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Abstract

Motor neuron diseases such as amyotrophic lateral sclerosis (ALS) are now recognized as
multi-system disorders also involving various non-motor neuronal cell types. The precise
extent and mechanistic basis of non-motor neuron damage in human ALS and ALS animal
models remain however unclear. To address this, we here studied progressive motor
neuronopathy (pmn) mice carrying a missense loss-of-function mutation in tubulin binding
cofactor E (TBCE). These mice manifest a particularly aggressive form of motor axon dying
back and display a microtubule loss, similar to that induced by human ALS-linked TUBA4A
mutations. Using whole nerve confocal imaging of pmn 3 thy1.2-YFP16 fluorescent
reporter mice and electron microscopy, we demonstrate axonal discontinuities, bead-like
spheroids and ovoids in pmn suralis nerves indicating prominent sensory neuropathy. The
axonal alterations qualitatively resemble those in phrenic motor nerves but do not culminate
in the loss of myelinated fibers. We further show that the pmn mutation decreases the level of
TBCE, impedes microtubule polymerization in dorsal root ganglion (DRG) neurons and
causes progressive loss of microtubules in large and small caliber suralis axons. Live
imaging of axonal transport using GFP-tagged tetanus toxin C-fragment (GFP-TTC)
demonstrates defects in microtubule-based transport in pmn DRG neurons, providing a
potential explanation for the axonal alterations in sensory nerves. This study unravels sensory
neuropathy as a pathological feature of mouse pmn, and discusses the potential contribution
of cytoskeletal defects to sensory neuropathy in human motor neuron disease.

INTRODUCTION

The neurodegenerative disease amyotrophic lateral sclerosis (ALS)
is characterized by progressive degeneration of motor neurons in
spinal cord, brainstem and cerebral cortex (5). Increasing evidence
indicates however that ALS affects not only motor neurons but also
additional types of neurons involved in cognitive, sensory, autono-
mous and other functions (8, 22, 75, 76) leading to the notion that
ALS is a multisystem disorder (42, 63, 68, 75).

Sensory impairments in human ALS have been well documented
by clinical, electrophysiologial and histological studies. ALS
patients complain about pain (10) or abnormal laryngeal sensation
(1) more frequently than controls. They further present elevated
thresholds for vibration (23, 45) or altered touch-pressure sensation
(31). Electrophysiological examinations have detected reduced

nerve conduction velocities (50, 62), altered sensory nerve action
potentials (SNAP) (23, 26) and delayed somatosensory evoked
potentials (SEPs) (21, 28, 41) even in the absence of sensory signs.
Furthermore, histopathological analyses have documented loss of
dorsal root ganglion (DRG) neurons or dorsal root myelinated
fibers (35), axonal degeneration/regeneration in suralis nerves (26)
or reduced densities of intraepidermal nerve fibers (11, 81) in a
high proportion of ALS cases. The molecular mechanisms of sen-
sory nerve degeneration in ALS remain however incompletely
understood. This is at least partly caused by our insufficient knowl-
edge on the precise pathogenic mechanisms in ALS which can be
triggered by mutations in at least 25 different genes (39).

Recently, rare forms of human ALS have been found associated
with mutations in the TUBA4A gene which encodes the major a-
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tubulin isoform in adult brain (65). Overexpression of human ALS-
associated TUBA4A mutants in cultured motor neurons causes
severe alterations of the microtubule network suggesting microtu-
bule destruction as a pathogenic mechanism (65). Microtubule
destruction is also an essential feature of mutant progressive motor
neuronopathy (pmn) mice which carry a missense mutation in the
tubulin binding cofactor E (TBCE) gene (6, 25, 40), a chaperone
that assists in tubulin folding, microtubule polymerization (48, 71)
and microtubule maintenance (6, 40). We previously showed that
TBCE is strongly expressed in motor neurons where it localizes to
the Golgi apparatus (4). We further demonstrated that TBCE func-
tion is critical for axonal tubulin routing (59) while destabilization
of TBCE through the pmn missense mutation (p.Trp524Gly) causes
retrograde loss of axonal microtubules and dying back of motor
axons (40, 59).

Mutant pmn mice suffer from a severe and rapidly progressive
form of motor neuron degeneration which starts in the hindlimbs
and leads to death of the animals before 7 weeks of age (60). In
addition, pmn mice manifest progressive hearing loss (51, 79), indi-
cating that the sensory system is not spared. Using YFP imaging
and electron microscopy, we here demonstrate prominent signs of
peripheral sensory neuropathy in pmn mice. We show that reduced
TBCE expression and reduced microtubule polymerization in pmn
DRG neurons are associated with defective microtubule-dependent
transport and progressive microtubule loss in DRG axons, provid-
ing a mechanistic basis for the peripheral sensory neuropathy.

METHODS

Mouse lines

Thy1.2-YFP-16 mice (B6.CgTg (Thy1-YFP)16Jrs/J) were obtained
from the Jackson laboratory. Mutant pmn, Xt pmn (40) and pmn
thy1.2-YFP-16 mice were maintained on a mixed genetic back-
ground (C57/BL6 3 129/SvJ) using intercrosses (>F5) and geno-
typed by PCR (59). All experiments with animals were performed
in strict compliance with institutional, national and European legis-
lation. In particular, authorization to conduct research on animals
had been delivered by Pr�efecture des Bouches du Rhône on
12.12.2006 (licence n8 13.301); research with genetically modified
animals had been approved by French Ministry of Research and
Education on 10.7.2013 (decision n86545) and ethical aspects of
animal research had been approved by the Ethics Committee on
Animal Experimentation n871 on 7.4.2014 and were registered by
French Ministry of Research and Education.

Antibodies and reagents

Primary antibodies were as follows [supplier, dilution in immuno-
fluorescence (IF), and western blot (WB)]: rabbit anti-TBCE
(SA53, IF 1:300, WB 1:500, custom made), mouse anti-p115, (BD
Transduction Laboratories; IF 1:300), mouse anti bIII-tubulin
(TuJ1, Babco, IF 1:2000), rabbit anti-g-tubulin, rabbit anti D-Tyr
(Detyr) tubulin (Dr. A. Andrieux, IF 1:5000). Fluorochrome-
conjugated secondary antibodies were from Molecular Probes
(Carlsbad, CA).

Additional reagents were from the following suppliers: PBS,
Hbss, trypsin, culture media and supplements (Invitrogen, Carls-
bad, CA), polyornithin, taxol, nocodazole (Sigma), Vectashield

(Vector laboratories, Burlingame, CA), Complete protease inhibi-
tors (Roche, Basel, Switzerland), Ketamine (Bayer, Leverkusen,
Germany), Xylazine (M�erial, Lyon, France), Superfrost Plus glass
slides and coverslips (Menzel, Schwerte, Germany).

Conventional and confocal fluorescence
microscopy

Mice deeply anesthetized by intraperitoneal injection of Ketamine
and Xylazine were perfused with Sorensen buffer phosphate buffer
pH 7.4 containing 3000 I.U. Heparin per liter followed by parafor-
maldehyde (PFA) 4% (w/v) in Sorensen buffer. Lumbar spinal
cords were dissected out with adhering dorsal roots and dorsal root
ganglia. Nerves were dissected out, post-fixed overnight while
being stretched, and washed in PBS. Nerves were then incubated in
Vectashield for up to four weeks and mounted under glass cover-
slips. Overview images were obtained with a Zeiss AxioImager L1
Apotome microscope (203 objective) and assembled with the
mosaix function of Zeiss AxioVision software. Z-stacks of 1 lm
interval were obtained with a Zeiss LSM510 confocal microscope
(203 or 633 objective) and analyzed with Zeiss Zen software.
Axonal spheroids were defined as focal axonal caliber protrusions
exceeding by at least twofold axonal diameter and quantified by an
observer blinded to the genotype.

For immunohistochemistry, deeply anaesthetized mice were per-
fused with 4% PFA, spinal cords were dissected, post-fixed over-
night and cryoprotected in 30% sucrose for 48 hours. After tissue
embedding, 20 mm transverse sections of the spinal cord and adher-
ing DRGs were cut on a Leica-Jung cryostat and collected on glass
slides. Sections were blocked, incubated overnight with primary
antibodies, washed, incubated with fluorochrome-conjugated sec-
ondary antibodies and mounted in Vectashield/DAPI.

Light and electron microscopy

Deeply anesthetized mice were transcardially perfused with
Sorensen’s phosphate buffer pH 7.4 containing 3000 I.U. Hepa-
rin per liter, followed by glutaraldehyde 2% (w/v) in cacodylate
buffer pH 7.4. Suralis and phrenic nerves as well as lumbar spi-
nal cords with adhering DRGs were dissected, postfixed in glu-
taraldehyde for 24 hours and washed in cacodylate buffer and
then osmificated for 2 hours in 2% OsO4. Nerves were then
dehydrated in graded acetone and embedded in Epon 812-
Araldite. For light microscopy analysis, sections were stained
with toluidine blue. Ultra-thin sections were stained with uranyl
acetate and lead citrate and observed with a JEOL 1011 electron
microscope.

The number of myelinated fibers was determined manually on
semi-thin sections of a whole nerve (magnification 360) observed
under a DXM1200 microscope (Nikon, Tokyo, Japan): after having
determined the area of the whole section of the nerve using the soft-
ware NIS of NIKON DXM1200, we obtained the density of
myelinated fibers (fibers/mm2). The density of unmyelinated fibers
was determined in three distinct fields of 391 lm2 per nerve.

Biochemical techniques

Brain regions, spinal cords and DRGs were dissected, snap frozen
in liquid nitrogen and homogenized in lysis buffer (150 mM NaCl,
50 mM Tris-HCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, pH
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7.4, protease inhibitors). Protein concentration was determined by
BCA Kit (Thermo Fisher) and equal amounts or protein (60 mg/
mL) were resolved by 10% SDS-PAGE and transferred to nitrocel-
lulose membranes (Millipore). After blocking with 5% skim milk,
membranes were incubated with antibodies specific to TBCE or
GAPDH followed by IR-Dye-conjugated secondary antibodies (LI-
COR) and protein bands detected using a near-infrared laser scan-
ning device (Odyssey, LI-COR).

Recombinant GFP-TTC GST fusion proteins (7) were purified
from Escherichia coli transformed with pGEX plasmids. Briefly,
bacterial lysates [1% Triton X-100, 1% NP-40, 1 mg/mL lysozyme,
complete protease inhibitors (Boehringer)] were ultracentrifuged at
30 000 3 g for 10 minutes and the fusion proteins affinity purified
using glutathione-Sepharose B beads. Proteins were eluted by
5 mM reduced glutathione in 50 mM NaCl, dialyzed against PBS
and 5% to 10% glycerol. All steps were performed at 48C. Protein
concentrations were determined by spectroscopic Coomassie assay
(Pierce) and purity confirmed by SDS-PAGE.

Cell culture techniques

DRG neurons were isolated from embryonic E15 mice essentially
as described by (77). DRGs were dissected from individual
embryos, cleaned of their fibers, trypsinized (0.25% in HBSS for
15 minutes), triturated, and filtered through a 100 micron nylon
sieve (Becton Dickinson). The cell suspension was incubated for 3
hours on tissue culture dishes containing DMEM plus 15% fetal
calf serum, leading to attachment of non-neuronal cells. Neuronal
cells in suspension were pelleted and resuspended in chemically
defined medium containing 0.5 mg/mL bovine serum albumin, 5
lg/mL insulin, 50 lg/mL transferrin, 6 ng/mL progesterone, 15 lg/
mL putrescine, 5 ng/mL sodium selenite in DMEM. Cells were
seeded on 8-well LabTek plates that had been pretreated with poly-
ornithin (0.1 mg/mL in 0.1 M borate buffer pH 8.4) for 2 hours at
room temperature, washed and treated with laminin (2 lg/mL)
overnight at 378C.

Motor neurons were isolated from embryonic E12 mice and cul-
tured as described (52). Genotyping of embryos was performed in
parallel to cell isolation using PCR (59).

Microtubule assays

Microtubule densities in suralis nerve cross sections were deter-
mined by electron microscopy. Ultrathin sections of the distal sura-
lis nerves were tilted in the electron microscope (Philips CM100,
Eindhoven, the Netherlands) by means of a goniometer to obtain
exact cross sections. The magnification of the microscope was cali-
brated against a replica of a diffraction grating (2.160 lines/mm).
With the aid of a digitizer tablet, axonal areas and microtubules
were counted on electronmicrographs printed to about 60 000
times.

Microtubule growth in cultured DRG neurons was assayed as
previously described for motor neurons (Schaefer et al 2007). DRG
neurons were allowed to attach for 45 minutes. Microtubules were
depolymerized by addition of 10 mM nocodazole for 6 hours at
378C. Nocodazole was washed out with warm culture medium, and
neurons further incubated for 0, 1 or 30 minutes. Cultures were
rinsed in PHEM (60 mM PIPES, 25 mM Hepes, 10 mM EGTA,
2 mM MgCl2, 1% formaldehyde, pH 6.9) and extracted for 3

minutes in PHEM containing 0.2% Triton X-100, and 20 mM
Taxol, fixed, blocked and immunostained for bIII-tubulin and g-
tubulin to visualize microtubules and centrosomes, respectively.
Images were obtained by confocal microscopy in sections of 2.5
mm optical thickness covering the centrosome using identical acqui-
sition parameters. Mean bIII-tubulin fluorescence and the length of
microtubules emanating from the centrosome were measured using
Metamorph and NIH ImageJ software, respectively.

Axonal transport assay

GFP-TTC was cloned and produced as fusion protein in E. coli
was done as described (7). Axonal transport was studied in neurons
cultured for 48 hours in LabTek chambers. Neurons were incubated
with 5 lg/mL GFP-TTC in 20 mM Tris HCl pH 8, 1 mM CaCl2,
1 mM MgCl2, 0.25% (w/v) BSA in PBS for 15 minutes at 378C in
the CO2 incubator. After several washes, neurons were incubated
for 2 hours in culture medium without riboflavin before acquisition.
Axonal GFP-TTC transport was measured with an LSM510 confo-
cal microscope Zeiss equipped with a thermostated and CO2 equili-
brated chamber. Time lapse images were acquired over 5 minutes
at a rate of one scan per 0.98 second using a Plan-Apochromat
633 f/1.4 oil objective (Zeiss). The speed of moving GFP-TTC
particles was analyzed with LSM software. The observer was
blinded with respect to the genotype of the cultures.

Statistical analyses

Each experiment was repeated at least twice. Data were analyzed
with Excel (Microsoft) or GraphPad Prism (GraphPad). Data from
two groups each showing Gaussian distribution were analyzed with
Student’s t-test; otherwise the Mann–Whitney test was used. Data
from more than two groups were analyzed with Kruskal–Willis test
and Dunn post hoc test.

RESULTS

YFP imaging reveals sensory axon degeneration
in suralis nerves of pmn mice

Axon degeneration is characterized by breakdown of the cytoskele-
ton leading to swollen axon segments (spheroids), axonal disconti-
nuities and granular degeneration, and by axonal demyelination
resulting in the formation of myelin remnants (ovoids) (27, 74).

To detect signs of sensory axon degeneration in pmn mice, we
crossed these mice with thy1.2-YFP16 mice (termed in the follow-
ing YFP) which express high non-toxic levels of fluorescent YFP
in the axoplasm of> 80% of all DRG neurons including all major
DRG subsets (16). We choose to focus our analyses on the suralis
nerve for several reasons: this sensory nerve innervates the hind-
limb territory which is affected early in pmn mice (60); it represents
a long distal nerve likely to be affected by axonal dying back in
pmn (60) and nerve biopsies of the sural nerve are widely used in
the differential diagnosis of human neuropathies (43).

We demonstrate that isolated suralis nerves of 25-day old wild-
type (wt) YFP mice contain a large number of YFP-positive axons
of different calibers which show uniform labeling in internodes
(Figure 1A1). By contrast, we find that suralis nerves of pmn YFP
mice display prominent axonal caliber irregularities and bead-like

Sch€afer et al Sensory neuropathy in pmn

Brain Pathology 27 (2017) 459–471

VC 2016 International Society of Neuropathology

461



spheroids (Figure 1A2). These latter qualitatively resemble those in
the pmn phrenic nerve (Figure 1A3), which contains a vast majority
(69%) of motor axons (37). The axonal caliber irregularities and
spheroids occur across the whole pmn 3 YFP suralis nerve and are
not restricted to specific nerve fascicles (Figure 1A2). This rules
out that they are specific to the few motor axons present in the

suralis nerves in rodents (53, 70) which are known to innervate the
deep lumbrical and interosseus muscles of the hind foot (46).

To further characterize and quantify the axonal spheroids, we
performed confocal microscopy. Analysis of confocal z-stacks
revealed that the spheroids are present in both large and small cali-
ber pmn sensory axons (Figure 1B2, arrows and arrowheads).
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Longitudinal tracing of axons on consecutive single confocal sec-
tions was used to quantify the degenerative alterations (Figure
1C1,C2). Analysis of a total of 2701 axons in 5 suralis nerves per
genotype revealed that axonal spheroids occur at a mean frequency
of 4.69 6 0.47 per mm in pmn YFP suralis axons, which is about
100-fold higher than in wt YFP suralis axons (0.047 6 0.013 per
mm, means of means 6 sd, student’s t-test, 1.7 3 10E23, Figure
1D). Longitudinal tracing of pmn YFP suralis nerves further dem-
onstrated that these spheroids often manifest repeatedly on the
same axon, like “beads on a string,” suggesting a multifocal degen-
erative process (Figure 1C2, asterisks). These data unravel the
degeneration of long sensory axons in pmn mice.

Ultrastructural axonal lesions in pmn suralis
nerves

To further characterize the sensory nerve degeneration in pmn
mice, we studied ultrathin longitudinal (Figure 1E) and transverse
sections (Figure 1F–G) from day 25 wt and pmn suralis nerves by
electron microscopy. These ultrastructural studies demonstrated
signs of axonal destruction in myelinated fibers of pmn suralis
nerves (Figur 1E2) as compared to wildtype (Figure 1E1). Signs of
axonal destruction include collapsed and destroyed myelin sheaths,
and disappearance of axons in these myelin debris (Figure 1E2,
arrows). These lesions, called ovoids, are constituted of various
types of lipid structures; such as myelin and axon remnants are
often located in Schwann cell cytoplasms or inside macrophages in
the endoneurium (Figure 1F2,G2). A few unmyelinated axons also
have disappeared and some non-myelinating Schwann cells do not
contain any axon (Figure 1G2). Such lesions are absent in pmn
lumbar dorsal roots (not shown) but are present in the distal phrenic
motor nerve (Figure 1E3, F3, G3). These data suggest that the

sensory neuropathy starts distally, similarly to the motor neuronop-
athy of pmn mice.

Despite these lesions, the number of large myelinated sensory
fibers in pmn suralis nerves does not significantly differ between wt
and pmn at day 35 corresponding to disease endstage (Figure
1H1,H2, wt: 303 6 41; pmn: 349 6 56, n 5 6 nerves per genotype,
mean 6 sd). This confirms earlier data (1). The mean density of
unmyelinated fibers in pmn suralis nerves (0.17 fibers per lm2, 25/
75 quartiles: 0.16/0.18) is also close to that in wt (0.19 fibers per
lm2, 25/75 quartiles: 0.11/0.27, difference nonsignificant by
Mann–Whitney test, n 5 6 analyses from n 5 2 mice per genotype).
This contrasts with the massive loss of motor fibers in the pmn
phrenic nerve [Figure 1H3 lower panel, Supporting Information
Fig. 1, and (60)].

Loss of TBCE expression in DRG neurons of
pmn mice

We had previously shown that TBCE mRNA is ubiquitously
expressed in neuronal and non-neuronal tissues and organs (40),
reflecting the essential role of TBCE in tubulin folding, microtubule
polymerization and scavenging of soluble tubulins (48, 71).

To begin to understand the origin of sensory axon degeneration
in pmn mice, we compared TBCE protein expression levels in
DRGs and various brain regions by immunoblot (Figure 2A). We
demonstrate that TBCE protein is expressed at a similar level in
DRG, cortex, hippocampus and brainstem. By contrast, we find
that TBCE expression is strongly reduced in DRG neurons of pmn
mice (Figure 2A).

We previously showed that TBCE localizes to cis-Golgi mem-
branes and that its Golgi association is critical for microtubule poly-
merization and axonal routing (40). We therefore studied TBCE
protein expression in lumbar DRG neurons which project to the

Figure 1. Sensory axon degeneration in suralis nerves of pmn mice

revealed by axonal YFP imaging and electron microscopy. A. Images

of suralis nerves from 25-day old wildtype (wt) thy1-YFP-16 mice (A1)

and pmn thy1-YFP-16 mice (A2) expressing YFP in axons. A pmn

phrenic motor nerve with its distal branches (A3) is shown for com-

parison. Scale: 100 mm. B. Images of confocal z-stacks showing axon

caliber irregularities and axonal spheroids in peripheral nerves of pmn

YFP mice (B2) as compared to wt (B1). In suralis nerves of pmn YFP

mice, axonal spheroids occur in both large caliber axons (arrows) and

small caliber axons (arrowheads). Signs of axon degeneration in suralis

sensory axons are qualitatively similar to those in phrenic motor axons

(B3) of pmn YFP mice but quantitatively less pronounced. Scale: 100

lm. C. High power microscopic images showing axonal spheroids in

axons of pmn YFP suralis nerves (C2, arrows) but not in correspond-

ing wt YFP axons (C1). Also note the presence of multiple small axo-

nal YFP foci (asterisks) in the same axon. Scale: 30 lm. D.

Quantitation of YFP spheroids in pmn suralis nerves. The number of

spheroids per axon segment is about 100 fold higher in pmn YFP

axons (4.69 6 0.47) than in wt YFP axons (0.047 6 0.013). Axons were

monitored on single confocal sections and traced along> 200 lm

length in z-stacks of 20–30 lm depth. Number of axon blebs per mm

axon segment is represented as mean of means per nerve 6 sd. A

total of 2701 axons (wt YFP: 203 to 427 per nerve, pmn YFP: 112 to

278 per nerve) was analyzed in five nerves per genotype. Statistical

significance ****, P< 1.7 3 10223 by Student’s t-test, unpaired,

unequal variance. E. Electron microscopy images of longitudinal nerve

sections. In comparison to the wt suralis nerve (E1), the pmn suralis

nerve (E2) presents some damaged myelinated axons. These myelin-

ated fibers are now a row of several aligned ovoids, consisting of

myelin debris and disrupted axons (arrow). N: normal axon. Similar

lesions are seen in the pmn phrenic motor nerve where two Schwann

cells contain numerous myelin and axonal debris (ovoids, arrows) (E3).

Scale bars see images. F. Electron microscopy of transverse sec-

tions. The density of myelinated axons is similar in wt (F1) and pmn

(F2) suralis nerves. A macrophage (M) in the pmn suralis nerve is

loaded with some myelin debris. Macrophages have only a plasma

membrane but no basal membrane and present elongated cytoplas-

mic expansions. Schwann cells have a plasma and a basal mem-

brane, and no elongated cytoplasmic expansions. Scale bars see

images. G. High power electron microscopy images of transverse

sections. In the pmn suralis nerve (G2) note myelin and axonal debris

inside a Schwann cell (SC) cytoplasm (ovoid, arrow) and disappear-

ance of unmyelinated fibers in the other Schwann cell. Ovoids are

also seen in the pmn phrenic nerve (G3, arrow). Scale: 2 lm. H.

Entire nerve cross sections (semi-thin sections) show normal number

of myelinated fibers in pmn (H2) as compared to wt suralis nerves

(H1). Note severe degeneration of myelinated fibers in the pmn phre-

nic motor nerve (H3). Scale: 50 lm.
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suralis nerve. Immunostaining demonstrated that TBCE is strongly
expressed in the cell bodies of DRG neurons (including large, inter-
mediate and small size neurons) but not in their axons (Figure
2B,C). Confocal Imaging demonstrates that TBCE localizes pre-
dominantly to the p115-labeled membrane of the Golgi apparatus
(Figure 2D), which is a major site of microtubule polymerization in
mature neurons (4, 57). In DRG neurons from pmn mice however,
TBCE expression is undetectable at the Golgi apparatus (Figure
2E). These results show that TBCE protein is strongly expressed at
the Golgi apparatus of wt DRG neurons and reduced in its levels in
pmn DRG neurons.

Progressive microtubule loss in sensory axons
of pmn mice

Given the critical role of TBCE in axonal tubulin routing and
microtubule maintenance (59) and its loss in DRG neurons of pmn
mice (Figure 2A,E), we then analyzed axonal microtubules densities

in suralis nerves. Using electron microscopy, microtubules were
counted in whole axon cross sections of distal suralis nerves from
wt and pmn mice at several disease stages (Figure 3A–C).

At day 15, when pmn mice manifest first signs of motor neuron
disease (60), mean microtubule densities in pmn suralis axons were
already significantly reduced by 19% (P 5 0.0056 by Mann–Whit-
ney test) (Figure 3C). At day 35 corresponding to pmn endstage,
axonal microtubule densities were further reduced to 35% of wt
values (P< 0.0001 by Mann–Whitney test) (Figure 3C). A similar
reduction was seen at both stages for the total number of cross-
sectioned microtubules in pmn suralis axons, as compared to wt
(not shown). These data indicate a progressive loss of microtubules
in sensory axons of pmn mice.

Our observation of degenerative signs in both large and small
fibers of pmn suralis nerves by YFP imaging (Figure 1B2) and
electron microscopy (Figure 1E2,F2,G2) then prompted us to com-
pare the microtubule densities in small axons (� 2-mm diameter)
and large axons (> 2-mm diameter). In wt nerves, small axons dis-
played higher mean microtubule densities than large axons, in
agreement with previous reports (14). In suralis nerves of pmn
mice, microtubule densities were significantly reduced in both
small and large axons (Figure 3D). In sum, these findings indicate
that loss of TBCE in pmn sensory neurons causes progressive
microtubule loss and pathology in large and small sensory axons.

Reduced microtubule polymerization in DRG
neurons of pmn mice

We then investigated microtubule polymerization in cultured DRG
neurons under defined in vitro conditions. DRG neurons were iso-
lated from E15 pmn and wt embryos, seeded, allowed to attach for
45 minutes and incubated with the microtubule-depolymerizing
drug nocodazole (10 mM, 6 hours, 378C). This treatment resulted in
complete microtubule depolymerization (Figure 3E, upper panels).
Thirty minutes following nocodazole washout, we monitored
microtubule polymerization from the centrosome, the major site of
microtubule nucleation in immature neurons (66) (Figure 3E, lower
panels). Immunolabeling of centrosomal microtubules by bIII-tubu-
lin/g-tubulin revealed significantly reduced microtubule length in
pmn as compared to wt DRG neurons (Figure 3F,G). These data
show that the pmn mutation compromises microtubule polymeriza-
tion in DRG neurons.

The pmn mutation impedes microtubule-
dependent axonal transport in DRG neurons

The occurrence of axonal spheroids in several neurodegenerative
diseases has been attributed to focal defects in axonal transport of
proteins, vesicles and organelles (17, 67). To search for defects in
axonal microtubule-based transport in pmn sensory neurons, we
used live imaging of GFP-tagged tetanus toxin C-fragment (GFP-
TTC). We and others had previously shown that GFP-TTC, a
genetic fusion protein between GFP and the C-terminal fragment of
the tetanus toxin heavy chain (TTC), is taken up by cultured neu-
rons (7), internalized into vesicles and retrogradely transported
along microtubules (19, 54).

We cultured wt and pmn DRG neurons (Figure 4A) and veri-
fied that internalization of GFP-TTC is not affected by the pmn
mutation (Figure 4B). Confocal imaging and particle tracking

Figure 2. TBCE expression in DRG neurons of wildtype and pmn

mice. A. Immunoblot showing expression of TBCE (�59 kD) at

similar level in cortex, hippocampus, cerebellum, brainstem, spinal

cord and DRGs of 35-day-old wt mice. Note loss of TBCE expression

in DRGs of pmn mice as compared to wt. Loading control: GAPDH.

B. Immunofluorescence labeling of a lumbar DRG from a wt mouse

shows strong TBCE expression in neuronal cell bodies but not in

axons. Scale: 50 mm. C. Immunofluorescence labeling shows cyto-

solic and perinuclear (arrows) distribution of TBCE. Scale: 10 mm. D,

E. Confocal imaging showing TBCE protein expression at the p115-

labeled Golgi membrane in wt DRG neurons (D) and the loss of TBCE

from the Golgi membrane in pmn DRG neurons (E). Scale: 10 mm.
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revealed that the mean axonal velocity of GFP-TTC particles is
significantly reduced by 19% in pmn DRG neurons in compari-
son to wt DRG neurons (0.79 vs. 0.95 lm/sec, Figure 4C). His-
togram analysis of axonal velocities further demonstrated that
the maximum velocity of GFP-TTC particles is lower in pmn
(1.2 lm/sec) than in wt (2.0 lm/sec) sensory axons (Figure 4D).

Finally, we analyzed axonal transport in primary motor neu-
rons from pmn and wt mice using GFP-TTC. We found that the
mean particle velocity in pmn motor neurons is reduced by 37%
(Figure 4E), that is, to a significantly greater extent than in pmn
DRG neurons (Figure 4C). Together, these results show that
reduced TBCE function impairs microtubule-based axonal trans-
port in pmn DRG neurons albeit to a lower extent than in pmn
motor neurons.

DISCUSSION

We here report that reduced expression of the tubulin-specific chap-
erone TBCE leads to defective microtubule polymerization and
impaired microtubule-dependent axonal transport in sensory DRG
neurons of pmn mice. In pmn suralis nerves, the microtubule loss is
progressive, affects both large and small caliber sensory axons, and
is associated with the occurrence of axonal spheroids, caliber irreg-
ularities and myelin ovoids. The prominent sensory neuropathy of
pmn mice indicates that the degenerative process is not restricted to
motor neurons, similar to the situation in human ALS which is now
increasingly recognized as a multisystem disease (68, 75).

These findings are particularly noteworthy as pmn has been ini-
tially described as a pure motor neuron disease, characterized by
degeneration of motor endplates, axonal dying back of spinal and
rubrospinal motor neurons (60) and loss of facial motor neurons
(61). Our findings fit with recent studies showing that pmn mice
also manifest a progressive hearing loss (79) caused by degenera-
tion of cochlear outer hair cells (51), indicating central sensory
symptoms.

How does loss of axonal microtubules cause sensory axon degen-
eration? We hypothesize that axonal transport defects along micro-
tubules may be involved (for review, (44)). It is indeed well known
that inhibiting axonal microtubule-dependent transport, for instance

by genetic knockout of the anterograde motor Kinesin Light Chain
1 (15) or transgenic disruption of the retrograde motor complex
Dynein/Dynactin (36), leads to axonal spheroids similar to those
observed in pmn sensory axons. Similarly, Vincristine, a cytostatic
drug that causes severe sensory neuropathy in humans (9), leads to
disorganization of axonal microtubules, strongly reduces fast axonal
transport (38) and impedes axonal growth (64). Vincristine-treated
rats display reduced microtubule densities in myelinated (73) and
unmyelinated axons (69) in association with axonal caliber swel-
lings and accumulation of vesicles (56). These defects are however
not associated with significant loss of axons (69, 73), similar to the
pmn sensory neuropathy. Interestingly however, in pmn suralis
axons neither swollen axons nor accumulation of organelles, which
might represent a functional pre-degenerative change of altered axo-
nal transport, were prominent by EM (not shown).

Why are sensory neurons in pmn mice less severely affected
than spinal motor neurons? We propose several potential explana-
tions which are not mutually exclusive.

First, the microtubule defects seem to be milder in sensory than
in motor axons. We indeed demonstrate that the microtubule den-
sities are reduced by 19% in pmn suralis axons at day 15 which is
significantly less than the 60% reduction in distal phrenic motor
axons at this age (wt 15.2 6 2.3 vs. pmn 5.97 6 1.6 microtubules/
lm2 [mean 6 sd), see also Schaefer et al (59)]. Similarly, the axo-
nal transport defects are significantly less pronounced in cultured
DRG neurons, where mean velocities are reduced by 17% (Figure
4C), than in motor neurons, where mean velocities are reduced by
37% (Figure 4E).

Second, microtubule loss may have different consequences
depending on the neuronal cell types. Interestingly, the pronounced
loss of microtubules in pmn auditory nerves does not give rise to
fiber loss or reported signs of degeneration (51). Similarly, a muta-
tion in the Caenorhabditis elegans homologue of the TBCE-like
gene (COEL) which is required for tubulin stability (3) does not
cause axonal degeneration (47).

Third, neuronal microtubules are functionally heterogenous.
Despite their uniform structure and assembly from a/b-tubulin
dimers, microtubules differ in their tubulin code, that is, their compo-
sition of tubulin isoforms expressed by multiple a-tubulin and
b-tubulin genes and their post-translational tubulin modifications

Figure 3. Progressive microtubule loss and defective microtubule

polymerization in pmn sensory neurons. A. Electron micrographs

showing microtubules in suralis nerve axons from wildtype and pmn

mice aged 35 days. B. High power magnifications showing individual

microtubules in suralis nerve axons. C. Kinetics of microtubule loss.

Microtubule densities (mean 6 sem) in myelinated pmn suralis axons

are significantly reduced at day 15 (19.3 6 1.2 vs. 23.9 6 1.2 MT/lm2,

*P 5 0.0056) and at day 35 (16.1 6 0.9 vs. 24.8 6 2 MT/lm2,

***P 5 0.0001) with a significant difference between both time points

(**P 5 0.0072). Cross-sectional area of axons does not significantly

differ between wt and pmn (day 15: wt 3.59 6 1.1 lm2, pmn:

3.22 6 1.2 lm2). Analyses at day 15 were done on a total of 50 axons

(wt) and 51 axons (pmn) from n 5 4 nerves per genotype. Analyses at

day 35 were done on a total of 50 axons (wt) and 64 axons (pmn)

from n 5 4 wt and n 5 5 pmn nerves. Statistical significance was

determined by Mann–Whitney test. D. Axonal microtubule loss. In

comparison to wt suralis nerves at day 15, microtubule densities

(mean 6 sem) in pmn suralis nerves are reduced by 20% in both large

caliber axons (> 2 lm diameter) and small caliber axons (� 2 lm

diameter). Note the higher density of microtubules in small caliber

axons. **P< 0.001 by Student’s t-test, *P< 0.05 by Student’s t-test.

Microtubule densities were calculated from total numbers of microtu-

bules and cross sectional areas of axons. A total of n 5 30 large

diameter axons and n 5 20 small diameter axons from 5 suralis

nerves were analyzed per genotype. E. Images showing microtubule

regrowth in DRG neurons purified from wt or pmn E15 embryos.

Neurons were treated with nocodazole to depolymerize microtu-

bules (0 minutes) and allowed to re-grow microtubules for 30

minutes after nocodazole washout. Microtubules and centrosomes

were labeled with bIII-tubulin- and c-tubulin-specific antibodies,

respectively. Scale: 5 mm. F. Histogram showing reduced microtu-

bule length in pmn DRG neurons 30 minutes after nocodazole wash-

out (mean 6 sd, n> 70 microtubules per genotype pooled from two

independent experiments, P 5 0.007 by Mann–Whitney test). G.

Cumulative plot of microtubule length 30 minutes after nocodazole

washout.
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(33). Interestingly, the lower vulnerability of pmn sensory as com-
pared to pmn motor neurons (this study) is associated with differen-
tial expression of several a-tubulin genes, as shown in a comparison
of publicly available gene expression data of DRG neurons and spi-
nal motor neurons (Supporting Information Figure S2). Similarly,
defects in post-translational tubulin modifications that affect microtu-
bule stability have distinct outcomes in different cell types. For exam-
ple, cortico-thalamic neurons are preferentially affected in knockout
mice for TTL (tubulin tyrosine ligase) where detyrosinated (dynamic)
microtubules accumulate (13). Mechanoreceptor neurons are affected
in C. elegans mutated in a-tubulin acetyltransferase (mec-17), a mod-
ification associated with stable microtubules (47).

Fourth, the long peripheral axons of DRG neurons functionally
correspond to dendrites and their rate of slow microtubule-depedent
axonal transport differs from the corresponding rate in the central
axons of DRG neurons.

Are cytoskeletal defects also involved in sensory neuropathies
linked to further motor neuron diseases?

A recent study in mutant SOD1 G93A mice, the most widely
studied ALS mouse model, reported increased expression of the
Peripherin isoform p56 in small DRG neurons, leading to an accu-
mulation of non-assembled neurofilaments and a decrease in
assembled neurofilaments (58). This may contribute to the degener-
ation of small DRG neurons and the loss of sensory axon endings
in skin (58). Whether cytoskeletal defects also underlie the degen-
eration of large sensory axons (24, 78) or dorsal root axons (18)
remains to be determined.

Defects in the actin cytoskeleton may be involved in the sensory
neuropathy of spinal muscular atrophy (SMA). Patients with severe
SMA type I indeed display electrophysiological signs of sensory
axonopathy (49) and axonal degeneration in suralis nerves includ-
ing empty myelin sheaths and atrophic axons (55). In mice with
severe SMA (Smn-/-; Tg SMN2 mice), sensory nerve terminals in
the skin were smaller and the reduced growth of sensory axons was
associated with a reduction of b-actin mRNA and protein (32).

Finally, cytoskeletal alterations may also underlie sensory neuro-
pathies in sporadic forms of ALS. Some sporadic forms of ALS
have been linked to mutations in the PFN1 gene encoding Profilin-
1, a protein that regulates filamentous F-actin growth through its
binding to monomeric G-actin (29, 72). Indeed, Profilin-1 catalyzes
the exchange of ADP for ATP on G-actin which replenishes the
pool of polymerization-competent ATP-actin, and provides
profilin-actin complexes that join the barbed end of the growing
actin filament (12). As Profilin-1 is ubiquitously expressed (82)
including in sensory neurons (2), PFN1 mutations may affect the
actin cytoskeleton in sensory axons thereby causing sensory neu-
ropathy. Furthermore, it is conceivable that some of the epigenetic
risk factors suspected in sporadic ALS such as exposure to lead,
pesticides and agricultural chemicals (34), cigarette smoking (20,

80) or strong electromagnetic fields (30) exert damage to both sen-
sory and motor axons.

Taken together, data from SOD1-linked and sporadic ALS,
SMA and pmn thus suggest that sensory neuropathy involving
alterations in cytoskeletal elements such as microtubules, neurofila-
ments and actin filaments is more common than usually suspected
in motor neuron disease.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Supplemental Figure S1. Motor axon degeneration in pmn
mice. Cross sections of distal distal phrenic motor nerves show

severe loss of myelinated fibers in 35-day old pmn mice as com-
pared to wildtype litter mice. Scale: 50 lm.
Supplemental Figure S2. Isoforms of a-tubulins are differen-
tially expressed between motor neurons and DRG neurons. His-
tograms showing expression data for a-tubulin gene isoforms
retrieved from the Gene Expression Omnibus (GEO) database
of high-throughput data. Shown are a-tubulin gene expression
values relative to the housekeeping gene RPL13. Similar results
were obtained with the housekeeping gene PPIA (cyclophilin A,
data not shown). Data for motor neuron subpopulations (LMM:
lateral motor neurons, MMM: medial motor neurons, IMN:
intermediolateral motor neurons) and DRG neurons were
retrieved from the data set record GDS1455 (1) and GDS1634
(2), respectively. Motor neurons (n 5 5 animals/subpopulation)
and DRG neurons (n 5 5 animals) were sampled by laser cap-
ture microdissection. Statistical differences between samples
were calculated by Mann Whitney test (*P< 0.05; **P< 0.001;
***P< 0.0001).
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