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Summary
Thirty years after its initial characterization and more
than 1000 publications listed in PubMed describing its
properties, the small (ca15 kDa) protein profilin continues
to surprise us with new, recently discovered functions.
Originally described as an actin-binding protein, pro-
filin has now been shown to interact with more than a
dozen proteins in mammalian cells. Some of the more
recently described and intriguing interactions are within
neurons involving a neuronal profilin family member.
Profilin is now regarded as a regulator of various cellular
processes such as cytoskeletal dynamics, membrane
trafficking and nuclear transport. Profilin is a necessary
element in key steps of neuronal differentiation and
synaptic plasticity, and embodies properties postulated
for a synaptic tag. These findings identify profilin as
an important factor linking cellular and behavioural
plasticity in neural circuits. BioEssays 30:994–1002,
2008. � 2008 Wiley Periodicals, Inc.

Introduction

Profilin was identified as an actin-binding protein in calf thymus

over 30 years ago,(1) but soon found in all other organisms

where it has been searched for. In mammals, profilins are a

group of genes, ranging from the well-described ubiquitously

expressed profilin I and the brain-specific profilin II to the

recently discovered and poorly described testis-specific

profilins III and IV.(1–4)

Interestingly, while profilin IV appears to be evolutionary

conserved (being found from vertebrates all the way down to

some simple unicellular organisms), profilin II is likely to have

been derived relatively recently in vertebrate evolution from

profilin I.(5) In general, profilins from different organisms exhibit

only moderate sequence similarity, but nevertheless show

remarkably conserved structures and functions(6,7) (Table 1,

Fig. 1). Many of the early experiments focussing on profilin’s

ability to regulate actin filament assembly have been carried

out with profilins from different sources, but their functional

conservation suggests that profilins share basic properties

across phyla and isoforms.

Profilin binds actin with a Kd in the micromolar range(8,9) and

in vitro studies showed that it interferes with actin filament

nucleation, one major reason for its initial description as an

actin-sequestering protein inhibiting actin filament formation.

This view changed dramatically over the years, starting

with the notion that profilin catalyzes nucleotide exchange on

actin(9) and can govern actin monomer addition to preformed

actin filaments.(10) This led to the model that profilin’s main

function in filament assembly is to add ATP-actin monomers to

the growing end of the actin filament.(10–12) A pure sequester-

ing function in vivo is also unlikely given the relative

concentrations of actin and profilin in cells.(13) Finally, the

identification of actin-regulating proteins other than profilin and

their suggested functions based on biochemical and structural

data increased the need for a suitable model to test

contributions of these proteins to actin filament assembly.

This model was delivered by the development of in vitro

reconstitution assays of bacterial motility (Fig. 2). Adding low

concentrations of profilin to the protein mix increased actin-

based bacterial motility.(14) However, profilin concentrations

showing a stimulatory effect on actin filament assembly were

in the nanomolar to low micromolar range, with micromolar

concentrations not further increasing motility. In motile

mammalian cells, reported profilin concentrations are in the

range of 10–150 mM.(13,15,16) In vitro experiments on actin

assembly in the presence of 10–100 mM profilin showed that

profilin can depolymerize actin filaments and compete with

certain filament-capping proteins.(17) Consequently, high

profilin concentrations (estimated to be between 11–22 mM)

injected into mammalian cells infected with Listeria slowed

down rather than enhanced bacterial motility.(18)

In addition to its role as an actin binder, profilin was found to

interact with phosphatidylinositides, with great preference for

phosphatidylinositide-4,5-bisphosphate (PIP2).(19,20) Profilin

binding inhibits hydrolysis of PIP2 by phospholipase C and

thus has the potential to interfere with another intracellular
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signalling cascade.(21) On the other hand, profilin binding to

PIP2 precludes complex formation with actin due to overlap-

ping binding sites and is a potential mechanism for extrac-

ellular signal-induced actin cytoskeleton rearrangement.(22)

Furthermore profilin contains a polyproline-binding motif(23)

(cf. Fig. 1), making it eligible for binding to a variety of binding

partners referred to as profilin ligands (reviewed in Refs 24,25).

Although binding to these partners could imply regulation of

Table 1. Summary of Profilin genes in mammals and their proposed functions. Cell culture data performed with

profilins from different sources have shown that profilins from different organisms and organs behave similarly with

respect to actin cytoskeleton regulation, but some gene family member-specific interactions in neurons could

explain the particular phenotype of profilin II deficiency in mice. See text for discussion of functions and additional

references

Gene /Protein Tissue distribution General function Neuronal function

Profilin I Ubiquitously in nonmuscle

cells(53)

– Regulation of the actin cytoskeleton

– Essential for early development due to role in cell

division(83)

Potential role in actin regulation during

neuronal differentiation and plasticity

processes(42,85)

– Interaction with regulators of the endocytotic

pathway(53)

– nuclear export of actin(64), other putative nuclear

functions(62)

Profilin II Mainly in central nervous

system(83)

– Similar to profilin I according to cell culture data

– interaction with additional ligands via poly-L-

proline binding site, especially ligands involved in

vesicle trafficking (53)

Regulation of presynaptic plasticity

processes; knockout data show

potential role at the postsynapse and

during differentiation can be carried out by

profilin I(84)

Profilin III Testis(3) Unknown —

Profilin IV Testis(4) Unknown —

Figure 1. Three-dimensional structure of bovine profilin

I bound to b-actin based on resolution by X-ray crystallog-

raphy.(92) Profilin (green) binds to actin (red) using a binding

domain distinct from the poly-L-proline binding domain, which is

responsible for interaction with other profilin protein ligands.

Residues necessary for poly-L-proline binding are depicted in

white (left). This figure was generated using NCBI Cn3D

software and NCBI structure file 2BTF.

Figure 2. An in vitro assay for actin-based motility. Certain

pathogens traverse the cytoplasm of host cells such as gut

epithelial cells by exploiting the host cell’s actin assembling

machinery. Their secret is the localized expression of proteins

such as Listeria monocytogene’s ActA, which bind to host

proteins regulating actin assembly, such as the Arp2/3 complex

or VASP (reviewed in Ref. 93). The net result depending on a

number of actin-regulating proteins is an actin ‘‘comet tail’’

propelling the bacterium through the cell (net movement

indicated by the arrow in Fig. 2). This movement can be

reconstituted in vitro using purified proteins and either the

bacterium or the bacterial protein coupled to an inorganic

bead.(94) For Listeria, Arp2/3, cofilin and capping protein are

required for in vitro motility, while the inclusion of alpha-actinin,

VASP and low concentrations of profilin enhances the move-

ment.(14) This is in line with the proposed role for profilin in

adding actin monomers to the growing end of the actin filament.
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the actin cytoskeleton at complexes or microdomains contain-

ing profilin ligands, actin-independent roles for profilin are

possible. In various cell lines, profilin interacting with actin

accounts for only 20% of the total profilin pool.(26) The great

abundance of profiling-binding sites could potentially attract

profilin concentrations in the millimolar range in specialized

microdomains.(17) Therefore local changes in profilin concen-

tration can playa role in modulation of the actin cytoskeleton as

well as in signal transduction cascades involved in a variety of

cellular processes.

In this review, I want to focus on profilin’s role in neuronal

cells, its regulation of the actin cytoskeleton at different

levels of neuronal differentiation and in the mature neuron.

Profilin functions as a regulator of both pre- and postsynaptic

mechanisms, via actin-dependent and potentially actin-

independent mechanisms. Localization changes during neu-

ronal activity combined with recent data from mouse models

and neuronal diseases identify profilin as an important factor

in both cellular and behavioural plasticity.

Profilin and actin dynamics

Too much of a good thing

Actin-based motility in mammalian cells occurs at specialized

domains, wave-like protrusions called lamellipodia and mem-

brane ruffles from which often emerge spike-like protrusions

called filopodia.(27) The net result of motility in these micro-

domains is based on a highly regulated process involving

rearrangements of actin organizations and depends on a

plethora of actin-regulating proteins.(28) Profilin holds a special

role in this process as it is one of the most-promiscuous

proteins in this setting. It binds not only directly to actin, but also

to regulating proteins such as Enabled/mammalian enabled/

vasodilator-stimulated phosphoprotein (Ena/Mena/VASP)

family members, neural Wiskott-Aldrich syndrome protein

(N-WASP), mDiaphanous, other actin-binding proteins like

drebrin, and directly to lipids such as PIP2.(20,29–32) Current

models of motility emphasize the need for control of protein

levels to funnel activity, as exemplified in a model for directed

motility dependent on a capping of actin polymers, leaving free

a few selected polymer strands which will grow.(33,34) Thus it

is conceivable that overexpression or depletion of certain

proteins within a microdomain can interfere with directed

motility. Consistent with this hypothesis, profilin has been

shown to strongly inhibit the formation of lamellipodia when

microinjected into rat kidney cells.(35) Also, stable genetic

overexpression of profilin in Chinese hamster ovary (CHO)

cells stabilized dynamic actin structures.(15) However, one

difference between these two studies is the decrease in

filamentous actin (F-actin) in the former in contrast to an

increase of F-actin in the latter study. This difference

emphasizes the need to observe the relative changes in many

actin-regulating proteins in order to understand filament

formation and degradation. For example, in vitro experiments

revealed that profilin can maintain actin levels steadily in the

presence of capping proteins, while causing a loss in filaments

in their absence.(36) However, the stabilization of dynamic

structures caused by a local overabundance of profilin is a

general theme also evident in other in vivo situations. Thus,

overexpression of profilin reduces the migration of invasive

breast cancer cells(37) and strong ectopic expression of profilin

I increases adhesion of endothelial cells to certain extracellular

matrices.(38) Consistent with this, profilin I containing a

functional actin-binding site can function as a tumour

suppressor.(39,40)

Implications for the neuronal cytoskeleton

In neurons, these decreased dynamics caused by high local

profilin levels go hand in hand with increased stability of the

actin network at different levels of neuronal differentiation. In

the early phase of establishing a neuronal phenotype, the

neuronal sphere is broken by a local instability of actin at the

cell cortex, giving rise to the formation of lamellipodia and

filopodia.(41) Neuronal profilin II is a regulator of cortical actin,

and profilin overexpression leads to suppression of neurito-

genesis, while downregulation increases the number of

neurites formed(42) (Fig. 3a,b). This stabilizing role of profilin

is mediated by RhoA, a member of the Ras superfamily of

small GTPases, and the subsequent activation of the protein

kinase Rho kinase (ROCK). These results have also been

confirmed for profilin I in PC12 cells, a non-neuronal model

system for neurite outgrowth.(43) The regulatory role of profilin

in the cortical actin cytoskeleton of the neuronal sphere are

likely modulated by Ena/VASP proteins, which themselves are

necessary for neuritogenesis.(44,45)

In mature large pyramidal neurons of the cortex and

hippocampus, among others, high actin concentrations are

found at postsynaptic dendritic spines.(46) The highly dynamic

actin cytoskeleton gives rise to morphological dynamics of

dendritic spines resembling lamellipodia-like protrusions in

other cell types.(47) Brain-specific profilin II has been found to

be an essential element for stabilization of this morphological

plasticity(48) (Fig. 3c,d). Moreover, blocking interaction of

profilin with polyproline-rich regulators in the spine increases

the morphological dynamics and impairs stabilization by

neurotransmitter flux from the presynapse.

Profilin could have a similar stabilizing function in neuronal

growth cone filopodia, where equivalent preconditions for

activity-induced targeting are present. Hence, a polyproline-

rich profilin ligand, Mena, localizes to the tips of growth

cones,(49) and activity-induced stabilization of the actin

cytoskeleton is analogous in growth cone filopodia and

spines(50,51) (Fig. 3e,f). Axons from Mena-deficient mice are

misrouted, and Mena deficiency plus profilin I heterozygosity

leads to defects in neurulation.(49) Profilin deficiency also
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leads to premature arrest of axons during pathfinding in

Drosophila.(52)

Taken together, these results implicate profilin as an

important regulator of the neuronal cytoskeleton during

differentiation and plasticity processes (Fig. 3).

Membrane trafficking and functions along

the secretory pathway

Profilins interact with a wide variety of proteins via their poly-

L-proline binding site, and interestingly profilin I and II differ in

their binding affinities for poly-L-proline. A screen in mouse

brain for profilin ligands revealed that a number of profilin-

interacting molecules are part of the secretory machinery.(53)

This is in agreement with genetic data from yeast and

Drosophila identifying profilin as a necessary element in

membrane trafficking and endocytosis.(54,55) In mouse brain,

the interaction between profilin II and the GTPase dynamin I

was characterized in more detail.(56) Dynamin I is a central

regulator of endocytosis specific to neurons and thought to

regulate the membrane fission process of budding vesicles.

Together with its effector molecules like endophilin

and ampiphysin, dynamin has been shown to localize

presynaptically.(57,58) Profilin II overexpression inhibits endo-

cytosis by sequestering dynamin binding sites from down-

stream effector molecules. This interaction between profilin

and dynamin is regulated by PIP2, and thus one can speculate

about a common regulation of endocytosis and actin polymer-

ization at phosphatidylinositol-rich membranes.

The protein Citron-N, required for functional integrity of the

Golgi apparatus in neurons, interacts with an actin-regulating

complex involving profilin II in hippocampal neurons.(59)

Profilin II downregulation destabilizes Golgi architecture by

weakening the actin cytoskeleton at the Golgi cisternae.

Strikingly, Citron-N has also been shown to localize to

postsynaptic sites.(60,61) Furthermore, profilin interactions with

other proteins of the neuronal endocytotic machinery such as

clathrin or synapsin have not been characterized functionally

and may still deliver further insights into the role of profilin in

membrane trafficking.

Nuclear profilin

Profilin has been suspected to be present in the nucleus for a

long time. Given its small size and globular tertiary structure, it

should in fact be able to passively diffuse through the nuclear

Figure 3. High profilin expression induces stabilization of the cortical actin cytoskeleton in different neuronal actin-rich structures. A: In

the normally developing neuron, the neuronal sphere is broken by protruding neurites at sites of local actin instability, leading to

neuritogenesis. The motile elements (grey), i.e. growth cones, at the tips of neurites show a dynamic actin cytoskeleton (red) based on the

interplayof manyactin-regulating molecules including profilin (green). B: Overexpression of profilin leads to stabilization of the cortical actin

cytoskeleton, preventing neuritogenesis. C: The actin cytoskeleton at the tips of postsynaptic dendritic spines shows a high degree of

motility (grey), dependent on a dynamic actin cytoskeleton (red). D: Upon stimulation of postsynaptic NMDA receptors and calcium influx,

profilin (green) targets to spine heads, a movement likely dependent on membrane-associated molecules of the Ena/Mena/VASP family

(blue; see text). Profilin is one essential factor in the stabilization of spine morphology, leading to rounding of the spine head and a halt in

morphological plasticity. E: In neuronal growth cones, the peripheral zone consists of a highly motile combination of lamellipodia and

protruding filopodia, and Mena (blue) has been shown to localize to the tips of filopodia. F: Although profilin mutants show phenotypes

suggesting defects in growth cone guidance and profiling, ligands are present in the growth cone (see above), experiments testing the exact

role of profilin in growth cone turning or collapse have not been published.
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pore when not bound to interaction partners in the cytoplasm.

Detailed immunolocalization studies in fibroblasts using differ-

ent specific antibodies demonstrated that the ubiquitous

protein profilin I colocalizes with nuclear subcompartments,

splicing speckles and Cajal bodies.(62) In accordance with this

localization, function-blocking antibodies against profilin

inhibited splicing in an in vitro assay. Similar to other recently

discovered profilin functions, it is currently unknown whether a

putative role in splicing is carried out independent of actin,

although other actin-binding proteins have been implicated

in regulation of splicing.(63)

In regular interphase cells, profilin entering the nucleus is

exported together with actin by means of a specific export

receptor, exportin 6.(64) The existence of a nuclear transport

system specific for profilin and actin suggests that tight

regulation of nuclear profilin and actin levels is important and

that modulation of this export pathway specifically influences

nuclear functions of these proteins. Of note, Drosophila profilin

has been shown to be necessary for general nuclear export in

genetic complementation assays.(65)

Concerning a possible function for nuclear profilin, the

interaction between profilin and SMN (survival of motorneuron

protein) indicates a putative role in RNA processing.(66) More

recently a novel transcriptional modulator termed p42POP

(partner of profilin) highly expressed in brain was identified.(67)

This protein not only interacts with profilin in the nucleus, but its

activity is influenced by profilin binding. This suggests a role for

profilin in regulating neuronal transcription.

Inconclusion, currentdata lead to thehypothesis thatpassive

nuclear import and tightly regulated nuclear export control a

nuclear function for profilin in neuronal gene expression.

Profilin and neuronal plasticity

Actin-based plasticity at postsynaptic dendritic spines, the

most-abundant postsynaptic structure at excitatory synapses

in the mammalian brain, is considered to be an anatomical

correlate to electrophysiological changes of synaptic plasti-

city.(68) Particularly, long-term potentiation (LTP), regarded as

the neural correlate of learning and memory, has been shown

to depend on a dynamic actin cytoskeleton.(69,70) Profilin was

the first actin-binding protein to be identified to redistribute to

postsynaptic sites upon stimulation of postsynaptic N-methyl-

D-aspartate (NMDA) receptors and influx of extracellular

calcium, which is the signalling pathway leading to LTP.(48)

Profilin was shown to be a necessary element in the following

activity-dependent stabilization of dendritic spine morphology,

which is irreversible for at least several hours, further under-

lining analogies to long-term electrophysiological plasticity.

Importantly, activity-induced profilin targeting to synapses has

been demonstrated in vivo in the fear-conditioning paradigm of

amygdala-dependent learning.(71) Fear conditioning of rats

drives profilin into dendritic spines, which is associated with

lengthening of postsynaptic densities, an important factor in

synaptic plasticity.

Moreover, NMDA receptor activation and calcium influx

also lead to nuclear accumulation of profilin by a mechanism

involving actin accumulation at the cell cortex.(72) Con-

sequently profilin cannot be exported from the nucleus by

the actin/profilin interaction with exportin 6 and accumulates

as long as NMDA receptors are stimulated, leading to an

activity-dependent and reversible nuclear accumulation. This

bidirectional redistribution of profilin upon synaptic activity may

link synaptic plasticity to gene expression. Long-term memory

and synaptic plasticity have been shown to be dependent on

translation and transcription.(73) A role for profilin in regulating

these processes is suggested by its nuclear interaction

partners like the transcriptional regulator p42POP.(67) Profilin

thus matches properties of a ‘‘synaptic tag’’. Synaptic tagging

refers to a proposed mechanism by which a mark is set at

individual synapses while nuclear events necessary for long-

term consolidation are initiated(74) (Fig. 4). According to this

theory, macromolecules (RNA and proteins) expressed in

response to neuronal activity are captured exclusively by

synapses ‘‘tagged’’ by a molecule or molecular complex

whose presence is induced by synaptic activity. The bidirec-

tional targeting of profilin to synapses and the nucleus is in line

with this proposal.

Additionally, further roles of neuronal profilin have been

established, albeit their relationship to neuronal activity is still

poorly defined. Interestingly, dynamin I, a major interaction

partner for profilin II has been shown to be a central regulator of

activity-stimulated synaptic vesicle recycling.(75) Thus profilin

may be involved in both pre- and postsynaptic activity-

dependent plasticity (Fig. 4). Furthermore, profilin is also

found at the postsynapse of inhibitory synapses in a complex

with the scaffolding molecule gephyrin and the microfilament

adaptor Mena.(76)

Profilin malfunction in disease and animal models

As a molecule involved in plasticity processes at different

levels, profilin might be expected to be involved in various

neurological syndromes. In fact, one pathological situation

characterized by striking abnormalities in dendritic spine

morphology is Fragile X syndrome.(77,78) This disease is

caused by loss of the fragile X syndrome protein (FMRP) which

has been shown to function as an RNA-binding protein

involved in local protein synthesis at synapses.(79) FMRP is

highly conserved during evolution and the Drosophila homo-

logue dFMRP was shown to bind profilin mRNA and regulate

profilin protein levels.(80) Importantly, genetic complementa-

tion assays showed that phenotypes in the collateral branch

formation of large ventrolateral cells and mushroom body

formation could be explained by misregulation of profilin

expression by dFMRP.
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Furthermore, profilin’s interaction with the survival of motor

neuron protein SMN implies a role in one of the many functions

of SMN in RNA processing or transport. Downregulation of

profilin leads to accumulation of SMN in cytoplasmic aggre-

gates.(81) This indicates that spinal muscular atrophy, caused

by a lack of functional SMN, may be phenotypically explained

by the inability to exert profilin-dependent functions.

Profilin also interacts with huntingtin, the protein mutated in

Huntington’s disease. Mutant huntingtin leads to downregula-

tion of profilin protein levels and the disease phenotype can be

restored by ectopic profilin expression in a Drosophila eye

model.(82)

Finally, profilin-deficient mice have been created, and

knockout of the ubiquitously expressed profilin I results in

embryonic lethalityas earlyas the 2-cell stage due to defects in

cytokinesis.(83) The development of profilin II-deficient mice

has recently been reported, with mice being hyperactive and

showing increased novelty-seeking behaviour.(84) This is

correlated with hyper-excitability and higher vesicle release

probability in knockout neurons. Molecularly, the phenotype

may be explained byan isoform-specific interaction of profilin II

with the WASP-family verprolin homologue (WAVE)-complex,

leading to impaired presynaptic actin polymerization. Surpris-

ingly, long-term potentiation and depression (LTP/LTD) and

Figure 4. Strong neuronal activity leads to profilin redistribution in different neuronal compartments. A: Schematic view of a strongly

depolarized neuron with postsynaptic sites (1), nuclear/cytoplasmic interface (2), and presynaptic axonal boutons (3). Profilin is involved in

activity-dependent plasticity at these compartments. B: Boxes of compartments in A in a magnified view. B1: Synaptic activity leads to a

strong redistribution of profilin from the dendritic shaft to spine heads, where polyproline-rich molecules of the Ena/Mena/VASP family (blue)

are likely ligands, leading to stabilization of the actin cytoskeleton (red). B2: Strong NMDA receptor activation and subsequent influx of

calcium ions leads to nuclear accumulation of profilin. This is likely due to the inability of actin to transport profilin out of the nucleus by its

specific transporter molecule exportin 6 (pink), as monomeric actin is sequestered into filaments at the cell cortex. B3: Strong activity at the

presynapse needs the GTPase dynamin I for efficient endocytosis. Dynamin I (purple) interacts with profilin II and its activity is regulated by

this interaction, demonstrating another putative mode of action of profilin in activity-dependent plasticity.
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learning are normal in profilin II�/� mice. Further studies on

animals and neurons lacking both profilin I and II in the brain

will help to elucidate gene family member-specific and

redundant functions, as profilin I has, for example, been

shown to undergo a similar activity-dependent postsynaptic

targeting as profilin II.(85)

Conclusion and outlook

In conclusion, profilin plays a role in various processes of

neuronal plasticity during development and in the adult. In the

past, much emphasis has been laid on profilin’s regulatory role

of the actin cytoskeleton in neuronal differentiation. In fact,

cytoskeletal dynamics in dendritic spines lie at the heart of

synaptic plasticity and deregulation of the actin cytoskeleton

alone probably has a profound impact on higher brain

functions. Long-term potentiation and depression are asso-

ciated with actin-dependent growth and shrinkage of the

postsynaptic spine, respectively.(86) Both LTP- and LTD-

inducing stimuli lead to stabilization of actin dynamics through

profilin recruitment.(48) The difference in morphological

change is likely mediated by a well-regulated interplay of

several actin-binding proteins. For instance, the activity-

regulated cytoskeleton-associated protein Arc is required for

the expression of LTP and generation of stably modified

synapses concomitant with dephosphorylation of cofilin.(87) In

recent years a number of actin-regulatory proteins have been

identified involved in pre-and postsynaptic plasticity (reviewed

in Ref. 88). However, profilin seems to be an important

regulator of plasticity processes beyond the cytoskeleton and

may offer means to influence neuronal function at different

levels. It thus embodies qualities of neuronal plasticity as a

whole, representing processes that change constituents of

neuronal circuits on the short and long term.

Further work in the field will elucidate the contributions of

individual profilin family members to its distinct functions. As

profilin II-deficient mice have shown, presynaptic roles of

profilin are mainly carried out by this protein, while roles in

neuronal differentiation and activity-dependent postsynaptic

stabilization could be adopted by profilin I. Further animal

models, such as brain-specific deletions of all profilins or

cellular domain-specific interference with profilin function

in vivo will give further insight into profilin function at

different levels of neuronal plasticity. Some intriguing profilin

interactions such as those with presynaptic matrix proteins

aczonin/Piccolo(89) and vesicle proteins clathrin or synapsin

will be characterized in more detail and provide us with a better

understanding of the molecular machinery during activity-

dependent vesicle release. Finally, the prospect of nuclear

profilin, its interaction with potential transcriptional regulators

and the exciting discoveries of nuclear actin as a regulator of

chromatin-positioning of transcriptionally active genes(90,91)

lay the foundation for future experiments towards under-

standing this aspect of long-term changes in neuronal

connectivity through changes in gene expression.
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