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Abstract The functional role of nitric oxide (NO) was
investigated in the systemic and pulmonary circulations
of the South American rattlesnake, Crotalus durissus
terrificus. Bolus, intra-arterial injections of the NO do-
nor, sodium nitroprusside (SNP) caused a significant
systemic vasodilatation resulting in a reduction in sys-
temic resistance (Rsys). This response was accompanied
by a significant decrease in systemic pressure and a rise
in systemic blood flow. Pulmonary resistance (Rpul)
remained constant while pulmonary pressure (Ppul) and
pulmonary blood flow (Qpul) decreased. Injection of L-
Arginine (L-Arg) produced a similar response to SNP in
the systemic circulation, inducing an immediate systemic
vasodilatation, while Rpul was unaffected. Blockade of
NO synthesis via the nitric oxide synthase inhibitor, L-
NAME, did not affect haemodynamic variables in the
systemic circulation, indicating a small contribution of
NO to the basal regulation of systemic vascular resis-
tance. Similarly, Rpul and Qpul remained unchanged,
although there was a significant rise in Ppul. Via injec-
tion of SNP, this study clearly demonstrates that NO
causes a systemic vasodilatation in the rattlesnake,
indicating that NO may contribute in the regulation of
systemic vascular resistance. In contrast, the pulmonary
vasculature seems far less responsive to NO.

Introduction

Nitric oxide (NO) is an important endogenously pro-
duced signalling molecule that exerts various physio-
logical effects, including local regulation of blood flow,
neurotransmission, and inflammatory responses (e.g.
Mungrue et al. 2003). NO is synthesised from L-Arginine
(L-Arg) by nitric oxide synthase (NOS) and three iso-
forms of NOS have been characterised in mammals.
Endothelial NOS (eNOS), mainly produced in endo-
thelial cells, is the most common isoform, and plays an
important role in the regulation of vascular tone, tissue
perfusion and blood pressure (Moncada 1992; Li et al.
2002; Wang et al. 2000). Neuronal NOS (nNOS) is
normally expressed in the brain and the enteric nervous
system (Gyurko et al. 2002; Toda and Okamura 2003),
whilst inducible NOS (iNOS) is expressed predomi-
nantly in epithelial and inflammatory cells (Nathan
1997; Aktan 2004). The distributions of NOS and the
functional roles of NO have been studied extensively in
mammals, but similar information about reptiles is
scarce. Immunohistochemical studies, particularly on
the brain, have identified nNOS and eNOS in some
species of reptiles (Luebke et al. 1992; Bruning et al.
1994; Jiang and Terashima 1996; Smeets et al. 1997;
Zamuner et al. 2001; Moon et al. 2002, 2004), suggesting
that these isoforms may have similar functions to that of
mammals.

Few studies have characterised the roles of NO in the
cardiovascular system of reptiles. In the garter snake,
Thamnophis sirtalis parietalis, application of ACh and
SNP onto the dorsal aorta causes a dose-dependent
relaxation (Knight and Burnstock 1993). Similarly, SNP
induces vasodilatation in the systemic circulation of the
saltwater crocodile, Crocodylus porosus, and the fresh-
water turtle, Trachemys scripta (Stephens et al. 1983;
Altimiras et al. 1998; Crossley et al. 2000). Topical
application of ACh onto the brain increases cerebral
blood flow (CBF) velocity in turtles, which can be
abolished by N(1) nitro-L-Arginine methyl ester
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(L-NAME) (Hylland et al. 1996; Söderstrom et al.
1997). In all of these species, blockade of NO synthesis
via L-NAME increases systemic vascular tone, indicat-
ing a tonic release of NO that contributes to basal reg-
ulation of the systemic vasculature (Söderstrom et al.
1997; Crossley et al. 2000; Knight and Burnstock 1993;
Axelsson et al. 2001).

Most studies regarding the role of NO in the car-
diovascular system of reptiles have concentrated on the
systemic circulation, while only two studies report on the
pulmonary circulation. In turtles (T. scripta) pulmonary
vascular resistance is unaffected by SNP, whilst SNP
causes a dilatation of the pulmonary vasculature in the
python, Python regius (Crossley et al. 2000; Skovgaard
et al. 2005). In both species, L-NAME had little effect on
the pulmonary circulation, indicating a low basal regu-
lation by NO. Similarly, in mammals, NO seems to
contribute little to the basal tone of the pulmonary
vasculature (reviewed by Hampl and Herget 2000). It is
not clear why the structurally simple unicameral lung of
pythons (see Perry 1998) is more responsive to NO than
the more complex multicameral lung of turtles (Perry
1978), but pythons are unique amongst reptiles in having
a functionally divided heart (Wang et al. 2003), and the
larger responses may therefore be related to low pul-
monary blood pressures.

The South American rattlesnake, Crotalus durissus,
has a simple unicameral lung (Luchtel and Kardong
1981), but the ventricle is not functionally divided and,
in comparison to the python, it has high pulmonary
blood pressures (Galli et al. 2005). Crotalus has the
typical vagal innervation of the pulmonary artery found
in numerous reptiles (e.g. Berger 1972; Burggren 1977;
Hicks 1994; E.W. Taylor, A.S. Abe and T. Wang,
unpublished observation), but the role of local factors
affecting pulmonary vascular resistance are not well
known. In the present study we seek to identify the role
of NO in the regulation of the systemic and pulmonary
vasculature in Crotalus durissus. This study is part of a
larger overall study on the cardiorespiratory physiology
of this species (e.g. Wang et al. 1998, 2001; Andrade
et al. 2004; Galli et al. 2005), but more specifically, the
rattlesnake was also chosen because it represents a rep-
tile with high pulmonary blood pressure and unicameral
lungs.

Materials and methods

Experimental animals

Studies were undertaken on a total of 12 rattlesnakes, C.
durissus terrificus, obtained from the Butantan Institute
in São Paulo and transported to UNESP, Rio Claro, SP,
Brazil. The snakes were housed in 0.5·0.5 m vivariums,
maintained at 28±5�C on a natural light regime, and
food was withheld 1 week prior to experimentation. All
animals appeared healthy, with body masses ranging

between 350 g and 950 g (490±10 g). The experiments
were performed under anaesthesia, and the animals were
killed at the end of the experiments by an overdose of
pentobarbital.

Surgery and instrumentation for analysis of blood
flow distribution in the systemic circulation

To access total systemic blood flow (Qsys) from mea-
surements of blood flow in the left aorta (QLAo), blood
flows in all major systemic arteries were measured in
four snakes. These snakes were anaesthetised by injec-
tion of 30 mg kg�1 pentobarbital (Mebumal, Sygehu-
sapotekerne, Denmark) into the tail muscle. All reflexes
disappeared within 20 min and the animals were then
placed in a prone position, so they could be traecheot-
omised for artificial ventilation, using a mechanical
ventilator (Harvard Apparatus), at 4 breaths min�1 and
a tidal volume of 25 ml kg�1. A 5 cm ventral incision
was made cranial to the heart, and a PE50 catheter
containing heparinised saline, was advanced towards the
right aortic arch through the occlusively cannulated
vertebral artery. Blood flow in the vertebral artery
constitutes an insignificant fraction of the total systemic
flow (Tobias Wang and Gina Galli, unpublished obser-
vation), and brain blood flow is mainly derived from the
carotid artery, which remained intact. For measure-
ments of blood flow, 3S or 3R transit-time ultrasonic
blood flows probes (Transonic System, Inc., NY, USA)
were placed around the left and right aortic arches (LAo
and RAo, respectively) and the carotid artery (car).
Acoustical gel was infused around the blood flow probes
to enhance the signal. The flow probes were connected to
two dual-channel blood flow meters (Transonic T206)
and signals were recorded with a data acquisition system
(Biopac MP100, Biopac Systems, Inc., Goleta, CA,
USA) at 50 Hz.

Experimental protocol and calculations for blood
flow distribution

Haemodynamic variables were allowed to stabilise for
45 min after instrumentation. Systemic blood flow
distributions were then measured at rest and follow-
ing injection of different pharmacological agents:
adrenaline (0.01 mM; 2 lg kg�1), sodium nitroprus-
side (SNP, 0.008 mM; 2.5 lg kg�1), bradykinin (BK)
(0.3 nmol kg�1) and propranolol (6 mM; 2 mg kg�1).
These agents were chosen to manipulate vascular resis-
tances with a variety of different vasoactive substances.
All drugs were administered as bolus injections through
the vertebral artery.

Surgery and instrumentation to assess NO tone

Eight snakes were anaesthetised and artificially venti-
lated as described above. The vertebral artery and a
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small branch of the pulmonary artery supplying the
lower lung were occlusively cannulated with PE50 con-
taining heparinised saline. Blood-flow probes were
placed around the LAo and pulmonary artery. The
catheters were connected to disposable pressure trans-
ducers (Baxter Edward model PX600, Irvine, CA, USA)
and the signals were amplified using an in-house built
preamplifier. The pressure transducers were positioned
at the level of the heart of the snake and were calibrated
daily against a static water column. Signals from the
pressure transducers and the blood flow meter were re-
corded with a data acquisition system (Biopac MP100,
Biopac Systems, Inc., Goleta, CA, USA) at 50 Hz.

Experimental protocol and calculations to assess
NO tone

The animals received a sham injection of saline that was
combined with rattlesnake serum (0.5 ml l�1 saline).
Subsequently, an injection of 0.01 mM adrenaline
(2 lg kg�1) was given, and once pressures and flows had
returned to baseline values, the NO donor SNP was
injected (0.008 mM; 2.5 lg kg�1). Following this, the
substrate for endogenous production of NO, L-Arg, was
injected (287 mM; 50 mg kg�1). Finally, NO synthesis
was blocked by injection of the NOS inhibitor L-NAME
(556 mM; 150 mg kg�1) to estimate the constitutive NO
tone. To investigate whether NOS was inhibited by L-
NAME, L-Arg was injected again, and a second infusion
of SNP was administered to verify that the response to
NO was intact. All drugs were administered through the
catheter in the vertebral artery. All drugs were given in
0.2–1.0 ml kg�1 aliquots followed by 0.5 ml kg�1 of
saline to flush the catheter, so that volume, rather than
concentration, of the injected agent was constant relative
to body mass. All drugs were purchased from Sigma
(Denmark).

Data analysis and statistics

Recordings were analysed using data analysis software
(AcqKnowledge, version 3.2.3). Mean blood pressures

and flows were taken over a 2 min period prior to, and
at the maximum effect of each agent.

Table 1 lists the distributions of blood flows in the
systemic arteries following each pharmacological treat-
ment. The ratio between QLAo and Qsys was then cal-
culated from the data. A two-way ANOVA was
performed to test whether the ratio differed significantly
among treatments, and no significant differences were
found. Therefore, as the relationship between QLAo and
Qsys persists during all treatments, it is seems adequate
to estimate Qsys as 3.3 times QLAo. Hence, this ratio
was applied when estimating Qsys in the subsequent
experimental protocol. Because there is only one pul-
monary artery in the rattlesnake, measurements of blood
flow in the pulmonary artery represent Qpul. Since the
vertebral artery was occlusively cannulated, Qsys was
estimated as 3.3 times QLAo. Total cardiac output
(Qtot) was calculated as Qsys + Qpul. Heart rate (fH)
was derived from the instantaneous blood flow trace
from the left aortic arch, and total stroke volume (Vstot;
pulmonary + systemic) was calculated as Qtot/fH. Rpul
and Rsys were calculated from mean blood pressure and
mean blood flow (Rpul=Ppul/Qpul and Rsys=Psys/
Qsys), assuming that central venous blood pressures
were negligible.

A paired t test was used to test for significant effects
of the agents compared with the previous control values.
This test was also employed to compare the effects of L-
Arg and SNP before and after L-NAME. All data are
presented as mean ± SEM and apparent differences are
considered significant at the 95% level of confidence
(P value<0.05).

Results

Figure 1 shows all haemodynamic variables recorded
following the second protocol, before and after infusion
of the various pharmacological agents, in one animal.
Mean values of haemodynamic variables are shown in
Figs. 2 and 3. Injection of SNP elicited a signifi-
cant systemic vasodilatation causing Rsys to fall
from 0.06±0.02 kPa ml�1 min kg to 0.03±0.00 kPa

Table 1 Distribution of blood flows in the systemic arteries during pharmacological treatments of Crotalus durissus terrificus

QLAo
(ml min�1 kg�1)

Qcar
(ml min�1 kg�1)

QRAo
(ml min�1 kg�1)

Qsys
(ml min�1 kg�1)

Qsys/QLAo

Resting 8.8±1.2 5.1±0.9 17.1±1.5 31.1±2.6 3.64±0.33
Adrenaline 10.1±1.1 7.4±1.2 15.7±2.0 33.2±3.9 3.31±0.25
Sodium
nitroprusside

11.3±2.1 4.6±1.5 15.9±2.8 32.0±4.9 2.88±0.19

Bradykinin 13.9±1.7 3.4±0.7 28.5±3.7 45.9±4.7 3.34±0.27
Propanolol 5.4±0.8 2.2±0.5 9.9±1.4 17.6±2.4 3.25±0.15
Average
Qsys/QLAo

3.28±0.12

Values are means ± SEM. n=4
QLAo left aortic arch blood flow, Qcar carotid artery blood flow, QRAo right aortic arch blood flow, Qsys total systemic blood flow
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ml�1 min kg. This was associated with a significant
decrease in Psys, and a small, but significant, rise in
Qsys, (Fig. 2a–c). Rpul remained unchanged following
injection of SNP, while Ppul and Qpul significantly de-
creased (Fig. 2d–f). Heart rate was significantly elevated
after injection of SNP (45.4±3.7 to 48.3±3.5 min�1),
but Qtot, and Vstot were not affected (Fig. 3a, c, d). A
net R-L shunt, as indicated by Qpul/Qsys being less than
one, was observed in resting animals (Fig. 3b). This ratio
did not significantly change following injection of SNP.

The effects of L-Arg were similar to those of SNP and
induced an immediate systemic vasodilatation with a
reduction in Rsys from 0.08±0.03 kPa ml�1 min kg to
0.03±0.01 kPa ml�1 min kg. This was manifested by a
significant reduction in Psys and a significant increase in
Qsys (Fig. 2a–c). There were no significant effects of
L-Arg in the pulmonary circulation (Fig. 2d–f). L-Arg
caused significant increases in Vstot, fH, and Qtot
(Fig. 3a, c, d). No significant change in Qpul/Qsys was
observed following injection of L-Arg (Fig. 3b).

No significant effects on systemic haemodynamic
variables were observed following injection of L-NAME
(Fig. 2a–c). There was a small, but significant rise in
Ppul following L-NAME, while both Qpul and Rpul
remained virtually unchanged (Fig. 2d–f). Heart rate
was significantly increased, but there were no significant
changes in Qtot, Vstot or Qpul/Qsys (Fig 3).

The reduction in Rsys following injection of L-Arg
was significantly attenuated following treatment with L-

NAME. Consequently, changes in Psys and Qsys were
significantly less after injection of L-NAME compared
to injection of L-Arg alone (Fig. 4f–h).

Discussion

Critique of methods

Our study was performed on anaesthetised animals.
Anesthesia leads to a higher fH and Qpul compared to
fully recovered Crotalus, which appears to be caused by
a withdrawal of vagal tone and elevated sympathetic
activity (T. Wang, E.W. Taylor and A.S. Abe, unpub-
lished observation). Furthermore, autonomic responses,
such as barostatic regulation, are virtually abolished.
The depressed autonomic function is advantageous for
studies on local regulation of the cardiovascular system
because reflex responses to altered blood pressure are
lacking. It is, nevertheless, possible that barbiturates
affect the tone of NO, so that it differs from fully
recovered animals. However, because we characterised
effects of both NO application (SNP) and inhibition of
synthesis (L-NAME), the differences between the sys-
temic and pulmonary circuits can be established con-
clusively. Nevertheless, future studies should address the
role of NO in fully recovered and non-anaesthetised
reptiles.

Fig. 1 Original traces of a 450-g
Crotalus showing changes in the
recorded variables following
injection of adrenaline,
2 lg kg�1, SNP sodium
nitroprusside 2.5 lg kg�1;
L-Arg L-Arginine, 50 mg kg�1

and L-NAME N(1) nitro-L-
Arginine methyl ester,
150 mg kg�1. Arrows indicate
time of injection
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The role of NO in the systemic circulation

In mammals, NO is known to be a potent systemic
vasodilator that is involved in a host of physiological

mechanisms, including the regulation of blood flow and
blood pressure in the cardiovascular system, as well as
neurotransmission and inflammatory responses (for a
review see Mungrue et al. 2003). Using the NADPH

Fig. 2 Effects of injections of
SNP, L-Arg and L-NAME on
Psys, systemic pressure (a);
Qsys, systemic blood flow (b);
Rsys, systemic resistance (c);
Ppul, pulmonary pressure (d);
Qpul, pulmonary blood flow (e)
and Rpul, pulmonary resistance
(f). Open bars indicate pre-
injection values and the closed
bars indicate post-injection
values. All data are presented
mean ± SEM. (n=6–7).
Values that are significantly
different from the untreated
control condition are marked
with an asterisk (P<0.05)

Fig. 3 Effects of injections of
SNP, L-Arg and L-NAME on
Vstot, total stroke volume (a),
Qpul/Qsys (b), fH, heart rate (c),
and Qtot total blood flow (d).
Open bars indicate pre-injection
value, closed bars indicate post-
injection value. Values are
mean with SEM. In the
systemic circulation n=8.
Values are mean with SEM.
n=7, except for fH where n=8.
Asterisk indicates significant
difference of mean from control
value (P £ 0.05)
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diaphorase reaction, nNOS has been demonstrated in
the brain and gut of several reptiles (Bruning et al. 1994;
Luebke et al. 1992; Smeets et al. 1997; Haverkamp and
Eldred 1998; Lamanna et al. 1999; Olsson and Gibbins
1999). Furthermore, eNOS immunoreactivity has been
identified in the trigiminal ganglia of the crotaline snake,
Trimeresurus flavoviridis, which suggests a role in neu-
rotransmission (Moon et al. 2004).

The NO-donor SNP, led to a large systemic vasodi-
latation in the rattlesnake, indicating a substantial po-
tential for NO in regulating systemic vascular resistance.
This finding is consistent with various other species of
reptiles, where SNP induces a reduction in systemic
resistance (Crossley et al. 2000; Skovgaard et al. 2005) or
a marked reduction in Psys (Stephens et al. 1983; Al-

timiras et al. 1998). Furthermore, aortic strips of the
garter snake and caiman vasodilate in response to SNP,
and the vasodilatory responses to ACh can be blocked
by L-NAME (Miller and Vanhoutte 1986; Knight and
Burnstock 1993). Injection of L-Arg, the substrate for
endogenous production of NO, caused similar effects to
SNP in rattlesnakes. Following L-NAME infusion, the
effects of L-Arg were significantly attenuated indicating
that L-NAME had blocked NO production.

Topical application of ACh and SNP induces an in-
crease in CBF in turtles, T. scripta (Hylland et al. 1996).
The effects of ACh can be totally blocked by L-NAME,
indicating that this effect is mediated through NO pro-
duction. In the same species, blood flow fell to zero
following L-NAME application, while systemic blood

Fig. 4 Maximum changes in
physiological variables seen
after injection of L-Arg
before and after L-NAME.
Ppul, pulmonary pressure (a);
Qpul pulmonary blood flow
(b), Rpul pulmonary resistance
(c), Vstot total stroke volume
(d), Qtot total blood flow (e),
Psys systemic pressure (f), Qsys
systemic blood flow (g), Rsys
systemic resistance (h); fH, heart
rate (I) and Qpul/Qsys (j). In
the systemic circulation n=8. In
the pulmonary circulation Ppul,
n=7; Qpul, n=7; and Rpul,
n=6. Vstot, Qpul/Qsys and
Qtot n=7, while fH, n=8.
Asterisk indicates significant
difference of mean value
following injection of L-NAME
(P £ 0.05)
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pressure persistently increased, indicating a profound
basal regulation of NO in the cerebral blood vessels or
the arteries supplying the brain (Söderstrom et al. 1997).
In contrast, injection of another NOS inhibitor, nitro-L-
Arginine (L-NA) in the estuarine crocodile, C. porosus,
had no effect on CBF velocity or blood pressure
(Söderstrom et al. 1999). However, this study was per-
formed under hypoxic conditions, which may have af-
fected the impact that L-NA had on cardiovascular
variables.

Although SNP and L-Arg caused a clear vasodilata-
tion in the rattlesnake, injection of L-NAME did not
significantly alter systemic resistance. This is in contrast
to turtles and pythons for which L-NAME increases
Rsys (Crossley et al. 2000; Skovgaard et al. 2005). Thus,
in the rattlesnake, it seems that NO contributes little to
the basal regulation of the systemic vasculature.

The pulmonary circulation

In contrast to the clear regulatory role of NO in the
systemic circulation of rattlesnakes, the pulmonary
vasculature seems far less affected. Pulmonary resistance
was unaffected by either SNP or L-Arg. Alongside this,
L-NAME had no effect on Rpul, indicating a lack of
contribution of NO to the maintenance of basal vascular
tone in the pulmonary vasculature of Crotalus.

The extent to which NO contributes to the basal
regulation of pulmonary resistance in mammals is con-
troversial. Some studies have reported a significant
vasoconstriction following NOS inhibition (Meyer et al.
1993; Lorente et al. 1993; Cremona et al. 1994, 1997;
Celemajer et al. 1994), but most species of mammals
studied do not exhibit a response (Asano et al. 1997;
Crawley et al. 1990; Lindeborg et al. 1995; Nishiwaki
et al. 1992; reviewed by Hampl and Herget 2000).
Nevertheless, additional studies in mammals have shown
that when the pulmonary vasculature is pre-constricted,
for example during hypoxic pulmonary vasoconstriction
or pulmonary hypertension, NO synthesis is increased
(reviewed in Hampl and Herget 2000). Under these cir-
cumstances NOS inhibitors cause a potentiation of the
pulmonary vasoconstriction already seen in hypoxic or
chronically hypertensive animals.

Studies into the resting NO tone in the pulmonary
circulation of reptiles are scarce. Our study is in agree-
ment with data obtained from turtles where injection of
SNP and L-NAME had little effect on the vascular tone
of the pulmonary circulation (Crossley et al. 2000).
Pulmonary flows and pressures were similar to recovered
animals, so it was concluded that NO does not con-
tribute to the vascular tone of the pulmonary circulation
in turtles. In contrast, SNP caused a significant vasodi-
latation of the pulmonary vasculature of the python
(P. regius). As in turtles and rattlesnakes, L-NAME,
however, did not increase pulmonary vascular tone,
indicating that NO contributes little to pulmonary
resistance (Skovgaard et al. 2005).

The observation that SNP does not dilate the pul-
monary vasculature of rattlesnakes and turtles (Cross-
ley et al. 2000), but does reduce Rpul in python
(Skovgaard et al. 2005), may suggest that reptiles with a
divided circulation, and low pulmonary blood pressure
are more dependant on NO regulation in the pulmo-
nary circulation. The pulmonary artery of reptiles with
an undivided circulation is densely innervated by the
vagus nerve, which once stimulated, causes a constric-
tion of the vessel, thereby acting to regulate pulmonary
resistance (Berger 1972; Burggren 1977). This neural
regulation of the pulmonary artery is the prime deter-
minant of cardiac shunt patterns (Hicks 1994). How-
ever, in reptiles with functionally divided hearts, the
vagal innervation is presumably less effective in regu-
lating pulmonary blood flow, and other factors within
the pulmonary vasculature, such as NO, may become
more important.

Conclusion

In all species of reptiles studied to date, SNP causes a
systemic vasodilatation, indicating an important role for
NO in regulation of systemic vascular tone. Unlike other
reptiles, however, the rattlesnake does not seem to rely
on NO for maintenance of basal systemic vascular tone.
In contrast to the potential vasodilatory role of NO in
the systemic circulation of the rattlesnake, the pulmo-
nary vasculature is relatively unresponsive to this form
of local regulation. It seems that species with an undi-
vided circulation, such as the rattlesnake and the turtle,
may be less reliant on local regulation of the pulmonary
vasculature via the production of NO, than those with
divided hearts, such as the python.
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