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Collagen XIII Is Required for Neuromuscular Synapse
Regeneration and Functional Recovery after Peripheral
Nerve Injury
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Collagen XIII occurs as both a transmembrane-bound and a shed extracellular protein and is able to regulate the formation and function
of neuromuscular synapses. Its absence results in myasthenia: presynaptic and postsynaptic defects at the neuromuscular junction
(NM]J), leading to destabilization of the motor nerves, muscle regeneration and atrophy. Mutations in COL13A1 have recently been found
to cause congenital myasthenic syndrome, characterized by fatigue and chronic muscle weakness, which may be lethal. We show here that
muscle defects in collagen XIII-deficient mice stabilize in adulthood, so that the disease is not progressive until very late. Sciatic nerve
crush was performed to examine how the lack of collagen XIII or forced expression of its transmembrane form affects the neuromuscular
synapse regeneration and functional recovery following injury. We show that collagen XIII-deficient male mice are unable to achieve
complete NM] regeneration and functional recovery. This is mainly attributable to presynaptic defects that already existed in the absence
of collagen XIII before injury. Shedding of the ectodomain is not required, as the transmembrane form of collagen XIII alone fully rescues
the phenotype. Thus, collagen XIII could serve as a therapeutic agent in cases of injury-induced PNS regeneration and functional
recovery. We conclude that intrinsic alterations at the NMJ in Col13al ~ '~ mice contribute to impaired and incomplete NM]J regeneration
and functional recovery after peripheral nerve injury. However, such alterations do not progress once they have stabilized in early
adulthood, emphasizing the role of collagen XIII in NMJ maturation.
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Collagen XIII is required for gaining and maintaining the normal size, complexity, and functional capacity of neuromuscular synapses.
Loss-of-function mutations in COL13A1 cause congenital myasthenic syndrome 19, characterized by postnatally progressive muscle
fatigue, which compromises patients’ functional capacity. We show here in collagen XIII-deficient mice that the disease stabilizes in
adulthood once the NMJs have matured. This study also describes a relevant contribution of the altered NM]J morphology and function to
neuromuscular synapses, and PNS regeneration and functional recovery in collagen XIII-deficient mice after peripheral nerve injury.
Correlating the animal model data on collagen XIII-associated congenital myasthenic syndrome, it can be speculated that neuromuscular
connections in congenital myasthenic syndrome patients are not able to fully regenerate and restore normal functionality if exposed to

peripheral nerve injury. j

ignificance Statement

embryonic development, motor axons grow out from the spinal
cord to innervate distal muscle targets (Punga and Riiegg, 2012;

Introduction
A neuromuscular junction (NMJ) is a chemical synapse be-

tween a branch of a motor neuron and a muscle fiber. During

Received Oct. 26, 2017; revised March 2, 2018; accepted March 30, 2018.

Author contributions: AH.,, MK, MAR. H.T., and T.P. designed research; ZZ., AH. HK, IR, MK, S.L, HH. and O.N.
performed research; Z.Z,, AH., MK, and H.T. analyzed data; Z.Z., AH., MK, MAR., H.T., and T.P. wrote the paper.

This work was supported by the University of Oulu Graduate School, Biocenter Oulu Doctoral Program, Center of
Excellence Program 2012-2017 of the Academy of Finland Grant 284605 to T.P., and the Sigrid Jusélius Foundation.

Darabid et al., 2014). Rare neuromuscular disorders, such as spi-

The Phenotyping Center Core Facility was supported by the University of Eastern Finland and Biocenter Finland. We
thank Sirkka Vilmi for technical assistance; the Biocenter Oulu Transgenic and Light and Electron Microscopy Core
Facilities (supported by the University of Oulu and Biocenter Finland); and University of Oulu Animal Facility for
expert help and access to equipment.

The authors declare no competing financial interests.



4244 - ). Neurosci., April 25, 2018 - 38(17):4243—-4258

nal muscular atrophy, amyotrophic lateral sclerosis, Charcot
Marie Tooth syndrome, myasthenia gravis, Lambert-Eaton
myasthenic syndrome, and congenital myasthenic syndrome
(CMS), affect different aspects of the nerve-muscle connection
(Hettwer et al., 2014; Barik et al., 2016; Souza et al., 2016). Logan
and colleagues have recently described a new autosomal reces-
sive, very early-onset CMS resulting from homozygous muta-
tions in the COL13A1 gene, coding for the a1 chain of type XIII
collagen, a membrane-associated collagen with interrupted
triple-helices (MACIT) reportedly involved in NM]J maturation
in mice (Latvanlehto et al., 2010; Logan et al., 2015; Tu et al,,
2015).

Murine studies have shown that muscle-derived collagen XIII
contributes to both presynaptic and postsynaptic maturation, as
mice lacking collagen XIII have fewer active zones, aberrant
AChR clustering, and impaired presynaptic and postsynaptic
alignment (Latvanlehto et al., 2010; Héronen et al., 2017). The
ectodomain of the transmembrane collagen XIII can be shed into
the synaptic cleft; thus, it could be regarded as both a synaptic
basement membrane component and a postsynaptic adhesion
molecule/receptor (Higg et al., 1998; Viisinen et al., 2004; Lat-
vanlehto et al., 2010). Collagen XIII is known to stabilize post-
synaptic, synaptic, and presynaptic integrity and to be required
for gaining and maintaining the normal size, complexity, and
functional capacity of neuromuscular synapses (Latvanlehto et
al., 2010; Héronen et al., 2017). Collagen XIII participates in
transsynaptic adhesion, contributing to axon recognition during
development (data not shown), and to nerve terminal stabiliza-
tion and differentiation in the postnatal maturation and mainte-
nance of the NM]J (Latvanlehto et al., 2010; Hironen et al., 2017).

NM]Js in adult animals are remarkably stable in their structure
(Darabid et al., 2014), but they do change dramatically in circum-
stances, such as development (Balice-Gordon and Lichtman,
1993; Marques et al., 2000), aging (Valdez et al., 2010; Li et al.,
2011), disease (Blake et al., 2002; Schaefer et al., 2005; Serra et al.,
2012), and reinnervation following nerve injury (Rich and Lich-
tman, 1989; Kang et al., 2014). Axons that are injured and thus
disconnected from their muscle fibers have a remarkable ability
to regenerate (Fawcett and Keynes, 1990; Kang et al., 2003; Kang
et al., 2014), but peripheral nerve regeneration and functional
recovery can often remain incomplete, leaving permanent phys-
ical defects that compromise quality of life (Sulaiman and Gor-
don, 2013).

Peripheral nerve regeneration is a multistep process that is
followed, for example, by chromatolysis, Wallerian degeneration,
Schwann cell proliferation, and axon sprouting and elongation.
Extracellular matrix molecules are known to support axonal ex-
tension and act as cues for nerve regeneration. For example, fi-
bronectin, collagen, and laminin, when incorporated into a
conduit, can act as cues for the regenerating axon (Griffin et al.,
2014), whereas collagen XIII has been shown to ensure the pre-
synaptic and postsynaptic integrity of NMJs (Latvanlehto et al.,
2010; Hdronen et al., 2017). Loss-of-function analysis has not
been used, however, to investigate the role of collagen XIII in
axon, muscle, and NMJ regeneration and functional recovery
following peripheral nerve injury. We report here on sciatic
nerve crush experiments performed using wild-type, collagen
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XIII knock-out (Col13al~'7) and collagen XIII mutant mice
(Col13al™/™ mice possessing only the transmembrane form of
collagen XIII, eliminating shedding) to address the question of
whether collagen XIII and its two distinct forms contribute to
peripheral nerve injury-induced NM]J regeneration and func-
tional recovery and, if so, how. We also sought to clarify the role
of collagen XIII in physiological aging. As shown here, collagen
XIII deficiency-induced muscle defects in mutant mice stabilize
in adulthood and do not progress until at least 90 weeks of age.
Importantly, our data show that collagen XIII is essential for
complete NM]J regeneration and functional recovery after pe-
ripheral nerve injury.

Materials and Methods

Experimental animals. C57BL/6]-backcrossed collagen XIII knock-out
mice (Coll3al '~ catalog #4838425, RRID:MGI:4838425) (Latvan-
lehto et al., 2010) and transmembrane collagen XIIT mice (Col13al ™™,
IMSR catalog #EM:09323, RRID:IMSR_EM:09323) (Hirénen et al.,
2017), and offspring of the former crossbred with B6.Cg-Tg(Thy-1/
YFP)16Jrs/] mice (IMSR catalog #JAX:003709, RRID:IMSR_JAX:
003709) (Feng et al., 2000), provided by The Jackson Laboratory, were
used in the experiments. Male mice carrying the YFP marker in their
neurons were used for the nerve crush experiment at 9—10 weeks of age
and for the subsequent analyses of NMJs, muscles, and nerves. Female
mice carrying the YFP marker in their neurons were used for the analyses
of NMJs, muscles, and nerves at the age of 64 weeks, and similar analyses
were performed with female mice without a marker at the age of 90
weeks. Both female and male mice without a marker transgene were used
for behavioral tests at 52 weeks of age, and 68-week-old female mice were
used for nerve conduction studies. Wild-type littermates were used as
controls. The mice were maintained in the University of Oulu Animal
Facility, where the nerve crush experimentation combined with func-
tional analyses and nerve conduction studies were also performed,
whereas the behavioral tests on aged animals were performed at the
University of Eastern Finland. Permission to perform the experiments
was obtained from the Finnish Animal Care and Use Committee. All the
mouse experiments were conducted according to the European Commu-
nity Council Directive (September 22, 2010; 2010/63/EEC), national leg-
islation, and existing regulations for the care and use of laboratory
animals.

Sciatic nerve injury procedure. The 9- to 10-week-old male mice were
given pain relief, buprenorphine (0.1 mg/kg), subcutaneously 30 min
before sciatic nerve injury performed under isoflurane inhalant anesthe-
sia. An incision was made in the skin and mid-thigh muscle of the hind
left limb under a microscope to expose the sciatic nerve, which was then
carefully lifted with a glass loop, crushed for 20 s using No. 5 Jeweler’s
forceps, and then returned to its position. The skin incision was closed
with a 5-0 absorbable Vicryl suture (Johnson&Johnson). The right con-
tralateral limb and nerve served as controls. Pain medication was contin-
ued for 3 d at 12 h intervals. The mice were tested for sciatic nerve
function and muscle strength before injury and at 1, 1.5, 2, 3, 4, and 6
weeks after injury and euthanized for sample collection at 2, 3, 4, or 6
weeks after injury.

Whole-mount immunofluorescent staining. For immunostainings of
the postinjury soleus and contralateral control muscles, and diaphragm
and sciatic nerve, samples were dissected out and fixed in 2% PFA/PBS at
room temperature for 10 min, after which they were rinsed 3 times with
PBS at room temperature for 10 min. The soleus muscles were cut into as
thin bundles as possible and permeabilized with 1% Triton X-100/PBS
for 2 h at 4°C. They were then neutralized with 100 mwm glycine/PBS at
room temperature for 15 min to block excessive PFA. The samples were
blocked with blocking buffer (2.5% BSA, 2.5% FCS, 0.2% Triton X-100
in PBS) at 4°C for 30 min and incubated with rabbit anti-mouse collagen
XIII primary antibody (Kvist et al., 2001) or with rat antimouse CD31
(1:100, BD Biosciences catalog #550274, RRID:AB_393571) together
with mouse antihuman neurofilament (1:200, Neomarkers; Lab Vision
catalog #MS-359-S1, RRID:AB_61368), diluted with blocking buffer, at
4°C overnight followed by PBS washes 3 times at 4°C for at least
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4 h together. The samples were incubated with a 405 AlexaFluor-conju-
gated goat anti-mouse (1:100, Invitrogen catalog #A-31553, RRID:
AB_221604), Cy2-conjugated goat anti-rat (1:300, Jackson ImmunoRe-
search Laboratories catalog #112-225-167, RRID:AB_2338278), and/or
Cy3-conjugated goat anti-rabbit secondary antibody (1:300, Jackson Im-
munoResearch Laboratories catalog #111-165-144, RRID:AB_2338006),
and/or CF 4055/488 AlexaFluor-conjugated a-bungarotoxin (a-BTX,
1:1000, Biotium, Invitrogen), diluted with blocking buffer for 4 h at 4°C
followed by washing as described above. They were then imbedded in
aqueous-based mounting medium (IMMU-MOUNT, Shandon) and
imaged with a Zeiss Cell Observer spinning disc confocal microscope
using a 100X objective or Olympus FluoView 1000 with 20X and 10X
objectives.

For morphological evaluation of NMJ regeneration, postinjury soleus
and extensor digitorum longus (EDL) and contralateral control muscles,
and muscles from aged mice were dissected out and weighed. The
muscles were then pinned onto a Sylgard-coated Petri dish and 594
AlexaFluor-conjugated a-BTX in PBS was injected intramuscularly, fol-
lowed by a 30 min incubation at room temperature, 3 short washes with
PBS at room temperature and fixation with 4% PFA at room temperature
for 10 min, and then followed by PBS washes as before. The muscle ends
were cut out and the muscles opened up without damaging the nerves
innervating the muscle tissue. Tiled images of the mounted samples were
captured with a Zeiss LSM 780 laser scanning confocal microscope using
a 20X objective to capture the entire NMJ-rich muscle area.

Nerve histology and morphometric analysis, and ultrastructural analyses.
For nerve histology, after injury (2, 4, and 6 weeks), contralateral and
aged sciatic nerves were collected and fixed in 1% glutaraldehyde, 4%
PFA/0.1 M phosphate buffer, pH 7.3, after which they were postfixed with
1% osmium tetroxide, dehydrated in acetone, and embedded in Epon
LX112 (Ladd Research Industries). Semithin transverse sections of the
nerves were stained with toluidine blue and imaged with a Leica histology
light microscope using 20X and 40X objectives. To evaluate the mean
axon count, a 200 um? area was chosen from the center of the sciatic
nerve, and the g-ratio (total axon fiber area, including the myelin
sheath divided by the area of the axoplasm) was determined on 200—
230 axons with the help of a g-ratio plug-in (GRatio for Image], RRID:
SCR_015580) installed in Image] software (National Institutes of Health;
Image], RRID:SCR_003070). For the evaluation of axon regeneration,
the numbers of remyelinated axons (identified by size, axoplasm content,
and condensed myelin) and of axons with degenerated myelin (identified
by aberrant myelin morphology) were counted from the same 200 um?
area.

For ultrastructural analyses, thin sections of contralateral samples
were prepared with Leica Ultracut UCT ultramicrotome, stained in ura-
nyl acetate and lead citrate, and examined with a Tecnai G2 Spirit 120 kV
transmission electron microscope (FEI Europe). Images were captured
with Veleta and Quemesa CCD cameras using iTEM software (Olympus
Soft Imaging Solutions).

Grid hanging test. Static muscle strength was evaluated at 9—10 weeks
of age before injury and after injury (1, 1.5, 2, 3, 4, and 6 weeks after the
sciatic nerve crush), or at 52 weeks of age, by placing a mouse on the top
of awire rack (35 X 30 cm with 1 X 1 ¢cm grids), slowly inverting the rack
and placing it at a height of 30 cm. Latency to fall on padding was re-
corded over a maximum period of 300 s.

Walking track analysis. Nerve functionality was assessed at 9—10 weeks
of age before injury and after injury (1, 1.5, 2, 3, 4, and 6 weeks after the
sciatic nerve crush) by walking track analysis as previously reported (de
Medinaceli et al., 1982; Bain et al., 1989; Inserra et al., 1998). Nontoxic
ink was brushed on the hindpaws, and prints were obtained on the ab-
sorbent side of a piece of bench surface protector paper (VWR) while
allowing the mice to walk unassisted along a 5 X 42 cm open corridor
toward a dark tunnel. Appropriate prints in terms of clarity and readabil-
ity were chosen for the calculations, and the walk was repeated if neces-
sary to achieve measurable prints. The footprints were analyzed by
manual measurement of their length, toe spread, and intermediate toe
spread (from the second to the fourth toe) for the control (right) and
operated (left) limb. Finally, the sciatic function index (SFI) was calcu-
lated using the formula described previously (Bain et al., 1989). The SFI
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score was considered normal if it lay ~—10, whereas scores ~—90 were
taken to indicate total impairment.

Rotarod and beam walking tests. The Rotarod test was performed as
previously reported (Rasi et al., 2010). Briefly, mice were placed on a rod
of diameter 2 cm (Ugo Basile) for 30 s, after which the rod was rotated at
an accelerating speed from 5 to 19 rpm for up to 8 min and the latency to
fall was recorded. In the beam walking test, also described by Rasi et al.
(2010), mice were allowed to walk along a 1 m rectangular beam at a
height of 40 cm and composed of 3.5-, 2.5-, 1.5-, and 0.5-cm-wide seg-
ments from an open platform toward a closed goal in a well-lit room. The
number of hindlimb slips and the time taken to cross the beam were
recorded. The test was performed after a weekend, and mice had had two
training sessions on two separate days during the previous week.

Elevated plus maze. A maze with two closed and two open arms, each
30 cm X 5 cm in size, was raised to a height of 50 cm from the floor by
means of a lever in a dim room. Mice were placed separately at the center
of a platform facing an open arm and allowed to explore the maze for 5
min. A video camera hanging from the ceiling recorded the session for
later offline analysis. To assess exploratory activity and anxiety, the num-
bers of visits to closed or open arms and the times spent there were
calculated afterward from a video recording using EthoVision XT 7 soft-
ware as previously published (Koivisto et al., 2016). A large amount of
time spent in the open arms relative to the closed arms is regarded as
indicative of reduced anxiety.

Marble burying test. Nine marbles 1 cm in diameter were placed in a
3 X 3 array on the bedding of the home cage. Those visible after 24 h were
counted to evaluate general housekeeping activity and neophobia, as
previously reported (Koivisto et al., 2016). A high number of uncovered
marbles was taken to indicate reduced anxiety.

von Frey filaments for tactile sensitivity and the hotplate test for pain
threshold. Custom-made von Frey hairs were used to test the tactile
threshold of the hindpaw. Monofilaments of different length (3-7 cm)
and thickness glued to a wooden spatula (1 X 15 cm) were calibrated to
correspond to weights 0f2.0,2.8,3.2,3.8,4.3,4.7,5.5,6.2,and 7.0 g. Mice
were placed ona 1 X 1 cm grid in an upside-down cage to adjust to the
test environment for 30 min. The filaments were then tested in ascending
order until the mouse no longer reacted to the touch, and the threshold
was then reinvestigated in descending order. A hotplate with a surface
temperature of 47°C and 51°C was used to test the pain threshold. The
time elapsing before licking a paw was recorded using 60 s as a cutoff.
Each mouse was tested with both temperatures three times at 1 h intervals
(Rasi et al., 2010).

Catwalk gait analysis. An automated gait test and analysis system (Cat-
Walk; Noldus Information Technology) was used to assess changes in
spontaneous locomotion. The CatWalk itself features a red overhead
lamp and a green illuminated walkway of glass, which measures the pres-
sure of the animal’s weight and obtains live footprint videos. The mice
were first placed at the open end of the walkway and allowed to walk
across it to the darkened escape enclosure. A minimum of three valid
runs was obtained for each subject. The variables analyzed included
stride length, swing and standing times separately for each paw, and the
base of support for both the forepaws and hindpaws.

Nerve conduction and repetitive stimulation studies. Sensory and motor
nerve conduction velocity and repetitive stimulation studies were per-
formed as previously published (Latvanlehto et al., 2010). Briefly, 68-
week-old wild-type and Col13al ~/ ~ female mice were anesthetized with
30/2.5 mg/kg ketamine/xylazine, and their body temperature was con-
trolled at 32°C. Platinum subdermal EEG electrodes (12 mm, 0.4 mm
diameter; Nicolet Biomedical) were used for the recordings and stimu-
lation and surface electrodes for the repetitive stimulation studies, all of
which were performed with a Keypoint Portable device (Medtronic).

Compound muscle potentials were recorded subcutaneously from the
plantar flexor muscles in the sciatic-tibial motor nerve studies. A distal
electrode in the foot pad served as a reference and a surface electrode
around the tail as a ground. The 0.04 ms square pulses were used for
nerve stimulation, supramaximal stimulation being given for the maxi-
mum response. Latency was measured from the initial onset to the
maximum negative peak and amplitude from peak to peak. Motor con-
duction velocity was calculated as the distance divided by the difference


https://scicrunch.org/resolver/AB_221604
https://scicrunch.org/resolver/AB_2338278
https://scicrunch.org/resolver/AB_2338006
https://scicrunch.org/resolver/SCR_015580
https://scicrunch.org/resolver/SCR_003070

4246 - ). Neurosci., April 25, 2018 - 38(17):4243—-4258

between the proximal and distal latencies. The tibial nerve was stimulated
at the sciatic notch and at the ankle. F latency was determined by means
of stimulation at the knee, tail motor latency distally along the tail at a
distance of 3 cm, and sensory nerve conduction velocity proximally along
the tail at a 3 cm distance.

To determine neurotransmission at the NM]J, the sciatic nerve was
stimulated at 3 Hz at the sciatic notch and compound muscle potentials
from lateral gastrocnemius muscle were recorded using surface-
recording electrodes placed above the muscle and the reference in the
foot pad. The maximum decrement was determined between the second
and fifth compound muscle potentials after stimulation.

Histochemistry. For histochemistry, cryosections of the soleus and EDL
muscles were taken from before injury and 6 weeks after injury, and aged
mice, cut and then stained with H&E. Samples were imaged with a Leica
histology light microscope using 20X and 40X objectives to examine
muscle fiber regeneration. The muscle fiber area was determined using
Image] 1.48V software.

Experimental design and statistical analyses. Normality of distribution
was tested by using a Kolmogorov—Smirnov, Shapiro-Wilk, or D’Agostino—
Pearson (Omnibus K2) test depending on a group size. Statistical analy-
ses were performed using the unpaired ¢ test, Mann—Whitney test, or
monovariate ANOVA followed by the Bonferroni post hoc test (for nor-
mally distributed data) or the Kruskal-Wallis test (for non-normally
distributed data) with correction for multiple comparisons using the
Benjamin—-Hochberg procedure. All data were analyzed with Prism 7
software (GraphPad, RRID:SCR_002798). A p value = 0.05 was consid-
ered statistically significant. Data are calculated mouse-wise (N = 3-15/
analysis) if not otherwise indicated and shown as mean = SEM.

Results

NM]J morphology is impaired but not deteriorated further in
aged Col13al ~'~ mice

Previous studies have shown that collagen XIII deficiency results
in delayed and incomplete NMJ maturation in mice, combined
with changes in muscle fiber type distribution, atrophy, and my-
asthenia, resembling the muscle pathology observed in CMS19
patients (Latvanlehto et al., 2010; Logan et al., 2015; Hir6nen et
al., 2017). We first assessed here whether collagen XIII expression
at NMJs remains unaltered during aging, and then whether the
disease is progressive. Our previous analysis of three types of
muscle in young Col13al =/~ mice, including the respiratory
muscle diaphragm, the slow-twitch soleus muscle, and the fast-
twitch EDL muscle, revealed an alteration in fiber type distribu-
tion, and also atrophy, especially in the soleus (Hédr6nen et al.,
2017). Hence, we stained the slow-twitch soleus muscles of wild-
type and Coll3al '~ mice at 64 weeks of age for collagen XIII
together with a-BTX to locate AChRs. As expected, no staining
was detected in the aged Col13al ~/ ~ mice (Fig. 1A), but collagen
XIII was detected at the NM]Js in their wild-type counterparts,
with a pattern similar to that found in 8- to 12-week-old young
adults (Latvanlehto et al., 2010; Hironen et al., 2017).

To visualize the nerves at the NM]Js, we crossbred the wild-
type and Col13al '~ mice with Thy-1/YFP transgenic marker
mice (Fengetal., 2000), whereupon the sharp-edged AChRs clus-
tersin the soleus of the 64-week-old wild-type mice (Fig. 1B, open
arrowheads) were fully innervated, as shown by the YFP expres-
sion in the nerves (Fig. 1B, merged a-BTX and YPF staining). In
contrast, the AChR clusters in the age-matched Coll3al '~
mice were small and fragmented in appearance, and their borders
were blurred (Fig. 1B, closed arrowheads). Moreover, the nerves
did not extend to cover the entire endplate, so that the receptor
clusters were partially naked (Fig. 1B, arrows in merged a-BTX
and YPF staining), resembling the findings in the young adults
(Latvanlehto et al., 2010; Hironen et al., 2017). The NMJs were
thus impaired in the aged Coll3al /~ mice relative to age-
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matched wild-type mice, and yet the phenotypical changes were
not markedly worse than those observed in the NMJs of young
adult Col13al ~/~ mice (Latvanlehto et al., 2010; Hirénen et al.,
2017).

Histology of the soleus muscle in the aged Col13al ~/~ mice
revealed moderate signs of regeneration, both at 64 and 90 weeks
of age, as indicated by variations in fiber size and an increased
number of centrally located nuclei (Fig. 1C, arrows). Quantifica-
tion confirmed that the mean muscle fiber size was reduced by
~20% and the number of central nuclei increased approximately
threefold to fourfold in the aged Col13al ~' ~ mice relative to the
aged-matched wild-type mice (Fig. 1D, E). These alterations do
not, however, even at 90 weeks of age, differ significantly from
those previously found in the collagen XIII-deficient mice at 12
weeks of age (Héronen et al., 2017). We can therefore conclude
that the soleus muscle architecture does not deteriorate further in
aged collagen XIII knock-out mice, at least not before 90 weeks of
age, as it is comparable with young adult mice.

Muscle function is impaired and permanently altered in aged
Col13al~'~ mice

We next studied the sciatic nerve morphology of the 64-week-old
mice using toluidine blue staining of semithin sections and ob-
served both normal axon fibers in the aged Col13al ~/ ~ mice and
marked degeneration of some of the myelinated large-diameter
axon fibers (Fig. 1F, asterisks). To assess whether such changes
have any impact on nerve function, we performed nerve conduc-
tion studies on the aged mice. However, these revealed only sub-
tle changes between the genotypes, and none of the sensory or
motor parameters of the aged ColI3al ~/~ mice differed signifi-
cantly from those of the age-matched wild-type individuals
(Table 1). In other words, the results resembled those of a similar
analysis performed on young adult mice (Latvanlehto et al.,
2010). Furthermore, behavioral somatosensory tests on 52-week-
old Col13al ~'~ mice suggested normal sensory nerve function,
except for a compromised response to mechanical nociception in
the Col13al ~/~ females (Table 2).

Because repetitive nerve stimulation of 12-week-old mice had
revealed a true decline in compound muscle action potential in
only 1 of 12 collagen XIII knock-out mice (Latvanlehto et al.,
2010), we performed the same experiment on 5 aged wild-type
and Col13al ~'~ mice to explore whether the decrease would be
more prevalent in old collagen XIII-deficient mice. This was not
the case, however, as we found no significant decrease among the
5 mutant mice, implying no further deterioration in the repetitive
nerve stimulation experiment (Table 1, comparison of the ampli-
tude of the fifth peak in compound muscle action potential with
that of the second peak).

Nevertheless, the static muscle strength of the aged mice was
significantly compromised (164.0 = 38.2 s for females, p = 0.021;
and 76.7 = 21.6 s for males, p = 0.002) relative to that of the aged
wild-type individuals (cutoff time 300.0 = 0.0 s for both genders)
when analyzed using the grid hanging test (Table 2). Further-
more, motor coordination was also significantly impaired in the
aged Coll13al ~'~ male mice, as they slipped on the horizontal
beam more often (8.0 = 1.3 for females, p = 0.249; and 9.8 = 0.9
for males, p = 0.001) than did the age-matched controls (5.7 =
1.3 for females and 3.5 * 1.1 for males; Table 2). Moreover,
automated gait analysis (Catwalk) revealed a locomotor defect;
the swing time of the hind limbs being significantly shortened
(0.10 = 0.00 s for the Coll3al '~ mice, 0.14 = 0.02 s for the
wild-type mice, p = 0.0005; Table 3), although the standing time
remained normal (0.25 = 0.07 s for the Col13al ~/ ~ mice, 0.21 =
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Figure 1.  NMJ, muscle, and nerve morphology is altered but stabilized in aged Co/73a7 ~/ ~ mice. A, Inmunofluorescent
confocal images offrozen cross-sections from the soleus of aged (64 weeks) wild-type (+/) and Co/73a7 '~ mice (—/—)
colabeled with an anti-collagen XIlI/NC3 antibody (ColXIll, red) and c-BTX (blue) to show AChR clusters. B, Inmunofluorescent
confocalimages of NMJs in the whole-mount-stained soleus of aged wild-type and Co/73a7 ~/ ~ mice. AChRs are stained with
a-BTX (red), and nerves are fluorescent with YFP marker (green). AChR clusters with sharp edges or diffuse borders are shown
by open and closed arrowheads, respectively. Arrows indicate the AChR area lacking nerve terminals. Scale bar, 10 um. C,
Histology of cross-sections of the soleus muscle in aged and 64- and 90-week-old wild-type and Co/73a7 ~/ ~ mice stained
with H&E. Arrows indicate muscle fibers with central nuclei. Scale bar, 20 wm. D, E, Quantification of muscle fiber size at 64 and
90 weeks of age (p << 0.0001; p << 0.0001) (D) and proportion of centralized nuclei (p = 0.022; p = 0.055) (E). Significances
between the wild-type (black) and Col73a7 ~ "~ mice (black), calculated by unpaired t test or Mann—Whitney test, are shown
with red asterisks ahove the columns. N = 3 mice/genotype; n = 180 — 616 muscle fibers, calculated fiber-wise (D) and n =
39246 fibers/mouse (E). F, Histology of transversal semithin sciatic nerve sections stained with toluidine blue in aged
wild-type and Co/73a7 ~/ ~ mice. Asterisks indicate degenerated axons. Scale bar, 20 m. *p = 0.05, ***p =< 0.001.
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0.02 s for the wild-type mice, p = 0.183;
Table 3). This indicates that the aged
Col13al ~'~ mice took shorter and faster
steps than the wild-type mice. In addition,
the stride length of the hind limbs was re-
duced (4.47 = 0.60 cm for the Coll3al ~'~
mice, 5.43 * 0.35 cm for the wild-type
mice, p = 0.007), as was the support width of
the front paws (1.27 = 0.15 cm for the
Col13al~'~ mice, 1.54 * 0.11 cm for
the wild-type mice, p = 0.006; Table 3), sug-
gesting that the functioning of the hind limbs
had deteriorated but not that of the fore-
limbs. Thus, the muscle atrophy and switch
in muscle fiber type reported earlier for
young adult knock-out mice (Héronen etal.,
2017) appear to affect the hind limbs more
than the front limbs.

We also analyzed whether collagen XIII
deficiency affects emotional behavior be-
cause the Coll13al ~/~ mice appeared to be
more nervous upon handling than were their
littermate controls. In practice, however, the
52-week-old Coll13al ~'~ mice showed less
signs of anxiety in the plus maze (time spent
in the closed arms: 3.1 * 0.7 min for the
Col13al '~ females and 4.6 * 0.1 min for
the wild-type, p = 0.005; and 3.9 = 0.4 min
for the Col13al ~ '~ males and 3.7 * 0.3 min
for the wild-type, p = 0.255; Table 3) and
marble burying tests (7.6 = 1.0 uncovered
marbles for the Coll3al /~ females and
6.1 = 1.4 for the wild-type, p = 0.413;
and 6.0 = 1.1 for the Col13al ~/~ males and
3.0 = 0.6 for the wild-type, p = 0.036;
Table 2).

Expression of collagen XIII at the NMJs is
dynamic in the course of NMJ
regeneration after sciatic nerve injury

We next considered the importance of collagen
XTI in regeneration following peripheral nerve
injury. In addition to the wild-type and
Col13al ~'~ mice, these experiments were
performed with a Col13al™™ line that
lacked the ability to shed collagen XIII
(Héronen et al., 2017). All the mice were
crossbred with the Thy-1/YFP marker line to
visualize the nerves. We performed the sci-
atic nerve crush experiment on 9- to 10-
week-old  wild-type, Col13al™"™, and
Col13al ~'~ male mice and stained the so-
leus muscle for collagen XIII before injury
and at 2, 3, 4, and 6 weeks after injury (Fig.
2A-C). A diffuse collagen XIII staining pat-
tern was observed in the wild-type muscle
during NM]J regeneration after sciatic nerve
injury, especially at 2, 3, and 4 weeks after
injury (Fig. 2A), and at 6 weeks after injury a
spot-like pattern appeared, resembling the
collagen XIII expression pattern demon-
strated previously (Latvanlehto et al., 2010;
Hirénen et al., 2017). In the Coll3al ™™
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Table 1. Nerve conduction and repetitive stimulation studies on 68-week-old
wild-type and Col73a7 ~/~ female mice”

Col13a1 ' Col13a1 ="~
(N=15) (N=15)
Nerve  Type Parameter (mean = SEM)  (mean = SEM) p
Tail Sensory SCV (m/s) 40.8 =09 35619 0.095
SNAP (V) 4108 =545 4296 £39.0  0.786
Motor Latency (ms) 0.8 =00 0.9 =00 0.056
Amplitude (mV) 03 =00 0200 0.444
Tibial ~ Motor MCV (m/s) 36.6 = 1.4 349 +33 0.660
Latency (ms) 14£00 1.6 £0.1 0.117
CMAP 1 (mV) 62+18 34+09 0.195
CMAP 2 (mV) 7116 54*+19 0.522
F-latency (ms) 57%01 6.1 £0.1 0.056
Ischial ~ Motor Latency (ms) 1.7 +0.1 1.8 £0.0 0.206
response
Amplitude (mV) 593 =71 563+ 9.8 0.808
Ischial  Repetitive CMAP change +3.0x04 +34+11 0.572
(3Hz) (5th/2nd; %)

“SCV, Sensory conduction velocity; MCV, motor conduction velocity; SNAP, sensory nerve action potential; CMAP 1,
mean compound action potential with stimulation at the sciatic notch; CMAP 2, mean compound action potential
with stimulation at the ankle.

Table 2. Compiled results of the behavioral tests on 52-week-old wild-type and
Col13a1 ~'~ mice

Col13a1 ™% Col13a1 '~
(N="60r7) N==60r7)
Test type Test Gender (mean = SEM) (mean = SEM) p
Motor test Grid hanging Female 300.0+0.0 1640 =382 0.021*
Time (s) Male  300.0 = 0.0 76.7 £21.6 0.002**
Rotarod Female 300.9 =20.0 300.6 = 48.0 0.996
Time (s) Male  283.7 =626 2302 =497 0.3%
Beam walking Female 214*=113 146*x32 0935
Time (s) Male 188 £ 4.7 228109 0.797
Beam walking Female 57 *13 8013 0249
Slips (no.) Male 35+11 9809  0.001***
Anxiety Plus maze Female 10.6 * 1.4 8321 0377
Movement Visits closed arms (no.) ~ Male 13.8 +2.0 123 +12  0.531
Plus maze Female 04 =03 1606 0176
Visits openarms (no.) ~ Male 1.7+06 1.0+06 0314
Plus maze Female 11.0 = 1.6 99+ 17 0626
Total visits (no.) Male 155+ 24 133+1.1 0.431
Plus maze Female 4.6 = 0.1 31207  0.005%*
Time dosed arms (min)  Male 37+03 39+04 025
Plus maze Female  0.04 = 0.03 1806  0.103
Time open arms (min) ~ Male 02=*0.1 02*+02 0.260
Anxiety Marble burying Female 6.1+ 14 76 1.0 0413
Marbles visible (no.) Male 3.0+ 06 6.0+ 1.1 0.036*
Somatosensory von Frey hairs Female 3.8+ 04 4803  0.029*
Force (g) Male 35+03 39+05 0471
Hot plate 47°C Female 500 = 2.5 21140 0118
Time (s) Male 375+ 24 368 =49  0.905
Hot plate 51°C Female 157 = 1.0 157 £1.0  1.000
Time (s) Male 105 %05 123 =07  0.062

*p =0.05; **p = 0.01;***p = 0.001.

line, however, collagen XIII expression remained unaltered
throughout the NMJ regeneration process, reflecting the occur-
rence of only the transmembrane form of the protein and no shed
protein (Fig. 2B). As expected, no collagen XIII staining was de-
tected in the Col13al ~/~ mice (Fig. 2C).

To correlate the changes in muscle weight during recovery
from the peripheral nerve injury, we first measured the body
weights of the wild-type, Coll3al™ "™, and Coll13al '~ mice.
The mean body weight of the Col13al ~/~ mice on postnatal days
63-70 (P63-P70), at the time of starting the nerve crush experi-
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Table 3. Gait analysis of 52-week-old wild-type and Col73a7 ~/~ male mice
Cl13a1™ (ol13a1 7"~
(N==60r7) (N==60r7)
Testtype  Test Limb  (mean = SEM)  (mean = SEM) p
Catwalk  Swing duration ~ Front  0.14 % 0.01 0.14 = 0.02 0.513
Time (s) Hind  0.14 = 0.02 0.10 = 0.00 0.0005***
Stand duration Front  0.22 = 0.03 0.26 + 0.05 0.176
Time (s) Hind  0.21 % 0.02 0.25 = 0.07 0.183
Stride length Front  5.78 = 0.45 529 £ 0.63 0.180
Length (mm)  Hind 543 =035 447 * 0.60 0.007**
Support width Front  1.54 = 0.1 1.27 = 0.15 0.006**
Width (cm) Hind 229 =0.10 240 =0.21 0.281

#p < 0,01; *%p < 0,001,

ment, was significantly reduced by 8% relative to the wild-type
mice, the difference between the genotypes remaining stable
throughout the experiment, whereas the Col13al'"™"™ mice did
not differ from the controls (Fig. 2D). We then normalized the
weights of the soleus and EDL muscles, slow- and fast-dominant
types, respectively, with the body weight. The Col13al ~/~ soleus
muscle was found to be atrophic because its relative preinjury
weight was significantly reduced by 33% (Fig. 2E), whereas that of
the EDL muscle did not differ from the situation in the wild-type
(Fig. 2F), a distinction between muscle types that is in line with
previous findings (Hédronen et al., 2017). Peripheral nerve injury
induced a significant reduction in the normalized EDL weight in
all the genotypes, whereas the same relation was observed in the
soleus muscle only in the Col13al ~/~ mice, where the muscle
weight was significantly reduced by 31% at 2 weeks and 26% at 3
weeks after injury relative to the preinjury value, suggesting that
the nerve injury caused more devastating damage of this muscle
in the Col13al ~/~ mice than in the wild-type, where the corre-
sponding reduction in muscle weight was only ~4% at 2 and 3
weeks after injury (Fig. 2E). The soleus muscle in the Col13al ~/~
mice was slowly recovering, although its weight was still slightly
reduced by 11% at the end of the follow-up period (i.e., at 6 weeks
after injury) relative to the preinjury situation (Fig. 2E). The EDL
in the Coll3al '~ mice recovered in the same way as in the
wild-type (Fig. 2F), as did both the soleus and EDL in the
Col13a1"™"™ mice (Fig. 2 E, F). Based on these observations, it is
evident that collagen XIII plays an important role during NMJ
regeneration after peripheral nerve injury, especially in the soleus
muscle, which is already atrophic in ColI3al '~ mice before
injury (Fig. 2E).

NM]J morphology and regeneration after sciatic nerve injury
are severely impaired and incomplete in the soleus muscle of
Col13al ™'~ mice

To evaluate the manner in which the lack of collagen XIII impairs
NM]J morphology and regeneration after sciatic nerve injury, we
performed nerve crush experiments on wild-type, Col13al ™™,
and Col13al ~'~ mice, collected preinjury and postinjury sam-
ples, and imaged whole-mount preparations of the soleus (Fig. 3A)
and EDL muscles (Fig. 4A) for examination of YFP expression in
presynaptic axons and Alexa-594-conjugated a-BTX labeling of
postsynaptic AChRs. Four parameters were quantified to evalu-
ate NM]J regeneration after nerve injury: fully innervated NMJs,
where a nerve terminal is exactly opposed to AChRs (Figs. 3Ab,B,
4A,B); partially innervated NMJs, where AChRs are erroneously
or not fully innervated by an axon terminal (Figs. 3A¢,C, 4A,C);
NMJs with terminal sprouting, where a nerve grows beyond the
AChR area and may or may not find another synaptic site
(Figs. 3Ad,D, 4A,D); and denervated NMJs, where the AChRs
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Figure2.  Dynamicexpression of collagen XIll at the NMJ and affected body and soleus weigth in Co/73a7 ~/~ mice during postinjury NMJ regeneration. A—C, Immunofluorescent confocal images
of NMJs in the soleus of wild-type (++/+; A), Col13a7"™"™ (tm/tm; B), and Co/13aT ~/~ (—/—; €) mice before injury and at 2, 3, 4, and 6 weeks after injury (post injury; pi), colabeled with an
anti-collagen XIII/NC3 antibody (red) and «-BTX (blue) to show AChR clusters. Scale bar, 10 rm. A, White hyphenated lines indicate a diffused staining pattern of collagen XIII. D—F, Body weight
(D) and weight of the soleus muscle (E) and EDL (F) normalized by body weight (bw) in (ol13a7 ™™™ (green) and Col13al "~ mice (red), relative to the wild-type (black). Body weight of
Col13a7~'~ mice before injury and at 3, 4, and 6 weeks after injury (p = 0.005, p = 0.028, p = 0.011, p = 0.032) (D) and weight of the soleus muscle before injury and at 2, 3, 4, and 6 weeks
after injury (p = 0.010, p = 0.013, p = 0.003, p = 0.003, p = 0.001) (E) relative to wild-type mice. Significances at specified time points between the wild-type and Co/73a7 ™™ mice and
between the wild-type and Co/73a7 ~/ ~ mice, calculated by the unpaired t test or the Mann—Whitney test (green and red asterisks above columns, respectively). Significance of the soleus muscle
weightin the Co/73a7 ~/ ~ mice from before injury to 2 and 3 weeks after injury (p = 0.022, p = 0.035) (E). Significance of the EDL muscle weight in the wild-type mice (p = 0.007, p = 0.042)
and (o/73a7 ™™ mice (p = 0.012,p = 0.016) from before injuryto 2and 3 weeks after injury andin the Co/73a7 ~/ ~ mice from before injury to 2 weeks afterinjury (p = 0.023) (F). Significances
over time within the wild-type, Co/73a7™"™, and Co/73a7 ~/~ mice, calculated by ANOVA followed by the Bonferroni post hoc test or the Kruskal-Wallis test with correction for multiple
comparisons using the Benjamin—Hochberg procedure, are shown in tables below the graphs. N = 3—8 mice/genotype/time point. *p =< 0.05, **p < 0.01, ***p =< 0.001.
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Figure 3.  NMJ morphology and regeneration are severely impaired in Co/73a7 ~/ ~ mice. A, Inmunofluorescent confocal

images of NMJs in the whole soleus of wild-type, Co/73a7"™"™, and Co/73a7 ~/ ~ mice before injury and at 2, 3, 4, and 6 weeks
after injury. AChRs were stained with «-BTX (red), and nerves were fluorescent with YFP marker (green). Arrowheads indicate
innervated NMJ (Ab). Thick arrows indicate partially innervated NMJ (Ac). Arrows indicate NMJ with terminal sprouting (Ad).
Asterisks indicate denervated NMJ (Ae). Scale bar, 100 um. B, Numbers of innervated NMJs in the soleus of Co/73a7 ~/ ~ mice
compared with the wild-type before injury and at 2, 3,4, and 6 weeks after injury (p = 0.028, p = 0.001, p = 0.016,p << 0.0001,
p <<0.0001) (B); numbers of partially innervated NMJs before injury and 2 weeks after injury (p = 0.010, p = 0.011) (€); numbers
of NMJs with terminal sprouting before injury and at 2 and 3 weeks after injury (p = 0.029, p < 0.0001, p = 0.019) (D); and
numbers of denervated NMJs before injury and at 2, 3, 4, and 6 weeks after injury (p = 0.008, p << 0.0001, p < 0.0001,
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completely lack innervation (Figs. 3Ae,E,
4A,E). Wild-type NMJs in the soleus mus-
cle were almost exclusively fully inner-
vated before injury and at the end of the
follow-up period, at 6 weeks after injury
(Fig. 3B). The number of innervated
NM]Js in the wild-type mice during regen-
eration decreased to 25% at 2 weeks after
injury, rising to 47% at 3 weeks after in-
jury (Fig. 3B), and the proportion of de-
nervated NMJs increased to 27% and 25%
at 2 and 3 weeks after injury, respectively,
whereas such NMJs hardly existed at all
before injury (Fig. 3E). Partially inner-
vated NMJs, one of the important features
of an NM]J regeneration process, were 4.1-
fold at 2 weeks after injury and 4.5-fold at
3 weeks (Fig. 3C) in the wild-type mice,
and NMJs with terminal sprouting were
markedly increased, accounting for 51%
of all junctions at 2 weeks after injury and
24% at 3 weeks, whereas such features
scarcely existed before injury (Fig. 3D),
thereby indicating extensive regeneration
in the course of time. NM]J regeneration in
the soleus muscle was already fully com-
pleted at 4 weeks after injury in the wild-
type mice (Fig. 3B—E), whereas in the
Col13al '~ mice only 43% of NMJs were
fully innervated before injury, and this
proportion decreased further to 9% at 2
and 10% at 3 weeks after injury, being
37% at 4 and 30% at 6 weeks after injury
(Fig. 3B). A typical feature of the soleus
muscle in the Coll3al ~'~ mice was a

<«

p < 0.0001, p < 0.0001, p = 0.057) (E). Significances of
differences between the wild-type and Co/73a7 ~/ ~ mice at
specified time points, calculated by the unpaired ¢ test or the
Mann—Whitney test (red asterisks above columns). Signifi-
cance within the genotype of differencesininnervated NMJsin
the wild-type (p = 0.003) from before injury to 2 weeks after
injury, Col13a7™"™ (p < 0.0001, p < 0.0001), and
Col13a1 '~ mice (p = 0.001, p = 0.0004) from before
injury to 2 and 3 weeks after injury (B); in partially innervated
NMJs in the wild-type (p = 0.030, p = 0.020) and
Col13a7™™ (p < 0.0001, p = 0.002) from before injury to 2
and 3 weeks after injury and in the Co/73a7 ~/ ~ mice from
beforeinjury to 2, 3, and 4 weeks afterinjury (p = 0.001,p =
0.012, p = 0.009) (€); in NMJs with terminal sprouting in the
wild-type from before injury to 2 and 3 weeks after injury
(p=10.001,p = 0.021), and Col13a7 ™™ mice (p = 0.003)
from before injury to 2 weeks after injury (D); and in dener-
vated NMJs in the wild-type (p = 0.023) and Col73a7 ™™
mice (p = 0.047) from before injury to 2 weeks after injury
andinthe Col73a7 ~/~ mice from before injuryto2,3,4,and
6 weeks after injury (p << 0.0001, p < 0.0001, p << 0.0001,
p < 0.0001) (E). Significances over time within the wild-type,
Col13a7™™ and Co/73a7 ~/~ mice, calculated by ANOVA
followed by the Bonferroni post hoc test or the Kruskal—Wallis
test with correction for multiple comparisons using the Benja-
min—Hochberg procedure, are shown in tables below the
graphs. N = 3-5 mice/genotype/time point; n = 100 NMJs/
mouse. *p = 0.05, **p = 0.01, ***p = 0.001.
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Figure4.  NMJregeneration s slower, although still complete, in the EDL of Co/73a7 ~/ ~ mice. A, Immunofluorescent confocal
images of NMJs in the EDL of wild-type and Co/73a7 ~/~ mice before injury and at 2, 3, 4, and 6 weeks after injury. AChRs were
stained with -BTX (red), and nerves were fluorescent with YFP marker (green). B—E, Numbers of innervated NMJs in the EDL in
Col13a7~"~ mice relative to the wild-type at 2, 3, 4, and 6 weeks after injury (p = 0.011, p = 0.0004, p < 0.0001, and p =
0.005) (B); of partially innervated NMJs at 3 weeks afterinjury ( p = 0.003) (C); of NMJs with terminal sprouting at 3, 4, and 6 weeks
after injury (p = 0.008, p = 0.001, and p = 0.011) (D); and of denervated NMJs at 3 weeks after injury (p = 0.036) (E).
Significances of differences between the wild-type and Co/73a7 ~/ ~ mice at specified time points, calculated by the unpaired t
test or the Mann—Whitney test, are shown with red asterisks above the columns. Significances of differences in innervated NMJsin
the wild-type mice from before injury to 2 and 3 weeks after injury (p = 0.002, p = 0.022) and in the Co/73a7 ~/ ~ mice from
before injury to 2, 3, and 4 weeks after injury (p << 0.0001, p << 0.0001, p << 0.0001) (B); in partially innervated NMJs in the
wild-type from before injury to 2 and 3 weeks after injury (p = 0.023,p = 0.038) andin Co/73a7 ~/ ~ from before injury to 3 and
4weeks afterinjury (p = 0.0001, p << 0.0001) (€); in NMJs with terminal sprouting in the wild-type from before injury to 2 weeks
afterinjury (p = 0.006) and inthe Co/73a7 ~/ ~ mice from before injury to 2, 3, and 4 weeks afterinjury (p < 0.0001,p = 0.001,
p = 0.009) (D); and in denervated NMJs in the wild-type mice from before injury to 2 weeks after injury (p = 0.011) (E).
Significances over time within the wild-type and Co/73a7 ~/ ~ mice, calculated by ANOVA followed by the Bonferroni post hoc test
or the Kruskal—Wallis test with correction for multiple comparisons using the Benjamin—Hochberg procedure, are shown in tables
below graphs. N = 3 mice/genotype/time point; n = 100 NMJs/mouse. *p =< 0.05, **p =< 0.01, ***p < 0.001.

greatly increased number of partially innervated NM]Js, as they
made up 28% of the NM]Js before injury, but, in contrast to the
wild-type, their proportion decreased to 4% at 2 weeks after in-
jury, 7% at 3 weeks, and 6% at 4 weeks, increasing again to 9% at
6 weeks (i.e., still falling significantly short of the preinjury situ-
ation; Fig. 3C). Terminal sprouting and denervation was 33-fold
and 11-fold more common, respectively, in the soleus of the
Col13al ~'~ mice than in the wild-type before injury (Fig. 3 D, E).
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The peripheral nerve injury induced a
highly significant increase in the number
of NMJs with terminal sprouting in the
wild-type, although this did not signifi-
cantly change from the preinjury situation
in the soleus of the Col13al ~'~ mice fol-
lowing injury (Fig. 3D). Instead, the in-
jury induced a highly significant increase
in the proportion of denervated NMJs, in-
dicating that regeneration was severely
delayed and still incomplete at 6 weeks af-
ter injury in Coll3al ~'~ mice (Fig. 3E).
Forced expression of the transmembrane
form alone in the Coll3al ™™ mice fully
restored the capability of the NMJs to re-
generate in the soleus muscle within 1
month of the injury (Fig. 3B—E). Thus,
lack of collagen XIII ectodomain shedding
does not compromise the regeneration
process.

Although the EDL muscle is not atro-
phic before injury, we nevertheless tested
whether the morphology and regenera-
tion of the NMJ following nerve crush are
altered in the EDL of Coll3al ~'~ mice.
Because there were no differences in the
soleus of the injured Coll13al™"™ mice,
we analyzed the EDL further only in the
wild-type and Col13al ~'~ mice. In the
latter, the NM]Js of the EDL possessed a
milder phenotype than those in the soleus
because 87% were fully innervated before
injury (Fig. 4B). Consistently with this,
the preinjury proportion of partially in-
nervated NMJs was much lower in the
EDL (Fig. 4C): only 6% of the NMJs com-
pared with 28% in the soleus muscle (Fig.
3C). Together, the preinjury numbers
of fully innervated NMJs, partially
innervated NM]Js, NMJs with terminal
sprouting and denervated NMJs in the
Col13al '~ mice did not differ signifi-
cantly from those in the wild-type (Fig.
4B—E). The NMJs of the EDL in the wild-
type mice were almost exclusively fully in-
nervated before injury, whereas this
number decreased to 25% at 2 weeks after
injury, rose to 70% at 3 weeks, and
reached almost full innervation at 4 weeks
(Fig. 4B). In contrast, innervation was de-
layed in the Col13al ~'~ mice, with pro-
portions of 12% at 2 weeks after injury,
23% at 3 weeks, 32% at 4 weeks, and al-
most reaching the preinjury state at 6
weeks after injury, although still lagging

significantly behind the wild-types (Fig. 4B). Regeneration took
more time in the EDL of the Col13al ~/~ mice than in the wild-
type mice because the numbers of both partially innervated
NMJs, peaking at 4 weeks after injury and comprising 43% of
NMJs (Fig. 4C), and NMJs with terminal sprouting were still
highly elevated at 4 weeks after injury (Fig. 4D). The number of
denervated NM]Js increased to 11% in the wild-type and 16% in
the Col13a1 '~ mice at 2 weeks after injury, whereas it remained
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significantly higher in the EDL of the
Col13al ~'~ mice at 3 weeks after injury,
further indicating delayed NM]J regenera-
tion (Fig. 4E). As in the wild-type mice,
there were almost no denervated NMJs in
the EDL of the Coll3al '~ mice at 6
weeks after injury (Fig. 4E). Together, it
can be concluded that NM]J regeneration
in the EDL of Col13al '~ mice is delayed
even though the NMJs in this muscle are
capable of full regeneration during the
follow-up time, 6 weeks (Fig. 4A-E), thus
differing from those in the soleus muscle,
which are not capable of doing so in
Col3al ~'~ mice (Fig. 3A-E).

Muscle strength and recovery following
nerve injury are impaired and
incomplete in the absence of

collagen XIII

To evaluate the impact of collagen XIII
deficiency on muscle strength, we per-
formed a four-limb grid hanging test on
wild-type, Coll3al "™ "™, and Coli3al ~'~
mice that were positive for the Thy-1/YFP
transgene before and after sciatic nerve in-
jury. Before injury, the muscle strength of
the Coll3al ~’~ mice was severely im-
paired because the mice could hold their
body weight only for ~60 s compared
with the maximum of 300 s achieved by
the wild-type mice (Fig. 5A). This is in the
same range as previously reported for
young adult Col13al ~/~ mice (Hironen
etal., 2017) and also for aged Col13al ~ -
mice (Table 2). At 1 week after injury,
when the mice were capable of using just
three limbs for hanging, the hanging times
of both the wild-type and Coll3al '~
mice were severely shorter than in the pre-
injury state, validating the concept of
nerve injury, and there was no difference
in hanging time between the genotypes
(Fig. 5A). During regeneration, the mice
gradually started to use the fourth limb as
it recovered, and the hanging time of the
wild-type mice reached the maximum of 5
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Figure5.  Musdle strength and locomotor function recovery are impaired and incomplete in Co/73a7 ~/ ~ mice. A, Latency to
fall in the grid hanging test was evaluated in Co/73a7"™"™ and Co/73a7 ~/~ mice and compared with the wild-type. Muscle
strengthin Co/73a7 ~/ ~ mice beforeinjuryandat1,1.5,2, 3,4, and 6 weeks after injury (p = 0.008,p = 0.228,p = 0.005,p =
0.001, p = 0.008,p = 0.008, and p = 0.008) relative to the wild-type. Significance of the differences from before injury to 1, 1.5,
and 2 weeks afterinjury (p = 0.001, p = 0.016) in the wild-type mice, from before injury to 1, 1.5, 2, and 3 weeks afterinjury (p <
0.0001, p = 0.0003, p = 0.012, p = 0.040) in the Co/73a7™"™ mice and from before injury to 1, 1.5, 2, 3, 4, and 6 weeks after
injury (p = 0.0002,p = 0.007,p = 0.001,p = 0.001,p = 0.017,and p = 0.017) inthe Co/73a7 ~/ ~ mice. B, SFI was evaluated
inthe Co/73a7™" ™ and Co/73a7 ~/ ~ mice relative to the wild-type mice. SFlin Co/73a7 ™™ mice at 1.5 weeks after injury (p =
0.007)andin Co/73a7 ~/ ~ miceat1.5,2,3,4,and 6 weeks afterinjury (p = 0.001,p << 0.0001, p < 0.0001,p = 0.002,andp =
0.001). Significances within the wild-type from before injury to 1and 1.5 weeks after injury (p << 0.0001, p = 0.0002) and within
Col73a7™ ™ miceto 1,1.5, 2, and 3 weeks after injury (p < 0.0001,p <<0.0001, p = 0.005, p = 0.048). Significance within the
Co/73a7 /"~ micefrombeforeinjuryto1,1.5,2,3,4,and 6 weeks afterinjury (p < 0.0001,p << 0.0001,p << 0.0001,p < 0.0001,
p = 0.059,and p = 0.037). Significances of differences between the wild-type and Co/73a7 ™™ mice and between the wild-type
and(o/73a7 '~ mice at specified time points, calculated by the unpaired t test or the Mann—Whitney test, are shown with green
and red asterisks, respectively. Significance over time within the wild-type, Co/73a7"™"™, and Co/73a7 ~/~ mice, calculated by
ANOVA followed by the Bonferroni post hoc test or the Kruskal—Wallis test with correction for multiple comparisons using the
Benjamin—Hochberg procedure, is shown in tables below graphs. N = 5-15 mice/genotype/time point. *p = 0.05, **p = 0.01,
%) < 0,001.

min at 3—4 weeks after injury (Fig. 5A). In contrast, the hanging
time of the Coll13al ~'~ mice did not recover to the preinjury
level during the 6 week follow-up, indicating that the injured
limb had not fully recovered its muscle strength (Fig. 5A). There
was no difference in hanging time and, therefore, in the recovery
of muscle strength after nerve injury, in the Col13al"™"™ mice
relative to the wild-type mice, nor was there any difference in
hanging time in the preinjury state (Fig. 5A). These grid hanging
performance results suggest that collagen XIII is needed for
proper muscle strength and for its recovery following periph-
eral nerve injury, and that forced expression of the transmem-
brane collagen XIII is sufficient for normal muscle strength
and recovery.

Because loss of motor function is directly linked to dener-
vation in the NMJs, we set out to determine motor coordina-
tion in the Thy-1/YFP-positive wild-type, Coll13al™"™, and

Coli3al ~'~ mice, by performing gait movement analysis as as-
sessed in terms of the SFI. There was no difference in motor
coordination between the genotypes before nerve injury (Fig.
5B), and all the mice, independent of genotype, showed complete
loss oflocomotor coordination in the injured limb at 1 week after
injury, which confirmed that the nerve crush had been success-
fully performed. In the wild-type mice, the locomotor perfor-
mance increased to 60% at 1.5 weeks after injury, 70% at 2 weeks,
90% at 3 weeks, and reached full functionality at 4 weeks after
injury, whereas the performance of the Coll13al ~'~ mice im-
proved significantly more slowly, being 20% at 1.5 weeks after
injury, 50% at 2 weeks, 49% at 3 weeks, 60% at 4 weeks, and 60%
at 6 weeks after injury, and did not reach full functionality
during the follow-up period, thus differing significantly from
the wild-type (Fig. 5B). The locomotor performance of the
Col13a1™/"™ mice was initially delayed relative to the wild-
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type at 1.5 weeks after injury but reached the wild-type per-
formance level thereafter (Fig. 5B). These results suggest that
the recovery of locomotion coordination after peripheral
nerve injury is severely impaired and incomplete in the ab-
sence of collagen XIII.

Absence of collagen XIII results in altered soleus

muscle morphology

The results of the motor tests indicated that muscle strength is
severely compromised in Coll13al '~ mice. To further explore
whether this was due to changes in muscle morphology, we per-
formed histological analyses before sciatic nerve injury in 9- to
10-week old wild-type and Col13al ~/~ mice and at 6 weeks after
injury (Fig. 6A). The mean fiber size in the soleus muscle before
injury was significantly lower in the Col/13al ~/ ~ mice than in the
wild-type, and the number of central nuclei was significantly in-
creased (Fig. 6 B, C), suggesting soleus muscle atrophy and com-
pensatory regeneration in the absence of collagen XIII, similar in
nature to that shown in the aged mice (Fig. 1C-E). Full muscle
recovery was observed at 6 weeks after injury in both the wild-
type and Col13al ~'~ mice, as their muscle histology did not
differ from the preinjury condition (Fig. 6A—C). The defective
NM]J regeneration does not contribute to the muscle pathology in
the Col13al ~’~ mice, however, as it does not progress from the
preinjury state, and thus this does not seem to explain the com-
promised functional recovery detected in terms of muscle
strength and coordination (Fig. 5A, B).

Lack of collagen XIII results in altered myelination and axon
diameter and number
After failing to find a postsynaptic muscular explanation for the
deficiency in functional recovery, we investigated whether there
are presynaptic defects that could compromise NMJ morphology
and regeneration in the absence of collagen XIII. Although nerve
conduction studies on 12-week-old (Latvanlehto et al., 2010) and
52-week-old Col13al ~/~ mice (Table 1) revealed no alterations
in the function of either the motor or sensory neurons, transmis-
sion electron microscopy of preinjury sciatic nerves from the
transgene-positive Coll3al ~'~ mice revealed signs of polyax-
onal myelination (i.e., the inclusion of numerous small axons
within a single, abnormally thin myelin sheath), a manifestation
of abnormal radial sorting (Fig. 6D). The sensory neurons of the
Coli3al ~'~ mice were normal in appearance (data not shown).
We never observed any signs of polyaxonal myelination in the
wild-type or Coll3al ™™ mice (data not shown). These ultra-
structural analyses of sciatic nerves from Col13al ~/~ mice there-
fore suggest that collagen XIII is required for regulating the
normal segregation of small-caliber axons and for myelination.
A closer examination of the preinjury histology of the sciatic
nerves revealed that the axons were smaller but more numerous
in the Col13al /" mice (Fig. 6E-G). Quantification confirmed
that the Col13al ~/~ mice had almost twice as many axons within
a given area as their wild-type counterparts (Fig. 6H ), that the
number of small-diameter axons was significantly higher than in
the wild-type (by 54% in the <4 pwm size class and 43% in the 4—6
pm class), and that the number of large-diameter axons (8—10
um) was significantly lower (by 51%) (Fig. 6I). Furthermore, to
determine whether myelination was been altered, the g-ratio of
the axons was measured, whereupon the axons that were <4 um
or 6—8 um in diameter had significantly (~6%) thinner myeli-
nation than in the wild-type (Fig. 6] ). There were no morpholog-
ical differences in the axons of the Col13al ™™ mice, except for
the increased number of those of diameter <4 um, which was
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~40% higher than in the wild-type (Fig. 6I). Thus, the absence/
altered expression of collagen XIII must contribute in particular
to the axon diameter distribution, and to the g-ratio, of the axons.
We therefore conclude that collagen XIII is required to achieve
and maintain proper axon morphology and myelination.

Collagen XIII deficiency leads to deposition of myelin debris
and the impairment of axon regeneration after peripheral
nerve injury

The analysis of morphological changes in the sciatic nerve was
next applied to the nerve repair after injury (Fig. 6 H,K=T'). Two
parameters, the number of myelinated axons and the number of
degenerated axons, were evaluated to assess axon regeneration.
The number of myelinated axons decreased after nerve injury
independent of the genotype, for example, at 2 weeks after injury
so that the number of myelinated axons within a given area in the
wild-type mice had decreased to 52% of that the preinjury value
(Fig. 6H), whereas the number in the preinjury Coll3al '~
mice, which was twice as great as in the wild-type, had decreased
75%, to reach a similar level (Fig. 6H). In the end, myelinated
axons almost reached preinjury numbers in the wild-type and
Col13a1™"™ mice at 6 weeks after injury (Fig. 6H), whereas
those in the Col13al ~/~ mice were 30% more numerous than in
the wild-type at 6 weeks after injury, although there was a ten-
dency for incomplete recovery, in that there were 32% less my-
elinated axons in the Coll13al ~/~ mice at 6 weeks after injury
than in the preinjury state (Fig. 6H ). This difference is not statis-
tically significant, however. In line with this, we observed a three-
fold population of degenerated axons in the Col13al ~'~ mice
relative to the wild-type at the preinjury stage, and the level re-
mained significantly increased at 2 weeks after injury, fivefold at 4
weeks and approximately sixfold at 6 weeks after injury (Fig. 6T).
When monitoring the recovery of the Coll3al ~'~ mice, the
number of degenerated axons was seen to increase further to
twofold at 2 weeks after injury before starting to decrease gradu-
ally to 1.6-fold at 4 weeks after injury and 1.5-fold at 6 weeks after
injury relative to the preinjury values (Fig. 6T). There was just a
temporary increase to approximately fourfold in the wild-type
and to approximately twofold in the Col13al ™™ mice at 2 weeks
after injury (Fig. 6T). Because the number of degenerated axons
in the Col13al ~/~ mice was still elevated by fourfold relative to
the wild-type at 6 weeks after injury (Fig. 6T'), the results suggest
that collagen XIII is required for facilitating proper axon regen-
eration after nerve injury.

To study whether collagen XIII is present in the adult periph-
eral nerves, whole-mount immunofluorescent stainings were
performed. Staining of the diaphragm muscle indeed revealed
positive signals not only at the NMJs, similar to what is shown in
Figures 1A and 2A, but also in association with the phrenic nerve
(Fig. 7A). However, in closer examination, these structures had
the appearance of blood vessels rather than neural components
(Fig. 7B). This was further confirmed by double immunolabeling
of the sciatic nerve where collagen XIII associated with CD-31-
positive blood vessels, most strongly at the branch points (Fig.
7C,D).

Discussion

Morphological and physiological alterations at the NM]Js result in
remodeling of the motor unit (Gonzalez-Freire et al., 2014). Dur-
ing synapse remodeling following destabilization or injury-
induced reinnervation, axons continue to grow beyond the
boundaries of the denervated motor synapses, giving rise to ax-
onal sprouts that may or may not find another synaptic site (Rich
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Figure6. Muscleand axon morphology and regeneration are impaired and incomplete in Co/73a7 ~/ ~ mice. A, Histological evaluation of cross-sections from the soleus muscle of wild-type and
(ol73a7 '~ mice stained with H&E before injury and at 6 weeks afterinjury. Arrows indicate muscle fibers with central nuclei. Scale bar, 20 um. B, €, Quantification of muscle fiber size before injury
and 6 weeks after injury (p << 0.0001; p << 0.0001) calculated fiber-wise (B) and proportion of centralized nuclei (p = 0.013; p = 0.003) (€). N = 3 mice/genotype; n = 100 —282 muscle fibers
(B, €).D, Transmission electron microscopy of a sciatic nerve axon froma Co/73a7 ~/ ~ mouse before injury. Scale bar, 2 um. E~G, K=S, Transversal semithin sections of sciatic nerves stained with
toluidine blue from wild-type, Co/73a7™"™, and Co/73a7 ~/~ mice before injury (E-G), 2 weeks after injury (K~M), 4 weeks after injury (N~P), and 6 weeks (Figure legend continues.)
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and Lichtman, 1989; Kang and Lichtman, 2013; Darabid et al.,
2014). This description mirrors our findings, where the struc-
tural integrity of the NMJs is impaired and they undergo
reinnervation, as demonstrated by the presence of terminal
sprouting, partial innervation, and abundance of denervated
NM]Js in the collagen XIII knock-out mice. These features show
that NMJs are unstable and incapable of fully maturing when
collagen XIII is absent. Moreover, destabilization of motor syn-
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(Figure legend continued.)  after injury (Q-S). Arrowheads indicate myelinated axons. Aster-
isks indicate degenerated axons. Scale bar, 10 wm. H, Quantification of the mean number of
myelinated axons in a 200 wm ? area. Significance in Co/73a7 ~/ ~ mice relative to the wild-
type before injury (p << 0.0001). Significance within the wild-type and Co/73a7 —/ ~ mice
from before injury to 2 weeks after injury (p = 0.023 and p = 0.002, respectively). /, Numbers
of axons according to their diameter. J, g-ratios of axons of specific diameters in Co/73a7 ~/
mice relative to the wild-type before injury (<4 wm; p = 0.019; 6 -8 um; p = 0.016);n =
231 axons/genotype (/, J). T, Quantification of degenerated axons in a 200 wm? area in
Col13a7~/~ mice relative to the wild-type before injury and at 2, 4, and 6 weeks after injury
(p=10.015,p = 0.026,p = 0.001, and p = 0.023, respectively). Significance of the difference
inthe number of degenerated axons in the Co/73a7 ™™ mice between the preinjury to 2 weeks
after injury values (p = 0.050) and in Co/73a7 ~/ ~ mice between the preinjury to 2 and 4
weeks after injury values (p = 0.002, p = 0.046). Significances of differences between the
wild-type and Co/73a7™"™ mice and between the wild-type and Co/73a7 ~/ ~ mice at spec-
ified time points, calculated by the unpaired ¢ test or the Mann—Whitney test, are shown with
green and red asterisks above the columns, respectively. Significances of differences over time
within the wild-type, Co/73a7™"™, and Co/73a7 ~/~ mice, calculated by ANOVA followed by
the Bonferroni post hoc test or the Kruskal—Wallis test with correction for multiple comparisons
using the Benjamin—Hochberg procedure, are shown in tables below graphs. N = 3 or 4 mice/
genotype/time point. *p = 0.05, **p = 0.01, ***p = 0.001.

Collagen XIII associates with peripheral nerve vasculature. A—D, Immunofluorescent confocal images of whole-
mount-stained diaphragm (4, B) and sciatic nerve (C, D) of wild-type and Co/73a7 /"~ mice colabeled with a-BTX (green; A, B),
an anti-collagen XIlI/NC3 antibody (red; A-D), an anti-neurofilament antibody (NF; blue; A-D) to show nerves and an anti-(D-31
(green; C, D) to show blood vessels. Blue hyphenated lines indicate phrenic (4) and sciatic nerve (C). Arrows indicate collagen XIlI
accumulation in blood vessels and arrowheads at NMJs. A, C, Inset, magnified in B and D, respectively. Scale bars: 4, B, 50 wm; C,
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apses results in a decline in the diameter of
the motor axons, as found here in the
Col13al '~ mice, which results in a dete-
rioration in communication between the
nervous and muscular systems, causing a
decay in skeletal muscle strength and
muscle mass (Gonzalez-Freire et al.,
2014). The axons of the sciatic nerves are
swollen in appearance in Coll3al '~
mice (Haronen et al., 2017), a character-
istic hallmark of neurodegeneration
(Coleman et al., 2005; Smith and Jeffery,
2006), indicating that collagen XIII plays a
role in motor axon survival and its defi-
ciency may thus predispose axons to re-
generation. Consistent with this finding,
we have previously observed Schwann
cells invading into the synaptic cleft in the
absence of collagen XIII (Latvanlehto et
al., 2010), a phenomenon seen at mam-
malian NMJs in pathological conditions,
such as nerve terminal degeneration
(Miledi and Slater, 1970; Winlow and
Usherwood, 1975). Slow-twitch motor
units appear to be especially vulnerable to
distal motor neuron axonopathies (Mur-
ray et al., 2010). As shown here, NM]Js,
especially in the slow-twitch soleus mus-
cle, undergo heavy remodeling in the ab-
sence of collagen XIII, and earlier studies
have shown this to result in a biased mus-
cle fiber-type distribution, slight muscle
fiber regeneration, and atrophy following
NM]J maturation (Hirénen et al., 2017). It
should be noted that lower limb muscles
are essential for performing functional activities by which the
aged population can maintain their independence and quality of
life (Christensen et al., 2006). In line with this, permanently al-
tered muscle function in the collagen XIII-deficient mice resulted
in altered gait, specifically affecting the hind limbs. Most signifi-
cantly, axonal atrophy and degenerative changes were only
seen in the myelinated axons. Thus, as collagen XIII is located
at the NMJs, it appears that the effect of its deficiency is re-
stricted to the motor neurons. This is consistent with our
behavioral observation that the Col13al ~/~ mice exhibited
primarily motor impairments.

Compromised structural integrity and functional capacity in
collagen XIII-deficient mice, combined with motor nerve ax-
onopathy and continuous motor synapse remodeling, thus grad-
ually lead to sustained changes in muscle architecture and
operation. This leads specifically to compromised function of the
hind limbs, however, but not the front limbs, pointing to perma-
nent alterations in the peripheral motor unit. CMSs can be pro-
gressive, like those caused by mutations in DOK7, MuSK, and
COLQ (Rodriguez Cruz et al., 2014). Surprisingly, we did not
detect any further deterioration of either the muscle morphology
or strength in the aged Coll13al ~'~ mice, at least not until ~1
year 9 months of age. As shown here, NMJ morphology is signif-
icantly impaired in aged Coll13al '~ mice relative to aged-
matched wild-type mice but does not decay any further after early
adulthood, suggesting that the absence of collagen XIII does not
significantly affect NMJ morphology upon aging and supporting
its relevance in achieving dynamic stability in NMJ maturation.
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Therefore, mice aged ~=2 years should be used when studying
the mechanisms in the motor synapse pathology involved in the
later stages of CMS19 disease. In addition to symptoms charac-
teristic of myasthenia, collagen XIII-deficient mice showed signs
of reduced anxiety and fear of open spaces, as well as shivering,
which worsened with age. An earlier study suggested of a link
between COL13A1 and hereditary Parkinson’s disease (Davis et
al., 2013), but together these results of the emotional behavior
and motor tests (e.g., shortening of the stride length of hind
limbs, but not the forepaws) strongly support neuromuscular
impairment, specifically (Taylor et al., 2010). Although neuro-
muscular impairments do not progress at least before 1 year 9
months of age, collagen XIII-deficient mice from ~1 year 4
months of age onwards occasionally show rapid deterioration in
general health (data not shown), suggesting the possibility of
pathological progression in other tissues system(s) in addition to
the neuromuscular system at advanced ages.

Peripheral nerve crush experiments were conducted to eluci-
date whether the altered NMJ morphology and function in the
Col13al '~ mice affected the reinnervation process, NMJ regen-
eration, and functional recovery. The collagen XIII-deficient
mice indeed showed incomplete NMJ regeneration and func-
tional recovery even at 6 weeks after injury, whereas the wild-type
and Col13al ™™ mice had achieved full NM]J reinnervation and
complete functional recovery by 4 weeks after injury. The next
important question was whether impaired postinjury NM]J re-
generation, muscle strength, and functional recovery were
mainly attributable to presynaptic or postsynaptic defects. The
fact that the muscle morphology of the Col13al ~/~ mice at 6
weeks after injury resembled the preinjury architecture suggests
that NM]J regeneration defects are not mainly attributable or the
results of major postsynaptic defects. It is clear, however, that
collagen XIII is indeed needed for the maintenance of muscle
morphology and strength both before and after peripheral nerve
injury. This directed our attention to investigating possible pre-
synaptic reasons for the poor and incomplete NM]J regeneration
and functional recovery seen in ColI13al ~/~ mice. The presence
of polyaxonal myelination in the Coll3al ~/~ nerves suggests
that the absence of collagen XIII causes an abnormality in radial
sorting by which immature Schwann cells segregate the axons
and establish a correct 1:1 axon-Schwann cell relationship with
large-caliber axons before the formation of myelin sheaths (Saito
et al., 2003; Rasi et al., 2010; Chang et al., 2016). It has been
reported that polyaxonal myelination may appear in young wild-
type mice during active myelination but is corrected by further
development (Rasietal., 2010). As we studied only adult mice, we
did not observe any sign of polyaxonal myelination in the adult
wild-type mice. Polyaxonal myelination in Col13al ~/~ mice is
suggestive of a continuous remodeling process and/or a dimin-
ished and/or delayed ability to establish the correct axon-
Schwann cell ratio, possibly due to compromised stabilization of
the NMJs, which may delay postinjury motor synapse recovery.
Moreover, the peripheral nerves of the Coll3al '~ mice in-
cluded reduced myelin sheath thicknesses in the axons. This may
reflect delayed motor nerve maturation due to NMJ instability.
Furthermore, the decrease in axon diameter detected in the col-
lagen XIII-deficient mice may arise from alterations in motor
unit size and the multiplicity of axonal branching because com-
plex terminal branching has been found earlier to be compro-
mised in collagen XIII knock-out mice (Héronen et al., 2017).
Moreover, increased axon regeneration could also in part explain
these changes seen in axons of collagen XIII knock-out mice.
Together, absence of collagen XIII has effects on both axonal
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segregation and myelination that are most probably mediated in
aretrograde manner via compromised NMJ integrity rather than
being direct effects on collagen XIII expression in the motor
nerves or Schwann cells. In this study, we did not find collagen
XIII immunosignals reported earlier in developing nerve struc-
tures and adult nerve fascia (Hdgg et al., 2001; Sund et al., 2001).
This discrepancy may, however, result from use of other antibod-
ies than in the present study (which were confirmed in terms of
specificity by staining of knock-out mouse samples). In our opin-
ion, the possibility of cross-reaction between the highly homolo-
gous transmembrane collagens, XIII, XXIII, and/or XXV, cannot
fully be excluded in earlier studies.

We found a delay in myelin debris removal in Coll3al '~
mice even at 6 weeks after injury, and consequently a delay in
axon regeneration, even though complete axon and myelin de-
bris removal and axon regeneration were achieved at 4 weeks
after injury in the wild-type and Col13al ™™ mice. These obser-
vations suggest that impaired axon regeneration in Col13al '~
mice is at least partly attributable to delayed axon and myelin
removal, one possible reason for which may be impaired macro-
phage recruitment to the distal injury site. Activation of macro-
phages is a self-defense response that helps the injured nerve clear
away myelin debris and promote axonal regeneration (Zhang et
al., 2013). Collagen XIII has been found to be associated with
blood vessels (Heikkinen et al., 2012) and has been shown to
promote a1B1-integrin-positive monocyte recruitment in a kid-
ney fibrosis model (Dennis et al., 2010). Interestingly, here colla-
gen XIII was found to associate with blood vessels supplying
peripheral nerves. We pursued defining macrophage numbers in
crushed sciatic nerves at the final time point, at 6 weeks after
injury, and observed strong signals in both genotypes. However,
a high variation between individual samples (79.3 £ 25.6/0.1
mm? for wild-type and 88.6 = 16.8 for ColI3al ~'~ mice, p =
0.772, N = 4) made it impossible to identify possible subtle dif-
ference between the genotypes. Further studies, especially at ear-
lier time points more relevant in macrophage recruitment, would
be beneficial to ascertain whether macrophage activity is collagen
XII-related, which would cause delayed debris removal in
Coll13al ~'~ mice and thereby axon regeneration. We have
shown in a recent study that primarily sarcolemmal-anchored
collagen XIII contributes to transsynaptic adhesion, thereby
enhancing synaptic organization, complexity, and function
(Héronen et al., 2017). This may explain why we did not observe
any impairment or delay in NMJ regeneration and functional
recovery in our Coll3al"™"™ mice. All in all, NMJ regeneration
defects, including incomplete functional recovery, are mainly at-
tributable to presynaptic defects partially preexisting in collagen
XIII-deficient mice before injury. The present results imply that
facilitating clearance of axon debris might be a potential ap-
proach for treating peripheral nerve injury and achieving normal
functional recovery in cases of collagen XIII deficiency, including
CMS19 patients.

In conclusion, the developmental defects found in NMJ mat-
uration are evidently not markedly progressive, at least not up to
1 year 9 months of age in mice, and a critical role can be demon-
strated for collagen XIII in an in vivo mouse model of sciatic nerve
injury and NM]J and axon regeneration. The absence of collagen
XIII results in impaired and incomplete NMJ and axon regener-
ation and incomplete functional recovery after peripheral nerve
injury. Taken collectively, these data support the concept of ther-
apeutic intervention with collagen XIII activators following pe-
ripheral nerve injury.
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