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Glia play a crucial role in providing metabolic support to neurons across different species. To
do so, glial cells isolate distinct neuronal compartments from systemic signals and selectively
transport specific metabolites and ions to support neuronal development and facilitate neu-
ronal function. Because of their function as barriers, glial cells occupy privileged positions
within the nervous system and have also evolved to serve as signaling intermediaries in
various contexts. The fruit fly, Drosophila melanogaster, has significantly contributed to
our understanding of glial barrier development and function. In this review, we will
explore the formation of the glial sheath, blood–brain barrier, and nerve barrier, as well as
the significance of glia–extracellularmatrix interactions in barrier formation. Additionally, we
will delve into the role of glia as signaling intermediaries in regulating nervous system devel-
opment, function, and response to injury.

Akey evolutionarily conserved role of glia is to
support neuronsmetabolically (Pellerin and

Magistretti 2012; Volkenhoff et al. 2015). Glia
control the flow of metabolites in the nervous
system, ensuring that specific metabolites and
ions reach neurons at the right time and place.
Therefore, to support neurons as effectively as
possible, glia first establish barrier properties to
strictly separate neuronal compartments from
external influences and, in addition, establish se-
lective transport mechanisms for effective glia–
neuron metabolic coupling.

Indeed, glia across different model systems
and circuit types perform barrier functions,
which require them to occupy key positions at

biological interfaces across scales, from tissue to
cellular to subcellular levels. InDrosophila, each
glial cell type plays distinct barrier functions. As-
trocytes shield synapses, ensheathing glia encase
the entire neuropil, cortex gliawrap around neu-
ronal cell bodies, wrapping glia shield peripheral
axons and the surface glia or blood–brain barrier
forming glia seal the whole nervous system from
circulating hemolymph (Figs. 1 and 2; see also
Coutinho-Buddet al. 2023). It is thereforeunsur-
prising that in these specialized positions glia
functionnotonlyasbarriers, but alsoas signaling
intermediaries to both regulate and integrate sig-
nals.Herewe discuss the formation and function
of theglial sheath,blood–brainbarrier, andnerve
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barrier, as well as the role of glia–extracellular
matrix (ECM) interactions in barrier formation.
Finally, we discuss how their positions allow glia
to act as signaling intermediaries to modulate
nervous system development, function, and re-
sponse to injury.

GLIA AS FUNCTIONAL BARRIERS

Formation of the Glial Sheath, Blood–Brain
Barrier, and Nerve Barrier

The blood–brain barrier comprises the most es-
tablished and best-studied barrier in the nervous
system, as it represents the gatekeeper that regu-
lates all entry into and also exit from the nervous
system. InDrosophila, the blood–brain barrier is
made up of two distinct cell types, perineurial
glial cells and subperineurial glial cells; together
called the surface glia (Figs. 1 and 2; Beckervor-

dersandforth et al. 2008; Stork et al. 2008). Here,
it appears that the transport and barrier func-
tionsare, inpart, dividedacrossthe twocell types.
Although the subperineurial glial cells are very
largeandflatpolarizedcells that establishocclud-
ing junctions (Figs. 1 and 2A; Stork et al. 2008),
perineurial glia appear responsible for taking up
nutrients from the hemolymph and do not form
occluding junctions (Volkenhoff et al. 2015).

Both blood–brain barrier–forming glial cells
are born during embryonic stages. Drosophila
neurogenesis is distinct from vertebrate neuro-
genesis, as individual progenitorcells delaminate
into the interior of the animal in five waves be-
ginning about 30 min after gastrulation. In total,
31 such neuroblasts are formed in each thoracic
hemineuromer, one of which is a pure glioblast
and six are neuroglioblasts (Doe and Technau
1993; Beckervordersandforth et al. 2008). The
perineurial glial cells are formed by neuroglio-
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Figure 1. Drosophila glial classes.
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blasts and cover the outermost surface of the
nervous system, the peripheral nervous system
(PNS), as well as the central nervous system
(CNS). All subperineurial glial cells of the CNS
also stem from distinct neuroglioblasts, whereas
in the PNS some subperineurial glia are also gen-
erated by sensory organ precursor cells (Becker-

vordersandforth et al. 2008; von Hilchen et al.
2008).

The organization of the different surface gli-
al cell types is best analyzed for the peripheral
nerves in larvae (Figs. 1 and 2F). Along each of
the abdominal nerves (except A8), three peri-
neurial and three to four subperineurial glial
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Figure 2. Glial cells as functional barriers. (A) The glial isoform of the cell adhesion protein NeurexinIV is
specifically expressed by the subperineurial glial cells where it localizes to the pleated septate junctions. The tiling
of subperineurial glial cells, which form the blood–brain barrier, becomes visible. (bl) Brain lobe, (vnc) ventral
nerve cord. (B) Ensheathing glial cells are visualized by membrane-bound green fluorescent protein (GFP)
expression directed by 83E12-Gal4. (wg) Wrapping glia. (C) Surface reconstruction of the ensheathing glia
(gray) using Imaris. Note the dense coverage of the neuropil. (D) Reconstruction of a single ensheathing glial
cell (magenta) that covers part of the neuropil (blue). Note, that no projections into the neuropil are formed. (E)
Reconstruction of a single ensheathing/wrapping glial cell (green) that covers part of the neuropil (blue) and also
follows the nerve toward the periphery. No projections into the neuropil are formed. (F) Multicolor flipout
labeling of the peripheral wrapping glia. Inmost segments threewrapping glial cells can be identified by a distinct
color each (a,b,c). Wrapping glial cells are very large; polyploid cells can reach 2–3 mm in length.
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cells are formed. Once specified, perineurial and
subperineurial glial cells follow distinct modes
of development. The perineurial glial cells di-
vide and expand their cell numbers enormously.
Depending on the length of the peripheral
nerve, 20 to 100 perineurial glial cells are formed
(Matzat et al. 2015). Therefore, it appears pos-
sible that perineurial glial cell division may be
regulated in a cell–cell contact–dependent man-
ner to generate the appropriate number of cells
covering the nervous system. In contrast, the
number of subperineurial glial cells stays the
same until pupal development. The majority
of subperineurial glia arise within the embryon-
ic CNS and some of these cells then migrate into
the periphery along the developing motor and
sensory axons (Sepp et al. 2000; Sepp and Auld
2003) and take up highly stereotypic positions
along each nerve (von Hilchen et al. 2008). To
cover the entire nervous system, the subperineu-
rial glia must grow enormously, which is sup-
ported by a switch to polyploidy (Unhavaithaya
and Orr-Weaver 2012).

In a typical embryonic abdominal hemi-
neuromere, eight subperineurial glial cells, and
three to four perineurial glial cells can be iden-
tified (Beckervordersandforth et al. 2008; von
Hilchen et al. 2008; Schwabe et al. 2017). The
number of perineurial glial cells has not yet been
determined for the brain lobes. The relatively
few embryonic perineurial glial cells (∼150 cells)
divide to generate more than 2000 cells, which
evenly cover the surface of the entire adult CNS
(Awasaki et al. 2008; Kremer et al. 2017). The
mitotic potential of the perineurial glial cells can
be increased by the activation of receptor tyro-
sine kinase signaling pathways (Franzdóttir et al.
2009; Avet-Rochex et al. 2012).

The subperineurial glia covering the embry-
onic brain have not been counted but it is as-
sumed to be 16 subperineurial glial cells per
neuromere (Beckervordersandforth et al. 2008);
288 cells are expected by the end of embryogen-
esis (nine abdominal, three thoracic, and six
head segments). This number matches the ap-
proximately 300 subperineurial glial cells that
were reported to cover the adult nervous system
(Kremer et al. 2017) suggesting that subperineu-
rial glial cells do not divide, but instead grow in

size and stay intact throughout life. In fact, lin-
eage analysis failed to obtain any indication of
cell division (Awasaki et al. 2008), and the use of
photoconvertible dendra demonstrates that sub-
perineurial glia stay intact until midpupal stages
(Winkler et al. 2021). Almost 10 times as many
perineurial cells as subperineurial glial cells cov-
er the nervous system; thus, subperineurial cells
are very large to match the surface area of the
perineurial layer.

A key feature of subperineurial cells is their
flattened shape and the formation of occluding
junctions between neighboring cells. The forma-
tion of the characteristicflat shape starts at∼10 h
after egg laying, after individual subperineurial
glial cells have moved to the surface of the brain.
Here, following a mesenchymal to epithelial
transition, they grow extensively in a synchro-
nous and isometric manner with neighboring
cells, allowing them to tightly tile the brains sur-
face by ∼13 h after egg laying (Kremer et al.
2017). The lateral growth of the subperineurial
glial cells is controlled by an orphan G-protein-
coupled receptor Moody (Bainton et al. 2005;
Schwabe et al. 2005, 2017). Moody acts via Gαi,
the RGS-protein Loco, and the cAMP effector
PKA (Granderath et al. 1999; Schwabe et al.
2005; Li et al. 2021). Moody localizes to the do-
main of the subperineurial glia facing the cortex
glia, suggesting that the signal-activatingMoody
might originate from the cortex glia or the CNS
neurons. In absence of moody signaling, lateral
expansion of the subperineurial glial cells is
reduced during embryonic stages; however, a
functional blood–brain barrier is established
that allows survival of moody mutants until
adulthood.

When subperineurial glial cells establish
contactswith theirneighbors, different junction-
al contacts are established.On theonehand, sub-
perineurial glia form gap junctions with each
other, which leads to metabolic coupling in the
population and on the other hand, they also
form occluding junctions, which separate the
hemolymph from all neural cells. Gap junctional
coupling is not needed for barrier formation,
but, interestingly, is required for formation of
neurons during larval stages and thus the growth
of the brain lobes (discussed more below).
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Subperineurial glial cells form occluding
pleated septate junctions (pSJs). These are gen-
erated by a bewilderingly large number of mem-
brane and membrane-associated proteins that
require endocytic recycling toproperly form(Te-
pass and Hartenstein 1994; Baumgartner et al.
1996; Tiklová et al. 2010; Petri et al. 2019; Böhme
et al. 2021). pSJs form belts surrounding the en-
tire cell, which fence paracellular diffusion. To
generate a fully tight barrier, these belts need to
be formed in continuous bands that connect dif-
ferent cell vertices (Babatz et al. 2018). The pro-
cess of septate strand generation requires vesicu-
lar traffic as septate junction components are
preassembled before being integrated into the
pSJ strands and the actin cytoskeleton (Hatan
et al. 2011; Babatz et al. 2018; Li et al. 2021). It
is possible that septate junction strand formation
is initiated at a tricellular junction and spreads to
link each cell vertex. In addition to its role in
lateral subperineurial growth, Moody signaling
is needed to ensure the formation of intact pSJ
strands connecting the different cell vertices.
Surprisingly, growth of pSJ strands is not needed
as subperineurial glial cells increase their diam-
eter during development, because strand forma-
tion during embryonic stages already matches
the size requirements of later larval and adult
stages. In moody mutants, septate junction for-
mation initially proceeds normally; however,
breaks can be seen in individual pSJ strands,
which renders the blood–brain barrier slightly
leaky (Babatz et al. 2018). Interestingly, subper-
ineurial glial cells are able to sense the level of
occluding junctions that are established and ini-
tiate compensatory growth and the formation of
specific cellular interdigitations that increase the
length of the diffusion path and thus counteract
the reduced tightness of the barrier caused by
misarranged septate junctions inmoodymutans
(Babatz et al. 2018). In conclusion, the blood–
brain barrier adapts well to the growing brain
tissue by regulation of cell division in the outer
perineurial glial layer and by expansion of cell
size by the subperineurial glia.

Asaforementioned, subperineurial gliacoor-
dinate their own cell sizewith the perineurial glia
cell number throughpolyploidization (Unhavai-
thaya andOrr-Weaver 2012). Polyploidization is

common in excessively large cells (e.g., muscle
cells). The level of polyploidy is controlled by
the amino-terminal asparagine amidohydrolase
homolog Öbek that controls the N-end rule
protein degradation pathway (Zulbahar et al.
2018). In blood–brain barrier glia, Öbek coun-
teracts fibroblast growth factor (FGF) andHippo
signaling to differentially affect cell growth and
cell number. The Hippo pathway is a central
regulator of cell growth and proliferation. In
subperineurial glial cells, a double-negative
feedback loop comprising the microRNA miR-
285, the Hippo signaling effector Yorkie (verte-
brate Yap), and the multiple ankyrin repeats
singleKHdomain(Mask) regulatesnotonlysub-
perineurial glial growth but also pleated septate
junction strand integrity (Li et al. 2017).

Ploidy can result from endocycling and from
endomitosis—the former increases ploidy in
mononucleated cells and the latter increases
ploidy via multinucleation. The switch between
endocycling to endomitosis is, in part, Notch-
dependent,withNotch inhibiting this transition.
Interestingly, subperineurial glial cells that cover
the brain lobes undergo endomitosis (multinu-
cleation) during larval development to accom-
modate brain growth (Von Stetina et al. 2018);
whereas subperineurial glia in the ventral nerve
cord (VNC) are polyploid through endocycling
reduced Notch activity can also trigger endomi-
tosis in subperineurial glia covering the VNC
(Von Stetina et al. 2018). However, how Notch
is differentially regulated in the VNC versus the
brain lobe subperineurial glia and how this
signaling contributes to later barrier functions
is currently unknown.

To summarize, the blood–brain and nerve
barriers are generated by the close apposition of
two distinct glial cell types—perineurial and sub-
perineurial. Although perineurial glia loosely tile
with one another and have a direct interface with
thenutrient-richhemolymph, subperineurial glia
play more classic “barrier” functions by tightly
tiling the surface of the brain and sealing it from
the external environment. Together, these cells
perform the function of perineurial glia in mam-
mals. In both cases, loss of barrier glia can have
profoundconsequences forbrainhealthandfunc-
tion,whichwill be discussed inmore detail below.
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Glial–ECM Interactions Drive External and
Internal Glial Barrier Formation

Akey glial interaction thatmediates nervous sys-
tem integrity is the interaction between glia and
the ECM. The ECM surrounding the nervous
system, or neural lamella, is composed of a range
of ECM components including laminin, perle-
can, collagen, nidogen, and SPARC (Hynes and
Zhao 2000). These ECM components are secret-
ed by the fat body, hemocytes, and the glia them-
selves (Broadie et al. 2011; Petley-Ragan et al.
2016). The surface glia interact with the ECM
around theVNCduring embryogenesis (subper-
ineurial glia) and larval stages (perineurial glia),
and these interactions are essential for nervous
system morphology, function, and integrity.
During embryogenesis, the CNS and, in particu-
lar, the VNC, drastically condenses in size. Al-
though both glia and neurons contribute to the
active contraction of the VNC, glia have a major
contribution to this critical process (Karkali et al.
2022), which relies on the ECM surrounding the
VNC and depends on the glia–ECM interface.
The ECMat this stage is deposited by circulating
hemocytes, a key function of hemocytes. Thus,
hemocyte function is required for proper CNS
morphogenesis, including condensation of the
VNC (Sears et al. 2003; Olofsson and Page
2005; Martinek et al. 2008; Defaye et al. 2009;
Evans et al. 2010). A key element to the organi-
zation and integrityof theECMaround theVNC
is laminin. Loss of integrin, which is a major
membrane-bound receptor of laminins, results
in abnormal nervous system condensation
(Brown 1994) and loss of integrin in glia causes
the elongation of the VNC and deformation of
the brain lobes (Xie and Auld 2011; Meyer et al.
2014). In the peripheral nerves, loss of integrin in
the perineurial glia results in incomplete en-
sheathment of the nerve and individual perineu-
rial glia appear to become detached from one
another. Similarly, loss of laminins themselves
disrupts collagen and perlecan accumulation
around the VNC and blocks VNC condensation
(Urbano et al. 2009) as does loss of collagen
(Martinek et al. 2008). Furthermore, loss of ex-
pression of GlcAT-P, glucuronosyltransferase P,
which is required for proper ECM formation,

causesanelongated larvalVNCphenotype (Pan-
deyet al. 2011).Beyondembryonicdevelopment,
continued glia–ECM interactions are necessary
tomaintain the structure of the VNC. For exam-
ple, directed degradation of the ECM in late
larvae stages throughexpressionofmatrixmetal-
loproteinases (MMPs) in theperineurial glia also
leads to nerve cord extension and lethality (Xie
andAuld 2011;Meyeret al. 2014).Modulationof
the ECM is also important for nervous system
integrity and function.MMPor protease remod-
eling of the ECM is key to the proper develop-
ment of the nervous system including regulation
of expression ofMMPs, proteases such as kuzba-
nian, andADAMTS-like family proteases (Mey-
er et al. 2014; Skeath et al. 2017; Calderon et al.
2022).

AlthoughMMPactivity is required for prop-
er brain integrity, its levels must be tightly regu-
lated. When Mmp1 activity is too high, septate
junction strands aredisrupted aroundperipheral
nerves, compromising neurotransmitter release
downstream at the neuromuscular junction
(NMJ). Interestingly, matrix metalloproteinase
1 (Mmp1) expression is also regulated by Delta-
dependent Notch activation, which inhibits c-
Jun amino-terminal kinase (JNK) to reduce
Mmp1 levels. These results provide mechanistic
insight into the regulationofneuronalhealth and
function via glial-initiated signaling and open a
framework for understanding the complex rela-
tionship between ECM regulation and themain-
tenance of barrier function (Calderon et al.
2022).

Glia–ECM interactions are also important
for glial migration. During larval stages in the
optic stalk, perineurial glia migrate between the
basal ECM and cortex glia along the optic stalk
into the eye disc (Silies et al. 2007). Pan-glial
knockdown of integrin and talin, components
of the focal adhesioncomplex, impairedperineu-
rial glia migration along the optic stalk (Xie et al.
2014). ECM stiffness can be a modulator of glial
migration. In a Drosophila glioma model, in
which glial migration is increased by overexpres-
sion of PDGF receptor (PVR), glial overmigra-
tion is suppressed upon knockdown ofDrosoph-
ila Lysyl oxidase (Lox), indicating that glia
migrate less when ECM stiffness is reduced

V.M. Fernandes et al.

6 Cite this article as Cold Spring Harb Perspect Biol 2024;16:a041423

Harbor Laboratory Press 
 at UCL Library Services on February 13, 2024 - Published by Cold Springhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


(Kim et al. 2014). Lox oxidizes peptidyl lysine
residues on ECM proteins such as collagen, a
process critical for covalent cross-linking, and
loss of Lox function leads to immature or less stiff
ECM (Lucero and Kagan 2006; Kim et al. 2014).
Of note, changes to ECM stiffness does not ap-
pear to alter normal migration of the perineurial
glia during development but rather PVR activa-
tion changes integrin–ECMdynamics in this gli-
oma model.

Beyond creating the external barriers that
protect, insulate, and support nervous system in-
tegrity, glia play critical roles in creating internal
barriers. For instance, the cortex–neuropil barri-
er is formed by ensheathing glia and contributes
to glutamate homeostasis in the neuropil (Otto
et al. 2018). For macrophage-like functions of
the ensheathing glia, see Coutinho-Budd et al.
(2023). As with the subperineurial glia, en-
sheathing glia have a polarized cell morphology
but do not form special cell–cell junctions (Fig.
2B–E; Pogodalla et al. 2021). Within the CNS,
ensheathing glia are necessary to separate the
neuropil from the neuronal cell bodies, generat-
ing an internal diffusion barrier, a process that
is complete by the larval third instar (Pogodalla
et al. 2021). Integrin subunits and ECM com-
ponents including the heparan sulfate proteo-
glycan Dally are enriched around the neuropil
in larval stages, and in adults, both perlecan
and collagens flank ensheathing glia (Pogo-
dalla et al. 2021), suggesting the ensheathment
of theneuropil requires glia–ECMinteractions.
Disruption of this internal glial barrier results
in changes to larval locomotion pointing to
an important role for internal glial barriers in
both the CNS and peripheral nerves in main-
taining nervous system function (Pogodalla
et al. 2021).

The ensheathing glia comprises two related
cell types.Twoensheathingglial cellsare foundin
each abdominal hemineuromer that only encase
the neuropil (Fig. 2B–D). In addition, two en-
sheathing/wrapping glial cells are found in each
abdominal hemineuromer (Peco et al. 2016),
which, in addition, encase dorsal neurons as
well as they ensheath axons of the nerves con-
necting the neuropil with the periphery (Figs. 1
and 2F).

Ensheathment of axons in thePNS is doneby
the innermost layerof glia in theperipheral nerve
generated by the wrapping glia. Similar to sub-
perineurial glia, wrapping glia are polyploid and
do not undergo mitosis; instead, three to four
wrapping glia are present along the entire nerve
length and send long extensive processes to cover
the nerve interior (vonHilchen et al. 2013). In an
MCFO-type single-cell labeling experiment, in-
dividual cells can be identified by their specific
color (Nern et al. 2015; Kottmeier et al. 2020). A
single wrapping glia can reach a length of 2 mm,
demonstrating the extreme hypertrophic growth
of this cell type resembling a nonmyelinating
Schwann cell of a Remak fiber (von Hilchen
et al. 2013; Matzat et al. 2015). Wrapping glia
developmentoccurs relatively late incomparison
to the other glial types where differentiation of
the wrapping glia begins in the first-instar larval
stage and continues throughout the rest of the
larval stages such that by the late third-instar
stage,most individual axons andgroups of axons
are in contact with somewrapping glia processes
(Matzat et al. 2015). Although loss of wrapping
glial ensheathment is not lethal during larval
stages, ablation does cause a reduction in axon
diameter and nerve conduction velocity, along
with larval locomotion defects (Kottmeier et
al. 2020). Similarly, loss of nonmyelinating
Schwann cells, the equivalent cell type in verte-
brate peripheral nerves, impairs sensorimotor
behaviors but is similarly viable (Harty and
Monk 2017). During the pupal stage, axonal
wrapping is reorganized (Subramanian et al.
2017). In adult leg nerves, a large number of
wrappingglial cellswrapaxonsaccording to their
size (Reyet al. 2023b).At theaxon initial segment
of large motor axons, glial cells form lacunar
structures that possibly serve as an ion reservoir
and participate in blocking ephaptic coupling
between axons (Kottmeier et al. 2020; Rey et al.
2023a,b).

Several factorshavebeen identifiedas impor-
tant for wrapping glia differentiation and/or en-
sheathment. Inhibition of the epidermal growth
factor (EGF) and FGF signaling reduces wrap-
ping glia ensheathment (Matzat et al. 2015;
Kottmeier et al. 2020). Proper ionic homeosta-
sis, sphingolipid biosynthesis, and intracellular
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transport are all important for wrapping glia en-
sheathment, as demonstrated by the loss of the
serine/threonine kinase Fray, the serine palmi-
toyltransferase subunit Lace, and kinesin heavy
chain (Khc), respectively (Leiserson et al. 2000,
2011; Schmidt et al. 2012; Ghosh et al. 2013).
Wrapping of axons by glia also requires the pres-
ence of ECM components and their receptors
including laminins and the integrin receptor
(Xie and Auld 2011; Petley-Ragan et al. 2016),
the Discoidin domain receptor, and the XV/
XVIII collagen Multiplexin (Corty et al. 2022).

GLIA AS SIGNALING INTERMEDIARIES

By virtue of their roles as barriers and partitions,
glia occupy privileged positions in the nervous
systemandhavebeenco-opted toalso functionas
signaling intermediaries that gate and integrate
signals during nervous system development and
function and in response to injury.

Glia as Signaling Intermediaries during
Nervous System Development

InDrosophila, neural stem cells or neuroblasts in
the CNS proliferate during embryogenesis, but
most enter a state of reversible cell-cycle arrest
termed quiescence toward the end of embryo-
genesis. Following hatching and feeding during
the first larval instar, neuroblasts exit quiescence
and reenter the cell cycle in a process termed
reactivation (Hartenstein et al. 1987; Truman
and Bate 1988; Prokop and Technau 1991; Ito
and Hotta 1992). These neuroblasts are isolated
from the circulating hemolymph by several glial
barriers including the perineurial glia and sub-
perineurial glia, as well as the cortex glia, which
envelop neuroblast and neuronal cell bodies
within the CNS (Freeman 2015). Necessarily,
systemic signals that promote neuroblast reacti-
vation must act through these glia that shield
neuroblasts. In Drosophila, the fat body, which
performs both adipose and liver functions,
senses nutrient status and dietary amino acids
to stimulate larval growth (including neuroblast
reactivation) (Britton and Edgar 1998). Tissue-
specific genetic manipulations showed that an
amino acid transporter called Slimfast (SLIF)

and target of rapamycin (TOR) signaling func-
tion autonomously within the fat body to pro-
duce yet-to-be-identified signal(s) required to
stimulate larval growth and neuroblast reactiva-
tion (Sousa-Nunes et al. 2011). Blocking vesicu-
lar trafficking specifically in the fat body was
sufficient to inhibit neuroblast reactivation,
suggesting that the fat body–derived signal is
likely secreted into the hemolymph where it
acts systemically. Neuroblast reactivation was
also shown to depend on phosphatidylinositol
3-kinase (PI3K) and TOR signaling pathway ac-
tivity cell-autonomously in neuroblasts down-
stream of the insulin-like receptor (InR) (Chell
and Brand 2010; Sousa-Nunes et al. 2011). In-
deed, larvae deficient for various combinations
of insulin-like peptides (ILPs) displayed defects
in the timing of neuroblast reactivation (Chell
andBrand 2010; Sousa-Nunes et al. 2011). Inter-
estingly, ILPsareproducedbymultiple sources in
Drosophila including the ILP-producingmedian
neurosecretory cells in thebrain aswell as subsets
of glia (Brogiolo et al. 2001; Ikeya et al. 2002;
Rulifson et al. 2002). Although the most promi-
nent source of ILPs is themedian neurosecretory
cells, which respond to signals from the fat body
to secrete ILPs into the hemolymph, overexpres-
sion of ILPs in these cells under conditions of
nutrient restriction rescued body growth but
not neuroblast reactivation (Sousa-Nunes et al.
2011). In contrast, surface and cortex glia–spe-
cific overexpression of ILPs under nutrient re-
striction rescued neuroblast reactivation but
not body growth (Chell and Brand 2010; Sousa-
Nunes et al. 2011). Together these data support a
model inwhichsurfaceandcortexglia respondto
a systemic fat body–derived signal(s) to produce
and secrete ILPs, which stimulate neuroblast re-
activation (Fig. 3A). Moreover, surface glial cells
form an extensive network with each other
through gap junctions, and this gap-junction
coupling enables coordinated and synchronized
calcium oscillations across the surface glial net-
work, which in turn promotes synchronized se-
cretion of ILPs for appropriately timing neuro-
blast reactivation (Spéder and Brand 2014). A
recent characterization of cell-type-specific re-
sponses and growth over short intervals found
that, initially, cortex glia donot fullyenvelopqui-

V.M. Fernandes et al.

8 Cite this article as Cold Spring Harb Perspect Biol 2024;16:a041423

Harbor Laboratory Press 
 at UCL Library Services on February 13, 2024 - Published by Cold Springhttp://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


escent neuroblasts, but instead grow their mem-
branes in a nutrient-dependent manner to en-
sheath quiescent neuroblasts and promote their
reactivation (Yuan et al. 2020). Thus, the full ex-
tent of interorgan and intercellular signals in this
process is still ambiguous and may involve sig-
naling relays between multiple glial cell types.

Another prime example of glia functioning
as signaling intermediaries occurs in the devel-
opingvisual systemwhere gliamaturing to estab-
lish barriers have been co-opted to act as signal-
ing intermediaries that coordinate development
across neuropils. During visual system develop-

ment,photoreceptorandwrappinggliamorpho-
genesis are intricately coordinated. Photorecep-
tors from the developing eye disc are born
sequentially as a wave of differentiation sweeps
across the disc along the anteroposterior axis
(Roignant and Treisman 2009). Photoreceptors
grow their axons into the optic stalk, which con-
nects the eye discwith the optic lobe, and into the
developing lamina andmedulla neuropils (Roig-
nant andTreisman 2009). Apopulation ofwrap-
ping glial cells ensheath photoreceptor axon
bundles from individual ommatidial clusters
(unit eyes) progressively from the eye disc

Fat body

Surface +
cortex glia

NB

PR

Wrapping 
glia

Chiasm
glia

L-neuron

LPC

O
2

ROS

Trachea

Neuronal
activity

Astrocyte

A

B C

Nutrients

Figure 3. Examples of glia as signaling intermediaries. (A) Surface and cortex glia relay feeding-dependent signals
from the fat body to reactivate quiescent neuroblasts (NBs) in the first-instar central nervous system (CNS). (B)
Wrapping glia and outer chiasm giant glia respond to signals fromphotoreceptors (PRs) and relay these to lamina
precursor cells (LPCs) to induce their differentiation into neurons. (C) Trachea are gas-filled vasculatures
responsible for delivering oxygen to the brain. Astrocytes monitor their local environments and under local
hyperoxic conditions signal to trachea to retract their branches and filopodia, which reduces local oxygen
delivery.
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through the optic stalk and into the lamina
(Rangarajan et al. 1999; Franzdóttir et al. 2009).
Wrapping glial morphogenesis (i.e., axonal en-
sheathment) is driven by photoreceptor-derived
Thisbe, an FGF that activates the FGF receptor,
Heartless, in wrapping glia (Franzdóttir et al.
2009). Thus, as photoreceptor axons arrive se-
quentially in theoptic lobe, theyareprogressively
ensheathed by wrapping glia from the eye disc
with ensheathment delayed relative to axonal
arrival.

In addition topromotingwrapping glialmor-
phogenesis, photoreceptorsalso induce theirneu-
ronal target field, the lamina, such that every om-
matidium has a corresponding lamina unit
(cartridge or column) composed of five neuronal
types (Huang andKunes 1996, 1998; Huang et al.
1998). Photoreceptor-derived Hedgehog directly
induces lamina precursors, their terminal divi-
sions, and their assembly into columns (i.e.,
stacked ensembles of postmitotic precursors)
(Huang andKunes 1996, 1998). In addition, pho-
toreceptors induce neuronal differentiation of
postmitotic lamina precursors in columns indi-
rectly through glial signaling intermediaries—
the wrapping glia and a second ensheathing-like
glial population positioned below the lamina
called the outer chiasm giant glia (xgO) (Fer-
nandes et al. 2017; Rossi and Fernandes 2018;
Prasad et al. 2022). The xgO ensheaths neuronal
projections between the lamina andmedulla neu-
ropils, including a subset of photoreceptor axons
(Edwards and Meinertzhagen 2010). Both glial
populations respond to Spitz, an EGF produced
by photoreceptors, and relay this signal by pro-
ducing either ILPs, in the case of the wrapping
glia or Spitz and a type IV collagen, in the case of
thexgO (Fernandes et al. 2017; Prasad et al. 2022).
These glial-derived signals nonautonomously ac-
tivate mitogen-activated protein kinase (MAPK)
signaling in lamina precursors, which drives their
differentiation into neurons. The result is a strik-
ing spatiotemporal pattern of neuronal differenti-
ation,which reflects themorphogenesis and posi-
tioning of both wrapping glia and xgO (Fig. 3B).
Interestingly, although each laminacolumneven-
tually contains five neurons, extra precursors,
whichdonotdifferentiate, incorporateduringcol-
umn assembly (Huang and Kunes 1996). To en-

sure that only the correct number of neurons dif-
ferentiate, differentiation signals from xgO set up
an additional relay between the neurons induced
to differentiate and their neighboring undifferen-
tiated precursors, such that thenewlydifferentiat-
ing neurons antagonize differentiation signaling
to prevent the “extra” precursors from differenti-
ating, resulting in their death (Prasad et al. 2022).
Thus, by relaying signals from photoreceptors to
lamina precursors, wrapping glia and xgO, coor-
dinateneuronaldifferentiationbetween thedevel-
oping eye disc and the developing lamina and set
neuronal number and stoichiometry. Surpris-
ingly, xgO are born in the central brain from
DL1 type IIneuroblasts andmigrate fromthe cen-
tral brain and through the optic lobe before set-
tling in theirfinal position below the lamina (Vik-
torin et al. 2013; Ren et al. 2018). This raises the
intriguingpossibility that xgO coordinates aspects
of optic lobe development with that of central
brain development, and that other glia, whichmi-
grate between brain regions, may also coordinate
aspects of development. Although macroglia are
not thought to be present during vertebrate em-
bryonicneurogenesis, yolk sac–derivedmicroglia,
which migrate into the CNS during early embry-
onic development, have been shown to secrete
mitogenic factors that induceneural stemcell pro-
liferationinaPI3KandNotch-dependentmanner
inmammals (Morgan et al. 2004) and to regulate
the timing of neural differentiation in the devel-
opingzebrafishretina(Huangetal.2012).Wheth-
er microglia coordinate developmental processes
byacting as signaling intermediaries in these con-
texts remains to be explored.

Glia as Signaling Intermediaries during
Nervous System Function and during Injury

Beyond coordinating development, glia also
maintain normoxic conditions in the brain by
acting as intermediaries that regulate local gas
exchange. In Drosophila, a dynamic branched
tubular network called the tracheal system sup-
plies oxygen to various organs including the
brain. Astrocytes in the larval CNS exhibit
TRP channel (TrpML)-mediated Ca2+ tran-
sients in microdomains that are spontaneous,
activity independent, and regulated by reactive
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oxygen species (ROS) (Ma and Freeman 2020;
see Coutinho-Budd et al. 2023). Interestingly,
disrupting microdomain Ca2+ transients in as-
trocytes through loss of TrpML leads to tracheal
overgrowth and increased ROS in the CNS (Ma
and Freeman 2020). Thus, astrocytes monitor
the brain environment, respond to local hyper-
oxic conditions, and signal to tracheal branches
and filopodia for local branch retraction and
reduction of local oxygen delivery (Fig. 3C). Im-
portantly, vertebrate astrocytes are similarly cou-
pled to vascular networks where they regulate
metabolite and gas exchange, in addition to clas-
sic barrier functions (Petzold and Murthy 2011).

In addition to modulating local microenvi-
ronments, thecompartmentalizationof thebrain
by glia can also regulate circuit function and
animal behavior. In addition to their role in neu-
rovascular coupling, astrocytes tile with one
another to establish a dense meshwork of gap
junction–coupled processes, which individually
envelop and compartmentalize synapses from
their neighbors. In the larval CNS, tyrosine de-
carboxylase 2 (Tdc2)-expressing neurons are ac-
tivated by olfactory neurons (Ma et al. 2016).
ActiveTdc2neurons signal to astrocytes through
the invertebrate analogs of norepinephrine, oc-
topamine, and tyramine (Ma et al. 2016). In
response, astrocytes, which are gap junction–
coupled, increase whole-cell Ca2+ signaling syn-
chronously (Ma et al. 2016). This, in turn, is re-
quired to inhibit downstream dopaminergic
neuron activity with a substantial delay, because
the astrocytic Ca2+ response occurs on a much
slower timescale relative to Tdc2 neurons (see
Singhvi et al. 2023 for a more extensive review).
Parallel work in zebrafish showed that radial as-
trocytes also integrate information from neuro-
modulatory neurons over slower timescales to
stop motor output (Mu et al. 2019).

Another context in which glia sense, inte-
grate, and transmit information to neuronal cir-
cuitry occurs during sleep regulation. Sleep is
defined by periods of reversible behavioral inac-
tivity, which normally occur at set times of the
day in a species-dependent manner, and which
are subject to the homeostatic influence of sleep
pressure, where sleep pressure builds up as a
functionof timespentawake (ArtiushinandSeh-

gal 2020). Although the genetic, molecular, and
cellular basis of sleep and sleep pressure are still
being elucidated, it is increasingly clear that glia
play a central role in sleep regulation (Artiushin
and Sehgal 2020). Although numerous glial cell
types, includingastrocytes, ensheathingglia, cor-
tex glia, and surface glia, have been implicated in
homeostatic or baseline sleep regulation in Dro-
sophila (reviewed extensively by Artiushin and
Sehgal 2020), the role has been best studied in
astrocytes (see Coutinho-Budd et al. 2023).
Blumet al. (2021) showed that calciumdynamics
in astrocytes encode sleep pressure and depend
on Ca-α1D, an L-type voltage-gated calcium
channel, which enables astrocytes to monitor
neuronal activity. Increases in neuronal activity
during wakefulness drives, in a calcium-depen-
dent manner, astrocytic increases in expression
of a monoamine-activated G-protein-coupled
receptor called tyramine receptor II (TyrRII)
(Blum et al. 2021). Together with Ca-α1D, Tyr-
RII acts in a positive feedback loop to increase
astrocytic calcium (and therefore its own expres-
sion), thus sensitizing astrocytes to extracellular
monoamines that accumulate during wakeful-
ness (Blum et al. 2021). In turn, astrocytes trans-
mit sleep pressure information to a homeostatic
sleep circuit by activating sleep-promoting neu-
rons (R5 neurons) and inhibiting arousal-pro-
moting neurons, in part, through Spätzle–Toll
signaling. spätzle (spz), which encodes acytokine
and signals through the Toll receptor, is tran-
scriptionally up-regulated in astrocytes in re-
sponse to elevated calcium signaling (Blum
et al. 2021). Thus, astrocytes monitor their envi-
ronments, integrate sleep pressure information,
andregulateneuronal circuitry thatcontrols state
transitions during sleep.

Finally, the positioning of glia at specialized
brain interfaces allows them to not only respond
to neuronal damage rapidly for debris clearance
(Doherty et al. 2009; Purice et al. 2017), but also
tomodulate the physiologyof neighboring unin-
jured neurons called “bystander” neurons (Hsu
et al. 2021).Axon transport is suppressed rapidly
in both injured and bystander neurons following
an injury.Moreover, bystander neurons also dis-
play reduced mechano- and chemosensory sig-
nal transduction following injury (Ma et al. 2003;
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Meyer and Ringkamp 2008; Hsu et al. 2021). Al-
though initially suppressed, bystander neurons
eventually recover while injured axons degener-
ate (Hsuet al. 2021). Interestingly, glia (wrapping
and subperineurial) appear to spread injury sig-
nals and suppress bystander neuron function
transiently, in a process requiring Draper/
MEGF10 signaling in glia (Hsu et al. 2021).

In summary, although glia play prominent
roles as barriers, their unique positions in the
nervous system are often repurposed to facilitate
other diverse processes. In some instances, glia
may function as signaling intermediaries out of
necessity because glia insulate the CNS from sys-
temic signals (Chell and Brand 2010; Sousa-
Nunes et al. 2011; Spéder and Brand 2014). In
addition to necessity, gap junction–coupled glial
networks, such as the subperineurial glia in-
volved in neuroblast reactivation or astrocytes
in modulating circuit activity, may be uniquely
poised to survey and coordinate a synchronous
response to global metabolic/nutritional status
or circuit activity more effectively. Thus, in
both developing and functioning nervous sys-
tems, glia intercept, integrate, and relay signals
both locally and globally, in a manner that is
intimately tethered to their function as barriers
and insulators.
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