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The cysteine-rich secretory proteins (CRISPs) are a group of four
proteins in the mouse that are expressed abundantly in the male
reproductive tract, and to a lesser extent in other tissues. Analysis of
reptile CRISPs and mouse CRISP2 has shown that CRISPs can
regulate cellular homeostasis via ion channels. With the exception
of the ability of CRISP2 to regulate ryanodine receptors, the in vivo
targets of mammalian CRISPs function are unknown. In this study,
we have characterized the ion channel regulatory activity of
epididymal CRISP4 using electrophysiology, cell assays, and mouse
models. Through patch-clamping of testicular sperm, the CRISP4
CRISP domain was shown to inhibit the transient receptor potential
(TRP) ion channel TRPMS. These data were confirmed using a stably
transfected CHO cell line. TRPM8 is a major cold receptor in the
body, but is found in other tissues, including the testis and on the
tail and head of mouse and human sperm. Functional assays using
sperm from wild-type mice showed that TRPM8 activation signifi-
cantly reduced the number of sperm undergoing the progesterone-
induced acrosome reaction following capacitation, and that this
response was reversed by the coaddition of CRISP4. In accordance,
sperm from Crisp4 null mice had a compromised ability to undergo
to the progesterone-induced acrosome reaction. Collectively, these
data identify CRISP4 as an endogenous regulator of TRPM8 with
a role in normal sperm function.
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M ale infertility affects about 1 in 20 young males in Western
societies (1). Conversely, there is a pressing need for ad-
ditional contraceptive options in the majority of societies and for
several species. In this regard, a greater understanding of the
processes of male fertility offers potential. Male fertility is de-
pendent upon successful spermatogenesis within the testis and
two phases of posttesticular sperm maturation, known as epi-
didymal maturation and capacitation (2). Epididymal maturation
involves, among other processes, protein absorption onto the
sperm membrane, and the establishment of ionic gradients (3, 4).
Capacitation normally occurs in the female reproductive tract
and broadly involves the shedding of proteins, membrane re-
organization, changes in ion permeability, and the activation of
signal transduction pathways. Collectively, these events lead to
sperm hyperactivated motility, and the ability to bind to and fuse
with the oocyte complex and undergo the acrosome reaction
(AR) (5, 6). Establishing a highly condensed sperm genome
during spermatogenesis is believed to prevent sperm from tran-
scribing mRNAs or translating proteins. Thus, pathways required
for posttesticular maturation are controlled largely through post-
translational protein modifications, the addition of epididymal-
derived products, and the shedding of testicular proteins.

With the goal of increased contraceptive and infertility treat-
ment options in mind, those proteins with an expression bias to the
male reproductive tract are of particular interest. One such protein
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is the epididymal protein cysteine-rich secretory protein (CRISP)
4(7, 8).

CRISPs are a subgroup of the CRISP, antigen 5, pathogenesis-
related 1 (CAP) superfamily, which is characterized by the
presence of an N-terminal CAP domain (9). CRISPs are verte-
brate-specific, contain a C-terminal CRISP domain (10, 11), and
are found primarily in the mammalian male reproductive tract
and in reptile venom (9, 12). Reptile CRISPs can regulate a
range of ion channels including voltage-gated K* (Ky) and Ca**
(Cay) channels, cyclic-nucleotide gated A channels and ryano-
dine receptors (12, 13). Consistent with this, mouse CRISP2 is
capable of altering ryanodine receptor function in vitro (10).

Within the mouse there are four CRISPs, and all are in-
corporated into or onto sperm (9, 14). CRISP2 is incorporated into
the sperm acrosome and tail (15-17). CRISP1 and CRISP4 are
secreted from epididymal principal cells and surround sperm in
high concentrations (7, 8, 18). CRISP3 is produced by the seminal
vesicles and prostate and found in seminal fluid (19). CRISP3 has
also been implicated in the progression of human prostate cancer
(20, 21). Importantly, phylogenetic analyses have shown that
mouse CRISP4 is the likely ortholog of human CRISP1 (7, 9). As
opposed to the situation in the mouse, humans contain three
CRISPs, of which CRISP1 is the only epididymial CRISP (8, 19).

To further define the function of CRISPs, and in particular
mouse CRISP4, we have used patch-clamping of testicular sperm,
lipid bilayer experiments, and a heterologous cell-expression
system to identify the transient receptor potential (TRP) M8
channel as a target channel for CRISP4. We have shown that the
selective activation of sperm TRPMS alters acrosome function
and that this change can be reversed by the coaddition of the
CRISP4 CRISP domain. Furthermore, using a knockout mouse
model, we have shown that an absence of CRISP4 suppressed the
ability of sperm to undergo the AR in a manner consistent with
that seen in in vitro assays.

Results

CRISP4 CRISP Domain Can Inhibit Cationic Currents in Testicular
Spermatozoa. To assess the potential for CRISP4 CRISP domain
to regulate ion currents in sperm, testicular sperm were isolated
and patch-clamped via the cytoplasmic droplet. The addition of
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Fig. 1. CRISP4 CRISP domain inhibited whole-sperm A
cationic currents (I). (A) A representative macroscopic

- CRISP4
-+ Control

control current recorded using physiological buffer
conditions and substituting most CI~ by an imperme-
able anion, on a testicular sperm patch-clamped at the
cytoplasmic droplet using the pulse protocol shown (10
mV per step). (B) Current inhibition by addition of 10
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1M CRISP4 applied with a picospritzer. (C) Current-voltage (I-V) relationship of currents shown in A and B. Current inhibition at +60 mV was 25% (n = 4). The
negative reversal potential (—-35 mV) showed that cation-selective channels contributed predominantly to the current. (D) Perfusion of the recording chamber
showed the reversible nature of CRISP4 function. One micromolar CRISP4 CRISP domain inhibition was reverted to 85% of control after 100 s of perfusion (@).
Cysteine-alkylated and heat-inactivated CRISP4 CRISP domain was used as a negative control and showed no effect on cell currents (O).

10 pM CRISP4 CRISP domain to testicular sperm attenuated
the rapidly activating cation current revealing the presence of
CRISP4-sensitive ion channels (Fig. 1 A4 and B). Specifically, be-
tween —20 and +60 mV, 10 uM CRISP4 reduced the conductance;
inhibition at 60 mV was 25% (Fig. 1C). Current recovery of 85%
was observed 100 s after removal of CRISP4, demonstrating the
reversible nature of its action (Fig. 1D). The slow return to control
current levels indicated a moderate-to-high affinity with a re-
ceptor. These data were consistent with previous results for
CRISP2 inhibition of ryanodine receptor-2 (10). No inhibition was
evident in control experiments performed with 1 pM reduced,
alkylated, and heat-inactivated CRISP4 CRISP domain, in-
dicating that inhibition required natively folded CRISP4.

Increased [Ca”*]; is an essential signaling mechanism for many
aspects of posttesticular sperm biology, including the phosphory-
lation of proteins associated with capacitation (22), the manifes-
tation of hyperactivated motility (23), and the ability of sperm to
undergo the AR when they reach the oocyte complex (24). These
data raise the potential for CRISP4, via the regulation of ion
channels, to impact upon several aspects of sperm function. In
the present study, we chose to focus on the TRP channel subset of
Ca®* conducting channels in mammalian sperm (25-27).

As outlined in Materials and Methods, Cs* was used as the
main charge carrier as it can permeate efficiently through TRPs,
but blocks most K* and other ion channel classes, including
ENacs (28), thus allowing a more transparent analysis of TRP
channel activity. Under these ionic conditions we recorded whole-
cell currents from patch-clamped testicular sperm following ad-
dition of CRISP4 CRISP domain at a range of concentrations.
This ionic substitution explains the changes in the kinetic profile
of the currents and the increase in the percentage of inhibition
by CRISP4 CRISP domain (Fig. 2 A and B). The normalized
current-voltage (I-V) relationship showed a concentration-de-
pendent inhibition of total current (1, 3, and 10 pM) by the
applied CRISP4 CRISP domain. The reversal potential of these
curves (~ —10 mV) was consistent with Cs* being the major ion
carrying the currents (Fig. 2C). Between —100 and +130 mV,
current inhibition by CRISP4 did not appear voltage-dependent.
Ten micromolars of CRISP4 achieved 61 + 2% inhibition of
maximal current. The percentage of blocked channels, normal-
ized to the maximal inhibition by 10 pM CRISP4 CRISP domain,
displayed a sigmoidal relationship, which was fitted to the Hill
equation and gave a calculated ICsy of 1.96 pM (Fig. 2D) and
a Hill slope of 0.31.

Fig. 2. CRISP4 CRISP domain inhibited whole-
sperm cationic currents (I). (A) Macroscopic cat-
ionic current from voltage-clamp recordings of a
control sperm cell. (B) Current inhibition after
addition of 10 pM CRISP4 CRISP domain applied
onto the cell with a picospritzer. Currents were
elicited by the voltage-step protocol shown (10

100 pA

mV per step). (C) The normalized current-voltage 20ms
relationship showed the concentration-dependent

inhibition of the whole-cell current by 10 uM, 3 uM, and 1 uM CRISP4 CRISP domain. (D) An ECsq of 1.96 pM was calculated from the sigmoidal dose-response
curve for the CRISP4 CRISP domain inhibition of macroscopic I,. Solutions are as in Fig. 1 but substituting Na* and K* by Cs*. The number of replicates at each
concentration is shown above each datapoint.
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CRISP4 Antagonized TRPM8 Channels in Sperm. Several TRP chan-
nels have been localized to mouse or human sperm, including
TRPC1-6 and TRPMS (25, 29, 30). Given our recent data dem-
onstrating the localization and functional analysis of TRMPS8 on
mouse sperm (27) and the considerable similarity of the current
data to earlier investigations (26), we chose to analyze the affect
of CRISP4 on TRPMS in the first instance.

To explore the effect of CRISP4 on TRPMPS function, patch-
clamped sperm were stimulated with the TRPMS ion channel ag-
onist menthol (300 pM), and the effect of CRISP4 CRISP domain
assessed. As shown previously, menthol addition resulted in the
activation of current relative to the control (27), demonstrating
TRPMS stimulation (Fig. 3 A, B, and D). The addition of 10 pM
CRISP4 CRISP domain to menthol-activated (TRPMS8) sperm
strongly inhibited current to levels below the control (Fig. 3 C-E).
Furthermore, the perfusion of unstimulated sperm with the
TRPMS antagonist BCTC [N-(4-t-butylphenyl)-4-(3-chloropyridin-
2-yl) tetrahydropyrazine-1(2H)-carboxamide| (3 pM) inhibited
current by ~20% and the addition of CRISP4 did not further inhibit
ion flow (Fig. 3F). Collectively, these data are consistent with the
presence of the TRPMS ion channel on sperm and strongly support
that the CRISP4 CRISP domain can inhibit ion flow through
TRPMS. Control experiments over 300 s with low CRISP4 CRISP
domain concentrations (10 nM) showed no effect on current,
demonstrating that the effect was attributed to individual treat-
ments and not because of the effect of the patch pipette (Fig. S1).

As an additional preliminary assessment of the characteristics
of the individual CRISP4-regulated ion channels, membrane
vesicles were prepared from A23187 or progesterone acrosome-
reacted sperm and incorporated into a lipid bilayer. Purified
sperm-derived lipid vesicles were fused into a painted lipid bi-
layer and single-channel activity in the absence or presence of
the CRISP4 CRISP domain was measured. The heterogeneous
nature of proteins within the purified sperm membrane vesicles
dictated that channel incorporation could not be controlled.
Reproducible data (n = 3 for hybrid vesicles generated with
A23187and n = 2 with progesterone) were obtained for two
distinct channels. Recording of control currents showed in-
corporation of a cationic channel, with a reversal potential of
—36 mV and a conductance of 77 pS, and an anionic channel
with a reversal potential of 23 mV and a conductance of 108 pS
(Fig. 44). Amplitude distributions at 80 mV indicated two cur-
rent peaks with normal distributions of current centered at 5.1
and 11.2 pA, which likely correspond to each of the two channels
identified. The cationic single-channel conductance is consistent
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Fig.3. CRISP4 CRISP domain inhibited mentholand BCTC- A

sensitive current (TRPMB8). (A) Representative macroscopic

whole-sperm currents (I) in control sperm elicited by the

voltage protocol shown in the inset below B. (B) Current

after perfusion of 300 pM menthol into the bath solution,

and (C) current after direct application of 10 uM CRISP4

CRISP domain. Results showed current activation by men- 100 pAl_
thol with inhibition of menthol and basal current by 20 ms
CRISP4 CRISP domain. (D) The I-V relationship of control,
menthol, and CRISP4 current normalized to the maximal
menthol current (n = 3). (E) Train stimulation showed an
increase in current following perfusion of 300 M menthol
into the bath solution. Application of 10 pM CRISP4 CRISP
domain onto the cell inhibited menthol-activated outward
cell current. (F) Train stimulation showed a decreased
whole-cell current following perfusion of 3 uM BCTC into 0
the bath solution indicating inhibition of TRPMS8. Ten
micromolars of CRISP4 CRISP domain did not further in-

150 P

100

Ics (PA)

50

0 50

Seconds

B C D 1.0 1 Mimax ....
0e® a4
100 -500A5 sz abanee
ooogT? 100 150
80 ms A“-‘°:o.5
AV ] +130 mv K 4 Control
0 mvoo mv -1.0 e Menthol (300 uM)

u CRISP4 (10 uM)

E Menthol F
2007 Y  CRISP4 b
: ¥ F;_::
! ~ a
c
" g
b \\&’,,, 100 pA [ 3
: c 60 ms -
: o ; H
100 150 200 0 50 100 150

Seconds

hibit I, confirming CRISP4 inhibition of TRPM8. In both E and F, the inset shows representative current traces obtained at the points signaling a, b, and c. Cells were

stimulated with 120 mV for 250 ms at one pulse per second.

with TRPMS8 channels (26). A definitive identification of the
second channel is not possible at this time.

In planar bilayers with incorporated A23187-generated sperm
hybrid vesicles, the CRISP4 CRISP domain was added to the cis
solution at 11 nM as a control, a concentration that did not in-
hibit whole testicular sperm currents (Fig. 4); thereafter, its
concentration was elevated to 111 and 611 nM (Fig. 4B). The
open probability measured during 60 s decreased from ~0.03 at
11 nM to 0.022 at 111 nM, and to almost 0 at 611 nM. Open-
state O; remained open most of the time at all CRISP4 CRISP
domain concentrations, except at 611 nM (Fig. 4 C-E).

CRISP4 CRISP Domain Inhibited TRPM8 in Transfected CHO Cells. To
further assess the activity of CRISP4 on TRPMS in a defined
heterologous expression system, we used a fluorometric assay
measuring intracellular Ca** ([Ca**];) in a CHO cell line stably
producing mouse TRPMS (31). In these cells, application of the
TRPMS agonist icilin (100 nM) (32) showed a typical sigmoidal
dose-response curve with an ECsy of 77.6 nM (Fig. 54) (31).
Consistent with the data from patch-clamped sperm, the addition
of 100 pM CRISP4 CRISP domain to TRPM8-CHO cells stim-
ulated with 100 nM icilin inhibited 98% of Ca** influx through
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Fig. 4. CRISP4 CRISP domain modulates the activity of mouse sperm single
channels in lipid bilayers. (A) I-V curves of single channel transitions of
bilayers containing sperm-derived ion channels revealed the presence of
a cationic channel (77 pS) and anionic channels (108 pS). Currents were
recorded under asymmetrical buffer conditions (cis:trans, 600 mM KCl:100
mM KCl) from a holding potential of 0 mV. (B) Channel open probability (P,)
decreased as a function of the concentration of CRISP4 CRISP domain in the
cis chamber. As sperm patch-clamp experiments showed no effect at 11 nM
CRISP4 CRISP domain, this concentration was used as control; 111 and 611
nM decreased P, over the 60-s recordings. Inhibition of P, was significant
(P < 0.001) and complete at 611 nM (n = 3). Representative current traces
at 80 mV containing (C) 11 nM, (D) 111 nM, and (E) 611 nM CRISP4 CRISP
domain in the cis chamber.

7036 | www.pnas.org/cgi/doi/10.1073/pnas.1015935108

TRPMS (Fig. 5B). The inhibition of TRPMS activity was CRISP4
CRISP domain concentration-dependent and gave a sigmoidal
dose-response curve and a calculated ICsq of 32 pM. These data
confirm that CRISP4 CRISP domain is capable of inhibiting Ca®*
through TRPMS channels.

TRPMS8 Activation Inhibited the Sperm AR. To explore the potential
involvement of the TRPM8-CRISP4 interaction in sperm function,
we added exogenous CRISP4 CRISP domain and icilin separately,
and in combination, to sperm under capacitating conditions and
monitored motility, global protein tyrosine phosphorylation levels
(as a marker of capacitation status), and the ability of sperm to
undergo the progesterone-induced AR. The incubation of sperm
in the presence of icilin or CRISP4 did not result in decreased
sperm viability compared with control-untreated sperm.

Sperm incubated under capacitation-permissive conditions in
the presence of 100 nM icilin showed a significant (P < 0.05)
decrease in the ability to undergo the progesterone-induced AR
compared with control vehicle treated sperm (29 vs. 52%) (Fig.
6). Although the addition of 15 pM CRISP4 CRISP domain alone
to capacitation-permissive medium showed no effect on the
percentage of AR sperm, the coincubation of sperm with 100 nM
icilin plus 15 pM CRISP4 CRISP domain, reversed the icilin-
induced suppression of the AR and returned levels to those seen
in control untreated sperm (Fig. 6). These data were confirmed
using a comparable dose of menthol (2 pM) (Fig. S2).

Sperm incubated under capacitation-permissive conditions in
the presence of either CRISP4 CRISP domain or icilin alone had
motility characteristics indistinguishable from nontreated control
sperm (Fig. S3). Sperm incubated in the presence of both CRISP4
and icilin displayed normal progressive and hyperactivated mo-
tility characteristics with a small, but significant, decrease in the
average motility and the smoothed path velocity (VAP) (Fig. S3).
The significance of this change is currently not known.

Fertility in Crisp4-Null Mice. To define the function of CRISP4 in
vivo, we analyzed a Crisp4 knockout mouse line. The Crisp4 floxed
mice and ultimately those carrying null alleles were produced as
outlined in Fig. S4. The removal of exon 3 and the introduction
of a frame shift and a premature stop codon was confirmed by
sequencing and the elimination of CRISP4 protein was confirmed
by Western blotting and immunohistochemistry on wild-type vs.
knockout epididymides using the 17G10 antibody (Fig. 7). CRISP4
staining was completely absent in Crisp4 knockout mice (Fig. 7).

The body and testis weights of knockout and wild-type mice
did not differ (Fig. S54). Crisp4 knockout males (and females)
were fertile. Crisp4 knockout mice had normal mating behavior
and produced litters of comparable size to wild-type littermates
(Fig. S5B). Histological examination of the caput, corpus and
cauda regions of the epididymis revealed no obvious histological
abnormalities (Fig. S6).

Gibbs et al.
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Fig. 5. CRISP4 CRISP domain inhibited TRPMS8 in transfected CHO cells. (A)
CHO cells expressing TRPM8 showed an icilin concentration-dependent in-
crease in [Ca®*]; measured by Fura-2 fluorescence. (B) CRISP4 CRISP domain
inhibited TRPM8 stimulated with 100 nM icilin in a concentration-dependent
fashion. Inhibition was 98% at 10 uM CRISP4 (n = 6).

A closer examination of sperm from Crisp4 knockout and wild-
type mice, however, revealed a subtle fertility abnormality con-
sistent with the in vitro data. Although sperm from wild-type and
Crisp4 knockout males displayed comparable levels of tyrosine
phosphorylation following in vitro capacitation (Fig S5C), sperm
from Crisp4 knockout mice have a decreased ability to undergo
the AR in response to progesterone compared with sperm from
wild-type littermates (Fig. 8) (31% vs. 51.25%, P < 0.01). Of
note, sperm from Crisp4-null males retained both the presence of
TRPMS and the ability to respond to icilin or menthol (Fig. S7),
indicating that the phenotype was a result of the absence of
CRISP4 rather than altered TRPMS processing.

Discussion

CRISP4 is produced in the proximal regions of the epididymis,
where it surrounds the transcriptionally silent sperm throughout
epididymal transit (7, 8, 33). Herein, we have confirmed the
presence of functional TRPMS on mouse sperm and identified
CRISP4 as a physiologically relevant inhibitor of TRPMS activity
using both in vitro and in vivo methods. These data strongly sug-
gest that CRISP4, via the regulation of Ca** flow through TRPMS
channels, is mvolved in defining the functional competence of the
sperm acrosome. Electrochemical gradients (K*, Na*, Ca®*, H")
are established in sperm throughout epididymal maturation at or
around the transition from caput to the corpus epididymis in the
mouse (34-36). Changes in ion flow have been correlated with the
acquisition of specific sperm functions normally manifest during
capacitation (3). The data presented herein, using sperm from
wild-type and CRISP4-deficient mice, suggests that CRISP4, act-
ing at least in part through TRPMS, is involved in the establish-
ment of an epididymal environment conducive with normal sperm
function. Furthermore, the icilin (or menthol) stimulation of
TRPMS in cauda sperm can be reversed in a dose-dependent man-
ner by CRISP4 CRISP domain, suggesting a CRISP4-sensitive
pathway remains patent in mature sperm.

We have shown that the addition of CRISP4 CRISP domain to
mouse testicular sperm eliminated a component of the ion cur-

60 Hl Control
€ T DMSO control
8 40 *
g x Bl CRISP4
. Icilin

20
Bl CRISP4 +icilin

spontaneous  progesterone
Al induced AR

Fig. 6. TRPM8 contributes to signaling leading to the AR. Incubation of
sperm with icilin (100 nM) under capacitation-permissive conditions resulted
in a significant (P < 0.05) inhibition of the number of sperm undergoing the
progesterone-induced AR compared with control untreated sperm or sperm
treated with denatured CRISP4 CRISP domain. Incubation of the CRISP4
CRISP domain (15 pM) had no effect on induced AR. Coincubation of sperm
with CRISP4 and icilin resulted in normal levels of induced AR, demonstrat-
ing that CRISP4 inhibited icilin mediated activation of TPRMS. In all experi-
ments, n = 3.
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Fig. 7. Validation of the Crisp4 null mouse line. (A) Genotyping showing the
amplified PCR product from homozygous null (—/-), wild type (+/+) and hetero-
zygous (+/-) litter mates. (B) Western blot showed CRISP4 immunoreactivity in
epididymal protein extracts from wild-type adult mice (M1, M2), but not in
knockout tissue (M3, M4). (C and D) Immunohistochemical staining of caput ep-
ididymal sections from adult wild type and knockout mice. (Scales bars, 100 pM.)

rent in a dose-dependent manner, that it eliminated menthol-
stimulated currents in sperm, and that it did not further inhibit
current in BCTC-treated sperm. Collectlvely, these data sug-
gested the main component of the Cs* current inhibited by
CRISP4 CRISP domain was TRPMS.

At this point in time it is not possible to definitively state whether
CRISP4 is specifically involved in sperm epididymal maturation or
simply involved in keeping TRPMS in a quiescent state until the
time of ejaculation and CRISP4 dilution in the female tract.

These data extend the physiological characterization of
TRPMS in mouse sperm (25, 27), and in doing so, we have de-
scribed only the second endogenous protein antagonist of
TRPMS (37). TRPMS is an outward rectlfymg catlon channel of
the TRP family and is permeable to Ca®*, Cs* * and K.
Within tissues exposed to the external enV1ronment TRPMS is
the primary sensor of environmental cold and is activated at
temperatures below ~23 °C (38-40). TRPMS is, however, also
produced in a range of tissues that are unlikely to be regulated by
temperature, including sensory neurons (41) and the malignant
prostate (42). The mechanism by which TRPMS activity is regu-
lated in these tissues remains to be fully determined; however
several regulatory mediators have been identified, 1nclud1ng Ca**
pH, PIP2 and phosphorylation (43-47). In those tissues where
CRISP4 and TRPMS are coexpressed (33), our data suggests
that CRISP4 is also likely to modulate TRPMS function.

Mounting evidence suggests that CRISPs regulate a range of ion
channel types (10, 11, 48), with our data here and previously (10)
showing that this is likely to occur via the CRISP domain. The
relatively low specific inhibitory activity of the CRISP4 CRISP
domain in both electrophysiological recordings and transfected
CHO cell assays herein, indicated that high localized concen-

p<0.01
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Fig. 8. The ability of sperm to acrosome react was modified in the Crisp4
knockout mice. After 90 min of in vitro capacitation, there was no significant
difference between the spontaneous AR in the wild-type (white bar) or
Crisp4 knock-out (black bar) sperm. However, a significant reduction in the
percent of Crisp4 knockout sperm undergoing the progesterone-induced AR
was apparent. n = 4.

induced AR
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trations are required for the inhibition of TRPMS to be biologically
relevant. Although this is undoubtedly the case in the epididymal
lumen, this conclusion cannot immediately be drawn for other tis-
sues where CRISP4 has been demonstrated, namely skeletal mus-
cle, spleen, thymus, and lacrimal glands (7, 8, 33). Supporting the
possibility of a functionally relevant role for CRISP4 within these
tissues, however, it has recently been shown that the full-length
venom CRISP PsTx has at least a 120-fold higher activity against
cyclic-nucleotide gated A2 in comparison with its ICR region alone
(CRISP domain), indicating a dramatic enhancement of activity
because of the presence of both domains. Assuming that this holds
true for all members of the CRISP family, CRISP4 may be of
physiological relevance in all tissues where expression is observed.
Unfortunately, and as indicted in Materials and Methods, full-
length, soluble recombinant mouse CRISP4 has proven to be ex-
tremely difficult to produce, so we have been unable to confirm
these observations. Regardless, through the use of a Crisp4 knock-
out mouse lines we have proven that CRISP4 is a physiologically
relevant regulator of sperm maturation within the epididymis.

The data contained within this article and our previous work
(27) suggest a complex role for TRPMS in sperm. For example,
the activation of TRPMS8 with either low (as used herein) or
higher concentrations of icilin or menthol (as used in ref. 27),
differentially stimulate the AR in wild-type sperm. Specifically,
high concentrations of menthol stimulate sperm to undergo the
AR in the absence of progesterone (27). The potential also exists
that the timing of TRPMS stimulation may influence the pro-
pensity of sperm to acrosome react. As indicated herein, ex-
posing sperm to a TRPMS agonist throughout the duration of
capacitation resulted in fewer sperm reacting to progesterone.
This inhibition was reversed by coincubation with agonist plus
CRISP4 CRISP domain during capacitation, suggesting that
CRISP4 is a competitive inhibitor of TRPMS function. The ef-
fect of TRPMS later during the capacitation process or at the
time of zona interaction has, however, not been tested and may
vary as sperm become functionally more mature.

Our knockout model clearly shows that although CRISP4 has
a role in establishing normal acrosomal function, it is not in and
of itself an essential requirement for fertility. We believe that this
is likely to be because of functional redundancy from the closely
related family member CRISP1, which is also produced at high
concentrations within the mouse epididymis. Unlike other spe-
cies examined to date, the mouse contains four rather than three
CRISPs (9). Within the human for example, there is a single
epididymal-expressed CRISP, CRISPI. Human CRISP1 is the
likely ortholog of mouse CRISP4; however, we hypothesize that
from a fertility perspective, it is likely that human CRISP1 maybe
the functional equivalent to the sum of CRISP4 and CRISP1 in
the mouse (14). In support of this hypothesis, a Crispl knockout
mouse has been produced (49) and male mice, although grossly
fertile, possess a subtle fertilization phenotype.

Herein we have shown that CRISP4 is a regulator of ion
channel signaling in sperm and the CRISP4 CRISP domain is
a specific antagonist of TRPMS. These data are unique in pro-
viding direct evidence of the molecular function of CRISP4 on
the cell it is likely to regulate in vivo, and provide strong support
for the role of CRISPs in establishing and maintaining molecular
pathways involved in sperm storage and function. Deregulated
ion channel expression/function is associated with many diseases
(50, 51) and ion channels are a major class of therapeutic drug
target (52). As such, the characterization of endogenous protein
ion channel regulators with expression beyond the reproductive
tract is of broad significance (33).

Materials and Methods

Animals. Animal procedures were conducted in accordance with the Animal
Care and Bioethics Committee of the Instituto de Biotecnologia Universidad
Nacional Autébnoma de México and the National Health and Medical Research
Council's Guidelines on Ethics in Animal Experimentation, and approved by
the Monash Medical Centre and Monash University Animal Experimentation
Ethics Committees. Electrophysiological assessments using testicular sperma-
tozoa were carried out on sperm from CD1 mice. Sperm function assays were
carried out on sperm from 10- to 12-wk-old C57BI6 x CBA (F1) mice.

7038 | www.pnas.org/cgi/doi/10.1073/pnas.1015935108

Generation of Recombinant CRISP4. Crisp4 cDNA was amplified from the
mouse epididymis and the CRISP4 CRISP domain expressed and purified as
described previously (10) (S/ Materials and Methods). Full-length recombi-
nant CRISP1 to -4 was produced as described and was insoluble (33).

Electrophysiology of Testicular Spermatozoa and Single-Channel Recordings in
Planar Bilayers. Sperm were harvested from the seminiferous tubules of adult
CD1 mice as previously described (28) and whole-cell currentsin patch-clamped
sperm using established methods (53). We used testicular sperm to avoid prior
exposure of cells to endogenous (epididymal) CRISP4. In addition, the larger
cytoplasmic droplet on testicular sperm facilitated a good voltage clamp. Our
preliminary results using epididymal sperm indicated that the currents we
recorded in testicular sperm in this work were similar. Initially, total whole-cell
currents were recorded using the following solutions: external solution (in
mM): 118 Na-MetSO,4, 8 NaCl, 2.5 CaCl,, 2 KSO,4, 1 MgCly, 10 Hepes, 3.3 dex-
trose, (pH was adjusted to 7.4 with NaOH), and internal solution (in mM): 122
K-MetSO,, 8 KCl, 20 KF, 2.5 CaCl,, 1 MgCl,, 5 EGTA, 10 Hepes (pH was adjusted
to 7.3 with KOH). The osmolality of all solutions was adjusted with dextrose.
Thereafter, to focus on whole-cell currents mainly through TRP channels, we
used Cs* as the main current carrier in symmetrical conditions (in mM): 100
CsOH, 40 CsF, 0.2 CaCl,, 10 N-methyl-p-glucamine (NMDG, an impermeant
cation), 5 EGTA, 10 Hepes, 20 dextrose (pH 7.3). Further details concerning the
sperm electrophysiological recordings can be found in S/ Materials and
Methods. Single-channel recordings were performed by established methods
(54) (see details in SI Materials and Methods).

CHO Cell TRPM8 Flexstation Il Assay. CRISP4 CRISP domain antagonism of
TRPMS8 was tested in CHO cells expressing HA-tagged TRPM8 using a fluo-
rometric plate assay. Calcium-dependent Fura-2 fluorescence was measured
using a Flexstation Il (Molecular Devices), as previously described (31).
Nontransfected CHO cells were used as a negative control in all experiments.

Icilinand CRISP4 CRISPdomainwere addedto eachwellat 15sandrecordings
were carried out for an additional 105 s. The peak value of Fura-2 fluorescence
was used to establish the TRPM8 channel activity. Peak values were subtracted
from baseline values recorded from 0 to 15 s. Positive controls included ATP to
stimulate intracellular calcium mobilization as a measure of cell viability, which
was effective on both transfected and nontransfected cells (Fig. S8). Icilin was
used to ensure appropriate TRPM8 function in TRPM8 transfected cells. Neg-
ative controls treatments included vehicle controls (0.5% DMSO) and the ad-
dition of CRISP4 CRISP domain alone without icilin stimulation. NT-CHO cells
never showed increased fluorescence following icilin or CRISP4 treatment (Fig.
S7). TRPMS transfected cells never showed a difference to unstimulated con-
trol cells. Each assay was completed in duplicate and assays were completed
a minimum of six times.

Sperm Capacitation and Motility Assessment. The functional competence of
caudal epididymal sperm was tested as outlined in detail in the S/ Materials
and Methods. Treatments included 100 nM icilin, 0.1% DMSO vehicle con-
trol, and 15 pM CRISP4 CRISP domain from the beginning of capacitation.
Sperm were incubated at 37 °C/5% CO, for up to 90 min. In all cases when
icilin was used, sperm were assessed alongside a 0.1% DMSO vehicle control
and in normal conditions (no vehicle). The DMSO control results were not
different to the normal control.

Mouse sperm motility was measured using a Hamilton-Thorne computer
assisted sperm analyzer, as described previously (55) (S/ Materials and
Methods). A minimum of 300 sperm were scored per animal (n =5 per group).
The ability of sperm to undergo the progesterone-induced AR was tested as
described in S/ Materials and Methods. Acrosomal contents was labeled with
FITC-labeled Arachis hypogaea and nuclear DNA was counter stained with
DAPI (Invitrogen). Two-hundred sperm cells were assessed for acrosome in-
tegrity per treatment. Sperm capacitation status was assessed using global
tyrosine phosphorylation Western blotting using the 4G10 (Millipore) anti-
body, as described previously (56), and the percentage of live:dead sperm was
assessed using ethidium labeling (S/ Materials and Methods).

Generation and Fertility Testing of Crisp4 Knockout Mice. The Crisp4 knockout
construct was designed for the generation of both null and conditional
knockout alleles. The flox allele carrying an insertion of loxP sites flanking
exon 3 and a third loxP site in intron 2 (Fig. S4) was generated through ho-
mologous recombination in C57BL/6-derived ES cells. Excision of exon 3 could
be achieved by either breeding mice carrying heterozygous flox allele with
ubiquitous-Cre or tissue-specific-Cre transgenic mice. Removal of exon 3
resulted in a deletion of 60 bp from the mature Crisp4 transcript and the
creation of a premature stop codon within exon 4 (ENSMUST00000115344).
We generated Crisp4-null mice by breeding mice carrying heterozygous flox
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allele with CMV-Cre transgenic mice for a complete excision of exon 3 in all
tissues. Heterozygous knockout mice were intercrossed to generate homo-
zygous knockout mice. Genotyping was performed as described in S/ Materials
and Methods. CRISP4 production in the epididymis of CRISP4 in knockout and
wild-type mice was examined by immunohistochemistry and Western blot
using the 17G10 antibody. The 17G10 antibody was generated as described in
SI Materials and Methods. Crisp4-null and wild-type mouse fertility testing
was conducted as previously described (57) and in SI Materials and Methods.

w

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

. Baker HWG (2008) Clinical management of male infertility. Endocrinology of

Male Reproduction, ed. McLachlan Rl (MDText.com, Inc., S. Darmouth). Available at
http://www.endotext.org/male/index.htm.

. Yanagimachi R (1994) The Physiology of Reproduction, eds Knobil E, Neill JD (Raven

Press, Ltd., New York), pp 189-317.

. AitkenRJ, etal. (2007) Proteomic changes in mammalian spermatozoa during epididymal

maturation. Asian J Androl 9:554-564.

. Cornwall GA (2009) New insights into epididymal biology and function. Hum Reprod

Update 15:213-227.

. Salicioni AM, et al. (2007) Signalling pathways involved in sperm capacitation. Soc

Reprod Fertil Suppl 65:245-259.

. Darszon A, et al. (2007) lon channels in sperm motility and capacitation. Soc Reprod

Fertil Suppl 65:229-244.

. Jalkanen J, Huhtaniemi I, Poutanen M (2005) Mouse cysteine-rich secretory protein 4

(CRISP4): A member of the Crisp family exclusively expressed in the epididymis in an
androgen-dependent manner. Biol Reprod 72:1268-1274.

. Nolan MA, et al. (2006) Identification of rat cysteine-rich secretory protein 4 (Crisp4)

as the ortholog to human CRISP1 and mouse Crisp4. Biol Reprod 74:984-991.

. Gibbs GM, Roelants K, O'Bryan MK (2008) The CAP superfamily: Cysteine-rich secretory

proteins, antigen 5, and pathogenesis-related 1 proteins—roles in reproduction, cancer,
and immune defense. Endocr Rev 29:865-897.

. Gibbs GM, et al. (2006) The cysteine-rich secretory protein domain of Tpx-1 is related

to ion channel toxins and regulates ryanodine receptor Ca2+ signaling. J Biol Chem
281:4156-4163.

. Guo M, et al. (2005) Crystal structure of the cysteine-rich secretory protein stecrisp

reveals that the cysteine-rich domain has a K+ channel inhibitor-like fold. J Biol Chem
280:12405-12412.

. Yamazaki Y, Morita T (2004) Structure and function of snake venom cysteine-rich

secretory proteins. Toxicon 44:227-231.

. Gibbs GM, O'Bryan MK (2007) Cysteine rich secretory proteins in reproduction and

venom. Soc Reprod Fertil Suppl 65:261-267.

. Koppers AJ, Reddy T, O'Bryan MK (2011) The role of cysteine-rich secretory proteins in

male fertility. Asian J Androl 13(1):111-117.

. Foster JA, Gerton GL (1996) Autoantigen 1 of the guinea pig sperm acrosome is the

homologue of mouse Tpx-1 and human TPX1 and is a member of the cysteine-rich
secretory protein (CRISP) family. Mol Reprod Dev 44:221-229.

. Maeda T, Nishida J, Nakanishi Y (1999) Expression pattern, subcellular localization

and structure—Function relationship of rat Tpx-1, a spermatogenic cell adhesion
molecule responsible for association with Sertoli cells. Dev Growth Differ 41:715-722.

. O'Bryan MK, et al. (2001) Tpx-1 is a component of the outer dense fibers and

acrosome of rat spermatozoa. Mol Reprod Dev 58:116-125.

. Eberspaecher U, et al. (1995) Mouse androgen-dependent epididymal glycoprotein

CRISP-1 (DE/AEG): Isolation, biochemical characterization, and expression in recombinant
form. Mol Reprod Dev 42(2):157-172.

. Kratzschmar J, et al. (1996) The human cysteine-rich secretory protein (CRISP) family.

Primary structure and tissue distribution of CRISP-1, CRISP-2 and CRISP-3. Eur J
Biochem 236:827-836.

Kosari F, Asmann YW, Cheville JC, Vasmatzis G (2002) Cysteine-rich secretory protein-3: A
potential biomarker for prostate cancer. Cancer Epidemiol Biomarkers Prev 11:1419-1426.

. Bjartell A, et al. (2006) Immunohistochemical detection of cysteine-rich secretory

protein 3 in tissue and in serum from men with cancer or benign enlargement of the
prostate gland. Prostate 66:591-603.

Esposito G, et al. (2004) Mice deficient for soluble adenylyl cyclase are infertile
because of a severe sperm-motility defect. Proc Nat/ Acad Sci USA 101:2993-2998.
Suarez SS (2008) Control of hyperactivation in sperm. Hum Reprod Update 14:
647-657.

Florman HM (1994) Sequential focal and global elevations of sperm intracellular Ca2+
are initiated by the zona pellucida during acrosomal exocytosis. Dev Biol 165(1):
152-164.

De Blas GA, et al. (2009) TRPMS, a versatile channel in human sperm. PLoS ONE 4:
€6095.

Brauchi S, Orio P, Latorre R (2004) Clues to understanding cold sensation: Thermodynamics
and electrophysiological analysis of the cold receptor TRPM8. Proc Nat! Acad Sci USA 101:
15494-15499.

Martinez-L6pez P, et al. (2011) TRPM8 in mouse sperm detects temperature changes
and may influence the acrosome reaction. J Cell Physiol 226:1620-1631.
Martinez-Lopez P, et al. (2009) Mouse sperm K+ currents stimulated by pH and cAMP
possibly coded by Slo3 channels. Biochem Biophys Res Commun 381:204-209.
Jungnickel MK, Marrero H, Birnbaumer L, Lémos JR, Florman HM (2001) Trp2 regulates
entry of Ca2+ into mouse sperm triggered by egg ZP3. Nat Cell Biol 3:499-502.

Gibbs et al.

ACKNOWLEDGMENTS. We thank Susan Suarez and John Aitken for
discussion, and D. Jo Merriner and Anne O’Connor for technical assistance.
TRPM8 cells were provided by Mark Nash Novartis Institutes of Biomedical
Research, Horsham, United Kingdom. This research was supported by the
National Health and Medical Research Council, the Australian Research
Council, the National Institutes of Health, Consejo Nacional de Ciencia y
Technologia 49113 (A.D.), Grant R0O1 HD038082-07A1 (to A.D.), and Pro-
grama de Apoyo a Proyectos de Investigacion e Innovacién Tecnoldgica
IN211809 (to A.D.).

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

52.

53.

54.

55.

56.

57.

Trevifio CL, Serrano CJ, Beltran C, Felix R, Darszon A (2001) Identification of mouse trp
homologs and lipid rafts from spermatogenic cells and sperm. FEBS Lett 509(1):
119-125.

. Dragoni |, Guida E, McIntyre P (2006) The cold and menthol receptor TRPM8 contains

a functionally important double cysteine motif. J Biol Chem 281:37353-37360.
Behrendt HJ, Germann T, Gillen C, Hatt H, Jostock R (2004) Characterization of the
mouse cold-menthol receptor TRPM8 and vanilloid receptor type-1 VR1 using
a fluorometric imaging plate reader (FLIPR) assay. Br J Pharmacol 141:737-745.
Reddy T, Gibbs GM, Merriner DJ, Kerr JB, O'Bryan MK (2008) Cysteine-rich secretory
proteins are not exclusively expressed in the male reproductive tract. Dev Dyn 237:
3313-3323.

Levine N, Marsh DJ (1971) Micropuncture studies of the electrochemical aspects of
fluid and electrolyte transport in individual seminiferous tubules, the epididymis and
the vas deferens in rats. J Physiol 213:557-570.

Vijayaraghavan S, Hoskins DD (1990) Changes in the mitochondrial calcium influx and
efflux properties are responsible for the decline in sperm calcium during epididymal
maturation. Mol Reprod Dev 25(2):184-194.

Ecroyd H, Asquith KL, Jones RC, Aitken RJ (2004) The development of signal transduction
pathways during epididymal maturation is calcium dependent. Dev Biol 268(1):53-63.
Naono-Nakayama R, Sunakawa N, lkeda T, Nishimori T (2010) Differential effects of
substance P or hemokinin-1 on transient receptor potential channels, TRPV1, TRPA1
and TRPMS, in the rat. Neuropeptides 44(1):57-61.

Peier AM, et al. (2002) A TRP channel that senses cold stimuli and menthol. Cell 108:
705-715.

Dhaka A, et al. (2007) TRPM8 is required for cold sensation in mice. Neuron 54:
371-378.

Bautista DM, et al. (2007) The menthol receptor TRPM8 is the principal detector of
environmental cold. Nature 448:204-208.

. Staaf S, Franck MC, Marmigere F, Mattsson JP, Ernfors P (2010) Dynamic expression of

the TRPM subgroup of ion channels in developing mouse sensory neurons. Gene Expr
Patterns 10(1):65-74.

Tsavaler L, Shapero MH, Morkowski S, Laus R (2001) Trp-p8, a novel prostate-specific
gene, is up-regulated in prostate cancer and other malignancies and shares high
homology with transient receptor potential calcium channel proteins. Cancer Res 61:
3760-3769.

Liu B, Qin F (2005) Functional control of cold- and menthol-sensitive TRPM8 ion
channels by phosphatidylinositol 4,5-bisphosphate. J Neurosci 25:1674-1681.

Daniels RL, Takashima Y, McKemy DD (2009) Activity of the neuronal cold sensor
TRPMS is regulated by phospholipase C via the phospholipid phosphoinositol 4,5-
bisphosphate. J Biol Chem 284:1570-1582.

Gordon-Shaag A, Zagotta WN, Gordon SE (2008) Mechanism of Ca(2+)-dependent
desensitization in TRP channels. Channels (Austin) 2(2):125-129.

Premkumar LS, Raisinghani M, Pingle SC, Long C, Pimentel F (2005) Downregulation
of transient receptor potential melastatin 8 by protein kinase C-mediated dephos-
phorylation. J Neurosci 25:11322-11329.

Abe J, Hosokawa H, Sawada Y, Matsumura K, Kobayashi S (2006) Ca2+-dependent
PKC activation mediates menthol-induced desensitization of transient receptor
potential M8. Neurosci Lett 397(1-2):140-144.

Wang J, et al. (2005) Blocking effect and crystal structure of natrin toxin, a cysteine-rich
secretory protein from Naja atra venom that targets the BKCa channel. Biochemistry
44:10145-10152.

Da Ros VG, et al. (2008) Impaired sperm fertilizing ability in mice lacking Cysteine-Rich
Secretory Protein 1 (CRISP1). Dev Biol 320(1):12-18.

Berridge MJ, Bootman MD, Lipp P (1998) Calcium—aA life and death signal. Nature
395:645-648.

. Roderick HL, Cook SJ (2008) Ca2+ signalling checkpoints in cancer: remodelling Ca2+

for cancer cell proliferation and survival. Nat Rev Cancer 8:361-375.

Kaczorowski GJ, McManus OB, Priest BT, Garcia ML (2008) lon channels as drug
targets: The next GPCRs. J Gen Physiol 131:399-405.

Kirichok Y, Navarro B, Clapham DE (2006) Whole-cell patch-clamp measurements of
spermatozoa reveal an alkaline-activated Ca2+ channel. Nature 439:737-740.
Beltran C, Darszon A, Labarca P, Liévano A (1994) A high-conductance voltage-
dependent multistate Ca2+ channel found in sea urchin and mouse spermatozoa. FEBS
Lett 338(1):23-26.

Cowin PA, et al. (2010) Vinclozolin exposure in utero induces postpubertal prostatitis
and reduces sperm production via a reversible hormone-regulated mechanism.
Endocrinology 151:783-792.

Cotton L, et al. (2006) FGFR-1 [corrected] signaling is involved in spermiogenesis and
sperm capacitation. J Cell Sci 119(1):75-84.

Borg CL, Wolski KM, Gibbs GM, O’Bryan MK (2010) Phenotyping male infertility in the
mouse: how to get the most out of a ‘non-performer’. Hum Reprod Update 16:
205-224.

PNAS | April 26,2011 | vol. 108 | no.17 | 7039

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015935108/-/DCSupplemental/pnas.201015935SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015935108/-/DCSupplemental/pnas.201015935SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015935108/-/DCSupplemental/pnas.201015935SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1015935108/-/DCSupplemental/pnas.201015935SI.pdf?targetid=nameddest=STXT
http://www.endotext.org/male/index.htm

