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1 Introduction

Second harmonic generation (SHG) microscopy is a noninva-
sive imaging technique that is gaining popularity for in vitro

Abstract. Drosophila melanogaster larva myocytes are imaged with
second harmonic generation (SHG) microscopy undergoing forced
stretching and rhythmic contractions to determine the nature of the
SHG signal. During stretching, double peaked SHG profiles of the
anisotropic (A-) bands evolve into single peaks with a higher SHG
intensity. The dip in the intensity profile at the center of the A-band is
attributed to destructive interference from out-of-phase second har-
monic radiating myosin molecules that, in the central region of myo-
filaments, are arranged antiparallel. An intensity increase at the center
of the A-band appears during forced stretching due to a small, less
than 100 nm, intermyofilament separation of the antiparallel myosin
molecules leading to constructive interference of the SHG radiation.
In addition, the same phenomenon occurs during periodic contrac-
tions of the myocyte, where an SHG intensity increase with the
lengthening of sarcomeres is observed. The SHG intensity depen-
dence on sarcomere length can be used for imaging myocyte contrac-
tions with low resolution microscopy, and can be applied for the de-
velopment of diagnostic tools where monitoring of muscle contraction

dynamics is required. © 2008 Society of Photo-Optical Instrumentation Engineers.
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and in vivo investigation of structural properties and dynamic
processes inside the cell. Second harmonic generation has
proved to be an extremely beneficial contrast mechanism for
studying the structure of cardiac and skeletal muscles,'™ as
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well as larva and adult Drosophila melanogaster muscles.*
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Fig. 1 Schematic diagrams of (a) the sarcomere and (b) the myosin
filament structure. The constituting parts of a sarcomere are labeled in
(a). The antiparallel arrangement at the center of the myosin filament
is shown in (b).

SHG highlights the anisotropic (A-) bands of myocytes,
which contain myosin filaments, whereas the isotropic (I-)
bands generate no second harmonic.>>® Unlike multiphoton
excitation fluorescence, harmonic generation is a parametric
process that does not involve photon absorption. Signal
bleaching can be avoided due to the possibility of generating
harmonics with an excitation wavelength outside of the linear
and nonlinear absorption regions.7’8 In addition, harmonics
can be generated intrinsically within the sample, consequently
achieving label-free imaging. These unique properties of har-
monic generation microscopy allow imaging of biological
samples for prolonged periods of time with negligible tissue
damage and without side effects from the addition of fluores-
cent dyes. If a nonabsorbing wavelength region is chosen,
high excitation intensities can be used for imaging, leading to
the generation of strong harmonic signals. Strong SHG sig-
nals enable the study of semicrystalline order in myocytes‘l‘s’9
and help to determine sarcomere lengths with 20-nm
accuracy.2 Notably, the strong SHG signals provide the possi-
bility of studying structural dynamics of sarcomeres during
myocyte contraction.*”

The nature of the second harmonic generation requires the
sample to possess a noncentrosymmetric arrangement. Micro-
crystalline structures without inversion symmetry can effi-
ciently generate the second harmonic.'” In myocytes, second
harmonic is efficiently generated from anisotropic bands,
schematically shown in Fig. 1(a). The fundamental unit of a
muscle cell is the sarcomere, which is primarily composed of
actin and myosin filaments in an arrangement that allows the
actin to slide along the myosin filaments to contract the sar-
comere. The region containing only actin is known as the
isotropic band, while the region containing myosin is called
the anisotropic band. In the transverse direction, electron mi-
croscopy has shown that the formation of sarcomeres exhibits
a hexagonal symmetry.] 12 A5 shown in Fig. 1(b), the myosin
filaments are made up of staggered myosin molecules, which
have two distinctive parts; rods and heads. In addition, an
elastic web, known as the M-band, cross-linking the myosin
filaments is located at the center of the A-band. Sarcomeres
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can vary in size for different organisms, for example,
~21to 3 um for skeletal myocytes and ~5 to 8 um for
Drosophila melanogaster larval muscle."” Electron micros-
copy of third instar larva myocytes found the sarcomere
length at maximum stretch to be ~9 ,u,m.14 The large sarcom-
ere size of Drosophila larval myocytes makes them ideally
suited for investigating the origin of SHG. In addition, the
large penetration depth that can be achieved with nonlinear
microscopy allows imaging over the entire thickness of a
Drosophila larva that has been split open and laid flat. There-
fore, SHG microscopy of Drosophila larva myocytes do not
require special preparation of a thin sample by cell culturing
or tissue sectioning. Structurally, myosin filaments of different
organisms can vary considerably in length and width, but the
basic organization of the myosin molecules remains similar to
the schematic shown in Fig. 1(b)."” In particular, the region of
antiparallel myosin molecules in the center of the A-band is a
common feature in myosin filaments. In skeletal myocytes,
the antiparallel region is about 80% of the size of the bare
region, which is on the order of 150 to 200 nm in length.'®

Several studies have been dedicated to elucidate the origin
of SHG signal from the striated muscles. It has been shown
that SHG originates from the A-band region, and the arrange-
ment of myosin rods in a semicrystalline order is responsible
for the generation of strong SHG.*'""® On the other hand, the
diminished SHG signal at the M-band region, which produces
the characteristic double peak, has not been characterized, al-
though it has been observed in numerous studies.”**'® The
reduced SHG intensity at the center could result from the
absence of myosin heads in that region or because myosin
molecules do not generate the second harmonic at their rod
ends. However, in this work we provide evidence that destruc-
tive interference from the presence of oppositely orientated
myosin molecules diminishes SHG intensity at the center of
the A-band. During stretching, a separation of the antiparallel
myosin molecules leads to a change in phase matching con-
ditions, giving rise to constructive interference of the radiated
SHG photons. Constructive interference increases the inten-
sity of SHG in the middle of the A-band and changes the band
from a double peak to a single peak profile. This phenomenon
is the muscle analog to the conclusions made by Moreaux et
al. when observing an intensity reduction from membranes,
imbedded with a SHG emitter, undergoing fusion.® The pre-
sented results are in accordance with previous observations of
increasing SHG intensity with increasing sarcomere length.*°
The present study shows that SHG can be used for dynamic
investigations of structural changes during muscle contraction
and may potentially be applied for diagnostic purposes of
muscular disorders where determination of muscle contraction
dynamics is required.

2 Materials and Methods
2.1 Excitation Sources

Two femtosecond lasers were used as excitation sources for
microscopic imaging. For rhythmic contraction imaging, a
home-built extended cavity Ti:sapphire oscillator emitting
~25-fs pulses at a 26.7-MHz repetition rate was employed.
The emission wavelength of this laser was tuned to 830 nm,
and no more than 1 nJ of incident energy per pulse was used
for imaging. Stretched muscle imaging was accomplished
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with 1042-nm excitation from a diode-pumped Yb-ion-doped
potassium gadolinium tungstate (Yb:KGW) laser. The home-
built oscillator delivered ~230-fs pulses at a repetition rate of
14.6 MHz, and no more than 1 nJ of incident energy per
pulse was used for nonlinear microscopic imaging. The full
description of the laser is presented elsewhere.' In contrast to
cardiomyocytes, where the Ti:sapphire laser compromised
viability,3 Drosophila myocytes could be imaged with both
lasers for long periods of time with no observable damage.
Multiphoton excitation autofluorescence was not observed for
Drosophila myocytes, indicating the absence of nonlinear ab-
sorption at the excitation wavelengths of both lasers.

2.2 Microscope Setup

The Ti:sapphire or Yb:KGW femtosecond oscillator was
coupled to a home-built, nonlinear excitation laser scanning
microscope previously described elsewhere.** Briefly, 2-D
images were obtained by rastering the laser beam by two
closed-loop galvanometric mirrors (GSI Lumonics, Bedford,
MA, USA, VM500 series). A 20X 0.75-NA microscope ob-
jective (Carl Zeiss, Germany) was used for focusing the fun-
damental light into the sample. In the forward direction, the
second harmonic was collected with a home-built UV trans-
mitting objective. To obtain 3-D sectioning, the sample was
translated axially via a piezoelectric translation stage (Dy-
namic Structures and Materials, Franklin, TN, USA, FPA-
500) with an optical encoder (MicroE Systems, Natick, MA,
USA) for position feedback. The emitted photons were de-
tected with a photomultiplier tube (Hamamatsu, Shizuoka, Ja-
pan, H5783P-03). The data acquisition electronics feature
photon-counting detection with simultaneous three-channel
recording (NI-6602, National Instruments, Austin, TX, USA).
Both scanning and detection was controlled with a LabVIEW
interface (National Instruments, Austin, TX, USA) created
specifically for this imaging system. Acquisition rates were
around eight frames per second. Typical acquisition times for
the whole 3-D stack were on the order of several minutes,
dependening on the desired resolution and signal-to-noise ra-
tio. The SHG signal strength was sufficient for analysis of
individual frames, i.e., for dynamics of contractions, but in
general, several frames were averaged to improve the signal-
to-noise ratio. 3-D stacks of images collected with the nonlin-
ear microscope were analyzed with Imagel software.

2.3 Sample Preparation

Drosophila melanogaster stocks were raised on Bloomington
medium at 25 °C and the yw strain was used throughout
these experiments. Third instar larvae were selected and dis-
sected by cutting the larva lengthwise, removing the internal
organs, and unfolding the tissue to lay flat. Sample immobili-
zation was ensured by gluing, with Nexaband (WPI, Incorpo-
rated, Sarasota, FL, USA), the corners and ends of the larva to
a microscopic coverslide coated with a layer of Sylgard (WPI,
Incorporated, Sarasota, FL., USA) for better glue adhesion.
The prepared larva was immersed in Drosophila saline, HL3,
to prolong viability.”” For stretching experiments, only one
end of the larva was fixed to the coverslide, and a lightweight
string was glued to the free end so that weights could be
incrementally added to increase the tension on the muscles.
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3 Results

Sarcomeres of myocytes imaged with SHG microscopy have
been shown to exhibit a characteristic double peak intensity
profile originating from anisotropic bands.>**'* Similarly, the
double peak structure can be observed in the myocytes of
dissected larva of Drosophila melanogaster [see Figs. 2(a)
and 2(b)]. The myofibrils were oriented with respect to the
incident polarization by rotating the microscope stage for
maximum SHG intensity. However, when muscles are
stretched, the dim center becomes less distinguishable, and for
some sarcomeres a single peak emerges, as can be seen in
Figs. 2(c) and 2(d). During the stretch of larvae, the average
sarcomere length along the indicated myofibril increased from
7.0£0.1 um to 7.7*+0.1 um (Fig. 2). The average sarcom-
ere length along a myofibril was found by measuring the
M-line—to—M-line distance of several (5 to 8) sarcomeres.
The position of M-line was assumed to be the center of the
maximum in the single peaked, or the center of the dip in
double peaked sarcomeres. Distortions in the stretched myo-
cyte are due to existing bridges between neighboring myo-
fibrils and differences in the rigidity of connective tissue at-
tached to the muscle of dissected larva. The stretching force
was applied to one end of the whole larva, therefore changes
in the height of the myocyte and twisting of the muscle was
observed during stretching. To compensate for the variation in
height, 3-D images of the myocyte were taken at each stretch.
Nonetheless, the change from double peak to single peak an-
isotropic band structure is clearly visible. Single peaks of
stretched sarcomeres can also be identified in the work by
Both et al., but the phenomenon was not explained or
discussed.’

As the sarcomere circled in Fig. 2 is stretched from
6.9%0.3 to 7.9 £0.3 wm, the successive change of the SHG
profile is demonstrated in Fig. 3. The minimum between the
two peaks clearly vanishes, resulting in the transformation of
a double peak to a single peak. After the removal of tension
force, the sarcomeres return to their resting length, but some
double peaks did not recover immediately, suggesting that
some irreversible or slowly recovering changes were imparted
on the sample. The reversibility after stretching had large
variation and depended on the strength and duration of the
applied force. Since the full width at half maximum (FWHM)
of the SHG profile does not change significantly, the A-band
must elongate less than our error tolerance of 0.1 wm, which
agrees with previous observations that under nonexcessive
stretching the A-band experiences a minimal increase in
length.*' The appearance of slightly larger FWHM of the
SHG profile for the nonstretched sarcomere could be an arti-
fact due to a small contribution to SHG intensity from a
neighboring sarcomere or a bridge between sarcomeres (see
the shoulder on the left side of the solid line profile in Fig. 3).

By surveying the number of double peaks and single peaks
in an SHG image of myocytes, a clear transition from a ma-
jority of double peaks to a majority of single peaks is ob-
served with increasing sarcomere length. Figure 4 shows the
percent distribution of double, medial, and single peak sar-
comeres during gradual stretching of the myocyte. Since the
profile change is gradual, a medial peak category is intro-
duced. An anisotropic band is assigned to the medial peak
category when the observed dip is less than 10% of the peak
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Fig. 2 SHG images of (a) relaxed and (c) stretched larvae myocyte from Drosophila melanogaster. The intensity profiles from unstreched (average
length of sarcomere is 7.0+£0.1 um) and stretched (average length 7.7+£0.1 um) row of sarcomeres is presented in (b), and (d), respectively. The
intensity profiles exhibit double peaks for unstretched and single peaks for stretched sarcomeres. The circled sarcomere is analyzed in further detail

in Fig. 3.

intensity, or if a sarcomere has both double and single peak
characteristics. By stretching sarcomeres from 7.0 to 8.6 um,
the percentage distribution of double peaks decreases from 58
to 0%, whereas the percentage of single peak sarcomeres in-
creases from 15 to 80% (see Fig. 4). The percentage of medial
sarcomeres did not vary significantly, reflecting a constant
transition from double to single peak characteristic of SHG
bands in the applied stretching regime.

Furthermore, the transition from a double peak to a single
peak profile was accompanied with an increase in SHG inten-
sity. However, due to distortions during stretching, it was dif-
ficult to quantify the SHG intensity increase. The observation
of varying SHG intensity during stretching provided a lead to
investigate the SHG intensity changes during periodic con-
tractions of myocytes. Figure 5(a) shows the SHG profile
along a myofibril that changes in time during rhythmic con-
tractions of a Drosophila melanogaster larva muscle. Video 1
captures the imaged rhythmic contractions, with a period of
approximately 12 s, and demonstrates the viability of the
myocyte despite being imaged continuously for longer than
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Fig. 3 Transition of the SHG intensity profile from a double peak to a
single peak during sarcomere stretching. The solid line represents un-
stretched sarcomere, while dashed and dotted lines represent the sar-
comere under gradually increasing tension, respectively. The numbers
in the figure legend represent a total length of the sarcomere mea-
sured between Z-lines. The position of Z-lines was determined as the
midpoint between two M-lines. The full width at half maximum
(FWHM) of SHG profiles is also indicated near each line.
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Fig. 4 Percentage distribution of double, medial, and single SHG
peak profiles of sarcomeres at different stretching conditions. The sar-
comeres are sorted according to their length in six groups, as indi-
cated on the horizontal axis. Shorter sarcomeres had more double
(white column) than single (dark gray column) peak profiles, whereas
longer sarcomeres had more single than double peak profiles. The
medial (light gray) peak profiles represent sarcomeres that are in tran-
sition from double to single peak profiles, (see definition of the medial
peak profile in text). The numbers at the bottom of each column in-
dicate the occurrences of a particular profile at a corresponding sar-
comere length. The average sarcomere length was determined simi-
larly as in Fig. 2.

two minutes. Since single SHG frames were used to image
contraction dynamics, the dip at the center of the A-band was
not resolvable; however, the SHG intensity was more than
sufficient to image the A-bands. The corresponding change in
average SHG intensity of a periodically contracting sarcomere
is shown in Fig. 5(b). At labels @ and B in Fig. 5(b), the
corresponding average sarcomere length is 7.2+ 0.1 um and
7.9%0.1 wm, respectively, which shows that SHG intensity
increases with lengthening of sarcomeres. A clear increasing
dependence of SHG intensity with increasing sarcomere

9
)

E——

10 pmi

Video 1 A rhythmically contracting myocyte visualized with SHG mi-
croscopy. The real-time lapse is indicated in the upper right corner. To
achieve the fastest scanning rate, single frames were used for the
movie (MPEG, 2.3 MB).

[URL: http://dx.doi.org/10.1117/1.2950316.1].

length is observed in Fig. 5(c). In both cases, forced stretching
of sarcomeres and elongation in periodic movements, the
SHG intensity increases with the lengthening of sarcomeres.

4 Discussion

In this work, we presented the rather surprising result of in-
creasing SHG intensity in the bare zone of the A-band during
myocyte stretching. The observation is consistent with previ-
ous results of SHG signal intensity increase with lengthening
of the sarcomeres in striated myocytes.*® The transition from
the double to the single peak of SHG intensity profile of the
A-band evolved with the elongation of the sarcomere. The
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Fig. 5 Structural dynamics of a row of sarcomeres during periodic contraction of the myocyte. (a) The SHG intensity profile along the row of
sarcomeres is displayed over time. The total SHG intensity, from the same sarcomeres presented in (a), of a row of six sarcomeres over time is
presented in (b). The single arrow points to a myofibril profile that has a minimum intensity, whereas the double arrow indicates a maximum
intensity location. The average sarcomere lengths at a and B are indicated in the legend. The average sarcomere length was determined similarly
as in Fig. 2. SHG intensity dependence on the sarcomere length obtained for the contracting myocyte is shown in (c). The data were extracted from

Video 1.
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SHG Profile at increasing myosin molecules separation

Fig. 6 Schematic presentation of the correspondence between the
SHG profile (lower panel) and the configuration of the myosin mol-
ecules at the center of the myosin filaments (upper panel). A low SHG
intensity originates from antiparallel myosin molecules in close prox-
imity, consequently, resulting in a noticeable dip in the center of the
SHG profile (case 1). As the ends of the myosin rods are separated, on
the order of focal spot diameter, the resulting intensity increases to
maximum (case 2), which produces a single SHG peak and the high-
est average intensity. Further separation of myosin molecules causes a
reduction in SHG intensity and the return of a double peak (case 3).
See text for details on large displacements from the center of the focal
spot.

observed phenomena contradicts the intuitive assumption that
with stretching, the separation between the two SHG peaks of
the A-band would increase, leading to a larger dip in between
the two. On inspection of the myosin filament structure, this
apparent contradictory observation can be immediately ex-
plained by the presence of an antiparallel arrangement of
myosin molecules in the central region of the A-band. When
two molecules at the same position radiate the second har-
monic out of phase, as in the case of molecules in an antipar-
allel arrangement, then the net radiated power is uniquely
zero.*? Since the myosin molecules are staggered and can
have complex end-to-end and/or side-by-side antiparallel ar-
rangements [Fig. 1(b)], complete cancellation of the SHG sig-
nal may not occur; consequently, the dip between two peaks
of the intensity profile do not reach zero at the minimum
separation distance (see schematic representation in Fig. 6,
case 1). However, if these molecules are spatially separated
during stretching, favorable phase matching conditions can
appear,22 resulting in constructive interference of second har-
monic radiated from different myosin molecules. SHG inten-
sity would be maximized when the molecule separation is on
the order of the focal beam size (Fig. 6, case 2), and would
continue to decrease, due to the exponential decrease in exci-
tation beam intensity away from the center of the focal spot
and the removal of molecules from the focal volume of the
microscope objective22 (Fig. 6, case 3). When a strong stretch-
ing force is applied to the myocyte, the myosin molecules
could be separated by a large enough distance so that a double
peak in the SHG profile resurfaces. Figure 6 summarizes the
SHG intensity profile dependence on the separation distance
between myosin molecules. In reality, case 3 is not easily
observable, because at higher tensions, rupturing of the
muscle was often observed. Myosin filaments showed high
rigidity, since the width of the SHG band length varied less
than 100 nm. Consequently, the sensitivity of SHG intensity
on the separation between antiparallel arrangements of the
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myosin molecules is high. The phenomenon could potentially
be used as a distance measuring tool with higher accuracy
than the diffraction-limited resolution of the microscope.”

SHG intensity variation with sarcomere length was used
for the dynamic investigations of myocytes during contrac-
tion. Previously, the intensity decrease during contraction and
increase during stretching was observed in the periodically
contracting myocytes. The initial interpretation was suggested
to be from the change in the amount of semicrystalline order
of A-bands during contraction.* While this interpretation
holds, an additional effect influencing the SHG intensity due
to separation of the oppositely aligned myosin molecules dur-
ing stretching has been described in this work. However, it is
difficult to distinguish which effect plays the major role in the
SHG intensity variation during contraction. A faster scanning
microscope and higher signal-to-noise ratio is required to re-
solve the dynamics of double to single peak transition. This
would provide evidence to determine which of the two
mechanisms has a larger effect on the SHG intensity from the
anisotropic bands of myocytes.

The SHG intensity variation during periodic contractions
can be applied to the development of diagnostic tools. In dy-
namic images, where the double peaks are not resolvable due
to low photon counts in a single frame and contraction speeds
that are faster than microscope scanning, the intensity can be
used to determine the contraction state of the myocyte, as
shown in Fig. 5(b). The intensity relationship of SHG on sar-
comere length may have significant implications on monitor-
ing the dynamics of muscle contractions without high reso-
lution imaging for clinical diagnostic purposes.
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