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Abstract 

A compelling question regarding the mechanisms underlying memory consolidation is how 

specific memory units are “tagged” for strengthening. This paper shows that the tags could 

be "dendritic filopodia" generated by Ca2+ influx through NMDA receptors during learning. 

Ryan et al. (2015) proposed that a specific pattern of connectivity between engram cells 

could be crucial for memory information storage. Paper 18 further suggests that the 

engram cell connectivity could be strengthened by synaptogenesis within memory units. 

To form new synapses, the axon should branch and grow toward the learning-potentiated 

memory units. Filopodia may contain the axon guidance molecules (e.g., ephrin-A5) to 

guide axon branching and outgrowth. This notion is supported by the finding that 

ephrin-A5 plays a necessary and activity-independent role in the initiation of the early 

phase of synaptogenesis. 

  

Introduction 

It has been suggested that early tagging of cortical networks is required for the formation 

of enduring associative memory (Lesburguères et al., 2011). The exact tagging 

mechanism, however, remains elusive. A growing number of studies demonstrated that 

the enduring memory was associated with increase of dendritic spines (Restivo et al., 

2009; Xu et al., 2009; Yang et al., 2009; Fu et al., 2012; Keifer et al., 2015; Bello-Medina 

et al., 2016), which begin with the creation of "filopodia" (Ozcan, 2017). This paper will 

show that the dendritic filopodia could be the long-sought "tags" for the formation of 

enduring memory. 

Memory Units 
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Evidence is accumulating that the preferred "memory unit" is a cluster of synapses located 

in a dendritic segment or an entire branch, rather than an individual synapse or spine 

(Govindarajan et al., 2006; Govindarajan et al., 2011; Kastellakis et al., 2015). These 

clustered synapses act synergistically to produce NMDA spike and NMDA plateau (Figure 

1) to facilitate neuronal firing (see Paper 20). 

 

Figure 1. Comparison among excitatory postsynaptic potential (EPSP), 

NMDA spike and NMDA plateau (also called "dendritic plateau potential"). 

[Source: Oikonomou et al., 2012] 

The clustered synapses capable of producing an NMDA plateau may form a memory 

unit. Thus, a memory unit could contain 10-50 synapses. Members of a memory unit are 

likely to change dynamically. In response to learning, new synapses could be added 

while existing synapses might be eliminated from a memory unit. A neuron may consist 

of multiple memory units, encoding various objects and events. In the medial temporal 

lobe, each neuron was estimated to encode 50 - 150 distinct objects (Rey et al., 2015). 

Learning Induces Filopodium Generation in ACC Dendrites 

A filopodium is a thin, finger-like and highly motile protrusion from the dendritic shaft. It 

is enriched with actin filaments, because the protrusion results from the nucleation of 

actin filaments. Actin nucleation is controlled by actin nucleators which, in turn, are 

regulated by specific signals. Ca2+ is one of the signals capable of initiating the 

generation of filopodia (Leondaritis and Eickholt, 2015). Since NMDA receptors 

(NMDARs) are permeable to Ca2+, they could play a role in filopodium generation. 
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Indeed, blocking NMDARs has been shown to reduce the density of filopodia in 

dendritic shafts (Portera-Cailliau et al., 2003). 

Learning-induced memory formation is known to arise from the opening of NMDARs, 

which are located in both synaptic and extrasynaptic membrane. Synchronous opening 

of NMDARs within the same memory unit may produce NMDA plateaus, resulting in 

accumulation of Ca2+ ions in a dendritic segment (or an entire branch) that constitutes 

the memory unit. This should promote the generation of filopodia in the dendritic shaft of 

the memory unit. Some of them may mature into spines. 

The enduring memory could be stored in several brain regions. Learning-induced 

increase of dendritic spine density has been reported in the anterior cingulate cortex 

(ACC) (Restivo et al., 2009), motor cortex (Xu et al., 2009; Fu et al., 2012) and striatum 

(Bello-Medina et al., 2016). Figure 2 uses ACC as an example. The same principle may 

apply to other regions. For simplicity, Figure 2 assumes that a memory unit initially 

contains only four synapses.  
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Figure 2. The formation of enduring memory.  

(A) Learning induces accumulation of Ca2+ ions in the dendritic shaft. 

(B) Ca2+ ions promote the generation of filopodia which serve as the tags 

to guide axon branching and outgrowth toward the potentiated memory 

unit during learning.  

(C) Repetitive stimulation of the memory unit by sharp wave ripples may 

lead to spine maturation from filopodia. 

[Images are adapted from: Oikonomou et al., 2012] 
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Sharp Wave Ripples Trigger Branching and Growth of CA1 Axons 

Sharp wave ripples (SWRs) are generated in hippocampal CA3 and rapidly 

propagate to CA1. They play a pivotal role in memory consolidation - conversion of 

short-term memory into long-lasting memory (Rothschild et al., 2017). Ryan et al. 

(2015) proposed that a specific pattern of connectivity between engram cells could be 

crucial for memory information storage. Paper 18 further suggests that the engram 

cell connectivity could be strengthened by synaptogenesis within memory units. The 

hippocampal CA1 has strong direct projections to medial prefrontal cortex (mPFC) 

(Jin and Maren, 2015), which includes ACC. During memory consolidation, there is 

coordinated interaction between SWRs and ACC activity (Wang and Ikemoto, 2016). 

Therefore, memory consolidation is likely to involve the formation of new synapses 

between CA1 axon terminals and ACC dendritic spines. This implies that SWRs 

should stimulate branching and outgrowth from the CA1 axon toward the memory 

units that demand strengthening. 

A question arises: how does the CA1 axon know where to branch and grow? The 

above section suggests that filopodia could serve as the tags to guide axon branching 

and outgrowth. What is the exact mechanism? The answer may lie in CRMP2, which 

has been demonstrated to play a central role in axon branching and outgrowth 

(Fukata et al., 2002; Yoshimura et al., 2005; Xia et al., 2013; Balastik et al., 2015; 

Niwa et al., 2017). CRMP2 is also implicated in spine formation (Jin et al., 2016; Mita 

et al., 2016). Furthermore, the antibody against CRMP2 induced amnesia (Mileusnic 

and Rose, 2011).  

To Grow, or Not To Grow? That Depends on CRMP2 

CRMP2 has been mentioned in previous papers as the tubulin partner for the 

inhibition of NMDARs, resulting in NMDAR extinction. Since NMDAR inhibition is 

caused mainly by the highly negatively charged tubulin, CRMP2 plays only a 

supporting role by enhancing the binding between tubulin and the GluN2B subunit. 

Nature has many other ways to enhance the tubulin-GluN2B binding. Why CRMP2? 

Recalling that memory consolidation usually follows memory retrieval, which requires 

dissociation of the tubulin/CRMP2 complex from NMDARs (see Paper 19). As the 

complex dissociates from NMDARs in basal dendrites (proximal to the soma), it could 

be transported by microtubules toward axon terminals (Kimura et al., 2005), where 

CRMP2 may flex its muscles and play a leading role in orchestrating axon branching 

and outgrowth. 
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The structure at the tip of an axon terminal is called "growth cone", whose movement 

(advance, pause, retraction, or turn) is regulated by axon guidance molecules such 

as semaphorins and ephrins. Binding of CRMP2 to tubulin promotes microtubule 

polymerization and axon growth, but the signaling cascades triggered by 

semaphorins and ephrins may alter the phosphorylation state of CRMP2, resulting in 

growth cone collapse (Arimura et al., 2005). Recently, it has been shown that the 

microtubule motor proteins, kinesin and dynein, drive the turn of growth cones (Kahn 

and Baas, 2016). CRMP2 could also be involved, as it can interact with both kinesin 

(Kimura et al., 2005) and dynein (Arimura et al., 2009). 

Filopodia were suggested to play an exploratory role in searching axonal partners 

nearly two decades ago (Jontes and Smith, 2000). This notion is now supported by 

mounting evidence. The molecules that guide the axon terminal toward filopodia turn 

out to be Ephs and ephrins (Hruska and Dalva, 2012; Dines and Lamprecht, 2016). 

The Role of Ephs and Ephrins in Synaptogenesis 

Ephs (EphA and EphB) are transmembrane tyrosine kinase receptors and ephrins 

(ephrin-A and ephrin-B) are their ligands. Each group has several members. The 

ephrin-A group consists of five members, designated as ephrin-A1 to ephrin-A5. It 

has been shown that the interaction between ephrin-A5 and EphA5 plays a 

necessary and activity-independent role in the initiation of the early phase of 

synaptogenesis (Akaneya et al., 2010). Strikingly, ephrin-A5 has also been shown to 

trigger the signaling cascades, leading to growth cone collapse via phosphorylation of 

both CRMP2 and myosin light chain (MLC) (Arimura et al., 2005). Filopodia are 

intrinsically highly motile on the dendritic shaft to increase the probability of contact 

with axonal partners. They may contain the axon guidance molecule ephrin-A5. Once 

ephrin-A5 binds with EphA5 on the distal axon, the interaction could immobilize 

filopodia and stop axon growth, thereby establishing the prototype of synapses. 
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