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Pkdrej, a member of the polycystin-1 gene family, is expressed only
in the male germ line. Male mice that are homozygous for a
targeted mutation in the Pkdrej allele (Pkdrejtm/tm) are fertile in
unrestricted mating trials, but exhibit lower reproductive success
when competing with wild-type males in sequential mating trials
and in artificial insemination of mixed-sperm populations. Follow-
ing mating, sperm from Pkdrejtm/tm mice require >2 h longer than
those of wild-type males to be detected within the egg/cumulus
complex in the oviduct. Sperm from mice of both genotypes are
able to capacitate in vitro. However, one of the component pro-
cesses of capacitation, the ability to undergo a zona pellucida–
evoked acrosome reaction, develops more slowly in sperm from
Pkdrejtm/tm animals than in sperm from wild-type males. In con-
trast, a second component process of capacitation, the transition to
hyperactivated flagellar motility, develops with a similar time
course in both genotypes. These two behavioral consequences of
capacitation, exocytotic competence and altered motility, are
therefore differentially regulated. These data suggest that Pkdrej
controls the timing of fertilization in vivo through effects on sperm
transport and exocytotic competence and is a factor in postcopu-
latory sexual selection.

capacitation � evolution � fertilization � polycystin � sexual selection

Initial interest in the polycystin-1 proteins followed the real-
ization that mutations of Pkd1 were associated with �85% of

cases of autosomal dominant polycystic kidney disease (1, 2). It
is now recognized that there is a family of polycystin-1 proteins
that includes Pkd1 as well as Pkd1l1, Pkd1l2, Pk1l3, and Pkdrej
and that these are found in tissues outside the kidney. These
proteins share a domain architecture that includes a GPS
proteolytic cleavage site in the extracellular N terminus and a
PLAT/LH2 lipase/lipoxygenase motif in the first intracellular
loop. Other common features include 11 transmembrane do-
mains, an intracellular C terminus, and, in most members of this
family, a REJ domain in the extracellular N-terminal region (3,
4). Functional studies indicate that polycystin-1 proteins are
components of mechanosensory or chemosensory signal trans-
duction mechanisms (4, 5). In the renal tubule epithelium Pkd1
is located in the primary cilium and acts as a fluid flow sensor
(6, 7), whereas Pkd1l3 is associated with sour taste transduction
(8, 9). In contrast, the functions of other family members are
poorly understood. In the case of Pkdrej, hints are provided by
observations that the expression of this gene has been detected
only in the mammalian male germ lineage and the protein is
present in the anterior sperm head (10, 11). In addition, the
Pkdrej protein sequence is evolving rapidly and exhibits positive
selection (12), characteristics that are shared with many repro-
ductive proteins (13). These observations suggest a role for
Pkdrej in sperm function.

Sperm of many animal species must complete a secretory
event, or acrosome reaction, to penetrate the egg coat and fuse
with the egg plasma membrane (14–16). The sea urchin acro-
some reaction is triggered as sperm contact the jelly coat
surrounding the egg by fucose sulfate polymer, a polysaccharide
component of egg jelly (17). suREJ1, a polycystin-1-related
protein in sea urchin sperm, binds fucose sulfate polymer and is

a candidate subunit of the receptor that initiates acrosome
reactions (18, 19). Additional polycystin-1 proteins are also
present and may participate in the signal transduction mecha-
nism that leads to exocytosis (19, 20). An acrosome reaction is
also required for mammalian fertilization. In this case, sperm
first undergo a process of physiological reprogramming, or
capacitation, within the female reproductive tract (16, 21).
Acrosome reactions are triggered following contact of capaci-
tated sperm with the egg coat, or zona pellucida (ZP), by the
agonist glycoprotein ZP3 (16, 22). Given the proposed role of
polycystin-1 proteins in echinoderm acrosome reactions, it was
suggested that Pkdrej is a candidate component of a ZP3-
activated signaling pathway that drives mammalian sperm acro-
some reactions (12). This hypothesis is consistent with the
localization of Pkdrej in the acrosomal region of the sperm head
(11), where sperm interact with the ZP (14), and with the
demonstration that Pkdrej can account for some elements of
ZP3 signal transduction (23). However, the function of Pkdrej
has not been determined.

Here, we analyzed the reproductive phenotype of male mice
that are homozygous for a targeted mutation in the Pkdrej allele
(Pkdrejtm/tm). These studies suggest that Pkdrej is not required for
the ZP-evoked acrosome reaction but, rather, controls the
preliminary processes of capacitation by which sperm develop
fertility as well as sperm access to the egg/cumulus complex.

Results
The Pkdrej allele was disrupted by replacement of the first six
transmembrane domains by an internal ribosome entry site–
LacZ/neomycin-resistance cassette. Mice that were homozygous
for this targeted mutation did not express full-length Pkdrej
mRNA in testis, as demonstrated by Northern blotting, quanti-
tative RT-PCR (Fig. 1A and B), and gene chip array analysis
(data not shown). Disruption of the Pkdrej locus did not result
in compensatory overexpression of other polycystin-1 family
genes in the testis, as compared with wild-type (Pkdrej�/�)
littermates (Fig. 1B).

Pkdrejtm/tm mice were viable and initial observations did not
reveal a male reproductive phenotype. On reaching sexual
maturity, homozygous mutant mice and wild-type littermates
were similar with regard to testis weight, the numbers of sperm
recovered from cauda epididymis, sperm morphology as indi-
cated by light microscopic analysis, and levels of spontaneous
acrosome reaction immediately after release from cauda epi-
didymis (Table 1). Similar fractions of the population from each
genotype activated flagellar motility in culture medium, and
there were no significant differences in movement characteristics
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of uncapacitated sperm as assessed by computer-assisted motion
analysis (Table 1). Moreover, when males were housed contin-
uously with wild-type females for 24–72 h, there were no
differences between wild-type and homozygous mutant males in
the sizes of litters sired (Table 1).

This unrestricted breeding protocol permits multiple intro-
missions by a single male and provides optimal conditions for
reproduction. In contrast, in natural populations outside the
laboratory, female mice are polyandrous and mate with multiple
males during an estrus cycle (24–26). A second breeding pro-
tocol was used to mimic these aspects of mating behavior.
Ovulation time was synchronized by gonadotropin injection,
resulting in egg/cumulus complexes first being detected in the
oviducts at 10.5 h after human chorionic gonadotropin (hCG)
injection and reaching maximal values at 11.5 h after hCG. Males
were given access to wild-type females for 2-h time windows,

either 7–9 h or 9–11 h after hCG. Mouse sperm require a mean
time of 1 h to reach the site of fertilization in the ampulla of the
oviduct (27). Thus, mating during the first time window resulted
in sperm that arrived in the oviduct before the entry of eggs,
whereas in the second window, these events occurred at approx-
imately the same time. Control experiments, in which females
were mated with males of only a single genotype, showed that
the fertility of Pkdrej�/� and Pkdrejtm/tm males was similar, as
assessed by litter size, irrespective of the time window used
(Fig. 2A).

This sequential mating protocol revealed that mutation of
Pkdrej resulted in a fertility defect (Fig. 2B). When wild-type
males were provided access to females during the first time
window, and homozygous mutant males were introduced during
the second period, all embryos were Pkdrej�/�, as assessed by
genotyping day E14 embryos, and homozygous mutant sperm
introduced during the second time window failed to generate
embryos (0 of 66, 0%). However, homozygous mutant males
were not similarly successful when presented during the first
mating window. If Pkdrejtm/tm males were allowed initial access
and Pkdrej�/� males secondary contact, we observed that only
54% of the embryos were Pkdrej�/tm, and so were derived from
eggs fertilized by the homozygous mutant males (49 of 91) and
the wild-type sperm present only during the second time window
nevertheless were able to produce approximately one-half of the
embryos (P � 10�11 by �2 test; Fig. 2B). These differences are
due to sperm and cannot be attributed to genotype-dependent
effects on male reproductive tract f luids, as shown in control
experiments with vasectomized males (Fig. 2 A).

These results suggest that a functional Pkdrej protein provides
sperm with a fertility advantage when sperm from two males are
present within the female reproductive tract simultaneously.
This hypothesis was tested directly in sperm competition exper-
iments in vivo. Sperm were collected from the cauda epididymis
and introduced into wild-type females by artificial insemination.
First, preliminary experiments found that fertilization, as as-
sessed by the presence of cleavage-stage embryos (�2-cell stage)
at 40 h after insemination, was proportional to the sperm number
inseminated (Fig. 3A). This was anticipated from previous
studies (28). Mice typically deposit �107 sperm into the female
reproductive tract during natural mating (29), and, at those high
sperm numbers, there is no fertility defect associated with
mutation of the Pkdre locus (Table 1). Yet, sperm from homozy-
gous mutant mice are subfertile when lower numbers of sperm
are used (Fig. 3A).

Fig. 1. Disruption of the Pkdrej gene. The region encoding transmembrane
domains 1–6 of this intronless gene were replaced with an IRES-LacZ/
neomycin-resistance cassette. (A) Northern blot analysis of mouse testis
polyA�-RNA. (Upper) A single band was seen in RNA from Pkdrej�/� (�/�),
corresponding to the size of the Pkdrej transcript (arrow), and was absent in
RNA from Pkdrejtm/tm (tm/tm) mice. (Lower) Loading control, actin. (B) Quan-
titative RT-PCR analysis of mouse testis RNA. Levels of polycystin-1 transcripts
were determined in RNA from mice with either the wild-type (�/�) or ho-
mozygous mutant (tm/tm) Pkdrej allele. Data for each polycystin-1 are ex-
pressed as a ratio of the value in Pkdrejtm/tm testis relative to that in Pkdrej�/�

(mean � SD). Values for Pkdrej represent the lower limit of detection for this
system. Dashed line represents a ratio of 1.0, indicating no difference in
transcript level as a result of mutation of the Pkdrej allele. Pkdrej mutation
resulted in a significant reduction of Pkdrej transcripts (P � 0.05), whereas no
other polycystin-1 transcripts were affected (P � 0.1).

Table 1. Reproductive phenotype of pkdrej�/� and
pkdrejtm/tm mice

Parameter

Phenotype

pkdrej�/� pkdrejtm/tm

Testis weight, g 0.18 � 0.03 (10) 0.18 � 0.02 (10)
Sperm number (� 107) 1.0 � 0.2 (12) 1.2 � 0.6 (12)
Sperm motility

Motile, % 71 � 7 (6) 69 � 6 (6)
Curvilinear velocity,
�m/sec

165.8 � 11.2 (6) 169.1 � 19.9 (6)

Linearity, % 39.2 � 3.8 (6) 38.3 � 2.1 (6)
Straightness, % 62.8 � 5.1 (6) 62.3 � 1.6 (6)

Spontaneous acrosome
reaction, %

6.0 � 4.3 (6) 3.6 � 2.7 (6)

Fertility, no. in litter 8.8 � 1.8 (36) 7.1 � 2.0 (36)

Data represent means � SD, based on the number of observations (shown
in parentheses). Sperm were extruded from the cauda epididymis and used for
total cell count, motility analysis, and determination of spontaneous acro-
some reaction levels. Motility analysis was carried out by using computer-
assisted sperm analysis. Values for all parameters did not differ significantly
between phenotypes (P � 0.1, Student t test).

Fig. 2. Pkdrej regulates sperm competitiveness in vivo in sequential mating
experiments. (A) Fertility of Pkdrej�/� and Pkdrejtm/tm mice in vivo during
sequential mating studies. Litter sizes were not significantly different. (B)
Pkdrej�/� males produced all embryos when provided access to females during
the first mating window. However, when Pkdrejtm/tm males were present
during the first mating window, they fertilized only 54% of eggs (49 of 91),
and wild-type males still competed efficiently. Inset in bars indicate number of
litters. Data were analyzed by �2 test (P � 10�11). vas, vasectomized; �/�,
sperm from Pkdrej�/� mice; tm, sperm from pkdrejtm/tm mice.

8662 � www.pnas.org�cgi�doi�10.1073�pnas.0800603105 Sutton et al.



Next, in vivo competition studies were performed by coin-
seminating 250,000 sperm from each genotype. In these exper-
iments, successful fertilization was assessed by the genotype of
the implanted embryo at 14 days after insemination. Based on
single genotype studies in the absence of competition, it was
expected that 66% of the embryos would have been Pkdrej�/�

and so would have been fertilized by wild-type sperm (Fig. 3A).
Yet, in competition experiments, 85% of the embryos were
Pkdrej�/�, whereas only 15% were heterozygous and so were
fertilized by sperm from Pkdrejtm/tm males (29 of 34 and 5 of 34
total embryos, respectively; n � 4; P � 0.05 by �2 test; Fig. 3B).
These data are consistent with sequential mating studies and
indicate that mutation of the Pkdrej locus results in sperm that
are fertile but that cannot compete efficiently with those of
wild-type males.

We next examined whether these fertility differences were due
to a genotype-dependent difference in the arrival of sperm in the
vicinity of eggs within the oviduct. Males were housed with
wild-type females for a 2 h period (7–9 h after hCG), oviducts
were isolated at the indicated time points after the end of this
mating period, and the numbers of sperm within the egg/cumulus
complex was determined. Sperm from homozygous mutant
males were delayed by �2 h, relative to wild-type sperm, in
entering the cumulus complex in vivo (Fig. 4).

This phenotype was also examined in a series of in vitro
experiments. The results of in vivo studies suggested that wild-
type sperm might be able to fertilize eggs more rapidly than those
from homozygous mutant males. In this regard, mammalian
sperm are released by the male in an infertile state and must be
functionally reprogrammed, or capacitated, within the female
reproductive tract in order to fertilize (16, 21). Capacitation
occurs in a time-dependent fashion and alters sperm behavior in
at least two ways: Sperm acquire the ability to undergo a
ZP-evoked acrosome reaction (30, 31); and sperm develop
hyperactivated motility, a form of asymmetric f lagellar bending
that is characteristic of sperm found near the site of fertilization
in vivo (32).

We found that mutation of the Pkdrej allele resulted in sperm that
acquire competence to undergo ZP-induced acrosomal exocytosis
more slowly during incubation under capacitating conditions in vitro
(Fig. 5A). Sperm from wild-type males develop the ability to

acrosome react in response to ZP stimulation during a capacitating
incubation with a half time of 38 � 4 min, whereas those from
homozygous mutant males require 84 � 5 min (Fig. 5A). There was
only a small effect of genotype on the maximal response to ZP after
a prolonged capacitation incubation (�2 h), with calculated max-
imal acrosome reaction responses for Pkdrej�/� and Pkdrejtm/tm

sperm of 58 � 5% and 64 � 6%, respectively. This Pkdrej-

Fig. 3. Pkdrej regulates sperm competitiveness in vivo in artificial-
insemination experiments. (A) The proportion of eggs fertilized in vivo after
artificial insemination with sperm of a single genotype (Pkdrej�/�, black
circles; Pkdrejtm/tm, red circles) was proportional to the insemination dose. (B)
Females were artificially inseminated with mixed populations containing
2.5 � 105 sperm from wild-type males and 2.5 � 105 sperm from homozygous
mutant males. The embryo genotype (Pkdrej�/�, black bar; Pkdrej�/tm, red bar)
differed significantly from that expected based on fertility of unmixed pop-
ulations (P � 0.05).

Fig. 4. Pkdrej regulates the time course of sperm entry into the egg–cumulus
complex in vivo. Cumulus–egg complexes were removed at the indicated time
after a 2-h mating time window and sperm within the cumulus were counted
(Pkdrej�/�, �/�, black circles; Pkdrejtm/tm, tm/tm, red circles). Data represent
the mean (�SD) of three to six separate experiments. Values at 1.5 and 2.5 h
differed significantly between genotypes (P � 0.05).

Fig. 5. Pkdrej regulates sperm capacitation in vitro. (A) Mutation of Pkdrej
slows the rate at which exocytotic competence develops during capacitation.
Experimental design is shown above the figure. Data were fit to a single-site
binding equation (Methods). The half-time for acquisition of competence by
sperm from Pkdrej�/� mice was 38 � 4 min and increased to 84 � 5 min after
mutation of Pkdrej (P � 0.05). Data represent the mean (�SD) of three to five
separate experiments, with �200 sperm assessed in each experiment. (B)
Mutation of Pkdrej has no effects on the proportion of motile sperm in a
population or on hyperactivation of flagellar motility during capacitation (P �
0.1). Pkdrej�/� sperm, �/� (black symbols); Pkdrejtm/tm sperm, tm/tm (red
symbols).
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dependent difference cannot be attributed either to an altered
sensitivity of sperm to ZP stimulation, as shown by dose–response
relationships [supporting information (SI) Fig. S1A], or to differ-
ences in the speed of the exocytotic process itself, as shown by
time-course experiments (Fig. S1B). Thus, Pkdrej is not required
directly for the acrosome reaction, but rather controls the timing
with which sperm become responsive to signals from the ZP during
capacitation.

In contrast, Pkdrej did not regulate the modifications of
flagellar motility that are coincident with capacitation. Sperm
from both Pkdrej�/� and from Pkdrejtm/tm males developed
hyperactivated flagellar motility with similar time courses and to
a similar extent (20%–25% of the population) during capacita-
tion in vitro (Fig. 5B). Several movement characteristics have
been linked to hyperactivation using computer-assisted motion
analysis, including track linearity (LIN), velocity along a curvi-
linear path (VCL), and the amplitude of lateral head displace-
ment (ALH) (33). Pkdrej had no effect on the time-dependent
changes in these parameters (Fig. S2), consistent with observa-
tions that hyperactivated motility was not affected.

Discussion
Mice that are homozygous for a mutant Pkdrej allele are fertile
when tested in a standard mating protocol yet are unable to
compete efficiently with wild-type males for fertilization of eggs
when sperm of both genotypes are present in the female
reproductive tract at the same time. This indicates that the
unrestricted mating paradigm that is often used to evaluate the
fertility of genetic animal models, but which does not mimic
natural reproductive behavior of the mouse, may not be ade-
quate to reveal all reproductive phenotypes.

We found that one aspect of the phenotype of homozygous
mutant mice is related to the regulation of the ZP-induced
acrosome reaction. The relevance of this phenotype is indicated
by observations that disruption of ZP-evoked exocytosis in vitro
is linked to idiopathic male infertility in humans (34). It had been
speculated that Pkdrej acts in the reception or transmission of
ZP3 signals during the initiation of the mammalian sperm
acrosome reaction that follows contact with the ZP (35, 36).
However, our results indicate that this protein does not play a
direct role in the ZP-induced acrosome reaction but, instead,
controls exocytosis through the process of capacitation. Yet, this
represents a conserved role of polycystin-1 proteins in the
regulation of acrosome reactions between sea urchins, where
sperm are spawned in the vicinity of eggs and can undergo the
acrosome reaction within seconds (15) and where suREJ1
participates directly in the induction of exocytosis, and in mice,
where sperm undergo a protracted period of capacitation to
develop the ability to respond to ZP stimuli and where Pkdrej
functions indirectly in the regulation of exocytosis as a part of the
timing mechanism.

Pkdrej was also linked to a second reproductive phenotype;
sperm from homozygous mutant mice required a longer period
before being detected within the cumulus matrix surrounding the
egg in vivo. To access the cumulus, sperm must enter the
uterotubal junction region of the oviduct from the uterus, ascend
the oviduct to the site of fertilization, and target the egg/cumulus
complex (32). Capacitation is completed within the oviduct (14,
32) and controls several of those component steps by which
sperm access the cumulus, including exit from the uterotubal
junction (14, 32), the chemotactic response of sperm to egg/
cumulus-derived attractants (37, 38), and sperm penetration into
the cumulus matrix (14, 39). The precise role of Pkdrej in this
process is presently the subject of active investigation. However,
hints of a role of polycystin-1 proteins in sperm transport are
provided by studies in Drosophila. Polycystin-1 proteins form a
functional complex with polycystin-2 proteins (4). The recogni-
tion that a polycystin-2 family member controls oriented motility

of fly sperm within the female reproductive tract (40, 41)
suggests a role for a polycystin-1 in this process in dipterans and,
possibly, of related proteins in mammalian sperm transport.

Given that capacitation controls both the development of
exocytotic competence and aspects of sperm transport, the most
parsimonious explanation of our data is that Pkdrej modulates
the speed at which sperm capacitate. Mouse sperm require �1
h to reach the site of fertilization in vivo (27) (Fig. 4) and to
develop ZP responsiveness in in vitro assays (Fig. 5A). This is also
the minimum estimated time for capacitation in vivo (42).
Mutation of Pkdrej results in a delay in both sperm transport and
the acquisition of ZP responses and so account for the advan-
tages of wild-type sperm in sequential mating and competition
artificial insemination experiments. These phenotypes point to a
role of Pkdrej as a chronoregulator of capacitation, with muta-
tions of this locus affecting the timing of sperm behavioral
changes rather than a complete failure of those processes.

As noted earlier, capacitation alters the behavioral repertoire
of sperm in at least two ways: sperm acquire the ability to
undergo ZP-evoked exocytosis, which is essential for sperm
penetration of the ZP and for fusion with eggs; and sperm
develop hyperactivated motility, which is required for ascent of
the oviduct and penetration of the ZP (14, 16, 21). It is not known
whether these functional changes were regulated coordinately or
independently. Previously, media conditions or pharmacological
treatments dissected the development of hyperactivated sperm
motility in vitro from such component events of capacitation as
the increased frequency of spontaneous (that is, ZP agonist-
independent) acrosome reaction (43, 44) or the enhanced ty-
rosine protein phosphorylation that accompanies capacitation
(45, 46). Similarly, hyperactivation depends on the function of
the Catsper family of cation channels and of Pcma4, the Ca2�-
conducting ATPase (47–49). However, the effects of such
treatments or gene disruption on ZP-evoked exocytosis were not
addressed. Pkdrej controls a rate-limiting step in the develop-
ment of exocytotic competence but does not modulate the
appearance of hyperactivated motility during capacitation,
thereby isolating these pathways and demonstrating the distinct
regulation of these elements of capacitation. Hence, Pkdrej is not
a master regulator of capacitation but rather controls a distinct
subset of component pathways.

Finally, a role for Pkdrej was revealed only under conditions
where postcopulatory sperm competition operates, that is, when
sperm from multiple males are present simultaneously within the
female reproductive tract, either as a result of sequential mating
protocols designed to mimic the behavior of natural populations,
or after artificial insemination of mixed sperm populations.
Sexual selection was first formulated with regard to precopula-
tory processes (50), but it was subsequently recognized that
competition and selection continues after copulation in polyan-
drous situations (51). In this regard, capacitation represents a
time delay between insemination and fertilization. As noted
previously, the time requirement for the onset of sperm fertility
corresponds to the time of sperm arrival in the vicinity of the egg,
suggesting that the reproductive process has evolved to coordi-
nate these events. It has been speculated that, under conditions
of postcopulatory sperm competition, genes that control the
duration of capacitation could provide a selective advantage for
paternity and so be targets of positive-selection mechanisms (52,
53). The present study shows that single genetic loci can mod-
ulate the timing of capacitation and provides an experimental
system for testing the molecular basis for positive selection in
mammalian reproduction.

Methods
Animal Experiments. Pkdrejtm/tm mice were generated at Deltagen and back-
crossed onto a C57BL6 background (The Jackson Laboratory). All data were
collected from animals at the F13 generation or later, and Pkdrej�/� littermates
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were used as controls. To synchronize ovulation, Pkdrej�/� females were
injected with 5 units of pregnant mare serum gonadotrophin, followed 48 h
later by 5 units of hCG. In sequential mating experiments, data included only
those females that mated, as evidenced by copulatory plugs, with both males.

For artificial insemination experiments, sperm were collected from the
cauda epididymis, adjusted to an initial concentration of 107 per milliliter in
Whitten’s medium (54), and further diluted such that the desired numbers of
sperm are delivered in 50-�l volumes. In competition experiments, 25 �l
(250,000 sperm) each of Pkdrej�/� and of Pkdrejtm/tm sperm were mixed and
coinseminated. ZP were isolated from ovarian homogenates and solubilized
as described (54).

Sperm Function Assays. Sperm were recovered from the cauda epididymis,
diluted to a concentration of 106 per milliliter in Whitten’s medium supple-
mented with NaHCO3 (20 mM) and BSA (10 mg/ml) and incubated (37°C in air)
for up to 2 h. This medium supports sperm capacitation in vitro (54). Fertili-
zation assays were performed as described (55) to confirm that sperm from
both wild-type and homozygous mutant mice capacitate in vitro. However,
this assay lacks the time resolution necessary to detect differences in capaci-
tation time between sperm from these genotypes.

Hyperactivation was assessed by a trained observer. In addition, sperm
movement characteristics were evaluated by using a CEROS Sperm Analyzer
(Version 12; Hamilton Thorne, recorded for �45 frames at 60 Hz). CEROS
determined the fraction of motile cells as well as movement parameters that
are indicators of hyperactivated motility, including linearity of swimming
paths (LIN), velocity along a curvilinear path (VCL), and amplitude of lateral
head displacement (AHL). Values correlated to hyperactivation of mouse
sperm include LIN �38, VCL �180, and AHL �9.5 (56).

Acrosome reactions were assessed after stimulation with soluble extracts of
the ZP, as described (57). Separate experiments determined the time course of

the development of sperm responsiveness to ZP (Fig. 3A), dose–response
relationships for induction of acrosome reactions by ZP (Fig. S1A), and the
time course of the acrosome reaction itself (Fig. S1B). Data were fitted to the
single-site binding equation (58) ARi � ARmax/(1 � 10(logAR50��) � n). ARi,
ARmax, and AR50 are the acrosome reaction responses at ZP dose or incubation
time point i, the maximal response, and the ZP dose or incubation time point
giving a half-maximal response, respectively; � is log of either ZP protein
concentration (dose–response experiments, Fig. S1A) or incubation time (rate
experiments, Fig. 3A and Fig. S1B); and n is the Hill slope, reflecting cooper-
ativity. Data were fit by using SigmaPlot 10.0 (Systat Software).

Molecular Assays. cDNA for quantitative PCR assays were synthesized (Quan-
tiTech Reverse Transcription kit; Qiagen) from testis RNA. Amplification,
detection, and quantification were carried out on five pkdrej�/� and five
pkdrejtm/tm males (40 pg RNA per assay, duplicate samples per animal) by using
QuantiTech SYBR PCR (Qiagen) performed with an MH Research Opticon
real-time PCR machine. The following primer sets were used (cat. nos. pkdrej,
QT00262458; pkd1, QT00158501; pkd1l1, QT00280882; pkd1l2, QT00141120;
pkd1l3, QT00169421; actin, QT00095242; (Qiagen). Specificity of the probe
sets was validated by control reactions lacking reverse transcriptase and by
sequencing to confirm primer specificity.

Data Analysis. All data are presented as means (�SD), and differences were
evaluated by using a two-tailed Student t test, except for sequential mating
and artificial insemination studies, which were analyzed by the �2 method.

ACKNOWLEDGMENTS. We thank Drs. Eduardo Roldan, Bayard Storey, and
Susan Suarez for valuable discussions and Carlos Gradil for access to a
computer-assisted motion analysis system. This work was supported by
National Institutes of Health Grant HD046948 (to H.M.F.).

1. The European Polycystic Kidney Disease Consortium (1994) The polycystic kidney
disease 1 gene encodes a 14 kb transcript and lies within a duplicated region on
chromosome 16. Cell 77:881–894.

2. Torres VE, Harris PC (2007) Polycystic kidney disease: Genes, proteins, animal models,
disease mechanisms and therapeutic opportunities. J Intern Med 261:17–31.

3. Li A, Tian X, Sung SW, Somlo S (2003) Identification of two novel polycystic kidney
disease-1-like genes in human and mouse genomes. Genomics 81:596–608.

4. Delmas P (2005) Polycystins: Polymodal receptor/ion-channel cellular sensors. Pflugers
Arch 451:264–276.

5. Delmas P (2004) Polycystins: from mechanosensation to gene regulation. Cell 118:145–
148.

6. Nauli SM, et al. (2003) Polycystins 1 and 2 mediate mechanosensation in the primary
cilium of kidney cells. Nat Genet 33:129–137.

7. Low SH, et al. (2006) Polycystin-1, STAT6, and P100 function in a pathway that
transduces ciliary mechanosensation and is activated in polycystic kidney disease. Dev
Cell 10:57–69.

8. Ishimaru Y, et al. (2006) Transient receptor potential family members PKD1L3 and
PKD2L1 form a candidate sour taste receptor. Proc Natl Acad Sci USA 103:12569–
12574.

9. Huang AL, et al. (2006) The cells and logic for mammalian sour taste detection. Nature
442:934–938.

10. Hughes J, Ward CJ, Aspinwall R, Butler R, Harris PC (1999) Identification of a human
homologue of the sea urchin receptor for egg jelly: A polycystic kidney disease-like
protein. Hum Mol Genet 8:543–549.

11. Butscheid Y, et al. (2006) Polycystic kidney disease and receptor for egg jelly is a plasma
membrane protein of mouse sperm head. Mol Reprod Dev 73:350–360.

12. Hamm D, Mautz BS, Wolfner MF, Aquadro CF, Swanson WJ (2007) Evidence of amino
acid diversity-enhancing selection within humans and among primates at the candi-
date sperm-receptor gene PKDREJ. Am J Hum Genet 81:44–52.

13. Swanson WJ, Vacquier VD (2002) The rapid evolution of reproductive proteins. Nat Rev
Genet 3:137–144.

14. Yanagimachi R (1994) Mammalian fertilization. The Physiology of Reproduction, eds
Knobil E, Neill JD (Raven, New York), pp 189–317.

15. Vacquier VD (1998) Evolution of gamete recognition proteins. Science 281:1995–1998.
16. Florman HM, Ducibella T (2006) Fertilization in Mammals. Physiology of Reproduction,

ed Neill JD (Elsevier, San Diego), pp 55–112.
17. Vacquier VD, Moy GW (1997) The fucose sulfate polymer of egg jelly binds to sperm REJ

and is the inducer of the sea urchin sperm acrosome reaction. Dev Biol 192:125–135.
18. Moy GW, et al. (1996) The sea urchin sperm receptor for egg jelly is a modular protein

with extensive homology to the human polycystic kidney disease protein, PKD1. J Cell
Biol 133:809–817.

19. Neill AT, Vacquier VD (2004) Ligands and receptors mediating signal transduction in
sea urchin spermatozoa. Reproduction 127:141–149.

20. Gunaratne HJ, et al. (2007) The 10 sea urchin receptor for egg jelly proteins (SpREJ) are
members of the polycystic kidney disease-1 (PKD1) family. BMC Genomics 8:235.

21. Gadella BM, Visconti PE (2006) Regulation of capacitation. The Sperm Cell: Production,
Maturation, Fertilization, Regeneration. eds De Jonge C, Barratt C (Cambridge Univ
Press, Cambridge, UK), pp 134–169.

22. Bleil JD, Wassarman PM (1983) Sperm–egg interactions in the mouse: sequence of
events and induction of the acrosome reaction by a zona pellucida glycoprotein. Dev
Biol 95:317–324.

23. Sutton KA, Jungnickel MK, Ward CJ, Harris PC, Florman HM (2006) Functional charac-
terization of PKDREJ, a male germ cell-restricted polycystin. J Cell Physiol 209:493–500.

24. Dean MD, Ardlie KG, Nachman MW (2006) The frequency of multiple paternity
suggests that sperm competition is common in house mice (Mus domesticus). Mol Ecol
15:4141–4151.

25. Rolland C, Macdonald DW, de Fraipont M, Berdoy M (2003) Free female choice in house
mice: Leaving best for last. Behaviour 140:1371–1388.

26. Gomendio M, Martin-Coello J, Crespo C, Magana C, Roldan ER (2006) Sperm compe-
tition enhances functional capacity of mammalian spermatozoa. Proc Natl Acad Sci
USA 103:15113–15117.

27. Braden AWH, Austin CR (1954) Fertilization of the mouse egg and the effects of
delayed coitus and of heat-shock treatment. Aust J Biol Sci 7:552–565.

28. Amann RP, Hammerstedt RH (2002) Detection of differences in fertility. J Androl
23:317–325.

29. Nagy A, Gertsenstein M, Vintersten K, Behringer R (2003) Manipulating the Mouse
Embryo: A Laboratory Manual (Cold Spring Harbor Lab Press, Cold Spring Harbor, NY).

30. Ward CR, Storey BT (1984) Determination of the time course of capacitation in mouse
spermatozoa using a chlortetracycline fluorescence assay. Dev Biol 104:287–296.

31. Florman HM, First NL (1988) The regulation of acrosomal exocytosis. I. Sperm capaci-
tation is required for the induction of acrosome reactions by the bovine zona pellucida
in vitro. Dev Biol 128:453–463.

32. Suarez SS, Pacey AA (2006) Sperm transport in the female reproductive tract. Hum
Reprod Update 12:23–37.

33. Mortimer ST (2000) CASA—practical aspects. J Androl 21:515–524.
34. Liu DY, Baker HW (1994) Disordered acrosome reaction of spermatozoa bound to the

zona pellucida: A newly discovered sperm defect causing infertility with reduced
sperm-zona pellucida penetration and reduced fertilization in vitro. Hum Reprod
9:1694–1700.

35. Mengerink KJ, Moy GW, Vacquier VD (2000) suREJ proteins: New signalling molecules
in sea urchin spermatozoa. Zygote 8 Suppl 1:S28–S30.

36. Mengerink KJ, Vacquier VD (2001) Glycobiology of sperm–egg interactions in deuter-
ostomes. Glycobiology 11:37R–43R.

37. Eisenbach M (2007) A hitchhiker’s guide through advances and conceptual changes in
chemotaxis. J Cell Physiol 213:574–580.

38. Eisenbach M, Giojalas LC (2006) Sperm guidance in mammals—an unpaved road to the
egg. Nat Rev Mol Cell Biol 7:276–285.

39. Austin CR (1960) Capacitation and the release of hyaluronidase from spermatozoa. J
Reprod Fertil 3:310–311.

40. Watnick TJ, Jin Y, Matunis E, Kernan MJ, Montell C (2003) A flagellar polycystin-2
homolog required for male fertility in Drosophila. Curr Biol 13:2179–2184.

41. Gao Z, Ruden DM, Lu X (2003) PKD2 cation channel is required for directional sperm
movement and male fertility. Curr Biol 13:2175–2178.

42. Austin CR (1985) Sperm maturation in the male and female genital tracts. Biology of
Fertilization, eds Metz CB, Monroy A (Academic, New York), Vol 2, pp 121–155.

43. Boatman DE, Robbins RS (1991) Bicarbonate: Carbon-dioxide regulation of sperm capac-
itation, hyperactivated motility, and acrosome reactions. Biol Reprod 44:806–813.

Sutton et al. PNAS � June 24, 2008 � vol. 105 � no. 25 � 8665

D
EV

EL
O

PM
EN

TA
L

BI
O

LO
G

Y

http://www.pnas.org/cgi/data/0800603105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0800603105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0800603105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0800603105/DCSupplemental/Supplemental_PDF#nameddest=SF1


44. Xie F, et al. (2006) Soluble adenylyl cyclase (sAC) is indispensable for sperm function and
fertilization. Dev Biol 296:353–362.

45. Marquez B, Suarez SS (2004) Different signaling pathways in bovine sperm regulate
capacitation and hyperactivation. Biol Reprod 70:1626–1633.

46. Suarez SS, Ho HC (2003) Hyperactivated motility in sperm. Reprod Domest Anim
38:119–124.

47. Quill TA, et al. (2003) Hyperactivated sperm motility driven by CatSper2 is required for
fertilization. Proc Natl Acad Sci USA 100:14869–14874.

48. Okunade GW, et al. (2004) Targeted ablation of plasma membrane Ca2�-ATPase
isoforms 1 and 4 indicates a critical role in hyperactivated sperm motility and male
fertility for PMCA4. J Biol Chem 279:33742–33750.

49. Jin J, Jin N, et al. (2007) Catsper3 and Catsper4 are essential for sperm hyperactivated
motility and male fertility. Biol Reprod 77:37–44.

50. Darwin C (1871) The Descent of Man and Selection in Relation to Sex (John Murray, London).
51. Birkhead TR, Moller AP (1998) Sperm Competition and Sexual Selection (Academic, San

Diego).

52. Gomendio M, Harcourt AH, Roldan ERS (1998) Sperm competition in mammals. Sperm
Competition and Sexual Selection, eds Birkhead TR, Moller AP (Academic, San Diego),
pp 667–751.

53. Birkhead TR, Pizzari T (2002) Postcopulatory sexual selection. Nat Rev Genet
3:262–273.

54. Jungnickel MK, Sutton KA, Wang Y, Florman HM (2007) Phosphoinositide-dependent
pathways in mouse sperm are regulated by egg ZP3 and drive the acrosome reaction.
Dev Biol 304:116–126.

55. Florman HM, Storey BT (1982) Mouse gamete interactions: the zona pellucida is the site
of the acrosome reaction leading to fertilization in vitro. Dev Biol 91:121–130.

56. Bray C, Son JH, Kumar P, Meizel S (2005) Mice deficient in CHRNA7, a subunit of the
nicotinic acetylcholine receptor, produce sperm with impaired motility. Biol Reprod
73:807–814.

57. Jungnickel MK, Marrero H, Birnbaumer L, Lemos JR, Florman HM (2001) Trp2 regulates
entry of Ca2� into mouse sperm triggered by egg ZP3. Nat Cell Biol 3:499–502.

58. Cuatrecasas P, Hollenberg MD (1976) Membrane receptors and hormone action. Adv
Prot Chem 30:251–451.

8666 � www.pnas.org�cgi�doi�10.1073�pnas.0800603105 Sutton et al.


