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phology of Sertoli cells in the testes of adult mice as shown 
by fluorescence microscopy and confocal laser scanning mi-
croscopy.  © 2016 S. Karger AG, Basel 

 Sertoli cells are somatic epithelial cells that adhere to 
the seminiferous tubules in mammalian testes. They are 
in close contact with spermatogenic cells, and their secre-
tory activities are critical for the process of spermatogen-
esis. A variety of ion channels which are involved in secre-
tory functions are expressed in Sertoli cells. Hormonal 
regulation by Sertoli cells involves multiple signaling 
pathways.

  The clonal TM4 Sertoli cell line has been derived from 
immature BALB/c mouse testes [Mather, 1980]. In TM4 
Sertoli cells a variety of features that are characteristic for 
normal Sertoli cells are conserved, like the responsiveness 
to follicle-stimulating hormone and lack of response to 
luteinizing hormone. Furthermore, the enzyme and re-
ceptor expression patterns, the physiological characteris-
tics, and the response to a variety of substances resemble 
those found in Sertoli cells [Mather et al., 1982; Braunhut 
et al., 1990; Zengh et al., 1990; Akerstrom and Walters, 
1992; Kumi-Diaka et al., 1998; Musa et al., 2000].
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 Abstract 

 The chromosomes and interphase cell nuclei of the perma-
nent mouse Sertoli cell line TM4 were examined by chromo-
some microdissection, FISH, scanning electron microscopy, 
and confocal laser scanning microscopy. The already known 
marker chromosomes m 1 –m 5  were confirmed, and 2 new 
large marker chromosomes m 6  and m 7  were characterized. 
The minute heterochromatic marker chromosomes m 4  and 
m 5  were microdissected and their DNA amplified by DOP-
PCR. FISH of this DNA probe on TM4 metaphase chromo-
somes demonstrated that the m 4  and m 5  marker chromo-
somes have derived from the centromeric regions of normal 
telocentric mouse chromosomes. Ectopic pairing of the m 4  
and m 5  marker chromosomes with the centromeric region of 
any of the other chromosomes (centromeric associations) 
was apparent in  ∼ 60% of the metaphases. Scanning electron 
microscopy revealed DNA-protein bridges connecting the 
centromeric regions of normal chromosomes and the associ-
ated m 4  and m 5  marker chromosomes. Interphase cell nuclei 
of TM4 Sertoli cells did not exhibit the characteristic mor-
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  In a former cytogenetic analysis on this permanent 
TM4 mouse Sertoli cell line, conventional chromosome 
banding and spectral karyotyping were applied [Gutten-
bach et al., 2001]. The present study reports on the results 
obtained by chromosome microdissection, FISH, electron 
microscopy, and confocal laser scanning microscopy.

  Materials and Methods 

 Cell Culture, Chromosome Preparation and Staining 
Techniques 
 Cell culture conditions and the technique for preparing meta-

phase chromosomes for brightfield microscopy were the same as 
in our previous study on TM4 cells [Guttenbach et al., 2001]. Chro-
mosome preparations were stained according to the C-banding 
technique [Sumner, 1972] and by conventional DAPI staining (0.2 
μg/ml in McIlvaine buffer, pH 7.0). Fifty metaphases with C-band-
ed chromosomes were examined.

  Chromosome Microdissection, DOP-PCR and FISH with the 
DOP-PCR Products 
 A Zeiss Axiovert 35 inverted microscope equipped with a mi-

cromanipulator (5170, Eppendorf) was used for microdissection. 
Twenty marker chromosomes of the type m 4  and m 5 , which are 
characteristic for TM4 cells were collected in a 1-μl droplet con-
taining proteinase K (0.5 mg/ml; Boehringer, Mannheim) in 10 
m M  Tris-HCl, pH 8.0, 10 m M  NaCl, 0.1% (w/v) SDS and overlaid 
with water-saturated paraffin oil. The DNA was amplified accord-
ing to Pich et al. [1994] using the degenerate oligonucleotide prim-
er MW-6 [Telenius et al., 1992]. The PCR amplification products 
were purified using a QIAquick-spin column (QIAGEN) and di-
goxigenin-labeled by nick translation. FISH was performed ac-
cording to Guttenbach et al. [1996]. A total of 100 metaphases with 
clear hybridization signals were analyzed.

  FISH with Telomeric DNA Repeats 
 For detection of telomeric (TTAGGG) n  repeats in metaphase 

chromosomes, the synthetic deoxynucleotide oligomers (GGGT-
TA) 7  and (TAACCC) 7  were used [Moyzis et al., 1988]. These were 
synthesized on an automated DNA synthesizer (Gene Assembler 
Plus, Pharmacia) and separately 3 ′  end-labeled with biotin-
16-dUTP using terminal deoxynucleotidyltransferase (Boehring-
er). Denaturation of the chromosome preparations, in situ hybrid-
ization and posthybridization washes, as well as detection of the 
hybridization probes were performed as described by Meyne et al. 
[1990].

  Scanning Electron Microscopy 
 Chromosomes for high-resolution scanning electron micros-

copy were prepared from the TM4 cells according to standard cy-
togenetic techniques [Guttenbach et al., 2001], stored in standard 
acetic acid:methanol (3:   1) fixative, followed by chromosome isola-
tion according to the drop/cryo technique [Martin et al., 1994]. 
Chromosomes were stained for DNA with platinum blue accord-
ing to Wanner and Formanek [1995]. The preparations were ana-
lyzed with a Hitachi S-4100 field emission scanning electron mi-
croscope. Back-scattered electrons were monitored at 15 kV with 
an Autrata detector of the YAG type.

  Confocal Laser Scanning Microscopy 
 Interphase cell nuclei were obtained from growing TM4 Ser-

toli cells, hypotonically treated and fixed according to standard 
techniques [Guttenbach et al., 2001]. FISH with the DOP-PCR 
products was as with the metaphase chromosomes (see above). 
Images were acquired by confocal laser scanning microscopy using 
a LSM 310 (Carl Zeiss, Jena) with an argon-krypton laser (488- and 
543-nm lines) for simultaneous dual-color detection. A total of 30 
interphase nuclei with distinct hybridization signals were exam-
ined.

  Results and Discussion 

 Karyotypes 
 In agreement with our previous study [Guttenbach et 

al., 2001], the karyotypes of TM4 mouse Sertoli cells show 
a distinctly increased chromosome number ( figs. 1 ,  2 ). 
The majority of cells contain 70–95 chromosomes ( fig. 2 ). 
In some few metaphases, the chromosome number ex-
ceeds 100 ( fig.  1 ). Most chromosomes show the usual 
telocentric morphology of mouse autosomes and X chro-
mosome with distinct C-banding confined to their cen-
tromeric regions. In 2 out of the 50 C-banded metaphas-
es analyzed, a Y chromosome was identified on the basis 
of its size and typical dark staining (not shown). Again, 
the majority of metaphases show the presence of a single 
marker chromosome m 1  and m 3 , and varying numbers of 
marker chromosomes m 2 , m 4  and m 5  ( figs. 1 ,  2 ). It was 
already demonstrated by spectral karyotyping (SKY) that 
the large telocentric marker chromosome m 1  originated 
by a reciprocal 1;   3 translocation, and that the metacentric 
marker chromosomes m 2  and m 3  are isochromosomes 11 
and 18, respectively. The isochromosome 18 is of com-
plex origin as shown by the subterminally located inter-
stitial C-bands in both arms ( fig. 1 a). SKY could not un-
ravel the origin of the small different-sized heterochro-
matic marker chromosomes m 4  and m 5 . Active nucleolus 
organizer regions (NORs) are present at the ends of both 
arms in the metacentric marker chromosome m 3  and in 
a terminal position of the small marker chromosome m 4  
[Guttenbach et al., 2001].

  In addition to the confirmed marker chromosomes 
m 1 –m 5 , 2 further marker chromosomes, m 6  and m 7 , were 

(For figure see next page.)

  Fig. 1.  Karyotypes of TM4 Sertoli cell metaphases showing C-
bands ( a ), DAPI staining ( b ) and FISH with the repetitive DNA 
probe obtained from m 4  and m 5  marker chromosomes ( c ). The 
normal telocentric chromosomes are arranged according to de-
creasing sizes. The marker chromosomes m 1 –m 5  are framed. 
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detected in the present study ( fig. 3 ). These were found 
in 1 each of the 100 metaphases examined. Marker chro-
mosome m 6  is a telocentric element with the usual het-
erochromatic centromeric region and additional consti-
tutive heterochromatin located interstitially in the prox-
imal half of the chromosome. Marker chromosome m 7  is 
the largest chromosome found in TM4 cells (about twice 
the size of an m 3  marker chromosome). It contains a het-
erochromatic centromeric region, a small interstitial het-
erochromatic band in the proximal half of the chromo-
some, and a very large heterochromatic segment in the 
complete terminal third of the chromosome. SKY analy-
sis was not performed on the m 6  and m 7  marker chromo-
somes.

  As expected, direct staining with the AT base pair-spe-
cific DNA ligand DAPI yields brightly fluorescing centro-
meric heterochromatin in all normal as well as in the ab-
errant marker chromosomes m 1 –m 5  of the TM4 Sertoli 
cells ( fig.  1 b). Furthermore, both interstitially located 
subterminal C-bands in the marker chromosome m 3  do 
also exhibit a bright DAPI fluorescence. DAPI-positive 
constitutive heterochromatin is characteristic for all au-
tosomes and the X chromosome of the mouse and a 
strong indication of AT base pair richness of the repeti-
tive DNA sequences located in these heterochromatic re-
gions [Sumner, 1990].

a

b

91 4 5 62 7 83 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

3830 33 34 3531 36 3732 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58

6759 62 63 6460 65 6661 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
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  Fig. 2.  Two karyotypes of TM4 Sertoli cell metaphases showing telomeric hybridization signals in the chromo-
somes after FISH with the (GGGTTA) 7  and (TAACCC) 7  oligomers. The normal telocentric chromosomes are 
arranged according to decreasing sizes. The marker chromosomes m 1 –m 5  are framed. 
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  Chromosome Microdissection, DOP-PCR and FISH 
 FISH of the DNA probe obtained by microdissection 

and DOP-PCR from m 4  and m 5  marker chromosomes on 
metaphases of TM4 Sertoli cells distinctly labels the het-
erochromatic regions in all normal chromosomes as well 
as in the aberrant marker chromosomes m 1 –m 7  ( figs. 1 c, 
 3 ). In the small heterochromatic m 4  and m 5  marker chro-
mosomes, the hybridization signal covers the chromo-
somes completely. The fact that the hybridization of the 
DNA probe is confined to the constitutive heterochroma-
tin of the chromosomes clearly demonstrates that the 
small different-sized marker chromosomes m 4  and m 5  
are centromeric fragments derived from normal chromo-
somes.

  In the mouse, 2 different classes of reiterated DNA se-
quences are located in the centromeric regions of the 
chromosomes. These consist of the major satellite repeats 
(6 Mb, 234-bp units) and the minor satellite repeats ( ∼ 600 
kb, 120-bp units) [Choo, 1997]. Major satellite repeats are 
located in the pericentrometric heterochromatin, where-
as the minor satellite repeats are restricted to the centro-
meric constriction [Wong and Rattner, 1988; Joseph et 
al., 1989]. With certainty, the m 4  and m 5  marker chromo-
somes in the TM4 Sertoli cells contain both classes of re-
peats.

  FISH of the (GGGTTA) 7  and (TAACCC) 7  oligomers 
on metaphases of TM4 Sertoli cells demonstrates telo-
meric signals at the telomeric ends of all normal and 
marker chromosomes m 1 –m 3  ( fig. 2 ). Interstitially locat-
ed hybridization signals are not detectable, though the 
FISH technique applied would probably not demonstrate 
the presence of very short (<1 kb) stretches of the repeti-
tive (TTAGGG) n  sequence. In the majority of the small 
m 4  and m 5  marker chromosomes, clear telomeric labeling 
is found ( fig.  2 ). In most preparations, 4 hybridization 
signals per m 4  and m 5  marker chromosome, correspond-
ing to the 2 chromatids, are detectable ( fig. 2 a). However, 
in some metaphases, the telomeric signals in these small 

marker chromosomes approach to each other and fuse, 
mimicking the presence of centromeric hybridization. In 
the m 4  and m 5  marker chromosomes of some few meta-
phases no hybridization signals at all were seen. It cannot 
be decided whether this actually is due to the absence of 
the canonical (TTAGGG) n  sequence, or merely because 
the number of these telomeric repeats is below the thresh-
old of detectability.

  In conclusion, the small m 4  and m 5  marker chromo-
somes do not have a ring structure. They are linear ele-
ments containing a centromeric region composed of het-
erochromatin with highly repetitive DNA sequences (ma-
jor and minor satellite repeats) flanked by 2 intact 
telomeric regions with reiterated (TTAGGG) n  sequences. 
Additionally, the marker chromosome m 4  contains a site 
with transcriptionally active 18S + 28S rDNA sequences 
(NOR). Size measurements of the m 4  and m 5  marker chro-
mosomes at the electron microscopic level yielded a diam-
eter of 0.5–1 μm (fig. 5). These minute marker chromo-
somes  replicate, divide and segregate mitotically like the 
much larger normal mouse chromosomes from which 
they have broken off. They behave like self-perpetuating 
chromosomal structures that arose de novo from normal 
chromosomes by a complex intrachromosomal event. 
They are certainly not chromatin structures containing so-
called neocentromeres. Such centromeres can originate in 
non-centromeric (often euchromatic) chromosome frag-
ments when a chromosome break or rearrangement sepa-
rates this fragment from the rest of the chromosome.

  Metaphase Arrangement of Marker Chromosomes m 4  
and m 5  
 As was previously apparent in TM4 Sertoli cells [Gut-

tenbach et al., 2001], the 2 different-sized marker chro-
mosomes m 4  and m 5  show a remarkable non-random po-
sition in the metaphase stage. About 60% of these mi-
crochromosomes are closely associated with the 
centromeric region of any of the other chromosomes. 
 Figure 4  shows several examples of such centromeric as-
sociations as they are observed after FISH with the repet-
itive DNA probe obtained from m 4  and m 5  marker chro-
mosomes. In some metaphases, these marker chromo-
somes come into direct contact with the centromeric 
region of another chromosome (e.g.  fig. 4 e, f, i), in other 
cells they maintain a distance, which approximately cor-
responds to half of the size of the marker chromosome 
itself (e.g.  fig. 4 a–c).

  As discussed by Guttenbach et al. [2001], the conspic-
uous tight association of the small m 4  marker chromo-
some to the centromeric regions of the normal telocentric 

m3 m3

m7

m6

  Fig. 3.  Selected marker chromosomes m 6  and m 7  found in TM4 
Sertoli cell metaphases after FISH with the repetitive DNA probe 
obtained from m 4  and m 5  marker chromosomes. For size com-
parisons, several marker chromosomes m 3  are included. 
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chromosomes may partially be due to the presence of ac-
tive NORs in this marker chromosome and in the para-
centromeric regions of the normal telocentric mouse au-
tosomes 12 and 15–19 [Dev et al., 1977]. However, the m 4  
marker is also associated with the centromeric region of 
the markers m 1  and m 2  which do not contain NORs 
( fig. 4 e). Furthermore, there are also tight associations be-
tween the different-sized markers m 4  and m 5 . Finally, the 
marker chromosome m 5  is equally involved in centro-
meric associations with the normal telocentric chromo-
somes ( fig. 4 a, c, f). Therefore, the non-random location 
of the m 4  and m 5  marker chromosomes is further evi-
dence for the actual existence of a centromeric associa-
tion. This phenomenon was discovered in chromosome 
preparations of a human patient with CREST scleroder-
ma and a supernumerary microchromosome consisting 
of an active centromere and some adjacent constitutive 
heterochromatin derived from chromosome 11 [Schmid 
et al., 1989; Haaf et al., 1992]. Centromeric association 
was later confirmed in other patients also exhibiting ad-
ditional microchromosomes in their cells [Rivera et al., 
1993, 1997; Felbor et al., 2002; Klein et al., 2012], as well 
as in human tumor cells [Haaf and Schmid, 1989].

  Centromeric association of minute marker chromo-
somes to centromeric regions of normal chromosomes 
can best be explained by ectopic pairing of constitutive 
heterochromatin [Comings, 1980; Manuelidis, 1990; 
Haaf and Schmid, 1991]. Indeed, one of the general fea-
tures of heterochromatin is its tendency for different het-
erochromatic regions to enter into non-specific tempo-
rary or permanent associations as was first shown in He-

miptera [Slack, 1939; Schrader, 1941]. In polytene 
 Drosophila  nuclei, the pericentromeric heterochromatin 
of all chromosomes becomes permanently fused to form 
a large chromocenter, and many intercalary heterochro-
matic bands do also demonstrate ectopic pairing [Slizyn-
ski, 1946; Kaufmann and Iddles, 1963]. In interphase nu-
clei of a variety of mouse tissues, ectopic pairing of cen-
tromeric heterochromatin of different chromosomes 
results in the formation of large, highly condensed clus-
ters [Hsu et al., 1971; Rae and Francke, 1972]. Ectopic 
pairing in human lymphocytes occurs most frequently 
between the heterochromatin of homologous chromo-
somes but also between non-homologous chromosomes, 
although the first type is, in statistical terms, more fre-
quent [Haaf et al., 1986; Klein et al., 2012]. The existence 
of repetitive DNA-containing physical connections be-
tween metaphase chromosomes has been demonstrated 
to occur in mouse and human cell lines by Kuznetsova et 
al. [2007]. In mitotic metaphase chromosomes of am-
phibians, chromatin connections were found between 
heterochromatic regions in telomere-telomere, centro-
mere-centromere and centromere-telomere configura-
tions [Schmid et al., 2010]. In the present study, scanning 
electron micrography of TM4 metaphases stained with 
DNA-specific platinum blue also showed visible DNA-
protein bridges connecting the centromeric or paracen-
tromeric regions of normal chromosomes and associated 
small marker chromosomes m 4  and m 5  ( fig. 5 ). It seems 
conceivable, but not yet experimentally proven, that ec-
topic pairing is mediated by a complete (or at least partial) 
homology of the base pairs in the repetitive DNA of het-

a b c d e

f g h i j

  Fig. 4.  Examples of centromeric associations (arrows) between the heterochromatic m 4  and m 5  marker chromo-
somes and the centromeres of normal telocentric chromosomes in metaphases of TM4 Sertoli cells.       
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erochromatin. The ectopic pairing of minute heterochro-
matic marker chromosomes at the heterochromatin of 
normal chromosomes must originate in the interphase 
nuclei. In dividing cells, this close physical contact per-
sists from interphase until the stage of metaphase where 
it becomes apparent as centromeric association.

  Morphology of TM4 Sertoli Cell Nuclei 
 Normal Sertoli cells in adult mice can be unequivocal-

ly identified because of their characteristic morphological 
appearance, showing a central large nucleolus with a clus-
tering of the centromeric heterochromatin in round chro-
mocenters at its periphery [Hsu et al., 1971; Brinkley et al., 
1986]. A systematic analysis revealed that 84.2% of the 
normal Sertoli cell nuclei contain 2 chromocenters, usu-
ally located at diametrically opposed sides of the nucleo-
lus; in 13.6% there is only 1 large chromocenter, and in 
only 2.2% there are 3 chromocenters. Neither nuclei with 
more than 3 chromocenters nor irregularly shaped chro-
mocenters can be found [Guttenbach et al., 1996].

  This typical nuclear architecture is distinctly absent in 
TM4 Sertoli cells. As shown by simultaneous DAPI stain-
ing and FISH with the repetitive centromeric DNA probe, 
the centromeric regions of the chromosomes do not as-
sociate into large chromocenters but are dispersed over 
the entire nuclei ( fig. 6 ). A large, centrally located nucleo-
lus is not apparent in the DAPI stained nuclei. The same 
result is achieved using FISH with the repetitive centro-
meric DNA probe and confocal laser scanning micros-
copy where only partial fusions of centromeric hetero-
chromatic regions become apparent ( fig. 7 ).

  It is conceivable that the atypical nuclear architecture 
found in TM4 Sertoli cells is due to the fact that this cell 
line was initiated from immature testes of BALB/c mice 
in which the characteristic structure of the Sertoli cell nu-
clei apparently has not yet been formed. It must be con-
sidered that TM4 Sertoli cells are nontumorigenic as 
shown by their inability to form tumors in syngeneic 
nude mice. Therefore, it can be excluded that a loss of the 
characteristic Sertoli cell nuclei architecture is the result 

a b

  Fig. 5.  Scanning electron micrographs of chromosomes stained 
with DNA-specific platinum blue. The secondary electron (SE) 
image (DNA + protein) shows the topography of a large telocentric 
chromosome and 2 microchromosomes of the m 5  type (arrows). 
The backscattered electrons (BSE) image reveals distribution of 
DNA by bright signals. Note the chromatin bridges between the 
2 microchromosomes and between the right microchromosome 
and the centromeric region of the telocentric chromosome.         
  Fig. 6.  Two TM4 Sertoli cell nuclei stained with DAPI ( a ) and sub-
sequent FISH with the repetitive DNA probe obtained from m 4  
and m 5  marker chromosomes ( b ). Note the dispersed arrangement 
of the centromeric chromosome regions in the nuclei.       
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of a malignant transformation during cell culture. In this 
regard, it would be of interest to examine the interphase 
chromosome arrangement in other Sertoli cell lines de-
rived from prepubertal and adult mice [Hofmann et al., 
1992; Peschon et al., 1992; Boekelheide et al., 1997].
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