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Summary

In humans, tear volume increases in emotional arousal. No studies have investigated the relationship of emotional arousal
and tear volume in animals. Using mice model, oxytocin receptors were highly expressed in the acinar cells (AC) in the
lacrimal grand, and oxytocin stimulations increased Ca2+ influx and shrinkage of the AC, resulting in secretion of tear.
Oxytocin receptor null mice or oxytocin antagonist treatment abolished the effects of oxytocin on tear secretion both
in vitro and vivo. Thus, tear volume increased in emotional arousal and oxytocin can mediate the emotion-induced tear

secretion.

Introduction

Humans often exhibit increased lacrimation, which appears as tears, in situations involving in pain. Tears are
continuously secreted in small quantities and as a protective reflex to irritants, and act as a protective barrier, and
disinfecting. Interestingly, humans also have emotional tears that are secreted in response to emotional arousal, both
in positive and negative. Tears also have a role in nonverbal visible communication, and are used when infants want to
communicate negative feelings, such as hunger, pain, and discomfort, to their parents. Moreover, tear can be observed
in high-positive emotional states, such as reunion with parents or friends, and victory or success after the large efforts.
In these situations, emotional hormone, oxytocin, is secreted into both the central nervous system as well as peripheral
organs. Aqueous tear fluid is secreted from the lacrimal gland (LG) and like other peripheral organs, is regulated by direct
innervation by the central nervous system and a wide variety of hormones through receptor-mediated mechanisms (1). In
this study, we hypothesized that tear secretion is controlled by oxytocin. The functional mechanisms of oxytocin in tear

secretion were examined in mice models, in which tear secretion mechanisms can be visualized.

Methods

Animals

Ten-week-old C57BL/6, OxtrVenus-Neo/+ mice (4), and Yellow Cameleon 3.60 (YC3.60) mice (8) were used in this study.
The mice were housed in general conditions; room temperature 23 + 2°C, relative humidity 60 * 10%, and alternating 12-

hour light-dark cycle (8 AM to 8 PM), with free access to food and water.

Quantitative real time PCR
Male and female C57BL/6 mice were euthanized with an overdose of pentobarbital sodium. The olfactory bulb (OB),
lacrimal gland (LG), and mammary gland (MMG) were quickly dissected. Total RNA was isolated using an RNA extraction

(14)



reagent (ISOGEN; Nippon Gene, Tokyo Japan), according to the manufacturer’s instructions. The RNA was converted
to cDNA by reverse transcription using the ReverTra Ace gPCR RT kit (TOYOBO, Osaka, Japan). SYBR Green-based
quantitative real-time PCR was performed using the Step One Plus system (Applied Biosystems, Framingham, MA, USA)
using a specific primer set. The primer sequences were as follows. GAPDH (sense 5’-ACCCAGAAGACTGTGGATGG-3’,
antisense 5-GGATGCAGGGATGATGTTCT-3’), oxytocin receptor (Oxtr; sense 5- ACGGGTCAGTAGTGTCAAGC-3,
antisense 5- TAATGCTCGTCTCTCCAGGC-3’). Data were normalized to GAPDH.

Visualization of oxytocin receptor (OXTR) in the lacrimal gland (LG)

C57BL/6 mice and OxtrVenus-Neo/+ mice were euthanized with an overdose of pentobarbital sodium and their LG were
quickly dissected.

To observe the endogenous Venus fluorescent protein, LG isolated from OxtrVenus-Neo/+ mouse was stained with
phalloidin-labeled wheat germ agglutinin (WGA: 1:500 dilution; Vector Laboratories, Burlingame, CA, USA), which binds
to lectins and act as a marker for the cell surface (5), at room temperature (approximately 23°C) for 30 minutes. WGA-
stained LG was washed three times with a saline solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, and 10 mM dextrose; pH 7.4) for 3 minutes.

To localize OXTR, the LG isolated from OxtrVenus-Neo/+ mouse was fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer. After fixation, it was blocked with 10% donkey serum in PBS containing 0.25% Triton X-100 for 1 hour at room
temperature. The LG was incubated overnight at 4° C with a goat polyclonal antibody against green fluorescence protein
(GFP: 1:200 dilution, Abcam, Cambridge, MA, USA) and a rabbit polyclonal antibody against calponin, a specific MEC
marker (6), (1: 250 dilution, Abcam). It was washed with PBS, and incubated with Alexa Fluor 488-conjugated donkey-anti
goat and Alexa Fluor 555-conjugated donkey-anti rabbit secondary antibody (1:300 dilution, Molecular Probes, Eugene,
OR, USA) for 3 hours at room temperature, and subsequently washed with PBS.

WGA-stained or immune-stained LG was observed with an upright two-photon microscope (FV1200MPE: Olympus,
Tokyo, Japan) equipped with a water immersion objective lens (XLPlaN25 % /1.05WMP, Olympus), which was connected
to a femtosecond laser source, Ti: sapphire laser (MaiTaiHP: Spectra Physics, Santa Clare, CA, USA). The excitation
wavelength for endogenous Venus, WGA, Alexa-488, and Alexa-555 was 790 nm, and the emission was simultaneously
detected through a band-pass filter for endogenous Venus and Alexa-488 (510-550 nm), and WGA and Alexa-555 (575-630
nm). Fluorescence images at a depth of approximately 50 um from the surface of LG were reconstructed from 50 images

acquired at a z-step size of 1 um using Imaris software (Bitplane AG, Zurich, Switzerland).

Measurement of tear secretion

Tear secretion was measured using a modified Schirmer's test (14). A phenol red thread (Zone-Quick; Showa Yakuhin
Kako, Tokyo, Japan) was placed on the temporal side of the upper eyelid margin for 15 seconds. The length of the
moistened area from the edge was measured.

For the evaluation of the effect of intravital exposure to OXT on tear flow rate, mice were placed in a lateral position,
and the skin on the right temporal side of the head was incised under the mice were anesthetized with intraperitoneal
injection of urethane (1.1 g/kg). After the LG was exteriorized, a custom-build ring was attached to the masseter muscle
using a cyanoacrylate-based glue (Loctite, Henkel Japan, Yokohama, Japan) surrounding the LG. The perfusion chamber
was fitted on the ring fixed to a head-holder. The LG was continuously perfused with saline solution at flow rate of 0.8
mL/minute. Solution of OXT (100 nM) was applied to the LG for 10 minutes. To evaluate the inhibitory effect of atosiban
(100 nM) and BDM (10 mM) on OXT-induced increased tear secretion, each solution was applied to the LG 5 min before
the application of OXT. Tear secretion was measured 5 and 10 min before and 1 minute after the start of OXT application.
Tear flow rate was determined by dividing the moistened length of the phenol red thread due to tear secretion for 15

seconds and that due to permeation of 1 uL of saline.

(15)



For the evaluation of the effect of intravenous injection of OXT on tear secretion, OXT was injected at the dosage of
1 mg/kg via the tail vain of C57BL6 and OxtrVenus-Neo/+ mice. Tear secretion measurements were performed as
mentioned above, before and after 1, 3, 5, 7.5, and 10 minutes of the OXT injection.

For the measurement of tear secretion in the lactating mice, 12-15 week-old female mice 5 days after parturition and age-

matched female mice (control) were used.

Statistical analysis

Statistical analyses were performed by JMP12 software (SAS Institute, Cary, NC, USA). Comparison between the two
groups was done using the F-test followed by Student’s t-test for parametric variables and Mann-Whitey U test for non-
parametric variables. Multiple comparisons were performed by one-way ANOVA followed by Dunnett test. Differences

between the measured variables were considered significant if the resultant P-value was 0.05 or less.

Results

Gene expression level of OXTR in the LG was found to be the same as in the mammary gland (MMG), but was less
compared to the expression in the olfactory bulb (OB); the expression of OXTR is well-documented in animals and humans
(2). Although sexual dimorphism in the gene expression of OXTR was observed in the MMG, there was no significant

difference in the OXTR expression level in the LG between male and female.

The LG is a tubuloacinar exocrine gland, with branching lobule-like structures similar to MMG. Each secretory lobule
is an aggregation of spherically shaped acinar cells (AC) with stellate-shaped myoepithelial cells (MEC) covering them
with a basket-like network (3). To investigate the localization pattern of OXTR in LG, immune-histochemical analysis
were performed in OXTR-Venus knock-in (OxtrVenus-Neo/+) mice (4) by two-photon imaging; lobule-like structures were
visualized by staining with wheat germ agglutinin (WGA), a marker for cell surface (5). Stellate-shaped OXTR positive
areas were observed, bordering the AC with a network pattern. Double staining with calponin, a specific MEC marker
(6), revealed that the OXTR was expressed on MEC. In the wild-type mice, networked calponin-positive area was seen
in the LG, but there was no Venus-positive area. These results suggested that the presence of OXTR in the LG, and its

localization is specific to the MEC.

Exposure to OXT transiently increased tear flow rate. This increase was significantly suppressed in the presence
of atosiban or BDM. Significant increase were observed during OXT exposure compare to saline. In the OxtrVenus-
Neo/+ mice, tear flow rate was unchanged during exposure to OXT. Exposure to ACh increased the tear flow rate in
the OxtrVenus-Neo/+ mice to the same level as in wild type mice. Exogenously injected OXT by intravenous routes
significantly increase in increased tear secretion in wild type mice. In contrast, tear secretion did not change after
injection of OXT in the OxtrVenus-Neo/+ mice. It is a well-known fact that endogenous blood levels of OXT are elevated
during the lactation period mammals (7). Tear secretion level in lactating mice was significantly higher (approximately
1.5-fold) than that in age-matched non-lactating female mice. Weeping, a process that involves tearing, was marked by
transient secretion that synchronized with overwhelmed emotional expression; therefore it is reasonably assumed that

the role of OXT in weeping is an instantaneous expulsion of the tear fluid forced by LG MEC contraction.

References

1. Dartt DA. Neural regulation of lacrimal gland secretory processes. relevance in dry eye diseases. Prog Retin Eye Res.
28, 155-177 (2009).

2. Gimpl G. Fahrenholz F. The oxytocin receptor system: structure, function, and regulation. Physiol Rev. 81, 629-683
(2001).

(16)



. Satoh Y. Oomori Y. Ishikawa K. Ono K. Configuration of myoepithelial cells in various exocrine glands of guinea pigs.
Anat Embryol (Berl). 189, 227-236 (1994).

. Yoshida M et al., Evidence that oxytocin exerts anxiolytic effects via oxytocin receptor expressed in serotonergic
neurons in mice. ] Neurosci. 29, 2259-2271 (2009).

. Borges LF. Sidman RL. Axonal transport of lectins in the peripheral nervous system. ] Neurosci. 2, 647-653 (1982).

. Makarenkova HP. Dartt DA. Myoepithelial Cells: Their Origin and Function in Lacrimal Gland Morphogenesis,
Homeostasis, and Repair. Curr Mol Biol Rep. 1, 115-123 (2015).

. Higuchi T. Tadokoro Y. Honda K. Negoro H. Detailed analysis of blood oxytocin levels during suckling and parturition
in the rat. J Endocrinol. 110, 251-256 (1986).

(17)



O70¥YxY hNo.P15—02
WRT—~
FHREZL R b RIC K DITEIHEN DR E DT

WhoZe WM 201544 H1H~20184:3 H31H
Tuy oy MR SRS (BREEEER)
ZARDZESZ 3= ¥ Sk S C N SH)
Tuy ey MNEE REER (BIES)

g5

T AIBWT, U OBESKIRIZDEERT LI EDPHS NI A ->TEY . BRUETHOEOEVHIZE TS
N7AEEIE, BEATEIO B E . R SN TH o 2l E, BETEHOEPMRS 25 2 L9305 0oTwb, L
L. ZOEEKA N ZALZDCTIEAATH 5720 T0720, ZOMEAFBEIZBIT 2ERBEOENILSE D DHROH,
FEH D 52 72 BEATEIO I L 5 5 O &5 WIZBHNHMBEHEOERICL 5 OO THIN,

R TIE, BFHERL & BB 2 AN R (TFOREROBETEZBIR L. SHICHBETOERELHE
AT 3 DIRIT 2 4T\ BEEATEY E OME 2 BET L7z. 2 OMHR. BETHIEEAOB TIELR L. BTOBRICEE
ZBMEAS RSNz TBNMEHEIEAOBE BT COBOBEL ZIT Tz, 5. 6% 5HHEMIE 5T
P AT 9 & R AT B S O BIR & BT & 212 L7z,

®

Tl

F v MZBWT, licking X grooming * A HEGOEHWHBICE TONLAFIE. 25 DITEIOE &ML EERICE
THONZHFIZHART, HEBROA P L ARG, FHEI SV E05 (1, 2), BHEATEHOE & &2 0T 5
’ﬁ%&%@%&f?’tﬁb#of“éoit‘p@i@ﬁﬁ@ . B oL, BEomn ik TE)
ERTRBICE TONIATIR., BERCEOESCEEATEIZ /R L, #12, HOBRWIEHATE L 2R S 2 WRHIZETS
N7-AFiE. Rk @ﬁwﬁﬁﬁ@%m?lk%%%#k&ofwé@$o7ﬁ7ﬁWwaT%\iﬁ®w&Wﬁﬁ
TTHEoZHIVIEHGOMFICH L TELRTIEDNTET, AENEPVOTFEEB LD BRELZY T 5514
AbNb, ZLT, 2OL) REOETIEA R LD 3R T TRAZ LD LN (2-4),

F720 20X REIHATEIEE O RIAANDIEEIL C57TBL/6 A~V T ATE AOENL ZEPHLPII > TEB Y., £
HATH OB EVCBICE TONEERIIBEATEI OB E < BB SN TH o 2lFiE, BT Eo MR 2%
L) T EDGDoTREN, ZOEAPKBENICBIT 2BBEDOENI L5000, &5\ IEEE» 52T 78k
TEIOBIZL 2B ROPEIHALRI L s T, 3 LABEERMNAR AN ZAATIE L, BETEOEICL D%
%@Eﬁﬁ@@;#ﬁwiﬁ#%@iﬂt%fé\iﬁﬁ@@ TOEVHIZE CONIUIHETE O Y #@@#éﬂ%
3 EZ HIb

E 512, EEDOWGE TIERFH O BAMEEEFOEEZEA MO TE Y. v MZBWTH BHOLAMEEDT
VAZIET B 2 D0 H o TV D (5 RAMIEEICBIT AR~ Y ADMHE R ENS L, BNMEENZLT 5 2 & TR
PET L. ZOFOBENMEEAIMTFIARAKT 2 LT, O TOEKIZEDN > TWLIRENEZ 5b,

Z ZTARIIZE T, BHEATBIOEDEARD, BOFETHOED 2 VIZBNMREHICL 2002572012, 3@
HHEFL U 7oHE S RIIBEFL L 22 M H HE S, I NP2 EFREL, 2o b0MEITEO- & BNATRE
ZHE L7,

MHRERE

B

F1 (B oMo ftaay & L <. H$7V7ﬁfAﬁibﬁkéﬂ$ﬁﬂf’ﬁwfmhﬁﬁéﬂfét
C57BL/6 ~ 7 A % FLUHERL L 7o M8 ik & o Bl L 7o 8k 2 v 7o RUIREFLIZAE TR 16 H B, @ EEsLIdA% 28 H B

(18)



AT > 7o HEOBEREIMIZHAR 2 L 7S L DA SNARIFZEE I B W TEMEFF SN T & 72 C57BL/6 ¥ 7 A % il
HHEFLL2b o x vz,
F2 (kitft) oftst@wid. F1 oFIoe UEFEREE L2 0 2 @i Eisl L2 Bdk 2 v 7z,

£ B BR bR

By LR 23C . (B 50%. BAHI 12 KR (6 Wi AT, 18 MEVHAT) ICHREI S N-BWENTH 7 — Y (17.5cmXx
245cm x 125cm) THEF EM7zo K E 121 Corn Coby HiM & F 720 RN, B EIR R & LT,
RUA Ty b NAAY B L, SEREMA - b1, RS OZHRITE 1 EMIC1EE Lz,
FBERICIATHERSARE LT, Y7 & - T b - NARY —BGHHEEH L, G L7 AZE BRI L,

L 3T}
WHBY O A RTIZLTHr—VTHEL, Zhzfle LTHW, X, o7 I 7 (k) PHRETEK
AL 7o A~y A3 MAZH 2 0 Hils (PDO) & L. BEFLIBMEZ THUF L B ICR—F —VICTHE L7

HTRRE

S HEFL & FIEERL S N EARR T TSI E R O 24 FERINIC S ) — AN E L 2B A . Foh e b EoF %
1~2 VE3RY) 0 12 X B ARG % i L 72 #2102, s BESLIE D> & 0E 7o % SRR BERLME (o . A EESLINE O AT % i BEFLIME
ICHETSE., ZONETEO=E 2 BI% L 72,

BEPEATEY AT

PO EEN/-HEZO0OHHE LT, 600~ 1700 O 1 HHBEOY T AOHKT4%, OHHEFTCHOKN Lz, 2095
1, 3, 5, 7, 9 HH®GE 30 W 5% f#AT L 720 B2 L 72 BH 13720 / T2 AW 78 (licking/grooming) . 1123 L
T3 (parental contact behavior). 75 EEIL T % (parent off pup) D3O THh b, & 1K %2 35T LX),
SHHORBIHMBUZOWT, B> 7)) v 7 %2757z (K4-3). 1 HOKHE ORBREAE % 1 HORAFH L 120
ECEY, FHEO 1 HY) 0EIG 2ROz, Tz, FUIRERLEE L BE AL IC0T . — 2 RS85 (ANOVA) %
T, ERREZFER ZBE L7z, S HICHRICBIT 2 ZTHOEIX, HEEIRIE SN HBIZOWTESELK
%€ Bonferroni # 175720 T _XCOMFHLIELIL SPSS statistics 22.0 & vy, A EAKMEIZ 5% & L7z,

WA~ A
BTEEE L F2o~y A2 W3 2 £ CTHE L. BB L 2ot 1T, R, FARICREITEIfFT 217 -
720

FEAFERIL

FAERPUL, K2V WMo 72y — P ORICHE T — € (A X7 Y HRASH) ZRVAAT, #@FEOHRr —VICEA,
FEOLIIY T AR TS TIT o7z, W F — VIZHE L2 RAMEHEMATHY > 7 & UCRILL 720 SREUE L, HETH 220
T1xPBS % 1ml. 40% Gly # 1ml A7z 15 ml F 2 — ZIC AN B Tk, —80C THRE L 72
F /o, BERIUL. By A0S R THER]. (P25 2 B0 (15253 B O [F5% 4 Bl o #EFLHE
D5 KAV T, 2BEEDEOT~ Y A S FEICIRIE AT 720 MR ERITOBICIE, T2 BlsorE] & 338
o o2 20 &b T [FRH] L LTwa,

SN OMIE 7/ 2 Hh & T

—80C THl L T3 EH > 7 )vix, K ETREAEL CThOARERICH V2, T3, v 7 VoBERET 100 u %
DEWVAFLAF—=I1Zd# L, 1 xPBS, TEIO CH > 7z @kif L7k, _*L v % TEIO I[2/& % L /2o Lysozyme &
Achromopeptidase 12 & 2 AR WLEEE21Z. SDS & ProteinaseK (2 & ) % VSV EORR, 7/ —)v/ 70k is /A

(19)



VT INT VI VIETY YR EOEEZITo72. o/ BBEIZ3M Bl b v a4y 7a/ — v Elz
T 4T - 12000 rpm * 15min Ti#EA L7720 TH Y PLTESIZT5% T.F J — VT Y A% L7z, L%k Lk, ik
LT, 4CT—Bi1 x TE600ul IZHEfRE L 720 75% =% / — LT Y AL, Eik%ak&, @se, IXTESul I27E
L7

i %47 - 729 >~ 7V, NanoDrop™ Lite 70 6J6EEEHE Qubit® 3.0 7 vA 0 X — % — %2 LT, £ (ng/ug) &
KR (A260/A280) ZFHAIL 720 KEIEAT L6 LI ETH o729 > 7V %, BALEHEFTOENFBRICTH IV X,
16S rRNA #{ZET O M E T 20K Td 5 VA $HIFIC BV T PCRIEIC & » TR, v —27 2> 2, OTU T L Tz
727z,

FRATAE R 6. ML CHIEZ & ), B2 L) /Sy — Y 2 RT IO TNV T 5 ETo70 TDOTINV—TF
SR LIS, EIREL. HES. FEY. BILE0 4 o0, F 2k O EW - NW, NW - NW, EW — EW,
NW — EW O 4 B CTOMBEFEOLILL @ % lL7z, & 510, MEHE & FEATEIRICHBEDS L S a2 2 BEt L7z, MTE
i & BEEATEI OB DWW Tk, JMP ver.11 & v, HEARMEIZ 5% & L7z,

R
PR DO BEATE)

WA HEx L2 BROBETEO-E 2 {7z ZofERE LT, BB (EW) L@EHELE NW) & ozidmd
b0 E o7 h, 7% (Licking/grooming) (O T LRSI NW OEFDE L, FEHEL T LHED NW OF )
BOILHTRL 200 5h, ETOHBIZBWTHELREZIRDO SN 2h o7z (FeHO PD1 B\WTid, HEHR
sh7z (P<0.1)),

WA D BEEATE)

KHACOBEATE OAE R TlE. NW — NW Ll BEFLBE LB FHEALREE S, EW — EW (X R HIREFL L 3 U0
BEAREE B, NW — EW (ol BEFLEEE F R HIBEAL R . EW — NW LR IEEFL B E F B H AR E b 2R L C
W5,

EAOBPFUEGE L, BTHPRALGBETENENLKLZLEZ A, EAOEPEW OGO, EW—EW &
EW — NW OfF- 7% 478 (Licking/grooming) 1&. PD7 ICB W THELZEDRO LN (p<0.05), 7. B THR
EW Oo#60, EW —EW & NW = NW @, PD5 TIZF2 S8 Cw 288 CEmA2 R 57 (p<0.l). B THATNW
DOHE D, NW — NW & EW — NW Tid. PD3. PD5. PD9 TOF7% & N TV 72 4HE 7S NW — NW O 5 25 E1 W
AR L o7z,

T ST & BEVEATED

ARSI 6, 7z & 9 B/ 8% — U ZRTHIE TV — 75T 247w (CAG clustering) . #NZEho 7 Vv — 7%
CAGl ~6 & L7z (M4-91), AL KR D, MR SAFHEALL £ TORENMEGEOLE Rz 2 A, HiE
BB BMEFHE T, KIELZADR DL E0G0 o720 TR EW - NW, NW - NW, EW - EW, NW — EW
D4 TROMP O LB BT L, IR 2 6 MERIITMEHEOZL o iz, hTh, EZD EW — EW Ol
Wikn', Mo E B> Tz,

E 512, B O OTU %, FMHATEY (381 %174 ©478) (Licking/grooming) & L72) DM ZHFH~X, Fodr5HH
A3 5 M etk ORI 2 — 3Bk L 720 IEOMBEARONZMEE LT, Ry 74 uaEF A, 7HyhonNs
7 —g, BOMBPRONZMEE LT, 702 M) YA XIVb, NYaANZy =g, 527 ~avy i Ak RoEE
Bacteria unclass 257 517z, F/2IEOMA D B OMEE S F 6 N7 & L C. Ruminococcaceae. Lachnospiraceae
W o7z,

ik
1. Liu, D., Diorio, J., Day, J. C., Francis, D. D. & Meaney, M. J. Maternal care, hippocampal synaptogenesis and cognitive

(20)



development in rats. Nat. Neurosci. 3, 799-806 (2000).
. Liu, D., Caldji, C., Sharma, S., Plotsky, P. M. & Meaney, M. J. Influence of neonatal rearing conditions on stress-
induced adrenocorticotropin responses and norepinepherine release in the hypothalamic paraventricular nucleus. J.
Neuroendocrinol. 12, 5-12. (2000).
Champagne, F., Diorio, J., Sharma, S. & Meaney, M. J. Naturally occurring variations in maternal behavior in the rat
are associated with differences in estrogen-inducible central oxytocin receptors. Proc. Natl. Acad. Sci. U. S. A. 98,
12736 (2001).
Harlow, H. F. & Suomi, S. J. Nature of love--simplified. Am. Psychol. 25, 161-168 (1970).
ilts—, AEEE, FIHS .2, ARER & FHHESE Bifidobacterium WAk D FFFHIzIFICOWT (JFHF). (2013).

(21)



O7O0YxY kNo. P15 —03
T —<
IYRICH BHREAIBORH

WhoZe WM 201544 H1H~20184:3 H31H
Tuy oy MR SRR (BEE HREeE)
Tuy oy MR EAR—F (BEEE HHEEe)
TuYxy MR RERR (MESAT EHREITE)

Abstract:

Acoustic signals are widely used as courtship signals in the animal kingdom. It has long been known that male mice emit
ultrasonic vocalizations (USVs) in the presence of female mice or in response to female secretions. This observation led to
the hypothesis that male USVs play a role in courtship behavior. Although previous studies showed that female mice have
a social partner preference for vocalizing males, it is not known if they exhibit a sexual partner preference when given a
choice. To address this issue, we examined the copulatory behaviors of female mice with either devocalized males (with or
without the playback of the USVs) or sham-operated males in two different behavioral paradigms: free interaction paradigm
in the home cage of a male mouse (without choice of mating partners) or the mate-choice paradigm in a three-chambered
apparatus (with choice of mating partners). In the free interaction paradigm, female mice exhibited comparable sexual
receptivity with sham-operated and devocalized males. In addition, we found that female mice showed more approach
behavior towards devocalized males when male USVs were played back. In the mate-choice paradigm, female mice visited
more frequently and stayed longer with sham-operated than devocalized males. Furthermore, we showed that female mice
received more intromissions from sham-operated males than devocalized males. In summary, our results suggested that,
although female mice can copulate equally with both devocalized and vocalizing males when given no choice of mating

partner, female mice exhibit both sexual and social partner preferences for vocalizing males in the mate-choice paradigm.

Introduction

Acoustic signals are used as courtship signals by males in many species, including insects, frogs, and birds. Male mice
have long been known to emit ultrasonic vocalizations (USVs) in the presence of females or in response to female urine
(Whitney et al., 1973; Nyby et al., 1977). Recent studies showed that mice USVs exhibited a song-like structure in the sense
that they consisted of several syllables, and the structure of male USVs were innate and variable between individuals
(White et al., 1998; Holy & Guo, 2005; Kikusuli et al., 2011; Sugimoto et al., 2011). These results suggested that male USVs
play a role in copulatory behavior, perhaps serving as a courtship song.

In accordance with this hypothesis, previous studies found that female mice preferred to stay longer with vocalizing
males than with devocalized males, and female mice approached the source of male USVs (Pomerantz et al., 1983;
Hammerschmidt et al., 2009; Asaba et al., 2017). These results indicated that female mice have a social partner preference
for vocalizing males. However, since it has never been examined in the mate-choice paradigm, it remains unclear whether
a social partner preference is eventually translated into a sexual partner preference.

The present study aimed to determine if female mice have a sexual partner preference for vocalizing males. If a
female mouse had more copulations with one male compared to with another male in the behavioral experiment, we
considered that the female mouse had a sexual partner preference towards the former male (Winslow, 2003; Zinck &
Lima, 2013). In Experiment 1, a female mouse was paired with either a single devocalized male mouse (with or without
the playback of the USVs) or a sham-operated male mouse (a choice of mating partner was not allowed), and their social
interactions were examined. We tested if the presence of actual USVs or the playback of the USVs affected female

sociosexual behavior. A previous study showed that the sexual partner preference of female mice for a different strain
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of mice was only revealed in the mate-choice paradigm, but not in the no-choice paradigm (Zinck & Lima, 2013). Thus, in
Experiment 2, we further tested the effects of male USVs on female sociosexual behavior in the mate-choice paradigm,

where a female mouse was able to freely choose a mating partner between a devocalized or a sham-operated male mouse.

Materials and Methods

Animals

We used C57BL/6 female mice and Jcl:ICR male mice (purchased from Japan Clea; maintained in the laboratory). These
two different strains were chosen because of their different body size. Jcl.ICR mice are generally bigger than C57BL/6
mice. In Experiment 2, to restrict males’ movements between behavioral chambers, we used tunnels so narrow that only
female mice, but not male mice, could pass. In Experiment 1, we obtained the data by using 16 males (age: 3-6 months old)
and 63 females (age: 3-5 months old). In Experiment 2, we reported the data from 7 triads, each of which consisted of one
female and two males. Thus, we used 7 females (age: 2-3 months old) and 14 males (age: 2-4 months old). Females were
housed in groups, and males were individually housed (temperature: 23 °C; humidity: 50 %; 12:12 light/dark cycle; lights
on 06h00). Food and water were available ad libitum.

In Experiment 1, female mice were ovariectomized using the standard procedures, implanted with a silicone tube
containing 17p-estradiol (sealed at both ends; inner diameter. 1 mm,; outer diameter: 2 mm; length: 10 mm), and allowed at
least two weeks for recovery (Strém et al., 2012). Female mice were primed with progesterone (0.03 ml at a concentration
of 10 mg/ml, Wako, Japan) four hours prior to the behavioral experiment. Female sexual receptivity was hormonally
induced because we aimed to examine the effects of male USVs on female sexual behavior. If a female mouse received
any intromissions during the behavioral experiment, this female was not used in the subsequent experiments. Thus,
all female mice were sexually naive. In Experiment 2, female mice were sexually naive and naturally cycling, and their
estrous stages were monitored daily. We used a different method to induce female sexual receptivity because we would
like to examine the effects of male USVs on female sociosexual behavior in longer time scale in Experiment 2. In both
Experiments, males were sexually experienced by allowing him to have copulations with a female that was not used in
the following behavioral experiments. The females used for male sexual training were novel to the male. All procedures
were performed in accordance with the guidelines of “Policies Governing the Use of Live Vertebrate Animals” of Azabu

University, and were approved by The Ethical Committee for Vertebrate Experiments of Azabu University (ID #160303-6).

Experiment 1

Apparatus

Behavioral experiments were performed in the home cage of a male mouse (17.5 cm X 24 cm X 12.5 cm). The experiments
were videotaped using a camera that was located above the arena. A USVs-sensitive microphone (Day 1) or the USVs
emitter (Day 3 and Day 4) was placed next to a metal-mesh hole (diameter: 5 cm) on the cage. A red tag (1 cm X 1 cm) was

glued to the neck of the male mouse to facilitate offline behavioral analyses.

Experimental procedures
All male mice underwent five behavioral experiments for five consecutive days. In each experiment (one hour each), a
male mouse was paired with a female mouse that was novel to the male during the light phase of the day. As described
in the previous section, all female mice were sexually naive, and hormonally primed to induce sexual receptivity. Each
experiment was conducted in a sound-attenuated box.

The behavioral experiments started on Day 1. Male and female mice were allowed to have social interactions
and copulations freely prior to the devocalization procedures. Then, in the afternoon of Day 1, half of the males were
devocalized via dissection of the inferior laryngeal nerve (Nunez et al., 1985; Asaba et al., 2014). The remaining half of the

males were subjected to sham surgeries. The behavioral experiments were repeated from Day 2 to Day 5. For devocalized

(23)



males, their own USVs, which were recorded on Day 1 (during the first five minutes of the experiment; before the
devocalization procedures), were played back during the first five minutes of the experiment on Day 3 and Day 4, while

the USVs were not played back on Day 2 and Day 5.

USVs playback

USVs were recorded on Day 1 using a USVs-sensitive microphone (sampling rate: 300,000 Hz; bandpass filtered
between 20,000 Hz and 145,800 Hz; Condenser Ultrasound Microphone CM16/CMPA; Avisoft Bioacoustics, Germany),
and recordings were stored on a PC through A/D conversion (Avisoft-UltraSoundGate 416-200, Avisoft Bioacoustics,
Germany). USVs signals were digitally edited to remove environmental noises. The first five minutes of the prerecorded
USVs signals were played back (Avisoft UltraSoundGate National Instruments Acquisition, Avisoft Bioacoustics,
Germany), amplified, and transmitted to a nanocrystalline silicon (nc-Si) emitter as previously described (Uematsu et al.,
2007).

Analysis

Behavioral videos were analyzed using EthoVision software (Noldus, The Netherlands), and then manually annotated.
Several behavioral measures, including the number of approaches, were calculated based on the positions of two mice
tracked by EthoVision. Furthermore, we manually annotated the occurrence of sniffing behavior (body and anogenital),
grooming, mounting attempts, and intromissions. For each experiment, the receptivity index of each female mouse
was calculated as the ratio of the number of successful intromissions to the number of total mounting attempts. The
receptivity index reflected how sexually receptive a female was in response to male’s mounting attempts. To assess the
amount of male USVs, male USVs on Day 1 were automatically detected (peak frequency, 20,000-250,000 Hz; minimum
duration, 5 ms), and the total duration of male USVs was calculated by commercial software.

We performed a generalized linear mixed model (GLMM) analysis on behavioral measures using the glmm™B package in
R. Briefly, for each behavioral measure, the appropriate distribution (normal, negative binomial, or binomial distributions)
was specified with a canonical link function. The parameters were estimated based on maximum likelihood estimations
using a Laplace approximation or a restricted maximum likelihood estimation. The parameter estimates were tested
using a Wald z-test with a significance level of 0.05. Regarding the fixed effects, we used the following four explanatory
variables: (1) if a male mouse was devocalized or sham-operated; (2) if USVs were played back or not; (3) whether a mouse
already received surgery; and (4) the order number of the experiment (as a categorical variable). Since the male mice were

used in multiple experiments, the identities of male mice were used as the random effect.

Experiment 2

Apparatus

The apparatus consisted of three chambers. The largest chamber (14 cm % 30.5 cm X 20 cm) was designated as the
“neutral zone”. Two smaller chambers (24.8 cm % 14.3 cm X 20 cm) housed males. The largest chamber was connected
to the smaller chamber with a transparent tunnel (2.2 cm X 2 cm X 6.2 cm), which was so narrow that only females were
able to pass through it. The room light was continuously on to enhance the quality of video recordings. Each mouse was

provided with three or four food pellets, and water was available ad libitum.

Experimental procedures

Diestrous females were used in the experiment because our previous study showed that female mice exhibited a robust
social partner preference in the diestrous stage (Asaba et al., 2014). The estrous stages of female mice were monitored
daily between 09h00 and 11h00. If a female was in the proestrous stage, she was isolated on the next day, and the

experiment started two days later when the female would be in the diestrous stage, which was confirmed by histological
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examination of vaginal lavage. The female mouse was introduced into the neutral chamber at 09h00, and was habituated
for two hours. The examined female mice did not show a preference for a particular chamber during habituation (data
not shown). Sham-operated and devocalized male mice were introduced into their own small chambers at 11h00. The
experiment was conducted in a sound-attenuated box for 48 hours, during which social interactions were videotaped by
two motion-activated cameras (Angel eye HD; YK Musen). Because the cameras were activated upon motion detection,

the movement of a male mouse or social interactions between a female and a male were recorded in real time.

Analysis

We analyzed behavioral videos, including social interactions between males and females. Several behavioral measures
such as female visits, mounting attempts, and intromissions were manually annotated. We did not analyze ejaculation
because of its rare occurrence. The entire 48-hour period was divided into four 12-hour time windows, which
corresponded to the light/dark cycle to which mice had been accustomed. For each time window, the occurrence of
behavior, total duration of visits, and receptivity index were calculated. We could not define the receptivity index for three
mice (one sham-operated and two devocalized males), because these mice did not attempt to mount the female mouse.
We performed the GLMM analysis on behavioral measures. In addition to the statistical models used in Experiment 1,
we used the zero-inflated model for the numbers of mounting attempts and intromissions, since there were considerable
numbers of zero-valued observations. In some analyses, we set the offset term as the logarithm of total visit time to
correct the count data for total visit time. Regarding the fixed effects, we used the following two explanatory variables: (1)
if the male mouse with which the behavior occurred was devocalized or sham-operated; and (2) the order number of the
time window (as a categorical variable). Since female mice can perform copulatory behaviors with both sham-operated

and devocalized males, the identities of female mice were used as the random effect.

Results

Experiment 1

We first examined if the amount of male USVs affects mouse sexual behavior by analyzing the data on Day 1 when all
male mice were intact. We found that the total duration of male USVs was not significantly correlated with the number
of mounting attempts (Pearson’s r=0.35, P=0.1835), the number of intromissions (Pearson’s r =0.35, P=0.1825), and the
receptivity index (Pearson’s r =0.31, P=0.2471).

Next, we examined the effects of the devocalization procedures and the playback of the USVs by using the GLMM
analysis. The results indicated that the devocalization procedures did not affect the number of mounting attempts
(parameter estimate ()= 0.7569; standard error (SE)=0.8192; z=0.924; P = 0.36; negative binomial distribution 1) or the
number of intromissions (8 =0.39592; SE =0.83762; z=0.473; P =0.64; negative binomial distribution 1). Notably, the
receptivity indexes associated with sham-operated males were not significantly different from those of devocalized males
(B =0.2701; SE = 1.1589; z = 0.233; P = 0.82; binomial distribution). Sham-operated males sniffed female bodies shorter (g =
88.061; SE =42.771; t = 1. 997; P = 0.050; normal distribution) than devocalized males.

The females showed significantly more approaches towards males when male USVs were played back, compared to
when male USVs were not played back (Figure 2A; g =1.9250; SE =0.8150; t = 2.362; P =0.022; normal distribution). When
male USVs were played back, the females sniffed male genitals more frequently (8= 0.62284; SE = 0.30665; z=2.031; P =
0.042; negative binomial distribution 1), and groomed males more frequently (8 =0.61009; SE = 0.27885; z = 2.188; P = 0.029;
negative binomial distribution 1).

We observed that the occurrence of several behaviors decreased between behavioral tests. This observation was
supported by the result that significant effects associated with the order number of the experiment and surgery on

several behaviors were detected.



Experiment 2

We then examined the effects of male USVs on mouse sociosexual behaviors in the mate-choice paradigm. The results
of the GLMM analysis indicated that female mice visited the chambers of sham-operated male mice more frequently
than the chambers of devocalized male mice (8= 0.6655; SE = 0.1370; z =4.857; P = 1.2e-06; negative binomial distribution
2). The total duration spent in the chambers of sham-operated males was longer than that spent in the chambers of
devocalized males (8 =0.64116; SE = 0.18830; z = 3.40; P =0.00066; negative binomial distribution 2). These results suggest
that female mice have a social partner preference for vocalizing male mice.

Furthermore, female mice were subjected to significantly more mounting attempts (8 =0.9474; SE =0.3271; z=
2.896; P =0.0038; zero-inflated negative binomial 1) and intromissions (f = 1.3462; SE = 0.4256; z=3.163; P =0.0016; zero-
inflated negative binomial 1) by sham-operated males than devocalized males. When the data was corrected for total
visit time, while female mice received mounting attempts equally from both sham-operated and devocalized males (8=
0.5678; SE =0.3783; z=1.501; P=0.13; zero-inflated negative binomial 1 with the offset term), female mice were subjected
to significantly more intromissions by sham-opeated males than devocalized males (8 =1.0239; SE =0.4706; z=2.716; P
=0.030; zero-inflated negative binomial 1 with the offset term). However, there was no significant difference between
the receptivity indexes associated with sham-operated and devocalized males (8 =0.3075; SE = 0.3274; z=0.939; P=0.35;
binomial distribution). Taken together, the results indicated that female mice received more intromissions from sham-
operated than devocalized male mice, thus suggesting that female mice exhibit a sexual partner preference for vocalizing
males in the mate-choice paradigm.

We observed that the occurrence of several behaviors decreased with time within the behavioral test. This observation
was supported by the result that significant effects associated with the order number of the time window on several

behaviors were detected.
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A BRENDDLPERET D, T2, AUV 22y RREROESEBITICE T, QTL OFEM A E 2 g L, JiE
BT ORE. BLU, HHO QTL MOME/EREZHO 2, IZTAZ L2 HIE T 5,

RAEFEDOWIETIE, Ca2 RO FMEIE S QTL O BEIHFAET b Slela2 BIZ T OFBNER L CEBRE 1T - 72,
Slela2 3 FNCT A M OH A4 MIFEHTAIVY I VBNV AR—F =T, Y F 7ABBICHEE N7V 8 2 V%
FUXS 2@ & HH 5o Slela2 RIB~ 7 2%, BIEHOBETA»AFExR £ U A (Tanaka et al.,, 1997), & 512, Slcla2
EEMALS gL L, COop VY USRI NS 22256, Slela2id, Vg I VERIC X D i e B 5 ffE
M2 T AR ZH S EARENT WS (Kong et al,, 2012), W 212, Slcla2 OFBHIEEE A, Cg D HMN
BB 52 T D LR E LT,

[(#EIB KUTE]
B6 &k, Cg2 B LU, Cg9 RO MEZE v, JERNEHEE. i) BRI R AR, iy B E s miED 3
OO (F4V0) ZIER L7z v~ AZAEH 21 H~24 0 (3HME) CTHEFLL . FME4 Va2 Ry — 22 fE sS4 1M
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T = VAR T o Tz, IFHMTRIX. 7 VMO AR R E ISR WX ) ICETE L. 10 BEICH)E L AR
THAM L7z0 D J:Wﬁ'ﬁ%ﬂi XU A% 1 RTDED/NT — DI A, 30 B 20 [B], 9 15cm OFRIET ETNE) S

O, =Y RKRFREO LICREL 10 5 EEI% Lz, TME iz 2o~y A&, @ERPNr—JICRLTHAE%:
Mk L 720 e L J‘W(ﬁf{%ﬂ‘ilﬁlﬁftfﬁ"ﬁi 9.5 Wiy (9MEFICHEL /23 ~4 HR) 12, 1 EORKY L E &
WLy 203 HIRIZHM L7ze i) BRI E 10 &6 L 78 HEEIRE > & 3—4 H AT B0 fUE
AL, 95 BEICENE Lz S 10 MEMEESE T L. %%@@*U@iﬁ@ 3 HERIZERM L 720 MM OBRA1E, S &
DRy "NV ESY —)vF MY 74 (200mg/kg) & BEHENTR G-I Z 5 L. Hagihara & (2009) 0)75‘(:’?1;‘!50 T, MELIk,
KGR E . i % i L7z #ikIE. RNA Later (Thermo Fisher Scientific) |2i%1# L RNA fiiH ¥ T —20C TR L 72,
# RNA O ix, ISOGENE II (v R¥ T —) mHW/z, fliH L72# RNA 288 & L ¢, WixE 3 SuperScript
I (Thermo Fisher Scientific) # Fiv>C cDNA % & B L 720 &8 L7z ¢ DNA # H\\C. Slcla2 i# {51 ® mRNA 53
& g I RT-PCREIC & o THlE L7z, ZEBIEMIEDONIEEEIZIZ, TATAKE Y > /37 8 (Thp) #BInT % M7z,
Bl EOREHEN X, Tukey-Kramer % FHv 72,

(BRBLUEZ]

WLER, KENE BB L O, BI85 Slcla2 Om RNA 8B =% X 1 1278 L 72 Tukey-Kramer %% Fiv T, &H o
B mOFIGMEOREEE L7205, FatICHERERZIADDL L Lh o7z Lo L, WERTIE, BIEICIPiE%Fi> B
6 ALY, FEMEESZ M Z FD Cg2, Cgd AT, EHENESWEINZR Lz, 72, KIMEETIZ, TwilAgs
TEDBMEART 2 4 U S8 2% 10 0 5AE L 72E12, B6 Rift T Slela2 @ m RNA @%ﬁi@iﬁﬂﬂﬂﬁfﬁmﬁﬁé@ 57z,
Lo Ly Tl B CRBIE IS —EOMRIEEED b N h o 72,

SRIOENT 5 1E. TADPAFERZ L 7D Cg2, Cg9 At ITNEFEL 7w B6 Affi & ORI Slelal #fnt O
mRNA“fﬁ% IR IO SN odc. L L, BIEEFERT L7000 E AR $5 &, B6 Akt Tld, Kl

IZBWTC Slela2 BIETOFEBEESEEINT 5 2 EARBENT, D72 Slela2 BinTI1E. Y LIFRBUIIINE LT
’%‘fﬁiﬁ"ﬁﬂﬁ‘é ZEDIRIEE NI,

WiEE  Slela2FIHE FEYE Sklaz ®E=E B%E SlclaZFHE

@aBs
@Cgd
mee

BB6
=Cg8
[ ek

Slota2dTBP

Sleia2/TEP
Selat/TEP

0
R SEF FEERR FFRLH BEIF R ES PR FERIR

1< AWK, KBEE . BB B Slela2 BIET ORI, Thp MIZT % WHIEE L L CHISBUR 275 L 72,
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O70¥YxY kNo. 16 — 04
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SE(FICBID B IMIRE - FEISEEICRI T BERR

wroze #OM 20164F4 A1 H~201943 A 31 H
JuY s MR LT E
PAEES/A Y= BN

Juy s MR HEC S

JuYv s MR BT B

THFTEIE

12 Bk o C57BL/6 HH 3k SMS1 (+/+) ~ = A, SMS1 (+/-) ¥ %7 X, SMS1 (=/-) ~ 7 AIZH LT, BN -
BB it L 72 SHISERRZ 8 12 4%SDS A7k, aFeav ey @k 7L vy v i EtikERE (Y4 A4 AD. Biostir
Inc.) %3 21[E. 3HM. 76 BEAM L7, BFEEROFME L CERAIT7TE2IEL, ZOAF*EEEOREL L.
MR IREM, B X O RIESMEEI e LTI v 24 3 VBEIEZ1T- 720 BIEME  ADFR~ 7 A2B VT,
KO B CIZAIRMICEFE ORI LIK & il BEAEIZB T 2 KBl Ro bz, BENMEIEEOEIETIZ, AD A3 7
bKOMETLNVEETH o7z 72, WTHE - Het B & HEL L T KO #E Tl AD BREZ§ SRE R FSHE RN 2SR TdH o 72,
AR AFEMIC BT WT BE - Het B & L C KO BECHEERIED L CEBMEREGIBE SN2,

fHzEm :

MR IZa VAT O— )V, AT 4 v TILY v, AT 4 Y THERRE 2 ERG LT HRET 7 NBFIEL. /%
A L7 OERIZER EICHG L Twbe A7 4 Y IHEREIZ LT I FICHESESMES N HERETH Y. TV
EHETDHAT 4 Y IRRERIFCA Y 7)F T FT773) =), GM3IEA Y7 )4 T F77 3 — O TR S IRIL
CHAELA Y Z7)F Y FIRBORBWE L %5, TrlZINFE T, GM3 AEEE (GM3S) KIE~ 7 A2BWT, THl
Baug o T (Nagafuku M et al., PNAS, E336-E342., 2012) % H CEMEsE (Lee H et al., Mol. Cells: 37(2); 161-171.,
2014) ~OMLEHE Lz, S512, Uy FEBEET TV Y ZI2B W TIE GM3S K875 Thl7 @ IL-17 BEAHE IS
T SEMBEE A BAL X85 L) MR E1H7: (Tukuda Y et al., PLoS One., 7(6); e40136., 2012), Pl EX b, GM3 &
TIEBE DB R BRATRIB EN Do & 2 CTRIFZETIZT LV F =M% 12 BT 5 GM3S DBIG- %2 #E) L 72,

MRERE

C57BL/6 AME LR (WT) ~ 7 AB LA > 7 )+ ¥ FGM3 AiEEHRKIE (GM3S-KO) v A&l L7 Bfr
HBELOEHICadTea Yy =7 LV Y ikEz 3EMEN L, 7LV F—MHEHEZFE L 72, RIEZA T TILFER -
HL - iz - el X OHAROIEAIC X 0 EFili L7z B e HFHOMMI T 2R L, HEFaBL MV, Vv 7
V=Gt 12 XD | ARG L 7o RBVIEGE IS B S HEREREHI 0 72, WT B & 18 GM3S-KO & 1) & #iflife =
PRHCL ., IL-3, IL-4, SCF &HEH#T 1 » AR L7z, 5 N7 Bm#ilie % in vitro TR L . BBER ORECTH
B BT IS —BRURELIE L, F70. BT MG E CHIBO MRS % MR L 72,

R
GM3S KO [CBVTHEPTORERDTTEN BRSNS

IFbav S =lHET LV VERE R 11100 mg. 82 B, A5F6 A, e EAEcEA L, 21 HIBE L7, %
REMEHEEEIZB VT, GM3SKO v AT WT v A L Il L CikBRRita%: 3 A H & 7 H BIZREZ 05k & ik
HELLBIg SN, $/00 COEKEMBETEY TCICLZKEAITICEL TS, GM3SKO Y7 ATIEWT v 7 R &
Wi L CRBBEHIHBE THHICA T2 ~3 KA ¥ MEleorze YlEX Y GM3S KO v 7 A 2BV TIFENIC
BB R2E £oTCEPBIE SN,
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GM3S KO [CBVLWTETTEDIEEDTTHED R I NI

FERBEMBEGTEIZBWT, W~ 7 A& GM3SKO ¥ A% i 5 &, MAHE b2, MBFOEIRS DT NIZALN
72 L2L. WI ¥ 2L GM3SKO ¥ 7 AZBWTKELREBIIBR SN h o720 720 HMHORESR &% 21 H
MME L7ze 2HE, GM3SKOY T AL WT YT AZNENDOHMHOHEDELREZ 1L LT, I 000MMETRL
720 GM3SKO %7 A TIE WT v R L i L CHlBaR et 7 H BURRICEE 2 B ORENFBE S iz,

GM3S KO 2B W TEKEDFE L WILEDSEEE S 7

B2 A MR IICAT L7282 A, W R AIZBWT, BB HROHE, 7THH, 4 HETIE, ZREib i
FKEOMRIERA SN0, KREBEEEBE SN2 o7z, —T. GM3S KO ¥ 7 A TILRERBMA T 0 HOFRE & LKL
T 7THHORETE, EEVELIEELTWL ZEPHBE SNz, 72, W UEEFGE 7 H Ho GM3S KO v A
DR EWT 7 ZAOREE2HE LT, GM3SKO Y7 ADREHORIENFHEZETH > 72, DL, GM3SKO ¥ 7 A
WZBWTEEOE L WIEEDSBIEE S 7z,

GM3S KO [CHWL BRI DB ERR SN

MR IZ MIVA D TN =Gt % i7 o720 WT Y7 AICBWT, REBERGBHO DXL LKL T, 7TAH, 14
HH&. JEmMiaiic k& 22 Bl sz o7z, —Ji. GM3S KO TidakBrbita: 0 HoEE L L ¢, 7THH
(ARG S o B s BgE S dz,

GM3S KO [CHEWLWTHFEIRDZEDERREI NI

B\ RIEDSTR D > 7o ERORERB MG 7 H HOERE % 400 f5 CHIZ L 72 WT OB T, A3 MMM o2 h°
B ENTze —F. GM3S KO OB TIE, HEREROBRENE (Bg SNz, 72, BRIITRL TV RWwAS, i
BREEOIRIE B GM3SKO 2B W T L BlgE sz,

GM3S KO & WT [CBWVWCIEEHIRRDMEE EI8EEICH T D ERBBREINLHL o
LB AR M O MBI -\ CHFFE S A~ —F —TdH A Fee R & ckit [2xh§ 28565002 M L <. SHiHIE
RO LELY 70 =% 4 M 2 M) —THIE L7z WTIZBWTIE, KRB #H7 HH T28%. 14 HHT35%. 21
HHT48%. 28 HHT94%. 35 HT97% D5 LE% /R L 72o GM3S KO I2B W TId, BEEMKGHTHHT27%. 14
HHT33%. 21 HHT54%. 28 HHT80%. 35 HT %D bEZR L7 35 HMOSMELEIZBWTIE, AEED
B SN o7z WIHEIE MY Ry TV —getafh, AL R L. MR % ik L 7. A Bt B anh
IZBWTiE, BEMBHZOHIBELHKRLT, THETO06f, 4 HHT27/. 21 HET5.6f%. 28 HHT6.6 5.
35 HT 115 f5ICHGH L 720 GM3S KO IZB W Cid, ¥rEMBHROHH LB LTC7THHTO5 /5, 14 HH T 185, 21
HHT34%%, 28 HHT5.0M1%. 35 HT 9.6 f512H0il L 72c GM3S KO & I LT WT DIE ) 25h §F Il EA R & v
fBAI2SE - 72h, BEEE Do/ D0, UBEOFEERTIZ AMEEL-bOE[MAL 72,

GM3S KO [EBWVTERBHREICH (T ZHEBEROTTED BRI N

B-NFVUF IS —ERMET L & THEROBMMETELBIZEL 2o WTIZBW T, R CIE 23% Ol <K
R BIE L 72o IgE MIBCTIE 69.9% . IM HIli T & 74.9% O &4 TRl o L TR & 2 JUSASEE Sz, — /T
GM3SKO 2B W Tl HERELOIRAET 66.4%. IgE HIEL Tl 75.1%. IM Hl# Tl 79.9% OBk 2SBIEg Sz, —J5.
GM3S KO 128\ T WT & i L CHfilil T B 2 B O TTHEDEIE: S 7z,

GMS3S KO [CBWNT MAPK RO U VE(EDTHED IR SN

E AL O B REALERE 12 BTy MAP - —BRIRICBI 2 ) YIRILDPEETH L 2 EPMEEN TV L, €I T,
AL D MAP 5 — ¥ D) Y RALIREE % f##T L 720 ERK., p-38, JNK (DWW T D 3 D2DMEf 17> 72c ERK &
p-38 2BV TIE, WT & GM3S KO I2B W T YBRALIZEILIZBE SNz o 720 —J7, INK Tid, WT HiRAE 2
T CT L TIM MBI & ) ) Y BRALDTLHED B S 41720 GM3S KO Hi skl 12 35 Tid CT TERIZ Y R
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EDTTHEDBIHE S, IMIZBW TR YBRILOTLEPBESE S N e o720 Db XD GM3S KO Dz T JNK &
) Y EBALDTCEDBIE S T,

GM3S KO [CBWVCHE IO S MDEDERR I NI

BB AIE % . AR T E CBIEE L 7ze WT HISRAEGHENG 2 48 > T RERL A IR s AE A N o M B 123 — 1255
il Cnd 2 LB SNz, —F7. GM3S KO HERALHALIC B\ Tl BRASHE R AL N o Ml & N o 0\ AR TE L
TWbZENEEEIN, TE Y. GM3SKO 2B W TR OESBE SN,

8.

TULVE—EEERE L, BHR =, Ak, KIE o TEDRWL DI, KORERIESBREICKGL., 20
FIETERD AR DA, EER EDRETEL L2 EThH Do TEZ DT LIV F—MRE RIS EREE 2> T b,
GM3 & RERREOHHELRBBRIEIINFE TERBREINTE, L2, TUVF—MEREZIILOET S, 7L
F—BHRICBIT LAY 7) 4 FGM3 & REHEEOMEIL, REZHEVP SN TRV, EZTRIFETIET LV F—
RS 212 BT 5 GM3 OB 5-%BE L7z,

T UV F— K8 A£FHEREBTIE, CM3S KO ¥ A 2B\, RERBIMGEREIICRR EHEIER 2 IR E 355
J§ ROFREAAEIZE SN2 (Fig. 3A). F72. FRIZHEA 7 T WIRATR & MK, GM3S KO ¥ 7 228,
ERBAMG TR SRR I 7D LR Lze 2RED, GM3SKO Y7 ZI2BWT, WiICBIT 5 E£OTmL 2 B L
7zo FBEIZ, BAEIZBWTH, WIRMZZLIZ R SN h o 7205 BABOIEAIE GM3S KO v 7 2128\, Wk
PEELENORENBIE SN TNEOBIEDS, GM3S KO ¥ ATIET LIVY VIR L TSN E W Z & AR
BEN7z, WHTET LV —HFRRABRZ I HRICE =2 2H ), ZOBRIERIEER S 720k L. HEAEB TN
MiEd e &b I T DMEE LT 720 Z OREHFEEIC X 2 K E ROBKRIEROHER DI, HHEF MM TEMRE 2L %K
FENEL > TVWDLIEDNEZLNL, T LIVEF—VEREE R, Mm% A L7z BIRER BSOS X % B O %R - JERR -
BHEXIILOL LT, BEEEEZ L), BIER S KAEKGNEBITT 5. FHIZB W THRINZ GM3S KO ¥ 7 ZA D
FIEA T T HEHEE R L72OE, I B IR RERSATEr 5 72 b L EZ bNb, —F. HAicBir %
GM3SKO ~ 7 2 D trBMa#H 7 H B RO L, BYRIERCS ERE kofclc0 b EZEZ 5D, T LVF—1REHE
Rl FHREBVEL W) HIZEBMHALL, MELEREZBRED LT, 208 efRICko72LHEZONL,

WEBOFE 2 #% L7 HE et 513, GM3SKO ¥ 7 Z12B W T, WT L HEL T, EEOE L WIEESBE S/
(Fig. 5)o BERICKIEMIANRRE L, 7 EH A » % EONmMIE 2 M50 &3 2 KEMBOF PG L Tnd eEzoNn
Bo WD MV AT 7N —gefTid, WT TRIEMMIE OIS Sk o720 —7 T, GM3SKO TIZ WT &
g U CRRERBIAG R 7 0 HIC IR B o BN AYEI S S I fze MRS N L2 & 2 & T T LIV F = RUS O ER
29 AIRRISSERIS IR E N2 E 2 b5,

HHEE O HE 44 CTld. WT ORZJE 12 B CIHEFMIZANZE L Tz, —F . GM3S KO DRz J§ 12 8\ CTIATFERER
AR LTz, T & D GM3SKO ¥ 7 A2 BT 2 il fa O & & iFEREk O & ) . GM3SKO ¥ 7 2128\ T
X, T ULF— ISP ERERISIC BT S BEICKIGT 5 2 L AVRE S,

JEGAIIIE 7 LV F = BICB W CIR O EE M T, Z ORI, MK IZFEHE L T2 &AM IgE 251k
(Fc ¢ RD IZ IgE 255 & L. SIS OBAERAHUREIC L D AEDSTER S ND T L TRI DN TH S, U & 1 AR
sttt s, Srcc 77 3V —Fu v rFF—L Lyn 25 VLS NE T LT, —E#HDO Y T FIVRENRB S . Z
ORERE UCHBRL, A Mo A VAR EPBIRE NS, iE IgE AR WEERICB W T L 2 7 LIV F — A
HHETHEDE, IgE ZDdONT FE—FEETH L L VI WAL RARBENTVE, TREEMFITLILDE LT,
PUROIFFIETIZB T IgE B CRMMBOAEFH AR L2D) . A MO A VEARHEERE TTET LI LAY
PHEIN TS,

AL AT & BV 72 FEBRCTlE. GM3BKO & WT Tid, 4 UEE & AR IS 21 e v A%, GM3KO Tl SRl ek EE <
Bk oL (Fig. 9). BEXOINK OV Y EALOTLEDSBIER SNz S 5 ICTE T HMEEE H CILBR 6 O 20 BlEE S
N7ze DEXD, CORBHMIBOREITINK Zild LY 7V FVEERFE THALLEEZ NS, LA L. T MAPK
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TERE DN SR Y A LT =AM B % & i MAPK 126 L. REMIZENT 217> T, & SISHlID WIRE 217 ) LA
H5bo

Tz, pAF T I =y — BMERE T, MREUREE D S OB TGE 2R L7225, Ziud, B TiE A <L 5w,
JF I E FERR L 2 &) RS U CEFNCUG L TW AR, R 2L Cwb tER 6N L,

MM DO FEM % > 7 F VIR RS RLETH Bo Tz, MOIIEMIBIZ b HEH L THT 217w, BRSO &
FEMNLIZ BT 2 AT 2 AT ) LED D 5o

RIFRIERZEFRELTH Y, SRy 7 FIVHEN Z L E L7286 % 5T 20 5 2 & T GM3SKO (23517 % i
ADFFEIZTTIE R, MOREMMOREOBIET LI LW RE LRBEEND, EHI1T, EHRGRE~ T ARG
T RZIILOETHMFBICBVTTV, REMICANIICHT 2 2 L sk, BRIERETH L7 LV F— 1K
J 9 DIHTEMR I & 72 7 {6 RIS B W RETED B o o
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Polyvinyl alcohol % H v 7z M ME PRAFE 2 @ LT 7 ALERAE L 72 CO7BL/6] ~ w7 A HIZIIE O KN B X OMEYE38E 1E

=]

EEE L L TELOFHETHVBOENLE Y Y AIZBWT, BRARTH S C57TBL/6] Rffld s/ &Y — 2 T2 ADAT
bINTnbZens, Tg, /v AVBIO /) v 77 M EOBMETFHES Y AOERIIH NS, 2 FE Tiifz
T~y AOEFUIIE S 2 W 2 TENERCTH o 7245, 7/ AREFM ORI & 0 EHE oI ET
WL~ AFVEHT A2 ENTREE o 72,

INSDFFEN X DB FUES Y ADOERITIEE K ORI LI L 7 5. BIIIIE 2 RIS 5 720 1213~ >
AN EFBILE LR L, B~ AL BRKEE, b L IRV B L THRNSREZ AT ) LEPH L. L LI
SOREREL DR F—~ T ALRMAEET 2720 Th {, BRINT Z LRSS AHETH D, 09I BEBEA
EIT) S ENTER V., Z 2T Z BINERF L TBL 2 LT, MG CICHEMEARENTE S Z & RNE
BOMREEEHTED 200, ENICEETEEY T AT L 2N TESL. LA >T, 7/ LREOR
& L TR REZ C57BL/6] Rft~ 7 ARIIINE OB RAF X5 S DICEHEE 2B & 72 5

AWFZEIE, FEMIE NIRRT B 2 77 AMURFEOW R B E L, FCSOREL LTPVAZRIML, 7285
% B5AEREDA E D 72012 CPA & LT COOH-PLL % #hI L 728473 % & 5\ T A T AMLERAF L 72 C57BL/6] Rkt~
AFAEHIRE O E O AAE B &L US4 FRIZ DWW THRE L 7.

MRS LUHEE

FCHIRF ORI 1Z 4-8 BHlin> C57BL/6] Akt~ 7 A %, RV F ORI 1Z 12 gL 1o C57BL/6]
R~ A%, FNENERICH L 720 THEEB LD ICR R~ A Z B0 L Y ¥ v M2, BEKEE
L7212 Ll 1o ICR RffilE~ 7 A & BIHRFRICH V2, TROOI Y RGHAEAF v — VA - Yoy—tRatt (B
W, M, BA) THEA L7 72, ThoO~ T ZAIMAKREMEEWEHAREWIZEHT T, Al 23+2C, /% 55
* 5%, JGHl# (ATEER D am 6:00-pm 18:00), fKF & KIIARWHAEEOBRSE T CHF L 72, miE, #1213 human
tubal fluid (HTF) % &8R- L CHW 2. Bk 221213 HTF 12 PVA % {11 L 72 PVA-HTF + metyl-B-cyclodextrin
(MBCD) 0.4 mM, FHF312IE HTF (27 Vg 7V 7 2~ (BSA) Zifshi L 72 mHTF + glutathione-SH (GSH) 1.25 mM
R L7 ZOBROMIEARFEIC1E KSOM-aa %/ L7z, BiIR ORI, PB1 (PB1 (4)) Z/E# L7
BIAZHIE DOPEE121E, PBL+FCS (94 75727 /0y — XY v 8 vk att, ®iE, HA) £7213PVA 2R F
stk LCPB 1 + FCS 721% PVA + 15% CPA (7.5% EG + 7.5% COOH-PLL), # Z A{tifi& LT PB1 + FCS F 721
PVA + 30% CPA (15% EG + 15% COOH-PLL) + Sucrose 0.5M % fiv:7z. JHRICH W2 &g & U<, PB1 + FCS 72
IZ PVA + Sucrose 0.5M % f#if] L7z, i, R, 7o AU, AFEO™ES T L L T20%FCS #RmLzbo%
control [X, [#EIZ PVA 0%, PVA 0.01%, 0.1% =R L7238 % 2N PVA O X, PVA 0.01 X, PVAO.1 X & L7
CPA & L C Raffinose 18%, skim milk (FIoGHfsE T3k, KB, HA) 3% (BLF R18S3) %M L7z, #ihe
N gt LC Milli-Q KIZHZ, 60COKEP TR, HMLZ Ihzmomil (154, =ik, 20000xg) L, LiE
A% 0.22 um Millipore 7k Filter |2 & U JE8 718 % 47>, 1.5ml F = — 712407 L C -30C THRAFE L 7z. C57BL/6] RALD
WM~ 7 A % EHIE S, AFH AR AR, A I L CIRDE, M B & O A B, 100 ul @ R18S3 A K v
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FATHRFIETT) &2 VT 5~6 L) h 2 &, BT T 10 MiE L, HF % RISS3 s €7z, 2otk ME AR
AR, BTEENR~ 025ml 79 AF v 7 A hu— (IMV technologies, 77~ A) Z10ul ¥2OH AL, A b
O—3y ¥ — (B P W, HA) The Lz AR @AEEEXREH,S 2 cm OFT 10 55 B O FEEsE © 17
VARSI T L CHUE IR L7z, C57BL/6] Ak~ 7 212, IS & MR R V€~ (eCG; 1000 HLAT
AAREHETERASH, BE, AAR) 51U #&T 0.05 ml OEFAETEK (FVEHRSH, HE, BAR) 2 EEAKRYS
L, eCG 555 48 BRI v MBI HIER VE >~ (hCG; 3000 AL © / /8T 4 A 7 =< b~ b ARREHL
o, HAR 7213, 3597 =< A 2pkalatt, #at, HA) 51U 2 &€ 0.05 ml OEH AR 2 BIRENERS S 5 2
ET, BRPEIPALE 2 i L 72, hCG 5205 12 ~ 14 R 212, M~ A 2 24808 S TIE B R 2 5RALL 7. P&
BRIEIENT 7 10 v A (FRLFERSH, Wl BA) LT R, IRl r-8E4a4 (LUF COCs) %
NG T4 FANTEDLDINIZ80 ul ® mHTF ARy FAIZEIL L7z, %238, COCs O EILUIH T ORIE#2 & & T RER A
%5 &) 12475 72,

FRERAR T A PO — I 3RARER P 2SI L, 37CO Y 4 — % —/NAHNIZ 15 45 HRE S8 CRlfE L, =235 m
DT FTAFY T4y 2\ ETFREREHF L., BTEEERDO) B 5ul %, /X774 Y F AV TEDLIZ 200 ul O
PVA-HTF AKX MIRL, %L L OEBMEZHEEL, 1 F 2= —NTIKHORHELZTo72. 1 %2
N— & —NOBRESEMIT 4T 37.5C, 5% CO, WERFOLEML T TITo /2. AR, T, 4% NaCl H TEB)E
b, b—< () MERFHERIC X 0 IREIERED 20X 10° sperm/ml 127 % & 9 ICFHE 21T 72, RiEE##:, COCs
et mHTF ARy MIBTE2MA, 4 %2 =8 —NT6HHOLEREZIT- 7.

JLE A, COCs & KSOM - aa \IBE L, LA ERYy 74 ¥ 7352 & TIEMAEE LY w7z, J57-1d KSOM-
aa T3 [IPEEHZIT, FOHINT T4 A ANV TEDLNZ50ul ® KSOM-aa ARy FAIZBE) L, (CAHHZEMSE* H
WCEHEHIE R T o 72, MMM ERTE -0 0% N, TabbmBHIRE LT, NI 74 v AV THEDI
7250 ul ® KSOM-aa AR v MAIZEILL, 77 Z{LffE % 17> 72, Cryotop %13 Shibao b D Jjik%E —HZE$ 52 £ T
1o 7z, iR % 37.5C P& HIZ T 3 MIPkE L, S0P < 3 4 MigE, Ehoy I ALHICRER 150N
IZ Cryotop (ALENA 7 7 v~, #l, AAR) Ofmms — ML, BAESEHRPICEAL, —ERULRELZ. 1§
FLEE A RE#81% Kohaya & DTt > THro 72, Cryotop e ¥ — M % 37.5C OFFHIC 3 MR E SR ZEINL, =
TOPEEHA 5 HEHE L7z, 201 37.5C ® KSOM-aa T3 HEEE L, /85 7 1 ¥+ A )V TEDNT 50 ul ® KSOM-
aa ARy PICBEIL, [ ¥ Fax—F —NTHRINVEEREEITo 72, IS 1 RIS 2 b o % 447,
MBI S AN 22 b D 238 & LT, MO X 0 B0 e 217 (), 24 W12 2 MR, 96 e 212
NI~ D FE A % FLARBHEE N TR L7z,

H T ARG RO FET~OSEERER FEMIT 2 72012, Wi L 72 miiiE % 2 M & Crvlgs A6, W2 1T -
7o, F 72, MEHEIX Shibao HIC L > THE SN L OE —HUETH I L Tfio7z. LI EL Y MIAWS ICR RZ#
M~ 2 % k5B R 2R ICR R~ 7 A L RS 5 2 & THIFIREFRL L7/2. 2% Day0 & LT Day 1 ® am 9:00-pm
0:00 (2, EBRAIMRE TSV Y EL Y M5~ 10O 2 MiZHIE 2 £INE AL L 72, Day 20 DB LY EX Y b h 5
i L X RIS & o TR SN Z TN, IEF 2RI AR L2#EF 2 W2 L7z, BERIX & LC, control X,
PVA 0.01 XHRORIHZIAE 2 HH L7, P, £ CoEBRIT3EUEREY R LT/ & ToOTF—51d7— 27
A VAEHRIZ Statceld (F—xT AT A, HE, HA) —ICBLE 5§50 (one-way analysis of variance: ANOVA) 12
L) PEEZHI L7z &512, Scheffe " s Ftest |2 & 2L EILEME 2 & ) BE- A Mt L7z, 72, P<0.05 % st BA
BhENSHD L LT

EET S

FCS & %\ 13 PVA %00 L 72 A7 % F O TR IR O 77 5 ZLBAE 2 4T > 7. T OGO EFFR S X O 5Ak=%
ZFS5ITRT. AAFEIZ PVA 0.01 X (96.6%), PVA 0.1 X (98.1%) (23T control [X (91.5%) & %O E %R
L, BBLZEE Doz (P>0.05). 2 MHIIE~OSAERD FERIZ, PVA 0.0L X (89.7%), PVA 0.11X (92.3%) (28
VT control X (87.8%) & AAREDE WMEZ R L7z (P>0.05). IREFMELIEIZH VTS PVA 0.01 X (784%), PVA 0.1
X (51.9%), TiZ control [X (75.6%) &ZEDZ\WEXRL, %12 PVA 0.01 [X Tl control X & [MAREOEWEZ R L7z
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(P>0.05). PVA O XCIxAEAZHE (71.0%), 2 MEH= (57.1%) 2B\ T control X, PVA 0.01 X, PVA 0.1 X2, F7-
PRAE =R (24.2%) 1238V control [X, PVA 0.01 KIZHRTHBEIEWEEZ R L7 (P>0.05).

FCS & % \21% PVA % NI L 72 RAFHI % AV T 7 AALEGRAE L 72 HiAZ 0IIE 2 i 4% 2 M) & CEvissasss L, Ik
MEATo72. EOEMANOEEFEFRLIK6IIRT. control K TIL S HDEAE 6 IEDOL L ¥z MIBHEL, 41 ILOELT
ESN (46.6%). PVA 0.01 XTI 28 DL %E 2Eo L ¥y MIEHEL, 10 IO EFIE SN (35.7%), HEF
RIZBWTHBRET D72 (P>0.05).

T
g G

AHFFEA B, C57BL/6] ~ 7 ZARIZHIED 77 T ZALBAFEIZ BT FCS D& LT 0.01% PVA Z iV % Z L AT
52 ENYISPIZENT. RIFREOBRIE, WM RBETFUEHYOFRIICHATZ 2L E2 615,
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ABSTRACT

Recently we reported that prenatal injection of di(z-butyl) phthalate (DBP) into pregnant rats induced hyperplastic
proliferation of Leydig cells (LCs) in postnatal puberty to adult stages in male offspring. The effects of complex
carbohydrate chains on the structure and function of glycoconjugates in many major biological processes have been well
documented. Thus, nine lectins (ConA, DBA, SBA, LPA, WGA, UEA, PNA, GS1, and BPA) conjugated with biotin were
employed to analyze the glycoprotein staining patterns of LCs of 7-, 9-, 14-, and 17-week-old SD (srl) rats whose dams
had been intragastrically administered 100 mg DBP/kg/day or the vehicle (corn oil) from days 12 to 21 post-conception.
Compared to the vehicle group, the numbers of LCs in the DBP group was significantly increased at 9 and 14 weeks, and
hyperplastic LCs were observed at 17 weeks. Although histochemical expressions of Con A, WGA, and GS1 were similar
in the LCs of the DBP and vehicle groups at 7 through 17 weeks, those of the DBP group revealed that LPA, a sialic
acid-specific lectin, apparently increased at 9 through 17 weeks of age. The present study indicates that prenatal DBP
exposure induced up-regulation of sialic acid, and it might be involved the LC hyperplastic proliferation from puberty to

adulthood in rats.

Keywords Rats. Testis. Leydig cell. Lectins. Prenatal DBP exposure

INTRODUCTION
Phthalates are chemicals used to improve the flexibility and durability of polyvinyl chloride (PVC) and comprise up to 40%

of the volume of the plastic. They are classified as environmental endocrine disrupters (Silva et al., 2003). Recently we
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reported that prenatal injection of di(n-butyl) phthalate (DBP) into rats induced the hyperplastic proliferation of Leydig
cells (LCs) in postnatal puberty to adult stages (Wakui et al., 2013a,b, 2014).

Cellular glycoconjugates play important roles in cell recognition and interactions, affecting normal embryogenesis
and postnatal development, including differentiation. Due to a unique capacity for recognition of the stereochemical
configuration, charge, and accessibility of glycoconjugate determinants, lectins occupy an important place in modern
carbohydrate histochemistry research (Sharon, 2007; Roth, 2011; Dan et al., 2015). Lectins have a specific binding
affinity for the sugar residues of glycoconjugates; therefore, they are used as histochemical reagents to investigate the
distribution of glycoconjugates in various tissues and cells at various stages of differentiation and maturation and the
ontogeny and phylogeny of various organs and tissues (Arya and Vanha-Peerttula, 1984, Arya and Vanha-Peerttula, 1986;
Damjanov, 1987; Malmi et al., 1990; Kume et al., 2017). Lectin histochemistry has been used to study spermatogenic
cells in many mammalian species, such as the rat (Arya and Vanha-Peerttula, 1984; Malmi et al., 1990), mouse (Lee and
Damjanov, 1985), cow (Arya and Vanha-Peerttula, 1985; Ertl and Wrobel, 1992), goat (Kurohmaru et al., 1991), shrew
(Kurohmaru et al., 1995), and man (Lee and Damjanov, 1985; Malmi et al., 1987). However, investigation of the lectin
histochemistry of LCs has been limited.

Although it is thought that prenatally injected DBP does not act directly on postnatal LCs (Motohashi et al., 2016a,b),
it is not clear at this time whether DBP acts directly on fetal LCs or on the production of molecules by other testicular
cell populations that alter glycoconjugates in the LCs. Although we previously reported that prenatal exposure to DBP
increases the number of LCs in adult rats (Wakui et al., 2013a,b, Shirai et al., 2013), little information has been available on
lectin-binding patterns during the development of LCs (Wakui et al., 2013a,b, ). The present study aimed to determine the

age-related glycoconjugates of LCs after prenatal exposure to DBP.

MATERIALS AND METHODS

DBP (99.8% pure) was purchased from Aldrich Chemical Co. (Milwaukee, WI). Eight-week-old time-mated female
Sprague-Dawley rats (n=8) were procured from SRL Co. (Shizuoka, Japan) on gestation day 0; the day of copulation was
confirmed. Upon arrival, animals were distributed into dose groups using body weight randomization. Animals were
individually housed in polycarbonate cages containing wood chip bedding in a high efficiency particulate air (HEPA)-
filtered, mass-air-displacement room maintained on a 12-h light-dark cycle at approximately 22+2 C with a relative
humidity of 55 = 5%. Animals were fed a conventional diet and had free access to food and water (MF, Oriental Yeast,
Osaka, Japan). All experimental procedures were conducted under the approval of the Animal Care and Use Committee
at Azabu University School of Veterinary Medicine; medical guidelines established by the National Institutes of Health
and Public Health Service Policy on the Humane Use and Care of Laboratory Animals were followed. Pregnant rats (n=4
per group) were intragastrically (i.g.) administered DBP in ~0.5 ml corn oil (Nacalai Tesque Inc., Osaka, Japan)/animal
at 0 (vehicle group) or 100 mg/kg/day on gestation days 12 to 21. Dose solutions were prepared fresh every morning and
administered at 9:00 am. The regimen was based on previous studies that demonstrated adverse effects of DBP on fetal
male rats at 100 mg/kg/d (Mylchreest et al., 2002; Barlow and Foster, 2003; Wakui et al., 2013a, b; 2014; Shirai et al.,
2013;Kume et al., 2017). Offspring were weighed and sexed at birth. Litters were reduced to 10 offspring, 5 males and 5
females per dam, with a mother not given DBP or corn oil. Weaning was carried out at 21 d postpartum, and pups were
then removed from mothers. Offspring were housed in polycarbonate cages (n=5 per cage; single sex) with wood chips
as bedding that was replaced every 5 d. All animals were weighed at birth and again at 7, 9, 14, and 17 wks of age. For
each time point, five males (one male per cage of each dose group) were randomly selected, weighed, anesthetized, and
euthanized via CO2 overdose. The testes were removed, weighed, and representative samples fixed in Bouin' s buffered

formalin for routine light microscopy observation.



Light microscopy morphometry

To count LCs, light microscope images were captured with a 40x objective on an Olympus BX53 microscope with a
CCD attachment DP73 (Olympus Co., Tokyo, Japan). Because LCs are located within the interstitial tissue areas without
seminiferous tubules, the number of LCs per unit square of interstitial tissue area (104 um2) was calculated using Image-
pro plus v.7.0.1 (Media Cybernetics, Rockville, MD); to avoid sampling bias, we examined 50 randomly selected sites from

each of 10 different specimen blocks per testis in each group.

Lectin histochemistry

Lectin histochemistry was performed using biotinylated lectins, avidin-biotin peroxidase complex, and 3,3’
-diaminobenzidine tetrahydrochloride-H202 (Arya and Vanha-Perttula, 1984). The sections were counterstained with
hematoxylin. Table 1 lists the lectins (biotinylated lectins were from EY Laboratories, Inc., San Mateo, CA, USA) used in
this study, their abbreviations, the lectin concentration used, and their major sugar specificities. Concentrations were
sufficient to detect relatively low levels of specific sugar residues. Some sections were treated with neuraminidase (0.1
units/ml of type VI from Clostridium perfringens, Sigma, USA) to remove terminal N-acetyl neuraminic basic residues
(Jones et al., 1995). The following controls were used: (1) replacement of the lectin by the corresponding buffer; (2) except
SNA and MAA, replacement with its competing sugar (Ueno et al., 1992; Wakui et al., 1996; Jones et al., 1995), and (3) prior
to incubation with SNA and MAA, sections were preincubated with neuraminidase (Sigma) using the methods of Jones et
al. (1993).

Statistical analysis
For each data set, the mean value, standard deviation, and standard error of the mean were calculated and compared
by a chi-square test or Scheffé’ s F test using the computer statistical analysis system Stat View-]J 5.0. A p value of less

than 0.05 was regarded as statistically significant (Abacus Concepts, CA, USA).

Testosterone level analysis

Testicular T levels of individual testes from four male rats per group at each endpoint were measured by
radioimmunoassay as described previously (Mylchreest et al., 2002). After dissection, testes were snap frozen on liquid
nitrogen and stored at -80°C before analysis. Testes were defrosted and homogenized individually in 0.5 ml PBS; aliquots
of this solution were then extracted with 2 ml diethyl ether, shaken for 5 min, and then placed in a bath of methanol
cooled with dry ice. The nonaqueous portion of the extract was then decanted, dried overnight in a fume hood, and

reconstituted in assay buffer. The limit of detection of assay was 40 pg/testis.

Statistical analysis
For each set of mean values, standard deviation, and standard error of means were calculated and compared using

Scheffé’s F test with the statistical computer analysis system Stat View-] 5.0 (Abacus Concepts).

RESULTS
Pregnant dams were intragastrically (i.g.) administered DBP at 0 mg (control) or 100 mg DBP/kg/day in corn oil on
gestation days 12 to 21. At post-birth weeks 7, 9, 14, and 17, no statistical differences regarding average body weight (g),
litter size, pup survival rate, or sex ratio were observed for any group on any day examined (data not shown). The 100 mg/
kg dose group displayed a statistically significant decrease in testicular weight after 9 weeks post-birth, although animal
weights for all dose groups were similar to those of the vehicle group throughout the entire study. Light microscopy
observation revealed that the number of LCs in the 100 mg/kg group was significantly higher (LC hyperplasia) than in

the control group at 9, 14, and 17 weeks; all other groups at all ages were similar to those of the vehicle group. Testicular
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testosterone levels of the DBP group at 9, 14, and 17 weeks were significantly lower than those of vehicle group.

The affinities of the nine lectins gave typical and consistent staining patterns in the LCs of vehicle and DBP-
treated groups. With specific inhibitory sugars for each lectin, the staining was abolished. Each lectin is separately
described, and the staining patterns are compiled in Table 1. The strongest stainings of lectins in the cytoplasm of LCs in
both groups were observed with ConA ,WGA, and GS1 at 7 through 17 weeks, but 9-, 14-, and 17-week-old rats of the DBP
group showed reactions with LPA. In the testis, positive LPA staining was present in the LCs of the DBP group at 9, 14,
and 17 weeks. The Leydig cells were immunohistochemically positive for ConA, WGA, GS-1, and LPA.

DISCUSSION

Phthalates are ubiquitous contaminants of the environment. Humans and animals are inevitably exposed to these
chemicals, and testicular Leydig cells (LCs) are a primary target of them (Mylchreest et «l., 1998; Barlow and Foster,
2003; Wakui et al., 2013a,b;2014). LCs strongly stained with lectins ConA and WGA also have been previously reported in
Wistar rats, as well as negative staining for DBA , SBA, and UEA1 (Arya and Vanha-Perttula,1984; Malmi et al., 1990). LCs
express cytoplasm binding sites for lectin ConA, indicating the presence of oligosaccharides with terminal aphaGalNAc
and terminal/internal alphaMan, and for WGA, indicating the presence of terminal (GlcNAc-beta-(1,4)-GlcNAc)1-4
(Damjanov, 1987). In the present study, LCs of SD rats were negative for DBA, SBA, UEA1, PNA, and SPA, while GS1
binding sites were positive in cytoplasm; these results indicate that certain glycoconjugates bearing D-galactose,
N-acetyl-D-galactosamine, and N-acetyl-D glucosamine residues are expressed on the cytoplasm of LCs. Therefore, ConA,
WGA, and GS1 showed the same binding pattern in which all three lectins bound to the plasma membrane and cytoplasm
of LCs from 7 through 17 weeks in both DBP and vehicle groups.

A simple and rapid method for isolation of the sialic acid-specific lectin, Luminulus polyphemus hemagglutinin (LPA),
from the hemolymph of Limulus polyphemus has been described for use as a cytochemical and biochemical probe (Meresam,
1982). LPA biding sites were distributed in the cytoplasm of all DBP groups at 9 through 17 weeks of age. Moreover, LC
hyperplasia induced by in utero exposure of rats to DBP was positive for sialic acids at 17 weeks of age. Sialic acids are
members of a large family of carboxylated sugars frequently found as terminal units of glycoconjugate oligosaccharide
chains. These sugars confer a negative charge to the cell surface and are responsible for the intercellular and/or
intermolecular recognition phenomena as specific ligands (Sharon, 2007). It has been reported that the expression of
cellular sialic acid correlated to malignant cellular transformation Malmi et al., 1987, 1990; Jones et al., 1993). It is known
that changes occur in the structure of sialic acid secreted by malignant colorectal epithelium (Ajioka et al., 1997), and
sialic acid is detectable in cancerous and precancerous lesions but not in normal colorectal mucosa (Ajioka et al., 1997).
The results of our present study may indicate a decrease in the stainability of LPA at 14 and 17 weeks old in the vehicle
group, while that of the DBP group was positive for LPA. It seemed that prenatal DBP exposure induced sialic acid up-
regulation, and it might be involved in the hyperplastic proliferation of LCs from puberty to adulthood in rats. It revealed
that LPA is a useful histochemical marker for fetal and adult LCs during testicular differentiation and development of the
rat.

Our previous study revealed that prenatal exposure of rats to DBP induced a gradual increase in testicular disorders
concomitant with postnatal maturation, and thus the effects of prenatal DBP exposure on rat testis might be a delayed
effect (Wakui et al., 2013a,b,; 2014). In utero exposure to phthalates caused a notable reduction of serum T during puberty
to adulthood in that study (Wakui et al., 2013a,b,; 2014). It has been shown that reduced T production was due to either
decreased steroidogenic enzyme activity or lower cholesterol-transporting protein levels after in utero phthalate exposure
(Wakui et al., 2013a,b,; 2014). The cause of the increase adult LC numbers after in utero exposure is unclear. Further
studies are necessary to correlate the glycoproteins of the epididymal fluid with those attached to the spermatozoan

surface and their affinity for different lectins.
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