
Review Acta Neurobiol Exp 2008, 68: 305–321

© 2008 by Polish Neuroscience Society - PTBUN, Nencki Institute of Experimental Biology 

HOW DID THE STORY BEGIN?

Neurons communicate through the synapses. Each 

neuron contains thousands of them. The dendritic tree 

of a typical projection neuron in the adult mammalian 

brain contains approximately 10 000 dendritic spines, 

small membranous protrusions from the central stalk of 

a dendrite. Onto each of them a single excitatory syn-

apse with a single axon is formed. Synapses connect 

neurons into complicated networks which wire brain 

and spinal cord structures, enabling them to receive, 

processes and transmit informations. A synapse under-

goes continuous modifications, changing efficacy of 

neurotransmission, depending on the preceding events. 

This particular feature is called synaptic plasticity and 

is considered to be, among others, the cellular basis for 

learning and memory (Bliss and Collingridge 1993). 

The ability to modify and reconstruct synaptic connec-

tions, strengthening ones and blunting the others, 

serves also to improve perception and to acquire and 

refine motor abilities. Synaptic plasticity becomes 

apparent following injury to the nervous system, if 

reorganization of neuronal networks occurs; it is con-

sidered to be one of the conditions of morphological 

and functional recovery, although it may also accom-

pany ectopic innervation and cause pathology (see 

Macias 2008, this issue).

Pondering over cellular mechanisms which drive 

plasticity of synapses led to obvious considerations 

that local content of proteins which are indispensable 

for alterating synaptic activity and structure, must 

change. It was a conceptual challenge to assume that 

protein synthesis might occur and be regulated locally 

in dendrites and axonal terminals, in light of the clas-

sical view, that all the proteins encoded in cell nucleus 

undergo translation and processing in neuronal cell 

body, and only then are transported to specific den-

dritic regions. The drive for that alternative concept 

was that a classical view did not provide an explana-

tion of two important features of fast and local synap-

tic changes: (1) a time scale of synaptic events and (2) 

their spatial specificity.

How to explain fast protein changes which occur in 

activated synapses within minutes, if local signals are 
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to be communicated to the “headquaters” – a nucleus 

and perikaryon – and only then new proteins are to be 

transported and directed to the compartments of 

“higher demands”? What about tagging and distribut-

ing them, keeping them away from degradation?  

There may be many dead ends on their long way. 

Protein transport rate was calculated to be too slow to 

make it. Fast, local changes become feasible if we 

assume that local protein synthesis in subsynaptic 

region of dendrites is possible. 

A discovery that high frequency, tetanic stimulation 

causes a long-term change in the efficacy of stimulated 

synapses led to an extensive research on the molecular 

basis of that phenomenon. Long term potentiation 

(LTP) and long-term depression (LTD) are two forms 

of persistent plastic changes in the brain which repre-

sent, respectively, an increase and a decrease, of excit-

atory neurotransmission (Bliss and Lomo 1973). Both 

forms develop within minutes and may be maintained 

for hours and days (see also Sala et al. 2008, this issue). 

Thus there must be a molecular recording of this infor-

mation. There are two phases of plastic changes, each 

representing different molecular requirements and 

characteristics: short- and long-lasting ones. Short-

term plasticity occurs owing to modifications (mostly 

by phosphorylations and dephosphorylations) of exist-

ing synaptic proteins (Goelet et al. 1986) whereas long-

term plasticity and late phase of LTP require an 

increased protein synthesis; of those which are already 

active in a synapse, and those which are to be recruited 

to the process of making a synaptic change. Gathered 

data have shown that both LTP and other forms of 

neuronal activation stimulate protein synthesis in den-

drites (see Pfeiffer and Huber  2006). It is now firmly 

established that local protein synthesis serves as a cel-

lular mechanism by which neurons regulate physiolog-

ical events in both dendrites and axons. The breadth 

and complexity of this capability has only been real-

ized within the last few years. This review shows the 

beginning and highlights some of the exciting progress 

made within the last few years of local protein synthe-

sis investigation. 

WHAT CAN BE A RATIONALE FOR LOCAL 

PROTEIN SYNTHESIS IN DENDRITES?

Local protein synthesis in dendrites may, theoreti-

cally, serve fast control of synaptic strength. If neuron 

did not have the capability of local protein synthesis, 

neuronal plasticity would have to rely on two multistep 

mechanisms (Schuman 1999): (1) the one, directing 

each signal, which would render an activated synapse 

enriched in a given protein, from an activated synapse 

to a cell body; (2) the second one, driving newly syn-

thesized proteins back from the cell body and directing 

them to active dendritic processes. To make a plastic 

change possible within a short time, the communica-

tion between cell periphery and cell perikaryon must 

be efficient and fast. Dendritic synthesis should be, ex 

definitione, more effective. In this case a neuron would 

produce in situ the proteins required for a synaptic 

response, without expenditure of energy related to 

long-distance transport, and a time lapse due to this 

process. The benefit would rely also on that if mRNA 

was transported in a translationally dormant state, 

sequestered from the translational apparatus in the 

cytoplasm, and derepressed only in dendrites, it would 

provide a mechanism of a tight in situ regulation of 

protein synthesis. The proteins, synthesized subsynap-

tically or in dendritic shafts would translocate on short 

distances only, towards molecularly labeled, active 

synapses (Frey and Morris 1997). If present, the pro-

cess would indicate some autonomy of the dendritic 

compartment. 

To occur, protein synthesis requires presence of sev-

eral components of the translation system in place: 

messenger RNA (mRNA) – the template encoding the 

primary structure of the future protein – and a com-

plex “molecular equipment” which makes translation 

possible: polyribosomes, transfer RNAs, and a set of 

enzymes that initiate and regulate translation and elon-

gation of the peptide chains. In the next step newly 

synthesized proteins undergo processing, which may 

take place only if endoplasmic reticulum and Golgi 

apparatus cisterns are in place. What do we know on 

selective localization of protein synthetic machinery at 

postsynaptic sites?

THE MACHINERY FOR TRANSLATION IN 

DENDRITES

Local protein synthesis as a mechanism to modify 

specific adult synapses was first proposed in 1965 by 

David Bodian (1965). Bodian, known mostly from his 

work on neuropathology of poliomyelitis, was the first 

to find ribosomes in dendrites; this finding was soon 

followed by reports of ribosomes in axons (Zelena 

1970). It remained ignored until Steward and Levy 
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(1982) reported a presence of synapse-associated 

polyribosomal complexes (SPRCs) in hippocampal 

pyramidal and granular neurons. SPRCs are polyribo-

somes connected with endoplasmatic reticulum cis-

terns that are selectively and precisely localized 

beneath postsynaptic sites on dendrites of CNS neu-

rons (Steward 1983, Steward and Fass 1983). In their 

article Steward and Levy reported: “polyribosomes 

appeared primarily in two locations within the den-

drite: (1) beneath the base of identified spines just 

subjacent to the intersection of the spine neck with the 

main dendritic shaft and (2) beneath mounds in the 

dendritic membrane which had the appearance of the 

base of a spine which extended out of the plane of sec-

tion” (Steward and Levy 1982). Such location make 

SPRCs ideally situated to be influenced by electrical 

and/or chemical signals from the synapse as well as by 

events within the dendrite proper (see Fig. 1). Since a 

small fraction of polyribosomes has been found also 

within the core of dendritic shaft, these may represent 

a population associated with mRNAs that encode pro-

teins that play a different role in dendritic shaft than 

those destined to synaptic sites. Also, as shown 

recently by Ostroff and coauthors (2002), polyribo-

somes may translocate from dendritic shafts into 

spines in response to electrical stimulation. The 

reported change in dendritic content and distribution 

of polyribosomes after LTP induction, provides evi-

dence that in dendrites they remain in the dynamic 

state related to the synaptic activity (Ostroff et al. 

2002). Electron microscopy studies have shown that 

spines of different morphology differ in polyribo-

somal content. 

The pioneering study by Steward and Levy (1982) 

as well as a vast majority of subsequent investigations 

concerned excitatory synapses on spines. But polyri-

bosome distribution was also reported in non-spiny 

neurons, beneath asymmetric (presumed excitatory) 

and symmetric (presumed inhibitory) synapses. These 

observations became a premise to reactivate a hypoth-

esis on the local dendritic mRNA translation and 

pointed to the possibility that not only excitatory syn-

apses are plastic. They also laid out a working hypoth-

esis that translation might be regulated by activity at 

the individual postsynaptic site. 

What is the incidence of polyribosomes at spine 

synapses? Estimates vary, depending on the quantita-

tive methods used and counting criteria, from 25% of 

spines on dendrites of the hippocampal dentate gyrus 

granular cells (Steward and Levy 1982) to 75–82% of 

spines on pyramidal neurons in the cerebral cortex, 

(Spacek and Hartmann 1983, Spacek 1985). These 

numbers indicate that polyribosomes are ubiquitous 

component of the dendroplasm and that local protein 

synthesis may be a common process in multiple class-

es of brain neurons. Although there are no later stud-

ies which would verify those estimates, the possibility 

of dendritic protein synthesis has been supported fur-

ther by the quantitative electron microscopic studies 

that revealed colocalization of mRNAs, polyribo-

somes and tubular cisterns identified as endoplasmic 

reticulum (ER) subsynaptically and at dendritic shafts 

(Palacios-Pru et al. 1981, Steward and Reeves 1988). 

Further studies confirmed that dendrites contain ER 

and provided evidence of subsynaptic occurrence of 

ribosomal RNA (rRNA) and proteins, translation ini-

tiation and elongation regulatory factors and cisternae 

of Golgi apparatus (Tiedge and Brosius 1996, Gardiol 

et al. 1999, Pierce et al. 2000, Wang et al. 2002). Albeit 

most data were obtained in brain studies, Gardiol 

group (Gardiol et al. 1999) carried out a solid morpho-

logical and immunocytochemical analysis of rat spinal 

cord neurons. It showed that at the cellular level, in 

vivo, protein synthesis macrocomplexes (ribosomes 

and eukaryotic elongation factor-2, eIF-2) as well as 

the system implicated in cotranslational and post-

translational modifications (endoplasmic reticulum 

identified with specific marker BiP, and Golgi cister-

nae identified with rab1, CTR433, TGN38) penetrated 

some dendrites of ventromedial horn neurons. The 

works which showed that dendrites often contain the 

core elements of the secretory pathway, necessary for 

the synthesis and transport of integral membrane pro-

teins, are of particular importance as they show the 

potential of dendrites to process newly synthesized 

protein (Gardiol et al. 1999, Pierce et al. 2000, Steward 

and Schuman 2001, Horton and Ehlers 2003). Isolated 

dendrites can incorporate sugar precursors indicative 

of Golgi function (Torre and Steward 1996). These 

results and direct imaging of ER-to-Golgi transport in 

dendrites (Horton and Ehlers 2003) suggest that inte-

gral membrane proteins, and not merely cytoplasmic 

proteins, can be locally synthesized in dendrites. 

Investigations of the protein composition of postsyn-

aptic densities (PSD) revealed that 11% of all the pro-

teins present in PSD are the proteins related to mRNA 

translation (Peng et al. 2004). The described findings 

indicate that synapses are equipped with the essential 
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Fig.1. Proposed model of mRNA translation 

in neuronal dendrites in basal and activated 

state. Binding of specific mRNA in the nucle-

us by an mRNA-binding protein allows the 

mRNA to be sequestered away from protein-

synthetic machinery in the cell body. Transport 

granules carry on repressed mRNAs towards 

dendritic spines by kinesin motors on microtu-

bules. Synaptic activation causes granule dis-

persion, derepression of mRNA translation 

and mRNA local translocation by the actin-

based myosin motor proteins.  A development 

and stabilization of protein synthesis-depen-

dent modifications of synaptic strength during 

LTP and LTD (see text) is a background of 

synaptic consolidation which requires brain-

derived neurotrophic factor (BDNF) signaling 

and induction of the immediate early gene 

activity-regulated cytoskeleton-associated 

protein (Arc). Sustained synthesis of Arc is 

required for hyperphosphorylation of actin 

depolymerizing factor/cofilin and local expan-

sion of the actin cytoskeleton in vivo. Based 

on Bramham and Wells (2007), modified. 
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elements required for the synthesis and insertion of a 

well folded and glycosylated transmembrane  pro-

teins. 

EXPORT OF mRNAs TO NEURONAL 

PROCESSES

RNA-containing granules

If mRNA is to be transported to dendrites, there 

must be an efficient system to carry it on and a precise 

mechanism regulating it. To disclose the mechanism 

of mRNA transport to dendrites, pioneering studies of 

Knowles and coworkers (1996), Kohrmann and col-

leagues (1999) and others (Kiebler and DesGroseillers 

2000, Huang et al. 2003, Tiruchinapalli et al. 2003)  

used nucleic acid stains and green fluorescent protein 

fused to RNA-binding proteins to visualize mRNA 

translocation in live neurons. These studies showed 

that localized mRNA are transported in the form of 

large granules which contain mRNAs, RNA helicases, 

RNA-binding proteins, translational factors, ribo-

somes, motor proteins and small non-coding RNA 

(Kim et al. 2005, reviewed by Bramham and Wells 

2007). At least three types of RNA-containing gran-

ules have been characterized: ribonucleoprotein par-

ticles (RNPs), stress granules (SGs) and processing 

bodies (PBs). A model for RNA transport is only 

emerging (for review see Bramham and Wells 2007) 

but it is widely accepted that most mRNAs are trans-

ported into dendrites as part of  large RNPs. Over 40 

proteins that constitute the large RNA-containing 

granules have been identified until now (Kanai et al. 

2004). That number reflects the complexity of possible 

interactions and variability of their targets.

SGs and PB are thought to be functionally distinct; 

SBs form under stress conditions, to help reprogram 

mRNA metabolism by storage of mRNAs when cell 

recovers from oxidative or metabolic stress, whereas 

PBs are thought to function in mRNA degradation 

(Bramham and Wells 2007).  

RNA-containing granules translocate in a rapid 

(0.1  μm/s),  bidirectional  and  microtubule-dependent 
manner (Knowles et al. 1996). Recent studies by 

Hirokawa group revealed that mRNA is transported to 

dendrites by means of molecular motors of the kinesin 

family KIF5, which bind RNA-binding proteins by a 

recognition motif (Kanai et al. 2004, see also Hirokawa 

2006 for review). 

Dendritic targeting

In order for specific mRNAs to be dendritically 

targeted, they must be first sequestered from transla-

tional machinery in the cytoplasm and organized into 

RNPs. Logically, mRNAs destined to dendrite transla-

tion, must be identified shortly after transcription. 

Then, during transport to dendrites, mRNAs must be 

in a dormant state and require specific activation 

mechanisms afterwards to make translation possible. It 

is now clear that both processes take place and involve 

mRNA binding proteins. Most of the sequences recog-

nized by RNA-binding proteins have been identified 

within 3’ untranslated region (3’ UTR) of responsive 

transcripts. Experimentally, a proposed scenario has 

been proven for mRNA-binding protein zip-code bind-

ing protein 1 (ZBP1). This RNA-binding protein binds 

in the nucleus to a 54 nucleotide “zipcode” in the 3’ 

UTR of beta-actin mRNA, translocates to the cyto-

plasm and acts to repress translation, possibly by pre-

venting the interaction of the 40S and 60S ribosomal 

subunits. Although the above mechanism has been 

described for neuroblastoma cell line, partial colocal-

ization of ZBP1 and beta-actin mRNAs in dendrites 

(Table I) suggests that such a mechanism may also 

take place in neurons (Tiruchinapalli et al 2003, see 

Wells 2006). 

Although the detailed description of  the state of the 

art on regulation of transcription and translation steps 

related to dendritic protein synthesis is beyond the 

scope of this review (it is the subject of excellent and 

extensive reviews recently published, e.g. Wells 2006, 

Bramham and Wells 2007) two important sets of data 

have to be mentioned. Firstly, there are already several 

members of  the heterologous nuclear ribonucleopro-

tein family of proteins (represented here by ZIP1) 

identified, including  hnRNP A2 and Fragile X mental 

retardation protein (FMRP) , which have been shown 

to shuttle between nucleus and cytoplasm in neurons 

and to be transported into dendrites. Secondly, there is 

the other protein family of RNA-binding proteins, rep-

resented by Staufen 1 and 2 proteins. Disruption of 

ZBP 1 and 2, and Staufen, impairs localization of tar-

geted RNA, suggesting a critical role of these classes 

of proteins as molecular adapters between cis-acting 

mRNA localization sequences and microtubule-based 

transport machinery (Zhang et al. 2001). A striking 

example of consequences of disturbances in regulation 

of  the cellular machinery involved in mRNA targeting 
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Table I

mRNAs that have been shown to be localized within dendrites of neurons in vivo by in situ hybridization. Not shown 

are mRNAs that are localized only in the most proximal segments of dendrites.

mRNA Cell type Localization 
in dendrites

Class of 

protein

Protein function References

MAP-2 Cerebral cortex, 

Hippocampus proper, 

Dentate gyrus

proximal one 

third to one 

half

cytoskeletal microtubule-associated Garner et al. 1988

Blichenberg et al. 

1999

CaMKII alpha 

subunit

Cerebral cortex, 

Hippocampus proper, 

Dentate gyrus

throughout soluble multifunctional kinase 

(e.g. catalysis of 

AMPA, NMDA and 

CPEP phosphoryla-

tion), Ca2+ signaling

Burgin et al. 1990

Steward 1977

Ouyang et al. 

1997, 1999

Bagni et al. 2000

Arc/Arg 3.1, 

inducible

Cerebral cortex, 

Hippocampus proper, 

Dentate gyrus (depend-

ing on stimulus)

throughout 

(when 

induced)

cytoskeleton 

associated 

actin binding, synaptic 

junctional protein (reg-

ulates maintenance/ 

consolidation of LTP, 

BDNF activated

Lyford et al. 1995

Steward et al. 

1998, 2001

Dendrin Cerebral cortex, 

Hippocampus proper, 

Dentate gyrus

throughout putative 

membrane 

protein

 non identified Herb et al. 1997

G-protein 

gamma sub-

unit

Cerebral cortex, 

Hippocampus proper, 

Dentate gyrus, striatum

throughout membrane-

associated

metabotropic receptor 

signaling (LTD?)

Watson et al. 1994

calmodulin Cerebral cortex, 

Hippocampus proper, 

cerebellum (Purkinje 

cells)

proximal-

middle (dur-

ing synapto-

genesis)

cytoplasmin 

and mem-

brane associ-

ated

Ca2+ signaling in 

cojunction with 

CamKII

Berry and Brown 

1996

NR1 subunit 

of NMDA 

receptor

Dentate gyrus proximal-

middle

integral 

membrane

ionotropic receptor sig-

naling, associated with 

Ca2+ channel

Benson 1997, 

Gazzaley et al. 

1997

Alpha subunit 

of Gly receptor 

Spinal cord motoneu-

rons

proximal integral 

membrane

inhibitory, glycinergic 

signaling

Racca et al. 1997

Vasopressin Hypothalamo-

hypophyseal axis

proximal-

middle

soluble neu-

ropeptide

regulates blood pres-

sure

Prakash et al. 

1997

Neurofilament 

protein 6 

Vestibular neurons proximal-

middle

cytoskeletal neurofilament Paradies and 

Steward 1977
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is a  mutation in fmr1 gene, encoding FMRP, which  

leads to loss of FMRP mRNA binding ability; it may 

result in mental retardation known as fragile X syn-

drome (Jin and Warren 2000). 

INITIATION AND CONTROL OF 

TRANSLATION IN DENDRITES

If mRNAs translation is to be initiated in their target 

place, derepression of dormant mRNAs has to take 

place. There are at least two mechanisms identified, by 

which translation of specific mRNAs can be regulated in 

neurons. The first is through stabilization of the message. 

The best described example is that of ELAV-like protein 

HuD, which binds to a 26-nucleotide AU-rich element in 

the 3-UTR of the mRNA encoding growth-associated 

protein (GAP-43) and stabilizes the mRNA. The biologi-

cal consequences of  HuD-induced stability of GAP-43 

have been described recently, showing its role in spatial 

memory formation in hippocampus (see Wells et al. 

2006). The second mechanism, especially important for 

the process of dendritic translation, involves a derepres-

sion of mRNAs that are maintained in a translationally 

dormant state; well characterized protein of this type to 

be described in neurons is the cytoplasmic polyadenyla-

tion element binding protein CPEP (Huang et al. 2003, 

for further review see Wells 2006). Studies on this pro-

tein provided data indicating that RNA-binding proteins 

may play a dual role: facilitation of mRNA targeting to 

dendrites, and trigerring “on-site” polyadenylation and 

translation in response to external signals (Atkins et al. 

2004, Shin et al. 2004). CPEB undergoes regulation by 

phosphorylation. In Xenopus oocytes and in neurons, 

CPEB can be regulated by the Aurora kinase, whereas 

Atkins showed that in  hippocampal neurons CPEB is 

phosphorylated by alpha calcium/calmodulin-dependent 

protein kinase II (αCaMKII) in vitro and in postsynaptic 

density fractions, providing evidence that αCaMKII can 
constitute a regulator of dendritic protein synthesis 

(Atkins et al. 2004). 

Activity-dependent translation, as postulated for 

localized protein synthesis from localized mRNAs, 

likely occurs via activation of the general protein syn-

thetic machinery in dendrites and release from repres-

sion of specific mRNAs. mRNA translation is generally 

divided into three steps: initiation, elongation, and ter-

mination. There is evidence that suggests local transla-

tion in neurons is regulated at the initiation step.

In eukaryotic cells, synthesis of most proteins is 

driven by cap-dependent mRNA translation, which 

requires the interaction of eukaryotic initiation factor 

(eiF) 4 F complex with the 5’-m7G-cap (see Fig. 1). eIF4F 

recruits the preiniitiation complex, including 40S ribo-

somal subunit, to the  5’-UTR for the AUG start codon. 

Here, part of the initiation complex is dissolved and the 

60S ribosomal subunit joins the 40S subunit to form a 

80S ribosome which is translationally competent. Such 

a translational control, occuring via MAPK signaling, 

that enhances phosphorylation of the eIF4F and related 

4E-BP protein, has been described by Kelleher and 

coauthors (2004) and Banko and others (2005) in the 

hippocampus following synaptic stimulation.

Important elements in the regulation of translation is 

rapamycin-dependent signaling (Klann and Dever 2004, 

see also Swiech et al 2008, and Urbanska et al. 2008, 

this issue) and small non-messenger RNAs (snmRNAs) 

the role of which is only emerging. This heterogeneous 

group of non-coding RNAs has a variety of regulatory 

functions including regulation of protein expression 

and guidance in RNA modifications. Brain-specific  

snmRNAs have been identified in mammals and they 

seem to contribute to brain functions subserving learn-

ing and memory. Among them are micro RNAs (miRNA) 

abundant in neurons (125 different miRNAs were iden-

tified in brain) candidates for repression over specific 

mRNA (Ashraf and Kunes 2006, Ashraf et al. 2006).  

Although many of the molecular players involved in 

compartmentalized protein synthesis are being eluci-

dated, how these mRNA- binding proteins interact and 

cooperate is far from full understanding.

L7 Cerebellum,  Purkinje 

cells

throughout cytoplasmic? homology to cis-PDGF 

signaling

Bian et al. 1996

Receptor IP3 Cerebellum,  Purkinje 

cells

throughout 

(concentrated 

proximally)

integral 

membrane 

(endoplasmic 

reticulum)

Ca2+  signaling Bannai et al. 2004
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THE SEARCH FOR DENDRITIC mRNAs

With improvement of sensitivity of older methods, 

and the advent of new mRNA amplification techniques, 

an increasing number of mRNAs have been identified 

in neuronal dendrites (Table I). Initially, in situ hybrid-

ization was used to localize mRNAs to dendrites. 

These experiments were performed by incorporating 

radioactive nucleotides into cDNA or cRNA probes fol-

lowed by their hybridization to tissue sections or har-

vested cells and subsequent emulsion dipping. To visu-

alize the signal exposure, times of weeks and even 

months were often required. Because of the limitations 

of this methodology, only the top of an iceberg could be 

bared and only a handful of mRNAs, like MAP2 

(Garner et al. 1988) and αCamKII (Burgin et al. 1990), 
have been identified. By combining new mRNA ampli-

fication methodologies with single dendrite analysis, 

the group of Eberwine (Miyashiro et al. 1994, Crino 

and Eberwine 1996) have been able to identify over 100 

mRNAs in dendrites of cultured neurons, although far 

fewer such mRNAs have been experimentally con-

firmed in adult non-cultured brain neurons (Eberwine 

et al. 1992, Miyashiro et al. 1994, Crino and Eberwine 

1996, Ju et al. 2004). Out of these studies the picture 

emerges of multiple functional classess of dendritic 

mRNAs, including various cytoskeletal proteins like 

β-actin, MAP2 and Arc (Link et al. 1995, Lyford et al. 

1995), those encoding cytoplasmic regulatory proteins 

such  as  αCamKII  alpha  (Ca–calmodulin    dependent  
protein  kinase, present predominantly in dendrites) 

and integral membrane signaling proteins: glutamate 

NMDA receptors (Miyashiro et al. 1994), AMPA 

GluR1 and GluR2 receptor subunits (Ju et al. 2004, 

Grooms et al. 2006), GABA receptors and Ca+2 chan-

nels (Crino and Eberwine 1996) and their scaffolds 

such as GRIP1 and PSD-95 (Schratt et al. 2004, Lee et 

al. 2005). More unexpectedly, dendrites also contain 

mRNAs of secretory proteases of extracellular matrix: 

tissue plasminogen activator (tPA) and  metalloprotei-

nase-9 (MMP-9) (Nagy et al. 2006, Konopacki et al. 

2007) (see Table II). It becomes less surprising if we 

take into account recent data showing that an important 

function of extracellular tPA is the proteolytic conver-

sion of proBDNF to mature BDNF a neurotrophic fac-

tor, which is considered crucial for LTP consolidation 

(Pang et al. 2004), whereas MMP-9 modulates synaptic 

efficacy in the hippocampus through the activation of 

integrin receptors, which were indirectly implicated in 

actin polymerization that underlies LTP consolidation 

(Kramar et al. 2006).

NEWLY SYNTHESIZED PROTEINS 

LOCALIZE TO DENDRITES

Although the described investigations indicated that 

local protein synthesis can occur, until the year 2001 

there was no unequivocal evidence for it. Pioneering 

studies in this field were carried out with the use of 

radioactive leucine, labeled with tritium [3H] (Kiss 

1977). The 3H-leucine was injected to brain ventricles 

of anesthetized animals and localization of proteins 

that incorporated radioactive leucine was determined 

shortly afterwards with autoradiography. The results 

did show presence of newly synthesized proteins in 

dendritic compartment, but the experiment did not 

elucidate the origin of the labeled protein and thus a 

possibility that proteins were transported from the cell 

body compartment could not be excluded (Kiss 1977). 

 A vast majority of further studies, aimed to provide 

evidence of local protein synthesis and to document 

its role in long-term synaptic plasticity, was carried 

out in vitro (Rao and Steward 1991, Weiler and 

Greenough 1993, Weiler et al. 1994). They were based 

on the analysis of incorporation of radiolabeled amino 

acids to newly synthesized proteins in synaptoneuro-

somal preparations or in isolated dendrites (Rao and 

Steward 1991, Torre and Steward 1992, 1996, Weiler 

and Greenough 1993, Weiler et al. 1994, Crino and 

Eberwine 1996). When dendritic processes were first 

separated from cell bodies and then the isolated den-

drites were incubated with radiolabeled leucine or 

transfected with mRNA, there was a strong labeling 

of proteins, indicating that local protein synthesis 

takes place (Torre and Steward 1992, 1996, Crino and 

Eberwine 1996). That latter technique, designed and 

worked out by Oswald Steward (Torre and Steward 

1992), was not devoid of drawbacks: there was a risk 

of contamination with non-dendritic fractions, the 

dendrites were taken out of the physiological context, 

and biochemical analyses excluded  the possibility to 

follow the changes in function of time. A common 

limitation of these approaches was also a possibility to 

contaminate dendrites with glial cell fibers (Henn et 

al. 1976). Therefore these studies faced the criticisms, 

that the observed events are artifacts. More convinc-

ing results were provided later on by the laboratories 

of Cattaneo (Tongiorgi et al. 1997) and Schuman 
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(Ouyang et al. 1999). The Cattaneo group showed that 

stimulation of hippocampal neurons with high KCl 

concentrations results in a significant increase of den-

dritic level of mRNAs for two proteins: BDNF neu-

rotrophin and BDNF high affinity receptor, TrkB, 

both involved in modulation of excitatory neurotrans-

mission, and related to synaptic plasticity (see Macias 

2008, this issue). They also showed that accumulation 

of dendritic BDNF mRNA and TrkB mRNA, found 

predominantly in distal segments of dendritic shafts, 

was accompanied by an increase of BDNF and TrkB 

proteins (Tongiorgi et al. 2004). Importantly, the 

experiments on the effect of electrical stimulation of 

hippocampal neurons on compartmental concentra-

tion  and  distribution  of  αCaMKII  (Steward  1997, 
Ouyang et al. 1999), revealed a strong increase of 

Table II

Other mRNAs identified in dendrites of mammalian neurons without use of mRNA amplification techniques. 

Respective RNA binding proteins are also shown.

mRNA Cell type Class  

of protein

Protein function RNA binding 
protein

References

Beta-actin hippocampus cytoskeletal cytoskeletal Zip-code-binding 

protein 1 (ZBP1)

Tiruchinapalli et al. 2003

FMR1 hippocampus Fragile-X mental 

retardation 

protein FMRP

Weiler et al. 1997, Feng et 

al. 1997

BDNF Cerebral cortex, 

hippocampus

soluble neurotrophic Dugich-Djordjevic et al. 

1992, 

Wetmore et al. 2004, 

Crino and Eberwine, 1996, 

Tongiorgi et al. 1997

TrkB receptor hippocampus integral 

membrane

conveys neurotro-

phin (BDNF/

NT-4) signaling

Tongiorgi et al. 1997, 

2004

Rho subunits 

of GABA C 

receptor

spinal cord 

motoneurons

integral 

membrane

conveys 

GABAergic 

signaling

Rozzo et al. 2002

Glu R1/Glu R2

AMPA receptor 

subunits

hippocampus integral 

membrane

conveys  

glutamatergic 

signaling

CPEB 3 Ju et al. 2004

Tissue plasmi-

nogen (tPA)

hippocampus soluble proteolysis  CPEP 1 Shin et al. 2004

Matrix metallo-

proteinase 

MMP-9

hippocampus soluble proteolysis  Nagy et al. 2006, 

Konopacki et al. 2007
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αCaMKII protein in CA1 dendritic fields as early as 
5 min after tetanic stimulation of Schaffer collaterals 

(fibres projecting form hippocampal CA3 to CA1 den-

dritic fields). That increase occurred at a distance of 

100–200  μm  away  from  a  cell  body  (Ouyang  et  al. 
1999).  Since  the  transport  of    αCaMKII  from  cell 
body to dendrites is too slow to explain fast increase 

of protein level in distal parts of dendrites, this result 

could be interpreted, with high probability, as a dem-

onstration of dendritic protein synthesis. But a real 

breakthrough in the field were next experiments car-

ried out by Erin Schuman. 

THE KEY EVIDENCE: EXPERIMENTS 

FROM SCHUMAN LABORATORY 

BDNF stimulates synthesis of GFP reporter 
protein

In 2001, the group of Erin Schuman published 

results on the fascinating experiment carried out on the 

isolated hippocampal neurons and dendrites (Aakalu et 

al. 2001). To study local protein synthesis in hip-

pocampal dendrites, a construct of protein synthesis 

reporter in which destabilized coding sequence of 

green fluorescent protein (GFP) is flanked by the 5’ 

and 3’ untranslated regions from CAMKII-alpha sub-

unit, conferring both dendritic mRNA localization and 

translational regulation (Mayford et al. 1996, Mori et 

al. 2000) was developed. GFP was used as a reliable, 

fluorescent reporter of protein synthesis. Transfection 

of cells with this construct allowed to follow changes 

in localization and intensity of GFP fluorescence with 

two-photon microscopy, to assess GFP protein synthe-

sis following stimulation. 

Neurons were isolated from the brains of 3 days-old 

pups, and kept in culture for 14–21 days, until they 

revealed a mature phenotype. Six hours after transfec-

tion of mature neurons with GFP-UTRCaMKII alpha 

construct, GFP protein synthesis was estimated and the 

compartments of GFP localization were identified. 

First, the synthesis of the reporter protein was evaluat-

ed after pharmacological stimulation of neurons with 

BDNF. As already mentioned, BDNF is a neurotrophic 

protein, produced by numerous classess of neurons; 

hippocampal neurons produce BDNF and respond to it. 

The experiment showed that neurons exposed to BDNF 

revealed an increase in GFP fluorescence 60 min after 

exposure; an increase in fluorescence intensity and GFP 

distribution along dendrites amounted to 60%, when 

estimated for the whole volume of dendritic processes, 

and occurred simultaneously in cell perikarya and in 

distal dendrites. That result strongly suggested protein 

synthesis in both compartments, but did not exclude 

dendritic translocation of the newly synthesized proteins 

to the dendrites. What was intriguing, the image analy-

sis revealed the occurrence of “hot spots”, which were 

distributed along dendritic shafts and demonstrated 

much stronger fluorescence signal, up to 8 times higher 

from the average. This pointed to the possibility that 

dendrites possess regions of extensive, local protein syn-

thesis! Going the step further by using inhibitors of 

protein synthesis which blocked those effects, the 

authors proved that the changes observed were indeed 

the consequence of protein synthesis.

Mechanically isolated dendrites

To obtain the final proof of local dendritic synthe-

sis, in the next step neuronal perikarya were sepa-

rated from dendrites mechanically, with a use of 

glass microelectrodes. This procedure had to be car-

ried out thoroughly not to cause functional impair-

ment and neuronal death; otherwise the result could 

be an artifact. Therefore, before each experiment, the 

preparations were carefully checked, and propidium 

iodide was used to eliminate dead neurons. During a 

2-year study, out of 300 neurons isolated and analy-

sed there were only 10 which met the criteria (Aakalu 

et al. 2001). The assays carried out on these 10 neu-

rons did prove, that dendrites cut off and separated 

from cell bodies are able to synthesize GFP protein 

under BDNF stimulation. At the same time Job and 

Ebervine (2001) provided evidence that dendrites, 

cut off and transfected subsequently with mRNA 

GFP, carry on protein synthesis under stimulation 

with glutamate. 

“Optically” isolated dendrites 

Since mechanical isolation of dendrites proved tech-

nically difficult and may cause functional impairment 

increasing in time postisolation, the approach is not 

optimal to investigate local protein synthesis. In the 

next step Schuman used an alternative approach. A ver-

sion of the reporter which contained myristoylation 

consensus sequence that anchored the fluorescent pro-

tein to the cell membrane was created, and dendrites 
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were isolated optically from cell bodies by photobleach-

ing perikarya for 1h with laser light of high energy. This 

way photobleaching destroys the component of protein 

signal derived from cell body, strongly reducing or 

eliminating contamination of dendritic signal, whereas 

newly synthesized GFP protein remains in situ owing to 

its myristoil anchor. In the designed experiment BDNF 

caused an immediate and strong (17×) increase of GFP 

translation in optically isolated dendrites. 

Repeated imaging of dendrites led to a precise iden-

tification of regions where a strong increase of mRNA 

translation took place, and revealed that “hot spots” of 

protein synthesis waxed and waned consistently in the 

same place in dendrites for several hours. 

Immunocytochemical mapping of these spots revealed 

that they localize precisely at the base of dendritic 

spines and often colocalize with synaptic proteins. 

That intriguing observation pointed to an extensive 

protein synthesis addressed preferably to neighboring 

synapses (Aakalu et al. 2001).

As already described BDNF stimulates protein syn-

thesis in dendrites and is synthesized in this compart-

ment of stimulated neurons in culture (Aakalu et al. 

2001). More recent data provided evidence that BDNF 

accumulates in dendrites also in vivo, following kin-

dling or pharmacological treatment with pilocarpine or 

kainate, that cause a strong stimulation of NMDA 

receptors in hippocampal neurons and evoke seizures 

(Tongiorgi et al. 2004). Dendritic accumulation of 

BDNF has to be, in this case, explained by dendritic 

targeting of a protein synthesized in a cell body, as 

well as of its local synthesis. 

DENDRITIC PROTEIN SYNTHESIS IS 

REQUIRED FOR THE PERSISTENCE OF 

SYNAPTIC CHANGE

Activity-dependent synaptic changes are a mecha-

nism by which the brain encodes and stores informa-

tion. As already mentioned at the introductory remarks, 

the most well established models for activity-depen-

dent strengthening and weakening are LTP and LTD. 

Although early studies on molecular background of 

these processes demonstrated a role of protein tran-

scription and translation in the maintenance of the late 

phase of LTP, it is now evident that  intermediate 

stages of late LTP are maintained by new protein syn-

thesis in dendrites which is independent of transcrip-

tion. Moreover the findings that LTD also requires 

protein synthesis indicate that synaptic change is 

maintained, regardless of the polarity, by new protein 

synthesis. It is intriguing, at what level the specificity 

for synthesizing “LTP” or “LTD” proteins is deter-

mined. Pfeiffer and Huber (2006) discuss two hypoth-

eses, which are under experimental verification: either 

distinct patterns of synaptic activity regulate distinct 

signaling cascades and translation machinery as well 

as RNA-binding proteins, which target specific 

mRNAs for translation, or both LTP-specific and 

LTD-specific proteins are translated but the specific 

pattern of stimulation determines, which proteins are 

used or captured. Current evidence indicates a par-

ticular role for LTP and LTD of newly synthesized 

proteins in ionotropic glutamate receptor trafficking 

(Fig. 1). 

DENDRITES ARE ALSO SITES OF LOCAL 

PROTEIN DEGRADATION

If local protein synthesis contributes to plasticity of 

synapses that involves their strengthening and weak-

ening, there should be a local machinery that down 

regulates synthesis and mediates fast degradation of 

proteins. Indeed, Steward and Schuman (2003) and 

Bingol and Schuman (2006) provided evidence that 

there is a local protein degradation and that synaptic 

stimulation via NMDA (N-methyl-D-aspartate) recep-

tor causes redistribution of proteasomes from dendritic 

shafts to synaptic spines. Thus these large multi-unit 

cellular machines that recognize, unfold and degrade 

ubiquitinated proteins become available subsynapti-

cally. Again, using restricted photobleaching of indi-

vidual spines and dendritic shafts, they showed that 

activity modestly enhances the entry rate of protea-

somes into spines, while dramatically reducing their 

exit rate (Bingol and Schuman 2006). Proteasome 

sequestration is persistent, reflecting an association 

with the actin-based cytoskeleton. Together, data indi-

cate that synaptic activity can promote the recruitment 

and sequestration of proteasomes to locally remodel 

the protein composition of synapses. A novel form of 

translational regulation in dendrites that may also con-

tribute to synaptic remodeling is an already mentioned 

repression of the local synthesis of protein with small 

noncoding RNAs. A recent study from Greenberg 

laboratory (Schratt et al. 2006) has shown that miR-134, 

a brain-specific microRNA, is present in dendrites and 

represses the local synthesis of the protein kinase 
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Limk1, that controls spine development. Again, BDNF 

reveals its potential showing that exposure of neurons 

to BDNF relieves miR-134 inhibition of Limk1. These 

new data disclose dendritic potential to control protein 

content in the synapse.

ROLE OF DENDRITIC PROTEIN 

SYNTHESIS IN HOMEOSTATIC 

PLASTICITY: SYNAPTIC SCALING? 

Synaptic scaling is a form of homeostatic plasticity 

(Turrigiano and Nelson 2004), that scales synaptic 

strengths up or down to compensate for prolonged 

changes in activity. The idea is relatively new and local 

protein synthesis is a good candidate to be involved, 

but there are not many data available that could prove 

it. Wierenga and coworkers (2005) showed that after 1 

or 2 d of activity blockade at excitatory synapses in 

visual cortical cultures, there was a significant increase 

in postsynaptic accumulation of synaptic AMPA recep-

tors via proportional increases in glutamate receptor 1 

(GluR1) and GluR2. Time-lapse imaging of enhanced 

GFP-tagged AMPA receptors revealed that receptor 

accumulation increased progressively over 2 d of 

activity blockade and affected the entire population of 

imaged synapses. The strength of synaptic connec-

tions between pyramidal neurons was more than dou-

bled after activity blockade. Schuman group reported 

after a prolonged blockade of action potentials alone, 

that exposed dendrites show diminished protein syn-

thesis (Sutton et al. 2004). When miniature excitatory 

synaptic events (minis), which do not lead to action 

potential, were blocked additionally to action potential 

blockade, local protein synthesis was enhanced. This 

suggests that minis inhibit dendritic translation and 

stabilize connections. Furthermore, when minis were 

acutely stimulated or blocked, an immediate decrease 

or increase, respectively, in dendritic translation was 

observed. Together these results reveal a role of minia-

ture synaptic events in the acute regulation of den-

dritic protein synthesis.

Activation of hippocampal neurons with dopamine, 

which involves binding to D1–D5 receptors, also 

stimulates local protein synthesis. As a consequence 

an increase of AMPA GluR1 subunit synthesis and 

membrane insertion was reported. (Smith et al. 2005). 

This mechanism may lead to awaking silent synapses, 

exemplifying the use-dependent modification of syn-

apse and an increase of synapse sensitivity.

DENDRITIC AUTONOMY

 The discovery of differential subcellular RNA distri-

bution patterns in neurons has widened the view of the 

determinants of neuronal polarity. Before, selective 

cytoplasmic organella and protein targeting have long 

been thought to constitute the sole determinants of this 

feature. Dendritic spines in particular, are discrete 

structural, physiological and biochemical compartment; 

the presented studies demonstrated that dendritic spines 

afford a necessary degree of autonomy during informa-

tion processing and storage. mRNA for a glutamate 

receptor subunit is found in subsynaptic regions of the 

fly neuromuscular junction providing an example that 

the local control of glutamate receptor synthesis is an 

evolutionary conserved mechanism (Sigrist et al. 2000). 

The question may be asked to which extent dendrites 

are autonomous in their functioning and what their 

autonomy relies on?  One of the answers point to a lim-

ited number of the mRNAs operating there: while all of 

dendritically localized mRNAs are also present in the 

cytoplasm of neurons, the bulk of cytoplasmically 

localized mRNAs have not been detected in dendrites. 

Obviously, provided evidence of local protein synthesis 

does not exclude the possibility that a vast majority of 

proteins which are not involved in fast synaptic changes 

is synthesized within cell body and contribute to protein 

content of dendritic compartment.

Novel dendritic mRNAs do not change much with 

this respect: those described first and detected repeat-

edly in number of studies, are privileged to form most 

probably the core of messages indispensable in den-

drite fast responses and plasticity. 

The observations by Malenka group (Ju et al. 2004) 

that over 95% of physically isolated dendrites exhibit-

ed local synthesis of GluR1 and GluR2 and some sur-

face expression of AMPAR occurred in synaptic 

regions of these preparations suggests that ER, Golgi 

and associated components of the secretory pathway 

are ubiquitously expressed in dendrites (at least in cul-

tured neurons) and that retrograde transport from den-

dritic ER to somatic Golgi may not be required for the 

processing of integral membrane proteins that are syn-

thesized in dendrites (Ju et al. 2004). 

CONCLUSIONS

Local protein synthesis in dendrites is now a well 

documented phenomenon, and available data suggest 
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that it is involved in plasticity of fundamental nature. 

However many questions, important for our understand-

ing of the modulation of dendritic events remain unan-

swered. A crucial question concerns the translation lim-

iting factors. As there are not many ribosomes at an 

individual synapse, the number of polyribosomes seem 

to be such a limiting factor in protein translation. How is 

that limited machinery allocated to the different mRNA 

potentially available for translation and is it running a 

full capacity, or can be modulated, remain to be eluci-

dated. A theme that only emerges is the possibility of 

reciprocal interactions between actin dynamics and den-

dritic protein synthesis in the control of synaptic plastic-

ity. A major goal of current research into dendritic pro-

tein synthesis is to determine how dendritically synthe-

tized proteins cooperate to regulate synaptic efficacy. 

ACKNOWLEDGEMENTS

This work was supported by Polish-German Bilateral 

grant S007/P-N/2007/01 and statutory grant for the 

Nencki Institute. Dr. Matylda Macias is greatly 

acknowledged for preparation of the figure.

REFERENCES

Aakalu G, Smith WB, Nguyen N, Jiang C, Schuman EM 

(2001) Dynamic visualization of local protein synthesis 

in hippocampal neurons. Neuron 30: 489–502.

Ashraf SI, Kunes S (2006) A trace of silence: memory and 

microRNA at the synapse. Curr Opin Neurobiol 16: 

535–539.

Ashraf SI, McLoon AL, Sclarsic SM, Kunes S (2006) 

Synaptic protein synthesis associated with memory is 

regulated by the RISC pathway in Drosophila. Cell 124: 

191–205.

Atkins CM, Nozaki N, Shigeri Y, Soderling TR (2004) 

Cytoplasmic polyadenylation element binding protein-

dependent protein synthesis is regulated by calcium/

calmodulin-dependent protein kinase II. J Neurosci 24: 

5193–5201.

Bagni C, Mannucci L, Dotti CG, Amaldi F (2000) Chemical 

stimulation of synaptosomes modulates alpha -Ca2+/

calmodulin-dependent protein kinase II mRNA associa-

tion to polysomes. J Neurosci 20: RC76.

Banko JL, Poulin F, Hou L, DeMaria CT, Sonenberg N, 

Klann E (2005) The translation repressor 4E-BP2 is criti-

cal for eIF4F complex formation, synaptic plasticity, and 

memory in the hippocampus. J Neurosci 25: 9581–9590. 

Bannai H, Fukatsu K, Mizutani A, Natsume T, Iemura S, 

Ikegami T, Inoue T, Mikoshiba K (2004) An RNA-

interacting protein, SYNCRIP (heterogeneous nuclear 

ribonuclear protein Q1/NSAP1) is a component of 

mRNA granule transported with inositol 1,4,5-trispho-

sphate receptor type 1 mRNA in neuronal dendrites. J 

Biol Chem 279: 53427–53434.

Barinaga M (2000) Synapses call the shots. Science 290: 

736–738.

Berry FB, Brown IR (1996) CaM I mRNA is localized to 

apical dendrites during postnatal development of neu-

rons in the rat brain. J Neurosci Res 43: 565–575.

Benson DL (1997) Dendritic compartmentation of NMDA 

receptor mRNA in cultured hippocampal neurons. 

Neuroreport 8: 823–828.

Bian F, Chu T, Schilling K, Oberdick J. (1996) Differential 

mRNA transport and the regulation of protein synthe-

sis: selective sensitivity of Purkinje cell dendritic 

mRNAs to translational inhibition. Mol Cell Neurosci 

7: 116–133.

Bingol B, Schuman EM (2006) Activity-dependent dynam-

ics and sequestration of proteasomes in dendritic 

spines. Nature 441: 1144–1148.

Blichenberg A, Schwanke B, Rehbein M, Garner CC, 

Richter D, Kindler S (1999) Identification of a cis-act-

ing dendritic targeting element in MAP2 mRNAs. J 

Neurosci 19: 8818–8829.

Bliss TV, Lomo T (1973) Long-lasting potentiation of 

synaptic transmission in the dentate area of the anaes-

thetized rabbit following stimulation of the perforant 

path. J Physiol 232: 331–356.

Bliss TV, Collingridge GL (1993) A synaptic model of 

memory: long-term potentiation in the hippocampus. 

Nature 361: 31–39.

Bodian D (1965) A Suggestive Relationship Of Nerve Cell 

Rna With Specific Synaptic Sites. Proc Natl Acad Sci 

U S A 53: 418–425.

Bramham CR, Wells DG (2007) Dendritic mRNA: trans-

port, translation and function. Nat Rev Neurosci 8: 

776–789.

Burgin KE, Waxham MN, Rickling S, Westgate SA, 

Mobley WC, Kelly PT (1990) In situ hybridization his-

tochemistry of Ca2+/calmodulin-dependent protein 

kinase in developing rat brain. J Neurosci 10: 

1788–1798.

Crino PB, Eberwine J (1996) Molecular characterization 

of the dendritic growth cone: regulated mRNA trans-

port and local protein synthesis. Neuron 17: 

1173–1187.



318  M. Skup

Dugich-Djordjevic MM, Tocco G, Lapchak PA, Pasinetti 

GM, Najm I, Baudry M, Hefti F. (1992) Regionally spe-

cific and rapid increases in brain-derived neurotrophic 

factor messenger RNA in the adult rat brain following 

seizures induced by systemic administration of kainic 

acid. Neuroscience 47: 303–315.

Eberwine J, Yeh H, Miyashiro K, Cao Y, Nair S, Finnell R, 

Zettel M, Coleman P (1992) Analysis of gene expression 

in single live neurons. Proc Natl Acad Sci U S A 89: 

3010–3014.

Frey U, Morris RG (1997) Synaptic tagging and long-term 

potentiation. Nature 385: 533-536.

Feng Y, Gutekunst CA, Eberhart DE, Yi H, Warren ST, 

Hersch SM (1997) Fragile X mental retardation protein: 

nucleocytoplasmic shuttling and association with somato-

dendritic ribosomes. J Neurosci 17: 1539–1547.

Gardiol A, Racca C, Triller A (1999) Dendritic and postsynap-

tic protein synthetic machinery. J Neurosci 19: 168–179.

Garner CC, Tucker RP, Matus A (1988) Selective localization 

of messenger RNA for cytoskeletal protein MAP2 in den-

drites. Nature 336: 674–677.

Gazzaley AH, Benson DL, Huntley GW, Morrison JH (1997) 

Differential subcellular regulation of NMDAR1 protein 

and mRNA in dendrites of dentate gyrus granule cells after 

perforant path transection. J Neurosci 17: 2006–2017.

Gardiol A, Racca C, Triller A (1999) Dendritic and postsyn-

aptic protein synthetic machinery. J Neurosci 19: 

168-179.

Garner CC, Tucker RP, Matus A (1988) Selective localization 

of messenger RNA for cytoskeletal protein MAP2 in den-

drites. Nature 336: 674–677.

Goelet P, Castellucci VF, Schacher S, Kandel ER (1986) The 

long and the short of long-term memory--a molecular 

framework. Nature 322: 419–422.

Grooms SY, Noh KM, Regis R, Bassell GJ, Bryan MK, 

Carroll RC, Zukin RS (2006) Activity bidirectionally regu-

lates AMPA receptor mRNA abundance in dendrites of 

hippocampal neurons. J Neurosci 26: 8339–8351.

Henn FA, Anderson DJ, Rustad DG (1976) Glial contamina-

tion of synaptosomal fractions. Brain Res 101: 341–344.

Herb A, Wisden W, Catania MV, Maréchal D, Dresse A, 

Seeburg PH (1997) Prominent dendritic localization in 

forebrain neurons of a novel mRNA and its product, den-

drin. Mol Cell Neurosci 8: 367–374.

Hirokawa N (2006) mRNA transport in dendrites: RNA 

granules, motors, and tracks. J Neurosci 26: 7139–7142.

Horton AC, Ehlers MD (2003) Dual modes of endoplasmic 

reticulum-to-Golgi transport in dendrites revealed by 

live-cell imaging. J Neurosci 23: 6188–6199.

Huang YS, Carson JH, Barbarese E, Richter JD (2003) 

Facilitation of dendritic mRNA transport by CPEB. 

Genes Dev 17: 638–653.

Jin P, Warren ST (2000) Understanding the molecular basis 

of fragile X syndrome. Hum Mol Genet 9: 901–908.

Job C, Eberwine J (2001) Identification of sites for exponen-

tial translation in living dendrites. Proc Natl Acad Sci U 

S A 98: 13037–13042.

Ju W, Morishita W, Tsui J, Gaietta G, Deerinck TJ, Adams SR, 

Garner CC, Tsien RY, Ellisman MH, Malenka RC (2004) 

Activity-dependent regulation of dendritic synthesis and 

trafficking of AMPA receptors. Nat Neurosci 7: 244–253.

Kanai Y, Dohmae N, Hirokawa N (2004) Kinesin transports 

RNA: isolation and characterization of an RNA-

transporting granule. Neuron 43: 513–525.

Kelleher RJ 3rd, Govindarajan A, Jung HY, Kang H, 

Tonegawa S (2004) Translational control by MAPK sig-

naling in long-term synaptic plasticity and memory. Cell 

116: 467–479. 

Kiebler MA, DesGroseillers L (2000) Molecular insights 

into mRNA transport and local translation in the mam-

malian nervous system. Neuron 25: 19–28.

Kim HK, Kim YB, Kim EG, Schuman E (2005) Measurement 

of dendritic mRNA transport using ribosomal markers. 

Biochem Biophys Res Commun 328: 895–900.

Kiss J (1977) Synthesis and transport of newly formed pro-

teins in dendrites of rat hippocampal pyramid cells. An 

electron microscope autoradiographic study. Brain Res 

124: 237–250.

Klann E, Dever TE (2004) Biochemical mechanisms for 

translational regulation in synaptic plasticity. Nat Rev 

Neurosci 5: 931–942.

Knowles RB, Sabry JH, Martone ME, Deerinck TJ, Ellisman 

MH, Bassell GJ, Kosik KS (1996) Translocation of RNA 

granules in living neurons. J Neurosci 16: 7812–7820.

Kohrmann M, Luo M, Kaether C, DesGroseillers L, Dotti 

CG, Kiebler MA (1999) Microtubule-dependent recruit-

ment of Staufen-green fluorescent protein into large 

RNA-containing granules and subsequent dendritic trans-

port in living hippocampal neurons. Mol Biol Cell 10: 

2945–2953.

Konopacki FA, Rylski M, Wilczek E, Amborska R, Detka D, 

Kaczmarek L, Wilczynski GM (2007) Synaptic localiza-

tion of seizure-induced matrix metalloproteinase-9 

mRNA. Neuroscience 150: 31–39.

Kramar EA, Lin B, Rex CS, Gall CM, Lynch G (2006) 

Integrin-driven actin polymerization consolidates long-

term potentiation. Proc Natl Acad Sci U S A 103: 

5579–5584.



Dendritic protein synthesis 319 

Lee PR, Cohen JE, Becker KG, Fields RD (2005) Gene 

expression in the conversion of early-phase to late-phase 

long-term potentiation. Ann N Y Acad Sci 1048: 

259–271.

Link W, Konietzko U, Kauselmann G, Krug M, Schwanke 

B, Frey U, Kuhl D (1995) Somatodendritic expression of 

an immediate early gene is regulated by synaptic activity. 

Proc Natl Acad Sci U S A 92: 5734–5738.

Lyford GL, Yamagata K, Kaufmann WE, Barnes CA, 

Sanders LK, Copeland NG, Gilbert DJ, Jenkins NA, 

Lanahan AA, Worley PF (1995) Arc, a growth factor and 

activity-regulated gene, encodes a novel cytoskeleton-

associated protein that is enriched in neuronal dendrites. 

Neuron 14: 433–445.

Macias M (2008) Injury induced dendritic plasticity in the 

mature central nervous system. Acta Neurobiol Exp 

(Wars) 68: 334–346.

Mayford M, Baranes D, Podsypanina K, Kandel ER (1996) 

The 3’-untranslated region of CaMKII alpha is a cis-

acting signal for the localization and translation of 

mRNA in dendrites. Proc Natl Acad Sci U S A 93: 

13250–13255.

Miyashiro K, Dichter M, Eberwine J (1994) On the nature 

and differential distribution of mRNAs in hippocampal 

neurites: implications for neuronal functioning. Proc 

Natl Acad Sci U S A 91: 10800–10804.

Mori Y, Imaizumi K, Katayama T, Yoneda T, Tohyama M 

(2000) Two cis-acting elements in the 3’ untranslated 

region of alpha-CaMKII regulate its dendritic targeting. 

Nat Neurosci 3: 1079–1084.

Nagy V, Bozdagi O, Matynia A, Balcerzyk M, Okulski P, 

Dzwonek J, Costa RM, Silva AJ, Kaczmarek L, Huntley 

GW (2006) Matrix metalloproteinase-9 is required for 

hippocampal late-phase long-term potentiation and mem-

ory. J Neurosci 26: 1923–1934.

Ostroff LE, Fiala JC, Allwardt B and Harris KM (2002) 

Polyribosomes redistribute from dendritic shafts into 

spines with enlarged synapses during LTP in developing 

hippocampal slices. Neuron 35:  535–545.

Ouyang Y, Kantor D, Harris KM, Schuman EM, Kennedy 

MB (1997) Visualization of the distribution of autophos-

phorylated calcium/calmodulin-dependent protein kinase 

II after tetanic stimulation in the CA1 area of the hip-

pocampus. J Neurosci 17: 5416–5427.

Ouyang Y, Rosenstein A, Kreiman G, Schuman EM, 

Kennedy MB (1999) Tetanic stimulation leads to 

increased accumulation of Ca(2+)/calmodulin-dependent 

protein kinase II via dendritic protein synthesis in hip-

pocampal neurons. J Neurosci 19: 7823–7833.

Palacios-Pru EL, Palacios L, Mendoza RV (1981) 

Synaptogenetic mechanisms during chick cerebellar cor-

tex development. J Submicrosc Cytol 13: 145–167.

Pang PT, Teng HK, Zaitsev E, Woo NT, Sakata K, Zhen S, 

Teng KK, Yung WH, Hempstead BL, Lu B (2004) 

Cleavage of proBDNF by tPA/plasmin is essential for 

long-term hippocampal plasticity. Science 306: 487–491.

Paradies MA, Steward O (1997) Multiple subcellular mRNA 

distribution patterns in neurons: a nonisotopic in situ 

hybridization analysis. J Neurobiol 33: 473–493. 

Peng J, Kim MJ, Cheng D, Duong DM, Gygi SP, Sheng M 

(2004) Semiquantitative proteomic analysis of rat fore-

brain postsynaptic density fractions by mass spectrome-

try. J Biol Chem 279: 21003–21011.

Pfeiffer BE, Huber KM (2006) Current advances in local 

protein synthesis and synaptic plasticity. J Neurosci 26: 

7147–7150.

Pierce JP, van Leyen K, McCarthy JB (2000) Translocation 

machinery for synthesis of integral membrane and secre-

tory proteins in dendritic spines. Nat Neurosci 3: 

311–313.

Prakash N, Fehr S, Mohr E, Richter D (1997) Dendritic 

localization of rat vasopressin mRNA: ultrastructural 

analysis and mapping of targeting elements. Eur J 

Neurosci 9: 523–532.

Racca C, Gardiol A, Triller A (1997) Cell-specific dendritic 

localization of glycine receptor alpha subunit messenger 

RNAs. Neuroscience 84: 997–1012.

Rao A, Steward O (1991) Evidence that protein constituents 

of postsynaptic membrane specializations are locally syn-

thesized: analysis of proteins synthesized within synapto-

somes. J Neurosci 11: 2881–2895.

Rozzo A, Armellin M, Franzot J, Chiaruttini C, Nistri A, 

Tongiorgi E (2002) Expression and dendritic mRNA 

localization of GABAC receptor rho1 and rho2 subunits 

in developing rat brain and spinal cord. Eur J Neurosci 

15: 1747–1758.

Sala C, Cambianica I, Rossi F (2008) Molecular mecha-

nisms of dendritic spine development and maintenance. 

Acta Neurobiol Exp (Wars) 68: 289–304.

Schratt GM, Nigh EA, Chen WG, Hu L, Greenberg ME 

(2004) BDNF regulates the translation of a select group 

of mRNAs by a mammalian target of rapamycin-phos-

phatidylinositol 3-kinase-dependent pathway during neu-

ronal development. J Neurosci 24: 7366–7377.

Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, 

Kiebler M, Greenberg ME (2006) A brain-specific 

microRNA regulates dendritic spine development. Nature 

439: 283–289.



320  M. Skup

Schuman EM (1999) mRNA trafficking and local protein 

synthesis at the synapse. Neuron 23: 645–648.

Shin CY, Kundel M, Wells DG (2004) Rapid, activity-

induced increase in tissue plasminogen activator is medi-

ated by metabotropic glutamate receptor-dependent 

mRNA translation. J Neurosci 24: 9425–9433.

Sigrist SJ, Thiel PR, Reiff DF, Lachance PE, Lasko P, 

Schuster CM (2000) Postsynaptic translation affects the 

efficacy and morphology of neuromuscular junctions. 

Nature 405: 1062–1065.

Smith WB, Starck SR, Roberts RW, Schuman EM (2005) 

Dopaminergic stimulation of local protein synthesis 

enhances surface expression of GluR1 and synaptic trans-

mission in hippocampal neurons. Neuron 45: 765–779.

Spacek J (1985) Relationships between synaptic junctions, 

puncta adhaerentia and the spine apparatus at neocortical 

axo-spinous synapses. A serial section study. Anat 

Embryol (Berl) 173: 129–135.

Spacek J, Hartmann M (1983) Three-dimensional analysis 

of dendritic spines. I. Quantitative observations related to 

dendritic spine and synaptic morphology in cerebral and 

cerebellar cortices. Anat Embryol (Berl) 167: 289–310.

Steward O (1983) Alterations in polyribosomes associated 

with dendritic spines during the reinnervation of the den-

tate gyrus of the adult rat. J Neurosci 3: 177–188.

Steward O (1997) mRNA localization in neurons: a multi-

purpose mechanism? Neuron 18: 9–12.

Steward O, Levy WB (1982) Preferential localization of 

polyribosomes under the base of dendritic spines in gran-

ule cells of the dentate gyrus. J Neurosci 2: 284–291.

Steward O, Fass B (1983) Polyribosomes associated with 

dendritic spines in the denervated dentate gyrus: evidence 

for local regulation of protein synthesis during reinnerva-

tion. Prog Brain Res 58: 131–136.

Steward O, Reeves TM (1988) Protein-synthetic machinery 

beneath postsynaptic sites on CNS neurons: association 

between polyribosomes and other organelles at the synap-

tic site. J Neurosci 8: 176–184.

Steward O, Schuman EM (2001) Protein synthesis at synap-

tic sites on dendrites. Annu Rev Neurosci 24: 299–325.

Steward O, Schuman EM (2003) Compartmentalized syn-

thesis and degradation of proteins in neurons. Neuron 40: 

347–359.

Sutton MA, Wall NR, Aakalu GN, Schuman EM (2004) 

Regulation of dendritic protein synthesis by miniature 

synaptic events. Science 304: 1979–1983.

Swiech L, Perycz M, Malik A, Jaworski J (2008) Role of 

mTOR in physiology and pathology of the nervous sys-

tem. Biochim Biophys Acta 1784: 116–132. 

Tiedge H, Brosius J (1996) Translational machinery in 

dendrites of hippocampal neurons in culture. J Neurosci 

16: 7171–7181.

Tiruchinapalli DM, Oleynikov Y, Kelic S, Shenoy SM, 

Hartley A, Stanton PK, Singer RH, Bassell GJ (2003) 

Activity-dependent trafficking and dynamic localiza-

tion of zipcode binding protein 1 and beta-actin mRNA 

in dendrites and spines of hippocampal neurons. J 

Neurosci 23: 3251–3261.

Tongiorgi E, Righi M, Cattaneo A (1997) Activity-

dependent dendritic targeting of BDNF and TrkB 

mRNAs in hippocampal neurons. J Neurosci 17: 

9492–9505.

Tongiorgi E, Armellin M, Giulianini PG, Bregola G, 

Zucchini S, Paradiso B, Steward O, Cattaneo A, 

Simonato M (2004) Brain-derived neurotrophic factor 

mRNA and protein are targeted to discrete dendritic 

laminas by events that trigger epileptogenesis. J Neurosci 

24: 6842–6852.

Torre ER, Steward O (1992) Demonstration of local pro-

tein synthesis within dendrites using a new cell culture 

system that permits the isolation of living axons and 

dendrites from their cell bodies. J Neurosci 12: 

762–772.

Torre ER, Steward O (1996) Protein synthesis within den-

drites: glycosylation of newly synthesized proteins in 

dendrites of hippocampal neurons in culture. J Neurosci 

16: 5967–5978.

Turrigiano GG, Nelson SB (2004) Homeostatic plasticity 

in the developing nervous system. Nat Rev Neurosci 5: 

97–107.

Urbanska M, Blazejczyk M, Jaworski J (2008) Molecular 

basis of dendritic arborization. Acta Neurobiol Exp 

(Wars) 68: 264–288.

Wang H, Iacoangeli A, Popp S, Muslimov IA, Imataka H, 

Sonenberg N, Lomakin IB, Tiedge H (2002) Dendritic 

BC1 RNA: functional role in regulation of translation 

initiation. J Neurosci 22: 10232–10241.

Watson JB, Coulter PM 2nd, Margulies JE, de Lecea L, 

Danielson PE, Erlander MG, Sutcliffe JG (1994)  

G-protein gamma 7 subunit is selectively expressed in 

medium-sized neurons and dendrites of the rat neostria-

tum. J Neurosci Res 39: 108–116.

Weiler IJ, Greenough WT (1993) Metabotropic glutamate 

receptors trigger postsynaptic protein synthesis. Proc 

Natl Acad Sci U S A 90: 7168–7171.

Weiler IJ, Wang X, Greenough WT (1994) Synapse-

activated protein synthesis as a possible mechanism of 

plastic neural change. Prog Brain Res 100: 189–194.



Dendritic protein synthesis 321 

Weiler IJ, Irwin SA, Klintsova AY, Spencer CM, Brazelton 

AD, Miyashiro K, Comery TA, Patel B, Eberwine J, 

Greenough WT (1997) Fragile X mental retardation protein 

is translated near synapses in response to neurotransmitter 

activation. Proc Natl Acad Sci U S A 94: 5395–5400.

Wells DG (2006) RNA-binding proteins: a lesson in repres-

sion. J Neurosci 26: 7135–7138.

Wetmore C, Olson L, Bean AJ (1994) Regulation of brain-

derived neurotrophic factor (BDNF) expression and release 

from hippocampal neurons is mediated by non-NMDA 

type glutamate receptors. J Neurosci 14: 1688–1700.

Wierenga CJ, Ibata K, Turrigiano GG (2005) Postsynaptic 

expression of homeostatic plasticity at neocortical syn-

apses. J Neurosci 25: 2895–2905.

Zelena J (1970) Ribosome-like particles in myelinated axons 

of the rat. Brain Res 24: 359–363.

Zhang HL, Eom T, Oleynikov Y, Shenoy SM, Liebelt DA, 

Dictenberg JB, Singer RH, Bassell GJ (2001) 

Neurotrophin-induced transport of a beta-actin mRNP 

complex increases beta-actin levels and stimulates growth 

cone motility. Neuron 31: 261–275.


