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The ataxia telangiectasia mutant (ATM) protein is an intrinsic part of the cell cycle machinery that surveys
genomic integrity and responses to genotoxic insult. Individuals with ataxia telangiectasia as well as Atm2/2

mice are predisposed to cancer and are infertile due to spermatogenesis disruption during first meiotic pro-
phase. Atm2/2 spermatocytes frequently display aberrant synapsis and clustered telomeres (bouquet topology).
Here, we used telomere fluorescent in situ hybridization and immunofluorescence (IF) staining of SCP3 and
testes-specific histone H1 (H1t) to spermatocytes of Atm- and Atm-p53-deficient mice and investigated whether
gonadal atrophy in Atm-null mice is associated with stalling of telomere motility in meiotic prophase. SCP3-
H1t IF revealed that most Atm2/2 p532/2 spermatocytes degenerated during late zygotene, while a few pro-
gressed to pachytene and diplotene and some even beyond metaphase II, as indicated by the presence of a few
round spermatids. In Atm2/2 p532/2 meiosis, the frequency of spermatocytes I with bouquet topology was
elevated 72-fold. Bouquet spermatocytes with clustered telomeres were generally void of H1t signals, while
mid-late pachytene and diplotene Atm2/2 p532/2 spermatocytes displayed expression of H1t and showed telo-
meres dispersed over the nuclear periphery. Thus, it appears that meiotic telomere movements occur inde-
pendently of ATM signaling. Atm inactivation more likely leads to accumulation of spermatocytes I with bou-
quet topology by slowing progression through initial stages of first meiotic prophase and an ensuing arrest and
demise of spermatocytes I. Sertoli cells (SECs), which contribute to faithful spermatogenesis, in the Atm mu-
tants were found to frequently display numerous heterochromatin and telomere clusters—a nuclear topology
which resembles that of immature SECs. However, Atm2/2 SECs exhibited a mature vimentin and cytokeratin
8 intermediate filament expression signature. Upon IF with ATM antibodies, we observed ATM signals through-
out the nuclei of human and mouse SECs, spermatocytes I, and haploid round spermatids. ATM but not H1t
was absent from elongating spermatid nuclei. Thus, ATM appears to be removed from spermatid nuclei prior
to the occurrence of DNA nicks which emanate as a consequence of nucleoprotamine formation.

Ataxia telangiectasia is a rare human recessive autosomal
disorder with a pleiotropic phenotype, specifically including
progressive neurological degeneration, telangiectasia, often
associated with premature aging, reduced size, immunode-
ficiency, sensitivity to ionizing radiation, cancer predisposition,
and infertility (13, 40, 81, 93). Mice mutated in the homologue
of the ATM (ataxia telangiectasia mutated) gene (Atm) display
similar pleiotropic defects (5, 27, 97). The ATM protein be-
longs to a growing family of phosphatidylinositol-3 kinase-
related kinases and seems to play a role as an intrinsic part of
the cell cycle machinery that surveys genomic integrity, cell
cycle progression, and processing of DNA damage. It shows
similarity to several yeast and mammalian proteins involved in
meiotic recombination and cell cycle progression, namely, the
products of MEC1 in the budding yeast Saccharomyces cerevi-
siae and rad31 of the fission yeast Schizosaccharomyces pombe
(9, 56) and the TOR proteins of yeasts and mammals (45, 75).
Besides its role in the mitotic cell cycle and development (14,
53, 98), the ATM protein and its relative ATR (ATM and rad3
related) have been regarded as important components in the
machinery monitoring progression of meiotic recombination,
double-strand break repair, and homologue pairing (60, 69),
which is in agreement with the location of Atm throughout

meiotic chromatin (7, 28). Detection and signaling of DNA
damage are possibly mediated through downstream targets of
ATM like c-Abl, Chk1, Chk2, and Rad51 proteins (8, 17, 19,
26). Furthermore, MEC1, the yeast homologue of the ATM
phosphatidylinositol-3 kinase, is known to exert checkpoint
function in the mitotic and meiotic cell cycle, and its absence
mediates a defect in synapsis (35, 56). MEC1 is required for
phosphorylation of replication protein A (Rpa) as a response
to radiation-induced DNA damage (15). Rpa has been shown
to interact with Rad51 (36), which plays an important role in
meiotic recombination (82, 83, 89) and localizes to meiotic
recombination complexes (1, 89, 90). Consistent with a role for
ATM in meiosis, individuals with ataxia telangiectasia display
gonadal atrophy and spermatogenetic failure, a phenotype
which is mirrored by Atm-deficient mice (5, 97).

Cell lines derived from ataxia telangiectasia patients are
hypersensitive to ionizing radiation (53, 58, 88) and display a
prominent chromatin defect at chromosome ends in the form
of chromosome end-to-end associations or telomeric associa-
tions seen at metaphase (49, 63, 64). Telomere associations
correlate with genomic instability and carcinogenicity (21, 64,
65). Telomeres contain both DNA and protein that concert-
edly stabilize the ends of eukaryotic DNA, thereby protecting
chromosome ends from exonucleolytic attack, fusion, and deg-
radation (for reviews, see references 11 and 99). In the mam-
malian interphase nucleus, telomeres appear to be attached to
the filamentous nuclear matrix (55), while in budding yeast
cells, telomeres are clustered in a few perinuclear chromatin

* Corresponding author. Mailing address: Center for Radiological
Research, College of Physicians & Surgeons, Columbia University,
VC11-213, 630 West 168th St., New York, NY 10032. Phone: (212)
305-3911. Fax: (212) 305-3229. E-mail: tkp1@columbia.edu.

7773



domains (20). Because of the ATM homology to Mec1/Tel1 of
S. cerevisiae (34, 74), it has been suggested that mutations in
ATM could lead to altered telomere metabolism. We have
recently reported alterations in both basal and radiation-in-
duced telomeric associations and in mean telomere length in
isogenic cells with manipulated ATM, demonstrating a direct
link between ATM function and telomere maintenance (84).
Furthermore, it was shown that ATM disruption leads to a
telomeric chromatin defect in that telomere repeats are pre-
dominantly enriched in the insoluble nuclear matrix fraction
(65, 85). Atm2/2 spermatocytes I also have their telomeric re-
peats enriched in the nuclear matrix fraction and display an
altered distribution of chromosome ends in the meiotic pro-
phase nucleus, i.e., numerous nuclei have telomeres accumu-
lated at a limited sector of the nuclear envelope (65)—a nu-
clear topology which resembles a chromosomal bouquet, which
is usually seen at the leptotene-zygotene transition during mei-
otic prophase of the mouse (79) and other species (22, 100).
Bouquet formation appears to be a consistent motif of meiotic
prophase of the vast majority if not all eukaryotic species (for
a review, see reference 23) and is thought to instigate interac-
tions along aligned and spatially accumulated chromosome
end segments. In this way it may bring about prealignment and
facilitate the sorting process of homologues prior to their syn-
aptic pairing (22, 54, 72, 91).

Spermatogenesis in male Atm2/2 mice is disrupted during
earliest prophase I, leading to chromosome fragmentation and
spermatocyte degeneration during zygotene (5, 97). Aberrant
zygotene-equivalent spermatocytes I of Atm-deficient mice fre-
quently display a nuclear architecture of bouquet cells (65),
which poses the question whether Atm inactivation stalls mei-
otic telomere movements at the cluster site. Here, we investi-
gate telomere distribution in spermatocytes I of Atm-p53 dou-
ble-knockout mice, which show a partial rescue of progression
through the first meiotic prophase (6). In this double mutant
we observed a dramatic increase in the frequency of spermato-
cytes I with bouquet topology and show that a small number of
mid-late pachytene and diplotene spermatocytes, as identified
by the expression of the testis-specific histone H1 (H1t) and
the synaptonemal complex protein SCP3, have telomeres dis-
persed over the nuclear periphery. Furthermore, it is shown
that Atm disruption causes an immature nuclear architecture
and heterochromatin distribution in Sertoli cells (SECs), the
supportive somatic cell lineage of the seminiferous epithelium;
they were found to display strong immunofluorescence (IF)
Atm signals in their chromatin. Atm was detected in the chro-
matin of human SECs, mouse and human spermatocytes I, and
developing spermatids.

MATERIALS AND METHODS

Mice and tissues. For the present study, we used mice that are deficient for
Atm, p53, and c-Abl and double null for Atm and p53. The mating pairs for Atm
heterozygotes were obtained from Philip Leder, Harvard Medical School, Bos-
ton. p531/2 mating mice were obtained from Larry Donehower, Baylor College
of Medicine, Houston, Tex. The genotyping of the Atm1/2, p531/2, and Atm1/2

p531/2 mice was done by the procedure described by Westphal et al. (94), and
the genotyping of c-Abl null mice was done according to the protocol of Hardin
et al. (39). The alleles are carried on mixed genetic background mice (129SvEv 3
Black Swiss). Animal colonies were maintained at the animal care facility of
Columbia University College of Physicians and Surgeons, New York. Generally,
mice of 42 days of age were sacrificed, and testes were resected for further
processing or instant snap freezing in liquid N2. Frozen testicles were kept at
270°C until further use. Control IF experiments were also carried out on human
testis biopsy material (79) which had been stored in liquid nitrogen.

Chromosome preparations, cell suspensions, and tissue sections. To obtain
structurally preserved nuclei for three-dimensional analysis, male mice were
killed by cervical dislocation. Testes were removed, and structurally preserved
suspension nuclei were prepared by cross-linking fixation with phosphate-buff-
ered saline (PBS)-buffered formaldehyde (65) and using the following modifica-

tions. Testicular fragments were minced with scalpels in cold minimal essential
medium containing protease inhibitor (Roche Biochemicals). This suspension
was mixed in equal volumes with fixative (3.7% formaldehyde, 0.1 M sucrose [pH
7.2]) and placed on silane-coated glass slides (Menzel Gläser). After air drying
and prior to IF staining, the resulting sucrose coating was removed by rinsing the
preparations repeatedly in PBS.

FISH. For fluorescence in situ hybridization, a directly labeled (TTAGGG)3
PNA probe was used to detect telomere repeats (telo-FISH). When telo-FISH
was combined with IF, we first performed immunostaining and then subjected
preparations to simultaneous denaturation in the presence of the telomere
probe (79). To mark the centromere-kinetochore region in SECs, we designed
a 42-mer oligonucleotide (MiS1; 59-GTGTA TATCA TAGAG TTACA
ATGAG AAACA TGGAA AA-39), which is homologous to the minor satellite
of Mus musculus (95) and localizes to the kinetochore region of mouse meta-
phase chromosomes (see inset in Fig. 7e and not shown). Localization of minor
satellite DNA to kinetochore regions of all M. musculus chromosomes has been
reported previously (95). Labeling, FISH, and detection of oligonucleotides were
performed as described (78).

Antisera. A polyclonal rabbit anti-SCP3 antiserum was utilized to detect axial
cores and complete synaptonemal complexes (SCs) (52). A rabbit antiserum
against testis-specific histone H1 (H1t) was used as previously described (59). An
anti-cytokeratin 8 monoclonal antibody (MAb; clone 35bH11; Dako) and a goat
antivimentin antiserum (31) were used to stain for SEC-specific intermediate
filaments (3).

Two Abs to ATM were commercially obtained. Affinity-purified rabbit anti-
serum Ab1 (NB100-104) raised against an ATM fragment containing amino
acids 2138 to 2739 expressed in Escherichia coli (27) was obtained from Novus
Biologicals. An affinity-purified MAb to ATM, which was raised against a glu-
tathione S-transferase fusion protein corresponding to amino acids 2577 to 3056
(2C1), was obtained from GeneTex, and its specificity in immunocytology and
Western blots has been demonstrated earlier (7, 18). We tested the specificity of
the Abs in mouse and human testis suspensions and performed IF analysis with
the 2C1 MAb (18), since it produced a dispersed granular staining in both mouse
and human testis suspension nuclei. Ab1 (Novus) was found to produce the same
pattern of labeling in spermatocyte nuclei of both species, but in the mouse it
additionally created strong granular IF signals throughout the sex vesicle (un-
published observations).

Immunostaining. IF staining of the SC lateral element SCP3 protein was done
as described previously (65) with some modifications. Briefly, sucrose-embedded
cells were washed with PBS, extracted for 30 min with 0.5% Triton X-100–PBS,
and incubated with rabbit anti-SCP3 polyclonal serum diluted 1:1,000 in PTBG
(PBS with 0.1% Tween 20, 0.2% bovine serum albumin, and 0.1% gelatin)
overnight at 4°C. Cells were washed three times for 5 min each with PTBG and
incubated with a secondary fluorescein isothiocyanate (FITC)-conjugated sheep
anti-rabbit immunoglobulin (Ig) antibody (Sigma; diluted 1:250 in PTBG). After
three washes in PBS-Tween 20 for 3 min each, preparations were mounted in
antifade solution (Vector Laboratories) containing DAPI (49,69-diamidino-2-
phenylindole; Sigma) (0.1 mg/ml) as DNA counterstain. For subsequent in situ
hybridization, preparations obtained by this procedure were fixed for 5 min in
PBS–0.1% formaldehyde (acid free; Merck), rinsed in PBS–0.1% glycine to
quench aldehyde groups, and subjected to FISH (see above).

Immunostaining with Abs to cytokeratin 8 (MAb 35bH11; Dako) and vimentin
(31) was done as described above. Vimentin was detected with secondary tetra-
methyl rhodamine isocyanate (TRITC)-conjugated anti-goat Ig Abs (Sigma;
diluted 1:500 in PBS-Tween), while cytokeratin 8 was detected using secondary
anti-mouse Ig-FITC Abs (Jackson Labs). Cytokeratin and vimentin immunore-
activity was verified on cytospin preparations of HeLa cells (not shown), which
express both intermediate filament markers (61). Abs to ATM (diluted 1:100 in
PTBG) were reacted with testis preparations as described above. Primary Abs
were incubated with a biotinylated secondary Ab (Sigma; diluted 1:500 in
PTBG), which was then visualized with ExtrAvidin-FITC (Sigma; diluted 1:500
in PTBG). Both Abs produced labeling throughout nuclear chromatin of testis
suspension cells. The specificity of this chromatin-like labeling was verified by the
absence of nuclear signals in Atm2/2 testes nuclei or in reactions without the
primary Abs (not shown).

RESULTS

Here, we investigate whether the aberrant meiotic telomere
distribution caused by the Atm mutation (65) is retained in
advanced spermatocytes of Atm p53 double-knockout mice.
Unlike in the Atm single mutant, spermatogenesis in the dou-
ble mutant proceeds beyond the leptotene-zygotene transition
although fertility is not restored (6). For further comparison,
we also monitored spermatogenesis in mice deficient for genes
which act downstream of Atm, namely p53 and c-Abl (8, 43,
80).

To determine and verify the impact of the mutations studied
on spermatogenesis, progression of meiotic prophase was
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monitored by IF of SCP3 lateral element proteins (44, 76) of
the SC in spread spermatocytes I of the various homozygous
deletion mice (not shown) (65). In agreement with previous
investigations (6, 7, 65, 97), our analysis revealed a meiotic
prophase arrest in Atm2/2 and Atm2/2 p532/2 mice which
manifested in a high frequency of aberrant spermatocytes
showing defects in all aspects of SC formation, i.e., fragmented
SCs, pairing-partner switches, absence of sex vesicle formation,
and unpaired axial cores (not shown). Furthermore, we de-
tected few late pachytene and diplotene cells as well as a few
spermatids in Atm2/2 p532/2 testis preparations (see below),
which extends earlier observations according to which some
Atm2/2 p532/2 spermatocytes I reach the pachytene stage (6).
Control, c-Abl2/2 and p532/2 mice, in contrast, showed nor-
mal progression through male meiotic prophase (not shown).
The fairly normal progression of early prophase I observed in
the c-Abl2/2 mice used in this investigation would be consis-
tent with a role of c-Abl signaling in haploid spermatids (26,
70) and a variable phenotype according to which the majority
of but not all c-Abl2/2 mice exhibit defects in gametogenesis
(50, 92). It is not known at present whether the action of the
c-Abl-related tyrosine kinase Arg (50) is responsible for the
variations in fertility in our c-Abl knockout mice.

Atm2/2 p532/2 disruption causes a pronounced accumula-
tion of spermatocytes with clustered telomeres. Atm disruption
has been shown to increase the level of spermatocyte nuclei
with locally clustered telomeres (bouquet arrangement) (65).
To investigate whether this feature is also present in Atm2/2

p532/2 spermatocytes I, we prepared testicular suspensions by
cross-linking fixation with formaldehyde, which maintains nu-
clear topology to a considerable degree (65), and hybridized
these in situ with a telomere repeat PNA probe (Fig. 1). When
we assessed the frequency of nuclei with clustered telomeres in
Atm2/2 spermatocytes, a 32-fold increase over wild-type fre-
quencies (0.12%) was noted (Table 1). Investigation of nuclear
suspensions of Atm2/2 p532/2 testicles revealed a further two-
fold increase in the frequency of spermatocytes with a bouquet
topology compared to frequencies of Atm2/2 testes, or, in
other words, a 72-fold increase in bouquet cells over the con-
trol (Table 1).

Telomere clustering is relaxed in Atm2/2 p532/2 mid-late
pachytene spermatocytes. To address the question whether
accumulation of bouquet spermatocytes results from immobi-
lization of leptotene-zygotene telomeres, which are aberrantly
associated with the nuclear matrix (65, 85), or whether the
former effect is simply the consequence of prophase I arrest
during zygotene, we assessed the topology of telomere distri-
bution in Atm2/2 and Atm2/2 p532/2 spermatocytes. Ad-

vanced spermatocytes I can be identified by IF staining of
testis-specific H1t and SCP3. H1t appears in mid-pachynema
and is present until haploid spermatids reach the elongation
stage (25, 59). Consistent with previous observations (59), H1t
and SCP3 costaining revealed H1t fluorescence in the chroma-
tin of undisrupted spermatocytes post-mid-pachytene and dur-
ing diplotene as well as in round and elongated spermatids of
wild-type mice (not shown). In Atm2/2 testis suspensions, how-
ever, only one of several hundred spermatocytes investigated
showed distinct H1t immunofluorescence and displayed char-
acteristics of mid-pachytene SC formation, with strong labeling
of partially polarized SCs having thickened ends (Fig. 2). Dip-
lotene spermatocytes and haploid spermatids were absent in
Atm2/2 testis suspensions, which corroborates earlier findings
showing that the vast majority of spermatocytes I get elimi-
nated at the leptotene-zygotene transition (5, 7, 97).

H1t and SCP3 IF costaining of Atm2/2 p532/2 testis sus-
pensions disclosed the presence of mid-late pachytene sper-
matocytes (Fig. 3), which agrees with previous data (57, 59). In
our mice we furthermore detected diplotene spermatocytes as
well as round and elongated haploid spermatids (Fig. 3e and f
and 4d to f). If stalling of meiotic telomere movements relates
to Atm deficiency, one would expect H1t-positive late pachy-
tene and diplotene Atm2/2 p532/2 spermatocytes to be en-
dowed with a bouquet topology. To test this possibility, we
determined the mode of telomere distribution in Atm-p53-
deficient spermatocytes by H1t IF and telo-FISH. Interest-
ingly, it was found that chromosome ends were generally
dispersed over the nuclear periphery of Atm2/2 p532/2 post-
mid-pachytene and diplotene spermatocytes (Fig. 4c to e).
Thus, it appears that chromosome polarization is resolved dur-
ing pachytene of Atm2/2 p532/2 spermatocytes and that the

FIG. 1. PNA telo-FISH to testis suspension nuclei of Atm-p53-deficient mice. (a and b) Telomeres (whitish) are scattered throughout premeiotic, somatic nuclei
(gray), as seen at the maximum nuclear diameter. (c and d) Top view of spermatocyte I nuclei which display telomeres clustered at a limited sector of the nuclear
periphery (indicative of leptotene-zygotene transition). DNA was counterstained with DAPI (gray).

TABLE 1. Bouquet frequencies detected by telo-FISH
in testis suspensionsa

Cells Bouquet
frequency (%)

Bouquets
(n)

Total no. of
nuclei

Control 0.12 3 2,577
p532/2 0.16 4 2,505
Atm2/2 3.9 31 788
Atm2/2 p532/2 9.0 93 1,038

a Frequencies of nuclei with clustered telomeres were determined in testicular
suspensions of different genotypes hybridized with a PNA telomere repeat probe.
Nuclei with disrupted morphology, elongated spermatids, and sperm heads were
excluded from the analysis.
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absence of functional ATM does not stall meiotic telomere
movements.

Atm-deficient SECs express adult-type intermediate fila-
ment markers. In the course of our H1t IF experiments, we
repeatedly observed intense H1t signals in the chromatin of
Atm mutant SECs (Fig. 3b), while an elevated H1t fluores-
cence in control SEC nuclei was generally absent (not shown).
SECs of adult mammalian testes are mitotically inactive and
represent the supporting cell lineage which is important for
meiotic differentiation and maintenance of the blood-testis
barrier (for reviews, see references 46 and 67). Since elevated
H1t IF signals could suggest skewed or immature differentia-
tion of Atm-deficient SECs, we examined the expression of
vimentin and cytokeratin 8 in the mutants and control. Vimen-
tin is an intermediate filament marker expressed by SECs
throughout development (3, 24), while cytokeratin 8 expres-
sion marks lack of SEC differentiation, as it normally occurs
only in fetal and early postnatal testes (2, 66) and in SECs of

infertile individuals or in association with testicular cancer (10,
51, 61). IF disclosed an increased frequency of vimentin-posi-
tive mutant SECs in relation to total testis cells (Table 2),
which is most likely related to the absence of haploid cells
and/or a response to the requirements for increased phagocy-
tosis of the apoptotic bodies resulting from massive germ cell
degeneration in the knockouts. However, control, Atm2/2, and
Atm2/2 p532/2 mutant SECs were found to exclusively express
vimentin but not cytokeratin 8. A few cytokeratin 8-positive
cells encountered in all genotypes (0.2% in the control and
0.3% in the mutants; not shown) most likely represent cells of
the epididymis epithelium, which is known to express this in-
termediate filament (24). Therefore, it appears that Atm mu-
tant SECs display a mature intermediate filament expression
signature.

Atm localizes to the chromatin of SECs and spermatids.
Recently, ATM has been implicated in the control of histone
H1 phosphorylation (36) and to be associated with histone

FIG. 2. Histone H1t (red) and anti-SCP3 (green) immunostaining to Atm2/2 testis nuclei. (a) An aberrant spermatocyte I shows axial cores and fragments of SCs
near a large chromocenter (bright blue). (b) Spermatocyte nucleus at zygotene equivalent stage with fragments of SCs is devoid of H1t signals. The SEC nucleus below
(arrowhead) displays a large nucleolus (dark area void of H1t signal) and distinct dispersed H1t signals throughout its chromatin. Note that H1t signals were not seen
in wild-type SECs (not shown). (c) A rare late-pachytene spermatocyte nucleus exhibiting H1t fluorescence and strongly labeled SCs with thickened ends. DNA is
counterstained with DAPI (blue).

FIG. 3. H1t (red) and anti-SCP3 (green) immunostaining of Atm2/2 p532/2 meiocytes. (a) Leptotene spermatocyte with faintly stained fragments of axial elements.
(b) Zygotene nucleus with long axial elements and stronger SCP3 signal spots, which indicate some SC formation. (c) Aberrant spermatocyte I with fragmented SCs.
Absence of H1t fluorescence indicates that this spermatocyte has not reached mid-pachytene. (d) Late-pachytene spermatocyte (arrowhead) with H1t-positive
chromatin (red). (e) Diplotene spermatocyte with faintly labeled axial cores embedded in H1t-positive chromatin. (f) Nucleus of a round spermatid with a single
DAPI-bright chromocenter and H1t-positive chromatin. DNA was stained with DAPI.
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deacetylase (47). Since the nature of the increased fluores-
cence of testis-specific histone H1t in Atm-deficient SECs re-
mained unclear, we determined the presence of ATM in SECs
by IF with MAb 2C1 (18). In the wild type, strong granular
ATM IF signals were obtained throughout the nucleoplasm of
SECs and other testis cell types (Fig. 5). A conspicuous dearth
of ATM IF signal was noted at the heterochromatin blocks of
SECs, while the euchromatic portion of the nuclei showed
strong IF (Fig. 5c). In contrast, heterochromatin blocks of
round spermatids in the same preparation showed the pres-
ence of H1t and, to a variable extent, of ATM epitopes at these
regions (Fig. 5d), which indicates that the dearth of ATM
signals in the heterochromatic chromocenters of SECs is not
due to restricted access of Abs. Dispersed granular ATM sig-
nals were also noted throughout the nuclei of spermatocytes I
and round spermatids. In the more advance spermatids, ATM
fluorescence was less intense at the heterochromatin regions,
while nuclei of elongated spermatids showed weak or no ATM
signals at all. H1t-ATM costaining revealed that ATM was
absent from nuclei of elongating spermatids which still dis-
played H1t epitopes (Fig. 5d). Sperm heads completely lacked
ATM and H1t epitopes. These results are consistent with the
replacement of histones and other chromatin and nucleoplas-
mic components by protamines during sperm maturation (4).
Control IF experiments to testis suspensions of Atm-deficient
animals revealed that ATM signals were generally absent from
spermatogenetic and other cell types (Fig. 5). Occasionally,
weak autofluorescence was observed in some preparations of
Atm2/2 testicles.

The fact that most of the antibodies used in IF studies to
mouse spermatocytes were raised against portions of the hu-
man ATM protein (7) prompted us to test the specificity of our
ATM MAb on human testis preparations. Reminiscent of the
IF signals seen in the mouse, dispersed granular ATM epitopes

were detected throughout the nuclei of all cell types of a
human testis suspension (not shown). Decoration of axial cores
or SCs with ATM, as reported before in mouse spreads (68,
69), was not detected in our undisrupted mouse and human
spermatocytes. Altogether, it appears that the ATM protein is
abundant in the nucleoplasm of spermatocytes, in developing
round spermatids, and in the euchromatin of SECs. Its absence
may influence the response of these cells to genotoxic insult as
well as to differentiation-induced double-strand breaks in mei-
otic DNA.

SEC nuclear architecture is altered in Atm-deficient back-
ground. We furthermore determined whether the absence of
the Atm protein also influences nuclear architecture and telo-
mere distribution in SECs. In adult testes, most SECs display
a unique nuclear architecture in that they carry a large nucle-
olus which is associated with one to three prominent DAPI-
bright heterochromatin clusters amidst a faintly stained eu-
chromatin (Fig. 6a to c) (37, 38, 41). In contrast to the adult
situation, most SEC nuclei of prepubertal mouse testes contain
numerous heterochromatin clusters (16). Using vimentin IF as
an SEC marker on DAPI-stained testis preparations, we found
that 79% or more of Atm2/2 and Atm2/2 p532/2 SEC nuclei
contained four or more heterochromatin clusters of various
sizes (Fig. 6d), which represents a threefold increase over the
control (Table 3) and data in the literature (37, 41). It appears
that the chromocenter distribution in Atm-mutant SECs is
reminiscent of that of immature SECs (16). In addition to
SECs with multiple heterochromatin clusters, both mutants
contained a reduced number of SECs with two heterochroma-
tin clusters, which are the predominant SEC type in the adult
mouse (Table 3) (37, 38).

SECs of the adult mouse with one to three chromocenters
have been shown to be present in two states: type I SECs have
kinetochore dispersed over the corresponding chromocenters,
while type II SECs have kinetochores tightly associated and
are active in ribosomal gene transcription (38). To determine
whether the Atm mutation influences the activity of SECs, we
identified SEC types by marking mouse centromeres by FISH
with a probe for the kinetochore-associated minor-satellite DNA
of M. musculus (Fig. 6e, inset). Type I SECs, due to centro-
mere dispersion over their corresponding chromocenter (38),
did exhibit three or more minor-satellite signals per hetero-
chromatin cluster (Fig. 6e). Type II SECs, due to tightly asso-
ciated centromeres (38), displayed one or two strong minor
satellite signals per heterochromatin cluster (Fig. 6f). Both
Atm mutants were found to contain significantly more type I
SECs than the control, in which type II SECs prevailed (Table
4). When we investigated associations of short-arm telomeres
and centromeres in type II SECs by two-color FISH, it was
found that heterochromatin blocks endowed with one or two
minor-satellite FISH signals generally showed one or two
strong telomere signals associated with a minor satellite cluster
(Fig. 6f). Type I SECs generally exhibited telomere signals
equaling the number of minor-satellite signals associated with

FIG. 4. Combined telo-FISH (FITC, green) and H1t immunostaining (Cy3,
red) to suspension nuclei of Atm2/2 p532/2 testis. (a) Premeiotic nucleus, which
exhibits telomere signals (green) dispersed throughout the nuclear lumen, as
seen at the focal plane at the nuclear center. (b) Top view of the nucleus of a
bouquet spermatocyte discloses clustered telomeres at a limited sector of the
nuclear periphery. This spermatocyte is most likely at leptotene-zygotene-equiv-
alent stage, since H1t signals are absent. (c) A more advanced spermatocyte
which displays faint H1t signals in its chromatin and a relaxed but still locally
restricted accumulation of peripheral telomeres. Focal plane is at the top of
nucleus. (d) H1t-positive spermatocyte nucleus (late pachytene or diplotene)
exhibits dispersed telomeres. Focal plane is at top of nucleus. (e) The same
nucleus as in panel d, but focal plane at the maximum nuclear diameter is shown.
Telomeres are distributed over the nuclear periphery. (f) Two spermatid nuclei
encountered in the Atm2/2 p532/2 mouse testis show H1t fluorescence in their
chromatin and formation of chromocenters. Nuclear DNA is counterstained with
DAPI (blue).

TABLE 2. Vimentin-positive SECs in mouse testis suspensionsa

Cells % Vimentin-positive
SECs (no.)

No. of cells
investigated

Control 7 (37) 531
Atm2/2 23 (73) 319
Atm2/2 p532/2 35 (186) 531

a Elongating spermatids and sperm heads were excluded from the evaluation
to compensate for the lack of germ cells in the mutants.
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a chromocenter (Fig. 6e). These data indicate that telomere
signal distribution in Atm mutant SECs is related to the activity
status of SECs and that the absence of ATM does not induce
defective telomere distribution in SECs. Therefore, it appears
that type I SECs and those with immature nuclear architecture
but adult intermediate filament expression profile are preva-
lent in the Atm-deficient background.

DISCUSSION

Individuals with ataxia telangiectasia and mice with Atm
deficiency display gonadal atrophy and infertility. Previous in-
vestigation has revealed, in addition to other defects (for re-
views, see references 13 and 53), that Atm2/2 spermatocytes
display altered telomere distribution. Here we show that the
dramatic accumulation of spermatocyte I nuclei with a bouquet
topology in Atm2/2 mice (65) is also present in Atm-p53 dou-
ble-knockout mice. In this background, spermatogenesis pro-
ceeds beyond the leptotene-zygotene transition, although fer-
tility is not restored (6). Immunostaining for SCP3 lateral
element proteins and histone H1t showed the general absence
of pachytene spermatocytes in Atm2/2 testes, which confirms
that spermatogenesis abrogates during zygotene equivalent
stages (6, 65, 69, 97) in this background. In contrast to those

from the single-knockout mice, testicles from our Atm2/2

p532/2 mice were found to contain some pachytene and dip-
lotene spermatocytes as well as a few round spermatids, which
extends earlier reports that a subpopulation of Atm2/2 p532/2

spermatocytes bypass the leptotene-zygotene arrest seen in the
Atm2/2 background (6).

Atm2/2 p532/2 disruption causes pronounced accumulation
of spermatocytes with clustered telomeres but fails to stall
meiotic telomere movements. ATM function has been shown
to influence telomere metabolism in human systems (84), and
telomere sequences are aberrantly associated with the nuclear
matrix (85). Similar observations have been made in spermato-
cytes I of Atm2/2 mice, which also display an elevated fre-
quency of nuclei with a bouquet topology (65)—a nuclear
organization motif which is rarely found in wild-type mouse
spermatocytes (32, 79) and oocytes (87). The high frequency of
bouquet cells encountered in the Atm2/2 single-knockout
mouse (65; this report) is further elevated in Atm-p53 double-
knockout mouse testes. The accumulation of prophase nuclei
with bouquet topology in Atm mutant spermatogenesis indi-
cates that most likely all mouse spermatocytes I pass through
this under normal conditions. The accumulation of bouquet
cells in the mutants could result from the absence of an Atm-
dependent dispersion signal to clustered meiotic telomeres or,

FIG. 5. IF staining of ATM (FITC, green) and SCP3 (red) in testis suspension cells of wild-type (a to c) and Atm2/2 mice. Strong granular ATM IF signals are
dispersed throughout the nuclei of (a) spermatocytes, (b) spermatids, and (c) SECs. Elongated sperm nuclei (c, right detail) do not exhibit ATM epitopes. ATM signals
are reduced in the heterochromatin clusters of an SEC nucleus (c, dark-staining regions), while ATM is present in the heterochromatin clusters of a round spermatid
(b). (d) ATM (green) and histone H1t (red) co-IF to wild-type spermatid nuclei. The round spermatid to the right shows extensive colocalization of ATM and H1t
signals (yellow in the merge). The elongated spermatid nucleus in the center exhibits H1t but no ATM signals, while the condensed nucleus of a sperm head is void
of IF signals. Atm2/2, an Atm2/2 spermatocyte (nucleus to the left, identified by SCP3-positive SC fragments [red]) and an SEC (as identified by vimentin [Vim.]
staining around its nucleus; right detail in red channel) lack ATM immunofluorescence. The autofluorescence in the green channel seen at the SEC position results
from weak bleedthrough of the strong vimentin signal upon prolonged exposure. DAPI was used as the DNA counterstain.
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FIG. 6. SECs from control (a and b) and Atm2/2 p532/2 mouse testis (c and d) stained for vimentin (TRITC; red) and hybridized with a FITC-labeled telomere
PNA probe (fluorescein, green). (a to d) SECs positive for vimentin intermediate filament marker. (a) SEC with two chromocenters (blue) which are associated with
one or two distinct telomere signals. (b) Vimentin-positive SEC with three chromocenters, each associated with one telomere signal. (c) Two-chromocenter Atm mutant
SEC which shows two telomere signals at the larger chromocenter. (d) Mutant SEC with numerous heterochromatin clusters and telomere signals. The bar in d
represents 10 mm and applies to a through d. (e) Wild-type two-chromocenter type I SEC with numerous minor-satellite (red) and associated telo-FISH signals (green).
The inset shows an enlarged mouse metaphase chromosome (blue) with FISH signals of the minor-satellite probe (red) at the kinetochore region. (f) Nucleus of a
wild-type two-chromocenter type II SEC which exhibits one strong minor-satellite signal (red) and an associated single-telomere signal (yellow) at each DAPI-bright
chromocenter. DNA was counterstained with DAPI (blue). The bar in f represents 10 mm and applies to e and f.
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more likely, could simply be the consequence of accumulation
of spermatocytes at the leptotene-zygotene transition, i.e., the
stage when meiotic telomere clustering normally occurs (for
reviews, see references 22, 77, and 100). The higher levels of
bouquet cells observed in Atm2/2 p532/2 mouse spermatogen-
esis and the presence of a few H1t-positive mid-late-pachytene
and diplotene spermatocytes as well as a few round spermatids
suggest that Atm2/2 p532/2 mouse spermatocytes progress
further in prophase I and more may reach the bouquet stage
before they are doomed to apoptosis.

If zygotene telomeres are immobilized due to Atm defi-
ciency, one would expect pachytene and diplotene spermato-
cytes to display a bouquet topology in the double mutant.
Interestingly, we observed that chromosome ends were gener-
ally scattered over the nuclear envelope in the H1t-positive
Atm2/2 p532/2 late-pachytene nuclei investigated, which dem-
onstrates that meiotic chromosome ends are capable of exert-
ing positional changes in the absence of Atm signaling. The
high frequency of bouquet cells detected in both Atm mutants
therefore may be the consequence of slowed telomere move-
ment to and at the cluster site. This could result from entrap-
ment of chromosome ends by illegitimately connected chro-
mosome cores, aberrant telomere-nuclear matrix interactions
(65), and a generally slowed progression through leptotene-
zygotene in Atm-deficient meiosis. Failure to establish faithful
homologue pairing and to assemble recombination complexes
(6, 7, 19, 97) may eventually trigger spermatocyte degenera-
tion. In the double-knockout mice, the arrest is mediated in
a p53-independent manner, which likely involves a synaptic
checkpoint (62). If such a checkpoint operates in mammals, we
would expect the few cells which reach and pass meiotic divi-
sions to be derived from nuclei that were endowed with a
premeiotic homologue association. In these cells, homologous
synaptic pairing may have occurred without the detrimental
effects which are elicited when separated homologous telo-
meres and chromosomes with distorted repair capacities are
mobilized during a homologue search and tear apart chromo-
somes with double-strand breaks. According to this view, the
degeneration of most Atm-p53 double-knockout mouse sper-
matocytes would reflect the general absence of premeiotic
homologue association in mammals (79).

SECs display an immature nuclear architecture in Atm-
deficient genetic background. Since Atm function influences
meiotic and mitotic telomere behavior and SECs usually dis-
play a few conspicuous telomere signals (telocenters) in tight
association with their corresponding heterochromatin clusters
(37, 79), we also determined whether short-arm telomere dis-
tribution of the acrocentric mouse chromosomes and nuclear
architecture is affected by the Atm mutation. We used vimentin
IF to identify SECs and found, in contrast to wild-type mice,
that the majority of mutant vimentin-positive SECs contained
numerous heterochromatin clusters, a nuclear architecture

usually observed in SECs of immature postnatal testes (16).
Without vimentin IF, such cells would have gone unnoticed.
However, the adult intermediate expression profile suggests
that SEC differentiation per se is not influenced by ATM
function, since mutant SECs failed to express cytokeratin 8, a
marker for immature or derailed SEC differentiation (2, 3).
Besides SECs with immature heterochromatin distribution, the
mutant testes also contained SECs with two heterochromatin
clusters per nucleus, a feature frequently seen in normal adult
mice. When we monitored the activity of the latter SECs with
minor satellite and telo-FISH and applied the centromere cri-
teria of Haaf et al. (38) (see Results), we found that most
mutant SECs were of type I because they displayed centro-
meres and telomeres dispersed over the corresponding chro-
mocenter. Furthermore, type I SECs have been shown to be
inactive in ribosomal gene transcription (38). It has been sug-
gested that the transcription of specific spermiogenesis genes
at the onset of puberty and the initial formation of mature
sperm coincide with maturation of nuclear architecture of
SECs, i.e., the formation of one to three large heterochromatin
clusters (16). This suggestion is supported by the immature
nuclear topology and the inactive state of most mutant SECs
with adult-type nuclear architecture in Atm2/2 and Atm2/2

p532/2 mouse testes, since both mutants fail to produce ma-
ture spermatozoa.

ATM localizes to the chromatin/nucleoplasm of SECs and
haploid spermatids. Immunostaining of wild-type testes re-
vealed granular overall fluorescence of ATM epitopes in the
nucleoplasm of spermatocytes I, round spermatids, and SECs,
which is consistent with a similar localization in somatic cells
(30) and mouse spermatocytes (7). ATM IF signals were weak
in elongating mouse spermatids which still displayed H1t
epitopes, while both proteins were absent from sperm nuclei
with a mature hook-shaped morphology. Our data indicate
that ATM departs or is removed from spermatid chromatin
prior to the stage when, in relation to the tight complexation
of DNA with protamines, nicks (and possibly double-strand
breaks) occur in sperm DNA (4, 86). ATM function in haploid
cells will thus most likely contribute to surveillance of genome
integrity prior to conversion of nucleosomal DNA into tran-
scriptionally inert nucleoprotamine. In SECs, ATM was found
at high levels throughout euchromatin, while prominent het-
erochromatin clusters of this cell type showed a dearth of ATM
epitopes. This observation makes it unlikely that the lack of
ATM at SEC heterochromatin directly influences chromo-
center formation in this cell type. Reduced levels of ATM in
heterochromatin of SECs (and maybe other cell types) could
be linked to a reduced efficacy of DNA repair in inactive
rodent chromatin (for a review, see reference 12). Exclusive
colocalization of ATM with axial cores or SCs, as reported

TABLE 3. Heterochromatin cluster distribution in SEC nuclei

SECs (no.)

% with indicated no. of
heterochromatin clusters

1 2 $3

Control (129) 22 52 26
Atm2/2 (209) 1 20 79
Atm2/2 p532/2 (214) 0.5 12 87.5

a SECs were identified by vimentin immunostaining. In the wild type most
nuclei displayed three clusters. Nuclei with up to eight clusters were occasionally
seen. Nearly all Atm mutant nuclei contained more than 4 small clusters.

TABLE 4. SEC typesa

Cells

% of SECs

No. of nuclei
analyzed

Type I
($3 minor-sat.

signals)

Type II
(1 or 2 minor-sat.

signals)

Control 31 69 61
Atm2/2 71 29 52
Atm2/2 p532/2 92 7 57

a SEC types were determined according to the number of minor-satellite
(minor-sat.) DNA signals associated with a heterochromatin cluster. SECs en-
dowed with one or two heterochromatin clusters were investigated for the pres-
ence of several minor-satellite centromere signals at the heterochromatin cluster
were scored as type I, and those with one signal as type II (38).
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previously from spread mouse spermatocytes (68, 69), was not
observed in the undisrupted mouse and human spermatocyte
nuclei in this study. Our data therefore align with recent IF
studies in mouse meiosis, which showed a dispersed chromatin-
like distribution in spermatocyte nuclei but failed to observe an
exclusive preference of ATM for SC components (7, 60).

Overall, our findings argue against a prominent defect in
telomere topology in Atm mutant spermatocytes I and SECs.
The data can rather be reconciled with the view that the ATM
protein kinase and its homologues are predominantly involved
in mitotic and meiotic cell cycle control, possibly in response to
DNA damage and double-strand break formation (35, 42, 56,
58, 96). The absence of ATM seems to slow progression of the
initial stages of first meiotic prophase and, due to defective
synapsis, also the formation and release of the bouquet topol-
ogy, which results in the accumulation of spermatocytes with
clustered telomeres, which are normally seen at the leptotene-
zygotene transition stage (65, 79; this report). Interestingly, the
MEC1 mutant and other recombination-deficient mutants of
S. cerevisiae display defects in synapsis (35, 48). Abrogated
recombination has also been shown to lead to increased bou-
quet frequencies in yeast meiosis (91), which indicates a link
between the two processes. Since spermatogenesis in Atm-
deficient animals represents a pathological condition, further
experiments are needed to disclose the players in the ATM-
telomere act.
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