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Abstract

Introduction

Despite spectacular progress in cellular transplantology, there are still many concerns about

the fate of transplanted cells. More preclinical studies are needed, especially on large animal

models, to bridge the translational gap between basic research and the clinic. Herein, we

propose a novel approach in analysis of cell transplantation effects in large animals explants

using in vivo imaging system (IVIS®) or similar equipment.

Material and methods

In the in vitro experiment cells labeled with fluorescent membrane dyes: DID (far red) or

PKH26 (orange) were visualized with IVIS®. The correlation between the fluorescence sig-

nal and cell number with or without addition of minced muscle tissue was calculated. In the

ex vivo study urethras obtained from goats after intraurethral cells (n = 9) or PBS (n = 4)

injections were divided into 0.5 cm cross-slices and analyzed by using IVIS®. Automatic

algorithm followed or not by manual setup was used to separate specific dye signal from

tissue autofluorescence. The results were verified by systematic microscopic analysis of

standard 10 μm specimens prepared from slices before and after immunohistochemical

staining. Comparison of obtained data was performed using diagnostic test function.

Results

Fluorescence signal strength in IVIS®was directly proportional to the number of cells

regardless of the dye used and detectable for minimum 0.25x106 of cells. DID-derived signal

was much less affected by the background signal in comparison to PKH26 in in vitro test.

Using the IVIS® to scan explants in defined arrangement resulted in precise localization of
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DID but not PKH26 positive spots. Microscopic analysis of histological specimens confirmed

the specificity (89%) and sensitivity (80%) of IVIS® assessment relative to DID dye. The

procedure enabled successful immunohistochemical staining of specimens derived from

analyzed slices.

Conclusions

The IVIS® system under appropriate conditions of visualization and analysis can be used as

a method for ex vivo evaluation of cell transplantation effects. Presented protocol allows for

evaluation of cell delivery precision rate, enables semi-quantitative assessment of signal,

preselects material for further analysis without interfering with the tissue properties. Far red

dyes are appropriate fluorophores to cell labeling for this application.

Introduction

Cellular transplantology is one of the most dynamically developing fields in medicine and cell

therapy procedures are becoming a clinical practice in increasing number of applications.

However, there are still many concerns regarding the fate of grafted cells, the safety and effi-

cacy of this kind of treatment. Therefore, there is a general agreement that more preclinical

data are needed to rationally expand the scope of applications for cell therapy. Studies on large

animals are especially desirable as they fill the gap between rodent models and humans allow-

ing for more precise prediction if certain therapy can be effective after translation to the clinic

[1]. Large mammalian species have been successfully used in testing cell transplantation effects

in many different applications like cardiovascular diseases [2], osteochondral defects [3], neu-

ral disorders [4] or urinary incontinence [5]. The objectives of preclinical studies in the field of

cell therapy are usually: i) the assessment of functional effect, and ii) describing the fate of

grafted cells which encompasses parameters like cell survival, migration from delivery site,

graft differentiation and integration with the host tissue. Evaluation of cell fate after transplan-

tation in large mammalian species is a very demanding task. Currently, the most commonly

methods used to assess the cellular graft survival are: i) quantitative or semi-quantitative analy-

sis of graft amount in the homogenates of the whole target area [6], and ii) histological analysis

of serial tissue sections [7]. The first method is achieved by an examination of graft specific

RNA or protein expression, which allows for estimation of graft survival in the certain time

point. However, this technique makes impossible the parallel assessment of structure and loca-

tion of a graft and its integrity with the host tissue. On the other hand, the histological method

of tissue analysis does not allow for quantitative assessment of transplanted cell survival. More-

over, the sectioning and analysis of the whole target area in large animals is very laborious,

cost- and time-consuming. Those difficulties in verifying cell transfer effects constitute a signifi-

cant restriction in large animal model studies in which the number of animals per group is usu-

ally small (determined by the high cost, logistical difficulties as well as ethical considerations).

Moreover, none of described methods enables the evaluation of the injections precision rate,

while the accuracy of cell delivery was recognized as one of crucial aspects conditioning the effi-

cacy of this therapy [8, 9]. Therefore, the objective of this study was to develop a protocol which

would improve and simplify current methods in assessment of cell transplantation effects in

studies involving large animals.

We propose a novel approach in analysis on the basis of intraurethral cell transfer. This

method assumes the two-step protocol. First step is to screen the whole area of interest with
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the in vivo imaging system (IVIS1) or equivalent equipment in order to detect the signal from

labeled cells, and if possible, to quantify the signal. The second step is the typical histological

analysis of tissue cross-sections, but performed only on preselected areas chosen during the

first screening step.

The IVIS1 or other similar systems, which read bioluminescence and fluorescence are

dedicated to do research on small animals such as mice or rats. The use of spectra distribution

algorithms allows high specificity imaging and minimizing the impact of autofluorescence.

Those systems enable intravital assessment of different parameters, at various time points, fol-

lowing the nature of changes. We hypothesized that implementation of IVIS1 for screening

of large animals-derived explants would make the evaluation of grafted cell fate less time-con-

suming, labor-intensive, would allow gaining more data from one sample comparing to cur-

rent approaches and enables the assessment of cell delivery precision. According to our

knowledge, the available literature does not describe this kind of utilization of IVIS1 or equiv-

alent systems.

The aim of the study was to determine whether the IVIS1 is suitable as a method for ex
vivo imaging of isolated organs after cell transfer. The secondary aim was to compare the use-

fulness of membrane dyes in an orange and far red range of fluorescence for the use in IVIS1

in large animal-derived explants. We tested this hypothesis by using caprine urethras isolated

after autologous transplantation of cells labeled with two different fluorochromes.

Materials and methods

To achieve the objectives, the study was divided into two stages: 1) in vitro part and 2) ex vivo
part.

1. In vitro study was performed to determine: a) the correlation between the strength of

fluorescence and the number of cells for the chosen dyes and b) the impact of tissue autofluor-

escence on the reading of specific signal derived from studied fluorochromes.

2. Ex vivo study on isolated urethras in order to determine: a) the presence of the specific,

fluorophores-derived signal in the whole explanted urethras using IVIS1, b) the presence of

transplanted cells by analyzing tissue sections using fluorescence microscopy, c) the compati-

bility of the results obtained by these two methods.

In vitro study

The material for this part constituted primary bone-marrow mesenchymal stem cells (BM-

MSC) and myoblasts isolated from adult goats. The use of merged population is linked to the

hypothesis regarding the beneficial effect of these two cell types co-transplantation which was

recently presented by our group [10]. The procedures of cell isolation and culture were previ-

ously described [11]. The cells originated from animals which were designated to control

group in another experiment. This study was carried out in strict accordance with the recom-

mendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes

of Health. The protocol was approved by the Local Ethics Animal Welfare Commission (Per-

mit number: 39/2012). The animals were purchased from goat herd nr PL2000013. During the

experiment, goats were maintained with constant access to food and water in groups of 4–6

animals. They could move freely in pens of appropriate dimensions. The biopsy procedures

were performed in anesthetized goats. Animals were sedated with 0.4 mg/kg of midazolam

intramuscularly (Midanium1, Polfa Warszawa S.A.), followed by intravenous administration

of propofol in bolus (2–4 mg/kg b.w. depending on the reaction, Propofol, Scanofol1, Scan-

Vet). The anesthesia was maintained with isoflurane (2%, Aerrane, Baxter Polska). Fentanyl

was used as analgesic agent.

IVIS for explants analysis
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Cells staining and preparation of dilution series. Cells after 4th passage were harvested,

counted and stained with one of membrane fluorescent dyes: DID or PKH26. The dyes and

staining details were as following:

• DiLC18(5)-DS (DID) [1,1’-Dioctadecyl-3,3,3,-tetrametlylindodicarbocyanine-5,5-disulfonic

acid], Ex = 650 nm, Em = 670 nm (AAT Bioquest); the concentration of 10μM, in PBS, 15

min, at 37˚C, with continuous stirring on roller mixer.

• PKH26, Ex = 551 nm, Em = 567 nm (Sigma-Aldrich); the concentration of 5μM, a solution

in Diluent C provided by manufacturer, 4 min. at RT.

A total of 38 million cells were used (19 million per dye) for the procedure. The dyes con-

centrations were selected based on the initial optimization. After labeling procedure the cell

number and mortality was evaluated (Trypan blue test).

Cells were suspended in PBS and a dilution series were prepared for each dye: 2x106, 1x106,

0.5x106, 0.25x106, 0.125x106, 0.0625x106, 0.03125x106/100 μl of PBS. PBS solution was used as

a blank test.

Cell analysis by using the IVIS1–in vitro study. A 96-well plate with black walls and

bottom (BD Falcon Microtest Black 96 Well Plate) was used in order to inhibit influence of

background fluorescence during analysis. In 48 wells an equal amount of minced poultry mus-

cle tissue was placed. In the remaining wells cell suspensions were placed in decreasing dilu-

tion in triplicates by applying 100 μl/ well (plate layout is presented in S1 Fig). Measurements

were made using the IVIS Spectrum system (Caliper Life Sciences). For the DID dye excitation

wavelength was 640 nm and emission wavelength successively 680, 700, 720, 740, 760 and 780

nm. For PKH26 excitation wavelength was 535 nm and emission wavelength 580, 600, 620,

640, 660 nm. Cell suspensions were then transferred into corresponding wells with muscle tis-

sue by pipetting them inside the minced tissue (S1 Fig). The aim of this procedure was to

mimic the situation when cells stained with membrane fluorescent dyes are evaluated after

transplantation into muscle tissue. This combination of muscle tissue and cell suspension was

analyzed by using the IVIS1 at the same wavelengths for each dye listed above. The analysis

was performed by using Living Image 4.4. software (Caliper Life Sciences). An automated

spectral distribution algorithm (called Spectral unmixing) was used. This kind of analysis

should separate the specific signal originating from a particular fluorochrome and the back-

ground signal originating from the autofluorescence and food. The fluorescence specific signal

was shown as the Radiant Efficiency (Emission light [photons/sec/cm2/str]/ Excitation light

[μW/cm2]. Fluorescence signal for each individual well was counted by selecting region of

interest (ROI) and quantifying as the Total Radiant Efficiency (TRE, [photons/sec]/[μW/

cm2]). TRE represents the sums of fluorescent pixels within the ROI. For each number of cells

the mean value was calculated. The correlation between the average TRE and number of cells

was calculated using Microsoft Office Excel 2007. Signal-to-background ratio was calculated

for both fluorochromes (ROI2—ROI1) / ROI1 where ROI1 is a measurement of the tissue

fluorescence without the addition of cells, and ROI2 the reading for the cells in minced muscle

tissue. Calculations were made for the same wells of the meat before and after the addition of

the cell suspension.

Ex vivo study

Material for this part of the study constituted urethras collected from 13 euthanized female

goats. Animals were euthanized 28 days after either autologous intraurethral cell transplanta-

tion or intraurethral PBS injection. Transplanted cells were labeled, suspended in PBS (total

volume 400 μl) and administered into the urethral wall with 2 million of cells/injection. Each
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injection volume was 50 μl. Some goats underwent transplantation with DID labeled cells only

(n = 4), whereas the other group (n = 5) underwent transplantation with either DID stained

cells or PKH26 stained cells (separated depots at the same time points). The grafted cells were

either BM-MSC, myoblasts or combination of those two populations, however in this experi-

ment only the type of staining and not the cell type was a differentiating factor. The remaining

4 goats were injected with PBS only.

The collected material was divided as following:

• material from experimental groups (injected with cells):

CELLDID = 9 urethras injected with DID labeled cells (analysis with parameters for DID

dye)

CELLPKH26 = 5 urethras injected with PK26 labeled cells (analysis with parameters for

PKH26 dye)

• material from the control group (injected with PBS solution):

PBSDID = 4 urethras (analysis with parameters for DID dye)

PBSPKH26 = 3 urethras (analysis with parameters for PKH26 dye)

Collection and preparation of tissue for analysis. At the end of the experiment, whole

urethras with bladders were posthumously collected from animals. The length and diameter of

the urethras were evaluated and documented (Fig 1A). The tissues were placed in 4% (w/v) p-

formaldehyde in PBS, pH = 7.25 (Sigma-Aldrich). The samples were rinsed for three consecu-

tive days in PBS (at a frequency of once per day), and then placed in a solution of 18% (w/v)

Fig 1. Preparation of posthumously collected urethra for analysis in ex vivo experiment. A)

Photograph of freshly isolated urethra with bladder and a method of length and diameter measuring; B) Slices

of whole urethra for analysis with IVIS®; C) Schematic arrangement of tissue slices for IVIS® analysis.

caudal–top, dorsal–upwards; D) Photograph of the microscopic preparation with drawn model "map" after

fluorescence microscopy analysis. Lines shows the outline of the preparation (black), urethra light (red),

location of spots showing specific fluorescence (blue).

https://doi.org/10.1371/journal.pone.0184588.g001

IVIS for explants analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0184588 September 20, 2017 5 / 21

https://doi.org/10.1371/journal.pone.0184588.g001
https://doi.org/10.1371/journal.pone.0184588


sucrose (Sigma-Aldrich), which acts as a cryoprotectant. The material was stored at 4˚C until

analyzed using the IVIS1, and then frozen at the temperature -80˚C.

Ex vivo visualization of fluorescence by using IVIS1. The urethras were cut into cross-

slices of about 0.5 cm thickness. As female caprine urethra is 3–4 cm long, such a cutting

resulted in 5–7 fragments. (Fig 1B). Prepared slices were laid on a Petri dish always in the same

arrangement: caudal side of the slice on the top and the dorsal side of the urethra upwards (Fig

1C and 1C’). This system allowed for subsequent identification of the right, left, dorsal and

ventral sides of the slice according to the in vivo orientation. Ex vivo imaging was performed

using IVIS1 for respective fluorochromes (DID and/ or PKH26) at the same wavelengths as

in in vitro experiment. The data from the readings were analyzed by using the Living Image 4.4

software. Two methods of visualization were used:

1. proposed by the manufacturer for specific fluorochromes resulting from the application of

automatic algorithm division of spectra called spectral unmixing. The algorithm was used

to determine the relative contribution from each fluorophore for every pixel of the image.

In the assumption, this procedure allows to show a specific fluorescence signal derived

from the transplanted cells and avoids the visualization of the background signal (originat-

ing from the food and tissue autofluorescence).

2. resulting from the manual setting ranges of minimum and maximum fluorescence strength.

The ranges were selected on the basis of control (PBS injected) urethras images and in vitro
experiments on cells, guided by the principle that in the control urethras fluorescence

appropriate for the reading fluorophore is not visible (background fluorescence extinction,

based on the initial optimization for this application).

Microscopic examination of collected urethras. Frozen slices of the urethras were cut

into cross-sections of about 10μm thickness using cryotome (MICROM HM 525, Microm).

From each fragment of the urethra, at least 10 sections on different depth of the slice were cut.

This gave a 50–70 sections from each urethra which underwent microscopic evaluation. Any

manipulation on the cross-sections, including the fixation, resulted in a decline of the fluores-

cence strength of both the PKH26 and the DID dyes, so the location of fluorescent points was

identified on raw sections immediately after thawing. The entire sections were viewed by fluo-

rescence microscopy using the appropriate filter (Olympus IX51). The analysis aimed to 1)

detect spots with specific fluorescence and 2) determine the location of the fluorescent areas

on the section "map" (Fig 1D). Fluorescent spots, defined as specific, had to be repeated on the

several subsequent sections and showing no signal in other filters. This allowed for the elimi-

nation of artifacts caused e.g. by the folded tissue, which is seen as enhanced, but non-specific

signal under a fluorescence microscope.

To verify if the visible fluorescence comes from the cells, randomly selected sections (¼
fragments were examined in this way) were stained with a DAPI solution at working concen-

tration of 0.5 mg/ml, incubation time 4 min., RT. After washing, the preparations were coated

with a mowiol solution (Sigma-Aldrich) and covered with the cover slip. Stained sections were

analyzed using a fluorescent microscope Olympus IX51 and CellSens™ microscope imaging

software or with slide scanner Axio Scan.Z1 (Zeiss) and Zen Blue second edition software

(Zeiss).

Furthermore, some sections were designated for immunohistochemical staining. This anal-

ysis was performed to confirm the possibility of precise identification of both the location of

the injected cells and their differentiation. Sections were fixed and permeabilized for 10 min in

acetone, temp. -20˚C. They were surrounded by a hydrophobic barrier and blocked with 1%

IVIS for explants analysis
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(w/v) Bovine Serum Albumin (Sigma-Aldrich) + 5% (v/v) Normal Donkey Serum (Sigma-

Aldrich) in PBS for 30 min, RT. They were incubated with the primary antibodies diluted in

blocking solution for 90 min, RT. Anti-desmin antibody (Monoclonal Mouse Anti-Human

Desmin, DakoCytomation) was applied in a concentration of 1:30. After washing, samples

were probed with a secondary antibody conjugated with a green fluorochrome Alexa Fluor

488 (Ex = 493 nm, Em = 519 nm; Jackson ImmunoResearch) in concentration of 1:100, 60

min, RT. Specimens were washed again and nuclei were stained with DAPI as described

above. Visualization was performed with a fluorescence microscope (Olympus IX51). Micro-

scopic analysis of sections was made independently, without implying the images created with

the IVIS1.

Verification of compatibility between results from ex vivo imaging using the IVIS1

and microscopic examination. Data from IVIS1 and microscopy were recorded in the 0/1

score (any specific fluorescence present = 1, absent = 0, for each of urethra slices). This analysis

did not distinguished numbers of spots within a slice.

The comparison of data obtained from the IVIS1 as a “diagnostic test” and microscopic

evaluation as a “gold standard” was performed using diagnostic test function (PQStat software

v.1.6.2), where a pair constituted the results from both types of analyzes in 0/1 score for the

same tissue fragment. Sensitivity, specificity, accuracy of test, positive and negative predictive

value as well as positive and negative likehood ratio were rated.

Results

In vitro part

Cell staining for in vitro assay. Short-term effectiveness of staining was close to 100%

(Fig 2A and 2B). The mortality of cells stained with PKH26 was 10%, and the mortality of cells

labeled with DID amounted 12%. For the experiment 13 million stained cells for each of the

fluorochromes were used.

Analysis of cell fluorescence in in vitro experiment using the IVIS1. For each of tested

fluorochrome the spectral efficiency of labeled cells (in a range of tested cells numbers) per sur-

face unit was determined. The signal strength for both fluorochromes was decreasing propor-

tionally to the decreasing number of cells per well. For cells stained with DID image provided

by the IVIS1 was visible in wells containing more than 0.25x106 cells. Less than 0.125x106

of cells per well did not provide a visual effect after spectral unmixing analysis. The visible

fluorescence faded away with the number of 0.25–0.125x106 cells per well. Similarly, PKH26-

derived signal was disappearing in wells with 0.25–0.125x106 of cells. However, the radiant

efficiency and the min-max pixel intensities represented by pseudo-color bars were different

for both tested fluorochromes (S1A and S1B Fig). Next, readings for the cells transferred to the

wells with minced muscle tissue were performed and fluorescence strength was evaluated for

each fluorochrome (S1A’ and S1B’ Fig). Similarly to the previous experiment, for DID the

visual effect was no longer visible in wells with less than 0.125x106 cells while for PKH26 signal

disappeared already for a number of cells less than 0.25x106. Signal to background ratio for

both dyes is directly proportional to the number of cells, however, for DID the values are

much higher than for PKH26 what indicate that DID-derived signal is distinctly less affected

by the background in comparison to PKH26 (Fig 2C).

Ex vivo part

Imaging the urethras with the IVIS1 to detect fluorescence from the DID dye. First,

the spectral unmixing algorithm was used. The ranges of the min-max fluorescence intensity,

which were selected automatically by the program, differed for respective samples. The
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maximum tissue fluorescence in control samples was similar, in the range of 5x107- 6.3x107

and the maximum fluorescence of the tissues from the CELLDID group was at least 2x108, and

in 7 out of 9 of the urethras in the test group exceeds 1x109 (Fig 3A). Therefore it was clear that

the signal from the transplanted urethras is higher than controls. However, the visible colored

spots in PBSDID samples suggested the presence of cells labeled with DID, while it was known

that this tissue came from animals that were injected only with the PBS solution. This result

indicated that this type of analysis is not satisfactory in the case of unknown samples testing.

Moreover, in this type of analysis the color scale scope, illustrating the intensity of radiation,

was different for respective samples, preventing the quick, indicative semi-quantitative com-

parison of the analyzed samples. Therefore, it became necessary to perform an additional man-

ual selection of the visible fluorescence range. Such a unified scale for all goats analyzed for the

presence of DID was chosen based on observations from the in vitro experiment. The image

lower threshold (Min.) was increased in order to eliminate visible signal from all negative con-

trol samples (PBS from in vitro experiment and tissues from PBSDID group) and not to lose the

signal from DID positive control (cells from in vitro experiment). This kind of manual setting

for the DID allowed to achieve a picture in which the fluorescence from all negative controls

was invisible (pixels intensity is below minimum threshold on the color scale bar) while in the

examined tissues from CELLDID group the points indicating the specific fluorescence were vis-

ible (Fig 4). Moreover, the use of the same range (min-max scale) allowed the approximate

comparative assessment of the signal (both in terms of the intensity and the area) in the CELL-

DID samples, which should reflect the number of transplanted cells in these tissues. It was then

Fig 2. Evaluation of the cell staining effectiveness and strength of fluorescence signal for the

transplantation procedure and in vitro experiment. Fluorescence microscopy pictures: A) cells labeled

with PKH 26 (red fluorescence), B) cells labeled with DID (red fluorescence). Nuclei were labeled with DAPI

(blue). C) Graph showing strength of fluorescence signal from PKH26 (yellow) and DID (red) labeled cells

relative to background fluorescence. The measurements were performed for subsequent decreasing number

of cells in triplicates. Data presented as averages +/- standard deviations.

https://doi.org/10.1371/journal.pone.0184588.g002
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determined on a 0/1 system for each urethral slice the presence of specific fluorescence for the

two types of tested samples analysis: the automatic algorithm and manual settings (Tables 1

and 2). It was found that in 6 of 54 slices from experimental CELLDID group score differed

(11%) between the two types of reading. This result indicated that the use of manual reading

range allows semi-quantitative analysis of the studied samples, but at the same time changing

the reading in the 0/1 system. Microscopic examination had to decide which result is closer to

the truth.

Microscopic examination of sections for the presence of fluorescence derived from

DID. In order to verify the results obtained from IVIS1 analysis, we performed systematic

microscopic analysis of sections prepared from examined urethras’ fragments. At least 10 raw

cross-sections for each slice of all tested urethras were carefully examined. As a result, 45 of 54

slices contained the transplanted cells labeled with DID. The comparison of the microscopic

analysis and data from IVIS1 imaging with manual setting ranges were assessed with the 0/1

system (absent/ present). To assess the specificity and sensitivity of the IVIS1 method the

fluorescence microscopy was admitted as a reference technique. Based on this assumption, 1

false positive result and 9 false negative results was recorded in IVIS1 analysis in comparison

to the microscopic data (Tables 3 and 4). Therefore, the DID positive points indicated in tissue

explants by IVIS1 system will be in high probability the actual locations of the DID marked

graft. At the same time, this analysis shows that the IVIS1 may not detect part of the specific

points (approximately 20%).

Fig 3. The comparison of fluorescence signal originating from transplanted and control urethras read

by IVIS®. The bar graphs indicating maximal strength of fluorescence signal from DID (red, A) and PKH26

(yellow, B) transplanted urethras compared to the control group (green). Data obtained after spectral unmixing

algorithm application. The ranges of the min-max fluorescence intensity, were selected automatically by the

program.

https://doi.org/10.1371/journal.pone.0184588.g003
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Microscopic observations indicated that the points which were observed in the microscope,

and were not present in the IVIS1 image were relatively small fluorescent spots. Additionally,

the assessment of DID positive points location within the fragment revealed that spots visual-

ized with IVIS1 and confirmed by microscopy were in each case coinciding.

Fig 4. Images of representative urethras from control and experimental groups analyzed with IVIS®
for the presence of DID labeled cells obtained by manual alignment of the spectrum. The color scale

bar shows the range of strongest to weakest signal (1.01x108- 1.00x109). The intensity is strongest for the

yellow colored points. The darker the spot, the weaker the signal; Ex. G22- experimental goat number.

https://doi.org/10.1371/journal.pone.0184588.g004

Table 1. The presence of specific DID fluorescence in urethras from study group after IVIS® spectral

unmixing algorithm application.

Goat number urethra slice number

I II III IV V VI VII

G20 PBS 1 1 1 1 1 1 NS

G27 PBS 1 1 1 1 1 1 NS

G29 PBS 1 1 1 1 1 1 NS

G12 1 1 1 1 0 1 NS

G13 0 0 1 1 0 0 NS

G21 0 1 1 1 1 1 NS

G22 1 1 1 1 1 0 NS

G23 1 1 1 1 1 NS NS

G28 0 1 1 1 0 0 NS

G30 0 1 1 1 0 1 1

G33 0 1 1 1 1 0 NS

G35 0 1 1 1 1 1 NS

„1" indicates the presence and „0’’ lack of registered fluorescence signal. Urethra slices in which

fluorescence is reported are shaded orange. NS—no slice with this number.

https://doi.org/10.1371/journal.pone.0184588.t001
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Imaging the urethra using IVIS1 to detect fluorescence from the PKH26 dye. As in

the case of DID fluorochrome, first the spectral unmixing algorithm was applied. The result

was the presence of visible color spots in all analyzed fragments, both experimental and con-

trol. The maximum tissue fluorescence in PBSPKH26 samples was distinctly higher than in

PBSDID. Two of three control urethras (G20 and G29) were analyzed both for PKH26 and DID

dye. The maximal fluorescence measured for PKH26 in G20 amounted 7.8x108 and 1.1x108 in

G29 (Fig 3B), whereas for the same urethras the max fluorescence for DID amounted 5.2x107

and 6.2x107 respectively (Fig 3A). Trials to suppress the visible signal to the level adequate to

control were undertaken as it was done for DID. The aim was to eliminate the visual spots in

all control samples and, at the same time, to keep the signal coming from PKH26 positive con-

trol (cells from in vitro experiment). Such a correction was successfully performed for DID

dye, however it turned out to be impossible for PKH26 fluorochrome. The reason for this fail-

ure was too strong and diverse signal in control samples. Therefore, a range which eliminated

visible signal from all control samples resulted in lack of signal in any of studied samples. Trails

to determine the scope, which could be used as a reference point for all samples failed. The

results of analyzes in different variants of an example urethra are presented in Table 5. Finally,

the level of fluorescence was selected for each of the goats from the study group separately,

based on an assessment of the initial reading (the image obtained before the separation of spec-

tra) and the effects of the application of the spectral unmixing algorithm.

Microscopic examination of sections for the presence of PKH26 fluorescence. Simi-

larly, as in the case of DID fluorochrome, IVIS1 analysis was verified using a fluorescent

microscope. For each urethra slice at least 10 raw sections were accessed. Classification of the

point as positive was the same as in the DID case. The analysis revealed that 11 of 31 slices

(35.48%) contained the transplanted cells labeled with PKH26. Due to the problems presented

above in establishing a satisfactory method of reading the PKH26 dye, independent analyzes

Table 2. The presence of specific DID fluorescence in urethras from study group after manual align-

ment to the control in IVIS®.

Goat number urethra slice number

I II III IV V VI VII

G20 PBS 0 0 0 0 0 0 NS

G27 PBS 0 0 0 0 0 0 NS

G29 PBS 0 0 0 0 0 0 NS

G12 0 0 1 1 0 0 NS

G13 0 0 1 1 0 0 NS

G21 0 1 1 1 1 1 NS

G22 1 1 1 1 1 0 NS

G23 1 1 1 1 1 NS NS

G28 1 1 1 1 1 0 NS

G30 0 1 1 0 0 1 1

G33 0 1 1 1 1 0 NS

G35 0 1 1 1 1 1 NS

„1" indicates the presence and „0’’ lack of registered fluorescence signal. Urethra slices in which

fluorescence is reported are shaded orange. Heavy gridlines indicates differences between outcome from

IVIS® automatic spectral unmixing algorithm application and manual ranges setting. NS—no slice with this

number.

https://doi.org/10.1371/journal.pone.0184588.t002
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for three different types of reading presentation were performed: 1) immediately after auto-

matic spectral unmixing, 2) after an additional manual adjusting ranges individually for each

urethra and 3) after an additional alignment to control G29 ranges for all samples equally. The

results obtained after spectral unmixing and alignment to G29 control were the same, there-

fore they are presented as one version in the Table 6. The results obtained after applying man-

ual settings are presented in the Table 7. Twenty false positive results were recorded in IVIS1

analysis using spectral unmixing algorithm and alignment to G29 in comparison to the micro-

scopic data. This constitutes 65% of analyzed slices. Analysis of manual min-max ranges

resulted in obtaining false positive results in 12 slices of the 31 analyzed. Therefore, the detec-

tion of true positives points using such assumptions is highly unlikely. It was also very difficult

to confirm the true negative points using different settings. The number of slices without

PKH26 points in microscopic analysis amounted 20 while for various IVIS1 settings was 0, 0

or 7.

Statistical analysis. For DID 80% of the slices containing the transplanted cells has been

properly qualified (were positive in IVIS1) while for PKH26, depending on the analysis

method, it was 82% for manual settings or 100% for spectral unmixing algorithm or alignment

to G29. In the DID case together with a high sensitivity goes high specificity as 89% of the slices

containing no grafted cells labeled with DID has been properly qualified (were negative in

IVIS1). IVIS1 method cannot be considered as specific for PKH26 with the adopted in pre-

sented herein assumptions (0 or 35% respectively). A slice that received a positive IVIS1

result at 97% contained the transplanted cells labeled with DID and for PKH26 it was true only

for 35% or up to 41% of cases. A slice that received a negative IVIS1 result at 47% contained

no transplanted cells labeled with DID. This value could be estimated only for manual IVIS1

settings for PKH26 (78%); Fragment analyzed in IVIS1 (regardless of the result) will be prop-

erly classified in 81% of cases for DID. For PKH26 the best method was the manual settings,

but even then we could only expect the correct classification of 52% of analyzed samples.

Results presented in this paragraph are summarized in Fig 5.

Table 3. Contingency table. Scheme.

frequencies observed reality (gold standard)

transplanted cells present (+) transplanted cells absent (-) sum

diagnostic test positive result (+) TP FP TP+FP PPV

negative result (-) FN TN FN+TN NPV

sum TP+FN FP+TN n = TP+FP+FN+TN

Sensitivity Specificity

TP- true positive; FP- false positive; FN- false negative; TN- true negative; PPV- positive predictive value; NPV- negative predictive value.

https://doi.org/10.1371/journal.pone.0184588.t003

Table 4. Contingency table for DID dye.

frequencies observed reality (microscopic analysis)

transplanted cells present (+) transplanted cells absent (-) sum

diagnostic test (IVIS analysis) positive result (+) 36 1 37

negative result (-) 9 8 17

sum 45 9 54

Microscopic examination was assumed as a reference method. Method using IVIS® constituted a diagnostic test. The comparison of the microscopic

analysis and data from IVIS® imaging with manual setting ranges. This analysis did not distinguished number of spots within an urethra slice and only the

presence/absence of transplanted cells in the particular slice registered by microscopy or IVIS®.

https://doi.org/10.1371/journal.pone.0184588.t004
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Microscopic evaluation of sections from tissue after cells transplantation, stained for

the presence of nuclei. In order to confirm that the microscopically localized color spots

were cells, staining of nuclei with DAPI was performed. This experiment confirmed that previ-

ously located structures were cells stained with fluorochromes used for the experiments with

healthy nuclei, showing no degradation characteristics. Representative staining effect is shown

in Fig 6.

Immunohistochemical staining. Selected sections derived from fragments positive for

the presence of labeled cells were subjected to immunohistochemical staining procedure. Des-

min was visualized with IHC method. This procedure allowed for the precise localization of

the transplanted cells in relation to the muscular layers of the urethra and to assess the differ-

entiation of transplanted cells in the muscle structures (Fig 7). Obtained results demonstrate

that a preliminary IVIS1 analysis enables further research procedures on the same parts of

the tissue.

Discussion

The aim of this study was to define the novel protocol for assessment of cell transplantation

effects in large experimental animals (including parameters like graft survival, integration and

differentiation as well as injection precision). Our hypothesis was that IVIS1 or similar equip-

ment could be used for analysis of tissue explants in terms of cell presence and localization.

This study was performed on caprine primary cells and urethras collected after autologous

cell transplantation. Urinary incontinence is a highly prevalent clinical condition in which cel-

lular therapy has been proposed to correct urethral sphincters deficiency [8, 9, 12–14]. The

problem of intraurethral cell delivery precision have been recognized by many groups of

Table 5. Settings difficulties for PKH26.

goat number G35 unmix different

manual

settings

alignment to control G29 alignment to control G20 alignment to control G11

urethra slice number I 1 1 0 0 1 0 1

II 1 0 0 0 1 0 1

III 1 1 0 0 1 0 1

IV 1 1 1 0 1 0 1

V 1 1 0 0 1 0 1

VI 1 1 0 0 1 0 1

Comparison of different IVIS® settings application influence on the fluorescence visible to the recipients eye on the example of the G35 urethra. „1"

indicates visible signal, „0” the lack of a visible signal. Urethra slices in which fluorescence is reported are shaded orange.

https://doi.org/10.1371/journal.pone.0184588.t005

Table 6. Contingency table for PKH26 dye obtained after applying spectral unmixing and alignment to G29 control in IVIS®.

frequencies observed reality (microscopic analysis)

transplanted cells present (+) transplanted cells absent (-) sum

diagnostic test (IVIS analysis) positive result (+) 11 20 31

negative result (-) 0 0 0

sum 11 20 31

Microscopic examination was assumed as a reference method. Method using IVIS® constituted a diagnostic test. The set of microscopic analysis of raw

sections for the presence of the transplanted cells labeled with PKH26. This analysis did not distinguished number of spots within an urethra slice and only

the presence/absence of transplanted cells in the particular slice registered by microscopy or IVIS®.

https://doi.org/10.1371/journal.pone.0184588.t006
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researchers [15–17]. The aim of intraurethral cell therapy is to administrate the agent precisely

into urethral muscle layer with minimal invasiveness what is technically very demanding.

Optimization of such a delivery method can be successfully carried out only on large experi-

mental animals. The present study was performed on goats, because recently published

description of caprine female urethra anatomy suggests that goat is a superior animal for test-

ing intraurethral cell transfer efficacy than pigs or dogs [11].

At the stage of preclinical studies, each of the methods requires confirmation of the injec-

tion accuracy in the target tissue. In order to identify transplanted cells, they must be labeled

in advance. Labeling must be relatively stable—at least during the observation period, non-

Table 7. Contingency table for PKH26 dye obtained after applying manual settings in IVIS®.

frequencies observed reality (microscopic analysis)

transplanted cells present (+) transplanted cells absent (-) sum

diagnostic test (IVIS analysis) positive result (+) 9 13 22

negative result (-) 2 7 9

sum 11 20 31

Microscopic examination was assumed as a reference method. Method using IVIS® constituted a diagnostic test. The set of microscopic analysis of raw

sections for the presence of the transplanted cells labeled with PKH26. This analysis did not distinguished number of spots within an urethra slice and only

the presence/absence of transplanted cells in the particular slice registered by microscopy or IVIS®.

https://doi.org/10.1371/journal.pone.0184588.t007

Fig 5. Evaluation of the diagnostic test reliability based on the contingency tables. Microscopic

examination was assumed as a reference method. Method using IVIS® constituted a diagnostic test. The

comparison of data obtained from the IVIS® and microscopy was performed using diagnostic test function

(PQStat software v.1.6.2).

https://doi.org/10.1371/journal.pone.0184588.g005
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toxic, easily visualized and specific. In the case of simultaneous use of several cells types, differ-

ent markers to distinguish various populations in the analyzed material are required. The use

of membrane dyes meets the above requirements and is now a popular method for tracking

Fig 6. Scans of the urethra cross-sections. Urethras after transplantation with PKH26 (A, B) or DID (C, D)

labeled cells. Images in columns represent the same field of view: A, D) the fluorescence derived from the

membrane dye (the red fluorescence in both cases), B, E) membrane dyes and cell nuclei stained with DAPI-

blue fluorescence. Scale: 200 μm. The rectangular areas marked on images B and E are shown enlarged

below- C and F respectively. C, C’, C" and F, F’, F" represent the same field of view.

https://doi.org/10.1371/journal.pone.0184588.g006

Fig 7. Effects of exemplary immunohistochemical staining for the presence of desmin. Micrographs of

the urethra cross-sections after the transplantation of cells stained with DID (upper panel) and PKH26 (lower

panel). Images in rows show the same field of view, wherein A, E illustrate the fluorescence derived from the

membrane dye (the red fluorescence in both cases), B, F- DAPI stained cell nuclei, C, G- desmin labeled with

antibody conjugated with a green fluorochrome AF488, D and H merged images. Scale: 20 μm.

https://doi.org/10.1371/journal.pone.0184588.g007
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cells after transplantation [18–20], especially in autologous systems where the donor and recip-

ient are genetically the same [21].

As two cell populations were used for transplantation in this study, it was necessary to use

at least two markers to track the cells fate. The procedure of labeling with the membrane dyes

is quick, labeling efficiency is close to 100%, toxicity is low and the effects of procedure are

repeatable. Dyes of green fluorescence was not taken into account due to well known strong

autofluorescence of tissue particularly pronounced within this range of wavelengths [22–24].

Therefore dyes of orange and far red fluorescence range were selected. Membrane dye PKH26

was previously used for cell transplantation therapies in the field of stress urinary incontinence

by various research groups [17, 25–27]. It was shown that PKH26 does not adversely affect cell

proliferation and cell morphology [28] and that cells labeled in this way were seen in the tissue

4 months after grafting [29]. Presented herein results indicate however that this marker has

limited usability for visualization by IVIS1. Tissue autofluorescence makes it difficult to set

the range that reflects the real fluorescence strength even after the spectra separation. Only for

a very high concentration of the dye, the signal in a spot is so clear (bright yellow color in the

IVIS1 image) that can be distinguished from non-specific light expressed with dark red color.

The inability to determine the scope of reference in turn does not allow to conclude with a

high degree of certainty about the presence of transplanted cells in the tissue only based on

IVIS1 imaging. When trial is blinded, the distinction of tissue from study and control groups

based on the IVIS1 analysis is problematic or even impossible. Another limitation associated

with PKH26 use regards its diffusion on neighboring structures. Li et al. [30] demonstrated

that PKH26-labeled cell fragments added to the unstained cells in vitro or injected intrave-

nously caused that unstained cells became PKH26-positive in both the in vitro and in vivo
analysis.

Another tested fluorophore was DID. It belongs to the family of far red dyes. The reading of

far red wavelengths is much less burdened with the background or the autofluorescence effect.

DID is used in the experiments utilizing intravitally imaging to observe the transplanted cells

fate [31, 32]. It was confirmed that this dye does not adversely affect the MSC properties in
vivo and in vitro such as proliferation and differentiation capacity or ROS and cytokine pro-

duction, which enhances to use it for preclinical testing of cell therapy effects [33]. Honig and

Hume [34] demonstrated that DID, in contrast to PKH26, does not diffuse between adjacent

cells. However, in more recent study Lassailly et al. [35] demonstrated that labeling with dyes

Dil, DiD, DIR or PKH26 causes the appearance of micro environmental contamination, even

if the used dye concentration is lower than recommended. It was concluded that microparti-

cles spread both by the direct contact between cells and through by diffusing from cell surface

to extracellular space.

In our study, the in vitro experiment carried out on DID labeled cells allowed to obtain the

reference point for further explants analysis. Cell number which can be successfully visualized

with IVIS1 as distinguishable to the eye of the recipient was semi-quantitatively specified. Fur-

thermore, these results indicate that imaging using IVIS1 is specific with respect to the far red

dye-labeled cells. It is confirmed by the compliance of presented readings obtained with this sys-

tem compared to microscopic technique, which ranks at 89%. For comparison, in the case of

using the PKH26 similar compliance reached 0–35% depending on the visualization method.

Thus, presented data supports the hypothesis of the such a method usefulness, but only for the

DID dye. However, even in the case of DID, along with high specificity going limited sensitivity

of the method (80%) in the material analyzed in the presented study. The reason for that is

probably the relatively low own sensitivity of used device. This was confirmed by in vitro part of

this work, where signal for both dyes disappeared at the cell number less than 0.25x106 even

when they were analyzed in pure PBS, which generates minimal background.
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Another problem of the analysis is the use of external controls, which in imaging techniques

is always burdened by an error. The best control during the imaging is internal control, which

is the same tissue (or animal) prior to treatment. For intravital imaging of small rodents like

mice to which IVIS1 is dedicated, the animal can be tested before and after the administration

of the labeled material. For cells grafting into the urethra or other organ in a large animal

model the internal control is impossible to use, because of the animal size and the necessity to

analyze the tissues or organs isolated post-mortem. The availability of tissue only after the end

of the study period does not allow for an initial fluorescence measurement and determining

the fluorophore to the background signal ratio. A partial solution could be provided in the

future by conducting experiments on the urethras taken from animals that have not been pre-

viously injected with cells. It would be need to make raw tissue imaging, and then to inject

labeled cells to the same urethra at various concentrations, at different depths of tissue, as to

reconstruct accurately the course of the experiment. Further analysis of the injected tissue and

calculating the ratio of signal originating from cells strength to the endogenous tissue fluores-

cence would allow for the improvement of the method sensitivity. However this would require

the inclusion of more animals for experiments and would be limited by the duration of follow-

up. Currently, the only in vivo imaging technique which allow tracking cells after transplanta-

tion in large animals is magnetic resonance imaging (MRI). Although magnetic resonance is a

very good diagnostic tool in clinical terms, it has low sensitivity with regard to trace the fate of

the cells following transplantation. The improvement of MRI usefulness in tracking cells after

transplantation was one of the key objectives addressed by a team of researchers working on

the EU project ENCITE (’European network for cell imaging and tracking expertise’) [36].

Although novel solutions has been proposed and tested like using gadolinium or fluorine iso-

tope (19F) instead of iron for cell labeling, this method is still rather utilized in small animal

models [37, 38]. The use of this technology for large experimental animals in the field of regen-

erative medicine entails a lot of inconvenience. Firstly, the device of this type is not readily

available to large animals and the use of the device intended for human patients is impossible.

This type of equipment would have to be near the animal house in order to not transport ani-

mals, exposing them to additional stress. Ex vivo imaging system, used in the way presented in

this paper, is used to analyze collected tissue without transporting the animals to the labora-

tory. Of course, this method limits the assessment only to the end-point of the study, but the

analysis is easy, brief and enables screening the whole region of interest without affecting the

tissue properties. The method is based on the widely used phenomenon of fluorescence. Label-

ing with fluorescent dyes is convenient, easy and generates moderate costs. Thus, the strategy

seems to be appropriate to use in assessing the transplantation effects, especially in the study of

transplantation to a particular tissue or organ, where multiorgan imaging is not necessary.

Used automatic spectral unmixing algorithm allows to extract searched signal from merged

spectra. Cutting off the background derived from tissue autofluorescence or food fluorescence,

gives a picture of transplanted cells fluorescence in the tested tissue [39]. In the presented

study the impact of the animal nutrition methods for the background signal strength the has

not been executed. It could represent some inconvenience. However exclusion from the diet of

ruminants food containing chlorophyll is practically impossible, so the background signal

remains at a certain level. In addition, using the fluorochrome with the far red range, where

the influence of autofluorescence and fluorescence from food is insignificant, the issue of

nutrition does not seem crucial. Therefore it is not necessary complicating the experiment

including animals diet restrictions. It would be reasonable to take into account the aspect of

diet to determine the transplantation effectiveness in explants from the digestive tract. In such

a case, the influence of chlorophyll fluorescence would constitute a significant reduction in the

use of the fluorophores excited by the waves shorter than 600 nm.
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The proposed in this study method of tissue analysis is intended to allow a preliminary

assessment of the transplanted cells location and eventually semi-quantitative analysis in the

study group. It does simultaneously allow for further studies, including immunohistochemical

evaluation. It should be mentioned that during the IHC staining difficulties associated with the

fading of illumination of both used fluorophores were encountered. Visibility of cells was weak-

ened or even underwent complete disappearance after staining for the presence of desmin, what

confirmed previous reports [29, 40]. As the mentioned fluorophores are membrane dyes, each

procedure interfering with the cell membrane continuity and increasing porosity, in order to

improve the antibodies penetration in tissue, results in the release of fluorophores from cells

and tissue. It can be observed by microscopic analysis of the specimen using a filter appropriate

to the desired marker as increased background fluorescence. Elbelger et al. in their study dem-

onstrated that the technique of specimens freezing and thawing did not produce this effect [40].

In the present study, the problem of illumination fading has been solved by using blocking solu-

tions without detergents additives such as Triton X-100 and the reduction of tissue fixation

time in cold acetone to a minimum (7 min). Obviously, only frozen sections were used as pro-

cessing of paraffin embedded sections wash out the membrane lipophilic dyes.

The introduced data indicate that the in vivo imaging system such an IVIS1 can be adapted

as a method supporting evaluation of the cells transplantation effects in large experimental ani-

mals. The far red but not orange dyes for cell labeling are suitable for this purpose. This partic-

ular study was performed on isolated urethras, however, we claim that this way of analysis

could be used also for other tissues or organs i.e. brain, spinal cord, heart or kidney. The

method has a limited sensitivity, however, allows the assessment of the injected cells location

while maintaining the entire tissue for further analysis. The detail histological evaluation can

be performed on preselected areas. Taken together, the presented protocol improve and sim-

plify studying of cell transfer effects in large animals. Moreover, it allows to reduce animal

number and costs of the experiments in comparison to the traditional approaches.

Conclusions

IVIS1 system under appropriate conditions of the analysis and visualization can be used as a

method for ex vivo tissue imaging. The far red dye in contrast to the orange dye is suitable to

assess the transplantation effects of explants by using the IVIS1.

Supporting information

S1 Fig. Plate layout in in vitro experiment. A) 96-well plate with black walls and bottom pre-

pared for the experiment- in rows E-H minced poultry muscle tissue; B) Schematic indication

of the cell number in the wells (triplicates—grouped in the diagram); C, D) Plate layout in the

experiment imaging cells using IVIS1.

(TIF)

S2 Fig. In vitro experiment. Plates visualized with IVIS1. Images of DID (A, A’) and

PKH26 (B, B’) labeled cells prior to (A, B) and after transfer to the wells with minced poultry

muscle tissue (A’, B’).

(TIF)

Acknowledgments

The authors kindly thank Michał Dąbrowski for performing bone marrow and muscle tissue

biopsies and urethras collecting, Katarzyna Siewruk for ensuring safe and effective anesthesia

IVIS for explants analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0184588 September 20, 2017 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184588.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184588.s002
https://doi.org/10.1371/journal.pone.0184588


of experimental animals, Agnieszka Kulesza for help in cell culturing and Agnieszka Graczyk-

Jarzynka for help in the visualization of preparations.

Author Contributions

Conceptualization: Weronika Zarychta-Wiśniewska, Anna Burdzinska.

Formal analysis: Weronika Zarychta-Wiśniewska, Anna Burdzinska.

Funding acquisition: Anna Burdzinska, Zdzisław Gajewski, Leszek Paczek.

Investigation: Weronika Zarychta-Wiśniewska, Anna Burdzinska, Bartosz Dybowski, Marta

Butrym.

Methodology: Weronika Zarychta-Wiśniewska, Anna Burdzinska.

Project administration: Anna Burdzinska, Zdzisław Gajewski, Leszek Paczek.

Resources: Anna Burdzinska, Radosław Zagozdzon, Bartosz Dybowski, Zdzisław Gajewski,

Leszek Paczek.

Software: Weronika Zarychta-Wiśniewska, Radosław Zagozdzon.

Supervision: Radosław Zagozdzon, Zdzisław Gajewski, Leszek Paczek.

Validation: Weronika Zarychta-Wiśniewska, Anna Burdzinska.

Visualization: Weronika Zarychta-Wiśniewska, Anna Burdzinska, Radosław Zagozdzon,

Marta Butrym.

Writing – original draft: Weronika Zarychta-Wiśniewska, Anna Burdzinska.

Writing – review & editing: Anna Burdzinska, Radosław Zagozdzon, Bartosz Dybowski,

Marta Butrym, Zdzisław Gajewski, Leszek Paczek.

References
1. Harding J, Roberts RM, Mirochnitchenko O. Large animal models for stem cell therapy. Stem Cell Res

Ther. 2013; 4(2):23. Epub 2013/05/16. https://doi.org/10.1186/scrt171 PMID: 23672797; PubMed Cen-

tral PMCID: PMC3706788.

2. Gandolfi F, Vanelli A, Pennarossa G, Rahaman M, Acocella F, Brevini TA. Large animal models for car-

diac stem cell therapies. Theriogenology. 2011; 75(8):1416–25. Epub 2011/04/06. https://doi.org/10.

1016/j.theriogenology.2011.01.026 PMID: 21463721.

3. Chu CR, Szczodry M, Bruno S. Animal models for cartilage regeneration and repair. Tissue Eng Part B

Rev. 2010; 16(1):105–15. Epub 2009/10/17. https://doi.org/10.1089/ten.TEB.2009.0452 PMID:

19831641; PubMed Central PMCID: PMC3121784.

4. Gabr H, El-Kheir WA, Farghali HA, Ismail ZM, Zickri MB, El Maadawi ZM, et al. Intrathecal Transplanta-

tion of Autologous Adherent Bone Marrow Cells Induces Functional Neurological Recovery in a Canine

Model of Spinal Cord Injury. Cell Transplant. 2015; 24(9):1813–27. Epub 2014/09/10. https://doi.org/10.

3727/096368914X683025 PMID: 25199146; PubMed Central PMCID: PMC5214987.

5. Eberli D, Aboushwareb T, Soker S, Yoo JJ, Atala A. Muscle precursor cells for the restoration of irre-

versibly damaged sphincter function. Cell Transplant. 2012; 21(9):2089–98. Epub 2012/01/13. https://

doi.org/10.3727/096368911X623835 PMID: 22236637.

6. Holzer N, Hogendoorn S, Zurcher L, Garavaglia G, Yang S, Konig S, et al. Autologous transplantation

of porcine myogenic precursor cells in skeletal muscle. Neuromuscul Disord. 2005; 15(3):237–44. Epub

2005/02/24. https://doi.org/10.1016/j.nmd.2004.11.001 PMID: 15725585.

7. Badra S, Andersson KE, Dean A, Mourad S, Williams JK. Long-term structural and functional effects of

autologous muscle precursor cell therapy in a nonhuman primate model of urinary sphincter deficiency.

J Urol. 2013; 190(5):1938–45. Epub 2013/04/27. https://doi.org/10.1016/j.juro.2013.04.052 PMID:

23618586.

IVIS for explants analysis

PLOS ONE | https://doi.org/10.1371/journal.pone.0184588 September 20, 2017 19 / 21

https://doi.org/10.1186/scrt171
http://www.ncbi.nlm.nih.gov/pubmed/23672797
https://doi.org/10.1016/j.theriogenology.2011.01.026
https://doi.org/10.1016/j.theriogenology.2011.01.026
http://www.ncbi.nlm.nih.gov/pubmed/21463721
https://doi.org/10.1089/ten.TEB.2009.0452
http://www.ncbi.nlm.nih.gov/pubmed/19831641
https://doi.org/10.3727/096368914X683025
https://doi.org/10.3727/096368914X683025
http://www.ncbi.nlm.nih.gov/pubmed/25199146
https://doi.org/10.3727/096368911X623835
https://doi.org/10.3727/096368911X623835
http://www.ncbi.nlm.nih.gov/pubmed/22236637
https://doi.org/10.1016/j.nmd.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15725585
https://doi.org/10.1016/j.juro.2013.04.052
http://www.ncbi.nlm.nih.gov/pubmed/23618586
https://doi.org/10.1371/journal.pone.0184588


8. Burdzinska A, Crayton R, Dybowski B, Idziak M, Gala K, Radziszewski P, et al. The effect of endoscopic

administration of autologous porcine muscle-derived cells into the urethral sphincter. Urology. 2013; 82

(3):743 e1-8. Epub 2013/07/23. https://doi.org/10.1016/j.urology.2013.03.030 PMID: 23866762.

9. Mitterberger M, Pinggera GM, Marksteiner R, Margreiter E, Fussenegger M, Frauscher F, et al. Adult

stem cell therapy of female stress urinary incontinence. Eur Urol. 2008; 53(1):169–75. Epub 2007/08/

09. https://doi.org/10.1016/j.eururo.2007.07.026 PMID: 17683852.

10. Kulesza A, Burdzinska A, Szczepanska I, Zarychta-Wisniewska W, Pajak B, Bojarczuk K, et al. The

Mutual Interactions between Mesenchymal Stem Cells and Myoblasts in an Autologous Co-Culture

Model. PLoS One. 2016; 11(8). https://doi.org/10.1371/journal.pone.0161693 PMID: 27551730

11. Burdzinska A, Dybowski B, Zarychta-Wisniewska W, Kulesza A, Zagozdzon R, Gajewski Z, et al. The

Anatomy of Caprine Female Urethra and Characteristics of Muscle and Bone Marrow Derived Caprine

Cells for Autologous Cell Therapy Testing. Anat Rec (Hoboken). 2016. Epub 2016/10/16. https://doi.

org/10.1002/ar.23498 PMID: 27741564.

12. Carr LK, Robert M, Kultgen PL, Herschorn S, Birch C, Murphy M, et al. Autologous muscle derived cell

therapy for stress urinary incontinence: a prospective, dose ranging study. J Urol. 2013; 189(2):595–

601. Epub 2012/12/25. https://doi.org/10.1016/j.juro.2012.09.028 PMID: 23260547.

13. Gunetti M, Tomasi S, Giammo A, Boido M, Rustichelli D, Mareschi K, et al. Myogenic potential of whole

bone marrow mesenchymal stem cells in vitro and in vivo for usage in urinary incontinence. PLoS One.

2012; 7(9):e45538. Epub 2012/10/03. https://doi.org/10.1371/journal.pone.0045538 PMID: 23029081;

PubMed Central PMCID: PMC3448658.

14. Yiou R, Dreyfus P, Chopin DK, Abbou CC, Lefaucheur JP. Muscle precursor cell autografting in a

murine model of urethral sphincter injury. BJU Int. 2002; 89(3):298–302. Epub 2002/02/22. PMID:

11856115.

15. Gunetti M, Tomasi S, Giammo A, Boido M, Rustichelli D, Mareschi K, et al. Myogenic Potential of

Whole Bone Marrow Mesenchymal Stem Cells In Vitro and In Vivo for Usage in Urinary Incontinence.

PLoS One. 2012; 7(9):e45538. https://doi.org/10.1371/journal.pone.0045538 PMID: 23029081

16. Mitterberger M, Pinggera G, Marksteiner R, Margreiter E, Fussenegger M, Frauscher F, et al. Adult

stem cell therapy of female stress urinary incontinence. Eur Urol. 2008; 53(1):169–75. https://doi.org/

10.1016/j.eururo.2007.07.026 PMID: 17683852

17. Burdzińska A, Crayton R, Dybowski B, Idziak M, Gala K, Radziszewski P, et al. The effect of endoscopic

administration of autologous porcine muscle-derived cells into the urethral sphincter. Urology. 2013; 82

(3):743.e1-8. Epub 2013 Jul 16. https://doi.org/10.1016/j.urology.2013.03.030 PMID: 23866762

18. Pasha Z, Wang Y, Sheikh R, Zhang D, Zhao T, Ashraf M. Preconditioning enhances cell survival and

differentiation of stem cells during transplantation in infarcted myocardium. Cardiovascular Research.

2008; 77(1):134–42. https://doi.org/10.1093/cvr/cvm025 PMID: 18006467

19. Nakajima H, Uchida K, Guerrero A, Watanabe S, Sugita D, Takeura N, et al. Transplantation of mesen-

chymal stem cells promotes an alternative pathway of macrophage activation and functional recovery

after spinal cord injury. J Neurotrauma. 2012; 29(8):1614–25. Epub 2012 Apr 18. https://doi.org/10.

1089/neu.2011.2109 PMID: 22233298

20. Tatebe M, Nakamura R, Kagami H, Okada K, Ueda M. Differentiation of transplanted mesenchymal

stem cells in a large osteochondral defect in rabbit. Cytotherapy. 2005; 7(6):520–30. https://doi.org/10.

1080/14653240500361350 PMID: 16306014

21. Yiou R, Dreyfus P, Chopin D, Abbou C, Lefaucheur J. Muscle precursor cell autografting in a murine

model of urethral sphincter injury. BJU International. 2002; 89(3):298–302. PMID: 11856115

22. Palero J, Bruijn Hd, Heuvel AvdPvd, Sterenborg H, Gerritsen H. Spectrally resolved multiphoton imag-

ing of in vivo and excised mouse skin tissues. Biophys J. 2007; 93(3):992–1007. https://doi.org/10.

1529/biophysj.106.099457 PMID: 17449667

23. Yukawa H, Watanabe M, Kaji N, Baba Y. Influence of Autofluorescence Derived From Living Body on In

Vivo Fluorescence Imaging Using Quantum Dots. Cell Med. 2014; 7(2):75–82. https://doi.org/10.3727/

215517914X685169 PMID: 26858896

24. Davis A, Richter A, Becker S, Moyer J, Sandouk A, Skinner J, et al. Characterizing and Diminishing

Autofluorescence in Formalin-fixed Paraffin-embedded Human Respiratory Tissue. J Histochem Cyto-

chem. 2014; 62(6):405–23. https://doi.org/10.1369/0022155414531549 PMID: 24722432

25. Corcos J, Loutochin O, Campeau L, Eliopoulos N, Bouchentouf M, Blok B, et al. Bone marrow mesen-

chymal stromal cell therapy for external urethral sphincter restoriation in a rat model of stress urinary

incontinence. Neurology and Urodynamics 2010; 30(3):447–55.
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