, or by both, is not clear. 
Nevertheless, our findings suggest glycoconjugate 
expression is heterogeneous across species.

The pattern of BS lectin staining in the giant danio 
heart indicates that N-acetylgalactosamine/galactose 
conjugates are highly expressed in the bulbus and 
valve endothelia, consistent with that reported in mam-
malian coronary vessels.49 Staining of the endocar-
dium in the giant danio was much lower by comparison. 
Surprisingly, BS lectin did not stain the coronary endo-
thelium, the endocardium, the myocardium, the inter-
stitium, nor the bulbus of the zebrafish heart under the 
tested conditions. This finding suggests an absence or 
inaccessibility of N-acetylgalactosamine moieties, 
despite the close phylogenic relationship to the giant 
danio. BS lectin reactivity was also not seen in koi, 
another closely related cyprinid, and was consistent 
with our observation in the goldfish heart28 where little 
to no staining was seen on the uninjured heart. By 
contrast, BS lectin reactivity was detected in the coro-
nary endothelia of phylogenetically distant fish such 
as plecos and gouramis. However, unlike the giant 
danio, BS lectin staining was present at high level in 
both the endocardium and coronary endothelium, 
underlying the complexities of glycoconjugate patterns 
of expression. In these fish, the relatively superficial 
localization of the coronary vessels enabled us to 
develop a novel whole-mount staining protocol to visu-
alize the three-dimensional architecture of the entire 
adult coronary vascular network that obviates the 
need for microtome sectioning. Using this approach, 
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we were able to quantify coronary vessels in the giant 
danio during repair and regeneration.

Similar to BS lectin, RCA I has been used to stain 
and image mammalian vascular beds, particularly 
the brain.50,51 RCA I stained the coronary vessels in 
both the giant danio and the zebrafish. However, 
intense staining was also seen along the cardiac 
myocyte borders, the epicardium, and the junctional 
region, making it less suitable for specifically visual-
izing coronary vessels.

Finally, our study provides preliminary insights into 
the expression of glycoconjugates during heart devel-
opment in zebrafish. Changes in lectin binding patterns 
during development have been reported in chick52,53 
and mouse hearts.54,55 Our results suggest mannose 
(Con A), N-acetylglucosamine (WGA), and d-galactose 
(RCA I) are expressed in the developing myocardium, 
whereas N-acetylgalac-tosamine (BS lectin) and 
fucose (UEA) are not. The lack of BS lectin staining is 
consistent with our observation in the adult zebrafish 
heart. N-acetylglucosamine (WGA) and d-galactose 
(RCA I) are also highly expressed in the zebrafish bul-
bus, which is analogous to the pattern observed in the 
adult fish. This suggests that the pattern of expression 
of glycoconjugates is developmentally regulated and 
maintained in adulthood. However, although whole-
mount imaging allowed us to visualize the regional pat-
terns of glycoconjugate expression in the developing 
heart, we were limited in our ability to precisely locate 
and discriminate between binding to the endocardium 
and binding to cardiac myocytes, or to the epicardium 
and cardiac myocytes, or to basement membranes. 
This level of localization requires the use of gold-labeled 
lectins and electron microscopy. Nevertheless, our stud-
ies in the zebrafish heart demonstrate concordance in 
the binding pattern of key lectins in both the developing 
and adult zebrafish hearts.

In conclusion, this is the first comprehensive study of 
lectin binding patterns in fish hearts, in which we dem-
onstrate that the expression of glycoconjugates varies 
in different heart regions of adult zebrafish and giant 
danio. This study also shows that the spatial distribution 
of glycoconjugates can be analogous and consistent, or 
heterogeneous and divergent within and across spe-
cies. Importantly, we document the early expression of 
glycoconjugates in the developing zebrafish heart. The 
functional significance of the temporal and spatial 
expression patterns of glycoconjugates and their poten-
tial role in development and regeneration are yet to be 
explored. Nevertheless, these studies establish lectin 
histochemistry as an invaluable imaging tool for investi-
gating the development, growth, and regeneration in 
the hearts of giant danio and zebrafish.
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