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Growth cones at the tips of extending axons navigate through developing organisms by probing extracellular cues, which guide them through intermediate steps and onto final synaptic target sites. Widespread focus on a few guidance cue families has historically overshadowed potentially crucial roles of less well-studied growth factors in axon guidance. In fact, recent evidence suggests that a variety of growth factors have the ability to guide axons, affecting the targeting and morphogenesis of growth cones in vitro. This review summarizes in vitro experiments identifying responses and signaling mechanisms underlying axon morphogenesis caused by underappreciated growth factors.
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INTRODUCTION

Throughout organismal development, cell signals activated by extrinsic cues play essential roles in controlling cell fates. For example, by regulating cell survival, differentiation, and morphogenesis, growth factor signaling is crucial for the organogenesis of every tissue in a developing organism. In particular, the central nervous system relies heavily on these signals to assemble intricate neuronal networks. Growth cones at the tips of extending axons probe their surroundings and convert chemosensory signals into mechanical responses that elicit changes in process outgrowth, facilitating attractive and repulsive axon guidance toward target sites. For over three decades researchers have focused on understanding the roles of just a few families of guidance cues in network assembly, yet many more families of growth factors act through similar signaling cascades. Well-studied cues include the Netrin, Semaphorin, Slit, Ephrin, and Wnt family of guidance factors. While these factors have proven to be essential for the guidance and targeting of axons, additional factors likely also play important roles in neural network wiring.

Three lines of evidence support roles for traditional growth factors as axon guidance cues: the expression patterns of ligands and receptors during development, the effects of manipulation of these expression patterns on axon guidance in vivo, and analysis of guidance by growth factors in simplified in vitro experiments. We have previously reviewed the compelling evidence for roles of growth factors as axon guidance factors in vivo (Short et al., 2021). Here we review the endogenous expression patterns and in vitro studies that support those in vivo experiments. Experiments performed in reduced conditions in vitro are powerful as they uncover molecular mechanisms that regulate axon guidance and can test the combinatorial effects of multiple cues which contribute to the diversity of cue effects in vivo. Several purified recombinant growth factors affect neuronal survival, differentiation, and neuronal morphogenesis of different classes of developing neurons in vitro. Growth factors can act directly to guide neurons, or indirectly via co-cultured non-neuronal cells (e.g., astrocytes), which release other factors that influence neurons directly. The reduced conditions provided in vitro have the advantage that direct effects on developing neurons can be tested, but the specific features of the cue conditions subjected to in vivo (i.e., concentration, localization, co-factors, mechanical environment, three-dimensional) may result in very different responses of developing neurons in vivo. In vitro findings inform and support work performed in vivo, and we will highlight here where there are discrepancies or if supporting in vivo evidence is lacking.

Acute bath application of growth factors can produce sudden and dramatic outcomes on neurite outgrowth, which can be useful for assessing receptor activity and rapid downstream signaling events. However, any effects on growth cone morphology or motility must be interpreted with caution, as growth cones will never encounter a cue in this manner in vivo. Growth factors are most commonly secreted or released from a tissue source and may become immobilized within the ECM or upon other cells (Billings and Pacifici, 2015; Balasubramanian and Zhang, 2016), which often leads to functional concentration gradients. Therefore, increasingly sophisticated in vitro assays are being developed in an attempt to more accurately reflect in vivo conditions. Over the last several decades, investigators have developed methods to challenge growth cones with local sources of cues, such as by binding cues to beads or releasing cues from a micropipette, or by positioning neurons near neighboring cells or within microfluidic chambers (Pujic et al., 2008). Now even more complex methods are being used, such as immobilized gradients of growth factors, gradients bound to elastic substrata, diffusion gradients within three-dimensional matrices and multi-cue conditions, with the goal to more accurately recapitulate in vivo conditions.

In this review, we discuss a number growth factors that have clear roles in axon guidance (Figure 1). These growth factors include ciliary neurotrophic factor (CNTF), epidermal growth factor (EGF), fibroblast growth factor (FGF), glial cell line-derived neurotrophic factor (GDNF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF), and vascular endothelial growth factor (VEGF). While many of these growth factors can indirectly influence network assembly by regulating the expression of traditional axon guidance cues, here we focus on how they directly influence neuronal morphogenesis. Note that the neurotrophins (nerve growth factor, brain derived neurotrophic factor, neurotrophin-3, and neurotrophin-4/5), which are known to have important roles in axon guidance, will not be discussed as they have been reviewed previously (Guthrie, 2007; Lykissas et al., 2007). After presenting ligand family and cognate receptor distributions, we focus on studies that have examined the direct effects of these growth factors on axon extension of cultured primary neurons (Table 1). However, it is important to note that effects of growth factors on neuronal morphogenesis likely depend on culture conditions and any observed effects do not prove these factors operate in this manner in vivo. However, reduced conditions are necessary to identify signaling mechanisms used by these factors. Evidence shows that these factors alter growth cone morphology and neurite extension through pathways that signal through cytoskeletal, as well as transcriptional machinery.
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FIGURE 1. Sankey diagram illustrating influence of growth factors across the CNS and PNS. The colored bars indicate where expression of a growth factor has been identified in either the CNS or PNS in vivo. Multiple bars from a single growth factor to a single target implies input from both the CNS and PNS. The localization of growth factors in particular combinations provides complex influences on growth cones for the assembly of the nervous systems by providing temporal-spatial cues for axon guidance.





TABLE 1. Growth factors have a wide variety of effects on the morphogenesis of developing neurons.
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GROWTH FACTORS AND RECEPTOR TYROSINE KINASES (RTK) ARE EXPRESSED WIDELY IN THE DEVELOPING NERVOUS SYSTEM


Ciliary Neurotrophic Factor (CNTF)

Ciliary neurotrophic factor was originally isolated from chick intraocular tissue where it was identified as a neurotrophic factor for its cell survival effects on the ciliary ganglion neurons (Adler et al., 1979). CNTF binds the CNTF receptor alpha (CNTFRα) subunit, which is a GPI-anchored ligand-binding subunit that interacts with glycoprotein 130 (gp130) and leukemia inhibitory factor receptor beta (LIFRβ) to form a functional transmembrane signaling complex (Ip N. Y. et al., 1992; Irala et al., 2016; Davis et al., 1993). Since then the modulatory effects of CNTF have been explored in a range of cell types from motor neurons (MNs) to oligodendrocytes (Sendtner et al., 1994; Talbott et al., 2007) and related diseases (Miller et al., 1996).

In vertebrates, mice lacking CNTF appear largely normal through adulthood (with only modest increased neuronal death as they age), while those lacking CNTFRα die perinatally (DeChiara T. Met al., 1995), suggesting CNTFRα may have additional ligands. Yet CNTF is widely expressed in glial cells across both the central and peripheral nervous systems, both during development and adulthood (Stockli et al., 1991; Sleeman et al., 2000). Particularly enriched in the sciatic and optic nerves, Schwann cell-specific expression is thought to be critical for the long-term survival and maintenance of these critical nerves. In support for roles in development, the CNTFRα receptor complex was detected in the ventral MNs of the spinal cord as early as E11.5 by immunohistochemistry (Gregg and Weiss, 2005), during periods of active axon pathfinding. Both CNTFRα and co-receptor LIFRß were also detected in the lateral geniculate along the ventricle, increasing substantially from embryonic day 9.5-11.5 (E9.5-11.5) (Gregg and Weiss, 2005).

Ciliary neurotrophic factor signaling has also been widely explored in the adult retina, particularly with regards to the maintenance of photoreceptor survival and the retinal pigment epithelium (Harada et al., 2002; Li et al., 2018). During development, CNTF expression in the retina rises steadily with age from E15.5-adulthood, with a similar pattern detected by RT-PCR for CNTFRα (Kirsch et al., 1997). CNTFRα was later detected in approximately one-third of developing Müller glia, but not photoreceptors, by laser capture and RT-PCR (Wahlin et al., 2004). While CNTFRα expression is also clearly detected in retinal ganglion cells (RGCs) by P0 (Kirsch et al., 1997) and is maintained throughout adulthood (Beltran et al., 2003), we will not discuss the extensive literature pertaining the effects of CNTF on optic nerve regeneration (Li H. J. et al., 2017).



EGF/Neuregulins/ErbB Family

The Epidermal Growth Factor (EGF) family of receptors includes four receptors: EGFR (aka ErbB1 or HER1), ErbB2, ErbB3, and ErbB4 (Harris et al., 2003). These RTKs can either homo or heterodimerize with the exception of ErbB2, which must form a heterodimer with one of the other three receptors (Harris et al., 2003). In addition to EGF, which has the highest affinity for EGFR, this family includes the neuregulin (Nrg) ligands 1–4, of which there are up to six isoforms of Nrg-1, the first three of which are most well studied, and we will discuss here.

At all developmental stages, EGF receptors appear to be highly expressed in neural progenitors along the sub-ventricular zone (SVZ) (Aguirre et al., 2010), supporting their role in maintenance of these stem cell niches and life-long neurogenesis. The early expression of these receptors and their ligands in several other key locations suggests a role of EGF in circuit development. Whole mount in situ hybridization of mouse embryos showed early expression of type I Nrg-1 along the dorsal column of the developing mouse spinal cord, while type III Nrg-1 expression is enriched in the MNs of the ventral column of the spinal cord, in DRGs, and several cranial nerves (vagal, trigeminal, and glossopharyngeal) as early as E9.5 (Meyer et al., 1997). Similarly, Nrg-1 isoforms are also expressed in the developing Xenopus spinal cord, myotome, branchial arches, and the eyes (Yang et al., 1999). More detailed expression patterns of rodent spinal cord cross sections showed ErbB4 in the dorsal and ventral spinal cord and skeletal muscle at E10 (Meyer et al., 1997). On the other hand, ErbB3 is enriched in DRGs, muscle, and developing Schwann cells, with little to no expression in the spinal cord. Beyond the spinal cord, the expression patterns in the perinatal brain showed expected high levels of expression in the ventricular zone and notable enrichment of ErbB4 in the olfactory epithelium, and cortical plate, while type III Nrg-1 was expressed in the mesencephalon, olfactory epithelium, and the dentate gyrus of the hippocampus (Meyer et al., 1997). Other studies have observed distinct ErbB receptor expression patterns in the developing mouse midbrain (Lopez-Bendito et al., 2006; Abe et al., 2009) and Nrg-1 expression in the developing DRG (Hancock et al., 2011). In postnatal rats, both receptor and ligand expression have been detected in the developing olfactory epithelium (Anton et al., 2004), as well as the cortex, hippocampus, and Purkinje cell layer of the cerebellum (Kornblum et al., 2000).



Fibroblast Growth Factor Family

Fibroblast growth factor (FGF), was first isolated from cow brain and pituitary in the early 1970s and named for its mitogenic effects on fibroblasts (Armelin, 1973). The FGFs and FGF receptors (FGFRs) have since been widely studied in a variety of species and regions of developing nervous systems. The FGF family is made up of up to 22 ligands with four associated receptors FGFR1-4. While several of these ligands contain remarkable sequence homology (FGF11-14), they are classified as FGF homology factors, as they do not appear to bind FGF receptors (Itoh and Ornitz, 2004; Guillemot and Zimmer, 2011).

In vertebrates, FGF receptors and ligands are expressed broadly throughout development, indicating roles in early patterning and likely in axon pathfinding. FGFR1 and FGFR2 are expressed in the ventricular zone of the ventral forebrain and primordial lateral geniculate as early as E9.5 in the developing mouse (Vaccarino et al., 1999), suggesting a role for proliferation and differentiation of these progenitor pools. FGFR1 and FGF8 are also strongly expressed along the anterior telencephalic midline in mice (Smith et al., 2006) and similar midline expression of FGF8 is observed in developing zebrafish (Shanmugalingam et al., 2000). FGF2 is expressed at the midline during anterior and posterior optic commissure development in Xenopus laevis (McFarlane et al., 1995), suggesting roles in midline organization or commissural formation. This midline pattern is consistent with a variety of other species including grasshopper (Condron, 1999). Several other FGF ligands are expressed in the developing brain, with FGF-1, FGF-3, FGF-5, FGF-6, FGF-7, and FGF-8 showing temporally restricted patterns and FGF-6 in particular decreasing expression in the brain sharply after birth (Ozawa et al., 1996).

Fibroblast growth factors in the spinal cord also exhibit temporally defined expression patterns in progenitors, MNs, and dorsal root ganglion (DRG). FGFR1 is exclusively expressed in the ventro-lateral developing MNs (Shirasaki et al., 2006), while FGFR2 and FGFR3 expression is restricted to midline progenitor pools, but no FGFR4 expression was observed between E10.5 and 12.5 in mice. On the other hand, four FGFRs were detected specifically within subsets of developing MNs by in situ hybridization, as well as FGFR2 in the developing DRG at E10.5 (Kato et al., 1992). Perhaps the most compelling pattern for axon guidance is that of FGFRs in Xenopus RGCs, and FGF2 expression in the developing neuropil of the diencephalon where RGCs pass through immediately prior to innervating the optic tectum (McFarlane et al., 1995).



Glial Cell Line-Derived Neurotrophic Factor

Glial cell line-derived neurotrophic factor (GDNF) was first isolated from a rat astrocytic cell line (B49) and characterized for its potent trophic effects on dopaminergic neurons from the substantia nigra (Lin et al., 1993). Since its discovery, GDNF expression and function has been widely studied across the nervous system (Cortes et al., 2017). Three other structurally related members were identified from the GDNF family: neurturin, persephin, and artemin, which bind preferentially to GFRα 2-4 respectively, with GFRα1 preferentially binding to GDNF (Airaksinen et al., 2006). GFRα receptors are GPI-anchored so signaling requires co-receptors, which are typically transmembrane Ret RTKs, which can either be in cis on the same cell, or in trans with adjacent cells. Importantly, Ret-independent signals downstream of GDNF are also possible, which involve GFRα1-associated NCAM heterodimers (Paratcha et al., 2003), as discussed below.

As expected, given its effects on dopaminergic neurons, GDNF is clearly detected by in situ hybridization in the developing striatum and caudate putamen (Stromberg et al., 1993). Post-natal day five (P5) rats express both GDNF mRNA and protein around dopaminergic cells in the substantia nigra, with these enriched “patches” dissipating to diffuse ubiquitous staining by P14 (Oo et al., 2005). Outside the striatum, GDNF mRNA was detected by RT-PCR throughout the rat CNS, with particular enrichment in the spinal cord and striatum around birth, though lower levels were also detected in the cerebellum, diencephalon, and telencephalon (Choi-Lundberg and Bohn, 1995). GDNF expression was also observed in a subset of developing muscle cells (Moore et al., 1996). The C-Ret receptor is expressed in developing neural crest, cranial ganglia, and later in the developing eye of mouse embryos by whole mount in situ (Pachnis et al., 1993). Other work identified GFRα1 receptor expression in the embryonic olfactory bulb (Zechel et al., 2018) and in developing mouse DRGs along with co-receptor Ret (Chen et al., 2017). Interestingly Ret is also expressed by chemosensory geniculate neurons (Donnelly et al., 2018) and by the trigeminal axons that project to the dental pulp, which in turn expresses GDNF (Donnelly et al., 2019).

In the developing mouse cortex, GDNF and its receptor GFRα1 are highly expressed from E13.5–15.5 with GFRα1 expression enriched in Tbr1 positive neurons in the cortical plate (Bonafina et al., 2018). In the spinal cord, GDNF is expressed specifically in the floorplate of the developing spinal cord prior to midline interneuron crossing (Charoy et al., 2012). In addition, GDNF is expressed in the dorsal limb mesenchyme, where it serves as a chemoattractant for lateral motor column (LMC) MNs (Kramer et al., 2006).

In the adult, GDNF is detected by immunohistochemistry in the human cortex, cerebellum, hippocampus, and occipital lobe (Kawamoto et al., 2000), and in rodent thalamus, hippocampus, olfactory bulb, motor nuclei of cranial nerves, and deep cerebellar nuclei (Trupp et al., 1997). Of particular relevance for ongoing circuit development and plasticity throughout life, GFRα1 expression is especially enriched in the dentate gyrus and specifically within newly born and differentiated neurons in adult rodents (Irala et al., 2016; Bonafina et al., 2019).



Hepatocyte Growth Factor (HGF)

Hepatocyte growth factor, also known as scatter factor (Naldini et al., 1991), is a soluble protein found to promote hepatocyte growth and liver generation (Nakamura et al., 1986), as well as promote the dissociation of epithelial cells in culture (epithelial to mesenchymal transition) (Stoker and Perryman, 1985). HGF signals through c-Met, a RTK, also referred to as tyrosine-protein kinase Met and hepatocyte growth factor receptor (HGFR) (Baldanzi and Graziani, 2014).

Although HGF is expressed and secreted by mesenchymal cells throughout the organism with many roles in cell survival, migration, cancer metastasis, and wound healing, there is also clear evidence across numerous species for roles in neural development. In C. elegans, HVS-1 is a HGF homolog expressed in the chemosensing nociceptive ADL neurons (Li C. et al., 2012). In the developing mammalian brain, c-Met is detected in post-mitotic neurons in the cortical plate, as well as in the intermediate zone of the developing cortex (Achim et al., 1997). c-Met expression is also elevated in specific populations of developing projection neurons within the neocortex and limbic system, including the hippocampus, with enrichment of c-Met immunoreactivity in axons during periods of neurite extension and synaptogenesis (Judson et al., 2009), consistent with a role in synaptic maturation (Qiu et al., 2014). HGF expression in turn is elevated in differentiating neurons but appears overall to be most prominently detected in the embryonic subventricular and ventricular zones (Jung et al., 1994), suggesting a role in migration and differentiation of neurons in the cerebral cortex. Evidence for a role for HGF in neuronal migration also comes from its expression in the nasal cavity and along axons of the developing olfactory epithelium. HGF is expressed in an increasing gradient toward the border between the nose and telencephalon in the embryonic nasal mesenchyme (Thewke and Seeds, 1996). Moreover, the c-Met receptor, as well as tissue plasminogen activator (tPA), the catalytic activator of Pro-HGF (see below), are both highly expressed in GnRH neurons exclusively during the period in which these cells migrate from the olfactory epithelium into the forebrain (Thewke and Seeds, 1996; Giacobini et al., 2007).

Perhaps the most compelling evidence for a role of HGF signaling in axon guidance comes from developing MNs of spinal cord and brainstem. Within the limb buds, HGF expression has been localized to specific MN targets in the myotome, as well as branchial and pharyngeal arches (Ebens et al., 1996; Caton et al., 2000; Isabella et al., 2020). c-Met in turn is expressed by spinal MNs and cranial motor nerves (Ebens et al., 1996; Caton et al., 2000; Isabella et al., 2020).



Insulin-Like Growth Factor (IGF)

The insulin-like growth factor family is made up of two ligands (IGF-1 and IGF-2) and two cell surface receptors (IGF1R and IGF2R), although no intrinsic tyrosine kinase or other enzymatic activity has been reported for IGF2R (O’Kusky and Ye, 2012). In addition, IGF1R functions as a co-receptor for the insulin receptor (InR) (Moxham et al., 1989).

Insulin-like growth factor signaling appears to be evolutionarily conserved from C. elegans to Drosophila to rodents (Garcia-Segura et al., 1991; Kenyon et al., 1993; Nassel and Vanden Broeck, 2016) with a significant regulatory role for body and brain size, feeding behavior, metabolism, fecundity, and lifespan (Wrigley et al., 2017). Loss of IGF-1 results in a robust reduction in white matter and oligodendrocytes throughout the brain and spinal cord (Beck et al., 1995). Overall, IGF-1 expression appears to decline with age, showing much less expression in the adult rat brain compared to early neonatal animals, which show robust immunoreactivity by embryonic neurons, trigeminal ganglia, and astrocytes (Garcia-Segura et al., 1991). In contrast, IGF1R expression in the brain remains relatively high throughout adulthood, particularly in the neurogenic regions of the adult brain, hippocampus, SVZ, and olfactory bulbs (Nieto-Estevez et al., 2016).

Examining more specific neural networks and brain regions, IGF-1 is expressed by gonadotropin releasing hormone (GnRH) neurons in salmon and zebrafish, suggesting a role for IGF signaling in reproductive signaling axis development (Ando et al., 2006; Onuma et al., 2011). Consistent with regulation of neuronal migration, IGF1R is expressed specifically at the tips of growing GnRH neurons of the arcuate nucleus in the hypothalamus (Decourtye et al., 2017). Sustained expression of both receptor and ligand has also been observed in the hippocampus and appears to play a role in learning and synaptic reorganization (Trejo et al., 2007). In the chick, IGF-1 may regulate the migration of neural crest cells as IGF-1 is expressed in the apical ectodermal ridge of the wing bud (Schofer et al., 2001), while expression of IGF-1 in the olfactory bulbs indicates a role in the rostral migration streams (Hurtado-Chong et al., 2009). IGF-1 is also expressed in young (P10) cerebellum of mice where it is regulated by circadian cycles with increased levels detected during light periods (Li Y. et al., 2012).

In the developing E16.5 mouse retina, IGF-1 is expressed in specific RGCs that will project to the contralateral LGN, while high affinity IGF binding protein-5 (IGFBP-5) mRNA is detected in RGCs that project ipsilaterally (Wang et al., 2016). While the authors did not explore the downstream targeting, the timing of this differential gene expression during decussation suggests some role in guidance to the correct LGN targets.



Vascular Endothelial Growth Factor (VEGF)

Vascular endothelial growth factor (VEGF) was first isolated from solid tumors and was named tumor-angiogenesis factor (Folkman et al., 1971). It has now become clear that VEGF is involved in blood vessel development during all stages of life (Apte et al., 2019) and that loss of a single copy of VEGF leads to embryonic lethality in rodents (Ferrara et al., 1996). While vascularization has been the primary focus around much VEGF research, it is clear VEGF has broader functions in development. For example, evolutionary analysis has identified highly homologous VEGF ligands and receptors in invertebrates which have no vasculature. Here other roles have been shown, such as regulation of non-endothelial cell migration, neuritogenesis, and the development of branching organs like the trachea (Kipryushina et al., 2015).

It is now understood that VEGF contains five family members (A-E) (Apte et al., 2019), with the most extensively studied and relevant for this review being VEGF-A, which we will continue to refer to here simply as VEGF. Alternate splicing of VEGF leads to multiple isoforms in humans consisting of 121, 165, or 189 amino acids, along with less common isoforms 145 and 183 (Apte et al., 2019). The ability of these different isoforms to bind heparin through heparin-binding domains with distinct affinities is a key feature distinguishing isoform, with VEGF121 being the most diffusible, and VEGF189 most highly bound to the ECM (Apte et al., 2019). All isoforms of VEGF bind to the receptors VEGFR-1 (Flt1) and VEGFR-2 (Flk1/FDR). The two common longer isoforms of VEGF also have a high affinity for neuropilin 1 (Nrp1) (Tillo et al., 2015).

Due to its essential role in vascular development throughout the animal, VEGF and its RTKs are expressed in a spatio-temporal manner consistent with organizing proper ingression of vessels (Eichmann and Thomas, 2013). VEGF is synthesized and released in many locations, including the ventricular neuroectoderm and the midline of the developing neural tube (James et al., 2009). More compelling for potential axon guidance is the expression of VEGF in the floorplate, ventral midline, and motor columns of the developing spinal cord while its receptor, Flk1, is expressed by commissural interneurons prior to crossing (Ruiz de Almodovar et al., 2011).

In the mouse cerebellum, matrix-binding VEGF164 is expressed in the cell bodies and on the dendrites of Purkinje neurons while the granule cells that will eventually synapse onto these dendrites express Flk1 receptors (Ruiz de Almodovar et al., 2010). Similarly, migrating GnRH neurons born in the olfactory epithelium also express VEGF receptors Nrp1 and Flk1 (Cariboni et al., 2011). Developing pyramidal neurons of the hippocampus, but not interneurons in CA3, also express VEGF receptor Flk1, while VEGF is expressed by several cell types including pyramidal neurons and GFAP positive astrocytes (Harde et al., 2019; Luck et al., 2019). VEGF is also expressed in the portions of the diencephalon that will become the primary substrate for optic chiasm development, while VEGF receptor Nrp1 is highly expressed in the RGCs that cross the midline (Erskine et al., 2011).



Ligand Secretion or Proteolytic Release of Growth Factors

Most growth factors are synthesized as premature, inactive pre-pro-proteins which must be processed into their biologically active forms by cleaving the signal peptide and pro-domain either in the secretory pathway or extracellularly. Pro-domains are thought to assist in folding and stabilization of the mature domain, and to direct intra- and extracellular localization, storage, and bioavailability. This added layer of regulation combined with local expression patterns provides a powerful means to control ligand availability and local concentration, especially as some released active ectodomains are diffusible while others become tethered to cell membranes or the ECM, such as to heparin sulfate proteoglycans.

For those growth factors secreted as pro-forms and activated extracellularly, there are several classes of proteolytic enzymes known to regulate ligand availability in this way. For example, β-Secretase (β-site amyloid pre-cursor protein cleaving enzyme 1, BACE1), plasminogen activators, zinc-dependent matrix metalloproteases (MMPs), and a disintegrin and metalloprotease domain-containing enzyme (ADAMs, aka α-secretase) family members are responsible for the partial proteolysis and activation of several growth factors (Page-McCaw et al., 2007; De Strooper et al., 2010).

One of the most well-studied and best examples of growth factors that are proteolytically activated extracellularly are the EGF and Nrg family of ligands. All EGF/Nrg isoforms are synthesized as single- or dual-pass transmembrane proteins and require proteolytic cleavage to either release soluble, receptor-binding ectodomains or act through juxtacrine signaling (Sahin et al., 2004; Czarnek and Bereta, 2020). Interestingly, specific stimuli such as NMDA receptor signaling or PKC activation are known to signal through particular ADAM metalloproteases to activate EGF ligands (Dang et al., 2011; Vullhorst et al., 2017). Complicating signaling further are findings that reverse signaling from ErbB receptors to Nrg-1 ligands can activate gamma secretase-dependent proteolytic release and nuclear translocation of the intracellular domain of type III Nrg1 (Bao et al., 2004). The intracellular domain of Nrg1 is involved in the patterning of cortical dendrites (Chen et al., 2010), as well as guidance of DRG axons centrally and into the periphery (Hancock et al., 2011). Interestingly, the intracellular domain of Nrg1 may signal locally within growth cones to regulate the surface expression of Nrp1 to control the sensitivity of growth cones to Semaphorin3A (Sema3A) (Hancock et al., 2011).

ECM proteins, such as proteoglycans, often have a high affinity for secreted growth factors and provide another means for regulating growth factor signaling through local immobilization. For example, many growth factors bind heparin sulfate proteoglycans, including FGFs, HGF, and IGF (Billings and Pacifici, 2015; Zhang et al., 2019). IGF is similarly localized by seven high-affinity IGF-binding proteins (along with several other low-affinity IGFBPs), which require proteolytic cleavage to release IGF to bind to its receptor for local signaling (Allard and Duan, 2018). Pregnancy-associated plasma protein-aa (pappaa), is one such metalloprotease known to cleave IGF-binding proteins to release IGF-1 (Oxvig, 2015). Mutations in pappaa and disruptions in proteolytic cleavage of IGF binding proteins have been shown to impact development of the retina (Miller et al., 2018), as well as the acoustic startle habituation learning in larval zebrafish (Wolman et al., 2015).




GROWTH FACTORS MODULATE AXON OUTGROWTH AND GUIDANCE IN VITRO


Ciliary Neurotrophic Factor

A number of studies show that CNTF promotes neuronal survival, axon formation and arborization, as well as neurite regeneration for several classes of neurons across different species in vitro. Early studies showed that CNTF promoted neurite outgrowth of acoustic and spiral ganglion neurons in a dose-dependent manner, which was further enhanced by BDNF (Hartnick et al., 1996; Schwieger et al., 2015). Interestingly, the outgrowth promoting effects of CNTF, both with and without BDNF, were abolished at higher CNTF concentrations (Hartnick et al., 1996), but the mechanisms for this effect were not explored. CNTF also promotes axon extension by chick spinal MNs and interneurons, but unlike acoustic ganglion neurons, the dose-dependent effect of CNTF plateaus at higher concentrations (Oyesiku and Wigston, 1996). More recent work within organotypic hypothalamic slice culture showed that CNTF stimulated the arborization of oxytocin containing neurons, but these effects may be indirect through CNTF activation of astrocytes (Askvig and Watt, 2015). The growth-promoting effects of CNTF extend phylogenetically back to invertebrates, such as interneurons from the mollusk Lymnaea. Compared to NGF treatment, which induced both outgrowth and synapse formation by Lymnaea interneurons, CNTF only supported neurite extension (Syed et al., 1996). These data suggest that CNTF regulates neuritogenesis and regeneration, but not later phases of neural development, such as synaptogenesis. Moreover, we can find no evidence that CNTF is able to guide neurons using assays performed in vitro, such as gradient turning assays. Since CNTF and its receptors are expressed in patterns that suggest it may function in axon guidance, future experiments should address this possibility in vitro.



EGF and Neuregulins

Epidermal growth factor is the most well-studied growth factor discussed in this review (Dolgin, 2017), as it influences many cellular functions, including cell motility and cancer metastasis (Lindsey and Langhans, 2015; Vullhorst et al., 2017). Although fewer studies have examined effects on developing neurons, it is clear that EGF, and structurally similar Neuregulins 1–4, can directly and indirectly influence neurite extension. Early studies showed that chronic EGF treatment promotes neurite extension from several classes of primary neurons (Morrison et al., 1987; Rosenberg and Noble, 1989; Kornblum et al., 1990). Subsequent studies identified some underlying mechanisms of chronic EGF-induced neurite extension in mouse cortical neurons, as well as rat DRG neurons (Tsai et al., 2010). Nrg treatment supports neuronal survival and neurite outgrowth by spinal MNs, DRGs, RGCs, hippocampal and cortical neurons as well (Bermingham-McDonogh et al., 1996; Gerecke et al., 2004; Nakano et al., 2016; Modol-Caballero et al., 2017; Rahman-Enyart et al., 2020). Nrgs have also been shown to enhance dendrites and dendritic spine formation by cortical neurons (Cahill et al., 2013; Paramo et al., 2018). However, most studies performed to date have only tested long-term effects of EGF and Nrgs, which signal through transcription-dependent pathways that regulate neuronal differentiation and survival. It will be interesting and important to determine whether EGF and Nrgs also have rapid and local effects on growth cone motility, as this is undoubtedly the case for many motile non-neuronal cells (Keller et al., 2017).



Fibroblast Growth Factor

FGF2 has concentration, context, and neuronal class-dependent effects on axon extension, branching, and guidance. For example, a pioneering study demonstrated that FGF2 (aka bFGF) enhanced neurite outgrowth of rat hippocampal neurons when bound to a heparin substratum, but in solution had no effect on axon extension of neurons growing upon laminin (Walicke et al., 1986). On the other hand, chronic FGF2 treatment promotes neurite extension by Xenopus RGCs growing on poly-ornithine/laminin (McFarlane et al., 1995), which may be due to differences in species, neuronal class, or culture conditions. While chronic stimulation with FGF2 could work through transcriptional changes, acute treatment with soluble FGF2 also promoted rapid, FGF receptor-dependent acceleration of RGC axon extension (McFarlane et al., 1996), suggesting local effects on growth cone motility. Oddly, while global treatment with FGF2 stimulates RGC extension, local application to RGC growth cones repels axon outgrowth (Webber et al., 2003). However, FGF produced by the dermomyotome selectively attracts axons of medial-class spinal MNs in vitro (Shirasaki et al., 2006). In this study, several different FGF family members were found to promote MN axon extension (FGF2, FGF4, FGF8, FGF9). In contrast to these findings, other groups found that FGF2 either had no effect on axon extension or even slowed terminal extension but promoted robust axonal branching (Aoyagi et al., 1994; Szebenyi et al., 2001). In cortical pyramidal neurons, acute FGF2 treatment or local application of FGF2 coated beads induced rapid sprouting of new filopodia and axonal branching (Szebenyi et al., 2001). It is interesting to note that FGF receptors can also be activated directly by cell adhesion molecules (CAMs) such as L1, NCAM, and cadherins to promote axon outgrowth and neurons extending upon cells expressing these CAMs are acutely inhibited by soluble FGF2 (Williams et al., 1994; Boscher and Mege, 2008). The complex effects of FGF2 on neurons in vitro make it clear that FGF2 likely has diverse and context-dependent influences on developing neurons in vivo and may serve as a bi-functional axon guidance factor in a manner similar to many classic axon guidance cues.



Glial Cell Line-Derived Neurotrophic Factor

Glial cell line-derived neurotrophic factor has been the focus of intense research in recent years, as this neurotrophic factor has clear roles in axon guidance of multiple classes of neurons. Pioneering work identified GDNF as a trophic factor for midbrain dopaminergic neurons and showed that it enhanced process extension in vitro (Lin et al., 1993). Subsequently, GDNF was shown to specifically promote neurite elongation in dissociated myenteric plexus neurons in a dose dependent manner, while having no effect on glial or non-neuronal cell morphology (Schafer and Mestres, 1999). Chemotropic activity of GDNF was later identified toward several classes of neurons (Paratcha et al., 2006; Paratcha and Ledda, 2008; Schuster et al., 2010; Miwa et al., 2013). However, perhaps the most well characterized role of GDNF as a chemoattractant in vitro comes from mouse LMC MNs. Analysis in vitro shows that GDNF stimulates axon extension from both medial and lateral LMC MNs, but only serves as an attractant to lateral LMC MNs when tested in a Dunn chamber (Dudanova et al., 2010). In an attempt to model conditions in vivo, counter gradients of EphrinA5 (repulsive force) and GDNF (attractive force) produced more robust turning responses than individual cues, suggesting MN growth cones integrate these signals. This study found that GDNF also reduced the inhibitory effects of EphrinAs, and this effect depended on functional Ret receptors. Adding to the diverse functions of Ret receptors in MN axon guidance, EphrinA receptors on lateral LMC MNs function in reverse signaling with Ret receptors to promote growth toward EphA ligands in the dorsal limb (Bonanomi et al., 2012). Therefore, the Ret RTK acts as a multi-functional coreceptor with EphrinA and GFRα1 to promote outgrowth downstream of EphrinA and GDNF, respectively. Alternatively, GDNF can signal through NCAM/GFRα1 receptor complexes (Paratcha et al., 2006; Paratcha and Ledda, 2008), which are involved in midline crossing by commissural interneurons (CIs) in the spinal cord (Charoy et al., 2012). Here, GDNF at the midline activates repulsion from Sema3B through NCAM/GFRα1 receptors (Charoy et al., 2012). The NCAM/GFRα1 receptor complex is necessary for proper hippocampal dendritic outgrowth, branching and spine development downstream of GDNF as well (Irala et al., 2016).



Hepatocyte Growth Factor

Hepatocyte growth factor is secreted from limb mesenchyme and was first identified as a neurotrophic growth factor toward rat spinal MN axons (Ebens et al., 1996). Interestingly, the neurotrophic activity on MNs appeared to be specific to HGF, as several different growth factors tested were not able to promote MN axon outgrowth into collagen gel, including GDNF, FGF2, EGF, and CNTF. However, these results may be highly context dependent, as we now know that GDNF strongly promotes axon extension by lateral LMC MNs (described above). Subsequently, these findings were confirmed using cranial MNs, which were found to be strongly attracted toward branchial arch mesenchyme and HGF beads in collagen gel assays (Caton et al., 2000). In addition to its effects on axon outgrowth, exogenous application of HGF has been shown to promote dendrite extension and branching by layer 2 pyramidal neurons in culture (Gutierrez et al., 2004). Further, treatment of pyramidal neurons with function-blocking antibodies to HGF suggests that HGF released from neurons has paracrine effects on dendritogenesis (Gutierrez et al., 2004).



Insulin-Like Growth Factor

Insulin-like growth factor has numerous roles during development, including regulating cell proliferation and survival, so loss of function mutations in either Igf1, Igf2, or Igf1r results in severe growth deficiencies (DeChiara et al., 1990; Liu et al., 1993). Similarly, IGF regulates neuronal proliferation and survival, but also has important roles in axon outgrowth and guidance. An early study showed that Insulin and IGF (with greater potency) promoted axon extension by chick sympathetic and sensory neurons (Recio-Pinto et al., 1986). Subsequent studies found that IGF-1 enhanced migration and branching of postnatal DRG neurons (Jones et al., 2003), as well as axon extension of embryonic DRG neurons (Sanford et al., 2008; Xiang et al., 2011). More recently, IGF was shown to play a specialized role in corticospinal motor neuron (CSMN) outgrowth in vitro (Ozdinler and Macklis, 2006). IGF-1 specifically stimulates axon extension by CSMNs without affecting secondary branching. The effect of IGF-1 sharply contrasted with BDNF, which robustly enhanced CSMN branching, but had no effect on axon length (Ozdinler and Macklis, 2006). Similar effects of IGF-1 were observed with vestibulospinal and spinal projection neurons from the raphe nucleus (Salie and Steeves, 2005). IGF-1 appears to act by stimulating growth cone motility, as local contact with IGF-1 coated beads results in rapid acceleration of CSMN axon outgrowth (Ozdinler and Macklis, 2006), suggesting IGF-1 is not functioning only as a survival factor. Moreover, a soluble gradient of IGF-1 serves as a chemoattractant for both olfactory sensory and cerebellar granule neuron growth cones (Scolnick et al., 2008), but not rat DRG neurons (Sanford et al., 2008). It is not clear why IGF-1 stimulates outgrowth, but not chemotropism of DRG axons. Mouse cortical neurons also exhibit chemotropic turning toward graded IGF-1 (and BDNF) within 3D collagen and matrigel, which appears to depend on matrix rigidity (Srinivasan et al., 2014). However, this study altered matrix rigidity by increasing collagen ligand concentration, which has confounding effects on ligand density (Nichol et al., 2019).



Vascular Endothelial Growth Factor

It is clear from a number of in vitro studies over the last 10 years that VEGF can have rapid and diverse effects on the cytoskeleton to influence neuronal morphogenesis. Pioneering work showed that VEGF had dose-dependent neurotrophic effects on mouse superior cervical ganglion and DRG neurons (Sondell et al., 1999). More recently it was demonstrated using a Dunn chamber that mouse CI growth cones exposed to graded VEGF exhibit significant chemoattractive turning toward VEGF (Ruiz de Almodovar et al., 2011). Chemoattraction toward VEGF required VEGFR2 (Flk1), as receptor neutralizing anti-Flk1 antibodies abolished all growth cone turning (Ruiz de Almodovar et al., 2011). On the other hand, chronic treatment of young hippocampal neurons at 1 DIV with VEGF increased axon branch number and length, without affecting primary neurite lengths. Further, using live F-actin imaging of hippocampal pyramidal neurons, the authors found that acute VEGF treatment rapidly increased axon branch formation from existing F-actin patches (Luck et al., 2019). In cooperative work performed in hippocampal slice cultures, dendrite length, branching, and spine density of CA3 pyramidal neurons were reduced in VEGFR2 receptor KO neurons (Harde et al., 2019). Consistent with this, acute treatment of hippocampal neurons at 14 DIV with VEGF promotes rapid spine formation, which depended on VEGFR2 endocytosis (Harde et al., 2019). While VEGF does not appear to affect axon outgrowth by hippocampal neurons, it does promote axon outgrowth and increase growth cone size of DRG neurons, which requires both VEGFR2 and Nrp1 (Olbrich et al., 2013; Schlau et al., 2018). Interestingly, Sema3E stimulates axon extension by subiculum neurons through VEGFR2-Nrp1 co-receptors (Bellon et al., 2010), but is unable to promote chemotropic guidance toward Sema3E by CIs, which also express these receptors (Ruiz de Almodovar et al., 2011).




GROWTH FACTOR RECEPTORS RECRUIT COMMON SIGNALING PATHWAYS


Ciliary Neurotrophic Factor

Ciliary neurotrophic factor binds the CNTFRα subunit, leading to recruitment of other receptor subunits and activation of cytosolic tyrosine kinases (Jak/Tyk) (Stahl and Yancopoulos, 1994) and downstream transcriptional changes through phosphorylation of signal transducer and activator of transcription-3 (STAT3) (Selvaraj et al., 2012). These signals converge on pathways that regulate gene expression involved in neuronal survival and proliferation. Interestingly, STAT3 was recently shown to support neurite outgrowth of MNs by stabilizing the microtubule cytoskeleton through inhibition of stathmin, a microtubule destabilizing factor (Selvaraj et al., 2012). While these findings were demonstrated in progressive motor neuronopathy mutant MNs, similar activities may occur in normal developing neurons. In developing sensory neurons, CNTF acts through the non-canonical nuclear factor-κB (NF-κB) transcriptional system to promote neurite outgrowth as inhibition of NF-κB effectively abolished any increased process elongation due to CTNF stimulation (Gallagher et al., 2007).



EGF and Neuregulins

While it is clear that EGF and Nrgs activate EGFR and ErbB receptors, other ligands signal through these receptors and EGF may modulate receptor activities in some conditions, complicating signaling and outcomes on cell motility. For example, a naturally occurring c-terminal fragment of the ECM protein versican promotes axon outgrowth through EGFR (Xiang et al., 2006). Moreover, similar to work described above regarding CAM-binding FGF receptors, EGF receptors bind CAMs such as L1 and NCAM in developing Drosophila (Islam et al., 2004). In a related study, neurite outgrowth by cerebellar granule neurons (CGNs) through homophilic NCAM interactions depends on inhibition of EGFR signaling (Povlsen et al., 2008), suggesting active EGFR inhibits axon outgrowth in this context. Similarly, the inhibitory effects of myelin inhibitors and chondroitin sulfate proteoglycans on axon regeneration by CGNs and DRG neurons can be blocked by preventing activation of EGFR (Koprivica et al., 2005). Therefore, the effects of EGFR activation appear to be highly context-dependent, with opposite effects on neurite extension observed under different conditions.

Importantly, little is known about the rapid and local effects that EGF or Nrgs may have on growth cone motility, axon guidance, or local branching. As it is well understood that EGF directly regulates the cytoskeleton to modulate motility of many non-neuronal cell types (Chang et al., 1995; Hazan and Norton, 1998), it is expected that EGF may regulate neurite extension by similar mechanisms. In non-neuronal cells, phospholipase C (PLC) is required for rapid EGF-induced local cofilin activation and barbed end actin formation, which are essential for initiation of nascent cell protrusions and turning toward a gradient of EGF (Mouneimne et al., 2004). EGF-dependent chemotaxis also requires global inactivation of cofilin by LIMK phosphorylation, which is believed to amplify local cofilin function and asymmetric actin polymerization (Mouneimne et al., 2006). As local actin polymerization is often the driving force behind growth cone turning (Gomez and Letourneau, 2014), it is likely that EGF influences signaling in neurons in a similar way. The Condeelis lab showed that EGF also generates a second peak of barbed actin through phosphoinositide-3 kinase (PI3K) activation to further promote actin polymerization at the leading edge of lamellipodia. Importantly, PI3K activation through EGF has been implicated in invadopodia formation, which are actin-rich basal protrusions that are associated with remodeling of the ECM and cancer metastasis (Eddy et al., 2017). Further investigation of EGF-dependent signaling in invadopodia formation shows that Src family kinases and downstream Abl-related non-RTK are required for EGF-induced cortactin phosphorylation, suggesting that an EGFR-Src-Arg-cortactin pathway mediates invadopodia formation and subsequent cell invasion (Mader et al., 2011). Therefore, EGF may play an essential role in invadopodia formation in developing neurons as well, as it has been shown that growth cones from different neuronal types and species generate protrusions structurally and functionally similar to invadopodia (Santiago-Medina et al., 2015; Wrighton, 2019). It is believed that growth cones use invadopodia to locally remodel the ECM to cross tissue barriers, such as MN exiting from, and DRG entry into the spinal cord from the periphery (Santiago-Medina et al., 2015; Nichols and Smith, 2019). Considering the extensive evidence for EGF as a determinant of cell motility and invasion, as well as its early expression in the developing nervous system, this growth factor likely has key roles in axon pathfinding.



Fibroblast Growth Factor

Similar to other RTKs, binding FGF ligands lead to receptor dimerization and autophosphorylation of receptor kinase domains. Following recruitment of various adaptor proteins, several downstream signals that promote neurite outgrowth are activated in neurons, most prominently the Ras/extracellular signal-regulated kinase (ERK) and phosphatidylinositol-3 kinase (PI3K)/AKT pathways (Zhou and Snider, 2006). Importantly, upon ligand binding, receptor internalization is necessary for ERK1/2 activation (MacInnis and Campenot, 2002), signal termination by transport into late endosomes/multi-vesicular bodies, and eventual degradation in lysosomes (Platta and Stenmark, 2011). In addition to signaling in the cytosol, FGFRs translocate into the nucleus to regulate gene expression. To elucidate pathways that contribute to the regulation of axon outgrowth, optogenetics was used to control FGFR1 receptor activation on membranes, in the cytosol, and in the nucleus of PC12 cells (Csanaky et al., 2019). Here it was shown that light activation of only membrane bound FGFR1 resulted in ERK phosphorylation and increased neurite outgrowth. In contrast, neither activation of cytosolic nor nuclear FGFR1 in PC12 cells resulted in ERK activation or neurite outgrowth. Since the duration of receptor activation can have dramatic effects on functional outcomes, it is important to better understand mechanisms that regulate trafficking of FGFRs between distinct cellular locations.



Glial Cell Line-Derived Neurotrophic Factor

Signaling downstream of GDNF is complex and poorly understood in growth cones, especially considering all the possible co-receptor combinations that have been identified. As GDNF signals that regulate transcription to influence cell survival have previously been described (Peterziel et al., 2002), here we focus on local signaling effects on growth cone motility. Canonical signaling involves GDNF binding to high affinity GFRα receptors and signal transduction through Ret RTKs. As GDNF can cause fast growth cone turning responses (Dudanova et al., 2010), this growth factor likely activates local signaling that modulates the cytoskeleton in a manner similar to non-neuronal cells (Mulligan, 2018). Similar to other RTKs upon binding the GDNF-GFRα complex, Ret dimerizes and auto-phosphorylates multiple tyrosine residues, which recruit adaptor and signaling protein complexes (Mulligan, 2018). Ret receptors sustain local signaling by recruitment into lipid rafts containing caveolins, while non-compartmentalized Ret receptors are rapidly ubiquitinated by CBL family ligases and degraded (Pierchala et al., 2006). Adaptor proteins activate downstream signals involved in cytoskeletal dynamics, such as RAS-MAPK and PI3K-Akt signaling pathways. Coimmunoprecipitation experiments show that in response to GDNF treatment, Ret within lipid rafts interacts with actin filaments. Latrunculin B and jasplakinolide were used to disrupt or enhance actin polymerization, leading to impaired or enhanced translocation of Ret into lipid rafts, respectively, suggesting that F-actin is necessary for GDNF-induced cell signaling in mesencephalic dopaminergic cell lines (Li L. et al., 2017). Ret receptors within membrane microdomains also specifically interact with p60Src to promote neurite outgrowth and survival in cerebral granule cells. These effects depended on PI3K signaling, as treatment with LY294002, a PI3K inhibitor, prevented p60Src activation (Encinas et al., 2001). As discussed above, GDNF signals through NCAM/GFRα1 receptor complexes in CIs to modulate responses to Sema3B at the midline. Here GDNF treatment blocks Calpain-dependent cleavage of Plexin-A1 receptors, sensitizing post-crossing CIs to Sema3A (Charoy et al., 2012). However, much remains unknown about how GDNF induces rapid and local changes in growth cone motility and given the diverse population of neurons that express varied receptor complexes, focused research will be necessary to uncover how GDNF ligands precisely regulate axon guidance.



Hepatocyte Growth Factor

Several studies have investigated the cooperative actions of HGF with other growth factors. While HGF has no outgrowth promoting activity on DRG neurons alone, it does enhance the neurotrophic effects of NGF in a dose-dependent manner on mouse DRG explant axon outgrowth (Maina et al., 1997). Similar cooperativity of HGF with NGF was also demonstrated with sympathetic neuron axon outgrowth and branching, where alone HGF has no effect, but when applied with NGF, it robustly enhances axon extension (Maina et al., 1998). However, in another study, it is curious to note that HGF applied as a gradient to DRG growth cones both stimulated the rate of axon extension and chemoattraction toward HGF (Sanford et al., 2008). In contrast to the cooperative effects described earlier, co-addition of NGF in the bath solution reversed the positive effects of HGF on DRG axon extension and blocked chemoattraction toward HGF (Sanford et al., 2008). The conditions used in these studies on DRG axon outgrowth, which may explain the observed discrepancies, are that the later study used acute and local stimulation with HGF, whereas other studies only tested the effects of chronic bath applied growth factors. In the future it will be important to test the signals activated by HGF in growth cones, as extensive evidence suggests that signals that regulate the cytoskeleton are activated downstream of c-MET receptors (Xiang et al., 2017). In any case, these studies effectively reveal the complexity of HGF driven axon guidance and the significant cross talk between RTK signaling mechanisms where tight regulation of cue exposure is likely required for proper neural connectivity.



Insulin-Like Growth Factor

Neuronal growth cones express IGF RTKs on their surface (Quiroga et al., 1995; Ozdinler and Macklis, 2006), which are activated on axons of polarized hippocampal neurons in response to IGF-1 (Sosa et al., 2006). Further, IGF signaling is likely specifically enhanced in hippocampal axons by targeted insertion of new IGFRs and plasma membrane expansion through exocyst complex-mediated membrane fusion (Sosa et al., 2006). Delivery of non-synaptic vesicles containing IGFRs requires functional kinesin 2 and SNARE proteins (Morfini et al., 1997; Grassi et al., 2015). Similar to other GF receptors, PI3K/Akt and ERK/MAPK pathways function downstream of IGFR activation (Ozdinler and Macklis, 2006; Scolnick et al., 2008). In addition, IGF-1 treatment of human neuroblastoma cells results in rapid phosphorylation of IGF1R, followed by tyrosine phosphorylation of paxillin and focal adhesion kinase (FAK) coincident with lamellipodial advance (Leventhal and Feldman, 1996). Rapid phosphorylation of adhesion molecules downstream of growth factors and axon guidance cues have similarly been described in primary neurons (Robles and Gomez, 2006; Woo et al., 2009).



Vascular Endothelial Growth Factor

Vascular endothelial growth factor activates several of the same signaling pathways as the growth factors discussed above that link to the cytoskeleton. For example, VEGF activates Src family kinases (SFKs) in CI growth cones as the Src inhibitor PP2 blocks VEGF-dependent chemoattraction (Ruiz de Almodovar et al., 2011). Similarly, VEGF activates SFKs in hippocampal axon growth cones and SFK activity is required downstream of VEGF for axon branch dynamics (Luck et al., 2019). In hippocampal dendrite branching, VEGFR2 endocytosis is necessary to activate both SFKs and Akt (Harde et al., 2019). It is interesting to note that VEGF-induced VEGFR2 internalization and spine maturation requires EphrinB2 receptors as VEGFR2/EphrinB2 compound heterozygous hippocampal neurons have reduced dendrite branching and spine size (Harde et al., 2019). VEGF treatment also triggers rapid redistribution and colocalization of cofilin and Arp2/3 complex to the actin cytoskeleton in chick DRG neuron growth cones. VEGF activation of cofilin and Arp2/3 promotes growth cone motility by these neurons (Schlau et al., 2018). VEGF-dependent Src activity not only appears to influence the cytoskeleton but regulates calcium influx through NMDA receptors. In cerebellar granule cells, VEGF promotes Flk1 clustering with NR2B subunits, Src-dependent tyrosine phosphorylation of NR2B and increased channel conductance (Meissirel et al., 2011). Together, extensive evidence demonstrates that VEGF acts on signaling pathways that modulate growth cone turning and neuronal morphogenesis, suggesting that VEGF functions as an essential axon guidance molecule for the developing nervous system.




CONCLUSION

Extensive in vivo and in vitro evidence suggests that growth factors contribute to neural network assembly by regulating neuronal morphogenesis during development. First, growth factor receptors and ligands are properly distributed in embryonic neurons and target tissues across the CNS and PNS, supporting roles at intermediate choice points and final target destinations. Second, many knock-out studies performed in vivo strongly indicate roles for growth factors in network assembly (Kramer et al., 2006; Lopez-Bendito et al., 2006; Shirasaki et al., 2006; Chen et al., 2010; Erskine et al., 2011; Hancock et al., 2011; Wu et al., 2012). Finally, many studies performed in vitro show that growth factors can directly influence growth cone motility. In vitro studies have allowed further assessment of molecular mechanisms governing growth factor responses in simplified conditions. Defined conditions in culture will also enable us to better understand how classic axon guidance cues and common growth factors may interact with and modulate one another. This important problem is yet inaccessible in vivo, and we know that growth cones express multiple receptors and function as complex signal integrators (Dudanova and Klein, 2013). Crosstalk between growth factors and guidance cues likely occurs between most of the molecules discussed here, but further investigation is necessary to fully understand the modulatory roles of growth factors in axon guidance.

Mechanisms identified in vitro should ultimately be validated in vivo, as responses observed in vitro may not always match observations in vivo. Difference in vitro likely depends on how cues are presented to neurons in simplified culture conditions, compared to highly complex, multi-ligand, and mechanically variable conditions in vivo. However, these complexities in vivo should not discourage experiments designed to identify mechanisms in living organisms, as it is of paramount importance to understand how growth factors function in vivo. In addition, it is also important to examine sensitivities to growth factors and mechanisms of action in human neurons. Working with different classes of human neurons and non-neuronal cells has become possible with advances in stem cell differentiation techniques. One advantage here is that neurons carrying specific disease-causing mutations can be tested. Moreover, while working with human neurons in vivo is possible using xenografts (Linaro et al., 2019; Palma-Tortosa et al., 2020), recent advances in generating complex three-dimension human tissues and neural organoids from stem cells will make understanding mechanisms in more realistic in vivo-like conditions more feasible (Pasca, 2019). Using a combination of experimental model systems both in vivo and in vitro will allow us to one day clearly understand the detailed roles of each growth factor in neural network assembly.
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