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Abstract

Deficiency of muscle basement membrane (MBM) component laminin-α2 leads to muscular dystrophy congenital type 1A
(MDC1A), a currently untreatable myopathy. Laminin–α2 has two main binding partners within the MBM, dystroglycan and
integrin. Integrins coordinate both cell adhesion and signalling; however, there is little mechanistic insight into integrin’s
function at the MBM. In order to study integrin’s role in basement membrane development and how this relates to the
MBM’s capacity to handle force, an itgβ1.b−/− zebrafish line was created. Histological examination revealed increased
extracellular matrix (ECM) deposition at the MBM in the itgβ1.b−/− fish when compared with controls. Surprisingly, both
laminin and collagen proteins were found to be increased in expression at the MBM of the itgβ1.b−/− larvae when compared
with controls. This increase in ECM components resulted in a decrease in myotomal elasticity as determined by novel
passive force analyses. To determine if it was possible to control ECM deposition at the MBM by manipulating integrin
activity, RGD peptide, a potent inhibitor of integrin-β1, was injected into a zebrafish model of MDC1A. As postulated an
increase in laminin and collagen was observed in the lama2−/− mutant MBM. Importantly, there was also an improvement
in fibre stability at the MBM, judged by a reduction in fibre pathology. These results therefore show that blocking ITGβ1
signalling increases ECM deposition at the MBM, a process that could be potentially exploited for treatment of MDC1A.

Introduction

The muscle basement membrane (MBM) serves to transmit force
between the muscle and the tendon (1,2). There is therefore
an intrinsic requirement for structural strength at this inter-
face that must be able to resist the strong forces produced

by the muscle during concentric shortening contractions (3–
7). Two central complexes govern the stability of the MBM in
vertebrates: the integrin-linked complex and the dystrophin-
associated glycoprotein complex (DGC) (8–10). Both form a link
between the extracellular basement membrane of the tendon
to the intracellular cytoskeleton. While both complexes have
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structural stabilizing roles, the way they stabilize the MBM is
thought to be distinct. The integrin-linked complex is believed
to primarily function as a signalling complex, controlling matu-
ration and repair of the MBM (11), whereas the DGC acts to mod-
ulate active force as a direct measure of sarcomeric function.
Furthermore, evidence exists for regulatory crosstalk between
these complexes as upregulation of individual components of
each complex occurs when the other is deficient (12).

Although measurements of active force can measure sar-
comeric function, it cannot resolve the dysfunctional MBM phe-
notypes that affect passive force (13–15). Passive force results
from the elastic properties of a material. In the zebrafish trunk,
the components responsible for this property are primarily the
fibronectins and collagens within the MBM and extracellular
matrix (ECM) that surrounds the muscle syncytium (16). The
elements that control passive force are of critical importance
to muscle, as they serve to protect muscle during eccentric
or lengthening contractions. Here we investigate the hypoth-
esis that the integrin-linked complex controls passive tension
through regulating deposition and orientation of laminins and
collagens at the MBM.

Zebrafish have many tractable facets for studying MBM devel-
opment. Perhaps the most important of them is its optical trans-
parency during early development. This enables visualization of
the chevron-shaped vertical myosepta (17), which act as homol-
ogous structures in fish to the human MBM (3,4,18). The develop-
ment of the MBM in zebrafish can be divided into three distinct
stages: somite boundary formation, myosepta formation and
myosepta maturation. The first components to be deposited
during the somite boundary stage in zebrafish are integrin-α5
(itgα5), which dimerizes with integrin-β1 (itgβ1); together they
control the deposition of fibronectin, the initial scaffold for the
MBM, which is partly encoded by the gene fn1a (19,20). Mutant
zebrafish with deficiencies in itga5 (aei) or fn1a (natter) exhibit
fibre-crossing events at the vertical myosepta at 1 day post
fertilization (dpf) (21). The transition of somite boundary to
myosepta begins at 16 hours post fertilisation (hpf) as laminin-
111 starts to bind to itgα5/β1. Isotype switching of laminin-111
to laminin-211 and of itga5 to itga7 occurs at ∼24 hpf (8,22). The
zebrafish lama2−/− mutant has an MBM deficit and fibre detach-
ment phenotype, visible by birefringence from 3 dpf, confirming
the importance of lama2 in zebrafish MBM formation (23). At
this stage, dystroglycan, the central component of the DGC,
also begins to accumulate in the vertical myosepta—its glycan
complexity is important for laminin binding and increases as the
fish matures (24,25). A key regulator in the switch to myosepta
formation is the matrix metalloproteinases (MMPs) that signal
a downregulation of the fibronectin and upregulation of the
laminin-211/221 (26). By binding pentameric thrombospondin-
4 in the ECM, integrin maintains a role in stabilizing the MBM
through development (27). The final stage of vertical myosepta
maturation occurs in zebrafish from 5 dpf. Despite evidence
that supports fibrillar collagens I & II being deposited by teno-
cytes from 5 dpf onwards, serving to bind the two basement
membranes together, the function of these collagens is poorly
understood. A presumed role of itgb1 in zebrafish has been in
the control of both orientation and deposition of these collagens
between vertical myosepta basement membranes. However, this
hypothesis is yet to be tested (28–30).

The MBM is an important structure in muscle development
and disease. Several pathways including those pertaining to
integrin are important for vertebrate MBM development. The
importance of ITGB1 during embryogenesis is evident in the
early lethality observed in Itgβ1−/− mutant mice (31,32). By E4.5

the itgb1-deficient mouse blastocyst inner cell mass has failed,
with a concurrent collapse of the blastocoel, by E5.5 the embryo
has significantly degenerated. Zebrafish escape this embryonic
lethality because it does not require a blastocoel to progress
through development. Zebrafish have four itgβ1 isoforms: itgβ1.a,
itgβ1.b, itgβ1.b1 and itgβ1.b2; we chose to focus on itgβ1.b since
it was the only isoform found to be strongly and specifically
expressed at the vertical myosepta (33). We therefore created an
itgβ1.b−/− loss of function mutant to elucidate Itgb1b’s role in ver-
tical myosepta maintenance and development. We postulated,
based on the studies discussed above, that itgβ1.b loss of function
would result in the failure of its binding partners, fibronectin and
collagen, to be maintained at the vertical myosepta. Therefore,
there would be a concurrent decrease in the itgβ1.b−/− larvae’s
ability to handle passive force (34,35). Intriguingly, we found
the opposite to be true; there was an increase in the itgβ1.b−/−
zebrafish’s ability to handle passive force that correlated to an
increase in ECM components laminin and collagen. In line with
these observations, administering the integrin receptor antago-
nist RGD peptide into a zebrafish model of muscular dystrophy
congenital type 1A (MDC1A) stabilizes muscle attachment to the
MBM.

Results
The itgβ1.b−/− mutant fish line has an MBM phenotype

To generate an itgβ1.b-deficient zebrafish line, zinc-finger nucle-
ases were designed to target the end of coding exon 1 of the
zebrafish itgβ1.b gene (Fig. 1A–C). Sequencing the target region
found a four base pair insertion close to the target site. A pre-
mature termination of translation was predicted at 238S < Stop
in the integrin beta subunit, N-terminal portion of extracellular
region (INB) domain (Fig. 1B). Therefore, it was predicted that the
itgβ1.b transcript is lost via nonsense-mediated decay to produce
an effective itgβ1.b null zebrafish. To determine if there was
nonsense-mediated decay, whole mount in situ hybridization
(WISH) of itgβ1.b was performed (33), and severe reduction in
expression was observed in the itgβ1.b−/− fish at 1 dpf (Fig. 1D).

The gross morphology of the fish was examined at 5 dpf
to determine if the itgβ1.b−/− fish possessed any morpholog-
ical features that would suggest a cardiac or skeletal muscle
defect (Fig. 2A). Inspection of the phenotype of itgβ1.b−/− larvae
revealed cardiac oedema and a failure of the swim bladder to
inflate in all fish examined, features often found in fish with
myopathy phenotypes (n = 24) (8). To investigate the muscle
phenotype further, transverse sections were cut through the
myotome at the locations marked in Figure 2A and stained with
Haematoxylin and Eosin (H&E) at 5 dpf (Fig. 2B). The itgβ1.b−/−
fish were observed to have, on average, several fibres miss-
ing on each section (arrowheads on inset) that covered the
whole myotome at the level of the anal pore, consistent with
the expected muscle fibre detachment phenotype. No missing
fibres were observed in the five wild-type control fish sectioned.
Masson’s Trichrome staining of alternative sections was used
to investigate fibronectin and collagen accumulation. H&E sec-
tion analysis confirmed the existence of the fibre-size holes
in itgβ1.b−/− fish, indicative of fibre loss. itgβ1.b−/− fish also
possessed blue staining that was visible in the holes left by
the detached fibres (arrowheads on inset) but was not visible
in the controls, suggesting an increase in the accumulation of
connective tissue (Fig. 2C; arrow and dotted line). Together the
findings suggest a fibrotic response to fibre detachment in the
itgβ1.b−/− larvae.
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Figure 1. Genetic characterization of the itgβ1.b−/− fish. (A) Zinc-finger nuclease targeting strategy to exon 1 of itgβ1.b, exons in blue, introns black line. (B) Protein

structure of itgβ1.b; SP, signal peptide; PSI, plexin semaphoring integrin; and INB, N-terminal portion of extracellular region. (C) Chromatograms showing a four base

pair insertion in the itgβ1.b gene. (D) itgb1b WISH of 1 dpf embryos tails wild-type sibling (n = 11) and itgb1.b−/− (n = 5), scale bar = 20 μm.

To further interrogate why there is muscle fibre detachment
and fibrosis in the itgβ1.b−/− larvae, whole mount staining of the
myotome was performed with the phalloidin stain for f-actin
that labels muscle fibres and paxillin as a marker of vertical
myosepta (Fig. 2D–F). In the wild-type fish, fibres ran straight
between V-shaped vertical myospeta, the anatomical location of
the MBM, with no gaps, muscle fibre detachments (arrowhead
on inset) or boundary crossings (arrows on inset) events. In
the itgβ1.b−/− larvae muscle fibres were observed to possess a
sinuous form, consisting of one continuous curve in the middle
of each myofibril running between the vertical myosepta, with
small lateral gaps. Paxillin staining at the vertical myosepta
revealed U-shaped myosepta in the itgβ1.b−/− larvae rather than
the V or chevron shape of the wild-type fish. The internal angle
of the wild-type myosepta was 88o SD = 7.5 which was sig-
nificantly (P = <0.0001) different from the itgβ1.b−/− mutant
larvae at 106o SD = 15.7 (Fig. 2G). Paxillin staining highlighted
two deficits, firstly punctate staining indicated paxillin to be
deposited in myotome and less at the myosepta of the itgβ1.b−/−
larvae, but not in the sibling controls myotome, which maintain
stronger overall paxillin expression at the myosepta. Secondly,
significantly more (P = <0.0001) fibre-crossing events at vertical
myoseptal boundaries were found in the itgβ1.b−/− larvae, aver-
aging two events per myosepta compared with zero in the wild-
type fish. With each fibre-crossing event, a hole in the vertical
myosepta at the same location was identified by a lack of paxillin
staining. Significantly more (P = <0.0001) fibre detachment was
also a feature observed in the itgβ1.b−/− larvae; five events were
observed on average in every myosepta compared with zero in
wild-type fish (Fig. 2H).

To ascertain the pathological phenotype of homozygous
mutant fish, birefringence was used (Fig. 2I–K). Patchy areas
of reduced birefringence were observed in the itgb1.b−/− fish
(arrowhead), which were not observed in wild-type sibling
fish. The data suggest itgb1.b−/− results in mutants possess a
dystrophy-like phenotype and confirming the fibre detachment
observed in f-actin paxillin-stained fish. Overall, there was a
significant (P = <0.0001) reduction in overall birefringence of
the itgb1.b−/− fish when compared with the wild-type siblings.
These data would indicate the fish also has a myopathy-like
phenotype with loss of the muscle mass. To investigate the fibre
membrane integrity after detachment Evans Blue Dye (EBD) was
injected into the larvae and observed 6 h later (Fig. 2L and M). EBD
remained as expected in the vasculature of the wild-type sibling
control larvae. The spaces left from detached, retracted, fibres in
the itgb1.b−/− fish consequently filled with dye (arrowhead) but
dye did not penetrate the detached muscle fibres themselves.
This result suggests that sarcolemmal integrity is maintained
post-detachment in itgb1.b−/− muscle fibres.

Laminin and collagen deposition are increased at the
MBM of itgβ1.b−/− larvae

To examine the histopathological basis for the MBM deficits evi-
dent in itgβ1.b−/− fish we examined specific MBM components,
fibronectin and collagen.

Overall, fibronectin levels, assayed by whole mount immuno-
fluorescence staining, were not significantly different at 1 dpf
between wild-type and itgβ1.b−/− embryos (Fig. 3; Supple-
mentary Material, Fig. S1B). It was however observed that
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Figure 2. Phenotypic and histological characterization of the itgβ1.b−/− fish. (A) Morphology of 5 dpf larvae, including histology sectioning plane and immunostaining

scan area for all 5 dpf data, red arrow swim bladder, red arrowhead cardiac oedema, scale bar = 1 mm. (B) H&E staining transverse sections of the trunk at 5 dpf.

(C) Trichrome-stained transverse sections of the trunk at 5 dpf; arrowhead, holes in the muscle representing muscle loss; arrow and outline, accumulation of

fibrotic tissue; NC = Notochord, NT = Neural Tube, HM = Horizontal Myosepta, D = Dorsal, V=Ventral, M = Medial, L = Lateral. Muscle fibre adherence at the MBM.

(D–F) Whole mount stained larvae at 5 dpf centred on the anal pore, f-actin to mark muscle fibres, red; paxillin to mark vertical myosepta, green; arrows show muscle

fibre crossing; arrowheads, muscle fibre detachment; scale bar = 100 μm. (G) Dot plot of internal angle of vertical myosepta of whole mount fish using paxillin as a

marker of vertical myosepta, measured on Fiji image analysis software, error bars = SEM, ∗∗∗ = P < 0.0001. (H) Fibre stability at vertical myosepta, detachment in red

and crossing in blue. Measured as number of events per vertical myosepta in fish stained with f-actin for muscle fibre and paxillin for the vertical myosepta, error

bars = SEM, ∗∗∗ = P < 0.0001. (I and J) Birefringence of myotome, centred on anal pore, white arrowhead points to the area of fibre detachment, scale bar = 200 μm.

(K) Birefringence intensity measurement measured on Fiji image analysis software, error bars = SEM, ∗∗∗ = P < 0.0001. (L and M) EBD, in (L) the dye is restricted to the

vasculature, in (M) the dye fills the space of a detached fibre white arrowhead, Evan’s Blue: Pink, DIC: Grey, scale bar = 100 μm.
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Figure 3. Fibronectin and Collagen deposition in the itgβ1.b−/− larvae. (A and B) Whole mount staining of fibronectin (A–A′) at 1 dpf, centred on the end of the yolk

extension, zoom of white box area also shown, white arrowhead shows an area of weak fibronectin deposition at the vertical myosepta, scale bar = 50 μm, quantified

by measuring maximum intensity over vertical myosepta, Collagen-1a (B–B′) at 5 dpf centred on the anal pore, scale bar = 100 μm, bars = SEM. (B) Analysis of collagen

at vertical myosepta, bars represent SEM, ∗∗∗ = P < 0.0001.

fibronectin in the itgβ1.b−/− compared with the wild-type
embryos was less specifically localized to the vertical myosepta
and there was rounding of the chevron appearance of the
vertical myosepta, consistent with observations in paxillin-
stained larvae. This more diffuse staining pattern suggests a
failure of fibronectin polymerization in the itgβ1.b−/− embryos
resulting in areas of weaker fibronectin deposition (arrowhead).
These results suggest that this developmental failure of regional
fibronectin deposition at the myosepta is the basis of the
eventual fibre crossing observed in Figure 2D–F. In contrast at
5 dpf, when collagen-1a can clearly be labelled at the vertical
myosepta, there is a highly significant increase in collagen
localized at the vertical myosepta in the itgβ.1b−/− larvae
(P = 0.0001) when compared with its wild-type siblings (Fig. 3B;
Supplementary Material, Fig. S1A). It was also observed that,
unlike the controls, collagen was present in the myotome,
recapitulating the paxillin finding and suggesting a general
failure of MBM components to be correctly deposited to the
MBM. Gene expression levels were investigated to test if the
increase in collagen could be because of changes in gene
expression of fibronectin or the fibrillar collagens 1a1a or 2a1a;
however, no significant difference could be found between
controls and itgβ1.b−/− larvae (Supplementary Material, Fig.
S1C). Finally, western blot was used to investigate if the
collagen increase could be attributed to the accumulation
of collagen-1a protein. Collagen-1a isoforms were found in
higher abundance in the itgβ1.b−/− larvae across a range of
molecular weights representing increase in abundance of overall
collagen. The highest-expressed band was found at the expected
65 kDa mark; chains around this size are important building
blocks of fibrillary collagens in matrices (36). Overall, itgβ1.b−/−
mutant larvae possessed an increase in collagen at the vertical
myosepta that could not be attributed to the changes in the
fibronectin expression (Supplementary Material, Fig. S1D). It
was concluded that deposition increased because of failure to
turnover accumulating collagen rather than an increase in its
production.

The other major ECM protein in the integrin pathway is
laminin. We postulated that laminin could also be increased
in expression at the MBM in the itgb1.b−/− fish since the
other ECM protein collagen was increased in deposition at
the vertical myosepta (Fig. 4A). Pan-laminin whole mount
antibody staining of itgb1.b−/− fish at 5 dpf revealed a sig-
nificantly (P = <0.001) increased laminin deposition at the
MBM compared with wild-type sibling controls (Fig. 4B).

Since no antibodies are available to distinguish between
individual laminins, an in situ hybridization approach was
adopted. WISH revealed no difference in lama1 gene expression
between mutant and wild-type fish (Fig. 4C). Greater lama2
expression was observed in the myotome of the itgb1.b−/−
fish when compared with the wild-type control (Fig. 4D). A
small increase in lama4 could be observed in the itgb1.b−/−
fish myotome particularly at vertical myosepta borders (Fig. 4E).
The greatest increase in lama4 expression however was seen
in the pericardium and caudal vein of the itgb1.b−/− fish
when compared with wild-type siblings (Fig. 4F). Overall,
the increase in laminin expression at the vertical myosepta
appears to be because of an increase in lama2 and lama4
gene expression, which contrasts the quantitative polymerase
chain reaction (qPCR) analyses that were performed above on
genes encoding different laminin isoforms, which showed no
change at the transcriptional level, suggesting a regionalized
change.

itgβ1 is required for deposition of laminin and collagen
at the MBM

In order to investigate the precise location of collagen between
basement membranes, transmission electron microscopy (TEM)
was employed at 7 dpf, the first time point collagen fibrils can be
clearly observed between myosepta (3) (Fig. 5). In wild-type fish,
sarcomeric structure appeared regularly, and the MBM was intact
and straight. On the overview image, exposed excessive lateral
gaps between muscle fibres were observed in itgβ1.b−/− but not
in the wild-type controls. Muscle sarcomeres with extended
actin filaments could be seen attaching to the vertical myosep-
tum in itgβ1.b−/−; however, there also was a muscle fibre detach-
ment from the basement membrane that was not seen in the
wild-type larvae (Fig. 5). Smaller lateral gaps between myofi-
bres were also present in the itgβ1.b−/− larvae. The itgβ1.b−/−
larvae analysed possessed disruptions in the basement mem-
brane composition when compared with the wild-type controls.
Higher magnification revealed the presence of collagen fibrils
between basement membrane as expected in wild-type fish
(Fig. 5). However, collagen fibrils were not present within the
vertical myosepta of itgβ1.b−/− larvae (astrix), which appeared
empty in comparison to wild-type larvae myoseptum. The col-
lagen fibrils are observed as accumulations closely associated
to either side of the vertical myosepta basement membrane
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Figure 4. Laminin gene and protein expression in itgβ1.b−/− fish. (A and B) Whole mount staining of pan-laminin at 5 dpf, centred on the anal pore, scale bar = 100 μm,

quantified by measuring full width at half maximum height of curve (FWHM) over vertical myosepta, bars represent SEM, ∗∗ = P < 0.001. (C–F) WISH centred on

myosepta: lama1 scale bar = 500 μm (C), lama2, scale bar = 100 μm (D) and lama4, scale bar = 100 μm (E), lama4 centred on posterior cardinal vein, white arrowhead,

scale bar = 200 μm (F).

(arrowheads) of the itgβ1.b−/− larvae myosepta, but never con-
necting in the middle as observed in wild-type larvae. It was
concluded that itgβ1 in zebrafish is required to build the collagen
scaffolds that hold the MBM’s of the myosepta together.

itgβ1 controls the rigidity of zebrafish myotome

Active force measures the performance of the contractile
machinery in skeletal muscles. The maximum active force
achieved for wild-type larvae was 0.79 mN(SD:0.11) and
0.37 mN(SD0.05) for itgβ1.b−/− larvae at 6 dpf (Fig. 6A). Overall,
the peak active force was significantly different between the two
groups (P = 0.0159) (Supplementary Material, Fig. S2D).

In order to investigate the question if the altered ECM in
mutant fish altered the rigidity of the itgβ1.b−/− larvae, we opti-
mized a zebrafish-specific passive force measurement proto-
col. The methodology was based on a previously established
protocol in mouse by Smith et al. (37) (Fig. 6B). The fish were
firstly stretched to its optimal length, the point where the fil-
ament overlapping was the optimal for active force generation
and then a 5–25% increase in stretch increasing in 5% incre-
ments was applied to test maximal passive force. To inves-
tigate if increased laminin and collagen altered passive force
in the itgβ1.b−/− mutants they were subjected to passive force
measurements. The itgβ1.b−/− mutants displayed a significant
increase in passive force compared with their wild-type sib-
lings at every level of stretch loaded on the trunk musculature
(Fig. 6C). Linear regression analyses of the two curves reavalled
that itgβ1.b−/− mutant larvae were overall significantly stiffer
than controls (P = <0.0001).

To ascertain the functional consequences on locomotion of
the itgβ1.b−/− larvae’s stiffer myotome and reduced ability to
generate active force, the swimming behaviour of the fish was
analysed. Wild-type fish were observed to travel mostly at a
speed <6 mm/s and often have bursts of movement between 6
and 20 mm/s. Large movements >20 mm/s were rarely observed
(Supplementary Material, Fig. S2A–C). The average distance trav-
elled by wild-type fish was 424 mm in a minute, which was

significantly higher (P = <0.0001) than itgβ1.b−/− larvae, which
travelled an average of 41 mm. Some itgβ1.b−/− fish displayed
small movements and then bursts of large movements, whereas
the majority of these fish showed very minimal movement
or none at all (Fig. 6D). To confirm the fish had a functional
nervous system, a touch-evoked response was applied to the fish
(Supplementary Material, Fig. S2E). The itgb1.b−/− when touched
moved to the side of the stimulus and fasciculated, indicative of
a functioning nervous system and underdeveloped musculature.
In comparison, the wild-type sibling fish formed a C-bend and
swam away from the stimulus, out of frame in each of the nine
tested fish.

RGD improves fibre stability at the MBM in
lama2-deficient fish

The peptide motif Arg-Gly-Asp (RGD) from fibronectin binds
integrin-β1, effectively acting as a receptor antagonist. We
postulated RGD could therefore be used to recapitulate the
increased ECM phenotype evident in itgβ1.b−/− mutants (Fig. 7;
Supplementary Material, Fig. S3). We also postulated that an
increase in ECM deposition could be utilized to rescue lama2−/−-
deficient zebrafish. Laminin staining at 1 dpf in the lama2−/−
fish revealed a small but significant (P = <0.05) increase in
laminin at the MBM of RGD-injected fish when compared
with non-injected controls (Fig. 7A–C). At 5 dpf a significant
loss of collagen (P = <0.0001) is observed in the uninjected
control lama2−/− fish when compared with the uninjected
wild-type fish. A significant (P = <0.0001) increase in collagen
is observed at the MBM of the lama2−/−-RGD-injected fish
compared with the lama2−/−fish (Fig. 7D–F). To assess muscle
fibre stability at the MBM after RGD injection, f-actin/paxillin
stains were used in conjunction to investigate muscle fibre
stability at the MBM. No fibre detachment was observed in
either wild-type sibling control group. However, there was a
significant reduction (P = <0.0001) of 15–10 fibre detachments
per myosepta in the lama2−/− fish injected with RGD peptide
(Fig. 7G–I). Overall, RGD injection improves muscle fibre stability
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Figure 5. TEM of vertical myosepta in itgβ1.b−/− larvae at 7 dpf. (A) Overview images of longitudinal sections through the zebrafish myotome centred over vertical

myosepta, scale bar = 2 μm. Red square on (1650× mag) is higher magnification of (11k× mag), scale bar = 0.5 μm. Arrowhead, collagen; asterisk, muscle fibre

detachment; arrows, MBM. Schematic: muscle fibres in red, collagen IV in yellow and collagen I&II in blue.

Figure 6. Functional and physiological analysis of the itgβ1.b−/− larvae at 6 dpf reveals a fibrotic phenotype. (A) Active force measurement of larvae. (B) Passive force

protocol establishment in zebrafish increasing load in 5% increments to 25% stretched over 10 s. (C) Dot plot of passive force over 25% stretch, bars = SEM, linear

regression analysis (∗∗∗ = P < 0.0001). (D) Movement analysis of larvae, measured as distance moved over a 1 min period (∗∗∗ = P < 0.0001).

at the MBM by increasing ECM deposition in lama2−/− mutants
(Fig. 7I). We tested if the mechanism behind the increased
stability was because of an increase in paxillin at the MBM as
previously shown by Goody et al. (38); however, no discernable
difference could be found among treated and untreated groups
(Supplementary Material, Fig. S3A–E). Interestingly, there is
significantly (P = <0.0001) more paxillin expression in the
lama2−/−-deficient fish than the wild-type siblings; this is

intriguing because paxillin is required for laminin deposition
(39). To test if any functional recovery to swimming ability
was recovered with muscle structure, locomotive studies were
carried out. No observable improvement in swimming ability
was observed in the RGD-treated lama2−/− fish. Importantly,
there was also no reduction in the swimming ability of the wild-
type RGD-treated fish ruling out the possibility that RGD has its
effect by reducing movement (Supplementary Material, Fig. S3F).
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Figure 7. RGD Rescue of lama2−/−-deficient fish. (A–C) Whole mount staining of pan-laminin at 1 dpf, centred on the end of the yolk extension, scale bar = 50 μm,

quantified by measuring FWHM over vertical myosepta, bars represent SEM (∗ = P < 0.05). (D–F) Whole mount staining of collagen-1A at 5 dpf centred on the anal

pore, zoom boxes added over vertical myosepta, scale bar = 100 μm, error bars = SEM, analysis of collagen at vertical myosepta arbitrary units, error bars = SEM,
∗∗∗∗ = P < 0.00001. (G–I) Red muscle fibre adherence to green MBM, measured as events per vertical myosepta, bars represent SEM, ∗∗∗∗ = P < 0.00001. (A–I) lama2−/−
and wild-type siblings injected with 1 mm RGD. (J) Schematic of fibre adherence at the MBM in various states including RGD rescue.

Discussion
By modelling itgβ1.b deficiency in zebrafish we have gained
insight into the mechanism controlling MBM integrity and
myotomal stiffness, particularly novel aspects of the proteins
that control laminin and collagen deposition in tendon
development (36). Loss of itgb1.b clearly has an unexpected
effect on passive force, a role contradictory to our initial
hypothesis that integrin-linked complex deficiency would result
in loss of fibronectin and collagen deposition and a decrease in
passive force (40,41). The increased stiffness of the fish could
be attributed to an increase in deposition of collagen-1a at
the MBM. It is worth noting that there is an overall loss of
components within the MBM of the itgβ1.b−/− larvae compared
with controls, and the techniques used did not distinguish
between various collagens. Our analysis focused on the fibrillar
collagen col1a, known to be important in vertical myosepta
basement membrane adhesion; thus, other types may be lost
while col1a expression increases. This is intriguing in light of
the finding that integrins are important for col22a1 deposition in
vertical myosepta basement membrane as observed in an itga7
antisense morpholino study (42). However, the exact mechanism
of collagen accumulation in our itgβ1.b−/− model is still to

be elucidated. While we were able to rule out an increase in
collagen-1a gene expression, it remains to be tested if there
is a gain of another gene’s expression through integrin-linked
complex signalling such as the MMPs (43).

Overall, we have found Itgβ1 is required for correct local-
ization of laminin and collagen at the MBM and postulate that
an integrin-dependent negative feedback loop is responsible
for MBM protein turnover, leading to accumulation at the ver-
tical myosepta of specific MBM components in itgβ1 mutants
affecting overall myotomal stiffness. The ability to modulate
muscle stiffness would be highly desirable in conditions such
as collagen-6 deficiency, i.e. Bethlem myopathy and Ulrich’s
congenital muscular dystrophy (CMD), in which patients display
hypotonia and hyperlaxity of the joints (44,45). ITGB1 could
therefore prove to be a tractable target for treating such diseases.
However, any therapy would have to be reversible to ensure
that it does not act as a receptor antagonist preventing ITGB1
ligand binding laminins (46), such a proposition might result
in worsening of the condition resembling LAMA2 deficiency
MDC1A (47). Molecules that interact with ITGB1, such as the
peptide RGD utilized in this study, may also lead to undesirable
effects because of ITB1’s role in a myriad of biological processes
(48). Testing the full toxicity of such a molecule lies outside the
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scope of this study. A more specific inhibitor of ITGA7/B1 could
however be of great value in MDC1A, Ulrich’s CMD and Bethlem
myopathy (49). The process of ECM deposition is important for
a variety of processes, from wound healing to fibrosis in mus-
cular dystrophy (36,50). ITGB1 is clearly important in controlling
laminin and collagens’ deposition. Therefore, it is also a principal
target for developing therapies in the future for a range of CMDs
and myopathies.

Materials and Methods
Zebrafish strains, maintenance and husbandry

The strains used in the experiments were Tubingen (Tu),
lama2teg15a originally known as candyfloss (caf ) (23) and
itgb1b+/− (pc31 + 4bp). Adult zebrafish were kept as outlined by
Westerfield et al. (51) and staged as per Kimmel et al. (18) criteria.

Generating the itgb1.b−/−(PC31, +4bp) line

mRNAs encoding a pair of Zinc-finger nucleases targeted to
the itgβ1.b locus (CompoZrTM Knockout Zinc Finger Nuclease,
Sigma-Aldrich, Lot number 03261225MN) were injected into
single-celled zebrafish embryos. To identify individual fish that
were passing on itgβ1.b mutations, injected fish were raised to
sexual maturity and crossed to wild type, DNA was extracted
from the resulting individual embryos and screened by High
Resolution Melt analysis on a Roche LightCycler® 480 II using
LightCycler® 480 High Resolution Melting Master mix, with the
following primers: itgβ1.b melt-L CTGAAGATTTGGACGCAAACTG
and itgβ1.b melt-R TCTCTCCTCAGGGTTGTCTC. Zebrafish were
genotyped by sequencing using the following genotyping
primers: itgβ1.b geno-fwd: TCTGCAGCAAAGTACGG and itgβ1.b
geno-rev: TCAATCAGAGCAGTGTTATTG as above.

qPCR

RNA was extracted from larvae using a Trizol protocol. A total
of 20 ng cDNA samples were run in triplicate with LightCycler®

480 SYBR Green I Master reaction mix (Roche, Switzerland).
Reactions were run using the Roche LightCycler® 480 Real-Time
PCR Machine. Cycle threshold (CT) values for each sample set
were normalized against housekeeper genes before comparing
the data sets.

Western blotting

Larvae were homogenized in immunoprecipitation buffer
(Pierce, Rockford, Illinois), and 30 μg of protein with was loaded
on a 3–8% Tris-Acetate Protein Gel (ThermoFisher Scientific,
Waltham, Massachusetts). Primary antibodies were made up in
same Licor TBS blocking buffer: Collagen 1a, IgG rabbit (AbCam,
United Kingdom: ab2370) 1/500, Beta-Tubulin Loading Control
50 kDa, IgG rabbit (AbCam, United Kingdom: ab6046) 1/10 000 and
incubated in secondary antibody IRDye 800CW goat anti rabbit
(LI-COR) 1/5000. Blots were scanned on the Odyssey scanner.

Histology

At 5 dpf larvae were euthanized and snap frozen in Optimal cut-
ting temperature (OCT) compound in moulds for cryosectioning.
Embryos were transverse sectioned at 10 μm. Slides were fixed
with 4% PFA for 1 h and stained with H&E or fixed for 1 h with 4%

PFA and overnight in Bouin’s fixative and stained with Masson’s
Trichrome and mounted in DPX. Slides were imaged at 20× on
an Olympus dot slide BX51 microscope.

Whole mount antibody staining

Fish were stained as per protocols outlined in Westerfield et al.
(51). Primary antibodies used Col1a1a IgG rabbit (BD Bioscience,
Franklin Lakes, New Jersey No. 610052, 1/200), Paxillin IgG mouse
(AbCam, United Kingdom: 1/200), Fibronectin IgG rabbit (Sigma:
1/250), Pan-Laminin IgG rabbit (Sigma: L9393, 1/300). Secondary
antibodies and fluorescent conjugates used: Alexa Fluor 546.
Phalloidin (Invitrogen, Carlsbad, California: 1/100), Alexa Fluor
488 goat anti rabbit IgG (Invitrogen, Carlsbad, California: 1/250),
Alexa Fluor 488 goat anti mouse IgG (Invitrogen, Carlsbad,
California: 1/250). All antibodies and stains were diluted in
4% BSA PBS-T. Fish were mounted in Slowfade® Diamond Anti
Fade (Invitrogen, Carlsbad, California) and imaged on Nikon C1
upright confocal with a 20× objective. Twenty optical slices were
imaged for each fish through the myotome centred on the anal
pore between the skin and the notochord, settings recycled for
all fish in each separate experiment.

EBD injections and birefringence

A working injection mix (0.1% EBD) was diluted using Ringer’s
solution prior to injection of 5 nl into the pericardial vein of 5 dpf
larvae pretreated with PTU at 22 hpf. After injection, zebrafish
embryos were placed in Ringer’s solution and incubated in the
dark at 28◦C for 6 h before live mounting for imaging (23).
Birefringence was carried out as out as outlined in Berger et al.
(52).

WISH

Embryos were collected and euthanized at 24 hpf and larvae at
5 dpf. WISH was performed as outlined by Thisse et al. (53) using
probes for lama1,2&4, itgb1.b as previously published (22,33).
Embryos were deyolked then through methanol, into 2:1 ben-
zoylbenzoate: benzyl alcohol manually and mounted in DPX;
these fish were then imaged on an Olympus dot slide BX51
microscope. Whole embryos were imaged on a Zeiss stereo
Discovery V.20 and AxioHr colour camera.

TEM

Larvae were fixed in Karnosky fixative (4% paraformaldehyde,
2.5% glutaraldehyde, 0.1 M Na-cacodylate, 5 mm CaCl2, 10 mm
MgCl2 and distilled water) (54). This was followed by post-
fixation in osmium tetroxide + potassium ferricyanide (1%
OsO4, 1.5% K3Fe(III)(CN)6 and 0.065 M Na-cacodylate buffer).
Larvae were dehydrated through ascending concentrations
of acetone. Embedding consisted of a solution of ascending
concentrations of Epon-araldite resin,propylene oxide; the resin
was polymerized at 60◦C for 48 h. Sections were cut and then
stained with 2% uranyl acetate followed by 1% lead citrate.
Images were taken on a Hitachi H7500 with a Gatan Multiscan
791 digital camera.

Physiology and functional studies

A total of 6 dpf larvae were anaesthetized in Tricaine and placed
in MOPS physiological buffer. Small aluminium foil sheets were
then folded into clips on either side of the trunk musculature
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of interest of each fish. Holes were then punched in these alu-
minium clips, enabling the fish to be attached to the machinery
via small hooks through these holes. One hook was linked to a
force transducer, and the other hook was anchored to a motor for
fine length adjustments. The optimum muscle length was deter-
mined for maximum force generation by stretching and stimu-
lating the muscles until the force detected no longer increased
with stretch. The electrical stimulator was then switched off.
The fish was stretched in increments of 5% and held at that
length for 300 ms to measure the passive force response. The
initial peak of the force-time graph was used for analysis at each
length because of its attribution to collagen’s elastic properties,
whereas the subsequent plateau is because of filament sliding.
This was repeated up to 25% stretch for each zebrafish larvae.

To measure zebrafish locomotion, a ZebraBox and ZebraLab
software were used (ViewPoint Life Sciences, France). Zebrafish
embryos were collected at 6 dpf and transferred into each well of
a 24 well plate. Each well was filled with 1.5 ml of clear E3 media.
A protocol was generated on ZebraLab and movement threshold
was set to large, 20 mm/s, and small, 6 mm/s. Light driving was
set for a cycle of 10 s 100% light, 10 s 0% light, repeated over a
1 min period, to stimulate zebrafish movement. Touch-evoked
response was carried out at 5 dpf, larvae were touched on the
head and the escape was recorded on a Zeiss Stereo Discovery
V8, with a Axio CRM 305 colour camera and Zen 2.3 software.

RGD microinjections

RGD peptide was made up in 150 mm KCl solution and phenol red
dye injection indicator. A total of 5 nl of either 0.5 mg/ml, 1 mg/ml
or 2 mg/ml RGD solution was then injected into up to 1 hpf
embryo yolks. Fish were raised to 1 or 5 dpf in E3 medium with
0.003% 1-Phenyl 2-thiourea added at 22 hpf to prevent pigment
forming. Fish were stained and imaged as described in whole
mount staining section. All fish were tested blindly for each
analysis and genotyped after experiments had ran.

Supplementary Material
Supplementary Material is available at HMG online.
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