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Abstract

The nervous system has the amazing capacity to transform sensory experience from the

environment into changes in neuronal activity that, in turn, cause long-lasting alterations in

neuronal morphology. Recent findings illustrate a somewhat surprising result: sensory experience

concurrently activates molecular signaling pathways that both promote and inhibit dendritic

complexity. Historically, a number of positive regulators of activity-dependent dendritic

complexity have been described, while the list of identified negative regulators of this process is

much shorter. In recent years, there has been an emerging appreciation of the importance of the

Rad/Rem/Rem2/Gem/Kir (RGK) GTPases as mediators of activity-dependent structural plasticity.

In the following review, we discuss the traditional view of RGK proteins, as well as our evolving

understanding of the role of these proteins in instructing structural plasticity.
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I. Activity-Dependent Regulation of Neuronal Plasticity

An essential property of the central nervous system (CNS) is the ability to respond to

sensory input with corresponding changes to neuronal structure and function. At the

behavioral level, this plasticity allows an organism to respond to a changing environment

appropriately in order to survive. At the level of neuronal networks, this sensory experience

is reflected in changes in neuronal activity that, in turn, mediate structural plasticity:

experience-dependent alterations in a variety of neuronal processes including synaptic

function and neuronal morphology [1, 2]. It is well-established that sensory input during

critical periods of development has a profound effect on neuronal networks, as illustrated by

classic experiments exploring the development of ocular dominance and receptive fields in

the visual system [3]. However, over the past twenty years or so, it has become abundantly

clear that neuronal architecture remains quite plastic throughout development and into
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adulthood, with acute changes in sensory experience and neuronal activity continuing to

elicit profound effects on synaptic plasticity and neuronal morphology [4].

One of the major consequences of increased activity in the nervous system is the increased

transcription of the so-called activity-regulated genes, which occurs in response to

extracellular stimuli such as growth factors or, in the case of neurons, depolarization that

opens ion channels that allow calcium (Ca2+) influx [1, 2]. These extracellular events

activate intracellular signal transduction pathways, many of which regulate transcription

factors, that in turn cause changes in the expression of their downstream target genes [5].

Activity-regulated genes have been extensively implicated in a variety of neuronal

processes, including cell survival, regulation of dendrite morphogenesis, and synaptic

plasticity [2, 6].

While many activity-regulated genes have been identified as positive regulators of neuronal

structure and function, it is important to note that the upregulation of genes that restrict

neuronal growth, synapse development, or synaptic transmission is equally important to

maintain neuronal function in an appropriate physiological range in response to increased

network activity [7] (Figure 1). For example, the activity-regulated genes Arc and Mef2 limit

the strength and formation of excitatory synapses following increased activity, respectively

[8–10]. In neurons, calcium-dependent signaling pathways are triggered by neuronal

depolarization primarily via calcium entry into a neuron through N-methyl-D-aspartate

(NMDA) receptors, or P/Q or L-type voltage-gated calcium channels (L-VGCCs) [11, 12,

13]. Interestingly, expression of some activity-dependent genes is dependent on calcium

entry via only one of these sources (e.g. calcium entry through L-VGCCs but not NMDA

receptors), suggesting that specific signal transduction pathways are activated in response to

particular neuronal stimuli [11, 14]. In general, activity-regulated genes are well-poised to

link changes in sensory experience to changes in neuronal structure and function.

II. Activity-Dependent Regulation of Dendritic Morphology

Structurally, one of the most salient aspects of neurons is their polarized morphology.

Neurons are typically comprised of a cell body and an axon, through which they transmit

information to other neurons, and a dendritic arbor, where input from other neurons is

primarily received [15]. This dendritic arbor is usually highly branched, with the degree of

complexity (a term which describes both the length of dendrites and the degree of branching

of the arbor) playing a major role in the function of the neuron. The dendritic morphology of

a given neuron determines the connections that neuron will make, and neurons with distinct

morphologies often serve different functions in neural circuits [16]. For example, pyramidal

cells in the mammalian cortex and hippocampus are easily identified by their distinct apical

and basal dendritic arborizations. Local interneurons (which have their own distinctive

morphologies) and projections from other brain regions will target specific areas of the

pyramidal neuron dendritic arbor, soma, or axon initial segment, and the proper integration

of these multiple inputs is essential for proper circuit integration and ultimately, function

[17].
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Dendritic morphology is highly subject to regulation by changes in neuronal activity. In

general, the net effect of increased neuronal activity is an enhancement of dendritic

complexity [18, 19]. An elegant example of this comes from the optic tectum of Xenopus

laevis tadpoles, where increased activity in the form of 4 hours of visual experience leads to

an increase in dendritic complexity of tectal projection neurons in vivo; application of the

NMDA receptor antagonist 2-amino-5-phosphonopentanoate (APV) suppresses the effect of

visual experience on dendritic complexity, firmly demonstrating the role of activity in this

process [18].

Much of our understanding of the molecular mechanisms that regulate activity-dependent

cellular processes has come from studies using depolarization of neurons in culture with

potassium chloride (KCl) [5], which results in an increase in dendritic complexity [14, 19–

21]. Although not a perfect mimic of neuronal activity in vivo, KCl-mediated neuronal

depolarization causes physiologically-relevant calcium influx into neurons [22–24]. Further,

co-treatment of cultures with KCl and either APV or the L-VGCC blocker nifedipine

attenuates depolarization-dependent increases in dendritic complexity, suggesting that

calcium entry from multiple sources contributes to this net effect [14, 19, 20]. The

identification and characterization of molecules that transduce this increase in calcium entry

into a corresponding increase in dendritic morphology remains an area of intense research.

Importantly, it has become clear that activity regulates the function of both positive and

negative mediators of dendritic complexity; it is the integration of these opposing signals

that ultimately results in the proper dendritic morphology [14, 18]. Presumably, the central

nervous system evolved such that both positive and negative regulators of dendritic

arborization are activated in order to ensure that growth-promoting processes do not proceed

unchecked. A similar mechanism maintains homeostasis and allows for synaptic plasticity in

the face of changing network activity, providing gain control such that signals are

propagated successfully throughout a neuronal network [7]. This type of regulation is also

present in many other tissue systems within an organism (e.g. immune system homeostasis)

[25, 26], where a balance between positive and negative signal transduction networks

achieves the final outcome.

III. Molecules that Regulate Dendritic Morphology

The development of the dendritic arbor is a highly dynamic yet carefully controlled process

consisting of an early period of dynamic extension and retraction, followed by subsequent

stabilization, pruning, and maturation of the arbor [27]. Studies in both invertebrate and

vertebrate model organisms demonstrate that the ultimate morphology of a neuron is

regulated by a variety of both intrinsic and extrinsic factors (Figure 2) [28, 29]. Within a

given neuron, a number of molecules have been identified that help to shape the dendritic

arbor in several different ways. Many genes, including transcription factors such as CUT,

Abrupt, NeuroD and CREST, instruct dendritic morphology by initiating changes in gene

expression either during development or in response to changes in neuronal activity [1, 28].

Others, such as the Rho GTPases, interact directly with the actin cytoskeleton to effect

changes in the cytoskeletal organization of dendrites [30]. In addition, secreted proteins such
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as neurotrophins (e.g. nerve growth factor (NGF) and BDNF) also play a role in shaping

dendritic morphology [31].

Interestingly, a number of molecules have been shown to preferentially affect either

dendritic length or branching, while others mediate both components of dendritic

complexity. The apparent selectivity of some molecules for mediating particular aspects of

dendritic morphology adds a further layer of intricacy to the regulation of the dendritic

arbor. Below, we focus our discussion on some of the best-studied activity-regulated genes

that positively or negatively regulate the dendritic arbor.

a. Rho GTPases

Several members of the Rho family of GTPases (RhoA, Rac1, Cdc42) have been

demonstrated to play a role in mediating dendritic morphology. Like most GTPases, Rho

GTPases cycle between an active, guanosine triphosphate (GTP)-bound and inactive,

guanosine diphosphate (GDP)-bound state with the assistance of GTPase activating proteins

(GAPs) and guanine nucleotide exchange factors (GEFs) [6]. It is through these GAPs and

GEFs that the function of Rho GTPases can be linked to neuronal activity. For example, the

function of the Rac1 GEFs Kalirin-7 [32] and Tiam1 [33] are mediated by transcriptional

upregulation and phosphorylation, respectively, in response to activity; thus, the amount of

active Rac1 is tied to the activity-dependent regulation of its GEFs.

The Rho GTPases have been shown to mediate activity-dependent changes in dendritic

complexity both in vitro and in vivo. Overexpression of constitutively active (CA) mutants

of Rac1 or Cdc42 in rodent hippocampal or cortical neurons or the X. laevis optic tectum

leads to an increase in dendritic branching, while overexpression of dominant negative (DN)

mutants of Rac1 or Cdc42 causes a decrease [34, 35]. These results suggest that Rac1/Cdc42

are positive regulators of dendritic branching. In contrast, overexpression of a CA RhoA

mutant in rodent hippocampal or cortical neurons leads to a decrease in total dendritic

length, while expression of DN RhoA in X. laevis tectum leads to an increase [34–36].

These results are consistent with a role for RhoA in limiting dendritic outgrowth. Rho

GTPases mediate dendritic complexity by directly interacting with the actin cytoskeleton.

For example, the ability of RhoA to signal through its downstream kinase ROKβ is required

to mediate the length of dendrites [18, 34]. This interaction ultimately destabilizes actin

filaments by leading to the phosphorylation and activation of the actin depolymerizing

protein cofilin [37].

Thus, members of the same protein family have been implicated as both positive (Rac1,

Cdc42) and negative (RhoA) regulators of the dendritic arbor. Importantly, when the

function of either Rac1 or RhoA was inhibited by expression of DN mutants in X. laevis

tectal neurons, the visual experience-dependent increase in dendritic complexity was

suppressed, suggesting that these positive and negative regulators contribute to activity-

dependent effects on dendritic morphology [18].
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b. CaMKs

Several isoforms of the CaMK family members, including CaMKIV, CaMKI, and CaMKII,

have been implicated as either positive or negative regulators of dendritic complexity [19–

21, 38–42]. CaMK function is linked to activity via binding of Ca2+-bound CaM, which is

required for their activation [43]. Upon CaM binding, CaMKs go on to phosphorylate and

activate a number of downstream targets, including transcription factors [43]. CaMKIV,

which is restricted to the nucleus, has been implicated in promoting activity-dependent

increases in dendritic length in rodent cortical neurons [19]. The α and γ isoforms of

CaMKI, both of which have a predominantly cytoplasmic localization, have also been

shown to promote both axonal and dendritic complexity in a neuronal activity-dependent

manner [21, 44].

In contrast, the role of CaMKII in mediating dendritic complexity is more complicated.

CaMKII has been shown to regulate dendritic morphology in a variety of experimental

systems, although results have not been consistent between various studies [38–41]. These

inconsistencies are possibly due to the use of different approaches to manipulate CaMKII

activity, or differences in the ratio of α to β isoforms in the active CaMKII holoenzyme,

affecting enzyme distribution and function. For example, RNAi-mediated knockdown of

CaMKIIα in vitro in the rodent cerebellum or pharmacological inhibition of CaMKII in

sympathetic neurons inhibits complexity, implicating CaMKII as a positive regulator of

dendritic complexity [20, 38]. In contrast, overexpression of CA CaMKIIα mutants in X.

laevis tectum or in rodent hippocampal culture leads to a decrease in dendritic length,

suggesting that CaMKII is a negative regulator of dendritic arbor growth [40, 41]. A

thorough analysis of CaMKIIβ in cultured cerebellar neurons also supports the role of

CaMKII as an inhibitor of dendritic arbor complexity [39]. Overall, it is clear that activity-

dependent signaling through the CaMK family, much like the Rho GTPase family, both

promotes and inhibits dendritic complexity.

c. Transcription Factors: CREB, CREST, and NeuroD

A number of transcription factors (TFs) have been identified as essential regulators of

dendritic morphology in response to neuronal activity. The two best-studied pathways are

the CBP/CREB and CBP/CREST pathways that lie downstream of CaMKIV [19, 45, 46],

and the NeuroD pathway downstream of CaMKII [38]. Both cAMP Response Element

Binding (CREB) and Calcium Responsive Transactivator (CREST) bind Calcium Binding

Protein (CBP) in order to mediate transcription [19, 47–49]. The expression of a DN CREB

in rodent cortical neurons suppressed the activity-and CaMKIV- dependent increase in

dendritic length, suggesting that CREB is a downstream target of CaMKIV that acts to

promote the lengthening of dendrites [19]. Similarly, CREST knockout mice also show

decreased activity-dependent dendritic outgrowth, consistent with the role of CREST as a

positive regulator of this process [48].

Overexpression of DN NeuroD constructs results in a simpler dendritic arbor in cultured

rodent cerebellar neurons, implicating it as a positive regulator of dendritic complexity.

However, unlike CREB and CREST, which lie downstream of CaMKIV, it is CaMKII-

dependent phosphorylation of NeuroD that is required for its activity [38]. As CaMKII is
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itself primarily considered a negative regulator of dendritic complexity [39–41], this

suggests that other pathways impinging on NeuroD regulation are also at work. Taken

together, the evidence that activity-dependent regulation of TFs influences dendritic

complexity begs the question: what is the identity of genes whose transcription is mediated

by these TFs?

d. Bdnf

The secreted neurotrophin BDNF plays a role in many aspects of neuronal development and

plasticity [50]. Either application of soluble BDNF to, or overexpression of the Bdnf gene in,

rodent cortical neurons leads to an increase in dendritic complexity, suggesting that BDNF

can act as a positive regulator of the dendritic arbor in both a cell autonomous and non-

autonomous manner [51, 52]. In addition, loss-of-function studies in rodent hippocampus

have demonstrated decreased dendritic arborization in response to decreased BDNF levels

[53, 54]; however, the majority of these studies have not been performed in the context of

altered neuronal activity. In fact, a loss of function analysis specifically of the activity-

regulated Bdnf gene product revealed no effect on dendritic morphology [55]. Thus, while

BDNF is an activity-regulated gene and enhances dendritic morphology, it remains unclear

whether BDNF directly links changes in activity to changes in morphology.

e. Cpg15

Candidate plasticity gene 15 is an extracellular protein that attaches to the plasma membrane

via a GPI-linker [56] and was first identified in a forward genetic screen for genes whose

messenger ribonucleic acid (mRNA) was upregulated in response to seizure activity in the

rodent hippocampus [57]. Further characterization of Cpg15 mRNA identified it as an

activity-regulated gene in rat cortex in vivo in response to visual stimulation and in vitro by

calcium entry via NMDA receptors and L-VGCCs [58, 59]. Functionally, overexpression of

cpg15 in X. laevis tadpole optic tectal neurons leads to an increase in dendritic complexity,

identifying it as a positive regulator of dendritic morphology [60]. Subsequently, high

expression of Cpg15 was found in the rat barrel and visual cortices following sensory

stimulation, supporting a role for CPG15 in activity-dependent structural remodeling [61,

62]. Interestingly, and consistent with these results, Cpg15 knockout mice show a delay in

the maturation of the dendritic arbor, suggesting that CPG15 supports proper dendritic arbor

development in developing circuits [63].

Importantly, both Bdnf and Cpg15 are upregulated in a CREB-dependent manner [59, 64].

The identity of additional CREB targets, as well as NeuroD and CREST target genes,

remains largely unknown. Moreover, the few targets of activity-dependent TFs that have

been described are positive regulators of dendritic complexity. While the reason for this is

unknown, it is possible that positive and negative regulators act in temporally distinct phases

of arbor development (i.e. growth vs. retraction), and experimental design has favored the

study of the growth-promoting phase. Alternatively, negative regulators may be active

during the same temporal window as positive regulators, but their contribution is masked

due to experimental designs favoring the identification of positive regulators. Further

identification of negative regulators of morphology whose transcription is upregulated in

response to activity promises to shed light on this issue.
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IV. RGK Proteins: Not Your Typical GTPases

In recent years, members of the Rad, Rem, Rem2, Gem/Kir (RGK) subfamily of small, Ras-

like GTPases have emerged as attractive candidates to mediate changes in cellular structure

and function in response to external stimuli. This subfamily is structurally and enzymatically

unique amongst Ras-like GTPases in several ways, and we refer the reader elsewhere for a

detailed review of this topic [65]. The preponderance of the evidence suggests that these

proteins may be regulated by mechanisms other than the canonical cycling between GTP

and GDP bound states, and no associated GAPs and GEFs have been identified to date [66–

68].

Indeed, a unique feature of the RGK family is their ability to be regulated at the

transcriptional level by extracellular stimuli [65]. For example, both Rem2 [14] and Gem

[69] mRNA are upregulated in neurons following KCl treatment. In addition to this

regulation at the transcriptional level, there is evidence of post-translational regulation of

RGK proteins as well [65]. The residues on which this phosphorylation occurs are highly

conserved amongst the RGK proteins, suggesting a conservation of function as well [65].

RGK proteins also contain multiple putative nuclear localization signals (NLSs) that are

conserved across the family [70, 71]. Thus, nuclear localization of RGK proteins is another

critical mechanism by which the function of these proteins is regulated [42].

Traditionally, research into RGK protein function has been restricted to studies of two

cellular processes: regulation of the actin cytoskeleton [72–77] and inhibition of VGCC

function (Box 1). However, the vast majority of these studies were performed via

overexpression of the RGK protein of interest (rather than examining functions attributed to

RGK proteins at endogenous levels of expression), and/or carried out in heterologous cell

types (rather than the cell types in which the RGK protein is endogenously expressed). Thus,

the discovery of many of the endogenous functions of RGK family members awaits further

research.

Box 1

RGK Proteins as Endogenous Regulators of VGCCs

Initially, an interaction between RGK proteins and VGCCs was discovered when a yeast

two-hybrid screen identified Gem as a binding partner of the accessory calcium channel

subunit CaVβ [96]. Subsequently, RGK proteins were identified as potent inhibitors of

calcium influx through several types of VGCCs [65, 73, 96–100].

Controversy remains as to the mechanism through which overexpression of RGK

proteins inhibit VGCCs in these studies. Each of the four RGK proteins, when co-

expressed with L-VGCCs in heterologous cells, bind and sequester newly synthesized

channels, reducing their surface expression as evidenced by immunocytochemistry [72,

96, 101, 102]. However, when overexpressed in cardiac myocytes, peripheral neurons, or

pancreatic islet cells, the RGK proteins instead decrease the gating kinetics of VGCCs,

suggesting another mechanism to account for RGK-mediated VGCC inhibition [97, 100,

103–105]. It remains a possibility that channel- or cell-type specific mechanisms may

explain the discrepancies in these studies.
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A caveat of this debate is, of course, that VGCC current inhibition may not be a relevant

function of the RGK proteins due to a lack of loss-of-function studies of RGK family

members with respect to calcium flux. The exception to this statement comes from patch-

clamp recordings in cardiac myocytes using mice in which the Rad or Rem genes were

constitutively deleted [106, 107]. These experiments demonstrated increased calcium

currents in myocytes obtained from Rad knockout animals, representing the first loss-of-

function evidence that endogenous expression of an RGK protein inhibits VGCCs [106].

In neurons, an intriguing possibility is that the Ca2+-dependent upregulation of Rem2

functions in a negative feedback loop to shut off Ca2+ entry into the cell and ultimately,

its own expression. Such a mechanism was previously suggested for Rem2 regulation of

Ca2+-mediated insulin secretion from pancreatic β-cell [97]. However, results implicating

endogenous RGK proteins in VGCC inhibition in neurons have been equivocal. A recent

study identified the Gem/VGCC interaction as essential for mediating activity-dependent

changes in dendritic morphology, but did not find a role for the interaction of Gem with

the channel in mediating calcium currents [69]. In addition, the Rem2/VGCC interaction

is dispensable for the role of Rem2 in mediating dendritic morphology [79], and loss-of-

function studies using either a pool of shRNAs [108] or two individual shRNAs [109]

targeting Rem2 and transfected into cultured neurons failed to reveal a role for Rem2 in

inhibiting VGCC-mediated calcium currents in neurons. Thus, a definitive conclusion as

to whether an endogenous function of RGK proteins, particularly Rem2, is regulation of

VGCC function awaits further experiments.

V. RGK Proteins in the Nervous System

Rem2 is the most highly expressed RGK protein in the central nervous system, and has been

studied in both cortical and hippocampal neurons [14, 78, 79]. Gem is also detectable at

lower levels in these same brain regions [69]. Importantly, the expression of both Rem2 and

Gem is upregulated in response to KCl-mediated depolarization of rodent neuron cultures

[14, 69, 80], consistent with the extracellular stimulus-dependent regulation of gene

expression that is a hallmark of the RGK family.

a. Rem2

Recent studies revealed that Rem2 functions during multiple stages of neuronal

development. RNA interference (RNAi) to decrease Rem2 expression in human embryonic

stem cells (hESCs) leads to cellular arrest and apoptosis, suggesting a role for Rem2 in the

maintaining hESC survival [81]. Moreover, Rem2 overexpression drove induced pluripotent

stem cells (iPSCs) towards an ectodermal cell fate [81]. This role for Rem2 in neuronal

precursor proliferation and neuronal development was confirmed in a later experiment in

zebrafish embryos [82].

What is the function of Rem2 in post-mitotic neurons? An RNAi-based screen in primary

hippocampal cultured neurons to identify new molecules required for the proper

development of synapses identified Rem2 as positive regulator of excitatory and inhibitory

synapse development [80]. A follow up study described Rem2 as a positive regulator of

dendritic spine development, and simultaneously identified Rem2 as a negative regulator of
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dendritic complexity [79]. In addition, an interaction between Rem2 and 14-3-3 proteins was

required for Rem2 regulation of both excitatory synapse development and dendritic

morphology, while an interaction with CaM was required only for Rem2 to mediate

dendritic morphology [79]. This finding suggests that Rem2 regulates dendritic complexity

and synapse development via distinct signaling pathways (Box 2), thus distinguishing these

two neuronal functions of Rem2 at the molecular level. Interestingly, an interaction between

Rem2 and the beta subunit of VGCCs was found to be dispensable for both functions of

Rem2 [79].

Box 2

The Synaptotrophic Hypothesis

A key feature of the synaptotrophic hypothesis is that synapse formation and dendritic

outgrowth are concurrent; synapses mark branch points along the dendritic arbor, and the

maturation of a stable synapse causes the stabilization of a newly-formed dendritic

branch at that point [110, 111]. This implies that synapse number and dendritic arbor

complexity should trend the same way: more synapses leads to more branches. However,

it is clear that synapse development and dendritic arbor complexity do not always

coincide. For example, Rem2 promotes synapse development while inhibiting dendritic

complexity [79], as does postsynaptic ephrinB3 [112]. One plausible explanation is that

this may represent a homeostatic mechanism by which neurons attempt to keep the same

number of synapses regardless of arbor complexity. In support of this idea, loss-of-

function of the RNA-binding protein Hermes in X. laevis retinal granule cells results in

decreased axonal arborization but increased presynaptic puncta, suggesting that

synaptogenesis is upregulated in these neurons to compensate for a simpler arbor [113].

Similarly, inhibition of synaptic AMPA receptors in the X. laevis optic tectum leads to a

decrease in the number of dendritic branches (supporting the synaptotrophic hypothesis),

but the length of individual branches is increased, as if neurons are searching for synaptic

partners [114].

In light of these findings, it appears that the synaptotrophic hypothesis needs to be

revised in order to account for the highly dynamic nature of both synapses and dendritic

branches. For example, perhaps the increase in branching that is observed despite fewer

excitatory synapses with Rem2 knockdown [79] is the result of increased transient

branches that extend and remain for a number of days before retracting in the absence of

a mature synapse to stabilize them. Live imaging studies of dendritic morphology

dynamics over time in the context of, for example, Rem2 manipulation will influence our

interpretation of the synaptotrophic hypothesis in the future.

Rem2 is widely expressed throughout the soma, dendrites, and axon in cultured

hippocampal neurons [79, 80]. Recent work has further characterized the subcellular

localization of Rem2 in response to activity. A yellow fluorescent protein (YFP)-tagged

Rem2 cDNA was found to redistribute from a diffuse to punctate expression pattern

following activation of the NMDA receptor in rat hippocampal neurons, and to co-associate

with green fluorescent protein (GFP)-tagged CaMKII following this redistribution [83]. A
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subsequent epistatic analysis of Rem2 and several CaMK family members provided a

functional role for this Rem2/CaMKII interaction. Rem2 was found to lie downstream of

CaMKII, upstream of CaMKIV, and parallel to CaMKIα in a signaling cascade that

regulates the dendritic arbor [42]. Moreover, Rem2 was identified as a novel CaMKII

substrate, and phosphorylation of Rem2 at S241 and S308 leads to enhanced nuclear

localization of Rem2 and further, phosphorylation of Rem2 at these sites is required for its

ability to mediate dendritic complexity [42]. An intriguing hypothesis has emerged from this

work: Rem2 functions in the nucleus to regulate the expression of genes that mediate

dendritic complexity perhaps by inhibiting CaMKIV-dependent regulation of the CREB

transcription factor [19]. Interestingly, a recent study described a role for the RGK protein

Rad in regulating gene transcription in the nucleus by inhibiting the activity of NFκB [84].

Thus, a thorough investigation of the nuclear function of Rem2 has important implications

for our understanding of an activity-dependent program of gene expression that regulates

dendritic complexity.

Given that Rem2 is both activity-regulated and inhibits dendritic complexity, Rem2 is a

likely candidate to regulate changes in the dendritic arbor in response to changes in neuronal

activity. As discussed above, the X. laevis visual system is a rich experimental paradigm

with which to probe the function of activity-dependent genes such as Rem2, as dendritic

complexity of optic tectum neurons in tadpoles exposed to a visual stimulus is enhanced in

an activity-dependent manner [18]. This paradigm allows a distinction to be made between

the function of a gene that is constitutively expressed versus the function of a gene that is

expressed specifically in response to increased neuronal activity, because it is possible to

simultaneously manipulate gene expression and sensory experience. This approach was used

to demonstrate that Rem2 is a critical regulator of activity-dependent dendritic complexity in

vivo, as dialing Rem2 expression up or down, in the context of increased sensory experience,

decreases or increases dendritic complexity, respectively [14, 42]. While it is well-known

that the net effect of increasing activity is an increase in dendritic arbor complexity [18], this

study of Rem2 brings to light a previously underappreciated fact about how neurons achieve

the proper morphology in response to changes in sensory experience. Rem2 manipulation

demonstrates that both positive and negative regulators of the dendritic arbor are

upregulated by activity, and neurons must balance these opposing signals such that the net

effect results in the proper dendritic morphology.

Intriguingly, Ghiretti et al. (2014) used pharmacological manipulation to show that Rem2

mRNA expression is activated by calcium influx primarily through L-VGCCs and not

through NMDARs. In addition, this study demonstrated that calcium influx through L-type

VGCCs activates parallel signaling pathways(s) to Rem2 that function to positively regulate

dendritic arborization [14]. Thus, Rem2 and opposing, parallel signaling pathway(s) that

promote complexity, appear to be upregulated only during a more global and sustained

neuronal depolarization that is required to open L-VGCCs. While the effects of Rem2 on

dendritic complexity are primarily dependent on L-VGCCs, calcium entry through NMDA

receptors was also pharmacologically implicated in activity-dependent dendritic

morphology, independent of the role of Rem2 in this process [14]. Thus, it is likely that

there are multiple molecular pathways that both positively and negatively regulate dendritic
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complexity. Some, such as Rem2, respond only to L-VGCCs, while other molecules may be

selectively regulated by NMDA receptors, and still others may be influenced by both modes

of calcium entry. It is clear that a complete understanding of activity-dependent changes in

structural plasticity will rely on full understanding of these molecular regulators.

b. Gem

A recent study implicated Gem in activity-dependent regulation of dendritic morphology

using a knock-in mouse model of the autism spectrum disorder Timothy syndrome [69]. A

point mutation (G406R) in the Cav1.2 subunit that is genetically linked to the human

disorder suppressed KCl-induced dendritic outgrowth in cortical neuron cultures [69].

Interestingly, Gem knockdown led to a comparable suppression of KCl-induced dendritic

outgrowth, while Gem overexpression was able to rescue the Timothy syndrome phenotype,

suggesting that Gem is a positive regulator of activity-dependent increases in dendritic

outgrowth downstream of L-VGCCs [69]. The authors went on to identify the downstream

consequences of the Timothy syndrome mutation: an increase in RhoA activation leading to

dendritic retraction. They show that Gem does not bind the mutated Cav1.2 as well as the

wild-type channel. As a consequence, Gem is not properly sequestered at the membrane

with the Cav1.2 subunit, and is thus unable to inhibit Rho activity [69]. Interestingly, neither

the Timothy syndrome mutation nor the Gem/L-VGCC interaction altered calcium currents

in these neurons, suggesting the effect on dendritic morphology is not the result of Gem-

mediated changes in L-VGCC currents [69]. In fact, it appears that the importance of the

Gem/VGCC interaction lies in Gem regulation of Rho signaling pathways. These results

again suggest that inhibition of calcium currents may not be a relevant function of

endogenous RGKs in neurons (Box 1).

VII. Conclusions

Structural plasticity of the dendritic arbor is critical to maintaining neuronal circuit function

in the face of changes in the environment, such as modulation of sensory experience,

hormones, and temperature [85]. Disorders of the central nervous system-including epilepsy,

mental retardation, autism spectrum disorders, and drug addiction-are characterized by

pronounced changes in neuronal architecture, connectivity, and morphology in many

different brain regions [86–89]. Moreover, aberrant structural plasticity is a key component

of a number of neurological disorders that have a relatively late onset of symptoms (e.g. Rett

and Angelman Syndrome), suggesting that experience-dependent processes in the nervous

system are profoundly affected in these individuals [90]. In addition, it has been

demonstrated that addiction to stimulants such as cocaine causes changes in neuronal

structure, and further, these structural changes may explain the persistent features of drug

addiction, including drug cravings and relapse [91, 92]. As changes in sensory experience

concurrently activate signaling pathways that both promote and inhibit dendritic complexity,

a shift in the balance of these signals is likely a contributing factor to these neurological

disorders.

Activity-regulated genes are essential mediators of a variety of neuronal processes,

including dendritic outgrowth and synaptic plasticity, and these genes are well-poised to

rapidly translate changes in neuronal activity into cell autonomous structural changes in
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individual neurons [2, 93, 94]. To date, the majority of research has focused on activity-

regulated genes that act as positive regulators of dendritic morphology [55, 60, 95]. In

addition, while a number of loss-of-function studies have demonstrated a role for these

genes in mediating dendritic arborization [53, 63], these studies have not been performed in

the context of altered neuronal activity. Thus, a true appreciation of the function of activity-

regulated genes in mediating structural plasticity can only be discovered by co-manipulation

of network activity and gene function [14, 55].

Members of the RGK family of atypical Ras-like GTPases have emerged in recent years as

regulators of activity-dependent changes in dendritic morphology. For the past decade, the

RGK proteins have been studied in non-neuronal cell types as regulators of VGCCs and the

actin cytoskeleton. In recent years, a number of groups have begun to characterize the role

of RGK proteins in neurons, and their role in mediating the dendritic arbor in particular.

While Gem appears to be a positive regulator of dendritic complexity, Rem2 is among a

small group of negative regulators of dendritic complexity to be described [14, 69]. Thus,

RGK proteins have emerged as important players in mediating neuronal structural plasticity

in response to changing network activity, and ongoing work promises to further elucidate

the regulation and function of RGK proteins in the nervous system (Box 3).

Box 3

Open Questions- RGK Proteins in the Nervous System

• Both Rem2 [14] and Gem [69] are upregulated at the transcriptional level in

response to increased neuronal activity. Rem2 is primarily upregulated by

calcium entry through L-VGCCs, while the mode of calcium entry that regulates

Gem expression remains to be determined. In addition, the Rem2 and Gem

promoter element(s) that confer activity-dependent expression to these genes

remain to be identified. Comprehensive characterization of the Rem2 and Gem

promoters via transcriptional reporter assays will aid in characterizing the

relationship between neuronal activity and RGK mRNA expression in neurons,

and provide new insight into the selectivity of different modes of calcium entry

that regulate the expression of particular genes.

• Gem has been implicated as a positive regulator of activity-dependent dendritic

morphology [69]. However, the upstream signaling pathway that regulates the

interaction between Gem and VGCCs has not been described. As key

phosphorylation sites are conserved in both Rem2 and Gem [42], epistatic

analyses similar to those carried out for Rem2 and the CaMKs should provide

insight into whether Gem function is regulated by phosphorylation [42], and

could reveal how Gem signals to promote dendritic outgrowth.

• Rem2 is the first RGK protein for which a nuclear function has been described

[42]. CaMKII-dependent phosphorylation leads to enhanced nuclear localization

of Rem2, where it is hypothesized that Rem2 inhibits the transcription of genes

that promote dendritic complexity [42]. The characterization of the conserved

Rem2 NLS will provide insight into the manner in which Rem2 is localized in
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the nucleus. Further, the identification of downstream targets of Rem2 signaling

is required to elucidate the nuclear function of Rem2.
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Highlights

• Dendritic morphology is dynamic and regulated in part by neuronal activity.

• Positive & negative molecular regulators contribute to activity-mediated

morphology.

• The identification of molecular regulators of morphology is a major research

area.

• RGK proteins have recently emerged as activity-dependent regulators of

morphology.
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Figure 1.
Positive (right) and negative (left) regulators of activity-dependent changes in dendritic

morphology. Neuron images are 5 DIV cultured rat cortical neurons transfected with a GFP-

expressing plasmid and treated with nifedipine (left), untreated (center), or treated with

potassium chloride (right) (for further details, see [14]). While the net effect of increased

activity is increased complexity (right), a number of molecules that either enhance or inhibit

the dendritic arbor are upregulated and contribute to the net change.
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Figure 2.
Molecular signaling pathways that mediate activity-dependent changes in the dendritic

arbor. Depolarization triggers calcium entry through multiple sources, including L-VGCCs

and NMDA receptors. This leads to the activation of molecules (e.g. Rho GTPases) that

directly interact with the cytoskeleton, as well as molecules (e.g. CaMKs) that regulate

transcription factor activity that in turn causes changes in gene expression in the nucleus.

Surprisingly little is known about the downstream targets of these pathways that mediate

dendritic morphology.
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