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Activity-dependent dynamics and sequestration of
proteasomes in dendritic spines
Baris Bingol1 & Erin M. Schuman1

The regulated degradation of proteins by the ubiquitin proteasome pathway is emerging as an important modulator of synaptic
function and plasticity1–15. The proteasome is a large, multi-subunit
cellular machine that recognizes, unfolds and degrades target
polyubiquitinated proteins. Here we report NMDA (N-methyl-D aspartate) receptor-dependent redistribution of proteasomes
from dendritic shafts to synaptic spines upon synaptic stimulation, providing a mechanism for local protein degradation.
Using a proteasome-activity reporter and local perfusion, we
show that synaptic stimulation regulates proteasome activity
locally in the dendrites. We used restricted photobleaching of
individual spines and dendritic shafts to reveal the dynamics that
underlie proteasome sequestration, and show that activity modestly enhances the entry rate of proteasomes into spines while
dramatically reducing their exit rate. Proteasome sequestration is
persistent, reflecting an association with the actin-based cytoskeleton. Together, our data indicate that synaptic activity can
promote the recruitment and sequestration of proteasomes to
locally remodel the protein composition of synapses.
To examine whether synaptic activity regulates proteasome localization at synapses, we expressed the 19S proteasome subunit Rpt1
fused to green fluorescent protein (GFP) in cultured hippocampal
neurons16. Biochemical analyses showed that the Rpt1–GFP subunit
was incorporated into the endogenous proteasome complex at

,77% of the efficiency of another endogenous proteasome subunit
(Supplementary Fig. S1a). Under control conditions, Rpt1–GFP was
diffusely distributed in both dendrites and spines (Fig. 1a). After
depolarization (60 mM KCl, 1.5 min), Rpt1–GFP moved from dendritic shafts into spines within minutes (Fig. 1a–c). Although there
was no significant change in the total amount of Rpt1–GFP fluorescence after KCl stimulation, there was on average a ,90% increase
in the spine Rpt1–GFP signal (20 min after KCl) (Fig. 1c, d). The
increase in spine proteasome signal was persistent, typically lasting
for at least 1 h. Most of the Rpt1-occupied spines showed overlap
with a presynaptic protein, bassoon (Supplementary Fig. S3a and
Supplementary Table S1), indicating that these spines are the sites of
functional synapses.
The depolarization-induced redistribution of proteasomes does
not reflect bulk movement of proteins into spines (Supplementary
Fig. S1b–e), nor can it be explained by an increase in the number or
area of spines (Supplementary Figs S1b–g and S2). However, redistribution into spines was also observed with a fluorescently tagged
20S proteasome subunit, a4, indicating that both 19S and 20S
proteasome subunits undergo activity-dependent trafficking
(Supplementary Fig. S1f, g).
Depolarization with KCl leads to the activation of many voltagegated channels, including NMDA-type glutamate receptor channels,
which are critical for the initiation of synaptic plasticity in the

Figure 1 | A GFP-labelled
proteasome subunit, Rpt1-GFP,
moves into spines upon
depolarization. a, Time-lapse
imaging of Rpt1–GFP-labelled
neurons. Arrow indicates time of
stimulation with KCl. Scale bar,
11 mm. b, Higher-resolution images
of dendrites under the indicated
conditions. Scale bar, 6 mm.
c, Summary data showing
quantification of mean spine signal
intensity (from top to bottom,
n ¼ 37, 21, 11 and 21 cells from 7
independent experiments). The KCl
group differs significantly from all
others starting at t ¼ 8 min
(P , 0.01). d, Change in signal level
in spines (at t ¼ 35 min) for each
individual experiment. Error bars
indicate s.e.m.
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central nervous system17. The NMDA receptor antagonist AP5
(D (2)-2-amino-5-phosphonovaleric acid) blocked KCl-induced
movement of both Rpt1–GFP (Fig. 1c, d) and a4–venus fusion
proteins (Supplementary Fig. S1g), indicating that NMDA receptor
activity is required. We also observed that direct stimulation with
NMDA (20 mM, 3 min) was sufficient to drive the redistribution of
Rpt1–GFP into spines (mean per cent increase in spine signal
35.6 ^ 2.8%; n ¼ 10 cells per group; P , 0.05). Together, these
data suggest that NMDA receptor activation specifically recruits
proteasomes from dendritic shafts into spines.
We next examined whether endogenous proteasomes show a
similar activity-dependent redistribution. First, we observed that
most Rpt1–GFP-labelled spines also showed positive immunolabelling
for core (20S) endogenous proteasome subunits (Supplementary
Fig. S3b and Supplementary Table S1) and actinin (data not shown).
We also observed that stimulation (60 mM KCl, 1.5 min) caused a
significant increase in the mean intensity of endogenous synaptic
proteasome particles, without changing their area or number
(Fig. 2a, b). However, the total intensity of the proteasome signal,
including all shafts and spines, did not change. Synaptosomes
prepared from stimulated hippocampal slices (60 mM KCl, 6 min)
revealed a specific increase in the level of synaptic proteasomes,
whereas other synaptic proteins showed no change (Fig. 2c, d). Thus,
endogenous proteasomes move into synapses during stimulation in
both cultured hippocampal neurons and hippocampal slices.
Is proteasome recruitment accompanied by a change in the level of
ubiquitinated synaptic proteins? To investigate this, we used an
antibody that recognizes poly- and monoubiquitinated proteins

Figure 2 | Endogenous proteasomes move into spines. a, Stimulation with
KCl also increases endogenous synaptic proteasomes. Immunostaining was
performed (12 min after stimulation) using two different antibodies against
proteasome components and a presynaptic marker (against bassoon). Scale
bar, 3 mm. b, Analysis of endogenous proteasomes (control, n ¼ 17 cells;
KCl, n ¼ 24 cells from 3 independent experiments; P , 0.05 for the mean
particle intensity), with mean intensity and area of individual proteasome
puncta shown. c, Western blot analysis of proteasome subunits in total lysate
and synaptic fractions. Enrichment of endogenous proteasomes can be
detected in synaptosomes prepared from KCl-stimulated slices. Synapsin
and actin were used as controls. d, Group data for the slice experiment
shown in c (n ¼ 3 experiments; P , 0.05). Error bars indicate s.e.m.

but not free ubiquitin (clone FK2)2,18. Depolarization caused an
initial ,67% increase in ubiquitin levels in the spine and shaft 10 min
after stimulation (Supplementary Fig. S4a, b). At later time points,
there was a proteasome-inhibitor-sensitive decrease in ubiquitinated
protein levels in spines. Note that the time at which the maximum
increase in spine proteasome signal was observed (Fig. 1c) coincides
with the time at which we observed the decrease in the ubiquitinated
proteins (Supplementary Fig. S4a, b).
We also examined whether stimulation with KCl can locally
regulate proteasome activity using a well-characterized, GFP-based
proteasomal degradation reporter that harbors a ubiquitin degradation signal (UbG76V–GFP; refs 19, 20) and loses fluorescence upon
degradation. Stimulation of neurons (60 mM KCl, 1.5 min) caused a

Figure 3 | KCl stimulation increases proteasome activity. a, Time-lapse
images of dendrites from neurons expressing UbG76V–GFP. Bath application
of KCl (arrow) resulted in an NMDA-receptor-dependent loss of
fluorescence, reflecting reporter degradation. Scale bar, 7.5 mm. b, Addition
of KCl or NMDA caused a significant drop in fluorescence that was
prevented by AP5 or proteasome inhibitor MG132 (n ¼ 8 cells per group, 4
independent experiments; P , 0.05 at t ¼ 5 min and thereafter). The
dashed box refers to the region of interest in Supplementary Fig. 5b, c.
c, Time-lapse images of dendrites from neurons expressing UbG76V–GFP,
locally perfused with NMDA or control solution. The position of the local
perfusion is shown in red (yellow box). Perfusion starts at 0 time point. See
also Supplementary Fig. S5d, e. Scale bar, 3.5 mm. d, Change in reporter
signal at the perfused, adjacent and non-perfused dendrites (n ¼ 4 cells per
group, 3 independent experiments; P , 0.05 at t ¼ 4 min and thereafter).
Error bars indicate s.e.m.
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rapid proteasome-inhibitor-sensitive (Supplementary Fig. S5a) and
NMDA-receptor-dependent decrease in the reporter signal, indicating proteasome activity during depolarization (Fig. 3a, b). Consistent
with this, direct activation of NMDA receptors (20 mM NMDA,
3 min) was sufficient to decrease the reporter signal (Fig. 3b). Closer
inspection indicated a more rapid loss of fluorescence in the spines
(within ,2 min) than in the shaft (Supplementary Fig. S5b, c). This
was followed by apparently equal rates of reporter degradation in the
spines and shaft, possibly owing to diffusion of the reporter from the
shaft to the spine (where it would be degraded). To examine whether
proteasomes can be activated locally, we perfused NMDA locally and
monitored reporter fluorescence (Supplementary Fig. S5d, e). There
was a spatially restricted decrease in the intensity of the reporter
signal at the perfused spot (,60% decrease), whereas adjacent areas
showed only very modest reductions (,15%) (Fig. 3c, d) and nonperfused dendrites showed only a 5% decrease (Fig. 3d). In control
(no NMDA) perfusions, there was no change in the GFP signal
(Fig. 3c, d). These results show that local protein degradation can
occur in dendrites and can be activated by NMDA receptor activity.
To understand the dynamics underlying proteasome enrichment
in the spines, we monitored Rpt1–GFP fluorescence recovery after
photobleaching (FRAP). In the absence of stimulation, individual
spines showed ,50–65% recovery of the spine Rpt1 signal after a
single or multiple bleaching episodes (Fig. 4a, c). To examine how
synaptic stimulation alters the dynamics of proteasome localization,
we monitored FRAP in the same individual spines before and after
stimulation with KCl. Before stimulation, spines showed about 65%
fluorescence recovery (Fig. 4b, c). After stimulation with KCl, which

resulted in an increase in the spine Rpt1 signal (Fig. 4b), there was
a dramatic decrease in fluorescence recovery, down to ,10%
(Fig. 4b, c). Control, unbleached spines showed minimal fluorescence during the FRAP experiment. The decreased recovery of
Rpt1–GFP in spines can not be explained by a decrease in the shaft
source fluorescence as decreasing the shaft source fluorescence
deliberately (by bleaching) to a reduced level comparable to that
observed following stimulation had no effect on the extent of
Rpt1–GFP fluorescence recovery (Fig. 4d). We thus conclude that
the immobile fraction of spine proteasomes increases from 35% to
90% upon stimulation, indicating that the proteasome is actively
sequestered in spines.
We reasoned that sequestration of proteasomes in spines may be
due to a decrease in the rate of proteasome exit from the spines. To
test this, we performed fluorescence loss in photobleaching (FLIP)
experiments by repeatedly bleaching an area of the dendritic shaft
and monitoring the loss of Rpt1 signal in the adjacent spine (and a
control spine) after each bleaching episode. Before KCl stimulation,
repeated bleaching of the shaft was associated with a dramatic loss of
Rpt1 spine fluorescence owing to movement of fluorescently tagged
proteasomes out of spines and into the shafts, where they subsequently underwent bleaching (Fig. 4e, f). After stimulation, there
was an increase in the Rpt1–GFP signal in spines that was much more
resistant to repeated bleaching of the shaft (Fig. 4e, f). Analysis
showed that stimulation caused an increase in the immobile fraction
of Rpt1 in the spines (from ,16% to ,90%). Together, our FRAP
and FLIP experiments reveal that stimulation with KCl enhances the
proteasome entry rate by ,1.5-fold and decreases the exit rate by at

Figure 4 | Photobleaching of Rpt1–GFP indicates
the tight association of proteasomes with
spines. a, In the absence of KCl stimulation,
FRAP in spines is similar with repeated bleaching
(n ¼ 9 cells from 4 independent experiments).
Fluorescence levels are shown in arbitrary units
(AU). b, In a representative FRAP experiment, a
single spine was bleached (arrow) before (pre-)
and after (post-) KCl stimulation. Fluorescence
recovery is greatly reduced after stimulation.
Scale bar, 0.75 mm. c, Bleaching of spines was
followed by significant recovery of fluorescence
before KCl stimulation (t ¼ 2.9 ^ 2.0 s), but
recovery was significantly reduced after
stimulation (t ¼ 2.0 ^ 0.5 s; n ¼ 9 cells from 4
experiments; P , 0.01.) (t, time constant). The
fluorescence signal in each group is normalized
to itself at t ¼ 0. d, FRAP, monitored in a single
spine, was equivalent before and after bleaching
(to 50%) of the dendritic shaft (n ¼ 3). Parallel
diagonal lines on the curve indicate the start of
the second FRAP. e, Representative FLIP
experiment in which Rpt1 fluorescence in a single
spine is monitored after repeated bleaching
(arrows) of the associated dendritic shaft, before
and after KCl stimulation. With KCl stimulation
(note the enhanced Rpt1 signal in the spine),
there is much less fluorescence loss in the spine
after shaft bleaching, indicating reduced mobility
of Rpt1. Scale bar, 0.75 mm. f, Analysis of FLIP
experiments (n ¼ 4 cells from 3 independent
experiments; P , 0.01). Each group is normalized
to itself at t ¼ 0. (FLIP pre-stimulation t,
38.3 ^ 2.4 s; post-stimulation, the data were better
fit by a linear function.) Error bars indicate s.e.m.
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least sixfold. We suggest that the proteasome sequestration induced
by stimulation is largely due to a decreased exit rate from spines
(possibly due to enhanced protein–protein interactions), and to a
much lesser extent due to the increased entry rate.
How do proteasomes become concentrated in spines? To study the
potential association of proteasomes with the cytoskeleton, we
performed detergent extraction experiments21. (Proteins resistant
to detergent extraction are more tightly associated with the cytoskeleton.) A large proportion of the proteasomes could not be
extracted with detergent: ,70–80% of proteasome labelling
remained after detergent extraction compared to non-extracted
cultures (Fig. 5a, b). In fact, proteasome subunits more closely
resembled the cytoskeleton-associated protein a-actinin-2 than
other synaptic proteins21 that are less tightly associated with the
cytoskeleton (Fig. 5a, b). The partial extractability of the proteasome
was also confirmed by western blot analysis (data not shown). To
estimate the fraction of proteasomes associated with the actin
cytoskeleton in the Triton-resistant population, we incubated neurons
with the actin-disrupting agent latrunculin A before detergent extraction21. Latrunculin A treatment increased the detergent extractability of
proteasomes to a similar extent as a-actinin (Fig. 5a, b), suggesting
that the fraction of proteasomes targeted by detergent extraction is
mostly associated with the actin cytoskeleton. On the basis of these
data, we estimate that ,50% of the proteasomes in dendrites are
associated with the actin cytoskeleton. We confirmed this partial
association by immunolabelling for proteasome subunits and actin
(Supplementary Fig. S3c and Supplementary Table S1). Furthermore, after treatment with latrunculin A alone, we observed that
most of the proteasome puncta disappeared (Fig. 5a, b). Latrunculin
A treatment affected a-actinin in a similar manner, but did not affect

synaptophysin or calcium/calmodulin-dependent protein kinase II
(CaMKII) greatly (Fig. 5a, b). Together, these data suggest that a
substantial fraction of the proteasomes in hippocampal neurons is
associated with the actin cytoskeleton.
To test whether activity regulates the association of proteasomes
with the actin cytoskeleton, we stimulated hippocampal cultures
(20 mM NMDA, 1 min), detergent-extracted and then immunostained for proteasome subunits and actin. NMDA stimulation
significantly increased the number of actin-associated proteasome
subunits (Fig. 5c, d). Immunoblotting of the detergent-resistant
proteasome population also revealed a significant increase in the
level of proteasomes that were not extracted (that is cytoskeletonassociated) compared to the unstimulated controls (Fig. 5e, f). These
data show that stimulation with NMDA leads to an increase in
proteasome association with the actin cytoskeleton, suggesting a
plausible mechanism for its sequestration after stimulation. In
contrast, there seems to be little involvement of the microtubulebased cytoskeleton (Supplementary Fig S6a, b)22,23.
Recent studies of ubiquitin-proteasome system (UPS) regulation
have emphasized the importance of substrate recognition and
ubiquitination by the enzymes of the conjugation pathway24. Downstream of ubiquitination, E3 and other proteins25 have been proposed
to ‘deliver’ the target proteins to the proteasome. The converse
possibility, involving movement of a proteasome to the target
protein, is an emerging concept26, with much less direct experimental
support. It is worth noting, however, that biochemical studies have
shown an apparent interaction of proteasomes with proteins physically proximal to degradation targets26. In addition, movement of
proteasomes between the cytoplasm and nucleus has been observed
during mitosis and meiosis27.

Figure 5 | The proteasome associates with the
actin cytoskeleton. a, Immunostaining for
proteasome subunits, a-actinin-2 (Act-2),
CaMKII and synaptophysin (Syp) in control
neurons and neurons exposed to Triton X-100 or
latrunculin A alone or sequentially. Scale bar,
4 mm. b, Group data for a (n ¼ 25 cells per group,
3 independent experiments). Asterisk, P , 0.05;
two asterisks, P , 0.01. c, Stimulation with
NMDA increases the number of actin-bound
proteasome subunits. Only proteasome puncta
that are associated with an actin puncta are
shown. Scale bar, 4 mm. d, Proteasome
colocalization values were normalized to the actin
staining within each dendrite (n ¼ 40 from 3
independent experiments; P , 0.01 for Rpt3 and
P , 0.05 for core subunits). e, f, Stimulation with
NMDA increases the pool of proteasomes
associated with the actin cytoskeleton (n ¼ 4
independent experiments, P , 0.01 for Rpt1 and
P , 0.05 for a7). Error bars denote s.e.m.
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The activity-dependent dynamics described here suggest that
proteasomes can be recruited to locally sculpt the protein composition of the synapse, providing on-site degradation rather than
serving as something akin to a remote garbage-disposal site. In
support of this idea, others have observed the association of proteasomes with the cytoplasmic tails of receptor complexes28, suggesting a
capacity for rapid remodelling of membrane-associated receptor
complexes3,4,7–15. Here we show dynamic, NMDA receptor-dependent
redistribution of proteasomes from dendritic shafts to spines.
Together with the detection of more polyribosomes in potentiated
spines29, our data suggest the capacity for local remodelling of spines
through the coordinated synthesis and degradation of proteins13–15.
In our experiments, the long-lasting nature of proteasome recruitment to the spines indicates the possibility of local and persistent
remodelling that outlasts the stimulation period.
METHODS
See Supplementary Information for detailed methods.
Viral constructs. Rpt1–GFP was cloned into the pSinRep5 vector (Invitrogen)
from the pBS-Rpt1-GFPHA-HU plasmid16. Rpt1–GFP-IRES–mRFP was generated
from the pSinRep5-Rpt1–GFP clone by inserting IRES and mRFP sequences
downstream of the Rpt1–GFP sequence. To generate the a4–venus Sindbis virus,
the a4 cDNA (MGC accession 2581897) was cloned upstream of venus sequence
(pCS2-venus; ref. 30) in pSinRep5. The degradation reporter UbG76V–GFP construct (refs 19, 20) was cloned into pSinRep5 from the EGFP–N1-UbG76V–GFP
vector.
Cultured hippocampal neurons and live imaging. Dissociated postnatal (P)1–2
rat hippocampal neuronal cultures (18–21 days in vitro) were used in all
experiments. Images were acquired on a Zeiss LSM 510 microscope (£40 oilimmersion objective) for tagged proteasome experiments and on an Olympus
IX50 microscope (£40 objective) for proteasome activity experiments.
Statistical analysis. Unpaired, two-tailed Student’s t-tests and one-way analysis
of variance (ANOVA) were used for statistical analyses. All data were tested for
normal distribution.
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