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Mammalian Reproduction and Pheromones

Sung-Ho Lee'
Department of Life Science, Sangmyung University, Seoul 110-743, Korea

ABSTRACT : Rodents and many other mammals have two chemosensory systems that mediate responses to pheromones,
the main and accessory olfactory system, MOS and AOS, respectively. The chemosensory neurons associated with the MOS
are located in the main olfactory epithelium, while those associated with the AOS are located in the vomeronasal
organ(VNO). Pheromonal odorants access the lumen of the VNO via canals in the roof of the mouth, and are largely
thought to be nonvolatile.

The main pheromone receptor proteins consist of two superfamilies, VIRs and V2Rs, that are structurally distinct and
unrelated to the olfactory receptors expressed in the main olfactory epithelium. These two type of receptors are seven
transmembrane domain G-protein coupled proteins(VIR with G, V2R with Go.). V2Rs are co-expressed with nonclassical
MHC Ib genes(M10 and other 8 M1 family proteins). Other important molecular component of VNO neuron is a TrpC2,
a cation channel protein of transient receptor potential(TRP) family and thought to have a crucial role in signal transduction.

There are four types of pheromones in mammalian chemical communication - primers, signalers, modulators and
releasers. Responses to these chemosignals can vary substantially within and between individuals. This variability can stem
from the modulating effects of steroid hormones and/or non-steroid factors such as neurotransmitters on olfactory
processing. Such modulation frequently augments or facilitates the effects that prevailing social and environmental
conditions have on the reproductive axis. The best example is the pregnancy block effect(Bruce effect), caused by
testosterone-dependent major urinary proteins(MUPs) in male mouse urine.

Intriguingly, mouse GnRH neurons receive pheromone signals from both odor and pheromone relays in the brain and
may also receive common odor signals. Though it is quite controversial, recent studies reveal a complex interplay between
reproduction and other functions in which GnRH neurons appear to integrate information from multiple sources and
modulate a variety of brain functions.

Key words : Pheromone, Vomeronasal organ, VIR/V2R, Bruce effect, GnRH neuron.
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FHvomeronasal organ, VNO)ol| ¢J3])&lch. 7] F2 v)guy HZE AEE2 27 9o 98 #5 E3) VNOY
y7zto 2 olxgit)

HEEZ $83 d9ZEL 34 F A9 799 2e VIRA V2ZRE YHEH, o5& #2330z & zo|7} glon
MOSH A BHEHE $2t FEAEHRE FHSITh o5 THY =AE =WAdE 25 G-oud 23 Dy Z(seven
transmembrane domain G-protein coupled proteins, VIRZ G.9, I8 V2R Go. 9 IFH)e|th. V2RE v 1A
MHC Ib 4382} AH=< M103} 71el 8709 M1 sl de] D AE3 §A 24t 11 ¢ VNO 739 £33 4 2=
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o 3R R AT FH v Z4F 229 Aol A verd & At olH§ 2H L {23 Pfﬂ&], #7340 =4
L AES FEAY AY F9 PR E TS T T UG 7MY £ dE SR ARY 24 FY HAELHE
"7—“101 F2 o F(major urinary proteins, MUPs)ol] ¢]3t AlHx] & #H(Bruce & #)o)th,

FUEAE A% GnRH FA-& QAo 28 42 BRFR2HEH (22 A5 E 43 2 2ok v E 498 =
aA e AR, 279 ATFES B4 7IE 98 715 Atold RS A FAI &S AT 97
GnRH 782 tgd dHo2 e JRE B3y, A gt H75g 2P A28 B

L

FHNTE T e ANZY GALES AgHeT  EANT AT HANZE 245 25 4R Be
7Y HA 29E PA0R TEFRAIAA 2 BEH & B AEY £ AeS HAZETh NZEY 2AHA 42
oo, A7+ A HIE ] Bl AT oL T of #ajAH 27]dE HALAH EAE FHHYOY HAE
AHE U ALE Btk HZEL A FE Y ® ZA LA SESAA HHEA APEEARA S E
© TAEE LA 4B o8 4% 22 FA AR Ao
st g AbRl A = A4 HoE 54 W& vEhA S 39,z Joo] 299 239 WX EEEETE ¢
A 1094 ' 7He] AFEL A7 THS 4F ERFE o7l HAsl HEZ Zgo] EA 22 F BES A H
A HRE A4 ol BJT WYY FE Aol FBAA T A ZRAA o] arrFololof gtk F3o] 9l
E olFste o F6§ duleES At 53 £4 THMeredith, 1998). o|#1& 44 & 7|&2 A& 4¢ &
TEAA trd HRE £E4A FARE] #YHY A% T4 OE T2 AL HEE AGoM At =
g 429 gosts EAEC &4 HIAEA, 1HF HEZ 249 dgo] dad veuA G F AAY A
FEoy 2AE AAF 71FE olgsted € 719 3 Ao A2 Fr Utk & FEoldolzhe 71ES HA
It B SHME ERFEL AT FdE H2ZE AZHHo)7] ol e} =8 SRR 7)E, F “HEE
3 BAA 28 ZRE FoFste AL ). AEE NS E iR dte JRE T WA A

Sol9d "o g L3l Ao BT} ?‘{]-E]FGO]E]—
HZ=2| 7id (Rodriguez, 2004). o= FF 749 SAtag, dE
EAAG A2} bl Y Af e {2 ﬁolt}.
¥ 2 Z(pheromone)ol gt Lol& 400 J A Karlson}
Liischer(1959)0] 24222 53] 229 Holx L= Hy THE VOMERONASAL ORGAN(VNO)
9 YAaEE Fete ARAAM HAZE AMEHYLH, g
NAZRE A2 2H|= e Edo] 22 9 F HA MA 2000 A M5 AT SA= AAFHA FRARA 4 325

of 9& WolEA, 743 BAAGo|L} FojA HEF 7 7} Ludwig Jacobson- )7} el stet-E-AEZ A A=A &)
o] EZ3 whe S Sxal= A”E et & LA uhA FHHoZ S5 TXo|AAN AAHLE HEE WSS
d HzZ 29 HZES bombykolE, %A ol vyt Z7h8HE A4l F(sexual nose) ol thal 7)< 8+ tJacobson

(Bombyx mori)o] BA7& Y& $A4-& $olsta 1y U&Ed et al, 1998). o] ‘A &e] 7} vlZ A{Zy] 7] H(vomero-
THKarlson & Liischer, 1959). o] $®@L ¥ 33552 5 nasal organ, VNO)o|th. 4ARE EHE UFE9] 2HF

ZED I ALE0] BHAPL, YRE FAL GFLE 9 22 HAZZ H52 S F A S Al A" (che-
= Az LEE ALSEE Ut TREEGAE mosensory system)< 7Y lEd, 244 F FZAAH

(main olfactory system, MOS)z} & —?—Z}/\V\%](accessory

e

AR 3920l RuEgled, dE 59 A7 %

T 5-androst-16-en-3-one(androstenone)< 24 7] 99 olfactory system, AOS)°|t}. MOS9| & $7tAky FHEL
lordosis W22 f = 8cHDorries ef al., 1997). {17+ 7% 7t (olfactory bulb)Z E4HS Wour} n]EZ A E(mit-
T B4 o) HEeks 20 o5 A4 By el cel)sh AWAS 84S F 5P $4 AR
22 Ag A Aol AF e Fro Wl 2 Ho] By (olfactory amygdala)Z N 5.E HU A7 A0S VNO
E]S{iEKJacob & McClintock, 2000). ©)& 3 I 52 0|7} HEL FF4F(accessory olfactory bulb, AOB)Z Z4}2
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(medial amygdala)2 X A thStowers & Marton, 2005). wa}
A] Jacobson®] = ol7 &8 7]7F =9 MOS}F AOS7} 74
7} o 7132 e ACE dEAth Yty o R WA
JNYE & FZEL2 HATA oA 1 384157 MOSE 7
frat, Jﬂi < B3y Sd2A Q371 AOSY VNOE
7Afaitt ol Ho] St Connell & Meredith, 1984).

I8 3A44E fdste £ AH 29 4 iy
EZE°] VNOE AH &4size] BIHAN(Dulac &
Torello, 2003; Leinders-Zufall et al., 2000), type-3 adenylyl
cyclase FAAE Fopxdte] F2 7d 750 Ao E A4
H Al 2-heptanone©|t} dimethylpyrazine@ 72 33A 4
B H2E A AR w33 tH(Trinh & Storm, 2004).
AA ] AF A Aol ofJHA HEE 84| gle A2
2 433 ethyl vanillin®]} ethyl acetates} 7+ dubE <l
Z-# Al (odorant)ll = VNO7} w3812, I8 £29 A+
VNOSt F S2H49 & Ao 8438kA7d o] ¢2XthSto-
wers & Marton, 2005). watx] F 20 v| 3L ol 7]
EY NEe 7% e AT 1ot A% sRAE, FA
AF A Eolle 7 HA 7Y E2E O H29
ATl VNOE &d3M71 Y 35 HstE fidsle v 3
g 2201 H 7 AH MHC class I £450] 5 ith
(Leinders-Zufall et al., 2004). ¢]4 & HI Ao YA =
B9 1842 ekl 289 MHC/L 434 0% dhorg
Gt gle HZEY &8 W3 Fo7ite A U
3 SuErh

VNOT= & 20| %3l FHo g 7h5 3 Ao 8 79 54

o A8 2, Fo A4 HA(vomeronasal duct)E £ 4
i_7.uq_4 OIEOE OdQE]o] on;} I VNO 71—74- ‘—a—]E._O_
9o & g3 A WA AF e 258 2Y9
7zt A 27 ¢t A8 9ltDoving & Trotier, 1998).
HEE A5 HE2 MFH|HLE Z2¢ RIP Y&
&2 Z(Meredith, 1998), VNO= 4, 37484, d E&
Gt 2 A AR B LY AFEE JIAE F 3L
B(Luo ef al, 2003), ©|8 50| VNO-AOSE Z2 7|
Z9 LA EATE A8k MOSSH EEA g

22 =8|

MOS 9} VNO-AOSSHe] poli= 283 BEe 229
NEAGHA ol A E tetith. F A2d e 587
BT 9F 1) UuE 2o9e 2 G-uNd 2% i

(seven transmembrane domain G-protein coupled proteins)
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ol A9 Ag}H o7 E M2 FAe Wil ExEolth MOS
F7pg5 e £8A B4sE cAMPY| 379 CNGA2 A
Jol 4 & § 538k 9, VNO 732 phospolipase C 73
2 8432 &8 TipC2 Ad& A skt (Stowers & Mar-
ton, 2005).

FAHOZ VNO F&Aldle F MY oL, &
VIR V2Re] Sith AF e ## 9] VIR AL 7
7} 187709 102709) 827 AR, ERNEAE At
&9 7% 2t 879k 3270 AUA REHGrus et al,
2005). 7<) VIR T 12719 MER L2 YA Ed),
7o AAF AA A% 1079 ARAPIE 449 A
% YA 27 = 87 5ol Ho|tHGrus & Zhang, 2004).
oJA¥ VIR 1 ¥ fAAFEOE dHES 79
o7t 23X AR AT Aol u)¢ A&EA dojute
A02 FR4rk &9 7153 V2RE theF 1007] o} 4ol
%lEKRodriguez 2004).

VIREE VNO A9 ZA Y 7 AXstL G- 2
(Ga2)¥ 37 28 ¥ th(Herrada & Dulac, 1997). 43 VIR
o) 127} HEAYE el THAES i 40% o3¢ FY
# AGE 2AT, A De) 1S A 15~40%) 4}
gL 7+=tHRodriguez, 2004). 023 VIRES Thoksh
L gz Aed 9ol FHYE thakd S wkddio) :‘;
7} bR E] fAbe BAE tis) 48 FEeA A
& ®oo) e, VIRS RESE 247 FASS
AsolRE 2ztel ta) ¢ HEHoZ ST
° 2 gelth(Leinders-Zufall ef al,, 2000). ©]# 3 VIR
HEZE @Ao] 9Lo] &&{A 2-heptanoneF} 7 7re Ao
54 BASTAE B3Bol in vio AL Edl WHE
t|(Boschat et al, 2002), 2-heptanone 3 AFH Awd
Ade AZECE A9 AHFIE AZAIH(Novotny,
2003). %7 +8AE 728l 1 B4l Bk 3
A VIR ti7] 10°°MaA 10"'M9] 92 e e

VNOOA &8ss V2RES A 7|AFd A8,
VIRAE G- 8(Go)? HAHAY 22 7E 2%
298 YAselznt F4=HE AvH AR v N-EHES
z+= VIRF 28 glutamate 231 Ca’ "_sensing &
9} §A}etl(Herrada & Dulac, 1997). TujEA %, V2RE
2 v}72 3 MHC lb(nonclassical MHC 1b) A E 3} &
5 ggs e, 9471de 9 F/F-M1, M9, M10.1-M10.6 1
322 M11-7} 91 cK(Ishii et al., 2003; Loconto et al., 2003).
M10£ H]E3 MHC 1b @94 EL V2R ¥ -2 micro-
globulin( 2m)=} &7 F&A EFAE FAsty, V2RE
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o] ME W ujAo] H4FoltiLoconto et al, 2003).
MI0A 27459 A2 DL WEE 2% T4 29l 3
FEoIEH, WA WA THE F&A 99 28A4Y
V2REF 35 ZAARAN F43te 222 A7 V2R
of thgt 2TEES o} BEud u gk

AAFAAM VIR & V2RE T8k 272 VNO
g EAH o, I ARG 77 B Fzhe
$5-E(anterior AOB)3} £ (posterior AOB)9l| £ 2] 3k
THHalpern et al,, 1998). ol t2 #39] VNO A4 #
g AEIL AXF §F $207 FEd A E2 8 AARHEH,
olg|gt R Fe By £H AY> F F4F ¢ AR
EozHH #AYS ¥ E(corticomedial amygdala), ¥ %
Zt2 A4l (bed nucleus of accessory olfactory tract), 1g]
I BAMZ HA4g(bed nucleus of stria terminalis)© 2 2]
AR BAL A A s o X3t (von Campenhausen &
Mori, 2000).

Hzz0 2t REHIESE - 471K &8 BE

EIfETEY 35 JAAGd AR HE HEEE 419
FH 28 2 U =), ko] H(primer), Al 3 2K(signaler), &
ZzHmodulator) 18|37 ¥ Zx(releaser)o| THWysocki &
Preti, 2004). ¥4 W& Ee B2 HE2ZY NdE2 WE
2 He8de] F222 SolA3 WE WSS oplae
AREA, A AFT A Folbt 2K bom-
bykolo]u} &A 9] lordosisE L3 481 A1 9 5-androst-
16-en-3-one(androstenone)©] £ of|o|tDorries et al., 1997).
Zatold] HEEZLE ti7) W& HEZ L Hl&) gh3o] Yo
A g e Alzko] AQEE, WE FA ol A e e
FHE WRYA AR RHAI AT GEE WY o E

So), NE7IL QA A4, A1) $AL A5 T2l
328 45 w3l S o] g 3o|ti{Halpern & Martinez-Marcos,

T AZ HEZE WE AEZEFH FAKRH,
WE HER] 54 gE5E L, A dEES o

& AGYE, dF £9 o" 3¢ MHC
FAAE 7H=7HBeauchamp & Yamazaki, 2003), 3] gl
A ¢} A F(Schilling ef al., 1984; Novotny et al., 1990), =
ol8 4, & Al7]1%} Aol i A B.o|thSkeen & Thi-
essen, 1977; Luo, 2004). A2} ®& 24 H2EL v 74

=A 7ol &A= U

1. Zejo|m H=2=

w44

fot

o3

AREZ) o)A A7l W Ao AAZREH U= 35
A2 eZ2HE ARE7) AN FFAAH, vl 22 4
o AAE FHY Agd =&HW A7) A7 AdET
(Bronson & Macmillan, 1983). 4319] AAF719] ALE
zetolw HEZEZE YA FAHA FE 2L F A
H, A2l ¢A AA b 43 AFAERFEH Y 334
A AFgol EAsE 23S YolFH 445717} A8
tHDrickamer, 1974). 38, A& A2 2 F7|7t FEH S
Z AE A AHASAA BA 73 AHY 29 S =534
719 371/ 0] 3] 8 H ti(Whitten ef al., 1968). 2] Fol| 4],
AMZE A AAZREHY HZE AT =538 FRS o
7} ¥% LH surge(Maruniak & Bronson, 1976)} o] |3}
HEEXAHE 45 S YAt Wysocki ef al., 1983). &
T FAA A FAREC] FA A A2 =EHY
Bob A&7 dolvba QdAle] FA = A KBruce, 1959),
AEFHo] gl RatolE 27 Frk(Richmond & Stehn,
1976).

Q79 & AF7Ish BAE McClintocks] 4 2<1
AH(1971) oY E T Sledl, ARHOE FAE Zo] 3
= 942 EAF/F dAHE A& & 7 UrHWeller
& Weller, 1993). 0|83t &= AA S F7]o& H&es F
A @AW B AREY 3718 FASNE N2 AFE
YA AL E AFdte 2T AH(driver female)-THE FollA 9
$9% 7(dominant female)s 412 A5)7 AT 2
=9 EAE A SHRussell et al, 1980; Preti et al,
1986). ZEA}e] %71 @A) Zahe oY HFL S8
St A4S HFe 2AsAY Adse Ao wan
(Stern & McClintock, 1998). &= Th2 9AF7)o M9 g4
o 23 4z, 55U 949 A WwEd 22
of oaf YAsHA B2 A9 AAF7] FAAl A, F
7] Aole] wo]ido] 3u) F7Hgto] B3 E A tkJacob ef al,
2004). &4 G AEFo|ZREH YoE AREA E2E
473F7 4L = F dod, 9Ed FeEn fo3
Al AAG B HARHA F718 4 A4S0 94 A
Sao] BUER 439 2% 94 #7718 28
o] B EAHCutler et al, 1986).

2. s H2F(Signaler Pheromones)

ol7he] M3} 7+ 7 A(individuality)o] 322 ¢
& Folse= W2 MHCY 52 W9 (major urinary pro-
teins, MUPs)3} Zo] 12 t@A & ze @ Hdes
o] Wj7) st AL Z HlthBrennan, 2004). Aol 23t 74
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WAL AuEs $83 M2 E AT e MHC 1Y &
Apgol oF7ke] Wy o] AA o7l 23 Aol sl EA
7t AR, F5H AMSE wWEHETE Ao %lE}(Penn &
Potts, 1998). °|2 e at= A, MHC 53 (MHC-
congenic) AFHES AAA FHIA AT AEY A
Z9l ¥]-go] ThE Y (Schaefer et al, 2002), H|E Azko]A Tt
A# A 27 kDS MHC 13 dijzo] HAHZ s &
Z UtKSingh et al, 1987).

22 Xf5E $E5°| YA ARl(odor signatures)S -3l
AES gelgith. A7 AAoke] Z3E i A E A
o 4 glou B3e 18 8o QrkKaitz ef al, 1987).
WA A E(odorprint)> A F#, AH, T3 7er #73 ALY
SS9 s AR AT, AP FE FAFH 7Rkl
2 THMennella & Beauchamp, 1991). MHC fA x| 54
3 23] 3 58 A AE TG YR FAXY
-2 deloju} Ao Eel e F& ALE HAtHJacob
et al, 2002; Beauchamp et al,, 1985).

3. =& HZ2(Modulator Pheromones)

24 HEES Y 24 =98 BFE, 718 A3
o 98ke 2ol d#HA glthJacob & McClintock, 2000;
McClintock, 2000). &2] A7} 217+e] 744 Aejo] J&&
o B3 29 Eehe B9 4o g w9
ZH] A= W, ol Be 9o7)1E A%l oy ALY
Yol Z 43 HE o £HHAe AA% d20
(Chen & Haviland-Jones, 1999; Ackerl et al., 2002).

4. Y& HZ2(Releaser Pheromones)

e F 22 AR A4E g A7) ded, e
A d2 %N AFT FAS Fdste FA Y BE H
Z2E2S £ 4 912 v(Karlson & Liischer, 1959), 1 2o %
FRY FHR U ¢AY BARF S FEste HEEZEC]
B 3759l tMaruniak et al, 1986; Del Cerro, 1998). *3}
ot BAl fo2RE e Az whg-ste 707t
AZF S/ W3k WE HEZY ALoE olsfHrk(Va-
rendi & Porter, 2001).

HZZ0 2/Ft MZLEHIZE - BRUCE EFFECT
T A AR I 247 AEE FAA k&2
s Al Ao]&E Ho|E=H(Bruce, 1959), ol M EE
FA Y Ao ¥ HAEXLHE-EH dlaHE A
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S ZA WA o]FS w} 22 3N Bruce effect)
= A thBruce, 1965). AA wr|d A9 A¥d e
ARTE FEHE BRATE) YT INE A
r=THParkes & Bruce, 1961). o] &A o) &3]
AECEFREE SR ECFCE L

(2o = W LS (A VR (=)

fole L

f—
\O
o0
)

>~
rE

It gt
>,
)

lo,

EA4 S 8t37) o) FolthKeverne & de la Riva,
W, WUA] FR 20 £EHA G2 dAe UF
ol =S HW Jalabde] dojdtt vy
oo g 712 SR 7t HAay
Ao A, op e AH S ol e o
A2 o BEslich obrte @ A4
ZPCS_ 271 S8 AAA e g YAE
arjated W4 7heAdE w9 Aot
3 GGl g0l R FHo| /& F
ol YA EH ol5g Folod FEU} Atk Aojth &
F ofd #9 dFl ﬂii o3| 7} S EHH I A 9
ne A4 Hesd Aol
TR 2o X3d HZEA A= VNONA 859
ZZAOB)¢ M2 =4 BEAE ARsE TRA A
22 NSRS AL et al, 1989, 1990). Z7]
2, VNOY R4 £42 QAT 538 287 I(Ra-
jendren & Dominic, 1984), ¥t F Zzbaty]o)] &8 FH
133 Aol ¢ltiLloyd-Thomas & Keverne, 1982). VNO
A5 ARAM T4 HEA < Al AsHE 348 (arcuate
nucleus)®] E37 8L AF ek £o7) Eu)E 234)7)
=, o] 2392 HaleA AFoRE Y 2y A
S A FTHLI et al, 1989, 1990). ZZ e 93 3
Aol oW ZEAXLHEY HHTF Ak Blobe] &
Ab2 A9 gt Dominic, 1966; Parkes & Bruce, 1961).
AA At A FA A A et Gl A AHo)
v, ol 29 B APt 244 0T YA
A 235 Yepd & v sitiMarchelwska-Koj, 1983). &
WolE B-barrel F2¢ T AFRAE 2 19 kDad
2 £ Z+(lipocalin) #|d 2] WA S0 EAstedl, AA 9
e RHU| A FEHOE dE A iFlower, 1996). MUPs
Z AR o] AL A & DA o] 99% 3 g5}
™, 94 0 2= 70 mg/mL A % o] tHHumphries et al, 1999).
MUPs& &3 334 31815 5 (R R)-3,4-dehydro-exo-
brevicomin(DB), (S)-2-sec-butyl-4,5-dihydrothiazole(BT), E E-
a-famesene, E- 8 -famesene 18] 6-hydroxy-6-methyl-3-
heptanone 3 A §HgHtHNovotny, 2003). ©] B AEAE 2-9)

=4 HRATSE A7) A A AENE S

It

lo
b

om
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SA AZE 727 YtkNovotny ef al., 1999). MUPL 47
8 kg AT E At AW ZAV gekEe A
£ AGA 7L, olvlE VNOE 83 E 435k 98%
FstE A ZHoi(Hurst ef al, 1998).

Hzz Xg1 YA SS9 A

AEHENE SE2E2 IHFEY $AAHAANA 5
229 A3 F-A4 3EE(socio-sexual behaviors)S %3
e Ao Z HtHMoffatt, 2003). ¢ AF 9 MOS$
AOS BFox o 2EEZ F&A W EHestrogen receptor
beta, ER )¢ ¥d & #ZHAT dak(ERe)9 TS Y
EhA] ggom, F el BF
237 HEETHGuo et al, 2001; Shughrue et al., 1997).
Z2A2EE 5855 ERe % ERAS 28 sjEiz $A1a
9ol tHGreco et al., 2001). QPEZA FEH| 9] A GA|
FrALEeEl, 53] 429 BEA 9 POA(preoptic area) #| ]

B3} tiSimerly ef al, 1990). FEITETO|E F84
HHE O Y32 FEAEH A 2 dEs 1B
t{Morimoto et al., 1996).

AT 9o 27t w7k (olfactory sensitivity)< A2
F719 o] ZAL2H|, %8 4 A5E AA e YL
F713 0 g wstete, A AAd s I Wit Azt
(Kumar & Archunan, 1999). & W4 A 3 o] 2Ezt) &
< B3 s 298 B3 FASd v 7 73]
$r98HA F7}3ttH(Pietras & Moulton, 1974). g+ 7kl A
& T7 A9 F7149 M Qe 74w s ¢
A TE OJFHE FAAIEE, AAFAA d2E

U&7 s 7MY i ZRAZHES

g o
=%
=2

[o

[e)

A
-3
e

o

i
i
lo
4y
phLY
=2
=
ol:

%
4 Gt —?——} % % (olfactory pre-
ference) HA| Q2570 we} Hslsle ©l, £38] proestrous
9} estrous A7) F<t 71 ZA 713k Eliasson & Meyer-
son, 1975; Johnston, 1979). A WAl tj3t MEE+= 9
2EZTE YEFHOE Yehdth A Ee AAE #3219
Z el tigt Aol A, A AEHT S T Wi HA 3
HAe AAE FAEY B4 F3Y 234 ¥ £ d3xE
ReltEdwards & Pfeifle, 1983; Romero et al., 1990). &
A7 A, Qe 9757 Bt 2 9 F7)
Al WsE BATHGrillo et al, 2001; Mair et al., 1978;
Purdon et al, 2001).

oAl F2 ARl FFE FEA o

r\r

A

A2 4 3 A=A T

3

z LRERE
gopA @t FA 89 A, AM F T2 A #9
3 Zha7F JehA] giA e, 372 S Ed= A 9§
< ¥ A 2o & A #A d3e wrE Avse &
A X diestrous A7) 4AL NFHT A0 E 548 &
A= A EE estrous A7) QA A FE o HNF )

(Stern, 1970). AA|F +A Y 7 MoEe GEEA Fo
A HZEXZEHE dEE 9E8A T DHTS o ~Eg
$% 9 B8 FofslitiMerkx, 1984; Powers ef al., 1985).

opA] 20 2, Kallmann 53#AA % & vehso] $24
7)50] 42 7$(anosmia) 3803 ¢ GuRH 7
A4 243 wrlszol AA A" HYoon ef al, 2005).
SHEAE, e 800744 A5 GnRH fr@do] ¢ 537 #
o 50,0009 wHIA AEZT Y7 A o|d A (sexual
dimorphism)& H o] <& Ak olvtk, AF 9 GnRH W
A2 Al o oM FAEHE A2 AEFE HES
ATE FE&3H, A B WA Ase F&3ks A
Z-tHBoehm et al., 2005). 17e] AT EL A= 718 7]
TE Aol B3¢ Asia BAE BAFE, 971A
H & =39 qA& 325, GnRH 782 43 4
cz¥HY ANE FPAT o
Ao E RHolth

O=
?_I-g-_l'__L

Ackerl K, Atzmueller M, Grammer K (2002) The scent of
fear. Neuroendocrinol Lett 23:79-84.

Beauchamp GK, Yamazaki K (2003) Chemical signalling
in mice. Biochem Soc Trans 31:147-151.

Beauchamp GK, Yamazaki K, Boyse EA (1985) The
chemosensory recognition of genetic individuality. Sci
Am 253:86-92.

Boschat C, Pelofi C, Randin O, Roppolo D, Luscher C,
Broillet MC, Rodriguez I (2002) Pheromone detection
mediated by a V1r vomeronasal receptor. Nat Neurosci
5:1261-1262.

Boehm U, Zou Z, Buck LB (2005) Feedback loops link
odor and pheromone signaling with reproduction. Cell
123:683-695.

Brennan PA (2004) The nose knows who's who: che-
mosensory individuality and mate recognition in mice.
Horm Behav 46:231-240.

Bronson FH, Macmillan B (1983) Hormonal responses to



Dev. Reprod. Vol. 10, No. 3 (2006)

primer pheromones. In: Vandenbergh JG (ed.), Phe-
romones and reproduction in mammals. Academic Press.
New York, pp 175-197.

Bruce HM (1959) An exteroceptive block to pregnancy in
the mouse. Nature 184:105.

Bruce HM (1965) Effect of castration on the reproductive
pheromones of male mice. J Reprod Fertil 10:141-143.

Chen D, Haviland-Jones J (1999) Rapid mood change and
human odors. Physiol Behav 68:241-250.

Cutler WB, Preti G, Krieger AM, Huggins GR, Garcia CR,
Lawley HJ (1986) Human axillary secretions influence
women's menstrual cycles: the role of donor extract
from men. Horm Behav 20:463-473.

Del Cerro MCR (1998) Role of the vomeronasal input in
maternal behavior. Psychoneuroendocrinology 23:905-926.

Dominic CJ (1966) Observations on the reproductive phe-
romones of mice: II neuroendocrine mechanisms involved
in the olfactory block to pregnancy. J Reprod Fertil
11:415-421.

Dorries KM, Adkins-Regan E, Halpern BP (1997) Sen-
sitivity and behavioral responses to the pheromone an-
drostenone are not mediated by the vomeronasal organ
in domestic pigs. Brain Behav Evol 49:53-62.

Doving KB, Trotier D (1998) Structure and function of the
vomeronasal organ. J Exp Biol 201:2913-2925.

Drickamer LC (1974) Sexual maturation of female house
mice: social inhibition. Dev Psychobiol 7:257-265.

Dulac C, Torelio AT (2003) Molecular detection of phe-
romone signals in mammals: from genes to behaviour.
Nat Rev Neurosci 4:551-562.

Edwards DA, Pfeifle JK (1983) Hormonal control of re-
ceptivity, proceptivity and sexual motivation. Physiol
Behav 30:437-443.

Eliasson M, Meyerson BJ (1975) Sexual preference in
female rats during estrous cycle, pregnancy and lacta-
tion. Physiol Behav 14:705-710.

Flower DR (1996) The lipocalin protein family: structure
and function. Biochem J 318:1-14.

Humphries RE, Robertson DHL, Beynon RJ, Hurst JL
(1999) Unravelling the chemical basis of competitive
scent marking in house mice. Anim Behav 58:1177-
1190.

Mammalian Reproduction and Pheromones 165

Greco B, Allegretto EA, Tetel MJ, Blaustein JD (2001)
Coexpression of ER beta with ER alpha and progestin
receptor proteins in the female rat forebrain: effects of
estradiol treatment. Endocrinology 142:5172-5181.

Grillo C, La Mantia I, Triolo C, Scollo A, La Bora A,
Intelisano G, Caruso S (2001) Rhinomanometric and
olfactometric variations throughout the menstrual cycle.
Ann Otol Rhinol Laryngol 110:785-789.

Grus WE, Zhang J (2004) Rapid turnover and species-
specificity of vomeronasal pheromone receptor genes in
mice and rats. Gene 340:303-312.

Grus WE, Shi P, Zhang YP, Zhang J (2005) Dramatic
variation of the vomeronasal pheromone receptor gene
repertoire among five orders of placental and marsupial
mammals. Proc Natl Acad Sci USA 102:5767-5772.

Guo XZ, Su JD, Sun QW, Jiao BH (2001) Expression of
estrogen receptor (ER)-alpha and -beta transcripts in the
neonatal and adult rat cerebral cortex, cerebellum, and
olfactory bulb. Cell Res 11:321-324.

Halpern M, Martinez-Marcos A (2003) Structure and func-
tion of the vomeronasal system: an update. Prog Neuro-
biol 70:245-318.

Halpern M, Shapiro LS, Jia C (1998) Heterogeneity in the
accessory olfactory system. Chem Senses 23:477-481.
Herrada G, Dulac C (1997) A novel family of putative
pheromone receptors in mammals with a topographically
organized and sexually dimorphic distribution. Cell 90:

763-773.

Humphries RE, Robertson DH, Beynon RJ, Hurst JL
(1999) Unravelling the chemical basis of competitive
scent marking in house mice. Anim Behav 58:1177-
1190.

Hurst JL, Robertson DHL, Tolladay U, Beynon RJ (1998)
Proteins in urine scent marks of male house mice extend
the longevity of olfactory signals. Anim Behav 55:1289-
1297.

Ishii T, Hirota J, Mombaerts P (2003) Combinatorial coex-
pression of neural and immune multigene families in
mouse vomeronasal sensory neurons. Curr Biol 13:394-400.

Jacob S, McClintock MK (2000) Psychological state and
mood effects of steroidal chemosignals in women and
men. Horm Behav 37:57-78.



166 o]

Jacob S, McClintock MK, Zelano B, Ober C (2002) Pater-
nally inherited HLA alleles are associated with women's
choice of male odor. Nat Genet 30:175-179.

Jacob S, Spencer NA, Bullivant SB, Sellergren SA,
Mennella JA, McClintock MK (2004) Effects of breast-
feeding chemosignals on the human menstrual cycle.
Hum Reprod 19:422-429.

Jacobson L, Trotier D, Doving KB (1998) Anatomical
description of a new organ in the nose of domesticated
animals by Ludvig Jacobson(1813). Chem Senses 23:
743-754.

Johnston RE (1979) Olfactory preferences, scent marking,
and “proceptivity” in female hamsters. Horm Behav
13:21-39.

Kaitz M, Good A, Rokem AM, Eidelman AI (1987) Mo-
thers' recognition of their newborns by olfactory cues.
Dev Psychobiol 20:587-591.

Karlson P, Liischer M (1959) “Pheromones™: a new term
for a class of biologically active substances. Nature
183:55-56.

Kevermne EB, de la Riva C (1982) Pheromones in mice:
reciprocal interaction between the nose and brain. Na-
ture 296:148-150.

Kumar KR, Archunan G (1999) Influence of the stage of
the cycle on olfactory sensitivity in laboratory mice.
Indian J Exp Biol 37:317-318.

Leinders-Zufall T, Lane AP, Puche AC, Ma W, Novotny
MYV, Shipley MT, Zufall F (2000) Ultrasensitive phe-
romone detection by mammalian vomeronasal neurons.
Nature 405:792-796.

Leinders-Zufall T, Brennan P, Widmayer P, S PC, Maul-
Pavicic A, Jager M, Li XH, Breer H, Zufall F, Boehm
T (2004) MHC class I peptides as chemosensory signals
in the vomeronasal organ. Science 306:1033-1037.

Li CS, Kaba H, Saito H, Seto K (1989) Excitatory
influence of the accessory olfactory bulb on tuberoin-
fundibular arcuate neurons of female mice and its mo-
dulation by oestrogen. Neuroscience 29:201-208.

Li CS, Kaba H, Saito H, Seto K (1990) Neural me-
chanisms underlying the action of primer pheromones in
mice. Neuroscience 36:773-778.

Loconto J, Papes F, Chang E, Stowers L, Jones EP,

A3 44

fol

Takada T, Kumanovics A, Fischer Lindahl K, Dulac C
(2003) Functional expression of murine V2R pheromone
receptors involves selective association with the M10
and M1 families of MHC class Ib molecules. Cell
112:607-618.

Lloyd-Thomas A, Keverne EB (1982) Role of the brain
and accessory olfactory system in the block to pre-
gnancy in mice. Neuroscience 7:907-913.

Luo M (2004) Got milk? a pheromonal message for new-
born rabbits. Bioessays 26:6-9.

Luo M, Fee MS, Katz LC (2003) Encoding pheromonal
signals in the accessory olfactory bulb of behaving mice.
Science 299:1196-1201.

Mair RG, Bouffard JA, Engen T, Morton TH (1978)
Olfactory sensitivity during the menstrual cycle. Sens
Process 2:90-98.

Marchelwska-Koj A (1983) Pregnancy blocking by phe-
romones. In: Vandenbergh JG (ed.), Pheromones and
Reproduction in Mammals. Academic Press, New York,
pp 113-174.

Maruniak JA, Bronson FH (1976) Gonadotropic responses
of male mice to female urine. Endocrinology 99:963-
969.

Maruniak JA, Wysocki CJ, Taylor JA (1986) Mediation of
male mouse urine marking and aggression by the vo-
meronasal organ. Physiol Behav 37:655-657.

McClintock MK (1971) Menstrual synchrony and suppre-
ssion. Nature 229:244-245.

McClintock MK (2000) Human pheromones: primers, re-
leasers, signalers, or modulators? In: Wallen K, Sch-
neider JE (eds.), Reproduction in context. MIT Press.
Cambridge, MA, pp 355-420.

Mennella JA, Beauchamp GK (1991) Maternal diet alters
the sensory qualities of human milk and the nursling's
behavior. Pediatrics 88:737-744.

Meredith M (1998) Vomeronasal, olfactory, hormonal con-
vergence in the brain. Cooperation or coincidence? Ann
N Y Acad Sci 30;855:349-361.

Merkx J (1984) Effect of castration and subsequent sub-
stitution with testosterone, dihydrotestosterone and oe-
stradiol on sexual preference behaviour in the male rat.
Behav Brain Res 11:59-65.



Dev. Reprod. Vol. 10, No. 3 (2006)

Moffatt CA (2003) Steroid hormone modulation of olfac-
tory processing in the context of socio-sexual behaviors
in rodents and humans. Brain Res Brain Res Rev
43:192-206.

Morimoto M, Morita N, Ozawa H, Yokoyama K, Kawata
M (1996) Distribution of glucocorticoid receptor im-
munoreactivity and mRNA in the rat brain: an immu-
nohistochemical and in situ hybridization study. Neu-
rosci Res 26:235-269.

Novotny MV (2003) Pheromones, binding proteins and
receptor responses in rodents. Biochem Soc Trans 31:
117-122.

Novotny M, Harvey S, Jemiolo B (1990) Chemistry of
male dominance in the house mouse, Mus domesticus.
Experientia 46:109-113.

Novotny MV, Weidong M, Wiesler D, Zidek L (1999)
Positive identification of the puberty-accelerating phe-
romone of the house mouse: the volatile ligands asso-
ciating with the major urinary protein. Proc R Soc Lond
B 266:2017-2022.

O’Connell RJ, Meredith M (1984) Effects of volatile and
nonvolatile chemical signals on male sex behaviors me-
diated by the main and accessory olfactory systems.
Behav Neurosci 98:1083-1093.

Parkes AS, Bruce HM (1961) Olfactory stimuli in mam-
malian reproduction. Science 134: 1049-1054.

Penn D, Potts W (1998) How do major histocompatibility
complex genes influence odor and mating preferences?
Adv Immunol 69:411-436.

Pietras RJ, Moulton DG (1974) Hormonal influences on
odor detection in rats: changes associated with the estrous
cycle, pseudopregnancy, ovariectomy, and administra-
tion of testosterone propionate. Physiol Behav 12:475-
491.

Powers JB, Bergondy ML, Matochik JA (1985) Male
hamster sociosexual behaviors: effects of testosterone
and its metabolites. Physiol Behav 35:607-616.

Preti G, Cutler WB, Huggins GR, Garcia CR, Lawley HJ
(1986) Human axillary secretions influence women's
menstrual cycles: the role of donor extracts from wo-
men. Horm Behav 20:474-482.

Purdon SE, Klein S, Flor-Henry P (2001) Menstrual eff-

Mammalian Reproduction and Pheromones 167

ects on asymmetrical olfactory acuity. J Int Neuro-
psychol Soc 7:703-709.

Rajendren G, Dominic CJ (1984) Role of the vomeronasal
organ in the male-induced implantation failure(the Bruce
effect) in mice. Arch Biol 95:1-9.

Richmond M, Stehn R (1976) Olfaction and reproductive
behavior in microtine rodents. In: Doty, RL (ed.), Mam-
malian olfaction, reproductive processes and behavior.
Academic Press. New York, pp 197-217.

Rodriguez I (2004) Pheromone receptors in mammals.
Horm Behav 46:219-230.

Romero PR, Beltramino CA, Carrer HF (1990) Partici-
pation of the olfactory system in the control of approach
behavior of the female rat to the male. Physiol Behav
47:685-690.

Russell MJ, Switz GM, Thompson K (1980) Olfactory
influences on the human menstrual cycle. Pharmacol
Biochem Behav 13:737-738.

Schaefer ML, Yamazaki K, Osada K, Restrepo D, Beau-
champ GK (2002) Olfactory fingerprints for major
histocompatibility complex-determined body odors II:
relationship among odor maps, genetics, odor compo-
sition, and behavior. J Neurosci 22:9513-9521.

Schilling A, Perret M, Predine J (1984) Sexual inhibition
in a prosimian primate: a pheromone-like effect. J Endo-
crinol 102:143-151.

Shughrue PJ, Lane MV, Merchenthaler I (1997) Com-
parative distribution of estrogen receptor-alpha and -beta
mRNA in the rat central nervous system. J Comp Neurol
388:507-525.

Simerly RB, Chang C, Muramatsu M, Swanson LW
(1990) Distribution of androgen and estrogen receptor
mRNA-containing cells in the rat brain: an in situ hy-
bridization study. J Comp Neurol 294:76-95.

Singh PB, Brown RE, Roser B (1987) MHC antigens in
urine as olfactory recognition cues. Nature 327:161-164.

Skeen JT, Thiessen DD (1977) Scent of gerbil cuisine.
Physiol Behav 19:11-14.

Stern JJ (1970) Responses of male rats to sex odors.
Physiol Behav 5:519-524.

Stern K, McClintock MK (1998) Regulation of ovulation
by human pheromones. Nature 392:177-179.



168 o]

Stowers L, Marton TF (2005) What is a pheromone? Mam-
malian pheromones reconsidered. Neuron 46:699-702.
Trinh K, Storm DR (2004) Detection of odorants through
the main olfactory epithelium and vomeronasal organ of

mice. Nutr Rev 62:S189-192.

Varendi H, Porter RH (2001) Breast odour as the only
maternal stimulus elicits crawling towards the odour
source. Acta Paediatr 90:372-375.

von Campenhausen H, Mori K (2000) Convergence of
segregated pheromonal pathways from the accessory
olfactory bulb to the cortex in the mouse. Eur J Neurosci
12:33-46.

Weller L, Weller A (1993) Human menstrual synchrony: a

5 EEER D

critical assessment. Neurosci Biobehav Rev 17:427-439,

Whitten WK, Bronson FH, Greenstein JA (1968) Est-
rus-inducing pheromone of male mice: transport by
movement of air. Science 161:584-585.

Wysocki CJ, Preti G (2004) Facts, fallacies, fears, and
frustrations with human pheromones. Anat Rec A Dis-
cov Mol Cell Evol Biol 281:1201-1211.

Wysocki CJ, Katz Y, Bernhard R (1983) The male vo-
meronasal organ mediates female-induced testosterone
surges. Biol Reprod 28:917-922.

Yoon H, Enquist LW, Dulac C (2005) Olfactory inputs to
hypothalamic neurons controlling reproduction and fer-
tility. Cell 123:669-682.



