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ABSTRACT Lectin–glycan recognition systems play
central roles inmanyphysiologic andpathologicprocesses.
We identified a role for galectin-1 (Gal-1), a highly con-
served glycan-binding protein, in the control of sperm
function. We found that Gal-1 is expressed in the epi-
didymis and associates with sperm during epididymal
maturation. Exposure of sperm toGal-1 resulted in glycan-
dependent modulation of the acrosome reaction (AR),
a key event in the fertilization process. Gal-1-deficient
(Lgals12/2) mice revealed the essential contribution of this
lectin for full sperm fertilizing ability both in vitro and in
vivo. Mechanistically, Lgals12/2 sperm exhibited defects in
their ability to develop hyperactivation, a vigorous motility
required for penetration of the egg vestments. Moreover,
Lgals12/2 sperm showed a decreased ability to control cell
volume and to undergo progesterone-induced AR, phe-
notypes that were rescued by exposure of the cells to
recombinant Gal-1. Interestingly, the AR defect was asso-
ciated with a deficiency in sperm membrane potential hy-
perpolarization. Our study highlights the relevance of the
Gal-1–glycan axis in sperm function with critical implica-
tions in mammalian reproductive biology.—Vasen, G.,
Battistone, M. A., Croci, D. O., Brukman, N. G., Weigel
MuńozM.,Stupirski, J.C.,Rabinovich,G.A.,Cuasnicú,P.S.
TheGal-1–glycan axis controls sperm fertilizing capacity by
regulating sperm motility and membrane hyperpolariza-
tion. FASEB J. 29, 000–000 (2015). www.fasebj.org
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glycosylation

Programmed remodeling of cell surface glycans through
the coordinated action of glycosyltransferases and glyco-
sidases is a hallmark of a wide array of biologic processes,
including embryogenesis, angiogenesis, and immunity
(1). Research over the past few years has enabled the

characterization of the glycome—that is, the complete
repertoire of glycans—of several tissues including the hu-
man sperm (2, 3) and the zona pellucida (ZP) that sur-
rounds the egg (4). Interestingly, genetic disruption of
the gene encoding the mannosyl a-1,3-glycoprotein b-1,2-
N-acetylglucosaminyltransferase, a glycosyltransferase re-
sponsible for generating hybrid and complexN-glycans, in
the oocyte demonstrated a critical role for these glycan
structures in the generation of developmentally compe-
tent oocytes (5). In addition, oocyte-specific ablation of
both core-1 O-glycans and complex and hybrid N-glycans
resulted in premature ovarian failure (6). Moreover, the
process of sperm binding to the ZP has been proposed to
be mainly carbohydrate dependent (7), suggesting that
complex N-glycans or O-glycans may play key roles in
sperm–egg interaction. However, oocytes deficient in ei-
ther core 1/core 2 O-glycans or complex or hybrid N-
glycans show normal sperm binding to the ZP (8, 9).
Moreover, recent evidence suggests that a specific protein
domain on ZP2 would be responsible for sperm recogni-
tion of the ZP in both murine and human oocyte (10).

Deciphering the biologic information encoded by
the glycome is a role assigned to endogenous glycan-
binding proteins or lectins, which play key roles in
cell–cell recognition, communication, and signaling
(11). Galectins, an evolutionarily conserved family of
animal lectins, control cellular processes through rec-
ognition of N-acetyl-lactosamine-extended structures
on complex branched N-glycans or core-2 O-glycans
(12). These soluble lectins, released by several mam-
malian cells, contribute to cellular communication by
forming multivalent lectin–glycan complexes that serve
as scaffolds for organizing plasma membrane domains
and modulating signaling threshold of relevant glyco-
sylated receptors (13). Galectin-1 (Gal-1), a prototype
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member of this family, is abundantly expressed within
the male and female reproductive tracts (14–17), and
plays key roles in reproductive processes including im-
plantation (18), placentation and fetal growth (19),
vascularization (20), and immune tolerance (21–23).
However, in spite of considerable progress, the role of
Gal-1–glycan recognition systems in gamete biology and
fertilization remains largely unexplored.

In this study, we investigated the presence and func-
tion of endogenous Gal-1 in male and female murine
gametes and examined its potential implications in the
fertilization process.

MATERIALS AND METHODS

Animals

Gal-1-deficient (Lgals12/2) mice were provided by F. Poirier
(JacquesMonod Institute, Paris) and were bred at the Institute of
Biology and Experimental Medicine (Buenos Aires, Argentina).
C57BL/6WTandLgals12/2adultmale(aged60–120d)andboth
immature (aged21–35d) andyoungadult female (aged30–60d)
mice were maintained at 23°C with a 12:12 light–dark cycle with
ad libitum access to food and water. Experiments were conducted
inaccordancewith theGuidingPrinciples for theCare andUseof
Research Animals (National Institutes of Health) and following
institutional guidelines (Institute of Biology and Experimental
Medicine, CONICET).

Preparation of tissue and sperm extracts

Mouse testis, epididymis, uterus, oviduct, and ovary were ho-
mogenized in 200 to 400 ml ice-cold lysis buffer (PBS containing
5 mM EDTA, 1% w/v IGEPAL CA360, 0.5% w/v sodium deoxy-
cholate, 0.1% w/v SDS, 1% v/v Triton X-100, 5 mM MgCl2,
and 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES], pH 7.2) plus 0.2 mM phenylmethylsulfonyl fluoride
and 0.5%protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO, USA). After 30 min incubation on ice, samples were
centrifuged at 15,000 g for 20 min at 4°C, and the superna-
tant was stored at 220°C until use. Protein concentration
was estimated by the Bio-Rad (Hercules, CA, USA) Bradford
protein assay.

For sperm protein analysis, mouse cauda epididymal sperm
were allowed to disperse in PBS at 37°C or collected after in vitro
capacitation. Caput spermwerecollectedusinga Percoll gradient
protocol (24). In brief, caput epididymal regions from several
males were dissected with a needle in PBS and the suspension
obtained was placed on the top of a 2-layer Percoll gradient
(45–90% in PBS). After a 25 min centrifugation at 650 g, sperm
were recovered from the halo observed between layers. Cauda
sperm were subjected to the same procedure as a control.
Sperm obtained by either spontaneous dispersion or by Per-
coll purification were washed 3 times in PBS by centrifugation
at 300 g and before the last centrifugation were counted in
a Neubauer chamber. The final pellet was resuspended in
Laemmli sample buffer.

In vitro sperm capacitation

For invitro fertilizationandacrosomereaction (AR)assays,mouse
sperm was recovered by incising cauda epididymal tubules in
0.3 ml of mouse capacitation medium (25) supplemented with
0.3%bovine serumalbumin (BSA) under paraffin oil. Aliquots of
theoriginal suspensionwerediluted indropsof freshcapacitation
medium placed in tissue culture dishes, adjusting the final con-
centration to 5 3 106 cells/ml. Sperm suspensions were then
incubated for 90 to 120 min under paraffin oil at 37°C in an
atmosphere of 5% CO2 in air. For the evaluation of protein ty-
rosine phosphorylation, the same procedure was followed with
the exception that sperm were dispersed in modified Krebs-
Ringer medium (Whitten HEPES-buffered medium containing
3 mg/ml BSA) in either capacitating (with 25 mM NaHCO3) or
noncapacitating conditions (without NaHCO3). After the ca-
pacitation period, viability was assessed by light microscopy with
Eosin Y staining (Sigma-Aldrich).

Recovery and treatment of mouse
cumulus–oocyte complexes

Young adult females were superovulated by intraperitoneal in-
jectionof 5 IUof equine chorionic gonadotropin (Syntex, Buenos
Aires, Argentina), followed by intraperitoneal administration of
5 IUofhumanchorionicgonadotropin(Sigma-Aldrich)48 to50h
later. Eggs were obtained from the oviducts of superovulated
animals at 13 to 15 h after human chorionic gonadotropin
administration. For in vitro fertilization assays, cumulus–oocyte
complexes (COC) fromcontralateral oviductswere recovered in
the same capacitation medium drop, were thoroughly washed,
and were placed in individual 50 ml drops of fresh medium be-
fore insemination. For immunoblot or reverse transcriptase
PCR (RT-PCR) analysis, COC were obtained and washed in PBS
supplemented with 1% BSA. Cumulus cells, extracellular matrix
(ECM) components, andoocytes were separated by incubating the
COC for 3 min in 0.1% hyaluronidase (type IV; Sigma-Aldrich).
Oocytes were collected by pipetting, and cumulus cells were sepa-
rated from solubilized ECM by centrifugation at 300 3 g. Cell
preparations were resuspended in either Laemmli buffer for pro-
tein analysis or lysis solution for RT-PCR. ECM proteins were con-
centratedbyprecipitationwith ice-cold trichloroacetic acid,washed
with cold acetone, air dried, and dissolved in Laemmli buffer.

Immunoblot analysis

Protein samples were boiled for 5 min in Laemmli buffer with
70mM 2-mercaptoethanol (Sigma-Aldrich), separated in a 10 or
15%SDS-PAGEunder reducingconditions, and transferredonto
nitrocellulose membranes (26) in a semidry transfer cell. After
blocking with 2% skimmilk in 0.1% Tween-20–PBS, membranes
were probed overnight at 4°C with anti-Gal-1 polyclonal antibody
(8 mg/ml), anti–b-tubulin monoclonal antibody (0.01 mg/ml,
clone D66; Sigma-Aldrich), or antiphosphotyrosine mono-
clonal antibody (0.15 mg/ml, clone 4G10; EMD Millipore,
Darmstadt,Germany) followedby thecorrespondingperoxidase-
conjugated secondary antibody. The immunoreactive proteins
were detected by the ECL Western blot kit (GE Healthcare,
Waukesha, WI, USA).

ELISA for Gal-1 detection

Cauda epididymal and uterinefluid were obtained by retrograde
flushing with PBS by introducing a syringe in the vas deferens or
theuterotubal junction from superovulated females, respectively.

(continued from previous page)
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relative mean fluorescence intensity; RT-PCR, reverse tran-
scriptase-PCR; RVD, regulatory volume decrease; WT, wild
type; ZP, zona pellucida
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Fluids were centrifuged at 700 g for 10 min to remove cells and
twice at 10,000 g for 15min toeliminate remainingdebris. Protein
concentrations were determined by the Bradford method (Bio-
Rad). ELISA for detection of soluble Gal-1 was performed es-
sentially as described previously (27).

RT-PCR analysis

Total RNA from cumulus cells and oocytes was isolated with
Ambion RNAqueous-Micro kit (Life Technologies, Carlsbad, CA,
USA) according to themanufacturer’s recommendations, reverse
transcribed, and subjected to PCR using primers complementary
to different exons of mouse Lgals1 (forward: 59-CCGAACACCGG-
GAACCTGCC-39; reverse 59-GGCGGGGCCCCTCACATAGA-39),
Cd52 (forward: 59-GGCCTGCAGACTGTCCTGAACTC-39; reverse
59-GGAAACTGCAGGCACCCGCATC-39) andHprt1 (forward:
59-AGTCCCAGCGTCGTGATTAGCG-39; reverse 59-GGGCCA-
CAATGTGATGGCCTCC-39) genes.

Preparation of recombinant Gal-1

Recombinant Gal-1 (rGal-1) was produced and purified as
described elsewhere (28). For biotinylation, purified rGal-1 was
incubated with freshly prepared 3-sulfo-NHS-Biotin (Sigma-
Aldrich) in PBS at a biotin/protein ratio of 20:1 at room tem-
perature for 30 min. The reaction was quenched by the addition
glycine in PBS (0.05 M final concentration). Biotinylated Gal-1
was thendialyzed against PBS or capacitationmedia and stored at
220°C until use.

In vitro fertilization assays

Mouse COC derived from contralateral oviducts of each female
were inseminated in different drops with capacitated sperm from
each genotype (final concentration, 0.7 3 106 cells/ml) and
gameteswere coincubatedat 37°Cand5%CO2 for24h.After this
period, the number of 2-cell embryos was observed by optical
microscopy, and the percentage of fertilization was calculated (at
least 3 females of each genotype per experiment).

In vivo fertilization

Immature females were superovulated as described above, and
immediately after human chorionic gonadotropin injection
(early in the afternoon) were individually caged with a sexually
mature male. The following morning, females were checked
for vaginal plugs, and eggs were recovered from the ampulla,
fixed with 2% paraformaldehyde, stained with 10 mg/ml
Hoechst dye 33342 (Sigma-Aldrich), and examined under
aNikonOptiphotmicroscope (Nikon, Tokyo, Japan) equipped
with epifluorescence optics (3250). Eggs were considered
fertilized if 1 decondensing sperm nucleus or 2 pronuclei were
observed in the cytoplasm. In all cases, themales were subjected
to 2 consecutive matings.

Gal-1 binding assay

Spermrecovered inPBSwerefixedwith paraformaldehyde 4%
in PBS for 10 min and washed 3 times with PBS supplemented
with 4 mg/ml BSA. Sperm (23 106) were incubated with 0 to
30 mMbiotinylated Gal-1 in the absence or presence of 30 mM
b-lactose (Sigma-Aldrich) or sucrose (Baker, Phillipsburg, NJ,
USA) for 1 h at 37°C. Then cells were washed twice with PBS

and exposed to streptavidin–FITC (1:50, Sigma-Aldrich) for
30min at 37°C, as described elsewhere (29). Finally, spermwere
washed, resuspended in PBS, and analyzed in a BD FACSAria II
flow cytometer (BD Biosciences, San Jose, CA, USA). Relative
meanfluorescence intensity (rMFI) was calculated by subtracting
and dividing the geometric mean fluorescence intensity of
each treatment by the corresponding control value (without
protein). For apparent KD determination, the rMFI obtained
for each point in the presence of lactose was subtracted from
the corresponding control (only Gal-1) value (to estimate
nonspecific binding), normalized to the maximum signal and
fitted to a hyperbolic 1–binding site model. For localization
studies, the samples used for flow cytometry were mounted
on slides and examined under a Nikon Optiphot microscope
equipped with epifluorescence optics (3400).

AR assay

For each treatment, 50ml of capacitation drops were prepared
in the same dish covered with mineral oil. To evaluate the
ability of Gal-1 to induce AR, sperm (5 3 106 cells/ml) were
incubated during the capacitation period with 8 mM purified
Gal-1 (previously dialyzed against medium) in the absence or
presence of 30 mM b-lactose. For induction of AR, 50–100 mM
progesterone (P4) (Sigma-Aldrich), 80 mM KCl, 10 mM iono-
phore A23187 (Sigma-Aldrich), or 1 mM valinomycin (Sigma-
Aldrich) were added, and sperm were incubated 30 min at
37°C and 5%CO2. The AR was assessed by Coomassie Brilliant
Blue staining, as described elsewhere (30). Sperm were fixed
in 4% (v/v) paraformaldehyde in PBS for 15 min at room
temperature, washed with 0.1 M ammonium acetate (pH 9.0),
mounted on slides, and air dried. Slides were washed by suc-
cessive immersions inwater,methanol, andwater (5min each)
and were then incubated in 0.22% Coomassie Brilliant Blue
solution (50% methanol and 10% acetic acid). After staining,
slides were thoroughly washed with distilled water, air dried,
mounted with glycerol, and immediately observed to avoid
diffusion of the stain. Sperm were scored as acrosome intact
when a bright blue staining was observed on the dorsal region
of the acrosome or as reacted acrosome when staining was
absent. At least 600 sperm were counted for each condition.

Analysis of osmotic effects on cell morphology

Capacitated spermmorphologywas assessedbyplacing10ml cells
on prewarmed slides, and videos were recorded in a phase-
contrast Nikon microscope (3400). At least four 35-s videos, ac-
quired at 30 Hz frame rate, were evaluated to allow examination
of 200 sperm. To evaluate the effect of medium osmolarity in
sperm morphology, different media were prepared as described
elsewhere (31). In brief, spermwere isolated in 200ml 430-mOsM
Hepes-buffered saline (HS), pH 7.4 medium (5 mM KCl, 1 mM
MgSO4, 2mMCaCl2, 20mMHEPES, 5mMglucose, 10mM lactic
acid, and 1 mM sodium pyruvate adjusted with NaCl to yield the
desired osmolarity) and then diluted into 430 or 310 mOsM HS
medium (final osmolarity). After 15 min incubation at 37°C,
motility andmorphologywere evaluated.Thehairpinpercentage
was calculated by classifyingmotile sperm into hairpin or straight
morphology categories.

Analysis of sperm motility

Aliquots (10 ml) of sperm capacitated in the presence or ab-
sence of rGal-1 were placed on prewarmed slides and motility
recorded at 30Hz with aNikonCoolpix L20 camera in aNikon
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Eclipse TS100 microscope using LWD 203/0.40 Ph1 ADL
‘/1.2 WD 3.0 objective lenses. Sperm trajectories were then
manually trackedusing theMtrackJplug-in (www.imagescience.
org/meijering/software/mtrackj/) for ImageJ software (ver-
sion 1.47; National Institutes of Health, Bethesda, MD, USA).
The tracks were analyzed with R (version 3.0.3, http://cran.
r-project.org/). For each sperm, the x and y positions corre-
sponding to 31 points (1 s) were used for calculating the linear
and curvilinear velocities and fractal dimension (FD) (32).
Motility patterns were classified as linear (FD# 1.3; trajectories
with almost no fluctuations from the line) or hyperactivated
(FD. 1.65; star-spin trajectories) (33, 34).

Assessment of membrane potential

The lipophilic voltage-sensitive dye DiOC6(3) (3,39-dihexylox-
acarbocyanine iodide; Sigma-Aldrich)was used tomonitormouse
sperm membrane potential, as previously reported (35). Sperm
were capacitated for 90min at a concentration of 53 106 cells/ml
in the presence or absence of 50mMH89 (Sigma-Aldrich). Then
sperm were centrifuged at 300 g for 5 min and resuspended in
BSA-free capacitationmedia. Each spermaliquotwasfirst treated
with 1 mM carbonyl cyanidem-chlorophenyl hydrazone (CCCP)
for 2 min (to collapse mitochondrial membrane potential) and
then with 5 nM DiOC6(3) and 0.25 mg/ml propidium iodide
(PI) for exactly 2 min and finally analyzed by flow cytometry.
DiOC6(3) and PI were excited with a 488 nm argon laser, and
50,000eventswerecollected for eachcondition.Dataanalysiswas
performed by R software. Given the variability of mean fluores-
cence between duplicates, the DiOC6(3) fluorescence intensity
was normalized. The percentage of hyperpolarized sperm was
calculated by analyzing the histograms of DiOC6(3) fluores-
cence intensity of live wild-type (WT) cells (PI negative) and
choosing a threshold value that separated the capacitated and
noncapacitated sperm populations (36).

Statistical analysis

Results are expressed as mean values 6 SEM for each series of
experiments. The Student t test or ANOVA with Tukey posttest
were used to evaluate significance.

RESULTS

Presence of Gal-1 in male and female reproductive
tissues and gametes

Wefirst assessed thepresenceofGal-1 inmale gametes and
reproductive organs using a specific anti-Gal-1 antibody
(27).We identifiedGal-1 in the testis and the epididymis of
WTmice (Fig. 1A). Notably, expression of epididymal Gal-
1 was segment regulated, increasing from caput to cauda
(Fig. 1B).Moreover, solubleGal-1 was quantifiedby ELISA
in epididymal fluid (2.6 6 1.5 ng Gal-1/mg total protein;
n = 3) and identified in fresh cauda but not caput epidid-
ymal sperm (Fig. 1C, left and middle), indicating that the
secreted protein binds to sperm during epididymal matu-
ration. Interestingly, Gal-1 remains associated with sperm
subjected to capacitation (Fig. 1C, right), a process that
takes place in the female tract and renders sperm capable
of fertilizing the egg. Examination of testicular and epi-
didymal tissues from Gal-1-deficient (Lgals12/2) mice
revealednormal seminiferous andepididymal tubules with
abundant sperm in the lumen, whereas the analysis of ep-
ididymal sperm revealednodifferences in their number or
viability compared to theirWTcounterpart (Supplemental
Fig. S1).Within the female reproductive tract,we identified
Gal-1 protein inmouse ovary, oviduct, anduterus (Fig. 1D),

Figure 1. Presence of Gal-1 in male and female reproductive organs and gametes. A–D, F) Western blot analysis of Gal-1 and
b-tubulin (b-tub). A) Testicular and epididymal lysates (75 mg/lane) from WT (+/+) and Lgals12/2 (2/2) mice. rGal-1 was used as
positive control. B) Lysates from 3 main epididymal segments (caput, corpus, cauda). C) Protein lysates from cauda epididymal
WT and Lgals12/2 sperm (4 3 106 cells/lane, left), caput (Cp), and cauda (Cd) WT sperm (2 3 106 cells/lane, middle) and
noncapacitated (NC) or capacitated (C) WT sperm (4 3 106 cells/lane, right). D) Protein lysates from uterus, oviduct, and ovary
from WT and Lgals12/2 mice. E) RT-PCR of total RNA from oocytes (Oo) and cumulus cells (CC) using Cd52 and Hprt1 genes as
purity and loading controls, respectively. The product of RT reaction without retrotranscription (2RT) was used to exclude possible
amplification of genomic sequences and/or pseudogenes. F) Western blot analysis of protein lysates from oocytes (Oo) and cumulus
cells (CC) from 40 WT or Lgals12/2 COC (left) and of trichloroacetic acid-precipitated proteins from ECM of hyaluronidase-treated
COC and corresponding cumulus cells (CC) (right). Anti-b-tubulin was used as control of contaminating cells in ECM fraction.
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as well as in the uterine fluid by ELISA (2.7 6 0.5 ng
Gal-1/mg total protein;n=5).Analysis of cumulus cells and
oocytes isolated fromCOCrevealed thepresenceofLgals1
mRNA in cumulus cells but not inoocytes, evenwhenhigh
amounts of cDNAwereused as input (Fig. 1E).Toexclude
the possibility that oocyte preparation could be contami-
nated with cumulus cells, the presence of Cd52 mRNA,
a transcript specifically expressed in cumulus cells (37),
was used as a control. In agreement with mRNA expres-
sion, immunoblot analysis revealed the presence of Gal-1
protein in cumulus cells and cumulus ECM but not in
oocyte lysates (Fig. 1F). Thus, Gal-1 is differentially regu-
lated in male and female reproductive tissues and fluids,
suggesting its potential role in controlling gamete biology.

Gal-1 influences the AR in a
carbohydrate-dependent manner

Given the prominent expression of Gal-1 at sites of sperm
capacitation and fertilization and its presence in cumulus
cells, we then examined the ability of this lectin to modu-
late sperm function. Biotinylated recombinant Gal-1
(rGal-1) bound to fresh cauda epididymal sperm in a car-
bohydrate-dependent manner, as b-lactose (a specific
galectin disaccharide) but not sucrose (a nonrelated di-
saccharide), prevented Gal-1–sperm interactions (Fig.
2A). Accordingly, exposure to b-lactose resulted in re-
duced binding of rGal-1 to both the head (i.e., dorsal and
postacrosomal regions) and the tail of the cells (Fig. 2B).

Subsequent analysis revealed that rGal-1 associates with
sperm with an apparent KD of 12 mM (Fig. 2C).

To examine whether exposure of sperm to rGal-1
influences the functional state of these cells, we investi-
gated the effects of this lectin on sperm capacitation by
evaluating the percentage of AR, a key exocytotic event
essential for different stages of the fertilization process.
Although rGal-1 did not affect sperm viability (rGal-1,
51.16 1.6% vs. control, 51.96 1.8%, n = 5), exposure to
this lectin during the capacitation process significantly
increased the percentage of AR (Fig. 2D). This effect was
prevented when sperm cells were incubated with rGal-1
in the presence of lactose, indicating that rGal-1 increa-
ses the percentage of AR in a carbohydrate-dependent
fashion. The impact of Gal-1 on the AR was further
characterized by incubating sperm with rGal-1 under
capacitating conditions for only 30 min (a time period
that is not sufficient for completion of capacitation) or by
exposing already capacitated sperm to rGal-1. Under
none of these conditions did rGal-1 influence the AR
(Supplemental Fig. S2), suggesting that this lectin may
affect late events in the capacitation process.

Gal-1 modulates fertilization

Given thepresence ofGal-1 in both gametes and the ability
of this lectin to regulate sperm function, we investigated
the contribution of Gal-1 to sperm-egg interaction by in
vitro fertilization assays involving capacitated sperm and

Figure 2. Effect of binding of rGal-1
on sperm function. A) Flow cytom-
etry of fixed cauda epididymal
sperm incubated for 60 min in me-
dium alone (control) or medium con-
taining 8 mM biotinylated rGal-1 in
absence or presence of b-lactose
(b-Lac) or sucrose (Suc; nonspecific
disaccharide) and subsequently ex-
posed to streptavidin–FITC (left).
Histogram representative of 3 inde-
pendent experiments (right). rMFI
(right) was calculated as (mean fluores-
cence intensity [MFI] experimental 2
MFI control)/MFI control. Data are
presented as means 6 SEM of 3
independent experiments. (A) vs.
(B), P , 0.05. B) Localization of rGal-
1 bound to cauda sperm in absence or
presence of b-lactose. C) Analysis of
rGal-1 binding to sperm. Dashed
line represents best fit to hyperbolic
1-binding site model, and resulting
apparent KD (KD,app) is shown. Data
are presented as means 6 SEM of
3 independent experiments. D)
Epididymal sperm were exposed to
8 mM rGal-1 during capacitation
(90 min) in presence or absence of
b-lactose. After incubation, per-
centage of AR was evaluated by
Coomassie Brilliant Blue staining

(inset; arrow indicates acrosome-reacted cells). Results represent means 6 SEM of 4 independent experiments. (A) vs. (B),
P , 0.001.
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COC both from Lgals12/2 and WTmice. We found a sub-
stantially lower percentage of fertilization when Lgals12/2

spermwas used, regardless of the COCgenotype (Fig. 3A),
suggesting a critical role of sperm-derived Gal-1 in sperm–
egg interaction.

To investigate whether the impaired sperm fertilizing
ability observed in vitro could also bedetectedunder in vivo
conditions, Lgals12/2 and WT males were mated with
superovulated females, and the number of fertilized eggs
recovered from the ampulla was evaluated the next day. In
agreementwith in vitroobservations, fertilization rateswere
significantly lower for Gal-1-deficient males than control
males (Fig. 3B, day 1). Notably, whenmales were subjected
to a second consecutive mating, the fertilization rates
of WT males remained unchanged, whereas those cor-
responding to Lgals12/2 males dramatically declined
(Fig. 3B, day 2).

Mechanisms underlying Gal-1 modulation of
sperm function

To explore functional differences between Lgals12/2 and
WT sperm as well as potential mechanisms underlying
Gal-1 regulatory effects, cells from the 2 genotypes were
incubated under in vitro capacitating conditions, and

functional parameters were analyzed. No significant dif-
ferences were detected in the percentage of motile sperm
(Fig. 4A) or their linear velocity (Fig. 4B). However,
Lgals12/2 spermshowed reduced curvilinear velocity (Fig.
4C) and overall FD, an indicator of the sperm trajectory
regularity (Fig. 4D), suggesting that mutant sperm pop-
ulation contains a higher number of cells with linear paths
than controls. Subsequent analysis of the distribution of
cells within the low and high FD intervals (Fig. 4E) con-
firmed that Lgals12/2 sperm exhibit higher levels of cells
with linear trajectories than controls (Fig. 4F). Moreover,
Lgals12/2 sperm showed decreased percentage of hyper-
activation, a typical vigorous motility displayed by capaci-
tated cells (Fig. 4G). In addition to differences in sperm
motility patterns, a higher number of sperm with angu-
lated tails—a phenotype known as a hairpin pattern—was
observed in Lgals12/2 motile sperm populations com-
pared toWT cells (Fig. 5A). Because the hairpin pattern is
associated with defects in volume regulation when sperm
cells are exposed to lower osmolarity conditions (38),
Lgals12/2 and WT sperm were recovered in an isosmotic
medium (430 mOsM, epididymal fluid osmolarity),
transferred to medium with the same or lower osmolarity
(310mOsM), and the percentage of hairpins determined
15 min after transfer. Whereas Lgals12/2 and WT sperm
showed comparable percentages of hairpin cells at high
osmolarity conditions, Lgals12/2 spermatozoa exhibited
a percentage of angulated tails significantly higher than
WT sperm when incubated in the lower osmolyte content
medium (Fig. 5B), suggesting that Gal-1 deficiency
impairs the ability of sperm to regulate their volume. In-
terestingly, whereas binding of rGal-1 to Lgals12/2

sperm during capacitation (Supplemental Fig. S3A) did
not modify sperm motility behavior (Supplemental Fig.
S3B–F), it reduced the incidence of hairpin phenotype
within this population, suggesting that supplementation
of this lectin partly rescues the ability ofmutant sperm to
regulate their volume (Fig. 5C).

To gain further insights into the mechanisms un-
derlying Gal-1 function, we evaluated the effects of this
lectin on other capacitation-related events. Whereas no
differences were observed in protein tyrosine phosphoryla-
tion (Fig. 5D) or spontaneous AR (Fig. 5E) between
Lgals12/2 and WT sperm, sperm devoid of Gal-1 failed to
respond to progesterone, a well-known physiologic in-
ducerof theAR(Fig. 5E).Moreover, exposureofLgals12/2

sperm to rGal-1 did not produce an increase inAR levels as
observed previously for WT sperm (Figs. 5F and 2D), al-
though it rescued the ability ofmutant sperm to respond to
progesterone (Fig. 5F).

To further characterize the role of Gal-1 in AR in-
duction, sperm isolated fromLgals12/2 andWTmicewere
exposed to the Ca2+ ionophore A23187 to increase the
intracellular Ca2+ concentrations necessary formembrane
fusion during the AR. Alternatively, a high extracellular K+

concentration was applied to depolarize the plasma
membranepotential, anevent that enables the initiationof
the AR (39).Whereas themagnitude of the AR reached in
Lgals12/2 sperm treated with A23187 did not differ sub-
stantially from that observed in WT cells (Fig. 6A), Gal-1-
deficient sperm failed to respond to K+ compared with
control cells. Thus, Gal-1 deficiency controls intracellular
Ca2+ elevation, a key early event associated to the AR

Figure 3. In vitro and in vivo fertilization performance of Gal-1-
deficient gametes. A) WT (+/+) and Lgals12/2 (2/2) COC
were inseminated with in vitro capacitated sperm from both
genotypes. After 24 h coincubation, percentage of 2-cell
embryos was determined. Results represent means 6 SEM of 4
independent experiments. (A) vs. (B), P , 0.05. B) WT and
Lgals12/2 males were mated with superovulated immature
females. Next morning, eggs recovered from ampulla were
examined for evidence of fertilization. All males were
subjected to 2 consecutive matings (day 1 and day 2). Results
represent means 6 SEM of 3 independent experiments. (A) vs.
(B), P , 0.05; (A) vs. (C), P , 0.001; (B) vs. (C), P , 0.001.
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Recent evidence indicates that hyperpolarization of the
plasma membrane potential during capacitation is critical
for sperm to undergo induced AR (40). To study the im-
pact of Gal-1 in sperm plasma membrane potential,
Lgals12/2 and WT sperm were treated with valinomycin,
a K+ ionophore that hyperpolarizes the sperm plasma
membrane, and then exposed to progesterone. Gal-1-
deficient sperm showed an increase in the percentage of
AR compared to WT sperm (Fig. 6B). Interestingly, when
the effects of valinomycin were analyzed for each of
the 2 morphologic Lgals12/2 sperm populations (i.e.,
straight and hairpin), both groups showed a deficient
response to progesterone that was circumvented by vali-
nomycin treatment, although the hairpin group exhibi-
ted a stronger phenotype being more refractory to
undergo the AR (Fig. 6C).

On the basis of these observations, we next evaluated the
percentageofhyperpolarized cells in capacitatedLgals12/2

and control sperm. Flow cytometry analysis of WT sperm
using the voltage sensitive fluorescent probe DiOC6(3)
revealed that only a subpopulation (;40%) of live
capacitated sperm showed a decrease in membrane po-
tential (Fig. 7A, C). This decrease could be prevented by

exposure of cells to H89, a PKA inhibitor that blocks the
cAMP-dependent signaling cascade leading to capacita-
tion (Fig. 7A, C). In contrast to their WT counterpart,
capacitated Lgals12/2 cells did not show hyperpolariza-
tion (Fig. 7B, C), supporting the idea that Gal-1 controls
the AR, at least in part, through a mechanism involving
hyperpolarization of sperm plasmamembrane potential.

DISCUSSION

Research over the past few years indicates that complex N-
glycans and O-glycans may play key roles in sperm–egg
interactions.However, the identity andmolecular activities
of glycan-binding partners that mediate cellular commu-
nication at the sperm–egg interface remain elusive. Be-
cause Gal-1 binds to polylactosamine-terminated glycans
highly represented in themurine ZP (4), displays immune
inhibitory activity at the fetomaternal interface (21, 41),
and modulates signaling pathways that are critical for
sperm and oocyte biology (i.e., Scr kinases, integrin/FAK,
and PLC-dependent Ca2+ mobilization) (42, 43), we hy-
pothesized that Gal-1–glycan interactions could influence

Figure 4. Impact of endogenous Gal-1 on sperm motility. A) Sperm from WT (+/+) and Lgals12/2 (2/2) mice were capacitated in
vitro and percentage of motile cells was determined. Results represent means 6 SEM of 5 independent experiments. ns, not
significant. B–D) WT and Lgals12/2 sperm movement was tracked and linear velocity, curvilinear velocity, and FD were
calculated. Results represent means 6 SEM of 4 independent experiments. (A) vs. (B), P , 0.05; E) Representative trajectories of
WT and Lgals12/2 sperm observed in different FD intervals (linear group: FD , 1.3; hyperactivated group, FD . 1.65).
Representative histogram of FD distribution for both genotypes is shown in upper panel. F, G) Percentages of WT and Lgals12/2

cells exhibiting either linear trajectories (A vs. B, P, 0.01) or hyperactivation (A vs. B, P, 0.001). Results represent means6 SEM

of 4 independent experiments.
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gamete biology. In this study, we identified a pivotal
role for Gal-1 in sperm fertilizing ability by controlling
spermmotility, cell volume, and the AR through glycan-
dependent mechanisms involving sperm membrane
potential hyperpolarization.

Within the reproductive tracts, we found that Gal-1 was
present in both the testes and the epididymis as well as in
the ovary, uterus, and oviduct. Interestingly, the presence
of Gal-1 in epididymal tissue was found to be segment
regulated, increasing from caput to cauda, suggesting
a possible role for this lectin in epididymal maturation.
Consistent with thesefindings, Gal-1 was detected in cauda
epididymal spermas reported for rat sperm (15)but not in
immature caput cells, thus substantiating the involvement
of this lectin in the acquisition of sperm fertilizing ability
that occurs during epididymal transit.Moreover, Gal-1 was
detected in capacitated sperm as well as in cumulus cells
and cumulus ECM, suggesting that this lectin might be
involved in gamete interactions and the paracrine regula-
tion of COC homeostasis, as previously suggested (44).
These observations, together with the presence of Gal-1 in

male and female reproductive fluids, favor the idea that
Gal-1 interacts with sperm during the maturation and ca-
pacitation processes. Accordingly, we found that Gal-1 as-
sociated with sperm in a carbohydrate-dependent fashion
and promoted an increase in the magnitude of the AR
whenpresent during capacitation. In this regard, it is likely
that the increase in the spontaneous AR occurs as a con-
sequence of Gal-1 binding to glycosylated receptors.
Accordingly, a previous study has demonstrated that cross-
linking of the glycolipid GM1 (a putative Gal-1 receptor)
modulate the AR by regulating CaV2.3 calcium channels
located in the dorsal region of the sperm head (45),
a membrane domain to which rGal-1 binds. Interestingly,
a similar mechanism, involving GM1 and TRPC5 channels
has been previously described for Gal-1 in T cells (46).

In vitro fertilization studies using sperm and COC from
both genotypes revealed a markedly reduced fertilizing
capacity of Lgals12/2 sperm compared to its WT counter-
part when coincubated with either Lgals12/2 orWT COC.
Although the potential contribution of cumulus-derived
Gal-1 to the fertilization process cannot be excluded, these

Figure 5. Relevance of endogenous Gal-1 in sperm function. A) Sperm from WT (+/+) and Lgals12/2 (2/2) mice were capacitated
in vitro and percentage of hairpin cells was scored only within motile population. Inset corresponds to differential interference
contrast images. Results represent means 6 SEM of 5 independent experiments. *P , 0.05; B) Sperm from both genotypes were
obtained in 430 mOsm media (isosmotic with epididymal fluid), then transferred to either 430 or 310 mOsm (isosmotic with
uterine fluid and with capacitation media) solutions for 15 min, and percentage of hairpin cells was scored under microscope.
Results represent means 6 SEM of 3 independent experiments. (A) vs. (B), P , 0.01. C) Lgals12/2 sperm were exposed to 8 mM
rGal-1 during capacitation, and percentage of hairpin cells was calculated. Results represent means 6 SEM of 3 independent
experiments. (A) vs. (B), P , 0.05. D) WT and Lgals12/2 sperm were incubated under noncapacitating (NC) or capacitating (C)
conditions for 90 min and then subjected to immunoblot using antiphosphotyrosine (p-Tyr) or anti-b-tubulin (b-tub) antibodies.
E) Sperm from both genotypes were in vitro capacitated for 90 min, followed by treatment with 50 mM P4 for additional 30 min.
Then percentage of spontaneous (Spont.) or induced percentage AR was evaluated by Coomassie Brilliant Blue staining. Results
represent 6 SEM of 4 independent experiments. (A) vs. (B), P , 0.05. F) Lgals12/2 sperm were incubated for 90 min under
capacitating conditions in absence (control) or presence of 8 mM rGal-1, then exposed to 50 mM P4 for 30 min. After incubation,
percentage AR was evaluated. Results represent means 6 SEM of 3 independent experiments. (A) vs. (B), P , 0.05.
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observations emphasize the relevance of sperm Gal-1 for
fertilization. Notably, these in vitro defects could not be
overcome by exposure of sperm to rGal-1 (Supplemental
Fig. S4), suggesting that binding of exogenous Gal-1 to
sperm isnot sufficient to rescue the fertilizingability of cells
that have never been exposed to endogenousGal-1 during
epididymal maturation. In spite of the strong in vitro phe-
notype of Lgals12/2 sperm, mutant mice are fertile when
naturally mated (21, 47). These results are consistent with
the normal fertility levels observed in most knockout mice
for sperm proteins with demonstrated roles in in vitro fer-
tilization (48). In this regard, the female tract has an ex-
tremely efficientmechanismof sperm selection, leading to
few but high-quality fertilizing sperm reaching the am-
pulla. This efficient selection systemmay thus mask sperm
deficiencies that become evident under more restrictive
conditions. Supporting thisnotion,we foundthatLgals12/2

males exhibited in vivo fertilization rates significantly
lower than controls whenmated undermore challenging
conditions, such as those induced by superovulation (i.e.,
increased number of ovulated eggs or modified sperm
migration) and consecutive matings (lower number of
ejaculated sperm). Thus, in vitro and in vivo experiments
reveal that Gal-1-deficient sperm exhibit a clear disad-
vantage in their fertilizing ability compared to controls.

To investigate themechanisms underlying the impaired
sperm fertilizing ability of Lgals12/2 sperm, different
functional parameters were evaluated. Analysis of sperm
motility revealed that Gal-1-deficient sperm exhibit more
linear trajectories and lower number of hyperactivated
cells than controls. Considering that hyperactivation is re-
quired for penetration of the eggs vestments (i.e., cumulus
and ZP), it is likely that these motility defects contribute to
the lower levels of fertilization observed in vitro and in vivo.
In addition, Lgals12/2 sperm exhibited a higher percent-
age of angulated tails, a pattern adopted by the cells in
response to an increase in the cytoplasmic volume known
as the hairpin (38). When spermatozoa stored in a high
osmolarity medium such as the epididymal fluid are chal-
lengedwith a hypo-osmoticmedium as the uterinefluid or
in vitro capacitation media, water enters the cell and acti-
vates a mechanism termed regulatory volume decrease
(RVD) (49), which involves the opening of ion channels
and the release of K+ or Cl2 to counteract the inward os-
motic water flow. In sperm, it has been reported that
aquaporins aswell asK+orCl2 channels are involved in this
homeostatic response (31, 49–51). Similar to the effects
observed for Gal-1, sperm RVD ability augments along
the successive sections of the epididymis (52), suggesting
that Gal-1 association with sperm during epididymal

Figure 6. Molecular mechanisms underlying Gal-1 modulation of AR. A) WT (+/+) and Lgals12/2 (2/2) sperm were incubated
under in vitro capacitating conditions for 90 min and then exposed to either 80 mM K+ (K+) or 10 mM calcium ionophore
(A23187). Percentage of AR was then scored by Coomassie Brilliant Blue staining. Results represent means 6 SEM of 4
independent experiments. (A) vs. (B), P , 0.05; (A) vs. (C), P , 0.001; (A) vs. (D), P , 0.001. B) Sperm from both genotypes
were incubated under capacitating conditions for 90 min, then treated for 1 min with 1 mM valinomycin (Val) (at this
concentration, valinomycin does not affect percentage of hairpin cells), and finally exposed to 50 mM P4 for 30 min. After these
treatments, percentage of AR was determined. Results represent means6 SEM of 3 independent experiments. (A) vs. (B), P, 0.05;
(C) vs. (D), P , 0.05. C) Lgals12/2 sperm were treated as in (B) and classified as straight or hairpin while evaluating percentage
of AR in each population (left). Right panel includes %AR of 4 independent experiments. (A) vs. (B), P, 0.05; (A) vs. (C), P, 0.001;
(C) vs. (D), P , 0.001.
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maturation might contribute to regulate the volume of
these cells. This effect was further supported by thefinding
that exposure of mutant sperm to Gal-1 decreased the
percentage of cells exhibiting the hairpin phenotype. Al-
though it is tempting to speculate that the low in vitro fer-
tilization rates observed forLgals12/2spermare also due to
defective COC penetration by hairpin-shaped sperm, pre-
vious reports in aquaporin-3-deficient mice, showed no
correlation between the percentage of hairpin cells and
the in vitro fertilization rates in each population (50).

Gal-1-deficient spermatozoa were more refractory than
control cells to undergo AR, as shown by pronounced
defects in their response to progesterone or higher extra-
cellular K+. Nonetheless, Lgals12/2sperm reached the
same AR levels than WT cells when exposed to the Ca2+

ionophore, indicating that AR-associated defects are
placed upstream of the intracellular Ca2+ mobilization
process required for acrosomal exocytosis. Interestingly,
addition of exogenous Gal-1 to Lgals12/2sperm during
capacitation rescuedprogesterone-inducedAR.This effect
didnot appear to bedue toa synergistic actionofGal-1 and
progesterone, as judged by the fact that Gal-1 could not
increase the already high AR levels reached by pro-
gesterone induction (Supplemental Fig. S2C, D). Surpris-
ingly, Gal-1 did not induce an increase in AR in Lgals12/2

sperm as previously observed for control sperm, thus em-
phasizing the cooperative effects of exogenous and en-
dogenous Gal-1 in regulating the AR. These observations
support the idea that specific defects in the ability of
Lgals12/2 sperm to undergo the AR also contribute to the

impaired fertilizing ability of these cells. In this regard,
although it is well accepted that the AR is an absolute re-
quirement for the penetration of the ZP, evidence indi-
cates that this exocytotic event may occur either during
cumulus penetration, induced by progesterone within the
cumulus ECM and/or on the ZP induced by a coat glyco-
protein (53). In this context, it is possible that Lgals12/2

sperm exhibit deficiencies to respond to these physiologic
AR inductors at any of these fertilization stages.

Recent observations revealed that hyperpolarization of
the sperm membrane potential occurring through the
capacitation process is themain prerequisite for induction
of the AR (40). Thus, we evaluated whether changes in
plasma membrane potential hyperpolarization may ac-
count for the lowerAR inductionobserved inGal-1mutant
sperm treated with either progesterone or K+. Notably,
exposure of Lgals12/2 sperm to valinomycin, a K+ iono-
phore that shifts membrane potential to negative values,
partially bypassed the defects of these cells to undergo
progesterone-induced AR. This, together with the failure
of Lgals12/2 sperm to hyperpolarize during capacitation,
supports the idea thatGal-1 controls theAR, at least inpart,
through a mechanism involving hyperpolarization of the
sperm plasma membrane potential. Notably, AR defects
could be overcome by valinomycin in both straight
and hairpin Gal-1-deficient spermatozoa. However, the
hairpin-shaped group showed a stronger phenotype with
lower rates of spontaneous and progesterone-induced
AR, suggesting an association between RVD and AR in-
duction defects.

Figure 7. Involvement of endogenous Gal-1 in hyperpolarization of sperm membrane potential. A) WT (+/+) sperm were
capacitated in presence or absence of 50 mM H89 for 90 min, loaded with DiOC6(3) and PI, and analyzed by flow cytometry. B)
WT and Lgals12/2 (2/2) sperm were capacitated, and membrane potential was assessed by flow cytometry. In both (A) and (B),
at left are shown representative 2-dimensional dot plots of DiOC6(3) and PI fluorescence, and at right are shown corresponding
histograms of DiOC6(3) normalized (Norm) fluorescence intensity in live cells. Rectangles in dot plots indicate live (low PI)
sperm populations. C) Percentage of hyperpolarized cells from both genotypes capacitated with or without 50 mM H89. Results
represent means 6 SEM of 3 independent experiments. (A) vs. (B), P , 0.05.
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At the cellular level, Gal-1 profoundly affects trafficking,
internalization, and signaling thresholds of glycosylated
receptors, including VEGF receptor 2 (27), or cell surface
channels, including the renal epithelial Ca2+ channel
transient receptor potential cation channel subfamily V
member 5 (54), the neuronal glutamate-gated ion chan-
nels a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid and kainate (55), and the lymphocyte Ca2+ channel
TRPC5 (46), suggesting that Gal-1 could function by
modulating mobility or signaling channels in sperm cells
too. Interestingly, Slo3, the main K+ sperm channel, plays
important roles inmotility,RVD, andmembranepotential
control. In fact, as observed for Gal-1 mutant sperm, Slo3-
deficient sperm, which do not hyperpolarize, are unable
to undergo the AR, and they exhibit both motility defects
and higher percentages of hairpin-shaped cells upon
hypo-osmotic shock (31, 56). These observations suggest
that Gal-1 might act as regulator of Slo3. This is further
supported by our observations showing that Gal-1 binds to
the sperm tail where Slo3 channels are expressed. Al-
though little is known about the complex modulation of
this K+ channel activity, recent reports identified an ex-
tensively glycosylated auxiliary subunit, i.e., leucine-rich-
repeat-containing protein 52 (LRRC52), which modifies
the channel gating behavior and is critical for fertility (57,
58) and therefore is a potential target forGal-1.Moreover,
it is possible to speculate that a Gal-1-dependent signaling
complex including LRRC52 and Slo3 may function in the
mechanoactivation of the channel induced bymembrane
stretching in RVD.

In summary, the present study demonstrates that Gal-1-
deficient mice have impaired sperm fertilizing ability,
defects in RVD and hyperactivation development, and
a failure in their ability to undergo the AR, probably as
a result of defective plasma membrane potential hyper-
polarization. These findings highlight the contribution of
Gal-1–glycan interactions to key events required for full
sperm fertilizing ability. From a broad perspective, sperm
may be considered as a good model for identifying new
glycosylation-dependent processes because these tran-
scriptionally inactive cells take advantage of posttransla-
tional mechanisms to regulate their function.
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