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Abstract: We show that the canonical single frequency sarcomeric SHG 

intensity pattern (SHG-IP) of control muscles is converted to double 

frequency sarcomeric SHG-IP in preserved mdx mouse gastrocnemius 

muscles in the vicinity of necrotic fibers. These double frequency 

sarcomeric SHG-IPs are often spatially correlated to double frequency 

sarcomeric two-photon excitation fluorescence (TPEF) emitted from Z-line 

and I-bands and to one centered spot SHG angular intensity pattern (SHG-

AIP) suggesting that these patterns are signature of myofibrillar 

misalignement. This latter is confirmed with transmission electron 

microscopy (TEM). Moreover, a good spatial correlation between SHG 

signature of myofibrillar misalignment and triad reduction is established. 

Theoretical simulation of sarcomeric SHG-IP is used to demonstrate the 

correlation between change of SHG-IP and -AIP and myofibrillar 

misalignment. The extreme sensitivity of SHG microscopy to reveal the 

submicrometric organization of A-band thick filaments is highlighted. This 

report is a first step toward future studies aimed at establishing live SHG 

signature of myofibrillar misalignment involving excitation contraction 

defects due to muscle damage and disease. 

©2014 Optical Society of America 

OCIS codes: (180.4315) Nonlinear microscopy; (190.4160) Multiharmonic generation; 

(170.3880) Medical and biological imaging. 
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1. Introduction 

Duchenne muscular dystrophy (DMD) is a devastating X-linked myopathy affecting 1 in 3500 

boys. Despite the broad, systemic pathophysiology of DMD, the primary defect is mutation of 

the dystrophin gene, which encodes a membrane-associated protein found primarily in 

skeletal muscle [1–3]. The lack of dystrophin induces a complete destruction of sub-

sarcolemmal glyco-protein complexes resulting in skeletal and cardiac progressive myo-

necrosis with associated progressive fibrosis. As a consequence, the pathology of DMD 

involves skeletal muscle weakness, inflammation, increased fatigability, cardiomyopathy, 

fibrosis and premature death due to cardio-respiratory failure [4]. The pathogenesis of DMD 

is frequently studied in the dystrophic mdx mouse genetically selected for a point mutation on 

exon 23 of the DMD gene [5]. Mdx mice are completely deficient in dystrophin protein. They 

are histopathologically characterized by mild myo-necrosis due to their greater muscular 

regenerative property and mild fibrosis. As a consequence, mdx mice have a near normal 

lifespan. Despite milder muscular histopathological defect compared to DMD, mdx mouse is 

considered a good model in which to study the muscle regeneration-degeneration mechanism 

[6, 7]. In mdx mouse model, eccentric contractions enhanced force loss due to myofibrillar 

impairment [8]. Calcium entry through stretch-dependent ion channels [9, 10] and 

intracellular elevation of free calcium result in increased protein degradation [11]. At 

ultrastructural level, sarcomere with A-band slippage and myofibrillar disruptions due to titin 

and desmin destructions has been described for dystrophic muscle [12]. Before the 

identification of dystrophin mutations as the cause of DMD, early investigators speculated 

that DMD could result, at least in part, from oxidative stress experienced by muscle based on 

similarities with muscle pathology that occurred in vitamin E deficiency [13] and it is 

suggested that free radicals are involved in the pathophysiology of muscular dystrophy [4]. 

Furthermore, it has been shown that early antioxidant treatment with N-Acetylcysteine 

ameliorates skeletal muscle pathophysiology in mdx mice [14]. Excitation contraction 

disruption has been suggested as a cue of muscle weakness in mdx mouse [15–18]. More 

importantly, genetic defects of several sarcomeric and cytoskeletal protein of human and 

animal model involve structural sarcomeric and myofibrillar disorganization [19–23]. 

SHG microscopy is a powerful tool to image intrinsic subcellular signals from endogenous 

well-ordered proteins such as tubulin, myosin and collagen [24–27]. Concerning myosin, 

coherent emission from myosin molecules of thick filaments is responsible of the 

characteristic periodical sarcomeric SHG signal observed in striated muscles [28–39]. We 

have previously shown that the canonical single frequency (1f) sarcomeric SHG intensity 

pattern (SHG-IP) is converted to double frequency (2f) sarcomeric SHG-IP in xenopus 

muscle when concentration of reactive oxygen species (ROS) increases [40]. Since mdx 

muscular dystrophy is characterized by an increase in free radicals [4], we hypothesize that 

muscle damage and degradation in mdx mouse could be the result of muscle oxidation leading 

to conversion from 1f to 2f sarcomeric SHG-IP with appearance of Y- or vernier-shape 

optical anomalies [20, 32, 34, 36, 41]. These anomalies have been interpreted as the possible 

result of myofibrillar deformation or change of myosin orientation between different arms of 

the Y- or vernier-shape [20]. However, from polarization study, we have previously shown 

that orientation of myosin is unchanged in all branches of the Y-shape sarcomeric SHG-IP in 

experimentally proteolysed muscle tissues [36, 40]. Moreover, in a recent work concerning 

proteolysed muscle tissue, we gave evidence that myofibrillar misalignement is responsible of 

such optical defects [42]. Therefore, the mechanism underlying change of SHG-IP in mdx 
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muscle needs to be elucidated. The main goal of the present work is to demonstrate that 2f 

sarcomeric SHG-IP is the result of myofibrillar misalignement in mdx muscles. To this aim, 

SHG, two-photon excitation fluorescence (TPEF), SHG angular intensity pattern (SHG-AIP) 

and transmission electron microscopy (TEM) imaging have been used. Whereas SHG signal 

is emitted by sarcomeric A-bands, fluorescence signal originates from immunodetection of α-

actinin (a molecular marker of sarcomeric Z-lines) or lipophilic fluorescent dye (a molecular 

marker of I-band tubular system and triads). We found 1/ a significant increase of 2f 

sarcomeric SHG-IPs in pathological mdx versus control (BL10) tissues 2/ a good spatial 

correlation between 2f sarcomeric SHG- and TPEF-IPs 3/ a drastic localized increase in 2f 

sarcomeric SHG-IPs inside preserved fibers near necrotic regions. In mdx muscle, 

experimental SHG-AIPs with one centered spot are predominantly (>90%) correlated to 2f 

sarcomeric SHG-IP putting forward that 2f sarcomeric SHG-IP is well the result of 

myofibrillar displacement in mdx muscle. At ultrastructural TEM level, myofibrillar 

misalignments are also observed and are predominantly found inside preserved fibers near 

necrotic regions showing their spatial correlation with 2f sarcomeric SHG-IPs. We also found 

a reduction of triads in regions of myofibrillar misalignment, suggesting excitation 

contraction disruption. From theoretical simulation, we point out the close correlation 

between 2f sarcomeric SHG-IP and myofibrillar displacement demonstrating that Y- and 

vernier-shape SHG-IPs are optical illusions of myofibrillar misalignement. From these 

simulations, we analyze and discuss the contribution of different myofibrillar arrangements to 

the appearance of 2f sarcomeric SHG-IPs in muscle tissue. We conclude that 2f sarcomeric 

SHG-IPs observed in mdx muscles are a signature of muscle damage due to myofibrillar 

displacement and triads rupture. 

2. Materials and methods 

2.1. Tissue preparation 

Six wild-type (BL10) mice and six mdx (mouse model of Duchenne muscular dystrophy) 

animals were provided by Pr. Y. Cherel (ENV, ONIRIS, Nantes, France). All the mice 

performed 4 minutes swimming exercises 3 times before euthanasia. Swimming exercises 

were scheduled at D-4 afternoon, D-3 morning and D-3 afternoon. Mice were anesthetized 

and then euthanized by cervical dislocation. Gastrocnemius muscles of wild-type and mdx 

mouse were quickly dissected in ice cold phosphate-buffered saline (PBS). A first group of 

muscles were immediately fixed with 4% PFA-PBS at slack length. A second group of muscle 

were stretched to 110% of their slack length and tied to rigid plastic rod for 4 hours in PBS 

saline at room temperature (18-22°C) before fixation with 4% PFA-PBS. Muscles of the 

second group were used for SHG-AIP experiments. The immediate fixative procedure was 

previously shown to prevent spontaneous muscle proteolysis [43] and 4 hours elongated 

muscle were found to induced mild proteolysis at room temperature (18-22°C) [42]. Muscles 

were kept overnight at 4°C in the fixative then washed several times in the PBS. Dissected 

pieces (200–400 m thickness) of muscle fibers were mounted in a POC-R2 tissue culture 

chamber system (PeCon, Erbach, Germany) in PBS and stabilized between two coverslips. 

For α-actinin immunofluorescence labeling, 8 m cryostat sections of prefixed muscles 

were mounted on gelatin coated coverslips, permeabilized with buffer containing 0.5% triton 

and 5% fetal calf serum for 10 minutes and incubated at 4◦C overnight in PBS containing 

0.1% triton, 5% fetal calf serum and α-actinin antibody (1:100, mouse monoclonal IgM, 

ab9465, Abcam, Cambridge, MA, USA). Slices were rinsed three times in PBS and incubated 

at 4◦C overnight in PBS containing 0.1% triton, 5% fetal calf serum and secondary antibody 

(1:100, Alexa Fluor 488 goat antimouse IgG, A11029, Molecular Probes, Eugene, OR, USA). 

After being rinsed three times, the tissue was covered with a drop of mounting medium 

(Vectashield, Vector Burlingame, CA) and a second coverslip was laid on. After being sealed, 

preparations were imaged. 
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For fluorescent labeling, dissected pieces (200-400 m thickness) of muscle fibers were 

incubated with PBS containing 50 µM of RS19 overnight. RS19 is a lipophilic dye analog of 

the voltage sensitive dye Di-6-ASPBS [44] and is provided by Dr M. Blanchard-Desce (UMR 

CNRS 5255, University of Bordeaux, France). Muscle fibers were rinsed with PBS overnight 

before TPEF imaging. 

For transmission electron microscopy (TEM), blocs of approximately 1 mm3 from 2 

control and 2 mdx mice were cut from PFA-prefixed and PBS-washed gastrocnemius muscles 

and further fixed in glutaraldehyde (2.5%, 4°C, in 0.2 M cacodylate buffer, pH 7.2) for one 

hour. Blocs were washed in cacodylate buffer. The next day, they were post-fixed in osmium 

tetroxide (2%) for one hour and washed with cacodylate buffer. On the following day, they 

were dehydrated in a graded acetone series. The day after, they were impregnated firstly into a 

mix of Epon, Araldite and acetone during one hour and a half, and secondly into a mix of 

Epon, Araldite and DMP30. Samples were then laid down into molds and polymerization 

occurred overnight at 60°C. Blocs were then desiccated during 24 hours and mounted on the 

cutting stage. Ultra fine slices were made with an ultra-microtome (Ultracut E, Reichert) and 

mounted on a copper grid before being stained with uranyl acetate (2.5%) during one hour. 

They were then dipped in lead citrate and finally rinsed. Imaging was performed using a 

JEOL 100CXII microscope at 80 kV accelerating voltage, at the TEM mRIC platform 

(http://microscopie.univ-rennes1.fr/). 

2.2. SHG and TPEF imaging system 

SHG and TPEF images were acquired on platform PIXEL (http://pixel.univ-rennes1.fr/), 

facility of GIS EUROPIA, University of Rennes1, France. The SHG imaging system is 

described elsewhere [45]. Briefly, it consists in a confocal Leica TCS SP2 scanning head 

(Leica Microsystems, Mannheim, Germany) mounted on a Leica DMIRE2 inverted 

microscope and equipped with a MAITAI Spectra Physics femtosecond laser (Spectra 

Physics, Santa Clara, CA, USA). High NA water immersion objective (Olympus LUMFL 

60W × 1.1 NA) (Olympus, Tokyo, Japan) was used for applying 10-20 mW of 940 nm 

excitation at the sample. SHG signal was collected in the forward direction using a multi-

immersion condenser (Leica S1 NA = 0.9-1.4). BG39 band pass and 470 nm IR (10 nm 

FWHM) filters were placed before the PMT. All specimens were positioned on the fixed x, y 

stage of the microscope with an incident laser beam propagating along z direction. In order to 

obtain SHG-AIP of each pixel of a SHG image, the aperture diaphragm was removed from 

the condenser and replaced by a movable dark screen with a pinhole in its plane (see reference 

[45] for details). SHG-AIP is obtained by acquisition of the same field of view moving the 

pinhole over the entire field of the aperture diaphragm. Each SHG-AIP is obtained for 7 × 7 

positions of the pinhole with angular width of 10°. Acquisition time for each position is ten 

seconds. Open source ImageJ software (http://rsb.info.nih.gov/ij/) was used to quantify 2f 

sarcomeric SHG-IP as previously reported [36]. MATLAB (MathWorks, Natick, MA, USA) 

was used to plot the corresponding experimental SHG-AIP. 

2.3. Theoretical simulation 

Calculation of the SHG intensity emitted by a bundle of myofibrils has been done elsewhere 

[42, 45, 46]. Briefly, far field SHG intensity 2 ( , )ω θ ϕI  emitted in unit solid angle 

sind d dθ θ ϕΩ =  is given by [42] 

 
( )

2 2 2

2 2 2 2 2

2

2 2 2
 

2 ( , )  ( , , )
z

x y z xy z

x y z
i k z

i k x k y k z w w
e M x y z e dx dy dz
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+
− − +
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where summation is made over all nonlinear sources located at x, y, z in the muscular tissue, 

assuming that the incident laser beam propagates in z direction and that the excitation field is 

3D Gaussian at the vicinity of the focus. Constant coefficients and polarization dependence of 

the SHG signal are factorizable factors and are not taken into account. (0,0,1)kω ω=k  and 

( )2 2 sin cos ,sin sin ,coskω ω θ ϕ θ ϕ θ=k  are wave vectors of respectively fundamental and 

harmonic waves written in laboratory coordinates x, y, z. ( , , )M x y z  is the spatial modulation 

of the second-order nonlinear optical susceptibility defined by (2) (2)( , , ) ( , , )x y z M x y zχ χ= × . 

11 ( )rk zωξ −= −  and 2 1

r xyz n wω ωπ λ −=  is the Rayleigh range. Considering identical adjacent 

myofibrils parallel to x direction and of rectangular size in y and z directions, Eq. (1) can be 

rewritten 

 

2 2 2

2 2 22 2 2
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        ω

ωω ω
ξ

ω
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where summation is made over all myofibrils f and where ( )fMη η  is the spatial modulation of 

the second-order nonlinear optical susceptibility for myofibril f in η direction ( , , )x y zη = . 

1f f

y zM M= =  within each myofibril and 0f f

y zM M= =  elsewhere. f

xM  =  + 1 or −1 in the 

A-band region of each sarcomere and 0f

xM =  elsewhere. Sign inversion takes into account 

myosin thick filament polarity inversion at the M-band. Using a development in Fourier series 

of fMη  with spatial period Lη (η = x, y, z), 
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, Eq. (2) results in 
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with ( )
3 4 2

2
u xy zw wπ= . xL L=  is the sarcomere size and y zL L=  have to be chosen greater 

than the size of the bundle of myofibrils in y and z directions. Fourier coefficient 
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        (4) 

A and m are sizes of the A- and M-bands respectively and y and z  are sizes of each 

myofibril in respectively y and z directions (see the schematic view of the sarcomere in the 

inset of Fig. 6). f

ηΔ  is a coefficient that is introduced to take account of a displacement of the 

center of the focus spot with respect to the center of the sarcomere in η direction ( , , )x y zη =  

for each myofibril f. 

α-actinin TPEF intensity ( , , )TPEF x y zI  produced at position x,y,z in the muscular tissue is 

driven by the convolution product of the Alexa Fluor dye concentration ( , , )C x y z  by the 

square of the Gaussian intensity of the incident IR beam 
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Decomposition over all myofibrils f leads to 
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where fCη  is the dye concentration of myofibril f in η direction ( , , )x y zη = . 1f f

y zC C= =  

within each myofibril and 0f f

y zC C= =  elsewhere. 1f

xC =  for the dye labeled region at the Z 

line of each sarcomere and 0f

xC =  elsewhere. Using again a development in Fourier series of 

fCη  with the same Fourier spatial periods Lη as before, 
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 (η = x, y, z), 

Eq. (6) results in 

 
2 2 2 2 2 2 2 2 2 2 2 21 1 1

4 4 4( , , ) v ,xy x xy y z zw n L w n L w n Lf f f

TPEF xn yn zn

f n n n

x y z d e d e d e
π π π− − −− − −

∈ ∈ ∈

 
=      

  
I (7) 

with 3/ 2 21

8
v= xy zw wπ  and Fourier coefficient 

1/ 2 21

/2
( )

L i nLf f

n
L

d L C e d
η η

η

π η

η η η η η
−−−

−
=   given by 

 

1 11

1

sin ( ) exp( 2 ) , , ( , , )
.

, 0, ( , , )

f f

n n
d nL i nL n x y z

L n x y z

η η η η ηπ

η η

π π η

η

− − ∗

−

= × − Δ ∈ =

= = =

 


         (8) 

y , z  are still sizes of each myofibril in respectively y and z directions and x  is size of the 

dye labeled region at the Z-line in x direction. f

ηΔ  is a coefficient that takes account here for 

the displacement of the center of the focus spot with respect to the center of the dye labeled 

region at the Z-line in η direction ( , , )x y zη =  for each myofibril f. 

MATLAB (MathWorks, Natick, MA, USA) was used for the calculation of theoretical 

SHG-AIP and -IP given respectively by Eq. (3) and by angular integration of Eq. (3) over the 

condenser aperture using u = 1 (see reference [42] for details). Equation (7) is used for 

calculation of theoretical TPEF-IP using v = 1. Spatial periods of the Fourier development 

series are 2 ,xL L mµ= = the experimental sarcomere size and 15y zL L mµ= = . Number of 

Fourier coefficients is set to n = 40 [45]. Sizes of sarcomeric A- and M-bands for well ordered 

thick filaments within each sarcomere are respectively 1.6A mµ=  and m = 150 nm. 

1y z mµ= =   and size of the dye labeled region at the Z-line in x direction is arbitrary set to 

100x nm= . 12k nω
ω ωπ λ −= , 2 1

2 2
2k nω

ω ωπ λ −= , ω = 940 nm and nω = n2ω = 1.33. 

0.48
xy

w mµ=  and 2.4zw mµ=  were estimated from the two-photon excitation PSF obtained 

from 0.17 mµ  diameter fluorescent micro beads (see reference [42] for details). 

3. Experimental results 

Duplex SHG and α-actinin-based TPEF imaging of mouse control (BL10) and mdx 

gastrocnemius muscle tissues are illustrated in Fig. 1. 
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Fig. 1. Optical XY sections illustrating duplex SHG (a,c) and TPEF α-actinin (b,d) images 

from control BL10 gastrocnemius (a,b) and mdx gastrocnemius (c,d) mouse muscles. Note that 

in both TPEF and SHG images, necrotic fibers (asterisks) lacked the canonical sarcomeric 

banding pattern of preserved fibers (arrows). Whereas these regions of necrosis are the 

brightest in TPEF images due to non-specific accumulation of secondary fluorescently labeled 

antibodies, the opposite is observed for SHG images due to proteolysis and degradation of 

myosin filaments. Note also for SHG images the bright filaments (arrowheads) reminiscent of 

collagen fibrils surrounding necrotic fibers. Scale bar = 20 m. 

Fluorescence is emitted from immunodetection of α-actinin, a molecular marker of 

sarcomeric Z-lines [36, 42]. As expected, control muscle tissue is characterized by bright 

SHG (Fig. 1(a)) and TPEF (Fig. 1(b)) signals delineating each myofiber. In contrast to 

control, SHG (Fig. 1(c)) and TPEF (Fig. 1(d)) images of mdx muscle often show necrotic or 

degenerating cluster of muscle fibers (asterisks) separating well-preserved fibers (numbered 

arrows) in agreement with the general histological feature of necrotic mdx muscle [3, 47]. For 

the SHG image of mdx muscle (Fig. 1(c)), portion of 4 preserved fibers are indicated by 

bright SHG signal (arrows) bordered by necrotic fibers with drastically reduced SHG signal 

(asterisks). A close look at the necrotic fiber regions reveals the presence of collagen 

filaments that generate SHG signal (arrowheads). For the TPEF image of mdx muscle (Fig. 

1(d)), necrotic fibers are brighter than the preserved myofibers since the former behave as 

sponge that none specifically trapped both the primary and secondary antibodies as recently 

shown in mdx mouse [47]. At higher magnification, canonical 1f sarcomeric IPs are 

predominantly seen in preserved fibers in both SHG (Fig. 2(a)) and TPEF (Fig. 2(b)) images 

of mdx muscle. 
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Fig. 2. Typical duplex SHG (a), TPEF (c) and merge image (c) inside preserved myofiber of 

mdx mouse gastrocnemius muscle. Note that for the merge image, SHG and TPEF signals are 

respectively in red and green color. Note also that in (a, b and c) white arrowheads and empty 

or filled white arrows all indicate 2f sarcomeric TPEF-IPs spatially correlated to 2f sarcomeric 

SHG-IPs whereas yellow filled arrows indicate 1f sarcomeric TPEF-IPs spatially correlated to 

2f sarcomeric SHG-IPs. (d,e) Pixel grey level intensity profile of SHG (full lines) and TPEF 

(dotted lines) signals along indicated lines in images (a), (b) and (c). Scale bar = 5 m. 

A close look at the merge signal (Fig. 2(c)) and at the intensity profile plot (Fig. 2(d)) 

show that the two signals often alternates in agreement with the respective A-band and Z-line 

origin of each signal. 2f sarcomeric SHG-IPs are also observed in the SHG image 

(arrowheads and arrows in Fig. 2(a)). For TPEF image, 2f sarcomeric TPEF-IPs are also 

visible in Fig. 2(b) and they are often spatially correlated to 2f sarcomeric SHG-IPs (ROIs 

indicated by white arrowheads and white filled or empty arrows in Fig. 2(a)-2(c) as illustrated 

by intensity profile analysis (Fig. 2(e)). However, we also found regions with 2f sarcomeric 

SHG-IP spatially correlated to 1f sarcomeric TPEF-IPs (ROIs indicated by yellow filled 

arrows Fig. 2(a)-2(c)). We found that 60% (n = 150 myofibrils from 13 random fields) of 2f 

sarcomeric SHG-IPs are spatially correlated to 2f sarcomeric TPEF-IPs whereas this 

percentage is 94% (n = 32 myofibrils from 17 random fields) in control muscle. The observed 

correlation between 2f sarcomeric SHG and TPEF images strongly suggest that these patterns 

result from the same micro-architectural modification of the muscular tissue. 

Spatial correlation between SHG- and TPEF-IPs were also found using a lipophilic 

fluorescent dye (RS19). This dye is a chemical analog of the voltage sensitive dye Di-6-

ASPBS [44] that accumulates in membranes and is used herein to label muscle tubular 

system, triads and also mitochondria predominantly localized at the I-band [48]. This dye was 

found brighter with better photo stability compared to alexa-fluor 488 and 594 secondary 

antibodies often used for TPEF immuno-histological and -cellular imaging therefore enabling 

good resolution Z-stack imaging. Orthogonal views of both SHG and TPEF-RS19 Z-stack 

images are illustrated in Fig. 3. 
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Fig. 3. 3D orthogonal views of SHG and TPEF-RS19 images of mdx mouse gastrocnemius 

muscle. (a, d), (b, e) and (c, f) are respectively SHG, TPEF and merge of XY and XZ views. 

Note that for the merge, red and green colors are respectively for SHG and TPEF signals. Note 

that arrowheads indicate 2f sarcomeric TPEF-IPs spatially correlated to 2f sarcomeric SHG-

IPs. (g) and (h) are YZ views of respectively SHG and TPEF images. Arrows indicate resolved 

tubular system in YZ view of TPEF-RS19 image. Scale bar = 5 m. 

XY sections of both SHG (Fig. 3(a)) and TPEF (Fig. 3(b)) images showed that the two 

signals are alternated as expected and illustrated in Fig. 3(c) (merge SHG and TPEF signals). 

The same alternation of SHG and TPEF signals are also observed in XZ sections (Fig. 3(d)-

3(f)) obtained at the center of the Z-stack. A close look at both SHG and TPEF images 

showed spatially correlated 2f (pitchforklike/Y-shape) IPs (arrowheads). From z-stack 

images, we found that 87% (n = 170 myofibrils from 56 random fields) of 2f sarcomeric 

SHG-IPs are spatially correlated to 2f sarcomeric TPEF-IPs in mdx muscle. In YZ sections, 

individual A-bands could not be resolved in the SHG channel (Fig. 3(g)) whereas the tubular 

system (indicated by arrows) are well resolved along the Y-axis for the TPEF channel (Fig. 

3(h)). 

Since we have previously shown that angular emission of SHG light is a very sensitive 

technique to probe myofibrillar displacement below the optical resolution [45], we undertook 

next SHG-AIP experiments in order to determine the myofibrillar arrangement underlying the 

spatially correlated 2f sarcomeric SHG- and TPEF-IPs. Experimental SHG images and SHG-

AIPs of mdx muscles are shown in Fig. 4. Width of ROI is chosen to be of the order of the 

size of a sarcomere in order to obtain an average sarcomeric SHG-AIP. SHG-AIP were found 

to be either two spots (ROIs (1-7)) or one centered spot (ROIs (8-14)) corresponding 

respectively to well registered and misregistered myofibrillar A-bands [45]. A good 

correlation was found between 1/ two spots SHG-AIP and 1f sarcomeric SHG-IP and 2/ one 

spot SHG-AIP and 2f sarcomeric SHG-IP. In the latter case, SHG-AIP with one centered spot 

was found to be 92% ± 3% (177 ROIs from 30 random fields) correlated to 2f sarcomeric 

SHG-IP, indicating that most 2f sarcomeric SHG-IP is the result of myofibrillar displacement 

[45]. 
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Fig. 4. Experimental SHG image and SHG-AIPs of mdx mouse gastrocnemius muscle. (a) 

Typical SHG image. (b) SHG-AIP of corresponding ROIs shown in (a). Note that each 

thumbnail in (b) is labeled by a number localizing the ROI in (a). Full angular width of SHG-

AIP for each thumbnail in (b) is 66° in both horizontal and vertical directions. Each SHG-AIP 

is obtained for 7 × 7 positions of the pinhole with angular width of 10°. Scale bar = 3 m. 

As the percentage of 2f sarcomeric SHG- IP is about 20% ± 2% (n = 107 fields) in random 

fields of mdx muscle (Fig. 5(a)), spatial correlation between 2f sarcomeric SHG-IP and 

myofibrillar displacement at TEM level is not straightforward. Fortunately, we consistently 

found that the percentage of 2f sarcomeric SHG-IP was drastically increased in ROIs of 

preserved myofibers that were within 20 µm of the border of necrotic fibers (Fig. 5(a)). 

Proximal (within 20 µm) and distal (between 20 and 50 µm) regions of preserved fiber 

bordered by necrotic ones yielded percentage of 2f sarcomeric SHG-IP of respectively 77% ± 

7% (n = 18 fields) and 33% ± 5% (n = 25 fields) respectively. That clearly indicates a 

gradient of 2f sarcomeric SHG-IP inside the same myofibers starting in the vicinity of 

necrotic fibers. Results of TEM studies are illustrated in Fig. 5(b)-5(e). Typical TEM image 

from control muscle presents tightly closed myofibrils registered at Z-lines (Fig. 5(b)). At 

higher magnification, thick filaments of A-bands were found centered and well aligned (Fig. 

5(c)). Mitochondria are often observed between sarcomeres near Z-lines and triads (structure 

of T-tubules and terminal cisternae of sarcoplasmic reticulum) are seen close to the I-A-band 

junction. For mdx muscle images, care was taken to select TEM images encompassing 

regions of preserved myofibers bordered by necrotic ones as illustrated in Fig. 5(d). 
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Fig. 5. (a) Histogram representing mean percentage of 2f sarcomeric SHG-IP in random fields 

of control BL10 fibers (BL10-rdm), random fields of preserved mdx fibers (mdx-rdm), near 

regions of necrosis inside preserved mdx fibers (mdx-prox) and distal regions of necrosis 

inside mdx preserved fibers (mdx-dist). Note that asterisk indicates p-value of statistical 

student t-test (*** p<0.001, ** p<0.01, number of fields n is 70<n<100) (b) Representative EM 

image of control healthy BL10 gastrocnemius muscle. (c) Enlarge view of ROI indicated in (b) 

showing tightly joined myofibrils and well-aligned sarcomeres. Z-line and M-band are 

indicated. Arrowheads and asterisks indicate respectively mitochondria and triads. (d) 

Representative TEM image of mdx muscle tissue. Adjacent sarcomeres misaligned by half a 

sarcomere size are indicated by arrowheads. Note the absence of sarcomeric striation of a 

necrotic fiber at the bottom of the preserved fiber. (e) Magnified TEM image of ROI indicated 

in (d) showing 6 typical sarcomeres of 3 myofibrils. Note that myofibrils are misaligned and 

that triads are barely visible. Scale bar = 2 m. 

As expected myofibrils disorganization with Z-lines and A-bands misalignment are 

observed. Quantitative measurement of the distance separating sarcomeric A-bands between 

adjacent myofibrils were obtained in proximal regions (≤ 20 µm) of necrotic fibers. These 

values were found to be 237 ± 257 nm (n = 154 A-bands) in proximal regions in mdx muscles 

which is significantly greater (p<0.001) than 20 ± 48 nm (n = 403 A-bands) found in control. 

At higher magnification (Fig. 5(e)), we notice that thick filaments inside A-band were often 

centered. Moreover, number of triads was found to be drastically reduced. Quantitative 

measurement of the average number of triads bordering a sarcomere was found to be 3.1 ± 0.1 

(n = 119 triads) in control and this value was reduced (p<0.001) to 1.4 ± 0.1 (n = 119 triads) 

in mdx muscles. In addition to Z-lines misregistration, myofibrillar disruption was 

occasionally observed (Fig. 5(d),5(e)) indicating proteolysis of both cytoskeleton and 

sarcomeric proteins as expected [12]. TEM results indicate that 2f sarcomeric SHG-IPs result 

from A-bands misregistrations that are spatially correlated to triad disruptions. 

4. Theoretical simulation of SHG- and TPEF-IPs 

In order to clearly correlate A-bands misregistrations observed at TEM level and 2f 

sarcomeric SHG-IPs of preserved gastrocnemius mdx fibers, we undertook theoretical 

simulation of SHG-IPs. Characteristic results of the theoretical simulation for misaligned 

myofibrils along myofibrillar axis (x direction) are illustrated in Fig. 6. 
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Fig. 6. Macroscopic and microscopic diagrams illustrating different myofibrillar organization 

and their corresponding theoretical SHG (myosin, red color) and TPEF (immunodetection of 

Z-line α-actinin, green color) intensity patterns for a sarcomere size of L = 2 m. For all 

simulations, overall thickness of the myofibrillar bundle is z = 6 m and laser beam that is 

propagating along z direction, is focused at z = 0 at the middle of the bundle. For the 

calculation, each bundle was decomposed in individual myofibrils of rectangular size 1 m × 

1 m in y and z directions (see theoretical simulation). For all microscopic schematic views, A-

bands consist of well-ordered thick filaments that are represented by a double color code 

(magenta and blue) to account for polarity inversion at the M-band (grey color) and 

immunodetection of Z-line α-actinin is shown in green color. A schematic view of the 

sarcomere is shown in inset (lower right corner). (aI) Macroscopic schematic diagram of two 

bundles with parallel XZ planes misaligned in x direction at y = 0. Microscopic schematic 

diagrams (left) and their corresponding theoretical SHG and TPEF intensity patterns (right) of 

aligned (aII), misaligned by L/4 (aIII) and misaligned by L/2 (aIV) A-bands. Note that for 

misalignment of L/2 SHG-IP has a Y-shape. Note also that in addition to the intra sarcomeric 

A-band polarity inversion (in x direction), inter A-band polarity inversion (in y direction) 

between adjacent myofibrils occurs at y = 0 due to myofibrillar misalignement. (bI) 

Macroscopic schematic diagram of two bundles with parallel XY planes misaligned in x 

direction at z = 0. Microscopic schematic diagrams (left) and their corresponding theoretical 

SHG and TPEF intensity patterns (right) of misaligned A-bands. Values of misalignement are 

L/4 (bII), L/3 (bIII) and L/2 (bIV). (cI) Macroscopic schematic diagram representing two 

bundles with respectively U-shape (1) and rectangular shape (2) misaligned by L/2 at z = 0. 

Microscopic schematic diagrams at z<0 (cII) and z>0 (cIII) and the corresponding theoretical 

SHG and TPEF intensity patterns at z = 0, z = −1 and z = 1 as indicated. Note that 

misalignement induces appearance of additional polarity inversion of adjacent hemi A-bands 

along z direction at y = 0. Note that for all three z positions, SHG-IPs have rectangular-shape. 

(dI) Macroscopic schematic diagram representing four bundles with rectangular shape. Bundles 

1 and 2 are well aligned and bundles 3 and 4 are misaligned from bundles 1 and 2 by L/4 and 

in opposite direction. Microscopic schematic diagram at z<0 (dII) and z>0 (dIII) and the 

corresponding theoretical SHG and TPEF intensity patterns at z = 0 as indicated. Note the L/4 

shift of 2f sarcomeric SHG- and TPEF-IPs when compared to (c). Note that SHG-IP has a 

vernier-shape. (eI) Macroscopic schematic diagram of two L-shape bundles misaligned by L/2. 

Microscopic schematic diagram at z<0 (eII) and z>0 (eIII) and the corresponding theoretical 

SHG and TPEF intensity patterns at z = 0 as indicated. Note that SHG-IP has a staircase-shape. 

(fI) Macroscopic schematic diagram of three misaligned bundles with respectively L-shape (1) 

and rectangular shape (2, 3). Bundles 1, 2 and 1, 3 are misaligned by respectively L/4 and L/2. 

Microscopic schematic diagram at z<0 (eII) and z>0 (eIII) and the corresponding theoretical 

SHG and TPEF intensity patterns at z = 0 as indicated. Note that SHG-IP has a U-shape. Scales 

of the microscopic diagrams and of the theoretical simulations are in m. 
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All simulations are obtained using the experimentally measured sarcomere size of L = 2 

m. The first panel of each row is a schematic macroscopic 3D view of a portion of muscle 

tissue representing a particular case of myofibrillar displacement. The other panels of each 

row are microscopic views of either xy schematic diagrams of myofibrillar organization or 

their corresponding theoretical SHG- (red color) and α-actinin (green color) TPEF-IPs. For all 

microscopic schematic views, A-bands (size 1.6 m) consist of well-ordered thick filaments 

that are represented by a double color code (magenta and blue) to account for polarity 

inversion at the M-band (grey color) due to antiparallel polymerization of myosin molecules. 

α-actinin marker of the Z-line is shown in green color. I-bands are in dark color and thin band 

with grey color at the center of each A-band corresponds to the M-band region (size m = 150 

nm) with antiparallel overlapping of myosin thick filaments where no SHG signal is produced 

(see the schematic view of the sarcomere in inset of Fig. 6). All segments of myofibrils are 

shown with a series of 3 sarcomeres. Figure 6(a), 6(b) illustrates cases of two bundles of 

myofibrils characterized by respectively parallel XZ and XY planes that are misaligned along 

x direction. Simulation shows that misalignement induces 2f sarcomeric SHG-IPs at y = 0 

(Fig. 6(a)) and at z = 0 (Fig. 6(b)). Theoretical simulations of Fig. 6(a), 6(b) correspond to 

experimental results of Fig. 2 indicated respectively by empty arrowheads and filled white 

arrows. Moreover, Y-shape SHG-IPs are observed for misaligned XZ planes but not for XY 

planes. Therefore, shape of 2f sarcomeric SHG-IPs can provide information about the 

orientation of the shear planes as further illustrated in Fig. 6(c)-6(d). Altogether, these 

theoretical results show that the result of a myofibrillar displacement along myofibrillar main 

axis is the appearance of 2f sarcomeric SHG-IP. 

4. Discussion 

The major finding of this study is that preserved myofibers of mdx muscle tissue are 

characterized by an increase of 2f sarcomeric SHG- and TPEF-IPs correlated to myofibrillar 

displacement as suggested by SHG-AIP and also observed at ultrastructural TEM level. 

Moreover, ultrastructural studies revealed a good spatial correlation between myofibrillar 

misalignment and triad disappearance. Theoretical simulation also demonstrates that 

myofibrillar misalignement always results in the appearance of 2f sarcomeric SHG-IP due to 

constructive interferences of harmonic photons emitted from misaligned adjacent hemi A-

bands of inverse polarity [42, 45]. Y- or vernier-shape SHG-IPs have been previously 

reported in mdx muscle as the result of either myofibrillar deformation or change of myosin 

orientation between different arms of the Y- or vernier-shape [20]. Our results show that Y-

shape SHG-IP is an optical illusion due to myofibrillar misalignement and should not be 

confused with myofibrillar deformation. This Y-shape optical illusion originates from over 

intensities appearing both at the M-band (stem) and between neighboring A-bands of adjacent 

myofibrils (arms) as a result of constructive interferences of harmonic photons emitted within 

the PSF [42]. A major finding from theoretical simulation is that Y-shape SHG-IP is the result 

of myofibrillar misalignement of the order of L/2. However, mean myofibrillar displacement 

found at TEM level is 237 ± 257 nm, a value lower than the one found at optical level and 

which could be explained by sample shrinkage due to its deshydratation prior TEM imaging 

[49]. 

From theoretical analysis, we also suggest that combined SHG-IP and SHG-AIP 

experiments should be sufficient to determine the level of (inter- or intra-sarcomeric) myosin 

thick filaments disorganization as illustrated in Fig. 7. Well-registered A-bands of relax 

healthy muscles are characterized by 1f sarcomeric SHG-IP and two-distant-spots SHG-AIP 

(Fig. 7(a)). Misaligned myofibrils of proteolysed or disease muscles are characterized by 

combined 2f sarcomeric SHG-IP and two-closed-spots SHG-AIP (Fig. 7(b)). According to the 

experimental angular resolution, these closed spots become one-centered spot as shown in the 

second column of Fig. 4(b). Fine analysis of the contrast of 2f sarcomeric SHG-IPs is 

sufficient to discriminate between intra-sarcomeric myosin thick filaments disorder [46] (Fig. 
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7(c)) and mini sarcomeres (Fig. 7(d)) previously described during developmental 

myofribrillogenesis [50, 51]. Therefore, combining both SHG-IP and SHG-AIP enables to 

probe the 3D arrangement of myosin thick filaments in the focusing volume. Since it takes 

less than ten minutes to acquire both SHG-IP and SHG-AIP images, these techniques are 

compatible with live imaging of muscle tissue. As they are sensitive to the phase of the 

emitted harmonic waves and therefore to the spatial modulation of density and polarity of the 

nonlinear emitters within the focusing volume, they probe myofibrillar displacement below 

the optical resolution [42, 45]. For example backward SHG signal probes spatial modulation 

of nonlinear emitters at the scale of about /10. However they do not directly measure the 

phase of nonlinear emitters as can be done by interferometric SHG microscopy [52, 53]. The 

drawback of this latter technique is the acquisition time which is of the order of a few hours to 

fully characterize a scanned area [53]. Therefore improving the acquisition time to reduce 

phototoxicity and mechanical drift might be necessary for this latter technique to be fully 

compatible with live imaging. All together these phase sensitive techniques probe spatial 

modulation of the supramolecular nonlinear optical susceptibility (2)χ  whereas polarization 

microscopy provides information on the orientation of the molecular hyperpolarizability (2)β . 

Polarization microscopy has been shown to provide dynamic conformation change of thick 

filaments cross bridge occurring during isometric contraction [37]. However, the main 

limitation of this technique is that it is too slow to follow a twitch contraction. 

We have previously reported 2f sarcomeric SHG-IP in experimentally induced 

proteolysed muscle in xenopus, rat and in pathological mdx mouse. This report brings new 

information concerning myofibrillar misalignment correlated to triad disappearance of 

pathological mouse muscle probed by SHG, TPEF and TEM. More precisely the novelty of 

our results can be summarized as follow. 1/ We show quantitatively (by measuring the 

percentage of 2f sarcomeric IPs) that SHG is more sensitive than TPEF to probe myofibrillar 

misalignement. Indeed, due to its coherent nature, emitted SHG signal is sensitive to the phase 

of the harmonic waves enabling to probe the relative organization of nonlinear SHG emitters 

within the focusing volume. 2/ Quantification of 2f sarcomeric SHG-IPs shows that they are 

predominantly clustered near necrotic fibers. Since myo-necrosis regions are localized and 

clustered in small areas (representing less than 10% of the whole muscle tissue in 6 weeks 

mdx muscles (see also [47]), percentage of 2f sarcomeric SHG-IPs in proximal and distal 

regions of necrosis were always greater than the one found in random areas (Fig. 5(a)). 3/ 

Necrotic regions were used as structural markers to correlate 2f sarcomeric SHG-IPs to 

myofibrillar misalignment and to triad reduction. The latter result is expected to have 

important functional consequence by impairing EC coupling. 4/ Theoretical simulation (Fig. 

6) has been used to explain the variety (Y-shape, vernier-shape, U-shape etc.) of 2f 

sarcomeric SHG-IP observed (Fig. 2) and related to 3D myofibrillar misalignment. Moreover, 

simulation of combined 2D images of SHG-IP and TPEF-IP has never been presented before. 

This approach enables 3D micro architectural mapping of sarcomeres in muscle tissue. 

Furthermore, theoretical simulation put forward that intra-sarcomeric thick filament disorder, 

mini sarcomeres and myofibrillar misalignment resulting in 2f sarcomeric SHG-IP can all be 

discriminated by combining both SHG-IP and SHG-AIP. 
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Fig. 7. Theoretical simulation of SHG and TPEF signals of different cases of myofibrillar 

arrangement. (a-d) are respectively well registered A-bands (a), misaligned A-bands by L/2 (b), 

well registered A-bands with misaligned thick filaments (c) and mini sarcomeres (d). (a,b) L = 

2 m, A = 1.6 m and m = 150 nm. (c) L = 2 m, A = 1.6 m, m = 320 nm. (d) L = 1 m, A = 

0.8 m, m = 150 nm). (I-V) are respectively schematic diagrams, SHG-IPs, TPEF-IPs, 

Intensity profiles at z = 0 and SHG-AIPs. Note that (I-IV) are XZ views whereas (V) is a XY 

view. Color codes for (I-III) are identical to those of Fig. 6 and color code of (IV) is red and 

green for respectively SHG and TPEF intensity profiles. For (V), SHG-AIPs are in arbitrary 

units with increasing intensity from blue to red. Full angular widths of SHG-AIPs are 66° in 

both x and y directions. Note the scale in m for I-IV. 

It has been suggested that mdx mouse are characterized by an increase in fraction of hyper 

contracted sarcomeres corresponding to decrease in mean sarcomere length due to impaired 

calcium homeostasis [30]. In agreement with this study, we found high frequency (2f) 

sarcomeric SHG-IP. However, in our experimental conditions, we did not found any hyper 

contracted sarcomeres with both SHG and TEM images. In the absence of TEM images in 

this previous study [30], one could not exclude that the presumed hyper contraction is either 

experimentally induced or a misinterpretation of high frequency SHG-IP. Increase in 2f 

sarcomeric SHG-IPs that we observed in mdx muscle is in agreement with previous report 

[20] and could be the consequence of oxidative stress as experimentally shown in non-disease 

muscles [40, 41]. Loss of transverse myofibrillar alignment described herein in mdx muscle 

using both SHG and TPEF imaging has been previously reported in human distrophic and 

DMD muscles [12]. In this latter report, sarcomeric misalignment has been explained at TEM 

level as resulting from excessive antagonist forces generated by hyper contraction and 

stretching of the muscle at different locations leading to the breakdown of the intermediate 

filament protein desmin that connect adjacent sarcomeric Z-lines. In agreement with this 

ultrastructural study, myofibrillar impairment present in all mdx muscle fibers has been 

suggested to underlie the enhanced force loss observed after eccentric contractions [8]. In 

addition to the correlation between 2f sarcomeric SHG-IP and A-band misalignment, we 

found a second correlation between 2f sarcomeric SHG-IP and triad reduction. Whether the 
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latter is a consequence of the former or vice versa is not known. For the former correlation, 

the mechanism of myofibrillar displacement inducing 2f sarcomeric SHG-IP has been 

recently reported in details for xenopus gastrocnemius muscle [42]. The second correlation 

suggests that 2f sarcomeric SHG-IP could be used to probe excitation contraction coupling 

alteration. In mdx muscle, mechanical stress has been shown to induce calcium release [10, 

18, 54], activation of calcium-dependent protelolysis [55] and alteration of the excitation 

contraction coupling [8, 15–17]. Future functional and spatial study combining SHG 

microscopy, calcium fluorescence and force measurement will provide sub-micrometric 

spatial resolution and complementary information to electrophysiological studies that 

integrate the electric signal at a higher level corresponding to the whole myofiber. Disruption 

of the excitation contraction coupling has been reported in several other striated muscle 

disease including heart [56–60] and muscle damage induced by eccentric contractions [8]. 

Structural myofibrillar disorganization has also been observed in several animal and human 

skeletal muscle gene diseases [12, 48, 61–63]. However information regarding the structural 

involved mechanism, their spatial localization and distribution at sub-micrometric scale is 

scarce or lacking. SHG microscopy opens new avenues for functional studies aimed at filling 

this gap. 

5. Conclusion 

The main finding of this study is that increase of frequency doubling sarcomeric SHG 

intensity pattern observed on mdx mouse gastrocnemius muscle is the result of myofibrillar 

displacement observed at TEM level and demonstrated by theoretical simulation. More 

importantly, these myofibrillar displacements were correlated with triad disruption. Based on 

theoretical simulation of sarcomeric SHG intensity pattern, we show that SHG microscopy 

emerges as a powerful tool to reveal the submicrometric organization of A-band thick 

filaments. We anticipate that SHG microscopy will be of paramount to gain insight in triad 

defects and excitation contraction disruption that occurs during muscle physiological 

adaptation and disease. 
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