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The development of dendritic spines with specific geometry and membrane composition is critical for proper
synaptic function. Specific spine membrane architecture, sub-spine microdomains and spine head and neck
geometry allow forwell-coordinated and compartmentalized signaling, disruption ofwhich could lead to various
neurological diseases. Research from neuronal cell culture, brain slices and direct in vivo imaging indicates that
dendritic spine development is a dynamic process which includes transition from small dendritic filopodia
through a series of structural refinements to elaborate spines of various morphologies. Despite intensive
research, the precise coordination of this morphological transition, the changes in molecular composition, and
the relation of spines of various morphologies to function remain a central enigma in the development of
functional neuronal circuits. Here, we review research so far and aim to provide insight into the key events
that drive structural change during transition from immature filopodia to fully functional spines and the rele-
vance of spine geometry to function.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dendritic spines are elaborate structural units with a specific archi-
tecture that allows for rapid and compartmentalized neuronal signal
transmission [1]. The cytoplasm of dendritic spines is enriched with
filamentous actin (F-actin) and regulation of its dynamics is critical for
morphological changes, maturation, and stability of spines [2]. Rho
GTPases regulate actin dynamics via multiple effectors, including
NWASP,WAVE, and the LIM kinase–cofilin pathway, and aremajor reg-
ulators of dendritic filopodia and spine development [3]. The activity of
Rho GTPases is regulated by guanine-exchange factors (GEFs) and
GTPase activating proteins (GAPs), which are known to be important
in the fine-tuning of spine morphology [3]. Indeed, genetic mutations
of these regulators are reported to be present in the genome of patients
with various forms of mental retardation [4]. Simple growth and
volume expansion of immature spines may be explained by actin poly-
merization and bundling, whereas the unique negative curvature of the
spine neck may require structural determinants other than F-actin.
Studies using cultured fibroblasts show a clear role for the BAR (Bin–
Amphiphysin–Rvs167) superfamily of proteins in the formation and
remodeling of specific membrane curvatures [5–7]. BAR family mem-
bers may also play a role in neuronal morphogenesis and spinematura-
tion [8,9]. However, apart from membrane-associated molecular cues
from the presynaptic compartment, a possible role for membrane
kyo 113-0033, Japan. Tel.: +81
modulators in actin and Rho GTPases mediated filopodia initiation and
spine membrane construction is not clear.

Classification of spines in fixed preparations, according to their
shape and size, is a popular strategy to evaluate maturation and patho-
logical changes of neurons. Spines are often classified into three
morphological categories; thin, stubby, and mushroom types. Others
prefer to add two additional categories; branched and cup-shaped
spines [10–14]. An important question is whether the categorization
of spines according to their morphology represents a rigid classification
of distinct entities or tentative labeling of transient spine states. Live-cell
imaging studies clearly show that spines are very dynamic and undergo
reversible transformation between thin and mushroom morphologies
in a time scale of minutes to hours [15,16]. These observations support
the view that categorization only reflects the transient characteristics
of spine shape. On the other hand, long-term two-photon imaging of
individual spines presented evidence for a persistent morphology of
largemushroom spines overmonths in vivo [17]. This suggests the pres-
ence of a distinct spine subtypewith a specific morphology in vivo, with
little transformation between morphological categories. Possibly, both
views are correct in specific contexts and morphological categorization
of spines is useful onlywith a clear knowledge about their dynamics and
developmental history.

Morphological categorization of spines inmature neuronsmay shed
light on the relationship between spine morphology and synaptic effi-
cacy. One obvious example of a relationship between structure and
function is a positive correlation between spine size and synaptic
strength [1,18], as the volume of a spine head may directly correlate
with the amount of postsynaptic density (PSD) [19]. Another example
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is the geometry of the spine neck, whichmay be critical in the spread of
multiple signaling molecules. The spine neck restricts the spread of
Ca2+ signaling into the neighboring dendritic shaft [1,18]. A study
showed a 15-fold difference in Ca2+ inside the spine head in spines
with a neck diameter of 0.55 μm compared to those with 0.1 μm [20].
This result clearly indicates the importance of spine neck shape in the
retention of calcium ions. In addition to small signaling molecules, acti-
vated signaling proteins and their complex can escape through spine
necks to parental dendritic shafts. An example is the spread of the Rho
family of GTPases into the surrounding dendritic shaft and adjacent
spines [21,22]. The relationship between spine neck shape and confine-
ment of activated protein molecules, such as autophosphorylated
CaMKII and the GTP-form of Rho family proteins, is an important
topic. If spines with thin and long necks can retain activated signaling
molecules for a prolonged time period, the same amount of activation
in signaling molecules may have a differential impact on spines depen-
dent on their neck shape. Because proteins are larger than calcium and
the reduction in diffusion through a narrow space is larger for bulky
molecules, thin spine necks may be more effective in the retention of
proteins compared with that of calcium ions. In support of this, spines
with longer necks retain photoactivatable (PA) GFP slightly longer
than those with shorter necks [23]. Another parameter that can influ-
ence the diffusion of molecules through spine necks is the ongoing
activity of synapses and neurons. Previous studies indicated an increase
in the retention of calcium ions and protein-based fluorescent probes in
spines thatwere activated by tetanic stimulation or glutamate uncaging
respectively [20,23]. This increase in molecular retention in spines may
be associated with an increase of filamentous actin within spine necks.
These examples of an intimate relationship between form and function
of spine synapses lead to the hypothesis that spines of different mor-
phologiesmay have distinct functional properties and their morpholog-
ical and functional diversity may be established viamultiple regulatory
mechanisms operating during development. So, how does this complex
spine shape form during development and how do the spines of various
morphologies relate to function?

In this review, by analyzing the literature and the various approaches
used to study spine development and function,we aim to provide insight
into the molecular basis of what structural and compositional changes
take place during transition from filopodia to spines of various morphol-
ogies and how construction of certain spine geometry may relate to
synaptic function.

2.What structural refinements take place fromfilopodia to spines of
different geometry?

2.1. Structural coupling of membrane dynamics and the molecular
mechanism of filopodia initiation

Highly dynamic dendritic filopodia are postulated to be precursors
of dendritic spines [24–27]. Dendritic filopodia are short-lived struc-
tures and only a small fraction of filopodia will be converted to mature
spines. It is also argued that spines can be generated by a gradual expan-
sion of stubby protrusions formed at the sites of axonal contacts. The
complex relationship between axon–dendrite contacts, filopodial
protrusions, and spine synapse formation can be classified into three
models based on observations of different subsets of synapses present
in different brain regions [28]. Based on observations of synapse devel-
opment in the cerebellum, Sotelo proposed that Purkinje cell spines
form independent of axonal counterparts [29]. Miller and Peters pro-
posed that axonal contact triggers protrusions from dendrites and sub-
sequent maturation into spines in the pyramidal neurons of the visual
cortex [30]. Alternatively, randomly generated filopodia from dendrites
may search the surrounding environment, and form synapses when
they encounter appropriate target axons (the filopodia model) [31].
The Miller–Peters model and the filopodia model provide different
views on the initiation of dendritic protrusions in the cortical pyramidal
neurons. Recently, Kwon and Sabatini showed that local two-photon
laser uncaging of glutamate can induce de novo and rapid formation of
functional spines within seconds [32]. This observation suggests that
spine formation triggered by presynaptically released glutamate can
bypass thefilopodial stage, thereby supporting theMiller–Petersmodel.

What are the core structural changes that occur in the dendritic
membrane and the cytoskeleton for the initiation and development of
spines? A study using electron microscopy of hippocampal dissociated
neurons showed the origin of dendritic filopodia as cross-linked actin
rich patches often resembling lamellipodial actin networks [33]. How-
ever, possible changes in the composition or structure of the dendritic
shaft membrane in these regions have not been investigated. One
attractive hypothesis is that the accumulation of actin patches at sites
along dendrites leads to the recruitment of molecules required for the
initiation and elongation of dendritic filopodia. These molecules can
include Rho GTPase family members and their upstream and down-
stream factors as well as membrane remodeling proteins of the BAR
superfamily.

The role of BAR family members and their interaction with actin or
actin remodeling proteins as well as RhoGTPases have been extensively
studied in a wide variety of non-neuronal cells [5–7]. BAR proteins may
play a critical role in actin nucleation in multiple ways; as effectors or
regulators of Rho GTPases, independently of Rho GTPases, or by direct
binding and facilitating the function of actin nucleating proteins such
asWASP/WAVE [5,34]. Therefore, it is possible that BAR family proteins
may functionally interact with Rho GTPase family members and related
actin nucleating and cross-linking proteins at the site of actin patches,
and bend the membrane to facilitate filopodia/lamellipodia protrusion.
Indeed, two BAR family members IRSP53 and srGAP2 are known to
functionally interact with different Rho GTPases as well as actin remod-
eling proteins [35–37]. Interestingly, one member of the BAR family,
IRSP53 is shown to induce dynamic membrane protrusions indepen-
dently of actin inmammalian cells [38–40]. Similarly, a study byGuerrier
and colleagues showed that another BAR family member, srGAP2 is
sufficient to induce filopodia-like membrane protrusions even when
actin polymerization is inhibited [8]. Although these studies showed a
clear role for IRSP53 and srGAP2 in filopodia formation, whether these
proteins could function upstream of actin patch formation during
neuronal filopodial/lamellipodial formation remains to be investigated.
Altogether, studies so far suggest a common role for the BAR family pro-
teins in filopodia initiation in both fibroblasts and neurons by interacting
with and facilitating the function of various actin remodeling proteins
and bending the dendritic shaft membrane.

Filopodia formation in fibroblasts and neuronsmay require different
modes of actin polymerization and organization. Filopodia in non-
neuronal cells are composed of parallel actin bundles that grow in one
direction from their tip [41], while neuronal filopodia are made up of
cross-linked actin bundles that are able to grow at both ends via the
use of a different Rho GTPase, Rif and its effector mDia2 [42]. A plausible
hypothesis based on these observations is that BAR family proteins
initiate membrane protrusions and subsequently recruit specific Rho
GTPases and actin modulating proteins leading to neuron-specific
filopodia formation. However, one remaining interesting question is;
what factors determine the timing of localization and function of these
regulators of filopodia and subsequent dendritic spine development?
A good candidate can be the MAGUK protein family, including PSD95
[43,44] which is shown to localize to the dendritic plasma membrane
during synaptogenesis [45]. A study showed that IRSP53 binds to
PSD95 and another PSD protein, PSD93, and that its knock-down leads
to a decrease in spine density, length and width in a Cdc42 and Rac
dependent manner [46]. Therefore, it will be interesting to determine
if localization of a member of the MAGUK protein family during
filopodia initiation could lead to the recruitment of BAR domain pro-
teins and the subsequent initiation of filopodia and synaptogenesis.
Altogether, these studies indicate that proteins of the BAR family are
attractive candidates as modulators of membrane dynamics from the
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initial steps of filopodia initiation to the construction of functional
spines (Fig. 1). Understanding if and how membrane remodeling is
coupled to cytoskeletal dynamics and various molecular pathways to
initiate filopodia formation, and how structuralmembrane compartmen-
talization occurs from initiating filopodia to spines of various morphol-
ogies would provide valuable insight into the process of synaptogenesis
and the functional relevance of spine architecture.

3. From filopodia to spines: microsecond snapshots or highly
dynamic structural units?

In the introduction, we briefly discussed the two contrasting
hypotheses on the diversity of spine morphology. One argues that
spine morphology helps rigid classification of distinct entities of spine
subtypes. The other postulates that spine shape changes continuously
and shape-based classification does not reflect the presence of distinct
subtypes. Ideally, this controversy can be solved by taking time-lapse
images of spines in vivo and estimating the rate of transitions between
different spine subtypes. However, time-lapse imaging experiments
in vivo are technically demanding and high-frequency imaging of single
spines for a prolonged time period in vivo has not yet been achieved.
Therefore, accumulating data on spinemorphological changes are limit-
ed to low frequency, long-term imaging in vivo (several imaging frames
over weeks or months) or high frequency, short-term imaging in vitro
(imaging every fewminutes for several days). For example, live imaging
of hippocampal dissociated culture neurons imaged for 2 min showed
changes in shape without significant changes in size [15]. Another
study imaging cortical, cerebellar, and hippocampal slice culture neu-
rons for a period of 90 min showed that spine dynamics is higher in
young neurons compared with older neurons [16]. The spectrum of
morphological features in these time-lapse imaging studies are in
good agreement with previous electron microscopic studies, including
the cat neocortex [10], pyramidal neurons of the rat cerebral cortex
[47] and rat hippocampal slices, which described various spine mor-
phologies from thin filopodia-like spines to large-headed mushroom
spines [13]. Frequent changes in spine shape and reversible transition
II 
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can expand to the mushroom type, but they can reversibly shrink to
their original thin morphology) observed in culture preparations favor
the idea that no real distinction exists between spines with different
shapes. However, direct in vivo imaging of the mouse barrel cortex
followed by serial section electron microscopy showed that spine
growth and establishment of complete synaptic contact would take up
to four days without significant changes in spine morphology [48].
The slow spine dynamics they observed in this study was consistent
with previous in vivo studies [17,49,50].

A critical question iswhether spine behavior in vivo is fundamentally
different from in vitro preparations. It has been argued that rapid struc-
tural remodeling of spines observed in culture preparations is difficult
to detect in vivo, using transcranial two-photon imaging of the mouse
neocortex. But this may be mainly due to a lower resolution of two-
photon imaging, which was convincingly demonstrated by the recent
imaging of rapid spine structural remodeling in vivo with stimulated-
emission-depletion (STED) scanning microscopy [51]. Even if rapid
morphing of spine shape exists both in vitro and in vivo, transition be-
tween different morphological categories may be greatly suppressed
in vivo. This view is supported by previous imaging studies showingper-
sistent morphology of large mushroom spines over months in vivo [17].
Persistence of large spines in themature neocortex also illustrates their
distinct dynamic property. Altogether, time-lapse imaging studies of
spines both in vitro and in vivo revealed two important aspects of
spinemorphological dynamics. First, rapid morphing of spines, possibly
based on actin remodeling is a common property of spines both in vitro
and in vivo. This dynamic property may reflect activity-dependent
response of individual spines. Suppression of spine morphing by the
application of glutamate receptor agonists and volatile anesthetics
supports this view [52]. Second, transition of spines between different
morphological categories is common in culture preparations, but may
be highly suppressed in the mature neocortex in vivo. An intriguing
hypothesis is that suppression in spine morphological transition is
regulated by sensory experiences. A study by Yang and colleagues com-
pared spine turnover of mice in a standard housing environment to
III IV 

3. During filopodia elonga�on, ac�n nuclea�on and 
elonga�on occurs via mDia and Arp2/3 respec�vely and 
ac�n filaments get cross-linked by ac�n cross-linking 
proteins. Ac�n orienta�on and growth occurs in mixed 
polarity and more ac�n branches form in transi�on to 
spine head forma�on. Classical BAR proteins constrict the 
filopodial membrane in transforma�on to spine neck.

s (Vasp) 
clea�on 
 mDia. 

3) 
 bend 
 
on.

BAR family protein bending membrane outward 
such as IRSp53)

Ac�n filament cross linking proteins such as Fascin
such as 

h as Esp8

BAR family protein bending membrane inward

Direc�on of ac�n filament growth

 such as 

dritic filopodia formation.



2394 S. Ebrahimi, S. Okabe / Biochimica et Biophysica Acta 1838 (2014) 2391–2398
those in an enriched environment over a period of weeks to months
[49]. Their study showed that an enriched environment increased the
stability of newly formed spines, of which are mainly categorized as
large spines. Enhanced stability of newly formed spines may indicate
sensory experience-dependent or motor activity-dependent enhance-
ment of spine morphological transition from thin to mushroom spines.
An important question in the future is how morphological transition of
spines is suppressed in vivo. The enduring storage of our memory is
based on the maintenance of synaptic connectivity and efficacy, which
should be based on the structural stability of spines.
4. How do the differences in spine architecture relate to function?

4.1. Are spines of different developmental ages and brain regions structur-
ally and functionally different?

Serial electron microscopy reconstruction [53–56] and three-
dimensional analyses of Golgi impregnated cells combined with elec-
tron microscopy [57] showed that spine geometry differ depending on
brain region. A similar approach by Harris and Tsao showed that the
number of dendritic spines in the hippocampal CA1 region of rats can
double from postnatal day 15 to adult ages [58]. They also reported
that each spine type showed a different extent of developmental
increase. Thin spines, branched spines and perforated PSD-containing
mushroom spines increased 4-fold. On the other hand, there was no
change in mushroom spines with muscular PSDs and stubby spines
decreased to about 50%. Thus composition of spine types may differ in
different brain regions and may change as development proceeds.
Whether this is directly related to the function of the various brain
regions remains unknown and will require further functional and be-
havioral studies of each region during various developmental ages.

Research so far indicates that even on the same dendritic segment,
incoming axons from different brain areas may generate postsynaptic
spines with different morphology and function. A study by Humeau
and colleagues showed a tendency for cortical inputs to synapse on
thin spines and thalamic inputs to synapse on mushroom spines in
the lateral nucleus of the amygdala [59]. As shown and discussed by
the authors, the differences in spines may allow cortico- and thalamo-
amygdala synapses to express different types of voltage gated Ca2+

channels (VGCCs). The spines innervated by thalamic input are large
and express R-type VGCCs allowing greater Ca2+ transients and the in-
duction of LTP or LTD when pulses of excitatory postsynaptic potentials
(EPSPs) are paired with backpropagating action potentials (APs)
or when pulses of APs are paired with EPSPs respectively. However,
these same stimulations did not lead to LTP or LTD in cortico-
amygdala inputs. Therefore, their data showed that not only spine size
but also the content of specific ion channels may make spines function-
ally different (discussed in more detail below). On the other hand, the
same inputs can synapse on both thin and mushroom spines in the
hippocampal CA3 region [54]. Another study showed that both LTP
and LTD can be induced in CA3 neurons by repeatedly pairing presynap-
tic potentials with postsynaptic pulses, and LTD can be induced by the
reverse [60] similar to the thalamo-amygdala synapses discussed
above. Since both studies on hippocampal CA3 neurons did not investi-
gate a potential difference in receptor content in thin and large spines,
whether the thin spines are functionally different or are simply imma-
ture spines in transition to developing into large spines remains un-
known. In addition, a study using Ca2+ signaling showed that smaller
spines were better able to restrict Ca2+ signaling within the spine in
CA1 hippocampal slices compared to larger spines [61]. Therefore, it
would be tempting to hypothesize that, similar to the thin spines of
the lateral amygdala, the thin spines of the CA1 regionmay be function-
ally different from themushroom spines, and those of the hippocampal
CA3 region may be either functionally different or simply less mature
synapses with the potential to grow into mushroom spines. Further
functional characterization of these spines could shed light onto their
possible functional relevance and differences in various brain regions.
4.2. How does spine head and neck geometry and membrane composition
relate to functional specificity and strength?

The size and geometry of the spine head and neck are believed to be
main determinants in synaptic signal compartmentalization, strength
and specificity [1,18]. A study by Noguchi and colleagues using two-
photon glutamate uncaging of single dendritic spines in acute slices of
CA1 neurons showed that NMDA receptor-mediated Ca2+ signaling
compartmentalization depends strongly on the radius and length of
the spine neck [61]. In this study, they observed that even the smallest
spines possessedNMDAreceptors andwere able to elicit calciumsignal-
ing. However, their results indicated that smaller spineswere able to re-
strict signaling while Ca2+ signaling in larger spines was more readily
able to spread into the surrounding dendritic shaft. The kinetics and
amount of Ca2+ entry into a spine can differ greatly among different
receptors; NMDA receptors allow a much slower kinetics for Ca2+

transients compared to Ca2+-permeable AMPA receptors and VGCCs
[62–64]. Therefore, it is not surprising that Ca2+ entering via NMDA re-
ceptors hasmore time to diffusewhile that entering viaAMPA receptors
is readily utilized within the spine. However, AMPA receptors are also
able to depolarize the synaptic membrane leading to NMDA-mediated
Ca2+ entry which could diffuse into the surrounding dendrite. As
discussed above, VGCCs can also act as a route of entry of Ca2+ into
the cell [59,61]. The kinetics, amount and compartmentalization of
Ca2+ are further regulated by the large heterogeneity of these receptors
on different spines even on the same dendrite [65–67].

In addition to membrane receptors, there are a large variety of
proteins that act as buffer molecules and bind and regulate Ca2+ inside
the spine. These can activate, inactivate or spatially restrict Ca2+ signal-
ing within microdomains of a dendritic spine and hence specify its
signaling to give specific outcomes as well as minimizing its diffusion
into the proximal dendrite [68]. It is believed that only about 1 to 5%
of Ca2+ that enters the cell remains unbound [68]. The kinetics and
function of free intracellular Ca2+ depends greatly on the affinity of
available buffers. High affinity buffers sequester free Ca2+ more effec-
tively but are more prone to saturation [64,68–75]. Calmodulin (CaM)
is a good example of a Ca2+ buffer and responds to a wide range of
intracellular Ca2+ concentrations. Different intracellular Ca2+ concen-
trations lead to multiple outcomes of CaM-dependent signaling [64]. A
study by Faas and colleagues showed that CaM can directly bind Ca2+

upon entry with much higher affinity than other Ca2+ binding proteins
and thus may play a crucial role in determining free intracellular Ca2+

levels and its downstream signaling outcomes [72]. The authors hy-
pothesized that CaM binds to the higher Ca2+ levels while other buffers
may bind the lower levels of free Ca2+. Their data also indicated that the
kinetics and function of Ca2+ bound to CaM may be subject to further
regulation by other buffers. An interesting property of Ca2+-bound
CaM is that it can lead to the two opposite outcomes of LTP and
LTD [76]. This differential function of CaM is due to the existence of its
N-terminal and C-terminal lobes that have different kinetics of Ca2+

binding and activate different downstream molecules [77–80]. Recent
studies suggest that the N-terminal and C-terminal lobes may bind
Ca2+ independently and that this may greatly depend on their location
within the spine, such that N-terminal bindingmay be triggered by uni-
form localization of CaM close to Ca2+ channels while C-terminal bind-
ing may be triggered mainly by localization at the PSD [70,71]. These
findings provide an interesting example of how Ca2+ within specific
microdomains inside the spinemay be regulated. Therefore, a combina-
tion of the ratio and type of receptors expressed on the membrane as
well as the distribution of various Ca2+ regulating and buffering pro-
teins determines the strength and specificity of signaling and its com-
partmentalization within the spine head.
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In addition to biochemical properties associatedwith the spine head,
spine neck morphology can also be highly dynamic and may influence
compartmentalization of Ca2+ [81] and other signaling molecules. A
study showed that two-photon glutamate uncaging leads to the spread
of RhoA activity out of the spine into the surrounding dendrite, while
Cdc42 activity largely remained within the spine head [22]. Similar
experimental approaches revealed that HRas activity spread from the
spine while CaMKII activity was restricted within the spine [21]. One
possibility is that the different molecules may be differentially bound
and restricted by anchoringmolecules within the spine. It will be inter-
esting to investigate the relationship between spine neck morphology
and the confinement of signaling molecules, such as RhoA and HRas
taking into account possible restriction by binding partners. These ex-
periments will clarify whether spines of different morphologies are
functionally distinct in transmission of local synaptic signaling to nearby
dendritic segments and spines (Fig. 2).

5. PSD and the cytoskeleton in regulating spine membrane
composition and geometry

As mentioned above, the synaptic membrane expresses a variety of
receptors heterogeneously in different spines. One interesting question
is then, how do different spines express different proportions and/or
types of receptors? Receptors at excitatory synapses are clustered at
the PSD which also contains scaffolding proteins, actin, dynamic micro-
tubules and signaling molecules [82–85]. The PSD is located just below
the plasmamembrane in dendritic spines and its size directly correlates
with the volume of the spine head [54]. PSD components and the cyto-
skeleton have been known to play a major role in dendritic spine
construction, activity-dependent membrane protein localization and
in particular the synaptic localization of AMPA and NMDA receptors
[86–88]. PSD scaffolding components, PSD95, Homer, Shank and GKAP
link NMDA receptors and metabotropic glutamate receptors at the
PSD and maintain them in the spine [89,90]. PSD95 has also been
shown to be required for AMPA receptor localization at the postsynaptic
membrane via TARPs (Transmembrane AMPA receptor regulatory
proteins) [91,92]. In addition to PSD scaffolding molecules, there is
increasing evidence for a role for spine actin in regulating the localiza-
tion of AMPA receptors and some PSD proteins [2] while dynamic
Images of typical dendri�c spines of a hippocampal CA1 regi
using a confocal fluorecence microscope:
(I) A filopodia can develop into various types of spines (II-V).
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Fig. 2. Dendritic spines o
microtubule invasion into spines is shown to lead to spine enlargement
[85]. Finally, the size and area of PSD varies greatly among different
spines possibly due to both activity and intrinsic factors [54,93]. This
may therefore lead to a difference in the number and activity of different
receptors at the postsynaptic membrane making dendritic spines func-
tionally diverse.

6. Dendritic spine abnormalities in pathology of neuronal diseases

6.1. Aberrant dendritic spine number in post-mortem human brains with
neuronal diseases

Abnormalities in dendritic spine number were first reported using
the Golgi method in post-mortem brains of human patients with vari-
ous forms of mental retardation [94,95]. The relationship between
neurological and psychiatric disorders and spine density is complex
and interpretation requires careful considerations of multiple factors,
including disease history of patients, previous medications, direct
cause of death, and the preservation of the brain tissue [96–98]. The
neuropathological changes associated with neurodegenerative disor-
ders including Alzheimer's disease have been described extensively;
however, the data on spine density have only started to accumulate
recently. Currently, available data suggest a possible decline of spine
density in Alzheimer's disease [99,100]. It has been proposed that
impairment in synaptic function may precede accumulation of beta-
amyloid (Aβ) deposits and neurofibrillary tangles, which are the
hallmarks of the disease pathology [100,101]. Consistent with this
synapse-pathology hypothesis, recent studies of post-mortem brains
detected spine loss in patients in the early phase of Alzheimer's disease
[102–104]. The study of spine density and shape in post-mortem brains
of patients with psychiatric diseases have been initiated recently and
more data may be required to reach a consensus about spine
pathology. In the case of autism spectrum disorders (ASDs), a recent
report suggests an increase in spine density using histological examina-
tion of ASD patients with ages ranging from 10 to 45 [105]. Fragile X
syndrome (FXS), a genetic disorder with a mutation of fragile X mental
retardation 1 (FMR1) gene, is known to be associated with an increase
in spine density [106]. This spine phenotype is also present in a mouse
model of FXS, inwhich FMRP gene is deleted [107]. Because FXS patients
on slice culture taken at various stages of development 
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often show autism features and about 5% of ASD cases are associated
with FXSmutations, the spine phenotype seen in FXSmay also be linked
to autistic behaviors [108–111]. In addition, mutations in genes en-
coding for various Shank proteins are reported in autistic patients
[112–114]. It is reasonable to hypothesize that clinical manifestations
of psychiatric disorders can be explained by circuit-level dysfunctions.
Spine density changes seen in patients of psychiatric disorders may be
either primary changes associatedwith disease etiology or the outcome
of circuit dysfunctions caused by other factors, such as imbalance of
excitatory and inhibitory circuits and dysfunctions of monoamine
systems. A study using post-mortem brains of humans with a history
of anxiety and depression showed a decrease in dendritic spine density.
In order to advance our understanding in the etiology of psychiatric dis-
orders and the contribution of spine pathology, complex interactions
between genetic background and environmental factors influencing
the proper function of neural circuits should be clarified in the future.

6.2. Dendritic spine pathology in animal models of neuronal diseases

Genomic studies of neurological and psychiatric disorders have
revealed candidate gene mutations and copy number variations in
the human genome. Based on the genomic information, a number of
model mice for neuronal diseases have been generated, with special in-
terests in the identification of any impairments in synaptic functions
and associated spine pathology [99,115]. We do not intend to make a
comprehensive list of spine phenotypes seen in these mouse models
in this review; however, we will introduce examples illustrating the
important contribution of spine morphology and function in patho-
physiology. Transgenic mice of both amyloid precursor protein and
presenilin-1 showextensive accumulation of Aβ deposits and decreased
spine density in the area of Aβ deposits [116]. Detailed inspection of
spine morphology in the hippocampus of the transgenic mice revealed
clear alterations in spine morphology outside of the Aβ deposits.
Namely, in the stratum oriens of the hippocampal CA1, spine necks
were significantly shorter without changes in spine head size. On the
other hand, the stratum radiatum spines showed no change in spine
necks but had much smaller heads compared to wild-type mice.
Although it is not clear if and how overproduction of Aβ may cause
changes in spine geometry, these findings suggest that changes in
spine number may depend on direct contact with amyloid plaques,
while changes in spine shape may be triggered by soluble oligomers of
Aβ in an area and layer-dependent manner.

For the studies of psychiatric disorders, many useful animal models
have been established. A mouse model of Angelman syndrome showed
no detectable differences in the organization, branch number and mor-
phology of Purkinje cells [117], but there exists a clear spine phenotype
in this disease model. Cerebellar Purkinje cells, and hippocampal and
cortical neurons show a reduced spine density, thinner spine morphol-
ogy, and a high degree of variability in spine neck and head size [118].
Furthermore, as described previously, both human patients of FXS and
the FMRP knock-out mouse model show a significant increase in the
density of thin and long dendritic spines [106,107]. Given the impor-
tance of spine head and neck size in synaptic signaling [1,18], it would
be intriguing to investigate if the changed synapses are functional.

In researches of drug abuse, animal models are also indispensable.
Mouse studies provided a strong evidence for a role for PSD proteins
such as Esp8, believed to be part of the NMDAR complex, in alcohol
addiction, and Homer and PSD95 in psychostimulant drug addiction
[119–122]. Studies using psychostimulant drug treatment of rats have
also yielded interesting results on dendritic spine development and ex-
perience dependent synaptic plasticity. Jedynak and colleagues showed
that repeated treatment of rats with methamphetamine leads to a sig-
nificant increase in mushroom and thin spines on dorsolateral striatum
medium spiny neurons while they observed a decrease in mushroom
spines in dorsomedial striatum [123]. A similar study showed that
repeated amphetamine or cocaine intake greatly reduces experience-
dependent increase in dendritic spines in rats inmedium spiny neurons
of the nucleus accumbens and pyramidal cells in the parietal cortex
[124]. Collectively, the above studies show the important role of
dendritic spines to a wide variety of mental and neurodegenerative
diseases.

Understanding the possible functional significance of aberrant syn-
apses may shed light onto the mechanism of neurological diseases and
prove useful in identifying more effective drug targets.

7. Conclusions

Decades of research using animal models, cell culture and post-
mortem human brains have led to accumulating evidence for possible
functional differences in dendritic spines of various morphologies in
synaptic plasticity and pathology. Evidence suggests that membrane
remodeling proteins of the BAR family may facilitate protrusion of den-
dritic filopodia from actin rich patches that can then develop into spines
with different head and neck geometry which are thought to be impor-
tant factors in the compartmentalization of synaptic signals. In addition
to spine morphology, various factors such as buffer molecules that
restrict the activity, localization and diffusion of Ca2+ signaling as well
as the content, ratio and subunit composition of membrane receptors
at the postsynapticmembrane are essential in determining the strength
and specificity of signaling in a brain area and layer-dependentmanner.
Studies on human disease brains have provided useful clues in the
involvement of various molecules that function in dendritic spines in
the pathology of brain diseases; however, the difficulty and shortcom-
ings of preserving post-mortem human brains and complex patient
medical history need to be carefully considered. The use of various
animal models has provided useful insight into the neuronal pathology
of diseases such as Alzheimer's, schizophrenia andmany forms of men-
tal retardation. Future studies carefully examining the interaction of
membrane molecules and spine geometry are required in order to
determine if spines of different geometry have altered circuit level func-
tions in disease andmay facilitate our understanding of synaptic pathol-
ogy and drug discovery based on these new findings.
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