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ABSTRACT Extracellular matrix (ECM) proteins and their proteolytic enzymes,
matrix metalloproteinases (MMPs), implicate in neuromuscular junctions (NMJs)
function during development. However, their pathophysiological mechanisms in the di-
aphragm remain obscure, because a well-characterized ex vivo experimental system
has still been lacking. In the study, we aim to develop a novel ex vivo method of sono-
micrometry and evaluate validity of the method with a mouse diaphragm twitch after
phrenic nerve injury. In an ex vivo experiment using phrenic nerve-injured mice, dia-
phragm twitch during electrical pulse stimulation of phrenic nerve was transiently
suppressed on day 1. Recombinant MMPs administered in recording solution exerted
dose-responsive suppression on the diaphragm twitch in normal mice tissue. Further-
more, gelatinolytic and immunoblot experiments were performed to evaluate MMPs’
involvement and NMJs’ insults. After nerve injury, (1) in vivo levels of MMPs were
transiently upregulated at day 1 and (2) expressions of ECM proteins, agrin (nicotinic
acetylcholine receptor stabilizer) and laminin, were transiently reduced at day 1 in
the diaphragm. These alterations were cancelled by preinjection of the MMP inhibitor.
In conclusion, MMPs hamper NMJ synaptic function in association with the impair-
ment of ECM milieu. Our novel experimental method using ex vivo sonomicrometry is
necessary for examining the molecular pathophysiolgy for the dysfunction of NMJs in
the diaphragm. Synapse 66:677–685, 2012. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Phrenic nerves drive respiration via diaphragmatic
movement (Frazier and Revelette, 1991; Pacia and
Aldrich, 1998). The nicotinic acetylcholine receptor
(nAChR) serves as a modulator of synaptic transmis-
sion in the neuromuscular junctions (NMJs) of the di-
aphragm and evokes skeletal muscle twitch followed
by relaxation. After phrenic nerve fibers are injured,
for example, by trauma, respiration is unstable
because of functional deficiency or paralysis of the di-
aphragm (Elefteriades et al., 2008). However, defini-
tive characterization and treatment for this functional
deficiency of the diaphragm have not been fully estab-
lished (Bowerson et al., 2010; Lin et al., 2005).

Extracellular matrix (ECM) supports functional
maintenance of NMJs. The ECM component includes
laminin and agrin in the NMJ. Laminin and agrin

are important for NMJ function associated with the
signaling pathway inducing nAChR clustering (Reist
et al., 1992; Weston et al., 2007) and synapse forma-
tion (Bezakova and Ruegg, 2003; Martin et al., 2005).
Nerve injury results in ECM degradation of the syn-
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aptic site of NMJ (Irintchev et al., 1993). Therefore,
protection of ECM from degradation after nerve
injury may promote a rapid NMJ functional mainte-
nance.

Conversely, matrix metalloproteinases (MMPs) are
a proteolytic enzyme of ECM. MMPs are initially syn-
thesized as inactive zymogen (i.e., MMPs precursors:
pro-MMPs) (Harper et al., 1971). The pro-MMPs con-
tain propeptide domain at carboxy terminals for keep-
ing their enzymes inactive. Following the removal of
propeptide domain, pro-MMPs are allowed to be
secreted to extracellular milieu as active MMPs.
Active form of MMPs (active MMPs) can degrade the
ECM proteins. In addition, it is likely that MMPs
secretion from presynaptic terminals of injured neu-
rons induces proteolysis of ECM components for syn-
aptic function (Ethell and Ethell, 2007). Because of
these suggestions, in the study, we address a working
hypothesis that the diaphragm functional deficiency
by phrenic nerve injury is induced in the following
processes: (1) phrenic nerve injury alters MMPs activ-
ities in the NMJ on diaphragm muscle, (2) secreted
MMPs degrade typical ECM proteins such as laminin
and agrin for synaptic transmission on diaphragmatic

NMJ, (3) ECM degradation leads to NMJ functional
impairment, (4) the NMJ functional impairment
includes the reduction of acetylcholine (ACh) release
from presynaptic terminals, and (5) the reduced ACh
release results in dysfunction of diaphragm muscle
including aberrant augment of a spontaneous twitch,
which is likely to be muscle fasciculation (Connelly
et al., 1992; Denys and Norris, 1979). It is necessary
for the valid ex vivo simplified assay in NMJ to evalu-
ate this hypothesis.

Sonomicrometry has been well utilized to examine
cardiac contraction (Sebag et al., 2005). Although in
vivo models of diaphragmatic contraction using dogs
(Newman et al., 1984; Wakai et al., 1994) and rabbits
(Derrey et al., 2006; Zhan et al., 1995) monitored by
sonomicrometry have been studied, the availability of
an ex vivo experimental model would allow for quan-
titative evaluation of pharmacological effects without
an influence from other organs.

In this study, we established a novel experimental
method of ex vivo tracking of contraction of whole di-
aphragm tissues from mice and applied this method
to a mouse model of phrenic nerve injury. We also
performed immunoblotting analyses to examine tem-
poral dynamics of ECM-related molecules in the NMJ
from phrenic nerve injury. Our findings suggest the
importance of the regulation of MMPs for mainte-
nance of NMJs function in the diaphragm.

MATERIALS AND METHODS
Experimental procedure

Lines of experimental procedures are summarized
in Figure 1. Each subject is described in the following
sections. A number of mice used in the following
experiments are summarized in Table I.

Fig. 1. Lines of experimental procedures.

TABLE I. Number of mice used in this study

Experiment Figure MMP inhibitor Sham-operated

Phrenic nerve injury

Day 1 Day 7 Day 14 Day 21

Ex-vivo diaphragm twitch Fig 3 2GM6001 4 5 6 5 4
1GM6001 5 5 6 5 4

Fig 4 Recombinant MMP 0 lg/ml 0.5 lg/ml 1.0 lg/ml 1.0 lg/ml1GM6001
rMMP-2 4 5 4 6
rMMP-9 4 7 6 5

MMP inhibitor Sham-operated

Phrenic nerve injury

Day 1 Day 7 Day 14 Day 21

Gelatinolytic assay Fig 5 2GM6001 4 7 5 4 4
1GM6001 4 6 5 3 4

MMP inhibitor Sham-operated

Phrenic nerve injury

Day 1 Day 7 Day 14 Day 21

Immunoblot Fig 6 2GM6001 4 7 5 3 4
1GM6001 4 6 5 3 4
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Preparation of diaphragm

All animal experiments were performed under the
guidelines of the Animal Care and Use Committee of
Osaka University Medical School and the animal care
guidelines of Kyoto University. Mice were purchased
from Nihon SLC (Hamamatsu, Japan) and were eutha-
nized under deep anesthesia. The phrenic nerve and
diaphragm with five round-shaped rib bones remain-
ing tightly attached (Figs. 2A and 2B) were isolated
with the spine and xiphoid process and maintained in
an ice-cold tyrode solution including NaCl (137), KCl

(2.7), NaHCO3 (11.9), NaH2PO4 (0.42), MgCl2 (0.49),
CaCl2 (1.8), glucose (11.1), all in mM, and ascorbic acid
(1 mg/ml), adjusted to pH 7.2–7.4. For stable recording,
the whole diaphragm including the phrenic nerve was
maintained for 30 min before use in 258C tyrode solu-
tion into which a gas mixture of 95% O2 and 5% CO2

was bubbled. Diaphragm viability was evaluated by
eliciting successful contraction by direct electrical
stimulation of the diaphragm muscle under imposed
excess current (>50 mA) before and after the recording
(Supporting Information file 1).

Fig. 2. Sonomicrometric measurement of diaphragm muscle
twitch following phrenic nerve stimulation. A: Region of harvesting
of ex vivo diaphragm from mice (green rectangle). B: Higher magni-
fication of region harvested in A. C: Schema of experimental proce-
dure for generating diaphragm twitch. Top view: mouse diaphragm
with ribs was fixed with glue to a plastic culture dish at the caudal
side of xiphoid process and spine. Side view: diaphragm twitch
length was measured by crystals attached to ribs with pins. Sponges
wrapped the wires connected to crystals and were utilized to attach

the side of ribs with pins. The ribs are not fixed to the dish and are
free to move. Stim: electrical pulse stimulation (1–10 mA, 150-ms
duration) of the phrenic nerve fiber. Ag/AgCl: reference electrode.
Perfusion: perfusion of tyrode solution. D: Rationale of sonomicrom-
etry. Crystals: position detectors for transmitting and receiving ul-
trasonic waves. E: Representative traces of diaphragm twitch. Bun-
garotoxin (BuTx) 1.0 lM abolished the twitch. Scale bars: 150 ms,
0.1 mm.
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Sonomicrometry

Piezoelectric crystals were attached to the sides of
both the right and left ribs with pins (Fig. 2C, side
view). The bottoms of the thoracic vertebra and xiph-
oid process, to which the ribs were connected, were
glued to a 35-mm culture dish, and both the right
and left ribs, to which the crystals were attached,
were allowed to move freely. Perfusion of tyrode solu-
tion (2–3 ml/min) at 37.08C 6 18C was performed to
maintain electrical excitability of the phrenic nerve
and diaphragm muscle. We used a sonomicrometric
device (sonoLab; Sonometrics Corp., London, Ontario,
Canada) to measure the real-time degree of the
diaphragmatic contraction with the pair of small
piezoelectric transducers as described previously
(Newman et al., 1984; Wakai et al., 1994). In brief,
the change in distance between sample points can be
measured with a transmitter and receiver (the two
piezoelectric crystals) by transmission of ultrasonic
waves (Figs. 2D and 2E). The spine and xiphoid pro-
cess were fixed, and diaphragmatic movement was
detected via sideways movement of the ribs attached
to the crystals as applied in a modification of a previ-
ously reported method (Newman et al., 1984).

To electrically stimulate the phrenic nerve, a
monopolar stimulation electrode (0.6-mm diameter,
stainless steel) was placed on phrenic nerve fibers at
20 mm above the NMJ. To elicit a spontaneous dia-
phragm twitch, only one depolarizing pulse was
applied for brief depolarization of the diaphragm mus-
cle followed by no electrical stimulation. Spontaneous
twitch incidence was determined by downward deflec-
tion of the sonomicrometry trace (indicating diaphrag-
matic contraction).

Exogenous administration of MMPs was provided
to determine the dose-responsive effects of MMPs in
prepared diaphragm tissue from normal mice. To ana-
lyze the effects of MMPs on the diaphragm twitch,
recombinant MMPs were administered to the tyrode
solution. For recombinant MMPs (rMMPs, 0–1.0 lg/
ml), rMMP-2 (human recombinant active MMP-2,
Cat# PF023, Calbiochem, Darmstadt, Germany) and
rMMP-9 (human recombinant active MMP-9, Cat#
PF140, Calbiochem) were used. The data were ana-
lyzed with sonoVIEW software (Sonometrics Corp.).

Phrenic nerve injury and MMP
inhibitor injection

At 10 weeks old, all mice were deeply anesthetized
by intraperitoneal injection of pentobarbital (45.0 mg/
kg) and were placed in a homeothermic blanket to
keep the rectal temperature at 37.08C 6 18C through-
out the operation. After the bilateral phrenic nerves
were exposed and visualized under a light microscope,
nerve injury was performed on phrenic nerves for 30
s with forceps frozen in liquid nitrogen until use. The

mice can keep breathing because of intact intercostal
nerves during the operation. To evaluate the effects of
MMPs on aberrant diaphragm twitch, the following
experiment was performed: GM6001 (Calbiochem,
Darmstadt, Germany), a broad-spectrum MMP inhibi-
tor (1.0 mg/ml, diluted in phosphate-buffered saline),
was injected intraperitoneally to infuse the drug
through whole diaphragm 1 h before phrenic nerve
injury. In the sham-operated mice, a similar proce-
dure was followed but without performing nerve
injury. We prepared two kinds of shams correspond-
ing to the nerve-injured untreated group and the
GM6001-treated group, independently. Bungarotoxin,
nAChR antagonist, applied in recording solution was
used to confirm that the twitch was activated by
nAChR-dependent synaptic transmission. After phre-
nic nerve injury, the ex vivo tissue models were pre-
pared at days 1, 7, 14, and 21 and followed by sono-
micrometric recordings.

Gelatin zymography

Diaphragm muscles collected from mice 1, 7, 14,
and 21 days after the phrenic nerve injury with or
without the injection of GM6001 were homogenized in
a lysis buffer containing 50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1% Triton X-100, 10% glycerol, 0.5%
SDS, 1.5 mM MgCl2, 1 mM EDTA, and a protease in-
hibitor cocktail (03969-21, Nacalai Tesque, Kyoto, Ja-
pan) and analyzed by gelatin zymography as
described previously (Wang et al., 2010) using SDS-
PAGE (10% polyacrylamide containing 1.0 mg/ml gel-
atin). The amount of the sample loaded was normal-
ized against the amount of tissue as estimated by
bicinchoninic acid (BCA) protein assay (Thermo
Fisher Scientific, Waltham, MA) of tissue lysate. Each
band was identified by a position marker: pro-MMP-2
(i.e., gelatinase precursor, 72 kDa), active MMP-2 (62
kDa), pro-MMP-9 (92 kDa), and active MMP-9 (84
kDa). Gelatinolytic band intensities were analyzed by
Image-J software.

Immunoblotting

After homogenizing, a diaphragm tissue was col-
lected from mice 1, 7, 14, and 21 days after the phre-
nic nerve injury with or without injection of GM6001,
and the amount of protein in each sample was deter-
mined by standard BCA assay. The proteins were sep-
arated by SDS-PAGE and analyzed by immunoblot
assay as described previously (Wang et al., 2010). The
primary antibodies used were anti-nAChR (mouse
monoclonal; BD Bioscience, Franklin Lakes, NJ),
anti-agrin (mouse monoclonal; Assay Designs, Plym-
outh Meeting, PA), and anti-laminin (rabbit polyclo-
nal; Sigma-Aldrich, St. Louis, MO). Immunoreactive
band intensities were analyzed by Image-J software.
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Statistical analysis

Values are shown as means 6 SEM. Statistical sig-
nificance of all differences was assessed by Student
t-test. For all statistical analyses in this study, a
value of P < 0.05 indicates statistical significance.

RESULTS
Ex vivo measurement of diaphragm twitch by

sonomicrometry

We established an experimental method with sono-
micrometry to determine diaphragm twitch pattern
(Supporting Information file 2). In our method, when
the diaphragm contracts, both ribs are forced to move
according to diaphragm contraction length, because
the mice ribs are fixed only at the xiphoid process
and the spine. As a consequence, the movement of
the diaphragm can be tracked by two crystals, one a
transmitter and the other a receiver, which are
tightly attached to the side of ribs (Figs. 2C and 2D).
The SonoVIEW software detects the distance between
crystals over a continuous time course. When the dis-
tance between crystals becomes shorter during dia-
phragmatic contraction (Fig. 2D), the twitch trace
(Fig. 2E, baseline) deflects downward, followed by dia-
phragm relaxation for which the trace deflects
upward to the baseline. Thus, this method allows
measurement of real-time diaphragm twitch during
electrical pulse stimulation of phrenic nerve fibers
conducting to NMJs in the diaphragm. Diaphragm
twitch recorded in response to stimulation (Fig. 2E,
black trace) was abolished by 1.0 lM bungarotoxin,
nAChR antagonist (Fig. 2E, red trace). This result
suggests that diaphragm twitch is evoked by NMJ ex-
citation and strengthens the validity of this experi-
mental assay.

MMP-2 and -9 cause transient functional
deficiency of the diaphragm after phrenic

nerve injury

When the NMJ was stimulated in steps by pulses of
increasing amperage (1–10 mA, 1-mA steps), dia-
phragm twitch length became gradually longer (Fig.
3A; sham-operated, black rectangles), indicating that
the diaphragm uses cable properties via the NMJs.
Next, we performed a phrenic nerve injury, and 1 day
after the injury, the twitch amplitude was decreased at
every electrical pulse stimulation intensity delivered to
the phrenic nerve (Fig. 3A, green squares). The twitch
amplitudes gradually recovered to half that of the
sham-operated amplitude by 7 (0.22 6 0.02 mm, 10-
mA stimulation: yellow triangle) and 14 days (0.24 6
0.03 mm, 10-mA stimulation: purple open circle), and
the amplitude at 21 days after nerve injury was simi-
lar to that of the sham-operated mice (Fig. 3A, blue
asterisks). These findings suggest that phrenic nerve

injury abrogates diaphragm twitch transiently. Next,
to determine whether MMPs are involved in the dia-
phragm twitch functional deficiency, GM6001 (MMP
inhibitor) was injected in vicinity to the diaphragm 1 h
before phrenic nerve injury. GM6001 cancelled the
transient reduction of diaphragm twitch after the
phrenic nerve injury (Fig. 3B).

Transient lacking of synaptic transmission by nerve
injury causes diaphragm fasciculation (Denys and
Norris, 1979). We found that the spontaneous twitch
was induced after delivery of a single electrical pulse
in the recording solution and lasted for several
minutes followed by cessation of electrical stimula-
tion. The average rate of incidence of spontaneous di-
aphragm twitch was calculated between each mouse
group. The incidence transiently increased in the
mice after nerve injury compared with the sham-oper-
ated mice, followed by return to the sham-operated
level (Fig. 3C, untreated group [no GM6001]). How-

Fig. 3. Phrenic nerve injury induces diaphragm twitch defi-
ciency via matrix metalloproteinases (MMPs). A: Reduced dia-
phragm twitch after phrenic nerve injury. B: Cancellation of dia-
phragm twitch deficiency by GM6001 (1.0 mg/ml). C: Average rate
of incidence of spontaneous diaphragm twitch in mice. Scheme: Left
trace, brief depolarization of diaphragm by a single pulse (5 mA,
150-ms duration); right trace, spontaneous twitch was initiated and
continued for several minutes without continual electrical stimula-
tion of the phrenic nerve. Untreated: without GM6001 treatment.
Bars represents mean 6 SEM; untreated: sham, n 5 4, phrenic
nerve injury, day 1: n 5 5, day 7: n 5 6, day 14: n 5 5, and day 21:
n 5 4; GM6001: sham, n 5 5, phrenic nerve injury, day 1: n 5 5,
day 7: n 5 6, day 14: n 5 5, and day 21: n 5 4. *Significantly differ-
ent from Sham, day 1 (P 5 0.026), day 7 (P 5 0.047), and day 14 (P
5 0.049).
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ever, an increase in the incidence rate after nerve
injury was prevented by pretreatment with GM6001
(Fig. 3C, 1GM6001 group). Altogether, these results
suggest that inhibition of MMPs is effective in the
prevention of diaphragm functional deficiency after
phrenic nerve injury.

Dose-responsive inhibitory effects of rMMP-2
and rMMP-9 on diaphragm twitch

We performed ex vivo experiments prepared from
normal mice to test whether administration of MMPs
had a detrimental effect directly on NMJ-driven
muscle twitch. The diaphragm twitch was recorded
30 min after the addition of rMMP-2 (final: 0, 0.5,

and 1.0 lg/ml) or rMMP-9 (final: 0, 0.5, and 1.0 lg/
ml) to the recording solution (Fig. 4). Diaphragm
twitches were suppressed in a higher dose of rMMP-2
(Fig. 4A, left panel, red trace) and rMMP-9 (Fig. 4B,
left panel, red trace). Time course analyses indicated
that diaphragm twitches in the presence of rMMP-2
and -9 reduced more significantly than sham-operated
control at 5 min after the onset of recording and fol-
lowed by the gradual enhancement of the reduction
over time until the end of recording (Figs. 4A and 4B,
right panels). In addition, the diaphragm twitch
reduction by rMMP-2 and/or -9 was cancelled by
GM6001 (Figs. 4A and 4B). Taken together, these
findings suggest that both rMMP-2 and -9 affect dia-
phragm twitch directly in a dose-responsive manner.

Fig. 4. Dose-responsive effects of ex vivo recombinant matrix
metalloproteinases (rMMPs) on the suppression of diaphragm mus-
cle twitch. Left panels: Both rMMP-2 (A) and rMMP-9 (B) increased
thresholds of cable properties in diaphragm twitch during stepwise
increase in electrical pulse stimulation of the phrenic nerve (1–10
mA intensity, 150-ms duration). rMMPs were administered at 5 min
before recording. Right panels: Decrease in amplitude of diaphragm
twitch during phrenic nerve stimulation (10-mA intensity, 150-ms
duration, and 30-s intervals for 20 min) by rMMP-2 (A) and rMMP-

9 (B). Twitch amplitude (%) was calculated with dividing by first
evoked twitch amplitude. Bars represents mean 6 SEM; untreated
group, n 5 4; rMMP-2 (0.5 lg/ml)-treated group, n 5 5; rMMP-2
(1.0 lg/ml)-treated group, n 5 4; rMMP-9 (0.5 lg/ml)-treated group,
n 5 7; rMMP-9 (1.0 lg/ml)-treated group, n 5 6; rMMP-2 (1.0 lg/
ml) 1 GM6001-treated group, n 5 5; rMMP-9 (1.0 lg/ml) 1
GM6001-treated group. *Significantly different from untreated: left
panels: A, rMMP-2 (P 5 0.043); B, rMMP-9 (P 5 0.016) and right
panels: A, rMMP-2 (P 5 0.037); B, rMMP-9 (P 5 0.016).
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Transiently increased gelatinolytic activity of
in vivo MMP-2 and -9 in the diaphragm after

phrenic nerve injury

To determine the temporal dynamics of in vivo
MMP-2 and MMP-9 underlying NMJ function, we
examined endogenous levels of MMPs gelatinolytic ac-
tivity. One day after phrenic nerve injury, gelatino-

lytic bands were clearly found at 92 kDa (pro-MMP-
9), 84 kDa (active MMP-9), 72 kDa (pro-MMP-2), and
62 kDa (active MMP-2) (Fig. 5A, left panel). We per-
formed densitometric analyses in each mouse line.
The pro-MMP-9 (Fig. 5B) and pro-MMP-2 (Fig. 5D)
lines showed drastic enhancement of gelatinolytic
activities 1 day after phrenic nerve injury. In addi-
tion, the active forms of MMP-9 (Fig. 5C) and MMP-2
(Fig. 5E) showed transient augmentation as well.
Their transient increases at day 1 returned to sham-
operated levels by day 7 and later after nerve injury.
These alterations were cancelled in the mice under-
going preinjection of GM6001 (Figs. 5A–5D; right
panel). Our findings suggest that the functional
impairment of NMJs in diaphragms following phrenic
nerve injury is closely linked to the transient upregu-
lation of MMPs.

Fig. 5. Transient upregulation of in vivo matrix metalloprotei-
nases (MMPs) gelatinolytic activity in diaphragm muscle after phre-
nic nerve injury. A: Gelatin zymography of the proteins of dia-
phragm muscle in mice subjected to phrenic nerve injury, GM6001-
treated mice and sham-operated mice with or without the adminis-
tration of GM6001. Positions of the pro-MMP-2 (72 kDa), active
MMP-2 (62 kDa), pro-MMP-9 (92 kDa), and active MMP-9 (84 kDa)
bands are indicated. The amount of sample loaded was normalized
against the amount of tissue, as estimated by BCA assay of tissue
lysate. Each sample was exposed to the same level of UV light. B–
E: Densitometric relative quantification of gelatinase bands. Nor-
malization of band intensities between each sample was performed
by dividing against sham-operated mice. Pro- and active MMP-9
and pro- and active MMP-2 were upregulated 1 day after phrenic
nerve injury and returned to the basal levels by day 7 against in
sham-operated mice. In GM6001-treated mice, temporal alteration
of gelatinolytic immunoreactivity was apparently not significant.
Bars represents mean 6 SEM; sham, n 5 4 each for with or without
the administration of GM6001; phrenic nerve injury alone, n 5 7 for
day 1, n 5 5 for day 7, n 5 4 for day 14, and n 5 4 for day 21;
GM6001-treated mice, n 5 6 for day 1, n 5 5 for day 7, n 5 3 for
day 14, and n 5 4 for day 21. Statistical difference of each sample
was determined against sham-operated mice. *Significantly differ-
ent from Sham, pro-MMP-9: day 1 (P 5 0.004), active MMP-9: day 1
(P 5 0.014), pro-MMP-2: day 1 (P 5 0.016), and active MMP-2: day
1 (P 5 0.047).

Fig. 6. Transient degradation of expression of proteins to sup-
port neuromuscular junction function in the diaphragm after phre-
nic nerve injury. A–C: Temporal pattern of protein expression in the
diaphragm in phrenic nerve-injured mice with or without GM6001
treatment and the corresponding sham-operated mice. Lysates (200
lg) from diaphragmatic tissues were subjected to immunoblot assay.
a-Tubulin was used as a loading control. For semiquantitative anal-
yses, average band intensity for each immunoreactive band was
stored and calculated by Image-J, and the value was then divided
by the a-tubulin band intensity. Bars represents mean 6 SEM;
sham, n 5 4 each for with or without the administration of
GM6001; phrenic nerve injury alone, n 5 7 for day 1, n 5 5 for day
7, n 5 4 for day 14, and n 5 4 for day 21; GM6001-treated mice, n
5 6 for day 1, n 5 5 for day 7, n 5 3 for day 14, and n 5 4 for day
21. Statistical difference of each sample was determined against
sham-operated mice. *Significantly different from Sham for B,
agrin: day 1 (P 5 0.001) and C, laminin: day 1 (P 5 0.001).
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Dynamics of MMPs influence ECM environment
in the diaphragm after phrenic nerve injury

To examine the effects of MMPs on constituent pro-
teins of the ECM environment that are involved in
NMJ function, we performed immunoblot assay for
the diaphragm following phrenic nerve injury using
specific antibodies related to neurotransmission.
First, nAChR expression was slightly reduced 1 day
after nerve injury (Fig. 6A). Second, we examined
agrin, a marker for nAChR clustering signals associ-
ated with ECM protein components (Bentzinger
et al., 2005; Reist et al., 1992; Weston et al., 2007).
Agrin expression was significantly reduced 1 day af-
ter nerve injury (Fig. 6B). Third, laminin, a compo-
nent of basal laminae in the NMJ, supports nAChR
clustering by agrin (Wu et al., 2010). Laminin expres-
sion was significantly reduced at day 1 after nerve
injury (Fig. 6C). Finally, altered expression of all of
these proteins was cancelled by preinjection of
GM6001 (Figs. 6A–6C, GM6001 groups). These find-
ings suggest that upregulation of transient MMPs af-
ter nerve injury triggers the onset of disruption of
ECM-related proteins that support synaptic transmis-
sion in the NMJ.

DISCUSSION

The purposes of this study were to develop a novel
method to track ex vivo diaphragm twitch and to
determine the role of MMPs in the protein degrada-
tion for maintenance of NMJs function using a mouse
model of phrenic nerve injury. Although several
reports suggest the usefulness of sonomicrometry,
almost all studies are limited to the in vivo model of
cardiac movement (Sebag et al., 2005), and only a
few reports address its use with the diaphragm (Fiz
et al., 2004; Newman et al., 1984; Platt et al., 1998).
In this study, dissected diaphragm tissue was used
under controllable experimental conditions (i.e., tem-
perature and reagent administration in the recording
solution). We showed successful detection of dia-
phragm twitch during electrical pulse stimulation of
the phrenic nerve (Fig. 2). Our findings suggest that
sonomicrometry is useful for evoked movement under
controllable experimental conditions in dissected tis-
sues consisting of phrenic nerve and NMJs in dia-
phragm muscle.

Our ex vivo experiments revealed that rMMPs in
recording solution directly inhibit muscle twitch by
electrical stimulation in a dose-responsive manner
(Fig. 4). In addition, this result may reflect the in
vivo results of transient reduction of diaphragm
twitch (Fig. 3) in conjunction with upregulation of
MMP-2 and -9 (Fig. 5) in diaphragm tissue after
phrenic nerve injury. Finally, we confirmed that these
effects are cancelled by MMP inhibitors, GM6001.
GM6001 is widely utilized to inhibit MMPs. The spec-

ificity of GM6001 is not so rigid; however, its sensitiv-
ity is higher in MMP-2 and -9 than other MMPs
(Saghatelian et al., 2004). In addition, although
another metalloproteinase, which is suppressed by
GM6001, might recently be suggested (Saghatelian
et al., 2004), no evidence has been addressed for the
involvement of another factor for diaphragm twitch
dysfunction after phrenic nerve injury. In any case,
our findings, at least, suggest that MMP-2 and -9 are
critical for a harmful effect on normal physiological
activity of diaphragm twitch in NMJ.

What is the functional role of MMPs after nerve
injury? Several reports indicate that MMPs cause
structural alterations of NMJ (VanSaun et al., 2003)
and regulate agrin clearance from basal laminae
(VanSaun and Werle, 2000) during NMJ development.
In addition, in pathological condition, MMP-2 and -9
are specific substrates of agrin and impair normal
neuronal functions (Agrawal et al., 2006). Because
MMP-2 and -9 are mainly upregulated after nerve
injury (Platt et al., 2003), MMP-2 and -9 predomi-
nantly exert effects on the NMJ after phrenic nerve
injury. These reports suggest that MMPs have an
impact on degradation of laminin and agrin, affecting
ECM milieu. Agrin is well known to function as a me-
diator of synaptic transmission in the NMJ (Gautam
et al., 1996; Hilgenberg et al., 2006; Martin et al.,
2005). Then, it is possible that the downregulation of
agrin in response to MMP activation disturbs synap-
tic transmission in conjunction with the instability of
AChR. In addition, the fact that MMPs disrupt lami-
nin in the nerve (Gautam et al., 1996) implies that it
would also occur in the NMJ. Laminin and its binding
protein potentially support normal synaptic transmis-
sion (Knight et al., 2003) and muscle contraction
(Bogdanik et al., 2008; Han et al., 2009; Patton et al.,
2001), and it would be acceptable that the dysfunction
of the diaphragm following phrenic nerve injury is
partly depending on the degradation of lamina,
induced by MMPs in the NMJ. In this study, we suc-
cessfully demonstrate the transient degradation of
agrin and laminin (Fig. 6) via upregulation of MMPs
on the diaphragm muscle (Fig. 5) after the phrenic
nerve injury. These findings are consistent with our
model that increased secretion of MMPs in the NMJ
after phrenic nerve injury disrupts a repertoire of
proteins in the ECM environment and thereby
impairs diaphragmatic functions.

Our novel experimental method using sonomicrome-
try is necessary for examining the pathophysiological
function of NMJs in the diaphragm. The method shows
a novel aspect of the physiological role of MMPs and
highlights their molecular and pathophysiological
roles in the diaphragm. Our combined findings suggest
a novel therapeutic potential for inhibition of MMP-2
and -9 in the acute prevention of respiratory dysfunc-
tion caused by phrenic nerve injury.
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