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Dendritic spine formation and stabilization
Yoshihiro Yoshihara1,2, Mathias De Roo3 and Dominique Muller3
Formation, elimination and remodeling of excitatory synapses

on dendritic spines represent a continuous process that shapes

the organization of synaptic networks during development. The

molecular mechanisms controlling dendritic spine formation

and stabilization therefore critically determine the rules of

network selectivity. Recent studies have identified new

molecules, such as Ephrins and Telencephalin that regulate

filopodia motility and their transformation into dendritic spines.

Trans-synaptic signaling involving nitric oxide, protease,

adhesion molecules and Rho GTPases further controls contact

formation or the structural remodeling of spines and their

stability. Evidence also suggests that activity and induction of

plasticity participate to the selection of persistent spines.

Together these new data provide a better understanding of the

mechanisms, speed and steps leading to the establishment of

a stable excitatory synapse.
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Introduction
Morphological alteration of excitatory synapses is one of

the most important and efficient cellular mechanisms

underlying plasticity of neural functions [1,2]. In the

central nervous system, the majority of glutamatergic

excitatory inputs are received by dendritic spines of

postsynaptic neurons. Spines are specialized protrusions

emerging from neuronal dendrites, with characteristic

bulbous enlargements at their tips (spine heads). Den-

dritic spines are first formed in early postnatal life, shaped

up by the animal’s experience, and maintained into

adulthood. Time-lapse imaging of spine dynamics visual-

ized with genetically engineered fluorescent proteins

revealed that the spines are not static, but actively move,
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and alter their morphology continuously even in the adult

brain, reflecting the plastic nature of synaptic connections

[3–7]. Hippocampal synapses undergo structural changes

in size and shape after long-term potentiation in vitro and

experience in vivo [8–10]. Additionally new spines are

formed, which become functional synapses and even-

tually replace non-activated ones [9,11,12�,13��,14].

Finally, abnormal spine structures are often associated

with various neurological disorders such as Fragile X,

Down, and Rett syndromes [15].

Careful electron microscopic observations uncovered the

fine structures and subcellular organelles of dendritic

spines and identified a unique dense thickening, the

so-called postsynaptic density (PSD), under the surface

membrane of spine heads. The PSD is a postsynaptic

specialization usually apposed to synaptic vesicle-con-

taining presynaptic boutons. A number of biochemical

and molecular biological studies have been performed to

elucidate molecular compositions of spines, especially in

the PSD, and provided comprehensive lists of functional

molecules including cell recognition/adhesion molecules,

neurotransmitter receptors, ion channels, intracellular

adaptor proteins, cytoskeletal proteins, kinases/phospha-

tases, GTP-binding proteins and extracellular proteases

[16]. Gain- and loss-of-function analyses revealed that

many of these molecules are involved in various aspects of

spine development and functions. This is particularly the

case of cell adhesion molecules, such as cadherin/catenin,

neurexin/neuroligin, Eph/ephrin, nectins, SALMs, Syn-

CAMs, which play roles in the formation, maturation, and

stabilization of spine synapses [17] (Figure 1). Some of

these molecules are also present in another type of

dendritic protrusions called dendritic filopodia. We

review here some recent findings regarding the mechan-

isms of synaptogenesis, focusing on two types of dendritic

protrusions: filopodia and spines (Figure 2).

Dendritic filopodia
Dendritic filopodia are long, thin, headless, and most

often PSD-free protrusions abundantly present in devel-

oping neurons. They can still be found later in the adult

brain, but mainly under specific conditions such as induc-

tion of plasticity, following ischemia or during regener-

ation after neuronal injury [18–20]. Dendritic filopodia are

highly motile and flexible structures, with an average

lifetime in the range of minutes to hours [6,21,22].

Due to their high motility, they are ideally suited to

explore the space around the dendrites searching for

appropriate binding partners. Filopodia repeatedly make

transient contacts with axons, however only a selected

subset of these contacts get stabilized, over a range of
www.sciencedirect.com
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Figure 1

A schematic diagram of functional molecules involved in the dendritic filopodia-spine transition. An adhesion molecule TLCN (green) is abundantly

found in dendritic filopodia but mostly excluded from spines. In filopodia, the cytoplasmic region of TLCN binds to phosphorylated active forms of ERM

family actin-binding proteins (red), but not to their inactive forms (blue). TLCN also binds to another actin-binding protein, a-actinin (yellow), in dendritic

shafts. Many cell surface molecules (purple) induce filopodia-to-spine transition and synapse maturation, whereas TLCN plays a unique role as a brake

of synaptogenesis that enhances filopodia formation/maintenance and also spine-to-filopodia reversion.

Figure 2

A schematic diagram of putative molecular steps leading from spine growth to its stabilization. Current evidence suggests that newly formed spines

initially grow without a PSD and a presynaptic partner. They might however rapidly express functional excitatory receptors, which, upon activation by

ambient glutamate, could promote the formation of a PSD and through expression of adhesion molecules and retrograde signals such as NO promote

presynaptic differentiation and contact formation. This process occurs within minutes to hours depending upon developmental stage or level of activity

in the local environment. Functionality of the new synapse then ensures its maturation and enlargement through activation of multiple signaling

pathways targeting Rho GTPases and regulation of the actin cytoskeleton. Long-term persistence of the spine might however require induction of

synaptic plasticity, additional enlargement and acquisition of the machinery for protein synthesis.
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minutes, through the generation of calcium transients

[23��]. Interestingly, this process of stable contact for-

mation is not sensitive to glutamate receptor antagonists,

which precludes a role for transmitter release in these

mechanisms. Filopodia, however, are able to discriminate

between partners, as they never make stabilized contacts

with inhibitory axons [23��]. This suggests therefore that

filopodia are able to recognize potential partners possibly

through expression of recognition or signaling molecules.

Whether these stable contacts between filopodia and

axons represent future sites of PSD formation in spines

is yet unclear.

Once the proper choice has been made, dendritic filopo-

dia can be morphologically and functionally transformed

into spines [5,6,18,22,24]. This process however may not

be always very effective. Imaging studies in living, young

mice or in hippocampal slice cultures suggests that only

10–20% of filopodia may actually be transformed into

spines and that most of these spines disappear within

subsequent days [6,22]. The situation might however be

different during early phases of development, when the

probability to reach a partner is lower and the motility of

filopodia might represent a major advantage. A recent

work shows that filopodia motility plays a critical role for

synapse formation during development. Elimination of

EphBs was found to decrease filopodia motility without

affecting spine motility, and this resulted in a reduced

rate of synaptogenesis, an effect prominent in early, but

not late development [25]. During this period, filopodia-

mediated synapse formation also depended on trans-

synaptic interactions, involving namely the Rho GTPase

effector PAK. Thus filopodia appear to be particularly

important structures as precursors of spines during early

development.
Table 1

Molecules involved in dendritic filopodia formation.

Molecule Description

Brakes of spine maturation

Telencephalin

(TLCN; ICAM-5)

Ig superfamily cell adhesion molecule that

interacts with ERM proteins

Ove

Gen

Ezrin/Radixin/Moesin

(ERM)

Actin-binding proteins that interact with

TLCN

Con

Gen

SynGAP Ras GTPase-activating proteins Gen

Ras-PI3K-Akt-mTOR Small GTPase and its downstream

signaling molecules

Con

Dom

Polo-like kinase 2

(Plk-2; SNK)

Ser/Thr kinase that phosphorylates and

destabilizes spine-associated RapGAP

(SPAR)

Ove

Accelerators of spine maturation

CaMKII Calcium/calmodulin-dependent Ser/Thr

kinase

Con

Syndecan-2 Heparan sulfate proteoglycan linked to

neurofibromin-PKA-Ena/VASP pathway

Ove

Gen

Paralemmin-1 Lipid-anchoring phosphoprotein Ove

Gen
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Molecular control of filopodia fate
In contrast to a wealth of knowledge on dendritic spines,

little is known about the molecular and cellular mechan-

isms underlying the formation and maintenance of den-

dritic filopodia, the transformation from filopodia to

spines, and the physiological significance of dendritic

filopodia. However, several functional molecules have

been recently identified, which regulate the formation

of dendritic filopodia (Table 1). These molecules can be

classified into two categories: ‘accelerators’ and ‘brakes’.

The accelerators include calcium/calmodulin-dependent

protein kinase II (CaMKII) [19], syndecan-2 [26,27] and

paralemmin-1 [28], which enhance filopodia formation

and further accelerate spine maturation. In striking con-

trast, the brakes are molecules that not only induce but

also maintain dendritic filopodia, thus slowing spine

maturation and sometimes even causing spine-to-filopo-

dia reversion [29–31,32��,33]. Among the brake mol-

ecules, telencephalin (TLCN) is of special interest and

importance, which is a dendrite-associated adhesion mol-

ecule specifically expressed by spiny neurons in the

mammalian telencephalon.

Telencephalin: a brake of spine maturation
TLCN is a cell adhesion molecule belonging to the

immunoglobulin (Ig) superfamily. TLCN gene is present

only in mammalian species. The Ig-like domains of

TLCN most closely resemble those of intercellular

adhesion molecules (ICAMs) that serve various important

functions in cell–cell interactions of the immune system

such as the formation of immunological synapses between

T lymphocytes and antigen-presenting cells [34]. TLCN

is the only neuronal member of the ICAM family and

thus also called ICAM-5. TLCN displays four unique

features with respect to its expression and localization. (1)
Approach Filopodia

formation

Spine

formation

Reference

rexpression Up Down Matsuno et al. [32��]

e knockout Down Up

stitutive active Up Not analyzed Furutani et al. [33]

e silencing Down Up

e knockout Down Up Vazquez et al. [30]

stitutive active Up Down Kumar et al. [31]

inant negative Down Up

rexpression Up Down Pak and Sheng [29]

stitutive active Up Up Jourdain et al. [19]

rexpression Up Up Ethell and Yamaguchi [26]

e silencing Down Down Lin et al. [27]

rexpression Up Up Arstikaitis et al. [28]

e silencing Down Not analyzed

www.sciencedirect.com
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Telencephalon-specific expression: TLCN is specifically

expressed in the mammalian telencephalon, the most

rostral brain segment including the cerebral neocortex,

hippocampus, striatum, amygdala, olfactory cortex, and

olfactory bulb. The 1.1-kb 5’-flanking region of the mouse

TLCN gene is necessary and sufficient as a telencepha-

lon-specific transcriptional enhancer [35]. (2) Spiny

neuron-specific expression: In the telencephalon, TLCN

is present only in spiny neurons. In the olfactory bulb, for

example, TLCN is present in the spine-bearing granule

cells, but not in the aspiny mitral cells [36]. (3) Dendrite-

specific localization: In the telencephalic spiny neurons,

TLCN protein is localized to the somatodendritic com-

partment, but not to the axon. The carboxyl-terminal 17

amino-acid sequence in the cytoplasmic region of TLCN

protein directs its dendrite-specific localization [37]. (4)

Postnatal appearance correlated with dendritic develop-

ment: the ontogenic expression of TLCN parallels the

dendritic elongation, branching, spine formation, and

synaptogenesis in each region of the telencephalon

during the postnatal development [38–40].

TLCN plays a unique role in synaptogenesis [32��]. In

cultured hippocampal neurons, TLCN is abundantly

present in dendritic filopodia, but is mostly excluded

from mature spines. When TLCN is overexpressed in

these neurons, the number of dendritic filopodia is mark-

edly increased with a concomitant decrease of the num-

ber of spines. The TLCN-induced morphological

changes of dendritic protrusions include the formation

of new filopodia from dendritic shafts, the preservation of

pre-existing filopodia, and the reversion from spines to

filopodia. On the contrary, TLCN deficiency causes the

acceleration of spine maturation with decreased number

of dendritic filopodia in developing hippocampal neurons

both in vitro and in vivo. Recently, it has been demon-

strated that TLCN induces dendritic filopodia formation

through the cytoplasmic interaction with ERM (ezrin/

radixin/moesin) family actin-binding proteins [33] and

that the extracellular region of TLCN is proteolytically

cleaved by matrix metalloproteinase (MMP)-2 and -9

[41]. These results indicate that TLCN is a key molecule

in synaptogenesis, which slows spine maturation by pre-

serving the flexible state of dendritic filopodia. Filopodia-

to-spine transition might be triggered by the exclusion of

TLCN from the filopodial plasma membrane though

proteolytic shedding, internalization, or lateral diffusion

(Figure 1). In addition, the persistence of TLCN expres-

sion in the perisynaptic region of adult neurons and its

possible involvement in LTP [42,43] suggest a putative

role as a softener of synapses, which maintains structural

dynamics and functional plasticity also in the mature

brain.

Synapse formation through spine growth
In more mature tissue, time-lapse imaging has shown that

new protrusions may also directly appear as spines [5,11].
www.sciencedirect.com
This process, which occurs within minutes, probably

accounts for about half of all protrusions formed in young

(1–3 weeks old) hippocampal slice cultures [11,19,22].

Typically, these new spines have long necks and small

heads, which sometimes makes them difficult to dis-

tinguish from filopodia, except that they are less motile.

In young neurons, new spines and filopodia are produced

at a high rate and seemingly in a random fashion. Also

most of them are essentially transient and tend to dis-

appear within hours [7,22]. The reasons for this are still

unknown, but could be linked to a failure to stabilize due

to a lack of activity, lack of expression of a postsynaptic

density or lack of induction of plasticity [44]. Three-

dimensional electron microscopic (EM) reconstruction

of newly formed spines in vitro and in vivo or following

LTP inducing protocols in slices has revealed that they do

not seem to initially express a PSD [12,22,45]. Consistent

with this, EM analyses in the cortex or hippocampus have

shown the existence of a small population of spines

devoid of a PSD or even without presynaptic partner,

suggesting that spine growth could precede synapse

formation [22,45,46]. In these experiments, morphologi-

cally mature synapses identified at the EM level on new

spines were reported only after a delay of 10–24 h, while

analyses of PSD-95-EGFP expression in slice cultures

detected the formation of new puncta after about 5 hours.

A recent study suggests that this might even be faster

[47��]. In hippocampal slice cultures, new spines stimu-

lated through glutamate uncaging become functional

within 10 min and show evidence of morphologically

mature synapses already after 1.5 hour. While it is not

clear how to account for these temporal variations, one

possible parameter could relate to activity. For example,

De Roo et al. observed that acquisition of PSD-95-EGFP

puncta in newly formed spines was markedly reduced and

delayed by blockade of glutamate receptors, suggesting

that the expression of the PSD could be under the control

of activity [22]. Thus, accumulation of receptors and other

PSD components might occur at a different speed

depending on the level of activity detected by the new

spine. A main conclusion from these studies however is

that formation of functional synapses can be extremely

fast.

If new spines grow before establishing a synaptic contact,

then an intriguing question is to understand how they

select their partner and stimulate their differentiation into

a presynaptic terminal. While adhesion molecules are

likely candidates to contribute to this process [48�,49],

a recent work also points at an interesting role of nitric

oxide (NO). NO is produced at excitatory synapses by

neuronal nitric oxide synthase (nNOS) which is brought

to the synapse through its interaction with the second

PDZ domain of PSD-95. Upon overexpression of PSD-

95, nNOS expression also increases and leads to the

formation of spines that become innervated by multiple

presynaptic partners [50]. The same situation is also
Current Opinion in Neurobiology 2009, 19:146–153
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found when NO is increased in the tissue through appli-

cation of a NO donor. Spines contacted by 4–6 terminals

are then regularly found. Conversely, blockade of nNOS

interferes with synapse formation and actually results in a

loss of spines. NO produced by expression of the PSD in

the newly formed spine could thus represent a retrograde

signal stimulating nearby axons to differentiate and form

a presynaptic terminal [50]. This could also help newly

formed protrusions to target existing terminals and com-

pete with other spines. The formation of a synapse on

spines that are produced randomly, at high rate, might

thus rely on an intricate set of signals, mediated by

adhesion molecules, the released transmitter, but also

retrograde messengers in order to orchestrate the estab-

lishment of a structurally defined contact zone.

Spine maturation and synaptic plasticity
Once a contact is made, the challenge of the new synapse

is to become stabilized, a process that is likely to be

regulated by neural activity [44]. Newly formed spines are

usually thin and elongated and in general have a small

head. They have often been referred to as learning spines

in opposition to classical mushroom-shape spines that are

representing more stable structures [2]. During this early

phase of stabilization, when newly formed spines acquire

a PSD, their spine head enlarges, a phenomenon that

probably shows similarities with the spine head enlarge-

ment associated with LTP induction [8,10,22,44,51].

Increases in spine volume closely correlate with the

accumulation of additional AMPA receptors [47��] and

reorganization of the actin cytoskeleton [52�]. The mech-

anisms regulating these size changes start to be unra-

veled. Following induction of plasticity at single spines,

enlargement was linked to a destabilization of the PSD,

an increased dynamics of PSD proteins such as PSD-95

and SHANK2, and a contribution through phosphoryl-

ation of CaMKII [53]. This enlargement process however

also involves a structural reorganization controlled by

several signaling systems, including proteolysis of the

extracellular matrix by proteases, and signaling to the

cytoskeleton through adhesion molecules. Proteolytic

activity of tissue plasminogen activator (tPA), released

by dendritic spines, has been implicated in the pruning of

synapses induced by a brief monocular deprivation in the

developing visual cortex [54–56]. More recently, evi-

dence was provided that MMP-9 activity is required

for both LTP expression and spine enlargement and that

this may involve signaling through a bêta1-integrin re-

ceptor, cofilin phosphorylation and actin polymerization

[57�]. MMP-9 has however also been shown to cleave

telencephalin, enhancing in this way spine maturation

[41]. Additionally, in hippocampal cell cultures, a sig-

naling pathway mediated by N-cadherin and involving

the scaffold protein AF6/afadin, the Rho GTPase

exchange factor Kalirin-7, Rac1, p21-activated kinases

(PAKs) and the cytoskeleton has been proposed to

regulate the size of the spine head [58��]. This pathway
Current Opinion in Neurobiology 2009, 19:146–153
could allow synaptic adhesion molecules to rapidly coor-

dinate spine remodeling associated with synapse matu-

ration and plasticity. Rho GTPases such as Rac1 or Cdc42

appear to play central roles in this process and could

actually be regulated by several different signaling com-

plexes including protein kinases such as CaMKK and

CaMKI associated with the GTPase exchange factor

beta-Pix [59�] or the Calcium/calmodulin serine protein

kinase CASK through a mechanism of SUMOylation [60].

A link between activity and these Rho GTPases could in

this way not only regulate spine maturation and enlarge-

ment, but also activity-dependent spine formation. This

central role of GTPases could thus account for the associ-

ation of mutations of several of their partners with mental

retardation [61] and defects in spine morphology and/or

synaptic plasticity [62].

How this activity-dependent structural remodeling of

spines confers them stability is still however unclear.

The close correlation existing between spine head size,

PSD size, receptor number and stability suggests that the

phenomenon could be non-specifically related to the

amount of receptors and proteins accumulated at the

synapse: larger spines with larger PSDs express more

adhesion and cross-linking molecules and are more stable.

However, spine enlargement might be only transient and

results suggest that spine head size actually shows con-

tinuous fluctuations over time [7,13��,63], while plasticity

induced stabilization might be more lasting [13��]. It

could be therefore, as suggested by some morphological

experiments, that stabilization is provided through other

mechanisms such as acquisition by the potentiated spines

of the machinery for mRNA translation that would allow

local regulation of protein synthesis and trafficking and

thus confer independence and stability to the spine [64–
66]. Additionally, this could be associated with the

expression at the synapse of specific proteins able to

stabilize the cytoskeleton or anchor pre- and postsynaptic

structures. This would account for the dependence of

synaptic plasticity on protein synthesis, although evi-

dence for such a ‘memory’ protein or stability marker

is still missing. Finally it is interesting that spine stabil-

ization may be further associated with other local regu-

lations that expand the phenomenon by favoring

induction of plasticity on neighbor spines [10,67] or the

growth of new functional synapses close to potentiated

spines [13��], thus potentially creating clusters of stable

synapses.

Conclusion
Dendritic spine formation and stabilization as a functional

excitatory synapse remains a mystery with complex

mechanisms involving a multiplicity of steps, regulations

and molecules. Our current understanding suggests the

existence of two parallel tracks, one based on the growth

of filopodia and predominantly active in early phases of

development, where regulation of motility by molecules
www.sciencedirect.com
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such as Ephrins and Telancephalin plays a critical role for

the transformation into spine synapses, and a second one,

mostly observed in later development and mature brain,

where protrusions grow directly as spines, most likely

without initial PSD or partner, and for which activity and

forms of plasticity such as LTP are probably key factors

leading through trans-synaptic signaling, NO, adhesion

molecules, Rho GTPases and certainly yet unrecognized

partners, to the maturation and persistence of the new

synapse. The complexity of these mechanisms, while

reflecting their importance, also reveals their fragility

and the numerous possibilities of dysfunctions that

appear to link genetic defects affecting synaptic proteins

to a great number of cognitive and developmental neu-

ropsychiatric disorders.

Acknowledgement
The authors thank Yutaka Furutani and Susanne C Hoyer for critical
comments on the manuscript. This work was supported by Takeda Science
Foundation to YY., a Grant-in-Aid for Scientific Research on Priority Area
(Molecular Brain Science) from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan to YY, and Swiss National Science
Foundation and European program Promemoria to DM.

References and recommended reading
Papers of particular interest published within the period of review have
been highlighted as:

� of special interest

�� of outstanding interest

1. Luscher C, Nicoll RA, Malenka RC, Muller D: Synaptic plasticity
and dynamic modulation of the postsynaptic membrane.
Nat Neurosci 2000, 3:545-550.

2. Bourne JN, Harris KM: Balancing structure and function at
hippocampal dendritic spines. Annu Rev Neurosci 2008,
31:47-67.

3. Matus A: Actin-based plasticity in dendritic spines. Science
2000, 290:754-758.

4. Lendvai B, Stern EA, Chen B, Svoboda K: Experience-dependent
plasticity of dendritic spines in the developing rat barrel cortex
in vivo. Nature 2000, 404:876-881.

5. Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR,
Welker E, Svoboda K: Long-term in vivo imaging of experience-
dependent synaptic plasticity in adult cortex. Nature 2002,
420:788-794.

6. Zuo Y, Lin A, Chang P, Gan WB: Development of long-term
dendritic spine stability in diverse regions of cerebral cortex.
Neuron 2005, 46:181-189.

7. Holtmaat AJ, Trachtenberg JT, Wilbrecht L, Shepherd GM,
Zhang X, Knott GW, Svoboda K: Transient and persistent
dendritic spines in the neocortex in vivo. Neuron 2005,
45:279-291.

8. Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H: Structural
basis of long-term potentiation in single dendritic spines.
Nature 2004, 429:761-766.

9. Holtmaat A, Wilbrecht L, Knott GW, Welker E, Svoboda K:
Experience-dependent and cell-type-specific spine growth in
the neocortex. Nature 2006, 441:979-983.

10. Harvey CD, Svoboda K: Locally dynamic synaptic learning rules
in pyramidal neuron dendrites. Nature 2007, 450:1195-1200.

11. Engert F, Bonhoeffer T: Dendritic spine changes associated
with hippocampal long-term synaptic plasticity. Nature 1999,
399:66-70.
www.sciencedirect.com
12.
�

Nagerl UV, Kostinger G, Anderson JC, Martin KA, Bonhoeffer T:
Protracted synaptogenesis after activity-dependent
spinogenesis in hippocampal neurons. J Neurosci 2007,
27:8149-8156.

By combining time-lapse two-photon microscopy and electron micro-
scopy, the authors carefully investigate morphological dissociation
between spinogenesis and synaptogenesis of CA1 pyramidal neurons
upon theta-burst stimulation in organotypic hipocamppal slices. The
results show that there is a long lag time between early spinogenesis
and late synaptogenesis, thus indicating that the spines mature slowly
into new synapses.

13.
��

De Roo M, Klauser P, Muller D: LTP promotes a selective long-
term stabilization and clustering of dendritic spines. PLoS Biol
2008, 6:e219.

This paper provides evidence that learning-related activity patterns
specifically alter the structure of neural networks through a stabilization
of potentiated synapses and the replacement of non-activated spines by
new ones. They also show that newly formed spines preferentially grow in
proximity to activated synapses and become functional.

14. Keck T, Mrsic-Flogel TD, Vaz Afonso M, Eysel UT, Bonhoeffer T,
Hubener M: Massive restructuring of neuronal circuits during
functional reorganization of adult visual cortex. Nat Neurosci
2008, 11:1162-1167.

15. Kaufmann WE, Moser HW: Dendritic anomalies in disorders
associated with mental retardation. Cereb Cortex 2000,
10:981-991.

16. Sheng M, Hoogenraad CC: The postsynaptic architecture of
excitatory synapses: a more quantitative view. Annu Rev
Biochem 2007, 76:823-847.

17. Gerrow K, Romorini S, Nabi SM, Colicos MA, Sala C, El-Husseini A:
A preformed complex of postsynaptic proteins is involved in
excitatory synapse development. Neuron 2006, 49:547-562.

18. Maletic-Savatic M, Malinow R, Svoboda K: Rapid dendritic
morphogenesis in CA1 hippocampal dendrites induced by
synaptic activity. Science 1999, 283:1923-1927.

19. Jourdain P, Fukunaga K, Muller D: Calcium/calmodulin-
dependent protein kinase II contributes to activity-dependent
filopodia growth and spine formation. J Neurosci 2003,
23:10645-10649.

20. Ruan YW, Lei Z, Fan Y, Zou B, Xu ZC: Diversity and fluctuation of
spine morphology in CA1 pyramidal neurons after transient
global ischemia. J Neurosci Res 2008.

21. Dailey ME, Smith SJ: The dynamics of dendritic structure in
developing hippocampal slices. J Neurosci 1996, 16:2983-2994.

22. De Roo M, Klauser P, Mendez P, Poglia L, Muller D: Activity-
dependent PSD formation and stabilization of newly formed
spines in hippocampal slice cultures. Cereb Cortex 2008,
18:151-161.

23.
��

Lohmann C, Bonhoeffer T: A role for local calcium signaling in
rapid synaptic partner selection by dendritic filopodia. Neuron
2008, 59:253-260.

The authors examine structural and functional interactions between
dendritic filopodia and axons in organotypic hippocampal slices. Simul-
taneous time-lapse imaging of dendritic morphology and intracellular
calcium concentration reveal that the proper synaptic partner selection
by dendritic filopodia results in local calcium transients in dendrites and
stabilization of synaptic structure.

24. Marrs GS, Green SH, Dailey ME: Rapid formation and
remodeling of postsynaptic densities in developing dendrites.
Nat Neurosci 2001, 4:1006-1013.

25. Kayser MS, Nolt MJ, Dalva MB: EphB receptors couple dendritic
filopodia motility to synapse formation. Neuron 2008, 59:56-69.

26. Ethell IM, Yamaguchi Y: Cell surface heparan sulfate
proteoglycan syndecan-2 induces the maturation of dendritic
spines in rat hippocampal neurons. J Cell Biol 1999, 144:575-586.

27. Lin YL, Lei YT, Hong CJ, Hsueh YP: Syndecan-2 induces
filopodia and dendritic spine formation via the neurofibromin-
PKA-Ena/VASP pathway. J Cell Biol 2007, 177:829-841.

28. Arstikaitis P, Gauthier-Campbell C, Carolina Gutierrez Herrera R,
Huang K, Levinson JN, Murphy TH, Kilimann MW, Sala C,
Current Opinion in Neurobiology 2009, 19:146–153



152 Development
Colicos MA, El-Husseini A: Paralemmin-1, a modulator of
filopodia induction is required for spine maturation. Mol Biol
Cell 2008, 19:2026-2038.

29. Pak DT, Sheng M: Targeted protein degradation and synapse
remodeling by an inducible protein kinase. Science 2003,
302:1368-1373.

30. Vazquez LE, Chen HJ, Sokolova I, Knuesel I, Kennedy MB:
SynGAP regulates spine formation. J Neurosci 2004,
24:8862-8872.

31. Kumar V, Zhang MX, Swank MW, Kunz J, Wu GY: Regulation of
dendritic morphogenesis by Ras-PI3K-Akt-mTOR and Ras-
MAPK signaling pathways. J Neurosci 2005, 25:11288-11299.

32.
��

Matsuno H, Okabe S, Mishina M, Yanagida T, Mori K, Yoshihara Y:
Telencephalin slows spine maturation. J Neurosci 2006,
26:1776-1786.

This paper describes the identification of a telencephalon-specific den-
dritic molecule TLCN as a negative regulator of synaptogenesis. Hippo-
campal neurons in TLCN-deficient mice show the reduction of dendritic
filopodia density and the acceleration of spine maturation, whereas
overexpression of TLCN results in the increased density of dendritic
filopodia.

33. Furutani Y, Matsuno H, Kawasaki M, Sasaki T, Mori K, Yoshihara Y:
Interaction between telencephalin and ERM family proteins
mediates dendritic filopodia formation. J Neurosci 2007,
27:8866-8876.

34. Bromley SK, Burack WR, Johnson KG, Somersalo K, Sims TN,
Sumen C, Davis MM, Shaw AS, Allen PM, Dustin ML: The
immunological synapse. Annu Rev Immunol 2001, 19:375-396.

35. Mitsui S, Saito M, Mori K, Yoshihara Y: A transcriptional
enhancer that directs telencephalon-specific transgene
expression in mouse brain. Cereb Cortex 2007, 17:522-530.

36. Murakami F, Tada Y, Mori K, Oka S, Katsumaru H: Ultrastructural
localization of telencephalin, a telencephalon-specific
membrane glycoprotein, in rabbit olfactory bulb. Neurosci Res
1991, 11:141-145.

37. Mitsui S, Saito M, Hayashi K, Mori K, Yoshihara Y: A novel
phenylalanine-based targeting signal directs telencephalin to
neuronal dendrites. J Neurosci 2005, 25:1122-1131.

38. Mori K, Fujita SC, Watanabe Y, Obata K, Hayaishi O:
Telencephalon-specific antigen identified by monoclonal
antibody. Proc Natl Acad Sci U S A 1987, 84:3921-3925.

39. Imamura K, Mori K, Oka S, Watanabe Y: Variations by layers and
developmental changes in expression of telencephalin in the
visual cortex of cat. Neurosci Lett 1990, 119:118-121.

40. Yoshihara Y, Oka S, Nemoto Y, Watanabe Y, Nagata S,
Kagamiyama H, Mori K: An ICAM-related neuronal
glycoprotein, telencephalin, with brain segment-specific
expression. Neuron 1994, 12:541-553.

41. Tian L, Stefanidakis M, Ning L, Van Lint P, Nyman-Huttunen H,
Libert C, Itohara S, Mishina M, Rauvala H, Gahmberg CG:
Activation of NMDA receptors promotes dendritic spine
development through MMP-mediated ICAM-5 cleavage. J Cell
Biol 2007, 178:687-700.

42. Sakurai E, Hashikawa T, Yoshihara Y, Kaneko S, Satoh M, Mori K:
Involvement of dendritic adhesion molecule telencephalin in
hippocampal long-term potentiation. Neuroreport 1998,
9:881-886.

43. Nakamura K, Manabe T, Watanabe M, Mamiya T, Ichikawa R,
Kiyama Y, Sanbo M, Yagi T, Inoue Y, Nabeshima T et al.:
Enhancement of hippocampal LTP, reference memory and
sensorimotor gating in mutant mice lacking a telencephalon-
specific cell adhesion molecule. Eur J Neurosci 2001,
13:179-189.

44. Ehrlich I, Klein M, Rumpel S, Malinow R: PSD-95 is required for
activity-driven synapse stabilization. Proc Natl Acad Sci U S A
2007, 104:4176-4181.

45. Knott GW, Holtmaat A, Wilbrecht L, Welker E, Svoboda K: Spine
growth precedes synapse formation in the adult neocortex in
vivo. Nat Neurosci 2006, 9:1117-1124.
Current Opinion in Neurobiology 2009, 19:146–153
46. Arellano JI, Espinosa A, Fairen A, Yuste R, DeFelipe J: Non-
synaptic dendritic spines in neocortex. Neuroscience 2007,
145:464-469.

47.
��

Zito K, Scheuss V, Knott G, Hill T, Svoboda K: Rapid functional
maturation of nascent dendritic spines. Neuron 2009,
61:247-258.

This paper shows that uncaging glutamate on newly formed spines
appearing in developmental hippocampal slice cultures triggers AMPA
receptor-dependent responses within 10 min. They also show that these
new spines can express a PSD as early as 1.5 hours after formation.

48.
�

Li B, Woo RS, Mei L, Malinow R: The neuregulin-1 receptor
erbB4 controls glutamatergic synapse maturation and
plasticity. Neuron 2007, 54:583-597.

This study reveals that the neuregulin-1 postsynaptic receptor erbB4 is
recruited to the synapse by activity and regulates synaptic AMPA recep-
tor dependent current and spine size.

49. Arikkath J, Reichardt LF: Cadherins and catenins at synapses:
roles in synaptogenesis and synaptic plasticity. Trends
Neurosci 2008, 31:487-494.

50. Nikonenko I, Boda B, Steen S, Knott G, Welker E, Muller D: PSD-
95 promotes synaptogenesis and multiinnervated spine
formation through nitric oxide signaling. J Cell Biol 2008,
183:1115-1127.

51. Kopec CD, Real E, Kessels HW, Malinow R: GluR1 links
structural and functional plasticity at excitatory synapses.
J Neurosci 2007, 27:13706-13718.

52.
�

Honkura N, Matsuzaki M, Noguchi J, Ellis-Davies GC, Kasai H:
The subspine organization of actin fibers regulates the
structure and plasticity of dendritic spines. Neuron 2008,
57:719-729.

This paper describes the existence of several pools of actin in dendritic
spines and their kinetic properties during activity-dependent spine enlar-
gement.

53. Steiner P, Higley MJ, Xu W, Czervionke BL, Malenka RC,
Sabatini BL: Destabilization of the postsynaptic
density by PSD-95 serine 73 phosphorylation inhibits
spine growth and synaptic plasticity. Neuron 2008,
60:788-802.

54. Mataga N, Mizuguchi Y, Hensch TK: Experience-dependent
pruning of dendritic spines in visual cortex by tissue
plasminogen activator. Neuron 2004, 44:1031-1041.

55. Oray S, Majewska A, Sur M: Dendritic spine dynamics are
regulated by monocular deprivation and extracellular matrix
degradation. Neuron 2004, 44:1021-1030.

56. Lochner JE, Honigman LS, Grant WF, Gessford SK, Hansen AB,
Silverman MA, Scalettar BA: Activity-dependent release of
tissue plasminogen activator from the dendritic spines of
hippocampal neurons revealed by live-cell imaging.
J Neurobiol 2006, 66:564-577.

57.
�

Wang XB, Bozdagi O, Nikitczuk JS, Zhai ZW, Zhou Q, Huntley GW:
Extracellular proteolysis by matrix metalloproteinase-9
drives dendritic spine enlargement and long-term potentiation
coordinately. Proc Natl Acad Sci U S A 2008, 105:19520-19525.

This study demonstrates that metalloproteinase-9 controls synaptic
enhancement and spine enlargement through a signaling pathway invol-
ving a beta-integrin receptor, cofilin and actin polymerization.

58.
��

Xie Z, Photowala H, Cahill ME, Srivastava DP, Woolfrey KM,
Shum CY, Huganir RL, Penzes P: Coordination of synaptic
adhesion with dendritic spine remodeling by AF-6 and kalirin-
7. J Neurosci 2008, 28:6079-6091.

This study provides evidence that N-cadherin regulates spine head size
through a signaling cascade involving recruitment of kalyrin-7 to the
synapse and formation of a multiprotein complex consisting of AF-6/
afadin, Rac1 and PAK, thus identifying a link between adhesion molecules
and the actin cytoskeleton.

59.
�

Saneyoshi T, Wayman G, Fortin D, Davare M, Hoshi N, Nozaki N,
Natsume T, Soderling TR: Activity-dependent synaptogenesis:
regulation by a CaM-kinase kinase/CaM-kinase I/betaPIX
signaling complex. Neuron 2008, 57:94-107.

This paper shows that Rac1 activity and its enhancement of spinogenesis
is regulated through phosphorylation by CaMKI of the guanine nucleotide
exchange factor betaPIX.
www.sciencedirect.com



Dendritic spine formation and stabilization Yoshihara, De Roo and Muller 153
60. Chao HW, Hong CJ, Huang TN, Lin YL, Hsueh YP: Sumoylation of
the MAGUK protein CASK regulates dendritic spinogenesis.
J Cell Biol 2008, 182:141-155.

61. Ropers HH, Hamel BC: X-linked mental retardation. Nat Rev
Genet 2005, 6:46-57.

62. Boda B, Alberi S, Nikonenko I, Node-Langlois R, Jourdain P,
Moosmayer M, Parisi-Jourdain L, Muller D: The mental retardation
protein PAK3 contributes to synapse formation and plasticity in
hippocampus. J Neurosci 2004, 24:10816-10825.

63. Yasumatsu N, Matsuzaki M, Miyazaki T, Noguchi J, Kasai H:
Principles of long-term dynamics of dendritic spines.
J Neurosci 2008, 28:13592-13608.
www.sciencedirect.com
64. Steward O, Falk PM: Polyribosomes under developing spine
synapses: growth specializations of dendrites at sites of
synaptogenesis. J Neurosci Res 1985, 13:75-88.

65. Ostroff LE, Fiala JC, Allwardt B, Harris KM: Polyribosomes
redistribute from dendritic shafts into spines with enlarged
synapses during LTP in developing rat hippocampal slices.
Neuron 2002, 35:535-545.

66. Bramham CR: Local protein synthesis, actin dynamics, and
LTP consolidation. Curr Opin Neurobiol 2008, 18:524-531.

67. Harvey CD, Yasuda R, Zhong H, Svoboda K: The spread of Ras
activity triggered by activation of a single dendritic spine.
Science 2008, 321:136-140.
Current Opinion in Neurobiology 2009, 19:146–153


	Dendritic spine formation and stabilization
	Introduction
	Dendritic filopodia
	Molecular control of filopodia fate
	Telencephalin: a brake of spine maturation
	Synapse formation through spine growth
	Spine maturation and synaptic plasticity
	Conclusion
	Acknowledgement
	References and recommended reading


