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Abstract 

A compelling question regarding the mechanism of memory consolidation is how specific 

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

"dendritic filopodia" generated by the 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. This paper suggests that the engram cell 

connectivity could be strengthened by synaptogenesis within memory units, rather than 

the persistence of high level of synaptic AMPA receptors (AMPARs). The hypothesis 

agrees with the dual roles of Arc (also known as Arg3.1) which can promote long-term 

depression (LTD) by enhancing AMPAR endocytosis, and yet Arc also facilitates the 

formation of enduring memory. Tagging allows the axon to branch out and grow toward 

only the memory units that have been potentiated by learning. This can be achieved by 

creating filopodia in the potentiated memory units. Filopodia may search for axon partners 

through the interaction between axon guidance molecules (e.g., ephrin-A5) and their 

receptors. 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. 

  

  

  

  

 

  

http://www.geon.us/Memory/MemoryUnit.htm
https://www.ncbi.nlm.nih.gov/pubmed/26023136


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 number of studies demonstrated that the 

enduring memory was associated with increased density of dendritic spines (Restivo et al., 

2009; Xu et al., 2009; Yang et al., 2009; Fu et al., 2012; Yang et al., 2014; Keifer et al., 

2015; Bello-Medina et al., 2016), which grows from 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. 

The Formation of Enduring Memory 

Memory consolidation refers to the process that converts short-term memory into 

long-lasting memory (> 1 month). Many researchers held the view that the enduring 

memory is stored in the number of synaptic AMPA receptors (AMPARs), because 

long-term potentiation (LTP) is known to result from elevated synaptic AMPARs (Lisman 

and Raghavachari, 2015; Yu et al., 2017; Basu and Lamprecht, 2018). This assumption 

does not take into account the mounting evidence that enduring memory is accompanied 

with increased dendritic spines. More specifically, during the acquisition phase of 

repetitive motor learning, a third of new dendritic spines emerge in clusters, and that most 

such clusters are neighboring spine pairs (Fu et al., 2012). After motor learning, new 

spines are formed on different sets of dendritic branches in response to different 

learning tasks (Yang et al., 2014). 

Over the last two decades, evidence was accumulating that the preferred "memory unit" is 

not an individual synapse or spine, but a dendritic branch containing a cluster of synapses 

(see this article). Hence, the memory strength depends not only on the number of synaptic 

AMPARs, but also on the number of spines in a branch that serves as a memory unit. 

Therefore, the formation of enduring memory may not require the maintenance of high 

level of synaptic AMPARs, but involves synaptogenesis (Figure 1). 
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Figure 1. The formation of enduring memory. This figure uses the synapses 

between the hippocampal CA1 and cortical neurons as an example. A 

memory unit may span an entire dendritic branch. 

(A) Before learning, synaptic AMPARs are maintained at a basal level.  

(B) Learning (LTP) increases the number of synaptic AMPARs in the 

memory unit. 

(C) The consolidation process, which involves synaptogenesis. 

(D) The memory unit is strengthened after new synapses are added, even 

when synaptic AMPARs have been reset to a basal level by Arc-dependent 

LTD. 



The idea that synaptic AMPARs do not store the enduring memory is further supported 

by the dual roles of activity-regulated cytoskeletal-associated protein (Arc, also known 

as Arg3.1). It has been well-documented that Arc promotes long-term depression (LTD) 

by enhancing AMPAR endocytosis (Chowdhury et al., 2006; Waung et al., 2008; 

Jakkamsetti et al., 2013; Wilkerson et al., 2018). This function was proposed to reset 

synaptic strength to a basal level (Rial Verde et al., 2006; Shepherd et al., 2006). On the 

other hand, Arc also facilitates the formation of long-lasting memory (Guzowski et al., 

2000; Plath et al., 2006; Messaoudi et al., 2007; Ploski et al., 2008; Maddox and Schafe, 

2011; Holloway and McIntyre, 2011; Morin et al., 2015). The two functions are hard to 

be reconciled if enduring memory is stored in synaptic AMPARs, but can be explained if 

enduring memory arises from synaptogenesis. 

Regulation of Actin Dynamics by Arc 

AMPAR trafficking in the spine involves actin cytoskeleton which is regulated by cofilin 

(Hanley, 2014). Activation of cofilin may lead to depolymerization of actin filaments 

(F-actin) (Elam et al., 2013). Cofilin activity is directly controlled by the phosphorylation 

status at Ser-3. Dephosphorylation of Ser-3 results in cofilin activation. Arc has been 

shown to induce cofilin phosphorylation, making it inactive (Messaoudi et al., 2007). 

Therefore, Arc serves to suppress F-actin depolymerization. 

While microtubules are responsible for long-range intracellular transport of various 

cargos (proteins, mRNA, mitochondria, etc), F-actin is important for short range 

transport in dendrites, including dendritic spines and shafts (Konietzny et al., 2017). 

Myosin is the major motor protein that drives actin transport. It has several isoforms. 

Within dendritic spines, the AMPAR endocytosis is powered by Myosin VI which moves 

AMPARs from the plasma membrane to the endosome, leading to AMPAR 

internalization (Hanley, 2014). Since Arc suppresses F-actin depolymerization, it may 

provide a stable actin cytoskeleton for the transport of AMPARs. This could be the 

underlying mechanism for the involvement of Arc in LTD. 

Then, how can Arc be involved in memory consolidation? Interestingly, another Myosin 

isoform, Myosin II, has been demonstrated to be essential for memory consolidation 

(Gavin et al., 2011; Young et al., 2016). These results suggest that Arc may influence 

both LTD and memory consolidation through the same function: stabilization of actin 

cytoskeleton to facilitate trafficking. Myosin VI transports AMPARs whereas Myosin II 

could transport a cargo that is crucial for memory consolidation. This cargo could be the 

CABT complex which consists of a CRMP2 monomer and a tubulin heterodimer. The 
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antibody against CRMP2 has been demonstrated to cause amnesia (Mileusnic and 

Rose, 2011). 

CRMP2 Directs Axonal and Dendritic Branching 

The role of CRMP2 in axons has been extensively investigated. It is now 

well-established that CRMP2 may bind tubulin and promote axonal branching and 

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

2015; Niwa et al., 2017), which are required for synaptogenesis. CRMP2 has also been 

shown to regulate dendritic branching (Yamashita et al., 2012; Niisato et al., 2013), 

which may expand memory capacity. Overexpression of CRMP2 increases the density 

of spines, especially the mushroom-shape spines (Zhang et al., 2018). Both CRMP2 

and tubulin are enriched in the postsynaptic density (Zhang et al., 2016; Yun-Hong et al., 

2011), but their functions at synapses were largely unexplored.  

Colocalization of the CABT complex with F-actin has been observed in neurites (Tan et 

al., 2015; Yang et al., 2015), suggesting that CABT could bind F-actin in the spine head, 

resulting in mushroom-shape spines (Zhang et al., 2018). More specifically, CABT could 

bind either the dynamic F-actin in the upper part of the spine head or the stable F-actin 

in the lower part of the spine head. Upon stimulation that activates AKAP-anchored 

calcineurin, the nearby dynamic F-actin is likely to be depolymerized by cofilin, causing 

CABT to dissociate from dynamic F-actin and block GluN2B-containing NMDA 

receptors (NMDARs), consequently resulting in NMDAR extinction (see this article).  

The finding that Myosin II is required for memory consolidation indicates that the CABT 

complex could be driven by Myosin II along the stable F-actin. CABT complexes cannot 

induce axonal or dendritic branching while confined in spines. They should move to the 

dendritic shaft to exert these functions. Myosin II may promote memory consolidation by 

transporting CABT complexes from dendritic spines to the shaft. Therefore, activation 

of Myosin II, Myosin VI and calcineurin may lead to consolidation, LTD and 

extinction, respectively. 

Once in the dendritic shaft, CABT complexes may orchestrate dendritic branching to 

increase memory storage. Some of them could be transported toward axon terminals 

for axonal branching and outgrowth. Microtubules have been shown to transport the 

CABT complex via the motor protein kinesin-1 (Kimura et al., 2005) that moves cargoes 

in the anterograde direction (from the soma toward axon terminals), but there is no 

evidence for microtubules to transport CABT from dendrites to the soma. The 
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retrograde transport of CABT could be driven by Myosin II along the longitudinal actin 

fibers in the shaft (Figure 2). 

 

Figure 2. The neuronal actin cytoskeleton which can be divided into three 

categories: actin patches, longitudinal actin fibers, and a cortical periodic 

actin/spectrin lattice termed "actin rings". [Source: Konietzny et al., 2017] 

From the soma toward axon terminals, CABT is likely transported by microtubules. 

During the journey, CRMP2 may work with tubulin to direct axonal branching and 

outgrowth (Xia et al., 2013). The growth cone, located at the tip of an axon terminal, 

may advance, pause, retraction, or turn. These types of movement are 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). 
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Tagging allows the axon to branch out and grow toward only the memory units that 

have been potentiated by learning. This can be achieved by creating filopodia in the 

potentiated memory units. 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 axon 

terminals toward filopodia turn out to be Ephs and ephrins (Hruska and Dalva, 2012; 

Dines and Lamprecht, 2016). 

Creation of Dendritic Filopodia by Ca2+ 

 

Figure 3. A filopodium results from nucleation of actin filaments, which 

may be induced by Ca2+. [Adapted from: Leondaritis and Eickholt, 

2015] 

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

dendritic shaft, resulting from the nucleation of F-actin (Figure 3). 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 NMDARs are permeable to Ca2+, they could 

play a role in the generation of filopodia. 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, leading to accumulation of Ca2+ ions in a dendritic branch that 
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constitutes a memory unit. This should promote the generation of filopodia in the 

dendritic shaft of the memory unit. Some of them may mature into spines by 

repeated stimulation (Figure 4). 

 

Figure 4. Typical stages in the formation of new dendritic spines. 

Depending on the persistence of neural activity, the process may 

result in a new synaptic connection or failure to form one. [Adapted 

from: Ozcan, 2017] 

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 EphA5. Once EphA5 binds ephrin-A5 on the distal axon, the interaction 

could immobilize filopodia and stop axon growth, thereby establishing the 

prototype of synapses. 
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