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Abstract
Detection of synthetic thymidine analogues after their incorporation into replicating DNA during the S-phase of the cell 
cycle is a widely exploited methodology for evaluating proliferative activity, tracing dividing and post-mitotic cells, and 
determining cell-cycle parameters both in vitro and in vivo. To produce valid quantitative readouts for in vivo experiments 
with single intraperitoneal delivery of a particular nucleotide, it is necessary to determine the time interval during which 
a synthetic thymidine analogue can be incorporated into newly synthesized DNA, and the time by which the nucleotide is 
cleared from the blood serum. To date, using a variety of methods, only the bioavailability time of tritiated thymidine and 
5-bromo-2′-deoxyuridine (BrdU) have been evaluated. Recent advances in double- and triple-S-phase labeling using 5-iodo-
2′-deoxyuridine (IdU), 5-chloro-2′-deoxyuridine (CldU), and 5-ethynyl-2′-deoxyuridine (EdU) have raised the question of 
the bioavailability time of these modified nucleotides. Here, we examined their labeling kinetics in vivo and evaluated label 
clearance from blood serum after single intraperitoneal delivery to mice at doses equimolar to the saturation dose of BrdU 
(150 mg/kg). We found that under these conditions, all the examined thymidine analogues exhibit similar labeling kinetics 
and clearance rates from the blood serum. Our results indicate that all thymidine analogues delivered at the indicated doses 
have similar bioavailability times (approximately 1 h). Our findings are significant for the practical use of multiple S-phase 
labeling with any combinations of BrdU, IdU, CldU, and EdU and for obtaining valid labeling readouts.

Keywords Thymidine analogues · Proliferation · BrdU (5-bromo-2′-deoxyuridine) · IdU (5-iodo-2′-deoxyuridine) · CldU 
(5-chloro-2′-deoxyuridine) · EdU (5-ethynyl-2′-deoxyuridine) · Immunohistochemistry · Click chemistry

Introduction

Tritiated thymidine and synthetic thymidine analogues 
are widely employed for marking replicating DNA dur-
ing the S-phase of the cell cycle. Detection of these 
modified nucleotides after their incorporation into newly 

synthesized DNA enables examination of the spatial and 
temporal features of the DNA synthesis in the cell (Man-
ders et al. 1996; Ma et al. 1998), the determination of cell 
cycle parameters (Nowakowski et al. 1989; Cai et al. 1997; 
Brandt et al. 2012), the evaluation of kinetics and modes of 
cell division (Takahashi et al. 1994; Alexiades and Cepko 
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1996; Hayes and Nowakowski 2000; Mandyam et al. 2007; 
Podgorny et al. 2018), cell birth dating (Angevine and 
Sidman 1961), and tracing the fate and migration of pro-
liferating and postmitotic cells (Schweyer et al. 2019). The 
labeling of replicating DNA with modified nucleotides has 
become an indispensable method in cell biology, devel-
opmental biology, stem cell research, and cancer research 
and is used in both experiments on cultured cells in vitro 
and studies on various species in vivo.

The modified nucleotides used for cell cycle analysis can 
be subdivided into several groups: halogenated thymidine 
analogues that are detected by antibodies (Gratzner 1982; 
Vega and Peterson 2005), synthetic thymidine analogues 
that are detected by click chemistry reactions (Salic and 
Mitchison 2008; Neef and Luedtke 2011, 2014; Rieder and 
Luedtke 2014), and tritiated or stable isotope-labeled thy-
midine that is detected by autoradiography or multi-isotope 
mass-spectrometry imaging, respectively (Taylor et al. 1957; 
Steinhauser et al. 2012). To label newly synthesized DNA, 
cultured cells or organisms undergo treatment with modified 
nucleotides, usually via addition into the cell culture medium, 
ambient water (in the case of water inhabitants), or drink-
ing water (in the case of terrestrial vertebrate species), or 
via intraperitoneal, intravenous, or intramuscular injections 
(applicable for most vertebrate species). Pulse-chase labeling 
and cumulative labeling are major DNA labeling schemes 
used in most studies. Combined with quantitative analysis 
of cells that have incorporated a particular label into their 
newly synthesized DNA, these labeling schemes enable vari-
ous aspects of cell proliferation in diverse in vitro and in vivo 
systems to be revealed. Development of methods for discrimi-
nation between two or three distinct modified nucleotides 
led to creating double- and triple-S-phase labeling schemes 
for proliferating cells (Hayes and Nowakowski 2000; Vega 
and Peterson 2005; Rieder and Luedtke 2014; Podgorny et al. 
2018). Temporal discrimination of two or three labels in com-
bination with quantitative analysis increases the resolution 
of cell-cycle kinetics analysis and allows for multiple birth 
dating (Takahashi et al. 1993, 1994; Verdoodt et al. 2012; 
Brandt et al. 2012; Podgorny et al. 2018; Newton et al. 2019).

When marking dividing cells in cell cultures, the time 
interval during which a label builds into replicating DNA 
can be easily controlled by washing the cells from the label. 
This ensures reproducible labeling results and, for multiple 
labeling, allows for avoidance of label overlap. Unlike cell 
cultures, for intraperitoneal, intravenous, or intramuscular 
injections in most vertebrate species, the time interval dur-
ing which a label incorporates into replicating DNA cannot 
be controlled instrumentally; instead, it is defined by the rate 
of label propagation via the blood circulation system and 
the rate of label metabolization. The time interval in which 
the entire amount of the modified nucleotide is completely 
metabolized is referred to as the bioavailability time. This 

characteristic of label behavior is critically important when 
performing quantitative analysis of labeled cells and multi-
ple labeling in in vivo systems. Ignoring this parameter can 
affect labeling results, quantitative readouts, and interpreta-
tion of the experimental data.

A number of studies have reported evaluations of the 
bioavailability time for tritiated thymidine and 5-bromo-2′-
deoxyuridine (BrdU), which are the most frequently used 
modified nucleotides, in several animal species, and even in 
humans (Rubini et al. 1960; Kriss and Revesz 1962; Staro-
scik et al. 1964; Packard et al. 1973; Nowakowski and Rakic 
1974; Stetson et al. 1985; Phuphanich and Levin 1985; Hayes 
and Nowakowski 2000; Mandyam et al. 2007; Barker et al. 
2013; Matiašová et al. 2014). The bioavailability time was 
primarily evaluated by either assessment of label uptake into 
replicating DNA using autoradiographic analysis or scintil-
lation detection (Rubini et al. 1960; Staroscik et al. 1964; 
Packard et al. 1973) or by measurement of label clearance 
from the blood serum using scintillation detection, high-
performance liquid chromatography, or cell culture assay 
(Packard et al. 1973; Nowakowski and Rakic 1974; Stetson 
et al. 1985; Phuphanich and Levin 1985; Barker et al. 2013; 
Matiašová et al. 2014). Taken together, these studies indicate 
that, after a pulse delivery, the bulk of both tritiated thymi-
dine and BrdU is incorporated into replicating DNA within 
15–25 min and label uptake reaches saturation within 1–2 h. 
Assessment of label clearance reveals that both labels cannot 
be detected in the blood serum 1–2 h after a pulse delivery.

After delivery into an organism, BrdU undergoes rapid 
degradation with formation of bromouracil and bromide ion 
(Kriss and Revesz 1962). Only a fraction of delivered BrdU 
escapes degradation and builds into replicating DNA. Liver 
was identified as a major site where BrdU is degraded via 
dehalogenation (Kriss and Revesz 1962). Besides liver, blood 
serum enzymes degrade BrdU and 5-iodo-2′-deoxyuridine 
(IdU), yet another thymidine analogue used for marking 
replicating DNA, via dehalogenation and conversion into 
bromo- and iodouracil, respectively (Saffhill and Hume 
1986). Notably, rates of biodegradation of these thymidine 
analogues by blood serum enzymes were found to be dissimi-
lar. Besides BrdU and IdU, the halogenated thymidine ana-
logue 5-chloro-2′-deoxyuridine (CldU) and the “clickable” 
thymidine analogue 5-ethynyl-2′-deoxyuridine (EdU) are 
commonly used to mark replicating DNA in model rodents 
(mice and rats). Moreover, we have recently reported triple-
S-phase labeling of dividing stem cells in vivo using combi-
nations of IdU, CldU, and EdU (Podgorny et al. 2018). Since 
rates of biodegradation of halogenated thymidine analogues 
were found to be dissimilar (Saffhill and Hume 1986) and 
the mechanisms of biodegradation of EdU are unknown, it 
can be hypothesized that, despite the structural similarity of 
these thymidine analogues, their bioavailability time may 
vary enough to produce inconsistent quantitative readouts 
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in case of multiple S-phase labeling. To make labeling with 
these modified nucleotides consistent and reproducible, it is 
important to know how they behave after a single pulse deliv-
ery. Therefore, we evaluated IdU, CldU, and EdU in terms of 
labeling kinetics in vivo and the time of their complete clear-
ance from the blood serum, and compared them to BrdU. 
To this end, we analyzed the numbers of labeled cells in the 
hippocampal dentate gyrus (DG) of adult mice at different 
time points after a single intraperitoneal injection of a modi-
fied nucleotide and, in parallel, assessed blood sera collected 
from the same mice by cell culture assay (Barker et al. 2013).

Materials and methods

Animals

Experiments were conducted using 8–10-week-old C57BL/6 
male mice. Mice were group housed (3–4 mice per cage) in 
the animal facility at Shemyakin-Ovchinnikov Institute of 
Bioorganic Chemistry. All experimental procedures were 
performed according to the European Convention for the 
Protection of Vertebrate Animals used for Experimental and 
other Scientific Purposes (1986, ETS 123) and approved by 
the Institutional Animal Care and Use Committee (proto-
col no. 281). Mice were housed in a temperature-controlled 
(22–24  °C) room with a 12  h light/dark cycle and had 
ad libitum access to food and water.

Experimental design and sample collection

Ninety-six mice received single intraperitoneal injections of 
one of four thymidine analogues dissolved in saline: BrdU 
(Sigma-Aldrich, #B5002) at a dose of 150 mg/kg with a final 
concentration of 7.5 mg/ml (n = 24), IdU (Sigma-Aldrich, 
#I7125) at a dose of 173 mg/kg with a final concentration 
of 2.47 mg/ml (n = 24), CldU (Sigma-Aldrich, #C6891) at a 
dose of 128 mg/kg with a final concentration of 6.4 mg/ml 
(n = 24), or EdU (Lumiprobe, #40540) at a dose of 123 mg/
kg with a final concentration of 6.15 mg/ml (n = 24). Doses 
of IdU, CldU, and EdU were equimolar to the saturating 
dose of 150 mg/kg of BrdU determined earlier (Mandyam 
et al. 2007). Mice were deeply anesthetized by intraperito-
neal injection of a mixture of tiletamine/zolazepam/xylazine 
at doses of 40/40/20 mg/kg at the following time points (four 
animals per time point): 10, 20, 30, 60, 120, or 240 min 
after injection of the thymidine analogue (Fig. 1). The anes-
thetized mice underwent a surgical procedure necessary 
for transcardial perfusion. Before a perfusion needle was 
inserted into the left ventricle of the heart, blood leaking 
from the incised right atrium into the open thoracic cavity 
was collected using a 1-ml syringe without a needle into 
a 1.5-ml microcentrifuge tube. The collected blood was 
allowed to clot at 4 °C for 3 h and centrifuged at 3000 g 
for 30 min. The isolated sera were stored at −80 °C until 
needed. After the blood sample was collected, transcardial 
perfusion was conducted as usual. Brains were washed from 

Fig. 1  The experimental design for examining the labeling kinetics of 
BrdU, IdU, CldU, and EdU in vivo and their clearance from the blood 
serum. Mice received a single intraperitoneal injection of a label 
and were deeply anesthetized at time points 10, 20, 30, 60, 120, and 
240 min after label injection. Then, blood was collected, mice were 
transcardially perfused, and the brains were extracted. The brains 
were sliced and stained, and then labeled cells in the hippocampal 

DG were quantified using an epifluorescence microscope. The blood 
samples were left for clotting followed by centrifugation. HeLa cells 
were then treated for 30 min with isolated blood sera or pure labels at 
a concentration of 10 µM. Following the treatments, cells were fixed, 
stained, and imaged, and the images were used for determining the 
labeling indices and mean signal intensities
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residual blood with prewarmed 0.01 M phosphate-buffered 
saline (PBS) (pH 7.4) followed by perfusion with ice-cold 
4% paraformaldehyde in PBS (pH 7.4). Brains removed from 
the skulls were postfixed in 4% paraformaldehyde in PBS 
overnight at 4 °C.

Processing brain samples

Postfixed brains were washed with PBS, and the right hemi-
spheres were sliced sagittally in a lateral-to-medial direction 
using a Leica VT1200S vibratome (Leica-Microsystems). 
The most lateral slices which do not contain the DG were 
discarded. When the DG became visible, we started to col-
lect slices (thickness of 50 µm) into six wells of a 24-well 
plate filled with PBS according to a fractionator scheme as 
previously described (Encinas and Enikolopov 2008). The 
first slice was placed into the first well, the second slice was 
placed into the second well, and so on until the sixth was 
placed into the sixth well, then the seventh slice was placed 
into the first well, the eighth slice was placed into the second 
well, and so on until the hemisphere was completely sliced. 
Thus, each well contained a series of the 50-µm slices which 
were 250 µm apart. The series (10–11 slices) represented 
a fraction (one sixth) of the entire DG of one hemisphere.

Cultivation of HeLa cells and treatment with mouse 
blood sera

HeLa Kyoto cells were grown in Dulbecco’s modified Eagle 
medium (Paneco) supplemented with 10% fetal bovine 
serum (PAA Laboratories), 2 mM L-glutamine (Paneco), 
100 units/ml of penicillin, and 100 µg/ml of streptomycin 
(Paneco) at 37 °C in ambient atmosphere with 5%  CO2. The 
cells were cultured in 25-cm2 flasks (SPL Life Sciences) and 
re-seeded using 0.25% trypsin in Versene solution (Paneco). 
For experiments, HeLa cells were seeded on 35-mm confo-
cal dishes (SPL Life Sciences, #100350) with glass bottoms 
(diameter 13 mm) at a density of 30,000 cells/ml in 2 ml of 
culture medium. The day after seeding, culture medium was 
removed, and the cells were washed from residual medium 
with 2 ml of Hanks’ balanced salt solution (HBSS). After 
removal of HBSS, 200 µl of a previously isolated serum 
sample was added into the hole of a confocal dish to fully 
cover the cells grown on the glass bottom. Serum samples 
were pre-warmed to 37 °C before addition to the cultured 
cells. After addition of sera, confocal dishes were incubated 
for 30 min at 37 °C in ambient atmosphere with 5%  CO2. 
Then, cells were washed twice with 2 ml of HBSS and fixed 
with 4% paraformaldehyde in PBS (pH 7.4) for 20 min at 
room temperature (RT). Similarly, four additional control 
dishes with HeLa cells were treated with a thymidine ana-
logue (BrdU, IdU, CldU, or EdU) dissolved in HBSS to a 
final concentration of 10 µM.

Detection of BrdU, IdU, and CldU 
by immunofluorescence staining

For a given experiment, a series of slices from each mouse 
was transferred into a well of a 24-well plate. The slices 
were treated with 2 N HCl for 40 min at 37 °C for the DNA 
denaturation necessary for antigen unmasking. Shrunken 
slices were recovered by incubation in 1 M borate (Sigma-
Aldrich, #B6768) for 10 min at RT with an exchange. All 
remaining procedures were conducted at RT. After three 
washes in PBS, slices were permeabilized in 2% Triton 
X-100 (Sigma-Aldrich, #T8787) in PBS for 1 h followed 
by blocking in 10% goat serum (Sigma-Aldrich, #G9023) 
in PBS containing 0.2% Triton X-100 for 1 h. Then, slices 
from mice injected with BrdU or CldU were stained with 
rat anti-BrdU antibody clone BU1/75 (Abcam, #ab6326) 
at a dilution of 1:1000, whereas slices from mice injected 
with IdU were stained with mouse anti-BrdU antibody clone 
B44 (BD Biosciences, #347580) at a dilution of 1:1000. 
Clone BU1/75 exhibits strong affinity to both BrdU and 
CldU, whereas clone B44 exhibits high affinity to IdU with 
slightly weaker affinity to BrdU (Aten et al. 1992; Man-
ders et al. 1992; Vega and Peterson 2005; Liboska et al. 
2012). After three washes in PBS, the slices were stained 
with goat anti-rat IgG antibody conjugated with Alexa488 
(Thermo Fisher Scientific, #A-11006) at a dilution of 1:500 
or goat anti-mouse IgG antibody conjugated with Alexa488 
(Thermo Fisher Scientific, #A-11029) at a dilution of 1:500. 
Primary and secondary antibodies were diluted in 5% goat 
serum in PBS containing 0.2% Triton X-100. Slices were 
incubated in the primary antibodies overnight and in the sec-
ondary antibodies for 2 h at RT with slight rocking. Stained 
slices were washed three times in PBS, attached to gelatin-
coated glass slides, mounted in  VECTASHIELD® Antifade 
Mounting Medium (Vector Laboratories, #H-1000-10), and 
coverslipped.

The cells treated with sera or pure thymidine analogues 
were exposed to 2 N HCl for 15 min at 37 °C followed by 
permeabilization in 0.5% Triton X-100 in PBS for 30 min 
and blocking in 10% goat serum in PBS containing 0.1% 
Triton X-100 for 30 min. Then, the cells were incubated in 
the same primary and secondary antibodies diluted in 5% 
goat serum in PBS containing 0.1% Triton X-100 for 4 h 
and 2 h, respectively. To stain nuclei, the fluorescent dye 
DAPI (Sigma-Aldrich, #D9542) was added to the secondary 
antibody solution to a final concentration of 2 µg/ml. The 
stained cells were mounted in  VECTASHIELD® Antifade 
Mounting Medium.

Detection of EdU by click reaction

Series of slices from mice that received EdU and cells treated 
with EdU-containing sera were permeabilized in 2% Triton 
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X-100 in PBS for 1 h and in 0.5% Triton X-100 in PBS 
for 30 min, respectively. After three washes in PBS, both 
slices and cells were exposed to a click reaction for 15 min 
at RT with slight rocking. The composition of the click reac-
tion was 20 mM (+)-sodium L-ascorbate (Sigma-Aldrich, 
#A4034), 10 µM Alexa 488-azide (Thermo Fisher Scien-
tific, #A10266), and 4 mM copper sulfate (Sigma-Aldrich, 
#C1297) in PBS. Stained slices were washed three times 
in PBS, attached to gelatin-coated glass slides, mounted in 
 VECTASHIELD® Antifade Mounting Medium, and cov-
erslipped. The cells were additionally stained for 30 min 
with the fluorescent dye DAPI dissolved in PBS at a final 
concentration of 2 µg/ml and mounted in  VECTASHIELD® 
Antifade Mounting Medium.

Cell counting on brain slices

For determination of labeling kinetics in vivo, cells in the 
subgranular zone of the hippocampal DG that incorporated 
thymidine analogues were manually counted using a Nikon 
ECLIPSE Ti2-E epi-fluorescence microscope equipped with 
a 40X objective (numerical aperture 0.95). Cell counting 
was blinded. On each slice in a particular series, we identi-
fied the subgranular zone between the granular layer and 
hilus using the differential interference contrast (DIC) mode 
of the microscope. In each field of view, we focused on the 
uppermost surface of a slice using the DIC mode of the 
microscope, and, then, we switched to the fluorescence mode 
to visualize labeled cell nuclei. By moving the focus drive, 
individual labeled cell nuclei were identified and counted 
on a given field of view. Here, we considered labeled cell 
nuclei within the uppermost focal plane as the boundary-
touching objects and, therefore, excluded them from count-
ing. By repeating this procedure, we counted labeled cell 
nuclei throughout the DG subgranular zone identified in a 
particular slice. Cell counts obtained for all slices of a given 
series were summed and then extrapolated to the entire hip-
pocampal DG of both hemispheres by multiplication by 12 
(6 wells per hemisphere and 2 hemispheres per brain).

Microscopy

Cell preparations were captured using a Nikon ECLIPSE 
Ti2-E epi-fluorescent microscope equipped with a SPEC-
TRA X light engine and a Teledyne Photometrics BSI cam-
era. DAPI and Alexa488 were excited by solid-state light 
sources with wavelengths of 395 nm and 470 nm, respec-
tively. Images were acquired using Nikon NIS-Elements 
software. The light source intensity and camera settings 
were initially adjusted for the cells treated with sera col-
lected 10 min after pulse label delivery. Then, the same light 
source intensity and camera settings were employed for both 
the cells treated with sera and the control cells treated only 

with modified nucleotides. Five randomly selected fields of 
view were captured for each cell preparation using a 20X 
objective (numerical aperture 0.75).

Determination of labeling indices and mean 
fluorescence intensities in cells treated with sera

Quantification of labeled nuclei and measurements of mean 
fluorescence intensities on images obtained from cell cul-
ture samples treated with sera and pure thymidine analogues 
were performed using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA). To determine the numbers 
of labeled nuclei (stained for BrdU, IdU, CldU, or EdU) 
and total numbers of nuclei (stained with DAPI) on images, 
we applied the Threshold function with default settings 
to identify the edges of objects and convert the original 
images into binary images. Then, the Watershed function 
was used to separate adjacent nuclei followed by count-
ing of the determined objects using the command Analyze 
particles. To exclude small objects, minimal object space 
was set as 60 µm2. Labeling indices for individual images 
were determined as the ratio of the labeled nuclei number 
to total nuclei number. A labeling index for an individual 
cell culture sample was calculated by averaging the labe-
ling indices determined for five images. Labeling indices 
of individual cell culture samples were used to build result-
ant graphs and to perform statistical analysis. To measure 
mean fluorescence intensities, we used the Threshold func-
tion with default settings to identify the edges of objects on 
a duplicated image. Then, regions of interest (ROIs) were 
selected using the Create Selection function, saved to the 
ROI manager, and applied to the original image. The Meas-
ure function was applied to determine mean fluorescence 
intensities for all identified ROIs. The mean fluorescence 
intensity for an individual image was calculated by averag-
ing mean fluorescence intensities determined for all ROIs. 
Similarly, the mean fluorescence intensity for an individual 
cell culture sample was calculated by averaging mean fluo-
rescence intensities determined for five images. The mean 
fluorescence intensities of individual cell culture samples 
were normalized to an average of fluorescence intensities 
determined for samples treated with sera collected at the 
10 min time point. The relative fluorescence intensities of 
individual cell culture samples were used to build resultant 
graphs and to perform statistical analysis.

Data analysis

All quantitative data were expressed as mean ± standard 
error the of mean (SEM) and subjected to statistical analy-
sis using the Kruskal–Wallis test with Dunn’s post hoc test. 
Differences between the means of experimental groups with 
p values below 0.05 were considered significant.
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Results

Labeling kinetics of BrdU, IdU, CldU, and EdU in vivo

To determine the labeling kinetics of BrdU, IdU, CldU, 
and EdU in vivo, we quantified labeled cell nuclei in the 
hippocampal DG of adult mice and determined how their 
number depends on the time interval after intraperitoneal 
injection of a given label. The DG is a brain area where stem 
and progenitor cells continuously divide to generate new 
granular neurons throughout adulthood (Kuhn et al. 1996; 
van Praag et al. 2002). Among other brain regions where 
cells have been reported to proliferate, the DG is particularly 
suitable for the quantitative analysis of labeling kinetics for 
several reasons. First, the DG is a spatially confined struc-
ture. This enables extrapolation of cell counts determined 
with a limited series of sections to the entire DG (Encinas 
and Enikolopov 2008). Second, dividing cells of the DG do 
not form tight clusters and, therefore, can be more easily 
discriminated and counted than, for instance, in the sub-
ventricular zone (SVZ). Third, the population of dividing 
cells in the DG is asynchronous, i.e., cells are randomly dis-
tributed through cell-cycle phases, and it is homogenous in 
terms of the S-phase and cell-cycle lengths (Nowakowski 
et al. 1989; Hayes and Nowakowski 2002; Encinas et al. 
2011; Podgorny et al. 2018). In other words, dividing cells in 
the DG represent a proliferative population with known cell-
cycle kinetics. When a nucleotide label is delivered intra-
peritoneally, it diffuses into the blood circulation system, 

rapidly disperses throughout the organism, and, when reach-
ing the DG, is incorporated into the newly replicating DNA 
of cells passing the S-phase at that moment. Since dividing 
cells in the DG are progressing through the cell cycle, a 
cohort of labeled cells soon exits the S-phase, whereas an 
equal number of unlabeled cells passing the late G1-phase 
enter the S-phase, becoming labeled. Therefore, the number 
of labeled cells should gradually increase while the label is 
available. When the label is depleted via its incorporation 
into the synthesized strands of DNA and metabolization, 
the labeling of cells that enter the S-phase de novo ceases, 
and the number of labeled cells remains unchanged before 
they reach mitosis. Taking into account reports that indicate 
that the G2/M phase of dividing DG cells is longer than 4 h 
(Fischer et al. 2014), we collected brains for analysis at the 
time points 10, 20, 30, 60, 120, or 240 min after pulse label 
delivery.

Counting of labeled cell nuclei on the series of brain 
slices revealed that for all tested modified nucleotides, 
their number rises with the lengthening of the time inter-
val between pulse label delivery and sample collection and 
reaches a plateau at 60 min (Fig. 2). Labeled cell numbers 
at 10 min were ~ 65–85% of the plateau levels. These obser-
vations indicate that a vast majority of proliferating cells in 
the DG incorporate each of tested labels at a detectable level 
within 10 min of injection and that no notable increase in 
labeled nuclei number occurs after 60 min. Our experiments 
also indicate that all modified nucleotides tested in our study 
exhibit similar labeling kinetics in vivo.

Fig. 2  Labeling kinetics of 
thymidine analogues. Labeled 
cell number in the DG was 
quantified 10, 20, 30, 60, 120, 
and 240 min after a single 
intraperitoneal administration 
of BrdU (a), IdU (b), CldU (c), 
or EdU (d). Data are presented 
as mean ± SEM. Differences 
between time points are not sta-
tistically significant (Kruskal–
Wallis test with Dunn’s post hoc 
test, n = 4 for each time point)
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Clearance of BrdU, IdU, CldU, and EdU from blood 
serum

We next asked whether the cessation of label incorporation 
into the replicating DNA reflects an overall depletion of the 
label in the blood. For that, we determined the time intervals 
during which BrdU, IdU, CldU, and EdU are still present in 
the blood serum in amounts sufficient to label cells grown 
in culture, at levels detectable by our immunohistochemi-
cal staining and click reaction procedures. We collected 
the blood sera from the same mice that were used for the 
analysis of labeling kinetics in vivo, added the blood sera 
to cultivated HeLa cells, and 30 min later determined the 
cell labeling indices, with another HeLa cell sample treated 
with 10 µM of the corresponding label serving as a refer-
ence (Fig. 3a). Blood sera obtained from animals 10, 20, 
30, and 60 min after the injection of BrdU, CldU, or EdU, 
when added to HeLa cells, induced identical labeling indi-
ces of ~ 50% for each time point (Fig. 3b, d, e). No labeled 
cells were detected in HeLa cell samples treated with blood 
sera derived from mice 120 and 240 min after nucleotide 
injection.

A similar analysis of HeLa cell samples treated with blood 
sera from animals injected with IdU revealed similar labe-
ling indices at the time points 10, 20, 30, 60, and 120 min, 
with no labeled cells detected with blood sera derived at the 
240 min time point (Fig. 3c). For each modified nucleotide, 
the labeling indices, where they differed from zero, were 
equal to the reference labeling indices determined for the 
nucleotides directly added to HeLa cells. These observa-
tions indicate that BrdU, CldU, and EdU remain in the blood 
serum at concentrations sufficient to label cells at detectable 
levels at least within 60 min of the pulse delivery of the 
label, with IdU exhibiting a longer presence in the blood 
serum. Interestingly, in each case when HeLa cells incor-
porated the label, we did not observe a decline in labeling 
indices as a function of increased time interval between the 
label delivery to the animal and blood serum collection.

Therefore, we next examined whether gradual clearance 
of a given label from the blood serum is reflected in changes 
in mean fluorescence intensities of the labeled HeLa cell 
nuclei. To this end, we determined mean fluorescence inten-
sities for individual labeled HeLa cell nuclei treated with 
blood sera and then averaged these measurements for each 
time point. Since all images within an individual series of 
cell culture samples were captured under the same illumina-
tion and detection conditions, we normalized the averaged 
intensities of each cell culture sample for a resultant mean 
intensity calculated for the samples treated with sera col-
lected 10 min after pulse label delivery. Analysis of relative 
fluorescence intensities in cell cultures exposed to blood 
sera containing BrdU, IdU, or CldU did not show any nota-
ble changes in detected signals as a function of the time 

interval between the pulse label delivery and blood collec-
tion (Fig. 4a–c). Unlike halogenated thymidine analogues, 
the intensity of the EdU signal decreased along with the 
increase of the time interval between the pulse label delivery 
and blood collection, with a statistically significant differ-
ence in the EdU signal between the 20 and 60 min time 
points (Fig. 4d). These observations suggest that labeling 
signal in cell nuclei of cell culture samples treated with sera 
containing halogenated thymidine analogues does not cor-
relate with true label content in the blood sera. At the same 
time, the observed decline in the EdU signal may reflect 
gradual clearance of the label from blood serum after a pulse 
label delivery.

Discussion

Here, we evaluated the bioavailability time of the most fre-
quently used thymidine analogues by examining the labeling 
kinetics for BrdU, IdU, CldU, and EdU in vivo after a single 
intraperitoneal injection as well as their availability in the 
blood serum of the injected animals. Our results indicate 
that all the tested thymidine analogues exhibit similar cell 
labeling kinetics and are cleared from the blood circulation 
system within almost equal time intervals. The character-
istic times of label incorporation into replicating DNA of 
dividing cells in vivo and label availability in blood serum 
are confined to 1 h, with longer availability of IdU in blood 
serum (2 h). The current study combined with our earlier 
evidence on triple-S-phase labeling (Podgorny et al. 2018) 
validates the labeling equivalency of all tested thymidine 
analogues if they are used at equimolar doses. Our find-
ings are important for the practical use of the most broadly 
employed thymidine analogues. They also ensure the con-
sistency of labeling results when conducting single-, dou-
ble-, or triple-S-phase labeling in vivo using BrdU, IdU, 
CldU, and EdU in various combinations and orders.

Our observations on the labeling kinetics of BrdU and its 
clearance from blood serum indicate that BrdU bioavailabil-
ity time is limited to 1 h, with the bulk of label incorpora-
tion occurring within the first 10–30 min and no significant 
increase in the number of labeled cells in vivo 1 h after label 
injection. These observations are in a good agreement with 
previously reported estimates of BrdU bioavailability time 
determined by a variety of detection methods, primarily via 
evaluation of label uptake into replicating DNA and label 
clearance from blood serum (Packard et al. 1973; Barker 
et al. 2013; Matiašová et al. 2014). However, some studies 
report shorter bioavailability times of 30 min (Hayes and 
Nowakowski 2000) or even 15 min (Mandyam et al. 2007). 
The differences in the bioavailability time estimates may 
originate primarily from the specimen types used and meth-
ods employed. Unlike other studies, here, we employ two 
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methods: (i) quantitative analysis of labeled cell numbers 
in the hippocampal DG of the mouse brain at different time 
points after pulse label delivery and (ii) cell culture assay 
for the presence of available nucleotides in the blood sera 
collected from the same animals. Both methods are indirect 

(they rely on counting of labeled cells detected by immu-
nohistochemistry or click reaction). Therefore, they are not 
sensitive enough to perform rigorous quantitative analysis 
of label incorporation and clearance. However, these meth-
ods enable determining time points when the amount of an 

Fig. 3  Determination of label clearance from blood serum using 
cell culture assay. Following a single intraperitoneal administration 
of nucleotides, blood serum samples were collected 10, 20, 30, 60, 
120, and 240 min after the injection. Representative images of HeLa 
cells after a 30  min treatment with blood sera collected from mice 
that received a single intraperitoneal injection of EdU or a 30  min 
treatment with 10 µM EdU (a). Labeling indices for BrdU (b), IdU 
(c), CldU (d), and EdU (e). Labeling indices were determined as per-

centages of labeled cell numbers (label-positive nuclei) to total cell 
number (DAPI-positive nuclei). HeLa cells treated with pure thymi-
dine analogues at a concentration 10 µM served as reference samples 
for revealing the S-phase cohort. Quantitative data are presented as 
mean ± SEM. Differences between time points are not statistically 
significant (Kruskal–Wallis test with Dunn’s post hoc test, n = 4 for 
each time point). Scale bar: 50 µm
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available thymidine analogue in the brain tissue and blood 
serum decreases to levels at which the labeling of cells pass-
ing the S-phase is no longer detectable by immunohisto-
chemistry or click reaction. Combining experimental data 
obtained by both methods allows us to estimate the bioavail-
ability time at accuracy enough for the practical use of the 
examined thymidine analogues. Experimental evidence for 
BrdU availability and clearance obtained by both methods 
is consistent and is in agreement with previous findings. We 
consider this as an important validation of our estimates of 
the labeling and clearance kinetics for IdU, CldU, and EdU.

Analysis of labeling kinetics in vivo revealed that all 
examined labels mark the bulk of dividing cells (approxi-
mately 65–85% of the cell numbers at the plateau level) 
within first 10 min of pulse label delivery. This observation 
is in line with previous evidence that, within the first 15 min, 
BrdU labels approximately 85% of the S-phase cohort that 
can be detected at 2 h (Mandyam et al. 2007). Similarities 
in relative labeling levels and kinetics at early time points 
after pulse label delivery between the examined thymidine 
analogues enables quantitative analysis of dividing cells over 
short periods of time. This option is useful for certain exper-
imental schemes. In other cases, when precise evaluations 

are necessary, collection of specimens should be performed 
more than 1 h after the pulse label delivery to exclude under-
estimation of the labeled cell number.

Analysis of labeling in vivo also revealed that the num-
ber of labeled cells at the plateau varied between cohorts of 
animals receiving individual modified nucleotides. Previous 
studies showed that BrdU, IdU, CldU, and EdU mark equal 
numbers of cells when intraperitoneally injected at equimo-
lar doses into the same animal for double- or triple-S-phase 
labeling (Zeng et al. 2010; Podgorny et al. 2018). Therefore, 
we speculate that observed differences are related to varia-
bility in age composition of animal cohorts used for studying 
individual modified nucleotides rather than to distinctions in 
labeling ability or detection methods of individual modified 
nucleotides delivered at equimolar doses.

Our cell culture assay for studying the clearance of the 
thymidine analogues from the blood serum after pulse 
label delivery showed that BrdU, CldU, and EdU are 
present in blood serum in amounts sufficient for marking 
cultured cells at detectable levels for least 1 h after the 
nucleotides were injected into the animals, with the IdU 
being available for labeling even 2 h after the nucleotide 
injection. The longer presence of IdU in blood serum in 

Fig. 4  Determination of mean signal intensities in labeled nuclei 
of HeLa cells treated with blood sera collected from mice at differ-
ent time points after pulse label delivery. BrdU (a), IdU (b), CldU 
(c), or EdU (d). Mean fluorescence intensity was determined for 
each labeled nucleus followed by averaging for all labeled cells for 
an individual cell culture sample. Next, mean fluorescence intensi-

ties of individual cell culture samples were normalized to the aver-
age fluorescence intensity determined for 10 min cell culture samples. 
Resultant signal intensities are expressed in relative fluorescence 
units (RFU). Quantitative data are presented as mean ± SEM. Statisti-
cal analysis was performed using the Kruskal–Wallis test with Dunn’s 
post hoc test, n = 4 for each time point
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comparison to other thymidine analogues is potentially 
related to the higher injection volumes used. However, 
this does not contribute to labeling kinetics in vivo, which 
is indistinguishable from the kinetics determined for the 
other thymidine analogues. Our estimate of the clearance 
time for BrdU is higher than the estimates obtained in 
other studies which employed a similar cell culture assay 
in combination with immunohistochemical or flow cyto-
metric determination of labeled cells (Barker et al. 2013; 
Matiašová et al. 2014). In these studies, sera from BrdU-
injected animals exhibited either undetectable or low labe-
ling levels at 1 h. These slight differences may be due to 
the variances in the doses of BrdU delivered: 150 mg/kg 
in the present study, 100 mg/kg in Barker et al. (2013), 
and 50 mg/kg in Matiašová et al. (2014). We used the 
150 mg/kg BrdU dose in our study because it was previ-
ously determined as the saturating dose which excludes 
the underestimation of cell cohorts in the S-phase (Man-
dyam et al. 2007). BrdU doses near saturation were found 
to provide consistent quantitative data (Burns and Kuan 
2005), and in most experimental situations, BrdU doses 
ranging from 50 to 100 mg/kg produce an appropriate 
labeling level. Hence, our estimates of the bioavailability 
time for BrdU are also valid for those experimental situa-
tions where lower doses of BrdU are used. Similarly, we 
speculate that the same consideration is valid for the other 
thymidine analogues examined in our study.

Interestingly, we did not observe notable changes in labe-
ling indices at all time points where they were not equal 
to zero. Moreover, the labeling indices obtained for serum 
samples were equal to those of control cells treated with 
individual modified nucleotides. A decline of the labeling 
index in relation to the time interval between pulse label 
delivery and blood sample collection could be expected 
because the nucleotide label is gradually cleared from the 
bloodstream and its concentration in blood serum decreases 
with time (Packard et  al. 1973; Stetson et  al. 1985; 
Phuphanich and Levin 1985). Lower amounts of the label 
in serum would be expected to produce incomplete labe-
ling of the S-phase cohort. However, in our study, we did 
not observe a decline in labeling indices. In previous stud-
ies (Barker et al. 2013; Matiašová et al. 2014), incomplete 
labeling of the S-phase cohort with BrdU was observed for 
at least one examined time point. This dissimilarity can be 
explained by the differences in sensitivities of the methods 
and antibody clones used for detecting BrdU in our and 
other studies. Yet another explanation may be that in our 
study, the time intervals where label amount in the blood 
sera decreases so that incomplete labeling of the S-phase 
cohort occurs did not overlap with the time points analyzed 
in those studies. Hence, our data on labeling indices do not 
allow us to evaluate the dynamics of label clearance from 
blood serum. We, therefore, assessed mean fluorescence 

intensities of labeled nuclei to ask whether changes in fluo-
rescence signals can reveal the label clearance dynamics. 
Similar to labeling indices, we did not observe any notable 
changes in fluorescence signals of labeled nuclei for the 
halogenated thymidine analogues BrdU, IdU, and CldU 
at all time points where labeled HeLa cells were detected. 
However, the EdU signal declined with increase of the time 
intervals between pulse label delivery and serum collection. 
These observations can be explained by the following. The 
halogenated thymidine analogues are detected by indirect 
immunofluorescence staining in which secondary antibod-
ies are polyclonal and carry variable numbers of fluoro-
chromes. Therefore, the relationship between the number of 
antigen–first antibody interactions and the resultant number 
of fluorochromes is not proportional. In contrast, EdU is 
detected by the covalent binding of a fluorescent azide to 
the ethynyl group via click reaction (Salic and Mitchison 
2008). Unlike halogenated thymidine analogues, the rela-
tionship between the number of EdU molecules and the 
number of bound fluorochromes is strictly proportional. 
Our observations suggest that the examined labels remain 
at a saturated concentration that provides robust labeling of 
dividing cells in the cell culture assay in terms of labeling 
indices and signal levels in labeled nuclei at all tested time 
points.

In sum, our results indicate that the thymidine analogues 
BrdU, IdU, CldU, and EdU, that are most frequently used for 
marking dividing cells in vivo, exhibit similar labeling kinet-
ics and clearance rates after a single intraperitoneal injection 
to mice. Their bioavailability time is, on average, 1 h with a 
slightly increased value for IdU. Our findings are of practical 
significance for designing labeling schemes and for the inter-
pretation of labeling readouts when performing double- or 
triple-S-phase labeling in vivo using various combinations 
and orders of BrdU, IdU, CldU, and EdU.
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