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SUMMARY
Follicles were classified on the basis of number of layers of -

folicle cells, presence énd degree of development of the zona pellucida,

‘and présence of an antrum. Formation of én antrum in follicles with

less than T-8 cell layeré and/or presence of necrotic cells was

considered indicative of degeneration. When classified in this
manner, the data éuggest that follicles and their contained oocytes
are committed to either normal developmeht or atresia by the time a

third layér of granuloéa cells is formed.
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INTRODUCTION

Data on- the dynemics of follicle and oocyte growth in adult
mammals hé&e‘only recently become avdilab;é.(l—3). The cbronolog& :
of folliéula; development in fetal, newborn, and juvenile apimals
has been recorded (th), and it is known thét female mice become
‘ fgrtile atv5—7 weeks of age, depending upon strain. The stimulus to
obtain definitive data'on oocyte growth in the adult mouse came from
"the. observation of Rugsell (8, 9) that there is a dramatic change in
mutational réspoqse of the oocyte with #hevtige elaﬁSed between
irradiétion and méfing. What is the biologiéal basis for this
éhange in radiatioh fesponse of .the growing oocyte? The initial taék
is to identify the stage of oocyte»developmentiat which the change in
mutational response occurs in order thét underlying mechanisms‘can be
“investigated. These resulf; also bear significantly on the use of
daté for the mouse in estimating genetic hgzards'to womeg.

| Timing of folligular growth requires an'objective claésificaﬁion

of the different follicle stages, and this has been provided by



Pedersen and Peters (10). This scheme, utilized in conjunction with
3H—thymidine labeling, indicated that a stage 3 follic;e of N20'cell§
reached maturity and was ovulated in sbout 19 dsys (1). Meamvhile, ve
wgre attempting to label Phe zona pellucidé as<a-f§cﬁnique.for timing
foliicular:grdwth and aéﬁieveq succéss‘with gr[3H]acetyl-g-glucosdmine
(2). Subsequently we also have used 2-[i—3H]gLucosaminé-HCl and
g-]1—3H]éucose wiﬁh.identical ?esuits.A Our present best estimate,
based on zonal labeling, indicates that a stage 3b follicle requires
slightiy more than 6 weeks to mature instead of 19 days, as estiméted
by Pedersen (1).

:The abové resu;ts of pimipg oocy£e devglopment; together with
counts'of oocytes afﬁér~SQAR, indicated that there only were enough
normal surviving‘folliéles to explain observed reproductiye performance.
There were few ooéytes to be spared for atresia, and'it became clear
that theAmain problem was identification of degene#ating follicles.

Little advance has been made on this subject since the review of



Ingram (11). A more recent review is given by Greenwald (6).  Criteria
using frequency of necrotic cells (12, 13), change in lipids (1k),

cavities in small follicles (12), or surféce ultrastrﬁctural changes

(15) usually refer to advanced stages of atresia instead of very early

changes needed for our purposes. The criteria for follicular
degeneration presented here still are not as objective as one would -
like, but, when combined with a total oocyte count, they reveal a new

concept of follicular development and atresia,in'ﬁhe mousé.



* MATERTALS AND METHODS

Nine—month;old 101 X CBH'females that had been pretested'for
pbssiple‘fertility effects ofiﬂr[3H]acety1—2-giucosamiﬁe? wefe useét
for éocyte counfs-at differept stages of the estrus cycle.
Ey[3H]acetyl—2-glucosamine‘had no effeét on their brggding performance.
The ovaries.éppeared normal in every respect, and there‘is nb_evidence
that iabeling sevgral'months earlier had any fesidual‘effect 6n ovarian
Ahistoloéy}. All tissues wg?e fixed in Zenké?-formol, and serial T-um
sections were preparéq. - Slides ﬁere sﬁaiped by the PAS £echnique
and qoup'terstained'w:.ltfl.i Ehrlich's hematoxylin.

Oocytes were classified accéfdiﬁg to size, number §f follicle
layers, and antrﬁm formationAaccprding to tﬁe critefia given iﬁ Table 1. <:::>
This approximates 5ut differs in some respecté from'the claésificétion
6f Pedersen and Peters (10),»~Theif stages 1 -and 2'g?e'both combined
in our stage l,'ahdlour stage 2 is intéfmediate;betwgenAtheir stéggs

2 and 3. Also, we differentiate’stages 3a and 3b on the basis of




initiation of zona formation ard have divided their stage 4 into
stages La gﬂd hbj Stage l‘épd 2 oocytes were counted in every'lOth
ﬁgction; allloﬁhér staggs Qeré cdunted in every section. Adjacent'
éectiéné were checkéd‘tg preclude scoring'the s§me cell twice.

The morphoibgy'of normal folliéles is illustrated ﬁy Figs. 1A;H;
2A,C; 3A,C; and ﬁA. Stage 1 ié characterized by a few follicle cell
nuclei which appear vithin the basement membrane. Owing to the smail
ngmbér of follicie cells, fheif ﬁuclei may not be gpparent ip some
" sections. As fhe follicle cells divide,Athey form a COntiﬁﬁous ring
.(Fig..lB,C), and,t#e m#téﬁic activity iea&iné‘to deyélobment of stage 1
into stége 2 may be explosive (Fig. 1B). As the'foilicl§~éontinues to
. grow, the éells become cuboidal (Fig. 1C); then zonal materisl begins
to coliect in the interstices-?etween oocyte and follicle‘cells in
stage 3b (Fig. iE).: By stage La (Fig. 1F), the zona forms a complete,
but»thin, layer aroupd the oocyte with some clﬁmps of.zopal materiai,

and the formation of a second granulosa‘layer begins. A stage bb



follicle is,defiged (Table. i) as having 1-1/4—2-1/4 layers of cells
(Fig. 1G,H). ‘Tt is at this point that degenerative changes first‘A"
can bg seen in’ﬁhe folliéle; and Fig. ;I illustrates4pfécocious
antrum fqrmation a#d sepaﬁation'of‘the féllicle cell layérs by<é
space filled With ;haf appears to’be félliculgr fluid. This also
bccurs in sfage 5a, whefe a normal folliclé is shown in Fig. 2A and
an abnormel one inAFig. 2B. A normai stage 5b is illustfated in

- Fig. 2C. Note that there is no indication of follicular fluid
aéuﬁmulgbluu  aud'no antrum formation even thoughLmapy cell layers
Jare prgsenf. The%enfire serieé of sectigns.for these folliclés must
bé examined in 6rdet_tb be certain that'there are no cdvitiés.A
Precocious éﬁtrum'formation also occurs in stage 5b (Fig. QD) and
may occur with no associated neérosis; other degeneratiné 5b follicles
show many degenerating ceils (Fig. 2E). Some of the follicles
degenerating at thisAstage gppear to shrink, and éventually they will

disappearvekcept.for the zona pellucida, which persists for as long



as 10 weeks or more (2). ‘Truelantrym formation occurs in stage 6
(Fig. 3A) where small accﬁmulétiqnsAof follicular fluid appear befween
fhe granulqsa cells and'enlarge to form smgll antra. No cell degeneration
is assgciated}with this proce;s. The dggenerating stage 6 follicle
in Fig.’3B; howgver, ;hows many necfotic cells, and this is charactéristic
‘of ail atret;c antral follicles. In stage 7 (Fig. 3C), the.gntré are
larger and by late stage T unite to form a single cavity. Degenerating
follicles are gharacterized by many necrotic cells andia pporly
dévelopgd theca (kig. 3D). Stage 8 (Fig. 4A) occurs only ig ’
broes?fus;'and mosﬁ of the.follicleg reaching this stage will be
ovulétgd. 'Atresia could have begun iﬁ the,largé follic}e shown in
Fig. 4B at‘éither‘stage‘T or 8. Oocytes in many of the larée étretic
Afollicles are i# meiotic difision (Fig.-hc).'-Also, goté the large.
number of ﬁyknotic nuclei and some normal mitoses among the granulosa-
cells.

Number.of normal oocytes scored for eacn stage of deveiopment

are given in Table 2. Since there were dnly two femgles scored for
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each spage of the estrﬁs_cyéle aﬁd variability between femsles was
large, statistical analyses were not performéd. ;However, it is clear
. that étagevof the cyéle has litt;e effect before aAfollicleAattainé
three or more cell la&ers. An effect is seen only in estrus where
stages 5p and 6 werc higher than the general mean. Farly stage T
'follicles Appeared in meféstrus i and progressively matured untillJ
only }ate stage T and stﬁge 8 follicles were séen at bfoestrus.

The most interesting dbservation from Table 2 is'théﬁ the number
of normullfoliicles[af‘stagés Sa~8 is surprisingly constant; ‘and,
while they gre sufficient to explqin fertility, their numbers are too

low to pérmit significant contribution to the degenerative pathway.
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DISCUSSION

The small, arfested oocyte is surrounded by a basement membrane,
within which a few follicle cell nuclei usually cgn'be seen (Fig. 1A).
Follicle céil cytoplasm completely éurrouhds #he oocyte (16), and, as
observed by Brambell (17), these cells forﬁ the granulosa.' Growth
" into a stage_Z follicle with a single layer of flattened célls occurs
by'mitosié-(Fig; 1B,C) aﬁd.not by apposition of stromal ceiié ﬁq the
oocyte, as often haé been postulated. This mitotié activity pan bé
-exploéive (Fig. 1B); and since 1§.affects only a few tollicles af a .
given ﬁomént, ;t is easy #o unaerstahd why thejimportance of these rare
divisions hﬁs‘been unqerestimated. Once a follicle beginé ité growth
phase (stage 3a), it is ﬁrogrammed either £9 degeneréte 6r to be
“ovylated:

The origin of the zona‘hgs been ﬁhe subjeét‘ofvmgny investigétions,
aAd‘Kang (18), in'a'stqdy of the rat, cégcluded that'it'washfor@ed by

the oocyte. Likewise,'Haddad and Nagai (19) came to the same
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conclusion uéing tritiated L-fucose to lsbel the zona of the mouse
oocyte. The present study, ﬁhere'the PAS technique was used as a
mﬁcopolysaccharide' sta.in, éhows that the material fills spaces betyeen
thé follicle éells; ouﬁlining them and running togethef to form local
musses betweenAthe cocyte and follicle cells (Fig. 1k,k). ''nese foci
then join. As pointed out. by Chiqﬁoihe (20), this is suggestive of
the participation of #any cells. Furthermore, the follicle éells
change from cuboidal to low columnar in form (Fig. lD—F); suggesting
secretory activiﬁy. The suggesfion_of Chiquoine (20) that;moﬁépers'.
se;reteé by the follicle celis are ﬁolymerized-on the oocyté~appeérs
to be the most plausible hypothesis of zona fdrmation.

Degeneration of follicles (andvoocyteé) iﬁ stages 1—%a is rare,
but it becomes common when & sgcond and third follicular layer appéars
(Table 3). By stage 5a, 78%vof the follicles were.classifiéd as

‘degenerating,,and there was no. effect of stage of estrus (Table 3).

Only stage 6, where antrum formation begins, shows an.effect of stage
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of cycle'with dnly 32% degenerating'follicles in estrus aﬂd 80% in.v
metestrus 1. This differs from the results of Engle (13),‘Who
demonsfrated a more pronounced effect of stage of thé cycle.
ﬁowévé#, our data.afé difficult to compare with his owing to

A ‘different stéging of thé estrus cycle, but oﬁf esﬁimate of 32—82%

degenerating -follicles agrees well with his range of 26— 86%."

The classifiéatidn of follicles as normal or atretic has in the
past been highly éubjective, and I héd ﬁoped that .an gbjective system
of scoring poulq beAdeveloped; llowever, there alwayé will be
follicles tﬁat areAdifficult to classify, anq the only hope is to
A_reduce subjectivity ﬁg aAminimal‘value; Preéécious antrum formaﬁion
(Figs. 1I, 2B) is the priﬁary form of degeneration a£ stageslhb éndb
Sa; By stége 5b, the occurfenCe.of necrotic.éellg also is common;
and théugh Fig. 2D ;hows,oé;y one‘dégenegating cell, other Sb‘follicles
have numérous pyknotic cells. Tbe fol;icle ip Fig. 2D is classified_as

abnormal because the antrum is too large for & follicle of this size,
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whereas a few aréas of PAS—pdsitive material betweep fdllicle ce}ls
(without antruﬁ fdrmation) would be éonsidered,normai,' Is the follicle
in Fig. 2D derived from those in étage L4b and 5a that show precocious
antrum formation?‘ Certainiy many of them go no farther than the stage
in which regressionAis.initiated, atc chown by Fig. 2E; but often there
is litfle evidence~6f neCro;is and high mitotic acfivify in follicles
with pfecociqus‘gntra. Do.t#ey go on to fofm ébnormal stage T and 8
foilicles; eSpecially those.fhatAhave antra thét are disproportiopatély
large for the size of'the follicle? In stages 6, Tf and 8 presence of
necrotic cells is characteristic of atretic follicles (Figs. 3B,D;
4B,C). lPrgcbcious meiotic division (Fig. 4C) also is typica; of
oocytes'in degénerating féllicles.

vThé classification desqribed above, c9ﬁbined ﬁiﬁh enumeration.of
all folliéles; igadS.to'a new concept of the ﬁrocéss of'follicula?'
g#owth and Qegenerat?on. The data 6f Table é show numbers 6f normél

follicles by. stage of development and bj phase of‘thé estrus cycle.
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It is clear that the fate of mgst follicles is determined by the time
they réach stage Sav[a follicle with 2-l/h—3-l/h_layer§ qf follicle -
cells (Tabie l;AFigf 2A)].. Thereafter, the n;mber'of nérmal oocytes
is adequate ﬁo proVide;dnly those that will be ovula£éd‘(Tdb1e 2).
This assumes, howevef, that each of the estages lieted (5a=8)

requires approximately,one»ésﬁrus pycle for development; as suggested
by our timing of fdllicular.growfh,,i.e., the 28 days required for a
he=Ub follicle to reach ovulation (2) would proyide oocytes for

six estirus vycles of &h—i/E duys each ‘T&bie é).‘ Howvever, thefexcesé
stage Sbiand 6 oocytes in estrus (Table 3) ﬁust be accountea,fér. The
most likely explanafion is that egrly degenerative changes in ﬁany
follicles-were‘noﬁ recognized, and that they were misclassified as
normal. This'interprétation is‘supported by the high proportion of
degenerating stage 6‘follicles ai metestrus 1. Eﬁphgsis is placed on
the overall pattern Showihg.a low number qf normal f011iciesiat
stages Sa;ﬁ suégesting thét by the timé tﬁe foilicles_hévé'tﬁree

layers of granulosa cellé most are committed to either an atretic
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or normal pathway. This is different from the model presented by

Chiras and Greenwald (21) for the hamster, where they propose that

'~ 50% of the follicles-degenerate at each stage. However, since it

t;keg about 4 days for 'a fo}licle to become atretic (12) and since
they probably are'?ecognizaﬁle for a lOngef interval, a‘mode; based
on numbers of normaifanq étretic follicies a;'any one tiﬁe could be.
misleading. Furthermore, it is difficult to c9m§§re our data witﬁ
thgse of Chiras and Greénwald (21) becauée we hgvé uséd different-
systems of follicle classification.

We need more data on timing of the individual stages of follicular
growth and mbrEECbJective:criteria ofvclassifying riormal verSus
degeneraﬁing fo;licles.A.Hoﬁever, the‘procedurgs and résu}ts p?esented

here already lead to a new concept of the dynamicslof'oocyte and . .

" follicle growth. - It now should be possible to make niore objective

studies of the'effects of pregnancy, irradiation, and other experimental

procedures on the ovary.
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TABLE 1

CLASSIFICATION OF-FOLLICULES IN THE ADULT MOUSE OVARY .

Follicle Stage - ' | CHAEACTERiSTICS | ‘ : Iliustration (Fig.)

1 | 040 3ok follicle cells .' | | ~ 1A

: 2 | , _ l.complete 1ayef éf,fléttened foliicle.cglls; _ o ' lﬁ,C
3a o . Single leyer of cuboidal cells, no zona. ' 1D
3b : - Single layer of'cuboidél og low columnar‘ce;ls,vzona formation ’ 1E

beginning.

La ' l—ifl/& layers of'folliclg cells, éona coﬁpletg but thin. ' | 1F -
Lb '”. ‘ 1~i/h—e-1/h layers of cellé, zona, compietely surrpunds oocyte : 1G,H;I

but still.not fully developed.

Sa - 2-1/4—3-1/4 follicle cell layers. ' " 2A,B



. (Table 1 continued)

5-b .

>3-1/4 follicle cell layérs,‘ooéyte at mature size, zona fully.

developed.

‘Many layers of follicle cells, antrum formation initiated.

Large follicle, one or two small antra.
Mature Graafian folligle with large antrum and thin wall.

* Normal stage 8 follicles occur oniy in proestrus.

© 2C,D,E,

3A,B
3C,D

ka,B,C

cc




" TABLE 2

MEAN NUMBER OF NORMAL FOLLICLES AT DIFFERENT ESTRUS STAGES

Metestrus 1

VFollicle.Stage Proestrus Estrus Metes?rus 2 Diestrus .General Mean
1 1040 1300 1525 815 1005 1137
2 - 665 885 " 905 755 670 176
3a . 206 222 263.5 18 195.5 21L.2
Es 201 186.5 215 " - '~ 190.5 imn 192.8
ﬁa 118 92 116 1115 92 106.6
ko '99.5, 120 118.5 T 99 101.k
e 13 iz.é 13 12 . 10.5 12.2
5D 16 22.5 17 9.5 12.5 15.5
6 '_1é~ 31.5 12 12 9 16.5
T%8 155 12 115.5 12.9

10.5"

11

£




- TABLZ 3

PERCENTAGE OF DEGENERATING FOLLICLES AT DIFFERENT STAGES OF THE ESTRUS CYCLE

Follicle Stage Proestrus | Estfus . Meteszrus 1 | . Metestrus 2 Diestrﬁs General Mean
1-3b 4‘ | :.' o o o 0 o 0 0
ha : 0 D | 2.5 | :  '0 : ,, (»0 ’»“ : 0.5 .
w o ” 55.84 b6 118 .»'A :‘ﬁéis‘ W5 k7.0M
Sa | 8.9 80.8 80.0 . 72.7 7.7 j 78.02A-
5 |  '}8;A 69.8 o s2 Th2 1572
6 . o 69.2 . 3.3 ‘80.5 0.1 . 7.5 . 66.0k
7T&8 o k9.2 : .‘ 50.0° 6l.b ':' .53.§  . 50.8 53.0k4

e
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FIGURE LEGENDS
Fig. lf Photom?grogréphs of follicle stages l;ﬁG; A, Stége 1

ococyte wifh ﬁwo follicle cell nuclei inside basement membrane.
B, Early stage 2 foliibieé'GAigte telophasg—ﬁériy<interphase and‘i
metéphase folliélé nuélei. C, Stage 2 follicle. D, Stage 3a with
cﬁboidal follicle cells} no zona. E, Stagé 3b, with zona material
accumulating between follicle cells and oocyte_(arrows). F, Stage la,
zZona, isAa complete ring.A Note how PAS—poéitive material_oﬁflines '
follicle cells (5rrqys).r é,'Stage Lp, Vith‘qlmoot two éoﬁpictc'cgil".
_l;yers.A H, Stage Ub ﬁiﬁh_%omplete second.layer'of.cells; Note that
no sepafatiop ié”preseﬁt. i, Degenergtiﬁg hb:follicle'as e&idenced
_ bj separation §f follicle cells to fo?m a cavity (arrow). _AFE, X970,
“F; X700, H,I,_tho.

Fig. 2. Photomicrogrépﬁs 6f'folli¢le stgges-Sa aﬁd Sb; A, Normal
5a follicle with 3‘1ayefs of célls. 'B, Degenergting stagé éa with

‘precocious antra (arrow). C, Normal 5b with 56 cell layers, no



aptrum. D, Degenerating 5b foll;cle with aptrum, rare necrotic cells,
and normal mitoses. E, Advanced stage of degenerating 5b follicle
with many pyknotic cells‘aiound abnormal antrum. XEOO.
Fig,r3. Photomicrograﬁhé of folliclexstages 6 agd j. A, ﬁormal
staée 6 with gﬁtfgm'forminglfo right‘of 66cyté (arroy), no necrotic
cell;, mitoses.~ B, Degenerating stage 6, many necrotic cells, no
mitoses. C,vNormal.early stage T with two smﬁl} antra (arrows),
normal mitoses, no necrotic cells. D, Degenérating stage T.Qith many
'-necrotic cells. A,B, X300; CfD’ XZOO.
Fig. b4. Photomigfograéhs of normal and degeneratiné:étage'B foilicl¢§;
A, Normal étage 8 in.pfégstrus. B, Degéneréting stgge.S. C; Degeneréting
stage 8 showing meiotic division, many necrotic granulosa célls,;but'_

some abparehtly normal mitoses. A,B, X200; C, X970.
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