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Abstract

Neurons are characterized by a complex morphology that enables the gener-
ation of subcellular compartments with unique biochemical and biophysical
properties, such as dendrites, axons, and synapses. To sustain these differ-
ent compartments and carry a wide array of elaborate operations, neurons
express a diverse repertoire of gene products. Extensive regulation at both
the messenger RNA (mRNA) and protein levels allows for the differentia-
tion of subcellular compartments as well as numerous forms of plasticity in
response to variable stimuli. Among the multiple mechanisms that control
cellular functions, mRINA translation is manipulated by neurons to regulate
where and when a protein emerges. Interestingly, transcriptomic and trans-
latomic profiles of both dendrites and axons have revealed that the mRNA
population only partially predicts the local protein population and that this
relation significantly varies between different gene groups. Here, we de-
scribe the space that local translation occupies within the large molecular
and regulatory complexity of neurons, in contrast to other modes of regu-
lation. We then discuss the specialized organization of mRNAs within dif-
ferent neuronal compartments, as revealed by profiles of the local transcrip-
tome. Finally, we discuss the features and functional implications of both
locally correlated—and anticorrelated—mRNA-protein relations both un-
der baseline conditions and during synaptic plasticity.
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INTRODUCTION

Neurons are fascinating cells. Neurons arguably possess some of the most complex morphologies,
characterized by the intricate and branched tree-like structures of their dendrites and axons. This
morphology is closely linked to function as dendrites and axons provide not only the tracks for
information flow in nervous systems but also the functionalities to accelerate and decelerate traffic
and to integrate and split stimuli. These functionalities are enabled by the specialization of subcel-
lular compartments that can operate with biochemical and electrical autonomy, while maintaining
communication and coordination within the whole cell through signals spanning intracellular do-
mains. The superimposition of compartment-specific and neuron-wide processes is particularly
apparent in the synapses formed by the axons and dendrites of different neurons, which can be
individually potentiated or depressed while still contributing to dynamic responses of the entire
neuron. Impressively, a typical neuron constantly computes the activity of tens of thousands of
synapses across its dendritic and axonal arbors. Additionally, neurons seamlessly overcome the
challenges of operating across the relatively large volumes and distances that accompany their
extensive structures. The average volume of a neuron [~30,000 wm?, BioNumbers identification
number (BNID) 112496] is over 10,000 times that of most mammalian cells (e.g., average Cos7
cell volume is ~2 pm?, BNID 101666), while dendrites and axons usually extend distances of
millimeters and centimeters, respectively.

THE NEURONAL TRANSCRIPTOME: AN UNPARALLELED DIVERSITY
OF GENE PRODUCTS

Not surprisingly, the molecular machinery underlying these neuronal properties is equally fas-
cinating and complex. This complexity commences at the level of transcription. Early RNA se-
quencing (RNA-seq) studies showed that the brain expresses over 70% of all genes and possesses
an extremely complex transcriptome (139). In support of this, recent single-cell RNA-seq (scRINA-
seq) studies have detected expression of >8,000 genes, on average, in individual neurons, which is
approximately double the number of genes detected among nonneuronal single cells (161). This,
however, is likely an underestimation as scRNA-seq methods only capture a snapshot of a cell’s
transcriptome, and even the most sensitive methods consistently fail to detect a significant per-
centage of messenger RNAs (mRNAs). Such complexity is further expanded by mechanisms that
generate multiple isoforms per gene. Indeed, a recent profile of full-length transcripts in the hip-
pocampus revealed that ~72% of detected genes express multiple isoforms, with an average of
3.9 isoforms per locus (173). Events of alternative splicing, one of the mechanisms responsible
for isoforms that encode different proteins, are more abundant in the brain compared to other
tissues (113) and in neurons compared to other brain cell types (188). Other mechanisms such
as alternative polyadenylation generate neuron-specific isoforms containing elements within un-
translated regions that regulate when and where an mRINA is translated (6). As predicted by the
transcriptome, the brain proteome is one of the most complex among all tissues (168), and neu-
rons possess the most complex proteome among brain cells (153). However, the full complexity
of the neuronal proteome is still obscure as current methods are unequipped to widely distin-
guish protein isoforms and detect posttranslational modifications (P TMs). Indeed, recent studies
suggest that phosphorylation is highly abundant and dynamic in the brain proteome, particu-
larly in synapses, for example, during sleep-wake cycles (18, 174). Additionally, compared to other
cells, neurons exhibit unique glycosylation patterns in hundreds of surface membrane proteins

72).
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SPECIALIZED NEURONAL COMPARTMENTS AND ORGANELLES

The diversity among the gene products of a neuron is exploited to customize its subcellular com-
partments including the soma, axons, dendrites, and synapses as well as their respective organelles
(Figure 1). This process relies on the transport and recruitment of proteins to their proper or-
ganellar destinations and microenvironments, which may vary significantly according to the com-
partment. For example, the Golgi apparatus is mostly absent from neuronal processes (80), while
other structures like microtubules and mitochondria are present throughout the neuron, but their
organization, orientation and shape varies between somata, dendrites, and axons (135, 140, 181)
(Figure 1). The translational machinery itself is also differentially organized between and within
compartments. Ribosomes in cell bodies are more often arranged in polysomes (multiple ribo-
somes bound to a single transcript), while neuronal processes are enriched in monosomes (single
ribosome bound to a transcript) (12). Additionally, within a dendrite, ribosomes appear in local
hotspots spanning between 5 and 10 pm in length, which tend to coincide with neighborhoods
of high synaptic density (26, 157). Furthermore, differences in local microenvironments (e.g., pH,
salt concentration) may be conducive for protein interactions that generate liquid phase conden-
sates, whose shapes and compositions are less stable than membrane organelles (25). Although
we are still learning about the functions of these condensates, it is clear that they play essential
roles in subcellular RNA localization (54) and the generation of critical synaptic structures, in-
cluding the presynaptic active zone and postsynaptic density (PSD) (25). Consistent with the vari-
able receptive and physiological properties of neuronal compartments, the subcellular localization
of integral plasma membrane proteins is also tightly controlled. For example, at the microscale,
the localizations of type 1 voltage-gated sodium channels and voltage-gated potassium channels
KCNQ2/KCNQ3 are restricted to the axon initial segment and nodes of Ranvier (125), while the
N-methyl-p-aspartate (NMDA) receptor (NMDAR) subunit GluN2B and the potassium channel
HCNI1 are mostly limited to the proximal and distal dendrites of CA1 pyramidal neurons, respec-
tively (4, 107). At the nanoscale, glutamate o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors (AMPAR) in the PSD form multiple clusters (nanodomains), which align
with glutamate release sites in the presynaptic terminal to form excitatory nanocolumns, while
NMDA receptors group in a unique cluster at the center of the PSD (11, 64).

PLASTICITY MECHANISMS AND TIMESCALES

In addition to subcellular compartment specialization, the complexity among neuronal gene prod-
ucts enables tailored responses to diverse stimuli while also recording information about their
nature. Remarkably, the molecular configuration of a neuron can track the number, nature (ex-
citatory, inhibitory, and modulatory), strength, and subcellular localization of inputs occurring
within variable time windows (27, 30, 147). Furthermore, this information can be retained (via
plasticity mechanisms) from milliseconds to days and maybe much longer by a relay of spatially
regulated molecular changes (Figure 2). Short-term changes in synaptic strength (milliseconds
to minutes) rely mostly on the activity of kinases, phosphatases, and GTPases of various signal-
ing pathways (126). In presynaptic terminals, for example, phosphorylation induced seconds after
stimulation alters active zone proteins and is mainly driven by CaMK2A and ERK (48). Interest-
ingly, recent work has also identified a set of phosphorylation sites in the neuronal proteome that
exhibit reciprocal changes within minutes of treatments that induce synaptic up- and downscal-
ing (38). At longer timescales (minutes to hours), changes in synaptic strength rely on changes to
the proteome mediated by the synthesis and degradation of proteins (20, 159). In fact, a signifi-
cant fraction of proteome remodeling happens locally, as is the case for brain-derived neurotrophic
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Figure 1 (Figure appears on preceding page)

Spatial organization of neuronal compartments and organelles. Neurons are characterized by high spatial organization. At the macro
level, dendrites, the soma, and axons show specialized organelles (including the Golgi apparatus, cytoskeleton, and mitochondria). At
the microscale, different receptors or channels can be found within axonal (AIS versus nodes of Ranvier) and dendritic (proximal versus
distal) compartments. At the nanoscale, the spatial arrangement of several synaptic components is tightly regulated between the pre-
and postsynapse, to maximize the release and reception of neurotransmitters, including the alignment of the glutamate release sites and
clusters of AMPA receptors (see the section titled Specialized Neuronal Compartments and Organelles for more details).
Abbreviations: AIS, axon initial segment; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR,

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR, N-methyl-p-aspartate receptor.

factor (BDNF)-induced potentiation, late-phase long-term potentiation (LTP), and metabotropic
glutamate receptor (mGluR)-dependent long-term depression (L' D), which require protein syn-
thesis and degradation in dendrites (74, 79, 94). Proteome-wide characterizations of turnover dur-
ing these forms of plasticity are unclear but were recently described during homeostatic scaling
(165), a different form of plasticity. Although the majority of regulated proteins exhibited a re-
duction in either their synthesis or degradation rates following scaling, a subset mainly composed
of synaptic proteins exhibited an increase in synthesis or degradation (44). For plasticity to be
sustained for hours onward, additional nuclear processes are required, including activity-induced
transcription and chromatin modifications (24, 180). Because of its central location and fast induc-
tion, transcription changes may integrate neuron-wide information about activity, including the
nature, frequency, duration, and location of stimuli. Indeed, transcriptional responses to various
patterns of neuronal activity can be classified in three waves of gene activation, where the specific
genes induced vary according to activity pattern (167). However, for transcriptional changes to
persist well beyond plasticity-inducing stimuli, mechanisms that regulate loci accessibility to the
transcriptional machinery are needed. Interestingly, in mice, memory retrieval after fear condi-
tioning is normal when DNA methylation or nucleosome histone exchange are blocked in the

Transcription

Immediate response to plasticity

Sec Min Hours Days

Time after synaptic stimulus

Figure 2

Simplified model of different temporal domains and mechanisms of gene regulation during synaptic
plasticity. Short-term synaptic changes are mediated initially by posttranslational modifications, followed by
regulation of the synthesis and degradation of proteins. Long-term synaptic plasticity often requires global
changes implemented in the nucleus by transcription and epigenetic regulation. Abbreviation: PTM,
posttranslational modification.
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hippocampus just 2 days after training but abnormal when they are blocked 30 days after training
(114, 189), indicating an extended window of transcriptional regulation during long-term mem-
ory. The specific contributions of chromatin modifications to neuronal function are still obscure,
but there is much focus on the modified transcription of genes encoding synaptic proteins (24).

Together, the data discussed above highlight our growing understanding of how a neuron’s
rich repertoire of gene products enables some of its highly diverse operations. It is clear that
the location and time frame of the operation strongly influence whether regulation occurs at the
mRNA or protein level and which process it is driven by. Generally, fast responses begin locally
through protein PTMs, while at the other extreme, neuron-wide responses are much slower and
depend on transcriptional changes. Between these two poles are mRNA translation and protein
degradation, which can be initiated locally at timescales between those of protein modifications
and transcription. However, among the diverse set of neuronally expressed genes, what functions
are best accommodated by each regulatory process? What factors influence the degree to which a
gene function relies on a particular regulatory process? Here, we choose to focus these questions
on translation as its spatial regulation can bridge fast and slow responses, as well as local and
global operations. The scope of this article is not to summarize recent advancements in the field
of neuronal translation, for which we refer the reader to valuable reviews (20, 79, 92). Instead, we
build on the knowledge of the field to try to understand the impact of spatially regulated translation
on different gene functions. We begin by discussing the relation between local transcriptomes and
their respective translatomes and proteomes.

THE LOCAL TRANSCRIPTOME AND ITS RELATION TO THE LOCAL
TRANSLATOME AND PROTEOME

To understand the role of translation across different neuronal compartments, we must first under-
stand how the transcriptome varies from one compartment to another. Because the neuronal soma
houses the source of transcription (the nucleus), its transcriptome provides the pool from which
other subcellular transcriptomes are derived. Indeed, using scRNA-seq to separately profile the
dendritic and somatic transcriptomes of single neurons, Perez et al. (132) detected ~14,000 genes
expressed among somata sharing a cell identity, of which at least ~4,000 (~30%) were present
among their respective dendrites. Additionally, the relative abundances between genes detected in
the soma (e.g., gene A 4x more abundant than gene B) are by and large conserved in dendrites
(22,49, 132). Nevertheless, deviations from this pattern do occur as some mRNAs are significantly
over- or underrepresented in dendrites and axons, relative to their somatic levels (132, 172). Thus,
besides absolute values, local mRNA abundance can be evaluated in terms of enrichment relative
to the somatic transcriptome. Transport of mRNAs from the soma to neuronal processes relies
on a complex interplay between elements mainly in untranslated regions of targeted mRNAs,
RINA-binding proteins, and the intracellular transport machinery (for reviews, see 35, 62). Inter-
estingly, some of these components may also be used to prevent some transcripts from entering
the processes (111).

As we will see, the patterns of mRINA localization can vary both between and within the den-
drites and axons. However, a core set of mRNAs has been consistently found in the transcriptome
of most neuronal compartments (96). Prominent among them are mRNAs encoding cytoskele-
tal and mitochondrial proteins, translation factors, and ribosomal proteins (RPs). Although all of
these are locally abundant, mitochondrial and RP mRNAs are also enriched relative to the somatic
transcriptome. Profiles of axonal projections (containing both axons and terminals) have revealed
significant differences according to developmental stage, where mRNAs encoding cytoskeletal and
cell cycle proteins are enriched in embryonic but not adult projections, while mRNAs encoding
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inflammation and immune regulators are enriched in adult but not embryonic projections (67).
Significant differences may also exist between the axon shaft and its terminals. Recently, high-
resolution spatial transcriptomics has revealed strikingly low complexity in axon shafts compared
to somata and dendrites in culture, with mRNAs encoding kinesin motors and kinesin-related
proteins making up the majority of the axon shaft transcriptome (172). Terminals, however, ex-
hibit a more complex transcriptome. During development, an axon’s growth cone is enriched for
a few hundred mRINA species that, besides the common set outlined above, encode regulators of
growth and of homophilic interactions (136). By adulthood, the transcriptome of terminals be-
comes tuned to presynaptic functions as it is enriched for mRNAs encoding proteins of the active
zone and of locally active signaling pathways (69, 149). To characterize the dendritic transcriptome,
our group has taken advantage of the CAl neuropil, where the dense organization of the dendrites
of pyramidal neurons constitutes most of the cellular matter (22). Transcriptome-wide analyses of
this region revealed an enrichment of mRINA encoding postsynaptic proteins, including compo-
nents of the PSD, neurotransmitter and neuromodulator receptors, and an extensive set of sig-
naling proteins. Strikingly, within dendrites, the mRNA distribution varies according to function,
with regions proximal, intermediate, and distal from the soma exhibiting variable combinations of
mRNAs encoding receptors, PSD components, kinases, and phosphatases, among others (1, 22,
100, 172). Moreover, certain mRNAs, like Shankl, may be specifically enriched within spines,
while others, such as Camk2a and Ddn, appear to reside in the dendritic shaft (1).

To understand the significance of local transcriptome patterns, it is necessary to ask the follow-
ing: How much do mRINA levels explain those of local proteins? Besides local mRINA abundance,
local protein levels depend on the rates of local translation, protein degradation, and protein trans-
port in and out of compartments (52), all of which are poorly understood compared to mRNA
levels. In the CAI neuropil, transcription levels can explain ~70% of the variability in transla-
tion rates and over 75% of translation differences between neuropil and somata (61), suggesting
that translation activity largely reflects local mRNA levels. In contrast, the local transcriptome or
translatome explains only 26% or 33 % of the variability in the local proteome, respectively (12).
Similar modest correlations between the transcriptome and proteome were observed for neurites
in culture, as well as in the growth cone (136, 185). A high correlation between local transcrip-
tome and translatome, but modest correlation between either one and the local proteome, may
be explained by a combination of factors (19). Technical differences in the handling of RNAs and
proteins likely add noise to these comparisons and may systematically reduce correlations. Phys-
iologically, regulated protein degradation simultaneously sculpts the local proteome while also
removing excesses in the production of particular proteins (90, 159). Indeed, brain mRNA abun-
dance and protein turnover appear to be uncorrelated in vivo (55), suggesting that regulation of
protein degradation could partially explain the modest correlation between translation and protein
levels. Additionally, some proteins may be somatically synthesized and transported to a compart-
ment, while others may be locally synthesized and then transported out of a compartment (120).
Finally, the local presence of an mRINA (or even its association with ribosomes) may better reflect
the future local proteome rather than the current one. For example, circadian oscillations in the
synaptic transcriptome are reflected in the synaptic proteome 24 h later (127).

Importantly, the power of mRINA levels to predict protein levels can significantly vary accord-
ing to the gene, indicating that different functions rely more or less on local translation versus
posttranslation regulation. Conceptually, local translation provides multiple non-mutually exclu-
sive advantages for protein regulation (79). First, a neuron can preserve energy by transporting
mRNAs that produce multiple local proteins, instead of transporting the same number of pro-
teins. Second, local translation can produce a protein at the specific place of need and in environ-
ments suitable for proper folding and macromolecular complex assembly, thus forgoing undesired
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Figure 3

The relation between mRNA and protein levels in neuronal processes for several gene categories. Both the
mRNA and protein of components of the spliceosome, Golgi apparatus, and the histones tend to be
restricted to the cell body, while both the mRNA and protein of components of the cytoskeleton,
mitochondria, ribosome, and postsynaptic density are abundant in neuronal processes. The mRNAs of other
categories, including components of the proteasome, synaptic vesicle membrane proteins, and AMPARs,
tend to be de-enriched in processes, although the proteins are abundant there. Finally, the mRINAs of some
transcription factors are abundant in processes even though their encoded proteins are rarely found there.
The functional consequences of local translation (or lack thereof) of some of these groups are described in
the main text. Abbreviations: AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
mRNA, messenger RNA.

protein interactions during trafficking or the required transport machinery to specifically target
the protein to its final destination. Finally, local translation enables fast local responses to extra-
cellular stimuli, as discussed in the section titled Functional Contributions of Local Translation
to Long-Term Plasticity. This leads to the question, Which cellular functions are better accom-
modated by local translation in neuronal processes and which are not? To address this question,
we select some examples of functional gene groups belonging to categories defined by the local
relation of their mRNAs and proteins and consider how local translation, or lack thereof, affects
these functions (Figure 3). First, we consider gene groups for which both the mRNAs and cor-
responding proteins are locally enriched. Then, we discuss gene groups for which the mRNAs
are not locally enriched but the corresponding proteins are. Finally, we examine gene groups for
which the mRNAs are locally enriched but the corresponding proteins are not.
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LOCALIZED mRNA AND LOCAL PROTEIN FUNCTION
Mitochondrial Proteins

The many enzymatic operations performed across a neuron’s large structure engender a high en-
ergetic cost. These energetic demands vary across cellular compartments, with synaptic transmis-
sion using as much as 44% of the available adenosine triphosphate (ATP) (73). To address these
demands, neuronal mitochondria are distributed throughout the entire cell, providing local ATP
sources for ongoing intracellular and extracellularly imposed demands (141). Distal compartments
receive sufficient supply of this organelle through active transport and mitochondrial fission and
fusion dynamics. However, to maintain a healthy local pool that adapts to local energetic demands,
efficient protein turnover must be locally available to replace old and damaged mitochondrial pro-
teins (116). To address this issue, the mRNAs of hundreds of nuclear genes encoding mitochondrial
proteins are transported to neuronal processes where their translation products replace degraded
proteins (58, 98). In fact, these mRNAs are localized to the mitochondrial surface, where they are
translated and, presumably, immediately integrated into the organelle (29). Consistent with the
high energy expenditure of synapses, mitochondrial proteins are one of the most enriched gene
groups in both the axonal and dendritic transcriptomes (69, 132, 149, 162).

Mitochondria exhibit distinct morphologies according to cell type and subcellular compart-
ment that tailor their functions to variable cellular conditions (60). In neurons, axonal mito-
chondria are relatively small (~3 pm), motile, and largely restricted to the presynaptic terminals
(36, 135). Furthermore, highly active terminals tend to have larger mitochondria with increased
crista density and folding, features associated with increased energy production (34). By contrast,
dendritic mitochondria form long interconnected filaments (~30 pm) and are mostly stationary
in dendritic shafts (36, 135). These features are correlated with increased coordination over larger
distances between mitochondria and local environments (60). In presynaptic terminals, the ATP
burden is divided between mitochondria and glycolysis. It is known, however, that in postsynap-
tic compartments local translation is solely powered by mitochondria, and it is unclear whether
glycolysis meaningfully contributes to other local processes (141). These observations correlate
with quantitative differences in the proteome of somatic and presynaptic mitochondria (171), but
whether local protein synthesis contributes to these differences is still unexplored.

It is also worth noting that local protein synthesis in neurons is also highly dependent on mi-
tochondrial function. This is evident in the overlapping distribution of mitochondria and trans-
lationally active spots in both developing axons and mature dendrites (29, 140, 154). Additionally,
in developing axons, the depletion of mitochondria abolished the overlapping local translation
and diminished axonal branching (154). In dendrites, the elimination of individual mitochondria
blocked the upregulation of local translation and structural changes of neighboring spines that
are normally induced by synaptic plasticity (140). Finally, such interdependent relationships be-
tween mitochondria and local protein synthesis may amplify deficiencies in either process and
eventually lead to disease. Indeed, recent studies suggest that mutations in genes related to either
function negatively affect the other function and play a key role in neurological diseases such as
Charcot-Marie-Tooth (29) and Fragile X syndrome (102), among others (103).

Ribosomal Proteins

The presence of RP mRNAs has been one of the most consistent findings of transcriptomic stud-
ies of axons and dendrites, detected in a variety of cell types and organisms, including excitatory
and inhibitory neurons as well as sensory and motor neurons from invertebrate, amphibian, and
mammalian species. Moreover, RP mRNAs have also been reported in the perisynaptic processes
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of astrocytes (112, 145) and in the protrusions of mesenchymal cells (37, 110) and the intesti-
nal epithelium (119). These observations suggest that the localization of RP mRNAs to cellular
processes is a common feature of polarized cells.

The detection of RP mRNA in remote cellular locations is difficult to reconcile with our cur-
rent understanding of ribosome biogenesis. Eukaryotic ribosomes are made from ~79 RPs and
4 ribosomal RNA (rRNA) species. Much of the research over the last 45 years has shown that
RPs are incorporated into ribosomes in a process that mostly takes place in the nucleus as rRNAs
are transcribed (15, 164). However, the canonical view of ribosome biogenesis cannot explain the
heterogeneity in ribosome stoichiometry shown in an emerging cohort of work (reviewed in 47).

Many axonal/dendritic transcriptomic studies have detected a large majority of the ~79 RP
mRNAs in the dendrites or axons (96). Despite differences in absolute dendritic abundance, den-
dritic enrichment relative to the soma is uniform across RP mRNAs, suggesting a common mech-
anism might regulate their localization (132). The 5’ terminal oligopyrimidine (TOP) motif that
has been shown to control translation of all RPs as a functional group (101) has also been recently
implicated in regulating their localization (136, 150). Interestingly, some RNA-binding proteins
that are known to specifically bind this motif have also been detected in distal processes, suggesting
they could be responsible for RP mRINA localization (37, 124, 169). Finally, recent studies have
demonstrated that RP mRNAs bound to translating ribosomes in tissues enriched for neuronal
processes (12, 149) and nascent RPs have been directly visualized in the dendrites of hippocam-
pal neurons (57), together indicating that RP mRNAs are localized and translated in axons and
dendrites.

What are the functional consequences of localizing and translating RP mRNAs in distal pro-
cesses? In developing Xenopus neurons, a subset of RPs was shown to be locally synthesized and
incorporated into assembled ribosomes in axons that were physically severed from their cell bod-
ies (150). Another study found 12 of the 80 RPs in rat neurons can rapidly incorporate into mature
ribosomes, even when ribosome biogenesis is pharmacologically inhibited (57). In this study, the
12 identified RPs largely occupy surface positions on the ribosome and exhibit fast and dynamic
incorporation into neuronal ribosomes. Another recent study suggested that in migrating cells
RPs synthesized at protrusions travel to the nucleus, where they enhance ribosome biogenesis
(37). These data, taken together with data from other systems, challenge the dominant view of
ribosomes as stable and monolithic machines and suggest a more dynamic picture.

What function might locally remodeled ribosomes serve in axons, dendrites, and other cellular
locales? In the subsections below, we describe some potential functions.

Activation of ribosomes in local translational hotspots. There is active debate about the trans-
lational status of localized mRINAs and ribosomes in dendrites and axons (79). If some dendritic/
axonal ribosomes exist in a premature state, the local synthesis of some RPs could serve to switch
on an otherwise incompetent translational machinery. This could be used to rapidly regulate the
translation capacity of individual neighborhoods by the in situ maturation of ribosomes. The ma-
turity status of the ribosomes present in processes remains to be investigated, although a few
ribosome biogenesis factors have been detected in the growth cone (150).

Maintenance and repair of damaged ribosomes. The ribosome is one of the most complicated
macromolecular assemblies present in cells, and its assembly in the nucleus and subsequent trans-
port to the periphery are energetically costly (65, 175). As such, replacing individual RPs when
damaged would be especially advantageous in neuronal processes to sustain protein synthesis.
It is currently believed that ribosomes are degraded as a whole complex by specialized forms
of autophagy and proteasomal degradation (3). However, site-specific ubiquitylation events of
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individual RPs have been reported (78, 89), and in neurons the half-life of RPs spans between 4
and 10 days (45, 55).

On-demand specialization of the translational machinery. One potential function for local
translation in neurons is the site-specific translational regulation of different mRINAs, depending
on the pattern and nature of local synaptic activity. Neurons could use the local dynamic incorpora-
tion of RPs to change the stoichiometric composition of their translational machinery. Ribosomes
with different compositions could differentially engage with specific mRINAs (47). Interestingly,
three RPs that have shown a dynamic incorporation profile into neuronal ribosomes [RPL38,
RACKI, and RPS26 (57)] have been reported to direct mRNA-specific translation in other sys-
tems (50, 109, 179). In addition, the axonal pool of mRNAs encoding some RPs has been reported
to be sensitive to neuronal stimulations (178). Whether this results in a differential composition
of ribosomal particles remains to be investigated.

mRNA NOT LOCALIZED WHILE PROTEIN FUNCTIONS LOCALLY:
PROTEASOMAL PROTEINS

As discussed above, after an initial phase (seconds) driven mostly by PTMs, neurons respond
to external stimuli by remodeling the synaptic proteome via local synthesis and degradation
of proteins. In fact, dendrites and axons contain not only the translational machinery but also
components for the regulated degradation of proteins. The turnover of organelles and membrane
proteins is performed by the autophagy-lysosome system, while the ubiquitin-proteasome system
degrades proteins. Both systems are present in dendrites and axons (13,23, 97, 131). In fact, recent
publications have even suggested that some proteasomes may be bound directly to the neuronal
plasma membrane where they respond to synaptic calcium signaling (137, 138). The presence
and activity of local proteasomes are dynamically regulated to maintain the synaptic proteome
(159) and are required for several forms of synaptic plasticity (23, 70, 75), as well as for learning
and memory (51, 99, 106). Interestingly, most mRNAs coding for the proteasome components
are de-enriched in dendrites and axons (61, 132, 136). Hence, the proteasome is an example of
the transcript class where the encoded proteins, but not the mRNAs, are abundant in processes.

The 26S proteasome is composed of 33 proteins, arranged in a core particle (20S) that possesses
proteolytic activity and a regulatory particle (19S) that recognizes, unfolds, and translocates ubiq-
uitinated proteins to the catalytic core. The two particles are assembled independently and—after
conformational changes mediated by dedicated chaperones—the 19S and 20S are joined (122,
144). To ensure protein homeostasis, proteasome levels are tightly regulated at the transcription
level (in mammals mainly via the transcription factor NRF1); however, less is known about post-
transcriptional and translational regulation of the proteasome (121, 144). At the mRNA level, it is
interesting to note that the proteasome is one of the most enriched gene categories among tran-
scripts that possess a single 3" untranslated region (UTR) in hippocampal neurons (166). As distally
localized genes usually have multiple 3’-UTRs with distinct localization domains, the presence of
only one 3’-UTR in proteasome mRINAs may be one of the reasons for the de-enrichment of
proteasome subunit mRNAs in processes. Surprisingly, only two proteasome transcripts were de-
tected at higher levels in the dendritic arbors of hippocampal neurons: the ones coding for the f6
and B7 subunits, which are among the last proteins to be incorporated in the core particle (132).
In particular, B7 incorporation leads to the dimerization of two half-proteasomes (15S) and for-
mation of the 20S (95). Whether the half-proteasomes (15S) are present in distal processes and
the local translation of B7 is used to complete proteasome assembly in dendrites remains to be
investigated.
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Local levels of proteasomes at synapses are also regulated by active transport. For example, af-
ter neuronal depolarization, the proteasome is rapidly sequestered in dendritic spines (13), owing
to its association with CaMKIIa (14). In the opposite direction, the retrograde transport of protea-
somes from the growing axon to the soma, mediated by protein kinase A (PKA), has been shown
to establish the asymmetric proteostasis required for axon formation (81). Recently, the adaptor
protein PI31 was reported to couple axonal proteasomes to a specific dynein motor protein. This
interaction, regulated by p38 MAPK phosphorylation, mediates the bidirectional movement of
the proteasome between somata and axons and is required for normal presynaptic morphology
(104). These and other examples show how neurons dynamically regulate proteasomal localiza-
tion, often through activity-dependent PTMs of the proteasome itself or of interacting proteins.

PTMs, particularly phosphorylation, of its core subunits can also regulate the activity state
of a proteasome (68). Historically, it was believed that the degradation of a protein was defined
merely by its ubiquitination and that—once recruited to the proteasome—protein degradation
was inevitable. Recent developments, however, have revealed a regulatory role for the protea-
some itself in determining whether a ubiquitinated protein is degraded or not (31). Related to
this, in hippocampal neurons under baseline conditions, 80% of the 26S proteasome appears not
to be engaged in substrate processing (5). In neurons, two kinases have been shown to regulate
proteasomal activity: PKA [reported first in Aplysia (75)] and CaMKII (more often described in
mammals). For example, CaMKII-mediated phosphorylation increased proteasomal activity af-
ter synaptic plasticity (42) as well as during memory retrieval and learning (84, 85). Interestingly,
proteasome phosphorylation not only can regulate on/off activity but can also impact the selec-
tion of substrates. For example, in other systems, proteasome phosphorylation by PKA specifically
increases the degradation of short-lived proteins, which often are regulatory proteins (105). Al-
together, these observations suggest that neurons may rely more on PTMs and active transport
of the proteasome, rather than on local translation of its components, to regulate proteasomal
degradation at synapses.

Finally, to sustain protein homeostasis, changes in protein degradation are often coordinated
with changes in protein synthesis and vice versa. For example, proteasome inhibition in neurons
leads to a decrease in protein synthesis (2). During aging, loss of proteasomal activity in the brain
results in ribosome stoichiometry alterations and aggregation (93). In fact, several forms of synap-
tic plasticity as well as memory retrieval require a coordinated action of both translation and degra-
dation of plasticity-related proteins, and when only one of these two mechanisms is inhibited, the
phenotype is impaired (53, 94, 99). Ribosomes and proteasomes can also directly regulate one an-
other. For example, during axon guidance, the proteasome degrades the translational suppressor
FMRP and thus enhances the local synthesis of specific proteins (160). Proteasomal degradation
is also responsible for the reduction of ribosome levels observed in axons after synaptic formation
(32). Although the coordinated regulation between ribosomes and proteasomes is characterized
to some extent at the protein level, it remains unclear if crosstalk also occurs at the transcrip-
tion level. It would be particularly interesting to explore whether the different levels of mRINAs
coding for RPs or proteasomal subunits in distal processes are connected by feedback regulatory
mechanisms.

mRNA LOCALIZED AND PROTEIN FUNCTIONS SOMATICALLY:
TRANSCRIPTION FACTORS

As discussed in previous sections, the molecular repertoire of neurons provides a rich palette not
only to differentiate subcellular compartments but also to simultaneously define temporal states in
response to external stimuli. Neuronal responses to synaptic plasticity usually include a relatively
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late phase (minutes to hours after the stimulus), which entails changes in gene transcription. This
phase begins with the activity-dependent transcription of immediate early genes (IEGs). Most
IEGs encode transcription factors that go on to induce the expression of downstream genes that
can regulate size and number of synapses (180). In another form of plasticity, transcriptional
changes are essential for neuronal survival after stresses such as axonal lesions (142). In both of
these cases, distal events in the dendrites or axons must be reported back to the nucleus to activate
the appropriate transcriptional response. One of the ways neurons accomplish this task entails
the context-dependent local synthesis of transcription factors that are immediately subjected to
retrograde transport and nuclear translocation. Thus, these transcription factors are examples of
genes whose mRINAs are locally abundant but whose proteins act centrally in the nucleus.

The local translation of transcription factor mRNAs has been mostly described in axons. Di-
verse stimuli induce not only the local translation of multiple transcription factors but also the
necessary machinery for their nuclear relocation. For example, lesions in axons of the dorsal root
ganglia induce the local synthesis of the transcription factor STAT3 (10), as well as the local trans-
lation of Vimentin and RANBPI, two factors necessary for the retrograde transport of STAT?3
(133, 184) and Importin B1, which is essential for STAT3 nuclear translocation (134). In a dif-
ferent system, the injection of f-amyloid to the dentate gyrus induces loss of forebrain neurons.
This effect requires the axonal synthesis and transcription factor activity of ATF4; inhibition of
ATF#s local translation reduces neuronal loss (7). Axonal translation of transcription factors has
also been reported to play an important role during development. Nerve growth factor (NGF)
induces the local synthesis and retrograde traffic of CREB in developing axons of the dorsal root
ganglia, which is necessary for their survival (33). NGF also induces the axonal translation of
two dynein cofactors that increase local retrograde transport (170). In addition, axonal translation
of transcription factors can help determine cell identity of developing neurons. Neurons of the
trigeminal ganglia, which control facial movements, are differentiated into subtypes as their axons
reach their destination. This specification is determined by the presence of BDNF at the inner-
vation site: BDNF has been reported to induce the local synthesis of three SMAD transcription
factors and BMP4, which induces their retrograde transport to the nucleus where they regulate
cell-type-specific transcription (86).

Several transcription factors are also known to localize to synapses and undergo activity-
dependent translocation to the nucleus (76). Compared to other activity-dependent transcription
factors, these proteins have a delayed effect on transcription due to the time required for trans-
port from synapse to nucleus. Thus, if combined with other indicators of activity (e.g., a back-
propagating action potential), the nuclear translocation of these transcription factors may allow
neurons to compute both the frequency and location of stimulation. Additionally, since the level
of translocated factors should be proportional to the number of activated synapses, neurons could
also integrate this information in transcription (187). Most synaptonuclear transcription factors
have been observed in the postsynapse, and their translocation is dependent on intracellular in-
creases in calcium. It is still unclear whether local translation plays a role in their function, but the
mRNAs of two of these transcription factors, RNF10 and NSMF (Jacob), were recently observed
to be significantly enriched in the dendrites of single neurons (132). RNF10 translocation is in-
duced by the stimulation of NMDARSs and is essential for LTP (41). NSMF nuclear localization is
also induced by NMDARSs but is differentially phosphorylated and promotes different transcrip-
tion programs depending on whether the interacting receptors are synaptic or extrasynaptic (40).
CTBP1 is unique among synaptonuclear proteins because it localizes to presynaptic terminals
and acts as a transcriptional repressor. Also, in contrast to other synaptonuclear factors, CTBP1
is translocated to the nucleus under basal conditions, and synaptic activity induces its presynaptic
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retention through interactions with Bassoon and Piccolo (83). Interestingly, Cthpl mRNAs are
significantly enriched in the presynaptic terminals of excitatory neurons (69).

A role for dendritic translation was recently demonstrated for Npas4, an IEG whose activa-
tion is specifically induced by depolarization. Brigidi et al. (16) observed that NPAS4 levels were
increased by both action potentials and excitatory postsynaptic potentials (EPSPs) but that, in
the latter case, newly synthesized NPAS4 derived from dendritic translation. Dendritically syn-
thesized NPAS4 was able to locally form a distinct heterodimer with ARNT' (also locally syn-
thesized), which possesses unique transcriptional activity once translocated to the nucleus (16).
These results demonstrate how local protein synthesis can directly regulate activity-dependent
transcription.

FUNCTIONAL CONTRIBUTIONS OF LOCAL TRANSLATION
TO LONG-TERM PLASTICITY

As discussed in the section titled Plasticity Mechanisms and Timescales, a striking diversity of
molecular mechanisms allow neurons to record information across short (seconds), intermedi-
ate (minutes to hours) and long (hours to days) timescales (Figure 2). Experiments using in-
hibitors have revealed requirements for protein synthesis in synaptic and behavioral plasticity
on the scale of minutes (91) to hours (56) to days (123). Most experiments demonstrating a role
for protein synthesis have bath-applied or perfused chemical inhibitors of polypeptide elongation,
like anisomycin, puromycin, or cycloheximide. Because these drugs have equal access to central
and local protein synthesis sources, the site of translation cannot be resolved. We note that the re-
cent development of genetically encoded protein-based inhibitors (77, 151) that could ultimately
be targeted to specific subcellular domains might resolve the source of protein. In addition, the
compartment-specific functionalization of protein synthesis inhibitors with light (46, 63) could be
exploited. Nevertheless, experiments using time-resolved in situ imaging and physical separation
of cell bodies and neurites have shown that local translation certainly contributes to plasticity in or
near synapses during intermediate timescales (minutes to hours). Below, we highlight some post-
and presynaptic protein functions that rely on local translation during long-term plasticity and
some that do not.

Postsynaptic Mechanisms

In postsynaptic compartments, the detection of different stimuli can potentiate or depress the
synapse, adjusting its sensitivity to subsequent stimuli for the following minutes to hours. At ex-
citatory synapses, the relation between a given stimulus and the postsynaptic response is complex
and depends on the nature of the stimulus, its duration and frequency, and the history of plasticity
of both the synapse and the neuron. However, all of this complexity converges on the state of
a single entity: the AMPAR, whose surface abundance and glutamate detection increases during
potentiation and decreases during depression (30, 82). Accordingly, the four subunits compos-
ing AMPARs, GluA1-GluA4, are extensively regulated in a context-dependent manner (39). This
includes differences in the specific subunits that make up the functional tetramer, dynamic al-
terations of the cytosolic C termini with a combination of PTMs, and variable interactions with
AMPAR auxiliary subunits. Differences in these parameters alter the receptor’ ion permeability,
as well as the duration and probability of channel opening. Furthermore, these modifications make
AMPARSs more or less likely to be recruited to the synaptic membrane from either extrasynaptic
membrane locations or via endocytosis and receptor recycling. As might be expected, different
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types of synaptic plasticity induce characteristic patterns of AMPAR modifications, trafficking,
and dwell times in the postsynaptic compartment.

Given the high degree of posttranslational regulation of AMPARs, it is fair to ask whether lo-
cal translation of its subunits makes meaningful contributions to plasticity. In fact, local mRNA
profiles reproducibly show that mRNAs encoding AMPA subunits are present in dendrites but
de-enriched relative to the soma; in addition, the soma is a dominant site of AMPAR synthe-
sis (61, 96, 132). However, activity-dependent local synthesis of one AMPAR subunit, GluAl,
has been observed in dendrites (87, 88, 158). Interestingly, upregulation in the local synthesis of
GluAl occurs during a period of rapid synaptic upscaling and results in the exchange of the Ca**
impermeable GluA1+,GluA2+ AMPARs with the Ca?*-permeable GluA1-only AMPARSs (158).
Ca’*-permeable AMPARs have larger conductance and can engage Ca’*-sensitive signaling path-
ways that regulate plasticity. Thus, these results suggest that dendritic translation may enable local
changes to the subunit stoichiometry of functional complexes. How are these observations rec-
onciled with the reported local de-enrichment of GluA1-GluA4 mRNAs? The answer may lie in
the distinction between relative and absolute values of local mRINAs. Although mRNAs encod-
ing AMPAR subunits are locally de-enriched relative to their somatic abundance, their absolute
numbers in dendrites may be sufficient to induce fast, activity-dependent responses.

Significant regulation via local synthesis has been described for several proteins within the bio-
chemical cascades that regulate AMPAR levels and are responsible for long-term forms of plastic-
ity. Most of these cascades are triggered by NMDAR-dependent Ca®* entry, which interacts with
and activates Calmodulin. As an aside, one of the three mRNAs encoding Calmodulin, Calm1, is
particularly abundant in dendrites where it is also locally translated (61, 132). Activated Calmod-
ulin triggers the kinase activity of CaMK2, which is simultaneously translocated from dendritic
shaft to synapse following Ca’* influx. Active CaMK2 phosphorylates various targets essential for
LTP, including AMPARs and their auxiliary subunits (9). Furthermore, because of its autophos-
phorylation at residue T286, CaMK2 can sustain its activity independently of calcium for up to a
minute, and this sustained activity is an essential feature for LTP induction. Four separate genes
encode variants of CaMK2, including Camk2a, whose mRNAs are localized and translated in den-
drites, and Camk2b, whose mRINAs are localized and translated in the soma (21, 61). Both proteins
are present in the postsynapse; however, Camk2b is the dominant variant in weakened or inac-
tive synapses (128). These observations have led to a model where synaptic potentiation induces
Camk2a local translation and newly synthesized CaMK2A replaces CaMK2B, effectively provid-
ing a tag for synaptic activity (9). Consistent with this model, whereas full deletion of Camk2a
impairs induction of LTP, deletion of only the 3'-UTR responsible for its dendritic localization
affects the maintenance of TP (115, 152).

Various forms of long-term plasticity induce structural changes in the synapse that are cor-
related with learning and memory. In dendritic spines, for example, BDNF-dependent TP and
low extracellular Ca** LTD induce spine enlargement and shrinkage, respectively (126). These
structural changes rely on remodeling of the actin cytoskeleton and seem to require the coordi-
nated local synthesis of many of the proteins that regulate this process. Actin remodeling is con-
trolled by a signaling cascade between several kinases and small GTPases (126). In structural TP
(sLTP), active CaMK2A or BDNF-stimulated TRKB receptor induce the activity of several small
GTPases, including RHOA and CDC42, whose mRNAs are localized and translated in dendrites
(17, 28). For RhoA, local translation is induced by BDNE, but whether the same is true for Cdc42
remains to be determined. Interestingly, these two GTPases exhibit contrasting patterns during
sLTP. RHOA is necessary only for an early transient phase of sLTP, and its activity spreads out to
neighboring synapses, while CDC42 is required for sustained sL'T'P, and its activity is restricted
to the stimulated spine (126). Both GTPases indirectly regulate the activity of Lim Kinase 1
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(LIMK1), which phosphorylates and inhibits the actin depolymerization factor Cofilin. Local re-
pression of Limkl mRNA by miR-134 is alleviated during BDNF-induced sL'T'P, resulting in its
local translation (148). Finally, sSLTP induces dendritic localization and translation of B-actin itself
(182). Strikingly, within minutes of sLTP induction, mobile p-actin mRNAs are trapped at the
base of the stimulated synapse, where they are locally translated.

The above examples highlight how local translation enables the generation of functions with
high subcellular precision and stimuli specificity. In addition, however, local translation can also
allow the activation and cessation of functions within precise time windows. This concept is best
captured by the regulation of ARC, an enigmatic protein important for long-term plasticity. Un-
der baseline conditions, both the mRINA and protein of Arc are low, but its transcription is quickly
induced by neuronal activity. A7c mRNAs are then quickly transported and located at previously
active synapses where they are locally translated (156, 176). After translation A7c mRNA is de-
graded, and less than an hour later ARC protein is also degraded (59, 108). What is the functional
benefit of such temporally restricted expression? ARC participates in multiple forms of synaptic
plasticity, including mGluR-LTD and homeostatic scaling, where it weakens synapses by promot-
ing AMPAR endocytosis (128, 155, 176). A surprising development, however, has come from the
realization that Arc originated from the genomic insertion of retrotransposons, and it encodes a
protein that can self-assemble into virus-like capsids that encapsulate mRNAs (including those of
Are itself) and are transported between neurons (71). The functional significance of such regula-
tion is unknown, but it is tempting to speculate that it may allow the exchange of mRNAs across
the synapse or between different synapses.

Presynaptic Mechanisms

Long-term changes in synaptic plasticity can also be driven by regulation of neurotransmitter re-
lease from the presynaptic terminal (118). Synaptic strength can be increased or decreased and can
occur in both excitatory and inhibitory synapses. Central to these forms of plasticity are interac-
tions between integral vesicle proteins, the cytoskeletal matrix, and the active zone, which regulate
the number, density, and proximity of synaptic vesicles to the active zone, where they are docked
and primed for release, and the alignment of vesicle release sites to AMPAR clusters in the postsyn-
aptic surface. Recently, multiple groups observed ribosomes in adult presynaptic terminals, sug-
gesting that local translation may regulate these processes (69, 129, 146, 149, 183). Brief metabolic
labeling of isolated presynaptic terminals (synaptosomes) showed that ~40% of both excitatory
and inhibitory nerve terminals exhibited active protein synthesis (69). Indeed, inhibition of local
translation in GABAergic terminals of the hippocampus impairs endocannabinoid-induced in-
hibitory LTD (GLTD) (183). In addition, blocking protein synthesis in the excitatory projections to
the calyx of Held synapse increases spontaneous neurotransmitter release and reduces LT'D (146).
Direct visualization of protein synthesis in isolated nerve terminals indicated that treatment of
GABAergic terminals with an endocannabinoid receptor agonist induced protein synthesis, while
application of BDNF induced protein synthesis in both GABAergic and glutamatergic terminals
(69).

Which proteins are locally synthesized during these forms of plasticity is still unclear, but clues
are emerging. Global changes in protein turnover during endocannabinoid-receptor-mediated
iLTD were recently characterized (117). Increased synthesis was observed for RPs, along with pep-
tidases and components of the protein degradation machinery, while increased degradation was
observed for actin regulators, active zone proteins, and mitochondrial proteins. iLTD requires pro-
tein ubiquitination but not degradation by the proteasome (117). Whether the newly synthesized
peptidases participate in the observed patterns of degradation, and whether these changes occur
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within presynapses, remains to be tested. Changes in the proteome during iLTD are consistent
with modifications of the axonal translatome in mice undergoing Pavlovian conditioning. Projec-
tions to the lateral amygdala in mice that learned to associate a sound with electrical shocks exhibit
increased translation of mRINAs encoding RPs and mitochondrial proteins as well as translation
and transcription factors, and exhibit reduced translation of those encoding cytoskeletal proteins
(129). Interestingly, the translation of mRNAs encoding components of the neurotransmitter re-
lease machinery is mostly downregulated, including that of Bassoon and Munc18-1, two active
zone proteins known to be locally synthesized under basal conditions (69, 130).

Additional insights regarding which proteins may be locally synthesized during long-term
presynaptic plasticity come from recent profiles of the adult presynaptic transcriptome and axonal
translatome (69, 149). Besides mRNAs encoding RPs and mitochondrial proteins, the mRINAs
encoding some active zone and cytoskeletal matrix components are enriched in presynapses. In-
deed, inhibition of axonal translation for two of these, B-catenin and Snap25, reduces the release
probability of synaptic vesicles (8, 163). However, mRNAs encoding proteins integral to synaptic
vesicles themselves (e.g., synaptotagmins, synapsins, synaptophysins) are uniformly de-enriched
from presynaptic terminals (69). Accordingly, integration of these proteins into premature vesicles
requires passage through the Golgi complex and truns-Golgi network, cellular structures that are
dramatically enriched in the soma (143). Furthermore, these proteins are present in over 20,000
copies in a single presynaptic terminal, at least two orders of magnitude more than active zone
proteins, for example (177), and thus, sustaining such high demand by local means might be unten-
able. Indeed, the somatic generation and axonal transport of synaptic vesicles occur at a remarkable
scale, in which a single neuron produces millions of vesicles every day and continuously transports
them along axons at highly processive and efficient speeds (66). Thus, similar to AMPAR in the
postsynapse, the currency of presynaptic activity—vesicles—is mostly produced in somata while
the machinery modulating its activity relies on local synthesis.

CONCLUSION

The goal of neuroscience is to understand the whole brain, but the relatively reduced challenge of
understanding a single neuron is formidable. These postmitotic, extremely polarized cells encom-
pass a large and complex repertoire of gene products, which are selectively used in both spatial
and temporal domains, allowing the generation of tailored responses to diverse stimuli. More
system-wide approaches will be needed to understand the operational principles and describe the
regulatory mechanisms and protein functions responsible for the diverse operations of neurons.
It is clear from the information described here, though, that extensive regulation of translation in
neurons is used to achieve high spatial and temporal resolution of protein functions. Generally,
such regulation allows the replenishment of essential local proteins in distal processes and the
generation of a protein of interest at the time and place needed. For other local functions, how-
ever, local translation is not required or maybe not even suitable, and other forms of regulation
are preferred instead. Going forward, it will be important to understand the communication and
interconnection of local translation with other regulatory mechanisms. Proteomic studies on local
protein degradation are especially needed to understand the other side of the proteostasis coin.
Here, we have discussed our general understanding of the functions of local translation, which
is mostly derived from excitatory neurons of the forebrain. Thanks to advancements in scRINA-
seq and spatial transcriptomics, it is now clear that the brain contains thousands of molecularly
diverse cell types (186), raising the question of how representative our current understanding of
neuronal local translation is. Recently, two studies characterizing the subcellular transcriptome of
single neurons observed less diversity among dendrites than somata, detecting only a few hun-
dred mRNAs differentially localized according to cell type (132, 172). However, it is possible that
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increases in both the number of cells and cell types analyzed will reveal additional subcellular
variability among cell types. Additionally, many local functions are currently described within the
broad dendritic and axonal compartments. However, several subcompartments within processes
have been described (43), and patterns of mRNA localization recently observed by spatial tran-
scriptomics suggest more might exist (1, 172). Thus, our appreciation of the local specificity of
translation and its functional contributions is likely just beginning.
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