™ |

Check for
updates

Research Article Vol. 12, No. 1/1 January 2021/ Biomedical Optics Express 604 |

Biomedical Optics EXPRESS P

Characterization of fibrillar collagen isoforms in
infarcted mouse hearts using second harmonic
generation imaging

SUSHANT P. SAHU,' QIANGLIN L1U,2 ALISHA PRASAD,® SYED
MoHAMMAD ABID HASAN,3 QUN Liu,* MARIA XIMENA BASTIDAS
RODRIGUEZ,* ORNA MUKHOPADHYAY,> DAVID BURK,% JOSEPH
FRANCIS,” SUPRATIK MUKHOPADHYAY,* XING Fu,2:8 AND MANAS
RANJAN GARTIAS®

! Department of Chemistry, University of Louisiana at Lafayette, Lafayette, LA 70504, USA

2LSU AgCenter, School of Animal Sciences, Louisiana State University, Baton Rouge, LA 70803, USA
3 Department of Mechanical and Industrial Engineering, Louisiana State University, Baton Rouge, LA
70803, USA

4Department of Computer Science, Louisiana State University, Baton Rouge, LA 70803, USA

J Baton Rouge Magnet High School, Baton Rouge, LA 70806, USA

6Shared Instrumentation Facility and Pennington Biomedical Research Center, Baton Rouge, LA 70808,
USA

7 Comparative Biomedical Sciences, School of Veterinary Medicine, Louisiana State University, Baton
Rouge, LA 70803, USA

Sxful @agcenter.Isu.edu

9 mgartia@[su.edu

Abstract: We utilized collagen specific second harmonic generation (SHG) signatures coupled
with correlative immunofluorescence imaging techniques to characterize collagen structural
isoforms (type I and type III) in a murine model of myocardial infarction (MI). Tissue samples were
imaged over a four week period using SHG, transmitted light microscopy and immunofluorescence
imaging using fluorescently-labeled collagen antibodies. The post-mortem cardiac tissue imaging
using SHG demonstrated a progressive increase in collagen deposition in the left ventricle (LV)
post-MI. We were able to monitor structural morphology and LV remodeling parameters in terms
of extent of LV dilation, stiffness and fiber dimensions in the infarcted myocardium.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Myocardial Infarction (MI) is major source of mortality (~ 15%) around the world eventually
resulting in heart failure [1,2]. Despite extensive research and development in associated treatment
therapies, fatality rates exceed > 40% amongst rehospitalized heart patients [1,2]. For instance,
in the United States alone, heart failure affects ~ 6 million people, responsible for the death of >
300000 people per year, and is directly accountable for > $40 billion in healthcare costs [1,2].
Fibrosis is essential for the ventricular remodeling post MI [3]. In the infarcted heart, firm fibrous
tissue created due to natural healing process, is needed for the chamber to continue pumping
blood effectively [4]. However, non-optimal healing and repair process of the tissues may lead to
adverse ventricular remodeling and unfavorable outcome [5]. Therefore, a better understanding
of the mechanism behind fibrosis may lead to new therapeutics for controlling fibrosis to improve
survival after MI.

There are two types of fibrosis in cardiac tissues: replacement or reparative fibrosis and reactive
fibrosis. In reparative fibrosis, the dead cardiomyocytes are replaced by collagen fibers. The
reactive fibrosis is characterized by growth of collagen fibers in the perivascular and interstitial
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spaces of the cardiac tissues even without the loss of cardiomyocytes [6]. Although both type
of fibrosis can be seen in acute MI, reactive fibrosis is a distinctive feature of chronic heart
diseases and can be seen in hypertensive cardiac disease, diabetic cardiomyopathy, aortic valve
stenosis as well as hypertrophic heart conditions [7,8]. The total collagen content in the heart
is not static and it is estimated that collagen is synthesized and degraded at a rate of 5% per
day [9]. Hence, there is delicate balance between the synthesis and degradation of collagen in
the myocardium. Any dysregulation due to various cardiomyopathies disturb the balance and
leads to accumulation of collagen causing fibrosis. The tissues in myocardial fibrosis are mainly
composed of collagen type I (highly cross-linked fibers with large diameter) and collagen type
IIT (non-cross-linked fibers with small diameter) [10]. Due to the difference in the biophysical
properties of these fibers, a small change in the ratio of collagen type I to type III may alter the
stiffness of myocardium leading to impaired diastolic and systolic function [7,11]. The severity
of fibrosis may be a good indicator of the effectiveness of long-term heart failure therapy such
as beta-blocker [12]. Therefore, developing a robust methodology to assess cardiac fibrosis is
important for determining the proper therapy for the patients as well as establishing an accurate
prognosis for heart failure.

The current gold standard for the diagnosis of myocardial fibrosis is using histopathological
analysis of the cardiac tissue obtained from endomyocardial biopsy [13,14]. Endomyocardial
biopsy is considered to be safe with transient complication rate of < 0.5% and cardiac perforation
risk of < 0.05% [15]. The quantification of collagen in the fixed tissues are generally performed
using light microscopy imaging of histological sections while staining them with dyes such as
picrosirius red [ 16—18] or Masson’s trichrome [19,20] or fluorescence immunolabel [21]. However,
the results from these analysis are subjective, depends on the experience and interpretation skills
of the users, prone to staining errors, and may lead to sampling error if several tissue samples are
not used (due to the patchy distribution of collagen especially in reactive fibrosis). Since these
tissue staining methods are irreversible, the same tissue section cannot be utilized for further
analysis. Other clinical approach to visualize cardiac fiber includes late gadolinium enhanced
magnetic resonance imaging (LGE-MRI) [22], magnetic resonance diffusion tensor imaging
(MR-DTT) [23], and ultrasound (echocardiography) [24]. However, with spatial resolution of
~ 0.1-1 mm, current clinical imaging modalities lack microscopic resolution and molecular
specificity [25,26].

Multi-modal non-linear imaging such as two-photon and second harmonic generation (SHG)
can overcome some of the potential pitfalls of both traditional histology (subjectivity, unusable
tissue) and clinical imaging (lack of specificity/ spatial resolution). The autofluorescence signal
generated from the cardiac tissues due to two-photon excitation can be utilized to image elastin,
and reduced nicotinamide adenine dinucleotide (NADH) without using any exogenous proteins
or dyes [27-29]. Compared to fluorescence imaging (which involves absorption of photons),
SHG imaging leads to minimal phototoxicity and photobleaching as SHG process is due to the
induction of polarization and not an absorption mode [30]. Since its first demonstration to image
collagen structures [31], SHG microscopy has emerged as a powerful tool to image extracellular
matrices (ECMs) and cellular architectures of thicker tissue (several hundreds of microns thick)
samples in their natural environments [30,32-36], to image single molecule [37], to perform
super-resolution localization [38] and also in nanophotonics research [39]. Moreover, SHG is
label-free, non-invasive, non-destructive, non-absorptive process hence it’s a non-photobleaching
imaging tool with high 3D depth of penetration for imaging thick tissue specimens [32,34-36].
However, SHG has never been utilized to systematically study the progression of fibrosis after
MLI. In our previous work, we estimated heart risk factor from the SHG images of the whole heart
tissues using generative adversarial networks (GAN); however the computational framework
did not distinguish the collagen isoforms [40]. In this paper, we utilized back-propagating
SHG coupled with correlative immunofluorescence imaging techniques to characterize collagen
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structural isoforms (collagen type I and type III) and to study time-dependent progression of
cardiac fibrosis after MI injury in the infarcted myocardium of mouse hearts. We were able
to visualize the spatially resolved 2D structural organization of collagen, tissue morphological
features as well as post-MI ventricular remodeling and ECM architecture in heart tissues with high
spectral specificity and sensitivity. By using simultaneous acquisition of SHG light scattering
from collagens and immunofluorescence staining of type I and type III collagen isoforms in the
infarcted scar zone, we were able to study the kinetics of collagen I and III progression in the
LV scar tissue following MI. Traditional picrosirius red and immunofluorescence imaging of
antibodies labeled tissues were performed to validate the SHG results. We also analyzed the fiber
length, width, number of fibers and arrangement of fibers quantitatively during the progression
of fibrosis after MI in the epicardium, septum and endocardium. Furthermore, utility of these
imaging methods and analyses in this study will be valuable for the assessment of therapeutic
approaches aimed at understanding ECM structure-function relationships in MI induced heart
failure model.

2. Experimental section

2.1. Infarcted mouse hearts

10 weeks old male C57BL/6 mice (Jackson laboratory) (n=55) were used in this study. All
animal experiments were approved by the Institutional Animal Care and Use Committee IACUC)
at LSU. MI was induced in mice by permanent left coronary artery (LAD) ligation [21,41].
Briefly, isoflurane was used for anesthetizing the mice followed by a left lateral thoracotomy
procedure to perform ligation. For managing the pain due to the surgical procedures, mice
were given Carprofen (5 mg/kg body weight) by s.c. injection. The mice were sacrificed at
time periods of 1-7, 14, 21, and 28 days after MI. Cardiac tissue specimens were obtained and
processed following the procedures reported previously [21]. Echocardiography was performed
using a Toshiba SSA770 system. Only mice with successful LAD ligation were included in
analysis.

2.2. Tissue processing

4% paraformaldehyde (3.5 hrs) were used for fixing the heart samples. After fixing several
washing steps (30 min in PBS followed by immersion in PBS containing 30% sucrose) were
followed over 12 hrs period at 4 °C. After the washing steps, the tissue samples were embedded
in OCT (Tissue Tek) and then cryosectioned to thin (5 um thickness) tissue specimens.

2.3. Picrosirius red staining

Mouse heart sections were incubated in distilled water for 5 minutes, followed by 2% phospho-
molybdic acid solution for 20 minutes, and picrosirius red solution (0.1% in saturated picric
acid) for 90 minutes. The slides were rinsed twice in quick succession using 5% acetic acid (in
ddH,0). Then the sections were dehydrated three times with anhydrous alcohol (3 minutes per
rinse), cleared with xylene two times (3 minutes per rinse), and mounted in polymount xylene.
Images were captured using Leica DM6 B upright microscope equipped with Leica DFC450
color CCD under bright-field imaging mode as well as using polarized light microscopy to detect
picrosirius red enhanced birefringence from the fibrillar collagen.

2.4. Immunohistochemical (IHC) collagen staining

Mouse heart sections were incubated in blocking buffer (5% goat serum, 0.1% Triton X-100,
2% BSA, and 0.1% sodium azide in TBS) solution for one hour at room temperature. Then
the blocked sections were incubated overnight at 4°C with the antibodies anti-Coll (Abcam,
ab34710, 1:100) or anti-Col3 (Abcam, ab7778, 1:100)) diluted in a blocking buffer solution
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while each labeling was done separately in a series of specified MI time points. The slides were
rinsed thrice in TBS containing 0.1% Triton X100, followed by incubation with goat anti-rabbit
coupled dyes (Alexa Fluor 647 and/or Alexa Fluor 555; 1:500 dilution) for 1 hour at room
temperature. The slides were stored for further processing by putting mounting media on it. The
fluorescence imaging was performed using a confocal microscope (Leica Microsystems). For
each experimental group, the number of samples were at least 2.

2.5.  Multiphoton imaging

SHG and two-photon microscopy were performed on a Leica SP5 resonant scanning multiphoton
confocal inverted microscope (with a tunable pulsed laser A =690 - 1040 nm). For all the SHG
imaging, an excitation wavelength of 860 nm with a pulse width of 70 fs at 84 MHz repetition
rate were utilized. The laser pulses were focused onto the tissue specimen through a 10x, 0.40
NA air objective (Obj. HC PL APO 10x/0.40 CS, Leica) in noncontact imaging mode. The SHG
emission was collected in the backward direction using the same objective by selecting a filter cube
(680 nm short pass filter) equipped with 320-435 nm range band pass filter (> 90% transmission).
The two-photon fluorescence signals from the tissue was collected through 486-506 nm narrow
range band-pass filter and detected by non-descanned modular type photomultiplier tubes (PMT)
detectors. Typical laser power measured is about 100 mW at the objective focus during SHG
imaging. LAS X software (Leica Microsystems) was employed for controlling the laser scanning,
and image acquisition. Image sizes were of 1024 x 1024 pixels captured at 400 Hz scan speed per
line giving a pixel dwell time of 2.44 us per pixel. For colocalization studies in the infarcted
region, 25x, 0.95 NA water objective lens (HC FLUOTAR L 25x/0.95. W VISIR, Leica) was used.
In this paper, SHG and two-photon fluorescence are represented as pseudo colored pixels, green
and red, respectively. 63x, 1.4 NA oil-immersion objective (Obj. HCX PL APO 63x/1.40-0.60
OILCS, Leica) was used to capture the point spread function (PSF) of our microscope using
nanoscale BaTiO3 beads as point source of SHG emission. The lateral resolution measured
using 10x, 0.40 NA, 25x, 0.95 NA and 63x, 1.4 NA objectives are 2.13 um, 1.05 pm and 0.43 pm
respectively using sub-diffraction BaTiO3; nanoparticles.

2.6. Image processing and statistical data analysis

SHG image analysis were performed in ImageJ software (NIH, Bethesda, MD). Image segmenta-
tion and thresholding operation on the pixels were performed for the quantitative analysis of the
images. Regional and global collagen percentages were quantitatively determined by calculating
the fraction of pixels with SHG signal (green pixels) to total sum of pixels containing both green
and red pixels. Colocalization rate analysis were performed using Leica LASX Imaging Software
module. Collagen fiber dimensions such as length, thickness and fiber orientation were extracted
using open source CT-FIRE program [41]. Statistical significance of the data was determined
employing Student’s t-test and showed as mean + standard deviation of the mean.

3. Results and discussion

Figure S1a-c schematic depicts the characterization of mouse model following MI. We successfully
induced MI in mice model following surgical ligation of left coronary artery just below the left
atrium, which was later confirmed by echocardiography (Figure S1k) and multiphoton SHG
imaging of the heart sections.

MI injury is followed by extraction, slicing of hearts, and fixation of thin (~ 5 um) tissue
sections for structural characterization and quantification of extracellular matrix (ECM) proteins
at different time points (Figure S1b, S1c). We first determined the 2D and 3D point spread
function (PSF) of our SHG microscope (Figure S1d-h) employed for imaging collagen fibers.
The PSF is usually calculated from the full-width-half-maximum (FWHM) of the emission
spectra of the SHG light source. The PSF of the SHG microscope was measured using a 100 nm
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BaTiO3 nanoparticles as point source of SHG emitters. TEM analysis (Figure S1i) showed
that the nanoparticles are predominantly spherical with an average diameter of 100 nm + 5 nm.
Figure S1f-h show the xy, yz and xz image plane of a single nanoparticle obtained using 820 nm
excitation light with a 63x oil-immersion objective lens with numerical aperture of 1.40. A
linescan illustrating the intensity profile xy and yz image plane of the bead is shown in Figure
S1d and Sle respectively. The intensity profile was fitted using a Gaussian function and the
full-width-half-maximum (FWHM) of the fit provides the resolution in respective planes along
transverse and longitudinal or axial direction. From these measurements, the xy resolution
was found to be 430 nm and the yz resolution was found to be ~ 1.3 um. To characterize the
penetration depth provided by the microscope, 100 nm BaTiO3; beads were dispersed in 1.5%
agarose gel medium. The SHG images were recorded at z=0.29 um intervals and z-stack
collected was combined to form the 3D image, processed using Imaris software (Figure S1j).
The depth dependence of SHG signal was obtained by plotting the SHG intensity from the bead
along the depth of gel. The SHG intensity was found to decrease with increase of depth away
from the objective focus and the range of the scattering length was roughly estimated around
~ 150 um using the nanoscale beads in the agarose gel. To elucidate the alterations in the 2D
organization of collagenous ECM proteins in the heart tissues during the progression of MI, we
analyzed brightfield and polarization microscopy images of picrosirius red (PSR) stained cardiac
histological sections, where collagen looks red in PSR images. The results shown in Fig. 1(a)
clearly displayed a progressive deposition of collagen in the LV region over the period of 4 weeks.
The collagen deposition was accompanied with thinning of left ventricular wall, and the dilation
of the ventricular area. From PSR transmitted light microscopy images (Fig. 1(b)), we observed
significant increase in collagen complexity between 1 and 2 weeks. Picrosirius red dye stains
both types of fibrillar collagen I and III, hence provide total collagen information. By image
segmentation and simple threshold pixel counting method (Figures S2-S6), we quantified the
fraction of red pixels in PSR images of whole heart tissues as well as highly sensitive infarct
regions of left ventricle region at different time points, after MI injury. While we do not see any
significant variation in collagen expression up to 4 days, by day 5—6 we observed substantial
deposition of collagen (Figure S7). Also, using polarized light microscopy, we characterized
picrosirius red enhanced birefringence detection from collagen fibrils in range of colors from
weak green to yellowish orange depending on density and 3D orientation of collagen fibers
(Figs. 1(c) and S8). The results at specific time points were consistent in SHG, brightfield
and polarization microscopy images. The progression of fibrosis and collagen maturation with
increasing density of fibrillar collagens were clearly observed in the infarct zone after one week
and beyond.

In order to further characterize fibrosis of heart and visualize the alterations in the collagenous
extracellular matrix protein levels from early to late stages after MI-injury, we imaged the cardiac
tissue sections simultaneously using both two-photon fluorescence and SHG microscopy. SHG
provides signal from collagen fibers while two photon fluorescence originates from endogenous
cellular chromophores that is primarily attributed to FAD present in the cardiac cells [42,43].
SHG images provide a high-resolution signature (green pixels) of network of collagen fibers due
to the highly ordered fibrillar collagens (type I and type III) (Fig. 1). The red pixels represent the
autofluorescence from the cardiomyocytes due to two-photon excitation and originating without
any exogenous labeling. The SHG signal observed is primarily contributed by collagen type I and
type III fibers, which is highly sensitive to alignment of fibers with respect to light polarization,
also seen by other researchers using polarization-resolved SHG measurements [44]. Additionally,
post-MI, the area covered by the two-photon excited autofluorescence (represented by red pixels
in the image), progressively decreased over time. This is due to the death of cardiomyocytes
and lack of their regeneration therein. Further, the dead cardiomyocytes are being gradually
replaced by collagenous scar tissues with the progression of fibrosis. We note that after 2 to 4
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Fig. 1. Progression of scar formation after MI in the mouse heart. (a) Overlayed SHG
(green) and two-photon autofluorescence (red) images at different time points showing
the deposition of collagen after MI. 10x, 0.4 NA objective lens was used to capture these
images. For comparison, (b) bright field images of the picrosirius red (PSR) stained, and (c)
birefringence detection using polarized light for heart tissues collected from the same time
points are shown. Scale bar: 500 um

weeks, the cardiomyocytes were entirely replaced by fibrillar collagen at the LV region of the
infarcted scar zone (Fig. 1). We also recorded the SHG emission spectra from the infarcted scar
region under two photon excitation of 860 nm (in the visible region of 390-780 nm) (Fig. 2(c)).
As seen from Fig. 2(c), the spectrum is primarily dominated by sharp SHG signal at 430 nm
from the collagenous scar tissue and relatively weak broad two photon autofluorescence across
the visible region of the spectrum. The corresponding SHG image is shown in Fig. 2(d). The
ratio of cardiomyocytes (autofluorescence signals) to collagen (SHG signals) would represent the
healthiness of cardiac tissues. Therefore, the ratio of SHG area and TPF channel area has been
implemented in this study to calculate the extent of fibrosis. These fibrosis scoring methodology
was previously implemented in various other disease models [45—47].

High resolution SHG images from the LV region were further utilized to examine the
microscopic morphological changes following MI. Figure 2(a) shows the variation of LV
wall thickness with the progression of time after MI. The LV wall thickness decreased from
1.43 + 0.2 mm for the control group to 0.45 +0.06 mm at 1 week after M1, a 3-fold decrease; it
further reduced to 0.22 +0.02 mm at 2 weeks, and to 0.17 = 0.02 mm at 4 weeks’ time point.
Figure 2(b) shows the LV dilation at different time points after MI. We measured 1.8, 2.7, 2.6-
times increase of LV diameter after 3 days, 5 days and 7 days post MI. The maximum LV dilation
of up to 3.7-fold increase compared to the sham groups were measured in the 2 to 4 weeks post
MI groups. We also detected significant increase in collagen fiber deposition after 2 to 4 weeks
post-MI during scar remodeling, which contribute to large increase in stiffness of the ventricular
wall accompanied by thinning of LV and increased ventricular dilation. For closer examination of
increased fibrosis in LV during ECM remodeling, we analyzed other morphological features such
as fiber length, fiber thickness and their orientation. The fiber orientations were characterized
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Fig. 2. Evaluation of MI size and assessment of cardiac fiber characteristics post MI in the
left ventricle. (a) Quantification of LV wall thickness at different time points compared to
sham (control) group using the SHG images. (b) Assessment of LV dilation with respect to
septum at different time points after MI injury using the SHG images. (c) SHG spectrum
collected from the scar region post 4 week-MI. (d) The corresponding SHG image of the
scar region. (e) Representative SHG image (top panel) of the LV region after 7, 14, and 28
days post MI compared to the sham group. The corresponding cardiac fiber analysis for each
image is shown in the bottom panel. (f) The variation of estimated fiber length, fiber width,
and fiber inclination angle at different time points post MI using the SHG images acquired
using 10x, 0.4 NA objective lens. Scale bar 250 um. *p < 0.05, **p < 0.001, one-way
ANOVA

by the helix pitch angle, and their alignment in the SHG images. We calculated the cardiac
fiber characteristics in the healthy and infarcted heart tissues (Figures S9, S10) at specified
time points using the program CT-FIRE [48,49]. While the healthy hearts displayed sparse
arrangement of relatively smaller collagen fibers of ~ 76 ym in length, infarcted hearts showed
significantly longer, dense collagen fibers approaching ~ 103 ym and ~ 100 pm in length after
2 weeks and 4 weeks post MI, respectively, showing more than 30% increase in fiber length
(Figs. 2(e), 2(f)). These results also support the stronger SHG signatures observed earlier in the
infarcted mouse heart samples. This is due to the dense network of collagen fibers and long-range
coherent quasi-crystalline order in relatively longer elongated collagen fibers that would result in
strong SHG signals, consistent with the increased SHG signals in the infarcted mouse hearts
(Fig. 1(a)). The characterization of the cardiac fiber widths showed up to ~ 25% increase in the
fiber diameter (Fig. 2(f)) in the infarcted tissues compared to the sham group. This is due to
increased cross-linked assembly of collagen fibrils in the infarcted tissues relative to healthy
heart tissues.

To confirm the origin of SHG signals, we used Alexa-647 labeled anti-collagens on our tissue
samples to simultaneous capture SHG and fluorescence images. We selected Alexa-647 dyes to
make sure the emitted fluorescence signals do not interfere with the SHG signals (Figure S11).
Overlay images composing the fluorescence and SHG channels allow one to generate estimates
of colocalization of pixels. Image colocalization analysis between fluorescence channel and SHG
channel was performed using the Leica image processing software equipped with colocalization
plugin to analyze for colocalization rate, Pearson correlation and overlap coefficient between the
fluorescence-antibodies labeled collagens (anti-collagens) and SHG channel. The colocalization
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rate value refers to the degree of colocalization in % and is determined from the ratio of the area
of colocalizing signals (colocalization area) and foreground area (where foreground area = area
of the image/area of the background). The overlap coefficient indicates the overlap of the signals
in both color channels and thus, the extent of colocalization. Pearson correlation coefficient
describes the strength of the correlation between the gray-scale value distribution in the first
color channel and that in the second color channel and indicates the extent to which the displays
in both color channels match.

Using the permanent ligated MI model we have shown in this study that SHG can be utilized
as a robust and label-free tool to assess cardiac fibrosis dynamically at different time points post
ML. Fibrosis of LV region was evident from the exponential growth of collagen concentration
(Fig. 3(a), (b)) from 1 day to 4 weeks after MI compared to the control group. We observed ~
8-fold increase of collagen deposition in the global (whole heart) compared to healthy control
heart (without MI) (Fig. 3(a), 3(b)). Furthermore, we observed 12.7-, 14.8-, 18.5- and 16.3-times
increase of collagen deposition compared to sham (control) group after 1, 2, 3- and 4-weeks
post-MI, respectively (Fig. 3(a), 3(b)). Previous study from Fu et al. [21] also showed non-linear
increase of cardiac fibroblast dynamics post MI. In addition, SHG can provide high-resolution
~ 430 nm lateral resolution (Figure S1d) images. Parallel studies using picrosirius red showed
a similar, albeit a slightly larger, overall increase in collagen deposition compared to SHG
results (Fig. 3(c), (d)). Previous study indicated picrosirius red slightly over predicts the level
of fibrosis [50]. This is because the histological stain does not differentiate between fibrillary
and non-fibrillary collagen networks [51]. In contrast, SHG signal is highly specific to fibrillar
collagen type I and type III and does not come from non-fibrillar collagen type IV [30]. Therefore,
SHG provides improved specificity and accurate analysis of progression of fibrosis in diseased
heart. Even immunolabeling is prone to error as it is dependent on the recognition capability of
antibodies to the accessible epitopes.

Figure 4(a)—(c) show the fluorescence, SHG, and the colocalization images. Figure 4(d) shows
gradual increase in colocalization rate between SHG channel and immunofluorescence channel as
a function of days after MI. The results are consistent with the increase in the density of fibrillar
collagens in scar tissue and scar maturation which would produce more collagen type I. The
analysis also suggests that the SHG signal (represented by green pixels) colocalize better with
immunofluorescence (red pixels) labeled with anti-Col1 than anti-Col3 (Fig. 4(a)—(d)) particularly
marked with increase in collagen deposition. Thus, both the colocalization analysis (Figures
S12-S14) and the Pearson analysis (Figs. 4(d), 4(e)) support the conclusion that the SHG signal
is primarily generated from collagen type I isoform. The overlap coefficient (Fig. 4(f)) showed
slightly lower overlap for anti-Col3 compared to anti-Coll.

In order to extract the dynamics of Coll and Col3 expression levels and their ratio in the
infarcted myocardium, we further performed the immunofluorescence experiments with another
dye labeled antibodies. We conjugated Alexa 555-labeled collagen 1 antibodies (anti-Col1) and
collagen 3 antibodies (anti-Col3) to specific collagen types. As a control, we used unlabeled
tissue sections. Representative fluorescence images are shown in Figure S11. Figure 5(a)
shows 1.8-, 4.2 and 4.16 fold increase of Coll fluorescence intensity compared to the sham
group. The increase of Coll level was found to be statistically significant with p < 0.05 using
one-way ANOVA analysis. The dynamics of Col 3 fluorescence intensity showed similar trend
(Fig. 5(b)). Figure 5(c) shows the kinetics of the ratio of Col1/Col3 over four weeks post-MI.
Therein, the normalized ratio of Col1/Col3 expression appears to be quite similar without any
meaningful changes up to 1 week post-MI; Col1/Col3 ratio was found to be increased at later
time points (2 - 4 weeks) after MI injury. These results suggested pronounced concentration of
collagen I expression in the LV scar zone at 2- and 4-weeks post MI and also consistent with
our SHG imaging results (Fig. 1 and Fig. 3(b)). Further, Fig. 5(c) results indicated that Col3
expression is upregulated first, followed by Coll expression during the course of MI. Finally, the
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Fig. 3. Global (whole heart) and local (LV region) quantification of collagen deposition
showing the progression of fibrosis after MI. Quantification of collagen deposition using SHG
images (a) calculated from whole heart, (b) calculated from the LV region. Quantification
of collagen deposition using picrosirius red staining (c) calculated from whole heart, (d)
calculated from the LV region. The collagen percentage was calculated as the ratio of the
area occupied by the collagen to the total area of the tissue (a, c) or the area occupied by the
collagen to the area of the LV region (b, d). For each time point the collagen percentage
were averaged over two separate heart sections. Heart from separate mice were used for each
time point. SHG and PSR imaging were performed on heart tissue collected from separate
mice. *p < 0.05, **p < 0.001, one-way ANOVA.
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Fig. 4. Comparison of immunohistochemistry (THC) and SHG imaging after MI. Repre-
sentative image of Alexa647-labeled (a) collagen type I (anti-coll), (b) collagen type 111
antibodies (anti-col3), and (c) no fluorescence in heart tissue section post 4 week (28 d) of
MI injury. The SHG images of the same tissue immunolabeled with anti-coll and anti-col3
are shown in the second panel under a-c captured employing 25x, 0.95 NA water objective
lens. The overlap images of the fluorescence and SHG are shown in the third panel under
a-c. The colocalization analysis of the SHG and fluorescence images are shown in the fourth
panel. (d) Colocalization rate, (e) Pearson correlation coefficient, and (f) Overlap coefficient
comparing anti-coll and anti-col3 at different time points after MI. Scale bar: 250 pm.

comparison of progression of SHG channel and immunofluorescence signal as a function of days
after MI showed similar trend (Fig. 5(d)) validating our measurements and also consistent with
documented literature reports [52-55].

Fibroblasts in the cardiac tissues produce the procollagen strands. Three procollagen strands
come together to form the triple helical structure of the procollagen with an N- and C-terminal
propeptide at each end. When the procollagen are transported from the fibroblasts into the
intracellular spaces, the propeptides are cleaved to form collagen. When matured, the collagen
forms large cross-linked fibrillary structures and is embedded in the collagen network of the heart
[56]. The SHG signal mostly comes from the triple helix (~ 300 kD) structure of the collagen.
Each collagen I molecule is composed of two a1 and one a2 while each collagen III molecule is
composed of three al chains. These alpha chains differ in terms of their charge distributions,
pitch angle, and the angle made by the helical coil with respect to the linear axis of the protein
[57-59]. 1t is also known from their structures that type I and type II collagen fibers give most
intense SHG signals while collagen type III fibers shows weak SHG signals [32]. Studies have
found that the fraction of collagen III to collagen I plays a major role in diseases involving
cardiac fibrosis and cardiomyopathy [60]. Thus, resolving distribution of collagen isoforms
and their precise quantification will be very important for understanding how the collagen I/II1
balance alters the progression of heart disease and related diagnostics. Some approaches to
differentiate collagen types that have been pursued in the past included HPLC coupled with mass
spectrometry [61] which is not practical for widespread use, conventional fluorescence labeling
of tissues [51] which however usually suffers from unspecific labeling and reproducibility issues,
fluorescence lifetime imaging microscopy (FLIM) [58] and polarization-resolved SHG image
analyses [59]. For example, Tilbury et.al developed polarization-resolved SHG image analyses
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Fig. 5. Time-dependent distribution of different isoforms of myocardial collagen after MI.
(a) Normalized collagen type I expression with respect to uninjured hearts at different time
points after MI. (b) Normalized collagen type III contents with respect to uninjured heart at
different time points post-MI. (c) ratio of Col I to Col III distribution during the course of
progression of fibrosis monitored over 4 weeks’ time period. (d) Comparison of variation
of SHG and fluorescence signal as a function of days after MI showing a good correlation
between SHG and immunohistochemistry studies. For each time period, two separate heart
sections were analyzed. *p < 0.05, one-way ANOVA.

to differentiate collagen I and III [59]. Their measurements showed that increased collagen
III led to more randomized tissue due to the decrease in the alignment of dipole moments
within collagen fibrils [59]. Ranjit et.al combined SHG with fluorescence lifetime imaging
technique and phasor approach to distinguish collagen I and IIT [58]. These techniques were
mostly applied in preformed collagen gels/or mixtures while requiring sophisticated optical
set ups to obtain multimodal imaging data sets, including complex image analysis methods,
but largely provided qualitative information on separation of collagen types [58,59]. Hence,
developing robust SHG imaging approaches for not only resolving collagen isoforms but also their
quantitative characterization in tissues is warranted for understanding various disease models
involving fibrosis. Moreover, biomedical imaging and associated medical diagnosis will further
advance with developments in deep learning-based image processing algorithms which could
potentially enable automated scoring of fibrosis stages in organs as already demonstrated by
researchers in liver, lung and heart disorder [40,62—64].

Other advantages of the SHG technique include the potential to use it in vivo. Recently
multiphoton microendoscopy [65—69] probes have been utilized to image contraction of single
motor unit in amyotrophic lateral sclerosis (ALS) mouse [70], high speed imaging of sarcomere
in human [71,72], mouse kidney [69], and margin diagnosis of early gastric cancer [73]. In future,
microendoscopy based SHG probe could be developed to visualize and assess heart tissues for
collagen deposition and fibrosis.

4. Conclusion

In summary, we utilized endogenous signal from collagen using label-free SHG microscopy to
quantify the progression of fibrosis in a mouse MI model. The structural assessment of cardiac
fibers such as fiber length, width, number of fibers and arrangement of fibers post-MI were
quantitatively determined from the analysis of SHG images. Using post-mortem analysis of
cardiac tissues, the SHG imaging results were validated against traditional picrosirius red staining
and immunofluorescence imaging of antibodies labeled tissues. The progression of fibrosis were
characterized from the distribution of collagen isoforms and structural parameters post-MI injury.
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Colocalization rate analysis using correlative fluorescence imaging of antibody stained collagen
isoforms and SHG microscopy from the left ventricular infarcted scar area showed that the SHG
signal is primarily originating from collagen type I structure. This study showed that SHG is an
improved, robust, and label-free technique to accurately quantify collagen deposition in cardiac
tissue. Further, SHG imaging can be applied as a screening tool for understanding the mechanism
of fibrosis and discovery of new therapeutics for fibrosis to improve outcomes in patients with
MIL.
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