
evdence of elther feature, and t h s  argues aganst 
the poss~b~ l~ t y  that elther an o n  or dust arc was 
present. 

32. Dust and s i i a  fragments are subject to gravty. ra- 
da ton  pressure, and outgassng. The gravtatonal 
force FG = GM,[4;~a~p/3]r,-~ IS counterbalanced 
by radaton pressure F, = L,Q,,a2,'[4r,.,'c] and a 
less deflned outgassng force F, = rn~,Q,,~, where 
L, and M, are the solar mass and umnosty ,  a IS the 
radus of the partce, r,  s the heocentr~c dstance, 
Q,. IS the radaton nteracton effcency. Q, IS the 
water producton rate, m 1s the mass per oufgassed 
molecule, c IS the speed of g h t ,  and 11, IS the vec- 
tored average veocty of outgassed voatles (0 m/s 
for spherca symmetry). The mot~on of partces larg- 
er than several ml~meters 1s domnated by gravlty. 
and they tend to stay co-orb~tal w t h  the nucleus untll 
they get close to the Sun. where Q,+, ncreases to 
the polnt that'ourgasslng become6 a slgnlflcant 
force. 

11. Success~ve runs of the DSMC model lndcated that 
the contrast of these nteracton regons 1s a maulmum 
for a sun-comet-Earth !SCE) angle near 901, and that 
v1s1b111ty drops rapdly away from ths  geometry, The 
arc seen on 26 March would have been undetectable 
for vewng geometres of 45' > SCE > 135". 

34 As dscussed (26), the dmensons of the contact 
dscont~nuty between the two flows IS dependent on 
the local coll~s~onal mean free path, whch ncreases 
as r%away from the nucleus. As a result, volatle 
sources close 10 the nucleus w generate nteracton 
regons wlth more compact dmensons than more 
dstant sources. 

35. An arc assocated w t h  the secondary condensa- 
t o n  at 1500 km would have a wd th  at t s  apex of 
more than 3000 km, wlth t s  surface brlghtness 
reduced by a factor of 12 reatve to what t would 
have been at the locaton of the brght arc Assum- 
n g  that the brghtness of the vsb le  dust conden- 
satlon accurately mlrrors gas production (15%). 

then t h s  source would produce an arc wlth I % of 
the surface brghtness of the brghter source, Ths  
would not have been detectable In our Images, 

36 We acknowledge the generous contrbuton of t m e  
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unexpected observng program, We also thank J 
Perclva for work In modlf]lng the WlYN control 
system to permt trackng of a movng source. F. 
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many useful conversatons on the t opc  of halo 
debr8s, and J. Wsnewsk  for assstng In the reduc- 
t o n  of the Images. Supported by the WIYN consor- 
tlum unlversltles and NOAO, by NASA grants 
NAGW-1319, W18963, and NAGS-647 to the U n -  
versty of Wsconsn,  and by NASA grant NASW- 
1907 to the Unversty of M c h  gan. 
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Failure of Parturition in Mice Lacking the ( - I - )  (Fig. 1 ~ )  with a frequency of 25.6% 

Prostaglandin F Receptor (n = 262), indicating that mice lacking FP 
develop normally. X-Gal staining of 6-ga- 
lactosidase in homozygous mice showed 

Yukihiko Sugimoto, Atsushi Yamasaki, Eri Segi, that the targeted allele was expressed in the 
Kazuhito TSU boil Yoshiya Aze, Tatsuya Nishimura, Hiroji Oida, corpora lutea in ovaries (Fig. 1C) (4), as is 

Nobuaki Yoshida, Takashi Tanaka, Masato Katsuyama, FP ( 2 ) .  Disruption of the FP gene was ver- 

Ken-yuh Hasumoto, Takahiko Murata, Masakazu Hirata, ified in the ovary by both Northern (RNA) 
blot analysis and radioligand binding assay 

Fumitaka Wshikubi, Manabu Negishi, Atsushi Ichikawa," (5). FP ~ R N A  expression was reduced in 
Shuh Narumiya 

Mice lacking the gene encoding the receptor for prostaglandin Fzm (FP) developed 
normally but were unable to deliver normal fetuses at term. Although these FP-deficient 
mice showed no abnormality in the estrous cycle, ovulation, fertilization, or implantation, 
they did not respond to exogenous oxytocin because of the lack of induction of oxytocin 
receptor (a proposed triggering event in parturition), and they did not show the normal 
decline of serum progesterone concentrations that precedes parturition. Ovariectomy at 
day 19 of pregnancy restored induction of the oxytocin receptor and permitted suc- 
cessful delivery in the FP-deficient mice. These results indicate that parturition is initiated 
when prostaglandin Fza interacts with FP in ovarian luteal cells of the pregnant mice to 
induce luteolysis. 

Prostaglandins (PGs) mediate various phys- 
iological processes such as fever genera- 
tion a i d  inflammation ( 1 ) .  Aspirin and 
related drugs act through inhibition of PG 
biosynthesis. The prostaglandin PGF2, is 
implicated in reproductive functions such 
as ovulation, luteolysis, and parturition. 
Actions of PGF2, are mediated by the 
PGF receptor (FP), which is a hetero- 
trimeric guanosine triphosphate-binding 

Y. Sugmoto, A. Yamasakl, E. Seg. K. Tsubo, M. Kat- 
suyama, K Hasumoto, M. Negshl, A. Ichkav~a, Depart- 
mer;t of Physoogcal Chemstry. Faculty of Pharmaceu- 
t c a  Scences. Kyoto Unversty, Kyoto 606. Japan. 
Y Are. T. Nshmura, H Olda. Fuku Research lnstltute, 
0r;o Pharmaceuilcal Company, Llmlted. Fuku 913, 

protein (G  protein)-coupled rhodopsin- 
type receptor specific to this PG (2 ) .  To 
examine the physiological function of 
PGF,,, we disrupted the gene encoding FP 
in mice by homologous recombination. 

A targeting vector was constructed in 
which the coding region of the second exon 
of the FP gene could be replaced with the 
P-galactosidase and neoinycin resistance 
genes (Fig. 1A) (3). Heterozygous inice 
(-It), when crossed, yielded homozygotes 

heterozygous mice and absent in homozy- 
gous mice (Fig. ID). Specific [3H]PGF,, 
binding in a crude membrane preparation of 
the ovary (mean 2 SEM, n = 8)  was 
121.3 f 4.8 f~nol per milligram of protein, 
38.7 ? 1.6 finol/mg, and below the limit for 
detection for wild-type, heterozygous, and 
homozygous mice, respectively. Homozy- 
gous FP mice also lacked the normal ileac 
contractile response to PGF,, (Fig. 1E). 

Hornozveous mutant mice were healthv. ," 
No gross abnormalities were found in mu- 
tant animals in their general behavior, gen- 
eral appearance, or tissue histology, or from 
biochemical and hematological examina- 
tion. Ho~nozygous males were normal in 
their reproductive ability. Although PGFZ, 
is critical to luteal regression in ovine and 
sow (6) and FP is expressed in the corpora 
lutea of mice during the normal estrous 
cycle (Z), no change was found in the es- 
trous cycle in homozygous or heterozygous 
FP females cornpared with wild-type mice 
(Table 1). The homozygous females were 
also able to become pregnant. The number 
of corpora lutea and implants in the uterus 

Table 1. Estrous cycle, ovulation, and fel?ilization in wild-type and mutant mice. Female mice of either 
genotype were mated with wild-type males and examined at day 19 of pregnancy. Data are mean t 
SEM. 

r- -' 

N. Yoshlda and T. Tanaka. Dv~slon of Molecu!ar and Genotype 
Cellular Immunology, Research lnsttute, Osaka Medcal Variable 
Center for Maternal and Chlld Health, Osaka 590-02, +/+ 11- -/- 
Japan 
T. Murata, M Hrata. F. Ushlkubl. S. Narumya. Depari- Estrous cycle, days 5.1 -+ 0.35 (n = 19) 5.4 10.37 (n = 14) 5.0 i- 0.32 (n = 17) 
meni of Pharmacology, Faculty of Medcne,  Kyoto Un - 
versty. Kyoto 606, Japan. Number of corpora lutea 9.0 1 0.62 (n = 6) 9.2 i- 0.72 (n = 5) 9.4 = 0.45 (n = 7) 

Number of ~mplants 7.9 ? 0.96 (n = 6) 8.4 ? 1.10 (n = 5) 8.8 t 0.51 (n = 7) 
'To whom correspondence should be addressed. 
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of these pregnant mice (Table 1) were nor- 
mal, indicating that ovulation, fertilization, 
and im~lantation occur normallv in FP- 
deficient mice. Although studies df aspirin- 
like drugs and cyclooxygenase-2-deficient 
mice suggest that ovulation requires PGs 
(7), our results suggest that, if a PG is 
involved in ovulation, it must be one other 
than PGF2,. 

Through pregnancy, heterozygous mice 
like the wild type increased in body weight 
to day 20 or 21, when they delivered pups 
and lost weight (Fig. 2A) (8). FP-deficient 
homozygous mice also increased in body 
weight through pregnancy; however, their 
body weight increased until day 22 or 23 
without parturition and then decreased 
slowly for about 1 week. No parturition 
was found in homozygous mice regardless 
of the paternal genotypes (Fig. 2B). In- 
spection of their uteri revealed that pro- 
longed pregnancy caused degenerative 
changes in the placenta and that the fe- 
tuses died in utero and were reabsorbed. 
Fetuses could be rescued from homozygous 
mice by cesarean operation before or at 
the expected term (Fig. 2C) and appeared 
to develop normally. No abnormalities 
were observed in the weight or histology 
of placentas at this stage in FP-deficient 
mice. The homozygous females could be- 
come pregnant again several weeks after 
the expected term, but again failed to 
induce labor. Thus. induction of labor is 
lacking in the homozygous female mice. 

Several hormones are known to be in- 
volved in parturition. Oxytocin (OT) has 
been proposed as a key regulator of pamui- 
tion (9). Uterine sensitivity to OT increases 
markedly at term, although OT concentra- 

tions, both in maternal plasma and in in- increase in OT sensitivity is associated with 
trauterine tissues, do not change signifi- increased uterine expression of OT recep- 
cantly before or during parturition. The tors (lo), which has led to a proposal that 
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the induction of OT receptors is a trigger 
for parturition (I I). In FP-deficient mice, 
administration of OT at term did not pro- 
duce uterine contraction as was seen in 
wild-type mice (Fig. 2D) (12). The expres- 
sion of mRNA for OT and OT receptor was 
examined in the uterus at days 17 and 20 of 
pregnancy (Fig. 2E) (13). Consistent with 
previous reports (14), OT mRNA expres- 
sion did not change during this period, and 
no significant difference was found among 
wild-type, heterozygous, and homozygous 
mice. On the other hand, expression of OT 
receptor mRNA increased at term in both 
wild-type and heterozygous mice. In con- 
trast, no increase was observed in the ho- 
mozygous mice. These results indicate that 
expression of the uterine OT receptor is not 
induced in the FP-deficient mice. 

Parturition in mammals is preceded by a 
decline in progesterone concentrations in the 
maternal plasma (15), which leads to an in- 
crease in myometrial contractility (16). The 
plasma concentration of progesterone de- 
creased progressively from day 19 to day 2 1 in 
wild-type mice (Fig. 3A) (1 7). In homozygous 

Days after conception 

mutant mice, progesterone concentrations did 
not decline during this period. Plasma con- 
centrations of estradiol were not significantly 
diierent between the two types of mice. 
These results suggest that failure of parturition 
in the FPdeficient mice mav be due to the 
persistent production of progesterone. To in- 
duce a decline in progesterone concentration, 
we removed the ovaries from the mutant mice 
at day 19 of pregnancy because the corpora 
lutea in the ovary is the principal source of 
progesterone in mice. The ovariectomized 
mice delivered their pups alive after 24 hours. 
No delivery occurred in sham-operated ani- 
mals (Fig. 3B). Uterine expression of OT re- 
ceptor mRNA was also induced within 12 
hours of ovariectomv: no OT receDtor mRNA 
was detected in sham-operated'.mice (Fig. 
3C). These results suggest that the failure of 
parturition in the FF'deficient mice is due to 
a failure of the corpora lutea to cease proges- 
terone production. 

Ever since the observation that aspirin-like 
drugs delay pamuition (1 8), the role of PGs in 
this process has remained a mystery. A de- 
crease in plasma progesterone concentrations 
occurs in many species before parturition be- 
gins. Although exogenous PGF2, induces a 
decline in the progesterone concentration in 
some species and mimics the parturition pro- 
cess (19), it has long been suggested that the 
function of PGF,, in parturition is down- 
stream of OT ( 1 1 ). Indeed, OT added exog- 
enously will induce PG production in uterine 
tissues both in vivo and in vitro (1 1 ). In this - .  , - -  - 

study, we have shown that PGF,, works up- 
stream of OT to induce luteolysis and that its 
uterotonic action in myometrium is not essen- 
tial for parturition. In addition, OT receptor 
induction was well correlated with the ap- 

3' end of the homologous region. Two lines of result- 
ant embryonic stem (E14-1) cells injected into 
C57BU6 Mastocysts gave rise to chimeric offspring, 
which in tum were mated with C57BL/6 females. 

4. Ovaries or their sections (1 0 pmthick) were tixed with 
glutaraldehyde for 1 hour and stained with X-Gal 
(5-bromo-4-chloro-3-indoxyl-pD-galactopyrano- 
side) at 30%. Sections were then counterstained 
with eosin. 

5. Gonadotropin-synchronized ovary was subjscted to 
RNA isdat i i  for Northem blot analysis or crude 
membrane preparation for Mnding assay. A Pst I-Bgl 
I1 fragment I690 base pairs (bp)] of FP cDNA (2) was 
used as an exon 2-specific probe. 

6. J. A. McCracken et al., Nature New Bid. 238, 129 
(1 972); M. P. Modjono, F. W. Bazw, W. W. Thatcher, 
Prostaglandins 14, 543 (1 976). 

7. W. J. Murdoch, T. R. Hansen, L. A. McPherson, 
Prostaglandins 46, 85 (1993); J. E. Dinchuk et a/., 
Nature 378,406 (1 995). 

8. Animals were maintained at 23% under a 12-hour light 
cycle. The estrous cycle was mor6tored by vaginal 
smears. Virgin fema)es (9 to 12 vmks of age) housed 
overnight with males were checked the following mom- 
ing for vaginal plugs, and their body weights were mon- 
itored. Rug day was &ed as day 1. 

9. M. S. Soloff, M. Alexandrova, M. J. Femstrom. Sci- 
ence 204,1313 (1979). 

10. T. Kimura, 0. Tanizawa, K. Mori, M. J. Brownstein, 
H. Okayama, Nature 356,526 (1 992). 

11. M. S. Soloff, in h e  Onset of Labor: W I u k  and 
Integrative Mechanisms, D. McNellis, J. Challis, P. 
MacDonald, P. Nathanielsz, J. Roberts, Eds. (Peri- 
natology Press, lthaca, NY, 1988), pp. 87-123. 

12. Drug-induced utenne contraction was measured as 
an increase in intrauterine pressure in vivo by the use 
of a small balloon catheter inserted into the uterine 
horn as described [K. Matsumoto et al.. Fdia Phar- 
macol. Jon. 78.231 (198111. Mice were anesthetiied 
with ureihane,ind P~F, OT (sigma) was admin- 
istered intravenously from the tail vein. The pcessure 
curve was taken for 10 min immediately before and 
immediatety after the drug injection, and the contrac- 
tion was quantified as the area under each curve. 

13. Northern blot analysis for OT receptor mRNA was 
performed with a PCR-amplified 700-bp fragment of 
mouse cDNA corresponding to the coding region 
from the secmd to the sixth putative transmem- 
brane regions as a probe. Uterine expression of OT 
was analyzed by reverse transcriptase PCR (RT- 
PCR) with primers spedfic for mouse OT. Three in- 
dependent experiments were performed for each - .- - -1- pearance of parturition, although it is nit  anabsis. 

- Sham Om 14. D. L. Lefebvre, A. Giaid, H. Bennett, R. LatWre, clear that the former is essential in the latter H, H, Zingg, Science 256, 1553 (1992). 
process. Two previous reports demonstrated 15. G. D. Thorbum and R. G. Challis, my&. &. 59, - -0TR that parturition remains unaffected in the 863 (1979). 
OT-deficient mice (20). PGF,, may induce A. R. FUChS, S. AIBXandrova. M. S. 

Soloff. Endoainobgy 11 3, 742 (1 983). 
luteol~sis through a ~ ~ t o s i s  of luteal cells, as 17. Blocd was drawn from the abdominal aorta. Plasma 

5 O n=31 n = 4  n = o  
suggested by the correlation of FF' mRNA concentrations of estradiol and progestwone were 

- Sham Ovx r r m * GAPDH expression with luteal cell apoptosis in pseu- measured in duplicates by radioimmunoassa~ 
nostic Products. Los Angeles. CA). Statistical sign& 

dopregnancy (21 ). Wklether the mechanism icance was examined by the Student's t test. Fig' 3' Loss Of luteolysis and Of identified in this study works in species other 18. R. B. Lewis and J. D. Schulman, Lancet 24, 1159 rition by ovariectomy in mice lacking FP. (A) Plas- than the mouse remains to be tested. (1973). 
ma concentrations of progesterone and estradiol 19. E. W. Horton and N. L. Poyser, fhysioi. Rev. 56,595 
in FP-deficient mice. Blood was collected from (1976); M. Alexandrova and M. S. Soloff, .Endowino/- 
wild-type and mutant mice (n = 4 to 5) at the 
indicated days of gestation, and plasma concen- 
trations of progesterone (left) and estradiol (right) 
were measured. Values are expressed as the 
mean + SEM. The double asterisks indicate P < 
0.01. (B) Restoration of parturition. FP-deficient 
mice at day 19 of pregnancy were sham-operated 
(sham) or ovariectomized (ow) or left without 
treatment (-). The number of pups bom alive at 
day 20 were counted. (C) Induction of OT receptor 
mRNA by wariectomy in mutant mice. FP-defi- 
cient mice were treated as in (B). Uterine hom was 
obtained 12 hours after treatment and RNA was 
extracted. 
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