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Abstract— Microscopic images of tissue sections are used for
diagnosis and monitoring of therapy, by analysis of protein
patterns correlating to disease states. Spatial protein distribu-
tion is influenced by protein translocation between different
membrane compartments and quantified by comparison of
microscopic images of biological samples. Cholestatic liver dis-
eases are characterized by translocation of transport proteins,
and quantification of their dislocation offers new diagnostic
options. However, reliable and unbiased tools are lacking. The
nowadays used manual method is slow, subjective and error-
prone. We have developed a new workflow based on automated
image analysis and improved it by the introduction of scale-
free descriptors for the translocation quantification. This fast
and unbiased method can substitute the manual analysis, and
the suggested descriptors perform better than the earlier used
statistical variance.

I. INTRODUCTION

Not only quantitative, but also spatial regulation is of an

utmost importance for the function of individual cells and

organisms. The term toponome describes the temporal and

spatial organization of biological molecules, in particular

proteins, within the structures of the organism, mainly on the

level of cellular, subcellular and supercellular structures [1].

The toponomics analysis (topological proteomics or location

proteomics) focuses on the underlying laws of this spatial

arrangement [2], [3].

Spatial relations can be captured in different dimension-

alities. Translocation studies are based on the quantitative

assessment of marker concentrations in bounded regions

(e.g., nucleus-to-cytoplasm, see [4]). The considered molec-

ular markers can be classified as functional or structural,

with the latter defining reference structures and the former

being the object of interest in terms of spatial relations.

Protein co-localization studies can be based on measuring

and evaluating isotropic distributions of distances between

pixels [1], [5]. If the former is described as a 2-dimensional

analysis, the latter should be regarded as 0-dimensional. The

method described here is based on 1-dimensional modeling

(orthogonal section to a membrane segment).
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Here we suggest an improvement of the automated method

for the toponomics analysis [6]. Translocation of membrane

proteins is quantified by a fast and objective method which

can substitute the manual evaluation.

A. Membrane Protein Translocation Analysis

Relative quantification of subcellular protein translocation

by fluorescence intensity analysis in microscopy images,

either manually or automatically, is a widely-used approach.

Samples for image acquisition are prepared according to

standard protocols. Tissue samples are cut into thin sections

(ca. 5 µm) and proteins are fixed. Structural and func-

tional marker proteins are labeled with fluorochromes by

means of immunohistochemistry. By confocal fluorescence

microscopy, an advanced optical sectioning technique, im-

ages of thin slices (ca. 500 nm) of a thick specimen can

be acquired [7] to reveal spatial information about proteins

in a defined region. Fluorescence intensities are directly

proportional to the protein concentrations providing thus

valuable basis for the analysis.

B. Biological Model

We used the liver as a biological model for the improve-

ment of the translocation analysis. It is a multifunctional

organ with a prominent role in metabolism [8] and has

numerous essential functions. Among them, detoxification,

protein synthesis and formation of bile required for the

digestion are of a great importance.

Hepatocytes, the most abundant cell population of the liver

[9], generate bile flow within bile canaliculi by continuous

secretion of bile salts and other solutes across the canalicular

membrane. The production and export of bile influences

digestion, and thus the normal functioning of an organism.

Displacement of transport proteins from canalicular mem-

branes [10] leads to the decreased export of bile and may

result in cholestatic liver diseases [9]. The short-term regu-

lation of canalicular transport proteins is determined by rapid

endo- and exocytosis of bile salt export pump (Bsep)-bearing

vesicles from and into the cell membrane [11]–[13]. Liver

perfusion in rats demonstrated that hyperosmolarity leads

to rapid retrieval of Bsep from the canalicular membrane,

reduces bile acid secretion and results in cholestasis [13].

The canalicular membrane has a structure of microvilli

(thickness ca. 100-200 nm) [8], which significantly increases

its surface providing space for a large number of transport

proteins. As it is highly folded and not homogeneous, the

protein intensities are captured from those layers which
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Fig. 1. (a) Representative canaliculus suitable for the analysis (green - Zo-1,
red -Bsep). Profiles are extracted orthogonally to the canaliculus (white line).
(b) Corresponding result of the foreground segmentation (white region).

are cut by an optical image plane of approximately 500

nm. Consequently, an obtained intensity distribution profile

reveals a composition of two functions: a protein distribution

across the individual microvillus and spatial folding of the

microvilli. Fluorescent microscopy records the product of

these functions without being able to decompose it. There-

fore we do not aim at obtaining the function of the transporter

distribution across the individual microvillus and work with

the extracted integral intensity profile.

Several toponomic localization studies of Bsep were pub-

lished [11], [12] comparing transport protein distribution by

manual processing of microscopic images. Zonula occludens

1 (Zo-1), a tight junction associated protein, was selected as a

structural marker, as it delimitates the canaliculus and allows

its localization. An example of a canaliculus suitable for the

analysis is shown in Fig. 1. Tight junctions (green lines) run

along the two neighbouring hepatocytes and can be clearly

distinguished. They have to be straight and run parallel to

the image plane of a confocal microscope, while the Bsep

transport proteins are mostly localized in the canalicular

membrane between them. Nowadays, such images are pro-

cessed and the protein translocation is evaluated manually.

II. METHODS

Rat liver tissue is a suitable model, as it is easier to obtain

than human samples. Two datasets were prepared according

to the known protocol: rat livers perfused under normo- and

hyperosmolar conditions [13]. Images obtained by confocal

laser scanning microscopy were studied for the toponomics

of Bsep.

A. Manual Analysis

For manual analysis, measurements are taken where the

Zo-1 immunostaining is undisrupted and run in parallel,

the membrane segments are sufficiently long, straight and

uniform [13]. As shown in Fig. 1, the profile is drawn

orthogonally to a segment, as the protein distribution across

the membrane is of interest. Canalicular diameter in the

rat livers normally varies in the range of [0.8, 2.5 µm]

(empirically determined), so that a profile of 8 µm covers

the canaliculus and a significant part of the adjacent cells.

The fluorescence intensity values from the structural and the

functional markers are extracted along the profiles. Generally,

about 100 profiles per sample are extracted on different

positions to have a statistical basis. This evaluation method

Fig. 2. Average intensity profiles of the (a) control and (b) test datasets.
Green - Zo-1, red - Bsep.

is time consuming, error-prone and subjective, as an expert

decides where to measure profiles based on experience.

B. Intensity Profiles Extraction

Our workflow for the automated image processing and

extraction of the intensity profiles was published earlier

[6]. Briefly, canalicular membrane objects are identified

in the confocal microscopy images using the foreground-

background segmentation function of the Zeta software (Fig.

1) [14]. Following skeletonization of the foreground seg-

ments and pruning of the obtained skeleton yield centric

lines, indicating directions to which canaliculi spread. Fur-

ther, small and bent fragments unsuitable for the analysis are

eliminated.

Intensity profiles are extracted orthogonally to the skeleton

for both structural and functional markers at every selected

position. Firstly, a tangent is fitted to identify the direction of

this particular membrane segment. Then, an orthogonal line

is drawn through this position spreading equally to both sides

of the crossing point. Along this line the pixel intensities

are quantified. Similar to [13], the width of the profile

was increased by calculating the average of several lines.

Later, intensity profiles with suboptimal Zo-1 distributions

are eliminated (for details see [6]). The respective accepted

Bsep profiles are passed to further analysis.

C. Improvement of the Intensity Profile Evaluation

Bsep profiles can be evaluated visually by comparing

average profiles for each dataset. Fig. 2 shows average

intensity profiles for the control dataset (livers perfused in

a normoosmolar buffer) and a test dataset (perfusion in

a hyperosmolar buffer). Compared to the control, average

intensity profiles from the test dataset show translocation

of Bsep from the canalicular membrane into the cytoplasm

by increased intracellular fluorescence intensity (increased

intensities on the tails of the profiles).

Nevertheless, for a statistical analysis, numerical descrip-

tors have to be established to quantify the translocation. We

have evaluated a number of descriptors to identify those

achieving the highest discrimination rate between different

conditions. Previously, the statistical variance of Bsep pro-

files was used to detect the internalization [11]–[13], and

no subregions were distinguished in the profiles. However,

different zones are clearly delimited by the Zo-1 maxima

(tight junctions). The part of the profile between these
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Fig. 3. Suggested zones for intensity profiles

maxima is considered to be the interior of the canaliculus,

while the parts outside the tight junctions are considered

to be cytoplasm. Restricting the analysis to particular zones

might improve the statistical significance of a descriptor.

Zones with fixed length are calculated for the accepted Zo-

1 profiles and applied to the respective Bsep profiles (Fig. 3).

Firstly, two peaks are identified, and the center of the profile

is found. Zone 1 has a length of 0.5 µm, and is centered

between the peaks. Its length was chosen according to the

empirical determination of canalicular width [0.8, 2.5 µm].

The integral intensity of zone 1 reveals the amount of Bsep

in the center of the canaliculus. Zones 2a and 2b (0.5 µm

each) are centered on the peaks. Their intensities indicate

the protein concentration in the canalicular membrane. To

analyze the internalization of transport proteins, intracellular

zones were defined. Zones 3a and 3b (0.5 µm each) describe

intracellular fluorescence intensities close to the canalicular

membrane. Zones 4a and 4b are situated closer to the centers

of the hepatocytes and measure 1.0 µm each.

In the considered case, we assume a translocation along

the profile axis (from center to periphery). We are therefore

looking for a numerical descriptor that varies with the

distribution and maximally discriminates between the two

physiological states and respective transporter distribution

patterns. Integrals of zonal intensities can be compared as

absolute numbers within one image because the zone length

was kept constant in all profiles. However, due to limitations

in the standardization of experimental conditions, immuno-

histochemical experiments do not allow absolute quantity

measurements. Therefore, relative descriptors are preferred,

such as ratios of intensity integrals. In the following, a

number of such scale-free descriptors will be evaluated

(Table I). One of them is presented as an example:

D =
sum(Zone2a+ Zone2b)

sum(Zone4a+ Zone4b)
(1)

Descriptor D is calculated as a ratio of Bsep fluorescence

TABLE I

SUGGESTED DESCRIPTOR FORMULAS FOR THE EVALUATION OF THE

PROTEIN TRANSLOCATION

Descriptor Formula

X sum1 / sum2

Y sum1 / sum3

Z sum1 / sum4

A sum1 / (sum2 + sum3)

B sum1 / (sum3 + sum4)

C sum2 / sum3

D sum2 / sum4

E sum2 / (sum3 + sum4)

intensities at the peaks of the Zo-1 profile relative to the

intensities of Bsep in the cytosol far from the canalicu-

lar membranes. Bsep internalization affects sum(Zone2a +

Zone2b) by broadening of the Bsep intensity profile and leads

to an elevated fluorescence intensity due to Bsep vesicles

in the cytoplasm which increases sum(Zone4a + Zone4b).

As the lengths of zones are kept constant for all profiles,

the values of the descriptor can be easily compared and are

expected to decrease under cholestatic conditions.

D. Statistical tests

The here suggested toponomics analysis aims at the de-

tection of the membrane protein translocation. Therefore,

the null hypothesis states that the Bsep distributions in both

datasets are equal. Applied statistical tests are expected to re-

veal low p-values, indicating significant protein translocation

in the test dataset compared to the control dataset.

The datasets are compared based on variables’ values.

We have performed both evaluations on the statistical vari-

ances and on the newly developed descriptors. An unpaired

Wilcoxon rank sum test was chosen, as it does not make any

assumptions on variables’ distributions [13], can compare

datasets of different sizes, and is widely used in medicine.

The number of the automatically extracted intensity pro-

files is much greater than the number of profiles obtained

manually [6]. As the Wilcoxon rank sum test is sensitive to

a number of data points, it has to be performed on equal

sample sizes (e.g. 100 vs. 100) for objective comparison of

the methods. Therefore, a sampling of 100 profiles from the

automatically extracted ones was repeated 100 times, and the

median p-values were reported. Two datasets are considered

to be significantly distinct if the p-value < 0.05.

III. RESULTS

Two representative datasets of rat liver specimens were

prepared by the University Clinic Düsseldorf and will be

referred to as K (control samples, perfused in a normoos-

molar buffer) and T (livers, perfused in a hyperosmolar

buffer), respectively. K comprises 10 images of different

regions of a sample, while T contains 11 images. Automated

image processing and profile extraction led to obtaining ca.

4000 profiles per image. After the selection process, ca. 150

profiles per image were left. A manual profile extraction

(100 profiles per dataset) was performed. Descriptors were
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TABLE II

COMPARISON OF THE CONTROL AND TEST DATASETS. P-VALUES

OBTAINED IN THE WILCOXON RANK SUM TESTS.

Descriptor
P-value

Manual Automated

X 1.3 e-3 5.5 e-3

Y 1.6 e-21 4.7 e-14

Z 3.3 e-24 2.0 e-18

A 2.0 e-10 1.4 e-6

B 5.7 e-24 6.7 e-17

C 3.7 e-26 6.1 e-20

D 4.3 e-27 4.4 e-23

E 1.1 e-27 1.1 e-22

Variance 3.4 e-17 4.3 e-13

calculated and used for the comparison of the datasets by

the Wilcoxon rank sum test (Table II). The expected result of

the automated translocation analysis is to detect an increased

amount of Bsep in intracellular vesicles.

P-values are very low and reveal significant differences in

the descriptor variables’ distributions in the dataset T relative

to K. As the suggested descriptors are derived from the Bsep

intensity profiles, we conclude, that the lateral translocation

of the transporter took place. An automated profile extraction

and the introduction of the new descriptors led to the im-

provement of p-values from e-17 (manual method, statistical

variance) to e-23 (automated method, descriptor D).

IV. DISCUSSION

Manual evaluation of any data is subjective and error-

prone simply due to a human factor. Consequently, an autom-

atization of the data pre-processing, information extraction

and evaluation is advantageous, as it can be objective and

based on reproducible criteria. The here suggested automated

evaluation of the lateral protein translocation extracts much

more data points (4000 vs. 10), is faster (minutes vs. hours)

and reproducible in comparison to the manual method.

Statistical tests have shown that p-values for the Bsep

translocation detected by the automated method are only

slightly worse than those obtained by a human expert, while

the effect remains significant (p-value < 0.05). The results

of both methods correlated well, which was also shown on

6 further experiments with varying biological conditions.

Additionally, most of the newly suggested descriptors per-

formed better than earlier used statistical variance, both in

the automated and manual evaluations (e.g. D vs. statistical

variance: e-27 vs. e-17, e-23 vs. e-13).

As it was mentioned before, the introduction of the zone

model for intensity profiles allowed incorporation of the

knowledge on the canalicular structure, such as tight junction

positions. Oppositely, the statistical variance is calculated

for the whole profile without distinguishing any subregions.

Therefore, lower p-values achieved in Wilcoxon rank sum

tests by descriptors rather than by the statistical variance met

our expectations.

The most significant results were achieved by descriptors

D and E, which are calculated from the intensities in the

zones 2, 4 and 2, 3 and 4, respectively. Descriptors which

incorporated integral intensities from zone 1 (X,Y,A,B) per-

formed several orders worse. Therefore zone 1 is considered

to be unreliable for the analysis.

V. CONCLUSIONS AND FUTURE WORKS

The suggested automated evaluation for the lateral protein

translocation has proven to be comparable to the results of

the manual processing. New descriptors for the intensity

profiles led to more significant results than the statistical

variance used earlier. Consequently, slow and subjective

manual data processing can be substituted by the faster and

completely reproducible method based on a greater number

of extracted data points. Time saved for human experts is

extremely valuable as it can be used for the operations

which cannot (yet) be automated. Furthermore, the suggested

translocation quantification can have a clinical application in

diagnosis, therapy and drug discovery.

In the future, we plan to apply this method on different

biological models and extend it to handle samples of human

organism. Moreover, we aim at discovering the mathematical

model for the lateral protein translocation in individual

microvilli by decomposing the integral intensity function

used here.
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