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Introduction

Neurons are highly polarized and compartmentalized cells with processes that extend 

hundreds of microns away from the soma, forming up to thousands of synaptic connections 

with other neurons. Events that occur at synapses – such as synaptic activity, neurotrophic 

signaling, and injury – often result in changes in gene expression in the nucleus. Neurons 

employ several mechanisms to relay signals from synapses to the nucleus. Signals can be 

conveyed to the nucleus rapidly via electrochemical signaling (within milliseconds) or 

calcium waves (within seconds), or signals can be conveyed to the nucleus slowly through 

the physical translocation of signaling proteins from synapses to the nucleus (within minutes 

or hours). In addition to covering distinct domains of temporal coupling between stimulation 

and transcription, these various synapse-to-nucleus signaling pathways relay information 

from distinct subcellular domains, ranging from neuron-wide to synapse-specific. In this 

review, we highlight recent discoveries regarding the synapse-to-nucleus transport of 

individual signaling proteins. Rather than catalog all synaptonuclear signaling proteins, we 

discuss exemplar proteins that provide functional and mechanistic insights. We will focus 

primarily on synapse-to-nucleus communication during synaptic plasticity, but we will also 

include examples from neural development, disease, and injury.

Mechanisms of synapse-to-nucleus communication

Electrochemical signaling from the synapse to the nucleus occurs when glutamatergic 

synaptic stimulation generates an above-threshold excitatory postsynaptic potential (EPSP) 

to elicit action potentials. Back propagation of the action potential results in depolarization 

at the soma, opening L-type voltage-gated calcium channels. The resulting increase in 
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intracellular calcium concentration acts on calcium-sensitive signaling proteins to regulate 

gene expression [1,2]. Electrochemical signals travel from synapses to the nucleus within 

milliseconds and this rapid mechanism of signaling provides a faithful indicator of firing 

frequency [3]. Since action potential firing depolarizes the entire neuron, electrochemical 

signaling cannot convey synapse-specific information about the site of stimulation, but 

rather serves as a neuron-wide means of signaling from cell-surface receptors to the genome.

A second mechanism of synaptonuclear communication involves the propagation of calcium 

waves through the endoplasmic reticulum (ER). Synaptic input can stimulate G protein-

coupled receptors and subsequently create inositol triphosphate (IP3) molecules. IP3 

activates its receptor on the ER (which extends from the nuclear membrane to the axon and 

distal dendrites) and causes calcium to be released from internal stores. The calcium wave is 

propagated to the soma by calcium-induced calcium release (CIRC), where calcium can act 

on second messengers and diffuse into the nucleus [1]. Calcium waves have been observed 

in slice preparations from hippocampus and cortex, but have not been examined in vivo [4]. 

The regenerative nature of ER calcium waves indicates that this signaling pathway would 

likely mediate axonal or dendritic branch-specific, rather than synapse-specific, signaling to 

the nucleus.

The transport of proteins from synapse-to-nucleus is a slower mechanism of signaling that is 

mediated by diffusion, active transport of proteins, and signaling endosomes. Protein 

transport occurs on the order of minutes to hours, allowing for gene expression to be 

impacted long after the stimulus has ended. Specific types of synaptic stimulation have been 

shown to trigger the translocation of signaling proteins and to regulate gene expression in 

the absence of long-range electrochemical or calcium signaling [5**,6]. However, in some 

cases, action potentials are sufficient to induce changes in gene expression even in the 

absence of synaptic connections [7]. Thus, both electrochemical and synaptonuclear protein 

signals are likely to be important for activity-dependent gene expression, with varying 

degrees of importance depending on the stimulation type and the time point examined. The 

existence of multiple synapse-to-nucleus signaling pathways allows the neuron to couple 

refined spatiotemporal integration of synaptic stimulation (ie integration of stimulation 

frequency and location) with the appropriate pattern of gene expression.

Signaling from the post-synaptic compartment to the nucleus

Dozens of proteins have been shown to undergo activity-dependent synapse-to-nucleus 

translocation, with important consequences for gene expression and synaptic plasticity 

(Figure 1). Here we review recent findings on a handful of synaptonuclear signaling 

proteins, selected because each illustrates a specific principle. We then briefly address the 

motor proteins and nuclear transporters that mediate their nuclear import.

Jacob, a protein first characterized as a caldendrin-binding partner, undergoes synapse-to-

nucleus translocation following either synaptic or extrasynaptic NMDA receptor activation 

[8]. Upon synaptic NMDA receptor activation, Jacob is phosphorylated by the MAP Kinase 

ERK1/2 at Ser180 [9]. Once in the nucleus, phosphorylated Jacob activates the transcription 

factor CREB and promotes plasticity-related gene expression. Interestingly, Jacob also 
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translocates to the nucleus after activation of extrasynaptic NMDARs, albeit without 

phosphorylation at Ser180 [9]. Nuclear expression of non-phosphorylated Jacob promotes 

CREB shut-off and cell death. Jacob provides an example of how the phosphorylation state 

of a synaptonuclear signaling protein can have important functional consequences in the 

nucleus. To preserve the phosphorylation state of Jacob during the long-distance transport 

from synapse-to-nucleus, Jacob forms a stable complex with ERK1/2 and the intermediate 

filament α-internexin. This mechanism of intermediate filament binding is similar to how 

ERK phosphorylation is preserved during long-distance axon-to-nucleus signaling [10] (see 

section below). Knockout of Jacob in mice induces hippocampal dysplasia with impairments 

in hippocampal long-term potentiation (LTP) and hippocampal-dependent learning [11], 

consistent with a role for this synaptonuclear signal in neuronal development, long-lasting 

plasticity, and memory.

Phosphorylation of ERK can also serve as a signaling mechanism from postsynaptic sites to 

the nucleus. Zhai et al. recently demonstrated that activation of a few dendritic spines with 

glutamate uncaging produced phosphorylation of ERK in the nucleus within tens of minutes 

[5**]. In this experimental setup, local activation of dendritic spines did not produce any 

global electrochemical or calcium signaling; instead, the propagation of the signal to the 

nucleus was likely produced by local phosphorylation of ERK and subsequent translocation 

to the nucleus [5**,12]. Activation of between three and seven dendritic spines was 

sufficient to trigger ERK-dependent activation of the transcription factors CREB and Elk-1 

in the nucleus. This study provides an example of how synaptonuclear signaling proteins can 

be sufficient to produce changes in gene expression, in the absence of electrochemical and 

calcium wave signaling mechanisms. The study also addressed the spatial pattern of synaptic 

stimulation necessary for signaling to the nucleus. The authors found that dispersed 

stimulation of synapses on multiple dendritic branches, rather than clustered stimulation of 

synapses on a single dendritic branch, was required to trigger nuclear ERK signaling.

CRTC1 is a transcriptional co-activator of CREB that undergoes activity-dependent 

synapse-to-nucleus translocation. CRTC1 is bound to 14-3-3 proteins at the synapse and, 

upon glutamate receptor activation, CRTC1 is dephosphorylated at specific residues, 

released from 14-3-3, and actively transported to the nucleus [13,14]. In the nucleus, CRTC1 

binds to CREB and enhances the transcription of specific activity-dependent genes including 

Bdnf, Arc, and Fos [13,15]. Knockdown studies have demonstrated a role for CRTC1 in late-

phase LTP and contextual fear conditioning, supporting the hypothesis that synaptonuclear 

protein signals are important for long-lasting plasticity [16,17]. Furthermore, CRTC1 exists 

in different phosphorylation states in response to different types of stimulations. This finding 

evokes the exciting possibility that stimuli are encoded in the phosphorylation state of 

CRTC1, coupling these stimuli to distinct patterns of gene expression in the nucleus [13].

Several novel synaptonuclear signaling proteins have been identified by characterizing the 

proteome of excitatory synapses and the interactome of NMDA receptors [18-21]. These 

systematic approaches allow for the identification of proteins with putative nuclear 

localization signals (NLS) within the synapse. Jordan et al. characterized the postsynaptic 

density of rat neurons using mass spectrometry, and identified 11 synaptic proteins 

containing a known NLS as well as additional synaptic proteins that were predicted to have 
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nuclear expression [18]. This systematic approach led to the discovery of AIDA-1 as a 

synaptonuclear signaling protein that translocates to the nucleus after NMDAR activation to 

regulate nucleolar numbers and protein synthesis [19]. More recently, Dinamarca et al. 

characterized protein binding partners of the cytoplasmic tail of the GluN2A subunit of 

NMDARs, and identified the ring finger protein RNF10 as a novel binding partner [20]. The 

authors then demonstrated that RNF10 translocates to the nucleus during LTP to regulate 

gene expression. Similarly, PRR7 was previously identified in the postsynaptic density, and 

then recently shown to translocate to the nucleus following NMDAR activation, where it 

enhances c-Jun-dependent transcriptional activity during excitotoxicity [18,21]. These 

studies used proteomic profiling of synapses in combination with predicted nuclear 

localization data to contribute to the growing body of work identifying the population of 

proteins that undergo activity-dependent translocation.

Many of the aforementioned synaptonuclear signaling proteins undergo dynein-mediated 

active transport along microtubules to reach the nucleus [22]. Dendrites, unlike axons, have 

microtubules of mixed polarity and therefore both dyneins and kinesins could transport 

synaptonuclear signaling proteins to the nucleus. Only a few kinesins display dendritic 

localization, but recently Ghiretti et al. demonstrated a role for KIF21B in the retrograde 

trafficking of BDNF-bound Trk receptors in dendrites [23*]. The function of KIF21B was 

found to be activity-dependent, as neuronal stimulation enhanced the motility of KIF21B 

and reduced its microtubule remodeling ability. While this study focused on the role of 

KIF21B in mediating transport of signaling endosomes, similar activity-dependent 

regulation of motor proteins may exist for the retrograde transport of soluble proteins.

A critical aspect of synapse-to-nucleus signaling is the mechanism of import of signaling 

proteins into the nucleus. Small proteins can diffuse through the nuclear pore complex 

(NPC) passively, but proteins larger than 40-60 kDa require active transport by the family of 

importin (karyopherin) proteins [24]. In the classical nuclear import pathway, importin α 
binds to the NLS of a cargo protein and importin β binds to this complex to facilitate 

nuclear import. Previous work has shown that importins localize to synapses in silenced 

neurons, undergo translocation to the nucleus following neuronal stimulation, and that active 

nuclear import is required for long-lasting neuronal plasticity [25]. This evidence suggests 

that importins shuttle cargo from synapse-to-nucleus and that the transported cargo is crucial 

for long-term plasticity. Indeed, two of the aforementioned synaptonuclear signaling 

proteins, Jacob and RNF10, are cargoes of the importin α1 isoform at the synapse [8,20], 

while another synaptonuclear signaling protein, NF-κB, is a cargo of importin α2 [26]. 

These studies suggest that different importin isoforms have distinct cargo and relay different 

signaling proteins to the nucleus [24]. To support this claim and identify the potential 

cargoes of different importin isoforms, further work will be needed to systematically 

characterize the interactome of importin proteins at the synapse.

Signaling from the pre-synaptic compartment to the nucleus

Many proteins have been shown to undergo activity-dependent translocation from the post-

synaptic compartment to the nucleus (see above), but less is known about activity-dependent 

signaling from the presynaptic compartment. Recently, Ivanova et al. demonstrated that the 
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transcriptional co-repressor CtBP1 undergoes activity-dependent shuttling from the 

presynaptic compartment to the nucleus [27**]. In silenced neurons, CtBP1 translocates to 

the nucleus where it functions as a transcriptional co-repressor. During neuronal activity, 

however, CtBP1 is retained in the presynaptic compartment via an interaction with the 

scaffolding proteins Bassoon and Piccolo. This presynaptic localization of CtBP1 relieves 

the nucleus of co-repressor activity, allowing for upregulation of activity-dependent genes 

including Arc, Fos, Bdnf, Egr1, Egr4, and Junb. CtBP1 signaling provides a relatively slow 

mechanism of synapse-to-nucleus communication, as the translocation of CtBP1 takes 

several hours. This study contributes to previous work demonstrating that signaling proteins 

do undergo activity-dependent presynaptic synaptonuclear translocation to regulate gene 

expression. For example, in Aplysia neurons, MAPK translocates from the presynaptic 

terminal to the nucleus during 5-HT-induced long-term facilitation of sensory neurons, 

where it phosphorylates transcription factors important for long-lasting plasticity [6].

Axon-to-nucleus communication has been more widely studied in the context of neural 

development, disease, and injury. During development, retrograde transport of target-derived 

signals acts to promote neuron survival, axon outgrowth, and circuit formation [28]. Ji and 

Jaffrey recently demonstrated that two target-derived signals, BDNF and BMP4, can 

converge on the growth cone to induce local translation of the transcription factor SMAD. 

Subsequent retrograde transport of a SMAD-containing signaling endosome to the nucleus 

can modulate neuronal subtype specification in the developing trigeminal ganglia [29]. 

Synthesis of transcription factors within the synapse can also serve as a retrograde signal 

during neurodegeneration. Recently, Baleriola et al. used local application of Aβ1-42 as a 

model of Alzheimer’s disease and demonstrated that the transcription factor CREB2 (ATF4) 

is translated in axons in response to local application of Aβ1-42 [30*]. CREB2 then 

undergoes retrograde transport to the nucleus, where it promotes cell death by upregulating 

C/EBP homologous protein (CHOP) expression. The synaptonuclear signaling ability of 

CREB2 appears to be versatile, as Lai et al. previously demonstrated that CREB2 undergoes 

activity-dependent translocation from distal dendrites to the nucleus during long-term 

depression of rodent hippocampal neurons [31]. Axon-to-nucleus signaling is also involved 

in the response to nerve injury, as new gene transcription is required for regeneration. Axon-

to-nucleus communication during nerve injury is reviewed extensively elsewhere and 

involves dynein-mediated transport of transcription factors including Stat3, kinases such as 

ERK, and other signaling molecules [10,32,33]. Parallels can be drawn with postsynaptic 

synaptonuclear signaling. In both pathways, importins play a critical role in transporting 

signaling molecules from distal processes to the nucleus and preservation of a distally 

generated signal (phosphorylated ERK) involves binding to an intermediate filament 

(vimentin) [10,34].

Cell type-specific and synapse type-specific signaling to the nucleus?

A majority of the research has focused on synaptonuclear signaling proteins at excitatory 

synapses [5**,19,26,35] and in excitatory neurons [13,36]. Recent work has shown that 

inhibitory interneurons employ a γCaMKI shuttle for translocation of Ca2+/CaM during 

activity-dependent surface-to-nucleus communication, which is in contrast to the γCaMKII 

shuttle employed by excitatory neurons [37,38**]. The authors note that parvalbumin-
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positive inhibitory interneurons fire more frequently and display larger calcium increases 

than excitatory neurons, which may necessitate this alternate signaling mechanism in 

inhibitory neurons. It is important to note that the translocation of γCaMKI/II occurs in 

response to calcium influx via the somatically-localized Cav1 channels, and therefore 

γCaMKI/II translocation is a result of electrochemical signaling rather than the local 

activation of signaling proteins at the synapse. It will be interesting to determine whether 

specific neuronal cell types also employ distinct sets of synaptonuclear signaling proteins, 

perhaps suited to their level of excitability and other properties. Of note, the synaptonuclear 

messengers Jacob and CRTC1 have been shown to translocate in excitatory but not 

inhibitory neurons [13,36], while CREB acts as an axon-to-nucleus messenger in developing 

DRG neurons but not in other neuronal cell types [39,40].

Studies of postsynaptic synaptonuclear signaling have focused predominantly on messengers 

that translocate from excitatory synapses to the nucleus. This focus is consistent with the 

fact that most studies of transcription-dependent LTP have focused on excitatory synapses 

[41,42]. However, long-term plasticity of inhibitory synapses has also been described, 

raising the question of whether and how the transport of proteins from inhibitory synapses to 

the nucleus contributes to persistent plasticity in these cell types [43]. Of great utility to 

these studies, Uezu et al. recently characterized the postsynaptic proteome of inhibitory 

synapses and identified many signaling proteins including kinases and phosphatases [44]. It 

will be interesting to determine whether these enzymes, in addition to modifying substrate 

proteins locally at the synapse, also undergo long-range signaling to the nucleus to impact 

gene expression.

The emerging appreciation that glia are critical elements of synapses, and play central roles 

during synaptic plasticity [45] suggests that it would also be of interest to explore long-

distance signaling from distal glial processes to the nucleus during neuronal plasticity.

Conclusion

Protein transport is a mechanism of synapse-to-nucleus signaling that offers unique 

signaling capabilities. Protein transport is slower than electrochemical or calcium signaling, 

providing a longer time over which gene expression can be impacted. Certain 

synaptonuclear signals, such as Jacob and CRTC1, exist in multiple phosphorylation states, 

providing the capability for additional information about stimulus type (see [13]) or location 

(see [9]) to be encoded in the phosphorylation state of the signaling protein. A challenge for 

encoding information in the post-translation modifications (PTMs) of a protein is that the 

modification could be removed by enzymes during the long journey from the synapse to the 

nucleus. However, PTMs can be preserved when signaling proteins form stable complexes 

with other proteins during transport to the nucleus [9,10].

While the study of candidate synaptonuclear proteins has provided insight into the cell 

biological mechanisms of synapse-to-nucleus communication, further work is needed to 

globally identify the population of proteins that undergo synapse-to-nucleus translocation in 

response to different stimulations. Such an approach would provide systematic information 

about the types of signals that translocate to the nucleus; the identity and function of each 
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synaptonuclear signaling protein would likely provide clues about the transcriptional 

programs that are initiated in response to synaptic stimuli. However, an important 

consideration when investigating novel synaptonuclear signaling proteins is whether the 

increased nuclear accumulation of the protein is due to translocation from stimulated 

synapses, rather than simply from translocation from the soma. A conclusive way to verify 

the synapse-to-nucleus translocation is to tag the protein of interest with a photoconvertible 

fluorophore, convert the protein at distal synaptic processes, and track the protein 

localization following synaptic stimulation [14].

Studies of synapse-to-nucleus signaling in neurons also provide a new, cell biological lens 

through which to understand how neurons integrate stimulation to encode information. 

Significant attention has been paid to the role of stimulation frequency in neural encoding of 

information. This provides a framework for studying how various forms of synapse-to-

nucleus signaling couples temporal patterns of stimulation with specific patterns of gene 

expression. It may be that electrochemical signaling contributes to rapid changes in gene 

expression whereas slower protein translocation from synapse-to-nucleus contributes to 

more sustained changes. As opposed to the contribution of temporal patterns of neuronal 

firing, much less is known about how spatial patterns of stimulation contribute to neural 

coding. Identification and characterization of the protein signals that are relayed from 

specific stimulated synapses to the nucleus has the potential to provide fundamental insights 

into this open question.
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Highlights

• Synapse to nucleus signaling couples synaptic stimulation with transcriptional 

regulation.

• Stimulation of a few dendritic spines is sufficient to activate nuclear 

transcription factors.

• The phosphorylation state of synaptonuclear signaling proteins can encode 

stimulus-specific information.

• Activity regulates the nuclear import of both pre- and post-synaptic signaling 

molecules.

• Mechanisms of excitation-transcription coupling are distinct in inhibitory and 

excitatory neurons.
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Figure 1. Examples of activity-dependent signaling proteins that translocate from presynaptic 
and postsynaptic compartments to the nucleus
Presynaptic compartment to nucleus (left, in blue): In silenced neurons, CtBP1 translocates 

from the presynaptic terminal to the nucleus whereas, in stimulated neurons, CtBP1 is 

retained at the presynaptic compartment through an interaction with Bassoon and Piccolo 

[27**]. Postsynaptic compartment to nucleus (right, in orange): Upon NMDA receptor 

activation, CRTC1 is dephosphorylated by calcineurin (not shown) and released from 14-3-3 

proteins, enabling the active transport of CRTC1 to the nucleus. Stimulation of synaptic 

NMDA receptors also activates ERK, which phosphorylates Jacob and releases it from 

caldendrin. Jacob is transported to the nucleus in a complex with ERK1/2, α-internexin, and 

importin α [9]. Notably, importin α associates with the cytoplasmic tail of the NMDA 

receptor and is released in an activity-dependent manner, enabling importin α to bind to and 

transport cargo following stimulation [35]. The presynaptic illustration is based on 

Kravchick and Jordan [46] and the postsynaptic illustration is based on Panayotis et al [12].
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