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Abstract

Dietary nutrients provide macromolecules necessary for organism growth and development.

In response to animal feeding, evolutionarily conserved growth signaling pathways are acti-

vated, leading to increased rates of cell proliferation and tissue growth. It remains unclear

how different cell types within developing tissues coordinate growth in response to dietary

nutrients and whether coordinated growth of different cell types is necessary for proper tis-

sue function. Here, we report that Drosophila neural stem cells, known as neuroblasts, reac-

tivate from developmental quiescence in a dietary-nutrient–dependent manner. Neuroblast

reactivation in the brain requires nonautonomous activation of phosphoinositide 3-kinase

(PI3-kinase) signaling from cortex glia and tracheal processes, both of which are closely

associated with neuroblasts. Furthermore, PI3-kinase activation in neuroblasts is required

nonautonomously for glial membrane expansion and robust neuroblast–glial contact.

Finally, PI3-kinase is required cell autonomously for nutrient-dependent growth of neuro-

blasts, glia, and trachea. Of the 7 Drosophila insulin-like peptides (Dilps), we find that Dilp-2

is required for PI3-kinase activation and growth coordination between neuroblasts and glia

in the brain. Dilp-2 induces brain cortex glia to initiate membrane growth and make first con-

tact with quiescent neuroblasts. After contact, neuroblasts increase in size and reenter S-

phase. Once reactivated from quiescence, neuroblasts promote growth of cortex glia,

which, in turn, form a selective membrane barrier around neuroblasts and their newborn

progeny. Our results highlight the importance of bidirectional growth signaling between neu-

ral stem cells and surrounding cell types in the brain in response to nutrition and demon-

strate how coordinated growth among different cell types drives tissue morphogenesis and

function.
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Introduction

Organs must be appropriately sized and patterned to function properly and meet physiological

needs of adult animals. To achieve proper organ size and function, a multitude of different cell

types are produced over time and in space. Yet, it remains unclear how different cell types with

different molecular programs integrate their own growth with that of their nearby neighbors,

some of which have different developmental origins. This is particularly true for stem cells,

many of which reside within specialized microenvironments composed of many different cell

types. Hormones and other secreted growth factors and cytokines have clear and important

roles in growth regulation from the single-cell to tissue level and beyond [1–6]. What is less

understood is whether local growth decisions are coordinated in response to nutrient availabil-

ity, what regulatory networks coordinate local growth, and whether coordinated growth is

required for tissue function. Dietary nutrients also play important roles in growth regulation

because they provide the building blocks for biosynthesis of macromolecules (lipids, proteins,

and nucleic acids) and serve as cofactors used in metabolic reactions.

Here, we investigate how growth occurs in the Drosophila brain in response to dietary

nutrients during development. In Drosophila, nutrient-sensing pathways, including insulin/

phosphoinositide 3-kinase (PI3-kinase) and target of rapamycin (TOR)-kinase, are evolution-

arily conserved, and genetic tools for cell-type–specific manipulation of gene function are

available [7–9]. The Drosophila brain is well-suited for investigating how growth is regulated

and coordinated among different cell types in response to dietary nutrients because it contains

a multitude of different cell types, including a heterogeneous population of neural stem cells

and progenitors, a diverse array of specialized glia, different neuron subtypes including neuro-

secretory neurons, and a tracheal network of branched epithelial tubules for oxygen exchange.

Furthermore, in Drosophila, the time when animals receive their first dietary nutrients can be

precisely controlled and the growth of molecularly and functionally distinct cell types assayed

over time using available markers. Better understanding of how dietary nutrients regulate

brain growth and development is fundamentally important given the incidence of human neu-

rodevelopmental disorders and defects associated with poor nutrient quality and/or limited

nutrient availability [10–14].

Drosophila receive their first dietary nutrients after consuming their first meal as freshly

hatched larvae, which occurs about 22 hours (at 25˚C) after fertilization following completion

of embryogenesis. Dietary amino acids stimulate TOR-kinase pathway activity in the fat body,

a lipid storage organ with endocrine function similar to the mammalian liver [15,16]. In

response to dietary nutrients, fat-body–derived signals (FDSs) are synthesized and secreted

into the circulating hemolymph, which stimulates tissue growth systemically [16–21]. Subperi-

neurial glia (SPG), a glial subtype that forms part of the blood brain-like barrier, respond to

the FDS by synthesizing and secreting Drosophila insulin-like peptide 6 (Dilp-6) locally within

the central nervous system (CNS) [21–23]. Local Dilp-6 activates the PI3-kinase pathway in

neural stem cells, known as neuroblasts in Drosophila, leading to increased growth and their

reactivation from developmental quiescence [21,22]. This is the current model for how dietary

nutrient conditions regulate neuroblast reactivation from developmental quiescence. What is

lacking is a better understanding of how other cell types within the brain grow in response to

dietary nutrients, whether their growth is coordinated in response to dietary nutrients, and

whether their growth is required for neuroblast reactivation. Stem cells generally reside within

specialized microenvironments, referred to as niches, that support and insulate them from

outside factors [24]. These specialized microenvironments integrate local and systemic cues to

control stem cell proliferation decisions, cues that report on nutrient status, tissue physiology

and function, and perhaps even developmental time.
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Here, we report that in addition to neuroblast reactivation from developmental quiescence,

animal feeding also initiates growth of glia and trachea. Moreover, growth of all 3 cell types

occurs continuously and concomitantly, suggesting that common nutrient-sensing pathways

regulate and coordinate growth among the different cell types in response to nutrition. We

find that Drosophila insulin-like peptide 2 (Dilp-2) mediates PI3-kinase activation in neuro-

blasts and glia and that Dilp-2–mediated PI3-kinase activity is required to coordinate the

growth of neuroblasts with the development of their cortex glial niche. Cortex glia, a subset of

brain glia, ensheathe neuroblasts and their progeny with a selective membrane that provides

barrier function to protect neuroblasts and their progeny from outside factors. Furthermore,

we find that Dilp-6 is dispensable for neuroblast reactivation from quiescence, as well as the

growth of glia and trachea in the brain, compensated for by high dilp2 transcript and protein

levels in response to feeding. This work highlights the importance of bidirectional growth sig-

naling among different cell types in response to nutrition and sheds light on how dietary nutri-

ents coordinate growth among different cell types within the developing Drosophila brain.

Results

Neuroblast reactivation from quiescence, glial growth, and tracheal

morphogenesis are nutrient regulated

To better understand how cell growth is coordinated with tissue growth in response to dietary

nutrients, we assayed proliferation and growth rates of different cell types in the Drosophila
brain in response to animal feeding. Freshly hatched larvae were fed a standard fly food diet

for defined periods of time (4, 12, 16, 20, or 24 hours), and growth and proliferation of neuro-

blasts, glia, and trachea were assayed in the brain (Fig 1). Fly food was supplemented with EdU

(5-ethynyl-20-deoxyuridine) to assay S-phase entry, and size was measured based on the aver-

age diameter of neuroblasts or total membrane surface area for glia and trachea (see Materials

and Methods for details). After 4 hours of animal feeding, we observed that the 4 mushroom

body (MB) neuroblasts (white arrows) and 1 lateral neuroblast were dividing based on their

incorporation of EdU and generation of EdU-positive progeny (Fig 1A and 1F and S1A–S1C

Fig). In contrast, the other central brain neuroblasts (approximately 100 per brain hemi-

sphere), referred to as non-MB neuroblasts, failed to incorporate EdU during this time (Fig 1A

and 1F and S1A–S1C Fig). EdU-positive MB and lateral neuroblasts were larger than the EdU-

negative, non-MB neuroblasts, but all expressed the HES1 orthologue, Deadpan (Dpn), a pan-

neuroblast marker (S1B and S1C Fig). After 12 hours of feeding, a few non-MB neuroblasts

incorporated EdU, and EdU incorporation correlated with increased neuroblast size (Fig 1B

and 1F and S1F Fig). Over time, the fraction of EdU-positive, non-MB neuroblasts continued

to increase, and at 24 hours, more than 60% of non-MB neuroblasts were EdU-positive (Fig

1C, 1D and 1F). Similar to earlier time points, EdU-positive non-MB neuroblasts were larger

than EdU-negative non-MB neuroblasts (S1D and S1F Fig). To confirm that increases in neu-

roblast size and S-phase entry are nutrient regulated, we fed animals a sucrose-only diet for 24

hours. Consistent with previous reports, no neuroblasts other than the 4 MB neuroblasts

(white arrows) and the lateral neuroblast incorporated EdU (Fig 1E and 1F), and non-MB neu-

roblast size was reduced compared to both EdU-positive and negative non-MB neuroblasts

from 24-hour–fed animals (S1E and S1F Fig). We conclude that neuroblasts reactivate from

developmental quiescence in response to animal feeding and that reactivation occurs stepwise.

Neuroblasts grow in size first and subsequently reenter S-phase and begin generating new

progeny. This conclusion is in agreement with previously published work [17,21,22,25,26].

Next, we asked whether growth of other cell types within the brain is also nutrient regu-

lated. Nutrient-dependent growth of other cell types, including niche-like cortex glia, could
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play a role in regulating neuroblast reactivation from quiescence and contribute to the sub-

stantial increases in brain size observed after 24 hours of animal feeding (approximately 1.76×,

S1G Fig). After 24 hours of feeding, we found that approximately 45% of glia, identified based

Fig 1. NB reactivation from quiescence, as well as glial and tracheal growth, are nutrient regulated. (A–E) Maximum intensity projections

of single brain hemispheres. Top panels are colored overlays with single-channel grayscale images below. Brain hemispheres are outlined, and

the dotted vertical line indicates the midline. Molecular markers are denoted within panels, and white arrows indicate MB NBs (A,E). (F)

Quantification of EdU-positive NBs over time shown as scatter plots with dots representing individual brain hemispheres. Columns indicate

mean and error bars indicate SEM in this and all subsequent figures. (G–L) Increases in glial membrane surface area over time in animals

expressing mCD8:GFP using repoGAL4. (G–K) Single optical sections of brain hemispheres. Top panels are colored overlays, and bottom

panels are single-channel images with mask overlays used in quantification (L) of total glial membrane surface area over time (see Materials

and Methods). (M–R) Cerebral tracheal morphology over time in animals expressing GFP using btlGAL4. (M–Q) Maximum intensity

projections of brain hemispheres with rendered trachea below and quantified in (R). (F,L,R) One-way ANOVA with Tukey post hoc analysis,
�p< 0.05, ��p< 0.01, ���p< 0.001. (A,G,M) Scale bar equals 10 μm in this and all subsequent figures. Genotypes of panels listed in S2 Table

and data listed in S1 Data. btl, breathless; Dpn, Deadpan; EdU, 5-ethynyl-20-deoxyuridine; GFP, green fluorescent protein; mCD8, membrane-

targeted CD8 antigen; NB, neuroblast; repo, reversed polarity; Scrib, Scribble.

https://doi.org/10.1371/journal.pbio.3000721.g001
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on expression of the homeodomain transcription factor reversed polarity (Repo), incorporated

EdU (S1H and S1I Fig). This was unexpected and suggested that either new glia are being pro-

duced or that existing glia endoreplicate in response to feeding. To distinguish between these

possibilities, we counted glial nuclei before animal feeding (0 hours fed, freshly hatched) and

after 24 hours of animal feeding. We found approximately 95 Repo-positive glia per brain

hemisphere before feeding and approximately 100 after feeding, suggesting that EdU incorpo-

ration is not followed by glial cell division (S1J Fig). Next, we expressed upstream activating

sequence (UAS)–double-parked RNA interference (dupRNAi) in glia (using repoGAL4) to

inhibit DNA replication and block endoreplication [27]. After 24 hours of feeding, essentially

no dupRNAi-expressing glia were EdU-positive (<1%, n = 5 brain hemispheres), and the glial

number was unchanged compared to controls, indicating that glia endoreplicate in response

to feeding (S1K and S1L Fig). Next, we expressed a membrane-tagged green fluorescent pro-

tein (GFP) in glia (repoGAL4, UAS–membrane-targeted CD8 antigen [mCD8]GFP) to assay

glial surface area over time. Between 12 and 24 hours of animal feeding, glial membrane sur-

face area increased nearly 3-fold (Fig 1G–1J and 1L). To determine whether glial membrane

growth and S-phase entry are nutrient regulated, animals were fed a sucrose-only diet. After

24 hours, no increases in glia membrane surface area or EdU-positive glia were found, demon-

strating that glial membrane growth and S-phase entry are nutrient regulated (Fig 1K and 1L

and S1I Fig). We conclude that glia endoreplicate and their membrane surface area increases

in response to dietary nutrients.

Next, we assayed growth of brain trachea in response to feeding. Trachea are a network of

epithelial-derived tubules that supply oxygen and exchange gas throughout the animal. In the

brain, during later larval stages, trachea extend along glia forming a perineuropilar tracheal

plexus, analogous to cerebral vasculature in mammals [28]. During mammalian cortical devel-

opment, intermediate neural progenitors divide near blood vessel branch points, suggesting

that cerebral vasculature provides niche-like support, similar to Drosophila glia [29]. To deter-

mine whether tracheal morphogenesis in the Drosophila brain is nutrient regulated, we assayed

tracheal growth over time in response to feeding. Before animal feeding, a single tracheal

branch enters the medial brain region [28]. After 24 hours of feeding, we observed 1 to 4 EdU-

positive tracheal nuclei, located at the base of secondary branches, in each brain hemisphere

(S1M and S1N Fig), and we found an overall 3-fold increase in tracheal surface area (Fig 1M–

1P and 1R). Tracheal branching became more elaborate over time, with brain hemispheres

being infiltrated from the inside out in a stereotypic pattern. In contrast, when animals were

fed a sucrose-only diet, no EdU-positive tracheal nuclei were observed, and tracheal surface

area and branching was reduced (Fig 1Q and 1R and S1N Fig). Together, we conclude that

growth (S-phase entry and size) of neuroblasts, glia, and trachea is nutrient regulated. More-

over, growth of all 3 cell types occurs continuously and concomitantly, raising the possibility

that nutrient-sensing pathways coordinate growth among different cell types.

Nutrient-dependent growth of neuroblasts, glia, and trachea requires cell-

autonomous and non-cell–autonomous activation of PI3-kinase

Increases in cell growth in response to dietary nutrients are typically due to increased PI3-ki-

nase pathway activity, an evolutionarily conserved growth signaling pathway that activates

TOR-kinase and other growth pathways [1,3,7,9,14]. To determine whether PI3-kinase is

required for nutrient-dependent growth of neuroblasts, glia, and trachea, we expressed UAS--
Drosophila protein 60 (dp60) to reduce PI3-kinase activity cell autonomously using cell-type–

specific GAL4 lines and assayed EdU incorporation and cell size or membrane surface area

after 24 hours of feeding (Fig 2A and S2A–S2F Fig) [30]. When levels of PI3-kinase activity
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were reduced in neuroblasts (worniu [wor]GAL4, UAS-dp60), neuroblast EdU incorporation

was reduced and neuroblast size reduced as reported previously (S2A and S2B Fig) [21,22,26].

When levels of PI3-kinase activity were reduced in all glia (repoGAL4, UAS-dp60), EdU incor-

poration was essentially absent in glia, and the membrane surface area was reduced (S2C and

S2D Fig). Reduction of PI3-kinase activity in trachea (btlGAL4, UAS-dp60) resulted in reduced

EdU incorporation and tracheal surface area and branching (S2E and S2F Fig). Therefore,

PI3-kinase is required for cell-autonomous nutrient-dependent growth of neuroblasts, glia,

and trachea.

To determine whether PI3-kinase is also required to coordinate growth among neuroblasts,

glia, and trachea in response to nutrition, levels of PI3-kinase activity were reduced in 1 cell

type (neuroblasts, glia, or trachea) alone, and the growth of the other 2 cell types was assayed.

When PI3-kinase levels were reduced in neuroblasts (worGAL4, UAS-dp60), a modest but sig-

nificant reduction in glial membrane surface area was observed after 24 hours of feeding (Fig

2A–2C and 2E). To further support that neuroblast growth is required for glial growth, we

expressed raptorRNAi in neuroblasts (worGAL4, UAS-raptorRNAi) to knock down TOR activ-

ity. Again, a significant reduction in glial membrane surface area was found after 24 hours of

feeding (Fig 2D and 2E). Reductions in glial membrane surface area could be due to reductions

in glia number because some worGAL4-expressing neuroblast lineages generate glia. Indeed,

glia number was reduced compared with controls in raptorRNAi knockdown animals (wor-
GAL4, UAS-raptorRNAi) but remained unchanged when PI3-kinase activity was reduced in

neuroblasts (worGAL4, UAS-dp60) (S2G Fig). Next, we assayed tracheal surface area when lev-

els of PI3-kinase activity were reduced in neuroblasts. No change in tracheal surface area was

detected (S2H–S2J Fig). We conclude that activation of PI3-kinase signaling in neuroblasts is

required for glial membrane growth, but not for growth of trachea.

Next, we reduced PI3-kinase activity in glia and assayed the growth of neuroblasts and tra-

chea. When PI3-kinase levels were reduced in glia (repoGAL4, UAS-dp60), significant reduc-

tions in both neuroblast EdU incorporation and neuroblast size were found after 24 hours of

feeding (Fig 2F–2I). Yet, tracheal surface area remained relatively unchanged compared to

controls (S2K and S2L Fig). Finally, we reduced PI3-kinase activity in trachea and assayed the

growth of neuroblasts and glia. When PI3-kinase activity levels were reduced in trachea

(btlGAL4, UAS-dp60), we found a modest but significant reduction in neuroblast EdU incor-

poration after 24 hours of feeding (Fig 2J and 2K) but no change in glia membrane surface

area (S2M and S2N Fig). We conclude that activation of PI3-kinase signaling in glia and tra-

chea both contribute to neuroblast reactivation, revealing that both cell types provide niche-

like stem cell support. In addition, activation of PI3-kinase in neuroblasts is required for glial

growth, but not tracheal growth (summary panel Fig 2L). Altogether, we conclude that PI3-ki-

nase signaling functions in a cell-autonomous and nonautonomous manner to coordinate

growth among different cell types within the developing Drosophila brain.

Growth of cortex, subperineurial, and neuropil glia is nutrient regulated

and PI3-kinase dependent

The glial population in the Drosophila brain is composed of several different subtypes, includ-

ing cortex glia that ensheathe neuroblasts and their newborn neuron progeny, SPG that encap-

sulate the CNS and form part of the "blood-brain–like barrier", and neuropil glia that separate

neuron cell bodies from their axon projections (S3A Fig). To better understand how PI3-ki-

nase–dependent growth is coordinated between neuroblasts and glia, we assessed numbers

and types of glia, based on location, before and after animal feeding. Before feeding, approxi-

mately 95 Repo-positive glia were found in each brain hemisphere. Of these, approximately 18
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were cortex glia (19%), approximately 34 were neuropil glia (35%, which include ensheathing

glia of the neuropil and astrocytes), and the rest, approximately 46%, were SPG and optic-

lobe–associated glia combined. After 24 hours of feeding, glial number and subtype distribu-

tion based on location remained relatively similar (S3B Fig). We conclude that glial number

and type are not specified by dietary nutrient uptake.

Next, we screened existing glial GAL4 lines to identify lines that drive GAL4 reporter

expression specifically in different glial subsets in 24-hour–fed animals (S1 Table). We found

that NP0577GAL4 drove UAS-histone red fluorescent protein (RFP) reporter expression in all

cortex glia, identified based on location and Repo coexpression, as well as in some other glia

(S3C and S3D Fig and S1 Table). MoodyGAL4 drove UAS-histoneRFP in most SPG, almost

Fig 2. Nutrient-dependent growth of NBs, glia, and trachea requires cell-autonomous and non-cell–autonomous PI3-kinase activation. (A) Images of

segmented brain hemispheres with cell types colored as indicated. (B–D) Single Z images of brain hemispheres. Top panels are colored overlays, and

bottom panel are single-channel images overlaid with the mask used for quantification (E) (see Materials and Methods). (F,G,J) EdU-positive NBs after 24

hours of feeding. Maximum intensity projections of brain hemispheres from the indicated genotypes. Top panels are colored overlays, and single-channel

grayscale images are below. Brain hemispheres are outlined, and the dotted vertical line to the left indicates the midline. Quantification of EdU-positive NBs

(H,K) and NB size (I). (L) Summary of PI3-kinase growth regulation between different cell types in the brain. Circular arrows indicate requirement for

autonomous PI3-kinase growth signaling, and straight arrows indicate nonautonomous growth signaling. (E) One-way ANOVA with Tukey post hoc

analysis. (H,I,K) Student two-tailed t test, �p< 0.05, ��p< 0.01,���p< 0.001, error bars, SEM. Genotypes of panels listed in S2 Table and data listed in S1

Data. btl, breathless; Dpn, Deadpan; dp60, Drosophila protein 60; EdU, 5-ethynyl-20-deoxyuridine; GFP, green fluorescent protein; mCD8, membrane-

targeted CD8 antigen; NB, neuroblast; PI3-kinase, phosphoinositide 3-kinase; raptorRNAi, raptor RNA interference; repo, reversed polarity; UAS, upstream

activating sequence; wor, worniu.

https://doi.org/10.1371/journal.pbio.3000721.g002
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half of neuropil glia, but no other glia (S3E and S3F Fig and S1 Table). Of the 6 glial GAL4

lines screened, NP0577GAL4 and moodyGAL4 exhibited the most restricted and specific pat-

terns of glia GAL4 expression in brains of 24-hour–fed animals. Therefore, we used these lines

for subsequent analyses.

We expressed a membrane-tagged GFP in cortex glia (NP0577GAL4, UAS-mCD8GFP) to

assay membrane growth in this glial subtype. After 24 hours of feeding, cortex glial membrane

surface area increased nearly 3-fold, and cortex glia began to ensheathe neuroblasts with new

glial membrane (Fig 3A and 3D). In contrast, animals fed a sucrose-only diet or a normal diet

with reduced PI3-kinase levels in cortex glia (NP0577GAL4, UAS-dp60) showed no increases

in cortex glia membrane surface area after 24 hours (Fig 3B–3D). Furthermore, we found no

Fig 3. Growth of cortex glia and SPG is nutrient regulated and PI3-kinase dependent. (A-C) Cortex glial membrane morphology after 24

hours of feeding standard food (A and C) or sucrose (B). (A–C) Single Z planes of brain hemispheres. Top panels are colored overlays, and

bottom panels are single-channel images with the mask overlays used for quantification of cortex glia membrane surface area (D). Boxed Dpn-

positive NBs are shown at higher magnification to the right. (E–G) SPG and neuropil glial membrane morphology after 24 hours of feeding on

standard food (E and G) or sucrose (F). (J–L) Single Z images of brain hemispheres. Top panels are colored overlays, and bottom panels show

single-channel images with the mask overlay used for quantification of SPG and neuropil membrane surface area (H). Dpn-positive NBs

denoted in the box shown at higher magnification to the right. One-way ANOVA with Tukey post hoc analysis, ��p< 0.01, ���p< 0.001. Error

bars, SEM. Genotypes of panels listed in S2 Table and data listed in S1 Data. Dpn, Deadpan; dp60, Drosophila protein 60; GFP, green

fluorescent protein; mCD8, membrane-targeted CD8 antigen; NB, neuroblast; PI3-kinase, phosphoinositide 3-kinase; Scrib, Scribble; SPG,

subperineurial glia; UAS, upstream activating sequence.

https://doi.org/10.1371/journal.pbio.3000721.g003
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evidence of glial membrane ensheathment of neuroblasts under these conditions (Fig 3B and

3C, right panels). Next, we carried out a similar set of experiments in moodyGAL4,

UASmCD8GFP animals. In animals fed a sucrose-only diet or those fed a normal diet but with

reduced PI3-kinase levels in glia (moodyGAL4, UAS-dp60), we observed reductions in SPG

and neuropil glial membrane surface area compared to animals fed a normal diet for 24 hours

(Fig 3E–3H). Of note, neither SPG nor neuropil glia ensheathed neuroblasts (Fig 3E, right

panel). We conclude that cortex glia, SPG, and neuropil glia require dietary nutrients and

PI3-kinase activity for growth. Importantly, glial-subtype–specific GAL4 lines provide the

tools necessary to further dissect nonautonomous growth regulation between neuroblasts and

specific glia subtypes in response to nutrition and PI3-kinase activity levels.

Cortex glia are required to reactivate neuroblasts from developmental

quiescence

We found that reduction of PI3-kinase activity in all glia inhibited neuroblast reactivation

from developmental quiescence (refer back to Fig 2F–2I). Using glial-subtype–specific GAL4

lines, we reduced PI3-kinase levels in a glial-subtype–specific manner and assayed neuroblast

EdU incorporation and size after 24 hours of feeding. When PI3-kinase activity was reduced

in cortex glia (NP0577GAL4, UAS-dp60), we found that neuroblast EdU incorporation and

size were reduced after 24 hours of animal feeding (Fig 4A, 4B, 4D and 4E). The same effect

was observed when phosphatidylinositol (3,4,5)-trisphosphate (PIP3) levels were reduced by

overexpressing the lipid phosphatase, phosphatase and tensin homolog (Pten) (NP0577GAL4,

UAS-Pten) (Fig 4D). However, when PI3-kinase activity levels were reduced in SPG/neuropil

glia (moodyGAL4, UAS-dp60), no difference in neuroblast EdU incorporation was found com-

pared to controls (Fig 4F–4H). Next, UAS-dp60 was simultaneously expressed in both cortex

glia and trachea. A significant reduction in neuroblast EdU incorporation was found com-

pared to animals expressing UAS-dp60 alone in either cortex glia (NP0577GAL4) or trachea

(btlGAL4) (Fig 4I). Finally, to confirm that cortex glia are indeed required for neuroblast reac-

tivation, the proapoptotic gene grim was expressed (NP0577GAL4, UAS-grim) to ablate cortex

glia genetically (Fig 4J–4L). After 24 hours of feeding, neuroblast EdU incorporation was

essentially absent, and neuroblast size was reduced compared with controls (Fig 4C–4E). We

conclude that neuroblast growth and reactivation from quiescence requires activation of

PI3-kinase in cortex glia, the glial subtype that ensheathes neuroblasts and their newborn prog-

eny, but not SPG or neuropil glia. Furthermore, activation of PI3-kinase growth signaling in

both trachea and cortex glia together promote neuroblast reactivation from developmental

quiescence.

Dilp-2 regulates neuroblast reactivation and cortex glia membrane growth,

but not growth of trachea

PI3-kinase is activated in response to feeding, after any one of the 7 Drosophila insulin-like

peptides (Dilps1–7) bind to and activate the single insulin-like tyrosine kinase receptor (InR).

While a role in neuroblast reactivation has been attributed to Dilps [21–23], a systematic analy-

sis of each of the dilp mutants is still lacking. To better understand how PI3-kinase coordinates

growth among different cell types within the developing brain, we assayed neuroblast EdU

incorporation in each of the 7 dilp null mutants. Compared to controls and other dilp mutants,

neuroblast EdU incorporation in the brain was reduced in dilp1, dilp2, and dilp7 null mutants

after 24 hours of feeding (Fig 5A). Of these, dilp2 mutants displayed the most severe and pene-

trant reductions in neuroblast EdU incorporation and neuroblast size (Fig 5A–5D and S4A

Fig). To confirm that reduced neuroblast EdU incorporation was due to the absence of dilp2
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and not a second background mutation, we assayed EdU incorporation in animals transheter-

ozygous for the dilp2 null allele over a small deficiency that removes dilp2 and the neighboring

dilp3 locus. The number of EdU-positive neuroblasts after 24 hours of feeding in transhetero-

zygous larvae was indistinguishable from dilp21 homozygotes (Fig 5A). We conclude that

Dilp-1, Dilp-2, and Dilp-7 regulate neuroblast reactivation from quiescence in the brain.

Fig 4. Cortex glia are required for nutrient-dependent NB reactivation from quiescence. (A–D) EdU-positive NBs in animals with genetic

manipulations in cortex glia at 24 hours after feeding. (A–C) Maximum intensity projections of brain hemispheres. Top panels are colored overlays, and

bottom panels show single-channel grayscale images. Brain hemispheres are outlined, and the dotted vertical lines indicate the midline. Graphs show

quantification of EdU-positive NBs per brain hemisphere (D) and NB size based on EdU incorporation (E). Numbers in E indicate the number of NBs

analyzed. (F–H) EdU-positive NBs in animals with genetic manipulations in SPG and neuropil glia at 24 hours after feeding. (F–G) Maximum intensity

projections of brain hemispheres. Panels are colored overlays (top), with single-channel grayscale images below. Brain hemispheres are outlined, and dotted

vertical lines indicate the midline. Quantification of EdU-positive NBs per brain hemisphere (H). (I) Quantification of EdU-positive NBs per brain

hemisphere of indicated genotypes. (J) Single Z-plane image, top panel is a colored overlay with single-channel grayscale image below, brain hemisphere

outlined. (K) Two (top and bottom) grayscale images of same Z-plane, with quantification of cortex glia number following genetic ablation quantified in

(L). (D,I) One-way ANOVA with Tukey post hoc analysis and (E,H,L) Student two-tailed t test, �p< 0.05, ��p< 0.01, ���p< 0.001. Genotypes of panels

listed in S2 Table and data listed in S1 Data. btl, breathless; Dpn, Deadpan; dp60, Drosophila protein 60; EdU, 5-ethynyl-20-deoxyuridine; mCD8,

membrane-targeted CD8 antigen; NB, neuroblast; O/E, overexpression; Pten, phosphatase and tensin homolog; Repo, reversed polarity; RFP, red

fluorescent protein; Scrib, Scribble; SPG, subperineurial glia; UAS, upstream activating sequence.

https://doi.org/10.1371/journal.pbio.3000721.g004
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Given the prominent role of Dilp-2 in neuroblast growth and reactivation in the brain, we

next asked whether Dilp-2 is also required for cortex glial and tracheal growth in response to

animal feeding. Compared to controls, cortex glial membrane surface area was reduced by half

in dilp2 mutants and in animals transheterozygous for the dilp2 null allele over the dilp2, dilp3
deficiency after 24 hours of feeding (Fig 5E–5G). In contrast, tracheal surface area remained

unchanged (Fig 5H–5J). Next, we assayed neuroblast reactivation and cortex glial membrane

surface area at 48 hours ALH (after larval hatching). No difference in number of EdU-positive

neuroblasts or glial cortex membrane surface was observed between controls and dilp2
mutants (S4B and S4C Fig). Because dilp2 mutants reportedly delay development anywhere

from 8 to 16 hours from egg to adult [45], we assayed mouth hook morphology as a proxy for

larval stage. No difference between controls and dilp2 mutants was observed at 24 or 48 hours

Fig 5. Dilp-2 regulates NB reactivation and cortex glial membrane growth. (A–D) EdU-positive NBs after 24 hours of feeding in dilp single-null–

mutant animals with quantification (A) shown as a scatter plot with dots indicating brain hemispheres, bars indicating means, and error bars SEM. (B–D)

Maximum intensity projections of brain hemispheres. Top panels are colored overlays with single-channel grayscale images below. Brain hemispheres are

outlined, and dotted vertical lines indicate the midline. (E–G) Cortex glial membrane morphology after 24 hours of feeding in controls and dilp2 mutants.

(E,F) Single Z images of brain hemispheres. Top panels are colored overlays, and bottom panels are single-channel images with the mask overlays used for

quantification in (G). (H–J) Cerebral tracheal morphology after 24 hours of feeding in controls and dilp2 mutants. (H,I) Maximum intensity projections of

brain hemispheres with rendered trachea below and quantified in (J). (A,G) One-way ANOVA with Tukey post hoc analysis and (J) Student two-tailed t
test, �p< 0.05, ��p< 0.01, ���p< 0.001. Genotypes of panels listed in S2 Table and data listed in S1 Data. Dilp, Drosophila insulin-like peptide; Dlg, discs-

large; Dpn, Deadpan; EdU, 5-ethynyl-20-deoxyuridine; GFP, green fluorescent protein; mCD8, membrane-targeted mCD8 antigen; NB, neuroblast; n.s.,

not significant; Scrib, Scribble.

https://doi.org/10.1371/journal.pbio.3000721.g005

PLOS BIOLOGY Neural stem cell reactivation is Dilp-2 dependent

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000721 May 28, 2020 11 / 23

https://doi.org/10.1371/journal.pbio.3000721.g005
https://doi.org/10.1371/journal.pbio.3000721


ALH, suggesting that dilp2 null mutants are not developmentally delayed during early larval

stages (S4D and S4E Fig). We conclude that Dilp-2 is required for cortex glial membrane

growth, but not tracheal growth. Furthermore, because Dilp-2 is also required for neuroblast

growth and reactivation, it suggests that growth coordination between cortex glia and neuro-

blasts is Dilp-2 dependent.

Dilp-2 regulates CNS Dilp-6 protein levels, but not dilp6 transcript levels

Somewhat surprisingly, neuroblast EdU incorporation in brains of dilp6 null-mutant animals

was not different compared with controls, dilp3, dilp4, or dip5 mutants, nor was neuroblast

size affected by loss of dilp6 (Fig 5A, 5B and 5D and S4A Fig). This was unexpected because

Dilp-6 is reported to be synthesized and secreted from SPG in response to animal feeding,

leading to PI3-kinase activation and reactivation of adjacent quiescent neuroblasts in the ven-

tral nerve cord (VNC) [21–23]. However, neuroblasts located within different CNS regions,

brain versus VNC, could have different requirements for reactivation based on neuroblast

intrinsic differences and/or differences in tissue architecture. To determine whether Dilp-6

regulates growth of other cell types within the brain, we assayed glial and tracheal surface area

in dilp6 mutants after 24 hours of feeding. No differences were observed compared to controls

(Fig 6A–6F). To determine whether Dilp-2 masks Dilp-6 function in the brain, we assayed

neuroblast EdU incorporation and size in dilp2, dilp6 double-mutant animals. After 24 hours

of feeding, neuroblast EdU incorporation was reduced in dilp2, dilp6 double mutants (approxi-

mately 15% EdU-positive neuroblasts) compared with dilp2 single mutants (approximately

22% EdU-positive neuroblasts); however, this reduction was not statistically different (S5A

and S5B Fig). Next, we assayed dilp2 and dilp6 transcript levels (Fig 6G and 6H), and endoge-

nous Dilp-2 and Dilp-6 protein levels (Fig 6I) in the CNS of wild-type animals after feeding.

We found that Dilp-2 transcript and protein levels were approximately 80 times higher than

Dilp-6 transcript and protein levels, consistent with the notion that Dilp-2 is the predominant

Dilp in the central brain (Fig 6G–6I). Furthermore, in dilp2 mutants, we found that dilp6 tran-

script levels were not different from wild-type control levels, although Dilp-6 protein levels

were significantly reduced compared to control animals (Fig 6H and 6J). We conclude that

Dilp-2 is the primary Dilp regulating PI3-kinase–dependent growth of neuroblasts, glia, and

trachea in the brain and that Dilp-2 directly or indirectly regulates Dilp-6 protein levels.

Next, we carried out a series of rescue experiments in dilp2 mutants to identify the cell

source of Dilp-2 required for neuroblast reactivation. When UAS-dilp2 was expressed in insu-

lin-producing cells (IPCs, dilp2 GAL4), neuroblast EdU incorporation was rescued in dilp2
mutants (Fig 6K). Similarly, expression of UAS-dilp2 in SPG (moodyGAL4) also rescued neu-

roblast EdU incorporation in dilp2 mutants. Because Dilp-2 is normally expressed in the IPCs

[42,43] and not BBB (blood–brain barrier) glia, this suggests that Dilp-2 is required in IPCs for

neuroblast reactivation in the brain. In contrast, expression of UAS-dilp6 in IPCs did not res-

cue neuroblast EdU incorporation in dilp2 mutants. We conclude that Dilp-2 is required in

the IPCs for neuroblast reactivation from developmental quiescence in the brain hemispheres.

Coordination of growth between neuroblasts and cortex glia promotes

formation of a selective membrane barrier for niche stem cell support

During later stages of larval development, neuroblasts and their progeny reside within charac-

teristic glial membrane-bound pockets (Fig 7A and 7B). One or two cortex glia that lie nearby

or adjacent to neuroblasts and their progeny provide the membrane that constitutes each

pocket. We injected a fluorescently conjugated 10-kDa dextran directly into the brain to test

the permeability of glia membrane-bound pockets. We found fluorescent dextran colocalized
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with cortex glia membrane along the outside of each pocket, but we did not find fluorescence

within the pocket (Fig 7A). This suggests that cortex glia form a membrane barrier that selec-

tively regulates passage of factors based on size.

Next, we investigated whether Dilp-2–mediated PI3-kinase activation in neuroblasts and

glia is required for glia pocket formation. First, we measured the fraction of neuroblast mem-

brane, marked by endogenous expression of Scribble (Scrib), in contact with glia membrane,

marked by transgenic expression of UAS-mCD8:GFP (% neuroblast membrane with glial con-

tact; see Materials and Methods) over time in control animals (Fig 7B, schematic at bottom).

From 0 hour freshly hatched stages until 8 hours after feeding, we found that the fraction of

Fig 6. Dilp-2 regulates Dilp-6 CNS protein levels. (A–C) Glial membrane morphology after 24 hours of feeding in controls and dilp6 mutants.

(A,B) Single Z images of brain hemispheres. Panels are colored overlays (top) and single-channel images with mask overlays (bottom) used for

quantification of total glial membrane surface (C). (D–F) Cerebral tracheal morphology after 24 hours of feeding in controls and dilp6 mutants.

(D,E) Maximum intensity projections of brain hemispheres with rendered trachea below and quantified in (F). (G,H) RT-qPCR analysis of dilp2
and dilp6 transcript levels in the CNS of wild-type and dilp2 mutant animals after 24 hours of feeding. Transcript levels of dilp2 and dilp6 are

normalized to Gapdh1 and then to dilp6 levels in wild-type animals. (I,J) Brain Dilp-2 and Dilp-6 protein levels, normalized to total brain

protein, in wild-type and dilp2 mutant animals after 72 hours of feeding. (K) Quantification of EdU-positive NBs in the indicated genotypes

after 24 hours of feeding. (C,F,J) Student two-tailed t test; (K) one-way ANOVA with Tukey post hoc analysis and ��p< 0.01, ���p< 0.001.

Genotypes of panels listed in S2 Table and data listed in S1 Data. a.u., arbitrary unit; CNS, central nervous system; Dilp, Drosophila insulin-like

peptide; Dpn, Deadpan; EdU, 5-ethynyl-20-deoxyuridine; Gapdh1, Glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein;

HF, HA-FLAG tag; mCD8, membrane-targeted CD8 antigen; NB, neuroblast; RT-qPCR, real-time qPCR; Scrib, Scribble; UAS, upstream

activating sequence.

https://doi.org/10.1371/journal.pbio.3000721.g006
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Fig 7. Cortex glia ensheathe NBs and their progeny and provide a niche-like barrier function. (A) Top panel, colored overlay with RFP

marking glial membranes and GFP marking pcnaGFP-expressing NBs. Middle panel, single-channel grayscale image of 10-kDa dextran.

Bottom panel, colored overlay with 10-kDa dextran and RFP marking glial membranes. To the right, high-magnification images of the boxed

NB, with double-labeled glial membrane in a 72-hour–fed animal after dextran injection (see Materials and Methods). (B) Cortex glia

ensheathe NBs (white bracket) and their newborn progeny, which express high levels of Scrib. Top panel, colored overlay. Middle panel, single-

channel image with GFP marking glial membranes. Bottom panel is a depiction of the glial and NB segments used for quantification in (C,D,K)

(see Materials and Methods). (C,D) Percentage of NB membrane in contact with glial contact over time. Colored circles in (C) indicate

individual NBs, and colored circles in (D) indicate averages for the indicated time points. Both are plotted relative to NB area. (E–G) Increasing

surface contact between NBs and glia membrane over time. Single Z-plane of representative NBs at different time points after feeding. Top

panels are colored overlays, middles panels are single-channel images, and bottom panels depict the glial NB segment and NB segment used in

quantification (C–D). (H–K) Top panel colored overlay, middle panel single-channel image, and bottom panel glial NB segment and NB

segment used in quantification of animals at 24 hours of feeding with genotypes listed above. (D,K) One-way ANOVA with Tukey post hoc

analysis, ���p< 0.001. Genotypes of panels listed in S2 Table and data listed in S1 Data. Dilp, Drosophila insulin-like peptide; GFP, green

fluorescent protein; mCD8, membrane-targeted CD8 antigen; NB, neuroblast; pcna, proliferating cell nuclear antigen; repo, reversed polarity;

RFP, red fluorescent protein; Scrib, Scribble; UAS, upstream activating sequence.

https://doi.org/10.1371/journal.pbio.3000721.g007
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neuroblast membrane in contact with glial membrane increased approximately 3.5-fold (Fig

7C–7F). At 24 hours after feeding, glia ensheathe approximately 44% of the neuroblast mem-

brane, and at 72 hours after feeding, they ensheathe approximately 72% (Fig 7B–7D and 7G).

Next, we assessed the temporal relationship between neuroblast–glial membrane contact and

changes in neuroblast size. We found that neuroblast size began to increase 16 hours after

feeding, after the fraction of neuroblast–glial contact increased (Fig 7C–7G). Next, we mea-

sured the fraction of neuroblast membrane in contact with glia membrane in 24-hour–fed

dilp2 mutants (Fig 7I and 7K). We found significant reductions in neuroblast membrane and

glia membrane contact that correlated with reductions in neuroblast size. A similar result was

found when levels of PI3-kinase activity were reduced in glia, but not in neuroblasts (Fig 7H,

7J and 7K). In neuroblasts, when PI3-kinase activity levels were reduced, neuroblast size

remained reduced compared to controls, but increases in neuroblast membrane in contact

with glial membrane were found. We conclude that Dilp-2 mediated PI3-kinase activation is

required to initiate glial pocket formation. Importantly, increases in neuroblast membrane

with glia contact precede increases in neuroblast size, consistent with the notion that cortex

glia membrane contact triggers neuroblast growth and reactivation.

Discussion

Here, we report that different cell types in the brain utilize the same evolutionarily conserved

cell signaling pathway, PI3-kinase, to promote growth in response to dietary nutrients. PI3-ki-

nase is a lipid kinase that converts PIP2 to PIP3 at the plasma membrane when active, leading

to downstream Akt/PKB (Protein Kinase B) activation and nuclear exclusion of forkhead box,

subgroup O (Foxo), a transcription factor and negative regulator of growth [31–34]. We found

that active PI3-kinase not only regulates cell growth autonomously in the brain but also regu-

lates growth of other cell types in a nonautonomous manner. For example, glial growth is

reduced when PI3-kinase levels are reduced in neuroblasts. The molecular basis for this reduc-

tion is not yet known, but reactivated and proliferating neuroblasts with active PI3-kinase may

express or secrete factors on their cell surface that promote glial growth nonautonomously.

These could include PDGF- and VEGFR-receptor related (PVR) (Platelet-derived growth fac-

tor receptor [PDGFR] orthologue) ligands, secreted growth factors, or components of the

Hippo or Notch cell signaling pathways that would not normally be expressed in quiescent

neuroblasts having low to no PI3-kinase activity [35–37]. We also found that PI3-kinase–

dependent growth of cortex glia is required for neuroblast reactivation and that cortex glia

membrane ensheathes neuroblasts before they increase in size. The glial process that makes

first contact with a neuroblast could deliver signaling molecules to stimulate neuroblast reacti-

vation from quiescence, similar to cytonemes or nanotubules, or simply supply a foreign mem-

brane that stimulates growth [38,39]. We also found that neuroblasts rely on PI3-kinase-

dependent growth of trachea for reactivation. Trachea allow for oxygen exchange, but they are

also important sources of cell signaling molecules, including EGF-R and FGF-R. Whether neu-

roblast quiescence versus proliferation decisions are regulated by oxygen levels has yet to be

determined, but quiescent adult stem cells in other organisms are thought to reside within

hypoxic microenvironments [40,41].

Of all the Dilps, we found that Dilp-2 plays a predominant role in mediating PI3-kinase–

dependent growth of neuroblasts and glia as well as neuroblast reactivation. This was not

expected based on previous reports; however, neuroblasts with different intrinsic programs

located within different regions of the CNS (brain versus VNC) could reactivate in a different

manner. In the brain, Dilp-2 is synthesized and secreted in a dietary-nutrient–dependent man-

ner from 14 neurosecretory neurons, the IPCs, located along the anterior midline [42,43].
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Axons of these neurosecretory neurons, known as the IPCs, terminate on the dorsal vessel,

which pumps hemolymph, and thus Dilp-2, systemically throughout the body [43]. Dilp-2 is

also released locally in the brain through IPC connections with other neurosecretory neurons,

including the centrally located Dilp-recruiting neurons (DRNs) [44]. Whether local or sys-

temic Dilp-2 activates PI3-kinase in the different brain cell types remains an open question.

Once released, Dilp-2 could activate PI3-kinase in the different cell types in a simultaneous or

sequential manner. Furthermore, Dilp-2 could stimulate synthesis and secretion of other Dilps

and other factors that could promote autonomous or nonautonomous growth, either locally

within the brain or systemically. Such factors may include Dilp-6, which is reported to be

expressed in glia, and other Dilps that are expressed in neurosecretory neurons including the

IPCs [21,22,42,43,45].

In the brain, different cell types coordinate growth in response to dietary nutrients. Growth

among different tissue types is also coordinated and relies on systemic factors, including the

relaxin-like hormone, Dilp-8 [46–48]. For example, in response to tissue damage, Dilp-8 is

expressed and secreted systemically, inducing developmental arrest and allowing time for tis-

sue damage to self-repair. Once repair is complete, Dilp-8 levels decrease, development resu-

mes, and adults emerge with appropriately sized and proportioned appendages [46–50].

Systemic growth is also regulated by 20-hydroxyecdysone, an ecdysteroid hormone that pro-

motes growth globally and couples increases in cell and tissue size with developmental pro-

gression [2,5,6]. Dietary nutrient conditions play a key role in both ecdysone production and

developmental timing, as PI3-kinase regulates growth of the prothoracic gland that synthesizes

and secretes ecdysone. Accumulated nutrient biomass is monitored by a "critical weight"

check point in development: before critical weight, development is delayed if dietary nutrients

are limited, but once animals reach "critical weight," commitment to metamorphosis com-

mences without delay regardless of dietary nutrients [1–6]. It will be important to determine

whether coordinated cell growth occurs during tissue repair in periods of limited nutrient

availability, and whether coordinated cell growth continues after "critical weight" is reached.

In mammals, cell growth decisions in response to nutrient availability are regulated by

PI3-kinase and TOR-kinase signaling as well. However, how growth decisions are made and

whether they are coordinated in response to dietary nutrients among stem cells within their

local microenvironments is not well understood. Adult mammals, unlike flies, maintain a pop-

ulation of proliferative neural stem cells in the brain, some of which reside within rosette-like

structures located along the walls of the lateral ventricle [51–52]. Multiciliated ependymal cells

form the rosette with the stem cell and its primary cilium at the center [53]. Both ependymal

cells and stem cells receive signals through their cilia, which project into the ventricles filled

with cerebral spinal fluid (CSF). The choroid plexus produces CSF and with it, a host of fac-

tors, including insulin-like growth factor (IGF) [54]. Whether IGF regulates levels of PI3-ki-

nase signaling in neural stem cells within their niche remains unclear, but loss of the rosette-

like pinwheels correlates with decreased adult neurogenesis and premature progenitor differ-

entiation [53]. In the future, it will be interesting to determine whether dietary nutrients regu-

late choroid plexus IGF levels and how stem cells and their niche respond to IGF during

homeostasis and aging.

Materials and methods

Drosophila stocks

Genotypes of fly stocks used in this study and their source are listed in S2 and S3 Tables.
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Drosophila maintenance and feeding methods

Larvae were collected immediately after hatching and placed on either Bloomington fly food

diet or in a sucrose-only solution. Freshly hatched larvae were maintained at 25˚C on a

12-hour light/dark cycle for defined periods of time. Fly food or sucrose solution were supple-

mented with 0.1 mM EdU, and EdU incorporation was detected using commercially available

Click-iT EdU Proliferation Kits for Imaging (Thermo Fisher Scientific, Waltham, MA, USA)

as described previously [26].

Immunofluorescence, dextran injections, and confocal imaging

Larval brains were fixed and stained as previously described [26]. In brief, early staged larval

brains were dissected and fixed in 4% EM grade formaldehyde in PEM (Pipes, EGTA, magne-

sium chloride) buffer with 0.1% Triton-X for 20 mins. Tissues were washed in 1× PBT with

0.1% Triton-100 and blocked overnight at 4˚C in 1X PBT with 10% normal goat serum. Pri-

mary antibodies used in this study include chicken anti-GFP (1:500; Abcam, Cambridge, MA,

USA), rat anti-Dpn (1:100; Abcam), rabbit anti-Scribble (1:1,000), mouse anti-Repo (1:5;

DSHB, 8D12). Primary antibodies were detected using Alexa Fluor-conjugated secondary anti-

bodies. For dextran dye experiments, 10-kDa dextran conjugated to Alexa Fluor 647 was

injected into L3 brains maintained in culture using micromanipulators. Brains were then fixed

and stained as described above. Brains were imaged using a Leica SP8 laser scanning confocal

microscope (Leica, Wetzlar, Germany) equipped with a 63×, 1.4 NA oil-immersion objective.

For glia and trachea surface measurements, Z stacks were acquired at 0.5-μm steps using same

confocal settings. All other confocal data were collected at 1.0-μm steps. Images were processed

using the Imaris and Fiji software packages.

Cell counts and quantification of glia and tracheal membrane surface area

For neuroblast EdU quantification, the number of EdU-positive, Dpn-positive neuroblasts

were counted using the “cell counter” plugin in Fiji and divided by the total number of Dpn-

positive neuroblasts. For quantification of glia, the total number of Repo-positive nuclei were

counted in each brain hemisphere and cortex, SPG, and neuropil glia distinguished based on

their location and morphology. Neuroblast diameter was calculated based on the average

length of 2 perpendicular lines drawn through center of the neuroblast at its widest point. To

quantify glial and trachea surface area, GFP-expressing membranes were segmented and ana-

lyzed using the Surface module in Imaris 9.0.2 (Bitplane). Imaris Surface generates a volumet-

ric surface object based on fluorescence intensity and creates a 3D surface mesh based on

voxel intensity. After segmentation, a mask was generated and confirmed by manual visual

inspection using Imaris slice mode. All confocal images used for surface area measurements

were acquired using the same settings. For measurement of percentages of neuroblast mem-

brane with glia contact, we used a Fiji plugin as described previously [55]. Brains were

mounted with their dorsal side closest to coverslip, and all non-MB neuroblasts within 30

microns of the coverslip were assayed.

Whole-brain Dilp-2 and Dilp-6 measurements

The CNS was dissected at 72 hours after larval hatching and lysed by sonication in extraction

buffer (1× PBS with protease inhibitor). Lysed samples were cleared by centrifugation and

dual-epitope tagged Dilp2 (Dilp2-HF) or Dilp6 (Dilp6-HF) was measured by ELISA [56]. Pro-

tein concentration for normalization was measured using a bicinchoninic assay (BCA) (Pierce,

Thermo Fisher Scientific). To convert molar concentrations to pg Dilp/mg protein, we used a
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molecular weight of 7,828.86 for mature Dilp2HF protein (A-chain and B-chain with HA and

FLAG tags) and 10,303.62 for mature Dilp6HF protein (A-chain, C-peptide, and B-chain with

HA and FLAG tags).

Quantitative RT-PCR

Total RNA was extracted from the 24-hour–fed larval CNS. For each experimental sample, 40

brains were pooled in TRIzol, and isolated RNA was reverse transcribed into cDNA using

SuperScript IV First-Strand Synthesis System kit (Thermo Fisher Scientific). Quantitative PCR

was performed using the iQ SYBR Green Supermix system (Bio-Rad, Hercules, CA, USA).

Gapdh1 expression was used as a control. Relative dilp2 and dilp6 mRNA levels for each sam-

ple were calculated using the 2-ΔΔCt method after normalizing to Gapdh1 expression. The fol-

lowing primers were used: dilp6 [45], Gapdh1 [22], dilp2 forward: ACGAGGTGCTGAGTAT

GGTGTGCG, and dilp2 reverse: CACTTCGCAGCGGTTCCGATATCG.

Statistical analysis

Student t tests and one-way ANOVAs were performed using Prism 8. For box plots, the

boundary of the box closest to zero indicates the 25th percentile, a line within the box marks

the median, and the boundary of the box farthest from zero indicates the 75th percentile.

Whiskers (error bars) above and below the box indicate the maximum and minimum, respec-

tively. The data in plots and the text are presented as means ± SEM.

Supporting information

S1 Fig. Glia and trachea endoreplicate in response to animal feeding. (A) Larval brain car-

toon with red box indicating the brain region imaged in Fig 1 and all subsequent Figs. (B–E)

Single confocal Z images of non-MB and MB NBs. Top and bottom left panels are single-chan-

nel grayscale images, with colored overlay in the bottom right. Molecular markers are denoted

within panels and white brackets indicate NBs in this and all figures. (F) Box and whisker plots

of NB diameter of EdU-negative (black) and EdU-positive (orange) NBs. The number of NBs

analyzed is indicated below plots. Student two-tailed t test, ���p< 0.001. (G) Fold changes in

brain volume per hemisphere in response to animal feeding (see Materials and Methods). Col-

umn numbers indicate number of brain hemispheres scored. Values are normalized to

0-hour–fed animals. (H) Single Z-plane of a brain hemisphere. Left and middle panels are

color overlays of a control brain after feeding. High-magnification images of 2 Repo-positive

glia are shown to the right, one EdU-positive and one EdU-negative (white boxes). (I) Quanti-

fication of EdU-positive glial cells per brain lobe in response to feeding. (J) Number of Repo-

positive glial cells per brain hemisphere before and after animal feeding. (K) Single Z image of

a brain hemisphere from a dupRNAi knockdown animal. Left and middle panels are color

overlays with high magnification of 2 Repo-positive glia shown to the right (white boxes). (L)

Quantification of glia number in dupRNAi knockdown animals compared to control. (M) Sin-

gle Z image of a brain hemisphere. Left and middle panels are color overlays of control brain

after feeding. A high-magnification image of a tracheal nucleus is shown to the right (white

boxes). (N) Quantification of EdU in trachea from animals fed standard food or sucrose. (G,I)

One-way ANOVA with Tukey post hoc analysis and (F,J,L,N) Student two-tailed t test,
�p< 0.05, ��p< 0.01, ���p< 0.001. Genotypes of panels listed in S2 Table and data listed in S1

Data. dupRNAi, double-parked RNA interference; EdU, 5-ethynyl-20-deoxyuridine; MB, mush-

room body; NB, neuroblast; Repo, reversed polarity.

(TIF)
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S2 Fig. PI3-kinase–dependent growth regulation in the developing brain. (A) Maximum

intensity projection of a single brain hemisphere labeled with EdU and quantification of NB

size from indicated genotypes (B). (C,M) Glial and (E,H,I,K) tracheal morphology with quanti-

fication of glial surface area (D,N) and tracheal surface area from indicated genotypes (F,J,L).

Top panels are colored overlays, with bottom panels showing single-channel grayscale images

(A), single channel and mask (C,M), or rendered maximum intensity projection with segmen-

tation of trachea (E,H,I,K). Molecular markers are denoted within panels. (G) Quantification

of glial number. (B,D,F,J,L,N) Student two-tailed t test, �p< 0.05, ��p< 0.01,���p< 0.001,

error bars, SEM. (G) One-way ANOVA with Tukey post hoc analysis. Genotypes of panels

listed in S2 Table and data listed in S1 Data. EdU, 5-ethynyl-20-deoxyuridine; NB, neuroblast;

PI3-kinase, phosphoinositide 3-kinase.

(TIF)

S3 Fig. Glial identify based on location and GAL4 expression. (A) Single Z image of a seg-

mented brain hemisphere with glia subtypes and corresponding GAL4 lines. (B) Total number

of glia subtypes before and after animal feeding. Glia type was identified based on location.

Error bars, SEM. Black circles indicate single brain hemispheres. (C and E) Left panels, colored

overlays of a single Z-plane from a brain hemisphere of the indicated genotype, with grayscale

images on the right. Molecular markers are denoted within panels. Quantification of glial pop-

ulations are shown in D and F. Red columns depict mean of histoneRFP-expressing glia, and

black columns depict mean of glia identified based on position. Whites boxes indicate RFP-

expressing cortex glia in (C) and SPG in (E). Genotypes of panels listed in S2 Table and data

listed in S1 Data. RFP, red fluorescent protein; SPG, subperineurial glia.

(TIF)

S4 Fig. Delayed NB reactivation and cortex glial growth in dilp2 mutants is not due to

delays in developmental timing. (A) Box plots of NB diameter of EdU-negative (black) versus

EdU-positive (orange) NBs. Column numbers indicate number of NBs analyzed. (B,C) Quan-

tification of EdU-positive neuroblasts (B) and cortex glial membrane surface (C) area after 48

hours of feeding of indicated genotypes. (D,E) Mouth hook morphology of control and dilp2
mutants at indicated times. (A–C) Student two-tailed t test, ��p< 0.01. Genotypes of panels

listed in S2 Table and data listed in S1 Data. Dilp, Drosophila insulin-like peptide; EdU, 5-ethy-

nyl-20-deoxyuridine; NB, neuroblast.

(TIF)

S5 Fig. NB EdU incorporation in dilp2, dilp6 double mutants. (A,B) EdU-positive NBs after

24 hours of feeding in dilp2, dilp6 double mutants. (A) Maximum intensity projection of a

brain hemisphere. Top panel is a colored overlay (red, Dpn; green, EdU), and the bottom

panel is a single-channel grayscale image (EdU) below with quantification in (B). Brain hemi-

spheres are outlined, and the dotted vertical line indicates the midline. (B) One-way ANOVA

with Tukey post hoc analysis. ���p< 0.001. Genotypes of panels listed in S2 Table and data

listed in S1 Data. Dilp, Drosophila insulin-like peptide; Dpn, Deadpan; EdU, 5-ethynyl-20-

deoxyuridine; NB, neuroblast.

(TIF)

S1 Table. Classification of glial GAL4 expression in the larval brain after 24 hours of feed-

ing.

(DOCX)

S2 Table. Genotypes listed by figure panel.

(DOCX)
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S3 Table. Drosophila stock list and source.

(DOCX)

S1 Data. Excel spreadsheet with data listed for all main and supplementary figures.

(XLSX)

Acknowledgments

We thank Andrea Brand, Marc Freeman and the Bloomington and Kyoto stock centers for fly

stocks and reagents. We especially thank Susan Doyle, Chhavi Sood, and Nahid Ausrafugga-

man for help in tissue dissections. We thank Chris Doe, Susan Doyle, and Karsten Siller for

providing comments on the manuscript.

Author Contributions

Conceptualization: Xin Yuan, Michelle L. Bland, Sarah E. Siegrist.

Data curation: Xin Yuan, Sarah E. Siegrist.

Formal analysis: Xin Yuan, Conor W. Sipe, Sarah E. Siegrist.

Funding acquisition: Sarah E. Siegrist.

Investigation: Xin Yuan, Conor W. Sipe, Miyuki Suzawa, Michelle L. Bland, Sarah E. Siegrist.

Methodology: Xin Yuan, Conor W. Sipe, Miyuki Suzawa, Michelle L. Bland, Sarah E. Siegrist.

Project administration: Sarah E. Siegrist.

Resources: Sarah E. Siegrist.

Software: Sarah E. Siegrist.

Supervision: Michelle L. Bland, Sarah E. Siegrist.

Validation: Xin Yuan, Sarah E. Siegrist.

Visualization: Xin Yuan, Sarah E. Siegrist.

Writing – original draft: Xin Yuan, Sarah E. Siegrist.

Writing – review & editing: Xin Yuan, Conor W. Sipe, Michelle L. Bland, Sarah E. Siegrist.

References
1. Boulan L, Milan M, Leopold P. The Systemic Control of Growth. Cold Spring Harbor perspectives in biol-

ogy. 2015; 7(12): a019117. https://doi.org/10.1101/cshperspect.a019117 PMID: 26261282

2. Yamanaka N, Rewitz KF, O’Connor MB. Ecdysone control of developmental transitions: lessons from

Drosophila research. Annu Rev Entomol. 2013; 58: 497–516. https://doi.org/10.1146/annurev-ento-

120811-153608 PMID: 23072462

3. Hariharan IK. Organ Size Control: Lessons from Drosophila. Dev Cell. 2015; 34(3): 255–65. https://doi.

org/10.1016/j.devcel.2015.07.012 PMID: 26267393

4. Koyama T, Mirth CK. Unravelling the diversity of mechanisms through which nutrition regulates body

size in insects. Curr Opin Insect Sci. 2018; 25: 1–8. https://doi.org/10.1016/j.cois.2017.11.002 PMID:

29602355

5. Danielsen ET, Moeller ME, Rewitz KF. Nutrient signaling and developmental timing of maturation. Curr

Top Dev Biol. 2013; 105: 37–67. https://doi.org/10.1016/B978-0-12-396968-2.00002-6 PMID:

23962838

6. Nijhout HF, Riddiford LM, Mirth C, Shingleton AW, Suzuki Y, Callier V. The developmental control of

size in insects. Wiley Interdiscip Rev Dev Biol. 2014; 3(1): 113–34. https://doi.org/10.1002/wdev.124

PMID: 24902837

PLOS BIOLOGY Neural stem cell reactivation is Dilp-2 dependent

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000721 May 28, 2020 20 / 23

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000721.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000721.s009
https://doi.org/10.1101/cshperspect.a019117
http://www.ncbi.nlm.nih.gov/pubmed/26261282
https://doi.org/10.1146/annurev-ento-120811-153608
https://doi.org/10.1146/annurev-ento-120811-153608
http://www.ncbi.nlm.nih.gov/pubmed/23072462
https://doi.org/10.1016/j.devcel.2015.07.012
https://doi.org/10.1016/j.devcel.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26267393
https://doi.org/10.1016/j.cois.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29602355
https://doi.org/10.1016/B978-0-12-396968-2.00002-6
http://www.ncbi.nlm.nih.gov/pubmed/23962838
https://doi.org/10.1002/wdev.124
http://www.ncbi.nlm.nih.gov/pubmed/24902837
https://doi.org/10.1371/journal.pbio.3000721


7. Chantranupong L, Wolfson RL, Sabatini DM. Nutrient-sensing mechanisms across evolution. Cell.

2015; 161(1): 67–83. https://doi.org/10.1016/j.cell.2015.02.041 PMID: 25815986

8. del Valle Rodriguez A, Didiano D, Desplan C. Power tools for gene expression and clonal analysis in

Drosophila. Nat Methods. 2011; 9(1): 47–55. https://doi.org/10.1038/nmeth.1800 PMID: 22205518

9. Engelman JA, Luo J, Cantley LC. The evolution of phosphatidylinositol 3-kinases as regulators of

growth and metabolism. Nat Rev Genet. 2006; 7(8): 606–19. https://doi.org/10.1038/nrg1879 PMID:

16847462

10. Alamy M, Bengelloun WA. Malnutrition and brain development: an analysis of the effects of inadequate

diet during different stages of life in rat. Neurosci Biobehav Rev. 2012; 36(6): 1463–80. https://doi.org/

10.1016/j.neubiorev.2012.03.009 PMID: 22487135

11. Semba RD, Shardell M, Sakr Ashour FA, Moaddel R, Trehan I, Maleta KM, et al. Child Stunting is Asso-

ciated with Low Circulating Essential Amino Acids. EBioMedicine. 2016; 6: 246–52. https://doi.org/10.

1016/j.ebiom.2016.02.030 PMID: 27211567

12. Semba RD, Zhang P, Gonzalez-Freire M, Moaddel R, Trehan I, Maleta KM, et al. The association of

serum choline with linear growth failure in young children from rural Malawi. Am J Clin Nutr. 2016; 104

(1): 191–7. https://doi.org/10.3945/ajcn.115.129684 PMID: 27281303

13. Rafalski VA, Brunet A. Energy metabolism in adult neural stem cell fate. Prog Neurobiol. 2011; 93(2):

182–203. https://doi.org/10.1016/j.pneurobio.2010.10.007 PMID: 21056618

14. Ziegler AN, Levison SW, Wood TL. Insulin and IGF receptor signalling in neural-stem-cell homeostasis.

Nat Rev Endocrinol. 2015; 11(3): 161–70. https://doi.org/10.1038/nrendo.2014.208 PMID: 25445849

15. Colombani J, Raisin S, Pantalacci S, Radimerski T, Montagne J, Leopold P. A nutrient sensor mecha-

nism controls Drosophila growth. Cell. 2003; 114(6): 739–49. https://doi.org/10.1016/s0092-8674(03)

00713-x PMID: 14505573

16. Geminard C, Rulifson EJ, Leopold P. Remote control of insulin secretion by fat cells in Drosophila. Cell

Metab. 2009; 10(3): 199–207. https://doi.org/10.1016/j.cmet.2009.08.002 PMID: 19723496

17. Britton JS, Edgar BA. Environmental control of the cell cycle in Drosophila: nutrition activates mitotic

and endoreplicative cells by distinct mechanisms. Development. 1998; 125(11): 2149–58. PMID:

9570778

18. Rajan A, Perrimon N. Drosophila cytokine unpaired 2 regulates physiological homeostasis by remotely

controlling insulin secretion. Cell. 2012; 151(1): 123–37. https://doi.org/10.1016/j.cell.2012.08.019

PMID: 23021220

19. Koyama T, Mirth CK. Growth-Blocking Peptides As Nutrition-Sensitive Signals for Insulin Secretion and

Body Size Regulation. PLoS Biol. 2016; 14(2): e1002392. https://doi.org/10.1371/journal.pbio.1002392

PMID: 26928023

20. Delanoue R, Meschi E, Agrawal N, Mauri A, Tsatskis Y, McNeill H, et al. Drosophila insulin release is

triggered by adipose Stunted ligand to brain Methuselah receptor. Science. 2016; 353(6307): 1553–6.

https://doi.org/10.1126/science.aaf8430 PMID: 27708106

21. Sousa-Nunes R, Yee LL, Gould AP. Fat cells reactivate quiescent neuroblasts via TOR and glial insulin

relays in Drosophila. Nature. 2011; 471(7339): 508–12. https://doi.org/10.1038/nature09867 PMID:

21346761

22. Chell JM, Brand AH. Nutrition-responsive glia control exit of neural stem cells from quiescence. Cell.

2010; 143(7): 1161–73. https://doi.org/10.1016/j.cell.2010.12.007 PMID: 21183078

23. Speder P, Brand AH. Systemic and local cues drive neural stem cell niche remodelling during neurogen-

esis in Drosophila. Elife. 2018; 7: e30413. https://doi.org/10.7554/eLife.30413 PMID: 29299997

24. Scadden DT. Nice neighborhood: emerging concepts of the stem cell niche. Cell. 2014; 157(1): 41–50.

https://doi.org/10.1016/j.cell.2014.02.013 PMID: 24679525

25. Lin S, Marin EC, Yang CP, Kao CF, Apenteng BA, Huang Y, et al. Extremes of lineage plasticity in the

Drosophila brain. Curr Biol. 2013; 23(19): 1908–13. https://doi.org/10.1016/j.cub.2013.07.074 PMID:

24055154

26. Sipe CW, Siegrist SE. Eyeless uncouples mushroom body neuroblast proliferation from dietary amino

acids in Drosophila. Elife. 2017; 6: e26343. https://doi.org/10.7554/eLife.26343 PMID: 28826476

27. Unhavaithaya Y, Orr-Weaver TL. Polyploidization of glia in neural development links tissue growth to

blood-brain barrier integrity. Genes & development. 2012; 26(1): 31–6.

28. Pereanu W, Spindler S, Cruz L, Hartenstein V. Tracheal development in the Drosophila brain is con-

strained by glial cells. Dev Biol. 2007; 302(1): 169–80. https://doi.org/10.1016/j.ydbio.2006.09.022

PMID: 17046740

29. Javaherian A, Kriegstein A. A stem cell niche for intermediate progenitor cells of the embryonic cortex.

Cereb Cortex. 2009; 19 Suppl 1: i70–7.

PLOS BIOLOGY Neural stem cell reactivation is Dilp-2 dependent

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000721 May 28, 2020 21 / 23

https://doi.org/10.1016/j.cell.2015.02.041
http://www.ncbi.nlm.nih.gov/pubmed/25815986
https://doi.org/10.1038/nmeth.1800
http://www.ncbi.nlm.nih.gov/pubmed/22205518
https://doi.org/10.1038/nrg1879
http://www.ncbi.nlm.nih.gov/pubmed/16847462
https://doi.org/10.1016/j.neubiorev.2012.03.009
https://doi.org/10.1016/j.neubiorev.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22487135
https://doi.org/10.1016/j.ebiom.2016.02.030
https://doi.org/10.1016/j.ebiom.2016.02.030
http://www.ncbi.nlm.nih.gov/pubmed/27211567
https://doi.org/10.3945/ajcn.115.129684
http://www.ncbi.nlm.nih.gov/pubmed/27281303
https://doi.org/10.1016/j.pneurobio.2010.10.007
http://www.ncbi.nlm.nih.gov/pubmed/21056618
https://doi.org/10.1038/nrendo.2014.208
http://www.ncbi.nlm.nih.gov/pubmed/25445849
https://doi.org/10.1016/s0092-8674(03)00713-x
https://doi.org/10.1016/s0092-8674(03)00713-x
http://www.ncbi.nlm.nih.gov/pubmed/14505573
https://doi.org/10.1016/j.cmet.2009.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19723496
http://www.ncbi.nlm.nih.gov/pubmed/9570778
https://doi.org/10.1016/j.cell.2012.08.019
http://www.ncbi.nlm.nih.gov/pubmed/23021220
https://doi.org/10.1371/journal.pbio.1002392
http://www.ncbi.nlm.nih.gov/pubmed/26928023
https://doi.org/10.1126/science.aaf8430
http://www.ncbi.nlm.nih.gov/pubmed/27708106
https://doi.org/10.1038/nature09867
http://www.ncbi.nlm.nih.gov/pubmed/21346761
https://doi.org/10.1016/j.cell.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/21183078
https://doi.org/10.7554/eLife.30413
http://www.ncbi.nlm.nih.gov/pubmed/29299997
https://doi.org/10.1016/j.cell.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24679525
https://doi.org/10.1016/j.cub.2013.07.074
http://www.ncbi.nlm.nih.gov/pubmed/24055154
https://doi.org/10.7554/eLife.26343
http://www.ncbi.nlm.nih.gov/pubmed/28826476
https://doi.org/10.1016/j.ydbio.2006.09.022
http://www.ncbi.nlm.nih.gov/pubmed/17046740
https://doi.org/10.1371/journal.pbio.3000721


30. Weinkove D, Neufeld TP, Twardzik T, Waterfield MD, Leevers SJ. Regulation of imaginal disc cell size,

cell number and organ size by Drosophila class I(A) phosphoinositide 3-kinase and its adaptor. Curr

Biol. 1999; 9(18): 1019–29. https://doi.org/10.1016/s0960-9822(99)80450-3 PMID: 10508611

31. Puig O, Marr MT, Ruhf ML, Tjian R. Control of cell number by Drosophila FOXO: downstream and feed-

back regulation of the insulin receptor pathway. Genes & development. 2003; 17(16): 2006–20.

32. Siegrist SE, Haque NS, Chen CH, Hay BA, Hariharan IK. Inactivation of both Foxo and reaper promotes

long-term adult neurogenesis in Drosophila. Curr Biol. 2010; 20(7): 643–8. https://doi.org/10.1016/j.

cub.2010.01.060 PMID: 20346676

33. Puig O, Tjian R. Transcriptional feedback control of insulin receptor by dFOXO/FOXO1. Genes & devel-

opment. 2005; 19(20): 2435–46.

34. Britton JS, Lockwood WK, Li L, Cohen SM, Edgar BA. Drosophila’s insulin/PI3-kinase pathway coordi-

nates cellular metabolism with nutritional conditions. Dev Cell. 2002; 2(2): 239–49. https://doi.org/10.

1016/s1534-5807(02)00117-x PMID: 11832249

35. Ding R, Weynans K, Bossing T, Barros CS, Berger C. The Hippo signalling pathway maintains quies-

cence in Drosophila neural stem cells. Nat Commun. 2016; 7: 10510. https://doi.org/10.1038/

ncomms10510 PMID: 26821647

36. Engler A, Rolando C, Giachino C, Saotome I, Erni A, Brien C, et al. Notch2 Signaling Maintains NSC

Quiescence in the Murine Ventricular-Subventricular Zone. Cell Rep. 2018; 22(4): 992–1002. https://

doi.org/10.1016/j.celrep.2017.12.094 PMID: 29386140

37. Read RD. Pvr receptor tyrosine kinase signaling promotes post-embryonic morphogenesis, and sur-

vival of glia and neural progenitor cells in Drosophila. Development. 2018; 145(23): dev164285. https://

doi.org/10.1242/dev.164285 PMID: 30327326

38. Inaba M, Buszczak M, Yamashita YM. Nanotubes mediate niche-stem-cell signalling in the Drosophila

testis. Nature. 2015; 523(7560): 329–32. https://doi.org/10.1038/nature14602 PMID: 26131929

39. Sato M, Kornberg TB. FGF is an essential mitogen and chemoattractant for the air sacs of the drosoph-

ila tracheal system. Dev Cell. 2002; 3(2): 195–207. https://doi.org/10.1016/s1534-5807(02)00202-2

PMID: 12194851

40. Shen Q, Wang Y, Kokovay E, Lin G, Chuang SM, Goderie SK, et al. Adult SVZ stem cells lie in a vascu-

lar niche: a quantitative analysis of niche cell-cell interactions. Cell Stem Cell. 2008; 3(3): 289–300.

https://doi.org/10.1016/j.stem.2008.07.026 PMID: 18786416

41. Tata M, Wall I, Joyce A, Vieira JM, Kessaris N, Ruhrberg C. Regulation of embryonic neurogenesis by

germinal zone vasculature. Proc Natl Acad Sci U S A. 2016; 113(47): 13414–9. https://doi.org/10.1073/

pnas.1613113113 PMID: 27821771

42. Brogiolo W, Stocker H, Ikeya T, Rintelen F, Fernandez R, Hafen E. An evolutionarily conserved function

of the Drosophila insulin receptor and insulin-like peptides in growth control. Curr Biol. 2001; 11(4):

213–21. https://doi.org/10.1016/s0960-9822(01)00068-9 PMID: 11250149

43. Ikeya T, Galic M, Belawat P, Nairz K, Hafen E. Nutrient-dependent expression of insulin-like peptides

from neuroendocrine cells in the CNS contributes to growth regulation in Drosophila. Curr Biol. 2002; 12

(15): 1293–300. https://doi.org/10.1016/s0960-9822(02)01043-6 PMID: 12176357

44. Bader R, Sarraf-Zadeh L, Peters M, Moderau N, Stocker H, Kohler K, et al. The IGFBP7 homolog Imp-

L2 promotes insulin signaling in distinct neurons of the Drosophila brain. J Cell Sci. 2013; 126(Pt 12):

2571–6. https://doi.org/10.1242/jcs.120261 PMID: 23591813

45. Gronke S, Clarke DF, Broughton S, Andrews TD, Partridge L. Molecular evolution and functional char-

acterization of Drosophila insulin-like peptides. PLoS Genet. 2010; 6(2): e1000857. https://doi.org/10.

1371/journal.pgen.1000857 PMID: 20195512

46. Colombani J, Andersen DS, Leopold P. Secreted peptide Dilp8 coordinates Drosophila tissue growth

with developmental timing. Science. 2012; 336(6081): 582–5. https://doi.org/10.1126/science.1216689

PMID: 22556251

47. Garelli A, Gontijo AM, Miguela V, Caparros E, Dominguez M. Imaginal discs secrete insulin-like peptide

8 to mediate plasticity of growth and maturation. Science. 2012; 336(6081): 579–82. https://doi.org/10.

1126/science.1216735 PMID: 22556250

48. Jaszczak JS, Wolpe JB, Bhandari R, Jaszczak RG, Halme A. Growth Coordination During Drosophila

melanogaster Imaginal Disc Regeneration Is Mediated by Signaling Through the Relaxin Receptor Lgr3

in the Prothoracic Gland. Genetics. 2016; 204(2): 703–9. https://doi.org/10.1534/genetics.116.193706

PMID: 27558136

49. Colombani J, Andersen DS, Boulan L, Boone E, Romero N, Virolle V, et al. Drosophila Lgr3 Couples

Organ Growth with Maturation and Ensures Developmental Stability. Curr Biol. 2015; 25(20): 2723–9.

https://doi.org/10.1016/j.cub.2015.09.020 PMID: 26441350

PLOS BIOLOGY Neural stem cell reactivation is Dilp-2 dependent

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000721 May 28, 2020 22 / 23

https://doi.org/10.1016/s0960-9822(99)80450-3
http://www.ncbi.nlm.nih.gov/pubmed/10508611
https://doi.org/10.1016/j.cub.2010.01.060
https://doi.org/10.1016/j.cub.2010.01.060
http://www.ncbi.nlm.nih.gov/pubmed/20346676
https://doi.org/10.1016/s1534-5807(02)00117-x
https://doi.org/10.1016/s1534-5807(02)00117-x
http://www.ncbi.nlm.nih.gov/pubmed/11832249
https://doi.org/10.1038/ncomms10510
https://doi.org/10.1038/ncomms10510
http://www.ncbi.nlm.nih.gov/pubmed/26821647
https://doi.org/10.1016/j.celrep.2017.12.094
https://doi.org/10.1016/j.celrep.2017.12.094
http://www.ncbi.nlm.nih.gov/pubmed/29386140
https://doi.org/10.1242/dev.164285
https://doi.org/10.1242/dev.164285
http://www.ncbi.nlm.nih.gov/pubmed/30327326
https://doi.org/10.1038/nature14602
http://www.ncbi.nlm.nih.gov/pubmed/26131929
https://doi.org/10.1016/s1534-5807(02)00202-2
http://www.ncbi.nlm.nih.gov/pubmed/12194851
https://doi.org/10.1016/j.stem.2008.07.026
http://www.ncbi.nlm.nih.gov/pubmed/18786416
https://doi.org/10.1073/pnas.1613113113
https://doi.org/10.1073/pnas.1613113113
http://www.ncbi.nlm.nih.gov/pubmed/27821771
https://doi.org/10.1016/s0960-9822(01)00068-9
http://www.ncbi.nlm.nih.gov/pubmed/11250149
https://doi.org/10.1016/s0960-9822(02)01043-6
http://www.ncbi.nlm.nih.gov/pubmed/12176357
https://doi.org/10.1242/jcs.120261
http://www.ncbi.nlm.nih.gov/pubmed/23591813
https://doi.org/10.1371/journal.pgen.1000857
https://doi.org/10.1371/journal.pgen.1000857
http://www.ncbi.nlm.nih.gov/pubmed/20195512
https://doi.org/10.1126/science.1216689
http://www.ncbi.nlm.nih.gov/pubmed/22556251
https://doi.org/10.1126/science.1216735
https://doi.org/10.1126/science.1216735
http://www.ncbi.nlm.nih.gov/pubmed/22556250
https://doi.org/10.1534/genetics.116.193706
http://www.ncbi.nlm.nih.gov/pubmed/27558136
https://doi.org/10.1016/j.cub.2015.09.020
http://www.ncbi.nlm.nih.gov/pubmed/26441350
https://doi.org/10.1371/journal.pbio.3000721


50. Garelli A, Heredia F, Casimiro AP, Macedo A, Nunes C, Garcez M, et al. Dilp8 requires the neuronal

relaxin receptor Lgr3 to couple growth to developmental timing. Nat Commun. 2015; 6: 8732. https://

doi.org/10.1038/ncomms9732 PMID: 26510564

51. Lim DA, Alvarez-Buylla A. The Adult Ventricular-Subventricular Zone (V-SVZ) and Olfactory Bulb (OB)

Neurogenesis. Cold Spring Harbor perspectives in biology. 2016; 8(5): a018820. https://doi.org/10.

1101/cshperspect.a018820 PMID: 27048191

52. Rushing GV, Bollig MK, Ihrie RA. Heterogeneity of Neural Stem Cells in the Ventricular-Subventricular

Zone. Adv Exp Med Biol. 2019; 1169: 1–30. https://doi.org/10.1007/978-3-030-24108-7_1 PMID:

31487016

53. Mirzadeh Z, Merkle FT, Soriano-Navarro M, Garcia-Verdugo JM, Alvarez-Buylla A. Neural stem cells

confer unique pinwheel architecture to the ventricular surface in neurogenic regions of the adult brain.

Cell Stem Cell. 2008; 3(3): 265–78. https://doi.org/10.1016/j.stem.2008.07.004 PMID: 18786414

54. Silva-Vargas V, Maldonado-Soto AR, Mizrak D, Codega P, Doetsch F. Age-Dependent Niche Signals

from the Choroid Plexus Regulate Adult Neural Stem Cells. Cell Stem Cell. 2016; 19(5): 643–52.

https://doi.org/10.1016/j.stem.2016.06.013 PMID: 27452173

55. Doyle SE, Pahl MC, Siller KH, Ardiff L, Siegrist SE. Neuroblast niche position is controlled by PI3-kinase

dependent DE-Cadherin adhesion. Development. 2017; 144(5): 820–829. https://doi.org/10.1242/dev.

136713 PMID: 28126840

56. Suzawa M, Muhammad NM, Joseph BS, Bland ML. The Toll Signaling Pathway Targets the Insulin-like

Peptide Dilp6 to Inhibit Growth in Drosophila. Cell Rep. 2019; 28(6): 1439–46 e5. https://doi.org/10.

1016/j.celrep.2019.07.015 PMID: 31390559

PLOS BIOLOGY Neural stem cell reactivation is Dilp-2 dependent

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000721 May 28, 2020 23 / 23

https://doi.org/10.1038/ncomms9732
https://doi.org/10.1038/ncomms9732
http://www.ncbi.nlm.nih.gov/pubmed/26510564
https://doi.org/10.1101/cshperspect.a018820
https://doi.org/10.1101/cshperspect.a018820
http://www.ncbi.nlm.nih.gov/pubmed/27048191
https://doi.org/10.1007/978-3-030-24108-7_1
http://www.ncbi.nlm.nih.gov/pubmed/31487016
https://doi.org/10.1016/j.stem.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18786414
https://doi.org/10.1016/j.stem.2016.06.013
http://www.ncbi.nlm.nih.gov/pubmed/27452173
https://doi.org/10.1242/dev.136713
https://doi.org/10.1242/dev.136713
http://www.ncbi.nlm.nih.gov/pubmed/28126840
https://doi.org/10.1016/j.celrep.2019.07.015
https://doi.org/10.1016/j.celrep.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31390559
https://doi.org/10.1371/journal.pbio.3000721



