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Abstract

Insulin-like growth factor 2 (IGF2) emerged as a critical mechanism of synaptic plasticity and 

learning and memory. Deficits in IGF2 in the brain, serum, or cerebrospinal fluid are associated 

with brain diseases including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 

and amyotrophic lateral sclerosis. Increasing IGF2 levels enhances memories in healthy animals 

and reverses numerous symptoms in laboratory models of aging, neurodevelopmental disorders, 

and neurodegenerative diseases. These effects occur via the IGF2 receptor (IGF2R) – a receptor 

that is highly expressed in neurons and regulates protein trafficking, synthesis, and degradation. 

Here, I summarize the current knowledge regarding IGF2 expression and functions in the brain, 

particularly in memory, and propose a novel conceptual model for IGF2/IGF2R mechanisms of 

action in brain health and diseases.
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IGF2, an understudied factor with unique tissue distribution, important for 

developmental growth and tumor suppression

Insulin-like growth factor 2 (IGF2), like the structurally similar IGF1, was discovered as a 

serum factor with insulin-like activity [1] and, due to its structural similarity to insulin, was 

named an insulin-like-growth-factor. Insulin, IGFs, their respective high affinity receptors, 

and IGF-binding proteins that regulate IGF tissue distribution, constitute the IGF/insulin 

system (Figure 1) (see [2] and [3] for excellent reviews of this system).
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The two IGFs were initially investigated for their roles in tissue and tumor growth. Gene 

knockout studies in mice have shown that both IGFs play a key role in the development 

and growth of a variety of tissues. IGF2 was considered redundant with IGF1 because both 

are expressed during development and can bind, although with different affinity, to the same 

receptors —namely the high-affinity receptor for IGF1, or IGF1R, and the high-affinity 

receptor for IGF2, or IGF2R. Further investigations have, however, shown that the two 

IGFs play opposite roles in growth regulation via the distinct IGFRs, with IGF1 and IGF2 

promoting growth via IGF1R and IGF2 suppressing it via IGF2R [4–7]. Notably, IGF1R 

and IGF2R are structurally and functionally very distinct (Figure 1): IGF1R, like structurally 

similar insulin receptors (IRs), is a tyrosine kinase receptor, whereas IGF2R consists of a 

single transmembrane protein with 15 homologous domains and a small cytoplasmic tail. 

Moreover, IGF2R lacks intrinsic tyrosine kinase or any enzymatic activity [8]. IGF2R binds, 

in addition to IGF2, mannose-6-phosphate residues, which intracellularly are conjugated 

to glycoproteins; thus, IGF2R is also known as cation-independent-mannose-6-phosphate 

receptor (CIM6PR) [7]. The receptor has three M6P recognition sites and its ability to bind 

M6P-containing proteins is an ancestral property of the receptor, which has been found 

starting from molluscs; only in mammals the CIM6PR acquired a binding site for IGF2 

[9]. Thus far, IGF2R has been mostly known for its roles in targeting IGF2 to lysosomal 

degradation and transporting lysosomal enzymes to lysosomes [10] (Figure 2).

The patterns of expression of IGF1 and IGF2 are also distinct [11,12]. The two IGFs are 

expressed in different tissues during defined developmental stages, suggesting that they have 

tissue-specific functions: in mammals, IGF1 is primarily expressed after birth when it is 

produced mostly by the liver, while IGF2 is typically expressed during early embryonic 

and fetal development in a variety of somatic tissues [11, 12]. The expression of both IGFs 

dramatically decays postnatally in most mammalian tissues [13], but the level of IGF2 

remains relatively higher throughout life in a few tissues, and particularly in the brain [13]. 

The main sources of IGF2 in adult mammals are liver and epithelial cells lining the surface 

of the brain, i.e., the meninges and choroid plexus. Although controlled comparisons require 

further validation, some studies reported species-related differences in IGF2 expression. For 

instance, in mice, IGF2 levels decrease in most tissues within a few weeks of birth [11, 

14, 15], whereas in humans, IGF2 serum levels remain elevated throughout life [16, 17]. 

The reasons for these differences are unclear; however, in both humans and rodents the 

expression regulation of IGF2 in the prenatal and postnatal brain, including choroid plexus 

are similar [13].

IGF2 expression is subject to genomic imprinting through mechanisms that are still not 

fully understood. In most tissues, but not in the brain, the Igf2/IGF2 gene is maternally 

imprinted; hence, it is expressed by the paternal allele [18, 19]. Loss of imprinting of 

the IGF2 gene in humans is associated with growth disorders, such as that found in 

Beckwith-Wiedemann syndrome, which combines overgrowth with a variety of malignant 

tumors. As the mitogenic activity of IGF2 is mediated through IGF1R, it is possible that 

the growth effects found in Beckwith-Wiedemann syndrome are mediated via this receptor. 

Conversely, both epimutation and copy number variants of Igf2/IGF2 cause limited growth, 

which is characteristic of Silver-Russell syndrome [20]. Paternally transmitted IGF2 loss-of-

function variants also result in poor growth associated with macrocephaly and short stature 

Alberini Page 2

Trends Neurosci. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at preschool age, feeding problems, neuropsychomotor developmental delays, cardiac and 

male genital anomalies, and finger deformities, underscoring the critical role of IGF2 in 

developmental growth regulation. IGF2 variants are not only linked to poor growth but may 

also decrease the risk of diabetes mellitus type 2 [2], suggesting that IGF2 also plays a role 

in metabolism regulation, although the underlying mechanisms are unclear.

Compared to its role during fetal development, IGF2 contributions during postnatal 

growth and metabolism responses are much less understood. IGF2 seems to regulate the 

development and maintenance of adipocyte [21], pancreatic β islet cells [22], skeletal 

muscle mass [23] and placenta [24]. IGF2 also plays a key role in various diseases including 

cancer [25], as well as endocrine, metabolic [6], and cardiovascular diseases [26], although 

these effects likely implicate different receptors of the IGF system.

Much remains to be understood about IGF2 and its effects via IGF2R, especially in the 

brain, where it recently emerged as a critical player in cognitive functions. In this review, 

I will focus on IGF2 and its expression and functions via IGF2R in the central nervous 

system (CNS). I will summarize and discuss studies in (healthy) animals indicating a 

role of IGF2 as a cognitive enhancer, and IGF2’s effects in CNS diseases, particularly in 

neurodevelopmental disorders, and neurodegenerative diseases.

IGF2 expression in the brain and its role in memory and cognition

As mentioned, compared to other tissues, the levels of IGF2 in the brain remain relatively 

elevated throughout life [13]. The reason for these relatively high levels of IGF2 in the fully 

developed brain remained unclear until about a decade ago, when we and other research 

groups identified IGF2’s critical contribution to memory processes [27, 28]. Since then, 

several studies provided new information regarding the unique role of IGF2 in healthy brain 

functions as well as its dysregulations in neuropsychiatric diseases.

In the adult brain, like in the fetal brain, IGF2 is primarily produced by the choroid 

plexus, leptomeninges, and parenchymal vasculature, where it is biallelically expressed 

[13, 29]. This biallelic expression contrasts with the monoallelic expression of most 

peripheral tissues, including the liver—the major source of peripheral IGF2-where the 

gene is maternally imprinted. IGF2 in the brain is also produced by stromal cells, whose 

allelic expression appears inverted compared to that of peripheral tissues. For example, in 

many regions of the rat brain, including the hippocampus, anterior cingulate cortex, medial 

prefrontal cortex, and amygdala, IGF2 mainly derives (>90%) from the maternal allele [30]. 

The mechanisms and functional meaning of this unique regulation as well as its human 

counterparts remain to be understood. It is also unknown whether the unique brain allelic 

expression varies over the lifespan, how it is regulated in different brain cell types in 

baseline conditions, and whether it changes in response to activity-dependent processes such 

as learning.

The cell type-specific distribution of the IGF2R in the brain is also poorly characterized. 

Global genetic knockout of IGF2R leads to death at the time of birth, demonstrating its key 

role in development [31], but the roles of IGF2R in adult tissues remain to be understood. 
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RNA hybridization and immunohistochemistry studies have shown that IGF2R is enriched 

in many brain regions such as the olfactory bulb, striatum, pallidum, hypothalamus, 

thalamus, hippocampus, midbrain, cortex, and cerebellum [8]. At the cellular level, IGF2R 

is significantly more abundant in neurons compared to astrocytes, microglia, or other brain 

cells, where its expression seems negligible [8, 32]. This differential neuronal enrichment of 

IGF2Rs implies that IGF2 in the brain preferentially targets neuronal functions.

In one of our early studies, which identified IGF2 as part of the molecular cascade 

underlying long-term memory, we found that IGF2 expression is upregulated at both mRNA 

and protein levels following inhibitory avoidance (IA) learning in the adult rat hippocampus. 

This increase was required for memory consolidation [27] i.e., the process that establishes 

and stabilizes a long-term memory trace from an initial fragile learned representation. 

Similar results were found by another group with a different type of learning, contextual 

fear extinction, and in a different species, the mouse [28]. Furthermore, studies on cell 

cultures and adult mouse brain showed that IGF2 via IGF2R is a target of the IKK/NF-kB 

pathway critical for synapse formation and maturation [33]. Recently, IGF2R was reported 

to have an important role in layer 2/3 of the auditory cortex for the precision of recent 

memories, the stability of remote memories, and the development of fear generalization 

[34]. These findings provide new insights into the neural mechanisms that underlie the time-

dependent development of fear generalization that may occur over time after a traumatic 

event. Collectively, these studies indicated that IGF2 has an important role in functions of 

healthy, fully developed brains, specifically in plasticity, memory, and cognition.

IGF2 exerts important effects beyond its endogenous expression. Administration of 

recombinant IGF2 at the time of learning or memory recall significantly enhances several 

types of hippocampal-dependent memories (Table 1, [27, 28, 32, 35–38]) including fear 

extinction [28, 35], suggesting that IGF2 acts as a potent memory and cognitive enhancer. 

As the memory-enhancing effects require IGF2R, and not IGF1R, it appears that IGF2R 

ligands may represent potential therapeutic targets for cognitive impairments. IGF2 crosses 

the blood brain barrier (BBB), and subcutaneous (s.c.) injections of IGF2, like intracerebral 

administrations, are highly effective in promoting memory and cognitive enhancement in 

healthy mice [35, 36, 39–41]. In fact, a s.c. administration of IGF2 in mice significantly 

increases retention and persistence of several types of hippocampus-dependent memories, 

including contextual, spatial, and social memories; it also potentiates working memory. 

Furthermore, potentiated memories following IGF2 treatment remain flexible, as shown by 

their rate of reversal learning, which is similar to that of normal memories [35]. Notably, in 

contrast to the significant effects on hippocampus-dependent memories, IGF2 treatment does 

not appear to change amygdala-dependent long-term memories such as cued conditioning 

[35–37], suggesting that the effect is selective for certain memory systems.

To enhance memory, IGF2 must be present when the brain system is in an active state, as 

the effect is seen only within a timeframe close to learning or memory recall. For example, 

a bilateral injection of IGF2 in the dorsal hippocampus of rats given immediately after IA 

learning significantly potentiates memory strength and persistence, and the effect is very 

long lasting. However, if IGF2 is injected 24 hours after learning, it produces no effect. In 

contrast, if 24 hours after learning, an IGF2 injection is given alongside memory recall, then 
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the memory is significantly enhanced [27]. Thus, IGF2 must recruit mechanisms activated 

by learning or memory recall in order to potentiate and prolong memory retention.

The understanding of the molecular and cellular mechanisms underlying IGF2’s effect on 

memory consolidation and enhancement is still very limited. We know that the memory 

enhancement produced by IGF2 requires IGF2R and not IGF1R. In addition, IGF1 does 

not have similar memory-enhancing effects, suggesting that the mechanisms underlying 

IGF2-mediated memory enhancement are distinct from the typical cell ‘growth’ activation 

mediated by G protein-coupled tyrosine kinase receptors signalling pathways. The unique 

recruitment of IGF2R also implies that memory-enhancing processes engage this receptor’s 

downstream cellular mechanisms, i.e., endosomal trafficking and lysosomal targeting. IGF2-

mediated memory enhancement also requires hippocampal de novo protein synthesis, the 

immediate early gene activity-regulated cytoskeleton-associated protein (ARC/ARG3.1), 

and glycogen synthetase kinase (GSK) [27]. However, it does not engage, at least in the 

initial phase, the transcription factors cAMP response element binding protein (CREB) and 

CCAAT enhancer binding protein (C/EBP) —a transcriptional cascade typically required 

for long-term synaptic plasticity and memory consolidation [27, 42]. In sum, it appears that 

IGF2 targets, at least in its initial phase of action, synaptic mechanisms of protein synthesis, 

ARC and receptor metabolism or trafficking, rather than transcription-dependent cascades 

[27]. On extinction learning it was found that IGF2 promotes the survival of immature 

neurons apparently via IGF1R [28]; however, these neuronal survival mechanisms were 

not investigated in the IGF2-mediated extinction enhancement, for which the underlying 

mechanisms remain to be determined.

At the cellular level, studies conducted in several species showed that IGF2 promotes 

synaptic plasticity. In the marine mollusk Aplysia californica, it produces an enhancement of 

both synaptic transmission and neurite outgrowth accompanied by a reduction of excitability 

[43]. In the rat hippocampus, IGF2 supports the persistence of long-term potentiation (LTP) 

in an IGF2R-dependent manner [27]. IGF2 also acts as a neuroprotective factor as a target of 

IKK/NF-kB and via activation of IGF2R and MEK/ERK to promote synapse formation 

and maturation in adult mice [33]. Despite these important findings, a comprehensive 

understanding of the cellular and electrophysiological mechanisms underlying IGF2 

functions is lacking, and research is urgently needed in this area.

Given the critical role of IGF2R in the memory-enhancing effects evoked by IGF2, some 

additional mechanistic insights can be inferred from studies on the IGF2R itself in the 

brain and cognition. Across species, IGF2R in healthy brains is detected mostly in neurons. 

IGF2R expression is detected in other brain cell types only in some disease states, for 

instance in microglia nodules of brains infected by viruses such as HIV and in reactive 

astrocytes associated with senile plaques of Alzheimer disease (AD) brains [44, 45]. Local 

pharmacological blockade of IGF2R or its genetic knockout in the dorsal hippocampus 

of rats or mice very rapidly impairs long-term memories without affecting learning or 

short-term memories, indicating that IGF2R is required for memory consolidation [32].

Two interesting and possibly related observations worth underscoring are IGF2R’s rapid 

recruitment in memory consolidation [32], and the receptor’s established roles in protein 
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trafficking via endosomes and lysosomal targeting [10]. Based on these considerations, 

I suggest that learning engages endosomal and lysosomal functions via IGF2R. Also, as 

hippocampal IGF2R controls the upregulation of de novo protein synthesis induced by 

learning required for long-term memory formation [32], it is reasonable to hypothesize that 

this protein synthesis is closely interconnected with IGF2R-mediated endosomal trafficking 

and lysosomal targeting.

Endosomal trafficking has been at the center of attention of several synaptic plasticity 

studies, but its role has been mostly investigated in relation to trafficking of neuronal 

receptors such as the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

glutamate receptors [46]. It is, however, plausible that endosomes play broader roles in 

brain functions, especially in the highly compartmentalized neuronal cells. For example, 

the specialized functions of pre- and post-synaptic compartments strongly rely on 

vesicles, including endosomes and lysosomes, for neurotransmission, receptor recycling and 

trafficking, and, as discussed further down, possibly also for local protein synthesis. Based 

on the current knowledge, below I will propose a conceptual model for the mechanisms of 

action of IGF2 in brain functions and diseases.

While much remains to be explored concerning the underlying mechanisms of IGF2, its 

behavioural effects as a memory enhancer have led to the hypothesis that IGF2 could be 

a potential target for developing novel treatments for cognitive impairments [5, 8, 13, 47]. 

Studies in rats that tested the effect of IGF2 in aging-related cognitive impairment provided 

support to this idea, and demonstrated a significant recovery from aging-related memory 

decay after a single injection in the hippocampus [39]. As discussed in the next sections, 

other experiments investigated the effects of administering or overexpressing IGF2 in a 

variety of CNS disease laboratory models, suggesting that IGF2 may be beneficial for 

several disorders.

The role of IGF2 in CNS diseases, particularly in neurodevelopmental 

disorders and neurodegenerative diseases

Which CNS disorders are linked to alterations of IGF2? Are there diseases, perhaps even 

ones without detectable alterations of the IGF2 pathway, that may benefit from IGF2 or 

IGF2-mimicking treatments? What are the mechanisms underlying the effects of IGF2 in 

these contexts?

Numerous studies have provided evidence for positive effects of IGF2 in a variety of 

laboratory models of CNS diseases, including AD, Parkinson disease (PD), Huntington 

disease (HD), amyotrophic lateral sclerosis (ALS), schizophrenia, neurodevelopmental 

disorders such autism and Angelman syndrome, depression, stress-related disorders, 

traumatic brain injury (TBI), and motor neuron degeneration. A list of references reporting 

these effects, organized by disease and species being investigated, is provided in Table 1 [5, 

39–41, 45, 48–83].

Notably, only some of these diseases have been found to have alterations in IGF2 level 

in serum, cerebrospinal fluid (CSF), and/or brain areas [53, 55, 57, 58, 60, 62–64, 84, 
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86–88] (see Box 1). Studies in laboratory animal models show that several pathologies may 

benefit from treatment with IGF2 or other ligands that activate IGF2R even in conditions 

that do not have any apparent link to IGF2 or IGF2R deficits (see Table 1). Also, the 

benefits of IGF2 treatment in CNS disease models are not limited to recovering memory 

or cognitive impairments, but rather extend to improving a variety of other symptoms. 

Despite the mechanisms underlying these positive effects of IGF2 on a wide spectrum of 

diseases are still unclear, the behavioural results identify IGF2R as an important potential 

therapeutic target for a variety of CNS disorders. I will discuss briefly current knowledge of 

IGF2 effects on neurodevelopmental disorders and neurodegenerative diseases and propose a 

conceptual model for the underlying mechanisms.

In autism-related laboratory animal models, including BTBR mice (BTBR T+ Itpr3tf/J, 

a strain of mice that shows phenotypic similarities to traits described in individuals with 

autism spectrum disorder) and Fmr1 KO mice, a model of Fragile X syndrome, IGF2 

treatment ameliorated cognitive impairments. In the BTBR mice IGF2 administration also 

improved social deficits and repetitive behaviours [40]. In the BTBR mice, the contribution 

of IGF receptors on the effect of IGF2 was assessed, and it was found that the effects 

required IGF2R and not IGF1R [40]. In another neurodevelopmental disorder model, a 

widely employed mouse model of Angelman Syndrome based on the maternal deletion of 

the E3 ubiquitin ligase (ube3a) gene [89], a systemic injection of IGF2 or M6P reversed 

most core deficits, including impairments in memory, working memory and flexibility, 

deficits in motor functions, and repetitive behaviours [41]. IGF2 also significantly protected 

Angelman Syndrome mice against seizures [41]. Some of these conclusions (the IGF2 

effects) were recently disputed in a study that used a new rat model of Angelman Syndrome 

generated using CRISPR technology [79]. Although the different results may be due to 

differences of the models and species being used (which future studies should be able to 

assess), I would like to note some methodological and interpretative caveats of the study in 

rats [79]. First, some of the required controls, such as a dose-response curve when testing 

the behavioural effect of s.c. administration of IGF2 in a different species, and validation of 

the biological activity of the IGF2 preparation being used appear to be lacking. Second, the 

use of different protocols and behavioural schedules compared to those used in prior studies 

in mice [41] could contribute to the divergent in outcomes. Lastly, the rat model needs 

confirmation and validation from other laboratories. A point of direct disagreement between 

the studies concerns some results reported in [79] on the mouse model of Angelman 

syndrome, and specifically the novel object recognition (nOR) impairment of Angelman 

Syndrome mice, a phenotype which study [79] failed to reproduce but that has been reported 

in several studies from different laboratories [41, 90–92].

In studies of various other disease models by numerous laboratories, IGF2 overexpression or 

administration has shown positive effects, as discussed next and as summarized in Table 1.

i. Mouse models of AD. IGF2 virus-mediated expression in the hippocampus 

ameliorated cognitive impairments in the widely used mouse model of AD 

Tg2576 [57]. This mouse overexpresses a mutant form of amyloid precursor 

protein (APP, isoform 695) with the Swedish mutation; hence, it produces 

high levels of amyloid β(Aβ) peptide, which result in amyloid plaques. IGF2 
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overexpression enhanced memory in aged wild-type mice, while in Tg2576 

mice it promoted dendritic spine formation, rescued behavioural deficits, 

restored normal hippocampal excitatory synaptic transmission, and significantly 

reduced the levels of Aβ40 and Aβ42. This amyloid reduction appeared to 

take place via IGF2R [57]. Relatedly, in AD patients, RNA sequencing data 

(RNA-seq) revealed reduced IGF2 expression in the brain [60]. In addition, 

in the hippocampus of the Tg2576 mice, acute IGF2 treatment (although it is 

unclear from the reporting at which timepoint it was administered) increased 

the expression of the PI3K and AKT genes and their downstream gene CREB. 

The IGF2 treatment also mitigated water maze memory impairment and reduced 

amyloid plaques as well as levels of Aβ40 and Aβ42 [60]. In another AD model, 

APPswe.PS1dE9 mice, which bear mutant transgenes of APP and presenilin-1 

and show progressive age-related development of Aβ accumulation and cognitive 

deficits, intracerebroventricular IGF2 administrations reversed and prevented 

several pathophysiologic processes associated with AD, by mechanisms such as 

reducing the number of hippocampal Aβ40- and Aβ42-positive amyloid plaques 

and increasing cholinergic markers [56].

ii. traumatic brain injury (TBI). In rats, intracerebroventricular injections of IGF2 

or IGF1 reduced the volume of ischemic damage after a permanent occlusion of 

the middle cerebral artery [69], although in a mouse model of chronic stage of 

TBI, an acute injection of IGF2 did not ameliorate memory deficits in either nOR 

or spatial memory tasks [80]. The effects of prolonged or chronic treatments of 

IGF2R ligands in TBI remain to be tested.

iii. Huntington’s Disease. In mice carrying a genetic disruption of the transcription 

factor XBP1, the progression of diseases such as HD, ALS, PD, and AD, as 

well as their associated protein aggregation in their brain, is significantly reduced 

[51], indicating that elimination of XBP1 may lead to the discovery of potential 

beneficial mechanisms. Using a mouse model of HD reproducing behavioural 

symptoms, as well as aggregation and deposition of Huntingtin in the brain, 

an unbiased screening revealed that IGF2 is one of the most significantly 

upregulated genes in the brain of HD mice with the XBP1 disruption. IGF2 

treatment protected against neurodegeneration as it reduced protein aggregation 

in cell culture and in vivo in an HD mouse model. The effect did not appear to 

involve autophagy or proteasome-mediated degradation, but rather the secretion 

of soluble polyglutamine peptide (polyQ) tract species through exosomes and 

microvesicles [50].

In summary, IGF2 appears to have beneficial effects in a variety of models of 

neurodevelopmental disorders and neurodegenerative diseases, suggesting that identifying 

the underlying mechanisms of action may uncover important information for designing 

potential therapeutic approaches. How can these mechanisms be best identified? One 

approach could be to pinpoint and compare the pathways targeted by IGF2R ligands 

across models and systems, i.e., in healthy animals with memory enhancement following 

treatment with IGF2R agonists and in animal models of various diseases in which IGF2R 

ligand treatment attenuated their deficits. Notably, all these diseases carry the commonality 

Alberini Page 8

Trends Neurosci. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of aberrant protein accumulation in the brain. Diseases that accumulate brain proteins in 

aggregates are defined as proteinopathies or diseases of misfolded proteins [93].

Conceptual model of IGF2-IGF2R mechanisms of action in memory 

formation and enhancement, and their potential impairments in CNS 

diseases

In this section, I outline a proposed conceptual model of IGF2 mechanisms of action via 

IGF2R in the CNS, which may help explain the role of this pathway in plasticity and 

memory, and its possible dysregulation in neural diseases. I suggest that IGF2R controls 

neuronal endosomal trafficking networks, thereby regulating protein sorting, recycling, 

synthesis, and degradation (Figure 3A). The learning-induced activation of IGF2R by 

IGF2 or other ligands would stimulate vesicular network functions, including endosomal 

genesis and trafficking and their communication with autophagy pathways, lysosomes, 

and the Golgi apparatus, providing critical intra-subcellular compartment communications 

essential for neuronal plasticity. As learning-induced de novo protein synthesis in the 

hippocampus is coupled to an induction of autophagic flux [94], I also propose that 

vesicular network regulated via IGF2R balances protein synthesis and degradation. IGF2R 

may promote genesis or mobilization of endosomes, which could serve as platforms 

of the de novo mRNA translation. IGF2R-mediated vesicle trafficking may support the 

translation-autophagy coupling and enhance the autophagic flux, hence autophagy. Vesicle-

based mRNA translation coupled to vesicle trafficking including autophagy would be 

advantageous for protein synthesis taking place at specialized compartments such as 

synapses as it could organize mRNA trafficking, their translation, and efficient local quality 

control of the translated proteins. Different ligands of the IGF2R could also regulate 

the trafficking of distinct vesicular networks, and vesicles activated via IGF2R may also 

contribute to intracellular signalling.

The idea of endosomes serving as a platform of neuronal translation is in line with 

recent evidence from Xenopus retinal ganglion cells showing that axonally transported late 

endosomes act as mRNA translation platforms [95]. It also agrees with findings showing 

that local mRNA translation required for synaptic plasticity is accompanied by trafficking 

of membranous organelles [46]. Given its vesicular localization, the IGF2R could also be 

involved in the genesis and trafficking of exosomes, multivesicular bodies (MVBs), and 

extracellular vesicles (EVs) - an area that is awaiting to be explored. One may speculate 

that administration of IGF2 during learning or memory recall could amplify or accelerate 

the endosomal trafficking associated with learning-induced synapse potentiation that has 

engaged the endogenous IGF2R; this potentiation of vesicular functions could strengthen 

memory consolidation or reconsolidation, thereby producing memory enhancement.

The mechanisms connecting endosomes and other intracellular or extracellular membranous 

network compartments are still largely unknown, particularly in neurons. There is lack of 

a clear understanding of the genesis, interaction, and specialization of the various vesicle 

populations that connect compartments such as the endoplasmic reticulum (ER), Golgi 

apparatus, plasma membrane, and EVs as well as of their local regulation in neuronal 
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subcellular compartments such as soma vs. synapses. Yet, vesicular structures are highly 

enriched in neurons, and vesicle-mediated mechanisms have been implicated in CNS 

diseases, especially in neurodevelopmental disorders [96] and neurodegenerative diseases 

[97–100]. Neurodegeneration is accompanied by alterations of autophagy, lysosomal 

delivery or autolysosomal acidification, particularly as the brain ages [97–100]. Notably, 

many aspects of these diseases recapitulated in laboratory animal models appear to benefit 

from IGF2 treatment.

Based on the proposed model (Figure 3A), I suggest that the therapeutic effects of activating 

IGF2Rs as seen in preclinical models stems from the receptor’s ability to regulate vesicle 

trafficking, particularly the vesicular flux linked to protein degradation. Activation of IGF2R 

may be therefore beneficial for treating CNS proteinopathies because, by accelerating 

endolysosomal and autophagic flux, it would prevent and/or reverse the accumulation of 

proteins (Figure 3B). The flux acceleration may also generate other pools of vesicles such 

as EV or MVBs. One important question to be addressed by future research is whether 

the potential therapeutic effects of activating IGF2R can reverse compromised endosomal/

autophagy flux in unhealthy neurons, or functionally compensate by potentiating pools of 

vesicles in healthy neurons or compartments. Finally, one should mention in this context 

the mitochondrion – another organelle that is linked to mRNA translation, endosomes, and 

autophagy, and whose function is impaired in neurodegenerative and neurodevelopmental 

diseases. Mitochondria and endosomes are both intimately linked to mRNA transport and 

translation [101], and mitochondria provide the energy demand of the de novo local protein 

synthesis [102]. Recent work on models of Parkinson disease, as well as studies in tissues 

outside the CNS like skeletal muscle and liver indicate that IGF2 may protect healthy 

mitochondrial functions and prevent oxidative and cellular (including neuronal) damage 

[103–107].

The proposed model agrees with the correlations reported between defective IGF2 levels and 

reduced levels of autophagy markers in PD blood samples [62] as well as with the positive 

effects of IGF2 in HD models, although these effects did not appear to involve protein 

degradation but rather trafficking of vesicles such as exosomes and microvesicles [50].

Concluding remarks and future perspectives

In rodents, IGF2 is required for memory formation, and its administration promotes 

memory enhancement. In humans, altered levels of brain or circulating IGF2 accompany 

neurodegenerative diseases, suggesting an important role for IGF2 in maintaining CNS 

health and efficient brain functions. IGF2 administration ameliorates numerous symptoms 

in animal models of neurodevelopmental and neurodegenerative diseases, most of which 

seem to have protein accumulation in the brain as a common pathophysiological mechanism. 

The effects of IGF2 occur via the IGF2R - a receptor highly enriched in neurons and 

involved in endosomal trafficking, protein synthesis, and lysosomal targeting. Unfortunately, 

the functions of IGF2 and IGF2R in the brain across species are still poorly characterized. 

Future studies should elucidate their expression distribution over the lifespan and their 

mechanisms of action both in healthy brains and in brains of neuropsychiatric diseases (see 

Outstanding Questions). Based on the current research on IGF2R and IGF2, I proposed 
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new hypotheses in a conceptual model for the IGF2/IGF2R mechanisms of action. Further 

studies are critically needed to test elements of the model proposed, and to ultimately 

unravel the role of IGF2 and IGF2R in the brain, the understanding of which may inspire 

novel strategies to treat a variety of brain disorders.
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BOX 1.

IGF2 levels in diseases

• In schizophrenia, a study on serum IGF2 levels reported decreased IGF2 

levels in schizophrenia patients compared to controls (32 and 30 individuals, 

respectively) [64]. In a subsequent study, correlation analysis in 31 patients 

relative to 30 controls revealed that the changes of serum IGF-2 levels in 

patients were significantly correlated with the improvements of negative 

symptoms following two months of atypical antipsychotic treatment. In fact, 

after this treatment, a significant improvement was observed in patients, 

and their serum IGF2 levels significantly increased compared with those at 

baseline [63]. Conversely, another study reported that a comparison in 53 

schizophrenic male patients relative to 52 control males revealed an increased 

IGF2 serum level [84].

• In autism spectrum disorder (ASD), a study on 25 autistic children reported 

no changes in CSF IGF2 levels compared to the control group of 16 children 

[85]. The small sample size of this study is a major limitation, and larger-

scale studies are needed for more definitive conclusions.

• Alzheimer’s disease patients have significant alterations of IGF2 levels. In 

multiple studies, postmortem tissue or genomic analysis indicated decreased 

IGF2 in some brain regions, including the hippocampus, frontal cortex, and 

hypothalamus [53, 57, 60, 86; studies with 9–33 patients/group], although 

one study reported an increase in Igf2 mRNA levels in the prefrontal cortex 

of 13 AD patients—without a change at the protein level [87]. In addition, 

two studies found increased IGF2 in the cerebrospinal fluid (CSF) of AD 

patients (92 and 32 individuals in each of the studies, respectively) compared 

to controls (72 and 20 individuals, respectively) [55, 58]. This outcome was 

also confirmed in a smaller study of 10 AD patients compared to 10 controls 

[52]. Another study suggests that the IGF2 increase in CSF correlates with 

amyloid-β (Aβ42) levels (16 AD patients and 15 controls) [88].

• Parkinson’s disease patients have altered IGF2 levels as well. Specifically, 

a study on 43 Parkinson’s disease patients and 41 controls showed lower 

IGF2 plasma levels in the patients, and a dramatic decrease in IGF2 mRNA 

and protein levels in their peripheral blood mononuclear cells (PBMCs), 

along with a downregulation of key components of the initial stages of the 

autophagy process [62]. Although IGF2 levels were not found to be directly 

correlated with PD severity, PD PBMC samples showed a correlation between 

IGF2 levels and autophagy gene profile expression in a sex-dependent fashion 

[62], suggesting a possible link between IGF2 and autophagy.

• A study on Huntington’s disease patients (13 patients and 13 controls) 

found reduced IGF2 protein levels in their caudate-putamen, and HD-derived 

PBMCs were found to have approximately a 70% decrease in IGF2 protein 
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levels compared to controls, in addition to a small, but significant, decrease of 

circulating IGF2 in their plasma [50].
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Outstanding Questions

• Limited knowledge is available on the tissue and cell-type sources of 

insulin like growth factor 2 (IGF2). Most studies have thus far investigated 

expression and sources of IGF2 only in early development. Which tissues 

and cell types produce IGF2, and how does IGF2 expression change over the 

lifespan?

• Which tissues and cell types express IGF2 receptor (IGF2R)? How does 

IGF2R expression change over the lifespan?

• Which mechanisms underlie the effects of IGF2 in memory enhancement, as 

observed in animal models?

• Are other receptors of the IGF-Insulin system involved in the roles of IGF2 in 

brain functions?

• Which mechanisms underlie the effect of IGF2 in diseases of the 

central nervous system, particularly in neurodevelopmental disorders and 

neurodegenerative diseases?
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Highlights

Insulin like growth factor 2 (IGF2) plays a critical role in memory and cognition in adult 

rodents, while its alterations contribute to CNS diseases. Yet, the mechanisms by which 

IGF2 is involved in these processes are unclear.

In rodents, IGF2 administration promotes memory enhancement and persistence. IGF2 

administration restores impaired memory functions in aged rats and reverses cognitive 

impairments and several other deficits in rodent models of neurodevelopmental and 

neurodegenerative disorders.

The beneficial effects of IGF2 occur via its high affinity receptor, the IGF2R, which may 

represent a target for potential therapeutic development.

Current knowledge of IGF2R-mediated mechanisms in both heathy brains and diseases 

remains limited. Here, I propose a conceptual model for these mechanisms, in which 

IGF2 or other IGF2R ligands promote vesicle network communications and protein 

metabolism quality control. This framework may explain how treatments based on 

IGF2R ligands could counteract diseases characterized by protein accumulation in the 

brain.
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Figure 1. Schema depicting the Insulin/IGF system.
Insulin, IGF1, IGF2, and the relative high affinity receptors insulin receptor (IR), IGF1 

receptor (IGF1R), and IGF2 receptor (IGF2R), along with IGF binding proteins are shown. 

IGF2R is also known as cation-independent mannose 6 phosphate receptor (CI-M6PR). 

The relative affinity of each ligand for the receptors is represented by the thickness 

of arrows. Insulin and IGFs can cross-bind their respective high affinity receptors, but 

with lower affinity, but insulin does not seem to bind to IGF2R. The IR and IGF1R 

are tyrosine kinase receptors; they consist of an extracellular ligand-binding domain 

and a cytosolic tyrosine kinase domain that autophosphorylates upon ligand binding and 

transphosphorylates several substrates that initiate downstream signalling supporting growth, 

cell proliferation and survival, development, and metabolic responses. IGF2R has a large 

N-terminal extracellular region of 15 homologous domains, a single membrane-spanning 

region, and a small cytoplasmic tail, and it lacks intrinsic signalling capability (no signal 

transduction). However, in neuronal cultures, Igf2/Igf2R-mediated MEK/ERK activation 

has been reported as critical for synapse formation and spine maturation. Whether IGF2R 

or downstream intermediate mechanism activate this signalling remains to be determined 

(indicated by the dotted lines). The binding sites for IGF2 or M6P are located on different 

segments of the protein. The main known functions of IGF2R are to bind IGF2, activate 

intracellular vesicle trafficking, and target it to lysosomal degradation, and traffic M6P-

conjugated proteins, such as lysosomal enzymes. Figure created using BioRender.com
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Figure 2. Schema depicting IGF2 and IGF2R endocytosis and intracellular trafficking.
IGF2R is internalized from the plasma membrane and traffics proteins via endosomes to 

either recycle them to the plasma membrane, or to progress them to late endosomes from 

which they can travel to the trans Golgi network. IGF2R also traffics proteins from the 

trans Golgi network to either late endosomes and then lysosomes or back to the plasma 

membrane. For example, IGF2R binds extracellular IGF2 and transports it to lysosomes 

for degradation and sorts lysosomal hydrolases to lysosomes via M6P binding. Specifically, 

lysosomal hydrolase precursors are modified in the cis-Golgi by the addition of M6P. At 

the trans-Golgi, lysosomal hydrolases bind M6P receptors, including IGF2R, which in turn 

interact with adaptor proteins to form clathrin-coated vesicles (CCVs). CCVs bud off from 

the trans-Golgi and fuse with late endosomes. The lysosomal hydrolases are released while 

the receptors are recycled back to the Golgi for reuse. It is unclear whether these changes in 

neurons may occur in the cell body as well as in processes, therefore the window’s position 

is not indicative of a selective cellular compartment. Figure created using BioRender.com
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Figure 3. Schematic model of (A) IGF2R-dependent mechanisms of action in neurons 
following IGF2 binding and (B) illustrating points of dysregulations that may lead to protein 
accumulation, and which may benefit from IGF2R ligand treatments.
The schematic summarizes the proposed model for IGF2/IGF2R mechanisms of action in 

brain health and disease. (A) Binding of IGF2 to the IGF2R on the plasma membrane 

initiates IGF2R-bearing endosomal trafficking, beginning with the generation of early 

endosomes (EE). These EE can proceed to late endosomes and then lysosomes, or traffic to 

the Golgi apparatus, from which recycling endosomes can return to the plasma membrane. 

As blocking IGF2 blocks learning-induced mRNA translation [32], I hypothesize that a pool 

of endosomes is recruited to serve as platform for this de novo mRNA translation, including 

the translation of immediate early genes (IEGs) and proteins involved in autophagy 

such as MLP3B, SQSTM1, and LAMP1. Since learning-induced mRNA translation is 

coupled to autophagy [94], I suggest that the endosomes supporting translation are in 

direct communication with autophagosome formation and activation of autophagy. Protein 
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degradation underlying memory and neuronal plasticity may also occur via the IGF2-bearing 

endosome-lysosomal classical path. Many steps and mechanisms of this model are still 

unclear and future studies should be able to experimentally test them. (B) A summary of 

possible major cell biological steps (indicated by a red X) that could be impaired in disease 

conditions of altered de novo protein synthesis, autophagy, and endosomal trafficking 

leading to protein accumulation. These diseases include neurodevelopmental disorders and 

neurodegenerative diseases [93, 94, 98]. Studies have shown that in brain plasticity and 

memory, de novo protein synthesis is coupled to autophagy [94] and that in laboratory 

animal models IGF2 has beneficial effects in neurodegenerative and neurodevelopmental 

disorders (Table 1). These results suggest that the common cell biological deficits of 

those diseases may include impaired autophagic flux and lysosomal targeting. The potential 

therapeutic-like effect produced by the activation of IGF2Rs could be in fact an increase in 

autophagic flux that, by enhancing protein degradation, may prevent and/or reverse protein 

accumulation. Figure created using BioRender.com
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Table 1.

References, divided by species, for the role of IGF2 in neuronal plasticity, memory formation and 

enhancement (top) and for effects of IGF2 in aging, neural diseases, and other effects (bottom)

CONDITION OR DISEASE

REFERENCES

Species

Human Rat Mouse Chick

Memory Formation and Enhancement [27, 32, 35, 37] [28, 32, 34, 36]

Plasticity [38]

Aging [39, 48]

Neurodevelopmental Disorders [40, 41, 49]

Huntington Disease [51] [50, 51]

Alzheimer’s disease [45, 51, 52, 55, 57–59] [54, 56, 57, 60]

Parkinson Disease [62] [61, 62]

Schizophrenia [63, 64]

Stroke [66] [65]

Repair from Stress [67, 68]

Traumatic Brain Injury or Hemorrhagic Brain Damage [65, 69, 70]

Depression [71, 72]

Amyotrophic Lateral Sclerosis [73, 74] [74] [73, 74]

Motor Neuron Regeneration [75, 76]

Neuroprotection [67, 77, 78]

Psychiatric and Neurological Disorders [5] [5] [5]

Lack of effect in Angelman syndrome [79] [79]

Lack of effect on cognitive impairment following TBI [80]

Brain metastasis formation in breast cancer [81] [81]

Food intake [82] [83]
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