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Introduction

A fundamental challenge during the development of any 
complex organism is the coordination of proliferation and 
differentiation. In the case of neurogenesis, cells must 
exit the cell cycle and undergo a complex programme 
of gene expression and morphological changes. This 
requires the action of multiple secreted ligands which, 
by binding to their target receptors on the cell surface, 
control the course of neuronal cell fate in a spatiotem-
poral manner. Neurogenic organs are wholly dependent 
on prior proliferation to provide enough cells to generate 
the mature tissue. There are often assumed to be two sets 
of independent signalling pathways: one which controls 
proliferation and a second which controls differentiation. 
In this context, neuronal differentiation might be seen 
as a default pathway that occurs as a result of growth 
factor removal. Surprisingly, however, the same pathway 
often regulates both proliferation and differentiation. In 
this review we discuss the role of the insulin receptor 
(IR) and the type I insulin-like growth factor receptor 
(IGF-IR) receptor tyrosine kinases (RTKs) in neuronal 
differentiation by comparing knowledge about verte-
brates with insight gained from studies in Drosophila. 
Evidence from vertebrates and flies suggests that, in cer-
tain developmental contexts and cell types, IR/IGF-IR 
signalling plays an important role in the differentiation 
of neurons.

Insulin/IGF signalling in vertebrate neurogenesis

Although the role of IR and IGF-IR signalling in cell 
proliferation has been clearly demonstrated, the potential 
role of this group of RTKs in neuronal differentiation has 
received less attention. Insulin is best known for its role in 
glucose uptake and metabolism, whereas the insulin-like 
growth factors (IGFs) are well characterised as growth-
promoting peptides [1]. Expression studies of the IR and 
IGF-IR have demonstrated that both of these RTKs are 
expressed in the nervous system [2, 3], suggesting that 
they function in neuronal development. The IR is widely 
expressed throughout the adult brain and concentrated 
expression is found in the hypothalamus, olfactory bulb 
and pituitary [3–5]. In addition, the IGF-IR is expressed 
in many embryonic tissues but high levels of expression 
are seen in the developing cerebellum, midbrain, olfac-
tory bulb and the ventral floorplate of the hindbrain [2].
In cultured cells, insulin and IGF-I do not always act as 
mitogens. For example, in mouse fibroblast cell lines, 
insulin and IGF-I are very poor mitogens [6]. Insulin 
and IGF-I can also activate neurogenesis in ex vivo and 
cultured cell lines [6–11]. H19-7 rat hippocampal cells 
proliferate at 34 °C in response to serum and differenti-
ate to a neuronal phenotype at 39 °C when treated with 
basic fibroblast growth factor (bFGF). However, expres-
sion of the IGF-IR allows HC19-7 cells to differentiate 
at 39 °C in response to IGF-I independent of bFGF [9]. 
In E14 mouse striatal primary neural stem cells (NSCs), 
the action of insulin/IGF-I to activate either proliferation 
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or differentiation is dependent on the passage number 
of the cells. NSCs isolated from neurospheres after two 
rounds of culture for 1 week differentiate to a neuronal 
phenotype in response to treatment with IGF-I [7]. Inter-
estingly, the neurogenic action of IGF-I could be potenti-
ated by the addition of brain-derived neurotrophic factor 
(BDNF), suggesting that these factors can act synergisti-
cally to promote differentiation. Conversely, treatment of 
similar NSCs from primary cultures with IGF-I caused 
individual cells to proliferate rapidly rather than differen-
tiate [8]. Therefore, the ability of insulin/IGF to promote 
either differentiation or proliferation depends on the cell 
type and conditions.
What do the phenotypes of Ir and Ig f1r mutant animals 
tell us about the role of these RTKs in neurogenesis? 
Ir–/– null mice develop normally but die shortly after 
birth due to severe diabetic ketoacidosis [12], suggest-
ing that the IR is not required for neuronal development. 
Moreover, a neuron-specific disruption of the Ir gene in 
mice did not affect brain development or neuronal sur-
vival [13]. In contrast, Ig f1r–/– mice have reduced brain 
size and altered brain structures, including a marked in-
crease in the density of neural cells in the spinal cord 
and brainstem [14]. Furthermore, detailed examination of 
cochlear development has shown that development of this 
sensory organ is severely impaired in Ig f1r–/– mice [15]. 
A significant decrease in the number of auditory neurons 
along with aberrant expression of early neural markers 
suggests that neuronal differentiation in the inner ear is 
delayed in these mice. Recent studies have also shown 
that IGF-I is required for differentiation of neuroblasts in 
the otic vesicle in chick [16]. Moreover, differentiation 
of neurons derived from mouse olfactory bulb stem cells 
requires IGF-I [17]. Thus, in mice the IGF-IR seems to 
be essential for correct central nervous system (CNS) de-
velopment, while the IR may either be redundant or play 
a more subtle role.
What are the intracellular signalling cascades by which 
the IR and IGF-IR RTKs have the potential to control 
differentiation? In mammalian systems, insulin stimula-
tion has been shown to cause activation of the Ras/mito-
gen-activated protein kinase (MAPK) pathway [18–20]. 
Activation of MAPK by the IR is independent of the role 
of this receptor in glucose homeostasis since inhibition of 
MAPK activation does not affect the metabolic actions of 
insulin [21]. Ligand binding to the IR results in tyrosine 
phosphorylation of the insulin receptor substrate (IRS) 
proteins and/or Shc, which, through the adaptor protein 
Grb2, results in recruitment to the membrane of SOS for 
the activation of Ras (Fig. 1) [22, 23]. MAPK activation 
is the most well defined route by which IR/IGF-IR sig-
nalling might control neurogenesis during development. 
The first in vivo evidence for insulin stimulation of Ras 
came from the demonstration that insulin-induced Xeno-
pus oocyte maturation is blocked by an antibody which 

inhibits Ras [24]. More recently, knock-out mice studies 
have shown that MAPK activation by insulin in vivo is 
dependent on IRS-1 [25]. In cultured cells, activation of 
MAPK is required for nerve growth factor (NGF)/epi-
dermal growth factor (EGF)-dependent differentiation 
of PC12 cells [26]. Activation of MAPK in PC12 cells 
causes phosphorylation of target transcription factors 
and consequent reprogramming of gene expression to a 
neuronal fate [27]. Activation of MAPK by an IR/IGF-IR 
receptor-dependent mechanism has the potential to ac-
tivate a similar neurogenic switch in target cells in the 
developing nervous system.
The other pathway which is activated by insulin/IGF 
receptor stimulation is PI3K/TOR signalling (Fig. 1). 
PI3K/TOR kinase signalling is known to regulate growth 
through the control of ribosome biogenesis and protein 
synthesis [28]. PI3K catalyses the conversion of PIP2 to 
PIP3, a process which is reversed by the lipid phospha-
tase PTEN. Growth control is mediated through TOR by 
the activation of S6K and the translation initiation factor 
eIF4E. The possible role of PTEN in the nervous sys-
tem has been studied by several groups using conditional 
knock-out strategies. Although PTEN is not essential for 
cell fate determination in the CNS overall [29, 30], a dra-
matic effect was observed in glial cells. Yue et al. [31] 
used GFAP-cre to generate pten–/– cells in the CNS and 
observed premature differentiation of Bergmann glia in 
the early postnatal brain. The premature differentiation of 
pten–/– glia resulted in layering defects and subsequent 
aberrant migration of granule neurons. These data sup-
port a role for PTEN acting as a positive regulator of dif-
ferentiation in certain cell types in the brain.

Figure 1. Potential pathways by which insulin/IGF signalling can 
regulate neurogenesis.
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Insulin receptor signalling in Drosophila

Unlike vertebrates, Drosophila has a single RTK of the 
insulin receptor family (DInr). Expression of the DInr is 
ubiquitous during early stages of embryogenesis, but be-
comes enriched in the developing nervous system [32, 
33]. The DInr can be activated by one of seven Drosoph-
ila insulin-like peptides (DILPS). Three of the DILPS are 
produced by seven neurosecretory cells within the brain. 
Flies in which these neurosecretory cells have been ab-
lated are phenotypically similar to dInr mutants and have 
some features that are analogous to diabetes [34]. The 
DInr is required for growth during development and to 
attain full adult size [35]. Hypomorphic dInr mutants are 
developmentally delayed and have reduced size due to de-
creased cell number and cell size [36], suggesting that the 
role of the DInr during development is analogous to the 
IGF-IR. dInr–/– animals have defects in the development 
of embryonic central and peripheral nervous systems 
[32]. Unfortunately, this phenotype has not been studied 
in detail and so it is not clear whether embryonic neurons 
in dInr mutants are lost due to an inhibition of neurogen-
esis, proliferation, or indirectly though neuroblast apop-
tosis. In the developing eye, photoreceptor neurons do not 
absolutely require the DInr for neurogenesis; however, in 
the absence of the DInr, neuronal differentiation is sig-
nificantly delayed [37]. Unlike activation of Ras/MAPK 
signalling, which is able to induce ectopic neurogenesis in 
the eye field, activation of DInr signalling modulates the 
timing of the differentiation programme. These findings 
suggest that the role of DInr signalling in neuronal dif-
ferentiation is to act synergistically with other neurogenic 
pathways, such as EGF receptor (EGFR) signalling.
Does the DInr regulate the same intracellular signal trans-
duction pathways as its mammalian counterparts? In Dro-
sophila tissue culture cells, stimulation with mammalian 
insulin causes rapid phosphorylation of MAPK [38–40]; 
however, to date this has not been reported in vivo. Over-
activation of MAPK signalling in the developing eye in 
Drosophila causes the formation of ectopic photorecep-
tor neurons [41, 42]. Over-expression of the DInr in the 
eye causes over-proliferation and, although the normal 
complement of photoreceptors are produced, there is a 
disruption in the patterning of the eye [36]. Interestingly, 
the patterning defect caused by over-expression of the 
DInr is similar to the planar cell polarity defects seen 
with mutations in EGFR signalling [43, 44], suggesting 
there may be cross-talk between these two pathways in 
vivo.
Chico, the Drosophila IRS, contains conserved putative 
binding sites for Drk, the homologue of the adaptor pro-
tein Grb2 [45]. Oldham et al. [46] generated transgenic 
flies containing a version of chico in which the putative 
Drk-binding site had been mutated, and found that this 
mutant was able to fully rescue the growth defects of 

chico–/– flies. In contrast, if the binding site for the regu-
latory subunit of PI3K (p60) in Chico was mutated, there 
was a complete loss of function. Why then is the Drk-
binding site in the Drosophila IRS conserved? It is pos-
sible that a low level of MAPK activation may contribute 
to the ability of the DInr to control proliferation, although 
this is unlikely since loss of pten was able to completely 
rescue the growth defects caused by loss of the dInr [46]. 
Alternatively, the DInr may only activate MAPK in cer-
tain developmental contexts, such as embryonic devel-
opment. Interestingly, loss of one copy of the dInr gene 
was able to dominantly suppress the embryonic lethality 
caused by over-expression of RasV12 [47].
Work in the last few years has shown that, as in verte-
brates, activation of the Drosophila PI3K is dependent on 
DInr signalling [28]. Signalling downstream of PI3K via 
AKT (PKB), the tuberous sclerosis complex (TSC) and 
TOR kinase is also highly conserved in Drosophila. As in 
mammals, the DInr pathway regulates the growth of flies 
via S6K and eIF4E. Moreover, the timing of photorecep-
tor neurogenesis in the developing eye is controlled by the 
DInr through a PI3K-TOR-dependent mechanism [37]. 
How might DInr signalling control neuronal differentia-
tion through PI3K-AKT-TOR signalling? One of the tar-
gets of AKT is the forkhead transcription factor FOXO. 
FOXO regulates the transcription of a diverse set of genes 
that are involved in processes such as control of cell pro-
liferation and apoptosis [48]. In certain developmental 
contexts, FOXO may be able to regulate the transcrip-
tion of neurogenic genes, thereby mediating a neurogenic 
response to DInr stimulation. Alternatively, PI3K/TOR 
signalling may inter-connect with the Ras/MAPK path-
way. Recent studies in mammalian tissue culture cells 
and in Drosophila have demonstrated the existence of a 
positive feedback loop by which S6K is able to regulate 
IRS levels and phosphorylation [49]. This feedback loop 
gives PI3K-AKT-TOR signalling the potential to control 
MAPK activation (and potentially neurogenesis) by mod-
ulating the activity of the IRS.

Conclusions and future directions

Can we assimilate the studies from vertebrates and flies 
to gain a greater understanding of the role of insulin/IGF 
signalling in neurogenesis? In both systems, Ir/Igf1r null 
animals show defects in CNS development. Further stud-
ies are needed, however, to characterise these defects in 
detail. Such studies should help to correlate the known 
expression patterns of the IR and IGF-IR with the af-
fected neuronal/glial cell types. The mechanism of action 
by which insulin/IGF signalling controls differentiation is 
most easily addressed in cell culture systems. Vertebrate 
cell culture studies suggest that insulin/IGF-stimulated 
differentiation may occur through activation of the Ras/
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MAPK pathway. Analogous studies have not been per-
formed in Drosophila cells although the increasing avail-
ability of Drosophila neuronal cell lines in combination 
with RNAi technology provides an excellent opportunity 
to identify novel neural targets of the DInr. Vertebrate 
whole-animal models also show that insulin activates the 
Ras/MAPK pathway. In vivo studies in Drosophila have 
yet to demonstrate that the DInr can activate the Ras/
MAPK pathway; however, our recent data suggest that in 
the Drosophila eye, the DInr pathway can regulate Ras/
MAPK signalling through a transcriptional mechanism 
that requires TOR [unpublished results]. In conclusion, 
there is good evidence from both vertebrates and flies to 
suggest that insulin/IGF signalling has a conserved role 
in both proliferation and neuronal differentiation. The 
choice between proliferation and neurogenesis depends 
on the particular cell type or developmental context.
The contribution of insulin/IGF signalling to neurogen-
esis may be context and/or cell type specific; however, 
the importance of fine spatiotemporal control of neuro-
nal differentiation means that understanding the role of 
this pathway is of major importance. Small alterations in 
the wiring of the brain can have profound consequences 
on function, and there are abundant data to suggest that 
the cues for axonal guidance alter over developmental 
time. In addition, the competence of neural progenitors 
to produce neurons of different fates is altered over time 
during development [reviewed in ref. 50]. To generate a 
structure of such intricacy as the brain, growth and dif-
ferentiation must be coordinated, and the insulin/IGF 
signalling pathway appears to have just such a function. 
The challenge for the future is to understand molecularly 
how proliferation and differentiation are coordinated by 
a single pathway.

 1  Russo, V. C., Gluckman, P. D., Feldman, E. L. and Werther, 
G. A. (2005) The insulin-like growth factor system and its 
pleiotropic functions in brain. Endocr. Rev. 26, 916–943.

 2  Bondy, C. A., Werner, H., Roberts, C. T. Jr and LeRoith, D. 
(1990) Cellular pattern of insulin-like growth factor-I (IGF-I) 
and type I IGF receptor gene expression in early organogenesis: 
comparison with IGF-II gene expression. Mol. Endocrinol. 4, 
1386–1398.

 3  Havrankova, J., Schmechel, D., Roth, J. and Brownstein, M. 
(1978) Identification of insulin in rat brain. Proc. Natl. Acad. 
Sci. USA 75, 5737–5741.

 4  Baskin, D. G., Porte, D. Jr, Guest, K. and Dorsa, D. M. (1983) 
Regional concentrations of insulin in the rat brain. Endocrinol-
ogy 112, 898–903.

 5  van Houten, M., Posner, B. I., Kopriwa, B. M. and Brawer, J. R. 
(1979) Insulin-binding sites in the rat brain: in vivo localization 
to the circumventricular organs by quantitative radioautogra-
phy. Endocrinology 105, 666–673.

 6  Benito, M., Valverde, A. M. and Lorenzo, M. (1996) IGF-I: a 
mitogen also involved in differentiation processes in mamma-
lian cells. Int. J. Biochem. Cell Biol. 28, 499–510.

 7  Arsenijevic, Y. and Weiss, S. (1998) Insulin-like growth factor-I 
is a differentiation factor for postmitotic CNS stem cell-derived 
neuronal precursors: distinct actions from those of brain-de-
rived neurotrophic factor. J. Neurosci. 18, 2118–2128.

 8  Arsenijevic, Y., Weiss, S., Schneider, B. and Aebischer, P. 
(2001) Insulin-like growth factor-I is necessary for neural stem 
cell proliferation and demonstrates distinct actions of epider-
mal growth factor and fibroblast growth factor-2. J. Neurosci. 
21, 7194–7202.

 9  Morrione, A., Romano, G., Navarro, M., Reiss, K., Valentinis, 
B., Dews, M., Eves, E., Rosner, M. R. and Baserga, R. (2000) 
Insulin-like growth factor I receptor signaling in differentiation 
of neuronal H19-7 cells. Cancer Res. 60, 2263–2272.

10  Pahlman, S., Meyerson, G., Lindgren, E., Schalling, M. and Jo-
hansson, I. (1991) Insulin-like growth factor I shifts from pro-
moting cell division to potentiating maturation during neuronal 
differentiation. Proc. Natl. Acad. Sci. USA 88, 9994–9998.

11  Hernandez-Sanchez, C., Lopez-Carranza, A., Alarcon, C., de 
La Rosa, E. J. and de Pablo, F. (1995) Autocrine/paracrine role 
of insulin-related growth factors in neurogenesis: local expres-
sion and effects on cell proliferation and differentiation in ret-
ina. Proc. Natl. Acad. Sci. USA 92, 9834–9838.

12  Accili, D., Drago, J., Lee, E. J., Johnson, M. D., Cool, M. H., 
Salvatore, P., Asico, L. D., Jose, P. A., Taylor, S. I. and West-
phal H. (1996) Early neonatal death in mice homozygous 
for a null allele of the insulin receptor gene. Nat. Genet. 12, 
106–109.

13  Bruning, J. C., Gautam, D., Burks, D. J. Gillette, J., Schubert, 
M., Orban, P. C., Klein, R., Krone, W., Muller-Wieland D. and 
Kahn, C. R. (2000) Role of brain insulin receptor in control of 
body weight and reproduction. Science 289, 2122–2125.

14  Liu, J. P., Baker, J., Perkins, A. S., Robertson, E. J. and Efstra-
tiadis, A. (1993) Mice carrying null mutations of the genes 
encoding insulin-like growth factor I (Igf-1) and type 1 IGF 
receptor (Igf1r). Cell 75, 59–72.

15  Camarero, G., Avendano, C., Fernandez-Moreno, C., Villar, 
A., Contreras, J., de Pablo, F., Pichel, J. G. and Varela-Nieto, 
I. (2001) Delayed inner ear maturation and neuronal loss in 
postnatal Igf-1-deficient mice. J. Neurosci. 21, 7630–7641.

16  Camarero, G., Leon, Y., Gorospe, I., De Pablo, F., Alsina, B., 
Giraldez, F. and Varela-Nieto, I. (2003) Insulin-like growth 
factor 1 is required for survival of transit-amplifying neu-
roblasts and differentiation of otic neurons. Dev. Biol. 262, 
242–253.

17  Vicario-Abejon, C., Yusta-Boyo, M. J., Fernandez-Moreno, C. 
and de Pablo, F. (2003) Locally born olfactory bulb stem cells 
proliferate in response to insulin-related factors and require 
endogenous insulin-like growth factor-I for differentiation into 
neurons and glia. J. Neurosci. 23, 895–906.

18  Boulton, T. G., Nye, S. H., Robbins, D. J., Ip, N. Y. Radziejew-
ska, E., Morgenbesser S. D., DePinho, R. A., Panayotatos, N., 
Cobb, M. H. and Yancopoulos, G. D. (1991) ERKs: a family 
of protein-serine/threonine kinases that are activated and tyro-
sine phosphorylated in response to insulin and NGF. Cell 65, 
663–675.

19  Saltiel, A. R. and Kahn, C. R. (2001) Insulin signalling and 
the regulation of glucose and lipid metabolism. Nature 414, 
799–806.

20  Yenush, L. and White, M. F. (1997) The IRS-signalling system 
during insulin and cytokine action. Bioessays 19, 491–500.

21  Lazar, D. F., Wiese, R. J., Brady, M. J., Mastick, C. C., Waters, 
S. B., Yamauchi, K., Pessin, J. E., Cuatrecasas P. and Saltiel, 
A. R. (1995) Mitogen-activated protein kinase kinase inhibi-
tion does not block the stimulation of glucose utilization by 
insulin. J. Biol. Chem. 270, 20801–20807.

22  Baltensperger, K., Kozma, L. M., Cherniack, A. D., Klarlund, 
J. K., Chawla, A., Banerjee, U. and Czech, M. P. (1993) Bind-
ing of the Ras activator son of sevenless to insulin receptor 
substrate-1 signaling complexes. Science 260, 1950–1952.

23  Skolnik, E. Y., Batzer, A., Li, N., Lee, C. H., Lowenstein, E., 
Mohammadi, M., Margolis, B. and Schlessinger, J. (1993) The 
function of GRB2 in linking the insulin receptor to Ras signal-
ing pathways. Science 260, 1953–1955.



Cell. Mol. Life Sci.  Vol. 63, 2006 Visions & Reflections       1705

24  Korn, L. J., Siebel, C. W., McCormick, F. and Roth, R. A. 
(1987) Ras p21 as a potential mediator of insulin action in 
Xenopus oocytes. Science 236, 840–843.

25  Yamauchi, T., Tobe, K., Tamemoto, H., Ueki, K., Kaburagi, Y., 
Yamamoto-Honda, R., Takahashi Y., Yoshizawa, F., Aizawa, 
S., Akanuma, Y., Sonenberg, N., Yazaki, Y. and Kadowaki, T. 
(1996) Insulin signalling and insulin actions in the muscles and 
livers of insulin-resistant, insulin receptor substrate 1-deficient 
mice. Mol. Cell. Biol. 16, 3074–3084.

26  Tan, P. B. and Kim, S. K. (1999) Signaling specificity: the 
RTK/RAS/MAP kinase pathway in metazoans. Trends Genet. 
15, 145–149.

27  Treisman, R. (1996) Regulation of transcription by MAP ki-
nase cascades. Curr. Opin. Cell Biol. 8, 205–215.

28  Leevers, S. J. and Hafen, E. (2004) Growth regulation by insu-
lin and TOR signalling in Drosophila. In: Cell Growth (Hall, 
M. N., Raff, R. and Thomas, G., Eds.) pp. 167 –192, Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, N. Y.

29  Groszer, M., Erickson, R., Scripture-Adams D. D., Lesche, R., 
Trumpp, A., Zack, J. A., Kornblum, H. I., Liu, X. and Wu, H. 
(2001) Negative regulation of neural stem/progenitor cell pro-
liferation by the Pten tumor suppressor gene in vivo. Science 
294, 2186–2189.

30  Marino, S., Krimpenfort, P., Leung, C., van der Korput, H. A., 
Trapman, J., Camenisch, I., Berns, A. and Brandner, S. (2002) 
PTEN is essential for cell migration but not for fate determina-
tion and tumourigenesis in the cerebellum. Development 129, 
3513–3522.

31  Yue, Q., Groszer, M., Gil, J. S., Berk, A. J., Messing, A., Wu, 
H. and Liu, X. (2005) PTEN deletion in Bergmann glia leads 
to premature differentiation and affects laminar organization. 
Development 132, 3281–3291.

32  Fernandez, R., Tabarini, D., Azpiazu, N., Frasch, M. and Sch-
lessinger, J. (1995) The Drosophila insulin receptor homolog: a 
gene essential for embryonic development encodes two recep-
tor isoforms with different signaling potential. EMBO J. 14, 
3373–3384.

33  Garofalo, R. S. and Rosen, O. M. (1988) Tissue localization of 
Drosophila melanogaster insulin receptor transcripts during 
development. Mol. Cell. Biol. 8, 1638–1647.

34  Rulifson, E. J., Kim, S. K. and Nusse, R. (2002) Ablation of 
insulin-producing neurons in flies: growth and diabetic pheno-
types. Science 296, 1118–1120.

35  Chen, C., Jack, J. and Garofalo, R. S. (1996) The Drosophila 
insulin receptor is required for normal growth. Endocrinology 
137, 846–856.

36  Brogiolo, W., Stocker, H., Ikeya, T., Rintelen, F., Fernandez, 
R. and Hafen, E. (2001) An evolutionarily conserved function 
of the Drosophila insulin receptor and insulin-like peptides in 
growth control. Curr. Biol. 11, 213–221.

37  Bateman, J. M. and McNeill, H. (2004) Temporal control of dif-
ferentiation by the insulin receptor/tor pathway in Drosophila. 
Cell 119, 87–96.

38  Bikopoulos, G., Ceddia, R. B., Sweeney, G. and Hilliker, A. J. 
(2004) Insulin reduces apoptosis and increases DNA synthesis 
and cell size via distinct signalling pathways in Drosophila Kc 
cells. Cell Prolif. 37, 307–316.

39  Kim, S. E., Cho, J. Y., Kim, K. S., Lee, S. J., Lee, K. H. and 
Choi, K. Y. (2004) Drosophila PI3 kinase and Akt involved in 
insulin-stimulated proliferation and ERK pathway activation in 
Schneider cells. Cell Signal. 16, 1309–1317.

40  Kwon, H. B., Kim, S. H., Kim, S. E., Jang, I. H., Ahn, Y., Lee, 
W. J. and Choi, K. Y. (2002) Drosophila extracellular signal-
regulated kinase involves the insulin-mediated proliferation of 
Schneider cells. J. Biol. Chem. 277, 14853–14858.

41  Dominguez, M., Wasserman, J. D. and Freeman, M. (1998) 
Multiple functions of the EGF receptor in Drosophila eye de-
velopment. Curr. Biol. 8, 1039–1048.

42  Halfar, K., Rommel, C., Stocker, H. and Hafen, E. (2001) Ras 
controls growth, survival and differentiation in the Drosophila 
eye by different thresholds of MAP kinase activity. Develop-
ment 128, 1687–1696.

43  Gaengel, K. and Mlodzik, M. (2003) Egfr signaling regulates 
ommatidial rotation and cell motility in the Drosophila eye via 
MAPK/Pnt signaling and the Ras effector Canoe/AF6. Devel-
opment 130, 5413–5423.

44  Brown, K. E. and Freeman, M. (2003) Egfr signalling defines a 
protective function for ommatidial orientation in the Drosoph-
ila eye. Development 130, 5401–5412.

45  Bohni, R., Riesgo-Escovar, J., Oldham, S., Brogiolo, W., 
Stocker, H., Andruss, B. F., Beckingham, K. and Hafen, E. 
(1999) Autonomous control of cell and organ size by CHICO, 
a Drosophila homolog of vertebrate. IRS1-4. Cell 97, 865–
875.

46  Oldham, S., Stocker, H., Laffargue, M., Wittwer, F., Wymann, 
M. and Hafen, E. (2002) The Drosophila insulin/IGF receptor 
controls growth and size by modulating PtdInsP(3) levels. De-
velopment 129, 4103–4109.

47  Maixner, A., Hecker, T. P., Phan, Q. N. and Wassarman, D. A. 
(1998) A screen for mutations that prevent lethality caused by 
expression of activated sevenless and Ras1 in the Drosophila 
embryo. Dev. Genet. 23, 347–361.

48  Neufeld, T. P. (2003) Shrinkage control: regulation of insulin-
mediated growth by FOXO transcription factors. J. Biol. 2, 18.

49  Manning, B. D. (2004) Balancing Akt with S6K: implications 
for both metabolic diseases and tumorigenesis. J. Cell Biol. 
167, 399–403.

50  Cremisi, F., Philpott, A. and Ohnuma, S. (2003) Cell cycle and 
cell fate interactions in neural development. Curr. Opin. Neu-
robiol. 13, 26–33.


