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Abstract

Lunatic fringe belongs to a family of b1–3N-acetyltransferases that modulate the affinity of the Notch receptors for their ligands through

the elongation ofO-fucose moieties on their extracellular domain. A role for Notch signaling in vertebrate fertility has been predicted by

the intricate expression of the Notch receptors and their ligands in the oocyte and granulosa cells of the ovary and the spermatozoa and

Sertoli cells of the testis. It has been demonstrated that disruption of Notch signaling by inactivation of lunatic fringe led to infertility

associated with pleiotropic defects in follicle development and meiotic maturation of oocytes. Lunatic fringe null males were found to be

subfertile. Here, we report that gene expression data demonstrate that fringe and Notch signaling genes are expressed in the developing

testis and the intratesticular ductal tract, predicting roles for this pathway during embryonic gonadogenesis and spermatogenesis.

Spermatogenesis was not impaired in the majority of the lunatic fringe null males; however, spermatozoa were unilaterally absent in the

epididymis of many mice. Histological and immunohistochemical analysis of these testes revealed the development of unilateral cystic

dilation of the rete testis. Tracer dye experiments confirm a block in the connection between the rete testis and the efferent ducts. Further,

the dye studies demonstrated that many lunatic fringe mutant males had partial blocks of the connection between the rete testis and the

efferent ducts bilaterally.
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Introduction

The Notch signaling pathway has been shown to be
important for organogenesis during the embryonic
development of metazoans. Activation of the Notch
receptors regulates spatial identity, the formation of
cellular boundaries, cell adhesion, and the switch
between proliferation and differentiation (Artavanis-Tsa-
konis et al. 1999, Irvine 1999, Frisén & Lendahl 2001,
Koch et al. 2003). Evidence from studies in worms, flies,
and mice predict a role for Notch signaling during
folliculogenesis and oocyte maturation (Francis et al.
1995, Kadyk & Kimble 1998, Deng et al. 2001, Johnson
et al. 2001, Lopez-Schier & St Johnston 2001, Hansen
et al. 2004, Hahn et al. 2005). Expression of the Notch
receptors, their ligands, and downstream target genes
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has been detected in the neonatal and adult mammalian
testes (Dirami et al. 2001, van Wayenbergh et al. 2003,
Hayashi et al. 2004, von Schönfeldt et al. 2004). It has
been demonstrated that Notch1 and Jagged1 (Jag1) are
expressed in the vasculature of the embryonic testis
(Brennan et al. 2002). However, the importance of the
contribution of Notch signaling to the development of
the testis and later to spermatogenesis is not known.

During mammalian embryogenesis, the bipotential
gonads develop as paired longitudinal ridges along the
ventromedial surface of the mesonephros. Primordial
germ cells (PGCs) will migrate into the bipotential gonad
by embryonic day (E) 11.5 in mice and in the male will be
blocked from entering meiosis (Burgoyne et al. 1988,
McLaren & Southee 1997, Swain & Lovell-Badge 1999).
Cells of the coelomic epithelium invade the presumptive
DOI: 10.1530/REP-08-0207
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gonad, where they coalesce with the PGCs to form
the seminiferous cords by E12.5. These cells will become
the Sertoli cells that support spermatogenesis. Cells
from the mesonephros also migrate into the gonad and
will become the Leydig and peritubular myoid cells. The
seminiferous cords continue to extend toward the
mesonephros, and are then referred to as testicular
cords. An extension of the testicular cords will form a
network of anastomosing tubules, the rete testis (Buehr
et al. 1993, Merchant-Larios et al. 1993, Martineau et al.
1997, Tilmann & Capel 1999, Morrish & Sinclair 2002,
Sadler 2003). The efferent ductules that connect to the
rete testis and lead into the epididymis are derived from
the mesonephric tubules, or embryonic kidney. These
tubules form between regressing glomeruli, and lengthen
and enlarge to form the head of the epididymis (de Kretser
et al. 1982, Hinton & Turner 1988, Ilio & Hess 1994). At
the mediastinum of the testis, the tubules of the rete testis
and the mesonephric tubules that become the efferent
ductules must grow toward each other and connect.
The rete testis and efferent ducts perforate the tunica
albuginea to form the passage from the seminiferous
tubules to the epididymis in the mature testis. At puberty,
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the seminiferous cords become the seminiferous tubules,
the siteof spermatogenesis. Spermatozoamaturewithin the
tubule supported by the Sertoli cells, and upon release
into the seminiferous tubules travel to the rete testis,
before entering the efferent ductules for transport to the
epididymis. Notch signaling is important for the develop-
ment of the kidney and genes of this pathway, including
the receptors, ligands and the fringe genes, are expressed
in the pronephros, mesonephros, and metanephros
including the mesonephric duct and tubules and
developing glomeruli (Leimeister et al. 2003, McCright
et al. 2001, Wang et al. 2003, Chen & Al-Awqati 2004, Yu
et al. 2004, Piscione et al. 2004). These observations
indicate that Notch may also be important for the
development of the ductal tract of the testis.

The fringe proteins are Golgi-localized b1–3
N-acetyltransferases that modify O-fucose moieties on
the extracellular domain of the Notch receptors
(Johnston et al. 1997, Bruckner et al. 2000, Moloney
et al. 2000; Fig. 1). These carbohydrates modulate the
affinity of the Notch receptors for their ligands (Bruckner
et al. 2000, Hicks et al. 2000, Shimizu et al. 2001). There
are three mammalian fringe genes, lunatic fringe (Lfng),
Figure 1 Fringe gene expression in the neonatal and
adult testes. (A) Qualitative RT-PCR from purified
testis cell populations. Purified cell populations
including a mixed germ cell population, Sertoli
cells, and peritubular myoid cells were harvested
from p20 rat testis and total RNA isolated. The
samples were normalized using GAPDH and gene-
specific primers were used to amplify transcripts.
(B) SqRT-PCR from P60 total testis RNA samples.
Gene-specific primers were used to detect fringe
gene transcripts. All samples were normalized
against Rpl7. Genotypes are as labeled. In each
panel presented are representative data from one
replicate experiment; all lanes are from a single gel.
(C) Schematic of canonical Notch signaling. Notch
interacts on the cell surface with its ligands,
triggering proteolytic cleavage of Notch. The
intracellular domain then translocates to the
nucleus with a CSL transcriptional co-factor where
it up-regulates the expression of downstream target
genes. The fringe proteins are Golgi-localized
B1,3N-acetylglucosaminyltransferases that modify
O-fucose moieties added to the extracellular
domain of Notch with N-acetyl glucosamine
(NAGK) during synthesis.
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radical fringe (Rfng), and manic fringe (Mfng; Johnston
et al. 1997). Targeted null mutations of many of the
Notch receptor and ligand genes result in embryonic or
perinatal lethality; however, w25% of the LfngK/K

mutants survive to adulthood (Evrard et al. 1998).
Targeted null mutations of Lfng have segmentation
defects that are similar to null mutations in Notch1 and
Deltalike1 (Dll1; Evrard et al. 1998, Zhang & Gridley
1998). It was noted in mating studies done initially to
assess the fertility of female LfngK/K mice (Hahn et al.
2005) that males demonstrated reduced fertility. In the
present study, we confirmed and extended the
expression data for the fringe and Notch signaling
genes in the developing, neonatal, and mature testes.
Based on these observations, we determined whether a
lack of LFNG resulted in male reproductive tract defects
that were the basis of the subfertility of the LfngK/K

males. Morphological and histological studies demon-
strated that there are bilateral defects in the intratesti-
cular ductal system in many LfngK/K males, but
spermatogenesis was not affected. In some of these
males, there was a unilateral blind ending to the rete
testis that resulted in the development of cysts.
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Results

Fringe genes are expressed in the developing and
mature testis

Several groups have demonstrated that Notch and its
ligands are expressed in the neonatal and adult testes of
mice, rats, and humans (Mori et al. 2003, Hayashi et al.
2004, von Schönfeldt et al. 2004, Sahin et al. 2005).
However, nothing is known about the expression of the
fringe genes in the testis, and little regarding Notch family
gene expression during gonadogenesis. We datamined a
microarray analysis of gene transcription from embryonic
mouse testis at E11.5–E18.5 and postnatally (p) to P20
(Small et al. 2005). In this dataset, the presence of a signal
of 50 is considered to be low but positive (Small et al.
2005). These data revealed a dynamic pattern of Notch
and the fringe gene expression during embryogenesis and
early postnatal development. Embryonically, Lfng and
Rfng transcripts were detectable as early as E11.5 in
the indifferent gonad and were maintained up through the
neonate stage (P10) that precedes the differentiation of
the testicular somatic cells. Over the same developmental
timeframe, Mfng was minimally expressed. Notch1 and
Notch3 were detected throughout development of the
embryonic testis, whileNotch2was not detected until P3.
The Notch ligand, Jag1, was detected from E11.5 to P14,
but Jagged2 ( Jag2) was only detected on P10. The
Deltalike genes were not detected (data not shown).
Transcripts from two Notch downstream target genes,
Hairy enhancer of split related 1 (Hrt1) and Hairy
enhancer of split 1 (Hes1), were detected from E11.5 to
P14 also (Table 1).
www.reproduction-online.org Reproduction (2009) 137 79–93



Figure 2 Lfng expression in the developing testis. (A) WISH of E13.5
mesonephros and genital ridge demonstrating Lfng transcripts in the
developing testicular cords (white arrows) and the mesonephric tubules
that will become the efferent ducts (yellow arrows) 60!. (B) E13.5
mesonephros and genital ridge demonstrating that the mesonephric or
Wolffian duct expresses Lfng (yellow arrows). Lfng expression is also
visible in the testicular cords (white arrows). (C) E14.5 mesonephros
and embryonic testis demonstrating continued Lfng expression in the
testicular cords (white arrows), mesonephric tubules/efferent ducts, and
Wolffian duct (yellow arrows). (D) E15.5 mesonephros and embryonic
testis demonstrating continued Lfng expression in the testicular cords
(white arrows) and in the developing efferent ducts and epididymis
(yellow arrows), 60!. (E) Cryosection of E13.5 testis and mesonephros,
Lfng expression is noted in the mesonephric duct (black arrow head),
mesonephric tubules (blue arrows), and the rete testis (yellow arrows).
Dashed line separates the testis from the mesonephros, 100!.
(F) Cryosection of E13.5 testis and mesonephros demonstrating
expression in the mesonephros, mesonephric ducts and developing rete
testis, 200!. (G) Notch3 is detected at E13.5 in the developing efferent
ducts and rete testis (green arrow), weakly in testicular cords (white
arrow) and mesonephros (yellow arrow), 60!. (H) Notch2 expression
was detected in the E13.5 testis and mesonephros in the testicular cords
(white arrows), mesonephros (yellow arrow), and developing epididy-
mis and efferent ducts (green arrow), 60!.
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Previous studies of Notch expression in the testis do
not agree on which cells express these proteins (Mori
et al. 2003, Hayashi et al. 2004, von Schönfeldt et al.
2004, Sahin et al. 2005). In order to determine the cell
specificity of Notch and fringe gene expression, purified
testis cell populations were used to detect transcripts. Rat
P20 testes were collected and Sertoli cells, peritubular
myoid cells, and a mixed germ cell population were
purified. Total cellular RNA was generated and quali-
tative RT-PCR was done. As can be seen in Fig. 1A, Lfng,
Mfng, and Rfng mRNA was detected in germ cells.
Sertoli cells expressed Mfng, but Lfng and Rfng were
detected weakly in them. Rfng and Mfng were detected
in peritubular myoid cells, but Lfng is not. Notch1 and K
2 were also found in germ cells, Notch1, and a weak
signal for Notch2, was detected in Sertoli cells and there
was a low level of expression of both of these genes in
peritubular myoid cells. Jag1 was expressed in all cell
types examined (Fig. 1A). Unlike the ovary, in which Lfng
is expressed only in the granulosa cells (Hahn et al.
2005), all three of the fringe genes have both overlapping
and distinct expression patterns in the cells of the
postnatal testis. We also determined whether the fringe
genes were expressed in the mature testis, using
semi-quantitative RT-PCR with total testis RNA and
we detected Rfng and Lfng in the P60 testis but not
Mfng (Fig. 1B).

During development, the Notch receptors and ligands
are expressed dynamically in the Wolffian duct, the
peritubular mesenchyme around the Wolffian duct, and
the developing kidney beginning at E10.0 (McCright
2001, Cheng et al. 2003, Wang et al. 2003, Piscione
et al. 2004, Sharma et al. 2004, Kuure et al. 2005, Ader
et al. 2006). Notch1 and Jag1 are expressed in the
vasculature of the E12.5 testis (Brennan et al. 2002).
Since the fringe proteins are predicted to modify the
Notch receptors in the Golgi, we examined the
expression pattern of Lfng in the developing urogenital
tract by whole-mount in situ hybridization (WISH) using
a gene-specific antisense riboprobe labeled with digox-
igenin and detected colorimetrically. In LfngC/C

embryos, we detected Lfng transcripts in the mesone-
phros from E12.5 to E14.5 (Fig. 2A–C, yellow arrows),
consistent with the expression reported for Notch1 and
K2. In the embryonic testis, Lfng transcripts were
detected in testicular cords from E12.5 to E15.5
(Fig. 2A–D, white arrows). This gene was also expressed
in the mesonephric tubules between the Wolffian duct
and the anterior end of the developing testis (Fig. 2A,
C and D) and this was confirmed in cryosections (Fig. 2E
and F). By E15.5, expression in the mesonephros is no
longer detectable and expression of Lfng is limited to the
testicular cords and the developing epididymis (Fig. 2D).
Therefore, Lfng is expressed in the developing efferent
ducts, epididymis, and rete testis. We examined the
expression pattern of Notch2 and Notch3 at E13.5 in the
developing testis, and our data demonstrated that both
Reproduction (2009) 137 79–93 www.reproduction-online.org
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are expressed in the mesonephric duct and the
mesonephric tubules (Fig. 2G and H). Thus, Notch
signaling genes are expressed in the testis and epididy-
mis during development, as well as postnatally during
spermatogenesis.

During development, the Notch receptors and ligands
are expressed dynamically in the Wolffian duct, the
peritubular mesenchyme around the Wolffian duct, and
the developing kidney beginning at E10.0 (McCright et
al. 2001, Cheng et al. 2003, Wang et al. 2003, Piscione
et al. 2004, Sharma et al. 2004, Kuure et al. 2005, Ader
et al. 2006). Notch1 and Jag1 are expressed in the
vasculature of the E12.5 testis also (Brennan et al. 2002).
Therefore, we determined the expression pattern of Lfng
in the developing urogenital tract by WISH using a gene-
specific antisense riboprobe labeled with digoxigenin
and detected colorimetrically. In LfngC/C embryos, we
detected Lfng transcripts in the mesonephros from E12.5
to E14.5 (Fig. 2A–C, yellow arrows), consistent with the
expression reported for Notch1 and K2. In the
embryonic testis, Lfng transcripts were detected in
testicular cords from E12.5 to E15.5 (Fig. 2A–D, white
arrows). This gene was also expressed in the mesoneph-
ric tubules between the Wolffian duct and the anterior
end of the developing testis (Fig. 2A, C and D) and this
was confirmed in cryosections (Fig. 2E and F). By E15.5,
expression in the mesonephros is no longer detectable
and expression of Lfng is limited to the testicular cords
and the developing epididymis (Fig. 2D). Therefore, Lfng
is expressed in the developing efferent ducts, epididymis,
and rete testis. This was compared with the expression
pattern of Notch2 and Notch3 detected at E13.5, both
receptors were expressed in the mesonephric duct and
the mesonephric tubules as well (Fig. 2G and H). These
data confirm that Notch signaling genes are expressed
during development of the testis and epididymis.
Lfng null males are subfertile

Previous studies from our group demonstrated that this
LfngK/K allele (Evrard et al. 1998) resulted in a loss of
fertility in females (Hahn et al. 2005). A mating study was
carried out to determine if male LfngK/K were fertile. Lfng
null and heterozygous control males were paired with
LfngC/K female mice. All LfngC/K males (nZ6) mated
within an average of 2 days, as determined by the
presence of a copulatory plug. Only one LfngK/K male
(nZ4) mated, as determined by the presence of
copulatory plugs, over the 4-month period of the study.
Further, this particular LfngK/K male demonstrated a
reduced number of copulations that resulted in preg-
nancy, as compared with heterozygous control males
(90% for LfngC/K males and 70% for this LfngK/K male).
These observations indicate that some LfngK/K males are
infertile. The causes of infertility range from disruption
of gametogenesis, similar to the LfngK/K females (Hahn
et al. 2005), to abnormal development of the genital tract.
www.reproduction-online.org
In the case of the LfngK/K mice, we cannot immediately
rule out physical obstructions associated with fusion of
the axial skeletal (Evrard et al. 1998, Hahn et al. 2005).
Spermatogenesis is not defective in LfngK/K males

One cause of decreased male fertility is low sperm
concentration due to disrupted spermatogenesis (van der
Merwe et al. 2005, Spiridonov et al. 2005). Spermatozoa
were collected from the vas deferens and the cauda
epididymis of LfngC/C, LfngK/K, and LfngC/K males and
counted on a hemocytometer. The average sperm
concentration for LfngC/C was 6.7!106 sperm/ml
(nZ4), for LfngK/K 1.3!107 sperm/ml (nZ13), and for
LfngC/K 2.9!107 sperm/ml (nZ14). There was no
significant difference in sperm concentration between
LfngC/C and LfngC/K (PZ0.14) nor LfngK/K (PZ0.3) or
between LfngC/K and LfngK/K (PZ0.06). Therefore,
sperm concentration does not contribute to subfertility in
these mice.

Since a lack of Lfng resulted in defects in meiotic
maturation in oocytes (Hahn et al. 2005), the ploidy of
the mature spermatozoa was determined by fluor-
escence-activated cell sorting (FACS). Spermatozoa
were isolated from the vas deferens and epididymis of
adult LfngK/K, LfngC/K, and LfngC/C males, immedi-
ately fixed, stained, and FACS was done. The FACS
analysis demonstrated no significant difference in ploidy,
72.03% of the LfngC/C, 88.31% of LfngC/K, and
66.75% of LfngK/K epididymal sperm was haploid.
Further, there was no increase in aneuploidy with age in
LfngK/K samples (Fig. 3). An increased percentage of
spermatozoa with morphological defects can also lead
to subfertility (van der Merwe et al. 2005, Spiridonov
et al. 2005). Spermatozoa were collected, fixed immedi-
ately, and examined microscopically for morphological
defects. There was no difference in the ratio of
spermatozoa with morphological defects when LfngK/K

(nZ2380) and LfngC/K (nZ1222) samples were
compared. In both genotypes, 19.5% of spermatozoa
were defective, and no single defect was found
predominantly (data not shown).

To evaluate whether LfngK/K spermatozoa were able
to fertilize eggs and support early embryonic develop-
ment, In vitro fertilization (IVF) was done using the sperm
collected from the cauda epididymis and vas deferens of
LfngC/C, LfngK/K, and LfngC/K males. Female LfngC/K

were induced to ovulate by i.p. administration of
pregnant mare’s serum gonadotropin (PMSG followed
48 h later with human chorionic gonadotropin (hCG).
Oocyte cumulus complexes (OCC) were harvested from
the oviduct. The OCC were mixed with capacitated
sperm and fertilization was allowed to proceed for 4 h.
The eggs were washed to prevent polyspermy and placed
in culture. In IVF assay, LfngK/K and LfngC/K sperma-
tozoa fertilized 43.9% and 37.7% of the eggs, as
determined by the presence of two pronuclei. Of the
Reproduction (2009) 137 79–93



Figure 3 FACS Analysis of the LfngK/K spermatozoa. (A) Representative histograms of FACS analysis of spermatozoa. Spermatozoa were collected
from the vas deferens and cauda epididymis. PI intensity (FL2-A) was used to assess nuclear DNA content. Spleen is purified spleen cells and serves
as the diploid control. M1, haploid cells (200); M2, diploid G1 population (400); M3, tetraploid G2 population (800). All experiments were done
with a minimum of five replicates/genotype. Gating for each sample was identical and based on the diploid spleen cells and aggregated material was
excluded as much as possible. (B) LfngK/K spermatozoa do not demonstrate increased aneuploidy. These are aggregated percentages of the gated
cells G S.D. for each genotype at P50 and for LfngK/K at P120. All experiments were done with a minimum of five replicates/genotype.
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eggs fertilized by spermatozoa from all three genotypes,
similar numbers of embryos developed to the two-cell
stage and became four- to eight-cell embryos (Table 2).
The ability of spermatozoa from all three genotypes to
fertilize eggs and support early embryogenesis was not
significantly different. While IVF can result in fertilized
eggs even if a relatively small percentage of the
spermatozoa are normal, collectively, these data
indicate that LfngK/K males had normal sperm concen-
trations, no increase in morphological defects, and their
spermatozoa can fertilize eggs and support early
embryonic development.
Many LfngK/K males have unilateral testicular cysts

Interestingly, while collecting spermatozoa, it was noted
that some LfngK/K males had a unilateral loss of sperm
in the epididymis and vas deferens, suggesting a
structural defect in the reproductive tract. Gross
morphological examination of adult LfngK/K male
reproductive tracts demonstrated no loss of seminal
vesicles, vas deferens (Fig. 4A and B, blue arrows),
epididymis (Fig. 4A and B, green arrows), or testis
(Fig. 4A and B, white arrows), nor a significant difference
in size of the testes when comparing LfngK/K and
LfngC/K controls (data not shown). There were LfngK/K

males in which one testis had a large mass discernable
Table 2 In vitro fertilization and early embryo development.

Genotype Total eggs Percentage of fertilized

Lfng C/C 86 61.3 (nZ44)
Lfng C/K 255 43.9 (nZ112)
Lfng K/K 268 37.7 (nZ101)

Eggs are from LfngC/K p42 female mice induced to ovulate, all healthy eggs
seven LfngC/K males, and four LfngC/C males. There was no significant diffe
the four- to eight-cell stage.
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upon gross morphological examination (nZ3), (Fig. 4C,
black arrow), but the contralateral testis appeared
normal (Fig. 4C, white arrow).

Histological analysis showed that these testicular
masses were fluid-filled cysts (Fig. 5C and D). The cysts
originated in the mediastinum of the testis and pushed
the seminiferous tubules to the periphery (Fig. 5C and D).
Testes with very large cysts demonstrated a loss of
seminiferous tubules and seminiferous tubules with thin
epithelium (Fig. 5C). There are spermatozoa and large
round cells in the fluid of the cysts, and it is likely that
they are washed into the cyst and degenerate (Fig. 5C
and G). Of the LfngK/K males examined, 52.9% (9 out of
17) demonstrated unilateral cysts of varying severity at
P50, while no cysts were detected in LfngC/K controls.
In testes with cysts, seminiferous tubules with a normal
epithelium demonstrated ongoing spermatogenesis
(Fig. 5H). The contralateral testes in these animals were
histologically normal in appearance (Fig. 5B and F).
When younger males were examined (P28), dilation of
the rete testis was detected, but no large cysts (data not
shown), indicating that the cysts likely increase in
severity with age. Histological examination of the
epididymides demonstrated normal histology, a pseu-
dostratified epithelium with microvilli and a prominent
lumen in both the mutant and controls (Fig. 6). The only
notable difference was a lack of spermatozoa in the
Percentage of 2 cell Percentage of 4–8 cell

47.7 (nZ27) 36.3 (nZ16)
46.4 (nZ52) 33.9 (nZ38)
57.4 (nZ58) 26.7 (nZ27)

were pooled, and used for IVF. Data are pooled from six LfngK/K males,
rence between genotypes for advancement to the two-cell stage, nor to
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Figure 4 Gross morphological analysis of the LfngK/K reproductive
tract. Green arrows indicate epididymis, blue arrows the vas
deferens, and white arrows the testis. (A) LfngC/Ktestis, epididymis, and
vas deferens. (B) LfngK/K testis, epididymis, and vas deferens.
(C) Comparison of contralateral testes from a P50 LfngK/K male with
unilateral cyst. Note the size difference and change in morphology due
to the large mass in the testis on the right. The black arrow indicates the
bulge of the mass.
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epididymis of those LfngK/K males that had cysts
(Fig. 6A and B).

Testicular cysts have been reported in mice with null
mutations in Dax1 and estrogen receptor a (a-ERKO).
Interestingly, cyst formation was associated with defects
in the efferent ducts in both mutations. In Dax1K/K

mice, a blockage of the efferent ducts is caused by the
aberrant migration and proliferation of Sertoli cells up
through the rete testis (Jeffs et al. 2001). The efferent
www.reproduction-online.org
ducts, rete testis, and seminiferous tubules of a-ERKO
males undergo progressive dilation due to defective fluid
reabsorption by the efferent ducts (Hess et al. 1997,
2000, Lee et al. 2000). Therefore, the rete testis and
efferent ducts were examined in serial histological
sections from the rete testis to the epididymis in adult
males (nZ14 LfngC/K and LfngK/K). The efferent ducts
had a normal histological appearance; they were lined
with an epithelium of an uneven height and cilia were
present and no stenosis or dilation was detected in either
null or control serial sections (Fig. 7A). The mean
diameter and area of the LfngK/K efferent ducts was
calculated using ImagePro software on every fifth serial
section. The LfngK/K efferent ducts demonstrated no
significant change in diameter or area as compared with
controls (Fig. 7B).

In examining the serial sections of the rete testis and
efferent ducts, we noted that in many LfngK/K testes the
cuboidal lining of the rete testis was abutting the tunica
albuginea and there was a lack of communication
between that and the efferent ducts. Conversely, in
LfngC/K males, the opening of the efferent ducts into the
rete testis could be readily identified by a change in the
epithelium and a break in the tunica albuginea (Fig. 8A
and B). In P28 males that lacked a cyst, but demonstrated
dilation and thinning of the rete testis epithelium, serial
sections indicated a lack of communication with the
efferent ducts. In testes with very large cysts, there was
no longer a recognizable rete testis (C and D and 8C). In
order to determine whether the cysts were consistent
with progressive dilation of the rete testis, immunohis-
tochemistry (IHC) of serial sections of testes at P28 that
demonstrated dilation, but no cyst, was done to detect
the presence of episialin or mucin-1 (MUC1), a marker of
Figure 5 Histological Examination of LfngK/K testis.
Testes and epididymides of adults were harvested,
fixed, paraffin embedded, sectioned to 8 mm, and
stained with hematoxylin and eosin. (A) LfngC/K

testis, 40!. (B) LfngK/K testis normal histology, no
cyst, 40!. (C) LfngK/K testis with cyst and loss of
seminiferous tubules, blue arrow denotes the
acellular cyst; note the cells and spermatozoa in the
cyst (black arrowheads) and the thin-walled semi-
niferous tubules. Black box detail is presented in
panel G, 40!. (D) LfngK/K testis with cyst arising in
the mediastinum (blue arrow) seminiferous, black
arrow indicates the efferent ducts, 40!. (E) LfngC/K

detail of the seminiferous tubules from (A), 200!.
(F) LfngK/K detail of seminiferous tubules from (B),
200 !. (G) Spermatozoa and round cells in the cyst
from (C), 400!. (H) LfngK/K detail of seminiferous
tubules from D; note ongoing spermatogenesis,
200!. These are representative photomicrographs,
scale barsZ100 mm.
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Figure 6 Histological examination of the epididy-
mis of LfngK/K males. Tissues were fixed and
embedded in paraffin and sectioned to 8 mm then
stained with hematoxylin and eosin. (A) LfngK/K

4150 epididymis, 100!, black box detail in (B).
(B) There is normal histological appearance of the
epithelium and microvilli are visible, a prominent
lumen consistent with control, but no spermato-
zoa are present, 200!. (C) LfngC/K P50 epidi-
dymis, 100!, black box detail in (D).
(D) Spermatozoa are concentrated in the lumen of
the tubules, 200!.
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the rete testis epithelium (Camassei et al. 2002). IHC
detection of MUC1 in paraffin-embedded sections of
testis was done colorimetrically using a polyclonal anti-
MUC1 antibody and slides were counterstained with
hematoxylin. Epithelium lining the rete testis of LfngC/K

expressed MUC1 (Fig. 8D), and this protein was detected
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in the lining of the rete testis in the LfngK/K males
(Fig. 8E); there was no staining evident in primary
antibody controls (Fig. 8F).

The formation of cysts in the rete testis of the LfngK/K

is consistent with a lack of connection with the efferent
ductules. Since the cysts were neither present bilaterally,
Figure 7 Analysis of the diameter and area of
the efferent ducts. (A) Photomicrographs of
hematoxylin- and eosin-stained sections of
the efferent ducts demonstrate that there are
no histological defects in the epithelium.
Black arrows indicate the tubules of the
epididymis and blue arrows indicate the
efferent ducts, panels are as indicated above.
The arrow in the lumen of the LfngC/K panel
indicates the long axis for measurement of
diameter. Magnification is 200! for all but
LfngC/K, which is 400!, scale bars are
10 mm. (B) Average mean area and diameter
of the efferent ducts were calculated using
ImagePro and expressed as meanGS.D.,
statistics were done using one-way ANOVA.
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Figure 8 Histological and immunohistochemical
analysis of the LfngK/K rete testis. (A) LfngK/K p28
rete testis, black arrows indicate the intact tunica
albuginea (TA) with rete testis abutting it, and
blue arrows indicate the proximal efferent ducts,
100!. (B) LfngC/K p28 rete testis demonstrating
communication through the TA of the rete testis
and efferent ducts. Note the change in the
epithelium of the continuous lumenal space.
Arrows indicate the TA (black) and efferent duct
(blue), 100!. (C) LfngK/K testis P50 with cyst,
note the efferent ducts (blue arrow) and TA (black
arrow), but the rete testis is not clearly identifiable
and there are degenerating seminiferous tubules,
60!. (D) LfngC/K P28 IHC detection of mucin-1
in the epithelium of the rete testis. The slides were
counterstained with hematoxylin. Arrows indicate
mucin-1 positive nearly cuboidal epithelium of
the rete testis, scale barsZ100 mm, 400!
magnification. (E) LfngK/K p28 IHC detection of
mucin-1 in the epithelium lining the cystic spaces
Note thinning of mucin-1 positive epithelium
400!. (F) LfngK/K P28 IHC detection of mucin-1,
no primary antibody control, 100!.
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nor in every male, it was possible that many LfngK/K

males have partially blocked connections between the
rete testis and efferent ducts and this may allow enough
spermatozoa and fluid to move out of the testis to
abrogate cyst formation. In order to determine whether
this was the case, the hilum of the testis was exposed and
the rete testis was slowly injected with trypan blue in
LfngC/K and LfngK/K adult males as described in Dym
(1976). Post dye injection, the testis, efferent ducts, and
epididymis were dissected out completely and the path
of the dye was determined. All of the testes injected were
blue (Fig. 9). In all LfngC/K testes (nZ6), the efferent
ducts were blue, consistent with the movement of dye
from the rete testis. In some, the dye was detectable in
the epididymis (Fig. 9A). Among the LfngK/K mice, some
testes demonstrated a complete block as determined by
an absence of dye in the efferent ducts and epididymis
(nZ2; Fig. 9B). Most of the LfngK/K testes had individual
efferent ducts stained blue and could be followed, but
other efferent ducts were not, indicating a partial block
(nZ3; Fig. 9C). There was also a testis in which all of the
efferent ducts were open and dye was visible into the
epididymis (Fig. 9D). We conclude that a lack of LFNG is
www.reproduction-online.org
associated with defects in the connection between the
rete testis and the efferent ducts and can result in a blind-
ended rete testis. This congenital defect can result in
large cysts that involve most of the testis, resulting in the
seminiferous tubules being pushed to the periphery.
Based on these data, it is likely that most LfngK/K males
have partial bilateral lack of connection between the rete
testis and the efferent ducts.
Discussion

Lfnghas been shown to playan essential role in the meiotic
maturation of oocytes and the normal formation of the
follicle. Based on our expression analysis of FRINGE genes
and other members of the Notch signaling pathway, we
predict a role for the Notch pathway in testis development
and spermatogenesis. Here, we demonstrate that in 52.9%
of the LFNG-deficient males, unilateral testicular cysts
were observed, and this was associated with an absence of
sperm in the epididymis and vas deferens (Figs 4–6). Tracer
dye studies demonstrated that LfngK/K males had reduced
numbers of efferent ducts that connected properly to the
rete testis and this partial block could be found bilaterally
Reproduction (2009) 137 79–93



Figure 9 Tracer dye demonstrates a blind-ended
rete testis. Testes were carefully dissected and
injected with 0.4% trypan blue with a pulled glass
needle at the mediastinum in between the
vasculature. Post-injection the reproductive tract
was dissected and photographed (60!). T, testis;
E, epididymis; VD, vas deferens. (A) LfngC/K, note
dye in testis, efferent ducts (white arrow), and
epididymis (white arrow). (B). LfngK/K, blind rete
testis, dye in testis only, some stain in connective
tissue (yellow arrow). (C) LfngK/K, partial block,
some efferent ducts had dye from the testis to the
epididymis, see inset for detail. (D) LfngK/K no
block, dye is detectable in the testis, efferent
ducts, and epididymis.
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(Fig. 9). The cysts found in the LfngK/K testes increase in
severity with age, but are associated with neither dilated
efferent ducts nor seminiferous tubules. We conclude that
the cysts arise due to a congenital blind-ended rete testis.
Although this defect may reduce the overall sperm
concentration delivered during coitus, especially in
severely affected males, it is unlikely to wholly account
for the loss of fertility of the LfngK/K males.

The development of cysts in the rete testis has been
documented in response to specific genetic lesions linked
to both the loss of function and obstruction of the efferent
ducts. In addition to serving as an excretory duct, the
efferent ducts reabsorb fluid to concentrate spermatozoa
as they move out of the testis (Ilio & Hess 1994). This
is dependent on the activity of Aquaporin1 (Aqp1)
and NaC/HC transporter (Slc9a3; previously known as
Nhe3) genes expressed in the epithelium of the efferent
ducts. Inactivation of either Aqp1 or Slc9a3 leads to
dilation of the rete testis (Zhou et al. 2001). The a-ERKO
males also demonstrate an increased number of blind-
ended efferent ducts as well as dilation of the seminiferous
tubules, efferent ducts, and rete testis (Eddy et al. 1996,
Hess et al. 1997, Lee et al. 2000). These defects were
detectable in a-ERKO males by 10–12 weeks of age and
became progressively more severe (Eddy et al. 1996, Hess
Reproduction (2009) 137 79–93
et al. 1997, 2000). The expression of both Slc9a3 and
Aqp1 was lost in the a-ERKO efferent duct epithelium,
predicting that defective fluid reabsorption is the cause of
dilation (Eddy et al. 1996, Hess et al. 2000, Lee et al.
2000). Dilation of the rete testis has also been reported in
mice deficient for Lgr4 (Mendive et al. 2006). The efferent
ducts are severely hypoplastic in these animals, though
they express normal levels ofAqp1 and Slc9a3. Dilation is
predicted to be due to a drastically reduced surface area
for fluid absorption. We propose that in LfngK/K males a
blind-ending rete testis leads to the formation of testicular
cysts due to a build-up of fluid. This is consistent with the
observation that the LfngK/K efferent ducts are not dilated
and have neither histological nor morphological defects
(Fig. 7). In mice treated with the anti-estrogen ICI,
many features of the a-ERKO phenotype were recapitu-
lated, however, the blind-ended efferent ductules were
not, consistent with the congenital nature of this defect
(Lee et al. 2000).

Notch signaling is necessary for tubulogenesis during
kidney, liver, and prostate development also (McCright
et al. 2001, 2002, Cheng et al. 2003, Wang et al. 2003,
Grishina et al. 2005). Transgenic mice that aberrantly
express the Notch ligand Jag1 throughout theWolffianduct
developed a range of renal defects that were found both
www.reproduction-online.org
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unilaterally and bilaterally, including glomerular and
tubular cysts. The most severely affected mice had
unilateral renal aplasia and contralateral renal hypodys-
plasia with cyst formation. These defects were due to
expanded temporal and spatial expressions of Jag1 that
resulted in aberrant Notch activation during urogenital
development (Kuure et al. 2005). Our observations are
consistent with Lfng and Notch signaling being important
for tubulogenesis during the formation of the efferent
ductules and the rete testis in the developing gonad. WISH
demonstrated that Lfngwas expressed in the mesonephros,
mesonephric duct, mesonephric tubules, the developing
rete testis, and the testicular cords (Fig. 2). Notch pathway
genes and Lfng are expressed in the mesonephros
(McCright et al. 2001, Cheng et al. 2003, Wang et al.
2003), and our data demonstrate that they are expressed in
the embryonic testis (Figs 1 and 2; Table 1). This predicts
that Lfng participates in tubulogenesis in the male
reproductive system. Thus, we conclude that Lfng is
important for the normal development of the connection
between the rete testis and efferent ductules.

The phenotype of the LfngK/K mutants varies in
severity, sometimes within the same animal. Mfng and
Rfng expressions overlap with that of Lfng in the
developing testis and the mesonephros; this may
contribute to the variation of the phenotype. Cell
co-culture experiments have demonstrated that the
three fringe proteins differentially modulate signaling
through different Notch receptor and ligand pairs (Hicks
et al. 2000, Yang et al. 2005). What emerges is a
complex interaction between different Notch receptors,
ligands, and fringe proteins leading to different biologi-
cal outcomes. We postulate that a lack of Lfng results in
an alteration in Notch signaling and this results in
increased susceptibility for the development of a blind-
ended rete testis.

Interestingly, a congenital defect in humans that
consists of unilateral cystic dysplasia of the rete testis
(CDRT) has been reported that shares key features of the
defect we have described in LfngK/K males. CDRT is a
congenital malformation characterized by the presence
of benign unilateral acellular cysts, which has been
detected in children as early as birth (Camassei et al.
2002). The cysts are lined with epithelium that expresses
mucin-1 and consist of multiple irregular spaces. The
cysts can be very large and involve the entire testis,
pushing the seminiferous tubules to the periphery. CDRT
results from a congenital blind-ended rete testis and is
associated with ipsilateral kidney agenesis (Leissring &
Oppenheimer 1973, Nistal et al. 1984, Glantz et al.
1995, Loo & Yung 1995, Simoneaux et al. 1995,
Zaragoza et al. 1996, Bonnet et al. 1997, Wojcik et al.
1997, Ngai et al. 1998, Robson et al. 1998, Toffulutti
et al. 1999, Camassei et al. 2002, Kajo et al. 2005).
CDRT is very similar to the Lfng-deficient phenotype we
detected, implicating Notch signaling pathway genes in
the development of this defect.
www.reproduction-online.org
We propose that in LfngK/K males, a blind-ending rete
testis leads to the formation of testicular cysts due to a
build-up of fluid. Dye injections into the rete testis of the
LfngK/K mice revealed a range in severity of efferent duct
obstruction. The incidence of efferent duct obstruction was
greater than that of rete testis cysts, suggesting that not all
affected testes will progress to cysts. It is likely that falling
below a threshold rate offluid excretion from the rete testis
is a contributing factor. However, the presence of rete testis
cysts in the LfngK/K mice was invariably unilateral,
suggesting additional factors are influencing the process.
Unilateral congenital defects are not uncommon during
testis development. In addition to CDRT, unilateral
anomalies have been observed for cryptorchidism,
anorchia, and vas deferens agenesis associated with cystic
fibrosis transmembrane conductance regulator (CFTR)
(Schindler et al. 1987, Casals et al. 1995, 2001, Alonso
et al. 2001, Radpour et al. 2008). These observations
indicate that the development of the male ductal tract is
highly susceptible to genetic insults that result in altered
signaling milieus. What these signals are and how they
selectively influence the development of the testis remain
to be determined.
Materials and Methods

Mice

LfngK/K mice used in this study were originally described in
Evrard et al. (1998). All animals used were bred and maintained
in the vivarium at Arizona State University (ASU) on a 10h
light:14h darkness cycle with access to food and water and
were allowed to feed ad libitum. ASU is accreditated by
AALAC and all animal procedures were carried out in
accordance with AALAC standards. These studies were carried
out in compliance with the ASU institutional animal care and
use committee under an approved research protocol.
Microarray analysis

Expression data for the Notch pathway genes in the developing
testis were generated from the embryonic gonad array as
described in Small et al. (2005). The array was done using
Affymetrix chips and examined the relative abundance of
transcripts over a developmental time course using duplicate
samples of RNA. These data can be accessed at through NCBI via
the Gene Expression Omnibus (GEO) data repository http://www.
ncbi.nih.gov/geo/, GEO accession numbers GSE1358 and
GSE1359. Supplemental data are also available through the
Griswold Lab website at http://www.wsu.edu/;griswold/micro-
array, and include data from the statistical andclustering analyses.
Mating study

Eleven-week-old Lfng heterozygous and null males and eight-
week old Lfng heterozygous female mice were paired. Each
morning females were examined for the presence of a
copulatory plug. If a plug was present, the female was removed
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and a new female introduced to the male cage. If no plug was
detected after 6 days, a new female was put in the male cage.
Copulatory plugs, pregnancies, and litter size were recorded
and the genotype of the offspring was determined.
WISH

WISH was done on dissected CD1 embryos from E12.5–E15.5
(nZ5/timepoint). WISH on tissues were performed in the
automated InsituPro (Intavis, LLC, San Marcos, CA, USA), as
described previously (Anderson et al. 2006). This was followed
by washing in DPBS and post-fixation in 4% para formaldehyde
(PFS) in DPBS at 4 8C. Antisense digoxigenin-labeled RNA
probes were generated using a PCR product specific for Lfng.
Gene-specific templates were amplified by RT-PCR from
cDNA. Gene-specific primers were designed using Primer3
(Rozen & Skaletsky 2000) and then modified by adding the T7
RNA polymerase binding site sequence (5–CTAATA CGACT
CACTATAGGGAGA-3) to the 5 end of the downstream primer.
A tenth of the 25 ml PCR product was directly added to an in
vitro transcription reaction with digoxigenin RNA labeling mix
(Roche Applied Sciences) as described in Johnson et al. (2001).
Replicates were performed on sections from at least three
LfngC/C mice and probes were checked for specificity by
WISH on embryos.
Histology

Tissues were fixed as above and sectioned to 10 mm. Sections
were prepared by standard procedures and stained with
hematoxylin and eosin. Testes from LfngK/K and LfngC/K

males were examined. All photos were adjusted identically for
contrast and brightness.
IVF and sperm concentration and morphology

Mice were treated via i.p. injection with 5 international units
(IU) of PMSG (Calbiochem, Carlsbad, CA, USA) and 48 h later
with 5 IU of hCG (Calbiochem). OCC were harvested from the
oviduct 16 h later in KSOM (Specialty Media, La Jolla, CA,
USA) with 10% FBS. Sperm were collected from the vas
deferens and cauda epididymis in human tubal fluid (HTF;
Irvine Scientific, Santa Ana, CA, USA) and capacitated for 4 h at
37 8C. Sperm (1!106) were added to each OCC sample and
fertilization allowed to proceed for 2 h at 37 8C. Eggs were
washed thrice in sperm-free KSOM and incubated at 37 8C.
Eggs were scored as fertilized by the presence of two pronuclei
and embryogenesis was scored daily. Statistical analysis was
done using one-way ANOVA and likelihood ratio c2 analysis.

For determination of sperm concentration, 10 ml of each
sample was fixed in 4% PFA for 1 min. and counted on a
hematocytometer. For sperm morphology, 200 ml sperm sample
was fixed and w100 sperm/animal was analyzed for the lack of
a head or a tail, split heads, kinked tails, and presence of
cytoplasmic droplet. Data were pooled and expressed as
percent defective spermatozoa/genotype, statistical analysis
was done using one-way ANOVA and likelihood ratio c2

analysis.
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RT PCR

Total testis RNA was isolated using TRIzol (Life Technologies),
according to the manufacturer’s directions, from three different
animals/genotype. cDNA was synthesized using Superscript III
(Invitrogen), according to the manufacturer’s protocol. For
each gene examined by semi-quantitative RT-PCR, three sets
of samples comprising all three genotypes and no RT controls
were amplified, using a-[32P]dATP (Perkin–Elmer Life and
Analytical Sciences, Boston, MA, USA). For each gene-
specific primer pair, the minimum number of cycles to the
linear range was determined and used for all subsequent
experiments. All primer sets span at least one intron. Control
experiments were done using total embryo RNA. All cDNA
samples were normalized using the ribosomal gene Rpl7
(Meyuhas & Klein 1990) or glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and quantified using a Storm 860
PhosphorImager using ImageQuant software (Molecular
Dynamics, Sunnyvale, CA, USA).
FACS analysis

The FACS analysis was done as described in Malkov et al.
(1998). To obtain the sperm from p50 males, the testis,
epididymis, and vas deferens were dissected and placed in
1 ml HTF (Irvine Scientific) supplemented with 1% BSA
(Sigma). After counting, 1!106 sperm were diluted to 200 ml
in HTF and mixed with 200 ml RNAse-digestion buffer (2 mg/ml
RNaseA in 1.12% Na3C6H2O7.2H2O) and 200 ml staining
buffer (1000 mg/ml propidium iodide (PI; Invitrogen) in 0.2%
Triton X-100, 0.1% Na3C6H2O7.2H2O). The spleen was
harvested also and placed into 2% BSA in PBS and
homogenized, then placed on ice for 5 min. This suspension
was spun down at 1500 K for 5 min at 4 8C and the supernatant
was decanted. The pellet was resuspended in red blood cell
lysis buffer (155 mM NH4Cl, 10 mM KHCO3, and 0.1 mM
EDTA (pH 7.4)), incubated on ice for 5 min and centrifuged at
5000 K for 15 min in a Sorvall at 4 8C. The pellet was
resuspended in 2% BSA in PBS and 1!106 cells were mixed
with RNaseA digestion buffer and PI staining buffer as above.
The DNA content was analyzed by FACScalibur (BD
Bioscience, San Jose, CA, USA). The data are presented in a
histogram using splenic cells to set the diploid position, and
statistics were done using one-way ANOVA.
IHC

Tissue was fixed in 4% PFA overnight at 4 8C. Tissue was then
paraffin embedded and sectioned to 10 mM. Sections were fixed
to slides by heating at 80 8C for 30 min. Slides were then cooled
to room temperature, dewaxed in xylenes, and rehydrated
through graded alcohols to 70% ethanol. Slides were incubated
in water, followed by PBS, placed in 0.1M sodium citrate (pH
6.0) and epitope retrieval done in the microwave. The sections
were cooled to room temperature, rinsed in PBS, and incubated
in 3% H2O2 in 60% methanol to destroy endogenous
peroxidases. Mucin-1 was detected using a rabbit polyclonal
anti-MUC1 antibody (Abcam, Cambridge, MA, USA) diluted
1:50 and incubated for 2 h at 37 8C in a humidified chamber.
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Colorimetric detection of the protein was done using the
HistostainSP kit and the diaminobenzidinetetrahydrochloride
(DAB) substrate to produce a red/brown stain, according to the
manufacturer’s instructions (Zymed Labs, San Franscisco, CA,
USA). No primary antibody controls were included in each
experiment. Sections from at least three animals per genotype
were examined.
Measurement of diameter and area of efferent ducts

In order to determine the diameter and area of serial sections of
the efferent ducts from the rete testis to the epididymis, we used
the ImagePro Plus 5.0 program (Cybernetics, Silver Spring, MD,
USA). It was calibrated to a standardized stage micrometer at
10! and 20!. To measure the diameter, the longest distance
from one basement membrane to the opposing basement
membrane was used, as described in Hess et al. (2000). To
calculate area, the polygon function was used to trace the
internal lumenal space. To calculate area, the following
parameters within this function were set; smooth level at 9
and noise set to 5. For each set of sections, the calculations
were done using every fifth section in sequence, and expressed
as the mean for that animal. Statistical analysis was done using
one-way ANOVA.
Purified testis cell preparation

The cell purification was done as described in Anway et al.
(2004) and Muir et al. (2006). Briefly, testes were decapsulated
and incubated in 0.5 mg/ml collagenase in 1! Hanks solution
(pH 7.4) at 34 8C, with shaking for 15 min to eliminate the
interstitial cells, and then washed thrice. To separate the Sertoli
and germ cells, the tubules were incubated in a mixture of
enzymes (0.1% collagenase, 0.2% hyaluronidase, 0.04%
DNase I, and 0.03% trypsin inhibitor in 1! Hanks (pH 7.4))
at 34 8C, with shaking for 40 min. The Sertoli cells were
pelleted by centrifugation, washed in 1! Hanks, and
repelleted a total of thrice. The Sertoli cells were then
resuspended in 1! Hanks, subjected to hypotonic shock in a
dilute Hanks solution (1:3.5; Hanks:water final dilution), and
collected by centrifugation. The cells were resuspended in 1!
Hanks and filtered through 53 mm nylon mesh, then washed
and resuspended in F12/DMEM (1:1) tissue culture medium.
Cell number and purity were determined by hemocytometer
and light microscopy analyses.
Tracer dye studies

The vascular pole and the rete testis of the testis were exposed
in adult male mice. A 0.4% solution of trypan blue dye, which
will not cross the membranes of intact cells, was injected
manually using pulled glass needles as described in Dym.
(1976). The dye was detectable in the testis, efferent ducts, and
the epididymis of mice without defects and its presence in the
seminiferous tubules of the testis was used as confirmation of
successful injection in those LfngK/K males with a blind rete
testis. The efferent ducts were dissected from the fat pad and the
www.reproduction-online.org
entire reproductive tract removed and photographed (nZ6
LfngC/K and nZ4 LfngK/K).
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