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ABSTRACT The functional relationship between the formation of hundreds of fusion pores
during the acrosome reaction in spermatozoa and the mobilization of calcium from the
acrosome has been determined only partially. Hence, the second messenger NAADP, pro-
moting efflux of calcium from lysosome-like compartments and one of its potential molecular
targets, the two-pore channel 1 (TPC1), were analyzed for its involvement in triggering the
acrosome reaction using a TPCN1 gene-deficient mouse strain. The present study documents
that TPC1 and NAADP-binding sites showed a colocalization at the acrosomal region and that
treatment of spermatozoa with NAADP resulted in a loss of the acrosomal vesicle that showed
typical properties described for TPCs: Registered responses were not detectable for its
chemical analogue NADP and were blocked by the NAADP antagonist trans-Ned-19. In addi-
tion, two narrow bell-shaped dose-response curves were identified with maxima in either the
nanomolar or low micromolar NAADP concentration range, where TPC1 was found to be
responsible for activating the low affinity pathway. Our finding that two convergent NAADP-
dependent pathways are operative in driving acrosomal exocytosis supports the concept
that both NAADP-gated cascades match local NAADP concentrations with the efflux of
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acrosomal calcium, thereby ensuring complete fusion of the large acrosomal vesicle.

INTRODUCTION
Sperm contain a large, Golgi-derived secretory vesicle—the
acrosome—located above the anterior part of the sperm nucleus.
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The acrosome is characterized by unique properties, all essential to
ensure successful fertilization. It contains hydrolytic enzymes that al-
low sperm to break down the extracellular glycoprotein matrix sur-
rounding the egg (for review see Florman et al., 2008; Wassarman
and Litscher, 2008; Visconti et al., 2011). The release of digestive
enzymes, called the acrosome reaction, is accomplished by Ca?*-
regulated exocytosis (for review see Mayorga et al., 2007; Tomes,
2007), a highly conserved mechanism controlling membrane- traf-
ficking processes in different cell types (for reviews see Jahn and
Fasshauer, 2012; Rizo and Sudhof, 2012). In addition, the acrosome
also acts as an intracellular Ca?* store in mammalian spermatozoa
(De Blas et al., 2002; Herrick et al., 2005; Costello et al., 2009), the
luminal pH of which was found to be strongly acidic (pH 5.3; Meizel
and Deamer, 1978; Nakanishi et al., 2001). Owing to its parallels to
the endolysosomal system (for review see Dell’Angelica et al., 2000),
such as the ability to store digestive enzymes, as well as to function
as an intracellular Ca?* store (Patel and Docampo, 2010), the
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acrosomal vesicle has been referred to as a lysosome-related organ-
elle (Hartree, 1975).

The intracellular messenger nicotinic acid adenine dinucleotide
phosphate (NAADP) is crucial for Ca2* mobilization in morphologi-
cally very diverse acidic organelles, such as acidocalcisomes, vacu-
oles, endosomes, lysosomes, lysosome-like acidic compartments,
the Golgi complex, and secretory granules (Patel and Docampo,
2010; Zhu et al., 2010a; Hooper and Patel, 2012). Although the
mechanism/s of NAADP synthesis are unclear (Patel et al., 2011;
Schmid et al., 2011; Galione and Chuang, 2012), the search for
NAADP receptors resulted in the identification of endolysosomal
cation channels termed two-pore channels (TPCs; Brailoiu et al.,
2009; Calcraft et al., 2009; Zong et al., 2009). The three members of
the TPC channel family share the same membrane topology, com-
posed of two homologous domains each containing six transmem-
brane segments and two pore loops (Yu et al., 2005; Zong et al.,
2009; Zhu et al., 2010a). Whereas the TPCN3 gene is a pseudogene
in primates, TPC1 and TPC2 are present in most mammals, includ-
ing humans, rats, and mice (Calcraft et al., 2009; Brailoiu et al.,
2010).

Although it is not clear whether NAADP directly binds to TPC
channel proteins (Guse, 2012; Lin-Moshier et al., 2012; Walseth
et al., 2012) and whether TPCs can also be activated by phosphati-
dylinositol 3,5-bisphosphate (Wang et al., 2012), TPCs display basic
properties observed for NAADP-induced intracellular Ca?* mobiliza-
tion: dose-response curves of NAADP-triggered Ca?* efflux from
acidic stores are typically bell shaped with a peak in the submillimo-
lar concentration range (Zong et al., 2009; Galione, 2011; Guse,
2012). In addition, TPCs enter a desensitized state upon pretreat-
ment with very low, subthreshold concentrations of NAADP (Aarhus
etal., 1996, Genazzani et al., 1996; Cancela et al., 1999; Zong et al.,
2009; Zhu et al., 2010c). Furthermore, TPC-triggered Ca?* release is
almost completely absent in lysosomes treated with bafilomycin (for
review see Zhu et al., 2010c); bafilomycin is a vacuolar H*-ATPase
inhibitor that disrupts the acid luminal pH of organelles (Bowman
et al., 1988) and thus their ability to store Ca?*. Of importance, mo-
bilization of Ca?* by TPCs is amplified by increasing the susceptibil-
ity of 1,4,5-inositol trisphosphate receptors (IP3-Rs) and ryanodine
receptors (RyRs). This points toward a Ca?*-induced Ca?* release
(CICR) reaction of TPCs (Cancela et al., 1999; Galione et al., 2009;
Zhu et al., 2010a). The CICR is a quite common positive feedback
signaling process that converts spatially restricted Ca?* signals into
more global Ca?* waves (Berridge, 2002; Rahman and Taylor, 2009;
Zhu et al., 2010a).

The observation that the acrosomal vesicle regulates its own
exocytosis by acting as a lysosome-related Ca?* reservoir (De Blas
et al., 2002; Herrick et al., 2005) indicates a considerable effect of
intracellular Ca?* channels on regulated membrane fusion pro-
cesses. This concept was recently also described for lytic granules of
cytotoxic T lymphocytes (Davis et al., 2012). However, our knowl-
edge about the molecular identity and functional role of ion chan-
nels controlling Ca?* efflux from intracellular storage sites in sperm
is very limited (Costello et al., 2009; Darszon et al., 2011). Among
the archetypal intracellular Ca?*-release channels located in sarco-
plasmic/endoplasmic reticulum membranes, the IP3-R (Walensky
and Snyder, 1995; Kuroda et al., 1999; Ho and Suarez, 2001; Naaby-
Hansen et al., 2001) and the RyR (Trevino et al., 1998; Harper et al.,
2004; Lefievre et al., 2007) have been identified in mammalian sper-
matozoa. Although the exact functional role of RyRs located be-
tween the head and midpiece regions of the tail is less clear (for re-
view see Costello et al., 2009), the task of the IP3-R is partially
defined and depends on its compartmental expression pattern. On
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the one hand, the IP3-R sited at the neck region of sperm (Ho and
Suarez, 2003) has been suggested to play a role in sperm hyperac-
tivation (for review see Olson et al., 2011). On the other hand, the
IP3-R at the outer acrosomal membrane is operative in increasing
Ca?* in the periacrosomal cytoplasm, thereby triggering final steps
of acrosomal exocytosis (De Blas et al., 2002; Herrick et al., 2005).
Remarkably, local increase of Ca?* originating from inside the
acrosome is essential to trigger final fusion pore formation after ca-
pacitation-dependent docking of the vesicle and formation of a
ready-to-go vesicle configuration (Maximov et al., 2009; Tsai et al.,
2012). It is even central under conditions in which permeabilized
spermatozoa are incubated in high external Ca?* (De Blas et al.,
2002). Moreover, it was found that acrosomal Ca?* alone is sufficient
to trigger acrosomal exocytosis (Herrick et al., 2005).

Of interest, in sea urchin sperm, sperm-egg binding led to an
increase in cytosolic NAADP concentration (Churchill et al., 2003).
This observation, together with the acidic nature of NAADP-sensi-
tive endolysosomal Ca?* stores and the necessity of acrosomal Ca?*
to trigger zipper-like formation of hundreds of fusion pores (Harper
etal., 2008; Buffone et al., 2009), raises the question of whether TPC
channels facilitate the necessary Ca?* signals. Therefore we investi-
gated whether TPCs are expressed in mammalian spermatozoa and
whether these channel proteins and/or their potential activator
NAADP contribute to the acrosome reaction. To assess additionally
whether such an NAADP pathway plays a functional role under
physiological conditions, we quantified Zona pellucida—induced se-
cretion rates in the presence of the NAADP antagonist trans-
Ned-19.

RESULTS

Transcripts of two-pore channels in mouse testis

To evaluate initially whether two-pore channels are expressed in
reproductive tissue, we performed reverse transcription (RT)-PCR
analyses with TPCN1- and TPCN2-specific primer pairs and murine
cDNA derived from testicular tissue and kidney expressing high
levels of TPCs (Zong et al., 2009). To validate cDNA synthesis, we
first determined cDNA integrity derived from both tissues by using
a primer pair against the housekeeping gene B-actin (Ziegler et al.,
1992). PCRs with the B-actin primer pair resulted in amplification
fragments with the predicted size of 425 base pairs in kidney and
testicular cDNA probes (Supplemental Figure S1, right, B-actin).
Results of positive control RT-PCRs with kidney cDNA showed that
PCR products with the expected size were successfully amplified
for both TPC subtypes (TPCN1, 778 base pairs; TPCN2, 605 base
pairs; Supplemental Figure S1, left, kidney). Examining cDNA de-
rived from mouse testis, we found that amplicons with the calcu-
lated size for TPCN1 and TPCN2 were also detectable in testicular
cDNA (Supplemental Figure S1, left, pair, testis). Subsequent sub-
cloning and sequencing of the obtained PCR fragments confirmed
the sequence identity with previously published murine TPCN1
(GenBank accession no. NM_145853.2) and TPCN2 (accession no.
NM_146206.4) sequences.

Expression of TPC proteins in mammalian reproductive
tissue

To determine whether the identified TPC1 and TPC2 transcripts are
actually translated, we assessed testis and epididymis, as well as
isolated spermatozoa, by means of Western blot analysis and im-
munohistochemical and immunocytochemical approaches, using
subtype-specific antibodies. However, evaluating the specificity of
commercially available anti-TPC1 and anti-TPC2 antibodies (Sup-
plemental Materials and Methods) revealed no specific staining in
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Western blotting or immunohistochemistry (unpublished data) when
using kidney tissue as positive control (Ishibashi et al., 2000; Zong
et al., 2009; Zhu et al., 2010b). Therefore an anti-rabbit immuno-
globulin G (IgG) antibody generated against a C-terminal peptide
of the murine TPC1 (TPCTNK) was used (J.C. and N.K, unpublished
data). Examination of the immunoreactivity of the TPCTNK antibody
in Western blot analyses showed immunoreactive bands with the
calculated size of TPC1 of ~94 kDa (Mus musculus, accession no.
NP_665852; 94.36 kDa; Supplemental Figure S2, kidney TPC1 [+/+])
in mouse kidney tissue. These bands were detectable in the mem-
brane protein fraction but not in the cytosolic fraction. The different
sizes can be attributed to different glycosylation levels (Zong et al.,
2009). Moreover, expanding Western blot analyses to kidney tissue
of homozygous TPC1-knockout mice, which served as negative con-
trols (Ashton, 2011; Herkenham et al., 2011), revealed no obvious
TPC1-derived antibody labeling (Supplemental Figure S2, kidney
TPC1 [-/-]), indicating high specificity of the TPCNTNK antibody.

Finally, we used the TPC1NK antibody to evaluate TPC1 protein
expression in reproductive tissue, examining cytosolic and mem-
brane samples of mouse testis and epididymis. Figure 1 shows that
the TPCINK IgG selectively labeled protein bands in testis
(Figure 1A, TPC1 [+/+]) and epididymis (Figure 1B, TPC1 [+/+]) of
wild-type animals, which were visible at the predicted molecular
mass of murine TPC1. Comparing the intensity of the immunosignal
in different subcellular fractions of both reproductive tissues, we
found that staining was only detectable in membrane fractions
(Figure 1, A and B, crude membrane pellet [P,]) but not in cytosolic
fractions (supernatant 2 [S,]). This confirmed membrane localization
of TPCs (Ishibashi et al., 2000; Calcraft et al., 2009; Zong et al.,
2009). Molecular identities of the immunoreactive bands were fur-
ther confirmed by comparing immunostaining of testis and
epididymis of TPC1-deficient mice, which did not show any immu-
noreactivity (Figure 1, A and B, TPC1 [-/-]).

Next we assessed whether TPC1 is also present in mature germ
cells. We extended Western blot analyses to examine isolated
epididymal rodent (rat, mouse) and ejaculated human spermatozoa.
Initially, immunosignals were assessed on membrane fractions of
mouse sperm by directly comparing staining patterns in membrane
fractions of wild-type (Figure 1C, [+/+]) and TPC1-deficient sperma-
tozoa (Figure 1C, [-/~]). Equal protein loading of tissue preparations
of both mouse genotypes was verified using the raft marker protein
caveolin-1 (Rothberg et al., 1992; Parton, 1996). Figure 1C shows
that wild-type spermatozoa show immunoreactive bands that center
at the predicted molecular mass of the murine TPC1. Conspicuous
smearing of the visible immunoreactive bands can be attributed to
posttranslational glycosylation of two-pore channel proteins (Zong
et al., 2009). In contrast, assessing the labeling pattern in TPC1-de-
ficient spermatozoa revealed no visible immunostaining. Compar-
ing the labeling of rat spermatozoa, we found that the TPC1NK an-
tibody stained a broad band with comparable molecular mass
(Figure 1D) matching the size predicted from the rat-derived amino
acid sequence (Rattus norvegicus, accession no. NP_647548;
94.28 kDa). The immunoreactive band was completely absent upon
neutralizing the primary antibody with the immunogenic peptide
(Figure 1D, Ab + BP), confirming TPC1-specific labeling. Moreover,
the TPC1 immunoreactive signal selectively comigrated with the
sperm-derived membrane fraction (Figure 1D), whereas the corre-
sponding cytosolic protein fraction revealed no obvious immunos-
taining (unpublished data). Finally, to evaluate whether TPC1 is also
expressed in human spermatozoa, we pooled ejaculated sperm of
healthy donors and subjected it to membrane fractionation and
separation via SDS-PAGE. Assessing immunostaining of the applied
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TPC1NK antibody, we found that the anti-TPC1NK IgG recognized
bands with molecular masses ~100 kDa (Figure 1E), which corre-
sponds well with the calculated molecular mass for human TPC1
(Homo sapiens, accession no. NP_001137291; 101.60 kDa). In addi-
tion, two smaller faint bands with a molecular mass of ~60 and
50 kDa, respectively, were visible.

To determine the subcellular expression pattern of TPC1, we
used the TPCTNK antibody for classic indirect immunocytochemical
staining, examining isolated epididymal mouse spermatozoa.
Although numerous attempts were made to improve saturation of
nonspecific binding sites of the anti-TPC1NK IgG (e.g., bovine se-
rum albumin [BSA], fetal calf serum; unpublished data), TPC1-null
sperm samples used as negative control did not allow conclusive
exclusion of the possibility of partial nonspecific background label-
ing of the anti-TPCINK antibody (unpublished data). Therefore
TPC1 expression was evaluated on ultrathin sections of adult mouse
testicular tissue of wild-type and TPC1-deficient males using immu-
nogold electron microscopy. On examination of longitudinal sec-
tions of elongated mouse spermatides of TPC1-deficient animals
(Figure 2, right, [-/-]), as well as sections of wild-type males, which
were incubated with only gold-conjugated anti-rabbit IgG (unpub-
lished data), no gold particles were detectable. However, in testis
tissue of wild-type animals, prominent immunogold labeling was
visible at the acrosomal sheath (Figure 2, TPC1 [+/+], arrowheads),
whereas no gold particles were detected at the principal piece and
midpiece region of the tail of wild-type sperm (Figure 2, TPC1 [+/+],
arrows). Furthermore, it was apparent that colloidal gold labeling
was restricted to a small region between the plasma membrane and
the subacrosomal space (Figure 2, TPC1 [+/+], arrowheads). Re-
markably, although inner and outer acrosomal membranes could
not be distinguished due to the embedding procedure essential for
electron microscopy (Weibull and Christiansson, 1986; Walensky
and Snyder, 1995), the distribution of gold particles followed the
contour of the outer acrosomal membrane, where they were ar-
ranged like pearls on a string.

NAADP-binding sites in epididymal mouse sperm visualized
by the NAADP antagonist trans-Ned-19

Because the acrosome has been described as representing a special-
ized lysosome-related Ca?* store (for review see Hartree, 1975;
Costello et al., 2009), we sought to assess whether NAADP-binding
sites are present at the acrosomal region of spermatozoa. Living
mouse sperm cells were incubated with the cell-permeable fluores-
cent NAADP antagonist trans-Ned-19 (Naylor et al., 2009; Rosen
et al., 2009). Subsequently trans-Ned-19 emission was detected us-
ing a blue/cyan long-pass 4’,6-diamidino-2-phenylindole (DAPI) filter.
To uncover possible autofluorescence of sperm at the excitation/
emission wavelengths of trans-Ned-19 (355/415 nm), which may arise
from endogenous fluorophores (Andersson et al., 1998), we also took
images from sperm incubated in capacitation buffer only. Figure 3A
shows that the sperm head did not show any blue autofluorescence
(Figure 3A, control, arrowhead), whereas the midpiece part of the
flagellum emitted strong autofluorescence signals (Figure 3A, con-
trol, arrow). A comparison of the fluorescence emission of sperm
loaded with trans-Ned-19 and capacitation buffer only confirmed a
similar blue fluorescence emission signal at the midpiece of the
sperm flagellum (Figure 3A, Ned19, arrow). However, two additional
stained subcellular structures were detectable: we observed promi-
nent labeling of the sperm neck (Figure 3B, Ned19, arrowhead), a
membranous structure, which might represent an intracellular Ca?*-
storage site in mammalian spermatozoa (Ho and Suarez, 2001; Bedu-
Addo et al., 2008). In addition, an intense fluorescence signal was
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FIGURE 1: TPC1 expression in reproductive tissue and mammalian spermatozoa. (A, B) Expression and membrane
localization of TPC1 in testicular and epididymal tissue. Equal amounts of crude tissue starting material (supernatant
1[S4]), as well as cytoplasmic (supernatant 2 [S;]) and membrane extracts (P,) of mouse wild-type (TPC1 [+/+]) and
TPC1-deficient (TPC1 [-/-]) testis (A) and epididymis (B), were subjected to SDS-PAGE and assayed for TPC1
immunoreactivity using the anti-TPC1NK antibody. Equal protein loading of tissue fractions derived from both
genotypes was verified using an antibody recognizing the raft marker protein caveolin-1 (Cav-1). Note that in wild-type
samples the anti-TPC1NK IgG-labeled immunoreactive bands were centered at a molecular mass of ~94 kDa in testis
(A) and epididymis (B), whereas in reproductive tissue of TPC1-null animals no immunostaining was detectable.
Comparing the labeling in the cytosolic (S;) and membrane fractions (P,), it is evident that the immunoreactive bands
were always enriched in the corresponding membrane protein fractions, whereas the cytosolic extracts showed no
obvious immunoreactivity. (C-E) Identification of TPC1 in rodent and human spermatozoa by immunoblot analysis. Equal
amounts of membrane fractions of mouse spermatozoa of TPC1 wild-type ([+/+]) and TPC1-knockout mice ([-/-]; C) and
membrane fractions of rat spermatozoa (D), as well as human sperm membranes (E), were separated by SDS-PAGE and
probed with the anti-TPC1NK IgG. On monitoring of sperm preparations of the three species for immunoreactivity,
bands with the expected size for TPC1 of ~94 kDa for rodents and ~100 kDa for humans were visible. The
immunoreactive bands with higher molecular masses indicate glycosylated forms of TPC1. Specificity of immunostaining
in rat and human sperm was confirmed upon neutralization of the primary antibody with the immunogenic peptide

(D and E, Ab + BP). For mouse sperm, germ cells of TPC1-knockout animals were examined as negative control

(C, [-/-]). A, B, and D show representatives of at least three independent experiments with tissue preparations of
different animals. For separated mouse (C, 19 animals) and human sperm (E, ejaculates of three healthy volunteers),
germ cells were pooled and fractionated; membrane proteins were subjected at least three times to Western blot
analyses. The caveolin-1 blot (Cav-1) served as loading control for epididymal mouse sperm. Left, positions of the
molecular weight standards in kilodaltons for each Western blot.
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FIGURE 2: Immunoelectron microscopic analysis of TPC1 in adult mouse testis. Ultrathin sections of adult mouse testis
of wild-type (left, TPC1 [+/+]) and TPC1-knockout males (right, TPC1, [-/-]) were labeled with anti-TPC1NK antibody,
followed by incubation with goat anti-rabbit IgG conjugated to colloidal gold particles. TPC1-null testis tissue and the
midpiece (mp) and proximal part of the principal piece (pp) of sperm tails of wild-type males did not show any
precipitated immunogold particles. However, in wild-type spermatides, immunogold particles were only detected at a
narrow area between the plasma membrane (pm) and the subacrosomal space (ss). This area holds membranes lining
the acrosome. Although these membranes were only poorly preserved due to the fixation and embedding procedure,
gold particles were found to follow the contour of the outer acrosome membrane. Images in the second line show
different tissue areas with similar gold particle distribution. nm, nuclear membrane; nu, nucleus.

visible at the convex side of the sperm head (Figure 3, A, Ned19, ar-
rowhead, and B, Ned19, arrowhead), indicating NAADP-binding
sites at two distinct intracellular Ca* reservoirs. To determine whether
NAADP-binding sites at the sperm head are indeed localized to the
acrosomal region, we used an acidotropic membrane-permeable
fluorescent probe, LysoTracker Red, which typically concentrates
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within the acrosome due to its luminal acidic pH (Moreno et al., 2000;
Sun-Wada et al., 2002). Figure 3B shows that capacitated epididymal
sperm incubated with LysoTracker Red displayed an intense labeling
of the acrosome (Figure 3B, Lyso, arrowhead), which showed the
same subcellular location as trans-Ned-19 (Figure 3B, Ned19, arrow-
head). The observation that NAADP-binding sites were indeed

Molecular Biology of the Cell



Localization of NAADP-binding sites and TPC1 in mouse spermatozoa.
(A) Subcellular localization of trans-Ned-19-binding sites in murine sperm. Epididymal mouse
sperm were incubated with 100 pM fluorescent NAADP antagonist trans-Ned-19 (Ned19), and
subsequently binding of trans-Ned-19 was examined microscopically. To visualize
autofluorescence under the excitation/emission conditions of trans-Ned-19, control sperm were
incubated in the corresponding buffer only. Note that trans-Ned-19-loaded sperm not only
show autofluorescence-derived tail staining, as observed for untreated sperm (control, arrow),
but in addition are characterized by an intense blue fluorescence signal located at the neck
region (Ned19, arrowhead)], as well as at the acrosomal cap (Ned19, arrowhead). The dotted
lines in the phase-contrast picture (right, top micrograph) border the sperm’s head and the
flagellum. Micrographs show representative images of at least three different sperm
preparations with comparable results. (B) Trans-Ned-19 binding is localized to the acrosomal
region. Isolated epididymal mouse sperm were probed with trans-Ned-19 (Ned19, blue), the
fluorescent acidotropic dye LysoTracker Red (Lyso, red), or the FITC-conjugated acrosomal
marker PNA (green), illustrating the position of the hook-shaped acrosome. Note that staining
with PNA as well as with LysoTracker Red shows the same subcellular distribution as labeling
with trans-Ned-19. The light micrograph of the mouse sperm head (top) marks the sperm
nucleus (nu), the apical acrosomal region (a), and part of the midpiece of the sperm tail (mp).
Arrowheads mark positive sperm acrosomal labeling. (C) Distribution of TPC1 in epididymal
mouse spermatozoa visualized via immunogold electron microscopy. Ultrathin sections of adult
mouse epididymis were labeled sequentially with anti-TPC1NK antibody, followed by incubation
with gold-conjugated anti-rabbit IgG. Note that immunogold particles are predominantly
localized at the acrosomal region of the sperm head between residues of the plasma membrane
(pm) and the nuclear membrane (nm). A few colloidal particles were also found associated with
the condensed DNA in the nucleus (nu).
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restricted to the acrosomal cap was further
confirmed using the acrosomal lectin marker
peanut agglutinin (PNA; Aviles et al., 1997,
Figure 3B, PNA, arrowhead). Examining the
ultrastructural localization of TPC1 in epididy-
mal spermatozoa, we again performed indi-
rect immunogold electron microscopy. Of
interest, we found that colloidal gold parti-
cles were predominantly localized at the
acrosomal tip. However, immunostaining
was also detectable at the postacrosomal re-
gion, where it was mainly concentrated be-
tween the plasma membrane and the nuclear
membrane (Figure 3C), indicating colocaliza-
tion with apparent NAADP-binding sites
(Figure 3B, Ned19).

Reproductive success of TPC1-deficient
mice
Our results indicate that TPC1 is present in
membrane fractions of testis and epididymis,
as well as in mature spermatozoa of differ-
ent mammalian species (Figure 1). Specifi-
cally, TPC1 immunoreactivity is localized to
the acrosomal region (Figures 2 and 3C).
Next we evaluated whether TPC1 plays a
functional role for successful fertilization.
We set up a systematic breeding scheme
with 8- to 16-wk-old homozygous (—/-]),
heterozygous ([+/-]), and wild-type ([+/+])
TPC1 mice. We analyzed litters for TPC1-
dependent alterations. We found that mice
bearing a null mutant in the TPCNT gene
were viable and grew normally with no ap-
parent malformation. Moreover, quantifying
standard reproduction parameters revealed
that all heterozygous and homozygous
TPC1-null breeding pairs were successful in
producing litters and showed no obvious
impairment in fertility regarding mean num-
ber of offspring per litter or sex distribution
among offspring (Table 1). However, exami-
nation of time intervals needed to success-
fully deliver showed that lack of TPC1 pro-
tein resulted in a longer time needed to
produce pups (Table 1), although the results
are not statistically significant: whereas wild-
type crosses ([+/+] x [+/+]) needed 33.6 +
2.3 d between consecutive litters, homozy-
gous TPC1 breeding pairs required 4 d lon-
ger (Table 1, [-/~] x [-/-], 37.1 £ 2.5 d);
heterozygous mating pairs needed interme-
diate intervals to successfully produce off-
spring (Table 1; [+/~] x [+/-], 34.5 £ 1.3 d).
A reproductive phenotype of a knockout
line can often only be recognized by com-
paring the genotype distribution of pups
obtained from heterozygous mating pairs
with the predicted Mendelian ratio of off-
spring ([+/+]:[+/~]:[-/~] = 1:2:1; Montoliu,
2012). Thus we calculated the frequency of
genotypes of offspring from heterozygous
TPC1 mating pairs. Of 681 genotyped pups
953
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Genotype of mating partners

Reproduction

parameter [+/+] x [+/+] [+/-1x[+/-] [-/-]x[-/-]
Litter size 64+0.2 6.5+0.1 6.2.£0.2
(breeding pairs/ (8/30) (26/105) (8/31)
litter)

Gender 571 52.8 48.5
(% males)

Time to litter (d) 33.6+£23 345+1.3 37.1+£25

In a continuous breeding study, fertility of TPC1-deficient breeding pairs
(heterozygous [+/-] x [+/-], homozygous [-/-] x [-/-]), and wild-type animals
([+/+] x [+/+]) was estimated by determining number of pups per litter (litter
size), sex ratio of pups (% males), and days between subsequent litters (time to
litter). Numbers in parentheses indicate number of mating pairs and number of
litters, respectively.

Data represent mean values + SEM; statistical analyses of litter size and time

to litter were performed using an unpaired Student’s t test comparing data of
TPC1-deficient mating and wild-type breeding pairs. Chi-squared test was used
to determine whether the sex ratio differed from the theoretical inheritance
mode (1:1); p < 0.05 was considered to be statistically significant.

TABLE 1: Fertility and outcome of systematic breeding of TPC1-
deficient mice.

from 105 litters, 51.84% were heterozygous for TPC1. However, the
percentage of pups with wild-type genotype was elevated (Figure 4;
29.37%) and the proportion of TPC1-null animals born was reduced
(18.80%; deviation from Mendelian ratio, p = 0.00031). Because
25% of pups derived from heterozygous breeding pairs should be
homozygous for TPC1, one might suggest that TPC1 deletion re-
sults in an overt subfertile reproductive phenotype (Langa et al.,
2003).

To understand the reason for the divergence from the Mendelian
inheritance ratio, we examined the effect of TPC1 deletion on testis
morphology and germ cell number of sexually mature wild-type,
heterozygous, and homozygous TPC1 animals. Data summarized in
Table 2 show that TPC1-null males had a slightly but not significantly
(p=0.188) reduced weight compared with wild-type mice; similarly,
testis to body weight ratio of TPC1-null animals (0.77 + 0.01%) was
reduced compared with wild-type animals (0.79 + 0.01%). To ana-
lyze whether the reduced testis weight has any effect on the dimen-
sion and/or cellular organization of seminiferous tubules, we exam-
ined histological hematoxylin-eosin—stained sections of testes of
TPC1 knockout animals and compared them with wild type. As ob-
served for the ultrathin sections examined with electron microscopy
(Figure 2), no obvious morphological abnormalities were visible on
comparing testes of TPC1-null males with wild-type animals. The
number and diameter of seminiferous tubules within the testis were
not reduced (unpublished data). The tubules exhibited the full spec-
trum of ordered concentric layers of developing germ cells, such as
spermatogonia, spermatocytes, and spermatids (Supplemental
Figure S3A, left pair; Chu and Shakes, 2012). The same was true for
the epididymis—the storage organ for mature spermatozoa (Robaire
et al, 2002)—whose epididymal ducts in the caudal and caput
regions were equally filled with mature spermatozoa (Supplemental
Figure S3A, right pair, arrow).

Because these observations suggest no considerable defects
in spermatogenesis upon TPCN1 gene deletion, we sought to ex-
amine the morphology and physiological function of mature cau-
dal spermatozoa of TPC1-deficient males. No obvious morpho-
logical defects of TPC1-null sperm were detectable in light
microscopic examinations of Coomassie blue—stained epididymal
spermatozoa. TPC1-deficient germ cells possessed a regularly
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FIGURE 4: Genotype distribution of pups produced by heterozygous
TPC1 breeding pairs. Frequency of genotypes of offspring from
heterozygous TPC1 mating pairs was determined in a continuous
breeding study. Columns represent the percentage of the registered
genotype of offspring; dashed red lines indicate expected frequency
based on Mendelian inheritance. Note that heterozygous intercrosses
produced fewer TPC1-mutant mice ([-/-]) than predicted from the
Mendelian distribution. Only 128 of 681 weaned pups from 105 litters
were homozygous for TPC1, resulting in a significant deviation from
Mendelian distribution of TPC1-null pups. Data present the ratio of
offspring of 26 heterozygous TPC1 breeding pairs. Numbers in the
columns represent numbers of pups for each genotype. The
significance of deviation from expected Mendelian ratio was tested
using chi-squared statistics.

formed straight tail and a falciform head with the typical apical
hook (Supplemental Figure S3B, CB). Moreover, in selective stain-
ing experiments with fluorescence-conjugated PNA, the typical
crescent moon shape of the acrosome was visible (Supplemental
Figure S3B, PNA). Next we assessed whether TPC1 deletion has
any effect on NAADP binding. We incubated epididymal sperma-
tozoa of wild-type and TPC1-null sperm of littermate males with
the NAADP antagonist trans-Ned-19 and examined them by fluo-
rescence microscopy. Although quantification of trans-Ned-19 la-
beling was not possible because trans-Ned-19 shows disturbing
fluorescence recovery after photobleaching (Meyvis et al., 1999),

Reproduction Genotype

parameter [+/+] [+/-] /-1
Testis to body 0.79 £0.01 0.77 £0.01 0.77 £0.01
weight ratio (%) (n=40) (n=28) (n=231)
Testis weight 104.7+£1.2 102.1+£1.5 101.7+£2.1
(mg) (n=91) (n=52) (n=57)
Sperm count 285+1.0 27.6+13 237 £ 1.1
(x10°) (n=45) (n=38) (n=30)

Adult male homozygous ([-/-]), heterozygous ([+/-]), and wild-type animals
([+/+]) with identical strain background and age were analyzed for total body
weight, testis weight (one testis), and number of sperm in the caudal part of
the epididymis. Note that the total number of sperm was significantly different
(p=0.0031) in homozygous TPC1-deficient males compared with wild-type
animals. Data are mean values £ SEM of 30-91 animals. Statistical analysis
was done using an unpaired Student’s t test comparing parameters of the two
TPC1-deficient genotypes with wild-type animals (**p < 0.01).

TABLE 2: Effect of TPC1 deficiency on testis weight and number of
caudal epididymal sperm.
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trans-Ned-19-derived acrosomal staining of TPC1-null sperm was
found to show the same acrosomal localization and comparable
signal intensity as fluorescence labeling of sperm of TPC1 [+/+]
littermates (Supplemental Figure S3B, Ned19). However, quantify-
ing total sperm counts isolated from the epididymis led to an in-
teresting observation (Table 2). In homozygous TPC1 [-/-] mice
the number of sperm cells was reduced ([23.8 + 1.2] x 10% p
=0.0031) compared with age-matched wild-type animals ([28.6 £
1.0] x 109). Total sperm counts from heterozygous TPC1 mice
showed values that were intermediate between those derived
from wild-type and TPC1-null animals ([27.6 £ 1.3] x 10°).

NAADP can trigger acrosome reaction in the absence

of extracellular Ca?*

The observation that efflux of Ca?* from the acrosomal storage site
is necessary to trigger the final exocytotic fusion step downstream
of the vesicle-associated small GTPase Ras-like guanine nucleotide—
binding protein (Rab3A; De Blas et al., 2002) and the visualization of
NAADP-binding sites at the acrosomal region (Figure 3B) prompted
us to test whether NAADP is able to trigger acrosome reaction in
mouse sperm. However, using the cell-permeant prodrug of NAADP
(acetoxymethyl ester of NAADP [NAADP-AM]) does not allow as-
sessment of the exact concentration of active NAADP within a cell.
Therefore we permeabilized the sperm plasma membrane with the
bacterial toxin streptolysine O (SLO; Johnson et al., 1999; Hutt et al.,
2005; Ackermann et al., 2009). Thus we were able to introduce
negatively charged NAADP into the cytosol of spermatozoa. How-
ever, this approach also allowed us to restrain acrosomal secretion
to the final fusion step of pore formation: Given that the permeabi-
lization of sperm required a transfer into Ca?*-free external solution
(Tomes, 2007; Materials and Methods), local increase in Ca?*, es-
sential for final fusion pore formation, solely originated from the
acrosomal storage site (Rossato et al., 2001; De Blas et al., 2002;
Herrick et al., 2005; Tsai et al., 2010; Bello et al., 2012).

To investigate the effect of NAADP on acrosomal secretion, we
incubated capacitated and SLO-permeabilized epididymal mouse
sperm in Ca?*-free KRB buffer supplemented with different NAADP
doses. We then quantified the acrosomal status. The specificity of
NAADP effects was assessed in parallel approaches in which cells
were incubated with equal concentrations of the inactive linear pre-
cursor of NAADP, nicotinamide adenine dinucleotide phosphate
(NADP; Lee, 2001; Galione et al., 2009). Furthermore, since physi-
ological acrosome reaction can only occur in fully capacitated sper-
matozoa (Sutton et al., 2008; Abou-Haila and Tulsiani, 2009), we
determined the ability of NAADP to increase the incidence of
acrosome reaction in uncapacitated sperm. These control experi-
ments with uncapacitated germ cells never showed a significant
increase in acrosomal secretion rates (Supplemental Table S1).

Mobilization of Ca?* from acidic intracellular stores is already
elicited at low, submillimolar NAADP concentrations (for review see
Galione and Ruas, 2005). Therefore we initially determined a dose—
response relationship for NAADP by incubating sperm for a NAADP
concentration range of 10-100 nM. Figure 5A shows that NADP
over the whole concentration range increases acrosomal secretion
rates only to ~1-2% above the spontaneous loss of the acrosomal
vesicle. However, NAADP elicited a much stronger and dose-de-
pendent increase in exocytosis with an apparent saturation at
~50 nM. Of interest, adding slightly higher NAADP doses (75,
100 nM) led to a steady decline in acrosome-reacted sperm, result-
ing in the characteristic self-inactivation phenomenon of NAADP-
elicited responses (Cancela et al., 1999; Berg et al., 2000; Galione
and Ruas, 2005; Galione, 2011; Tugba Durlu-Kandilci et al., 2010;
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Zhang et al., 2012). So far the data suggest that NAADP is able to
trigger acrosome reaction in permeabilized sperm and that addi-
tional extracellular Ca?* is not required. Next we assessed whether
other NAADP targets with lower NAADP affinities were also involved
in triggering acrosomal exocytosis. We used a higher concentration
range of NAADP and NADP (250 nM to 100 uM). Figure 5B shows
that sperm incubated with higher NAADP doses underwent signifi-
cant acrosomal exocytosis with one additional bell-shaped curve,
which peaked at 1 uM NAADP, whereas NADP elicited significant
acrosomal secretion only at extremely high doses (100 pM). Of inter-
est, data on the full dose relationship for NAADP (Figure 5, A and B)
showed that the two clearly detectable maxima of NAADP-evoked
responses at submillimolar NAADP doses (50 nM, 1 pM) are in strik-
ing agreement with intracellular NAADP concentrations determined
for ligand-induced NAADP accumulation (Churchill et al., 2003;
Masgrau et al., 2003; Yamasaki et al., 2005; Gasser et al., 2006;
Lewis et al., 2012; Schmid et al., 2012). Thus NAADP elicited
acrosomal exocytosis could already be detected at physiological
purine nucleotide concentrations.

A specific feature of NAADP-induced cellular reactions is a
selective inhibition by its noncompetitive antagonist trans-Ned-19
(Churchill and Galione, 2000; Naylor et al., 2009; Rosen et al., 2009;
Pitt et al., 2010). Therefore we next investigated the effect of trans-
Ned-19 on NAADP-evoked acrosome reaction. First we assessed
whether trans-Ned-19 has any effect on spontaneous loss of the
acrosome of capacitated mouse sperm. However, half-maximal in-
hibitory concentration of trans-Ned-19 strongly depends on the ex-
amined cell type (Naylor et al., 2009; Rosen et al., 2009; Arredouani
et al.,, 2010; Ruas et al., 2010). Therefore effects of trans-Ned-19 on
the incidence of spontaneous acrosome reaction were first deter-
mined for low (100 nM) and high (100 uM) trans-Ned-19 concentra-
tion. The results summarized in Figure 5C show that treatment of
permeabilized sperm with 100 nM trans-Ned-19 (Figure 5C,
+0.1 pM Ned19) did not significantly affect acrosomal status com-
pared with sperm incubated with control buffer (Figure 5C, control).
However, upon application of 100 uM trans-Ned-19, spontaneous
acrosome reaction rate was significantly increased (Figure 5C,
+100 uM Ned19, p = 0.0020). Remarkably, 100 pM trans-Ned-19
was also found to slightly potentiate NAADP-induced acrosomal se-
cretion rates (Supplemental Figure S4A). Moreover, increase in cyto-
solic Ca2* was elicited upon treating capacitated sperm with 100 uM
trans-Ned-19 (Supplemental Figure S4B). Thus high trans-Ned-19
concentrations seem to mimic the action of NAADP (Pitt et al.,
2010). Consequently, we evaluated whether a trans-Ned-19 dose
that did not affect spontaneous acrosomal secretion antagonizes
NAADP-induced acrosome reaction. Permeabilized sperm were ei-
ther transferred to KRB buffer supplemented with NAADP, or
acrosomal exocytosis elicited by NAADP was initiated in the pres-
ence of 100 nM trans-Ned-19. Because the results of our dose—re-
sponse analyses reveal maximal responses at two NAADP doses,
the effect of 100 nM trans-Ned-19 was determined for 50 nM and 1
pM NAADP peak concentrations (Figure 5, A and B). In addition,
50 pM was applied as a control throughout to ensure NAADP deliv-
ery to the cell (Figure 5, A and B). Moreover, acrosomal secretion
rates were calculated as percentages of maximal responses regis-
tered upon treatment of sperm with high extracellular Ca* (Materials
and Methods, acrosomal exocytosis index) to make results compa-
rable to other presented experiments. Data illustrated in Figure 5D
show that low trans-Ned-19 doses attenuated responsiveness in-
duced by all three NAADP doses. However, significant inhibitory
effects were only detectable at low NAADP doses: at 50 nM NAADP,
the acrosomal secretion rate was attenuated to 14.2 + 3.2%
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FIGURE 5: Effects of NAADP and its antagonist trans-Ned-19 on acrosome reaction.

(A) Concentration response curve of low doses of NAADP on acrosome reaction in spermatozoa
isolated from BALB/c mice. To evaluate whether NAADP or its structurally related metabolic
precursor NADP influences acrosome reaction, capacitated epididymal spermatozoa were
permeabilized with the bacterial toxin SLO and treated for 30 min at 37°C with a narrow range
of low doses of either NAADP or NADP (10-100 nM), respectively. Subsequently, acrosomal
status was blindly quantified by counting a minimum of 200 sperm/slide. The percentage of
induced acrosome reaction of NAADP-reacted sperm over the whole applied concentration
spectrum was calculated. A significant elevation in acrosomal exocytosis was visible, following a
bell shape with a maximal response at ~50 nM NAADP. In contrast, NADP-treated sperm showed
only weak increase in the percentage of acrosome-reacted sperm. (B) Elevation of acrosome
reaction monitored over a high concentration range of NAADP and NADP. To assess the effect
of high NAADP doses, a concentration range of 100 nM to 100 pM was applied. Note that the
inactive analogue NADP only elicited significant acrosomal secretion at extremely high (100 pM)
concentrations. However, NAADP induced significant acrosomal secretion with maxima at 1 and
50 uM NAADP, respectively. Data in A and B are mean values + SEM and were normalized by
subtracting the percentage of acrosome-reacted spermatozoa of each experiments after 90-min
capacitation (NAADP: 14.6 + 1.7%; NADP: 9.1 £+ 1.3%). The data were collected from
independent experiments (5 NADP; 14 NAADP) with different mouse sperm preparations.
Statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) was considered if data were different
from rates of spontaneous loss of the acrosomal vesicle (A, 0 nM NAADP/NADP). (C) Effect of
the NAADP antagonist trans-Ned-19 on spontaneous acrosome reaction. Capacitated and
permeabilized mouse spermatozoa were incubated for 30 min in KRB/SLO buffer or in
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permeabilization buffer supplemented with
either low (100 nM) or high (100 pM)
trans-Ned-19 doses. Efficiency of SLO
permeabilization was verified by stimulating
sperm with 10 mM CaCl, (Ca?*). Note that in
the presence of high trans-Ned-19
concentration, spontaneous loss of the
acrosomal vesicle was significantly elevated
compared with samples incubated in control
buffer. Low trans-Ned-19 did not affect basal
acrosomal status. Data represent the mean
values of acrosome reacted sperm = SEM of
six independent experiments with different
mouse sperm preparations (***p < 0.001)
compared with samples incubated in KRB/
SLO buffer only (control). (D) Effect of 100 nM
trans-Ned-19 on NAADP-induced acrosome
reaction. To assess whether low trans-Ned-19
concentrations antagonize NAADP-induced
acrosome reaction, capacitated and
permeabilized sperm were stimulated with
either NAADP doses found to elicit maximal
acrosomal secretion rates (50 nM, 1 pM,

50 pM) or one of the three NAADP doses
together with trans-Ned-19. Note that

100 nM trans-Ned-19 significantly reduced
responsiveness induced by 50 nM and 1 pM
NAADP, whereas acrosomal secretion elicited
by 50 uM NAADP was only slightly
attenuated. Results presented are mean
values = SEM of acrosomal exocytosis index
and are the average of six independent
experiments. Statistical significance (paired
Student’s t test; p < 0.05; n.s., not significant)
was calculated by comparing samples only
stimulated with one of the three NAADP
doses with corresponding probes incubated
with NAADP together with trans-Ned-19.

(E) Effect of trans-Ned-19 on Zona pellucida—
induced acrosome reaction. To assess
whether an NAADP-controlled signaling
pathway is operative in driving acrosomal
exocytosis under physiological conditions,
capacitated but nonpermeabilized sperm
were treated for 30 min at 37°C with
solubilized Zona pellucida (10 zonae/ul cell
suspension), or, alternatively, Zona pellucida
stimulation was performed in the presence of
the NAADP antagonist trans Ned-19

(100 nM). Note that Zona pellucida
stimulation elevated exocytosis to a mean
value of ~23.35 + 5.04% (Zona) compared
with sperm incubated in the respective buffer
used to solubilize and dilute isolated Zona
pellucida (buffer: 6.31 + 1.43%). However,
simultaneous application of trans-Ned-19
resulted in a significant (p < 0.013) reduction
in acrosomal exocytosis (Zona + Ned19:
12.33 + 3.06%). Data, calculated as absolute
percentages of acrosome-reacted sperm,
represent mean values + SEM of five
independent experiments with different
mouse sperm preparations. Statistical
significance (*p < 0.05) was considered if data
were different from secretion rates of germ
cell samples stimulated with purified Zona
pellucida.
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compared with the signal induced by NAADP alone (p = 0.015),
whereas at 1 pM NAADP a significant reduction to 14.2 £ 2.5% was
seen (p=0.011).

The physiological ligand to drive the acrosome reaction is the
Zona pellucida of the mature oocyte (Wassarman, 2008). To assess
whether NAADP is indeed functionally involved in physiological
acrosome reaction, we quantified the effect of trans-Ned-19 on
Zona pellucida-induced acrosome reaction. Capacitated and non-
permeabilized sperm were simultaneously treated with solubilized
Zona pellucida and 100 nM trans-Ned19 before the acrosomal sta-
tus was quantified. Figure 5E shows that stimulation of spermatozoa
with Zona pellucida elevated the exocytosis to a mean of ~23.35 +
5.04% (Figure 5E; Zona), whereas secretion rates of sperm incu-
bated in buffer used to dilute Zona only slightly increased (buffer:
6.31 £ 1.43%) compared with spontaneous loss of the acrosomal
vesicle (control: 2.68 £ 0.61%). Comparison of the effect of germ
cells incubated with trans-Ned-19 together with solubilized Zona
pellucida showed significant (p = 0.0136) reduction in acrosomal
exocytosis (Zona + Ned19: 12.33 £ 3.06%).

These results indicate that an NAADP-pathway indeed triggers
acrosome reaction in spermatozoa under physiological conditions.
However, since the IP3-R was found to be also functionally operative
in inducing acrosome reaction by mobilizing Ca?* from the acrosomal
storage site (Herrick et al., 2005; Zanetti and Mayorga, 2009), we
next examined a possible functional interrelation between the acidic
acrosomal Ca?* storage site and the ability of NAADP to trigger
acrosome reaction. Although the functional role of the RyR in mam-
malian sperm is less clear (for review see Costello et al., 2009), we
also tested its involvement in the NAADP-triggered acrosome reac-
tion. We used selective antagonists of the two most common intra-
cellular Ca?* channels, ruthenium red (RR) for the RyR (Tapia and
Velasco, 1997) and 2-aminoethyldiphenyl borate (2-APB) for the IP3-
R (Maruyama et al., 1997). In initial control experiments in which ca-
pacitated and permeabilized mouse sperm were incubated in buffer
supplemented with either 2-APB or RR, no effects of the two inhibi-
tors were detectable on spontaneous acrosomal exocytosis (Supple-
mental Figure S5A). Next we examined the effects of RR and 2-APB
at distinct NAADP doses triggering maximal secretion responses
(Figure 5, A and B, 50 nM, 1 uM, 50 pM). Supplemental Figure S5B
shows that RR slightly attenuates acrosome reaction rates at all three
NAADP concentrations. However significant effects were detect-
able only at very high NAADP doses (Supplemental Figure S5B,
50 uM NAADP). With regard to the effect of the IP3-R antagonist
2-APB, a more pronounced and significant attenuation was regis-
tered for all three applied NAADP doses, with the strongest inhibi-
tion detectable at the two low physiological NAADP doses (Supple-
mental Figure S5C, 50 nM and 1 uM NAADP).

Our observation of a colocalization of NAADP-binding sites and
TPC1 (Figure 3) raises the question of a functional role of TPCs in
mediating acrosome reaction. To address whether NAADP-induced
Ca?* mobilization is generally affected upon TPC1 deletion, we
stimulated wild-type and TPC1-deficient sperm with trans-Ned-19
doses eliciting an increase in intracellular Ca* (Figure 5C and Sup-
plemental Figure S4B). Figure 6A shows that stimulation of wild-
type sperm with 100 uM trans-Ned-19 resulted in a fast and tran-
sient Ca?* signal. However, in TPC1-null sperm, no difference in the
kinetics and magnitude of the response to 100 uM trans-Ned-19
was detectable (Figure 6A, TPC1 [-/-] 100 uM Ned19). To test
whether TPCNT gene deletion generally hampers acrosomal exocy-
tosis, we initially determined spontaneous loss of the acrosomal
vesicle in sperm of TPC1-null and wild-type spermatozoa. To evalu-
ate whether TPC1 deletion impairs the acrosomal exocytotic
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machinery, we quantified the stimulatory effect of direct increase in
cytosolic Ca?* on acrosomal loss. We incubated in vitro capacitated
sperm in KRB buffer supplemented with 10 mM CaCl, or 10 mM
CaCl; together with 10 pM Ca?* ionophore A23187 (Kirkman-Brown
et al., 2002). As expected, on quantifying the proportion of sponta-
neous loss of the acrosomal vesicle after 90 min (Figure 6B, 90 min)
followed by additional incubation in KRB buffer supplemented with
SLO (Figure 6B, 120 min), we found that acrosome reaction rates of
sperm of both genotypes constantly increased over time (Nakanishi
et al., 2001). However, in calculating statistical differences between
spontaneous acrosome reaction rates between sperm of wild-type
and TPC1-null sperm, we found no significant differences. The same
was true when CaCl, and CaCl, supplemented with A23187 were
added to both sperm populations. CaCl, (Figure 6B, Ca?*), as well
as CaCly plus A23187 (Figure 6B, Ca?* + A23187), led to consider-
able enhancement of acrosomal secretion rates in sperm of both
genotypes compared with spontaneous loss of the acrosomal vesi-
cle upon capacitation. However, average percentages of TPC1-null
sperm that had undergone acrosome reaction were not significantly
different from those of wild-type sperm (Figure 6B). Because these
results imply that the acrosomal machinery in TPC1-deficient germ
cells is intact, the potency of NAADP to elicit acrosome reaction was
determined in TPC-null sperm. We incubated capacitated sperma-
tozoa of wild-type and TPC-null males with one of the three maxi-
mally active NAADP doses (Figure 5, A and B) before quantifying
acrosome reaction rates. Data summarized in Figure 6C illustrate
that very low (50 nM) and high NAADP doses (50 pM) elicited a
strong increase in acrosome reaction rates in TPC1-null mutant
sperm, which was not significantly different from the percentage of
acrosome reaction rates in wild-type sperm. However, comparing
the percentages of acrosome reaction induced upon application of
1 pM NAADP between TPC1-deficient and wild-type sperm re-
vealed an unresponsiveness of TPC1-deficient spermatozoa to low,
micromolar NAADP doses (Figure 6C).

DISCUSSION

Phylogenetically preserved role of NAADP in fertilization
Given studies on different species of echinodermata, which repre-
sent traditional model organisms with which to study principles of
reproduction (Neill and Vacquier, 2004), and results from our pres-
ent study on fertilization in mammals, we postulate a phylogeneti-
cally preserved role of NAADP in triggering acrosome reaction. This
ranges from animals with external fertilization to animals that fertilize
internally. In sea urchins, contact of sperm with glycoproteins of the
egg jelly layer—the physiological signal for sperm to undergo
acrosome reaction (Trimmer and Vacquier, 1986)—elicits a rapid and
transient elevation in the concentration of intracellular NAADP
(Churchill et al., 2003), which might be synthesized by a Ca?*-regu-
lated NAADP synthase (Vasudevan et al., 2008). In addition, based
on use of vesicular fractions of spermatozoa that represent a mixture
of acrosomal vesicles and resealed plasma membranes, NAADP
was found to promote an increase in intravesicular Ca?* (Vasudevan
et al., 2010). Our results presented here document for the first time
that physiological NAADP concentrations can trigger fusion of the
acrosomal vesicle in mouse spermatozoa (Figure 5, A and B) and
that Zona pellucida-induced acrosome reaction is blocked by the
NAADP antagonist trans-Ned-19 (Figure 5E). NAADP-mediated fu-
sion of lysosome-related organelles is relevant not only for male
germ cells but also for the oocyte: Ca?*-regulated exocytosis of
acidic dense-core granules of sea urchin eggs, which also represent
functional homologues of endo/lysosomes (McNeil et al., 2000),
were indeed the first lysosome-related organelles in which the
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FIGURE 6: Comparison of trans-Ned-19-induced Ca?* increase and acrosome reaction rates in
TPC1-deficient and wild-type sperm. (A) Time course of trans-Ned-19-induced increase in [Ca?*];
in TPC1 wild-type and TPC1-deficient sperm. To compare directly the effect of TPCN1 gene
deletion on trans-Ned-19-induced increase in [Ca®*];, capacitated wild-type [+/+] and TPC1-null
sperm [-/-] were loaded with the Ca?* fluorescent dye Fluo8-AM (10 pM). Fluorescence intensity
was determined at the excitation wavelength of Fluo8-AM (485 nm) using a yellow fluorescent
protein filter and a microscope-based imaging system. After a 30-s baseline interval to
determine the Fluo8 fluorescence intensity in the head region of adhered sperm, 100 pM
trans-Ned-19 was added. Note that sperm of both genotypes responded with a comparable
transient increase in [Ca?*]; to stimulation with trans-Ned-19. Fluorescence intensity, recorded in
2-s intervals, was normalized to the initial values of each single cell and is presented as
percentage of basal Fluo8 emission (F/Fp). Data show mean values + SEM of sperm preparations
of three TPC1 wild-type and knockout animals (total number of measured sperm, 14-35 cells/
animal). (B) Comparison of spontaneous acrosome reaction rates of TPC1-deficient and
wild-type spermatozoa. Spontaneous loss of the acrosomal vesicle was quantified via incubation
of spermatozoa of wild-type and TPC1-deficient animals for either 90 min in capacitation buffer
or KRB buffer supplemented with SLO (120 min). In addition, permeabilized sperm were treated
with 10 mM CaCl; (Ca?*) or 10 mM CaCl, together with 10 uM of the Ca?* ionophore A23187
(Ca?* + A23187). CaCly, as well as CaCl, plus A23187, markedly increased acrosomal secretion
rates in sperm of both genotypes when compared with the basic level of spontaneously
acrosome-reacted spermatozoa ([+/+], 16.58 + 1.81%,; [-/-], 16.58 + 0.68%). However, in
calculating statistical differences between acrosome reaction rates between sperm of both
genotypes, no significant differences (p < 0.05) were detected. (C) NAADP-induced acrosome
reaction in sperm of TPC1-null mice compared with wild-type spermatozoa. Capacitated and
permeabilized epididymal sperm of TPC1-knockout and wild-type animals were stimulated with
NAADP, and acrosome reaction rates were determined. Because dose-dependent relationship
analyses show three response peaks for NAADP, NAADP doses inducing maximal acrosomal
secretion rates were applied (50 nM, 1 pM, 50 pM). Quantification of the acrosomal status of
treated sperm revealed that very low (50 nM) and high NAADP doses (50 pM) elicited strong
increase in acrosome reaction rates in TPC1-null sperm, which was not significantly different
from the percentage of acrosome reaction in wild-type sperm. However, comparing the
elevation in the percentage of acrosome reaction induced upon application of 1 yM NAADP
wild-type sperm shows the expected increase in acrosome reaction rate. In contrast, TPC1-
deficient spermatozoa did not show responsiveness to this NAADP concentration. Data
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Ca?*-mobilizing ability of NAADP was dis-
covered (Churchill et al., 2002). However,
the second messenger NAADP seems to
play an important role in the process of final
gamete fusion. A small “trigger bolus” of
NAADP (Morgan, 2011) generated in sperm
upon egg contact may be transferred to the
egg and thereby contribute to the charac-
teristic cortical Ca?* flash reaction (Lim et al.,
2001; Churchill et al., 2003; Moccia et al.,
2006), essential to prevent polyspermic fer-
tilization (Jaffe, 1976). Regarding these criti-
cal functions of NAADP during the sequen-
tial process of fertilization, we speculate that
defects in NAADP-controlled cellular reac-
tions may result in reduced fecundity or
even infertility. It is worth mentioning that
sperm of Niemann-Pick type C1 (NPC1)-
deficient mice, a metabolic disorder charac-
terized by reduction in lysosomal Ca?* stor-
age capacity (Lloyd-Evans et al., 2008;
Karten et al., 2009), are unable to fuse with
a mature egg (Fan et al., 2006; Butler et al.,
2007). Whether infertility of NPC1-knockout
mice is de facto the result of a dysfunction in
NAADP-promoted “acidic Ca?* store mobi-
lization"” (Patel and Docampo, 2010) in germ
cells or whether sterility is a consequence of
abnormal cholesterol accumulation in the
late endocytic pathway described for other
cells (Rosenbaum and Maxfield, 2011) needs
to be examined in future studies.

Functional significance of NAADP in
driving acrosome reaction

One of the characteristic features of the
acrosome reaction is that fusion between
the outer acrosomal membrane and the fac-
ing plasma membrane occurs at multiple
loci (Barros et al., 1967; Harper et al., 2008).
This is particularly important for spermato-
zoa, as complete fusion of the acrosomal
vesicle not only allows the entire release of
digestive enzymes, but also ensures expo-
sure of the whole inner acrosomal mem-
brane to enable fusion with the oocyte'’s
plasma membrane. However, the regulatory
relationship between the zipper-like fenes-
tration of the two membranes and the re-
lease of acrosomal Ca?*, essential for final
fusion pore formation (De Blas et al., 2002;
Herrick et al., 2005), has only been partially
defined. The results of the present study

presented as acrosomal exocytosis index are
mean values + SEM of independent
experiments with different mouse sperm
preparations ([+/+], n=10; [-/-], n=9).
Statistical analysis was done using an
unpaired Student’s t test comparing the
acrosomal exocytosis index of sperm of both
genotypes. ***p < 0.001; n.s., not significant.
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show for the first time that NAADP is inducing acrosome reaction at
physiological concentrations and without any additional extracellu-
lar Ca?*. Furthermore, maximal percentages of NAADP-induced
secretion rates (Figure 5A) were in the same range as those directly
induced by the acrosomal Ca?* inducer Rab3A (Yunes et al., 2000;
De Blas et al., 2005). Remarkably, the IP3-R antagonist 2-APB attenu-
ated NAADP-induced acrosome reactions (Supplemental
Figure S5C). Moreover, colocalization of IP3-R and TPC1 in deter-
gent-resistant lipid raft platforms (Supplemental Figure S6) was ob-
served. These lipid rafts embody a membrane-organizing principle
of spatial sequestration, which leads to a subcellular concentration
of components of the secretory machinery at the “acrosomal syn-
apse” (Zitranski et al., 2010), the posterior region of the sperm head
(Gadella et al., 2008; Nixon and Aitken, 2009; Zitranski et al., 2010).
Thus it is tempting to speculate that the “trigger hypothesis” postu-
lated for NAADP (Churchill and Galione, 2001; Patel et al., 2011)
also controls acrosomal secretion. Sensitization of adjacent IP3-R
may subsequently promote greater Ca?* efflux from the acrosomal
vesicle, followed by formation of fusion pores at multiple sites. How-
ever, direct experimental evidence that NAADP is indeed inducing
release of acrosomal Ca?*, essential to achieve activation of IP3-R, is
lacking (for review see Rossi et al., 2012). Initial experimental ap-
proaches in which we stimulated spermatozoa with the membrane-
permeable NAADP-AM did not lead to detectable changes in intra-
cellular calcium concentration ([Ca?*]). This might be due to the
extreme instability of NAADP-AM in aqueous solutions (Parkesh
etal., 2008). Another possible explanation is that NAADP-promoted
responses in sperm are very small and spatially restricted, as de-
scribed for TPC1 (for review see Zhu et al., 2010b; Galione et al.,
2011). Moreover, depletion of the acidic acrosomal Ca?* store with
the vacuolar H*-ATPase inhibitor bafilomycin (Drose and Altendorf,
1997) is not possible because bafilomycin treatment already elicits a
loss of the acrosome (unpublished data), even in Ca?*-free media
(Nakanishi et al., 2001). Thus future studies are necessary to clarify
whether NAADP is indeed able to mobilize Ca?* from the lysosome-
related acrosomal vesicle.

Relationship between TPCs and NAADP

Our finding that NAADP is able to drive acrosomal secretion raises
the important question of the molecular identity of channel proteins
that functionally link the second messenger NAADP to acrosomal
exocytosis. Although there is accumulating evidence that TPCs do
not directly bind NAADP but require specific, yet-unidentified “me-
diator” proteins (Lin-Moshier et al., 2012; Walseth et al., 2012), they
have been suggested to represent molecular targets of NAADP (for
review see Galione et al., 2011; Hooper and Patel, 2012). The pres-
ent study shows that NAADP-binding sites and TPC1 colocalize at
the acrosomal Ca?* store (Figures 2 and 3). Furthermore, NAADP-
triggered acrosome reaction reflects typical properties described
for TPC proteins (for review see Galione et al., 2009; Hooper and
Patel, 2012). 1) Registered responses were not detected for its
chemical analogue NADP (Figure 5, A and B) and 2) were blocked
by its antagonist trans-Ned-19 (Figure 5D). In addition, 3) NAADP-
induced acrosomal secretion was already detectable when applying
NAADP doses quantified upon ligand stimulation (Churchill et al.,
2003; Masgrau et al., 2003; Yamasaki et al., 2005; Gasser et al.,
2006; Lewis et al., 2012; Schmid et al., 2012). 4) Acrosomal secretion
shows typical self-inactivation properties at higher NAADP doses
(Aarhus et al., 1996). Remarkably, on comparing acrosomal secre-
tion rates induced by physiological intracellular NAADP concentra-
tions, two-well-defined and nonoverlapping U-shaped response
curves were apparent (Figure 5, A and B, 50 nM, 1 pM). Further-
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more, acrosome reaction induced by low, micromolar NAADP con-
centrations was completely absent in sperm of TPC1-deficient mice
(Figure 6C). This confirms our suggestion that two independent
NAADP pathways are functionally operative in triggering acrosomal
secretion. Because responses at nanomolar NAADP doses are not
affected upon TPCN1 gene deletion, one might suggest that the
registered moderate reproductive phenotype of the TPC1-knockout
mouse strain may in part be due to a functional compensation of
other NAADP targets. In this context it is important to note that
TPC2 shows maximal responses at an intracellular NAADP concen-
tration of ~30 nM (Calcraft et al., 2009; Zong et al., 2009; Galione
et al, 2011). One may speculate that TPC2 could be the corre-
sponding molecular NAADP target, as the high-affinity NAADP
pathway triggering acrosomal secretion peaks at ~50 nM NAADP
(Figure 5A), and transcripts for TPC2 are present in reproductive tis-
sue (Supplemental Figure S1). We currently cannot exclude that
other NAADP-sensitive channels residing in membranes of acidic
lysosome-related organelles are operative in controlling acrosomal
secretion (for review see Kilfoil et al., 2009; Sumoza-Toledo and
Penner, 2011; Guse, 2012). However, TPC2-knockout mice are also
characterized by a subtle phenotype (Calcraft et al., 2009). Thus we
suggest a high degree of functional redundancy for TPC subtypes
and/or other mediators of Ca?* signaling (Zhu et al., 2010b), which
might be important to ensure success of fertilization. Therefore it
will be interesting to characterize the reproductive phenotypes of
mice carrying a targeted gene deletion for both TPCN1 and TPCN2.
However, the observation that the same second messenger at dif-
ferent concentrations elicits activation of different molecular targets,
which in the end converge on the same cellular response, may also
be important to ensure fusion of the large acrosomal vesicle. In sea
urchin spermatozoa, egg-contact-induced increase in NAADP is
characterized by rapid (2 min) and very transient kinetics (Churchill
et al.,, 2003), a phenomenon characteristic of NAADP-dependent
responses (Aley et al, 2013). Owing to possible rapid catabolic
inactivation of NAADP (Billington et al., 2004) and reduction in the
local NAADP concentration by diffusion, it is apparent that egg-
induced NAADP increase at the tip of the acrosomal cap rapidly
decreases (Buffone et al., 2009), leading to low local NAADP con-
centration at the posterior region of the acrosome. To ensure robust
NAADP-evoked response over the entire acrosomal area, NAADP
targets with extremely high affinities for NAADP are of functional
importance. However, whether the two NAADP-gated targets trig-
gering acrosome reaction are indeed essential to precisely adjust
local NAADP concentration to an activation of adjacent acrosomal
IP3-R and whether this mechanism is also operative in other cellular
systems where NAADP controls regulated exocytosis (for review see
Galione, 2011; Hooper and Patel, 2012) need to be explored in fu-
ture studies.

MATERIALS AND METHODS

Animal and human studies

All experiments comply with Principles of Animal Care, publication
no. 85-23, revised 1985, of the National Institutes of Health and with
the current laws of Germany.

Human semen samples were obtained by masturbation from
healthy volunteers with written informed consent and used in anon-
ymous form. According to current German laws, no further approval
was necessary for noninvasive recovery of samples from volunteers.

Animals and antibodies
Male adult mice (C57BL/6 and BALB/c) and rats (Wistar) were raised
at the Ludwig-Maximilians-University of Munich (Munich, Germany)
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and kept at a 12-h light/dark cycle with food and water ad libitum;
mice were kept in an individually ventilated cage system provided
by Techniplast (Hohenpeissenberg, Germany). Mice with a gene-
targeted deletion of TPCN1 were constructed by excision of exon 3
of the TPCN1 gene sequence using the Cre-loxP recombination sys-
tem (N.K., unpublished data) and were bred on a mixed (129SV and
C57BL/6) background (backcrossed to C57BL/6 in third generation).
Littermate wild-type animals or animals with identical genetic back-
ground and age were used as control as indicated for each set of
experiment.

To identify TPC1 and TPC2 in mouse and rat spermatozoa, we
used the following antibodies: a polyclonal rabbit anti-TPC1 antibody
recognizing a synthetic peptide from the C-terminal region of mouse
TPC1 (ab80961; Abcam, Cambridge, United Kingdom), as well as a
polyclonal goat anti-TPC1 raised against an epitope mapping the
C-terminus of TPC1 of human origin, which was also suggested to
recognize TPC1 of mouse andrat (sc-67973; Santa Cruz, Biotechnology,
Heidelberg, Germany). In addition, an affinity purified rabbit anti-
TPC1 specific antibody, named TPC1NK, was used which was gener-
ated against a C-terminal epitope of the murine TPC1 protein
(J.C. and N.K., unpublished data). To identify the TPC2 protein,
two different antisera, each generated against a mouse-derived syn-
thetic peptide specific for the cytoplasmic domain of TPC2, were
used (@b81101, Abcam; ABIN351016, antibodies-online, Aachen,
Germany). To test for the specificity of TPC-specific antisera, we ex-
plored antigenic peptides used to generate subtype-specific anti-
TPC antibodies. To this end, antisera were pretreated with 10-fold
excess of the corresponding immunogenic peptide; efficiency of
neutralization was then tested in immunohistochemical and immuno-
cytochemical analyses performed as described (Meyer et al., 2012) or
in Western blot analyses (Ackermann et al., 2008). In addition, speci-
fications of the applied anti-TPC1 antibodies were expanded by
examining respective tissues (kidney, testis, epididymis, spermatozoa)
from the TPC1-knockout mouse line.

Streptolysine O permeabilization and acrosome reaction
assay

SLO plasma membrane permeabilization of mouse spermatozoa
was accomplished as described previously (De Blas et al., 2005; Hutt
et al., 2005; Ackermann et al., 2009). Briefly, capacitated spermato-
zoa (90 min) diluted to (5-10) x 10° sperm/ml were permeabilized
for 30 min at 37°C in modified Krebs-Ringer bicarbonate buffer
(KRB; 5.6 mM glucose, 0.55 mM sodium pyruvate, 25 mM NayHCO3,
53 mM sodium lactate, 99.6 MM NaCl, 4.8 mM KCl, 1.2 mM K,HPOy,,
1.2 mM MgSOy; pH 7.4), supplemented with 5 U/ml SLO (KRB/
SLO). Because sperm permeabilization allows free access of the
purine nucleotides into the sperm’s cytosol (Branham et al., 2006;
Diaz et al., 1996), calculated NAADP and NADP concentrations dur-
ing the process of sperm permeabilization correspond to intracel-
lular purine nucleotide concentrations. Aliquots of 100 mM stock
solutions of either NAADP or NADP (diluted in double-distilled wa-
ter and stored at —20°C) were thawed on ice. Before full sperm ca-
pacitation, appropriate predilutions were prepared in KRB/SLO buf-
fer, thoroughly mixed, and used to make KRB/SLO buffer solutions
with a 10-fold higher NAADP/NADP concentration than intended
for sperm stimulation. Subsequently, a 20-ul aliquot of each puridine
nucleotide solution was mixed with 180 pl of the sperm suspension,
also diluted in KRB/SLO, and sperm were incubated for 30 min at
37°C. Of importance, stock solutions and predilutions of puridine
nucleotides were thawed only once. Moreover, to ensure proper
sperm permeabilization, elevation of acrosomal secretion of each
sperm preparation was determined after increasing extracellular
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calcium to 10 mM:; results for which the rate of acrosome reaction
induced by high extracellular CaCl, was not >10% were not in-
cluded. As negative controls, uncapacitated as well as nonperme-
abilized sperm were assessed for NAADP responsiveness. Under
both conditions, NAADP at different concentrations did not elicit
significant elevation in acrosomal secretion rate (Supplemental Ma-
terial and Tables 1 and 2).

To analyze the effect of the RyR antagonist ruthenium red RR
(Ozawa, 2010) and the IP3-R inhibitor 2-APB (Bootman et al., 2002)
on NAADP-induced acrosome reaction, capacitated sperm diluted
in KRB/SLO buffer were pretreated for 15 min at 37°C with the differ-
ent modulators, and subsequently KRB/SLO solution supplemented
with NAADP was added and sperm were incubated for an additional
30 min at 37°C. Trans-Ned-19 was directly diluted in KRB/SLO buffer
with no preincubation time. Analysis of acrosome reaction rates of
wild-type and TPC1-deficient animals was performed with litter-
mates and cousins. To determine the rate of spontaneous loss of the
acrosomal vesicle, cell samples of permeabilized sperm were incu-
bated with the KRB/SLO solution only. The reaction was stopped by
fixation of the germ cells (20 mM NayHPO,4, 150 mM NaCl, 7.5%
formaldehyde) for at least 30 min. Subsequently sperm were washed
with a postfixation buffer (100 mM ammonium acetate, pH 9.0) and
air dried on glass slides. Acrosome-reacted sperm were determined
using the Coomassie brilliant blue (G-250) staining method (Zeginia-
dou et al., 2000; Meyer et al., 2012). For each incubation condition,
at least 200 spermatozoa were scored on blinded slides using an
Olympus CKX 31microscope (Olympus, Hamburg, Germany)
equipped with bright-field light optics. Subsequently, the percent-
age of spermatozoa without acrosome was calculated. Data are ei-
ther presented as absolute percentage of acrosome-reacted sperm
or expressed as acrosomal exocytosis index (Ackermann et al., 2008).
Data of each experiment were normalized by subtracting the rate of
spontaneous loss of the acrosomal vesicle after capacitation (90 min)
and subsequently calculated as percentage of the acrosome reac-
tion rate observed in the positive control (10 mM CaCly).

Induction of acrosome reaction with Zona pellucida

Zona pellucida-induced acrosome reaction in mouse spermatozoa
was performed as described (Meyer et al., 2012). Briefly, freshly pre-
pared ovaries from 20 adult female mice were homogenized in 2 ml
of HB buffer (150 mM NaCl, 25 mM triethanolamine, T mM MgCl,,
1 mM CaCl,, pH 8.5, supplemented with proteinase inhibitor, 1 mM
phenylmethylsulfony! fluoride, 0.02% [wt/vol] aprotinin, and 0.02%
[wt/vol] DNase). After addition of Nonidet-P40 and sodium deoxy-
cholate (1% in HB buffer) and further homogenization, the homoge-
nate was fractionated on a three-step Percoll gradient (2/10/22% in
HB buffer). After centrifugation at 200 x g and 4°C for 2 h (Eppendorf
A-4-44, swing-out rotor), the “10% Percoll fraction” containing Zona
pellucida was collected and diluted with 40 ml HB buffer; subse-
quently Zona pellucida was concentrated by centrifugation (16,000
x g, 10 min, 4°C). After an additional wash with 1.5 ml of HB buffer
the pellet was resuspended in 200 pl of HB buffer, and an aliquot
was used to count the number of Zona pellucida ghosts. For extrac-
tion of soluble ZP glycoproteins, HB buffer used to solve the pure
zonae was shifted to 2.5 (37% HCI) and heated for 15 min at 37°C;
subsequently, nonsolubilized material was separated by centrifuga-
tion (16,000 x g, 10 min). After neutralization of the collected super-
natant with 5 M NaOH, solubilized zonae and a buffer control
treated in the same way were frozen in aliquots and stored at —=70°C
until use. To induce acrosome reaction, sperm were capacitated for
90 min and diluted to a concentration of ~3 x 10® spermatozoa/ml
KRB; subsequently 50 pl of the sperm suspension was incubated for
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30 min at 37°C with solubilized zonae (10 zonae/pl). As a negative
control, samples were incubated with the corresponding control
buffer used for heat solubilization (see earlier description). After
Zona pellucida stimulation, sperm were fixed, washed, air-dried on
glass slides, and assessed for acrosomal status as described.

Fluorescence-based acrosomal staining methods

The fluorescence properties of the NAADP antagonist trans-Ned-19
permit visualization of NAADP-binding sites in intact cells (Naylor
et al., 2009). To uncover NAADP receptor-binding sites in intact
spermatozoa, capacitated epididymal mouse sperm, resuspended
in HS buffer supplemented with 15 mM NaHCO3;, were incubated
for 1 h at 37°C in the dark with 100 uM trans-Ned-19 (Naylor et al.,
2009). To monitor possible autofluorescence of sperm cells at the
characteristic trans-Ned-19 excitation/emission properties (355/415
nm), an aliquot of capacitated sperm was incubated in buffer alone.
Subsequently, sperm cells were transferred to slides, covered with
coverslips and directly imaged for trans-Ned-19 fluorescence using
a DAPIfilter set (IX 71; Olympus).

To selectively label the acidic acrosome in living sperm, the
membrane-permeable fluorescent dye LysoTracker Red (Wubbolts
et al., 1996; Magez et al., 1997) was used as described previously
(Sun-Wada et al., 2002). Briefly, capacitated mouse spermatozoa
were incubated for 30 min at 37°C with 75 nM LysoTracker Red
DND-99 (Invitrogen, Darmstadt, Germany) and washed twice with
HS buffer supplemented with 15 mM NaHCOj3 (centrifugation,
400 x g, 5 min); subsequently, fluorescence distribution was moni-
tored using a rhodamine filter (IX 71; Olympus). For acrosomal PNA
staining (Aviles et al., 1997), cells fixed with acetone/methanol (1:1,
—20°C, 10 min) were incubated with fluorescein isothiocyanate
(FITC)-coupled PNA diluted in 10% fetal calf serum/phosphate-
buffered saline (PBS) for 30 min at room temperature in the dark.
After removal of excess fluorescence-conjugated lectin by three
washes with PBS, samples were coated with fluorescent mounting
medium (DakoCytomation, Hamburg, Germany) and assessed for
acrosomal status using an Olympus X 71 microscope.

Immunoelectron microscopy

Immunoelectron microscopic analyses were essentially performed
as described (Neesen et al., 2002). Briefly, mouse testes samples of
TPC1 wild-type and TPC1-knockout animals were immersion fixed
for 2 h in a fixative consisting of 2% paraformaldehyde and 0.05%
glutaraldehyde in 0.05 M sodium cacodylate buffer (0.1 M, pH 7.3).
Samples were washed with sodium cacodylate buffer, dehydrated in
ethanol and propylene oxide as described (Neesen et al., 2002),
and embedded in LR Gold Resin. Ultrathin sections were cut on a
Reichert ultramicrotome equipped with a diamond knife and
mounted on 100-mesh gold grids. Grids were incubated with the
anti-TPC1NK antibody (6.6 pg/ml), diluted in Tris-buffered saline
(TBS; 10 mM Tris/HClI, pH 8.0, 150 mM NaCl) for 12 h at 4°C, washed
with TBS three times for 15 min and, incubated with a 1:100 dilution
of a goat anti-rabbit IgG conjugated to colloidal 10-nm gold parti-
cles (BBInternational, Cardiff, United Kingdom). Then sections were
washed again with TBS, briefly treated with alkaline lead citrate and
uranyl acetate solutions, and examined in an electron microscope
(Tecnai12BT; FEI, Hillsboro, OR).

Evaluation of reproductive performance and analysis of
reproductive organs and spermatozoa of TPC1-knockout
mice

Wild-type, heterozygous, and homozygous TPC1 mice of similar
ages were bred in a continuous monogamous mating system and
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analyzed for average litter size, including surviving and dead pups,
and time needed to litter. Statistical analysis was done by compar-
ing obtained genotype distribution of offspring pups (homozygous,
[-/-]; heterozygous, [+/-]; wild-type [+/+]) to the expected Mende-
lian ratio using the chi-squared test with two degrees of freedom.
Departure from expectation was considered statistically significant
when p < 0.05. To assess gonad weight, mice were killed by cervical
dislocation and weighed to determine total body weight. Repro-
ductive tissues were dissected, and testes weighed immediately af-
ter dissection. To determine the number of mature sperm,
epididymides of individual animals were transferred to 2 ml of HS
buffer supplemented with 15 mM NaHCO3/0.5% BSA and cut sev-
eral times with a sharp scalpel. After a swim-out time of at least
15 min at 37°C, sperm were collected, diluted 1:40 (vol/vol) in water,
and counted in a Neubauer chamber (Brand, Wertheim, Germany).
Morphometric analysis of reproductive organs and spermatozoa of
wild-type and TPC1-null sperm was performed as described (Meyer
etal., 2012).

Statistical analysis

Unless stated otherwise, statistical analyses were performed using
the Student’s t test. Results with a calculated p < 0.05 were consid-
ered to be significant. Levels of statistical significance are indicated
by *p < 0.05, **p < 0.01, and ***p < 0.001.
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