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Age-dependent synapse withdrawal at axotomised
neuromuscular junctions in Wid®* mutant and Ube4b/Nmnat
transgenic mice
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Axons in WId® mutant mice are protected from Wallerian degeneration by overexpression of a
chimeric Ube4b/Nmnat (Wld) gene. Expression of Wld protein was independent of age in these
mice. However we identified two distinct neuromuscular synaptic responses to axotomy. In young
adult W1d®* mice, axotomy induced progressive, asynchronous synapse withdrawal from motor
endplates, strongly resembling neonatal synapse elimination. Thus, five days after axotomy,
50-90 % of endplates were still partially or fully occupied and expressed endplate potentials (EPPs).
By 10 days, fewer than 20 % of endplates still showed evidence of synaptic activity. Recordings from
partially occupied junctions indicated a progressive decrease in quantal content in inverse
proportion to endplate occupancy. In W1d® mice aged > 7 months, axons were still protected from
axotomy but synapses degenerated rapidly, in wild-type fashion: within three days less than 5 % of
endplates contained vestiges of nerve terminals. The axotomy-induced synaptic withdrawal
phenotype decayed with a time constant of ~30 days. Regenerated synapses in mature W1d* mice
recapitulated the juvenile phenotype. Within 4—6 days of axotomy 30—50 % of regenerated nerve
terminals still occupied motor endplates. Age-dependent synapse withdrawal was also seen in
transgenic mice expressing the Wld gene. Co-expression of WId protein and cyan fluorescent
protein (CFP) in axons and neuromuscular synapses did not interfere with the protection from
axotomy conferred by the WId gene. Thus, WId expression unmasks age-dependent,
compartmentally organised programmes of synapse withdrawal and degeneration.
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Following lesion of a peripheral nerve, distal axons and
synaptic terminals normally degenerate via a cascade of
molecular and cellular responses collectively termed
Wallerian degeneration (WD). In rodents, neuromuscular
transmission rapidly fails, the axonal and terminal
cytoskeleton is disrupted, and fragmentation of nerve
terminals is followed by phagocytosis in terminal Schwann
cells. The axonal and nerve terminal debris is removed by
Schwann cells and invading macrophages within 48 h
(Birks et al. 1960; Miledi & Slater, 1970; Winlow &
Usherwood, 1975). However, in the WId® mutant mouse
axotomy-induced degeneration is profoundly delayed
(Lunn et al. 1989; Mack et al. 2001). Experiments utilising
this mutant suggest that axon degeneration occurs by a
mechanism distinct from those regulating cell body
degeneration (Deckwerth & Johnson, 1994; Buckmaster et
al. 1995). Independent analysis of synapse-specific
proteases suggests that synapses also contain their own

independent degenerative mechanisms (Mattson et al.
1998a, 1998b). Taken together, such findings militate
towards a view that degeneration mechanisms are
compartmentalised within neurones (Gillingwater &
Ribchester, 2001).

By contrast, synapses are normally remodelled by a
different mechanism in neonatal muscles or in re-
innervated adult muscles. Competition between motor
axons converging on the same motor endplate results
in ‘synapse elimination’, a process which involves
progressive withdrawal of synaptic boutons from poly-
neuronally innervated motor endplates, until those
supplied by only one of the original axon collateral
branches remain (Brown et al. 1976; Keller-Peck et al.
2001). A similar process occurs in reinnervated adult
muscles after nerve injury and regeneration (see for
example, Barry & Ribchester, 1995; Costanzo et al. 2000).

t These authors contributed equally to this work.
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The structural and physiological features of synaptic
degeneration are normally quite different from those of
synapses undergoing elimination, even in WId® mice
(Brown et al. 1976; Korneliussen & Jansen, 1976; Betz et al.
1979; Bixby, 1981; Colman et al. 1997; Parson et al. 1997;
Ribchester, 2001; but see Rosenthal & Taraskevich, 1977).

Genetic analysis has shown that the WId* mutation is
inherited as a single autosomal dominant characteristic, by
a gene located on the distal end of chromosome 4 (Perry et
al. 1990b; Lyon et al. 1993). The W1d® mutation comprises
an 85 kb tandem triplication (Coleman et al. 1998). This
triplication contains the exons of three genes; Ube4b (the
mammalian homologue of ubiquitin fusion degradation
protein 2 (Ufd2)), nicotinamide mononucleotide adenylyl
transferase (Nmnat) and a novel member of the cellular
retinoid-binding protein family (Rbp7; see Conforti et al.
2000). The sequence for the N-terminal 70 amino acids of
Ube4b and the complete sequence of Nmnat span the
proximal and distal boundaries of the repeat unit, forming
a chimeric gene with an open reading frame coding for a
43 kDa fusion protein. Transgenic mice expressing the
Ube4b/Nmnat chimeric gene product (W1d) also show the
WId°® phenotype, showing that this gene is both necessary
and sufficient to produce slow axonal and synaptic
degeneration (Mack et al. 2001).

Remarkably, however, the protection conferred by the
mutant gene affects axons and synapses differently.
Whereas distal axons persist after axotomy for up to three
weeks in WId® mice, the motor nerve terminals persist for
only 4-10 days (Perry et al. 1990a; Brown et al. 1992; Tsao
et al. 1994; Ribchester et al. 1995; Gillingwater &
Ribchester, 2001). Moreover, there are conflicting reports
concerning the neuroprotective effectiveness of the Wld*
gene as these mice age. Some studies have suggested that
the WId* phenotype is lost, so that by six months of age,
mutant mice exhibit almost normal rates of axon
degeneration (Perry et al. 1992; Ribchester et al. 1995). By
contrast, Crawford et al. (1995) reported that both axons
and synapses were equally well-protected from axotomy-
induced degeneration in WId® mice of all ages up to
16 months. Thus, an initial objective of the present study
was to resolve the discrepancy between the studies of
Ribchester et al. (1995) and Crawford ef al. (1995) using a
combined genetic, biochemical, morphological and
electrophysiological approach.

Our analysis shows that WId gene expression is wholly
independent of age, whether driven by the endogenous
promoter or by a heterologous £-actin promoter. We also
demonstrate that age has no effect on the biochemical or
morphological preservation of WId axons, but that
preservation of axotomised synaptic terminals is clearly
transformed with age in both character and kinetics. In
young WId® mice (<4 months), or their transgenic
equivalents, synaptic terminals degenerate asynchronously,
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apparently withdrawing boutons progressively from motor
endplates. By contrast, in mice older than ~7 months, most
distal axons are preserved but synaptic terminals undergo
a more rapid, synchronous degeneration, similar to the
axotomy reaction in wild-type mice. Furthermore, the
maturity of the synapse rather than age of the motor
neurone appears to regulate this age-dependent
phenotype.

Taken together, our observations suggest that newly-
established, mononeuronally innervated junctions retain
the molecular mechanisms required to execute retraction
of supernumerary synapses, beyond the period when they
are normally eliminated as part of post-natal development.
Therefore, mice expressing the Wld protein will play a
pivotal role in the understanding of cellular and molecular
mechanisms of synapse elimination.

Preliminary data from this study were presented to
meetings of the Physiological Society (Ribchester et al.
1999; Gillingwater et al. 2000; Ribchester et al. 2002).

METHODS

Mice

Natural mutant WId* mice of ~1-2 months were obtained from
Harlan Olac Laboratories (Bicester, UK). Some of these mice were
used within ~1 week of arrival, whilst others were maintained
within animal care facilities in Edinburgh until they reached the
older ages (4, 7 and 12 months) required for the age-dependency
experiments. The 4836 line of W1d transgenic mice expressing the
Ube4b/Nmnat chimeric gene were generated in Cologne by
pronuclear injection of a construct of the chimeric gene coupled
to the f-actin promoter, as described previously (see Mack et al.
2001). Thy1-CFP mice were obtained from Jackson Laboratories
(Bar Harbour, ME, USA) and crossbred with W1d°® mice according
to standard breeding techniques. CFP-expressing mice were
identified from the fluorescence of axons in ear-punch biopsies.
WI1d homozygotes were confirmed post-mortem, by pulse-field gel
electrophoresis of DNA isolated from their spleens (Mi et al. 2002).

Surgery

Mice were anaesthetized either by inhalation of halothane (2 % in
1:1N,0/O,; Edinburgh) or via L.p. injection of Ketanest (100 mg kg ™)
and Rompun (5 mgkg™'; Cologne). For experiments using flexor
digitorum brevis (FDB) or lumbrical muscles, either the sciatic or
tibial nerve was exposed and a 1-2 mm section was removed,
denervating the majority of muscles in the hind foot. For
experiments using transverses abdominus (TA), intercostal
nerves were similarly exposed and lesioned. Mice were then kept
in standard animal house conditions for 1-10 days before being
killed by stunning and dislocation of cervical vertebrae. All
surgical procedures were carried out in strict accordance with
local ethical committee guidelines (Stadt Kéln Veterinaramt,
Licence K13, 11/00; Cologne) and with the licensed authority of
the UK Government Home Office (PPL 60/2434; Edinburgh).

Electrophysiology

Intracellular recordings were made between 1 and 10 days after
surgery. Isolated FDB nerve/muscle preparations from W1d® mice
were pinned out in a Sylgard-lined bath and perfused with normal
mammalian physiological saline (mm: NaCl 120; KCl 5; CaCl, 2;
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MgCl, 1; NaH,PO, 0.4; NaHCO; 23.8; D-glucose 5.6) bubbled to
equilibrium with a 5% CO,/95 % O, mixture. Transgenic mouse
FDB muscles were isolated in Cologne, bathed in Hepes-buffered
saline and taken by courier to Edinburgh, where they were then
transferred to bicarbonate-saline (above) for electrophysiological
recording the same day, as described previously (Mack et al.
2001). Muscle contractions were reduced/eliminated by bathing
the muscles in 2.5 um p-conotoxin GIIIB (Scientific Marketing
Associates, Barnet, UK) for 30-45 min. Thirty fibres were impaled
at random, per muscle, using a glass electrode filled with 5M
sodium acetate solution. Activity was recorded using an
Axoclamp-2B amplifier (Axon Instruments, Inc., Union City, CA,
USA) and stored and analysed on a PC using WinWCP v3.0.8
software (developed and distributed by Dr John Dempster,
Strathclyde University, UK).

Electron microscopy

For ultrastructural studies, FDB muscles were fixed in ice-cold
0.1 M phosphate buffer containing 4 % paraformaldehyde/2.5 %
glutaraldehyde for 4 h. Preparations were then washed in 0.1 M
phosphate buffer before postfixing in a 1% osmium tetroxide
solution for 45 min and dehydration through an ascending series
of ethanol solutions. Dehydrated muscles were embedded in
Durcupan resin before sectioning at 75-90 nm and collection on
formvar-coated grids (Agar Scientific, Stansted, UK). Grids were
then stained with uranyl acetate and lead citrate in an LKB
‘Ultrostainer’ before viewing in a Philips CM12 TEM. Electron
microscope (EM) negatives taken between 2000x and 60000x
were scanned at 600 dpi using a Linoscan 1200 (Heidelberg,
Germany) equipped with a transparency adaptor, before
importing into Adobe Photoshop for analysis and presentation.

Axon counts

Lesioned tibial nerves from 2-month- and 7-month-old Wid*
mice (n =2 in each case) were fixed in ice-cold 0.1 M phosphate
buffer containing 4% paraformaldehyde/2.5% glutaraldehyde
for 4 h. The first 2 mm of the proximal and distal nerve stumps
were discarded, and the remaining tissue was transferred into
resin as described above. 1 gm cross-sections were cut and
collected on glass slides before staining with toluidine blue (1 % in
distilled H,O; Sigma). Sections were examined using a 40X water
immersion objective (Zeiss) attached to a standard light
microscope. Images were captured using Openlab (Improvision
Software, Coventry, UK) before being transferred to Adobe
Photoshop for analysis. The total number of myelinated axon
profiles was recorded in six cross-sections from both the proximal
and distal nerve stumps and the counts for each stump were
averaged. To be included in the count, axons had to exhibit
normal myelin sheaths and a uniform axoplasm.

Neuromuscular junction (NM]) staining

FDB, lumbrical or TA preparations for immunocytochemistry
were fixed in 0.1 M PBS containing 4% paraformaldehyde for
30-40 min before labelling acetylcholine receptors by incubating
for 20 min in a-bungarotoxin (BTX) conjugated to tetramethyl-
rhodamine isothiocyanate (TRITC-a-bungarotoxin; 5 mg ml ™',
Molecular Probes, Inc., Eugene, OR, USA ). Muscles were blocked
in 4 % bovine serum albumin (BSA) and 0.5% Triton X in 0.1 M
PBS for 30 min before incubation in primary antibodies directed
against 165 kDa neurofilament proteins (2H3) and the synaptic
vesicle protein SV2 (both 1:200 dilution; from the Developmental
Studies Hybridoma Bank, IA, USA) overnight. After washing for
30 minin blocking solution (see above), muscles were incubated for
4 hin a 1:200 dilution of sheep anti-mouse antibody conjugated to
the fluorescent label FITC (Diagnostics Scotland, Edinburgh, UK).
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Muscles were then whole-mounted in Vectashield (Burlingame,
CA, USA) onsslides for subsequent imaging.

TA nerve—muscle preparations for vital labelling and visualised
recording were stained by repetitive stimulation (20 Hz, 10V,
10 min) in the presence of 4 mm FM1-43 (Molecular Probes, Inc.)
before washing for 15 min in oxygenated physiological saline.

Fluorescence imaging and analysis

Muscle preparations were imaged on either a standard
fluorescence microscope (Micro Instruments M2B) or using a
laser scanning confocal microscope (Biorad Radiance 2000,
Hemel Hempstead, UK). Individual neuromuscular junction
images were obtained using either a 40x (0.8 NA) or 60x (1.0 NA)
water immersion objective. TRITC-a-BTX-labelled preparations
were imaged using 543 nm excitation and 590 nm emission
optics; FM1-43-stained preparations utilised a 400-440 nm
excitation filter and 515 nm emission filter and FITC-labelled
preparations utilised 488 nm excitation and 520 nm emission
optics. For confocal microscopy, 488 nm and 543 nm laser lines
were used for excitation and confocal Z-series were merged using
Lasersharp (Biorad) software. All images were then assembled
using Adobe Photoshop.

Western blotting

WId protein expression was analysed by homogenising mouse
brains in two volumes of 20 mm Hepes (pH 7.5), 0.2 m CaCl,,
0.2M MgSO,, 1 ml (20 g tissue)”' protease inhibitor cocktail
(Sigma) and 1 mg mI™' DNase (Sigma). Neurofilament preservation
was assessed in distal sciatic nerve stumps homogenised in
20 volumes of this buffer. Proteins were separated using standard
SDS-PAGE and semi-dry blotted onto nitrocellulose. Loading and
transfer were checked using Ponceau S (Sigma) and Coomassie
Blue. Overnight incubation in primary antibodies at 4 °C was
followed by incubation in horseradish peroxidase-coupled
secondary antibody (1 h at room temperature; goat anti-mouse
1:3000, goat anti-rabbit 1:5000; Dianova, Hamburg, Germany)
and detection using enhanced chemiluminescence (Amersham
Pharmacia, UK). Chimeric protein expression was quantified
using affinity-purified N70 antibody and £-tubulin 2.1 (Sigma)
control. Neurofilament protein degradation was analysed using
phosphate-independent monoclonal N52 (1:2000; Sigma) against
heavy neurofilament protein.

RESULTS

Age-independence of axon protection and Wld gene
expression

We examined the levels of expression of the Wld gene in
WId* mice of different ages. Western blots of homogenised
brain tissue in mice aged 2, 4, 7 and 12 months
demonstrated that WId protein expression did not
diminish significantly with age (Fig. 1A). We also analysed
the preservation of severed distal axons in 4 days-
axotomised tibial nerve preparations from 2-month- and
7-month-old WI1d®* mice, based on Western blots and on
counts of myelinated axon profiles in semi-thin cross-
sections from proximal and distal nerve stumps (Fig. 1B
and C). The data show there were no major qualitative
differences in neurofilament preservation in the distal
portions of lesioned tibial nerves and morphological
analysis revealed virtually complete (93—100 %) retention
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of myelinated profiles in the distal stump. These data
therefore indicate that both Wld gene expression and
distal axon preservation are largely independent of age in
WId® mice.

Progressive loss of synaptic terminals in juvenile
WId° mice

Immunocytochemical staining of neurofilament (NF) and
SV2 and TRITC-a-BTX labelling of axotomised NM]Js in
2-month-old WId® mice made at 3—7 days post-axotomy
revealed prolonged retention of pre-terminal axons and
motor nerve terminals (Fig. 2A). However, in addition to
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fully occupied endplates, we observed partially occupied
and vacant motor endplates in all axotomised
preparations from these young WId* mice (Fig. 2B-D).
Sometimes endplates were contacted by a single remaining
synaptic bouton occupying less than 5% of the endplate.
These resembled ‘retraction bulbs’, previously identified
in the final stages of synapse elimination from motor
endplates (cf. Riley, 1977; Gorio et al. 1983; Balice-Gordon
et al. 1993). Similar examples of fully occupied, partially
occupied and vacant NM]Js were detected in 2 month
preparations examined ultrastructurally (Fig. 2E-G).
Degenerating mitochondrial profiles were observed
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Figure 1. Age-independent protection of axons and WId gene expression in Wid®* mice

A, Western blot showing retained Ube4b, W1d and #-tubulin (loading control) expression in W1d* mice of
different ages compared to a 6] mouse control. B, transverse sections through proximal and distal tibial nerve
stumps, 4 days post axotomy in 2- and 7-month-old WId® mice showing qualitative preservation of
disconnected axons and no signs of axon loss or degeneration. Scale bars = 5 gm. C, quantitative analysis of
distal axon preservation in 2- and 7-month-old WId® mice tibial nerves 4 days post axotomy. There was no
significant difference in the numbers of axon profiles between proximal and distal nerve stumps at either age.
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at<3% of terminals, but these preparations were
otherwise free of classical degenerative markers: synaptic
vesicle density and distribution appeared normal, terminal
plasma membranes appeared intact and there was no
evidence of phagocytosis by terminal Schwann cells. Two
distinct features of many of the junctions were, firstly,
accumulation of neurofilaments within the centre of
synaptic boutons and secondly, instances of ‘giant’ synaptic
vesicles (~75—-125 nm in diameter) were observed. Intra-
cellular recordings demonstrated comparable retention of
synaptic transmission over the same period, although
evidence for a progressive decline in synaptic efficacy was
detected at some junctions, where EPP amplitudes had a
high coefficient of variation and ‘failures’, indicating a
reduced quantal content (Fig. 2H-]). ‘Giant’ miniature
endplate potentials (MEPPs) were occasionally observed
in axotomised preparations (Fig. 2H).

The time course of withdrawal of W1d® nerve terminals in
response to axotomy, as measured both morphologically
and electrophysiologically, is shown in Fig. 3A and B. The
functional analysis consistently gave lower estimates of the
numbers of remaining synapses than those given by
morphological measurements. However, both analyses
showed that the time course of synapse loss appeared well
fitted by sigmoidal functions. Thus, > 80 % of synapses
were retained 3 days after axotomy, but by 5 days this level
had dropped to ~60% of terminals, subsequently
decreasing to ~30-50 % by 7 days post axotomy. Figure 3C
and D shows the incidence of morphological and
functional correlates of nerve terminal withdrawal (partial
occupancy of endplates; high coefficient of variation of
EPP amplitudes and random failures in response to nerve
stimulation). Levels of partial occupancy peaked at
5-7 days post axotomy, at ~50 %, whilst the increase in the
number of fibres showing failures followed a similar time
course, but only reached a maximum level of ~15%.
Withdrawal of synaptic boutons from endplates was
asynchronous and independent of endplate size. Figure 4A
shows the distribution of endplate occupancies plotted
against the endplate area at 4, 6 and 8 days after axotomy in
TA muscles. There was no correlation between endplate
area and fractional occupancy at any time between 3 and
10 days. Thus, the onset of synapse withdrawal seemed to
occur quite randomly, but to proceed at a constant rate
once initiated.

The discrepancies between morphological and
physiological measurements could have been the result of
impaired nerve conduction, or to deterioration in the
physiological mechanisms coupling excitation to
transmitter release. In a small sample of endplates we made
direct recordings of synaptic physiology and morphology
(Fig. 4B), using FM1-43 to label partially occupied
neuromuscular junctions (Ribchester et al. 1994; Costanzo
et al. 1999). Quantal analysis suggested that depression of
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transmitter release preceded structural withdrawal. Thus,
endplates that were still more than 50 % occupied and had
quantal contents at or below the lower bound of the
normal range (Wood & Slater, 1997). Whether this
decrease in quantal content occurred by a change in the
quantal parameters n or p or both (cf. Kopp et al. 2000)
remains open.

The most parsimonious explanation of the progressive
appearance of partially occupied or vacant endplates,
when taken together with the preservation of synaptic
ultrastructure and the gradual decline in synaptic
transmission, is that synaptic terminals in the young W1d*
mice progressively withdrew from motor endplates
following axotomy. Thus, the progression from full
occupancy, through partial occupancy, to vacancy of the
motor endplates (Fig. 2A—D); the absence of conventional
signs of degeneration (Fig. 2E-G); and the pattern of
strong and weak synaptic transmission (Fig. 2H-]), when
taken together with the quantitative analysis, offer
compelling similarities to stages of synapse elimination
that occur at wild-type neuromuscular junctions during
normal postnatal development. The difference here was
that this progressive synaptic withdrawal was triggeredin a
juvenile (or young adult) mutant mouse, and the stimulus
was axotomy, rather than competition between synaptic
terminals (see Ribchester, 2001). Synapse elimination
occurs with a normal time course in neonatal W1d® mice
(Parson et al. 1997), and the time course of synapse
withdrawal in response to axotomy in the juvenile/young
adult W1d°* mice is remarkably similar.

Rapid degeneration of W1d° synaptic terminals in
mature mice

Ultrastructural, immunocytochemical and electro-
physiological analyses of the responses to axotomy in older
WId°® mice suggested that neuromuscular synapses reacted
in a qualitatively different fashion. Ultrastructural
examination revealed that some axotomised nerve
terminals in 4 month preparations showed a curious
morphology: they sometimes contained swollen and
distorted mitochondria but intact synaptic vesicles.
Interestingly, some of the boutons containing these
mitochondrial abnormalities were adjacent to other
boutons, from the same motor nerve terminal, that
contained no signs of degeneration of organelles (Fig. 5A).
In 7 month WId® preparations, at 2 days post axotomy,
most identifiable terminals showed classical degenerative
signs including swollen and disrupted mitochondria,
reduced synaptic vesicle densities, intra-terminal
membrane whorls, fragmented terminal membranes and
terminal Schwann cell phagocytosis (Fig. 5Band C). Thus,
the appearance of 4 month terminals was intermediate
between that of axotomised 2 month and 7 month
terminals. These observations were corroborated by
immunocytochemically stained preparations observed at
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the light microscope level. Very few instances of partially
occupied endplates were seen in immunocytochemical
preparations: most endplates were either fully occupied or
vacant, and many of the occupied endplates had an
abnormal, bloated appearance (see Fig. 6). Immuno-
cytochemical analysis of the prevalence of innervated
endplates with time after axotomy in mice aged
4-7 months is shown in Fig. 5D. In 4-month-old animals,
the time course of synapse loss was well fitted by
exponential curves (in contrast with 2-month-old
animals, Fig. 3). Only ~35 % of endplates were occupied
3 days after axotomy. In 7 month mice, fewer than 5%
remained by 3 days, and a similar rapid loss of synaptic
terminals followed axotomy in W1d°® mice aged 12 months.
The number of endplates that were partially occupied
3-7 days after axotomy also declined exponentially with
age (Fig. 5F), which further suggested that the synapses
were removed synchronously rather than progressively in
the older mice.

Electrophysiological analysis further supported these
interpretations. Thus, synaptic transmission in
axotomised 4 month mice was usually either robust, or it
was absent and the incidence of junctions exhibiting weak
synaptic transmission (including random failures) was
low. Only ~20 % of fibres showed evoked EPPs 3 days after
axotomy in 4-month-old WId® mice. By 7 months the
corresponding figure was < 5% (Fig. 5E). The proportion
of fibres showing any spontaneous or evoked endplate
activity also declined exponentially with a time constant of
~30 days (Fig. 5G).

Thus, the axotomy-induced synaptic response in Wld*
mice changes systematically, from one of withdrawal to
one of degeneration, as these mice mature.

Age-dependent synapse withdrawal in WId® mice 745

Recapitulation of synaptic withdrawal at
reinnervated Wld° muscles

Because the expression of the WId gene showed no age
dependence, it was interesting to ask whether the
transformation in the axotomy reaction of synaptic
terminals with age was a function of age per se or whether it
was a function of the maturational state of the synaptic
terminals. To address this, we compared synaptic
preservation of immature synapses at regenerated neuro-
muscular junctions in old W1d® mice (Fig. 6A). First, in
mice aged 7—12 months, the sciatic nerve was crushed on
one side (conditioning lesion). Regenerated axons were
allowed to reinnervate the FDB muscle. Eight to ten weeks
later, 95% of fibres had regained synaptic activity from
new synapses formed by the regenerated axons. Next, the
repaired synapses (which could not have been more than
8 weeks old) were lesioned again, this time by cutting the
tibial nerve. The incidence of innervated FDB muscle
fibres following the second lesion was then scored
electrophysiologically and immunocytochemically.

As expected, the first lesion produced rapid loss of synaptic
transmission and morphology in these old mice; no fibres
showed signs of synaptic activity at 3 days post axotomy
and fewer than 2 % of endplates were occupied by nerve
terminals (Fig. 6B). By contrast, synapses were consistently
preserved after section of the regenerated axons (Fig. 6C).
Intracellular recordings showed that 3-5days after
axotomy, 33.0%+15.3% of endplates still showed
spontaneous MEPPs and/or responded with EPPs to nerve
stimulation (Fig. 6D). Furthermore, immunocyto-
chemically labelled preparations showed that 4-5 days
after axotomy 41.5 + 2.02 % of endplates were contacted
by overlying nerve terminal (Fig. 6E). These data therefore
indicate that ‘new’ (i.e. regenerated) synapses in old Wld*

Figure 2. Axotomized nerve terminals retract from endplates in young adult Wid® mice

A, confocal stereo pair showing synapses protected from degeneration in an FDB muscle from a 2-month-old
WI1d® mouse, 3 days post axotomy. Axons and motor nerve terminals were immunocytochemically labelled
with NF and SV2 (FITC) and acetylcholine receptors were labelled with TRITC conjugated a-BTX. Scale
bars = 20 pm. B, immunocytochemically labelled (NF, SV2, a-BTX) NM]Js from a lumbrical muscle, 6 days
post axotomy. Note the complete retention of the lower nerve terminal, but the partial occupancy of the
upper endplate. The arrow indicates a very thin axon collateral terminating in a ‘retraction bulb’ swelling.
Scale bar = 20 gm. C, immunocytochemically labelled (NF, SV2, a-BTX) NM]J from a TA muscle, 4 days
post axotomy. The remaining axon collateral terminates in a ‘retraction bulb’ swelling, contacting < 5 % of
the endplate. Scale bar = 10 yum. D, immunocytochemically labelled (NF, SV2, «-BTX) NMJs from a
lumbrical muscle, 6 days post axotomy. The two endplates on the left are fully occupied whilst the two
endplates on the right are vacant, with nearby axonal terminations. Scale bar =20 gm. E, electron
micrograph of a nerve terminal bouton from an FDB muscle, 3 days post axotomy. The nerve terminal is
directly opposite the postsynaptic specialisations, is capped by a terminal Schwann cell, and has intact
mitochondria, synaptic vesicles and membranes. Scale bar = 0.75 gm. F, electron micrograph of a nerve
terminal bouton from an FDB muscle, 4 days post axotomy. The terminal shown has retained good synaptic
ultrastructure, but neurofilaments are accumulated in the centre of the bouton. Scale bar = 0.75 um.
G, electron micrograph of a partially occupied 2 month W1ld* NMJ, 3 days post axotomy. The remaining
synaptic bouton neighbours a region of unoccupied postsynaptic specialisation which is covered by the
nucleus of a terminal Schwann cell. Scale bar = 0.75 gm, H-J) Intracellular recordings from 2 month W1d*
FDB muscle fibres at 5 days post axotomy. Examples of robust transmission (H), weak transmission (with
varying EPP amplitude and ‘failures’, I) and loss of transmission (J) are shown. An example of a ‘giant’ MEPP
is also shown (~5 mV; denoted by *, H). Scale bars = 5 mV (vertical); 10 ms (horizontal).
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Figure 3. Time course of synapse withdrawal in 2-month-old Wid* mice

A, morphological data showing the time course of nerve terminal withdrawal in 2-month-old Wld° mice FDB
muscles following axotomy. B, electrophysiological measurements of the time course of nerve terminal loss
in 2-month-old W1d* mice FDB muscles following axotomy. C, morphological analysis of the incidence of
endplate partial occupancy in 2-month-old WId® mice FDB muscles following axotomy.
D, electrophysiological analysis of the incidence of failures in response to nerve stimulation in 2-month-old
WId* mice FDB muscle fibres following axotomy. For all panels, A and W represent data points from
individual muscles and O indicates the mean value calculated at each time point.
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Figure 4. Effect of endplate size and occupancy on synaptic withdrawal

A, endplate size did not influence the withdrawal of W1d° synapses at 4, 6 and 8 days post axotomy. There was
no significant correlation between the size of an endplate and the state of withdrawal of its corresponding
nerve terminal. B, FM1-43 (left) and «-BTX (right) images, intracellular recordings and summary graph of
electrophysiological recordings from visualised partially occupied NMJs on 2-month-old Wld* FDB muscles
4 days after axotomy. The NMJ shown has ~50 % terminal occupancy of the endplate, yet still provides
evidence of robust synaptic transmission. However, quantal analysis using the variance method, indicated a
significantly reduced quantal content (m = ~5), compared to control muscles. The graph shows the
relationship between quantal content and fractional vacancy from eight fibres, indicating that depression of
transmitter release preceded structural withdrawal. Scale bar = 20 gm.
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Figure 5. Degeneration of synaptic terminals in fully mature Wid* mice

A, electron micrograph of two neighbouring nerve terminal boutons from a partially occupied endplate in a
4-month-old WId® FDB muscle, 3 days post axotomy. The bouton on the right has retained terminal
ultrastructure, but the bouton on the left contains disrupted mitochondria. Scale bar = 0.5 #m. B, electron
micrograph of an individual nerve terminal bouton from a 7-month-old Wld* FDB muscle, 2 days post
axotomy. Note the swollen and disrupted mitochondria, paucity of synaptic vesicles and membrane
disruption. Scale bar = 0.5 gm. C, electron micrograph of a terminal Schwann cell phagocytosing a grossly
fragmented nerve terminal in situ from a 7-month-old WId* FDB muscle, 2 days post axotomy. Scale
bar = 0.5 gm. D, immunocytochemical data, showing the incidence of retained terminals following axotomy
in 4-month-old WId® preparations, indicating an increase in the rate of terminal loss compared to 2 month
preparations (see Fig. 3). E, graph plotted from electrophysiological data, showing the incidence of fibres
exhibiting evoked activity following axotomy in 4 month WId® preparations. The data support the
morphological findings of an increase in the rate of terminal loss compared to 2 month preparations (see
above). F, graph from immunocytochemical data showing a decrease in the incidence of partial occupancy
with age in WId® mice. G, graph showing the decline in the incidence of fibres showing synaptic activity with
age. Each point shows the percentage of fibres with MEPPs or EPPs 3 days after axotomy in W1d® mice of
different ages.
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Figure 6. Synaptic protection in WId* mice depends on synaptic maturity and not the age of
the animal

A, schematic representation of the experimental protocol used to assess the role of synaptic maturity versus
chronological age on nerve terminal preservation following axotomy. The W1d® mice used were > 7 months
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mice are better protected from degeneration than the
mature synapses innervating muscles without a prior,
conditioning lesion applied to the nerve.

Age dependence of synaptic protection in Wid
transgenic mice

Despite the uniform expression of Wld protein in the brain
we considered the possibility that some subtle aspect of
regulation of WId gene expression by its endogenous
promoter in motoneurones could result in an age-
dependent synaptic phenotype. To address this, we
examined the age dependence of synapse loss in two
transgenic lines of WId mice, lines 4836 and 4830 which
also show the W1d phenotype (Mack et al. 2001). In both
these lines the expression of the Wld gene is controlled by
the #-actin promoter (Fig. 7A), but the 4836 line expresses
the WId protein more strongly than the 4830 line. The
strength of the phenotype varies accordingly, as measured
by the rate of axon loss after nerve injury. Heterozygotes of
either strain also show weak expression of Wld protein. As
in W1d°* mice, W1d protein expression in the 4836 and 4830
transgenic lines was also independent of age (data not
shown). Axon preservation, measured by retention of
neurofilament heavy chains (Fig. 7B), or myelinated axon
counts (data not shown) were also independent of age. In
homozygous 4836-line transgenic mice, morphological
and electrophysiological examination of FDB muscles
indicated that most synapses were still present 5 days after
axotomy, even in 4-month-old animals (Fig. 7C-E).
However, intracellular recordings from hemizygous 4836
and homozygous 4830 muscles showed the same age
dependence in synaptic response to axotomy as seen in
WId°* mice. Thus the incidence of fibres showing synaptic
responses 2-3 days after axotomy also declined
exponentially with age with a time constant of ~30 days, as
in natural mutant W1d® mice (compare Fig. 7F with Fig. 5G).

Protection of axons and synapses expressing
fluorescent protein by the Wld gene

Recently mice have become available that express
fluorescent protein in their axons and synapses under
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control of a thyl promoter (Feng et al. 2000). This raises
the possibility that axon and synaptic protection by the
WId gene might be visualised readily in living
preparations. We therefore crossbred Wld® mice with
thy1-CFP mice. The tibial nerve in CFP-expressing mice
that were homozygous in the F2 generation for Wld was
sectioned and FDB and lumbrical muscle preparations
were examined electrophysiologically and using confocal
microscopy, respectively. The results showed that
fluorescent protein expression did not interfere with the
protection of axons and synapses conferred by the Wld
gene in young mice. Figure 8 shows that four days after
axotomy, many axons remained intact, functional and
endogenously fluorescent through expression of CFP and
neuromuscular synapses were either fully or partly
occupied by axotomised motor nerve terminals.
Intracellular recordings from two muscles showed that at
4 days after axotomy 13 out of 14 fibres were innervated,
and in the other muscle examined 1 day later, 19 out of 25
muscle fibres expressed either MEPPs, evoked EPPs or
both. This degree of axonal and synaptic protection was
similar to that in W1d°® mice not expressing CFP after the
same period of axotomy (compare with Figs 2 and 3).
These preliminary findings suggest that it should be
possible in the future to visualise axotomy-induced
synapse withdrawal in real time.

DISCUSSION

The main finding of the present study is that lesions of
peripheral nerve induce one of at least two independent
modes of synaptic degeneration in Wld-expressing mice,
depending on the maturity of the synapses that are
axotomised.

Synaptic terminals are progressively withdrawn from
axotomised endplates in young WId® mice. In more
mature mice, this phenotype is absent, although axons are
still protected from degeneration by the WId gene. The
pattern of synapse withdrawal in the young (juvenile) mice
bears a compelling resemblance to synapse elimination —a

old, therefore permitting a test of the responses to axotomy at immature (i.e. 2—4-week-old), regenerated
synapses, in mature mice. B, confocal micrograph of an immunocytochemically labelled 7 month W1d* FDB
muscle, 3 days post axotomy. One of the few remaining terminals from this preparation is shown, with a
characteristic bloated appearance, surrounded by three vacated endplates. C, confocal micrograph of a
regenerated synapse from a 14 month WId® FDB muscle, 5 days post axotomy. Axons and motor nerve
terminals were labelled immunocytochemically (NF and SV2; FITC) and acetylcholine receptors were
labelled with TRITC-conjugated a-BTX. Note that all endplates shown are occupied and that the uppermost
instance shows evidence of partial occupancy. D, electrophysiological recording from a 14 month W1d* FDB
muscle fibre with regenerated synaptic connections, 5 days post axotomy, showing robust synaptic
transmission. E, graph showing the percentage of fibres with synaptic innervation, as assessed by electro-
physiological (EP) and immunocytochemical (IM) techniques, in old (non-regenerated) Wld* FDB muscle
fibres at 3 days post axotomy; in reinnervated muscle fibres 8 weeks after the first lesion but before a second
lesion; and in reinnervated endplates at 3—5 days after the second lesion. Note the rapid and almost complete
loss of innervation following axotomy at the axotomised ‘old’ synapses (compare with Figure 4) and the
retention of > 30 % of regenerated synaptic connections for up to 5 days post axotomy.
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Figure 7. Age-dependent synaptic protection in Wid transgenic mice

A, the transgene construct for Ube4b/Nmnat (W1d) transgenic mice. The chimeric cDNA was expressed with
non-coding exon 1 of #-actin under the control of a human f-actin promoter and terminated with the SV40
polyadenylation signal. B, Western blot showing age-independent preservation of heavy chain neurofilament
proteins (NF-H) in the distal stump of 4836 W1d transgenic mice sciatic nerve, 3 days post axotomy. C, confocal
micrograph of immunocytochemically labelled (NF, SV2 and a-BTX) persistent synapses, 5 days post axotomy
in a 4836 WId transgenic lumbrical muscle. All of the endplates shown are either fully occupied or are missing
only a small proportion of their nerve terminal. Examples of endplates with less than 50 % occupancy as well as
evidence for retraction bulb formation were also found (data not shown). D, electron micrograph of a retained
synaptic bouton from a 4836 homozygous W1d transgenic mouse FDB muscle, 5 days post axotomy, showing
intact membranes and synaptic vesicles. E, time course of the loss of innervation following axotomy in 4836 W1d
transgenic mice. The inset illustrates an electrophysiological recording showing robust synaptic transmission
from a 2-month-old 4836 W1d transgenic FDB muscle fibre, 5 days post axotomy. Scale bars = 5 mV (vertical);
10 ms (horizontal). F, age dependence of synapse loss in 4830 and 4836 heterozygous W1d transgenic mice. The
incidence of fibres showing synaptic responses 2—3 days after axotomy declined exponentially with age with a
time constant (7) of ~30 days, similar to the natural mutant (compare with Fig. 3).
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phenomenon of immature or regenerating neuro-
muscular junctions which rationalises the innervation
pattern of mammalian skeletal muscle fibres (see
Ribchester, 2001 for review). This process is also distinct
from Wallerian degeneration because, in most studies,
none of the classical signs of Wallerian degeneration are
seen at junctions undergoing synapse elimination (Miledi
& Slater, 1970; Winlow & Usherwood, 1975; Korneliussen
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& Jansen, 1976; Bixby, 1981; but see Rosenthal &
Taraskevich, 1977). Synapse elimination also occurs in
reinnervated muscle (Hoffman 1953; McArdle, 1975;
Brown & Ironton, 1978; Rich & Lichtman, 1989; Barry &
Ribchester, 1995; Costanzo et al. 2000). In the present
study we also found evidence for reinstatement of a
synaptic withdrawal response to axotomy in mature Wld-
expressing mice.

Figure 8. Persistence of neuromuscular junctions following axotomy in thy1-CFP/WId-

homozygous mice

A, confocal projection image of endogenous CFP fluorescence of a group of axons and terminals supplying
motor endplates, counterstained with TRITC-a-bungarotoxin, in an isolated, unfixed lumbrical muscle,
4 days after axotomy. CFP fluorescence has been pseudo-coloured green, TRITC fluorescence red.
B, electrophysiological recordings of robust (left) and weak (middle: low quantal content, failures) synaptic
responses recorded from FDB muscle fibres in the same axotomised foot. The record on the right shows that,
as in normal WId mice, a few fibres fail to respond, corresponding to unoccupied endplates. Scale

bars = 5um (vertical); 10 ms (horizontal).
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The main similarities between synapse elimination and
axotomy-induced synapse withdrawal in WId® are the
partial occupancy of endplates and formation of retraction
bulbs (Fig. 2) and a decline in synaptic efficacy (quantal
content) that appears to precede loss of presynaptic
terminals (Figs 2 and 3; see Riley, 1977; Gorio et al. 1983;
Balice-Gordon et al. 1993; Balice-Gordon & Lichtman,
1993; Colman et al. 1997; Kopp et al. 2000). An additional
conspicuous feature of the terminals undergoing
axotomy-induced withdrawal was accumulation of neuro-
filaments (see also Watson et al. 1993; Ribchester et al.
1995). It has previously been suggested that neuro-
filaments are removed from nerve terminals in advance of
synapse elimination (Roden ef al. 1991). However, EM
reconstructions of retraction bulbs in neonatal muscle

A

J. Physiol. 543.3

show clear evidence of neurofilament accumulation (D. L.
Bishop & J. W. Lichtman, personal communication).
Interestingly, the earliest study of motor nerve terminal
degeneration at axotomised rabbit neuromuscular
junctions (Tello, 1907) shows evidence of partial
occupancy of endplates and retraction of synaptic
terminals, but an ultrastructural study by Bixby (1981)
showed that axotomy of wild-type rabbit neuromuscular
junctions produced similar changes to those in rats and
mice. It would be interesting to describe in more detail the
pattern of synapse withdrawal in W1d mice using repeated
or continuous visualisation methods ( Keller-Peck et al.
2001; Lichtman & Fraser, 2001) in order to appraise
further the similarities with or differences from synapse
elimination. For example, such methods could be used to
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Figure 9. Schematic representation of the compartmental model of neurodegeneration

A, schematic representation of the compartmental model of neurodegeneration indicating the different
degenerative compartments present in neurones (blue = cell body; purple = axon; yellow = synaptic
terminals; drawing based on Nicholls et al. 1992, reproduced with permission from Gillingwater &
Ribchester, 2001). B, schematic representation, based on the findings of the present study, of alternative
modes of synaptic degeneration. We envisage a continuum extending from developmental synapse
elimination (left) to Wallerian degeneration (right). Between these limits, are the typical responses to
axotomy in young W1d mice (middle left) and more mature Wld mice (right). Axotomy induces withdrawal,
resembling synapse elimination in young W1d mice. In older W1d mice the synaptic response to axotomy
more closely resembles wild-type, although axons are still protected by the Wld gene. Arrows on the left
diagram (synapse elimination) imply one hypothetical link: perhaps selective physiological trafficking of
maintenance factors during early postnatal development (or after reinnervation) results in the same
withdrawal response as that induced by surgical axotomy in young Wld mice.
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observe patterns of retraction of Wld® synaptic boutons at
different endplates within the same motor unit (cf. Keller-
Peck et al. 2001). This may also help to resolve whether
synapse withdrawal is initiated locally at endplates, or
stochastically as a result of differences in the rate of
trafficking of maintenance molecules into different
collateral branches of a motor axon, a mechanism some-
times referred to as ‘intrinsic withdrawal’ (Brown et al.
1976; Thompson & Jansen, 1977; cf. Betz et al. 1980). The
phenomenon of axon retraction in the absence of
competing inputs at the same endplate has been rather
neglected since its endorsement by Fladby & Jansen
(1987). Further studies of axotomy-induced retraction of
synapses in Wld-expressing mice could throw further light
on this issue.

We also demonstrated that age has no effect on Wld gene
expression or on the biochemical or morphological
preservation of WId axons, but that preservation of
axotomised synaptic terminals is clearly transformed with
age in both character and kinetics, with a time constant of
~1 month. Synaptic terminals in mice of ~4 months and
older were lost more rapidly and the degeneration of
synapses began to show all the hallmarks of ‘classical’
degeneration. Thus, the present findings help to resolve a
discrepancy in the earlier reports concerning the age-
dependent loss of the W1d® phenotype. On the one hand,
our findings support those of Crawford et al. (1995), by
showing that axonal loss was independent of age, and
therefore suggest that the loss of nerve conduction with age
(Perry et al. 1992; Tsao et al. 1994) must have some other
explanation. Crawford ef al. (1995) used a cholinesterase
stain combined with immunostaining for ubiquitin
hydrolase to assay the preservation of terminals following
axotomy in mice aged up to 16 months. On the other
hand, our present analysis clearly shows — using a
combination of electrophysiology, vital staining with
FM1-43, immunocytochemistry and electron microscopy
— that preservation of axotomised WId® nerve terminals is
strongly age dependent. Moreover, when we compared the
level of protection conferred upon existing synapses in old
WId® mice and regenerated synapses, it became clear that it
is the maturity of the synapse rather than age of the motor
neurone (or the mouse) which is important. Whether this
is a consequence of the biochemical state of the
regenerated terminal and local regulation of the response
to axotomy, or to recapitulation of patterns of gene
expression in motor neurone nuclei remains unknown
(for review see Herdegen & Leah, 1998). Another
possibility that has recently come to light is that synapses
in different muscles may react quite differently to nerve
injury and in an age-dependent fashion over a similar
time-scale to that we have reported here (Pun et al. 2002).
The loss of a synaptic withdrawal response revealed in
WId® mice as they mature may also have a bearing on
previous findings that synaptic boutons can be induced to
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withdraw by selectively blocking activity at some normal
adult mouse muscle motor endplates, but not others (see
Fig. 6 in Balice-Gordon & Lichtman, 1994). Perhaps the
age of the mice should be an important consideration in
the design of such experiments.

The present findings provide further support for the
theory that neurones are compartmentalised with respect
to the mechanisms they contain for bringing about
degeneration. They extend the notion of ‘dynamic
polarisation’ of the neurone, to degenerative mechanisms
as well as those responsible for sub-cellular differentiation
(Changeux, 2001; Gillingwater & Ribchester, 2001).
Specifically the response to axotomy of young, old and
regenerated WId® synapses suggests that newly-
established, mononeuronally innervated junctions retain
the molecular mechanisms required to execute retraction
of supernumerary synapses, beyond the period when they
are normally eliminated as part of postnatal development
(Parson et al. 1997; Ribchester, 2001). An extension of this
hypothesis is that neonatal synapse elimination, and by
extension axonal branch elimination, may be triggered by
a ‘physiological axotomy’, perhaps arising from small
axonal constrictions in an axon collateral or from selective
trafficking of an as yet unidentified synaptic maintenance
factor produced by the cell body (Gillingwater &
Ribchester, 2001; see also Raff et al. 2002). In addition, the
finding that W1d® axons are protected from degeneration
at all ages, but synapses are not, suggests that both
mechanisms of synaptic degeneration (withdrawal in
young WId mice and Wallerian-like degeneration in older
mice) occur independently of axonal degeneration. Thus,
the present study of young and old WId°® mice (or their
transgenic equivalents) has revealed a continuum between
at least two types of synaptic degeneration, both distinct
from Wallerian degeneration (Fig. 9).

How does WId gene initially protect axons and synapses
from degeneration? The WId protein is localised to cell
nuclei (Mack et al. 2001), and this means that the
protection of axonal and synaptic protection must be an
indirect consequence of the expression of the gene. Our
cross-breeding of the WId gene into mice expressing
fluorescent protein, as well as offering unrivalled future
opportunities for further analysis of the mechanisms of
synaptic degeneration, suggests that in general the mutant
gene does not interact with other genes that are uniquely
expressed in axons and synapses. An important clue may
lie with the incorporation of the N-terminal 70 amino
acids of Ube4b, a ubiquitination cofactor, in the W1d gene.
This raises interesting questions about the possible role of
ubiquitination in neuromuscular synaptic plasticity and
the synaptic response to axotomy. It is noteworthy that
Drosophila mutants in which ubiquitin ligases or
deubiquitinating proteases are up- or downregulated
show systematic changes in neuromuscular synaptic form
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and function (Wan et al. 2000; DiAntonio et al. 2001).
Speculation that ubiquitination might regulate
mammalian synaptic form and function (Chang & Balice-
Gordon, 2000) receives circumstantial support from the
present findings. Thus, it will be important to find ways to
critically evaluate the role of protein ubiquitination in
synapse withdrawal and degeneration, whether induced by
axotomy in WId® mice, or occurring during normal
synapse elimination. The way ahead may lie with the
manufacture of other genes that more directly protect
synapses from the normal consequences of nerve lesions.
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