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during spatial trajectories fired in a time-
 compressed sequence that occurred over one 
theta cycle (~120 ms). These theta sequences, 
which occurred both in the maze and on the 
wheel, were abolished by medial septal inac-
tivation. What is the relationship between 
these theta sequences and episodic or spa-
tial trajectories? To examine this question, 
the authors implemented a computational 
model of hippo campus with asymmetric 
excitatory connections and short-term syn-
aptic plasticity. This network architecture 
results in oscillatory excitatory drive from 
the medial septum forming a bump of activ-
ity that sweeps forward through the network, 
serving as the mechanism for the emergence 
of temporal sequences. In parallel, sensory 
inputs bind spatial sequences to the cues in 
the environment. Thus, their model presents 
a circuit architecture that predicts that a loss of 
medial septal theta will abolish temporal and 
episodic trajectories, but allow spatial trajecto-
ries to remain intact. The model also predicts, 
however, that if sensory cues are substantially 
dampened, spatial trajectories will also be 
abolished. Consistent with this hypothesis, 
the authors demonstrated that medial septal 
inactivation disrupts spatial representations in 
large novel environments, where the distance 
between environmental boundaries is very 
large and the salience of a major sensory cue is 
therefore reduced. This computational frame-
work also predicts a differential importance of 
internal versus external input on the formation 
and maintenance of spatial trajectories as the 
animal explores and learns about the sensory 
cues in a given environment.

One internal source of spatial information 
might come from upstream medial entorhinal 
cortex grid cells, which could provide a neural 
metric for distance traveled by firing in multiple, 

regularly spaced locations9,10. Previous work has 
demonstrated that the inactivation of medial sep-
tum abolishes grid cell firing  patterns, but does 
not affect place cells, raising the possibility that 
place cells might be primarily driven by sensory 
inputs11,12. Wang et al.3 take this idea further 
and dissociate the effect of internal and external 
cues from experience on place cell firing. Place 
cells were recorded in either novel or familiar 
open arenas of different sizes, as well as the 
linear track. The authors found that place cells 
remain impervious to medial septal inactivation 
only when boundary cues in the environment  
are proximal, such as in the linear track or a 
small open arena. In large novel environments, 
where the boundary distance increases, stable 
place cells were not observed during medial 
septal inactivation. This result has two key 
implications. First, experience may shift the 
balance between internal and external drive 
on spatial representations in the hippocampus. 
Second, boundaries in the environment may 
act as sensory stimuli capable of supporting 
stable place cell representations in the absence 
of medial septal–driven activity.

Several interesting questions are also raised 
by the findings of Wang et al.3. Does the loss of 
theta sequences depend exclusively on the loss 
of medial septal–driven theta? As mentioned 
above, medial septal inactivation is also known 
to perturb upstream medial entorhinal grid 
responses12. It will be of interest to determine 
whether the medial-septal effects on sequences 
reflect changes in neuromodulatory, rhythmic 
or entorhinal drive. In addition, what kinds 
of sensory cues can determine the forma-
tion of place fields in the absence of  septal 
inputs? The authors discuss the importance 
of boundaries in the environment, but future 
work should examine how capable diverse 
sensory inputs, such as odor, can inform 

spatial  representations. And finally, does the 
 inactivation of medial septum affect other 
types of temporally compressed sequences that 
are thought to be involved in memory, such as 
hippocampal replay events13–15? Wang et al.3 
point the way for future research by identify-
ing the medial septum as a key component in 
generating at least one of the proposed neural 
correlates of episodic memory.

Episodic memory is an intrinsic and 
 mysterious process, but, in many ways, it 
defines the core of our cognitive experience. 
The findings of Wang et al.3 offer a tantaliz-
ing glimpse into the mechanisms and circuits 
that build the cell assemblies crucial to the 
 formation of episodic memories.
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neddylation is needed for synapse maturation
Amy K Fu & Nancy Y Ip

A study reports for the first time on the importance of post-translational modification by neddylation in postnatal 
brain development. In particular, it is critical to synapse maturation and stability, and thus to cognition.

Precise control of synapse maturation is criti-
cal for establishing connections between neu-
rons and proper brain functioning. Although 

the molecular mechanisms underlying  
synaptic maturation and elimination remain 
largely unknown, proper brain develop-
ment requires precise regulation of dif-
ferent protein modifications. In this issue  
of Nature Neuroscience, Vogl et al.1 elegantly  
demonstrate that neddylation, a post- 
translational protein modification, is critical 
for controlling dendritic spine maturation  
and synapse maintenance. The authors found 

that neddylation deficiency in mouse brains 
led to the elimination of excitatory synapses 
in adult hippocampal circuits and contrib-
uted to impairments in learning and memory. 
This study reveals that, unlike other post- 
translational modifications, neddylation in 
the brain is specifically confined to synapse 
maturation and maintenance. Furthermore, 
the authors provide mechanistic insight into 
the regulation of synapse maintenance via  
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neddylation by identifying the postsynaptic pro-
tein PSD-95 as a neddylation target (Fig. 1).

How did the authors first link the ned-
dylation pathway to synapse maturation? 
Neddylation is the process of conjugating 
the ubiquitin-like protein Nedd8 to substrate 
proteins. Like ubiquitination, neddylation 
has its own activating enzyme (Nedd8-
activating enzyme, NAE), conjugating  
enzyme (Ubc12) and substrate-specific 
ligase that covalently conjugates Nedd8 to 
its target substrates2,3. Nedd8 (neural pre-
cursor cell–expressed, developmentally  
downregulated protein 8) was originally 
identified as being highly expressed in 
the embryonic brain, with its mRNA level 
reportedly being downregulated during  
development4. However, its function in the  
nervous system has not been explored. 
Vogl et al.1 report that the mRNAs encod-
ing Nedd8 and Ubc12 are highly expressed 
in neurons and are enriched in the CA1 
region of the hippocampus. In contrast with 
previous reports4, they found that levels of 
these mRNAs remained relatively constant 
throughout development, whereas neddyla-
tion increased in brain tissues and neurons. 
These findings suggest a function for neddy-
lation during postnatal development.

To explore the possible functions of ned-
dylation in neurons, the authors used three 
approaches to inhibit neddylation in primary 
cultures: expressing short hairpin RNAs against 
Nedd8 and Ubc12, overexpressing a dominant 
negative mutant of Ubc12, and treating with a 
well-characterized NAE inhibitor. Blockade of 
neddylation by all three approaches inhibited 
the development of mature dendritic spines, 
leaving immature spines (filopodia) on the 
dendrites. These results suggest that inhibi-
tion of neddylation abolishes the maturation 
of dendritic spines.

The authors also asked whether neddy-
lation affects the establishment of synaptic 
contacts other than by attenuating spine 
morphogenesis. Although dendritic spines 
are the sites where excitatory synapses 
reside, transient synaptic contacts can be 
formed between filopodia and presynaptic 
sites5,6. The filopodia resulting from neddy-
lation blockade were unable to establish even 
transient synaptic contacts with presynaptic 
neurons, and synaptic contacts were formed 
only on the dendritic shafts of affected cells. 
Furthermore, the specific reduction in clus-
tering of the excitatory postsynaptic marker 
PSD-95, accompanied by a reduction in the 
frequency of miniature excitatory postsynap-
tic currents (mEPSCs), indicates that neddy-
lation specifically influences the development 
of excitatory synapses.

Having revealed that neddylation is inte-
gral to the regulation of excitatory synapse 
development in vitro, the authors then dem-
onstrated a specific function of neddyla-
tion in hippocampal neurons in vivo. After 
expressing a dominant-negative mutant of 
Ubc12 in hippocampal neural progenitors 
using in utero electroporation, they observed 
an increase in filopodia in hippocampal pyra-
midal neurons at postnatal day 5, followed by 
a reduction in dendritic spines by postnatal 
day 28. Live imaging analysis revealed that 
neddylation affected the structural stabili-
zation of spines rather than the dynamics 
of the filopodia: blocking neddylation with 
the NAE inhibitor shrunk mature dendritic 
spines. Interestingly, neddylation is a revers-
ible process, and although ~57% spines 
recovered to their original size, ~34% did not. 
This suggests that, although the morphology 
of most of the dendritic spines is regulated by 
neddylation, the extent and manner in which 
the spines are influenced by neddylation  

varies. The underlying mechanisms respon-
sible for this differential responsiveness of 
individual spines to neddylation, be it sub-
cellular localization of Nedd8, variations in 
other critical components of the neddyla-
tion pathway or differential sensitivity to the  
particular stimulus that triggers neddylation, 
remain to be elucidated.

To further confirm the role of neddylation 
in maintenance of mature spines, the authors 
next utilized an elegant conditional mutant 
approach by using the CaMKIIαCreERT2 
mice, with which they expressed a dominant- 
negative mutant of Ubc12 specifically in 
hippocampal neurons in response to treat-
ment with tamoxifen. Tamoxifen treatment 
blocked Ubc12 function in mature neurons 
and reduced spine density, further support-
ing the notion that inhibition of neddylation 
destabilizes mature spines. To confirm the 
role of neddylation in spine elimination, 
the dominant-negative Ubc12 was overex-
pressed hippocampally in CaMKIIαCreERT2 
mice at postnatal day 35. This reduced spines 
in CA1 pyramidal neurons and dentate gran-
ule neurons, confirming the in vivo role of 
neddylation in spine maintenance.

What are the targets that mediate the 
effect of neddylation in dendritic spines? 
The authors tested various synaptic scaffold 
proteins, which are critical for organizing the 
postsynaptic density (PSD), as potential sub-
strates for neddylation. PSD-95 was the only 
protein that could be neddylated in vitro, 
whereas endogenous neddylated PSD-95 
was found in the synaptosome. Elevated ned-
dylated PSD-95 resulted from the blockade 
of deneddylation, suggesting that PSD-95 
is endogenously neddylated at synapses. 
PSD-95 is regulated at the PSD by a variety 
of post-translational modifications. In par-
ticular, ubiquitination of PSD-95 is medi-
ated by the ubiquitin ligase Mdm2 (ref. 7), 
which can also neddylate its target proteins. 
Interestingly, expression of a dominant-
negative mutant of Mdm2 was able to block 
the neddylation of PSD-95, suggesting that 
neddylation of PSD-95 is mediated through 
Mdm2. Given that Mdm2 mediates both the 
ubiquitination and neddylation of PSD-95, it 
would be interesting to explore whether there 
is crosstalk between the two pathways.

Consistent with its role as a core struc-
tural component of PSD, PSD-95 resides 
in the PSD and is highly stable8. It has been 
shown that ubiquitination of PSD-95 causes 
its degradation7; however, the authors dem-
onstrated that neddylation did not affect 
the expression level of PSD-95. Instead,  
neddylation caused the diffusion of the pro-
tein away from mature spines, resulting in 
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Figure 1  Inhibition of neddylation compromises dendritic spine stability, synapse maturation 
and cognitive function. (a) Neddylation results in the conjugation of Nedd8 to its target proteins. 
Blocking the neddylation of target protein, such as PSD-95, perturbs its functions. (b) Blocking 
neddylation notably reduces structural stability of dendritic spines, which inhibits development of 
excitatory synapses and leads to impaired transmission. (c) Neddylation deficiency causes memory 
impairment in mouse models.
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the observed reduction in PSD-95 clusters. 
It will be interesting to explore whether the 
ubiquitination and neddylation of PSD-95 
are coordinately regulated and how such 
coordination may modulate the activity and 
functions of PSD-95.

What are the functional consequences 
of PSD-95 neddylation? PSD-95 is 
critical to the basal stability, as well as 
activity- dependent structural plasticity, 
of the PSD9,10. Overexpression of PSD-95 
increases the number of dendritic spines 
and enhances maturation of excitatory syn-
apses11. The multiple domains of PSD-95 
contribute in various ways to stabilizing the 
PSD and organizing its components10. In 
particular, PSD-95 contains two N-terminal 
PSD-95/Disc large (Dlg)/zona occludens-1 
(ZO-1) (PDZ) domains, which are critical 
for the stability and the activity of PSD-95. 
PSD-95 is neddylated at residue Lys202, 
which is located at the second PDZ domain 
of PSD-95, but the functions of this ned-
dylation remain unclear. Like blockade of 
neddylation, mutation of Lys202 blocked 
the ability of PSD-95 to induce spine growth 
following expression in mature neurons. In 
addition, overexpressing PSD-95 enhanced 
AMPA receptor–mediated mEPSC fre-
quency, an indicator of an increase in the 
number of synapses, whereas mutating 
the Lys202 site reduced mEPSC frequency. 
Thus, neddylation of PSD-95 at Lys202 is 
necessary for its functions. To our knowl-
edge, Vogl et al.1 are the first to identify a 
synaptic protein as a substrate of Nedd8 and 
to show synaptic functions of  neddylation. 
However, how neddylation of PSD-95  
regulates the activity of PSD-95 remains to 

be explored. Investigation of such a mecha-
nism could focus on three possibilities, as 
neddylation of proteins can trigger a confor-
mational change, preclude interaction with 
partner proteins or enhance recruitment of 
proteins by generating new binding sites2.

What is the in vivo role of neddyla-
tion in forebrain excitatory circuits? The 
authors addressed this question by using the 
CaMKIIαCreERT2 mouse line to delete Nae1 
specifically in forebrain regions. Consistent 
with the notion that neddylation is critical 
for synapse maturation, the authors observed 
reduced dendritic spine density and fewer 
excitatory synapses. The reduced strength of 
synaptic transmission and the lower activity-
induced gene expression in the hippocampus 
indicate diminished neuronal activity in the 
neddylation-compromised mouse hippocam-
pus. These results also further confirm the 
specific functions of neddylation in spine 
morphology and synapse maintenance. The 
resulting mice were also impaired in a battery 
of behavioral tasks that are associated with 
hippocampus-dependent working memory 
and memory retrieval. However, neddylation 
deficiency did not cause defects in emotional 
or social behavioral performance.

Together, these findings identify new roles 
for neddylation at excitatory synapses and in 
synaptic maintenance. By exploring poten-
tial roles for neddylation at the synapse, 
Vogl et al.1 have serendipitously opened the 
door for future investigations of a process 
that has only now been found to be crucial 
for synapse maturation and elimination in 
the brain. Their studies thoroughly and 
convincingly demonstrate how this modi-
fication can affect the intensely scrutinized 

postsynaptic scaffolding protein PSD-95 and 
lay the groundwork for many more studies to 
come. Several important questions remain. 
What other targets may be neddylated at 
synapses? What signals trigger neddylation 
of substrate proteins at synapses during syn-
aptic maturation? How does neddylation of 
PSD-95 regulate its functions at the PSD? In 
addition, neddylation dysfunction has been 
implicated in Alzheimer’s disease12, a disease 
associated with synaptic failure and memory 
impairment13. Thus, whether de  regulation 
of neddylated substrates occurs at excit-
atory synapses and whether neddylation- 
dependent excitatory synaptic dysfunctions 
are involved in the pathophysiology of the 
disease also remain to be uncovered.
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Mobile binding sites regulate glutamate clearance
Robert H Edwards

Glutamate transporters influence the kinetics of synaptic transmission by acutely buffering synaptically released 
glutamate. In addition to high synaptic density of EAAT2, the transporter’s high mobility contributes to function.

Localization regulates the function of many 
proteins, particularly membrane proteins. In 
the nervous system, generation of the action 
potential depends on appropriately local-
ized ion channels. Neurotransmitter release 
involves tight physical coupling between 
voltage-gated calcium channels and synaptic  

vesicles. As a result, the translocation of  
proteins from one site to another can have 
dramatic physiological effects. Indeed, glu-
tamate receptor movement into the synapse  
underlies long-term potentiation (LTP). 
However, there are few examples where mobility  
alone, independent of location, is crucial. In 
this issue of Nature Neuroscience, Murphy-
Royal et al.1 provide compelling evidence that 
the time course of excitatory neurotransmis-
sion is regulated specifically by the mobility  
of the principal glial glutamate transporter.

The clearance of classical neurotransmit-
ters generally involves removal by transport. 
In the case of monoamines, transporters have 
a profound effect on the activation of recep-
tors since the transmitter is often released 
from a distant site. In contrast, GABA and 
glutamate mediate neurotransmission at spe-
cific, closely apposed synaptic sites, suggesting 
that transporters for these transmitters might 
have a different function. Work over the last 
two decades has identified and character-
ized the plasma membrane transporters for  
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