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A B S T R A C T

During neural development, growing neuronal cells consistently sense and communicate with
their surroundings through the use of signaling molecules. In this process, spatiotemporally well-
coordinated intracellular signaling is a prerequisite for proper neuronal network formation. Thus,
intense interest has focused on investigating the signaling mechanisms in neuronal structure
formation that link the activation of receptors to the control of cell shape and motility. Recent
studies suggest that Phospholipase C gamma1 (PLCγ1), a signal transducer, plays key roles in
nervous system development by mediating specific ligand-receptor systems. In this overview of
the most recent advances in the field, we discuss the mechanisms by which extracellular stimuli
trigger PLCγ1 signaling and, the role PLCγ1 in nervous system development.

1. Introduction

During neurodevelopment, neuronal cells extend processes known as dendrites and axons from their cell body to form connections
in the nervous system. Most axons grow and connect to their respective synaptic target by following precise and genetically-pro-
grammed pathways. For this, axons possess at their tip a highly dynamic actin-supported structure known as a growth cone that
responds to the surrounding environment by rapidly changing directions in response to various extracellular stimuli. Thus, diverse
types of receptors are expressed on the growth cone and are activated through specific adhesive or soluble axon guidance cues
(Dudanova and Klein, 2013). The subsequent directionality of growth cones depends primarily on local intracellular calcium sig-
naling, which regulates actin filament dynamics to control axon pathfinding (Wen et al., 2004). Therefore, in the field of neuro-
developmental research, particular attention has been paid to actin-cytoskeleton rearrangement signaling associated with axon
pathfinding and synaptic plasticity.

PLCγ1 is a signal transducer that regulates the dynamics of the actin cytoskeleton through calcium signaling (Chen et al., 1994).
Activated PLCγ1 produces inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). In turn, these, two secondary messengers,
release calcium ions from intracellular calcium storage or promote DAG-mediated calcium influx of extracellular calcium ions (Suh
et al., 2008). Such regulation of the actin-cytoskeleton structure allows neuronal cells to undergo morphological changes such as an
extension of neuronal processes, cell migration, synapse formation, and axon pathfinding. To date, several in vitro studies have
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revealed cell motility-related functions of PLCγ1 such as neurite outgrowth, cell migration, and synaptic plasticity at the cellular level
(Kiryushko et al., 2006; Asokan et al., 2014; Sciarretta et al., 2010). However, in vivo studies have not revealed a clear physiological
role of PLCγ1. There is only one study that suggests the potential role of PLCγ1 in kidney development and neuronal cell migration.
The functional mutation of RET in tyrosine residue 1015, presumed to be the docking site between RET and PLCγ1, provides not only
a phenotype of abnormal kidney development but also a defect of GDNF-stimulated neuronal migration in the cortical plate which
similar to the RET deletion mutation (Lundgren et al., 2012). These previous studies suggest that potential role of PLCγ1 plays a
specific part in the nervous system.

2. Role of PLCγ1 in neuron actin-cytoskeleton structural organization

Over the past decades, in vitro studies have revealed that Receptor Tyrosine Kinases (RTKs)-mediated activation of PLCγ1 have a
pivotal role in establishing neuronal cell motility. Actin-cytoskeleton rearrangement by PLCγ1 through the modulation of calcium
signaling enables cells to respond to extracellular cues in a polarized manner, consistently with the roles of RTKs in neurons (Fig. 1).
Thus, converging evidence points to PLCγ1 as a key regulator in multiple neurogenic development phases (Gomez and Zheng, 2006;
Wen and Zheng, 2006; Zheng and Poo, 2007; Nelson, 2009). Then, what physiological role does PLCγ1 play, when, and where?
Already, it is well known that the spatiotemporal induction of RTKs and the orchestration of receptor-proximal signaling components
allow receptor-specific roles. However, the physiological significance of PLCγ1 in the brain has not been fully elucidated yet. Re-
cently, an interesting study related to the regulation of the neuronal processes suggests that PLCγ1 contributions to synaptic plasticity
by mediating the signal of brain-derived neurotrophic factor-tropomyosin receptor kinase B (BDNF-TrkB) (Yang et al., 2017).
Forebrain-specific knockout of PLCγ1 results in impaired localization and/or stabilization of postsynaptic CaMKII (Ca2+/calmodulin-
dependent protein kinase II) at inhibitory synapses, which is a prerequisite for appropriate development of GABAergic currents. The
mouse model displays diverse types of social behavior defect due to reduction of inhibitory transmission in hippocampal pyramidal
neurons and striatal dopamine receptor D1-expressing neurons.

Consistent with the roles of PLCγ1 in cell motility, emerging evidence points to PLCγ1 as a key regulator in multiple regions of the
nervous system (Kang et al., 2016). In the brain, PLCγ1 is widely distributed in the cerebral limbic system, including the cortex,
hippocampus, and midbrain, and is believed to function through specific receptor signaling mediators in each region (Jang et al.,
2018). Therefore, the discovery and functional analysis of the signal transduction pathways of other RTKs that transmit signals
through PLCγ1 could help in better understanding brain structure formation and further advance brain functional research.

3. DAG-dependent calcium signaling in cytoskeletal reorganization

Actin is highly enriched in neuronal processes, including growth cones and small protrusions on long dendrites called spines that
harbor most excitatory synapses. Actin filament polymerization induces protrusion of lamellipodia and filopodia, with actin linking
structure to the plasma membrane to form attachment points and build a physical support network within the cytoskeleton. This
network stabilizes protrusion and converts the physical force generated by actomyosin activity into a traction force so that the axons
extend towards their target following their pathway (Tsai et al., 2015). Here, neuronal processes following specific orientations are

Fig. 1. Extracellular cue-mediated stimulation of RTKs or GPCRs activates PLC-mediated PIP2 hydrolysis. DAG remains in the plasma
membrane, and directly activates TRPC channels, whereas IP3 diffuses across the cytoplasm to open IP3 receptors. PLC isozymes exert their
characteristic functions primarily through different tissue distribution and expression patterns. While the calcium signaling mediating function
played by the different receptors remains broadly identical, the underlying mechanism of action differs according to the type of receptor signal being
mediated.
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required for the neuronal network to form, and DAG, in particular, plays an important role in determining the orientation of cy-
toskeletal structure formation (Asokan et al., 2014). DAG is a kind of glyceride consisting of two fatty acid chains covalently bonded
to a glycerol molecule through ester linkages which contributes to the stimulation of TRPC channels through the activation of PKC
(Venkatachalam et al., 2003). Due to its hydrophobic properties, DAG remains within the plasma membrane rather than being
diffused into the cytoplasm. Here, it induces the activity of PKC or binds to the subfamily of transient receptor potential cation
channel 3/6/7 (TRPC3/6/7) thereby inducing extracellular calcium influx into the cytosolic compartment (Mederos et al., 2018).
Then, how does DAG induce the activation of the TRPCs? In 1999, Venkatachalam et al. (2003) suggested that members of the closely
related subgroup of TRPC3, TRPC6, and TRPC7 channels can each be activated in response to DAG through a mechanism independent
of PKC (Venkatachalam et al., 2003). To date, the DAG binding site has not been identified, however, and it remains unclear whether
DAG activates the channel directly or first interacts with additional proteins to cause channel activation. Recently, structural models
of TRPC3 have revealed two lipid-binding sites, one sandwiched between the pre-S1 elbow and S4–S5 linkages, and the other close to
the pore-forming domain with conserved “LWF” motifs in the TRPC family. Possibly, these lipid-binding sites may reflect DAG
binding sites (Svobodova and Groschner, 2016). It has recently been reported that the exchange of highly conserved amino acids
located near the pore-forming domain area affects DAG recognition of the TRPC3 channel. Thus, the second lipid-binding site actually
reflects the potential DAG-binding site.

Then, how does DAG-mediated calcium signaling contribute to the characteristic morphogenesis of neuronal processes? Transient
changes of intracellular calcium levels determine specific motility of neuronal processes by modulating actin-cytoskeleton dynamics.
Kalil and colleague (2011) showed that the frequency of transient calcium changes regulates the neuronal axon outgrowth and
branches differently. The higher the frequency of transient calcium changes, the faster the outgrowth of the axon, with lower
frequency suppressing axon outgrowth. Exposure of growth cones to a guidance cue gradient by using nano pipetting induces a
corresponding gradient of elevated Ca2+ level. Here, inhibition of Ca2+ influx through TRPCs not only restricted axon outgrowth but
also completely disrupted the growth direction of the axon; however, blocking Ca2+ release from intracellular calcium stores did not
affect axon guidance. These studies have shown that asymmetric Ca2+ gradients on the tip of axon growth cones are critical for axon
guidance along with partial structural changes of the actin cytoskeleton (Kalil et al., 2011). Kinetic control of actin subunit poly-
merization influences not only calcium concentration but also oscillation of calcium level. Deymier et al. (2010) have reported that
intracellular calcium level oscillations were closely related to cellular architectural information (Deymier et al., 2010). This study
suggests that actin-cytoskeleton dynamics rely on intracellular calcium frequency. In neuronal cell, the axonal growth cone is a highly
dynamic structure that responds to the surrounding environment by rapidly changing and diverging directions in response to various
extracellular stimuli. For that reason, studies on the transient calcium-mediated actin-cytoskeleton dynamics have been extensively
studied in recent years.

Basically, PLC isoforms are functionally identical in that they generate DAG through PIP2 hydrolysis, but interestingly, Gαq/11-
coupled PLC (beta isoforms) and RTK-coupled PLC (gamma isoforms) show different calcium oscillation patterns (Lichte et al., 2008;
Marqueze-Pouey et al., 2014). GPCR-mediated calcium flux shows a high concentration of calcium ions in the cytoplasm and drops to
basal level within 120 s. In contrast, in RTK-mediated calcium flux, low concentration of calcium flux appears over a relatively long
period time (> 5min), showing a distinctive calcium oscillatory pattern. Indeed, Ca2+ oscillations induced by GPCR were observed
in diverse types of neuronal cells. However, cells with Gαq/11-coupled PLCs, such as neurons with catecholaminergic receptors, and
Muscarinic acetylcholine receptors, do not induce morphogenetic changes of directional cell movement or transformation of neuronal
processes by their ligand. In contrast, RTK signals corresponding to various growth factors such as fibroblast growth factor (FGF),
epidermal growth factor (EGF), and vascular endothelial growth factor (VEGF) activate signaling pathway that contributes to cell
migration along with partial cytoskeletal transformation (Tsai et al., 2015). Therefore, RTK signaling is more likely to be responsible
for local Ca2+ pulses in the transformation of neuronal processes than the GPCR pathway.

This allows PLCs to deliver characteristic DAG-mediated signaling through various isoforms and the use of various receptor-
specific properties. Based on these differences, one running hypothesis is that receptor proximal signaling components may co-
ordinate the activity of PLCs. Another hypothesis is that fluctuation of DAG levels as controlled by diacylglycerol kinase and
phosphatidate phosphatase, which is important for DAG turnover, may be related to pulsatile control of TRPC (Shlykov and Sanborn,
2004). However, the precise mechanism of how the receptor-specific oscillatory pattern of calcium level is regulated has not clearly
been identified yet.

Apart from cytoplasmic DAG signaling, the DAG produced by PLCβ1 in the nucleus plays a different role in the development of the
central nervous system. Nuclear DAG primarily regulates cell cycle or differentiation through PKCα/PKCβII or regulation of Cyclin
D3, respectively. Loss of function mutation of PLCβ1 results in disruption of cortical development (Spires et al., 2005; Fiume et al.,
2012). PLCβ1 is thought to play a specific part in the process of brain development through the regulation of gene expression required
to maintain the progenitor pool or to induce cell differentiation. To date, the roles of nuclear PI-PLCβ in various tissues have been
reported, but the precise mechanism of nuclear DAG-mediated signaling, which contributes to specific cell differentiation, has not
been investigated extensively (Ratti et al., 2017). Therefore, a study on the roles of nuclear as well cytoplasmic PLCs is needed for the
overall understanding of central nervous system development.

4. PLCγ1 in brain development

Previously, In vitro studies have suggested a possibility that the netrin-1/DCC, a guidance cue, may be linked to PLCγ1 signaling;
Xie and colleague (2006) reported that netrin-1-mediated DCC activation hydrolyzes PIP2 and stimulates calcineurin-NFAT signaling
in cortical neurons, suggesting that PLCγ1 is probably involved in the netrin-1 signaling pathway (Xie et al., 2006). However, no
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direct evidence of the association between the receptor DCC and PLCγ1 has been provided, because the receptor DCC does not
contain an intracellular catalytic domain and has therefore not been proposed as an RTK. Thus, it was uncertain whether the netrin-
1/DCC could be involved in upstream signaling of PLCγ1, and if it is, how the netrin-1/DCC could elicit the activity of PLCγ1 remains
to be determined.

Netrin-1, a laminin-related protein act as an extracellular cue in the formation of midbrain dopaminergic (mDA) neuronal system,
and the corresponding receptor DCC are highly expressed in mDA neurons during nervous system development (Serafini et al., 1994;
Meyerhardt et al., 1999; Osborne et al., 2005). Expression patterns of both Netrin-1 and DCC in mice showed the highest expression
at the time of neurogenesis but markedly decreased after birth, implicating their role in neuronal development. During mouse
embryogenesis, mesencephalic neurons stretch out their axon toward the anteromedial and ventral part of the striatum, then in-
nervate the limbic system and neocortex, where the neurons constitute mesocorticolimbic pathways (Voorn et al., 1988; Hegarty
et al., 2013). These steps are dependent on spatiotemporal coordination of chemoattractants (Sema3C, Netrin-1, Shh, and Wnt7b) and
chemorepellents (Sema 3F, 7A; Slit1-3; Ephrin A2, 3, 5, B2; and Wnt5a) (Hegarty et al., 2013; Gates et al., 2004; Prestoz et al., 2012)
(Fig. 2). Here, netrin-1 participates in the ventral orientation of mDA axons expressing receptor DCC and also in the formation of
tectal projection structures from VTA to lateral habenula (LHb) (Manitt et al., 2011; Schmidt et al., 2014). Loss of functional mutation
studies in DCC has provided insights into how netrin-1/DCC signals regulate the formation of mDA neuronal projections. The DCC
lacking mDA neurons had no problem in innervation into the dorsal part of the striatum, but the mDA axons are abnormally shifted
toward the dorsal part of the ventral striatum (Flores et al., 2005; Xu et al., 2010). In addition, axons of mDA neurons innervating into
the prefrontal cortex are significantly reduced, suggesting netrin-1/DCC plays an important role in mDA projection.

The latest PLCγ1 study in mouse development has shown that it mediates Netrin-1/DCC and plays a role in the axon guidance of
mDA neuron (Kang et al., 2018). Neuronal specific PLCγ1 knockout embryos display a severe axon guidance defect in the dorsal part
of mesencephalon. In addition, dispersed distribution of axons is observed with a marked reduction in axon density in the superior
colliculus of mouse embryos. This is similar to the phenotype represented by DCC lacking mDA neurons. This deficit persisted into
adulthood, with structural alterations in the mesocorticolimbic pathway. In this study, the authors identified a molecular mechanism
of how netrin-1/DCC induce the lipase activity of PLCγ1 by means of proteomic study. Interestingly, neuronal proto-oncogene protein
tyrosine kinase, Src physically binds to PLCγ1 and directly phosphorylates the Y783 residue in PLCγ1, which is important for lipase
activity of PLCγ1. In neurons, netrin-1 induces dimerization of DCC and constitutive binding of FAK and NCK1 to the intracellular
domain. In the P3 domain, phosphorylated FAK recruits various types of intracellular signaling components to form a DCC-NCK1-FAK
complex, followed by the process of recruiting and phosphorylating Src along with SFK signaling and Rho GTPase activity (Lai Wing
Sun et al., 2011). Here, pSrc activated by netrin-1 induces lipase activity of PLCγ1, resulting in DAG-mediated calcium signaling
required for axon guidance. The mechanism of PLCγ1 activation by netrin-1 has been shown to play an important role in determining
mDA orientation. Aberrant PLCγ1 signaling results in mesencephalic axon growth and guidance defects, leading to structural defects
in the mesocorticolimbic pathway during mDA system development. This study has brought a new understanding of netrin-1
downstream signaling by showing that PLCγ1 mediates the netrin-1/DCC signaling through the cytoplasmic tyrosine kinase Src. In
addition, it reveals specific axon guidance sub signaling mechanisms and is an example of the physiological function of PLCγ1
mediating calcium signaling in the nervous system.

5. Conclusion

The responses of neuronal cells to extracellular cues are relatively well characterized and understood. However, despite advances
in the understanding of the molecular mechanisms of brain wiring, little is known about how extracellular signals determine the
morphological specificity of axons, and how cells translate and implement the resulting complicated molecular instructions. The role
of calcium signaling in the characteristic morphogenesis of neuronal processes is directly relevant to our quest for the mechanisms

Fig. 2. Spatial expression of axon guidance cues in mDA neuronal development. During neuronal development, axons identify the pathways to
follow by receiving chemoattractant or chemo repellent signals from genetically programmed apical cells on the growth cone. Such guidance cues
are perceived by specific receptors on the growth cone that associate with diverse types of signal transducers that generate second messengers,
thereby inducing axons to grow toward their proper destination. To accomplish the complex structure of brain wiring, specific apical cells should
transmit specific signals to allow precise path-finding. The specific neuron corresponding to the extracellular signal should express the proper
ligand-specific receptor. The ligand-specific receptor should properly transmit the signal to induce axon path-finding. The precise spatiotemporal
regulation of all these processes is a prerequisite for achieving the structural and functional integrity of the brain.
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that control neuronal development. Thus, studies on the signaling mechanisms of ligand-receptors that are important for neuronal
processes motility will contribute not only to new advances in developmental neurobiology but also to a better understanding of the
mechanisms underlying neurological disorders with aberrant axon connectivity. Consequently, in the future, it may be possible to
develop technologies for diagnosing neurological disorders based on brain structural analysis and for guiding regenerating axons
towards their appropriate targets after an injury to the adult central nervous system.

Acknowledgment

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the South Korea government
(MSIP) (No. 2017R1D1A1A02018657).

References

Asokan, S.B., Johnson, H.E., Rahman, A., King, S.J., Rotty, J.D., Lebedeva, I.P., HJaugh, J.M., Bear, J.E., et al., 2014. Mesenchymal chemotaxis requires selective
inactivation of myosin II at the leading edge via a noncanonical PLCgamma/PKCalpha pathway. Dev. Cell 31 (6), 747–760.

Chen, P., Murphy-Ullrich, J.E., Well, A., 1994. Epidermal growth factor receptor-mediated cell motility: phospholipase C activity is required, but mitogen-activated
protein kinase activity is not sufficient for induced cell movement. J. Cell Biol. 127 (3), 847–857.

Deymier, P.A., Runge, K., Deymier, M.J., Hoying, J.B., Vasseur, J.O., 2010. Architecture-dependent signal conduction in model networks of endothelial cells. Phys.
Rev. E - Stat. Nonlinear Soft Matter Phys. 81 (4 Pt 1), 041915.

Dudanova, I., Klein, R., 2013. Integration of guidance cues: parallel signaling and crosstalk. Trends Neurosci. 36 (5), 295–304.
Fiume, R., Keune, W.J., Faenza, I., Bultsma, Y., Ramazzotti, G., Jones, D.R., Martelli, A.M., Somner, L., Follo, M.Y., Divecha, N., Cocco, L., 2012. Nuclear phos-

phoinositides: location, regulation and function. Subcell. Biochem. 59, 335–361. https://doi.org/10.1007/978-94-007-3015-1_11.
Flores, C., Manitt, C., Rodaros, D., Thompson, K.M., Rajabi, H., Luk, K.C., Tritsch, N.X., Sadikot, A.F., Stewart, J., Kennedy, T.E., 2005. Netrin receptor deficient mice

exhibit functional reorganization of dopaminergic systems and do not sensitize to amphetamine. Mol. Psychiatry 10, 606–612.
Gates, M.A., Coupe, V.M., Torres, E.M., Fricker-Gates, R.A., Dunnett, S.B., 2004. Spatially and temporally restricted chemoattractive and chemorepulsive cues direct

the formation of the nigro-striatal circuit. Eur. J. Neurosci. 19, 831–844.
Gomez, T.M., Zheng, J.Q., 2006. The molecular basis for calcium-dependent axon pathfinding. Nat. Rev. Neurosci. 7 (2), 115–125.
Hegarty, S.V., Sullivan, A.M., O'Keeffe, G.W., 2013. Midbrain dopaminergic neurons: a review of the molecular circuitry that regulates their development. Dev. Biol.

379 (2), 123–138.
Jang, H.J., Suh, P.G., Lee, Y.J., Shin, K.J., Cocco, L., Chae, Y.C., 2018. PLCgamma1: potential arbitrator of cancer progression. Adv. Biol. Regul. 67, 179–189 2018.
Kalil, K., Li, L., Hutchins, B.I., 2011. Signaling mechanisms in cortical axon growth, guidance, and branching. Front. Neuroanat. 5, 62.
Kang, D.S., Yang, Y.R., Lee, C., Kim, S.B., Ryu, S.H., Suh, P.G., 2016. Roles of phosphoinositide-specific phospholipase Cγ1 in brain development. Adv. Biol. Regul. 60,

167–173.
Kang, D.S., Yang, Y.R., Lee, C., Park, B.W., Park, K.I., Seo, J.K., Seo, Y.K., Cho, H.J., Cocco, L., Suh, P.G., 2018. Netrin-1/DCC-mediated PLCgamma1 activation is

required for axon guidance and brain structure development. EMBO Rep. 19 (11), e46250.
Kiryushko, D., Korshunova, I., Berezin, V., Bock, E., 2006. Neural cell adhesion molecule induces intracellular signaling via multiple mechanisms of Ca2+ homeostasis.

Mol. Biol. Cell 17 (5), 2278–2286.
Lai Wing Sun, K., Correia, J.P., Kennedy, T.E., 2011. Netrins: versatile extracellular cues with diverse functions. Development 138 (11), 2153–2169.
Lichte, K., Rossi, R., Dannerberg, K., ter Braak, M., Kurschner, U., Jakobs, K.H., Kleuser, B., Meyer, D., 2008. Zu Heringdorf Lysophospholipid receptor-mediated

calcium signaling in human keratinocytes. J. Investig. Dermatol. 128 (6), 1487–1498.
Lundgren, T.K., Nakahta, K., Fritz, N., Rebellato, P., Zhang, S., Uhlén, P., 2012. RET PLCγ phosphotyrosine binding domain regulates Ca2+ signaling and neocortical

neuronal migration. PLoS One 7 (2), e31258.
Manitt, C., Mimee, A., Eng, C., Pokinko, M., Stroh, T., Cooper, H.M., Kolb, B., Flores, C., 2011. The netrin receptor DCC is required in the pubertal organization of

mesocortical dopamine circuitry. J. Neurosci. 31 (23), 8381–8394.
Marqueze-Pouey, B., Mailfert, S., Rouger, V., Goaillard, J.M., Marguet, D., 2014. Physiological epidermal growth factor concentrations activate high affinity receptors

to elicit calcium oscillations. PLoS One 9 (9), e106803.
Mederos, Y.S., Schnitzler, M., Gudermann, T., Storch, U., 2018. Emerging roles of diacylglycerol-sensitive TRPC4/5 channels. Cells 7 (11).
Meyerhardt, J.A., Caca, K., Eckstrand, B.C., Hu, G., Lengauer, C., Banavali, S., Look, A.T., Fearon Netrin-1, E.R., 1999. Interaction with deleted in colorectal cancer

(DCC) and alterations in brain tumors and neuroblastomas. Cell Growth Differ. 10 (1), 35–42.
Nelson, W.J., 2009. Remodeling epithelial cell organization: transitions between front-rear and apical-basal polarity. Cold Spring Harb. Perspect. Biol. 1 (1), a000513.
Osborne, P.B., Halliday, G.M., Cooper, H.M., Keast, J.R., 2005. Localization of immunoreactivity for deleted in colorectal cancer (DCC), the receptor for the guidance

factor netrin-1, in ventral tier dopamine projection pathways in adult rodents. Neuroscience 131 (3), 671–681.
Prestoz L, L., Jaber, M., Gaillard, A., 2012. Dopaminergic axon guidance: which makes what? Front. Cell. Neurosci. 6, 32.
Ratti, S., Mongiorgi, S., Ramazzotti, G., Follo, M.Y., Mariani, G.A., Suh, P.G., McCubrey, J.A., Cocco, L., Manzoli, L., 2017. Nuclear inositide signaling via phos-

pholipase C. J. Cell. Biochem. 118 (8), 1969–1978.
Schmidt, E.R.E., Brignani, S., Adolfs, Y., Lemstra, S., Demmers, J., Vidaki, M., Donahoo, A.S., Lillevali, K., Vasar, E., Richards, L.J., Karagogeos, D., Kolk, S.M.,

Pasterkamp, R.J., 2014. Subdomain-mediated axon-axon signaling and chemoattraction cooperate to regulate afferent innervation of the lateral habenula. Neuron
83 (2), 372–387.

Sciarretta, C., Fritzsch, B., Beisel, K., Rocha Sacchez, S.M., Buniello, A., Horn, J.M., Minichiello, L., 2010. PLCgamma-activated signaling is essential for TrkB mediated
sensory neuron structural plasticity. BMC Dev. Biol. 10, 103.

Serafini, T., Kennedy, T.E., Galko, M.J., Mirzayan, C., Jessell, T.M., Tessier-Lavigne, M., 1994. The netrins define a family of axon outgrowth-promoting proteins
homologous to C. elegans UNC-6. Cell 78 (3), 409–424.

Shlykov, S.G., Sanborn, B.M., 2004. Stimulation of intracellular Ca2+ oscillations by diacylglycerol in human myometrial cells. Cell Calcium 36 (2), 157–164.
Spires, T.L., Molnár, Z., Kind, P.C., Cordery, P.M., Upton, A.L., Blakemore, C., Hannan, A.J., 2005. Activity‐dependent regulation of synapse and dendritic spine

morphology in developing barrel cortex requires phospholipase C‐β1 signalling. Cerebr. Cortex 15 (4), 385–393.
Suh, P.G., Park, J.I., Manzoli, L., Cocco, L., Peak, J.C., Katan, M., Fukami, K., Kataoka, T., Yun, S., Ryu, S.H., 2008. Multiple roles of phosphoinositide-specific

phospholipase C isozymes. BMB Rep. 41 (6), 415–434.
Svobodova, B., Groschner, K., 2016. Mechanisms of lipid regulation and lipid gating in TRPC channels. Cell Calcium 59 (6), 271–279.
Tsai, F.C., Kuo, G.H., Chang, S.W., Tsai, P.J., 2015. Ca2+ signaling in cytoskeletal reorganization, cell migration, and cancer metastasis. BioMed Res. Int. 409245.
Venkatachalam, K., Zheng, F., Gill, D.L., 2003. Regulation of canonical transient receptor potential (TRPC) channel function by diacylglycerol and protein kinase c. J.

Biol. Chem. 278, 29031–29040.
Voorn, P., Kalsbeek, A., Jorritsma-Byham, B., Groenewegen, H.J., 1988. The pre- and postnatal development of the dopaminergic cell groups in the ventral me-

sencephalon and the dopaminergic innervation of the striatum of the rat. Neuroscience 25 (3), 857–887.
Wen, Z., Zheng, J.Q., 2006. Directional guidance of nerve growth cones. Curr. Opin. Neurobiol. 16 (1), 52–58.
Wen, Z., Guirland, C., Ming, G.L., Zheng, J.Q., 2004. A CaMKII/calcineurin switch controls the direction of Ca (2+)-dependent growth cone guidance. Neuron 43 (6),

D.-S. Kang, et al. Advances in Biological Regulation xxx (xxxx) xxxx

5

http://refhub.elsevier.com/S2212-4926(19)30075-2/sref1
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref1
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref2
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref2
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref3
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref3
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref4
https://doi.org/10.1007/978-94-007-3015-1_11
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref6
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref6
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref7
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref7
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref8
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref9
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref9
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref10
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref11
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref12
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref12
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref13
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref13
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref14
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref14
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref15
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref16
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref16
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref17
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref17
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref18
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref18
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref19
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref19
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref20
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref21
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref21
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref22
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref23
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref23
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref24
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref25
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref25
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref26
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref26
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref26
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref27
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref27
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref28
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref28
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref29
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref31
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref31
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref32
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref32
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref33
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref34
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref36
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref36
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref37
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref37
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref38
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref39


835–846.
Xie, Y., Hong, Y., Ma, X.Y., Ren, X.R., Ackerman, S., Mei, L., Xiong, W.C., 2006. DCC-dependent phospholipase C signaling in netrin-1-induced neurite elongation. J.

Biol. Chem. 281 (5), 2605–2611.
Xu, B., Goldman, J.S., Rymar, V.V., Forget, C., Lo, P.S., Bull, S.J., Vereker, E., Barker, P.A., Trudeau, L.E., Sadikot, A.F., Kennedy, T.E., 2010. Critical roles for the netrin

receptor deleted in colorectal cancer in dopaminergic neuronal precursor migration, axon guidance, and axon arborization. Neuroscience 169, 932–949.
Yang, Y.R., Jung, J.H., Kim, S.J., Hamada, K., Suzuki, A., Kim, H.J., Lee, J.H., Kwon, O.B., Lee, Y.K., Kim, J., Kim, E.K., Jang, H.J., Choi, J.S., Lee, C.J., Marshall, J.,

Koh, H.Y., Kim, C.J., Seok, H., Kim, S.H., Choi, J.H., Choi, Y.B., Cocco, L., Ryu, S.H., Kim, J.H., Suh, P.G., 2017. Forebrain-specific ablation of phospholipase
Cgamma1 causes manic-like behavior. Mol. Psychiatry 22 (10), 1473–1482.

Zheng, J.Q., Poo, M.M., 2007. Calcium signaling in neuronal motility. Annu. Rev. Cell Dev. Biol. 23, 375–404.

D.-S. Kang, et al. Advances in Biological Regulation xxx (xxxx) xxxx

6

http://refhub.elsevier.com/S2212-4926(19)30075-2/sref39
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref40
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref40
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref41
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref41
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref42
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref42
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref42
http://refhub.elsevier.com/S2212-4926(19)30075-2/sref44

	The function of PLCγ1 in developing mouse mDA system
	Introduction
	Role of PLCγ1 in neuron actin-cytoskeleton structural organization
	DAG-dependent calcium signaling in cytoskeletal reorganization
	PLCγ1 in brain development
	Conclusion
	Acknowledgment
	References




