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Abstract During a study on the mTor pathway in the
rat kidney we observed a striking increase of the phos-
phorylation of the S6 kinase in mitosis. In cryostat sec-
tions of perfusion-Wxed tissue mitotic cells appeared as
bright spots in immunoXuorescence using an antibody
speciWc for the phosphorylation site Thr421/Ser424.
They were easily spotted in overviews with the objec-
tive 4£ and 10£. ImmunoXuorescence was weak dur-
ing the interphase. During the prophase it increased in
both the nucleus and the cytoplasm and it remained
bright during the subsequent phases of mitosis. All
mitotic cells which were found in tubules and in the
interstitium of the kidney using a chromatin stain dis-
played the bright immunoXuorescence for phospho-S6
kinase. The same phenomenon was observed in rat
liver and in mouse kidney as well as in a human cell
line. Provided a rapid Wxation, mitotic cells could be
identiWed with the immunoperoxidase technique in
paraYn sections of immersion-Wxed tissue. This is the
Wrst report of phosphorylation of S6 kinase during
mitosis in vivo. Thus, immunohistochemistry with anti-
phospho-S6 kinase (Thr421/Ser424) appears to provide

a convenient way to detect mitotic cells at low magniW-
cation.

Introduction

The estimation of cell proliferation rates is crucial in
studies concerning tissue growth and regeneration as
well as regulation of the cell cycle. It is also central for
assessment of the malignancy of tumours. Usually, cell
proliferation is estimated by immunolabeling of endog-
enous nuclear proteins, which are up regulated during
the progression through the cell cycle, such as cyclin
D1, the proliferating cell nuclear antigen (PCNA) or
Ki67 (Bartkova et al. 1995; Dobros et al. 1998; Trihia
et al. 2003). The detection of thymidine analogues
incorporated into newly synthesized DNA is com-
monly used to reveal DNA synthesis (Miller and
Nowakowski 1988). However, none of the methods
mentioned above assesses the actual rate of cell divi-
sion. For instance, DNA synthesis might occur prior to
apoptosis or might indicate DNA repair (Jenkins et al.
2001; Khurana et al. 2006). Thus, under some condi-
tions the demonstration of the mitotic phase is crucial.

Most organs display low proliferation rates in adult
animals. Mitotic Wgures are rarely encountered, due to
the short duration of the M-phase, in comparison to
the other phases of cell cycle. The mitotic phases are
well discernible by using chromatin staining. Yet, their
detection requires high magniWcation which makes the
screening of large tissue areas tedious and time-con-
suming.

In a study concerning the mTor pathway in tubular
epithelial cells of the rat kidney, we observed that S6
kinase becomes strongly phosphorylated in mitotic
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cells. In order to see whether this phenomenon was
restricted to renal epithelia of rats, we included rat
livers and mouse kidneys in the study. We found that
the phosphorylation of S6-kinase during mitosis was
neither species, nor tissue speciWc. Thus, labelling of
phospho-S6 kinase represents a powerful means for the
identiWcation of mitotic cells at low magniWcation.

Materials and methods

We used 6 weeks old (body weight 140–180 g) male
Wistar rats and male C57BL/6 mice (body weight 20–
30 g). The animals were kept on a standard laboratory
diet. The experimental protocol was approved by the
Cantonal Veterinary OYce of Zürich.

Fixation and tissue treatment

Rats were anesthetized with pentobarbital (100 mg/kg
body weight) and mice with a combination of ketamine
(80 mg/kg body weight) and xylazine (33 mg/kg body
weight) intraperitoneally. They were Wxed by vascular
perfusion through the abdominal aorta (Dawson et. al.
1989). The Wxative contained 3% paraformaldehyde,
0.5% picric acid, 0.01% glutardialdehyde in a 3:2 mix-
ture of 0.1 mol/L cacodylate buVer (pH 7.4 adjusted to
300 mosm with sucrose) and 4% hydroxyl ethyl starch
(HES; Fresenius Kabi, Bad Homburg Germany) in
0.9% NaCl. After 5 min the Wxative was washed out by
perfusion with cacodylate sucrose buVer, for 5 min.
Kidneys and livers were removed and 2 mm thick slices
were mounted onto thin cork plates and frozen in
liquid propane, cooled by liquid nitrogen. The tissue
was stored at ¡80°C until use.

ImmunoXuorescence

We used the following primary antibodies: polyclonal
rabbit anti-phospho-S6 kinase (Cell Signalling, Dan-
vers, MA), 1:400, which detects p70 S6 kinase when
phosphorylated at Thr421/Ser424 as well as p85 S6
kinase phosphorylated at Thr 444/Ser 447; monoclonal
mouse anti-alpha-tubulin (Clone B-5-1-2) (Sigma, St
Louis MO), 1:400; monoclonal mouse anti-proliferat-
ing cell nuclear antigen (PCNA) (clone PC 10) (Dako
Cytomation, Glostrup, Denmark) 1:300. The phospho-
S6 kinase antibody has been raised by immunization of
rabbits with a phosphorylated peptide matching the
sequence of human S6 kinase. As stated on the data
sheet it has been used successfully for the immunohis-
tochemical detection of phosphor-S6 kinase in tissues
of humans, rats and mice.

Four-micrometers thick sections were cut in a cryo-
stat and mounted on chrome–alum–gelatine-coated
glass slides. After pre-treatment for 1 h in 5% normal
goat serum in phosphate buVered saline (PBS), sections
were incubated overnight in a humidiWed chamber with
the primary antibodies, diluted in PBS supplemented
with 1% bovine serum albumin. Binding sites of the pri-
mary antibodies were revealed with Alexa Fluor 555
goat–anti-rabbit IgG and Alexa Fluor 488 goat–anti-
mouse (Molecular probes, Eugene, OR, USA).

For chromatin staining 4,6-diamidino-2-phenylindole
(DAPI; Sigma, St Louis, MO), dilution 1:2,000, was
added to the secondary antibodies. After a Wnal rinse
with PBS, coverslips were mounted using DAKO-
glycergel (DakoCytomation Carpinteria CA) to which
2.5% 1,4-diazybicyclo (2,2,2) octane (DABCO; Sigma,
St Louis, MO) was added as fading retardant. For dou-
ble staining we used cocktails of the primary antibodies
as well as of the secondary antibodies.

 For immunoXuorescence on Hep2 cells subconXu-
ent cultures were Wxed for 20 min at room temperature
in 4% paraformaldehyde, 0.02% glutardialdehyde in
0.1 M phosphate buVer, pH 7.3. Further processing was
as for cryostat sections.

Immunoperoxidase labelling of phospho-S6 kinase

Rat kidneys were rapidly removed and immediately
Wxed by immersion in phosphate-buVered freshly
depolymerised 4% paraformaldehyde for 2 h at 4°C,
dehydrated in alcohol series and embedded in paraYn.
Three-micrometer sections were deparaVinized and
microwawed for 10 min in 0.01 M sodium citrate buVer,
pH 6.0. After blocking with 5% normal goat serum for
30 min at room temperature the sections were washed
in PBS and incubated overnight at 4°C with anti-phos-
pho-S6 kinase 1:500 in PBS. The binding sites were
revealed by immunoperoxidase using the Vectastain
ABC kit (Vector Laboratories, Inc., Burlinghame, CA,
USA), with 3,3�-diaminobenzidine as the substrate.
The sections were then stained with the periodic acid–
SchiV reagent.

Terminal desoxy nucleotidyl transferase biotin-dUTP 
Nick End labelling (TUNEL)

For detection of apoptotic bodies, sections were
treated with the TUNEL method using the Terminal
Transferase Recombinant Kit 8,000 U (Roche Applied
Science, Penzberg, Germany) according to the manu-
facturer’s instructions. Then sections were processed as
described above for immunolabeling of phospho-S6
kinase.
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Controls

For control of unspeciWc binding of secondary antibodies
we made control incubations by omitting the primary
antibody. These control experiments were negative.

Microscopic evaluation

Sections were studied by epiXuorescence with a Poly-
var microscope (Reichert Jung, Vienna, Austria)
equipped with a CCD camera (Visitron, Puching,
Germany) and by confocal laser scanning microscopy,
using the CLSM SP2 (Leica, Heidelberg, Germany).
Images were processed using Image-pro and Photo-
shop software.

Results

Phosphorylation of S6 kinase is increased in mitotic 
cells in rat kidney and liver 

In overviews of renal cortex all cell nuclei display a
weak immunostaining for phospho-S6 kinase (Fig. 1).
Additionally a few bright eye-catching spots can easily
be detected. Higher magniWcation of these cells and
analysis of their nuclear conWguration by DNA stain-
ing with DAPI (Fig. 1 inserts) revealed these spots as
mitoses. Mitotic Wgures which were detected in three
kidney sections by DAPI staining were examined for
phospho-S6 kinase immunolabeling. All mitotic
Wgures, 52 in tubules and nine in the interstitium, dis-
played an increased phosphorylation of S6 kinase
compared to interphase nuclei. This was further con-
Wrmed by double stainings with antibodies against

alpha-tubulin and phospho-S6 kinase (Fig. 2). Immu-
nostaining for phospho-S6 kinase revealed mitotic
cells not only in renal tubules of rats, but also in the
interstitium of rat kidneys (Fig. 3a) and in hepatocytes

Fig. 2 Metaphase in rat prox-
imal tubule. a DAPI, blue 
channel; b phospho-S6 kinase, 
red channel; c �-tubulin, green 
channel; d merge. Bar 10 �m

Fig. 3 Metaphases in diVer-
ent tissues. Phospho-S6 ki-
nase, red channel; �-tubulin, 
green channel; DAPI , blue 
channel. a Interstitium of rat 
kidney; b rat hepatocyte; c in-
terstitium of mouse kidney. 
Bar 10 �m

Fig. 1 Overview of a rat kidney cortex; cryostat section, immuno-
Xuorescence for phospho-S6 kinase. All nuclei are lightly stained;
bright spots correspond to mitotic cells; the chromatin pattern of
the spots indicated by arrows in the overview (taken at micro-
scopic magniWcation 8£) is shown in the inserts at 10£ higher
magniWcation by DAPI staining. Bar 200 �m
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(Fig. 3b). Similar results were obtained in the mouse
kidney (Fig. 3c).

The immunoreactivity for phospho-S6 kinase was
increased during all phases of mitosis. In co-stainings
for alpha-tubulin and phospho-S6 kinase we observed
in the prophase (Fig. 4a) when accumulation of tubulin
is seen close to the nuclear envelope, very prominent
staining for P-S6 kinase between the condensed chro-
matin and under the nuclear envelope (see also below).
In the metaphase (Fig. 4b) bright punctuate staining
for phospho-S6 kinase is seen in the whole cytoplasm.
Labelling for phospho-S6 kinase remains intense in the
anaphase (Fig. 4c).

We also used indirect immunoperoxidase with
diaminobenzidin as substrate on immersion-Wxed, par-
aYn-embedded rat kidneys instead of immunoXuores-
cence. Similarly as with immunoXuorescence interphase
nuclei showed a weak but distinct immunolabeling,
whereas mitotic cells displayed a strong signal (Fig. 5).
However the latter were not quite as eye-catching as
with the immunoXuorescence.

The same pattern as in rodent tissues was observed
in the human liver tumor cell line Hep2 (Fig. 6).

Phosphorylation of S6-Kinase starts from two distinct 
pools during prophase in renal tubular cells

In every instance where a nucleus showed a distinctly
increased immunolabeling for phospho-S6 kinase it
was obvious that the cell was in the prophase since the
nucleus was enlarged and chromatin was condensed.
As long as the chromosomes were not distinct (Fig. 7d)
the nuclear immunolabeling for phospho-S6 kinase was
only moderate (Fig. 7a). At this stage a faint immu-
nolabeling in the basal part of the cytoplasm could be
seen (Fig. 7a, g) which seemed to correspond to the cell

area which contains the folded basolateral plasma
membrane. Both the nuclear and cytoplasmic labelling
became stronger (Fig. 7b, h) as soon as the chromo-
somes were discernible within the nuclear envelope
(Fig. 7e). At the rupture of the nuclear envelope the
labelling was very bright at both sites (Fig. 7c, f, i) and
the two pools can no more be distinguished in subse-
quent phases of mitosis.

S6 kinase is not phosphorylated during S-Phase 
or in apoptotic cells

Double staining for phospho-S6 kinase and PCNA,
which is up-regulated during the late G1-phase and the
S-phase, did not show a detectable increase of phos-
phorylation of S6 kinase during the S-phase (Fig. 8a–c).

Fig. 4 Various mitotic phases in rat kidney. Blue channel: DAPI;
Green Channel: �-tubulin; red channel: phospho-S6 kinase.
a Prophase: staining for phospho-S6 kinase in the nucleus and the
cytoplasm no mitotic spindle; b metaphase: mitotic spindle appar-

ent, strong staining for phospho-S6 kinase; c anaphase: staining
for phospho-S6 kinase remains high. Arrowheads point to the
cleavage plane. Bar 5 �m

Fig. 5 Localization of phospho-S6 kinase with immunoperoxi-
dase in the rat kidney medulla. Interphase nuclei show a weak
staining whereas mitotic cells in a collecting duct, in the intersti-
tium and in the endothelium of a small vessel (insert) are strongly
stained. Bar 10 �m
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Because the conWguration of DNA in mitotic cells is
occasionally confused with apoptotic nuclei, we per-
formed double-labelling for phospho-S6 kinase and of
apoptotic cell. None of the TUNEL-positive cells
showed any labelling for phospho-S6 kinase (Fig. 8d–f).

Discussion

By staining tissue sections from perfusion-Wxed rats
and mice with antibodies against phospho-S6-kinase
we observed the phosphorylation of S6 kinase at
Thr421/Ser424 during mitosis in vivo. The Xuorescence
for phospho-S6 kinase was bright as soon as chromatin
staining revealed the formation of chromosomes dur-
ing the prophase and it remained bright throughout
mitosis. With this technique it was very easy to spot
mitotic cells at low magniWcations (objectives 4£ or
10£) in various cell types in rat andmouse tissues and
in a human cell line. Using a DNA-binding Xuoro-
chrome like DAPI it is then possible identify the phase
of mitosis. Phospho-S6 kinase could also be detected in
paraYne sections of immersion-Wxed tissue. Thus the
technique has potentially a broad Weld of application
and it might be useful for evaluating the incidence of
mitoses in human pathological samples. However,

Fig. 6 ImmunoXuorescent detection of phospho-S6 kinase in
Hep2 cells. Phosphorylation of S6 kinase is much higher in the
cell in the metaphase than in neighboring interphase cells. Phos-
pho-S6 kinase, red channel; �-tubulin, green channel; DAPI , blue
channel. Bar 5 �m

Fig. 7 DiVerent stages of pro-
phase. a–c Phospho-S6 kinase; 
d–f DAPI; g–i merge. At an 
early stage of prophase 
(a, d, g) phospho-S6 kinase 
can be detected as a faint 
staining in the basal part of 
cytoplasm and staining in the 
nucleus is somewhat stronger 
than in normal interphase 
nuclei. Immunolabeling for 
phospho-S6 kinase is stronger 
at a later stage of prophase in 
both the nucleus and the 
cytoplasm (b, e, h). The two 
pools are still largely distinct 
at the end of the prophase 
(prometaphase) (c, f, i). 
Bar 5 �m
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since phosphorylation of proteins is rapidly reversible,
it is likely that Wxation needs to be carried out quickly
after tissue sampling.

Phospho-S6 kinase is downstream of mTOR , which
acts as one of the central regulators of cell growth
and cell size (Schmelzle and Hall 2000; Harris and
Lawrence 2003; Li et al. 2004). Furthermore mTOR
plays pivotal roles in establishing cell shape, polarity,
migration and proliferation (Neufeld 2003; Berven
et al. 2004; Jacinto et al. 2004; Long et al. 2004; Lee
et al. 2005a, b; De Virgilio and Loewith 2006). Two
diVerent transcripts of phospho-S6 kinase have been
described. P70 S6 kinase represents the cytoplasmic
form whereas P85 S6 kinase which diVers from p70 S6
kinase by a 23 amino acid extension at the amino ter-
minus, is localized in the nucleus (Reinhard et al. 1992,
1994). Phosphorylation of S6 kinase at Ser411 in
mitotic cells has been shown in the NIH3T3 cell line
but its functional implications remained obscure (Papst
et al. 1998). In the present study we observed a large
increase of S6 kinase phosphorylation at Thr421/Ser424
during mitosis in tissues of rats and mice. All interphase
cells showed a weak nuclear labelling for P-S6 kinase,
whereas the cytoplasm remained unlabelled. Mitotic
cells however, appeared as bright spots at low magniW-
cation. During the prophase phosphorylation of S6
kinase takes place in the nucleus and additionally in the
basal cytoplasm of tubule cells. The latter site of phos-
phorylation might correspond to the basolateral plasma
membrane. It has been reported that some kinases
bound to the plasma membrane e.g. PDK1, are able to
phosphorylate S6-kinase (Alessi et al. 1998).

There is evidence that p85 S6-kinase but not p70 S6
kinase is phosphorylated during the S-Phase (Reinhard
et al. 1994). Besides it has been reported that the

mTOR pathway is involved in apoptosis (Jenkins et al.
2001; Khurana et al. 2006). However, double staining
for phospho-S6 kinase with PCNA or with TUNEL
showed no increased phosphorylation of S6 kinase in
the S-Phase or during apoptosis.

The detection of high levels of phospho-S6 kinase in
mitotic cells Wts to published data. The phosphorylation
of S6 kinase at Thr421/Ser424 in cycle-synchronized
HeLa cells, as assessed by immunoblotting, increases
sharply during mitosis (Shah et al. 2003). The activation
of Akt, which is upstream of mTor and of S6 kinase,
seems important for the G2/M progression in cell lines
(Dangi et al. 2003; Lee et al. 2005a, b). However, the
precise function of S6 kinase in mitosis is unknown.

In summary we describe a new way to detect mitotic
Wgures in tissue sections. ImmunoXuorescence with an
antibody against phospho-S6 kinase revealed all mito-
ses but not cells in the S-phase or apoptotic cells.
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