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Two-photon excitation autofluorescence (produced in
myocytes) and second-harmonic generation (produced
mainly by collagen) allow label-free visualization of these
two important components of myocardium. Because of
their different emission wavelengths, these two signals can
be separated spectrally. Here, we examine two-photon mi-
croscopy images of healthy, infarcted and stem-cell treat-
ed rat hearts. We find that in infarcted heart, regions
distant from the site of infarct are similar to healthy tissue
in composition (mostly myocytes, very little collagen) and
organization (densely packed myocytes), but infarct re-
gions are characterized by sparse myocytes and high col-
lagen content indicative of scar tissue formation. Stem cell

treated hearts, in contrast, show regions of intertwined
myocytes and collagen throughout the infarct, suggesting
reduced tissue damage. Finally, these results offer interest-
ing insights into our ongoing polarized light studies of car-
diac tissue anisotropy, and reveal that both tissue com-
position and tissue micro-organization are reflected in
polarization-measured linear retardance values.

1. Introduction

Two-photon microscopy (TPM) has recently become
a widely-used tissue assessment tool, as it offers many
advantages over confocal microscopy and histology.
While maintaining the high resolution of confocal

Second harmonic generation (green) and two-photon
autofluorescence (red) allow simultaneous visualization
of the collagen and myocyte components of stem-cell
treated infarcted rat myocardium. Scale bar = 100 pm

microscopy, TPM has the added benefits of intrinsic
depth-sectioning, no out-of-focus bleaching, and re-
latively high depth penetration. Furthermore, many
endogenous molecules can serve as sources of signal
for TPM, eliminating the need for labels and stains
for certain applications. For instance, two-photon ex-
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citation autofluorescence (TPEF) allows imaging of
endogenous fluorescent structures such as extracel-
lular matrix (elastin [1, 2]) and myocytes [2, 3]. Sec-
ond harmonic generation (SHG), another non-linear
optical process, is generated by non-centrosymmetric
molecules, including collagen [1, 2, 4] and myosin [3,
S, 6]. Specifically, the potential of two-photon micro-
scopy is well established in cardiology: it has been
performed on whole (healthy and diseased) mouse
hearts [7, 8], on diseased human and porcine heart
valve tissues [9], on human atrial myocardium [10],
and on perfused ischemic rat hearts [11]. However,
it has not yet been used to examine infarcted and
regenerating myocardium. Two-photon microscopy
is particulaly well suited for this application because
of the distinct mechanisms (SHG and TPEF) which
allow, through spectral decomposition, simultaneous
and intrinsically co-registered visualization of the two
main components of infarcted myocardium, namely
cardimyocytes and collagen.

Here, we report on the use of simultaneous two-
photon autofluorescence and second-harmonic gen-
eration to image both the collagen and the myocyte
content of healthy, infarcted and regenerating (stem-
cell treated) rat hearts, yielding information on both
the extracellular matrix and the muscle cell compo-
nents of heart. These qualitative results reveal inter-
esting microstructural and compositional features
with the potential to verify biological hypotheses re-
garding the mechanisms of stem cell regeneration.
Furthermore, these provide insight for interpretation
of our ongoing polarized-light-based tissue anisotro-
py studies and reveal the effect of tissue composition
(myocytes versus collagen), organization (fibrillar
versus wavy collagen) and orientation (anisotropy
axis alignment).

2. Methods

2.1 Samples: Rat heart infarct/regeneration
model

All animal studies were performed at the Toronto
General Hospital and carried out under institutio-
nal approval from the University Health Network
(Toronto, Canada). The cardiac samples were from a

Lewis rat model of myocardial infarction. The first
group of rats (n = 5) underwent permanent left ante-
rior descending (LAD) coronary artery ligation, and
the animals were sacrificed nine weeks post ligation
(see Table 1). The second group (n =4) underwent
the same coronary ligation, but were treated one
week later with mesenchymal stem cells transfected
with human elastin gene, administered by intramyo-
cardial injection at the site of infarct [12]. These ani-
mals were also sacrificed nine weeks after LAD liga-
tion induced infarction. A third group of healthy rats
(n=2) was used as a control. The hearts were ex-
cised, fixed in 10% formalin, and sectioned axially to
either 0.5, 1, or 2 mm thickness (see Figure 1a). The
final thickness of the samples has no effect on our
results, as imaging was performed only in the first
~ 50 mm layer of tissue where signal was strongest.
After two-photon imaging, histology was done on
one sample of each group with Masson’s Trichromne
staining: collagen and connective tissue are stained
blue, cytoplasm in pink, and nuclei in dark red.

2.2 Multiphoton microscopy

Multiphoton microscopy was performed using a Zeiss
LSM 510 META NLO microscope and a tunable
Chameleon Ti:Sapphire laser (720-930 nm) set to
an excitation wavelength of 840 nm. A 20 x 0.75 NA
dry objective was used. Second-harmonic and two-
photon fluorescence signals were recorded in the
backscattered direction and spectrally decomposed
on a META spectral detector. Note that because of
the presence of a pinhole on the collection end, the
light reaching the META detector is highly colli-
mated, and tissue scattering should therefore not af-
fect wavelength registration as scattered photons will
generally not be detected. SHG signal was recorded
between 400-430 nm (displayed in green pseudoco-
lor). The images produced by TPEF collected over
different wavelength ranges (430-460 nm, 460-
490 nm, 490-520 nm) change very little (see discus-
sion in next section); hence, the 430-460 nm range
was used here (displayed in red pseudocolor). Each
1024 x 1024 pixel (460 x 460 um) region took 31 sec-
onds to scan, with each line averaged 8 times to in-
crease signal-to-noise ratio. Multiple images were tiled
to create the larger fields of view in Figures 3-5.

Table 1 Procedure and treatment undergone by each animal groups.

Group Procedure Treatment End point
Myocardial infarction (n =5) LAD ligation (t = 0) None t=9 weeks
Stem cell treatment (n = 4) LAD ligation (t =0) Stem cell injection (¢ = 1 weeks) t=9 weeks
Healthy (control) (n = 2) None None -
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Figure 1 (online color at:
www.biophotonics-journal.org) (a) Location of
axial slices through the rat hearts, (b) location
of infarct on one of the infarcted samples. Scale
bar = 5 mm. (¢) Change in fiber alignment from
epicardium to endocardium.

3. Results

Figure 2 shows the emission spectra from two dif-
ferent regions of an image. The first region exhibits
a sharp peak at 420 nm, which is the expected spec-
tral signature of SHG for an excitation wavelength
of 840 nm, while the second region shows very little
signal at 420 nm, but rather a broad spectrum from
roughly 440 nm to over 560 nm, as would be ex-
pected to result from the superposition of many indi-
vidual fluorophores’ spectra. The distinct, narrow
peak at 420 nm and the fact that this peak shifted
when the excitation wavelength was changed (always
centered at half the excitation wavelength) are
strong indications that the 420 nm peak represents
SHG emission. Futhermore, due to the broad spec-
trum of the autofluorescence, we expect that if fluo-
rescence were a significant contribution to the 400—
430 nm signal, we would find positive correlation be-
tween the pixel intensities in the 400-430 nm and

Figure 2 (online color at:
www.biophotonics-journal.org)
Spectral  decomposition  of
SHG and TPEF signals for
840 nm excitation. (a) SHG
(in green pseudocolor) is col-
lected from 400-430 nm while
TPEF (in red pseudocolor) is
collected from 430-460 nm.
Scale bar =100 um. (b) Emis-
sion spectra for the two re-
gions selected in (a).
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longer (e.g. 430—460 nm) wavelength ranges. We find
no such positive correlation, which strongly suggests
that fluorescence contribution to the 400-430 nm
signal is negligible. For this and all subsequent
images, therefore, the SHG signal was collected at
400-430 nm (displayed in green pseudocolor) and
the TPEF signal was collected at 430-460 nm (dis-
played in red pseudocolor).

SHG signal in heart tissue has been reported
from both collagen and myosin. Type I collagen is
known to produce a very strong SHG signal [4, 13],
with type III collagen producing a much weaker, if
any, signal [14], and non-fibrillar collagen types and
other extra-cellular matrix components (elastin and
fibronectin) producing no signal [13, 15]. The myosin
present in sarcomeres (the repeated subunit of myo-
fibrils) also produces SHG signal [5]. In these sam-
ples, the majority of SHG production is clearly attri-
butable to collagen, as evident from the fibrillar and
non-striated aspect of the SHG-producing features in
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Figure 3 (online color at: www.biophotonics-journal.org) Healthy myocardium. (a) Histology (Masson’s trichrome stain:
collagen and connective tissue are stained blue, cytoplasm in pink, and nuclei in dark red). (b) Reprensentative two-
photon microscopy image of the ventricular wall. Scale bar = 100 um.

most images. A few SHG-producing features show-
ing striated patterns in infarct tissue have an ambig-
uous source: these are discussed in more detail be-
low. As for the two-photon autofluorescence, many
endogenous fluorophores, including NADH and fla-
vins, likely contribute to the observed signal [3, 13].
Figure 3 shows the histology and a two-photon
microscopy image of healthy myocardium in the ven-
tricular wall. There is very little collagen visible on
the histology. The two-photon images also reflect this,
with only a few collagen strands visible in Figure 3b.
The myocytes are packed densely, and generally
reflect the double-spiral structure of the heart, i.e.
fibers in the mid-wall orientated circumferentially
and lying in the axial (and imaging) plane, and fibers
in the epicardium and endocardium oriented out of
the axial plane (see Figure 1c). This is consistent with

endocardium

(a) (b)

the observations of Pope etal. [16], who report a
similar transmural shift in the orientation of cardio-
myocytes.

Figure 4 shows histology and two-photon images
from remote and infarcted regions of LAD-ligated
hearts (no treatment). The histology reveals an ex-
tensive infarct and thinned ventricular walls. The in-
farct regions showed a high degree of sample-to-
sample variation. For instance, most but not all scars
were transmural. This high variation was also ob-
served on two-photon images of the infarct regions,
which revealed not only sample-to-sample variation
but also high heterogeneity within different regions of
a same sample. The remote regions (Figure 4b) show
little collagen content and reveal myocyte orienta-
tions similar to those in Figure 3b, implying these
remote regions are relatively healthy. The infarct re-

Figure 4 (online color at:
www.biophotonics-journal.org)
Myocardial infarction sample. (a)
Histology (Masson’s trichrome
stain). The infarct is located be-
tween the bars. (b) Representa-
tive two-photon microscopy im-
age of a region away from site of
infarct. (¢) Image taken from the
site of infarct. Most of the SHG
signal is from collagen; in a few
striated regions, the SHG is due
to myosin from sarcomeres (white
arrow = sarcomeres); thinner,
longer, or irregular striated pat-
terns are created by collagen
strands (yellow arrows = striated
collagen features). (d) Another
representative image of a site of
infarct (different animal). Scale
bars = 100 pm.
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gions (Figure 4c and d) show lower density of myo-
cytes than the remote regions, and considerably
higher collagen content. In Figure 4c the collagen is
highly linear and runs alongside a few myocytes,
while in Figure 4d the collagen is more “wavy” and
there is a nearly complete absence of myocytes in
the collagenous region.

A few SHG features in Figure 4c present a peri-
odicity similar to that of sarcomeres. While SHG fea-
tures in Figures 3b, 4b and d can be straighforwardly
identified as collagen because of their district fibril-
lar aspect (single, elongated strands are apparent)
and/or because of the absence of striation character-
istic of sarcomere, the nature of the striated patterns
(see arrows in Figure 4c) is equivocal. The most reg-
ular of these patterns (white arrows) have a period
of between ~ 3-7 um, which is slightly longer than
the expected length of healthy sarcomeres (= 2 um
[17]), and a width of ~ 10-20 um, which is consistent
with the width of myocytes. The longer-than-ex-
pected period of the pattern might be due to an ob-
lique orientation of the myocyte in the plane, which
would cause the observed sarcomere pattern to be
longer than its true length. We note that these pat-
terns were never visible in healthy or remote re-
gions. The appearance of SHG signal from sarco-
meres in infarcted (but not in healthy) myocytes
could be due to a hyperextension of the sarcomeres
in infarcted tissue: hyperextension of sarcomeric pat-
tern has been observed in diseased myocytes [6],
and the intensity of emitted SHG is known to be de-

Figure 5 (online color at:
www.biophotonics-journal.org)
Stem-cell treated sample. (a) Histol-
ogy (Masson’s trichrome stain). The
infarct is located between the bars.
(b) Representative region away from
site of infarct. (¢) Site of infarct in a
stem-cell treated heart. White ar-
rows = sarcomeres; yellow arrows =
striated collagen features. (d) An-
other representative image of the
site of infarct after stem-cell treat-
ment. Scale bars = 100 pm.

pendent on sarcomere length (Both et al. have shown
that mice sarcomeres show a four-fold increase in
SHG intensity when stretched from 2 um to 3 um
[18]). We plan on investigating this effect further in
future experiments.

Some other regular or quasi-regular SHG-produc-
ing structures visible in Figure 4c (yellow arrows),
however, are too thin or too irregular to be sarco-
mere patterns and are more likely attributable to
collagen features displaying a segmented appearance
(similar to the fibers shown in [1, 10]). This appear-
ance could arise either because of destructive inter-
ference of the SHG signal in backscatter, or because
of a wavy pattern in the fiber causing the intensity
of the SHG to dim periodically over the stretches
where the alignment of the fiber is perpendicular to
the incident light polarization (see Discussion).

Figure 5 shows histology and two-photon images
of stem-cell treated rat hearts. Histology shows the
extent of the scar is smaller, and the ventricular
walls not as thin, as in the untreated infarct (Fig-
ure 4a), implying partial tissue remodeling. Once
again, on two-photon microscopy images, the remote
region (Figure 5b) shows densely packed myocytes
with only a few collagen strands. Both images from
the infarct region reveal a high collagen content.
Figure 5c shows a region of interwoven myocytes
and collagen located near the edge of the scar, while
in Figure 5d the collagen forms a dense mesh around
myocytes in the scar. Once again, certain periodic
structures seem to be sarcomeres (white arrows). In
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epicardium
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contrast to untreated hearts, we found a less sharp
boundary between scar and healthy tissue, as well as
many fewer regions entirely devoid of myocytes.
Quantification of these regeneration changes (in
terms of collagen and myocyte content and organiza-
tion) would require imaging the entire scar, and will
be reported in future studies.

4. Discussion

4.1 Characterization of the SHG signal

A few comments on the characterics of the SHG
signal are warranted. SHG is known to preferen-
tially emit in the foward direction. The magnitude
of the foward/backward anisotropy is dependent on
the size of the fibrils, with the largerst fibrils emit-
ting considerably more SHG signal in the forward
direction and smaller fibrils (~40nm diameter)
showing an approximately equal forward/backward
distribution [4]. As our setup collects SHG signal in
backscatter geometry only, we may be somewhat
more sensitive to contributions from immature col-
lagen fibrils (which are smaller) than from larger fi-
brils.

SHG intensity is dependent on the angle between
the collagen (or myosin) fibrils and the polarization
plane of incident light [4]. The SHG signal is maxi-
mized when the incident light polarization and fibrils
are parallel, and then gradually decreases and be-
comes quite small when they are perpendicular. For
instance, studies in rat tail tendon [19] have found
the intensity of SHG when the incident polarization
and fibrils are parallel to be roughly four times lar-
ger than the intensity of SHG when they are perpen-
dicular. Because the Chameleon laser used for this
study is linearly polarized, we also observed a depen-
dence of the intensity on the orientation of SHG-
producing features. (No polarizers were used on the
emission end, so that our collected signal is indepen-
dent of the polarization of the emitted SHG signal.)
Consistent with Freund et al. [19], we find that in
highly aligned fibers such as those in Figure 4c, SHG
signal undergoes a roughly four-fold change in inten-
sity with sample rotation (data not shown). Because
the SHG intensity of these fibers is quite high, how-
ever, we find that fibers remain visible in all orien-
tations (i.e. visibility is maintained even at the orien-
tation that yields lowest SHG signal). Furthermore,
regions of disorganized collagen show lower depen-
dence on sample orientation, with increases ranging
from 50% to 150% between the sample positions
producing minimum and maximum SHG intensities.
This is due to the non-uniform orientation of indivi-
dual fibrils in these regions. Note that while visual-
ization of features was not impeded by the linear

polarization of incident light, quantification of the
SHG signal would be better performed with circu-
larly-polarized light.

4.2 Injury and regeneration mechanisms

The results presented here are consistent with the
known mechanisms of injury in infarcted myocar-
dium, namely, the accumulation of scar tissue (col-
lagen), tissue necrosis (decrease in viable myocytes),
and adverse remodeling of tissue (thinning of the
ventricular wall and disruption in the alignment and
organization/orientation of remaining myocytes).
Further, injection of mesenchymal stem cells has
been shown to improve cardiac function in rats by
preserving remote matrix architecture and prevent-
ing ventricular dilation [20]. These two-photon re-
sults support the hypothesis that both limitation of
collagen accumulation in the scar and prevention of
necrosis of myocytes in the infarct region may be po-
tential mechanisms of functional improvement by
stem-cell regeneration. Quantitative comparison of
volumetric, wide field-of-view two-photon data could
yield more information than histology while avoiding
the potential distortion of samples associated with
the very thin cuts necessary for histology.

4.3 Insights for tissue polarimetry

This study yields new insights into our ongoing po-
larimetric investigation of cardiac tissue. We have
previously reported changes in the linear retardance
of myocardial tissue in normal and infracted states
using polarized light methods: infarcted hearts showed
significantly decreased values of linear retardance
in the infarct versus remote regions, with stem-cell
treated hearts displaying a less severe reduction in
linear retardance values [21, 22]. Figure 6 shows ex-
amples of linear retardance images for infarcted and
stem-cell treated samples. As retardance reflects ani-
sotropic tissue properties, these variations suggest
underlying changes in the tissue structure. However,
the underlying source of the retardance (and there-
fore, the exact cause of the retardance changes) was
unclear.

Comparison of polarimetric and two-photon im-
ages reveals that tissue composition and organization
(i.e. myocytes versus linear collagen versus wavy col-
lagen) are reflected by linear retardance values. Spe-
cifically, myocytes are an important contributor to
linear retardance, resulting in the high linear retar-
dance exhibited in remote regions. Linear collagen
regions such as the one seen in Figure 4c also exhibit
high retardance, but wavy collagen regions such as
the one seen in Figure 4d show low retardance, pre-
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Figure 6 (online color at:
www.biophotonics-journal.org)
Polarimetry imaging (linear retar-
dance) of infarcted (a) and stem-
cell treated (b) rat myocardium.
Color scale: linear retardance val-
ues (°) (measured in transmission
through a 500 wm thick slice).

(a)

sumably because of the disarray of the fibers which
results in a lower anisotropy. The infarct region in
the sample shown in Figure 6a displayed mostly
wavy collagen, hence the low retardance. The infarct
region of the sample shown in Figure 6b displayed
areas of high linear collagen content, resulting in
patches of higher retardance in the scar region.

Furthermore, we find that in regions of high ani-
sotropy (e.g., in regions containing either dense myo-
cytes or linear collagen), measured linear retardance
values also reflect the orientation of the anisotropy
axis (the alignment of myocytes or collagen strands)
with respect to the probing beam. For instance, the
pattern visible on Figures 3b and 4b results in a low-
high-low pattern of linear retardance from the inside
to the outside of the ventricular wall (visible in the
non-infarct regions of Figure 6a and b). This is con-
sistent with expectations that the measured linear re-
tardance should be maximal when the anisotropy
axis is perpendicular to the probing beam (i.e., in the
plane of imaging) and significantly lower as the two
become more aligned [23].

This comparison suggests that the observed line-
ar retardance decrease after infarct and increase
after stem-cell treatment could be due to changes in
tissue composition/organization (e.g., replacement of
aligned myocytes with wavy collagen), due to changes
in tissue orientation (e.g., from mostly perpendicular
to mostly parallel with the probing beam), or due to
a combination of these two effects. We have recently
developed a method to remove this ambiguity and
distinguish between the two effects by deriving both
the magnitude and the orientation of tissue anisotro-
py [24, 25].

5. Conclusion

This work shows the first use of simultaneous two-
photon autofluorescence and second-harmonic gen-
eration microscopy to image both the myocytes and
the collagen components of healthy, infarcted and
stem-cell regenerated heart, and provides further de-

f /
\\ J
\\/ ’

infarct

monstration of the potential of simultaneous TPEF
and SHG for endogenous cardiovascular imaging.
Further, this study provides insight into our ongoing
polarized-light work by shedding light on the under-
lying causes of the observed changes in quantified
tissue anisotropy. Quantification of changes in com-
position and structure (collagen area/volume, myo-
cyte transmural orientation, collagen organization/
disarray) will require a larger field of view (ideally,
whole-slide imaging) and volumetric data acquisition
from thick tissue sections, and could provide addi-
tional information on the mechanisms of stem-cell
cardiac regeneration.
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