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ABSTRACT Most anatomical and physiological studies
of the sauropsid heart have focused on species with
extraordinary physiologies, and detailed anatomical
descriptions of hearts from sauropsids with more com-
mon physiologies are therefore warranted. Here, we
present a comprehensive study of the cardiac anatomy
of the South American rattlesnake (Crotalus durissus).
The cardiovascular physiology of this species has been
investigated in a number of studies, whereas only a few
cursory studies exist on the cardiac anatomy of viperid
snakes. The heart of C. durissus is typically squamate
in many regards. Both atria are thin-walled sacs, and
the right atrium is the most voluminous. The single ven-
tricle contains three major septa; the vertical septum,
the muscular ridge (MR), and the bulbuslamelle. These
partially divide the ventricle into three chambers; the
systemic and left-sided cavum arteriosum (CA), the pul-
monary and right-sided cavum pulmonale, and the
medial cavum venosum (CV). The MR is the most devel-
oped septum, and several additional and minor septa
are found within the CA and CV. An extraordinary thin
cortical layer encloses the ventricle, and it is irrigated
by a remarkably rich arborization of coronary arteries.
Previous studies show high degrees of blood flow separa-
tion in the Crotalus heart, and this can only be
explained by the coordinated actions of the septa and
the prominent atrioventricular valves. J. Morphol.
271:1066–1077, 2010. � 2010 Wiley-Liss, Inc.
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INTRODUCTION

The hearts of the paraphyletic group Reptilia con-
tain very complex and variable designs (Acolat, 1943;
Holmes, 1975; Burggren, 1987; Hicks, 1998). Most
work has been done on exceptional species, and stud-
ies on their hearts have been mired by ambiguity,
misinterpretations, and controversy (Webb et al.,
1974; Farrell et al., 1998; Hicks, 1998). Squamate
and testudine hearts have ventricular septations and
a profound reduction of the outflow chamber, the co-
nus arteriosus, which distinguishes them from am-
phibian hearts. Also, they lack the complete anatomi-
cal division of the ventricle found in crocodilians,
birds, and mammals (Acolat, 1943; Holmes, 1975;
Lawson, 1979; Van Mierop and Kutsche, 1985;
Burggren and Warburton, 1994). The myocardium of

virtually all ectotherms is primarily spongious,
whereas hearts of endothermic vertebrates are much
more compact (Poupa and Lindström, 1983; Tota,
1983). These anatomical differences are probably
related to the much lower blood flows, lower blood
pressures, and slower heart rates in ectotherms (Lil-
lywhite et al., 1999). A few squamates can, however,
generate blood pressures similar to mammals
(Burggren and Johansen, 1982;Wang et al., 2003).

Most anatomical and physiological descriptions of
nonavian sauropsid hearts have focused on varanid
lizards, pythons, freshwater turtles, and crocodili-
ans (Webb et al., 1971; Hicks, 1998). The hearts of
these species, however, differ enormously: crocodili-
ans have a unique and complete division of the ven-
tricle (e.g., Webb, 1979; Shelton and Jones, 1991;
Axelsson and Franklin, 1995), the ventricle of fresh-
water turtles is poorly subdivided enabling large
cardiac shunts (e.g., Shelton and Burggren, 1976),
whereas varanid lizards and pythons have mam-
mal-like blood pressures and atypically divided
hearts (Acolat, 1943; Webb et al., 1971; Burggren
and Johansen, 1982; Van Mierop and Kutsche,
1985; Wang et al., 2002, 2003; Starck, 2009; Jensen
et al., 2010a,b). However, relatively little is known
about the cardiac anatomy of the other 7,000 species
of squamates (Pough et al., 2004).

Rattlesnakes are considered to be a highly
derived group of snakes (e.g., Knight and Mindell,
1994). As in most other snakes, the pressures in
the pulmonary and systemic arteries of rattle-
snakes are identical during cardiac contraction
(systole) (Johansen, 1959; Galli et al., 2005a,b).
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Thus, the ventricle seems to function as a single
pressure pump, which is consistent with the sub-
stantial capacity for intracardiac shunts as
revealed by pharmacological manipulation of vas-
cular resistances or vagal stimulation in anesthe-
tized rattlesnakes (Galli et al., 2005a,b, 2007; Skov-
gaard et al., 2005; Taylor et al., 2009). Measure-
ments of arterial oxygen levels, however, show that
the degree of ventricular admixture is low at high
temperatures or during digestion when metabolism
is increased (Wang et al., 1998; Arvedsen et al.,
2005). Although the cardiac anatomy of rattle-
snakes and other viperid snakes has received some
attention (Bothner, 1959; Kashyap, 1959, 1975;
Van Mierop and Kutsche, 1985), a detailed study
providing a structural explanation for the capacity
to alter cardiac shunt patterns is still needed.
Thus, given this scarcity, we have chosen to
describe the cardiac anatomy of the South Ameri-
can rattlesnake (Crotalus durissus). The anatomy
and physiology of the rattlesnake heart may be
regarded as ‘‘typical’’ for snakes and lizards.

MATERIALS AND METHODS

We used 10 South American rattlesnakes (C. durissus)
obtained from the Butantan Institute in São Paulo (Brazil) and
transported to Universidade Estadual Paulista, Rio Claro. Here,
they were maintained in cages with free access to water and
were fed regularly with rodents. Body mass ranged from 380 to
1,230 g (799 6 299 g, mean 6 S.E.M.).

Experimental Protocol

Snakes were anesthetized by an intramuscular injection of
pentobarbital (30 mg kg21 Mebumal). Later, the pericardium
was opened, and the return of systemic venous blood was pre-
vented by ligation of the caval veins using cotton suture. We
left the truncus arteriosus undisturbed. The postcaval vein was
cannulated with polyethylene tubing (PE-50), and fluids were
continuously supplied from elevated reservoirs (11 cm above
heart level) to ensure that the cardiac chambers were fixed at a
distension that resembles normal diastole. At first the hearts
were perfused with heparinized saline (50 IU/ml, 0.9 g NaCl/l)
and then followed by Lillie’s buffer (phosphate-buffered 4%
formaldehyde, pH 5 7.0; VWR International, Leuven). The
hearts were kept in a volume of 4% formaldehyde that was
more than 10-fold greater than the volume of the heart for at
least 2 weeks before sectioning.

Gross Serial Sectioning and Histology

Hearts were imbedded in 5% agar solution blocks (5 g agar
pr. 100 ml H2O, Agar no. 1, Topley House, Lancashire, UK) and
cut in parallel 2-mm slices. One ventricle was glued with Tis-
sue-Tek1 (Sakura Finetek Europe B.V., 2382 AT, Zouterwoude,
NL) to a detachable mount and fast frozen in liquid nitrogen.
The mount was fastened to a Cryostat HM 500 OM (Microm)
and sectioned into 60-lm slices at 2188C for staining with he-
matoxylin-eosin.

Size of the Muscular Ridge

We measured the transverse cross-sectional area of the mus-
cular ridge (MR) (the most prominent and distinctive septum of

the squamate ventricle) using the ‘‘Polygon selections" tool (>15
markers pr. polygon) in ImageJ software (version 1.37) on the
cranial surface of the slice immediately caudal to the caudal-
most slice containing arterial valves and expressed it as a per-
centage of total cross-sectional area of the slice. The same
approach was used on publish images from previous studies
where we, however, could not obtain precise information on
state of contraction or plane and height of cutting.

RESULTS

The Crotalus heart is located approximately one-
third down the body from the snout immediately
cranial to the liver. As in other tetrapods, the
heart is enclosed by a pliable but inelastic pericar-
dium and consists of four anatomically separated
chambers, the sinus venosus (SV), the left and
right atria (LAt and RAt, respectively), and the
ventricle (see Fig. 1). All veins and arteries as well
as the cranial part of the SV are attached to the
pericardium.

The SV is formed as the confluence of the three
major systemic veins. These are the vena cava pos-
terior, vena cava anterior, and jugular vein, with
the v.c. posterior being the largest and the jugular
vein the smallest (Fig. 1B). A well-developed dorsal
sinus septum is found in the SV, and it partially
separates the jugular vein from the two vena
cavae. The SV opens into the RAt through the sin-
uatrial orifice, cranial to the ventricle (Fig. 1C).
The funnel-shaped sinuatrial orifice has a rim of
thickened tissue and is guarded by two sinuatrial
valves that protrude into the atrium (Fig. 1C). The
valves are very thin and pliable and their free
margins form a slit, which is almost parallel to the
body axis (Fig. 1C,D). Both valves are anchored
cranially and caudally to the pectinate muscula-
ture of the atrial wall. Their caudal anchorage
radiates to the nearby interatrial septum at the
posterior-most part of the atrium. The cranial an-
chorage, the suspensory ligament, is a conspicuous
congregation of fibers that extends cranially (Fig.
1D). The slit becomes ellipsoid when the atrium is
contracted, and the caudal anchorage is contracted
toward the interatrial septum leaving the aperture
nearer to the transversal plane.

The single pulmonary vein opens into the caudal
part of the dorsal wall of the LAt, next to the in-
teratrial septum (Fig. 1B). There are no conspicu-
ous valvular structures guarding this orifice.

The two atria are large, but the RAt is particu-
larly voluminous and overhangs the cranial part of
the ventricular right side (Fig. 1A). Both atria
descend into the ventricle by the common atrioven-
tricular funnel (Figs. 2B,C and 3). The funnel
anchors the atria to the ventricle, but the exterior
of the atria is also extensively buttressed by
numerous strands of connective tissue to the ven-
tricle in their entire common contact areas. The
atrial walls are thin and lined internally by a com-
plex mesh of pectinate muscles (Fig. 1D). The dor-
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sal wall of the LAt, however, is dominated by
transverse to oblique pectinate muscles. The atria
are completely separated by the vertical and very
thin interatrial septum (Figs. 1C, 2B,C, and 3),
which is devoid of pectinate muscle. The inter-
atrial septum divides the atrioventricular funnel
into left and right sides, and the left and right
atrioventricular valves attach to the caudal end of
the septum (Figs. 2B–D and 3). The right atrioven-

tricular orifice is broader than the left, and the
right atrioventricular valve is likewise larger than
the left valve (Figs. 2B–D and 3B).

The contracted ventricle is elongate and conical
but widens during filling and assumes a slightly
oval appearance in transverse sections. The ventri-
cle gives rise to three arteries, the left and right
aortae and the pulmonary artery (LAo, RAo, and
PA, respectively) contained in a single trunk that

Fig. 1. The heart and central vessels of Crotalus durissus. A: The ventral aspect of the heart of a living 445 g specimen during
ventricular systole (the pericardium is removed). Both atria (LAt and RAt) are large and the right atrium (RAt) is the bigger of the
two. The ventricle (V) is elongate and the left side extends further cranially than does the right side. Three outflow tracts leave the
ventricle and exhibit a marked rotation. One coronary artery (c) comes around the pulmonary artery (PA) from the right and sup-
plies most of the ventricular wall. B: The heart of a 380 g specimen has been deflected to the right exposing its dorsal surface. Cra-
nial is toward the top of the page. The jugular vein (JV) curves cranially before joining the sinus venosus (SV). C: The sinuatrial
orifice of a specimen weighing 1,230 g seen from the right. The vena cavae have been cut away to expose the rim of muscular tis-
sue that strengthens the sinuatrial orifice (arrows) and through which the interatrial septum (IAS) is seen. D: The sinuatrial ori-
fice from inside the RAt, the broken line indicates where the atrial wall has been cut, showing the suspensory ligament (sl) and
the delicate pectinate muscles (pe) that line the atrial wall. C, cranial; D, dorsal; IAS, interatrial septum; L, liver; LAo, left aorta;
LAt, left atrium; lsv, left sinuatrial valve; P, pericardium; R, right; RAo, right aorta; rsv, right sinuatrial valve; T, thyroid gland;
VCA; vena cava anterior; VCP; vena cava posterior; w, wall of the right atrium.
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arises from the right ventral part of the cranial
end of the ventricle (Figs. 1A, 2B–D, and 3D). All
three arteries have approximately the same cross-
sectional area immediately distal to their orifices
(PA/LAo/RAo (%) 5 33:31:36, Fig. 2B–D). The RAo
is closest to the atrioventricular funnel and sepa-
rated from it by the well-developed bulboauricular-
sporn (Fig. 3C). All arterial orifices, three slits
formed by the three pairs of valves, are oriented

close to the vertical axis, i.e., parallel to the aorti-
copulmonary septum. The aorticopulmonary sep-
tum separates the PA from the aortae and twines
� 908 clockwise (when seen from a caudal posi-
tion), so that the pulmonary artery becomes the
dorsal-most artery to leave the pericardial sac
(Figs. 1A and 2D). A rich and quite variable tree
of epicardial coronary vessels irrigates the entire
ventricular wall and consists of one dorsal branch

Fig. 2. A: The position of eight, B–I, 2-mm-thick slices (each represented by the area between two transverse lines), cut trans-
versally and consecutively in the diastolic ventricle of a C. durissus weighing 380 g. In B–I right is left and down is ventral and
only cranial surfaces are shown. B: The truncus arteriosus curves clockwise (when seen from a caudal position). C: The right atrio-
ventricular orifice (rav) is larger than the left (lav). D: The ventral fusion between the MR and the ventral ventricular wall. E: The
bulbuslamelle (BL) curves over the complete part of the MR and encloses the cul-de-sac (cds) and the crest of the vertical septum
(VS) is seen. F: The muscular ridge (MR) spans the ventricle from a mid-ventral to dorsolateral position. G: The Spannmuskel (S),
the cavum venosum (CV), and the cavum arteriosum (CA). H, I: The apical region is spongious except for the cavum pulmonale
(CP). aps, aorticopulmonary septum; IAS, interatrial septum; L, left; LAo, left aorta; LAt; left atrium; PA, pulmonary artery; RAo,
right aorta; RAt, right atrium; V, ventricle; Ve, ventral.
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and at least one ventral branch (Figs. 1A,B and 4).
The ventral branch runs on either side of the PA
or even on both when two branches are present
(Figs. 1A and 4A,B). The dorsal branch runs on
the ventricle from a position very close to the in-
teratrial septum, and from here it fans out and
covers the entire dorsal surface (Figs. 1B and
4C,D).

The cortical layer of the ventricle is composed of
compacta with a thickness of 0.1–0.3 mm in the
distended ventricle (Fig. 5A–E). In the following,
when we refer to the ventricular wall, we refer to
this cortical layer. Generally, the compacta consists
of two layers; an outer longitudinal layer and an
inner and thicker oblique layer (Fig. 5E). A third

longitudinal layer is present in some regions, cov-
ering the inner surface of the wall and is always
continuous with the spongiosa of the ventricular
lumen (Fig. 5E).

Beneath the compact cortical layer, the ventricle
consists of spongious myocardium. This spongiosa
contains numerous sinusoids and is organized into
luminal septa that divide the ventricle into three
subchambers, the cavum arteriosum (CA), the
cavum pulmonale (CP), and the cavum venosum
(CV) (Figs. 2–3 and 5). The CV is the medial cham-
ber, separated from the CA of the left side by the
vertical septum (VS) and from the CP on the right
side by the prominent MR and the opposed bulbus-
lamelle (BL) (Figs. 2, 3, and 6).

Fig. 3. A: Schematic drawing of the ventricular base (corresponding to Fig. 2C) showing the position of three (B–D) 2-mm-thick
horizontal and consecutive slices of the diastolic ventricle from a C. durissus weighing 915 g. In B–D right is left and down is cau-
dal and only the ventral surfaces are shown. B is the dorsal-most slice. B: The atrioventricular funnel is divided by the interatrial
septum (IAS) and is guarded by the right (rav) and left atrioventricular valves (lav). C: The vertical septum (VS) separates the
cavum arteriosum (CA) from the cavum venosum (CV) and the CV is delimited by the bulbuslamelle (BL). Six minor and dorsoven-
trally oriented septa (se) are found in the CA. The bulboauricularsporn (b) is seen. D: The orifice of the left aorta (LAo) and the
close opposition of the BL to the muscular ridge (MR), the most prominent septum in the ventricle. Scalebar is 5 mm. C, cranial;
cds, cul-de-sac; D, dorsal; L, left; R, right; S, Spannmuskel of the BL; V, ventral.
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The MR is the most developed ventricular septum
(Fig. 5A–D,F). It spans the ventricle from a medio-
ventral to a dorsolateral right position in the caudal
two-thirds of the ventricle (Figs. 2, 5A,B, and 6C,D).
The CP is, therefore, separated from the CV and CA
in this region. In the cranial third of the ventricle,
the MR stands free, constitutes 2.1% of the total
cross-sectional area, and twists �1208 clockwise
from the caudal position (Figs. 2D–G, 5, and 6C,D;
Table 1). The free margin of the MR fuses with the
ventral ventricular wall and becomes continuous
with the aorticopulmonary septum (Fig. 2D).

The BL is located opposite the MR. It may be
described as a sheet of spongiosa, curving around
the MR, that spans the entire ventricular lumen

at the base from a mediodorsal to a ventral right
position (Figs. 2C–E, 3C,D, 5D, and 6C,D). The
BL, however, is not as prominent as the MR. A
small spongious part of the CP, the cul-de-sac, is
enclosed at the ventricular base by the BL and the
ventricular wall (Figs. 2D,E, 3C,D, and 5D). The
BL has a caudal and freestanding part, the Spann-
muskel, which is not easily distinguished from the
remaining spongiosa of CV (Figs. 2F,G, 3C,D, and
5A). The cranial end of the CV is roofed by the aor-
tic valves and the right atrioventricular valve
(Figs. 2C,D and 3).

The left side of the ventricle contains several
septa. These are complete caudally and incomplete
cranially (Figs. 2, 3, and 5). A particularly promi-

Fig. 4. Coronary arteries of the ventricle of three anesthetized specimens of C. durissus weighing 915 g (A), 970 g (B, C), and
770 g (D). A and B show the ventral surfaces (left is right), whereas C and D show the dorsal surfaces (right is right). A: One coro-
nary artery runs leftward around the pulmonary artery and one, possibly two, runs around on the right. B: One artery runs
around from the right and one runs around from the left of the pulmonary artery. Note the possible epicarditis (arrow). C: is the
same animal as in B. Two major branches emerge from a common artery situated very close to the interatrial septum. D: One
major branch supplies the medial and right part of the ventricle. There is little supply to the left part. Note the local atrophy of
the ventricular wall. a, atrophy; JV, jugular vein; PV, pulmonary vein; SV, sinus venosus.
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nent septum, the VS, is positioned beneath the
atrioventricular valves (Figs. 2, 3, 5, and 6D). The
remaining septa are primarily found to the left of
the VS where they subdivide the CA into several
lacunae (Fig. 3C). Each septum, and therefore the
interspersed lacunae as well, is directed toward
the ventricular center. All of these septa are dorso-
ventrally oriented (Figs. 2, 3C, and 5).

DISCUSSION

Most cardiovascular studies of snakes and lizards
have concentrated on species with extraordinary

physiologies and anatomies (Hicks, 1998). Given the
mammalian-like blood pressures and specialized
ventricular anatomy, varanid lizards and pythons
have received considerable attention (e.g., Acolat,
1943; Burggren and Johansen, 1982; Wang et al.,
2003; Jensen and Wang, 2009; Starck, 2009; Jensen
et al., 2010a,b). Meanwhile, the more ordinary and
abundant species, somewhat ironically, remain less
studied. Our detailed description of the Crotalus
heart therefore contributes to an identification of
the general features of the normal squamate heart
and provides a useful anatomical foundation for the
many physiological studies on rattlesnakes.

Fig. 5. Histology of the ventricle. A–D show four transverse, 60-lm thick slices of a diastolic ventricle from a 445 g specimen
(slices are in between slices D and G of Fig. 2). The cortical layer of the ventricular wall is very thin, and it is made up of com-
pacta, while the luminal myocardium is made up of spongiosa and trabeculae, with ample and minute sinusoids. A: The muscular
ridge (MR) spans the entire ventricle as does the vertical septum (VS). The Spannmuskel (S) of the bulbuslamelle (BL) is barely
distinguishable from the remaining spongiosa. Scalebar is 3 mm. B: Cavum venosum (CV) and cavum arteriosum (CA) are conflu-
ent over the VS. C: The MR is made up of dense spongiosa when it becomes freestanding. D: The BL spans the entire ventricle
and is situated close to the MR. E and F show closeups, at the same magnification, of slice C. E: The cortical layer of the ventricu-
lar wall of CA. The inner-most layer is continuous with the trabeculae of the lumen. F: The free margin of the MR is the densest
part of the ventricular spongiosa. cds, cul-de-sac; CP, cavum pulmonale; D, dorsal; R, right; Sp, individual fibers of the spongiosa.
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In C. durissus, as in other crotaline snakes, the
heart is positioned at approximately one-third of
the body length from the nose. This position is fur-
ther caudal than in other terrestrial snake fami-
lies, but it remains unexplained why that is (Sey-
mour, 1987; McCracken, 1999; Gartner et al.,
2010). There is no tendinous cord, gubernaculum
cordis, attached to the ventricle (Young et al.,
1994), and the right atrium is bigger than the left
(e.g., Farrell et al., 1998). All three outflow tracts
have essentially the same luminal cross-sectional

area proximal to the heart, and although the rela-
tive areas of the LAo and RAo vary considerably
among snakes, the RAo is normally wider than the
LAo (Young et al., 1993). Nevertheless, the RAo
conveys the largest flow (Galli et al., 2005a) and
blood can be exchanged between the aortae
through the small interaortic foramen (Young and
Saunders, 1999). The magnitude and functional
significance of this shunt remains to be quantified
(Young and Saunders, 1999).

As in all other squamates, the systemic and pul-
monary venous blood streams are structurally sep-
arated until they reach the anatomically undivided
ventricle. Pulmonary venous blood carried in the
pulmonary vein enters the LAt at the medial and
caudal part of the atrium close to the interatrial
septum. There are no noticeable valves or valve-
like structures guarding the pulmonary venous
inflow as in some other squamates (see Mathur,
1946; Farrell et al., 1998 for reviews). As in most
squamates, there were no valves guarding the sys-
temic venous inflows to the SV (Webb, 1979). The
jugular vein is the smallest caval vein, and given
its proximal curvature and the well-developed sep-
tum in the SV, flow from the jugular vein may be
separated from that of the venae cavae
(O’Donoghue, 1912; Valentinuzzi and Hoff, 1970;
Farrell et al., 1998). The sinuatrial orifice is rein-
forced by a well-developed muscular rim that is
continuous with the sinus septum. This is probably
a common feature in squamates and testudines,
although rarely emphasized (Laurens, 1915;
Kashyap, 1959). Two very thin and pliable sinua-
trial valves guard the orifice, and the valves fuse
caudally into pectinate musculature that spreads
to the interatrial septum (Fig. 1C). Because of the
pectinate musculature, atrial contraction will draw
the sinuatrial valves toward the interatrial sep-
tum, and the angular orientation of their margins
is consequently influenced by the state of atrial
contraction. The angular orientation of the sinua-
trial valves varies among the major groups of ecto-
thermic sauropsids, possibly because of differences
in the broadness of the heart (cf. Acolat, 1943 and
Webb, 1979 on testudines and crocodilians, respec-
tively; Buchanan, 1956 and Simons, 1965 on liz-
ards and the Tuatara, respectively; Meinertz, 1966
on snakes), but there is no obvious phylogenetic
trend among snakes (Farrell et al., 1998). The
valves also merge cranially to form the suspensory
ligament, a particularly strong congregation of
pectinate muscles (Fig. 1D; ‘‘Bandalette arrondie’’
of Jacquart, 1855; Mathur, 1944; Farrell et al.,
1998).

In common with other snakes, the atria of Crota-
lus are anchored to the ventricle by the atrioven-
tricular funnel, and the atria are extensively but-
tressed to the ventricle by strands of connective
tissue. The thin atrial walls are lined internally by
a complex mesh of pectinate muscles (Fig. 1C; Jac-

Fig. 6. Design of the ventricle. Left is right in all drawings
and * is dorsal. All ventricular septa except the muscular ridge,
the bulbuslamelle (BL), and vertical septum (VS) are excluded
for clarity. A: Ventral view of the heart. The square indicates
the slice drawn in B (cranial surface) and C (caudal surface). B:
The cranial plane of the ventricular base showing the atria
(LAt, RAt), the atrioventricular orifice with valves (lav, rav),
and the arterial offshoots (LAo, PA, RAo). C: The caudal plane
of the ventricular basis, just above the crest of the VS, showing
the disposition of the muscular ridge (MRf) and the BL. Notice
that all ventricular chambers are confluent at this level. D: The
caudal two-thirds of the ventricle is subdivided into three cham-
bers, namely the cavum arteriosum (CA), the cavum venosum
(CV), and the cavum pulmonale (CP), by the three major septa,
the muscular ridge (MRc and MRf), BL, and VS. The VS is
located directly under the interatrial septum (IAS). LAo, left
aorta; LAt, left atrium; lav, left atrioventricular valve; MRc,
muscular ridge, continuous with the dorsal ventricular wall;
MRf, freestanding part of the muscular ridge; RAo, right aorta;
RAt, right atrium; rav, right atrioventricular valve; V, ventricle.
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quart, 1855; Karandikar and Kashyap, 1956-1957;
Farrell et al., 1998). This musculature seems
equally well developed in both atria, which is con-
sistent with the similar pressures recorded in the
LAt and RAt of anesthetized rattlesnakes (Skov-
gaard et al., 2005). Farrell et al. (1998), however,
observed that the left atrium of squamates and
testudines tends to be less muscular than the
right. The musculature of the dorsal wall of the
LAt is organized into obliquely angled fibers as
previously shown in three species of Calotes (de
Silva, 1957) and Amphisbaena (Francis, 1977).
Given the widespread phylogenetic occurrence,
similarly angled fibers may be a common feature
of the LAt of squamates. The interatrial septum is
very thin and smooth, and it completely divides
the atrioventricular funnel, so that the right atrio-
ventricular orifice is larger than the left. Conse-
quently, the right atrioventricular valve is also
larger than the left (Fig. 3B,C).

The cortical layer of the ventricle is very thin
compared with other species, including vipers, of
similar body mass (Kashyap, 1975; Poupa and
Lindström, 1983), but the orientation and composi-
tion of the layers is typical for squamates (Farrell
et al., 1998). In Crotalus, macroscopic inspections
did not reveal any conspicuous differences in mus-
cular densities on the two sides of the ventricle
(e.g., Fig. 3), which is consistent with the finding
that the Crotalus heart does not separate pres-
sures (Galli et al., 2005b). Thus, in pythons where
systemic pressure is much larger than pulmonary

pressure, the ventricle is considerable thicker
around the CA (Hopkinson and Pancoast, 1837;
Farrell et al., 1998; Zaar et al., 2007; Jensen et al.,
2010b). Given the thin compacta in Crotalus, the
demands for coronary circulation are likely to be
low (e.g., Tota, 1983), so it is interesting that the
coronary tree is quite extensive (Figs. 1 and 4;
Hagensen et al., 2008). Indeed, it was shown
recently that abolition of coronary flow was with-
out effect on heart rate and blood pressures at rest
and during enforced activity in rattlesnakes
(Hagensen et al., 2008). The configuration of the
coronary tree in C. durissus is quite variable as in
other viperid and crotaline snakes (Erhart, 1935;
Bothner, 1959; MacKinnon and Heatwole, 1981),
and contrary to pythons, no area of the ventricular
surface is seemingly more well supplied than
others (Jensen et al., 2010b).

We observed atrophy of the ventricular wall in 1
of the 10 individuals examined, and another speci-
men appeared to have ventricular epicarditis, but
these cases were not investigated further.

The internal architecture of the Crotalus ventri-
cle is complex and contains all the typical features
of the squamate ventricle. Thus, the central lumen
is subdivided by several septa (Figs. 2, 3, and 5,
e.g., Farrell et al., 1998), where the VS, the MR,
and the BL are the most significant. The MR is
particularly prominent, but all septa are important
for intracardiac flows (e.g., Webb et al., 1971; Van
Mierop and Kutsche, 1981, 1985; Hicks, 1998). The
MR is also called the Muskelleiste or the horizon-

TABLE 1. Size of the MR in snakes (% of total ventricular cross-sectional area)

Species MR (%) STD P. Sep. Source

Boa constrictor 2.0 (N 5 1) – Unknown Van Mierop and Kutsche, 1981
Coluber aesculapis 2.1 (N 5 1) – Unknown Greil, 1903; Plate 7, Fig. 26
Crotalus durissus 2.1 (N 5 6) 1.0 No This study
Diadophis punctatus 7.1 (N 5 1) – Unknown White, 1959
Naja naja 1.9 (N 5 1) – Unknown Kashyap, 1959
Zamenis diadema 6.1 (N 5 1) – Unknown Khalil and Zaki, 1964
Python molurus 7.9 (N 5 1) – Yes Farrell et al., 1998
Python molurus 5.7 (N 5 1) – Yes Goodrich, 1919
Python molurus 8.0 (N 5 2) 0.1 Yes Snyder et al., 1999
Python molurus 3.8 (N 5 1) – Yes Van Mierop and Kutsche, 1981
Python reticulatus 6.7 (N 5 1) – Yes* Meinertz, 1952
Python reticulatus 6.9 (N 5 1) – Yes* Vorstman, 1933
AveragePython 6.7 (N 5 7) 1.6

Bracketed numbers are specimens used. MR (%), the relative area of the muscular ridge in transverse sections (the MR was
defined as everything to the right of the dorsoventral line placed at the left-most part of the cavum pulmonale, illustrated by the
drawings); P. Sep., pressure separation within the incompletely divided ventricle;
*, pressure separation has been measured for P. molurus and regius, and we therefore assume that all members of Python genus
have pressure separation.
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tal septum by some other authors (see Webb et al.,
1974; Holmes, 1975; Farrell et al., 1998). Both the
BL and the MR are easily identified in Crotalus,
whereas the VS is merely the most prominent of
septa caudal to the atrioventricular valves (Fig.
3B; Webb et al., 1971; Van Mierop and Kutsche,
1985; Jensen et al., 2010). This is in contrast to
varanid lizards and pythons where the VS is ex-
traordinarily prominent and where the MR is excep-
tionally well developed (Table 1; Acolat, 1943; Webb
et al., 1971; Burggren and Johansen, 1982; Van
Mierop and Kutsche, 1985; Jensen et al., 2010). In
Crotalus, the MR twists �1208 before it fuses with
the ventral wall of CP and forms the aorticopulmo-
nary septum. The degree of twisting varies among
squamates and testudines, and although functional
significance of this variability is unknown, a twist of
1208 is relatively large (cf. Meinertz, 1966).

The BL is situated immediately to the right of
the VS. As is common for snakes, the part of the
BL that spans the ventricular base is much less
developed than the MR, and the cul-de-sac
enclosed by the BL is comparatively small (cf. Van
Mierop and Kutsche, 1981). Also, the Spannmus-
kel, i.e., the caudal two-thirds of the BL, is hardly
a discrete congregation of trabeculae as in other
squamates (cf. Greil, 1903. Greil coined the term
Spannmuskel signifying the caudal and freestand-
ing part of the BL. Also, cf. Meinertz, 1966. Mei-
nertz, however, is less elaborate and calls the
Spannmuskel and BL collectively for Muskelleiste
(a term which has more than once been used of
the MR!), but the freestanding part, the Spann-
muskel of Greil, is clearly identified in Figs. 4
(Iguana iguana) and 16 (Eretmochelys imbricata)).
There are many smaller septa within the CA, i.e.,
to the left of the VS, the number of which appears
to differ among species (Fig. 3C; Acolat, 1943; Far-
rell et al., 1998). In Crotalus, it is difficult to count
the septa within the CA because they are inter-
twined, making the number of septa dependent on
the plane of inspection, and there are no criteria
for what constitutes a septum. Nevertheless, when
inspected from mid-horizontal sections, the CA
contains at least six freestanding congregates of
trabeculae, i.e., septa, which is an intermediate
amount (Fig. 3C, Farrell et al., 1998).

Being positioned close to the BL and the ventric-
ular wall, the large MR is normally ascribed a par-
amount role in separating ventricular blood flows,
but is clear that other structures contribute. Thus,
during ventricular filling, the atrioventricular
valves direct the two atrial blood streams on either
side of the VS, as recently visualized in two spe-
cies of pythons (Python regius, (Starck, 2009); P.
molurus (Jensen et al., 2010a)). This serves to sep-
arate oxygen-rich and oxygen-poor blood during
cardiac filling (diastole). When the heart is filled
with blood, the onset of ventricular contraction
will bring the MR and BL together, which effec-

tively separates the CP from the CV and CA. This
ensures that oxygen-rich blood leaves the ventricle
through the aortic arches, whereas oxygen-poor
blood is directed toward the pulmonary circulation
(White, 1959; Hicks, 1998). White (1959) identified
the functionally significant interventricular canal
as the lumen between the atrioventricular valves
and the VS. This lumen is necessarily small as the
VS is a fairly narrow structure and the distance to
the atrioventricular valves is short (Fig. 3C). The
interventricular canal is nevertheless conceptually
and functionally important because it is the open-
ing through which the left-sided CA can empty
into the CV. The interventricular canal, therefore,
also is the way for blood from the CA to reach the
aortae, which emerge from the CV (e.g., Hicks,
1998). All the ventricular septa are likely to widen
from myocardial shortening when the ventricle
contracts, which then diminishes the communica-
tion between the CP and the CV and reduces mix-
ing of deoxygenated and oxygenated blood (Brücke,
1852; Greil, 1903; White, 1959; Van Mierop and
Kutsche, 1985; Hicks, 1998).

The coordinated action of the atrioventricular
valves guiding ventricular inflows and the ventric-
ular division provided by the MR and VS effec-
tively results in ventricular flow separation. Flow
separation is independently confirmed by the abil-
ity of the snakes to maintain high arterial blood
oxygen levels at high body temperatures as well as
during digestion where metabolism is greatly ele-
vated in Crotalus (Wang et al., 1998; Arvedsen
et al., 2005). Vagal stimulation or infusion of adre-
nergic agonist, however, can cause very large car-
diac shunts in anesthetized Crotalus, showing a
great potential for blood flow between the CP and
the CA during systole (Galli et al., 2005a; Taylor
et al., 2008), and large right-to-left shunts seem to
prevail at low body temperatures (Wang et al.,
1998). It is well established that the cardiac shunt
pattern is governed by differences in resistances in
the systemic and pulmonary circulations, primar-
ily through the vagal regulation of the smooth
muscle surrounding the pulmonary artery (White
and Sonnenschein, 1964; Hicks, 1998). Thus,
although the ventricular septa can provide effec-
tive flow separation, oxygen-poor blood entering
the ventricle from the right atrium can be directed
out through the aortic arches when pulmonary
vascular resistance is high. Similarly, oxygen-rich
blood entering the ventricle from the left atrium
can be guided back to the pulmonary circulation
when pulmonary vascular resistance is low. It
would be very interesting to visualize how such
changes in ventricular flow patterns are affected
by the intraventricular septa. Given the rather
large number of hemodynamic studies on rattle-
snakes, these snakes may prove very suitable spe-
cies to address these fundamental questions of
squamate cardiovascular physiology.
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