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Fig. 5. pyr overexpression in glia causes non-cell-autonomous
glial proliferation. (A-B ) Control (A-A ) or pyr-overexpressing (B-B )
repo-MARCM perineural clones stained for B-Gal (blue) and Repo (red)
expression. Note the extended processes (B) and the increased number
of glial cells surrounding the clone (B ,B ). (C-D ) Control (C-C ) or pyr-
overexpressing (arrowhead in D,D ) repo-MARCM cortex clones stained
for B-Gal (blue) and PntP2 (red) expression. Note the non-cell-
autonomous proliferation of PntP2-expressing cortex glia, clustered cell
bodies and shortened processes in the pyr-overexpressing cortex clone
(arrowhead in D,D ). Note also that the adjacent small perineural clone
overexpressing pyr (arrow in D-D ) does not cause cortex glia
proliferation.

neurons should increase glial numbers. Neuronal overexpression of
pyr using elav-Gal4 resulted in a dramatic increase in the number
of cortex glia (Fig. 4F ,J), most of which were located below the
superficial layer (not shown), but caused no significant change in
the number of superficial glia (Fig. 4F,I).

The effect of neuronal pyr overexpression on glia could be
indirect. To test whether neuronal pyr expression could affect
gliogenesis directly we generated elav-MARCM clones that
overexpressed pyr in neurons. These clones were not significantly
larger than control clones (Fig. 6C), but had dramatically increased
numbers of glia clustered around the pyr-overexpressing neurons
(Fig. 6B,D). Furthermore, knockdown of Cdc2 using elav-Gal4
caused a reduction in the number of neuroblasts (supplementary
material Fig. S10) and cortex glia (Fig. 4J, supplementary material
Fig. S10), but knockdown of Cdc2 combined with pyr
overexpression still resulted in overproliferation of cortex glia (Fig.
4], supplementary material Fig. S10). Taken together, these data

Fig. 6. pyr overexpression in neurons induces gliogenesis.

(A-B ) Control (A-A ) or pyr-overexpressing (B-B ) elav-MARCM clones
stained for B-Gal (blue) and Repo (red) expression. Note the cluster of
glial cells surrounding the clone in B . (C) Quantification of neuronal
clone volume for control or pyr-overexpressing neuronal clones (pyr o/e)
(n=10 clones per genotype). (D) Quantification of glia associated with
neuronal clones for control or pyr-overexpressing neuronal clones (pyr
o/e) (n=10 clones per genotype). Error bars indicate s.e.m. **P<0.01;
n.s, not significant.

suggest that developing cortical neurons signal directly to adjacent
cortex glia by secreting Pyr to control cortex gliogenesis via the
FGF pathway.

Clonal analysis shows that FGF signalling is
partially required in perineural glia and
absolutely required in cortex glia

repo-MARCM analysis was used to further elucidate the
contribution of FGF signalling to the generation of perineural and
cortex glia. LOF mutant perineural clones for the FGFR Al
(ht1"B#2) or downstream of FGF (stumps — FlyBase) (dof'), an
essential intracellular FGF pathway component, were about half the
size of control clones, whereas Ras85D LOF (Ras85D*C#0%)
perineural clones were ~75% the size of controls (Fig. 7A),
suggesting that, like InR/TOR signalling, FGF signalling is only
partially required for normal levels of proliferation in these cells.
To investigate whether FGF signalling is required to maintain
perineural glia by preventing apoptosis, the caspase inhibitor p35
was expressed in Atl perineural clones. Expression of p35 did not
rescue the phenotype (Fig. 7A), suggesting that FGF signalling
regulates proliferation rather than cell death. LOF perineural clones
for the ETS transcription factor pnt (pnt*®®) were not significantly
different to controls (Fig. 7A), as would be expected from the lack
of PntP2 expression in perineural glia (data not shown). Activation
of FGF signalling in perineural glia was sufficient to increase their
proliferation, as expression of 4/ in perineural glia significantly
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Fig. 7. FGF signalling acts together with InR/TOR signalling to
control the genesis of perineural and cortex glia.

(A) Quantification of perineural repo-MARCM clone size. Average clone
size of FRT82B control clones (n=71), htt"%? (n=28), htt*é#? p35
overexpression (ht!"?%? p35 o/e, n=28), dof' (n=63), Ras85D*“%
(n=88), pnt*%¢ (n=67), ht!*“T overexpression (ht*“" o/e, n=23), pyr RNAi
(pyr-IR, n=31), pyr overexpression (pyr o/e, n=20), InR>" (n=37), Rheb?"’
(n=66), Rheb?P!, ht*84? (n=74), InR>', ht!"8* (n=54), and InR>', ht*“T
overexpression (InR?’, ht#*“T o/e, n=41). (B) Quantification of cortex
repo-MARCM clone size. FRT82B control clones (n=13), dof’ (n=1),
Ras85D4%% (n=10), ht!"“T overexpression (ht!*T o/e, n=5), pyr-IR (n=4),
pyr overexpression (pyr o/e, n=7), InR?’ (n=12), Rheb?P' (n=15),
Rheb?P’, htt842 (n=8), InR?’, ht*#4? (n=5) and InR>, ht!A<T
overexpression (InR>", ht!"“T o/e, n=7). No cortex clones were observed
for ht#*8%2 (in over 100 hemispheres), ht/*% p35 overexpression (in 60
hemispheres) or pnt*® (in 56 hemispheres). One six-cell clone was
observed in 42 hemispheres for dof'. Green bars indicate pathway
activation, red bars indicate pathway inhibition. Error bars indicate
s.e.m. *P<0.05; **P<0.01; ***P<0.001; ns, not significant.

increased clone size (Fig. 7A). These data show that FGF
signalling is sufficient, but only partially required, for perineural
glia proliferation.

In contrast to perineural glia, repo-MARCM analysis
demonstrated an almost absolute requirement for FGF signalling in
cortex glia. LOF mutant cortex clones for either At/ or pnt were not
observed (Fig. 7B). One LOF dof mutant clone was obtained, but
this was dramatically smaller than control clones (Fig. 7B).
Therefore, loss of FGF signalling almost entirely prevents the
gliogenesis and/or maintenance of cortex glia. LOF mutant cortex
clones for Ras85D were obtained, but were significantly smaller
than controls (Fig. 7B), demonstrating that Ras85D is required for

cortex glia proliferation or maintenance but might function semi-
redundantly. As with perineural clones, expression of p35 in At/
cortex clones did not rescue the phenotype (Fig. 7B), suggesting
that A#/ is required either for the early genesis of cortex glia or to
prevent a type of cell death that is not blocked by p35 expression.
We also analysed repo-MARCM hil cortex clones earlier in
development (in early third instar brains), but did not observe
cortex clones at this stage (data not shown), suggesting that A/ is
required for proliferation from the early stages of cortex
gliogenesis. To determine whether FGF signalling is sufficient for
cortex glia proliferation, repo-MARCM clones were generated
expressing Atl'‘". Cortex clones expressing At!'‘" were, on
average, three times the size of control clones (Fig. 7B), confirming
that FGF signalling is sufficient to drive the proliferation of cortex
glia. These data confirm that FGF signalling is essential for the
proliferation of cortex glia in the larval brain.

Combined InR/TOR and FGF signalling control
perineural and cortex gliogenesis through
different mechanisms

To examine the relationship between the InR/TOR and FGF
pathways we generated double mutants for components of both
pathways and compared the size of these with single repo-
MARCM mutant perineural or cortex clones. Proliferation was
almost completely inhibited in /4#/,Rheb or htl,InR perineural clones
(Fig. 7A), suggesting that the FGF and InR/TOR pathways act
synergistically and are wholly responsible for the proliferation of
perineural glia. By contrast, ¢/, Rheb and htl,InR double-mutant
cortex clones were rare and when observed were extremely small,
a characteristic of the loss of FGF signalling (Fig. 7B).

To investigate the interaction of the two pathways further, repo-
MARCM clones were generated that were mutant for /nR and
overexpressed At/T. The reduced proliferation caused by loss of
InR was ameliorated in perineural and cortex clones by expression
of hti*T so that clones were similar in size to control clones, but
were smaller than clones expressing A" alone (Fig. 7A,B).
These epistatic analyses suggest that InR/TOR and FGF signalling
act in parallel in both perineural and cortex glia and that these two
cell types use distinct signalling circuits to drive proliferation
during larval development.

DISCUSSION

The correct control of gliogenesis is crucial to CNS development
and the Drosophila post-embryonic nervous system is a powerful
model for elucidating the molecular players that control this
process. We have identified two separate glial populations that
proliferate extensively and have defined the key molecular players
that control their genesis and proliferation. Perineural and cortex
glia both use insulin and FGF signalling in a concerted manner, but
the requirements for these pathways are different in each glial type.
Our data suggest a model that describes the molecular requirements
for post-embryonic gliogenesis in each of these glial types in the
brain (Fig. 8).

Using both pan-glial inhibition and LOF clonal analysis we
showed that the InR/TOR pathway is required for perineural glia
proliferation. InR/TOR signalling has widespread roles in nervous
system development (Bateman and McNeill, 2006) and we have
previously demonstrated a role for this pathway in the temporal
control of neurogenesis (Bateman and McNeill, 2004; McNeill et
al., 2008). InR can be activated by any one of seven DILPs
encoded by the Drosophila genome (Brogiolo et al., 2001), which
can act redundantly by compensating for each other (Gronke et al.,
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Fig. 8. A model for the control of perineural and cortex glia
proliferation in the Drosophila larval brain. (A) Pyr is expressed by
perineural glia to activate FGF signalling in adjacent glia and acts in
parallel to InR/TOR signalling (activated by the expression of Dilp6).
These two pathways act synergistically to generate the correct
complement of perineural glia. (B) Cortex glia proliferation is controlled
by FGF signalling through FGFR (Htl) and the Ras/MAPK pathway. Pyr
expression is required from both glia (green) and neurons (blue) and
acts non-cell-autonomously. Neuronal Pyr expression activates the FGFR
on adjacent cortex glia, thereby coordinating neurogenesis and glial
proliferation. InR is also partially required in cortex glia and is likely to
signal through the Ras/MAPK pathway.

2010). We find that dilp6 is expressed in most glia during larval
development, including perineural and cortex glia, and that dilp6
mutants have reduced gliogenesis (Fig. 2). The dilp6 phenotype is
weaker than that associated with the inhibition of downstream
components of the InR/TOR pathway, suggesting that other DILPs
might be able to compensate for the absence of dilp6 expression in
glia (Gronke et al., 2010). Pan-glial inhibition and clonal analysis
also demonstrated that the FGF pathway is required for normal
levels of perineural glia proliferation. FGF signalling is activated
in perineural glia by paracrine expression of Pyr. Inhibition of
either the InR/TOR or FGF pathway reduced perineural glia
proliferation by about half, so we tested whether these two
pathways act together. Our data demonstrate that inhibition of both
pathways simultaneously has a synergistic effect, suggesting that
these two pathways act in parallel, rather than sequentially, and that
their combined activities generate the large numbers of perineural
glia found in the adult brain (Fig. 8A).

Cortex glia employ a molecular mechanism distinct from that of
perineural glia to regulate their proliferation (Fig. 8B). Cortex glia
have a clear requirement for InR, as /nR mutant cortex clones are
significantly reduced in size. The early events in post-embryonic
gliogenesis are poorly understood, but FGF signalling is likely to be
required during this stage as LOF clones for components of this
pathway almost completely block cortex gliogenesis. Our data
suggest that InR acts in parallel to FGF signalling in these cells, as
loss of InR combined with activation of FGF signalling only partially
rescues the InR phenotype. Interestingly, the PI3K/TOR pathway is
not required in cortex glia, suggesting that InR signals through the
Ras/MAPK pathway to control cortex glia proliferation.

The FGF pathway in cortex glia responds to paracrine Pyr
expression from both glia and neurons. Expression from both glia
and neurons is required to activate the pathway and stimulate

cortex gliogenesis (Fig. 8B). Neuronal regulation of glial FGF
signalling enables cortical neurogenesis to modulate the rate of
gliogenesis, so that the requisite number of glia are generated to
correctly enwrap and support developing cortical neurons. Recent
studies have also identified a mechanism by which DILP secretion
by glia controls neuroblast cell-cycle re-entry in the Drosophila
early post-embryonic CNS (Chell and Brand, 2010; Sousa-Nunes
et al., 2011). Thus, neurons and glia mutually regulate each other’s
proliferation to coordinate correct brain development.

We have shown that two major glial populations in the larval
brain, perineural and cortex glia, are generated by glial proliferation
rather than differentiation from neuroglioblast or glioblast
precursors. Differentiation of most embryonic glia from
neuroglioblasts in the VNC requires the transcription factor glial
cells missing (gecm) (Hosoya et al., 1995; Jones et al., 1995), which
is both necessary and sufficient for glial cell fate. In the larval brain
the role of gcm is much more restricted and it is not expressed in,
nor required for, generation of perineural glia (Awasaki et al., 2008;
Colonques et al., 2007). Thus, the developmental constraints on
gliogenesis in the embryonic and larval CNS are distinct. The
larval brain undergoes a dramatic increase in size during the third
instar, which might favour a proliferative mode, rather than
continuous differentiation from a progenitor cell type.

Glial dysfunction is a major contributor to human disease. The
release of toxic factors from astrocytes has been suggested to be a
contributory factor in amyotrophic lateral sclerosis and astrocytes
might also play a role in the clearance of toxic AP in Alzheimer’s
disease (Nagai et al., 2007; Nicoll and Weller, 2003). Rett
syndrome is an autism spectrum disorder caused by LOF of the
transcription factor methyl-CpG-binding protein 2 (MeCP2)
(Chahrour and Zoghbi, 2007). Astrocytes from MeCP2-deficient
mice proliferate slowly and have been suggested to cause aberrant
neuronal development (Maezawa et al., 2009). This hypothesis was
recently confirmed by astrocyte-specific re-expression of Mecp?2 in
MeCP2-deficient mice, which improved the neuronal morphology,
lifespan and behavioural phenotypes associated with Rett syndrome
(Lioy et al., 2011). Characterisation of the molecular control of
gliogenesis during development might lead to a better
understanding of such diseases.
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