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Proteasome Inhibition Triggers Activity-Dependent Increase
in the Size of the Recycling Vesicle Pool in Cultured
Hippocampal Neurons

Kristen Willeumier,! Stefan M. Pulst,'2 and Felix E. Schweizer!
Department of Neurobiology, David Geffen School of Medicine at University of California, Los Angeles, Los Angeles, California 90095, and 2Division of
Neurology, Cedars-Sinai Medial Center, Los Angeles, California 90048

The ubiquitin proteasome system, generally known for its function in protein degradation, also appears to play an important role in
regulating membrane trafficking. A role for the proteasome in regulating presynaptic release and vesicle trafficking has been proposed
for invertebrates, but it remains to be tested in mammalian presynaptic terminals. We used the fluorescent styrylpyridinium dye FM4-64
to visualize changes in the recycling pool of vesicles in hippocampal culture under pharmacological inhibition of the proteasome. We
found that a 2 h inhibition increases the recycling pool of vesicles by 76%, with no change in the rate or total amount of dye release.
Interestingly, enhancement did not depend on protein synthesis but did depend on synaptic activity; blocking action potentials during
proteasome inhibition abolished the effect whereas increasing neuronal activity accelerated the effect with an increased recycling pool
evident after 15 min. We propose that the proteasome acts as a negative-feedback regulator of synaptic transmission, possibly serving a

homeostatic role.
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Introduction

Neurotransmitter release from presynaptic nerve terminals is
strongly regulated by both positive as well as negative factors.
Calcium clearly plays a crucial role in initiating fusion of synaptic
vesicles with the plasma membrane, but a large collection of pro-
teins, lipids and higher order complexes orchestrates the ap-
proach of vesicles to the fusion site, readies them for fusion,
hampers fusion at inopportune times and accelerates fusion after
calcium entry. After fusion, additional protein complexes, possi-
bly sharing crucial components such as synaptotagmin (Poskan-
zer et al., 2003), then initiate and modulate vesicle endocytosis.
Each one of these steps appears to be regulated by a complex set of
protein and lipid interactions that are governed at least in part by
phosphorylation and also by the presence or absence of particular
proteins. Neurons can thus regulate synaptic transmission by
modifying the protein composition found at a particular synaptic
terminal either by protein synthesis (Beaumont et al., 2001; Giu-
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ditta et al., 2002; Wu et al., 2005) or degradation (Bingol and
Schuman, 2005).

The ubiquitin proteasome system (UPS) (Glickman and Ciec-
hanover, 2002) is emerging as a powerful modulator of synaptic
transmission (Murphey and Godenschwege, 2002; Cline, 2003;
Hegde, 2004; Yi and Ehlers, 2005; Patrick, 2006). For example,
UPS dependent degradation of important postsynaptic compo-
nents has been reported (Burbea et al., 2002; Colledge et al., 2003;
Ehlers, 2003; Patrick et al., 2003; Juo and Kaplan, 2004). Further-
more, the proteasome itself seems to be trafficked in and out of
postsynaptic spines in an activity-dependent manner (Bingol and
Schuman, 2006).

The proteasome modulates synaptic transmission presynap-
tically at both the Drosophila neuromuscular junction (NMJ)
(Aravamudan and Broadie, 2003; Speese et al., 2003) and the
Aplysia sensory-motor synapse (Zhao et al., 2003). This regula-
tion appears to depend on protein kinase A (PKA) activity result-
ing in an acute enhancement of evoked transmission (Aravamu-
dan and Broadie, 2003; Speese et al., 2003), whereas the increased
fiber sprouting and long-term facilitation observed in Aplysia
requires additional protein synthesis (Zhao et al., 2003). The pro-
teasome also regulates the level of presynaptic proteins including
the vesicle priming protein Dunc-13 (Aravamudan and Broadie,
2003; Speese et al., 2003), the vesicle membrane protein synapto-
physin (Wheeler et al., 2002), and the plasma membrane soluble
N-ethylmaleimide-sensitive factor attachment protein (SNAP)
receptors (SNAREs) syntaxin (Chin et al., 2002) and SNAP-25
(Ma et al., 2005).

Our studies are focused on elucidating the role of the protea-
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some in the vesicle recycling pathway. Us-
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Table 1. DMSO does not alter presynaptic function as measured by FM4-64 assay

ing the styryl dye FM4-64 in dissociated FM4-64 Relative

culture, we visualized changes in the recy-  DMSO concentration Average number of puncta uptake (a.u.) release (%) Kinetics (s)
cling pool of vesicles in the presence or ;i 59.59 + 3.94 4757+ 2.83 2194+ 1.03
absence of the proteasome inhibitors 1y Q3779 4009+08  2512%149
clasto-lactacystin B-lactone or epoxomi- 1y 59.68 + 639 478 +270 2696 + 233
cin. We demonstrate that inhibition of the 2% 65.94 + 571 50.80 = 5.18 25.88 = 135

proteasome increases the recycling pool in
an activity-dependent manner and that
this regulation can be modulated by sec-
ond messenger pathways. Our data show that the proteasome can
dynamically regulate synaptic transmission and suggest that the
proteasome serves a regulatory feedback role in the presynaptic
terminal.

Materials and Methods

Cell culture. Hippocampal cultures from the CA1-CA3 regions of new-
born rat pups (postnatal day 0—3) were prepared as described previously
(Sippy et al., 2003). The CA1-CA3 region of the hippocampus was dis-
sected from Sprague Dawley rats in HBSS (Life Technologies, Gaithers-
burg, MD) containing 20% fetal bovine serum (FBS; Hyclone, Logan,
UT). The tissue was digested for 5 min with 10 mg/ml trypsin, and
mechanically dissociated with a siliconized Pasteur pipette in 0.5 mg/ml
DNase. After centrifugation, the cells were plated at a density of 30,000—
50,000/cm? on glass coverslips inside an 8-mm-diameter cloning cylin-
der on glass coverslips coated with Matrigel (Life Technologies). Cells
were grown in 50 ul Minimal Essential Medium (MEM,; Life Technolo-
gies) supplemented with 0.5% glucose, 100 mg/L bovine transferrin (Cal-
biochem, La Jolla, CA), 24 mg/L insulin, 2 mm Glutamax-1 (Invitrogen,
Carlsbad, CA) and 10% FBS (Hyclone). 24—48 h after plating 50 ul of
with MEM supplemented as above but containing no FBS, 4% B-27
(Invitrogen) and 8 uMm cytosine 3-p-arabinofuranoside (ARA-C; Sigma,
St. Louis, MO) for a final concentration of 5% FBS, 2% B27 and 4 um
ARA-C. Cultures were maintained at 37°C in a 95% air/5% CO, humid-
ified incubator for 12-21 d before use.

FM 4-64 assay to measure vesicle recycling; imaging, and analysis. Cov-
erslips with cultured neurons [12-21 d in vitro (DIV)] were mounted on
a fast-flow perfusion chamber on the stage of a laser-scanning confocal
microscope [Zeiss (Oberkochen, Germany) LSM 410 attached to a Zeiss
Axiovert 100, using a 100X, 1.3 numerical aperture oil-immersion ob-
jective]. The total chamber volume of 100 ul was perfused at a rate of 5
ml/min allowing for fast switching of external solutions. Control external
solution contained the following (in mm): 119 NaCl, 5 KCl, 25 HEPES, 30
p-glucose, 2 CaCl,, 2 MgCl,, pH 7.2 with NaOH, 310mOsm. High K™
external solution contained the following (in mm): 34 NaCl, 90 KCl, 25
HEPES, 30 p-glucose, 2 CaCl,, 2 MgCl,, pH 7.2 with NaOH, 310 mOsm.
Neurons were challenged for 1 min with high-K ™ solution in the pres-
ence of 15 um FM4-64 or SynaptoRed. Neurons were then washed for 10
min in control external solution to remove any nonendocytosed dye.
Advasep (100 um) was perfused for 30 s to quench additional dye not
taken up by endocytosis. After washing, the cells were challenged a sec-
ond time for 1 min with high-K™ solution without fluorescent dye
(destaining). Confocal images of 256 X 256 pixels with a 3X zoom (0.17
pwm/pixel) were acquired every 2 s during the last minute of the wash and
then during the second high-K ™ challenge (identical gain and contrast
settings were used throughout the study).

The area for imaging was chosen to contain a meshwork of well de-
fined dendrites and no clusters of cell bodies. Acquired images were
analyzed offline using Image]J software (http://rsb.info.nih.gov/ij/) and
the built-in particle analyzer function was used to track the fluorescence
intensity of all pixel clusters within an image that contained 650 pixels
with an average intensity above a user-set threshold. These criteria
marked ~40 pixel clusters per experiment, largely independent of the
experimental condition (see Fig. 2) [control (Ctrl), 37.3 £ 1.7; clasto-
lactacystin B-lactone treated (Clast), 45.2 £ 1.9; DMSO, 39.9 = 3.2;
epoxomicin (Epox), 42.3 £ 3.2]. The small increase in the number of
clusters in response to proteasome inhibition, although not seen in all

Cultures were left untreated or treated with DMSO at concentrations indicated for 2 h. Proteasome inhibitors clasto-lactacystin, B-lactone, and epoxomicin
were dissolved in DMSO at 1% for all given experiments. Data are means == SEM; n = 5 for all conditions.

experiments, might indicate an additional effect on synapse number that
was not further explored, but would not alter any of our conclusions. To
analyze these clusters, a mask was created by subtracting the average of
the last 30 images from an average of the first 30 images in a series.
Particle tracker then identified the clusters in the subtracted image. All
pixels belonging to a cluster and a ring of pixels around each cluster were
then set to the numerical value 1 whereas all other pixels were assigned
the value 0. This mask was then multiplied with each original image in a
series, effectively setting the background to 0 without changing the clus-
ters and allowing for some lateral movement of the clusters between
images. This simple procedure allows for a relatively unbiased and effi-
cient analysis of the experiments. The analysis was performed blind to
experimental condition. The initial fluorescence intensity, the time
course of fluorescence decay and the fraction of the initial fluorescence
that could be released were determined (see Fig. 1). Rare experiments
showed no dye uptake or no dye release and were excluded from addi-
tional analysis.

Values from the ~ 40 pixel clusters analyzed in a single experiment (1)
were averaged and an exemplar is shown in Figure 1. The average of these
averages from repeated experiments is reported as the mean = SEM, with
n representing the number of independent experiments. All experiments
were repeated with at least three independent batches of cell cultures.
Data were compared using the Student’s t test and resampling statistics
(Efron and Tibshirani, 1991). For multiple comparisons the data were
analyzed by two-way ANOVA followed by Tukey’s post hoc analysis to
determine individual group differences.

Proteasome inhibitor treatment. Cultures were visually inspected to
ensure healthy appearance before the experiment. The proteasome in-
hibitors clasto-lactacystin 3-lactone, epoxomicin, or MG-132 (Boston
Biochem, Cambridge, MA), were solubilized in 10% DMSO (Sigma) and
added to the cultures to give a final concentration of 10 uMm for clasto-
lactacystin B-lactone, epoxomicin and 50 um for MG-132 in 1% DMSO
unless otherwise indicated. Control cultures were exposed to 1%
(DMSO) for identical durations. The reversible inhibitor MG-132 was
also added to all solutions during the FM4-64 experiments. Control ex-
periments showed that DMSO at concentrations of 0.1, 1 and 2% was
without effect on the measured signals as compared with nontreated
controls (Table 1).

Chemicals. The chemicals used in these experiments and their sources
are as follows: FM4-64 (Invitrogen), Advasep (CyDex, Lenexa, KS),
H-89, emetine (Calbiochem) Sp-cAMPS, Rp-cAMPS, cycloheximide
(Biomol, Plymouth Meeting, PA), and forskolin (Sigma). In some exper-
iments, the structurally identical Synaptored-C2 (Biotium, Hayward,
CA) was used instead of FM4-64.

Results

Acute inhibition of the proteasome increases the recycling
vesicle pool in primary neuronal cultures

We studied synaptic transmission in primary cultures of hip-
pocampal neurons obtained from 0- to 2-d-old rat pups. After
2-3 weeks in culture, the neurons were treated with proteasome
inhibitors and the fluorescent membrane marker FM4-64 was
used to quantify the presynaptic components of synaptic trans-
mission (Betz and Bewick, 1992; Ryan et al., 1993). To stimulate
exocytosis and subsequent dye uptake, cells were depolarized
with a hyperkalemic solution (90 mm KCI) for 1 min in the pres-
ence of 15 uM FM4-64, a stimulus paradigm thought to recruit
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high potassium challenge (Fig. 2C) (n =
56) with a time constant of 23.6 = 1.0 s
(n = 39) (Fig. 2E).

After a 2 h treatment with the protea-
some inhibitor clasto-lactacystin B-lactone
(10 uM) the amount of dye loading in-
creased dramatically relative to untreated
control cultures (Fig. 1 B-D). In our entire
series of experiments, we observed a 76%
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;80-‘&_1-;1
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increase in dye uptake after proteasome
inhibitor treatment (Fig. 2A,B) [*p <
0.0001; Ctrl, 59.5 = 2.3 a.u., n = 56 (2089
boutons); Clast,104.9 * 3.7 a.u., n = 48
(2169 boutons)]. Both the kinetics and rel-
ative amount of dye released were not af-
fected by proteasome inhibition (Fig. 2C-
F). These results were robust for all paired
experimental sets (Fig. 1) as well as for the
entire data set (Fig. 2). Atlower concentra-
tions (I uM) (data not shown), clasto-
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Figure 1.

the entire pool of actively recycling vesicles (Ryan et al., 1993).
After a 10 min washing step, fluorescent spots were prominently
visible (Fig. 1B, stained) indicating sites of active membrane
turnover. These sites represent presynaptic terminals based on
immunohistochemistry (Ryan et al., 1993) and EM examination
(Harata et al., 2001; Schikorski and Stevens, 2001). Images were
taken every 2 s and, after a 1 min baseline period, the neurons
were depolarized with a second 1 min application of a hyperkale-
mic solution containing no dye. This stimulates the fusion of
vesicles that have previously taken up the dye, leading to a loss of
fluorescence from active synapses (Fig. 1B, destained). Any en-
docytic event occurring during the 1 min dye application will trap
dye; however, the optical signals are dominated by the large scale
and fast, stimulus-synchronized time course of vesicle release and
uptake at the presynaptic terminal. The recorded signals thus
reflect almost exclusively presynaptic events. We used Image] to
quantify the FM4-64 fluorescence intensity of individual spots
over time (see Materials and Methods). Typically, ~40 individual
spots were analyzed per trial and the average intensity and SEs
were plotted against time as shown for an example in Figure 1C.
The total dye uptake, the time course of release and the amount of
dye released was then determined. These numbers were regarded
as representing a single experiment n (n = number of individual
coverslips). In each series of experiments, at least one control
culture was compared with at least one treated culture (protease
inhibitors, kinase inhibitors, etc.). Experimental data were ob-
tained from at least three independent cultures. On average,
50.0 = 1.0% of the loaded FM dye was released during the second

(lasto-lactacystin B-lactone increases the FM4 — 64 dye uptake. A4, Schematic of FM4-64 experiments to measure
presynaptic function (for details, see Materials and Methods and Results). B, Left, Fluorescence images of cultured hippocampal
neurons taken at the end of the 10 min wash period (stained) indicate that control neuronal terminals (top; Control) show less dye
uptake than clasto-lactacystin 3-lactone-treated neurons (bottom; Proteasome Inhibitor). Right, The same respective fields after
destaining using a 60 s hyperkalemic treatment in the absence of FM4-64. Scale bar, 15 wm. C, D, Plot of FM4 — 64 fluorescence
intensity over time. The fluorescence intensities of the ~40 punctain B were analyzed in allimages taken and the average = SEM
is plotted against time for control (€) and clasto-lactacystin 3-lactone-treated cultures (D; for details, see Materials and Methods).
From these graphs, FM4-64 uptake, the kinetics of dye release, and the percentage of dye released were calculated (Ctrl, 39.1 =
3.7a.u.,15.95,61%; Clast, 79.6 == 0.2 a.u., 19.6'5, 57%). Note the close similarities between these two exemplar datasets, except
for the amount of initial dye uptake. Each graph in this figure depicts a single experiment n (see Materials and Methods).

lactacystin B-lactone was less effective and
gave more variable results, whereas higher
concentrations (100 uMm) appeared some-
what toxic (as determined by propidium
iodine staining) (data not shown). The
widely used concentration of 10 uMm clasto-
lactacystin B-lactone (Zhao et al., 2003)
was therefore chosen as a standard
concentration.

Although clasto-lactacystin B-lactone is
a highly specific, nonreversible protea-
some inhibitor (Fenteany et al., 1994), it
was important to confirm the results with
another specific but structurally unrelated
proteasome inhibitor. As shown in Figure
2,a2htreatment with 10 uM epoxomicin yielded results virtually
identical to those obtained with clasto-lactacystin B-lactone, al-
though the effect of epoxomicin was slightly smaller ( p < 0.03).
We observed a 67% increase in dye uptake [*p < 0.0001; Ctrl,
53.5 = 3.8a.u.,n = 19 (758 boutons); Epox, 89.6 = 6.11 a.u.,n =
19 (804 boutons)] with no change in the kinetics or relative
amount of dye released (Fig. 2C—F). There also was no change in
the average number of FM spots per image in response to the 2 h
exposure to proteasome inhibitors (data not shown). We further
corroborated our results by using a more common, but possibly
less-specific proteasome inhibitor, MG-132, at 50 M. Because
this inhibitor is reversible, we included it in all staining and
destaining solutions in addition to the 2 h preincubation. As with
the other two inhibitors, we observed an increase in dye uptake
(p < 0.02; Ctrl, 43.5 = 2.5 a.u, MG-132, 57.2 = 49 n = 9).
Because acute proteasome inhibition with three unrelated inhib-
itors increased the amount of dye uptake with no change in the
kinetics or the relative amount of dye release, we conclude that
proteasome inhibition increases the number of synaptic vesicles
in the pool of recycling vesicles without directly affecting the
exocytotic process.

We next investigated the time course of the observed increase
in the recycling pool of synaptic vesicles. Whereas a 15 min treat-
ment was not enough to reveal a statistically significant effect, 60
min of proteasome inhibitor exposure was sufficient to trigger a
maximal increase which was sustained for at least 5 h (Fig. 3A). A
2 h wash between treatment with the irreversible inhibitors and
the FM assay did not diminish the effect. However, preliminary
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Time (s)

1
180



11336 - J. Neurosci., November 1, 2006 - 26(44):11333-11341

A

S1200  * * 100

:” e 75

5 80 2

o w© 50

2 40 =

© g 25

<

= 0 Q 0+ T T T
L 0 50 100 150

Ctrl
Clast
Citrl
Epox

FM4-64 uptake (a.u.)

O
(W)

75 100+
o =S
(7] 754
850 =1 g o
() © E
3:25 =
= £ 254
3
o L= 2 g T
=T} = 0 25 50 75 100
Oa ©8
& L % Release
E 30 F100
o~ xR
EZ2 g 7S
2 5 5 0
g2 10 E
9 c 25
28 3
0__‘_, = 0+ 1 T T 1
‘.3% Sé 0 10 20 30 40
— Q.
O I

Release time constant (s)

Figure 2.  Proteasome inhibitors significantly increase FM4-64 uptake without altering the
kinetics or the relative amount of release. A, Dye uptake was quantified as in Figure 1 and is
shown as mean == SEM. Open bars, Control; black bars, clasto-lactacystin 3-lactone; gray bars,
epoxomicin. *p < 0.001, Student’s ¢ test. B, Same data as in 4 but plotted as a cumulative
distribution. Solid lines, Controls; black dotted line, clasto-lactacystin 3-lactone; gray dotted
line, epoxomicin. Although the means are not significantly different (4), the cumulative distri-
bution indicates that the median increase in clasto-lactacystin 3-lactone is larger than in con-
trol. *p << 0.01, resampling statistics. C, D, Amount of dye that was released in percentage of
dye uptake (same setup asin 4, B). E, F, Kinetics of dye release (same setup asin 4, B).

experiments with the reversible MG-132 indicate that the num-
ber of recycling vesicles returns to control levels in <2 h (data not
shown). For the present study, we focused on the acute effects of
irreversible proteasome inhibitors and chose treatments of 15
min and 2 h as our standard. All experiments were performed
with neuronal cultures grown for 12-21 DIV after synapse for-
mation and substantial maturation has occurred (Renger et al.,
2001). Plotting dye uptake against DIV for control cultures re-
vealed no significant increase over the time period tested (Fig. 3B,
open circles). However, in clasto-lactacystin (3-lactone-treated
cultures, dye uptake increased substantially over the same period.
Thus, although basic synaptic properties as tested by a hyperkale-
mic challenge are “mature” at 12 DIV, further development is
required for the proteasome to act as a modulator of the recycling
vesicle pool.

Inhibition of the proteasome blocks protein degradation and,
thus, increases the level of some proteins. Such an increase in
protein levels might additionally depend on synthesis of new pro-
teins. We tested this hypothesis by treating neuronal cultures
with 100 uM of either cycloheximide or emetine during protea-
some inhibition. Neither drug affected dye uptake (and thus ves-
icle recycling) on their own nor in combination with the protea-
some inhibitor clasto-lactacystin B-lactone, which still increases
the recycling pool (Fig. 3C,D) (F(, 3, = 1.3; p > 0.2). This result

Willeumier et al. @ Proteasomal Control of Synaptic Vesicle Pools

shows that the effect of proteasome inhibition is independent
from the synthesis of novel proteins. It has been shown previously
that proteasome inhibition over a 24 h period causes a protein
synthesis dependent increase in synaptic transmission in Aplysia
(Zhao et al., 2003). Our results are consistent with findings in
Drosophila where proteasome inhibition for 1 h increased the
release probability independent of new protein synthesis (Speese
etal., 2003). Together these results show that protein levels at the
presynaptic terminal can be altered by proteasomal function
alone, whereas longer term changes that include structural rear-
rangements (Zhao et al., 2003) depend on additional protein
synthesis.

Proteasome inhibition-mediated increase in the recycling
vesicle pool depends on neuronal activity

Although the regulation of proteasomal activity is not well un-
derstood, previous experiments suggest that it might be modu-
lated by neuronal activity; acute depolarization of synaptosomes
triggers a rapid downregulation of protein ubiquitination (Chen
et al., 2003), whereas changes in neuronal activity over hours to
days alters the levels of ubiquitinated proteins in the postsynaptic
density (Ehlers, 2003). Because hippocampal cultures show high
levels of intrinsic activity, it seemed possible that the time course
of the effect of proteasome inhibition (Fig. 3A) might be affected
by neuronal activity. To test this, neuronal activity was increased
during a short, 15 min proteasome inhibitor treatment (Fig. 4 A,
high activity) or decreased during the standard 2 h long treatment
(Fig. 4 A, low activity). The effect on the pool size was then deter-
mined using the standard solutions and protocols (Figs. 14, 4A).
To increase neuronal activity, inhibition was blocked by 100 um
picrotoxin and synaptic activity was enhanced by elevating the
extracellular Ca®* concentration from 2 mum to 5 mm. To lower
neuronal activity, action potentials were blocked by 500 nMm te-
trodotoxin (TTX) in the presence of selective antagonists for
AMPA and NMDA receptors [6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX; 10 uMm) and 2-amino-5-phosphonopentanoic
acid (APV; 50 um), respectively]. Dye uptake and release was then
assessed using the identical, standard external solutions for all
conditions. Elevation or blockade of neuronal activity in the ab-
sence of proteasome inhibitor (Fig. 4C,D) was without effect on
the size of the recycling pool. However, whereas a 15 min expo-
sure to proteasome inhibitors failed to elicit an effect (Fig. 3A,
4C,D), high activity for 15 min in the presence of either clasto-
lactacystin B-lactone (Fig. 4C) or epoxomicin (Fig. 4 D) increased
the size of the recycling pool to levels comparable with those
achieved with a 2 h exposure to proteasome inhibitor alone
(5Ca*?/Clast, 94.6 = 7.4 a.u., n = 24; 2 h Clast, 96.6 * 6.5 a.u.,
n=30;and 5Ca *?/Epox, 78.8 * 14.9a.u.,n = 9;2h Epox, 87.1 =
8.0 a.u.,, n = 16) (Fig. 4C,D). Consistent with activity depen-
dence, blocking neuronal activity during a 2 h exposure to pro-
teasome inhibitors completely blocked the increase in the vesicle
pool size (Fig. 4C,D). Together, these results reveal an activity-
dependent effect of proteasome inhibition and suggest that the
proteasome might act as a regulatory feedback control mecha-
nism to contain exocytotic activity (see Discussion).

Potential overlap between cAMP/PKA-mediated and
proteasome-dependent increase in the recycling pool

of vesicles

The recycling pool of vesicles appears to be refilled from the
reserve pool, possibly through a cAMP/PKA-dependent path-
way, as suggested by the Drosophila mutants dunce and rutabaga
that have deficiencies in the cAMP pathway (Kidokoro et al.,
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DMSO) or the protein synthesis inhibitor cycloheximide (Cyclo) (100 wm) for 2 hin the absence
or presence of clasto-lactacystin B-lactone (10 wum). Average dye uptake is plotted as mean ==
SEM (Ctrl, 46.56 == 1.97; Clast, 64.45 = 3.26; Cyclo, 52.02 =+ 3.22; Cyclo/Clast, 62.81 == 3.93,
n = 9in all conditions). Two-way ANOVA followed by Tukey’s post hoc analysis at p < 0.05
revealed asignificant differencein clasto-lactacystin 3-lactone treated cultures (*relative to Ctrl) with
no effect of cycloheximide. D, Cultures were also treated with the irreversible protein synthesis inhib-
itor emetine (100 wum) for 2 h in the absence or presence of dlasto-lactacystin 3-lactone (10 m).
Average dye uptake is plotted as mean == SEM (Ctrl, 41.03 = 2.13; Clast, 56.12 = 2.02; Emetine,
39.5 == 2.56; Emetine/Clast, 50.54 == 3.35,n = 9in all conditions). Two-way ANOVA followed by
Tukey's post hoc analysis at p << 0.05 again revealed a significant difference in clasto-lactacystin
[B-lactone treated cultures (*relative to Ctrl) with no effect of emetine.
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2004). Furthermore, the cAMP/PKA-dependent pathway can
regulate the activity of the UPS directly (Kotani et al., 1998; Up-
adhya et al., 2006) and phosphorylation by PKA can alter the
proteasomal degradation rate of the phosphorylated protein
(Gastel et al., 1998; Schomerus et al., 2000). We thus addressed
the hypothesis that the cAMP-PKA pathway intersects with the
proteasome-dependent recruitment of vesicles by either blocking
or stimulating the cAAMP—-PKA pathway. To block PKA, neuronal
cultures were preincubated for one h with the PKA inhibitors
H-89 (20 uM) or Rp-cAMPS (100 uM) and then treated with
inhibitors and clasto-lactacystin 3-lactone or inhibitors alone for
another 2 h. Whereas H-89 slightly increased the recycling pool of
vesicles relative to control (Ctrl, 55.4 = 4.6 a.u., n = 7; H-89,
74.03 £ 6.21 a.u,, n = 9), the competitive PKA inhibitor Rp-
cAMPS had no effect on dye uptake (Ctrl, 51.5 = 5.3 a.u, n = 9;
Rp-cAMPS, 50.2 = 2.4 a.u., n = 9). Importantly, both PKA an-
tagonists completely blocked the effect of proteasome inhibition
(Clast, 101.8 = 9.2 a.u., n = 7; H-89/Clast, 70.6 = 7.7 a.u., n =
10) (Fig. 5B) (Clast, 76.3 = 2.7 a.u.,, n = 9; Rp/Clast, 55.8 =
4.4a.u.,n=9) (Fig. 5C). As in the other experiments, neither the
absolute amount of dye release nor the rate of dye release was
affected by PKA inhibition (data not shown).

To stimulate the cAMP-PKA pathway, we used the adenylyl
cyclase activator forskolin, thereby increasing intracellular cAMP
concentrations. Alternatively, we used the nonhydrolyzable
cAMP-analog Sp-cAMPS, a potent PKA agonist. As with the PKA
inhibitors, cultures were pretreated with forskolin (100 um) or
Sp-cAMPS (50 uM) for 1 h, followed by a 2 h incubation with
forskolin/Sp-cAMPS alone or forskolin/Sp-cAMPS and clasto-
lactacystin B-lactone. In agreement with previous studies (Ku-
romi and Kidokoro, 1999, 2003), forskolin alone increased the
recycling pool of vesicles [*p < 0.05; Ctrl, 67.4 = 2.7 a.u., n = 23;
forskolin (Forsk), 90.5 = 5.6 a.u., n = 23] (Fig. 5E). This increase
was as large as the increase induced by proteasome inhibition
alone, yet the combined treatment did not elicit a further en-
hancement (Clast, 90.6 £ 7.1 a.u., n = 18; Forsk/Clast, 89.2 *
6.3) (Fig. 5E). Similar results were obtained with the PKA agonist
Sp-cAMPS (Ctrl, 50.3 *= 4.8 a.u.; Clast, 81.7 £ 4.1 a.u.; Sp-
cAMPS, 81.1 * 2.8 a.u.; Sp/Clast, 85.5 = 8.8 a.u.; n = 9) (Fig. 5F).
Again, no change in the rate or amount of dye release was ob-
served (data not shown). This suggests that activation of the
cAMP-PKA pathway is capable of recruiting vesicles to the re-
leasable pool, thus increasing the recycling vesicle pool size. In the
presence of strong proteasome inhibition, the PKA pathway does
not further modulate the vesicle recycling pool. These results
suggest that proteasome inhibition and PKA activity cooperate or
share common or intersecting pathways in causing an increase in
the vesicle recycling pool.

Discussion

In the present study, we have demonstrated that acute inhibition
of the ubiquitin-proteasome system in neurons triggers an in-
crease in the size of the recycling pool of vesicles. Optical mea-
surements obtained by application of hyperkalemic solution
showed a 76% increase in the size of the recycling pool after
proteasome inhibitor treatment. Under control conditions, the
effect was not apparent after 15 min, but rather developed over
1-2 h of proteasome inhibition and persisted for at least 5 h. The
proteasome inhibitor-mediated increase in vesicle pool size was
crucially dependent on neuronal activity: increasing neuronal ac-
tivity during 15 min proteasome inhibitor incubation revealed a
robust increase in pool size, whereas blockade of activity during a
2 h incubation completely abolished the proteasome-inhibition
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Studies of invertebrate preparations have ~N®
led to the notion that proteasome inhibi- H
tion mediates changes of synaptic strength
by both presynaptic and postsynaptic Figure .

mechanisms. In Aplysia, proteasome inhi-
bition for 24 h in either the presynaptic or
the postsynaptic neuron enhances synap-
tic strength and the enhancement depends
on protein synthesis (Zhao et al., 2003). In
Drosophila, proteasome inhibition results
in increased Dunc-13 levels within 1 h that
do not depend on protein synthesis (Ara-
vamudan and Broadie, 2003), and genetic
methods have been used to demonstrate
the presynaptic locus of the increased re-
lease probability (Speese et al., 2003). In
our studies, we used a fluorescent dye up-
take assay that monitors almost exclusively
presynaptic vesicle recycling and, thus, although the inhibitor
was bath applied, the reported effect is presynaptic in nature.
However, we cannot presently exclude the possibility that a
postsynaptic effect of proteasome inhibition could lead to
changes in retrograde signaling that then affect presynaptic func-
tion. We also find no evidence for a protein synthesis require-
ment in increasing the recycling vesicle pool (Fig. 3C,D), consis-
tent with the notion that short-term changes in protein
composition at the presynaptic terminal can be mediated by pro-
tein degradation alone.

Inboth invertebrate preparations, proteasome inhibition trig-
gers an increase in synaptic transmission in response to single
action potentials, indicating an increase in release probability. In
the optical experiments presented here, an increase in release
probability would be manifested by an acceleration of dye release,
which was not observed (Figs. 1, 2). Thus, although we cannot
exclude an (additional) effect on release probability, the activity-
dependent 60% increase in the recycling pool at hippocampal
synapses appears to be mainly caused by a recruitment of vesicles
into the recycling pool.

The prolonged enhancement of the vesicle recycling pool that
we observed after proteasome inhibition (Fig. 3B) was somewhat
surprising because homeostatic mechanisms of synaptic plastic-
ity might have been expected to counteract the increase in the
recycling pool (Turrigiano and Nelson, 2004). Maybe such cor-
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Proteasome inhibition-dependent increase in dye uptake is activity dependent. 4, Schematic indicating conditions
used to elicit normal, elevated, and reduced network activity in vitro. Cultures were then analyzed as indicated in Figure 1A. B,
Sample images of dye uptake from cultures treated shortly with high activity (top) in the absence (top left) or presence (top right)
of clasto-lactacystin B-lactone or for 2 h with clasto-lactacystin [3-lactone (bottom) in the absence (left) or presence (right) of
activity blockers. C, D, Fifteen-minute proteasome inhibition [clasto-lactacystin B-lactone (C); epoxomicin (D)] with control
synaptic activity (normal) is not effective, although in the same series of experiments a 2 h inhibition increases FM4-64 uptake.
Fifteen-minutes of high activity alone is also without effect. However, the combination of high activity and inhibitor elicits an
increase in dye uptake. Conversely, decreasing neuronal activity during the 2 h proteasome incubation abolishes the increased dye
uptake, whereas activity block alone was without effect. *p << 0.01, Student’s ttest. €, Ctrl, 55.2 = 3.7a.u.,n = 24;15 min Clast,
59.8 +12.1a.u.,n = 12;2hClast, 96.6 * 6.5a.u.,n = 30;15min Ca *2,62.1 = 3.1a.u,,n = 26; 15 min Ca "%/Clast, 94.6 +
7.4a.u.,n=24;2hTTX,49.1 = 2.5a.u.,n = 15;2h TTX/Clast, 50.6 = 3.2a.u.,n = 14.D, Ctrl, 50.8 = 5.0a.u.,n = 14; 15 min
Epox,47.4 + 5.0a.u.,n = 8;2hEpox,87.1 = 8.0a.u,,n = 16;15minCa *2,53.6 = 6.1a.u.,n = 9; 15 min Ca " %/Epox, 78.8 =
14.9a.u.,n = 9;2hTIX 449 = 1.9a.u., n = 7; 2 h TTX/Epox, 42.0 £ 3.2 a.u., n = 7. No differences were observed in the
percentage of vesicle pool released or kinetics of release (data not shown). Error bars indicate SEM.

rective changes take longer to develop or the increase in the pre-
synaptic vesicle pool might be counterbalanced by postsynaptic
changes (Ehlers, 2003; Zhao et al., 2003) to which the dye uptake
assay is insensitive. In either case, a prolonged, unbalanced in-
crease in the recycling pool will profoundly affect synaptic func-
tion and might ultimately compromise neuronal health.

After 12 DIV, control neurons showed mature levels of vesicle
pools (Fig. 3B) (Renger et al., 2001). However, the proteasome
inhibitor-dependent increase in the recycling pool became ro-
bust only by 16 DIV (Fig. 3A). Obviously, we cannot exclude that
this developmental lag (and indeed even the effect of proteasome
inhibition) is only observed in vitro. However, the lag might be
attributable to a relatively slow maturation of the UPS or of the
signal transduction pathways that recruit vesicles. This is consis-
tent with a role for proteasomal activity in fine-tuning established
synapses.

The present study indicates that proteasome inhibition in-
creases the pool of recycling vesicles. We define the recycling pool
of vesicles as those which actively participate in at least one round
of exocytosis and endocytosis in response to a 90 mm K * stimulus
(Ryan et al., 1993; Pyle et al., 2000). This pool comprises a mor-
phologically heterogeneous population of vesicles including, but
not limited to, vesicles that are docked at the presynaptic mem-
brane (Harata et al., 2001; Rizzoli and Betz, 2004). Our finding
that proteasome inhibition enhances the pool of recycling vesi-
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Figure 5.  Overlap between the cAMP—PKA pathway and the enhancement of the recycling vesicle pool by clasto-lactacystin
B-lactone. A, Sample images from cultures treated with the PKA inhibitor H-89 (20 wm) with and without clasto-lactacystin
B-lactone. Aftera 1 h pretreatment with H-89, clasto-lactacystin 3-lactone was added for 2 h, where appropriate. H-89 appears
to attenuate the effect of proteasome inhibition. B, Quantification of FM4-64 uptake indicates that incubation in H-89 alone is
sufficient to elicit a small increase in uptake, although not as pronounced as clasto-lactacystin 3-lactone. However, the effect of
the proteasome inhibitor is significantly attenuated in H-89 treated cultures (*relative to Ctrl using two-way ANOVA with Tukey's
post hoc analysis at p << 0.05; **relative to clasto-lactacystin 3-lactone and ctrl using t test; Ctrl, 5.4 = 4.6 a.u., n = 7; Clast,
101.8 £ 9.2a.u.,n = 7;H-89,74.0 == 6.2a.u.,n = 9; H-89/Clast, 70.6 = 7.7 a.u., n = 10). ¢, Quantification of FM4-64 uptake
after 1 h pretreatment with the competitive PKA antagonist Rp-cAMPS (100 wm) followed by a 2 h treatment with clasto-
lactacystin 3-lactone, where appropriate. Rp-cAMPS blocks the effect of proteasome inhibition (*relative to Ctrl; two-way ANOVA
with Tukey's post hoc analysis at p << 0.05; Ctrl, 51.1 = 5.2 a.u.; Clast, 76.3 == 2.7 a.u.; Rp-cAMPS, 50.2 == 2.4 a.u.; Rp-cAMPS/
Clast, 55.8 = 4.1 a.u; n = 9in all conditions). D, Sample images from cultures treated with the adenylyl-cyclase inhibitor
forskolin (100 wm) with and without clasto-lactacystin 3-lactone. After a 1 h pretreatment with forskolin, clasto-lactacystin
B-lactone was added for 2 h, where appropriate. Forskolin alone seems to mimic the effect of clasto-lactacystin 3-lactone.
E, Quantification of FM4-64 uptake shows that forskolin alone mimics the effect of proteasome inhibition, but the effect is not
additive (*relative to Ctrl; two-way ANOVA with Tukey's post hoc analysis at p << 0.05; Ctrl, 67.4 = 2.7 a.u.,n = 23; Clast, 90.6 ==
7.1a.u.,n = 18;Forsk, 90.5 = 5.6 a.u., n = 23; Forsk/Clast, 89.2 == 6.3 a.u.,n = 18). F, Quantification of FM4 — 64 uptake after
1 h pretreatment with cAMP agonist Sp-cAMPS (50 wum) followed by treatment with clasto-lactacystin 3-lactone, where appro-
priate. Sp-cAMPS alone mimics the effect of clasto-lactacystin 3-lactone and the effect is not additive (*relative to Ctrl; two-way
ANOVA with Tukey's post hoc analysis at p << 0.05; Ctrl, 50.3 = 4.8 a.u.; Clast, 81.7 = 4.1 a.u.; Sp-cAMPS, 81.1 = 29 a.u,;
Sp-cAMPS/Clast, 85.6 == 8.8 a.u.; n = 9in all conditions).

J. Neurosci., November 1, 2006 - 26(44):11333-11341 + 11339

exchange factor II) interacts with RIM
(Ozaki et al., 2000), which, in turn, ini-
tiates interaction with Munc 13, the
mammalian ortholog of Dunc-13 (Betz
et al., 2001). Both RIM and Munc 13
have been shown to be important regu-
lators of synaptic vesicle exocytosis
(Rosenmund et al., 2002; Calakos et al.,
2004).

The proteasome could potentially reg-
ulate the expression levels of many pro-
teins implicated in synaptic transmission
in addition to Munc 13. Synaptic proteins
that have been reported to be ubiquiti-
nated include SNAP-25 (Ma et al., 2005),
synaptophysin (Wheeler et al., 2002), syn-
taxin (Chin et al., 2002), glycosylated
a-synuclein (Shimura et al., 2001), and
synaptotagmin (Huynh etal., 2003). Other
candidate proteins that increase synaptic
transmission if their intracellular levels in-
crease include the SNARE-complex asso-
ciated a-SNAP protein (DeBello et al.,
1995; Xu et al., 1999) and the NCS-1 (neu-
ronal calcium sensor-1), which is quickly
degraded, at least under certain conditions
(Sippy et al., 2003).

Previous studies revealed a role for the
postsynaptic proteasome in activity-
dependent regulation of synaptic function
in hippocampal neurons (Ehlers, 2003;
Patrick et al., 2003; Bingol and Schuman,
2006; Karpova et al., 2006). Our findings
reveal a novel, activity-dependent presyn-
apticrole of the proteasome. Therefore, we
propose that the proteasome may act as a
homeostatic regulator of protein levels or
function. The activity dependence of the
increase in the recycling vesicle pool may
be attributable to an activity-dependent
increase in presynaptic calcium concen-
trations that affect the proteasome (Re-
alini and Rechsteiner, 1995) or its targets
(Junge et al., 2004). Alternatively, it might
be attributable to an increased usage of the

cles suggests recruitment from a reserve pool. Recruitment of
vesicles into the recycling pool appears to be regulated via a
cAMP/PKA-dependent pathway (Fig. 5) as has been demon-
strated previously at the Drosophila neuromuscular junction
(Kuromi and Kidokoro, 2000, 2005). PKA phosphorylation can
slow protein degradation through at least two mechanisms: (1)
by phosphorylating the protein to be degraded (Gastel et al.,
1998; Schomerus et al., 2000), or (2) by phosphorylating compo-
nents of the UPS (Kotani et al., 1998; Upadhya et al., 2006). It
thus seems conceivable that blockade of the proteasome and/or
activation of the PKA pathway lead to an increase in otherwise
rapidly degraded protein(s) at the presynaptic nerve terminal.
For example, proteasome inhibition at the Drosophila NM]J in-
creases levels of the synaptic priming protein Dunc-13, an effect
that is abolished by PKA antagonists (Aravamudan and Broadie,
2003). cAMP might additionally act directly through the Rab3-
interacting molecule (RIM)-Munc 13 priming complex. This
complex is activated when cAMP-GEFII (guanine nucleotide

recycling machinery during increased activity. We are currently
unable to directly distinguish between these two scenarios be-
cause manipulations of calcium levels will also affect usage of the
recycling machinery. However, our finding that the cAMP-PKA
pathway acts in conjunction with proteasome inhibition might
point toward an active process rather than enhanced activity sim-
ply allowing for proteasomal action at each round of recycling.

Synthetic and naturally occurring proteasome inhibitors are
abundantly present in the environment (Kisselev and Goldberg,
2001). The acute effects of proteasome inhibition on synaptic
transmission reported here may, thus, be relevant to acute expo-
sure to environmental toxins and/or might represent early stages
of chronic exposure (McNaught et al., 2004; Sun et al., 2005;
Betarbet et al., 2006). An increase in the recycling pool of vesicles
will fundamentally change neuronal signaling and possibly con-
tribute to cellular dysfunction.

In conclusion, our studies point to the importance of the pro-
teasome as a negative feedback regulator of synaptic transmis-
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sion. Acute modulation of proteasome activity under physiolog-
ical conditions could occur through at least three different
mechanisms: (1) regulation of proteasomal subunit expression
(James et al., 2006), (2) regulation of proteasomal activity
through Ca*" (Realini and Rechsteiner, 1995) or through phos-
phorylation (Kotani et al., 1998; Upadhya et al., 2006), and (3) via
phosphorylation of proteasomal target proteins (Gastel et al.,
1998; Schomerus et al., 2000). The proteasome, through its dy-
namic role as a protein modulator, may thus point toward a novel
mechanism of homeostatic regulation at the nerve terminal.
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