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ABSTRACT

Nutrient status affects brain development; however, the effects of
nutrient availability on neural progenitor cell proliferation in vivo are
poorly understood. Without food, Xenopus laevis tadpoles enter a
period of stasis during which neural progenitor proliferation is
drastically reduced, but resumes when food becomes available.
Here, we investigate how neural progenitors halt cell division in
response to nutrient restriction and subsequently re-enter the cell
cycle upon feeding. We demonstrate that nutrient restriction causes
neural progenitors to arrest in G2 of the cell cycle with increased DNA
content, and that nutrient availability triggers progenitors to re-enter
the cell cycle at M phase. Initiation of the nutrient restriction-induced
G2 arrest is rapamycin insensitive, but cell cycle re-entry requires
mTOR. Finally, we show that activation of insulin receptor signaling is
sufficient to increase neural progenitor cell proliferation in the absence
of food. A G2 arrest mechanism provides an adaptive strategy to
control brain development in response to nutrient availability by
triggering a synchronous burst of cell proliferation when nutrients
become available. This may be a general cellular mechanism that
allows developmental flexibility during times of limited resources.

KEY WORDS: Neurogenesis, Cell cycle, Nutrition, Stasis, G2 arrest,
Optic tectum

INTRODUCTION

Access to nutrients is essential for normal development. Animals
must be able to cope with variations in nutrient availability in order
to survive and produce viable offspring. Nutrient status regulates
cell proliferation throughout the body, especially in the brain where
high levels of proliferation have large metabolic requirements
(Agathocleous et al., 2012; Warburg, 1956). Across species,
nutrient restriction (NR) affects brain development by decreasing
cell proliferation, neuron numbers and neuronal connectivity
(Benitez-Santana et al., 2017; Bolduc et al., 2016; Brown and
Susser, 2008; Georgieff, 2007; Georgieffet al., 2015; Igarashi et al.,
2015; Lanet et al., 2013; Metcalfe and Monaghan, 2001), and these
effects are reversible in only limited cases. During Drosophila
pupation, when animals are naturally deprived of external nutrients,
cells in the imaginal discs undergo a form of temporary stasis where
they pause in the cell cycle in order to synchronize proliferation
(Milan et al., 1996). Studies in zebrafish indicate that neural cell
proliferation is inhibited under NR conditions, and neural progenitor
cells (NPCs) can resume proliferation when food is available
(Benitez-Santana et al., 2017). We have shown that Xenopus laevis
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tadpoles that have been deprived of external nutrients cease
proliferation in the developing brain, and that cell division
resumes upon re-introduction of food (McKeown et al., 2017).
Completely depriving younger tadpoles of food by surgically
removing the yolk stores halts NPC proliferation in the developing
retina (Love et al., 2014), indicating that proliferative stasis can
occur across different neuronal tissues in the tadpole. Yet the
cellular and molecular mechanisms by which nutrient status affects
NPC proliferation in vivo remain unclear.

Control of cell cycle dynamics is a likely mechanism by which
nutrient status affects proliferation. Cells exit the cell cycle for a
variety of reasons, including GO cell cycle exit for differentiation, or
irreversible G2 arrest in response to DNA damage (Barnum and
O’Connell, 2014; DiPaola, 2002; Duursma and Cimprich, 2010) or
viral infection (Bressy et al., 2019; Davy and Doorbar, 2007).
Dividing cells typically pause for some period in GO, pending
signals that regulate progression into G1 and subsequent cell
division or terminal differentiation. In general, healthy cells that
enter the cell cycle complete mitosis; however, somatic cells
temporarily arrest in G1/S in larval Caenorhabditis elegans in
response to NR until food becomes available (Baugh et al., 2009).
G1/8 pausing has been described in somatic cells across species and
is thought to be important for sensing environmental, metabolic and
stress cues (Bouldin and Kimelman, 2014). In the germline, cells
can temporarily arrest in G2 in order to synchronize cell division
through meiosis (Seidel and Kimble, 2015). Moreover, cell
division synchrony via G2 pausing has been described during
embryogenesis in many species, including Drosophila, chordates
and Xenopus (Bouldin and Kimelman, 2014; Kimura et al., 1997,
Meserve and Duronio, 2017; Milan et al., 1996; Ogura et al., 2011;
Ogura and Sasakura, 2016; Thuret et al., 2015). Although NR-
induced reversible G2 arrest has been described in adult Hydra and
developing Drosophila (Buzgariu et al., 2014; Otsuki and Brand,
2018), whether neural progenitors in the vertebrate brain enter a
reversible G2 arrest in response to NR and whether mechanisms
regulating G2 arrest are conserved in vertebrates have not yet been
determined.

Several nutrient-sensing pathways may underlie cellular
responses to nutrient status, including signaling via the insulin
receptor, amino acid-sensing via G protein-coupled receptors, and
glucose transport signaling, all of which converge on the mTOR
signaling pathway, making mTOR a prime candidate for regulation
of nutrient-dependent changes in cell proliferation (Agathocleous
and Harris, 2013; Garelick and Kennedy, 2011; Hall, 2016; Jacinto
and Hall, 2003; Laplante and Sabatini, 2009; Lee, 2015; Loewith
and Hall, 2011). Indeed, in both nutrient-restricted adult zebrafish
brains and nutrient-deprived Xenopus tadpole retinas, mTOR is
required for resumption of cell proliferation following nutrient
restriction (Benitez-Santana et al., 2017; Love et al., 2014).
Interestingly, mTOR has been shown to both drive progression
through G1 phase of the cell cycle by controlling cell size (Fingar
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et al., 2003), and to control G2 progression into mitosis, although
whether mTOR promotes or blocks G2/M-phase entry may vary in
different experimental systems (Proud, 2010; Ramirez-Valle et al.,
2010). During G2 arrest in Drosophila embryos, cell cycle re-entry
depends on mTOR signaling downstream of the insulin ligand and
requires amino acids (Britton and Edgar, 1998; Britton et al., 2002;
Chell and Brand, 2010; Lee etal., 2014; Néssel et al., 2015; Sousa-
Nunes et al., 2011; Spéder and Brand, 2014). However, the
specific role of nutrient sensors and mTOR signaling in regulating
neural progenitor cell division in the vertebrate brain in vivo
remains unclear.

We address these open questions in Xenopus; we have previously
demonstrated that Xenopus laevis tadpoles enter a period of
developmental stasis in response to nutrient restriction (McKeown
et al., 2017). During stasis, Xenopus tadpoles continue to swim and
exhibit visual avoidance behaviors, but rates of overall body growth
and brain development decrease, and NPC proliferation halts. This
stasis period can last for up to 9 days and is completely reversible if
nutrients become available within the 9-day window. Here, we
investigate the cellular mechanisms underlying nutrient restriction-
induced stasis in the developing Xenopus brain. The developing
Xenopus tectum provides an ideal system for these studies based on
extensive prior characterization of cell proliferation and neuronal
differentiation (Bestman and Cline, 2008; Bestman et al., 2015,2012;
Chiu et al., 2008; Cline, 2001; Ewald et al., 2008; Haas et al., 2006;
Herrgen and Akerman, 2016; Lau et al., 2017; Peunova et al., 2001,
Ruthazer et al., 2013; Sharma and Cline, 2010; Straznicky and Gaze,
1972; Tremblay et al., 2009; Van Keuren-Jensen and Cline, 2008;
Wu and Cline, 2003). NPCs in the optic tectum are radial glial cells
lining the ventricle (Bestman et al., 2012; Herrgen and Akerman,

2016; Peunova et al., 2001; Sharma and Cline, 2010). /n vivo time-
lapse imaging and single cell lineage analysis indicate that these
NPCs are Sox2-expressing progenitors that undergo symmetrical
regenerative proliferation, followed by asymmetric neurogenic
divisions (Bestman et al., 2012). Here, we show that nutrient
restriction causes neural progenitors to arrest in G2 and re-feeding
triggers NPCs to re-enter the cell cycle at M phase. We demonstrate
that, although initiation of G2 arrest is independent of mTOR, cell
cycle re-entry after G2 arrest requires mTOR signaling. Furthermore,
G2 arrest can be overridden by activating insulin receptor signaling
even in the absence of food. This is the first demonstration of
reversible G2 arrest in a vertebrate system in vivo induced by NR,
suggesting that this mechanism may be a more widely used strategy
of cellular adaptation to NR, or more generally, environmental stress,
than previously recognized. The described mechanism of reversible
stasis by G2 arrest provides cellular level flexibility when animals are
confronted with adverse environmental conditions.

RESULTS

Nutrient restriction affects proliferative capacity of neural
progenitor cells

During normal development in the Xenopus laevis midbrain, Sox2-
expressing NPCs located along the optic tectal midline divide and
differentiate to produce neuronal daughter cells that are displaced
laterally to populate the optic tectum (Fig. 1A), while also retaining
a self-renewing population of progenitors that continue to divide
along the midline (Bestman et al., 2012; Peunova et al., 2001;
Sharma and Cline, 2010; Straznicky and Gaze, 1972). Tectal NPCs
are Sox2-expressing radial glial cells lining the ventricle that
incorporate the thymidine analog 5-chloro-2’-deoxyuridine (CldU)
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D Fig. 1. Nutrient restriction limits brain growth and NPC
Nutrient-Restricted Hucp  proliferation. (A) Diagram of the Xenopus optic tectum. NPCs
g Sox2 reside along the ventricle at the midline (green), and their progeny
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NN Food 230NNl pH3 are pushed laterally as NPCs divide and differentiate into neurons
(red). The midline of the tectal ventricle is indicated with a dashed

yellow line. (B) Experimental timeline for the data shown in

C. Animals were treated for 24 h with CldU and then allowed to
develop for 6 days in either fed or nutrient-restricted conditions.
(C) Whole-mount confocal images of CldU immunofluorescence
in the optic tectum in fed (i, iii) and nutrient-restricted (i, iv)
animals. 20x magnification 6.2 ym z-projections (i-ii) and

60x magnification 1.66 um z-projections (iii-iv) are shown.
Confocal images of brains were collected under identical settings
and are shown at the same scale (i-ii and iii-iv). (D) Experimental
timeline for the data shown in E. Animals were treated for 2 h with
CldU and then allowed to develop for 2-3 days in either fed or
nutrient-restricted conditions. (E) Whole-mount confocal images
of Sox2 and ClIdU (i-ii), HuC/D and CIdU (iii-iv), and HuC/D and
pH3 (v-vi) immunofluorescence along the tectal midline in fed

(i, iii, v) and nutrient-restricted (ii, iv, vi) animals. Single optical
sections are shown. Scale bars: 100 ym (C); 20 um (E).
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and lack neuronal markers such as NeuroD, N-B-Tubulin and HuC/
D (Fig. 1, Fig. S1) (Bestman et al., 2012; Sharma and Cline, 2010).
In the tectum, these radial glia NPCs are the only dividing neural
progenitors. Vascular endothelial cells also proliferate but can be
distinguished from NPCs based on their distinct morphology and
location (Lau et al., 2017; Rovainen and Kakarala, 1989; Sharma
and Cline, 2010). We have previously shown that tectal NPCs stop
dividing when the animal enters a period of developmental stasis in
response to nutrient restriction (McKeown et al.,, 2017). To
understand the cellular responses to nutrient availability in the
brain, we first investigated NPC proliferation during nutrient-
restricted and fed conditions at early stages of brain development.
Stage 41 animals, approximately 3 days old, were given a 24-h pulse
of CIdU to label all actively dividing progenitors. Because CldU
incorporates during the DNA replication cycle of S phase, and the
tectal cell cycle is less than 24 h at this stage, this protocol is
sufficient to label the entire dividing population (Herrgen and
Akerman, 2016; Sharma and Cline, 2010; Thuret et al., 2015). As
cells divide, the CldU-labeled DNA will also divide and becomes
more diffuse over several rounds of cell division, whereas cells that
retain bright CldU label have either ceased division along the
ventricular midline or differentiated into neurons and migrated
laterally from the midline (Bestman et al., 2012; Grandel et al.,
2006; Sharma and Cline, 2010). By the end of the 24 h labeling
period, animals have developed to stage 45 and will soon begin to
forage for food. They were then either nutrient restricted (NR) or
allowed to feed ad libitum (fed) for 6 days and then sacrificed and
processed for CIdU immunofluorescence (Fig. 1A,B). It is
important to note that images of brains are shown at the same
scale (Fig. 1Ci,Cii). After 6 days, the brains of fed animals were
larger than the brains of NR animals (Fig. 1Ci,Cii), consistent with
increased brain growth in fed animals. The optic tecta of fed animals
displayed extensive CIdU labeling throughout the tectum (Fig. 1Ci),
and decreased fluorescence intensity of CldU labeling along the
midline (Fig. 1Ciii), suggesting that the progenitors labeled 6 days
prior continued to divide, differentiate into neurons, and densely
populate the tectum lateral from the midline. In contrast, the smaller
brains of nutrient-restricted animals had bright, densely packed
CldU-labeled cells that remained at the midline along the ventricle
(Fig. 1Cii,Civ), suggesting that the NPC division and neuronal
differentiation were limited in NR conditions. To address this
further, we labeled NR and fed animals with a shorter (2 h) pulse of
CldU and co-labeled for progenitor and neuronal markers (Fig. 1D,
E, Fig. S1). Sox2-expressing progenitors lining the ventricular
midline incorporated CldU and immunolabeled for the cell
proliferation marker phospho-histone H3 (pH3) (Fig. S1). Images
of the tectal midline in both fed and NR animals show that Sox2"
NPCs are labeled with CldU (Fig. 1Ei,Eii). Although there were
fewer CldU-incorporating cells under these conditions, Sox2*
NPCs were still present along the midline in the NR brains
(Fig. 1Eii). Furthermore, labeling for HuC/D demonstrated that
progenitor cells lining the ventricular midline were HuC/D negative
(Fig. 1Eiii-Evi). The HuC/D-negative progenitor region was
expanded in the fed animals (Fig. 1Eiii,Ev) compared with NR
animals (Fig. 1Eiv,Evi), indicating an increase in progenitors in fed
animals. Moreover, this labeling revealed CldU-labeled cells that
included both HuC/D~ progenitors and HuC/D* neurons displaced
laterally from the ventricle in both fed and NR groups, albeit
increased in fed groups (Fig. 1Eiii-Eiv). pH3 labeling revealed high
levels of HuC/D™ mitotic cells lining the ventricle in fed animals
(Fig. 1Ev) and at lower levels in NR animals (Fig. 1Evi). These data
suggest that nutrients drive extensive proliferation of NPCs,

resulting in neurogenic growth of the CldU-labeled NPC
expanding progenitor pool. In contrast, nutrient restriction limits
proliferation of NPCs, suggesting that the majority of progenitors
are quiescent in the NR condition (Fig. 1C,E).

Nutrients induce NPCs to divide 16 h after feeding

At stage 46/47, tadpoles exhaust their yolk stores and begin to
forage for food (Nieuwkoop and Faber, 1956). Our previous work
showed that during nutrient restriction-induced developmental
stasis, animals reduce CNS NPC proliferation. Upon re-
introduction of external nutrients, nutrient-restricted animals exit
developmental stasis and resume development, and importantly,
food re-initiates tectal NPC proliferation (McKeown et al., 2017).
To understand the mechanisms by which nutrient-restricted
progenitors re-initiate proliferation, we performed a series of
experiments to test the proliferative response to re-introduction of
food in a controlled manner. Animals were nutrient restricted at
stage 47 for 2 days, and then food was re-introduced ad libitum in
their rearing media. At different time points after re-introduction of
food, animals were sacrificed, fixed, and brains were processed for
pH3 immunofluorescence to label mitotic cells (Fig. 2A). Control
animals were clutch mates, left nutrient-restricted for the duration of
the experiment. Whole-mount brains were imaged and pH3™ cells
were counted throughout the entire z-series of the tectum (Fig. 2B).
The number of pH3* cells did not change at 1, 2, 4, 8 and 12 h after
feeding, but pH3" cell numbers increased significantly 16 h after
feeding, and continued to increase at 24 and 48 h (Fig. 2B,C). It is
important to note that in this 16 h experimental window, the animals
must find, consume, digest and metabolize the food before the
nutrients are delivered to the brain. Nonetheless, these data
demonstrate that nutrient-restricted progenitors are poised to divide
and enter M phase 16 h after the re-introduction of food to the animal.

Nutrient-induced proliferation requires mTOR signaling
One of the molecular triggers that could be responsible for the
nutrient-induced proliferation is the mTOR signaling pathway
(Chantranupong et al., 2015; Cloetta et al., 2013; Garelick and
Kennedy, 2011; Laplante and Sabatini, 2009; Lee, 2015; Loewith
and Hall, 2011; Proud, 2010; Reiling and Sabatini, 2006). To test
the role of mTOR signaling in nutrient-induced proliferation, we
investigated mTOR activation and the activity of mTOR-activated
proteins in brains of nutrient-restricted animals that were provided
food in the presence or absence of rapamycin (Fig. 3A), which binds
directly to mTOR and inhibits downstream mTOR signaling
(Arriola Apelo and Lamming, 2016; Sabers et al., 1995). Western
blots of brain tissue showed that food increases the fraction of
phosphorylated mTOR (p-mTOR) compared with the nutrient-
restricted condition (Fig. 3B, gray bar), indicating that feeding
activates mTOR signaling in the brain (Acosta-Jaquez et al., 2009).
Moreover, we found that this nutrient-induced increase in p-mTOR
is blocked by rapamycin (Fig. 3B, blue bar). These data show that p-
mTOR is increased in response to feeding, providing a link between
nutrients and mTOR activation in the tadpole brain.

mTOR signaling activates ribosomal proteins and subsequent
protein translation (Fingar et al., 2003; Hara et al., 1998). To probe
further the mechanistic link between nutrients and mTOR signaling
in Xenopus stasis, we tested whether phosphorylation of ribosomal
protein S6 (p-rS6), a downstream target of mTOR activation, is
affected by re-feeding after nutrient restriction in the tadpole brain.
We found that p-rS6 levels were reduced in NR brains and
significantly increased in the brain in response to feeding (Fig. 3C,
gray bar). Furthermore, this nutrient-induced increase in p-rS6 in
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Fig. 2. Nutrient-induced increase in cell proliferation

ah occurs 16 h after feeding. (A) Experimental timeline.
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Animals were nutrient restricted for 2 days at Stage 47
and then food was re-introduced. Animals were sacrificed
and processed for pH3 immunolabeling at the indicated
time points after feeding. (B) Whole-mount confocal
images of pH3 immunofluorescence in the optic tectum at
the time points indicated. Fd, food. (C) Quantification of
pH3 labeling showing total cell counts per tectum at each
time point (meants.e.m.). Green data points indicate fed
and gray are NR animals. At 16 h after feeding, pH3* cells
are significantly increased compared with NR controls,
****P<0.0001. n.s., not significant. n=6-47 animals per
group per time point, from multiple independent clutches,
for a total of 304 animals, across 16 groups from multiple
independent clutches; see Table S1. Scale bars: 100 ym.
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tadpole brain was blocked by rapamycin (Fig. 3C, blue bar).
Moreover, p-rS6 immunofluorescence was decreased in NR tecta
and increased in fed animals, particularly along the ventricle where
progenitors reside (Fig. S2). We also tested whether signaling
components upstream of mTOR were affected by nutrients. Both the
upstream inhibitor phospho-PTEN (S380) and the upstream
activator phospho-AKT (S473) were increased in NR animals
compared with fed animals (Fig. S3), reflecting the complex
feedback mechanisms known to be involved in the mTOR signaling
pathway (Laplante and Sabatini, 2009; Lee, 2015; Loewith and
Hall, 2011; Manning and Toker, 2017; Martin and Hall, 2005,
Memmott and Dennis, 2009; O’Reilly et al., 2006; Palu and
Thummel, 2015; Proud, 2004; Vadlakonda et al., 2013). These data
indicate that nutrients affect components of the signaling pathway
upstream of mTOR, and activate mTOR and its downstream targets
in the tadpole brain. Together, the data suggest that mTOR signaling
regulates feeding-induced NPC proliferation.

To test whether the NPC proliferation we see upon introduction of
nutrients results from the increased mTOR signaling described
above, we assayed proliferation in animals that were nutrient
restricted for 2 days and then provided with food, with or without
rapamycin in their rearing media for an additional 1-2 days. Control
animals were treated with 1% DMSO vehicle. Brains were
processed for pH3 immunolabeling 16, 24 and 48 h later
(Fig. 3A). Rapamycin treatment did not appear to affect feeding
behavior, based on the presence of food in their gut. Rapamycin had
no effect on proliferation in the nutrient-restricted animals (Fig. 3Di,
Diii,Dv,Dvii,E). Feeding significantly increased proliferation, and

rapamycin blocked the robust feeding-induced proliferation in the
tectum as early as 16 h after feeding (Fig. 3Dii,Div,Dvi,Dviii,E).
The nutrient-regulated increase in neural cell proliferation and the
inhibitory effects of rapamycin persisted up to 48 h (Fig. 3Dix-Dxii,E).
These data indicate that nutrient-induced NPC proliferation is
controlled by mTOR signaling in vivo. Taken together, these data
show that re-feeding after nutrient restriction activates mTOR
signaling pathway components that are required for feeding-induced
proliferation of NPCs in the tadpole brain.

mTOR signaling is not required for the initiation of nutrient
restriction-induced proliferative arrest

The experiments described above indicate that animals in stasis
cease NPC proliferation, that cell division resumes 16 h after re-
introduction of food and that this resumption of proliferation
requires mTOR signaling. To investigate further the role of mTOR
signaling in this nutrient-regulated neural cell proliferation, we
tested whether mTOR acts as a molecular switch to control the
cellular response to nutrients. To test whether mTOR is required for
entry into proliferative arrest induced by nutrient restriction, animals
were treated with rapamycin at stage 46, when they still have maternal
yolk stores in their gut, and they remained in rapamycin for 2 days
while they were nutrient restricted (Fig. 4A). Brains were processed
for pH3 immunolabeling and the number of dividing cells was
counted throughout the entire z-series of the tectum. Cell proliferation
decreased over the 2-day course of the experiment, as expected for
nutrient restriction; however, rapamycin did not affect this nutrient
restriction-induced decline in proliferation (Fig. 4B). These data
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Fig. 3. Nutrient-induced proliferation requires mTOR signaling. (A) Experimental timeline. Animals were nutrient restricted for 2 days after Stage 47 and
then food was re-introduced concomitant with the mTOR-blocking drug rapamycin or DMSO vehicle for up to an additional 2 days. Brains were processed for pH3
immunolabeling 16 h, 24 h and 48 h after feeding, or for western blots 48 h after feeding as indicated. (B) Western blot analysis shows that feeding

increased phospho-mTOR (p-mTOR) and that increase in p-mTOR was blocked by rapamycin. (C) Western blot analysis shows that feeding increased phospho-
ribosomal protein S6 (p-rS6) and that increase was blocked by rapamycin. (D) Whole-mount confocal images of pH3 immunolabeling in the optic tectum 16 h,
24 h and 48 h after feeding, with or without rapamycin treatment. Fd, food. (E) Quantification of total pH3™" cells per tectum 16 h, 24 h and 48 h after feeding, with or
without rapamycin showing that rapamycin blocks the feeding-induced increase in proliferation at all time points tests. Data for each condition are shown as
individual data points and meanzs.e.m. are shown as black bars. Blue symbols signify rapamycin treatment and gray symbols are controls. For western blots, n=5
brains per treatment per time point, a minimum of 3 biological replicates was used for each quantification shown. For cell counts, n=8-18 animals per group
per time point for a total of 150 animals across 12 groups from multiple independent clutches; see Table S1. **P<0.01, ***P<0.001, ****P<0.0001,

n.s., not significant. Scale bars: 100 pm.

indicate that, although mTOR is required for NPCs to exit stasis,
mTOR signaling is not required for NPCs to halt cell division as the
animal enters stasis, and that mTOR is not acting as a nutrient-sensing
bi-directional switch in the developing tadpole brain.

Nutrients trigger direct M-phase entry
In response to NR, the animal enters developmental stasis during
which NPC proliferation is drastically decreased. Cells in the tectum

resume proliferation 16 h after the re-introduction of food (Fig. 2).
The cell cycle at this stage in Xenopus tectal NPCs is approximately
24 h (Fig. 5A), with G2 lasting 8 h in the normally fed condition
(Fig. S4) (Herrgen and Akerman, 2016; Sharma and Cline, 2010).
To investigate further how nutrient availability affects NPC
progression through the cell cycle, we performed a series of
CIdU-pH3 pulse-chase experiments to label cells in S phase and M
phase in the same animal. Animals were nutrient restricted for
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Controls were treated with DMSO vehicle. Brains were processed for pH3
immunolabeling 1 and 2 days after rapamycin treatment. (B) Quantification of
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2 days and then provided food or not. During the first hour of the
+food period, all animals were given a 1-h pulse of CldU to sparsely
label cells in S phase. Animals from this treatment regime were
sacrificed 1, 2, 4, 8, 16, 24 and 48 h later and processed for CldU
and pH3 immunolabeling, as shown in the protocol in
Fig. 5B. CIdU" and pH3" cells were counted throughout the
entire z-series of the tectum. Consistent with our earlier findings,
nutrients induce a burst of pH3™ cells at 16 h after feeding (compare
Fig. 2C and Fig. 5C, green). Surprisingly, nutrients only induce a
significant increase in CldU™ cells at 24 h after feeding (Fig. 5C,
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red), consistent with a 24 h cell cycle. These data indicate that
nutrients trigger NPCs to enter M phase prior to S phase, suggesting
that NR-induced stasis causes NPCs to enter G2 arrest.

To test further whether nutrients cause cells to re-enter the cell cycle
directly in M phase, animals were nutrient restricted for 2 days and
then treated with CldU for 24 h, the entire duration of the cell cycle
(Herrgen and Akerman, 2016; Sharma and Cline, 2010; Fig. 5C), with
or without food. At the end of the 24 h, brains were processed for
CIdU and pH3 immunolabeling (Fig. 6A). If nutrient-restricted NPCs
arrest in G2 and nutrient availability triggers re-entry into the cell
cycle directly into M phase, we predict we would detect pH3* cells
that are CldU™, even after 24 h of labeling. We found that in the
absence of food, few cells were pH3™ and almost all pH3" cells
were also C1dU" (Fig. 6B-E,J,K). The number of pH3"CldU* NPCs
that remained in the cell cycle showed a small but significant decrease
in the NR animals (Fig. 6], yellow). These data indicate that although
cell division is low in NR, a small pool of progenitors progresses
through the cell cycle even in the absence of food, possibly
representing a pool of self-renewing progenitors (Fig. 1D). In
contrast, in the NR+food animals the majority of pH3" cells were
not labeled with CldU (Fig. 6F-1,J.K), indicating that nutrient-
restricted cells resume proliferation by entering M phase directly
without having gone through S phase during the prior 24 h. Moreover,
even after 48 h, the CldU-labeled population failed to double in the
NR brains, indicating that cells are accumulating somewhere after S
phase in the absence of food (Fig. S5). Taken together, these data
demonstrate that nutrient availability causes cells to exit arrest and
resume proliferation, and that they do so by re-entering the cell cycle at
M phase. Moreover, these data suggest that animals in stasis have
NPCs that are paused during the G2 phase of the cell cycle.

NR-NPCs pause in G2 with increased DNA content

Thus far, the data indicate that nutrient-restricted NPCs exit the cell
cycle after S phase and upon re-introduction of food they re-enter
the cell cycle just prior to M phase, suggesting that NR causes NPCs
to pause in G2. If so, then NR-NPCs would have 4N DNA content
during developmental stasis. We therefore tested whether the DNA
content in tectal NPCs is greater in nutrient-restricted animals
compared with fed animals. Because fewer than 100 NR-NPCs were

Fig. 5. Nutrients trigger direct M-phase entry. (A) Cell
cycle schematic with labeling methods indicated. The cell
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16h 24h cycle in Xenopus neural progenitors at these stages is
}r ~24 h. CldU is incorporated into DNA during S phase (red)
and PH3 is a terminal label of cells in M phase (green).

(B) Experimental timeline. Stage 47 animals were
subjected to 2 days of nutrient restriction and then treated
with a 1 h pulse of CldU with or without food. Animals were
sacrificed at 1, 2, 4, 8, 12, 16 and 24 h after feeding and
brains were fixed and processed for CldU and pH3
immunolabeling. (C) Quantification of CldU+ (red) or pH3*
(green) cells from immunofluorescent z-stacks of the optic
tectum at designated time points represented as a time
course. Fd, food. n=7-16 animals per group for a total of
l- 150 total animals across 15 groups from multiple
independent clutches; see Table S1. ****P<0.0001.
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Fig. 6. Feeding triggers NPCs to exit G2 arrest and enter the cell cycle at M
phase. (A) Experimental timeline. Stage 47 animals were nutrient restricted for
2 days and then treated with CIdU for 24 h with or without food. After 24 h,
brains were processed for both pH3 and CldU immunolabeling. (B,F) Whole-
mount confocal images of CldU (red) and pH3 (green) immunolabeling in the
optic tectum in nutrient-restricted (B) and fed (F) animals. Images are 60 um
z-projections. (C-E,G-l) Digitally magnified images from the midline of the
animals shown in B and F. All samples were collected under identical imaging
parameters and post-processed identically. (J) Quantification of pH3* cells
(green) and pH3*CldU* (yellow) cells in the 60 ym Z-series showing that food
increases the number of pH3* cells but not the pH3*CldU* population.

(K) Fraction of pH3* cells that had also been previously labeled with CldU
presented as average of total cells per tectum ts.e.m. n=7 animals per group;
see Table S1. **P<0.01, ****P<0.0001. Scale bars: 100 pm (B,F); 20 ym
(C-E,G-I).

induced to divide with feeding in a single tectum (Figs 2, 3, 5 and 6),
we assessed DNA content by fluorescence, both on a population
level with line scans and on an individual cell level. Animals were
either continuously fed or nutrient restricted for 2 days and then
fixed and stained for TOPRO-3, which uniformly labels DNA in a
linear fashion (Martin et al., 2005; Milanovich et al., 1996). For the
population analysis, confocal images through brains were collected
and fluorescence intensity was measured across the midline by line
scan analyses (Fig. 7A,B). Single line scan averages per animal were
generated from line scans across 75 um in the rostral-caudal axis
from three different optical sections per brain, taken at identical
z-depths across animals. Fig. 7C shows four examples of averaged
line scans from tecta of nutrient-restricted animals and three
examples of controls. TOPRO-3 fluorescence intensity shows a
peak on each side of the midline, and the peaks from NR animals
(blue) are about twice the intensity as those of fed animals (orange),

suggesting higher DNA content in progenitors along the ventricle in
NR animals (Fig. 7D). In addition, the area of fluorescent label is
wider in fed animals demonstrating an increase in the number of
nuclei in fed versus NR animals, consistent with an increase in
proliferation in fed animals (Fig. 7E). We calculated a fluorescent
index for each animal as the ratio of the peak TOPRO-3 fluorescent
intensity normalized to the labeled area, to control for the increased
number of cells in fed animals. The fluorescent index in tecta from
nutrient-restricted animals was twice that of fed animals, indicating
that the nutrient-restricted animals have roughly twice the DNA
fluorescence as the fed animals, despite decreases in cell
proliferation and total cell number (Fig. 7F). These data indicate
that nutrient restriction increases cellular DNA content at a
population level along the ventricle where NPCs reside.

To test further the DNA content of NR-NPCs, fluorescence
intensity was measured from individual cell nuclei. NPCs were
traced along the ventricle in single optical sections from
continuously fed and NR animals (Fig. 7G,H), and compared
with neurons as a control for 2N DNA-containing cells (Fig. 7G,
asterisk). Although both groups of NPCs had increased fluorescence
intensity over the mature neuron control cells, the NR-NPCs had an
even higher fluorescence intensity at a cellular level than the fed
NPCs (Fig. S6A). On average, Xenopus tectal NPCs in the NR
animals were smaller than both fed NPCs and neurons (Fig. S6C),
consistent with published reports in other species (Lloyd, 2013;
Martin and Hall, 2005; Pérez-Hidalgo and Moreno, 2016), To
correct for cell size, we calculated a ratio of fluorescence intensity
over area, which demonstrates an increase in DNA content in NR-
NPCs compared with both the fed NPCs and mature 2N neurons
(Fig. 71). Using the neuronal measurements to define a range for 2N-
containing cells, we found an increase in the number of NR-NPCs
that contained a higher than 2N fluorescent DNA content compared
with the fed NPCs, indicating that there are more 4N-containing cells
in the NR animals than in the fed animals, despite the fed animals
having more cells actively dividing (Fig. 71, Fig. S6A,B). These data
demonstrate that tectal progenitors lining the ventricle in NR animals
have increased DNA content compared with both mature neurons and
NPCs in the fed animals. The increased DNA content in non-dividing
NR progenitors further indicates that tectal progenitor cells pause at
G2 in nutrient-restricted animals, leaving NPCs poised to re-enter the
cell cycle when nutrients become available again.

Activation of insulin receptor signaling is sufficient to drive

cell division of G2-arrested cells in the absence of nutrients

Data presented thus far indicate that nutrient-restricted NPCs are
paused in G2, by an mTOR-dependent mechanism. In many
systems, mTOR signaling is activated downstream of the insulin
receptor (Laplante and Sabatini, 2009; Lee, 2015; Loewith and Hall,
2011; Rafalski and Brunet, 2011). Insulin has been identified in the
tadpole pancreas at this stage (Shuldiner et al., 1991), and our
previous studies have shown that the insulin receptor (InsR) is
present and active in the tectum (Chiu et al., 2008). To investigate
further the mechanisms underlying G2 arrest in NPCs in the absence
of nutrients, we tested whether activation of the insulin signaling
pathway could drive cell division of nutrient-restricted cells using
the insulin-mimetic drug bPV(phen) (Bevan et al., 1995; Love
etal., 2014; Posner et al., 1994). Animals were subjected to nutrient
restriction for several days and then bPV(phen) or vehicle was
injected directly into the brain ventricle (Fig. 8A). Animals were
sacrificed and processed for pH3 immunofluorescence at time
points from 90 min to 16 h after injection and cells in M phase were
counted. Control animals were nutrient restricted without
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Fig. 7. Nutrient restriction increases DNA
content in NPCs. (A-F) Whole tectum
fluorescence intensity analysis. Brains from
continuously fed (orange, A) and nutrient-
restricted (blue, B) animals were stained with
TOPRO-3 to label DNA. Boxes in A and B
indicate the area analyzed by line scan.

(C) Example of averaged line scans from four
individual nutrient-restricted (blue) and three
individual fed (orange) animals showing a higher
peak of DNA labeling along the midline in the NR

C 2500 brains. (D) Average peak intensity
2 5000 measurements demonstrate increased
2 - fluorescence in the NR brains, consistent with
% % 1500 increased DNA content. (E) Average area of
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subsequent treatment or were fed ad libitum (Fig. 8B-D). Activation
of insulin signaling by direct brain injection of the insulin mimetic
bPV(phen) increased cell division by 4 h after injection in the
absence of any external food (Fig. 8D,E). This level of proliferation
was indistinguishable from that of clutch mates that were also
nutrient restricted and then fed for 16 h (Fig. 8C,E), indicating that
activation of insulin signaling is sufficient to drive cells out of G2
arrest and into mitosis. This 4 h time window to cell division is rapid
compared with the 16 h required by feeding, indicating that the
majority of the 16 h delay observed earlier is indeed due to the
requirement that the animal find, consume, digest and metabolize
the food. Importantly, the appearance of the M-phase marker pH3 at
just 4 h after injection further supports the hypothesis that NR-NPCs
had previously been paused in the G2 phase of the cell cycle.
Indeed, 4 h prior to M phase would still find the cell in G2. A shorter
90 min period of bPV(phen) treatment did not increase cell

Neurons NPCs
Fed

NPCs
NR

proliferation in NR animals above baseline levels of NR and
vehicle injections, though this does not rule out a peak time point
between 1.5 and 4 h (Fig. 8E). Moreover, these data show that InsR
activation is sufficient to reverse G2 arrest in nutrient-restricted
NPCs; however, whether it is necessary remains unknown.
Nevertheless, nutrient-restricted NPCs arrest in G2 and can be
driven back into M phase by activation of InsR signaling in the
absence of food. Taken together, these data demonstrate that
Xenopus NPCs enter an mTOR-dependent reversible state of G2
arrest in response to nutrient restriction that is likely to be
downstream of the insulin receptor.

DISCUSSION

Cell proliferation in the brain demands significant energy
consumption and is sensitive to nutrient restriction. Developing
organisms are particularly sensitive to alterations in nutrient
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Fig. 8. Activation of insulin signaling is sufficient to push G2-arrested
cells back into the cell cycle in the absence of nutrients. (A) Experimental
timeline. Animals were nutrient restricted for 2 days and then 300 nM
bPV(phen), or H,O control, was injected directly into the tectal ventricle. Brains
were fixed and processed for pH3 immunofluorescence at 90 min and 4 h after
injection. Control animals were nutrient restricted for 2 days and then fed for
16 h prior to fixation, as shown in the lower timeline. (B-D) Confocal images of
pH3-labeled tecta from injected animals at 4 h and a control group that was
given food to induce proliferation. (E) Quantification of pH3 labeling showing
total cell counts per tectum in each condition (error bars represent s.e.m.). Gray
data points are from NR and H,O-injected animals. Purple data points indicate
bPV(phen) animals, and green data points represent fed controls. n=6-39
animals per group per time point for a total of 160 animals across 16 groups
from multiple independent clutches, see Table S1. Fd, food. ****P<0.0001.
n.s., not significant. Scale bar: 100 pm.

availability (Georgieff, 2007; Georgieff et al., 2015; Metcalfe and
Monaghan, 2001), yet how NPCs in the vertebrate brain sense and
respond to nutrient availability is not clear. We sought to uncover
the cellular mechanisms underlying nutrient-responsive whole-
animal stasis in the developing Xenopus laevis brain. We
demonstrated that during stasis NPCs in tadpole brains arrest in
the G2 phase of the cell cycle with increased DNA content upon
nutrient restriction, and that re-introduction of food triggers cell
cycle re-entry at M phase. Exit from G2 arrest requires mTOR
signaling and NPCs can be forced out of G2 arrest by activating the
insulin receptor signaling pathway. Our study is the first to describe
a reversible G2 arrest in the vertebrate brain in vivo.

Nutrient restriction blocks neural progenitor cell
proliferation

Nutrient restriction severely reduces NPC proliferation in the
developing Xenopus brain, resulting in a significant decrease in the
size of the brain and reduction in tadpole development as a whole
(McKeown et al., 2017). Re-introduction of food causes a rapid and
robust recovery of proliferation, suggesting that developmental
stasis results from a reversible cell cycle arrest. Medaka fishes also

exhibit reversible cell cycle arrest in response to environmental cues
when exposed to cold temperatures; however, in this case each cell
arrests in whatever stage of the cell cycle it happens to be in at the
time of exposure to cold (Sampetrean et al., 2009). We demonstrated
that nutrient-restricted Xenopus tectal progenitors synchronously
enter M phase 16h after the animal resumes eating. The
synchronous progression to M phase after feeding produced an
almost tenfold increase in proliferation, shown with the M-phase
marker pH3, in vast excess of the expected doubling seen at 24 h
with the S-phase marker CldU (Fig. 5). Interestingly, even in the
absence of food, a small population of cells still progressed through
the cell cycle. We propose that NR causes NPCs to become
quiescent and that upon re-introduction of food these quiescent
progenitor cells enter M phase en masse. We further propose that
these nutrient-responsive cells are expanding progenitor cells,
responsible for populating the brain with neurons (Fig. 1C), and that
the basally dividing cells are self-renewing progenitors, which are
relatively insensitive to nutrient status. These data support a model
for cell cycle arrest during developmental stasis, in which a small
number of self-renewing progenitors are protected from
environmental stress, whereas the vast majority of nutrient-
responsive NPCs are poised to resume proliferation and populate
the brain with neurons upon the re-introduction of food.

Nutrient restriction arrests Xenopus neural progenitors in G2
phase of the cell cycle

‘We demonstrated that during stasis, Xenopus NPCs halt cell division
but quickly resume proliferation upon re-introduction of food. This
finding suggests that during stasis, NPCs are arrested in the cell
cycle. Canonical cell cycle checkpoints are obvious candidates for
the temporary block in cell division seen in these cells. We reasoned
that cells were not arresting at the G1 ‘restriction’ checkpoint
because cells stopped at this checkpoint are thought to either exit the
cell cycle completely or enter GO and terminally differentiate
(Barnum and O’Connell, 2014), neither of which is consistent with
our findings that arrested NPCs divide after feeding. Although, a
recent study shows that Drosophila embryonic neuroblasts arrested
in GO can resume proliferation in response to feeding (Otsuki and
Brand, 2018), data presented here argue against a model for GO
arrest during Xenopus stasis. The metaphase or ‘spindle checkpoint’
was dismissed because of the 24 h doubling of CIdU" cells after
feeding, which ruled out problems with daughter cell separation at
the spindle checkpoint. We considered the recently described S/G2
checkpoint (Saldivar et al., 2018); however, problems at this
checkpoint result in premature mitosis, which is opposite to our
observations. Our findings that arrested Xenopus NPCs have 4N
DNA content and enter M phase directly upon re-introduction of
food without having gone through S phase in the previous 24 h
(Figs 6 and 7) indicate that the cells are likely blocked during G2.
Although it is possible that NR-NPCs are stuck at the G2/M
checkpoint, traditionally the DNA-damage checkpoint, this
checkpoint has not been reported to be reversible and results in
cell death (Barnum and O’Connell, 2014; Shaltiel et al., 2015; Stark
and Taylor, 2004), and we do not observe any increase in cell death
during Xenopus stasis (McKeown et al., 2017).

Why might NPCs arrest at G2 in response to NR when other cell
cycle checkpoints more typically halt division? One possibility is
that cells in G2 may be relatively protected from environmental
insult and resulting cell death. This has been demonstrated in Hydra
and in mammalian cells in culture, where G2-arrested cells are
resistant to pro-apoptotic agents (Buzgariu et al., 2014; Harper et al.,
2010; Reiter et al., 2012). On the other hand, the majority of
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programmed cell death occurs as a result of the DNA-damage
checkpoint at the G2/M transition, so lengthening G2 may allow for
DNA repair in cells that were nutritionally stressed during S-phase
replication (Shaltiel et al., 2015). Nonetheless, by arresting at G2,
NPCs are uniquely poised to initiate mitosis rapidly once nutrients
are available. This mechanism of cell cycle modulation during G2
has been employed in several developmental systems, allowing for
bursts and waves of synchronous division (Ogura et al., 2011; Ogura
and Sasakura, 2016; Ueno et al., 2011). Indeed, G2 quiescence has
been described in the developing Drosophila nervous system, when
external nutrients are naturally unavailable (Chell and Brand, 2010;
Egger et al., 2008; Otsuki and Brand, 2018; Spéder and Brand,
2014). In our model of nutrient restriction, accumulation of
G2-arrested NPCs and the burst of cell proliferation once food is
available is expected to increase newly generated neurons that
incorporate into brain circuits. This may be a significant advantage,
allowing the animal to ‘catch up’ in brain development.
Additionally, newborn neurons have high energy requirements
(Birket et al., 2011; Ochocki and Simon, 2013; Rafalski and Brunet,
2011; Rafalski et al., 2012; Vander Heiden et al., 2009), so arresting
in G2 until nutrient conditions are more favorable could ensure
successful division and circuit assembly. Our finding that NR-NPCs
have decreased cell size points to a change in energy consumption
consistent with decreased mTOR signaling, although, in Drosophila,
G2-arrested neuroblasts have an increased cell size (Otsuki and
Brand, 2018), indicating that that further investigation is necessary.
Interestingly, in the chick retina, progenitors committed to generate
horizontal cells arrest in G2 prior to their terminal mitosis (Boije et al.,
2009); however, the continued doubling in CIdU" cells at 24 and 48 h
seen in our system (Figs 2 and 5) distinguished this type of G2 arrest
from our observations in the tadpole brain. Nonetheless, reversible
G2 arrest in Xenopus neural progenitors allows for a mechanism by
which a developing animal can adapt during times of environmental
uncertainty, quickly recovering proliferative capacity to continue
neuronal development.

mTOR and insulin receptor operate in the nutrient-sensing
pathway
This study begins to dissect the underlying molecular mechanisms
by which neuronal progenitor cells become G2 arrested in response
to a lack of external nutrients. The process by which nutrient-
restricted tectal progenitors enter arrest does not depend on mTOR
signaling, but mTOR is required for cells to exit cell cycle arrest and
proliferate. Although mTOR signaling has been well-studied in
promoting G1 phase of the cell cycle across species (Laplante and
Sabatini, 2009; Proud, 2010), the role of mTOR during G2/M
progression is less understood and the data appear contradictory. In
developing Drosophila imaginal discs, mTOR activation inhibits
the G2/M transition and blocking mTOR with rapamycin
accelerates M-phase entry and proliferation (Wu et al., 2007).
However, in yeast and mammals, mTOR activity promotes cell
cycle progression through G2/M phases and rapamycin blocks cell
division at the G2/M transition (Garelick and Kennedy, 2011;
Ramirez-Valle et al., 2010). Our study shows that Xenopus neural
progenitors exiting G2 arrest are similar to yeast and mammals in
that mTOR is required for cells to progress through G2/M.

mTOR activity is downstream of several nutrient-sensing
signaling pathways, including amino acid-sensing G protein-
coupled receptors, stress receptors, glucose transporters and
insulin receptor signaling (Ochocki and Simon, 2013; Proud,
2004; Rafalski and Brunet, 2011). In both C. elegans and
Drosophila, insulin signaling plays a role in developmental arrest

(Baugh, 2013; Chell and Brand, 2010; Colombani et al., 2012,
Munoz and Riddle, 2003; Spéder and Brand, 2014), suggesting that
insulin signaling may play a conserved role in species that undergo
stasis. In contrast, in an adult zebrafish model of hyperglycemia,
stem cells in the midbrain stop proliferating (Dorsemans et al.,
2017), suggesting that the capacity for modulating nutrient
adaptability decreases with development. We tested whether
insulin receptor signaling could act as a nutrient-sensor upstream
of mTOR-dependent stasis. We found that activating the insulin
receptor signaling pathway with the drug bPV(phen) is sufficient to
drive cells out of G2 arrest and into M phase even in the absence of
food. Although the insulin mimetic bPV(phen) has also been
reported to act as a PTEN inhibitor (Bevan et al., 1995; Posner et al.,
1994), the increase in p-PTEN in our NR animals (Fig. S3) suggests
that PTEN is already inhibited in NR-NPCs and bPV(phen) is not
acting in this capacity in our system. Activation of InsR signaling by
bPV(phen) is sufficient to pull NR-NPCs out of G2 arrest; however,
whether InsR is necessary for this process remains unknown. InsR
signaling is just one of multiple pathways that converge onto
mTOR, including glucose, stress and amino acid-sensing receptors
(Jacinto and Hall, 2003; Manning and Toker, 2017; Martin and
Hall, 2005; Ochocki and Simon, 2013; Proud, 2004; Rafalski and
Brunet, 2011; Rafalski et al., 2012; Reiling and Sabatini, 2006). In
Drosophila, amino acids have been shown to be required for
neuroblasts to exit cell cycle arrest (Britton and Edgar, 1998; Britton
et al., 2002; Chell and Brand, 2010; Lee et al., 2014; Néssel et al.,
2015; Sousa-Nunes et al., 2011; Spéder and Brand, 2014). Future
studies are required to determine what specific component of the
food is responsible for NR-NPCs to exit stasis in the Xenopus
tadpole. Our data suggest that insulin receptor signaling and mTOR
cooperate in a signaling pathway to sense and respond to nutrient
availability and initiate cell cycle progression. In combination with
previous studies from our group showing that insulin receptor
signaling is involved in tectal circuit function and neuronal
plasticity (Chiu et al., 2008), these studies indicate a key role for
insulin receptor signaling during tadpole brain development.

In summary, we have discovered a mechanism by which neural
progenitor cells can adapt in response to nutrient availability in an
awake, behaving vertebrate. Reversible G2 arrest in Xenopus neural
progenitors allows for a mechanism by which a developing animal
can adapt during times of environmental uncertainty, quickly
recovering proliferative capacity to continue neuronal development.

MATERIALS AND METHODS

Animals and feeding protocols

All animal protocols were approved by the Institutional Animal Care and
Use Committee of The Scripps Research Institute. Albino Xenopus laevis
tadpoles of either sex (bred in-house or purchased from Xenopus Express,
Brooksville, FL, USA, RRID:XEP_X1a200) were reared in 0.1x Steinberg’s
Solution or vivarium water (pH 7.0) 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). For each experiment, stage 41 tadpoles were removed
from the breeding tank and placed as a group into a large bowl of 0.1x
Steinberg’s solution or vivarium tank water without supplemental food.
Once animals reached stage 47, they were randomly divided into equal
groups treated as either continuously fed animals, which were fed once a day
and allowed to feed ad libitum throughout the experiment, nutrient restricted
(NR) animals reared without supplemental food, or delayed feeding animals
that were NR for 2 days and then fed ad libitum starting at the time points
indicated in each experiment. All fed animals were given 500 pl of a 30%
slurry of Xenopus Express Tadpole Food (Xenopus Express) added daily to
the rearing medium as described (McKeown et al., 2017). Xenopus Express
Tadpole Food is composed of a mixture of Brewer’s yeast, spirulina and
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vitamins. All animals were anesthetized in 0.02% MS222 (3-aminobenzoic
acid ethyl ester, Sigma-Aldrich) before surgical procedures, and were
terminally euthanized in 0.1% MS222 at the end of the experiment. Upon
dissection, animals from the fed groups that did not have visible food in their
guts were not included in further analysis.

Drug treatments

mTOR was blocked with a bath solution containing 10 mM rapamycin
(Sigma-Aldrich) diluted in rearing media for up to 48 h. Control animals
were treated similarly with drug vehicle, 0.1% dimethyl sulfoxide (DMSO).
Insulin signaling was activated with the insulin mimetic, potassium
bisperoxo(1,10-phenanthroline) oxovanadate (V) hydrate referred to
hereafter as bPV(phen) (Sigma-Aldrich), injected at 300 nM in H,O
directly into the brain ventricle.

CldU labeling

Proliferating cells were labeled in S phase with the thymidine analog
S-chloro-2'-deoxyuridine (CldU) (MP Biomedicals). Cells were labeled by
transferring animals to rearing solution containing 10 mM CIdU for 1-24 h
as indicated (McKeown et al., 2013; Sharma and Cline, 2010). For
immunolabeling, tadpoles were terminally anesthetized in 0.1% MS222
solution and fixed with 4% paraformaldehyde in PBS (pH 7.4) overnight at
4°C. Brains were processed for immunofluorescence as described below.

Immunofluorescence labeling

Fixed tadpoles were washed with PBS and brains were dissected into PBS
with 0.01% Triton X-100 (PTx). Brains were permeabilized with 0.1%
Triton X-100 in PBS, and then placed in blocking buffer (4% bovine serum
albumin and 1% normal goat serum in PTx) for 24 h at 4°C. Primary
antibodies were incubated for 1-2 days at 4°C diluted in blocking buffer,
followed by additional washes and detection with Alexa Fluor dye-
conjugated secondary antibodies (1:500, Life Technologies, A21202,
A21121, A11008, A21208, A11004, A11010, A21434, A21094, A21071
and A21052). For CIdU labeling, samples were treated with 2 N HCI at
37°C for 10 min after permeabilization, followed by three additional PTx
washes prior to blocking. For HuC/D labeling, an epitope retrieval step of
10 mM citrate buffer pH 6.0 for 10 min in boiling water was added after
permeabilization, followed by three additional PTx washes prior to
blocking. For nuclear labeling, TOPRO-3 (1:1000, Life Technologies,
T3605) was added in lieu of primary antibodies for 15 min at room
temperature and then brains were washed three times in PTx. All samples
were mounted with Fluoroshield Gel Mount (Accurate Chemical). Primary
antibodies used for immunolabeling were rat anti-CldU [BU1/75(ICR1)
monoclonal, OBT0030G, Accurate Chemical, RRID:AB_609567, 1:500],
rabbit anti-Sox2 (D6D9 monoclonal, 3579, Cell Signaling Technology,
RRID:AB_2195767, 1:400), mouse anti-HuC/D (16A11 monoclonal,
ThermoFisher, A21271, RRID:AB_221448, 1:500), rabbit anti-phospho-
histone H3 (ser10) (D2C8 monoclonal, 3475, Cell Signaling Technology,
RRID:AB_10694639, 1:1000) and rabbit anti-phospho-ribosomal S6
(polyclonal 07-433, EMD, RRID:AB_310612, 1:500).

Microscopy and presentation

All samples within an experiment were prepared, imaged and analyzed in
parallel using identical acquisition and analysis settings. For whole-mount
immunofluorescence, confocal stacks were collected on an Olympus
Fluoview FV500 laser-scanning confocal microscope equipped with 20%/
0.8NA and 60%/1.42NA oil-immersion objectives. Brains were imaged to
60 um depth starting just below the dorsal surface of the skin. Images were
acquired under identical settings within an experiment and pixel saturation
was minimal during image acquisition. No post-acquisition alterations were
made to the intensity or levels of any images. Analysis was performed in the
z-dimension but for presentation purposes, maximum intensity z-projections
were made using ImageJ, where indicated. Figures were compiled using
Adobe Illustrator.

Cell counting
For cell counting, the anterior border of the tectum was defined as the
anterior commissure, and the posterior border was defined as the caudal

extent of the third ventricle. We counted the number of labeled cells from
optical stacks of whole imaged tecta in ImagelJ using the same borders
defined for the largest cross-sectional area from 51 optical sections (60 um
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 minor
secondary antibody binding. All pH3" cells in the tectum were included.
CIdU is incorporated into the DNA during S phase, which results in more
variability in levels of labeling. Thus, for CIdU™ cell counts, cells that met a
threshold fluorescence intensity of at least three times the intensity of the
background tissue were included.

DNA content analysis

All animals were imaged under identical conditions on a Fluoview500 laser
scanning microscope. Imaging parameters were established to avoid
saturation. Animals were labeled with TOPRO-3 DNA dye, which has
been shown to stain DNA linearly and accurately report DNA content in the
far-red channel (Martin et al., 2005; Milanovich et al., 1996). For line scan
analysis, a region of interest (ROI) box of 500 um wide and 75 um deep was
centered on the midline of the tectum just caudal to the anterior commissure
at a depth of approximately 18 pm beneath the surface of the tectum. ImagelJ
was used to determine pixel intensities across the ROI in the y-dimension
and report average fluorescence intensity for the optical section: at 1.24 pm/
pixel resolution, a 75 um ROI box will contain 60 individual line scans, the
average of which is reported in the shown traces. To control for variations in
penetration of the dye and photobleaching, three different optical sections
were measured for each animal within a 10 pm z-depth ventral from the first.
Both average peak intensity and area under the curve were determined from
each series of line scans. The Fluorescent Index was defined as the ratio of
the average peak intensity to the total fluorescent area within the ROI per
animal. Two different experiments from two different clutches were pooled
(normalized and determined to be not significantly different; area under
curve measurements determined not to be significantly different as raw
numbers and pooled). »=16 NR animals, n=17 fed animals, (average of three
optical sections per animal with 60 line scans per optical section averaged).
For individual cell analysis, cell outlines from a single optical section at
identical z-depths were highlighted with a watershed mask and then
individually traced in ImageJ. Fluorescence intensity for each individual cell
trace was calculated as a Raw Internal Density in ImageJ. Because the
tectum is a complex three-dimensional tissue, nuclear outlines in a single
optical section could represent any z-depth of a given cell, so to control for
cell size we measured the area of each cross-sectional tracing and calculated
a fluorescence/area ratio. Fifty cells were traced per animal, 45 cells lining
the ventricle where the progenitors reside and five cells at the periphery of
the cell body layer adjacent to the neuropil where mature neurons reside. Ten
brains from both NR and fed groups were analyzed for a total of 450
progenitors from each group. Fluorescence measurements from post-mitotic
neurons were considered to be the baseline range for 2N DNA.

Western blots

Whole brains were dissected and immediately frozen on dry ice and stored at
—80°C (n=5 brains per treatment per time point). Samples were thawed on
ice in RIPA buffer plus protease inhibitor cocktail (1x Roche Complete),
supplemented with phosphatase inhibitors NaFl (10 mM) and NaVOj;
(1 mM), and homogenized. Protein concentrations were determined by
BCA reaction read in triplicate on a Nanodrop spectrophotometer. Proteins
were denatured by boiling in Laemmli sample buffer and 2 ug were loaded
per well. Proteins were separated on 4-20% gradient SDS-PAGE and
transferred to nitrocellulose. Primary antibodies used were rabbit anti-
mTOR (7C10 monoclonal, 2983, Cell Signaling Technology, RRID:
AB_2105622, 1:1000), rabbit anti-phospho-mTOR (ser2448) (polyclonal,
2971, Cell Signaling Technology, RRID:AB_330970, 1:1000), rabbit anti-
phospho-ribosomal S6 (polyclonal 07-433, EMD, RRID:AB_310612,
1:1000), rabbit anti-phospho-PTEN (S380) (polyclonal, 9551, Cell
Signaling Technology, RRID:AB_331407, 1:1000), rabbit anti-phospho-
AKT (S473) (D9E monoclonal, 4060, Cell Signaling Technology, RRID:
AB_2315049, 1:1000), rabbit anti-panAKT (C67E7 monoclonal, 4691,
RRID:AB_915783, 1:1000), and mouse anti-actin (C4 monoclonal
MABI1501, Millipore, RRID:AB_2223041, 1:5000). HRP-conjugated
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secondary antibodies (BioRad, 172-1011 and 172-1019; 1:5000) were used
for detection, and bands were visualized by enhanced chemiluminescence.
Densitometry measurements were performed in Imagel. In addition to
loading equal amounts of protein, bands were normalized to total protein
levels determined by Ponceau S staining and further normalized to a second
antibody loading control, where indicated. A minimum of three biological
replicates was used for each quantification shown.

Statistical analyses

To analyze data for statistical differences between multiple groups in Figs 2,
3,4, 5, Figs S4 and S5, we used analysis of variance (ANOVA), and post-
hoc comparisons across treatment groups were made with Tukey’s multiple
comparisons test. For pairwise comparisons between two groups in Figs 6, 7
and Fig. S6, two-tailed non-parametric #-tests were used. For pairwise
comparisons of normalized western blot data in Fig. S3, the Wilcoxon
signed-rank test was used. Data from experimental replicates of independent
clutches were pooled when shown to be normally distributed and not
significantly different by a two-tailed non-parametric t-test. Data are
represented as meands.e.m. Statistical analyses and graph presentations
were performed with Prism 8.1 (GraphPad Software). Details of statistical
analyses are summarized in Table S1.
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