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Stem cells proliferate through 
 symmetric division or self-renew 

through asymmetric division whilst gen-
erating differentiating cell types. The 
balance between symmetric and asym-
metric division requires tight control 
to either expand a stem cell pool or to 
generate cell diversity. In the Drosophila 
optic lobe, symmetrically dividing neu-
roepithelial cells transform into asym-
metrically dividing neuroblasts. The 
switch from neuroepithelial cells to neu-
roblasts is triggered by a proneural wave 
that sweeps across the neuroepithelium. 
Here we review recent findings showing 
that the orchestrated action of the Notch, 
EGFR, Fat-Hippo and JAK/STAT 
 signaling pathways controls the pro-
gression of the proneural wave and the 
sequential transition from symmetric to 
asymmetric division. The neuroepithe-
lial to neuroblast transition in the optic 
lobe bears many similarities to the switch 
from neuroepithelial cell to radial glial 
cell in the developing mammalian cere-
bral cortex. The Notch signaling path-
way has a similar role in the transition 
from proliferating to differentiating stem 
cell pools in the developing vertebrate 
retina and in the neural tube. Therefore, 
findings in the Drosophila optic lobe 
provide insights into the  transitions 
between proliferative and differentiative 
division in the stem cell pools of higher 
organisms.

Stem cells can divide symmetrically to 
generate daughter cells with similar fates 
or asymmetrically to self-renew whilst 
also producing differentiating daughter 
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cells. The transition from symmetric 
to  asymmetric division must be tightly 
r egulated, as excessive symmetric cell divi-
sion can lead to tumorous overgrowth, 
whereas precocious asymmetric division 
results in premature differentiation and 
underdeveloped organs.1 A sufficiently 
large pool of undifferentiated stem cells 
must be maintained throughout devel-
opment so as to generate both early and 
later born cells, and to repair or regenerate 
damaged tissue. Epidermal, intestinal and 
neural stem cells are found in mono- or 
multilayered epithelia that expand laterally 
and thereby increase the pool of tissue spe-
cific precursor cells.2 During development, 
epithelial stem cell pools can be entirely 
or partially depleted as cells are converted 
into more mature progenitors to generate 
differentiating cell types. In case of par-
tial depletion, epithelial cells may remain 
in undifferentiated niches and serve as a 
source to replenish differentiating cells 
during tissue homeostasis in the adult 
organism.

The nervous system is a particularly 
well-suited model for studying the molec-
ular and cellular mechanisms that control 
the switch from proliferative symmetric 
stem cell division to self-renewing asym-
metric division. In the early mamma-
lian cerebral cortex, neuroepithelial cells 
divide symmetrically to rapidly expand a 
stem cell pool. Later, neuroepithelial cells 
convert to radial glial cells, the major 
stem cell type contributing to cortical 
neurogenesis. Radial glial cells can divide 
asymmetrically to generate neurons either 
directly or via an intermediate basal pro-
genitor cell.3-7 Similarly, in the vertebrate 
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hemisphere and remains closely attached to 
the central brain.14 Epithelial cells within 
the placode are initially in a mitotically qui-
escent state and only proliferate after larval 
hatching to expand the neuroepithelial cell 
pool to about 700 cells in the OPC and 400 
cells in the IPC.15 Neuroepithelial cells at 
the medial edge of the OPC sequentially 
transform into medulla neuroblasts, while 
cells at the opposite lateral edge of the OPC 
become lamina precursors.16-18 As a conse-
quence, the neuroepithelium is depleted and 
gradually disappears during larval and early 
pupal development. The cell fate switch 
from neuroepithelial cell to medulla neu-
roblast involves the coordination of several 
cellular events, such as the  downregulation 
of adherens junctions, the re-orientation of 
the mitotic spindle, and the upregulation of 
genes regulating asymmetric cell division 
(Fig. 1B and C).16 A number of recent stud-
ies have given insights into the molecules 
and the signaling pathways that induce and 

brain centers. Each lobe is composed of 
distinct neuronal layers: the lamina, outer 
and inner medulla, lobula and lobula 
plate, derived from two distinct prolifera-
tion centers in the larval brain (Fig. 1A).11 
Recent work by Hasegawa et al. has shown 
that the medial outer proliferation cen-
ter (OPC) produces distinct classes of 
neurons whose cell bodies reside in the 
medulla cortex and whose axons project to 
the lamina and the lobula complex, as well 
as to the outer and inner medulla.12 The 
lateral OPC generates the lamina cortex 
neurons, which have projections within 
the lamina and to the medulla. Neurons 
generated from the inner proliferation 
center (IPC) most likely reside in the 
lobula plate cortex and may project to the 
medulla, lobula and lobula plate.13

The OPC and the IPC originate in 
the early embryo from an optic placode of 
about 30–40 epithelial cells. The placode 
invaginates from the head ectoderm in each 

retina and neural tube, neuroepithelial 
cells undergo multiple cellular transitions 
to become mature neuronal progenitors.8,9 
Understanding the regulation of this cell 
fate transition from proliferation to differ-
entiation is of great interest, as it may allow 
endogenous or induced stem cell pools to 
be directed towards a proliferative or dif-
ferentiative cell fate.

In Drosophila, the neural stem cells in 
the optic lobes progress through a coordi-
nated switch from symmetric to asymmet-
ric division. The progression from stem 
cell proliferation to the production of dif-
ferentiating neurons occurs sequentially 
to ensure the spatiotemporal specificity of 
connections between neurons in different 
parts of the visual system. The retinotopy 
in the optic lobe can be compared to what 
has been observed in the mammalian 
retina.10 The optic lobes integrate the pri-
mary visual information received by the 
compound eyes prior to transfer to higher 

Figure 1. (A) the Drosophila larval nervous system is composed of the ventral nerve cord (VNC), the central brain (CB) and the optic lobes (OL). At the 
medial edge of the optic lobe neuroepithelium cells transform sequentially into neuroblasts (red box). (B) Pseudostratified neuroepithelial cells trans-
form into round neuroblasts. A single confocal section through the outer proliferation center shows immuno-labelling for Discs large, which labels cell 
cortices (red). Medulla neuroblasts express the adaptor protein Miranda (green), which is segregated to the basal daughter cell upon asymmetric cell 
division. DNA is stained in blue. (C) the transition from neuroepithelial cells to neuroblasts involves a switch from symmetric to asymmetric division, 
the downregulation of adherens junctions and a change in division orientation. the neuroepithelium expands laterally with a planar spindle axis, 
whereas neuroblasts re-orient their division along the apicobasal axis to position their progeny towards the medulla cortex. OPC: outer proliferation 
center, iPC: inner proliferation center, me: medulla cortex, VNC: ventral nerve cord, A: anterior, P: posterior
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throughout the lateral  neuroepithelium 
(Fig. 2A and B). The dynamic 
HLHmγ-GFP expression bears similar-
ity with Hes1 expression in the developing 
cerebral cortex. Live imaging of HLHmγ-
GFP and other reporter constructs may 
reveal whether Notch pathway compo-
nents also oscillate in flies.

Ectopic L’sc expression is sufficient 
to induce a switch from neuroepithelial 
cells to neuroblasts suggesting that L’sc 
might downregulate Notch signaling in 
the transition zone. Indeed, Notch levels 
are markedly reduced in L’sc misexpres-
sion clones.19 Moreover the HLHmγ-GFP 
reporter line reveals a downregulation 
of Notch signaling activity in the L’sc 
positive transition zone (Fig. 2A and B). 
Further experiments are required to test 
whether L’sc controls Notch activity at 
the transcriptional or post-transcriptional 
level in the transition zone. The relatively 
mild phenotypes observed when l’sc func-
tion is perturbed might indicate that there 
is more than one mechanism to downreg-
ulate Notch activity.

Recent reports highlight the fact that 
the expression levels of the ligand Delta 
are increased in the transition zone where 
Notch activity is low.19-24 Delta and Notch 
can inhibit each other when expressed in 
the same cell by a mechanism called cis-
inhibition, as opposed to the trans-acti-
vation that occurs between neighboring 
cells.31 High Delta levels could therefore 
lead to the inhibition of Notch signaling 
in the L’sc positive transition zone and to 
sharp signaling boundaries. The dynamic 
Notch activity pattern suggests a switch 
from bi-directional Notch signaling, 
which  maintains a proliferative neuroepi-
thelium, to mutually exclusive signaling 
states between cells in, and adjacent to, 
the transition zone. It remains to be tested 
whether Delta mediated cis-inhibition is 
sufficient and/or necessary to induce the 
neuroblast fate.

The existing model is static and explains 
neither the progression of the proneural 
wave nor the observation that the down-
regulation of Notch is transient (Fig. 2). 
Neuroepithelial cells seem to go through 
at least two progenitor cell states before 
adopting the neuroblast fate. Yasugi et al. 
classified these states of medial neuroepi-
thelial cells, as Progenitor I and Progenitor 

the receptor Notch. Delta-Notch binding 
results in two proteolytic cleavages of the 
Notch receptor, mediated by the metal-
loprotease Kuzbanian and γ-secretase, 
respectively. Cleavage releases an intracel-
lular Notch domain, which translocates to 
the nucleus and acts together with co-fac-
tors as a transcriptional activator.26 Clonal 
analysis shows that the Notch receptor is 
required to maintain the optic lobe neuro-
epithelium and to prevent their premature 
switch to a neuroblast fate. Notch loss-
of-function clones are extruded from the 
neuroepithelium, round up and express 
the neuroblast-specific Hes family tran-
scription factor, Deadpan (Dpn). These 
neuroblasts are aberrantly localized in 
the medulla cortex; however, their lineage 
pattern looks similar to normally localized 
wild-type neuroblasts.

To address the question whether 
neuroepithelial cells are Notch signal-
sending or receiving cells, dominant 
negative constructs that impair either 
Delta or Kuzbanian function were used. 
Strikingly, the expression of either of 
these constructs in the neuroepithelium 
transforms virtually all neuroepithelial 
cells into neuroblasts.19 Since Delta acts 
in the signal-sending cell and Kuzbanian 
is required for Notch signaling in the 
signal-receiving cell, these results sug-
gest that signaling is required between 
neuroepithelial cells to prevent differen-
tiation. A similar model of mutual lateral 
inhibition between neuroepithelial cells 
has also been put forward in vertebrate 
studies in the retina27 and neural tube.9,28 
Interestingly, the ability to maintain 
neural progenitors in the mouse cerebral 
cortex relies on the oscillation of Notch 
signaling components, such as the Notch 
target gene Hes1, the ligand Delta-like1 
(Dll1) and the proneural transcription 
factor Neurogenin2 (Ngn2). Inhibition 
of Notch signaling leads to sustained 
expression of Dll1 and Ngn2 and to pre-
mature differentiation.29

In the Drosophila optic lobe, Notch 
signaling can be monitored by the tran-
scriptional output of direct target genes, 
such as genes of the Enhancer of split 
E(spl) family of transcriptional repressors. 
A genomic reporter construct encoding 
the E(spl) factor HLHmγ fused to GFP30 
is expressed in a salt-and-pepper pattern 

control the switch from neuroepithelial cell 
to neuroblast.19-24

Neuroepithelial cells go through a 
transient cell cycle arrest prior to adopt-
ing the neuroblast fate.15,20,21 This arrest is 
induced in G

1
 through the downregula-

tion of the Fat-Hippo signaling pathway 
and is required for the transition to neu-
roblasts.20,21 For example, a constitutively 
activated form of Yorkie (Yrk), a transcrip-
tion factor controlled by Fat-Hippo sig-
naling, prevents the cell cycle arrest and 
blocks the transition from neuroepithelial 
cell to neuroblast. In a similar manner, in 
the chicken neural tube overexpression 
of Yes-associated protein (YAP), the ver-
tebrate ortholog of Yorkie, causes expan-
sion of the neural progenitor pool at the 
expense of differentiating cells.25 In the 
Drosophila optic lobe as well as in the 
chicken neural tube YAP/Yrk positively 
regulates cell cycle regulators, such as 
Cyclin D, to accelerate cell cycle progres-
sion during early to mid-G

1
.

In the Drosophila optic lobe the neu-
roepithelial cell to medulla neuroblast 
transition coincides with a proneural wave 
of lethal of scuttle (l’sc) expression that 
sweeps across the neuroepithelium.17 Cells 
in front of the proneural wave are of neu-
roepithelial character whereas cells behind 
the wave have switched to a neuroblast 
fate. L’sc is a proneural transcription fac-
tor that regulates the timing of the neu-
roepithelial cell to neuroblast transition. 
Whereas L’sc is sufficient to induce the 
neuroepithelial cell to neuroblast transi-
tion in a cell-autonomous manner,19 loss 
of l’sc delays, but does not completely pre-
vent the generation of neuroblasts.17 It is 
not clear how L’sc induces the neuroblast 
fate and how the unidirectional progres-
sion of the ‘proneural wave’ is controlled.

Recent results show that the dynamic 
regulation of Notch signaling has a key 
role in controlling the switch from neuro-
epithelial cells to neuroblasts.19-24 A com-
parison of transcriptional profiles of optic 
lobe neuroepithelial cells and medulla 
neuroblasts revealed that several Notch 
pathway components are upregulated in 
neuroepithelial cells.19 The results sug-
gested a function for the Notch pathway 
in neuroepithelial cells. In general, Notch 
signaling occurs between neighboring cells 
expressing the ligand Delta or Serrate and 
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that the EGFR signaling pathway has a 
crucial role in the progression of the pro-
neural wave. The EGFR pathway is active 
in both Progenitor I and II cells, but 
not in more lateral neuroepithelial cells. 
Loss-of-function mutant clones for EGFR 
pathway components express neither L’sc 
nor Dpn, indicating that the neuroepithe-
lial cell to neuroblast transition is blocked. 
Conversely, constitutive activation of the 
EGFR pathway accelerates the proneural 
wave. These data indicate that the EGFR 
pathway acts upstream of L’sc to regulate 
the progression of the proneural wave. 
Interestingly, there is evidence that the EGF 
ligand Spitz (Spi), which is cleaved by the 
protease Rhomboid (Rho), is secreted from 
the transition zone. Rho expression itself is 
induced by EGFR signaling pathway and 
so the sequential manner of the transition 
may be achieved through a positive feed-
back loop from one cell to next. In the 
model of Yasugi et al. the sequential activa-
tion of Notch and EGFR signaling drives 
the proneural wave in a medial to lateral 
direction. High Notch activation drives 
neuroepithelial cells into the Progenitor I 
state whereas high EGFR activity promotes 
the transition to the Progenitor II state. 
Finally the downregulation of both Notch 
and EGFR signaling triggers the switch to 
the neuroblast fate (Fig. 2C).24 However, 
further investigation is required to explain 
the timing and the uni-directionality of 
proneural wave progression. Moreover, it is 
not clear how the proneural wave is initi-
ated in the first place.

The results of studies of the optic lobe 
highlight similarities with the vertebrate 
nervous system. For example, in the ver-
tebrate retina the Notch target genes Hes1 
and Hes5 are downregulated just prior to 
retinal ganglion cell differentiation, while 
a wave of proneural Neurogenin 2 expres-
sion controls the onset of neurogenesis at 
the leading edges.32,33 Interestingly, tran-
sient inactivation of Notch signaling using 
a chemical inhibitor can synchronize the 
differentiation of retinal progenitor cells 
in culture.34

In mammals the JAK/STAT pathway 
and the EGFR pathway regulate Notch 
activity in neural stem cells in vitro and in 
vivo. Notch activity maintains the radial 
glial cells in an undifferentiated stem cell 
state in the embryonic mouse brain through 

the most medial L’sc positive cells (Fig. 2A 
and B).24

Neuroepithelial cells adopt the neuro-
blast state in a coordinated and sequen-
tial manner. The transformation occurs 
 uni-directionally and appears to be irre-
versible since neuroblasts have never been 
shown to be able to transform back into 
neuroepithelial cells. Yasugi et al. showed 

II. Class I progenitor cells are laterally 
adjacent to the transition zone, express 
low levels of Dpn and are most likely the 
same neuroepithelial cells that express 
high levels of HLHmγ-GFP (Fig. 2A 
and B). Class II progenitor cells form the 
transition zone and express the proneural 
factor L’sc. Notch reporter activity is then 
downregulated and no longer detected in 

Figure 2. the sequential transition from neuroepithelial cells to neuroblasts requires the interac-
tion between multiple signaling pathways. (A and B) A GFP-tagged reporter construct for the 
Notch target gene HLHmγ shows expression in a “salt and pepper” pattern in the lateral neuroepi-
thelium (green). Neuroepithelial cells flanking the L’sc positive transition zone (A, L’sc in red) reveal 
strong Notch activity. Notch is transiently downregulated in the transition zone but Notch activity 
is resumed in medial Deadpan positive neuroblasts (B, Dpn in red). immuno-labelling for Discs 
large outlines cell cortices (blue). (C) Model for the progression of the proneural wave and the 
switch from neuroepithelial cells to neuroblasts. the sequential transformation of neuroepithelial 
cells to neuroblasts is controlled through the coordinated action of the Notch, EGFr and JAK/StAt 
signaling pathways. Notch maintains neuroepithelial cells in the class i progenitor state (Pi). the 
EGF ligand Spitz is cleaved by the protease rhomboid, which has a restricted expression pattern 
in the transition zone. Activation of the EGFr pathway drives neuroepithelial cells into the class 
ii progenitor state (Pii). Class ii progenitor cells express the proneural transcription factor L’sc. 
Downregulation of the EGFr and Notch pathways promotes the neuroepithelial cell to neuroblast 
transition. the JAK/StAt signaling pathway negatively regulates progression of the transition.
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physical interaction of Hes1 and Stat3.35 
In the subventricular zone of the adult 
mouse brain Notch maintains the neural 
stem cell state, whereas EGFR promotes 
more differentiated neural  progenitors. 
A recent report has now revealed that 
active EGFR signaling  promotes ubiqui-
tination and downregulation of Notch.36 
Interestingly, in the Drosophila optic lobe 
secretion of Unpaired (Upd), a ligand of 
the JAK/STAT pathway, shapes an activ-
ity gradient that is highest in the lateral 
part of the neuroepithelium and negatively 
regulates the progression of the proneural 
wave.17 Thus the JAK/STAT signaling 
pathway also controls the timing of the 
neuroepithelial to neuroblast transition. 
How and at what level the different sig-
naling pathways communicate with each 
other is not yet fully understood. Results 
of mutant clonal analysis suggest that 
JAK/STAT signaling regulates the onset 
of Rho, L’sc and high Dl expression.17 
Therefore, the JAK/STAT signal seems 
to act upstream of the EGFR and Notch 
signaling pathways, and the integration of 
all three pathways precisely regulates the 
spatiotemporal formation of neuroblasts. 
In summary, Notch activity maintains the 
neuroepithelial cell state and prevents neu-
roblast formation through direct cell-cell 
interactions. The EGFR and JAK/STAT 
pathways, activated by short-range and 
long-range signals, oppose each other and 
control the timing and progression of the 
neuroepithelial-to-neuroblast transition.

The accessibility of the Drosophila 
optic lobe and its similarities to the devel-
opment of the mammalian nervous system 
make it a very attractive model system to 
study neural stem cell behavior. The num-
ber of neurons in the adult medulla alone is 
estimated at 40,000, including at least 63 
distinct neuronal subtypes.15,37 The ques-
tion of how cellular diversity is generated 
in the optic lobe has only recently begun to 
be addressed.12,38 The knowledge of when, 
where and how particular neuronal sub-
types are generated will further unveil the 
multiple steps on the way from neural stem 
cells to functional neuronal circuits.
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