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Control of brain development and homeostasis by local and
systemic insulin signalling
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Insulin and insulin-like growth factors (IGFs) are important regulators of growth and metabolism. In both vertebrates and invertebrates,
insulin/IGFs are made available to various organs, including the brain, through two routes: the circulating systemic insulin/IGFs act on distant
organs via endocrine signalling, whereas insulin/IGF ligands released by local tissues act in a paracrine or autocrine fashion. Although the
mechanisms governing the secretion and action of systemic insulin/IGF have been the focus of extensive investigation, the significance of
locally derived insulin/IGF has only more recently come to the fore. Local insulin/IGF signalling is particularly important for the development
and homeostasis of the central nervous system, which is insulated from the systemic environment by the blood–brain barrier. Local insulin/IGF
signalling from glial cells, the blood–brain barrier and the cerebrospinal fluid has emerged as a potent regulator of neurogenesis. This review
will address the main sources of local insulin/IGF and how they affect neurogenesis during development. In addition, we describe how local
insulin/IGF signalling couples neural stem cell proliferation with systemic energy state in Drosophila and in mammals.
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Introduction
Neural stem cells (NSCs) in the adult mammalian brain
generate neurons and glia throughout life. The majority of NSCs
exist in a mitotically inactive, quiescent state; however, they are
able to exit quiescence and resume proliferation in response
to intrinsic and extrinsic stimuli [1–4]. For example, exercise
enhances neurogenesis in the brains of rodents [5]. Increased
exercise was correlated with improved performance in learning
in mice and with enhanced cognitive function in humans
[6,7]. Furthermore, mutations in the chromatin-remodelling
protein, CHD7, which lead to impaired neurogenesis in
mice, can be rescued by voluntary exercise [8,9]. However,
malnutrition in early life is detrimental to brain development
and correlates with impaired cognitive function and learning
deficiencies (for a review, see Ref. [10]). In adults, both nutrient
deficiency and nutrient excess have been linked to neurological
disorders [11]. In rodent models, unbalanced high-fat diets or
overeating reduce neurogenesis in the hippocampus [12,13].
Conversely, dietary restriction promotes neurogenesis as well
as the survival of newly born neurons. Importantly, imbalanced
energy metabolism can also be an outcome of disease. Diabetes,
which leads to an imbalance in sugar levels, has been related
to cognitive decline in patients [14]. Rodent diabetes models
also show compromised memory and learning ability. The
underlying cause of these cognitive impairments is likely to be
the reduced neurogenesis observed in the same animals [15].
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NSCs Respond to Insulin Signalling
How is the brain able to sense and adapt to metabolic
changes? Interestingly, studies both in vitro and in vivo
suggest that the insulin/insulin-like growth factor (IGF)
pathway can modulate NSC proliferation, differentiation and
survival [16–18]. Insulin/IGFs bind to receptors on the
cell surface, which activate the highly conserved canonical
PI3K/Akt signalling cascade [19]. This pathway impinges on
two downstream effectors: (i) TOR kinase, which is activated
by Akt and promotes protein translation and (ii) FOXO,
a transcription factor, which is phosphorylated by Akt and
prevented from entering the nucleus.

The mammalian insulin/IGF signalling system consists of
three types of receptors, including the insulin receptors, IGF-I
receptors and IGF-II receptors. The receptors bind strongly
to their respective ligands but also show considerable cross-
reactivity [20]. For example, both IGF-I and IGF-II control
prenatal growth mainly via the IGF-I receptor, which is the
more potent regulator of proliferation [21,22].

Insulin/IGF receptors are expressed widely in the brain,
including within important neurogenic zones [22–25]. In
rodents, the expression of the IGF-I receptor has been
observed predominantly in the lateral subventricular zone
(SVZ) NSCs/neural progenitors in vivo [26], whereas IR-
A is expressed by NSCs/neural progenitors of the medial
SVZ. IR-A has been shown to mediate IGF-II-dependent NSC
maintenance and proliferation [25,27]. The expression pattern
of IGF receptors in mammals is also developmentally regulated:
high expression of both IGF-I and IGF-II receptors was detected
in neurogenic zones during postnatal life, coinciding with a
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period of rapid neurogenesis. Therefore, the abundance of
insulin/IGF receptors in NSCs and their temporal regulation
are consistent with a role of insulin/IGF signalling on NSC
behaviour during development.

Roles of Insulin/IGF in NSC Proliferation
and Homeostasis
The liver, pancreas and adipose tissue act as major energy
sensing organs and are the sources of systemic insulin/IGFs.
The pancreas secretes insulin in response to glucose, whereas
IGFs are secreted by the liver in response to dietary protein
[28,29]. A small amount of systemic insulin can actually cross
the blood–brain barrier to reach the cerebrospinal fluid (CSF),
although the extent to which this occurs varies widely among
different mammalian species [24]. IGF-I and IGF-II are also
capable of crossing the blood–brain barrier [30]. However,
there is no in vivo evidence linking NSC proliferation to
circulating IGFs.

The insulin/IGF signalling pathway is highly conserved
in vertebrates and invertebrates (as reviewed in Ref. [31]).
There are eight insulin-like peptides (dIlps) in Drosophila, but
no homologues of IGF-1 or IGF-II [32–34]. The systemic
circulating dIlps in the haemolymph are secreted by insulin-
producing cells (IPCs) in the brain [35] as well as by the fat body
[36]. The fat body acts as a nutrient sensor linking nutritional
state to organismal growth [37,38]. In addition, it is able to
store both glycogen and fat, and therefore serves a function
similar to the vertebrate liver and white adipose tissue.

Local Insulin Signalling Promotes Neurogenesis

Local IGF expression has been detected in proliferative regions
of the mammalian brain (hippocampus, SVZ). IGF-I expression
is temporally and spatially correlated with brain development.
In rodent brains, IGF-1 expression increases rapidly during late
prenatal and early postnatal development and peaks in the first
week of postnatal life, during rapid proliferation, differentiation
and maturation of NSCs [39]. Studies carried out both in vitro
and in vivo suggest that IGF-I promotes neurogenesis through
effects on NSC proliferation or differentiation and survival.
IGF-1 can drive proliferation in both the embryo and the
adult [39]. The observation that local IGF-I overexpression
leads to brain overgrowth in the absence of elevated circulating
IGF-I [40] further supports the idea that paracrine/autocrine
IGF-I signalling has a more prominent impact on NSC
proliferation than circulating IGF-I, at least during early phases
of neurogenesis when IGF-I level is significantly higher in the
brain than in the circulation (as reviewed in Ref. [41]). Direct
infusion of IGF-1 into specific brain regions can also trigger
neurogenesis in adult mammalian brains [42].

What cell type(s) in the mammalian brain secrete IGF-I?
IGF-I expression has been reported in neurons [43], astrocytes
[44] and NSCs [39,45]. Therefore, NSCs can receive local IGF-I
via paracrine or autocrine signalling. While autocrine signalling
and neuronal IGF-I may have an impact on NSCs, recent studies
suggest a prominent role of astrocytic glia as the IGF-secreting
NSC niche. Astrocyte-specific overexpression of IGF-1 in the

mouse brain is capable of promoting brain overgrowth in
vivo [46]. In addition, IGF-1 expression is induced in stellate
astrocytes in response to central nervous system (CNS) injuries,
and is believed to account for the rise in NSC division following
cortical ischaemia [47].

IGF-II from the CSF Regulates Cortical Neurogenesis

Until recently, studies of insulin/IGF signalling and neuroge-
nesis have almost entirely focused on IGF-I to the exclusion
of IGF-II. While fetal IGF-I showed clear expression in the
neurogenic zones of VZ and SVZ, IGF-II expression has been
detected predominantly in the neuroectoderm and was there-
fore deemed to be less relevant to neurogenesis [48]. Studies in
recent years uncovered a long-neglected neurogenic niche at the
blood–CSF barrier and a novel role for local IGF-II signalling
on NSC proliferation [22,25–27]. Local IGF-II produced by the
choroid plexus of neuroectodermal origin is secreted into the
CSF, which contacts the primary cilia of NSCs/neural progeni-
tors of the surrounding SVZ [26]. The NSCs/neural progenitors
express IGF-I receptors on their apical surface facing the CSF,
which provides the optimal spatial orientation to sample the
CSF IGF-II. The choroid plexus IGF-II expression is also devel-
opmentally regulated: a transient peak of CSF IGF-II occurs at
mid-to-late embryonic neurogenesis in rodents [26].

How does IGF-II regulate NSC proliferation? Studies suggest
that IGF-II signalling can be mediated by both IGF-I receptors
[26] and IR-A [27]. In contrast to IGF-I, detailed analysis of
the effect of IGF-II on the cell cycle is lacking. Interestingly,
in vitro evidence suggests that IGF-II may promote NSC self-
renewal by promoting their ‘stemness’: Id2, a transcription
factor associated with stemness, can be induced by IGF-II in
cultured NSCs [27].

Local Insulin/IGF Signalling Couples NSC
Proliferation with Systemic Metabolic State
Insulin/IGF signalling co-ordinates organismal growth and
homeostasis with the systemic metabolic state. The effect of
diet, exercise and pathological conditions (e.g. diabetes and
injury) on systemic insulin/IGF signalling has been the focus
of exhaustive investigation. However, little is known about
the upstream regulators of local insulin/IGF signalling. Is local
insulin/IGF signalling in the brain also sensitive to systemic
energetic state?

Mammalian insulin/IGF signalling in the brain can respond
to changes in systemic metabolic state. Nutrition regulates
mouse brain IGF-I expression and this regulation may depend
on developmental stage. Starvation increased IGF-I expression
in the early postnatal mouse brain [49]. This observation led
to the hypothesis that high local IGF-I expression may protect
the brain from the growth-retarding effect of starvation during
the critical period of neurogenesis. Indeed, IGF-I messenger
RNA (mRNA) expression peaks in the brain during the first
3 weeks of postnatal life in rodents, the same development
time when the rodent brain is most vulnerable to nutritional
fluctuation [50]. It would be interesting to investigate if brain
IGF-I expression responds to starvation differently later in life
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in mammals, and whether IGF-II expression is also sensitive to
perturbation in systemic energetic state.

Drosophila as a Model for the Roles
of Insulin Signalling in Brain
Development and Functions
Insulin/IGF signalling has recently emerged as a potent
regulator of NSC proliferation not only in mammals, but also
in Drosophila [17,18,25–27,51,52]. Drosophila NSCs transit
through a period of quiescence between the embryonic and
postembryonic phases of neurogenesis [53]. Embryonic NSCs
primarily generate the neurons and glia that make up the larval
nervous system, whereas postembryonic NSCs generate the
adult CNS. Interestingly, reactivation of NSCs from quiescence
depends on nutrition. The decision to exit quiescence and
re-enter the cell cycle is critically dependent on the availability
of dietary amino acids. On feeding, larval NSCs enlarge and
resume proliferation [37]. Amino acid levels are sensed by
the fat body, the Drosophila equivalent of the vertebrate liver
and white adipose tissue [37,38], which in turn sends a yet
unidentified signal that triggers NSC reactivation. How NSCs
respond to nutrition and resume proliferation was unknown
until recently, when it was shown that activation of the insulin
pathway in NSCs is absolutely necessary and sufficient for
reactivation [51,52].

The unique Drosophila insulin receptor, dInR, is expressed
by larval NSCs in vivo [51], but what is the source of the dIlps

that trigger NSC reactivation? Systemic circulating dilps are
secreted by IPCs in the brain [35] as well as by the fat body [36].
However, NSC reactivation and proliferation are independent
of systemic dIlps. Overexpression of dIlps in the fat body or
the IPCs, which elevates the levels of circulating dIlps, was not
able to reactivate NSCs ectopically from a quiescent state [52].

If the reactivating Drosophila NSCs do not respond to
systemic insulin/IGF signalling, how do they couple their
proliferation with the systemic energetic state? The local
secretion of dIlps (dIlp2 and dIlp6) by glial cells overlaying
NSCs was shown to be responsible for activating the insulin
signalling pathway in the quiescent NSCs [51,52]. Disruption
of vesicle trafficking in these glia impaired NSC reactivation,
and forced expression of dIlps specifically in these glial cells
could reactivate NSCs in the absence of dietary amino acids
[51]. In addition, dIlp6 expression is developmentally regulated
and absolutely dependent on nutrition: the peak of dIlp6
expression in the brain coincides with the time window of
NSC reactivation and is abolished on amino acid starvation
[51]. These observations lead to the hypothesis that the CNS
glial cells serve as a nutrient-sensitive NSC niche. The dIlp6
promoter drives expression in a set of stellate glial cells that
overlie the NSCs, pinpointing these glial cells as the source of the
insulin/IGF signal that reactivates NSCs in a paracrine fashion.

Glial cells thus serve as a key relay to regulate NSC
reactivation downstream of nutritional intake via the local
secretion of dIlps in the brain. Interestingly, these glia form
part of the Drosophila blood–brain barrier, which isolates NSCs

Figure 1. Regulation of neural stem cells by systemic and local insulin signalling in vertebrates and Drosophila. Neural stem cells in vertebrates and
Drosophila respond to insulin/insulin-like growth factor (IGF) secreted locally by niche cells. Low levels of systemic insulin/IGFs may pass through the
blood–brain barrier, but there is no evidence that they influence NSC behaviour in vivo. CSF, cerebrospinal fluid; dIlp, Drosophila insulin-like peptide;
IPC, insulin-producing cell; NSCs, neural stem cells.
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from the systemic environment. Therefore, in mammals and
Drosophila alike, the blood–brain barrier serves as a unique
NSC niche that allow the integration of brain-extrinsic signals
with CNS development. It is intriguing that the cells responsible
for the local secretion of insulin in the brain are also responsible
for protecting the NSCs from systemic metabolic changes.

In mammals, local IGF-I and IGF-II regulate mammalian
neurogenesis in a niche and context-dependent manner,
with different spatial/temporal expression patterns, different
receptor affinities and potentially different mechanisms of
actions. This scenario is reminiscent of local insulin/IGF
signalling in Drosophila, where both dIlp2 and dIlp6 are
expressed in the brain during NSC reactivation [51]. While
dIlp6 is expressed by CNS glia, dIlp2 is expressed by neurons
(Brand lab, unpublished data). The spatial/temporal separation
of multiple insulin/IGF ligands may represent a conserved
mechanism to fine tune the proliferation and homeostasis of
NSCs in order to promote an optimal, developmentally timed,
neurogenesis programme.

These recent findings highlight the potential of Drosophila
as a highly amenable in vivo model to decipher the importance
and molecular mechanisms of local insulin signalling. The
Drosophila brain exhibits a striking parallel to vertebrates,
including in its response to nutrition, in NSC behaviour and
in the use of glial cells as the source of locally secreted insulin
(see Figure 1).

Conclusion
The role of the systemic insulin/IGF signalling pathway as
a main sensor and converter of metabolic changes has been
well established and is still being documented. An increasing
number of studies have now uncovered an important role
for local, restricted insulin/IGF signalling in the adaptation of
organs, including the brain, to environmental changes. Local
production and secretion of insulin/IGF in the brain appears to
be a conserved mechanism that translates systemic metabolic
alterations into a signal to which NSCs can respond. This
additional level of local insulin/IGF regulation, in addition to
systemic insulin/IGF signalling, ensures that NSCs promptly
meet the needs of an organism during growth, and in response
to changing environmental conditions.

Much remains to be learned about the sequence of events
and the mechanisms at work that convert systemic signals into
local signals in the brain. It will be of great interest to decipher
the role of the cell populations that act as relays, as glial cells
appear to be key players in different organisms. This will shed
light on the importance and conservation of local, niche-like
insulin signalling on brain development and function.
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