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Abstract 

In the hippocampus, the axons projecting from dentate gyrus (DG) to CA3 are 
known as mossy fibers. Mossy fiber sprouting refers to the abnormal wiring of 
mossy fibers. Instead of branching out to neurons in the dentate hilus, mossy 
fibers connect to the dentate inner molecular layer. Its underlying mechanism 
remains unclear. This paper shows that the mossy fiber sprouting can be 
explained by the same principle as the formation of enduring memory (Paper 
21). Namely, axon branches will grow toward dendritic filopodia. The initial 
seizure attack may cause significant loss of hilar neurons and generate 
filopodia on the basal dendrites of dentate granule cells, corresponding to the 
inner molecular layer. Subsequent neural activities may activate mTOR to 
produce CRMP2 which plays a central role in axonal branching and outgrowth. 
In the absence of hilar neurons and the presence of abundant filopodia in the 
inner molecular layer, the mossy fiber branches would make abnormal 
connections. This mechanism is supported by mounting evidence that 
activation of mTOR promotes mossy fiber sprouting and the direct evidence 
that the CRMP2 expression level correlates with the extent of mossy fiber 
sprouting. 

  

Introduction 

In the hippocampus, the axons projecting from dentate gyrus (DG) to CA3 are 
known as mossy fibers. Mossy fiber sprouting refers to the abnormal wiring 
of mossy fibers. Instead of branching out to neurons in the dentate hilus, mossy 
fibers connect to the dendrites in the inner molecular layer (Koyama, 2016). Its 
underlying mechanism remains elusive. Several lines of evidence suggest that 
CRMP2 is implicated (Lee et al., 2012; Wilson et al., 2014; Cai et al., 2016). 
This paper will explain how CRMP2 promotes mossy fiber sprouting based on 
the same mechanism as the formation of enduring memory (Paper 21). 
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Figure 1. Subregions of the hippocampus, including CA1, 
CA2, CA3 and dentate gyrus (DG). The axons projecting from 
DG to CA3 are known as mossy fibers. [Source: Kino, 2015] 

Normal Mossy Fiber Synapses 

In addition to CA3 neurons, a mossy fiber also connects to several neurons 
located in the dentate hilus (Dengler and Coulter, 2016). The hilar neurons 
comprise primarily mossy cells and GABAergic interneurons. They may play a 
role in controlling dentate granule cell excitability (Jinde et al., 2013; Dengler 
and Coulter, 2016). Importantly, hilar neurons are vulnerable to seizure attack. 
Prolonged pilocarpine-induced status epilepticus can kill 95% of mossy cells, 
resulting in mossy fiber sprouting. The extent of mossy fiber sprouting 
correlates with the number of dead mossy cells (Jiao and Nadler, 2007). 
Seizures also result in significant loss of inhibitory interneurons (Sloviter et al., 
2003).  

Loss of Hilar Cells Causes Abnormal Pathfinding 
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Figure 2. A model for the mossy fiber sprouting. 
(A) At the dentate hilus, a normal mossy fiber is connected to 
other neurons such as mossy cells and GABAergic 
interneurons.  
(B) Seizures cause significant loss of hilar neurons and 
create filopodia on the dendrites located at the inner 
molecular layer (close to the soma). 
(C) Subsequent neural activities may activate mTOR to 
produce CRMP2 which plays a central role in axonal 
branching and outgrowth. In the absence of hilar neurons and 
the presence of abundant filopodia in the inner molecular 
layer, the mossy fiber branches would make abnormal 
connections. 

A mossy fiber normally branches out from the dentate hilus to form synapses 
with mossy cells and GABAergic interneurons (Dengler and Coulter, 2016). As 
described in Paper 21, elevated Ca2+ level may induce the creation of filopodia 
on dendritic shafts. During normal physiological processes, the dendritic 
filopodia could be created in hilar cells to guide the axon terminals that are 
branching out from the mossy fiber. However, in the absence of hilar cells after 
seizures, where will mossy fibers branch to? 

The Ca2+ ions generated by learning may also create dendritic filopodia in the 
inner molecular layer of DG. Normally, these filopodia will guide the axon 
terminals from CA3 and hilar cells to construct a "backprojection" circuit from 
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CA3 (Scharfman, 2007). After seizures, the loss of hilar cells may force mossy 
fiber terminals to find other targets which are guided by dendritic filopodia. A 
question arises: why are filopodia created in the dentate inner molecular layer? 
Why not middle or outer molecular layer?  

The enduring memory could be stored in dendritic branches capable of 
producing NMDA plateaus (see this article). These dendritic branches are 
typically "basal dendrites" located proximal to the cell body (Oikonomou et al., 
2014). Therefore, during learning, the filopodia should be created on the basal 
dendrites of dentate granule cells, corresponding to the inner molecular layer. 

The Role of CRMP2 in Mossy Fiber Sprouting 

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). Like the formation of dendritic 
spines, axon branching also originates from the creation of filopodia (Kalil and 
Dent, 2014). The axon guidance molecule netrin-1 has been shown to induce 
axon branching by triggering Ca2+ release from intracellular stores (Tang and 
Kalil, 2005). After the generation of axonal filopodia, CRMP2 is required for the 
growth of axon branches toward dendritic filopodia. Seizures are accompanied 
with high level of Ca2+ ions. Hence, elevated CRMP2 level may promote mossy 
fiber sprouting after seizures, which cause significant loss of hilar neurons and 
generate filopodia in the dentate inner molecular layer. This mechanism is 
supported by the following observations: 

1. The CRMP2 level increases after seizure induction. Lovastatin can reduce 
CRMP2 expression and suppress mossy fiber sprouting (Lee et al., 2012). 

2. The axon guidance molecules, semaphorins, are known to cause growth cone 
collapse through signaling to CRMP2. A recent study suggests that the reduced 
expression of semaphorin-3f may contribute to mossy fiber sprouting (Cai et al., 
2016). 

3. The CRMP2 activity is regulated by glycogen synthase kinase 3β (GSK3β) and 
cyclin-dependent kinase 5 (CDK5). Both GSK3β and CDK5 are implicated in 
mossy fiber sprouting following traumatic brain injury (Wilson et al., 2014). 

4. MK801, which inhibits Ca2+ influx through NMDA receptors, significantly 
reduced the extent of mossy fiber sprouting (Sutula et al., 1996). 

The Role of mTOR in Mossy Fiber Sprouting 
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Mounting evidence suggests that activation of the mechanistic target of 
rapamycin (mTOR) promotes mossy fiber sprouting (reviewed in Godale and 
Danzer, 2018). mTOR is a protein kinase that catalyzes protein 
phosphorylation. Upon activation, it can phosphorylate two major targets, p70 
ribosome S6 kinase (p70S6K) and eukaryotic initiation factor 4E-binding 
protein 1 (4EBP1), to initiate protein synthesis from mRNA. Remarkably, the 
translation of CRMP2 protein from its mRNA is regulated by mTOR (Morita and 
Sobue, 2009; Mita et al., 2016; Na et al., 2017; Ben Hamida et al., 2018). 
Therefore, activation of mTOR may promote mossy fiber sprouting by 
increasing CRMP2 protein level. 

  

 

https://www.ncbi.nlm.nih.gov/pubmed/29774009
https://www.ncbi.nlm.nih.gov/pubmed/29774009
https://www.ncbi.nlm.nih.gov/pubmed/19648118
https://www.ncbi.nlm.nih.gov/pubmed/19648118
https://www.ncbi.nlm.nih.gov/pubmed/26763232
https://www.ncbi.nlm.nih.gov/pubmed/28966575
https://www.ncbi.nlm.nih.gov/pubmed/30022576

