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Abstract: The calcium/calmodulin-dependent protein kinase II (CaMKII) is a ubiquitous and central
player in Ca2+ signaling that is best known for its functions in the brain. In particular, the α isoform
of CaMKII has been the subject of intense research and it has been established as a central regulator of
neuronal plasticity. In contrast, little attention has been paid to CaMKIIβ, the other predominant brain
isoform that interacts directly with the actin cytoskeleton, and the functions of CaMKIIβ in this organ
remain largely unexplored. However, recently, the perturbation of CaMKIIβ expression has been
associated with multiple neuropsychiatric and neurodevelopmental diseases, highlighting CAMK2B
as a gene of interest. Herein, after highlighting the main structural and expression differences
between the α and β isoforms, we will review the specific functions of CaMKIIβ, as described so far,
in neuronal development and plasticity, as well as its potential implication in brain diseases.

Keywords: CaMKII; brain; neuronal development; neuronal plasticity; neurodevelopmental disorders;
psychiatric diseases

1. Features of CaMKIIβ

1.1. CaMKIIβ Structure and Properties

The calcium/calmodulin-dependent protein kinase II (CaMKII), which is a serine/threonine
protein kinase, is one of the most abundant proteins in the brain [1]. There are four isoforms of
CaMKII (α, β, γ, δ) that are encoded by four distinct but highly related genes (CAMK2A, CAMK2B,
CAMK2G, CAMK2D) located on different chromosomes. Although these isoforms show strong sequence
similarities [2], they present different biochemical properties and localization [3,4]. As an example,
CaMKIIα is absent from amphibians (Xenopus laevis) and it has the most restricted tissue specificity in
mammals [2,3].

CaMKII is a unique neuronal signaling protein that is composed of 12–14 subunits (for reviews [5,6]).
In the brain, CaMKII predominantly consists of the α and β isoforms, which form heteromeric or
homomeric complexes. CaMKIIα and β, like the two other isoforms, consist of four distinct domains:
a catalytic domain containing the active site that is required for CaMKII kinase activity, a regulatory
domain that comprises a self-inhibitory region and a binding site for the Ca2+/CaM complex, a variable
domain and a hub or association domain necessary for assembly of the 12–14 subunits (Figure 1A).
The kinase activity is regulated by the autoinhibitory regulatory segment, which blocks the substrate
binding site in the absence of Ca2+. In response to an increase in intracellular Ca2+ concentration,
Ca2+-bound calmodulin (Ca2+/CaM) competitively binds to the regulatory segment and it relieves
inhibition by exposing the substrate-binding site (Figure 1B). This binding causes autophosphorylation
at Thr286 (on CaMKIIα) or Thr287 (on CaMKIIβ) and it makes CaMKII activity Ca2+-independent [6].
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Figure 1. Structural organization of CaMKIIβ. (A). Schematic representation of CaMKIIβ structure 
and its variants. CaMKIIα and CaMKIIβ differ mostly in the variable region. The variable region of 
CaMKIIα only contains V2 and V5 domains. The variable region V1, which is absent in CaMKIIβe 
and CaMKIIβ’e, is necessary for the binding to the actin cytoskeleton. (B) 
Calcium/calmodulin-dependent protein kinase II (CaMKII) is organized into large oligomers 
typically of 12 or 14 subunits. Central to the organization of CaMKII is the hub domain, also known 
as the association or oligomerization domain, which forms a donut-shaped ring that is the core of the 
holoenzyme (see side view). The kinase domains are tethered to the central hub by the regulatory 
segments. In basal condition, the CaMKII holoenzymes, via CaMKIIβ, bind to actin filaments, 
particularly in dendritic spines. Upon Ca2+ influx, Ca2+/CaM binds to a CaM-binding element in the 
regulatory segment of CaMKII, releasing it from the kinase domain and thereby activating the 
enzyme. At the same time, CaMKII holoenzymes detach from F-actin and it can be recruited to the 
synapse to induce functional changes. 

Although the two main brain isoforms show similar domain structure and high sequence 
homology (89%–93% sequence homology in the catalytic and regulatory domains in rats) [7], they 
differ within the N-terminal part of the variable region, where CaMKIIβ, but not CaMKIIα, contains 
a filamentous actin (F-actin) binding domain (FABD) (Figure 1A). CaMKIIβ not only binds to actin 
[8], but it is also capable of bundling actin thanks to its actin-binding and association domains [9]. 
This bundling feature is achieved by the CaMKII oligomers binding to multiple actin filaments. It 
should be mentioned that the variable region, where CaMKIIα and β differ most, is subject to 
alternative splicing in all CaMKII isoforms. Regarding CaMKIIβ, four splicing variants, β, β’, βe, and 

Figure 1. Structural organization of CaMKIIβ. (A). Schematic representation of CaMKIIβ structure
and its variants. CaMKIIα and CaMKIIβ differ mostly in the variable region. The variable region of
CaMKIIα only contains V2 and V5 domains. The variable region V1, which is absent in CaMKIIβe and
CaMKIIβ’e, is necessary for the binding to the actin cytoskeleton. (B) Calcium/calmodulin-dependent
protein kinase II (CaMKII) is organized into large oligomers typically of 12 or 14 subunits. Central
to the organization of CaMKII is the hub domain, also known as the association or oligomerization
domain, which forms a donut-shaped ring that is the core of the holoenzyme (see side view). The kinase
domains are tethered to the central hub by the regulatory segments. In basal condition, the CaMKII
holoenzymes, via CaMKIIβ, bind to actin filaments, particularly in dendritic spines. Upon Ca2+ influx,
Ca2+/CaM binds to a CaM-binding element in the regulatory segment of CaMKII, releasing it from the
kinase domain and thereby activating the enzyme. At the same time, CaMKII holoenzymes detach
from F-actin and it can be recruited to the synapse to induce functional changes.

Although the two main brain isoforms show similar domain structure and high sequence homology
(89%–93% sequence homology in the catalytic and regulatory domains in rats) [7], they differ within the
N-terminal part of the variable region, where CaMKIIβ, but not CaMKIIα, contains a filamentous actin
(F-actin) binding domain (FABD) (Figure 1A). CaMKIIβ not only binds to actin [8], but it is also capable
of bundling actin thanks to its actin-binding and association domains [9]. This bundling feature is
achieved by the CaMKII oligomers binding to multiple actin filaments. It should be mentioned that
the variable region, where CaMKIIα and β differ most, is subject to alternative splicing in all CaMKII
isoforms. Regarding CaMKIIβ, four splicing variants, β, β’, βe, and β’e, were discovered in the brain,
but only β and β’variants contain a FABD and are, therefore, able to bind to F-actin [10–13] (Figure 1A).

Besides actin, CaMKIIβ has been shown to specifically interact with some targets, but not CaMKIIα,
such as Arc/Arg3.1 [14] or the centrosomal targeting protein PCM1 (pericentriolar material 1) [15].



Int. J. Mol. Sci. 2020, 21, 7272 3 of 15

In addition to these differences in susbstrate specificity, the two isoforms have different sensitivities
to Ca2+ signals, since the binding affinity for calmodulin is higher for CaMKIIβ homomers than for
CaMKIIα homomers [4]. Moreover, the rate of autophosphorylation is also more elevated for β than
α [16].

1.2. CaMKIIβ Expression in the Nervous System

Another important difference between the two major brain CaMKII isoforms is their temporal
expression (Table 1). Indeed, CaMKIIβ is already expressed in the brain during embryonic life, starting
around E12.5, whereas CaMKIIα starts to be expressed after birth and it becomes predominant in
juvenile animals [3,17,18]. Regional differences also exist in the expression of the CaMKIIα and
CaMKIIβ isoforms. For example, although they are both expressed in the forebrain and cerebellum,
CaMKIIα is predominant in the adult hippocampus and neocortex [1,4,19], whereas CaMKIIβ is the
dominant isoform in the cerebellum [1,3,19,20]. At the cellular level, CaMKIIα and CaMKIIβ are mainly
expressed in excitatory pyramidal neurons in the cortex and hippocampus, but only CaMKIIβ is found
in inhibitory interneurons in these regions [21–23]. In the cerebellum, CaMKIIα is only expressed
in Purkinje cells, whereas CaMKIIβ is also present in granule cells [24]. At the neuron subcellular
level, CaMKIIβ is localized in dendrites and particularly enriched in filopodia and mature spines [8].
In addition to neurons, CaMKIIβ is found in oligodendrocytes [25,26].

Table 1. Schematic representation of temporal and regional expression of CaMKIIα and CaMKIIβ.

CaMKIIα CaMKIIβ

Temporal expression (total brain)
Embryonic life −

2 + 3

Post-natal + ++
Adult +++ ++

Regional expression (adult brain)
Hippocampus +++ +
Cerebral cortex +++ +

Cerebellum + ++++

Cellular expression

Excitatory pyramidal neurons 1 + +

Inhibitory interneurons 1 − +
Purkinje cells + +

Cerebellar granule neurons − +

1 In cerebral cortex and hippocampus; 2
− indicates not expressed; 3 + indicates expressed.

In the mature brain, the full-length variant CaMKIIβ predominate in most brain regions, except in
the hypothalamus and brainstem where equal β and β’ are detected [11]. In the whole embryonic brain,
βe predominate at E16 and E18 [11]. However, in the embryonic cerebral cortex, β and β’ proteins are
dominant at E16.5 [18].

Although CaMKIIα and β have been simultaneously discovered at the beginning of the 80′s [27],
CaMKIIβ has received far less attention. CaMKIIβ has often been relegated to a redundant role within
heteromeric complexes or as a scaffold that is responsible for targeting CaMKII enzyme to F-actin [8].
Nevertheless, in the last years, several mutant constructs (Table 2) and mice (Table 3) have been
developed and have allowed uncovering specific functions for CaMKIIβ in the brain. In the next two
sections, we will review its roles in neuronal development and plasticity.
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Table 2. CaMKIIβ mutants.

Name Description References

CaMKIIβ-T287D Constitutively active mutant [12,17,28,29]

CaMKIIβ-A303R Ca2+/CaM binding-deficient mutant [12,17,28,29]

CaMKIIβ-K43R Impaired for ATP binding, kinase inactive mutant [9,12,28,29]

CaMKIIβ285-542
CaMKIIβ344-542

Mutants lacking kinase domain but containing
F-actin binding and association domains [9]

CaMKIIβ-∆FABD Mutant without F-actin binding domain [15,18]

CaMKIIβ1-401 Mutant without association domain [9]

CaMKIIβ-∆asso Mutant without association domain [15,18]

CaMKIIβ285-401 Mutant without kinase and association domains [9]

CaMKIIβ-∆CTS Mutant without centrosomal targeting sequence [15,18]

CaMKIIβ-All A Phosphoblock All A mutant (all S and T residues
within the FABD are changed to alanine) [18,30]

CaMKIIβ-All D
Phosphomimetic All D mutant (all S and T residues

within the FABD are changed to aspartic acid),
loss of F-actin-binding activity

[18,30]

Table 3. Camk2b mutant mice.

Name Description References

Camk2b−/− Deletion exon 11 [20]

Camk2b−/− Deletion exon 2 [31]

Camk2b−/− Camk2bf/f (loxP sites flanking exons 7–8)
crossed with a CMV-Cre mouse

[32]

Camk2bf/f LoxP sites flanking exon 2 [33]

Camk2bA303R/A303R
Mutant which cannot bind Ca2+/CaM (mutation
prevents CaMKIIβ enzymatic activation, while

preserving its ability to bind to actin)
[34]

Camk2bT287A/T287A Autophosphorylation-deficient mutant (mutation
blocks CaMKIIβ autonomous activity) [33]

Camk2b exon 13:TS/A knock-in mouse
Mouse carrying phosphoblock mutations in the actin
binding domain (phosphorylation sites of this region

are critical for CaMKII detachment from F-actin)
[35]

Camk2a−/−;Camk2b−/− Camk2a−/− [36] and Camk2b−/− [20] were used to
generate double mutants

[37]

2. CaMKIIβ in Neuronal Development

Neuronal development is a sequential process from neuronal progenitor proliferation to synaptic
integration. The failure of one of these developmental steps can heavily impact on subsequent
brain formation and later function. Interestingly, gross histological examination of adult Camk2b−/−

mice revealed no significant differences in overall brain structure [20,32,34], implying that CaMKIIβ
might dispensable for normal brain development. However, further studies using overexpression or
knockdown approaches in vitro or in vivo have suggested that CaMKIIβ might have multiple functions
in the late steps of this process, in particular during neuronal migration, dendrite morphogenesis,
and spine/synapse formation.
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2.1. CaMKIIβ and Neuronal Migration

After their birth, neurons migrate to reach defined locations, where they integrate into functional
circuits. Recently, we and others have shown that CaMKIIβ has a role during embryonic radial
migration of cortical projections neurons [18,38]. Briefly, during the development of the cerebral cortex,
projection neurons, born from progenitors in the germinal zone of the dorsal telencephalon, radially
migrate following a route that is perpendicular to the ventricular surface before settling in their final
laminar position [39]. Radial migration is a multi-step process that starts with the detachment of
nascent neurons from the apical surface of the germinal ventricular zone (VZ) (Figure 2A step 1).
Newly generated neurons then move to the intermediate zone (IZ), where they acquire a multipolar
shape (Figure 2A step 2). Thereafter, neurons become bipolar, extending a leading process towards the
pial surface and a trailing process in the opposite direction. Upon multi to bipolar transition, neurons
establish dynamic contacts with radial glia fibers and subsequently use them as a scaffold for migrating
to the upper part of the cortical plate (CP) using a mode of migration called locomotion (Figure 2A
step 3).
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Figure 2. (A) Radial migration of projection neurons in the developing cerebral cortex. Step 1: newborn
neurons detach from the ventricular surface. Step 2: nascent neurons migrate into the intermediate
zone where they become transiently multipolar. Step 3: newborn neurons undergo a multipolar-bipolar
transition and migrate along radial glia processes to finally detach and populate the cortical plate. VZ:
ventricular zone; IZ: intermediate zone; CP: cortical plate. (B) Cortical neuron position in the early
postnatal cortex in control condition of after CaMKIIβ overexpression. II-IV: layers II to IV; V-VI: layer
V and VI; WM: white matter.

Using knockdown or overexpression approaches via in utero electroporation, correct levels of
CaMKIIβ have been shown to be required for proper radial migration of projection neurons in two
independent studies [18,38]. While CaMKIIβ overexpression impairs this process in both studies,
opposite results have been described after electroporation of the mouse cerebral cortex with CaMKIIβ
shRNAs. Indeed, after electroporation at E14.5 of a pool of five different CaMKIIβ shRNAs (targeting
CaMKIIβ, but notα), Kury at al. observed migration defects at P0. While control electroporated neurons
are located in the upper part of the CP at this stage, CaMKIIβ-silenced neurons are scattered throughout
the entire cortical wall in this study [38]. Inversely, Nicole et al. found that the knockdown of CaMKIIβ
at E14.5, with one specific shRNA (targeting only CaMKIIβ, but not α, γ, and δ, and targeting the four
splice variants of CaMKIIβ), promotes the radial migration of cortical neurons. When CaMKIIβ is
silenced, neurons quickly leave the IZ after the multipolar–bipolar transition to reach the CP and then
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CaMKIIβ-deficient cells move faster in the CP. Consequently, at E17.5, more cells reach the upper part
of the CP compared to control neurons [18]. This discrepancy between the results might be due to
off-target effects, a lack of specificity of the shRNAs towards the CaMKIIβ isoform, and/or to a variable
action of these shRNA on the different splicing variants.

In the study of Nicole and colleagues, CaMKIIβ overexpression at E14.5 significantly decreases
the proportion of cells reaching the CP three days later, whereas the fraction in the IZ is concomitantly
increased. At P14, a significant fraction of CaMKIIβ overexpressing cells is still trapped in
deep layers, indicating that this manipulation during embryogenesis has a long-term impact on
neuronal positioning [18] (Figure 2B). In particular, CaMKIIβ has been found to be essential for the
multipolar-bipolar transition and for locomotion in the CP, and these actions are primarily dependent
on its actin-binding and oligomerization domains [18]. Indeed, the overexpression of CaMKIIβ-∆FABD
or CaMKIIβ-∆asso abolishes the capacity of CaMKIIβ to impair the multipolar–bipolar conversion
and to reduce the migration speed in the CP [18]. Moreover, electroporation of the phosphomimetic
All D mutant (which is unable to bind to F-actin, see Table 1) also does not induce any migration
defect, indicating that autophosphorylation sites within the FABD control CaMKIIβ action in migrating
neurons [18]. This action is also tightly linked to cofilin activity since F-actin–CaMKIIβ interaction limits
access of actin regulating proteins, like the actin-depolymerizing cofilin [18,30]. Interestingly, Ca2+

fluctuations have been described in migrating neurons [40,41] and it has been proposed that CaMKIIβ
might constitute a link between Ca2+ signaling and the actin cytoskeleton in cortical migrating neurons.
Thus Ca2+ increase in locomoting neurons might dissociate CaMKIIβ from F-actin allowing for actin
remodeling by actin-modifying proteins, such as cofilin, and thus the forward movement [18]. Finally,
while the actin-binding and -bundling activities of CaMKIIβ seem to be primarily involved in the
regulation of cortical neuron migration, its kinase activity might also be implicated, since mutations that
decrease or increase CaMKIIβ auto-phosphorylation at Thr287 also affect migration in the developing
cortex [38].

In contrast to the β isoform, CaMKIIα is not expressed in the embryonic cerebral cortex [3,17,18],
and reducing or increasing levels of wild-type CaMKIIα does not affect cortical neuron migration [38].
Accordingly, CaMKIIβ has a role in the radial migration of cortical projection neurons, but not CaMKIIα.

2.2. CaMKIIβ and Dendrite Formation/Pruning

Once newborn neurons reach their final destination, they undergo dendrite morphogenesis with
a first step of dendrite growth and arborization followed by a second step of dendrite retraction and
pruning [42]. These steps are crucial for establishing accurate dendrite morphologies and, consequently,
proper neural circuits in the brain.

The role of CaMKIIβ in this process has been well described in granule neurons of the developing
cerebellar cortex [15]. In vitro, the knockdown of CaMKIIβ in these neurons induces more and longer
dendrites, but has no effect on axon length, demonstrating that CaMKIIβ specifically inhibits dendrite
growth and arborization [15]. Similarly, in vivo, CaMKIIβ silenced granule neurons exhibit longer
dendrites with greater secondary and tertiary dendrite branching as compared to control neurons
at P8, five days after the electroporation. At P12, while control neurons have a few short dendrites
with simplified arbors compared to P8, CaMKIIβ-knockdown neurons show longer, more branched
dendrite arbors with greater total dendrite length and dendrite number when compared to controls
indicating that CaMKIIβ silencing also impairs dendrite pruning [15]. Interestingly, CaMKIIβ drives
dendrite retraction and pruning from the centrosome. Puram et al. identified a unique centrosomal
targeting sequence (CTS) within the variable region of CaMKIIβ (but not CaMKIIα). This CTS mediates
the specific interaction of CaMKIIβ with the centrosomal targeting protein PCM1, which then induces
the localization of CaMKIIβ to the centrosome. There, CaMKIIβ phosphorylates the E3 ubiquitin
ligase Cdc20-APC (cell division cycle 20–anaphase promoting complex) at Ser51, which induces Cdc20
dispersion from the centrosome, thereby inhibiting centrosomal Cdc20-APC activity and triggering a
switch from growth to retraction of dendrites [15]. In this study, the authors also demonstrate that
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CaMKIIβ operates at the centrosome in a CaMKIIα-independent manner, thus unrevealing another
isoform specific-function for CaMKIIβ. This function of CaMKIIβ in the regulation of dendrite
retraction has been also described in cultured hippocampal and cortical neurons [15] as well as, in vivo,
in pyramidal cortical neurons and a similar mechanism seems to be involved in these cells [18]. Thus,
CaMKIIβ restricts the growth and arborization of dendrites in diverse populations of mammalian brain
neurons. However, it should be noted that this function might be cell specific, since the complexity of
dendritic branching is not significantly changed in Purkinje cells of Camk2b−/− mutants as compared to
the control mice [20].

2.3. CaMKIIβ and Spine/Synapse Formation

While dendrites develop, they are progressively covered by small protrusions, called dendritic
spines. These spines serve as the main sites of excitatory synapses in the brain. During the early
stages of synaptogenesis, immature dendritic protrusions, which are classified as filopodia, rapidly
protrude and retract from dendrites, allowing for neurons to find contact sites, which can then evolve
into synapses. With development, filopodia are gradually replaced by mature mushroom-shaped
spines [43]. Importantly, the actin filaments are a major structural element of the regulation of dendritic
spine formation and morphology [44].

In young hippocampal cultured neurons, Fink et al. showed that CaMKIIβ overexpression
increases the fine architecture of the dendritic arbor in particular filopodia, whereas its knockdown
has an opposite effect [28]. However, this ability of CaMKIIβ to promote dendritic arborization
decreases with age and its action becomes even opposite when neurons mature [28]. As neurons
mature, CaMKIIβ controls the motility of filopodia and synapse formation rather positively [28]. Again,
only CaMKIIβ has this activity, not CaMKIIα, most probably because it is dependent on CaMKIIβ
ability to interact with F-actin [28]. Besides its role during spinogenesis, CaMKIIβ is also crucial for
spine maintenance [9]. Indeed, CaMKIIβ maintains mature spine structure through its F-actin binding
and bundling activity, but not its kinase activity [9].

Similarly, in Purkinje cells, CaMKIIβ promotes spine formation and elongation via its F-actin
bundling activity [45]. In addition, protein kinase C (PKC)-mediated phosphorylation of CaMKIIβ is
responsible for the maintenance of the appropriate spine density and morphology in these cells. More
precisely, PKC phosphorylates CaMKIIβ at S315 under the control of group I metabotropic glutamate
receptor (mGluR1) signaling, and this event results in dissociation of the CaMKIIβ/F-actin complex,
which then represses excessive spine formation and elongation in mature Purkinje cells [45].

While these data suggest that CaMKIIβ is important for the control of spine density and
morphology, other studies give somehow different conclusions. For example, Okamoto et al. observed
that, after CaMKIIβ knockdown in hippocampal organotypic slices, mature spines are converted to
filopodia-like spines, but spine density is not modified [9]. Furthermore, in Camk2b−/− mice, Purkinje
cells and hippocampal pyramidal cells from CA1 do not show any differences in spine density and/or
morphology [20,34].

Although the initial observations in Camk2b−/− mutants suggested that CaMKIIβ is not required
for normal neuronal development, the aforementioned studies inversely indicate that CaMKIIβ seems
to have several functions during this process. The strategy used to perturb CaMKIIβ expression
(knockdown, knockout, surexpression, in vitro/in vivo...) might explain the distinct conclusions.
Indeed, germline mutations in Camk2b might result in homeostatic compensatory mechanisms that
would prevent to see the changes that were observed in neurons shortly after an acute depletion in a
limited population.

3. CaMKIIβ in Neuronal Plasticity

One fundamental attribute of the brain is the plasticity of its synapses, namely a positive or negative
change in efficacy of connections between neurons in response to neuronal activity. Depending on the
specific pattern of stimulation and localization of neuron assemblies, individual synapses can increase
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or decrease the strength of their transmission, two processes called, respectively, long term potentiation
(LTP) and long term depression (LTD). These changes in synapse functioning have been considered as a
cellular model for the process of learning and memory (for review [46]). It is now well established that
LTP induction results in Ca2+ entry, which activates CaMKIIα localized close to the activated synapse.
Subsequently, CaMKIIα translocates to the synapse, where it binds to N-Methyl-D-aspartate (NMDA)
receptors and produces the potentiation of the synaptic response by phosphorylating principal and
auxiliary subunits of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (for
review [47]). This sequestration of CaMKIIα to dendritic spines and the postsynaptic density (PSD)
within a few seconds of stimulation is coupled to actin polymerization and the expansion of the
stimulated spines [48], also called structural plasticity [49]. Blocking structural spine enlargement
interferes with functional plasticity induction [30], which suggests that the functional and structural
plasticity are tightly and mutually regulated. These structural and functional changes are short-lasting
(1–4 h), unless stabilizing plasticity-related proteins (PRPs) are recruited. This recruitment depends on
new protein synthesis and on a process of “synaptic tagging and capture”, which explain how the
newly synthesized proteins in the soma can selectively find the potentiated synapses (for review [50]).
The postsynaptic capture of PRPs allows for the subsequent stabilization of spine structure, which
enables maintenance of the functional change. This synaptic tagging process at the dendritic spine
requires CaMKII activity and the newly formed F-actin complex that is both permissive and necessary
for the remodeling of the PSD. Among the PRPs, Arc is rapidly upregulated by strong synaptic activity
and it critically contributes to weakening adjacent synapses by promoting AMPA receptor endocytosis
to prevent undesired enhanced activity in the vicinity of activated synapses. This process that is
necessary for sustainably changing synaptic efficiency only on potentiated synapses is called “inverse
synaptic tagging” [14].

In this whole complex cascade, CaMKIIβ acts in concert with CaMKIIα, but with distinct functions
to regulate both functional and structural plasticity and the synaptic tagging process, necessary for
learning and memory.

3.1. Molecular Mechanisms of CaMKIIβ in Synaptic Plasticity

The C-terminal association domain of CaMKII isoforms can form homo- or heteromeric assemblies
of 12 to 14 mers, in which subunit composition seems to be dependent on isoform expressions (with
unknown isoform preference). In the forebrain, the β subunit of CaMKII constitutes approximately
30% of the total amount of CaMKII [19] and 80% in the cerebellum. As a consequence, the ratios
of α and β subunits are about 3:1 and 1:4 in adult forebrain and cerebellum, respectively [19].
In the holoenzyme, the presence of CaMKIIβ plays a critical role in the subcellular localization and
subsequent postsynaptic translocation of the entire CaMKII holozyme [8,29]. Indeed, in the basal
condition, the CaMKII holoenzymes, via CaMKIIβ, are able to bind actin filaments, particularly in
dendritic spines [8,9,28,29,48]. When CaMKII holoenzyme is activated by neuronal activity and the
resultant Ca2+ influx, it detaches from F-actin and CaMKII holoenzymes can be recruited to the synapse
to induce functional changes (Figure 1B). Thus, a small fraction of CaMKIIβ is sufficient for docking
the predominant CaMKIIα to the actin cytoskeleton. In this configuration, CaMKIIβ functions as a
“targeting module” that localizes a higher number of CaMKIIα to synaptic sites of action in order to
facilitate functional plasticity [8].

In addition, the interaction of CaMKIIβ with F-actin in basal state [9] limits the binding of other
actin-binding molecules [30]. During neuronal plasticity, the CaMKIIβ/actin interaction is abolished by
Ca2+/CaM binding [8], which results in the detachment and release of unbundled F-actin. This opens a
brief time window during which other actin binding partners have access to F-actin and can profoundly
remodel the filaments [51,52]. The subsequent inactivation of CaMKIIβ results in the re-bundling of the
polymerized F-actin and re-stabilization of the new dendritic spine structure. Blocking the detachment
of CaMKIIβ from F-actin without affecting the kinase activity results in a deficit of both structural and
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functional plasticity [30], highlighting the crucial dual function of CaMKIIβ as a negative regulator of
actin remodeling in spines and as a molecular-temporal gate of synaptic plasticity.

More recently, a potential role of a dynamic interaction between inactive CaMKIIβ and Arc has
been shown. This interaction would allow Arc to be preferentially maintained at inactive synapses
rather than active synapses. CaMKII-stabilized Arc may efficiently contribute to promoting AMPA
receptor clearance from the inactive synapses. In this “inverse synaptic tagging process”, CaMKIIβ
acts as a scaffold for Arc in dendritic spines [14]. In addition, it has been recently suggested that
local CaMKIIα translation at activated synapses [53,54] and subunit exchange inside the CaMKII
holoenzyme that is triggered by CaMKII activation [55,56] would aid local replacement of the β isoform
in CaMKII holoenzyme, releasing CaMKIIβ to the neighboring non-potentiated synapses [5].

3.2. Role of CaMKIIβ in LTP (Hippocampal and Cerebellar)

In contrast to numerous studies on CaMKIIα, the analysis of the role that is played by CaMKIIβ
in LTP has been carried on in limited experiments. By selectively increasing CaMKIIβ expression
in the dentate gyrus (DG), the group of J. Tsien has demonstrated that elevated CaMKIIβ activity
leads to reduced LTP in the perforant path of the DG [57]. However, the inducible chemical genetic
method used also increases the β/α ratio and changes the composition of the CaMKII holoenzyme.
Because CaMKIIβ has an F-actin binding module, which confers the anchoring of the CaMKII complex
at the base of the synaptic spine, the numerical increase of CaMKIIβ in CaMKII holoenzyme might
alter the biophysical properties of the holoenzyme (i.e., the CaMKII holoenzyme might be slower to
translocate from the base of dendritic spines to PSD or to fall off faster from PSD). In contrast, by using
the Camk2b−/− mutant, Borgesius et al. (2011) clearly established that Schaffer collateral-CA1 LTP is
highly dependent upon the presence of CaMKIIβ. But interestingly LTP was unaffected in Camk2bA303R

mutant, in which the Ca2+/CaM-dependent activation of CaMKIIβ is prevented, while the F-actin
binding and bundling property are preserved. This study pinpoints that CaMKIIβ can modulate LTP
via a non-enzymatic role, as a targeting module of CaMKIIα. More recently, the relative importance
of CaMKIIα and CaMKIIβ in LTP has been analyzed while using a CRISPR-based system to delete
both CaMKII α and β (DKO) and using rescue experiments to restore the defects that are caused by
the DKO by expressing back CaMKII subunits [58]. First, these authors confirmed that the deletion
of CaMKIIβ blocks LTP, similar to the deletion of CaMKIIα. However, interestingly, while CaMKIIα
fully rescued LTP in the DKO, CaMKIIβ was unable to rescue LTP, either in the DKO or after CaMKIIα
deletion alone, indicating that CaMKIIβ is not required for the full expression of LTP.

Since CaMKIIβ is highly expressed in the cerebellum, its role has also been studied in cerebellar
synaptic plasticity. The plasticity rules are different in the cerebellum when compared to the
hippocampus. The stimulation of parallel fibers in combination with climbing fibers results in
a high influx of Ca2+ and the recruitment of CaMKIIα, resulting in LTD at the parallel fiber-Purkinje
cell synapses [59]. Interestingly, in Camk2b−/ mutant mice−, the loss of CaMKIIβ results in a complete
reversal of the plasticity rules [20]. A protocol that induced synaptic depression in wild type mice
resulted in synaptic potentiation in Camk2b knock-out-mice and vice-versa. Although the precise
mechanism is unclear, a mathematical model that was recently developed suggests that the balance of
CaMKII-mediated phosphorylation and protein phosphatase 2B (PP2B)-mediated dephosphorylation
of AMPA receptors can determine whether LTD or LTP occurs in cerebellar purkinje cells. This
computational model replicates observations that CaMKIIβ controls the direction of plasticity. It also
demonstrates that the binding of F-actin to CaMKII can enable the β isoform of the kinase to regulate
bidirectional plasticity at these synapses [60].

3.3. CaMKIIβ and Memory

Based on the role of CaMKIIβ in LTP, studies have been also conducted in order to understand the
specific role of CaMKIIβ in learning and memory processes. Increased activity of CaMKIIβ selectively
in the DG, using the inducible chemical genetic model, induces a reversal learning deficits in the



Int. J. Mol. Sci. 2020, 21, 7272 10 of 15

radial arm maze task and the water cross maze [61], but a normal memory formation, one day after
training in novel object recognition, and contextual fear memory. However, their contextual fear
memory is severely impaired at longer retention delays (10 days) [57], which suggests that the β

isoform could have an effect in long term memory consolidation. On the other hand, Camk2b−/− mutant
mice show impairment in novel object recognition when tested 4 h after training [32] and in fear
conditioning memory when tested 24 h after training [34]. Interestingly, in this last work, the authors
found that CaMKIIα expression levels are not altered in the Camk2b−/− mice but its location to synapses
is decreased by almost 40%. This prompted the authors to study whether the observed memory deficits
were a side-effect of decreased CaMKIIα localization in PSD. To test this, they used the Camk2bA303R

mouse model and showed that fear conditioning performance was normal, in contrast to what they
observed in Camk2b−/− mice. CaMKIIα abnormal distribution observed in Camk2b−/− was not seen in
Camk2bA303R mice. This last result led to the important conclusion that CaMKIIβ binding to F-actin
is necessary for CaMKIIα translocation to spines, but not its catalytic activity, and consequently for
memory processes. The discrepancy between observations that are based on knock-in mouse lines
versus overexpression of mutant subunits might be also due to the relative stoichiometry of CaMKIIβ
and CaMKIIα, which might influence CaMKIIα interactions in the PSD. Indeed, Silva et colleagues
have reported that, whereas the heterozygous Camk2a−/+ (with a probably higher β/α ratio) exhibit
normal learning and memory after 1–3 days of retention, these mice show a severe impairment of
retention of long term memory at 10–50 days [62], as observed with the chemical genetic method that
increase CaMKIIβ (with a probably higher β/α ratio) [57] Thus, a higher content of CaMKIIβ within the
holoenzymes might cause the CaMKII complex to be slower to translocate to the PSD. At the opposite,
the lack of CaMKIIβ could reduce the synaptic location of CaMKIIα and also alter the bioavailability
closed to the PSD. Altogether, these results strongly suggest an essential, but non-enzymatic role for
CaMKIIβ in learning and memory, most probably by properly targeting the CAMKII complex.

4. CaMKIIβ and Brain Disorders

As a consequence of its important physiological roles in neuronal development and plasticity,
alterations in CaMKIIβ expression/function could contribute to the pathogenesis of many brain
disorders. In this vein, a series of recent studies suggest that CaMKIIβ dysfunction in the brain may
underlie multiple neuropsychiatric and neurodevelopmental disorders.

In 2017, Kury et al. identified, via a whole-exome sequencing approach, seven rare de novo
CAMK2B variants in 10 unrelated individuals with mild to severe intellectual disability [38]. These
individuals also show language impairment and behavioral anomalies, such as abnormal emotion/affect
behavior or seizures for some of them. Interestingly, most of the described mutations decrease or
increase CaMKIIβ auto-phosphorylation at Thr287 and the expression of the corresponding mutant
forms of CaMKIIβ in the mouse developing cerebral cortex affect neuronal migration [38]. Few months
later, another collaborative study published two other de novo variants in CAMK2B that impair the
autoinhibition of CaMKII. These mutations were identified in two individuals amongst a population
of 976 individuals with intellectual disability, developmental delay, and epilepsy [63].

Several converging evidence also support a potential role of CaMKIIβ in the pathophysiology
of schizophrenia. Indeed, the prefrontal cortex (a key brain region that is involved in the cognitive
symptoms of the disease) of patients who had schizophrenia shows elevated levels of CaMKIIβ
transcripts [64,65]. Moreover, an increase of CaMKIIβ mRNA was found in several animal models of
schizophrenia, such as postnatal maternal deprivation and pubertal stress [66], as well as amphetamine
sensitization [67].

In addition to neurodevelopmental disorders, CaMKIIβ might be a molecular determinant of
depression. Indeed, its expression is increased at the mRNA level in the human frontal cortex of
depression tissues [65] and, at the protein level, CaMKIIβ is significantly upregulated in the lateral
habenula (nucleus that has emerged as a key brain region in aversive behaviors and the pathophysiology
of depression) of animal models of depression and down-regulated by antidepressants [68]. Similarly,
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in the hippocampal CA1, CaMKIIβ is significantly upregulated in depressed rats, while antidepressant
treatment downregulated this protein [69]. Furthermore, increasing CaMKIIβ in the lateral habenula
through a viral approach is sufficient for producing profound depressive symptoms, including
anhedonia and behavioral despair, in both rats and mice [68]. To note, the overexpression of CaMKIIα
at a similar infection rate does not cause similar depressive-like effects. Conversely, down-regulation
of CaMKIIβ levels in this structure, blocking its activity or its target molecule the glutamate receptor
GluR1 reverse the depressive symptoms [68]. A similar manipulation of CaMKIIβ (overexpression and
downregulation) in the CA1 gives similar results on depressive-like behavior [69]. CaMKIIβ seems to
act upstream of the cyclo-oxygenase (COX)-2/prostaglandin E2 (PGE2) neuroinflammatory signaling
pathway in this hippocampal region [69].

5. Conclusions

The recent findings on CaMKIIβ has demonstrated that this isoform has major biological functions
in the brain, and it might be a potential target for therapeutic interventions in diverse brain disorders.
However, further studies are required to better define the spatiotemporal and subcellular functions of
CaMKIIβ, but also to provide mechanistic insights into CaMKIIβ action. A better understanding of
the role(s) played by the individual CaMKIIβ splice variants represents another important challenge.
Finally, it would now be interesting to consider CaMKIIγ and δ, which are able to bind to F-actin [70],
but have been also understated.
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COX-2 cyclo-oxygenase-2
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PGE2 prostaglandin E2
PKC protein kinase C
PP2B protein phosphatase 2B
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