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Copyright © 2007 AHCQuantitative colocalization analysis is an advanced digital imaging tool to examine antigens

of interest in immunofluorescence images obtained using confocal microscopes. It employs

specialized algorithms to estimate the degree of overlap of fluorescence signals and thus

enables acquiring important new information not otherwise obtainable using qualitative ap-

proaches alone. As raw confocal images have high levels of background, they should be

prepared to become suitable for reliable calculation of colocalization coefficients by correct-

ing it. We provide concise theoretical basis of quantitative colocalization analysis, discuss its

limitations, and describe proper use of the technique. The use of quantitative colocalization

analysis is demonstrated by studying bile salt export pump and multidrug resistance asso-

ciated protein 2 in the liver and major basic protein and platelet activating factor receptor

antigens in conjunctiva. The review is focused on the applicability and correct interpretation

of the results of colocalization coefficients calculations.
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I. Introduction

Colocalization of antigens is frequently observed by

cell and molecular biologists studying them in situ. Antigens

appear colocalized when immunohistochemical staining is

performed to detect two or more antigens in the same sec-

tion. Colocalization is detected by correspondent antibodies

with different excitation spectra when staining of antigens

visualized in different colors overlaps. Observation of colo-

calized antigens usually provides solid support for their

common structural and functional characteristics [29, 30,

33].

The phenomenon of colocalization can be readily ob-

served using images obtained with the help of confocal mi-

croscopes. These microscopes provide resolution required

for viewing colocalization in images clearly. However, in

the majority of cases it is not enough to only observe colo-

calization of studied antigens; significantly more important

information can be obtained when estimating colocalization

quantitatively. A number of recent reports employing quan-

titative colocalization analysis reflects a steadily growing in-

terest to this tool [1, 2, 7, 13, 22, 24, 25, 32]. It is important

that quantification of colocalization allows to follow the

changes of its degree in dynamics and therefore information

about degree of colocalization can considerably extend the

applicability of qualitative observations [7, 33].

Proper use of quantitative colocalization analysis re-

quires a certain degree of knowledge in the field, which is

needed to avoid mistakes when using this tool [21]. Here, we

summarize the knowledge needed to perform this analysis

correctly. We review theoretical basis of quantitative colo-

calization and provide examples of its use. We also describe

limitations of confocal images and give practical guidance

on how the analysis should be carried out. The review is in-

tended to serve as a concise guide for researchers perform-

ing quantitative colocalization analysis.
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II. What Is Colocalization?

Colocalization can be explained as an existence of the

signal at the same pixel location when examining multi-

channel fluorescence microscopy images. The channels are

generated by two or more different fluorochromes when

visualizing respective antigens and examining the same

sample region. Although observation of colocalization of

the antigens of interest itself does not provide direct proof

of their functional relationship, it does give to researchers

valuable clues regarding their structural and functional

characteristics.

III. How Colocalization Analysis Is Performed

Colocalization is typically shown by presenting a plate

of three images consisting of fluorescence for red and green

channels, as well as a third merged image where the chan-

nels are combined and overlapping pixels turn yellow. It is

crucial that the analysis includes exclusively antigens of in-

terest and excludes any unspecific events generated by back-

ground and noise. The analysis is assisted by computer soft-

ware. The software estimates the degree of colocalization

according to specialized algorithms within the selected re-

gion of interest (ROI). The analysis is based on evaluation of

color components of the selected pair of channels.

The proper assessment of colocalization requires back-

ground correction, i.e. defining the value of pixels intensity

for the purpose of separating the features of interest from the

rest of the image and then removing those pixels (see be-

low). Quantitative colocalization analysis produces a num-

ber of coefficients for estimating the degree of colocaliza-

tion (described in details below) as well as enables to view

actual areas of colocalization on the images. The distribution

of pixels according to channels can be viewed in two-dimen-

sional scatter gram [5, 8]. Scatter gram represents informa-

tion about image file and in itself is useful for the approxi-

mate estimation of the degree of colocalization in a given

image [34] (Fig. 1). It can be embedded into the image to

demonstrate its unique colocalization profile (Fig. 2).

IV. How Images with Colocalization should Be 
Acquired and Processed

Accurate estimation of colocalization depends on the

quality of the images to be analyzed [5]. To obtain images of

sufficient for the analysis quality [27], the following rules

should be observed:

1. How to prepare colocalization sample:

a) Make sure that your chosen fluorophores have well-

separated excitation and emission spectra.

b) Confirm specificity and the absence of cross-

reaction of the used antibodies.

c) Do not change the mounting medium for your sam-

ples, as it may eventually change the level of background

fluorescence.

d) Determine the level of autofluorescence by using

unstained samples.

e) Use anti-fading reagents only if they are absolutely

necessary.

2. How to properly set confocal microscope:

a) To avoid bleed-through effect, use optimized emis-

sion filters which help to maximize emission collection.

b) Remember to use plain chromatic lenses for reduc-

tion of chromatic shift.

c) Take care of the proper set up of the size of micro-

scope pinhole.

d) Do not change objective lens when observing sam-

ples you plan to compare.

3. How to best acquire and handle images:

a) Avoid acquiring too bright and too high contrast

images, as it will result in their saturation.

b) Do not acquire images simultaneously, use only se-

quential scanning. It will help to minimize the bleed-through

effect.

c) When saving image using confocal microscope,

choose TIFF graphics file format only (saving files in JPEG,

PICT, BMP, etc. will result in loss of image data needed for

Fig. 1. Examples of scatter grams produced by colocalization analysis software and indicating differences of pixels distribution in analyzed

images (A–C). Scatter grams show distribution of pixels in images according to selected pair of channels, in this case red-green. Colocalized

yellow pixels are located along the diagonal. Note the split, “two-tailed” shape of scatter gram C. It shows the lowest percentage of colocalized

pixels.
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quantitation).

d) Avoid manipulation of your images in graphics-

editing programs (Adobe Photoshop, GraphicConverter,

etc.), as it may make them fully unusable for quantitation

purposes.

V. Limitations of Confocal Images and 
Importance of Background Correction

It is important to remember that confocal images suffer

from a high level of background noise [5]. This level can

reach as much as 30% of maximum image intensity [16].

Thus, prior to performing measurements of colocalization,

background of the images to be analyzed needs to be proper-

ly assessed and corrected. Erroneous background handling

can complicate the reliability of a quantitative estimation of

fluorescence imaging experiments. The extent of back-

ground correction depends on a variety of factors, including

the intensity of immunofluorescence and the models of mi-

croscopes used to acquire images (Fig. 3). This step is highly

critical and will impact the outcome of coefficients calcula-

tion. It should be pointed out that the latest colocalization

software offers ready-to-use presets based on special algo-

rithms for correcting background. These presets take into

consideration the most common types of confocal images

suffering from different levels of background and provide

the possibility to correct background in one click. This ap-

proach also helps to ensure that all analyzed images were

corrected exactly in the same way in one session and allows

to re-use these settings in other sessions.

VI. Controlling Background Levels Using 
Filtering and Deconvolution

It should be noted that background can be partially sup-

pressed using filtering and deconvolution [9, 26]. Filtering

recovers a pixel value from surrounding areas and computes

a weighted average. However, it results in loss of resolution

as well as may result in artifacts. Deconvolution uses the im-

aging properties of the optical system in the form of point

spread function for “putting the light back where it is coming

from”. This technique improves background levels and pro-

duces more contrasted images. Drawbacks of deconvolution

technique are as follows: 1) the need to exactly estimate the

Fig. 2. Scatter gram of the analyzed image can be embedded into it to demonstrate its colocalization profile. Immunofluorescence of Mrp2 and

Bsep proteins in the rat liver is shown on this image. An embedded scatter gram in upper left corner of the image estimates the amount of each

detected antigen based on colocalization.
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background and signal/noise ratio; 2) the need to employ

very powerful computers; 3) the method is time consuming

[16]. It needs to be mentioned that deconvolution technique

should be used carefully, as it can introduce an unwanted

bias, which may affect the colocalization results.

VII. Importance of Cross-talk Reduction

Another obstacle in obtaining reliable colocalization

coefficients results is a cross-talk of fluorophores [4]. Cross-

talk is a common problem when performing multiple fluoro-

phore labeling experiments. High degree of cross-talk makes

confocal images unusable for quantitative colocalization

analysis. Though cross-talk can be hardly avoided complete-

ly, it can be significantly minimized by employing sequen-

tial laser scanning. Sequential scanning helps to minimize

cross-talk between fluorophore channels by exciting each

dye individually and then assembling obtained images into

the final one [3, 10]. Although the latest models of confocal

microscopes claim to provide a significantly improved

cross-talk handling, it is still recommended to use sequential

scanning for the images to be analyzed.

VIII. Coefficients Used to Estimate 
Colocalization

Colocalization is estimated using specially developed

algorithms which calculate a number of respective coeffi-

cients, such as Pearson’s correlation coefficient, overlap co-

efficient according to Manders, colocalization coefficients

m1 and m2, colocalization coefficients M1 and M2, and

overlap coefficients k1 and k2 [1, 19, 33, 34] were devel-

oped according to which colocalization can be evaluated

quantitatively [5, 20]. These coefficients use different ap-

proaches to evaluate colocalization and have different sensi-

tivity and applicability:

Pearson’s correlation coefficient is one of the standard

measures in pattern recognition:

where S1 represents signal intensity of pixels in the channel

1 and S2 represents signal intensity of pixels in the channel

2; S1aver and S2aver reflect the average intensities of these re-

spective channels. It is used for describing the correlation of

the intensity distributions between channels. It takes into

consideration only similarity between shapes, while ignor-

ing the intensities of signals. Its values range between −1.0

and 1.0, where 0 indicates no significant correlation and

−1.0 indicates complete negative correlation. Negative

values of Pearson’s correlation coefficient, however, should

be interpreted very cautiously. If you have obtained the

values of this coefficient below 0, we recommend switching

to Manders’ overlap coefficient.

Overlap coefficient according to Manders indicates an

overlap of the signals and thus represents the true degree of

colocalization:

where S1 represents signal intensity of pixels in the channel

1 and S2 represents signal intensity of pixels in the channel

2. This coefficient is not sensitive to the limitations of typi-

cal fluorescence imaging, such as efficiency of hybridiza-

tion, sample photobleaching, and camera quantum efficien-

cy. Its values are in the range from 0 to 1.0. If the image has

overlap coefficient 0.5, it implies that 50% of both its ob-

jects, i.e. pixels, overlap. A value of zero means that there

are no any overlapping pixels.

Fig. 3. Background correction removes pixels of certain levels and helps to ensure reliability of colocalization coefficients calculations. Exam-

ples of scatter grams produced by colocalization analysis software without (A) and with (B, C) corrected background. Black areas along X and

Y axes in B and C indicate removed pixels. Scatter gram C has maximum pixels removed by background correction.
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Colocalization coefficients m1 and m2 describe contribu-

tion of each one from two selected channels to the pixels of

interest:

where S1i,coloc = S1i if S2i > 0 and S2i,coloc = S2i if S1i > 0. For

example, if the red-green pair of channels is selected and m1

and m2 are 1.0 and 0.2, respectively, this means that all red

pixels colocalize with green pixels, but only 20% of green

pixels colocalize with red ones. The value of 1.0 for both

channels indicates perfect colocalization.

Colocalization coefficients M1 and M2 are identical to m1

and m2, but applied to analyzing scatter gram ROI:

where S1i,coloc = S1i if S2i > 0 and S2i,coloc = S2i if S1i > 0, but,

in contrast with m1 and m2 coefficeints, their applicability

should be limited to the cases when scatter gram ROI is

analyzed.

Overlap coefficients k1 and k2 split the value of colocal-

ization into a pair of separate parameters:

where S1 represents signal intensity of pixels in the channel

1 and S2 represents signal intensity of pixels in the channel

2. They depend on the sum of the products of the intensities

of two channels and are sensitive to the differences in the in-

tensities of signals.

Summary of the comparison of these coefficients is

given in Table 1. What coefficient to use depends on the

images to be examined. In the majority of cases, Pearson’s

correlation coefficient provides clear and applicable results.

However, if one antigen is stained stronger than another,

then overlap coefficient according to Manders should be em-

ployed, as it allows to quantify colocalization coefficients in

such images more reliably. Coefficients for the antigens

on image with embedded scatter gram shown on Figure 2,

for example, are as follows: Pearson’s correlation coeffi-

cient=0.88, overlap coefficient according to Manders=0.92,

colocalization coefficients m1 and m2=0.97 and 0.99, re-

spectively, and overlap coefficients k1 and k2=1.24 and

0.68, respectively. These numbers suggest colocalization of

bile salt export pump (Bsep) with multidrug resistance-
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Table 1. Brief comparison of coefficients used to estimate colocalization with their meanings, ranges of values, and use

Coefficients Meaning Values Use

Pearson’s correlation coefficient 
[19].

Describes the correlation of the 
intensity distribution between 
channels [5, 20].

From –1.0 to 1.0; 0 indicates no 
significant correlation and –1.0 
indicates complete negative cor-
relation.

Can be used in any colocalization 
experiment.

Overlap coefficient according to 
Manders [19].

Indicates an actual overlap of the 
signals, represents the true degree 
of colocalization [5, 20].

From 0 to 1.0; 0.5 implies that 
50% of both selected channels 
colocalize.

Can be used in any colocalization 
experiment, especially applicable 
when fluorescence of one antigen 
is stronger than of the other.

Colocalization coefficients m1 
and m2 [34].

Describe contribution of each one 
from two selected channels to the 
pixels of interest [5, 20].

From 0 to 1.0; m1 and m2 of 1.0 
and 0.2 for red-green pair imply 
that all red pixels colocalize with 
green, but only 20% of green 
pixels colocalize with red.

Can be used in any colocalization 
experiment.

Colocalization coefficients M1 
and M2 [5, 20].

Identical to m1 and m2, but 
applied to analyze scatter gram 
ROI [5, 20].

From 0 to 1.0; m1 and m2 of 1.0 
and 0.2 for red-green pair imply 
that all red pixels colocalize with 
green, but only 20% of green 
pixels colocalize with red.

Can be used in any colocalization 
experiment.

Overlap coefficients k1 and k2 
[33].

Split the value of colocalization 
into the two separate parameters, 
allows to determine the contribu-
tion of each antigen to the areas 
with colocalization [5, 20].

Vary. Can be used in any colocalization 
experiment.
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associated protein 2 (Mrp2) proteins at the canalicular

domain of the hepatocyte plasma membrane and justify

results of previous observations [23, 35].

IX. Examples of Practical Use

Bile canalicular transporters

Colocalization of Mrp2 and Bsep proteins in the liver

was studied following experimentally induced cholestasis

[34]. Rats were injected intraperitoneally with either lipo-

polysaccharide (LPS) (2 mg/kg body weight) [28] or vehi-

cle as a control. LPS from Escherichia coli 055:B5 (Difco

Laboratories, Detroit, MI, USA) was dissolved in sterile

physiological saline (0.9% NaCl, w/v). The animals were

killed 2, 24, and 48 hr, and 1 week after injection. Livers

were cut into pieces less than 1-mm thick, embedded in

O.C.T. (Optimal Cutting Temperature) compound, and fro-

zen in liquid nitrogen. Then, 8–10-µm-thick cryostat sec-

tions were picked up on glass slides, air-dried, and fixed in

acetone. Bsep and Mrp2 antigens were examined using anti-

Bsep (a generous gift of Dr. Bruno Stieger, Department of

Medicine, University of Zurich, Switzerland) and anti-Mrp2

(goat) (Santa Cruz Biotechnology, Santa Cruz, CA, USA)

antibodies, both diluted 1:100, for 1 hr. Sections were incu-

bated with the mixture of corresponding secondary antibod-

ies (conjugated with Alexa 488 and Alexa 594, respectively)

(Molecular Probes, Eugene, OR, USA), diluted 1:400, for

another 1 hr. In controls, primary antibodies were omitted

from the labeling process. Sections were then examined

using a confocal laser scanning microscope (CLSM) LSM

410 (Carl Zeiss, Jena, Germany). An immersion-oil Plan-

Neofluar 40/0.75 objective was used. Double fluorescence

for green and red channels was imaged using excitation of

an argon-krypton laser at the wavelength of 488 and 543

nm. Double-stained images were obtained by sequential

scanning for each channel to eliminate the “cross-talk” of

chromophores and to ensure the reliable quantification of

colocalization [8, 9]. Images were acquired and processed

for colocalization analysis in TIFF format. Confocal images

were then transferred to computer for analysis. Quantitative

Fig. 4. Images showing immunofluorescence of Mrp2 (green) and Bsep (red) proteins in the liver (A) and changes of their colocalization pattern

following LPS administration (B–E). Colocalization of Bsep and Mrp2 is revealed by the overlap of signals resulting in yellow staining. An

embedded scatter gram estimates the amount of each detected antigens based on colocalization. Colocalized pixels of yellow color are located

along the diagonal of scatter gram. The image of liver section of intact rats (A) reveals continuous staining of the bile canaliculi and precise

colocalization of Mrp2 and Bsep antigens at them (arrows). The pattern of immunostaining changes 2 hr after injection of LPS (B), with the

appearance of fuzzy-looking areas of fluorescence of both proteins and weaker delineated canaliculi (thick arrows). At 24 hr, the pattern of

immunostaining changes further (C). Note dots of immunofluorescence of both proteins in subapical areas of hepatocytes (arrowheads). At 48

hr (D), in addition to canaliculi, immunostaining of Mrp2 appears at the basolateral domain of hepatocytes as well (double arrows). The split,

“two-tailed” nature of the scatter gram is most pronounced at the time when colocalization coefficients show the lowest numbers (D). By 1

week, sections reveal immunostaining resembling that seen in intact animals (E). Magnification=×400. Copyright 2005 John Wiley & Sons.

Reproduced with permission.
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analysis was performed employing CoLocalizer Pro of

CoLocalization Research Software. Background was cor-

rected in Auto mode by selecting image pattern preset at

“Average Contrast and Fluorescence”. ROIs were selected

using lasso tool to include as minimum areas without

fluorescence as possible. Pearson’s correlation coefficient

(PCC), an overlap coefficient according to Manders (MOC),

and overlap coefficients k1 and k2 were examined.

Mrp2 and Bsep proteins were detected in intact animals

exclusively at the bile canaliculi and colocalized (Fig. 4A).

This observation of colocalization was supported by the

results of coefficients calculations: PCC was 0.996, while

MOC was 0.992 (Fig. 5A, B). LPS administration resulted

in the appearance of fuzzy-looking areas of fluorescence of

Mrp2 and Bsep proteins around bile canaliculi 2 hr after in-

jection (Fig. 4B). Then, by 24 hr, immunofluorescence for

both proteins had become detectable in subapical areas of

hepatocytes (Fig. 4C). At 48 hr, in addition to canaliculi, im-

munostaining of Mrp2 appeared at the basolateral domain of

hepatocytes as well (Fig. 4D). By 1 week, sections revealed

immunostaining resembling that seen in intact animals

(Fig. 4E). PCC decreased after exposure to LPS reaching its

lowest level at 48 hr after injection (0.712) and then recov-

ered by 1 week to 0.887 (Fig. 5A). Similarly, MOC de-

creased and reached 0.685 at 48 hr and by 1 week recovered

to 0.717 (Fig. 5B). Therefore, the changes of morphological

distribution of Mrp2 and Bsep proteins were in agreement

with the results of PCC and MOC coefficients calculations.

It should be noted that calculation of PCC and MOC

showed significant decrease of their numbers as compared to

controls, which can not be explained merely by relocation

of Mrp2 protein toward the basolateral membrane. These

results revealed a more complex mechanism of the reaction

of Bsep and Mrp2 to LPS challenge that can be envisioned

evaluating images qualitatively only. The complexity of this

reaction was supported by the results of calculation of over-

lap coefficients k1 and k2 too. These coefficients showed

different contribution to colocalization of Mrp2 and Bsep

proteins in intact and experimental animals. In intact rats,

Mrp2 contributed to colocalization with Bsep more (1.24 for

Mrp2 and 0.75 for Bsep) than Mrp2. Their contribution was

equal at 24 hr after LPS administration. By 1 week, Mrp2

and Bsep proteins changed their roles, i.e., contribution of

Mrp2 was 0.78, while contribution of Bsep was 1.21

(Fig. 5C). Thus, the results of coefficients calculations

helped to find out more about the mechanism of involve-

ment of Bsep and Mrp2 proteins in hepatocytes following

LPS administration than it was possible to do using morpho-

logical experiments only.

Eosinophils in conjunctiva

Colocalization analysis has been employed to quantify

the degree of colocalization of major basic protein (MBP)

and platelet activating factor receptor (PAF-R) antigens on

eosinophils in the course of PAF-induced conjunctivitis

[33]. Male Brown Norway rats were used in this experiment.

Eyes were challenged with 1% solution of PAF. PAF was

Fig. 5. Changes of Pearson’s correlation coefficient (PCC) (A),

overlap coefficient according to Manders (MOC) (B), and overlap

coefficients k1 and k2 (C) following LPS administration. PCC

shows its lowest level at 48 hr. By 1 week, it restores its value,

although does not reach the control levels. MOC shows a steady

decrease of the degree of colocalization of Mrp2 and Bsep proteins.

The speed of decrease slows at 48 hr, where it reaches its lowest

level, then slightly increases by 1 week. K1 and k2 coefficients

indicate the contribution of Bsep and Mrp2 proteins to the process

colocalization. In the intact animals, Bsep contributes to the

colocalization more than Mrp2. By one week, they change roles.

CoLocalizer Pro software was used to calculate colocalization

coefficients. An average of coefficients of three examined samples

for each time point is shown. P<0.05. Error bars indicate standard

deviation. Copyright 2005 John Wiley & Sons. Reproduced with

permission.
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purchased either from Cayman (Cayman Chemical, Ann

Arbor, MI, USA) or from Alexis Biochemicals (Tokyo,

Japan) and prepared according to the manufacturer’s rec-

ommendations. Eyes were collected 30 min, 2, 6, and 24

hr following PAF instillations. In controls, PBS was used

instead of PAF solution. Eyes were harvested with intact

conjunctivas. Sections (6 µm thick) were cut using a cryo-

microtome. After fixation, sections were incubated with anti-

PAF-receptor (Cayman Chemical, Ann Arbor, MI, USA)

and anti-major basic protein (MBP; Biodesign International,

Saco, ME, USA) primary antibodies. Sections were then ex-

posed to the corresponding secondary antibodies (conjugated

with Alexa 488 and Alexa 594; Molecular Probes, Eugene,

OR, USA), diluted 1:400. In controls, primary antibodies

were omitted from the labeling process. Confocal immuno-

fluorescence microscopy and quantitative colocalization

analysis were performed as described above. Background

was corrected using the threshold value for all channels to

remove background and noise levels completely. PCC,

MOC, and overlap coefficients k1 and k2 were examined.

Confocal immunofluorescence microscopy showed the

expression of PAF-R on eosinophils in all examined samples

and at all time points, including controls, indicating the

presence of PAF-R on eosinophils even in the intact state

(Fig. 6A). Quantitative colocalization analysis demonstrated

high degree of colocalization even in controls (Fig. 7C).

Eventually, it showed a gradual increase as the PAF-induced

inflammation developed. In intact animals, PCC was 0.890,

MOC was 0.886. At 30 min after PAF administration, PCC

was 0.901, MOC was 0.899, and at 2, 6, 24 hr the coeffi-

cients were: 0.945, 0.939, 0.973, and 0.972, 0.992, 0.995 re-

spectively. It is important to note, that the two coefficients,

namely PCC and MOC, while revealing the different aspects

of the colocalization process, showed similar pattern of

changes, proving the applicability of the calculations to in-

vestigate the degree of colocalization of antigens.

Interestingly, when the number of infiltrating eosino-

phils started to decrease (Fig. 7A) and clinical signs of

the inflammatory reaction almost vanished (by 24 hr after

PAF administration), the number of PAF-R positive cells

(Fig. 7B) and the degree of colocalization (Fig. 7C) still kept

increasing. These findings might indicate that eosinophils

found in the conjunctiva sections at this time point main-

tained an elevated expression of PAF-R. On the other hand,

they might reflect the changes of the expression of PAF-R

antigen by other cells. Calculation of two more colocaliza-

tion coefficients, K1 and K2, has helped to shed the light on

these questions. It was found that the degree of PAF-R ex-

pression was gradually increasing during our experiment (in

control animals, coefficient K1, reflecting the impact of

PAF-R antigen, was 0.857, 30 min after PAF instillation, it

was 0.905, at 2, 6, 24 hr it was 0.934, 0.994 and 1.048 re-

Fig. 6. Confocal immunofluorescence microscopy of conjunctiva sections stained with anti-PAF-R (red fluorescence) and anti-MBP (green flu-

orescence) antibodies. Embedded scatter gram in the upper left corner of the image estimates the amount of each detected antigen based on

colocalization of PAF-R (red, y-axis) and MBP (green, x-axis). Colocalized pixels of yellow color are located along the diagonal of the scatter

gram. All shown images reveal colocalization of PAF-R and MBP antigens at different time points (arrows) (A–E). See text for details. Magni-

fication=×400. Copyright 2005 Molecular Vision. Reproduced with permission.
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spectively), while expression of MBP antigen decreased (K2

coefficient, reflecting the impact of MBP antigen to the pro-

cess of colocalization, was 1.131 in the intact animals, at 30

min, 2, 6, and 24 hr K2 was 1.087, 1.049, 0.992 and 0.947,

respectively) (Fig. 7D). These data gave the reason to con-

clude that administration of PAF caused a further increase of

the degree of PAF-R expression by eosinophils even when

the severity of inflammatory reaction was fading. Interest-

ingly, the peak of the number of infiltrating eosinophils

detected using histological examination coincided with the

moment, at 6 hr after PAF administration (Fig. 4A), when

K1 equaled K2 (Fig. 7D), i.e., when the intensities of

MBP and PAF-R antigen signals were the same. After this

period of time, the K1 continued to grow, but the number of

infiltrating eosinophils was no longer increasing. This might

imply that the interaction of both PAF-R and MBP antigens

with PAF is required for the recruitment of eosinophils.

Quantitative colocalization analysis helped to determine that

the recruitment of eosinophils in PAF-induced conjunctivitis

is accomplished via direct action of PAF toward the PAF-R.

These findings and other important conclusions would have

been impossible to make without performing quantification

of colocalization of MBP and PAF-R antigens.

X. Future Perspectives

Utility of quantitative colocalization analysis is sup-

ported by the constant improvement of the quality of images

produced by confocal microscopes and by the introduction

of various image-processing techniques, which enhance sig-

nal-to-noise ratio and improve suitability of images for this

analysis [15]. In addition, new algorithms for estimating

colocalization have been introduced [6, 31]. Algorithm de-

veloped by Costes et al. (2004) introduced a novel statistical

approach that quantifies the amount of colocalization in an

image quantitatively, removing the basis for visual interpre-

tation. This algorithm can be applied to study colocalization

on three-dimensional (3D) sets of cells. It remains to be seen

whether this new algorithm will be adopted and whether it

will bring further improvements to this important technique.

Other complex approaches using automated image analysis

for 3D quantification have the potential to be applied for

quantitative colocalization analysis as well [17]. It should be

noted that newly developed algorithms attempt to consider

various important factors, such as the ratio of intensity of

fluorescence of individual fluorophores, the effect of fluo-

rescence fading, and even the number of times the section

Fig. 7. Dynamical changes of the expression of antigens. Dynamical changes of MBP expression as a time course of the changes of the number

of MBP-positive cells are presented (A). An average of the data of three examined samples for each time point is presented. P<0.05. Time

course of the changes of the number of immuno-positive cells demonstrates the dynamical changes of PAF-R expression in the conjunctiva (B).

An average data of three examined samples for each time point is presented. P<0.05. Overlap coefficient K1, reflecting the impact of PAF-R

antigen, shows that the degree of PAF-R expression increases during the course of PAF-induced conjunctivitis. The impact of MBP antigen to

the process of colocalization reflected by the K2 overlap coefficient decreases by 24 hr after PAF administration (C). An average data of three

examined samples for each time point is presented. P<0.05. Quantitative analysis shows a steady increase of the degree of colocalization as a

result of PAF administration (D). CoLocalizer Pro software was used to calculate colocalization coefficients. An average of MOC and PCC of

three examined samples for each time point is shown. P<0.05. Copyright 2005 Molecular Vision. Reproduced with permission.
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was scanned prior to saving the image of interest [12]. When

applied to quantitative colocalization analysis, these algo-

rithms should be capable of producing more accurate and re-

producible coefficients results. Another new and exception-

ally promising trend in quantitative colocalization analysis is

single-molecule colocalization in living cells [11, 14, 18].

Although this technique requires improvements of signal/

noise and signal/background ratios, it offers a more robust

measure of colocalization and can produce more applicable

results.

XI. Conclusion

We used quantitative colocalization analysis to demon-

strate changes of localization of Bsep and Mrp 2 antigens in

liver and MBP and PAF-R antigens in conjunctiva using

confocal microscopy images and characterized their dynam-

ics in experimentally induced cholestasis and in the course

of PAF-induced conjunctivitis, respectively. The use of

quantitative colocalization allowed to objectively compare

changes of colocalization of the antigens of interest. It also

allowed to measure the contribution of each particular anti-

gen to the process of colocalization and to compare the ex-

tent of their contribution. The use of advanced computer

software made quantitative colocalization analysis an auto-

mated and easily reproducible procedure.

The following should be remembered and strictly ad-

hered to for proper execution of quantitative colocalization

analysis: 1) Images should be obtained by sequential scan-

ning for each channel to eliminate the cross-talk of chro-

mophores and to ensure the reliable quantification of colo-

calization and then saved in TIFF format to prevent the loss

of information. 2) Images should have their background cor-

rected by removing pixels of unwanted levels. For the results

to be comparable, background correction settings should be

the same for all images in a study. 3) The most applicable

coefficients are Pearson’s correlation coefficient and over-

lap coefficient according to Manders. 4) Colocalization co-

efficients results should be applied depending on the ana-

lyzed images and interpreted strictly within the range of

their corresponding values. This information is summarized

in Table 2.
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