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SUMMARY: Male mice deficient in relaxin showed retarded growth and marked deficiencies in the reproductive tract within 1
month of age. At 3 months of age, male reproductive organ weight (including the testis, epididymis, prostate, and seminal vesicle)
from relaxin null (RLX�/�) mice were significantly (p � 0.05) smaller than those of wild-type (RLX�/�) male mice. Histologic
examination of RLX�/� mouse tissues demonstrated decreased sperm maturation (testis), increased collagen, and decreased
epithelial proliferation in the prostate compared with tissues obtained from RLX�/� animals. The degree of sperm maturation in
the testes of sexually mature RLX�/� mice (3 months) resembled that of immature (1 month) RLX�/� mice and correlated with
a decrease in fertility in RLX�/� mice. The marked differences in the extracellular matrix of the testis and prostate in RLX�/�
males also correlated with an increase in the rate of cell apoptosis. Relaxin and LGR7 (relaxin receptor) mRNA expression was
demonstrated in the prostate gland and testis of the normal mouse. Data from this study demonstrate that relaxin is an important
factor in the development and function of the male reproductive tract in mice and has an essential role in the growth of the
prostate and maintenance of male fertility. Relaxin may mediate its effects on growth and development by serving as an
antiapoptotic factor. (Lab Invest 2003, 83:1055–1067).

R elaxin is a dimeric peptide hormone that belongs
to the insulin family of peptides (Schwabe and

McDonald, 1977), with a number of functions com-
monly associated with the female reproductive tract
(Sherwood, 1994). These actions include the ability to
inhibit myometrial contractions and soften the uterine
cervix, vagina, and interpubic ligament by remodeling
collagen in preparation for mammalian parturition.
Furthermore, reports of additional actions of relaxin in
tissues (Tan et al, 1999) and cells (Parsell et al, 1996;
Unemori and Amento, 1990; Wyatt et al, 2002) outside
the female reproductive tract and the localization of
relaxin binding sites in the heart and brain (Osheroff et
al, 1992; Osheroff and Ho, 1993; Osheroff and Phillips,
1991) have expanded the role of relaxin from a hor-
mone of pregnancy to a growth factor/cytokine. Im-
munoreactive relaxin and relaxin-binding sites have
also been detected within the male reproductive tract:
in the prostate (Ivell et al, 1989; Yki-Jarvinen et al,
1983), the seminal fluid (Essig et al, 1982; Weiss et al,
1986; Winslow et al, 1992), testis (Min and Sherwood,
1998), and spermatozoa (Carrell et al, 1995). In con-
trast to mammals where relaxin is produced in the
prostate (Ivell et al, 1989; Yki-Jarvinen et al, 1983), the

testis appears to be the major source of relaxin in
some species (Steinetz et al, 1998). From these initial
findings, it was suggested that relaxin may be involved
in increasing spermmotility (Weiss, 1989) and enhanc-
ing the ability of sperm to penetrate the cervical
mucus (Brenner et al, 1984).
To identify the physiologic function of relaxin, the

relaxin gene knockout mouse was established (Zhao
et al, 1999, 2000), which has led to the confirmation of
several relaxin-dependent phenotypes, established
earlier in ovariectomized pregnant rats (Hwang et al,
1991; Kuenzi and Sherwood, 1992). Pregnant relaxin-
deficient mice showed impaired mammary gland and
nipple development, as did relaxin-deficient (ovariec-
tomized) pregnant rats. Unlike RLX�/� mice, the
nipples of pregnant RLX�/� mothers did not grow,
and the nipple histology retained the appearance of
the virgin state; hence, pups could not suckle unless
cross-fostered to an RLX wild-type or heterozygous
foster mother.
Although many studies have investigated a role

for relaxin during pregnancy (Goldsmith et al, 1995;
Sherwood, 1994; Zhao et al, 1999, 2000) and as a
potential therapeutic agent against fibrotic diseases
(Unemori et al, 1993, 1996), to date the role of
relaxin during normal mammalian growth and devel-
opment is yet to be determined. Importantly, a
potential role for relaxin in the growth and regulation
of the male reproductive tract has not been ad-
dressed in detail; however, there is limited evidence
showing that relaxin may contribute to testicular
descent during late pregnancy in rats (Parry et al,
2001). Hence, the aim of this study is to investigate
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the potential role of relaxin in this developmental
process by examining reproductive tissues during
maturation of the male reproductive tract in relaxin-
deficient mice.
Mice lacking a functionally active relaxin gene

showed growth retardation and marked deficiencies in
male reproductive tract development, particularly ev-
ident in a lack of growth of the prostate. Changes also
included decreased sperm maturation, an increase in
markers for apoptosis and changes in the extracellular
matrix architecture and glandular elements of the
prostate.

Results

Growth and Maturation of Mice

There were no significant differences in body
weights of male and female relaxin wild-type (�/�),
heterozygous (�/�), and null mutant (�/�) mice at 1
week of age (Fig. 1). At 1 month of age, however,
mean body weights of both RLX�/� males (17.05 �
0.65 g) and females (14.77 � 0.42 g) were signifi-
cantly less (p � 0.05) than aged-matched RLX�/�
mice (males: 18.92 � 0.61 g; females: 16.34 �
0.51 g). Male and female RLX�/� mice were also
significantly (p � 0.05) smaller than RLX�/� ani-
mals at 2 months of age, but the differences in size
between the two groups were less than that ob-
served at 1 month of age. By adulthood (3 months of
age), the difference in body weight between
RLX�/� and RLX�/� mice was no longer signifi-
cant. No significant differences were observed be-

tween the average weight of RLX�/� and RLX�/�
animals or between RLX�/� and RLX�/� mice.
Additionally, there were no significant differences in
hematology, plasma chemistry, or urine analysis of
male RLX�/� and RLX�/� mice.

The Male Reproductive Tract

From 1 week to 1 month of age, there appeared to
be no significant changes in the overall weight of the
male reproductive tract between groups (Table 1).
By adulthood (3 months of age), there was a signif-
icant (p � 0.05) difference in the overall weight of
the male reproductive tract (Table 1) as well as the
size of individual organs. The weight of the repro-
ductive tract in normal mice increased 148.6% from
1 month to adulthood and represented 3.37% of the
total body weight. In contrast, the weight of the
reproductive tract of male RLX-null mutant mice
only increased by 87.9% and represented 2.33% of
the total body. The change in the weight ratio of
reproductive tract to body weight between RLX�/�
and RLX�/� mice represented a difference of 31%.
The size of the individual tissues (testis, prostate,
epididymis, and seminal vesicle) from RLX�/� mice
also appeared to be smaller than the same tissues
derived from RLX�/� mice.

Histology of the Male Reproductive Tract

Sections of male reproductive tissue from RLX�/�
and RLX�/� mice were examined for sperm content,
tubule size and compactness (testis and epididymis),

Figure 1.
The mean (� SE) body weights of male and female relaxin RLX�/� (

���
���
���
���

), RLX�/� ( ), and RLX�/� (�) mice from birth to adulthood (3 months of age). The
number of animals used in each group are presented above each bar. An asterisk denotes a difference of p � 0.05 between RLX�/� and RLX�/� groups only.
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glandular development (prostate), and interstial colla-
gen. Several differences were evident.
At 1 month of age, seminiferous tubules of the testis

of RLX�/� mice appeared to contain less immature
sperm than that found in RLX�/� mice (Fig. 2, A to D).
By adulthood (3 months), testis tubules of RLX�/�
mice contained an abundance of mature sperm, which
was clearly observed in the center of each tubule (Fig.
2, E and G), in contrast to tubules of RLX�/� mice
that contained immature sperm (Fig. 2, F and H).
By as early as 1 week of age, testis tubules of

RLX�/� mice were associated with increased colla-
gen staining (Fig. 3B), compared with levels detected
in RLX�/� mice (Fig. 3A). This trend in increased
collagen (between tubules) was also observed in adult
RLX�/� mice (Fig. 3D) and was associated with more
densely packed tubules, compared with that found in
tissues from wild-type mice (Fig. 3C).
No difference in the epididymis was noted until 3

months of age, when tubule compactness and in-
creased collagen staining were more evident in tissues
derived from RLX�/� mice (Fig. 3F). Mature sperm
content of epididymis tubules of RLX�/� mice was
decreased compared with that observed in RLX�/�
mice, consistent with observations in the testis.
The most significant morphologic differences asso-

ciated with a lack of relaxin were noted in the prostate.
We found that the prostate from RLX-null mice did not
undergo an age-related increase in growth. This was
associated with a decrease in glandular epithelial
growth and increased interstitial collagen (Fig. 3, H
and J), compared with that found in RLX�/� mice
(Fig. 3, G and I). The decreased epithelium (in RLX�/�
mice) was characterized by an increase in cuboidal
(low secretory) cells and decreased tall columnar
(increased secretory) cells (Fig. 4).

Measurement of Collagen within the Male Reproductive
Tract

The hydroxyproline (collagen) content from 6-month-
old RLX�/� and RLX�/� mice was determined in
male reproductive tissues (prostate, testis, and epidid-
ymis) to confirm and quantitate the increased colla-
gen, observed by histology. The collagen content of
animals was conducted on slightly older animals to
confirm the hypothesis that relaxin-deficient mice un-
dergo a progressive increase in collagen with age,
resulting in elevated collagen deposition (as observed
in other tissues [Amento et al, 2001; Samuel et al,
2003]) by approximately 6 months of age. As demon-
strated in Figure 5, the greatest increase in collagen

expression was seen in the prostate of RLX�/� mice,
which had 40% (p � 0.05) more collagen than that
measured in RLX�/� mouse prostate tissues. The
testis of RLX�/� mice also had significantly higher (p
� 0.05) levels of collagen expression (19%), com-
pared with levels measured in the testes of RLX�/�
mice. Although the epididymis of RLX�/� mice had a
12% increase in collagen expression compared with
levels measured in RLX�/� mice, this increase in
epididymal collagen was not statistically significant
(Fig. 5).

Detection of Cell Apoptosis

Based on observations showing decreased sperm
content (testis) and epithelial cell activity (prostate) in
RLX�/� mice, we investigated an association of these
findings with alterations in apoptosis or cell
replication.

Bax and Caspase-9 Antibody Staining

Overexpression of Bax accelerates apoptotic death
induced by cytokine deprivation and also counters the
death repressor activity of Bcl-2 (Oltvai et al, 1993).
Caspase-9, a central death protease, belongs to a
unique family of cysteine proteases that differ in
sequence, structure, and substrate specificity to other
described protease families (Kuida, 2000). The
caspase family members (which are usually involved in
a cascade of proteolytic cleavage events) function as
key components of the apoptotic machinery by de-
stroying specific target proteins that are critical to
cellular activity. Using monoclonal antibodies to Bax
and caspase-9, we examined the in vivo distribution of
the Bax and caspase-9 proteins in the male reproduc-
tive tissues.
Bax staining was primarily observed in the germinal

cells near the basement membrane (Fig. 6, A to F) but
was not associated with mature sperm cells. Seminif-
erous tubules derived from immature (1 month)
RLX�/� mice contained significantly (p � 0.05) higher
levels of Bax-positive cells (dark-brown cell staining;
Figure 6B) compared with tissues from RLX�/� mice
(Fig. 6A; Table 2). Adult (3 month) RLX�/� mouse
testes had decreased Bax staining (Fig. 6D) compared
with immature mice. In contrast, the slower rate of
tissue maturity observed in RLX�/� mouse testes
correlated with a significant increase in Bax staining
with age (Fig. 6E; Table 2). Similar findings were
observed in epididymis tubules from immature and
adult RLX�/� mice (Fig. 6, G to L). Epithelial cells of

Table 1. The Weight of the Male Reproductive Tract from 1 Week of Age to Adulthood (3 Months)

RLX�/�
[Mean � SE (n)]

% of body
weight

RLX�/�
[Mean � SE (n)]

% of body
weight

1 week of age 0.017 � 0.001g (10) 0.43 0.018 � 0.002 g (15) 0.53
1 month of age 0.37 � 0.02 g (11) 1.81 0.33 � 0.01 g (11) 1.77
3 months of age 0.92 � 0.06 g (14) 3.37 0.62 � 0.03 g (11)a 2.33

a Difference of p � 0.05.
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Figure 2.
Histology (hematoxylin and eosin staining) of seminiferous tubule and sperm maturation (testis) in RLX wild-type (�/�) and RLX knockout (�/�) mice, from 1
month to 3 months of age. Sections were derived from male RLX�/� and RLX�/� mouse reproductive tissues, respectively, at 1 month of age at low (A, B) and
high magnification (C, D) and at 3 months of age (E to H). Seminiferous testes tubules of RLX�/� mice were more compact but had decreased mature sperm
(particularly at adulthood) compared with that found in tissues derived from RLX�/� mice, suggesting that a slower maturation of the male reproductive tract takes
place in mice lacking relaxin. Bar � 0.1 mm.
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the prostate of RLX�/� 1- and 3-month-old (Fig. 6M)
mice showed weak positive staining for Bax. However,
cells within the epithelial layer of the prostate of RLX-/-
mice had increased staining for Bax at 1 and 3 months
of age (Fig. 6N).
Caspase-9 staining was primarily associated with

the germinal cells within the seminiferous tubules,
rather than with spermatogonia or spermatocytes
(data not shown). As with Bax, a significantly (p �
0.05) increased level of caspase-9 staining was de-
tected in 1-month-old RLX�/� mouse testes com-
pared with that found in RLX�/� mouse sections
(Table 2). With age RLX�/� mouse tissues displayed
higher levels of caspase-9 positive cells compared
with that found in RLX�/� mice (Table 2). No signifi-
cant differences (between the groups) were observed
in caspase-9 expression in the epididymis and pros-
tate at any age. These results support the hypothesis
that relaxin may be linked to the regulation of sperm
maturation and the epithelium secretory function of
the prostate.

Detection of Cell Proliferation

The proliferating cell nuclear antigen (PCNA) antibody
was used to detect cell proliferation based on its
ability to associate with nuclear regions undergoing
DNA synthesis. PCNA-positive cells were detected in
immature and mature seminiferous tubules, with no
significant difference in PCNA staining between
RLX�/� and RLX�/� mice at 1 month and 3 months
of age (data not shown). In immature tissues PCNA
staining is usually highly expressed in mitotically ac-
tive spermatogonia (which will die unless they repli-
cate DNA), corresponding to proliferative activity. No
staining for PCNA was detected in the epididymis
derived from either RLX�/� or RLX�/� mice at 1
month and 3 months of age. These findings are
consistent with the role of the epididymis in acting as
a reservoir for mature sperm. Weak staining for PCNA
was associated with the epithelial cells of prostate
ducts derived from 1 month RLX�/� and RLX�/�
mice. However, no staining for PCNA was detected
from either group at 3 months of age (data not shown).

Relaxin and Relaxin Receptor (LGR7) mRNA Expression
in Male Mice

To determine if relaxin and its receptor (LGR7) (Hsu et
al, 2002) were produced locally within the male
mouse, relaxin-1 and LGR7 mRNA expression were
determined from the prostate and testis of both im-
mature (6 week) and older adult (4-month, 6-month,
and 12-month-old) RLX wild-type male mice.
Relaxin-1 gene expression was identified in the mouse
prostate at all ages studied and appeared to progres-
sively increase with age (Fig. 7A). Relaxin-1 gene
expression was also identified in the testis at all ages
studied, with maximal levels observed at 4 months of
age (Fig. 7A). LGR7 mRNA expression was also iden-
tified in the prostate and testis of ageing mice. Both
tissues contained the full length region of LGR7

mRNA, which is required for functional activity of the
receptor (Fig. 7B). LGR7 gene transcripts appeared to
be highly expressed in the testis at all ages studied,
compared with levels detected in the prostate. These
findings confirm that murine relaxin and its receptor
are expressed locally within the prostate and testis of
the male mouse reproductive tract and suggest that
both tissues are potential binding sites for relaxin.

The Effects of Relaxin Gene Knockout on the Pregnancy
Rate of Mice

When RLX�/� male mice were first mated at 4
months of age, they were initially able to impregnate
female RLX�/� mice at the same frequency as
RLX�/� males (Fig. 8). However, as the age of the
male RLX�/� mice increased with time, the number
of days between the delivery of each litter increased
compared with that observed with the pairing of
RLX�/� males with RLX�/� females. These data
correlate with our observations on the underdevelop-
ment of the male reproductive tract of RLX�/� mice.
However, they do not demonstrate with certainty as to
whether the protracted littering of relaxin-null mice
was due to a) less frequent copulation between mating
pairs, or b) impaired fertility.

Discussion

The findings in this investigation clearly demonstrate
an important role for relaxin in normal growth and
development in male mice. Mice lacking a functional
relaxin gene not only showed delayed growth (at a
time when mice undergo puberty) but also had poorly
developed male reproductive tracts from birth to
adulthood. In addition to the physiologic phenotypes
observed, histologic analyses of relaxin-null mutant
male mice qualitatively demonstrated differences in
the internal organization and maturation of the repro-
ductive tract, some of which resembled that found in
the vagina and nipple of female relaxin knockout mice
(Zhao et al, 1999, 2000). These differences (some of
which were clearly seen qualitatively and hence were
not quantitated) included decreased sperm matura-
tion (testis), increased collagen (testis, epididymis, and
prostate), decreased epithelium/glandular tissue
(prostate), and increased apoptotic cells (testis, epi-
didymis, and prostate) compared with that found in
RLX�/� animals. These data raise three important
points of discussion: firstly, that relaxin’s ability to
stimulate a remodeling of the extracellular matrix of
target tissues during normal growth and development
is consistent with relaxin’s previously described ac-
tions in other processes involving an unusual remod-
eling of the connective tissues (pregnancy and fibrotic
diseases); secondly, they implicate the unexpected
role of relaxin in the regulation of cell development;
and thirdly, the lack of relaxin being associated with an
increase in cell apoptosis.
Relaxin-deficient mice demonstrated the most no-

ticeable lack of growth from birth to 1 month of age,
which reflects a period when mammals undergo sig-
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nificant changes in connective tissue turnover during
development (Carvalho et al, 1993; Scott, 1990).
These findings also correlate with the ability of relaxin
to down-regulate collagen expression when stimu-
lated by other cytokines (ie, TGF-� and IL-1�) or when
induced by fibrotic disease (Unemori et al, 1990, 1993,
1996), but not under basal conditions. Although no
direct evidence to date has linked relaxin to a role in
mammalian development, indirect evidence suggests
that relaxin may mediate its effects via the effects of
estrogen (Arts et al, 1997; Ben-Hur et al, 1993; Pillai et
al, 1999) and IGF-I (Huang et al, 1992; Ohleth et al,
1999); both of which are required for successful de-
velopment and growth, especially during the mamma-
lian growth spurt.

Unlike its effects on body growth, the finding that
relaxin regulates the male reproductive tract confirms
the findings of earlier investigations that demonstrated
male reproductive tissues as being targets for relaxin
activity (Brenner et al, 1984; Carrell et al, 1995; Essig
et al, 1982; Ivell et al, 1989; Min and Sherwood, 1998;
Weiss, 1989; Winslow et al, 1992; Yki-Jarvinen et al,
1983). Relaxin was previously identified in the seminal
plasma of humans (Weiss, 1989; Winslow et al, 1992)
in the peripheral circulation of boars (Juang et al,
1996) and was shown to enhance the penetration of
human sperm into human or bovine cervical mucus
(Brenner et al, 1984). In the current study, we demon-
strated that the epithelium of the prostate gland de-
rived from RLX knockout mice were thinner and con-
tained fewer high-secretory (columnar) cells but more
lower-secretory (cuboidal) cells than those observed
from RLX wild-type animals, while the absence of
relaxin correlated to elevated levels of cell apoptosis.
Thus, this investigation implicates relaxin, not only in
the developmental process of male reproductive tract
organs, but also in the regulation of normal morpho-
genesis. Whether relaxin’s effects on the extracellular
matrix are a direct effect on matrix-producing cells or
indirectly regulates cell development are yet to be
determined. It is suggested that relaxin potentially
binds to and regulates cell development (within spe-
cific target tissues) via its affinity to relaxin receptors
or binding sites on the cells themselves.

The finding that the lack of relaxin was associated
with increased staining of two markers (Bax and
caspase-9) known to induce apoptosis in male repro-
ductive tissues (testis, prostate, and epididymis) sup-
ports the hypothesis that relaxin may regulate cell-
death processes. Both immature and adult (3 month)
RLX�/� mice had tissues with increased staining of
Bax (testis, epididymis, and prostate) and caspase-9
(testis), as determined by immunohistochemical iden-
tification by two separate antibodies involved in sep-
arate but sometimes synergistic apoptotic cascades

of events. The results of this investigation are consis-
tent with previous reports, which did not investigate
the physiologic function of relaxin but which demon-
strated Bax expression in mouse and human male
reproductive tissues (Krajewski et al, 1994; Penault-
Llorca et al, 1998). They are also consistent with the
finding that relaxin inhibited apoptosis in the cervix
and vagina of pregnant rats (Zhao et al, 2001). Al-
though only indirect evidence to date has suggested
that caspase-9 activity was involved in programmed
cell death in mammalian reproduction (Inohara et al,
1998), our current findings confirmed that one means
of relaxin-induced cell apoptosis in male reproduction
is via regulation of the caspase protease family.

In addition to the above findings, we also demon-
strated that relaxin and its receptor (LGR7) were
expressed in the prostate and testis of the normal
male mouse, suggesting that both tissues may be
potential sources of relaxin in addition to being poten-
tial binding sites. This finding is consistent with previ-
ous evidence demonstrating localization and expres-
sion of relaxin from the prostate of other mammalian
species (Gunnersen et al, 1995; Sokol et al, 1989).
These findings further suggest a number of possibili-
ties that could explain the reported differences be-
tween normal mice and relaxin gene knockout mice: a)
that relaxin may act as an autocrine factor on the
tissues it is expressed in, b) that relaxin expressed in
the prostate may eventually act as a paracrine factor
on other male reproductive tract tissues via the sem-
inal fluid, and c) that relaxin expressed in the testis is
required for the development of the other androgen-
dependent tissues (prostate, epididymis, and seminal
vesicle). The early occurrence of excess interstitial
collagen in the testis of RLX�/� mice may have
prevented adequate development of seminiferous tu-
bule and Leydig cell development and function. This in
turn may have resulted in lower androgen production,
and hence, the poor development of androgen-
dependent tissues, resulting in a reduction in spermat-
ogenesis and perhaps reproductive performance.

In conclusion, this investigation demonstrates that
relaxin plays an important role in mammalian growth
and development, reflecting relaxin’s role in connec-
tive tissue remodeling. Mice lacking a functionally
active relaxin gene underwent delayed growth in ad-
dition to a slower rate of male reproductive tissue
maturation and development, which was character-
ized by relaxin-null mutant mice undergoing reduced
tissue organization, decreased sperm maturation, in-
creased connective tissue (collagen), and increased
cell apoptosis. These findings suggest that the pro-
gressively delayed maturation of the male reproduc-
tive tract found in RLX�/� mice may correlate to the
problems male relaxin knockout mice had in insemi-

Figure 3.
Masson trichrome staining of collagen within the testis of 1-week (A, B) and 3-month-old (C, D) mice, the epididymis of 3-month-old animals (E, F), and the prostate

of 3-month-old RLX�/� and RLX�/� mice (G to J). At all ages investigated, testis and epididymis tubules and prostate ducts of RLX�/� mice were surrounded
by increased collagen compared with RLX�/� mouse tissues. Prostate tissues from adult RLX�/� mice also contained normal glandular epithelium, associated with
an increase in cell number (G, I); whereas prostate glands of RLX�/� mice contained a smaller epithelial lining, associated with fewer cells (H, J). Bar � 0.1 mm
(A to H). Bar � 0.05 mm (I, J).
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nating normal female mice, particularly as they aged.
Based on these observations, we postulate that re-
laxin not only plays a previously unexpected role in
normal mammalian growth but may also enhance
male fertility.

Materials and Methods

Animals

RLX�/� (wild-type), RLX�/� (heterozygous), and
RLX�/� (homozygous) mice (Zhao et al, 1999) were
generated from RLX�/� (129SV/C57Blk6J) parents
for these studies. All animals were housed in a con-
trolled environment and maintained on a 14-hour light,
10-hour dark schedule, with access to Labdiet rodent
lab chow (Deans Animal Feed, San Bruno, California)
and water. These experiments were approved by the
Institute’s Animal Experimental Ethics Committee,
which adheres to the National Institutes of Health
Code of Practice for the care and use of laboratory
animals.

Genotyping by PCR

Mouse DNA was isolated by lysing tail tissue (5 to 7
mm) in 400 �l of PCR lysis buffer, containing 50 mM

Tris-HCl, pH 8, 0.5% SDS, 0.1 M EDTA, and 1 mg/ml
proteinase K (Gibco BRL, Gaithersburg, Maryland) at
50 to 55° C overnight. Digested samples were then
mixed with 3 M sodium acetate (40 �l), buffer satu-
rated phenol (200 �l) and chloroform (200 �l) in serum
Vacutainer tubes before samples were centrifuged at
3000 rpm for 10 minutes. The DNA (contained in the

upper aqueous phase) was decanted into separate
microcentrifuge tubes containing isopropyl alcohol
(240 �l) to precipitate the DNA before samples were
vortexed and spun and the supernatant discarded.
The remaining DNA pellet was dissolved in 40 to 50 �l
of sterile water. For PCR, each DNA template (1 �l)
was used in a 30-�l reaction mixture containing 2.5 U
Taq polymerase (PGC Scientific, Gaithersburg, Mary-
land) and 150 ng of each of the RLX�/� and RLX�/�
primers, designed by Zhao and colleagues (Zhao et al,
1999). The amplification protocol used and detection
of PCR products were performed as described before
(Zhao et al, 1999).

Figure 4.
Quantitative analysis of prostate cell epithelium. At least 100 cells in four separate areas of the prostatic tissue sections (stained with hematoxylin and eosin) from
several RLX�/� and RLX�/� mice were sequentially counted. The percentage of cells exhibiting low and tall columnar, cuboidal, flattened, and mitotic characteristics
was then determined. Numbers in parenthesis represent the number of mice used in each group. An asterisk denotes a difference of p � 0.05.

Figure 5.
Collagen expression in the prostate, testes, and epididymis of 6-month-old
RLX�/� and RLX�/� mice as determined by hydroxyproline analysis. An
asterisk denotes a difference of p � 0.05. Collagen expression in RLX�/�
mouse tissues was expressed as a ratio of collagen in RLX�/� mouse tissues,
which was always expressed as 1.
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Tissue Collection and Histology
Relaxin �/�, RLX�/�, and RLX�/� male and female
mice (n � 20 in each of the six groups) were obtained
at 1 week, 1 month, 2 months, and 3 months of age

and weighed. All animals were litter mates, produced
from RLX�/� parents and hence, did not require
foster mothering. The animals were examined in the
same facility and at the same time points (mentioned

Figure 6.
Antibody staining of Bax protein in male mouse reproductive tissues. Bax staining (brown cells) was detected in 1-month (A, B) and 3-month-old (D, E) testis tubules
(germ cells); 1-month (G, H) and 3-month-old (J, K) epididymis tubules (epithelial cells); and 3-month-old prostate glands (epithelial cells) (M, N) of RLX�/� and
RLX�/� mice, respectively. A significantly increased level of Bax staining was observed in all tissues of RLX�/� mice. A mouse Ig G negative control (C, F, I, L,
O) was also used in all experiments performed. Bar � 0.1 mm.
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above) from birth. RLX�/� and RLX�/� male mice
were then killed under anesthesia with carbon dioxide
for tissue collection. The male reproductive tracts
(including testis, epididymis, prostate, and seminal
vesicle) were collected from each animal at 1 week (n
� 10 RLX�/� male mice; n � 11 �/� male mice), 1
month (n � 10 RLX�/� male mice, n � 10 �/� male
mice), and 3 months of age (n � 10 RLX�/� male
mice, n � 10 RLX�/� male mice). Individual tissue
were weighed and then fixed in 10% formalin for
histologic analysis.

Tissues were processed, paraffin embedded, and
cut (4-�m sections) using an AO Spencer 820 mic-
rotome and placed on poly-L-lysine–coated glass
slides. Consecutive sections from each tissue were
stained with hematoxylin and eosin and for collagen,
with Masson trichrome staining kit (Richard-Allan Sci-
entific, Kalamazoo, Michigan) as described by the
manufacturer. The stained slides were viewed using a
Zeiss Axioplan-2 microscope and the images cap-
tured by digital camera (Hamamatsu) and stored for

retrieval and analysis. The images were digitally en-
hanced for maximum contrast and brightness using
Adobe Photoshop (Adobe Systems, Inc., Mountain
View, California).

Antibody Staining for Cell Apoptosis and Proliferation

The tissues from the reproductive tract of 1- and
3-month-old male mice were mounted on precoated
slides, deparaffinized, and hydrated. The samples
were then stained using an Immunocruz staining sys-
tem using a horseradish peroxidase–streptavidin
complex (Santa Cruz Biotechnology, Inc., Santa Cruz,
California) in a humidified atmosphere. Tissue sections
were initially treated with a peroxidase blocker (to
quench endogenous peroxidase activity) for 5 minutes
before being preblocked in goat serum (20 minutes).
Serial sections from each RLX�/� and RLX�/� tis-
sue sample were then incubated with either a Bax
monoclonal Ig G primary antibody (4 �g/ml)(Santa
Cruz Biotechnology, Inc.), a caspase-9 polyclonal Ig G
antibody (4.5 �g/ml) (Santa Cruz Biotechnology, Inc.),
or a PCNA (Santa Cruz Biotechnology, Inc.) monoclo-
nal Ig G antibody (4 �g/ml) for 2 hours at 37° C.
Depending on the type of antibody used, either a
mouse Ig G or rabbit Ig G antibody (Santa Cruz
Biotechnology, Inc.) was used as a negative control (2
hours) in all experiments performed. Samples were
washed in PBS for 2 minutes and subjected to the
appropriate secondary antibody (goat anti-mouse Ig G
or goat antirabbit Ig G) for 30 minutes then were
washed as above for 2 minutes. The samples were
then treated with a horseradish peroxidase–streptavi-
din complex (30 to 45 minutes) and incubated with a
diaminobenzidine chromagen substrate (2 to 10 min-
utes), which was prepared in accordance with the
manufacturer’s instructions. The slides were then
washed in distilled water (2 minutes) before being
dehydrated from 95% alcohol to xylene and mounted
and then photographed as described above.

Figure 7.
PCR analysis of relaxin-1 (A) and LGR7 (B) mRNA expression from the mouse
prostate and testis. Reverse transcription PCR was performed on cDNA
samples from two separate tissues from each age group. (A) Samples consist
of a size marker (Lane 1); duplicate prostate tissue extracts from 6-week-old,
4-month old, 6-month-old, and 12-month-old RLX�/� mice (Lanes 2 to 9);
and duplicate testis tissue extracts from the same ages (Lanes 12 to 19). Also
included are the positive controls from a pregnant female (RLX�/�) ovarian
tissue extract (Lanes 10 and 20) and no DNA controls (Lanes 11 and 21). (B)
Samples consist of a size marker (Lane 1); duplicate prostate tissue extracts
from 6-week-old, 4-month old, 6-month-old, and 12-month-old RLX�/� mice
(Lanes 2 to 9); and duplicate testis tissue extracts from the same ages (Lanes
10 to 17). Brain cDNA from a male mouse was used as a positive control (Lane
18); a no DNA control is also shown (Lane 19). A housekeeping gene, GAPDH,
was also added to ensure equal loading of the cDNAs in all PCRs.

Figure 8.
The mean (�SE) number of days taken by RLX�/� male and female pairs
(solid line) and RLX�/� male/RLX�/� female pairs (dotted line) to produce
pups over a 5-month period. The number of litters produced by each set of
pairs was also plotted against the average age of RLX�/� and RLX�/� male
mice at the time of each litter. As the age of the male RLX�/� mice increased
(over 4 months of age), the number of days taken by their female RLX�/�
breeding partners to give birth to pups increased with each litter compared
with that produced by RLX�/� pairs.

Table 2. Detection of Bax and Caspase-9 Positive Cells
in the Testis of 1- and 3-month-old RLX�/� and
RLX�/� Mice

RLX�/�
Cell/mm2

[Mean � SE (n)]

RLX�/�
Cell/mm2

[Mean � SE (n)]

Bax staining
1 month of age 0.8 � 0.2 (6) 2.5 � 0.4 (6)a

3 months of age 0.1 (6) 2.6 � 0.5 (6)a

Caspase-9 staining
1 month of age 1.7 � 0.3 (7) 5.9 � 0.8 (6)a

3 months of age 1.0 � 0.1 (6) 3.6 � 0.6 (5)a

a p � 0.05 (when compared with age-matched RLX�/� stained cell
numbers /mm2).
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Analysis of Histological Sections

Serial sections from 5 to 10 separate RLX�/� and
RLX�/� mouse tissues, respectively, were used for
the various staining procedures employed and the
following parameters measured as follows.

Sperm Maturation. Immature sperm indicates germ
cells undergoing spermiation at all stages (from sper-
matogonia to spermatids), whereas mature sperm
were identified histologically as those attached to a
sperm tail. All stages of spermatogenesis were studied
in testis tubules (by observing all tubules contained
within each tissue section).

Examination of Prostate Gland Epithelial Cell Mor-
phology. Sections of the prostatic tissue, stained with
hematoxylin and eosin, were examined for glandular
epithelial cell morphology. We determined the per-
centage of cells exhibiting cuboidal, low and tall
columnar, flattened, and mitotic characteristics in
RLX�/� (n � 6 to 8) and RLX�/� (n � 6 to 8) mice.
Cells (at least 100) in four separate areas of the
prostatic tissue from each specimen were sequentially
counted.

Quantitation of Apoptotic Cells. Sections from the
testis, epididymis, and prostatic tissues from 5 to 7
separate RLX�/� and RLX�/� mice were screened
for positively stained apoptotic cells, which were
counted and expressed per area (mm2) of each tissue
section analyzed. Several sections from each mouse
tissue were screened with each stain and a represen-
tative slide chosen for figure presentation.

Measurement of Collagen Content in the Prostate, Testis,
and Epididymis

To confirm the histologic observations on collagen in
male reproductive tract tissues, the prostate, com-
bined testes, and combined epididymis from separate
6-month-old RLX�/� (n � 5) and RLX�/� (n � 5)
male mice were collected and analyzed for hy-
droxyproline/collagen content as described before
(Samuel et al, 1996). Hydroxyproline analysis of tis-
sues were conducted on slightly older animals to
confirm the hypothesis that relaxin-deficient mice un-
dergo a progressive increase in collagen with age,
resulting in increased collagen deposition as observed
in other tissues (Amento et al, 2001; Samuel et al,
2003) by approximately 6 months of age.

RNA Extraction of Tissue and Reverse Transcription
(RT)-PCR

To identify the potential source of relaxin-1 and its
receptor (LGR7) in the male mouse, the prostate and
testis from 6-week (n � 2 per tissue), 4-month (n � 2
per tissue), 6-month (n � 2 per tissue), and 12-month-
old (n � 2 per tissue) RLX�/� male mice were
collected, weighed, and milled in the presence of
liquid nitrogen within 5 minutes of death. The ovaries
of a pregnant female RLX wild-type mouse were used
as a positive control for relaxin-1, while mouse brain
was used as a positive control for LGR7 expression.
The milled samples were immediately subjected to

and homogenized with TriZOL reagent (Gibco-BRL,
Rockville, Maryland) and the RNA extracted (accord-
ing to the manufacturer’s instructions) before being
quantitated by absorbance at 260 nm. One to 2 �g of
total RNA from each sample was used for the RT
reaction, which was performed using the Thermo-
script RT-PCR kit (Gibco-BRL) in a 20-�l volume
(according the manufacturer’s instructions). Primer
sequences and PCR conditions for relaxin-1 are de-
tailed elsewhere (Bathgate et al, 2002). The following
forward (5' TTTAGGAAGTAATAAGATTGA 3') and re-
verse (5' TTGTTGGATATTTGAAATTTC 3') primers
were used to detect mouse LGR7 (178 bp). For LGR7,
touch-down PCR using the following annealing tem-
peratures was used: 58° C (2 cycles), 56° C (2 cycles),
54° C (2 cycles), 52° C (2 cycles), 50° C (2 cycles), and
48° C (30 cycles). The housekeeping gene, GAPDH,
was also added to ensure equal loading of the cDNA.
The PCR reactions were completed in a Perkin Elmer
Gene Amplifier using the amplification protocols de-
scribed above and previously (Bathgate et al, 2002),
before equal aliquots of the PCR products were sub-
jected to electrophoresis on 2% (w/v) agarose gels
(stained with ethidium bromide) and photographed.

Determination of Pregnancy Rate between RLX�/� and
RLX�/� Mice

To determine if the insemination rate of RLX knockout
mice differed to that of RLX wild-type mice, four
RLX�/� male mice and four RLX�/� male mice were
paired with RLX�/� female mice in separate cages.
Male and female mice used in these studies were 4
months of age, and all pairings remained in the same
cage for the duration of the study. The date that each
litter was born from each of the eight pairings was
recorded over a 5-month period, and the litter number
was plotted against the number of days between the
birth of each litter. The average age of RLX�/� or
RLX�/� male mice at the time of each litter birth was
also recorded.

Statistical Analysis

The results were analyzed using a one-way ANOVA
test. All data in this paper are presented as the mean
� SEM, with p � 0.05 described as statistically
significant.
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