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Hypoxic Incubation Leads to Concerted Changes of Carbonic Anhydrase
Activity and 2.3 DPG Concentration of Chick Embryo Red Cells’g*
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Red cell carbonic anhydrase activity, 2.3 DPG concentration,
and activities of three key enzymes controlling
DPG
metabolism (PK, PFK and DPGM) were measured in normoxic and hypoxic (incubation in 13.5% 0,) chick embroys. In
normoxia 2.3 DPG concentration
and carbonic anhydrase activity begin to increase by the third week of incubation.
Hypoxia induces a rise of 2.3 DPG concentration
and carbonic anhydrase activity by Day 8 of development, i.e., 1 week
earlier. Since during normal development chick embryos become hypoxic in the third week of incubation, the results
suggest that PO2 has a controlling
influence on the timing of differentiation
events of definitive embryonic red cells.
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INTRODUCTION

of red cell organic phosphate pattern found in late development
are stimulated through the fall in POz of the
Embryonic erythrocytes offer a good model for the
chorioallantoic
veins (Tazawa, 1980).
study of cellular differentiation during ontogeny. For
As
a
result
of
the changes in phosphate pattern blood
the chick embryo extensive documentation exists on
oxygen
affinity
increases
(Misson and Freemann, 1972;
several aspects of red cell metabolism and structure
during the process of maturation of the primitive and Bartels et aZ.,1966) helping the embryo to maintain adthe consecutive definitive red cell population (cf. Ro- equate oxygenation despite lowered blood POz. However,
it is not clear if the oxygen pressure affects only the
manoff, 1969; Bruns and Ingram, 1973; Chan, 1981).
phosphate
pattern or if it influences the differentiation
Virtually nothing is known about the processes that
of
the
embryonic
red cell in a broader sense. One specific
control the timing of the differentiation events in emmarker
for
late
fetal
red cells is carbonic anhydrase,
bryonic erythrocytes. We have recently found that the
which
is
initially
low
but
increases continuously during
switch from embryonic to adult hemoglobin is influenced
late
development.
In
human
fetal blood carbonic anhyby environmental oxygen pressure in such a way that
drase
is
coordinately
expressed
with adult hemoglobin
definitive erythrocytes, which carry the adult hemoglo(Boyer
et
al.,
1983).
In
the
chick
embryo carbonic anbins, appear precociously in the blood of hypoxic embryo
hydrase
activity
of
erythrocytes
has
been determined
(Baumann et al, 1983), but appear later than normal in
by
Clark
(1951),
who
was
unable
to
detect
activity in
hyperoxic embryos (Baumann et ab, 1979). Oxygen presembryos
of
less
than
12
days
of
age.
From
his
experisure also influences the phosphate pattern of the emments
one
had
to
conclude
that
carbonic
anhydrase
is
bryonic red cells. During normal ontogeny there is a
not
expressed
by
the
primitive
red
cells
that
constitute
rapid fall of the ATP concentration and a concomitant
increase of red cell 2.3 diphosphoglycerate (2.3 DPG) in the first red cell population up to Day 6 of development
the last week of incubation (Harkness and Isaacks, 1975). nor by the first populations of definitive erythrocytes,
In hypoxia the ATP levels were found to decline much which because of their short life span have disappeared
more rapidly than in normoxia (Baumann et ah, 1983). almost completely by Day 14 (Lemez, 1977).
We have measured the activity of carbonic anhydrase
On the other hand Ingermann et al. (1983) have shown
and
the concentration of 2.3 DPG in red cells from
that, in embryos older than 14 days, hyperoxia attenchronically
hypoxic and normoxic embryos. The findings
uates the normally occurring fall of the ATP concentrasuggest
that
hypoxia affects fundamental control mechtion and at the same time they observed only a small
anisms
of
definitive
erythrocyte differentiation during
increase of the 2.3 DPG concentration, which normally
ontogeny.
increases drastically between 14 and 16 days of development. These findings support the idea that the changes
MATERIALS
r Dedicated to Professor H. Bartels on the occasion of his 65th birthday.
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AND

METHODS

Fertilized eggs from white Leghorn chicken were incubated at 37.5”C either in air or 13.5% oxygen. Blood
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was taken between Days 4 and 18 from extraembryonic
blood vessels, washed repeatedly in buffer (0.05 mole/
liter Tris, pH 7.5, at 2O”C, 138 mmole NaCl, 5 mmole/
liter glucose; osmolarity 280 mosmole/liter)
and filtered
through microcrystalline
cellulose-cu-cellulose
before
determination of enzyme activities. Packed red cells were
either processed immediately
or stored in liquid nitrogen. Carbonic anhydrase activity was measured at 0°C
using the method of Maren (1960) as modified by Bruns
et al (1986). Activities are given as units/milliliter
red
blood cell.
Diphosphoglycerate
mutase (DPGM) activity
was
measured following
the assay of Schrijter and Kalinowsky (1969), pyruvate kinase (PK) activity and phosphofructokinase
(PFK) activity were determined as described by Beutler (1972). The activities were measured
at 340 nm and 37°C using a Hitachi Model 150-20 spectrophotometer.
Activities
are expressed as IU/g Hb.
Hemoglobin was determined as cyanmethemoglobin,
2.3
DPG concentrations
were determined with a test-kit.
Between 3 and 10 determinations
were made for each
day and group. All reagents were purchased from Boehringer Co. Mannheim. Mean values were compared for
significant differences using Student’s t test for unpaired
samples.
RESULTS

AND

DISCUSSION

Figure 1 shows the carbonic anhydrase activity for
air incubated embryos between 4 and 18 days of development and hypoxic embryos between 4 and 16 days of
development. Unlike Clark (1951) we find that carbonic
anhydrase is present throughout the investigated interval. This can probably be attributed to the greater sensitivity of the Maren-method
for measurement of carbonic anhydrase activities in small samples, compared
to the one used by Clark (1951). The primitive red cells
that constitute the only red cell population up to Day 6,
have a higher activity than the subsequently produced
definitive red cells.
Within the primitive red cell population activity declines from 2090 units/ml red cell at Day 4 to 686 units
at Day 6. Note that the carbonic anhydrase activity of
primitive red cells from hypoxic embryos is not significantly different between 4 and 6 days of development.
In normoxic embryos the minimum activity is found in
8- to 12-day-old embryos with about 300 units/ml RBC.
From Day 14 onward there is a sharp rise of carbonic
anhydrase activity up to 14,000 units/ml red cell at Day
18. A rise of quantitatively
similar proportions has also
been described by Clarke (1951).
In hypoxia carbonic anhydrase activity is already significantly increased at Day 8 of incubation. At this time
hypoxic embryos have carbonic anhydrase activities
.~
similar to those found at Day 14 in normoxic embryos.
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FIG. 1. Mean values and standard deviation of carbonic anhydrase
activity a (units/ml red cells) for normoxic (A) and hypoxic (W) chick
embryos.

Between 8 and 12 days activity increases from 1845 to
11,500 units, which is comparable to the increase found
in normoxic embryos between Days 14 and 18 (from 1440
units to 14,090 units). Thus the timing of the transition
from low to high carbonic anhydrase activities is shifted
by about 1 week in the hypoxic embryos.
Parallel changes occur with respect to the 2.3 DPG
concentration
of red cells (Fig. 2). While in normoxia
the 2.3 DPG concentration
is low (co.3 mole 2.3 DPG/
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FIG. 2. Mean and standard deviation of 2.3 DPG concentration (mole/
mole Hb) of red cells from normoxic (A) and hypoxic embryos (m).
Each point is the mean value of at least 4 determinations.
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mole Hb) up to Day 14, hypoxic embryos have 0.56 mole
DPG/mole Hb at Day 8 and 0.8 mole 2.3 DPG/mole Hb
at Day 10. Both in normoxia and hypoxia the increase
of 2.3 DPG concentration precedes the surge of carbonic
anhydrase activity by about 1 day.
The present results allow several conclusions. In the
first place primitive red cells are unaffected by hypoxia
since at Day 4 to 6, when both normoxic and hypoxic
embryos have predominantly primitive cells in their
circulation, no significant differences for carbonic anhydrase activity are present, and the 2.3 DPG concentration at Day 6 is also the same for hypoxic and normoxie embryos. Second, the increase of the carbonic anhydrase activity and the change in phosphate pattern
are apparently not tied to a specific subpopulation of
definitive red cells. Lemez (1977) has characterized the
morphology of the definitive cells produced by the embryo between 6 days of incubation until hatching and
distinguishes three subpopulations that appear sequentially between Days 6 and 14. The first subpopulation
has nearly disappeared by Day 14 due to its short life
span and dilution through subsequently produced red
cells. By morpholgical criteria definitive red cells of 8or lo-day-old hypoxic and normoxic embryos cannot be
distinguished, as inspection of blood smears demonstrated. However, it is apparent that the first definitive
red cell populations are able to express a program that
is normally realized much later in a different subpopulation, provided the necessary stimulus is given. The
data are consistent with the idea that the physiological
stimulus during ontogeny is the fall of the POz of the
arterialized chorioallantoic blood, which decreases from
about 90 mm Hg to about 50 mm Hg (Tazawa, 1980), and
we calculated a similarly low POz value for the blood of
embryos incubated in 13.5% oxygen (Baumann et al,
1983).
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Finally we have tried to determine if changes of the
activities of the key enzymes controlling 2.3 DPG concentration are responsible for the difference between
hypoxic and normoxic embryos since this is the mechanism by which the 2.3 DPG concentration of mammalian fetal red cells is adjusted (Jelkmann and Bauer,
1981). Table 1 gives the activities for pyruvate kinase
(PK), phosphofruktokinase (PFK), and 2.3 diphosphoglyceratemutase (DPGM). The PFK activities remain
nearly constant throughout the investigated interval:
the PK activities found in hypoxic blood tend to be
higher, which would favour a lowering of the 2.3 DPG
concentration (Jelkmann and Bauer, 1981). The activity
for DPGM increases between Days 10 and 16 in both
groups. A comparison of normoxic and hypoxic embryos
shows, however, that there is no clear correlation between DPGM activity and 2.3 DPG. These results suggest
that the control mechanisms for the change in 2.3 DPG
concentration (as well as the concomitant fall of ATP)
are localized elsewhere and probably tied to more fundamental alterations of the red cell metabolism. That
DPGM activity and 2.3 DPG concentration are not correlated was also observed by Harness et al. (1977), who
found considerable DPGM activity but only trace
amounts of 2.3 DPG in red cells of day-old chickens.
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