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Abstract

Store-operated calcium entry (SOCE) is an important CaZ* influx pathway in somatic cells. In
addition to maintaining endoplasmic reticulum (ER) Ca2* stores, Ca%* entry through store-
operated channels regulates essential signaling pathways in numerous cell types. Patients with
mutations in the store-operated channel subunit ORA/I exhibit defects in store-operated Ca2*
influx, along with severe immunodeficiency, congenital myopathy and ectodermal dysplasia.
However, little is known about the functional role of ORAIL in germ cells and reproductive
function in mice, or in men, since men with loss-of-function or null mutations in ORA/I rarely
survive to reproductive age. In this study, we investigated the role of ORAI1 in male reproductive
function. We reveal that OraiZ™~ male mice are sterile and have severe defects in spermatogenesis,
with prominent deficiencies in mid- to late-stage elongating spermatid development. These studies
establish an essential 7 vivorole for store-operated ORAIL channels in male reproductive
function and identify these channels as potential non-steroidal regulators of male fertility.
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1. INTRODUCTION

Calcium signaling is essential for mammalian male reproduction [1;2]. In male gametes,
Ca?* signals orchestrate the major structural and functional alterations that are required for
sperm to navigate the female reproductive tract and fuse with mature oocytes [2]. The most
extensively studied Ca?* channels in mammalian sperm are CATSPER channels. These
sperm-specific Ca2* channels are composed of four pore-forming subunits (CATSPER1-4)
arranged in a heteromeric complex with three auxiliary subunits (CATSPER, y and 38) [3].
Male mice with a targeted disruption to any of the Catsperi—4 or & genes are sterile, despite
normal germ cell divisions and maturation in the seminiferous tubules of the testes [3].
Analyses of sperm from these animals and from male patients known to have inactivating
mutations to CATSPER1 and 2[4-6] have revealed that these channels are indispensable for
hyperactivated motility (a high-amplitude, asymmetric flagellar beat pattern) in ejaculated
sperm. Similarly, sperm from mice with a null mutation to the plasma membrane Ca2*
ATPase 4 (Pmcad) gene also fail to undergo hyperactivation and display signs of Ca2*
overload in their flagella [7]. These studies highlight the importance of Ca?* signaling in
male reproductive function, and the delicate balance between Ca2* entry and extrusion
mechanisms in the functional competence of ejaculated sperm.

Ca?* signaling is also essential for fertilization and pre-implantation embryo development
[8]. However, Orail™~ female mice are fertile [9], consistent with previous ex vivo analyses
showing that pharmacological inhibition of SOCE is ineffective in blocking sperm-induced
egg activation [10]. Here, we investigated the requirement for ORAIL in male fertility /n
vivo. We demonstrate that OraiZ~~ male mice are infertile, owing to a defect in spermatid
maturation and progressive degeneration and atrophy of the seminiferous tubules of the
testes. This study clearly demonstrates that the Ca2* channel subunit ORAI1 is required for
male reproductive function in mice, and similar to T cells [11], skeletal muscle [12] and
mammary myoepithelial cells [9], ORAIL is required without redundancy of function in
developing male germ cells.
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2. MATERIALS AND METHODS

2.1 Reagents

EmbryoMax M-2 culture medium was purchased from Merck Millipore. Bouin’s fixative
was purchased from Polysciences, Inc. QlAshredder Homogenizer Columns, RNeasy Plus
Mini Kits and Omniscript RT Kits were purchased from Qiagen. The following TagMan
Gene Expression Assays were purchased from Applied Biosystems: Orail
(MmO00774349_m1), Orai2 (Mm04214089_s1), Orai3 (Mm01612888_m1), Stim1
(Mm01158413_m1) and Stim2(Mm01223103_m1). Several antibodies were used in an
attempt to quantitate Orail protein in mouse tissues, without success. These were:
#ACC-062, Alomone Labs, Jerusalem Israel; #4281 and #4041, ProSci Incorporated, Fort
Collins, CO; #21001, New East Biosciences, Malvern, PA; #08264, Sigma-Aldrich, St.
Louis, MO; #PA1-74181, ThermoFisher Scientific, Durham, NC.

2.2 Animals and procedures

Orai*'~ mice were provided by Dr Jean-Pierre Kinet (Harvard Medical School). Oraiz™~
mice exhibit a high incidence of perinatal lethality, which was improved by further
outbreeding to ICR (CD-1) outbred mice (Harlan Laboratories Inc.), maintaining newborn
litters on electric heat pads and delaying weaning in potential knockout mice (identified by
their small body size), as previously described [13]. Genotyping was performed on tail DNA
by PCR [9]. The following primers and reaction conditions were used to distinguish

Orail*"* (488 bp), Orail*'~ and Orai1™'~ (300 bp): 5’-TCA CGC TTG CTC TCC TCA
TC-3°, 5’-TAA GGG CGA CAC GGA AAT G-3’ and 5’-AGG TTG TGG ACG TTG CTC
AC-3’; cycling for 95°C for 2 min, 35 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 45
s, followed by 72°C for 10 min.

Fertility of mature adult (12- to 16- week-old) OraiZ** and Orai1~/~ male mice was
determined by rotated matings of each male with four Oraiz*/* female mice over two
months. Female mice were rotated every two weeks and the number of litters was recorded.
All animal procedures were reviewed and approved by the National Institute of
Environmental Health Sciences (NIEHS) Animal Care and Use Committee. Animals were
housed, cared for, and used in compliance with the Guide for the Care and Use of
Laboratory Animalsin an AAALAC-accredited program.

2.3 Sample collection and sperm analyses

Animals were euthanized by carbon dioxide inhalation. Reproductive organs were dissected,
trimmed and weighed. Samples were fixed overnight at 4°C in Bouin’s fixative for histology.
Samples for real-time RT-PCR were immediately frozen in liquid nitrogen. For sperm
analyses, the cauda epididymis was collected in phosphate buffered saline (PBS) at room
temperature and transferred to pre-warmed M-2 culture medium. Samples were viewed
under a stereoscopic microscope and several small incisions were made along the length of
the cauda epididymis using microdissection scissors. Sperm were allowed to move into the
medium for 10 min at room temperature. Sperm counts were performed with a
hemocytometer, and the percentage of motile and progressively motile sperm was evaluated
with a computer-assisted sperm analyzer (CASA, Hamilton Thorne Biosciences).
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2.4 Real time RT-PCR

Frozen tissues were ground in liquid nitrogen using a mortar and pestle. RNA lysis buffer
(Buffer RLT) was added and samples were passed through a QIAshredder homogenizer
column. Total RNA was purified using the RNeasy Plus Mini Kit, with gDNA Eliminator
columns to remove any contaminating genomic DNA [14]. Reverse transcription was
performed using the Omniscript RT Kit and resulting cDNA was amplified with an Applied
Biosystems 7500 Fast Real-time RT-PCR machine, using TagMan Fast Universal PCR
Master Mix and TagMan Gene Expression Assays (guaranteed 100% + 10% amplification
efficiency), with all reaction conditions and reagents constant. Relative quantification was
calculated with reference to 18S ribosomal RNA and analyzed using the comparative CT
method [15].

2.5 Histology

2.6 Electron

Tissues were fixed in Bouin’s fixative overnight at 4°C. Samples were washed in PBS with
gentle agitation and dehydrated through graded ethanol washes (25-70% ethanol). Tissues
were embedded in paraffin, sectioned at 5 um and stained with hematoxylin and eosin
(H&E) or Periodic Acid-Schiff (PAS) hematoxylin stain.

Microscopy

Mice were euthanized by carbon dioxide inhalation and the testes dissected. The testicular
capsule was punctured with a 27G needle and immersed in paraformaldehyde (4%). Tissue
was trimmed into 1 mm3 pieces and processed in an automatic Leica Tissue Processor.
Following processing, the samples were embedded into EPON 812 resin blocks. Each resin
block was trimmed and sectioned (700-800 nm) and stained with toluidine blue (1%) with
subsequent examination by light microscopy. Based on the toluidine blue sections, two
blocks for each animal were selected for thin sectioning (approx. 70-90 nm or “gold”). The
thin sections were placed on 100-mesh copper grids and stained with uranyl acetate and lead
citrate. Grids were visualized on an FEI Tecnai G2 12 Bio Twin 120 KV transmission
electron microscope.

2.7 Isolation and Characterization of Mouse Testis Cells

A mixed cell preparation of testis cells isolated from Orai1*'* and Orai1™~ mice was
performed by a method modified from [16]. Briefly, testes from 10 week old Oraiz** and
Orail™"~ mice were stripped of their tunica albuginea and digested with 0.5 mg/mL
collagenase type | (Worthington) in Leibovitz medium (L-15; Gibco) at 32°C in a water bath
for 15 minutes then washed 3 times with L-15 to remove interstitial cells. The remaining
seminiferous tubules were further digested with 0.25 mg/mL Trypsin Type 11l (Sigma) in
L-15 for 15 minutes at 32°C to release cells. Trypsin Inhibitor Type I-S (0.25mg/ml; Sigma)
was then added and the cell suspension pelleted by centrifugation at 240g for 3 min at RT
and resuspended in L-15. At this stage, the cells were split and either suspended in L-15
medium for flow cytometric analysis or suspended in complete DMEM (supplemented with
10% fetal bovine serum, 2 mM Glutamine and 100 U/ml Pen/Strep) for intracellular calcium
measurements.
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Isolated mouse testis cells were loaded with Hoechst 33342 to characterize the distribution
of cell populations containing 1n, 2n, or 4n copies of DNA by flow cytometry [17]. Briefly,
isolated testis cells were suspended in L-15 medium and incubated with 5 pg/ml Hoechst
33342 for 60 mins at 32°C. Subsequently, flow cytometric analysis was carried out using an
LSRII flow cytometer equipped with a 405 nm laser and FACSDiVA software (Becton
Dickinson Immunocytometry Systems, San Jose, CA). Individual cells were initially gated
on a forward-scatter area vs height dot plot to identify single cells. Propidium iodide was
used to gate out dead or dying cells. At least 45,000 viable cells were examined per sample.
Forward-scatter versus Hoechst Blue (Ex. 405 nm, Em. 440/40) and Hoechst Red (Ex. 405
nm; Em. 605/40) versus Hoechst Blue dot plots were employed to identify and gate the 1n,
2n and 4n cell populations.

2.8 Single Cell Calcium Measurement

In preparation for intracellular calcium measurements, an isolated mixed testis cell
preparation was suspended in complete DMEM and plated on Matrigel (BD Biosciences,
Bedford, MA, USA) coated 30 mm round coverslips (#1.5). Cells were allowed to attach to
the coverslip and maintained in a humidified 95% air, 5% CO2 incubator at 37°C until used.
Fluorescence measurements were made with isolated testis cells loaded with the calcium
sensitive dye, fura-5F, as described previously [18]. Briefly, cells plated on Matrigel-coated
coverslips and mounted in a Teflon chamber were incubated in complete DMEM with 1 pM
acetoxymethy| ester of fura-5F (Fura-5F/AM, Setareh Biotech, Eugene OR, USA) at 37°C in
the dark for 20 min. For [Ca2*]; measurements, cells were bathed in HEPES-buffered salt
solution (HBSS: NaCl 120; KCI 5.4; Mg,SO,4 0.8; HEPES 20; CaCl, 1.8 and glucose 10
mM, with pH 7.4 adjusted by NaOH) at room temperature. Fluorescence images of the cells
were recorded and analyzed with a digital fluorescence imaging system (InCyt Im2,
Intracellular Imaging Inc., Cincinnati, OH). Fura-5F fluorescence was monitored by
alternatively exciting the dye at 340 and 380 nm, and collecting the emission wavelength at
520 nm. Changes in intracellular calcium are expressed as the “Ratio” (in figures) of fura-5F
fluorescence due to excitation at 340 nm and 380 nm (F340/F380). Before starting the
experiment, regions of interests identifying single cells were created, with 40 to 50 cells
monitored per experiment. In all cases, ratio values have been corrected for contributions by
autofluorescence, which is measured after treating cells with 10 uM ionomycin and 20 mM
MI’IC|2.

2.9 Statistics

Statistical analysis was performed using GraphPad Prism 6 for Mac. Statistical tests used for
each study are indicated in the figure legends.

3. RESULTS

Orail™~ male mice showed more than 99% loss of Orail message in the testes compared to
Orai1*”* controls (Fig. 1). No compensatory changes in the expression of Orai2, Orai3, or
the ER Ca2* sensors Stim1 or Stim2were observed in the testes of Orail™~ mice (Fig. 1).
Orail and Stim1 isoforms were expressed at relatively high levels in the adult mouse testes,
suggesting that canonical ORAI1/STIML1 signaling is the predominant SOCE pathway in
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this tissue. Unfortunately it was not possible to assess ORAIL protein expression in cells of
the mouse seminiferous tubules with immunohistochemistry due to the lack of suitable
mouse antibodies; however, ORAI1 protein is expressed in testicular cells of humans [19].

To assess the consequences of Orail deletion on Ca2* signaling, we made a preparation of
dispersed testicular cells [16] and characterized this mixed cell population by flow
cytometry [17]. Figure 2 shows that testicular cell preparations from 10-week old mice are
predominantly 1n, composed of round spermatids and elongating/elongated spermatids, in
roughly equal proportions [20]. Although the proportion of 1n cells and the ratio of 1n/2n
cells decreased in the knockout testes, these differences were not statistically significant.
Store-operated CaZ* entry was assessed in this population by examining sustained rises in
cytoplasmic Ca2* in response to the sarcoplasmic-endoplasmic reticulum Ca2*-ATPase
inhibitor, thapsigargin [21] (Figure 3). Cells from Orai1™~ testes showed no sustained entry
in response to thapsigargin. This can also be seen in the frequency distribution of sustained
[Ca2*]; (Figure 4). While all cells analyzed from Orail*!* testes exhibited some degree of
sustained [Ca2*]; in response to thapsigargin, the frequency distribution suggests a minor
population with a more limited increase. The identity of this population was not investigated
further. More importantly, the fact that all OraiZ*'* cells but no Orai1™~ cells showed some
degree of sustained CaZ* entry indicates that all seminiferous tubule cells, including
spermatogenic cells, have store-operated Ca2* entry and that this is completely lost in
Orail™~ mice.

To determine the importance of ORAI1 in male reproductive function we analyzed
reproductive fertility in mice lacking ORAI1 protein [22]. OraiZ™~ male mice sired no
offspring in rotated matings with wildtype females (Table 1), despite evidence of coitus
(vaginal plugs). To investigate the cause for infertility in these animals, we evaluated number
and motility of cauda epididymal sperm extracted from Orail*’*, Orai1*’~and Orail™~
mice. Sperm from Orail™~ mice had severe defects in motility and progressive motility (Fig.
5). However, sperm counts were also markedly reduced in OraiZ”~ mice (Fig. 5), suggesting
that, unlike CATSPER channels [23], ORAIL is required at the level of gamete development
in the seminiferous tubules of the testes for the production of functional sperm and for the
integrity of sperm during maturation in the epididymis. No abnormalities in the number or
motility of mature sperm were observed in OraiZ*'~ mice (Fig. 5). The lack of a partial
phenotype in Orai1*'~ mice is likely attributable to the presence of stable cytoplasmic
bridges and the sharing of gene products between haploid germ cells, as has previously been
described [24].

Orail™!~ mice showed a small but significant reduction in testis weights compared to
Orail™™* and OraiI*'~ controls (Table 2). Epididymal and seminal vesicle weights also
tended to be lower in OraiZ™~ animals; however, total body weight was significantly
reduced in OraiZ~'~ mice, as has previously been reported [22], and changes in reproductive
organ weights were proportional to body size.

Histopathological evaluation of the testes of young 8- and 10-week-old mice and mature
adult 12-16 week-old mice revealed an essential role for Orail in spermatogenesis.
Compared to OrailI*'* testes, spermatid maturation appeared disrupted in 8- and 10-week
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old Orai1™~ mice (Fig. 6A). Many stage VI seminiferous tubules contained degenerate,
clumped and reduced numbers of elongated spermatids (Fig. 6A, arrows), and in some cases
there was degeneration and loss of round spermatids (Fig. 6A, arrowhead). In a few of the
earlier stage tubules (1, 11/111, V, V1) there was vacuolation, exfoliation of spermatocytes and
round spermatids, and reduced numbers of elongated spermatids. In tubules between stages
IX and XII, there was degeneration and a reduced number of elongated spermatids. In a few
tubules, changes were advanced leading to atrophy of the seminiferous tubules (Fig. 6A,
bottom right). Leydig cells were unaffected by loss of OraiZ (not shown). Changes in
seminiferous tubules were more advanced in 10-week-old mice (Fig. 6A), and by 12-16
weeks many tubules were atrophic, dilated and contained multinucleated germ cells,
sloughed germ cells, abnormal residual bodies and cellular debris (Fig. 7). The cauda
epididymis of OraiZ~/~ mice at all ages contained very few sperm and many degenerate cells
and cellular debris (Fig. 6B and Fig. 7). These changes were consistent with sperm counts in
adult mice (Fig. 5). We conclude that although defects in spermatogenesis can be observed
at several stages of development, the major damage to cells occurs late in sperm
development, consistent with the finding that the total number of 1n (haploid) cells in the
testis is minimally affected (Fig. 2).

Ultrastructural analysis of the testes of adult 12-16 week-old mice confirmed marked
defects in spermatogenesis in OraiZ~~ mice (Fig. 8). Although mild mitochondrial swelling
secondary to fixation was observed in both genotypes, diffuse mitochondrial swelling
(intracristal and matrical (Fig. 8-iv, MM and ICM)) was observed in OraiZ~~ mice, as well
as abnormalities in junctional complexes (Sertoli-Sertoli, Sertoli-spermatid, and spermatid-
spermatid via desmosomes) (Fig. 8-ii, asterisks and 8-vii, S-ES). In addition, some Sertoli
cells from OraiZ~"~ mice were observed to have a large, loosely-distended cytoplasm with
swollen mitochondria, distended Golgi complexes and an increase in residual bodies, some
containing small lipid droplets. Spermatocytes and spermatids from OraiZ~~ mice also
displayed granular, electron lucent nuclear chromatin (Fig. 8-iv, X). However, consistent
with the histopathological review, the most striking observation in OraiZ~/~ mice was the
near complete loss of elongated spermatids. Rare elongated spermatids that were observed
exhibited gross deformations in the sperm head (Fig. 8—iii & 8-v versus 8-iv and 8-vii),
although rare cross-sections of the flagella appeared overall normal in these animals (Fig. 8-
vi versus 8-viii).

4. DISCUSSION

In this study, we reveal that the Ca%* signal is not only involved in processes important for
the normal function of ejaculated sperm [1;23], but that Ca2* signaling via ORAI1 CaZ*
channels is essential for sperm development. In a preparation of dispersed testis cells the
majority of which were haploid and thus presumably germ cells, all cells from Oraiz*"* mice
but no cells from OraiZ~~ mice showed store-operated Ca2+ entry in response to
thapsigargin (Figs. 2-4). This demonstrates that spermatogenic post-meiotic cells in the
testis express functional ORAI1 Ca2* channels which are lost in the OraiZ™~ mice.
Concurrent with this loss of store-operated entry is a marked disruption of sperm
development, most obvious at the late stages of development of elongated spermatids (Figs.
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6-8). Ultimately, essentially no viable sperm accumulate in the cauda epididymis (Figs. 5-
7).

Deletion of calmodulin-dependent protein kinase 4, also results in a failure of
spermatogenesis in mice [25]. Previous studies have suggested that store-operated CaZ*
channels can contribute to the nature of progesterone-mediated Ca2* signals in human sperm
[26], and thus regulate their hyperactivation in the female reproductive tract [27;28]. Indeed,
the testis expresses a number of calcium channels, including the testis-specific CATSPER,
voltage-dependent Ca%* channels and Ca?*-permeable TRP channels [1]. Of these, only the
CATSPER channels have been shown to be required for fertility, but this requirement
involves a role in sperm function rather than in sperm development [3]. Here, we reveal a
requirement for ORAIL at a much earlier stage of sperm development, before these cells
shed the bulk of their cytoplasm. To our knowledge, the current study represents the first
demonstration of a plasmalemmal ion channel requirement for sperm development. While it
is possible that the loss of ORAIL results in endocrine imbalances leading to a failure of
spermatogenesis, we consider this unlikely because females are fully fertile, and testis
development and mounting behavior appear normal. To our knowledge, no previous studies
have identified endocrine imbalances leading to a failure of spermatogenesis at late stages.

An important issue is the signaling pathway that activates ORAI1-dependent Ca2* channels.
ORAI1 is a subunit of store-operated channels [29] as well as non-store-operated
arachidonic acid-regulated channels [30;31]. Both of these channels are activated
downstream of phospholipase C, suggesting a signaling mechanism involving G-protein
coupled receptors. Recent studies demonstrated that G-protein coupled tastant receptors and
the tastant-coupled G-protein, gustducin, are expressed in the testis [32;33]. In taste buds,
sour, sweet and umami tastes are signaled by specific receptors; through the G-protein
gustducin, phospholipase C is activated and the ensuing cytoplasmic Ca2* rise initiates the
required signaling pathway. Activation of tastant receptors in mouse spermatids increases
intracellular calcium [34], and mice lacking the molecular components of this pathway show
a failure of sperm development [35]. Further work may determine if the loss of Ca2* entry
associated with tastant receptor signaling accounts for the failure of spermatogenesis in
ORAI1-deficient mice.
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Highlights
Orail knockout male mice are sterile.

Mouse testicular cells, including germ cells, have robust store-operated calcium
entry, and this is completely lost in Orail knockout mice.

In the testes of Orail knockout mice, mature sperm fail to develop fully or
survive.

Orail-mediated Ca2* entry appears necessary for the late stages of sperm
development.
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Fig. 1.

Comparative expression of Oraiand Stim message forms in the mouse. Relative mRNA
levels of Orail, Orai2, Orai3, Stim1 and Stim2in testes of Oraif**, Orai1*'~ and Oraiz™'~

mice.
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Fig. 2.
Flow cytometric analysis of Hoechst 33342 fluorescence in Orail** (open bars) and

Orai1™!~ (filled bars) mouse testis cells. Single cell populations of mouse testis stained with
Hoechst 33342 were analyzed by flow cytometry. An analysis using forward-scatter versus
Hoechst Blue (Ex. 405 nm, Em. 440/40) and Hoechst Red (Ex. 405 nm; Em. 605/40) versus
Hoechst Blue was employed to classify cell populations as 1n, 2n or 4n. The data are mean +
SEM from 3 independent experiments, with at least 45,000 viable cells sorted per
experiment.
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Fig. 3.

Ct?aracterization of the [Ca?*]; signaling response to thapsigargin in mouse testis cells
loaded with the calcium sensitive dye fura-5F. Mouse testis cells isolated from (A) Orai1**
and (B) OraiZ™~ mice were loaded with fura-5F and treated with thapsigargin (TG) in HBSS
containing 1.8 mM extracellular calcium. A and B: Ensemble [Ca2*]; ratio responses to TG
added at t = 60 sec (42 — 48 cells in the field). B: C: Comparison of basal [Ca2*]; ratio levels
(measured at t = 40 sec) and TG-induced [Ca?*); ratio (measured at t = 960 sec) in Orai1*!*
(open bars) and Oraiz™!~ (filled bars) testis cells; data are mean + SEM from 3 independent
experiments.
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Frequency plot comparing the thapsigargin-induced [Ca2*]; signaling response in Oraiz*’*
and Orail-KO testis cells loaded with the calcium sensitive dye fura-5F. Using the [Ca2];
ratio data reported in figure 3, the TG-induced [Ca2*]; response (at t = 960 sec) in each
individual cell was measured against basal levels measured before TG treatment. The
resulting A[Ca2*]; Ratios for Orair** (O) and Orail™'~ cells (@) is represented as a
frequency plot; data are mean + SEM from 3 independent experiments.
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Sperm analyses in testes from Orail*’*, Orai1*'~ and Orail™'~ mice. Sperm motility,
progressive motility and total number in samples extracted from the cauda epididymis of
mature adult Oraif*'*, Orai1*'~ and Orail™~ mice. Means + SEM (n = 3), A< 0.05, one-way
ANOVA with Bonferroni post-tests.
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Fig. 6.

Hiitopathological analysis of the testis and cauda epididymis of OraiZ~/~ mice. A, Stage VII
seminiferous tubules from 8- and 10-week-old OraiZ*’* mice with elongated spermatids
lining the lumen of the seminiferous tubule (Periodic Acid Schiff-Hematoxylin staining; RS,
round spermatids; ES elongated spermatids; SC, spermatocytes) versus OraiZ™'~ mice with
numerous poorly populated seminiferous tubules. Arrows: degenerate and clumped
elongated spermatids. Arrowhead: exfoliation of round spermatids. B, Hematoxylin and
eosin staining of the cauda epididymis from 8-week-old OraiZ™/~ versus Orai1*'* mice. The
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cauda epididymis in WT mice is full of normal sperm, whilst that of OraiZ~"~ mice contains
very low number of sperm admixed with cellular debris (arrows). For 8-week-old samples (n
= 3 mice/group) and for 10-week-old samples (n = 2 mice/group).
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Fig. 7.
Histopathological analyses of the reproductive organs of mature adult Oraiz** and Orai1™!~

mice. Seminiferous tubule and cauda epididymis sections of adult (12-16-week-old)
Orail™™* and Orail™~ mice stained with H&E. Compared to Orail**, there is seminiferous
tubule atrophy along with degeneration and loss of spermatocytes and spermatids in the
Orail™~ mouse. Changes in the testes are reflected in cauda epididymis with the Orair*’*
mouse containing normal sperm and OraiZ~/~ mouse containing only the cellular debris (n =
3 mice/group).
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Fig 8.

Ulqcrastructural analysis of randomly selected seminiferous tubules within the testis of
Orail*'* and Orai1™'~ mice. Digital transmission electron photomicrographs of seminiferous
tubules from Orai*’* and Orail™'~ mice were compared. Individual letters on each image
identify the particular structure: DC, degenerating cell; F, flagella; ICM, intracristal
mitochondrial swelling; MM, matrical mitochondrial swelling; RB, residual body; RS, round
spermatid, S, Sertoli cell; SC, spermatocyte; and S-ES, Sertoli-elongating spermatid
junction. Small asterisks in (ii) show swelling of the junctional complexes between
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spermatids and/or Sertoli and spermatids, whereas swelling along the junctional complexes
were sparse in the Orai*’* tubules (i). Dashed box in (iii) shows a normal spermatid head at
early elongating stage versus in the solid box (iv), early elongating spermatids had an
abnormal head and loosely stippled to granular nuclear material (X). n = 3 mice/group.
Lastly, when observed, distinct ultrastructural defects in later elongating stages included
extensive malformations of the sperm head. (Fig. 7—iv, 7vii, 7-viii). Moreover, cross-sections
of the flagella from a Orai1** and Oraiz~~ mouse when compared showed mostly normal
formation; however, there was clearly a difference between the numbers of flagella in cross
section from an OraiZ**mice compared with OraiZ™/~ mice, the latter having a marked
decrease in the number of cross-sectional flagella (Fig. 7-vi versus 7-viii).
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Table 1

Fertility of adult (12-16-wk-old) males determined by rotated matings for two months with wildtype females

Orail No. of males  No. of litters % Fertile

genotype mated produced
++ 3 12 100
-I- 3 0 0
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Table 2
Reproductive organ weights
Orail Testis, g Cauda Seminal Body
genotype epididymis, g vesicle, g weight, g
+/+ 0.131+0.007 0.020+0.001 0.305%0.021  36.50 + 2.669
+/- 0.144+0.008 0.019+0.002 0.342+0.040 39.37 +2.800
= 0085+0014" 0014+0001 0232+0028 2407+1650

Adult male mice (12-16 weeks) were sacrificed and reproductive organ and total body weights were recorded. Values show mean + s.e.m. from 3
animals of each genotype.

*
P<0.05, One-way ANOVA with Bonferroni post-tests.
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