
Although it has not been directly measured, 
the proteome of a single neuron is certainly 
immense, probably including ~10,000 differ-
ent types of proteins, with total protein num-
bers predicted to be in the range of 4 × 1010 
molecules per cell1–3. The complex morphol-
ogy of neuronal dendrites and synapses 
(FIG. 1), with dendrite arbors that encompass 
~50,000 μm and ~5,500 μm3 of length and 
volume1,2, respectively, pose unique chal-
lenges for the optimization and homeostatic 
regulation of protein concentration in space 
and time. In dendrites, the machineries for 
both protein synthesis and protein degrada-
tion are present and have been shown to 
regulate protein availability during synaptic 
transmission4. In addition, emerging data 
indicate that proteins exhibit high mobility 
between synapses5 and high concentration 
gradients along the length of the dendrite6 
(FIG. 1b). As such, the minimal compart-
ment that serves as the elementary unit for 
synaptic plasticity (for example, a synapse, a 
cluster of synapses, a branchlet, and so on)7 
(FIG. 1) needs to be considered in the context 
of the distribution of local cell biological 
machineries.

Although it is probably fair to say that 
all of the major synaptic molecules have 
been identified, a dynamic understanding 
is lacking. Many aspects of local protein 
synthesis boil down to the question of 
how limiting resources can be produced 
and used locally. However, we still know 
surprisingly little about protein synthesis 

rates, turnover, mobility and exchange at 
the scale of the entire neuron. The role and 
regulation of local protein synthesis and 
degradation during neuronal development 
and synaptic plasticity have been reviewed 
elsewhere4,8–11. Here, we discuss emerging 
dimensions of dendritic and synapse prote-
ostasis and, more specifically, the following 
three questions. First, how does neuron size 
affect the partition between somatic and 
dendritic biosynthetic machineries (FIG. 2a)? 
Second, what are the spatial scales of sub-
cellular compartmentalization in dendrites 
(FIG. 2b)? Last, how does this compartmen-
talization determine the impact of protein 
synthesis on local membrane composition 
(FIG. 2c)?

The constraints on cell biology
It has long been recognized that the gigan-
tic size and complexity of neuronal protru-
sions (FIG. 1a) must exert a colossal pressure 
on cellular metabolism12,13. With surface 
areas up to 10,000 times larger than those 
of fibroblasts, neurons probably evolved 
specialized means to scale up cellular pro-
cesses, particularly the production, traffick-
ing and turnover of membrane components 
(FIG. 2a). Indeed, there are many examples 
of neuron-specific features of common 
cellular ‘machines’ in invertebrates and 
mammals14–19, which suggests that neurons 
solved the grand size problem via qualita-
tive changes rather than just scaling up 
existing solutions. Perhaps consistently, 

recent attempts to relate brain energy 
consumption to neuron numbers and 
morphology across phyla suggest that the 
scaling up of cortex size during evolution 
did increase energetic needs but, regardless 
of neuron size, occurred with a fixed energy 
budget per neuron20.

To what extent do neuron size and 
morphological complexity affect metabolic 
needs and basic cellular features such as the 
abundance, distribution and morphology 
of neuronal organelles? Are there specific 
cell dimensions above which those relation-
ships show non-linear scaling (FIG. 2a)? These 
questions remain largely unexplored. During 
neuronal development, the scaling up of cel-
lular structures with dendritic growth may 
be possible only up to a certain point. For 
example, polyribosomes occur every 1 to 
2 μm along the lengths of both immature 
and mature hippocampal dendrites despite 
an increased density of excitatory synapses 
in more mature dendrites21,22. Differences in 
the regulation of basic cellular functions also 
exist between different neuronal types and 
developmental stages. For example, the mor-
phology of the neuronal Golgi apparatus, 
one of the main components of the secretory 
pathway, differs from one neuron type to 
another, notably among principal excitatory 
cells of the hippocampus (FIG. 3). It is known 
that the morphology of the Golgi system 
directly reflects the specific secretory needs 
of a cell23. It is thus likely that distinct den-
dritic lengths impose specific demands on 
secretory functions and thereby affect Golgi 
morphology24. However, the relationship 
between dendritic length and the morphol-
ogy of the somatic Golgi is weakly correlated 
(FIG. 3c), suggesting a more complicated 
relationship between secretory demands 
and the organization of secretory organelles 
(C.H., E.M.S., L. Kochen and S. tom Dieck, 
unpublished observations). Whether this 
reflects distinct and neuron-type-specific 
divisions of membrane protein synthesis at 
local versus somatic sources remains to be 
determined.

Similar to many cost–benefit discussions 
of evolutionary problems, the question of 
how neuron morphological complexity 
emerged while preserving cell biological 
functionality is a chicken and egg problem. 

O P I N I O N

Proteostasis in complex dendrites
Cyril Hanus and Erin M. Schuman

Abstract | Like all cells, neurons are made of proteins that have characteristic 
synthesis and degradation profiles. Unlike other cells, however, neurons have a 
unique multipolar architecture that makes ~10,000 synaptic contacts with other 
neurons. Both the stability and modifiability of the neuronal proteome are crucial 
for its information-processing, storage and plastic properties. The cell biological 
mechanisms that synthesize, modify, deliver and degrade dendritic and synaptic 
proteins are not well understood but appear to reflect unique solutions adapted 
to the particular morphology of neurons.
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On the one hand, the huge dimensions 
of neurons are a quantitative challenge 
to which cells seem to have responded 
by diversifying the functions of existing 
molecular systems14–19. On the other hand 
(and ignoring, for the moment, dendritic 
spines), the existence of remote dendritic 
segments isolated by many bifurcations and 
situated up to millimetres away from the 
cell body probably facilitates the compart-
mentalization of cellular processes (FIG. 2b), 
‘passively’ conferring novel properties to 
ancient systems. For example, we recently 
showed that the extensive branching of 
mature dendrites cumulatively compart-
mentalizes nascent membrane proteins in 
the endoplasmic reticulum (ER)25. Together 
with other studies26,27, these results indicate 

that although a minimal compartmentali-
zation of secretory trafficking is necessary 
for asymmetrical dendritic growth and 
initial dendritic branching, the increas-
ing complexity of more mature dendrites 
amplifies this very compartmentalization. 
An interesting possibility is that at a given 
point in their development, neurons reach 
a critical size and level of complexity that 
qualitatively changes their responses to 
specific constraints or stimuli. The efficient 
exchange of molecules between the distal 
dendritic segments and the soma are also 
affected by dendritic morphology. It is thus 
likely that the relative impact of global and 
local protein processing will be different 
depending on the developmental stage and 
the neuron type.

Before discussing how these morpho-
logical constraints shape resource allocation 
within neurons, let us first consider the 
diversity and quantities of synaptic proteins, 
their local turnover and their site of production 
within complex neurons.

Synaptic composition and turnover
Diversity of synaptic components and their 
local turnover. The 10‑year period between 
1990 and 2000 witnessed an explosion in the 
identification of the molecular players that 
populate the synapse. Through advances in 
biochemistry, molecular biology and the yeast 
two-hybrid system, the identification and 
cloning of the major receptors and signal-
ling and scaffolding molecules was accom-
plished28. The number of molecules that 
mediate and regulate synaptic transmission 
is large. A recent synthesis of several different 
proteomic studies identified 2,788 different 
proteins as integral components of excitatory 
synapses29. In dendritic spines, however, the 
proteins that are most closely associated with 
the synapse, physically and functionally, are 
those that reside in the postsynaptic density 
(PSD), an electron-dense structure that con-
tains ~300 different protein types, including 
glutamate receptors as well as scaffolding 
and signalling molecules30. The molecular 
heterogeneity of individual PSDs has been 
explored30,31. An average PSD in the rat fore-
brain has a diameter of 360 nm and a mass of 
1.1 ±.4 GDa, with stoichiometries of specific 
proteins ranging from to tens to thousands of 
molecules (TABLE 1).

Long-term imaging studies in vivo indi-
cate that the physical structure of individual 
synapses can be maintained from days up 
to months32,33. Despite this structural stabil-
ity, the turnover (the transit of molecules in 
and out of the synapse) of synaptic proteins 
within these structures is fast (on the scale 
of minutes). Over the past decade, advanced 
live-imaging techniques have revealed the 
rapid and continuous exchange of synaptic 
components between synaptic and extra-
synaptic compartments5. Among these 
approaches, fluorescence recovery after 
photobleaching (FRAP) has been particularly 
useful to compare the synaptic dynamics of 
various proteins. By bleaching fluorescently 
tagged synaptic proteins in defined spatial 
areas, the recovery of fluorescence in the 
bleached region provides information about 
both the molecules that remain resident (the 
‘immobile fraction’) as well as those mol-
ecules that move into the bleached region 
(the ‘recovered or mobile fraction’). FRAP 
has, so far, a limited spatial resolution and, 
because it is a bulk approach, can mask the 

Figure 1 | Size and compartmentalization of the neuronal membrane.  a | Pyramidal cell develop-
ment in vertebrates. The top panel shows the morphological appearance of principal neurons in the 
cortex of frogs, lizards, rats and humans. The bottom panel shows the morphology of pyramidal cells 
at different developmental stages. Note the progressive increase of pyramidal neuron size and mor-
phological complexity (right to left). b | Immunolabelling of a hippocampal slice highlights the con-
trasting distribution of two different potassium channels (hyperpolarization-activated cyclic 
nucleotide-gated channel 1 (HCN1) and Kv4.2) in the apical dendrites of CA1 pyramidal neurons. 
Whereas HCN1 is enriched in distal dendrites (upper part of left image), Kv4.2 is more abundant in 
more proximal segments of dendrites (middle part of right image). The black lines show the corre-
spondence between panels a and b and indicate the orientation of hippocampal CA1 pyramidal neu-
rons. c | Three-dimensional reconstruction of a segment of a CA1 pyramidal neuron apical dendrite, 
showing the variability of dendritic spine morphology. d | Enlargement of a single dendritic spine 
(white dot) at 0 min, 35 min and 100 min after plasticity induction by focal glutamate uncaging, reflect-
ing the potentiation of an individual synapse. SLM, stratum lacunosum moleculare; SO, stratum oriens; 
SP, stratum pyramidale; SR, stratum radiatum. Part a is adapted from REF. 88 © (1894) C. Reinwald & 
Cie. Part b is adapted, with permission, from REF. 6 © (2012) Elsevier. Part c is adapted, with permission, 
from REF. 41 © (1999) Oxford University Press. Part d is adapted, with permission, from REF. 7 © (2011) 
Elsevier.
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Scaling of biosynthetic machinery with neuronal size
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complexity of the molecular interactions 
that structure the synapse34. However, the 
numerous photobleaching studies that are 
available allow a first glimpse at the appar-
ent turnover of many postsynaptic proteins. 
As shown in TABLE 1, recovery half-times 
of the main synaptic proteins vary over an 
order of magnitude and overall are slower 
for ion channels than scaffolding proteins 
(mean ± SEM = 2.8 ± 0.8 min, n = 7, for trans-
membrane proteins (GABAA receptor subunit 
γ2 excluded) and mean ± SEM = 1 ± 0.2 min, 
n = 11, for cytoplasmic proteins; P < 0.05 
using the t‑test). Similarly, average recovered 
fractions show that, as a family, synaptic 
membrane proteins exchange over slower 
time periods than cytoplasmic proteins in the 
PSD (mean ± SEM = 39 ± 4% of initial fluo-
rescence, n = 8, for membrane proteins and 
mean ± SEM = 55 ± 6%, n = 11, for cytoplasmic 
proteins; P < 0.05 using the t‑test). As sug-
gested by high-throughput measurements of 
protein stability (TABLE 2), the lifespan of an 
average protein is (albeit with huge variabil-
ity) on the order of a few days. Taken together, 
this indicates that synaptic proteins cycle in 
and out of the synapse over many rounds 
and, as shown by single-molecule imag-
ing5, explore multiple synapses before being 
degraded5. Although these data provide valu-
able insights into the timescales over which 
synaptic composition and properties can be 
remodelled34,35, they give little information on 
how ongoing protein synthesis contributes to 
the global trading of synaptic components at 
the scale of the entire neuron. The apparent 
fast turnover of synaptic components at syn-
apses implies the existence of readily available 
reserve pools, but strikingly little is known 
of the nature, replenishment mechanism 
and local versus global accessibility of these 
reserve pools (FIG. 2c).

The dendritic transcriptome and the origin 
of synaptic components. From which source 
(or sources) are synaptic proteins synthe-
sized? Until recently, the relatively small and 
largely heterogeneous cast of dendritic and 
axonal mRNAs that had been identified36–38 
suggested that local protein synthesis is not 
a major source of synaptic components and 
may be used only in certain circumstances 
during synaptic plasticity. The strikingly 
little overlap between available studies36–38, 
however, indicated that only a proportion 
of the local mRNA population had been 
identified and prompted us to use more 
sensitive methods to identify the full comple-
ment of mRNAs present in synaptic regions. 
Through a combination of microdissection, 
next-generation sequencing, single-mRNA 

Figure 2 | Outstanding questions regarding protein synthesis and exchange in complex den-
drites.  Hypothetical weights of somatic and dendritic biosynthetic machinery during the develop-
ment of a pyramidal neuron are represented as bubbles (part Aa) or percentage of the maximal 
biosynthetic capacity (part Ab) as a function of neuron size. Distinct spatial scales of proteins com-
partmentalization in dendrites are shown in part B. The protein concentration gradient throughout 
the apical dendrite of hippocampal pyramidal neurons is shown, in which levels of some proteins (for 
example, hyperpolarization-activated cyclic nucleotide-gated channel 1 (HCN1)) tend to increase 
with distance from the soma (part Ba). Three examples of subcellular compartmentalization that alter 
the dwell-time of proteins are shown (part Bb): the accumulation and/or retention of synaptic proteins 
at postsynaptic sites, the passive trapping of cytoplasmic proteins in dendritic spines and the con-
strained mobility of membrane proteins within the endoplasmic reticulum (ER). Protein turnover, pro-
tein lifetime and local changes in membrane composition are shown in part C. Local synthesis of two 
hypothetical proteins in a segment of dendrite in which synapse location, protein stability and turno-
ver at synapses (part Ca) affect the variation of their relative levels at synapses over time (part Cb). The 
production of a short-lived protein with a fast synaptic turnover rate (purple circle; the gradual fading 
of colour represents the transit towards the end of the lifetime of the protein) results in rapid and 
compartmentalized changes in protein composition in a dendritic spine (synapse 1). By contrast, the 
synthesis of a more stable membrane protein (blue rod) that has a slower turnover rate in the dendritic 
shaft results in slower onset and more distributed modifications of synaptic composition (synapse 2). 
Note that the internalization and recycling of receptors in the dendritic spine are not represented. 
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counting and high-resolution in situ hybridi-
zation, we recently identified a surprisingly 
large number of previously unrecognized 
mRNAs in the CA1 synaptic neuropile; we 
obtained a conservative dataset of dendritic 
and axonal mRNAs (hereafter referred to 
as the neuropile transcriptome) containing 
more than 2,500 species39. Together with 
previous studies40, we estimated that the 
total transcriptome of a typical CA1 pyrami-
dal neuron contains at least ~5,000 genes, 
which indicates that a large fraction of its 
transcriptome can be detected within den-
drites39. The soma constitutes less than 5% 
of the somatodendritic volume in a rat CA1 
pyramidal neuron1,41, which implies that the 
huge majority of the total cellular proteome 
functions in neurites, a constraint that would 
explain why mRNA localization seems to be 
the rule rather than the exception.

Importantly, identified dendritic mRNAs 
cover diverse classes of proteins and display 
highly variable expression levels and distinct 
distribution patterns39 (FIG. 3d). These include 
voltage-gated channels, neurotransmitter 
receptors, synaptic adhesion and scaffold-
ing proteins, signalling molecules as well 
as components and regulators of the pro-
tein synthesis and degradation machinery. 
More recently, we performed 3ʹ‑end deep 
sequencing42,43 of neuropile mRNAs (E.M.S., 
G. Tushev, I. Cajigas and T. Will, unpublished 
observations) to analyse relative expression 
levels within the neuropile transcriptome. 
We found that mRNAs encoding major syn-
aptic proteins (or at least those included in 
TABLE 1) are, on average, within the top 25% 
of most abundant species (mean percentile 
rank ± SEM = 0.75 ± 0.04 for the 25 genes 
shown in TABLE 1). To use an alternative 
selection criteria, the 2,285 mRNA species 
present in our updated neuropile dataset 
were compared on the basis of their inclusion 
in relevant gene pathways — ‘glutamatergic 
synapse’, ‘GABAergic synapse’, ‘long-term 
potentiation’ and ‘long-term depres-
sion’ — defined in the Kyoto Encyclopedia 
of Genes and Genomes (KEGG)44. This 
analysis confirmed that mRNAs encoding 
proteins involved in fast synaptic transmis-
sion were particularly abundant within the 
neuropile transcriptome (mean percentile 
rank ± SEM = 0.7 ± 0.04 for the 64 genes 
included in the synaptic subgroup and mean 
percentile rank ± SEM = 0.5 ± 0.006 for the 
other 2,221 genes; P < 10−4 using the Mann–
Whitney U-test). Altogether, these data indi-
cate that many key mediators and regulators 
of synaptic signalling and dendritic excit-
ability may be produced at a local rather than 
somatic source.

Local synthesis of ion channels and the 
organization of the neuronal secretory 
pathway. Despite differences in the num-
bers and identity of mRNA species found 
in neuronal processes, several published 
studies have identified mRNAs that encode 
membrane proteins36–39, raising fundamen-
tal questions regarding secretory processing 
in dendrites. In contrast to cytoplasmic 
proteins, integral membrane proteins of the 
cell surface are synthesized, modified and 
trafficked through the various membrane 
compartments of the secretory pathway. 
Although virtually all of the distinct struc-
tures that constitute the secretory pathway 
can be detected in some dendrites25,45, how 
and to what extent nascent membrane pro-
teins can be processed and trafficked locally 
is still a matter of debate. Two features of 
secretory processing — namely, the appar-
ent continuity of the somatodendritic ER 
and the microtubule-dependent transport 
of cargo that is required for sequential pro-
cessing by the distinct membrane-bound 
structures of the secretory system46 — are 
particularly puzzling, as both could poten-
tially lead to a large spread of proteins 
produced at a local source (that is, in den-
drites), thus compromising local produc-
tion. Nevertheless, evidence suggests that 
local membrane protein production can 
allow for rapid and individual changes in 
synaptic composition47–49.

So how have neurons modified the 
secretory machinery to preserve some 
degree of specificity for remotely synthe-
sized membrane proteins? We have previ-
ously shown that local zones of increased 
ER complexity compartmentalize ER cargo 
at dendritic branch points and near den-
dritic spines, facilitating ER export and 
local processing at discrete secretory hubs25. 
Although it is not yet clear how membrane 
cargo transport can be locally restricted 

Figure 3 | Dendritic morphology and the regu-
lation of cellular machinery.  a | Semi-schematic 
morphologies of rat hippocampal principal neu-
rons in dentate gyrus (DG), CA1 and CA3. 
b | Fluorescent images of DG, CA1 and CA3 prin-
cipal neurons from 4‑week-old rats after immuno-
labelling of the Golgi protein GM130 (also known 
as GOLGA2) (green). (Nuclei are coloured in blue.) 
c | Three-dimensional reconstructions of the 
somatic Golgi apparatus in DG, CA1 and CA3 
principal neurons, showing the distinct morphol-
ogies of the somatic Golgi apparatus (immunola-
belling is the same as in part b). d | Volume of the 
somatic Golgi (mean ± SEM (n = 10–11 neurons) is 
taken from two 4-week-old rats) as a function of 
total dendritic length in the same neuron popula-
tions (dendritic lengths were taken from 
REFS 1,89). Note the non-linearity of Golgi volume 
increase in neurons with increasing dendritic 
length and the potentially linear scaling of this 
parameter in neurons from CA3 and the DG (indi-
cated by the question mark). Part a is adapted, 
with permission, from REF. 90 © (2007) Oxford 
University Press. Parts b–d are taken from C.H., 
E.M.S., L. Kochen and S. tom Dieck, unpublished 
observations.

Glossary

Local turnover
The continuous replacement of proteins within a given 
cellular structure.

Neuropile
Synaptically dense regions of the CNS, containing mostly 
dendrites, axons and glial cells and a small number of 
neuron cell bodies.

Secretory pathway
An array of membrane bound structures comprising the 
endoplasmic reticulum (ER), the ER–Golgi intermediate 
compartment, the Golgi apparatus, the trans-Golgi 
network and vesiculotubular carriers that synthesizes and 
processes secreted and membrane proteins of the cell 
surface.
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Table 1 | Comparison of protein number per PSD, apparent turnover, lifetime and presence of its mRNA in dendrites

Protein  
(copy number*)

Apparent turnover‡ Protein half-life Relative 
abundance 
of dendritic 
mRNA# 

(gene name)

Reporter Assay t1/2 
(min)

RF Refs PSD in vitro§ 

t1/2 (h) 
(antigen)

Lysate 

in vitro|| 

t1/2 (days) 
(gene name)

Total brain 
in vivo¶ 

t1/2 (days) 
(gene name)

Integral membrane proteins

NMDAR GluN1, 
GluN2A and GluN2B 
subunits  
(20)

EPSCs MK‑801 5 30% 
(20 min)

62 13.5 
(GluN1)

1.6 
(Grin1)

0.5–0.6 
(Grin1)

YFP-GluN1 FRAP 6.8 36% 91

12.2 
(GluN2A)

0.1–0.2 
(Grin2a)

15.7 
(GluN2B)

1.8 
(Grin2b)

0–0.1 
(Grin2b)

AMPAR GluA1, GluA2 
and GluA3 subunits 
(60)

SEP‑GluA1 FRAP 3 41% 92 2.1 
(Gria1)

YFP‑GluA1 FRAP 2.11 55% 91 1.9 
(Gria2)

7.2 
(Gria2)

0.9–1 
(Gria2)

SEP‑GluA2 FRAP 1.6–
3.7

47–53% 93 2 
(Gria3)

8.1 
(Gria3)

0.7–0.8 
(Gria3)

CACNG2 (also known 
as stargazin)

CACNG2-GFP FRAP 0.5 25% 94 0.4–0.5 
(Cacng2)

mGluR1, mGluR5  
(20) 

mGluR1 4.4 
(mGluR1)

mGluR5‑GFP FRAP 0.5 54% 95 0.8–0.9 
(Grm5)

GABA
A
R GABA

A
R α1V257C 

subunit IPSCs
MTSES 5 70%  

(30 min)
63 0.8–0.9 

(Gabra1)

SEP‑GABA
A
R β3 

subunit
FRAP 2 20% 96 0.9–1 

(Gabrb3)

SEP‑GABA
A
R γ2 

subunit
FRAP 0.14 40% 97  0.8–0.9 

(Gabrg2)

Cytoplasmic proteins

PSD95 (encoded by 
Dlg4) 
(300)

PSD95‑GFP FRAP 0.8 20% (4 min) 98 7.5 
(PSD95)

3.7 
(Dlg4)

15.3 
(Dlg4)

0.9–1 
(Dlg4)

PSD95‑Venus FRAP 1 35% (7 min) 99

PSD95‑YFP FRAP 4 46% 91

SHANK1–SHANK3  
(150)

GFP‑SHANK2 FRAP 2 41% 
(30 min)

100 4.1 
(Shank2)

0.9–1 
(Shank1, 
Shank3)

SAP102 (encoded by 
Dlg3)

GFP‑SAP102 FRAP 0.28 80% 101 6.5 
(SAP102)

2.1 
(Dlg3)

0.5–0.6 
(Dlg3)

SAP97 (encoded by 
Dlg1) 
(10)

YFP‑αSAP97‑ 
GFP

FRAP 1.1 40% 102 5 
(Dlg1)

9.9 
(Dlg1)

0.5–0.6 
(Dlg1)

HOMER1–HOMER3  
(60)

GFP‑HOMER1C FRAP 1 55% (4 min) 98 2.7 
(HOMER)

4.8 
(Homer1)

0.9–1 
(Homer2)

SYNGAP 
(360)

0.8–0.9 
(Syngap1)

SAPAP1 (also known 
as GKAP)–SAPAP4 
(encoded by Dlgap1–
Dlgap4)  
(150)

YFP‑SAPAP1 FRAP 1 28% 100 0.6–0.8 
(Dlgap3, 
Dlgap4)

AKAP5 
(20)

91 9.2 
(AKAP5)

0.6–0.7 
(Akap5)

CaMKIIα, CaMKIIβ 
(5,600)

GFP-CaMKIIα FRAP 2.35 80% 91 20 
(CaMKII)

3–3.8 
(Camk2a, 
Camk2b)

6.5–8.5 
(Camk2a, 
Camk2b)

0.9–1 
(Camk2a, 
Camk2b)

P E R S P E C T I V E S

642 | SEPTEMBER 2013 | VOLUME 14	  www.nature.com/reviews/neuro

© 2013 Macmillan Publishers Limited. All rights reserved



after ER exit and whether  local process-
ing requires the presence of Golgi mem-
branes45,50, these data strongly suggest that 
neurons have evolved specialized means 
to locally process membrane and secreted 
proteins.

The lifetime of synaptic proteins is a criti-
cal determinant of how long, how far and at 
what speed they can be stored and shipped. 
Although long-lived proteins can potentially 
be traded over long distances, high shipping 
costs or slow transportation speed some-
times dictate local production. Analogously, 
reliance on local production is likely for 
proteins with a short lifetime and those that 
cannot be rapidly recruited to a remote loca-
tion. At present, however, the relative paucity 
of data on the lifetime of synaptic recep-
tors and other ion channels (TABLE 1) makes 
it difficult to evaluate the contribution of 
local membrane protein synthesis to basal 
synaptic function and dendritic excitability. 
However, it is clear that the levels of mem-
brane proteins can be locally controlled in a 
protein synthesis-dependent manner47, and 
evidence suggests that some forms of syn-
aptic plasticity require a rapid, and probably 
local, synthesis of specific receptors. More 
specifically, two electrophysiological studies 
have shown that acute (~25 minutes) and 
specific blockade of AMPA receptor synthe-
sis with small interfering RNA could impair 
the expression of protein synthesis-depend-
ent forms of synaptic plasticity48,49. These 

results thus indicate that new receptors can 
be synthesized, assembled and trafficked to 
synapses within 20–25 minutes in response 
to exposure to a glutamate receptor agonist48 
or brain-derived neurotrophic factor49. For 
comparison, the complete progression of 
nascent cargo through the secretory pathway 
requires up to 120 minutes in specialized 
secretory cells, such as pancreatic exocrine 
cells46. Many secretory proteins are glyco-
sylated and their sugars are modified as they 
progress through the secretory pathway51, a 
feature that is commonly used to distinguish 
mature and immature membrane proteins. 
Indeed, studies in dissociated neurons sug-
gest that nascent AMPA receptors dwell in 
the secretory pathway for hours52, challeng-
ing the notion that new receptors can be 
produced over tens of minutes. The reason 
for this discrepancy is unknown. It is pos-
sible, however, that the glycosylation profiles 
of mature proteins may differ for proteins 
synthesized in the soma and those produced 
locally in dendrites. Indeed, the overall low 
abundance of bona fide Golgi membranes in 
dendrites45, suggests that nascent dendritic 
cargo may ‘bypass’ specific steps of secretory 
processing50 to allow for a more rapid deliv-
ery to the cell surface45. If this is the case, 
then one expects that ion channels and other 
membrane proteins will possess distinct 
functional properties when synthesized in 
the soma or in dendrites. This remains to be 
determined.

Protein exchanges in the dendrite
It is now quite clear that, at least in den-
dritic spines, the local control of membrane 
trafficking is a key mechanism to control 
the level of postsynaptic neurotransmit-
ter receptors53,54. However, we still do not 
know much about the extent to which local 
intracellular reservoirs exchange cargo with 
other pools of receptors (for example, shaft 
endosomes, the extrasynaptic membrane, 
and so on) (FIG. 2c). In addition, whereas the 
dynamics of receptors are now better under-
stood at the scale of the individual synapse5, 
little is known about receptor exchanges 
over larger spatial scales. The rate of these 
global exchanges must be different for pro-
teins freely diffusing in the cytoplasm, those 
in cellular membranes or those actively 
transported in tubulovesicular structures 
along microtubules. Owing to the salta-
tory nature of kinesin- or dynein-mediated 
transport55, it is easy to envision how micro-
tubule-based transport could be controlled 
to prevent (or enable) cargo exchange and 
deposition over long distances. For exam-
ple, phosphorylation of a kinesin family 
member by calcium/calmodulin-dependent 
protein kinase II (CaMKII) results in the 
release of cargo56. As synaptic activity con-
trols CaMKII activity57, this could provide a 
mechanism by which synaptic activity ter-
minates dendritic tubulovesicular traffick-
ing, resulting in the local release of cargo at 
activated synapses. Importantly, long-range 

Table 1 (cont.) | Comparison of protein number per PSD, apparent turnover, lifetime and presence of its mRNA in dendrites

Protein  
(copy number*)

Apparent turnover‡ Protein half-life Relative 
abundance 
of dendritic 
mRNA# 

(gene name)

Reporter Assay t1/2 
(min)

RF Refs PSD in vitro§ 

t1/2 (h) 
(antigen)

Lysate 

in vitro|| 

t1/2 (days) 
(gene name)

Total brain 
in vivo¶ 

t1/2 (days) 
(gene name)

PP1 91 7.3 
(PP1)

0.7–1 
(Ppp1ca, 
Ppp1cb)

α-actinin 2 α-actinin 
2-Venus

FRAP 0.7 60% 99 4.7–6.1 
(Actn1, Actn4)

8.5 
(Actn4)

0.8–0.9 
(Actn1)

β‑catenin GFP-β-catenin FRAP 0.04 60% 103 5 
(Ctnnb1)

0.8–0.9 
(Ctnnb1)

Actin GFP-actin FRAP 0.4 80% 104 15.3 
(Actb)

Gephyrin Venus-gephyrin 
(Ge2.6)

FRAP 0.3 50% 
(10 min)

105

 
AKAP5, A-kinase anchor protein 5; AMPAR, AMPA receptor; CACNG2, voltage-dependent calcium channel γ2 subunit; CaMKIIα, calcium/calmodulin-dependent 
protein kinase II α-subunit; CaMKIIβ, CaMKII β-subunit; Dlg, disks large homologue; Dlgap; disks large-associated protein; EPSCs, excitatory postsynaptic currents; 
FRAP, fluorescence recovery after photobleaching; GABA

A
R, GABA type A receptor; GFP, green fluorescent protein; IPSCs, inhibitory postsynaptic currents; mGluR, 

metabotropic glutamate receptor; NMDAR, NMDA receptor; PP1, protein phosphatase 1; PSD95, postsynaptic density protein 95; SAP, synapse-associated protein; 
SAPAP; SAP90/PSD95-associated protein; SEP, super-ecliptic fluorescent protein; SHANK, SH3 and multiple ankyrin repeat domains protein; t

1/2
, half-life or 

half-time; YFP, yellow fluorescent protein. *Copy numbers per synapse were taken from REF. 28. ‡Apparent turnover half-times and recovery fractions (RFs) at 
synapses in vitro. Indicated values were taken, or approximated by us graphically, from the indicated references. Numbers in brackets after recovered fractions 
indicate the time at which recovered fractions were quantified when recovery plots did not reach a plateau. §Protein stability half-lives in vitro in synaptic 
biochemical fractions76. ||Protein stability half-lives in vitro in total extracts84. ¶Protein stability half-lives in vivo (total mouse brain)83. #Gene name and relative 
abundance within the neuropile transcriptome indicated by binned percentile ranks (for example, 0.8–0.9 indicates that a given mRNA is within the top 80–90% of 
most abundant neuropile mRNAs (E.M.S., G. Tushev, I. Cajigas and T. Will, unpublished observations)).
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exchanges throughout dendrites also seem 
to be limited for proteins diffusing in con-
tinuous structures such as the cytoplasm58, 
the ER25 and the plasma membrane59. An 
interesting notion is that dendritic spines 
and PSDs act as diffusion sinks and traps 
that — passively or by actual binding — 
limit the exploration of large areas of den-
dritic terrain59 (FIG. 2c). Consistently, and in 
contrast to local membrane trafficking, the 
long-range diffusion of receptors at the cell 
surface seems to make only a minor contri-
bution to the fast turnover of relatively distal 
synapses60 (but see REF. 61). Although the 
entire extrasynaptic plasma membrane con-
tains an enormous reserve pool of synaptic 
receptors62–64, the relatively slow mobility of 
membrane proteins5 and the overall com-
plexity of the dendritic surface probably 
limit the actual availability of nascent pro-
teins at the dendritic surface. Consistently, 
recent work suggests that anomalous dif-
fusion within the ER restricts the dendritic 
volume explored by nascent membrane 
proteins before ER exit25. Altogether, these 
data indicate that there can be substantial 

differences between local protein mobility 
and the global exchange at the scale of the 
entire neuron, and perhaps suggest that the 
total levels of these proteins may not neces-
sarily predict their local availability. In other 
words, a local production of relatively long-
lived components in some instances may be 
required to maintain a reliable supply.

Resource allocation in dendrites
The discovery of the rapid recruitment or 
loss of proteins, such as AMPA receptors, 
during long-term potentiation (LTP) and 
long-term depression (LTD) of excitatory 
synapses53,65–68 has proven to be a valuable 
experimental paradigm for understanding 
how basic cellular processes contribute to the 
control of synaptic properties. The regulation 
of protein exchanges between the postsyn-
apse, the plasma membrane and intracellular 
pools has emerged as a critical factor that 
tunes synaptic strength and dendritic excit-
ability54,69. However, it is unclear what frac-
tion of a specific protein is actually in use at 
any given time and whether these fractions 
are different for distinct types of proteins.

Despite various shapes and functional 
properties, synapses display invariant fea-
tures, resulting, for example, in a strong 
correlation between the number of avail-
able synaptic vesicles and the number of 
postsynaptic receptors or the PSD area70,71. 
Exploiting such correlations to study ultra-
structural changes occurring during synaptic 
potentiation, recent experiments showed 
that despite striking variations of synapse 
size and density, total excitatory and inhibi-
tory PSD areas per unit of dendritic length 
are unchanged in activated dendrites72. This 
strongly indicates that plasticity induc-
tion may require redistribution of limited 
resources that are ‘shared’ between synapses 
(FIG. 2c). Consistent with this idea, imaging 
of PSD95 (also known as DLG4) dynamics 
in vivo showed that neighbouring synapses 
locally compete for available molecules 
that are estimated to constitute ~1% of 
the total protein content at the scale of the 
entire cell73. As suggested by the observa-
tion that overexpression of PSD95 can lead 
to increased synapse strength and size74, the 
basal levels of the endogenous protein seem 

Table 2 | High-throughput measurements of global protein stability

Model (tissue or cell 
type)

Method Protein turnover half-life (t1/2) Refs

Median Range Mean ± SEM n (proteins) 

in vitro

Yeast Metabolic labelling and MS 34.25 h (0*) 7.6–217 h 32.3 ± 3.3 h 52 106

Yeast‡ Tagged-protein library and 
immunoblotting

43 min 43 min 3,751 107

Human lung cancer cells Metabolic labelling and MS 20.4 h Min–months 8.5 h 576 108

Human lung cancer cells Tagged-protein library and 
photobleaching

45 min–22.5 h 9 h 100 109

Human cervical cancer 
cells§

Metabolic labelling and MS 35.5 h 8.1 h–5 months 40.5 ± 1 h 4,106 110

Mouse myoblasts§ Metabolic labelling and MS 43.2 h 10.5 h–18 months 68.6 ± 1 h 3,528 110

Cultured neurons 
(total proteins)

Metabolic labelling and MS 4.2 days 5.1 days 2,802 84

Cultured neurons 
(synaptic proteins)

Metabolic labelling and MS 3.7 days 4.1 days 191 84

in vivo

Mouse (brain, liver and 
blood)

Metabolic labelling and MS 0.17 min–11.5 months 1,716 83

Mouse (brain) Metabolic labelling and MS 9 days 1,010 83

Mouse (liver) Metabolic labelling and MS 3.5 days 1,122 83

Mouse (blood) Metabolic labelling and MS 3 days 334 83

Mouse (liver) Metabolic labelling and MS 4.2 days 14.4 h–9.8 days 4.1 ± 0.3 days 31 111

Mouse (kidney) Metabolic labelling and MS 4.4 days 1.4 –12.4 days 4.9 ± 0.4 days 32 111

Mouse (cardiac muscle) Metabolic labelling and MS 10.5 days 3.1 days–7.7 months 22.4 ± 7.6 days 30 111

Mouse (skeletal muscle) Metabolic labelling and MS 28.3 days 3–53.3 days 27.3 ± 3.2 days 20 111

MS, mass spectrometry. *Zero decay after correction for protein dilution due to cell growth over a 51‑hour time course. ‡Protein synthesis was inhibited during the 
experiment. §Non-dividing cells.

P E R S P E C T I V E S

644 | SEPTEMBER 2013 | VOLUME 14	  www.nature.com/reviews/neuro

© 2013 Macmillan Publishers Limited. All rights reserved



to be limiting. It is thus tempting to specu-
late that the wealth of activity-dependent 
mechanisms that facilitate PSD95 recruit-
ment at synapses75 may lead to an abrupt 
and local depletion of available resources. 
The high abundance of Psd95 mRNAs 
among dendritic RNAs suggests an impor-
tant local synthesis of the protein4 (TABLE 1), 
which would thus be crucial for maintain-
ing the local availability of this otherwise 
relatively stable76,77 and abundant protein.

Global versus local protein lifetimes
Measurements of apparent protein stability 
in PSD fractions revealed half-lives, ranging 
from minutes up to tens of hours76 (TABLE 1). 
If it is pretty clear why and how cytoplasmic 
proteins with short lifetimes might be locally 
synthesized at synapses78 (FIG. 2c), the case of 
surface ion channels is more problematic. As 
receptor dwell-times at synapses and inter-
nalization rates are on the order of seconds 
and minutes, respectively5,79,80, receptors 
undergo many rounds of internalization and 
recycling before being degraded, a process 
that is likely to be all the more efficient in 
dendritic spines54. This relatively fast recy-
cling process may allow a local concentration 
of receptors taken from a diffuse pool, per-
haps obviating the need for local synthesis. 
Conversely, the activity-dependent target-
ing of internalized receptors for lysosomal 
degradation79 and the activity-dependent 
recruitment of the proteasome in dendritic 
spines81 suggest that synaptic protein life-
time is subject to potent and compartment-
specific regulations76,82. Indeed, compared 
with average protein half-lives measured in 
bacteria, fibroblasts or total cultured neuron 
extracts83,84 (TABLES 1,2), values obtained 
from isolated synaptic fractions suggest 
that synaptic proteins have a fast turnover 
(mean half-life ± SEM = 3.3 ± 0.5 hours for 
global radioactivity loss after metabolic 
labelling, n = 6 experiments, and mean half-
life ± SEM = 9 ± 3 hours for the 10 proteins 
for which it has specifically been measured; 
see REF. 76 and TABLE 1). More specifically, 
measurements of the half-life of PSD95 in 
total neuronal extracts (~36–87 hours)77,84 
and synaptic fractions (~7 hours)76 revealed 
sensible differences between the global and 
local stability of this synaptic protein.

Interestingly, data suggest that the 
polyubiquitylation and degradation of a few 
‘master’ scaffolding proteins such as SAP90/
PSD95-associated protein 1 (SAPAP1; also 
known as GKAP and DLGAP1) and SH3 
and multiple ankyrin repeat domains protein 
(SHANK) by the proteasome leads to the 
co‑depletion of other synaptic molecules (for 

example, GluN2B) that are not thought to 
be targeted by the proteasome76. Although 
it is not yet clear whether these proteins are 
locally degraded or simply relocalized to 
extrasynaptic pools, these results suggest that 
synaptic proteins live ‘in the fast lane’ and 
may have a shortened lifetime. Consistent 
with this idea, the maintenance of dendritic 
structure seems to require ongoing secretory 
trafficking26, indicating that key membrane 
or secreted proteins need to be replaced 
within hours. Combined with the overall low 
mobility of integral membrane proteins at the 
scale of an entire dendrite, variations of their 
stability in space and time may be such that 
an acute and local synthesis of ion channels 
may be necessary. Similarly, and as discussed 
above for PSD95, the efficient sequestration 
of available cytoplasmic proteins, as well as 
the rapid and input-specific variations of 
available binding slots and the local competi-
tion between synapses, may result in the local 
depletion of available molecules and may 
thus require local synthesis.

PrP products and synaptic tagging
It is commonly believed that although 
changes in the phosphorylation status of 
receptors and associated molecules and their 
local trafficking can drive plasticity of post-
synaptic responses over the course of min-
utes53,54, longer lasting changes in synaptic 
strength requires the activation of transcrip-
tional programmes and/or de novo protein 
synthesis4. A common view is that the result-
ing ‘plasticity-related protein’ (PrP) products 
are released in a shared pool but only incor-
porated in those synapses that have been 
tagged by (during) their prior potentiation85, 
explaining how resources produced remotely 
can be locally incorporated in an input-
specific manner. The actual availability of 
this common pool, the identity and distinct-
ness of PrP products remain unknown. A 
recent paper described elegant approaches 
to tackle these questions. By combining focal 
glutamate uncaging and pharmacological 
activation of protein kinase A, Govindarajan 
et al.7 controlled the induction of ‘early’ 
or ‘late’ forms of LTP (E-LTP and L‑LTP, 
respectively) at individual synapses (FIG. 4a). 
Consistent with the original formulation of 
the synaptic tagging and capture model85, 
the authors showed that PrP products 
produced in response to L‑LTP induction 
and recruited at activated synapses can 
also be recruited by nearby synapses previ-
ously or subsequently tagged by E‑LTP 
induction, converting E‑LTP to L‑LTP at 
tagged synapses7 (FIG. 4b). Taking advantage 
of this temporal bidirectionality and the 

synthesis-dependent or synthesis-independ-
ent nature of PrP products and the synaptic 
tag, the authors selectively measured the 
half-lives of these components (~90 minutes 
for PrP products and ~120 minutes for the 
tag). By monitoring L‑LTP and E-LTP-to-
L‑LTP conversion in synapse pairs located 
on the same or distinct dendritic branches, 
they found that the propagation of PrP 
products was limited by branch points 
(FIG. 4c), providing a compelling illustration 
of the influence of cellular morphology on 
resource sharing in elaborate dendrites. 
By focusing on specific forms of synaptic 
plasticity that rely on de novo synthesis of 
cytoplasmic78 versus membrane proteins48,49, 
it should be now possible to provide a more 
complete picture of how these temporal and 
morphological constraints shape resource 
allocation throughout dendrites. In the long 
run, it will be interesting to determine how 
differences in protein mobility and stability, 
specific dendritic morphologies and the par-
tition between somatic and dendritic protein 
synthesis determine how fast, for how long 
and to what extent synaptic properties can 
be adjusted in an input-specific manner.

Concluding remarks
Although it is now well established that 
various forms of synaptic plasticity require 
de novo protein synthesis4, the identity of 
the proteins that are being synthesized still 
has to be determined. Conversely, evidence 
suggests that activity-dependent protein 
degradation is also tightly controlled during 
synaptic plasticity76,81. However, plasticity-
related ‘degromes’ have not been character-
ized. Future characterization of both the 
plasticity-related proteome and degrome 
must be quantitative, as it is likely that the 
major plasticity-related changes will be 
in the relative stoichiometries rather than 
identities of synaptic proteins. Although the 
standard experimental method to establish 
the protein synthesis- and degradation-
dependence of a given biological response 
is still through the use of generic inhibitors 
of the translation and degradation machin-
eries, the development and availability of 
experimental means to selectively inhibit the 
synthesis of specific proteins and trigger or 
block their degradation is important. 

As illustrated by TABLE 1, there is grow-
ing information but limited consensus on 
the global turnover of synaptic proteins and 
dendritic ion channels (to say nothing about 
mRNA processing and translation) to start 
mining for probable links between these 
parameters. Although available data suggest 
important discrepancies between protein 
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stability measurements taken from cultured 
cells and in vivo by mass spectrometry after 
metabolic labelling (TABLE 2), it is not yet clear 
to what extent these differences are real or 
owing to differences in technique. Indeed, 
important differences may exist in the overall 
accessibility and recycling of labelled precur-
sors in distinct organs and cell populations 
in vivo, which complicates the interpretations 
of available results. Importantly, the contribu-
tion of local ongoing protein synthesis to den-
dritic protein homeostasis and hence synaptic 
properties and dendritic excitability and its 
deregulation in pathological contexts is most 
likely to be different in distinct neuronal types 
and specific compartments (for example, den-
dritic spines). It is thus now critical to develop 
appropriate tools to selectively label, detect 
and purify mRNA and proteins in targeted 
cell populations and cell compartments in 
normal and pathological brains. Although 
experimental strategies to label RNAs86 and 
proteins87 in a genetically restricted manner 
exist and have been characterized in cultured 
cells, efforts should now be made to generate 
and characterize genetically modified models 
to use these molecular tools in vivo.
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