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Polarimetric second harmonic generation (SHG) microscopy is a label-free ultrastructural
imaging technique that is applied to study molecular organization in striated muscle
structure. Wild type OreR and UNC45 knockdown Drosophila melanogaster somatic larva
body wall muscles are used to elucidate the influence of myosin organization on SHG
imaging response. Structural changes due to varying myosin content are studied with
linear polarization-in polarization-out (PIPO) SHG microscopy. PIPO SHG microscopy
revealed changes in the striated pattern of somatic muscles and a reduced signal intensity
correlated with reduced order of myosin filaments. The achiral and chiral susceptibility
component ratios R- and C-ratios, respectively, were deduced. R-ratio values were higher
in the UNC45 knockdown larva mutant compared to control, suggesting that in addition to
myosin, another protein structure provide basis for a second harmonic response. The SHG
active protein structure is located in the region of isotropic bands of the striated muscles.
The measured C-ratio from the muscle fibers appeared to be small. Nonetheless, the wide
distribution of C-ratio values of myosin filaments could be observed in the wild-type OreR
muscles. Overall, this technique provides insight on how second harmonic properties
change with myosin filament structure.

Keywords: nonlinear optical microscopy, second harmonic generation, nonlinear optical polarimetry, ultrastructural
imaging, striated muscle, myofilaments

INTRODUCTION

SHG is a label-free image contrast mechanism for visualizing non-centrosymmetric biological
structures with nonlinear optical microscopy [1]. It has been used extensively to image collagen [1],
myosin [2], microtubules [3] and starch granules [4]. SHG microscopy enables non-invasive in vivo
visualization of striated muscles due to myosin’s helical non-centrosymmetric structure and its
crystalline arrangement [5-8]. While second harmonic generation from the striated muscle structure
is well studied, the high resolution SHG intensity and polarization profile indicates varying
polarization response along the striated muscle fibers [9], which is not well understood in terms
of constituting molecular content and organization, and it is the subject of the current investigation.

The contraction in striated muscles is accomplished by a synchronized action of ordered
myosin nanomotor arrays stepping along the actin filaments. The main contractile unit in striated
muscle is the sarcomere, which has a crystalline arrangement of protein filaments that are
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indispensable for contraction. A sarcomere can also be spatially
described as alternating isotropic (I) and anisotropic (A) bands,
aptly named for their properties observed under a polarizing
microscope [10]. The I bands are defined as the region of thin
filaments that are not superimposed by thick filaments, and
contain Z-discs and titan protein complexes. The thin filaments,
also called actin filaments, are made from g-actin molecules that
polymerize to form a right-handed double helix and anchored to
the Z-disc on either side. The actin filaments contain troponin and
tropomyosin, two regulatory molecules that participate in the
regulation of muscle contraction. Tropomyosin is a helical
protein that assembles in coiled-coil homo- or hetero-dimers
and lays along the helical groove of actin filaments. On the
other hand, the A bands are defined as the regions spanning
the entire length of the thick filaments, or myosin filaments. These
bipolar filaments are formed from the bundling of myosin II
molecules, which are characterized by two distinct globular
heads that interact with actin during contraction [11].
Incorporating myosin molecules and preventing aggregation of
misfolded proteins in the thick filament is crucial for proper muscle
function, and it is done with the help of the myosin chaperone. The
myosin chaperone named UNC45 (it is a USC chaperone since this
region is shared by three proteins UNC45/CRO1/She4P) that is
necessary for myosin incorporation into the thick filaments.
UNCH45 is expressed throughout the entire Drosophila life cycle
and expression levels have been shown to increase drastically
during late embryogenesis when initial muscle development
occurs. Changes in UNC45 levels or expression pattern have
been shown to negatively affect muscle function, resulting in
defects in muscle structure, physiology and locomotor
behaviour [12, 13].

The SHG signal generation efficiency is characterized by the
second order susceptibility tensor. The susceptibility tensor
elements reflect the underlying molecular structure in the
sample. For chiral filaments, a C6 symmetry is assumed,
which is characterized by the four molecular susceptibility
tensor components: Xz, Xuo Xxxz ad Xxyz With z-axis along
the fiber length. The chiral fibrils can be characterized by
susceptibility component ratios. The achiral R = X;g)z / el

ZXX

ratio reflects the ultrastructure and the chiral C = xfj,); / e
zZXX

ratio describes the chirality of the filaments [14].

For measuring the susceptibility tensor component ratios, the
polarimetric SHG microscopy can be employed. If the incident
and outgoing linear polarizations are applied at various
orientations, the linear polarization-in polarization-out (PIPO)
measurement can be performed [15], which in turn enables
extraction of achiral R and chiral C susceptibility component
ratios [14]. The R-ratio can also be extracted using incident and
outgoing circular polarizations [14]. For quick assessment of the
R-ratio, which is beneficial for dynamic measurements during
contraction, only outgoing orthogonal circular polarizations can
be employed in so called single-shot measurement, using one
incident circular polarization [16]. The precision of R-ratio
measurement in the single-shot experiment depends on the
magnitude of C-ratio. If the C-ratio in the sample is small, the
R-ratio can be precisely determined with the single-shot
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experiment [17]. Therefore, it is important to determine the
magnitude of C-ratio in the muscle samples.

Although the SHG origin in muscle fibers is attributed
predominantly to ordered myosin filaments in the A-bands of
sarcomeres, the origin of detailed SHG signal profile along the
sarcomeres is not fully understood, and it is difficult to interpret
due to coherent addition of the signals from different parts of
sarcomere [18]. There is also a weak SHG signal in I-bands of
sarcomeres, which has not been elucidated. The R-ratio of I-band
is larger compared to the A-band ratio [9].

This study aims to characterize the achiral R- and chiral C- ratio
along the A- and I-bands of sarcomeres in Drosophila melanogaster
body wall muscles. The previously developed PIPO analysis allows for
the measurement of the susceptibility ratio values in each pixel of the
image, which has been utilized to study the horizontally oriented
somatic muscle in Drosophila melanogaster [9, 19]. The Drosophila
larva body wall muscles have typical sarcomere length around 7 um.
Muscle fibers with large sarcomeres and A-band width helps to
elucidate the chiral SHG contribution in the tilted structures. In
addition, readiness of genetic manipulations makes the Drosophila
larva body wall muscles a very convenient model system for studies of
SHG origin in muscle fibers. The molecular origin of SHG in A- and
I-bands is demonstrated using UNC45 mutant that has decreased
myosin accumulation in the myofibrils. We show that R-ratio in the
I-bands is higher and significantly different from the R-ratio in
A-bands. We also show that C-ratio in the myofibrils is small
compared to the collagen fibers [16], and, therefore, the R-ratio
can be measured with high precision in a single-shot experiment
using only one incoming circular polarization state. Therefore,
dynamic processes of contraction in the sarcomeres and
interaction between sarcomeres in a muscle fiber can be studied
with a single-shot polarimetric SHG microscopy at high imaging rate.

MATERIALS AND METHODS

Polarimetric Nonlinear Microscope
Polarimetric imaging of larva muscle is performed with a home-
built single-photon counting nonlinear microscope [20]. The laser
source consisted of a femtosecond Yb:KGW crystal based oscillator
with output power of 1 W. The laser provided 450 fs duration pulses
at 1028 nm wavelength and a pulse repetition rate of 14.3 MHz [21].
The laser scanning microscope setup is described elsewhere [20].
The raster scanning was accomplished with galvanometric mirrors
(GSI Lumonic Inc.) at up to 10 frames per second rate over 110 um
x 110 pm image area. A 20 x 0.75 NA air objective (Zeiss) was used
for the experiments. The SHG signal was collected using a custom
0.85 NA collection objective and filtered using a band pass
interference filter at 510 nm central wavelength with +10 nm
bandwidth and BG39 Shott glass filter. The signal was detected
by a photon-counting photomultiplier tube (Hamamatsu). The
counts were acquired with the photon counting card (NI).
Polarization measurements were performed using PIPO, which
was previously described [20]. Briefly, a polarization state generator
(PSG) consisting of a linear polarizer and a half-wave plate was
inserted in the microscope before the excitation objective for
rotation of incoming linear polarization. A polarization state
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analyzer (PSA) consisting of a linear polarizer (analyzer) was
incorporated after the collection objective in order to measure
the polarization state of second harmonic response. The half-wave
plate and the analyzer angles were varied by 11.25° and 22.5° steps,
respectively. Control measurements were taken at reference
polarizer and analyzer angles (0°) after every 8" measurement.
Hence, PIPO scan contained a total of 90 measurements, each
having a characteristic combination of polarizer and analyzer
orientation angles.

PIPO Analysis

The Cartesian laboratory coordinate system, XYZ, is defined in the
microscope setting such that the image plane is along the XZ plane
and the laser propagates along the Y-direction. The average
orientation of muscle fibres in a voxel is defined by the spherical
angle a and §, where a is the angle of the fiber out of the XZ image
plane and § is the fiber angle in the XZ plane, measured with respect
to the Z axis. The fibres have their own associated Cartesian
coordinates, xyz, where the z-axis is oriented along the fibre axis.

The measured second harmonic generation intensity depends
on the incoming and outgoing linear polarization orientation
defined by angles 6 and ¢ with respect to the Z-axis, respectively.
For Cs symmetry the PIPO equation for measured second
harmonic intensity, I,, is as follows [14]:

(2 1
I o Xxxz_ g (¢ —8)sin2(0 — 8) + cos (¢ — 8)sin* (6 — J)

(2) 1
ZXX

2

cos (0 - ) sin(6 - @)

!

X(Z) ! X(Z)
* (ijl cos (¢ - 5)C052 (0-06)+2 i(zl)/z

!
Xzxx ZXX

(1)
where xz(ﬁ)z'/x(z) + and xfj,)z' x(» are related to the molecular
ZXX

ZXXxX
ratios x(2) /x @ and xg,)z /x Q) respectively, and depend on the

out of image plane tilt angle a as follows [14]:

X(Z) l X(Z) X(Z) X(Z) !
R =2222 _ 2222 QP 4 ( 1+ 22%XZ Jgin2q and C = 2XY2
2) 1 (2) (2) 2
Xzxx  Xzxx Xzxx ZXX
)
= ng sin «
Xzxx

@)
These expressions are valid for cylindrical C6 symmetry. The

xggz / X g}z()x =1 is assumed [22], and the birefringence is assumed

negligible for minimal tissue thickness. R- and C-ratio values are
reported with standard error. Statistical comparison of the R
distributions in mutant samples vs control were done using the
student’s t test and are indicated as ***p < 0.0005, **p < 0.005, *p <
0.05 and ns - not significant on the relevant figures.

Drosophila Genetics and Dissections

Dissected OregonR (OreR) Drosophila melanogaster third instar
larva was used for imaging a wild-type somatic muscle. Decrease in
myosin accumulation was done by inhibiting the expression of the
myosin chaperone UNC45. For simplicity, samples with decreased
myosin content were called mutant muscles of UNC45 knockdown
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muscle. To visualize the body wall muscles, wandering third instar
larvae were dissected along the dorsal midline in zero calcium HL3
solution [23]. Upon removal of internal organs and fat bodies, the
body was unfolded to expose the wall muscles and was fixed in 4%
formaldehyde in phosphate buffered saline (PBS). The tissue
underwent several washes in fresh PBS before preparing for
microscopic imaging. The fixed muscles (~50 um in thickness)
were sandwiched between a 1 mm-thick microscope slide and a
0.17 mm-thick coverslip (No. 1.5) and sealed with nail polish.

RESULTS

Polarimetric SHG Imaging of Larva Body
Wall Muscle

The polarimetric experiments were carried out for the wild type
and UNC45 knockdown muscles using the PIPO SHG technique,
and the achiral R and chiral C susceptibility ratios were
determined. Representative SHG images for each muscle group
along with their corresponding R-ratio image, fibril orientation
map and R-ratio histogram are shown and compared in Figure 1.
The R-ratios were determined for each pixel and are represented
in the R-ratio images (Figures 1B,E,H) with R-ratios from 0 to
1.5. UNC45 knockdown muscles were observed to have more
variation in R-ratio values as shown by the increase in orange and
red pixels (corresponding with R-ratio values between 0.7 and
0.9) when compared to the predominantly yellow/green pixels in
OreR muscles (corresponding to R-ratio values between 0.4 and
0.5). These variations were reflected in the R-ratio histograms,
where the width of the distribution was larger for UNC45
mutants (Figure 1F) compared to OreR (Figure 1C). It was
also observed that there was a shift of R-ratio to the higher values
in the distribution of UNC45 knockdown muscles. Some UNC45
knockdown larval muscles that still exhibited striations were
imaged using polarimetric SHG microscopy and analyzed
(Figures 1G,H). These muscles were observed to have slightly
more variation in R-ratio values when compared to OreR.
However, the distribution peak was found to be shifted back
to approximately 0.5, similar to OreR muscles.

To obtain the average R-ratio, 9 measurements were taken for
OreR control, 6 measurements were taken for the more severe
UNC45 knockdown phenotype and 5 measurements were taken
for the normal phenotype found in UNC45 knockdown larvae
(Figure 2). UNC45 knockdown muscle that exhibited severe
changes in morphology were found to have a significantly higher
R-ratio (0.75 + 0.10) compared to OreR control (0.50 + 0.02, p <
0.01), whereas UNC45 mutant muscles that had a normal phenotype
had about the same R-ratio (0.53 + 0.03, p > 0.05) (Figure 2). The
distribution of R-ratio values was also observed to vary significantly
more in UNC45 knockdown muscles as indicated by the width of the
distribution of R-ratio histograms. The distribution width was
determined for each phenotype by measuring the full width at
half maximum (FWHM) of the histogram. It was observed that
compared to the distribution of OreR muscles (0.19 + 0.06), UNC45
knockdown muscles with severe disruption in the banding pattern
were observed to have broader R-ratio distributions (0.48 + 0.08, p <
0.05) (Figure 2B). UNC45 knockdown muscles that still exhibited
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FIGURE 1 | Polarization-based analysis for OreR (A-C), and UNC45 knockdown (D-I) body wall muscles in third instar larvae. These are representative images of
second harmonic intensity (A,D,G), R-ratio (B,E,H), and ratio histogram (C,F,l). Colour bars beside each image represent range of normalized SHG intensities (0-1 A.U.)

and R-ratio values (0-1). Scale bars represent 10 pm.
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some banding patterns were observed to have intermediate variation
in the distribution of R-ratio (0.24 + 0.06), however compared to
OreR it was not observed to be statistically significant (p > 0.05).

Chiral analysis was done on OreR and UNC45 knockdown
muscles to observe changes in the C-ratio distribution (Figure 3).
Chiral molecules lack inversion symmetry and when tilted out of
the image plane by angle o can exhibit positive and negative values
depending on the myosin filament polarity and orientation in the
A-bands according to eq. 2. The thick filaments have a bimodal
distribution of myosin. Since myosin is a helical molecule and
oppositely arranged molecules would have opposite polarities, it
was expected that there would be positive chiral ratios on one side
of the A-bands and negative ratios on the other, yielding a bimodal
distribution in the C-ratio histograms.

Both polarities of myosin was observed in the OreR chiral images
as indicated by the alternating red and blue bands (Figure 3B). The

bimodal distribution was observed for a narrow tilting angle range.
Larger tilting leads to the overlap of striations. The UNC45
knockdown muscles exhibiting no striations showed both red and
blue regions, however no clear banding was observed (Figure 3E).
UNC45 knockdown muscles that still had a striated appearance
showed either variations in red and grey pixels or variations in blue
and grey pixels, but alternating red and blue regions across the
A-band was not clearly distinguished (Figure 3H). The C-ratio
histograms showed larger value distributions in OreR control
(Figure 3C), while a narrower C-ratio distribution was observed
in UNC45 knockdown muscles (Figures 3F,I). Larger distribution of
C-ratio in the OreR control indicates higher molecular chiral ratio in
wild-type muscles. The FWHM of the C-ratio distributions is
relatively narrow compared, for example, to collagen fibers [14]
indicating that myosin filaments exhibit low chirality, although the
tilt of the fibrils was also small.
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FIGURE 2 | R-Ratio measurements across multiple samples in OreR and UNC45 knockdown larvae. (A) Average R-ratio for OreR control (n = 9) and UNC45
knockdown with severe disruption (n = 6) and normal banding pattern (n = 5) of larval body wall muscles. (B) FWHM variation in R-ratio distribution values for OreR control
and UNC45 knockdown larval muscles. Statistical comparisons were done using ANOVA and Tukey-Kramer post-hoc test.

Polarimetric Parameter Profiles Along
Myofibrils
In order to visualize the variation of these parameters along the
sarcomere, profiles of SHG intensity, R- and C- ratios were taken
along three consecutive sarcomeres in OreR and UNC45
knockdown larval body wall muscles (Figure 4). A rectangular
region, as shown in Figure 3A, was used for the profile by averaging
the short axis of the region of interest. The SHG intensity profile
shows distinct peaks localized in each bright band of the region of
interest. These peaks were used to highlight the A-bands with light
grey background vertical bands in order to easily compare the
variations in R- and C-ratio across the profile. The M-lines were
highlighted in dark grey, which are localized at the maximum
intensity of each peak [24]. As expected, the SHG signal intensity of
OreR larva muscle was found to be the highest in the A-bands and
the lowest in the I-bands. The R-ratio profiles show variations in the
A-band profile (Figure 4A), where there is a slight decrease in the
R-ratio at each M-line. The ratio along the A-band was found to be
around 0.55 as previously seen in other R-ratio images [19].
However, it was observed that the R-ratio increases to about 0.7
in the I-band region. The C-ratio along the A-bands was observed to
transition from negative values on the left side of the grey region to
positive values on the right side, which is consistent with the
variations of red and blue pixels seen in C-ratio images (Figure 3B).
For comparison, profiles of SHG intensity, R- and C- ratios
were taken along consecutive sarcomeres in UNC45 knockdown
muscles. Muscles that lacked the striated pattern was first analyzed
(Figure 3B). It was found throughout the profile that in regions
that showed increases in SHG intensity, a lower R-ratio was
observed. However, the distinct pattern seen in OreR muscles
were absent. The R-ratio was found to vary between 0.7 and 0.9,
which is significantly higher compared to OreR A-bands. The
C-ratio was found to have no distinctive pattern in the muscle
profile. UNC45 knockdown muscles that still exhibited striations
were also analyzed (Figure 4C). Similar to OreR muscles, distinct

peak in SHG intensity at the A-bands were observed in these
muscles. The R-ratio profiles show a similar pattern to OreR, where
the R-ratio was around 0.5 in the A-bands with an increase of the R
values in the I-bands. Although the R-ratio was found to vary
between 0.5 and 0.7, variation across the alternating bands were
not as pronounced in these muscles compared to OreR. The
C-ratio profiles followed similar pattern to the normal muscles,
but the pattern was not as distinct. This suggest that although these
muscles exhibit near normal banding pattern, there is still some
disorder in the myosin filaments that causes changes in the muscle
polarimetric properties.

DISCUSSION

In this study, we used SHG microscopy to investigate ultrastructure
of the muscle and found a significant decrease of SHG intensity in
UNC45 knockdown muscle and severe changes in the banding
pattern [13]. Quantitative polarization-based SHG microscopy was
used to characterize the changes in UNC45 knockdown muscles.
R-ratio was higher in UNC45 knockdown muscles that were
severely affected, whereas muscles that still exhibited a striated
pattern R-ratio was found to be lower in A-bands and not
significantly different from OreR muscles. The variations of
R-ratio FWHM distributions were much higher in the UNC45
muscle. The R-ratio profile of the UNC45 knockdown muscles
exhibited no banding pattern in the severely disrupted muscles. The
investigations of the profile of R-ratio along consecutive sarcomeres
in wild-type muscle showed higher R values in the I-band. The R
values in the I band corresponded to the R values in the mutant,
where the myosin molecules were diminished. A significant
difference in R values in the I-bands compared to A-bands in
wild-type muscle suggests that there may be another protein that
provides generation of second harmonic within the I band. It
produces a significantly lower SHG signal when compared to
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(-0.05 to 0.05). Scale bar represents 10 pym.

FIGURE 3 | Chiral analysis of OreR (A-C), and UNC45 knockdown (D-I) muscles in third instar larvae. These are representative images of A),D),G) Second
Harmonic, B),E),H) C-ratio and C),F),) C-ratio histogram. Colour bars beside each image represent range of normalized SHG intensities (0-1 A.U.), and C-ratio values
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myosin, however it has a higher R-ratio. There are two proteins in
the I-bands that may potentially be picked up by SHG microscopy:
actin and tropomyosin. Actin filaments remain in the UNC45
knockdown muscles where there is an increase in the R-ratio.
Tropomyosin on the other hand has a helical structure and
winds around actin filament, which fits the requirements for
non-centrosymmetric arrangement with cylindrical symmetry
resulting in a non-zero second harmonic response. Further
investigation would be required to unambiguously determine
which protein contributes to this increased R-ratio.

Chiral ratio measurements revealed that the A-band have
positive and negative values on either side, usually canceling
out toward the center as indicated by the light gray pixels. This
demonstrates the opposite polarity arrangement in myosin
molecules within the A band that can be detected, although

the variation in the chiral ratio was much smaller when
compared to collagen measurements. It was also observed that
chiral ratio changes with tilt angle, which is consistent with the «
angle dependency seen in Equation 2. The C-ratio was found to
be affected by the changes in myosin accumulation. The bimodal
arrangement of thick filaments observed in wild-type muscle was
not detected in UNC45 muscles. UNC45 knockdown muscles
that still exhibited striation had only small changes in the C-ratio
profile, most probably due to increased filament disorder.
Polarimetric SHG microscopy was successfully used to
characterize the changes in myosin accumulation in the
Drosophila  melanogaster larva body wall muscles, and
corresponding ordering of myosin in the A bands.
Furthermore, this study reveals a potential second molecular
structure that contributes to the second order susceptibility of
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FIGURE 4 | SHG intensity R-ratio and C-ratio variations along muscle fibrils in OreR muscle (A), UNC45 knockdown muscles with severe disruption in the striated
pattern (B), and UNC45 knockdown muscles with defined striated pattern (C). The profiles along three consecutive sarcomeres are drawn using the rectangular area
indicated in the corresponding images. For panels (A) and (C), the light grey vertical bars show the positions of the A-bands and the dark grey bars show the M-lines. In
panel (B), the light grey bars are used to highlight the distinct peaks in SHG intensity since the images has no visible banding pattern. Scale bar represents 10 um.
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muscle. The SHG chiral ratio C of sarcomeres was relatively
small, which enables to obtain R-ratios in a single-shot
polarimetric experiment [16], that can be applied for dynamic
studies of ultrastructure during muscle contractions.
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