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Abstract The ubiquitin–proteasome system (UPS) plays

a fundamental role in protein degradation in neurons, and

there is strong evidence that it fulfills a key role in synaptic

transmission. The aim of the present work was to study the

implication of one component of the UPS, the HERC1 E3

Ubiquitin Ligase, in motor function and neuromuscular

transmission. The tambaleante (tbl) mutant mouse carries a

spontaneous mutation in HERC1 E3 Ubiquitin Ligase,

provoking an ataxic phenotype that develops in the second

month of life. Our results show that motor performance in

mutant mice is altered at postnatal day 30, before the

cerebellar neurodegeneration takes place. This defect is

associated with by: (a) a reduction of the motor end-plate

area, (b) less efficient neuromuscular activity in vivo, and

(c) an impaired evoked neurotransmitter release. Together,

these data suggest that the HERC1 E3 Ubiquitin Ligase is

fundamental for normal muscle function and that it is

essential for neurotransmitter release at the mouse neuro-

muscular junction.
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Introduction

The ligation of ubiquitin molecules to proteins is part of a

key degradation pathway that strongly influences their

turnover. Protein ubiquitination is the result of a cascade of

catalytic reactions driven by the ubiquitin–proteasome

system (UPS) involving three main groups of enzymes: E1

(ubiquitin-activating enzyme), E2 (ubiquitin-conjugating

enzyme), and E3 (ubiquitin-protein ligase) (reviewed by [1,

2]). Several studies have revealed the fundamental role of

the neuronal UPS in maintaining the homeostasis of sy-

napses [1–4]. In fact, altering the protein degradation

system has been related to neurodegenerative diseases like

spinal and bulbar muscular atrophy (SBMA), X-spinal

muscular atrophy [5–8], as well as Alzheimer’s, Parkin-

son’s, and Huntington’s diseases [1, 9–12].

The localization of the UPS at synapses, and its impli-

cation in synaptic development, maintenance, and

plasticity, has been investigated in invertebrates and ver-

tebrates (for review see [1]). Recent studies show that the

UPS plays a key role in neurotransmission at the neuro-

muscular junction [4, 13, 14]. However, despite the wealth

of evidence that the UPS participates in physiological and

pathological events in the nervous system, the specific role

fulfilled by the different UPS proteins is on the whole

unknown. Thus, it is important to better understand how

UPS activity affects the behavior of synapses.

The HERC 1 (HECT domain and RCC1 domain) E3

Ubiquitin Ligase is a component of the UPS. It has been

reported that the Gly483Glu substitution within this protein
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induces protein overexpression and is responsible for the

tambaleante (tbl) phenotype in mice [15]. This phenotype

is characterized by a severe ataxia uncoordinated gait, ir-

regular hindlimb posture, and trembling [16–18], and it is

associated with progressive Purkinje cell (PC) degeneration

that first becomes obvious at about 2 months of age, de-

teriorating thereafter.

Here, we have studied tambaleante mutant mice to de-

termine how the HERC1 E3 Ubiquitin Ligase participates

in motor function and neuromuscular transmission. By

performing electromyography in vivo and through the in-

tracellular recording of postsynaptic muscle potentials ex

vitro, we demonstrate that HERC1 malfunction produces

motor defects prior to the manifestation of the ataxia

phenotype and cerebellar cell loss. Hence, this ligase ap-

pears not only to be essential for PCs but also for synaptic

activity at the neuromuscular junction (NMJ).

Materials and methods

Animal model

Tambaleante mice were kindly provided by Dr. Jose Luis

Rosa (Department of Ciències Fisiològiques II, Facultat de

Medicina, Universitat de Barcelona, Spain) and the ex-

perimental mice were obtained by breeding pairs of tbl

carrier mice. Wild-type and mutant mice (tbl/tbl) were

genotyped by PCR as described previously [15] and the

control mice used were age-matched littermates of the

mutants. All experiments were performed according to

current Spanish legislation RD 53/2013 governing ex-

perimental animal care (BOE 08/02/2013).

Motor function tests

To habituate mice to the rotarod (Ugo Basile Biological

Research Apparatus), the animals were placed on the roller

at a speed of 20 rpm until they could remain on it for one

minute without falling off. To assay motor coordination,

animals were then tested at a rotational speed of 20 rpm,

accelerating to 60 rpm in increments of 5 rpm, and quan-

tifying the number of falls at each increase in speed.

Forelimb muscle strength was measured using Digital

Force Gauges (Chatillon DFE AMETEK), repeating the

measurement five times in each experimental group.

Electrophysiological analysis of the medial

gastrocnemius (MG) muscle in tbl mice

Compound muscular action potentials (CMAPs) were

recorded in anesthetized mice (tribromethanol 2 %,

0.15 ml/10 g body weight, i.p.) as described previously

[19–21]. Briefly, the recording needle electrode was placed

into the medial part of the MG muscle and the reference

electrode was situated at the base of the fifth phalanx. A

ground electrode was also placed at the base of the tail, and

stimulating needle electrodes were placed at the sciatic

notch and the head of the fibula. Stimulation protocols of

supramaximal current pulses (0.05 ms duration, 5–10 mA

amplitude) were applied as a short train of 10, 50, and

100 Hz pulses generated by an isolated pulse stimulator

(Pulse Train Stimulator Cibertec cs-20). The outputs

recorded were differentially amplified (P511 AC Amplifier

Astro-Med, INC), digitally acquired at 10,000 samples/s

(CED 1401 Plus; Cambridge Electronic Designed, Cam-

bridge, UK) and stored on a computer for later analysis.

The analysis consisted of measuring the amplitude from the

positive to the negative peak of the CMAPs recorded

during a train of stimuli, normalizing the amplitude to the

first response.

Muscle preparation for intracellular recording

Mice were anesthetized with tribromethanol as above and

sacrificed by exsanguination. The Levator Auris Longus

(LAL) muscle was dissected out with its nerve branches

intact and pinned to the bottom of a 2 ml chamber on a bed

of cured silicone rubber (Sylgard, Dow Corning). These

preparations were perfused continuously with the following

solution (in mM):125 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 25

NaHCO3, and 30 glucose. This solution was continuously

gassed with 95 % O2 and 5 % CO2 to maintain its pH at

7.35, and recordings were obtained at room temperature

(22–23 �C).

Ex vivo electrical stimulation and intracellular

recording

The nerve was stimulated using a suction electrode, applying

0.2 ms square-wave pulses with a 2–40 V amplitude and

variable frequency (0.5–100 Hz). Evoke end-plate potentials

(EPPs) and miniature EPPs (mEPPs) were recorded as de-

scribed previously [20, 22–24]. Muscle contractions were

blocked with l-conotoxin GIIIB (2–4 lM; Alomone Labs),

a specific blocker of skeletal muscle voltage-gated sodium

channels.

Intracellular recording analysis

The mean EPP and mEPP amplitudes recorded at each

NMJ were normalized linearly to a -70 mV resting

membrane potential and the EPPs were corrected for non-

linear summation [25]. Quantal content (QC) was esti-

mated by the direct method, which consists of

simultaneously recording mEPPs and EPPs (0.5 Hz nerve
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stimulation) and then calculating the ratio: QC = average

peak EPP/average peak mEPP. The readily releasable pool

(RRP) size was estimated as reported previously [26].

Briefly, the QCs obtained during a train were plotted

against the cumulative number of quanta and the RRP was

estimated by back-extrapolation from the linear portion of

the curve to the x-axis intercept. The x-intercept gives an

estimate of RRP based upon the assumption of negligible

mobilization into the RRP [27, 28].

Immunohistochemistry

To analyze Purkinje cells (PCs), we followed the protocol

described previously [29]. Briefly, control and tbl

mice were sacrificed with an overdose of pentobarbital

(80 mg/kg i.p.) and perfused intracardially with 4 %

paraformaldehyde in phosphate-buffered saline (PBS).

The cerebellum was dissected out and post-fixed by im-

mersion in 4 % fresh fixative solution for 24 h at 4 �C.

The tissue was then cryoprotected in 30 % sucrose-PBS at

4 �C until it sank, and coronal cerebellar cryotome section

(30 lm thick) was processed for free-floating immuno-

histochemistry using a rabbit polyclonal antiserum against

calbindin (1:4,000; Swant).

Immunofluorescence

Whole-mount LAL, MG, and TVA (Transversus Abdominis)

muscles were incubated for 30 min in 4 % paraformalde-

hyde and immunostained as described previously [30].

Briefly, the muscles were bathed in 0.1 M glycine in PBS

for 30 min, permeabilized with 1 % (v/v) Triton X-100 in

PBS for 1 h, and then incubated in 5 % (w/v) BSA, 1 %

Triton X-100 in PBS for 1 h. The tissue was then incubated

overnight at 4 �C with the primary antibodies of interest

(see below) and the following day, the muscles were rinsed

for 1 h in PBS containing 0.05 % Triton X-100. After in-

cubating for 1 h with the corresponding secondary

antibodies (1:500; Alexa antibodies, Invitrogen) and 10 ng/

ml rhodamine-BTX (Sigma Aldrich), and rinsing again

with PBS containing 0.05 % Triton X-100 for 90 min, the

muscles were mounted in Glycerol 50 % for visualization.

Presynaptic terminals were labeled with antibodies against

synaptophysin (1:500) and neurofilaments (NF; 1:500)

(Santa Cruz).

Image acquisition and analysis

Fixed muscles were examined on an upright Leica DM

2500 confocal laser scanning microscope. During image

acquisition, an alternating sequence of laser pulses was

used to activate the different fluorescent probes. Images

were taken using a 639 oil-immersion objective with a

numerical aperture of 1.3. Images from wild-type and

mutant littermates were obtained under similar conditions

(laser intensities and photomultiplier voltages), and usually

on the same day. Morphometric analysis of the fluores-

cently labeled structures was performed offline with Fiji

ImageJ (W. Rasband, National Institutes of Health). End-

plate and synaptic vesicle (SV) areas were determined

automatically by defining outline masks based on bright-

ness thresholds from maximal projected confocal images

[30].

Statistical analysis

The results were analyzed with the SPSS package for

Windows and unless otherwise stated, the data represent

the mean ± SEM values. The tambaleante and control

samples were compared using the Student’s t test (two

tailed) and a p value \0.05 was considered statistically

significant. N = number of mice, n = number of NMJ or

number of fibers. All the data represent the analysis of at

least three animals per genotype as previously performed

[31].

Results

Age-dependent motor function impairment

in tambaleante mutant mice

During the first month of life, the body weight of tbl mutant

mice was the same as their wild-type littermates but from

this age onwards (postnatal day 30, P30), the homozygous

mutants were easily distinguished from their wild-type and

heterozygous littermates through their lower body weight

(Fig. 1a). In addition, the motor performance of the mutant

mice was also altered from 5 weeks of age onwards, as

measured during rotarod assays (Fig. 1b). This test requires

both strength and motor coordination, so we also measured

the animal’s forelimb strength using a grip strength test.

The tbl mutant mice older than P30 had less strength in

their forelimbs than age-matched control mice (Fig. 1c).

The ataxia phenotype was first evident in the tbl mice at

around 2 months of age, together with PC loss [15],

although no morphological differences were evident in PCs

between P30 tbl and control littermates (Fig. 1d). Thus,

ours results suggest that tbl mice present a motor deficit

prior to PC loss.

High frequency-induced neuromuscular depression is

increased in tambaleante mutant mice at P30 and P120

The electrical neuromuscular properties of the tbl mice

were studied in vivo by performing electromyography
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(EMG) on the medial gastrocnemius (MG) muscle at P15

(Fig. 2a), P30 (Fig. 2b) and P120 (Fig. 2c), using short-

train stimuli at different frequencies. At P30, the depres-

sion at the end of a train of 30 stimuli at 100 Hz was higher

in tbl mutant than in the wild-type mice when measured by

normalization of the CMAP amplitude (Control:

10.26 ± 3.9 %, N = 8 and tbl: 30.78 ± 6.8 %, N = 4,

p\ 0.037), evidence of reduced neuromuscular function in

the tbl mutant mice at this age. No such defect was found at

lower stimulation frequencies (10 and 50 Hz, Fig. 2b, right

panel). Impaired motor function persisted at four months of

age in mutant mice, but surprisingly these differences were

no bigger than in the one-month-old tbl mice (the depres-

sion at the end of the train in 4-month-old tbl mutant mice

was 35.64 ± 2.5 %, N = 11: p = 0.27 in comparison with

depression at the end of the train in P30 tbl mice). How-

ever, there were significant differences between tbl mice

and their control 4-month-old littermates not only at

100 Hz (control: 27.79 ± 2.8 %, N = 9: p\ 0.024) but

also at 50 Hz stimulation (tbl: 15.07 ± 1.8 %, N = 11 and

Control: 7.15 ± 3.1 %, N = 9, Fig. 2c: p\ 0.037). At

P15, we found no differences in motor function in the EMG

recordings (Fig. 2a), suggesting that impaired muscle

neurotransmission was correlated with deficient grip

strength and motor coordination. Together, these data show

that impaired motor function is evident in tbl mutant mice

from 30 days of age and that it persists over time.

Morphological alterations to the medial gastrocnemius

neuromuscular junction in tambaleante mutant mice

We looked for possible morphological changes to the MG

muscle at P30 in tbl mice to verify whether the altered

EMG observed was accompanied by changes at the NMJ.

When the size of the postsynaptic area was estimated by

labeling nicotinic receptors with a-bungarotoxin-rho-

damine, it was smaller in the mutants than in the controls at

all ages studied (*32, *24 and 18 % smaller at P15

(p = 0.0000007), P30 (p\ 0.000007) and P120

(p\ 0.01), respectively: Fig. 3a, b). Thus, the alterations

to the EMG observed were accompanied by morphological

changes at the synapse. Interestingly, the decrease in NMJ

Fig. 1 Impaired motor strength and coordination in the tambaleante

(tbl) mutant mice. a Body weight in mutant and control mice

measured during the first 16 weeks of life (N = 12 mice per study

group). b The number of falls from the rotarod increases in

tambaleante mice from the fifth week of age (N = 7 mice in control

group and N = 9 in tambaleante). c Forelimb strength was measured

with a grip strength meter (N = 12 mice per study group). d Coronal

sections staining with Anti-Calbindin in a control and tambaleante

mouse cerebellum aged 1 and 4 months old: *p\ 0.05, **p\ 0.005;

***p\ 0.0005; #p\ 0.00005
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postsynaptic area appeared since P15, before the onset of

the functional impairment characterized by EMG, indica-

tive of altered NMJ development.

The neuromuscular junction of fast- and slow-twitch

muscle fibers is morphological altered in tambaleante

mutant mice

The MG is a mixed muscle with about 50 % slow-twitch

type muscle fibers and 50 % fast-twitch fibers. Thus, we

assessed whether the alterations to the NMJ were re-

stricted to a particular muscle fiber type in tbl mice. As

models of fast- and slow-twitch muscles, the levator auris

longus (LAL) and Transversus Abdominis (TVA) muscle

were immunostained with an antibody against neuro-

filaments and synaptophysin to label the presynaptic

compartment, and with a-bungarotoxin-rhodamine to la-

bel postsynapses in P15 control and tbl littermates. In the

tbl LAL muscle, there was a *23 and 29 % decrease in

labeling in the vesicular and postsynaptic areas, respec-

tively, with respect to the control mice (Fig. 4a–c).

Similar results were observed in the TVA muscle, with a

significant decrease in the vesicular and postsynaptic ar-

eas of the tbl mice *11 and *29 percent lower than in

control mice (Fig. 4d–f), suggesting that both types of

muscle fibers are affected similarly in the tbl mice. These

vesicular and postsynaptic differences persisted, as wit-

nessed when a similar morphological study was

performed on the LAL muscle from animals aged from

P15 to four months of age (Supplementary Figure 1).

Interestingly, the size of the estimated areas increased

over time in both control and tbl mice but nevertheless,

the significant difference in the vesicle and postsynaptic

area was maintained. For example, from P15 to P120 the

increment in vesicular area was *136 % in mutants and

*119 % in controls, furthermore during the same period

the postsynaptic area increased *136 and *111 %,

respectively.

Fig. 2 EMG measurements of CMAP amplitudes in the MG of

control and tambaleante mice reveal reduced neurotransmission

efficacy in the tbl mice at postnatal day 30 and 120. Representative

recordings during a train of stimuli at 100 Hz in a control and tbl

mouse on postnatal days 15 (N = 5 mice per study group), 30 (N = 8

mice in control group and N = 4 in tbl) and 120 (N = 9 mice in

control group and N = 11 in tbl). Depression of CMAP amplitudes

(normalized to the first response) during a train of stimuli of 300 ms

at 100 Hz in control and mutant mice at all the ages studied. a–

c Relative depression of the CMAP amplitudes at the quasi steady-

state level for stimulation frequencies from 10 to 100 Hz: *p\ 0.05
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Impairment in evoke neurotransmitter release

in neuromuscular junction of tambaleante mutant mice

To study the effect of the HERC1 mutation on neuro-

transmitter release, we obtained intracellular recordings

from the LAL muscle of two-month-old mice. We first

recorded impaled muscle fibers to measure the amplitude

of mEPPs from control and tambaleante mutant mice. The

rank sum test indicated that the median mEPP amplitude in

mutant fibers (1.51 mV) was not statistically different from

that of the controls (1.94 mV, p = 0.294: Fig. 5a). We

then examined evoked neurotransmitter release at motor

terminals of the LAL muscle in response to a single action

potential. The mean size of the EPPs in control animals

was larger than in their tbl littermates (mutants:

27.60 ± 2.49 mV; controls: 41.98 ± 4.81 mV, p\ 0.01:

Fig. 5b) and so, we also compared the QC defined as the

number of vesicles that fuse per action potential. The QC

was lower in mutants than in control littermates (compare

16.59 ± 1 and 23.34 ± 2.27 for tbl and control mice re-

spectively, p\ 0.008: Fig. 5c). Together, these data

indicate that the morphological alterations found may be

associated with functional impairment.

Short-term plasticity is preserved in the neuromuscular

junction of tambaleante mutant mice

One possible explanation for the decline in evoked neu-

rotransmitter release could be the inability to maintain

vesicle release during a train of stimuli [32]. To examine

this possibility, we compared the EPP amplitudes in control

and mutant fibers during a train of 10 stimuli at different

stimulation frequencies (10, 20, 50 and 100 Hz), normal-

izing the EPP amplitudes recorded to the first response

(Fig. 6a). No differences in short-term plasticity were

found between controls and tbl mice at any stimulation

frequency (Fig. 6b). We also measured the pair-pulse ratio

as an indicator of the initial vesicular release probability.

Fig. 3 BTX area in MG motor

terminals of tbl mice is smaller

than in control littermates at

P15, P30 and P120.

a Representative en face views

of the neuromuscular junction

(NMJ) from the MG muscle

stained with BTX-Rho (gray) at

P15, P30 and P120. Images are

Z-stack projections and the

scale bar 20 lm. b The mean

postsynaptic areas at all ages

studied: *p\ 0.05;
#p\ 0.00005 [(n, N), n number

of NMJ, N number of mice]
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No differences between controls and mutants were found at

different frequencies (10–100 Hz: Fig. 6c) and thus short-

term plasticity was well preserved in tbl mutant terminals

despite the decrease in EPP amplitude and QC.

The readily releasable pool (RRP) is diminished

in tambaleante mutant mice

The altered vesicular area and evoked release in tbl mutant

mice might be due to a reduction in the number of vesicles

available for release. We estimated the size of the RRP in

tbl mutant mice through a functional assay of the repre-

sentative EPP recording at 100 Hz during a 1 s stimulation

(Fig. 7a). The mean RRP size was significantly smaller (by

35 %) in tbl mice (tbl: 900.7 ± 62.5; n = 33 terminals, 4

mice; Control: 1370.8 ± 106.5; n = 23 terminals, 3 mice,

p = 0.0003: Fig. 7b), a decrease that may reflect a fall in

the number of vesicles available (n) to be released or in the

probability of release (Pr). Therefore, we estimated these

parameters (see ‘‘Materials and methods’’) and while the

vesicle release probability was not significantly different

between control and tbl mice (tbl: 0.57 ± 0.03; Control:

0.55 ± 0.03, p = 0.53: Fig. 7c), the number of available

vesicles was significantly lower in mutant terminals (tbl:

28.51 ± 2.49; Control: 41.37 ± 3.74, p = 0.006: Fig. 7c).

Hence, the lower QC appeared to be due to a reduction in

the RRP size.

Discussion

We show here that HERC1 E3 Ubiquitin Ligase fulfills an

important role in maintaining normal evoked neurotrans-

mitter release at the mouse NMJ. The alteration in HERC1

function present in tambaleante mice provokes a reduction

in the number of vesicles available at these synapses.

Furthermore, the motor dysfunction in these mice precedes

the onset of the ataxic phenotype.

Our EMG measurements allow us to measure motor

function in the mouse hind limb muscle (MG) in vivo and

compare it with control littermates. Our results suggest that

the mutation in the HERC1 E3 Ubiquitin Ligase (Gly483Glu

Fig. 4 SYP and BTX areas in motor terminals of tbl mice are smaller

than in control littermates at P15 in fast- and slow-twitch muscle.

Representative en face views of NMJs from the LAL (a) and TVA

(d) muscle stained with BTX-Rho (red), anti-SYP (magenta) and NF

(green). Images are Z-stack projections and the scale bar 10 lm. The

mean synaptophysin areas were significantly smaller in mutants than

in control terminals in both muscles: LAL (b) and TVA (e). The mean

postsynaptic areas were significantly smaller in mutants than in

control terminals, in both the LAL (c) and TVA (f) muscles:

*p\ 0.05; #p\ 0.00005 [(n, N), n number of NMJ, N number of

mice]
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Fig. 5 Impaired evoked

neurotransmitter release in tbl

mutant mice. a Representative

traces and median and

interquartile range of mEPPs in

control and mutant terminals.

Representative EPP traces and

mean EPP amplitudes (b) and

mean quantum content (QC)

(c) in control and tbl terminals:

*p\ 0.05; **p\ 0.005 [(n, N),

n number of fibers, N number of

mice]

Fig. 6 Short-term plasticity is

preserved in neuromuscular

junctions in tambaleante mutant

mice. a Representative traces in

response to a train of stimuli at

100 Hz and EPP amplitude

normalized to the first response.

Train index at the end of the

responses (b) and pair pulse

facilitation (PPF) at all the

frequencies of stimulation

studied [(n, N), n number of

fibers, N number of mice]
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substitution) present in the tbl mice is responsible for the

altered motor phenotype we found at P30, although inter-

estingly this altered motor effect is evident before the onset

of the ataxic phenotype. This phenomenon is not exclusive

to tbl as there are other mouse models that exhibit motor

impairment prior to the loss of PCs and the appearance of

ataxia, such as: the staggerer mutant mice (functional loss of

retinoid-related orphan receptor a—RORa-transcription

factor); rolling Nagoya mice (mutation in the alpha1 subunit

of the Cav2.1 channel); or the SCA1 conditional transgenic

mice (a point mutation in ataxi-1) [33–36].

We detect motor dysfunction in these mutant mice at

1 month of age, while NMJ abnormalities in slow- and

fast-twitch muscles were even evident at 2 weeks of age,

such as smaller synaptic vesicles and postsynaptic area.

The difference in the area measured between the mutant

and wild-type mice could be due to a generalized problem

during development, although at 15 days of age there was

no significant difference in body weight between the two

groups of mice. Defects in NMJ maturation precede age-

depend motor dysfunction, as also observed in other mouse

models where morphological problems associated with

motor dysfunction appear prior to functional changes [30,

37]. Furthermore, other mice carrying mutations in proteins

implicated in the ubiquitin–proteasome system also display

motor impairment [5–8, 13]. Indeed, motor impairment and

morphological changes at NMJs were also accompanied by

deficits in neurotransmission. This is not surprising because

there are many examples of mouse disease models with

motor disorders associated with impaired neuromuscular

transmission, such as spinal muscular atrophy, lateral

amyotrophic sclerosis, and Huntington’s disease [20, 24,

38–40]. Thus, these data support a model in which HERC1

plays a key role in the development and maintenance of

mature NMJs.

The UPS is required for the rapid and precise control of

the amount of proteins in neurons, some of which are

essential for synaptic processes (reviewed by [1, 41, 42]).

When a presynaptic terminal is activated, its complex

molecular machinery drives the exocytosis of SVs, con-

tinuing the cycle with their endocytosis, recycling and

refilling with neurotransmitters for a new round of release

[43]. This process is tightly regulated by the activation and

degradation of the proteins implicated, among other events

[4, 41, 42]. In a Drosophila model, it was previously shown

that proteasome inhibitors increase NMJ evoked release

[44] and furthermore, proteasome inhibitors (clasto-lacta-

cystin-lactone, epoxomicin or MG-132) augment the

recycling pool in primary cultures of mouse hippocampal

neurons, without affecting the probability of vesicle release

[45]. Similarly, the probability of neurotransmitter release

was not affected in NMJs from tambaleante mice, although

we observed a decrease in EPP amplitude associated with a

decrease in the RRP and number of vesicles available.

Therefore, it is likely that the HERC1 Gly483Glu substi-

tution in tbl mice has the opposite effect to that produced

by proteasome inhibitors. In fact, the expression of the

mutated HERC1 protein is greater in tbl mice than in

Fig. 7 The readily releasable

pool (RRP) is decreased in

tambaleante mutant mice.

a Representative traces during a

100 Hz stimulation train of 1 s

in a control and tbl mouse.

b The mean RRP estimated in

both groups. c n (number of

occupied sites) and

p (probability of release)

estimated in control and tbl

mice: **p\ 0.005;

***p\ 0.0005 [(n, N),

n number of fibers, N number of

mice]

Mouse neuromuscular junction 2969
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controls [15], suggesting that the increase in proteasomal

activity could be sustained in tbl mice. Indeed, in mice

carrying a loss-of-function USP14 (another UPS compo-

nent, a deubuquitinase) there are fewer ubiquitinated

proteins as well as less evoked release at the NMJ, sup-

porting our hypothesis [13, 46, 47].

The mechanism by which HERC1 regulates neuro-

transmission remains unknown, although animal models

with alterations in some UPS components present changes

in the expression of proteins involved in the SV cycle, such

as synaptophysin [48], SNAP25 [49], syntaxin [50], and

MUNC13 [4]. Furthermore, recent studies have found that

USP14 might have a different function to that of protea-

somal catalytic activity [51, 52]. The same could occur

with the E3-ligase-ubiquitin HERC1 and further studies

will be necessary to determine the mechanism driving al-

tered vesicle homeostasis in the tambaleante mutants, and

how this alteration could participate in neurodegeneration.

In conclusion, our results show that HERC1 is essential

for neurotransmitter release and vesicle homeostasis in

NMJs. Although the exact mechanism involved in NMJ

development and functional impairment is not known, our

results invite us to hypothesize that the mutation of this

UPS component could be implicated in motor neuron dis-

ease. Understanding the specific proteins involved in

synaptic regulation will open new avenues for the treat-

ment of these neurodegenerative diseases.
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