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Summary

Amphibians exhibit cardiorespiratory responses to increasing heart rate (+) and pulmocutaneous blood flow
hypoxia and, although several oxygen-sensitive (Gpc) and reducing the net cardiac right-to-left-shunt.
chemoreceptor sites have been identified, the specific When arterial [O2] was reduced by anaemia, the toads
oxygen stimulus that triggers these responses remains exhibited a similar cardiovascular response to that
controversial. This study investigates whether the observed in hypoxia. While arterial CQ partial pressure
cardiovascular response to oxygen shortage correlates (Paco,) decreased significantly during hypoxia, indicative
with decreased oxygen partial pressure of arterial blood of increased alveolar ventilation, anaemia did not alter
(Pao,) or reduced oxygen concentration ([@]) in toads. Paco,. This suggests that reductions in [g@ mediate
Toads, equipped with blood flow probes and an arterial cardiovascular adjustments, while ventilatory responses
catheter, were exposed to graded hypoxia [fraction of are caused by reducedPao,.
oxygen in the inspired air f10,)=0.21, 0.15, 0.10, 0.07 and
0.05] before and after reductions in arterial [Q] by
isovolemic anaemia that reduced haematocrit by Key words: amphibianBufo, cardiovascular, respiratory, anaemia,
approximately 50%. Toads responded to hypoxia by hypoxia, cardiac shunt.

Introduction

Several studies have shown that anurans (frogs and toads)und oxygen, ([€])} represent the primary signal for
increase ventilation, heart rafie)(and pulmocutaneous blood stimulating these homeostatic adjustments. For example,
flow (Qpo) in response to low oxygen levels (Boutilier andseveral studies on reptiles have suggested thabs#ih@ the
Toews, 1977; Kruhgffer et al., 1987; Wang et al., 1994; Brancprimary stimulus for the ventilatory response to hypoxia
and Glass, 1995; Gamperl et al., 1999; Andersen et al., 200because ventilation is well-correlated with arterial Hbed
These cardiovascular and ventilatory adjustments serve {Glass et al., 1983; Dupré et al., 1989). Other studies on
protect oxygen delivery in response to hypoxia. The singlamphibians have noted cardiovascular changes in response to
ventricle of anurans is undivided and allows for mixing ofanaemia, by either anaemia or carbon monoxide exposure,
systemic and pulmonary blood within the heart, although aithout associated changes in ventilation (Wang et al., 1994;
large blood flow separation has been documented (JohansBranco and Glass, 1995). This suggests that different oxygen
and Ditadi, 1966; Tazawa et al., 1979; Shelton, 1985). Thsignals — partial pressure and concentration — may exist for
ability to alterQyc independently of systemic blood flo@«9 cardiovascular and ventilatory adjustments to hypoxia and
enables anurans to control arterial blood gas composition lnaemia.
altering pulmonary ventilation and/or by changing the In the present study, we investigate the cardiovascular
magnitude of the right-to-left (R—L) cardiac shunt whenever anesponse to reductions in both arterial?][@nd Pao, by
elevated oxygen delivery is required during anaemia, hypoximeasuring blood flows and arterial blood gases during
or exercise (Wang and Hicks, 1996; Gamperl et al.,, 199%xposure to hypoxia (progressively reducing inspired oxygen
Hedrick et al., 1999). from 0.21 to 0.05) before and after inducing anaemia that

The specific oxygen stimulus that triggers thereduced haematocrit by approximately 50%.
cardiorespiratory response to hypoxia remains controversial.
At issue is the degree to which arterial oxygen tension
[physically dissolved oxygen in arterial bloodPab,)],
haemoglobin oxygen saturation [the percentage of Experimental animals
haemoglobin molecules with bound oxygen (H&&)] and/or Cane toadsBufo marinusL., of undetermined sex and
oxygen concentration {the sum of dissolved and haemoglobiwith a body mass ranging from 200 g to 504 g (mearE#.,

Materials and methods
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366+60g) were obtained from a commercial supplieflow and pressure measuring equipment located outside the
(Lemberger, Oshkosh, WI, USA) and kept at the Universityexperimental chamber housing the toad, and haemodynamic
of Aarhus for several months before being used in thigsariables were allowed to stabilise for 30—-90 min. Thereatfter,
study. The toads were maintained at a temperature dfitial cardiovascular measurements were made, a control
23-28°C in large containers with access to running watginormoxic) blood sample was withdrawn, and the toads
and dry areas. They were fed mealworms five times were exposed to progressive hypoxia [fraction of oxygen in
week, but food was withheld at least three days prior tohe inspired air Kio,)=0.15, 0.10, 0.07 and 0.05]. The
surgery. hypoxic gas mixtures were prepared by mixing puseahd

air with a Dameca gas mixer, and thg, of the mixed gases
entering and leaving the chamber was monitored by a gas

Toads were anaesthetised by immersion into a I_Joglanalyser (model 602; Criticare Systems, Inc., Waukesha, WI,

benzocaine solution (ethgtamino benzoate, Sigma E 1501), USA). The incoming gas m|>.<ture's passed through a water
; olumn placed inside the climatic chamber to ensure the
and surgery started when the corneal reflex disappeared. The : . - .
: : . . _appropriate temperature and high humidity in the
lungs were deflated by opening the glottis using a small piec . L
. . . . xperimental chamber. Each gas level was maintained for
of plastic tubing, and the animal was placed on a surgical tab . .
] e min, and a blood sample was removed for analysis at the
and covered with wet paper towels. Toads were artificially
ventilated with air every 15 min through a small piece of sof

nd of each level. Following the exposure to hypoxia, toads
i 0

rubber tubing inserted through the glottis. A left lateral™" < < bled to reduce Dby approximately 50%. Plasma was

incision (approximately 2—3 cm) was made in the body wal

einfused with toad Ringer (composition given by Prosser,
ventral to the parotoid gland. From this incision, the left

970) in order to maintain blood volume. After
systemic and pulmocutaneous arteries were exposed by bif proximately 2.4 h, t'he hypoxic protocol above was repeated
) . . . . Wi h the anaemic animals.
dissection of connective tissue between the abdominal an .
A second group of control animalsl£6) were exposed to

forelimb muscles (see Hedrick et al., 1999). Transonic 2 ; . . .
blood flow probes (Transonic Systems Inc., lthaca, NY, USA ypoxia on successive days without anaemia exposure. These

were placed around the left systemic and left puImocutaneOlstr,“mals were —equipped with flow probes to measure

arteries, and the space between probe and artery was ﬁ”egemodynamm variables as described above, but were not

with an acoustic coupling gel (Berner Lab, Helsinki, FinIand).eqg'ezp\?virvewro?;e?%er%ﬂdcatheter’ S0 measurements of blood

The leads from the flow probes were threaded back througﬁwa

the incision and tied to the skin at several positions on the \aasurements of blood flows and blood pressures and
dorsal surface of the toad to ensure that the probes remained calculations of cardiac shunt patterns

In_position. The right femoral artery was occlusively The blood flow probes were connected to a dual-channel
cannulated through an incision in the hind leg to samph?I i :
. . . ow meter (model T201; Transonic Systems Inc., Ithaca, NY,
arterial blood and to measure systemic arterial blood pressur, A). The femoral catheter was connected to a disposable
a? ' p

-tl)—cesifkatshuetfji:e;v as secured to the dorsal srface of the ammpressure transducer (model PX600; Baxter Edward, Irvine,

Surgery normally lasted less than 60min and all toads’y YSA), and the signal was amplified using an in-house-
rgery y & o . 0B ilt preamplifier. The transducer was calibrated daily against
regained normal righting reflexes within 45min of being

. ~a static water column. Signals from the blood pressure
placed under running tapwater. All toads were treated wit -
. . _transducer and the blood flow meter were collected digitally
enrofloxacin (Baytrii Bayer AG, Leverkusen, Germany;

2mg kg, intramuscular) to prevent infections. When the toadg>"9 an AcgqKnowledge MP 100 data-acquisition system

had regained normal reflexes, each individual animal Walversmn 3.2.3; BioPac Systems, Inc., Santa Barbara, CA, USA)

transferred to an experimental chamber (4830tnx20 cm) at S0Hz, . . .

L The left and right side of the truncus arteriosus and the
containing wet paper towels and a dry area. These o . s

. o - . pulmocutaneous arteries iBufo marinusare of similar
experimental chambers were maintained within a climatic,. o

. o iameter, and blood flows are similar when probes are

chamber at a constant temperature of 25°C, which is close Qced in ibsilateral or bilateral positions (West and
the preferred body temperature (24°CBoffo marinusn the P P P

laboratory (Johnson, 1972). Toads were visually and audiblBurggren, 1984). Therefore, we agsumed that flows were
aterally equal. Total blood flow in the pulmocutaneous

. ! | il
sr_uelded from dllsturbances during measurements an(%pc) and systemicQsy9 arteries was obtained by doubling
withdrawal of arterial blood. .
measured values in the left pulmocutaneous artery and left
systemic artery, and total blood flo@;) was calculated as
Experimental protocol QpctQsys Heart rate fd) was calculated directly from the
Experiments began 24-48h after surgery; arterial blooBllood flow trace, and stroke volum¥sj was calculated as
gases and acid-base parameter8ufo marinusstabilise  Gw¢/fH. The net shunt flow (neQshun) was calculated as
within 24h of surgery (Andersen and Wang, 2002). TheQp—Qsys and the cardiac shunt pattern was also expressed
blood flow probe leads and catheter were connected to blo@s Qod/Qsys

Surgical procedures
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Blood gas analysis 3.0 0.4
Arterial blood was analysed for oxyc A B %
tension Pao,), pH, haematocrit, bloc T 20 g 03
haemoglobin concentration ([kAk, oxyger g ' % I\i i i i
content ([Q]) and total carbon dioxic £ go'z T Ly +
content of plasma ([C£]). Po, and pH werr = 1.01 £ 01 Q_Q\o\g_g
measured with Radiometer (Copenha <) '
Denmark) electrodes maintained in a BM 0 0
electrode set-up at 25°C, and the output
the electrodes was displayed on a Radion 100 15
PHM 73. Haematocrit was determined C . D
duplicate as the fractional red cell volu ’fm\ 751 T 10
after centrifugation (12000 r.p.m. for 3mi ¢ g :
and [Hhy] was measured in triplicate af £ 50 E
conversion to cyanmethaemoglobin § 505
applying a millimolar extinction coefficie & 251 I
of 10.99 at 540nm (Zijlstra et al., 198 0 0
Arterial [O2] was measured as describec
Tucker (1967), with a correction describec 1.00 5.0
Bridges et al. (1979), and plasma [f@as E F
measured according to Cameron (1971). 0.75 4.0 2>G—Q<9>O
Tucker and Cameron chambers w 2 30
maintained at 40°C. Haemoglobin-bol §0.50- )
oxygen (HbQ) was calculated as arter T =20
[O2]-(00,%Pao,), Where ao, is the bloo 0.251 10
oxygen solubility (Christoforides ai 0 * 0
Hedley-Whyte, ~ 1969).  Haemoglot 0 005 010 015 020 0 005 010 015 020
saturation (Hb@sat) was calculated Fio, Fio,

HbO./[Hb], under the assumption that

haemoglobin was functional. Fig. 1. Effects of hypoxiaHio,=fraction of oxygen in the inspired air) on arterial oxygen
Arterial carbon dioxide tensionPéco,) levels before and after reducing haematocrit (filled and unfilled circles, respectively).

was calculated from pH and plasma [ (A) Oxygen concentration ([£); (B) _haematocrit; _(C) arterial oxygen tensidPe@;

using the rearranged Henders 1mm Hg=133.3 Pa); (D) haemoglobin concentration ﬂpit(E) haemoglobin oxygen

Hasselbalch equation, and the pla saturation (Hb@sat) and (F) mean cellular haemoglobin concentration (MCHC).

o ' . Significant effects of hypoxia within each of the two groups (normal and low
;‘233';2?’ gtf 6(1702(1(;(705?)2) X;Surzzg\éliﬁgﬁ haematocrit, respectively) are marked with an asterisk, and significant differences

) e between the groups are marked with a dagger. Data are presented as mezng.+ 1
carbonate concentration is negligible, pla  (n=6).

[HCO3] was calculated as [CGD -
(aco,*Pcoy).
performed using SigmaStat statistical software (version 2.03;
Data analysis, statistical analysis and presentation SPSS Science, Chicago, IL, USA), and the level of significance
For each hypoxic level, a continuous recording of 3—8 mirwas chosen at tHe<0.05 level. All data are presented as means
was analysed for mean blood flov@&gsandQpc), mean blood  + 1 s.E.m.
pressure and heart rate (obtained from the systemic blood flow
trace). All recordings were analysed using AcqKnowledge

data-analysis software (version 3.5.7). _ Result.s _
A two-way analysis of variance with repeated measuresEffects of hypoxia and anaemia on arterial blood gases and
(RM-ANOVA) was used to identify significant effects of haematological parameters

hypoxia and anaemia on measured variables. Because anaemidihe effects of hypoxia on arterial oxygen levels
and exposure to arfrip, of 0.10 in toads with normal and haematological parameters of toads with normal and
haematocrit resulted in similar reductions in arteriab] [O reduced haematocrit are shown in Fig. 1. Bleeding and
(Fig. 1), we performed an additional one-way RM-ANOVA to replacement of plasma reduced haematocrit from 0.20+0.03
evaluate the specific effects of anaemia and hypoxia on the 0.11+0.01, with an attendant decrease in s]Hfvom
measured variables. In all analyses, differences among meah§3+0.10mmoH! to 0.41+0.05mmot!, whereas mean
were analysedpost hocusing a Student—Newman—Keuls cellular haemoglobin concentration (MCHC) was unaffected.
(SNK) multiple comparison test. All statistical analyses wereThis reduced arterial [pin normoxia from 2.39+0.28 mmot}
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8.0 35 Fig. 2. Effects of hypoxiaHio,=fraction of
A a B oxygen in the inspired air) on acid—base
79 = 30 status before and after reducing haematocrit
- g (filled and unfilled circles, respectively).
L 78 £ 25 * (A) Arterial pH (pHa); (B) plasma
T bicarbonate concentration; (C) arterial
7.7 § 20 % carbon dioxide tension  Péco,;
L 1mmHg=133.3Pa) and (D) Davenport
76 15 diagram. In the Davenport diagram, en
0 005 010 015 020 0 005 010 015 020 vitro buffer line previously determined by
Fio, Fio, Andersen et al. (2001) is shown as a dotted
25 line, and isobars for carbon dioxide tension
C a = have been added (grey lines). Significant
’IO\’ 20 = 2 effects of hypoxia within each of the two
€ 15 g = groups (normal and low haematocrit,
S E E respectively) are marked with an asterisk,
& 10 T ) and significant differences between the
n‘? 5 g o groups are marked with a dagger. Data are
L. - presented as means ..M. (N=6).
OO 005 010 015 0.20 157_7 78 79 8.0
Flo, pHa

to 1.41+0.22 mmoH., but there were no changesRao, or Effects of hypoxia and anaemia on distribution of blood flows
HbOpsat. Hypoxia significantly decreased 2JOPao, and and cardiac parameters
HbOpsat, whereas haematocrit and jHere elevated. In toads with normal haematocri€,c was lower than

In the toads with normal haematocrit, hypoxia elicitedQsys during normoxia, which is indicative a net R-L cardiac
an increase in arterial pH (pHa; Fig. 2A) that was associateshunt. Hypoxia caused an almost threefold increas@pin
with a reduction inPaco, (Fig. 2C) and followed the non- (Fig. 3A,B). Qsys however, did not change (Fig. 3C,D), and
bicarbonate buffer line (Fig. 2D) until the most severe hypoxiexposure to hypoxia was, therefore, associated with a
exposure, where a metabolic acidosis contributed to pronounced increase @yJ/Qsys (Fig. 3E,F) and a reversal to
reduction in pHa. Arterial acid-base parameters were na net L-R cardiac shunt (Fig. 3G,H). The increas@dnwas
affected by anaemia during normoxia (Fig. 2; Table 1), but therimarily caused by an increastd but an increaseds also
anaemic toads exhibited a larger reduction in pHa than didontributed (Fig. 4). Blood pressure increased slightly at the
toads with normal haematocrit during hypoxia. The morenost severe hypoxic exposures, but these changes were not
severe acidosis was due to a metabolic acidosis and a smabgatistically significant.
reduction inPaco, during hypoxia (Fig. 2). Anaemia was associated with a doublingeéin normoxic

Table 1 .Effects of hypoxia and anaemia on arterial blood gases and haematological paramétgfs imarinus

Haematocrit Normal Normal Anaemic Significance
Fio, 0.21 0.10 0.21

[O2] (mmol IFY 2.39+0.28 1.47+0.21 1.41+0.22 a,b
Pao, (mmHgQ) 68.5%7.0 38.2+3.6 59.7+8.3 a,c
HbOpsat 0.80+0.05 0.47+0.06 0.82+0.07 ac
Haematocrit 0.20+0.03 0.20+0.03 0.11+0.01 b,c
[Hba] (mmol I} 0.73+£0.10 0.80+0.11 0.41+0.05 b,c
MCHC 4.05+0.11 4.12+0.20 4.00+0.12

Plasma pH 7.74+0.03 7.88+0.02 7.74£0.02 a,c
Paco, (mmHg) 15.6+1.2 10.6x0.5 16.2+1.7 a,c
[HCOz7] (mmol -1 26.6+1.8 26.1+1.6 27.2+2.1

Fraction of inspired oxygenF(o,), oxygen concentration (i), oxygen tension Rao,), haemoglobin oxygen saturation (Hizat),
haemoglobin concentration ([, mean cellular haemoglobin concentration (MCHC), plasma carbon dioxide teriZags,)( and
bicarbonate concentration ((HGQ).

‘a’ denotes a significant difference between normal normoxia and normal hypoxia; ‘b’ denotes a significant difference behaéen nor
normoxia and anaemia and ‘c’ denotes a significant difference between normal hypoxia and anaemia.

Values are means +sle.mv. 1 mmHg=133.3 Pa.




toads, but Qsys was not affected (Fig. <
Anaemia, therefore, caused an increas
QpdQsysand a reduction in the net R-L carc
shunt. The increase&@ot caused by anaemia w
attributed to a combination of an increada
and an increaseds (Fig. 4). When exposed
hypoxia, the anaemic toads exhibited fur
increases inQpc, SO Qpc remained elevated
comparison with toads with normal haematc
at any given level of hypoxia. As in toads v
normal haematocriQsysdid not increase durir
hypoxia, and hypoxia was associated wit
progressive increase in the net L-R shunt ¢
large increase iNQpdQsys (Fig. 3). Blooc
pressure did not change after anaemia
remained stable during hypoxia in the anae
toads. The control group, which was expose
two periods of hypoxia with no manipulation
haematocrit, exhibited a decrease @sys
(P=0.04) between the first and second
(Fig. 5), while all other parameters w
unaffected by the repeated hypoxic exposul

As shown in Fig. 1A, toads with norn
haematocrit at10,=0.10 had an arterial [
that is similar to the arterial oxyg
concentration of anaemic animals in normu
(1.47£0.21mmoH? and 1.41+0.22 mmott,
respectively; see Table1l for an additic
comparison of haematology and blood g
between these groups). It is illustrati
therefore, to compare the cardiovascular s
of anaemic animals with the status of toads
normal haematocrit during normoxia and w
exposed to afrip, of 0.10. These comparisc
are shown by the bar graphs inserted on the
panel of Figs 3 and 4.

Discussion

Critique of methods and comparison with ot
studies

Blood gases and acid-base status di
normoxia and the changes during hypoxia
similar to previous studies oBufo marinu:
(Fig. 1; Boutilier and Toews, 1977; Wang et
1994; Branco and Glass, 1995; Malvin et
1995; Andersen et al., 2001). Hypoxia and
reductions in arterial oxygen levels w
associated with a respiratory alkalosis, but se
hypoxia caused a metabolic acidosis that

most pronounced in the anaemic animals (Fig. 2).
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Fig. 3. Effects of hypoxiaHio,=fraction of oxygen in the inspired air) on blood
flows before and after reducing haematocrit (filled and unfilled circles, respectively).
(A,B) Pulmocutaneous blood rovQ'ﬁc); (C,D) systemic blood f|OV\ng§; (E,F) net
shunt fraction Qpd/Qsy9 and (G,H) net shunt flowQnun). The dotted lines represent

the condition where there is no net shunt. Significant effects of hypoxia within each
of the two groups (normal and low haematocrit, respectively) are marked with an
asterisk, and significant differences between the groups are marked with a dagger. B,
D, F and H show data for toads with normag][@uring normoxia, toads with normal

[O2] during hypoxia Fi0,=0.10), and anaemic toads during normoxia. Significant
differences between normoxic and hypoxic animals are marked with ‘a’, and
differences between normoxic and anaemic animals are marked with ‘b’. Data are
presented as means s.tE.M. (N=6).

artery and the left aortic arch. The probe on the

We did not measure blood flows in all arteries leaving thg@ulmocutaneous artery was placed before the small cutaneous
heart, but the left and right truncus arteriosus have similaartery branches off the larger pulmonary artery, so we cannot
diameters, and blood flows are similar on the two sides (Weslistinguish flows between these two circuits. Cutaneous flow

and Burggren, 1984). Therefore, we calcul&ggandQsysby

ranges between 10% and 20% @ in Bufo, and absolute

doubling the values measured on the left pulmocutaneowhanges in flows are small compared with pulmonary flow
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(West and Burggren, 1984). On the systemic side, wamong studies depending on the degree of instrumentation. In

underestimat€)sys because the probe was positioned after theur study,fH of undisturbed normoxic toads was elevated

point where the carotid arteries emerge from the systemic arctompared with previous studies on toads instrumented with

The flows in the carotid arteries are less than 6% (West arlelCG leads or a femoral cannula (e.g. Dumsday, 1990; Wang

Smits, 1994) but will cause some underestimatio@gfQsys et al., 1994). Nevertheless, our values fior Qot and net

relative to the study by Gamperl et al. (1999). cardiac shunt patterns are consistent with values reported
The heart rates reported Bufo marinudiffer enormously  previously on toads instrumented with flow probes (Gamperl

et al., 1999; Hedrick et al., 1999).

250 250 _
a A B Ventilatory response to reduced oxygen levels
E’ 2001 200 Bufo marinusexhibits a vigorous ventilatory
.H'S 150 1 150 T T response to hypoxia (e.g. Boutilier et al., 1979;
g 100 100 ab Kruhgffer et al., 1987; Wang et al., 1994),
£ T which is believed to stem from stimulation
) c‘g 50 1 50 of oxygen-sensitive receptors on the major
0 0 arteries (see West and Van Vliet, 1992; cf.
Jones and Chu, 1988). The hypoxic ventilatory
60 60 response of toads is mediated by reductions in
C * % D c Pao,, as toads breathing normoxic air do not
-~ * T . . .
‘£ 45 45 T increase ventilation when blood4[ds reduced
E av_IP by anaemia or inhalation of CO (Wang et al.,
T 30 30 1994; Branco and Glass, 1995). Furthermore,
[} .. .
o afferent nerve activity from the carotid nerve of
z BB 15 Bufo marinusis not affected by blood [£
0 0 (Van Vliet and West, 1992). Our study is
consistent with Pao, being the major
50 50 determinant for hypqxic ventilatory responses
E F because anaemia did not alteaco, during
~ 40 4.0 normoxia, suggesting that lung ventilation did
_é, 30 30 T T L not change with reduced haematocrit (Fig. 2C;
z I see also Katz, 1980).
= 20 * 2.0
(2] . .
= 10 1.0 Cardiovascular responses to hypoxia and
anaemia
0 0 The toads with normal haematocrit were
PR characterised by a large net R—L cardiac shunt
5 50 50 ; : A : :
3 G H during normoxia, which is consistent with
e 40 40 T T T previous studies on resting and undisturbed
7:’7 30 20 toads (Gamperl et al., 1999; Hedrick et al.,
3 1999). When exposed to hypoxia, the toads
g 20 20 with normal haematocrit responded with an
§' 10 10 increasedH and a large increase @y, while
% Qsys did not change. This response resulted in

0 0 . . : . L N .
0 005 010 015 020 Norma  Hypoxia Anaemia progressive reduction in the R—L carcﬁac shunt
Fio, and a reversal to a net L—-R shunt during severe
hypoxia. A large reduction in the net R-L shunt
Fig. 4. Effects of hypoxiaHo,=fraction of oxygen in the inspired air) on heart has previously been documented Bufo
parameters before and after a 50% reduction in haematocrit (filled and unfillgfarinus (Gamperl et al., 1999) and serves to
circles, respectively). (A,B) Total cardiac_ outp@iof); (C,D) heart ratefi); (E,F) increase systemic oxygen transport because
st_rok_e_ volume Vs) and (G_,H) _systemlc blood pressure (1cpH98.1Pa). arterial [Q] is maximised by elimination of
Significant effects of hypoxia within each of the two groups (normal and lo - .

, ) ) . L . —L cardiac shunts (e.g. Wang and Hicks,
haematocrit, respectively) are marked with an asterisk, and significant dlﬁereniﬁé? holi . lock infusi f
between the groups are marked with a dagger. B, D, F and H show data for toads wi 6?' Cho merglc_ b O(? E}de by m, usion o
normal [Q] during normoxia, toads with normal §Pduring hypoxia Eio,=0.10), ~ atropine results in similar carQIovascular
and anaemic toads during normoxia. Significant differences between normoxic ag@anges to those observed durlng hyp.OX|a
hypoxic animals are marked with ‘a’, and differences between normoxic and anaenfféamperl et al., 1999), and circulating
animals are marked with ‘b’. Data are presented as measE1(N=6). catecholamines increase only during exposure



to severe hypoxia (Andersen et al., 20
Thus, most of the cardiovascular respc
to hypoxia is probably caused by releas
vagal tone on the heart and pulmor
artery (de Saint-Aubain and Wingstra
1979; West and Burggren, 1984).

Our study shows that toads respon
reduced haematocrit by increasifig and
Qpc and by reducing the net R-L carc
shunt (Figs 3B,F,H, 4D). Thus, even tho
anaemia did not affect Papg,, the
cardiovascular response was qualitati
similar to the response elicited by hypo
When exposed to hypoxia, the anae
toads exhibited an additional increas€ji
and also developed a large net L-R catl
shunt. The cardiovascular response
anaemia cannot be ascribed to habitus
or exposure to hypoxia on the previous
because all haemodynamic variables
normoxia and hypoxia were simi
(althoughQsyswas slightly elevated) durir
the second experimental day of the cor
animals, where haematocrit was
manipulated (Fig. 5). To evaluate the ex
to which the cardiovascular respo
correlates withPao, versusarterial [Q], we
compared the responses of toads
normal haematocrit exposed to Bro, of
0.10 with those induced by a simi
reduction in [Q] caused by anaemia
normoxicPao, (bar graphs in Figs 3 and
This analysis indicates that reduced art
[O2] can explain most of the cardiovasct
response that is observed when hyp
reduces both arterial P and Pao,.
However, the cardiovascular response
more pronounced when similar reducti
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Fig. 5. Effects of hypoxiaHio,=fraction of oxygen in the inspired air) on the distribution

of blood flows and cardiac parameters on two consecutive days exposure to hypoxia (filled
and unfilled circles, respectively). (A) Systemic blood fI@yQ; (B) net shunt fraction
(QodQsy9); (C) pulmocutaneous blood flow@o); (D) net shunt flow@shun); (E) heart rate

(fH) and (F) stroke volume/§). The dotted lines represent the condition where there is no
net shunt. Significant effects of hypoxia during either the first or second exposure are
marked with an asterisk. Significant effects between first and second exposure are marked
with a dagger. Data are presented as meansetv. (N=6).

in arterial [@] were achieved by hypoxia. This may be sensitive chemoreceptors located in an under-perfused tissue

explained by an additive effect of redudeab,, which would

would be able to sense reduced arterial [& reductions in

be consistent with the more pronounced cardiovasculdo,. This is believed to be the case for the aortic bodies in
response when the anaemic toads were exposed to hypoxiamammals (Lahiri et al., 1980, 1981a,b) that primarily affect the
is also possible that the increased ventilation during hypoxia, @sirdiovascular system (Daly and Ungar, 1966; Daly, 1997;
opposed to the lack of ventilatory response to anaemia (Wadgnes and Daly, 1997). Alternatively, theo,-sensitive

et al.,, 1994), may be associated with increa@ggthrough

chemoreceptor could be located in the venous circulation or,

stimulation of stretch receptors in the lungs and feed-forwards suggested previously, on the pulmocutaneous artery, which

mechanisms (Wang et al., 1999). Finally, the hidgbeejo, of
anaemic toads during hypoxia may have augme@gsl
because hypercapnia is associated with incre@ssivest and

Smits, 1994; Gamperl et al., 1999).

The cardiovascular response to reduced arteria] gD

is perfused predominantly by venous systemic blood (Wang et
al., 1997, in press). In addition, receptors have been located on
the pulmocutaneous artery (Ishii et al., 1985), but their reflex

roles remain uncertain (West and Van Vliet, 1992; Wang et al.,

in press).

normal Pao, may be explained by the presence of oxygen- While the existence of a separate group of oxygen-sensitive

sensitive chemoreceptors that

specifically affect
cardiovascular system and are stimulated by reductions explain the responses to anaemia, other,

thehemoreceptors affecting the cardiovascular system may
not mutually

blood [&]. A receptor that can sense oxygen bound texclusive, explanations are possible. Several compounds have

haemoglobin within the red cells is highly unlikely, .-

been suggested to regulate local blood flow in aif [@ [Hb]-
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dependent manner. These compounds include the releasedefSaint-Aubain, M. L. and Wingstrand, K. G. (1979). A sphincter in the
ATP (Ellsworth et al., 1995) and arachidonic acid metabolites pulmonary artery of the froRana temporariaand its influence on blood

.. flow in skin and lungsActa. Zool.60, 163-172.
(Harder et al., 1996) from red blood cells. Haemoglobin is aBumsday, B.(1990). Resting heart rate of the tdufo marinusa long-term

effective scavenger of nitric oxide, and reduced [Hb] might study of individual differences and environmental influenBégsiol. Zool
result in more nitric oxide available for local vasodilation 63 420-431.

. . . Dupre, R. K., Hicks, J. W. and Wood, S. C(1989). Effect of temperature
(Stamler etal, 1997)- Anaemia and associated reductions IMon chemical control of ventilation in Mexican black iguaran. J. Physiol.

tissuePo, may, therefore, have induced some vasodilation in 257, R1258-R1263.

the systemic circulation that, in turn, would induce barostati€!lsworth, M. L., Forrester, T., Ellis, C. G. and Dietrich, H. H. (1995). The
. . erythrocyte as a regulator of vascular toAe. J. Physiol269 H2155-
responses where increased heart rate and cardiac output act {147

maintain blood pressure. Furthermore, a reduction iamperl, A. K., Milsom, W. K., Farrell, A. P. and Wang, T. (1999).

haematocrit from 20% to 11%, as achieved with our anaemiac_ardiorespiratory responses o_f the toBdf¢ marinu} to hypoxia at two
different temperatures. Exp. Biol.202, 3647-3658.

protocql, would be gxpected to reduce vi§cosity bYGiass, M. L., Boutilier, R. G. and Heisler, N(1983). Ventilatory control of
approximately 40% (Hillman et al., 1985), which would arterial PQin the turtleChrysemys picta belliEffects of temperature and
contribute to an apparent reduction in systemic vascular hypoxia.J. Comp. Physiol. B51, 145-153.

. H . . ilv affect df Harder, D. R., Narayanan, J., Birks, E. K., Liard, J. F., Imig, J. D.,
resistance. However, anaemia primarily affe€@gelandfH, so Lombard, J. H., Lange, A. R. and Roman, R. J(1996). Identification of

a classic barostatic response does not seem to explain the putative microvascular oxygen sengdirc. Res 79, 54-61.
observations. This is further substantiated by the facBifat ~ Hedrick, M. S., Palioca, W. B. and Hillman, S. S(1999). Effects

. - . of temperature and physical activity on blood flow shunts and
marinusdoes not exhibit barostatic responses to reduced bloodintra\cardiac mixing in the toaBufo marinusPhysiol. Biochem. ZooV2,

pressure (West and Van Vliet, 1992). 509-519. _ . _
In conclusion, the cardiovascular and ventilatory"“”ma”r S. S., Withers, P. C., Hedrick, M. S. and Kimmel, P. B(1985).
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