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Abstract

Background: Gap junctions (GJs) are the principal membrane structures that conduct electrical impulses between cardiac
myocytes while interstitial collagen (IC) can physically separate adjacent myocytes and limit cell-cell communication.
Emerging evidence suggests that both GJ and interstitial structural remodeling are linked to cardiac arrhythmia
development. However, automated quantitative identification of GJ distribution and IC deposition from microscopic
histological images has proven to be challenging. Such quantification is required to improve the understanding of
functional consequences of GJ and structural remodeling in cardiac electrophysiology studies.

Methods and Results: Separate approaches were employed for GJ and IC identification in images from histologically
stained tissue sections obtained from rabbit and human atria. For GJ identification, we recognized N-Cadherin (N-Cad) as
part of the gap junction connexin 43 (Cx43) molecular complex. Because N-Cad anchors Cx43 on intercalated discs (ID) to
form functional GJ channels on cell membranes, we computationally dilated N-Cad pixels to create N-Cad units that covered
all ID-associated Cx43 pixels on Cx43/N-Cad double immunostained confocal images. This approach allowed segmentation
between ID-associated and non-ID-associated Cx43. Additionally, use of N-Cad as a unique internal reference with Z-stack
layer-by-layer confocal images potentially limits sample processing related artifacts in Cx43 quantification. For IC
quantification, color map thresholding of Masson’s Trichrome blue stained sections allowed straightforward and automated
segmentation of collagen from non-collagen pixels. Our results strongly demonstrate that the two novel image-processing
approaches can minimize potential overestimation or underestimation of gap junction and structural remodeling in healthy
and pathological hearts. The results of using the two novel methods will significantly improve our understanding of the
molecular and structural remodeling associated functional changes in cardiac arrhythmia development in aged and
diseased hearts.
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Introduction

Cardiac arrhythmias are associated with a significantly dimin-

ished quality of life and high mortality [1,2]. Because gap junctions

(GJs) are the primary membrane structures responsible for

conducting cardiac impulses between adjacent cardiac myocytes,

and increased interstitial collagen (IC) tends to physically separate

myocytes from one another [3–7], quantifying both GJ and IC as a

component of histologic reconstruction is important for improved

descriptions of structural remodeling. Accumulated evidence

suggests that reduced GJs and increased IC lead to slowing of

cardiac action potential propagation and increase propensity for

cardiac arrhythmias [8–16]. However, quantifying GJ and IC in

automated and systematic ways has proven to be challenging.

Cardiac muscle fibers are circumferentially and longitudinally

arranged in three-dimensional space; therefore, the abundance

and distribution of GJs vary at different imaging focal planes. In

healthy ventricular myocardium, this issue is potentially manage-

able because of the organized muscle structure. The more

pronounced structural heterogeneity of healthy atrial myocardium

and pathologically enhanced heterogeneity in diseased myocardi-

um poses a risk that use of quantified fluorescent signals could

either underestimate or overestimate the amount of GJ proteins.

Thus, this risk potentially exists in imaging quantification for both

diseased and normal hearts. N-Cadherin (N-Cad) is an important

component of intercalated discs (IDs) that are critical for

anchoring connexins (e.g. connexin43 (Cx43)) to form functional

GJ channels at the ID between adjacent myocytes [3,17–19].

Here, we have developed a novel quantitative method to segment

ID-associated and non-ID-associated GJs since we and others have

previously demonstrated an unchanged expression of N-Cad in

failing and aged hearts [16,20,21]. Our main innovation here

involved development of a quantitative blur algorithm that used

N-Cad as an internal reference to quantify both distribution and
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abundance of Cx43 from Cx43/N-Cad double immuno-stained

cardiac tissue sections.

Similarly, quantitative assessment of IC is critical in under-

standing the role of structural remodeling in arrhythmia develop-

ment in addition to GJ remodeling [18,22–25]. However, the

current approach for such assessment involves manually outlining

collagen areas from Masson’s Trichrome (MT) stained tissue.

Automated computational approaches are largely unavailable.

Here, we are the first to develop and describe a computer-based

algorithm using a thresholding approach that quantifies IC in

images obtained from MT stained atria.

Methods and Results

1. Specimen preparation
This investigation conforms to the Guide for the Care and Use

of Laboratory Animals (NIH Publication, 8th Edition, 2011) and

was approved by the Loyola University Chicago and University of

Alabama at Birmingham Institutional Animal Care & Use

Committees. Four young New Zealand White rabbits were

injected with one dose of ketamine (44 mg/kg I.M.) followed by

5% isoflurane delivered in 100% oxygen to induce a surgical plane

of anesthesia prior to cardiac excision. Left atria (LA) were

dissected, then either flash frozen in liquid nitrogen for immuno-

blotting or 24 hr fixation with 10% formalin for immunohisto-

chemistry studies. LA tissue from 18 human donor hearts (which

could not be used for heart transplantation but with normal

cardiac function) was obtained from Illinois Gift of Hope Organ &

Tissue Donor Network (GOH) and Alabama Organ Center

(AOC). Table 1 shows unidentified general data (age, sex, race) of

the donors. The studies were approved by the Human Studies

Committees of Loyola University Chicago, Illinois GOH,

University of Alabama at Birmingham, and AOC. All data are

presented as Mean 6 SEM. Differences between multiple groups

or any two groups were evaluated using one-way ANOVA (Post-

hoc Tukey test) and student t-test. A p,0.05 was considered to be

significant.

2. Immunohistochemistry
Rabbit and human atrial tissue preparations were formalin-

fixed, embedded and sectioned using a standard procedure.

Paraffin-embedded LA sections were de-waxed with xylene and

hydrated through graded ethanol solutions followed by a standard

microwave antigen retrieval procedure. Double Cx43 and N-Cad

immunohistochemistry (IHC) staining was performed using

fluorescence labeling techniques as previously described [16,26].

In brief, tissue sections were placed in 10% normal goat or donkey

serum. The slides with tissue sections were then incubated with

specific primary antibodies including Cx43-T (Abcam) and N-Cad

(Zymed) and fluorescent conjugated secondary antibodies (Molec-

ular Probe). Nuclei were stained with DAPI contained in a

mounting medium.

3. Confocal image acquisition
Images of Cx43 and N-Cad double immuno-stained atrial tissue

sections were obtained using a Z-stack mode with a laser scanning

confocal microscope (Zeiss; 40x magnification). Twenty to twenty

five Z-stack confocal images with muscle fiber orientation parallel

to the focal plane from each specimen were acquired with each Z-

stack image file containing sequential images from 8–10 scanning

layers. Each individual image of the Z-stack file was converted into

6–10 ‘‘tif’’ files at 8-bit data depth. A maximal projection image

combining all the sequential images was also processed and saved

using ‘‘tif’’ format. Each confocal fluorescent image ‘‘tif’’ file was

encoded on three channels: red stained N-Cad channel (R), green

stained Cx43 channel (G), and blue stained nuclei channel (B).

Two grayscale images were converted from the R and G channels

for quantitative image processing (Figs. 1A-1C) such that pixels

with value 0 represented complete negative staining and pixels

Table 1. Unidentified general data of the donors.

Age (yr) Sex Race

19 F CAU

34 F CAU

61 M CAU

78 F AA

82 F CAU

34 M AA

68 F CAU

61 M CAU

26 F CAU

19 F CAU

47 F CAU

52 F CAU

53 F CAU

58 F AA

26 M CAU

29 M CAU

52 M CAU

68 M CAU

F, Female; M, Male; CAU, Caucasian; AA, Africa American.
doi:10.1371/journal.pone.0104357.t001
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with value 255 represented complete saturation (Fig. 1G).

According to a threshold method developed by Ostu N, [27] an

ideal threshold that differentiates the foreground from the

background and gives the minimized weighted sum of within-

class variances can be determined by a maximal value of the JT

score where JT = [P1*P2*(m1-m2)2]/(s1
2+s2

2). P1 and P2 are the

number of pixels in the two groups (foreground and background),

m1 and m2 are the mean intensity level of the two groups, and s1

and s2 are their standard deviations. For each image, we found

that mean intensity of selected foreground pixels was increased

along with incrementally changed thresholds, meanwhile the value

of the standard deviation was initially increased and then

decreased after a maximal peak was reached (Fig. 1H). Thus,

the initial threshold for positively stained Cx43 pixels was selected

based on the maximal standard deviation (sgreen) on each image

(Fig. 1H). A simplified formula: mgreen+R* sgreen was then applied

in our algorithm for each individual image to define an optimal

threshold (where R is a variable that gives a maximal JT score and

mgreen is the mean of selected Cx43 pixels at the initial threshold).

To determine optimal Rs for Cx43 immunostained images from

young and aged rabbit atrial sections (n = 4, 4), JT values of a total

of 108 images with Rs ranging from 23 to 3 were calculated. We

found that the maximum JT values of the images from both young

and aged rabbit atrial sections were very close to an R-value of

21.18 (mYg = 21.12, sYg = 0.027, mAged = 21.24, sAged = 0.021;

Figs. 1I & 1J). Positively stained Cx43 pixels were identified based

on the optimal R-value. Finally, the sum of intensities of all

positively stained pixels from each image was calculated as the

quantified result.

4. Quantitatively determining Cx43 distribution
While most Cx43 pixels co-localized with N-Cad pixels end-to-

end at two adjacent myocytes, some Cx43 pixels did not co-

localize with N-Cad and instead were distributed to a lateral

border between adjacent myocytes. Based on these natural

features of Cx43, two categories of Cx43 pixels were defined in

our quantitative analyses: N-Cad co-localized end-to-end Cx43

(Cx43E-E; Fig. 1E) and non- N-Cad associated laterally and

distributed side-by-side Cx43 (Cx43S-S; Fig. 1F).

4.1. Determining the relationship between Cx43 and N-

Cad using a pixel-by-pixel quantitative algorithm and

biochemical co-immunoprecipitation assay. Initially, we

used a pixel-by-pixel determination approach to define the

relationship between double immuno-stained Cx43 and N-Cad

fluorescent signals on atrial tissue sections (Fig. 1). Pixels were

considered as N-Cad co-localized Cx43 (Fig. 1E) if they were

positively stained pixels in both Cx43 and N-Cad channels. Any

positively stained Cx43 pixels that were negatively stained in the

N-Cad channel were considered as N-Cad non-colocalized Cx43

pixels (Fig. 1F). Integrated intensity of all positively stained Cx43

pixels was defined as total Cx43 (Cx43T). However, we discovered

that ID associated Cx43 did not always co-localize with N-Cad in

a pixel-by-pixel fashion in the rabbit LA tissue sections (Figs. 1E &

1F). Figs.1D-1F shows a typical example of Cx43 clusters that

distributed closely with the N-Cad plaques in general, but some

Cx43 pixels (red arrows of Figs. 1D,1F) did not overlap with the

N-Cad pixels, despite being in close proximity. Moreover, this

phenomenon found in rabbit atrium was also discovered in human

atrial tissues (Figs. 2A-2E). Since we were concerned that such

pixel-by-pixel determination of N-Cad matched Cx43 could lead

to an underestimation of Cx43E-E and overestimation of Cx43S-S,

we next sought to consider whether stellate Cx43 signals were free-

standing Cx43 proteins or were closely associated with N-Cad on

IDs. To define the relationship between Cx43 and N-Cad, we

performed immunoprecipitation experiments using human atrial

tissue homogenates. Cx43 proteins were immunoprecipitated

(IPed) with a specific anti-Cx43 antibody. We then performed

immunoblotting to detect co-immunoprecipitated (co-IPed) N-Cad

with Cx43 proteins as previously described [26,28]. We found a

greater amount of IPed Cx43 that was associated with a lesser

abundance of co-IPed N-Cad (Fig. 2F). While it may not be an

optimal approach to compare protein abundance detected from

using two different antibodies in the setting of immunoblotting,

our co-IP data further confirmed the relationship between Cx43

and N-Cad found in immunostaining images. Both results from

using either IHC or co-IP techniques indicate that although N-

Cad is part of the Cx43 molecular complex, the two molecules

may not interact in a one-to-one matched abundance. This

mismatched abundance of colocalized Cx43 and N-Cad and

interior localization of N-Cad to Cx43 plaque is consistent with

the findings from several other cellular systems [29–31].

4.2. Developing a blur algorithm to identify ID co-

localized Cx43E-E and non-co-localized Cx43S-S. To account

for the possible lack of one-to-one matched abundance, we

developed a blur algorithm to identify Cx43E-E signals including

both N-Cad associated stellate Cx43 signals and N-Cad pixel-by-

pixel matched Cx43 signals. This was achieved by using an N-Cad

base area that covered the stellate Cx43 pixels. To form the base

area each positive-stained N-Cad pixel (Figs. 3A, 3a) was

computationally dilated at a certain radius (number of inter-pixel

distance (IPD); Figs. 3B, 3b) to create a Dilated N-Cadherin Unit

(DNCU; Figs. 3C, 3c) using a disk-shaped structuring element pre-

coded in Matlab [32,33]. An ID area between two adjacent

myocytes could be composed of a group of adjacent DNCUs.

Figs. 3A-3H are diagrams that schematically define a single

DNCU and multiple DNCUs with a radius of 1 IPD, and Figs 3a-

3h show diagrams of DNCUs with a radius of 2 IPDs. Cx43 pixels

(green dots; Figs. 3E-3G and 3e-3g) that were covered by either a

single DNCU or a group of adjacent DNCUs were considered as

N-Cad co-localized Cx43E-E. These DNCU covered Cx43 pixels

included both N-Cad pixel-by-pixel matched Cx43 (Figs. 3E,3e)

and stellate Cx43 pixels (Figs. 3F-3G, 3f-3g). Cx43 pixels

(Figs. 3H, 3h) located outside of the DNCUs were defined as

Cx43S-S.

4.3. Determining an optimal radius of DNCUs. We

quantified all the Cx43 pixels that were covered by a group of

DNCUs and analyzed the relationship between the Cx43 value

and an incrementally extended DNCU radius (from 0 up to 40

IPDs; Fig 4). When all the Cx43 located at the ID areas and

Cx43S-S pixels were absent (Fig. 4A), all positive-stained Cx43

pixels were defined as the Cx43E-E pixels. The quantitative value

of Cx43 rapidly increased when the radius of DNCU was

extended to 5 IPDs of the DNCU radius (Figs. 4C-4F). When the

DNCU radius exceeded 5 IPDs, the quantitative value of Cx43

reached a peak and then remained at the plateau. At this plateau

phase, the quantitative Cx43 peak value was not influenced by

continuously increased DNCU radius (Figs. 4G-4J, 4K; red

arrow). However, when both Cx43E-E and Cx43S-S were present

(Fig. 4L), two peak plateaus of quantitative Cx43 values were

found along with a continuously increased DNCU radius (up to 30

IPDs; Figs. 4N-4V). Fig. 4V shows that the value of Cx43

increased rapidly when IPD ,5. When the DNCU radius

increased up to 5 IPDs, the quantitative Cx43 value remained at

a plateau. After the first plateau, continuously increasing the

DNCU radius led to a second fast rising phase of quantitative

Cx43 followed by a second plateau phase (Fig. 4V; blue arrow).

While the first plateau phase reflects the amount of N-Cad

associated Cx43E-E (Fig. 4V, red arrow), the second plateau phase
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was caused by the inclusion of N-Cad non-co-localized Cx43S-S

signals (DNCU-uncovered Cx43; Fig. 4V, blue arrow). Thus, the

Y-axis value of the first plateau phase reflects the quantitative

amount of Cx43E-E, while the difference between the first and

second plateaus at the Y-axis represents the quantitative amount of

Cx43S-S.

5. Using N-Cad as an internal reference for imaging
quantification

Tissue sectioning and histological processing variability can

impact Cx43 quantification. Fig. 5 shows an example of different

quantitative results of Cx43 from two healthy young rabbit hearts.

One image of a Cx43/N-Cad double immunostained LA section

from young healthy rabbit 1 (Rabbit-1_LA) apparently presented a

greater amount of Cx43 than that of another LA section from

health young rabbit 2 (rabbit-2_LA; Figs. 5A-5C). However, after

normalizing quantified Cx43 raw data to the co-stained N-Cad

quantitative values, abundances of total Cx43 on the two tissue

sections were comparable (Fig. 5D). To further confirm the

protein expression levels of Cx43 in the two healthy young rabbit

LA tissue samples, an immunoblotting assay was performed.

Fig. 5E reveals that the Cx43 protein expression levels were

similar in the two young rabbit LA samples (Fig. 5D). Immuno-

blotting results were therefore consistent with the quantitative

Cx43 result normalized with N-Cad. Our data suggest that the

difference of quantitative IHC Cx43 values between the two

young rabbit atrial sections were not due to Cx43 expression

variation. To further validate the effect of N-Cad normalization in

reducing quantification errors, we quantified Cx43/N-Cad double

stained images from four aged rabbit atrial sections. Fig. 5F shows

N-Cad normalization significantly reduced variations of quantified

immunostained Cx43 signals. Thus, our results suggest that N-Cad

could be an effective internal reference for eliminating quantifi-

cation errors due to tissue sectioning and tissue fiber orientation

variables.

Figure 1. Confocal images of double immunofluorescence staining with Cx43 (green) and N-Cadherin (N-Cad; red) antibodies in
rabbit left atrium (LA). A-C. Representative confocal images of Cx43/N-Cad overlay (A), N-Cad (red; B) and Cx43 (green; C). D-F. Enlarged images
from a cropped area of image A including the overlay image (D), N-Cad pixel-by-pixel matched Cx43 (E), and N-Cad non-pixel-by-pixel Cx43 (F).
Arrows indicate stellate Cx43 pixels that are in close proximity with the N-Cad pixel but do not co-localize with N-Cad pixel-by-pixel. G.
Representative histogram of quantified pixel intensity of Cx43 stained image. H. Representative plot for the mean intensity (blue curve) and standard
deviation (red curve) of foreground pixels at different thresholds. I. Representative plot of JT scores corresponding to R-value of four images from two
young and two aged rabbit LA. J. Data plot of maximum JT scores of the images from four young and four aged rabbit LA.
doi:10.1371/journal.pone.0104357.g001

Figure 2. Interaction between Cx43 and N-Cad proteins in human LA. A. Representative double immunostaining image of Cx43 (green) and
N-Cad (red). B-E. Enlarged images from a cropped area of image A including the Cx43/N-Cad overlay image (B), N-Cad (red; C), N-Cad pixel-by-pixel
matched Cx43 signals (D), and non-N-Cad co-localized Cx43 (E). Arrows indicate stellate Cx43 pixels are in close proximity with the N-Cad pixel but do
not pixel-by-pixel co-localize with N-Cad. F. Immunoblotting images of co-immunoprecipitated N-Cad protein with immunoprecipitated Cx43
proteins. Right column is the immunoprecipitated negative control without primary Cx43 antibody.
doi:10.1371/journal.pone.0104357.g002
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6. Comparing quantitative Cx43 results using layer-by-
layer confocal Z-stack image quantification and
maximum projection image quantification

A processed maximum projection confocal image from sequen-

tial Z-stack confocal images is commonly used to quantify Cx43

abundance in IHC stained sections. However, the amount of ID

associated Cx43 pixels can vary in distribution and abundance at

different confocal scanning layers due to changing fiber orientation

in different focal planes. Fig. 6A shows apparently varied

abundance of double immuno-stained Cx43 and N-Cad signals

at different confocal scanning layers of Z-stack sequential confocal

images obtained from a young rabbit atrial tissue section. To

determine quantitative differences between using maximum

projection image and layer-by-layer image processing, we

processed 53 sets of Z-stack confocal images obtained from three

young rabbit LA tissue sections. We first quantified Cx43E-E and

Cx43S-S layer-by-layer on each image of a total of 6–10 sequential

Z-stack confocal images. A maximum projection image processed

from the same Z-stack sequential images was also quantified.

Before comparing the quantitative results from using the two

approaches, all the quantified Cx43 data were normalized with

N-Cad as an internal normalization procedure. Fig. 6A shows the

representative sequential confocal images of Cx43 (green) and N-

Cad (red) double immuno-stained young rabbit LA. Fig. 6B shows

that the quantitative amount of Cx43E-E from the maximum

projection images was higher than the sum result of using layer-by-

layer quantification approach, while Cx43S-S was lower than that

of layer-by-layer quantification approach (Fig. 6C). These results

suggest that a layer-by-layer quantification approach could

minimize overestimation or underestimation of Cx43E-E and

Cx43S-S compared to the maximum projection image quantifica-

tion method.

7. Significantly reduced Cx43E-E and Cx43S-S in aged
rabbit LA quantified using the blur algorithm on both
layer-by-layer confocal Z-stack images and maximum
projection images

We have previously reported that aged rabbit LA exhibited a

reduced abundance of ID co-localized junctional Cx43 compared

to that of young rabbit LA using pixel-by-pixel quantification

algorithm from maximum projection confocal images [16]. Here,

we re-quantified those Cx43/N-Cad double immuno-stained Z-

stack confocal images obtained from 4 young and 5 aged rabbits

[16] using our novel blur algorithm. We found that quantitative

junctional Cx43E-E in the aged rabbit LA was reduced by 36%

using the blur algorithm (Fig. 6D), while the amount of Cx43E-E

was reduced by 25% in our previously reported result using the

pixel-by-pixel algorithm (Fig. 2E of [16]). Moreover, we found that

both ID co-localized Cx43E-E and side-by-side distributed Cx43S-S

were reduced significantly in aged rabbit LA using our blur

algorithm with the layer-by-layer quantification approach

(Fig. 6D). The additional 11% reduction in Cx43 in the aged

rabbit atrial sections from using our blur algorithm is likely due to

the underestimation of stellate Cx43 in control rabbit sections

from using the pixel-by-pixel method. This result was consistent

with our previous finding of a critical role for reduced Cx43

abundance in atrial arrhythmia development in aged atrium.

8. Masson’s Trichrome staining and imaging
Given the perceived importance of interstitial fibrosis as a

component of cardiac arrhythmia substrate development via

structural remodeling, we additionally sought to automate IC

quantification through complementary image processing steps.

Masson’s Trichrome (MT) staining was used to detect deposited

collagen on sections of atrial tissue [18,34]. Paraffin embedded

Figure 3. Schematic diagram of the blur algorithm with a dilated N-Cad unit (DNCU) radius of 1 inter-pixel distance (IPD) and 2
IPDs. A&a. An N-Cad pixel at the center of a DNCU (C&c). Dilation radius equals to 1 IPD and 2 IPD (B&b). D&d. 3 overlapping adjacent DCNUs
(R = 1 IPD & 2 IPDs, respectively) containing 3 adjacent N-Cad pixels. E&e. Three Cx43 pixels that are pixel-by-pixel matched with three N-Cad pixels,
respectively. F-G & f-g. Two Cx43 pixels that do not co-localize with any N-Cad pixel-by-pixel but are included within the area of one of DCNU. All the
DNCU covered Cx43 pixels (E-G & e-g) are defined as Cx43E-E. H&h. Two Cx43 pixels that are located outside of all DCNU covered areas and are
therefore categorized as Cx43S-S.
doi:10.1371/journal.pone.0104357.g003
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tissue sections were treated with the following steps: 1) de-waxed

with xylene, and then hydrated in distilled water, 2) mordanted in

Bouin’s solution for 1 hour at 56uC, 3) incubated with Weigert’s

hematoxylin for 10 minutes, 4) put in Biebrich scarlet-acid fuchsin

for 2 minutes, 5) incubated in phosphomolybdic-phosphotungstic

acid solution for 10–15 minutes, 6) then put in aniline blue

solution for 5 minutes, and 7) placed in 1% acetic acid solution for

3–5 minutes and dehydrated with 95% and absolute alcohol,

cleared with two or three changes of xylene and then mounted

with synthetic resin. For each tissue section, 15 to 20 bright field

images were taken from each MT stained atrial tissue section using

a Zeiss light microscope with a 40x objective oil-immersion lens.

9. Interstitial Collagen Quantification of MT stained atrial
images

MT stains collagen blue, myoplasm red and nuclei brown.

When MT stained RGB images were converted into grayscale

images, each pixel was differentiated according to the total amount

of emitted light, since less light produces dark pixels and more light

generates brighter pixels. Each image of a single color channel

consisted of discrete pixels with various brightness intensities from

0 to 255. We therefore thresholded individual channels in each

RGB image to initially segment tissue pixels from those occupying

open spaces that resulted from sectioning of heterogeneous atrial

muscle and to further segment tissue pixels into collagen and non-

collagen groups. The intensity values of each pixel (I) in the R

(red), G (green) and B (blue) channel were denoted as IR, IG and

IB, respectively. Thresholds were based on mean (m) and standard

deviation (s) of pixel intensity within each image. Because

unstained empty white space of the RGB images was composed

of the pixels with higher intensity values on all three channels,

unstained white pixels were identified as those with IG.mG+0.9sG

and IR.mR+0.9sR. Muscle/nuclei pixels had relatively high IR

with low IB and IG (IB,mB+0.3sB and IG,mG-0.1sG). Collagen

Figure 4. Determining an optimal radius of DNCU for Cx43E-E and Cx43S-S quantification. A-B & L-M. Representative Cx43 (green) and N-
Cad (red) double immunostaining confocal images (A, L) and grayscale images (B, M) of enlarged single myocytes containing Cx43E-E only (A) or
both Cx43E-E and Cx43S-S (L). C-J & N-U. Grayscale images of the enlarged single myocytes with an incrementally increased DNCU radius (1, 5, 7, 30
IPD, respectively) for both N-Cad (left column) and Cx43 (right column). Arrows (U) indicate the inclusion of lateralized Cx43 by an extensively
enlarged radius of the DNCU. K & V. Summarized data of quantitative Cx43 values corresponding to a continuously increased radii of DNCU when
myocytes present Cx43E-E only (K) or present both Cx43E-E and Cx43S-S (V). The Y-axis value of the first plateau reflects quantitative amount of ID
located Cx43E-E (red label) and the difference of the Y-axis value between the first and second plateaus indicates the amount of lateralized Cx43S-S.
doi:10.1371/journal.pone.0104357.g004

Figure 5. Using N-Cad as an internal housekeeping reference for imaging quantification. A-B. Confocal images of Cx43 (green) and N-
Cad (red) double immunostaining on two LA tissue sections obtained from two young rabbits (Rabbit-1 and Rabbit-2). C. Difference of quantitative
total Cx43 raw data between the two confocal images obtained from Rabbit-1 and Rabbit-2 LA. D. A comparable amount of total Cx43 between the
two rabbit LA samples when Cx43 raw data was normalized to N-Cad. E. Immunoblotting image of total Cx43 and GAPDH protein expression in
Rabbit-1 and Rabbit-2 LA tissue homogenates. F. Comparison of quantitative immuno-stained Cx43 signal intensity with or without N-Cad
normalization in aged rabbit LA.
doi:10.1371/journal.pone.0104357.g005
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pixels had relatively high IB (IB.mB+0.9sB) and low IR (IR,mR+
0.25sR) as well as medium IG (mG+0.75sG,IG ,mG+2sG). Any

pixels identified as being both collagen and muscle/nuclei were

removed from the collagen group to avoid overestimation of IC.

IC was then taken as the fraction of collagen pixels relative to total

tissue pixels. Fig. 7 shows an example of the procedure with one

image from an MT-stained section (A) segmented for assembly of

grayscale images including tissue/nuclei (B), unstained white space

(C) and collagen (D) from the original image.

In the atrium from healthy aged rabbits with normal cardiac

function, we have previously discovered an unchanged interstitial

collagen deposition using this quantitative algorithm. Now we

quantified interstitial collagen in human left atrial appendage from

the healthy donor hearts that had normal cardiac function without

coexisting cardiac diseases but were not used for heart transplant

for technical reasons. Fig. 7E shows that advanced age was not

associated with a changed amount of interstitial collagen

deposition. This result of human atrium is consistent with our

previous findings in aged rabbit atrium.

Discussion

We are the first to report this unique quantitative algorithm to

quantify not only distribution but also abundance of gap junctions

from cardiac tissue sections. Our main innovation involved

development of a quantitative blur algorithm that used N-Cad

as an internal reference to quantify both distribution and

abundance of Cx43 from Cx43/N-Cad double immuno-stained

cardiac tissue sections. In addition, we have developed a

computer-based collagen quantification algorithm to collectively

quantify interstitial collagen, excluding unstained empty areas on

Masson’s Trichrome stained histological slides. Our results suggest

that these approaches could minimize potential overestimation or

underestimation of GJ and IC in healthy and diseased hearts.

It is known that the relative amount and distribution of

connexins influence electrical and chemical signal propagation

throughout the heart [6,7]. However, the importance of accurately

quantifying GJ protein distribution in Cx43 immuno-stained

images from diseased and aged hearts is underemphasized. For

example, a reduced amount but unchanged distribution of Cx43

(the predominant connexin in ventricular GJ channels) in left

ventricular epicardium was found to be associated with slowed

Figure 6. Comparing results of quantitative Cx43 distribution and abundance using layer-by-layer and maximum projection
imaging quantification. A. Representative sequential confocal images of Cx43 (green) and N-Cad (red) double immuno-stained young rabbit LA
from focal layer 1 to layer 6. B. Histogram of quantified Cx43 immuno-stained signals from the maximum projection image. C-D. Summarized data of
quantified Cx43E-E and Cx43S-S on young rabbit LA (n = 3; 53 images of each rabbit LA section) using layer-by-layer (B) and maximum projection (C)
imaging quantification approaches. D. Pooled data of quantified Cx43E-E and Cx43S-S in young and aged rabbit LA using Layer-by-Layer imaging
quantification from Z-stack confocal images (n = 4, 5; *p,0.001).
doi:10.1371/journal.pone.0104357.g006
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ventricular conduction in a rapid pacing canine model of heart

failure (HF), while significantly increased lateralization (enhanced

redistribution) of Cx43 and slowed ventricular conduction in left

ventricular epicardium was reported by others in the same canine

HF model [21,35]. Cardiac muscle fibers, especially atrial

myocardial fibers, are circumferentially and longitudinally ar-

ranged in a three-dimensional myocardial space. Abundance and

distribution of GJ proteins could be dramatically different when

the dissected imaging focal plane of the myocardium is different.

In addition, various specimen conditions such as sample-to-sample

and run-to-run variations during tissue sectioning could also cause

quantitative result variance. Hence, underestimation or overesti-

mation of GJ remodeling could occur unless the confounding

variables are minimized.

Cadherin is a major structure in the junctions within the

intercalated discs between the two ends of two adjacent myocytes.

N-Cad is a predominant cadherin molecule expressed in cardiac

tissue. Studies suggest that it is an essential component in

anchoring Cx43 at the ID for functional GJ formation [32], and

conditional deletion of the N-Cad gene leads to ID disruption with

loss of Cx43 [17]. In addition, N-Cad is also found to be

unchanged in failing and aged hearts [16,20,21]. Thus, it is

uniquely suited to serve as a housekeeper for GJ quantification. To

the best of our knowledge, the published literature related to

immunostained Cx43 quantification either did not include details

about the method used to quantify the immunostained Cx43 or

used pixel-by-pixel matched method for N-cad normalized Cx43

[36–38]. While valuable in its own right, such housekeeping is

likely to prove beneficial as quantitative analyses mature from

application in more structurally homogeneous ventricular prepa-

rations to preparations like atrial muscle in which section

differences on dissected imaging focal planes are typically more

pronounced. In using N-Cad as a housekeeping reference for

Cx43, we emphasize that we identify a one-to-one match in which

all pixels of the two types aligned with one another, but we also

found abundant Cx43 pixels in close proximity in N-Cad located

ID areas in both rabbit and human atria. While N-Cad mediated

cell-cell adhesion is a prerequisite for Cx43 channel formation,

spatial and temporal appearance and distribution between

adherens junctional complex and Cx43 was discovered

[2,3,17,29]. In Cx43 and N-Cad double immunostained images,

disproportional amounts of colocalized Cx43 and N-Cad and

interior localization of N-Cad to Cx43 plaque was found in a

number of cellular systems such as NIH3T3 cells, HeLa cells, and

rat cardiomyocytes [29–31]. In this regard, we note that our Cx43

immunoprecipitation results from human atrium also revealed N-

Cad associated with Cx43 as one of the components [26,27,34] of

a Cx43 macromolecular complex. We believe the main value in

anchoring pixels comprising the ID for segmentation into Cx43E-E

and Cx43S-S types was that stellate Cx43 pixels in close proximity

to N-Cad in such regions were considered as Cx43E-E. To

complete this analysis we developed a novel blur algorithm in

which optimal radii for DNCUs were quantified from differences

between the first and second plateaus following iterative adjust-

ment of IPD. Iterative adjustment was beneficial in that the first

plateau provided a quantitative measure of Cx43E-E while the

difference between peaks provided a quantitative measure of

Cx43S-S. Thus, we demonstrated that our novel blur algorithm

was able to effectively identify the Cx43 clusters that are in close

Figure 7. Matlab-based algorithm designed to detect interstitial collagen deposition. A. Representative image of Masson’s Trichrome
(MT) stained rabbit LA tissue (collagen = blue, myocardium = red). B-D. Representative grayscale images of myocardium (B), unstained white space
(C), and blue stained collagen (D). E. Summarized data of quantified interstitial collagen (blue area) in healthy human LA with increasing age (n = 18).
doi:10.1371/journal.pone.0104357.g007
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proximity in the N-cad plaque evident from the bi-phase curve of

quantified Cx43 when lateralized Cx43 is present.

Consideration of N-Cad alongside Cx43 as described here

provided a further benefit when used with Z-stack confocal images

because it limited potential artifacts associated with the atrial

muscle’s heterogeneous architecture. Using maximal projection

images, we found potential overestimation of Cx43S-S and

underestimation of Cx43E-E resulting from difficulties in recon-

structing ID regions in adjacent focal layers due to spatial

difference in N-Cad pixel locations along with altered fiber

orientations. Expanding our method to a layer-by-layer approach,

we were able to confirm the previously reported result of markedly

reduced junctions Cx43E-E in aged rabbit LA [16]. Treating

sequential images as volumes in which IDs spanned multiple layers

led to our specific identification of dramatically reduced Cx43S-S

abundance at lateralized sites in aged rabbit LA. The results of

reduced overall Cx43 abundance and unchanged Cx43 distribu-

tion pattern in aged rabbit LA were consistent with our previous

findings that suppressed Cx43 abundance plays a critical role in

impaired intercellular coupling and enhanced propensity for atrial

arrhythmias in aged hearts [16].

In addition to GJ remodeling, interstitial fibrosis may also

impact intercellular coupling by creating a barrier of dense and

disorganized collagen fibrils that physically block gap junctional

channels between adjacent myocytes [22]. This could cause a

slowing of action potential propagation and zigzag-like transverse

propagation that can ultimately lead to an increased susceptibility

to arrhythmias in response to premature stimuli [18,22–25]. To

assess structural remodeling in aged and diseased hearts, MT

staining is a unique three-color staining method that is widely used

for myocardial structures. While image processing with manual

outlining has been the main method used to date, use of RBG-

channel based thresholding as we described here takes advantage

of unique color pixel features, which are the features we

considered in quantifying blue stained collagen in cardiac tissue

sections. In considering our implementation, it is important to

recognize and exclude unstained empty areas due to tissue section

processing from the analyses. That exclusion of empty space could

be an effective approach to limit histological processing-caused

overestimation or underestimation of structural remodeling under

a range of cardiac pathological conditions. Although this

technique does not have the features to correct sample-to-sample

variations, same batch MT staining according to histological

standards could minimize the potential staining variations if a

comparison between sections from different experimental groups

will be made. Because this quantitative method is an automated

program, inter-operator variation from using manual techniques

could be eliminated. From using this interstitial collagen quanti-

tative algorithm, we discovered that the amount of interstitial

collagen deposition was unchanged with advanced age in human

atrium from the healthy donor hearts without coexisting heart

diseases. This is consistent with the result obtained from aged

rabbit atrium.

Taken together, we have provided comprehensive information

regarding our novel and unique quantitative algorithms for

assessing cardiac gap junction distribution and abundance as well

as interstitial structural remodeling. The results of using the two

novel methods will significantly improve our understanding of

functional consequences of molecular and structural remodeling in

cardiac arrhythmia development in aged and diseased hearts.
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