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Abstract. In this study, we examined the effects of 5-hydroxytryptamine (5-HT) on the motility and hyperactivation of
mouse spermatozoa. In addition, we examined whether 5-HT increases the success of in vitro fertilization (IVF) in mice.
Interestingly, 5-HT and agonists of the 5-HT,, 5-HT;, 5-HT,, and 5-HT receptors significantly increased the percentage
of hyperactivated spermatozoa but did not affect the percentage of motile spermatozoa. Moreover, agonists of the 5-HT,,
5-HTj;, and 5-HT, receptors significantly affected the velocities, linearity, straightness, wobbler coefficient, amplitude and/or
frequency of spermatozoa. In particular, the improvement of hyperactivation by 5-HT was strongly inhibited by antagonists of
the receptors 5-HT, and 5-HT; and was completely inhibited by a mixture of the four 5-HT-receptor antagonists. The increase
in hyperactivation by the agonists was significantly inhibited by the corresponding 5-HT-receptor antagonist. Moreover, 5-HT
significantly increased the percentage of two-cell embryos. The increase in the IVF success rate by 5-HT was significantly
inhibited by a 5-HT,-receptor antagonist. These results suggest that 5-HT increased hyperactivation through the 5-HT

receptors and increased the success of [IVF in mice.
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permatozoa are activated after ejaculation, and activated mam-

malian spermatozoa are capacitated before fertilization [1, 2].
Activated spermatozoa exhibit small-bend amplitude in flagellar
movement and linear swimming patterns [3, 4]. However, capacitation
is inhibited by the binding of a decapacitation factor [2] and cannot
occur until the decapacitation factor is lost. Capacitated spermatozoa
then show hyperactivation of flagellar movement, and acrosome
reactions (AR) occur in the head [1, 2]. Hyperactivated spermatozoa
have a large amplitude and large asymmetric flagellar beating pattern
[3—5]; therefore, hyperactivation provides increased motility and
propulsive force to facilitate passage of the spermatozoa through
the zona pellucida and the cumulus cell layers [3]. Whereas, AR is
a form of exocytosis that exposes an enzyme system that promotes
binding to the oocyte [1]. Finally, acrosome-reacted spermatozoa
are able to fertilize the oocyte.

In order for spermatozoa to be capacitated and hyperactivated
in vitro, three essential components, albumin, Ca®*, and, HCO;,
are required in the capacitation medium. Albumin removes choles-
terol from the spermatozoal plasma membrane [6], and Ca>* and
HCO; stimulate soluble adenylate cyclase (sAC) and induce cAMP
production [2, 7, 8]. Moreover, Ca>" and cAMP activate several protein
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kinases and phosphatases, thereby inducing protein phosphorylation
and de-phosphorylation [2, 5, 9, 10]. It has been reported that the
spermatozoal capacity for hyperactivation is correlated with the
success rate of in vitro fertilization (IVF) [11].

Several oviductal hormones have been observed to affect hyper-
activation processes [4], including the induction of hyperactivation
by progesterone (P,), melatonin, and 5-hydroxytryptamine (5-HT)
[12—14]. In contrast, 17p-estradiol suppresses the effects of P, and
melatonin [15-17]. Moreover, y-aminobutyric acid (GABA) induces
hyperactivation in humans [18], although it suppresses the effects
of P, and 5-HT in hamsters [19, 20].

The hormone 5-HT is known to regulate numerous functions by
activating specific receptors [21]. The receptors for 5-HT consist of
seven subtypes (5-HT, 5-HT,, 5-HT;, 5-HT,, 5-HTs, 5-HTg, and
5-HT,). The receptors 5-HT, and 5-HT5 suppress transmembrane
adenylate cyclase (tmAC); while 5-HT,, 5-HT, and 5-HT; stimulate
tmAC. The 5-HT, receptors stimulate phospholipase C (PLC), which
regulates the release of Ca* from Ca?’-stores. Whereas, the 5-HT;
receptor is a ligand-gated cation channel receptor.

The spermatozoal functions of several mammal species are affected
by 5-HT. In hamster spermatozoa [13, 22], 5-HT induces AR and
hyperactivation through 5-HT, and 5-HT receptors. In addition, 5-HT
dose-dependently induces hyperactivation [13]. Low concentrations
(fM to pM) of 5-HT increased hyperactivation through the 5-HT,
receptor, whereas high concentrations (nM) improved hyperactivation
through the 5-HT), receptor. The hormone receptors, 5-HT,, 5-HT,,
and 5-HTj3, have been found in human and stallion spermatozoa [23,
24]. Furthermore, it has been suggested that 5S-HT increases straight-
line velocity (VSL), curvilinear velocity (VCL), and average-path
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velocity (VAP) of human spermatozoa [23]. It is assumed that 5-HT
also affects fertilization, as 5-HT and the 5-HT,, SHT,, and SHT,
receptors are found in oocytes, cumulus-oocyte complexes (COCs),
follicular fluid, oviducts, and embryos of humans and mice [21].
In this study, we examined whether 5-HT affects the motility and
hyperactivation of mouse spermatozoa and investigated the effects
of 5-HT on mouse IVF.

Materials and Methods

Chemicals

We purchased 5-HT, sumatriptan succinate (Sumatriptan),
o-methylserotonin maleate salt (MS), 1-(3-chlorophenyl)biguanide
hydrochloride (mCPBG), 5-methoxytryptamine (MT), WAY-208466
dihydrochloride (WAY), LP12 hydrochloride hydrate (LP12),
cyproheptadine hydrochloride sesquihydrate (Cypro), dolasetron
mesylate hydrate (DS), GR113808 (GR), and SB-258719 (SB25)
from Sigma-Aldrich (St. Louis, MO, USA). Pregnant mare serum go-
nadotropin (PMSG) (Serotropin®) and human chorionic gonadotropin
(hCG) (Gonatropin®) were purchased from ASKA Pharmaceutical
(Tokyo, Japan). Other reagent-grade chemicals were purchased from
FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan).

Animals

ICR mice were bred in the Laboratory Animal Research Center
of Dokkyo Medical University. The present study was approved by
the Animal Care and Use Committee of the university (experimental
permission number: 0107) and performed in accordance with the
University’s Guidelines for Animal Experimentation.

Preparation of hyperactivated spermatozoa

Hyperactivated spermatozoa were prepared according to the
method described previously [9] with some modifications. Modified
Tyrode’s albumin lactate pyruvate (nTALP) medium [25] was used
as a capacitation medium. Spermatozoa were collected from the
cauda epididymis of male mice (10-20 weeks of age). One drop
(approximately 3 pl) of spermatozoa was placed on a culture dish
(35 mm diameter), and 3 ml mTALP medium was carefully added to
the dish. The spermatozoa were incubated for 5 min at 37°C to allow
diffusion into the medium, and the supernatant containing motile
spermatozoa were collected and placed in a new dish containing a
vehicle or antagonists. After incubation for 5 min, the supernatant was
transferred to a new dish containing the vehicle, 5-HT, or agonists.
The spermatozoa were incubated for 2 h at 37°C in an atmosphere
containing 5% CO, to induce hyperactivation. Stock solutions of
5-HT (100 uM), sumatriptan (100 pM), MS (100 pM), mCPBG
(100 mM), WAY (7.3 uM), LP12 (0.13 uM), and DS (3.8 uM) were
dissolved in de-ionized and distilled water. Stock solutions of MT (10
nM) and Cypro (1 mM) were dissolved in ethanol. Stock solutions
of GR (1 mM) and SB25 (10 mM) were dissolved in dimethyl
sulfoxide (DMSO). In all experiments, the maximum concentration
of the vehicle was 0.5%.

Measurement of motile and hyperactivated spermatozoa
The analyses of motile and hyperactivated spermatozoa were
performed as follows: motile spermatozoa were recorded on a Blu-ray

disc recorder (DIGA DMR-BRWS520; Panasonic, Osaka, Japan) using
a CCD camera (Model XC-77; Kyoshin, Tokyo, Japan) attached to
a microscope (CX41, Olympus, Tokyo, Japan) with phase-contrast
illumination and a warm plate (MP-1000; Kitazato, Shizuoka, Japan).
The suspension containing motile spermatozoa (50 1) was transferred
to an observation chamber (0.125 mm deep, 16 mm wide, and 18
mm long) made of vinyl tape attached to the glass slide in two
parallel strips, and then covered with a cover glass. Observations
were performed for 1 min at 37°C. Visual analyses of the movies
comprised manual counts of the numbers of total spermatozoa,
motile spermatozoa, and hyperactivated spermatozoa. The analyses
were performed in a blinded manner for all experiments. Motile
spermatozoa that exhibited asymmetric flagellar movement and
moved in a circular and/or figure of eight pattern were defined as
hyperactivated [1, 4] (see Supplemental Movie). The percentages of
motile and hyperactivated spermatozoa were defined as the number
of motile spermatozoa/number of total spermatozoa x 100, and the
number of hyperactivated spermatozoa/number of total spermatozoa
x 100, respectively. Each experiment was performed four times on
four different mice. When the proportion of motile spermatozoa
was equal to or below 70% of levels seen before incubation, the
experiment was repeated. The data were statistically analyzed by
Student’s 7-test using Microsoft Excel (Microsoft Japan, Tokyo,
Japan) or by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test using Microsoft Excel with the Statcel2
(OMS Publishing, Saitama, Japan) add-on. Statistical significance
was considered for P values of < 0.05.

Motility assay by the Sperm Motility Analysis System
(SMAS)

The motility assay was evaluated by using SMAS for animals
(Ver. 3.18) with the loaded parameter file mouse BM10x_640nm_
Bright59 150fps-shutter200.ini (Ditect, Tokyo, Japan) [26]. The
suspension containing motile spermatozoa (20 pl) was transferred
to an observation chamber (0.1 mm deep, 18 mm wide, and 18 mm
long) made of mending tape attached to the glass slide in two parallel
strips, and then covered with a cover slips. Spermatozoal movement
was recorded for 1 sec on the hard disk drive of the SMAS via a
high-speed digital camera (HAS-L2; Ditect) attached to a microscope
(ECLIPSE E2000; Nikon, Tokyo, Japan) with phase-contrast il-
lumination, a 650 nm band-pass filter, and a warm plate (MP10DM;
Kitazato). The SMAS analyzed 150 consecutive images obtained
from a single field at 10 x magnification in a negative phase-contrast.
VSL (um/sec), VCL (um/sec), VAP (um/sec), linearity (LIN; defined
as VSL/VCL), straightness (STR; defined as VSL/VAP), amplitude
of lateral head displacement (ALH, um), and beat-cross frequency
(BCF, Hz), were automatically calculated by the SMAS; wobbler
coefficient (WOB; defined as VAP/VCL) was calculated manually
[27]. The SMAS analysis was repeated five times on five different
mice. In each experiment, > 300 spermatozoa were detected. Only
motile spermatozoa judged as significant were analyzed. The effects
of 5-HT and agonists were statistically analyzed by a Student’s
t-test performed using Microsoft Excel or by one-way ANOVA with
Tukey’s multiple comparisons test using Microsoft Excel with the
add-in software Statcel2. Differences were considered significant
for P values of < 0.05.
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IVF

IVF was performed in accordance with the method described by
Takeo et al. [28] with some modifications. For the superovulation
treatment, female mice (8—12 weeks of age) were intraperitoneally
(i.p.) administered 10 units PMSG at 1600 h, three days before
IVF was conducted, followed by 10 units hCG (i.p.) at 1630 h,
one day before IVF was performed. At 0950 h on the day IVF
was performed, one drop (approximately 3 ul) of the dense mass
of spermatozoa obtained from the cauda epididymis of male mice
(10-20 weeks of age) were introduced to 300 pl drops of mTALP
medium in the presence and absence of a vehicle, 100 pM 5-HT,
and/or antagonists. Spermatozoa at 20 x 10° cell/ml were incubated
for 1 h at 37°C in an atmosphere containing 5% CO,. The eggs were
collected at 1030 h on the day of IVF (18 h after the hCG injection)
from PMSG/hCG-treated female mice. COCs were dissected from
the ampullae of both oviducts and incubated in 300 pl drops of the
mTALP medium in the presence and absence of a vehicle, 100 pM
5-HT, and/or antagonists. At 1050 h on the day of IVF, 10 ul of the
suspension containing the pre-incubated spermatozoa was added to
the medium containing the COCs to start the insemination process.
The spermatozoa and COCs were incubated together for 0.5 or 5 h
at 37°C in an atmosphere containing 5% CO,. After incubation, the
eggs or COCs were collected and washed with the mTALP medium
to remove spermatozoa and cumulus cells from the medium, and
insemination was stopped. The washed eggs or COCs were observed
after incubation at 1600 h on the day of IVF using an inverted
microscope (Leica DM IRB; Leica Microsystems, Wetzlar, Germany),
and the total number of eggs was manually counted. The eggs or
COCs were observed again at 1600 h after re-incubation on the
day after IVF using an inverted microscope. The two-cell embryos
were manually counted. The percentage of two-cell embryos was
defined as the number of two-cell embryos/total number of eggs x
100. The analysis was performed in a blinded manner. Experiments
were performed four times on four different male and four different
female mice. The data were statistically analyzed by Student’s #-test
using Microsoft Excel or one-way ANOVA with Tukey’s multiple
comparisons test using Microsoft Excel with the add-in software
Statcel2, with differences considered significant for P values of < 0.05.

Results

Effects of 5-HT and 5-HT-receptor agonists on percentages of
motile and hyperactivated spermatozoa, and the motility assay

Whether 5-HT affects the percentages of motile and hyperactivated
spermatozoa was investigated (Fig. 1A). When spermatozoa were
exposed to 100 M, 100 pM, and 100 nM 5-HT, all concentrations
of 5-HT significantly increased the percentage of hyperactivated
spermatozoa but did not affect the percentage of motile spermatozoa.
Moreover, spermatozoa treated with 5-HT were evaluated using
SMAS (Table 1A). All concentrations of 5-HT did not affect VSL,
VCL, VAP, LIN, STR, WOB, ALH, and BCF.

In the next step, the effects of 5-HT-receptor agonists on the
percentages of motile and hyperactivated spermatozoa were ex-
amined (Figs. 1B—G). Sumatriptan (5-HT-receptor agonist) and
WAY (5-HT¢-receptor agonist) did not affect the percentages of
motile and hyperactivated spermatozoa (Figs. 1B and 1F). However,

MS (5-HT,-receptor agonist), mCPBG (5-HT;-receptor agonist),
MT (5-HT,-receptor agonist), and LP12 (5-HT,-receptor agonist)
significantly increased the percentage of hyperactivated spermatozoa,
but they did not affect the percentage of motile spermatozoa (Figs.
1C-E and 1G).

Spermatozoa treated with 5-HT-receptor agonists were evaluated
by SMAS. MS significantly decreased VSL, VCL, LIN, STR, and
ALH but it did not affect VAP, WOB, and BCF (Table 1B). Treatment
by mCPBG significantly decreased VSL, LIN, WOB, and BCF
but it did not affect VCL, VAP, STR, and ALH (Table 1C). MT
significantly decreased VCL and ALH and significantly increased
WOB, whereas it did not affect VSL, VAP, LIN, STR, and BCF
(Table 1D). LP12 did not affect VSL, VCL, VAP, LIN, STR, WOB,
ALH, and BCF (Table 1E).

Effects of 5-HT-receptor antagonists on the increase of
hyperactivation by 5-HT and 5-HT-receptor agonists

As the 5-HT and four 5-HT-receptor agonists increased hyperactiva-
tion (Fig. 1), the effects of the 5-HT-receptor antagonists on these
increases were investigated (Fig. 2). Cypro (5-HT,-receptor antagonist)
at 1 uM [13,22] and 3.8 nM DS (5-HT;-receptor antagonist) [29] did
not significantly suppress the improvement of hyperactivation by any
concentration of 5-HT (Figs. 2A and B). As shown in Fig. 2C, 1 uM
GR (5-HT,-receptor antagonist) [ 13, 22] significantly suppressed the
increase of hyperactivation by 100 fM and 100 pM 5-HT, although
1 uM GR did not suppress the increase of hyperactivation by 100
nM 5-HT. Although 10 uM SB25 (5-HT;-receptor antagonist) [30]
did not suppress the improvement of hyperactivation by 100 fM and
100 nM 5-HT, it significantly suppressed the increase by 100 pM
5-HT (Fig. 2D). In addition, a mixture of the four 5-HT-receptor
antagonists significantly suppressed the increase of hyperactivation by
all concentrations of 5-HT (Fig. 2E). As shown in Fig. 3, the increase
of hyperactivation by each agonist was significantly suppressed by
the corresponding antagonists.

Effects of 5-HT on IVF in mice

Finally, the effect of 5-HT on the success rate of [IVF was examined
(Table 2). The addition of 100 pM of 5-HT to the medium did not
affect the percentage of two-cell embryos when spermatozoa were
co-incubated with COCs for 5 h. However, 100 pM 5-HT significantly
increased the percentage of two-cell embryos when spermatozoa
were co-incubated with COCs for 0.5 h.

We then investigated the 5-HT-receptor antagonists effects on
the increase of two-cell embryos by 5-HT (Table 3). Cypro at 1 uM
(Table 3A), 3.8 nM DS (Table 3B), 10 uM SB25 (Table 3D), and the
mixture of antagonists (Table 3E) did not suppress the percentage
increase of two-cell embryos by 100 pM 5-HT. In contrast, 1 uM GR
significantly suppressed the effect of 5-HT (Table 3C). Additionally,
1 uM GR significantly decreased the percentage of two-cell embryos.

Discussion

In mammalian reproduction, 5-HT (serotonin) regulates several
important functions of gametes and organs [13, 21-24]. Because 5-HT
and 5-HT receptors are found in female reproductive organs [21],
serotonergic signaling is thought to be involved in the regulation of
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Effects of 5-hydroxytryptamine (5-HT) and 5-HT-receptor agonists on percentages of motile and hyperactivated spermatozoa. The percentages of
motile and hyperactivated spermatozoa are shown after spermatozoa were exposed to 100 fM, 100 pM, or 100 nM 5-HT (A), 17 nM or 100 nM
sumatriptan succinate (Sumatriptan) (B), 100 fM o-methylserotonin maleate salt (MS) (C), 100 pM 1-(3-chlorophenyl)biguanide hydrochloride
(mCPBG) (D), 10 pM 5-methoxytryptamine (MT) (E), 7.3 nM WAY-208466 dihydrochloride (WAY) (F), and 0.13 nM LP12 hydrochloride
hydrate (LP12) (G). Data represent the mean + SD. (A) (Vehicle) the medium with 0.1% (v/v) pure water as vehicle; (respective concentrations
of 5-HT) the medium with indicated concentration of 5-HT and vehicle. (B) (Vehicle) same as above; (respective concentrations of Sumatriptan)
the medium with indicated concentrations of Sumatriptan and vehicle. (C) (Vehicle) same as above; (MS) the medium with MS and vehicle.
(D) (Vehicle) same as above; (mCPBG) the medium with mCPBG and vehicle. (E) (Vehicle) medium with 0.1% (v/v) ethanol as vehicle; (MT)
medium with MT and vehicle. (F) (Vehicle) medium with 0.1% (v/v) pure water as vehicle; (WAY) medium with WAY and vehicle. (G) (Vehicle)
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same as above; (LP12) medium with LP12 and vehicle. * Significant difference compared with “Vehicle” (P < 0.05).
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Table 1. Effects of 5-hydroxytryptamine (5-HT) and 5-HT-receptor agonists on motility assay by Sperm Motility

Analysis System (SMAS)

VSL (um/sec) VCL (pm/sec) VAP (um/sec) LIN
A Vehicle 84.27+13.67 314.31 £32.18 142.65 +21.96 0.27 +£0.04
100 fM 5-HT 83.57 +10.96 306.68 +23.74 143.82 +24.20 0.29 £ 0.05
100 pM 5-HT 66.41 £ 13.65 295.51 +48.02 137.68 £22.24 0.23 +0.06
100 nM 5-HT 85.88 +£16.68 296.61 +20.17 141.89 +£10.85 0.30 £ 0.05
B Vehicle 84.92 £9.21 322.45+£17.50 152.97 £ 11.02 0.27+0.03
MS 64.04 £4.05* 29327 +£17.27* 142.12 + 15.50 0.22+£0.01 *
C Vehicle 78.75+4.15 313.24 £ 12.88 150.75 +26.40 0.26 +0.02
mCPBG 57.95+10.67 * 327.22 +84.36 129.49 + 38.58 0.21 +£0.03 *
D Vehicle 75.67 + 18.79 287.99 +29.08 137.33 + 14.02 0.27 +£0.05
MT 68.86 +21.91 262.32 +£28.38 * 138.90 = 13.31 0.26 +0.07
E Vehicle 76.00 + 14.89 317.11 £9.74 130.51 +21.00 0.24 +0.05
LP12 74.26 £15.24 334.24 £32.32 137.80 +37.73 0.23 +£0.04
STR WOB ALH (pm) BCF (Hz)
A Vehicle 0.59+0.10 0.47+0.10 7.41 +£0.40 8.78 +1.20
100 fM 5-HT 0.61+0.09 0.48 +£0.05 7.40+0.91 8.29 +£0.48
100 pM 5-HT 0.51+0.14 0.48 £0.04 7.72 £ 1.31 7.85+0.35
100 nM 5-HT 0.62+0.11 0.48 +0.03 7.48 £0.29 8.36 +0.66
B Vehicle 0.57 +0.09 0.48 £0.04 8.19+0.74 7.99 +0.84
MS 0.48 +0.08 * 0.49 £ 0.06 7.41+0.78 * 8.44+£0.48
C Vehicle 0.54+0.05 0.49 +0.06 7.25+1.09 9.88+1.19
mCPBG 0.49 +0.07 0.42+0.07 * 7.60 +2.20 7.53+0.49 *
D Vehicle 0.56+0.10 0.48 £0.04 7.70 £ 0.95 7.37+0.70
MT 0.51+0.14 0.53+0.02 * 7.05+£0.74 * 8.34+0.84
E Vehicle 0.57 +0.09 0.42+0.08 7.35+1.35 8.45+1.24
LP12 0.55+0.05 0.42 +0.09 8.00 +2.00 7.53 +0.90
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Straight-line velocity (VSL), curvilinear velocity (VCL), average-path velocity (VAP), linearity (LIN), straightness
(STR), wobbler coefficient (WOB), amplitude of lateral head displacement (ALH), and beat-cross frequency (BCF) are
shown after spermatozoa were exposed to 100 fM, 100 pM, or 100 nM 5-HT (A), 100 fM a-methylserotonin maleate
salt (MS) (B), 100 uM 1-(3-chlorophenyl)biguanide hydrochloride (mCPBG) (C), 10 pM 5-methoxytryptamine (MT)
(D), and 0.13 nM LP12 hydrochloride hydrate (LP12) (E). Data represent the mean + SD. (A) (Vehicle) the medium
with 0.1% (v/v) pure water as vehicle; (respective concentrations of 5-HT) the medium with indicated concentration of
5-HT and vehicle. (B) (Vehicle) same as above; (MS) the medium with MS and vehicle. (C) (Vehicle) same as above;
(mCPBG) the medium with mCPBG and vehicle. (D) (Vehicle) the medium with 0.1% (v/v) ethanol as vehicle; (MT)
medium with MT and vehicle. (E) (Vehicle) the medium with 0.1% (v/v) pure water as vehicle; (LP12) medium with
LP12 and vehicle. * Significant difference compared with “Vehicle” in the same condition (P < 0.05). Experiments

were repeated five times on five different mice.

steroidogenesis, oocyte maturation, and embryonic development. For
example, the SHT, receptor has been detected in mouse cumulus cells
[21]. The concentration of 5-HT in rat oviducts is between 2.06 and
3.34 pg/g fresh tissue [31]; whereas, in humans, the concentration
of 5-HT in the preovulatory follicles and the cystically degenerated
follicles is 14.3 £ 8.9 ug/100 ml and 12.2 + 6.2 pug/100 ml, respectively
[32]. Moreover, 5-HT induces the release of P, from granulose cells
[33]. In hamsters, 5-HT and MT induce the AR in the spermatozoa,
and this induction can be inhibited by Cypro [22], and 5-HT dose-
dependently enhances hyperactivation through the 5-HT, and 5-HT,
receptors [13]. In addition, the SHT 5, SHT,,, and SHT}; receptors
have been found in human and stallion spermatozoa [23, 24], and
5-HT increases the VSL, VCL, and VAP of human spermatozoa
[23]. It is assumed that the velocities of human spermatozoa are

regulated by the 5-HT, and 5-HTj; receptors because the 5-HT,
receptor suppresses tmAC and decreases cAMP concentration [21].
In mice, 5-HT and LP12 did not affect the VSL, VCL, and VAP of
the spermatozoa (Tables 1A and E), but MS decreased VSL and
VCL (Table 1B). Moreover, mCPBG and MT decreased VSL and
VCL, respectively (Tables 1C and D). In either case, the 5-HT,
receptor appears to be associated with the regulation of spermatozoa
velocities in humans and mice. The 5-HT, receptor stimulates Ca>*
signals related to the PLC [21] and, Ca®* stimulates the SAC to
induce motility and hyperactivation via the production of cAMP [8].
Therefore, it is likely that 5-HT regulates spermatozoal velocities
and hyperactivation through the activation of sAC by Ca?" signals
associated with the 5-HT, receptor. As for the other parameters, 5-HT
and LP12 had no effects (Tables 1A and E). As MS decreased VSL
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Suppressive effects of 5-hydroxytryptamine (5-HT)-receptor antagonists on the increase of hyperactivation by 5-HT. The percentages of motile
and hyperactivated spermatozoa are shown after spermatozoa were exposed to 100 fM, 100 pM, or 100 nM 5-HT after exposure to 5S-HT-receptor
antagonists (A—D) or a mixture of antagonists (E) for 5 min. The mixture contained 1 puM cyproheptadine hydrochloride sesquihydrate (Cypro),
3.8 nM dolasetron mesylate hydrate (DS), 1 uM GR113808 (GR), and 10 pM SB-258719 (SB). The data represent the mean + SD. (A) (Vehicle)
medium with 0.1% (v/v) pure water and 0.1% (v/v) ethanol as vehicle; (respective concentrations of 5-HT) medium with respective concentration
of 5-HT and vehicle; (Cypro) the medium with 1 pM Cypro and vehicle; (respective concentrations of 5-HT + Cypro) medium with respective
concentration of 5-HT, 1 uM Cypro, and vehicle. (B) (Vehicle) medium with 0.2% (v/v) pure water as vehicle; (respective concentrations of 5-HT)
medium with respective concentration of 5-HT and vehicle; (DS) medium with 3.8 nM DS and vehicle; (respective concentrations of 5-HT + DS)
medium with respective concentration of 5-HT, 3.8 nM DS, and vehicle. (C) (Vehicle) medium with 0.1% (v/v) pure water and 0.1% (v/v) dimethyl
sulfoxide (DMSO) as vehicle; (respective concentrations of 5-HT) medium with respective concentration of 5-HT and vehicle; (GR) medium with 1
UM GR and vehicle; (respective concentrations of 5-HT + GR) medium with respective concentration of 5-HT, 1 uM GR, and vehicle. (D) (Vehicle)
same as above; (all concentrations of 5-HT) medium with respective concentration of 5-HT and vehicle; (SB25) medium with 10 pM SB-258719
(SB25) and vehicle; (respective concentrations of 5-HT + SB25) medium with respective concentration of 5-HT, 10 uM SB25, and vehicle. (E)
(Vehicle) medium with 0.2% (v/v) pure water, 0.1% (v/v) ethanol, and 0.2% (v/v) DMSO as vehicle; (respective concentrations of 5-HT) medium
with the respective concentrations of 5-HT and vehicle; (Mix) medium with the mixture of four antagonists and vehicle; (respective concentrations
of 5-HT + Mix) medium with all concentrations of 5-HT, the mixture of four antagonists, and vehicle. * Significant difference compared with
“Vehicle” and “antagonist” (P < 0.05). ** Significant difference compared with “Vehicle”, “antagonist”, and “respective concentrations of 5-HT +
antagonist” (P < 0.05). # Significant difference compared with “Vehicle”, “Mix”, and “respective concentrations of 5-HT + Mix” (P < 0.05).
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Inhibition of the effect of 5-hydroxytryptamine (5-HT)-receptor agonists by S-HT-receptor antagonists. The percentages of motile and
hyperactivated spermatozoa are shown when spermatozoa were exposed to 5-HT-receptor agonists after exposure to S-HT-receptor antagonists
for 5 min. The data represent the mean + SD. (A) (Vehicle) medium with 0.1% (v/v) pure water and 0.1% (v/v) ethanol as vehicle; (MS) medium
with 100 fM a-methylserotonin maleate salt (MS) and vehicle; (Cypro) medium with 1 uM cyproheptadine hydrochloride sesquihydrate (Cypro)
and vehicle; (MS + Cypro) the medium with 100 fM MS, 1 uM Cypro, and vehicle. (B) (Vehicle) medium with 0.2% (v/v) pure water as vehicle;
(mCPBG) medium with 100 uM 1-(3-chlorophenyl)biguanide hydrochloride (mCPBG) and vehicle; (DS) medium with 3.8 nM dolasetron
mesylate hydrate (DS) and vehicle; (mCPBG + DS) medium with 100 uM mCPBG, 3.8 nM DS, and vehicle. (C) (Vehicle) medium with 0.1%
(v/v) ethanol and 0.1% (v/v) dimethyl sulfoxide (DMSO) as vehicle; (MT) medium with 10 pM 5-methoxytryptamine (MT) and vehicle; (GR)
medium with 1 uM GR113808 (GR) and vehicle; (MT + GR) medium with 10 pM MT, 1 uM GR, and vehicle. (D) (Vehicle) medium with 0.1%
(v/v) pure water and 0.1% (v/v) DMSO as vehicle; (LP12) medium with 0.13 nM LP12 hydrochloride hydrate (LP12) and vehicle; (SB25)
medium with 10 pM SB-258719 (SB25) and vehicle; (LP12 + SB25) medium with 0.13 nM LP12, 10 uM SB25, and vehicle. * Significant
difference compared with “Vehicle”, “antagonist”, and “agonist + antagonist” for the same incubation time (P < 0.05).

and VCL, it decreased LIN and STR, which are calculated as VSL/
VCL and VSL/VAP, respectively (Table 1B). As mCPBG decreased
VSL, LIN also decreased (Table 1C). In addition, nCPBG decreased
WOB, which is calculated as VAP/VCL, although it did not affect
VCL or VAP (Table 1C). Therefore, as MT decreased VCL, WOB
increased (Table 1D). Both MS and MT decreased ALH, and mCPBG
decreased BCF (Tables 1B, C and D).

Previously, we found that 100 fM, 100 pM, and 100 nM 5-HT
significantly improved the hyperactivation of hamster spermatozoa

through the 5-HT, and 5-HT, receptors [13]. Although not all
concentrations of 5-HT affected the percentage of motile mouse
spermatozoa, they significantly increased the percentage of hyper-
activated spermatozoa through the 5S-HT,, 5-HT;, 5-HT,, and 5-HT,
receptors (Figs. 1 and 3). In hamster spermatozoa, 100 fM and 100
pM 5-HT enhanced hyperactivation through the 5-HT), receptor only
[13]. In contrast, hyperactivation was not always improved through
the receptors in mouse spermatozoa (Fig. 2A). The improvement by
100 nM 5-HT was not affected by Cypro in either hamsters [13] or
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Table 2. Effects of 5-hydroxytryptamine (5-HT) on in vitro fertilization (IVF)

No. of total eggs No. of two-cell embryos Two-cell embryo (%)
A 5 hinsemination
Vehicle 120 39 34.35+ 14.11
100 pM SHT 112 33 30.17 £9.06
B 0.5 h insemination
Vehicle 112 11 9.23+4.62
100 pM SHT 101 27 26.59 +10.37 *

The percentages of the two-cell embryos are shown when IVF was performed in the medium in the presence and
absence of 100 pM 5-HT. The data represent the mean = SD. The insemination times of IVF were 5 h (A) and
0.5 h (B). (Vehicle) medium with 0.1% (v/v) pure water as vehicle; (100 pM 5-HT) medium with 100 pM 5-HT and
vehicle. * Significant difference compared with “Vehicle” (P < 0.05). Experiments were performed four times on
four different male and four different female mice.

Table 3. Inhibition of the increase in in vitro fertilization (IVF) by 5-hydroxytryptamine (5-HT)-receptor antagonists

No. of total eggs No. of two-cell embryos Two-cell embryo (%)

A Vehicle 154 25 14.96 +£5.29
100 pM SHT 164 57 3596 +10.69 *
Cypro 73 19 25.25+8.58
100 pM 5HT + Cypro 89 20 22.09 +5.81

B Vehicle 128 13 6.64 +10.59
100 pM SHT 107 39 34.76 £7.79 **
DS 67 2 3.35+3.88
100 pM SHT + DS 102 30 25.71+£19.39

C Vehicle 138 29 21.33+3.73
100 pM SHT 130 48 3591 +6.75%
GR 91 5 4.96 £ 4.53 %
100 pM SHT + GR 97 16 18.25£6.04

D Vehicle 103 14 12.15+8.11
100 pM SHT 129 52 40.55 +9.96 **
SB25 109 3 3.11+£2.98%
100 pM SHT + SB25 110 26 22.31+12.31

E Vehicle 141 15 9.43 £6.47
100 pM SHT 144 51 35.18 £ 11.53 **
Mix 51 4 6.25+12.50
100 pM SHT + Mix 60 13 17.39 = 14.58

The percentages of the two-cell embryos are shown when IVF was performed in the medium with 100 pM 5-HT
and 5-HT-receptor antagonists (A—D) or a mixture of antagonists (E). The mixture contained 1 pM cyproheptadine
hydrochloride sesquihydrate (Cypro), 3.8 nM dolasetron mesylate hydrate (DS), 1 uM GR113808 (GR), and 10 uM
SB-258719 (SB25). The data represent the mean + SD. (A) (Vehicle) medium with medium with 0.1% (v/v) pure
water and 0.1% (v/v) ethanol as vehicle; (100 pM 5-HT) medium with 100 pM 5-HT and vehicle; (Cypro) medium
with 1 uM Cypro and vehicle; (100 pM 5-HT + Cypro) medium with 100 pM 5-HT, 1 uM Cypro, and vehicle. (B)
(Vehicle) medium with medium with 0.2% (v/v) pure water as vehicle; (100 pM 5-HT) medium with 100 pM 5-HT
and vehicle; (DS) medium with 3.8 nM DS and vehicle; (100 pM 5-HT + DS) medium with 100 pM 5-HT, 3.8 nM
DS, and vehicle. (C) (Vehicle) medium with medium with 0.1% (v/v) pure water and 0.1% (v/v) dimethyl sulfoxide
(DMSO) as vehicle; (100 pM 5-HT) medium with 100 pM 5-HT and vehicle; (GR) medium with 1 pM GR113808
(GR) and vehicle; (100 pM 5-HT + GR) medium with 100 pM 5-HT, 1 uM GR, and vehicle. (D) (Vehicle) same as
above; (100 pM 5-HT) medium with 100 pM 5-HT and vehicle; (SB25) medium with 10 uM SB-258719 (SB25) and
vehicle; (100 pM 5-HT + SB25) medium with 100 pM 5-HT, 10 mM SB25, and vehicle. (E) (Vehicle) medium with
medium with 0.2% (v/v) pure water, 0.1% (v/v) ethanol, and 0.2% (v/v) DMSO as vehicle; (100 pM 5-HT) medium
with 100 pM 5-HT and vehicle; (Mix) medium with the mixture of antagonists and vehicle; (100 pM 5-HT + Mix)
medium with 100 pM 5-HT, the mixture of antagonists, and vehicle. * Significant difference compared with “Vehicle”
(P < 0.05). ** Significant difference compared with “Vehicle”, and “antagonist” (P < 0.05). # Significant difference
compared with “Vehicle”, “antagonist”, and “100 pM 5-HT + antagonist” (P < 0.05). *# Significant difference
compared with “Vehicle”, “100 pM 5-HT”, and “100 pM 5-HT + antagonist” (P < 0.05). ® Significant difference
compared with “100 pM 5-HT”, and “100 pM 5-HT + antagonist” (P < 0.05). Experiments were performed four
times on four different male and four female mice.
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mice (Fig. 2A). In hamsters, 100 nM 5-HT enhanced hyperactivation
through the 5-HT, receptor only [13]; however, the same experi-
ment had no effect in mice, although 100 fM and 100 pM 5-HT did
increase hyperactivation (Fig. 2C). In addition, the 5-HT; receptor
was associated with improved hyperactivation by 5-HT, but 5-HT;
was not the main regulatory receptor for this effect (Figs. 1D and
2B). Moreover, 100 pM 5-HT increased hyperactivation through the
5-HT; receptor (Fig. 2D). Furthermore, the mixture of Cypro, DS,
GR, and SB25 completely inhibited the improvement by 5-HT in all
conditions (Fig. 2E). These results suggest that 5-HT simultaneously
stimulated these receptors to increase hyperactivation in mice (Fig.
2). In addition, it is likely that the Ca®>* signals associated with PLC
and the cAMP signals associated with the tmAC were simultaneously
stimulated in the increase of hyperactivation of mouse spermatozoa
by 5-HT. However, it was not possible to show how the 5-HT;
receptor regulated the increase of hyperactivation by 5-HT in mice
in this study.

In human studies, it has been suggested that the capability for
hyperactivation is correlated with the success of IVF [11]. P, is
an inducer of hyperactivation in human spermatozoa [34, 35], but
P -induced hyperactivation did not increase the success of IVF [11].
Several hormones induce hyperactivation in mammals [12—14, 18],
although, no studies have reported an increase in the success rate of
IVE. In the present study, 5-HT increased the success rate of IVF
in mice (Tables 2 and 3). Because 5-HT significantly improved
hyperactivation of mouse spermatozoa, it is likely that 5-HT increases
IVF success through an increase in hyperactivation. In addition, the
percentage of two-cell embryos tended to decrease when the increase of
hyperactivation by 5-HT was suppressed by 5-HT-receptor antagonists
(Fig. 2 and Table 3). In particular, the 5-HT,-receptor antagonists
inhibited the increase of hyperactivation by 5-HT, resulting in a
decrease in the success of IVF (Fig. 2C and Table 3).

In this study, Cypro was used as a 5-HT,-receptor antagonist
(Figs. 2 and 3 and Table 3A). Cypro significantly suppressed the
increase of hyperactivation of mouse spermatozoa by MS (Fig.
3A) but tended to suppress the 5-HT-increased hyperactivation and
IVF success (Fig. 2A and Table 3A). We found that a mixture of
Cypro and other antagonists significantly suppressed the increase
of hyperactivation and slightly suppressed the increase in IVF suc-
cess by 5-HT (Fig. 2E and Table 3E). In hamsters [13, 22], Cypro
significantly suppressed the induction of AR and hyperactivation
by 5-HT. These results suggest that Cypro may induce infertility in
rodents. It is thought that Cypro suppresses the effects of 5-HT on
the reproductive functions in humans because the 5-HT, receptor is
expressed in the spermatozoa and oocytes [21, 23]. Cypro has been
approved for use in humans and is used as an antihistamine for the
treatment of allergic reactions [36].

In conclusion, this study investigated whether 5-HT regulates
spermatozoal hyperactivation and IVF in mice. The experimental
results indicate that 5-HT significantly increases hyperactivation
through the 5-HT,, 5-HT;, 5-HT,, and 5-HT; receptors. Moreover,
the results show that 5-HT substantially increases the success rate
of IVF through these receptors. It is expected that 5-HT could be
used as a stimulatory agent to increase the success rate of IVF, as the
spermatozoal ability to hyperactivate is correlated with the success
rate of IVF in humans [11].
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