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Abstract

During development, early undifferentiated progenitors called stem cells generate
functional tissue through cell growth and proliferation. Stem cells are either
pluripotent or multipotent, capable of differentiating into a variety of cell types
depending on their intrinsic properties and environmental cues. Precise regulation
of stem cell proliferation, differentiation, and quiescence ensures the development
of specialized daughter cells with spatial and temporal accuracy. This is essential
for establishing functional organs and maintaining tissue homeostasis. One such
population of undifferentiated progenitors are neural stem cells, which generate
the neurons and glia in the brain responsible for life and survival. In Drosophila,
neural stem cells, named neuroblasts (NBs), are maintained in a microenvironment
termed the NB stem cell niche. NBs enter a dormancy state termed quiescence at
the end of embryogenesis, and reactivate after larval feeding. Dietary nutrients
promote stem cell proliferation within the niche through activation of the canonical
Insulin/PI3K/AKT/TOR growth signaling pathway.

In this dissertation, | sought to uncover the cellular interactions between
neural stem cells and their niche cells in response to dietary nutrients. |
demonstrated that the cellular architecture of the Drosophila NB stem cell niche
establishment requires dietary nutrients during early stages of development. We
show that NBs in the central brain reside in a complex niche microenvironment
consisting of cortex glia and cerebral trachea, the gas exchange organ that delivers
oxygen to the brain. The establishment of this complex niche cytoarchitecture

(cellular architecture) is nutrient and PI3-Kinase dependent. Additionally, we



uncovered nutrient instructed coordination of growth between NBs, cortex glia, and
trachea. NB reactivation from quiescence requires activated PI3-Kinase in both
cortex glia and trachea. Conversely, glial membrane growth requires reactivated
NBs. The nutrient-responsive growth of NBs and glia are mediated through
Drosophila insulin-like peptide 2 (Dilp-2). In addition, through single Dilp mutant
analysis of the 7 Dilps, we found that Dilp-1 and Dilp-7 are also required for NB
reactivation in the central brain. The pancreatic 3 cell analogous organ, insulin
producing neurons, are the cellular source of Dilp-2. Circulating Dilp-2 in the insect
blood hemolymph, and Dilp-2 locally released onto the Dilp-recruiting neurons are
both potential sources of insulin to reactivate quiescent NBs. These findings
demonstrate that both NB exit from quiescence, and niche cytoarchitecture
development are established through intercellular communication and nutrient
signaling coordination. This work highlights the interplay of insulin-mediated neural
stem cell proliferation, stem cell niche development and insulin-responsive neural

circuitry essential for proper brain growth and development.
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HSC: hematopoietic stem cell
SVZ: subventricular zone

VZ: ventricular zone

V: ventricle

SGZ: subgranular zone

NSC: neural stem cell

ISC: intestinal stem cell

MSC: mesenchymal stem cell
GSC: germline stem cell

IML: inner molecular layer
GCL: granular cell layer

GC: mature granular cell

IGC: immature granular cell
RA: radial astrocyte

IPCL1: intermediate progenitor 1
IPC2: intermediate progenitor 2
NB: neuroblast

OL: optic lobe

GMC: ganglion mother cell
SPG: subperineurial glia
PEDF: pigment epithelium-derived factor

Dlp: Dally-like



Gbb: Glass bottom boat

AD: Alzheimer’s disease

T2DM: type Il diabetes mellitus

VEGF: vascular endothelial growth factor
HIF-1o: hypoxia-inducible transcriptions factors o
ESC: embryonic stem cell

CSF: cerebral spinal fluid

BBB: blood-brain barrier

UAS: Upstream activating sequence
PI3K: PI3-Kinase

InR: Insulin receptor

GFP: Green fluorescent protein

RFP: Red fluorescent protein

Dpn: Deadpan

Scrib: Scribble

Dilp-1: Drosophila insulin-like peptide 1
Dilp-2: Drosophila insulin-like peptide 2
Dilp-3: Drosophila insulin-like peptide 3
Dilp-4: Drosophila insulin-like peptide 4
Dilp-5: Drosophila insulin-like peptide 5
Dilp-6: Drosophila insulin-like peptide 6
Dilp-7: Drosophila insulin-like peptide 7

Dilp-8: Drosophila insulin-like peptide 8



IPC: insulin producing cells

Imp-L2: Ecdysone-inducible gene L2
IGF: insulin-like growth factor

IGFBP: insulin-like growth factor binding proteins
CB: central brain

VNC: ventral nerve cord

CNS: central nervous system

PNS: peripheral nervous system

FB: fat body

FH: freshly hatched

SOG: subesophageal ganglion

DIC: Differential interference contrast

APF: after pupal formation
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Stem Cell Quiescence

Stem cells divide to self-renew and generate specialized daughter cells that make
up a complex variety of tissues and organs in metazoans (1,2). Beyond their role
in early development, stem cells also respond to injury, and repair damage to
maintain tissue homeostasis (3). In order to maintain stemness, the ability to self-
renew and differentiate into different cell types (4), stem cells utilize a dormancy
strategy termed quiescence, where they cease proliferation but actively maintain
their potential to remain undifferentiated (5). Precocious exit from quiescence can
lead to premature differentiation and subsequent stem cell pool depletion (6).
Proliferating eukaryotic cells go through four phases of the cell cycle, G1 (gap1l),
S (synthesis), G2 (gap2) and M (mitosis) (7). When intrinsic or extrinsic
mechanisms instruct stem cells to enter quiescence, they exit the cell cycle at G1
phase and enter a GO quiescent phase (Figure 1) (5,8). Recent studies have
demonstrated heterogeneity of the quiescence state where some quiescent stem
cells undergo cell cycle arrest at G2 (9-11). This heterogeneity is further
demonstrated by certain quiescent stem cells exhibiting a “deeper” quiescent state
with a higher reactivation threshold of growth factors (8,10,12). Quiescence is
distinct from terminal differentiation of cells and senescence because it is

reversible (13).



— GO

Quiescence

Figure 1. Quiescence is a reversible state. The cell cycle is comprised of S,
G2, Mitosis and G1 phase. Stem cells can exit cell cycle during G1 phase before
reaching the restriction point (R), and enter the GO quiescence phase. Adapted

from Rumman et al. (5)

Quiescence is also an evolutionarily conserved phenomenon that occurs in
a wide range of organisms (13-16). Lower phylogenetic organisms often utilize
quiescence for self-preservation against harsh environments. C. elegans and
bacteria enter a resting phase with suppressed metabolism and cell cycling rate in
response to harsh environmental challenges such as high temperature and scarce
food supply (16). The conservation also occurs at the molecular level, since
nuclear FOXO is required for both C. elegans dauer, a hibernation state for C.
elegans, and mammalian hematopoietic stem cell (HSC) quiescence (15). Stem
cell quiescence has been described and studied in many stem cell models (13). In
rodents, quiescence protects HSCs in the adult bone marrow from accumulation

of genetic mutations, and maintains HSCs’' capacity to replenish blood cells



throughout adulthood (8). In adult murine brains, a pool of adult neural stem cells
(NSCs) is maintained in the subventricular zone (SVZ) and subgranular zone (SGZ)
of the hippocampus, and generates neurons, astrocytes and oligodendrocytes
(Figure 2) (17-20). NSCs in these two regions maintain their stemness through
entry and exit from quiescence (21). Mis-regulation of quiescence will lead to early
differentiation of NSCs, and depletion of the stem cell pool (22,23). The existence
of quiescent NSCs is promising for therapeutic repair of the aging brain, but
because of the lack of clear molecular markers for quiescent NSCs and other
technical challenges of human studies, it remains a debate whether adult NSCs
exist in humans, leaving the exact regenerative capacity of the human brain a

mystery (24—26)
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Neuron
Figure 2. Neural stem cell self-renewal and differentiation. NSCs undergo
asymmetric cell divisions to self-renew, and produce a more differentiated neural
precursor cell that will then in turn generate more specialized cells such as

oligodendrocytes, astrocytes and neurons. Adapted from (27).

Dietary Nutrients and Stem Cells

Regulation of stem cell proliferation, differentiation and maintenance is tightly
linked to dietary nutrients (28). During development, poor maternal nutrition results
in stunted growth of offspring (29). Dietary nutrients regulate stem cell homeostasis
in both children and adults. Bone formation requires a constant supply of nutrients
as inadequate nutrition will lead to bone loss and subsequent bone damage

associated with osteoporosis (30). Mesenchymal stem cells (MSCs) require proper
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nutrients for osteogenic differentiation (31). Researchers have shown that MSCs
in obese mice display impaired osteogenic and chondrogenic potential (32). In
muscle tissues, dietary restriction improves the regeneration capacity of the
muscle stem cells. In addition, transplant experiments reveal that donor muscle
stem cells from normal fed mice engraft more productively during calorie restriction
in the recipient mice (33). Nutrient regulation of these two stem cell models is
critical for maintenance of proper stem cell functions.

In the intestinal epithelium, both rapid cycling and quiescent intestinal stem
cells (ISCs) are present to maintain intestinal tissue homeostasis (34). When ISCs
enter a state of quiescence, they are protected from environmental insults through
maintenance of quiescence by PTEN (a tumor suppressor, and phosphatase of
PIP3) expression (35). Rapid cycling ISCs are sensitive to environmental insults
such as nutrient deprivation and fail to cycle in these conditions (36,37). When
nutrient availability is restored, quiescent ISCs reactivate through release of PTEN
inhibition, and activation of the nutrient sensing PI3K/AKT/mTOR signaling
pathway to regenerate the intestine (35).

Calorie restriction creates a more favorable stem cell niche that keeps 1SCs
in a poised state to maintain the stem cell pool. Calorie restriction also reduces
MTORCL1 signaling in ISC niche cell called Paneth cells, and induces expression
of bone stromal antigen 1 which strengthens the proliferation of the ISCs (38).
Having both rapid cycling ISCs and quiescent ISCs with divergent cellular
responses to changes in nutrient status ensures fast tissue regeneration, and

prevents premature exhaustion of the stem cell population (34).
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The highly conserved InR/PI3K/AKT nutrient-sensing pathways are readily
accessible to study in Drosophila stem cell models by using timed feeding assays.
Nutrient sensing occurs through either direct binding of particular nutrients such
as amino acids, lipids and carbohydrates to the sensor, or through indirect
molecular expression such as insulin, that gauges nutrient levels (39). There are
8 Drosophila insulin-like peptides (Dilps) that have been identified (40). Dilp 1-6
are homologs of insulin/IGF. Dilp 1-5 resembles insulin, and Dilp6 resembles IGF
base on sequence homology (41). Dilp7-8 resemble relaxin, a hormone that effects
the female reproductive system and pregnancy (42)(43,44). Dilp 1-7 are typically
thought to be able to signal through the insulin receptor (InR) (43). With powerful
genetic tools, how the nutrient sensing insulin signaling pathway regulates stem
cell proliferation in flies remains an important and accessible area of study.

The Drosophila germline stem cell (GSC) niche is a well characterized niche
model system with respect to its response to dietary nutrients. When starved of
protein, GSCs reduce proliferation and ultimately are lost (36). However, activated
insulin signaling in the niche cells is able to maintain a small pool of GSCs in
response to starvation (36). Proliferation and quiescence of Drosophila NSCs,
neuroblasts (NBs), are also nutrient regulated (45—-48). Understanding how dietary
nutrients regulate stem cell proliferation, quiescence and stem cell niche function
Is crucial for therapeutic considerations of stem cells’ regenerative capacity, and

ultimately improving animal well-being and life span.
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Drosophila Neuroblast Entry and Exit from Quiescence

Drosophila NBs share functional homology to mammalian NSCs and generate
various neuron subtypes that are essential for circuit formation (49). NBs are
specified during early embryogenesis, and undergo reductive cell size divisions to
generate neurons and glia that make up a functional early larval brain (50). At the
end of embryogenesis, NBs enter a period of quiescence through expression of a
series of spatial Hox proteins and temporal identity factors (51). A subset of NBs,
called mushroom body NBs, and a lateral NBs, never enter quiescence and
maintain proliferation (45,46). Activated Hippo signaling maintains NBs in
qguiescence through inhibition of the transcriptional factor Yorki. Intercellular
transmembrane proteins Crumbs and Echinoid in both NBs and neighboring glial
cells modulate Hippo signaling to inhibit reactivation (52). In the optic lobe (OL),
glia neighboring the OL NBs also secrete a glycoprotein, anachronism, to inhibit
OL NBs from reactivation from quiescence (53,54). Drosophila perlecan, Trol,
activates OL NBs from quiescence (53). When larvae hatch and begin feeding,
dietary amino acids signal through the fat body, a white adipose tissue and liver
equivalent organ in Drosophila, which sends an unknown fat body-derived signal
(FDS) to the central nervous system (CNS) (45,48,55). The subperineurial glia
(SPG) of the blood-brain barrier (BBB) then secrete Drosophila insulin-like peptide
6 (Dilp6) via calcium pulses of the gap junctions between the SPGs (56), and
activate InR/PI3K/AKT signaling pathways in the NBs to reactivate quiescent NBs
(Figure 3) (48,55,56). Dilp-6 has also been shown to drive cortex glial growth in

the ventral nerve cord via activation of PI3-K signaling in response to dietary
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nutrients (57). STRIPAK members act as an intrinsic molecular switch to

coordinate Hippo and InR pathways (58).

Larval Hatching ) L NBs Entry and Exit
and Feeding 24 hours fed .
from Quiescence

Proliferation
—— non-MBNBs
\ / — MBNBs
Quiescence

Embryogenesis l Larval Development
& W

Figure 3. Schematic of NB entry and exit from quiescence.

NBs specified

Much of the known model describing NB entry and exit from quiescence
focuses on the NBs in the thoracic region of the ventral nerve cord (VNC) where
NBs are in close contact with the BBB, and the SPGs make up the neurovascular
niche of the NBs in the VNC (59). Whether 1) the central brain (CB) shares the
same NB niche cytoarchitecture as the VNC, 2) whether the niche cytoarchitecture
establishment is nutrient-responsive, and 3) whether NB reactivation requires

niche establishment remain unclear.
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Neural Stem Cell Niche in Mammals and Flies

Adul | Il niche in t i | icul

Stem cells self-renew and produce differentiated progenies in a highly specialized,
three-dimensional architecture, termed the stem cell niche (1,60). Proper
interaction between niche cells and stem cells is important for maintaining stem
cell multipotency. The mammalian subventricular zone (SVZ), and subgranular
zone (SGZ) are among the most well-studied adult neurogenic niches. In the SVZ
of rodents, quiescent and activated neural stem cell (NSC) Type-B1 cells interact
with a diverse group of cells that comprise the neurogenic niche including;
astrocytes, pericytes, neuroblasts, post-mitotic neurons, intermediate progenitors
(INPs), ependymal cells, and endothelial cells of the vasculature (Figure 4A) (61).
Researchers have characterized the SVZ neural stem cell-niche interaction using
both in vitro and in vivo methods. Astrocytes derived from neurogenic regions
promote neuronal fate commitment of the neural stem cells in culture (62).
Ependymal cells induce astrocyte fate via secretion of Noggin, and promote self-
renewal of the neural stem cells through secreting pigment epithelium-derived
factor PEDF (63). The apical side of the Type-B1 stem cell reaches through the
pinwheel shaped ependymal cells and contacts the cerebral spinal fluid (CSF);
basally, Type-B1 stem cells’ end feet are in contact with endothelial cells of the
blood vessels (64). Through contact of the ependymal cells, NSCs also have
access to the cytokines and growth factors in the CSF (65). Through contact with
the endothelial cells of the vasculature, quiescence of Type-B1 cells is regulated
through Notch and Ephrin signaling (66). The presence of cytokines and growth

factors in the CSF, and the frequency of contact with endothelial cells both
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influence neural stem cell proliferation (64,67). Interactions with a multitude of

niche cells enable Type-B1 stem cells to integrate various inputs from their

surrounding environment.

In the dentate gyrus of the hippocampus, radial astrocytes (RAs), the neural stem
cells, contact cells present in the granular cell layer (GCL) and inner molecular
layer (IML) via the long shafts of their polarized cell bodies (Figure 4B) (68). RAs
interact with; blood vessels, neighboring RAs, intermediate progenitor cells,
granular cells, and other glial cells, axons and synaptic terminals in the inner
molecular layer (69). RAs are intimately associated with endothelial cells and blood
vessels on the Hillus side (69). In the SGZ, neurogenesis and angiogenesis co-
occur, possibly through vascular endothelial growth factor (VEGF), promoting
neural progenitor proliferation (70). Overexpression of Noggin, which is normally
expressed in granular cells, the hillus and the RAs, increases RA proliferation (71).
Similar to SVZ Type B1 cells, RAs in the SGZ present an exceptional stem cell
model that interacts with various niche cells across several domains. Altogether
these studies demonstrate the importance of identifying the necessary
components that constitute the cytoarchitecture of a stem cell niche.
Understanding the stem cell niche cytoarchitecture is essential to decipher the

regulation of stem cell proliferation and advance stem cell therapy.

hil bl Il nict
With available genetic tools and makers, and ease of feeding assays, Drosophila

neuroblasts (NBs), are a great model system to study the neurogenic niche and
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nutrient regulation of stem cell proliferation and niche development. Drosophila
NBs reside in a much simpler stem cell niche compared to their mammalian
counterpart. In the central brain (CB), Drosophila NBs are in direct contact with
both cortex glia and NBs’ new-born daughters, ganglion mother cells (GMCs)
(Figure 4C and Figure 5) (72—74). NBs utilize activated PI3K to build an adhesive
niche between themselves, cortex glia and their GMCs (72). Cortex glia are
thought to functionally mimic mammalian astrocytes (75), and are considered the
niche glia that provide support for NBs (57). In the thoracic region of the ventral
nerve cord (VNC), NBs also make contact with the subperineural glia (SPG)
(55,59). Blood-brain barrier (BBB) glia, specifically the SPGs, provide a barrier
between the CNS and the hemolymph through formation of tight junctions with one
another (76), similar to mammalian endothelial cells (59,77). The SPGs are
implicated in NB exit from quiescence (55,56). Aside from cortex glia and the SPGs,
the most outer layer of the BBB, comprised of perineural glia, instructs NB
proliferation at third instar larval stage through expression of Dally-like (Dlp), a
heparan sulfate proteoglycan, and Glass bottom boat (Gbb), a BMP homolog (78).
The functionally analogous cell types in the brain of Drosophila and mammals
present an advantage to study neural stem cell niche regulation of neural stem cell

quiescence in a much simplified system.
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Activated Type B1 Cell
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Figure 4. Neural stem cell niche in rodent SVZ, SGZ and Drosophila CB.

(A). Simplified version of adult neurogenic niche in the SVZ. Arrows denote the
NSC differentiation path. Type B1 cell: NSCs. Type C cell: transient amplifying
progenitor. (B). Simplified version of adult neurogenic niche in the SGZ. Arrows

denote the NSC differentiation path. IML: inner molecular layer. GCL: granular cell
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layer. (C). Drosophila NB stem cell niche. A and B adapted from Fuentealba et al.,

2012 (69).

Cortex Glia

Neuroblast

GMC

Figure 5. Neuroblasts reside in glial cells. Image shows a single Z plane.
Greyscale channel on the left. demonstrates glial niche morphology. Merged

channel image on the right. Developmental stage: 72 hours after larval hatching.
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Roles of Oxygen in the Stem Cell Niche

Oxygen availability is an important component of the stem cell niche that influences
stem cell proliferation and differentiation fate (79). Human embryonic stem cells
(ESCs) differentiate under an ambient oxygen concentration of around 21% 02 (80).
Oxygen concentration in vivo is often much lower than ambient air. It is well
accepted that the physiological normoxia is 2% - 9% 02 (81). A higher physiological
concentration of oxygen helps ESCs maintain proliferation as well as differentiate
(80). Oxygen tension in the brain can be as low as 1% (81). In the rodent SVZ,
lower oxygen tension maintains neural stem cells in quiescence and helps them
maintain their multipotency through induction of VEGF by hypoxia-inducible
transcriptions factors o (HIF-1a) (82,83). In addition, angiogenesis and
intermediate progenitor cell proliferation co-occur in mice (84). The evidence
demonstrates that oxygen is an important component of the neurogenic niche (67).

Tissue specific oxygen concentration is highly dependent on vascularization
(79). Ininsects, trachea is the gas exchange organ that delivers oxygen throughout
the insect body through diffusion (85). A single tracheal branch enters the central
brain from the medial side of the brain hemisphere and infiltrates the brain (86). It
is possible that the Drosophila cerebral trachea is part of the NB stem cell niche,
and supplies oxygen to NBs, glia and neurons for cellular respiration (87). Further
understanding of the precise role that oxygen plays in the neurogenic niche is

important for studying recovery from hypoxic brain injuries.
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Source of Insulin in the Brain and Implications

Insulin receptor is widely expressed in a variety of cells in the brain, demonstrating
the brain’s capacity to respond to insulin/IGF signaling (88,89). Insulin/IGF
signaling regulates neuronal development, energy homeostasis, cognitive function,
mood, learning and memory (88,90,91). Understanding how brain cells respond to
insulin, and how insulin is delivered to those cells is important for understanding
normal brain development and therapeutic considerations in neurodegenerative
disorders. Insulin is produced both peripherally in the pancreatic 3 cells, and locally
in the brain (90). The majority of insulin present in the brain enters through active
transport across the blood-brain barrier (90,92-94). Evidence of local insulin
production in the brain includes the detection of insulin mMRNA in the brain of rabbits
(95). Recent evidence shows that GABAergic “neurogliaform” cells, located in the
rodent cerebral cortex are also capable of producing insulin (96,97). Regardless
of the origin, insulin/IGF signaling plays an important role in neurogenesis. In
rodents, IGF-I induces neural stem cell proliferation in the striatum (98), and IGF-
Il promotes stemness of neural stem cells in the SVZ neurogenic niche (99). In
these studies, the origin of the IGF remains unclear, as the experimental
approaches relied on in vitro culture of neural progenitors, or peripheral infusion of
IGF (99-102). In Drosophila, glial derived local source of Drosophila insulin-like
peptide 6 (Dilp-6) in the CNS has been shown to activate insulin signaling of neural
stem cells in response to dietary nutrients (48,55). Utilizing Drosophila as a model
organism will further our understanding of the source of insulin/IGF that promotes

neurogenesis.
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There has been a rapid growth of literature on the correlation of
neurodegenerative disorder such as Alzheimer's disease (AD) with insulin
resistance. AD has also been referred to as “Type IlI” diabetes because of
increased insulin resistance with decreased insulin and insulin receptor expression
level observed in the AD patient brain (103,104). Reduction in circulating insulin
contributes to AD pathogenesis, while improvements in cognitive function have
been demonstrated following intranasal insulin treatment (105). Type 2 diabetes
mellitus (T2DM) is also associated with cognitive deficits, and an increased risk of
neurodegenerative dementias (104). Understanding the balance of insulin levels
in the brain and in the periphery, and how local versus systemic insulin regulates
neurogenesis may shed light on the pathogenesis of neurogenerative disease and

diabetes.
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In this dissertation, | aim to address the biological process of how dietary
nutrients regulate NB reactivation from quiescence through the establishment of
NB stem cell niche cellular architecture. Furthering our understanding of this
process is important because nutrient regulation of neural stem cell niche
development is under appreciated, and proper functional neural circuit
establishment may not occur if NB reactivation fails to occur on time. | sought to
answer the following questions: 1) What is the NB stem cell niche? 2) Is niche
development nutrient-responsive? 3) Is NB niche development required for NB
reactivation? 4) Is NB reactivation required for NB niche development? 5) Are the
Drosophila insulin-like peptides required for NB reactivation and niche
development? If so, which Dilp? 6) Lastly, what are the cellular sources of insulin
that reactivate quiescent NBs? | address these knowledge gaps in this dissertation
using elegant genetic tools available in Drosophila, confocal microscopy of fixed
and live brains, and other molecular biology techniques. We were able to
characterize growth morphology of various cell types using cell-type specific
fluorescent expression. We also uncovered functional requirements of various cell
types that are required to reactivate quiescent NBs. This work represents the first
thorough investigation of NB stem cell - niche interactions in response to dietary

nutrients, and uncovered a possible role of circulating insulin in neurogenesis.
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In review as a research article in PLOS Biology 10/3/2019

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

Abstract

Dietary nutrients provide macromolecules necessary for organism growth and
development. In response to animal feeding, evolutionarily-conserved growth
signaling pathways are activated, 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 tissue function. Here, we
report that Drosophila neural stem cells, known as neuroblasts, reactivate from
developmental quiescence in a dietary nutrient-dependent manner. Neuroblast
reactivation requires non-cell autonomous activation of 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 non-cell
autonomously for glial membrane expansion and robust neuroblast-glial contact.
Finally, PI3-kinase is required cell autonomously for nutrient-dependent growth of
neuroblasts, glia, and trachea. Of the seven Drosophila insulin-like peptides (Dilps),
we find that Dilp-2 is required for PI3-kinase activation and growth coordination
between neuroblasts and glia. Dilp-2 induces cortex glia to initiate membrane

growth and make first contact with quiescent neuroblasts. After contact,
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neuroblasts increase in size and reenter S-phase. Once reactivated from
guiescence, 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 bi-directional growth signaling between neural
stem cells and surrounding cell types in response to nutrition and demonstrate how
coordinated growth among different cell types drives tissue morphogenesis and

function.

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 space. Yet, it remains
unclear how different cell types with different molecular programs integrate their
own growth with growth 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
(106-111). What is less understood is whether local growth decisions are
coordinated in response to nutrient availability, what regulatory networks
coordinate local growth, and whether coordinated growth is required for tissue
function. Dietary nutrients also play important roles in growth regulation, as they
provide the building blocks for biosynthesis of macromolecules (lipids, proteins,

and nucleic acids) and serve as co-factors used in metabolic reactions.
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Here we investigate how growth occurs in the Drosophila brain in response
to dietary nutrients during development. In Drosophila, nutrient sensing pathways,
including insulin/ phosphatidylinositol 3-kinase (PI3-kinase) and target of
rapamycin (TOR)-kinase, are evolutionarily conserved, and genetic tools for cell
type-specific manipulation of gene function are available (112-114). 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 heterogenous population of
neural stem cells and progenitors, a diverse array of specialized glia, different
neuron subtypes including neurosecretory 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 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 neurodevelopmental disorders and defects associated with poor nutrient
quality and/or limited nutrient availability (101,115-118).

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 (119,120). In response to dietary nutrients, fat body

derived signals (FDS) are synthesized and secreted into the circulating
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hemolymph, which stimulates tissue growth systemically (45,48,120-123). Sub-
perineural (SPG) glia, a glial subtype that encapsulates the brain and ventral nerve
cord to form a blood brain-like barrier, respond to the FDS by synthesizing and
secreting Drosophila insulin-like peptide 6 (Dilp-6) locally within the brain
(48,55,124). 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 (48,55). 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 (60). These specialized microenvironments integrate local and
systemic cues to control stem cell proliferation decisions, cues that inform on
nutrient status, tissue physiology and function, and perhaps even developmental
time.

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 three 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
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neuroblasts and glia, and that Dilp-2 mediated PI3-kinase activity is required to
coordinate growth of neuroblasts with development of their cortex glia 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 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 bi-directional signaling among
different cell types in response to nutrition and sheds light on how dietary nutrients
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 neuroblasts, glia, and trachea was assayed in the
brain (Figure 1). Fly food was supplemented with EdU to assay S phase entry, and
size was measured based on the average 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 four mushroom body
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neuroblasts (MB neuroblasts, white arrows) and one lateral neuroblast were
dividing based on their incorporation- of EdJU and generation of EdU-positive
progeny (Figure 1A,G,L). In contrast, the other central brain neuroblasts (~100 per
brain hemisphere), referred to as non-MB neuroblasts, failed to incorporate EdU
during this time (Figure 1A,G,L). 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 (Figure 1B,C). After 12 hours
of feeding, a few non-MB neuroblasts incorporated EdU, and EdU incorporation
correlated with increased neuroblast size (Figure 1F,H,L). 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 (Figure 1D,1,J,L). Similar to
earlier time points, EdU-positive non-MB neuroblasts were larger than EdU-
negative non-MB neuroblasts (Figure 1F). To confirm that increases in neuroblast
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 four
MB neuroblasts (white arrows) and the lateral neuroblast incorporated EdU (Figure
1E,K,L), and non-MB neuroblast size was reduced compared to both EdU-positive
and -negative non-MB neuroblasts from 24 hour fed animals (Figure 1F). 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 re-enter S phase and begin generating new progeny. This

conclusion is in agreement with previously published work (45,46,48,55,125),
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Next, we asked whether growth of other cell types within the brain is also
nutrient-regulated. Nutrient-dependent growth of other cell types, including niche-
like cortex glia, could play a role in regulating neuroblast reactivation from
quiescence and contribute to the substantial increases in brain size observed after
24 hours of animal feeding (~1.76X, S1A Figure). After 24 hours of feeding, we
found ~45% glia, identified based on expression of the homeodomain transcription
factor Repo, incorporated EdU (S1B,C Figure). This was unexpected and
suggested that either new glia are being produced or that existing glia
endoreplicate in response to feeding. To distinguish between these possibilities,
we counted glia nuclei before animal feeding (0 hours fed, freshly hatched) and
after 24 hours of animal feeding. We found ~95 Repo-positive glia per brain
hemisphere before feeding and ~100 after feeding, suggesting that EdU
incorporation is not followed by glial cell division (S1D Figure). Next, we expressed
UAS-dupRNAI in glia (using repoGAL4) to inhibit DNA replication and block
endoreplication (76). After 24 hours of feeding, essentially no dupRNAi expressing
glia were EdU-positive (<1%, n=5 brain hemispheres), and glial number was
unchanged compared to controls, indicating that glia endoreplicate in response to
feeding (S1E,F Figure). Next, we expressed a membrane-tagged GFP in glia
(repoGAL4, UAS-mCD8GFP) to assay glial surface area over time. Between 12
and 24 hours of animal feeding, glial membrane surface area increased nearly 3
fold (Figure 1M-P,Q). To determine whether glial membrane growth and S-phase
entry are nutrient regulated, animals were fed a sucrose-only diet. After 24 hours,

no EdU-positive glia or increases in glia membrane surface area were found,
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demonstrating that glial membrane growth and S-phase entry are nutrient-
regulated (Figure 1Q,R and S1C). 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 peri-neuropilar tracheal plexus, analogous to cerebral vasculature in
mammals (86). During mammalian cortical development, intermediate neural
progenitors divide near blood vessel branch points, suggesting that cerebral
vasculature provides niche-like support, similar to Drosophila glia (126). To
determine 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 (86). After
24 hours of feeding, we observed one to four EdU-positive tracheal nuclei, located
at the base of secondary branches, in each brain hemisphere (S1G,H Figure), and
we found an overall 3-fold increase in tracheal surface area (Figure 1S-V,X).
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 (Figure 1W,X and
S1H). Together, we conclude that growth (S phase entry and size) of neuroblasts,

glia, and trachea is nutrient-regulated. Moreover, growth of all three cell types
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occurs continuously and concomitantly, raising the possibility that nutrient-sensing

pathways coordinate growth among different cell types.
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Figure 1. Neuroblast reactivation from quiescence, as well as glial and
tracheal growth are nutrient-regulated.

(A) Larval brain cartoon with red box indicating the brain region imaged in this
and subsequent figures. (B-E) Single confocal Z images of non-MB and MB
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images, with colored overlay, bottom right. Molecular markers are denoted within
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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’s two-tailed t
test, ***p<0.001. (G-L) EdU-positive NBs over time. (G-K) Maximum intensity
projections of 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. White arrows in (G,K) indicate MB neuroblasts.
(L) Quantification of EdU-positive neuroblasts 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. (M-R) Increases in
glial membrane surface area over time in animals expressing mCD8:GFP using
repoGAL4. (M-Q) Single optical sections of brain hemispheres. Top panels are
colored overlays, and bottom panels are single-channel images with mask
overlays used in quantification (R) of total glial membrane surface area over time
(see Materials and Methods). (S-X) Cerebral tracheal morphology over time in
animals expressing GFP using btIGAL4. (S-W) Maximum intensity projections of
brain hemispheres with rendered trachea below and quantified in (X). (L,R,X)
One-way ANOVA with Tukey’s post hoc analysis, *p<0.05, **p<0.01, ***p< 0.001.
(B,G,M,S) Scale bar equals 10 um in this and all subsequent figures. Genotypes

of panels listed in S5 Table.
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Nutrient-dependent growth of neuroblasts, glia, and trachea requires cell
autonomous and cell non-autonomous activation of PI3-kinase
Increases in cell growth in response to dietary nutrients are typically due to
increased PI3-kinase pathway activity, an evolutionarily conserved growth
signaling pathway that activates TOR kinase and other growth
pathways(101,106,108,112,114). To determine whether PI13-kinase is required for
nutrient-dependent growth of neuroblasts, glia, and trachea, we expressed UAS-
dp60 to reduce PI3-kinase activity using cell type-specific GAL4 lines and assayed
EdU incorporation (S2A-D Figure) and cell size or membrane surface area after
24 hours of feeding (Figure 2A-D) (127). When levels of PI3-kinase activity were
reduced in neuroblasts (worGAL4, UAS-dp60), neuroblast EdU incorporation was
reduced and neuroblast size reduced as previously reported (Figure 2B and S2A)
(46,48,55). When levels of PI3-kinase activity were reduced in all glia (repoGALA4,
UAS-dp60), EdU incorporation was essentially absent in glia and membrane
surface area reduced (Figure 2C and S2B,C). Reduction of PI3-kinase activity in
trachea (btIGAL4, UAS-dp60), eliminated EdU incorporation and tracheal surface
area and branching were reduced (Figure 2D and S2D). Therefore, P13-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 one cell type (neuroblasts, glia, or trachea) alone and

growth of the other two cell types was assayed. When PI3-kinase levels were
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reduced in neuroblasts (worGAL4, UAS-dp60), a modest, but significant reduction
in glial membrane surface area was observed after 24 hours of feeding (Figure
2E,F,H). To further support that neuroblast growth is required for glial growth, we
expressed raptorRNAI in neuroblasts (worGAL4, UAS-raptorRNAI) to knock down
TOR activity. Again, a significant reduction in glial membrane surface area was
found after 24 hours of feeding (Figure 2E,G,H). Reductions in glial membrane
surface area could be due to reductions in glia number, as some worGAL4-
expressing neuroblast lineages generate glia. Indeed, glia number was reduced
compared with controls in raptorRNAi knock down animals (worGAL4, UAS-
raptorRNAI) but remained unchanged when PI3-kinase activity was reduced in
neuroblasts (worGAL4, UAS-dp60) (Figure 21). Next, we assayed tracheal surface
area when levels of PI3-kinase activity were reduced. No change in tracheal
surface area was detected (S2E-G Figure). 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 growth of
neuroblasts and trachea. When PI3-kinase levels were reduced in glia (repoGALA4,
UAS-dp60), significant reductions in both neuroblast EdU incorporation and
neuroblast size were found after 24 hours of feeding (Figure 2J-M). Yet, tracheal
surface area remained relatively unchanged compared to controls (S2H,| Figure).
Finally, we reduced PI3-kinase activity in trachea and assayed growth of
neuroblasts and glia. When PI3-kinase activity levels were reduced in trachea

(btIGAL4, UAS-dp60), we found a modest, but significant reduction in neuroblast
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EdU incorporation after 24 hours of feeding (Figure 2N,O), but no change in glia
membrane surface area (S2J,K Figure). We conclude that activation of P13-kinase
signaling in glia and trachea 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 S2L Figure). Altogether, we conclude that PI3-kinase signaling
functions in a cell autonomous and non-autonomous manner to coordinate growth

among different cell types within the developing Drosophila brain.
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Figure 2. Nutrient-dependent growth of neuroblasts, glia, and trachea
requires autonomous and non-autonomous PI3-kinase activation.

(A) Single Z images of segmented brain hemispheres with cell types colored as
indicated. Quantification of NB size (B) (Conor Sipe), glial surface area (C), and
tracheal surface area (D) per brain hemisphere from the indicated genotypes
after 24 hours of feeding. (E-1) Glial membrane morphology and glial number at

24 hours after feeding in animals expressing dp60 or raptorRNAI in neuroblasts



39

and mCD8GFP in glia. (E-G) Single Z images of brain hemispheres. Top panels
are colored overlays, and bottom panel are single-channel images overlayed with
the mask used for quantification (H) (see Materials and Methods). Quantification
of glial number (1). (J-M) EdU-positive NBs after 24 hours of feeding in animals
expressing dp60 in glia. (J-K) Maximum intensity projections of brain
hemispheres from the indicated genotypes. Top panels are colored overlays, and
single-channel grayscale images are below. Brain hemispheres outlined, and the
dotted vertical line to left indicates the midline. Quantification of EdU-positive
neuroblasts (L) and NB size (M). (N-O) Cerebral tracheal morphology over time
in 24 hour fed animals expressing dp60 in trachea. Maximum intensity projection
of brain hemispheres with a rendered trachea image below, quantified in (O).
(B,C,D,L,M,0) Student’s two-tailed t test, *p<0.05, **p<0.01,***p< 0.001, error
bars, SEM. (H,l) One-way ANOVA with Tukey’s post hoc analysis. Genotypes of

panels listed in S5 Table.
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Growth of cortex, subperineural, and neuropil glia is nutrient-regulated and
PI3-kinase dependent

The glial population in the Drosophila brain is composed of several different
subtypes, including cortex glia, that ensheathe neuroblasts and their newborn
neuron progeny, subperineural glia (SPG), that encapsulate the central nervous
system (CNS) forming a "blood brain-like barrier", and neuropil glia, that separate
neuron cell bodies from their axon projections (Figure 3A). To better understand
how PI3-kinase 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, ~95 Repo positive glia were found in each brain
hemisphere. Of these, ~18 were cortex glia (19%), ~34 neuropil glia (35%, which
include ensheathing glia of the neuropil and astrocytes), and the rest, ~46% SPGs
and optic lobe-associated glia combined. After 24 hours of feeding, glial number
and subtype distribution, based on location remained relatively unchanged (S3
Figure). 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 glia subsets in 24 hour fed animals (S4
Table). We found that NPO577GAL4 drove UAS-histoneRFP reporter expression
in all cortex glia, identified based on location and Repo co-expression, as well as
in some other glia (Figure 3B,C). MoodyGAL4 drove UAS-histoneRFP in most
SPGs, almost half of neuropil glia, but no other glia (Figure 3D,E). Of the glial GAL4

lines screened, NP0O577GAL4 and moodyGAL4 exhibited the most restricted and
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specific patterns 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 (NPO577GAL4,
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
glial began to ensheathe neuroblasts with new glial membrane (Figure 3F,l). In
contrast, animals fed a sucrose-only diet or a normal diet with reduced PI13-kinase
levels in cortex glia (NPO577GAL4, UAS-dp60) showed no increases in cortex glia
membrane surface area after 24 hours (Figure 3G,H,l). Furthermore, we found no
evidence of glial membrane ensheathment of neuroblasts under these conditions
(Figure 3G,H, right panels). Next, we carried out a similar set of experiments in
moodyGAL4, UASmCDS8GFP 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 (Figure 3J-M). We noted that
neither SPG or neuropil glia ensheathe neuroblasts (Figure 3J). We conclude that
cortex glia, SPG, and neuropil glia require dietary nutrients and P13-kinase activity
for growth. Importantly, using glial subtype-specific GAL4 lines, we can now further
dissect non-autonomous growth regulation between neuroblasts and specific glia

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



42

NPO0577GAL4, UAS-histoneRFP

g 40
A 24 hrs fed E
£
cortex glia 2
(NP0O577GAL4) g
©
: TN .
' v
o . ’
£ 2
° @
£ by 5
E
2
neuropil glia and SPG g
(moodyGAL4) %
I*

cortex glia (NPO577GAL4)
24 hrs fed 24 hrs sucrose UAS-dp60

(x10* um?)

=

4

3
o
]
o
[}
cortex glia membrane surface area —

SPG (moodyGAL4)

24 hrs fed 24 hrs sucrose UAS-dp60
K L

=<

]

&
N

. 3
subperineural membrane surface area
(x10% um?)
o w
L 1
7, %
</(.‘
WV, (J
K Q
°
[+
o

Figure 3. Growth of cortex glia and SPG is nutrient-regulated and PI3-
kinase dependent.

(A) Single Z image of a segmented brain hemisphere with glia subtypes and
corresponding GAL4 lines denoted in color. (B and D) Left panels, colored
overlays of a single Z plane from a brain hemisphere of the indicated genotype,

with grayscale images on the right. Quantification of glial populations are shown
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in C and E. Red columns, mean of histoneRFP expressing glia and black
columns, mean of glia identified based on position. Whites boxes indicate RFP-
expressing cortex glia in (B) and SPG in (D). (F-I) Cortex glial membrane
morphology after 24 hours of feeding standard food (F and H) or sucrose (G). (F-
H) Single Z planes of brain hemispheres. Top panels are colored overlays, and
bottom panels are single-channel images with the mask overlays used for
guantification of cortex glia membrane surface area (I). Boxed Deadpan-positive
neuroblasts are shown at higher magnification to the right. (J-M) SPG and
neuropil glial membrane morphology after 24 hours of feeding on standard food
(J and L) or sucrose (K). (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 (M). Deadpan-positive neuroblasts denoted in box shown at higher
magnification to the right. One-way ANOVA with Tukey’s post hoc analysis,

**p<0.01, **p< 0.001. Error bars, SEM. Genotypes of panels listed in S5 Table.
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Cortex glia are required to reactivate neuroblasts from developmental
guiescence

We found that reduction of PI3-kinase activity in all glia inhibited neuroblast
reactivation from quiescence (refer back to Figure 2J-M). 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 levels were reduced in cortex glia (NPO577GAL4, UAS-
dp60), we found that neuroblast EdU incorporation and size were reduced after 24
hours of animal feeding (Figure 4A,B,D,E). The same effect was observed when
phosphatidylinositol  (3,4,5)-triphosphate (PIP3) levels were reduced by
overexpressing the lipid phosphatase, Pten (NPO577GAL4, UAS-Pten) (Figure
3D). However, when PI3-kinase activity levels were reduced in SPG/neuropil glia
(moodyGAL4, UAS-dp60), no difference in neuroblast EAU incorporation was
found compared to controls (Figure 4F-H). To confirm that cortex glia are required
for neuroblast reactivation, the pro-apoptotic gene, grim was expressed
(NPO577GAL4, UAS-grim) to ablate cortex glia genetically (Figure 41-K). After 24
hours of feeding, neuroblast EdU incorporation was essentially absent, and
neuroblast size reduced (Figure 4C-E). We conclude that neuroblast growth and
reactivation from quiescence requires activation of PI13-kinase in cortex glia, the
glia subtype that ensheathe neuroblasts and their newborn progeny, but not SPG

or neuropil glia.
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Figure 4. Cortex glia are required for nutrient-dependent neuroblast
reactivation from quiescence.

(A-E) 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 neuroblasts per
brain hemisphere (D) and NB size split 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
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colored overlays (top), with single-channel grayscale images below. Brain
hemispheres are outlined, and dotted vertical lines indicate midline.
Quantification of EdU-positive neuroblasts per brain hemisphere (H). (I) Single Z-
plane images, top panel colored overlay with single-channel grayscale image
below, brain hemispheres outlined. (J) Two (top and bottom) grayscale images of
same Z plane, with cortex glia number following genetic ablation quantified in (K).
(D) One-way ANOVA with Tukey’s post hoc analysis and (E,H,K) Student’s two-
tailed t test, *p<0.05, **p<0.01, ***p< 0.001. Genotypes of panels listed in S5

Table.
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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 Dilps 1 through 7
bind to and activate the single insulin-like tyrosine kinase receptor (InR). While a
role in neuroblast reactivation has been attributed to Dilps, a systematic analysis
of all dilp mutants is lacking. To better understand how PI3-kinase coordinates
growth among different cell types within the developing brain, we assayed
neuroblast EAU incorporation in each of the seven dilp null mutants. Compared to
controls and other dilp mutants, neuroblast EJU incorporation was reduced in dilp1,
dilp2, and dilp7 null mutants (Figure 5D). Of these, dilp2 mutants displayed the
most severe and penetrant reductions in neuroblast EdU incorporation and
neuroblast size (Figure 5A,B,D-F,H). Somewhat surprisingly, neuroblast EdU
incorporation in dilp6 null mutants was not changed compared with controls, dilp3,
dilp4, or dip5 mutants, nor was neuroblast size affected by loss of dilp6 (Figure
5C,D,G,H). We conclude that Dilp-1, Dilp-2, and Dilp-7 regulate neuroblast
reactivation from quiescence in the brain.

In dilp2 mutants, cortex glial membrane surface area was reduced by half
compared to controls after 24 hours of feeding (Figure 51-K), whereas tracheal
surface area remained unchanged (Figure 5L-N). 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 neuroblasts is Dilp-2 dependent.
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Figure 5. Dilp-2 regulates neuroblast reactivation and cortex glia membrane
growth.

(A-D) EdU positive NBs after 24 hours of feeding in dilp single null mutant
animals, (A-C) maximum intensity projections of brain hemispheres, top panel
colored overlay with single-channel grayscale image below, brain hemispheres
outlined and dotted vertical lines to left indicate midline, with quantification (D)
shown as scatter plot with dots indicating brain hemispheres, bars indicating

means, and error bars SEM. (E-H) Single Z images of non-MB NBs at high
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magnification in 24 hour fed animals. Top and bottom left panels are single-
channel grayscale images, with colored overlays at bottom right. (H) Plots of NB
diameter of EdU-negative (black) versus EdU-positive (orange) NBs. Column
numbers indicate number of NBs analyzed (Conor Sipe). (I-K) Cortex glial
membrane morphology after 24 hours of feeding in controls and dilp2 mutants. (I-
J) Single Z images of brain hemispheres. Top panels are colored overlays, and
bottom panels are single-channel images with the mask overlays used for
guantification in (K). (L-N) Cerebral tracheal morphology after 24 hours of feeding
in controls and dilp2 mutants. (L-M) Maximum intensity projections of brain
hemispheres with rendered trachea below and quantified in (N). (D) One-way
ANOVA with Tukey’s post hoc analysis and (H,K,N) Student’s two-tailed t test,

*p<0.05, **p<0.01, ***p< 0.001. Genotypes of panels listed in S5 Table.
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Dilp-2 regulates CNS Dilp-6 protein levels, but not dilp6 transcript levels

We found that Dilp-2 regulates neuroblast growth and reactivation from quiescence
in the central brain but that Dilp-6 does not. This was unexpected, because Dilp-6
Is reported to be expressed in glia and is thought to be required for neuroblast
reactivation in the ventral nerve cord (VNC). Next, we asked whether Dilp-6
regulates cortex glial growth or growth of trachea in the brain in response to feeding.
In dilp6 mutants, both glia membrane (Figure 6A-C) and tracheal surface area
(Figure 6D-F) were not different compared to controls. Together, this suggests that
Dilp-6 is not required for PI3-kinase dependent growth of neuroblasts, glia or
trachea in the central brain. However, neuroblasts located within different regions
of the CNS (brain versus VNC) could have different requirements for reactivation.
Alternatively, Dilp-2 could mask Dilp-6 function in the brain. To address this
possibility, EAU incorporation and size was assayed in dilp2, dilp6 double mutant
neuroblasts. After 24 hours of feeding, neuroblast EdU incorporation was reduced
in dilp2, dilp6 double mutants (~15% EdU-positive neuroblasts) compared to dilp2
single mutants (~22% EdU-positive neuroblasts), although the reduction was not
statistically different (Figure 6G,H). Next, we assayed dilp2 and dilp6 transcript
levels (Figure 61,J), and endogenous —Dilp-2 and Dilp-6 protein levels (Figure 6K)
in the CNS of wild type animals after feeding (Figure 61-K). We found that Dilp-2
transcript and protein levels were ~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. Furthermore, in dilp2 mutants, we found that dilp6 transcript levels

were not different than wild type controls, although Dilp-6 protein levels were
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significantly reduced in 24 hour-fed dilp2 mutants compared to wildtype animals
(Figure 6J,L). 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.
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Figure 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
guantification 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) EdU-positive NBs after 24 hours of feeding in dilp2,
dilp6 double mutants. (G) Maximum intensity projection of a brain hemisphere.
Top panel is a colored overlay, and the bottom panel is a single-channel

grayscale image below with quantification in (H). Brain hemispheres are outlined,
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and the dotted vertical line indicates the midline. (1,J) RT-gPCR 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
Gapdhl and then to dilp6 levels in wild-type animals. (K,L) 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. (Miyuki Suzawa) (H) One-way ANOVA with
Tukey’s post hoc analysis and (K) Student’s two-tailed t test, **p<0.01, ***p<

0.001.
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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 characteristic glial membrane-bound pockets (Figure 7A,B). One or two
cortex glia that lie nearby or adjacent to neuroblasts and their progeny provide the
membrane that comprises 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 co-localized with cortex glia membrane
along the outside of each pocket, but no fluorescence within the pocket (Figure
7A). This suggests that cortex glia form a membrane barrier that selectively
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 membrane in contact with glia membrane (% neuroblast
membrane with glial contact, see Materials and Methods) over time in control
animals (Figure 7B, schematic at bottom). From 0 hour freshly-hatched stages until
8 hours after feeding, we found that the fraction of neuroblast membrane in contact
with glial membrane increased ~3.5 fold (Figure 7C-F). At 24 hours after feeding,
glia ensheathe ~44% of the neuroblast membrane and at 72 hours after feeding,
~72% (Figure 7B-D,G). Next, we assessed the temporal relationship between
neuroblast and glial membrane contact with changes in neuroblast size. We found
that neuroblast size increased after the fraction of neuroblast glial contact

increased (Figure 7C-G). Next, we measured fraction of neuroblast membrane in
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contact with glia membrane in 24-hour fed dilp2 mutants (Figure 71,K). We found
significant reductions in neuroblast membrane glia 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 (Figure 7H,J,K). 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.
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Figure 7. Cortex glia ensheathe neuroblasts and their progeny and provide

a niche-like barrier function.

(A) Top panel, colored overlay of 10 kDa dextran. Middle panel, single channel

grayscale image, with GFP marking pcnaGFP expressing NBs. Bottom panel,

colored overlay with 10kd 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
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panel, single-channel image. Bottom panel is a depiction of the glial and NB
segments used for quantification in (C,D,K) (Sarah Siegrist) (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 of representative NBs at different time points after feeding. Top
panels are colored overlays, middles panels are single-channel image, and
bottom panels depict the glial NB segment and NB segment used in
guantification (C-D). (H-K) Top panel colored overlay, middle panel single-
channel image, bottom panel glial NB segment and NB segment used in
guantification of animals at 24 hours of feeding with genotypes listed above.

**k%k

(D,K) One-way ANOVA with Tukey’s post hoc analysis, ***p< 0.001. Genotypes

of panels listed in S5 Table.
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Discussion

Here we report that different cell types in the brain utilize the same evolutionarily-
conserved cell signaling pathway, P13-kinase, to promote growth in response to
dietary nutrients. PI3-kinase is a lipid kinase that converts PIP2 to PIP3 at the
plasma membrane when active, leading to downstream Akt activation and nuclear
exclusion of Foxo, a transcription factor and negative regulator of growth(128-131).
We found that active P13-kinase not only regulates cell growth autonomously in the
brain, but also regulates growth of other cell types in a non-autonomous manner.
For example, glial growth is reduced when PI3-kinase levels are reduced in
neuroblasts. The molecular basis for this reduction 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 non-autonomously.
These could include PVF, a secreted growth factor, 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 (52,132,133). 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 reactivation from quiescence, similar
to cytonemes or nanotubules, or simply supply a foreign membrane that stimulates
growth(134,135). We also found that neuroblasts rely on PI3-kinase-dependent
growth of trachea for reactivation. Trachea allow for oxygen exchange, but are also
important sources of cell signaling molecules, including EGF-R and FGF-R.

Whether neuroblast quiescence versus proliferation decisions are regulated by
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oxygen levels has yet to be determined, but quiescent adult stem cells in other
organisms are thought to reside within hypoxic microenvironments(136,137).

Of all the Dilps, we found that Dilp-2 plays a predominant role in mediating
P13-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 manner from 14
neurosecretory neurons located along the anterior midline (138,139). Axons of
these neurosecretory neurons, known as the insulin-producing cells (IPCs)
terminate on the dorsal vessel, which pumps hemolymph and thus, Dilp-2,
systemically throughout the body(139). Dilp-2 is also released locally in the brain
through IPC connections with other neurosecretory neurons, including the
centrally-located Dilp-recruiting neurons (DRNs) (140). Whether local or systemic
Dilp-2 activates PI3-kinase in the different brain cell types remains an open
guestion. 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 non-autonomous growth, either locally within the brain or
systemically. Such factors include Dilp-6, which is reported to be expressed in glia,
and other Dilps that are expressed in neurosecretory neurons including the IPCs

(48,55,139-141).
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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 (141-143). For
example, in response to tissue damage, Dilp-8 is expressed and secreted
systemically, inducing developmental arrest, which allows time for tissue damage
to self-repair. Once complete, Dilp-8 levels decrease, development resumes and
adults emerge with appropriately sized and proportioned appendages(141-145).
Systemic growth is also regulated by 20-hydoxyecdysone, an ecdysteroid
hormone that promotes growth globally and couples increases in cell and tissue
size with developmental progression (107,110,111). 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 delays if dietary nutrients
are limited, but once animals reach “critical weight,” commitment to
metamorphosis commences without delay regardless of dietary nutrients (106—
111) . 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
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understood. Adult mammals, unlike flies, maintain a population of proliferative
neural stem cells in the brain, some of which reside within rosette-like structures
located along the lateral wall of the ventricle(146,147). Multi-ciliated ependymal
cells form the rosette with the stem cell and its primary cilium at the center (64).
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 factors, including IGF (148). Whether IGF
regulates levels of PI3-kinase 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 differentiation (64). In the future, it
will be interesting to determine whether dietary nutrients regulate 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 S6 Table.

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 supplemented with 0.1mM EdU, and EdU
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incorporation was detected using commercially available Click-iT EdU Proliferation

Kits for Imaging as described previously (46).

Immunofluorescence, dextran injections, and confocal imaging

Larval brains were fixed and stained as previously described (46). In brief, early
staged larval brains were dissected and fixed in 4% EM grade formaldehyde in
PEM (Pipes, EGTA, Magnesium chloride) buffer with 0.1% Triton-X for 20 mins.
Tissues were washed in 1X PBT with 0.1% TritonX-100 and blocked overnight at
4°C in 1X PBT with 10% normal goat serum. Primary antibodies used in this study
include: chicken anti-GFP (1:500, Abcam), rat anti-Deadpan (1:100, Abcam),
rabbit anti-Scribble (1:1000), mouse anti-Repo (1.5, DSHB, 8D12). Primary
antibodies were detected using Alexa Fluor-conjugated secondary antibodies. For
dextran dye experiments, 10 kDa dextran conjugated to Alexa Fluor 647 was
injected into L3 brains maintained in culture using micro-manipulators. Brains were
then fixed and stained as described above. Brains were imaged using a Leica SP8
laser scanning confocal microscope equipped with a 63X, 1.4 NA oil-immersion
objective. For glia and trachea surface measurements, Z stacks were acquired at
0.5 um steps using same confocal settings. All other confocal data were collected
at 1.0 um steps. Images were processed using the Imaris and Fiji software

packages.

Cell counts and quantification of glia and tracheal membrane surface area
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For neuroblast EAU 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
two 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 analyzed using the Surface module in Imaris 9.0.2 (Bitplane).
Imaris Surface generates a volumetric 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 membrane with glia contact, we used a Fiji plug-in as described
previously (72). 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

Brains were dissected at 72 hours after larval hatching and lysed by sonication in
extraction buffer (1X 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 (149). Protein concentration for normalization was measured
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using a bicinchoninic assay (BCA) (Pierce). To convert molar concentrations to pg
Dilp/mg protein, we used a molecular weight of 7828.86 daltons for mature
Dilp2HF protein (A-chain and B-chain with HA and FLAG tags) and 10303.62
daltons for mature Dilp6HF protein (A-chain, C-peptide and B-chain with HA and

FLAG tags).

Quantitative RT-PCR

Total RNA was extracted from 24 hour fed larval brains. 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). Quantitative PCR was performed using the iQTM SYBR Green
Supermix system (Bio-Rad). Gapdhl expression was used as a control. Relative
dilp2 and dilp6 mRNA levels for each sample were calculated using the 2-DCt
method after normalizing to Gapdhlexpression. The following primers were used:
dilp6 (40), Gapdh1(22), dilp2 forward: ACGAGGTGCTGAGTATGGTGTGCG, and

dilp2 reverse: CACTTCGCAGCGGTTCCGATATCG.

Statistical analysis

Student’s 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
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indicate the maximum and minimum, respectively. The data in plots and the text

are presented as means + SEM.
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S1 Figure: Glia and trachea endoreplicate in response to animal feeding.

(A) Fold changes in brain volume per hemisphere in response to animal feeding

(see Materials and Methods). Column numbers indicate number of brain

hemispheres scored. Values are normalized to 0 hour fed animals. (B,C) Single Z

planes of brain hemispheres. Left and middle panels are color overlays of a control

brain after feeding. High magnification of two Repo-positive glia are shown to the

right, one EdU-positive and one EdU-negative (white boxes). (C) Quantification of

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

positive glia cells per brain hemisphere before and after animal feeding. (E,F)

Single Z image of a brain hemisphere from a dupRNAI knockdown animal. Left

and middle panels are color overlays with high magnification of two Repo-positive
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glia shown to the right (white boxes). (F) Quantification of glia number in dupRNAI
knockdown animals compared to control. (G-H) Single 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).
(H) Quantification of EdU in trachea from animals fed standard food or sucrose. (A)
One-way ANOVA with Tukey’s post hoc analysis and student’s two-tailed t test,

*p<0.05, **p<0.01, ***p< 0.001. Genotypes of panels listed in S5 Table.
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Figure S2: PI13-kinase-dependent growth regulation in the developing brain.
(A) EdU labeling of single brain hemisphere (Conor Sipe). (B) Glial and (D)
tracheal morphology when PI3-kinase is reduced in neuroblasts with quantification
of glial number in (C). (A,D) Maximum intensity projections. Top panels are colored

overlays, with single channel grayscale images below (A) and rendered maximum
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intensity projection of trachea below (D). (B) Single Z image. Top panel is a color
overlay, with single channel and mask below, (D) bottom panel, rendered
maximum intensity projection of trachea. (E,F,H) Maximum intensity projections of
cerebral trachea when levels of PI3-kinase are reduced, with tracheal
segmentation in bottom panels with quantification of tracheal surface area (G,I). (J)
Single Z plane of brain hemisphere of glial morphology, color overlay with single
channel image below with glia mask used in quantification of glial membrane
surface area (K). (L) Summary of PI3-kinase growth regulation between different
cell types in the brain, circle arrows indicate requirement for autonomous PI3-
kinase growth signaling and straight arrows, indicate non-autonomous growth

signaling. Genotypes of panels listed in S5 Table.
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hemispheres. Genotypes of panels listed in S5 Table.
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S4 Table: Classification of glial GAL4 expression in the larval brain after 24

hours of feeding.

Glia expression

cortex neuropil other expression
GAL 4 line SPG astrocytes
glia glia
repoGAL4 +++ +++ +++ +++ none
NPO577Gal4d | +++ + + - few neurons
NP2222Gal4 | ++ - - - trachea and IPCs
moodyGal4 | - ++ + - NA
few neurons and
spinGal4 - ++ - -
semi-viable
wunGal4 +++ - +++ +++ NA

+++ expressed in all glia
++ expressed in some glia
+ expressed in few glia

- expressed in no glia

NA, not assayed



S5 Table: Genotypes listed by figure panel
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FIGURE GENOTYPE
Figure 1B-L repoGal4/+ (OregonR)
Figure 1M-R UAS-mCD8GFP, repoGal4/+ (OregonR)
Figure 1S-X btiGal4, UAS-GFP/+ (OregonR)

worGal4/+ (OregonR) control
Figure 2B

worGal4/UAS-dp60

UAS-mCD8GFP, repoGal4/+ (OregonR) control
Figure 2C

UAS-mCD8GFP, repoGal4/UAS-dp60

btiGal4, UAS-GFP/+ (OregonR) control
Figure 2D

btiGal4, UAS-GFP/UAS-dp60
Figure 2E,H,l | repoQF2, QUAS-mCD8GFP/+ (OregonR) control
Figure 2F,H,l | worGal4, UAS-dp60/repoQF2,QUAS-mCD8GFP

worGal4; repoQF2,QUAS-mCD8GFP/UAS-
Figure 2G,H,I

raptorRNAI
Figure 2J,L,M | repoGal4/+ (OregonR) control
Figure 2K,L,M | repoGal4/UAS-dp60
Figure 2N,O btiGal4, UAS-GFP/UAS-dp60
Figure 20 btiGal4, UAS-GFP/+ (OregonR) control
Figure 3B,C NP0577Gal4/UAS-histoneRFP
Figure 3D,E moodyGal4/UAS-histoneRFP
Figure 3F,G,I | NP0O577Gal4, UAS-mCD8GFP
Figure 3H,I NPO0577Gal4, UAS-mCD8GFP, UAS-dp60
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Figure 3J,K,M | moodyGal4, UAS-mCD8GFP control
Figure 3L,M moodyGal4, UAS-mCD8GFP/UAS-dp60
Figure 4A,D,E | NP0O577Gal4/+(OregonR) control
Figure 4B,D,E | NP0O577Gal4/UAS-dp60
Figure 4C-E NPO577Gal4/UAS-grim
Figure 4F,H moodyGal4/+(OregonR) control
Figure 4G,H moodyGal4/UAS-dp60
Figure 41,K NPO577GAL4, UAS-histoneRFP/UAS-grim
Figure 4K NPO0577Gal4/UAS-histoneRFP control
Figure 4J NPO577GAL4, UAS-mCD8GFP/UAS-grim
Figure

OregonR/wi11s control
5A,D,EH
Figure

dilp21/dilp21
5B,D,F,H
Figure

dilp6es/dilp6es
5C,D,GH

dilpl1/dilp1l1 and dilp31/dilp31 and dilp41/dilp41 and dilp51/dilp51
Figure 5D

and dilp71/dilp71
Figure 51,K NP0577Gal4, UAS-mCD8GFP control
Figure 5J,K NP0O577Gal4, dilp21/UAS-mCD8GFP, dilp21
Figure 5L,N btiGal4, UAS-GFP/+ (OregonR) control
Figure 5M,N btiGal4, UAS-GFP, dilp21/dilp21
Figure 6A,C repoQF2, QUAS-mCD8GFP/+ (OregonR) control
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Figure 6B,C dilp6es; repoQF2, QUAS-mCD8GFP
Figure 6D,F btiGal4, UAS-GFP/+ (OregonR) control
Figure 6E,F dilp6es; btiGal4, UAS-GFP
Figure 6G,H dilp6es/dilp6es; dilp21/dilp21

OregonR/wii1s and dilp21/dilp21 and dilp6es/dilp6es and
Figure 6H

dilp6es/dilp6ss; dilp21/dilp21
Figure 61,J Oregon R and dilp21/dilp21
Figure 6K dilp2na and dilp6rr and dilp6rr;dilp21/dilp21
Figure 7A pcnaGFP; repoGAL4, UAS-mCD8RFP
Figure 7B-

UAS-mCD8GFP, repoGal4/+ (OregonR)
E,G K

UAS-mCD8GFP, repoGal4/+ control
Figure 7H,K

UAS-mCD8GFP, repoGal4/UAS-dp60

NP0O577Gal4, UAS-mCD8GFP/+ (OregonR) control
Figure 71,K

NPO0577Gal4, dilp21/UAS-mCD8GFP, dilp21

repoQF2, QUAS-mCD8GFP/+ (OregonR) control
Figure 7J,K

worGal4, UAS-dp60/repoQF2, QUAS-mCD8GFP
S1 Figure A-D | repoGal4/+ (OregonR)
S1 Figure E,F | repoGal4/UAS-dupRNAI
S1 Figure G,H | btlGal4, UAS-GFP/+ (OregonR)
S2 Figure A worGAL4/UAS-dp60

UAS-mCD8GFP, repoGal4/+ (OregonR) control
S2 Figure B,C

UAS-mCD8GFP, repoGal4/UAS-dp60
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S2 Figure D btiGal4, UAS-GFP/UAS-dp60

btlLexA, LexAOP-mCD8GFP control
S2 Figure E,G

worGal4/UAS-dp60; btlLexA, LexAOP-mCD8GFP

btlLexA, LexAOP-mCD8GFP control
S2 Figure H,I

UAS-dp60; repoGald/btiLexA, LexAOP-mCD8GFP

repoQF2, QUAS-mCD8GFP/+ (OregonR) control
S2 Figure J,K

btIGAL4/UAS-dp60, repoQF2, QUAS-mCD8GFP

S3 Figure A

repoGald/+ (OregonR)
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S6 TABLE: DROSOPHILA STOCK LIST AND SOURCE

OregonR

Bloomington Drosophila Stock Center #5

worGal4

(150)

UAS-mCDS8GFP on Il

Bloomington Drosophila Stock Center #5137

UAS-mCD8GFP on Il

Bloomington Drosophila Stock Center #5130

repoGal4

Bloomington Drosophila Stock Center #7415

btlGal4, UAS-GFP

Bloomington Drosophila Stock Center #8807

btiGal4 on Il Bloomington Drosophila Stock Center #78328
UAS-dp60 (127)
repoQF2 Bloomington Drosophila Stock Center #66477

QUAS-mCD8GFP

Bloomington Drosophila Stock Center #30003

btlLexA

Bloomington Drosophila Stock Center #66620

LexAOP-mCD8GFP

Bloomington Drosophila Stock Center #32203

NP0O577Gal4 Kyoto Stock Center #112228
UAS-histoneRFP (151)
pcnhaGFP (152)
moodyGal4 on II (153)
moodyGal4 on llI (153)

isolated from Bloomington Drosophila Stock Center

UAS-grim

#52016
UAS-Pten Bloomington Drosophila Stock Center #82170
w1118 Bloomington Drosophila Stock Center #3605

dilpLs

(40)
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dilp21 (40)

dilp3:1 (40)

dilp41 (40)

dilp51 (40)

dilp6es (40)

dilp71 (40)

dilp6HF (149)

dilp2HF (154)

UAS-dupRNAI Bloomington Drosophila Stock Center #29562

UAS-raptorRNAI

Bloomington Drosophila Stock Center #34814

UAS-mCD8RFP

Bloomington Drosophila Stock Center

NP2222GAL4 Kyoto Stock Center #112830
spinGAL4 Kyoto Stock Center #112853
wunGAL4 Kyoto Stock Center #103953
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Abstract

While known to express the insulin receptor (InR), the brain was long thought to
be insensitive to insulin signaling. This view has recently been challenged, and
emerging evidence suggests that the brain is an insulin-responsive organ. Insulin
that is produced both peripherally from the pancreas, and centrally in the brain,
regulates neuronal activity. Proper regulation of insulin signaling in the brain is
important for the prevention of neurodegenerative disorders such as Alzheimer’s
disease. We previously demonstrated that Drosophila insulin-like peptide 2 (Dilp-
2) is required for neural stem cell reactivation from quiescence, and development
of the stem cell niche cytoarchitecture in response to dietary nutrients. In this
chapter, | present evidence that the Drosophila insulin producing neurons (IPCs),
which are analogous to mammalian pancreatic 3 cells, are the cellular source of
Dilp-2 that reactivates quiescent neuroblasts (NBs). IPCs are known to release
Dilp-2 both systemically into the insect blood hemolymph, and locally within the
brain. Here, we show evidence that circulating Dilp-2 in the hemolymph is required
for neural stem cell reactivation from quiescence. Additionally, Dilp-recruiting
neurons (DRNSs), known to make neuronal contact with IPCs, are required for NB
reactivation and may act as the local source of insulin in the brain. This work

furthers the understanding of how dietary nutrients regulate neurogenesis through
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insulin signaling, and highlights the strength of using Drosophila as a model to

study how brain cells respond to local or circulating insulin.
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Introduction

Insulin signaling, mediated by wide spread insulin receptor expression within the
brain, regulates neuronal development, energy homeostasis, cognitive function,
mood, and learning and memory (88,90,91). The majority of insulin delivered to
the brain occurs through active transport across the blood-brain barrier (90,92—-94).
Recent evidence shows that GABAergic “neurogliaform” cells are also capable of
producing insulin (96,97). Understanding how brain cells respond to insulin, and
how insulin is delivered to those cells is important for understanding normal brain
development and the progression of neurodegenerative diseases such as
Alzheimer’s disease (104).

Insulin and insulin-like growth factor (IGF) signaling promote tissue growth
in response to dietary nutrients (155). Insulin-like growth factor binding proteins
(IGFBPs) bind IGFs with high affinity in mammals to modulate insulin signaling
(156,157). In vitro evidence demonstrates a dual function of IGFBPs; whereby
circulating IGFBPs in the blood antagonize IGF and act as potent growth inhibitors,
whereas cells that have membrane-bound IGFBPs, or secrete IGFBPs into the
extracellular matrix, create a higher insulin/IGF availability locally to the InR which
result in higher InR signaling (156).

Drosophila have an insulin production and secretion system where the
insulin  producing cells (IPCs) reside in the medial region of the brain
(120,138,158,159). The IPCs are secretory neurons in nature and release
Drosophila insulin-like peptides (Dilps) in response to dietary nutrients
(120,122,159,160). Dilp-1, Dilp-2, Dilp-3 and Dilp-5 are produced in the IPCs

(139,161,162). Additionally, IPCs release Dilp-2 into the hemolymph in response



81

to dietary amino acids to promote systemic growth (159,163). IPCs also make
contact with neurons in the brain and the suboesophageal ganglion (SOG) to
release Dilp-2 locally (140). Because these neurons do not produce Dilp-2 mRNA,
but recruit Dilp-2 protein from the IPCs, they are called Dilp-recruiting neurons
(DRNS) (164). To recruit Dilp-2, the DRNs must express Imp-L2, and be in direct
contact with the IPCs (140). Imp-L2 is a IGFBP7 homolog (165) that may share a
dual function with respect to InR signaling like other IGFBPs (140).

We recently discovered that Dilp-2, the most potent growth regulator of all
Dilps (139), plays a significant role in both neuroblast (NB) reactivation and NB
niche development (Yuan et al., in review PLOS Biology). Researchers have
demonstrated that IPCs, DRNSs, and surface glia of the ventral nerve cord are all
positive for Dilp-2 antibody labeling (55,120,140), making the identity of the cellular
Dilp-2 source that reactivates quiescent NBs unclear. Here we confirm that IPCs
produce Dilp-2 and release it locally within the brain to the DRNs during early larval
stages (140). Genetic ablation of IPCs results in a failure of NB reactivation, similar
to what we have observed in Dilp-2 null mutant animals. Taking advantage of the
dual function of Imp-L2, over-expression of Imp-L2 in the fat body inhibits NB
reactivation, possibly through counteracting circulating Dilp-2 in the insect blood
hemolymph. Since the IPCs are neurons, we explored a possible Dilp-2-mediated
neural circuit that regulates NB exit from quiescence. The DRNs that make
physical contact and recruit Dilp-2 from the IPCs, are required for NB reactivation.
In mice, GABAergic, dopaminergic and serotonergic neural circuits are proposed

to be involved in neural progenitor proliferation (69). Uncovering an insulin-
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mediated neural circuitry that regulates neural stem cell proliferation will shed light
on a potentially evolutionarily conserved mechanism describing how brain insulin

modulates neurogenesis.
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Results

Insulin producing neurons are necessary to reactivate quiescent
neuroblasts
We previously uncovered that Dilp-2, among the seven Dilps in Drosophila, plays
a prominent role in reactivating quiescent NBs and promoting growth of the niche
glia (Yuan et al., in review in PLOS Biology). However, it remains unclear which
cells are producing Dilp-2, and how Dilp-2 is delivered to the NBs and cortex glia.
To address these unknowns, we performed immunostaining of insulin receptor
(InR) to identify the cellular targets of Dilp-2. We found that InR is abundantly
expressed in the larval brain at the freshly hatched stage and 24 hours after
feeding (Supp figure 1 A-D), demonstrating the brain’s ability to respond to insulin
signaling during early stage of larval development. Following this observation, we
sought to identify the cellular source of insulin in the brain. IPCs have been
demonstrated to release Dilp-2 into the hemolymph to promote growth systemically
(163,166). In addition, surface glia in the ventral nerve cord are also known to
express Dilp-2 (55). To investigate the cellular source of Dilp2 during early larval
stages in the brain, we assayed the transcriptional expression pattern of Dilp-2
using dilp2-Gal4 (167), and performed anti-Dilp2 immunofluorescence (Jan
Veenstra). Aside from the 7 previously described IPCs, we observed 3 additional
neurons in each brain hemisphere that were positive for Dilp-2 staining, although
at a markedly reduced level compared to the IPCs (Figure 1B).

It has been previously described that a select few neurons in the brain, and
in the suboesophageal ganglion (SOG) of the ventral nerve cord, make physical

contact with the IPCs (140). These neurons are Dilp-2 positive, however, they do
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not produce Dilp-2 transcriptionally (139). Instead, they recruit Dilp-2 via Imp-L2
expression (140). Thus they are named Dilp-recruiting neurons (DRNs) (164).
Since NBs fail to reactivate in the dilp21 mutant (Yuan et al., in review PLOS
Biology), we postulated that lack of Dilp-2 produced from the IPCs was the cause.
To test whether the IPCs were required for NB reactivation, we drove a pro-
apoptotic gene Grim in IPCs to genetically ablate them. Because the Dilp-2
expression in DRNs is dependent on the IPC expression of Dilp-2 (140), it is
presumed that ablating IPCs will also diminish the Dilp-2 expression in the DRNSs.
Indeed, when we drove UAS-grim to ablate the IPCs, we observed that NBs fail to
reactivate from quiescence (Figurel E, F and G). Because the IPCs are
neurosecretory neurons and release peptides through neuron depolarization (120),
we also drove UAS-kir2.1, a constitutively active potassium channel that causes
neuron hyperpolarization to inactivate the IPCs without ablating them. Similar to
the genetic ablation of the IPCs, when their neuronal activity was blocked, a
significant delay of NB reactivation was observed (Supp figure 1 E and H).

Since the IPCs produce multiple Dilps including Dilp-1, Dilp-2, Dilp-3 and
Dilp-5 (138,168), we asked whether the phenotype we observed when
manipulating IPCs was specific to a reduction in Dilp-2 level. To accomplish this,
we knocked down Dilp-2 in the IPCs using an RNAI line, and confirmed that
majority of Dilp-2 expression was abolished by Dilp-2 antibody labeling (Supp
figure 1G). Surprisingly, we observed a marginal increase in NB reactivation
following the RNAi knockdown (Supp figure 1 F and H). Broughton et al have

shown that Dilp-3 and Dilp-5 mRNA levels increase when Dilp-2 is knocked down
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using an RNAI (169). Despite the evidence that Dilp-3 is not expressed in the IPCs
during early larval stages (139), it is possible that by knocking down Dilp-2 using
an RNAI line, Dilp-3 and Dilp-5 are upregulated in the IPCs as a compensatory
mechanism, and thus masking the phenotype of NB failure of reactivation caused
by the absence of Dilp-2. From these data, we conclude that IPCs are required for

NB reactivation, possibly through controlling the release of Dilp-2.
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Figure 1. Neuroblasts fail to reactivate when ablating the cellular source of
Dilp2. (A) Maximum intensity projection image of a brain showing dilp2-Gal4
driving a cytoplasmic GFP, 24 hours fed. (B) Maximum intensity projection image
of a brain showing Dilp-2 Ab staining, 24 hr fed. Yellow arrow: cluster of 7 IPCs in

the left hemisphere. White arrows: 3 DRNs. (C). Cartoon illustration of the 14 IPCs
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and their axon projections. (D). Cartoon illustration of the 3 DRNs (orange) in each
brain hemisphere making physical contact with the IPCs (red). (E). Maximum
intensity projection image of EAU incorporation in control animals. Genotype: dilp2-
Gal4 x UAS-GFP/OR. Arrow head points to the cluster of IPCs. (F). Maximum
intensity projection image of EdU incorporation in grim animals. Genotype: dilp2-
Gald x UAS-GFP/UAS-grim. Scale bar: 10 um. (G). Quantification of reactivated
NBs in E and F. Control genotype: dilp2-Gal4 x OR. Control: mean = 54.7. grim:
mean = 6.06. Student’s two-tailed t-test, *** p <0.001. Data are represented as

mean + SEM.
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Supplemental figure 1. (A) and (C). Single Z plane image showing InR Ab
staining (B) and (D). Magnified image of the yellow square in A and C, respectively.
(E) and (F). Maximum intensity projection image with merged channels on top and
greyscale image of EdU channel on the bottom. White dashed lines indicate the
midline of the brain hemispheres. Yellow dashed lines circle the brain hemispheres.
(G). Dilp-2 Ab staining in the IPCs of dilp2-Gal4 x UAS-dilp2 RNAI larvae. Yellow
arrowheads point to residual Dilp-2 Ab. (H). Quantification of percentage of
reactivated NBs in E and F. dilp2-Gal4 was crossed to OR as the control. OR:

mean = 54.7; kir2.1: mean = 19.42 dilp2ZRNAi: mean = 68.88. One-way ANOVA
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with post-hoc Tukey test, ** p < 0.005, *** p < 0.001. Data are represented as mean

+ SEM. All scale bars are 10 um.
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Circulating insulin is required for neuroblast reactivation from quiescence

Since we observed two distinct Dilp-2-expressing neuronal populations, we
postulated that either the systemic release of Dilp-2 to the hemolymph, or local
release within the brain is required to reactivate quiescent NBs. To distinguish
between these two possibilities, we first tested whether increased levels of
circulating Dilp-2 in the hemolymph would accelerate NB reactivation. We used r4-
Gal4 to overexpress Dilp-2 from the fat body, which can secrete Dilp-2 upon
feeding, and measured rate of NB reactivation. Surprisingly after 24 hours of
feeding, we observed a decrease in the number of proliferating NBs when over-
expressing Dilp-2 in the fat body(Figure 2A, 1B and 1E). This may be caused by a
Dilp-2 induced growth competition between the peripheral tissue and the brain
when ectopically high levels of Dilp-2 are present in the hemolymph. To identify
the consequence of reducing Dilp-2 levels in the hemolymph, we blocked
circulating Dilp-2 by overexpressing Imp-L2, an IGFBP7 homolog that binds to
Dilp-2 and counteracts its activity (165). Dilp-2 promotes tissue growth systemically
(139,158), and overexpression of Imp-L2 in the fat body strongly reduces body
size, whereas Imp-L2 mutant animals show increased body size (165). Indeed,
when we over-expressed Imp-L2 in the fat body, despite maintenance of animal
feeding, NBs failed to reactivate after 24 hours (Figure 2C and 2E). From these
data, we suspected that ImpL2 in the hemolymph could enter the brain and
interfere with the local source of Dilp-2. To test this possibility, we performed Dilp-
2 antibody labelling in the brain of Imp-L2 overexpression animals. We observed

high levels of Dilp-2 expression in the IPCs, in both cell bodies and axons (Figure
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2D) indicating that the ability of IPCs to produce, and perhaps release, Dilp-2,
remains normal in the Imp-L2 over-expression animals.

Next, we asked whether peripheral insulin was sufficient to reactivate
quiescent NBs in the absence of food consumption. To test this hypothesis in vivo,
we needed to remove Dilp-2 that is released locally in the brain, and provide a
source of circulating Dilp-2 in the hemolymph. Dilp-2 secretion from the IPCs is
controlled by dietary nutrients (159,163). We attempted to test this hypothesis in
vivo through overexpression of Dilp-2 in the fat body while depriving larvae of
dietary nutrients. Under this condition, endogenous Dilp2-release is inhibited, and
only Dilp2-secreted from the fat body is provided ectopically. This perturbation
under nutrient deprivation resulted in lethality, and we were unable to proceed with
the examination of NB reactivation (data not shown). To overcome this, we
explored an alternative ex vivo method that incubates larval brains in bovine insulin
as an alternative of circulating Dilp-2. Freshly hatched (FH) brains were dissected,
incubated in Schneider's media with insulin, antibiotics, and EdU for 12 hours, and
then examined for EdU incorporation in the brain (Figure 2F). We observed
reactivated NBs from FH larval brains after 12 hours of incubation with Schneider’s
media supplemented with insulin (Figure 2G). To test whether the reactivation of
NBs occurred because circulating insulin activated the local source of Dilp-2, we
incubated brains from Dilp-2 mutant larvae in the same culture media. No
endogenous Dilp-2 is present in these larvae, including the local source of Dilp-2
in the brain. Similar to control larvae, we observed reactivated NBs in these Dilp-2

mutant brains (Figure 2H). This result demonstrates that bovine insulin is sufficient
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to reactivate Drosophila NBs when present outside the brain, and that no
endogenous source of Dilp-2 is required.

The caveat of this experiment is that we utilized a high concentration of
bovine insulin (1.74 x 105 pM), which is 872 times higher than the concentration of
circulating Dilp-2 in an adult animal (assuming the concentration of circulating Dilp-
2 is around 200 pM, (170)). When we tested media with a low concentration of
bovine insulin, one that reflects a similar concentration to circulating Dilp-2 levels
in Drosophila, the brain structural integrity was compromised from those cultural
media after 12 hours of incubation (data not shown) and difficult to evaluate. Taken
together, these results suggest that circulating Dilp-2 is required to reactivate
guiescent NBs, possibly through active transport by the blood-brain barrier similar
to mammals (90,93,94). Whether circulating Dilp-2 alone is sufficient for the

reactivation requires further experimentation.
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Figure 2. Blocking Circulating Dilp-2 inhibits NB reactivation.
(A) (B) (C). Maximum intensity projection images of 24 hr fed larval brains. Top
panels show merged channels, bottom panels show greyscale EdU channel.

Genotypes are shown above the panels. (D). Maximum intensity projection of
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greyscale image of Dilp-2 staining in ImpL2 OE larval brain. (E). Quantification of
A, B and C. OR: mean = 69.37; dilp2 OE: mean = 54.73; ImpL2 : mean = 5.27.
One-way ANOVA with post-hoc Tukey test, *** p < 0.001. Data are represented as
mean £ SEM. (F). Cartoon demonstrating incubation media of ex vivo brain culture.
(G) and (H). Maximum intensity projection images of FH larval brains after 12 hrs
of incubation in Schneider's media supplemented with bovine insulin. Genotypes
are indicated above the panels. (I). Quantification of G and H. OR: mean = 18.75.
dilp21: mean = 14.5. Student’s two-tailed t-test. Data are represented as mean +

SEM. All scale bars are 10 um.
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DRNs are required to reactivate quiescent neuroblasts

IPCs have been shown to release Dilp-2 both systemically into the hemolymph and
locally within the brain (120,123,140,164). Next, we explored whether the DRNs
act as a local source of Dilp-2 to reactivate quiescent NBs. ImpL2-RA-Gal4 in
combination with repo-Gal80 was used to label the Imp-L2 positive neurons, and
inhibit glial expression of ImpL2-RA-Gal4 through expression of repo-Gal80. Imp-
L2 is expressed in the blood-brain barrier glia and a subpopulation of neurons in
the brain, and ImpL2-RA-Gal4 faithfully reflects Imp-L2 protein expression pattern
(171). Imp-L2 can be secreted both into hemolymph to counteract Dilp-2, or into
the extracellular matrix to create a higher local concentration of Dilp-2 to activate
the InR on the cell membrane (140,164,165,172). To address this, we first assayed
whether the DRNs are specified and become Dilp-2 positive before larval begin
feeding. We found that in the FH larval brain, the three DRNs that make neuronal
contact with the IPCs are present based on expression of ImpL2-RA-Gal4.
However, most of them are Dilp-2 negative (Figure 3A and 3C). In the FH larval
brains, the IPCs (7 per brain hemisphere) contribute to the majority of the Dilp-2
positive neurons. After 24 hours of larval feeding, we observed an increased
number of neurons that are either Imp-L2 positive, Dilp-2 positive or Imp-L2, Dilp-
2 double positive (Figure 3B and 3C), demonstrating that additional neurons
become Dilp-2 positive after feeding. All the Dilp2 positive neurons except for the
IPCs are also Imp-L2 positive, suggesting that expression of Imp-L2 recruits Dilp-

2 protein to the neuron cell surface as described previously (140).
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Next, we assayed whether the DRNSs, labeled by ImpL2, are required for NB
reactivation. Inhibition of DRN activity via expression of UAS-kir2.1, resulted in
inhibition of NB reactivation (Figure 3D, E and F). Since DRNs’ neuronal activity is
required for NB reactivation, and DRNs potentially act as a local source of Dilp-2
for the NBs, we sought to counteract only the local source of Dilp-2.
Overexpression of Imp-L2 in glia in the CNS could possibly counteract Dilp-2
present in the brain via direct binding to decrease the bioavailability of Dilp-2 to
InR. When we performed this experiment, we observed no reactivated NBs (Figure
3G and 3I). To test whether this experiment interfered with systemic Dilp-2 release
from the IPCs, we performed Dilp-2 antibody labeling, and observed low levels of
Dilp-2 present in the IPCs (Figure 3H). These experiments suggest that IPC
production of Dilp-2 is compromised when we overexpressed Imp-L2 in glia, and
that systemic Dilp-2 release is possibly reduced as well. We conclude that the
DRNs are required for NB reactivation, possibly through modulation of the IPCs to
control Dilp-2 release. Whether the DRNs reactivate quiescent NBs through Dilp-

2 release locally in the brain requires further investigation.
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Figure 3. Neuronal activity of the DRNs is required for NB reactivation.

(A) and (B). Maximum intensity projection images showing Dilp-2 positive and
ImpL-2 positive neurons. Merged channel images on top and greyscale single
channel images on the bottom. Yellow arrows point to the IPCs, and yellow
arrowheads point to the DRNs. (C). Quantification of A and B. Number of FH Dilp-

2+ neurons: mean = 8.25; number of 24 hr fed Dilp2+ neurons: mean = 15.25; **
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p =0.002. Number of FH GFP+ neurons: mean = 11.25; number of 24 hr fed GFP+
neurons: mean = 16.75; ** p = 0.001. Number of FH Dilp-2+GFP+ neurons: mean
= 3; number of 24 hr fed Dilp-2+GFP+ neurons: mean = 7.25; * p = 0.03. Student’s
two-tailed t-test. Data are represented as mean + SEM. (F). Quantification of D
and E. Control genotype: repo-Gal80; ImpL2-RA-Gal4 x OR. Control: mean =
60.16; Kir2.1 = 36.23. Student’s two-tailed t-test, *** p < 0.001. Data are
represented as mean £ SEM. (G) Maximum intensity projection image with merged
channels on top and greyscale image on the bottom. (I). Control genotype: repo-
Gal4 x OR. Control: mean = 60.66; ImpL2 = 5.21. Student’s two-tailed t-test, *** p

< 0.001. Data are represented as mean + SEM. All scale bars are 10 um.
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Discussion

Drosophila are an incredible model organism to study how dietary nutrients
reactivate quiescent NBs to achieve proper neurogenesis. The current model of
NB reactivation starts with larval food consumption, followed by release of an
unknown fat body-derived signal (FDS) from the fat body. This FDS initiates local
insulin secretion within the brain enabling NB exit from quiescence (48,55,56).
Here we demonstrate that both local and circulating Dilp-2 are required for the
reactivation of quiescent NBs. Additionally, we identify two populations of Dilp-2
positive neurons, the IPCs and the DRNs, which are both required for NB
reactivation. Blocking circulating Dilp-2, or brain Dilp-2 via expression of Imp-L2
leads to failure of reactivation.

The DRNs make physical contact with the IPCs (140). However, whether
this contact is axonal or dendritic in nature remains to be investigated.
Understanding how the DRNs and the IPCs communicate and transport peptides
between each other might shed light on how neural circuitry influences
neurogenesis.

To further demonstrate that circulating insulin is sufficient to reactivate
guiescent NBs ex vivo, and avoid using ultra high level of bovine insulin in the
incubation, one could collect larval hemolymph and use that as an incubation
media. In addition, one could incubate brains with synthetic Dilp-2 (173). This
methodology could demonstrate an active transport of peripheral insulin into the
brain and drives insulin signaling in brain cells.

In this chapter, we investigated whether NB reactivation requires Dilp-2

locally produced in the brain, or circulating Dilp-2 entering the brain through blood-
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brain barrier transport. Clinically, individuals with type 2 diabetes mellitus (T2DM)
are associated with cognitive deficits, and are at increased risk of
neurodegenerative dementias (104) Conversely, in Alzheimer's disease and
related dementias (ADRDs) patients, brain tissue exhibits abnormal insulin
signaling including decreased insulin and insulin receptor expression levels (104).
Understanding how insulin signaling in various cell types in the brain is coordinated
with each other, as well as how systemic insulin signaling coordinates with insulin
signaling in the brain will shed light on the relationship of T2DM and cognitive
function in humans. Also, insulin and adipocyte-derived leptin target the
hypothalamus to control energy homeostasis (174). A recent study showed that
reduction in circulating leptin levels restores insulin sensitivity in obesity (175). As
the functional homolog of leptin in flies has been uncovered (121), one could also
utilize Drosophila as a model to study the interplay between insulin and leptin,
which will provide significant insight into how nutritional status influences cognition

and energy homeostasis.
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Materials and Methods

Fly Husbandry
Animals were raised in uncrowded conditions at 25°C under a 12 hour light/dark

cycle. Fly stocks used in this chapter are listed in appendix table.

Immunofluorescence

Larval brains were fixed and stained as previously described (176) (177) (46).
Briefly, larval brains were dissected in 1xPBT. L1 and L3 brains were fixed with 4%
paraformaldehyde in PEM buffer for 20 mins and 30 mins, respectively. After
thorough washing in 0.1% Triton-x/PBS, antibody staining was performed
according to standard methods. Primary antibodies used in this study were:
chicken anti-GFP (1:500, Abcam, Cambridge, MA), rat anti-Deadpan (1:100,
Abcam), rabbit anti-Scribble (1:1000; gift of C. Doe). Rabbit anti-DsRed (1:1000
Clontech), mouse anti-Repo (1:5 DSHB), guinea pig anti-InR (1:300; C.Doe)

Secondary antibodies were conjugated to Alexa Fluor dyes (Molecular Probes).

Feeding Assay

Freshly hatched larvae were picked and transferred on standard Bloomington fly

food. Flies were raised at 25 °C throughout.

EdU Treatment
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0.1mM EdU was supplemented to Bloomington Fly food. The following EdU Click-
iT kits were used: EdU Click-iT Alexa 488 Imaging Kit, and EdU Click-iT Alexa 647

Imaging Kit (Invitrogen).

Confocal microscopy
Larval brains were mounted in Antifade Gold (Invitrogen), and imaged using a
Leica SP8 laser scanning confocal microscope equipped with a 63x/1.4 NA oil-

immersion objective.

Percentage of Proliferating Neuroblasts

Quantifying percentage of proliferating Neuroblasts and number of glial cell nuclei:

Number of Dpn+ cells and Dpn+ EdU+ cells in the entire central brain were

manually counted using the “cell counter” plugin in Fiji (178). To quantify the total

number of Dpn+ cells, Dpn and Scribble channels were merged together, and

Dpn+ NBs were marked throughout the z stack using one color in the “cell counter”

plugin. This plugin automatically recorded cell counts. Dpn, EdU and Scribble

channels were merged together to count Dpn+ EdU+ cells with a second color.

Dpn+ intermediate progenitors and optic lobe NBs were identified based on distinct

brain regions outlined by Scribble, and excluded from the analysis. The number of
repo+ nuclei in the central brain were also manually counted using Fiji “cell counter”

(Kurt De Vos).

Ex Vivo Brain Culture
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Larval brains from freshly hatched larvae were dissected in Schneider's media
(Gibco), and transferred into 1 ml of the Schneider’s based incubation media that
consists of 4.9 ml of Schneider’'s media, 100 ul Pen-Strep (Sigma, P4458), 5 ul 10
mg/ml Insulin from bovine pancreas, in 25 mM HEPES, pH 8.2 (Sigma, 10516). 10
ul of 0.1 mM EdU was then added to the media and brains were cultured for 12
hours in a 25 °C incubator. Brains were then fixed and stained as described above.
The concentration of bovine insulin in the incubation media is approximately 872

times higher than circulating Dilp-2 level (170).

Statistical analysis
Student’s t-test and one-way Anova were done in Graphpad Prism 8. Data in

scatter plots with bar are presented as + SEM.
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Chapter IV

Dietary nutrients regulate stem cell proliferation, however, the molecular and
cellular underpinnings of how dietary nutrients impact stem cell niche development
is understudied. In this dissertation, | presented evidence that dietary nutrients
induce Dilp-2 release from the insulin-producing cells (IPCs), both systemically into
the hemolymph, and locally in the brain. Dilp-2 drives cell-autonomous PI3-Kinase
activation resulting in cell growth within NBs and cortex glia. Cerebral tracheal
growth is nutrient and PI3K dependent, however not regulated by Dilp-2 signal.
Activated PI3K is also required non-autonomously in cortex glia and the trachea to
reactivate quiescent NBs. Reactivation and growth of NBs is also required for glial
membrane growth, demonstrating the importance of bi-directional signaling
between NBs and their cortex glial niche. Finally, insulin/PI3K signaling promotes
robust cortex glia and NB contact (see summary figure).

While we have addressed how nutrients regulate cellular interactions
between NBs, glia and trachea, and investigated the cellular source of Dilp-2,
several questions in the field remain unanswered. For example, we observed
inhibition of NB reactivation in the Dilp-1 and Dilp-7 null mutant animals as well.
These observations reveal the following questions: are Dilp-1 and Dilp-7 also
required for cell growth of cortex glia and trachea? What are the cellular sources
of Dilp-1 and Dilp-7 during early stage of larval development? It is reported that the
IPCs produce Dilp-1 transiently during pupal phases (179). Perhaps Dilp-1 is

released to ensure reactivation of NB occurs as a backup mechanism. Dilp-7 is
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expressed in dMP2 neurons in the abdominal region of the ventral nerve cord,
which are efferent neurons that project onto the hindgut (180). Another pair of Dilp-
7 neurons, the DP neurons, terminate close to the protocerebral region of the IPCs
(34,180,181). It is possible Dilp-7 regulates NB reactivation through regulation of
nutrient absorption or activity of the IPCs.

The current model of how NBs reactivate from quiescence requires the
drosophila fat body (FB) to secrete un unknown mitogen to the brain in response
to nutrient intake (45,48). Future investigation must address how IPCs sense
nutritional status to release Dilp-2 and reactivate NBs to promote development of
the NB stem cell niche. Many secreted peptides from the FB have been uncovered
to regulate IPCs in the brain, such as Unpaired (Upd2) (121), CCHamide-2 (182),
Stunted (159), Growth-blocking peptides (GBP1 and GBP2) (122,160). Whether
the IPCs receive nutritional information through one of the known fat body derived
signals (FDS), or a novel FDS, to reactivate quiescent NBs remains unsolved. In
addition, the IPCs can also directly sense extracellular leucine via receptor
minidiscs to regulate Dilp-2 expression (183). It is possible that IPCs release Dilp-
2 through direct amino acid sensing present in the hemolymph. Many neural
circuits have been demonstrated to couple nutritional information with insulin
secretion through regulation of IPCs (160,162). In this dissertation | presented
evidence that dilp-recruiting neurons (DRNSs) are required for NB reactivation.
Whether the neuronal activity of DRNs are nutrient responsive, and in turn regulate

the activity of IPCs in response to dietary nutrients will be the topic of future



106

investigation. Taken together, these studies identify possible avenues for further
understanding of how IPCs sense nutritional status.

Nutrient regulation of the neural stem cell niche has been well studied in
Drosophila germline stem cells and intestinal stem cells. Nutrient availability and
insulin signaling heavily influence stem cell proliferation, maintenance and their
niche function (36,184). The Drosophila neural stem cell niche could be the next
best studied model to help us understand how change in niche cytoarchitecture
regulates stem cell proliferation and quiescence in response to dietary nutritional
cues. One could utilize the ease of conducting feeding assays in Drosophila to
explore various nutrient deficient diets, and assay morphological or transcriptional
changes in both NBs and their niche cells. Future work in the Drosophila NB stem
cell niche will shed light on how neurogenesis occurs in other organisms through

conserved cell types and signaling pathways.
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Appendix |

Live imaging techniques are important for the visualization of dynamic biological
processes. To visualize and capture the dynamic glial membrane processes
interacting with proliferating neuroblasts in response to dietary nutrients, | explored
time-lapse imaging techniques of live larvae to visualize cellular activities in the
larval brains. In addition, to live image brains that reside in pigmented pupal
cuticles, | utilized ex vivo brain culture live imaging techniques adapted for both
upright and inverted confocal microscopes. Imaging intact, live larvae in vivo would
provide the most accurate information that reflects animal physiology after
ingesting dietary nutrients. However, the imaging window for intact, live larvae is
limited due to a disruption of larval feeding while the animal is immobilized for
imaging. The imaging window for in vitro or ex vivo cultures allows for longer time-
lapse recordings to capture multiple neuroblast division events; however, growth
media present in the culture could potentially interfere with the endogenous cellular
activities. With pros and cons of both methods in mind, here | present two
immobilization and mounting methods developed to image live larvae, as well as

two mounting methods for imaging ex vivo brain cultures.

Live Larvae techniques:
To explore the effect of dietary nutrients on larval neuroblast proliferation and the
dynamics of their glial niche, we explored methods of imaging straight through the

larval cuticle. Drosophila larvae present an advantage for whole animal, live
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imaging, due to their translucent cuticle. We tested two whole-larvae
immobilization techniques for live imaging methods; a microfluidics method and a
gluing method. The microfluidics larva chip immobilization method is best suited
for experiments that require the recovery of the imaged larvae; where the EImer’s
glue method is best suited for screening of gene expression patterns in the whole

larvae.

rofluidics Chi

To immobilize Drosophila larvae, we tested the published method “larva
chip,” a microfluidics apparatus that was developed for live imaging (185). We
modified this method for use with an upright confocal microscope. In brief, a
polydimethylsiloxane (PDMS) chip is placed on a glass microscope slide
(Fisherfinest Premium Microscope slides superfrost, 25 x 75 x 1mm), adhered by
double-sided tape (Scotch brand) (Figure 1A). A 1ml syringe attached to a 3-way
valve regulator was used to create a vacuum plunger. A 25-gauge needle was
inserted into the polyethylene tubing. The other end of the tubing was connected
to the vacuum port on the PDMS chip (Figure 1C). The larva with a drop of
halocarbon oil was then placed in the microchamber, and the coverslip was placed
on top of the larva. Then the syringe was pulled to remove the air from the
apparatus and bring the larva up against the coverslip (Figure 1D).

The advantage of this method is that this is nontoxic and maintains the
structural integrity of the larval body wall and well-being of the imaged larva, which
remains alive throughout the mounting and imaging process. This technique is best

suited for longitudinal experiments that require multiple time points and several
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days of analysis. For example, as stated in Mishra et al., one could induce nerve
crush injury of the segmental nerves on the body wall muscles of the larva, recover
the larva on a grape juice agar plate, then observe and conduct time-lapse imaging
of Wallerian degeneration at different time intervals of the same larva (185).

The disadvantage of this method is that the exposure of the larval CNS to
the laser of a laser scanning microscope can induce violent movement, possibly
due to the laser damaging the larval visual system, which is located near the CNS
(186). Because we are interested in cellular dynamics in the brain, this method is
not suited for stable time-lapse of the brain for our purposes. It is a good method
to live image time-lapse movies of the PNS, or take snapshots of the brain.
However, due to the violent movement of the larval head area, stable time-lapsing

of the brain is difficult.
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Figure 1. Microfluidics “larva chip” apparatus for immobilization of L2/L3
larvae for live imaging

(A). Ensemble of the microfluidics chip apparatus. (B). Confocal image of larval
brain mounted on the larva chip. Genotype: pcha-GFP; repo-Gal4, pcna-GFP x
UAS-mcd8-mRFP. GFP is in green, and RFP is in red. (C). Larva microchamber
and vacuum port on the larva chip pointed out by arrows. (D). A L2 larva flattened

in the microchamber after vacuum is applied through the syringe.
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Elmer’s Glue:

The larva chip is customized to immobilize very specific larval stages. For
example, it would require a different larval chip with a bigger microchamber to
image an L3 larva compare to a smaller L2 larva. To immobilize larvae during all
stages of larval development for imaging, | sought to identify an adhesive product
that would immobilize larvae between the glass slide and the coverslip. We tested
different glues, including: Krazy glue (Elmer’s products, Inc.), Gorilla Super glue
(The Gorilla glue company) and Elmer’s clear liquid glue (Elmer’s products, Inc.).
| determined that EImer’s clear liquid glue was the most effective product tested. It
appropriately flattens the larva against the coverslip, and provides sufficient
support to the larva from its viscous gooey texture and prevents explosion of the
larva under pressure. To glue the larva, first, a drop of EImer’s glue (approximately
0.5 cm in diameter) was applied on the glass slide. The amount of glue applied is
dependent on the size of the larva (more Elmer’s glue is required to immobilize
bigger larvae). Then a single larva was placed onto the center of the glue, and the
larva’s position was adjusted with a stainless steel probe (Fine Science Tools No.
10140-01, tip diameter 0.25 mm) for a relative straight body orientation and dorsal
side facing up. Finally, a cover slip was placed on top of the larva in the glue. When
lowering the coverslip over the larvae, it is important to allow the coverslip itself to
slowly press down into the glue. This allows the coverslip to be carefully rolled
horizontally to adjust the position of the larva and to ensure that the dorsal side of
the larva is facing up (Figure 2A). Fluorescence as well as DIC images were then

obtained to provide both fluorescence and anatomical information of the organ
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imaged (Figure 2B). This method is best suited for taking a snapshot of transgenic
labeling in the anatomical context of whole larvae since larvae would survive for
only a short period of time after mounting.

Gluing live larvae on a microscope slide using Elmer’s glue provides a fast
and user friendly method to immobilize larvae from all developmental stages for
live imaging. Compared to the larva chip method, larvae are consistently and stably
mounted in the Elmer’s glue, which provides stable imaging of different areas
throughout the larval body. One could screen gene expression patterns in
transgenic larvae using this immobilization method as soon as larvae reach a
desired stage and at relatively low cost. The disadvantage of this method is that
larvae are irrecoverable after mounting, possibly due to lack of oxygen as well as
hardening of the glue. Therefore, the live imaging window is limited to less than an

hour.
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Figure 2. Whole larva immobilization by EImer’s glue and live imaging.

(A). Schematic of immobilizing a single larva on a glass slide using Elmer’s glue.
(B). Single plane confocal image of an L1 larval brain obtained from this
immobilization method. Left, membrane GFP and nuclear mRFP signal from live
fluorescence. Right, DIC image providing anatomical information of the brain on
the left. FB: fat body. CB: central brain. VNC: ventral nerve cord. Genotype listed

above panel B.
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Ex vivo brain culture techniques:

As larvae explore their environment and feed on food, they use their mouths
to propel their bodies while digging into the food (187). The larval brain is
connected to the mouth hook through other tissues (188). As the larvae remain
alive and feeding, larval exploratory movements will cause back and forth
movement of the brain through movements of the head and mouth hook. To ensure
immobilization of the brain during time-lapse imaging for brief periods, we
developed an approach of imaging brain explants in culture, as separating brains
from the mouth hooks eliminates the pulling motion. In addition, imaging the brain
cultures ex vivo is especially advantageous for visualizing biological processes in
the Drosophila pupal brains, since pupae reside in pigmented pupal cases that
make it difficult for fluorescent imaging. The culturing apparatuses also keep the
brains in place, therefore minimizing movement of the brains during the imaging
window.

The fat bodies in Drosophila are known to secrete an unknown mitogen to
the brain to stimulate neural stem cell proliferation (45,159). Therefore, to image
mitotic neural stem cells, larval or pupal brains were dissected, and then co-
cultured with the fat bodies dissected from third instar larvae, a stage when larvae
reach peak growth and neurogenesis with potentially most mitogen secreted from
the fat bodies (45,50). We explored two commonly used insect medias that mimic
the hemolymph (insect blood), a D22 (189) (HIMEDIA) based media and a
Schneider’s (Schneider and Blumenthal, 1978) (Gibco) based media. To make 10

ml of D22 based culture media, | combined 9.25 ml D22 media with 750 pul Bovine
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Growth Serum (BGS) and 5 pl 1M ascorbic acid (72,190). Schneider’s media was

used on its own to culture the larval brains.

. /0 brai cLl . | mi :

In order to image our ex vivo brain cultures on an inverted confocal
microscope, | adapted a mounting method from Lewis and Kucenas (191). First,
larval brains were dissected in Schneider's media at room temperature. A single
brain with approximately 10 ul media was then pipetted onto the center of the
coverslip of a glass-bottomed 35 mm Petri dish (Electron Microscopy Sciences)
(Figure 3A). A drop of liquefied and cooled 1% low-melting point agarose
(Invitrogen) was then applied onto the brain (Figure 3B and 3C). | picked 1%
agarose to ensure that the firmness of the agarose is sufficient to stabilize the brain
once itis hardened. Before the agarose solidified, a stainless steel probe was used
to quickly adjust the position of the brain in agarose so that the dorsal side of the
brain was pressed against the coverslip. 1 ml of Schneider's media was then
applied to cover the brain mounted in agarose (Figure 3D). Fat bodies dissected
from fed L3 larvae were then added into the Schneider’'s media in the dish to co-
culture with the brain. The glass-bottomed petri dish was put onto an inverted
microscope and a time-lapse was begun. Figure 3F and 3G shows still images
from a time-lapse movie (movie 1) of a 48 hrs fed larval brain using this mounting

method.
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v pcna-GFP;repo-Gal4,pcna-GFP x
B A UAS-histone-mRFP/UAS-mcd8-mRFP
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Figure 3. Mounting larval brains for live imaging on an inverted microscope.
(A) — (D). Larval brain mounting method using a glass-bottomed petri dish. (E).
Glass-bottomed petri dish mounted on the inverted microscope. (F) and (G). Still
images of a time-lapse movie. pcna-GFP labels proliferating NBs, and RFP labels
glial cell nuclei and membrane. Panels on the left show RFP channel only; panels
on the right are GFP and RFP merge channels. Genotype: pcna-GFP; repo-Gal4,
UAS-mcd8-mRFP x UAS-histone-mRFP. Yellow arrows point to a NB in mitosis in

a glial pocket.
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. o brain cul aht confocal mi :

To image ex vivo brain cultures on an upright microscope, | used a metal
cell culture slide as the base of the mounting apparatus and a silicone base, a
breathable membrane (YSI model 5793 standard membrane kit) and a silicone
gasket (with a center hole) to create a well of culturing space (Figure 4A). 80 ul of
D22 media based mixture with pupal brains and larval fat bodies were then placed
onto the center of the membrane. Fat bodies and brains were then arranged so
the dorsal side of the brain lobes were facing up and the fat bodies were not
covering the brains. A coverslip then was placed on top and excess liquid outside
of the coverslip was absorbed with a Kim wipe until brains were just touching the
coverslip. Warm Vaseline was then used to seal the edges of the coverslip so that
culture liquid did not evaporate during imaging (method and figure 4A adapted from
Lindsay Ardiff, personal communication). Movie 2, 3 and 4 were recorded using
this mounting method. Figure 4C shows a still image from a time-lapse movie
(movie 2) of a brain 78 hr after pupal formation (APF), and an apoptotic mushroom
body neuroblast (MB NB) from an 85 hr APF brain in Figure 4D (movie 3). Figure
4E show still images from a time-lapse movie (movie 4) of a 72 hr ALH larval brain.

In summary, itis important to not be restricted to one method, and to explore
and adapt multiple methods to meet the needs of the experiment. For my
dissertation research, | examined cell growth in the brain during early larval
development in response to dietary nutrients. Continuous larval feeding is required
in order to study the effect of dietary nutrients on cell growth. This makes time-

lapsing the brain in whole larvae challenging due to the movements in the brain
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from larval feeding. Neither larva chip or the gluing method for time-lapsing
purposes is suited for my topic of interest. To separate the brains from larval
feeding motions, dissection and ex vivo brain cultures are required. Because first
instar larval brains are much smaller compare to second/third instar larval brains
and pupal/adult brains, the biggest challenge to time-lapse a first instar larval brain
in culture is to find a method that keeps the tiny first instar larval brain still. Through
trial and error, | have found that applying liquefied and cooled agarose onto a
dissected first instar larval brain works the best (data not shown). In addition, the
iImaging window of ex vivo brain cultures is limited to a few hours before brains
show signs of distress; visible deterioration of tissue quality and health. Therefore,
the best method is to re-create the environment first instar larval brains reside in
in culture, perhaps extracting hemolymph from larvae of the same stage as the

culturing media, and time-lapse those brains ex vivo.
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pcna-GFP;repo-Gal4,pcna-GFP x

10xSTAT92E-GFP; pcna-tdTom UAS-histone-mRFP/UAS-mcd8-mRFP

78 hr APF 85 hr APF 72 hrALH

Figure 4. Mounting larval brains for live imaging on an upright microscope.

(A). Pupal brain mounting method (B). Live imaging apparatus under the objective
of an upright microscope. (C). a 78 hr APF brain. (D). an apoptotic MBNB from 85
hr APF brain. Green: GFP labels STAT positive glia as well as trachea. Red: tdTom
labels proliferating NB. Genotype listed above panel C and D. (E). Still images of
a time-lapse movie. pcna-GFP labels proliferating NBs, and RFP labels glial cell
nuclei and membrane. Panels on the left show RFP channel only; panels on the
right are GFP and RFP merge channels. Genotype listed above panel E. Yellow

arrows point to a NB in cytokinesis in a glial pocket.
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Mushroom body neuroblasts (MB NBs) generate neurons important for memory
and learning and persist late into pupal stages of development. Prior to eclosion,
MB NBs are eliminated by programmed cell death (129,177,190). Janus
kinase/signal transducers and activators of transcription (JAK/STAT) signaling is
involved in cell proliferation, differentiation, migration and apoptosis from flies to
mammals (192). Drosophila has a much simplified JAK/STAT signaling network
compared to mammals, with one JAK (Hopscotch in flies, Hop in short), and one
STAT (Stat92E in flies) (193). Simplified in the model figure (Figure 3D), Unpaired
(Upd), Upd2, and Upd3 are the ligands of the receptor Domeless (Dome). Upd
binding to Dome causes dimerization of Dome, and subsequent activation of Hop.
Activated Hop phosphorylates Stat92E dimers. Stat92E dimers translocate into the
nucleus and leads to downstream transcription activation (194). In Drosophila,
JAK/STAT signaling has been demonstrated to be a key player in stem cell self-
renewal and stem cell niche maintenance in the germline stem cell niche and the
intestinal stem cell niche (195). We aim to decipher whether JAK/STAT signaling
pathway also plays a role in the Drosophila neural stem cell niche regulating neural
stem cell proliferation/maintenance. Using a 10xSTAT92E-GFP reporter (196), |
observed that during late stage pupal development from 48 hr after pupal formation
(APF) to 80 hr APF, the ensheathing glia of MB NBs and their recently born
progeny have elevated levels of JAK/STAT cytokine signaling activity (Figure 1B,

1C, 1D). To trace the source of the ligand Upd, we use a previously published
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method, G-TRACE, a Gal4 based cell lineage analysis tool (197). An Upd-Gal4
driver is used to drive UAS-RFP and UAS-FLP (flipase). The flipase will
subsequently flip out a “stop” sequence and results in GFP expression. In this
experiment, RFP+ cells are cells that express Upd at the moment of dissection,
and GFP+ cells are cells that had earlier Upd expression. | observed that, Upd, the
ligand for JAK/STAT activation, was expressed in the MB neurons, differentiated
progenies generated by the MB NBs themselves during pupal phases (Figure 2A
and 2B). Upd expression in the MB neurons diminished in FE adults (Figure 2C).
To determine whether Upd expression in the MB neurons play a role in MB NB
survival, we knocked down Upd in MB neurons using an RNAI fly line (Figure 3A
and 3B). In this experiment, | observed a marginal increase in the number of
persisting MB NBs when we knocked down Upd in the MB neurons (mean = 0.84),
although not statistically different from control (mean = 0.2) (Figure 3C). We
propose that the glia that ensheath the MB NBs, and the MB neurons are two cell
types that constitute the MB NB niche. Our working model is that MB NBs
continuously generate MB neurons during pupal development. The increase in
number of the MB neurons causes an accumulation of secreted Upd that activates
JAK/STAT signaling in glia adjacent to the MB NBs. JAK/STAT signaling is then
utilized as a negative feedback signal to instruct MB NBs to undergo apoptosis.

(Figure 3D)
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A
MB NB
Pupal Brain
NGiia
GMC
SCRIBBLE 10xSTAT-GFP Merge

72 hr APF 48 hr APF

80 hr APF

Figure 1. Ensheathing glia of MB NBs show elevated STAT expression.

(A). lllustration of MB NBs’ anatomical position. MB NBs reside in a glial niche on
the dorsal surface of the brain. Glial cells ensheath the MBNBs and their new
born daughters. (B). (C). (D). Scribble staining outlines MB NBs and their new
born daughters. 10xSTAT92E-GFP reporter labels the glia ensheathing NBs.

Arrowheads indicate STAT-positive glia.
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85 hr APF

FE Adults

.Red: real-time expression of Upd Green: lineage expression of Upd

Yellow: real-time and lineage ®sie: Repo Abs labels glial nuclei
expression of Upd

Figure 2. G-TRACE method for tracing the cellular source of Upd.
(A-C). The MB neurons surrounding the MB NBs express Upd throughout pupal

development and cease Upd expression in adulthood. Asterisks indicate the
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position of MB NBs. The timing of Upd expression coincides with MB NB

persistence.
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Figure 3. Model of JAK/STAT signaling in MB NB apoptosis.

(A) and (B). Maximum intensity projection of the MB NBs and MB neurons.
Genotype of A: OK107-Gal4, UAS-mcd8-GFP x OR Genotype of B: OK107-Gal4,
UAS-mcd8-GFP x OSrnai. Arrows point to persisting MB NBs. (C). Quantification

of number of MB NBs persisting in FE adults of A & B. D. Working model.
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To continue the investigation of the mechanism of how JAK/STAT
signaling activity in the MB NB stem cell niche regulates MB NB apoptosis, one
would further characterize the molecular underpinnings of the pathway, and
identify cellular sources of the components of the JAK/STAT signaling pathway.
For instance, the cellular expression patterns of Hop and Dome during late stage
pupal development are yet to be identified. Additionally, one would further
explore whether two other ligands for the JAK/STAT pathway, Upd2 and Upd3,
are involved in activation of the pathway during late pupal stages that lead to MB
NB apoptosis. Finally, the STAT expression we observed in the ensheathing glia
of the MB NBs via the 10xSTAT92E-GFP should be further investigated. One
could knock down Stat92E in glial cells and assay for aberrant persistence of MB

NBs in adulthood or premature loss during early pupal stages.
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Appendix Table
dilp2-Gal4 on I Bloomington  Drosophila  Stock | Stock # 37516
Center
UAS-kir2.1 Bloomington  Drosophila  Stock | Stock # 6596
Center
ImpL2-RA-Gal4 Gift from Hugo Stocker (171)
repoGal80 Gift from Takeshi Awasaki (198)
dilp6-Gal4 Kyoto Stock Center Stock # NP1079
pcha-tdTom Sarah Siegrist Personal
communication
pcna-GFP (152)
UAS-mcd8-mRFP | Bloomington  Drosophila  Stock | Stock # 27399
Center
10xSTAT92E- Bloomington  Drosophila  Stock | Stock # 26197
GFP Center
upd-Gal4 (199)
GTRACE on I Bloomington  Drosophila  Stock | Stock # 28280
Center
OK107-Gal4 Bloomington  Drosophila  Stock | Stock # 854

Center
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