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Postnatal development of the pattern of respiratory and
cardiovascular response to systemic hypoxia in the piglet:

the roles of adenosine
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1. In 3-day-old and 3-week-old spontaneously breathing piglets anaesthetized with Saffan, we
have studied ventilatory and cardiovascular responses evoked by 5 min periods of hypoxia
(breathing 10 and 6% 02).

2. In 3-day-old piglets both 10 and 6% 02 evoked an increase followed by a secondary fall in
ventilation, a gradual tachycardia and a renal vasoconstriction, with an increase in femoral
blood flow that was attributable to femoral vasodilatation. Arterial blood pressure rose
initially but fell towards control values by the 5th minute of hypoxia.

3. The stable adenosine analogue 2-chloroadenosine (2-CA; 30 mg kg-' i.v.) evoked
bradycardia and renal vasoconstriction, but had no effect on femoral vasculature. These
responses were blocked by the adenosine receptor antagonist 8-phenyltheophylline (8-PT;
8 mg kg-1 i.v.). 8-PT also abolished the secondary fall in ventilation evoked by 10 and 6%
02 and the renal vasoconstriction evoked by 10% 02, but had no effect on the tachycardia,
or on the femoral vascular response.

4. By contrast, in 3-week-old piglets both 10 and 6% 02 evoked a sustained increase in
ventilation, tachycardia and a rise in arterial pressure with renal vasoconstriction, but no
change in renal blood flow and substantial femoral vasodilatation with an increase in
femoral blood flow. 2-CA evoked bradycardia and renal vasoconstriction, as in 3-day-old
piglets, but also evoked pronounced femoral vasodilatation. 8-PT blocked these responses
and the hypoxia-induced femoral vasodilatation, but had no significant effect on other
components of the hypoxia-induced response.

5. We propose that there is postnatal development of the ventilatory and cardiovascular
responses evoked by systemic hypoxia and of the role of locally released adenosine in these
responses: at 3 days, adenosine released within the central nervous system and within the
kidney is a major contributor to the secondary fall in ventilation and renal vasoconstriction,
respectively, whereas at 3 weeks, adenosine makes little contribution to the ventilatory
response, or renal vasoconstriction, but is largely responsible for hypoxia-induced vaso-
dilatation in skeletal muscle.

It is well established that in the first few days after birth,
the respiratory response to systemic hypoxia comprises an
initial increase in ventilation followed by a return towards,
or falling below, control values, and that in the 2-3 weeks
after birth, the secondary fall in ventilation becomes less
pronounced. The initial increase in ventilation has been
attributed to the reflex effect of peripheral chemoreceptor
stimulation, and the secondary fall to the central neural
effects of hypoxia (e.g. Hanson, 1986). By contrast,
relatively little is known of the postnatal development of
the cardiovascular response to systemic hypoxia. The

responses recorded have varied considerably between
studies, which may partially reflect the fact that some
species are more mature than others at birth (see Gootman
et al. 1990). However, the results of different studies are
also difficult to compare directly because the methods of
inducing hypoxia, the levels and duration of hypoxia and
other experimental conditions have varied between studies
(see Gootman, Buckley & Gootman, 1979; Gootman, 1991).
Nevertheless, the most common response evoked by severe
hypoxia in the early newborn of several species seems to be
bradycardia, or an initial tachycardia and secondary
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bradycardia accompanied by a fall in systemic arterial
pressure with vasodilatation in the major peripheral
vascular beds (Gootman et al. 1979; Gootman, 1991). This
pattern of response has been demonstrated, for example, in
the spontaneously breathing, conscious, 4- to 6-day-old
lamb (Sidi, Kuipers, Teitel, Heymann & Rudolph, 1983)
and in the artificially ventilated, 2- to 4-day-old piglet
under Saffan anaesthesia (Gootman et al. 1990). It contrasts
with the sustained tachycardia and rise in arterial pressure
generally seen in mature mammals (Gootman et al. 1990;
Marshall, 1994).

The adult rat apparently shows a pattern of response to
hypoxia that is comparable to that of the neonate: a
biphasic respiratory response, tachycardia and secondary
bradycardia, a fall in arterial pressure and peripheral vaso-
dilatation (Marshall & Metcalfe, 1988b). Moreover, in the
rat, not only could the secondary fall in ventilation be
attributed to the local effects of hypoxia within the central
nervous system, as in the neonate (see above), but the
secondary bradycardia, fall in arterial pressure and
peripheral vasodilatation could be ascribed in large part to
the local effects of hypoxia on the heart and peripheral
vasculature. We therefore proposed that small mammals in
general, whether newborn or the adults of small
mammalian species, are more susceptible to the local effects
of hypoxia, because they have a higher rate of 02
consumption per unit body mass that is readily
compromised by hypoxia (Marshall & Metcalfe, 1988 b).

There is substantial evidence that adenosine that is locally
released within the central nervous system is at least partly
responsible for the secondary fall in ventilation in both
neonates and adult animals (e.g. Millhorn, Eldridge, Kiley
& Waldrop, 1984; Darnall, 1985; Easton & Anthonisen,
1988). Moreover, in the rat, locally released adenosine plays
a part in the secondary bradycardia (Thomas, Elnazir &
Marshall, 1994) and plays a major role in the muscle vaso-
dilatation (Mian & Marshall, 1991; Neylon & Marshall,
1991; Marshall, Thomas, Turner, 1993; Thomas & Marshall,
1994; Thomas et al. 1994).

Thus, the aims of the present study were to establish the
extent to which the respiratory and cardiovascular
responses evoked by systemic hypoxia in the spontaneously
breathing newborn piglet are comparable to those of the
adult rat and to establish how this pattern of response
changes over the postnatal period. For this purpose we
used two different hypoxic mixtures (10 and 6% 02),
similar to those used by Sidi et al. (1983) in their study on
conscious lambs. We further wished to establish whether,
and to what extent, adenosine contributes to the
respiratory and cardiovascular responses in the early and
later postnatal period. The experiments were performed on
piglets anaesthetized with Saffan, a short-acting steroid
agent that can be given as a continuous infusion so as to
achieve a stable level of anaesthesia with analgesia. Its
particular virtue is that it preserves central neural control

of the cardiovascular system more effectively than other
commonly used anaesthetics (Timms, 1981; Marshall,
1987,1994).

METHODS
Experiments were performed on two groups of piglets: eight
'newborn' piglets of postnatal age 3 days (1 3-2 0 kg) and six
'3-week-old' piglets of postnatal age 19-21 days (5'5-6 5 kg).
Each animal was tranquillized with azaperone at 2 mg kg-' I.M.
(Stresnil; Janssen, Wantage UK), and then anaesthesia was
induced with 3-5% enflurane (Abbott, Anaquest Ltd) in oxygen
delivered at 3-6 1 min-' via a face mask. When anaesthetized, the
animal was intubated and anaesthesia was maintained with
enflurane (3-5%) in 02 while the right jugular vein was
cannulated. The inhalation anaesthetic was then discontinued and
anaesthesia was maintained with Saffan (Pitman-Moore,
Uxbridge, Middlesex, UK): a priming dose of 4-8 mg kg-' diluted
with normal saline to 4 mg ml-' (newborn group) or 8 mg ml-'
(3-week-old group) was given in small boluses. The animal was
then given Saffan in these same concentrations by continuous i.v.
infusion at 16-24 mg kg-1 h-' total steroids during surgery (see
Green, 1979) and at 7-12 mg kg' h' during the experimental
period. The rate of infusion was adjusted in each animal. During
surgery, there was no corneal reflex and no response to pinching
the ear or pad of the trotter. During the experimental period, the
corneal reflex was present and strong mechanical stimulation of a
trotter with finger and thumb evoked a brisk, but short-lasting,
carpo-pedal withdrawal reflex lasting 1-3 s with a transient rise
in mean arterial blood pressure (ABP) of 10-15 mmHg and heart
rate of 10-20 beats min-'. The cardiovascular reflex lasted 8-15 s
from onset and the complete somatic-cardiovascular reflex was
stimulus locked: the test stimulus did not evoke crossed or long-
spinal somatic reflexes, the cardiovascular changes were never
prolonged and there were no spontaneous movements or changes in
arterial pressure, heart rate or respiration in the absence of a test
stimulus (see Figs 1 and 4 and Hilton & Marshall, 1982; Marshall,
1987).

Once anaesthesia was established and throughout the experiment,
rectal temperature was continuously monitored and was
maintained at 38 5-39 5 °C (see Darnall, Green, Pinto & Hart,
1991) by means of heating lamps placed under and over the
operating table.

The animal was then prepared for recording respiratory and
cardiovascular variables using techniques and apparatus that were
essentially the same as those described before (Marshall & Metcalfe,
1988a; Thomas & Marshall, 1994). A respiratory flow head was
attached to the end of a tracheal tube and was connected to an
electrospirometer so that respiratory frequency (RIF) and tidal
volume (VT) could be recorded continuously. Minute volume (V,.)
was computed off-line. Pulsatile arterial pressure and thereby
heart rate (HR) was recorded from a cannula in the left femoral
artery. The right brachial artery was cannulated to allow blood
samples to be taken for analysis of blood gases and pH. The
accompanying basilic vein was cannulated to allow administration
of drugs.

Femoral blood flow (FBF) was recorded from the right femoral
artery by means of a cuff-type electromagnetic transducer. A stout
ligature was tied around the ankle to ensure that the blood flow
recorded was mainly that to the skeletal muscles of the hindlimb.
The left hindlimb was raised and secured to a cross-frame so that
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Table 1. Baseline values of respiratory and cardiovascular variables recorded in newborn and 3-week-old
piglets before and after 8-PT

Newborn
Post 8-PT

3 weeks old
Pre 8-PT Post 8-PT

Tidal volume (ml)
Respiratory frequency (breaths min-)
Respiratory minute ventilation (ml min-')
Mean arterial blood pressure (mmHg)
Heart rate (beats min-')
Femoral blood flow (ml min-)
Femoral vascular conductance (ml min-' mmHg-')
Renal blood flow (ml min-')
Renal vascular conductance (ml min-' mmHg-')

17-4 + 12
41P3 + 2-6

723-8 + 44-5
50-6+009

190-4 + 12-6
27-5 + 1P2
054 + 001
356 + 59
0-70 + 009

23-6 + 1.4**
41P8 + 2-8

970-7 + 60.2**
52-1 + 2-4

239-3 + 14.5**
28X8 + 1X6
0 57 + 0X01
29-9 + 6-3
057 + 0-06

379 + 3-1
43 0 + 2-8

1574-1 + 91P2
68-7 + 1X8
2010 + 6-1
47-9 + 4-2
0-69 + 0T01
1624 + 25-9
2-3+003

48-0 + 3.5**
39-6 + 2*8

1810-8 + 65.8*
71P2 + 1P7

231P6 + 6.4**
520 + 5-8
0-79+0-01

157-6 + 18-2
2-3+003

* P < 0 05 and ** P < 0 01 significant difference between values recorded before and after 8-PT in either
newborn or 3-week-old piglets.

it did not mechanically impede blood flow to the right limb. Renal
blood flow (RBF) was recorded via a cuff-type transducer from the
left renal artery which was approached retroperitoneally from the
left flank. Zero flow was checked at intervals throughout, but
always at the beginning and end of the recording period, before
and after giving a drug (see below) and if the baseline level
appeared to be drifting. For this purpose an occluding thread
looped through polyvinyl tubing was placed distal to the probe so

that the tube could be pushed along the ligature to occlude the
vessel. Femoral and renal vascular conductance (FVC and RVC)
were computed on-line by electronic division of blood flow by
arterial pressure.

Throughout the experiment, the animal breathed room air or a

hypoxic mixture, which was directed across the end of the
respiratory flow head by an air pump at 2-3 1 mm-'. Hypoxic gas

mixtures were prepared in PVC bags by adding 100% N2 to
atmospheric air. The desired mixture (10 or 6% 02) was

established by using a Nova Stat profile analyser (Stat 3,
V. A. Howe, Waltham, MA, USA).

Protocol
The animal was allowed a 60 min equilibration period after
completion of all surgery, whilst breathing air. The inspirate was

then switched from air to 10% 02 and from air to 6% 02 for 5 min
on at least two occasions for each gas mixture. All baselines were

allowed to stabilize for at least 10 min between hypoxic periods. A
blood sample (140 ,l) was removed from the brachial artery
immediately before the periods of hypoxia and in the 5th minute
of each period of hypoxia; this was analysed for arterial P02 and

Pco2 (Pa,o2 and Pa,Co2, respectively) and for arterial pH by using the
Nova Stat analyser. For analysis of the cardiovascular and
respiratory responses to hypoxia, we used the values recorded
before and at the 2nd and 5th minute of the second period of
breathing 10 or 6% 02. The stable adenosine analogue 2-chloro-
adenosine (2-CA) was then given as a bolus over 15-30 s

(30 jug kg- i.v.). This dose was found to give the maximum
response that could be tolerated well; larger doses induced a long-
lasting bradyeardia and fall in ABP. After a period of up to
10 min to allow stabilization, the adenosine receptor antagonist
8-phenyltheophylline (8-PT; 8 mg kg-' iv.) was given via the
basilar vein over 3-5 min and flushed in with saline; 10-15 min
later the animal was again exposed to 5 min periods of breathing
10 and 6% 02 and was given a second bolus injection of 2-CA

(30 ,ug kg-'). At the end of the experiment, the animal was killed
by an overdose of pentobarbitone sodium.

Drugs
2-CA (Sigma) was dissolved in normal saline, in 1f5 ml for the
newborn piglets and 3 0 ml for the 3-week-old piglets. 8-PT
(Sigma) was dissolved in a mixture of ethylene glycol and 0-1 M
NaOH (50:50 v/v), diluted with saline and then sonnicated for
5-10 min to ensure complete dissolution. The solution was

administered in 1-5 ml (newborn piglets) or 3'0 ml (3-week-old
piglets). Injection of the vehicle for 8-PT had no detectable
cardiovascular or respiratory effect.

Statistical analysis of results
All results are expressed as means + S.E.M. As indicated above,
respiratory and cardiovascular variables were recorded before and
at the 2nd and 5th minute of breathing 10 and 6% 02- Values
recorded before and at the 5th minute of hypoxia were compared
by using Student's paired t test. Since we were interested in
whether there was a secondary waning of the responses during
hypoxia (see the introduction), comparisons were also made of the
values recorded at the 2nd and 5th minute of hypoxia using the
paired t test. In addition the paired t test was used to compare

baseline values immediately before 8-PT and when baseline levels
had stabilized after 8-PT. In all cases P< 0'05 was taken to be
significant.

RESULTS
Newborn group

Baseline values of respiratory and cardiovascular variables
before and after 8-PT are shown in Table 1. Table 2 shows
blood gas values during air breathing and at the 5th minute
of breathing 10 and 6% 02 before and after 8-PT.

Responses evoked by hypoxia
Six of the eight newborn piglets showed similar patterns of
responses to systemic hypoxia. The remaining two did not
tolerate hypoxia well and since we were not able to take
them through the whole protocol, they were not included in
the statistical analyses; their responses are considered
separately below.

Pre 8-PT
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Table 2. Blood gas values recorded during air breathing and hypoxia before and after 8-phenyltheophylline (8-PT)
in newborn piglets (above) and 3-week-old piglets (below)

Pa,02

88 7 + 5-2
32 5 + 3.4*
23-1 + 22

72 8 + 6 9
36 2 + 3 1
29 2 + 1 0

After 8-PT

Pa,CO2

26-5 + 1.9*
24-5+ 2.1*
23 5 + 2.1 *

25 1 + 1.8*
22 1 + 1P8
23-3 + 1 2

PHa

7418 + 0.030*
7 437 + 0 038
7 461 + 0 040

7 452 + 0.023**
7.479 + 0 024**
7 475 + 0.022*

Values of Pa, 2 P,a,co2 (mmHg) and arterial pH (pHa) were recorded before and in the 5th minute of
breathing 10 and 6% 02 (n = 6 in each case). * P < 0 05, ** P < 0 01 significant differences between
values before and after 8-PT.

Each of the group of six piglets showed an initial increase
in VT, RF and VE during exposure to 10 and 6% °02
However, whereas RF increased progressively so that it was
greater than control values at the 5th minute, the increase
in VT waned so that by the 5th minute of hypoxia, both VT

and VE were significantly lower than at the 2nd minute
(Figs 1 and 2). Meanwhile, by the 5th minute mean Pa °2
fell to an extent that was graded with the level of hypoxia,
while Pa co2 fell and arterial pH rose (Table 2). ABP rose by
the 5th minute of 10% 02 (Figs 1 and 2), but fell back
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Figure 1. Respiratory and cardiovascular responses evoked by breathing 6% 02 in a newborn
piglet, before and after 8-PT (8 mg kg1 i.v.)
Traces from top to bottom are respiratory frequency (RF), tidal volume (VT), femoral blood flow (FBF),
femoral vascular conductance (FVC), renal blood flow (RBF), renal vascular conductance (RVC), heart
rate (HR) and arterial blood pressure (ABP).
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towards the control level between the 2nd and the 5th
minute of 6% 02. This was accompanied by a gradual
tachycardia so that HR was greater than control at the 5th
minute of 10 and 6% 02. FVC showed no significant
change, but FBF increased significantly by the 5th minute
of 6% 02 (Fig. 2). By contrast both RVC and RBF fell

10% 6%
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(ml) 20

0-
60 -

RF
(breaths min1) 30

0
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(mmHg) 40-

t

10% 6%

+ t

t
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T

significantly by the 5th minute of 10 and 6% 02,
indicating renal vasoconstriction (Figs 1 and 2).

Superimposed upon these gradual changes there was an
increase in the frequency of respiratory gasps during the
period of hypoxia (Fig. 1). Each gasp comprised an
additional inspiratory effort at the peak of a normal
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Figure 2. Mean respiratory and cardiovascular values recorded in newborn piglets during air
breathing and during 10 and 6% 02, before and after 8-PT (8 mg kg1 i.v.)
Each column represents means + S.E.M. recorded before and at the 2nd and 5th minute of breathing
10 and 6% 02 Hatched columns indicate values recorded after 8-PT. Abbreviations of recorded variables
as in Fig. 1; in addition VE, minute ventilation, MAPB; mean arterial blood pressure. tSignificant
difference between values recorded during air breathing and the 5th minute of 10 or 6% 02; t significant
difference between values recorded at 2nd and 5th minute of breathing 10 or 6% 02 In each case single
and double symbols indicate P < 0 05 and P < 0 01, respectively.
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inspiration and was followed by a short-lasting period of
increased RF and reduced VT. Each gasp was generally
accompanied by a transient increase in FVC and RVC,
bradycardia and a fall in ABP.

The two remaining piglets (see above) had low Pa0°2 values
during air breathing (30-40 mmHg). When given 10 or 6%
02 to breathe they initially showed a pattern of respiratory
and cardiovascular response that was similar to that seen
in the other animals. However, within 1 or 2 min, ABP and
HR began to fall towards and then below control values.
Meanwhile RVC fell gradually and FVC increased to above
control values, indicating vasodilatation in limb muscle
(Fig. 3). As these changes developed, so VT fell to below
control values and there were sometimes apnoeic episodes

such that we terminated the period of hypoxia and the
animal was artificially ventilated until normal ventilation
returned. We did not attempt to take blood samples during
the test period of hypoxia: both Pa,o2 and PaOcO2 must have
been changing continuously in association with the erratic
respiration.

In these animals, respiratory gasps occurred more
frequently during air breathing than in the other animals
and gasping frequency became much greater during
hypoxia; as can be seen from Fig. 3, transient cardio-
vascular changes generally accompanied each gasp, as
described above. At postmortem examination these animals
showed areas of grey hepatization in the lungs, indicative
of an inflammatory process.
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Figure 3
Respiratory and cardiovascular responses evoked in a newborn piglet whose Pa,° during air breathing
was low (see text). Abbreviations as in Fig. 1.
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Effects of 2-CA and of 8-PT
Before administering 8-PT, 2-CA (30 mg kg- i.v.) evoked
an increase in RF (6 9 + 23% at peak from control level), a
more sustained fall in HR (12 + l-2%) and ABP (24 + 4%)
and a fall in RVC (59 + 11 %) indicating renal vaso-
constriction; FVC showed no consistent change
(5-6 + 241%).

Administration of the adenosine receptor antagonist 8-PT
(8 mg kg-') seemed to cause the level of anaesthesia to
become lighter. Thus, we gave a bolus injection of Saffan
(2 mg kg-1) and increased the infusion rate of Saffan until
the level of anaesthesia was the same as before 8-PT as
judged by the criteria described in Methods and using the
experience we have had in manipulating the level of Saffan
anaesthesia in the cat and rat (Hilton & Marshall, 1982;
Marshall, 1987). VT and thereby VE stabilized at new higher
baseline values than before 8-PT (Table 1). As a
consequence, Paco2 during air breathing fell, arterial pH
rose and Pao2 tended to rise, though not significantly
(Table 2). There was also a significant increase in baseline
HR, but no change in the other cardiovascular variables.
From these new baselines, 2-CA (30 mg kg-') administered
at the end of the experiment had negligible effects on the

(breaths min1) [

VT75
-

(ml1) -S "

respiratory and cardiovascular variables indicating that the
adenosine receptors were effectively blocked. The vehicle
for 8-PT had no effect when given alone.

During blockade of adenosine receptors, the respiratory
responses evoked by hypoxia were changed compared with
those evoked before 8-PT (Figs 1 and 2). Both 10 and 6% 02
evoked sustained increases in VE such that VT and RF were
greater than control values at the 5th minute; there was no
secondary fall in VT between the 2nd and the 5th minute.
Further, Pa co2 fell to a lower level during hypoxia after
8-PT than before (Table 2). The cardiovascular responses
were similar to those seen before 8-PT except that the
hypoxia-induced decrease in RVC was abolished during
10% 02 and RBF did not decrease during either 10 or 6%
02 (see Figs 1 and 2). As baseline RVC tended to decrease
after 8-PT (Table 1 and Fig. 2), it is important to consider
whether this relative vasoconstriction was responsible for
the alternation of the renal vasoconstrictor response to
10% 02. This seems not to be the case, since before 8-PT,
2-CA reduced RVC to 0-42 + 0 05 ml min-'mmHg-,
which is substantially lower than induced by either 10 or
6% 02 (Fig. 2).
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Figure 4
Respiratory and cardiovascular responses evoked in a 3-week-old piglet by 6% 02 before and after 8-PT
(8 mg kg-' i.v.). Abbreviations as in Fig. 1.
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3-week-old group
Baseline values of respiratory and cardiovascular variables
before and after 8-PT are shown in Table 1, while blood gas
values recorded during air breathing and hypoxia, before
and after 8-PT, are shown in Table 2.

Responses evoked by hypoxia
Both 10 and 6% 02 evoked sustained increases in VT, RF
and thereby in VE, such that values recorded at the 5th

minute were significantly different from control: there was
no waning of VT between the 2nd and 5th minute (Figs 4
and 5). Concomitantly, Pa5o2 and Pa5co2 fell while arterial pH
rose (Table 2). These changes were accompanied by a
sustained increase in ABP and HR such that both were
significantly different from control at the 5th minute. FVC
also increased substantially by the 5th minute allowing an
increase in FBF, whereas RVC decreased such that RBF
remained constant (Figs 4 and 5).
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Figure 5. Mean respiratory and cardiovascular values recorded in 3-week-old piglets during air
breathing and during 10 and 6% 02 before and after 8-PT (8 mg kg' i.v.)
Columns show means + S.E.M. before (open) and after (hatched) 8-PT. All abbreviations and symbols as in
Fig. 2.
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As in the newborn group, hypoxia induced an increase in
the frequency of gasps and their associated cardiovascular
changes (Fig. 4), but during 10 and 6% 02 the gasping
frequency was lower than in the younger group (compare
Figs 1 and 4).

Effects of 2-CA and 8-PT
Before 8-PT, 2-CA (30 mg kg-') evoked an increase in RF
(16 + 2f6% at peak), and a fall in ABP (-37 + 12%), in
HR (-15 + 1-6%) and in RVC (-70 + 20%) as in the
younger group. However, in addition, there was an increase
inFVC(47 + 17%).

Administration of 8-PT caused a significant increase in the
baseline values of VT and VE and a concomitant fall in Pa,CO2
and rise in arterial pH (Tables 1 and 2). HR increased, but
there was no significant change in the other cardiovascular
variables (Table 1). The respiratory and cardiovascular
responses evoked by 2-CA were virtually blocked.

From these new baselines, 10 and 6% 02 still caused
sustained increases in VT, RF, VE and HR (Figs 4 and 5).
Further, there was still a decrease in RVC such that RBF
remained constant. However, in contrast to the changes
evoked before 8-PT, there were no significant increases in
FVC or RBF by the 5th minute of 10 and 6% 02 (Figs 4
and 5). Given that baseline FVC tended to increase after
8-PT (Table 1), it might be questioned whether the loss of
the hypoxia-induced increase in FVC occurred simply
because the muscle vasculature was maximally dilated.
This was not the case: baseline FVC after 8-PT and
immediately before 10 and 6% 02 (0-85 + 0-13 and
0-92 + 0-14 ml min-' mmHg-', respectively) was lower
than that achieved in response to 2-CA before 8-PT
(1 01 + 0 01 ml minin mmHg', respectively).

DISCUSSION
The results of the present study indicate that the pattern of
respiratory and cardiovascular response evoked by moderate
and severe systemic hypoxia in healthy, spontaneously
breathing piglets changes substantially between 3 days and
3 weeks after birth. They also suggest that locally released
adenosine makes important contributions to the respiratory
and cardiovascular response, but that these contributions
are very different at 3 days and 3 weeks.

Responses evoked in newborn piglets
The baseline levels of VT and RF, blood gases, ABP and
HR recorded in the 3-day-old, Saffan-anaesthetized piglets
of the present study were comparable to those recorded by
others in conscious or lightly sedated piglets of a similar
age (Darnall, 1985; Moss, Runold, Dahlin, Fredholm,
Nyberg & Lagercrantz, 1987; Darnall et al. 1991; Rosen,
Schecter, Mellins & Haddad, 1993). The levels of P ° and
ABP were markedly lower than those expected in adult
mammals, but well within the range expected in a newborn
mammal. The animals were relatively hypocapnic even

during air breathing, indicating hyperventilation. This
may reflect the actions of Saffan anaesthesia and the
surgical trauma. It seems unlikely that this hypocapnia
affected the cardiovascular system significantly given the
normal levels of ABP and HR (see Marshall, 1994).

Considering the pattern of response evoked by systemic
hypoxia, the biphasic respiratory response (an initial
increase in VT and RF, and secondary fall in VT) was as
expected in newborn mammals (e.g. Lawson & Long, 1983;
Darnall, 1985). Given the close interrelationships between
respiration and HR, at least in adult mammals (Daly, 1986;
Marshall, 1994), it is perhaps surprising that HR showed a
sustained increase during hypoxia, rather than a biphasic
response. Indeed, as the primary reflex effect of hypoxic
stimulation of the peripheral chemoreceptors is bradycardia
in neonates, as in adult mammals (see Marshall, 1994), the
initial increase in HR in hypoxia may have been secondary
to the increase in ventilation and caused by one or more of
the mechanisms that are known to exist in adult mammals.
(Daly, 1986; Marshall, 1994). Certainly, Gootman et al.
(1991) showed that in piglets of up to 2 weeks old, hypoxia
increased cervical sympathetic activity and this activity
was modulated in phase with central respiratory drive
whether the vagi were intact or sectioned, indicating that
central inspiratory drive can modulate sympathetic
activity at this age. The influence of hypoxia of the central
nervous system on cardiac sympathetic activity may also
have contributed to the tachycardia (Downing, Mitchell &
Wallace, 1963) and may have been the overriding influence
that kept HR raised when ventilation fell towards control
level between the 2nd and 5th minute of hypoxia.

A renal vasoconstrictor response to systemic hypoxia has
been recorded previously in neonates (in newborn rabbits;
Guoyon & Guignard, 1988). By contrast, as FBF increased
significantly by the 5th minute of breathing 6% 02, at a
time when ABP was falling towards control, this suggests
that vasodilatation must have occurred in skeletal muscle,
even though the change in FVC failed to reach statistical
significance; muscle vasodilatation was also recorded in the
newborn lamb during 6% 02 (Sidi et al. 1983). Muscle vaso-
dilatation at the 5th minute of hypoxia was unlikely to
have been a secondary effect of the increase in ventilation
(Daly, 1986; Marshall, 1994), given that ventilation was
returning to control values at this time.

Taking the cardiac and vascular responses together, it can
be concluded that the initial increase in ABP during
hypoxia was probably due to an increase in cardiac output
associated with tachycardia and augmented by peripheral
vasoconstriction occurring in the kidney and possibly
elsewhere. Since tachycardia, and presumably cardiac
output, was maintained until the end of hypoxia, the
secondary fall in ABP during exposure to 6% 02 may be
ascribed to a net fall in total peripheral resistance,
reflecting vasodilatation in skeletal muscle.
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The respiratory gasps - each associated with transient
bradycardia, peripheral vasodilatation and fall in ABP that
were superimposed upon the gradual changes induced by
hypoxia - were comparable to those seen in the adult rat
and cat. They have been attributed to the primary reflex
effect of stimulation of the rapidly adapting irritant
receptors in the airways (Marshall & Metcalfe, 1988a, 1989).
The whole of this reflex is apparently present in the
newborn piglet and, as in the rat, it makes an important
contribution to the pattern of response produced by
hypoxia (Marshall & Metcalfe, 1988a).

Clearly, healthy, spontaneously breathing, 3-day-old piglets
did not show the biphasic tachycardia and bradycardia,
and fall in ABP we had expected from some previous
studies on newborn mammals or adult rats (see the
introduction). In fact, this pattern of cardiovascular
response only occurred in the two piglets that had low Pa °2
when breathing air and in whom respiration failed during
experimentally imposed hypoxia. This raises the possibility
that HR and ABP are more likely to fall in the newborn
mammal when the level of hypoxia is particularly severe
and/or when hyperventilation is weak or non-existent. The
results of Gootman et al. (1990; and see the introduction)
are consistent with that view, for the fall in ABP and the
femoral vasodilatation with little change in HR that they
recorded in 2- to 4-day-old, Saffan-anaesthetized piglets
occurred when Pao2 was reduced from 187 to 33 mmHg
under constant artificial ventilation. A comparable response
pattern occurred in spontaneously breathing newborn
lambs when the period of breathing 6% 02 was extended
beyond 10, to 20 min (Sidi et al. 1983).

We proposed on the basis of experiments on the rat (see
Thomas & Marshall, 1994) that during spontaneous
ventilation, the responses induced by hypoxia can become
interdependent in a positive feedback fashion that
ultimately leads to death: a fall in ABP resulting from
bradyeardia and vasodilatation limits blood flow to the
brain so accentuating the cerebral hypoxia that leads to
hypoventilation (see the introduction) and causing further
hypoxia. The present observations on the hypoxic piglets
accord with that proposal and with our finding that the
very components of the response pattern to acute hypoxia
that predispose towards the development of positive
feedback were more pronounced in rats that had been
chronically hypoxic from birth, so that such individuals
may be at risk of sudden infant death syndrome (Thomas &
Marshall, 1995).

The effects of 8-PT: the role of adenosine
The increase in RF, decrease in HR and RVC evoked by
the stable analogue of adenosine, 2-CA, were fully
comparable with the responses evoked in the adult rat
(Thomas et al. 1994). The increase in RF can be attributed
to the reflex effect of stimulating peripheral chemoreceptors
(McQueen & Ribeiro, 1983), the decrease in HR to direct
actions on adenosine receptors on the sino-atrial node, or

on presynaptic receptors that potentiate the effects of vagal
activity, or that reduce the effects of sympathetic activity
(Olsson & Pearson, 1990; Verlato & Borgdorff, 1990) and
the decrease in RVC can be ascribed to stimulation of
adenosine receptors in the kidney (Spielman & Thompson,
1982). However, 2-CA had no effect on muscle vasculature,
in direct contrast to the substantial muscle vasodilatation
evoked by 2-CA in the adult rat (Thomas et al. 1994). This
suggests that at 3 days, the density of adenosine receptors
in skeletal muscle is low, or the adenosine receptors are not
able to stimulate the appropriate second messenger systems.
Accordingly, carotid arteries taken from newborn piglets
showed a much lower sensitivity to the relaxing effect of
adenosine than those of adult pigs (Laudignon, Arnada &
Varma, 1990).

In order to block adenosine receptors we used 8-PT, a
xanthine derivative that is more effective than theophylline
(Williams, 1989) and does not have the inhibitory effect on
phosphodiesterase activity, or other non-specific effects of
theophylline (Smellie, Davis, Daly & Wells, 1979). Given at
8 mg kg-' as in the present study, 8-PT remained at a
stable concentration in plasma of newborn piglets for at
least 1 h (Laudignon et al. 1990). Certainly, responses
evoked by 2-CA were still blocked at the end of our
experiments, -1 h after giving 8-PT.

The fact that baseline VT stabilized at a higher level after
8-PT is consistent with previous observations on the effect
of theophylline on newborn piglets and human infants
(Darnall, 1985; Milerad, 1987) and 8-PT on the adult rat
(Thomas & Marshall, 1994). These results indicate that
adenosine tonically inhibits respiration even during air
breathing, by an action within the central nervous system.
The fall in baseline Pa co2 and rise in arterial pH can be
seen as the consequence of the increase in VT. Since we
were interested in the full effect of 8-PT on the hypoxia-
induced respiratory and cardiovascular responses we made
no attempt to correct this respiratory alkalosis. As baseline
FVC and RVC were not changed by 8-PT, this is consistent
with evidence that hypocapnia generally has a weak
influence on peripheral vasculature (Marshall, 1994). That
8-PT caused an increase in the baseline HR could be
attributed to the influence of hypocapnia on the sino-atrial
node (Marshall, 1994), but would also be explained if
locally released adenosine exerts a tonic inhibitory effect on
HR during air breathing (see also Darnall, 1985). The
apparent competition between 8-PT and the effects of the
Saffan anaesthesia may be attributed to removal of a tonic
inhibitory influence of locally released adenosine upon
neurones of the cortex and other forebrain structures
(Zimmerman, 1994).

During hypoxia, 8-PT abolished the secondary decrease in
VT, in accord with many previous studies on newborn
mammals in which xanthine derivatives were used as
adenosine antagonists (Darnall, 1985; Runold, Lagercrantz,
Prabhakar & Fredholm, 1989) and with our own studies on

J Physiol.492.2582



Hypoxia and postnatal development

the adult rat (Thomas & Marshall, 1994). In the newborn
piglet and adult rat, adenosine levels within the brain or
cerebrospinal fluid have been shown to rise during systemic
hypoxia (Winn, Rubio & Berne, 1981; Laudignon, Farri,
Beharry, Rex & Aranda, 1991), consistent with the view
that adenosine acts centrally to depress respiration. By
contrast, the lack of effect of 8-PT on the tachycardia
induced by systemic hypoxia indicates that adenosine was
not released in sufficiently high concentrations to
counteract the effect of the mechanisms that produce
tachycardia. Although experiments on guinea-pig, rat and
rabbit hearts in vitro indicate that locally released
adenosine can exert a major effect on HR in hypoxia
(Froldi & Belardinelli, 1990), agents that block adenosine
receptors or increase the breakdown of adenosine did not
consistently reduce the secondary bradycardia induced in
the rat by systemic hypoxia (see Thomas et al. 1994;
Thomas & Marshall, 1994).

On the other hand, since 8-PT blocked the decrease in RVC
and FBF during 10% 02, this indicates that locally
released adenosine did contribute to the renal vaso-
constriction induced by moderate hypoxia (see Spielman &
Thompson, 1982). Similarly, theophylline blocked the renal
vasoconstriction induced by systemic hypoxia in 3- to 12-
day-old rabbit kittens (Gouyon & Guignard, 1988).
However, as 8-PT had no effect on FVC or FBF during
hypoxia, it seems locally released adenosine did not exert a
dilator influence upon skeletal muscle vasculature. This
agrees with our finding that 2-CA had no effect on muscle
vasculature (see above) but contrasts markedly with our
findings in the adult rat (see the introduction). In the piglet,
hypoxia-induced muscle vasodilatation may be due to the
direct influence of hypoxia on vascular smooth muscle, to
potassium or other locally released vasodilator substances,
or to the action of circulating catecholamines on ,-adreno-
receptors, which are present in femoral circulation at birth
(Buckley, Brazeau & Gootman, 1983; Marshall, 1995).

Responses evoked in older piglets
The fact that a secondary fall in VT was no longer present
during the 5 min periods of hypoxia in the 3-week-old
piglets is consistent with much previous evidence (see the
introduction and Moss et al. 1987). The hypoxia-induced
tachycardia was similar in time course to that seen in the
newborn piglets, but whether it was produced by the
central effects of hypoxia or the secondary effects of the
hyperventilation (see above), or whether the relative
importance of these effects differed at 3 weeks and 3 days,
cannot be deduced without further experimentation. In
contrast to the newborn piglets, the renal vasoconstrictor
response to hypoxia of the 3-week-old piglets was not
associated with a change in RBF. Thus, there is no need to
invoke any mechanism other than a myogenic response of
the renal vasculature to the rise in ABP. On the other hand,
the increase in FVC was much more pronounced at
3 weeks, indicating substantial muscle vasodilatation.

Although direct comparisons cannot be made between the
present study and that of Gootman et al. (1990), they too
reported that artificially ventilated, 2-week-old piglets
showed a much greater increase in FVC when Pa,o2 was
reduced from 200 to 37 mmHg than did newborn piglets.

Hypoxia also evoked an increase in the frequency of
respiratory gasps and their associated cardiovascular
changes as in newborn piglets, but at a lower frequency.
This is consistent with much evidence that gasping
frequency is indirectly related to lung size (see Marshall &
Metcalfe, 1988a, for references).

Effects of 8-PT: the role of adenosine
As in newborn piglets, 8-PT increased baseline levels of VT
and HR, suggesting a tonic influence of locally released
adenosine upon these variables. Moreover, as in newborn
piglets, 2-CA evoked an increase in RF, bradycardia and
renal vasoconstriction that were attenuated by 8-PT.
However, 2-CA also evoked a substantial increase in FVC
that was abolished by 8-PT. Thus, by 3 weeks adenosine
receptors are present within skeletal muscle vasculature
and are coupled to the appropriate second messenger
systems as they are in adult mammals (see Laudignon et al.
1990; Marshall et al. 1993).

The fact that 8-PT had no effect on the sustained
ventilatory response to hypoxia in the 3-week-old piglets is
perhaps surprising since the concentration of adenosine in
the cerebrospinal fluid of 1-month-old piglets has been
shown to rise substantially during hypoxia (Pa,o2:
27 mmHg; Laudignon et al. 1991). By this age, the
stimulatory effect of the peripheral chemoreceptors upon
ventilation can apparently overcome the depressive effect of
centrally released adenosine, at least during hypoxia
lasting 5 min. The lack of effect of 8-PT upon the hypoxia-
induced tachycardia indicates that any further release of
adenosine in the heart did not counteract the mechanisms
that induce tachycardia (see above). As 8-PT also had no
effect on the renal vasoconstrictor response to hypoxia, it
seems that, in contrast to the newborn piglet, locally
released adenosine made relatively little contribution to it.
A similar disparity was noted by Gouyon & Guignard
(1988) in newborn and mature rabbits. The fact that 8-PT
completely abolished the hypoxia-induced femoral vaso-
dilatation represents a further contrast with the newborn
piglets and indicates that by 3 weeks, adenosine is released
within skeletal muscle during hypoxia and acts on
adenosine receptors to induce vasodilatation.

In summary, the present study on the spontaneously
breathing piglet has shown that the respiratory and
cardiovascular responses evoked by acute systemic hypoxia
change during postnatal development. We have confirmed
that at 3 weeks an increase in ventilation predominates
and a secondary fall in ventilation is much less evident
than at 3 days. However, we have also shown that while
tachyeardia occurs at both ages, strong renal vaso-
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constriction occurs at 3 days, but not at 3 weeks, while
muscle vasodilatation is weak at 3 days, but becomes
pronounced by 3 weeks. Further, we have not only
substantiated previous evidence that centrally released
adenosine contributes to the secondary fall in ventilation at
3 days, but have demonstrated that locally released
adenosine may be largely responsible for the renal vaso-
constriction at 3 days and for the muscle vasodilatation at
3 weeks.
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