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The ubiquitin-proteasome system (UPS) controls protein abundance and is essential for many aspects of neuronal function. In ataxia (axJ) mice,
profound neurological and synaptic defects result from a loss-of-function mutation in the proteasome-associated deubiquitinating enzyme
Usp14, which is required for recycling ubiquitin from proteasomal substrates. Here, we show that transgenic complementation of axJ mice with
neuronally expressed ubiquitin prevents early postnatal lethality, restores muscle mass, and corrects developmental and functional deficits
resulting from the loss of Usp14, demonstrating that ubiquitin deficiency is a major cause of the neurological defects observed in the axJ mice. We
also show that proteasome components are normally induced during the first 2 weeks of postnatal development, which coincides with dramatic
alterations in polyubiquitin chain formation. These data demonstrate a critical role for ubiquitin homeostasis in synaptic development and
function, and show that ubiquitin deficiency may contribute to diseases characterized by synaptic dysfunction.

Introduction
Synapses are highly dynamic, requiring remodeling of their pro-
tein composition during development (Yi and Ehlers, 2007).
Functional changes in synapses rely on regulated protein synthe-
sis and turnover. Central to controlling protein turnover is ubiq-
uitin, which marks proteins for destruction by the proteasome
(Wilkinson et al., 1980). Many neurological disorders display
changes in both protein turnover and synaptic function, indicat-
ing that therapies targeted to the UPS may be beneficial for treat-
ing diseases associated with synaptic dysfunction (Hegde and
Upadhya, 2007; Lee et al., 2010).

Proteasomes are the site of regulated protein degradation and
are essential for controlling the level of many regulatory proteins.
Proteasomal degradation is initiated by the binding, deubiquiti-
nation, and unfolding of poly-ubiquitinated proteins (Glickman
and Ciechanover, 2002). These activities reside on the 19S regu-
latory particle of the proteasome, and changes in the composition
of this particle are hypothesized to alter proteasomal degradation

rates (Lee et al., 2010). Three different deubiquitinating enzymes
(DUBs), Poh1/Rpn11, Uch37, and Usp14/Ubp6, associate with
the 19S particle, and the ubiquitin hydrolase activity of these
DUBs increases after proteasome binding (Borodovsky et al.,
2001; Crimmins et al., 2006; Lee et al., 2010). Although both
ubiquitin hydrolase-dependent and independent activities have
been assigned to proteasomal DUBs, their essential activities are
not known.

Ubiquitin levels are determined by the rate of ubiquitin syn-
thesis from Ubb, Ubc, Uba52, and Uba80 mRNAs and the rate of
ubiquitin turnover by lysosomes and proteasomes. Gene disrup-
tion studies demonstrate the importance of maintaining ubiqui-
tin levels, as loss of Ubb expression leads to neurodegeneration
and loss of Ubc expression results in embryonic lethality (Ryu et
al., 2007, 2008). Although ubiquitin transcription is coupled to
cellular stress (Finley et al., 1987; Fornace et al., 1989), the impor-
tance of ubiquitin recycling at the proteasome to maintain ubiq-
uitin pools has not been demonstrated in mammals. Our studies
indicated that synaptic ubiquitin pools are particularly vulnera-
ble to fluctuations in ubiquitin stability due to their remote loca-
tion away from the site of ubiquitin synthesis (Chen et al., 2009).

We demonstrated that loss of Usp14 results in a developmen-
tal disorder in axJ mice due to a block in maturation of the neu-
romuscular junction (NMJ) (Chen et al., 2009). In this report, we
investigated how loss of Usp14 causes this disorder. While wild-
type (wt) mice undergo a rapid increase in ubiquitin expression
during the first week of postnatal development, Usp14-deficient
axJ mice were unable to maintain high levels of ubiquitin during
this period. Loss of ubiquitin in axJ mice coincided with a com-
pensatory increase in ubiquitin mRNA levels, indicating that
Usp14 is required for postnatal stability of ubiquitin. Restoration
of neuronal ubiquitin by transgenic complementation prevented
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the neuromuscular disease resulting from the lack of Usp14 and
restored synaptic transmission at the NMJ, indicating that ubiq-
uitin homeostasis is an essential component of synaptic function.
These findings demonstrate a novel role for Usp14 in regulating
synaptic ubiquitin pools and indicate that fluctuations in ubiqui-
tin may contribute to other neuronal diseases that exhibit altera-
tions in protein turnover.

Materials and Methods
Animals. Wild-type C57BL/6J (wt) and Usp14axJ mice (The Jackson Lab-
oratory) have been maintained in our breeding colony at the University
of Alabama at Birmingham, which is fully accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care Interna-
tional. Homozygous Usp14axJ mice (which we refer to as axJ mice) were
generated by intercrossing ax J/� siblings and could be phenotypically
identified by 2 weeks of age. Transgenic ubiquitin mice were generated by
cloning the last ubiquitin open reading frame of the Ubb gene into the
Thy1.2 expression cassette, followed by pronuclear injection into
C57BL/6J fertilized eggs. Research was conducted without bias toward
the sex of animals used for each study. All research complied with the
United States Animal Welfare Act and other federal statutes and regula-
tions relating to animals and experiments involving animals, and ad-
hered to principles stated in the Guide for the Care and Use of Laboratory
Animals, United States National Research Council.

Immunoblotting. Proteins were resolved on either 8% Tris-glycine gels or
4–20% Tris-glycine NUPAGE gels (Invitrogen) and transferred onto PVDF
membranes. The Usp14 Ab (Hanna et al., 2006), ubiquitin Mab1510
(Millipore), neurofilament heavy chain Ab (Sigma), Poh1 Ab (Milli-
pore), Uch37 Ab (Abcam), Psmc2 Ab (Santa Cruz), Psmd1 Ab (Santa
Cruz), Gapdh Ab (Abcam), anti K48 and K63 ubiquitin Abs (Milli-

pore), and anti-�-tubulin Ab (Developmental Studies Hybridoma
Bank) were diluted in PBS containing 3% BSA. Primary Abs were
detected using an anti-mouse or anti-rabbit HRP-conjugated second-
ary Ab (Southern Biotechnology Associates) and Luminol reagents
(Pierce).

Quantitation of immunoblots. Blots were scanned using a Hewlett
Packard Scanjet 3970 and quantitated using UN-SCAN-IT software.
Each value represents the average and standard error from four blots
using at least three different animals of each genotype.

Labeling of proteasome-associated DUBs. Activity of proteasomal DUBs
was conducted as previously described (Crimmins et al., 2006).

Purification of synaptosomal membranes. Membrane fractions were
collected as previously described (Chen et al., 2009).

Quantitative PCR. Total RNA was isolated using RNA-STAT60 (Tel-
Test), and 2 �g of the RNA was then reverse transcribed using the
Applied Biosystems GeneAmp Gold RNA PCR Reagent Kit. Real-time
PCRs were set up in triplicate using TaqMan gene assays and ampli-
fied in an Applied Biosystems Step-One instrument. ��CCT curves
were generated using Poh1 (Mm00451955_m1), Ubc (Mm01201237_
m1), Usp14 (Mm00458097_m1), Uch37 Mm00497950_m1), Psmc2
(Mm00803207_m1), Psmd1 (Mm01295362_m1), Uchl-1 (Mm00495900_
m1), or Uchl-3 (Mm03040818_s1) Taqman gene assays with 18S and Gapdh
(Mm03302249_g1) TaqMan gene assays as internal standards. Quantitative
PCR results are shown as the standard deviation of three different amplifi-
cations from RNA that was reverse transcribed from three different mice.
Individual gene assay kits were purchased from Applied Biosystems for each
of the RNAs analyzed. Paired t tests were conducted on relative quantity
(RQ) values for each group to determine their significance.

Muscle wet weight analysis. Gastrocnemius muscles were collected
from 2-, 8-, and 12-week-old wt, axJ, and axJTgUb mice. Muscle weights

Figure 1. Usp14 is required for maintaining ubiquitin levels during postnatal development. a, Representative immunoblot of ubiquitin levels from the brains of P7, P14, and P28 wt and axJ mice.
�-Actin was used as a loading control. Graph depicts quantitation of monomeric ubiquitin levels in axJ mice relative to wt controls. b, Quantitative PCR of Ubc mRNA from brains of wt mice during
the first 4 weeks of postnatal development. P1 levels are set at 1.0. c, Quantitative PCR of Ubc mRNA levels from the brains of wt and axJ mice during the first 4 weeks of postnatal development. At
each developmental time point, wt levels were set at 1.0. d, Quantitative PCR of Psmd1 levels in wt and axJ mice during the first 4 weeks of postnatal development. Wt levels at P1 were set at 1.0.
Data are shown as mean � SEM, where n � 3 mice per genotype or time point.
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were determined for 6 animals per genotype and values are reported as
the average muscle mass � SEM.

Rotarod test. Motor coordination and balance were tested using an
accelerating rotarod test (ENV-575, Med Associates). The rotarod test
was performed by placing a mouse on a motor-driven rotating drum
flanked by two larger plates and measuring the time each animal was able
to maintain its balance while walking on top of the rod. The speed of the
rotarod accelerated from 2.5 to 25 rpm over a 3 min period. Testing
included 3 trials/d for 3 d and the data are presented as an average of the
trials (n � 5 per genotype).

Elevated beam assay. Mice were analyzed for motor function on a rod
with a 2 cm diameter as previously described (Crimmins et al., 2006).
Five animals per genotype were analyzed.

Grip strength test. Mouse grip strength was determined using the San
Diego Instrument Grip Strength System. The maximum amount of force
produced from both forelimbs and hindlimbs was recorded. Each trial
consisted of five repetitions of this assay (n � 5 per genotype).

Open field test. Mouse locomotor activity was examined by the Open
Field Activity System (ENV-515, Med Associates). Mice were acclimated
over a period of 30 min to the room containing the open field system.
Mice were then placed into the open field plastic chamber (43.2 � 43.2 �
30.5 cm), and their activity was tracked by computer for a period of 5
min. Total distance covered during the 5 min period was recorded for
n � 5 animals per genotype.

NMJ immunostaining and confocal imaging. For whole-mount immu-
nostaining, mice were processed as previously described (Goldman et al.,

1985). Primary Abs and their dilutions were as follows: neurofilament
heavy chain, 1:400 (Sigma); neurofilament medium chain, 1:1000 (Sig-
ma); synaptophysin, 1:400 (Millipore); SV2 synaptic vesicle protein,
1:200 (Developmental Studies Hybridoma bank); S100 protein, 1:200
(DAKO); phosphorylated neurofilaments SMI312, 1:400 (Covance).
Secondary Abs conjugated with Alexa Fluor 488, 568, or 643 dye (Invit-
rogen) at a 1:500 dilution for 1 d at 4°C. At least 30 NMJs per genotype
were analyzed.

Electrophysiology. All experiments were performed in vitro at room
temperature on phrenic nerve hemi-diaphragm muscle preparations of
5- to 6-week-old axJ, axJTgUb, and wt littermate control mice. The dia-
phragm muscles were chosen because these muscles are functional in axJ

mice until death (8 weeks). Mice were deeply anesthetized with isoflu-
rane before dissection of the diaphragm muscle. The muscles were per-
fused with Tyrode’s solution (137 mM NaCl, 2.8 mM KCl, 1.8 mM CaCl2,
1.1 mM MgCl2, 11.9 mM NaHCO3, 0.33 mM NaH2PO4, 11.2 mM dex-
trose, pH 7.4 when bubbled with a mixture of 95% O2 and 5% CO2) at
30°C. Intracellular potentials and currents were measured with the
Axoclamp2A amplifier system using glass microelectrodes filled with 3 M

KCl of 8 –15 M� resistance. Synaptic currents [mini-endplate currents
(MEPCs) and EPCs] were obtained at �70 mV holding potential using a
cut diaphragm preparation and a two-microelectrode voltage-clamp sys-
tem (Hegde and Upadhya, 2007). The currents were digitized at 50 ms
per point and stored, captured, and analyzed using pCLAMP 9 software
(Molecular Devices). EPCs were elicited by stimulating the correspond-
ing phrenic nerve with rectangular pulses of 0.05 ms duration. The fre-

Figure 2. Suppression of the axJ neuromuscular disease by transgenic ubiquitin expression. a, A single ubiquitin open reading frame of Ubb was cloned behind the Thy1.2 promoter to drive
ubiquitin expression in the nervous system. b, Comparison of wt, axJ, and axJ Thy1Ubiquitin (axJTgUb) mice at 4 weeks of age. c, Representative immunoblot analysis of ubiquitin levels from the brains
(total) or synaptosomes (synap) of 4-week-old wt, axJ, and axJTgUb mice. Usp14, �-tubulin, and actin were included as controls. d, Eight-month survival curves of wt, axJ, and axJTgUb mice. e, Body
weights of wt, axJ, and axJTgUb mice (n � 5 mice per genotype). f, Gastrocnemius muscle wet weights from wt, axJ, and axJTgUb mice (n � 6 mice per genotype). g, Quantitative PCR of �, �, and
� acetylcholine receptor mRNAs from the tibialis anterior muscles of 4-week-old wt, axJ, and axJTgUb mice. Wt expression levels of each AChR were set to 1.0. wt (black bars), axJ (white bars), and
axJTgUb (gray bars). Data are shown as mean � SEM, where n � 3 mice per genotype.
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quencies of MEPCs were captured for 2 min
and quantal content was measured by dividing
EPC/MEPC, recorded from the same endplate.
Statistical significance was assessed with Stu-
dent’s t test and one-way ANOVA.

Results
Usp14 is required for stable ubiquitin
expression during postnatal
development of the nervous system
Adult mice lacking Usp14 exhibit reduced
free ubiquitin pools and abnormal neuro-
nal activity, indicating that Usp14 is re-
quired for maintaining ubiquitin levels in
the adult nervous system (Anderson et al.,
2005, Lappe-Siefke C et al., 2009, Walters
et al., 2008, Wilson et al., 2002). To inves-
tigate whether ubiquitin depletion also
occurs in Usp14-deficient axJ mice during
postnatal development, we compared
ubiquitin levels in the nervous systems of
wt and axJ mice during the first 4 weeks of
postnatal development (Fig. 1a). In wt
mice, the highest levels of ubiquitin pro-
tein and mRNA were detected during the
first week of postnatal development. In
the axJ mice, there was a 50% reduction in
free ubiquitin levels at P7 compared to controls. The levels of free
ubiquitin began to rebound in the axJ mice by P14, and were at
levels up to 70% of those observed in control mice by P28. In
addition, there was a significant increase in Ubc (Fig. 1b,c) mRNA
levels in the axJ mice compared to controls, indicating a compen-
satory response by the axJ mice to try to maintain free ubiquitin
pools during this critical time in development. Given the strength
of these compensatory responses, the axJ mutation must there-
fore perturb ubiquitin metabolism to an even greater extent than
is apparent from the observed twofold reduction in free ubiquitin
protein levels. No differences in the levels of the 19S proteasomal
subunit Psmd1 were observed in the wt and axJ mice during this
same time period (Fig. 1d), implying that increased ubiquitin
gene expression in the axJ mice was not due to a global upregu-
lation of the UPS. Importantly, these developmental changes in
ubiquitin expression occurred at the same time points where we
have previously identified pathological changes in the central and
peripheral nervous systems of the axJ mice (Crimmins et al.,
2006; Chen et al., 2009), suggesting that defective proteasome
recycling of ubiquitin during the first 2 weeks of postnatal devel-
opment contributes to the abnormal nervous system develop-
ment in the axJ mice.

Transgenic expression of ubiquitin prevents early postnatal
lethality of Usp14-deficient mice
Usp14 provides several functions at the proteasome, including
ubiquitin-chain trimming, noncatalytic inhibition of the protea-
some, maintenance of cellular ubiquitin levels, and regulation of
the substrate translocation channel of the proteasome core par-
ticle (Anderson et al., 2005; Hanna et al., 2006; Peth et al., 2009;
Lee et al., 2010). To determine whether ubiquitin loss is directly
responsible for the nervous system defects observed in the axJ

mice, we constructed a Thy1.2 ubiquitin transgene (Fig. 2a) to
restore neuronal ubiquitin levels in the Usp14-deficient axJ mice.
After mating the Thy1.2 ubiquitin transgenic and axJ mice, we
analyzed the resultant axJThy1.2Ubiquitin (axJTgUb) mice for

ubiquitin levels, viability, and effects of the ubiquitin transgene
on development (Fig. 2b–f). Immunoblot analysis demonstrated
that the ubiquitin transgene was able to restore total and synap-
tosomal ubiquitin levels to the axJ mice (Fig. 2c). By 8 weeks of
age, there was a 2.5-fold increase in body mass and a fivefold
increase in muscle wet weights in the axJTgUb mice compared to
axJ mice lacking the ubiquitin transgene (Fig. 2e,f). While all of
the axJ mice died by 8 weeks of age, axJ mice expressing the
ubiquitin transgene survived past 8 months of age, with no loss of
viability at the endpoint of the experiment (Fig. 2d).

Increased muscle acetylcholine receptor levels often indicate a
reduction in neurotransmission at the NMJ. Our previous studies
demonstrated that axJ muscles express high levels of mRNAs en-
coding the �-, �-, and �-subunits of acetylcholine receptors,
which are also observed in denervated rat skeletal muscle (Gold-
man et al., 1985). The levels of these transcripts returned to wt
levels in the axJ mice containing the ubiquitin transgene (Fig. 2g),
indicating that improved neurotransmission at the NMJ may be
responsible for the increase in muscle mass in the axJTgUb mice.

Restoration of ubiquitin levels corrects structural defects at
axJ NMJs
Loss of Usp14 expression in axJ mice leads to profound changes
in motor function and results in paralysis by 6 – 8 weeks of age
(Wilson et al., 2002). Increasing ubiquitin expression in the
axJ mice significantly improved motor function, in that grip
strength, ambulatory distance, and coordination of axJTgUb
mice approached levels measured in wt mice (Fig. 3). We then
investigated the ability of the ubiquitin transgene to correct the
structural and functional defects at the axJ NMJ. In 4-week-old wt
mice, the NMJs from the tibialis anterior muscles were well
branched and fully innervated (Fig. 4a,b). In contrast, all axJ mo-
tor endplates were defective and contained focal accumulations
of neurofilaments, ultra-terminal sprouting, and denervated
NMJs. Consistent with the ability of the ubiquitin transgene to
improve viability and muscle development, the ubiquitin trans-
gene also improved nerve terminal branching and significantly

Figure 3. Transgenic ubiquitin expression restores neuromuscular function to the axJ mice. a– e, Measurements of grip
strength (a), open field analysis (b), rotarod (c), and elevated beam analysis (d, e) from wt (black bars), axJ (white bars), and
axJTgUb (gray bars) mice at 4 weeks of age. Data are shown as mean�SD, where n�6 mice per genotype. **p	0.01 (compared
to wt), ***p 	 0.001(compared to wt), ###p 	 0.001 (compared to axJ samples).
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corrected the nerve terminal denervation and motor endplate
terminal sprouting observed in the axJ mice (Fig. 4).

Ubiquitin is required for maintaining synaptic function
The axJ mice exhibit defective synaptic transmission in the cen-
tral and peripheral nervous systems, which include a decreased
frequency of spontaneous and quantal release at peripheral syn-
apses and reduced short-term synaptic plasticity at central syn-
apses (Wilson et al., 2002). When we examined the ability of the
ubiquitin transgene to correct the synaptic defects of the axJ mice,
a twofold increase in spontaneous release, measured as the fre-
quency of MEPCs, was observed in the NMJs from the axJTgUb
mice compared to the axJ mutant mice (Fig. 5a,b). This increase
in MEPC frequency accompanied a significant reduction in
MEPC amplitudes in the axJTgUb mice, restoring the values to
near wt levels (Fig. 5c).

The presence of giant MEPCs is a characteristic feature of the
motor endplates from the NMJs of the axJ mice (Wilson et al.,
2002). With the ubiquitin transgene, almost all of these giant
MEPCs were replaced with lower-amplitude high-frequency
MEPCs (Fig. 5a,c). A 14% increase in evoked release, measured as
EPC amplitudes, was also observed in the axJTgUb mice com-
pared to the axJ mice (Fig. 5d). These changes resulted in a two-

fold increase in quantal release from the NMJs isolated from the
axJTgUb mice (Fig. 5e).

We have previously shown that short-term plasticity, mea-
sured as paired-pulse facilitation (PPF), is significantly decreased
in the axJ hippocampus when compared to wt controls (Wilson et
al., 2002). As in the CNS, there was no measurable PPF at short
interpulse intervals (10 –20 ms) in the NMJ synapses from the axJ

mice (Fig. 5f,g). In contrast, similar to what was observed for the
wt endplates, facilitation of paired pulses was evident at short
interpulse intervals in the NMJs from the axJTgUb mice (Fig. 5g).
These results indicate that the nerve-terminal release of acetyl-
choline, which was altered in the axJ NMJs, was corrected in the
axJTgUb mice. The maintenance of ubiquitin pools by Usp14 is
therefore essential for the proper structural development of the
NMJ as well as for normal synaptic transmission.

Ubiquitin signaling during postnatal nervous system
development
The importance of the UPS during embryonic development of
the nervous system has been demonstrated in both invertebrate
and vertebrate animal models (Segref and Hoppe, 2009). To in-
vestigate the temporal regulation of the UPS during postnatal
development of the nervous system, we examined the expression

Figure 4. Transgenic expression of ubiquitin corrects the structural and functional deficits at the axJ NMJ. a, b, Low (a) and high (b) magnification of whole-mount immunostaining of tibialis
anterior muscles from P28 wt, axJ, and axJTgUb mice. Muscle fibers were stained with antibodies for neurofilaments (green) and acetylcholine receptors were stained with TRITC-�-bungarotoxin
(red). c– e, Quantitation is shown as a percentage change in the numbers of denervated NMJs (c), NMJs containing terminal sprouting (d), and the extent of NMJ arborization (e) in wt (black bars),
axJ (white bars), and axJTgUb (gray bars) mice at 4 weeks of age.
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of proteasomal subunits, ubiquitin hydrolases, and ubiquitin by
quantitative PCR and immunoblotting during the first 4 weeks of
postnatal development. All proteasomal components examined
(Poh1, Usp14, Uch37, Psmc2, and Psmd1) exhibited a similar time
course of expression, with the highest mRNA levels occurring at
P7 and steadily declining by P28 (Fig. 6a). Immunoblot analysis
of these proteasomal-associated proteins also revealed a robust
expression of UPS components at P1–P7, followed by a steady
decline by P28 (Fig. 6b). In contrast, UPS components that are
not thought to be associated with the proteasome (Uchl-1 and
Uchl-3) were not induced at P7.

In addition to its role in protein degradation, ubiquitin also
influences many cellular signaling pathways through nonproteo-
lytic mechanisms. These pathways regulate protein kinase activa-
tion, DNA repair, vesicle trafficking, and receptor-mediated
endocytosis (Chen and Sun, 2009). We used anti-ubiquitin anti-
bodies to differentiate between ubiquitin chains produced by in-
ternal lysine 48-linkage, which is used for protein degradation,
and those generated by internal lysine 63-linkage, which is fre-

quently dedicated to nonproteolytic signaling. Immunoblot
analysis of the K48-linked chains in neurons revealed a complex
pattern of ubiquitinated protein conjugates that was highest dur-
ing the first week of postnatal development and then rapidly
decreased by P28 (Fig. 6c). In contrast, high-molecular-weight
proteins conjugated with K63-linked chains steadily increased to
their highest level by postnatal week 4. These results are sugges-
tive of a high, transient demand on the UPS to reshape the protein
composition of synaptic terminals during postnatal development
of the nervous system.

Proteasomal deubiquitinating activity during development
To assess the enzymatic activity of Usp14 during these same de-
velopmental periods, we used a HA-VME-Ub probe that only
labels catalytically active, proteasome-bound DUBs, such as
Usp14 and Uch37 (Borodovsky et al., 2001; Crimmins et al.,
2006). Analysis of wt proteasomal brain extracts demonstrated
that the amount of catalytically active proteasomal DUBs reached
its highest level by P7 and gradually decreased during the next 2

Figure 5. Ubiquitin is required for synaptic transmission at the NMJ. a, Representative traces of spontaneous synaptic activity measured as MEPCs (voltage clamped at �70 mV) from wt, axJ, and
axJTgUb mice. b, Transgenic expression of ubiquitin increases MEPC frequency in axJ mice. A 106% increase in MEPC frequency was observed between axJ (n � 36 endplates from 8 mice) and axJTgUb
mice (n � 15 endplates from 4 mice). c, Giant MEPC amplitudes found in axJ NMJs (n � 67 endplates from 8 mice) were corrected in axJTgUb mice (n � 19 endplates from 7 mice). Inset shows
representative traces of MEPCs and EPCs captured from axJ and axJTgUb NMJs. d, A 14% increase in EPC amplitudes was observed in the endplates of axJTgUb mice (n � 27 endplates from 5 mice)
compared to axJ mice (n � 73 endplates from 6 mice). e, Quantal content was significantly lower in axJ mice (n � 20 endplates from 6 mice) than wt littermate controls (n � 17 endplates from 6
mice). A 107% increase in quantal content was observed in the axJTgUb mice (n �19 endplates from 4 mice) compared to axJ mice. f, PPF was restored in axJTgUb mice. Representative traces of three
different interstimulus interval EPCs, ranging from 10 to 50 ms, showing that PPF was increased in axJTgUb mice compared to axJ mice. g, The graph depicts the average paired-pulse ratio (second
EPC/first EPC: p2/p1) obtained from wt controls (n � 14 endplates from 4 mice) and axJ (n � 18 endplates from 6 mice) and axJTgUb mice (n � 6 endplates from 5 mice) at 10, 20, and 50 ms. Data
are shown as mean � SEM, where n � 6 mice per genotype. *p 	 0.001 (compared to wt), †p 	 0.01 (compared to axJ), and **p 	 0.05 (compared to axJ).
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weeks of development (Fig. 6d). Together, these data indicate a
critical window for UPS function during the first 2 weeks of neu-
ronal development.

Discussion
This paper demonstrates the importance of the proteasome-
associated DUB Usp14 in maintaining ubiquitin levels required
for proper synaptic development and function. Ubiquitin is es-
sential for the regulated degradation of intracellular proteins by
the proteasome, and recent studies have indicated that a balance
of ubiquitin conjugation and deconjugation is essential for the
ubiquitin-signaling events required for proper synaptic develop-
ment (DiAntonio et al., 2001, Watts et al., 2003; McCabe et al.,
2004). Our findings demonstrate that the maintenance of ubiq-
uitin levels within neurons relies not only on the rapid induction
of de novo synthesized ubiquitin but also on the actions of the
proteasomal DUBs to prevent inappropriate ubiquitin degrada-
tion by the proteasome. Since our data indicate that not all pro-
teasomes contain Usp14 (Crimmins et al., 2006), regulating the
interaction of Usp14 with the proteasome could provide a mech-
anism for controlling ubiquitin degradation.

Ubiquitin-dependent protein turnover is required for the tar-
geting and formation of synaptic connections during neuronal
development. We observed abundant levels of polyubiquitin
chains in the nervous system during the first 2 weeks of postnatal

development, indicating intense protein
turnover during this time period. As the
animal enters adulthood, the number of
newly formed synapses and the level of
polyubiquitin chains are greatly reduced.
In the absence of Usp14, ubiquitin turn-
over by the proteasome during develop-
ment is greatly enhanced. Due to the
increased number of proteins targeted
to the proteasome during development,
Usp14 may therefore play an essential role
in preventing proteasomal degradation of
ubiquitin. Consistent with this idea, we
observe the peak increase in ubiquitin
gene expression at P14 in the axJ mice,
indicating that ubiquitin loss is the great-
est during this developmental time point.
Even with this dramatic increase in ubiq-
uitin gene expression in axJ brains, the
level of monomeric ubiquitin is still only
60% the level observed in wt brain ex-
tracts. Usp14 may therefore be essential
for maintaining ubiquitin levels during
times of increased proteasome activity
such as that seen during nervous system
development.

Recent studies indicated that Usp14
can act antagonistic to protein degrada-
tion (Lee et al., 2010). In vitro, protea-
somes deficient for Usp14 degrade
ubiquitinated proteins at a faster rate (Lee
et al., 2010). Therefore the accelerated loss
of ubiquitin observed in vivo in Usp14-
deficient mice during development may
also reflect an increase in the rate of pro-
teasomal protein degradation in the ab-
sence of Usp14.

Our transgenic rescue experiments
demonstrate that loss of ubiquitin pools

can lead to impaired development of the nervous system. Trans-
genic restoration of ubiquitin in axJ mice prevents early postnatal
lethality, improves muscle mass and NMJ development, and re-
stores synaptic function due to the loss of Usp14. It remains
unclear whether the block in NMJ development in the axJ mice is
caused by reduced protein degradation that is secondary to the
ubiquitin deficiency, or if other ubiquitin signaling pathways,
such as vesicular transport, kinase activation, and receptor-
mediated endocytosis, contribute to the motor endplate disease
in the axJ mice. However, our finding that K48-linked ubiquitin
chains predominate during postnatal development suggests that
large demands are made upon ubiquitin pools during develop-
ment to target proteins for proteasomal destruction.

The finding that the UPS is intimately associated with synaptic
function indicates that ubiquitin conjugation is critical for effi-
cient protein turnover at synaptic terminals. E3 ligases have been
implicated in the turnover of presynaptic proteins such as RIM1
and synaptophysin (Wheeler et al., 2002; Yao et al., 2007). In
addition, genetic studies in invertebrates have demonstrated that
the stability of mitogen-activated protein kinases are also regu-
lated by the UPS, and that changes in protein kinase turnover can
directly affect synapse development and function (McCabe et al.,
2004; Collins et al., 2006). In addition to protein degradation,
ubiquitin signaling is also used for protein trafficking. Studies on

Figure 6. Postnatal expression of UPS components in the nervous system. a, Quantitative PCR of proteasome-associated (Poh1,
Usp14, Uch37, Psmc2, and Psmd1) and nonassociated (Uchl-1 and Uchl-3) genes in the brains of wt mice during the first 4 weeks of
postnatal development. Data are shown as mean � SEM, where n � 3 mice per genotype. P1 values are set to 1.0. b, Represen-
tative immunoblot of proteasome-associated proteins and ubiquitin from the brains of wt mice during the first 4 weeks of
postnatal development. Gapdh was used as a loading control. c, Representative immunoblot of K48- and K63-linked ubiquitin
chains from brain extracts of wt mice during development. Gapdh was used as a loading control. d, Activity labeling assay of
proteasomes from wt mice using a HA-VME-Ub probe, showing the amount of catalytically active Usp14 and Uch37 during the first
4 weeks of postnatal development.
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Saccharomyces cerevisiae demonstrated that ubiquitin overex-
pression restored viability to clathrin heavy chain-deficient yeast,
potentially linking ubiquitin signaling to vesicular transport
(Nelson and Lemmon, 1993). Future work will focus on deter-
mining the ubiquitin signaling pathway that is altered in the axJ

mice.
The most striking phenotypic change observed in the axJ mice

is at the motor-neuron endplate. The selective developmental
defects at the axJ motor endplate are likely due to a combination
of the long distances separating the site of ubiquitin synthesis
from the synapse and the high demand on the UPS during devel-
opment of the motor endplate. Ubiquitin is thought to be syn-
thesized in the cell body and transported down axons via slow
component b at a rate of 3 mm/d (Bizzi et al., 1991). In newborn
mice, the sciatic nerve, which innervates the distal leg muscles,
approaches 1 cm in length and would therefore require several
days for de novo synthesized ubiquitin to be transported to the
motor endplate, making this an inefficient process for regulating
ubiquitin levels in distal neuronal compartments. As a result,
motor neurons, and other neurons that require ubiquitin to be
transported long distances, may be particularly sensitive to local
fluctuations in ubiquitin levels.

Previous studies support a developmental regulation of ubiq-
uitin conjugation in the nervous system and indicate that protein
degradation by the proteasome is required for normal neuronal
development (Flann et al., 1997; Yang et al., 2002). The NMJ
undergoes a massive rearrangement in size and structure during
postnatal development and transforms from a small “plaque-
like” structure to a large “pretzel-like” structure (Sanes and Lich-
tman, 1999). Changes in components of both the cellular
signaling machinery and the structural components of the NMJ
are essential for proper postnatal development of the motor end-
plate, and these changes in protein expression are highly depen-
dent on efficient ubiquitin-dependent proteolysis. By facilitating
local recycling of ubiquitin by the proteasome, Usp14 therefore
helps control the free ubiquitin levels that are essential for the
formation and function of the NMJ.

Many neurological diseases and developmental disorders are
associated with alterations in synaptic activity, and our data dem-
onstrate that ubiquitin homeostasis is essential for the proper
development and function of synaptic connections. The presence
of ubiquitinated protein aggregates in some of these diseases sug-
gests impairment of the UPS. These stable ubiquitinated protein
deposits may act to sequester ubiquitin pools and suppress ubiq-
uitin signaling events required for proper synaptic development
or function. It will be important to determine whether ubiquitin
deficiency contributes to chronic neurological diseases such as
Huntington’s and Parkinson’s, and to determine whether strate-
gies to augment ubiquitin levels might help to improve synaptic
function and promote neuronal survival.
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