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Abstract Dendritic spines are the major targets of
excitatory synaptic input. They exist in a wide variety of
shapes and sizes, from thin to mushroom-shaped to stubby.
One of the striking characteristics of dendritic spines is
their motile nature. Spines can undergo various structural
modifications such as changes in density, shape, size, and
motility. During development, spines are highly dynamic
and many spines are formed and eliminated. As animals
mature, most spines become stable and the vast majority of
them can last throughout life. However, spine morphology
can still undergo progressive changes. Structural dynamics
of dendritic spines is thought to play important roles in
synapse plasticity and information processing. Abnormal
spine structures are often associated with malfunction of
the nervous system.

1 Introduction

Dendritic spines are small protrusions from neuronal
dendritic surface. These thorn-like structures were first
described by the Spanish neuroscientist Santiago Ramon y
Cajal in 1888 (Ramon y Cajal, 1888). The spine was
introduced initially as an anatomical structure and the
importance of spine structure was not well appreciated
until late 1950s when electron microscopy (EM) revealed
that spines are critical components of interneuronal
synaptic contacts. We now know that spines are present
in all vertebrate and even some of the invertebrate central
nervous system. Spines are the primary postsynaptic sites
of excitatory synapses. In the cortex, approximately 90%
of all excitatory synapses and more than 30% of all
inhibitory synapses occur on dendritic spines (Gray,
1959a; Sala, 2002; Shepherd, 2004). In the adult human
brain, there are more than 1013 spines. However, the
number of spines can change during life. Spinogenesis

starts shortly after birth and spine density reaches the peak
during early developmental stages. But spine density
reduces subsequently until it reaches mature density
several months later (Rakic et al., 1986; Nimchinsky et
al., 2002; Zuo et al., 2005a). Although spines are relatively
stable in an adult animal, spine turnover (spine formation
and elimination) still occurs throughout the lifetime of the
animal (Grutzendler et al., 2002; Trachtenberg et al., 2002;
Holtmaat et al., 2005; Zuo et al., 2005a; Holtmaat et al.,
2006; Majewska et al., 2006). In addition to the change in
spine number, spines can also undergo other types of
morphological modifications such as changes in size,
shape, and even motility (Dailey and Smith, 1996; Ziv and
Smith, 1996; Fischer et al., 1998; Dunaevsky et al., 1999;
Lendvai et al., 2000; Bonhoeffer and Yuste, 2002; Zhang
and Murphy, 2004; Zuo et al., 2005a). Therefore, spines
are essentially dynamic structures that can undergo various
structural rearrangements. Although spines have been
discovered for more than a century, the functional
significance of spine dynamics, and its roles in the
modulation of higher order brain function such as learning
and memory remain largely unclear. Recent studies,
especially those with in vivo time-lapse imaging techni-
ques, have provided valuable information about how the
structural modifications of dendritic spines are associated
with changes in synaptic function. Here we review recent
advances in the study of spine structural plasticity, and
discuss the potential function of spine dynamics.

2 Structure of dendritic spines

Dendritic spines are tiny membranous structures. They
have a typical length ranging from 0.1 to 2 μm (can up to
6 μm in hippocampal CA3 region) (Chicurel and Harris,
1992; Harris and Kater, 1994; Shepherd, 1996; Hering and
Sheng, 2001) and a volume less than 1 μm�1 μm�1 μm
(Peters and Kaiserman-Abramof, 1970; Harris and Ste-
vens, 1989; Harris and Kater, 1994; Harris, 1999). A
typical spine has a bulbous head and a thin spine neck
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which connects the spine head to the main shaft of the
dendrite. However, spines can have a variety of appear-
ances. Based on their shape and the relative size of the
spine head and neck, spines are commnonly divided into
three major categories: mushroom spines, thin spines and
stubby spines (Fig. 1) (Peters and Kaiserman-Abramof,
1970; Nimchinsky et al., 2002; Lippman and Dunaevsky,
2005). Mushroom spines have a mushroom-shaped
appearance with typical bulbous spine heads and short
spine necks. Thin spines have smaller spine heads but
narrower and relatively longer necks. Stubby spines are
short protrusions lacking a clearly distinguishable head and
neck (McKinney, 2005; Calabrese et al., 2006). This
morphological classification of different spine types is
largely qualitative. Because spines can vary in size, shape,
and length, a continuous spectrum of intermediate
morphology may exist. Currently, there are no consensus
criteria for differentiation of different spine types. In
addition, spines may have various appearances. For
examples, some spines have small protrusions called
spinules emerging from their heads (Tarrant and Routten-
berg, 1977; Harris, 1999). This structure may play a role in
adjusting membrane surface area and therefore may be
important for regulating structural plasticity of spines
(Harris, 1999; Nimchinsky et al., 2002). Some neurons
have specialized spines. For example, the proximal
dendrites of CA3 pyramidal neurons possess large and
branched spines called thorny excrescences. These thorny
excrescences are specialized postsynaptic structures. Each
excrescence has a single spine neck but may have two or
more spine heads (Chicurel and Harris, 1992; Lauer and
Senitz, 2006; Bourne and Harris, 2008). They form
synapses with mossy fiber terminals of granule cells.
In addition to the above-mentioned spine protrusions on

dendrites, there is another type of dendritic protrusions
called filopodia. These structures are generally not
classified as spines. However, they are related to spines
and are often considered as spine precursors. Filopodia are
highly abundant during early development but are scarce in
adulthood. A typical filopodium is a long (can up to 10 μm)
and thin protrusion lacking a bulbous head, normally with

a pointy ending (Sorra and Harris, 2000). In transgenic
mice where neurons are labeled with genetically encoded
fluorescent proteins, filopodia are easily distinguishable
from spines by their hair-like appearance and they are
usually dimmer in fluorescence than spines. One of the
remarkable features of filopodia is that they are highly
dynamic. Their length and shape can change on the time
scale of minutes or even seconds. Another feature is that
filopodia are transient. They have a lifetime on the order of
minutes to hours. Filopodia on cultured neurons can appear
and disappear within minutes, with an average lifetime of
approximately 10 minutes (Dailey and Smith, 1996; Ziv
and Smith, 1996). However, filopodia have a longer
lifetime in vivo. Zuo et al have shown that filopodia
turnover is less than 20% within 1 h in young animals, and
is about 6% over 1 h in adult animals (Zuo et al., 2005a).
Although most filopodia disappear within hours, a small
percentage of filopodia can transform into spine-like
protrusions and last over days (Zuo et al., 2005a).
Therefore, it is generally believed that filopodia are
precursors of spines. Consistent with the idea that filopodia
are spine precursors, both in vivo and in vitro experiments
have shown that filopodia can form synaptic contacts with
neighboring axons (Ziv and Smith, 1996; Fiala et al.,
1998). However, it should be noted that most filopodia are
not associated with presynaptic boutons and that most
filopodia disappear without forming spine-like structures
(Ziv and Smith, 1996; Zuo et al., 2005a). On the other
hand, new spines can form without necessarily going
through a filopodial stage (Engert and Bonhoeffer, 1999;
Marrs et al., 2001). In addition, motile filopodia-like
structures have been observed on immature dendrites of
smooth neurons which do not have spine structures (Wong
and Wong, 2001). Therefore, filopodia might not only act
as spine precursors but also may have other important
functions during early development. In fact, studies have
shown that terminal filopodia on non-spiny neurons and
those located at the tips of growing dendrites are involved
in dendritic growth, branching and synaptogenesis (Niell
et al., 2004; Yuste and Bonhoeffer, 2004).
As the major postsynaptic targets of excitatory synapses,

Fig. 1 Schematic representation of different spine morphologies. Filopodia are long and thin protrusion lacking a bulbous head. Thin
spines have smaller spine heads but narrower and relatively longer necks. Stubby spines are short protrusions lacking a clearly
distinguishable head and neck. Mushroom spines have a mushroom-shaped appearance with typical bulbous spine heads and short spine
necks (Peters and Kaiserman-Abramof, 1970; Sorra and Harris, 2000; Yuste and Bonhoeffer, 2004; Ethell and Pasquale, 2005; Lippman
and Dunaevsky, 2005)
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spines contain all the essential organelles and signaling
molecules involved in synaptic transmission. Most spines
have a thick electron dense region called postsynaptic
density (PSD) on the inner surface of the postsynaptic
membrane. In excitatory synapses, PSD covers about 10%
of the spine surface and are thicker than the presynaptic
active zones, therefore, forming a characteristic asym-
metric appearance in glutamatergic synapses (Gray, 1959b;
Garner and Kindler, 1996; Harris, 1999). The PSD
contains structural proteins, receptors, ion channels,
signaling proteins and many other molecules associated
with synaptic plasticity. Therefore, PSD may be the most
complex organelle in dendritic spines. Some spines also
have smooth endoplasmic reticulum (SER) (Spacek and
Harris, 1997). In large spines such as mushroom spines,
multiple disks of SER can be organized together and form
a specialized structure called the spine apparatus (Gray and
Guillery, 1963; Nimchinsky et al., 2002). Spine apparatus
is a characteristic organelle in many mature spines;
whereas developing spines normally lack a well-developed
spine apparatus (Westrum et al., 1980; Harris et al., 1992).
Spine apparatus has been suggested to be a major
intracellular Ca2+ store. In addition, they may be involved
in postsynaptic protein trafficking (such as receptors and
ion channels) (Ethell and Pasquale, 2005). Thus, spine
apparatus may play a role in synaptic plasticity. Free
ribosomes are rarely found in spines, but polyribosomes
can be found in some spines (Sorra and Harris, 2000;
Steward and Schuman, 2001). Therefore, local protein
synthesis can take place within spines. Although mito-
chondria and microtubules are abundant in dendrites, they
often do not extend into spines (exceptions are the thorny
excrescences, which contain mitochondria, free ribosomes,
and microtubules) (Adams and Jones, 1982; Chicurel and
Harris, 1992; Koch and Zador, 1993). In some cases,
mitochondria can redistribute into spines after synaptic
stimulation (Li et al., 2004), suggesting they might also be
involved in synapse development and plasticity.
In addition to the aforementioned organelles, spines

contain a complex network of signaling molecules that
controls spine structural plasticity, including receptors,
channels, cell adhesion molecules, scaffolding proteins,
and many cytoplasmic signaling molecules. Several good
reviews have described these molecular signals in detail
(Ethell and Pasquale, 2005; Lippman and Dunaevsky,
2005; Tada and Sheng, 2006). Among many of these
signaling molecules, Ca2+ is special in that they can
coordinate intracellular events and regulate spine structural
plasticity through multiple mechanisms. In neurons, Ca2+

elevation can be induced by multiple stimuli such as
neurotransmitter release, binding of extracellular matrix
molecules to their receptors, or back-propagating action
potentials (Gomez et al., 2001; Nimchinsky et al., 2002).
The sources of Ca2+ are also diverse. Ca2+ influx can come
from Ca2+-permeable transmitter receptors (such as N-
methyl-D-aspartate (NMDA) receptors and Ca2+ permeable

a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors), voltage-gated Ca2+ channels, reversal
of Na+-Ca2+ exchange, or intracellular Ca2+ stores (Hoyt et
al., 1998; Svoboda and Mainen, 1999; Catsicas et al.,
2001; Lohmann and Wong, 2005). Calcium signaling in
dendritic spines and the effects of Ca2+ signaling on spine
plasticity have been discussed in detail in other reviews,
and interested readers can refer to (Segal et al., 2000;
Nimchinsky et al., 2002; Oertner and Matus, 2005; Higley
and Sabatini, 2008). Actin is another essential molecule
that has been thought to play a fundamental role in activity-
dependent modifications of spine structure and function
(Rao and Craig, 2000). Actin is highly enriched in spines
and turnovers rapidly in spine head. A study using
fluorescence recovery after photobleaching suggests that
85% of actin in the dendritic is dynamic with a turnover
time of less than one minute (Star et al., 2002). Studies
have suggested that the dynamic behavior of actin may
underlie spine structural plasticity. For example, actin
polymerization inhibitors, such as latrunculin (by seques-
tering monomeric actin) and cytochalasin D (by capping
and stabilizing the fast growing end of actin filaments) can
reduce spinemotility (Fischer et al., 1998; Dunaevsky et al.,
1999). A study using fluorescence resonance energy
transfer (FRET) imaging technique has revealed that
spine shape change is correlated with the shifting of actin
equilibrium following synaptic activity (Okamoto et al.,
2004). By using rhodamine-phalloidin to label polymer-
ized actin, a recent study has found that long-term
potentiation (LTP) stimulation selectively induced actin
polymerization concurrently with an increase in spine head
size and spine density (Lin et al., 2005). These observa-
tions suggest that actin turnover may be the major driving
force for spine structural changes. Controlling the
dynamics of actin may be a converging mechanism for
regulating spine structural plasticity. The roles of actin
dynamics in spine structural plasticity have been well
discussed in some recent reviews (Matus, 2000; Matus
et al., 2000; Ethell and Pasquale, 2005; Tada and Sheng,
2006; Cingolani and Goda, 2008).

3 Functional significance of spine
structural plasticity

When Cajal described the spines, he suggested that spine
structures could increase the membrane surface area and
therefore contributed to establishing more contacts with
axon terminals (Ramon y Cajal, 1899a, b). Spines can
extend several microns away from the dendritic shaft. This
greatly increases the network flexibility and complexity.
However, a spine is not simply a wiring component. Spines
are essentially dynamic structures and can exhibit various
structural modifications including changes in number, size,
shape and motility.What is the functional significance of
spine structural plasticity? It has been suggested that
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morphological modifications of spine structure might play
a role in short-term plasticity (Lendvai et al., 2000; Zuo
et al., 2005a). In addition, the fact that a majority of spines
are stable in adult animals indicates that spines may act as a
physical substrate for long-term information storage
(Holtmaat et al., 2005; Zuo et al., 2005a). Thus, any
change in spine structure might cause alteraction in
synaptic transmission and circuit plasticity. Previous
studies have shown that there is a strong correlation
between synaptic structure and function. The volume of
the spine is correlated with the synaptic strength, the size of
the PSD and the number of neurotransmitter receptors
(Harris and Stevens, 1989; Takumi et al., 1999; Matsuzaki
et al., 2001; Passafaro et al., 2003; McKinney, 2005).
Therefore, structural plasticity of dendritic spines may
mirror a change in synaptic function.
On the other hand, changes in spine structure may be

associated with local signal processing. Variations in the
size of spine head or neck may affect signal integration or
molecular compartmentalization (Koch and Zador, 1993;
Shepherd, 1996; Calabrese et al., 2006). The small spine
head has an amplification effect. Because of the small
volume, a small increase in the number of signaling
molecules inside the spine head can cause a large increase
in concentration. Accordingly, smaller spines appear to
have a larger amplification effect. Consistent with this,
studies have shown that small spines have greater increases
in Ca2+ signal (Nimchinsky et al., 2004; Noguchi et al.,
2005). Spine necks can also facilitate signal amplication
and cause molecular compartmentalization. The narrow
spine neck can restrict the diffusion of signaling molecules
and confine local events such as protein synthesis and
membrane trafficking. Experiments using fluorescence
recovery after photobleaching (FRAP) technique have
shown that the recovery of AMPA receptors is slower in
dendritic spines than neighboring denritic area, suggesting
the spread of AMPA receptors is limited at the spine neck
(Ashby et al., 2006). Thus, alterations in spine structures
such as head or neck changes could all play a role in the
modulation of synaptic function and therefore, higher
order brain function.

4 Dynamic changes in spine number

A fundamental feature of the nervous system is that the
synaptic connections between neurons are dynamic and
can undergo different modes of modification throughout
life. One of the major ways that the neural circuit
reorganizes its connections is through spine formation
and elimination. In many species, spine formation starts
after birth and generally coincides with synaptogenesis
(Yuste and Bonhoeffer, 2004). Ever since the first spine is
formed, spine turnover has started. However, in the early
stages of development, spine formation rate is higher than
spine elimination rate. Therefore, there is a net increase in

spine number during early postnatal life. The number of
spines reaches its peak in the first few weeks. Subse-
quently, there is a net loss of spines as a result of higher rate
of spine elimination (Rakic et al., 1986; Nimchinsky et al.,
2002; Zuo et al., 2005a). As animals mature, spine
formation rate is comparable to elimination rate and most
spines become relatively stable, but spine formation,
pruning and remodeling can still occur (Holtmaat et al.,
2005; Zuo et al., 2005a).
One of the basic questions related to spine turnover is

how a new spine is formed. Some studies suggest that
filopodia are the intermediate structure for spine formation.
Thus, filopodia are considered as precursors of spines. This
concept is supporterd by the observation that a drop in
filopodia number coincides with an increase in the number
of spines that are formed during development (Dailey and
Smith, 1996; Ziv and Smith, 1996). Consistent with this
observation, in vivo two photon imaging has shown that
some filopodia can indeed transform into stable spine-like
structures (Zuo et al., 2005a). However, this may not be the
only way for spinogenesis, as new spines can emerge
without experiencing a filopodial stage (Engert and
Bonhoeffer, 1999; Marrs et al., 2001). Multiple mechan-
isms may be applied during spinogenesis. Nevertheless, at
least some spines are formed from filopodia. In addition to
their role in spine formation, filopodia may also be
involved in spine elimination. Zuo et al. have shown that
spines are often transformed into filopodia-like structures
before undergoing elimination (Zuo et al., 2005a).
The turnover of spines has provoked a fundamental

question: how stable are spines? Using repeated two-
photon imaging, two independent groups have first
addressed this question in young and adult animals
(Grutzendler et al., 2002; Trachtenberg et al., 2002).
Consistently, both groups found that spines are highly
plastic in young animals and more spines are eliminated
than formed during early development, leading to a
developmental decrease in spine density (Grutzendler et
al., 2002; Trachtenberg et al., 2002; Holtmaat et al., 2005;
Zuo et al., 2005a). In addition, Zuo et al. (Zuo et al., 2005a)
also found that the spine formation rate is largely constant
from young to adult animals, but the elimination rate
decreases gradually until they reach a value that is
comparable to formation rate. Therefore, spines become
more stable when animals mature. Although in general,
both groups agree that the majority of spines in apical
dendrites of layer 5 pyramidal neurons in the adult brain
are stable for over weeks to months in different cortical
regions (Grutzendler et al., 2002; Trachtenberg et al., 2002;
Holtmaat et al., 2005; Zuo et al., 2005a), there is a lack of
consensus in the degree of stability. For example, Gan
group reported a high stability with more than 90% of
spines remaining stable over 1 month (Grutzendler et al.,
2002; Zuo et al., 2005a) in the adult cortex. However,
Svoboda group found only 73% of spines persisted in the
adult mouse visual cortex over 1 month (Holtmaat et al.,
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2005). Methodological differences such as surgical
preparation, sampling of different cell types or cortical
regions, classification of dendritic protrusions, usages of
different lines of animals, or even housing conditions could
all contribute to the quantitative difference in spine
turnover (Grutzendler et al., 2002; Trachtenberg et al.,
2002; Holtmaat et al., 2005; Zuo et al., 2005a; Holtmaat
et al., 2006; Majewska et al., 2006; Xu et al., 2007).
Nevertheless, both groups and other labs agree that spines
become more stable in adult animals and may form a
physical substrate for circuit plasticity (Mizrahi et al.,
2004; Holtmaat et al., 2005; Zuo et al., 2005a; Lee et al.,
2006; Majewska et al., 2006).
Spine formation and elimination are not only related to

development, but also associated with change in synaptic
activity. Studies using cultured hippocampal slices have
shown that new spine formation is correlated with the
induction of LTP or enhanced synaptic activity (Collin
et al., 1997; Engert and Bonhoeffer, 1999; Maletic-Savatic
et al., 1999). Depending on the frequency of the activity,
spines can undergo bi-directional changes. For example,
low frequency stimulation can induce spine retractions
in cultured slices, whereas theta burst stimulation can lead
to new spine formation (Nagerl et al., 2004). Spine
turnover is also influenced by a number of other factors
such as temperature, hormonal and learning activity
(Woolley et al., 1990; Moser et al., 1994; Kirov et al.,
1999; Roelandse andMatus, 2004). Recent in vivo imaging
studies have shown that experience-dependent activity
appears to have differential effects on spine stability in
young and adult animals. For example, whisker trimming
or pharmacological blockage of NMDA receptors with
MK-801 can change spine turnover rate in young animals
(Zuo et al., 2005b; Holtmaat et al., 2006), but manipulation
of sensory input in adult animals does not change spine
turnover significantly (Mizrahi and Katz, 2003; Zuo et al.,
2005b; Majewska et al., 2006). However, it should be
noted that activity may modify other aspects of spine
structure such as spine head volume or motility in adult
animals (Lendvai et al., 2000; Majewska and Sur, 2003;
Zuo et al., 2005a; Majewska et al., 2006). All these data
suggest that spine turnover plays an important role in
coordinating synaptic function.
Recent data suggest that circuit remodeling associated

with spine turnover may also underlie functional recovery
in neurological diseases. For example, Brown et al.
(Brown et al., 2007) have shown that dendritic arbors
undergo an extensive reorganization when animals recover
from stroke. This large scale reorganization of dendritic
branches is accompanied by a dramatic increase in spine
turnover and a recovery of spine density. A recent study in
Alzheimer's disease (AD) has shown that functional
recovery can be achieved by restoring spine structure and
density (Smith et al., 2009). These studies offer the hope
for promoting functional recovery in neurological diseases
by modulating spine structural plasticity.

5 Spine motility and structural modification
in spine size and shape

This concept of spine motility was first proposed by
Blomberg et al. (Blomberg et al., 1977; Sala, 2002). It
refers to the ability of dendritic spines to move and
accordingly change their morphology. Dendritic spines can
undergo at least two types of motility: protrusive motility
and/or head morphing (Tashiro and Yuste, 2004).
Much of our knowledge about spine motility comes

from live cell imaging experiments (Dailey and Smith,
1996; Ziv and Smith, 1996; Fischer et al., 1998;
Dunaevsky et al., 1999; Lendvai et al., 2000; Bonhoeffer
and Yuste, 2002; Zhang and Murphy, 2004; Zuo et al.,
2005a). These studies have found that rapid morphologic
alterations of spines such as linear extensions, retractions
and head morphing can occur on the order of minutes or
even seconds (Dailey and Smith, 1996; Ziv and Smith,
1996; Fischer et al., 1998; Dunaevsky et al., 1999; Zhang
and Murphy, 2004). It appears that spine motility is
developmentally regulated (Dunaevsky et al., 1999; Zhang
and Murphy, 2004). Young neurons have a higher spine
motility than mature neurons. Nerverthereless, mature
spines can still undergo constant movement. Spine motility
can be changed by activity. For examples, activation of
glutamate receptors with AMPA or NMDA can reduce
spine motility (Fischer et al., 2000; Ackermann and Matus,
2003; Oray et al., 2006), and experience-dependent
remodeling such as sensory deprivation can depress the
protrusive motility of spines and filopodia (Lendvai et al.,
2000). However, basal spine motility appears to be an
intrinsic feature of neurons and is not determined by Ca2+-
dependent events, as bath application of BAPTA-AM has
little effect on spine dynamics (Dunaevsky et al., 1999;
Zhang andMurphy, 2004). Although these imaging studies
have provided fundamental insight into the mechanisms
regulating spine motility, the physiological roles of spine
motility remain largely unclear.
One of the potential functions of spine motility may be

related to spinogenesis and synaptogenesis. Motile spines
may facilitate seeking for new synaptic contacts. As we
known, spine precursors, or filopodia are highly dynamic
and have very short lifetime (about 10 min) (Ziv and
Smith, 1996). There are more filopodia than spines during
early stages of development. As synapse formation
progresses, most filopodia disappear and are replaced by
more stable mature spines (Dunaevsky et al., 1999;
Calabrese et al., 2006). The highly motile and short-lifed
nature of filopodia suggests that developing dendritic
protrusions may actively probe their environment for
presynaptic terminals, thereby promoting synaptogenesis.
Consistent with this, experiments in cultured neurons have
shown that dendritic filopodia can initiate synaptic contact
and be stabilized by the newly formed synaptic contact
(Ziv and Smith, 1996; Zuo et al., 2005a). The stabilization
of dendrtic protrusions by synaptic contact raises an
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interesting question about whether spines are still able to
move when connected by presynaptic terminals. Studies
combining time-lapse imaging and immunocytochemistry
and electron microscopy have reported that spines remain
motile even with synaptic contacts (Fischer et al., 1998;
Dunaevsky et al., 2001). These raise other interesting
questions such as whether these synapses are functional
and how synapses maintain relative synaptic strength with
moving synaptic components. Later studies suggested that
spines can continue to move even when a functional
presynaptic terminal is present, thus functional presynaptic
terminals may not necessarily arrest spine motility
(Korkotian and Segal, 2001a, b; Deng and Dunaevsky,
2005). Importantly, presynaptic terminal seems quite
stable, suggesting that postsynaptic spine has to morph
around a presynaptic axonal varicosity (Dunaevsky and
Mason, 2003; Deng and Dunaevsky, 2005). The mechan-
ism underling spine motility in an established synapse
remains to be determined. Presumablely, morphing of the
postsynaptic structure may help explore new synaptic
contacts or promote synapse maturation (Zito et al., 2009).
In addition, dynamic change of spine with synaptic
contacts may be associated with spine elimination and
circuit remodeling, as morphological alteration and
transformation often occur before spine undergoing
elimination (Zuo et al., 2005a).
Another potential function of spine motility may be

related to information processing and modulation of
synaptic strength. Because the geometry of the spine is
essential for signal integration and molecular compart-
mentalization, morphological alterations associated with
spine motility may drive signal integration in the synapse
(Bloodgood and Sabatini, 2005; Hayashi and Majewska,
2005). For example, volume change of spine head can
cause a change in Ca2+ concentration and accordingly Ca2+

dynamics (Holcman et al., 2004; Nimchinsky et al., 2004;
Noguchi et al., 2005). Similarly, a change in spine neck
length or diameter may alter Ca2+ signal decay kinetics
(Majewska et al., 2000; Grunditz et al., 2008; Bloodgood
et al., 2009). In addition, because spine heads are filled
with structural proteins and many other diffusible signaling
molecules, spine motility could cause rearrangement of the
spine matrix and signaling micro-domains. Moreover, re-
assembly of actin-related proteins and synaptic events
associated with actin dynamics such as membrane
trafficking and receptor recruitment could all be coupled
with spine motility (Lippman and Dunaevsky, 2005;
McKinney, 2005). Taken together, spine dynamics may
be closely linked to synaptic events and understanding the
mechanisms controling spine motility will likely provide
fundamental insights into how the synapses process
information.
Spine motility inevitably leads to changes in spine shape

and/or volume. Because most spines are stable in adult
animals, modifications of spine size and shape are themajor
forms of structural plasticity. As rapid morphological

alterations can occur within minutes or even seconds, this
form of structural plasticity may provide a potential
mechanism for encoding short-term plasticity. It has been
reported that the volume of the spine head is proportional
to the number of a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors and the size of the PSD
(McKinney, 2005) (Harris and Stevens, 1989; Takumi et
al., 1999; Matsuzaki et al., 2001; Passafaro et al., 2003).
The latter is further correlated with the area of the
presynaptic active zone, the number of docked vesicles
and the neurotransmitter releasing probability per action.
Thus, morphological changes associated with motility may
imply a change in synaptic function. Many lines of
evidences suggest that changes in spine size are tightly
regulated by neuronal activity. For examples, uncaging
glutamate near individual spines results in rapid spine
enlargement of the stimulated spine (Matsuzaki et al.,
2004). In cultured neurons, bursts of action potentials
evoked in response to a depolarizing current pulse can
cause fast spine contraction (Korkotian and Segal, 2001b).
In some cases, spines can contract or enlarge depending on
the intensity or frequency of the stimuli. For example,
tetanic stimulation leads to rapid enlargement of the spine
heads in cultured slices, whereas prolonged 1 Hz
stimulation induces a decrease in spine head size
(Okamoto et al., 2004; Zhou et al., 2004). Another study
has shown that application of short pulses of glutamate to
cultured hippocampal neurons can cause spines to shrink
or elongate, depending on the stimulation intensity and
duration (Korkotian and Segal, 1999). These data suggest
that activity can induce rapid changes in spine structures,
consistent with the idea that morphological modification
may serve as a mechanism for short-term plasticity.

6 Structural abnormalities of dendritic
spines in pathological conditions

Because spine structure is intimately associated with
synaptic function, it is conceivable that abnormal spine
structure may be associated with malfunction of the
nervous system. Indeed, dendritic spine abnormalities
have been described in many pathological conditions
including Alzheimer’s disease, Parkinson’s disease, Hun-
tington’s disease, Down’s syndrome, Fragile-X syndrome,
epilepsy, Schizophrenia, prion disease, addiction, and
stroke (reviewed by Fiala et al., 2002; Fuhrmann et al.,
2007). Abnormal changes in spine density, size, shape,
sprouting locations, as well as ultrastructure have all been
reported in disease states. For example, changes in spine
density have been observed in many diseases. Addictive
drugs such as amphetamine and cocaine can induce an
increase in spine density (Robinson and Kolb, 1999;
Norrholm et al., 2003), while epilepsy can induce a
decrease in spine density (Swann et al., 2000). It should be
emphasized that spine density change may not necessarily
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be correlated with disease symptom, as both increase and
decrease in spine density can lead to simlar symptoms. For
examples, in Down’s syndrome, the most common cause
of mental retardation, neurons have fewer dendritic
branches, shorter basal dendrites and a decreased spine
density (Takashima et al., 1981; Takashima et al., 1994).
However, in Fragile-X syndrome, another leading cause of
mental retardation, spine density is increased and many
spines are long and thin characteristic of immature
filopodia-like protrusions (Irwin et al., 2000). Perhaps,
spine integrity, stability, and/or a balance between spine
formation and elimination are more important for neuronal
function than the absolute spine number. Nevertheless,
some common pathological changes can occur in many
neurological diseases. For examples, several chronic
neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease that are
associated with neuronal death often display a progressive
loss of dendritic spines in the course of disease develop-
ment (McNeill et al., 1988; Guidetti et al., 2001; Selkoe,
2002). In addition, disruption of spine integrity and
aberrant spine morphology are oftern associated with
pathogenesis and disease progression. In the case of
Alzheimer’s disease, dendrites near amyloid plaques

always exhibit some degree of abnormality. Another
good example is acute structural changes after stroke. It
has been shown that spine integrity and structural
abnormalities after stroke are highly correlated with the
degree of ischemia (Fig. 2). In a moderate ischemic stroke
model where blood flow was reduced about 50%, repeated
imaging showed that dendritic spine structure is largely
intact within the first 5 hours after stroke onset (Fig. 2a),
suggesting modest reduction in blood flow is not
associated with an immediate damage to synaptic structure
(Zhang et al., 2005). In contrast, in a severe stroke where
blood flow drops to less than 10%, rapid loss of spines and
dendritic swelling occur within 10–30 min (Fig. 2b)
(Zhang et al., 2005; Zhang and Murphy, 2007). Interest-
ingly, swelling dendrites and lost spines can regain their
original structure when reperfusion occurred in occluded
vessels (Zhang et al., 2005; Murphy et al., 2008). More
importantly, restore of synaptic structure can lead to a
corresponding recovery of function (Murphy et al., 2008).
In the case of intermediate ischemia, a gradual degenera-
tion of spine structure are observed (Fig. 2c) (Zhang and
Murphy, 2007). Consistent with this, in ischemic border
region where there is only a partial reduction in blood
supply, progressive loss of dendritic spines occurs over the

Fig. 2 Spine integrity and structural abnormalities after stroke are associated with the degree of ischemia. (a) There is no apparent
change in spine structure within the first 5 h in a moderate ischemic stroke model where blood flow is reduced about 50%. (b) Rapid loss of
spines and dendritic swelling is observed in a severe stroke where blood flow drops to less than 10%. Dendritic structure (green) is
completely lost within 30 min. (c) A gradual degeneration of spine structure occurs in an intermediate ischemia. (d) Image of dendritic
structure 90 min after ischemia. Note the sharp border (blue line, visualized as a rapid transition from relatively normal dendritic structure
to beaded and swollen structure) between the core heavily clotted region and the relatively intact region. (e) A magnified view of the
yellow boxed region in (d) showing progressive loss of dendritic spines in ischemic border region. Note a stable spine (blue arrowhead)
and a lost spine (red arrowhead) 5.5 h after stroke near the border region. Pre: Pretreatment. Panels a–b are modified from Zhang et al.
(Zhang et al., 2005) with permission and c–e are adapted from Zhang et al. (Zhang and Murphy, 2007) with permission.
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first few hours after stroke onset (Fig. 2d and 2e) (Zhang
and Murphy, 2007). These data suggest that structural
abnormalities of dendritic spines can be used as indicators
of disease severity and progression, and information about
spine morphology and dynamics may contribute to the
diagonosis and treatment of the neurological disorders.

7 Conclusions

Abundant experimental data suggest that spine can
undergo various morphological changes. It is now clear
that the morphological alterations may play essential roles
in synaptic plasticity and function. Recent development of
in vivo imaging techniques has greatly improved our
knowledge of spine structural plasticity. However, many
fundamental questions remain to be answered. For
example, what controls the lifetime of individual spines?
This question is important becaue the lifetime of spines can
shift the balance between spine formation and elimination
and ultimately affect the stability and plasticity of the
neural circuit. Because spine density change (increase or
decrease) often lead to malfunction of the nervous system
as we observed in many pathological conditions, it may be
important for the brain to maintain a balance between
stability and plasticity. Other related questions are: How
does spine turnover contribute to learning and memory? Is
it possible to manipulate spine structural plasticity?
As most spines do not turnover in the adult brain,

alterations in spine shapes or sizes may be the major forms
of structural plasticity in adult animals. Although activity
and experience have been related to these forms of
structural plasticity, many questions remain. For example,
do spine dynamics affect information storage? Although a
vast majority of spines are stable in adult brain and they
may serve as a physical substrate for long-term information
storage, it is conceivable that memory will not last if the
relative synaptic strength cannot be maintained in a neural
circuit. How is the relative synaptic strength maintained in
a synapse with a motile postsynaptic spine? Answers to
these questions will eventually help us understand how the
brain encodes and stores information.
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