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RELAZIONE:  
 
During my first period in the laboratory of prof. Alberini, due to the covid-19 situation, I was unable 

to start my experimental thesis in the laboratory. For this reason, during this first period I wrote a 

review on the topic that will be the subject of my thesis project. In this review, after providing a 

definition and a brief introduction to the IGF system, I focused on IGF-2 and in particular on its 

expression and functions in the central nervous system (CNS). So, I deepened the discussion on the 

roles of IGF-2 in the brain associated with complex functions such as learning, memory and cognition. 

Finally, I discussed the role of IGF-2 in diseases, in particular in neurological development disorders 

and neurodegeneration. I attached the draft of the review below. 

1. IGF system 

 
The existence of insulin growth factor 1 (IGF-1 or IGF-I) and insulin growth factor 2 (IGF-2 or IGF-

II) (called together IGFs) was discovered by Salmon and Daughaday in 1957 (Salmon and 

Daughaday, 1957). They introduced the concept of “insulin growth factors” or somatomedins based 

on the observation that the pituitary growth hormone (GH) exerts its effects on growth through 

secondary peptides, which were then identified as IGF-1 and IGF-2 and named after their homology 
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with insulin (Daughaday et al., 1987). IGFs are members of a phylogenetically ancient family called 

insulin growth factor (IGF) system together with insulin, IGF-binding proteins (IGFBP) and their 

receptors insulin receptor (IR), IGF-1 receptor (IGF-1R) and IGF-2 receptor also called the mannose 

6-phosphate/IGF-2 receptor (M6P/IGF-2R) (Le Roith, 2003; Russo et al., 2005). 

IGFs are a single chain molecule which are structurally homologous to insulin. They have 48% amino 

acid identity, identical disulfide bonding and similar tertiary structure of insulin. The structural 

difference between insulin and IGFs is based on the presence of C domain and a short C-terminal 

peptide (D domain) attached to the end of A domain (Reinecke and Collet, 1998; Reinhardt and 

Bondy, 1994).  

IGFs exert their molecular functions by binding three different receptors: IGF-1R, IGF-2R and IR. 

IR is a tyrosine kinase receptor which is highly expressed in the liver and adipose tissue (Kasuga et 

al., 1983). IR constitutes of two α-subunits (extracellular) and two β-subunits (intracellular) 

covalently bound by three disulfide bridge (Hedo et al., 1981; Massague et al., 1981). It is expressed 

in two isoforms, IR-A and IR-B, due to different splicing of exon 11. Although this receptor binds 

with high affinity insulin, it can also bind IGFs by mediating certain biological actions. IGF-2 binds 

IR-A isoform with higher affinity than IR-B in different tissues and malignant cells (Frasca et al., 

1999; Sciacca et al., 2002). This activation may induce mitogenic effects and anti-apoptotic signal 

(Scalia et al., 2001). However, the role of IR-B by IGFs remains unclear. 

IGF-1R binds IGF-1 with higher affinity when compared to IGF-2 or insulin. It is a member 

of the tyrosine kinase receptor family and is structurally homologous to IR (Bergman et al., 2013; 

Favelyukis et al., 2001). Activation of IGF-1R triggers various intracellular signalling cascades which 

regulate growth, proliferation, survival, development, and metabolic responses (Kurihara et al., 2000; 

Sasaki et al., 1985).  

IGF-2R has high affinity for IGF-2. It is structurally distinct from IGF-1R and IR and cannot 

bind insulin (Kornfeld, 1992; Wang et al., 2017). In 1987, Morgan and colleagues discovered that 

IGF-2R is identical to the cation-independent mannose 6 phosphate (M6P) receptor and showed that 

IGF-2R can activate two biological functions: protein trafficking and transmembrane signal 

transduction (Morgan et al., 1987). IGF-2R is a type I transmembrane glycoprotein constituting of 4 

domains: a 40–44 residue N-terminal signal sequence, a large extracytoplasmic domain of 2264–2269 

residues (ectodomain), a single 23 residue transmembrane region and a carboxy-terminal cytoplasmic 

tail of 163–164 residues (Wang et al., 2017). 

IGFs mediate a wide spectrum of physiological functions during development and in the adult. As 

endocrine factors, they participate in the control of growth and metabolism (Jones and Clemmons, 

1995; Rother and Accili, 2000). As autocrine/paracrine factors they regulate cellular growth, survival, 

differentiation and chemotaxis (Annunziata et al., 2011; Kaplan and Cohen, 2007). During brain 

development, IGFs appear to influence proliferation, survival and differentiation of all types of brain 

cells (D'Ercole et al., 1996; Fernandez and Torres-Aleman, 2012).  Indeed, IGF-1 promotes neuronal 

progenitor proliferation and cell survival through its anti-apoptotic actions (Arsenijevic et al., 2001; 

Yamada et al., 2001). Moreover, IGF-1 appears to augment the progressive phase of synaptogenesis 

in hippocampus and hypoglossal nucleus (O'Kusky et al., 2000). In adult brain, IGF-1 appears to be 

an important factor for the hippocampal neurogenesis and cognitive function (Torres-Aleman, 2010).  

 

2. IGF-2 
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IGF-2 is a polypeptide consisting of 67 amino acid residues which is divided in four domains B, C, 

A and D. IGF-2 is produced at high level during embryonic development, and its concentration 

decreases with age; however IGF-2 levels remain relatively high in the adult brain, where the highest 

levels of expression are found in the choroid plexus and meninges (Logan et al., 

1994)(Stylianopoulou et al., 1988). IGF-2 appears to be an important stimulator for neuronal stem 

cells (NSC) proliferation in the ventricular zone (VZ) throughout development (Lehtinen et al., 2011). 

Interestingly, these effects appear to be mediated by IGF-1R activation. Nonetheless, postnatally IGF-

2 does not alter brain growth (Van Buul-Offers et al., 1995) probably because IGF-1R postnatal 

developmental signalling results from abundantly-expressed IGF-1, which has 10–100 fold higher 

affinity for IGF-1R compared to IGF-2 (O'Kusky and Ye, 2012). Whereas, in the adult brain IGF-2 

has an important role in modulation of non-growth neuronal. For instance, in adult rodents, injection 

of IGF-2 into hippocampus induced memory enhancement and prevents forgetting (Chen et al., 2011). 

This signalling is specifically mediated by IGF-2R because co-injection of an IGF-2R inhibitor, but 

not IGF-1R inhibitors, abolishes the memory improvement induced by IGF-2 (Chen et al., 2011).  

However, IGF-2 also has a role as a growth factor on the adipose tissue, skeletal muscle and liver. 

For instance, IGF-2 reduces the glucose concentration by suppressing the hepatic glucose production 

and stimulating glycogen synthesis eventually increasing the uptake of glucose in peripheral tissues 

(Murphy, 2003). It is involved during angiogenesis, regulating vascular endothelial growth factor 

(VEGF) and promoting differentiation of embryonic stem cells into endothelial cells (Piecewicz et 

al., 2012). IGF-2 induces granulocyte macrophage colony formation and growth of B cells (Schwartz 

et al., 1993). In addition, it is also involved in the development and maintenance of musculoskeletal 

system (Conover et al., 1996; Wilson and Rotwein, 2006). 

3. IGF-2 and Central Nervous System diseases 

Memory and cognitive impairment. Recently, new studies have shown that IGF-2 is a potential 

memory enhancer, especially in the memory consolidation and reconsolidation. Indeed, both 

peripheral and central IGF-2 appeared to contribute in the synaptic homeostasis, such as regulating 

synaptic plasticity, synapse density, neurotransmission and neurogenesis (Chen et al., 2011; Hawkes 

et al., 2006; Stern et al., 2014). The exact biological mechanisms underlying these physiological 

effects are still unclear. Recent studies have shown that injection of recombinant IGF-2 into the 

hippocampus after either training or memory retrieval significantly enhanced memory retention and 

prevent forgetting enhancement. Moreover, IGF-2 levels are upregulated in the rat’s hippocampus 20 

h after training (Chen et al., 2011). Mechanistically, these effects are associated with a selective 

activation of IGF-2R by IGF-2, albeit the molecular mechanims underlying this activation still remain 

unclear. Chen and colleagues demonstrated that IGF-2-mediated memory enhancement probably 

requires de novo protein synthesis. Interestingly, some of these newly synthesized proteins are 

activity-regulated cytoskeletal-associated protein (Arc; also known as Arg 3.1) and zinc finger protein 

268 (Zif268), that are involved in  long-term plasticity and memory formation (Chen et al., 2011; 

Stern et al., 2014).  Moreover, IGF-2 induces the activation of glycogen synthase kinase 3β (GSK3β) 

and an increased expression of GluR1 α-amino-3-hydroxy-5-methyl-4-isoxasolepropionic acid 

(AMPA) receptor subunits, both involved in the synaptic activity during plasticity and learning. 

Successively, studies demonstrated that a systemic treatment with IGF-2 (through binding with IGF-

2R) significantly enhance and prolong the retention of several types of short-term and long-term, 

aversive and non-aversive memories that are processed by hippocampal/cortical regions  (Stern et al., 
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2014). Moreover, Schmeisser and colleagues demonstrated that exogenous IGF-2 is able to restore 

synaptic density and spine maturation in IKK/NF-κB signalling-deficient neurons. They found that 

this process is mediated selectively by IGF-2R via MEK/ERK activation (Schmeisser et al., 2012). 

In addition to the these effects, other studies have shown that IGF-2 can also act as a memory enhancer 

by inducing epigenetic modifications, enhancing acetylcholine release (Hawkes et al., 2006; Kar et 

al., 1997), attenuating GABA release (Amritraj et al., 2010), and/or fast synaptic regulation of AMPA 

receptors (Alberini and Chen, 2012; Chen et al., 2011). 

 

Alzheimer’s disease (AD) Recent studies have shown that IGF-2 levels are decreased in mice and AD 

brains suggesting a potential role in the AD (Pascual-Lucas et al., 2014; Rivera et al., 2005). In 

addition, by increasing the IGF-2 levels there is significant improvement in Aβ-containing neuritic 

plaques, synaptic deficits, and cognitive impairments (Mellott et al., 2014; Pascual-Lucas et al., 

2014). Interestingly, the IGF-2R levels are not altered in AD brains when compared with the control 

but are decreased in the hippocampus of patients with two copies of the APOE e4 alleles (Wang et 

al., 2017). On the other hand, transgenic mice expressing familial AD-linked mutant APP, showed 

increased IGF-2R levels in the early stage of AD (Amritraj et al., 2009). However, IGF-2R is present 

in a subset of Aβ-containing neuritic plaque in both AD brains and mutant APP transgenic suggesting 

a potential role for the receptor in Aβ metabolism. Moreover, it has been demonstrated that IGF-2R 

is expressed in all cholinergic neurons, whereby binding IGF-2, it can promote survival of these 

neurons and upregulate the expression of achetilcoline (chAT) (Hawkes and Kar, 2003; Kar et al., 

1997). IGF-2 binding IGF-2R induces endogenous chAT release from the hippocampus and cortex 

by a G protein-sensitive PKC α-dependent pathway (Hawkes et al., 2006; Kar et al., 1997). Although, 

the biological mechanism whereby IGF-2 regulates the Aβ metabolism is unclear, but it probably 

correlates that the lysosomal system regulates the Aβ metabolism (Haass et al., 2012; Thinakaran and 

Koo, 2008; Wang et al., 2017). 

Anxiety disorders A new potential treatment for anxiety disorders is the extinction of fear memory. 

Extinction of fear memory involves a specific memory pathway that has not been well understood 

yet. Agis-Balboa and Fischer demonstrated that an increase in IGF-2 and a reduction of IGFBP7 in a 

specific hippocampal region may be involved in this mechanism. They demonstrated that during a 

fear extinction training, the IGF-2 levels are increased while the IGFBP7 are decreased leading to 

enhanced survival of immature neurons in dentate gyrus (DG) of hippocampus. These new neurons 

can be incorporated in the hippocampal learning circuit to create a safety memory that inhibits the 

original fear memory trace (Agis-Balboa et al., 2011; Agis-Balboa and Fischer, 2014). This process 

is called “pattern separation” (Agis-Balboa and Fischer, 2014). Moreover, they showed that this effect 

involves selectively IGF-2 (IGF-1 appears not to have influence on the fear extinction) binding IGF-

1R and not IGF-2R. IGF-2 binding IGF-1R induces the activation of the intracellular 

phosphatidylinositol 3-kinase (akt) pathway (Agis-Balboa et al., 2011; Alberini and Chen, 2012). Akt 

is implicated in the regulation of cell survival, antiapoptotic action and in the proliferation of adult 

NSC (Bracko et al., 2012; Fukunaga and Kawano, 2003; Peltier et al., 2007). The molecular 

mechanism underlying the activation of akt by IGF-2 during fear extinction remain unclear. 

Autism spectrum disorders (ASDs). Recently, several studies have shown that the concentration of 

translation protein and autophagy are dysregulated in ASDs (Ehninger and Silva, 2011; Kelleher and 

Bear, 2008; Steinmetz et al., 2018; Sun et al., 2015). One of the most important pathways involved 
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in the regulation of translation/autophagy is the mammalian target of rapamycin (mTOR) pathway 

(Hay and Sonenberg, 2004). Alteration in this pathway is found in many neurological and psychiatric 

disorders, including AD, schizophrenia and autism. Aberrant activation of mTOR pathway, with 

increase in active translation, has been associated with synaptic dysfunction observed in several 

models of ASD (Kelleher and Bear, 2008; Richter and Klann, 2009; Steinmetz et al., 2018). mTOR-

S6K pathways levels have been shown to be increase the active translation in the hippocampus of 

BTBR mice when compared with the control mice (Steinmetz et al., 2018). Interestingly, BTBR mice 

also show a significant reduction in IGF-2 and IGF-2R levels in hippocampus and striatum (Steinmetz 

et al., 2018). Exogenous administration of IGF-2 in BTBR mice was able to restore the behavioral 

deficits observed in BTBR mice because it reduced the levels of mTOR pathways (Steinmetz et al., 

2018). IGF-2 restores the synaptic homeostasis by increasing the protein degradation and/or 

decreasing the protein translation by binding IGF-2R (Steinmetz et al., 2018). Altered IGF-2 levels 

were found also in Fmr1–/– mice, an animal model of fragile syndrome. Pardo and colleagues showed 

that the IGF-2 levels are lower in Fmr1–/– mice when compared with wild type mice. Furthermore–/–, 

restoring normal hippocampal IGF-2 levels prevents the cognitive impairment observed in Fmr1 mice 

(Pardo et al., 2017). 

Future perspectives 

Although, recent studies have improved the knowledge of the role of IGF-2 in the brain, the biological 

and molecular mechanisms underlying these actions still remain unclear. Further studies will be 

needed to better understand the physiological role of IGF-2 in the memory enhancement, 

neurodegeneration and neurodevelopmental disorders. Moreover, since all these experiments are 

based on a single injection of IGF-2, it is necessary to understand if a chronic administration of IGF-

2 is effective and perhaps even extend in time the positive effects of an acute IGF-2 dose. 
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