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Abstract—Metabolic gradients exist in developing organisms and are believed to influence development. It has
been postulated that the effects of these gradients on development result from differential oxygen supplies to
tissues. Oxygen has been found to influence the course of development. Cells and tissues in various stages of
differentiation exhibit discrete changes in their antioxidant defenses and in parameters of oxidation. Metabolically
generated oxidants have been implicated as one factor that directs the initiation of certain developmental events.
Also implicated as factors that modulate developmental processes are the cellular distribution of ions and the
cytoskeleton both of which can be influenced by oxidants. The interaction of oxidants with ion balance and

cytoskeleton is discussed.
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INTRODUCTION
The underlying nature of the mechanisms by which
select genes become repressed or derepressed at critical
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times in development is presently unknown. Many early
embryologists believed that the cellular environment
interacted with the genetic control mechanisms that
directed developmental events. Oxidation gradients re-
sulting from differential nutrient and oxygen supplies
were implicated as major environmental factors that
could influence the development of organisms.' More
recently, it was postulated that free radical generation
by various metabolic pathways governs some devel-
opmental changes.” There is also considerable evidence
to suggest that ionic gradients and charge gradients
exert potent control over a variety of developmen-
tal events and that these gradients may themselves
be influenced by oxidative metabolism.® In this re-
view we examine the changes in antioxidant defenses
that occur during the development of a wide variety
of plant and animal species. We also explore possi-
ble mechanisms by which some of these changes may
influence different aspects of development in phylo-
genetically diverse organisms. Although similar in
overall philosophy to previous reviews on this sub-
ject by Sohal et al.? and Sohal and Allen,*? the pres-
ent study greatly expands the supporting base of evi-
dence and further elucidates the mechanism by which
cellular oxidation can influence genetic control of
development.
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INFLUENCE OF METABOLIC GRADIENTS AND
OXYGEN ON DEVELOPMENT

Metabolic gradients

The presence of developmental gradients in embryos
was first postulated by Boveri,® who observed that the
vegetal properties in sea urchin eggs decreased from
vegetal to animal poles. In 1905, T. H. Morgan’ ex-
panded this hypothesis to suggest that substances re-
quired for regeneration in flat worms were present in
decreasing amount in the posterior regions of the worm.
To support his argument, Morgan performed ligation
experiments in which the circulatory transport of these
morphogenetic substances was restricted. He also con-
cluded that the cytoplasm alone furnished the basis of
developmental changes. Although he had underesti-
mated the importance of nuclear control in develop-
mental events, his conclusions do show a remarkable
insight. Current theories of development emphasize
nuclear control, and genes that influence the expression
of other genes are known?®; however, cytosolic factors
also influence gene expression. For example, Mc-
Kinnel et al.® demonstrated that implantation of frog
renal tumor cells into enucleated oocytes resulted in
the formation of tadpoles rather than tumor tissue. Var-
ious nuclear transplantation experiments demonstrate
that placement of somatic cell nuclei into the appro-
priate cytosolic environment leads to a regression from
their fully differentiated state to a level consistent with
the cytosolic environment. '

Morgan’ had believed that chemical heterogeneity
in the egg led to unequal distribution of both structural
and nutritional components in the bodies of developing
embryos. He had thought that this heterogenous dis-
tribution of organic compounds formed the basis of
developmental gradients in organisms. However, this
hypothesis could not explain developmental gradients
in higher organisms such as mammals, that do not
exhibit an unequal distribution of cellular components
subsequent to cleavage.

In a series of elegant experiments, C. M. Child
employed metabolic and cellular toxins such as KCN,
ethanol, NaOH, NH;OH, HCI, and acetic acid to dem-
onstrate regional variation in the rate of metabolism,
that is, metabolic gradients. Using this approach, Child
concluded that axial metabolic gradients existed in
planaria,'* starfish,' sea urchins'®'” and several plant
species.'® He also observed that both the size of organs
and the type of tissue into which embryonic cells de-
veloped could be influenced by experimentally-in-
duced alterations of metabolic rate in developing sea
urchins.!” The large number of metabolic toxins em-
ployed, the variety of ways in which each chemical
agent was applied, and the similarity of effects ob-

served allowed him to eliminate the possibility that the
effects resulted from any specific chemical toxicity and
permitted him to conclude that differences in the rate
of metabolism were the underlying cause of these al-
terations in development. In addition to studies with
inhibitors of metabolism, Child'? used a redox sensitive
dye to discover the existence of metabolic gradients in
starfish larvae. The reduction of indolphenol began in
the apical region of the larvae and proceeded poste-
riorly. Dead organisms did not exhibit this graded ef-
fect; instead, they became uniformly stained. Similar
observations were reported by Horstadius,'™ who ex-
amined oxidation of Janus green in developing sea
urchins.

On the basis of his studies, as well as observations
made by others, Child'*'" concluded that metabolic
gradients directed development, and that regions of
higher metabolism influenced the development of the
regions of lower metabolism. Child recognized that the
rate of metabolism could differ between similar de-
veloping regions of different individuals and that the
overall rate of metabolism was subject to individual
variation. According to Child’s hypothesis the rate of
metabolism of developing tissue relative to the meta-
bolic rate of surrounding tissues determines the de-
velopmental fate of that tissue. Although the region of
highest metabolism varies between different phylo-
genetic groups, and the rate of metabolism differs greatly
between individuals of the same species, Child sur-
mized that during the development of any organism
the cells in the region of highest metabolism would
ultimately give rise to nerves."

More recently, Chernavskii et al.” inferred that a
high level of metabolism results in limitation of tissue
potency and promotes differentiation, whereas, the
lowering of metabolic intensity expands tissue potency
and leads to dedifferentiation. They supported their
conclusions with studies in regenerating hydra and am-
phibians that revealed an increase in the metabolic gen-
eration of free radical enzyme-intermediates (such as
flavoenzyme radicals) in differentiating tissues.” Ad-
ditional support stems from the observation that a sig-
nificant increase in the rate of oxygen utilization occurs
concomitantly with neural induction in amphibians,”
Changes in the rate of metabolism and the underlying
biochemical causes of these changes have been exten-
sively examined in developing mammals. A presen-
tation of metabolic alterations that occur during mam-
malian development is beyond the scope of this dis-
cussion; however, Jones and Rolph? have recently and
quite exhaustively reviewed variations in fetal metab-
olism during development.

Chernavskii et al.? also concluded that metabolic
activity must decrease prior to any type of development
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that involves derepression of genes, such as tissue re-
generation. A similar hypothesis was encapsulated by
Warburg,? who had believed that metabolic injury was
the underlying cause of cellular transformation in can-
cer cells. Although many types of tumor cells exhibit
low rates of aerobic metabolism, some do not. The loss
of metabolic activity, when it occurs, appears to result
from the induction of an embryonic isozyme of pyru-
vate kinase that is unaffected by the homeostatic con-
trols present after development is completed.*** The
high activity of this enzyme competes with mitochon-
dria for available ADP resulting in a depression of
aerobic metabolism*

When simple diffusion is the only means of gas and
nutrient transport to cells, the cells with the highest
rate of metabolism will establish the strongest diffusion
gradients, because their higher rate of metabolism will
maintain their endogenous nutrient supply at a lower
steady state concentration. In higher organisms, simple
diffusion does not provide all of the transport between
cells except at very early stages of development. As
might be expected, the formation of metabolic gra-
dients in these organisms is much more complex. Dif-
ferential vascularization has been demonstrated to es-
tablish both nutrient and gas exchange gradients in the
developing tissues of vertebrates.?®-* The degree of
this vascularization is strongly correlated with bone
and cartilage formation.**!

Oxygen

An unequal distribution of nutrients resulting from
either diffusion gradients or differential vascularization
may affect cellular commitment to differentiation and
subsequent development; however, variations in am-
bient oxygen supply also exert a profound influence
on developmental changes in gene expression. Cultures
of the syncytial slime mold, Physarum polycephalum
fail to differentiate under a nitrogen atmosphere. Ad-
mission of oxygen to the culture flasks permits differ-
entiation to proceed.’? Similarly, mycelial develop-
ment in the fungus Mucor racemosus is oxygen
dependent; anaerobic conditions promote only yeast-
like morphogenesis.® In higher organisms, ambient
oxygen tension exerts a very powerful influence on the
growth rate of cells.**=*® For example, optimal growth
in human fibroblasts is obtained at PO,s of 6—~15 mm
Hg (1-2%). Higher partial pressures of oxygen pro-
gressively inhibit proliferation in human fibroblast cul-
tures. Fibroblast growth is also more limited at very
low pressures of oxygen (less than 3 mm Hg). Even
small variations, within the range of physiological ox-
ygen partial pressure, modulates the growth of cells.*
Furthermore, different cell types exhibit a differential

sensitivity to oxygen-induced modulation of growth.
Human fibroblasts and human melanocytes both grow
best at a PO, range of 6—15 mm Hg,***” while human
epidermal cells proliferate more slowly at low oxygen
tension and are less sensitive to the growth inhibitory
effects of higher oxygen partial pressures.*® The pres-
ence of metabolic gradients and differential vascular-
ization can result in differential supplies of oxygen and
may thus influence growth in various regions of de-
veloping embryos.

Chondrogenesis is more strongly favored by oxygen
tensions lower than atmosphere.* Higher oxygen ten-
sions favor bone formation, and in embryos, calcifi-
cation of hyaline cartilage is preceded by an increase
in vascularization.’' Extremely hyperoxic conditions
stimulate bone resorption in mouse clavaria.”* Some
effects of oxygen on tissue determination are probably
not mediated by normal metabolic pathways. Thyrox-
ine, which is a metabolic stimulant, increases the growth
rate of cartilage.*® Conversely, relatively high ambient
oxygen tension favor bone development and impede
cartilage growth.*' Furthermore, biosynthesis of col-
lagen in differential cells requires oxygen for the con-
version of proline into hydroxyproline, but this reac-
tion is unaffected by metabolic rate per se.*?

Oxygen has also been observed to influence devel-
opment in other types of cells. Caplan and Koutroupus®
found that exposure of chick mesenchymal cells to low
oxygen concentrations resulted in formation of carti-
lage and that higher oxygen concentration induced the
formation of muscle. Even some tumor cells have been
observed to differentiate at high oxygen concentra-
tions. Exposure of neuroblastoma cells to 80% O, for
several days causes the formation of dendritic pro-
cesses. It is noteworthy that the addition of cyanide
does not inhibit this process,* again suggesting that
direct oxidation, or possibly the cyanide-insensitive
production of free radicals, rather than stimulation of
normal pathways, was involved in this process.

Oxygen is toxic to cells, but it is unlikely that the
effects of oxygen on development result from toxicity.
In insects, both oxygen-sensitive and oxygen-insen-
sitive stages of development are known to exist.*™
As discussed below, many newborn mammals also ex-
hibit brief periods of high resistance to hyperoxia. Ox-
ygen can divert metabolic pathways,** which could
have an effect similar to an alteration of nutrient sup-
ply. Aside from direct effects on metabolism, altera-
tion in ambient oxygen concentration can affect the
rate at which various metabolic pathways generate ox-
idizing by-products. It has been postulated that an up-
surge in reactive by-products of oxygen metabolism,
such as free radicals and peroxides, leads to some of
the effects of oxygen on development.? However, it is
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not only the production of oxidants that is believed to
influence development programs. Effects resulting from
cellular responses to variations in the rate of oxidant
generation, such as modulation of redox state, are also
critically involved.®

OXYGEN-FREE RADICALS, ANTIOXIDANT DEFENSES
AND DEVELOPMENT

Active oxygen intermediates and antioxidant defenses

Free radicals are atoms, ions or molecules that con-
tain an unpaired electron.’® Most of the oxygen con-
sumed by cells is tetravalently reduced to water via
cytochrome oxidase. However, because molecular ox-
ygen can readily accept single electron transfers, a
small portion of the oxygen consumed is reduced to
the superoxide free radical (O, ) in various metabolic
pathways:

0, + e — -0, (ref. 51)

Once formed ‘O,  can undergo secondary reductions
to yield hydrogen peroxide (H,O,) and the very reactive
hydroxyl free radical (-OH).*>* There are many known
cellular reactions in which oxygen radicals damage
cellular constituents. For example, oxygen free radi-
cals can inactivate enzymes,* break DNA,* cross-link
proteins® and peroxidize lipids.*** Furthermore, it has
been postulated that free radical reactions play a causal
role in the aging process.** % The potentially disastrous
consequences of unchecked free radical reactions might
be expected to limit any useful role of oxygen metab-
olites in the cell. However, as discussed below, cellular
oxidation, induced by variations in oxygen metabo-
lism, appears to be an integral part of the development
of some organisms and probably plays at least some
role in the development of most plants and animals.
In the discussion that follows, we examine: i) devel-
opment-associated changes in several antioxidant de-
fenses; ii) effects of experimental manipulation of the
level of these defenses on development; and iii) a pos-
sible mechanism by which these effects occur.

Superoxide dismutase (SOD) in development

Cell state transitions of various kinds are almost
invariably associated with a marked change in the ac-
tivity of SOD. In tumor cells, which are believed to
have regressed from a fully differentiated state, MnSOD
activity is usually at a low level =% Cu/Zn SOD ac-
tivity has also been reported to be low in some tumor
cells. The aberrant expression of SOD activity in
tumor cells has been exhaustively reviewed®*" and
shall be discussed no further here. In sharp contrast to

the decline in SOD activity observed in transformed
cells, developing organisms exhibit extremely large
increases in the activity of the enzyme (Table 1). A
discussion of some of these changes follows.

Changes in SOD during development of invertabrates.
The syncytial slime mold Physarum polycephalum is
one of the simplest models for the study of eukaryotic
differentiation. One type of differentiation that occurs
in Physarum is called spherulation; it is an encystment
of diploid cells. When cultured in shake flasks that
contain nutrient medium, Physarum exists as multi-
nucleate amoeboid cells called microplasmodia. Under
these conditions the cells contain no cell walls. When
transferred to a salts-only starvation medium, that con-
tains no nutrient carbon source, the microplasmodia
become mitotically inactive and form cell walls. Clus-
ters of quiescent cells are referred to as microsclerotia;
the individual cells are called spherules. During the
transition from mitotically active microplasmodia to
clusters of mitotically inactive spherules (microscle-
rotia), Physarum exhibits an initial small decrease in
MnSOD activity. As the process of differentiation pro-
ceeds, the activity of MnSOD increases by about 46-
fold. Only trace Cu/Zn SOD activity is observed in
Physarum and this does not change during spherula-
tion.*> * A non-differentiating mutant strain of Phy-
sarum fails to exhibit any significant change in MnSOD
when subjected to identical culture conditions.®-* Fu-
sion of the non-differentiating strain of Physarum with
a spherulating strain results in a heterokaryon that dif-
ferentiates at a relatively slow rate, as compared to the
spherulating strains. MnSOD activity increases in the
heterokaryon at a greatly reduced rate relative to its
spherulating parent strain, but the increase in MnSOD
activity parallels the course of differentiation in the
heterokaryon.®® The acellular slime mold Didymium
iridis exhibits no Cu/Zn SOD activity but does contain
MnSOD activity. Although physiologically and mor-
phologically distinct from Physarum, Didymium can
also be induced to differentiate by starvation. As in
the case of Physarum, Didymium exhibits a brief initial
period in which MnSOD activity decreases, followed
by a period in which the activity of the enzyme in-
creases dramatically and differentiation is completed.”

Massie and co-workers’' observed that total SOD
activity increased by 346% during the development of
the fruit fly Drosophila melanogaster. They also found
that MnSOD continued to increase for the first 8 days
of adult life. Similarly, Nickla et al.”? found that SOD
activity increased between the pupae and adult stages
of this organism, albeit, their results did not reveal
changes as striking as those reported by Massie et al.”!
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Table 1. Organisms and Tissues that Exhibit Increased SOD Activity During

Development
Organism Tissue Conditions® Reference
Slime Mold
Syncytial whole organism spherulation 32,68,69,93
Acellular whole organism sporulation 70
Nemotodes whole organism Dauerlarvae formation 91
Fruitfly
D.melanogaster whole organism 1" instar/adult 71
D.melanogaster whole organism 2 day/18 day adult 71
D.melanogaster whole organism 3 instar/adult 72
D.melanogaster* whole organism 34 instar/adult 72
C.Capitata mitochondria pupae/adult 73
Frogs
D. Pictus whole organism stages V-XXV 74
R. ridibunda whole organism stages [-XXV 74
Mammals
Rabbit lung neonate/adult 75
lung fetal/neonate 88
erythrocytes in bone marrow 86
Rat lung neonate/adult 75
lung fetal/neonate 87
lung fetal development 89
liver fetal/newborn/adult 78
liver fetal/newborn/adult 79
liver fetal stages 80
brain, lung, blood first 80 days of life 82
Mouse lung neonate/adult 75
liver fetal to adult 81
liver regeneration 92
Guinea Pig lung neonate/adult 75
Hamster lung neonate/ adult 75
Human lung fetus/neonate/adult 76
placenta fetal development 84
monocytes differentiation
in culture 85
skin fibroblasts fetal/postnatal lines 94

“Conditions refers to type of differentiation, stage of development or stages that are being compared—

depending on the organism (for details see text).

*female D. melanogasier does not exhibit an increase in SOD activity when these stages are

compared (see text).

In addition, Nickla et al? reported that eggs and larvae
had relatively high SOD activity as compared to pupae.
They also observed that female larvae had higher SOD
activity than female adults. However, neither of these
groups distinguished the Ca/Zn and MnSOD isozymes
during developmental stages. Fernandez-Souza and
Michelson™ demonstrated that the activity of MnSOD
was 2-fold greater in mitochondria of adult Mediter-
ranean fruit flies Ceratitis capitata as compared to mi-
tochondria from pupae.

Changes in SOD during the development of poikilo-
thermic vertebrates. SOD increases during the devel-
opment of various amphibian species. In the larvae of
Discoglossus pictus and Rana ridibunda perezi, SOD
has been observed to increase progressively with de-
velopment; this increase reaches a maximum during
the metamorphic climax of the organisms.” The mag-

nitude of the increase is species specific being greater
in D. pictus than in R. ridibunda.™

Changes in SOD during the development
of mammals.

Development-associated increases in SOD activity
have been more extensively examined in mammals than
in any other group of organisms. Although the results
reported in all studies considered here indicate a de-
velopment-associated increase in SOD activity, the
magnitude of the change observed by different groups
is extremely varied. This variation may be partly due
to the differences in the methods employed to quantify
the activity of the enzyme; however, much of the vari-
ation in the magnitude of the change reported appears
to have resuited from differences in the methods em-
ployed to standardize activity. For example, SOD ac-
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tivity is 103% greater in adult rat lung than in fetal rat
Jung on a per gram tissue basis; a similar comparison
of human lung tissue reveals a 67% increase when
activity is estimated on a per gram tissue basis.” On
the basis of U/mg DNA, rats exhibit a 294% increase
between fetus and adult stages, while SOD activity is
547% higher in adult human lung tissue than in fetal
lung tissue.” In most cases activity has been reported
on a U/mg protein basis which presumably yields a
third, unique value for the magnitude of the increase.
In view of this, it is not possible to make comparisons
of data presented by different groups of investigators.
Our goal in this section is to demonstrate the occur-
rence of development-associated changes in SOD ac-
tivity in mammals. The magnitude of the change may
vary with different techniques; however, we infer that
the type of change, that is, whether an increase or a
decrease, does not differ. In the discussion which fol-
lows, we present the type of change and the magnitude
of change reported. When relevant, such as in reports
that standardized activity by more than one method,
we indicate the results obtained with both procedures.
Except where noted, comparisons were based on U/mg
protein.

A comparison of lung tissue derived from neonatal
and adult rats, mice, rabbits, hamsters and guinea pigs
has revealed that the adult animals exhibit higher SOD
activities than the neonatal animals.” SOD activity is
390% higher in adult rabbit lung than in fetal rabbit
lung and is 103% greater in adult rat lung than in fetal
rat lung on a per gram tissue basis. Similarly, Yoshioka
et al.”” reported that when assayed on a per gram tissue
basis, adult rat lung SOD activity is 83% higher than
fetal rat lung SOD activity.

Utsumi et al.”® report that SOD activity was lower
in the liver tissue of newborn Donryu rats than in fetal
liver tissue. However, the activity of SOD increases
markedly during the first 60 days of postpartum life
and is roughly 3-fold higher in a 60 day old adult than
in fetal tissue at 19 gestational days. A similar obser-
vation was made by Yoshioka et al.” who reported an
insignificant decrease in rat liver SOD activity at birth,
but their data revealed a 2-fold increase in activity
during the first 100 days of postpartum life. An ap-
proximate doubling of SOD activity has also been re-
ported in developing rat liver by Petrovic et al.* In
contrast, a 6-fold increase was observed when the mi-
tochondrial SOD activity of fetal rats at 20 gestational
days was compared to 100 day old animals.”

Inbred mice selected for high (BIO strain) or low
(BIO. A strain) SOD activity exhibit a dramatic devel-
opmental increase in liver SOD between 10 and 20
gestational days, but the rate of increase is greater in
the BIO strain.?’ The percent increase observed be-

tween 10 gestational days and the highest activity in
the postpartum rats on a U/mg protein basis was 980%
in the BIO strain (highest point 150 postpartum days)
and 1294% in the BIO. A strain (highest point 250 post-
partum days).®' Mavelli et al.*? examined SOD activity
in blood, lung, and brain tissues from Wistar rats dur-
ing the first 80 days of postpartum life. Their results
indicated that most of the changes in SOD activity
occur before birth in lung tissue. They observed a 30%
increase in blood within the first 10 days after birth
and a 3-fold increase in the SOD activity in the brain
during the first 80 days of postpartum life. The increase
observed in brain SOD activity was largely due to
changes in MnSOD activity, although some increase
in Cu/Zn SOD also occurred.®

The underlying causes of the increase in SOD during
development are not entirely clear. It has frequently
been postulated that the introduction of organisms into
an oxygen rich environment, which occurs at birth, is
the underlying cause of differences in the SOD activity
of adult and fetal tissues; however, it must be noted
that at least part of the change in activity occurs prior
to birth in some organisms. As discussed above Mavelli
et al.*? observed that lung SOD activity increased in
rats prior to birth. van Hien et al.** demonstrated a
progressive increase in the SOD activity of human pla-
centa during development (from about 33 U/g tissue
at 4 weeks to 187 U/g tissue at 40 weeks). SOD activity
triples in human monocytes induced to differentiate in
culture,* even though the ambient oxygen tension is
not altered. SOD activity doubles during the in vivo
differentiation of erythrocytes in rabbit bone marrow.®

The activity of SOD U/mg DNA in 2-day old new-
born rat lung is 53% greater than SOD activity in fetal
rat lung at 16-22 gestational days.*” SOD U/mg DNA
increases by about 110% in rabbit lung tissue during
the final week in utero and an additional 125% during
postpartum development.®® Tanswell and Freeman®® re-
port a developmental increase in U/MnSOD/U cyto-
chrome oxidase in fetal rat lung homogenates; they
have also observed a marked increase in the Cu/Zn
isozyme (U/mg DNA) shortly after birth, which ap-
parently results from the initiation of air breathing by
the organisms. Conversely, their results reveal that
MnSOD is unaffected by atmospheric oxygen.

A second possible cause of the increase in SOD
activity is that the cessation of mitosis, which occurs
in many tissues at terminal developmental stages, might
influence SOD activity. For example, the activity of
MnSOD appears to accumulate in growth arrested con-
fluent cultured cells®®; similarly, the formation of
quiescent nematode dauerlarvae is accompanied by a
significant increase in SOD activity.®' However, ces-
sation of cell growth does not appear to be an adequate
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explanation of the developmental changes that have
been observed. In fact, MnSOD activity increased from
35 U/mg protein to 65 U/mg protein, in the regen-
erating liver tissue of partially hepatectomized A/J mice,
during the first 2.5 days after surgery®’; albeit, the
activity of Cu/Zn SOD decreased from 122 U/mg pro-
tein to 46 U/mg protein during the first 4 days after
surgery. In Physarum the increase in SOD activity as-
sociated with differentiation is lost about a week after
spherulation is completed, even though the cells remain
in a quiescent state.”® Furthermore, a comparison of
confluent cultures of fetal and postnatal human fibro-
blasts that had been growth arrested for more than a
week revealed that MnSOD activity of the postnatal
lines was 5-fold greater than the MnSOD activity of
the fetal lines.* Clearly, a high mitotic level can not
always be associated with low SOD activity, and ces-
sation of mitosis does not always result in a sustained
increase in SOD activity.

We have previously hypothesized? that the devel-
opment-associated changes observed in SOD activity
are due to changes in the rate of cellular - O, pro-
duction. According to this hypothesis, the rate of free
radical generation is low during early stages of devel-
opment; at later developmental stages, when SOD ac-
tivity is increasing, we speculated that the rate of free
radical generation is also increasing.” Accordingly
changes in the rate of free radical generation during
development could account for developmental changes
in SOD activity, because the activity of the enzyme is
sensitive to changes in the steady state level of + O,
(see discussion below).

Catalase activity during development

Catalase is a heme-containing enzyme that dismu-
tates H,0O, to H,O and O,. It is found in extremely
diverse organisms, but appears to be absent or at very
low levels in some organisms such as Physarum.%®
Changes in the activity of catalase have been observed
during the development of a number of different or-
ganisms (Table 2). In Drosophila melanogaster cata-
lase activity is low in eggs and in larval stages, but it
rises dramatically during metamorphosis in male flies.
Adult female flies and female larvae (3rd instar) exhibit
no significant differences in catalase activity.”? How-
ever, adult female flies exhibit a higher peroxidase
activity than larvae, suggesting that the ability of fe-
male flies to eliminate H,0, increases during devel-
opment even if catalase does not. The increase in per-
oxidase activity observed in male flies is greater than
the change found in females.™

Developmental changes in the catalase activity of
amphibians have been well characterized. The catalase
activity of the intestinal cells of the bull frog Rana
catesbeiana, is relatively low during the larval (tad-
pole) stage, but increases dramatically during meta-
morphosis. The increase is correlated with a sharp rise
in enterocyte peroxisomes.” The proximal portion of
the gut exhibits the greatest catalase activity. Here,
catalase activity decreases slightly in stages XXVIV—
XXV (1682 U/g protein) as compared to tadpoles at
stages X-XII (2370 U/g protein). It then increases
consistently through juvenile stages (3310 U/g protein)
to an adult level of 5892 U/g protein. The liver, kidney

Table 2. Summary of Changes in Catalase Activity During Development

Organism Change Tissue Conditions® Reference
D.melanogaster
Male increase whole body metamorphosis 72
Female no change  whole body 3" instar/adult 72
Frogs
R. catesbeiana  increase intestine metamorphosis 95
X. laevis no change  liver metamorphosis 96
no change  kidney metamorphosis 97
D. Pictus increase whole body metamorphosis 98
R. ridibunda increase whole body metamorphosis 98
Guinea Pig increase lung fetal/neonate 75
Rat increase lung fetal/neonate 75,77.87,89
increase brain newborn/adult 83
increase liver fetal development 100
Mouse increase lung fetal/neonate 75
increase intestine fetal development 101
Hamster increase lung neonate/ adult 75
Rabbit increase lung neonate/adult 75
increase lung fetal/neonate 88
increase bone marrow  fetal development 86
Human increase monocytes cell culture 85

*Conditions refers to the stage of differentiation, or stages being compared depending on the

organism.
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and pancreatic tissues of tadpoles exhibit 12, 22, and
63% of the activity found in similar tissues derived
from adult bull frogs indicating that developmental in-
creases in catalase activity also occur in these tissues.”
Conversely, no change in catalase activity in liver or
kidney was observed throughout the development of
Xenopus laevis.*® " However, it must be recalled that
R. catesbeiana is ammonotelic prior to metamorphosis
and is ureotelic subsequent to metamorphosis, while
X. laevis remains ammonotelic after metamorphosis.
This suggests that in the absence of metamorphic change
catalase activity is stable. Catalase activity in whole
body homogenates has also been observed to increase
during metamorphosis of Discoglossus pictus and R.
ridibunda peiezi, but the change was much greater in
D. pictus. A relatively higher resistance to hyperoxic
exposure was also observed in D. Pictus; this was pos-
tulated to result from the higher catalase activity ob-
served in this species.*

In mammals developmental changes in catalase ac-
tivity appear to be less generalized and more tissue
specific than changes observed in SOD. Lung tissue
from neonatal guinea pigs, rats and mice exhibits higher
catalase activity than adult lung tissue, while adult
hamsters and rabbits have greater catalase activity in
their lungs than neonates.” The catalase activity of
fetal rats has been reported to be extremely low and
not accurately measurable in lung tissue.” Gerdin et
al.*” have also observed low, but measurable catalase
activity in developing rat lung. They found that cata-
lase activity began to increase slowly at 18 gestational
days and increased 105% during the first two days of
postnatal life. Tanswell and Freeman® report that cat-
alase activity increases from 12 U/mg DNA in fetal
rat lung at 18 gestational days to 81 U/mg DNA in 3-
day-old newborns. They also observed that catalase
activity was strongly responsive to iron in the diet of
the dam. Pups delivered by a dam fed an iron-supple-
mented diet had twice the catalase activity of controls
from a dam fed a regular diet.*” Also catalase increases
110% in rabbit lung during the last 5 days in utero.™

Catalase activity in adult rat brain homogenate is
nearly 6 times greater than in the brain homogenates
of newborns. Furthermore, the liver tissue of newborn
rats exhibits less than half the adult level of catalase
activity.® In fetal rat hepatocytes, catalase activity in-
creases from 7.5 U/100 mg dry tissue at 18 gestational
days to 18.6 U/100 mg dry tissue at 21 gestational
days. Catalase activity is 33.7 U/100 mg dry tissue in
rat hepatocytes at birth; it increases to the adult level
of 110 U/ 100 mg dry tissue during the first 60 postnatal
days.'" Studies conducted in the proximal and distal
halves of fetal mouse intestine reveal that catalase ac-
tivity increases steadily during development in both
regions, but activity in the proximal half is always

greater than in the distal half. Between 15 gestational
days and birth, catalase activity increases from 0.114
U/cm intestine to 2.231 U/cm of intestine in the prox-
imal half and from 0.056 U/cm intestine to 0.957 U/
cm intestine in the distal half.'"! Catalase decreases
during differentiation of human monocytes in culture,*
but it increases during the development of rabbit eryth-
rocytes in bone marrow.%

GSH Peroxidase

GSH peroxidase (GPx) plays an important role in
the removal of oxidation products from cells; using
GSH as a source of reducing equivalents, GPx reduces
lipid peroxides and H,0,. As in the case of catalase,
GPx is widely distributed; however, it appears to be
absent or at a very low level in some organisms.

GPx activity is extremely low in the microplasmodia
of Physarum polycephalum; it increases only slightly
during spherulation. Total GPx activity never exceeds
I U/mg protein in either the differentiated or undif-
ferentiated form of Physarum.*®* Simmons and co-
workers'” have reported GPx activity in the housefly
Musca domestica; additionally they report a develop-
ment-associated increase in activity. It is noteworthy
that Simmons et al.'? employed H,0, as the substrate
in their assay mixture; others, who used t-butyl hy-
droperoxide as a substrate, failed to detect GPx activity
in insects.'™ '"* Whether these differences in assay
conditions can account for the differences in results is
not presently clear; the central point here is that GPx
may be present in insects and, if present, may increase
during development.

A considerable body of evidence indicates that GPx
increases in mammalian tissues during development,
and as in the case of catalase, the changes appear to
be highly tissue specific. For example, GPx activity is
0.29 U/mg protein in neonatal rat hepatocytes and 0.08
U/mg protein in neonatal rat brain; the activities ob-
served in adult rat hepatocytes and brain tissues are
2.81and 0.1 U/mg protein respectively. When injected
with SeO;. rat neonates accumulate the adult concen-
tration of Se in their tissues after only 2 weeks; how-
ever, the development-associated increase in GPx ac-
tivity has only begun at this time. Furthermore, only
about 1/5 of brain tissue selenium ever becomes in-
corporated into GPx; while, in the blood of developing
rats, GPx activity corresponds directly to Se concen-
tration.'” The apparent reason for this discrepancy is
the presence of numerous brain proteins that incor-
porate much of the available Se and thus preclude its
incorporation into GPx. To our knowledge the func-
tions of these Se-containing proteins remain unknown.

Higher GPx activity is observed in adult lung tissue
from rats, rabbits, guinea pigs, mice, and hamsters as
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compared with neonates, but the differences are small
in guinea pigs and mice.”® Yoshioka et al.”” found that
GPx in rat lung tissue progressively increased from
fetal to adult stages. Demis-Oole and Swierczewsk'%
demonstrated an increase in GPx activity of nearly 10-
fold in adult rat liver homogenate as compared to neo-
natal liver homogenates. GPx activity has also been
observed to increase in fetal rat liver and rat placenta
between 16 and 20 gestational days.'” Frank and
Groseclose® found that GPx in developing rabbit lung
tissue increases 2-fold during the last few days in utero.
Similar observations were made by Gerdin et al.*” who
reported that GPx increased 135% in rat lung tissue
during the last 3 days in utero, and by Tanswell and
Freeman®* who found that GPx activity in rat lung
tissue increased about 3-fold during the final 4 days in
utero. The latter group also found that GPx activity
was greater in adults than in neonates, indicating that
development-associated increases in the enzyme do not
stop at birth.

In contrast to observations in brain, lung, and liver
tissues, GPx activity was observed to decrease during

the development of several components of blood. In
rabbit proerythroblasts, GPx activity was 793 U/mg
protein while in mature erythrocytes it was only 260
U/mg protein.® In human monocytes GPx decreased
from 264 U/mg protein to 80 U/mg protein during
in vitro differentiation®. Polidoro et al.'™ detected
Se-dependent GPx activity, but were unable to detect
Se-dependent GPx in human placenta, fetal kidney,
and lung. Se-independent GPx is present in fetal rat
liver, but it does not increase during development.
Se-independent GPx is absent in rat placenta'” (see
Table 3).

GSSG Reductase (GR) and GSH S-Transferases

GSSG reductase (GR) is an enzyme that reduces
GSSG to GSH utilizing NADPH as a co-factor. A rel-
atively limited amount of information exists about
changes in GR activity during development (Table 3).
GR activity increases in fetal rat liver and placental
tissue between 16 and 20 gestational days.'”” Con-
versely, differentiation of rabbit bone marrow eryth-

Table 3. Changes Observed in the Activity of GSH Metabolizing Enzymes During Development

Enzyme Organism Change Tissue Conditions® Reference
GSH Peroxidase slime mold increase whole organism Spherulation 69
housefly increase whole body metamorphosis 102
not detected whole body aduit 104
rat increase lung neonate/adult 75
increase liver/brain neonate/adult 105.106
increase {ung fetal/adult 77
increase liver fetal stages 107
increase placenta fetal stages 107
rabbit increase lung neonate/adult 75
increase lung fetal stages 88
decrease proerythrocytes bone marrow 86
mouse increase lung neonate/adult 75
guinea pig increase lung neonate/adult 75
hamster increase lung neonate/adult 75
human decrease monocytes cell culture 85
Se-independent human not found placenta fetal stages 108
GPx rat not found placenta prenatal 107
rat no change liver fetal stages 107
GSSG Reductase rat increase placenta fetal stages 107
increase liver fetal stages 107
rabbit decrease proerythrocytes bone marrow 86
human no change monocytes cell culture 85
S-transferases mosquito increase whole body larval stages 110
mice increase liver first 60 days i1
rat increase liver first 60 days i
increase liver young aduit 113
isozyme brain fetal/newborn 114
pattern
rabbit increase liver first 120 day [
decrease lung/intestine prenatal 109
kidney
increase lung/intestine newborn 109
kidney
guinea pig increase lung/intestine prenatal 109
kidney

2Conditions refers to type of differentiation, stage of development or stages that are being compared—depending on the

organism (for details see text).
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rocytes is associated with a 50% loss of GR activity.®
No change in GR activity is observed during human
monocyte differentiation.?

The S-transferases comprise a family of enzymes
that detoxify a wide variety of foreign substances via
conjugation to GSH. Assays for specific S-transferase
isozymes are rare and those which do exist are rather
complex. In many cases non-specific assays, which do
not distinguish the S-transferase isozymes, have been
reported. In the discussion that follows, reference to
S-transferase activity indicates overall activity result-
ing from more than one isozyme.

S-transferase activity increases throughout larval
development reaching a maximum during metamorphic
climax in mosquitoes.''"” Gregus et al.''! found that the
activity of the S-transferases tested with six different
substrates increased during the first 60 days of post-
natal development in mice, rats, and guinea pigs and
during the first 120 postnatal days in rabbits (Table 3).
The activities of the S-aryl and epoxidetransferases
decrease in rabbit intestine, lung and kidney tissues
during prenatal development, but increase shortly after
birth.'” In guinea pigs a significant increase in aryl
and epoxidetransferases is observed during prenatal de-
velopment in liver, lung, intestine, and kidney tissues;
at parturition the activity of these enzymes is near the
adult level.'” However, S-transferase V,,,, increases
shortly after birth in rat liver and is about 4 times
greater in adult than in young rats.''? S-transferase B
(or ligandin) increases during the first several weeks
of postnatal development in rat liver reaching the adult
level in 4-5 weeks.'" Senjo et al.''* demonstrated that
developmental changes occur in the isozyme patterns
of S-transferases in various cells of the rat brain.

In human fetal lung, brain and intestine only one,
acidic, S-transferase isozyme exists. Human fetal liver
and fetal adrenals contain both an acidic and a basic
isozyme.'"” An acidic isozyme has also been isolated
from human placenta. ''® The acidic isozyme that occurs
in many developing tissues appears to be similar to the
one found in adults, while the basic isozyme is only
found in the fetus.''” An epoxide metabolizing S-trans-
ferase has been observed in human placenta. Although
the activity of this isozyme remains stable throughout
development, it decreases dramatically at birth!"® (see
Table 3).

Glutathione and sulfhydryl (— SH) status

Glutathione (GSH) is a tripeptide consisting of gly-
cine, cysteine, and glutamic acid moities. GSH can be
oxidized by free radicals, or various enzymes to a di-
peptide GSSG. The glutathione content of cells is pre-

dominantly in the reduced form. The cellular concen-
tration of GSH is enormous often reaching 1-2 mM.
Indeed, GSH provides the single largest source of re-
ducing equivalents available in cells. Many proteins
contain —SH groups. In fact, maintenance of protein
conformation is often dependent on cellular redox sta-
tus. Changes in GSH, or GSSG concentration can alter
protein conformation by either oxidation of — SH groups,
or reduction of the disuifide bridges, which are present
in proteins.

Considerable evidence has accumulated that indi-
cates the existence of discrete shifts in cellular sulfhy-
dryl status during mitosis, cellular transformation and
development. Unfortunately, many early attempts to
determine glutathione (GSH) concentration employed
methods that were not specific enough to distinguish
between GSH and other — SH containing peptides—a
fact that had at one time spawned a controversy. In the
present discussion we refer to the —SH containing
entity as GSH only when the methodology employed
by the investigator was specific enough to permit an
accurate determination of GSH concentration. Al-
though it is not the purpose of this review to detail the
changes in antioxidant defenses associated with mitosis
or the formation of tumor cells, some of the discoveries
made with transformed cells and in highly mitotic tis-
sues have relevance to our discussion of —SH status
during development. A brief overview of this infor-
mation follows.

Glutathione and sulfhydryl status in cell transforma-
tion. Tumor cell growth is characterized by a failure
to exhibit contact inhibition. Although the growth rate
of malignant cells may be slower than in normal cells,
the non-transformed cells are subject to contact inhi-
bition and ultimately stop dividing; whereas, tumor
cells continue dividing. For some time, the thiol status
of cells has been thought to play an important role in
mitosis; however, a specific mechanism by which thiols
modulate mitotic activity has not been elucidated.
Rapkin'"® first demonstrated that cyclic variations in
cellular thiol concentration accompanied the various
phases of the mitotic cycle of fertilized sea urchin eggs.
He observed that soluble — SH concentration decreased
to its lowest value about 30 min after fertilization; the
—SH concentration then increased over the next 15
min to reach an acme just before mitosis commenced.
Rapkin''® believed that this variation in — SH contain-
ing compounds was largely due to changes in gluta-
thione concentration. This claim was later disputed by
Sakai and Dan'* who found that the thiol compound
was not GSH but was instead another small peptide.
At the present time, it can be said that mitosis is ac-
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companied by variations in cell thiol status and that
changes in GSH concentrations contribute to the changes
observed in cellular thiol concentration. Much of the
evidence supporting a role for thiol status in mitosis
has been extensively reviewed'?! and shall not be fur-
ther discussed here.

Paradoxically, — SH containing compounds can often
prevent cellular transformation by oxidants, yet in-
creases in cellular thiol status have frequently been
observed in cells at various stages of transformation.
Although it has been suggested that shifts in —SH
status may play a causal role in transformation, it seems
more probable that the increases in —SH status as-
sociated with mitotic activity, can account for most of
the differences observed when non-mitotic normal cells
are compared to mitotic tumor cells. In a series of
experiments, Crabtree demonstrated that substances
which decrease — SH status retard the rate of skin tu-
mor formation.'?7'?* Hydrocarbons such as 1,2,5,6-
dibenzanthracene (DBA) and 3,4-benzpyrene (BP) that
promote transformation in mice fail to affect sulthydryl
status while ‘‘noncarcinogenic’’ hydrocarbons such as
naphthalene, anthracene, and phenanthrene decrease
the number of cellular —SH groups and retard tumor
induction by DBA and BP.'* Revesz et al.'* reported
that the increased resistance of a strain of tumor cells
to radiotherapy was due to high — SH levels, and Cas-
persson and Revsesz'? found that a relationship existed
between the protein bound —SH groups and the
average DNA content of several tumor cell lines.
Increases in the levels of —SH groups have been
postulated to play an essential role in cell transforma-
tion.IZX—l_‘H

High concentrations of GSH have also been ob-
served in tumor cells, and GSH is believed to increase
cellular resistance to various types of therapy.'* Engin'*
observed that GSH concentration was 10 times greater
in melanoma than in healthy skin. Treatment of rat
liver cells with some types of carcinogens increases
their — SH concentrations.'* Furthermore, both cys-
teine and GSH both yield a positive Ames test for
mutagenicity.'* Glandular stomach, a tissue highly
susceptible to transformation, contains high concen-
trations of GSH.'*® Chemically-induced stress of liver
or gastric tissues has been observed to stimulate GSH
synthesis.""® ¥7 It has been suggested that the activity
of the S-transferases might, in some cases, result in
increased toxicity or carcinogenicity by conjugating a
relatively nontoxic compound with GSH to produce a
toxic material.* On the other hand, GSH alone strongly
modulates alkylation of DNA by N-methyl-N’-nitro-
N-nitrosoguanidine.'® Thus, GSH metabolizing en-
zymes and GSH itself may exert profound effects on
genetic stability and gene expression. Reviews of —SH

involvement in carcinogenesis exist and the reader is
referred to Duchesne'®® and to an exhaustive review by
Harington'¥ for further discussion.

Glutathione and sulfhydryl status during development.
Differentiation associated with loss of mitotic capacity
occurs with a concomitant decrease in GSH concen-
tration. The differentiation of the microplasmodia of
Physarum polycephalum into microsclerotia occurs with
an 80% decrease in GSH concentration. The rate of
decrease in GSH concentration roughly corresponds to
the rate of differentiation in various strains of Physa-
rum. A non-differentiating strain exhibits no signifi-
cant loss of GSH when transferred to the differentiation
medium.®- % Addition of GSH to culture medium has
been observed to retard sclerotization in Physarum
flavicomum.**? Sulfhydryl status has been implicated
as a factor that regulates the transition of the pathogenic
fungus Histoplasma capsulatum from the filamentous
form, found in soil, to the infectious yeast phase.'*

Suspension cultures of wild carrot cells can be main-
tained in an undifferentiated state by inclusion of 2,4-
dichlorophenoxyacetic acid (2,4-D) in their culture me-
dium. Exclusion of this synthetic auxin from the me-
dium results in differentiation of the cells into somatic
embryos. Earnshaw and Johnson'** have demonstrated
that induction of differentiation by deletion of 2,4-D
from the medium is associated with a significant loss
of GSH. Oxidized glutathione (GSSG) was observed
to decrease and then increase again as development
proceeded. GSH has also been observed to decrease in
tissue of Norway spruce (Picea abies) induced to dif-
ferentiate in culture.'® In insects, GSH concentration
is high during larval stages but declines about 60%
during metamorphosis; however, it increases again in
adults apparently due to induction by increased
metabolism. ¢

GSH concentration decreases from 24 nmol/mg pro-
tein in fetal rat lung to 12 nmol/mg protein in neo-
nates.'#’ Differentiation of 3T3 L1 preadipocytes also
occurs with a concomitant loss of GSH and a sharp
increase in GSSG.'*® Although differentiation of hu-
man cervical epithelium is associated with an increase
in protein-bound thiols, the cellular volume increases
to such a large extent that protein-bound thiols are
effectively decreased when taken as concentration/unit
volume.'*® One exception to the trend for GSH con-
centration to decrease as cells differentiate is found in
mouse red blood cells which do not exhibit any alter-
ation in GSH concentration during their differentia-
tion.'*® This observation is intriguing since mitochon-
dria atrophy in red cells as differentiation proceeds. It
is possible that at least part of the loss of GSH, in cells
that maintain fully functional mitochondria, results from
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GSH oxidation and subsequent extrusion of GSSG from
the cells.

GSH concentration increases during the develop-
ment of tissues with a high regenerative capacity, or
that are associated with reproduction. For example,
GSH concentration increases with maturation of mouse
liver tissue.''® The increase is probably a result of in-
creased gamma glutamylcysteine synthetase activity.
This enzyme is the rate controlling step in GSH syn-
thesis, and has been been shown to increase in rat liver
during development.'” GSH concentration also in-
creases during development of meiotic tissue; a 3-fold
elevation is observed between the ages of 8 and 29
days in rat testis.!™'

GSH concentration increases during the regenera-
tion of amputated amphibian limbs; it declines as re-
differentiation occurs.'” In mammals, regenerating
tissues also become more highly reduced. GSH con-
centration has been observed to increase in regener-
ating rat liver, following partial hepatectomy.'* '**
Hopsu and Harkonen'® employed a sulfhydryl stain to
examine changes in the thiol status of regenerating liver
from partially hepatectomized rats. They found that 3—
7 days following surgery, protein-bound —SH con-
centration was significantly greater than in controls and
that it remained elevated for more than a week.

An important observation is that GSH concentration
increases markedly in response to various types of ox-
idative stress in a wide variety of organisms.* * 146 147
In insects, experimentally induced alterations in the
rate of metabolism induce highly significant changes
in GSH concentration. ' 15 A similar change occurs
in human fibroblasts grown in culture; they exhibit
260% increase in GSH concentration within 24 hrs
when the ambient oxygen concentration is increased
from 1.5% O, to 5% O,. An additional 35% increase
is observed in the cells when the oxygen partial pres-
sure is elevated to 20%."57 The existence of metabolic
gradients in organisms might be expected to result in
redox gradients due to the effects of metabolic rate on
GSH concentration. Such a gradient has in fact been
observed in housefly larvae.'* Sulfhydryl gradients are
also present in the developing roots of carrots.'® It is
probable that this type of redox gradient exists in other
organisms as well. Sulfhydryl gradients would further
enhance the polarity of developing organisms because
the varying sulfhydryl concentrations of a gradient will
produce corresponding variations in effects on cell cy-
toskeleton, ion balance, protein activities and chro-
matin configuration. These points are discussed in greater
detail below.

Developmental changes in GSH concentrations that
result from an oxidizing treatment are tissue specific.
Treatment of fetal rats with buthionine sulfoximine

(BSO), an inhibitor of GSH synthesis, results in tissue
specific differences in the rate of GSH depletion pre-
sumably indicating differences in the rate of utiliza-
tion.'>* 1% Differences in utilization would contribute
to tissue specific variations in GSH concentration un-
der stress conditions as would changes in the GSH
synthetic capacity of developing tissues. Gamma glu-
tamyl cysteine synthetase activity, which is the rate
controlling enzyme of GSH synthesis, decreases about
50% during differentiation of Physarum (unpublished
observations). In mammals, the ability of liver cells to
synthesize GSH, following its depletion with a strong
oxidant, is progressively diminished as development
proceeds.'"’

INFLUENCE OF OXIDATIVE STRESS ON
ANTIOXIDANT DEFENSES AND MEMBRANE
STRUCTURE DURING DEVELOPMENT

Response of antioxidant defenses to hyperoxia
in newborns

As discussed above large changes in free radical
defenses are associated with development. Although
the activity of each cellular defense has not reached
adult levels in young organisms, it has been repeatedly
reported that newborn and very young organisms are
more tolerant to oxidative stress than adults. One rea-
son for this may be that enzymatic defenses are capable
of responding more rapidly and to a greater extent in
newborns than in adults when the organisms are ex-
posed to oxidative stress. For example, SOD activity
increased after only 4 h of exposure to 95% oxygen in
10-day-old rat pups and reached its maximum in 6 h.
In response to the same stress, catalase and GPx in-
creased after 6 and 12 h and reached their maximum
within 12 and 24 h respectively. In 25-day-old rats
SOD was not increased by 24 h of hyperoxia and, while
catalase and GPx do increase, their induction requires
a significantly longer exposure time than in younger
animals.'®' These results suggest that a decreased re-
sponsiveness occurs in defensive enzymes in tissue
after maturation.

Much of the resistance of newborns to hyperoxia
appears to stem solely from their ability to induce SOD
activity. When this induction is blocked with 0.25
g/kg diethyldithiocarbamate (DDC), survival is de-
creased to under 40% in rats exposed to 95-97% ox-
ygen for 48 h. At higher concentrations the organisms
are even less oxygen tolerant; however, DDC is also
toxic to air-exposed controls at these concentrations. '®?
It has been demonstrated that there are inherent dif-
ferences in the ability of young and old organisms to
respond to an oxidative challenge. Exposure of New
Zealand White rabbits to 80% oxygen for 24 h resulted
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in a 42% increase in lung SOD activity; exposure of
7-day-old Sprague-Dawley rats to 85% oxygen for a
similar period increases lung SOD by 43%. No increase
was observed if adult rats were exposed to hyperoxia
for the same amount of time.”® Indeed, Crapo and
Tierney'®! observed only a 42% increase in lung SOD
activity of rats exposed to hyperoxia for a week, whereas,
exposure of rat fetal lung tissue incubated with whole
blood or plasma under 100% oxygen responded with
a 30% increase in SOD activity in only 2 h.” A similar
observation was reported by Stevens and Autor'®* who
observed increased SOD in newborn rat lung after a
24 hr exposure to 95% oxygen in vivo or after a5 h
exposure in vitro. Incorporation of {*H] leucine into
SOD was stimulated by hyperoxia in vivo and in vitro.
Puromycin, actinomycin D and cyclohexamide abol-
ished the increase in SOD in neonatal rats, indicating
transcriptional control of the increase.

Comparisons of oxygen-sensitive and oxygen-in-
sensitive neonates have revealed significant differ-
ences in their ability to respond to increased levels of
stress by alteration of antioxidant defense levels. Also,
comparisons of different groups of neonates, and of
young and adult organisms implicate other antioxidant
defenses in neonatal resistance to hyperoxia. Newborn
guinea pigs and hamsters exhibit no increase in an-
tioxidant enzymes under hyperoxic conditions, and
quickly die in this environment. Newborn mice, rabbits
and rats exhibit large increases in SOD, catalase and
GPx, and show a minimal amount of lung damage after
7 days of exposure.” When adult rats are exposed to
96-98% oxygen, they exhibit no change in SOD, GPx,
or catalase activities and usually succumb within 3
days,'%S while neonatal rats 4-7 days old exposed to
the same oxygen tension exhibited little evidence of
lung damage after 5 days of exposure; SOD, GSSG
reductase, GPx and glucose-6-phosphate dehydrogen-
ase (G-6-PD) activities are stimulated by 144%, 122%,
126%, and 151% respectively in the oxygen-exposed
neonates as compared with air-exposed controls. Only
small changes occur in adults, and these changes occur
only after prolonged exposure.'®! The concentration of
GSH is also elevated by 176% in the oxygen-exposed
group.'®® Similar observations have been reported by
Warshaw et al.,'” who found oxygen-induced in-
creases in SOD, GPx and G-6-PD in newborn rats
exposed to 100% oxygen at 2 days of age. They have
also examined the effects of hyperoxia on the GSH
content of explants from 12—16-week old human abor-
tus lung and in lungs derived from fetal rats at 17-18
gestational days. In both the human and the rat tissue,
exposure to hyperoxia increases the concentration of
total glutathione (GSH = GSSG); however, the in-
crease is almost entirely due to a change in GSH con-

centration. Bucher and Roberts!®® also observed sig-
nificant increases in SOD, GPx and catalase subse-
quent to exposure of newborn rats to 21, 40, 80, and
95% O, for periods of 6-12 days.

Although a number of studies have indicated that
oxygen can induce SOD activity in lungs or lung slices,
there remains some uncertainty as to which type of
cell(s) actually exhibit the increase. All cells of the
lung are damaged by hyperoxic exposure.'®’ Stevens
and Autor'® report that neonatal alveolar macrophages
increase their MnSOD and catalase activities in re-
sponse to hyperoxia, while type I and II pneumato-
cytes, interstitial lung cells, leukocytes and monocytes
do not. GPx and Cu/Zn SOD activities fail to respond
to hyperoxia in any of the cells. Neither the MnSOD
nor catalase activity of lung tissue increases when the
tissue is washed free of macrophages prior to exposure
to 100% O, for 24 h. Conversely, Gerdin et al.*” ob-
served development-associated increases in rat lung
SOD and also found that blood SOD accounted for less
than 2% of the activity they had observed. In a similar
study, Tanswell and Freeman® found that contami-
nation by components of blood was relatively minor.
However, neither Gerdin et al.*” nor Tanswell and
Freeman® employed hyperoxic conditions.

Allen and Balin® determined SOD activity in human
fibroblasts derived from 7 fetal donors that had not
passed the seventeenth week of development, and from
14 postnatal donors whose ages ranged from 4 years
to 96 years. No significant age-related trends were
observed in the postnatal donors; however, postnatal
lines exhibited total and MnSOD activities that were
roughly 5-fold greater than in the fetal lines. The ac-
tivity of cyanide-sensitive SOD was similar in the fetal
and postnatal groups. Exposure of the lines to 6 dif-
ferent oxygen tensions (ranging from 0% to 95%) for
a week caused no significant changes in the SOD ac-
tivity of either group (see Fig. 1). This observation
clearly demonstrates the absence of an oxygen effect
on the SOD levels in human skin fibroblasts derived
from donors at various developmental stages. It also
reveals that variations in SOD activity that are due to
the developmental stage of the donor, are maintained
in tissue culture. Thus, it is possible that the devel-
opmental increase in antioxidant defense enzymes is a
general phenomenon associated with all or most cells,
while induction of SOD by hyperoxia may be confined
to only a few types of cells.

The response of SOD to hyperoxia also appears to
be modulated by an unknown plasma factor. Neonatal
rat lung tissue washed free of plasma and blood does
not respond to hyperoxia.”®'® However, if the tissue
is treated with serum or plasmas from normal human
infants, the SOD and catalase activities do increase in
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Fig. 1. Influence of oxygen concentration on the mangano-isozyme
of SOD in human skin fibroblasts. Fetal lines were established from
fetal donors no more than 17 weeks gestational age. Postnatal lines
were established from donors 4-96 years of age. N = 7 fetal lines:
N = 14 postnatal lines (Adapted from Allen and Balin™).

response to hyperoxia. Interestingly, treatment with
plasma derived from human infants with hyaline mem-
brane disease (a respiratory distress syndrome of pre-
mature infants) supported the increase in antioxidant
enzymes, but in only one-third of the samples tested.'®’
Although guinea pigs do not exhibit a rapid increase
in SOD activity in response to hyperoxia, treatment of
rat or rabbit lung slices with guinea pig serum permits
an SOD response to hyperoxia. Conversely, treatment
of guinea pig lung slices with rabbit or rat sera failed
to elicit any response when the tissue is exposed to
100% oxygen.”

The ability of young organisms to respond to oxi-
dative stress by large, rapid changes in their antioxidant
defense enzymes can only partially account for the
greater oxygen tolerance observed in these organisms.
Induction of diabetes in pregnant female rats with
Streptozocin (STZ) imparts a superior resistance to hy-
peroxia on their pups. Neonates from STZ-treated fe-
males exhibit 68% survival and controls from untreated
females exhibit 31% survival after 13 days exposure
to 95% oxygen. Paradoxically, only slight differences
in free radical defense levels are observed when pups
from STZ-treated females are compared to pups from
normal untreated females. Furthermore, no difference
in the response of antioxidant defenses to hyperoxia
are observed in pups from STZ-treated females and
controls from untreated females.'”® It has also been
reported that undernourished pups (18 pups/dam) ex-
hibit poor survival under hyperoxic conditions as com-
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pared to control litters (11 pups/dam). The alterations
in antioxidant defense enzymes were similar in the
undernourished and control groups but survival after
7 days exposure to 95% oxygen was 44% in the un-
dernourished group and 73% in the control.'”!

Lipid peroxidation in differentiation
and development

Lipid peroxidation has been implicated in a large
number of cellular processes including aging*> prosta-
glandin synthesis and control of cellular prolifera-
tion."”>!'”* Lipid peroxidation is known to inhibit
mitosis'™; the level of peroxidation is extremely low
in highly mitotic tissues such as tumor cells*® and re-
generating liver tissue.'”” Indeed, changes in the an-
tioxidant potential of membranes has been postulated
to play a regulatory role in mitosis and carcinogen-
esis.'’® Many organisms exhibit a marked increase in
lipid peroxidation or in susceptibility to peroxidation
during development.

In Physarum lipid peroxides increase during the in-
itial phases of spherulation and then decrease as dif-
ferentiation is completed.® In a nondifferentiating
strain of Physarum the lipids do not peroxidize sig-
nificantly before the organism dies in the differentia-
tion medium.® Mammalian newborns have been shown
to be highly susceptible to lipid peroxidation. Incu-
bation of rat liver cell extracts at 37°C for 3 h stimulates
large increases in peroxidation in homogenates derived
from fetal, 1-day, 5-day, and 8-day-old rats, whereas,
liver tissue from rats 10-days-old or older shows little
peroxidation.”™” Similar observations have been made
by others in studies of mouse liver*! and rat lungs.””'”’?
In lung tissue, peroxidation is not apparent in homog-
enates prepared from animals immediately after birth;
however, it is present by the second day and reaches
a maximum by day five. At least one cause of the high
susceptibility to peroxidation of fetal tissues may be
the relatively low activity of SOD in these tis-
sues.”®®$! Other antioxidant enzymes known to be
lower in neonates than adults such as GPx, GSSG re-
ductase and G-6-PD are reported to have no effect on
the susceptibility of lung homogenates of young or-
ganisms to lipid peroxidation.'” Furthermore, GPx re-
mains at a low level in rat lung tissue 20 days after
birth, a time long after the peak susceptibility to per-
oxidation is observed.” The concentration of toco-
pherol required to achieve inhibition of peroxidation
in neonatal tissue is far greater than would ever be
found in fetal or adult tissue.'™ Conversely, strains of
mice which exhibit a relatively higher SOD activity in
early neonatal development are less vulnerable to per-
oxidation than strains which contain low SOD activity
in early postpartum life.®!
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The greater susceptibility of mammalian neonatal
lipids to peroxidation is also quite probably due to
differences in lipid composition in addition to any anti-
oxidant differences that exist in adults and newborns.
The degree of lipid unsaturation is greater in neonatal
rats than in adults.'”” The subsequent decrease in lipid
unsaturation appears to be due to the change of diet
that results when the pups are weaned.'”'*® Although
peroxidation is generally deleterious, it is noteworthy
that in neonates unsaturated lipids may provide anti-
oxidant protection at a time when other enzymic de-
fenses are low. As discussed above, the newborns of
many organisms are highly resistant to hyperoxic ex-
posure. Feeding mature rats diets rich in saturated fat,
presumably decreased their susceptibility to peroxi-
dation, but proved 100% fatal to them after 68 h hy-
peroxic exposure; whereas, 46% of the rats fed a
normal diet survived after 96 h hyperoxic exposure.'®!
Lung tissues from neonatal rats and mice contain large
amounts of polyunsaturated lipid and these organisms
are known to be highly resistant to oxygen. Newborn
and adult guinea pigs, adult rats and mice are killed
by hyperoxic exposure; the lung tissues of these ani-
mals contain predominantly saturated fat.'’

INFLUENCE OF OXIDANTS AND ANTIOXIDANT
DEFENSES ON DEVELOPMENT

From the above discussion it is evident that there
are profound changes in cellular antioxidant defenses
during development. Whether these changes are prep-
aratory steps for survival in an oxidative environment,
or a part of an integrated biochemical ontogeny that
can influence gene expression as development pro-
ceeds can not be conclusively determined on the basis
of existing evidence. Nevertheless, evidence exists
which suggests that changes in antioxidant defense lev-
els can modulate gene expression and that develop-
ment-associated alterations in antioxidant/oxidant
status may act as a physiological control for certain
developmental events. Such a relationship may exist
because some defenses, such as GSH, also modulate
other cellular functions. ¢ Large changes in GSH con-
centration can influence biochemical pathways not di-
rectly associated with cellular antioxidant defense.
Furthermore, on the basis of studies performed mostly
in tumor cells there has been considerable speculation
about the role of SOD in the differentiation process.
The effects of oxidants and the experimental alteration
of antioxidant defense levels have been examined in
diverse organisms but only rarely have the effects of
both types of treatments been reported in the same
organism. In some cases, the course of development
can be influenced by change in antioxidant/oxidant
balance.

Influence of oxidants on differentiation

Development-associated changes in antioxidant de-
fenses suggest that the production of oxidants increase
at certain developmental phases.> Metamorphosis in
insects and differentiation in slime molds is accom-
panied by highly significant increases in cyanide-re-
sistant respiration and peroxidation suggesting that
oxidative reactions increase during these transi-
tions.®® !¢ Paradoxically, treatment of differentiated
mammalian cells with oxidants results in cell
transformation'®}; whereas, treatment of tumor cells or
embryonic tissues with the same compounds can induce
differentiation.®® For example, cytodifferentiation has
been induced in embryonic mouse cells using X-irra-
diation and the free radical generating chemical
benzo(a)pyrene.'® Thus, the changes in developing
systems discussed here are not generalized phenomena;
they often occur only in undifferentiated tissues and
may have very different effects in differentiated cells.

SOD activity increases and GSH concentration de-
creases during the differentiation of the syncytial slime
mold Physarum polycephalum. A non-differentiating
strain of Physarum exhibits none of these changes.
Addition of the redox cycling herbicide paraquat to the
differentiating and non-differentiating strains revealed
that SOD activity could be induced in both strains.®
This result supported the hypothesis that the increase
in SOD activity observed in the differentiating strains
resulted from an increase in the rate of superoxide
radical generation, while the failure of the non-differ-
entiating strain to significantly alter its SOD activity
under identical culture conditions was due to its in-
ability to generate -O, . In agreement with this hy-
pothesis was the observation that cyanide-resistant
respiration, lipid peroxidation and generation of H,0,
increased during spherulation in differentiating strains
of Physarum but not in the non-differentiating strain
maintained under identical culture conditions.®® It was
also observed that paraquat increased the rate of dif-
ferentiation in the differentiating strain.® In Physarum,
treatment with paraquat also stimulated GSH synthesis;
paraquat alone could not induce differentiation in the
non-differentiating strain, nor could inhibition of GSH
synthesis with buthionine sulfoximine (BSO). How-
ever, treatment of the non-differentiating strain with
paraquat and BSO resulted in a type of cleavage and
the formation of non-viable spherulelike structures.®
Similarly, treatment of SV-40 transformed rat Kidney
cells with paraquat has little effect on SOD activity in
most of the cells. However, some of the tumor cells
subjected to paraquat treatment exhibit induction of
SOD activity as well as biochemical and morphological
differentiation.'®
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In order to further explore the relationship between
oxidation/antioxidation and differentiation in Physa-
rum, we subjected a non-differentiating strain to a
number of oxidizing treatments. Strong oxidants and
free radical generating compounds such as cumene hy-
droperoxide and plumbagin induced differentiation in
some of the cells. Liposomal encapsulation of D-amino
acid oxidase and subsequent introduction of this en-
zyme into the cells stimulated H,O, generation and also
induced spherulation in the non-differentiating strain.
In contrast to the results obtained with paraquat, all of
the oxidants employed in this study produced viable
spherules. The organism was also treated with water
soluble suspensions of various antioxidants, Ascor-
bate, beta carotene, tocopherol and butylated hydrox-
ytoluene (BHT) all failed to induce differentiation in
the non-differentiating strain.'*

Chromosome puffs and oxidative metabolism

Chromosome puffs are transient enlargements in
chromosomes that appear in band-interband regions of
insect polytene chromosomes during development.'®’
RNA synthesis is strongly stimulated in these puffing
regions; in fact, the presence or absence of chromo-
some puffs appears to be dependent on RNA synthetic
activity.'®¥-1*0 A considerable number of environmen-
tal factors such as diet, hormones, ions, vitamins and
temperature shock have been observed to induce the
appearance of puffs in polytene chromosomes; albeit,
the regions of puffing induced by various treatments
may vary with puffing regions observed during normal
development.'®7*! In the present discussion we will
not distinguish between puffs found only as a result of
an experimental treatment and puffs observed during
development.

Most of the stimuli that induce enlargement of
known puffing regions can be linked either directly or
indirectly to oxidative metabolism. Interestingly,
Leenders and Beckers'®? suggested that stimulants of
respiratory activity accelerate puff regression. In fact,
this obvservation may implicate free radical generation
as a factor involved in the maintenance of puffs. When
mitochondrial activity is low, the cytochromes tend to
be reduced and reduced cytochromes form free radi-
cals, whereas, oxidized cytochromes can not.
Rittossa'®! observed that exposure of Drosophila bus-
ckii larvae to a brief period of anoxia induced puffing
after the return of the insects to an aerobic environ-
ment. A similar effect has been observed in other in-
sects.'"*1% Brief anoxia has also been found to induce
heat shock proteins in mammals.'*%'%7 It has also been
demonstrated that puffing in Drosophila is dependent
on a nondialyzable heat labile mitochondrial factor but
the nature of this factor remains unclear.'*®

Compounds such as dinitrophenol, dicumarol, or
salicylate which uncouple mitochondrial respiration
from ATP synthesis, or increase cellular permeability
to ions, also stimulate the rate of metabolism and in-
duce puffing in several regions of Drosophila larval
salivary glands.'”-%®" In contrast to dinitrophenol, oli-
gomycin inhibits oxidative phosphorylation, but also
suppresses the respiratory chain and fails to induce
puffing.’ Simultaneous treatment of salivary glands
with oligomycin and KCN can induce some puffing
activity. However, inhibition of the terminal step in
electron transport with concomitant inhibition of oxi-
dative phsophorylation would be expected to result in
complete reduction of the electron transport chain and
to increase the rate of free radical generation.** Sup-
portive of the hypothesis that free radicals may induce
chromosome puffing are the additional observations of
Leenders and Berendes™? who observed that Antimy-
cin A, rotenone, 2-heptyl-4-hydroxyquinone-N-oxide,
and menadione induced puffing chromosome enlarge-
ment in the heat sensitive regions. All of these agents
augment cellular free radical generation.*™

Methylene blue, a strong oxidant that catalyses
increased cellular H,O, levels via oxidation of
NAD(P)H, induces puffing.”*>2* Not surprisingly hy-
drogen peroxide has also been reported to induce puff
formation in D. melanogaster.*® The insect molting
hormone ecdysone has repeatedly been implicated as
one of the underlying causes of development-associ-
ated chromosome puff formation.>*27 [n vitro admin-
istration of ecdysone strongly stimulates catalase
activity. Cells insensitive to ecdysone exhibit no in-
duction of catalase when treated with the hormone.*%
Treatment of cultured Drosophila cells with ecdysone
has also been observed to induce SOD activity.”"
In vivo developmental increases in catalase activity
have been observed to correlate with development-
associated peaks in the ecdysone titer in D. melano-
gaster.*"

Oxidative stress also induces the appearance of heat
shock proteins. In bacteria, temperature shock is as-
sociated with the accumulation of adenylylated nu-
cleotides which have been postulated to function as
regulatory molecules that signal the onset of oxidative
stress.*!! The production of these molecules is stimu-
lated by a wide variety of oxidants but sulfhydryl ox-
idants appear to be particularly effective.?'? Thus, 1-
chloro-2,4-dinitrobenzene, diamide, hydrogen perox-
ide, ¢-butyl hydroperoxide, N-ethyl maleimide, io-
doacetamide, calcium chloride and a very wide variety
of quinones are reported to result in accumulation of
adenylylated nucleotides in Salmonella typhimu-
rium.*'2 In strains of S. typhimurium adapted to H,O,,
the antioxidant defenses are elevated. The resulting
mutant is also resistant to other oxidizing treatments
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including temperature shock.?”* Furthermore, heat
shock was recently observed to induce SOD activity
in E. coli.™

Sulfhydryl containing compounds have been found
to modulate the expression of heat shock proteins in
chick embryo cells.?" In addition, —SH groups have
been identified as targets for several inducers of heat
shock proteins in eukaryotic cells.?'>2'®?"7 The under-
lying cause of — SH effects on puff formation are pres-
ently unclear, but the formation of disulfide bonds in
proteins has been implicated as at least one factor in-
volved in this phenomenon.?'> Supportive of this ar-
gument is the observation that GSH oxidation by
diamide imparts resistance to cellular inactivation by
heat shock and induces the synthesis of heat shock
proteins in Chinese hamster ovary cells.?'® Cellular ion
balance may also mediate the effects of altered cellular
sulfhydryl status on puff formation. This balance is
very strongly modulated by changes in redox status
and by oxidative stress (see discussion below). Alter-
ations in cellular ion balance have been shown to in-
duce puffing in insect salivary glands.”'>*** Recent
evidence has implicated alterations in the nuclear kar-
yoskeleton as a major underlying cause of chromosome
puffing in Drosophila melanogaster.”' At present, it
is not clear whether the factors that affect the cyto-
skeleton would similarly affect the karyoskeleton but
it is noteworthy that both altered redox status and ion
balance exert an effect on the cell cytoskeleton (see
discussion below).

Sulfhydryl status

Changes in sulfhydryl status have been successfully
employed to alter the state of differentiation in several
tumor lines. In most cases the change is transitory and
the cells rapidly return to their abnormal state soon
after the treatment is withdrawn. Treatment of DLD-
1 human colon carcinoma clone-A with N-methylform-
amide and N,N-dimethylformamide depletes intracel-
lular GSH and concomitantly induces a type of
differentiation characterized by cessation of mitosis
and morphological change. Treatment of the differ-
entiated cells with cysteine restored GSH levels and
cell growth commenced again. From these results it
was inferred that GSH plays a key role in the regulation
of growth in the DLD-1 line.?” Tumor cells induced
to differentiate by various means often exhibit a de-
creased — SH concentration. For example, Chen et
al.??® found that non-protein sulfhydryl containing
compounds decreased from 19.30 nmol/mg protein to
6.78 nmol/mg protein during differentiation of mouse
neuroblastoma. Addition of the — SH group blocker p-
chloromercuriphenylsulfonic acid (PCMS) to murine
Friend erythroleukemia cells (FLC) that had been in-

duced to differentiate with DMSO, maintained the high
level of hemoglobin in the cells even after the DMSO
was removed. In contrast, continued culture of the cells
without PCMS resulted in the gradual regression of the
cells from this state of differentiation as indicated by
the loss of hemoglobin.?**

It would also seem noteworthy that basal metabo-
lism is lower in undifferentiated FLC than in cells in-
duced to differentiate. The addition of cysteine to
undifferentiated FLC stimulated metabolism an addi-
tional 75%, yet cysteine had no effect on the rate of
metabolism of cells stimulated to differentiate with
DMSO.2* An analogous effect has been observed in
HL-60 human promyelocytic leukemia cells. Addition
of GSH to cultures of HL-60 causes cell lysis. Once
the cells have been chemically induced to differentiate
GSH has no effect when added to the culture.*®

As noted above, Physarum exhibits extensive loss
of reducing capacity during spherulation. About 80%
of the GSH found in microplasmodia is lost as differ-
entiation proceeds. Treatment of the cells, during their
48 h growth phase with L-buthionine-S,R- sulfoximine
(BSO), a specific inhibitor of GSH synthesis, decreases
GSH concentration by about 50% as compared to un-
treated controls. Conversely, treatment of mitotically
active microplasmodia for the same period with L-2-
oxothiazolidine-4-carboxylate (LOC), a stimulant of
GSH synthesis, increases GSH concentration by nearly
100%. Transfer of treated and control cultures to a
salts-only differentiation medium revealed that BSO-
treatment increases the rate of differentiation in Phy-
sarum, while treatment with LOC is strongly inhibitory
to the spherulation process.'"*' In these experiments,
SOD activity was observed to increase in parallel to
differentiation in all of the cultures regardless of the
rate of spherulation.’!' Suspension cultures of carrot
cells treated with BSO exhibit decreased GSH con-
centraton and increased GSSG concentration. This
treatment doubled the number of cells in the culture
that differentiated. Furthermore, addition of GSH to
the cultures strongly inhibited differentiation.'*

Lakshmi??*® found that treatment of chick embryos
with 0.5 mM of the sulfhydryl oxidant chloroaceto-
phenone (CAP) prior to induction of nerve tissue re-
sulted in brain abnormalities in 81.4% and neural tube
abnormalities in 48.7% of the treated organisms. When
induction of the nervous system had already occurred,
the same concentration of CAP had no effect. A similar
observation was reported by Mulherkar et al.*”’; they
found that treatment of chick embryos with CAP, be-
fore they reached the full head process stage, caused
severe abnormalities. Treatment after the full head pro-
cess stage, induced no abnormalities. The deleterious
effects of CAP-treatment at early stages were blocked
by concomitant treatment with cysteine. Colchicine



648 R. G. ALLEN and A. K. BALIN

had a similar effect to CAP and its effects could also
be blocked with cysteine.

Treatment of chick embryos with varied concentra-
tions of CAP for different periods of time revealed a
progressive loss in the ability of Hensen’s node to in-
duce formation of neural tissue in surrounding cells.
The impairment of neural induction was dependent on
the extent of —SH oxidation.??® Conversely, Waheed
and Mulherkar®® found that post nodal pieces (PNP)
of chick embryos, which normally have no inductive
capacity, acquired the ability to cause neural induction
in untreated embryos, when treated with cysteine or
GSH for a six h period. Treatment of PNP’s with cys-
teine for 6 h also induces differentiation into axial
embryonic structures but cysteamine has no effect, in-
dicating at least some specificity in —SH containing
compounds that could cause this effect.?* Chauhan and
Rao**! observed that the postnodal piece (PNP) ob-
tained from embryos treated with GSH, cysteine or
cysteine + GSH during the first 6 h of in vitro culture
had acquired the ability to differentiate into several
different structures. However, if higher concentrations
(10 uM GSH or 5 uM cysteine) were used, RNA syn-
thesis was blocked and no differentiation occurred. Lee
and Kalmus*? employed a longer culture period fol-
lowing treatment of PNP’s with sulfhydryl compounds
and observed differentiation of PNP tissues into even
more diverse structures including pulsatile tissue.
These observations indicate that only a select group of
sulfur-containing compounds can alter the inductive
capacity of tissues and that the ability of —SH com-
pounds to influence differentiation is dependent on
concentration and duration of exposure.

Antioxidants

Effects of modulation of antioxidant defenses on dif-
ferentiation in Physarum. As discussed above, addition
of various lipid soluble antioxidants to a non-differ-
entiating strain of Physarum fails to induce differen-
tiation or to increase survival in a differentiation
medium. However, the types of antioxidants that have
been experimentally added are not present in Physarum
at a high concentration under normal conditions. In
order to simulate changes known to occur in differ-
entiating strains we treated the non-differentiating
strain of Physarum with liposomally encapsulated
SOD. The addition of SOD to this strain induced dif-
ferentiation in about 10—15% of the cells; the number
of cells that differentiated was doubled if GSH syn-
thesis was inhibited during the growth phase preceding
treatment with SOD-containing liposomes. '®

We observed that the H,O, concentration increased
in cells treated with SOD containing liposomes; this
suggested that H,O, production had been increased by

SOD activity or possibly that the activity of other en-
zymes which catalyze oxidative reactions was pro-
tected by the introduction of SOD into the cells.'® The
superoxide radical is inhibitory to some chemical ox-
idations that proceed via a free radical intermediate,
and can inhibit the activity of some oxidative enzymes;
thus, O, removal by SOD increases the rate of these
reactions.?-2¥ Others have also found that large in-
creases in SOD activity catalyze oxidation of various
cellular components.**® These results suggest that ox-
idation plays a role in differentiation in Physarum and
that the changes observed in antioxidant defenses dur-
ing spherulation in differentiating strains are necessary
for this type of differentiation to proceed.

Cu(1l)(3,5-diisopropylsalicylate) a chemical that
mimics SOD activity has been observed to induce dif-
ferentiation in mouse neuroblastoma.® Biomimetic
SOD also inhibits tumor promotion indicating that ac-
tive oxygen radicals play a role in this process.*** Nu-
merous studies have indicated that treatment of tumor
cells with lipid soluble antioxidants can induce a type
of reversible differentiation.**~2* Induction of differ-
entiation by retinoids, appears to be partly due to their
effects on membrane microviscosity and resultant
transmission of these changes to the nucleus via the
cytoskeleton.?# % Since lipid soluble antioxidants
would also be expected to affect membrane viscosity,
it is possible that the effects of these compounds on
differentiation also occur via membrane effects. The
influence of oxidants on differentiation in normal cells
can also be mediated by direct and indirect effects on
the cellular cytoskeleton (see below).

INFLUENCE OF IONS AND IONIC GRADIENTS
ON DEVELOPMENT

Mechanisms of Ca** directed events

Most of the calcium in cells is sequestered by mi-
tochondria or endoplasmic reticula; the relatively low
concentration of free calcium present in cells would
severely limit any role played by this ion in develop-
ment, or any other physiological process. However,
there is ample evidence to indicate that fluctuations in
intracellular calcium concentration, due to release and
re-sequestration of calcium, are an integral part of a
large number of cellular processes including some bio-
chemical and genetic phenomena associated with de-
velopment and the mitotic cycle.?*7-%! For example,
a transient rise in [Ca?*] during metaphase®*? resulting
from efflux of calcium from membrane compart-
ments?*® precedes the transition from metaphase to an-
aphase.?>* Other phases of cell cycle are also associated
with changes in free calcium concentration.?#'-2%

Commitment of cells to differentiation appears to
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be calcium dependent in a number of types of
cells.?52% Calcium has been shown to directly affect
gene expression in some mammalian cells.?’” But it is
not merely the presence of calcium at a particular con-
centration that influences development; bioelectricity
generated by the passage of ions through tissues is also
an important part of calcium effects on development.
Calcium influx is known to establish a polarizing cur-
rent through the eggs of some poikilotherms*® and
algae.? In addition, the existence of electrical currents
resulting from the passage of calcium and other ions
through the bodies of developing organisms has been
demonstrated in extremely diverse groups of plants and
animals.*?% Development-associated transcellular cur-
rents have been identified in Fucoid embryos,*' in
roots and root hairs of developing barley,*° growing
lily pollen tubes,” Xenopus oocytes,*® ovarioles of
the American silk moth,” and chick embryos.>%
Furthermore, ionic currents have been implicated as
a factor that governs regeneration of amphibian
limbs.2¢9-264-267 The passage of ions through embryos
is not entirely controlled by metabolic gradients; how-
ever, the evidence presented below suggests that ionic
sequestration in cells and possibly ion migration
through embryos can be influenced by redox status
which is dependent on the rate of metabolism.

Oxidative stress and cellular calcium balance

Fluctuations in [Ca®*] that are observed during the
cell cycle and following fertilization occur concomi-
tantly with changes in cellular redox status. Treatment
of cells with sulfhydryl oxidants or redox cycling com-
pounds has repeatedly been found to induce mito-
chondrial calcium release.?%-2? This suggests that
changes in the rate of oxidant generation, or in the
redox status of cells can influence the capacity of mi-
tochondria to sequester calcium ions. The cellular up-
take and mitochondrial release of ions other than Ca’*
are stimulated both by redox variations and by exposure
to oxidative stress.?’>-?7* Although it is improbable that
alterations in redox status are the only control over ion
sequestration and release during mitosis, the larger
changes in sulfhydryl concentration observed during
certain stages of development could have a significant
impact on cellular ion distribution. It seems quite prob-
able that fluctuations in redox balance associated with
mitosis and development alter the intracellular envi-
ronment and influence other processes that control cal-
cium release.

One possible controlling enzyme that would be af-
fected by redox alterations is ADP-ribose transferase
(ADPRT). ADP-ribose forms in mitochondria?”® par-
ticularly under conditions of oxidative stress.?’s?”” This

suggests that a mitochondrial isozyme of ADPRT ex-
ists. It has been postulated that loss of NAD(P)* during
ADP-ribose formation may be the underlying cause of
Ca’* release.?’®?”7 Since ADPRT is stimulated by ox-
idation, any change in sulfhydryl concentration could
indirectly affect calcium release and mitosis by af-
fecting the activity of this enzyme. This hypothesis has
been challenged by Sies et al,””! who observed a de-
crease in NADP, but not in NAD under stress condi-
tions. However, the decrease observed in NADP
concentration observed by Sies et al.?’! indicates at
least some increase in ADPRT activity under condi-
tions of oxidative stress. It is possible that small
changes in ADPRT activity have large effects on cell
ion concentration, if the proteins ribosylated by the
enzyme are the controlling factors in calcium seques-
tration, however this supposes that the function of such
proteins is significantly affected by ribosylation.
Whether the ribosylation of mitochondrial proteins can
affect their functions enough to result in calcium re-
lease remains to be established. On the basis of the
above discussion we postulate that the ability of mi-
tochondria to sequester calcium as well as other ions
is strongly dependent on cell redox balance, that oxi-
dative stress induces the release of calcium and that
fluctuations in redox balance are associated with fluc-
tuations in cellular ion distribution.

Membrane polarity and ionic influx

Calcium influx into cells and its subsequent effects
can exert a profound influence on cellular physiology.
The entry of calcium into cells is strongly modulated
by the polarity of the plasma membrane. Cells treated
with calcium for brief periods exhibit only small dif-
ferences from untreated controls. When calcium-treat-
ment is preceded by chemically-induced depolarization
of the plasma membrane, large changes in phospho-
rylation of specific proteins?™" and the activation of
the c-fos oncogene®® are observed. Both of these re-
actions control other pathways. For example, c-fos is
believed to influence the activity of other oncogenes. ¢
An understanding of the effects of membrane polarity
on the passage of ions into cells is complicated by the
fact that creation of transmembrane potentials (bioe-
lectricity) results in changes in membrane fluidity.?
We postulate that the transmembrane ionic currents that
exist in developing organisms both affect and are af-
fected by variations in membrane polarity and fluidity
in the different regions and tissues of embryos.

It has been demonstrated that both -O,~ and H,0,
depolarize cell membranes.?? Any tissue-, or region-
specific variations in oxidant generation would thus
modulate the interaction between ionic gradients and
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cells, because of oxidant-induced changes in mem-
brane polarity and fluidity. We hypothesize that met-
abolic gradients provide a basis for regional variations
in the polarity of plasma membranes, because they also
result in graded rates of free radical generation by cells
of developing organisms. The relatively low level of
cellular antioxidant defense present in the tissues of
developing organisms should further enhance the ef-
fects of any oxidation gradients that might exist. The
existance of redox gradients resulting from metabolic
gradients may provide an additional level of control
over ion migration since cell redox status exerts a
strong influence over the ability of cells to sequester
calcium (see discussion above). On the basis of the
evidence presented above, we postulate that changes
in oxidation/sulfhydryl gradients caused by shifts in
cellular antioxidant balance lead to an ever increasing
divergence of physical and biological properties of the
tissues present in different bodily regions of developing
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organisms. The various interactions postulated here are
summarized in Figure 2. The relevance of post-tran-
sciptional control is discussed below.

Influence of calcium on antioxidant defenses and

free radical generation

InPhyarsarumthe differentiation associated changes
in SOD activity and GSH concentration appear to
be dependent on the medium calcium concentration.
Medium without calcium is unable to induce differ-
entiation or cause changes in antioxidant defenses.
Similarly, medium that contains 7 times (54 mM) the
normal calcium concentration (8 mM) fails to alter
antioxidant defenses; however, differentiation occurs
at this calcium concentration at a very slow rate in both
differentiation medium and in growth medium.” Ad-
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non-differentiating strain of Physarum. These results
demonstrate that calcium is a requirement for differ-
entiation in Physarum and that calcium modulates anti-
oxidant defense levels. The varied effects of different
calcium concentrations in Physarum may partly arise
from calcium ion concentration-dependent destabiliz-
ing effects on membrane polarity; however, calcium
may also affect the cellular generation of free radicals.
Whereas calcium is not itself a redox active element,
it can invoke the activity of calmodulins that stimulate
free radical generating enzymes.®* Furthermore, se-
questration of calcium by mitochondria has been found
to uncouple oxidative respiration®™ which results in an
increased rate of free radical generation. Indeed, the
swelling of mitochondria induced by treatment with
calcium is suggestive of oxidative stress.?*

CHROMATIN CONFIGURATION AND CYTOSKELETAL
INTERACTIONS WITH GENE-EXPRESSION

Post-transcriptional control of gene expression

An understanding of the mechanisms of eukaryotic
control of gene expression is essential before proceed-
ing with our discussion of a possible mechanism by
which oxidants influence gene expression. We digress
briefly to examine nuclear organization and control of
gene expression in eukaryotic cells. Cells control gene
expression by several distinct mechanisms that occur
at multiple levels of organization. Transcriptional con-
trols govern the frequency of occurance of pre-mRNA
transcripts. Translational controls permit or restrict the
expression of processed mRNA in the cytosol. The
rates of transcription and translation are both influ-
enced by redox status and ionic distribution in cells.**
There also exists a third category of control. Post-
transcriptional control determines which transcribed
genes will be processed into mRNA, and which
mRNAs leave the nucleus to be translated. The mech-
anisms of post-transcriptional control are not well
understood.

Heterogenous nuclear RNA (hnRNA) can be
roughly divided into three distinct classes of se-
quences. Complex class hnRNAs are those present at
levels ranging from one to several copies per cell.
hnRNAs present in cells at more than 10 copies per
cell are classed as moderately repetitive sequences.
The superprevalent hnRNAs are present at levels often
exceeding 100 copies per cell. It is now thought that
complex class hnRNAs, or pre-mRNAs, are not highly
tissue specific, and that most of them are continually
transcribed in all cells from all stages of development;
albeit, some variation in frequency of expression may
occur in different types of tissue. This indicates that
in processes such as development or cellular transfor-

mation, when the population of mRNA present in the
cytosol is altered significantly, the pre-mRNA popu-
lation present in nuclei (complex class hnRNAs) may
remain virtually unaffected. Conversely, moderately
repetitive and superprevalent genes are expressed in a
tissue specific fashion.®

Davidson and Britten® proposed a mechanism by
which the tissue-specific repetitive sequence classes of
hnRNA controlled the processing of the constitutive
complex class hnRNA into mRNA. In their model,
structural genes are rapidly produced in the nucleus
and then rapidly digested by RNAses; the net effect is
that none of these RNA sequences survive long enough
to be processed into mRNA. This is also the fate of
the moderately repetitive class of genes. However, re-
petitive classes of hnRNA are composed of sequences
that are complementary to the introns of some complex
class genes. Consequently, some repetitive sequences
anneal to complex genes to form hnRNA duplexes.
RNAses are specific to single stranded RNA; the du-
plexes formed from complex class hnRNAs and re-
petitive class hnRNAs are not digested and are thus
able to escape from the nucleus (see Fig. 3). The Dav-
idson—Britten model postulates that gene expression,
including differential gene expression during devel-
opment, is post-transcriptionally controlled. A second
important point is that the sequence of introns in related
genes {(complex class hnRNAs) may be similar; thus,
a single moderately repetitive sequence may be com-
plementary to more than one type of complex class
gene. The expression of enzymes in many biochemical
pathways appear to be tightly controlled even when the
genes coding for these enzymes are scattered through-
out the genome. The co-ordinate expression of en-
zymes in the same biochemical pathway may occur
because it is not dependent on the location of the genes
in the genome; instead it is dependent on the activation
of the moderately repetitive sequence family that per-
mits pre-mRNAs with complementary introns to escape
digestion by RNAses.

A factor not accounted for in the Davidson—Britten
Model is that the nuclear matrix also appears to be
involved in post-transcriptional processing as indicated
by microscopy?®® and biochemical analysis.?**” The
function of the nuclear matrix in post-transcriptional
processing is not well understood; however, it appears
that pre-mRNAs must become anchored to the kar-
yoskeleton before they can be processed.?5-2" Dis-
ruption of the karyoskeleton with cytochalasin B
results in loss of unprocessed pre-mRNA but not ma-
ture mRNA strands from the nucleus.”’ Interestingly,
treatment of isolated nuclei with -O,” generators
causes a similar selective release of unprocessed pre-
mRNAs.?® Whether oxidation or antioxidation are in-
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Fig. 3. Summary of the Davidson-Britten Model for post-transcriptional control of gene expression (see text for discussion).

volved in post-transcriptional processing of RNA may
prove an important question in the not distant future.

Chromatin configuration

As discussed above, some changes in gene expres-
sion, associated with development, can be influenced
by redox status and cellular ion distribution (also see
refs. 2,4,5,284). Oxidants and ions that affect the tran-
scription of the repetitive sequence families could in-
fluence post-transcriptional processing for a number of
pre-mRNAs, and may account for the development-
associated appearance of new proteins coded on dif-
ferent chromosomes. Additionally, it is believed that
the spacial arrangement of chromatin, that is, the sec-
ondary, tertiary and quarternary structure, affects gene
expression.?*-22 Both the redox and ionic milieu of
cells affect chromatin configuration.?2*-5 Further-
more, their effects on chromatin configuration are not
random as would be expected in the case of changes
resulting from a general toxicity. For example, it was
recently demonstrated that chromatin contains ion sen-
sitive sites that change their configuration in a pre-
dictable manner with changes in ionic strength.6:2%7
The existence of these sites do not necesssarily impli-

cate ionic interaction as a controlling element in de-
velopment, but their existence suggests that this type
of interaction is possible. Other regions of chromatin
also react with divalent cations to yield predictable
alterations in configuration,?*® which lends further sup-
port to the hypothesis that configurational alterations
in chromatin can be induced by changes in the ionic
milieu of cells.

During development entire pathways can appear or
disappear; in some cases embryonic isozymes are re-
placed with postnatal isozymes. It would seem unlikely
that a change in chromatin configuration would affect
an entire family of enzymes because the genes coding
for them are usually scattered throughout the entire
genome. Furthermore, as mentioned above, the pre-
mRNA (complex class hnRNA) for many genes are
continually expressed in cells regardless of their de-
velopmental stage. We hypothesize that changes in
chromatin configuration could activate or inactivate
families of moderately repetitive sequences coded in
the area of the configurational alteration. In some
cases, repetitive sequences belonging to the same fam-
ily are coded in more than one area of the genome. A
single change in chromatin configuration that affects
only one region will change the frequency of expres-
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sion of that family of repetitive hnRNA. Such a change
in the prevalence of repetitive hnRNAs may cause a
corresponding change in the expression of the single
copy gene to which the moderately repetitive sequences
are complementary.® The types of changes in chromatin
configuration caused by redox or ionic changes are
reversible; we postulate that during development chro-
matin controlling proteins or other chemical factors
must make these changes permanent, presumably by
the formation of covalent bonds. There is, in fact,
evidence that suggests such a mechanism exists in ag-
ing tissues where it has been demonstrated that chro-
matin condensation is mediated by the formation of
disulfide bonds.? It is also likely that changes in the
karyoskeleton resulting from redox or ionic alterations
are responsible for some development-associated
changes in gene expression.

There is also evidence that implicates the cytoske-
leton as a factor that modulates the effects of redox
and ionic alterations on chromatin configuration and
gene expression. However, as discussed below, the
cytoskeleton is itself affected by low concentrations of
ions and small redox alterations.2#-28

Oxidative influences on cytoskeletal-
nuclear interactions

It has been postulated that anchorage of chromatin
to the nuclear envelope permits cytoskeletal interaction
with chromatin configuration and gene expression.””
The cytoskeleton is also connected to the plasma mem-
bane. Scott**® hypothesized that changes in plasma
membrane fluidity and nuclear configuration were re-
ciprocally transmitted via the cytoskeleton. This hy-
pothesis is supported by the observation that various
nuclear events respond to changes in cell shape in both
normal and tumor cells.*®3%" In addition to the direct
effects of ions and redox status on chromatin config-
uration, ions,?¢%-272.2% gylfydryl oxidants such as diam-
ide,*2 and changes in membrane polarity or membrane
fluidity?46-282.303.304 affect cytoskeletal influences on nu-
clear activity.

Cytoskeletal interaction formed the basis of a model
proposed by Chernavskii et al.*”® which, interestingly,
implicated free radical oxidation of membranes as a
controlling element of the cell cycle. In their model,
changes in membrane fluidity, resulting from mem-
brane peroxidation and changes in lipid composition,
are transmitted via the cytoskeleton to the nuclear en-
velope. Again, alterations in nuclear configuration
were postulated to alter gene expression and, in this
case, to regulate cell division. In view of the fact that
changes in redox status, ionic distribution, oxidant
generation and changes in membrane fluidity accom-

pany development, it seems probable that the influence
of gradients on developmental processes results from
both the interaction of the gradients with each other
and with the cellular cytoskeleton (see Fig. 2). Indeed,
the simultaneous interactions of all of the components
discussed in this report can easily be envisioned to
result in early regional variations in gene expression
that become further modified as development proceeds
(Fig. 2).

CONCLUSIONS AND SUMMARY

Development may be characterized as having met-
abolic, redox, membrane polarity, and ionic gradients.
Differential supply and consumption of nutrients and
oxygen can account for the establishment of metabolic
gradients in developing organisms. Oxygen may react
directly with some cellular components and be meta-
bolised to form highly reactive free radicals and per-
oxides. Reactive intermediates of oxygen metabolism
and the cellular responses to their accumulation may
affect development.

Total SOD activity increases during the develop-
ment of a very wide variety of organisms. Other an-
tioxidant enzymes such as catalase, GSH peroxidase
and the S-transferases also increase as development
proceeds.

Cell division and cell proliferation are associated
with increases in — SH concentration. Differentiation
to a non-mitotic, non-regenerative cell type occurs with
a concomitant loss of GSH; differentiation to a cell
type that retains a high regenerative potential (such as
liver tissue) occurs without a significant loss of GSH
and may be associated with an increase in GSH; —SH
concentration increases in reproductive tissues during
differentiation. The sulfhydryl status of embryonic tis-
sues can modulate the inductive capacity of that tissue.

The formation of chromosome puffs either in de-
velopment or due to environmental stress can be in-
fluenced by oxidative processes and results when the
cellular environment shifts to become more oxidizing.
Treatment with uncouplers of respiration which en-
hance oxidant generation or direct application of oxi-
dants leads to puff formation. In some organisms
oxidants stimulate the accumulation of signal mole-
cules associated with stress conditions and puff for-
mation. Treatments that induce chromosome puffing
or heat shock also stimulate antioxidant defenses. El-
evation of antioxidant defenses by adaptation to oxi-
dants confers resistance to heat shock in bacteria.
Changes in cellular ion concentration also induce the
formation of chromosome puffs.

Ionic gradients play an important role in cell cycle
and in development. Mitosis is dependent on calcium



654 R. G. ALLEN and A. K.

release and resequestration. Ionic gradients, resulting
from influx of ions in some regions and efflux in others,
exist in developing organisms. Redox state affects the
ability of cells to sequester calcium as well as other
ions. Membrane polarity affects the entry of calcium
into cells and its activity subsequent to entry. Oxidants
modulate membrane polarity, redox state, and intra-
cellular ionic distribution. lons can interact with chro-
matin to cause conformational changes and to affect
the expression of pre-mRNAs. The karyoskeleton as
well as free radicals have also been implicated as pos-
sible controlling elements in the processing and release
of pre-mRNA from the nucleus.

The cytoskeleton of cells transmits information from
the plasma membrane to the nuclear membrane and can
affect changes in gene expression The integrity of the
cytoskeleton and probably the nuclear karyoskeleton
is influenced by membrane polarity, membrane flu-
idity, redox status, and ionic strength. We hypothesize
that the metabolic, redox and ionic gradients, estab-
lished in developing organisms, interact with gene
expression to control developmental processes.
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