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ABSTRACT Detection of the transition between the two myosin isoforms a- and b-myosin in living cardiomyocytes is essential
for understanding cardiac physiology and pathology. In this study, the differences in symmetry of polarization spectra obtained
from a- and b-myosin in various mammalian ventricles and propylthiouracil-treated rats are explored through polarization-depen-
dent second harmonic generation microscopy. Here, we report for the, to our knowledge, first time that a- and b-myosin, as pro-
tein crystals, possess different symmetries: the former has C6 symmetry, and the latter has C3v. A single-sarcomere line scan
further demonstrated that the differences in polarization-spectrum symmetry between a- and b-myosin came from their head
regions: the head and neck domains of a- and b-myosin account for the differences in symmetry. In addition, the dynamic tran-
sition of the polarization spectrum from C6 to C3v line profile was observed in a cell culture in which norepinephrine induced an
a- to b-myosin transition.
SIGNIFICANCE Although the transition from a- to b-myosin expression is prevalent in diseased mammalian myocardia
(e.g., cardiac hypertrophy), current methods of quantitatively studying myosin isoform transition are not only inefficient,
they are useless at detection in vivo. Here, we show for the, to our knowledge, first time that crystal structures around the
myosin head regions of a- and b-myosin differ and can be dynamically detected in living tissue via polarization-dependent
second harmonic generation microscopy. Our finding provides a new method for basic research on the dynamic
recognition of a- and b-myosin.
INTRODUCTION

In mammalian myocardia, two closely related myosin iso-
forms, a- and b-myosin, are expressed. The differential
expression of these myosin isoforms is important in regula-
tion of cardiac contractile performance (1). a-myosin is
responsible for greater actin-activated ATPase activity and
thus fast actin-filament sliding velocity. The actin-activated
ATPase activity and actin-filament sliding velocity of
b-myosin are two to three times lower (2). Mammalian spe-
cies express different ratios of a-/b-myosin depending on
developmental and pathophysiologic conditions during car-
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diac remodeling (3). Studies indicate that a small change in
the myosin isoform ratio significantly alters cardiac function
(4,5). Myosin isoform transition in mammalian myocardia
is closely associated with abnormal hormone secretion (6),
increased mechanical load (7–9), and other heart diseases.
For example, healthy human heart ventricles express myosin
isoforms with an a/b ratio of �1:9, whereas failing human
ventricles express no detectable a-myosin (2,10,11). The
percentage of a-myosin is linearly reduced in enlarged atria
when indexed to the left atrial transverse diameter (12).
Reportedly, chronic alcohol intake can significantly change
the myosin composition of mammalian myocardia (13).

Study of the transition between myosin isoforms during
heart remodeling is critical to understanding heart physi-
ology and pathology. However, although functionally
distinct, the two myosin isoforms show considerable
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homology. For example, 95% of their amino acids are iden-
tical (14,15), and the difference in their molecular mass is
less than 0.2% (14,16,17). Conventional methods of distin-
guishing these myosin isoforms, such as Western blotting,
are not only inefficient but also inapplicable to living tissue
and thus cannot be used to study the dynamic transition be-
tween the two myosin isoforms in a living cardiomyocyte
(17–19).

Second harmonic generation (SHG) microscopy has been
widely applied for visualizing noncentrosymmetric biomol-
ecules in living tissues (e.g., myosin and collagen) without
labeling (20). Polarization-dependent SHG (P-SHG) micro-
scopy can explore the crystallographic structure of biomol-
ecules. Cardiac sarcomeric myosin was conventionally
known to possess hexagonal and/or cylindrical symmetry
(class C6) in nonlinear optics (21–23). Our experimental re-
sults showed that the polarization spectra of this type of
myosin had a C6 line profile in the myocardia of small mam-
mals such as rat and mouse. The myosin with C3v-line-pro-
filed polarization spectra dominated in large mammals such
as pig and human. This may be due to a species dependence
of the expression of myosin isoform because a-myosin
dominates in small mammalian myocardia, whereas
b-myosin dominates in large mammalian myocardia. There-
fore, we hypothesized that these myosin isoforms possessed
different crystal symmetry, and this crystallographic differ-
ence could be captured by P-SHG microscopy.

In this work, we used the hypothyroidism drug propylth-
iouracil (PTU) to induce the transition of cardiac myosin
expression from the a- to the b-isoform in rat myocardia.
We observed a shift in the crystal symmetry of the cardiac
myosin from C6 to C3v based on the SHG polarization
spectra during this transition. The percentage of C3v-line-
profiled polarization spectra was linearly correlated to the
percentage of b-myosin. Further, in cell-culture experi-
ments, cardiomyocytes were treated with the adrenergic
agent norepinephrine (NE) to induce myosin transition
from a- to b-isoforms. In our final experiments, the time-
dependent transition of the polarization spectrum from C6
to C3v symmetry was observed in a single cardiomyocyte.
Through scanning myosin filaments in a single sarcomere,
we found that transition of the polarization spectrum from
C6 to C3v line profiles occurred in the regions where
cross-bridges are formed. Our study may pave the way for
the a- and b-myosin discrimination and diagnosis of related
diseases, such as cardiac hypertrophy, at the cellular and
molecular levels.
METHODS AND MATERIALS

SHG of C6- and C3v-symmetric crystal

Under an excitation light with an angular frequency of u, the induced

second-order nonlinear polarization density P at frequency 2u can be

described as

P2
i ð2uÞ ¼

X
jk

c2
ijkðu;uÞEjðuÞEkðuÞ i; j; k ¼ 1; 2; 3;

(1)

where c2
ijk is the second-order nonlinear susceptibility tensor (second-NST)

with 27 (3� 3� 3) components. In the case of SHG, the second-NST com-

ponents c2
ijk can be represented as a 3 � 6 matrix d. Myosin is generally

considered to possess cylindrical symmetry (class C6), which has been

confirmed by a great number of studies on myosin in small mammalian my-

ocardia (21–23). Its d matrix is given by:

dc6 ¼
2
4 0

0

d31

0

0

d31

0

0

d33

d15
d15
0

0

0

0

0

0

0

3
5;

where d15, d31, and d33 are the only nonzero components. Fig. 1 A shows the

coordinate system that we defined to describe the orientation of the myofi-

bril and the excitation light polarization. It is assumed that the myofibril is

located on the y-z plane and oriented along the z axis. The excitation light is

incident along the x axis, with electric field polarization on the y-z plane. a

is denoted the angle between the incident polarization and the z axis. The

three electric field components can be expressed as Ey(u) ¼ E sin a,

Ez(u) ¼ E cos a, and Ex(u)is �0. Thus, based on the d matrix, the

relationship between the intensity of the emitted SHG and the angle a is

described as
FIGURE 1 (A) Geometric arrangement of a sin-

gle myofibril relative to the polarization of the

applied excitation light. a: angle between the inci-

dent polarization of the excitation light and the z

axis of the myofibril. (B) Simulated plots of

normalized SHG intensity as a function of polariza-

tion angle for myosin are shown: (i) cylindrical C6

and (ii) trigonal C3v crystal class symmetry (polar-

ization spectrum describes the relationship between

the normalized intensity of the SHG signal and the

polarization angle a of the excitation light). The

normalization is performed by dividing the 18

values collected in different polarization states by

the maximal one such that the maximal value in

the normalized polarization spectrum is equal

to 1. To see this figure in color, go online.
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However, our data showed that in the myocardia of large mammals, most

of the myosin exhibits trigonal symmetry (class C3v). For C3v symmetry,

the d matrix is given by (24,25)

dc3v ¼
2
4 0

�d22
d31

0

d22
d31

0

0

d33

d15
d15
0

0

0

0

�d22
0

0

3
5;

where d15, d22, d31, and d33 are the only nonzero components. Similarly, the

relationship between the intensity of the emitted SHG and the polarization

angle of the excitation light field is described as

I2uc3v �
" 

d22
d15

sin2aþ sin2a

!2

þ
 
d31
d15

sin2aþ d33
d15

cos2a

!2#
:

(3)

To visually demonstrate the difference between C6 and C3v symmetry

based on the d matrix, the polarization spectra (the curve of the SHG inten-

sity versus the polarization angle of the incident light) for C6 and C3v sym-

metry are plotted in Fig. 1 B (the settings are d31/d15¼ 1.00, d33/d15¼ 0.67,

and d22/d15 ¼ 0 and 0.10, respectively, for C6 and C3v). Fig. 1 Bi shows the

polarization spectrum for C6 symmetry (d22 ¼ 0), where the curve is sym-

metrical with respect to 90�. A nonzero d22 produces the pattern in Fig. 1

Bii, which exhibits noticeable asymmetry with respect to 90�.
The polarization spectrum can be determined experimentally, and the ra-

tio values of the second-NST components (d31/d15, d33/d15, and d22/d15) can

be retrieved by fitting the polarization spectrum according to Eq. 3 (note: if

the experimental data fit Eq. 2, when they are fitted to Eq. 3, d22/d15 will be

very close to 0). Therefore, by comparing the values of the second-NST
1060 Biophysical Journal 118, 1058–1066, March 10, 2020
components, we can study the structural and symmetric discrepancy be-

tween myosin isoforms or myosin under different pathological conditions.
P-SHG imaging system

The construction of the P-SHG microscope with an on-stage incubator is

shown in Fig. 2 A. The excitation light was generated from a Ti:Sapphire

laser (100 fs and 80 MHz, Tsunami 3960-X1BB pumped by a 9.5 W

Millennia; Spectra-Physics, Santa Clara, CA) and was tuned to 830 nm.

The beam was then steered onto the XY scanner (6210H; Cambridge Tech-

nology, Bedford, MA). Before the beam was focused onto the sample using

a 0.9 NAwater immersion objective (60� LUMPlanFLN; Olympus, Tokyo,

Japan), it passed a polarization state generator to rotate the polarization

angle of the excitation light. The polarization state generator was composed

of a polarizer (LPNIRE100-B; ThorLabs, Newton, NJ) and a half-wave

plate (WPH05M-830; ThorLabs) that was mounted on a motorized rotator

(PRM1Z8; ThorLabs). By rotating the half-wave plate to an angle of j rela-

tive to the fixed axis of the polarizer, the polarization of the excitation light

was rotated to an angle of 2j without a change in the intensity of the exci-

tation light. The beam was subsequently focused onto the sample using

the water immersion objective (60� LUMPlanFLN; Olympus). After

passing the objective, the polarization ellipticity of the excitation light

was>50:1. The SHG signals were collected from the forward scattering di-

rection through an Olympus 1.4 NA oil immersion condenser and recorded

by a photomultiplier tube (H7422p-40; Hamamatsu, Hamamatsu City,

Japan). An IR filter was placed in line before the photomultiplier tube

and was used in addition to a 415 5 15 nm bandpass filter (FF01-415/

10-25; Semrock, Rochester, NY). In this study, the scan rate and the pixel

dwell time were set to 500 lines/s and 3.2 ms, respectively, to achieve a two-

dimensional imaging rate of approximately one frame per second: each

frame contained 512 � 512 pixels with a pixel size of 0.16 mm. The lateral

and axial resolution were experimentally estimated to be 0.47 and 1.26 mm,

respectively (26).

All live-cell imaging was performed in an on-stage incubator, which was

composed of an electronically heated aluminum frame with feedback
FIGURE 2 (A) Experimental setup of the P-SHG

microscope. (B) Grooved PDMS substrate for car-

diomyocyte alignment is shown. (C) PDMS culture

chamber is shown. Grooved PDMS squares are at

the bottom region of this chamber. To see this

figure in color, go online.
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control and two covers (H301-TC1-HMTC, 2GF-MIXER; Okolab SRL,

Ottaviano, Italy). A mixture of 95% air and 5% CO2 was pumped through

the heater unit, which contained deionized water, and the humidified air

mixture (�37�C, 95% humidity) was supplied to the chamber of the on-

stage incubator. The 5% CO2 and 95% humidity mixture was maintained

by adjusting the balance between the leakage and the supply through a feed-

back system. The 37�C temperature inside the culture dish was preserved

by adjusting the balance between heat loss and gain through a feedback sys-

tem, including a temperature sensor placed inside the culture dish.
Sample preparation

In the research reported here, the myocardial samples used for polarization-

spectrum-type statistics in different mammalian hearts were from five

different mammalian species: four 1-month-old male Sprague Dawley

rats, four 1-month-old male CD-1 mice, two 1-month-old female New Zea-

land White rabbits, and two 3-month-old female Yorkshire White pigs.

These heart muscles were provided by Clemson University’s animal facility

and were harvested from animals used in unassociated studies approved by

the Institutional Animal Care and Use Committee of Clemson University.

Three human left ventricular samples were obtained from three male

heart-transplanted patients of 50–70 years of age. The collection and use

of human material were approved by the University of Arizona Institutional

Review Board under the CAPTURED protocol.

In the animal experiment that induced myosin isoform transition from a

to b, a total of ten 1-month-old Sprague Dawley rats were used (five males

and five females, each weighing �115 g). Four hypothyroid groups were

formed; each group had one male and one female randomly selected

from the male and female rats, respectively. Animals in each hypothyroid

group were administered PTU (500 mg/L; Sigma-Aldrich, St. Louis,

MO) in drinking water to induce transition of a- to b-myosin (27,28).

PTU administration for each of the four hypothyroid groups lasted for 4,

6, 8, and 10 weeks, respectively, followed by euthanization. The remaining

two rats (one male and one female) were used as controls. All procedures

were approved by the Clemson University Institutional Animal Care and

Use Committee.

The harvested hearts were immediately perfused with cardioplegia high

Kþ solution to ensure all cardiomyocytes in the muscles were in a relaxed

state. The hearts were then fixed by 4% paraformaldehyde perfusion at zero

transmural pressure and embedded in optimal cutting temperature com-

pound at�20�C. To avoid variations due to possible regional heterogeneity,
all sections were taken from the left ventricle free wall, and sections

(�15 mm) were cut using a cryostat (HM550; Thermo Fisher Scientific,

Waltham, MA). The sections were transferred to histology slides. Before

the sections were imaged under the P-SHG microscope, the optimal cutting

temperature compound was washed away with phosphate-buffered saline,

and the sections were secured between glass coverslips.
Cell culture

The cardiomyocytes were isolated and collected as previously described

(29). Briefly, 3-day-old Sprague Dawley neonatal rats were euthanized.

The hearts were minced into 1 mm3 pieces and first digested with trypsin

solution (0.55 mg/mL; Worthington Biochemical, Lakewood, NJ) over-

night, then shaken at 75 rpm in a collagenase solution (1 mg/mL collage-

nase II (Gibco, Gaithersburg, MD) and 0.24 U/mL neutral protease

(Worthington Biochemical)) for 1.5 h. The fibroblasts were removed by

preincubating the cells in a 150 cm2 flask with the normal culture medium

(Dulbecco’s modified Eagle’s medium (DMEM) solution (Thermo Fisher

Scientific) and 10% fetal bovine serum (VWR International, Radnor,

PA)) for 2 h. The purified cardiomyocyte (�90%) suspension was diluted

to 1 million cells/mL and then seeded into grooved polydimethylsiloxane

(PDMS) substrate culture dishes coated with fibronectin (20 mg/mL;

EMD Millipore, Burlington, MA). The grooved PDMS substrate was
used to realize end-to-end cell alignment to mimic in vivo cell morphology

(Fig. 2 B). In addition, the four corners of the grooved squares in Fig. 2 C

were used to label the locations of the cells.

The isolated neonatal cardiomyocytes were cultured in normal culture

medium for 12 h in grooved PDMS substrate. Then, the cells were washed

three times with serum-free culture medium (DMEM solution; Thermo

Fisher Scientific) and transferred to serum-free medium supplemented

with transferrin and insulin (1�; Thermo Fisher Scientific) for 48 h to re-

move remaining hormones. Then, induction solution was used to induce

b-myosin expression (DMEM solution (Thermo Fisher Scientific), 2 mm/

L NE (Sigma-Aldrich), and 0.1 mM/L vitamin C (Sigma-Aldrich))

(30–32). The NE concentration was maintained for 72 h. In the control

group, a DMEM solution containing 0.1 mM/L vitamin C (Sigma-Aldrich)

was used. During the 72-h induction period, time-dependent images were

taken every 24 h to observe the changes in the P-SHG signal under the ef-

fect of the NE.
Image collection and analysis

In this study, images were collected at a 10� interval of the polarization

angle of the excitation light, which started from 0� and continued until

the polarization angle reached 170�. To eliminate systematic errors such

as stage drift, we reversely collected another 18 images with a 10� interval,
starting at 170� and returning to the 0� polarization state. An image stack

was then formed using the 36 images collected. On the image stack, a re-

gion of interest with three to four sarcomeres around a myofibril was

randomly selected to calculate the average gray value in each image. To

retrieve the ratios of the tensor components, the obtained data were fitted

to the model given by Eq. 3 (a nonlinear least-squares method implemented

in MATLAB (The MathWorks, Natick, MA) was used, with four parame-

ters as specified: d31/d15, d22/d15, d33/d15, and a scale factor).
Single-sarcomere line scan

First, a target sarcomere was selected, and a line was chosen digitally

through the A-band to serve as the scan path. A point by point scan was per-

formed along this line. The system collects 512 points per scan; to reduce

errors, line scanning was repeated 512 times. Then, a 512-by-512-pixel im-

age was generated. For the next scan, the polarization angle of the excitation

light was changed. The polarization-spectrum data were collected in the

same way as described in Image Collection and Analysis.
Western blot analysis

Levels of a- and b-myosin expression in the PTU-induced rat cardiomyo-

cytes were evaluated by sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis analysis, which can separate myosin isoforms in a minigel system.

Laemmli sample buffer was used to collect whole cell homogenates from

cardiac myocardia treated with PTU for 0, 4, 6, 8, and 10 weeks. Equal

amounts of total protein were separated by 4–15% precast protein gels

(Bio-Rad Laboratories, Hercules, CA) and transferred onto polyvinylidene

difluoride membranes (Bio-Rad Laboratories). a- and b-myosin were

probed using a monoclonal anti-a- and anti-b-myosin primary antibody

(HPA001239, HPA001349,1:1000 dilution; Sigma-Aldrich), followed by

an HRP-labeled anti-rabbit secondary antibody (A16023; Fisher Scientific).

Antibodies to a-actin (A2172 (Sigma-Aldrich); A16017, 1:1000 dilution

(Thermo Fisher Scientific)) were used in the same Western blot to test

for equal loading. After detection of the HRP-conjugated secondary anti-

bodies, the immune complexes were detected by chemiluminescence

captured on Biospectrum 500 Imaging System (UVP, Analytik Jena, Up-

land, CA), and the densitometry of the a- and b-myosin band profiles on

the Western blot was performed with ImageJ software (acquired from

NIH at http://rsbweb.nih.gov/ij/).
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Statistical analysis

In this work, the experimental data are presented as mean 5 standard de-

viation. Statistical analysis was performed with SAS 9.4 software. One-way

analysis of variance (ANOVA) tests were used to determine mean separa-

tion. Two-sample Student’s t-tests were then performed on the average

values. p-values of <0.05 were considered to be significant. For each test

group, multiple samples (e.g., identical culture chambers) were tested.

Before data from different samples in the same test group were merged,

Levene’s test was used to ensure that equal variance could be assumed.
RESULTS

Polarization spectra of cardiac myosin in
ventricles of the five different mammalian species

As shown in Fig. 3 A, the polarization spectra obtained from
myosin filaments inmouse or rat ventricleswere symmetrical
with respect to 90� (consistent with the C6 line profile shown
in Fig. 1 Bi), which demonstrated that myosin with C6 crys-
tallographic symmetry dominated in the mouse and rat ven-
tricles. However, the polarization spectra obtained from
rabbit, pig, and human ventricles showed significant asym-
metry with respect to 90�, demonstrating the existence of
considerable C3v symmetric myosin. The values of d22/d15
retrieved from rabbit, pig, and human ventricles were also
significantly greater than the ones collected from mouse
and rat ventricles. Because the difference between C6 sym-
metry and C3v symmetry depends only on the value of d22/
d15, the values of d31/d15 and d33/d15 are not discussed in
this study; these values reflectmainly the arrangement, orien-
tation, and pitch angle of myosin molecules (23). Among all
fits in this study, on average, the matching agreement be-
tween the data points and the fitting curve was R2 > 0.90.
The polarization spectra and values of d22/d15 of
myosin filaments as a function of PTU
administration period

Without PTU treatment, the polarization spectra of myosin
filaments appeared to be a C6 line profile; the retrieved
1062 Biophysical Journal 118, 1058–1066, March 10, 2020
value of d22/d15 was 0.02 5 0.02, which was consistent
with the result shown in Fig. 3 B. However, with the admin-
istration of PTU, the polarization spectra of myosin fila-
ments gradually became asymmetrical with respect to 90�

and showed a C3v line profile. As the administration period
of PTU increased, the polarization spectra approached
asymmetry, and the value of d22/d15 accordingly increased.
For the myosin filaments from 4-, 6-, 8-, and 10-week
PTU-treated rat ventricles, the retrieved values of d22/d15
were 0.05 5 0.02, 0.07 5 0.03, 0.11 5 0.03, and
0.14 5 0.04, respectively.

The results in Fig. 4, A and B indicate that the crystal
structure of myosin gradually changed from the original
C6 symmetry to C3v symmetry. To further explore the cor-
relation between the transition in polarization spectrum of
myosin filaments and the PTU-induced increase in
b-myosin content, we performed a Western blot analysis
on the rat ventricles tested in Fig. 4 C. In myocardial sam-
ples without PTU treatment, a-myosin dominated, and
b-myosin was barely detectable. As the PTU administration
period increased, the expression of myosin gradually shifted
from a- to b-myosin. Applying the quantitative method
described in (33,34), the contents of b-myosin were �3,
22, 40, 55, and 85%, respectively, for 0-, 4-, 6-, 8-, and
10-week PTU-treated myocardial samples. Gel lanes,
probed with anti-a-actin in Fig. 4 C, indicate that the
amounts of protein loading were equal. The Pearson corre-
lation coefficient between the content of b-myosin and the
value of d22/d15 reached 0.98.
Dynamic transition of the polarization spectrum
from a C6 to C3v line profile in NE-treated
cardiomyocytes

In the cell-culture experiment, 56 measurement sites were
selected for the test and control groups, respectively, as
shown in Fig. 5 A using a red box. Because of the death
or loss of cells at measurement sites during a 2-day period,
we obtained 5 and 34 valid time-dependent observations,
FIGURE 3 (A) Normalized polarization spectra

of myosin filaments in ventricles of different

mammalian species studied by P-SHG microscopy

(for data presentation, the value accumulates 0.2

for each curve). (B) Retrieved values of d22/d15
are given: 0.02 5 0.02, 0.02 5 0.02, 0.08 5

0.03, 0.11 5 0.03, and 0.16 5 0.04, respectively,

for mouse, rat, rabbit, pig, and human ventricular

myocardia. Sample size n ¼ 50 measurements/spe-

cies: 10–20 sections were arbitrarily selected from

the left ventricle free wall; each animal in the test

species provided an equal number of sections,

with one to four measurements made for each sec-

tion. One-way ANOVAwas followed by Student’s

t-test to compare different groups, *p < 0.05 vs.

mouse or rat. No statistical difference was found

between animals in a single group. To see this

figure in color, go online.



FIGURE 4 (A) Changes in polarization spectra.

(B) The corresponding retrieved values of d22/d15
of myosin filaments in rat ventricles as a function

of PTU administration period are shown (sample

size n ¼ 50 measurements/group: 20 sections

were arbitrarily selected from left ventricle free

wall, and 10 sections were collected per animal in

each group; two to four measurements were made

for each section). One-way ANOVA was followed

by Student’s t-test to compare groups, *p < 0.05

vs. control. No statistical difference was found be-

tween animals in a single group. (C) Western blots

for 0-, 4-, 6-, 8-, and 10-week PTU-treated rat ven-

tricles are given. Gel lanes were approximately

equally loaded as shown by the blot probed with

anti-a-actin (as a loading control). To see this

figure in color, go online.
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respectively, for the test and control groups after the NE
administration at 72 h. In the five valid time-dependent ob-
servations of the test group, the polarization spectrum of the
myosin filaments dynamically transited from C6 to C3v line
profile with successive NE administration periods. Fig. 5 B
shows the dynamic transition process: the polarization
spectra still showed a C6 line type after 24 h of NE admin-
istration. However, with the increase in the NE administra-
tion period, the polarization spectra gradually shifted to the
C3v line profile, which was indicated by the polarization
spectra becoming significantly asymmetrical with respect
to the 90� at 48 h with continued NE administration and
showing more asymmetry at 72 h with continued NE admin-
istration. The corresponding retrieved values of d22/d15 were
0.03 5 0.01, 0.06 5 0.02, and 0.08 5 0.03 at 24, 48, and
FIGURE 5 (A) Linear-polarized SHG images of cells after NE adminis-

tration at 24, 48, and 72 h. The red boxes, selected from the same sarcomere

group in the same cell, indicate acquisition sites of the polarization spectra.

(B) Corresponding polarization spectra collected from the same acquisition

sites in cells after NE administration at 24, 48, and 72 h are shown (sample

size n ¼ 5). To see this figure in color, go online.
72 h, respectively. Cell morphology measured after the 72-h
NE administration showed no significant change. In the 34
valid time-dependent observations of the control group, all
polarization spectra of myosin filaments showed a symmet-
rical C6 line profile. The retrieved values of d22/d15 were
0.02 5 0.01, 0.03 5 0.01, and 0.02 5 0.01 measured at
24, 48, and 72 h in the control culture, respectively.
The polarization spectra of C3v line-profiled
myosin filaments from a single-sarcomere line
scan

To locate the structural changes in myosin during the iso-
form-expression transition from a to b, we performed a sin-
gle-sarcomere line scan for the 10-week PTU-treated rat
ventricles. A total of 100 randomly selected sarcomeres
were scanned; half showed a C6 line profile, and half
showed a C3v line profile. Fig. 6 B shows the P-SHG imag-
ing results of a typical sarcomere with a C3v line profile.
Although the polarization spectrum of this entire sarcomere
exhibited a C3v line profile, the polarization spectra of the
myosin filaments in different regions of the sarcomere
showed two different symmetries: as shown in Fig. 6 C,
the polarization spectra of myosin filaments located at the
two ends of the A-band (the overlapping regions of myosin
backbone and myosin heads) exhibited a C3v line profile,
whereas the polarization spectra of myosin filaments located
near the M-line remained as the C6 line profile. Moreover,
when the overall polarization spectrum of a sarcomere
showed a C6 line profile, its polarization spectra in different
regions showed uniform symmetry; that is, the polarization
spectra of the myosin filaments from the M-line region and
from the two ends of the A-band all showed the C6 line pro-
file. These phenomena were supported by the P-SHG imag-
ing results of these 100 sarcomeres.
DISCUSSION

The ratios of the two myosin isoforms in different mamma-
lian myocardia have been extensively studied. It has been
Biophysical Journal 118, 1058–1066, March 10, 2020 1063



FIGURE 6 (A) Linear-polarized SHG image of the cell whose sarcomere showed a C3v line profile in its polarization spectrum; green arrow indicates line

scanning direction. (B) A linear-polarized SHG image of line-scanned sarcomere is given (formed by 512 line scans with the scan direction shown as the

green arrow in A). (C) The corresponding polarization spectra collected from the two ends and the M-line areas of the line-scanned sarcomere are shown.

Colors of the curves in (C) are consistent with those of the corresponding boxes labeled in (B). To see this figure in color, go online.
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demonstrated that a-myosin dominates in month-old rat and
mouse ventricles (>90%) (35,36). The ratios of a-/b-
myosin in month-old rabbit and adult human ventricles
are �1:1 and 1:9, respectively (37,38). As discussed above,
the value of d22/d15 is the only indicator of myosin symme-
try. Thus, for the purpose of analysis, we here declare a
threshold value for d22/d15: the myosin in the region of inter-
est is considered to possess C3v symmetry when the value of
d22/d15 is greater than or equal to 0.08. Using this threshold
value of 0.08, measurements 0, 0, 22, and 42 of the 50
selected measurements for mouse, rat, rabbit, and human
ventricles showed C3v symmetrical polarization spectra,
respectively (Fig. 3). The proportions of myosin with C3v
symmetry calculated accordingly agreed well with the re-
ported proportions of b-myosin (<10, <10, 50, and 90%).
Furthermore, applying this threshold to the 0-, 4-, 6-, 8-,
and 10-week PTU-treated rat ventricles, we found that 0,
8, 18, 29, and 40 of the 50 selected measurements have
C3v symmetry. The ratios of a-/b-myosin obtained from
the P-SHG microscopy (0, 16, 36, 58, and 80%) were
consistent with those displayed by the Western blot (3, 22,
40, 55, and 85%). Therefore, we suggest that the transition
of the polarization spectrum from a C6 to a C3v line profile
can be attributed to the expression of b-myosin.

For protein crystals such as myosin and collagen, the
intrinsic second harmonic signal lies in the susceptibility
of the primary structures of proteins, mainly the amide
bonds of polypeptide chains and the peptide bond -CO-
HN- between two amino acids (39). However, whether a
protein crystal can generate a detectable second harmonic
signal depends on its three-dimensional lattice structure,
which is determined by the folding, orientation, and symme-
try of the protein crystal (40). In the secondary structures of
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proteins such as a-helices, the susceptibility units are very
well ordered, enabling constructive interference of the
coherent SHG signal generated by the primary structures.
Thus, secondary structures of proteins have an impact on
the emission efficiency of an SHG. Further, studies reported
in the literature have shown that the symmetry of a protein
crystal is decided by tertiary and quaternary structure (41)
and, as described previously in this work, can be detected
using P-SHG microscopy. Our results demonstrated that
the differences in a- and b-myosin studied here were not
distinguished by the intensity of SHG signals, which corre-
spond to the protein secondary structure. However, a- and b-
myosin differences could be distinguished by P-SHG
microscopy from the values of nonzero elements in the
polarizability tensor, which reflects crystal symmetry at
the tertiary and quaternary structural levels.

As shown in Fig. 7, considering a single sarcomeric struc-
ture, the M-line area consists of only the myosin coiled tail.
The two end sections of the A-band contain both myosin tail
and head regions. The single-sarcomere scan results shown
in Fig. 6 demonstrate that the polarization-spectrum differ-
ences between a- and b-myosin occurred at the two ends
of the A-band; these two ends contain both tail and head re-
gions. However, polarization spectra of the M-line region
showed that the tail regions located in the myosin filament
backbones of a- and b-myosin have the same crystal sym-
metry. Therefore, our data suggest that differences in the
head regions located at the end sections of the A-band
gave rise to the difference in the polarization spectra of
the two myosin isoforms.

SHG studies of myosin have demonstrated that head re-
gions of the myosin molecule can generate an SHG signal
that occupies a considerable proportion of the total SHG



FIGURE 7 (A) Schematic structure of a single

sarcomere. (B) The structure of a full-length

myosin molecule, which is composed of a tail re-

gion (the myosin coiled tail consists of two inter-

twined a-helices) that lies in the backbone of the

myosin filament and a head region (a neck region

(S2) connects the two myosin heads (S1) with the

myosin tail) that extends from the main myosin

filament backbone to attach to an actin filament

to form the cross-bridge, is shown. To see this

figure in color, go online.

a- and b-Myosin Detection
signal produced in muscle (42,43). In addition, it has been
determined that the main difference between a- and
b-myosin lies in myosin’s head region. For example, the dif-
ferences in the gene sequences of a- and b-myosin are
mainly in the gene sequence encoding the myosin head
(44). The ATPase activities of a hybrid myosin that consists
of the a-myosin tail region and the b-myosin head region
are similar to those of b-myosin (15). These studies demon-
strate that there are structural differences in head regions
between a- and b-myosin, which agrees well with our sin-
gle-sarcomere scan results (Fig. 6). In addition, other fac-
tors, e.g., the differences in the process of assembly of
myosin molecules into myosin filaments and the different
effects of myosin binding protein-C on a and b myosin,
may play a role in leading to the differences in polarization
spectrum of a- and b-myosin.
CONCLUSION

Our experimental results show that 1) myosin with C6 sym-
metry dominated in the small mammalian myocardia,
whereas myosin with C3v symmetry dominated in the large
mammalian myocardia. It has been widely confirmed that
the cardiac myosin in the small and large mammalian myo-
cardia are dominated by the a- and b-isoforms, respectively,
and thus, C6 symmetry co-occurs with a-myosin, whereas
C3v symmetry occurs with b-myosin; 2) the b-myosin
expression increase in PTU-treated rat myocardia was pro-
portionally mirrored by a polarization-spectrum shift from
a C6 to a C3v line profile, suggesting that when the ratio
of a-/b-myosin isoforms changes, the ratio of C6/C3v
spectra changes proportionally. Hence, there may be a cor-
relation between C6 symmetry and a-myosin and between
C3v symmetry and b-myosin; 3) the polarization spectra
of myosin filaments, obtained on consecutive culture days
from the NE-treated cell culture, gradually shifted from
C6 to C3v line profiles. The shift was similar to the chronol-
ogy reported in the literature for an NE-induced myosin
transition from a- to b-isoforms. It is possible that when
a-myosin was induced to shift to b-myosin, the myosin
structure dynamically changed to C3v symmetry, a further
correlation of C6 symmetry to a-myosin and C3v symmetry
to b-myosin; 4) correlation of C3v symmetry to b-myosin
was observed only at the two end regions of the A-band,
in the myosin heads. This is consistent with findings in the
literature that the differences between the a- and b-myosin
isoforms exist in the head region. All these data can be un-
derstood to demonstrate a strong correlation between C6
symmetry and a-myosin and between C3v symmetry and
b-myosin. These findings may provide a P-SHG-micro-
scopy-based method for distinguishing a- and b-myosin in
living cardiac samples and a method for studying myosin-
isoform-transfer-related heart disease.
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