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Dysmyelinated Lower Motor Neurons Retract and
Regenerate Dysfunctional Synaptic Terminals
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Axonal degeneration is the major cause of permanent neurological disability in individuals with inherited diseases of myelin. Axonal and
neuronal changes that precede axonal degeneration, however, are not well characterized. We show here that dysmyelinated lower motor
neurons retract and regenerate dysfunctional presynaptic terminals, leading to severe neurological disability before axonal degenera-
tion. In addition, dysmyelination led to a decreased synaptic quantal content, an indicator of synaptic dysfunction. The amplitude and
rise time of miniature endplate potentials were also increased, but these changes were primarily consistent with an increase in the passive
membrane properties of the transgenic muscle fibers. Maintenance of synaptic connections should be considered as a therapeutic target
for slowing progression of neurological disability in primary diseases of myelin.
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Introduction

Axons are myelinated by Schwann cells in the PNS and by oligo-
dendrocytes in the CNS. Point mutations, duplications, and de-
letions in genes encoding proteins specific for or enriched in these
cells cause dysmyelination and neurological disability (Scherer,
1999). Although dysmyelination can significantly slow nerve
conduction velocities, irreversible and progressive neurological
disabilities in most inherited diseases of myelin are caused by
axonal degeneration. Axonal pathology and axonal degeneration
have been documented morphologically in many inherited and
acquired diseases of myelin (Trapp et al., 1998, 1999; Scherer,
1999; Garbern et al., 2002). The timing of clinical disease onset
and rate of disease progression depend on the mutation and the
severity of dysmyelination. Individuals with congenital hypomy-
elination or Déjérine-Sottas syndrome have an early onset and
often fatal clinical course. Dysmyelination, neurological disabil-
ity, and axonal degeneration in many forms of Charcot-Marie
Tooth disease do not manifest until adulthood (Dyck et al., 1989;
Yin et al., 1998; Lappe-Siefke et al., 2003), indicating that long-
term survival of axons depends on glial-derived support after
myelination is complete. Degeneration of chronically dysmyeli-
nated axons, therefore, is a major cause of permanent neurolog-
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ical disability associated with inherited diseases of myelin
(Scherer, 1999).

Little is known about the molecular mechanisms responsible
for axonal loss in inherited myelin diseases, and no effective ther-
apies have been established. Axonal pathologies that precede ax-
onal degeneration in animal models of dysmyelination include
atrophy, swelling, altered axonal cytoskeleton, reduced axonal
transport (de Waegh et al., 1992; Griffiths et al., 1998; Yin et al.,
1998; Freietal., 1999; Sahenk et al., 1999; Sancho et al., 1999), and
misregulation of gene expression by the dysmyelinated neuron
(Bradyetal., 1999). As a consequence of these axonal pathologies,
it seems likely that synaptic connections of dysmyelinated neu-
rons are altered before axonal degeneration, but this has not been
investigated.

We described recently peripheral nerve dysmyelination in sev-
eral lines of transgenic mice that overexpress P, protein (P,'®),
the major structural protein of PNS myelin (Wrabetz et al., 2000).
Overexpressed P, protein prevented spiral and longitudinal my-
elin growth (Yin et al., 2000) and caused neurological disability,
which correlated with transgene copy number and degree of dys-
myelination. These mice resemble and serve as an animal model
of the human peripheral neuropathies Déjérine-Sottas syndrome
and congenital hypomyelination (Warner et al., 1996; Wrabetz et
al., 2000). The transgene was not expressed by oligodendrocytes,
and the CNS was appropriately myelinated. To better understand
the pathogenesis of neurological disability during chronic dys-
myelination, we analyzed the synaptic connections of lower mo-
tor neurons (LMNs) in P,*® mice. We report here that PNS dys-
myelination leads to structural and functional changes at
neuromuscular junctions (NMJs) and severe neurological disability.
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Materials and Methods

P,-overexpressing mice. The transgene consisted of all introns and exons
of the mouse P, gene, 6 kb of the promoter, and the natural polyadenyl-
ation signal. Generation and characterization of mice expressing this
transgene have been described in detail previously (Wrabetz et al., 2000).
This report focused on the line (Tg 80.2, referred to here as P, '¢) with the
highest transgene copy number and most severe peripheral neuropathy.
In addition, a lower expressing line (Tg 80.4) was examined and crossed
with Py-null mice (Wrabetz et al., 2000) for rescue experiments.

Behavior testing. Body weight, running speed, and grip strength were
assessed in P, *® and wild-type (WT) littermates at postnatal day 30 (P30)
(Py'8,n=6; WT,n=6),P60 (P,'¢,n=4;WT, n=6),and P90 (P, "8, n =
3; WT, n = 5) using methods described in detail Mitsumoto et al. (1994).
Forelimb paw grip strength was measured using a digital force transducer
(Chatillion DFIS-2; AMETEK, Paoli, PA). The maximal grip strength of
five trials was recorded. Running time is defined as the shortest time (the
best of three trials) to run 75 cm and is calculated in centimeters per
second. The test—retest reliability of these assessment techniques has been
established previously (Mitsumoto et al., 1994).

Electromyography. Electromyography (EMG) was performed on anes-
thetized P,'¢ and WT littermates at P37 (n = 6), P72 (n = 4), and P111
(n = 2). The muscles examined include the following: gluteus maximus
(proximal hindlimb extensor), gastrocnemius (distal hindlimb flexor),
triceps (proximal forelimb extensor), and forepaw flexors (distal fore-
limb flexors). Spontaneous electrical activity (fibrillation potentials) was
acquired with a TECA Sapphire EMG using a concentric 25 gauge elec-
trode, inserted into the middle of the muscle belly for each muscle exam-
ined. Fibrillation potentials (50 wV or greater in amplitude) were quan-
tified per second.

Confocal analysis of neuromuscular junctions. A minimum of six glu-
teus maximus and soleus muscles were removed from WT and P,, "¢ mice
at P15, P45, and P90. The muscles were fixed and permeabilized as de-
scribed previously (Son and Thompson, 1995). Specimens were labeled
for postsynaptic acetylcholine receptors (AChRs) with fluorescently con-
jugated a-bungarotoxin (Molecular Probes, Eugene, OR) and immuno-
stained for axons with a combination of neurofilament (SM131; Stern-
berger Monoclonals, Baltimore, MD) and synaptophysin (Sigma, St.
Louis, MO) antibodies. Additional sections were tripled labeled for ax-
ons, acetylcholine receptors, and P, protein. Primary antibodies were
detected using FITC and Texas Red-conjugated secondary antibodies
(Jackson ~ImmunoResearch, West Grove, PA). Biotinylated
a-bungarotoxin was detected using Cy5-avidin (Jackson ImmunoRe-
search). Sections were mounted in Vectashield (Vector Laboratories,
Burlingame, CA) and examined on a Leica (Heidelberg, Germany) con-
focal microscope (TCS-NT system). Either Leica TCS-NT acquisition
software or Scion (Frederick, MD) Image software was used to recon-
struct z-series images into maximum intensity projections. Images were
prepared for publication using Photoshop 7 (Adobe Systems, San Jose,
CA) software.

The relationship between terminal axons and bungarotoxin staining
was investigated in gluteus muscles using whole-mount preparations.
The numbers of NM]Js analyzed from a minimum of six WT and P,‘®
muscles at each age were as follows: at P15, 329 WT and 224 P,,'8; at P45,
200 WT and 222 P,,"8; and at P90, 292 WT and 263 P, '¢. The junctions
were divided into three categories: those normally innervated; those in
which axons were separated from bungarotoxin staining (partially de-
nervated); and those junctions without axons (totally denervated). Ax-
onal sprouting was quantified by determining the percentage of NMJs
that either extended or received an axonal sprout. The numbers of NMJs
analyzed for sprouts were as follows: at P15, 83 WT and 142 P, '¢; at P45,
110 WT and 223 P,'8 and at P90, 106 WT and 275 P,'8. Data were
analyzed by Student’s ¢ test. Similar analysis was performed on an addi-
tional line of P -overexpressing mice (Tg 80.4; n = 59 NM]Js) and Tg 80.4
mice bred to P,-null mice (# = 80 NM]Js from three mice).

Nerve transection. Four WT and four P,'® mice (P30) were anesthe-
tized, and their left sciatic nerves were transected at the sciatic notch.
Both soleus muscles were removed 48 hr later, immersion fixed, immu-
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nostained for axons and postsynaptic specializations, and examined by
confocal microscopy as described above.

Electrophysiological analyses of neuromuscular synaptic transmission.
Two WT and six P, '® mice at P60 were anesthetized by intraperitoneal
injection of 0.05 cc of a mixture of 17.4 mg/ml ketamine and 2.6 mg/ml
xylazine (Phoenix Pharmaceuticals, St. Joseph, MO), and the soleus mus-
cle and its innervation were dissected under oxygenated (95% O,, 5%
CO,) Rees’ Ringer’s solution (Rees, 1978) (110 mm NaCl, 5 mm KCl, 1
mm MgCl,, 25 mm NaHCOj5, 2 mm CaCl,, 11 mum glucose, 0.3 mM gluta-
mate, 0.4 mm glutamine, 5 mm BES [N,N -bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid] buffer, 0.434 um cocarboxylase, and 36 um
choline chloride). Muscles were pinned in a Sylgard-lined Petri dish and
superfused with oxygenated Ringer’s solution, and the muscle nerve was
placed into a suction electrode.

Physiological analyses were performed as described by Kopp et al.
(2000). Briefly, to determine whether nerve-evoked muscle contractions
were present, the nerve was stimulated with 0.1-0.2 msec duration rect-
angular pulses at 0.5-1 Hz. The stimulus voltage was adjusted from 0.1 to
10 V, and muscle contractions were visually monitored through a dis-
secting microscope. To determine whether muscle fibers were electrically
excitable, muscle fibers were placed into a suction electrode and were
stimulated with 0.5 msec duration rectangular pulses delivered at 0.5-1
Hz. The stimulus voltage was adjusted over a range from 0.5 to 10 V, and
muscle contractions were visually monitored.

To determine whether spontaneous and evoked neurotransmitter re-
lease was present, skeletal muscle fibers were cut at each end to prevent
muscle contractions attributable to muscle fiber depolarization (Glavi-
novic, 1979; Ribchester et al., 1994). Intracellular recordings were per-
formed using glass microelectrodes filled with 3 M KCl (30-570 M€}
resistance). All experiments were performed at room temperature. A
total of 43 junctions from six P, "® mice and 25 junctions from five wild-
type littermates were studied.

Electrical potentials were amplified using an Axoprobe 1A amplifier
(Axon Instruments, Union City, CA), low-pass filtered at 1 kHz, and
digitized at 10 kHz using an analog-to-digital converter (DigiData; Axon
Instruments) and interactive software (Axoscope; Axon Instruments).
Muscle fiber resting membrane potential was continuously monitored,
and only fibers with resting potentials more hyperpolarized than —40
mV and in which the resting potential did not change by >5 mV during
the course of the experiment were studied further. This was the mini-
mum resting potential that allowed a sufficient signal-to-noise ratio to
detect miniature endplate potentials (mepps). Muscle fiber input resis-
tance was calculated as voltage—current after injection of a 100 msec
hyperpolarizing current pulse. mepps were recorded for 10—20 min and
analyzed using interactive software (Mini Analysis; Synaptosoft, Decatur
GA). To characterize nerve-evoked endplate potentials, the stimulation
voltage to the soleus muscle nerve was varied from 0.01 to 2.00 V. Quan-
tal content was determined under conditions of reduced Ca?* (1 mm
CaCl,) and elevated Mg?* (10 mm MgCl,) using the method of failures
(Del Castillo and Katz, 1954; Kopp et al., 2000) or expressed as the ratio
of mean endplate potential amplitude/mean mepp amplitude. The epp
amplitudes were corrected for nonlinear summation (McLachlan and
Martin, 1981) using an fvalue of 0.8. The quantal content, i.e., the num-
ber of ACh quanta released after a single nerve impulse, was calculated at
each NMJ by dividing the mean corrected epp amplitude by the mean
mepp amplitude. (McLachlan and Martin, 1981). Statistical analyses
were performed using Microsoft (Seattle, WA) Excel software. Data are
presented as mean * SEM.

FM1-43 labeling of synaptic vesicle recycling. Postnatal day 60 WT (n =
6) and P,'¢ (n = 10) mice were anesthetized, and the soleus muscle and
nerves were dissected under cold oxygenated (95% O,, 5% CO,) mam-
malian Ringer’s solution and were pinned into a Sylgard-lined Petri dish.
Muscles were placed in 5 um FM1-43 (Molecular Probes) in oxygenated
Ringer’s solution at room temperature. The nerve was placed into a
suction electrode and was stimulated with 5 sec trains of 0.1 msec dura-
tion pulses delivered at 30 Hz, repeated every 20 sec for 5 min. The
stimulus intensity used was the minimum that reliably caused muscle
contraction, typically 0.1-0.5 V. After stimulation, muscles were rinsed
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with 10 min washes in oxygenated Ringer’s so-
lution and 2 min washes in Ringer’s solution
with 1 mm ADVASEP-7 (Biotium, Hayward,
CA) over a 1 hr period. After FM1-43 labeling,
AChRs were labeled by incubation in 10 ug/ml
rhodamine-conjugated ~a-bungarotoxin in
Ringer’s solution for 4 min. Muscles were
mounted onto glass slides and coverslipped.
Muscles were mounted onto glass slides and
coverslipped. NMJs (P, 8, 22 junctions; WT, 10
junctions) were imaged using a laser scanning
confocal microscope (Leica TCS 4D system).
The percentage of AChR staining apposed by
FM1-43 was determined using interactive soft-
ware (MetaMorph; Universal Imaging Corpo-
ration, West Chester, PA).

Quantification of AChR subunit mRNA.
Three gluteus maximus muscles from P15, P30,
and P90 WT and P, '8 mice were removed. RNA
was isolated using the Total RNA isolation kit
(Promega, Madison, WI), quantified using
standard spectrophotometric measurements
and run on an Agilent (Palo Alto, CA) 2100
Bioanalyzer to ensure RNA quality. RNA (de-
void of DNA) was reverse transcribed and am-
plified using gene-specific primers for AChR «
subunit (GenBank accession number M17640;
forward, = GAGGACCACCGTGAGATTGT;
reverse, AATCGACCCATTGCTGTTTC), B
subunit (GenBank accession number M14537;
forward, AGCCTGAACGAGAAGGATGA; re-
verse, AGCAGTGATGCGGAGAGAAT), and
v subunit (GenBank accession number
X03818; forward, GTGTCTTCGAGGTG
GCTCTG; reverse, TCTGGGATTGGAAGAT-
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Figure 1. P, overexpression causes severe neurological phenotypes and muscle fibrillation but not proximal motor axon
degeneration. A, Running speed, grip strength, and body weight decrease progressively in P, ' mice between P30 and P90. Values
represent means and SEM for mice tested at P30 (P,'%, n = 6; WT,n = 6), P60 (P, %, n = 4; WT, n = 6),and P90 (P, %, n = 3;
WT,n = 5).8,P, " mice display spontaneous fibrillations of muscle (inset) that appearin girdle and proximal muscles before distal
muscles. (—E, Comparison of toluidine blue-stained Epon sections of ventral roots from P90 wild-type (() and P, (D) mice.
Schwann cells ensheath but fail to myelinate motor axons in the mutant mice. The number of motor axons in L4 and L5 ventral
roots are identical in wild-type and P, '9 mice (£). Scale bars, 10 um. Grip strength was normalized to body weight. Table and
histograms show mean and SEM. *p < 0.05; Tp < 0.001; *p < 0.0001; ¢ tests of P, "9 versus WT.

GAGG). PCR fragments were subsequently li-

gated to the T7 polymerase promoter sequence

(Lig-n-scribe kit; Ambion, Austin, TX) and PCR amplified. Five micro-
grams of total RNA were used for Northern analysis using the Northern
Max kit (Ambion) protocols. Radiolabeled ([ **P]UTP) antisense RNA,
transcribed using T7 polymerase (Maxiscript kit; Ambion) was used as
probe. Hybridized membranes were exposed to Eastman Kodak (Roch-
ester, NY) X-Omat films for 1-2 d. Bands were quantified using the Scion
Image software and normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) levels. After detection, membranes were stripped
by boiling in 0.1% SDS solution and reprobed (in the order of  subunit,
7 subunit, followed by 8 subunit).

Electron microscopy. Three WT and mutant mice were perfused at P15
and P90 with 2.5% glutaraldehyde, 4% paraformaldehyde, and 0.08 M
Sorensen’s buffer. The gluteus maximus muscle and L4 and L5 ventral
roots were removed and processed to Epon embedding resin. NMJs were
identified in 1-pwm-thick sections and then sectioned for electron micro-
scopic analysis. The relationship between axons, postsynaptic specializa-
tions, and Schwann cells was investigated in electron micrographs from
18 WT NM]Js and 16 P, '8 NMJs. Three of the P, '8 NMJs were examined
in serial sections. Montages of the entire left and right L4 and L5 ventral
roots from three P90 WT and P,'® mice were generated from electron
micrographs. Total axons were quantified in the montages. The data
were analyzed using Student’s f test.

Results

Neurological disability correlates with muscle fibrillation and
atrophy but not LMN degeneration

Several lines of mice that overexpress P, protein were generated
(Wrabetz et al., 2000). The present study focuses on the most
severely affected line (Tg 80.2). A progressive decline in motor

performance accompanied reduced body weight and muscle at-
rophy (Fig. 1A). Running speed in P,'® was reduced by 50% at
P30 and 80% at P60, and the mice were non-ambulatory at P90.
Grip strength was reduced by 20% at P30, 68% at P60, and 75% at
P90. Body weight was reduced at P30, when pelvic girdle muscle
atrophy appears, and decreased at subsequent time points, paral-
leling more generalized muscle atrophy. EMG of girdle, hind-
limb, and forelimb muscles was performed to test for muscle
denervation. Fibrillation potentials (Fig. 1B, inset), an indicator
of muscle denervation, were graded quantitatively in WT and
P,'® mice at P37, P72, and P111 (Fig. 1 B). Fibrillation potentials
were not detected in WT muscles. At P37, fibrillations were
prominent in the pelvic girdle (gluteus) muscles, minimal in dis-
tal hindlimb flexor (gastrocnemius) muscles, and absent in fore-
limb distal flexors. By P72, fibrillations were present in all mus-
cles examined but were most prominent in distal hindlimb
muscles. At P111, fibrillation potentials persisted in girdle and
hindlimb muscles and became more prominent in forelimb mus-
cles. These data support a progressive denervation of P,'® mus-
culature that parallels the proximal-to-distal gradient of muscle
atrophy.

To determine whether degeneration of LMNs or their proxi-
mal axons contribute to the muscle denervation, axons in the L4
and L5 ventral roots from P90 WT (Fig. 1C) and P,'® (Fig. 1 D)
mice were quantified by electron microscopy (Fig. 1 E). Despite
the severe dysmyelination in ventral roots of P, mice, the num-
ber of axons was identical to WT. Degeneration of LMNs or their
proximal axons, therefore, do not contribute to the neurological
deficits in P, '® mice.



Yin etal. » Dysmyelination Causes Synaptic Dysfunction

Figure 2.

Table 1. Terminal axon retraction and sprouting increase with age at neuromuscular junctions in P,'9 mice and

can be rescued by crosshreeding with Py-null mice

Dysmyelinated PNS axons form but do not maintain normal NMJs. A, B, At P15, single axons (green) innervate NMJs
(red) in both WT (4) and P, " ( B) mice. G, NMJs in WT mice are normal at P30 ( () and P90. D—F, P15 WT axons branch normally
within NMJs D). Intrajuctional axons in P15 P, 'Y mice often ended in small ovoids (£, arrows), leaving areas of postsynaptic AChRs
devoid of axons (F, asterisks). AChR staining appeared normal in D and £ and was omitted to demonstrate axonal differences.
Terminal axon retraction and sprouting increased as the P, * mice aged (F, arrowheads). At P90, postsynaptic AChR clusters (G, H,
red) became fragmented and punctate, and the resultant small AChR aggregates were often innervated by individual terminal
axonal branches (G-, green). Interjunctional sprouts (G—/, arrowheads) become more prominent as the mutant mice age. For
quantification, see Table 1. A—H are from gluteus; /is from soleus. Scale bars: 4, B, 25 um; (=, 10 wm; F, 2 wm; G-/, 5 um.
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the postsynaptic specialization were un-
opposed by axons (Fig. 2F, asterisks),
leaving NM]Js partially denervated.
Twenty-five percent of the NMJs in P15
P, gluteus maximus were partially de-
nervated (Table 1). The preterminal ax-
ons, however, did not degenerate or form
axonal retraction bulbs, the stereotypic
appearance of preterminal axonal with-
drawal at NMJs (Balice-Gordon et al.,
1993). On the basis of these observations,
NM]Js in P,‘® mice form normally during
development. However, synaptic connec-
tions between terminal axons and muscle
fibers begin to break down by P15.
Terminal axonal withdrawal from
NM]Js increased as the mutant mice aged
(Fig. 2G). By P45, 72% of the NM]Js exam-
ined were partially denervated, and 7%
were totally denervated (Table 1). At P90,
only 3% of the mutant NM]Js appeared
normal, 89% were partially denervated,
and 7% were entirely devoid of presynap-
tic nerve terminals and were thus dener-
vated. In addition, the normal pretzel-like
shape of AChR clusters (Fig. 2C) became
punctate and discontinuous (Fig. 2 F-I),
and the terminal axons extended multiple
intrajunctional branches to the many
small discrete AChR aggregates at NMJs in
both the gluteus maximus (Fig. 2H) and
soleus (Fig. 2I) muscles. Axonal sprouts
also extended to neighboring NM]Js (Fig.

2F-I). In muscles from P15-P90 WT

Ages Strain 9% Partial denervation % Complete denervation % NMJ with axon sprouts
N N N mice, <3% of NM]Js extended and/or re-
P15 WL 1707 0 =0 1010 ceived interjunctional axonal sprouts. In
Po 52057 0805 3920 P,'® mice, however, these percentages
P45 WT 0.8 04 0 =0 31£03 o T .’ P 6
p g 720 + 11 73+ (5 637 + 9.0* were significantly increased at both P45
P90 Wr 15+05 0 =0 3207 (45%) and P90 (89%). Although dysmy-
X 89.5 + 0.6%** 7.0+ 2%** 905 + 0.3%* elinated axons cannot maintain normal
Tg80.4 31.3 £ 23% 2610 149 + 1.3% NMJs, they retain the ability to sprout to
PR 12+ 04 0 *0 3002 neighboring NMJs.

Three animals were examined, both left and right muscles, at each age per strain, except Tg 80.4, in which two animals were analyzed.

*p < 0.005; **p < 0.001; ***p << 0.0001; t test for transgenic versus WT.

Terminal axonal withdrawal and sprouting at

neuromuscular junctions

During normal development, two or more motor axons initially
innervate individual NMJs (Sanes and Lichtman, 1999; Lichtman
and Colman, 2000). By the end of the second postnatal week,
however, most NM]Js are innervated by single axons. We com-
pared innervation of the gluteus maximus and soleus muscles at
P15, P45, and P90 in P,"® and WT mice by confocal analysis of
tissue immunostained for terminal axons with neurofilament
and synaptophysin antibodies and for AChRs with bungarotoxin.
Changes were significant and similar in the gluteus maximus and
soleus muscles; quantitative data are presented for the gluteus. At
P15, NMJs in both mouse strains (Fig. 2 A, B) were innervated by
single axons, and >98% of the postsynaptic AChR clusters in WT
mice were appropriately apposed by axonal terminals (Fig. 2C).
In contrast to WT NMJs (Fig. 2 D), axonal terminals in P,'¢ NM]Js
often ended in small ovoids (Fig. 2 E, arrows), and large regions of

The relationship between synaptic ab-
normalities and axonal degeneration was
investigated by examining NMJ innerva-
tion after transection of P30 WT and P, ‘¢
sciatic nerves. Whereas bungarotoxin staining was unaffected,
axonal terminals were eliminated by 48 hr after transection in
both strains of mice (data not shown). Synaptic withdrawal and
sprouting at the NM]J, therefore, precedes axonal degeneration
and is not a response of axons disconnected from their somas.

Loss of functional nerve terminals and changes in
neuromuscular synaptic transmission in P, '¢ mice

To determine whether the P, ‘¢ transgenic mouse NMJs with dra-
matically altered presynaptic and postsynaptic specializations are
capable of releasing neurotransmitter, the ability of junctions to
internalize the fluorescent dye FM1-43 was evaluated in the so-
leus muscle from 2-month-old P,'® and WT mice. The soleus
muscle was selected for this analysis because of the ease of dissec-
tion without muscle or nerve damage. Nerves were stimulated in
short trains of pulses delivered at high frequency in Ringer’s so-
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50,

*%

Percent FM1-43 occupancy

P09

WT

Figure 3.  FM1-43 labeling demonstrates defects in synaptic vesicle recycling and loss of
functional nerve terminalsin Py 'YNMJs. A, In 10 of 10 NMJsin the soleus muscle of P60 WT mice,
>95% of the postsynaptic AChR cluster area (left) was occupied in its entirety by FM1-43-
stained presynaptic nerve terminals (right). B, In 17 of 22 NMJs in the soleus muscle of P60 P, *?
mice, a portion of the postsynaptic AChR cluster area was occupied by FM1-43-stained nerve
terminals. C, Average NMJ area occupied by FM1-43 labeling for soleus muscles from P60 P mice
(white) was reduced to 60% compared with WT mice (black). Error bars indicate mean == SEM. t test
indicated that P, '° was significantly different from WT; **p << 0.0001. Scale bars, 25 jm.

lution containing FM1-43 (Cochilla et al., 1999), and neuromus-
cular junctions were analyzed with confocal microscopy.

In 10 of 10 NMJs examined in P60 WT muscles, an average of
92% of the postsynaptic AChR cluster area was occupied by FM1-
43-stained presynaptic nerve terminals (Fig. 3A). However, in
NM]Js in the soleus muscle of P60 P, "® mice, an average of <40%
of the postsynaptic AChR cluster area was occupied by FM1-43-
stained nerve terminals (Fig. 3B, C), and 5 of 22 junctions exam-
ined were entirely devoid of FM1-43-stained nerve terminals.
These data are consistent with the partial denervation observed
after immunostaining. This observation supports widespread
loss of functional nerve terminals in the soleus muscles from mice
overexpressing Py,

To determine how the loss of functional nerve terminals in
P, ' mice suggested by FM1-43 staining affected neuromuscular
synaptic transmission, the soleus muscle was dissected, and spon-
taneous and nerve-evoked synaptic potentials were analyzed after
intracellular recording using standard methods. Spontaneous
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Figure4.  Spontaneousand evoked synaptic transmission in the soleus muscle from P, and

WT mice. A, Spontaneous mepps from a soleus muscle fiber from P60 P, ' and WT mice. mepp
frequency (B) is not significantly different between WT (white) and P, (black) mice. G, Distri-
bution of the amplitude of all events from muscle fibers shown in A. Distributions are not
significantly different; Komolgorov—Smirnov test; p = 0.425. In each histogram, the first peak
is the distribution of baseline noise in the recordings. mepp amplitude (D), rise time (£), and
inputresistance  F) were increased in soleus muscle fibers from P, (black bars) compared with
WT (white bars) mice. G, Nerve-evoked endplate potentials from a soleus muscle fiber from P, 19
and WT mice. The vertical deflection at the left of each trace is an artifact of nerve stimulation.
Note the increased latency from onset of nerve stimulation to onset of epp in soleus muscle from
mice overexpressing P,. H—K, epp amplitude (H) was not significantly different between WT
and P,"9, but quantal content was reduced (/), and epp rise time (J) and latency (K) were
increased in the soleus muscle of P, @ compared with WT mice. Values are shown as mean =
SEM. *p << 0.005, significant difference between transgenicand WT junctions; Student's ¢ test.
Calibration: A, 0.5 mV, 100 msec; G, 5 mV, 10 msec.

mepps were recorded for 5-10 min. In the soleus muscle from
2-month-old mice, the frequency of spontaneous mepps was
similar between P,'s and WT mice (Fig. 4A, B), suggesting that
spontaneous release of neurotransmitter quanta is relatively un-
affected. However, mepp amplitude was increased 2.3-fold ( p <
0.001; Student’s t test), and rise time was increased 1.9-fold ( p <
0.005) compared with WT mice (Fig. 4C-E).

The increase in mepp size might be attributable to muscle
fiber atrophy and thus reflect an increase in muscle fiber input
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Figure 5.  Dysmyelination alters muscle acetylcholine receptor mRNA levels. o and 3, but
not vy, acetylcholine receptor mRNAs are increased in P, ' gluteus maximus muscle. Northern
blot comparisons of c, 3, and y AChR mRNAs from wild-type (W) and P,-overexpressing (P)
mice. The « subunit is increased at P30 (6-fold) and P90 (4-fold). The (3 subunit was increased
by twofold at P30 but was unchanged at P90. The -y subunit s prominent at birth but undetect-

able in wild type and P, *? controls at P15, P30, or P90. mRNA levels were normalized to GAPDH
(G) levels.

resistance as has been observed after denervation, inactivity, and
as a consequence of neuromuscular disease (Tonge, 1974; Wein-
stein, 1980; Roy et al., 2000). Measurements of muscle fiber input
resistance showed that input resistance was greater in P,,® soleus
than in WT muscle fibers (Fig. 4 F) (839 * 38 k(2 in P, "% 513 = 77
kQ in WT; p < 0.001; Student’s ¢ test). This is consistent with the
significant muscle fiber atrophy measured by muscle fiber cross-
sectional area reported previously in P, *® muscles (Wrabetz et al.,
2000). These differences in input resistance could account at least
in part for the differences in mepp amplitude.

To characterize nerve-evoked neurotransmitter release, the
nerve innervating the soleus muscle was stimulated and recorded.
The quantal content, i.e., the number of ACh quanta released
after a single nerve impulse, was calculated as the mean epp am-
plitude, corrected for nonlinear summation (McLachlan and
Martin, 1981), divided by the mean mepp amplitude. In the so-
leus muscle from 2-month-old mice, epp amplitude was similar
between P,"®and WT (Fig. 4G,H ). However, quantal content was
significantly reduced in junctions from P, ‘¢ compared with wild-
type soleus muscle (Fig. 41). Moreover, in P,'8 muscles but not
WT littermates, a small percentage of junctions in P,'® muscles
(<5%) had significantly reduced epp amplitude. In addition, no
evoked epps or spontaneous mepps were observed in ~10% of
junctions (4 of 43) from P, ‘¢ soleus muscle, suggesting that these
muscle fibers were completely denervated. These observations
are consistent with the percentage of junctions that were partially
or completely denervated after FM1-43 labeling (see above) and
suggest that synaptic transmission is reduced in P, '® mice.

The increased mepp amplitude and rise time observed in the
soleus muscle of P, '® mice might also be consistent with a change
in the expression of postsynaptic AChR subunits, as has been
observed after denervation and reinnervation (Gu and Hall,
1988; Sanes and Lichtman, 1999). To evaluate this possibility,
levels of @, 3, and y AChR mRNA were compared in WT and P, ¢
gluteus and soleus at P15, P30, and P90 by Northern blot analysis
(Fig. 5). AChR subunit mRNA expression was similarly altered in
P, gluteus and soleus: data shown are from the gluteus. Levels of
the a AChR subunit mRNA were significantly increased in P, ¢
muscle at P30 (sixfold) and P90 (fourfold). The B subunit was
increased twofold at P30 and was unchanged at P90. The embry-
onic y subunit was abundant in WT newborn muscle (Fig. 5),
barely detectable at P30 in the P, "8 muscle, and was not detectable
at other time points in either WT or P, muscle total RNA ex-
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tracts. These data suggest that the changes observed in mepp
amplitude may reflect a change in postsynaptic AChR expression
in addition to a change in muscle fiber input resistance.

In the soleus muscle, epp rise time was significantly greater
than that observed in WT mice (Fig. 4G,]), as was observed for
mepps. One possible explanation is that the muscle fiber mem-
brane time constant is altered in P,'® mice as a consequence of
atrophy. Alternatively, the density of AChRs may be decreased in
muscles from P,'® mice, because a slowing of spontaneous and
evoked epps has been reported under circumstances in which
ACHhR density is low (Katz and Miledi, 1973; Albuquerque et al.,
1976; Betz and Osborne, 1977; Kidokoro, 1980; Colman et al.,
1997). A third possibility is that there is an increased separation
between nerve terminals and postsynaptic AChRs at junctions in
P, "¢ mice, as would be expected to occur if nerve terminals were
retracting. A slowing of mepp and epp rise times has been sug-
gested to be attributable to the increased time that would be
required for acetylcholine molecules to bind to unoccupied
AChRs (Katz and Miledi, 1973; Betz and Osborne, 1977;
Kidokoro, 1980). In addition to the slowing of epp and mepp rise
time, the latency from the stimulus artifact to epp onset was
delayed by more than fourfold in the soleus muscle of P,,'® mice
compared with WT (Fig. 4K). This is consistent with the dysmy-
elination and slowing of axonal conduction velocity observed
after P, overexpression (Wrabetz et al., 2000). Together, these
data suggest that neuromuscular synaptic function is impaired in
the soleus muscle of P, mice, consistent with partial denerva-
tion and reinnervation by terminal sprouts (Fig. 2).

NM]J denervation correlates with dysmyelination

When NMJs were examined in P90 gluteus maximus from an-
other P,-overexpressing line (Tg 80.4) with less severe dysmyeli-
nation and neurological disability, 32% were partially denervated
(Table 1). The neurological phenotype and dysmyelination in the
Tg 80.4 line was rescued by breeding to Py-null mice (Wrabetz et
al., 2000). We investigated whether the NM]J abnormalities in Tg
80.4 mice were also rescued by the P-null mice. In gluteus maxi-
mus from P90 Tg 80.4 X P,-null mice (PyR), muscle fibrillations
were absent, and 99% of the NM]Js were appropriately innervated
(Table 1). These rescue experiments provide compelling evidence
that dysmyelination is the primary cause of NMJ denervation in
P,-overexpressing mice.

Terminal Schwann cells do not play a primary role in

NM]J denervation

Confocal studies were performed to determine whether the
Schwann cells that cap P,'® NM]Js play a primary role in NM]J
denervation. In WT and P, " mice, detectable P, immunoreactiv-
ity terminated 10—30 pum before the entry of the axon into the
NMJ (Fig. 6A,B). In WT mice, P,-expressing cells near NMJs
formed myelin sheaths that closely apposed axons (Fig. 6A). In
the mutant mice, P-expressing Schwann cell perikarya (Fig. 6B)
were larger and covered shorter axonal segments than myelinat-
ing Schwann cells in WT mice. P, protein was not detected by
confocal microscopy in terminal Schwann cells of the NMJ in
either WT or P, "¢ mice. To extend these light microscopic obser-
vations, we compared the ultrastructure of NMJs from P15 WT
(Fig. 6C) and P, ¢ (Fig. 6D) gluteus maximus muscles. Sixty-five
percent of NM]Js from P15 P,'® mice (10 of 16 NM]Js) were indis-
tinguishable from WT NM]Js (Fig. 6C). The axon terminal was
appropriately apposed to postsynaptic specializations, and
Schwann cells capped the surface of the axon terminal. Six of the
16 P,'¢ NMJs examined by electron microscopy contained degen-
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erating presynaptic terminals (Fig. 6D),
identified by an abundance of synaptic
vesicles (Fig. 6D, inset). Regions of the
postsynaptic membrane were unapposed
by axons or Schwann cells (Fig. 6D). Ter-
minal Schwann cells or their processes
were not detected between P,'® presynap-
tic and postsynaptic specializations. These
observations support the conclusion from
confocal imaging that terminal Schwann
cells are not playing a primary role in sep-
arating presynaptic and postsynaptic
components of the NM]J. The ultrastruc-
ture of NMJs in P90 P, '8 gluteus was sig-
nificantly altered (Fig. 6E). Large expanses
of postsynaptic membranes were unap-
posed by terminal axons. Terminal axons
of varying diameters (Fig. 6E) were
present and ensheathed by Schwann cells.

Discussion

Here we describe a mouse model in which
chronically dysmyelinated lower motor
neurons retract and regenerate dysfunc-
tional synaptic terminals. These synaptic
changes precede the axonal degeneration
that becomes prominent by 6 months of
age and that reduces the lifespan of the
mice by ~50% (Wrabetz et al., 2000).
NMJs of P, *® LMNSs formed normally dur-
ing early postnatal development and were
unchanged in P90 P,-overexpressing mice
crossed to Py-null mice. Terminal axonal
withdrawal and NMJ dysfunction in P,'®
mice, therefore, are pathological conse-
quences of chronic dysmyelination. Main-
tenance of synaptic connectivity should
thus be considered as a therapeutic target
in primary diseases of myelin.

Schwann cells have essential roles in
axonal migration, axonal maturation, and
axonal survival. Alterations in P,
Schwann cell function, therefore, could
cause neurological disability by several
mechanisms. Although peripheral myelin
does not form, axons in P,'® peripheral
nerves are ensheathed by Schwann cells
(Yin et al., 2000). This Schwann cell en-
sheathment promotes maturation of axons, including appropri-
ate muscle innervation and normal distribution of AChRs on the
surface of muscle. Molecular requirements for formation of the
NMJ include axonally derived agrin, which orchestrates the
postsynaptic distribution and organization of acetylcholine re-
ceptors by interacting with MuSK (muscle-specific receptor ty-
rosine kinase) (McMahan, 1990; DeChiara et al., 1996). Our
studies indicate that these molecular events are intact in P,
mice. We describe a sequence of axonal pathologies in P, *® nerves
in which an early downstream effect of dysmyelination was par-
tial withdrawal of axon terminals from the NMJs. The pretermi-
nal axons initially retained one-to-one relationships with NMJs
and generated intrajunctional sprouts that project to AChR clus-
ters at NMJs. These structural changes have functional conse-
quences, as evidenced by a decrease in quantal content in P,

Figure6.
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Dysmyelination causes axonal withdrawal from the NMJ. 4, B, P proteinis not detected in terminal Schwann cells of the NMJ.
Triple labeling for P, (blue), axons (green), and postsynaptic specializations (red) in WT (A) and mutant ( B) NMJs detected P, in Schwann
cells along the preterminal axon but not in terminal Schwann cells that “cap” the NMJ. G, D, In electron micrographs of WT NMJs (),
terminal Schwann cells (sc) cap the NJ. In partially denervated NMJs from P15 P, " muscle ( D), terminal Schwann cells surround the axon
(, green arrowheads) as it enters the NMJ but did not separate presynaptic and postsynaptic (red) specializations. Degenerating axonal
profiles (¥, inset) were detected in some P15 P, NMJs and contained numerous vesicles. £, In electron micrographs of P90 P, ' NMJs,
multiple axons (a, green) were present. The majority of postsynaptic muscle membranes (red) were not apposed by axons terminals. Some
axons were <<1 um in diameter and may represent regenerated sprouts. Schwann cells surrounded these axons and provided a terminal
cap (£).Scale bars: A, B, 10 m; (=, 1 um.

compared with WT mice. Other changes in mepp amplitude and
rise time likely reflect an increase in muscle fiber input resistance
asaresult of atrophy, whereas the fourfold increase in epp latency
reflect dysmyelination and slowing of axonal conduction velocity
observed after P, overexpression (Wrabetz et al., 2000). After
sciatic nerve transection, distal axons and their terminals at NMJs
rapidly degenerated in both WT and P, '® mice. Synaptic changes
in P,'® NMJs, therefore, precede axonal degeneration. As the
mice aged, intrajunctional and interjunctional sprouts increased
to the point at which 96% of NM]Js examined at P90 were abnor-
mal. Many junctions in P90 P,,'® muscle attained the appearance
of CNS synaptic terminal arbors, with multiple sprouts contact-
ing punctate clusters of AChRs. Chronic dysmyelination not only
altered the distribution of AChRs within individual junctions but
also increased the expression of mRNA encoding the « and 8
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subunit of the AChR at P30—P90. This increase is consistent with
an increase in extrajunctional AChR expression, similar to that
observed after denervation or inactivity (Fambrough, 1974; Berg
and Hall, 1975; Blondet et al., 1989).

A number of studies support the existence of unidentified
molecules or signals that are required to maintain axon—-muscle
contact once NMJs are formed (Lichtman and Colman, 2000).
The separation of maintenance of axon—-muscle contact from
NM]J formation and terminal axon sprouting described here sup-
ports this hypothesis and raises the possibility that chronic dys-
myelination preferentially alters the unidentified signals that
maintain NMJs. Altered axonal cytoskeleton and impaired ax-
onal transport precede axonal degeneration in mice with a variety
of mutations in myelin protein genes (de Waegh et al., 1992;
Griffiths et al., 1998; Yin et al., 1998; Lappe-Siefke et al., 2003). It
is possible, therefore, that dysmyelination in P,'® mice impairs
antegrade transport of LMN-derived molecules needed for main-
tenance of the NM]J. This may initiate a response by the muscle
that eventually implements terminal axon sprouting. As the P,,'®
mice age, progressive muscle atrophy, reduced muscle fibrilla-
tions (Fig. 1 B), and the lack of muscle fiber grouping (Wrabetz et
al., 2000) support conduction block as an additional determinant
of the sprouting phenotype. Synaptic stripping by terminal
Schwann cells has been described in laminin 3,-deficient mice
(Noakes et al., 1995) and after exogenous application of neuregu-
lin (Trachtenberg and Thompson, 1997) but, on the basis of con-
focal and EM analysis, did not appear to contribute to the dener-
vation of P,'® NM]Js.

Denervation of the NMJs did not conform to a general dying-
back distal axonopathy (Fig. 1 B), because the longest fibers were
not affected first. Our data do support, however, a mechanism of
distal axonopathy that affects proximal muscles before distal
muscles. The progression of proximal-to-distal muscle pheno-
type and of predominately slow muscle implicates muscle usage
as a contributor to the NMJ phenotype in P,*® mice. This mech-
anism has also been suggested to contribute to NM]J dysfunction
in hereditary canine spinal muscular atrophy (HCSMA), a neu-
rodegenerative disease affecting LMNs (Sack et al., 1984; Blazej et
al., 1998). Physiological and morphological NM]J phenotypes,
however, are dramatically dissimilar in P,"® mice and in HCSMA
dogs, which exhibit motor unit tetanic failure before structural
and functional alterations in NMJs are apparent (Balice-Gordon
et al., 2000; Rich et al., 2002).

Mechanisms of neuronal degeneration are highly compart-
mentalized (Gillingwater and Ribchester, 2001). Injury or depri-
vation of growth factors can lead to apoptotic death of the neu-
ronal cell body, followed by rapid degeneration of dendrites,
axons, and synaptic terminals (Pettmann and Henderson, 1998).
Axonal transection results in rapid degeneration of the isolated
distal axon by a caspase-independent mechanism (Raff et al.,
2002). Rapid axonal degeneration after transection is delayed in
mice with the Wld* mutation (Brown et al., 1992). Whether this
mutation, which involves a proteosomal protein, would protect
against the NMJ changes in P,'® mice remains to be determined.
We described here significant alteration in the synaptic connec-
tions of chronically dysmyelinated neurons that precedes axonal
degeneration. Our data have important implications regarding
the progression of neurological disability in primary myelin dis-
eases because it provides proof of principle for gradual muscle
deafferentiation by chronically dysmyelinated or demyelinated
neurons. Gradual and progressive neuronal diaschsis may con-
tribute to the continuous, irreversible neurological disability that
is common in inherited myelin disorders (Scherer, 1999; Garbern

J. Neurosci., April 14,2004 - 24(15):3890 3898 + 3897

etal., 2002) and secondary progressive stages of multiple sclerosis
(Trapp et al., 1999; Herndon, 2002). Maintenance of synaptic
connectivity should be considered as a therapeutic target in in-
herited and acquired diseases of myelin.
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