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Abstract. Recently, a supramolecular model was developed for predicting striated skeletal muscle intensity
profiles obtained by label-free second harmonic generation (SHG) microscopy. This model allows for a quanti-
tative determination of the length of the thick filament antiparallel range or M-band (M), and results in
M = 0.12 um for single-band intensity profiles when fixing the A-band length (A) to A= 1.6 um, a value origi-
nating from electron microscopy (EM) observations. Using simulations and experimental data sets, we showed
that the objective numerical aperture (NA) and the refractive index (RI) mismatch (An = n,, — n,) between the
illumination wave (w) and the second harmonic wave (2w) severely affect the simulated sarcomere intensity
profiles. Therefore, our recovered filament lengths did not match with those observed by EM. For an Rl mismatch
of An =0.02 and a moderate illumination NA of 0.8, analysis of single-band SHG intensity profiles with freely
adjustable A- and M-band sizes yielded A= 1.40 +0.04 um and M = 0.07 & 0.05 um for skeletal muscle.
These lower than expected values were rationalized in terms of the myosin density distribution along the myosin
thick filament axis. Our data provided new and practical insights for the application of the supramolecular
model to study SHG intensity profiles in striated muscle. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction

Second harmonic generation (SHG) microscopy has been dem-
onstrated to be an excellent tool for label-free imaging of several
biological structures. The well-defined properties of the SHG
signal makes it convenient to study well-ordered structures,
such as collagen type I rich structures,'™ microtubules inside
mitotic spindles or neurons”’ and striated muscle containing
myosin thick filaments.>!! SHG microscopy relies on the pres-
ence of noncentrosymmetric features, achieved through a high
degree of order of polar biomolecules. This implies that even the
smallest changes in this structural regularity have detrimental
effects on the resulting SHG signals, making SHG microscopy
one of the tools for early detection of the reorganization of SHG
active molecules.

Disorder of otherwise perfectly aligned myosin thick fila-
ments is known to occur within muscle tissue, either as a pri-
mary consequence of muscle targeting disease, such as Nemalin
myopathy'?> or Pompe’s disease,'® or as secondary effects of
muscle disuse.'* Various studies have recently emerged, sug-
gesting SHG microscopy to be a valuable label-free tool to
study muscular disorder.!>!>!6 However, to fully understand
the effect of muscle degradation on the SHG signal, detailed
knowledge of sarcomere structures and their relation to the sec-
ond harmonic signal generation is necessary.

Striped SHG patterns are typical for skeletal and cardiac
muscle.”'!7 Two SHG-based approaches have been used to

*Address all correspondence to: Marcel Ameloot, E-mail: marcel.ameloot@
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quantify these striations.”!*!® Both methods are based on
analyzing a one-dimensional intensity profile, mostly extracted
from two-dimensional SHG images. The first approach relies
on a phenomenological profile definition such as a double
Gaussian peak.'®'® This is useful for analyzing double peaked
intensity profiles observed in cardiac muscle tissue, but apart
from the sarcomere length, the resulting parameter values have
no direct relation to the biological structural properties of sar-
comeres. The second approach is developed by Rougde et al.’
and relies on a more rigorous model based on the molecular
organization of sarcomeres. Starting from the Maxwell equa-
tions, they derive electric field expressions for far-field SHG
radiation to predict intensity profiles. In this so called supramo-
lecular model, the SHG signal is assumed to originate from the
thick filament (A-band), consisting of two oppositely directed
noncentrosymmetric hemifilaments. This reversed directionality
leads to a z phase difference between the SHG signals coming
from both hemifilaments and makes the thick filament centro-
symmetric where the hemifilaments connect and overlap (M-
band). By including these features, the model comprises the
A-band length (A), M-band length (M), and sarcomere length
(L) as biological structural parameters [Fig. 1(a)]. Besides these
structural parameters, microscope-related parameters, such as
the optical point spread function (PSF) and the numerical aper-
ture (NA) of the signal collection optics, are implemented in
the model.

To use the supramolecular model, Rouede et al.? sets the
A-band length to A = 1.6 yum, a generally accepted value
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Fig. 1 (a) lllustration of sarcomere structure. L is the sarcomere
length from Z-line to Z-line, A is the thick filament A-band, M is the
antiparallel M-region, | indicates the I-band. (b) Detailed
depiction of the right end of a thick filament. It shows how the light
meromyosin (LMM) chain contributes to the myosin backbone,
whereas subfragments 1 (S1) and 2 (S2) of the heavy meromyosin
(HMM) are not part of this backbone due to a loose S2/LMM hinge
connection.

observed by electron microscopy (EM).!>? Fitting the exper-
imental profiles yields the sarcomere length and the M-band
size as biologically relevant parameters. For healthy skeletal
muscle tissue, consisting of single-peaked SHG intensity pro-
files, an M-band length of M = 0.12 ym results,” which is
smaller than the EM-related value of M = 0.15 um, as previ-
ously described.!*?° This shorter length is assumed to be a con-
sequence of unaccounted for spherical aberrations.” However,
when applying the supramolecular model as suggested by
Rouede et al.,” we observed severe experimental versus theo-
retical profile discrepancies.

The aim of our study was, therefore, to determine the appar-
ent A- and M-band lengths obtained from SHG data using the
supramolecular model when A is set as a freely adjustable
parameter, instead of fixing it to 1.6 ym. This yielded more
accurate fits, but both the apparent A- and M-band lengths
were then lower than their corresponding EM values, with
M-band lengths approaching zero. To explain the obtained
values, we studied the effect of two optical parameters and a
biological feature on the SHG intensity profiles of sarcomeres.

The first optical parameter is the refractive index (RI) mis-
match between the illumination wavelength (n,) and the SHG
wavelength (n,,,). Rougde et al.” assumes that the RI of muscle
tissue approaches that of water and that the tissue behaves in
a dispersionless manner: n, = n,, = 1.33. However, even a
small RI mismatch already leads to a signal phase mismatch
in the axial direction,?' affecting the coherent properties of the
SHG signal, and thereby altering the far-field emission profile
on which the supramolecular model relies. RI data for muscle
tissue originating from various species have been reported,
mentioning values ranging from 1.37 to 1.41 in the visible wave-
length range.”>* Yet only a limited number of studies exist
where a full dispersion analysis from the visible to near infrared
light range is performed.”® Besides the regular wavelength
dependence of the RI, other RI affecting optical effects might
be involved. The use of not only ultrashort pulsed lasers® but
also dichroism>* and differences in the RI of the sarcomere A
and I region” play a role in the complete dispersion properties
of skeletal muscle tissue. In this study, we investigated the
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dispersion effect by analyzing an experimental data set with
a range of RI mismatches.

The second optical parameter that affects the returned length
information is the NA of the illumination objective. To obtain
sufficient resolution for an accurate length estimate, immersion
objectives with higher NAs are desired. However, tighter focus-
ing with high NA objectives induces additional transverse and
axial polarization fields,””*® which are not included in the supra-
molecular model.” We, therefore, looked at the influence of the
illumination NA on the returned lengths.

The studied biological feature is related to the ordering of the
myosin rods inside the thick filament. For this, the effect of the
density distribution of myosin rods along the thick filament axis
was studied. We performed simulations by implementing the
myosin packing according to models by Knight et al.?’ and
Skubiszak and Kowalczyk,* considering either the LMM or
the LMM and S2 as SHG active regions (Fig. 1).%!1:3!

2 Materials and Methods

2.1 Tissue Preparation
2.1.1 Skeletal muscle

Female Lewis rats of age 6 to 7 weeks and body weight 100 to
120 g (Harlan CPB, Zeist, The Netherlands) were housed in the
animal facilities at Hasselt University. The animals used in this
work were the health control animals of a study for which the
protocol was approved by the animal Ethics Committee of
Hasselt University and which was in accordance with the national
and European legislation. The National Research Council’s guide
for the care and use of laboratory animals was followed.

After anesthetizing with pentobarbital sodium (5 mg/100 g
body weight), Flexor digitorum longus muscles were dissected
from both hind limbs, incubated overnight in 4% paraformalde-
hyde (PFA) at 4°C, followed by cryoprotection in 30% sucrose
in phosphate buffered saline (PBS) at 4°C until the tissue had
sunk. Muscles were frozen in optimal cutting temperature com-
pound (Tissue-Tek, Sakura Finetek Europe, The Netherlands)
using liquid nitrogen cooled isopentane and stored at —80°C.
About 14-um thick sections were cut on a cryostat (CL 1990
UV, Leica, Wetzlar, Germany) along the length of the myofibers,
mounted onto Superfrost Plus glasses (Menzel-Glédser, Thermo
Fisher Scientific, Waltham, Massachusetts), and stored at
—20°C. Before imaging, sections were washed three times for
5 min in PBS, dipped into milli-Q water, and a cover slip
was placed using Immu-Mount™ (Thermo Fisher Scientific).
Cover-slipped sections were stored at 4°C until imaging.

2.2 Microscopy

SHG imaging was performed using a Zeiss LSM510 META
(Carl Zeiss, Jena, Germany) mounted on an Axiovert 200M
and a 40x /1.3 oil immersion objective (Plan-Neofluar
40 x /1.3 Oil DIC, Carl Zeiss). A back aperture pinhole was
used to reduce the effective NA to ~0.8 in order to be able
to test the effect of a higher NA on the recovered model param-
eters.?’ The excitation was provided by a femtosecond pulsed
laser (MaiTai DeepSee, Spectra-Physics, California) tuned at
a central wavelength of 1, = 810 nm. The SHG signal was
collected in the forward mode by a condensor with a NA_ of
0.8. After passing through a 400- to 410-nm bandpass filter,
the forward directed signal was detected by an analogue photo-
multiplier tube, delivered by Zeiss.
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2.3 Point Spread Function

The PSF was measured by two-photon excited fluorescence
microscopy of green fluorescent microspheres (PS-Speck™
Microscope Point Source Kit, Molecular Probes, Eugene,
Oregon) mounted on a microscope cover glass. The three-
dimensional (3-D) PSF information of at least 20 beads was
compared to a 3-D Gaussian intensity profile for two-photon
processes (Ip):

_ a4 a2
w W2

Lp(x,y.2) < |E,(x.y,2)[* xe ™ ', (1

yielding w,, = 0.576 ym and w, = 3.802 ym for NA = 0.8,
and wy, = 0.467 ym and w, = 1.946 ym for NA = 1.3.

2.4 Sarcomere Profile Analysis

The profile analysis was done by in-house developed MATLAB
(Version R2013a, The MathWorks, Natick, Massachusetts)
routines. Sarcomere dimensions were obtained by analysis of
manually selected intensity profiles. Each selected profile was
required to extend to at least three similarly appearing sarco-
meres to obtain a good estimate of all length parameters. Four
additional parallel profiles separated one pixel, and two pixels at
both sides of the selected profile were included and averaged for
noise reduction. Cubic interpolation was used by MATLAB’s
built-in function “improfile” to obtain SHG intensities for the
coordinates belonging to the selected profile. The weighted
and reduced goodness-of-fit (y?) for each profile was calculated
by taking the experimentally determined noise properties of the
imaging set up into account. The intensity-dependent noise was
quantified by calculating the mean and standard deviation from
a series of uniform images.

2.5 Simulations

Myosin density simulations were performed for an illumination
NA of 0.8, using a sarcomere length of L = 2.2 ym and a RI
mismatch of An = 0.02 with n, = 1.39, based on the results
shown in Sec. 3.1. For repeated simulations, random noise obey-
ing the measured noise properties was superimposed onto a
noise-free profile.

2.6 Supramolecular Model

The SHG far field radiation pattern was calculated by’
1(6, ¢) ~ IXI" I (1 — sin® @ cos? ¢), )

where 6 and ¢ represents the polar and azimuthal angles, respec-
tively, with respect to the center of the Gaussian illumination
beam (Fig. 2). The dispersion-induced phase mismatch between
the illumination wave (k, = 2zn,4;') and the SHG signal
(kyy = 47m2wﬂ(;1), has an effect on the X, Y, and Z components,
which are given by’??

x T o <2 —Li2 w2 (sin 0 cos p—21L )2 ?
P=2w] 3 ap e )| 3)
n=-—co
y _ o 22 (sin @ sin ¢)?
' = waye 120y R “)
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Fig. 2 Parameters in the supramolecular model and system defini-
tion. A is the scan parameter representing the position of the
Gaussian beam with respect to the center of the sarcomere. The +
and — signs represent the = phase shift due to the direction inversion
at the center of the thick filament, as indicated by the arrows. See
Fig. 1 for the definition of the structural parameters A, M, and L.

12 = gwge—%wg(kh cos O—2k,,+4kg w2 )? 5)
with
=2i . A+M| . A-M 2iznA
= —— SIn 1n X -
aan m S nn L S n 2L exp I s
(6)

where A, L, and M are the sarcomere structural parameters
(Fig. 1). A is the parameter representing the position of the
Gaussian beam on the sample (Fig. 2). The intensity at each
position A was obtained by integrating the emission profile
according to the condensor properties:

1(A) = A ” A ® 10, §) sin 0d0dg, %)

where © = arcsin(NA(). Due to the RI mismatch, the emission
profile could change in such a way that relevant intensity parts
are not collected by the condenser. Moreover, an increased
phase-mismatch results in a lower SHG signal, with a less pro-
nounced intensity decrease at the M-band region due to the hem-
ifilament phase reversal, resulting in altered sarcomeric intensity
profiles.

3 Results

3.1 Dispersion

To emphasize the effect of the RI mismatch and a free A-band,
simulations were performed and compared to a representative
experimental profile [Figs. 3(a) and 3(b)]. It is clear that a zero
RI mismatch results in simulated profiles that do not agree
with the experimental data, neither for A = 1.6 yum and M =
0.15 ym nor for the optimal A and M obtained from a fit.
Increasing the RI mismatch to An = 0.02 resulted in theoretical
sarcomeric profiles that are closer matching to the experimental
data, with the best match obtained for the fitted A- and M-band
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Fig. 3 The effect of dispersion on skeletal sarcomere intensity profiles
imaged using NA = 0.8. (a) Typical second harmonic generation
(SHG) image of single-band sarcomeric structures. Scale bar 3 ym.
The dashed line illustrates a selected profile containing one sarco-
mere. (b) Typical experimental single-band pattern (circles). The num-
bers indicate the refractive index mismatch An = n,, — n,, with n,
fixed at 1.39.2% Additional simulation parameters: A = 1.60 um and
an M = 0.15 um for black lines. The red lines show the best fit for
each refractive index (RI) mismatch with a free A and M. The profiles
are normalized to their maximum value. (c) Effect of preset Rl mis-
match on the 42 of the fit on a set of single-band sarcomere intensity
profiles. A freely adjustable A-band (dots) versus an A-band fixed at
1.6 um (circles)® is shown. The error bars represent standard
deviation (N = 16). (d) and (e) show the resulting A- and M-band
lengths, respectively, as functions of the RI mismatch for freely adjust-
able A and M.

length. Our data indicate that both the RI mismatch and the
freely adjustable filament lengths are crucial to obtain simulated
profiles properly matching the experimental data.

To gain insight into the effective dispersion properties of stri-
ated muscle, a set of single-band sarcomere SHG profiles (N =
16) was analyzed using an RI mismatch ranging from 0 to 0.04
with a 0.001 step size [Figs. 3(c)-3(e)]. Assuming that the
supramolecular model is an accurate model, the optimal An
can be determined by means of the resulting 2. In the analysis,
the sarcomere length and the M-band size were freely adjust-
able. Additionally, the effect of taking a freely adjustable
A-band parameter was compared to a fixed A-band value. In
accordance with Rougde et al.,” this value was chosen as 1.6 pm.
For the freely adjustable A-band length, the minimal y?> =
1.04 £ 0.45 was observed for a An = 0.020. For this optimal
RI mismatch, an apparent A-band length of A =1.40+
0.04 um was obtained and an apparent M-band length of M =
0.07 + 0.05 pym was simultaneously obtained (Table 1). Fixing
the A-band length to 1.6 ym resulted in a notably higher min-
imal y?> = 2.65 £ 0.78 at An = 0.013, with an apparent M-band
length of M = 0.04 £ 0.04 um.
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Because no significant effects were observed on the recov-
ered parameters for n,, ranging from 1.37 to 1.41, the value of
n,, was always fixed at 1.39. This finding indicates that the RI
mismatch imposes the major profile alterations, not the effec-
tive RI

3.2 Tight Focusing

The data shown in Fig. 3 were generated using an illumination
objective with NA = 0.8. One could argue that a higher NA is
beneficial for the resolution, and thus is better to accurately esti-
mate the length parameters. However, tight focusing of the light
polarized in the x-direction is known to induce polarization
components in both the y and z directions,”’?® a feature that
is not included in the supramolecular model.’” We experimen-
tally tested the effect of increasing the NA to 1.3 by removing
the back aperture pinhole and imaging the exact same regions as
for the low NA (Fig. 4). Both from the raw image data [Fig. 4(a)]
and the profile comparison [Fig. 4(b)], it is clear that tight focus-
ing alters the SHG intensity profile, resulting in pronounced
shoulder regions near the sides of the M-band.

The sarcomere dimensions were studied in a similar way as
for the moderate NA objective. The PSF was acquired separately
and included in the analysis. Compared to the low NA data,
a different optimal RI mismatch of An = 0.028 resulted at the
minimal y? = 2.08 £ 1.06. At this RI mismatch, a significantly
different apparent M = 0.03 £ 0.03 um (p < 0.005) and similar
apparent A = 1.38 = 0.04 um were observed.

3.3 Myosin Density Distribution

The myosin rod is known to be the basic building block of the
myosin thick filament. Using detailed information of these rods,
we studied their role in defining the sarcomere SHG intensity
profile and the associated lengths estimated by the supramolecu-
lar model. The myosin rod can be subdivided into two main
regions: the heavy meromyosin (HMM) and the light meromyo-
sin (LMM) region (Fig. 1). The HMM consists of two subfrag-
ments: subfragment 1 (S1) containing the two globular heads
and the 62 nm long subfragment 2 region (S2), which is part
of the a helical coiled-coil of the myosin rod.>° The other part
of this a helix is located at the 100.6 nm long LMM region.*® It
is known that only the LMMs assemble into the backbone of the
thick filament, but how this packing is organized is still under
debate.'%?3%33 A general consensus is that the myosin density
decreases at the distal parts of the myosin filament.!**° We
tested two possible packing schemes, both based on the com-
plete bipolar model suggested by Skubiszak and Kowalczyk™
in which the myosin rod takes a helical form.

For both models, a total of 98 positions with S1 units
(crowns) are assumed for the entire thick filament.?**° The
step between successive myosin rods is 14.33 nm and the anti-
parallel overlap in the central zone is maximal 7 X 14.33 nm.
Due to the helical rod shape, the LMM and S2 have projected
axial lengths of 88.44 and 53.17 nm, respectively. In the
Skubiszak and Kowalczyk packing model, the three successive
proximal and distal crowns of each hemifilament, resulting in a
total of 12 out of 98 crowns, contain only one set of globular
heads (S1), whereas the remaining crowns contain three of those
sets. The thick filament is then composed of a total of 270 myo-
sin rods. The second packing model is based on observations
done by Knight et al.”’ Each crown has three sets of globular
heads and a gap is present before the last two distal crowns.
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Table1 Comparison of apparent A- and M-band lengths between experimentally obtained values in this work, and values obtained by simulations
taking the effective myosin density into account. The objective NA = 0.8. All lengths are in um, and the mean values with standard deviations are

given. N = 250 for simulations.

Experimental Skubiszak and Kowalczyk® Knight?®
Parameter (N = 16) LMM LMM + S2 LMM LMM + S2
A 1.40 + 0.04 1.31 +0.01* 1.35+0.01* 1.37 £ 0.01* 1.40 + 0.01
M 0.07 +£0.05 0.03 £ 0.02* 0.11 £0.01* 0.01 +£0.01* 0.06 +0.02
Note: * denotes p < 0.001 compared to experimental value (one-way ANOVA).
30
(@) (b) SOk
. 18
3 5 T
& e
= 0
- =18 ‘ ‘
—L/2 L/2 ; ; )
/ / _30 ‘ FRRYIVEESD)
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Fig. 4 Effect of tight focussing on the SHG intensity profile. (a) Raw 18
image data obtained using an objective with NA = 1.3 for same T
region, as shown in Fig. 3(a). (b) Profile comparison of raw data for S 0
objective with NA = 0.8 (solid) and NA = 1.3 (dashed). Scalebar =
3 pm. =18
-30 d
-1 -0.5 0 0.5 1

A total of 294 myosin molecules are then contained in the thick
filament.

To calculate the SHG profiles from these packing schemes,
the SHG active density g(x) was defined by the sum of polarized
rods in the positive and negative x-directions. This means that
one side of the filament contains a negative density, the other
side is positive, and at the center of the myosin rod, the SHG
active density is zero (Fig. 5). This is in agreement with the
original supramolecular model.” In Fig. 5, the myosin density
g(x) along the thick filament axis is plotted for both models
and for the case of LMM or LMM+S2 as the SHG active region.
Note that for both packing models, the myosin density turns
zero at ~0.8 um (distal) when LMM+S2 is considered, as indi-
cated by the dots in Fig. 5. This explains the 1.6 ym observed
by EM.

We included the effective myosin rod packing scheme g(x) in
the supramolecular model by calculating the Fourier coefficients
ap , through numerical integration of

tan= [ syenp | -2 ®
)

In this adjusted model, the SHG intensity profile is entirely
defined by the packing scheme and sarcomere length L, making
the A and M parameters of the original model redundant. To be
able to compare the simulated profiles based on g(x) to the
experimentally obtained profiles, the simulated profiles were
analyzed with the original supramolecular model. This yielded
A and M values that can be compared to their corresponding
experimental values (Table 1).

4 Discussion

The presented work was initiated by the discrepancy between
the experimentally obtained apparent A- and M-band lengths,
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(pm)

Fig. 5 Plot of SHG active density for each position along the axis of
the thick filament g(x), according to the model by Skubiszak and
Kowalczyk (S&K) or Knight, either with or without taking the S2
part into account. The polarity inversion at the center of the thick fil-
ament is included by the sign of the density. The dashed line repre-
sents the best fitting supramolecular model for the case of LMM + S2
as SHG active. The dots and circles indicate the A-band and M-band
range, respectively, according to EM observations.'®

and the lengths assumed in the supramolecular model for
sarcomere SHG intensity profiles. Both the apparent A- and
M-band lengths consistently resulted in values lower than the
assumed values. We conclude that when applying the supramo-
lecular model to single-band intensity profiles, the experimen-
tally obtained lengths for the A- and M-bands are A = 1.40 +
0.04 ym and M = 0.07 + 0.05 pm, instead of A = 1.6 ym and
M = 0.15 um, respectively. Note that for comparing these val-
ues, we assumed no variation of filament lengths across different
vertebrate species.>* To explore the observed length differences,
the effect of optical parameters of the RI mismatch and objective
NA was evaluated. Additionally, the biologically relevant myo-
sin density distribution was explored.

Based on the goodness-of-fit of the supramolecular model to
the experimental data [Fig. 3(c)] and visual inspection of the
fitted profiles [Fig. 3(b)], our data clearly demonstrate that leav-
ing the A-band freely adjustable resulted in better fits. Although
it might be obvious that increasing the degrees of freedom results
in better fits, it caused the resulting apparent A-band length to vary
around 1.4 ym, severely deviating from the assumed 1.6 ym.
This indicates that SHG-based data cannot be compared directly
to the lengths estimated by other techniques, such as EM.

For the full studied RI mismatch range, and in case of a freely
adjustable A, the analysis revealed lower than expected apparent
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A- and M-band lengths (Table 1). Regarding the apparent
A-band length, the data in Fig. 3(c) show that the expected
1.6 um is never returned by the fit in the studied RI mismatch
range. The apparent M-band length for An below 0.01 always
returned 0, again not agreeing with the initial assumptions of the
supramolecular model. The optimal RI mismatch was estimated
to be An = 0.02 with n,, = 1.39 (Fig. 3). This An is lower than
previously reported values of ~0.03, obtained by measurements
on fresh tissue.”* Our sample was fixed with 4% PFA and cry-
oprotected with 30% sucrose, suggesting that the obtained RI
mismatch value is protocol specific and probably limited to
the presented experiments. We opted to select the An for
which the average y? is at its absolute minimal value. Note, how-
ever, that for a free A, the y* was acceptably low in a broad range
around this minimum. In fact, a ¢-test with 5% confidence levels
revealed that for any RI mismatch <0.011, the average y* was
not significantly different than 1 in the tested range. This might
be related to the low resolution of the used objective (NA =
0.8). For this lower resolution, good fits can be obtained for
any higher RI mismatch, but with unexpected values for both
A and M. Despite the uncertainty of the method, we chose to
continue our work with the RI mismatch for which the average
y? is at its absolute minimal value. This choice was further
rationalized by the following observation. For increasing An,
M tends toward a value that agrees with that obtained by
EM, indicating that a higher An is more suited. However, at
a higher An, A decreased and deviates even more from the
EM value, suggesting a lower An is more appropriate. To con-
clude, we were not able to generally define the effective RI mis-
match of fixed muscle tissue with this approach, though we
emphasize the importance of taking sample dispersion proper-
ties into account when applying the supramolecular model
(Fig. 3).

In an attempt to explain the A-band length discrepancy, two
previously described models for the myosin rod arrangement
within the thick filament were implemented in the supramolecu-
lar model. Using this, the influence of the effective myosin den-
sity on the parameter recovery by the supramolecular model was
tested. For each packing model, both the case of only LMM and
LMM + S2 as SHG active regions were considered (Table 1,
NA = 0.8). First of all, independent of the used model or of
which region should be considered as the SHG active region,
the apparent A- and M-band lengths appeared always shorter
than their corresponding EM values of 1.6 and 0.15 ym, respec-
tively. This is in agreement with our experimental results, indi-
cating that the density distribution of the myosin rods is crucial
in defining the SHG intensity profile. Regarding both the appar-
ent A- and M-band lengths, only the simulated profiles based on
the packing model by Knight et al.,”” with LMM + S2 as SHG
active regions resulted in similar lengths as found in the exper-
imental data. This suggests that the S2 region should be taken
into account as a significant contributor, a fact that is currently
still under debate. Plotnikov et al.!! suggests that only the LMM
inside the thick filament backbone is the major contributor.
Based on polarization SHG (P-SHG), Psilodimitrakopoulos
et al.¥® show that the helical pitch angle of the SHG source
resembles that of the myosin a-helix of which both the
LMM and the S2 region are composed of. Almost simultane-
ously, but also independent from each other, Nucciotti et al®
and Schiirmann et al.>' show that the P-SHG profile depends
on the contraction state of the sarcomeres. They suggest and
simulate that the reorientation of the S2, in part due to binding
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of the myosin heads (S1) to actin, is causing a change in P-SHG
response, thereby proving that S2 significantly contributes to
the SHG signal. To test the effect of the S2 presence on the
apparent A-band and M-band lengths, it would be better to
effectively remove this region by long-term trypsinization or
specific cleaving.3® Alternatively, experiments based on the rigor
state of muscle tissue, similar to those by Nuciotti et al.® and
Schiirmann et al.,’! can be performed to study the effect of
S2 reorientation on the retrieved lengths.

The effect of the objective NA on the profiles was experi-
mentally tested by imaging regions with both NA = 0.8 and
NA = 1.3 (Sec. 3.2). For both NAs, a different optimal RI mis-
match and M-band size were observed, while a similar A-band
length was returned. The observed differences are possibly due
to additional polarization fields caused by the high NA.2"*
These fields are not taken into account by the supramolecular
model,’ yielding different results for the same sarcomeres.
Since the high NA describes the experimental data less accu-
rately, as indicated by the higher y?, and because tight focusing
is known to alter polarization states, we suggest that a moderate
NA is beneficial when using the supramolecular model. How-
ever, using this moderate NA comes at the cost of a lower res-
olution, making accurate estimates of the filament lengths prone
to errors. Alternatively, if one desires to use a higher NA, the
supramolecular model should be adjusted to include the differ-
ent field components introduced by the tight focusing. This
requires redefining the implementation of the second order sus-
ceptibility and Gaussian illumination beam, similar to what
Schiirmann et al.3! did. This would make the model complicated
and requires finite-element methods to calculate the intensity
profiles. These methods additionally allow to include other
optical artifacts, such as the ellipticity of the illumination
beam or local changes in the RI,?® probably resulting in more
accurate models. Conversely, finite-element methods are based
on heavier calculations making high-throughput analyses
extremely slow.

By an apparent increase in the apparent M-band size, the
supramolecular model is able to distinguish regular sarcomeres
from proteolytic ones.” This means that the M-band length is
more important than the A-band length as a marker for decreased
muscle quality. To overcome possible covariance between M and
A as a fit parameter, it is advisable to fix the A-band length to the
previously obtained value of ~1.4 ym (Table 1). Additionally,
due to the lower resolution caused by a moderate NA, the appar-
ent M-band length often reduces to a meaningless value of 0 pm.
A lower limit for the apparent M-band size should then be set to
the observed ~0.07 ym (Table 1).

Alternative to the apparent increase of the M-band length, a
thick filament disorder, which is suggested by Rouede et al.’ to
be the source of the increasing M-band size, can be directly
included into the supramolecular model. This would be more
in line with the observations of Gotthardt et al.’’” They show
data of skeletal muscle fibers with sarcomere disarray due to
titin kinase domain absence, which is indicative for muscle
degeneration. The disarray is evidenced by a dimmed M-line
in electron micrographs, while the data simultaneously show
a random shifting of the individual thick filaments. By directly
implementing the thick filament disorder, simultaneously occur-
ring effects on the A- and M-band lengths are taken into account
(Fig. 6). The disorder can be implemented by replacing A in
Eq. (6) by A + 8, where & represents the filament shift with
respect to the central position (Fig. 6). The number of myosin
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Fig. 6 Depiction of the myosin disorder model with a Gaussian dis-
tribution. Each horizontal line represents a thick filament containing
the centrosymmetric M-band, indicated by the dark region. The thick
filaments are shifted with respect to the sarcomere center (dashed
line) by a distance §, which is assumed to be Gaussian distributed.

thick filaments within the focal volume, thus contributing to the
total SHG signal, is sufficiently large (10°-~10*) to represent
the filament shifts as a continuous density distribution function
®(5). The Fourier coefficients [Eq. (6)] are then to be replaced
by

2innd
aA.n = aA.n/eXp <_ lzn )@(5)(15 (9)

For a set of thick filaments shifted according to a Gaussian
distribution with standard deviation o, the Fourier coefficients
au , are modulated by exp(—262z2n®/L?). Using this model,
the apparent effect of thick filament disorder on the A- and
M-band sizes is quantified by only one parameter o. How-
ever, it relies on using correct values for A and M, which can
be obtained by the initial supramolecular model using a set of
single-band SHG intensity profiles for which ¢ = 0. To con-
clude, the disorder method does not reject the assumption of
a fixed thick filament length®® and omits the need of considering
apparent changes in the filament lengths.

5 Conclusions

We showed that the dispersion properties of muscle tissue are
crucial for the SHG intensity profiles of sarcomeres. Also,
when applying the supramolecular model as developed by
Rouede et al..’ it is advisable to use moderate NA objectives
for which no significant additional polarization states arise.
Under these conditions, the apparent A-band length of 1.40 +
0.04 pm and apparent M-band length of 0.07 + 0.05 um proved
to be most appropriate to model single-band intensity profiles.
As these lengths differ from those observed by EM, the values
for both the A- and M-bands determined by EM and SHG
microscopy cannot directly be compared to each other. We
believe that the results obtained in this work provide insights
that are crucial for the application of the supramolecular
model to study SHG intensity profiles in striated muscle and
eventually to study pathology-induced sarcomere alterations.
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