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Summary

The activities of the pulmonary antioxidant enzymes
(AOE), superoxide dismutase (SOD), glutathione
peroxidase (GPx) and catalase, increase in the final
10-20% of gestation in the mammalian lung, to protect
the lung from attack by increasing levels of reactive
oxygen species at birth. Whether the increase occurs as a
normal ‘preparation for birth’, i.e. by a genetically
determined mechanism, or in response to increased levels
of oxygen, i.e. in response to the environment, is not
completely understood. We examined the activities of
catalase, SOD and GPx in the developing lungs of two
oviparous vertebrate species, the chickenGallus gallug
and an agamid lizard (Pogona vitticeps and in a
metamorphosing vertebrate, the anuranLimnodynastes
terraereginae During in ovo development embryos come
into contact with higher levels of environmental oxygen,
and at a much earlier stage of development, compared
with the intrauterine development of mammals.
Furthermore, in metamorphosing frogs, the lungs are
inflated at an early stage to aid in buoyancy, although the
gas-exchange function only develops much later upon final
metamorphosis. Here, we hypothesise that the activity of
the AOE will be elevated relatively much earlier during
development in both oviparous and metamorphosing
vertebrates. We also examined the effect of mild hypoxia
(17 % oxygen) on the development of the pulmonary AOE
in the chicken, to test the hypothesis that these enzymes
are responsive to environmental oxygen. In the normoxic
lung of both Gallus gallusand Pogona vitticeps catalase
and GPx activities were significantly increased in late
incubation, whereas SOD activity decreased in late

incubation. Catalase and SOD activities were virtually
identical in hypoxic and normoxic embryos of the chicken,
but GPx activity was significantly affected by hypoxia. In
the developing frog, the activities of all enzymes were high
at stage 30, demonstrating that the system is active before
the lung displays any significant gas-exchange function.
SOD and GPx activity did not increase further with
development. Catalase activity increased after stage 40,
presumably correlating with an increase in air-breathing.
In summary, catalase expression in the two oviparous
vertebrates appears to be completely under genetic control
as the activity of this enzyme does not change in response
to changes in oxygen tension. However, in tadpoles,
catalase may be responsive to environmental oxygen. SOD
also appears to follow a largely genetically determined
program in all species. Under normoxic conditions, GPx
appears to follow a genetically determined developmental
pattern, but this enzyme demonstrated the largest
capacity to respond to environmental oxygen fluctuations.
In conclusion, it appears that the AOE are differentially
regulated. Furthermore, the AOE in the different species
appear to have evolved different levels of dependency on
environmental variables. Finally, the late developmental
increase in AOE activity seen in mammals is not
as pronounced in oviparous and metamorphosing
vertebrates.

Key words: reptile, bird, eggs, frog, metamorphosis, catalase,
glutathione peroxidase, superoxide dismut&slus gallus Pogona
vitticeps Limnodynastes terraereginae.

Introduction

The conversion of oxygen to water produces highly reactivblood and organ tissues (Fridovich, 1978; Fridovich and
oxygen species that are known to induce the peroxidation é&freeman, 1986). There are three main antioxidant enzymes.
polyunsaturated lipids in cell membranes and to causBuperoxide dismutase (SOD) catalyses the conversion of the
degradation of structural proteins, enzymes and ribonuclesuperoxide radical to hydrogen peroxide and oxygen (McCord
acids. These reactive intermediates of oxygen metabolism aa&d Fridovich, 1969). Catalase converts hydrogen peroxide to
converted mainly into molecular oxygen and water bymolecular oxygen and water (Fridovich, 1978). Glutathione
antioxidant enzymes and normally are kept to a minimum iperoxidase (GPx) catalyses the same reactions as catalase and
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also converts products of lipid peroxidation back intoremained relatively unchanged throughout late incubation with
functional membrane lipids (Chiu et al., 1976; Frank anda slight increase from day 19 to hatch (significance not stated).
Massaro, 1980). While these two studies contradict each other, they
For mammals, birth leads to an immediate dramatic increaskemonstrate that the increase in activity of all three AOEs, so
in the exposure of the lung to oxygen, from approxconsistently found in mammalian foetuses, is not observed in
25-100mmHg (1 mmHg=133.3 Pa). This phenomenon is knowthis oviparous species. The different birthing strategy is
as ‘relative hyperoxia’ and is accompanied by an increase mssociated with a different set of environmental conditions and
reactive oxygen species (Rickett and Kelly, 1990). The lungppears to be associated with a different prenatal
responds to an increased production of reactive oxygen spec@svelopmental pattern of AOE activity.
during this period by increasing the activity of the antioxidant Similarly, the lungs of metamorphosing anurans are exposed
enzymes (AOE). An increase in all three AOEs has beeto atmospheric oxygen tensions much earlier relative to
demonstrated in the lungs of most laboratory mammalsjevelopment than mammalian embryos, and also than embryos
including the rat, rabbit, guinea pig, mouse, hamster and sheay. egg-laying vertebrates. Burggren and West (1982)
However, most of these increases begin to occur before birth, lemonstrated that lungs are present early in development in
particular in the last 10-20% of the gestation period (Chen artalllfrog (Rana catesbeiandarvae (stage IV-V, according to
Frank, 1993; Frank and Groseclose, 1984; Frank and Sosenkle staging system of Taylor and Kollros (1946); this equates
1987; Gerdin et al., 1985; Rickett and Kelly, 1990; Tanswell antb about stage 26 of the staging system of Gosner (1960),
Freeman, 1984; Walther et al., 1991). which is used in the present study. Furthermore, larvae at all
Oviparous species have an entirely different method oftages have been observed to air-breathe (Crowder et al.,
parturition, which may be accompanied by differences in th&998). However, the lung does not become functional, in terms
developmental pattern of AOEs. Oviparous embryos, such ag oxygen uptake, until the late premetamorphic stages (stages
the chicken, obtain their oxygen from an air-cell within theXVI-XIX; approx. stage 36-40) (Burggren and West, 1982).
egg-space, which is in direct contact with the outsiderhe pulmonary gas-exchange area, the amount of pulmonary
environment (Starck, 1998). Hence, egg-dwelling embryosurfactant and static lung compliance, all increase as the
may be more susceptible to the effects of external conditiortadpole finally metamorphoses into a froglet (Dupre et al.,
and may experience higher pulmonary oxygen tensions thar®85; Oguchi et al., 1994). The activity of antioxidant enzymes
viviparous embryos. In the embryo of the chick&allus in the lung of animals undergoing metamorphosis has not been
gallus for example, the oxygen tension in pulmonary venouslescribed. However, the activity of whole body SOD has been
blood falls from 71 mmHg to 49 mmHg between day 14 andound to increase during larval development in the anurans
day 19 (of a 21-day incubation) (Freeman and Misson, 1970Riscoglossus pictuandRana ridibundgBarja de Quiroga and
Therefore, in early incubation, the chick embryo is exposed tGutierrez, 1984). Furthermore, the activity of catalase
considerably higher oxygen tensions than the mammaliaimcreases during development in a number of organs (liver,
foetus (about 25 mmHg). The AOE system in the chicken ankidney and pancreas) in the bullfrBgna catesbeian&ut did
other oviparous species may therefore be considerably monet change in the African clawed toxénopus laevigDauca
advanced during the first two-thirds of incubation than iret al., 1982).
mammals, due simply to the increased prenatal exposure of theThe present study examines the normal development of three
foetus to reactive oxygen species. Hence, the late gestatiormitioxidant enzymes, catalase, SOD and GPx, in the perinatal
increase in AOE activity typically seen in mammals may notung of two oviparous species, the chick&allus gallug and
occur in oviparous species. the bearded dragon lizaréPdgona vitticeps as well as in
Only two studies have examined the AOEs in the lungshe metamorphosing lung of an Australian burrowing frog
of non-mammalian embryos over the last 20-30% of th&imnodynastes terraereginae(Anura: Myobatrachidae:
incubation period, both in chickens, and both withLimnodynastinae). We hypothesise that the activity of the
contradictory results. Van Golde and coworkers measuregntioxidant enzymes will be elevated much earlier relative
catalase, SOD and GPx activity in the lungs of chickero development in both oviparous and metamorphosing
embryos from day 10 until hatching (Van Golde et al., 1998)vertebrates, compared with mammalian embryos. In addition,
SOD activity peaked at day 18, then remained constant tilve examined the lability of the AOEs in the embryonic chicken
hatching; GPx activity peaked at day 16 and declined ttung in response to a decrease in environmental oxygen, to test
hatching; and catalase activity peaked at pipping (day 20)he hypothesis that the antioxidant enzymes are responsive to
Pipping is the stage immediately prior to hatching, where thenvironmental oxygen.
embryo has broken through the shell membrane but not the
shell, and has commenced air-breathing in the air-cell. Surai )
measured the same enzymes in chicken lungs from 15 days of Materials and Methods
incubation until hatching (Surai, 1999). SOD activity Animals
decreased from day 15 till hatching, whereas GPx activity Gravid bearded dragof®gona vitticepgAhl, 1926) were
reached its lowest point at day 19 (pip activity not determinedjollected from the Flinders Ranges, South Australia, in
and increased thereafter until hatching. Catalase activit@ctober 1998, after mating and before oviposition. Mothers
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were housed in cages (1.&65mx0.45m) and were fed Table 1.0xygen and carbon dioxide concentrations in the

fruit, vegetables and cockroaches. They were provided wit  incubator containing chicken eggs under normoxic and

calcium and vitamin supplements and had access to wat hypoxic conditions

ad libitum Clutches of 15-20 eggs were laid upon damg L
Oxygen (% Carbon dioxide (%

sphagnum moss. The eggs were removed immediately aftbays of  Number yg' ) _ : ( 0)_

laying, marked and placed in the same orientation as incubation ofeggs ~ Normoxia Hypoxia Normoxia Hypoxia

oviposition in plastic boxes containing fine vermiculite 1 40 20.9 0.04
(approx. 5mm particles) with a gravimetric water conten3 40 20.9 0.05
maintained at 1 ggdry mass, resulting in a water potential of 5 40 20.9 0.07
>-200kPa. Boxes were stored in a constant temperatu?’ 40 20.8 0.08
cabinet at 29 °C (Johnston et al., 2000). 9 40 20.8 0.014

10 40 20.7 17.7 0.015 0.090

Fertilized eggs from the chickeBallus gallusL. were

obtained from a commercial supplier (Globe Derby Poultryié jg ;8'; gg g'gg 8‘81(13
Adelaide, South Australia) and randomly allocated to one Ci3 20 20:4 18:0 0:400 0:031
two groups. One group was incubated under normoxij, 40 20.2 17.9 0.510 0.600
conditions for the duration of incubation. The other group was 33 20.4 17.5 0.390 0.780
incubated first under normoxic conditions and then transferre1g 33 20.4 17.6 0.430 0.098
to hypoxic conditions (17.7+0.3 % atmospheric oxygen) at da17 25 20.5 17.7 0.280 0.066
10 of incubation. All eggs were incubated in a Bellsouth 10(18 25 20.5 17.7 0.330 0.035
electronic incubator equipped with a Bellsouth 100AT19 18 20.9 17.8 0.040 0.036
automatic turner (Bellsouth, Narre Warren, Victoria, Australia)20 18 20.9 18.0 0.040  0.021
at 39°C. 21 11 20.9 - 0.040 -

Spawn of Limnodynastes terraereginabry, 1915 was Measurements on days 14, 16, 18, 19 and 20 were taken before the
collected from a dam in Forestry Block 245, Athertonmcum1t0r was opened tg remlove,egg’s
Tablelands, Queensland, Australia (17'%5, 145 °2744"E) i
on 20 January 1999. Tadpoles were reared in aerated watel
ambient temperature before being transported to the laboratopgntobarbitone sodium injected intraperitoneally. The
at Adelaide University on 27 January 1999. There they werabdominal cavity was opened and lungs excised under a Wild
reared at 30+1°C in aerated, dechlorinated tapwater in gladé48 dissecting microscope. Lung samples were collected into
aquaria (25cm25cnmx8cm). Developing larvae (tadpoles) precooled Eppendorf tubes and kept at —80 °C prior to tissue
were fed lightly boiled, organically grown lettuce leavesprocessing.
supplemented with SERA bioflakes pond fish food. Water and In this study we did not correct for the antioxidant activity

food were changed daily. contained in blood, because the blood perfusing the lungs
_ represents an important contribution to the overall pulmonary
Experimental groups antioxidant defence system. In order to diminish variations in

Bearded dragon embryos were killed at 50 d&§=bf and the extent of perfusion between samples of the same
at 55 daysN=6) following oviposition as well as at pip€6;  experimental group, and also between groups, we took care to
mean age at pipping=57.5+1.1 days) and at hlslb;(mean excise lungs at an identical time and in an identical manner in
age=59+0.9 days), by an overdose of sodium pentobarbitoach animal. Hence, lungs were removed after respiratory
injected intraperitoneally. Lungs were excised and stored abovements had ceased, but the heart was still beating.
—-80 °C until analysis. Due to the small size of the embryos, iEurthermore, no major vessels or organs were cut, thereby

was not possible to sample lungs any earlier. standardising the level of blood loss.
Chicken embryos were killed with an overdose of sodium _
pentobarbitone injected intraperitoneally on days 14, 16 and 18 Hypoxia protocol

of incubation, at pip (20 days normoxia, 19 days hypoxia) and A state of chronic hypoxia was induced by decreasing the
at hatch (21 days normoxia, 20 days hypoxia) (Table 1). Lungxygen content of the air within the incubator to 17.7+0.3%
tissue was stored aB0 °C until analysis. (Table 1). This level of hypoxia is considered to be relatively
Tadpoles were staged according to the staging system ofild, and physiologically more relevant than other protocols
Gosner (1960). These stages are represented by arabibich have induced hypoxia using 10 % EBypoxia treatment
numerals. References to developmental stages in the literaturegan at day 10 of incubation and continued until the day the
are from the system of Taylor and Kollros (1946) and are giveanimal was killed (14, 16, 18, 19 or 20 days) (Table 1). The
as roman numerals. In this study, tadpoles from stage 30 gas was supplied by Douglas bags inflated with 17 % oxygen
stage 46 N|=30-40 for each developmental stage) were useth nitrogen and sucked through the incubator by a pump (flow
between March and June of 1999. Larvae of stages 30—40 weste 50 miminl) and was continuously monitored by an
killed by decapitation. Premetamorphs at stages 41-45 amcygen analyser. This method gave a very slow airflow over
metamorphs (stage 46) were killed with an overdose ahe eggs and any holes in the incubator were sealed to minimise
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exchange with atmospheric gases. The incubator was onlg produce 50% inhibition of the rate of reduction of
opened to obtain eggs on days 14, 16, 18 and pip (19 days)tochromec in the system described above.

and otherwise remained sealed. The increase mr&rded Catalase activity was determined by measuring the rate of
around days 13-16 is probably due to the gradual accumulatiéf»O2 (10 mmol 1) decomposition in 50 mmot} potassium

of respiratory gases from a large number of eggs in a sealgtiosphate buffer, (pH 7.0), at 240 nm and 25°C (Aebi, 1974;
incubator. As the eggs were sampled, thereby reducing th&aiborne, 1985). The activity was calculated using the molar
number and opening the incubator, the Cfecreased, but extinction coefficient of 0.0436(mmof)~lcm™ (Aebi,
throughout incubation, the concentration of C@ever 1974).

exceeded 0.8 %. This concentration ofG0unlikely to affect Total GPx activity was determined using an indirect,
respiration. coupled enzyme method (Paglia and Valentine, 1967) in a
modification described by Gunzler and Flohe (1985). GPx

Tissue preparation catalyses the  glutathione-dependent  reduction  of

For bearded dragons and chickens, individual samples ®fydroperoxides where reduced glutathione (GSH) is converted
lung tissue were used from each animal. In the case of frog® its oxidised form (GSSG). In this method, GSSG is
lungs from 30—40 tadpoles in each developmental stage wecentinuously reduced to GSH by NADPH in the presence of
weighed and then combined to give 50mg lung tissue peglutathione reductase. NADPH is continuously oxidised to
sample. This resulted in between 1 and 3 samples p&ADP while the concentration of GSH is maintained constant.
developmental stage. Samples of frozen lung tissue wefghe amount of GPx in the sample is proportional to the amount
rapidly weighed in precooled Eppendorf tubes and cubf NADPH oxidised per unit time. In this study, the rate
vigorously for 2-3 min on ice with fine scissors in 1:20 w/v ofof NADPH consumption was continuously monitored
ice-cold 10 mmolt! potassium phosphate buffer (pH 7.4, spectrophotometrically at 340nm and 37°C and used to
supplemented with 30 mmof KCI and 1 mmoltl EDTA).  calculate the amount of GPx.

The fine tissue suspension was sonicated (MSE sonicatorBriefly, 100ul of supernatant was added to 4000f
equipped with an exponential probe, 20 kHz, medium powe0 mmol Il potassium phosphate buffer, pH 7.0, containing
amplitude 16um) on ice for a total of 45s (1s burst/4s restlmmol? EDTA and 10Ql of 10 mmolF! sodium azide,
mode) for chicken and bearded dragon lung samples, and fimlowed by 10Qul of glutathione reductase (2.4 UTHl and

a total of 30s (1s burst/4 s rest mode) for frog lung tissue (DdIOOul of 10mmol ! GSH. The mixture was incubated for
Maestro and McDonald, 1985). Ice was replaced half-way0min at 37°C and 1Q@ of 1.5mmol 1 NADPH in 0.1%
through the sonication of each sample to prevent significaMaHCQ; was added. The solution was mixed with a cuvette
heating of the homogenate. The homogenate was centrifugetirrer and the hydroperoxide-independent NADPH
(12,0009, 5min) and the supernatant divided into four portionsconsumption was recorded at 340nm and 37°C for 5min.
for SOD, catalase, GPx and protein assays and ke@0&C  100ul of 1.5mmol! H20, was then added, mixed and the

prior to biochemical analyses. decrease in absorbance was recorded for another 5min.
o Sodium azide was added to inhibit catalase. One unit of GPx
AOE activity analyses is defined as the amount of GPx causing the oxidation of

Purified standards for catalase (from bovine liver; ECLpumol GSHmintin the above system. Values were corrected
1.11.1.6), SOD (from bovine erythrocytes; EC 1.15.1.1¥or the hydroperoxide-independent decomposition [Bf
and GPx (from bovine erythrocytes; EC 1.11.1.9) weredNADPH as well as for the non-enzymatic oxidation of GSH.
purchased from Sigma Chemicals. All other chemicals were Total protein content was determined using the Coomassie
of analytical grade or higher. The activities of SOD, catalas8rilliant Blue G-250 method (Lott et al.,, 1983). The
and GPx were analysed using standard spectrophotometabsorbance of standard Coomassie Brilliant Blue solution was
assays performed with a double-beam spectrophotometereasured at 465nm and 595nm and the ratio of the
(Hitachi-U 2000) equipped with a constant temperatur@bsorbances was compared with a standard curve prepared

chamber. using bovine serum albumin.
Total SOD activity was measured by monitoring the SOD- _
induced inhibition of cytochromereduction by the superoxide Data analysis

radical generated in a xanthine/xanthine oxidase system The activity of each enzyme was calculated in unit3 amnd
(McCord and Fridovich, 1969). Briefly, samples of supernatanstandardised against mg proteirrfnl For each time point,
(50-10Qul) were added to an assay mixture containingactivities are represented as the mears.etm. units mgl

50 mmol I1 potassium phosphate buffer, (pH 7.8), 0.1 mrrol| protein. For chickens and lizards, differences between stages
EDTA, 0.01mmolt! cytochromec, 0.05mmolfl xanthine were determined using a Studentest, with a Bonferroni

and 0.005 units xanthine oxidase in a final volume of 3ml. Theorrection for multiple t-tests. Hypoxia and normoxia
rate of increase in absorbance was continuously recordécbatments were compared using a Studetsst with
spectrophotometrically at 550 nm and 25°C for 5min and thsignificance taken a$<0.05. For the frogs, patterns of
maximum linear rate was used to calculate the activity of SOantioxidant development are illustrated with the simplest
One unit of SOD was defined as the quantity of SOD requiresignificant line of best fit through the individual points.
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Results significantly from day 18 to pipt£2.7, d.f.=11,P=0.01).
Pogona vitticeps Under hypoxic conditions, SOD activity remained constant
Catalase throughout incubation (Fig. 2B). Activity did not differ

Catalase activity increased throughout incubation from daf€tWeen hypoxic and normoxic embryos at any time point.

50 until pip and hatch in a linear fashion (Fig. 1A). Activity at

both pip and hatch were significantly elevated above levels ngx act|V|t.y. ) )
day 50 {=-2.31, d.f.=9,P=0.023:t=-3.58, d.f.=10=0.002, GPx activity in the prenatal normoxic lung demonstrated a

respectively). Catalase activity of hatchlings was significantl?rlarp increase between day 16 and dayt383(36, d.f.=11,
elevated over adult levelst=4.63, d.f.=11, P=0.0003), P=0.0032) and remained constant until hatch (Fig. 2C). GPx

activity demonstrated the greatest differences between
normoxic and hypoxic conditions of any of the three enzymes
SOD (Fig. 2C). Under hypoxic conditions, GPx activity was
SOD activity displayed a different pattern to that ofconstant from day 14 to pip, and then increased significantly
catalase. SOD decreased from day 50 through to pip in a linei@m pip to hatcht&-4.11, d.f.=7,P=0.022). GPx activity in
manner (Fig. 1B). Activity at pip was significantly lower than hypoxic chicken embryos was elevated above normoxic
at day 50 {=2.23, d.f.=9,P=0.026). SOD activity in the lung Vvalues for day 14 t£-1.92, d.f.=11,P=0.040), day 16
of adult lizards was similar to that of pipping and hatchling(t=—3.05, d.f.=11,P=0.0055) and hatcht£-2.28, d.f.=11,

indicating that, at some point after hatch, activity decreases.

lizards. P=0.022).
GPx
There were fewer data available for C
activity because the lungs &fogona vitticep > 2 1007 A 8.+
were very small. Only those samples v 32 gp- *
sufficient tissue homogenate left after the & & % 604
and catalase analyses were measured for 3 & *.§ T
GPx remained fairly constant and | g = 401 THatm t
throughout late incubation (Fig. 1C). Due § § 20- Pip =
small sample size®NE1 or 2) it was not possik =~ 0 . . . . .
to determine whether there was an increa: 45 50 55 60 65 Adult
GPx activity upon hatching. Adult GPx activ
was almost threefold higher than at any p 144 B Hatch
during the perinatal period (Fig. 1C). >-q% 12~ ,
£ S 104 Pip
Gallus gallus '§ = 8 X ¢ T
Catalase activity Ag 6
Catalase activity in the normoxic chick 8 *g 44 *
lung rose throughout incubation from day EES
until pip (20 days) (Fig. 2A). Activity at p o i = o o Adul '
was significantly elevated above levels at
14 (=-5.83, d.f.=12, P=0.00004). Catala: _0067 C t
activity in the normoxic lung fell significant < =
from pip to hatcht€4.65, d.f.=13P=0.00024) ‘E‘ S 0.04- Hatch
In hypoxic embryos, pip and hatch occurre § 5 Pi
day earlier than under normoxic conditi g g Py
(Fig. 2). Under hypoxic conditions, catali © £ 0.02 1 ¢
activity did not demonstrate a signific 5, \;/‘/
increase from day 14 to pig=(1.86, d.f.=8 045 A o5 o o5 Adult

P=0.49). Furthermore, once a Bonferr _
correction is applied, there was also Incbation age days)

significant decrease from pip to hattk1(90. g 1 changes in the activity of antioxidant enzymes catalase (A), SOD (B) and
d.f.=7,P=0.049) (Fig. 2A). GPx (C) in the lungs of the bearded dragBogona vitticepsduring late
L development, at hatch and in the adult. Values are unifsprgfein and are means +
SOD activity s.EM. In all casesN=4-6, except in C, where ‘pip’ and ‘hatch’ data points N«@
SOD activity in the normoxic embr  and N=1, respectively. Pairs of symbols (*, § and %) indicate points that are
remained constant from day 14 to day significantly different from one anotheP<0.05). In C, f indicates that adult GPx
(Fig. 2B). After this period, activity fe activity is significantly higher than at any other stage of development.
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Limnodynastes terraereginae catalase activity. It is tempting to speculate that it is the sudden

Catalase activity in the lung tissue a@imnodynastes increase in oxygen uptake through increased dependence on
terraereginaelarvae was present at early stages of larvapir-breathing that is inducing catalase activity, suggesting that
development. The activity of this enzyme was relativelycatalase in this species is responsive to environmental oxygen.
constant between stages 30 and 40 but increased exponentidiigwever, without direct measurements of oxygen uptake in
thereafter (Fig. 3A). Both SOD and GPx activity were presenthis particular species of frog, this conclusion remains

in lung tissue of stage-30 tadpoles and did not changgPeculative.

throughout metamorphosis (Fig. 3B and C).

Discussion

The increase in catalase activity during the final 20% of
incubation is very similar to that reported for most mammals
(Frank and Sosenko, 1987; Walther et al., 1991). Such a similar
developmental pattern between widely divergent species

Numerous studies in mammals have established that tlhveould indicate that these biochemical changes are part of a
three AOEs (catalase, SOD, GPx) are regulated independenggneral process of lung maturation and represent a normal
(Chen and Frank, 1993). Differential regulation of thesépreparation for birth’. This is further supported by the absence
enzymes is also evident in the two oviparous specie~ ~~-

the metamorphosing frog examined in the present <
Whereas the developmental pattern of catalase acti
essentially similar in all three species, the other
enzymes demonstrate very varied patterns amon
three species.

Catalase activity

In both oviparous species, catalase activity incre
during the final 20% of incubation until pipping. 1
AOE activity for the two oviparous species must
viewed in the light of a progressive decrease in ox
tension in venous blood of the developing eml
throughout late incubation. For example, in the chi
there is a decrease in oxygen tenskuw, Yof venous bloo
from 71.7 mmHg at day 14 to 49.8 mmHg at day B8,
then increases sharply at pipping to 82.9 mmHg (Fres
and Misson, 1970). Hence, the increase in catalase a
prior to pipping occurs despite a decreas®dy in the
chicken lung. Furthermore, catalase activity decre
from pip to hatch (Fig. 2A), despite a sharp increas
blood Po, at that time. This suggests that catalase
not respond to the changes in blood oxygen le
Furthermore, hypoxia did not alter catalase activity ir
chicken lung, thus it appears that catalase activity i
correlated with oxygen availability in the chicken Iu
There is a similar pattern of change in catalase activ
the bearded dragon lung during late incubation throu
pipping. However, bloodPo, values in bearded drag
embryos are not known.

In tadpoles, pulmonary catalase activity rema
relatively constant between stages 30 and 40,
thereafter there was an exponential increase in ac
Burggren and West (1982) determined that significat
uptake by the lungs in bullfrogréna catesbeiandarvae
does not occur until stage XVI (equivalent approxime
to stage 36). Furthermore, stage XXl (equiva
approximately to stage 42) is a critical developme
stage during which bullfrog tadpoles switch fron
preference for water (95 %) to a preference for land (7
(Crowder et al., 1998). It is interesting that the timin
this switch correlates exactly with the rapid increas

Pip
*+¢ Hatch

v

—e— Normaxia
50 - m - Hypoxia

Catalase activity
(units mg? protein)
w
o
1

6 —e— Normaxia
3 - -m - Hypoxia Pip

0 T T T T 1
12 14 16 18 20 22

SOD activity
(units mg? protein)
°

i —e— Normaxia
_m - Hypoxia : /i
0.06 - Hyp Pip

GPx activity
(units mg? protein)
o
E

12 14 16 18 20 22
Incubation age days)

Fig. 2. Changes in the activity of antioxidant enzymes catalase (A), SOD
(B) and GPx (C) in the lungs of the chick&allus gallusduring late
development and at hatch. Solid lines indicate changes under normoxic
conditions and dashed lines indicate changes under hypoxic (12J% O
conditions. Values are units mgrotein and are means .M. In all
casesN=4-6. Pairs of symbols (* and f) within the same experimental
group indicate points that are significantly different from one another
(P<0.05). § indicates points for which there is a significant difference in
antioxidant enzyme activity between normoxic and hypoxic conditions.
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of an environmentally induced effect on the levels of this The pattern of catalase development (an increase throughout
particular AOE in chickens. As the developmental pattern oincubation until pipping) in the present study resembles that
catalase activity is not subject either to birth strategy or tpresented in a previous study (Van Golde et al., 1988). In
environmental influences, it is probably predetermined. Acontrast, Surai found that catalase activity in chicken lung
possible mechanism for this programming may be related teemained relatively unchanged throughout incubation from day
the increase in reactive oxygen species that occurs in all tissuEs to day 19, with a small increase toward hatching (significance
during late development as a result of the increased metabolisrot stated) (Surai, 1999). It is unclear why the results of Surai
associated with differentiation and growth (Frank et al., 1996should differ from those of Van Golde and coworkers (Van
It has recently been proposed that the concomitarBolde et al., 1998) and the present study. Here, absolute values
developmental increase in reactive oxygen species, which forof catalase activity from developing chicken lungs are up to an
the substrates for the AOEs, may represent the primamgrder of magnitude greater than those measured in the earlier
controlling mechanism for AOE induction (Frank et al., 1996) studies. Methodological differences between the present study
and the previous measurements of AOEs in chicken lung (Surai,
1999; Van Golde et al., 1998) may contribute to the varied

1607 A results. Sonication was used to disperse the cells in the present
T 1401 study, as opposed to homogenisation. In addition to releasing
S g 120 cytosolic enzymes, sonication also ruptures cellular organelles
§ 5 100+ * to release organelle-specific AOEs. As catalase is concentrated
2% 804 D..m-m-ra-@'mflj in peroxisomes, this may explain the dramatically greater values
g E 60 = presented here for catalase activity.
8 c 40
S SOD activity
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25 30 35 40 45 50 oxygen tensions is difficult to interpret. In the lung of the
bearded dragon, SOD activity continued to decrease throughout
% 109 B late development. While no change in SOD activity occurred
*E‘ IS 81 ® *. between days 14 and 18 in the embryonic chicken lung, there
g H; 6 . r YT 24y s was a significant decrease between days 18 and 19 (pip). Given
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8 2 5. (60 days), the decrease just prior to pipping in both dragons (day
5 50) and chickens (day 18) occurs at very similar stages during
025 30 35 40 45 5o  total incubation, i.e. at 83% and 85 %, respectively. Hence, the
change in SOD activity under normoxic conditions is similar
0057 C for both oviparous vertebrates, but directly opposite to that of
S 0.04- 3 mammals (Frank and Sosenko, 1987). Our data also indicate
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%Ha 0.03 T T{ *7 1 environmentalPo,. First, despite the large increase Rn,
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was no change in SOD activity following pipping in either

Fig. 3. Changes in the activity of antioxidant enzymes expressed &pecies. Fourthly, SOD activity in chickens exposed to hypoxic
unitsmglprotein in lung tissue of frogs at developmental stage<onditions remained constant throughout late incubation (day
30-46. Lungs from 10-30 animals were pooled for each sampld4-19), demonstrating no statistically significant difference

Values are means, means + range or meass.i., depending on  petween normoxic and hypoxic activity at any developmental
the number of measurements per stagel(for stages 30, 35, 38, zge. However, hypoxia did abolish the decrease in SOD activity
N=2 for stages 32, 34, 4R=3 for all other stages). Catalase activity -+ \was observed under normoxic conditions from day 18 to

(A) remained unchanged for stages 30-460(827%+43.811,; : A . Lo
r2=0.0997; N=10) and thereafter increased exponentiallyplpf Hence,. hypoxia did qausg a slight alteration in the SOD
activity profile of embryonic chickens.

(y=4.65638070%; 2=0,7059; N=7; P<0.01). SOD activity (B) : ;
remained unchanged over the entire developmental period, Unlike catalase, SOD data in the present study are very

(y=0.0175+5.7001;r2=0.0137;N=17). GPx activity (C) remained Similar to those obtained by Surai (1999), where the activity of

unchanged over the entire developmental pegie8x10-5x+0.0255;  the enzyme was found in comparable levels and was lowest
r2=0.0011,N=17). immediately prior to hatching. This contrasts with the results
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obtained by Van Golde and coworkers who found a peak in In tadpoles, GPx activity, like that of SOD, remained
SOD activity on day 19 and values that were 8-10 times higheinchanged throughout metamorphosis. Hence, neither enzyme
than the other studies (Van Golde et al., 1998). The reason fappears to be responsive to the environment, and both enzymes
these differences again is unclear. were present at mature activity levels in very immature lungs
In tadpoles, SOD activity remained unchanged throughoudt stage 30. In normoxic water, stage |-XXI bullfré&afa
metamorphosis from stage 30 to 46. This indicates firstly, thatatesbeianp larvae (equivalent approximately to stages
SOD is present at mature activity levels in very immature lung20—41) breathe air regularly but infrequently (0.4-6.2
at stage 30, when the lungs are not yet functional in aurfacings per hour). Earlier stages breathe more frequently
respiratory sense. Secondly, the enzyme does not appear tothan later stages. However, breathing at these stages is not
responsive to environmental oxygen, which increases with airequired for oxygen. Burggren and West (1982) determined
breathing at around stage 40 (see discussion on GPx activityat significant @ uptake by the lungs iR. catesbeiandoes
of tadpoles). not occur until stage XVI (equivalent approximately to stage
N 36). Breathing in the early developmental stages may serve to
GPx activity promote lung development and prevent accumulation of fluid
The data for GPx activity of the bearded dragon need to ba the lung (Crowder et al., 1998). In terrestrial embryos, the
treated with caution as they consist of relatively fewlung is filled with fluid, which is necessary for lung growth and
measurements due to the small amounts of lung tissue that Wevelopment. In aquatic larvae a fluid-filled lung would reduce
could isolate. However, in early development of the beardeduoyancy. Although the lungs bf terraereginaet these early
dragon, GPx activity does not appear to change. Given tteages are unlikely to be functional for gas exchange, we did
small sample sizes at pip and hatch, it was not possible tibserve frequent gulping of air at the surface, and the lungs
determine whether there is a significant increase in GPupon excision were usually inflated. Hence, the potential for
activity upon air-breathing. It is striking, however, that theoxygen radical damage is high. It is likely, therefore, that high
level of GPx activity in adult lung tissue is threefold greateldevels of SOD and GPx are required at these early stages to
than in hatchling bearded dragons. Given the fact that catalapetect the developing, epithelial lining from oxidative
demonstrates the opposite trend, i.e. it is present at greatlamage. Furthermore, as developing tadpoles are undergoing
levels in hatchlings than in adults, these results suggest thatémtensive organogenesis (Duellman and Trueb, 1986), the
the defence againstB,, catalase may be the more importantoxygen consumption of individual tissues will be high, as will
enzyme at parturition, whereas GPx may be the more importabe the levels of reactive oxygen species. As the level of oxygen
antioxidant enzyme in the adult. consumption and hence the level of reactive oxygen species is
The notable feature in the developmental pattern of GPa&ne of the chief factors determining the level of AOE (DeHaan
activity in the normoxic lung ofallus gallusis the sharp et al., 1994; Frank and Groseclose, 1984), this may further
increase from day 16 to day 18. This increase occurred at a tiregplain the elevated levels of AOE during very early
when bloodPo, in the chicken embryo is low (Freeman anddevelopment in tadpole larvae.
Misson, 1970), suggesting that activity of GPx is increasing,
like that of catalase, in a genetically determined developmental Conclusions
pattern, in preparation for birth (Frank and Sosenko, 1987). In all three species, catalase activity increased during late
However, in the hypoxic chicken lung, over the time framedncubation, in a manner similar to that of mammals. Such a
examined, it appears that this increase was abolished, as G&imilar developmental pattern between widely divergent
activity was elevated compared with normoxic chickens at dayspecies indicates that these biochemical changes are part of a
14 and 16, and remained constant throughout late incubatiogeneral process of lung maturation and represent a normal
A possible explanation for the lack of an increase in GPxpreparation for birth’. The data from both oviparous species
activity between days 16—-18 in the hypoxic chicken lung is thaguggests that catalase activity is unresponsive t© O
the increase occurred earlier (prior to day 14), because the levélisctuations, and continues to increase in readiness for
of GPx activity were already elevated at days 14 and l1Batching, thus supporting the theory of a genetically
compared with normoxic chickens. This is supported by the fagirogrammed increase. However, in tadpoles, there is some
that development was accelerated under hypoxic conditions (i.evidence that catalase activity may be induced by increases in
pip and hatch occurred one day earlier), and may point to @axygen tensions. The decrease in SOD activity during very late
genetic mechanism that has been speeded up, i.e. timeubation in the two oviparous species, when veriisis
environment has a modulating influence. Further evidence thatcreasing, is opposite to the change observed in mammals.
environmental oxygen is able to influence GPx activity comegurthermore, in tadpoles, SOD activity was elevated very early
from the dramatic (100%) increase in GPx activity uponduring development and did not change thereafter. The bulk of
hatching in hypoxic chickens. This is the largest increase in arthe data suggest that SOD activity is not responsive to
of the treatments and analyses. It is possible that this increasevironmental oxygen, indicating that it too may be largely
may be a result of the more pronounced relative hyperoxia thgenetically determined. Although under normoxic conditions
would occur in hypoxic chickens upon hatching, compared witlGPx appears to be under genetic control, this enzyme
normoxic chickens. demonstrates the greatest capacity for environmental
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