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Transgenic mice carrying the coding sequence of the
Cre recombinase, whose expression was driven by the
spermatocyte-specific Pgk-2 promoter, were gener-
ated. These mice were crossed with a reporter trans-
genic line, which produces pB-galactosidase depending
on the occurrence of loxP-mediated DNA recombina-
tion. When DNA of the offspring was analyzed by PCR
and Southern blotting, signals that appear after the
recombination were detectable only in the testis. His-
tochemical analyses revealed that B-galactosidase was
present in spermatocytes and spermatogenic cells at
later differentiation stages. However, the distribution
of the protein was not uniform in all spermatocytes.
Analyses of genomic DNA of the next generation indi-
cated that recombination took place in about 70% of
spermatogenic cells. From these results, we concluded
that this transgenic line possessing Pgk-2-driven ex-
pression of the Cre recombinase should be useful for
identifying spermatogenic genes that function at or
after the spermatocyte stage. © 2000 Academic Press
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Mammalian spermatogenesis is a complex process
that involves the mitotic proliferation of spermatogo-
nia, the meiotic division of spermatocytes, chromo-
somal condensation, production of sperm-specific pro-
teins, and the morphogenic differentiation of spermatids
to spermatozoa (1, 2). Although numerous detailed cy-
tological studies have been described, the molecular
basis for many of the steps of the pathway has yet to be
determined. This might be due to the absence of suit-
able spermatogenic cell lines and methods of introduc-
ing genes into spermatogenic cells, which could be used
to identify genes and factors involved in mammalian
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spermatogenesis. Gene disruption technology using
embryonic stem cells has been successfully employed to
identify genes required for spermatogenesis (3-5).
However, this strategy can only be applied to genes
whose functions are not required during early develop-
ment; genes indispensable for either development or
spermatogenesis cannot be identified due to death of
the affected animals. The development of a conditional
gene disruption method in which candidate genes are
inactivated only in the testis or at particular stages
during spermatogenic differentiation is thus needed.

The Cre recombinase of bacteriophage P1 recognizes
a 34-bp sequence called loxP, and catalyzes recombina-
tion between two loxP sequences, resulting in loss of
the sequences in between. This Cre/loxP recombination
system has been successfully used for tissue- or cell
type-specific gene inactivation or deletion (6-10), and
for excision, integration or translocation of DNA seg-
ments (11-13). In this study, we adopted this tech-
nique in order to develop a spermatocyte-specific gene
excision method. To do so, the Cre recombinase was
specifically expressed in spermatogenic cells using a
1.4-kbp DNA region including the mouse Pgk-2 pro-
moter, which has been shown to induce transcription of
the downstream sequences in pachytene spermato-
cytes (14).

MATERIALS AND METHODS

Generation of transgenic mice. The entire Cre-coding sequence
was inserted into the Xhol/Notl site of P2ASV (14) so that the Cre
sequence was located just downstream of the 1.4-kbp mouse Pgk-2
promoter. The DNA was purified using QIAEX (Qiagen, Catsworth,
CA) and microinjected into the pronuclei of fertilized eggs of BCF,
(C57BL/6 X C3H) mice as previously described (15). The resulting
transgenic mouse line was named Pgk2-Cre Tg.

Reverse transcription-mediated PCR. Total RNA (2 ng) extracted
from various mouse organs (16) was used to synthesize cDNA with
random hexamers as primers, and the cDNA was subjected to PCR.
Amplified DNA products were separated on a 2% agarose gel and
visualized by staining the gel with ethidium bromide.
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PCR and Southern blotting of genomic DNA. DNA was prepared
from tails of transgenic mice using a QlAamp Tissue Kit (Qiagen)
and subjected to PCR with primers Crel (5'-AGGTTCGTTCAC-
TCATGGA) and Cre2 (5'-TCGACCAGTTTAGTTACCC) to amplify
the Cre-coding sequence, or with primers L1 (5'-GCGTTACCC-
AACTTAATCG) and L2 (5'-TGTGAGCGAGTAACAACC) to amplify
the reporter CAG-CAT-Z sequence, or with primers CAl (5’-CTG-
CTAACCATGTTCATGCC) and L3 (5'-GGCCTCTTCGCTATTACG)
to amplify the recombined CAG-CAT-Z sequence (17) (see Fig. 1).
PCR products were separated on a 2 or 1.4% agarose gel and
visualized with ethidium bromide. For Southern blotting, DNA
was prepared from various organs of transgenic mice by treat-
ment with SDS and proteinase K followed by phenol extraction.
The DNA (40 wng) was digested with EcoRI, separated on a 1%
agarose gel, and transferred onto a nitrocellulose membrane. The
membrane was hybridized with a **P-labeled 1.4-kbp DNA fragment
containing B-galactosidase-coding sequence. Hybridization signals
were visualized using an image analyzer (Molecular Imager; Bio-
Rad, Hercules, CA).

Histochemical analysis. Testes were fixed with phosphate-
buffered saline containing 1% formaldehyde, 0.2% glutaraldehyde,
and 0.02% Nonidet P-40 at 4°C for 2 h. The fixed testes were embed-
ded with OCT compound, frozen at —80°C, and cut into sections of
14-20-pm thickness. The sections were washed with phosphate-
buffered saline, incubated in a solution containing 2 mM MgCl,, 5
mM K;Fe(CN)g, 5 mM K, Fe(CN); and 1 mg/ml of 5-bromo-4-chloro-
3-indolyl-B-p-galactoside (X-gal) in phosphate-buffered saline for
5-12 h at 37°C, and examined under a microscope after counterstain-
ing with Nuclear Fast Red. Spermatogenic cell-types were deter-
mined based on the size and morphology of spermatogenic cells and
their nuclei, as described previously (1, 18, 19).

RESULTS

Transgenic mice in which the Cre recombinase was
expressed under control of the spermatocyte-specific
Pgk-2 promoter were generated (see Fig. 1). A total of
15 founder animals containing the transgene were an-
alyzed, and two lines showed testis-specific expression
of Cre mRNA (Fig. 2A). The two transgenic lines pos-
sessed one and 35 copies of the transgene, respectively,
and stably passed the transgene on to their progeny
(data not shown). These mice were then mated with
mice carrying the reporter CAG-CAT-Z sequence (17)
to examine the occurrence of Cre-mediated recombina-
tion. This reporter sequence was constructed to result
in B-galactosidase expression when the CAT sequence
flanked by loxP is eliminated through Cre-mediated
recombination (see Fig. 1). When genomic DNA of the
progeny male mice (Pgk2-Cre/CAG-CAT-Z Tg) was an-
alyzed by Southern blotting, testis-specific excision of
the CAT sequence was observed (Fig. 2B).

To determine the timing of the onset of recombina-
tion during spermatogenic differentiation, we exam-
ined the presence of B-galactosidase in testicular cells.
When testis sections prepared from Pgk2-Cre/CAG-
CAT-Z Tg were treated with X-gal, signals were ob-
served with spermatocytes and spermatids, but not
with pre-meiotic spermatogenic cells, Sertoli cells or
cells present in the testicular interstitium (Figs. 3A,
3B, and 3D). Mice carrying the CAG-CAT-Z sequence
but not crossed with Pgk2-Cre Tg did not give any
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FIG. 1. Schematic representation of transgene constructs and
Cre-mediated recombination. The structures of the transgenes used
in this study are shown; the CAG-CAT-Z sequence as a reporter for
loxP-mediated recombination and the Cre-expressing DNA with the
mouse Pgk-2 promoter. Shown at the bottom is the structure of the
reporter sequence after recombination. Horizontal closed arrows in-
dicate the position and direction of primers for PCR together with the
expected sizes of amplified DNA. In Southern blotting, recombined
and nonrecombined sequences were detected as 4.4- and 3.1-kbp
DNA fragments, respectively, after digestion with EcoRlI (E).

signal (Fig. 3C), and the cell types with positive signals
corresponded to those in which the Pgk-2 promoter is
active (14), indicating that B-galactosidase expression
was dependent on the presence of the Cre recombinase.
However, some cross sections of the seminiferous tu-
bules gave no signal, and positivity was not uniform
among spermatocytes and spermatids within the same
sections. This mosaic pattern of B-galactosidase distri-
bution is likely to reflect the presence of spermatogenic
cells in which recombination did not occur. To more
directly examine whether spermatogenic cells with the
original CAG-CAT-Z sequence exist, Pgk2-Cre/CAG-
CAT-Z Tg mice were mated with wild-type BCF, fe-
males, and DNA from the progeny was analyzed (Fig.
4). Of 17 mice that carried the lacZ sequence, 12 gave
the 580-bp DNA derived from the recombined sequence
(lanes 4 and 6) while five did not (lanes 3 and 5). This
suggested that Cre-mediated recombination took place
in about 70% (12/17) of spermatogenic cells. All these
data collectively indicated that Cre-mediated recombi-
nation was induced in an organ and spermatogenic
stage-specific manner, but that this event did not take
place uniformly among the corresponding spermato-
genic cells and that some of these cells retained the
unmodified reporter gene.
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FIG. 2. Testis-specific expression of Cre mRNA and Cre-
mediated recombination of the CAG-CAT-Z sequence. RNA and
genomic DNA were prepared from various organs of Pgk2-Cre/CAG-
CAT-Z Tg: Te, testis; Li, liver; Ki, kidney; Lu, lung; He, heart; Sp,
spleen; Br, brain. (A) Reverse transcription-mediated PCR for detec-
tion of Cre mRNA. Control reactions with no reverse transcriptase
(RT-) and with water alone (Wa) were included. (B) PCR (top two
panels) and Southern blotting (bottom panel) for detection of the
recombined sequence. Acat (indicated with an arrow) denotes a PCR
product detectable only with recombined genomic DNA (see Fig. 1).
Note that the longer PCR product derived from the unmodified
CAG-CAT-Z sequence is not shown in the panel.

DISCUSSION

In this study, we aimed to established a method by
which DNA segments are excised in a manner specific
to testis and spermatocytes. To do so, the Cre recom-
binase was expressed in spermatocytes using the
mouse Pgk-2 promoter. Transgenic mice that specifi-
cally express Cre in the testis were obtained, and a
cross with these mice induced spermatocyte-specific
DNA recombination in female mice carrying a reporter
for loxP-dependent DNA excision. However, for un-
known reasons, the occurrence of Cre/loxP-mediated
recombination seemed not to be uniform among sper-
matocytes: the reporter gene in about 30% of the sper-
matogenic cells was left unmodified. We believe that
this system has the advantage that the fate of sper-
matogenic cells with disrupted genes can be analyzed
in comparison with those with intact genes within the
same testis sections.
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FIG. 3. Distribution of g-galactosidase in the testis of Pgk2-Cre/
CAG-CAT-Z Tg mice. Testis sections from Pgk2-Cre/CAG-CAT-Z Tg
mice (A, B, and D) and mice carrying only the CAG-CAT-Z sequence
(C) were histochemically analyzed for the presence of B-galactosidase
by staining with X-gal. The sections were counterstained with Nu-
clear Fast Red. Arrows and arrowheads point to spermatocytes (Sc)
and spermatids (St), respectively. Bar = 50 um.

Transgenic mice in which the Cre recombinase is
expressed in a spermatogenic cell-specific manner have
been generated. O’'Gorman et al. used the Prm-1 pro-
moter to restrict the expression to haploid spermatids
(20). Vidal and colleagues generated transgenic mice in
which the Sycpl promoter caused Cre to be expressed
in primary spermatocytes (21). Our Pgk2-Cre Tg mice
are, to our knowledge, the third example of spermato-
genic cell-restricted expression of the Cre recombinase.
All of these three systems should be useful for disrup-
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FIG. 4. PCR analysis of genomic DNA from progeny after a cross
between Pgk2-Cre/CAG-CAT-Z Tg males and wild-type BCF, fe-
males. Positions of the cre, lacZ, and recombined CAG-CAT-Z (Acat)
sequences are indicated by arrows. At the bottom are the numbers of
mice showing the indicated pattern of PCR products. Lane 1 con-
tained a control reaction with no DNA.
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tion of candidate spermatogenic genes at various par-
ticular stages during spermatogenic differentiation.
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