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Reversible developmental stasis in response to nutrient
availability in the Xenopus laevis central nervous system
C. R. McKeown‡,§, C. K. Thompson‡,* and H. T. Cline

ABSTRACT
Many organisms confront intermittent nutrient restriction (NR), but the
mechanisms to cope with nutrient fluctuations during development
are not well understood. This is particularly true of the brain, the
development and function of which is energy intensive. Here we
examine the effects of nutrient availability on visual system
development in Xenopus laevis tadpoles. During the first week of
development, tadpoles draw nutrients from maternally provided yolk.
Upon yolk depletion, animals forage for food. By altering access to
external nutrients after yolk depletion, we identified a period of
reversible stasis during tadpole development. We demonstrate that
NR results in developmental stasis characterized by a decrease in
overall growth of the animals, a failure to progress through
developmental stages, and a decrease in volume of the optic
tectum. During NR, neural progenitors virtually cease proliferation,
but tadpoles swim and behave normally. Introducing food after
temporary NR increased neural progenitor cell proliferation more than
10-fold relative to NR tadpoles, and cell proliferation was comparable
to that of fed counterparts 1 week after delayed feeding. Delayed
feeding also rescued NR-induced body length and tectal volume
deficits and partially rescued developmental progression defects.
Tadpoles recover from developmental stasis if food is provided within
the first 9 days of NR, after which access to food fails to increase cell
proliferation. These results show that early stages of tadpole brain
development are acutely sensitive to fluctuations in nutrient
availability and that NR induces developmental stasis from which
animals can recover if food becomes available within a critical
window.

KEY WORDS: Xenopus, Nutrition, Stasis, Development, Optic
tectum

INTRODUCTION
In nature, all organisms must cope with constant changes in the
environment, including fluctuations in temperature, humidity,
daylight and nutrient availability. Diverse species, from the tiniest
seed to insects to large mammals, have developed mechanisms to
adapt to changing conditions including hibernation, aestivation,
arrested development and starvation resistance (Chantranupong
et al., 2015; Mendelsohn et al., 2008; Sampetrean et al., 2009;
Storey and Storey, 2012; Tatar and Yin, 2001). Of the
environmental stresses, food limitation is the most common

challenge faced by animals in nature (Chantranupong et al., 2015;
Gerorgieff, 2007; Lee and Jang, 2014; Metcalfe and Monaghan,
2001; Storey and Storey, 1990). Many mammals hibernate to
conserve energy during times when sufficient food is unavailable.
Insects enter diapause when food supplies are low, with the most
well studied being the fruit fly, Drosophila melanogaster, which
undergoes a specific developmental starvation response. When
faced with food scarcity, the nematode Caenorhabditis elegans
undergoes a developmental arrest at the L1 larval stage and can
remain in this arrested state for up to 10 days until food becomes
available (Baugh, 2013; Johnson et al., 1984). Each of these
responses to nutrient scarcity is coupled with decreased metabolism
and long periods of inactivity in mature organisms.

Access to nutrients is essential for normal development, making
fluctuations in the availability of nutrients a dangerous struggle for
developing organisms. Zebrafish show remarkable diversity in size
based on nutrient availability during early development (Eaton and
Farley, 1974). In mammals, nutritional status of the mother has
significant long-term effects on the developing embryo in utero,
including organismal growth rate, organ development and long-
term organ function, particularly in the brain (Georgieff et al., 2015;
Gerorgieff, 2007; Metcalfe and Monaghan, 2001). Importantly,
fetal nutritional deficits cause decreased neuronal cell growth and
impaired circuit development, and have both global and circuit-
specific effects on the developing brain (Gerorgieff, 2007). In
amphibians, where development of the tadpole larva occurs
externally, maternal nutrition in Xenopus is required for neuronal
development and function up to stage 45 (Igarashi et al., 2015). For
tadpoles, chronic low food conditions negatively affect growth and
delay metamorphosis (Rot-Nikcevic and Wassersug, 2004; Warne
and Crespi, 2015; Wright et al., 2011). Yet little is known about the
effects of fluctuations in nutrient availability on early amphibian
growth and development, or the specific consequences of nutrient
restriction on the developing brain.

Herewe test the hypothesis that nutrient availability governs brain
development in tadpoles of the clawed African frog, Xenopus laevis
Daudin 1802. Xenopus laevis tadpoles initiate development with
maternally provided yolk stores, but as yolk stores become depleted
within the first week of life, they forage for food in their
environment. Foraging and other survival behaviors, such as
predator avoidance, require a functioning nervous system that
allows sensory motor processing and swimming behaviors, even at
relatively early stages of tadpole development, when the animal and
its brain are rapidly growing. Prior work has shown that the optic
tectum is required for sensory motor integration underlying
avoidance behaviors (Dong et al., 2009; McKeown et al., 2013;
Shen et al., 2011) and that neural cell proliferation in the optic
tectum is initially high and then decreases over the first week after
yolk depletion (Bestman et al., 2012; Sharma and Cline, 2010),
when optic tectal circuitry underlying visuomotor behaviors is
established (Dong et al., 2009; McKeown et al., 2013; Shen et al.,Received 5 October 2016; Accepted 4 November 2016
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2011). Here, we test whether limiting tadpoles access to nutrients,
during these early developmental stages when neural progenitor cell
proliferation in the brain is normally high, affects growth of the optic
tectum and tectal cell proliferation. We further test whether tadpoles
can sustain a period of nutrient deprivation and recover tectal
development with subsequent access to food. We find that nutrient
restriction drives tadpoles into a period of stasis during which
overall body growth and brain development decrease, assessed by
quantitative morphometric analysis of optic tectal size and tectal cell
proliferation. Contrary to other animal models of developmental
arrest, we find that X. laevis tadpoles in stasis continue to move and
exhibit avoidance behaviors in response to visual stimuli. We further
show that animals can exit stasis if food is provided within 9 days
and that the levels of growth, development and neural cell
proliferation return to levels seen in animals that are fed ad
libitum. Our results indicate that X. laevis tadpoles can sustain
temporary nutrient deprivation through reversible developmental
stasis after which brain development resumes.

MATERIALS AND METHODS
Animals and feeding protocols
All animal protocols were approved by the Institutional Animal Use
and Care Committee of The Scripps Research Institute. Xenopus
laevis tadpoles were bred in-house and reared in 0.1× Steinberg’s
solution in a 22°C incubator with a 12 h:12 h light:dark cycle. Each
clutch of tadpoles is the product of a single independent breeding
pair. Tadpoles were staged according to Nieuwkoop and Faber
(1956), with the modification that we divided stage 47 into early and
late substages as described in detail in the Results. The data shown
in Figs 1, 3, 4 and 5 were generated from two independent
experiments, from two separate clutches born on different days, and
are pooled for presentation. For each experiment, approximately
250 stage 41 tadpoles were removed from the breeding tank and
placed as a group into a large bowl of 0.1× Steinberg’s solution
without supplemental food. Once animals reached stage 46, a subset
of tadpoles (n≈10 from each clutch) was euthanized and fixed as
described below. The remaining tadpoles were randomly divided
into groups of ∼80 and assigned to one of three treatment groups:
(1) control animals, which were fed twice a day throughout the
experiment; (2) nutrient restricted (NR) animals, reared without
supplemental food; and (3) animals with delayed feeding (DF),
which were nutrient restricted for 3 days then fed twice a day. Fed
animals were fed 500 µl of a 30% slurry of Xenopus Express
Tadpole Food (Xenopus Express, Brooksville, FL, USA) added
twice a day to the rearing medium ad libitum. Once a day
for 10 days, a subset of tadpoles (n=6–11 per clutch) from
each treatment group was euthanized and fixed with 4%
paraformaldehyde. For the stasis window determination
experiment shown in Fig. 6, animals were treated similarly, but
feeding was further delayed for 7–13 days (n=16 animals plotted for
each condition, pooled from two independent clutches). All animals

were terminally anesthetized in 0.1%MS-222 (3-aminobenzoic acid
ethyl ester, Sigma-Aldrich, St Louis, MO, USA). Animals from the
fed groups that did not have food in their guts were not included in
further analysis.

Xenopus Express Tadpole Food is composed of a mixture of
Brewer’s yeast, spirulina and vitamins. We tested several
commercially available food sources including SeraMicron, Nasco
Tadpole Chow and stinging nettle powder, and found that Xenopus
Express was ingestible, did not clog their gills, had low morbidity,
and had the most positive effect on brain development and brain cell
proliferation (data not shown).

Morphological measurements and staging
A subset of animals from each treatment group was removed daily
and fixed as described above. Fixed tadpoles were imaged on a
Nikon SMZ745T stereomicroscope. Body length was measured
along the midline from the snout to the tip of the tail using ImageJ
(National Institutes of Health, Bethesda, MD, USA). Body lengths
were normalized within each clutch to their day 0 control so that
samples could be compared across both experiments from the two
different clutches of animals. The day 0 control measurements were
not significantly different, so the data were pooled.

Behavior analysis
Visual avoidance behavior, in which animals turn away from an
approaching visual stimulus, was performed as described
previously (Dong et al., 2009; McKeown et al., 2013; Shen et al.,
2011). Aside from the brief period for daily behavior testing,
animals were housed in groups of 20 bowl−1 at 22°C on a 12 h:12 h
light:dark cycle as described above. Stage 47 animals were
prescreened for the optomotor response (OMR) as a measure of
visual function and overall health. Animals that demonstrated the
OMR response were further screened for their responsiveness to the
moving dot visual stimuli. Animals that passed both prescreening
tests were included in the avoidance behavior experiments.
Tadpoles were tested for visual avoidance behavior in groups of
four, selected randomly. Tadpoles were placed in a clear Plexiglas
tank fitted with a translucent sheet of projector screen and moving
dot visual stimuli were presented for 1 min using a microprojector
(3M, MPro110) positioned below the tank (McKeown et al., 2013;
Shen et al., 2011). Videos of both the tadpole movements and the
visual stimulus were captured with a Hamamatsu ORCA-ER digital
camera. Videos were analyzed post hoc, frame-by-frame, to identify
encounters between the tadpole and the visual stimuli and to score
the response to each encounter. All analyses were conducted blind
to treatment. An encounter occurs when a dot approaches the
animal’s eye perpendicularly within a range of 90±15 deg. We
define an avoidance response as a change in swim trajectory
resulting from a sharp turn within 500 ms of an encounter. Data are
presented as an avoidance index, or the fraction of the first 10
encounters with moving dots that results in an avoidance response,
with each group normalized to their own baseline behavior on day 1.
Because animals do not perform the visual avoidance behavior until
stage 47, graphs of behavior tests begin at day 1 to keep timelines
consistent throughout the study. Animals must be actively
swimming to be included in the analysis. In addition, animals
with fewer than five encounters during the 60 s recording time were
excluded. Animals shown in Fig. 2A are from a single clutch [n=439
total animals divided into five groups: two NR groups (n=182) and
three fed groups (n=257)]. Behavior data shown in Fig. 2B were
collected from animals from five independent clutches (n≥16
animals per group), with the same animals tested daily over the

List of abbreviations
DF delayed feeding
NF Nieuwkoop Faber (development stage)
NR nutrient restriction/restricted
OMR optomotor response
PBS phosphate-buffered saline
PH3 phospho-histone H3
SytoxO Sytox Orange
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course of the experiment. A total of 283 videos of the three groups
of NR animals and 80 videos of the two groups of fed animals were
analyzed. To test the effects of NR on general swimming behavior,
we determined the percent of animals tested that met criteria for
inclusion in the analysis, i.e. that had five or more encounters with
visual stimuli, presented as a ‘percent scorable’ in Fig. 2B.

Whole-mount immunofluorescence
Fixed tadpoles were washed with phosphate-buffered saline (PBS)
and brains were dissected into PBS with 0.1% Triton-X100 (PBS-
TX). Brains were placed in blocking buffer (2.5% normal goat
serum in PBS-TX) for 1–24 h, and incubated for 1–2 days at 4°C in
primary antibody [rabbit anti-phospho-histone H3 (PH3) to label
actively dividing cells in M-phase, 1:1000, Sigma-Aldrich, H0412]
diluted in blocking buffer, followed by additional washes and
detection with secondary antibodies (Alexa488 goat-anti-rabbit
1:400, Life Technologies). For nuclear labeling and analysis of cell
death, Sytox Orange (SytoxO, 1:1000, Life Technologies) was
added during the final wash after secondary antibodies for 15 min at
room temperature and then brains were washed again in PBS before
mounting with ProLong Gold Antifade (Life Technologies) or
Fluoroshield Gel Mount (Accurate Chemical). Immunostained
brains were imaged at 20× on an Olympus FluoView 500 confocal
microscope to 60 µm depth from the dorsal surface. Images were
acquired under identical settings within an experiment and care was

taken to minimize pixel saturation during image acquisition.
Analysis was performed in the Z-dimension but for presentation
purposes, maximum intensity z-projections were made using
ImageJ and figures were compiled using Adobe Illustrator.

Brain measurements and cellular analysis
The largest cross-sectional area of the tectum was measured by
manually tracing the border of the tectum from z-projections of
SytoxO-labeled 60 µm confocal stacks in ImageJ. The anterior
border was defined as the anterior commissure of the tectum; the
posterior border was defined as the caudal extent of the third
ventricle. We counted the number of PH3+ and brightly labeled
SytoxO+ cells from optical stacks of whole imaged tecta in ImageJ
using the same borders defined for largest cross-sectional area from
51 optical sections (60 µm in depth), starting from the most dorsal
portion of the brain. PH3 only labels nuclei in M-phase, so any
background is non-specific or due to secondary antibody binding.
For PH3+ cell quantification, cells that met a threshold fluorescence
intensity of at least three times the intensity of the background tissue
were included. For PH3+ cell counts in Fig. 4, only cells along the
ventricle were counted, whereas in Fig. 6 all PH3+ cells in the
tectum were included. Brightly labeled SytoxO+ cells were assayed
as a measure of apoptotic cells, as described in Faulkner et al.
(2015). Because SytoxO labels all nuclei, to distinguish brightly
labeled dying cells from healthy cells, we counted nuclei that met a
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Fig. 1. Nutrient availability regulates
Xenopus laevis tadpole growth and
progression through developmental stages.
(A) Schematic of experimental timeline. Day 0 is
defined as stage 46. Some animals were
euthanized at day 0 and the rest were separated
into three nutritional treatment groups:
fed=continuously fed twice a day for 10 days
(green, top); NR=nutrient restricted for 10 days
(blue, middle); and DF=nutrient restricted to day
3 and then fed twice a day for 7 days (orange,
bottom). Empty boxes indicate no additional
feeding; striped boxes indicate supplemental
food. Colors in A correspond to images in C and
data in D and E. (B) Depiction of early and late
stage 47 animals. (C) Representative images of
tadpoles from each group from three time points,
ventral side visible. Scale bar, 5 mm. (D) Plot of
normalized body length in tadpoles from the
three different nutritional groups defined in A: fed
(green triangles), NR (blue squares) and DF
(orange circles). NR led to significantly shorter
body lengths starting on Day 4. DF reversed the
increase in body length starting on day 5. (E) Plot
of Nieuwkoop–Faber stage in the three different
nutritional treatment groups defined in A. NR
slowed average progression of development,
and DF significantly increased progression of
development by day 6. Refer to Table 1 for data
and Table 2 for corresponding statistics; n=500
animals total from two independent clutches,
with a subset of 11–22 animals measured per
group per time point.
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threshold intensity criterion of at least 1.5× the intensity of their
nearest neighboring SytoxO-labeled cells. Dying SytoxO+ cells
also had a relatively small, condensed nucleus and typically
colocalized with activated capase-3 (Faulkner et al., 2015). For both
PH3+ and SytoxO+ cell counts, data were normalized to the day 0
control so that samples could be compared across multiple
experiments from different clutches of animals. Experiments from
different clutches were pooled only when the pre-normalized day 0
control measurements were determined not to be significantly
different.

Statistics
For morphology, measurements and cell counts, we used GraphPad
Prism (GraphPad Software, La Jolla, CA, USA) to analyze our data
for statistical differences. The data shown in Figs 1, 3, 4 and 5 were
evaluated with two-way ANOVA (time versus treatment), and post
hoc comparisons across treatment groups within the same day were
made with Tukey’s multiple comparisons test. The statistical
analysis for the data presented in Fig. 1 is listed in Table 2, and

the statistics for Figs 3–5 are shown in Table 3. For behavior data
shown in Fig. 2, data were determined to be normally distributed, so
a Student’s t-test (two-sample, two-tailed) was used to test for
significant differences between experimental groups at individual
time points in Microsoft Excel. Cell counts shown in Fig. 6 were
found to be significantly different by Kruskal–Wallis ANOVA and
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Fig. 3. Nutrient availability regulates growth of the X. laevis optic tectum.
Experimental timeline is identical to that in Fig. 1. (A) Representative images of
the midbrain from tadpoles from three selected time points. Dotted lines in top
left panel are shown as an example to indicate area measured. Scale bar,
200 µm. (B) Plot of the largest cross-sectional area of the optic tectum in NR
(blue squares), fed (green triangles) and DF (orange circles) groups, shown as
means±s.e.m. and normalized to day 0. NR led to smaller tectum cross-
sectional areas by day 3 relative to fed groups. DF on day 3 promoted growth,
allowing midbrain size to catch up to that of fed animals. Cross-sectional area
in NR animals (blue squares) reversed, with tectum sizes declining to below
the day 0 baseline by day 7. Refer to Table 1 for data and Table 3 for
corresponding statistics; n=500 animals total from two independent clutches,
with 11–22 animals measured per group per time point.
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Fig. 2. Locomotory activity and avoidance behavior are resistant to
temporary nutrient restriction. (A) Fed and NR animals were screened for
the visually mediated behaviors optomotor response (OMR) and avoidance.
The fraction of animals that passed and failed the visual screening tests is
plotted; groups were not statistically significant from each other for either visual
stimulus. n=439 animals total, including n=182 for the two NR groups and
n=257 in the three fed groups. 54.8±2.4% of fed and 43.1±5.8% of NR animals
passed the OMR screening (P=0.2), while 54.2±3.0% of fed and 57.1±5.1% of
NR animals subsequently performed the visual avoidance task (P=0.11).
(B) Animals were tested for visual avoidance behavior daily over the course of
7 days. The avoidance index is a ratio of the number of times an animal turns to
avoid an approaching stimulus over 10 encounters with the stimulus. Note that
animals must be swimming to show an avoidance response. Data shown are
as means±s.e.m. To keep timelines consistent throughout the paper, behavior
tests begin at day 1 because animals do not perform the visual avoidance test
until stage 47. Three different NR groups (blues) are presented to show
variability among different clutches, compared with a single continuously fed
control (green). n≥16 animals per group, with the same animals tested daily
over the course of the experiment. Inset bar graph in B displays the percent of
animals that were scorable and included in the analysis at each time point
during the course of the experiment shown above, with the three NR groups
pooled.
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subsequent P-values were determined using Mann–Whitney tests in
GraphPad Prism.

RESULTS
Nutrient availability affects growth and development
Xenopus laevis tadpoles draw nutrients from yolk stores that persist
for the first 5–6 days of development (until early stage 47). As yolk
stores begin to diminish at stage 46, animals begin foraging for food
from their environment. To test the effects of nutrient scarcity on
tadpole development during a period in which neural cell
proliferation in the brain is high, we controlled nutrient
availability when animals reached stage 46 and tested
developmental parameters over the subsequent 10 days of tadpole
development. Three nutritional feeding groups were tested:
continuously fed animals, animals that were NR for the duration
of the experiment, and animals that were NR for 3 days and then fed
for 7 days (delayed feeding, DF) (Fig. 1A). Three days of NR was

chosen for three reasons: internal yolk stores are depleted over this
period, it encompasses the transition from stage 47 to stage 48, when
proliferation decreases significantly, and the visuomotor circuit
driving avoidance behavior comes online. Throughout this report,
data corresponding to animals that were continuously fed are
indicated with green triangles, animals that were NR are indicated
with blue squares, and animals in the 3 day DF group are indicated
with orange circles.

The first parameter tested was body length. Animals were treated
as described in Fig. 1A. A subset of animals from each treatment
group was removed from the rearing bowl each day over 10 days,
fixed and body length was measured from the snout to the tip of the
tail. Body length increased in NR animals for the first 4–5 days
without supplemental food and then body length growth rate slowed
(Fig. 1C,D, blue squares). Body length did not differ between fed
and unfed animals until day 4, when body length in NR animals was
significantly less than that in fed animals, and remained so until the
end of the experiment (Fig. 1D, Tables 1, 2). The DF animals also
had smaller body length at Day 4, but when food was provided,
body length increased to become comparable to that of the fed group
from days 5 to 10 (Fig. 1C,D, orange circles; Tables 1, 2). These data
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data and Table 3 for corresponding statistics; n=500 animals total from two
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across the time course. Refer to Table 1 for data and Table 3 for corresponding
statistics; n=500 animals total from two independent clutches, with a subset of
11–22 animals measured per group per time point.
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indicate that providing food within 4 days after NR allows animals
to resume growth and recover body length to that of fed
counterparts.
Next, we compared the effect of NR and DF on the timing of the

developmental progression through the Nieuwkoop Faber (NF)

stages (Nieuwkoop and Faber, 1956). NF developmental stages are
defined by various parameters of external and internal criteria,
including organ development and morphological features. The
same tadpoles from the three nutritional groups that were fixed at
each day of the experiment, as described above, were staged using
the modified NF staging criteria, described below, and categorized
as stage 46, early stage 47, late stage 47 or stage 48. Animals were
given a numerical value based on their determined stage (46, 47,
47.5 and 48) and averaged within group at each time point.
Progression through developmental stages varies widely depending
on rearing conditions, including light:dark cycle, temperature,
density of animals, range of tadpole stages housed together, and
nutrient availability (Hilken et al., 1995; Nieuwkoop and Faber,
1956; Sive et al., 2000; Wu and Gerhart, 1991). Under standard
rearing conditions in our laboratory, stage 46 lasts 1 day, stage 47
continues for 2 days, and stage 48 takes an additional five or more
days to complete. We defined stage 46 based on the NF criteria of
having two to 2.5 turns of the intestine, slight rounding of the
operculum edges, and the presence of the cement gland as a
dominant anterior feature in the head (Nieuwkoop and Faber, 1956).
Stage 47 encompasses considerable morphological and behavioral
changes (Gilbert and Frieden, 1981; Karpinka et al., 2015;
McKeown et al., 2013; Miraucourt et al., 2012; Nieuwkoop and
Faber, 1956; Sharma and Cline, 2010; Shen et al., 2011), so we
further divided stage 47 into early and late substages (Fig. 1B). We
defined early stage 47 as animals with 2.5 to three turns of the
intestine, semi-circular operculum edges, cement gland present but
losing mass, and a transparent peritoneum (Fig. 1B). Animals
classified as late stage 47 displayed three to 3.5 turns of the intestine,
increased curvature of operculum edges, loss of the cement gland,
increased xanthophores appearing on the peritoneum, and a distinct
hindlimb bud (Fig. 1B). Animals defined as stage 48 had more than
3.5 turns of the intestine, a substantially more pigmented and
reflective peritoneum, arched anterior heart vessels, rounded and
opaque hindlimb buds, and emerging whiskers (Nieuwkoop and
Faber, 1956).

At the beginning of the experiment, on day 0, most animals were
stage 46, with an average of stage 46.18±0.1 (Fig. 1E, Table 1). By
day 10, fed animals progressed to an average of stage 47.75±0.06,
with 50% of animals at stage 48 and the remaining 50% at late stage
47 (Fig. 1E, Table 1). In contrast, by day 10, NR animals failed to
progress past stage 47, having an average stage of 47.19±0.05, with
62% of animals still in early stage 47 and the remainder in late stage
47 (Fig. 1E, Tables 1, 2). In the DF group, by day 10, animals had
progressed to an average of stage 47.53±0.08, with 25% of animals
reaching stage 48, 56% classified as late stage 47 and the remaining
19% in early stage 47 (Fig. 1E, Table 1). The NR animals become
statistically different from the fed group at day 4 and remain so
through the end of the experiment (Fig. 1E, Tables 1, 2). The stage
progression of the DF group animals caught up to the average stage
of fed animals on days 7–8, but were again significantly delayed in
their stage of development compared with the fed controls on days
9–10 (Tables 1, 2). Thus DF group animals show some progress
through stages of development compared with their NR
counterparts once supplemental food was provided, but they did
not fully catch up to their fed counterparts by day 10 (Fig. 1E,
Tables 1, 2), indicating that food restriction limits both growth in
body length and progression through the developmental stages.
Additionally, these data show that body length is recoverable after
the reintroduction of food, but NF stage progression is not,
suggesting these developmental features are independent and non-
isometric. Taken together, these data indicate that animals can
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Fig. 6. Nutrient restriction causes reversible neurogenic stasis inX. laevis
tadpoles. (A) Experimental schematic. Empty boxes indicate no additional
feeding; striped boxes indicate supplemental food. Colors in A correspond to
images in B and data in C. (B) Representative confocal z-projections of the optic
tectum from groups defined in A. Brains are processed for PH3 whole-mount
immunofluorescence to label proliferating cells. Scale bar, 100 µm. (C)
Quantitation of proliferation in each group. Absolute values of PH3+ cells per
tectum are shown, with bars indicating means±s.e.m. Without feeding, animals
have very low levels of proliferation in the tectum (dark blue triangles in first
column). Continuous access to food increases proliferation (dark green squares
in second column). Unfed animals can recover normal proliferative levels upon
feeding after 8 or 9 days (increasingly lighter greens, circles in third column and
diamonds in fourth column). After 10 days without food (aqua inverted triangles
in fifth column), proliferation levels are unrecoverable and identical to long-term
unfed animals (light blue hexagons in last column). n=16 animals total from two
independent clutches for each group. The only significant differences are
between the blue and green groups (P<0.0001), with no significant differences
within the green or blue groups.
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survive without feeding for several days and that they can resume
development once a nutrient source becomes available.

Avoidance behavior is resistant to temporary nutrient
restriction
Because tadpole development is delayed in the absence of nutrients
(Fig. 1, Table 1), we tested whether nutrient availability affected
locomotion and visual behaviors including swimming, OMR and
visual avoidance behavior. OMR, a visually mediated behavior that
does not require visual information processing by the optic tectum,
tests for visual function and general health of the animals. The
visual avoidance behavior, in which animals turn away from an
approaching visual stimulus, requires visual information processing
in the optic tectum (Dong et al., 2009; McKeown et al., 2013; Shen
et al., 2011). We found no significant difference between fed and
NR groups in the proportion of animals that successfully perform
the OMR or visual avoidance behavior (Fig. 2A). Of the fed and NR
animals, 54.8±2.4% and 43.1±5.8%, respectively, passed the OMR
screening (P=0.2, n=182 total animals from two groups), while 54.2
±3.0% and 57.1±5.1%, respectively, subsequently performed the
visual avoidance task in the initial screening (P=0.11, n=257 total
animals from three groups; Fig. 2A).
To test whether chronic NR affects visual avoidance behavior

over time, we assayed visual avoidance behavior over the course of
1 week in NR animals compared with controls that were fed
ad libitum (Fig. 2B). The visual avoidance behavior, by definition,
requires the animals to be actively swimming. The inset bar graph
shown in Fig. 2B shows that comparable numbers of fed and NR
animals swim in the behavior arena over the course of the

experiment. Furthermore, we found no significant difference in
visual avoidance behavior among groups over the 8 days tested
(Fig. 2B). These data indicate that 8 days of NR does not affect
swimming or visual avoidance behavior. This is in stark contrast to
other animal modes of nutrient-induced developmental arrest where
physical activity is halted until a nutrient source becomes available
again (Storey and Storey, 1990; Tatar and Yin, 2001).

Nutrient availability affects brain development
The requirement for adequate nutrition in normal brain development
has been well established across species (Georgieff et al., 2015;
Gerorgieff, 2007; Honarmand et al., 2016). Because X. laevis
tadpoles can survive for at least 10 days without feeding, and exhibit
normal behaviors for at least 8 days under NR conditions, we tested
the hypothesis that supplemental food affects tadpole brain
development by examining the development of the optic tectum.
To test the hypothesis that brain development is affected in the three
nutrition treatment groups, subsets of tadpoles from each treatment
group were fixed each day for 10 days, as described above, and we
measured the largest cross-sectional area of the optic tectum, as a
proxy for tadpole midbrain size. Tectal area at each time point was
normalized to the day 0 value (Fig. 3A). Tectal growth, measured as
the largest cross-sectional area of the tectum, increased in animals
from the fed group over the first 4–5 days and then leveled off for
the remaining 5 days of the experiment (Fig. 3A,B). In contrast,
tectal size in NR animals decreased, with significant differences
from fed animals at all time points after day 1 (Fig. 3A,B, Tables 1,
3). The optic tecta in animals in the NF group were comparable to
those of the NR group through day 3, but then increased in size

Table 1. Measurement data for body length, NF stage, tectum size, proliferation and cell death experiments (Figs 1, 3–5)

Body length Stage Cross-sectional area PH3 Cell death

Treatment Time point Mean s.e.m. N Mean s.e.m. N Mean s.e.m. N Mean s.e.m. N Mean s.e.m. N

Baseline Day 0 1.00 0.01 19 46.18 0.10 17 1.00 0.02 17 1.00 0.06 17 1.00 0.11 17
Fed Day 1 1.08 0.01 16 46.73 0.12 15 1.10 0.02 14 0.67 0.07 14 1.09 0.18 14

Day 2 1.11 0.01 15 46.93 0.07 15 1.32 0.09 12 1.00 0.09 12 1.48 0.15 12
Day 3 1.16 0.02 12 47.05 0.05 10 1.38 0.04 11 0.77 0.11 11 0.82 0.07 11
Day 4 1.20 0.02 19 47.26 0.06 17 1.45 0.06 14 0.81 0.11 15 0.90 0.11 15
Day 5 1.21 0.02 16 47.32 0.07 14 1.44 0.07 15 0.45 0.11 15 1.12 0.13 15
Day 6 1.22 0.02 19 47.37 0.05 19 1.27 0.04 16 0.33 0.07 15 1.05 0.17 16
Day 7 1.24 0.03 16 47.41 0.07 16 1.41 0.07 15 0.33 0.06 16 1.13 0.09 16
Day 8 1.28 0.02 19 47.45 0.10 20 1.30 0.04 14 0.37 0.09 14 0.67 0.09 14
Day 9 1.29 0.02 20 47.66 0.07 19 1.36 0.05 12 0.26 0.07 14 1.01 0.11 11
Day 10 1.29 0.02 20 47.75 0.06 20 1.31 0.04 17 0.16 0.02 17 0.61 0.07 17

NR Day 1 1.06 0.01 13 46.62 0.14 13 1.06 0.04 11 0.59 0.09 10 1.39 0.27 11
Day 2 1.09 0.02 12 46.67 0.14 12 1.11 0.04 12 0.48 0.07 12 1.37 0.09 12
Day 3 1.10 0.01 16 46.71 0.13 14 1.15 0.04 8 0.33 0.04 16 1.33 0.28 8
Day 4 1.13 0.02 17 46.94 0.06 17 1.01 0.03 15 0.16 0.04 15 1.14 0.10 15
Day 5 1.12 0.01 17 47.03 0.03 17 1.08 0.03 16 0.04 0.01 16 1.28 0.10 14
Day 6 1.14 0.01 18 47.00 0.00 18 0.99 0.02 15 0.05 0.01 14 1.61 0.16 15
Day 7 1.11 0.01 22 47.11 0.05 22 0.89 0.03 15 0.05 0.01 15 1.04 0.13 15
Day 8 1.16 0.01 22 47.14 0.05 22 0.95 0.02 16 0.06 0.01 16 0.90 0.16 16
Day 9 1.13 0.01 19 47.13 0.05 19 0.97 0.02 16 0.09 0.03 16 0.82 0.08 16
Day 10 1.15 0.01 21 47.19 0.05 21 0.91 0.03 17 0.04 0.01 17 0.68 0.08 16

DF Day 1 1.05 0.01 15 46.47 0.13 15 1.10 0.03 15 0.56 0.07 15 1.26 0.14 15
Day 2 1.10 0.01 14 46.71 0.13 14 1.17 0.02 13 0.53 0.08 13 1.96 0.17 13
Day 3 1.12 0.02 14 46.83 0.11 12 1.11 0.03 14 0.36 0.03 14 1.22 0.17 14
Day 4 1.13 0.01 17 46.82 0.10 17 1.23 0.03 16 0.57 0.07 16 0.71 0.11 16
Day 5 1.16 0.01 18 47.10 0.05 15 1.20 0.04 18 0.58 0.08 18 0.78 0.08 18
Day 6 1.19 0.02 16 47.16 0.06 16 1.22 0.05 15 0.45 0.07 15 1.44 0.11 15
Day 7 1.20 0.02 19 47.29 0.07 19 1.23 0.04 16 0.38 0.07 16 1.06 0.10 16
Day 8 1.23 0.02 19 47.29 0.07 19 1.24 0.04 15 0.28 0.06 15 1.06 0.17 15
Day 9 1.26 0.02 17 47.38 0.07 17 1.27 0.05 15 0.28 0.03 15 0.81 0.11 15
Day 10 1.26 0.02 17 47.53 0.08 17 1.27 0.05 16 0.39 0.09 16 0.50 0.05 16

DF, delayed feeding; NR, nutrient restricted; N, number of animals.
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compared with those of the NR group after the introduction of food
on day 3. Tecta in the DF group were consistently larger than those
in NR animals from day 6 on, and reached comparable sizes to those
of the fed group by day 8 (Fig. 3A,B, Tables 1, 3). These data
demonstrate that NR causes deficits in brain growth, which can be
reversed by supplemental feeding, indicating that nutrients directly
regulate brain growth in the X. laevis tadpole.

Nutrient availability affects neural progenitor proliferation
We have previously shown that experimental conditions that
increase or decrease tectal size do so by altering proliferation
without affecting changes in NF stage progression (Sharma and
Cline, 2010; Thompson and Cline, 2016). We hypothesize that
changes in tectal size in our NR group are due to decreases in
proliferation. To test the hypothesis that nutrient availability affects
tectal development at this cellular level, we assessed neural cell
proliferation levels in the three experimental groups (Fig. 4A).
Brains from animals in each of the nutritional groups, collected as
described above, were immunolabeled for the proliferation marker
PH3 to label actively dividing cells in M-phase. PH3+ cells were
counted along the ventricular layer through a 60 µm z-series volume
of the tectum and are displayed as means±s.e.m., normalized to
day 0. Fig. 4B shows representative images of PH3 immunolabeling
at day 0 and days 3, 5 and 10 from each of the nutrition treatment
groups. Neural cell proliferation levels decreased over the course of
development in control animals (Fig. 4B,C), consistent with
previous reports (Bestman et al., 2012; McKeown et al., 2013;

Sharma and Cline, 2010). Despite the developmental decrease in
cell proliferation over time in fed animals, cell proliferation in the
optic tectum of NR animals was significantly less than in fed
animals, starting from day 2 through day 10 (Fig. 4B,C, Tables 1, 3).
Moreover, in the DF animals, neural cell proliferation rapidly and
significantly increased after feeding on day 3 so that the rate of
neural cell proliferation recovered to rates seen in the fed animals by
day 5. This elevated cell proliferation rate persisted through the
remainder of the experiment (Fig. 4B,C, Tables 1, 3). These data
support the hypothesis that access to nutrients affects neural
progenitor cell proliferation the developing X. laevis optic tectum.

Nutrient availability does not affect cell death
An increase in cell proliferation is often coupled with an increase in
cell death (Herrup and Busser, 1995; Ross, 1996), yet lack of
nutrients can also induce cell death (Bursch et al., 2008; Franek,
1995). To test whether NR or DF induced cell death, we counted the
number of dying cells in the tectum using SytoxO labeling (Faulkner
et al., 2015) in the three nutrition treatment groups. Fig. 5 shows a
representative image of a SytoxO-labeled tectum (panel A) and an
enlarged area (panel B) highlighting bright SytoxO-labeled cells.
Groups of animals from each of the nutritional groups, collected over
the time course of the experiment, as described above, weremeasured
and the cell counts were normalized to the day 0 time point (Fig. 5C).
In control animals with access to food, few dying cells are detected in
the developing tectum: at stage 46/day 0 there are 11±1.12 SytoxO+
dying cells per tectum. Although the number of dying cells varied
somewhat over the course of the 10 day experiment, we found no
substantial patterns of significant differences in the number of
SytoxO+ dying cells between NR (blue squares), fed (green
triangles) and DF (orange circles) groups across time points
(Fig. 5C, Tables 1, 3). These data indicate that NR does not
significantly affect cell death and that nutrient-induced changes in
tectum size are not due to changes in cell death.

Nutrient restriction results in a reversible neurogenic stasis
window
Thus far we have demonstrated that X. laevis tadpoles can sustain an
8-day period of NR, during which their overall growth,
developmental stage progression and cell proliferation in the brain
are reduced, without any change in locomotion or visually mediated
behavior. Furthermore, we have shown that these developmental
deficits can be reversed by providing food after 3 days of NR. The
data shown above indicate that NR-induced developmental deficits
can be reversed with supplemental feeding within 3 days of NR. We
next tested whether brain development could recover from longer
periods of NR before the resumption of feeding. To test this
hypothesis, we assayed recovery of cell proliferation after extended
periods of NR from 8 to 13 days (Fig. 6A,B). We found that animals
with 8 days of NR had very few PH3+ cells in the optic tectum (2.3±
0.3 cells per tectum), significantly fewer than animals with access to
food for 8 days (P<0.0001, 108.4±6.0 cells per tectum; Fig. 6B,C).
Providing 4 days of food after 8 days of NR increased neural cell
proliferation to a level comparable to that of animals that had been
fed continuously for 8 days (112.9±5.0 cells per tectum). Animals
with 9 days NR followed by 3 days of access to food also resulted in
recovery of proliferative capacity (90.5±7.8 cells per tectum), with
PH3 labeling that was statistically comparable to that of
continuously fed animals (Fig. 6B,C). By contrast, animals that
were NR for 10 days and then fed for the following 3 days did not
recover their proliferative capacity with DF (3.1±0.6 cells per
tectum; Fig. 6B,C). Animals that were NR for 8 days, 13 days or

Table 2. Statistical analysis of body length and NF stage data (Fig. 1)

Body length (d.f.=539) Stage (d.f.=508)

Day Comparison N1, N2 P q N1, N2 P q

1 Fed versus NR 16, 13 n.s. 1.028 15, 13 n.s. 0.9035
Fed versus DF 16, 15 n.s. 1.927 15, 14 n.s. 2.38
NR versus DF 13, 15 n.s. 0.8147 13, 14 n.s. 1.408

2 Fed versus NR 15, 12 n.s. 1.347 15, 12 n.s. 1.999
Fed versus DF 15, 14 n.s. 1.085 15, 13 n.s. 1.846
NR versus DF 12, 14 n.s. 0.3015 12, 13 n.s. 0.1859

3 Fed versus NR 12, 16 n.s. 3.113 10, 14 n.s. 2.704
Fed versus DF 12, 14 n.s. 1.828 10, 11 n.s. 1.872
NR versus DF 16, 14 n.s. 1.284 14, 11 n.s. 0.7485

4 Fed versus NR 19, 17 ** 4.315 17, 17 ** 4.978
Fed versus DF 19, 17 ** 4.429 17, 16 **** 5.974
NR versus DF 17, 17 n.s. 0.1109 17, 16 n.s. 1.072

5 Fed versus NR 16, 17 **** 5.981 14, 17 ** 4.697
Fed versus DF 16, 18 n.s. 2.999 14, 14 n.s. 3.291
NR versus DF 17, 18 n.s. 3.114 17, 14 n.s. 1.25

6 Fed versus NR 19, 18 *** 5.281 19, 18 **** 6.502
Fed versus DF 19, 16 n.s. 1.762 19, 15 * 3.391
NR versus DF 18, 16 n.s. 3.316 18, 15 n.s. 2.768

7 Fed versus NR 16, 22 **** 8.284 16, 22 *** 5.17
Fed versus DF 16, 19 n.s. 2.242 16, 18 n.s. 1.701
NR versus DF 22, 19 **** 6.263 22, 18 * 3.506

8 Fed versus NR 19, 22 **** 8.747 20, 22 *** 5.893
Fed versus DF 19, 19 * 3.59 20, 18 n.s. 3.077
NR versus DF 22, 19 ** 5.028 22, 18 n.s. 2.583

9 Fed versus NR 20, 19 **** 11.28 19, 19 **** 9.417
Fed versus DF 20, 17 n.s. 2.356 19, 16 ** 4.84
NR versus DF 19, 17 **** 8.496 19, 16 ** 4.165

10 Fed versus NR 20, 21 **** 9.97 20, 21 **** 10.4
Fed versus DF 20, 17 n.s. 1.569 20, 16 * 3.786
NR versus DF 21, 17 **** 7.962 21, 16 **** 5.961

N1, number of animals in first experimental group; N2, number of animals in
second experimental group; P, P-value determined by 2-way ANOVA;
q, q-value from Tukey’s multiple comparisons test; d.f., degrees of freedom.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n.s., not significant.

365

RESEARCH ARTICLE Journal of Experimental Biology (2017) 220, 358-368 doi:10.1242/jeb.151043

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



delayed for 10 days and then fed for 3 days, were indistinguishable
from one another in regards to tectal cell proliferation; however, it is
important to note that the animals in the delayed 10 days fed 3 days
group had food in their guts and therefore were actively eating.
Despite the presence of food in the gut, cell proliferation rates in the
tectum did not increase in response to feeding for 3 days after
10 days of NR as they had after 9 days of NR followed by 3 days of
feeding (Fig. 6C). These data show that stage 47 tadpoles can
sustain a 9 day period of nutrient-responsive reversible
developmental stasis, from which they can recover if nutrients are
made available within that window.

DISCUSSION
We have identified a period of reversible developmental stasis in
X. laevis, whereby developing tadpoles can transiently adapt to
conditions of low nutrient availability. Under conditions of NR,
animals slow their rate of growth and developmental progression, and
cease neural progenitor cell proliferation, allowing for a period of
developmental stasis that can persist for up to 9 days. If nutrients
become available within the 9 day stasis window, animals exit stasis
and resume growth and development, catching up to a developmental
state where they would be if food had been present all along. This
mechanism of reversible stasis allows for developmental flexibility in
the brain in response to adverse environmental conditions.
Across the animal kingdom, organisms exhibit different ways of

adjusting to changes in their environment, with the most prevalent
being access to food. From insects to mammals, animals have
evolved ways to adapt to conditions of low food: insects go through
diapause, nematodes experience hypobiosis and larval arrest, birds

and rodents undergo periods of torpor, reptiles withstand brumation
(a type of hibernation), and bears and other mammals actually
hibernate (Baugh, 2013; Lee and Jang, 2014; Storey and Storey,
1990, 2012; Tatar and Yin, 2001). Each of these quiescent states is
considered a form of ‘suspended animation’ in which the animal
experiences long periods of inactivity. In contrast, we found that
X. laevis tadpoles continue to move and behave during NR-triggered
developmental stasis.

The timing of nutrient deprivation induced developmental stasis
in X. laevis appears to protect the developing tadpole by allowing
initial development of circuits underlying essential movement.
Visual avoidance behavior first appears at stage 47 (McKeown
et al., 2013; Shen et al., 2011), suggesting that the visuomotor
circuit required for this behavior becomes functional at or around the
stage 47 transition, precisely when the maternal yolk stores are
running out and the animal begins to forage for external food. Prior
to this time, neural cell proliferation is high in the brain and
decreases as maternal yolk is depleted. This suggests that nutrients
derived from the maternally provided yolk are sufficient to generate
neural circuitry required for the visual avoidance behavior in the
developing tadpole, which is essential to escape predators and to
forage for food. Furthermore, our data demonstrate that the visual
avoidance behavior is stable over 8 days regardless of nutrient
status, indicating that it is resistant to NR.

Despite the maintained baseline avoidance behavior, NR animals
slow their rate of growth and development and virtually cease neural
progenitor cell proliferation by entering a period of stasis that can
persist for up to 9 days. Interestingly, animals survive the stasis
period despite the decreases in both physical growth and

Table 3. Statistical analysis of tectal size, proliferation and cell death data (Figs 3–5)

Brain size (d.f.=452) PH3 (d.f.=461) Cell death (d.f.=450)

Day Comparison N1, N2 P q N1, N2 P q N1, N2 P q

1 Fed versus NR 14, 11 n.s. 0.9032 14, 10 n.s. 1.199 14, 11 n.s. 2.134
Fed versus DF 14, 15 n.s. 0.1927 14, 15 n.s. 1.709 14, 15 n.s. 1.272
NR versus DF 11, 15 n.s. 1.097 10, 15 n.s. 0.3404 11, 15 n.s. 0.9753

2 Fed versus NR 12, 12 ** 4.505 12, 12 **** 7.139 12, 12 n.s. 0.7447
Fed versus DF 12, 13 n.s. 3.253 12, 13 **** 6.612 12, 13 * 3.491
NR versus DF 12, 13 n.s. 1.341 12, 13 n.s. 0.6685 12, 13 ** 4.251

3 Fed versus NR 11, 8 ** 4.539 11, 16 **** 6.313 11, 8 n.s. 3.134
Fed versus DF 11, 14 **** 6.169 11, 14 *** 5.755 11, 14 n.s. 2.864
NR versus DF 8, 14 n.s. 0.8493 16, 14 n.s. 0.4198 8, 14 n.s. 0.6826

4 Fed versus NR 14, 15 **** 10.8 15, 15 **** 10.02 15, 15 n.s. 1.946
Fed versus DF 14, 16 *** 5.432 15, 16 * 3.771 15, 16 n.s. 1.493
NR versus DF 15, 16 *** 5.631 15, 16 **** 6.405 15, 16 * 3.471

5 Fed versus NR 15, 16 **** 9.113 15, 16 **** 6.44 15, 14 n.s. 1.197
Fed versus DF 15, 18 **** 6.249 15, 18 n.s. 2.131 15, 18 n.s. 2.82
NR versus DF 16, 18 n.s. 3.174 16, 18 **** 8.905 14, 18 * 4.016

6 Fed versus NR 16, 15 **** 7.165 15, 14 ** 4.222 16, 15 ** 4.527
Fed versus DF 16, 15 n.s. 1.397 15, 15 n.s. 1.849 16, 15 n.s. 3.11
NR versus DF 15, 15 *** 5.677 14, 15 **** 6.039 15, 15 n.s. 1.394

7 Fed versus NR 15, 15 **** 12.94 16, 15 ** 4.298 16, 15 n.s. 0.6782
Fed versus DF 15, 16 ** 4.711 16, 16 n.s. 0.8965 16, 16 n.s. 0.5761
NR versus DF 15, 16 **** 8.432 15, 16 *** 5.18 15, 16 n.s. 0.1114

8 Fed versus NR 14, 16 **** 8.633 14, 16 ** 4.883 14, 16 n.s. 1.786
Fed versus DF 14, 15 n.s. 1.456 14, 15 n.s. 1.34 14, 15 n.s. 3.031
NR versus DF 16, 15 **** 7.285 16, 15 * 3.587 16, 15 n.s. 1.316

9 Fed versus NR 12, 16 **** 9.276 14, 16 n.s. 2.748 11, 16 n.s. 1.411
Fed versus DF 12, 15 n.s. 2.157 14, 15 n.s. 0.2425 11, 15 n.s. 1.436
NR versus DF 16, 15 **** 7.532 16, 15 n.s. 3.049 16, 15 n.s. 0.04788

10 Fed versus NR 17, 17 **** 10.71 17, 17 n.s. 1.921 17, 16 n.s. 0.5228
Fed versus DF 17, 16 n.s. 1.105 17, 16 * 3.681 17, 16 n.s. 0.9738
NR versus DF 17, 16 **** 9.443 17, 16 *** 5.573 16, 16 n.s. 1.474

N1, number of animals in first experimental group;N2, number of animals in second experimental group; P, P-value determined by 2-way ANOVA; q, q-value from
Tukey’s multiple comparisons test; d.f., degrees of freedom. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n.s., not significant.
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developmental progression. In the absence of food, the tectum fails
to increase in size, and actually decreases (Fig. 3, Table 1). These
data are consistent with other studies showing that tectal size is not
correlated to body length or NF stage (Sharma and Cline, 2010;
Tahir et al., 2014; Thompson and Cline, 2016). The decrease in
brain size is not due to increased cell death (Fig. 4). We can account
for the decreased brain growth by the decrease in proliferation
(Fig. 5), but this fails to explain the actual decrease in total midbrain
volume seen in NR animals (Fig. 3B). It is possible that individual
cells are using up internal nutrient stores and decreasing in size, via
either protein degradation or autophagy. Indeed, cell size in many
organisms is regulated via an mTOR-dependent mechanism, a
pathway that regulates protein synthesis downstream of stress
responses and nutrient signaling (Efeyan et al., 2015; Fingar et al.,
2002; Lee da, 2015; Sofer et al., 2005). In X. laevis, animals that
have been completely nutrient deprived by surgically removing the
intestine with its yolk stores halt progenitor cell proliferation in the
developing retina via an mTOR-dependent mechanism (Love et al.,
2014). It will be interesting to determine whether the NR-dependent
developmental stasis we describe in the X. laevis brain acts via an
mTOR-dependent mechanism as well.
The most well-studied form of an adaptive starvation response

occurs inC. elegans during larval development, a phenomenon called
L1 arrest. L1 arrest occurs via an insulin-dependent signaling pathway
(Baugh and Sternberg, 2006; Muñoz and Riddle, 2003), downstream
of mTOR (Long et al., 2002). Several studies have shown that
mutations in insulin signaling components, particularly in the nervous
system, have increased starvation resistance during L1 arrest (Baugh
and Sternberg, 2006; Lee and Ashrafi, 2008; Muñoz and Riddle,
2003). During L1 arrest in C. elegans, starvation response pathways
increase autophagy and cell death (Kang et al., 2007); in contrast, in
the present study, we did not observe an increase in cell death, at least
not in the brain. Interestingly, an insulin-like peptide in Drosophila
has also been shown to promote developmental arrest (Colombani
et al., 2012), suggesting that insulin signaling may play a conserved
role in species that undergo stasis. Intriguingly, developmental arrest
is often correlated with lifespan extension (Kapahi et al., 2004;
Koubova and Guarente, 2003; Partridge et al., 2005; Rion and
Kawecki, 2007; Sinclair, 2005). Although we have not yet
investigated the role of insulin signaling during this period of stasis
in X. laevis, previous work has shown that insulin signaling affects
tectal circuit function and plasticity (Chiu et al., 2008). It will be
interesting to determine whether insulin signaling may be involved in
X. laevis developmental stasis, similar to C. elegans and Drosophila.
We demonstrate that X. laevis tadpoles in stasis virtually cease

proliferation, and this cell division arrest is reversible upon the
reintroduction of food within the stasis window (Fig. 6). It is
interesting to note that the levels of proliferation in the DF group did
not exceed the fed groups upon the reintroduction of food, suggesting
that total cell number in the developing tectummay be regulated. The
rapidity with which cell proliferation recovers hints that nutrient
availability may affect cell cycle exit/entry.Medaka fishes experience
developmental arrest in response to cold temperatures, resulting in a
whole animal cell cycle arrest (Sampetrean et al., 2009). Likewise,
recent studies have shown that duringC. elegansL1 arrest, ribosomes
accumulate on promoters, paused until food becomes available again
(Baugh et al., 2009; Maxwell et al., 2014).
NR has long been recognized to inhibit cell proliferation

(Chantranupong et al., 2015; Holley and Kiernan, 1974;
Honarmand et al., 2016; Pardee, 1974), and in humans, as well as
other species, nutritional deprivation decreases number of neurons in
the developing fetal brain (Gerorgieff, 2007). Our data show that

neural progenitor cells in the developing brain in vivo respond to NR
and subsequent nutrient availability by decreasing and then rapidly
increasing proliferation, suggesting the presence of mechanisms
whereby cells can rapidly re-enter the cell cycle once nutrients become
available. Proliferating cells have demanding energy requirements,
and correspondingly, show a robust decrease in proliferation in
response to lack of nutrients (Kim et al., 2014; Vander Heiden et al.,
2009; Warburg, 1956). In particular, proliferating neural stem cells
have higher energy demands than neurons (Birket et al., 2011; Kim
et al., 2014). In vitro studies have shown that the AMP-activated
protein kinase, a highly conserved cell-intrinsic metabolic sensor,
couples cellular glucose levels and glycolysis to the cell-cycle
machinery in proliferating mammalian cells (Jones et al., 2005) by
acting upstream of mTOR (Chantranupong et al., 2015). In addition,
studies on O-GlcNAC transferase, an enzyme required for post-
translational protein modification that is regulated by nutrient access,
further support a link between nutrient-sensing mechanisms and
proliferation in neural progenitors. O-GlcNAC transferase acts directly
on the stem cell self-renewal transcription factor, SOX2, to drive
differentiation and inhibit pluripotency of stem cells cultured under
low nutrient conditions (Myers et al., 2011, 2016). Future
investigations are necessary to identify the cellular and molecular
mechanisms of developmental stasis and recovery of neural progenitor
cell proliferation in the vertebrate brain in vivo.

In conclusion, we have identified a nutrient-responsive period of
reversible developmental stasis in X. laevis. Stasis tadpoles exhibit
slow growth and development on the whole-animal level, and
decreased brain size and cessation of tectal cell proliferation in the
brain. Animals can remain in stasis for up to 9 days, recovering all
parameters measured if food is made available within the 9 day
window. This mechanism of reversible stasis allows for some
developmental flexibility in adverse environmental conditions.
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