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1 Introduction

Abstract. The ability to quantify changes in cardiomyocyte and
myosin volume across gestation and in response to intrauterine insults
will lead to a better understanding of the link between low birth
weight and an increased risk of heart disease in adult life. We present
the use of second-harmonic generation (SHG) and two-photon
excitation autofluorescence (TPEF) microscopy to image unstained
isolated fetal cardiomyocytes. The simultaneous collection of these
two images provides a wealth of information on the morphology of
cardiomyocytes. The SHG signal provides high-contrast images of
myosin filaments and the TPEF signal can be used to clearly visualize
cell morphology. A potential issue may arise if SHG microscopy is
performed exclusively due to the lack of sensitivity to distinguish be-
tween mononucleated and binucleated cardiomyocytes. However,
TPEF microscopy has the ability to efficiently separate the two types of
cardiomyocytes. In addition, quantitative analysis of the SHG and
TPEF images enables quantification of myosin filament level and
accurate determination of cell volume. In short, we demonstrate that
advanced nonlinear optical microscopy can be used to answer key
physiological questions in the early origins of adult health with

increased accuracy and speed compared to previously used methods.
© 2008 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3027970]
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Multiphoton or nonlinear optical (NLO) imaging tech-
niques are attracting much interest currently because of their

Epidemiological studies show a link between poor fetal
growth and heart disease in adult life."”™* Understanding the
mechanisms of cardiomyocyte development in late gestation
is important in preventing cardiovascular disease in fetuses
where heart development is altered due to reduced substrate
supply leading to fetal adaptations.s_7 In early gestation, car-
diomyocytes are mononucleated and contribute to heart
growth by proliferation. During the last third of gestation in
the human and sheep, mononucleated cardiomyocytes transi-
tion to the terminally differentiated binucleated cardiomyo-
cytes, which contribute to heart growth by hypertrophy.g’9 The
signal for binucleation is unclear; however, it is known that
karyokinesis occurs but an increased myofibrillar density pre-
vents cytokinesis.8 Thus, a technique for quantifying changes
in both the cardiomyocyte volume and the level of myosin
filaments across late gestation in isolated cells is required. We
propose that advanced nonlinear optical imaging techniques
can be used to perform high-quality quantitation of cardi-
omyocyte and myosin volume with minimal sample prepara-
tion and at a lower cost compared to other methods.
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applications in biological imaging.l(HS In these imaging tech-
niques, the signals are generated in the focal region exclu-
sively, and hence they offer inherent 3-D resolution. This ef-
fect also gives rise to a reduced level of photodamage.13 In
addition, many of the NLO imaging techniques have molecu-
lar specificity;'*"*'*'? for instance, second-harmonic genera-
tion (SHG) microscopy has been used extensively to visualize
several intracellular structures including rnyoﬁbrils“"6_]8 and
collagen fibrils'>'>'? in unstained samples. For myofibril im-
aging with SHG microscopy, recent important work by Plot-
nikov et al. clearly identifies myosin filaments as the source of
signals.” In short, the NLO imaging techniques with molecu-
lar specificity permits quantitative imaging to be performed
on unstained samples, including live cells in a continuous
culture."

Several questions must be answered before the goal of live
cell imaging can be achieved. For example, the process of
isolating fetal cardiomyocytes from a species where heart de-
velopment occurs with a similar timeline to the human®**'
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requires a large investment.””** Thus, isolated cells are usu-
ally fixed and cell size measures are made after a period of
time. In some cases, isolated cardiomyocytes are cultured for
several days to investigate the molecular mechanisms of pro-
liferative and hypertrophic growth, fixed and then
analyzed.7‘23‘24 Others have utilized electron microscopy to
measure myofibrillar density,25 confocal fluorescence micros-
copy to measure volume,® or light microscopy to measure cell
length and width.”*?* Each of these techniques has
strengths such as high resolution, quantitative capacity, or use
of common laboratory equipment, but each also requires ex-
tensive preparation such as staining prior to image collection.
Although some of these techniques offer visualization of spe-
cific cellular structures in cardiomyocytes, the nature of im-
munohistochemistry makes these methods semiquantitative,
particularly for myofilament concentration. A significant ad-
vantage of SHG microscopy over previous techniques is that
the inherent specificity toward myosin filaments enables
quantitative analysis.'"'*"

In the SHG process, two photons of frequency w, mix in
the sample to generate a third photon precisely of frequency
2w,. It is well known that only materials with a noncen-
trosymmetric molecular/crystal structure are capable of gen-
erating SHG signals. In another NLO process, two-photon
excitation fluorescence (TPEF), two photons of frequency w,
are simultaneously absorbed to promote the molecules from
the ground state to the excited state. In the relaxation of the
excited molecule, a photon of frequency r, where W< pr,
is emitted via fluorescence. In this paper, we demonstrate that
it is crucial to obtain the SHG and TPEF images of cardi-
omyocytes simultaneously—the TPEF image enables the de-
termination of cell volume and discrimination between mono-
nucleated and binucleated cardiomyocytes, whereas SHG
microscopy is used to image the myofibrillar structure and
quantify the intracellular level of myosin filaments.

2 Experimental Section

The cardiomyocytes used in this study were isolated from
three sheep fetuses at 138, 139, and 140 d of gestation, where
term is 150* 3 d. Within this gestational period, the fetal
heart has both mononucleated and binucleated cardiomy-
ocytes.zl'25 Cardiomyocytes were arrested in diastole prior to
isolation by reverse perfusion of the heart via the aorta with
saturated KCI1.” Using a previously published method, cardi-
omyocytes were isolated and fixed in a 1% paraformaldehyde
solution for storage.” Approximately 5 uL of solution con-
taining cardiomyocytes was deposited onto a glass slide. The
slides were examined using the imaging system described as
follows. The SHG/TPEF imaging system employed a mode-
locked Ti:sapphire laser (Coherent Mira 900F) pumped by a
5-W Nd: YVO, laser (Coherent Verdi). The pulse width, rep-
etition rate, and central wavelength are 100 fs, 76 MHz, and
830 nm, respectively. The beam was directed into a multipho-
ton microscopy system (Leica TCS2MP) equipped with an
inverted microscope (Leica DMIRBE) and focused onto the
sample using a 63X, plan apochromat, numerical aperture
(NA)=1.32, oil immersion objective (Leica 506180). The la-
ser power was approximately 5 mW, and a fixed laser polar-
ization was used. An oil immersion condenser (NA=1.3) was
used to collect the emitted signals in the forward propagating
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Fig. 1 Image of a mononucleated cardiomyocyte using the signal of
(a) TPEF and (b) SHG. Scale bar is 15 um. The nucleus is not visible
in the SHG image. The images were line averaged (2X) and frame
averaged (2X). The scan speed and pixel dwell time were
400 lines/s and 4.9 us, respectively.

direction. A dichroic mirror (505 nm) was used to split the
signals into the SHG and TPEF components. Dual photomul-
tiplier tubes (Hamamatsu R6357) were used to collect the
SHG and TPEF signals simultaneously. A 10-nm bandpass
filter at 415 nm (F1) was used for the SHG signal and a
505- to 650-nm bandpass filter (F2) for the TPEF signal.
Bidirectional scanning was enabled to reduce image acquisi-
tion time and the image resolution was 512X 512 pixels.
Image analyses were performed using ImageJ (http://
rsb.info.nih.gov/ij/) and relevant plugins (voxel counter and
iterative deconvolve 3-D).

Live cell imaging was performed on 600 cardiomyocytes
(equal number of live and fixed) using an upright microscope
(Olympus CX40) with a 40X, NA=0.65 objective (Olym-
pus). Approximately 18 wL of solution containing cardi-
omyocytes was deposited onto a glass slide as well as 2 ul
of methylene blue to visualize the nuclei. The average length
and width were measured from tip to tip and across the
middle section of the cell, respectively.

3 Results and Discussion

The TPEF and SHG images of a mononucleated cardiomyo-
cyte are shown in Fig. 1. The TPEF signal is due to the au-
tofluorescence that arises when an aldehyde-based fixative is
used to preserve cells. In this case, paraformaldehyde binds
uniformly to the amine groups and cross-links with cellular
proteins, resulting in autofluorescence signals that are nonspe-
cific to cellular matter, and thus is capable of showing cell
morphology. In Fig. 1(a), the general morphology of the car-
diomyocyte is visible and it is obvious that this cell is mono-
nucleated, with the location of the nucleus clearly resolved in
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(b)

Fig. 2 Two isolated binucleated cardiomyocytes as imaged with (a)
TPEF and (b) SHG. Scale bar is 15 um. The location and number of
nuclei in the SHG image are unclear when contrasted with the TPEF
image. The imaging acquisition parameters are identical to those in
Fig. 1.

the TPEF image. In the SHG image of this mononucleated
cardiomyocyte [Fig. 1(b)], however, the myosin filaments are
clearly resolved but the presence of the nucleus is not. These
results clearly signify the benefit of simultaneous collection of
the TPEF and SHG images in visualization of cell morphol-
ogy, effective identification of the mononucleated cardiomyo-
cytes, and imaging of myosin filaments. The TPEF and
SHGimages of two binucleated cardiomyocytes are shown in
Fig. 2. The two nuclei of the cardiomyocytes are clearly iden-
tifiable in the TPEF image. On the contrary, the nuclei are not
nearly as visible in the complementary SHG image. These
results further demonstrate the benefit of this multimodal im-
aging approach.

Previous studies have reported a strong dependence of the
SHG signal intensity of myosin filaments on laser
polarization.'""® In particular, a considerable difference in sig-
nal intensity was observed when polarization was changed by
45 deg. The SHG images in our studies also exhibit polariza-
tion dependence (images not shown), but care was taken to
image the cardiomyocytes only with an orientation that pro-
duces a high level of SHG signal intensity within a specimen.
Additionally, all the imaged cardiomyocytes show well-
aligned myosin filaments (approximately 5 deg on average in
variation) because the treatment with saturated KCI in the
sample preparation process resulted in full relaxation of the
cardiomyocyte. In short, the effect of laser polarization on the
results reported herein is minor.
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Three-dimensional TPEF and SHG imaging were per-
formed to determine cell volume and the intracellular level of
myosin filaments, respectively. High-resolution image stacks
of a mononucleated and a binucleated cardiomyocyte (images
not shown), were obtained with lateral spacings of 0.26 and
0.19 wm, respectively, and axial spacings of 0.51 and
0.29 um, respectively. For cell volume determination, we
used the method established previously by Burrell et al.?
which makes use of the well-resolved background and signal
peaks in the intensity histogram of the image. The threshold is
set at the minimum between the two peaks to assign the image
pixels that represent cell volume. Using this method, the
volumes of these cardiomyocytes were found to be
3891+ 865 um? (left ventricle, 139 d) and 4847 = 500 wm?
(right ventricle, 138 d), respectively. There is a *1 uncer-
tainty in each pixel intensity value due to digitization of the
signal and a =1 uncertainty in determining a threshold value.
Therefore, the uncertainty in the cell volumes was estimated
by varying the intensity threshold setting by *£2. While the
large uncertainty of the mononucleated cardiomyocyte vol-
ume is attributed to the relatively low signal-to-noise ratio
(SNR) in this image stack, these results are in agreement with
previously reported values. The range of expected cell vol-
umes for mononucleated and binucleated cardiomyocytes
at 140 d gestation as reported by Burrell et al. are
2456+ 876 um> (left ventricle, 140d) and 7435+2481 pm’
(right ventricle, 140d), respectively.® Additionally, the effect
of image deconvolution on the determined volumes was in-
vestigated with a point spread function (0.27 and 0.89 um in
lateral and axial resolutions, respectively) generated using the
experimental conditions. The analysis shows that volume de-
termination using the deconvoluted image stack produces
similar results. The lack of effect of image deconvolution is
expected because the dimensions of the cardiomyocytes (Figs.
1 and 2) are significantly greater than those of the point
spread function.

To achieve accurate cell volume measurements using
TPEF imaging, the SNR is an important factor to consider.
The expression of SNR for microscopy images is given26 as
SNR=p,,/(1-p,,), where pmzof/(o‘f+a',21), o, and o, are
the standard deviation of a region of interest containing only
signal and only background noise, respectively. Note that both
o, and o, can be determined from the intensity histogram of
the regions of interest. In our studies, we determined that
frame averaging has the largest effect on improving the SNR
of the TPEF image; the SNR is less sensitive to other imaging
parameters including laser power and pixel dwell time. Fur-
thermore, a series of images of a cardiomyocyte were ac-
quired by varying the number of frames to be averaged while
keeping other experimental parameters constant. The cell
area, relative errors in the measurements, and the SNR were
quantified. The results indicate that the minimum SNR re-
quired for an accurate measurement of cell volume is 4.2.

As mentioned in the experimental section, the cardiomyo-
cytes used in our studies were fixed in a 1% paraformalde-
hyde solution. A potential issue with fixation is the reduction
in cell size due to dehydration in the paraformaldehyde-
induced protein cross-linking process. To address this issue,
we performed detailed studies and the results show that the
live and fixed binucleated cells had average lengths of
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86.8711.37 and 83.46*+12.01 um (unpaired ¢ test,
P <0.05), respectively. The average widths of the live and
fixed binucleated cells were found to be 9.87*2.15 and
8.73+1.81 um (P<0.001), respectively. For live and fixed
mononucleated cardiomyocytes, the average lengths were de-
termined to be 68.7129.24 and 64.39+9.21 um
(P<0.001), respectively. The average widths (measured
across the nuclei) were found to be 9.48*+2.05 and
873+ 1.54 um (P<0.001), respectively. Using these re-
sults, the extents of cell deformation are estimated to be ap-
proximately 4 and 6% decreases in length and 11 and 8%
decreases in width of binucleated and mononucleated cardi-
omyocytes, respectively. Using a model that treats the average
cardiomyocyte as a prolate spheroid, the estimated change in
volume was found to be ~30% between live and fixed cells.

The high sensitivity and specificity of SHG toward myosin
filaments are ideal for quantification of these filaments in car-
diomyocytes. To quantify the level of myosin filaments accu-
rately, the following analysis method was used. First, the SHG
image stack was deconvolved using the point spread function
already described. This analysis is crucial because the diam-
eter of the myosin filament is similar to the axial resolution of
the point spread function (PSF). Note that deconvolution of
the SHG image will yield only the estimated myosin filament
morphology because the PSF, which was obtained by account-
ing for the fluorescence signals, can only approximate the
SHG resolution. Second, to reject the background intensity in
the image stack, the threshold was set such that 99.95% of the
signal on average was rejected in the topmost and bottommost
slices, since these slices contain exclusively background. Us-
ing this method, the number of pixels that represent the SHG
signals can be determined. With the lateral and axial spacings
just specified, the volumes of myosin filaments of the mono-
nucleated and binucleated cardiomyocytes were determined to
be 137980 and 2148+ 189 um?, respectively, where the
uncertainty was estimated by varying the intensity threshold
setting by *=2. The ratio between the volume of myosin fila-
ments and the cardiomyocyte volume yields the estimated in-
tracellular myosin filament contents by this imaging tech-
nique, which are 35+ 8 and 44 = 6% for the mononucleated
and binucleated cardiomyocytes, respectively, in this study.
These values are in agreement with previous investigations
based on other techniques.zs’27 To the best of our knowledge,
this paper is the first demonstration of quantitative determina-
tion of the myosin filament content using TPEF and SHG
microscopy.

4 Conclusion

We demonstrated a multimodal imaging technique that in-
volves simultaneous collection of the TPEF and SHG images
of cardiomyocytes. This technique offers a highly quantitative
method to determine cardiomyocyte volume and the myosin
filament content. In addition, the TPEF images provide clear
separation of the mononucleated and binucleated cardiomyo-
cytes, and SHG microscopy offers high-contrast images of
myosin filaments in cardiomyocytes. Future work using the
technique reported herein will involve investigations of cell
volume as a function of gestational age, investigation into the
effect of altered fetal growth on cardiomyocyte volume, cell
morphology, and myosin filament density, and the effect of
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hypertrophic agents on myosin filament density in a cell cul-
ture system.
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