Chapter 14
Dendrite Maintenance

Sara Marie Katrancha and Anthony J. Koleske

Abstract The structural maintenance of dendrite arbors and dendritic spines is
crucial for proper brain function. Dendrite arbors and dendritic spines transition
from dynamic plasticity to greater stability during maturation. Dendrite branches
stabilize before dendritic spines to retain overall dendrite arbor integrity while
preserving the ability to fine-tune synaptic connections. Nonetheless, shared sig-
naling mechanisms exist to coordinate shaping and stabilization of both dendritic
spines and dendrite arbors. Long-term dendrite arbor and dendritic spine stability is
maintained by dynamic cytoskeletal elements that turn over quickly. This process is
exquisitely controlled by small GTPases, kinases, and proteins that regulate actin
and microtubule polymerization, stability, and turnover. These proteins collectively
ensure the precise formation and balanced turnover of the actin and microtubule
cytoskeletons to maintain dendritic spine and dendrite structure. In addition, cell
surface adhesion receptors, including Eph receptors, immunoglobulin superfamily
receptors, cadherins, and integrins, play important roles in dendritic spine forma-
tion and stability by signaling to cytoplasmic nonreceptor tyrosine kinases that
mediate changes in cytoskeletal structure. The loss of dendritic spine and/or
dendrite arbor stability in humans is a major contributing factor to normal aging
and the pathology of psychiatric illnesses, neurodegenerative diseases, and stroke.
In this review, we discuss the cellular and molecular mechanisms that differentially
regulate dendritic spine and dendrite arbor stability, examine how these mecha-
nisms interact functionally, and highlight how they become disrupted in different
pathological states.
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14.1 Introduction

14.1.1 Dendrite Arbors and Dendritic Spines Transition from
Dynamic Plasticity to Greater Stability During
Development

The proper formation and long-term maintenance of neuronal connectivity is
crucial for proper brain function. The size and shape of a neuron’s dendrite arbor
establish the blueprint for its connections by determining the number and distribu-
tion of receptive synaptic contacts it can make with afferent axons. Dendrites in
developing neurons undergo continual dynamic changes in shape to facilitate
proper wiring, synapse formation, and establishment of neural circuits. Growing
dendrite arbors continually extend and retract branches as they mature, and this
behavior is greatly influenced by synaptic activity. Importantly, only a subset of
nascent dendrite branches become stabilized (Dailey and Smith 1996; Wu
et al. 1999; Wong and Wong 2000; Wong et al. 2000; Niell et al. 2004). Many
observations in diverse model systems have affirmed that afferent innervation or
synapse formation on a nascent dendrite branch promotes its stabilization, whereas
the loss or reduction of synaptic inputs destabilizes target dendrites (Clark 1957;
Matthews and Powell 1962; Jones and Thomas 1962; Wiesel and Hubel 1963;
Coleman and Riesen 1968; Vaughn 1989; Rajan et al. 1999; Wu et al. 1999; Niell
et al. 2004; Cline and Haas 2008). To explain the observation that dendrite branches
that receive synaptic inputs are preferentially stabilized, Vaughn proposed the
“synaptotrophic hypothesis,” offering a model by which afferents can influence
dendrite arbor development (Vaughn 1989).

The structural plasticity of dendrites decreases greatly as circuits mature. Den-
drite branches stabilize first, while dendritic spines continue to form, change shape,
and turn over as circuits refine (Trachtenberg et al. 2002; Oray et al. 2004; Holtmaat
et al. 2005, 2006; Majewska et al. 2006). Spine formation and pruning is especially
dependent on experience and activity patterns during this early stage of develop-
ment (Trachtenberg et al. 2002; Zuo et al. 2005a; Holtmaat et al. 2006; Yang
et al. 2009). This period of spine dynamics is followed by a phase of extensive
synapse and dendritic spine pruning, which extends through adolescence and early
adulthood in some human brain regions (Huttenlocher 1979, 1990; Rakic
et al. 1986; Markus and Petit 1987; Rakic et al. 1994; Holtmaat et al. 2005; Yang
et al. 2009; Gourley et al. 2012). Dendritic spine and dendrite branch stability
become mechanistically uncoupled during late refinement. Such uncoupling is
crucial for long-term circuit stability, as it enables mature neurons to retain overall
long-term dendrite arbor integrity and integration within networks while preserving
the ability to fine-tune synaptic connections. The dynamic behavior of dendritic
spines in the rodent cortex becomes greatly reduced by early adulthood.
Transcranial two-photon imaging indicates that a significant fraction (50-85 %)
of dendritic spines in adult rodent cortex is stable for extended time periods of
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several months and possibly years (Trachtenberg et al. 2002; Holtmaat et al. 2005,
2006; Zuo et al. 2005a; Majewska et al. 2006). Together, these findings suggest a
scenario in which the majority of dendritic spines and dendrite arbors become
stabilized for long periods within an organism’s lifetime, perhaps decades in
humans.

The loss of dendritic spine and/or dendrite arbor stability in humans is a major
contributing factor to the pathology of psychiatric, neurological, and neurodegen-
erative disorders, as well as damage associated with stroke and normal aging.
Importantly, different patterns of dendritic spine and dendrite branch loss are
observed in different psychiatric and neurodegenerative disorders (reviewed in
Kulkarni and Firestein 2012), suggesting that spine and branch stabilization mech-
anisms are differentially disrupted in different disease pathologies. The altered
synaptic connectivity resulting from dendrite arbor and dendritic spine destabiliza-
tion or loss is thought to contribute to the impaired perception, cognition, memory,
mood, and decision-making that characterize these pathological conditions. Addi-
tionally, despite the evidence discussed for long-term dendritic spine stability
during an organism’s lifetime, a recent study has shown that cortical dendritic
spines return to a more dynamic state in aged mice (>20 months) (Mostany
et al. 2013). It is presently unclear how this increased dynamic spine behavior
contributes to age-dependent decrements in cognition, learning, or memory.

Biochemical, imaging, and electrophysiological approaches have been used to
dissect the mechanisms that mediate long-term dendritic spine and dendrite branch
stability. We provide a perspective on the cellular and molecular mechanisms that
differentially regulate dendritic spine versus dendrite branch stability and highlight
how these mechanisms are disrupted in different pathological states.

14.2 Cytoskeletal Dynamics Play a Key Role
in the Regulation of Dendrite Arbor and Dendritic
Spine Stability

14.2.1 A Dynamic Actin Framework Supports Dendritic
Spine Structure and Function

Dendritic spines are small protrusions from the dendrite branch that serve as
postsynaptic contacts at the majority of excitatory synapses (Harris 1999; Tashiro
and Yuste 2003; Bourne and Harris 2007; Izeddin et al. 2011). Spines are morpho-
logically heterogeneous (e.g., thin, mushroom, and stubby), yet commonly have a
narrow neck and bulbous head (Harris and Kater 1994; Harris 1999; Star et al. 2002;
Tashiro and Yuste 2003; Bourne and Harris 2007; Arellano et al. 2007; Tgnnesen
et al. 2014). Spine shape is supported by a filamentous actin network, which
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reinforces overall spine structure and stability, organizes the postsynaptic signaling
machinery, and powers changes in spine shape (Fifkova and Delay 1982; Matus
et al. 1982; Fischer et al. 1998; Racz and Weinberg 2006; Hotulainen and
Hoogenraad 2010; Izeddin et al. 2011). The actin network consists of both linear
and branched filaments, which interact with microtubules at the base of the spine
neck and extend to the postsynaptic density (PSD) (Korobova and Svitkina 2010;
Izeddin et al. 2011). Additionally, the actin network closely associates with the
plasma membrane, and activity-dependent remodeling of the actin network drives
changes in spine structure (Izeddin et al. 2011).

Even in stable spines, the actin cytoskeleton undergoes dynamic remodeling
(Okamoto et al. 2004). Actin filaments are polarized with their barbed ends located
near the membrane; polymerization at the barbed ends contributes to a retrograde
flow from the plasma membrane to the spine center with an approximate turnover
time in tens of seconds, as measured by both fluorescence recovery after
photobleaching and two-photon photoactivation of fluorescent protein-tagged
actin (Star et al. 2002; Pollard and Borisy 2003; Okamoto et al. 2004; Honkura
et al. 2008). Changes in the polymerization and depolymerization rates or the
degree of actin filament branching are believed to mediate the long-lasting changes
in spine shape that accompany changes in synaptic efficacy (i.e., the degree to
which a presynaptic afferent affects a postsynaptic spine) (Okamoto et al. 2004;
Bourne and Harris 2007). For example, long-term potentiation (LTP) induced by
tetanic stimulation causes increased actin polymerization and a rapid and selective
enlargement of stimulated spine heads that coincides with increased synaptic
efficacy (Matsuzaki et al. 2004; Okamoto et al. 2004; Bourne and Harris 2007).
In contrast, long-term depression (LTD) induced by prolonged low-frequency
stimulation results in actin depolymerization, spine shrinkage, and reduced synaptic
efficacy (Fig. 14.1) (Okamoto et al. 2004; Zhou et al. 2004; Bourne and Harris
2007).

Interestingly, the dynamic behavior of actin is heterogeneous within different
regions of the spine (Izeddin et al. 2011). Elegant measurements of the dispersal of
photoactivated actin within discrete subspine regions strongly suggest that spines
contain at least two distinct pools of actin filaments: a dynamic “shell” and a stable
“core” (Fig. 14.1) (Izeddin et al. 2011). The more dynamic shell, consisting of the
tip and periphery of the spine, determines spine shape and provides the protrusive
force to change shape (Honkura et al. 2008). Not surprisingly, actin in the shell
region displays a very fast turnover time (~tens of seconds) (Honkura et al. 2008).
In contrast, the spine core, consisting of the central zone of the spine head extending
to the base of the spine neck, turns over >20-fold more slowly than the shell
(Honkura et al. 2008). Moreover, single actin molecule tracking in dendritic spines
using photoactivation localization microscopy has supported this model by reveal-
ing that half of the actin molecules are stationary and one-third of the actin
molecules undergo a retrograde motion, consistent with spines having a stable
actin core and a more dynamic actin shell, respectively (Tatavarty et al. 2009).

The concept of distinct functional pools of actin in spines is reinforced by the
observation that specific actin-binding proteins preferentially localize to discrete
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Fig. 14.1 Key regulators of the actin and microtubule cytoskeletons. The actin cytoskeleton in
dendritic spines is composed of two distinct pools of actin: a dynamic “shell” at the tip and
periphery of the spine and a more stable “core” extending from the center of the spine head to the
base of the spine neck. Actin-binding proteins (ABPs) that increase actin dynamics, such as cofilin,
which severs actin filaments, localize to the spine shell and postsynaptic density (PSD) to support
actin remodeling. ABPs that stabilize actin, such as cortactin, localize to the spine core. Cortactin
also activates the Arp2/3 complex, which localizes to a toroidal zone between the core and the
shell where it nucleates new actin branches. The microtubule cytoskeleton is composed of mixed
polarity microtubules that support dendrite arbor structure. Microtubule-associated proteins,
including MAP1A and MAP2, form crossbridges between microtubules and mediate their assem-
bly and stabilization. End-binding protein 3 (EB3) localizes to microtubule plus ends, which
transiently enter spines. Finally, changes in the actin and microtubule cytoskeleton correlate with
alterations in spine structure and synaptic efficacy. In particular, the spine shrinkage and reduced
synaptic efficacy observed with long-term depression (LTD) correlate with actin depolymeriza-
tion, increased actin severing by cofilin, and decreased actin stabilization by cortactin and the
Arp2/3 complex. Accordingly, the spine enlargement and increased synaptic efficacy observed
with long-term potentiation (LTP) correlate with increased actin polymerization, increased actin
nucleation by the Arp2/3 complex, and increased cortactin-mediated actin stability
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subdomains within the spine (Rdcz and Weinberg 2013). For example, cortactin,
which is implicated in actin filament nucleation, branching, and stabilization,
localizes to the stable spine core where it helps to maintain actin filament stability
(Récz and Weinberg 2004; Hering and Sheng 2003; Lin et al. 2013). In contrast,
cofilin, which severs actin filaments to initiate actin remodeling, localizes to the
dynamic spine shell and PSD (Racz and Weinberg 2006). Additionally, the actin-
related protein 2/3 (Arp2/3) complex is localized in a toroidal zone between the
stable spine core and dynamic spine shell where it specializes in nucleating new
actin branches that can extend into the shell from the stable core (Fig. 14.1) (Racz
and Weinberg 2008). Overall, these studies suggest that the distinct pools of actin
may have discrete functions in dendritic spines. The stable actin pool allows spines
to maintain a constant overall position with respect to the spine core and serves as a
scaffold from which the more dynamic pool can elaborate. The dynamic actin pool
allows spines to both probe their environment and make activity-dependent size
adjustments at the spine periphery. In addition, the dynamic actin pool plays key
roles in endocytosis and receptor internalization in the spine, as endocytic sites are
enriched for actin regulatory proteins that are necessary for endocytosis (for a
recent review, see Mooren et al. 2012).

14.2.2 Microtubule Arrays Support Dendrite Arbor Stability
and Membrane Trafficking

Dendrite arbors in the mature nervous system are supported by dense, parallel
arrays of regularly spaced microtubule bundles (Sasaki et al. 1983). These micro-
tubules are required for dendrite arbor growth, dendrite arbor maintenance, and
trafficking of cargoes, including organelles (Conde and Caceres 2009),
PSD-associated proteins (El-Husseini et al. 2001), neurotransmitter receptors
(Setou et al. 2000, 2002), specific mRNAs (Setou et al. 2002; Kanai et al. 2004),
and proteins for local synthesis within the dendrite (Hirokawa and Takemura 2005).
While axonal microtubules are uniformly polarized with their plus ends oriented
away from the soma, dendritic microtubules are generally of mixed polarity to
facilitate, in part, bidirectional trafficking of cargoes (Baas et al. 1988; Burton
1988). Nonetheless, microtubule polarization within dendrites is observed both
close to the growth cone and in apical dendrites with large diameters, which may
reflect the importance of transporting cargoes to the growth cone and away from the
soma, respectively (Baas et al. 1988; Kwan et al. 2008).
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14.2.3 Long-Term Dendrite Arbor and Dendritic Spine
Stability Is Maintained by Dynamic Cytoskeletal
Elements

While individual dendritic spines and dendrite branches can be stable for months to
years, the individual cytoskeletal elements underlying these stable structures turn
over in minutes to hours in both the developing and mature nervous system. In
dendritic spines, more than 80 % of the actin turns over every minute, with the
remaining portion undergoing turnover in tens of minutes (Star et al. 2002; Honkura
et al. 2008; Tatavarty et al. 2009). Approximately 75 % of dendritic microtubules
turn over within tens of minutes, while the rest turns over at a slower rate, likely to
be on the order of a few hours, based on measurements for axonal microtubules
(Okabe and Hirokawa 1990; Edson et al. 1993).

The structural and functional stability of dendrite branches and dendritic spines
would appear to be in direct conflict with the high turnover rates observed for their
underlying cytoskeletal elements. The resolution of this apparent paradox arises
from the fact that formation and turnover of the actin and microtubule structures is
under exquisite control. In particular, a huge collection of proteins is dedicated to
the formation, organization, and stabilization of actin in dendritic spines and
microtubules in dendrite branches. These regulatory proteins ensure carefully
balanced turnover and maintenance of the actin and microtubule cytoskeletons in
dendritic spines and dendrite branches, respectively, so that they can serve as
scaffolds for their own replenishment and reorganization. A myriad of such pro-
teins, some discussed below, ensure that only a fraction of the cytoskeleton is
remodeled at any particular time.

Regulatory proteins that control the actin cytoskeleton in dendritic spines
include the actin-stabilizing protein cortactin, the actin-severing protein cofilin,
and the Arp2/3 complex. Of particular interest, the Arp2/3 complex localizes to
dendritic spines (Racz and Weinberg 2008) and mediates nucleation and initiation
of new actin branches on preexisting filaments in vitro (Pollard and Borisy 2003).
Conditional knockout of the Arp2/3 complex in excitatory neurons disrupts the
ability of spines to refurbish actin, resulting in gradual spine and synapse loss in
cortical and hippocampal neurons (Kim et al. 2013a), highlighting the critical role
that the Arp2/3 complex plays in actin stability. In dendrite branches, the microtu-
bule cytoskeleton is stabilized by microtubule-associated proteins (MAPs), such as
MAPIA and MAP2, which localize in high concentrations to dendrite branches
where they stabilize existing microtubules, form crossbridges between microtu-
bules, and promote tubulin assembly into microtubules (Fig. 14.1) (Bloom
et al. 1984; Huber and Matus 1984; De Camilli et al. 1984; Harada et al. 2002).
Activity-dependent dendrite growth, branching, and stabilization depend critically
on both MAP1A and MAP2 expression (Vaillant et al. 2002; Szebenyi et al. 2005).
Correspondingly, upregulation of both MAPs in cultured neurons strongly corre-
lates with dendrite branch stabilization, whereas knockout of both MAPs causes
reduced microtubule density, disrupted microtubule spacing and bundling, and
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decreased overall dendrite length (Teng et al. 2001; Vaillant et al. 2002; Harada
et al. 2002; Szebenyi et al. 2005). Additionally, MAP overexpression protects
microtubules from microtubule-severing proteins, such as katanins, which can desta-
bilize dendrite arbors by severing microtubules (Sudo and Baas 2010). In addition to
the stabilizing effects of MAPs, microtubules can undergo covalent modifications
that affect their stability. For example, detyrosination of the «-tubulin subunit
stabilizes microtubules and inhibits their disassembly by decreasing their affinity
for the kinesin-13 family of microtubule depolymerases (Peris et al. 2009). Overall,
despite the dynamic nature of the individual cytoskeletal elements, the careful
balance between stabilization and destabilization of microtubules and actin is essen-
tial for the long-term structural stability of dendrite branches and dendritic spines.

14.3 Actin Cytoskeletal Regulators are Essential
for Dendritic Spine Maintenance

As the actin cytoskeleton determines spine structure, actin control machinery is
critical for spine stability. Small GTPases, kinases, and actin-binding proteins
regulate actin in spines to confer long-term structural stability.

14.3.1 Small GTPases Exert Differential Effects
on Dendritic Spine Stability

Small GTPases, including Ras and the Rho family GTPases RhoA, Racl, and
Cdc42, are central regulators of cytoskeletal dynamics in neurons (Govek
et al. 2005) and mediate both initial spine formation and activity-based changes
in spine size. Even after initial spine formation, these GTPases continue to regulate
spine shape and stability. For example, activation of single synapses by glutamate
uncaging activates Ras, RhoA, Racl, and Cdc42. Selective knockdown experi-
ments reveal that each of these GTPases is critical for persistent spine head
enlargement induced by repeated glutamate uncaging at single synapses
(Murakoshi et al. 2011). Moreover, expression of dominant negative Racl in
hippocampal neurons leads to progressive spine loss, indicating that Rac1 activity
is required for long-term spine stability (Nakayama and Luo 2000). Racl activates
the WAVE regulatory complex (WRC) to stimulate the Arp2/3 complex to nucleate
new actin filament branches from the side of existing actin filaments (Machesky and
Insall 1998; Machesky et al. 1999; Chen et al. 2014). WAVEI1 and the Arp2/3
complex both localize to dendritic spines; knockout of the Arp2/3 complex and
knockdown or knockout of wavel cause reductions in dendritic spine density (Kim
et al. 2006; Soderling et al. 2007; Kim et al. 2013a). At the ultrastructural level, loss
of WAVEI function leads to abnormalities in the structure of both axon terminals
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Fig. 14.2 Small GTPases are central regulators of actin dynamics. The Rho family GTPases,
including Racl, Cdc42, and RhoA, regulate changes in the actin cytoskeleton. In particular,
GTP-bound Racl activates the WAVE regulatory complex (WRC) such that WAVEI can stim-
ulate the Arp2/3 complex and mediate actin nucleation. Additionally, GTP-bound Rac1 and Cdc42
stimulate PAK3 kinase to activate LIM kinase (LIMK), which phosphorylates cofilin and inhibits
its actin-severing ability. GTP-bound RhoA activates ROCK, which also stimulates LIMK-based
inhibition of cofilin. Finally, GTP-bound Ras GTPase influences actin dynamics through stimula-
tion of T lymphoma invasion and metastasis-inducing protein 1 (Tiam1), which promotes activa-
tion of Racl by catalyzing the dissociation of GDP and allowing for the binding of GTP to Racl
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and dendritic spines and greatly alters the normal contacts between them (Hazai
et al. 2013). These observations strongly suggest that Racl acts through WAVEI1
and the Arp2/3 complex to refresh the spinoskeleton core and support long-term
spine stability. Racl and Cdc4?2 also act through the PAK3 kinase to activate LIM
kinase (LIMK) to phosphorylate and inhibit the actin-severing protein cofilin
(Fig. 14.2). Knockdown or genetic inhibition of PAK3 activity converts hippocam-
pal spines to a more immature thin morphology and reduces their stability (Boda
et al. 2004; Kreis et al. 2007; Dubos et al. 2012).

Activated RhoA mutants or elevated RhoA activity causes reductions in den-
dritic spine density (Tashiro et al. 2000; Xing et al. 2012), while either RhoA
inhibition or knockdown of the RhoA activator GEF1/Lfc increases spine density
(Tashiro et al. 2000; Kang et al. 2009). Inhibition of the major RhoA target
Rho-associated kinase (ROCK) can block spine loss resulting from elevated
RhoA protein levels or activity (Xing et al. 2012; Lin et al. 2013). These studies
suggest that RhoA-ROCK signaling antagonizes the stability of previously formed
dendritic spines, although the target of RhoA signaling in regulating spine stability
is not clear. Nonetheless, RhoA signaling through ROCK stimulates LIMK to
phosphorylate cofilin and inhibit its actin-severing activity (Fig. 14.2) (Arber
et al. 1998; Yang et al. 1998), but this might be expected to increase actin stability
and promote overall spine stability. However, the effects of RhoA on spine stability
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may depend on the neuron type, developmental stage, or context. For example, in a
number of cases, RhoA activation or loss of a RhoA inhibitory cascade in mature
neurons leads to dramatic dendrite arbor shrinkage, but does not impact dendritic
spine stability (Nakayama and Luo 2000; Sfakianos et al. 2007; Lin et al. 2013). In
fact, repeated activation of individual spines by glutamate uncaging actually leads
to increased RhoA activity, which is required for activity-based spine enlargement
(Murakoshi et al. 2011). Another study found that localized ROCK inhibition
decreased dendritic spine stability (Kang et al. 2009). Ongoing work in the field
should resolve what factors determine these differential effects of RhoA-ROCK
activation on overall spine stability.

14.3.2 Actin-Binding Proteins Play Key Roles in Long-Term
Dendritic Spine Stabilization

Dendritic spines are enriched with several actin-binding proteins, including Abpl,
cortactin, drebrin, and f-adducin, that play important roles in the long-term stability
of dendritic spines (Shirao et al. 1988; Matsuoka et al. 1998; Yamazaki et al. 2001;
Tanokashira et al. 2012). Abpl plays a critical role in dendritic spine morphogen-
esis, particularly in the transition of thin immature dendritic spines to larger more
stable mushroom-shaped spines in the hippocampus (Haeckel et al. 2008). Abpl
interacts with the Arp2/3 complex activator N-WASp and the synaptic scaffold
protein ProSAP1/Shank2 during this process, presumably to promote formation of
branched actin networks that support spine head enlargement and anchor them to
the postsynaptic signaling machinery.

Cortactin is an actin-binding protein that stabilizes actin filaments, stimulates
actin branch nucleation by the Arp2/3 complex, and stabilizes the resulting
branches (MacGrath and Koleske 2012a; Courtemanche et al. 2015). Cortactin is
enriched in the spinoskeleton core, where about 50 % of cortactin is largely
immobile, as measured by fluorescence recovery after photobleaching (Racz and
Weinberg 2004; Iki et al. 2005). Cortactin knockdown leads to significant reduc-
tions in dendritic spine density (Hering and Sheng 2003). Interestingly, excessive
NMDA receptor (NMDAR) stimulation or blockade of the tropomyosin receptor
kinase B (TrkB) leads to cortactin redistribution from dendritic spines to dendrite
shafts (Hering and Sheng 2003; Iki et al. 2005; Seese et al. 2012; Lin et al. 2013).
This cortactin redistribution correlates with loss of spine actin content and spine
destabilization, strongly suggesting that cortactin is a critical mediator of spine
stability. Cortactin also interacts with several proteins with known or suspected
roles in long-term spine stabilization, including cortactin-binding protein 2, the
PSD scaffolding protein Shank3, p140Cap, and the Abl2/Arg nonreceptor tyrosine
kinase (Du et al. 1998; Naisbitt et al. 1999; Jaworski et al. 2009; Chen and Hsueh
2012; Lin et al. 2013; Courtemanche et al. 2015).
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DrebrinA, the main drebrin splice isoform expressed in neurons, has complex
roles in dendritic spine development, function, and stability. DrebrinA promotes
clustering of actin and the postsynaptic scaffolding protein 95 (PSD95) in dendritic
filopodia and promotes pairing of these filopodia with presynaptic partners
(Takahashi et al. 2003). Knocking down DrebrinA in immature cultured hippocam-
pal neurons has been reported by one group to decrease the proportion of filopodia
with PSDO95 clusters, which may represent nascent synapses (Takahashi
et al. 2003). However, another study demonstrated that DrebrinA knockdown in
immature cultured hippocampal neurons at a similar age increased the proportion of
mature spines (Biou et al. 2008). The basis for these different findings is at present
unclear. Nonetheless, drebrin binding to actin filaments stabilizes them from
depolymerization and protects them from cofilin-mediated severing (Mikati
et al. 2013; Grintsevich and Reisler 2014), but drebrin also competes with several
proteins, including tropomyosin, cofilin, and a-actinin, for binding to actin fila-
ments (Ishikawa et al. 1994; Sasaki et al. 1996; Grintsevich and Reisler 2014).
Interestingly, DrebrinA overexpression in established hippocampal neuron cultures
selectively dislocates o-actinin from spines. This correlates with an elongation of
spine shape and reduced spine stability (Hayashi and Shirao 1999; Biou et al. 2008),
likely due to the loss of a-actinin as a key stabilizing link between the actin
cytoskeleton and the N-cadherin adhesion receptor (Knudsen et al. 1995). Together,
these data indicate that DrebrinA levels must be carefully balanced for it to
contribute its critical roles to dendritic spine formation and stability. Interestingly,
drebrin levels are significantly decreased not only in patients with Alzheimer’s
disease, but also in patients with mild cognitive impairment (Harigaya et al. 1996;
Counts et al. 2012). This suggests that even slight reductions in drebrin levels can
disrupt normal synaptic function.

B-adducin is an actin filament capping protein that serves as a bridge between
actin and the membrane-associated cytoskeletal protein spectrin (Matsuoka
et al. 2000). Spectrin/p-adducin complexes are key nodes in the very stable linkages
between the red blood cell membrane and the underlying actin cytoskeleton.
B-adducin likely plays a similar role in stabilizing membrane-actin cytoskeletal
linkages in dendritic spines. Phosphorylation of pf-adducin by protein kinase C, a
key trigger for synaptic plasticity, can disrupt p-adducin’s linkages to actin and
spectrin, which may be critical to reshape spines during plasticity. Indeed, phos-
phorylated B-adducin is enriched in the dendritic spines of hippocampal neurons
(Matsuoka et al. 1998). Although relatively normal in appearance, dendritic spines
exhibit greatly increased rates of formation and turnover in b-adducin knockout
mice (Bednarek and Caroni 2011). Stimuli can induce new spine formation in
b-adducin knockout mice, but a significant fraction of these new spines fail to
develop PSD95-positive postsynaptic densities (Bednarek and Caroni 2011; Jung
et al. 2013). This increased spine lability and defective synapse formation likely
contribute to the observed reductions in spine density in b-adducin knockout mice
(Jung et al. 2013).
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14.4 Activity-Dependent Mechanisms Regulate
the Maintenance of Dendrite Arbors and Dendritic
Spines

Neuronal activity controls the remodeling and stabilization of both dendritic spines
and dendrite arbors. Specifically, the coordinated remodeling and stabilization of
neuronal circuits requires crosstalk between dendritic spines and dendrite arbors
through shared, activity-dependent signaling molecules that influence cytoskeletal
shaping and stabilization. This crosstalk is, in part, mediated by brain-derived
neurotrophic factor (BDNF) signaling through TrkB, which can influence both
actin and microtubule dynamics. In support of this theory, BDNF release correlates
with synaptic activity in cultured hippocampal neurons (Kohara et al. 2001; Kojima
et al. 2001; Hartmann et al. 2001). In addition to BDNF-TrkB signaling, activation
of calcium/calmodulin-dependent protein kinase II (CaMKII) in response to syn-
aptic activity likely mediates dendritic spine and dendrite arbor stabilization, as
premature dendrite stabilization is achieved by expression of constitutively active
CaMKII (Wu and Cline 1998).

14.4.1 BDNF-TrkB Signaling Regulates Dendritic Spine
Size and Stability

In response to synaptic activity, BDNF is released from both the pre- and postsyn-
aptic terminals (Kohara et al. 2001; Kojima et al. 2001; Hartmann et al. 2001).
BDNF acts on presynaptic TrkB to promote axon arbor maturation and to stabilize
presynaptic release sites during development (Hu et al. 2005; Marshak et al. 2007).
Intriguingly, blocking NMDAR activity disrupts the clustering of presynaptic
release sites, but this effect can be overcome by treatment with BDNF, suggesting
that NMDAR-mediated BDNF release stabilizes presynaptic boutons
(Hu et al. 2005). While the mechanisms underlying these presynaptic changes
mediated by BDNF-TrkB signaling remain unclear, TrkB may signal through
cortactin or other actin regulatory proteins to mediate stabilization of the presyn-
aptic actin network, which organizes synaptic vesicles and their release machinery.

The delivery of BDNF to postsynaptic TrkB modulates several pathways that
mediate dendritic spine enlargement and stabilization. In particular, BDNF stimu-
lation of TrkB activates the Racl GTPase, which stimulates the PAK3-LIMK
cascade and inhibitory phosphorylation of cofilin, resulting in increased spine
size and stability (Rex et al. 2007; Lai et al. 2012). Additionally, BDNF-induced
Racl activation promotes Arp2/3 complex activation by WAVEI1 and the simulta-
neous release of mRNAs encoding cytoskeletal elements from translational inhibi-
tion by the fragile X mental retardation protein complex (De Rubeis et al. 2013).
BDNEF signaling through TrkB also mediates activity-dependent activation of the
Ras GTPase to promote spine enlargement (Fig. 14.3) (Atwal et al. 2000; Yasuda
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Fig. 14.3 Activity-dependent dendritic spine stabilization. During glutamatergic neurotransmis-
sion, glutamate is released from presynaptic terminals and binds to AMPA receptors and NMDA
receptors (NMDARS) on the postsynaptic membrane. At the resting membrane potential, the
NMDAR is blocked by Mg>*; however, once sufficiently depolarized, the Mg** blockade is
released and Ca”* enters the dendritic spine. Ca®* influx through NMDARs activates a variety
of signaling mechanisms, including those controlled by calcium/calmodulin-dependent protein
kinase II (CaMKII). CaMKII phosphorylates p135 SYNGAP to catalyze the activation of Ras
GTPase, which in turn activates Tiaml, a Racl guanine nucleotide exchange factor (GEF).
CaMKII can also directly and rapidly phosphorylate and activate Kalirin-7, another Racl GEF.
Kalirin-7 and Tiam1 catalyze Rac1 activation, which signals through the PAK3-LIMK pathway to
inhibit the actin-severing ability of cofilin and through the WAVE regulatory complex (WRC) and
WAVEI to stimulate the actin-nucleating ability of the Arp2/3 complex. In addition, CaMKII can
activate RhoA, which inhibits the actin-severing ability of cofilin through the ROCK-LIMK
pathway. Activity-dependent release of brain-derived neurotrophic factor (BDNF) and stimulation
of the tropomyosin receptor kinase B (TrkB) also activate Ras and Racl to mediate their
downstream effects on cofilin and the Arp2/3 complex

et al. 2006). Overall, BDNF-TrkB signaling employs these and likely additional
mechanisms to mediate the activity-induced maintenance of dendritic spines. In
addition, other activity-dependent mechanisms may potentiate the effects of
BDNF-TrkB signaling, as research has shown that actin content increases following
high-frequency stimulation of presynaptic afferents in hippocampal slices, yet this
increase is only attenuated by TrkB blockade (Rex et al. 2007). Also, when
combined with theta burst stimulation, BDNF treatment of hippocampal slices
increases the actin content in spines more than either manipulation alone,
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suggesting that activity and BDNF act synergistically (Rex et al. 2007). Overall,
BDNF-TrkB signaling regulates, at least in part, the activity-induced remodeling
and stabilization of dendritic spines by controlling regulators of the actin
cytoskeleton.

14.4.2 BDNF-TrkB Signaling Mediates Dendrite Arbor
Stability Through the Regulation of Microtubule-
Binding Proteins

Neuronal activity, which promotes BDNF-TrkB signaling (Kohara et al. 2001;
Kojima et al. 2001; Hartmann et al. 2001), is essential for dendrite arbor growth,
branching, and stabilization in developing and mature neurons (Wu and Cline 1998;
Xu et al. 2000; Vaillant et al. 2002; Szebenyi et al. 2005). Specifically, knockout of
TrkB from cortical pyramidal neurons leads to dendrite shrinkage (Xu et al. 2000).
In addition, dendrites develop normally on cortical layer 2/3 neurons in forebrain-
specific BDNF knockout mice, but they shrink by 3 weeks of age, indicating that
cortical BDNF supports dendrite maintenance rather than initial development
(Gorski et al. 2003). The mechanism(s) by which synaptic activity-dependent
neurotrophin signaling influence microtubule stability are still being elucidated.
Nonetheless, direct application of BDNF or nerve growth factor to developing
neurons has been observed to promote increased expression of MAP2 and
MAPI1A as well as their association with microtubules to stabilize dendrite arbors
(Bloom et al. 1984; Huber and Matus 1984; Vaillant et al. 2002; Szebenyi
et al. 2005). Additionally, BDNF exposure increases mRNA and protein levels of
cypin, a guanine deaminase that promotes microtubule polymerization to regulate
dendrite branching and stabilization (Akum et al. 2004; Kwon et al. 2011). Overall,
BDNF-TrkB signaling appears to influence dendrite arbor growth and stabilization
by regulating proteins that mediate microtubule polymerization and stability.

14.4.3 Neuronal Activity Induces the Transient Invasion
of Microtubules into Dendritic Spines and Mediates
Crosstalk Between Dendrite Arbors and Dendritic
Spines

In addition to the discrete effects of neuronal activity on the actin and microtubule
cytoskeletons, activity-dependent mechanisms also mediate crosstalk between den-
drite arbors and dendritic spines, influencing their maintenance. Even though spines
are actin-rich and contain few microtubules, the dynamic plus ends of microtubules
can make activity-dependent invasions into a subset of dendritic spines. In partic-
ular, dynamic or growing microtubule plus ends are associated with tip-binding
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proteins, such as end-binding protein 3 (EB3; also known as MAPRE3) (Fig. 14.1)
(Jaworski et al. 2009). Live imaging studies have revealed that neuronal activity
and BDNF application modulate the number and duration of transient invasions of
EB3-labeled microtubule tips into dendritic spines (Gu et al. 2008; Hu et al. 2008,
2011; Jaworski et al. 2009). Invasion of microtubules into individual spines causes
increased spine accumulation of PSD95 and the EB3-binding protein p140Cap,
while no significant change in PSD95 or p140Cap is observed in spines that do not
exhibit microtubule invasions (Jaworski et al. 2009; Hu et al. 2011). Both PSD95
and p140Cap are required for spine maintenance and stability, and their accumu-
lation is associated with increased actin content and spine enlargement (Jaworski
et al. 2009; Hu et al. 2011). In particular, p140Cap interacts with cortactin, which
binds and stabilizes actin and recruits the Arp2/3 complex to facilitate actin branch
formation, to promote spine stability (Weed et al. 2000; Uruno et al. 2001; Weaver
et al. 2001; Jaworski et al. 2009; Courtemanche et al. 2015). Pharmacological
inhibition of microtubule dynamics and EB3 knockdown impair PSD95 and
p140Cap accumulation, respectively, leading to spine shrinkage or destabilization
(Gu et al. 2008; Hu et al. 2008, 2011; Jaworski et al. 2009). In addition, under
conditions that induce NMDAR-dependent LTD, EB3 dissociates from growing
microtubules and associates with MAP2-positive microtubules in the dendritic
shaft, resulting in the inhibition of dynamic microtubule elongation, loss of micro-
tubule targeting to spines, and shrinkage and loss of dendritic spines (Kapitein
et al. 2011). Finally, because microtubule invasions are associated with increased
spine stability, a decrease in BDNF-induced microtubule invasions could, in part,
explain the diminished spine density in animals with a reduced gene dosage of TrkB
(von Bohlen und Halbach et al. 2003). Overall, the transient invasion of microtu-
bules into dendritic spines occurs in response to synaptic activity and mediates
crosstalk between the microtubule-rich dendrite arbor and the actin-rich dendritic
spine.

14.4.4 CaMKII Mediates Synaptic Activity-Based Alterations
in Dendrite Arbor and Dendritic Spine Structure

Reductions in synaptic input, such as experimental deafferentation and sensory
input removal, result in fewer dendrites, shorter dendrite length, and decreased
dendritic branching in many model systems (Clark 1957; Matthews and Powell
1962; Jones and Thomas 1962; Coleman and Riesen 1968; Trachtenberg
et al. 2002). The maintenance of this input from presynaptic boutons to dendritic
spines is crucial for the long-term stability of dendritic spines. Specifically, in vivo
time-lapse two-photon imaging of dendritic spines has revealed that changes in
sensory experience, such as whisker trimming, alter spine formation and elimina-
tion (Trachtenberg et al. 2002; Zuo et al. 2005b; Holtmaat et al. 2006). At the
molecular level, activity-dependent mechanisms activate CaMKII and the MEK-
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ERK pathway, both of which are required for activity-dependent stabilization of
dendrites in cultured sympathetic neurons (Vaillant et al. 2002). CaMKII and ERK
stabilize microtubules via the increased phosphorylation of MAP2, which promotes
its binding to microtubules (Schulman 1984; Ray and Sturgill 1987; Sanchez
et al. 2000; Vaillant et al. 2002). Precise temporal and activity-dependent control
of CaMKII is important for dendrite maturation and stabilization. Expression of
constitutively active CaMKII causes premature dendrite stabilization, while
knocking down CaMKII expression correlates with reduced branch dynamics of
developing dendrite arbors (Wu and Cline 1998). Specifically, CaMKIIa predom-
inantly localizes to spines and dendritic subdomains near activated spines. Lemieux
et al. have proposed that subspine CaMKIla clusters may decode compartmental
calcium transients to both support synapse remodeling through local changes in the
actin cytoskeleton and interact with microtubules during activity-induced plasticity
in cultured neurons (Takemoto-Kimura et al. 2010; Lemieux et al. 2012). The effect
of CaMKIla on dendrite arbor and dendritic spine stabilization may be mediated
through its cytoskeleton-associated substrates, such as the Racl guanine nucleotide
exchange factors Kalirin-7 (Xie et al. 2007) and T lymphoma invasion and
metastasis-inducing protein 1 (Tiam1) (Fleming et al. 1999), as well as the Ras
GTPase-activating protein p135 SYNGAP (Chen et al. 1998) (Fig. 14.3). Overall,
CaMKIlIa mediates activity-induced alterations in both the actin cytoskeleton of
dendritic spines and the microtubule cytoskeleton of dendrite arbors. Further
studies are needed to elucidate which specific targets of CaMKIla mediate dendrite
arbor and dendritic spine stabilization.

14.5 Adhesion Receptor and Neurotrophin Receptor
Signaling to the Cytoskeleton Confer Long-Term
Dendritic Spine Stability

Cell surface adhesion receptors, including ephrins and their Eph receptors, immu-
noglobulin superfamily receptors, cadherins, and integrins, play important roles in
dendritic spine formation and stability (Biederer and Stagi 2008; Shi et al. 2009;
Benson and Huntley 2012). Upon engagement with their extracellular binding
partners, these receptors employ cytoplasmic nonreceptor tyrosine kinases of the
focal adhesion kinase (FAK), Src, and Abl families to coordinate changes in
cytoskeletal structure that impact spine stability.
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14.5.1 EphB Signaling Through FAK Stabilizes Mature
Dendritic Spines

The ephrin ligands for Eph receptors are composed of ephrin As, which activate
EphA receptors and are anchored to the cell surface via covalent linkage to
glycophosphoinositide lipids, and ephrin Bs, which activate EphB receptors and
contain a transmembrane domain that can engage SH2 domain and PDZ domain-
containing proteins to signal into the cell (Klein 2009). Importantly, just as ephrin
binding activates the Eph receptor in so-called “forward” signaling, binding to an
Eph receptor can also generate “reverse” signaling through the ephrin. Although
originally identified as a kinase associated with integrin signaling, FAK can be
activated by a variety of cell surface receptors, including EphB receptors, that
regulate spine stability. Disruption of EphB2 signaling or knockdown of FAK in
established hippocampal neuron cultures leads to significant loss of mature
mushroom-shaped dendritic spines and an increase in immature thin “filopodia-
like” spines (Shi et al. 2009). FAK may mediate spine stabilization by stimulating
p190RhoGEF, which activates the RhoA-ROCK pathway and causes downstream
phosphorylation and inactivation of cofilin by LIMK. Consistent with this model,
an inactive phospho-mimetic cofilin mutant can block the spine destabilization
induced by loss of EphB2-FAK signaling (Shi et al. 2009). In addition, activated
FAK recruits and activates Src family kinases, such as Fyn, to phosphorylate
p130CAS, a scaffolding molecule that promotes Racl activation (Tomar and
Schlaepfer 2009). Interestingly, knockout of the Src family kinase Fyn leads to a
progressive age-dependent loss of dendritic spines in mice (Babus et al. 2011), and
knockdown of p130CAS leads to spine loss in established hippocampal neuron
cultures (Bourgin et al. 2007). Both manipulations are expected to disrupt Racl
activation in the spine, which suggests that FAK and Rac1 signaling are important
mediators of dendritic spine stability. FAK can also phosphorylate the key spine
protein cortactin and promote its binding to the Abl2/Arg kinase and the Nckl
adaptor, which activates the Arp2/3 complex to promote actin assembly (Fig. 14.4)
(MacGrath and Koleske 2012b; Tomar et al. 2012). Overall, FAK signaling in
response to EphB2 stimulation mediates stabilization of the actin cytoskeleton and
dendritic spines through the Racl GTPase.

14.5.2 Astrocyte-Derived Ephrin A2 Regulates Dendritic
Spine Stability by Controlling Glutamate
Transmission in the Synaptic Cleft

Knockout of ephrin A2 in mice leads to dendritic spine loss in the mouse sensory
cortex beginning at 1 month of age and leading to a significant reduction by
4 months of age. Interestingly, this spine loss requires activity, as trimming of
whiskers to reduce sensory input or treatment with NMDAR antagonists greatly
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Fig. 14.4 Adhesion-dependent dendritic spine stabilization. Cell surface adhesion receptors,
including ephrin B, EphB2 receptor, and integrin a3p1, coordinate changes in cytoskeletal
structure and impact spine stability by employing cytoplasmic nonreceptor tyrosine kinases,
such as the focal adhesion kinase (FAK) and Abl2/Arg kinase. Ephrin B on the presynaptic
membrane stimulates the EphB2 receptor on the postsynaptic membrane to activate FAK. FAK
activates Src family kinases, such as Fyn, to phosphorylate p130CAS, which, in complex with
DOCKI and the adaptor molecule CRK, mediates the activation of the Racl GTPase. Rac1 signals
through the WAVE regulatory complex (WRC) and WAVEI to stimulate actin nucleation by the
Arp2/3 complex and through the PAK3-LIMK pathway to inhibit actin severing by cofilin. FAK
also stimulates pl90RhoGEF to activate RhoA, which signals through the ROCK-LIMK pathway
to inhibit actin severing by cofilin. FAK also phosphorylates cortactin, which promotes its binding
to Abl2/Arg kinase and activates the Arp2/3 complex to promote actin stabilization, branching,
and nucleation. In addition, upon binding of its extracellular matrix (ECM) ligand, integrin o331
signals through Abl2/Arg kinase, which both cooperatively binds actin filaments to prevent their
depolymerization and promotes cortactin binding to actin filaments to further stabilize them

reduces the enhanced spine loss observed in ephrina2 knockouts. Ephrin A2
localizes to perisynaptic astrocytic processes where it regulates dendritic spine
stability via a novel mechanism. Ephrin A2 stabilizes two distinct astrocytic
glutamate transporters that help to clear glutamate from the synaptic cleft. Expres-
sion of these glutamate transporters is reduced in ephrina2 knockout mice, leading
to elevated levels of synaptic glutamate, which triggers spine elimination. It appears
that one or more EphA receptors in the dendritic spine engage this astrocytic ephrin
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A2-glutamate transporter system to prevent excessive glutamate buildup and main-
tain optimal synaptic function and spine stability (Yu et al. 2013).

14.5.3 Integrin a3f1 Signaling Through AbI2/Arg
and Cortactin Mediates Dendritic Spine Stability

Integrins are heterodimeric receptors for the extracellular matrix that are composed
of a and P subunits and are widely expressed in the nervous system (Pinkstaff
et al. 1999). Interestingly, inhibition or loss of the integrin a3 or 1 subunits
destabilizes spines and reduces synapse density (Bourgin et al. 2007; Warren
et al. 2012; Kerrisk et al. 2013). Integrins signal through the Abl family kinases,
Abl1/Abl and Abl2/Arg in vertebrates, to coordinate changes in cytoskeletal struc-
ture (Bradley and Koleske 2009). Arg is particularly abundant in the nervous
system (Koleske et al. 1998), where it localizes to dendritic spines (Moresco
et al. 2003; Warren et al. 2012; Lin et al. 2013). arg knockout mice exhibit normal
spine and synapse development through postnatal day 21, followed by significant
spine and synapse loss as the mice mature to adulthood (Sfakianos et al. 2007;
Gourley et al. 2009b), phenotypes that closely resemble those resulting from
neuron-specific ablation of integrin a3 or 1 (Warren et al. 2012; Kerrisk
et al. 2013). Importantly, biochemical and genetic experiments indicate that the
integrin Bl cytoplasmic tail binds directly to Arg and these interactions with Arg
confer dendritic spine and dendrite stability (Warren et al. 2012; Simpson
et al. 2015).

Dendritic spine stabilization by Arg in response to integrin a3pl signaling
occurs through two known mechanisms. First, Arg binds cooperatively to actin
filaments and prevents their depolymerization (Fig. 14.4) (Wang et al. 2001;
MacGrath and Koleske 2012a; Courtemanche et al. 2015), and second, Arg pro-
motes increased cortactin binding to actin filaments to further stabilize them
(MacGrath and Koleske 2012a). Knockdown of Arg in cultured neurons leads to
cortactin loss from spines, a parallel decrease in spine actin content, and a 50 % loss
of spines. NMDAR antagonists can prevent cortactin depletion from spines and
rescue spine loss resulting from Arg knockdown. These data strongly suggest that
activity-driven cortactin loss from spines is the cause of synapse loss in Arg
knockdown neurons. Indeed, fusion of the Arg actin-binding domains to cortactin
drives it into spines and rescues spine instability in Arg knockdown neurons (Lin
et al. 2013). Whether and how Arg also interfaces functionally with NMDARs or
other components of the glutamatergic signaling apparatus is a major unresolved
question.
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14.6 Dendritic Spines Are Pathologically Destabilized
with Normal Aging and in Disease

14.6.1 Region-Specific Dendrite Arbor, Dendritic Spine,
and Synaptic Alterations Occur with Normal Aging

Aging is the primary risk factor for most neurodegenerative diseases and is accom-
panied by cognitive decline even in individuals unaffected by neurodegeneration.
Nonetheless, very little research has been done to understand whether and how
aging is associated with alterations in dendrite and dendritic spine morphology and
stability, and if so, what molecular mechanisms are involved. Despite early evi-
dence that age-related cell loss occurred in all cortical layers (Brody et al. 1955) and
the hippocampus (Ball 1977) of humans, stereological methods of neuronal quan-
tification have since shown that cell death is not a characteristic of normal aging,
but rather of neurodegeneration (West et al. 1994). More recent studies suggest that
age-related impairments in cognitive performance may instead result from subtle
dendritic and synaptic alterations in the hippocampus and prefrontal cortex (Mor-
rison and Hof 1997; Burke and Barnes 2006; Morrison and Baxter 2012). In
particular, region-specific alterations with advanced aging have been shown to
occur in dendrite morphology (Flood et al. 1987b; Hanks and Flood 1991; De
Brabander et al. 1998; Uylings and De Brabander 2002), dendritic spine density
(Dumitriu et al. 2010; Bloss et al. 2011; Young et al. 2014), and dendritic spine
stabilization (Mostany et al. 2013).

The functions of the human dorsolateral prefrontal cortex, such as working
memory, decline with age (Gazzaley and D’Esposito 2007; Arnsten et al. 2012),
and this is associated with changes in dendrite arbor and dendritic spine structure. In
humans, decline of prefrontal function is accompanied by age-related decreases in
cortical dendrite arbor branching (De Brabander et al. 1998; Uylings and De
Brabander 2002). Studies of the prefrontal cortex in nonhuman primates have
revealed a 30-33 % reduction of dendritic spines on pyramidal neurons with
advancing age (Peters et al. 1998; Peters et al. 2008; Dumitriu et al. 2010; Young
et al. 2014). These significant reductions occur primarily with long, thin spines in
this region, while no decrease is observed in mushroom or stubby spine density
(Dumitriu et al. 2010; Bloss et al. 2011; Young et al. 2014). Additionally, studies in
the rodent cortex have shown that aged rats have decreased overall spine density but
increased dendritic spine stability in a chronic stress paradigm in comparison to
young rats, who exhibit dendritic spine loss during stress (Bloss et al. 2011). A
recent study investigated these age-related changes in spine dynamics using
transcranial in vivo two-photon imaging of mouse somatosensory cortex. Spine
density was shown to increase through adulthood, stabilizing in mature and old
mice. Interestingly, the authors found a decrease in the long-term stability and size
of dendritic spines in aged mice and an increase in turnover spine dynamics in very
old animals, suggesting a return of spines to a more plastic state later in life
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(Mostany et al. 2013). These studies suggest that cortical network flexibility, spine
remodeling, and spine stabilization are altered during normal aging.

In contrast to the prefrontal cortex, no changes in dendritic branching are
observed with aging in hippocampal area CA1 (Hanks and Flood 1991) or CA3
(Flood et al. 1987b). Additionally, even though age-related CA3 spine loss is
observed in the rat hippocampus (Smith et al. 2000; Adams et al. 2010), no CAl
spine loss is observed with normal aging (Geinisman et al. 2004). Instead, recent
studies suggest that either the maintenance of complex synapses or the conversion
from simple axospinous to complex synapses may be impaired with advancing age
in the hippocampus, specifically in CAl. Complex synapses, such as perforated
synapses or multisynaptic boutons, are enriched following LTP induction, and their
density correlates with increased efficacy of synaptic transmission (Toni et al. 2001;
Geinisman et al. 1993; Ganeshina et al. 2004a, b). Specifically, LTP induction
increases the number of both multi-synapse boutons and perforated spines, which
are characterized by a fenestrated PSD, with high AMPA receptor expression in
CAl (Toni et al. 2001). Additionally, cognitive decline in aged spatial learning-
impaired rats correlates with decreased PSD size of CAl perforated synapses
(Nicholson et al. 2004), and aged rats display a reduction in perforated synapses
in the sublayer of the dentate gyrus receiving input from entorhinal cortex
(Geinisman et al. 1986). Aged nonhuman primates also exhibit age-related reduc-
tions in multiple-synapse boutons (Hara et al. 2011). Overall, these data suggest
that alterations in the number and composition of complex synapses may underlie
age-related changes in the hippocampus. Nonetheless, the molecular mechanisms
underlying age-related alterations in both the cortex and hippocampus merit further
investigation.

14.6.2 Dendritic Spines and Dendrite Arbors Are
Pathologically Destabilized in Alzheimer’s Disease

Alzheimer’s disease (AD) is characterized by region-specific alterations in the
hippocampus, including synapse loss, dendrite arbor atrophy, and neuronal death,
that are not observed during normal aging (Flood et al. 1987a, b; Flood 1991; West
et al. 1994; Anderton et al. 1998). The decreases in synaptic density, dendrite
arborization, and neuronal density correlate with the degree of dementia and AD
pathology, with reductions in synapse number being the strongest pathological
correlate of cognitive and memory impairment (Terry et al. 1991; Falke
et al. 2003). Accordingly, advances in the past decade have highlighted how
disrupting molecular mechanisms mediating dendritic spine and dendrite arbor
stability could lead to AD pathology. In particular, the observed synapse loss
appears to be pathologically induced by the presence of soluble Ap-derived diffus-
ible ligands (ADDLs), which are small, soluble oligomers derived from AP that
correlate with memory loss in AD patients, adversely impact synaptic plasticity,
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cause dendritic spine loss, and contribute to dendritic atrophy in AD (Gong
et al. 2003; Haass and Selkoe 2007) (for a recent review, see Pozueta et al. 2013).
The application of ADDLSs to cultured hippocampal neurons results in rapid alter-
ations in dendritic spine morphology accompanied by a significant decrease in
spine density (Lacor et al. 2007; Calabrese et al. 2007), which is also observed in
organotypic slice (Shankar et al. 2007). In particular, the effects of ADDLSs on
dendritic spines may be mediated, at least in part, by the selective binding of
ADDLs to certain receptors, such as the o7 nicotinic acetylcholine receptor
(Wang et al. 2000), leukocyte immunoglobulin-like receptor B2 (Kim
et al. 2013b), and cellular prion protein (PrPC) (Freir et al. 2011; Um et al. 2012).
For example, ADDLs bind to PrP®, which causes Fyn kinase activation and
subsequent phosphorylation of the NMDAR NR2B subunit (Freir et al. 2011; Um
et al. 2012). This ADDL-induced NMDAR phosphorylation causes an initial
increase in NMDAR expression at the postsynaptic membrane of excitatory neu-
rons, followed by a subsequent decrease in NMDAR expression mediated by
receptor endocytosis (Lacor et al. 2007; Shankar et al. 2007; Um et al. 2012). The
initial increase in NMDAR surface activity destabilizes dendritic spines by trigger-
ing loss of drebrin and cortactin from spines (Lacor et al. 2007; Um et al. 2012;
Ishizuka et al. 2014) and causing the calcineurin-mediated dephosphorylation and
activation of cofilin leading to actin disassembly (Fig. 14.4) (Wang et al. 2005; Wu
et al. 2010). In support of this model, both calcineurin and cofilin are required for
ADDL-mediated spine loss (Shankar et al. 2007). Additionally, the surface local-
ization of other receptors implicated in dendritic spine stability and memory
formation, such as EphB2, is disrupted by application of ADDLs (Lacor
et al. 2007). Specifically, the application of ADDLSs to neurons results in a 60 %
decrease in EphB2 puncta within 6 h (Lacor et al. 2007), and disruption of EphB2
causes a decrease in mushroom-shaped dendritic spine density and an increase in
“filopodia-like” spine formation in cultured hippocampal neurons (Shi et al. 2009).

In addition to their effects on dendritic spine structure, ADDLs have been shown
to cause reductions in dendrite arborization through interactions with the
microtubule-associated protein tau (Falke et al. 2003; Wu et al. 2010).
Hyperphosphorylation of tau and its subsequent accumulation into neurofibrillary
tangles is a hallmark of AD pathology that correlates with cognitive decline and the
pathological loss of neurons and synapses (Giannakopoulos et al. 2003; Ingelsson
et al. 2004). Hyperphosphorylated tau relocalizes from axons to somatodendritic
compartments where it aggregates into neurofibrillary tangles, blocks trafficking on
microtubules, and causes dystrophic patterning and simplification of dendrites
(Wu et al. 2010; Kopeikina et al. 2012; Carlyle et al. 2014). These effects may be
mediated by the ADDL-based activation of certain kinases, including MARKI,
p70S6K, BRSK, and Fyn, that can phosphorylate tau, causing tau relocalization and
microtubule depletion in response to elevated calcium levels (Fig. 14.5) (Zempel
et al. 2010; Larson et al. 2012). In addition, these tau missorting events occur in
proximity to areas of decreased spine density, suggesting that local elevations in
calcium levels may mediate both spine loss and microtubule depletion (Zempel
et al. 2010). Recently, tau has been suggested to play a physiologic role in the
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Fig. 14.5 Dendrite arbor and dendritic spine destabilization in Alzheimer’s disease. Ap-derived
diffusible ligands (ADDLSs) selectively bind to certain receptors, such as the cellular prion protein
(PrP), which activate a variety of kinases, including Fyn kinase, that mediate the alterations in
dendrite arbor and dendritic spine morphology observed in Alzheimer’s disease. In particular, Fyn
phosphorylates the NMDA receptor (NMDAR) GluN2B subunit, which causes an initial increase
in NMDAR expression at the postsynaptic membrane (1). The increased surface activity of
NMDARs destabilizes spines by triggering actin disassembly through the calcineurin-dependent
activation of cofilin and the loss of actin-binding proteins (ABPs), such as drebrin and cortactin.
Following this period of increased NMDAR expression, NMDAR expression decreases as the
receptors undergo endocytosis (2). Fyn and other kinases, such as MARK1, BRSK, and p70S6K,
also hyperphosphorylate tau in response to ADDL-based activation of PrP€. Hyperphosphorylated
tau accumulates into neurofibrillary tangles (NFTs) in the dendrite arbor, which blocks
microtubule-based trafficking, triggers microtubule destabilization and depletion, and causes
dystrophic patterning of dendrites. Additionally, ADDL application disrupts surface localization
of receptors other than PrP€, including EphB2

targeting of Fyn kinase to the PSD to regulate the NMDAR (Ittner et al. 2010).
Thus, the ADDL-induced accumulation of hyperphosphorylated tau in spines could
disrupt normal Fyn localization and thereby compromise NMDAR anchoring and
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activity at the synapse, leading to dendritic spine destabilization (Ittner et al. 2010;
Hoover et al. 2010). Overall, pathologic ADDLs specifically target mechanisms
that regulate dendritic spine and dendrite arbor stabilization and maintenance,
resulting in loss of dendritic spines and dendrite arbors in AD.

14.6.3 Decreased Expression of Synaptic Proteins
and Reduced BDNF Signaling Lead to Dendritic
Spine Destabilization and Dendrite Atrophy
in Depression

Major depressive disorder (MDD) is associated with reduced synapse density
(Kang et al. 2012) and reduced dendrite arbor size in the prefrontal cortex and
hippocampus (Drevets et al. 1997; Drevets 2000; Cotter et al. 2001, 2002). Inter-
estingly, expression of the GATAI transcriptional repressor is significantly
increased in the brains of individuals with MDD (Kang et al. 2012). GATAL1 is a
master regulator of a cluster of genes that play critical roles in dendrite arbor
maintenance and dendritic spine stability. Several GATAI target genes are signif-
icantly downregulated in the MDD brain, including tubulin 4, the major p tubulin
in neurons, and the trafficking regulators Rab3A and Rab4B (Kang et al. 2012).
These reductions may decrease the size and stability of the microtubule network
and perturb the flow of traffic within dendrites. This model is supported by the
observation that GATA1 overexpression alone is sufficient to significantly reduce
dendrite arbor size in cortical neurons (Kang et al. 2012). In addition,
overexpression of GATA1 or the related GATA?2 in the hippocampus is sufficient
to reduce dendrite arbor size, decrease dendritic spine density, and lead to
depression-like behaviors in mice (Choi et al. 2014). These observations support
a model in which transcriptional repression by GATA1/GATA2 mediates the loss
of connectivity and compromised neuronal function in MDD.

Chronic stress and elevated circulating corticosteroid levels are major risk
factors for the development of MDD. Both conditions reduce BDNF and TrkB
levels in the brain (Smith et al. 1995; Nibuya et al. 1999; Gourley et al. 2009a),
which likely explains the reduction in BDNF in the brains of MDD patients
(Schmidt and Duman 2007). Reduced BDNF signaling would be expected to
compromise the BDNF-mediated support of dendritic spine and dendrite arbor
stability, via mechanisms detailed in previous sections, thereby contributing to
the neuronal destabilization found in this disease. Recent work shows that chronic
corticosterone treatment also decreases expression of caldesmon, an actin-
stabilizing molecule, increasing actin turnover in dendritic spines and resulting in
smaller, more unstable spines (Tanokashira et al. 2012). Thus, reduced BDNF-TrkB
signaling also appears to be a key factor in the altered connectivity and circuit
dysfunction in MDD.
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14.6.4 Dendritic Spine and Dendrite Arbor Stability Are
Disrupted in Stroke

In addition to causing death of some neurons, stroke causes destabilization of spines
and dendrites on neurons within and adjacent to the infarct area. For an individual
neuron, this destabilization may clear dendrites away from areas where damage or
death of afferents has disrupted connectivity and free up synaptic proteins and
metabolic resources to remodel the dendrite arbor. In a photothrombotic murine
ischemia model, light is used to occlude small vessels leading to lesions that are
1 mm in diameter. The reductions in dendrite arbor size in the peri-infarct region
that follow this photothrombotic stroke are closely matched by growth of distal
dendrites during the recovery period (Brown et al. 2010), suggesting that the neuron
may attempt to reach some homeostatic “set point” in dendrite size and synaptic
inputs as it reintegrates into networks. In contrast, occlusion of the middle cerebral
artery leads to larger lesions averaging 7 mm?; with this ischemia model, apical
dendrites in the peri-infarct region become permanently reduced in size and lose
higher order branches. Interestingly, intravital imaging reveals that dendrite shrink-
age results both from tissue shrinkage in the peri-infarct region and also from
retraction of the distal tips (Mostany and Portera-Cailliau 2011).

Ischemia also leads to alterations in dendritic spine stability and dynamics.
Introduction of photothrombotic lesions leads to significantly increased dendritic
spine turnover rates in the peri-infarct region for up to 4 weeks following the lesion.
This increased dynamic behavior correlates with functional recovery and
remapping of the sensory input from the affected area to adjacent cortical regions
(Brown et al. 2009). In the middle cerebral artery occlusion model, significant spine
loss is observed already at 4 days after stroke with 20 % of spines lost in the peri-
infarct region by 12 days after stroke. These spine losses recover by about 4 weeks
after stroke (Kalia et al. 2008). The observed reductions in spine number result both
from an increase in spine loss and a significant decrease in new spine formation.
Importantly, spines do not recover at similar rates on all neurons, and the best
predictor of recovery is the amount of local blood flow at 1 h after stroke induction.
In addition, neurons in areas distal to the stroke gain supranumerary spine densities,
suggesting that these areas may be contributing to the functional remodeling of
cortical circuits.

Elevated NMDAR activity is associated with neuronal damage and death fol-
lowing stroke (for a recent review, see Kalia et al. 2008). Application of NMDA to
cultured neurons or focal application of NMDA to tissues in vivo has been widely
used to model this glutamate-induced excitotoxicity. While prolonged, excessive
stimulation leads to neuron death, sublethal NMDA stimulation of neurons, either
in culture or focally in tissues, causes spine loss, dendrite branch swelling, and
dendrite shrinkage (Hasbani et al. 1998, 2001; Halpain et al. 1998; Hering and
Sheng 2003; Kitaoka et al. 2004; Iki et al. 2005; Tseng and Firestein 2011). These
changes are closely associated with disruptions in actin and microtubule structure in
spines and dendrites, respectively (Hering and Sheng 2003; Graber et al. 2004).
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Excessive NMDA stimulation destabilizes spines by disrupting the function of
actin regulatory proteins in the spine. For example, bath application of NMDA to
cultured hippocampal neurons causes cortactin to relocalize from dendritic spines
to the dendrite shaft, and this correlates with loss of spine stability (Hering and
Sheng 2003; Iki et al. 2005). In addition, inhibitors of the cathepsin B family of
proteases attenuate NMDA-induced spine loss, indicating that proteolysis of one or
more key actin regulatory proteins may contribute to spine disruption (Graber
et al. 2004). Indeed, NMDA stimulation leads to reduced levels of the spine
stabilizing protein MARCKS, but this decrease can be prevented by cathepsin B
inhibition. Elevated NMDA stimulation also disrupts the targeting of dynamic
microtubules to spines, which prevents delivery of key proteins, including PSD95
and p140Cap (Kapitein et al. 2011), required for spine stability.

Exactly how elevated NMDA stimulation triggers dendrite destabilization is less
clear. One potential candidate for mediating these effects is the RhoA GTPase.
Focal synaptic stimulation can activate RhoA in the spine, and activated RhoA can
then diffuse into the dendritic shaft (Murakoshi et al. 2011). The summed signaling
from a group of spines in aggregate, such as that following excessive NMDA
stimulation, could trigger RhoA-ROCK signaling at levels sufficient to disrupt
MAP function (Yamamoto et al. 1983; Murthy and Flavin 1983) and cypin expres-
sion (Chen and Firestein 2007), thereby destabilizing dendrites. In support of
this theory, the ROCK inhibitor fasudil can reduce the severity of damage to the
dendrite-rich inner plexiform layer of the retina resulting from NMDA injection
(Kitaoka et al. 2004). Moreover, RhoA activation and NMDA stimulation have
both been shown to decrease cypin levels in cultured neurons (Tseng and Firestein
2011). Finally, it is possible that NMDA-mediated disruption of microtubule
structure impacts dendrites by disrupting the microtubule motor-based delivery of
key building blocks to the dendrite. Overall, the stabilization of dendrite arbors and
dendritic spines is severely disrupted following stroke through a mechanism down-
stream of excessive NMDAR activation.

14.7 Summary

While dendrite arbors and dendritic spines are highly dynamic in early develop-
ment, structural plasticity decreases and stability increases as circuits mature.
Afferent innervation or synapse formation onto dendrite arbors or dendritic spines
stabilizes them, while loss or decrease of synaptic inputs destabilizes dendrites and
dendritic spines. During maturation, dendrite arbors stabilize before dendritic
spines and help retain the overall dendrite arbor field integrity while preserving
the ability to refine synaptic connections. A diverse collection of cellular and
molecular mechanisms regulates this differential stabilization of dendritic spines
and dendrite branches. Nonetheless, the coordinated stabilization of neuronal
circuits requires the existence of shared signaling mechanisms, such as BDNF-
TrkB signaling and CaMKII activation, that act on cytoskeletal elements and
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contribute to the stabilization of both dendritic spines and dendrite arbors. Accord-
ingly, the long-term structural and functional stability of dendrite arbors and
dendritic spines is maintained by these dynamic cytoskeletal elements that turn
over in seconds to hours. To confer stability, the formation and turnover of actin and
microtubule structures are exquisitely controlled by regulatory proteins, including
Rho family GTPases, kinases, actin-binding proteins, and microtubule-binding
proteins, that ensure the balanced turnover and maintenance of the actin and
microtubule cytoskeletons so that they can serve as scaffolds for their own replen-
ishment and reorganization. Cell surface adhesion receptors, including Eph recep-
tors, immunoglobulin superfamily receptors, cadherins, and integrins, also play
important roles in dendritic spine formation and stability through the employment
of cytoplasmic nonreceptor tyrosine kinases, such as those of the FAK, Src, and Abl
families, to mediate changes in cytoskeletal structure. Finally, the loss of dendritic
spine and/or dendrite arbor stability in humans is a major contributing factor to
normal aging and the pathology of psychiatric illnesses, such as major depressive
disorder; neurodegenerative diseases, such as Alzheimer’s disease; and stroke.
Overall, the cellular and molecular mechanisms that mediate dendrite arbor and
dendritic spine maintenance are crucial for proper brain function.
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