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Abstract: We present a theoretical simulation of the sarcomeric SHG
intensity pattern (SHG-IP) that takes into account myofibrillar
misalignment that is experimentally observed in SHG images of
proteolysed muscles. The model predicts that myofibrillar displacement
results in the conversion from one peak (1P) to two peaks (2P) sarcomeric
SHG-IP in agreement with experimental results. This study suggests that
sarcomeric SHG-IP is a powerful tool for mapping spatial myofibrillar
displacement and its related excitation-contraction disruption that could
occur during muscle physiological adaptation and disease.

©2013 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

Second Harmonic Generation (SHG) imaging microscopy takes advantage of a nonlinear and
coherent frequency-doubling optical effect inherent to very few biomolecules, i.e. collagen,
myosin, tubulin that are packed in a non-centrosymmetric polycrystalline lattice [1, 2]. Hence,
SHG microscopy has successfully provided direct imaging of individual sarcomeres in
physiological and disease muscles [3-9]. We have previously shown that sarcomeric SHG
intensity pattern (SHG-IP) was predominantly one peak (1P) in healthy tissue and two peaks
(2P) in proteolysed tissue in case of mechanical and oxidative stress [10-12]. We have
recently developed a theoretical model to calculate SHG intensity from a bundle of myofibrils
taking account of their size and of their relative distribution [13]. In the present work, we use
the result of this model to calculate SHG-IP taking into account myofibrillar misalignment
experimentally observed in SHG images of proteolysed tissue. A good agreement between
theoretical and experimental SHG-IPs is found. The model predicts that for resting sarcomere
of length 2-2.4 um, myofibrillar displacement greater than 0.6 um induced 2P sarcomeric
SHG-IP. This study opens new opportunity for SHG microscopy to probe disruption of the
excitation contraction coupling [14, 15] at the triad junction due to structural myofibrillar
disorganization as observed in several animal and human skeletal muscle gene diseases [16—
18].

2. Materials and methods
2.1 Sample preparation

Muscle tissues were obtained from gastrocnemius of adult Xenopus laevis (National breeding
facility of xenopus animals in Rennes, France). Mature male animals were anesthetized by
immersion for 10-15 min in 2% phenoxyethanol (Sigma-Aldrich). Dissected muscles were
incubated in Mark’s modified Ringer (MMR) for 3 or 24 hours before fixation in MMR
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containing 4% paraformaldehyde (PFA). Dissected muscles were either free or elongated and
tied to rigid plastic rods before and during fixation. We found that 3 hours elongation in
MMR results in mild proteolysis whereas 24 hours incubation in MMR results in drastic
proteolysis at room temperature (18-22°C). Muscles were kept overnight at 4° C in the
fixative and washed several times in the appropriate buffer saline. Dissected pieces of muscle
fibers (200 - 400 pm thickness) were mounted in a POC-R2 tissue culture chamber system
(POC chamber system, PeCon, GmbH), in MMR and stabilized between two coverslips.
Immunostaining of Z-band o-actinin were obtained as previously reported [9] from 24 hours
proteolysed muscle. Briefly, 10-15 um cryostat muscle tissue sections, o-actinin primary
antibody (1:100, mouse monoclonal IgM, ab9465, Abcam, Cambridge, MA, USA) and Alexa
Fluor 488 secondary antibody (1:100, goat antimouse IgG, A11029, Molecular Probes,
Eugene, OR, USA) were used.

2.2 SHG imaging system

SHG imaging system has been described elsewhere [12, 13]. 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). Water immersion objective (Olympus
LUMFL 60W x 1.1 NA) (Olympus, Tokyo, Japan) and multi-immersion S1 (NA = 0.90-1.4)
Leica condenser were used respectively for applying 10-20 mW of 940 nm excitation at the
sample and for collection. BG39 bandpass and 470 nm IR (10 nm FWHM) filters were placed
before the PMT. All specimens were positioned on the x, y stage of the microscope with the
main myofibrillar axis along x direction. Incident laser beam was propagating along z

direction with input polarization along y direction. Beam waist w = and W, were estimated
from the two-photon excitation point spread function obtained from 0.17 um diameter
fluorescent micro beads (Molecular Probes PS-Speck Microscope Point Source Kit (P7220)).
Lateral and axial FWHM were found to be FWHM,  =0.4 um and FWHM,_ =2 um at 940 nm.

w, =048 yum and w, =2.4 um were deduced from these values using w,__=FWHM__/+In2

[2, 12]. Open source Image] (http://rsb.info.nih.gov/ij/) and UCSF Chimera
(http://www.cgl.ucsf.edu/chimera/) softwares were used for respectively SHG image analysis
and 3-D reconstruction.

2.3 Theoretical simulation

MATLAB (MathWorks, Natick, MA, USA) was used for simulation of the theoretical SHG-
IP. Values of parameters used for the simulation are the same as in reference [13]. Transverse
section of each myofibril is considered to be rectangular with size / =/ =1 um. Sizes of

sarcomeric A- and M-bands for well ordered thick filaments within each sarcomere are
respectively 4=1.6 um and m = 150 nm [12]. Spatial periods of the Fourier development

series are L = L, the sarcomere size and Ly =L_=15um. Number of Fourier coefficients is

set to n = 40. Refractive indices at fundamental and harmonic frequencies are taken equal 7,
=Nyp= 1.33.

3. Experimental results

We have previously shown that SHG images of healthy and spontaneous post mortem
proteolysed muscle tissue are respectively predominantly 1P and 2P sarcomeric SHG-IP [9].
2P sarcomeric SHG-IP are sometimes characterized by pitchforklike SHG patterns [3, 7, 9,
19]. These patterns have been observed and interpreted as the result of mini sarcomeres
associated to muscle regeneration based on immuno fluorescence images analysis [9, 20, 21].
We found that these pitchforklike SHG patterns shown in Fig. 1 significantly increase from
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10 + 2% (n = 126 random fields) in muscles that were not elongated to 19 + 2% (n = 119
random fields, p < 0.001) for 30% eclongated muscles suggesting that they could be the result
of muscle proteolysis. These typical pitchforklike SHG patterns are characterized by central
double-band sarcomeric SHG pattern bordered by single-band sarcomeric SHG pattern as
illustrated by a xy section of a z-stack shown in Fig. 1(a) and by the SHG-IP obtained at y =0
wm shown in Fig. 1(d).

Fig. 1. SHG images and experimental SHG-IPs. (a) SHG image at the middle (z = Opum) of a z-
stack of muscle tissue that experienced 30% elongation induced 3 hours mild-proteolysis.
Horizontal lines at y = 0 um, y = 3 um and y = - 3 um are ROIs for SHG-IP of (d). (b)
Corresponding xz view obtained at y = 0 wm. Note that horizontal full lines localized SHG
images of Fig. 2(a). (c) Corresponding yz view obtained at x = 0 um. As SHG signal originates
from the A-band, note the I-band to A-band transition from left to right. (d) SHG-IPs obtained
along lines y = 0 um, y = 3 um and y = -3 pm of (a). (e) 3-D view of the pitchforlike SHG
pattern. Scale bars are 2.5 pm.

Orthogonal xz projection from the stack that is shown in Fig. 1(b) also exhibits such
pattern, indicating misalignment of sarcomeric A-bands across the depth of the tissue. Such
misalignment is also clearly observed in the orthogonal yz projection of Fig. 1(c). A 3-D view
of the pitchforlike SHG pattern is shown in Fig. 1(e). This later is reminiscent of staircase or
vernier SHG pattern first described in mouse muscle [19]. To better understand the origin of
these pitchforklike SHG patterns, we compare in next section experimental SHG-IPs obtained
at different z positions of the stack of Fig. 1 with theoretical ones taking account of the
myofibrillar displacement observed in the stack.

4. Theoretical simulation of SHG-IP
Theoretical sarcomeric SHG-IP is obtained by calculating the total SHG intensity 12T ®

emitted by the muscular tissue and collected by the detection optics for each position of the

laser along the sarcomere. 17, :II2w(r)dQ is obtained by angular integration over the

condenser aperture of the far-field SHG intensity /,,,(r) emitted in direction r. If we consider
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that myofibrils are parallel to x direction and that incident laser beam is propagating along z
direction with input polarization along y direction, I,,(r) is given in spherical coordinates r,

0, o by [12, 13]
4 . 2
L, () =-%5 1 12 x(1=sin’ 6cos” )<Y g’ (6,0)| (1)

where summation is made over all myofibrils f within the focusing volume. [, is the
intensity of the incident IR beam and },s is the uniform second-order nonlinear optical

susceptibility coefficient involved in the interaction. g’(6,¢) is the Fourier transform of the
spatial modulation function M / V(x, ¥,z) of the second-order nonlinear optical susceptibility

;({S(x, y,2)=M'(x,y,2) s for each myofibril f weighted by the square of the Gaussian
amplitude of the excitation field [13]

2,2 2
XY 92 oigke:

<M’ (x,y,z)xe " " dcdy dz . (2)

20 20 20,
Xk Oyt z)

—ilk
g (0.9)=[c "
k®=k“(0,0,1) and k*° =k>"(sin@cos@,sinPsing,cosP) are wave vectors of respectively

the fundamental and harmonic waves in the laboratory coordinates x,y,z. £=1-(k"z,)" isa

coefficient whose value is driven by the Rayleigh range z, = 7Zn wwiy ﬂ;,l which represents the
reduction (£<1) of the effective axial propagation wave vector k“ of the incident wave
caused by the phase anomaly or Gouy shift due to focusing [12, 22]. Beam waist w,  and w,
are obtained from the two-photon excitation PSF (see Materials and methods). To simplify
Fourier transform calculation, we consider that each myofibril is rectangular with size / , £,
respectively in y and z directions such that M/ (x, y,z) = M/ (x)M (y)M/ (z) is factorizable.

Using three developments in Fourier series M) (17)=Y ¢/, ¢ (1=x,y,z), Eq. (2) results

ne’l
in

g0 =uxTele T Fel T F o g

neZ ne’Z neZ

with y = (%)3/2 w,w, and where G, = 2ﬂ'nL;71 is the 77=1x,),Z component of the wave vector

of order n of the Fourier development series with spatial period L = L. and L =L, the

L2
sarcomere size. Fourier coefficient ¢/, =L I M’ (q)e”""dn (n=x,y,z) of order n is
—L,
given for each myofibril f by [12, 13]
!, =Zsin(LG, (4-m))xsin(+G, (A+m))xexp(—i G, Al), neZ, n#0
=0, n=0
, -4

c Lsin(1G, ¢, )xexp(~iG, A ), neZ, n#0, n=y,z

nn

=(,L', n=0,7n=y,z
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A and m are sizes of the A- and M-bands respectively (see the schematic view of the
sarcomere in the inset of Fig. 3). A;; is a coefficient that is introduced to take account of a

possible displacement of the center of the sarcomere of each myofibril f with respect to the
center of the focus spot in 7]=X,),z direction. Finally, theoretical SHG-IP is performed by

calculation of 12T » using Eqgs. (1-4) for all positions of the incident laser beam along the

sarcomere width in x direction.

Experimental and theoretical SHG-IPs obtained from the stack of Fig. 1 are compared in
the following. First, experimental SHG images obtained at different z positions of the stack
are shown in Fig. 2(a). Experimental SHG-IPs, obtained along the horizontal line localized at
the middle of each SHG image are shown in Fig. 2(b) (full lines). Second, myofibrillar
schematic view of Fig. 1(b) is shown in each panel of Fig. 2(b). The first panel (z = 0) is a
mimic of Fig. 1(b). This panel represents segments of 8 myofibrils (4 sarcomeres per
myofibril are shown) localized in the xz plane and that are adjacent along z direction, parallel
along x direction and shifted by half a sarcomere width at the center of the stack. Each
following panel of Fig. 2(b) represents 8 myofibrils that are shifted by half a sarcomere width
at a different £ z position from the laser focus spot that is always localized along the
horizontal line at the center of each panel. Theoretical SHG-IP (dotted lines) is obtained from
the myofibrillar schematic view for a laser beam focused and displaced along the horizontal
line at the center of the panel considering well ordered thick filaments in each sarcomere.
Good agreement between experimental (full lines) and theoretical (dotted lines, white color)
SHG-IPs using m = 150 nm is found for all z positions. 2P sarcomeric SHG-IP is found
around z = 0 where myofibrillar displacement is observed. For z = 0, minimas of the
theoretical SHG-IP curve correspond to regions of low myosin density whereas maximas
correspond to regions of high myosin density. Above results suggest that pitchforlike SHG
patterns [19] that have been described as mini sarcomeres [9] could be the result of
myofibrillar spatial displacement. Indeed, the model predicts that both well aligned mini
sarcomeres and myofibrillar displacement result in the same 2P sarcomeric SHG-IP (data not
shown). Based on the present simulation and TPEF o-actinin images [9], one cannot
discriminate between mini sarcomeres and myofibrillar displacement. Nevertheless, in the
present study, 2P sarcomeric SHG-IP is predominantly the result of myofibrillar displacement
since pitchforlike structures increase by a factor of two due to proteolysis (see above).

Antiparallel reorganization of myosin molecules at the M-band has also been shown to
affect the sarcomeric SHG-IP [12, 23]. We have therefore determined the additional
contribution of M-band enlargement (ie increase centrosymmetry) on theoretical SHG-IP. To
this aim, the M-band has been enlarged (m = 320 nm) only for the two myofibrils bordering
the region of myofibrillar displacement taking into account the result of our previous report
[12]. Indeed, sarcomeric SHG-IP is mostly 1P except near the region of myofibrillar
displacement. Result of the simulation that is shown in Fig. 2(b) (dotted lines, yellow color)
indicates less agreement with the experimental results suggesting no contribution of thick
filaments disorder in this exemple.

We next determine the effect of myofibrillar displacement A/ =+A/2 on theoretical

SHG-IP. The result is illustrated in Fig. 3 for 9 values of A and 6 values of sarcomere size L
representing 9 x 6 panels. For each panel, upper half of myofibrils is displaced from the lower
half by A in x direction and laser beam is focused along the horizontal line between the two
halves at the middle of each panel. Theoretical SHG-IP is plotted (full line) in each panel with
arbitrary units.
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Fig. 2. SHG images and experimental/theoretical SHG-IPs. (a) SHG images are obtained at
different z positions of the z-stack of Fig. 1. Note that each SHG image is labeled by its z
position in the xz section of Fig. 1(b) and that z = 0 corresponds to the middle of the z-stack.
(b) Experimental SHG-IPs are full lines and theoretical ones are dotted lines in white color (m
= 150 nm for all myofibrils) and yellow color (m = 320 nm for the two myofibrils bordering
the region of myofibrillar displacement in x direction and m = 150 nm for other myofibrils).
Note that a diagram representing segments of 8 myofibrils is shown in the xz plane of each
panel with a series of 4 sarcomeres consisting of A-bands (red and blue color accounting for
polarity inversion) alternating with I-bands (dark color). Thin band with grey color at the
center of each A-band corresponds to the M-band region of size m with antiparallel
overlapping of myosin thick filaments where no SHG signal is produced (see also the
schematic view of a sarcomere in the inset of Fig. 3). Each experimental SHG-IP is obtained
along the horizontal line in the corresponding image of (a). Each theoretical SHG-IP is
obtained from the corresponding myofibrillar schematic view and for a laser focus position
along the horizontal line at the middle of each panel. Sarcomere size is L=2.5 gm and it

corresponds to the experimental mean value. SHG-IPs are drawn with arbitrary units. Scale
bars are 2.5 um.
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Fig. 3. Theoretical SHG-IPs as a function of sarcomere size L and myofibrillar displacement
A. Each of the (9 x 6) panels is a schematic diagram of 6 segments of myofibrils that are
adjacent and parallel respectively along z and x directions. For each panel, upper half of
myofibrils are displaced from the lower half in x direction by A. Each myofibril is shown with
a series of 4 sarcomeres consisting of A-bands (red and blue color accounting for polarity
inversion) alternating with I-bands (dark color). Thin band with grey color at the center of each
A-band corresponds to the M-band region of size m = 150 nm with antiparallel overlapping of
myosin thick filaments where no SHG signal is produced. A schematic view of the sarcomere
is shown in inset (upper left corner). Theoretical SHG-IP, obtained for a laser beam focalized
along the horizontal line at the middle of each panel, is plotted (full lines) with arbitrary units.
Note also the scale in um at the bottom of each column.
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Fig. 4. Experimental SHG, TPEF o-actinin images and SHG-IPs from post-mortem
proteolysed muscle. (a) SHG. (b) TPEF. (c) Merge of (a) and (b). Note that the images are
from 24 hours post-mortem proteolysed and contracted muscle (L = 1.8 um). Note also that
red and green colors in (c) are respectively SHG and TPEF images. (d) SHG-IPs along
indicated dotted lines of (a) and (b). (¢) SHG image from 30% elongated 3 hours mild
proteolysed muscle (L = 3.1 um). (f) SHG-IP along indicated dotted line of (e). Scale bars are

2 wm.

For well-aligned myofibrils (A = 0), SHG-IP is 1P for sarcomere size L >2um. The over
intensity at the M-band (see the schematic view of a sarcomere in the inset of Fig. 3)
corresponds to constructive interferences involving intra-thick filaments polarity inversion as
previously reported [12].

For hyper contracted sarcomeres (L =1.6um), density of myosin thick filaments is
almost constant for any position of the laser beam. In consequence, modulation of the
sarcomeric SHG-IP that is observed when A varies, is the result of different constructive
interference effects involving polarity inversion along x and z directions. For A=0, SHG
intensity is lower at the M-band than at the Z-line due to the antiparallel overlapping of
myosin tails (grey color). For A # 0, increasing myofibrillar displacement A from 0 to L
reveals the periodicity of the SHG-IP.

For contracted sarcomeres (L =1.8um), SHG-IP is almost always 2P for any value of A.
For A<0.4um, maximum SHG intensity appears at the M-band and surprisingly at the Z-
line which is usually a region with no emitters. That is confirmed experimentally using
immuno fluorescence labeling of the Z-line as illustrated in Figs. 4(a)-4(d).

For usual resting sarcomere length (2um<L<2.4um), increasing myofibrillar
displacement A from 0 to L/2 results in a conversion of the sarcomeric SHG-IP from 1P to

2P.

For elongated sarcomere ( L = 3um ), increasing myofibrillar displacement also results in a
conversion of the sarcomeric SHG-IP from 1P to 2P at A= L /2. Moreover, additional
sarcomeric SHG-IP with three peaks (3P) can be observed for L values ranging from 0.8 to
1.2 um due to A-band to I-band, A-band to A-band, and I-band to A-band transitions along z
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direction. Presence of 3P sarcomeric SHG-IP is also confirmed experimentally as illustrated
in Fig. 4(e) and 4(f).

A major conclusion of this theoretical simulation is that sarcomeric SHG-IP can be 1P, 2P
or 3P. Number and position of these maxima are driven by both sarcomere size and amount of
myofibrillar displacement. Surprisingly, these maxima could occur at position with low
density of myosin emitters.

5. Discussion

Theoretical simulation put forward that, depending of the sarcomere size and of the amplitude
of myofibrillar displacement, SHG-IP is 1P, 2P or 3P. We have recently shown that direction
of emission of SHG light is directly impacted by the spatial modulation of the second-order

nonlinear optical susceptibility according to the following condition k**=2&k”+G [13].
Indeed, in case of a dominant wave vector G associated to the spatial modulation of the
second-order nonlinear optical susceptibility then g’(6,)is maximum when this condition is
satisfied (see Eq. (3)). Above condition is an extension of the one given by Freund for plane
waves (¢=1) to describe second-harmonic scattering in collagen tissue [24, 25].

For healthy sarcomeres with well-aligned adjacent myofibrils as shown in Fig. 3 (A = 0),
sarcomeric SHG intensity peaks are obtained when polarity transition occurs either at the M-
band for resting sarcomeres (L =2—2.4um) and both at the M-band and Z-line for hyper
contracted sarcomeres (L =1.6um). This result reveals constructive interferences between

harmonic waves originating from hemi A-bands of inverse polarity as previously reported
[12, 13]. Indeed, as SHG signal originates only from a small focusing region in x direction
1.81xw, ~08um [13] driven by the transversal size of the PSF, polarity inversion

occurring over such distance leads to a dominant modulation wave vector component
G, =2z /(1.81xw, )= 7.2um™" that is close to \/(kz“’)2 —4& (k) ~8um™ (£~0.9 in our

experimental conditions), the necessary modulation wave vector achieving above condition as
shown in Fig. 5(a). SHG signal is emitted off axis with an angle given by

@=tan"'(G, /2&k ) ~24°. Constructive interferences between harmonic waves emitted

from opposite charges within the PSF occur because their optical path difference ¢ is close to
A,,,/ 2 which compensates phase mismatch due to polarity inversion [12].

For mild proteolysed muscle tissue characterized by myofibrillar displacement as shown
in Fig. 3 (A#0), sarcomeric SHG intensity peaks are often localized at positions where hemi
A-bands with inverse polarity are aligned along z direction. Once again, as SHG signal
originates from a small focusing region 1.81xw, ~4um in z direction driven by the axial size
of the PSF [12, 13], polarity inversion occurring over such distance leads to a dominant
modulation wave vector component G, =27 /(1.81xw_)=14um™" that is close to

|k2‘” —2§k”’|= 1.8 um™", the necessary modulation wave vector achieving above condition as

shown in Fig. 5(b). As fundamental and harmonic waves propagate in the same z direction,
constructive interferences between harmonic waves radiated by opposite charges within the
PSF occur because mean distance d =+ (1.81xw_) ~2 um between these dipoles is close to

the coherence length L =7m/Ak~17um with Ak=k"-2E*° ~1.8 um [26]. Such

constructive interferences obtained along the main direction of propagation of the incident IR
beam for mild proteolysed muscle tissue, is reminiscent of polarity inversion occurring every
coherence length that has been used to enable quasi-phase-matching between fundamental
and harmonic waves in periodically poled ferroelectric materials [27].
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Fig. 5. Wave vector diagrams representing well aligned (a) and misaligned (b) sarcomeres.
Laser beam is focused (PSF in white color) at the transition between two regions of inverse
polarity as shown by the red and blue color transition. (a) Polarity inversion is along x

direction. Mean distance between charges of opposite polarity within the PSF is }x1.81w,, .

Optical path difference between harmonic waves emitted at @ angle is
6 =4x1.81w, xsin(6) . (b) Polarity inversion is along z direction. Mean distance d between

charges of opposite polarity within the PSFis d =4x1.81w,.

This study shows that SHG-IP enables the mapping of myofibrillar displacement without
any labeling. This technique could be used to image and quantify disruption of the excitation
contraction coupling [14, 15] due to structural myofibrillar disorganization as observed in
several animal and human skeletal muscle gene diseases [16—18].

6. Conclusion

This report shows that myofibrillar displacement results in the conversion from 1P to 2P or
3P sarcomeric SHG intensity pattern (SHG-IP) due to interference effects in the focusing
volume involving polarity inversion between emitters. We anticipate that sarcomeric SHG-IP
tool, which enables the mapping of myofibrillar displacement without any labeling, will be of
paramount to study the spatial correlation between myofibrillar disorganization and
excitation-contraction disruption occurring in physiological adaptation and muscle disease.
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