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Summary

The cardiac limb of the baroreflex loop was studied in hypertensive states. At the lowest mean aortic pressures
the saltwater crocodile Crocodylus porosusThe classical (5.0kPa), the synergistic role of the pulmonary-to-systemic
pharmacological methodology using phenylephrine and shuntin buffering the blood pressure drop also contributes
sodium nitroprusside was used to trigger blood pressure to blood pressure regulation.
changes, and the resulting alterations in heart rate were Pulse pressure showed a better correlation with heart
analysed quantitatively using a logistic function. rate and also a higher gain than mean aortic, systolic or
Interindividual differences in resting heart rates and blood  diastolic pressures, and this is taken as an indicator of the
pressures were observed, but all seven animals displayed existence of a differential control element working
clear baroreflex responses. Atropine and sotalol greatly simultaneously with a linear proportional element.
attenuated the response. A maximal baroreflex gain of
7.2 beats mimtkPa™1 was found at a mean aortic pressure
of 6.1kPa, indicating the active role of the baroreflex in a Key words: crocodilian, reptile, baroreflex, heart rate, blood
wide pressure range encompassing hypotensive and pressure, shunt, nitroprusside, phenyleph@recodylus porosus

Introduction

In vertebrates, short-term imbalances in blood pressure aceocodilians have a completely divided ventricle, pulmonary
regulated by reflex changes in cardiac output and peripheraypass of less-oxygenated blood (pulmonary-to-systemic
resistance, the so-called cardiac limb and peripheral limb of th&hunt) is still possible through the left aorta, and this appears
baroreflex, respectively. Van Vliet and West (1994) reason thab occur to some extent in resting animals (White, 1969; Jones
without this feedback controller the cardiovascular systenand Shelton, 1993) and is possibly even more pronounced
would be vulnerable to acute hypertension that could result iduring diving. As the magnitude of the pulmonary-to-systemic
vascular lesions, increased capillary pressures and oedema ahdint is determined by a balance between the systemic and
impaired flow autoregulation among other problems. pulmonary resistance (Shelton and Jones, 1991; Axelsson and

Baroreflex responses have been identified in many vertebrafeanklin, 1997), hypotension would result in an increase in the
species (see review by Bagshaw, 1985). In reptiles, the anatorsigunt flow and systemic hypoxaemia. We reasoned that the
of baroreceptive fibres as well as their functional responses hakiaroreflex could be important to counteract such changes and
been studied in turtles, lizards and snakes (Steieidl983;  to prevent systemic ischaemia.

Millard and Moalli, 1980; Bergeet al. 1980; Backhouset al. The present study was designed with two main goals (1) to
1989). Little is known in crocodilians, although the existenceevaluate the baroreflex quantitatively, estimating the gain of
of a functional baroreflex response is hardly disputed. the cardiac limb of the reflex at different mean systemic

In mammals, and probably birds, the existence of myelinategressures; and (2) to determine whether the baroreflex is
baroreceptors (with thresholds well below normal arteriatapable of responding to hypotensive episodes and of
pressures) permits compensation for acute hypotension. Thiseventing systemic ischaemia.
is believed to protect the tissues from ischaemia, which could
result from a drop in the driving pressure and the high )
metabolic rates of endothermic species (Van Vliet and West, Materials and methods
1994). Experimental animals

The involvement of the baroreflex in counteracting Crocodylus porosusSchneider (body mass 2015+121¢;
hypotension might also be critical in crocodilians. Althoughmean #s.e.m., N=7) were obtained from the Cairns Crocodile
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Farm, Cairns, Australia. The crocodiles were transported to tHespt for a minimum of 36 h without disturbance. During the
University of Queensland, where they were housed outdoopsost-operative and recording periods, 0.2 ml of amoxycillin was
in a large (4m diameter) fibreglass tank. They were kept igiven intramuscularly every other day (150 mghAmoxil).

fresh water heated to 28°C and had access to baskingFor the first 24 h after surgery, the animals were kept in dry

platforms. The animals were fed once a week. tanks to prevent water from seeping into the wounds and
_ causing infections. Fresh water was added subsequently,
Surgical protocol covering the limbs but not the back of the animal. The

Crocodiles were intubated with a 5mm rubber tube after localrocodiles were unable to dive during the experiment.
application of lignocaine (20 mg M| Lignomav) on the glottis. . ,
They were anaesthetised using 5% halothane in oxygen, until Signal recording
the eye reflexes and muscular tone were dampened, andAt the start of the experimental protocol, the ECG and IP
intermittently ventilated with oxygen:halothane (1 %) thereafterleads were connected to a Grass EEG amplifier unit and an
To obtain the electrocardiographic trace (ECG), two resinimpedance converter (model 2991, UFI) respectively. The
coated stainless-steel wires (80cm long, 0.27mm diametediterial catheter was connected to a Statham pressure
purchased from Driver Harris S.A., insulated by Aismalibar S.A.jransducer calibrated against a static water column. The three
were inserted subdermally on the ventral side in a caudocephafitgnals (ECG, IP and blood pressupe) plus heart ratefH),
direction using an 18 gauge needle. Insulation at the tip of eatfhich was derived from the pulsatile pressure signal using a
electrode was stripped away over 3cm to make a good contd@echograph channel, were displayed on a four-channel Grass
surface to pick up the electrocardiogram (ECG) signal. chart recorder and simultaneously stored on a computer
To obtain an impedance pneumographic trace (|P)1 twéTOShiba T6400DX) at 250Hz using a 12-bit data-acquisition
stainless-steel wires, with 1 cm of insulation removed from théard (LabPC+) in combination with LabView v.3.1.1 (National
tips, were inserted subdermally on the flank of the animalnstruments, Austin, TX, USA).
midway between the front limb and the hind limb. Pharmacological protocol to test baroreflex gain
All the wires were looped and sutured onto the skin at the , ' , , i
base of the implantation site and also on the dorsal surface,After & 10min recording period (which we will refer to as
where they were passed through a short length of PE ggentrol’), 1 ml of 0.9% NaCl was injected into the femoral vein

polyethylene cannula. Small connectors (2mm diameter) wefBrough the titanium port to check whether the infusion volume
soldered at the end of each wire. in itself induced cardiovascular changes. Serial increasing doses

To catheterise the femoral artery and vein, a 4cm incisiof’ phenyllephrine (hydrochloride salt, Sigma; 5 10, 20, 30 and
was made on the posterior part of the right hindlimb. BottfCH9 kg’l) and sodium nitroprusside (Sigma; 5, 10, 25 and
vessels lie between the iliotibialis and the femorotibialis?OHgKg ™) were then injectec?b, ECG and IP were recorded
muscles (Guibé, 1970). The femoral artery was freed r 10 min after each infusion (0.2ml bolus followed by 0.8 ml

connective tissue and occlusively cannulated in an upstreaf) 0-9 % NaCl solution). The next dose was not injected until the
direction with a polyurethane cannula (1.22mm outerecorded variables had returned to pre-injection values, which

diameter, tipped with a 0.8mm polyurethane cannula). Thusually took less than 10 min for all doses except the largest ones.
artery Wa’s rinsed with heparinised saline (100 1.0t méparin Special care was taken to avoid the interference of ventilation and

in 0.9% NaCl solution). The same protocol was followed td"€ large shifts ifii associated with it (Huggiret al. 1970). In

cannulate the femoral vein, which was occlusively cannulatef§2S€ the animal ventilated during the first 2min after injection,

in the downstream direction. the trial was repeated a second or a third time if necessary.
Both cannulae were externalised through a pair of holes on N two of the animals, the same protocol was repeated with

the skin at the base of the right hindlimb and connected to twib® Iargelst dose of each drug (kg™ phenylephrine and
titanium ports that were, in turn, secured to dorsal scutes witfPH9 kg sodium nitroprusside) after full autonomic blockade

2-0 silk sutures. Finally, the incision was closed with single®’ the heart (3mgkg sotalol hydrochloride, Bristol Myers,

stitches, the area was cleaned with 70% ethanol and powd®d 1-2Mgkg" atropine sulphate, Sigma).
antibiotic was topically applied (Cicatrin, Wellcome). The

double cannulation had no visible effect on the movement of Callculatfon of baroreflex gaer
the limb. Heart rate fd), diastolic pressurePp), systolic pressurePf)

The whole surgical protocol took approximately 30-40 min@nd pulse pressurBr) were obtained before (control value) and

and was carried out under sterile conditions. The researd@fte’ €ach pharmacological challenge (treatment value). The

protocol was approved by the University of Queensland’@aXimal effect was always obtained within 1 min after infusion.
Animal Ethics and Experimentation Committee, Permit no. Baroreflex gain was estimated by fitting all the data to a four-

700/688/95/ARC. variable sigmoidal logistic function (Reid, 1996):
A-D
i - fH=—2— __+D
Animal maintenance SR yen + @

After recovery from anaesthesia, the animals were
individually housed in rectangular plastic tanks, where they were@hereA andD are the maximal and miniméd, respectively,
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attained by the barorefleR,is the maximum slope of the linear the volume infused was of the order of 1% of the total blood
part of the functionC is Pa at the midpoint in thé range and  volume.
Pa is the mean aortic pressure calculated as: Pharmacological alterations in blood pressure triggered clear
PA = 2Pb + 1Ps. ) baroreflex _ responses. The glpha—gdrenoceptor .agonist
phenylephrine increasedPA by inducing a generalised
The best fit was computed using a Quasi-Newtonian iterativeasoconstriction of the peripheral vasculature, while sodium
method in the non-linear estimation module of Statistica v.5.@itroprusside induced a general vasodilation in response to the
(StatSoft Inc.). The estimation error was minimised using theelease of nitric oxide (see two example traces in Fig. 1).
least-squares criterion, and the goodness of the fit is reportedAll the animals responded to the pressure challenges with
as the coefficient of determination?( the ratio of the reflex reciprocal changes in heart rate. This is shown in

regression sum of squares to the total sum of squares). Fig. 2A, where each line represents BwfH relationships in
The gain Gso) of the baroreflex aPbsg (i.e. whenPA=C) control conditions and after injection of phenylephrine and
was calculated as: sodium nitroprusside for each of the seven animals.
The range of pressures and heart rates measured in each
GSO:#C‘D) 3  individual precluded the calculation of individual baroreflex

sensitivity. As an alternative, we pooled the data from the
ven animals and constructed a pooled baroreflex curve using
e four-variable sigmoidal logistic function (equation 1)
ig. 2B). The maximal gain of the baroreflex was
7.2 beats mintkPal, and this was found at lBa of 6.1kPa
(Table 2), slightly below the contréia of 7.1kPa. The same
logistic function was used to analyse the relationship between
G=10@B/D. (4)  phenylephrinePs andPp andfH.
The goodness of the fit between the experimental data and
the model is determined by the coefficient of determinatfon
Results (Sokal and Rohlf, 1995), which ranged between 0.£20&i)

The resting cardiovascular variables of the seven animalgnd 0.513Rp/fH). This indicates that 40-50 % of the variations
used in the study are reported in Table 1. The valueg fu are explained by variations in blood pressure.
correspond to the mean values over a 30 min period in which The baroreflex was blunted by pharmacological autonomic
the animals were not disturbed, and only periods when thglockade with atropine and sotalol, as shown in Fig. 3 for the
animal was not breathing were accounted for. Clear intetwo animals tested. Baroreflex sensitivity after blockade was
individual differences in blood pressure and heart rate werg.9 beats mintkPal compared with the intact baroreflex gain
noted during the study, but could not be explained bwf 7.2 beats mintkPal.
differences in any of the controlled variablBs.ranged from Aside from the sensitivity of the baroreflex, it is important
5.8 to 8.4kPa, whilefn fluctuated between 14.7 and
25.8 beats mirt.

and normalised by recalculating gain as the percentage chan
in heart rate per unit change in mean arterial pressure (BergI
et al. 1980). The formula given by Smitbt al. (1981) to
calculate normalised gai@ (% kPal) can be easily adapted
to the four-variable sigmoidal model:

The injection of 1 ml of saline (results not shown) had no A
observable effects. Using an estimated total blood volume of =,
7.3% (Altman and Dittmer, 1971) in a standard 2 kg animal, %
i °
T 6
Table 1.Control variables of the seven crocodiles 4 1
Animal fH Po Ps Pa Pp 0s
19.0+4.9 6.5+0.4 9.1+0.8 7.4+0.6 2.5+0.4 B

1

2 17.1+1.6 7.3x0.5 10.4+0.9 8.4+0.6 3.1+0.5
3 25.8+2.5 6.5+0.5 9.2+0.6 7.4+05 2.6x0.3
4 14.7¢4.3 6.2+0.6 8.8+1.0 7.0+0.8 2.6x0.5
5 20.1+3.1 5.8#0.6 8.9+0.8 6.8+0.6 3.1+0.5
6
7
M

4 t

Fig. 1. Original traces from animal 7 (A) after injection of@kg
phenylephrine and (B) after injection of [B@®kg?! sodium
nitroprusside. The arrows mark the time of injection. Note the
Values are meanssn., N=7. decrease in heart rate after blood pressure was raised in response to

f, heart ratePp, diastolic pressurés, systolic pressurés mean  phenyiephrine and the increase after blood pressure was decreased in
aortic pressure?p, pulse pressure. response to sodium nitroprusside.

Pressure (kPa)
(o))

19.6+2.3 4.8+04 7.7+0.4 5.8+0.4 2.9+0.5
17.6£7.6 6.1+09 9.1+1.3 7.1+1.1 3.0+0.5
ean 19.1+35 6.2+0.8 9.0+0.8 7.1+0.8 2.8+0.2
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A Table 2.Values of the best fit to the four-variable sigmoidal
50 model (see text for details), gain of the baroreflex and
. coefficient of determination for diastolic pressure, mean
T 40 aortic pressure, systolic pressure and pulse pressure
£ 30 Pp Pa Ps Pp
E A (beats minl) 36.23  40.84 4490 38.26
I 207 B (beatsminlkPal)  6.66 6.34 7.01  16.49
c (kPa) 5.63 6.08 7.40 2.43
10 A D (beats min?) 13.30 1332 1364 1524
Gain (beatsmintkPal)  6.78 7.17 7.41 39.05
. . . . . (mskPal) 663.62 586.68 518.53 3274.11
6 8 10 12 14 r2 0.403 0.435 0.482 0.513
40 B ‘\\ Pp, diastolic pressurePa, mean aortic pressuré®s, systolic
pressurePp, pulse pressure.
‘/T|\ L ]
c p— . . .
'E 30+ minimal Pa; and (4) a further increase fin associated with the
% ventilation bout.
2
= . .
ﬁ 20 Discussion
s Critique of the method
The pharmacological approach has been the most common
10- ‘ ‘ ‘ ‘ ‘ method of studying baroreflexes in non-mammalian
4 6 8 10 12 vertebrates. Nevertheless, its major drawback is that only the
PA (kPa) cardiac limb of the baroreflex is evaluated because the method

Fig. 2. (A) Individual responses of each of the seven animals aftdr based on a'lterlng perl.pheral res.lstance. At.the same time, the
pharmacologically induced changes in blood pressure. (Bpharmacological alteration of peripheral resistance can result
Relationship between mean arterial blood press@fg ¢nd mean N an overestimation of the sensitivity of the cardiac limb.
heart ratef() for the seven animals (values are measEeM.). The The two methodological alternatives to this method are the
solid line displays the logistic function that best fits the experimentaltilisation of inflatable balloons to occlude the vessels
data. The broken line displays the predicted relationship at lowenechanically and thus to alter blood pressure (Beegel.
values ofPa, where no experimental data could be obtained. 1980) or the isolation of the baroreceptive areas using an open-
loop arrangement (West and Van Vliet, 1983). Both methods
require a precise knowledge of the location of the
to emphasise that the baroreflex curve is saturated at high but
not at lowPA. Saturation occurs @A values above 9kPa,
where further decreases ifH are minimal. However,
irrespective of the dose of sodium nitroprusside employed, tt
minimal PA values recorded averaged 5.0+0.4kPa (mean
s.E.M., N=7) (range 4.5-5.5kPa). At this pressure, no saturatic
of the baroreflex response was observed, and the baroref
curve is displayed with a broken line below 5kPa (Fig. 2B) t(
indicate that no experimental data support the theoretic
logistic model.

To gain a better understanding of the role of the barorefle
during hypotension, the responses to the highest doses
sodium nitroprusside (25 and G@kg1) were reanalysed in
detail. The initiation of ventilation was also considered sinc
it was observed that ventilation always started shortly after tf .
minimal pressure was achieved. The pattern observed w 6 8 _ 10 12 14
always similar (see example trace in Fig.4) and can t PA (kPa)

described as follows: (1) a progressive decreaBe hown to  fjg. 3. Relationship between mean arterial blood pres$eand
5.0£0.4kPa; (2) a delayed rise faA to a mean value of heart ratef(:) before and after complete autonomic blockade of the
27.1+6.5beats mi}; (3) initiation of inspiration with a single heart in two crocodiles. Solid lines, control; broken lines, after
or multiple breaths, 52+31s (mean s£.m., N=5) after  autonomic blockade.
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because the resting values were maintained throughout the 2
day experimental protocol, we are confident that our
measurements reliably reflect the cardiovascular status of
reasonably non-stressed animals.

The differences observed between individuals cannot be
attributed to the experimental methodology or protocol. We are
inclined to believe that the differences in heart rate and blood
pressure arose from behavioural patterns associated with

fH (beats min-1)
w
?

N
@

dominance/submission relationships in a well-known
- territorial species (Lang, 1989). Such differences could be seen
when handling the animals during the normal experimental
protocol: while some were docile and calm, others reacted
Fig. 4. Original recording of a baroreflex episode after injection ofdgressively without the least perturbation. In mice,
25ug kg sodium nitroprusside (at the asterisk). Mean arterial bloodSychosocial stress is known to induce hypertension in
pressurefa), broken line; heart ratéH), continuous line. The onset dominant individuals associated with enhanced adrenocortical
of ventilation is marked by an upward-pointing arrow. activation and higher levels of glucocorticoids and
catecholamines (Haemisch and Gartner, 1997).

= il
s~ : PA

'y
10- Spontaneous
ventilation

baroreceptive areas, which is lacking for crocodilian&rys Characterization of the baroreflex
orbicularis (a turtle) andTrachydosaurus rugosu@ lizard), Despite the inter-individual differences, th#PA curve was
the baroreceptor fibres arise from the proximal truncusimilar for all the animals. The experimental data agree well
(reviewed by Jones and Milsom, 1982; Berger, 1987) and with a hyperbolic curve limited byfa of 13 beats mint when
similar position has been described for two snake specigsessure goes towards infinity and to a IBaof 4 kPa when
(Backhouseet al. 1989). If the baroreceptive areas infd goes towards infinity. Given that baroreceptor stimulation
crocodiles are located in the same position, a study of thend the sinus node response display a sigmoidal relationship
baroreflex using an open-loop arrangement would béowning, 1979), the four-variable sigmoidal logistic function
extremely complicated because the area cannot easily bescribed by Reid (1996) was preferred even with no
isolated without occluding the entire outflow of the heart. Orexperimental support for a saturated response aPlovalues
the other hand, the use of inflatable balloons would requirélotted line in Fig. 2B). The coefficients of determination
extensive surgery and the achievement of high pressures is mditained were low, between 0.4 and 0.51, but again this is more
guaranteed, as already pointed out (Berger, 1987). Aside fromresult of the high level of variation among animals than of
this, the pharmacological approach has the advantage tfe variation in baroreflex responses.
indiscriminate stimulation of the baroreceptors, which can be At the highPa values achieved in response to phenylephrine
important because distinct baroreceptive areas are known iimfusion, the baroreflex is saturated at pressures above
mammals (aortic arch and carotid sinuses) and amphibia®s-10kPa. From the maximuniPa values recorded in
(aortic arch, carotid arch and pulmocutaneous artery). undisturbed animals (Grigg and Johansen, 1987; Axelsson
Smith et al. (1981) reported direct positive chronotropic al. 1997), it appears that the effective range of baroreflex
effects with the use of phenylephrine and unreliable longregulation coincides with thie vivomaximal pressures. Thus,
lasting effects of nitroprusside in the to&8ilifo marinus the baroreflex constitutes the first line of defence against acute
Studies on other amphibian species have not reported thdsgpertensive episodes. In crocodilians, the impact of
problems (Millard and Moalli, 1980; Herman and Sandovalhypertension on the net filtration of plasma across the
1983). However, with respect to sodium nitroprusside (ngulmonary capillaries might be attenuated in comparison with
doses are reported for phenylephrine), the maximum dogkat in toads (West and Van Vliet, 1994) or turtles (Burggren,
employed by Smittet al. (1981) was more than 1000 times 1982) because of the almost completely divided circulation of
larger than the maximum dose used in our study 3@ 7). crocodilians and the fact that pulmonary pressures are lower
than systemic pressures in these animals. However,
Comparison of resting values and inter-individual differenceshypertension will still have an effect on coronary circulation
Resting heart rates and blood pressurés.iporosusare in -~ and myocardial oxygenation as well as on the development of
agreement with previously published values. Wrightal. lesions in systemic vessels (Van Vliet and West, 1994).
(1992) reported a mean heart rate of 23.5 beatdrthit5), a The linear part of the baroreflex curve is a common trend in
value slightly above our mean value of 19.1 beatstni@arigg  all the studies on the reptilian barorefl@tachemys scripta
and Johansen (1987) recorded a mean aortic pressure afdChrysemys picteStephenst al.1983;Trachemys scripta
7.94kPa in animals breathing on the surfabe7), while  Millard and Moalli, 1980;Trachydosaurus rugosuBergeret
Axelssonet al. (1997) reported a mean aortic pressure ofal. 1980). Such a linear relationship suggests a role for the
6.2kPa. Our value in non-ventilating conditions was 7.1 kP&baroreflex as a proportional controller (Jones and Milsom,
Because of the reasonably long recovery period (36—-48 h) ai®82) (see Fig. 5).
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13 beatsmintkPal, almost double the gain forPA

= > S ® (7.17 beats mittkPal). This, together with a higher

g 4 @ coefficient of determination (0.513 f&r and 0.435 foiPa),

% is a strong, although indirect, indication of the differential

< 3 ® component of the crocodilian baroreflex.

3 Maximal sensitivity was found at @ of 6.1kPa, a value

% 2- ® 9 slightly below the resting value of 7.1kPa. This is a good
° indication of the relevance of the baroreflex in cardiovascular
-E 15 regulation because it will be maximally active at pressures

, 2 3 ﬁl 5 6 7 ? 9| 10 Il.l 1:2 13 kPa slightly below restingPA. This is the common situation in
10 20 30 40 50 60 70 80 90 mMmHg mammals such as the rabbit (Korretral. 1972). Only an
Systemic pressure incomplete analysis has been made in other reptilian species,
Fig. 5. Comparison of the relationship between systemic bloo®Ut it also appears to be the caseTrachemys scriptand
pressure and heart rate in different amphibians and reptiles. Trachydosaurus rugosy$able 3). This is in contrast with the
Crocodylus porosus(present study); 2Trachemys scriptaand toadBufo marinuswhere maximal gain is obtained at 3.9 kPa,
Chrysemys picta(Stephenset al. 1983); 3, Trachemys scripta while restingPa is only 2.7 kPa. Van Vliet and West (1989)
(Millard and Moalli, 1980); 4Trachydosaurus rugos{Bergeretal.  reason that baroreceptor endings in toads are designed to
1980); 5, Bufo marinus(Van Vliet and West, 1989); 6Rana prevent pulmonary oedema by reacting to hypertensive
catesbeiangMillard and Mqalli, 1980); 7Bufo marinus(Smith et episodes.
igbllzsslzérs\;;igz gf‘:ﬁ;;i';?a’;?;’g??hgrgirif‘;?eival' 1983). See he reason behind this difference might be the presence or
g absence of myelinated afferent baroreceptor A fibres. While all
vertebrates studied so far have unmyelinated C fibres, A fibres
have only been positively identified in mammals (for a review,
Segura and Kacelnik (1977) report a differential componergee Van Vliet and West, 1994). C fibres have higher thresholds
in blood pressure control in the lizafdipinambis rufescens and lower discharge rates than A fibres and are thought to be
This is based on the decrease in the ringing behaviour (thimarily antihypertensive (Thoren and Jones, 1977). In
appearance of damped and irregular fluctuations in bloodontrast, A fibres display low-pressure thresholds that would
pressure when tegmental stimulation was removed) and raake them effective at normal pressures.
decrease in the steady error (time to return to control values In nerve recording studies, no trace of A fibres has been
after withdrawal of tegmental stimulation) in comparison withfound in toads (Van Vliet and West, 1987) or snakes
the toad Bufo arenarum The operation of a differential (Backhouset al.1989). In contrast, Berget al.(1982) report
controller inC. porosuss also supported by the analysis of thethe presence of non-adrenergic myelinated nerve profiles in the
Pr/fH relationship (Table 2). This analysis is complicated bytruncus ofTrachydosaurus rugospbut their function was not
the fact thaPr is positively correlated witPa, i.e. whenPA  studied. On the basis of the maximal baroreflex sensitivity at
changed,Pp also changed proportionallyP{/Pr=3). After  pressures below resting values, we can speculate that
correcting the gain using this ratio, the relative gainFors  myelinated baroreceptor fibres are responsible for the

Table 3.Interspecific comparison of baroreflex gain in different vertebrate species

Pa
Maximum  Normalized Maximum
gain gain gain Resting
Species (mskPd) (%AfHkPal)  (kPa) (kPa) Method Model Reference
Rana catesbeiana 288.8 13.2 2.4-45 2.9 Pharmacological Linear Millard and Moalli (1980)
Bufo marinus 178 13 - 4 Cuffs - Smithet al.(1981)
Bufo marinus 1027 39 3.9 2.7 Pharmacological Third-order Van Vliet and West (1989)
regression
Trachemys scripta 61.89 3.6 2.4-45 2.8 Pharmacological Linear Stepletas (1983)
+Chrysemys picta

Trachemys scripta 712 24 2.4-4.8 2.7 Pharmacological Linear Millard and Moalli (1980)
Trachydosaurus rugosud 370 98 3-5 4.9 Cuffs Linear Berget al.(1980)
Crocodylus porosus 586 47.6 6.1 7.1 Pharmacological Logistic This study
Anas boscas 15.8 4.9 5.9-21.6 16.6 Pharmacological Linear Millard (1980)
Rabbit 39 15 12.7 12.3 Cuffs - Korneret al (1972)

Rabbit 58.8 22.5 8.7 - Pharmacological Logistic Reid (1996)
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hypotensive baroreflex in resting crocodiles, but a detailed.0+£0.4kPa; (3) nervous contrdij rises to a mean value of
study of the morphology and functional properties o0f27.1+6.5beats mit caused by the baroreflex; (4) decreased
baroreceptor fibres is required. Po, and (5) chemoreflex stimulation and the onset of

The marked reduction of baroreflex sensitivity following theventilation.
administration of atropine and sotalol is in agreement with the The immediate effects of the shunt on blood pressure
well-known dependence of the baroreflex on the autonomiegulation could be physiologically significant only as an
innervation of the heart. The slight increase in sensitivity aémergency back-up, its long-term effects blunted by the
lower PA values can be attributed to an incomplete adrenergidecrease in shunt flow as systemic pressure recovers. However,
blockade with sotalol, because the effects of the drug wear aff is also clear that the baroreflex itself is sluggish in
partially after 2-3h. The effect appears only when pressurepunteracting the pressure drop imposed artificially by sodium
are decreased with sodium nitroprusside because the cardigitroprusside and that the further contribution of chemoreflexes
limb of the baroreflex during hypotension is mostly dependeris required.
on sympathetic activation (Korner, 1971).

Phylogeny of baroreflex regulation
Baroreflex and shunting In its overall sensitivity, the baroreflex appears to be better

The baroreflex curve had a sharply defined mininRamm  developed in mammals than in amphibians. The open-loop
Even with the highest doses of sodium nitroprusside (25 anghin of the baroreflex@p) is a direct indicator of the total
50ugkg™), pressures below 4.5kPa were not recordegerformance of the reflex in compensating for pressure
(5.0+0.4 kPa was the mean value for the seven animals). It éhanges, encompassing both the cardiac and the peripheral
well documented that systemic hypotension inducetimb of the reflex (for a more extensive discussion, see Van
pulmonary-to-systemic shunting through the opening of th&liet and West, 1994)G, values can be used to predict the
semilunar valves of the left aortic arch (Shelton and Joneperformance of the system in the closed-loop stat® Gc
1991). On a short-term basis, the onset of shunting mawnges from 0 (no compensation) to 1 (full compensation or
counteract hypotension by increasing blood volume in th&00 % efficiency)Gc values obtained in mammals range from
systemic circulation. This can be demonstrated by comparing5 to 0.75, while the values obtained in toads are below 0.5.
our minimal pressures with estimated threshold values frorhllowever, no open-loop studies have been carried out in
published recordings of right ventricular and left aorticreptiles or birds, and it might be premature to place too much
pressures. In the alligator, the threshold pressure for shurdliance on this conclusion.
development is 4 kPa (White, 1969; Jones and Shelton, 1993)Bagshaw (1985) argues that the baroreflex has shifted from
and it is 6kPa in saltwater crocodiles (Grigg and Johansesn, primarily fH-based control mechanism to a peripheral-
1987). Additionally, Jones and Shelton (1993) showed that thesistance-based mechanism. This being true, the relative
frequency of shunting increased markedly in the range dafontribution of the cardiac limb of the reflex would be smaller
systemic pressures of 4—6 kPa in undisturbed alligators. in mammals than in reptiles or amphibians. This hypothesis is

Furthermore, hypotension induced by large doses of sodiuappealing because it fits with the overall trend from cholinergic
nitroprusside was always accompanied by the onset of ta adrenergic sympathetic control of the vascular system during
ventilation bout. Since the ventilatory pattern in crocodiliansvolution (Bagshaw, 1985), but it is difficult to reconcile with
is intermittent and irregular, the association between thegbe empirical results. The normalised maximal reflex gain in
phenomena (lowPa due to sodium nitroprusside infusion and C. porosusis at least twice as high the sensitivity as in any
onset of ventilation) could be coincidental, but we were ablether vertebrate except the lizardrugosuqTable 3), which
to reproduce the same effect repeatedly with the injection ofiould put reptiles (except turtles) at the top of the vertebrate
the largest doses of sodium nitroprusside. The time lagroups in terms of baroreflex sensitivity.
between minimal pressure and the onset of ventilation was In conclusion, very little information can be extrapolated
highly variable among individuals (52+31s) but was longfrom the baroreflex alone to further understand the phylogeny
enough to exclude a direct effect, i.e. ventilation is nobf cardiovascular control. Rather than being surprised, we see
stimulated by the drop in systemic presqueese We suggest this as a clear indication of how complex it is to determine
that the onset of the ventilation bout is triggered  phylogenetic trends when many different elements of the
chemoreflexes stimulated by a decrease in bReggdThe drop  system under study are evolving simultaneously; for example,
in Po, could be caused by the impaired blood oxygenationin the cardiovascular system (a) the degree of separation of the
associated with hypotension and the development of theardiac chambers, (b) the prevalence of sympatlvetisus
pulmonary-to-systemic shunt (Douse and Mitchell, 1992), buparasympathetic control of pacemaker areas, (c) the extension
we cannot provide direct experimental evidence for this. of the sympathetic innervation of the ventricle and peripheral

The sequence of events after sodium nitroprusside infusioressels or (d) the location and sensitivity of sensory afferent
illustrates the synergistic effect of the baroreflex and shuntinglements. All these components change markedly between the
to buffer marked decreases in systemic pressure (Fig. 4): (1)déferent vertebrate groups, and it will be their overall
decrease irPA resulting from sodium nitroprusside infusion; performance that will drive common evolution towards a more
(2) mechanical control; shunt established whnreaches refined system.
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