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Abstract

The roles that nitric oxide (NO) plays in the cardiovascular system of reptiles are reviewed, with particular emphasis on its effects on

central vascular blood flows in the systemic and pulmonary circulations. New data is presented that describes the effects on

hemodynamic variables in varanid lizards of exogenously administered NO via the nitric oxide donor sodium nitroprusside (SNP) and

inhibition of nitric oxide synthase (NOS) by l-nitroarginine methyl ester (l-NAME). Furthermore, preliminary data on the effects of SNP

on hemodynamic variables in the tegu lizard are presented. The findings are compared with previously published data from our

laboratory on three other species of reptiles: pythons (Skovgaard, N., Galli, G., Taylor, E.W., Conlon, J.M., Wang, T., 2005.

Hemodynamic effects of python neuropeptide g in the anesthetized python, Python regius. Regul. Pept. 18, 15–26), rattlesnakes (Galli,

G., Skovgaard, N., Abe, A.S., Taylor, E.W., Wang, T., 2005. The role of nitric oxide in the regulation of the systemic and the pulmonary

vasculature of the rattlesnake, Crotalus durissus terrificus. J. Comp. Physiol. 175B, 201–208) and turtles (Crossley, D.A., Wang, T.,

Altimiras, J., 2000. Role of nitric oxide in the systemic and pulmonary circulation of anesthetized turtles (Trachemys scripta). J. Exp.

Zool. 286, 683–689). These five species of reptiles possess different combinations of division of the heart and structural complexity of

the lungs. Comparison of their responses to NO donors and NOS inhibitors may reveal whether the potential contribution of NO to

vascular tone correlates with pulmonary complexity and/or with blood pressure. All existing studies on reptiles have clearly established a

potential role for NO in regulating vascular tone in the systemic circulation and NO may be important for maintaining basal systemic

vascular tone in varanid lizards, pythons and turtles, through a continuous release of NO. In contrast, the pulmonary circulation is less

responsive to NO donors or NOS inhibitors, and it was only in pythons and varanid lizards that the lungs responded to SNP. Both

species have a functionally separated heart, so it is possible that NO may exert a larger role in species with low pulmonary blood

pressures, irrespective of lung complexity.

D 2005 Elsevier Inc. All rights reserved.
Keywords: Nitric oxide; l-NAME; Reptiles; Varanus; Trachemys; Python; Crotalus; Cardiovascular; Local regulation; Blood pressure; Blood flow

1. Introduction (e.g. Bennett and Ruben, 1979). The transition required
The evolution of endothermy was associated with a large

rise in resting and maximal rates of oxygen consumption
1095-6433/$ - see front matter. D 2005 Elsevier Inc. All rights reserved.
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higher resting and maximal heart rates to match the

increased demands of oxygen delivery, and a rise in blood

pressure to secure an adequate perfusion pressure for the

higher capillary density (Burggren et al., 1997). In the

systemic circulation, the higher capillary density reduced the

diffusive distances for respiratory gases and nutrients, but

the increased vascular complexity also increased possibil-

ities for inhomogeneities between perfusion and metabolism

(Piiper and Scheid, 1991; Piiper, 2000). In the pulmonary

circulation, higher structural complexity allowed for smaller
ogy, Part A 142 (2005) 205 – 214
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gas exchange units and increased surface area, which

increased the pulmonary diffusive capacity for O2. How-

ever, the higher complexity probably increased the possi-

bilities for local mismatching of perfusion and ventilation

(Piiper, 1992; Powell and Hopkins, 2004).

In both the systemic and pulmonary circulations,

inhomogeneities between perfusion and metabolism and

perfusion and ventilation, respectively, exert significant

constraints on gas exchange (Piiper and Scheid, 1991;

Piiper, 1992, 2000). However, this problem is partially

overcome by the local release of metabolites and regulatory

factors, (e.g. catecholamines, nitric oxide and various

regulatory peptides) that match oxygen delivery to meta-

bolic demands by affecting vasomotion in local vascular

beds (Burnstock, 1990; Alberola et al., 1994; Barnes and

Liu, 1995; Delp and O’Leary, 2004). These effects have

mostly been studied in mammals, but are likely to prevail in

all vertebrates.

Reptiles represent a phylogenetically important group

because endothermic birds and mammals evolved inde-

pendently from reptilian ancestors (Page, 2000), and the

different taxonomic groups of reptiles vary substantially

with regards to heart morphology and lung structure

(Perry, 1989; Hicks, 1998; Wang et al., 1998). In non-

crocodilian reptiles, with the exception of pythons and
Fig. 1. Different combinations of cardiac division and structural lung complexity in

turtle, Trachemys scripta (Crossley et al., 2000); varanid lizard, Varanus exan

Tupinambis merianae and the proposed correlation between vascular complexity
varanid lizards (Burggren and Johansen, 1982; Wang et al.,

2003), the ventricle is anatomically and functionally

undivided, so blood pressures are equal in the systemic

and pulmonary circulations (e.g. Hicks, 1998). In these

species, blood flow distribution between the two circu-

lations is primarily determined by their relative vascular

resistances (Hicks, 1998; Crossley et al., 1998). Varanid

lizards and pythons, however, have a functionally divided

ventricle, which allows for high, mammalian-like systemic

blood pressures, while pulmonary blood pressures are low

(Burggren and Johansen, 1982; Wang et al., 2003). In most

snakes and many lizards, the lung structure is simple,

whereas the lungs in turtles, varanid lizards and crocodi-

lians are more complex and multi-chambered (Perry,

1989).

It is likely that, during the transition from the structurally

simple lungs and undivided hearts of reptiles, to the

complex lungs and divided hearts of mammals, local and

humoral regulation of the systemic and pulmonary circu-

lations have become increasingly more important. This

general hypothesis, illustrated as a matrix of selected species

in Fig. 1, can be evaluated by studying the local regulation

of the cardiovascular system in ectothermic species with

varying cardiac and pulmonary morphologies. Compared to

mammals, the role of humoral and local factors in
the five studied species: rattlesnake, Crotalus durissus (Galli et al., 2005b);

thematicus; python, Python regius (Skovgaard et al., 2005); tegu lizard,

and an increased role for local regulation including NO control.
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cardiovascular control in reptiles remains largely unknown.

Recent studies, nevertheless, indicate that the pulmonary

circulation is much less responsive to humoral and local

factors than the systemic circulation (Conlon et al., 1990;

Comeau et al., 1992; Crossley et al., 2000; Platzack et al.,

2002; Galli et al., 2005a; Skovgaard et al., 2005).

In mammals, nitric oxide (NO) is a potent vasodilator

of the cardiovascular system and NO exerts a crucial role

in the regulation of vascular tone (Furchgott and Zawadski,

1980; Palmer et al., 1987; for review see Moncada et al.,

1991; Cai and Harrison, 2000). Thus, continuous release of

NO from the endothelium maintains a direct dilatory tone,

while the vasodilatory action of various vasoactive sub-

stances, such as acetylcholine, bradykinin and substance P,

is, at least in some cases, mediated through a release of

NO (Moncada et al., 1991). NO is synthesized from l-

arginine by nitric oxide synthase (NOS) that occurs in

three isoforms: endothelial NOS (eNOS), neuronal NOS

(nNOS) and inducible NOS (iNOS) (Förstermann et al.,

1994). Formed in the endothelium or neurons, NO diffuses

into the adjacent smooth muscle cells where it causes

relaxation. Both endothelium-derived NO and NO formed

in neurons seem to regulate vascular tone in reptiles

(Miller and Vanhoutte, 1986; Knight and Burnstock, 1993;

Axelsson et al., 2001).

Here we review the cardiovascular effects of NO with

particular emphasis on the overall role for regulation of

central vascular blood flow in the systemic and pulmonary

circulations of reptiles. We present data on the effect of

exogenously administrated NO (via the nitric oxide donor

SNP) and inhibition of NOS (by the non-specific nitric

oxide synthase inhibitor l-NAME) on the systemic and

pulmonary vasculature of the varanid lizard (Varanus

exanthematicus), and preliminary data on the tegu lizard

(Tupinambis merianae). The findings are compared with

previously published data from our laboratory on three other

species of reptiles: the python (Skovgaard et al., 2005), the

rattlesnake (Galli et al., 2005b) and the turtle (Crossley et

al., 2000). These five species of reptiles possess different

combinations of cardiac division and structural complexity

of the lungs, so by comparing their responses to NO donors

and NOS inhibitors, we aim to investigate the hypothesis

that nitric oxide exerts a stronger role in species with higher

vascular complexity.
2. Materials and methods

2.1. Experimental animals

Experiments were performed on six varanid lizards (V.

exanthematicus), six pythons (Python regius), five turtles

(Trachemys scripta), and six rattlesnakes (Crotalus dur-

issus). In addition, we present observations on one tegu

lizard (T. merianae). Varanid lizards (mass range 330–990

g) and pythons (550–900 g) were obtained from Danish
commercial suppliers, turtles (472–1600 g) were obtained

from Lemberger Inc. (Oshokosh, WI, USA) and the tegu

lizard (3000 g) was captive-bred at UNESP, Rio Claro (Sao

Paulo, Brazil). All animals were freighted to the Department

of Zoophysiology, University of Aarhus (Denmark) where

experiments were carried out. Rattlesnakes (500–1500 g)

were obtained from the Butantan Institute, Sao Paulo, and

transported to UNESP, where experiments were conducted.

Food was withheld for at least 3 days prior to experimenta-

tion and all animals appeared healthy. Experiments were

carried out according to Danish and Brazilian Federal

Regulations.

2.2. Anesthesia

Pythons, turtles and rattlesnakes were anaesthetized

with an intramuscular injection of pentobarbital (Mebumal;

turtles, 50 mg kg
�1; pythons and rattlesnakes, 30 mg

kg�1). All reflexes disappeared within 15–45 min. Due to

their low tolerance of hypoxia lizards were rapidly

anaesthetized by inhalation of isoflurane vapor (Isofluran,

Baxter, Denmark) by placing a plastic bag over their head.

All animals were tracheostomized for artificial ventilation

using a Harvard Apparatus mechanical ventilator at 15–20

breaths min�1 and a tidal volume of 50–100 mL kg�1

with 3% CO2 (balance air). During the initial stages of

surgery, the lizards were ventilated with room air contain-

ing 1% isoflurane, and when the first cannulation was

finished an intra-arterial injection of pentobarbital (Mebu-

mal; 50 mg kg�1) was given, and the isoflurane was

turned off.

2.3. Surgery and instrumentation

2.3.1. Varanid lizards

The central vascular blood vessels were accessed through

a 5 cm incision in the sternum. For measurement of systemic

arterial blood pressure (Psys), the left carotid artery was

occlusively cannulated with a PE50 catheter containing

heparinized saline. Pulmonary arterial blood pressure (Ppul)

was measured using a catheter (PE50) inserted into a branch

of the left pulmonary artery. For measurements of blood

flows, 2S or 2R transit-time ultrasonic blood flow probes

(Transonic System, Inc., NY, USA) were placed around the

left pulmonary arch and the left aortic arch.

2.3.2. Pythons

A 5 cm ventral incision was made cranial to the heart and

a PE50 catheter was advanced into the right aortic arch

through the vertebral artery. An additional incision was

made immediately above the heart for insertion of a catheter

in the left pulmonary artery. The left pulmonary artery,

which is much smaller than the right pulmonary artery and

carries less than a quarter of the total pulmonary blood flow

(unpublished observations by the authors), was occlusively

cannulated with a PE50 catheter. Blood flow probes were
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placed around the left aortic arch and the right pulmonary

artery. (For additional descriptions, see Skovgaard et al.,

2005.)

2.3.3. Turtles

Using a bone saw, a 5�5 cm piece of the plastron was

removed to expose the central blood vessels. The left carotid

artery was occlusively cannulated with a PE90 catheter, and

the tip of the catheter forwarded into the right aortic arch.

The common pulmonary artery was non-occlusively cannu-

lated using the Seldinger technique (White et al., 1989).

Blood flows were measured in the left aortic arch and left

pulmonary artery. (For additional descriptions, see Crossley

et al., 2000).

2.3.4. Tegu lizards

A 5 cm ventral incision was made through the sternum

leaving the pericardium intact. For measurement of blood

pressure a branch of the left pulmonary artery and right

femoral artery was occlusively cannulated. A blood flow

probe was placed around the common pulmonary vein.

2.3.5. Rattlesnakes

A small incision was made cranial to the heart and a

PE50 catheter was advanced into the right aortic arch

through the vertebral artery for measurement of Psys. For

measurement of Ppul a small branch of the pulmonary artery

supplying the lower part of the lung was occlusively

cannulated.. Blood flow probes were placed around the left

aortic arch and the pulmonary artery. (For additional

descriptions, see Galli et al., 2005b.)

In all cases, the catheters were connected to Baxter

Edward (model PX600, Irvine, CA, USA) disposable

pressure transducers and the signals were amplified using

an in-house built preamplifier. The pressure transducers

were positioned at the level of the heart of the animal and

were calibrated daily against a static water column. Flow

probes were connected to a Transonic dual-channel blood

flow meter (T206). Acoustical gel was infused around the

blood flow probes to enhance the signal. Signals from the

pressure transducer and the blood flow meter were recorded

with a Biopac MP100 data acquisition system (Biopac

Systems, Inc., Goleta, CA, USA) at 100 Hz.

2.4. Calculation of blood flows and vascular conductances

Because the left pulmonary artery was occlusively

cannulated in the pythons, the measurement of blood flows

in the right pulmonary artery represents total pulmonary

blood flow (Qpul). Total systemic blood flow (Qsys) in the

python has been estimated as 2.5 times blood flow in the left

aortic arch (QLAo) (Skovgaard et al., 2005). In the turtle

Qsys has been estimated as 2.85�QLAo (Wang and Hicks,

1996). Rattlesnakes only have one pulmonary artery and

measurements of blood flow in the pulmonary artery,

therefore, represent Qpul. Total systemic blood flow in the
rattlesnake has been estimated as 3.3�QLAo (Galli et al.,

2005b). Measurements of blood flow in the common

pulmonary vein in the tegu lizard represent Qpul. Total

pulmonary blood flow in turtles and varanid lizards was

estimated as 2 times blood flow in the left pulmonary artery,

under the assumption that pulmonary blood flow is

distributed evenly between the left and right pulmonary

arteries.

When baseline blood flow changes more than baseline

blood pressure, which is the case in most in vivo situations,

conductance provides a better index than resistance for

comparing vascular tone (Lautt, 1989; O’Leary, 1991).

Pulmonary and systemic conductance (Gpul and Gsys,

respectively) were calculated from mean blood flow and

mean blood pressure (Gpul=Qpul/Ppul and Gsys=Qsys/Psys)

assuming that central venous blood pressures are negligible.

2.5. Experimental protocol

After instrumentation, all variables were recorded for a

period of 45 min to allow animal recovery from surgical

stress and to obtain basal values. The animals received a

sham injection of 0.9% w/v saline. All animals were treated

with the nitric oxide donor sodium nitroprusside (SNP;

0.008, 0.08 and 0.2 mM ) (varanid lizard and tegu lizard, 2.5

and 25 Ag kg�1; python, 60 Ag kg�1; turtle, 25 Ag kg�1;

rattlesnake, 2.5 Ag kg�1) and effects upon hemodynamic

variables were recorded. Following this, NO production was

blocked by administration of the inhibitor of nitric oxide

synthesis and l-arginine analogue, l-nitroarginine methyl

ester (l-NAME; 0.2 M) (turtles, 50 mg kg�1; varanid

lizards, pythons, rattlesnakes, 150 mg kg�1). All drugs were

administered through an arterial catheter in 1 mL kg�1

aliquots and hemodynamic variables were allowed to return

to baseline values between each injection.

2.6. Data analysis and statistics

Data were analyzed using AcqKnowledge data analysis

software (version 3.7.1; Biopac, Goleta, CA). Mean blood

pressures and flows were taken over a 2 min period prior to,

and at the maximum effect of SNP and 20–30 min after

injection of l-NAME when variables had stabilized. All

data, when possible, are presented as meansTS.E. Differ-
ences in values before and after injection of SNP or l-

NAME were assessed using paired t-tests. A limit for

significance of P <0.05 was applied.
3. Results

3.1. Rattlesnakes

Fig. 2 shows all hemodynamic variables in one rattle-

snake as well as mean hemodynamic values before and after

injection of SNP (2.5 Ag kg�1) and l-NAME (150 mg
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kg�1). SNP elicited a systemic vasodilatation, which is

evident from the increased Gsys that was manifested as a

decrease in Psys and a rise in Qsys (Fig. 2A and C–E). The

systemic vasodilatation caused a pulmonary bypass of blood

flow (right-to-left shunt), decreasing Ppul but Gpul was not

affected (Fig. 2F–H). The immediate effects of injection of

l-NAME were similar to those of SNP (Fig. 2A and B), but

l-NAME only had very small effects on blood pressure

when hemodynamic variables had stabilized (Fig. 2C–H).

3.2. Varanid lizards

The hemodynamic changes after injection of SNP (2.5

and 25 Ag kg�1) and l-NAME (150 mg kg�1) in varanid

lizards are shown in Fig. 3. In the systemic circulation, SNP

increased Gsys, which lead to a reduction in Psys and a rise

in Qsys Fig. 3A and C–E). In the pulmonary circulation,

SNP caused an increase in Gpul and Qpul, while Ppul
remained relatively constant (Fig. 3B and F–H). l-NAME

increased basal tone in the systemic circulation seen as a

decrease in Gsys and an increase in Psys (Fig. 3A and C–E)

but had no significant effect on the pulmonary circulation

(Fig. 3B and F–H).

3.3. Pythons

Fig. 4 shows the effect of SNP (60 Ag kg�1) and l-

NAME (150 mg kg�1) on the systemic and pulmonary

circulation in pythons. SNP led to a large increase in Gsys

and a large reduction in Psys, while Qsys was unaffected

(Fig. 4A and C–E). Gpul increased in response to SNP,

which elevated Qpul but had no effect on Ppul (Fig. 4B and

F–H). l-NAME decreased Gsys and increased Psys while

Qsys remained constant (Fig. 4A and C–E). However,

injection of l-NAME had no effect in the pulmonary

circulation of the python (Fig. 4B and F–H).



Sy
st

em
ic

 p
re

ss
ur

e
(k

Pa
)

0

2

4

6

8

SNP
2.5 µg kg-1

L-NAME
150 mg kg-1

Pu
lm

on
ar

y 
pr

es
su

re
(k

Pa
)

0

2

4

6

8

Sy
st

em
ic

 c
on

du
ct

an
ce

(m
l m

in
-1

 k
g-1

 k
Pa

-1
)

0

5

10

15

20

Pu
lm

on
ar

y 
co

nd
uc

ta
nc

e
(m

l m
in

-1
 k

g-1
 k

Pa
-1

)

0

5

10

15

20

Sy
st

em
ic

 b
lo

od
 f

lo
w

(m
l m

in
-1

 k
g-1

)

0

5

10

15

20

25

30
Pu

lm
on

ar
y 

bl
oo

d 
fl

ow
(m

l m
in

-1
 k

g-1
)

0

5

10

15

20

25

30

* *

*

* *

**

*

SNP

C E

F

D

G H

*
*

*

Ps
ys

 (
kP

a)

0

2

4

6

8

10

5 min

Q
L

A
o 

(m
l m

in
-1

)

0
20
40
60
80

100
120
140

Q
L

pu
l (

m
l m

in
-1

)

0
20
40
60
80

100
120
140

SNP L-NAME

Pp
ul

 (
kP

a)

0

2

4

6

8

10

SNP L-NAMEA B

25 µg kg-1
SNP

2.5 µg kg-1
L-NAME

150 mg kg-1
SNP

25 µg kg-1
SNP

2.5 µg kg-1
L-NAME

150 mg kg-1
SNP

25 µg kg-1

Fig. 3. Original traces of one varanid lizard, (A and B), and mean values of 6 individual experiments, (C–H), showing changes in the recorded variables

following injection of SNP, sodium nitroprusside; 2.5 and 25 Ag kg�1 and l-NAME, N(1)nitro-l-arginine methyl ester, 150 mg kg�1. Arrows indicate time of

injection. Psys, systemic arterial pressure; Ppul, pulmonary arterial pressure; QLAo, left aortic blood flow; QLpul, left pulmonary blood flow. Filled bars indicate

pre-injection values and open bars indicate values following injection. Values are meanTS.E.M. * denotes a significant difference from pre-injection value

( P <0.05).

N. Skovgaard et al. / Comparative Biochemistry and Physiology, Part A 142 (2005) 205–214210
3.4. Turtles

Fig. 5 shows the effect of SNP (25 Ag kg�1) and l-

NAME (50 mg kg�1) on the systemic and pulmonary

circulation in turtles (recalculated from original data,

Crossley et al., 2000). Injection of SNP induced a systemic

vasodilatation accompanied by a decrease in Psys while Qsys

remained unchanged (Fig. 5A–C). SNP induced a large

right-to-left-shunt decreasing Ppul, Qpul causing a decrease

in Gpul (Fig. 5D–F). Injection of l-NAME led to a systemic

vasoconstriction with an increase in Psys and decrease in

Qsys although the reduction in Gsys was not significant. Gpul

was not affected, but Ppul increased (inducing a left-to-right-

shunt) (Fig. 5).

3.5. Tegu lizards

Fig. 6 shows the changes in hemodynamic variables

before and after injection of SNP (2.5 and 25 Ag kg�1)

in one tegu lizard. Both dosages of SNP decreased Psys,
Ppul and Qpul suggesting a systemic vasodilatation oc-

curred. Similar responses were observed in an additional

animal.
4. Discussion

4.1. The role of NO in the systemic circulation of reptiles

Injection of the exogenous nitric oxide donor SNP

elicited a systemic vasodilatation, i.e. a rise in Gsys, in all

of the five species of reptiles that have been studied so far.

This clearly establishes a potential role for NO in regulating

systemic vascular tone in reptiles. Administration of l-

NAME to block constitutive NO synthesis, decreased Gsys

in varanid lizards, pythons and turtles, while it had no effect

in rattlesnakes. Continuous release of NO in the systemic

circulation maintains basal systemic vascular tone in most

species, but it seems that this contribution is minimal in

rattlesnakes.
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The finding that NO administration and inhibition of

NOS affects overall hemodynamic variables in anaesthe-

tized reptiles is consistent with studies on isolated vessels

from other species of reptiles. In vitro, preconstricted strips

of the aorta from the garter snake (Thamnophis sirtalis

parietalis) relaxed in a dose-dependent manner in response

to acetylcholine (ACh) and SNP (Knight and Burnstock,

1993). In the estuarine crocodile (Crocodylus porosus), the

constriction of the aortic anastomosis in response to

adrenaline, is counteracted by a reflex vasodilatation that

is reduced after subsequent treatment with l-NAME

(Axelsson et al., 2001).

Infusion of ACh into turtles following NOS blockade

failed to increase cerebral blood flow (CBF) (Hylland et al.,

1996). However, the elevation in CBF during hypercapnia

or anoxia in the turtle (T. scripta) and during hypoxia in the

estuarine crocodile (C. porosus) could not be abolished with

NOS blockade (Hylland et al., 1996; Söderström et al.,

1997, 1999). Thus, it seems that the ACh-induced cerebral
vasodilatation may be due to NO, while the hypercapnic,

anoxic and hypoxic induced increase in CBF is NOS

independent (reviewed by Nilsson and Söderström, 1997).

In contrast to fish and amphibians, where recent

anatomical investigations have shown that only nNOS is

present, reptiles and endothermic vertebrates have both

nNOS and eNOS (reviewed by Donald and Broughton, this

issue). The responses to SNP and l-NAME revealed the

presence of NO receptors in the systemic vasculature of the

investigated species of reptiles. However, the use of SNP

gives no information about the in vivo source of NO in the

cardiovascular system of these reptiles, which could be

either endothelium-derived or synthesized in neurons con-

taining nNOS.

4.2. The role of NO in the pulmonary circulation of reptiles

In contrast to the clear role of NO in the systemic

circulation the pulmonary vasculature seems far less
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responsive. Thus, SNP did not affect Gpul in rattlesnakes or

turtles and while there was a clear effect of SNP on Gpul in

pythons and varanid lizards, indicating a potential role for
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had no effect in any species studied here, including pythons

and varanid lizards, demonstrating a lack of contribution

from NO in the maintenance of basal pulmonary vascular

tone.

The extent to which NO contributes to the basal vascular

tone in the low-pressure and low-resistance pulmonary

circulation of mammals remains controversial (reviewed in

Hampl and Herget, 2000). Some studies have reported a

significant vasoconstriction following NOS inhibition (e.g.

Cremona et al., 1994; DeWitt et al., 1997); whereas other

studies report no changes (e.g. Barer et al., 1993; Cremona

et al., 1994). Basal NO release increases, however, when

pulmonary tone is elevated, which provides a protective

mechanism avoiding pulmonary hypertension (Barnes and

Liu, 1995). Thus, it has been suggested that NO plays an

important role when the pulmonary vasculature is con-

stricted during conditions such as hypoxic pulmonary

vasoconstriction or pulmonary hypertension (Barnes and

Liu, 1995). Clearly, it would be of interest to study the

possible involvement of NO in the pulmonary circulation of

reptiles during hypoxia.

In mammals, various humoral substances like ACh

(McMahon et al., 1991, 1992), bradykinin (BK) (Ignarro

et al., 1987), and substance P (SP) (Maggi et al., 1990;

McMahon and Kadowitz, 1993) induce pulmonary vaso-

dilatation through an endothelium-derived release of NO.

Our study indicates a possible role for NO in regulating

pulmonary conductance in the pythons and the varanid

lizards. This is in contrast to earlier findings showing that

the pulmonary vasculature in the python is virtually

unresponsive to local regulating factors such as neuro-

peptide gamma (Skovgaard et al., 2005), neurotensin and

endothelin-1 (N. Skovgaard, H. Nguyen, J.M. Conlon and

T. Wang, unpublished observations).

4.3. Is nitric oxide more affective in species with higher

vascular complexity or divided hearts?

All existing studies on reptiles clearly establish a

potential role for NO in regulating vascular tone in the

systemic circulation. Furthermore, NO may be important for

maintaining basal systemic vascular tone in varanid lizards,

pythons and turtles through a continuous release of NO. In

contrast, the pulmonary circulation is less responsive to NO

donors or NOS inhibitors, and it was only in pythons and

varanid lizards that NO contributed to regulation of

pulmonary vascular tone. Both species have a functionally

divided circulation allowing for high mammalian-like

systemic pressure and low pulmonary pressure, and it is

possible that NO exerts a larger role in species with low

pulmonary blood pressures, irrespective of the structural

complexity of the lung (Fig. 1).

Important areas for future research are the role for NO in

cardiovascular regulation in fully recovered reptiles at rest

and during various physiological states, e.g. exercise,

digestion, diving and thermoregulation. Furthermore, there
is a need for further investigations of the role of NO in

mediating responses to various regulatory peptides and its

possible interactions with endothelin (Alonso and Radomski,

2003).
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