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Dynamic Changes in Inhibin Messenger RNAs in Rat 
Ovarian Follicles During the Reproductive Cycle 

The alterations in morphology and function of the ovarian follicle as it matures, 
ovulates, and becomes a corpus luteum are dramatic. A variety of steroid and 
polypeptide hormones influence these processes, and the ovary in turn produces 
specific hormonal signals for endocrine regulation. One such signal is inhibin, a 
heterodimeric protein that suppresses the secretion of follicle-stimulating hormone 
f'rom pituitary gonadotrophs. Rat inhibin complementary DNA probes have been used 
to ex-e thelevels and-distribution of inhibin a- and .~~- sub&i t  messenger RNAs 
in the ovaries of cycling animals. Striking, dynamic changes'have been foundL inhibin 
messenger RNA accumulation during the developmental maturation of the ovarian 
follicle. 

T HE PROGRESSrVE GROWTH, OWLA- 

tion, and luteinization of ovarian fol- 
licles are highly integrated processes 

coordinated by regulatory signals including 
steroid and peptide hormones from the 
brain, anterior pituitary, adrenals, and ova- 
ries. The two primary regulators of ovarian 
function are the pituitary gonadotropins, 
follicle-stimulating hormone (FSH) and lu- 
teinizing hormone (LH) (1). FSH and LH 
are usually secreted in tandem under the 
influence bf the hypothalamic peptide go- 
nadotropin-releasing hormone (GnRH) 
(2). However, normal physiological situa- 
tions exist where the secretion of FSH and 
LH are dissociable (3). 

FSH secretion can be specifically sup- 
pressed by the steroid-free portion of ovari- 
an follicular fluid in many species (4, 5 ) .  
Follicular fluid can inhibit both the primary 
and secondary FSH surges, as well as the rise 
in serum FSH concentrations that follows 
unilateral or bilateral ovariectomy (5, 6). 
Purification of this activity, termed inhibin, 
from follicular fluid resulted in the identi- 
fication of a heterodimeric glycoprotein, 
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composed of a (18-kD) and P (14kD) 
subunits, that suppresses the release of FSH, 
but not LH, h m  cultured pituitary cells 
(7). Two related forms of the smaller f3 
subunit (PA and PB) have been identified, 
and these subunits can form dimcrs that are 
potent stimulators of FSH d o n  (8). 
Inhibin subunit complementary DNAs 
(cDNAs) have recently-been &cteriz,ed 
from several species, including rat (9, 10). 
To darifj. the role of inhibin in reproductive 
processes, we have identified the points in 
follicular maturation during which the inhi- 
bin a and PA messenger RNAs (mRNAs) 
are synthesized. 

&aria were removed h m  fbur sets of 
animals at times during the 4day estrous 
cycle that coinaded with the preovuhory 
LH and FSH surges (&moon of proes- 
trus), the secondary FSH surge (proestrus 
to estrus), ovulation (early &),tifollicular 
recruitment (early emus), and luteinization 
(estrus) ( l l - l ~ ) . ~ ~ o t a l  RNA isolated from 
the ovaries was wd for solution hybridiza- 
tion to demmhe overall changes in inhibin 
mRNA levels during the coursc of the re- 
pmductive cycle. Serum FSH and LH were 
also measurad for each animal. 
Both inhibin a- and PA-subunit mRNAs 

were detected on all days of the estrous 
cyde; the level of a mRNA steaddy in- 
creased during the early portion of the cyde 
and peaked late in the &moon of protsaus 
(Fig. 1A). Although the level of PA mRNA 
was more variable between animals, it also 
reached peak values at 1830 hours on proes- 
trus (~ ig .  1B). Afkr the preovulatory k g e s  
of LH and FSH in late protsaus (Fig. lC), 
a marked dcaease in expression of both 
mRNAs was observed by 2400 hours proes- 
trus. By the morning of estrus (04bO to 
0700 hours), inhibi mRNA levels began to 
increase h m  this nadir. 

The ovary is a heterogeneous organ con- 
sisting of follides in many difkrent stages of 
growth and atresia and of corpora lutea of 
varying age. To obtain a more detailed and 
dynamic picture of inhibin biosynthesis i n ,  
individual follicles, inhibin mRNAs were 
localized histologicaUy. Animals were killed 
at the time poi& d&bad, and one ovary 
was used for in situ hybridization histo- 
chemisay (Fig. 2) while serum was collected 
fbr gonadotropin measurements. Probes to 
the inhibin a and PA subunits hybridid 
spedcally to the mural granulosa cells of 
healthy, maturing follicles. During metes- 
trus (Fig. 2, A to C) and diestrus (Fig. 2, D 
to F) both &As were produced in low 

levels was observed (Fig. 2, G to I). Serum 
LH (0.8 ng/ml) and FSH (122 ng/ml) 
remained low at this time. At 1600 hours 
proemus, serum gonadotropin levels were 
markadly elevated (LH, 52.8 ng/ml and 
FSH, 373 ng/ml), and pmvulatory foidcs, 
which were beginning to show disperse- 
rnent of cumulus cells in response to early 
gonadotropin surge stimulation, continued 
to hybridize intensely. A dramatic decrease 
in hybridization to both a and PA probes 
was detectedon the CMlingofproesaus in 
follicles displaying characecistics of com- 
plete gonadotropin stimulation (Fig. 2, J to 
L). In this animal, serum concentrations of 
LH had returned to presurge values, while 
serum FSH levels remained elevated (3.8 
and 435 nglml, respectively). A k r  ovula- 
tion, hybridization to new corpora lutea 
(1000 hours estrus, Fig. 2, M to 0) was not 
detected, but inhibi mRNA levels began to 
increase in newly recruited follides respond- 
ing to the secondary FSH surge (12). 

Previous studies have reported inhibin 
mRNA production (9,16) or protein local- 
ization (17) in the corpus luteum, but our 
results show that at the cellular level little or 

m. 1. Inhibin a- and PA- 
subunit mRNA lcvds and 
scrum gonadotropin lcvds 
during the rat estrous cycle. 
(A) Inhibin a-subunit 
mRN& (8) inhibin PA- 
subunit mRN& (C) strum 

LH and FSH kvcls. A wlu- 
don hybndization-ribonu- 
clcase (RNasc) protoxion 
assaywasusedtodeterminc 
inhibin mRNA kvcls (21). 
Arrows indicate the size of 
the input antisense RNA 
p*aswdlasthesizcof 
the cxpatcd RNasc-protect- 
cd hgmcnt based on the 
known cDNA sequences 
(9). The triplet of bands 
seen in the upper part of B 
arc nonspacific and arc secn 
in all lanes, i d u d q  the 
conad, which lacked RNA. 
Toal RNA was prepared 
from one ovary of each ani- 
mal killed at the indicated 
times (24, and 20 pg of 
totalRNAwasusedineach 
hybridization reaction. 
Antisense RNA probcs werc 
synthesized as dcsaibed, 
with rat inhibin a- and PA- 
subunit cDNAs used in the 
vector pGEM3 (9,21). So- 
lution hybridization was 
pcrformcd for 16 hours at 
42"C, the samples war di- 
eestcd with RNasc A 140 

no inhibin a- or PA-subunit mRNA is de- 
tected in preantral follicles, oocytcs, theca, 
sttoma, cumulus cells, or corpora lutea of 
any age h m  cycling animals ( ~ i ~ .  2). 

Our measurements of inhibin mRNA lev- 
els throughout the estrous cycle showed that 
both a- k d  PA-subunit mRNAs were ex- 
pressed in newly recruited follicles, in- 
creased during the early portion of the rat 
estrous ~ycIe,-~resumab& in response to 
basal LH and FSH concentrations, and 
reached peak levels on the day of proestrus. 
The GnRH-driven preovulatory LH and 
FSH surges that oc& during the afternoon 
of proestrus c a w  a resumption of oocyte 
meiosis, suppression of estradiol d o n ,  
and increased progesterone secretion (14). 
We fbund that these primary gonadotropin 
surges preceded a dramatic decline in inhi- 
bin mRNA levels, and, even though the 
precise timing of this decline in inhibin 
mRNA levels during late proestrus was 
somewhat variable. in all cases it coinaded 
with histo~ogica~ bbser~ation of complete 
gonadotropin stimulation. We have recently 
shown, by in S ~ N  hybridization, that in 
animals k t e d  at 1200 hours proestrus 

0 Probe (440)- 

o Protected (333)- 

p Protected (200)- 

100 3 re00 

levek, and serum LH (3.i and 1.1 @ml, Lglml) and Tl(2  d m l f f o r  1 hour at 3W and andyzcd on denaturing 6% p o l y a q l a m i ~  gels 
reswvely) and FSH (158 and 120 ng/ml, (21). Ncgativc controls included probe alone and total RNA firom rat liver and brain. The positive 

conml was 1 pg of polyadmylatcd RNA from the ovary of a gonadotropin-stimulated animal. The respectiveb) were 'Iso lowe By 1000 hours same general pamm of changes in inhibin mRNA lev& shown har was observed in dvcc additional 
on proestrus, Gmafian follicles were fbrmtd, cxpcriments on independent sets of cycling rats. Ho-nc values were determined by radioim- 
and a dramatic increase in inhibin mRNA munoassay (23). 
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with a GnRH antagonist, which blocks the 
subsequent gonadotropin surges, inhibin 
mRNAleveIsfailtodccrcascby2400hours 
proestrus (18). 

Our findings on the moduhion of inhi- 
bin mRNA biosynthesis correlate with carli- 
cr physiological observations that inhibin 
regulates FSH and is also i d u c n d  by the 

gtxmbtmpins (11). Direct golladmopin 
rcguladon ofinhibin mRNA levels and inhi- 
bin production have been observed both in 
the animal and in grandom d cultures (9, 
19). The modulation of inhibin mRNAs 
sccninthissoldyisconsistcntwithrrctnt 
f i n d i t l g s ~ ~ t h a t ~ d n g i n h i -  
bin incmscs throughout the metcstmus, 

diestrow, and early proestrous stages of the 
rat cstcow cycle, decrrascs during the we- 
ning of proestrus, and rebounds on the 
morning of estrus (20). 
Thc dramatic reduction in inhibin mRNA 

I d  secn between the afkmoon of proes- 
trus in the shghtly stimulated follicles and 
the evening of proestrus in follicles fully 

Fig. 2. In situ hybridization analysis of inhibin a- 
and PA-subunit m R N h  in nt ovuy. (Cdumn 1) 
Laah t ion  of a-subunit &A; (columns 2 
and 3) localizzdon of PA-subunit mRNA. Phote 
graphsincolumns 1 and2arcatamapi6don 
of x 100, the entire manuing follicles can be seen 
and represent adjacent sections hybridized to u- 

- 
ther inhibin-a or inhibin-BA pmbcs. The photo- 
graphs in column 3 arc at a 

' 

~ 5 O O ; i n d i v i d u a l s i l v e r g r a i a s c a n ~ A ~  I -., 
C), 1000 how metestrus; (D to F), 1000 hours 
dkstm; (G to I) loo0 hours proestrus; (J to L), ' 4 :  
2400 h o w  proestrus; (M to O), 1000 hours I 
~.Rcl~tsaucnursintheGcaa6anfol l idc  ;' 

(Th, thccal&, 00, oacyc; cu, cumulus cells; 
Gr. granulosa cells) ace h W  in (HI. The s t ~ ~ -  
&nucshownat 1lOObhoursestrusis'a~frcshcorpus 
lutcum. Frozen ovaries wac oriented with respect 
to the attached oviduct, mounted, and sequcnti?l 
20-pm sections wac cut on a Rcichat 840 
ayostat. Scaions wac mounted on rniaoscopc 
slides prraicatcd by incubation in Dcnhudt's me- 
dium and acctylation (%), and wac fixed in a 
mirmrrofcthaaol and aceticacid (3:l) at roam 
amperatwe for 15 minutes. The slidcs wac 
hybridized to 32P-laW antisense inhibin a- and 
PA-~bunit pmbcs as WOW dcsaikd (9), 
processed for autocadi y with KO& NTB- ?t? 2 anulsion, exposed 9 days a 4T, and 
devclopod. All sections wac hybridized and pro- 
ccsscd s i m u l w  with a singlc prepamion of 
inhibin a- or PA-subunit probe. Ap- 
1OOsectionsfromoncovaryofuchanimalwac 
stained with han?taxylin and cosin and ul?lyzod; 
two~ctcsctsofcydingvlimalswacana- 
lyzcd. Follicles wac catcgockd accocdiag to size 
dass,dcgretofstimulvionorItnsia,andthe 
relative lcvd of h y b h h b n .  Phocognphy was 
pafomKd on a Nilron Opaphot micmsqc. 
C o n d  hybmhuons to liver sections, or to 
ovvics by mcans of scnsc-strand inhibii probcs, 
showed no detoxaMe signal. 
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stimulated by the preovulatory gonadotro- 
pin surge suggests that the half-lives of the 
inhibin mRNAs are likely to be very short. 
This is consistent with inhibin production 
being tightly regulated in response to tran- 
sient conditions during the estrous cycle, 
and suggests that the major site of control of 
inhibin biosynthesis is at the level of tran- 
scription. Our results indicate that one com- 
ponent of this control is likely to be the 
gonadotropin surges. Further elucidation of 
the molecular mechanisms by which gonad- 
otropins and other hormonal and develop- 
mental cues modulate inhibin biosynthesis 
promises to enhance our understanding of 
the control of the mammalian reproductive 
system. 

REFERENCES AND NOTES 

1. A. N. Hirshfield, Bwl. Reprod. 34,229 (1987); J. S. 
Richards et al., Recent Prog. H m .  Res. 43, 231 
(1987); A. J. W. Hsueh, E. Y. Adashi, P. B. C. 
Jones, T. H.  Welsh, Endom. Rev. 5, 76 (1984); S. 
Chappel, ibid. 4, 179 (1983); A. Amsterdam and S. 
Rotmensch, ibid. 8, 309 (1987). 

2. A. V. Schally et al., Science 173, 1036 (1971). 
3. R. T. Savoy-Moore and N. B. Schwartz, in Repro- 

dtutivePkyswlo~y, R. 0. Greep, Ed. (University Park 
Press, Baltimore, 1980), vol. 3, pp. 203-248. 

4. F. H .  Bronson and C. P. Channing, Enhm'mk?? 
103,1894 (1978); S. C. Chappel, J. A. Holt, H. G. 
Spies, Proc. Soc. E q .  Bwl. Med. 163, 310 (1980); K. 
F. Miller, J. A. Wesson, 0 .  J. Ginther, Bwl. Reprod. 
21, 867 (1979); R. L. Stoder, J. L. Coensgen, G. 
S. di Zegera, G. D. Hodgen, in Dynamiw of Ovarian 
Fun&, N. B. S c h w m  and M. Hunzicker-Dunn, 
Eds. (Raven, New York, 1981), pp. 185-190; C. P. 
Channing, K. Tanabe, H .  D. Guthrie, S. K. Batta, 
D. J. Hoover, in Intragonadal Regulation of Repro- 
duction, P. Franchimont and C. P. Channing, Eds. 
(Academic Press, New York, 1981), pp. 365-376. 

5. M. L. Marder, C. P. Channing, N. B. Schwm,  
E n h m ' m h ~  101, 1639 (1977). 

6. J. C. H o h a n n ,  J. R. Lorenzen, T. Weil, N. B. 
Schwm,  ibid. 105, 200 (1979); N. B. Schwartz 
and C. P. Channing, Proc. Natl. A d .  Sci. U.S.A. 
74,5721 (1977); R. Welschen, J. Dullaart, F. H. de 
Jong, Bwl. Reprod. 18, 421 (1978). 

7. J. Rivier, J. Spiess, R. McClintock, J. Vaughan, W. 
Vale, Bwchem. Biopkys. Res. Cmnmun. 133, 120 
(1985); D. M. Robertson et al., &id. 126, 220 
(1985); K. Miyamoto et al., W. 129, 396 (1985); 
N. Ling etal., Pmc. Natl. A d .  Sci. U.S.A. 82,7217 
(1985). 

8. W. Vale et al., Nature (Londan) 321, 776 (1986); 
N. Ling et al., ibid., p. 779. 

9. T. K. Woodruff, H. Meunier, P. B. C. Jones, A. J. 
W. Hsueh, K. E. Mayo, Mol. Endom'ml. 1, 561 
(1987). 

10. F. S. Esch et al., ibid., p. 338; A. J. Mason et al., 
Nature (London) 318, 659 (1985); R. G. Forage et 
al., Pmc. Natl. Acad. Sci. U.S.A. 83, 3091 (1986); 
K. E. Mayo et al., ibid., p. 5849. 

11. N. B. Schwartz and W. L. Talley, Bwl. Reprod. 17, 
820 (1978); L. V. De Paulo, D. Shandler, P. Wise, 
C. Barrclough, C. P. Channing, Endom'mh& 105, 
647 (1979). 

12. D. C. Hoak and N. B. Schwartz, Proc. Natl. Acad. 
Sci. U.S.A. 77, 4953 (1980). 

13. R. T. Savoy-Moore, N. B. Schwm,  J. A. Duncan, 
J. C. Marshall, Science 209, 942 (1980). 

14. N. B. Schwartz, in Intraman'an Control Mechanirmr, 
C. P. Channing and S. J. Segal, Eds. (Plenum, New 
Y o 4  1982), pp. 15-36. 

15. Sprague-Dawley CD rats 60 days old (Charles River 
Laboratories) were housed in temperature-con- 
trolled quarters on a light:dark cycle at a ratio of 14 
to 10 with lights on at 0500 hours. Water and 
laboratory chow were continuously available. Cycle 

stage was initially assessed by daily inspection of 
vaginal cytology. Only those animals displaying two 
consecutive 4-day estrous cycles were used. We 
confirmed the cycle stage by several criteria, includ- 
ing uterine and oviduct ballooning, uterine intralu- 
mind water weight, histological detection of ova in 
oviducts, and serum hormone concentrations. Four 
animals were killed at each selected time point 
during the 4-day estrous cycle. All animals were 
killed within 30 seconds of handling to minimize 
stress effects on serum hormone levels. One ovary 
and a lobe of liver were removed and immediately 
frozen on dry ice. The oviduct from the second 
ovary was promptly observed under a dissecting 
microscope for ballooning or for ova and was fixed 
for histological analysis. 

16. S. R. Davis et al., Bwchem. Biopkys. Res. Commun. 
138, 1191 (1986). 

17. P. Cuevas et al., ibid. 142, 23 (1987). 
18. T. K. Woodruff, J. D'Agostino, N. B. Schwm,  K. 

E. Mayo, in preparation. 
19. C. Rivier, J. Rivier, W. Vale, Science 234, 205 

(1986); T. A. Bicsak et al., Endom'mhgy 119,2711 
(1986). 

20. Y. Hasegawa et al., in Inhibin-Non-Steroidal Regula- 
twn of Follicle Stimulatiltq Hwmone Secretion, H. G. 
Burger, D. M, deKretser, J. K. Findlay, M. Igarashi, 
Eds. (Raven, New York, 1987), pp. 119-133. 

21. K. Zinn, D. DiMaio, T. Maniatis, Cell 34, 367 

(1983); D. A. Melton et al., Nudeic Acidr Res. 12, 
7035 (1984). 

22. P. Chomczynski and N. Sacchi, A d .  Bwchem. 162, 
156 (1987). 

23. Trunk blood was collected and allowed to clot 
overnight at 4°C. After centrifugation, serum was 
divided into aliquots and frozen at -20°C. LH was 
measured in duplicate by the ovine-ovine radioim- 
munoassay with NIH-LH-S16 used as the standard 
and GDN15 antiserum to LH. FSH was determined 
in duplicate by the rat-rat system with FSH-RP1 as 
the standard (from NIH). The assay coefficient of 
variation for low and high serum pools was 6 and 
5% for LH, and 5 and 3% for FSH. 

24. A. Haase, M. Brahic, L. S t o w ~ g ,  H. Blum,Meth- 
odr Virol. 7, 189 (1984). 

25. Supported by NIH grant HD07504 (N.B.S.), the 
NSF Presidential Young Investigators Program 
grant DCB-8552977 and the Chicago Community 
T m t  Searle Scholars Program grant 87-G-113 
(K.E.M.), and the National Institute of Child 
Health and Human Development Program Project 
HD21921. We thank W. Talley for help with the 
animals, B. Mann for radioimmunoassays, M. Kaiser 
for help with the solution hybridizations, and D. 
Linzer, E. Goldberg, and M. Hunzicker-Dunn for 
comments on the manuscript. 

16 October 1987; accepted 22 January 1988 

Alternative Mechanisms for Activation of 
Human Immunodeficiency Virus Enhancer in T Cells 

The expression of human immunodeficiency virus (HIV) after T cell activation is 
regulated by NF-KB, an inducible DNA-binding protein that stimulates transcription. 
Proteins encoded by a variety of DNA viruses are also able to activate expression from 
the HIV enhancer. To determine how this activation occurs, specific genes from herpes 
simplex virus type 1 and adenovirus that activate HIV in T lymphoma cells have been 
identified. The cis-acting regulatory sequences in the HIV enhancer that mediate their 
effect have also been characterized. The relevant genes are those for ICPO-an 
immediate-early product of herpes simplex virus type 1-and the form of ElA encoded 
by the 13s messenger RNA of adenovirus. Activation of HIV by adenovirus E1A was 
found to depend on the TATA box, whereas herpesvirus ICPO did not work through a 
single defined cis-acting element. These findings suggest multiple pathways that can be 
used to bypass normal cellular activation of HIV, and they raise the possibility that 
infection by herpes simplex virus or adenovirus may directly contribute to the 
activation of HIV in acquired immunodeficiency syndrome by mechanisms indepen- 
dent of antigenic stimulation in T cells. 

E XPRESSION OF HUMAN IMMUNODE- enhancer linked to the chlorarnphenicol ace- 
ficiency virus (HIV) increases after tyltransferase (CAT) gene (5 -3 ,  but the 
activation of inducer T cells by phor- 

bol esters and lectins (1,2). This stimulation 
is mediated by NF-KB (3), a factor that G. J. Nabel, Whitehead Institute for Biomedical Re- 

regulates transcription and binds to the search, Cambridge, MA 02142, and Department of 
Biology, Massachusem Institute of Technology, Cam- 

twice-repeated 11-bp KB motif in the H N  bridge, MA 02139, and Howard Hughes Medical Insti- 

enhance; (Fig. 1). &is l l -bp  motif is also yi Rice and D, M, Kpe, Departmint of Micmbiolo- 
found in the immunonlobulin linht chain w and Molecular Genetics. Harvard Medical School. 

CI " 
enhancer (4). Mutations of nucleotides p;';i,%ep"g;ehead 
within these sites that eliminate the binding search, Cambridge, MA 02142, and Department of 
of N F - ~ B  also abolish the increase in HIV Biology, Massachsem Institute of ~echnblogy, Cam- 

bridge, MA 02139. 
gene expression seen in activated T cells (3). 
DNA from primate viruses induced H N  *To whom corres ndence should be addressed at How- 
expression when cotransfected into fibro ard Hughes ~ e g a l  Institute. University of Michigan 

Medical Center, MSRB I, Room 4510, Ann Arbor, MI 
blasts with a plasmid containing the HIV 48109. 
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