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Germ line DNA directs the development of the next generation and, as such, is profoundly different from
somatic cell DNA. Spermatogenic cells obtained from young adult lacI transgenic mice display a lower
spontaneous mutant frequency and greater in vitro base excision repair activity than somatic cells and tissues
obtained from the same mice. However, spermatogenic cells from old lacI mice display a 10-fold higher mutant
frequency. This increased spontaneous mutant frequency occurs coincidentally with decreased in vitro base
excision repair activity for germ cell and testicular extracts that in turn corresponds to a decreased abundance
of AP endonuclease. To directly test whether a genetic diminution of AP endonuclease results in increased
spontaneous mutant frequencies in spermatogenic cell types, AP endonuclease heterozygous (Apex�/�) knock-
out mice were crossed with lacI transgenic mice. Spontaneous mutant frequencies were significantly elevated
(approximately twofold) for liver and spleen obtained from 3-month-old Apex�/� lacI� mice compared to
frequencies from Apex�/� lacI� littermates and were additionally elevated for somatic tissues from 9-month-
old mice. Spermatogenic cells from 9-month-old Apex�/� lacI� mice were significantly elevated twofold com-
pared to levels for 9-month-old Apex�/� lacI� control mice. These data indicate that diminution of AP
endonuclease has a significant effect on spontaneous mutagenesis in somatic and germ line cells.

Maintenance of germ cell genetic integrity is fundamental to
the development of healthy offspring. However, DNA is con-
stantly exposed to endogenous sources of damage (15). If left
unrepaired, DNA damage can lead to errors during replica-
tion, thus generating de novo germ line mutations. Such mu-
tations can result in genetic diseases. It has been suggested that
most spontaneous germ line mutations occur in male gametes
rather than female gametes (11, 18, 55), and there is a paternal
age effect associated with several dominant genetic disorders
(8, 11, 14, 19, 36, 52, 55). Studies on germ line mutagenesis
were facilitated greatly by the development of mice transgenic
for the lacI or lacZ reporter genes. Using these models, a direct
assessment of in vivo spontaneous mutant frequencies for male
germ cells and somatic cells and tissues is possible. lacI trans-
genic mice display an approximately 10-fold lower spontaneous
mutant frequency (0.6 � 10�5) for male germ cells than for
somatic cells and tissues (4.8 � 10�5) obtained from young
adults (26, 47, 60). Notably, a 10-fold higher spontaneous mu-
tant frequency was observed for spermatogenic cells obtained
from old (28-month-old) mice (2.9 � 10�5 to 4.9 � 10�5) than
for young adult (60-day-old) mice (0.4 � 10�5 to 0.8 � 10�5),
thereby indicating a paternal age effect in the mouse model
(60). The lacI transgenic mice represent the first mouse model
used to study mechanisms mediating the paternal age effect.

The results demonstrating a lower spontaneous mutant fre-
quency in the male germ line led to questions about how a
lower mutant frequency is realized. Mutant frequency is regu-
lated to a large extent by mechanisms that function to monitor
and guard genetic integrity. Among these genetic maintenance
mechanisms are DNA repair pathways that recognize DNA
damage, remove it, and restore the integrity of the DNA. The
base excision repair (BER) pathway restores DNA integrity
when challenged by damaged bases (e.g., oxidized or alkylated
bases), abasic sites, and some single-strand breaks (29, 35, 39,
41). In this pathway, a damaged base is first recognized and
removed by a DNA glycosylase, creating an apurinic/apyrimi-
dinic site (abasic or AP site). The phosphate backbone is
nicked, usually by AP endonuclease. A correct base is inserted
by a DNA polymerase, the deoxyribose phosphate moiety is
removed, and the phosphodiester backbone is sealed by a
DNA ligase (29, 39). Several BER genes, including Apex (AP
endonuclease), Pol� (DNA polymerase �), Xrcc1, and Lig3
(DNA ligase III), appear to be most abundantly expressed in
the testis, or male germ cells specifically, relative to other
tissues in the young adult animal (1, 9, 23, 33, 58, 61, 67). In
vitro BER assays have revealed a greater activity in testis and
spermatogenic cell extracts than in tested somatic cell and
tissue extracts (7, 24, 42). These data are consistent with a high
level of BER activity contributing to the low spontaneous mu-
tant frequency in the male germ line observed in young adult
male mice.

What then causes the increased spontaneous mutant fre-
quency in germ cells with increased age? A significant decrease
(50%) in BER activity has been observed in nuclear extracts
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prepared from spermatogenic cells or testis extracts obtained
from old (24- to 26-month-old) mice (7, 25). The decline in in
vitro BER activity observed in spermatogenic cells was accom-
panied by a decline in AP endonuclease (Apex) abundance in
one study (25) and by a decline in DNA polymerase � (�-pol)
in another (7). Together these data suggest that a decline in
BER mediates, at least in part, the increased spontaneous
mutant frequency detected in male germ cells obtained from
older animals. The purpose of the studies described herein was
to more directly test the ability of a diminution in Apex abun-
dance to mediate a decline in BER that would in turn result in
an increased spontaneous mutant frequency. Apex heterozy-
gous knockout (Apex�/�) mice (32) were crossed with the lacI
transgenic mice, and the spontaneous mutant frequencies were
determined for spermatogenic cells and select somatic tissues.
The results indicate that inactivation of one Apex allele is
sufficient to mediate increased spontaneous mutagenesis in
germ line and somatic tissue DNA.

MATERIALS AND METHODS

Generation of heterozygous Apex (Apex�/�) lacI� transgenic mice. Mice het-
erozygous for the Apex (Apex�/�) gene (32) were backcrossed into nontransgenic
C57BL/6 mice a minimum of seven to nine generations to obtain an essentially
congenic C57BL/6 genetic background. The Apex�/� mice were then crossed
with Big Blue mice (Stratagene) that carry a lacI mutation reporter transgene.
The lacI transgenic mice were originally made and subsequently maintained in
the C57BL/6 genetic background. Progeny resulting from the cross were geno-
typed by PCR amplification using DNA isolated from ear or tail biopsy speci-
mens (57, 59). The primers used to detect the presence of the inactivated Apex
allele were the following neomycin primers: sense neo, 5�-CTGAATGAACTG
CAGGACGA-3�, and antisense neo, 5�-CTCTTCGTCCAGATCATCCT-3�.
These primers generated a 325-bp PCR fragment spanning positions 162 to 487
of the neomycin resistance gene. Internal control primers detected Apex exon IV
that should be present in all mouse DNA samples. The primer set consisted of
sense Apex-exon IV, 5�-GTGATTGTGGCTGAATTTGA-3�, and antisense
Apxe-exon IV, 5�-GTCTAAAGGAAACCGGAAGT-3�. These primers generate
a 624-bp PCR fragment spanning positions 29 to 652 of the murine Apex gene,
including a portion of exon IV. To screen for the presence of the lacI gene, the
following set of primers were used: sense lacI, 5�-GAAGCGGCGATGGCGG
AGCTG-3�, and antisense lacI, 5�-CACCAGTGAGACGGGCAACAG-3�.
These primers generated a 857-bp PCR fragment. The PCR conditions used
were the following: denaturation at 95°C for 1 min, reannealing at 52°C for 1.5
min, and DNA synthesis at 72°C for 2 min. PCR products were subjected to
electrophoresis on 1.2% agarose gels. Male mice heterozygous for the Apex gene
and hemizygous for the lacI gene (Apex�/� lacI�) and male siblings wild-type for
Apex and hemizygous for lacI (Apex�/� lacI�) were used to test spontaneous
mutant frequencies and apoptosis prevalence at 3 and 9 months of age. Animals
were fed a standard rodent chow ad libitum and were maintained under a 12 h-12
h light-dark cycle in an American Association for Accreditation of Laboratory
Animal Care-accredited animal facility. All animal manipulations were approved
by the Institutional Animal Care and Use Committee.

Preparation of mixed spermatogenic cells and somatic tissue collection.
Apex�/� lacI� and control Apex�/� lacI� mice were humanely euthanized with
isofluorane, and then testis, liver, and spleen were collected immediately. Liver
and spleen were sliced into small pieces, frozen in liquid nitrogen, and stored at
�80°C until use for DNA isolation. Preparation of the mixed spermatogenic cells
was conducted as described previously (4, 5). Briefly, each pair of testes was
removed, decapsulated, placed in enriched Krebs ringer bicarbonate medium
(EKRB), and kept on ice. Collagenase (0.5 mg/ml) and trypsin (0.5 mg/ml)
treatments were performed by incubation at 33°C in 5% CO2-enriched air for 15
min, with shaking. DNase (1 �g/ml) treatment was performed subsequently. The
resulting mixed spermatogenic cell suspension was passed through a pipette
repeatedly to disaggregate cells, and then the cell suspension was filtered through
a 100-�m-pore-size nylon cell strainer (Millipore) and centrifuged at 1,200 � g
for 12 min at 4°C. The cell pellet was washed in EKRB and resuspended in fresh
EKRB with gentle passage through a pipette. A minimum of 7.5 � 106 cells/ml
was obtained per cell suspension. Mixed spermatogenic cells were pelleted by

centrifugation, frozen by immersion in liquid nitrogen, and stored at �80°C until
used for DNA isolation.

Mutant frequency determinations. High-molecular-weight genomic DNA was
isolated from the cells and tissues of interest by using the RecoverEase DNA
isolation kit (Stratagene) per the manufacturer’s recommendations. The � shut-
tle vector transgene carrying the lacI mutation reporter gene was rescued from
genomic DNA samples by using Transpack packaging extracts as recommended
by the manufacturer (Stratagene). Ten NZY bottom agar-containing assay trays
were prepared for each sample. Each packaging reaction mixture was added to
a culture of SCS-8 cells prior to being combined with agarose containing the
chromogenic substrate 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-
Gal). Plates were incubated overnight at 37°C to allow plaque formation. Puta-
tive mutant plaques were identified by their blue appearance and were marked
for isolation. All identified putative mutant plaques were cored and replated on
fresh X-Gal/NZY plates to confirm that the lacI mutations were likely mouse
derived (20, 21, 40, 43, 54). Mutant frequency was calculated by dividing the
number of confirmed mutant plaques by the total number of PFU for that
sample.

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) assays and histology. Following euthanasia, animal body weights
and testis weights were recorded for 9-month-old Apex�/� and Apex�/� animals.
Testis, spleen, and liver were removed, labeled, and rapidly submerged in for-
malin solution. Tissue blocks were prepared by personnel in the San Antonio
Cancer Institute-sponsored histology facility housed within the Department of
Pathology. One slide per animal and tissue of interest (i.e., testis, spleen, and
liver) was stained with hematoxylin and eosin (H&E).

Paraffin-embedded testis cross-sections corresponding to Apex�/� and wild-
type Apex�/� mice were subjected to the terminal deoxynucleotidyl end-labeling
procedure as originally described (17). Sections were deparaffinized and protein-
ase K treated (40 �g/ml) for 15 min at room temperature. Three percent H2O2–
MeOH was used to block internal peroxidases. Slides were rinsed first in double-
distilled H2O and then in terminal deoxynucleotidyl transferase (TdT) buffer (30
mM Trizma base [pH 7.2], 140 mM sodium cacodylate, 1 mM CoCl2). Slides
were incubated with 195 U of TdT (Gibco, BRL)/�l and 1 U of biotinylated
dUTP (Boehringer Mannheim)/�l at 37°C in a moist chamber for 2 h. After
incubation, slides were placed in TB buffer (300 mM NaCl, 30 mM sodium
citrate) for 5 min at room temperature and then were washed with double-
distilled H2O. Two percent bovine serum albumin was applied to slides for 10
min followed by rinses in distilled H2O and phosphate-buffered saline (PBS)
buffer. Incubation (37°C, 1 h) was performed with streptavidin horseradish per-
oxidase (Dako) diluted 1:200 in streptavidin peroxidase diluent (BioGenex).
After a PBS rinse, DAB (3,3-diaminobenzidine tetrahydrochloride; Polysciences
Inc.) was added (10 mg/10 ml) to automation buffer (100 mM Tris-HCl, 100 mM
Tris-base [pH 7.5], 0.75% Brij 35) in conjunction with 1 �l of 30% H2O2/ml.
Subsequent to rinses in distilled H2O, samples were treated with 0.2% OsO4 in
PBS. The sections were counterstained with methyl green (1% in double-distilled
H2O) following rinses in PBS. Sections were dehydrated prior to mounting
coverslips with permount solution.

Slides thus prepared were scored with a Zeiss Photomicroscope III. The
percentage of tubules containing apoptotic cells, with apoptosis defined as a
TUNEL-positive signal, was determined by dividing the number of seminiferous
tubule cross-sections containing at least one TUNEL-positive cell by the total
number of scored tubules. TUNEL-positive cell types were identified to deter-
mine the numbers of spermatogonia and primary spermatocytes yielding a pos-
itive signal. Spermatogenic cell types were determined by cell morphology and
position within the seminiferous tubule.

Statistical analysis. Body weights and testis weights were compared by using
the nonparametric Wilcoxon rank sum test. Statistical analyses were performed
in a manner similar to that of previously described analyses for lacI mutant
frequencies (45, 60). The numbers of mutants were described by Poisson random
variables, and the mutant frequencies were compared by using the conditional
binomial test. The TUNEL data were analyzed by using analysis of variance, and
comparisons among mean values were Bonferroni adjusted.

RESULTS

Comparisons of weights and histology. Comparisons of body
weights, testis weights, and histology of selected tissues were
made to ascertain if there were gross differences in the
Apex�/� and Apex�/� mice. The body weights of 9-month-old
Apex�/� mice, 37.1 � 1.0 g, were similar to those of Apex�/�
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mice, 35.5 � 2.1 g. Testis weights were similar between
Apex�/� mice, 0.11 � 0.003 g, and Apex�/� mice, 0.11 � 0.003
g. Histological differences were not observed in H&E-stained
cross-sections of the testis and spleen from 3- and 9-month-old
Apex�/� mice compared to those of aged-matched Apex�/�

mice (Fig. 1). Similarly, no differences were observed in livers
of each genotype at 3 months (Fig. 2). However, the presence
of centrilobular fatty changes surrounding the central vein in
the liver was common (5 of 10 mice examined) in 9-month-old
Apex�/� mice relative to that in livers from 9-month-old
Apex�/� mice (Fig. 2).

Spontaneous mutant frequencies for mixed spermatogenic
cells. The spontaneous mutant frequencies for mixed spermat-
ogenic cells obtained from 3-month-old Apex�/� lacI� and
Apex�/� lacI� mice were not significantly different from each
other at 1.6 � 10�5 � 0.3 � 10�5 and 1.0 � 10�5 � 0.2 � 10�5,
respectively (Fig. 3, Table 1). Thus, a significantly increased
mutant frequency was not observed in spermatogenic cells
obtained from 3-month-old Apex�/� lacI� mice. However, the
spontaneous mutant frequencies were more than twofold
higher and were significantly different for mixed spermatogenic

cells obtained from 9-month-old Apex�/� lacI� mice (3.3 �
10�5 � 0.5 � 10�5) than for 9-month-old Apex�/� lacI� mice
(1.4 � 10�5 � 0.3 � 10�5) (Fig. 3, Table 1). The mutant
frequency for spermatogenic cells obtained from 9-month-old
Apex�/� lacI� mice was twofold higher than that for spermat-
ogenic cells obtained from 3-month-old Apex�/� lacI� mice
(Fig. 3, Table 1).

Liver spontaneous mutant frequencies. A significantly
higher (approximately twofold) mutant frequency was ob-
served for liver samples obtained from 3-month-old Apex�/�

lacI� mice (6.9 � 10�5 � 1.0 � 10�5) compared to that of
Apex�/� lacI� mice (2.6 � 10�5 � 0.4 � 10�5) (Fig. 4, Table
1). An additional 1.5-fold increase in spontaneous mutant fre-
quency was detected in samples obtained from 9-month-old
Apex�/� lacI� mice (11.3 � 10�5 � 1.0 � 10�5) (Fig. 4, Table
1). This mutant frequency is significantly higher than that ob-
tained for samples from 3-month-old mice of the same geno-
type and from that of age-matched Apex�/� lacI� mice (6.6 �
10�5 � 0.8 � 10�5) (Fig. 4, Table 1). The mutant frequency for
liver samples obtained from 9-month-old Ape �/� lacI� mice is
significantly higher (approximately 2.5-fold) than the mutant

FIG. 1. Histological appearance of testis and spleen. Standard H&E staining was performed on tissue sections from 3- and 9-month-old
Apex�/� and Apex�/� male mice. No significant differences were observed between ages or genotypes. (a) Testis from a 3-month-old Apex�/�

mouse. (b) Testis from a 3-month-old Apex�/� mouse. (c) Testis from a 9-month-old Apex�/� mouse. (d) Testis from a 9-month old Apex�/�

mouse. (e) Spleen from a 3-month-old Apex�/� mouse. (f) Spleen from a 3-month-old Apex�/� mouse. (g) Spleen from a 9-month-old Apex�/�

mouse. (h) Spleen from a 9-month-old Apex�/� mouse. Magnification of testis, �16. Magnification of spleen, �6.3.
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frequency for liver samples prepared from 3-month-old mice
of the same genotype (Fig. 4, Table 1). Thus, both genotypes
displayed an age-related increase in spontaneous mutant fre-
quencies for liver samples, with the Apex�/� lacI� mice con-
sistently displaying higher mutant frequencies.

Spleen spontaneous mutant frequencies. A twofold signifi-
cantly elevated spontaneous mutant frequency was detected in
spleen samples prepared from 3-month-old Apex�/� lacI�

mice (7.5 � 10�5 � 0.7 � 10�5) compared to that for Apex�/�

lacI� mice (3.4 � 10�5 � 0.4 � 10�5) (Fig. 4, Table 1). The

mutant frequency in the Apex�/� lacI� mice increased an ad-
ditional twofold in samples from 9-month-old mice (14.4 �
10�5 � 0.9 � 10�5) (Fig. 4, Table 1). The mutant frequency
obtained for spleen samples from 9-month-old Apex�/� lacI�

mice was significantly higher than that for 3-month-old mice of
the same genotype and for 9-month-old Apex�/� lacI� mice
(5.0 � 10�5 � 0.6 � 10�5) (Fig. 4, Table 1). The mutant
frequency for 9-month-old Apex�/� lacI� mice was approxi-
mately twofold higher than that for 3-month-old Apex�/� lacI�

mice and was threefold higher than that for 3-month-old
Apex�/� lacI� mice. In comparison, the mutant frequency for
9-month-old Apex�/� lacI� mice was more modestly, yet sig-
nificantly, increased (approximately 1.5-fold) relative to the
mutant frequency for 3-month-old mice of the same genotype.

Apoptotic prevalence. The percentage of seminiferous tu-
bules with TUNEL-positive cells was similar between 3-month-
old Apex�/� and Apex�/� mice (Fig. 5). However, a significant
difference was detected between 9-month-old Apex�/� and
Apex�/� mice. The number of seminiferous tubule cross-sec-
tions displaying TUNEL-positive cells was 32.8% for Apex�/�

mice and 19.3% for Apex�/� mice (P 	 0.05) (Fig. 5, Table 2).
Analysis of apoptotic cell types revealed a higher proportion of
TUNEL-positive spermatogonia for 9-month-old Apex�/�

mice than for Apex�/� mice (39.1% versus 20.2%) (Fig. 6;
Table 2) and a greater prevalence of TUNEL-positive primary
spermatocytes for Apex�/� mice than for Apex�/� control mice
(54.4% versus 17.3%) at 9 months of age. There were no
significant differences in the proportions of apoptotic sper-
matogonia and primary spermatocytes between genotypes at 3
months.

DISCUSSION

Among the most frequent spontaneous lesions in DNA,
apurinic/apyrimidinic (AP or abasic) sites occur minimally
9,000 to 10,000 times per cell per day (30, 31, 38). These data
suggest that AP sites are a major source of DNA damage and
potentially a major source of spontaneous mutagenesis (62). A
member of the BER pathway, AP endonuclease (Apex) is the

FIG. 2. Histological appearance of liver. H&E staining was performed on liver sections obtained from a 3-month-old Apex�/� mouse (a), a
3-month-old Apex�/� mouse (b), a 9-month-old Apex�/� mouse (c), and 9-month-old Apex�/� mouse (d). Note the fatty changes designated by
arrowheads.

FIG. 3. Age-dependent spontaneous mutant frequencies of mixed
spermatogenic cells obtained from Apex�/� lacI� and Apex�/� lacI�

mice. A significant increase in spontaneous mutant frequency was
detected for the lacI gene recovered from mixed spermatogenic cells
obtained from 9-month-old Apex�/� lacI� mice. Results are presented
as means � standard errors of the means. An asterisk indicates the
significant increase in spontaneous mutant frequency of spermatogenic
cells obtained from 9-month-old Apex�/� lacI� mice compared to
those of 9-month-old Apex�/� lacI� control mice. The letter “a” indi-
cates a significant increase in spontaneous mutant frequency detected
for samples obtained from 9-month-old Apex�/� lacI� mice compared
to those of 3-month-old Apex�/� lacI� mice. Black bars, 3-month-old
mice; white bars, 9-month-old mice. P values of 	0.05 were considered
significant.
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predominant DNA repair enzyme capable of recognizing and
initiating repair of AP lesions. Apex is a multifunctional pro-
tein, possessing 3� to 5� exonuclease, 3� phosphatase, 3� phos-
phodiesterase, and RNase H activities (13). Apex also func-
tions as a strong p53 activator (28) and stimulates DNA
binding of multiple transcription factors (56, 63–65). The in-
teraction of Apex with transcription factors is related largely to
redox activity. Thus, Apex may provide molecular cross-talk
among DNA repair, transcription, and apoptosis pathways, all
of which are involved in maintaining genomic integrity. The
purpose of the study was to determine directly if inactivation of

an Apex allele would be sufficient to mediate increased spon-
taneous genomic instability.

Gross measures of animal health, including body weights,
testis weights, and histological analyses of spleen, liver, and
testis, revealed no detectable manifestation of abnormal de-
velopment or disease, with the exception of centrilobular fatty
changes in the livers of several 9-month-old Apex�/� mice.
Based on these assessments, the Apex�/� mice were considered
normal young adults. However, examination of mutant fre-
quencies revealed approximately twofold higher spontaneous
mutant frequencies for spleen and liver of young adult (3-
month-old) Apex�/� mice compared to those of Apex�/� con-
trols of the same age. The effects of an inactivated Apex allele
were exacerbated with increased age, such that the spontane-
ous mutant frequencies in spleen and liver of 9-month-old
Apex�/� mice were approximately doubled for each tissue.
These data indicate that inactivation of one Apex allele results

FIG. 4. Age-dependent spontaneous mutant frequencies for liver
and spleen obtained from Apex�/� lacI� and Apex�/� lacI� mice. Liver
and spleen samples obtained from 3-month-old Apex�/� lacI� mice
displayed a significantly higher spontaneous mutant frequency than
tissues from 3-month-old Apex�/� lacI� mice (as indicated by aster-
isks). Each tissue displayed a significant increase in mutant frequency
when obtained from 9-month-old mice compared to that from
3-month-old mice of the same genotype (indicated by the letter “a”).
Samples from 9-month-old Apex�/� lacI� mice displayed even higher
spontaneous mutant frequencies than 9-month-old Apex�/� lacI� mice
(indicated by asterisks). Results are presented as means � standard
errors of the means. Black bars, 3-month-old Apex�/� lacI� mice;
white bars, 3-month-old Apex�/� lacI� mice; striped bars, 9-month-old
Apex�/� lacI� mice; cross-hatched bars, 9-month-old Apex�/� mice. P
values of 	0.05 were considered significant.

FIG. 5. Prevalence of seminiferous tubules displaying TUNEL-
positive cells. Cross-sections of seminiferous tubules were examined
for TUNEL-positive cells. Significantly more seminiferous tubules with
TUNEL-positive cells were detected for 9-month-old Apex�/� mice
than for 9-month-old Apex�/� mice (indicated by the letter “a”). Re-
sults are presented as means � standard errors of the means. Black
bars, Apex�/� mice; white bars, Apex�/� mice. P values of 	0.05 were
considered significant.

TABLE 1. Spontaneous mutant frequencies for a lacI transgene recovered from select tissues of Apex�/� lacI� and Apex�/� lacI� mice

Cell or tissue type Donor mouse
age (mo)

No. of
mice Genotype PFU No. of confirmed

mutants
Mutant frequency

(10�5) SEM (10�5)

Mixed spermatogenic cells 3 5 Apex�/� lacI� 1,878,569 19 1.0 0.2
Mixed spermatogenic cells 3 6 Apex�/� lacI� 1,399,046 22 1.6 0.3
Mixed spermatogenic cells 9 5 Apex�/� lacI� 1,170,125 16 1.4 0.3
Mixed spermatogenic cells 9 5 Apex�/� lacI� 1,526,500 51 3.3a,b 0.5
Liver 3 7 Apex�/� lacI� 1,744,500 45 2.6 0.4
Liver 3 4 Apex�/� lacI� 754,500 52 6.9a 1.0
Liver 9 5 Apex�/� lacI� 962,034 64 6.6b 0.8
Liver 9 5 Apex�/� lacI� 1,098,797 124 11.3a,b 1.0
Spleen 3 6 Apex�/� lacI� 2,056,500 69 3.4 0.4
Spleen 3 4 Apex�/� lacI� 1,525,250 115 7.5a 0.7
Spleen 9 5 Apex�/� lacI� 1,441,674 73 5.1b 0.6
Spleen 9 6 Apex�/� lacI� 1,666,317 240 14.4a,b 0.9

a Apex�/� mice are significantly different from Apex�/� mice of the same age.
b Nine-month-old mice are significantly different from 3-month-old mice of the same genotype.
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in cells with reduced protection against mutagenesis, possibly
emanating from AP sites.

In stark contrast to somatic tissue from 3-month-old mice,
spermatogenic cells obtained from 3-month-old Apex�/� lacI�

mice did not display an increased mutant frequency compared
to that of Apex�/� lacI� mice of the same age. There are
several possible explanations. (i) The abundance of BER pro-
teins and in vitro BER activity is lower in tested somatic tissue
compared to that of testis or spermatogenic cell types (7, 24,
42). Reduced Apex in somatic tissues may then compromise
the inherently lower BER activity in somatic tissues. Indeed,
while this study was under review, Raffoul et al. (48) reported
decreased BER activity for liver nuclear extracts obtained from
independently generated Apex�/� mice. Thus, the increased
mutant frequency in somatic tissues is consistent with reduced
in vitro BER activity for Apex�/� mice. (ii) AP sites do not
occur as frequently in spermatogenic cells as in somatic cells.
(iii) Other repair proteins and/or repair pathways compensate

for the inactivated Apex allele in spermatogenic cells. (iv) The
greater inherent expression of Apex in male germ cells is suf-
ficient to accommodate the need for Apex in its various capac-
ities even when one Apex allele is inactivated. Notably, Apex�/�

mice display reduced in vitro BER activity in spermatogenic
cell nuclear extracts obtained from young adult mice (25),
indicating this is not likely. (v) Expression from the intact Apex
allele may be enhanced in spermatogenic cells; however, the
reduced BER activity in nuclear extracts prepared from
Apex�/� mice (25) indicates this is unlikely. (vi) A higher
frequency of apoptosis may occur in the germ cells and remove
aberrant spermatogenic cells, thereby precluding a higher mu-
tant frequency. However, the results of apoptosis prevalence in
the testis of 3-month-old mice in the present study were not
consistent with this possible explanation. (vii) Embryonic sper-
matogonia enter a mitotic arrest and reenter a mitotic cycle
after birth (22, 44). In contrast, liver and spleen cells undergo
continuous cell divisions until after birth. Both organs (liver
and spleen) in the newborn continue to exhibit high cell divi-
sion rates which slow down as the animals mature. The mitotic
arrest experienced by spermatogenic cells may preclude an
increased mutant frequency at 3 months of age. However, by 9
months of age the spermatogenic cells have undergone many
more rounds of replication and therefore have had more op-
portunity to fix mutations.

Despite the mechanism that precluded a higher spontaneous
mutant frequency in spermatogenic cells obtained from
3-month-old Apex�/� lacI� mice, the mutant frequency was
elevated in spermatogenic cells from 9-month-old mice. The
increase was approximately twofold compared to that of
Apex�/� lacI� mice of the same age. These data provide strong
evidence that inactivation of an Apex allele is sufficient to result
in an increased spontaneous mutant frequency in the male
germ line, and they support the hypothesis that reduced Apex
abundance in spermatogenic cells from old mice contributes to
the reduced BER activity observed for nuclear extracts pre-
pared from these cell types (25) and for the increased sponta-
neous mutant frequency at old ages (60). These data are also
consistent with increased spontaneous mutagenesis observed
in yeast after inactivation of the major AP endonuclease,
APN1 (49).

The increased frequencies of mutants for somatic tissues
obtained from Apex�/� mice and reported herein are consis-
tent with reduced Apex mediating genomic instability. As re-
ported by Raffoul et al. (48), Apex�/� mice display reduced
BER activity in nuclear extracts prepared from liver. However,
the data from a previous study (25) and the present study are
incongruent with the testis results presented by Raffoul et al.

FIG. 6. Quantitative assessment of spermatogenic cells undergoing
apoptosis. Cell types identified as TUNEL positive were also identified
according to spermatogenic cell types. Two major populations of sper-
matogenic cell types were found to display TUNEL-positive signals,
namely spermatogonia and primary spermatocytes. Frequencies were
calculated by dividing the number of spermatogonia or primary sper-
matocytes displaying a TUNEL-positive signal by the number of sem-
iniferous tubule cross-sections scored. Significantly greater numbers of
spermatogonia and primary spermatocytes were found to display a
TUNEL-positive signal from 9-month-old Apex�/� mice than from
age-matched Apex�/� mice (indicated by the letter “a”). Results are
presented as means � standard errors of the means. Black bars,
3-month-old Apex�/� mice; white bars, 3-month-old Apex�/� mice;
striped bars, 9-month-old Apex�/� mice; cross-hatched bars, 9-month-
old Apex�/� mice. P values of 	0.05 were considered significant.

TABLE 2. Apoptosis prevalence in seminiferous tubule cross-sections from Apex�/� and Apex�/� mice

Age
(mo) Genotype No. of

mice
% Affected tubules

� SEM
No. of apoptotic spermatogonia/

tubule � SEM
No. of apoptotic primary

spermatocytes/tubule � SEM

No. of
undetermined

apoptotic cell type/
tubule � SEM

No. of tubule
cross-sections

scored

3 Apex�/� 4 22.9 � 1.9 0.23 � 0.06 0.28 � 0.07 0.05 � 0.03 628
3 Apex�/� 6 31.7 � 2.0 0.37 � 0.05 0.37 � 0.05 0 685
9 Apex�/� 6 19.3 � 1.6 0.20 � 0.02 0.17 � 0.03 0 617
9 Apex�/� 10 32.8 � 4.1a 0.39 � 0.05a 0.54 � 0.09a 0.05 � 0.02 628

a Values are significantly different from mice of the same age but with different genotypes.
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(48). Their data show an increased abundance of DNA poly-
merase � and increased BER in testis nuclear extracts pre-
pared from Apex�/� mice compared to levels for wild-type
mice. Notably, however, the BER activity reported for testis of
Apex�/� and wild-type mice was lower than the level of liver
BER activity (48). Apex abundance was similar in testis of
wild-type mice and liver in one set of presented data. Thus, the
testis data reported by Raffoul et al. (48) are inconsistent with
results from previous reports (7, 24, 42). These differences
between studies might have been caused by different experi-
mental approaches. For example, the nuclear extracts pre-
pared by Raffoul et al. (48) were prepared from frozen tissue.
The extracts prepared for the studies reported by Intano et al.
(24, 25) were prepared from fresh tissue or cell preparations. It
seems possible that the content of the nuclear extracts was
different in the various studies due to the different preparation
methods.

While the increased mutant frequency observed in Apex�/�

lacI� mice is consistent with the scenario just presented, it is
important to consider that Apex is a multifunctional protein. It is
not, therefore, clear that the increased spontaneous mutant fre-
quency detected in Apex�/� lacI� mice is due exclusively to de-
creased BER. Indeed, changes in apoptosis prevalence might
have a significant effect on mutant frequency. Apoptosis is
thought to be activated when cells realize intolerable levels of
DNA damage (6). Accordingly, it seemed possible that there
would be elevated levels of apoptosis in Apex�/� mice, because
AP sites can mediate a cytotoxic effect (12, 13, 51). The fraction
of seminiferous tubule cross-sections with TUNEL-positive cells
was significantly larger in samples from 9-month-old Apex�/�

mice than in 9-month-old Apex�/� mice. This increased preva-
lence of apoptotic cells may reflect a response to increased levels
of DNA damage due to inactivation of one Apex allele. However,
the increased prevalence of apoptosis is not sufficient to prevent
an increased mutant frequency. Apex activation of p53 can lead to
apoptosis in somatic cells (16). With reduced Apex, such as that
in Apex�/� mice (34, 48), one would expect a reduction in p53-
mediated apoptosis (16). At present, it is not clear that the ob-
served apoptosis in pachytene spermatocytes of Apex�/� mice is
mediated by p53. However, among spermatogenic cell types, p53
expression appears most robust in pachytene spermatocytes (53)
and p53 is involved in ionizing radiation-induced apoptosis in
spermatogenic cells (53).

Essentially all cell types scored TUNEL positive in the testis
were spermatogonia or primary spermatocytes, and this is in
agreement with other studies (2, 37). The relative proportions
of apoptotic spermatogonia and primary spermatocytes were
assessed to determine if one cell type was more prone to
apoptosis in the Apex�/� mice. A larger fraction of the apo-
ptotic cells were primary spermatocytes (54%) in the seminif-
erous tubule cross-sections prepared from 9-month-old
Apex�/� mice, whereas apoptotic spermatogonia were less
abundant (39%). No differences in the relative proportions of
spermatogonia (20%) and primary spermatocytes (17%) was
observed for seminiferous tubule cross-sections prepared from
9-month-old Apex�/� mice. These results suggest that primary
spermatocytes are more susceptible to apoptosis in Apex�/�

mice. Interestingly, primary spermatocytes are more robustly
affected by a decreased abundance of apoptosis in p53�/� mice

(66). The role of p53 in mediating apoptosis in spermatogenic
cells in the environment of reduced Apex is not known.

Apoptosis in spermatogenic cells can be mediated by intrin-
sic or extrinsic signals (46). The process of apoptosis is essen-
tial to successful spermatogenesis. The essentiality of apoptosis
has been demonstrated in mouse models in which apoptosis is
defective (50). Spermatogenesis is severely impaired in these
models. The amount of apoptosis varies in the process of
spermatogenesis, with peaks of apoptosis occurring embryon-
ically and during the first wave of spermatogenesis after birth
(10, 37). Fluctuations in apoptosis prevalence vary in the adult
animal (3, 27), although the cause for such fluctuations is not
known.

Raffoul et al. (48) suggest that the effects they detected in
Apex�/� mice are due to the redox function of Apex in part
because addition of 100 ng of purified recombinant human AP
endonuclease (APE) did not restore the BER activity in 50 �g
of liver nuclear extracts prepared from Apex�/� mice. How-
ever, a previous study showed that addition of purified recom-
binant APE, in amounts of 1.25, 2.5, 5, 10, and 20 ng, did
restore BER activity in freshly prepared mixed spermatogenic
cell nuclear extracts obtained from Apex�/� mice (25). Once
again, differences in experimental conditions may account for
the differences in results. However, in neither case was the
redox function of Apex tested directly; rather, the effects of
changes in Apex abundance were tested. Multiple Apex func-
tions possibly contribute to the various phenotypic effects ob-
served in Apex�/� mice.

In summary, the data presented here support the hypothesis
that inactivation of an Apex allele results in increased sponta-
neous mutant frequencies in somatic tissues and spermato-
genic cells. In somatic tissues the genomic instability effect
mediated by inactivation of one Apex allele is realized at a very
young age, i.e., by 3 months of age. Genetic instability is
greater in somatic tissues by 9 months of age. In comparison,
genetic instability is delayed in spermatogenic cells but is ob-
served at the still relatively young age of 9 months. Apoptosis
is enhanced among spermatogenic cells in 9-month-old
Apex�/� mice, particularly among primary spermatocytes, but
the amount of apoptosis is insufficient to prevent an increased
mutant frequency. The contributions of various Apex functions
to genomic stability remain to be determined directly, and it
will also be important to determine if reduced BER activity in
and of itself is sufficient to mediate genomic instability in the
male germ line.
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