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Formation, maturation, stabilization, and functional efficacy of the neuromuscular junction (NMJ) are orchestrated by transsynaptic and
autocrine signals embedded within the synaptic cleft. Here, we demonstrate that collagen XIII, a nonfibrillar transmembrane collagen, is
another such signal. We show that collagen XIII is expressed by muscle and its ectodomain can be proteolytically shed into the extracel-
lular matrix. The collagen XIII protein was found present in the postsynaptic membrane and synaptic basement membrane. To identify
a role for collagen XIII at the NMJ, mice were generated lacking this collagen. Morphological and ultrastructural analysis of the NMJ
revealed incomplete adhesion of presynaptic and postsynaptic specializations in collagen XIII-deficient mice of both genders. Strikingly,
Schwann cells erroneously enwrapped nerve terminals and invaginated into the synaptic cleft, resulting in a decreased contact surface for
neurotransmission. Consistent with morphological findings, electrophysiological studies indicated both postsynaptic and presynaptic
defects in Col13a1 �/� mice, such as decreased amplitude of postsynaptic potentials, diminished probabilities of spontaneous release and
reduced readily releasable neurotransmitter pool. To identify the role of collagen XIII at the NMJ, shed ectodomain of collagen XIII was
applied to cultured myotubes, and it was found to advance acetylcholine receptor (AChR) cluster maturation. Together with the delay in
AChR cluster development observed in collagen XIII-deficient mutants in vivo, these results suggest that collagen XIII plays an autocrine
role in postsynaptic maturation of the NMJ. Altogether, the results presented here reveal that collagen XIII is a novel muscle-derived cue
necessary for the maturation and function of the vertebrate NMJ.

Introduction
Development of the neuromuscular junction (NMJ) is controlled
by a repertoire of autocrine and transsynaptic signals (Fox and
Umemori, 2006; Kummer et al., 2006; Fox, 2008). This includes
secreted molecules that are stably associated with the synaptic
basement membrane (BM) (Sanes, 2003). Motor nerves, for ex-
ample, secrete an alternatively spliced form of the heparan sulfate

proteoglycan agrin, which organizes and stabilizes components
of the postsynaptic membrane (Gautam et al., 1996). Conversely,
muscle-derived �2-containing laminins bind to receptors on
nerve terminals, organizing and stabilizing neurotransmitter re-
lease sites (Noakes et al., 1995; Patton et al., 2001; Nishimune et
al., 2004). Synaptic laminins can also promote postsynaptic mat-
uration by a direct autocrine effect on receptors, such as dystro-
glycan in the postsynaptic membrane (Nishimune et al., 2008).

Collagens comprise another prominent set of extracellular
matrix (ECM) components of importance for NMJ development
and function (Fox, 2008). A short collagen, ColQ, is required to
anchor the neurotransmitter-inactivating enzyme acetylcho-
linesterase to synapses (Feng et al., 1999; Rotundo, 2003). Al-
though well studied for their roles as structural and anchoring
molecules, it is now apparent that some collagens and/or proteo-
lytically shed fragments of collagens can themselves act as extra-
cellular signaling molecules (Ortega and Werb, 2002). In this
regard, type IV collagens, the major structural components of the
synaptic BM, have been identified recently as transsynaptic orga-
nizers via their cleaved non-collagenous (NC) domains. More-
over, genetic deletion of the synapse-specific �3– 6 (IV) chains
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demonstrated their role in the maturation and maintenance of
the NMJ (Fox et al., 2007).

Here we demonstrate the synaptic localization and role of
another collagen, collagen XIII, a homotrimeric transmembrane
protein with three collagenous domains (COL1–COL3) inter-
rupted and flanked by NC sequences (Hägg et al., 1998; Snellman
et al., 2000b) (see Fig. 2A). In addition to being an integral trans-
membrane protein, collagen XIII can be shed by proprotein con-
vertases (Snellman et al., 2000a), and the shed ectodomain affects
the migration and proliferation of cultured cells (Väisänen et al.,
2004). Collagen XIII is expressed in almost all tissues studied but
at relatively low levels in most of them (Hägg et al., 2001; Sund et
al., 2001a). Previous analyses of mice that overexpress normal
or truncated collagen XIII have revealed defects in several
tissues. Mice harboring a secreted ectodomain but lacking the
membrane-anchored collagen XIII develop progressive myop-
athy with abnormalities in the BM of myotendinous junction
(MTJ) (Kvist et al., 2001). Mice overexpressing truncated colla-
gen XIII develop lethal phenotype attributable to defective cell
adhesions and angiogenesis in the heart and placenta (Sund et al.,
2001b; Tahkola et al., 2008). Conversely, overexpression of the
normal collagen XIII protein leads to massive overgrowth of
bones (Ylönen et al., 2005). However, loss-of-function analysis to
show the role of endogenous collagen XIII has yet to be reported.
Using immunohistochemistry, cellular protein fractionation,
and a novel gene-targeted reporter mouse line (Col13a1 LacZ), we
now show that collagen XIII is expressed by muscle fibers and
concentrated on the postsynaptic membrane, from where it can
be shed into the synaptic cleft. Importantly, results obtained with
the collagen XIII null mice (Col13a1�/�) generated here revealed
that collagen XIII is a third collagenous molecule required for the
normal organization and function of the vertebrate NMJ.

Materials and Methods
Generation of mouse lines. All the animal experiments followed the laws
and regulations on the care and use of laboratory animals. Permission
was obtained from the Animal Care and Use Committee of the University
of Oulu for the generation and maintenance of all the mouse models
presented here.

To generate the �-galactosidase reporter mouse line, the 1.2 kb NarI
fragment, including most of the exon 2 coding sequences and the begin-
ning of the second intron in the 7.4 kb BamHI genomic clone, was re-
placed by the LacZ/neo r cassette. The reporter was fused in-frame with
the exon 2 sequences because this exon is present in all collagen XIII
transcript variants (Peltonen et al., 1997; Kvist et al., 1999). By insertion
of the LacZ gene with its own translation stop codon into the second exon
in-frame with collagen XIII sequences, the furin endoprotease recogni-
tion sequence was destroyed, which made it impossible to release
�-galactosidase from the cell membrane (see Fig. 2 A). The Col13a1 LacZ

allele was generated in the Transgenic Core Facility of Biocenter Oulu
according to standard methods. Chimeric mice were bred with C57BL/6
mice to generate inbred Col13a1 LacZ lines (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental material).

Generation of the knock-out vector was initiated by inserting a neo r

cassette flanked by loxP sequences in reverse orientation in the 9 kb
genomic BamHI fragment to replace the 2.3 kb sequence, including the
predicted promoter area, 5� untranslated region (UTR) sequences, and
the first protein-coding exon. The Col13a1 T allele was generated using
methods described previously (Nagy et al., 1993; Fässler and Meyer,
1995), and the Col13a1� allele was obtained by mating the Col13a1 T/T

male mice with Cre-expressing females, which retain Cre recombinase
activity in mature oocytes regardless of Cre transgene transmission (Sa-
kai and Miyazaki, 1997). The resultant mice were bred with C57BL/6
mice to establish an inbred Col13a� line (supplemental Fig. S3, available
at www.jneurosci.org as supplemental material).

Tissue transcript and protein level analyses. Total RNA was extracted from
wild-type and Col13a1� embryonic day 16 (E16) fetuses and tissue samples
from adult mice using a Tri Reagent system (Sigma-Aldrich) and used for
quantitative real-time PCR with the ABI 7700 Sequence detection system as
described previously (Sund et al., 2001a). The TaqMan oligonucleotide
primers for mouse collagen XIII were 5�-GGGAAGCCCCGAAGTGT-3�
and 5�-TCTTCCAGTGGGACC-3� with the fluorogenic probe 5�-Fam-
TCCAGGATGTAA CTGCCCACCAGGA-Tamra-3� [nucleotides 789 –
806, complementary to nucleotides 834-853 and nucleotides 808-832 in
GenBank accession number NM_007731 (Hägg et al., 1998), respectively] in
the area of exons 2–4 and 5�-GCAAAGGAGAGATGGTGGATTATAA-3�
and 5�-CAAGGCCAGCGTCCTGAT-3� with the probe 5�-Fam-CAGCAT-
CAACGAGG CGCTTCAG-Tamra-3� [nucleotides 1800-1824, comple-
mentary to nucleotides 1853-1870 and nucleotides 1828-1849 in GenBank
accession number NM_007731 (Hägg et al., 1998), respectively] in the area
of exons 26-27, which participates in coding of the NC3 domain.

Protein was extracted from wild-type and Col13a1� tissues using the
Tri Reagent system. Twenty micrograms of tissue protein were run on an
8% reduced SDS-PAGE and Western blotted with a rabbit anti-human
collagen XIII/NC3 antibody (Hägg et al., 1998).

Histology. Pieces of mouse tissue were stained using �-galactosidase
enzyme activity as described previously (Gossler and Zachgo, 1993). In
brief, tissues were fixed shortly in 0.2% glutaraldehyde, 5 mM EGTA, 2
mM MgCl2, and 0.1 M potassium phosphate buffer, pH 7.3, and washed in
wash solution (0.01% sodium deoxycholate, 0.02% NP-40, 5 mM EGTA,
2 mM MgCl2, and 0.1 M phosphate buffer, pH 7.3). Samples protected
from light were stained for 24 h at room temperature (RT) in 10 mM

K3Fe(CN)6, K4Fe(CN)6, and 1 mg/ml 5-bromo-4-chloro-3-indolyl-�-D-
galactopyranoside (X-gal) in wash solution and washed as above. Post-
fixing of tissues was performed with phosphate-buffered Formalin for
24 h, and, after washing, the samples were viewed under an Olympus
SZ61 microscope. Tissue samples were embedded in paraffin, and sec-
tions of 10 �m were stained with eosin and viewed on an Olympus BX51
microscope.

The NMJ-rich regions of diaphragm muscles from postnatal day 28
(P28) wild-type mice and of quadriceps muscles from P56 wild-type mice
for immunoelectron microscopy were fixed for 2 h at room temperature
in 4% paraformaldehyde (PFA) and 2.5% sucrose in 0.1 M phosphate
buffer, pH 7.4, immersed for 24 h in 2.3 M sucrose, and frozen. Thin
frozen sections were blocked in 5% BSA and 0.1% cold water fish skin
gelatin (Aurion) in PBS and stained with a rabbit anti-mouse collagen
XIII/NC3 antibody (Kvist et al., 2001) or with the anti-human collagen
XIII/NC3 antibody in 0.1% BSA-C (Aurion) in PBS for 1 h. The mouse
and human NC3 domains are 22 residues in length, they differ by a single
residue (Hägg et al., 1998), and both antibodies produce the same stain-
ing patterns. Sections were washed with 0.1% BSA-C and incubated with
protein A-gold complex (size, 10 nm) in 0.1% BSA-C for 30 min, fol-
lowed by washing. The controls were prepared by performing the label-
ing procedure without primary antibodies. The sections were embedded
in methylcellulose and examined in a Philips CM100 transmission elec-
tron microscope (Philips Export B.V.) at an acceleration voltage of 80 kV.
Image acquisition was performed using a CCD camera and Electron
Microscopy Menu version 2.1 from Tietz Video and Image Processing
Systems.

For electron microscopy, the NMJ-rich regions of quadriceps muscles
from P28 and diaphragm muscles from P56 wild-type and Col13a1�/�

mice or quadriceps muscles from P28 Col13a1 LacZ/LacZ and P112
Col13a1 LacZ/� mice prestained for �-galactosidase enzyme activity were
fixed in 1% glutaraldehyde and 4% PFA in 0.1 M phosphate buffer, pH
7.3, postfixed in 1% osmium tetroxide, dehydrated in acetone, and em-
bedded in Epon LX112. Semithin sections were stained with toluidine
blue and analyzed on an Olympus BX51 microscope. Thin sections were
analyzed using a Philips CM100 transmission electron microscope, and
images were captured by a Morada CCD camera (Olympus Soft Imaging
Solutions).

For whole-mount staining, muscles from wild-type and Col13a1�/�

mice were fixed for 24 h in 4% PFA, washed in PBS, incubated in blocking
buffer (2.5% BSA, 2.5% normal goat serum, and 0.2% Triton X-100 in
PBS) for 24 h, and incubated in the primary antibodies diluted in blocking
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buffer for 48 h. After a 24 h washing, the muscles were incubated with fluo-
rescently labeled secondary antibodies supplemented with �-bungarotoxin
(BTX) in blocking buffer for 24 h, followed by washing and mounting. All
the incubations took place at 4°C. The samples were imaged on an Olympus
FV1000 scanning confocal microscope.

Five to 15 �m frozen tissue sections were stained unfixed (anti-
Escherichia coli �-galactosidase together with anti-neurofilament) or
fixed in ice-cold acetone for 10 min (anti-human/mouse collagen XIII/
NC3), washed in PBS, and incubated in blocking buffer (5% nonfat milk
or 5% normal goat serum) for 30 – 60 min, with the primary antibodies
overnight at 4°C and with the secondary antibodies for 1 h at RT. After
washing, the sections were mounted and visualized with an Olympus
FV1000 scanning confocal microscope.

The antibodies used for the stainings were anti-E. coli �-galactosidase
(Rockland), anti-human collagen XIII/NC3 (Hägg et al., 1998), anti-
mouse collagen XIII/NC3 (Kvist et al., 2001), anti-neurofilament (SMI
312; Covance Research Products), and anti-synaptotagmin 2 (Syt2) (Ze-
brafish International Resource Center). Tetramethylrhodamine and Al-
exa 488-conjugated BTX and secondary antibodies were obtained from
Invitrogen.

Cell cultures. C2C12 cells were obtained from American Type Culture
Collection and maintained in DMEM (Invitrogen) with 20% fetal calf
serum. Acetylcholine receptor (AChR) clustering was induced by plating
C2C12 myoblasts on laminin-coated dishes (EHS laminin; Invitrogen) as
described previously (Kummer et al., 2004). To induce differentiation,
the medium was changed to DMEM with 2% horse serum supplemented
with 10 �M tetrodotoxin (TTX) (Sankyo) to prevent muscle contraction.
Optionally, 1–5 �g/ml recombinant human collagen XIII ectodomain
(Tu et al., 2002) or recombinant NC1 domain of collagen IV (5 �g/ml),
known not to have any effect on AChR clustering (Fox et al., 2007), were
added to the fusion medium. Cultures on 75 cm 2 plates were used for
Western blotting, and cells on eight-well chamber slides (Nalge Nunc
International) were used for immunofluorescent stainings.

Proteins in C2C12 myotubes differentiated for 4 d were fractionated as
described previously (Hägg et al., 1998) and subjected to Western blot-
ting together with the whole-cell lysates from C2C12 myoblasts and myo-
tubes and conditioned medium from myotubes with the anti-human
collagen XIII/NC3 antibody. Briefly, cells were detached in HES buffer
(0.25 M sucrose, 1 mM EGTA, and 5 mM HEPES, pH 7.4) with a scraper
and washed by pelleting with 1900 � g for 10 min. The pellet was resus-
pended with 3 v/w HES and homogenized with a Potter-Elvehjem ho-
mogenizer at 1500 rpm 60 times. Nuclei were pelleted by centrifuging
with 578 � g for 10 min, and membranes were recovered from the su-
pernatant by centrifuging with 37,000 � g for 60 min. Proteins associated
noncovalently with membranes were released by suspending the mem-
brane pellet with 1 M NaCl. Membranes were further recovered from the
supernatant, now containing the membrane-associated proteins, by cen-
trifuging with 37,000 � g for 40 min. The membranes were solubilized
with 0.15 M NaCl, 1% Nonidet P-40, and 10 mM HEPES, pH 7.4, over-
night in rotation to solubilize transmembrane proteins. All solutions
contained the EDTA-free complete proteinase inhibitor (Roche), and all
steps were at �4°C. To equal the sample volumes, proteins were precip-
itated with 3 vol of methanol before Western blotting.

For stainings, the cultured cells were fixed for 30 min at RT with 4%
PFA and 4% sucrose, washed in PBS, and incubated in blocking buffer
(2.5% BSA, 2.5% normal goat serum, and 0.2% Triton X-100 in PBS) for
2 h and then with the primary antibodies anti-LL5� (Kishi et al., 2005)
and/or with BTX in blocking buffer for 24 h at 4°C. After washing, the
cells were incubated with fluorescently labeled secondary antibodies for
1 h at RT, washed, mounted, and imaged on an Olympus FV1000 scan-
ning confocal microscope.

Electrophysiology. Resting membrane potential, postsynaptic end-
plate potential (EPP), and miniature end-plate potential (MEPP) exper-
iments were determined at room temperature on 3-month-old wild-type
and Col13a1�/� mice diaphragm muscles in vitro. Animals, in accor-
dance with the European Communities Council Directive (November
24, 1986; 86/609/EEC), before dissection were anesthetized with slowly
raised CO2 and then quickly decapitated. Diaphragm muscles were im-
mediately dissected and put into the organic glass chamber (3 ml) with

the bottom covered with Sylgard (World Precision Instruments). To
prevent muscle contractions and preserve physiologically high level of
transmitter release in experiments with stimulation of motor nerve, mus-
cle fibers were cut transversely (Giniatullin et al., 1993), followed by
rinsing with Krebs’ solution for at least 30 min before recording. Record-
ing of MEPPs was performed on uncut muscles. All solutions were ap-
plied to the muscle via the superfusion system at the rate of 2 ml/min.
Physiological Krebs’ solution contained 120 mM NaCl, 5 mM KCl, 2 mM

CaCl2, 1 mM MgCl2, 11 mM glucose, 1 mM NaHPO4, and 24 mM NaHCO3

(gassed with 95% O2, 5% CO2). pH of all solutions was adjusted to 7.4. In
some experiments, solutions supplemented with 500 mM sucrose and up
to 15 mM KCl (accompanied by the proportional NaCl reduction) were
used. The excessive activity and generation of spontaneous action poten-
tials was prevented with 1 �M TTX (Ascent Scientific).

All recordings were performed using the standard single microelec-
trode technique. Electrodes filled with 3 M KCl had resistance in the range
of 10 –15 ��. Only synapses with membrane potential fall �5 mV dur-
ing the observation period were taken into consideration. Paired EPPs (at
least six pairs with 30 ms between the stimuli) were elicited by supra-
maximal nerve stimulation using the stimulus generator A365 (World
Precision Instruments). MEPPs were continuously recorded for 2 min
from individual muscle fibers. Synaptic signals (EPPs and MEPPs) digi-
tized at 100 kHz were recorded using a low-noise custom-made amplifier
were acquired to the personal computer through the data acquisition
board NI PCI6221 (National Instruments) and WinEDR version 3.0.4
software (Strathclyde University, Glascow, Scotland, UK). Offline anal-
ysis of signal amplitudes, rise times, decay times, and interevent intervals
of MEPPs was performed with ClampFit version 10.2.0.14 (Molecular
Devices). Final analysis was made using Origin software, version 8.0
(OriginLab Corp.).

Electroneuromyography. For the evaluation of peripheral nerve func-
tion and neuromuscular transmission, nerve conduction velocity (NCV)
and repetitive stimulation studies (Kimura, 2001) were performed using
recording techniques adapted and modified from what has been de-
scribed previously (Stanley, 1981). Both motor nerve conduction veloc-
ity (MCV) and sensory nerve conduction velocity were determined.
Additionally, F latencies were measured, and repetitive stimulation stud-
ies were used.

For the recordings 3-month-old wild-type, Col13a1 N/N (Kvist et al.,
2001), Col13a1 LacZ/LacZ, and Col13a1�/� male mice were anesthetized
with 30/2.5 mg/kg ketamine/xylazine to prevent discomfort. Body tem-
perature was monitored with a dermal temperature probe and main-
tained at 32°C with a warming lamp during measurements. For the
recording and stimulation, disposable 12 mm, 0.4-mm-diameter plati-
num subdermal EEG electrodes (Nicolet Biomedical) were used. Surface
electrodes were used for the repetitive stimulation studies. All NCV stud-
ies were performed with Keypoint Portable (Medtronic).

For the sciatic-tibial motor NCV studies, compound muscle potentials
were recorded from the plantar flexor muscles. Recording electrode was
inserted subcutaneously into the plantar muscles of the foot, and a ref-
erence electrode was placed distally into the footpad. A surface electrode
wrapped around the tail served as a ground. Square pulses of fixed dura-
tion (0.04 ms) were used to stimulate the nerves. Supramaximal stimu-
lation was given to obtain the maximum response. Latency was measured
from initial onset to maximum negative peak. Amplitude was measured
from peak to peak. The tibial nerve was stimulated at the sciatic notch
and at the ankle. MCV was calculated by the conventional method: the
distance divided by the difference between proximal and distal latencies.
F latency was determined with stimulation at the knee. Tail motor latency
was determined by stimulating distally along the tail at a recorded dis-
tance of 3 cm. Latency was measured from initial onset to maximum
negative peak.

Tail sensory NCV was determined by stimulating proximally along the
tail at a recorded distance of 3 cm. Latency was measured from initial
onset to maximum negative peak.

For the evaluation of neuromuscular transmission, repetitive stimula-
tion studies were performed by stimulating the sciatic nerve at the sciatic
notch and by recording compound muscle potentials from lateral gas-
trocnemius muscle. Surface recording electrodes were placed in the skin
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above the muscle and the reference in the footpad. The sciatic nerve was
then stimulated at 3 Hz. Maximum decrement was determined between
the second and fifth compound muscle potential after stimulation.

Statistical analyses. The data are presented as the mean � SEM with sta-
tistical significance assessed by Student’s paired t test (for parametric data) or
Mann–Whitney test (for nonparametric data). Statistically significant differ-
ences were indicated: *p � 0.05 and ***p � 0.001.

Results
Collagen XIII is expressed by muscle and located at the NMJ
To assess the presence of collagen XIII at the mouse NMJ, adult
skeletal muscle was immunostained with an anti-human collagen
XIII/NC3 antibody (Hägg et al., 1998) together with BTX, which
selectively binds AChRs at the postsynaptic membrane. Collagen
XIII appeared concentrated at and in close proximity to the NMJ
(Fig. 1A). Synaptically localized collagen XIII could be generated
by any of the three types of cell that comprise this synapse: motor
nerve, muscle fiber, or Schwann cells. To distinguish between
these possibilities, immunoelectron microscopy with an anti-
mouse (Kvist et al., 2001) (Fig. 1B) and with anti-human (Fig.
1C) collagen XIII/NC3 antibodies was performed. Collagen XIII
immunoreactivity was observed primarily on the synaptic sarco-
lemma and the adjacent BM (Fig. 1B,C, red circles). In some
cases, collagen XIII immunoreactivity was also detected in mus-
cle cytoplasm underlying the NMJ (Fig. 1B, arrows). The NC3
domain, against which the antibodies were generated, is highly
conserved between the human and mouse. Both antibodies rec-
ognize the mouse protein (Hägg et al., 2001; Kvist et al., 2001;
Sund et al., 2001a; Latvanlehto et al., 2003; Tuomisto et al., 2008)
and resulted in similar staining patterns.

The presence of collagen XIII immunoreactivity on postsyn-
aptic membrane suggested that muscle was the main source of

collagen XIII at the synapse. To confirm
this and to determine the cellular source
of collagen XIII present within the synap-
tic BM, we generated a reporter mouse
line (Col13a1 LacZ) in which a cDNA en-
coding E. coli �-galactosidase (LacZ) was
inserted into the Col13a1 locus to replace
extracellular sequences, simultaneously
destroying the functional furin propro-
tease cleavage site (Snellman et al., 2000a;
Väisänen et al., 2004). Importantly, the
Col13a1 LacZ allele (supplemental Fig.
S1A–C, available at www.jneurosci.org as
supplemental material) resulted in the ex-
pression of a collagen XIII/�-galactosidase
fusion protein (Fig. 2A) that could not be
proteolytically shed and therefore remained
inside or on the plasma membrane of its
cells of origin.

Highest collagen XIII expression level
was observed in lung tissue (supplemental
Fig. S2B, available at www.jneurosci.org
as supplemental material) (Fig. 3C), but
no �-galactosidase activity was detected in
the lungs of the Col13a1 LacZ mice, sug-
gesting low expression levels per cell in
lung. Altogether, histochemical staining
for �-galactosidase activity was robust
enough to reveal specific reaction prod-
ucts in only a few selected tissues from the
Col13a1 LacZ line, including skeletal mus-
cle. The �-galactosidase staining was dim

in heterozygous muscle samples (supplemental Fig. S1D,E,G,
available at www.jneurosci.org as supplemental material) and,
for that reason, also Col13a1 LacZ/LacZ samples were used to show
the staining, although the homozygous mice had phenotypical
changes kindred to knock-out mice described later (data not
shown). The whole-mount muscle staining was spot like, form-
ing strings across part or all of the muscle width (Fig. 2B) (sup-
plemental Fig. S1D, available at www.jneurosci.org as
supplemental material), suggesting an NMJ pattern. In the cross-
sections, �-galactosidase activity was confined exclusively at the
outer edges of some of the muscle fibers (Fig. 2C) (supplemental Fig.
S1E, available at www.jneurosci.org as supplemental material). Im-
munolabeling with the anti-�-galactosidase antibody and BTX con-
firmed that collagen XIII expression was enriched at synaptic sites
(Fig. 2D) (supplemental Fig. S1F, available at www.jneurosci.org as
supplemental material). Moreover, �-galactosidase immunostain-
ing appeared broader than the labeled AChRs. The �-galactosidase
antibody staining was found at NMJs in both fast-twitch and slow-
twitch muscle cells (data not shown). In the nonsynaptic portions of
muscle, anti-�-galactosidase antibody also labeled MTJs (data not
shown) but not the sarcolemmal membrane or intramuscular nerve
fascicles (Fig. 2E). Combined with immunoelectron microscopy re-
sults, these findings suggest a postsynaptic origin of collagen XIII.

To clarify these findings, ultrastructural analysis was per-
formed on �-galactosidase activity at reporter-labeled NMJs in
Col13a1 LacZ samples. At the ultrastructural level, X-gal reaction
products (which represent �-galactosidase activity) were ob-
served in muscle sarcoplasm underneath the NMJ (Fig. 2F, left,
arrows) (supplemental Fig. S1G, arrows, available at www.
jneurosci.org as supplemental material) and at postsynaptic folds
(Fig. 2F, right, arrows), indicating subsynaptic expression and

Figure 1. Collagen XIII is concentrated at the NMJ. A, Wild-type mouse muscle sections are stained using an anti-human
collagen XIII/NC3 antibody (Col XIII; green) and BTX (red). B, C, Immunoelectron microscopy of P28 mouse diaphragm muscles with
the anti-mouse collagen XIII/NC3 antibody (B) and of P56 quadriceps muscles with the anti-human collagen XIII/NC3 antibody (C).
Muscle is indicated by transparent green and nerve terminal by transparent purple. Staining at the synaptic sarcolemma and in the
adjacent BM is shown by red circles (B, C) and staining in the muscle beneath the NMJ by arrows (B).
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synaptic localization for the transmem-
brane collagen XIII. Expression products
were absent from the other cellular com-
ponents of the NMJ. Thus, these studies
demonstrate that membrane- and BM-
bound collagen XIII are generated by
muscle fibers. Consistent with the muscle
localization, E-box and N-box sequences,
known to enable muscle-specific and
NMJ-specific transcription (Gilmour et
al., 1991; Koike et al., 1995; Duclert et al.,
1996), respectively, were found in human,
rat, and mouse collagen XIII genes (sup-
plemental Fig. S2A, available at www.
jneurosci.org as supplemental material).

In addition to determining its cellular
origin, we used Col13a1LacZ reporter mice
to assess the temporal regulation of collagen
XIII expression at the NMJ. �-Galactosidase
reporter expression was weak at NMJs in
newborn mice and was only detectable with
antibody labeling and not with X-gal histo-
chemistry (data not shown). Reporter activ-
ity dramatically increased after the first few
postnatal weeks and remained strong at syn-
aptic sites to senescence when using X-gal
histochemistry. We confirmed these results
with mRNAs isolated from wild-type mus-

Figure 2. Collagen XIII at the NMJ is expressed by muscle and subjected to shedding. A, Schematic presentation of the primary
structure of mouse collagen XIII, with collagenous domains (COL1–COL3) indicated by yellow triple helices, non-collagenous

4

domains (NC1–NC4) in pink, and the membrane-spanning re-
gion by a green box. Below is the fusion protein expressed in
the Col13a1 LacZ reporter mice, the blue box indicating
�-galactosidase. Residues encoded by exon 2 are indicated by
a pink striped box. Size is indicated in residues (amino acids)
and the furin cleavage site by an arrowhead, this being absent
from the fusion protein. B, Quadriceps muscles from
Col13a1 LacZ/LacZ mice are stained as whole mounts for
�-galactosidase enzyme activity (arrows). C, Cross-sections of
whole-mount stained muscles are poststained with eosin. D,
E, Muscle sections from Col13a1 LacZ/� mice are costained with
BTX (green, D) or anti-neurofilament antibody (NF; green, E)
together with anti-�-galactosidase antibody (�-gal; red). F,
Muscle whole mounts are stained for �-galactosidase enzyme
activity and studied by electron microscopy, showing crystals
(arrows) in the Col13a1 LacZ/LacZ samples (nerve terminal,
transparent purple; Schwann cell, transparent blue). G, Both
transmembrane (TM) and shed forms of collagen XIII are de-
tected in Western blotting with the anti-human collagen XIII/
NC3 antibody in the conditioned medium (MT) and cell lysate
from differentiated C2C12 myotubes (CT) but not from C2C12
myoblasts (CB). Proteins from differentiated myotubes are
fractioned and subjected to Western blotting (Nu, nuclear pro-
teins; Cy, cytoplasmic proteins; Ma, membrane-associated
proteins; Tm, transmembrane proteins). Proteins represent-
ing 4% of the proteins in whole-cell lysates, conditioned me-
dium, or in each fraction on a 75 cm 2 plate are run per line. In
the membrane-associated and membrane fractions, the colla-
gen XIII protein is present as one major and one minor band,
which are likely to represent a major and a minor splice form of
the collagen XIII transcripts, as reported previously for a num-
ber of other tissues (Peltonen et al., 1997). A large amount of
serum proteins in the medium sample (MT) may affect the
mobility of the collagen XIII protein on SDS-PAGE, resulting in
a higher molecular weight than expected.
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cle: quantitative real-time PCR demonstrated little change in the
level of Col13a1 mRNA expression between the maturing (1 month)
or adult (16 months) muscle, contrary to some other tissues studied
(supplemental Fig. S2B, available at www.jneurosci.org as supple-
mental material). To assess developmental changes in collagen XIII
proteins, proteins were isolated from an immortalized mouse mus-
cle cell line, the C2C12 cells. In undifferentiated C2C12 myoblasts,
collagen XIII was not detectable. However, after myoblasts fused
into myotubes and began to form aneural spontaneous AChR clus-
ters (Kummer et al., 2004), collagen XIII was detected in its major
110 kDa membrane-anchored form and as a 100 kDa shed form
(Fig. 2G). The transmembrane form was found in membrane frac-
tions, whereas the shed ectodomain of collagen XIII was enriched in

membrane-associated fractions of C2C12 extracts but was absent
from nuclear, cytoplasmic, or membrane fractions (Fig. 2G). To-
gether, these analyses demonstrate that collagen XIII expression is
upregulated in muscle after synapses form and mature, and it per-
sists at the synapse throughout the life of the animal. Furthermore, it
is likely that the portion of the collagen XIII proteins expressed in
vivo by muscle and initially associated with the postsynaptic mem-
brane is shed and relocalized in the synaptic cleft.

Aberrant NMJ morphology in the absence of collagen XIII
To evaluate the necessity of collagen XIII at the mouse NMJ, a
collagen XIII-deficient mouse line was generated. The predicted
promoter, the 5� UTR, and the first protein-coding exon from the

Figure 3. Collagen XIII is required for presynaptic differentiation. A, Restriction of Col13a1 in the exon 1 area, with 5� UTR (black) and translated sequences (gray), and generation of a targeted
(Col13a1 T) and a knock-out allele (Col13a1�). The loxP sites flanking the PGK-neo r, the direction of which is indicated by an arrow, are shown by arrowheads (B, BamHI; S, SfiI; X, XbaI). B,
Quantification of collagen XIII transcripts in wild-type (white columns; n 	 4) and Col13a1�/� (black columns; n 	 5) E16 fetuses by quantitative real-time PCR with two distinct primer pairs and
probes chosen from the areas of exons 2– 4 and exons 26 –27. The value for the wild-type fetuses is defined as 100% in artificial units as a mean � SEM. C, Western blotting of lung and femoral
tissues (20 �g/line) from wild-type and Col13a1�/� mice with the anti-human collagen XIII/NC3 antibody. D, Selected high-magnification images of wild-type and Col13a1�/� diaphragms at P56
labeled with BTX (arrowheads; extrajunctional protrusions). E, Selected additional muscles at P56 are labeled with BTX, and the AChR clusters are evaluated morphologically (TA, anterior tibialis, n	
92 for wild-type and 91 for Col13a1�/�; Dia, diaphragm, n 	 100 for wild-type and 600 for Col13a1�/�, EDL, extensor digitorum longus, n 	 105; Sol, soleus, n 	 138). F, NMJs in P28 mouse
diaphragms are colabeled with anti-Syt2 antibody (green) together with BTX (red). Axonal branches growing beyond AChR clusters are indicated as arrows, and synaptotagmin 2 staining in
preterminal axons as arrowheads. G, NMJs in a P56 Col13a1�/� mouse diaphragm are colabeled with an anti-Syt2 antibody (green) together with BTX (red; arrowheads, lack of synaptotagmin 2
staining at AChR-positive areas).
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Col13a1 gene were all deleted to ensure
that no truncated forms of collagen XIII
could be expressed in mutant mice (Fig.
3A) (supplemental Fig. S3A–E, available
at www.jneurosci.org as supplemental
material). Few or no collagen XIII tran-
scripts were detectable in Col13a1�/�

mice by quantitative real-time PCR (Fig.
3B), and no protein was detectable in
Col13a1�/� tissues by Western blotting
(Fig. 3C) or immunostaining (supple-
mental Fig. S3F, available at www.
jneurosci.org as supplemental material).
Therefore, we conclude that Col13a1� is a
null allele.

The Col13a1�/� mice were born in a
Mendelian ratio, were fertile, and ap-
peared outwardly normal. The homozy-
gous mutants grew more slowly than their
littermate controls at puberty, although
their weight was normal at birth and in
adulthood (data not shown). Although
collagen XIII-deficient mice lived nor-
mally into adulthood, they exhibited
tremors and worsened general condition
in senescence.

To assess synaptic organization, we
first examined NMJs in 2-month-old
Col13a1�/� mice and littermate controls
by labeling postsynaptic structures with
BTX. In control animals, AChR clusters
appeared as complex, branched, pretzel-
like morphologies. The topology of AChR
clusters within the postsynaptic mem-
brane of Col13a1�/� mice were abnormal
in several ways, being small, simple,
plaque like, and/or fragmented (Fig. 3D).
In addition, some mutant AChR clusters
had thin protrusions into the surround-
ings (Fig. 3D, arrowheads). The defects
reported here were observed in a large
proportion of NMJs in mutant dia-
phragms (supplemental Fig. S4, available
at www.jneurosci.org as supplemental
material).

In some genetically modified mice,
synaptic defects have been reported in
some muscles but not in others (Stedman
et al., 1991; Dupont-Versteegden and
McCarter, 1992). To ascertain whether
the defects observed in the Col13a1�/�

diaphragm were unique to that muscle,
we examined synaptic architecture of col-
lagen XIII-deficient mice in three addi-
tional muscles: the tibialis anterior,
extensor digitorum longus, and soleus.
The phenotype was qualitatively similar in
all four muscles but varied in severity be-
tween them (Fig. 3E).

In addition to surveying postsynaptic topology, we assessed
nerve terminal morphology in collagen XIII-deficient mutants.
This was examined by immunolabeling with antibodies directed
against Syt2, a synaptic vesicle-associated protein in motor nerve

terminals (Fox and Sanes, 2007). In controls, Syt2 immunoreac-
tivity of nerve terminals precisely matched and apposed postsyn-
aptic AChR clusters (Fig. 3F). In mutants, three different
presynaptic defects were observed at some synaptic sites; synaptic
vesicles failed to properly cluster in nerve terminals and remained

Figure 4. Collagen XIII is required for the adhesion of presynaptic and postsynaptic partners. A–C, Electron microscopy of NMJs
in the wild-type and Col13a1�/� mouse quadriceps muscle at P28 (A) and diaphragm muscle at P56 (B-C) (muscle, transparent
green; nerve terminal, transparent purple; Schwann cell, transparent blue; arrow, enwrapped nerve terminus; arrowhead, degen-
eration; red circle, active zone). Note the difference in scale bars between wild-type and Col13a1�/� samples in B and C.
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in axons (Fig. 3F, arrowheads), nerve ter-
minals failed to fully cover AChR clusters
(Fig. 3F, asterisks), and synaptic vesicle-
rich sprouts extended beyond the borders
of postsynaptic specializations (Fig. 3F,
arrows). As opposed to the widespread
defects in postsynaptic topography in col-
lagen XIII-deficient mutants, major pre-
synaptic defects were present only at some
synaptic sites, and mild defects in align-
ment were seen more broadly (Fig. 3G).

Collagen XIII-deficient NMJs exhibit
marked ultrastructural defects
Defects in collagen XIII-deficient NMJs
were further analyzed at the ultrastruc-
tural level by electron microscopy at P28
and P56. In control NMJs, nerve terminals
precisely apposed postsynaptic mem-
branes and secondary synaptic folds in
the muscle membrane (Fig. 4A–C); addi-
tionally, regions of nerve terminals not in
contact with muscle fibers were fully capped
by the processes of non-myelinating, termi-
nal Schwann cells (Fig. 4A–C). In contrast,
many examples of postsynaptic membranes
not apposed by nerve terminals were ob-
served in Col13a1�/� mice at both time
points studied. Unapposed postsynaptic
sites were in some cases found to be “naked”
(Fig. 4A–C, asterisks) and in others covered
by Schwann cell processes (Fig. 4 A–C,
see blue pseudo-colored Schwann cells).
Schwann cell processes were observed in-
vaginating into the synaptic cleft and/or
erroneously wrapping nerve terminals
(Fig. 4B, arrows). As a result, the contact
of presynaptic and postsynaptic counter-
parts was discontinuous, and the contact
surface between muscle and nerve terminal
was reduced (Fig. 4A–C). Furthermore,
presynaptic cells showed degenerative
changes (Fig. 4B, arrowheads). Moreover,
fewer presynaptic, clearly definable active
zones were found in Col13a1�/� termi-
nals compared with controls (Fig. 4A–C,
red circles).

Compromised function of the
neuromuscular synapse in the
absence of collagen XIII
To determine whether the morphological
abnormalities observed in collagen XIII-
deficient mutants resulted in defective
neural function, electrophysiological re-
cordings were performed in vitro. The
resting membrane potential in diaphragm
muscle was unaltered in Col13a1�/� mice
when compared with controls (75.55 �
0.55 for controls calculated as mean �
SEM, n 	 55 synapses; 77.74 � 0.95 mV,
n 	 39 for Col13a1�/� mice; p 
 0.05 with
Student’s t test). Although the amplitude

Figure 5. Electrophysiological measurements indicate compromised function of the neuromuscular synapse in the lack
of collagen XIII. A, B, Recording of MEPPs in diaphragm muscle in 3-month-old control and Col13a1�/� mice indicates
amplitudes of 0.33 � 0.02 mV in control (n 	 21 synapses) versus 0.28 � 0.02 mV in Col13a1�/� (n 	 20; p 	 0.04).
Wild-type samples are indicated by white columns and Col13a1�/� samples as black columns (B,C; E,F; H,I). C, The
frequency of MEPPs is 0.73 � 0.06 for wild-type (n 	 21) and 0.20 � 0.04 s �1 for Col13a1�/� (n 	 20; p � 0.001) mice.
D, E, Sucrose at 500 mM increases the frequency of ACh release to 13.97 � 0.82 in wild-type (n 	 31) compared with
3.99 � 0.37 s �1 in Col13a1�/� (n 	 32; p � 0.001) samples. F, Potassium at 15 mM increases the frequency of ACh
release to 8.10 � 0.94 in wild-type (n 	 26) and 3.79 � 0.61 in Col13a1�/� (n 	 37; p � 0.001) mice. G, H, The
postsynaptic EPP is 14.84 � 1.43 in wild-type (n 	 42) and 9.82 � 0.55 mV in Col13a1�/� (n 	 32; p 	 0.03) mice. I,
Paired-pulse stimulation with the interstimulus interval of 30 ms induces increase in amplitude to 7.10 � 1.26 in wild-type
mice (n 	 42), although it leads to depression of �10.47 � 1.88% in Col13a1�/� mice (n 	 32; showing p � 0.001 with
Mann–Whitney test). J, K, The sciatic nerve of 3-month-old wild-type (n 	 13) and Col13a1�/� (n 	 12) male mice is
repetitively stimulated at 3 Hz in electroneuromyography. Maximum decrement (percentage) of the amplitude is deter-
mined between the second and fifth compound muscle potential after stimulation (arrows in J). Means (wild-type, 1.6;
Col13a1�/�, �0.3) are indicated by striated lines (K).
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of MEPPs (Fig. 5A) in Col13a1�/� mice
were slightly, but significantly, reduced
(Fig. 5B), the frequency of MEPPs was
dramatically reduced in mutants com-
pared with controls (Fig. 5C), indicating a
low probability of spontaneous quantal
release of ACh in mice lacking collagen
XIII. The rise time and decay time of
MEPPs were unchanged, suggesting that
receptor kinetics was unchanged (data not
shown).

Evaluation of the readily releasable pool
(RRP) in hypertonic solution also indicated
impaired presynaptic function because the
sucrose-induced enhancement of ACh
quantal release (Fig. 5D) was considerably
compromised in Col13a1�/� mice when
compared with controls (Fig. 5E). In line
with this, high concentration of potassium
induced much less efficient increase in ACh
secretion in Col13a1�/� mice than in con-
trols (Fig. 5F), again implying insufficient
electrosecretion coupling. The stimulation
of motor nerve elicited postsynaptic EPPs
(Fig. 5G), which were slightly reduced in
Col13a1�/� mice (Fig. 5H). However,
paired-pulse stimulation induced facilita-
tion in control, whereas the same pattern of
stimulation indicated paired-pulse depres-
sion in Col13a1�/� mice (Fig. 5I), consistent with reduced readily
releasable transmitter pool. Altogether, electrophysiological record-
ings indicated dominating presynaptic dysfunction in mice lacking
collagen XIII.

For the evaluation of peripheral nerve function and neuro-
muscular transmission, NCV and repetitive stimulation studies
were performed. None of the parameters indicating motor or
sensory nerve function was altered in 3-month-old mice lacking
collagen XIII when compared with controls (supplemental Table
S1, available at www.jneurosci.org as supplemental material). We
saw a slight decrement in the calculated average of response to
repetitive stimulation in the Col13a1�/� study group when com-
pared with controls, although the postsynaptic function was con-
siderably compromised in only one mutant mouse (Fig. 5 J,K).
Additionally, Col13a1 N/N mice harboring only the shed form of
collagen XIII (Kvist et al., 2001) did not show any defects in the
EMG experiment, whereas approximately half of the
Col13a1 LacZ/LacZ mice exhibited clear decrement in the re-
sponse to repetitive stimulus (data not shown). Thus, the
�-galactosidase enzyme replacing the collagen XIII ectodomain
contributes to more severe symptoms when compared with
simple collagen XIII deficiency.

Collagen XIII acts on muscle to induce
postsynaptic maturation
Presynaptic and postsynaptic elements are dependent on trans-
synaptic signals in such a manner that defects on one side of the
synapse are likely to induce changes in the apposing synaptic
partners. Therefore, the morphological and functional defects
described above could arise from collagen XIII affecting directly
the presynaptic membrane, the postsynaptic membrane, or both.
To determine whether collagen XIII had direct effects on muscle,
we used a previously established in vitro assay for postsynaptic
differentiation (Kummer et al., 2004), and, indeed, the collagen

XIII ectodomain had direct effects on cultured C2C12 myotubes.
In control C2C12 myotube cultures, aneural AChR clusters form
in the presence of laminin (Kummer et al., 2004). With time,
these initially plaque and ring-like AChR clusters morphologi-
cally differentiate to resemble complex, pretzel-like AChR clus-
ters found in vivo and finally disperse. The addition of the
collagen XIII ectodomain (but not other collagenous molecules
such as collagen IV) (data not shown; but see Fox et al., 2007) had
no effect on the number of AChR clusters formed but greatly
accelerated their development from plaque-like to pretzel-like
structures and fastened their final dispersion into fragments. The
effect of collagen XIII was apparent at 3 d post-myoblast fusion
(DPF) (Fig. 6 A) but was more striking by 4 DPF (Fig. 6 B).
With increasing concentration, collagen XIII ectodomain-
treated AChR clusters eventually dispersed, a phenomenon ob-
served in control cultures if maintained for 7 DPF. Therefore,
collagen XIII could be actively signaling in AChR maturation or
could be merely enhancing their eventual dispersion. To distin-
guish between these possibilities, we examined the presence of
LL5�, an intracellular component of maturing AChR clusters
(Kishi et al., 2005), in collagen XIII-treated cultures. Accumula-
tion of LL5� was observed at and within the borders of collagen
XIII-induced AChR clusters, suggesting that soluble collagen
XIII ectodomain was affecting the maturation of receptor clusters
rather than their direct dispersion (Fig. 6C) (for an additional
description of the staining pattern, see Kishi et al., 2005; Proszyn-
ski et al., 2009).

To assess whether collagen XIII was required for postnatal
maturation of postsynaptic sites in vivo, AChR clusters were la-
beled in developing control and Col13a1�/� mice. At early peri-
natal ages (P0 –P10), the number, size, and shape of AChR
clusters were indistinguishable between control and mutant
NMJs. At 2 weeks of age (P14), subtle defects in mutant AChR
clusters were observed: whereas control AChR plaques had begun

Figure 6. Collagen XIII enhances postsynaptic maturation in vitro. A, B, C2C12 mouse myoblasts are differentiated in culture
and stained for AChR clusters with BTX at 3 DPF (A) or 4 DPF (B). Medium of selected cultures is supplemented with soluble collagen
XIII ectodomain (sCol XIII) at fusion. C, Differentiated C2C12 myotubes supplemented with soluble collagen XIII are stained for LL5�
(green) together with BTX (red) at 3 DPF.
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to develop branches, mutant AChR clusters remained primarily
unperforated and unbranched (Fig. 7). Despite these subtle de-
fects, mutant and control AChR clusters appeared similar in size
at P14. By P28, and at P56, Col13a1�/� AChR clusters remained
small, simple, and plaque like, whereas NMJs in control muscles
appeared dramatically larger and morphologically complex, hall-
mark features of fully mature NMJs. Mutant AChR clusters never
matured to the stage seen in control muscle. Therefore, the pre-
mature advancement of AChR clusters in the presence of collagen
XIII ectodomain in vitro is in line with the in vivo results demon-
strating that collagen XIII is required for AChR cluster matura-
tion. Together, these studies show that collagen XIII is necessary
to advance the morphological development of AChR clusters.
Together, these in vitro and in vivo data suggest that at least some
of the morphological and function defects in collagen XIII-
deficient NMJs arise from direct effects of collagen XIII ectodo-
main on muscle at the NMJ.

Discussion
The location of collagen XIII in various cell–matrix and cell– cell
junctions is suggestive of adhesive roles, and its occurrence as a
transmembrane and shed protein may modulate such functions.
Its physiological role has remained unidentified, however. We
deduce here, based on the location of a collagen XIII/�-
galactosidase fusion protein in Col13a1 LacZ mice, that collagen
XIII is expressed by subsynaptic nuclei at the skeletal NMJ and
that its transmembrane form is concentrated at the postsynaptic

membrane. Moreover, collagen XIII was present in both the
membrane-spanning and membrane-associated protein frac-
tions of cultured muscle cells. Together, the immunohistochem-
ical, biochemical, and knock-in results show that collagen XIII is
expressed by muscle and suggest that some of its ectodomain is
shed into the synaptic cleft.

Synapse formation is orchestrated by signals that pass between
presynaptic and postsynaptic elements and associated glial cells.
Several muscle-derived molecules have been implicated as trans-
synaptic regulators of presynaptic differentiation and maturation
at the skeletal NMJ and also as autocrine regulators of postsyn-
aptic differentiation and maintenance (Noakes et al., 1995;
Patton et al., 2001; Fox et al., 2007; Fox, 2008; Nishimune et al.,
2008). We present evidence here that collagen XIII affects synap-
tic maturation. Although collagen XIII appeared dispensable for
the formation of the postsynaptic apparatus, immature AChR-
rich plaques failed to develop into full-sized, complex postsynap-
tic specializations in the absence of collagen XIII. Moreover,
soluble collagen XIII ectodomain was capable of inducing AChR
clustering in vitro, suggesting an autocrine role for shed collagen
XIII in enhancing AChR clustering. The fact that proteolytically
shed collagen XIII remained associated with the membranes of
cultured muscle cells supports an autocrine role for collagen XIII
at the NMJ. Laminin-521 has also been shown recently to pro-
mote postsynaptic maturation in an autocrine manner, by means
of an interaction with dystroglycan (Nishimune et al., 2008).
Similarities between the postsynaptic defects seen in the absence
of collagen XIII and those in laminin and dystroglycan mutants
suggest that collagen XIII and the laminins act in conjunction or
play related roles at the NMJ.

In addition to delayed postsynaptic maturation, striking de-
fects in presynaptic structure and function were observed in the
absence of collagen XIII. It is possible that presynaptic defects are
consequences of delayed or faulty postsynaptic maturation. Al-
ternatively, collagen XIII may exert other influences on presyn-
aptic development. One possibility is that nerve terminal defects
may reflect critical interactions between collagen XIII and other
components of the synaptic BM. It has been shown that the
ectodomain of collagen XIII can bind collagen IV with moderate
affinity in vitro (Tu et al., 2002). Moreover, it is interesting to note
that fibroblasts derived from the Col13a1 N/N mouse line lacking
the transmembrane form of collagen XIII, but retaining synthesis
of the shed form, exhibit decreased adhesion to a collagen IV
substratum (Kvist et al., 2001). Shed ectodomain of collagen XIII
has been proven capable of remodeling the composition of ECM
(Väisänen et al., 2006), and, in addition to collagen IV, again,
synaptic laminins could be potential direct interaction partners
or downstream effectors because they have been shown to induce
clustering of ACh vesicles (Cho et al., 1998), this by directly bind-
ing with presynaptic calcium channels (Nishimune et al., 2004).
Also, reduced number of active zones at the preterminal mem-
brane in collagen XIII-deficient mice could result from defective
function of synaptic laminins (Patton et al., 2001).

Another alternative explanation for nerve terminal defects in
the absence of collagen XIII is that transmembrane collagen XIII
may directly link presynaptic and postsynaptic membranes at the
NMJ. Although many transmembrane adhesion molecules are
not large enough to span the relatively wide synaptic cleft at the
NMJ, the extracellular domain of collagen XIII is a rod-like struc-
ture capable of spanning 150 nm (Tu et al., 2002) and is therefore
easily capable of acting as a transsynaptic adhesion molecule at
the NMJ. Candidate receptors for collagen XIII on the presynap-
tic membrane include integrins, such as �1�1 integrin. The inte-

Figure 7. Collagen XIII has a role in postsynaptic maturation. NMJs from wild-type and
Col13a1�/� diaphragms are labeled with BTX at P0, P14, P28, and P56.
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grin �1 subunit is a receptor for collagen XIII in cultured cells
(Nykvist et al., 2000) and has been shown to be present on mouse
motor nerve terminals (Martin et al., 1996). A role for collagen
XIII as a transsynaptic adhesion molecule may explain both the
decreased apposition between nerve terminal and postsynaptic
membrane and the invasion of Schwann cell processes into the
synaptic cleft in the absence of collagen XIII. Similarly to what
was observed previously for laminin �2 mutants, Schwann cells
invade into the synaptic cleft in the collagen XIII mutants, but the
Schwann cell contact with the synaptic BM is less tight in the
latter mutants. This suggests that collagen XIII does not harbor a
direct inhibitory role in Schwann cell binding with the BM, as has
been suggested for laminin �2 (Patton et al., 1998). It is possible
that synaptic laminins and collagen XIII interact directly or indi-
rectly. However, the phenotypes do not occur at the same time in
the laminin �2 and collagen XIII knock-outs, although both pro-
teins are present at the same times. Moreover, the presynaptic
phenotype is far more striking in the laminin �2 knock-out
model (Noakes et al., 1995; Fox et al., 2007). Thus, it is possible
that the two proteins may convey similar kinds of functions
independently.

The structural changes coincided with functional defects in
the collagen XIII mutants. Although the topology of the postsyn-
aptic portion of the NMJ in collagen XIII mutants was consider-
ably defective, the ultrastructural appearance was nearly normal.
In line with this, the function of the postsynaptic membrane was
shown to be compromised slightly or moderately when both as-
sessing the in vivo response to repetitive stimulations and using in
vitro electrophysiological approaches. However, dramatic reduc-
tion in the probability of spontaneous neurotransmitter release
was observed along with significant reduction in the size of the
RRP of transmitters at the motor nerve terminals. The slightly
reduced amplitude of spontaneous events cannot be explained by
the low level of the resting membrane potentials, because these
were similar in wild-type and collagen XIII-deficient mice. In-
stead, it is conceivable that this reduction could originate from
the reduced contact surface area between presynaptic and
postsynaptic membranes detected in ultrastructural studies. In
line with the reduced level of ACh release in sucrose and in high
potassium, evoked multiquantal synaptic potentials were re-
duced both during single shock and under paired-pulse stimula-
tion. Altogether, these data predict that the NMJs of such mice
should demonstrate either reduced efficacy or diminished safety
factor (Wood and Slater, 2001), finally leading to the muscle
weakness especially during prolonged activation. Such a dramatic
downregulation of spontaneous release along modest changes in
single EPPs most probably indicated not only morphological im-
maturity but also presynaptic intracellular malfunctioning. Thus,
not only the presynaptic RRP but also the efficiency of evoked
release and the paired-pulse facilitation were primarily reduced
in collagen XIII mutants, suggesting more global impairment of
releasing machinery and/or quantal mobilization. A possible ex-
planation for the presynaptic malfunctioning in mice lacking the
postsynaptic collagen XIII could be that the postsynaptic collagen
stabilizes presynaptic action via the transsynaptic extracellular
matrix, in analogy with synaptic laminins (Knight et al., 2003).
Added to this, shed collagen XIII may also harbor short-term
retrograde stimulatory actions on nerve terminus. Functional
studies nicely confirm observations at morphological and ultra-
structural levels. Moreover, a normal response to repetitive stim-
ulation in the Col13a1 N/N mice harboring only a shed form of
collagen XIII, but lacking the transmembrane form, supports the
suggested autocrine role for the shed protein.

All in all, collagen XIII affects neuromuscular maturation in at
least three ways. First, it is required for maturation of the postsyn-
aptic membrane. This effect may be at least partly autocrine in
that recombinant collagen XIII promotes postsynaptic matura-
tion in cultured myotubes. Second, it has subtle effects on ACh
vesicle accumulation in presynaptic maturation. These effects
may reflect indirect modulatory interaction with, for example,
synaptic BM components, such as collagen IV or synaptic lami-
nins known to exert direct effects on nerve terminals. Third, col-
lagen XIII participates in transsynaptic adhesion, possibly by
binding directly to the nerve terminals and/or terminal Schwann
cells and/or functioning in retrograde signaling. Defects in such
functions in collagen XIII mutants lead to marked changes at the
structural integrity of the NMJ. Reduced contact surface together
with lower number of ACh release sites lead to reduced readily
releasable transmitter pool. When this collagen is lacking, the
structure of the NMJ is severely affected and neurotransmission is
compromised. Together, our results demonstrate that collagen
XIII is a multifunctional NMJ component and raise the possibil-
ity that loss of collagen XIII or the presence of antibodies to it
could contribute to myasthenic disorders.
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Hägg P, Rehn M, Huhtala P, Väisänen T, Tamminen M, Pihlajaniemi T
(1998) Type XIII collagen is identified as a plasma membrane protein.
J Biol Chem 273:15590 –15597.
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