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Disruption of Hemoglobin Oxygen Transport
Does Not Impact Oxygen-Dependent
Physiological Processes in Developing
Embryos of Zebra Fish (Danio rerio)

Bernd Pelster, Warren W. Burggren

Abstract Embryonic hemoglobin circulated by the develop-
ing heart in the early vertebrate embryo is widely assumed (with-
out substantiation) to perform the same vital role of O, carriage
that it does in fetuses and adults. In order to challenge this as-
sumption, we measured highly O,-dependent physiological vari-
ables like O, consumption, cardiac performance, and initial swim
bladder filling in the presence and absence of functional hemo-
globin in the embryos and early larvae of the zebra fish, Danio
(=Brachydanio) rerio. Functional ablation of hemoglobin by car-
bon monoxide or phenylhydrazine did not reduce whole-animal
O, consumption, which was ~85 to 90 zmol-g~'-h~". Similarly,
no differences in heart variables like ventricular pressure devel-
opment or heart rate, which increased from 135 to 175 bpm be-

tween stages 36h and 96h (indicating developmental stages 36
and 96 hours after fertilization, respectively), were observed
in these experiments. Initial opening of the swim bladder was
not influenced in the presence of CO-occupied hemoglobin but
was significantly impaired when the embryonic hemoglobin
was chemically modified by incubation with phenylhydrazine.
That aerobic processes continue without hemoglobin O, trans-
port indicates the adequacy in the embryo of simple O, dif-
fusion alone even in developmental stages with extensive con-
vective blood circulation generated by the heart. (Circ Res.
1996;79:358-362.)
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investigated primarily in the context of its func-

tion in adult vertebrates, but an extensive litera-
ture considers the vital role of blood in general and Hb
in particular in O, transport and other functions in fe-
tuses.'* Embryos of all vertebrate taxa begin to produce
Hb within hours or days of the onset of heart beat. In the
absence of direct or even indirect experimental data, it
has been universally assumed that the blood of embryos
qualitatively functions in vivo as it does in fetuses and
adults; ie, embryonic Hb in newly formed blood performs
the same vital function of O, transport from the gas
exchange organ to the developing tissues. However, a
combination of the microscopic size and usually difficult
access (embryo embedded in a placenta or surrounded by
egg shell) has prevented extensive in vivo investigation
of blood functions that would parallel the long-standing
experiments on later developmental stages and that would
confirm the vital role of Hb in early embryonic function
suggested by in vitro studies.

The purpose of the present study was expressly to eval-
uate the importance of Hb function in embryos of the
zebra fish, Danio (=Brachydanio) rerio. This species is
well suited for our study: it has a relatively high metabolic
rate in all developmental stages and thus a considerable
demand for effective O, transport®; it has transparent em-

r I Yhe role of Hb in O, and CO, transport has been
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bryos that are easily manipulated and is increasingly be-
ing used in genetic studies of cardiovascular develop-
ment.> Our experimental approach was to focus on three
primary functions that depend heavily on Hb function in
the adult zebra fish and observe the impact of functional
ablation of the Hb in the developing circulation on these
functions. The primary functions were swim bladder in-
flation (used as in indicator of the presence of functional
Hb), whole-animal O, consumption, and cardiac perfor-
mance (heart rate, blood pressure, and rate of isometric
pressure rise during systole). Functional ablation of the
Hb was obtained by raising embryos in an atmosphere
containing 2% CO or, chemically, by incubating the em-
bryos in the presence of phenylhydrazine. CO disruption
of Hb function has previously been used in studies on
both chick embryos® and fish embryos.” However, CO
exposures in both of these studies were highly acute, and
animals were not reared in CO-enriched environments as
in the present study. Phenylhydrazine causes a chemical
ablation of the Hb.® A final condition we used to reduce
(but not eliminate) functional Hb was hyperoxia, which
in fish embryos impairs erythropoiesis and thus reduces
the Hb content.’

Materials and Methods

Fertilized eggs of the zebra fish (Danio rerio) were obtained
from a commercial outlet (Scientific Hatcheries, Huntington
Beach, Calif). The embryos arrived in Las Vegas, Nev, 24 to 28
hours after fertilization (24h to 28h, according to the Westerfield
staging table,'® which is based on an incubation temperature of
28°C). Because of lower temperatures during initial transporta-
tion of the eggs and subsequent raising of the embryos in de-
chlorinated fresh water at 26+ 1°C, subsequent development of
our embryos was slightly slower than that predicted by the Wes-
terfield staging table. Typically, the developmental stage de-
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Selected Abbreviations and Acronyms

AP/AT = ventricular pressure
development
h (in association with = hours after fertilization,
preceding number) according to Westerfield
staging table
Hb = hemoglobin
TK = Taylor-Kollros

scribed for 84 hours by Westerfield in our embryos was reached
after ~92 to 96 hours. For comparison, developmental stages
given in the present study are Westerfield stages, not the actual
chronological age.

On arrival, the eggs were transferred to one of several incu-
bation regimes: controls, 2% CO; 1 mg/L phenylhydrazine; 2
mg/L phenylhydrazine; hyperoxia at a Po, of =315 mm Hg; and
normoxia without access to the water surface. Larvae were raised
in the respective incubation regime until developmental stage
108h. Up to this stage, mortality typically was low (<5%), and
no differences between the various incubation regimes were
observed.

Swim bladder vaiume was calculated from dimensional mea-
surements of swim bladders observed through a Wild M3Z dis-
secting microscope. The swim bladder was assumed to be in the
shape of a prolate spheroid. Thus, the volume (V) was calculated
from the measured swim bladder width and length using the for-
mula for a prolate spheroid: V=4/3-mab>,

O, consumption was measured at a temperature of 26x1°C
using closed glass respirometers (volume, 3 to 4 mL) as described
by Burggren et al."’ Briefly, three or four larvae were incubated
in a respirometer, and the decrease in Po, was measured after the
first and again after the second hour. To determine the body
weight, the additive weight of seven groups of five larvae each
was measured, with the average weight of a single larva deter-
mined by regression analysis.

Heart rate of unrestrained embryos and larvae was counted
visually under a Wild M3Z microscope. Blood pressure in intact
slightly anesthetized larvae was measured according to Pelster
and Burggren'? and Burggren and Fritsche, " using a servo-null
micropressure system, model 5D (Instrumentation for Physiology
and Medicine, Inc). Larvae were anesthetized with 0.05 g/L
MS222. With the aid of a Wild M3Z microscope, a glass elec-
trode (5-um diameter tip) held in a micromanipulator was in-
serted through the larval body wall into the lumen of either the
ventricle or truncus arteriosus to record dynamically central blood
pressures. The output from the servo-null system was recorded
on a Narco four-channel chart recorder.

Data are presented as mean=*SE. Statistical differences be-
tween groups were tested with Student’s ¢ test or by one-way
ANOVA using the SigmaStat program provided by Jandel,
Inc. Significance of differences was accepted at P<.05.

Results

Initial inflation of the swim bladder was observed at
about stage 84h. Therefore, swim bladder dimensions were
measured, and the swim bladder volume was calculated
for stage 84h and stage 96h larvae. No difference in swim
bladder development was detectable among larvae reared
under control conditions, larvae reared in a submerged
closed container without access to air, and larvae reared
in an atmosphere containing 2% CO (Fig 1). Ablation of
Hb by phenylhyvdrazine so*uiion, however, significantly re-
duced swim bladder volure between 84h and 96h. Zebra
fish incubated under hyperoxic conditions, which usually
delay formation of red blood cells in fish, also reduced
swim bladder volume (Fig 1).

O consumption was measured in zebra fish embryos
and larvae between 84h and 108h. O, consumption of an-

tmals reared in the presence of either CO or phenylhydra-
zine was not significantly different from control values
(Fig 2). O, consumption was quite constant at ~16 nmol/
h per individual or 85 to 90 umol-g~'-h~!, irrespective of
the developmental stage and the incubation regime.

Heart rate was counted in unrestrained specimens start-
ing from embryonic stage 36h until larval stage 96h.
Within this developmental period, heart rate increased
slowly from =135 to ~175 bpm (Fig 3). There was no
significant difference between control animals and animals
raised in the presence of CO.

Blood pressure traces recorded from within the devel-
oping ventricle and truncus of control embryos are shown
in Fig 4A. Blood pressure recorded in the ventricle of stage
84h and of stage 96h larvae showed either a brief maxi-
mum, rapidly returning to diastolic values (pattern I, Fig
4), or a pattern in which systolic pressure remained high
for >100 milliseconds before returning to diastolic pres-
sure (pattern 11, Fig 4). In adult vertebrates, high systolic
pressure typically is sustained for many milliseconds, so
that the second pattern probably represents the more ad-
vanced developmental stage. These changes thus may re-
flect the development of the central cardiac system. Im-
portantly, these same patterns of pressure were evident in
CO-incubated larvae (Fig 4B). Both systolic mean pres-
sure and arterial systolic-diastolic blood pressure differ-
ence, and also AP/AT, were not significantly different
(P>.05) in controls and animals raised with CO-blocked
Hb (Fig 5).

Discussion

Microscopic inspection of the 0.1- to 0.2-mg zebra fish
embryos revealed the presence of Hb early during devel-
opment, and circulating red blood cells could be observed
many hours before hatching. Indirect evidence for its func-
tioning in gas transport was obtained from measurements
of swim bladder inflation. Many teleost Hbs are charac-
terized by the presence of the Root effect, ie, they show a
reduction in O,-carrying capacity with a reduction in blood
pH, as distinct from the Bohr effect.'*!* The secretion of
acidic metabolites from gas gland cells in the swim bladder
switches on the Root effect, driving O, from Hb passing
through the swim bladder blood vessels. By means of
countercurrent backdiffusion and concentration, the O,
partial pressure in swim bladder blood is multiplied many
fold, generating gas pressures that can inflate the swim
bladder even against transmural pressures as high as sev-
eral hundred atmospheres.'®!” The swim bladder of Danio
rerio inflates several hours after hatching (about stage 84h
of total development). In larval teleosts that do not surface
and gulp an air bubble for the initial inflation, it is pre-
sumed but not known that this initial inflation and subse-
quent maintenance of inflation involves Hb and the Root
effect as in adults. We measured swim bladder volume in
populations of zebra fish larvae reared while chronically
exposed to either phenylhydrazine or hyperoxia. In both
groups, the volume of the swim bladder at stage 84h was
significantly reduced compared with controls, indicating
that a reduced Hb content impairs swim bladder inflation.
Functional ablation of the Hb with CO, however, had no
effect on initial swim bladder inflation. Adult fishes can
secrete Hb-transported CO into their swim bladders via the
Root effect,'® because acidification induces a transition of
Hb to its “deoxygenated” state irrespective of whether it
is binding of O, or CO."? This suggests that in an at-
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Fic1. Swim bladder volume measured at stages 84h and
96h. Typically, the swim bladder was first inflated at stage
84h. Swim bladder inflation and volume were impaired by
chemical ablation of the Hb with phenythydrazine or by
delaying red blood cell formation in hyperoxia. In the pres-
ence of 2% CO, however, swim bladder inflation was not
different from control, suggesting that in these animals the
swim bladder was filled with CO instead of oxygen. P<.05
vs control.
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mosphere containing 2% CO, Danio rerio were inflating
their swim bladders with CO instead of O,. Collectively,
these results indicate the presence of Hb capable of O,
carriage and with a Root effect for O, binding in larval
Danio rerio at least by stage 84h.

The significance of the convective delivery of O, by Hb
to O,-dependent processes in populations of larval zebra
fish continuously exposed to either 2% CO or phenylhy-
drazine from 1 day after fertilization through 3 days after
hatching was assessed by measurement of Mo,. The re-
sults demonstrate that for the first 4 to 5 days of devel-
opment, O, delivery to the tissues by simple diffusion is
adequate to support normal aerobic metabolism of the
highly metabolically active embryos and larvae, even
though there is already functional Hb and the convective
circulation of blood at this point in development.

Further corroboration of the fully aerobic nature of em-
bryos and larvae deprived of Hb-O, transport came from
observations of cardiac performance. Cardiac muscle is
a highly oxidative tissue, and suboptimal delivery of O,

to working cardiac muscle would be expected to impact
heart contractility and pressure generation. Importantly,
there were no qualitative or quantitative differences in
the pressure traces between controls and CO-incubated
animals. This was confirmed by quantitative analysis of
blood pressures recorded in various locations of the cen-
tral cardiac system and also by the kinetics of pressure
development (AP/AT), which revealed no difference be-
tween controls and animals in which the Hb was func-
tionally blocked for O, transport because of the presence
of CO. These data show that Hb-O, transport is unnec-
essary and that the diffusional supply of O, is adequate
to support even the continuous high aerobic metabolic
demand for O, characteristic of cardiac muscle in early
zebra fish larvae.

Interestingly, we observed two different patterns of in-
traventricular and central arterial blood pressure waves in
zebra fish embryos. Both patterns have been observed with
the same micropressure system at similar heart frequen-
cies, so that the late pattern cannot be an artifact due to
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Fic 3. Heart rate slowly increased during development between
stages 36h and 96h, but no difference was detectable between
animals incubated in 2% CO and control animals.

blunting of the peak. Furthermore, the validity of the mi-
cropressure system has been demonstrated by comparison
with pressure measurements using fine-needle catheters
and conventional pressure transducers in birds?* and in
amphibians (authors’ unpublished data, 1996). In vitro
tests of the frequency response of micropressure systems
was flat up to 10 Hz,* so that frequencies of up to 2 to 3
Hz, as in the present study, can safely be measured. In the
“early” pattern (pattern I) observed in zebra fish larvae,
high systolic pressures were observed only for a few mil-
liseconds. In the “adult” or “late” pattern (pattern II), sys-
tolic pressure remained high for a short period before de-
creasing to the diastolic level. Both patterns have been
observed in stage 84h larvae as well as in stage 96h larvae.
Similar patterns have previously been recorded in larval
Rana catesbeiana'® or Xenopus laevis (R. Fritsche and
W.W. Burggren, unpublished data, 1996) and in embry-
onic skates Raja erinacea.** In Rana catesbeiana larvae,

@ Blood pressure in control animals

a. ventral artery

0.5 0.5

a. ventral artery

e | AN mvs | AN

in which development takes much longer than in the zebra
fish and pressure development of the cardiac system could
be followed from TK stage II to TK stage XIII larvae, the
“early” pattern of pressure development, in which high
systolic pressure is only sustained for a few milliseconds,
was restricted to early larval stages (up to TK stage VIII-
IX). Later stages showed pressure changes qualitatively
similar to the adult pressure changes, although maximum
systolic pressure was lower than in adults.'? This suggests
that the development of cardiac muscle tissue may in part
be responsible for these changes in pressure development.

Collectively, our findings indicate that significant Hb-
O, transport occurs in early zebra fish larvae (as evidenced
by inflation of the swim bladder) but that convective sup-
ply of O, is not absolutely required to maintain normal
levels of Mo, by cardiac and other highly aerobic tissues.
Presumably, control levels of Mo, of cardiac and other
tissues are maintained by diffusion rather than convection.
Diffusion can supply sufficient O, provided that the path-
way for O, diffusion is short and that a large O_ liffusion
gradient is maintained between the immediate ¢- crnal en-
vironment and the O,-consuming tissues. Additionally, the
length of the diffusion pathway for gases can be extended
greatly by unstirred boundary layers around the ani-
mal. > Zebra fish larvae begin to show locomotor activity
even before hatching, and the intermittent body move-
ments that they develop helps disrupt the boundary layers
surrounding their integument.

Why does the zebra fish heart begin to beat and propel
blood containing Hb to the growing tissues well in advance
of the absolute need for convective O, supply (a hypoth-
esis termed prosynchronotropy by Burggren and Ter-
rito?’)? Perhaps nutrient and/or electrolyte transport rather
than gas transport becomes a limiting factor during early
development, because diffusional transport of metabolites
and charged ions might be slower than diffusion of small
gas molecules. Another reason for “early” beat of the
heart could be to assist angiogenesis, because pressurized
pulsatile blood flow in itself is crucial for the growth and
spreading of the vascular system, which is caused in part
by the proliferation of endothelial cells.?3! Weinstein et

Blood pressure in the presence of 2% CO

Fic 4. Typical pressure profiles
recorded in the ventral artery, the
conus arteriosus, or the ventricle
of stage 84h and stage 96h larvae
under control conditions (A) and in
animals raised in the presence of
2% CO (B). Ventricular pressure
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in some preparations decreased
rapidly almost immediately after
reaching the maximum (pattern Ij;
in others, a high systolic pressure
was generated for >100 millisec-
onds (pattern ll). These changes
probably reflect the development
of cardiac muscle tissue (see
“Results” and “Discussion” for
furi~er  explanation). Pressure
traces recorded from animals in-
cubated in presence of 2% CO
were not different from traces re-
corded in control animals.
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al®? show that in the gridlock mutation of the zebra fish, 14. Riggs AF. The Bohr effect. Annu Rev Physiol. 1988;50:181-204.

collateral vessels are generated within the first 60 hours of
development as a consequence of the vascular lesion
blocking the tail circulation.

Acknowledgments

This study was supported by the Deutsche Forschungsgemein-
schaft (Pe 389/5-1 to Dr Pelster) and by the American National
Science Foundation (IBN-9307832 to Dr Burggren). The expert
technical assistance of A. Solorio is gratefully acknowledged.

References

. Bartlett GR. Phosphate compounds in vertebrate red blood cells. Am

Zool. 1980;20:103-114.

. Weber RE, Hartvig M. Specific fetal hemoglobin underlies the fetal-

maternal shift in blood oxygen affinity in a viviparous teleost. Mol
Physiol. 1984,6:27-32.

. Weber RE, Lalthantluanga R, Braunitzer G. Functional characterization

of fetal and adult yak hemoglobins: an oxygen binding cascade and its
molecular basis. Arch Biochem Biophys. 1988;263:199-203.

. Plaut I, Gordon MS. Swimming metabolism of wild-type and cloned

zebrafish Brachydanio rerio. J Exp Biol. 1994;194:209-223.

. Fishman M. Molecular/genetic aspects of cardiogenesis. In: Burggren

WW, Keller B, eds. Development of Cardiovascular Systems: Mol-
ecules 10 Organisms. New York. NY: Cambridge University Press;
1996. In press.

. Cirotto C, Arangi I. How do avian embryos breathe?: oxyvgen trans-

port in the blood of early chick embryos. Comp Biochem Physiol.
1989;94A:607-613.

. Holeton GF. Respiratory and circulatory responses of rainbow trout

larvae to carbon monoxide and to hypoxia. J Exp Biol. 1971;55:683-694.

. Houston AH, Murad A. Gray JD. Induction of anemia in goldfish,

Carassius auratus L., by immersion in phenylhydrazine hydrochlo-
ride. Can J Zool. 1988;66:729-736.

. Balon EK. Reproductive guilds of fishes: a proposal and definition.

J Fish Res Bd Canada. 1975;32:821-864.

. Westerfield M. The Zebrafish Book. Eugene. Ore: University of

Oregon Press; 1994.

. Burggren WW, Infantino RL, Townsend DS. Developmental changes

in cardiac and metabolic physiology of the direct-developing tropical
frog Eleutherodactylus coqui. J Exp Biol. 1990;152:129-147.

. Pelster B, Burggren WW. Central arterial hemodynamics in larval

bullfrogs (Rana catesbeiana): developmental and seasonal influ-
ences. Am J Physiol. 1991:260:R240-R246.

. Burggren WW, Fritsche R. Cardiovascular measurements in animals

in the milligram range. Braz J Med Biol Res. 1995;28:1291-1305.

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Pelster B, Weber RE. The physiology of the Root effect. Adv Comp

Environ Physiol. 1991:8:51-77.

. Finge R. Gas exchange in fish swim bladder. Rev Physiol Biochem

Pharmacol. 1983;97:111-158.

. Pelster B, Scheid P. Countercurrent concentration and gas secretion

in the fish swim bladder. Physiol Zool. 1992;65:1-16.

. Wittenberg JB, Wittenberg BA. The secretion of oxygen into the

swim-bladder of fish, II: the simultaneous transport of carbon mono-
xide and oxygen. J Gen Physiol. 1961;44:527-542.

. Giardina B, Brunori M, Binotti I, Giovenco S, Antonini E. Studies

on the properties of fish hemoglobins: kinetics of reaction with
oxygen and carbon monoxide of the isolated hemoglobin com-
ponents from trout (Salmo irideus). Eur J Biochem. 1973;39:
571-579.

Brittain T. A kinetic and equilibrium study of ligand binding to a
Root-effect haemoglobin. Biochem J. 1985;228:409-414.

Tazawa H. Measurement of blood pressure of chick embryo with
implanted needle catheter. J App! Physiol. 1981;51:1023-1026.

2. Clark EB, Hu N. Developmental hemodynamic changes in the chick

embryo from stage 18 to 27. Circ Res. 1982;51:810-815.

Zahka KG, Hu N, Brin KP, Yin FCP, Clark EB. Aortic impedance
and hydrautic power in the chick embryo from stages 18 to 29. Circ
Res. 1989;64:1091-1095.

Pelster B, Bemis WE. Ontogeny of heart function in the little skate
Raja erinacea. J Exp Biol. 1991:156:387-398.

Pinder AW, Feder ME. Effect of boundary layers on cutaneous gas
exchange. J Exp Biol. 1990:143:67-80.

Pinder AW. Modelling gas exchange in embryos, larvae and fetuses.
In: Burggren WW, Keller B. eds. Development of Cardiovascular
Svstems: Molecules to Organisms. New York, NY: Cambridge Uni-
versity Press; 1996. In press.

Burggren WW. Territo P Early development of blood oxygen trans-
port. In: Houston J, Coates J. eds. Hypoxia and Brain. Burlington,
Vt: Queen City Printer; 1995:45-56.

Davies PF, Tripathi SC. Mechanical stress mechanisms and the cell:
an endothelial paradigm. Circ Res. 1993;72:239-245.

Risau W. Growth factors and matrix influences. In: Feinber RN, ed.
The Development of the Vascular System. Basel, Switzerland: Karger
Sherer & R Auerback; 1991:58-68.

Hudlicka O, Brown M, Egginton S. Angiogenesis in skeletal and
cardiac muscle. Physiol Rev. 1992:72:369-417.

Tomanek R. Vasculogenesis/angiogenesis of the developing heart.
In: Burggren WW, Keller B, eds. Development of Cardiovascular
Systems: Molecules to Organisms. New York, NY: Cambridge Uni-
versity Press; 1996. In press.

Weinstein BM, Stemple DL. Driever W, Fishman MC. Gridlock, a
localized heritable vascular patterning defect in the zebrafish. Nature
Med. 1995:1:1143-1147.



