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Suspended animation, diapause and quiescence
Arresting the cell cycle in C. elegans

Pamela A. Padilla* and Mary L. Ladage

Department of Biological Sciences; University of North Texas; Denton, TX USA

Key words: C. elegans, hypometabolism, suspended animation, stress, anoxia, L1 diapause, cell cycle arrest, quiescent oocytes

Developing organisms require nutrients to support cell
division vital for growth and development. An adaptation
to stress, used by many organisms, is to reversibly enter an
arrested state by reducing energy-requiring processes, such as
development and cell division. This “wait it out” approach to
survive stress until the environment is conducive for growth
and development is used by many metazoans. Much is known
about the molecular regulation of cell division, metazoan
development and responses to environmental stress. However,
how these biological processes intersect is less understood.
Here, we review studies conducted in Caenorhabditis elegans
that investigate how stresses such as oxygen deprivation
(hypoxia and anoxia), exogenous chemicals or starvation affect
cellular processes in the embryo, larvae or adult germline.
Using C. elegans to identify how stress signals biological arrest
can help in our understanding of evolutionary pressures as
well as human health-related issues.

Hypometabolism and Arrest

Eukaryotic organisms inhabit and survive environmentally severe
ecosystems, such as icy glaciers, high mountaintops and deep
caves.”” Indeed, organisms have adapted to and perhaps even
thrive in these environments, which are perceived as extreme
from a human perspective; an adaptive mechanism organisms
use to survive a stressful or changing environment is to reversibly
enter into a hypometabolic state.® In a hypometabolic state, key
biological processes such as development, cell division, metabo-
lism and gene expression are either slowed or arrested. Given the
unique environments organisms have adapted to and that meta-
zoan development is typically linked to a rapid cell division of
blastomeres, one must wonder how cellular processes are arrested
in organisms exposed to extreme environments. In this review,
we first discuss aspects of hypometabolism, as well as how the
use of the model system Caenorhabditis elegans has been used to
study, at the cellular and genetic level, environmentally induced
arrest of cell division.

Examples of hypometabolic states include diapause, dor-
mancy, quiescence, cryptobiosis, suspended animation and
hibernation. The environmental cues that initiate hypometabolic
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states include nutrient deprivation, desiccation, reduced temper-
atures, day light cycles and oxygen deprivation. Central to the
ability for an organism to survive a stressful environment is the
capacity to reduce energy-consuming processes and reallocate
energy to processes that help maintain and exit from a hypometa-
bolic state. Metazoans that enter into a hypometabolic state due
to environmental stress include, but are not limited to, turtles,
frogs, insects, killifish, nematodes and tardigrades.*”” In some
cases, the environment to which the organism has adapted is
quite extreme. For example, the Antarctic nematode Plectus mur-
rayi has the remarkable capacity to survive desiccation and low
temperatures.'’ Interestingly, the first metazoans, of the phyla
Loricifera, which live permanently in an anoxic environment
(sediments in the L’Atalante basin), have recently been identi-
fied." How cellular processes, such as cell division, occur in such
a habitat is not understood.

A comprehensive understanding of the effect the environment
has on cell division is of interest to human health-related issues
and to identifying how environment has shaped evolutionarily
conserved processes fundamental to metazoan life. Because of the
central importance cell division has in human-related diseases,
much effort and resources are put into determining the regula-
tory mechanisms governing cell division in yeast, mammalian
cell culture, adult somatic cells and blastomeres of developing
embryos. The majority of these experiments are done within lab-
oratory conditions that support cell division; much less is under-
stood about the adaptive mechanisms and evolutionary pressures
that shaped cell division in organisms that inhabit extreme envi-
ronments. Questions to ponder include how cellular processes
central to cell division, such as microtubule polymerization,
chromosome condensation and segregation as well as nuclear
envelope formation and breakdown, occur in the organisms that
survive extreme environments, or if these processes merely arrest
until the environment is more conducive for cell division.

The soil nematode Caenorbabditis elegans has the capacity to
survive some extreme environments and is a powerful develop-
mental and genetic model system in which mechanistic details
important for stress responses and hypometabolism can be
uncovered. For example, decades of work led to an understanding
of the environmentally induced dauer larvae state.!**® The sig-
naling pathways (insulin/IGF-1 and TGF@) known to regulate
dauer formation are also involved with other biological processes,
including lifespan, development and other stress responses; many
reviews have been written on this topic, and it is therefore not
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SPECIAL FOCUS REVIEW

cycle stages arrest when exposed to anoxia,
here we will focus on anoxia-induced
cell cycle arrest observed in the embryo.
Embryos in a state of suspended animation
have a marked reduction in the ATP-to-ADP
ratio, indicative of a hypometabolic state.
There is also a decrease in the detection of
phosphorylated cell cycle-regulated proteins
recognized by mAb MPM-2, suggesting that
posttranslational modifications could have a
role in the regulation of reversible cell cycle
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arrest in three stages of the cell cycle: inter-
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Figure 1. Various types of arrest are observed in C. elegans.

prophase chromosomes move in a dynamic

a focus of this review. What is less understood, and the topic
of this review, is what physiological or environmental conditions
modify the cell cycle machinery and induce a reversible arrest in
C. elegans (Fig. 1). Environmentally induced arrest includes L1
diapause, anoxia-induced suspended animation, adult reproduc-
tive diapause, embryonic diapause and chemically induced arrest.
Physiologically induced arrest can occur as a normal process dur-
ing development and aging. For example, quiescent oocytes,
due to a depletion of sperm, are observed in the aging adult her-
maphrodite. Further investigation of these events will elucidate
how cell cycle progression is regulated by metabolic states within
metazoans.

Anoxia-induced Cell Cycle Arrest

C. elegans is able to survive severe oxygen deprivation (anoxia;
<0.001 kPa O,) by entering into a state of reversible suspended
animation. Suspended animation is a hypometabolic state in
which observable processes, such as development, cell division,
motility, feeding and egg laying, are arrested. Although all life
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fashion within the nucleus as they condense.
However, the chromosomes of prophase
blastomeres exposed to anoxia move to the inner nuclear periph-
ery and remain in this state until air is added back to the environ-
ment."” Furthermore, the centrosomes are duplicated and on polar
opposite sides of the nucleus, indicating that anoxia arrest occurs
in late prophase. It is likely that nuclear envelope breakdown is
prevented, stopping the blastomere short of a commitment to
enter mitosis.” In the anoxia-arrested metaphase blastomere,
microtubules are depolymerized further, thus hindering the abil-
ity of the cell cycle to progress normally and potentially contrib-

uting to the induction of arrest.'®

These cell biological analyses
suggest that the embryos sense and respond to the change in oxy-
gen tension, arrest energy expending processes and enter into a
truly hypometabolic state. Upon re-exposure to normoxia, the
embryos recover ATP stores and exit the suspended animation
state. It is remarkable that this arrest can be maintained for sev-
eral days in the embryo, a state of suspended animation in which
blastomeres are arrested at interphase, late prophase and meta-
phase, and upon re-oxygenation, cell cycle progression continues,
and development proceeds normally. This suggests that there is a
“cellular signature” that is maintained in the arrested embryo, so
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that cell division, development and differentiation is re-initiated
and coordinated post anoxia-induced arrest.

A genetic approach to identify genes involved with anoxia-
induced cell cycle arrest has elucidated how low levels of oxygen
regulate cell division (Fig. 1). It is known that a deletion in the
gene encoding the well-studied transcription factor hypoxia-
induced factor (HIF-1) does not lead to a decrease in viability
in the embryo exposed to anoxia. HIF-1 is essential for embryos
exposed to hypoxia, thus the mechanisms to adjust to hypoxia
14,18,19 Genes

involved in regulating anoxia-induced arrest have been identi-

or arrest in response to anoxia are not overlapping.

fied for blastomeres arrested in metaphase and prophase. Proper
arrest of blastomeres in metaphase requires the function of the
spindle checkpoint genes san-1 and mdf2.5*° A reduction of the
spindle checkpoint function via RNA interference or genetic
mutations results in a decrease in embryo viability while exposed
to anoxia and abnormal nuclei with an anaphase bridge pheno-
type.” Prophase arrest requires the function of the nucleoporin
NPP-16/NUP50 and likely involves the function of the cyclin-
dependent kinase CDK-1."” Embryos with reduced npp-16 func-
tion (either by mutation or by RNAI) have blastomeres that do
not properly arrest at prophase when exposed to anoxia. Instead,
nuclear envelope breakdown proceeds, and the cell commits to
continue through mitosis despite lacking polymerized micro-
tubules. Condensed chromosomes form a disorganized type of
metaphase plate and arrest, but the cell is not able to recover when
re-exposed to normoxia. Additionally, immunostaining indicates
that CDK-1 is misregulated in NPP-16-deficient embryos exposed
to anoxia. When activated by phosphorylation, CDK-1 translo-
cates to the nucleus and promotes entry into mitosis. In wild-
type embryos exposed to normoxia, activated CDK-1 is found
in prophase blastomeres; but in embryos exposed to anoxia, acti-
vated CDK-1 is not found in arrested prophase nuclei. NPP-16-
deficient embryos have a wild-type CDK-1 localization pattern
in normoxia, but when exposed to anoxia, activated CDK-1 is
found within prophase nuclei. This pattern indicates that CDK-1
is improperly regulated in NPP-16-deficient embryos only when
exposed to anoxia, suggesting that NPP-16 interacts with CDK-1
to promote anoxia-induced prophase arrest. Additionally, NPP-
16 function is related specifically to prophase arrest, as metaphase
and interphase arrest are unaffected by npp-16 loss of function.
Additional work is needed to elucidate the mechanism by which
NPP-16 contributes to the promotion of anoxia-induced pro-
phase arrest.

Embryos exposed to anoxia or hypoxia have the ability to sur-
vive by entering into a state of suspended animation or initiating
HIF-1 signaling response, respectively.'***' However, embryos
exposed to severe hypoxia (0.25-1 kPa O,) do not survive.”
Embryos exposed to this severe hypoxia display an abnormal
morphology and either terminally arrest as dead embryos or as
abnormal larvae that do not survive. If the embryos are exposed to
carbon monoxide, the hypoxia death phenotype is suppressed by
inducing suspended animation.?> Within a gravid adult exposed
to severe hypoxia (1,000 ppm O,), the embryos will arrest. The
adult exposed to this severe hypoxia continues to be motile and is
thus not in a state of suspended animation; however, reproductive
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features do arrest. The embryonic arrest in utero is referred to
as embryonic diapause. The spindle checkpoint gene san-1 is
required for these embryos to maintain viability, but /i1 is not
required for viability when the animal is exposed to this severe
hypoxia.? However, unlike wild-type animals, the /i1 or aak-2
(codes for a-subunit of AMPK) mutants, when exposed to 5,000
ppm O,, suspended reproductive activities, and the embryos in
utero arrest.”> These results further underscore the idea that the
genetic pathways that initiate an environmentally induced arrest
vary and are dependent on the type of stress. That is, anoxia,
severe hypoxia or moderate hypoxia trigger different, but perhaps
overlapping, molecular responses within the cell. The signal of
severe hypoxia (1,000 ppm O,) to the cell cycle machinery to
arrest cell division is not understood.

Chemical Arrest

It is of interest to induce arrest in C. elegans with chemicals
or drugs both to facilitate study and imaging, but also as a
means to better understand embryonic and larval development.
Chemically induced developmental arrest has been described in
the embryo, larval and adult stages of C. elegans. However, there
are few chemicals that have been shown to effectively and revers-
ibly arrest the cell cycle in the embryo. This is likely due to the
presence of the eggshell, which is largely impermeable, prevent-
ing uptake of many of the available drugs and chemicals. The
embryo’s eggshell can be permeablized by using a slight pressure,
laser puncturing or by RNAI of the gene perm-I; these meth-
ods are useful for assessment of early embryonic development.*
However, the caveat is that each of these methods results in some
level of embryonic lethality, making studies past early embryo-
genesis difficult.

Inhibition or downregulation of mitochondrial respiration
reduces metabolic levels, and because cell cycle progression is
an energy requiring process, mitochondria are good targets for
small-molecule or chemical inhibitors to induce an arrested state.
Electron transport chain inhibition by sodium azide (inhibitor
of complex IV) has been shown to arrest the cell cycle in the
embryo, with embryos displaying a phenotype very similar to
that of anoxia-induced arrest. However, recovery is only possible
if the embryo is exposed to sodium azide for no more than 30
min; after this time, survivorship rapidly decreases.”” Why direct
inhibition of the electron transport chain for brief periods (<1 h)
leads to a decrease in viability yet long exposures to anoxia (>3 d)
is not understood. Similar to the embryo exposed to anoxia, the
embryo exposed to sodium azide contains prophase blastomeres,
with chromosomes associated with the inner nuclear periphery.
This indicates that the electron transport chain has an effect
on the signal to relocate the chromosomes to the inner nuclear
periphery. It remains to be determined if this is a direct signal
due to a reduction in ATDP, or if other signals are involved with
the arrest. Chemical inhibition of the other mitochondrial com-
plexes has not been demonstrated to induce cell cycle arrest in
the embryo.

Alternatively, arrest can be induced not by reducing the energy
available for the cell cycle, but by interrupting processes required
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for cell cycle progression. Chemical microtubule inhibitors have
been shown to have variable effects on embryonic development.
In wild-type embryos, the drug benomyl does cause an arrest;
this arrest is dependent on the function of the B-tubulin gene
tbb-2. Additionally, nocodazole-mediated depolymerization of
microtubules was shown to slow mitosis and to activate the spin-
dle checkpoint.” In contrast, colchicine and vinblastine do not
arrest mitotic divisions in the embryo but do seem to reduce the
26 It is not known if
recovery is possible after exposure to these drugs, nor is it under-

number of divisions compared with controls.

stood why some of the inhibitors have a significant affect while
others do not.

Arrest of larvae and adults has been more widely analyzed
due in part to the many anesthetics that are utilized for live ani-
mal imaging. Sodium azide also causes paralysis in larvae and in
the adult, but recovery is possible for a longer period of time.?
The combination of tricaine and tetramisole is also widely used
as an anesthetic for live imaging, resulting in larval and adult
body wall muscle paralysis, but allows embryonic cell divisions
to continue.”® The mitochondrial inhibitors antimycin A and
siccanin have both been shown to arrest larval development
but not embryonic development.?” Additionally, brief exposure
to hydrogen sulfide causes a state of suspended animation in
adult C. elegans that is reversible up to a threshold, but it has not
been reported whether there is any effect on embryonic develop-
ment.*”>?' The mechanisms by which many of these chemicals
induce cell cycle arrest are not understood, although there have
been studies investigating other aspects, such as the mechanism
of survival.”

Starvation-induced L1 Diapause

One of the major reasons why C. elegans has contributed to our
understanding of development is that it has an invariant lin-
eage: each pattern of cell division during development is precise
between animals and can be genetically dissected.’*? In gen-
eral C. elegans blastomeres progress through a rapid cell division
within the first half of embryogenesis. Some of these blastomeres
during later stages of embryogenesis become quiescent and arrest
at the G, phase of the cell cycle. Cell cycle arrest is maintained
until signals are established in the cell to promote cell cycle pro-
gression during this later stage of development.***> An additional
example of cellular arrest includes the blastomeres that develop
and differentiate into the germ cells that then arrest in early
prophase, as noted by condensed chromosomes and duplicated
centrosomes which are not on opposite sides of the nucleus.’**
At any given time during embryogenesis, the blastomeres can be
under different cell cycle control, because they progress through
the cell cycle at different rates or reversibly arrest at specific times
in development.

The coupling of cell cycle machinery to developmental regu-
lators in itself is complex, and adding the extra layer of environ-
mental stress to the analysis contributes to the difficulty of these
studies. How environmental stress influences cell cycle progres-
sion during development is being addressed in C. elegans. The
response C. elegans has to nutrient starvation is dependent on the
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stage of development and at the cellular level depends on cell
type. How starvation arrests cell cycle progression can be studied
in the L1 larvae. Embryos that are hatched in the absence of food
resulted in arrest of L1 larvae, referred to as L1 diapause.®® L1 dia-
pause can be maintained for several days, yet extended periods of
starvation lead to a decrease in viability; after 28 d of starvation,
approximately 35% of the L1 larvae remain alive. This indicates
that the arrested L1 larva has a means to survive extreme starva-
tion, and this environmental stress will suppress growth, develop-
ment and cell cycle progression. During L1 diapause, there is a
reduction in global gene expression; however, various metabolic
genes are differentially regulated. Interestingly, it was determined
that RNA Pol I is poised at the promoter of genes involved with
growth and development, indicating that transcriptional regula-
tion is likely an important aspect of maintenance and exit from
L1 diapause. Data indicates that Ll-arrested animals have a
global overall reduced level of gene expression, however, some
genes are actively transcribed.”

Although many cells have completed cell division upon hatch-
ing, there are cells that continue to divide during larval develop-
ment. These cell divisions are arrested in L1 diapause animals.
Mutations in the insulin-like signaling pathway are known to
affect the phenotype of L1, diapaused animals. First, it has been
shown that mutations in the daf-2 gene, which codes for the
insulin-like receptor, leads to a low penetrant phenotype of larval
arrest even in the presence of food. The daf-2(e1370) and daf
2(e979) mutants have approximately 10% and 70% larvae arrest,
respectively, when grown at 25.5°C in the presence of food.”® If
the animals are shifted down to 15°C, then the arrest is reversed.
Further, the L1 arrest of daf"2 mutants is suppressed by muta-
tions in the gene daf"16, which codes for the FOXO transcription
factor. These initial findings led to investigation as to whether
there was a link between the insulin-like signaling pathway and
cell cycle arrest. Further studies found that a mutation in the
daf-2 gene resulted in an increased survival rate when starved,
whereas a mutation in daf"16 leads to a decrease in survival in
starved L1 larvae. Furthermore, this same study found that muta-
tions in genes that code for heat shock factor (4sf1) or AMPK
subunit (aak-2) led to L1 sensitivity to starvation. The inability
of daf"16 and aak-2 mutants to survive L1 starvation coincides
with their reduced ability to arrest development. The cells that
divide post-embryonically in the V and M lineage are arrested
in starved wild-type L1 larvae, but this cell cycle arrest was not
observed in the starved L1 larvae containing mutations in daf-16
or aak-2 mutants, indicating that these gene products have a role
in cell cycle arrest for these cell lineages. The cyclin-dependent
kinase inhibitor, CKI-1 (p27%*! homolog) is present in the V lin-
eage seam cells of starved animals but is absent or diminished in
the starved daf-16 mutant. CKls function to block cell division
by inhibiting cyclin-dependent kinases necessary for cell cycle
progression.”” It is thought that DAF-16 regulates the expres-
sion of cki-1, which can then suppress cell division in response
to stress. This provides a link between a well-known pathway
involved with environmental sensing and a regulator of cell divi-
sion. There are mutations in genes that lead to defects in L1 dia-
pause, such as tbc-2 or miR-71, that do not result in abnormal
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cki-1 expression, indicating that the arrest of
cell cycle progression in the starved L1 larvae

Questions of Interest

is regulated by a subset of genes, and not all
defects in L1 diapause are due to abnormal .
cell cycle arrest.”! .
The cyclin-dependent kinase inhibitor
CKI-1 is essential for regulation of cell cycle
arrest in many cells in C. e/egans. Embryonic
cells lacking cki-1 will continue to progress
through cell division, whereas ectopic expres- A
sion of CKI-1 will induce a premature arrest
at G,.*** However, the germline precursor
72 and Z3 cells deviate from this pattern in .
that they are quiescent in animals lacking
cki-1 and cki-2, indicating that cell division
in the germ cells and somatic cells are likely L1 Diapause
differentially regulated.*® Furthermore, in
both the embryo and the starved L1 larvae,
the Z2 and Z3 cells contain chromatin that
is condensed, appear to have a 4N DNA
content and contain two centrosomes that
have yet to migrate, thus indicating that
these cells arrest after S phase at the G, phase
of the cell cycle.’” Mutations in daf18, the
PTEN homolog, result in a failure of the Z2
and Z3 cells to arrest in the starved L1 lar-
vae. Interestingly, daf-18(nr2037) animals
that are starved contain Z2 and Z3 cells that continue to divide
even when starved for three days, supporting the idea that daf18
blocks mitotic progression in germ cells in L1 diapause animals.
The abnormal germ line proliferation phenotype, observed in
daf-18 mutants starved as L1 larvae, is suppressed by mutations in
age-1 and akt-1, indicating that DAF-18 acts to regulate the cell
proliferative activity of AGE-1 and AKT-1. However, mutations
in daf°16 did not suppress the abnormal proliferative activity in
the daf-18 mutant, indicating that mitotic arrest of the germ cells
in starved L1 larvae is not identical to the genes that regulate
dauer formation. Together, these data show that components of
the insulin/IGF-1 like pathway regulate arrest of the germ cells
in starved L1 larvae.

Quiescent Oocytes

An essential process for eukaryotic cells is the specialized cell
division of primordial germ cells to produce haploid gametes.
Conserved meiotic processes include pairing of homologous
chromosomes, synapsis between them, crossover events and
accurate chromosome segregation. In mammals, the process of
meiosis occurs over a prolonged period of time; oogonia enter
meiosis but arrest at prophase I at the diplotene stage. The arrest
of a mammalian oocyte is regulated by hormones and matura-
tion-promoting factors, including cyclins and cyclin-dependent
kinase (CDK1).” The conserved mechanisms regulating meta-
zoan meiotic arrest is not completely understood. It is known
that prolonged arrest affects the viability of the oocyte, resulting
in a decreased ability to produce offspring. In both C. elegans and

1676

Chemical Arrest

How can chemicals that induce arrest be used to better understand
the links between cell cycle arrest and stress resistance in C.
elegans?

What are the molecular and genetic differences between anoxia
induced arrest and electron transport chain induced arrest in the
embryo?

Cell Cycle

Anoxia-Induced Suspended Animation

What genetic pathways regulate interphase arrest?

Are novel cell-cycle checkpoint proteins used to arrest prophase

blastomeres?

* How do embryos coordinate and maintain an arrest of development,
differentiation and cell division in response to anoxia?

* How does the stress of starvation or low nutrients signal and
coordinate all cell types to arrest or continue cell division, growth
and development?

Quiescent Oocyte

* Why do quiescent oocytes due to sperm depletion in aged animals
eventually degrade in quality despite being in an arrested state?

Figure 2. Questions of interest.

humans, oocytes will degrade functionally with age. The affect
that stress-induced arrest has on oocyte viability in young or old
organisms has not been fully examined.

Early in the development of the C. elegans hermaphrodite, the
germ cells are phenotypically distinct from the somatic cells. The
P2 cell in the four-cell embryo contains germ line-specific mol-
ecules such as P-granules and will divide to ultimately produce
the primordial germs cells Z2 and Z3.4% At embryo hatching,
the Z2 and Z3 germ cells are flanked by the somatic gonad pre-
cursors Z1 and Z4. These four cells are quiescent until mid-L1
larvae stage. By the L2 larval stage, the Z1 and Z4 proliferate to
12 cells, including two distal tip cells that are critical for germ
line proliferation. Robust germ line proliferation occurs during
larvae development and ultimately produces many meiotic cells
organized within the adult gonad. The first germ cells produced
are sperm, and subsequent meiosis results in the development of
oocytes. Thus, a young adult contains approximately 300 mature
sperm within the spermatheca, and the remaining assembly
of meiotic cells differentiates into oocytes that eventually pass
through the spermatheca to get fertilized. There is a coupling
of oocyte maturation, ovulation and fertilization, where oocyte
maturation is under the control of major sperm protein. Known
environmental or physiological changes that arrest fertilization
result in quiescent oocytes. Here, we highlight aspects of oocyte
arrest in C. elegans for aged animals as well as animals exposed
to stresses.

An aged hermaphrodite becomes depleted of sperm and fer-
tilization will cease unless mated with a male, indicating that in
post-sperm depleted animals, the oocytes remain viable.”® The
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oocyte is influenced by maternal age, in that the quality of the
oocyte does decline with an increase in the age of the hermaph-
rodite; the oocyte quality does not seem to be related to the abso-
lute number of eggs produced during the adult lifespan.® Studies
suggest that an extended arrest of germ cells is detrimental to
oocyte quality. Furthermore, apoptosis of some of the germ cells
is needed to maintain oocyte quality. It is thought that germ cell
death is needed to allocate resources in the germline and thus
increase oocyte quality.”’ Aging animals appear to have difficulty
providing sufficient resources for mature oocytes.

Animal oocyte viability decreases with age as assayed by mor-
phological and viability issues of the embryo. Chromosomal
abnormalities, such as aneuploidy and nondisjunction, are major
causes of mammalian embryo defects. In C. elegans, nondisjunc-
tion events appear to increase in oocytes from aged animals, and
there is a significant increase in the number of abnormal oocytes
in older animals.”® In fact, by day 8 of adulthood, the oocytes
in wild-type hermaphrodites are visibly degraded, smaller, fuse
into a large cluster and become packed in the uterus. Mutations
in genes from the insulin-like signaling pathway or TGF@ path-
way (daf-2 and sma-2, respectively) produce a significantly higher
number of viable offspring, and there is a reduction of nondis-
junction events or abnormal oocyte phenotypes as the animal
ages, indicating that these two pathways are involved with oocyte
maintenance. The daf-2 and sma-2 mutants had a significantly
higher level of apoptosis; this may contribute to the capacity to
maintain oocyte viability as the animal ages.*

Young adult wild-type animals grown in normal laboratory
conditions will produce embryos over the first four to five days
of adulthood, with the majority of embryos laid during day one
and two of adulthood. The oocyte maturation rate is fairly rapid
and consistent in these young adults. However, the young adult
exposed to anoxia will arrest many processes, including ovula-
tion, fertilization and egg laying.’' Oocytes in the adult hermaph-
rodite are in diakinesis of prophase I and contain observable
bivalent chromosomes. The anoxia-induced arrested oocytes
contain bivalent chromosomes that associate with the inner
nuclear membrane. This is referred to as “chromosome docking”,
because live cell imaging showed that upon exposure to anoxia,
the chromosomes closely associate with the inner nuclear mem-
brane and no longer move within the nucleoplasm. These oocytes
can maintain an arrest for at least one day, are viable upon re-
oxygenation and have the capacity to be fertilized and produce
offspring.”” Starved adult hermaphrodites do not have oocytes
with docked bivalent chromosomes, whereas animals exposed to
the electron transport inhibitor sodium azide do have oocytes in
which some of the bivalent chromosomes are associated with the
inner nuclear membrane. Perhaps the relevance to chromosome
docking is a means to maintain the chromosomes while the cell
is in an arrested state.

In regards to the stress of starvation, it is likely that the
means of starvation and time of development of the starvation
may influence the effect it has on the germline. It is known that
starvation initiates programs leading to hypometabolic states,
including diapause and quiescence. In C. elegans, it has been
reported that starvation will induce a reproductive diapause
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in the adult hermaphrodite.’? In this report it, was observed
that when mid-L4 larvae stage wild-type hermaphrodites were
removed from a food source, the animals reached adulthood but
had halted reproductive activities (termed adult reproductive
diapause); these starved animals were observed to remain viable
for up to 30 d. The authors indicated that the adult reproduc-
tive diapause phenotype may be dependent on a high-population
density, suggesting that perhaps a molecule may be produced by
the animals to influence this germ line plasticity, perhaps analo-
gous in concept to dauermone. A characteristic of adult repro-
ductive diapause was inhibition of embryo development; one
or two embryos were retained in the uterus and observed to be
viable for at least the first five days of starvation. Plasticity of
the germ line was observed in these starved animals, in that the
germ line had a decreased number of germ cells per gonad arm.
Reintroduction to food led to recovery, suggesting that the germ
line stem cells were maintained during this stress. Experiments
with ced-3 mutants (caspase required for apoptosis) showed that
programmed cell death is an important factor for extending the
reproductive potential of starved worms. Furthermore, muta-
tions in 7hr-49 led to a decrease in adult reproductive diapause.
NHR-49 is homologous to HNF-4a protein that mediates induc-
tion of fatty acid oxidation and gluconeogenesis in response to
food deprivation.’® At this time, it is not clear what signals from
starvation lead to arrest of cell division in meiotic and mitotic
cells. A perceived challenge with these experiments is that the
environmental stress must be tightly controlled to observe the
phenotype.

The age-induced or sperm-depleted quiescent oocyte has sev-
eral characteristic features that deviate from oocytes in young
hermaphrodites. Large ribonuclear proteins (RNP) form in qui-
escent oocytes; P-granule associated proteins (PGL-1, GLH-1,2),
RNA binding proteins (MEX-1, MEX-3) and specific mater-
nal mRNAs are associated with the large RNP foci observed
in quiescent oocytes.”>** Furthermore, the large RNP foci that
are observed in quiescent oocytes also share characteristics with
stress granules, in that known stress granule markers co-localize.
Stresses such as heat shock, osmotic stress and anoxia also induced
the formation of RNP foci in oocytes. Thus, it appears that the
formation of RNP foci occurs in stressed or arrested oocytes.”
It is possible that the formation of such RNP in quiescent or
stressed oocytes is linked with maintenance of vital macromol-
ecules important for translation or maintenance of mRNAs. In
many metazoans, oocytes are arrested for many years prior to
fertilization, and an extended arrest that is accompanied by aging
affects the viability of the oocyte. Thus, a greater understand-
ing of the cellular characteristics of quiescent oocytes will lead to
a greater understanding of how meiotic cells maintain an arrest
and how aging influences such arrest.

Conclusion
There is no doubt that understanding the molecular mechanisms
that regulate fundamental processes such as cell division and cell

cycle progression is of great interest. In the course of evolution,
fluctuating nutrients such as reduced oxygen and food sources
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most certainly influenced the signaling pathways regulating cell
division during the course of development. Genetic and cellular
analysis using C. elegans has significantly increased our under-
standing of development. However, with the exception of dauer
development, much less is understood at the molecular level about
how environmental stress regulates developmental trajectories.
Furthermore, how these environmental stress or states of quies-
cence are regulating or interacting with the cell cycle machin-
ery is far from being understood. There are many questions that
remain unanswered (Fig. 2). It is not known if the well-worked
out cell cycle processes (for example the spindle checkpoint) con-
tribute to arrest or slowing of cell cycle progression for all or just
some stresses. It is not understood what the links are between
metabolic state of the organism and regulation of the cell cycle

machinery. It is unlikely that all of these mechanisms work simi-
larly in all cell types at all stages of development and differentia-
tion in animals exposed to various stresses. It is clear that many
unanswered questions exist, yet further analysis in laboratory
model organisms such as C. elegans will help our understand-
ing of how stressful environments shaped fundamental biological
processes and the evolution of living systems (Fig. 2).
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