Development of cardiovascular responses to hypoxia
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Fritsche, Regina, and Warren Burggren. Development
of cardiovascular responses to hypoxia in larvae of the frog
Xenopus laevis. Am. J. Physiol. 271 (Regulatory Integrative
Comp. Physiol. 40): R912-R917, 1996.—Cardiovascular re-
sponses (blood pressure, heart rate, stroke volume, cardiac
output, and peripheral vascular resistance) to acute hypoxia
(Po, = 70 mmHg) in developing larvae of Xenopus laevis from
Nieuwkoop-Faber (NF) stage 45 and up to newly metamor-
phosed froglets were investigated. The results revealed two
distinct response patterns to acute hypoxia in “early” (NF
stages 45—-48 and 49-51) and “late” (NF stages 52-53, 54-57,
and 58-62) larval Xenopus. The early larvae responded to
acute hypoxia with a significantly decreased stroke volume,
cardiac output, and blood pressure. Peripheral resistance
increased, whereas no change in heart rate occurred. In late
larvae, stroke volume and blood pressure increased during
acute hypoxia, but an offsetting bradycardia prevented major
changes in cardiac output. We conclude that, up to stage 51 of
development, hypoxia exerts a direct inhibitory effect on the
heart and smooth muscle of the blood vessels, with no
Frank-Starling relationship apparent. Older larvae show
evidence of both intrinsic and extrinsic regulation of the
cardiovascular system in response to acute hypoxia, suggest-
ing that there is a specific point in larval development when
cardiovascular regulation during hypoxia is expressed.

micropressure

THE DRAMATIC DEVELOPMENTAL changes occurring in
amphibian cardiovascular and respiratory systems have
received considerable attention in recent years (see
review in Refs. 7, 10). In larval Xenopus laevis, the
heart starts to beat ~48 h after fertilization (27). Blood
circulation is established after a few hours, and blood
starts to circulate throughout the body before heart
chamber partitioning and valve formation are com-
plete. The development of hemodynamics [i.e., blood
pressure, blood flow, and heart rate (fy)] has been
described to varying degrees for many different verte-
brate taxa, including fish (33), amphibians (7, 20, 21),
reptiles (35), birds (13, 25, 34), and mammals (12). A
common developmental pattern of increasing blood
pressure and blood flow appears among amphibians,
birds, and mammals (and presumably fish and reptiles,
where it remains to be measured in detail). However, fy
shows a more varied pattern between different species
within the same vertebrate group as well as between
different vertebrate groups (11).

Although describing the basic hemodynamics and
how they change is a necessary first step, we still know
very little about the early development of the intrinsic
or extrinsic regulation of cardiovascular processes in
vertebrates. Probably most is known about the develop-
ing circulation of the chick embryo (see Refs. 12, 25, 29,
34), where extrinsic regulation is found by day 7 (16).
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Among lower vertebrates, the best-understood cardio-
vascular system is that of the bullfrog Rana catesbei-
ana, in which sensitivity of the heart to cholinergic
agonists and antagonists first becomes apparent at
about Taylor and Kollros stage II but then changes in
complex ways during development (3, 5, 6, 32).

In addition to requiring much more complete informa-
tion on the onset of different cardiovascular control
systems, we similarly are lacking an understanding of
the influence on developing cardiovascular perfor-
mance of naturally occurring environmental factors,
such as hypoxia; pH, temperature, etc. Hypoxia is a
particularly interesting environmental factor because
embryonic hypoxia is common among vertebrates. In
mammals, low Po, can arise from imperfect placental
gas exchange. Bird and reptile eggs that are brooding,
laid in burrows, or buried in mounds of detritus may
similarly experience varying degrees of hypoxia (1).
Many freshwater fish and most amphibians lay aquatic
eggs that develop in ponds and rivers that may undergo
large variations in ambient O, (and temperature) (24).
Importantly, mild hypoxia is not necessarily detrimen-
tal to development, because compensating tissue level
responses are evident. Developmental time in hypoxic
water may be faster than in normoxic water (Fritsche,
unpublished observations). Mild tissue hypoxia may
also stimulate angiogenesis (11). In addition, hypox-
emia in ovo may lead to the high levels of vascular and
mitochondrial density required to support immediate
posthatch aerobic activity (11).

Notwithstanding the purported positive effects of
mild hypoxia, severe hypoxia can threaten further
development once highly aerobic embryonic or larval
stages are achieved. In most adult animals, exposure to
hypoxia elicits different cardiovascular and respiratory
reflexes, which helps the animal to deal with low O,
availability (15). The effects of hypoxic exposure on
ventilation in larval amphibians are well known. Expos-
ing larval ranids to aquatic hypoxia, for example,
results in increased rates of gill ventilation in early
stages and then, when lungs have developed, can result
in decreased gill ventilation but increased lung ventila-
tion (14, 36). These changes are orchestrated by the
development of both internal and external oxygen
receptors (22, 23). Much less is known about the
development of hypoxic responses of the cardiovascular
system. Exposure of larval Xenopus to acute hypoxia
(Poy, = 27-45 mmHg) results in deceased f3; in animals
between Nieuwkoop-Faber (NF) stages 51 and 54,
whereas cardiac output (CO) decreased significantly at
severe hypoxia in younger larvae (NF stages 44—49).
Stroke volume (SV) did not change at any stage (28).
Because no blood pressure measurements were made
in this study, to what extent peripheral resistance
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might be actively or passively changing, for example,
could not be assessed.

The present study was undertaken to investigate 1)
when during development the cardiovascular system of
early larvae of the African clawed frog, X. laevis, begins
to respond (passively and actively) to changes in the
water oxygen level (i.e., is there a particular time in
development when cardiovascular regulation during
hypoxia becomes evident?) and 2) what the effects of
acute hypoxia are on the developing cardiovascular
system’s hemodynamics (blood pressure, fy, SV, CO,
and vascular resistance).

MATERIALS AND METHODS

Animals. Larvae of X. laevis were obtained from adults
bred in the laboratory or from commercial suppliers. Eggs
and larvae were kept at room temperature (20-22°C) on a
14:10-h light-dark photoperiod in aerated water. Larvae were
fed Xenopus chow ad libitum. Larvae usually metamorphosed
within 2—3 mo. The NF staging system was used (27). A total
of 62 animals, ranging from NF stage 33/34 (<1 mg) to newly
metamorphosed froglets (~1 g), were used in this study.

Measurement of blood pressure and heart rate. Animals
were anesthetized in tap water containing tricaine methane-
sulfonate (MS222) at a concentration of 0.1% and buffered to
pH 7.0. When movements ceased and the larvae lost buoy-
ancy, they were transferred to the experimental chamber
containing amphibian Ringer solution at 20-22°C and 0.1%
MS222 (pH 7.8-8.0). Ringer solution rather than tap water
was used as the ambient medium because recording of blood
pressure required the opening of the body wall and pericar-
dial cavity. The larva was placed ventral side up in the
experimental chamber and “fenced in” using microscopic
insect pins driven into a layer of transparent silicon elas-
tomer lining the chamber bottom.

The heart and central vessels were exposed by carefully
resecting the body wall and pericardium. Blood pressure was
measured using a dual servo-null micropressure system
(Instrumentation for Physiology and Medicine model 5D)
connected to a pressure transducer (Narco model NarcoTrace
80). Glass microelectrodes with 2- to 5-um tips were made by
pulling glass capillaries (1.0 mm OD) with a horizontal puller
(World Precision Instruments model Pul-1). Microelectrodes
were filled with a 2 M NaCl solution. The microelectrode was
secured into a micromanipulator (World Precision Instru-
ments), which was used to insert the microelectrode into the
truncus arteriosus. Larvae were immediately discarded in
the infrequent cases in which microelectrode insertion caused
significant bleeding. Blood pressure in the truncus arteriosus
(Py,) was usually stable for up to 5—6 h. Zero pressure was
determined before and after blood pressure recording by
placing the microelectrode in the saline pool at the same level
as the measured blood vessel. Calibration of the pressure
transducer was made against a static column of water. The
blood pressure signal was recorded on chart paper by a
NarcoTrace 80 recorder. fi; was obtained from the pulsatile
blood pressure signal via a tachograph unit on the Narco
recorder. Py, and fy signals were simultaneously recorded on a
computer using Sable Systems software.

Measurements of SV and CO. SV and CO were determined
simultaneously with Py and fi3. SV was determined using
video-microscopic techniques (for details, see Refs. 7, 21). A
video camera mounted onto the microscope and connected to
a S-VHS Panasonic video recorder was used for continuous
filming of the heart during the experiment. The video-
recorded cardiac cycles were analyzed using a personal
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computer equipped with a video hardware card and an
image-analyzing program, Optimas Bioscan (Bioscan, Ed-
monds, WA). Frames containing the ventricle at exactly end
systole and end diastole were selected for measurements of
end-systolic volume (ESV) and end-diastolic volume (EDV).
ESV and EDV were calculated from ventricular dimensions
at end systole and end diastole using the formula for a prolate
spheroid (see Ref. 21). SV was determined as the difference
between EDV and ESV. Size calibration of the video image
was made by videotaping a PE-10 tubing (0.61 mm OD), using
the same magnification as for videotaping the ventricle.

Experimental protocol: exposure to hypoxia. The measure-
ment chamber containing the larva was continuously sup-
plied with aerated, temperature-controlled (22°C) Ringer
solution at a rate of ~1 ml/min delivered by a peristaltic
pump. The Po, of the solution flowing from the experimental
chamber was continuously recorded by an O, electrode placed
in series with the outflowing solution. The experiment started
with the recording of P, fi;, and SV until stable readings were
obtained (usually within 20—30 min). Cardiovascular param-
eters were then recorded during a 30-min normoxic control
period. Hypoxic Ringer solution at a Po, of 70 mmHg,
prepared in a separate container using a gas-mixing pump
(Cameron Instruments model GF-3), was then pumped into
the chamber, replacing the normoxic Ringer. The hypoxic
level was set to 70 mmHg because previous experiments on
larval Xenopus revealed that critical Po, for Oy consump-
tion is above 70 mmHg at all larval stages (18). In addition,
this level of hypoxia was severe enough to affect the recorded
cardiovascular variables. After outflowing Ringer indicated a
Po, of 70 mmHg, cardiovascular parameters were recorded
for a second 30-min period of hypoxia. Finally, normoxic
Ringer was pumped back into the chamber, and measure-
ments were made during a final 30-min measurement period.

Data presentation and statistics. EDV and ESV of three to
five consecutive cardiac cycles were measured, and mean SV
values were calculated from these. This procedure was re-
peated every second minute during a 30-min period before,
during, and after the exposure to hypoxia. The percent
change in the recorded cardiovascular variables between a
mean control (prehypoxic) value and a “maximum response”
value during the hypoxia was then calculated. CO was
calculated by multiplying the mean SV for each 2 min by
mean fy during the same period. Vascular resistance was
calculated by dividing mean P, during a 2-min period by the
mean CO for that same period. An index of cardiac work was
obtained by multiplying mean P, by CO.

The data were tested for normal distribution, and statisti-
cal significance was tested by analysis of variance followed by
Student-Newman-Keuls test. Significant differences were
tested for between the normoxic and hypoxic value for each
cardiovascular variable and stage and between the hypoxic
response in the early stages (45-48) and the later stages. A
fiducial level of P = 0.05 was employed.

RESULTS

Ontogeny of hemodynamics. In Xenopus embryos, the
heart starts to beat at 30-40 beats/min. Then fy
increases rapidly, reaching 80-110 beats/min after 22
h. After this initial rise, fi; decreases throughout the
rest of development. This study is the first to report
blood pressure immediately after the onset of heart-
beat. At the beginning of heartbeat, diastolic P;, is 0.2
mmHg and the systolic P, is 0.7 mmHg (Fig. 1).
Subsequently, mean P, increases linearly with log body
mass throughout the whole course of development in
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Fig. 1. A: mean blood pressure in the truncus arteriosus (Py,) in
larval Xenopus laevis vs. log body mass. B: original recording of Py, in
larval Xenopus [stage (St) 36/37; body mass 1.2 mg] recorded a few
hours after onset of heartbeat.

Xenopus. Two distinct peaks on the truncus pressure
waveform, previously reported at NF stage 48 by Hou
and Burggren (20), are present even earlier in develop-
ment at NF stage 37/38. This reaffirms and extends the
importance of conus contraction to overall blood flow in
these early stages (Fig. 1).

Cardiovascular responses to hypoxia in larval Xeno-
pus. Figure 2 shows a representative original recording
of P, and fy during hypoxia in early (NF stage 45) and
late (NF stage 57) larvae. Larvae responded to acute
aquatic hypoxia (Po, = 70 mmHg) with a significant
bradycardia at all but the earliest stages (NF stages
45-48) (Fig. 3A). Bradycardia developed within 5 min
after the onset of hypoxia and lasted throughout the
hypoxic period. P;, decreased significantly at NF stages
45-48 during hypoxia. By NF stages 54-57, this de-
crease in Py, reversed to a significant increase during
hypoxia (Fig. 3B). In the later stages (NF stages 58—62
and in froglets), no significant hypoxic effect on P,
occurred (Fig. 3B). SV decreased significantly at the
earlier stages (NF stages 45—48), but this decrease was
reversed to a significant increase at NF stages 52-53

A
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Fig. 2. Original recording of Py, heart rate (fy), and = 0
Po, of larvae in water, showing response to acute 160
aquatic hypoxia in early (stage 45; A) and late (stage 57; ’E
B) larval Xenopus. o g
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;:;o 120
S'E
~E 40

CARDIOVASCULAR CONTROL IN LARVAL XENOPUS

(Fig. 3C). At later stages, hypoxic exposure caused no
significant change in SV but the response was signifi-
cantly different from that occurring in young (stages
45-48) larvae (Fig. 3C). CO showed a pattern of change
similar to that of SV during hypoxia. A significant
decrease in CO occurred at earlier stages (NF stages
45-48). At NF stages 52—53 and older, hypoxic expo-
sure resulted in insignificant or relatively small if
significant (stages 58—62) changes in CO. However, the
hypoxic response in stage 52—-53 and 54-57 larvae was
significantly different from the hypoxic response occur-
ring in young (stages 45—48) larvae (Fig. 3D). Interest-
ingly, peripheral vascular resistance increased in the
earlier stages (NF stages 45-48 and 49-51) during
hypoxia. At NF stages 52-53, peripheral resistance
decreased, but no significant hypoxic effects were found
in the later larval stages (Fig. 3E). In froglets, periph-
eral resistance decreased significantly during hypoxia
(Fig. 3E). Cardiac work was significantly reduced in the
earliest larvae (NF stages 45-48) and significantly
increased in froglets during hypoxia (Fig. 3F).The
hypoxia-induced change in cardiac work in stage 45—-48
larvae was significantly different from the response of
stage 52—-53 and 54-57 larvae and froglets. These data
make apparent the fact that two different patterns of
responses to hypoxia exist in early and late developing
tadpoles of X. laevis (Fig 2).

A cardiac arrythmic pattern occurred during the
hypoxic period in 80% of the animals. These periods
were characterized by sudden drops in fy lasting for
10-30 s before f;; increased again (Fig. 4).

DISCUSSION

Ontogeny of hemodynamics. fy is the most well-
characterized hemodynamic variable in the developing
vertebrate cardiovascular system. Initially, fi is slow,
and a rapid increase in f appears to be nearly univer-
sal in all species studied (6, 19, 30, 31). After this initial
rapid increase, the pattern of fi development differs
largely between vertebrate taxa, and no common pat-
tern seems to exist within or between different verte-
brate groups. In the amphibian R. catesbeiana, fy
changes during development are explained almost com-
pletely by changes in body mass (W. Burggren and P.
Territo, unpublished observations). In the direct-
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Fig. 3. Cardiovascular responses to hypoxia in larval Xenopus at different stages of development. Values shown are
means * SE. SV, stroke volume; CO, cardiac output; PR, peripheral resistance. * Statistically significant difference
from the prehypoxic control value; * statistically significant difference from the hypoxic response at stages 45-48.

developing frog, Eleutherodactylus coqui, fy rises dur-
ing development despite little change in embryo mass
(8). Thus, in some species, body mass alone seems to
influence changes in fi (so-called allometric effects),
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Fig. 4. Original recording showing the frequent pattern of arrythmias
(sudden drops in fi1) found in late larvae during the hypoxic period.

whereas in other species tissue and organ formation
per se seems to be most influential on f. In X. laevis,
the heart beats at a rate of 30-40 beats/min at the
onset of heartbeat (22°C, normoxia). A rapid increase in
fu up to 80-100 beats/min is observed during the
following 22 h of development. During the subsequent
development, fi; decreases, reaching adult levels of
50—60 beats/min (see Ref. 11). The mechanisms behind
the varying patterns of developmental changes in fy
have not received much attention but probably involve
changes in membrane ion permeability, differential
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rate of development of adrenergic and cholinergic con-
trol, onset of hormonal control, as well as developmen-
tal changes in the pacemaker region (11).

The development of advanced “microtechniques” now
permit hemodynamic measurements not previously
possible in animals weighing only a few milligrams (see
Ref. 7). Blood pressure increases dramatically during
early development in all vertebrates studied (13, 20,
30). To date, the earliest pressure measurement made
in X laevis are at NF stage 48 (~20 mg) (20), and
indeed no pressure measurement immediately after
the onset of heartbeat has to our knowledge been made
in any vertebrate or invertebrate. Figure 1 shows the
developmental pattern of blood pressure from the begin-
ning of heartbeat in Xenopus. Blood pressure clearly
rises linearly with increasing log body mass throughout
development. Most species show this allometric relation-
ship between blood pressure and body mass during
development. An exception is the paradoxical frog,
Pseudis paradoxus, in which blood pressure rises dur-
ing development despite a decline in body mass at the
same time (4).

Cardiovascular responses to hypoxia in larval Xeno-
pus. Acute hypoxic exposure of larval Xenopus has
revealed two patterns of cardiovascular responses (Fig.
2). In early larvae (NF stages 45-48 and 49-51),
hypoxia causes a depression of heart function, presum-
ably through direct effects on the cardiac muscle of the
heart and smooth muscle of the blood vessels. At these
stages, there appears to be no regulatory ability of the
cardiovascular system. SV and CO decreased signifi-
cantly during hypoxia at stages 45—48 (Fig. 3, Cand D),
as did P;, and cardiac work. Interestingly, peripheral
resistance increased during this same period (Fig. 3E).
It is possible that a reduced CO concomitant with a
decrease in central blood pressure caused capillary
blood pressure to fall below critical closing pressure,
collapsing peripheral vessels. Peripheral resistance
rises not only because the vessel diameter is decreased
because of lowered transmural pressure but also accord-
ing to the “law of Laplace,” where a decrease in vessel
diameter causes the force of stretch to decrease. In
adult vertebrates, hypoxia usually results in a de-
creased peripheral resistance due to a direct dilatory
effect on most peripheral vessels (17). The froglets in
this study do indeed decrease peripheral resistance
during hypoxia.

Unlike earlier stages in which hypoxia depresses SV,
at later stages (beyond stages 52—53) hypoxia signifi-
cantly increases SV (Fig. 3C). The hypoxic response of
CO shows the same reversal with further development
(Fig. 3D), and peripheral resistance decreases instead
of increases at the same time (Fig. 3E). The “switch” in
P, from a passive decrease to an increase is delayed to
stages 54—57 compared with the SV and CO changes
(Fig. 3B). fu is the only variable showing a common
hypoxic response (bradycardia) in almost all develop-
mental groups. Only the earliest group failed to develop
a bradycardia (Fig. 3A). No hypoxic bradycardia was
found in larval salmonid fish (19, 26). Among amphib-
ians, newly hatched larval R. catesbeiana show hypoxic
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bradycardia, probably due to a direct cardiac depres-
sion (2). Early Rana berlandieri exhibited a mild brady-
cardia that switched to a tachycardia in older larvae
(14). As in the present study, Orlando and Pinder (28)
report a reduction in fy in response to hypoxia in all
stages of Xenopus larvae. Orlando and Pinder (28) also
found a decrease in CO in younger Xenopus larvae
(stages 44—49) exposed to severe hypoxia (Po, = 27-45
mmHg) but no effect on SV. In their study, the animals
were divided into two developmental groups only:
“younger” (NF stages 44-49) and “older” (NF stages
51-54). No switch from a passive effect of hypoxia to
active regulation could be distinguished (28).

The findings that early and late larval X. laevis show
different cardiovascular response patterns to acute
aquatic hypoxia suggest that there is a specific time
(i.e., between stages 49—51 and 52—53) when cardiovas-
cular regulation, at least during hypoxia, becomes
functional in this species. Anatomic innervation of the
ventricle in Xenopus is found at stage 49 (27). There-
fore, the onset of cardiovascular regulation coincides
with the anatomic appearance of nerves growing into
the ventricle. The development of cardiovascular con-
trol systems is poorly understood, but it is generally
agreed that the receptors for a certain neurotransmit-
ter or hormone develop earlier that the functional
innervation (29, 34). In chick and also in most mamma-
lian embryos, the receptors are already developed at
the onset of heartbeat (29). Also, in Xenopus embryos,
topically applied acetylcholine induces cardiac inhibi-
tion in very early larvae in which the heart has just
begun to beat (Fritsche, unpublished observations). It
is possible that the cardiovascular depression observed
in early embryos of Xenopus in this study is a result of
hypoxia acting directly on the muscle fibers of the heart
and vasculature in the absence of functional innerva-
tion. In older larvae, these tissues appear to be actively
regulated during hypoxic exposure.

Another interesting finding is the reversal of the
relationship of SV and f; between stages 49-51 and
52-53. Prior to this point in development, the simulta-
neous fall in both SV and fi; suggests little intrinsic
regulation of CO. After this point in development, the
inverse relationship between SV and fy is highly sugges-
tive of a functional Frank-Starling relationship as
evident in mature hearts. Early development of a
Frank-Starling mechanism has similarly been docu-
mented in the early chick embryo prior to cardiac
innervation (see Ref. 25 for references).

Conclusions. Two different cardiovascular response
patterns to acute aquatic hypoxia in early (NF stages
45-48 and 49-51) and late (NF stages 52-53, 54-57,
and 58-62) larval Xenopus were found in this study.
These findings suggest that there is a specific point in
development when cardiovascular regulation during
hypoxia is expressed. At earlier stages, hypoxia exerts a
direct inhibitory action on the heart and smooth muscle
of the vessels. The regulated cardiovascular responses
are similar to those found in many adult species of
lower vertebrates during hypoxic exposure. The mecha-
nisms of control acting on the cardiovascular system
during hypoxia in older larvae are yet to be determined.
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