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Chapter 10
Drebrin and Spine Formation

Hideto Takahashi and Yusuke Naito

Abstract  Dendritic spines are the postsynaptic receptive regions of most excit-
atory synapses in the central nervous system. Thus, spines are supposed to act as 
a fundamental unit for information processing of the brains. Previous studies have 
demonstrated the roles of drebrin in the formation of dendritic spines and in the 
recruitment of synaptic proteins to postsynaptic sites. Further, a live imaging study 
has revealed the unique dynamics of drebrin in dendritic spines, which help to 
understand how drebrin is involved in dendritic spine formation. This review will 
provide a basic knowledge about dendritic spine and overview recent progresses 
in understanding of the roles of drebrin in dendritic spine morphogenesis and 
synaptogenesis.
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10.1  �The Biology of Dendritic Spine

10.1.1  �Dendritic Spine

In the neurons of the adult brains, the most glutamatergic presynaptic terminals 
innervate dendritic spines, tiny protoplasmic protrusions emerging from dendritic 
shafts of the target neurons (Harris and Kater 1994; Rochefort and Konnerth 2012; 
DeFelipe 2015). Dendritic spines constitute fundamental neuronal contact sites for 
excitatory synapses. Spines are composed of three major components: a base con-
nected to a dendritic shaft, a neck, and a head which connects with an axon. Spines 
are typically less than 2 μm in length and possess a spine head approximately 1 μm 
in width. The morphology of dendritic spines varies largely among spines and 
within one spine over time. Based on their morphology in fixed brain tissues and 
fixed cultured neurons, dendritic spines are generally classified into three 
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morphological types: (1) thin spines, which have a small head and narrow neck; (2) 
stubby spines, which don’t have neck; and (3) mushroom-shape spines, which have 
a relatively large head and short neck (Fig. 10.1). Time-lapse imaging studies have 
shown that one spine is not static and takes transition among these morphological 
states, suggesting that observed spine shapes are snapshots of morphologically 
dynamic spines (Dailey and Smith 1996; Ziv and Smith 1996; Dunaevsky et  al. 
1999). Importantly, the size and shape of dendritic spines are changed in response 
to synaptic activity and experiences, reflecting the nature of synaptic plasticity. For 
example, long-term potentiation (LTP) is associated with the increase in spine head 
volume (Matsuzaki et al. 2004; Maletic-Savatic et al. 1999) and the length of spine 
neck (Araya et al. 2006). In contrast, long-term depression is accompanied by the 
shrink of dendritic spines (Zhou et al. 2004). Thus, the morphological plasticity of 
dendritic spines is supposed to be the cellular basis of synaptic plasticity underlying 
learning and memory. This idea also suggests the structure-function relationship of 
dendritic spines, which will be more discussed later.
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Fig. 10.1  (a, b) A 
microscope image of a 
hippocampal neuron in 
low-density cultures at 
21 days in vitro by Dil 
labeling. Many mushroom-
shaped spines emerging 
from dendritic shaft are 
observed in (b). Scale bars: 
20 μm in (a) and 2 μm in 
(b). Adapted from Shirao 
and González-Billault 
(2013) with permission. (c) 
Schematic representation 
of morphologies of 
dendritic protrusions. 
There are two types of 
dendritic protrusions, 
dendritic filopodium, a 
long thin headless 
protrusion, and dendritic 
spine, which has bulbous 
head. Dendritic spines also 
exhibit three different 
types: thin, stubby, and 
mushroom type. Gray 
disks represent the PSD 
structure and chains of red 
circles represent F-actin. 
Adapted from Sekino et al. 
(2007) with permission
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10.1.2  �Structural Elements of Dendritic Spines: Actin 
Cytoskeleton and PSD

Dendritic spines are composed of two major structural elements: actin cytoskeleton 
and postsynaptic density (PSD) (Kennedy 1997; Sekino et  al. 2007) (Fig.  10.2). 
Actin is a highly abundant protein (typically 5–10% of total proteins) in eukaryotic 
cells including neurons. Individual actin molecules have two states, a monomeric 
state as a globular actin (G-actin) and a polymeric state (Kabsch and Vandekerckhove 
1992). Polymerization of monomeric actins results in the formation of filamentous 
actin (F-actin). G-actin molecules reversibly bind to the end of F-actin. Thereby, 
actin has dynamic equilibrium between G-actin and F-actin, which is one of key 
factors that determine actin cytoskeleton in dendritic spines (Okamoto et al. 2004). 
F-actin generally forms two types of structures, F-actin bundles and F-actin net-
works (Svitkina 2013). Cells including neurons express many F-actin binding pro-
teins, which determine and/or modify F-actin bundles and networks. In general, 
F-actin regulates cell structures by modulating its bundle and network structures. 
For example, cellular projections including filopodia and microvilli contain F-actin 
bundles, whereas the peripheral submembranous region of cells mainly contains 
F-actin networks. In neuron, F-actin is enriched in dendritic spines (Matus et  al. 
1982; Cohen et al. 1985). Electron microscopic studies have shown that a spine head 
contains the network (lattice structure) of F-actin, whereas a spine neck contains 
F-actin bundles like filopodia (Landis and Reese 1983). In addition, F-actin gener-
ally regulates the motile force of cells through the modulation of polymerization and 
depolymerization states of F-actin and the activity of myosin ATPase (Pollard and 
Borisy 2003). Time-lapse imaging studies using green fluorescent protein (GFP)-
tagged actin have revealed that dendritic spines undergo rapid continuous motility 
based on actin dynamics (Star et  al. 2002). The reagents that change actin 
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Fig. 10.2  Ultrastructure of dendritic spine synapse. The left panel shows an immunno-electron 
microscopic image for drebrin at an asymmetric synapse. Drebrin is enriched in dendritic spine but 
not presynaptic terminal. The right schematic image shows basic components of an asymmetric 
synapse. Dendritic spine consists of an actin cytoskeleton with actin-binding proteins and a PSD 
structure scaffolding neurotransmitter receptors. Adapted from Sekino et al. (2007) with permission
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polymerization states such as cytochalasin D and latrunculin A alter spine motility. 
Interestingly, spine motility is also regulated by glutamate receptor activations 
(Fischer et al. 2000), suggesting that spine motility may contribute to the plasticity 
of excitatory synapses. In dendritic spines, many F-actin binding proteins including 
drebrin exist and regulate the shapes, size, and dynamics of dendritic spines.

The PSD is an electron-dense highly organized protein structure attached to the 
postsynaptic membrane of dendritic spines (Kennedy 1997) (Fig.  10.2). PSD is 
composed of various scaffold proteins such as membrane-associated guanylate 
kinases (MAGUKs) and many PSD-95/Dlg/ZO-1 (PDZ)-containing proteins (Kim 
et al. 1995; Kim and Sheng 2004). PSD-95 is a member of MAGUK family and a 
typical PDZ protein abundant in PSD (Cho et al. 1992; Kistner et al. 1993). PSD-95 
directly binds to NMDA-type glutamate receptor subunit GluN2 (Niethammer et al. 
1996) and indirectly binds to AMPA-type glutamate receptor via transmembrane 
AMPA receptor regulatory proteins (TARPs) such as stargazin (Tomita et al. 2005, 
2004; Chen et al. 2000), suggesting that PSD-95 plays roles in regulating the traf-
ficking and anchoring of glutamate receptors. PSD-95 is further involved in den-
dritic spine morphology. Overexpression of PSD-95 in cultured neurons enlarges 
dendritic spine (El-Husseini et al. 2000). Overexpression studies have also shown 
that other PSD proteins such as Homer and Shank regulate spine morphology (Sala 
et al. 2001). Thus, PSD proteins are also a key element that controls dendritic spine 
structure. Interestingly, many PSD proteins are physically and functionally associ-
ated with F-actin. Thus, it has been suggested that actin cytoskeleton and PSD coop-
eratively, rather than independently, regulate dendritic spine morphology.

10.1.3  �Structure-Function Relationship of Dendritic Spines

Many evidences about the morphological changes of dendritic spines in synaptic 
plasticity have suggested structure-function relationship of dendritic spines (Kasai 
et al. 2003). Several previous studies have revealed that the size of dendritic spines 
is closely correlated with their synaptic function. An electromicroscopic study with 
postembedding immunogold labeling has shown that smaller spines with less than 
about 180 nm of PSD lack AMPA receptors (Takumi et al. 1999). These smaller 
spines are called “silent synapses,” which do not generate excitatory postsynaptic 
potentials under basal stimulation. In addition, the size of PSD in dendritic spines is 
correlated with the number of AMPA receptors, supporting that larger spines are 
more functional in terms of AMPA receptor-mediated excitatory postsynaptic 
potentials. Another study using a glutamate uncaging technique has further revealed 
that spine head volume is correlated with the expression of functional AMPA recep-
tors (Matsuzaki et al. 2001). Such structure-function relationship of dendritic spines 
suggests that the molecular and cellular mechanisms that control spine structure are 
important for our understanding of how functional neuronal circuits in the brains 
develop and are modified by experiences for higher brain functions such as cogni-
tion, learning, and memory (Kasai et al. 2003, 2010).
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10.1.4  �Dendritic Spine Morphogenesis: The Role of Dendritic 
Filopodia

How do dendritic spines form during neuronal development? Immature neurons, 
especially before synaptogenesis period, do not have dendritic spines. Instead, they 
possess dendritic filopodia, thin headless protrusions emerging from dendritic shaft 
(Yoshihara et al. 2009; Ebrahimi and Okabe 2014). The major difference of den-
dritic filopodia from spines is the lack of a bulbous head. As neurons mature, den-
dritic filopodia disappear, and dendritic spines emerge. The developmental transition 
from dendritic filopodia to spines is supposed to be crucial for the development of 
functional excitatory synapses on target neurons. The developmental transition fur-
ther suggests that dendritic filopodia may act as a precursor of dendritic spines. This 
possibility is supported by several time-lapse imaging studies (Dailey and Smith 
1996; Ziv and Smith 1996; Dunaevsky et al. 1999). A majority of dendritic filopo-
dia rapidly extends and retracts with short-term lifetime (around 10 min) in an early 
developmental stage. As innervated axons increase along dendrites during develop-
ment, some filopodia can make physical contact with axons and are stabilized by 
the association of functional presynaptic terminals. This observation suggests that 
dendritic filopodia can be transformed into dendritic spines after the physical con-
tact with axons. What molecular mechanism governs the transformation of den-
dritic filopodia to spines? A previous time-lapse imaging has shown that the 
initiation of spine morphogenesis precedes synaptic accumulation of PSD-95 
(Okabe et al. 2001). Further, PSD-95 mutant mice exhibit normal dendritic spine 
morphogenesis (Migaud et al. 1998). Thus, PSD-95 would be not required for spine 
morphogenesis during development. On the other hand, the pharmacological exper-
iment has shown that depolymerization of F-actin by latrunculin A causes the disas-
sembly of some synaptic structural elements (Allison et  al. 2000). Further, the 
important evidence is that dendritic filopodia are actin-rich structure like spines 
(Fischer et al. 1998; Dunaevsky et al. 1999). Therefore, actin-based mechanisms 
would be crucial for the developmental transition from dendritic filopodia to den-
dritic spines.

10.2  �The Roles of Drebrin in Dendritic Spine Morphogenesis

As described in the previous chapters (see Chaps. 3 and 7), drebrin is an F-actin-
binding protein and enriched in dendritic spines (Figs. 10.2 and 10.3). Drebrin has 
two major isoforms, drebrin E and drebrin A based on alternative splicing of exon 
12a. The expression of drebrin A isoform is upregulated at synaptogenesis period. 
Further, the amount of drebrin positively correlates with spine head size in the adult 
mouse cerebral cortex (Kobayashi et al. 2007). Together, drebrin would be one of 
the best candidates as an actin-based molecular mechanism that regulates dendritic 
spine morphogenesis during development. A cell-biological study on drebrin has 
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demonstrated that the cluster formation of drebrin occurs in dendritic filopodia, 
especially at the contact site between dendritic filopodia and axons (Takahashi et al. 
2003). In addition, drebrin A knockdown experiments have revealed that drebrin 
clustering in dendritic filopodia is required for dendritic spine morphogenesis dur-
ing development and synaptic accumulation of PSD-95 (Takahashi et  al. 2003, 
2006). The following paragraphs will focus on describing the developmental 
changes of drebrin localization in dendritic filopodia and the roles of drebrin in 
dendritic spine morphogenesis during development.

10.2.1  �Drebrin Clustering in Dendritic Filopodia

As dendritic filopodia and spines both are actin-rich structure, developmental transi-
tion from dendritic filopodia to spines can be visualized by F-actin labeling of hip-
pocampal neurons in low-density culture using fluorescent-conjugated phalloidin 

drebrinFig. 10.3  Drebrin 
immunolabeling of a 
cultured hippocampal 
neuron at 15 days in vitro 
by mouse monoclonal 
anti-drebrin antibody 
M2F6. Drebrin clusters are 
observed at dendritic 
spines. The lower panel 
presents the boxed region 
in the upper panel. Scale 
bars: 20 μm (upper), 
10 μm (lower). Adapted 
from Takahashi et al. 
(2009) with permission
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(Takahashi et  al. 2003). At 7 days in  vitro (DIV), almost all of F-actin-positive 
dendritic protrusions are observed as long, thin, and headless (filopodia-like) pro-
trusions. At 14 DIV, the dendritic protrusions show the mixed population of den-
dritic filopodia and spines, including long and thin protrusions, with or without a 
small head, and mushroom-type or stubby spine like protrusions. At 21 DIV, almost 
all of the dendritic protrusions exhibit mushroomlike or stubby shapes with enriched 
F-actin levels. Thus, F-actin labeling of cultured hippocampal neurons is useful for 
observing the developmental shift from dendritic filopodia to spines. This observa-
tion is also consistent with the previous studies using fluorescent dyes (Papa et al. 
1995; Ziv and Smith 1996).

How is drebrin distribution changed in association with the developmental 
changes of F-actin-positive dendritic protrusions? Double labeling for drebrin and 
F-actin has shown interesting changes in drebrin distribution in dendritic shaft and 
protrusions. At 7 DIV, the intense immunoreactivity of drebrin with F-actin stain-
ing is detected at the submembranous regions along dendrites. The distributions of 
drebrin and F-actin in dendritic filopodia exhibit the fibrous staining pattern. At 21 
DIV, most of the drebrin immunoreactivity is detected as clusters colocalized with 
F-actin in dendritic spines. At dendritic shaft, drebrin immunoreactivity is not 
detectable although F-actin staining remained there. These data support that dre-
brin is enriched in dendritic spines and also indicate that drebrin distribution is not 
completely overlapped with F-actin distribution although drebrin binds to F-actin. 
At 14 DIV, transitional distribution of drebrin can be detected. The detailed analy-
sis of drebrin-F-actin labeling at 14 DIV has revealed that there are two types of 
drebrin distribution in dendritic filopodia, diffuse pattern and cluster pattern. Thus, 
dendritic filopodia can be classified into either (1) cluster-type filopodia or (2) 
diffuse-type filopodia in terms of the existence of drebrin clusters (Takahashi et al. 
2003). According to the quantitative analysis, at 7 DIV, approximately 90% of 
dendritic filopodia is classified as diffuse-type filopodia, and the rest is classified as 
cluster-type filopodia. From 7 to 14 DIV, the population of diffuse-type and clus-
ter-type filopodia is drastically changed. At 14 DIV, the number of cluster-type 
filopodia doubles that at 7 DIV and accounts for 50% of total filopodia. In contrast, 
the number of diffuse-type filopodia at 14 DIV drops by half compared to that at 7 
DIV. Thus, drebrin-F-actin labeling reveals the developmental transition from dif-
fuse-type filopodia to cluster-type ones. The transition of diffuse-type filopodia to 
cluster-type ones was also observed by the time-lapse imaging of GFP-tagged dre-
brin A (Fig. 10.4). Previous time-lapse studies have shown that some filopodia are 
very dynamic, whereas other filopodia are converted to stable spines (Dailey and 
Smith 1996; Ziv and Smith 1996; Dunaevsky et al. 1999). In addition, the dynam-
ics of dendritic filopodia and spines are stabilized during development (Ziv and 
Smith 1996). The diffuse-type filopodia may represent the dynamic filopodia, 
whereas the cluster-type filopodia may represent the transitional stage to stable 
spines.
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10.2.2  �Drebrin Clustering at Synaptic Contact of Dendritic 
Filopodia

Drebrin clustering in dendritic filopodia is detected from synaptogenesis period, 
suggesting that drebrin clustering is associated with synaptic contact of dendritic 
filopodia (Takahashi et al. 2003). The quantitative analysis of triple labeling of cul-
tured hippocampal neurons for drebrin, F-actin, and synapsin I, a presynaptic vesi-
cle protein, has shown that a majority of cluster-type filopodia is associated with 
synapsin I clusters, indicating that cluster-type filopodia have synaptic contact. In 
contrast, most of diffuse-type filopodia is not associated with synapsin I clusters. 
The important observation is that drebrin clusters in the synaptic cluster-type filopo-
dia are always juxtaposed with synapsin I clusters, demonstrating the tight associa-
tion of drebrin clustering in dendritic filopodia with presynaptic contact. These data 
suggest that drebrin clusters in filopodia are precursors of postsynaptic structures of 
spine synapses. Further, it has been suggested that drebrin clustering would be trig-
gered by synaptic contact. The molecular and cellular mechanisms that trigger dre-
brin clustering will be discussed later.

GFP-drebrin A

Diffuse-type

20µm

0 min 35 min fix

Cluster-type
GFP-drebrin A

Synapsin I

DIV 13: Transfection

DIV 15: Imaging

time interval: 30 sec
total time: 36 min

Fig. 10.4  The time-lapse imaging of GFP-tagged drebrin A. GFP-tagged drebrin A was trans-
fected into hippocampal neurons at 13 days in vitro. Two days after the transfection, GFP signal 
was imaged every 30 s for 35 min by confocal microscopy. The bottom panel shows that drebrin A 
was diffusely distributed throughout a filopodium (an arrow in the left bottom panel) in the begin-
ning of the imaging. 35 min after starting the imaging, the diffuse pattern of drebrin A distribution 
shifted to a cluster pattern (an arrow in the middle bottom panel). This drebrin A cluster was jux-
taposed with presynaptic maker synapsin I (arrowhead in the right bottom panel)
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10.2.3  �Drebrin Clustering vs PSD-95 Clustering in Dendritic 
Filopodia

The major structural components of dendritic spines are actin cytoskeleton and PSD 
(Kennedy 1997; Sekino et  al. 2007). Given drebrin clustering at the contact site 
between dendritic filopodia and presynaptic terminals, it is interesting to address 
whether the formation of PSD at the contact sites also occurs together with drebrin 
clustering. Triple labeling for F-actin, synapsin I, and PSD-95 or drebrin has 
revealed that almost all of dendritic spines with presynaptic contacts (synaptic 
spines) contain both PSD-95 and drebrin clusters (Takahashi et al. 2003). In con-
trast, only about half (57%) of dendritic filopodia with presynaptic contacts (synap-
tic filopodia) contains PSD-95 clusters, but almost all (86%) of synaptic filopodia 
contains drebrin clusters (Takahashi et al. 2003). These quantitative data indicate 
that postsynaptic clustering of drebrin in dendritic filopodia may be followed by that 
of PSD-95. After dendritic filopodia contact with axons, actin reorganization tends 
to precede PSD formation in dendritic filopodia, supporting that dendritic filopodia 
with drebrin clusters (cluster-type filopodia) would be a precursor of dendritic 
spines (protospines). According to a previous electromicroscopical study (Fiala 
et al. 1998), some filopodia possess nascent synapses containing PSD structure. A 
time-lapse imaging study has also shown that filopodia with PSD-95 clusters 
directly transform into mature spines during development (Marrs et  al. 2001). 
Therefore, in developing neurons, most of filopodia containing both drebrin and 
PSD-95 clusters may exhibit the transitional stage into mature spines although it is 
also possible that some filopodia with drebrin and PSD-95 clusters represent tempo-
ral snapshots of mature spines.

10.2.4  �Drebrin Clustering Is Required for PSD-95 Clustering

The evidence that drebrin clustering precedes PSD-95 clustering in dendritic filo-
podia raises an interesting question whether drebrin clustering is required for PSD-
95 clustering. As described in Chap. 2, drebrin has two major alternative splicing 
isoforms, drebrin E and drebrin A. Notably, the upregulation of drebrin A expres-
sion occurs in synaptogenesis period, in which drebrin clustering is also observed 
(Hayashi et al. 1998). These data suggest that developmental upregulation of drebrin 
A is essential for drebrin clustering and the initial step of synaptogenesis. To sup-
press the drebrin A upregulation, the antisense oligonucleotide that targets drebrin 
A-specific nucleotide sequence has been developed (Takahashi et  al. 2003). The 
drebrin A antisense oligonucleotides selectively suppress the expression of drebrin 
A but not that of drebrin E or actin. As expected, drebrin A knockdown by the anti-
sense oligonucleotides indeed inhibits drebrin clustering in dendritic protrusions 
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(Takahashi et  al. 2003). Drebrin A knockdown significantly reduces the number 
of cluster-type filopodia but increases that of diffuse-type filopodia, indicating that 
drebrin A knockdown inhibits the developmental transition from diffuse-type filo-
podia to cluster-type ones (Takahashi et al. 2003). How about PSD-95 clustering in 
the case of drebrin A knockdown? Drebrin A knockdown significantly suppresses 
synaptic clustering of PSD-95. In addition, the rescue of drebrin A expression into 
the knocked-down neurons restores synaptic clustering of PSD-95 (Takahashi et al. 
2003). Together drebrin clustering triggered by drebrin A upregulation is crucial for 
synaptic clustering of PSD-95 during development.

10.2.5  �Drebrin Clustering Is Required for Dendritic Spine 
Morphogenesis

Drebrin A knockdown in cultured neurons also impairs dendritic spine morphogen-
esis. Drebrin A knockdown significantly reduces the number and the width of den-
dritic spines (Takahashi et al. 2006). In consequence, drebrin A knockdown causes 
filopodia-like thin dendritic protrusions. Given that drebrin A is necessary for dre-
brin clustering and PSD-95 clustering, it has been suggested that drebrin clustering 
is crucial for the morphogenesis of mature dendritic spines with PSD structure. 
Together, the following model of how drebrin is involved in dendritic spine morpho-
genesis during development has been proposed (Fig. 10.5). At the early stage of 
synaptogenesis, dendrites are bristled with many dendritic filopodia in which dre-
brin is diffusely distributed (diffuse-type filopodia). Diffuse-type filopodia are sup-
posed to be very dynamic with short-term life span. After diffuse-type filopodia 

drebrin E

drebrin A

drebrin A↑

Synaptic drebrin
clustering

Synaptic PSD-95
clustering

Dendritic filopodia Dendritic spineProtospine
PSD95

Fig. 10.5  Schematic summery of dendritic spine morphogenesis from dendritic filopodia. At early 
of synaptogenesis, drebrin E is gradually replaced by drebrin A, which is developmentally upregu-
lated, in filopodia. Once a presynaptic terminal contacts with a filopodium, drebrin A is accumu-
lated at nascent contact sites. At this stage, the filopodia with drebrin clusters (cluster-type filopodia) 
don’t have PSD-95 clusters. Afterward, PSD-95 is further accumulated depending on drebrin clus-
tering. Consequently, the filopodia with drebrin clusters transform into mature spines. Therefore, 
the filopodia that have drebrin clusters but not PSD-95 ones are suggested to be “protospines”
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contact with an axon, drebrin is accumulated with F-actin at a postsynaptic site in 
the filopodia. As a result, the diffuse-type filopodia are transformed to be cluster 
type as a protospine. The drebrin clustering with F-action requires developmental 
upregulation of drebrin A expression. In the cluster-type filopodia, PSD-95 is then 
accumulated depending on the cluster formation of drebrin with F-actin. Finally, the 
cluster-type filopodia are transformed to mature dendritic spines, which contain 
both drebrin-based actin components and PSD structure (Fig. 10.5). Thus, the dre-
brin-F-actin complex anchors the postsynaptic components and governs the mor-
phological maturation of dendritic spines.

10.2.6  �Can Drebrin A Promote Dendritic Spine 
Morphogenesis?

The developmental upregulation of drebrin A is required for synaptic clustering of 
PSD-95 and dendritic spine morphogenesis during development. These findings 
suggest that forced expression of drebrin A in immature neurons might promote 
dendritic spine morphogenesis and/or synaptic clustering of PSD-95. However, the 
experiments of drebrin A overexpression do not support these possibilities (Mizui 
et  al. 2005). The overexpression of drebrin A in immature hippocampal neurons 
from 7 to 9 DIV does not induce the morphologically mature types of dendritic 
spines. Instead, drebrin A overexpression induces extremely large dendritic 

5mm

DsRed2 GFP-drebrin A merge

Fig. 10.6  “Megapodia” induced by drebrin A overexpression. GFP-tagged drebrin A vector was 
transfected to cultured hippocampal neuron at 7 days in vitro together with DsRed2 vector to visu-
alize dendritic morphology. Neurons expressing GFP-drebrin A and DsRed2 were imaged 2 days 
after transfection. GFP-drebrin A (green) was accumulated in dendritic protrusions and formed 
large abnormal headless protrusions named “megapodia” (arrow). Scale bars: 5 μm. Adapted from 
Mizui et al. (2005) with permission
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protrusions without head (Fig.  10.6). The large headless protrusions contain the 
large amount of drebrin A, F-actin, and PSD-95. However, drebrin A and PSD-95 
are diffusely distributed and not clustered in the large protrusions. Further, the large 
protrusions induced by drebrin A do not contain MAP2, indicating that they do not 
correspond to the branch of dendrites. Thus, the large headless and F-actin-rich 
dendritic protrusions are called as “megapodia” meaning large filopodia (Fig. 10.6). 
The induction of megapodia by drebrin A overexpression suggests that drebrin A 
upregulation is necessary but not sufficient for spine morphogenesis. Given that 
drebrin clustering occurs locally at the axon-dendritic filopodia contact sites, it is 
possible that drebrin clustering is regulated by not only drebrin A upregulation but 
also by local signaling from presynaptic terminals such as the release of neurotrans-
mitters and/or growth factors from presynaptic terminals and/or transsynaptic adhe-
sion signals.

10.3  �Activity-Dependent Modulation of Drebrin Dynamics 
at Dendritic Spines

Many previous studies have shown that synaptic activity regulates the formation, 
maintenance, and plasticity of dendritic spines (Kasai et al. 2010; Saneyoshi et al. 
2010; Papa and Segal 1996; Nimchinsky et al. 2002), suggesting that drebrin-based 
actin cytoskeleton in dendritic spines is highly regulated by synaptic activity. In the 
following paragraphs, activity-dependent clustering and dynamics of drebrin will be 
discussed.

10.3.1  �Synaptic Activity Controls Drebrin Clustering 
During Development

Pharmacological perturbation of neuronal activity has revealed the involvement of 
synaptic activity in drebrin clustering during development. Chronic treatment (8 to 
15 DIV) of hippocampal neurons in cultures with tetrodotoxin, which blocks action 
potentials, significantly decreases the number of drebrin clusters along dendrites 
(Takahashi et al. 2009). This finding supports the idea that spontaneous synaptic 
activity positively regulates drebrin clustering during development. What if neuro-
nal activity is increased? Chronic treatment with the GABAA-receptor blocker pic-
rotoxin, which enhances excitatory synaptic transmission, significantly increases 
the number of drebrin clusters (Takahashi et al. 2009). Thus, spontaneous synaptic 
activity, especially its excitatory components, promotes drebrin clustering. Given 
the phenotypes of drebrin A overexpression in immature neurons, these results also 
suggest that not only developmental upregulation of drebrin A but also spontaneous 
synaptic activity is necessary for drebrin clustering during development and conse-
quently for dendritic spine morphogenesis.
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10.3.2  �AMPA Receptor Activity Regulates Synaptic Clustering 
of Drebrin

In the brains, excitatory synaptic transmission is generally mediated by presynap-
tically released glutamate and postsynaptic glutamate receptors. Pharmacological 
treatments with subtype-specific blockers of glutamate receptors have demon-
strated that AMPA receptor activity is involved in drebrin clustering in spine mor-
phogenesis (Takahashi et  al. 2009) (Fig.  10.7). Cultured hippocampal neurons 
were chronically treated with subtype-specific blockers of glutamate receptors 

a b

c

Fig. 10.7  The involvement of AMPA-type glutamate receptor (AMPAR) activity in drebrin clus-
tering on dendritic spines. (a) Hippocampal neurons were treated with the following pharmaco-
logical agents from 8 days in vitro for 7 days: the AMPAR and kainite-receptor blocker CNQX 
(40  μM), the specific AMPAR blocker GYKI (10  μM), the Ca2+-permeable (GluA2-subunit-
lacking) AMPAR blocker philanthotoxin (PhTX, 10 μM), the NMDA-type glutamate receptor 
blocker AP5 (50 μM), GYKI (10 μM) plus AP5 (50 μM), and metabotropic glutamate receptor 
blocker MCPG (100 μM). Scale bar: 5 μm. (b) Quantitative analysis of drebrin clusters after these 
treatments. CNQX, GYKI, and GYKI plus AP5 treatments significantly suppressed drebrin clus-
tering (*P  <  0.01 versus control), indicating that Ca2+-impermeable AMPAR regulates drebrin 
clustering. (c) Western blot data show that GYKI and CNQX treatments, blocking AMPAR or 
kainite receptor, do not affect the expression level of drebrin protein. Adapted from Takahashi et al. 
(2009) with permission
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including (1) CNQX, a competitive inhibitor for AMPA receptors and kainite 
receptors; (2) GYKI, a noncompetitive inhibitor specific for AMPA receptors; (3) 
philanthotoxin, a blocker for only Ca2+-permeable AMPA receptors; (4) AP5, an 
NMDA-type glutamate receptor blocker; and (5) MCPG, a selective blocker of 
metabotropic glutamate receptors. Interestingly, chronic treatment with CNQX or 
GYKI, which can block AMPA receptor activation, significantly diminishes dre-
brin clustering on dendrites. Philanthotoxin does not affect drebrin clustering, 
indicating that Ca2+-impermeable AMPA receptors regulate drebrin clustering. 
Drebrin clustering is not affected by AP5 or MCPG. Thus, the activation of NMDA 
receptors and metabotropic glutamate receptors is dispensable for drebrin cluster-
ing. The suppression of drebrin clustering by AMPA receptor inhibition is not due 
to the alteration of drebrin expression level because the Western blot analysis has 
shown that the chronic treatment with CNQX and GYKI does not affect total 
expression level of drebrin protein (Fig.  10.7c). Further, according to double 
immunolabeling with drebrin and synapsin I, the chronic treatment with GYKI 
does not affect the clustering of synapsin I despite the decrease in drebrin cluster 
number (Takahashi et al. 2009). The selective diminishment of drebrin clustering 
is thus not due to secondary effects of impaired formation of presynaptic contact 
sites. According to more detailed analysis of drebrin clustering in dendritic filopo-
dia by triple labeling for drebrin, synapsin I, and F-actin, the inhibition of AMPA 
receptor activation with GYKI suppresses drebrin clustering on dendritic protru-
sions, especially at synaptic sites, without affecting it on dendritic shafts. Notably, 
the enhancement of AMPA receptor activity with the AMPA receptor desensitiza-
tion blocker, cyclothiazide (CTZ), increases total drebrin cluster density on den-
dritic protrusions in the presence of NMDA receptor blocker AP5 without affecting 
synapsin I cluster density (Takahashi et al. 2009). Together, the spontaneous acti-
vation of Ca2+-impermeable (GluA2-containing) AMPA receptors specifically 
facilitates drebrin clustering on dendritic protrusions without affecting the forma-
tion of presynaptic contact sites.

10.3.3  �Chronic Inhibition of AMPA Receptors Impairs 
Dendritic Spine Morphogenesis During Development

Given that AMPA receptors regulate drebrin clustering in dendritic protrusions and 
that drebrin clustering governs dendritic spine morphogenesis, it has been suggested 
that AMPA receptor activity also regulates spine morphogenesis during develop-
ment through drebrin. As expected, chronic treatment of hippocampal neurons with 
AMPA receptor blocker GYKI indeed impairs spine morphogenesis and instead 
induces filopodia-like thin spines, some of which are malformed with Y-shaped or 
multibranched structures (Takahashi et al. 2009). In contrast, chronic treatment with 
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other blockers such NMDA receptor blocker AP5 or metabotropic glutamate recep-
tor blocker MCPG does not significantly affect spine morphogenesis (Takahashi 
et al. 2009). Thus, AMPA receptor activity conducts normal spine morphogenesis 
presumably through regulating drebrin clustering in dendritic filopodia and spines. 
These results are consistent with those by using hippocampal slices in culture show-
ing that chronic blockage of AMPA receptor activation reduces the density and 
length of dendritic spines in hippocampal CA1 pyramidal neurons (McKinney et al. 
1999; Mateos et al. 2007). Further, chronic treatment with GYKI diminishes synap-
tic clustering of PSD-95 in dendritic spines but not that on dendritic shaft (Takahashi 
et al. 2009). These data also support a model by which spontaneous AMPA receptor 
activity induces drebrin clustering, which consequently promotes the formation of 
PSD-95 clusters in spines, thereby enabling the normal development of dendritic 
spines.

10.3.4  �AMPA Receptor Activity Stabilizes Drebrin in Dendritic 
Spines

Activity-dependent clustering of drebrin would be due to the changes of drebrin 
dynamics in dendritic filopodia and spines. Fluorescent recovery after photobleach-
ing (FRAP) analysis is a useful and widely used approach to examine the turnover 
of synaptic proteins within individual spines in real time. FRAP analysis using 
cultured hippocampal neurons transfected with GFP-tagged drebrin A (GFP-
drebrin A) has revealed an intriguing activity-dependent turnover of drebrin in den-
dritic spines (Takahashi et  al. 2009) (Fig.  10.8). Under normal physiological 
condition that allows spontaneous synaptic activity, GFP-drebrin A shows rela-
tively dynamic turnover in dendritic spines. In spines at hippocampal neurons at 2 
weeks in vitro, about 23% of drebrin is immobile as a stable fraction, whereas the 
rest of drebrin (about 75%) is mobile. The exchange rate of drebrin mobile fraction 
follows a time constant of approximately 6 min (Takahashi et al. 2009). Thus, about 
a quarter of total drebrin within a single spine is stabilized under spontaneous neu-
ronal activity. In addition, FRAP analysis has demonstrated the interesting roles of 
AMPA receptor activity in drebrin turnover in dendritic spines. The treatment with 
CNQX decreases the stable fraction of GFP-drebrin A to approximately 9% with-
out affecting the exchange rate. Conversely, the treatment with AMPA or CTZ in 
the presence of AP5, which enhances only AMPA receptor activity, increases the 
fraction of stable drebrin without changing its exchange rate (Takahashi et  al. 
2009). AP5 treatment itself has no effect on the stable drebrin fraction but decreases 
the time constant for drebrin turnover to about 4 min. These results indicate that the 
activity of AMPA receptors, but not that of NMDA receptors, contributes to stabi-
lize drebrin in spines.
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10.3.5  �An Increase in Stable Drebrin Is Accompanied 
by Increased Drebrin Clustering

An interesting question is whether the increase in the stable drebrin fraction corre-
sponds with the increase in drebrin clustering. FRAP analysis of GFP-tagged actin 
has shown that short-term (15- to 30-min) treatment with cytochalasin D, an F-actin 
capping reagent, increases the stable fraction of actin in dendritic spines (Star et al. 
2002). Short-term treatment with cytochalasin D to nonneuronal cells also induces 
the aggregation of drebrin-associated F-actin in the cytoplasm (Asada et al. 1994), 
presumably by changing the turnover of drebrin-F-actin complexes. These data 
suggest that cytochalasin D would be useful to examine what happens to drebrin 
clustering when the stable drebrin fraction is changed. Notably, FRAP analysis has 
shown that a 1-h cytochalasin D treatment increases stable drebrin fraction three-
fold (Takahashi et al. 2009). The short-term cytochalasin D treatment also promotes 
the clustering of drebrin with F-actin on dendrites (Takahashi et al. 2009). Thus, 
the increased fraction of stable drebrin is tightly accompanied by the enhance-
ment of drebrin clusters. Given that AMPA receptor activity increases the stable 
fraction of drebrin in dendritic spines, AMPA receptor activity enhances drebrin 
stability in spines and consequently promotes drebrin clustering in spines. Taken 
together, AMPA receptor-dependent stabilization of drebrin in dendritic spines is 
an activity-dependent cellular mechanism underlying spine morphogenesis during 
development.

10.3.6  �How Does AMPA Receptor-Mediated Drebrin 
Stabilization Contribute to Spine Morphogenesis 
and Plasticity?

According to previous studies on drebrin in nonneuronal cells (see also Chap. 6), 
drebrin-bound F-actin is resistant to cytochalasin D. Interestingly, F-actin in den-
dritic spines is also resistant to cytochalasin D. Given that dendritic spines contain 
co-clusters of drebrin and F-actin, these evidences suggest that drebrin stabilizes 
actin cytoskeleton in spines by providing their F-actin with cytochalasin D resis-
tance. In addition, time-lapse imaging studies have shown that dendritic filopodia 
have short lifetime, whereas dendritic spines are maintained for a long term (Dailey 
and Smith 1996; Marrs et al. 2001; Grutzendler et al. 2002; Portera-Cailliau et al. 
2003). Spine head volume is correlated with the amount of functional AMPA recep-
tors (Matsuzaki et al. 2001). As drebrin contents are also correlated with spine head 
volume (Kobayashi et al. 2007), it has been further suggested that the rapid turnover 
of filopodia is due to an insufficient amount of stable drebrin, whereas spine persis-
tence is due to an AMPA receptor-regulated abundance of stable drebrin. Thus, 
AMPA receptor-mediated drebrin stabilization may regulate the turnover of den-
dritic filopodia and spines and determine structure-function relationship of spines 
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by stabilizing their actin cytoskeleton. Importantly, AMPA receptor-mediated dre-
brin stabilization would also contribute to synaptic plasticity. The induction of long-
term potentiation (LTP) is accompanied by the enlargement of spine head (Matsuzaki 
et al. 2004; Okamoto et al. 2004; Honkura et al. 2008) and synaptic accumulation of 
drebrin and F-actin in input-specific manner (Fukazawa et al. 2003), suggesting that 
AMPA receptor-mediated drebrin stabilization could be involved in the enlargement 
of stimulated spines. How do AMPA receptors increase stable drebrin? Channel 
activation of AMPA receptors not only induces ion influx but also activates intracel-
lular signaling pathways such as mitogen-activated protein kinase (MAPK), protein 
tyrosine kinase Lyn, and Rho GTPase (Wang and Durkin 1995; Wang et al. 1997; 
Hayashi et al. 1999; Kim et al. 2004). Interestingly, a previous study has revealed 
that drebrin physically and functionally interacts with Ras GTPase in spine plastic-
ity (Biou et  al. 2008). Therefore, it would be interesting to address how AMPA 
receptor-induced signaling pathways mediate drebrin-based actin reorganization for 
spine formation, maintenance, and/or plasticity.

10.3.7  �Impairment of Activity-Dependent Drebrin Clustering 
and Dendritic Spine Pathology

Abnormal spine morphology is accompanied by many neurodevelopmental disorders 
such as Fragile X syndrome and neurodegenerative diseases such as Alzheimer’s dis-
ease (Hering and Sheng 2001; Fiala et al. 2002). It has been well established that dre-
brin downregulation is a pathognomonic feature of Down syndrome and Alzheimer’s 
disease (Harigaya et al. 1996; Shim and Lubec 2002; Calon et al. 2004; Counts et al. 
2006). Previous studies involving a mouse model of Alzheimer’s disease have shown 
that a decrease in AMPA receptors at the synapse is followed by a decrease in the pro-
portion of drebrin-positive spines (Chang et al. 2006; Mahadomrongkul et al. 2005). 
Normal spine morphogenesis is impaired by declustering of drebrin using drebrin A 
antisense oligonucleotides (Takahashi et  al. 2003) and also by drebrin knockdown 
using RNA interference (Biou et al. 2008). Further AMPA receptor blockade results 
in malformed spines like filopodia-like thin spines with Y-shape and multibranched 
protrusions (Takahashi et al. 2009). It has been thus suggested that the impairment of 
AMPA receptor-mediated drebrin clustering in spines would be one of the pathogen-
esis of spine abnormality in the neurological conditions.

10.4  �Drebrin Involvement in Activity-Dependent Synaptic 
Clustering of NMDA Receptors

It has been well known that NMDA receptor blockade induces synaptic accumula-
tion of NMDA receptors as homeostatic scaling of NMDA receptors (Rao and Craig 
1997; Perez-Otano and Ehlers 2005). In general, homeostatic synaptic plasticity is 
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supposed to be crucial for maintaining the excitability of neurons within the dynamic 
range (Turrigiano 2008). As described above, FRAP analysis has revealed that 
NMDA receptor blockade decreases the time constant of dynamic drebrin without 
affecting the stable drebrin fraction (Takahashi et al. 2009), indicating that sponta-
neous NMDA receptor activity regulates the transport efficiency of drebrin into 
spines. In the following, the involvement of drebrin in activity-dependent trafficking 
of NMDA receptors will be discussed.

10.4.1  �Drebrin A Is Required for Activity-Dependent Synaptic 
Accumulation of NMDA Receptors

PSDs contain high concentrations of NMDA receptors as well as PSD-95 (Kennedy 
2000). PSD-95 binds to the NMDA receptor subunits GluN2A and GluN2B 
(Niethammer et al. 1996). As described above, drebrin A upregulation is required 
for synaptic clustering of PSD-95. Further, the inhibition of NMDA receptors 
changes the exchange rate of mobile drebrin fraction (Takahashi et  al. 2009). 
Therefore, it is possible that drebrin A regulates synaptic targeting of NMDA 
receptors via PSD-95. Originally, NMDA receptors are not highly clustered at syn-
apses under the condition that allow spontaneous neuronal activity. Drebrin A 
knockdown by antisense oligonucleotides does not affect synaptic clustering of 
NMDA receptors in cultured hippocampal neurons under such condition. On the 
other hand, NMDA receptor blockage induces significant accumulation of NMDA 
receptors at synaptic sites (Rao and Craig 1997). Interestingly, drebrin A knock-
down suppresses synaptic clustering of NMDA receptors induced by NMDA 
receptor blocker AP5 (Takahashi et al. 2006). Thus, drebrin A knockdown selec-
tively blocks activity-dependent synaptic clustering of NMDA receptors (Fig. 10.9). 
Curiously, drebrin A knockdown increases PSD-95 clustering on dendrites when 
neurons are treated with AP5 (Takahashi et al. 2006), suggesting that synaptic clus-
tering of NMDA receptors accelerated by AP5 treatment is independent of the 
molecular interaction between PSD-95 and NMDA receptors. Previous studies 
have demonstrated the involvement of cAMP-dependent protein kinase (PKA) in 
the activity-dependent synaptic clustering of NMDA receptors (Crump et al. 2001). 
Notably, PKA activation by IBMX, which inhibits cAMP phosphodiesterase and 
consequently increases cAMP levels to activate PKA, is sufficient to induce synap-
tic clustering of NMDA receptors (Crump et al. 2001). Thus, it would be interest-
ing to examine whether and how PKA regulates drebrin clustering and dynamics, 
e.g., through drebrin phosphorylation. As described above, FRAP analysis has 
shown that NMDA receptor activity controls the exchange rate of mobile drebrin 
fraction without affecting stable drebrin fraction. Therefore, it has been suggested 
that mobile drebrin fraction contributes to the transport of NMDA receptors into 
spines.

10  Drebrin and Spine Formation



176

10.4.2  �In Vivo Role of Drebrin A in Activity-Dependent 
Synaptic Targeting of NMDA Receptors

The involvement of drebrin A in activity-dependent synaptic targeting of NMDA 
receptors has been also demonstrated by the analysis of drebrin A knockout (DAKO) 
mice. As only unique exon (exon 12a) of drebrin gene is deleted in DAKO mice, 
DAKO mice lose drebrin A but retain drebrin E, thus maintaining same expression 
level of total drebrin to wild-type mice (Aoki et al. 2009). In wild-type mice, the 
in vivo application of AP5 to cortical surface induces rapid accumulation of NMDA 
receptors in dendritic spines within 30 min. In contrast, the AP5 treatment of DAKO 
mice does not induce NMDA receptor accumulation in spines (Aoki et al. 2009). 
These data indicate that drebrin A is involved in the rapid form of activity-dependent 
homeostatic accumulation (synaptic scaling) of NMDA receptors in dendritic spines 
of adult cortex in vivo. Similar to in vitro results, the basal level of NMDA receptors 
in spines in DAKO mice is not significantly different from that in wild-type mice 
(Aoki et al. 2009), supporting that drebrin A is dispensable for basal targeting of 
NMDA receptors in dendritic spines.
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Fig. 10.9  The suppression of drebrin A expression inhibits activity-dependent synaptic targeting 
of NMDA-type glutamate receptor (NMDAR). (a) Cultured hippocampal neurons were treated 
with antisense oligonucleotides against drebrin A-specific exon (AOD) at 12  days in  vitro for 
2 days and further incubated in the medium with or without 50 μM NMDAR blocker AP5 for 
additional 2 days. The neurons were then immunostained for common NMDAR subunit GluN1 
(green) and synapsin I (red). In control neurons, AP5 treatment increased synaptic clusters of 
GluN1 (NR1) associated with synapsin I clusters (second top, arrowheads). In contrast, in AOD-
treated neurons, AP5 treatment had no significant effect on GluN1 clustering (bottom). Arrows in 
all panels indicate non-synaptic GluN1 clusters. Scale bar, 5 μm. (b) Quantitative analysis of total 
and synaptic NMDAR clusters. Note that AP5 enhances NMDAR clustering in the control neu-
rons, whereas AP5 does not enhance it in drebrin A knockdown neurons. Adapted from Takahashi 
et al. (2009) with permission
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10.5  �Conclusion

Drebrin clustering is crucial for dendritic spine morphogenesis and synaptic cluster-
ing of PSD-95 during development. Drebrin clustering requires not only the devel-
opmental upregulation of drebrin A but also excitatory synaptic activity mediated 
by AMPA receptors. AMPA receptor activity promotes drebrin clustering by 
increasing the stable drebrin faction in dendritic spines. In contrast, NMDA receptor 
activity controls the turnover speed of mobile drebrin. Further, drebrin A is required 
for activity-dependent synaptic targeting of NMDA receptors but not for their basal 
targeting. These findings highlight the pivotal roles of drebrin on dendritic spine 
formation and synaptic plasticity.
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