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ABSTRACT
. P ic i i are i ! 1 iz that involve
inversion of a segment on oné arm of a ch Unlike other e
the fr quency of par ic i " and that of their recombinants is low in’

the normal humanl population as well as in clinically defined ones. The effect of
heterozygosity for each of a variety of ‘paracentric inversions (varying in the

. X It il .

" length of the inverted segment and location mlug#e to the centromere), on ‘some

aspeets of meios

and reproduction, in male .’md"!cnmig‘?riice, were investigated to

- crmine the-exi of mechanisins which may explain this observation.

‘\mdnmscer i of p

. = _

. In m:\le nlicé, hetérozygosity for paracenttic inversions involving large segments;

was associated wWith momg\c.dlsturbnneo, nwnslfrcd ly a decrease in the proportion

of haploid sccond'\ry Sp(‘nn'\loc)(m -uul an’ increase in Uhdl of helemplmd i
\

secondary spermatocytes. This disturbance aghears 4 be associated with dicen

rgcnmbinnﬁts._Sllldics suggest that loop formation during the pachytene stage of

G . . . b 1
spermatogenesis has a role in p g crossover and s Ly

b formation. Association belween size of the inverted ‘scgment and: meiotic

disturbance was not evident in female heteroz§gotes.

Despite meiotic disturbance in male heterozygotes, litter size, a wieasure of post-
" natal pllc.nﬂ‘lypicv expression of chromiosomal rearrangement, is not affected,
suggnsling pr&f;mnelic sclcction. l’re-gnmclic selection and consequent reduction

or- absence of phcnutyplc cxprcsswn in male hctcrozygoth may resull in

Liic in . On' the coﬁlmry, dmpntc Inck of




. significant meiotic disturbance, reduction_in litter size is observed in femalts
: - N i .
lielerozygons for-some inversions, Thess: observations in fomales suggest post:

g gametic_and possibly post fcrlilization selection. Differences between males and

l‘enmlcs in thu stage at which selection operms may account for differences in the

efficiency of sulcctmn in the two sexes, This_ may cx;”am why the mother, mlher

thn.n‘the‘l'nther, is the carr;er of pamcentnc inversion in most instarices of

/.’ recombinants rcpo’rt‘ n hum_n'ns.v {

. . ’ : . . DI
g i
o7 The observations made in this smdy, suggest. (hat vnrlcty ur unfque Thetors
may be ible for the low f ency_of L Ianced p'\racculnc inversions and
o= their_ _récombinants in -humans. They are: |.éytogenetic Timl‘iuns in the
[ ' \ - %
- identification of the inversion, mejotic i that supp) bi:
formation, efficient pre-gametic selection in male heterozygotes-nmd failure of the
/" resulting gametic loss Lo affect reproductive fitiess in male | o2y gotes.
/ s . L 3
By . -
d . . < ks " o .
e
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Chapter'l ‘ SR

e . Intr(‘)'ductioﬁ\\

Inversions=are.balanced chromosomal rearrangements resulting from two breaks _

on a chromosome followed by rotation of the intercalary scgmenl‘ by 180 degrees |

.and incorporation in the same The term ic inversion ‘was
" proposed by Muller (Mulier, 1952)%o address inversions limited to one arm of the

chromosome. &

Paracentric inversions.were iniliglly identified as genetic variants (mutants) .in

“ Drosophil lo st lophila, which reduced the frequency of crossover.
in the heterozygous ‘state (Sturtevant, 1919). The presence of inversions was later
proved on the basis of estensive investigations on crossover I‘roq\’lencics in these
“mutants (Sturtevant, 1931). Since then they have been identified in a variety of
plnnt.s and nnimnis. ‘(AMM»udham, 1069), Trillium crectum (S‘mith
\ 1035), Alomcac (Brandham, 1977), Zea mays (McCImtock 1933), Nolaph”mlmua
- viridescens (Hartley & Callan, 1977), Draaaphlln virilis (Komai & Takakll, 1942),

Barley (Das, 1055, Ekberg, 1969), Lolivm perenne  (Simonsen, 1973), Festuca

pralensia (Si 1075), Trad iae (Darli "1038), I’ueon‘x/(SLel;bius
& Ellerlon, . 1030) Camnula pellucida  (Nur, 1908) and Prosimuliim,

mullidentatum (hotlecls & Nambiar, 1975).)
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McBeath, 1080)..

Paracentric inversions have not been reported in mice in the wild population.

They have, however been induced in the laboratory by X-irradiation or

dministration of eth§fimeth lfonate or tricthyl lamine (Roderitk & «

Hawes, 1974; Evans & Phillips, 1075)‘. Paracentric inversions have also been

induced in itoes by irradiation or chemicals (Kitzmiller, 1976).

1.1. Paracentric inversions in hurnans
“Untii” recently the number of paracentric inversions identified in humans has
Jbeen small compared to other. balanced rearrangements sueh is translogations and

pericentric inversions. Paracentric ions were not identified-in a population of

3835 liveborn mrmxts “stn chmmusomcs were snuhod with Gicm:

Immling. in
which t.he frcquency ol‘ mmrocal translocations and_ pnnccntnc inversions was

9.10% and 00 5% rr:pccll\d) (Buckton, O'Riordan, Ratcliffe, Shgth, Mnh‘hrll &

\
The appnryt frequency of any chromosomal r('nlmllgv_nwu/do[wllds upon the

frequency’ of the ranrangvmcn’n in the population and the ability o identily it.

Prior to the introduction of chre banding techniques (Caspersson, Zech &.
Jo]mnssou,lﬂﬂ)), only those lenmngemenls whxcll resulted in altered "arm ratio

(length of long arm dlvndcd by that ol‘ the short arm (q/p)) or centromere index

(perccntagc of the short arm in terms of the total chromcwmc length -

[(p/(p+q)x100)] (Thermun, 1988) cuTxId be identified. \V|th the introduction of

banding techniques, and more recently of techmquu wluch facilitate the study of .

prophase chromosomes (Yu‘nls. 1010) one can identily rcnrrnngen]on(s that do not

aller arm ratio.




As the centromere is wt included in the inverted igment in parscentricé™
inversions, the ‘am ratio is not altered. Therelore it wss mot ,M'm banding
techniques w:re inlroddcd that the First pnacclﬂr‘ic inversion was reported in
humans (del Sojar & Uchida, 1974). Since then there has been an increase in the

mber of cases reported every year. Some of the interesting characteristics of

man paracentric inversions are;
1. Low frequency”

2. Association ‘of nywently balanced mverslons wnh developmcntnl
abnormalities \

3. Association with_aneuploidy of other chromosomes and -

4. Low Irequency of recombinants.

\
1.2. Frequency of paracentric inversion in relal,lo;: to that of

other bal d rearr tsin vari pop i o~

©  The frequencies of paracentric inversions and that of other _ balanced

in different populations may be compared.

T

As p:meentnc inversions may ‘be deteeled only on chromosomes that are
banded, only those !'-lldll‘s which used: banding tcthmquu will be reviewed, Few

population 'studies have been carried out o'n healthy individunls after lhe

had L

int _‘_‘ jon of banding and uwing analysis (Lm, Gedeon,
-_anhth Smink, Newfon, Wnllue & Sewell, 1070 Buckton, O'Riordan, Ralcliffe,”

Sligth, Mitchell & McBenlh 1080)

o




1.2.1. In amniocy tes 1_ g % S -
Chromosome studies of amniocytes always use banding techniques and’data from

large studies are available. Data from three large cv:)lléxborativc studies (Fergugon-

Smith & Y'\tcs, 1984, Hook, Schremcmnchcrs, Wiley & Cross, 1981, Van Dyke, ‘

\Vmss, Roberson & Babu, 1983) are summarized in Tablé 1~ l|

|
The study by Van Dyke, et al.«(Van Dyke, Weiss, ‘Roberson & Babu, 1983) wj
carried out to delermine {he differences in| the frequencies of balanedl
redriangemnents with and without the use of b‘\:mdiug techniques. The higher *
frcqu‘cncy of vtmnslucalions and  paracentric ii\“;vcrsinus found in this study
gl Lo olhers mey have bngg bsuse of tho extr ffort made o ensure thal

the number of rearrangements undetected was minimal:

1.2.2. In liveborn

Paracentric inversions were not. identified in two studies of consecutive liveborns

_(Lin, Gedcon, Gril’[i':h> Smink, Newton, \\"ilkic & Sewell, 1976, Buckton,

O'Riordan, Rnlchl’fe, Sligth, Mltchel] & McDBeath, 1080) involving a ! Lola.l of 4765,
births. The [requd paracentric inversions in "the general pupulnuon WL
known. Fryns et al. have reported a frequency of 0.03%. in a population of 44,000 _
individuals, investigaled for various reasons .(Fryns, Klfckawskn & Vair den
Berghe, 1986). The difference in frequencies in amniocyles, 0.010 (wcig‘hmq

averagy), and liveborn ,+0.03%, is not significant. -




Table 1-1:  Frequency of balanced structural rearrangements
Z in amniocytes.

Investi - Snn}ple J Trans- Perl- Para-
. A
-gator size location “centric centric .
Ferguson-
.

Smith N
ool [84) 52065 . 0.15% 00% . 001%
ook PRI
ol [84) 24950 . 0.16% 0.08% 002% =
- Van Dyke 1y ) ' w
o al. [83] ‘8158 0.98% 007% " 005% "

‘ . . R

o




1.2.3. Mentally retardedindividuals

In individuals with moderate and severe mental retardation, Fryns o al.
obsur:cd lha‘lt ;he frequency of paracentric invérsion ivas 2/2000 (0.193) (Fryns,
Klgcz](owskn, Keubien & §m.. den Berghe} iﬂgl). T’he higher incidence of
paracentric inversion in indfiGak with mental relardation thnin the general
population (0.03%) suggests an ajsocmiun between paracentric inversions and
abnormal duvclopn):t, and implies that paracentric inversions may be of clinical

significance. Another possible reason for the higher frequency among the inentally .

: “ .
, retarded individuals is that extra effort may have been taken in evaliating them

cylogenetically.
Y

1’.3. Fz‘u:mrs that may influence the true {requency of paracentric
inversions
The low [requency of paracentric im'crsioni”ldcmiﬁml dclspilc the use of banding
techniques may be due to g truly low frequency. Asin the case of chrommome
remmngcmun\ in genetal, the prevalence of a paracentric inversion depends an;

1. The rate at which it is produced i.e., the mutation rate and
Ve 7

2.1is maintancnce in the population, which depends on ils Fepfoductive
fitness.




various intradfromosomal and int

1.3.1, Mutation rate N

Translggations involve breaks in two followed by exchange of

malerial belween them. Inversions result from tvo breaks Ymthe samé chromosome
. . )
followed by rotation ‘of the intercalary segment by 180 degrees around a

transverse axis and incorporation in the same chromosorne. Incorporation at the
: B i
DNA level requires that the polarity is maintained. (Figure 1-1).

The location of two breaks and l.hc resulling chrommome rcarnngemenl (intra

or inter) depcnd on h¢ proximity of the bmkpomts & thc mn:lens a} the time of

_breakage and réunion. _

Pl -
Data from ampiocyles may be analysed to compare mulation rates for the

1 rearra ts. The rate and

95% confidence intervals .of muL:mt structural rc-nrmngomcnls, in felus of seven
groups _of women undcrgomg amniocentesis /s as  [ollows; I(obcrtsuman
translocations (2.0—2.5/10,000) reciprocal-translocations  (4.8-5.6/10,000): and
inversiohs (0.8-‘1.2/10,000) (Hook, Schreinemachers, .Wiley & Cross, 1984). The

differences in the observed rates for translocations and inversions may be réal or

may result from difficulties in identilying i lonig: ™ .

mentof two chi in translocations and only one in

" inversions may be one cxi;lnnatign for the obseived differences i)etwcpn thc

fi ies of mutant tra i und i It the inversion is the result of
a

thrcn events, two - breaks, rotation of the segment bctwm-n the’ {wo breaks and
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mcorpomuon of the invortv:d egment (clnssic . model of cliromosomal

. rcnrmngcment), there oughl not tu be a difference i in, the hﬁ\{cnvm of mutant

pericentric and i i ions. But il ipversi rcsufv%rom bmnks of

3 . B— & s ) a < -
crossed over fregions of ‘the arm, or. anms, followed by incorporation of the,

:xllermle ends (exchange Ilypolhcsls of chromosomal rc'\rmugcmcnt (\thl.c. 1973))

mul.atum mtes oL pericentric mverslons wuuld bc Inghcr than i at of p-u'.\ccutnc
m’vcrsmhs * 120.0(-390 (30 8%) cllrnmosonnl rmr:mgcnmnts which ciccurrcd durmg
pnmulo cvaluuon wcrc pcnccnlnc inversions cmnpnrcd lo only 22 (1>9 o) of
pamcculnc inversions (Dutri ‘mnx,.fCouturmr,'Snbntler,’l\hlcnﬁ & Pricur, 1986);
suggcslin‘g'one or bolh of* the following; (W Pericentric inversions occur muret

frequenily than p'xmccnlnc InVLrslons 'llns would be thc case if it is assumed that *

overlappingof regions on mllwz,sldcs of thc ccn(mmyrc is more Ilkcly compared to

thiat of régions on the same arm. (2). i"ericuhrie invcrsions are genetically lcss
R S ) T T

lethal or more pertinant to ‘evolution ‘than paraceptric inversions. In humans, of

106 pericentric inversions uivustrgatcd, the l‘rc:}ucucx‘ of de novo mutants was I8 .

(0.2%) (Kaiser, 108(] In 83 cases of paracen(nc l]th\rSIOHS rqmrted in. the

‘htcr'\lurc, thc frequency was 8'(9.6%). This data dous ||0L lwwcv(-r r(-pﬁkcnt llle : =

rate of mut:\l.pn in the gametes. - )




ey,

The observed similarity in the pruppﬁion of de novo paracentric and pericentric
inversions suggests that théy Kave the same reproductive fitness. However, the

absolute nunibers of new cases of paracentric inversions is much less.
w ¥ o 4

1.3.3. Reproduction in'human carrfers of balanced res}-rang’em,cnts .

Although balanced chromosomal rearrangements, in most cases, will not have

‘much cffect on the development of individuals, they. may have an effect on their
- % ¢

reproductive fitness. Rcluuve p ive fitness may be estimated as a function

of fertility, survwnl und gr.-ncrnuon time (Morton, Jncobs, Frackiewicz, Law & .
Ihldltch, 1975).  Pairing o[ homologous ‘chromosomes is a prerequisite fos

rccombm'u.mn and normnl disj ion. Ch T , thnt disru
P!

the hcmology of cllromosomc p:urs can dlsmpt the process of meiosis and i lmpau

seproduction. Chiromoomal rear

can mtcrfcre with (1) gametogenesis
—

(2) viahility or function of the gametes formed and (3) development of the

pru(lucts of conception. In lmm:ms detrimental effect on gmnclogcnesis and

Coa s -

viability of gametes manifest as lowered gamete count. Inf®ference with

devclnplhenl of the products of conception is clinically recognised :\s-spontn_ﬁoons

abortion of a chromesomally unbalanced fetus or an offspring with chromosomal

imbalance and congenital abnormalities. ac
i B 3 | K4 X .

- 3 .
Insight into“the relativé effects of paracentric inversions and other balanced

rénvrnvlgoxﬁents on reproductive fitness may help.in evalaating the role of selection

in determining the: observed frequency of tlie rearrangement, as well as in

praviding: cstimates of Fisk for.involved couples.
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v
: vn_z'uospmmin or oligospermia. -Both reciprocal trnnslqcnlioyl (K‘lnrcan & 'l'e); 2

12

1.3.2.1. Ch;omosoms@lormaliﬂes and gamete count 3 ¥
For reasons of casy availability evaluation of, gamete count jn humaus is limited
to males. Chromosome, abnormalities of both sex chromdsomes and autosomes are
in gcncm] more [requent in indivi;lnnls W‘ii,ll low sperm count (29%) than in t‘llc
general population (Chandley, Maclean, ‘Eilx;)nnd, Fletcher & Watson, 'm§).

1.3.2.1.1. Tra‘n‘slopatlons in subfertile men |

- There are nur repSits of prob s with el

1084, Chandley, " Seuinez & TFletcher, 1976, *Chandley, Christic; l"lutclmr,‘

<
Frackiewicz \!ncobs 1972, Gonzales, Losourd & Dutrillaux, 1981, Laurent,

Clmmll% Duln'lhux & Speed, 1982, Yamada, Nnnko, Hattori & Isurugi, l082,
Cantii, Diaz, Moller, Jiménez-Sdinz, -Sandoval, Vaca & Rivera, 1085, Romdn, .
Sortln & (.qrciw-Swrmlo I(Y'U Micie & Micic » 1081, Callen, Woolatt & )
San*rI'unl 1985, Faed, L'm\unt & Baxby, 108:!, I!I.\ltnrr, Kistenmacher, “Tsai,
Punnett’ & beleu mvu l,mmnt chmcnl (ngn'\t & l)umlhux 1977, Viguié,
'Romani & D:\do\mc, 1082, (Au.lndlcy, 1081, l.vumml, Bisson & David, ,"ﬂ“'

4
an

Retief, Van Zyl, Menkveld, Fox, Kotzb® Brusnicky, 1981) and Robertsoni
translocition (Chandley, largreave - & - Fletcher, 1982, Ghandley, Chistie,

Fletcher, Frackiewicz & Jacobs, 1072, l{om:’u;, Sordo & Garcia-Sagredo, 1979,

. Plymate, Bremner & Daulsen, .l'_070, Facd, Lamont & Baxby, 1082, Menidbeld, van

25¥ & Tetie, 1983) have been reported in subfertile men. -1

The incidence ‘of translocations in men with oligozoospermia and azoospermia




. fl'ol’;l six studies (Mecllree, Priie, Brown, 'ﬂxlloch, Newsam & Mac]ea‘n,‘m(m,
Retief, Van Zyl, Mcn’kvéld, Fox, Kotze& Brusnicky, 1084, van Zyl, Menl;vcld, van
fotae, Reiief & van Niekerk, 1975, Chandley, Edmond, Ghristie, Gowans,
Fletcher, Frackiewicz & Newton, 1075, Ti’cpo]u, Zuffardi, chcuro’ & Garola,

1081, Hendry, Polani, Pugh, Sommerville & Wallace, 1976) is revnewed in Table

Il 2].

<. s ”
The'range:-in frequencics (0%-4%) observed in these studies could be because; |

1. Individuals: classificd as subh:rl.lle and included in the various studies
range from those ascertained due to azoosperihia to those due to a
pregnancy . resulting .in  stillbirth. (Chandley, Edmond, - Christie,

N Gowans, Fletcher, Frackiewicz & Newton, 1975, Marmor, Tnillemite,
van 'den Akker, "Portnoi; Joyce, Delafontaing, & Roux 1980); the
samples may therefore bé heterogeneous. /

. The. techniques used in the various sludic§ /mny__bc different. Eor
—— example only 3 of the 8 translocations identified by Hendry et al. were
identified in somatic ck The remaining 5 were identified in

©

meiotic preparations (Hendry, Polani, Pugh, Sommerville & Wallace, X
1970). :
3. Small sample size and use of st.‘nmng techniques that do not have the
ability 1o identify certain rearrangements may be the reason why -
Mellree et al. (Mellree, Price, Brown, Tulloch, Newsam & Msdclean,
1966) did not detect rearrangements in their study.
1.3.2.1.2. Praspe:.:tlv_e studics on carriers of translocations

There are at least two studies on sperm count,in carriers of balanced.

translocations. In two cases out of three, Abramsson et al. found a 'sperm count

less: than 20 million/ml (Ab . ) Bec Duchck & Nord , 1083). The *
value of 20 million considered as the appropriate value to distinguish between

normal and nbnormixl'angd on reports, has since been contested (Elius’an, 1981).

S T
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Table 1-2: _Frequency of transloeations among subfertile

Investigator

Frequency of translocations

Mellree et al. [66]

Retief ct 4l. [84]
[
\

Vai Zyl etal. [75] -
Chandley ct al. [76]
Tiepolo et al. [81]

Hlendry ot nI.J76]

0/50 (o‘,fa) 9

" 3/406 (0.60%)
3/130 (2.30%)

0/1509 (0.56%)

27/2247 (1.20%)

' 4 8/200 (.a.u".:f




—_——

~ spontancous abortions or stillbirths is 23-105 mi\lwmn.

Marmor et al. analysed the spermiograms of nineteen subfertile Lranslocation
carriers. Sperm count in the-eleven who were carrriers of rec:pruml translocations

was bctween 0-105 million/ml. The count in the 8 carriers of Robertsonian

% Lmnslocgzlions was hctwcen 1.6-47 million/ml. Sperm count among individnnlfvwlm

preseiited” with primary infertility (i.e., no* recognisable pregnancy) was 0-47
million/imt (Mnrmor, ’.[‘nillenﬁite; van den Akker, Portnoi, Jaycc,vDelaronvtaine &
Rouy, 1980). Both reports are based on few subjects. Therefore it is difﬁcun o
draw any conclusion-on the corrolahon between the rearrangenrent nnd sperm
count. The observed range of sperm count (0-105 million/ml) may be due to the
inclusio;n of heterogencous popu[al‘ionsA (The sperm count iq those cases presenting
with primary infertility (ic, no recognisable pregnancy) is 0-18 -.million}ml,

whereas that in those who have had at least 2 pregnancies and ascertained due to

.

1.3.2.1.3. Inversions and reduced sperm/nam;c

Reduced sperm count has:been reported in carriers of both pericentric inversions

(T6th, Gadl, Sira & Lisalé, 1082, Giraldo, Silva, Martinez, Campos & Guzmén,

‘1081, Facd, Lamont & Baxby, 1982, Rivera, Alvarez-Arratia, Moller, Diaz &

Cantd, 1984) aiid p ic ai ions (Facd, & by Lamont, M.
Grieve, Baxby, Jn!ncs & ’Clowdcr, 1076, Madan, Scabright, Lindenbaum &
Bobrows, 10845 (Refer Appondblc A). -Both Ch/e probands " with paracentric
inversions were invéstigntc(l for sub'ferlililfy.' In the French Collaborative Study-

12% (36/304) pericentric inversions (A Fréench Collaborative Study, 1986a) and B
Rl ; E

6% (2/32)l‘pnmcentricv' ions (A French Collab gtive Study, 1986b)_were *

-

ascertained due to male sterility.
P4
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The wide range of sp.erm count reported by Marmor et al. (Marmor, Taillemite,
van den Akker, Portnoi, Joyce, Delafontaine & Roux, 1980) suggests that &
retrospective eytogenetic studies on individuals with low sperm counis could result
in-the exclusion of those individuals who are carriers of balanced rearrangements
but whose sperm counts are not affected to any significant level. There is ‘evidence

< g
*that fertility need not be affected éven’ when the sperm count is below 10
' million/ml (Eliasson, 1981). o .
§ G w . =
The lack of paracentri¢ inversions in the various studics could be because:
. “

P
1. Since the frequency of paracentric inversions is low they may-not be g, 6
. identified in ginall simples.

. The cytogenclic techniques used may not have been appropriate
identify paracentric inversions.

i

e

o

. The minimal effects on spermatogenesis may not result in apparent
subfertility. a5

+4. Spermatogenesis may not be affected. .
< . .

As in the case of other rearrangements, retrospective studies attempting to
correlate low sperm count-with paracentric inversions are subject to ascertainment
bias. 'ln addition the observed range of sperm count in plospccti‘ve studies and tlie

" observation that low sperm counls necl not. necessarily affect reproduction’
suggw; "tl;nt at least in Iluv:nns, low sperm count cannot be, used as a reliable

estimate of reproductive fitness. Aberrations in sperm count, however may be an

Vheocaas o N

of a selection in. 3 2

ki




1.3.2.2. Bal d rear and reprod impairment evident
* during the posueruuzmon stage -

At the post:fertilization stage of B ion, balanced rearran in an

g 4 L %
individual are ascertained following:

1. The spontancous abortion of a chromosomaily nnhnlanccd product of
conception. .

2.The association of stillbirth or neonatal death with chromosame

imbalance. .
3. The birth of an offspring with developmental abnormalities and
\,_chromosome imbalance, 5

4. Population screening. -
1.8.2.2.1. Balanctd rearrangements and fetal wastage
Balanced rearrangements: can giv:; rise to genetically unbalanced recombinants
which can affect embryonic or fetal devnlm{nvnt. One factor that may affect fetal

-is the nature of the fetus (Stein, Susser, Warburton, Wittes & Kline,

he more severely affected embryos and fetuses are ‘climinated prenatally
in the form of spontng;.'ous abortions. Therefore balanced renrmng;.‘mcnls would
be- represented more in gouples “with repeated :\bortim:ls than in the general
population. The observation Trom four studies (Fitzsimmons, Wapner & Jackson,
1083, Lippmnn-lvhnd & Vekomn;-ns, 1983, Pantzar, Allanson, Kalousek & Poland,
1084, Fryns, Kleckowska, Kubién, Petit, van den Bergh, i081) on codples who
experienced spdntnhéous abortions are bsummnrizcd in Table (1-3]. The di[lerence‘s
in frequencies in-these studies may be due to vnnahon in ascertainment. The-

number of h abortions i d before the caup]e was ldcnuﬁed is




Table 1-3: Frequency of chromosomal rearrangements
in couples who have experienced spontaneous

abortions.
-~
hvestig‘n@ol{ Frequency of Frequency of
“Tr 1, 1 ) N
Fitzsimmons v
et al. [83] ; AT (LR 2/175 (1143%)°
5161 (311%)°  1/161(0:62%)°
0/30 (0%)° . 1/30(2.50%)
Lippman-Iland & )
et al. [83] 10/177 (5.65%)%* 0/177 (0%)?
Panl;u ) : - :
et al. [84] —4/318 (1.26%)° 0/.3]8:(0%)‘*
Fryns ‘ o » ’ )
et al. [84) ) 53/1008 (4.96%)° 2/168 (0.19%)"

* Paracentric inversion
2 2 consecutive spontancous abortions
3-or more consecutive spontancous abortioris
© 50% fetal loss '
42.0r more spontaneous abortions

' © 2 spontaneous bortions and 1 spontaneous abortion and 1 fetal
b &

death parti ly with

~




one source of varlalmn -Differences in the frequency of chromosomal
rearrangements have bmvn ul)ecrvcd in eouples with dlﬂ'cronccs in the number of
spontanéous abortions (Pnn_l.znr, Allanson, Kalousck & Poland, 1084). Another
source of variation is inclusion of cases with a history of late fetal death with
congenital abnormalitics: The study by Fryns et al. (Fryns, Kleckowska, Kubién,
Petit, van do}n Bergh, 1984) included coup‘lL‘S \%such a history. ert another
reason for the high frequency in some slu;li-ss‘ may“be attributed to the fact that

the women are investigated for ‘other probable reasons for spontaneous abortions

before inclusion in the sfudy.

1'53.2.5.2. Prospective  studies on . carriers of balanced
rearrangeéments g

There are atleast 2 studies mvest)gn!.mg the mte ‘of spontancous abortions
among’ (:nrnors of balanced rearmngcmems In 46 cases of reciprocal tfanslocation
asccrtnim‘:d follo\v‘ing b}\h of 2 m: rmf_d/gluld, recurrent_ abortions or.

" hypogonadism, the inciflcnc{e of sponjfieons abortion was 50‘71nrler correction for
ascertainment bias. (Neri, Serra,"Campana & Tedeschi, 1983). The genetic risk for
;ccipyocnl trnnsl9cntions have been found to depend on the probability of
disjnnclion/sv.\greg:\tion :md‘the ;-csulting degree of imbalance. The probability of
(hs;uncnon/segrcg’ahon -and dcgrce of imbalapce depends op the brenkpomts and
sex of the carrier (Slcne & Stengel-Rutkowski, 1082). In the study by Neri et al.,
the incidence among carriers of Robertsonian translocations was found to-be 20%

" for Y(13q14q) and 25% for t(14q21q) alter cc;rf'cclion for ascertainment bias 7(‘Ncri,’ o

Serra, Campana & Tedeschi, 1983). Differences in segregation ratio have also been




20 s

observed in male and female carriers of Robertsonian (D/G) translocation (Stene,

1970). . : K » i
<y : L

Ve

The rate of abortion among 349 carriers of pericentric inversions is Teported as
/1129 (Kaiscr, 1084). If those cases that were ascertained on the bisis of an
aboruon are disregarded, the frequency of abortion is 9.1%, which is lower than
that observed in carriers.of translocations (20‘,"’0-50%) as well as in thie gencral
population (15%) (\Vmburton & Fraser, 1064). L . ‘
1.3.2.2.3. Paracentric inversion.and fetal wnstnge i

Paragéntric inversiofis have been ascertained on the basis of fetal Mstnge

(Stetten & Rock, 1983, Finley, Scarbrough, Carroll & Feng, 1985, Fryns & Van
den Berg, 1980, A French Collaborative Study, 1986b, Yang-Feng, Finley, Finley
-& Franke, ,11;.85) (Refer Appendix B). Trunca m;d Finley et al. have attributed
Fhe fc‘tnl \vnstngé to the inversion. Until the products of conception are |)ro\;d to
be chromosomally abnormal the relationship between the " miscarriages and
invcrsion cannot-be established with certainty. Thirty-four pérc:elxt (11/32) of the’
pnmcmﬂric inversions identified by the Fwncvh Collaborative 'Study_ “was
asccrtmncd I'ollowmg mvcstlgnuons for recurrent abortions. This is Iuglwr than
that reported in literature (15%) (A French Collaborative Study, 1980b) Use of
high resolution cytogenetic evaluation in the ench Study and/or under reporting ’
in literature may be the reason for the diflgrenge.

Vi *
Miscarriages have also been reported in some familial paracentric inversions niot




‘a2

ascertained on the basis of_s"l&yﬁc\\ls abortions. (Valdreel, Benitez, Martinez, °

Rey & Sdnchez - Casos, 1963, Specvak, Hunter, Tlughes & Cox, 1985, Madan,
. . |

Seabright, Lindenbaum & Bobrows, 1984, Ridler & Sutton, 1081, del Porto,
d'Alessandro, de Matteis, d’'Innocenzo, Baldi, Pachi & Cappa, 1984, Venter,
‘Dawscn, Du Toit, Smith, Kritzinger, Landmau.}m:: l’ﬂ&i, Stetten &
Rock,'ész, Peters-Slough, Plantéydt, Timmerman & Vooren, _1082, Djalali,

Steinbach & DBarbi, 1984, Fryns & Van deh nrg, 1980 Fryns, I(lcckowskn,

Kubién, Petit, van=en Bergh, 1984). (Refer Appendix C). In 26 carriers of various

paracentric inversicas in these families, of 100 prc?mncieu. 23 resulted in

spontancous-abortions (23%), which unlke pericentric. inversions is higher than
tln;, “proportiot of pxegnanc‘i}:s that result in 'sponlanci;FEbolrtions in the normal
) population. h_\ one family ascertained on the 'bns.is of miscarriages, the frequency of
miscnrrinx;c's \vn; not different between that ift nine carriers and fivé I‘\on-cnr;ier
family members (Johnson, Dobyns, Dewvald & Gordon, 1985). In those instances of

fetal wastage in which a paracentric inversion heterozygote has been identified,

there is no cy ic evidence ing.a causal relationship between- the fetal

wastage and inversion.

1.3.2.2.4. Stillbirths and infants with congenltnl mnll‘ormndons ln‘
carrlers of balanced reurnngements

Clm’)mosomnl imbalapce may also tesult in late fetal Yeath (stillbirth) or birth of
an lnfnnb with ¢ ngemtn] -abnormalities. The average ‘risk of a malformed infant
for reciprocal” tmnslocnuon carriers, ‘and thc Robertsonian translocation (14q21q)

-+ mdthers are 0/(2 and 23% rcspccuve]y (Neri, Setra, Cambana & Tedeschi; 1983).




- Chromosomes 3, 9, '13 and 15 were most [requently invvél\'cd in reciprocal
translocations and adjacent lype of disjunctiou-sf'g:vg:llion was (he-most frequent
type capable of producing a vfmblc unbalanced zygote. For pericentric inversions
the rate of stillbirths has been csl.im\c;icd- to_be 2.37% (23/972) of births, a

Y significant increase over the normal rate is 0.77% (Kaiser, 1084). One familial

s, paracentric i:;version of chromosome 15 (q15q24) has been ascertained on the basis
- of 2 peonatal deathis with congenital nbnoruu\litiu_s (del Po‘rla, d'Alessandro, de
Maticis, d'Innocenzo, Baldi, Pachi & ‘Cappa, 1984). In the French @{\live
Stu(lyf,_ 4% (11/301) pericentric inversions (A French Collaborative Study,

1086a) and 6% (2/32) paraceditric inversions were identified sybscquent to

stillbirths (A French Collaborative Study, 1986b).

\

In all the above mentioned situations, i.c., those identified *due Lo reduced .
;-umt the

gamele count, felal. wastage or perinatal mortality, it appes

conlnbuuon of paraccnlnc inversions “is um\mml compared lo that wof olhu
rearrnngcmcnts Most studxcs on subfertility; fetal wastage nn(l perinatal mortality
used cytogenetic techniques which ‘cuuld identify anly "gross  structural
rearrangements and were not efficient in‘idcntifying subtle rcurr"m'gemculs and
paracentric inv‘crsions. The high frequency of ‘spontnneous nbu\rlions among .

carriers of paracefitric inversions (Refer section 1.3.2.2.3) however, suggests that

paracentric invggsions may be of clinical significance. i




1.3.2.2.5. Ab Ir bi; in Ii offspring of carriers
of bnl_-n:ed rearrangements . B

The extent of genetic imbal in’ ',, eal locati and " pericentric

= . inversions has been suggested' as one factor which mﬂncncu the suerval of a

lly ab l fetus to lerm F 8¢ haploid ! lcnth Ins been
snggested as a measure of thpo’lenlml chronmsmvml nnl’nlnnce Thc nbsence ol‘ *
1o hrge chrnmosomnl imbalance in lull term offspring lnu been cxplmned on this

gsls (Daniel, 081, Daniel, 1979).
~ . ¢

¥ 1.3.2.2.6. Ab 1 binants in liveborn offspring of carriers
“of paracentric Inversion " Y e
Imlividuals with ital al lities and possible ab 1 binants ol
o v

|rdrncer;lric ilchrSiOll; have ‘been reported (Valircel, Benitez, Martinez, Rey &
- Sinchez - Casos, 1983, Speevak, Iunter, llugl‘l'cs & Cox, l_985,“lloo‘, Lorenz,
Fischer & Furhmann, 1982, Sparks?Muller & Klisak, 1979, Mules & Stanberg,
1984, l\elly, Wyandt, Kasprz:\k Ennis, Wllson, Koch &Schnatterly, 1070) (Refer

Appcndnx D) T,
Il g - .

~) Whether th'e recombinant is due to crossing‘over in the rearranged chromosome

B

is quesl.xunable in al least three of these reports. Vnnouu mechnmsms, as suggested

by Sparkes et al. (Spm-kcs, Muller & Klisak, . 1979) could result in the observed

— itinl deletion in ck number 13, Crossover between the |1verl.ml
' nnd the normnl chromosome in the inverted region and dcleuon of l,lw resulling

" dicentric chromosome is one mechanism. Others include (1) breaks in both

chromosomes in the inverted segment” followcd"by rejoining ‘with the segment on
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the aller;ate chromosome on the.samc side of the break or (rejuining with the

segment on the alternate chromosome. on the other side of the break would result

in a crossover) and (2) two breaks on the same chromosome arm ang loss of the
interstitial material.” A break at the point where regions on the normal
. éromosome cros to ke the kop will also hace the same resalt (igure 12)
Sparkes, Muller & Klisak, 1070), The recombinant, described by Kelly et al. is
re‘p‘oﬂcd to involve deletion of the region inverledgin one cllrulleruillln}l of the

father (Kelly, Wyandt, Kasprzak, Ennis, Wilson, Koch & Schnatierly, 1079). In

this ‘case also, excision of Ihe isversion loop by axehange within the chromosome is
thought to result in the interstigial deletion.

Neither genetic nor clinical information is available to “substaitiate  the

assumption made by lloo et al. that the additional band on the inverted

. chromosome 7 is an interstitial duplication (lloo, Lorenz, Fischer & l-‘urhn;r\ :

1082).

To result in the recombinants reported by Valearel et nl4',.brcaks have lo oceur
|L the.same point in the dicentric bridge in all the three cases (Valircel, Ben itez,

< Mortlncl, Rey & Sdnchez - Casos, 1983). An allernative is that the rearmngcnmnl

is an insertion as discussed by Callen et nl (Callen, \Voolnu & Sutherland, 1985). +

Until tlmse possible mt.chamsms are excluded, one can nccv.-pl only those

' rccombmants reported by Speevak et al. (Speuvnk Iunter, llnghu & Coy,

~ 2 .
1085) and Mules and Stanberg (Mules & Stanberg, 1084) as resulling from



.MJ

crossover in the inverted segment, formation of dicentric chromosome and the

observal recombinants resulting from a bréak in the dicentric chromosome.

Attempts to explain the low frequency of paracentric inversions compared to that

‘of translocations on “the basis of differences in reproductive fitness assessed at

various stages of reproduction is restricted by the small numbers of paracentric

inversions available for analysis.

1.4. Balanced rear ts and develop ental abnormalities,
The I basis of develop tal abnormalities dépends o'ny duplication
.or dcﬁricn’cy of n'scgmcnl of the chr Therefore bal; d rear

ought not to result in developmental abnormalities. They have, however been
: N

reported in a variety of populations and are reviewed below. Position effect has

been suggested os.one reasan for the association of balanced rearrangements and'

devcldpmcntn( anormnliLics (Reler section 174.4). -
o p

' 1.4.1. Frequency of balanced rearrangement in abortuses X

Wnrhurtc’n ol nl.&Wnrburl‘on, Grady K‘L Jagicllo, 1981) studied twelve abortuses
from nine carriers of balanced rearrangements, Three were normal, three were
unbalanced derivatives of the parental rearrangements and two had anomalies
unrelated - to the parental' karyotype. lnléréstingly,. the remaining feur had .';110
balanced rc‘armngemcnl. Observations l’r:)m four studies (Boué, Boué, Lazar &
Gueguen, 1073, l‘(njii' & Ferrier, 1978, Bouéd boué, 1973, Jacobs, 1081) are

summarized in Table [I-1]. Two abortuses with inversions were observed in one’

study (Jacobs, 108}).
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Table 1-4:  Frequency of balaiiced translocation in
- spontancous abortuses.

Investigator Frequency of translocation
5 v
- . Boué & Boué [73] . 0/86 (07)

R v . _ .
Bous et al. [73] 1/60 (1.67%)

Kaji ot al. [78] * - 0/310 (0%)

Jacobs [81) w 14/5726 (0.24%5

Total o, 15/5452 (0.26

i d
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* 14.2. Balanced rear t and perinatal mortality

Three sl.m;liu (Machin & Crolla, 1074, Sutherland, Carter, Bauld, Smith & Bain,
1078, Kuleshov, 1076) are summarized in Table [1-5). !
There are no significant differences between the observations in the various

studies. The relatively low incidence of balanced rearrangements in abortuses and

" “eases of perinatal monnlnly sugges& Lhnl they have a small, if any, deléterious
- cfféet on dnvelnpmcnt /'_)
B 5
- % tated

1.4.3.-Freqr of balanced rearr > with

developmental abnormalities

There are a number of reports of P | ab liti iated with

balanced rearrangements |Tharapil, S:meitl., ~\\'ilvoy & Martens, 1077, Nielsen '&

2 Krag-Olsen, ~ 1981, Fundrrburk S‘;pence & Spnrhs: 1077, Jacobs, 1974, Breg,

; MI“L‘I’, Allderdice & Mxllcr, 1972) Mosl of the rearmngemenfs were balanced
/ -~ lnnslocul.wns Funderburk et al. ﬂentlrwd one pericentric inversion among 455

patients (0.22%) with mental retardation lnd “four cases of pericentric inversion

among 1519’(0.24%)in patients with \‘ ic disorders (Funderburk ] Spence &

Sparkes, 1077). . These [r ies are signifi pared to the frequency of

v-Ob.":% reported in liveborns (Lin, Gedeon, Griffith, Smink, Newton, Wilkiec &

Sewell, 1970, B;cklnn, O'Riordan, Rateliffe, Sligth; Mitchell & MeBeath, iﬂﬂ(}).
' : .

)
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Table l bt Frcqunncy of balanced rnrrangemonlu

in perinatal deaths.

Frequency of

Pefl. Inv.

Investigator M Frequency of
i
Translocations
- Machin et al. [74]? 3/500 (0.6%5)
Kuleshov 76" - o115 (0%%)
Sutherland

et al. [78]¢ 4/1193 (0.34%)

o/mo (0%4)

"/nm(o 17%)

2 Infants dying in (mmmtal period

b lnl})uts dying durnf\rlnnlﬁl period and premature mhms

€ Late abortmns (spontancous and therapeutic) inchuded

[
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1.4.3.1. Balanced paracentric inversions and devélopmental
]
- sbnormalities

Many probands with paracentric inversions present developmental abnormalities

0
" 1

or features suggestive. of imbal

r or such as mental
retardation, family history of neural dysraphia and spontancous abortions (Fryns
& Van den Berg, 1980), cerbral palsy, nndescn_:ngicd testis, Klinefelter syndrome,

_infertility, nzoospermia or Down syndrome (Mndml,r Scabright, Lindenbaum - &

Bobrows, 1984), nconatal hypotonia (del Solar & Uchida, 1074), mullipl;

”nbnom\nhtms (del Porto, d'Alessandro, de Matteis, (l‘llinocenzo, Baldi, Pachi &

" Cappa, 1984, A French Collaborative Study, 1986b), features suggestive of Langer

Giedion syndrome (Shabtai, Sundowsk_i, Ni

moy, Klar & Hdlbrecht, 1985),

growth retardation (Peters-Slough, Planteydt, Timmerman & Vooren, 1082)‘,

psychomotor retardation (Deroover, Fryns, llacgaman, Van Den Berghe, 1079),

_ unusual facies and other sbnormalities (Callen, Woolatt, & Suthefland, 1985)and
minor physical anomalies (Allderdice, Sreenivasan & Eales, 1086), The balanced
nature of the-rearrangement and in many cases its cccurrc‘ncc in normal members
of the family suggest that the rearrangement is coincidental and not of clinical

significance (R;:l’ur Appendix E).
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1.4.4. Balanced paracentric inversions and translocations associated
‘with developmental abnormalities - comparative analysis

St Association between de novo and de 1 liti

has been explained oni the basis of (1) interruption of the genetic locus rendering it
. inactive, (2) position effect or (3) deletion of very small magnitide (Tharapel,
Q Summitt, Wilroy & Martens, 1977).

>

Inactivation of the gene by inlerruption‘ of the (gene locus and pnsl’tion effect as

LY 1 abhededaliti
.

possible mechanisms resulting in

are aj only

to de novo rearr Abnormal binants aré formed only in familial
situations. Ascertainment bias and deletion of a small segment are possible in both
de novo and - familial cases. Reduced penetrance may be another reason for

variable expression and difficultics in ascerlainment.

- \ -
Apparently balanced paracentric inversions that are familial (Fryns & Van den
Berg, 1080, Madan, Scabrig]xt, Lindenbaum & Bobrows, 1084, del Solar & Uch_idn,
. lﬂ'M,‘Ory'e & Van Bever, 1083, Peters-Slough, P]nnteydl‘, 'l‘ilmnclm.’m_ & Vooren,
1982, Deroover, Fryns, llacgaman, Van Den Berghe, 1079, Callen, Woolatt &
Sutherland, i085) as well as those that are de novo in origin (llc“ Horton &

= - Scott, 1985, Jacken, Fryns, Standacrt, Cock & Van dén Berghe, 1080, Riceardi &

Holmquist, 1979) have been ascertained on the basis of phenoty pic abnarmalities.

Possible reasons for the observed association of developméntal abnormalities and

¢ presence of an apparently balanced. paracentric inversion may be:




Ascertainment  bias: Cytogenetic investigations on probands with,
paracentric inversions are often carried out because of a phenotype
suggestive of chromosomal abnormalities. If these probands are not
excluded a falscely high estimate will be derived.

e chor‘ting bias: DBecause pal;accntric inversions * are. balanced
rearrangements, when detected in phenotypically abnormal individuals
- they may be reported.

©

»
Abnormal recombinants present only during the early. stages of
7 development:  Uneven number of crosssovers (recombinalion) in the
% » ® inverted segment of a paracentric inversion results in the formation of
a dicentric anaphase bndgc and an acentric fragent (McClintock,
1933). I the fragment is functional as.in maize (Rhoades & Dempscy,

- : - 1953) it may have some effect on the devclopment of the embryo,
=" ) However, durmg subsequent cell divisions, it may be lost and may not

" be present in the tissue exémmed poslnutally <0

.

Abnormal recombmnnts due to crossovcr in the uninverted segment:
ek Unequal. crossing over “in regions. adjacent to the breakpoints in an
inversion- eould result in very small duplications or deletions which
t might not be easily identifiable. Therefore what appears like a

« balanced paracentric inversion may in fact not be balanced.

£ 5 5

~ . N .
De nowo translocations have been. found to be more frequent among individuals

A ko - with dcve]opmcmul’abnorn‘alilies than familial translocations (Warburton, 1082)."

Amv;ng translocations it is observed that non-Roberlsgniun c;nnslucations that .
are de. novo m arigin are more detrimental jhan familial and Robertsonian
trnnsiocnlidns (Tharapel, Slfxgmitl_, Wilroy & Martens, 1977, Funderburk, Spence
& Sparkes, 1977, Wnrbullgn, 1984, Jncob;, 10?4). Warburton estimated that the

incidence of xippnze‘ntlj balanced de novo rearrapgements in montally retarded

5 im]ividmﬁs was almost seven times 2s high as thal in' newborn infants (Warburton,

1084). No conclusion can be drawn from the only prospective study on five de




novo translocation eases as they did not slsuw any significant developmental
F—
abnormalities compared to those who had inherited translocations (Niclsen &

KragOlsen, 1681).

The number of cases of p e inversi iated with devel |

abnormalities is too small to determine the relationship between the origin of the

rearrangement and clini¢al significance as in\{he case of Lranslocations. A

1e5. Fn.r.ag\entric inversions and interchromosomal effect

loid

Some of the paracentric.iuversions in llll!l!gl! were found in association with

of the sex ct abright, Lindenbaum & Bobrows,

(‘Mmlan,

1984, Singh, 1981, Canki & Duttrillaux, 1979) or autosomes {Madan, Scabright,

Lindinbaum & Bobrows, 1084), Disturbinces in  miotic -behaviour, of

gll;omusoms due to structural, fras nents of other.. ch t is termed
*interchromosomal effect ® (Grefl, 1962, Grell, 1970). In humans, the distributive-
pairing hypothesis has been evoked to explain  this Iurmﬂzimelthn‘nmmnml
W fcct. Thwexislencc of aneuploidy and stmtlux‘ghmrrangcmcn‘u of 'unn-lnlud
chromosomes is thought to be one form of interchromosomal c(fc;cl (Gpll &
Valencia, 1064). Reciprocal lmnslocnfions were found in 1.0036 of parents, df Down
syndrome,: compared to 0.16% in newborn infants (Lindenbaum, Ilulq’-‘n,
McDermott &-Seabright, 1055). A 342.‘ fold incrense in risk for aneuploidy is
observed in offspring of c‘_nrrinrs of per’i(:cntric inversions (A French Collnlw;ntive‘

Study, vl-|)80_n). In the case of the (Madan, bright, Lindenl &

Bobrows, 1084) the chromosome with the inverﬁgn— as well as that involved in




E -]

nn‘euploi‘dy was chromesome 21. Howvever it is not reported if The chroiosome
involved in ancuploidy wrs the one with the inversion. There is one report of a
.pamccnu‘ic inversion (7)(422935) in the mother. of an individual with a slructl;ral
abnormality of the short arm of the X chromosome (Watt & Couzin, 1984) (Refer

Appendix F).

The association bctwcnn pardcentric inversion nnd non- (.h:_‘lmcllon of other
cl|romosumcs~ may be the result ofy ascertainment and /or rcnollmg bms -t
m(hvldunls were investigated bechuse of ﬁblmrmnllhes suggcsh\e of unenploldy
Non—disjqnction in the inversion carrier parenl. has to L proven before

interchromosomal effect is accepted as aff ustnblfmd phenomenon in_ tw:gse of.

paracentric inversions as is iated with other-
b . K

1.8. Paracentric inversions and recombinants ¥

binants have been identified in

Unlike other # ts, very few
humdns helerozygous for |nrz\crnlnc inversion (Sparkes, Muilter & Klisak, 1079,
Mules & Stanberg; 1981 Iloo’Lorcnz Fischer &\Furhmann, 1982 Valircel,
Benitez, Mart Tnez, Rey & Sanchcz - Casos, 1983, Specvak, Hunter, Hughes &

Cox, 1985, Kelly, Wyandt, I\asprznk Ennis, Wilson, Koch & Schnnuerly, 1979).

Ileterozygous paracentric inversions | appear _to Iunctmn as supprcssors of”

recombination. A -nuraber of possiblé mechanisms have i)een iftvoked for the

observed suppression (Schul ¢ , 1080, Greenb & Reed, k084)‘

1. Probability of rccomblnnmn is higher in the case of large inversions. - -
In very short |nvers|ol?( pmnng of the inverted segment is'climinated
altogether.
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2. Both incomplete and heterosynaptic pairing prevents crossing over and
resulls in crossover suppression within the loop and around it.

3. Elimination of uribalanced recombi may be incorrectly
interpreted as suppression of crossover.

1.7. Meiosis in inversion paracentric he(éruiygotcs.

Homologous pairing of the et aegmant is wiieved by the formation of a
Toop or hy reverse pairing during zygotene. (Reverse pairing is l)rnught ahout by
lwmologous pairing of the inverted scgment and non-! humologous p'urm! or

asynapsis of the ﬂ:mhmg seglnenu) C]msmu'\ formation al specific site

prerequisite for the formation of abnomml recombinants in paracentric _lllV“rslmi.

Il no chiasma is formed, meiosis resulls in balanced normal and inverled
chromosomes as in the carrier (Figure 1-3). If chiasmata are formedin the region

distal Yo the inversion, or in the interstitial segment balanced normal and inverted

‘. : -
chrompsomds ~aré formed: (Figures 1-4 & 1-5). If, however uneven numbers of

chissmata involving the same two chromatids, oceur in the inverted segment, a.

dicentric chromosome that forms a bridge during first anaphase and an acentric

fragment result (Figure 1-6).
-

If one chi;'nsl_nu is formed jn Lhe_(inlcrstitinl/sugmcnt and the other in the inverted
-

segment, the nature of. the recombinants depends ou’ the chromatids involved. in

the 2 chiasmata. If Lh'e’samc two chromalids or different ones are inv‘olvcd in the

crossover in the inverted segment and ‘ the intorst_itial acgn‘mnt, a dicentric

chromosome that forns an anaphase bridge du’ring ﬁ{\st anaphase and an acentric

is a

v,




\
- Figure 1-3

Dingrammatic representation of symapsis of the inverted segmentfuring

pachy by loop [ and the formed when chiasmata
s . ~
are not formed. (1) and (2) are normal. (3) and (4) are balanced inverted
\ -
~ chromosormes. < -
-
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Figure 1-4
Diagrn|||nxntic representation of synapsis of the inverted segment during
L

pachytene by -loop formation, chiasma formdtion in the segment distal to

-

the inverted region and the recombinants formed. (1) and (2) are normal.

(3) and (4) are balanced inverted chromosormes.
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t
Figure 1-5.

Dingrammatic representation of synapsis of the inverted segment duting -
. / * pachytene by loop formation, chiasma formation in the interstitial segment
and recombinants formed. (1) attd"(3) are normal. (2) and (4) are balanced

z inverted ¢hromosomes.

-3

)
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4
) E . Figure 1-6 g

"+ Diagrammatic representation of synapsis of the inverted segment-during
pachytene by loop formation, uncvm; number of chiasmata lormélign‘ 5
between non-sister clnrumnt}ds in the .inverted segntent and the
recombinants lor;ncd. (l) isﬁ}?ﬂn}l‘c‘l‘uolmso e, (2) is a d;centric»

3 rec_plm.hinan!.ldth.d.uplicntion of the locus a and deficiency of locus 'e’, (3)
is o balanced inverted chromosome and (4) an acentr® fragment w;ith
dc‘,ﬁcicncy‘o’f the 'a’ locus/nnd duplication of the e’ locus. The dicentric .

recombinant forms a bridge during first nnnplx:;se. .
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Figure 1-7 o
Diagrammati¢ representation of synapsis of the inverted segment during
pachytene by loop formation, chiasmata formation involving the same non-

sister ck ids, one in the i itial segment and the other in the

inverted Qsegment and the recombinants formed. (1) is a normal
cl}ronlosome, (2) is a dicentric recombinant with duplication of thie 'x)' locus
and deficiency of the 'e’ locus, (:;)_is:: acentricfragment with deficiency of
the 'a’ ly:us and duplication of the 'e’ locus and (4) is a balanced inverted

chromosome. The dicentric recombinant forms a bridge during first

anaphase.
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- Figure 1-8
Dingrr}llllnntic representation of synapsis of the inverted seg‘meni‘ during

pachytene by loop formation, chiasmata formation i‘n‘volving different non-

. sister ch ids, one in_the i itial segment and the other in the

*inverted segment and the recombinants formed. jl)' is gg dicentric

recombinant with duplication of locus 'a’ and deficiency of 'e’, (é) is a

balanced inver;d chromosome, (3) is & normal chromosome and (4) is n

N acentric fragment win; deﬁgienc-y of the 'a’ logus and duplic,a‘ion";r_ ‘e’
The dicentric recombinant forms a bridge during first anaphase.

’
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fragmgnl are formed (Figure 1-7 & 1-8). If, however only one of tlie tv\fo
clivomatids involved in the crossover in the invertod segment i alss livolved in
{hainterstiviol segpicut, s GicentAe chromosonte ek forms oloopiduring:fist
nciosis and a dicentric bridge during second anaphase and an Ssiitits teagineit

result (Figure 1-9).

-

The dicefftric chromosome and the acentric fragment are duplicated for some
loci and deficient ll_gﬂ_ri The size of the acentric fragment is the sum of the
length of the inverted segmcnt- and. twice the length of the uninyerted segment
from the distal brcakpomﬁo tl;; Lolcme‘rc‘ TI’\c size of the dicentric bridgé is Uie
sum of the length of the inverted segment and twice the length of the interstitial

segment.

1.7.1. Frequ?.ey and location of chiasmata in the normal state

1 I 1 ot

Crossovers are points of physical between

chromatids. Use, of staining techniques that enable dilferentiation of sister
chromatid suggests that crossovers occur at positions identified as chiasmata

cytoloﬁcnlly (Tease, 1978, Polani, Crolla, Seller & Moir, 1979). Observations in -

Lilium  for he gous for ic inversion d the

. )
rcpllionsllip between chiasmata and crgssing over (Brown & Zohary, 1955).

Data op the frequency and location of chiasmata in a variety &f species has been

- .used to estimate the frequency and location of crossovers, For example, in the

Locust Schistocera gregaria when only one chiasma is present on one arm of a




Figure 1-8 C =
Diagrammatic ropresentation of synapsis of the inverted segment during -
‘pachytene by loop formation, with two chiasmata formed between yon-

sister

one in lhe" itial segment and the other in the
- inverted segment. One chromatid, represented by the solid line, is involved
in both chiasmata and the other chromatids represented by the dotted lines
differ in each chiasmata. The recombinants formed are (1) a normal

h s (2) a bal d inverted chromt

(3) a dicentric
" -recombinant with duplication of the locus 'a’ and deficiency of ‘e’ and (4)
8 acentric fragment ‘with deficiency of "a’ locus and duplication of the e’

locus. The dicentric recombinant forms a bridge during second anaphase.

»
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“has been suggested that the sequence of chiasma formation is from the telomere to

may have a role i determining the dlslnl)utmn of chiasmata | (delm & Lvnnq‘
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chromosome, it is normally formed near the telomere. Based on this observation it

centrpmere (Fox, 1973). This is also the sequence of synapsis (i\lusos; 1077).

Similar observations have been made in the mouse (Maudlin & Lvans, lﬂs()jA

|
The possible movement of chiasmata towards the lcloi}\crc (terminalization) -
could interferg with the use of .chissmata to study crossing over. Some

investigators fiave observed evidence suggcsti;le of Terminalization, (Ilultén, 1974), .

‘wherens others liave evidence. to the. contrary. (Tease & Jones, 1078, Fox, 1073, * 0 &

Tease, 1078) or .cv‘xéluncc that is inconclusive (Polani, Crolla, Seller & Moir, 1979).

Maudlin and Evans have reviewed the literature on ation -ail

hidgsma terminal

discussed  possible miechanisms for' the n.pp'\r(-nt process of Lcnnimllizntinu

M'\udlm & Dvnns. 1980). ’l‘cnmmhauon, tl-orcfore |\|trst be consldcmr whan 2
mterp;ehng thcse rcporls on the 1oc:mon of Chmsllmln

- It is suggested that Iollowing farmatﬂl of the first ¢hiasma, the next.ofic s

located beyond a certain distance. The <interference distance réprcsenls .t'hu: ’

mmmmm dlstnncc \ thin wluch chiasma fommllon is prccludcd ]n the mousc 10.

1080). Sl.udu:s of cells in diakinesis in a human miale suggests int¢rference (llnl.lcn.

1074). As it is technically easy to study male cells in meiosis, information available

on interference in '.hé‘m,nch more difficult females'is limited.




1.7.2. Factors which appear to influence location of chiasma . . .
Differences in the number and location of chiasmata in the two sexes in a varicty

of species has been 'mic.wcd; by White (Whue, 1013): Differences in the location of .

chiasmata between sexes have been reported in newts (Watson & Callan, 1963),

plants (Fogwill, 1058, Ved Brat, 1966) and in at least two strains of mice (Polani, .

ly greater in males than in

1972). The freg

y of distal chi is si

the fomales. It is not kiown whether this diff is due to technical, ¢ytological ,
or unkaown biological differences/in ihe two sexes (Pol:mi, 1072).
_— . \ P
Under nnrmnl circumsfances chiasma..frequency\on one arm of thc chromosome
mcrmscs with the lcnglh of the arm (l-‘ox, 1973, M;\udlm & Evans, 1080).

anfcrcncv:s in the frequencies. of chiasmata between different sexes in Lilium and

Fritillaria has’ been teported by Foquill (Fogwill, 1058). Differences in the

frequencics of chinsmata between different sexes in & number of plant and animal

speclos has been rcvlc\vcd by Callan & Perry (Callan & Perry, 1977).

3




" Drosophila; b may océir i othes species sz wel (Schuleth:cﬂrr, 1980). O

“ consequences has been studied in some plants gnd animals..

54°

1.7.3. Freq and location o chi in inversiorheterozygotgs

The rules applicable to Struclurally normal chromosomes in determining the *

frequency and location of chiasma may,fot be valid in the presence of ap inverted
- . ‘

segment. Frequency of crossing over within the inverted segment depends on the

ts relative location on the chromosome and the

length of the inverted scgmml
. .
éneh istics of the individual (Swanson, Merz & Young, 1981).

»

= Rl x
Paracentric inversions appear lo suppress crossover in the inverted segmept

(Refer scetion 1.0). “F'o waintain a crossover froquency close to an optimal value

the. fréquency of crossover is increased i the uninterted region of the chromosome

as well as-in olher chromosomes. Although this phenomeneon, known as the
. * ' Al . -

Schultz-Redficld effect, has been studied and reported cxlcli:iv}:ly only in
>

1.8. B.eproduct;ive outcome in carriers of paracentric inversion

The sbnormal recombinants formed in paracailric inversion heierozygiles are

dicentric chromesomes and acentric frngmonls ’llne acentric fragment may be lost. ~

The dicentric chromosonie is duplicated for some loci and deficient in others and

may have an effect on the fertility of the heterozygote. Prospective studies are

essential for an unbiased assessment of the clfects of paracentric inversion on

. : . 2. i . . T
reproduction. Meiotic behaviour of paracentric inversions and their reproductive

In female. carriers of “paracentric il s in P
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climination of the dicentric chromosome has been observed. By selective’
orientation, the dicentric chromosome is included in the two inner nuclei of the
linear quartet formed following meiosis. These cells form polar bodies and are not

fertilized. The fertility of female Drosophila heterozygous for a p

inversion is therefore not affected (Sturtevant & Beadle, 1036). This phenomenon
.
has also been observed in Sciara (Carson, 1946). In mammals linear quartets are

not formed. ]

In maize; plants heterozygous for a paracenitric inversion or} chromosome 4 (4a)
showed an ovule sbortion rate of 1% and pollen abortion rate of 25%%. Crossover
charn;;ristics‘in Iﬂ‘aic and ‘lcmnle .flmvcrs are not dﬂc; _»The obscrvcdﬁw
difference in abortion rate has therefore bet‘:n allributed to preferential exclusion
of dicentric chtomatids with duplications and deficiencies from the nucleus of the |

egg. (Morgan, 1050).

"l"he observed degree of pollen abortion in maize heterozy gous fo;- paracentric
inversions is found” to be lower than expecled on the bnsis’(;l’ cyln’logicnl
“observations. It has been suggested that the degree of pollen abortion is a function
of various mechanisms capable of restoring a genetic constitution in the  spares
compatible wilh viability. The dicentric bridge, if !ormcd,‘ ruptt{res during
anaphase or le]oplmsc.; the genetic deficiency is snﬂiciently small, the pollen

develops normally. It is'also suggested that spores may develop normally if, the

acentric fragment complements the deficiency resulting from rupture of the

dicentric bridge (Rhoades & Denmpsey, 1053). T "




\nctcmzygosily for paracenlric inversions in the grass]” Festuca pralensis

heterorygous for the sume inversion) (Das, 1955 Absence of sl

(Simonsén, 1975), does not appear to effect its fertility. As in Drosophila, selective
= . .
orientation is thought to be responsible.

Fertility has been found to be affected in barley heterozygous for paracentric

. invcrsions‘(Ekberg, 1969). Both ovule and pollen abortionis were found to range

between 37. 0%49 2% for pollens:and 32.896-44.99% for ovules {in differeni plants

ive orientation

‘.

or presence of a gene similar to thc lethal ovule gcnc is wggustc(l 25 posslhle.
oxpl-umhons for s|m|lar rates of ovulc and pollen abortions. ¥

In mice, investigation of two inversions suggest that fertility” is impaired in
heterozygotes of one pnrnéc‘-nlric inversion in both sexes, In(5)0RK and in l'_cumles
alone in the other (In(2)5RK) due to pre- and post-implantation losses (Ford,

Evans & Burtenshaw, 1976). B

It is evident that even if recombinanls are formed, their effeet on fertility may

differ between the two sexes in some species.
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1.9. Characteristics of pericentric and paracentric inversions - an

analysis

Pericentric inversions differ from paracentric inversions in their reproductive
implications and population frequencies.

Paracentric inversions result from two breaks on the same arm of a chromosome, )
whereas pericentric inversions result fré;n two breaks on the: two’arms. Thercfore
ina |mmcentfic inv,cr§ifzn the-iverted segment does not include the centromere,
whereas in pericentric inversion it does. Based on inversions reported in literature,l

the proportion of de novo pericentric and paracentric inversions. does not appear

" o be different, (Refor section 1.3.1),

Althougli loops nre formed” during meiosis to cnable homologous pairing in

helerozygoles of both perigentric and ‘paracentric inversions, recombinants with

- duplications and deficiencies have been identified predominantly in the case‘ of

pericentric inversions. Differences in the structure and E?ellavi'(]nr of recombijnants
. '
in the two types of inversions may account for this observation. Unless one

cenlroniere is inactivated. the dicentric recombinants formed in paracentric

inversion heterozygotes, may-be elimj d unliké in
pericentric inversion het tes. :

The. i‘requmcy of ppriccn’tlic inversions is significantly higher than the‘l‘rcqucncy——,"

of -paracentric inversions. In the French Collaborative Stu‘{y 304 pericentric

~.

=i i were identified d to 3 ic i igns (A French

Collaborative. SQdy, 1086b). If it is assumed that most breaks occur at the
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junction of R- and G- bands, at the 802 band level, 7650 pericentric inversions and
8607 pnr:'menl.r'ie inversions are expected and at the 273 band level the expected
dumbers are 917 pericentric and 862 pafscentric inversions (Dutrillaux, Pricur &
Aurias, 1686). The apparent difference in frequencies may hc"due to th;! lcrhnicl”@
mndcqumcs that existed unul recently in idrntifying paracentric inversions.
Because |he frequency of recomhmanls is Iughcr for pemenlnc than in paracentric

inversion <arrier, ascertainment on tln.- basis of recombinants is  lower for

paracentric inversions.

On nunlysié of nbscrynliuq;s/rol_:nwd to paracentric inve;.ui;).ns and other ixnlnneexl
rearrangementsqit is np||:|r'eni‘thu: fcntu}cs such as increased incidence among
individ;mis who  have dcvelupmenhl abnunnnlnun and (zn.-sence of
ml,erchromosomal effects are common to both groups. llowcver features such as a
low frequency of Fecombinnnls and low frequency in the general W'pu&linn andin

some " clinically definabl lati I to those of other balanced

rearrangements (subfertile males and - couples who have experienced repeated

spontancous abortions) ar¢unique to paracefric inversions.

1.10. Phenotypic effects of chr r o and

ascertainment i 5

:Minimnl phenotypic effects of het ity'for a ion is one
possible explanation for its, low frequency, since overt phenotypic deviations aid in

-ascertainment of individuals with rear Elin of

recombinants prior to a stage when they may be identified may be one effect of -




to affect fertility. <

the r . with entl minimal implicati Some of the effects,
although insignificant, may have a role iii preventing pmducl;ion of gameles with
recombinants. Prospective studies on the effects of hetegoﬂg&ﬁi}mr chromosomal
rearrangements on reproduction may enable one to identify the effects and
determine the extent of these effects. Various' aspecis of reproduction need

consideration in this context. .

1.10.1. Effects of chromosomal rearrangement evident 8t various stages
of reproduction = )
Chromasone. :renrrnngcm'cnls may or may not have major reproductive
implications. When present, the _reproductive  effects . of chromosomal
fcnrrn}lgcll;onu may be evident at different stages of the rgpmductive 'process..-

Some  rearr affect is resulling in reduced gamete count.

This_effect may go unnoticed if the reduction in gamete count is small er‘lm'lgh not

. 4 N

In carriers of some rearrangements, sbnormal ‘recombinants aré inclided in

gametes that have the ability to fertilize successfully. Sox{m of the resulting

individuals are identified as tally climinated unbalasted zygotes and/or 1

offspring with ital  ab liles. If h ygosity for * p

stages_of .

inversions resulls in selection at Liie pre-g tic and /or p
reproduction, and if fertility is not affected, the chancés-of its ascertainment due
to effects apparent at the post-fertilization stage is considerably reduced. In some

cases the probability of sscertainment may'even be eliminated. : -




o0

- -
An ideal of the reproductive implicati of any g under

consideration ought to involve prospective investigations which would enable
determining the effects of the rearrangement al varionsstages of reproductiof.
They also ought to take into consideration’ the vatious factors that could influcnce
the effects of the rcnn:\ngcnwnl.‘ Sex of the carrier of the tr:lrnmgrnw‘lll is one

factor. -

1.10

Possible differences In the effect of a rearrangement-on
reproduction in the two sexes
1

Differences between male and female gamelogenesis in mammals need to be

considered when evalialing the effects of chramosomal rearrangements. A

difference between male and female gametogencs ;vlolv(-s the products of meic
. -

Yin the two sexes. All four cells that resull from spermatogenesis of a single

spermalogonim have the potential to develdp into sperm. Following vogenesis,
however, only one cell matures into the vocyle which is ferlilized. The remaining

5
three (polar bodies) degenerate. .

“Thete are alleast iwo ¢onsequences of this difference that are important in

letermining the reproductiv@implications of cl 2 (s, One is
that in !emnf(“s the abnormal rccoml:ilmngs- may be excluded (st-lrrli—vely ornot) |
lr9_m"€hc reproductive path l;y ‘being included in- the polar bodies. The other is
related to the production of [nrgc numbers of sperm whicl is o characteristic of
mnh;g in a varicly of species (i!cdlur«l, Rodger & Breed, 1984). The maintenance of

s importanee in efficient

this characteristie  throngh evolution  suggests
\ S
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reproduction. Because of this characteristic, reduction in number-of sperms may

.
oceur without significant reduction in male fertility.

ltenrmng‘cmcntr which affect products of meiosis may therefore have differnt

" dlfects in the two sexcs..As only ome out of 4 colls resulting from. dfiosis is
functional in females, preferential inclusion of the recombinant in one of the cells
destined (o degenerate, will not scriously affect. female fertiity. This has been well

& demonsiraled in Dyesophi (Sturlevant & Beadle, 1930).If however, preferential

exclusmn is not a feature, fgnale fertility may be affected.

As the number of sp(;rm produced is -normally in excess of what is required,
,reduction in spern counI due lo hetcmzygoslby mal be tolerated to a certatn
extent before. l’cruhty is affected. An effect on sperm producuon may be identified
by a rednccd sperm count. If however sperm with \z\l_)normal recombinants are
functionally normal, fertility at the post-fertilization stage may be affected as a
result of genomic imbalance. Thercrurc. differences in the effects of a
chromosomnl rearrangement in L\hs\twn sexes, and differences i’ the stage at
whlch sclection occurs in male and female carriers nny provide: mformntnon on the

blologlcnl Incchamsms behind the observed el‘l’ccts. =

Rearrangements have been reported.in humans and mice that affect fertllity in
male and not fenhle carsirs, resulting in male specific sterility. On the basis of

cytological observations, intetaction of the’ XY bivalent and the resrranged

chromosome has been “postulated as a possible mechanism and is extensively

documented (Sénrlc, Beechiey & Evans, 1078).
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Additionial aspects of rei)rodurtion to be considered in the context of male and
demale gametogenesis is the difference in developmental stages al which meiosis
commences and the time required for completion of gametogenesis in males and
females. In females the meiotic process begins in the felal stage. The process is
arrested at the diploténe stage so that at the time of birth the oocy tes are all at
diplotene. At puberty, the process is resumed. In males the meiolic process starts

al puberty and is comploted with the formation of sperm within a few days.

“ Duration of spermatogenesis is species spcéil‘ic (Searle, Ford & Beechey, 107_1).“

Male mice are reported o become sexually mature hy about 6 weeks of‘age (Engle

A& Rosasco, 1027) with spermatogenesis taking 31.5 “days (Roosen-Runge, 1962). -

rears on rep jon in the two sexes may

The effect of ch
- 5

bé different beeause: (1) gamelogenesis occur at different stages of (lcvr‘lopmcnt'

and (2) beeause the time reuired for the processis different. ‘

Differences in the meiotic process and observed differences in the fertility of

male’ and female carriers of various rearrangements in  humans aid mice,

necessitale  investigations in. both sexes when deteriining the effects of .

rearra s on ref jon. These investigations will provide

information on the biology of the observed effecls, :Ind_djl[eré])ccs in rcproductivé

risk. . N - . s

Y
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% 1.10.3. Relationship between physical characteristics of p e
i g and bii i

In_translocation carriers abnormal recombinants result from segregation. In
helerozy gotes for inversions, crossover (genetic recombination) is a prerequisite for

the formation of sbnorml r nts (*a ie du binasion®).

“ Probability of crossover in the inverted segment is positively correlated with the
size of the inverted scgment. Location of the inverted segment may be significant

n of the inversion

in recombinant form'\(lon if o relationship exists_between locatior
on the chromosome, relativeTo the contromers or telomere, and the probabiliy of

crossover in the, inverted sgment. Investigations of paracentric inversions of

vaiying lengths  and: location may eprovide information on the physical =

chardeteristics of the inversion -required for, the production of gamefes with

reccimbinanits (dicentric chromatid and/or acentric fragment).

1.10.4." Effects of chromosomal rearrangement evident at various stages
'+ of.melosis . -

% -
When 'n ! 1 rear affecls g i mclotlc d

may be 'mlmpntcd More len one meiotic stage must be investigated in ordcr to

' dctcrmme the nature nnd ohulogy of the dmturbancc One reason for Lhe evolnuon

of the- dlplmd stnlc of higher orgnmsms appears. m be to facilitate synnpsls of
chmmosomes_ in germ’ cells dllnng/h\eloslg prior lo recombination. Pamng of
homologous chromosomes occur. during the pachytene stage of meiosis.

A‘bnurm:_l_'liti‘es' in the pairing process have been " observed to be associated with




Fd

meiotic disturbances and al 1 is (Eg Templado, Vidal,

* Navarro, Morer-Fargas & Mnrina,’ 1083, Vidal, Templado, Navarro, Brusadin,

Marina & Egozcue, 1&]82,4\'oulischcr, Schoysman, Gillerot & Debry, 1082,

Westergaard & Wettstein, 1972, Chaganthi & German, 1979).

leterozygosity for a chr I rearr may alfect synapsis. In

heterozygotes for chromosomal rearrangements synapsis of a rearranged
chromosome with its mormal homolog during pachytene may be identified as an
abnormal Configuration. In inversion helerozygotes a loop may be formed during.
pachytene. Study of germ cells from pnohylcnc in these ln.tcrn/ygotcs will |)I’0V|(|U

insight into loop formation and |u cffecls on meiosis and repru(lucl.l(ul

Mntumli_u;l :m’csl has béen rcpor‘tcd ‘ivn mice and I|n|na||s-l\;:tcruzygous for
chromosomal’ rem’mngcmcnls (Forejt, 1082, Ilodnguez, Mattin. & Abrisqueta,
l085 Lgozcue, 'l'umplndo Vidal, Navnrro, Momr-r‘nrgns & M.'mnt 1083, Vidal,
I‘cmplndo, Navnrxo Brusadin, Mnnnn & Egoicue, 1082 Koulischier, Schoysman,
Clllor_oq & qury 1082, Facd, Lamont &*Baxby, 1082, Giraldo, Silva, M:\rl.mez;
Cmnpos"& C@n«ﬁ—{QSI, Plymgylf, Bremner & I’nulépn,'lﬂ?ﬁ, Chandley, Chrisli;,
Flotc{.nr,‘ Frackicwicz &. Jacobs, 1972, Vidal, ’I‘.cmplmlo, Navarro, Marin &

Egozeue,—logﬂ)Ht is also pbscnéd in individuals without apparent chromosome

“rearrangement (Sung, Komatsi & Jagiello, 1083, Westergaard & Wellstein, 1072,\
q ! )

(%ag:ml.l\i & dcrlnnn, 1079). The arrest may be at any stage of meiosis, but the

outcome of the arrest is oligospermia or azdospermia: in inales (Laurent, Biemont,




/
Cognat' & Dutrillaux, 1977, Chnndley, Cfmshc, Fletcher, chklc\vncz & Jacobs,

1072, Vulnl Tumphdo, Nnvnrm, Marina & Egozcue, 1082). Tlle relative frequency

ol‘ cel]s in xnnous stngcs of meiosis has been used as mdetermmant of elohc
d|sturb'mco associated, “With' impaired Ierl.lln,y (Micic & Mndic, 1984, Micje &

M fcdc , 1081, Romdn, Sordo & Gare fa-Sagredo, 1979).
.

Recombinants in heterozygotes for ¥ ic inversion are the
chromatid apd acentric fragment formed as a result of uheycn number of
crossovers in ‘the inverted segment. Meiotic metaphases m:\y. ‘be analysed to

identify recombinants nnd_nneupléidy. There is some. evidence suggesting
3 ‘ . I

increased  frequency of il duals  with loidy among offspring of
het B for ‘ch nal (Lihdent Hultén, McDermott
& Seabright, 1085). : . N

, 1.10.5. Effeet of c)ﬁ’omsom-l rearringement and litter size

ﬂoﬁlc effects of cl y | rear nis on rey jon are apparent

(Inrlng the post fertilization stages. In u:n.mn species, rcduced litter sxze mdlcntes

of 4. cl I r which affects fertility. Il docs nol
provide informajon on the nnture of the del’nct (or stage at which reproducuon is

affected). 0\ﬁmrvnuon of reduced litter size may be followed up by studlcs of the

‘meiotic ptocess, of gametes and of the po:b—fortilizution stages of reproduction.

Counts of corpora lulea, implantation sites and mibrpti‘ou sites may- provide a
balaneed

I

relinble éstimate of possible loss in the | ion stage due to

bi and. sull

genbmic: bal in the zygote.
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’l‘he Qim ol‘ the thcs»s is to dclermme lf some of the obscrvations oft lmmau

camcrs of parncuntrm m\cmons may “be e'(phmcxl in terms of the eﬂ‘cct ol‘

pamccntnc inversion'on meiosis nnd gamelogensis.in mnle :md feumlc mrrlcn

As prospective studies on l|um:ms is nuL fcnsibl;:, I;Im available mouse modl:‘l was.
used’ to investigate some aspects of meiosis and reproduction in male nnd female
mice hctcmzygous for paracentric inversions. Paracentric mvv:rs:on§ involving
scguwnls of v:uymg lengths and location on the chromosome were investigated.
Reduced  phenotypic eXpression is ong obstacle in  the ascertainment of

¢hromosome rearrangements. ‘Therefore the effects of the various paracentric

inversions on litter size has been used as a basis for interpretation of observati

s

at sclected stages of the meiotic process. < B

Chapter 11 provides.a detailed dvscnphun of the inversions mvcmgmlml the

materials used and mvi]mdolngy ployed. Chapter 11l

I} an i
to cffects of chromosomal rearrangement -on male fertility; observationgeand
discussions on male mice heterozygous for the various paracentrie inversions

invc:tigntcd lntmduchon to effects of chromosomal rearrangement on runnlc

* fertility, observations \md related discussions on female mice heterozygous for le

pnrncentnc inversions mvcst:gntcd‘consuylutc Cllnplcr IV Ilunuhcnuvm of the

_obscrvahons on the apparent effect of hctcrozy;oslly for pnrncemnc mvcrsloun in

the Lwo sexes are presented in Ghapter V. An atlempt |s'nmdc to cxplnm

observations in human carriers of paracentric inversions in Chapter V.
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¢ Chapter 2 + - |
Materials and Methods ° gl g
2.1. Animals
Mice bbmbzygous for: most of the p ic i i igated .were

gencrously provided by Dr. T.H. Roderick (1'i|o Jackson Laboratory, Bar Harbor,
Mnine 04609, USA.). Inversions obtained in the homozygous state were: IN(1)IRK,
IN(DI2RK, IN(1)24RK, IN@)UIRK, IN(8)MRK, IN(1L)20RK and IN(14)22RK.
Male mice Ineterozygou; for lN(ld)lﬂlK were obtained from; the;san;a source. |

Homozygotes for IN10(17)RI are ‘sterile and are thercfore maintained in the

. . +
heterozygous state.] N ﬁ -
- W Vi g s &
2.1.1. Production and lature of the ‘ "

Structural rc’qrmngements'nr chromosomes in'spermatocytes were induced by X-

irradiation of the lower hall of the body of male mice (Roderick, 1071), oral or

“intraperitoncal aduffuistration of s like cthylmethane sulfonate (EMS) or

triclhylene melamine (Roderick & Ilawes, 1974). Male off-spring of these males

were screened for paracentric inversions. u , .

Of the inversions investigated, only’ IN(I)IHK was induced by X-irradiation.

The otliers were lnducéd by:lrielllylenu lamine. All the ions investigated,
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were induged in DBA/2J males, except IN3(1)RK which was induced in a

C57BL/6J male (Itoderigk, 1083). } .
_ j . . ) \

- ’l![‘ho number in parenthesis refers to. ihe chromosome carrying the inversion, The

number outside the parenthesis refers to the orq{r in ‘which it was- identified.

Existence of an inversion was initially established by the presence of high
I tolGatear
cal 1

fr ies of

bridges in hi: of testes. Dominant

inheritance of the i 1 [reqs y of h bridges, absence of,

recombination of genes in the inverted region, no siguificant effect on fertility and -

cytogenctic evidence were used’in confirming the presence of an inversion

(Roderick, 1079, (Anaphas¢ bridges may be observed in animals heterozygous for

| with translocations. Unlike simple inversions, however, the

l‘eﬁnlily of these h is reduced). Anap bridge fi appears to
|

inversion across gfnon\tions (Roderick, 10790).

Sclection of inversions for the slua was based on the lengtiNof"the in,v(-rlml‘
|

segment relative to the length of the chromosome on Which it is located ic.,
) -

relative physical length (Davisson & Roderick, 1073) and its location relative to

the centromere (Figure 2-1). The initial rationale for employing this wide range of

1

physical characteristics was to pr vide the’ prcmitnisite for ‘crossover in the

|
inverted segment and formation lof dicentric chromatill and acentric frage
1 =N .

- B

\ Helerozyg for the i jons were I by mating male or female mice -
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Figure 2-1
‘ . ; [
Di ic rep ion of ic inversions in mice that were R
investigated. The number in paranthesis refers to the chromosome carrying = .
tllh.ipve}sion. The number outside refers to the order in which it was
N * identifie. o
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homozygous for the inversion wnh C57BL/6J or C3HFeJ mice. The CS7BL~/BJ

mice were obtained. from the Ilealth Sclcnccs Centre Ammal Care I ncnlxty .'md the

C31Fed mice wcrc obtained from thc Jnckson Lahomlary, Bar’ Hatbor, Maine

+ 04609, USA. Compound helurozygotes and douhle hcterozygotcs were produced

by mating homozygoles for sulglz: inversions.
.

. 2.1.2. Maintenance of animals
N .

Animals were housed at the, *minimal disease® quarters of the Animal Care

Facility of the Ilealth Sciences Centre, 4 animals to a cage (polycarbonate mause

cage). Purina’Mouse Chow an‘d filtered water was available 24 heurs a day. The

tempdrature in the quartérs was maintained at 21°C-24°C and humidity at 45%.

‘The animals were kept on a 10-hours dark to 14 Ilours-ligllt cycle,

2.1.3. Breeding

- Breoding eages hield | male and 1-3 females. Pregnant mice were maintained one

animal per c‘\ge. Cages ur pregnant mice were examined daily to determine the

date of “birth of the litter. Pups were weaned on day 21-25.

-

2Double faversions on

" ;
! Compound heterozygote: Two different inversions on homologous chromosomes.
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2.1.4. Fibroblast culturing and mitotic metaphase preparation

- . . T .
Randomly Selected mice were karyotyped. Fibroblast cuilures’ were established in

T 25 c_m?' Falcon flasks (Appendix N) from finely chopped tis;qe from the abdominal
‘\\inll of the mouse. Gells were cultured in’Sml of RPMI 1640 with fetal ealf serum

* and pcncillin‘and strcpl(‘nuycin (Appendix M) in 5% CO, 2t.37°C. Once sufficent”

outgrowth of cells from Uie explant was observed {after approximately 7-10 days),
the culture was trypsinized. (Appendix M) and subcultured. When sufficient

. U
number of cells in mitosis was observed, the culture was treated with 0.5 ml of

Coleemid (10 megm/ml solution) (Appendix N) for 90 minutes. The culture was

then trypsinised (Appendix M) and transferred into a centrifuge tube. After

” . i : .
centrifugation at 200 g for 5 minutes, the supernatant was removed by suction.

The cells were then exposed to 0.54% KCI for 10" minutes at room temperafure.
The suspension was again cchlril‘ui;cd for 5 xnimm-s at 200 g. llu- supernatant

was removed ‘and the cells fixed in freshly prep'\rul Tixative 1/\pp1-|uhx M) for 30

minutes. The fixative was changed twice. Two drops of cell suspension after thcu

Inst change of fixative' were dropped on a clean slide -held at an angle of 30

degrees. Fhe slide was then placed on a hotplate at GU“C)or 2 minutes,

2.1%.1. Giemsa staining of mitotic, metaphase /

The slides were nged for 48 hours ut room temperature, They were thcu trested
- for 5-10 seconds w1th freshly prepared lrypsm (Appendix N & M), washed in 0.9%
NaCl and slnmed with freshly prepnred Wright stain (Appcndlx M) in borate
buffer (Appnndlx M) for 40 scconds. Dxcess stain was' washed away w;th distilled

waler. The slldes \vcre dried and mounted in dl-n-butyl phllmlnlr.
gt
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7 2.1.4.2. Analysis of mitotic metaphase .
Slides were analysed on a ‘Cnrl Zil:.'ss'lighl, microscope. When possible, 20 well
spread and well banded lllclnpixasés were photographed at a m:sg.ni[icntion of
!2‘50)( (Objective 100X Eycpeice 1'2‘5)(). The inverted chromosorme could be
. identified ivith certainty only in-heterozygotes for IRK [Figure 2-2), 12RK [Figure
2-3], 24ill( [Figure 2-4] and. 20RK‘ [Fi‘g\;n 2-7] because of, Ais?mct rearrangement
of the’ banding pattern. Metaphases [rnm heterozygotes for 1IRK, 14RK, nnd

22RK are'shown in Figures 2-5, 2-6, and 2-! 8 4

2.2. Preparation of spermatocytes for metaphase nhnlysis

The method described by Evans et al. for¥ciotic preparation from mammalian

testes (Ivans, Breekon & Ford, 1964) was used"With modifcations.

27 month old male g\v}cc (Appendix 1) were sacrificed by cervical dislocation.
Testes svere rcm«;vx;LI -and placed in is.otoin'llé sudiqn; ci:tml.v.- (Appendix M) at room
temperature. The tubuli were released by removing'v‘llm tun’icn nlhu‘ginem They
" were chopped .fiucly with a pair of scissors and ten’s;d with a pair of 26G ll;:cdlcs.

The susp & was rep dl pi‘peued p il ly 50 times to release the

sperinatocytes. The large fragments were allowed to sediment and the supernatant

with, spermatocytes was ccntri!ugcel for 5 minutes’ at 80 g. The se(}imenﬁd

spcrmuwcytcs wcre resuspundegi m 1% sodium citrate. After 12 minutes at room

the i s eop ifuged"at 80, for.6 mbtntas: Spermatocytcs

¢ were l'lxed by resuspendmg the sedlment in lreshl,y prcpnrcd {mmve (Appendlx
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Figure 2-2

Pl hase from a mouse b
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Figure 2-3 o N X
Ph ph of a mitotic hase from a mouse h gous for
- the inversiof 12RK. The structurally normal (N) and the inverted (I)
h are readily i !
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’ Figure 2-4 T W :
P i h of a mitotic from & mouse h ygous for

the inversion 24RK. The strueturally normal (N) .and” the inverted (1)
U - N

are readily i
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: . ,ngure 2‘!}' %
« Pl icrograph of a-mitotic metaphase from nmoud, gous for ~
‘the inversion 14RK. The slructumlly normal -and mvened chromowmeL [
| (nrrows) are not rondlly |dv:nt|fmble 4 - . : : -
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o Figure 2-7 o
" Photomi h or a mitotic p from a mouse heterozygon for’

T — 3
the: inversion 20RK. The struculnlly normal (N) and mverted-_;*m-i':

chromosomes (I) are rcadlly identifiable. o
. - 1 " L 1






Figure 2-8

"

graph of a mitotic from a mouse heterozygo! Al‘or
the inversion 22RK. The structurally normal and inverted chromosom

T (argows) age not readily identifiable.
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The fixative was changed 3 times by resuspend’ing‘ the sediment in fresh fixative '

ond_ contrifuging:it for § minutés at 80°g. Slides' werc prepared by dropping 3
_ drops.of the cell suspension on a clean:slide held, at ?n anglq{-bf 30 degrees. The

“slide with fixed spormntucy/,cs was druﬂ by p]ncmg it on'a hot plube nf, 60°C"! I'or 2

llllllules

o ¥ 2, I

2. 2.1. G—stnmlng of spermatocyte'! i,

—

Shdcs with fixed spermnlocy&cs were stamed—for 5 minutes _with 2% Giemsa in
3 phosplmte buffer at'pll-6.8 (Appendix M). Shdcs were rmscd in deionised water to
)}@9" excess stain md mounted in dl-n-butyl phthalate.-(Appendix N).

2.2.1.1. Amlysls of metaphs.s s

Shdcs were coded pnor lo mil roscoplc- nnal)sls Mct'\plmses were analysed o g

\ Jeitz Wetzlnr mlcroscope_ ata magm cation of 1250X (Objective 100X Eyepiece

12.5X): Whenever possible first meiotic :'nctnpllnses (Figure 2-9) and haploid

i cach animal. le number of lmtcmplmd second “meiotic mcl,nphnsus (Figure 2-11)

olxsg‘rvod while cqu ‘ng the 100 mutnphn@s was nlso notcd

Tlm proportlons of haplold [(NHM/1M+N1IM)x100] (an mdex of the number of

spormmlocy!us : thnt

[(l]etllM/NlM+HetllM)x100] (nn index of the number pl' spermatocytes in whlch

molosls i.q. rhsturbed) tntal sdcond .meiotic  metaphase
o

[(NlIlv(+HetlIM/lM+N[lM+HelIIM)x100] (s “index of . the gufmber'of

-spermntogy;es that procecded to second meiosis) were enleulated fur.e'nch mouse.

would * form ., normal sperm), heteroploid -

(up‘pnrcnt) sccond mclouc mctnphnscs (F:gure 2- 10) t@tnllmg 100 were counted f/ k




Figyire 2-0 o ]
Photofnitrographs of first mei/c/tic metaphase in spernmmeﬂcsz

/
stained (above)and centrolncf;,/ stained (below).
< / o







\ : L ,' Figure 2-10 . AL

’ . Phommlcmgrnphs of Implou.l second meiotic mctnplmsc in spermntocytes ~ .

Gigmsd stained (al)ove) nnd ccntromexe stmncd (bclaw)
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- . . Figure 2511 £
', * Pholomicrographs of loid second meiotic ¥ metaphase - in T
Ty & 0 3
spennmloa;tes’. Giemsa stained (2hove) and centromere stained (below). - |







2.2.2. Light microscopic analysis of spermatocytes in pachytene .

The method used to pn-p:\r; the specimen and slides for light microscopie

‘analysis of synaptonemal complex in male mice i; a modified version of the

method described by Dietrich and Mudler (Dietrich LgMudler, 1981),

‘c‘oll ted in RPMI ﬂ!’lO (with L-Glutamine) (Appendu N). Tubuli were rclensenl’

- ||\lo Lhﬁncdmm by removing the tunica nllmgmr'l They were cllrplw(l with a
\

. pair of scissors and the spermaloeytes released by lv:\smg the fragments with.a
pair ofl 26G _ncedles and repeated pipetting. 'l‘he‘ln'rge fragments were allowed to
sediment and the supenm(nnt centril'ngcd al:500 rpm fors 10 minutes. “The
supernatant  was dlsc-lrdnd':md sednnentnd cclls rcsuspv.-nded in-1 mI of 0. IM
sicrose in water and placed on ice. After 7 minutes | |||I of (r(shly prc\pnu‘d

fixative (Appendix M) was added fo m iop and the final ion) was

returned l-o _theice. After 2 minufls anothcr ml of the hxuhve was added and the’

suspensmn once sgain was returned to the ice. After 5 mmut- Lhe ‘suspension was

centrifuged for 5 minutes at 8Q g The supernatant was discarded nnd
. N P 4
sperm;\!.ocylu resuspended in 3 ml to 5 m! of fixative.

About 0.5 m] ol‘/hc suspension was placed on a slide and dried for 3 lmurs on I

hotphbe at 40°C Excess of sucrose. was remavud by, rinsing in delumscd wnter for

5 minutes. Five drops of Ireshly dissolved silver mtml.e solutnun (50% i in duomud s

water) were placed on the, slide lnd a covnrshp pllccd on it. The slide fas ntamml

<

3-5 month . old mnle mice were sacrificed by cervical dislocation. Teslés were .




Y .

for 15-17 hours at 37"0 in the dark in a humid incibator. The cover slip was “W)
removed nnd exccss silver nitrate removed by rinsing with dmomsed ater. Shdns
were dried and mounted with di-n-butyl pl\:thalnte. Cells in early pachytene \vqre
nnnlysed,‘. on'a L‘eit‘z \Ve;zln} Iig‘hL microscope. “Cellsfin eatly pachylene were”™

identified- by the absence of the heteroc‘hrom{n’li%nobs’ (Figures 212 &9-13),-one

or,j.hu criteria used by Moses i identilying. mid-late slages: of pachytene (M(‘)sc!, st

* 1080),

2.2.3. El microscopic analysls of-5p in pachy
The method used to prepare the specimen for electron microscopik analysis of

pachyl h was a ification of (hose, dcscribé

-Mahadeviah et
ol. (Mahadevith, Mitiwoeh & hoses, 1084)- and-that deseribéd by Navarro ot al.
(Navarro,Vidal, Quitart & Egozeue, 1081). )
= ~
3 to \Lmonth old ‘male mlce were sncrll’mmd by cemcal dlsloml,lon and tesles
" collcctcd Ain RPMI 1040 (with L-Glutamine)- (Appendlx N) Tubuli were released
into the medlum by rumovmg the tunica alb\lgmca Tl\ey wcre chopped wu,h [
'pmr of sc:ssors nnd spcrmntocytcs released by tcnsmg tln: rmgmunts with a pair of
26G needles and repeated plpnumg of ‘the suspension. ngc segments were
allowed Lo sediment. Tlie snpcrnntnnt-\_vns centrifuged at 80 g for’5 minutes. Thc
sepernatant wis discarded and the gedimented si)ermntoc)"lc; resuspended in
RPMI1640. The suspension was placed on ice. )

'

” a

One drop of the suspengion was placed on aslide coated W;l!]l_ 1% Formvar and_
5 - ® N ol

\ et
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<Flgure 2-12

. Pht;hmiqnylph of early pachytene preparation. The heterochromatic

knobs are absent.
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& Figure 2-13 .
— 7 Photo;nicr'ogrnph of late pachytene preparation. The heterochromatic
¥ '
knobs are present. ¥ '
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. .chamber. After 5 minutes 4 drops of freshly prepared fixative (Appeudxx M) was

3 v
001% Cytochrome C (Appendix M) and 2 drops of 0.5% sodium chloride were

nddcd to the drop or cpll sudpension. They wch: mixed and kcpl in a humnd

added (6 the misture of cell $uspension and SO(“I"I" ‘chloride.
.;

o \

Attr mmutcs, the liquid® on the slide was dmhed and 4 dmps of-fixative. was'

placcd on thc slide_ wlere thc cclls adhered. /)flcr 5: minutes thc.l‘lxnuvn was’

' dramud and sfides washed twice w1th 0.4% Photuﬂo (Appendix M)

P - ! . P2, e g

Slides Were stained with silver nitmle (Section: 2.2.2) and mmlyscd on a light o

microscope to locate cells in late zygotene or carly pachytenc. The selected arcas

were marked on the Formvar film with a water proof marker. The Formvar film

" was released from the slide by marking the film with a scalpel and intmducing

water bctwecn the film and the slide. The released film was I‘Ioulcd off on

_dcionised water. 75 ﬁ—h’{oppcr gnds were placed on the mmkcd aréa. Tl ho,g

were pxcked up on_pnpcr, nllo\ved to dry for 24 hours,and analysed on a Philips gt

300 EM. . o - d JEY

2.3. In vitro culturing “of vocytes
~ . : .

The method used for-in vitro culturing 6f’oocytcs is 2 modified version of those

us‘ed by ankowski (‘Tarkowski, 1966), by Hend and Edwards (Ilend & ‘\

- Edwards, IOOSj and by ] Tsuchida and Uehida (Tschuldn and Ucludu, 1074)

2-7 imonth old rcmalc mice (Appcndix 1) were sncri!ic_ed by cervical dislocation.
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. The abdominal region wﬁsﬂe)ned with an alcohol swab prior and the abdominal
Joall disseeted. The ovaries were removed and placed in TC llanl_(s‘Solution
(Appendix-N). in a sterile petri dish. They were transferred to another petri d‘is)n

- with 7°C [lanks solution to remove theipit-inolecules on their surface. The clean

ovarics were ‘then transferred- into TC Tanks solution in a sterile micro concavity

slide (Appendix N). Dimensions of the concavity are 36mm.-(diameter) and 5mm.
(deep). 5, P - - ¥

Ov:mrs were shredded with a pair’ of 26G slerllc needles under a dlssc:tmg :

mlcroscope Released ooeybés’ with a visible germinal vesicle u.ns nucleolus (Figure
. '2-14) were tmns{errcd into another-sterilé micro concavity slide with TC Ilanks
" solution by mouth pipetting with a finely drawn out sterile pipette. Cells of the

corona radiata surrounding the oocytes were removed by vigorously pipelting the

oocytes repeatedly througli‘a finely drawn sterile pipette.

£ 5 o

The=cleaped oocytes were transferred into fetal bovine serum (Appendix N) in ‘2
sterile micro concavity slide. They were once again transferred into nnoﬂn\u’r sterile
micro concavity slide, containing 1.5 mf fetal bovine serum (Al;pulldix M). 10 - 20

oocytes were ;;laged in each-slide. The micro concavity slide with the fetal bovine

. 3 ¥ & *:
serum and cocytes was covered with a sterile glass slide. Maturation of Gocyles in

ilro inuy be nl_lccted“‘x factors in the serum, which could interfere with
interpretation of the observation. To detect any such "effcct, serum from the same

aliquot was used to set up n'oc};_tes from 2 mice willrdil‘l‘crént_karyolypes.




’ © .
—
a3
&
N .
Figul\e 2-14
Oocyle with a visible germinal vesicle and nucleolus. [Bar = 10 ym]
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_room Lemperature the oo}y(es were Lmnsfcrrf:l on lo aslide precleaned with 70%

Slides with the cocytes were incubated at 37°C l"or 20 holll;i. The h®nidity
inside the incubator was maintnin‘c Iaci;m a large tr':\yv\vi},ll water at the
: 3 !
bottom of the incubator. Thé level of carbon dioxide inside the*incubator was
mnmtamcd at 5% with a Cnrbbndmxxde Contro] Mns(er (Appmuhx{N)
M v
» - P

. At the end - of the incubation period the oocytes avere transferred by  mouth

kN . z
pipetting into 1:1% sodium citrate in a micro_concavity slide. Aftes-t5 niinutes at

ethy]l alcohol, 5 oocytes por shide. The area with.the oocytes was imrked on the .
lower side ol' the slide with a‘glass nnrkor and excess hypw()mc solution was

_pinetted off. Ti In- ovcytes were fixed by pl'wmg a tiny drop & freshly prepared

fixative on Lhe m,ﬁﬁ)\ppmxm M) and the slide was quickly blown dry under

the heat of & 2 Wincandescent Imlh

Additional information obtained from each female. mouse was, the number of

oofytes in division in vito, and™he number of vocytes witha visible germinal

vesicle. Oocytes in division were | idL_vnli(imf by tho absence of the miicleolus (Figure ¢
2.15) and in some eases by the presence of the polar body (Figure 2-16). . 2
Il e

‘Some u'ucyics‘witli the germinal vesidle were identified after the L‘Illllll’.t! had

been set up, while screcnmg the shrcddud ov1r|cq s for oocytes in division. In l]wlm

mslnnccs, the numbcr of gocyles Set np in cu]lnrc is lower than tllu number of

oocy tes in the gurmmnl vesicle stage. When cuftures were harvested Lhn number of

oucyt/es tlmt had resumed miciotic division was vn-i-nnlexl. They were nh-uhl‘u-d by
e :
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Oocyte i’ which the. ineiotic division has resumed. The nuclealus ismot ~ *. . -
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Oocyte in neg;und meiosis, Completion of_ first meiotic division is evident

C—t

_ by the presence of polar body. [Bar = 10 »m]
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\ .
thg absence of the nucleolus (Figure 2-15) and presence of the polar body (Figure
s « 4

2-16),

2.3.1. C-staining of female meiotic metaphases
- . '\’I‘he mclhod described by Chandley and Fletch®r to stain centromeres of me;ohc

cl.\ronmsomu in hupnans (Clnndlcy & Flnlcllcr, 1073) was used w:lh miodifications.

roon lompemtugc. After dinsing in deioniscd water they were treatml with 4%
E 4
Dbarium hydroxide for 35 scconds at 37°C. After rinsing in deionised water, they

were incubated for 1 hour in 2 X SSC (A‘ppcndix M{'ﬂt 60°C. They \\;'en.' then

¢ rinsed in déionised water and stained in 2% Giemsa (GURR, improved R66f in

phospliate buffer at pll 6.8 for 1 hour (Appendix M). The slides were then rinsed

in deiorised water, dried and mounted with di-n-butyl phthalate.

. 2.3.1.1. Analysis of melot.h: h in oocybcs -

Tao detefmine meiotic dlstllrb'mce, the number of oocylns in I'|ral, and second
mel,nplmsu (Figures 2-17 & 2-18) were recorded for each mouse. l‘mm the - -
IIIIIIII!).L‘I‘ of oocytes in first and second meiotic mulnph‘m. '.lhc I’m(ueu}cy,ol‘ second

) 'lmeioLic |.nel.-‘1pblmsu |(llM/lI\l+lIM);i00] was caleulated, Well spread inctaphases
.. were pi)otograp!lud on*a Leitz Wetzlar miel"uscope at t; l;mgnilicntinn of 1250X

' (Objective 100X B;qviucu 12.5X). l”hotbgmphs were analysed in.detail lqr

]

£ . .
diccnyc and acentric fragments and for ancuploidy.

© Slides wilh the uocytcs in the mcmllc mc\.aphnsc stugu were ngcd for'5 days at

room u-mpnrlnurc Tl hey were tnmlud far 1 hmlr with 02M lnydrochlonc acid at
B

".
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Figure 2-17
Photomicrograph of first meiotic metaphase (centromere stained)

obtained by in vitro cl_xlturiug_ot mouse oocyte.
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- ; ' Figure 2-18 g =k

Photomicrograph of sccond meiotic metaphase (centromere stained)

obtained by in vitro culturing of mouse oocyte.
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2.4. Microphotography
X Microphotographs were takea on 35 mm Kodak technical pan Film 2415,
S ' Estar’ AH base (Appendix N). Films were developed ‘for 5 minnl; in HC' 110
(Ai)pdix N and Appendix M). 320 ml of the working solution of IIC 110 ‘was

B
used to develop a film of 20 exposures. ‘They were rinsed twice in water at 68°C

s “ and fixed in Kodak rapid ﬁx (Appendix N and APpendlx M) for 5 mmulu The -

fixed film \vns rinsed in ruvuung water at 68° C for\20 minutes. The rlm ‘was then

_rinsed in Wn_tcr with photoflo (Appéndix N and App:

24 .1. Printing of photographs ;. ¥ \ . Ye =
‘_ ophotogrnphs were printed on Kodnk Cklnnmuc SC paper (Appendix N),
N in a Kodak Ektamatic Processor” (Appendix N) using Kodak s
Activator (Appendix N) as ‘devel f&n"d Kodak Ektamatic §w Stabilizer 3
2 (Appendix N) as stabilizer. . B 3 -

AR, . 2.5. Statistical analysis
A .
The statisticel analysis' package (SPSSX) was used in the analysis of data.

Diffe “were i ignil at the P<0.05 level. I’ropo;llons were

lmnsl’ormcd (aresine l.rnnsl’ormnuon) before they. were analysed. by rmnlym of

variance. . s . : N




2.6.1. Litter size -
- When mates of different genotypes vere used to determine the litter size, data
+ was pooled when there whs difference between the groups. In both sexes, i
differences in litter size of homozygotes and hetcmzygot}:s were t:csted by- oneway

" analysis of variance (litter as the unit).

2.5.2.' Relationship between age and proportion of second meiotic *

metaphases ”

b Lmen.r relnnonslup between age and proportmn of sccond meiotie memplmse was i
:determined in malc and femalé mice. In male lmce linéar relationship bch\'ecn age

and proportion of haploid sesoiliEporgatoios Was deortniant

2.5.3. Relationship between proffortion of haploid and_heteroploid

secondary spermatocytes : E P

R %
In male mice, linear relationship between the proportion ‘of haploid and that of

. heteroploid second meiotic metaphase was determined.

2.5:4. Meios‘ls in males

T The mean .proportion of haploid second meiotic metaphase and that bf

heteroploid second meiotie metaphase for the various groups were compared by
one wn}; analysis of v‘n;lmnce after aresine transformation &f the proportions, Each
gronp co;lsisled of data fr§m~ C57B1/8J mice; that from mice homozygjls and
from those lwl.erovygous for an inversion. For inversions lRK lZRK and 24RK; »

dntn from’ CallFeJ mice and Ilclcrozygotcs from C3I1 crosses were included. Dnta
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from compound inversions 1RI/24RK and 12RK/21RK and that from thevdouble

_/ inversion 22RIC/24RK, were compdred to data from” homozygotes and

heterozygotes from C57B crosses. For inversions IRK, 12RK and MRK data from

hétcrozygntes from C3lIFe) crosses were also- included in the analysis.

" (Heterozygotes for 17RK were not included in this analysis).

2.5.5. Meiqsis in females | . B v

The proportion- of oocytes that'.resumed miciosis in. vifro and the mean

proportion of second meiptic metaphase for the various groups was compared by

- . . o 5 " —
one wayvAnalysis variance after arcsine transformation of the proportions. Each

group consisted of data from C57BL, that frnnll'lmmozygntc:; and lxe{crozygx»tcs
. for an inversion. For inversions IRK, 12RK and 24RK data from GBIl and
heterozygotes from C3l1 crosses were included. Data '(‘r(;m’—?ompmmd inyersions
IRK/12RK, " 12RK/21RK and 1RK/2RK: were - compared with data from

heterozygotes from G57BI and C3IIFeJ crosses for the single inversions.

e




Chapter 3
Male fertility

3

N . " 2 2
Fertility may be impaired by two mechanisms in male canie of chromosomal .

re g ional impai or fertility a D)y h ily derived

su.-nhty (or male dependent infertility). .

3.1. chregation% hppuirnient of ‘fertilipy

Prenatal climination of zygotes due to chromosomal imbalarice results in

secondary segregational impairment of fertility (Gropp, Winking & Redi, 1982).

Origin of imbalance in these cases may be traced to meiolic segregation in male or

female carriers of a balanced rearrangement. The prerequisite for secondary
segregnlmnal lmp:urmcnl of fertility in males heterogygous for a paracéntric
inversion is l‘cmhntmn of an oocyte ‘by a sperm c-urymg a rccomhmant’i‘ord et
al. (Ford, Evans & Bu;%:haw, 1976). have rcporkd_mcmlsetl post-implantation

. deaths (21.5%) in.zygm. of males heterozygous for In(5)9RK (an  inversion

lving 1 ri"" 90% of chron 5) pared to normal controls
(5:1% -75:6%) in 2 sels of experiment ing segrogational finpairment. of

fertility.
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3.2. Male dependent infertility -

In mice and humans, the effects' of heterozygosity for some chromosofnal

rearrnngomenu on gnmetogmmsls hns been observed to be different in ' males and

femnles Ste;rhty due’to sex and I aberration L‘\nl/udfl in
impairment of male germ cell mntumtlon (with no apparent cfct on female

fertility) is known as ehmmosomnlly derived’ stenhby (Secarle, 1974) or male

dependent inferbility (Searle, Besehey & Evans, 1078).. Rcmmngununls of this

kmd were hrst described by Lyon & Meredlth (Lyon & Mcredllh, 1966). Smce
then there Imve been numerous rcporls of male dcpondcnt infertility in lmm'\m
(chm Alvarez-. Annua, Moller, Diaz & Cnntu 1984, Blattner, !\l:tenmmhur,

Tsm Punnett & G|blett 1980, Canti, sz Méller, Jiménez-Sdinz, Sandoval,,

Vaca & Rivera, 1985, Y:mmdn, Nanko, Hatlon & lsurugi,, '1082 Ch’mdlcy,

Seudnez & Flclchcr 1976, Téth, Gadl, Sdra & Liszlé, 1082) and nlice (‘Imrle,

1082, Forejt, 1082, de Boer & Seh.'xflc, 1080, Searle, Beechey & Evans, 1078).

Fertility' is not impaired in homozygotes for these }mrr:mgcmcn'ls (Forejt, 1982).
% - -2

This suggests that heterozygosity for the I rearr and the
[ .

 structural non-homology is ibl roml-c”inre[umy. This excludes

possible u.-fl‘ect at the gene level due to the rcarmngcmcnt e.g, pasmon effect.

Male stcnhty has been xeporLcd in mice h 0 ygous for-translocations i ing

sex ocations involving au and one insertion

involving ’a\ltosox'nes {Scarlégf1081). Male sterility has been reported in mice
heterozygous for 2 double ove ing inversi n-on chr ne 1-(Chandley,
\\/k.b’\ ) X .

‘1982a). -




'Variegated' pheno?;pe is obsefved in m‘a]e deﬁ;ndent infertility (quej':, 1982).

-all the cells ‘gl;ggescing

2 Thnt s, buakdown of - apermatogencsls is. nm observe,
thg‘/ “the etmlogy l'or brenkdown is at the ccllnlur level nnd nul M. the level ol’ the

organ. ‘Vanegated‘ phenolype can Tesult in vnrmble expres

ty Vamhou in"the

sperm count may range fromn ohgospenma to nzoospermm Fertlhty i male mice

gous for ‘most inversions is not'si nifi lmpmrcd ’llns :

: s ;o
. clmrnclerlsuc was used by Roderick in distinguishing tric i from

" translocations . (Roderick umy for rearr s like
v, : ? :

\ pnrncentnc ancl’SlOllS mny‘hnve the potential to express male dcpendeut mfemhty

wluch mz\y be be mmunal und Lhererore not casily demonstnted * s
A

3.3. Rati le‘for the inv Higati ‘on male) mice heterozygous

& a .
for paracentric inversions.

i . Meiosis in male mice heterozygous for paracentric inversions of varying lengths
B e — 5

,_v) +and location relative to the centroniere nwf]ar telomere were studied to determine

% if b ygosity for ic i ions can result in impaitment of fertility
3 . > v

due to geecndnry cgreg i and/or male ', d infunility Impai of

I‘erhhl.y due to sccondnry segregation. was dclqmmod by estlmntlng litter 'sizes of
mile Mice helemzygou: for IRK, IQRK and 24RK I’roporlwns of spermatocytes

| to determi the effect of

in Ilret and-second meiotic s,were
% % heterozygoslty for paracentric inversion on the normul meiotic process. Male mm:
4 b for Ui were i igated for mmotlc arrest as an

indicator of male d dent’ infertility. Ilomozyg and’ he for




\;

=L 2t . .
‘

. |nvers|ons§lRK4 12RK, 24RK llRK 14RK,20RK and 22RK were «tudmd In the |

)
N 1

> case of 17RK only he Ve were investi In nddmon,

heterezygotai l{(K/MRK -and IERK/MRK and the donble I|ctcro1ygote

L 29RK, /24RK E

SET Y WU ¢
g memsl;, bomologous pmrmg of ‘the mvcrlcd/ugment in inversion

ygoms is nclueved by. the- fommuon of. .\1 I 0p, dunug zygutene (pmplm!& l)

Observuuons on spermatocytes at meiotic prompted ! of
: ” = . g 2 oM
in‘fhe pachytene (prophase I} stage. Gl in lafe zygatene and

em'ly pncllytene from the above gruup: of males” were investigated for. loop

formatioii and its el'fccls on spermatogcnesns

Refer to sections 2.2, 2.2.1 and:2.2.1.1. lur mnlurlnls aid mothudulogy I'or

metuphase analysis, sectmn 222 for . mmternls and nILUludolugy for hght

nnnlysls of 1o y in pacliy nnd sccllon 2.2. 3 fur materinls
P 4 !

’ nnd metllodulogy Tor. uh.-c(,r\m ||||cros\)p|c mmly\n uf spcmmlubyhs in pndlylelw




3.4. Results

3.4.1. Litter size

There is ‘no significant difference bet'\gveen the mean litter sizes in offspring of

- male mice b ygous for-and those h Ve (from a i i homm) golc

+ . male nnd CBUFeJ female cross) for inversions IRIS, 12RK and 24RK [Table 3- 1]

. [Appendlx J.

3.4.2. Correlation between age and hnploi‘d secondary spermatocytes
-,"Regression cocfficient for the 2 variables, age of mice (in days) and prop(tion of

. Imploiti secondary sperfnatocytes is -0.056 (4 0.179).

3.4.3. Melosis kS

4‘ . The control vnluc for the proportion or haploid sccondmy spermnloc) tes is
between 38.3% (CSHFeJ) and 41.3% (CS57BI) [Table- 3-2]. .For inversion .
homo?ygo,tcs the - proportion” of hnploidbscmndu.ry spermatocyles _was not- s
sfgnificnntly different from that of controls with the' cxccplfon‘ of 22RK (31%). .

\ Compared to llomoiygotcs,‘tllc proportion of haploid secondary spermatocytes is '*_

. S 1 in mice '} Y B for n‘ll i i except . 11RK -and 14RK. The
: )

decrense is significant in heterozygotes for the two large inversions, 22RK and

‘24RK. In the coig\puu(\d heterozygote 12RK/24RK Wilb two different inversions

~on | ! h the f of haploid secondary spermatocytes

. was slgnmcnnlly htgher than that in 24RK/057 and 24RK/C$H In the donble .

heterozygote 2"RK/21RK (mvcrswns on ndn~homologm|s chlomosomes), the-

/




Mean litter
of males litters miales ‘size
IRKARK "o ' 8 554 0.07
IRK/C3IT" 5. 8 . 704 040
"12RK/12RIK 1 [ 80,4 074
12RK/C3H 4 16 14 6:6 & 0.42 \\
24RK/24RK ' 28 1 52403 -
24RK/C3II C13 4 50 + 062
The'vnlucs are the mean litter sizo:( S.EM.): leterozygotes were compared with

A\

Table 3-1:
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Litter size of IRK, 12RK and 24RK
homozygoles and hetel;ozygolcs

Genotype

No.of. - No. of

~hoinozygotes by analysis of yariance. Dxl‘furenccs were consxdcrcd sxgml’lcnnl, (Tukoys

w-procedure) at the P<0 05 level.




.

Table 3.2 Proportion of haphid (NIM) aad beteroploid
(HETIM) secondary speimatocyte

NOIM-+HETOM

e GENOTYPE NIM HETIIM
7 *(no. of snimals) %) (%), L (%)
C57BL/0J (4) . 413x26 170+ 3.8 © 46.0 21 s
C3HFel (6) 383+ 4.3 259433 451438
‘DBA (4) . 425%46 284 1.9 47.1 £38 .
© 7 IRK/IRK(4) 206:38 29+ 34 ,56.1 £36
1RK /C87 (10) BI£3L 401k 2,90 45.8 27
ARK/C2H (3) BT AA s a5k 27 . 460438
12RK/12RK (4) 83+ 44 " 167+23 Taxdd |
: 12RK/C57 (6) WAL 4T C 3184 4.5 AT4%34 )
12RK/C3H (8) * 315+ 3.0 245+ 1.6 441 £33 _
-  MRK/URK (7) 641229 6% 1.7
7 2URK/CS7 (7) 1874 1.0% 625k 5.2°
i 4 ! URK/CH(4) ' 1804317 645 3.4
1IRK/1IRK (4) 410+ 386 168+ 3.0
. 1RK/C57 (4) 503431 245+ 3.1
o R MRK/URK (4) 2423 24k 2.4
RK/CS7 (6) " assz2e 084 38"
. 1RK/+(8) 170428 60.1 £ 5.0
' 20RK/20RK (6) 37525 Tia7+43
~—0RK/C57 (4) U139 368 *’2;3‘- 45.4 & 3‘1.v '
. MRK/20K () aé’n 279 273+ 3.0 380 %27
2RK/C57(6) ___ 182418 67.2+ 3.6* 7.5 £ -
IRK /24RK (7) 323428 3584+ 2.7° 42.4 225
1RK/MRK (6) = 325428 33+ 3.0" 41.8 +30°
2RK/URK (5) 63+21° 880+ 4.2° -38.8 £20°
T , NIM=NIM/IM+NIM Hs-rmununwmmmemm
- de-i-HE'l‘llM- NllM+HetIlM/I‘M+NIIM iz
; 2 " The values ‘are’the’ mean jons (& S.EM). were compired with the
§ reipectiye homosygotes and ormal contros by analysis-of variance. Differences were considered

4 Significantly il from GSTBL /o1

! lgnificant (Tukey's w-procedure) at P<0.05.

" * .Signifieantly diffsrent from bomozygotes st P<0.05
“Significantly differsnt from 34RK /C57 snd 24RK/C3H at P<0.05
“Sigaifieatly diffast from 2RK/C57, URK/CSH and 2RK/CST st P<D. 05




" frequency of haploid secondary spermatocytes was significantly “lower than for

24RK/C57, 24RK/C311 and 22RK/C57, and in fact, the lowest value of any cross.
[Table3-2] (Appendix 1) : SR

It was also observed that the proportion of heteroploid sécomlnry. U

\
o 1 1

is sij higher in
.

for all i ions from Co7BL/BJ crosses

- except llRK and .in 24RK/03H len in the respective homo7ygote [T'able 3-2].

The proporuon of ," id sccondary sper y is negatively correlated
with thgt of haploid secondary spermatocytes” (Figure 3-1), with a regression

coefficient of -0.916 ( 0.499).

No difference is observed belween IRK/C57B1 aud IRI/C31IFeJ crosses in the

proporuon of lnplold or Incleraplmd sccomhr) spermatocyles. This was nlso the

case for the heterozygotes for euch of the smgle inversions 12RK and lell\

[Table3-2].

In hcturozygol.e‘s' for i||\'ersion?lRK, 11RK and ]‘Illl(,. in which the inverted
segment -is small, the p;oportion of cells in late z&gutcnc/‘carly pachylene with an
inversion loop i§ high (7076-54%). In Ilcl;:rozygotcs for inversions 17RI, 2%](/‘/
22Rl{ and 24RK in which a lnrée segment of the chromosomie is inverted, l.he. loop ©
was observed in fu‘w (095-21%) cells in late zygotene (carly: pachytenc). n .
heterozygotés for 1:‘2(1[(, in which a medium sized segment of the cluomosumve is
inverted, loops Were present in 50% of cells in late -zygolenc/early pachytene

[Table 3-3).




Figure 3-1
Lincar relationship between the proportion of haploid secondary

. spermatocyles [(NIIM/IM+NIIM)100] and that. of* heteroploid secondary

spnr nntocytcs [Het M/ NllM+lch llM)lO()] with a regressnon co-efficient

. oI-DﬂlG:!:OMJQ — = i
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. .
Table 3-3:  Proportion of cells in pachytene wilh the

A loop;in ma}es heterozygous for each of the various \
inversions and in compound and double heterozygotes

S Genotyi Frequency of gells‘»wlthv'loop' o
mK/ém » 5 % (35/50) - W

+ MRK/CST- - - . L % (42/505 o
.l'll'tl(/.(/jﬁ'l ' L - 8409 (47/57) ¥
12RKK /C57” X 50% (50/100)
1RK /+ ’ " ’ 1% (12/50)
20RIC/CST 0% (0/30)
22RIK /C57 . '. 3 2% (2100 K

B URIC/C5 y bs‘% (s/lpd)

1RK/12RK : L - 80% (89/100) o

Ilﬂltl{/mlll( 3 ) ' . . 63% (63/100)
22RK /ZIRK ) . 1% (7 /100)




3.5. Discussion

. 3.5.1. Litter size of some male inversion heterozygotes

5 The mean litter size of male mice peterozygous for the two inversions, 1RK,

12RK and’ 24RK, on chromosome I indicdfes that heterorygosity for these

" »
inversions does not affect Ierhllty [Table 3°1). Meiotic studies indicate that -

¥ heterozygoslty for the lnrge inversion 24RIC shows significant meiotic dxsmrbnncc» i
- . [TZ}b]E 3-2]. In the absence of reduced litter size, it appears that the extent of

© meiotic disturbance observed in inversion 24RK heterozygotes is not significant
enough to .i‘l"llpnir Tertility, cithcr because it dos ot lead Lo abiormal gametes, or

it dloes not reduce the sperm count below the threshold level associated \vi?
.rcducod iertility. If so, the minor "disturbances nssocin/lcd with other inversions

would not be expeeted to have any apparent éffect on fertility. The meiotic

disturhance however, may be accompanied by selection against production of

gametes with recornbinants. There is no reduction in the litter size despite.the

. heterozygosity of the female mice [Appendix J].

Normal fertility_in l\nlcrq’z)‘golcs fot 24RIK associated with meiotic disturbance

emplasizes The difficully of ascertaining heterozygosity for paracentric inversions

4 .- at least in males by their phenotype.

The observation in this study is ‘in contrast tu the s:gmncanlly reduced fertility
¢ ' repbrlnd in mnle mice hctcrozygous for IRK (Ford DvAns & Burtenqlmw, 1070),

cumpnml to numnl control, evaluated on the basis of poqb-mlplnntnuuu death
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lresorptio;l). Estimating fertility by post-implantation deaths and use of normals
as controls, rather than homozygotes, !;my account ‘for the obscrvgd dilh‘rence,
The percent death during the post-implantation periIOd in the‘study by Ford et al.
is 21 5% for male heterozygotes which appears to be significantly less than the
43. 8% observed in female heterozygotes. L

3.6.2. M;lotlc dlstnrbnn:c nnture, etlolo;y nnd role in selection

The nnl,ure of the obscrved meiotic disturbance, its etmlogy and role in selcwon

" will be discussed in ‘the light qr tlre various observations..

3.5.2.1. Nature of observed meiotic d?itu}banne ’

ir lm|‘zloid secondary spermatocytes are .conside‘red (as a requirement for normal

‘.Ypu sis and production), it i‘s-rendjly apparent that their rruqm-‘ncy is
éonsistently, .m_xd in’ some cases’ significantly lcw‘er ip heterozygotes compare:.l to
homozygotes for all the inversions. [Table 3-2]. If the total lrequon‘cy of no;'mnl
and heteroploid secm{)d meiotic metaphase is considered, .most dirrereqces do not
pers}st (all except 24RK), whereas others appear (MRK‘] [Table 3-2. This

observation suggests that the disturbance is not .an-arrest but a delay at “the

metaphase 1 stage.
/

e\




3.5.2.2, Age of snimal and frequency of haploid secondary
.
spermatocy tes
5 . /
Frequencies of haploid sccondary spermatocytes do not appear to correlate with

the age of the snimal (Refor seclion 3.4.2), suggesting that the age of (he animal

\\docs not contriute significantly to the observed dif cos.

3.5.2.3. Melotic disturbance and genetic i:gc round

*The cffect of some Rabertsonian translocations on male fertility is reported to be
. o " "

altered by the genetic background (Winking,‘ 1980, Gropp & Winking, 1981).

Similar observations have been made in leterozygotes for the translocation T6Ca
.

[T(14;15)6Ca  translocation] (Forejty 1076). In the present study the genetic, . V

background does not appear to make Qt.{iffvrence in the case of the one inversion

(24RK). The proportion of haploid and heteroploid secondary spermatocy.tes in

lieterozygotes for this inversion, obtained from 2. different crosses (C57B1 and
R .

C3H1Fe)) were not different. Some of the Feported " differesices in  translocation .

héterozygotes may be-due to differeit eriterin employed in  definfig and

. » 3 i
identifying fertility. If litter size rather ll,h{‘sperm count is used as a criterign

differences ma‘y be expected, sinceﬁl‘iiter dize is not a' true index of sperm count.
Grobp and Winking used data from brecding in some cases and in atheralibiosls
fertility tests were used (Gropp & kaing, l(lﬂl)‘ln the Iormer, only litter sizes
may have been used for, evalualing !emhty Allehmuvely the_ absence .of any
dxrt‘eren‘u_.- between the two heterozygoles in, this study may be because sufficient

backcrosses were not carried out to ensure differences in the " background.

Nnv/ertllelgxs, it scems clear that the differences ollsgrved in the kinetics of rgeiosis -




dre due to heterozygosily for the inversion and nol due to gehes contributed by

the C57BI dr C3HIFel mice. , T
i 3 | | .

'\It mny be spepulntcd that the influence of genetic backgrounll on the: effecls or
. chramoscmml renxmngcmcnt lsv,speclflc for l.hc type of rp'umngenwnt“ In
9 Imterozygvtes for trnnslocahnns more tlmn ong pair ofnc]nomo&mmcs lsrmvolved %
and_ atypical pmrmg and segrcgnhon at the chromyosomal lcvel mhy be affected by
the gcneuc background In rea.rrangemenls such as pnrmcntnc nhﬁons, which

bihati prior to chromo 1

involve only one”pair of

segregation and the structurally ahnormnl gmducts of rccombmalmn mny affect

cliromosomal sogrogmluon Chr 1 fl I by the

may nol be in
gcnchc background. Use of littermateg as controls in the Iy or subsequent-
. - . S

generations are essential to support this suggestion.

3.5.2.4. Correlation between proportions of haploid and hetefoploid v

—

secondary spermatocytes )

The nngﬁli\}c correlation betw’;cn »lhc proportion of haploidy sec;wndnry
spermatocyles and that of heteroploid secondary: spermalocy tes (Ilel'er section
-3.4.3) suggests tlml the decreased proportion of haploid secondary snermntozytcs

|

“and increased propénion of heteroploid sécondnry 5 t pro))ably have a

. common ctiology. A s|gnihér@u\mcrense in the pruportmn of hctemp’oldy evenin

those . heterozygotes in. -which the deerense in proportion of haploid secondnry by
.

spermatocytes ‘is  not slgniliennt [lRl(/C!ﬂ MRK/CW MRK/057 and

20RK/(‘57] [Tnblo&-!]. snggwh l,lmt the mechanism ;csponslblo for. minimal




.meiosis), rare chiasma ion in the It d segments and

133 5 ow

5 % oy e
changes in the proportion of haploid spermatocyte ecan result in significant

chang€s in the proportion of id" spermatocyles. An ive

interpretation is thiat spermatogenesis is arrested al the second meiotic metaphase

stage in those cells which are heteroploid. A nbgzlive ‘carrelation between sperm” _

count and proportion of heterophid secondary spermatocytes Would suggest-the

existence of such an arrest.

1

3.6.2.5. Relationship between physical characteristics of the inversion”

and observed melotlc disturbance

In an attempt to formulate a hypothesis for the ctivlogy for the meidtic: .

di\urbance, information on meiotic disturbance from heterozygotes of the various.
i

crsmns was analyscd primarily on the basis of the physlc'll clnmctunsllcs of

the mvcrlcd scgmenL The location of one breakpoint in !.hc heterocl i

region proximal to the centromere is a feature observed .in a nun}bcr of autosdinal
translocations that result in male specific sterility (Forejt, 1982). The relationship
4 ’

between this physical characteristic and maluration arrest is thought to=be due to:
.

1 of small’ i Iting in chain configurations during first

(Searle, 1982, Caclmro Riissell EL Swartout, 1974). Position effect has also been’

snggcstcd 2 a passlblu cmxsc ror stenlny (Ford, Scarle, Evans & JeanWest, 1069).

The proximal breakpoint in a number of the paracentric inversions invesligated

in this study ig clu:.‘m to 'the centromere. These inversions are 1RK, 24RK, MRK,

20RK and 228K (figure 2-1). Of these inversions only heterozygosity: for 22RK
% .




J brenkpomt is closc to tllu lclomcre apd there is an eﬂ'cct
.

and 24RK result in meiotic distu{bance, suggesting that a breakpoint-close to the
cenl.romcrc-alonc doed not significantly affect. meiosis in the paracentric inversion

helc(ozygotés investigated.

’Fl;c location of n’brcakpoiut close to !,h; uﬁncre also does not appear to be of
ﬂmport'mcc Althmlgh IZRK lm,s a brenkpomt c]ose to lhe tclomcre, it is not

nsacntcd with mr.-wuc disturbance, in contrast to ZZRK and 24RK where one -

A

f e
\ s il y i, A .
The observed meiotic disturbance appeats to be consistent in its asst ciflion with
the physical length .of the inversion relativg, to the length of - tife respective
chromosome. Meiotic disturbance is observed in' the case of heterozygotes for
inVessions which' extend practically ‘the entire: chromosome length with the
exceptiog of heterozygotes for 20RK (Refer scéLion 3.5. 2 8). .

3.5.2.5.1. Possible conseque{l}ns of. me‘osls in heterozygotes for
paracentric inversions involving a large uegmcnt \

An i d proportion glatiploid secondary ytes has been reported in
mnles’l\ileioiygoué for the inversion 5RK and lllo.se for 9RK. " Dicentric
chromatids that are intact, slmtchcﬂ or broken have been observed in thcse

diploid rcshl.uhon nuclei (Evans & l"crd 1976). There are nt least three posslble

consequences for mv.-losls in b Y& of p i-\' i involving a

: ’
large scgment. They may be those mlated to (1) pmba!nllty oI‘ crossover, (2)
‘Iength of the dlcen!nc bridge formed, nnd (3) size of the loop nnd synnplle

udjuslmunt . .




3.5.2.5.1.1. Size of invemd segment and prob-blllty of crossover In
the inverted segment

* Dicentric anaphase bridges in ﬁrsl maphnse ruullmg from uneven number of
crosovers in the inyerted segment-could interfere with the normal meiotic process, -

X
and. mxght -be- responsible - for dehy :J. rirst menouc metaphm ‘The apparent”

* posi v! i batween tl\e h bridge freq 'y reported by Rodemk

(‘Rodenc_k 1983) ond Iength of the inverted segment [Table 3-4] suggests a pomhve
s ol et

ity of crossover.
-

relnuonslup hct een’length of Lhe inverted sugmenl and probal
(20RK is somewhat of an exception (Refer, scctlon 3.5.2.8):) Thus, since crossover

N P v b

bndge jon seceur ‘more i q! in 0zyg !‘or large
\ PR .
“ inversions, meiotic disturbnncek(be éxpected to be more prevalent” in

heterozyg'o\bes for large than small inversions.

and

Thiose inversions ihose heterozygotes are reported to have a highsfrequency of
anaphase bridges, 17RK, 22RK and 24RK, are found to have significant meiotic
"disl;lrb:mée. 'i‘l)is snggcsh a causal relationship between size ol‘) ‘the inverted

scgment probability of crossover in the i mvcr ed segment, 'I'rnquency of nnnplmse

bndgcs nnd melohe disturbance. Helerozygolcs for 20RK are an exccpuon (Refer

secuon 3 5.2.8). The, r::l’monslup between the (high) fmq'ucncy of :mnplmse bridges. .

nnd utem. of. meiotic di: is in | 2y go! I‘or 20RIK.

'Desplte involyemunt of a large segm‘enl, _"unliko ntorozymm fur .other Inrgo ’

’/'7 , the freque of gh bridgés is mnll Nevertheleu, the ' low
5 frequency of dnaphase bridges is associated with

normnl proporhon al hnplold

sqcozfd-ry sper : vt hasizing the imp of the role o anaphase

bridges in melo'.lc disturbance. w 2

-
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. Table 3-4: Frequency of anaphade bridges in i
- . heterozygotes (Rogerick,-1983)"
P N {
% Genotype Frequency ol‘ﬁnnnphnsc
P - © Lk bridges (%) °
) IRK/ X ® . @ o
* 5 ° —_— B N
v URK/+ ) E BT}
—— v
N TRK/+ 35 =
- 12RK/+ X 2 ' 22
PR x
17RK/+ o - 6
« = F
@ \ 20RK/+ ' 47
CeRK/E L oL ) [
URK/A - .- . tw




" compared to that of thc'.shor!. bridges.

i
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:3.5.2.5.1.2. Length of dicentric bridge and melotic disturbance

‘The length of the dicentric bridge is the sum’of the ‘length of the inverted

" segment and twice the length of the interstitial sogment. The high frequency of

dicentric bridges observed in heterozygotes for paracentric inversions ‘involving a
’ 5 ’

large segment, may be due fo the i'\!‘lnll\‘rp _iﬁnbilily of the bridge to break

In this regard the observations in hetefozygotes of 12RK, 22RK and 24RK are”’
interestiig. Inversions 22RK and 24RK occupy practically the entire length-of the
chromosont®s involved, show high frequency” of anaphase bridges and similar

meiotic disturbances. If the absolute length of the inverted segment is considerl,

* 12RK and 22RK may be of the same range. This “would imply- that the

prubabilityr of crossover ought to be similar. Tlmmfu.ru, if meiotic disturbance in

22RK is the consequence of crossover |}lm—i||verled segment, similar oliservations

ought to be. made in the case of 12RK. Nevertheless, significant “meiotic

disturbange is not observed in heterozygotes for 12RK.

Size of the bridge formed mny’ be, considered as the causé of the niciotic arrest.

+ The disl.al. break in 12RK is Iocnu.;d at the telomeric region of the ch'romosmhé 1.

Therefore, a crossover in the inverted segment~would restlt in a diceniric Bridge
which would be the sum of theslength of the invérted-segment and l.‘wice't_he
length of -the inierstitinl_scgmcn‘t. Tliis bridge ought to be longer than the bridge

Jformed from a qfassover in the inverted scgment iﬁ a 24RK heterozygote.




However, the [req y of b}idgu inh Y8 of 12RK, 24RK and 22RK are

. 229, 73% and 66% respectively. These observations suggest that the frequency

- of bridges and the resulting meiotic disturbance is related to the physical length of

the inverted segment, relative to ‘the length ‘of the chromosome on which' the

inversion is located and not genetic. length 0!‘: physical length of !he inverted

segment Felative to tlie sum of the length of all the chromosomes in the nucleus.
. o

“ 3.6.2.5.1.3. Size of invérted scgment and synaptic nﬂustmeﬁf; : ‘

' Synaptic adjustment is a phenomem;n by which the loop formed during
p;\chywne in heterozygotes of inversions is resolved. It is proposed that synapsis in .
Muversiom heterozygoles may consist of two phases. During the initial phase

synapsis and -synaptonemal, compl)?ormntion is limited by synapsis between

Ilomologuﬁs regions, giving rise to #he loop (homosynaptic phase). '!‘his is followed

by a phase when _;,_., is and psis result in elimination of the loop. This
is the Ilet&;wsynnptic ];hnse, when the inverted segment is nor;-hox_xlologously
pfl‘rcd. With progressiui\ of LI\E'[;ncllyte;ne stage, synaplig adjustment is observpd‘
_ with decrease in the size of the loop (Moscs.v Poorman, Roderick & Davisson,
1982). Large loops may btnke longer to resolve, disrupting the synchrony between
c.hromos'omnl disjunction and nuclear division. The products of meiosis in sucin a

. v
cell may be heteroploid. L
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3.5.2.8. Loop formation and its effects on meiosis

With diff?rcnccs in time required for synnplic adjustment in mind, the effects of
loop formation during pachytene on meiosis and reproducuon were analysed.
(Figure 3-2). Synaptic adjustment is a polnntnl source of efror when delermining
the frcqucncy of spermntocytcs with-the loop. To avoid this, spermatocytes in Inl.e
zygotcne/car[rpachylone were' nnnlyscd since ﬁ}:nptlc adjustment occurs: as the
cells proceed through pachytene and .the loop is resolvctl by the end of pachytene
(Moses, Po‘ormnn, Roderick & Davisson, 1082). Large loops may l;e expected to
take a longc?umc to resolve than t]\ e small one: Therefore one would™ expeet
-loups 16 be readily identifiable m preparations of hc'.cl’OL)gl)'.l:‘l for inversions
involving large segments. Conlmry_l.o expectation, however, fewer spermatocyles
with e loop were observed in heterozygotes for 22RK and 21RK than in

heterezygotes for short inversions (Refer section3.4.3) [Table 3-3].

In the nbscnce of the loop in most spermatocytes and with increased frequency of

bndges in Y of large inversi i crossover in the mverted

'—segmcut), it may be assumed that homologous pairing of the inverted scglxlglnts il}

thése helerozygotes is acco ied l;y h ! pairing br asynapsis-of the

flanking scgmem‘n.nd centromeres, rather than loop formation (Figure 3-3).

‘

. Electron microscopic, studies on a heterozygote for 24RK (Figure 3-4) did not
show asynapsis of the iriverted segment or thickened axis ‘indicating. asynapsis
(Moses, Poorman, . Roderick & Davisson, 1082). This observation supports the




Above: Figurg 3-2a

— Ph i h of p: ,‘ i from a male mouse

heterozygous for i mverslon lllK. A loop (ammhead) is formed to enable

synapsls of the mvertud segment.

5o - . *" . Below: Figure 3- 2b ,

Ph icrograph of pachy : i from _a" Tale mouse
hetemzygous for inversion 12RK. A loop (arrowhead) is formed to enable __
synapsis of the inverted segment.” Asynapsis of the region distal to the

inversion is observed. - . “« % = -
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Above: Figure 3-2¢ .
»Ph_otomicr‘ogmph of pachytene preparation from a male mouse
heterdzygous for inversion HRK. A loop (arrowhead) is formed to enable
) synapsis of the inverted segment. '
) _ Below: Figure 3-2d,
Photomicrograph of pachytene preparation from a fnale mouse
heterozygous for inversion 14RK. A loop ‘(arrowhead) is formed to enable

synapsis of the inverted segment. )
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" Above: Figure 3-2¢
Photomicrograph of pachytene preparation . from a ‘male. mouse
heterozygous for inversion 24RK. A loop (arrowhead) is formed to enable

. synapsis of the inverted segment.

Below: Figure 3-2f . }

5 3 s
Pl i ph' of pachytene p jon from a /r}riale‘mouse

. heterozygous for inversion: 22RK. A loop (arrowhead) is formed to enable
' K 3

: synapsis of the in‘;erl,cd segment.
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o B ‘Figure 3-4
Blectron riicrograph of pachy a

heterozygous for inversion 24RK. Bar= Iym . s ey
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moEc of p—ni.ring illustrated in Figure 3-3. Asynapsis of the flanking regions was not
— s

observed in the electron migrographs-{Figure 3-4), perhaps because the flanking

in electron

regions” are very small. The were not

micrographs of specimens stained using conventional techniques. This qub of

};uiying has beendemsnstrated by C-staining pachytene obeytSs from a fomale
. monwe hcterozyguus for a pnmccntnc mverslon on-the X chromosome (Tease &
; s . l“!lmr, 1086).- llcversc p'urmg has nlso been reported in mice lmlcrozy%ous for

i T inversion | 9RK (an i lnvcrsmn ing

slmm’ng o( spermntocyles in pmchylena (E\mns, 1970)

Absence of loo;} formation has been bbsgrve;.l in heterozygotes for inversions in

Solari, 1081) absence of loop formation is associated with non-homologous pairing.

Absence of loop formation and heterosynaptic pairing in a éi)ccins of the deer
Final

mouse | for a located peri ic inversion prevents

recombinantant formation and gametic loss and maintanence of the inversion

polymorphism (Greenbaum & Reed, 1984). Synapsis of the jnverted segm_enlv and

nsynnpns “of the flnnkmg segmcnts hns bccn suggeste in_a 'I\uman male

Hunter & Ferguson-Smith, 1978). ., \ L
+ 3.5,2.6.1. Possible factors determining ‘mode of pnlrlng in
parncentrlc lnvenlon heterozygotes - e

Factors which d ine loop fon in p i p— o

- ——may-he postulated on the basis of the various mechsnisms proposcd for initiation

5) by C-

domestic: fowl (K{\ell\ing & Fechheimer, 1085). In ‘the sand rat (Ashley, Moses &
S " -

hetcmzygaus for a pericentric mverslon mv (7) (p22q32) (YVlnsor, Pnlmer, Ellis,

—
3



and progression of synnpsi;, One mechanism suggests -itiation Dl synapsis by
ajtachmerit of tolomcros and for centroheres lo specalized sites L\n the nnclcnr
~membrane. Synapsis is then thought to pmceud f}-om these pmrcd regions,
nccampnmed by formation, oI‘ the -synaptonemal complex (Maguire, 10172. An

,n_ltcrn?tivc mechanism is based on obsorvntiuns in heterozygotes for rearranged

. It has been d tlml synapsls xs these- rearrmged” mglons is

mediated by the cnstcncc of numerous slus on "the chromosnme cnpnhlc ul

‘nunclung to the nuclear u\cmbr;me and uuL ting,sy napsis (Mngmru, 1977). In ot ¥

C - " least 1 paracentric inversion, 5RK, Moses ot al. suggesied the -existence of threo

at the dxl‘!crcnl s)tes in different cells, suggess 1hat’\(re is no priority with

i P rcgnrd to the site of initiation (Moses, Poorman, Rudcnck & Davisson, 1982).
. \
© " The d non-homologouspairing of re and telomere in the case of
‘ ’ 17RK 22RK and ;4RK het sugg;\sls I | synapsis can eeur —
- even when centromeres ;uyd telomeres are not synapsed. 'I his observation supports
»

the suggestions that homologous synapsis does not depend on  homologous
centromere associations [l}urnhn;n, S_taut.' \Véinlliiumr‘, Kowles & Phillips,
7 . i

1972) and that synapsis need not mecessarily be initiated at the telomereror

« * centromere (Maguire, 1977).

Physical factors to be considered in’ determining whether initiation of u}nnpsisvis

at the ¢entromicre, telomere or in the inverted segment are (1) size'of the inverted

. initiation sites for syna[isis. Differences in the length d[ the synaptonemal wm[ilcx .

i
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---All these c‘luoqnos%gsg have large segments of unaltered sequencegs
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N segm;nl; (2) location of the inverted segment in relation to -thg centromere, (3)
location of the inverted segment in relation to the telomere and (4) size of the
segments Manking the inverted scgn;enh Tile three short inversions “IRK, 11RK
and JRIC and the medium sized inversiori - 12RIC show a high frequency of cells

‘ with -the loop-Frequency of cells with the loop in fieterozygotes for 12RK is lower

than that in helerozygoles for IRK, 1IRK and 14RK. This suggests a negative

l‘el.'itiunship between length of lhc’im?’crlcd segment and loop formation.

14RK, the unalicred segment is predominantly telomieric. In 12RK; the unaltered

_sequence is prgxéxnnl to the centromere amd in 11RK ;nalmcd scgn\enl.s o‘F
appreéciable ‘lengths flank the inverted scgment. Thus the lu:cntian of unaltered
segmenis relative to the ccntron;cre or telomere do hgg appear {o hffect formation ’.’
of the loop. The ef[e;t of location of the inverted s;'gmenl relative bo the
ccn'.‘romere or ielomere cannot be determined from these invcstig'ntions,.since

12RK, which is located close, to the telomere also involves inversion of a larger

segment of the chromosome th:;n.IRK, URK and 14RK. &=

"The four large inversiffis, 17RK, 20RK, 22RK and 24RI. involving scgmenls |

which include nearly ‘the entire length of the chromosome, show 4 low frequency

of cells with the loop. Based on this ohservation, ihe following speculation is made.

Inh Y & for pa ic i jons, synapsis is more likely to be initiated
e &

_in the inverted segment if the inversion is large. If synapsis is initiated in the
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unaltered segment, the loop is formed in the inverted segment, since asynapsis of

the inverted region was not observed. But if synapsis is initisted in the inverted - ..
segment, the loop may 6r may not be formed. When the loop is not formed
homologous pairing of the inverted Segmcnl and non-homologous pairing of the

’ flanking segments take place.

3.5.2.7. Effect of loop fo; ion on cross over i i the Inverted
.'segment ‘ » . e .

As mentiongd earlier, the physical lengths ;)r ti:o inverted gcgment;in 12RK and

22RK are similar though FI‘ERI\* is rc—h'Tlichy shorter in’ lo‘nns of 'f‘rnction of lhe

length of the chromosome. The proportion of cells with the loop in_helerozygotes

for these inversions, however, is 50% and 2% respectively. And the frequency of

- s X
h bridges in | Y g for these inversions is 22% and - 66%
respectively. That is, loops are formed infréquently in hi y for i

involving a large segment of the chromosome compared to those for inversions

1 1

ing short as icted by the hypothesis. But anaphase I;ridgu are

formed more frequently in the former compared to latter. It is suggested that lnoﬁ
formation may interfere more with crossing over in, the inverted segment than

does pniririg-of the inversion with non-homalog‘ous pairing of the flanking

scgm;nts. » .
< P
-

Observations in compound heterozygotes also suggests a relationship between
P . . "

.loop and crq . Bridge i ies in these | ! n}n n:)l.

available. The frequency of haploid secondary spermatocytes cansbe used as n;
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index of crossover Ire‘q}lenm In heterozygotes 12RK/24RIK; the proportion of cells
with the loop is 03% ard that of haploid secondiry spermatocytes is 32.5% i.c.,

somewhat increased - proportion of  haploid “sccondary spermatocytes and

spcrmntocytes with loop are found in nssocintion [Table 3-2]. In coinpound .

hctcmzygutes, however, the loops formed, are -so complicated (l"lgure 3-5), that .r
the loop is formied i¢ may not_be, rcsolvcd :md the cells mny breakdown at the
pnchytcne stage: thereby prevenling the ‘I'ormntmn of heteroploid secondary

spcn;mlocytes. Meiotic arrest at pnchy‘lenc may be determined by invesligating

ylogencli or hi tological preparat
3.6.2.8. Observltionu in hcterozygotea for 20RKK .

Inversion ' 20RK extends . pnctmlly tllc entie length of the respective
chroinosolnc’ as in_inversions 22]{!( and 24RI. Unlike heterozygotes for 22RK and
24RK, male heterozygotes for 20RK, do not show é)ignil‘icnnl meiotic arrest [1tablc
3-2]. Also, compared to heterozygotes for 22RK nnd 24&1{ whith~show
significantly I’ew cells with the lonp, 2% and 8% rcspe:uvely, lmlemzygutcs for
20RK did not sliow loops in any of the cells lnvcsugnled [Tab]c 3-3. Ir low
frequency of loops (2% and 8%) and lugh frequency of anaphase bridges (60% and
_73%) are correlated, absence of loops i’n 20RK ought to be be Vnss‘uciatcd with a

higll‘l’rcqu’ency of nnnplmse bridge (cven highcr. than that observed in

hclemzygotes for ZZRK and 24RK). The low frequency of nna(lmse bndges, in

Ilnlcmzygoles for 20RK, suggcsls that crossover may be prevented to a certain

extent due to son‘ other factor in these lwlerozygmcs. One possiblity is that the

rearrangement is not a simiple inversion. This could explain the absence of meigtic

disturbance In heterozygotes for 20RKK.




Figure 35
Photomicrograph of pachytene preparations from a male mouse
heterozygous for inversions IRK and 12RK. A complex loop (arrowhead) i}\.

formed to enable synapsis of the inverted segments.
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3.5.2.9. Observations in double h ygotes .

The meiotic process is arrested at the pachytenc stage in the compound .

heterozygote 1RK/12RK. Sirmlar observations were made by Chandley (Chandley,

‘ 1982a). Spermatocytes in first ané second _meiotic -metaphase are obsepvud in

compound” heterozygotes XRK/ZIRK and 12m(/z|m\ One. difference bitween
the lm(/lle( and the uthcr Lwc compound llelcruzygotns is that, in lltl\/lzlll\
the inverted scgments ovcrlnp In IRK/24RK- and , 12RK/24RK, the smaller
inversions, IRK and 12Rl\ are included wntlnn the region inverted in lell\ The

nature of. Lhe loops formed is therefore dll‘f(-rullt in llll\/lllll\ and lllK/zIIU\:

and 12111(/24[11\ This may be one reason for‘lhe observed dll{crcnccs in meiotic

" (isturbance.

The cxtremely low frequency of haploid secondary spennnlocytcs'nnd very high
frequency of heteroploid secondary spermatocyles suggests that the etiology for
meiotic disturbance contributed by heterozygotes for inversions 24RI and 22RK

are additive, or at least act independently of one another.

. 3.6.2.10. Possible etialégy for mejotic disturbance in male mice

’ heterozygous for paracentric inversions
Based on the viriol_lls observations the following is proposed. The observed
meiotic disturbance is a function of dicentric anaphase bridge Crossover required

for '.he formation ol' thc dicentric bridge may, however, be mﬂuen:ed by the

absence of loop. form-\uon as in heterozygotes for 22RK and 24!"( in udtlll,mn to .

other unknown factors (as in heterozygotes for 20RIK). A btidge may be formed

i
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in heterozygotes for 12RK just as easily as in heterozygotes for 22RK since the
size of the inverted segments are similar, except (hat loops are not. foffied in

22[‘1!(4 Also a bridge formed in heterozygoles for 12RK would be as longas that .

__formed in heterozygotes for 24RK, and may be expected to have similar effects.

“The minimal effects observed in helerozygotes for inversion 12RK suggest that the

. i Y s B -
loop formed in -these heterozygotes prevent~crossover in the inverted segment.

- "IMiercfore it may be suggested that absence of loop formation in heterozygotes for
3 yE

22RK or 24RK is accompanied by crossover whereas loop formation interferes
. B

_with erossover in helerozygotes for 12RK. .

The decreased frequency of loop formation in helerozy gotes for 22RK and 2/RIK

ability of sufficient I(‘llg'.iIS

unlike those for 12RK may be because of the non-av
of.llanking segments for initiation of synapsis. Another aspect to be cg;lsidercd is
t.llnvp(;ssihility ;f ilxcrensyd probability_of crossover in l.he‘rugiuu close to the.
centromere rather than ll_le telomere. If so crossover would.be expected to be more
frequent in heterozygotes r;)r 22RK and 2RI compared Lo h‘ulurozygntvs for

12RK.

As mentioned pn;lie}, homologous pairing in the absénce of loop formation has -
been suggcslcd in heterozygotes for pcriceritric inversions (Refer section 3.5.2.! ﬂj It
would be mtercshng to detcrmme it tlus effect ol loop formation on crossover

fr y is observe(l in-h 2y I'or pencenmc inversion. One. difference_in

this: Kind of pairing in heterozygotes for pericentric . invefsion- and- pnrncentnc
i
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inversion is that in the former centromeres may be poired whereas in the latter—

they are not.

© 3.5.2.11. Meiotic disturbance and male dependent infertility in
heterozy gotes for paracentric inversion
Meiotic disturbance may have a role_in selection aganist recombinants h;' e

affecting gametogenesis. A hypothesis involving chromus;amnl and biochemical

jiteraction of the rearranged _and the X chrot ng been put. -

forWaid by Forejt to explain male dependent infertility. 1t is postulated-that -

rearranged  chrom “do not pair letely. The _unpaired. regions are

thought to associate with the X chromosome. Under normal circumstances, the X
) . .

chromosome is inactivated during meiosis (Lifschytz & Lindsley, 1972). Association -

L : of the unpaired region‘of the rearranged cl » with the X ch

thought to interfére with the inactivation process. Consequently, X linked gene -

products not transeribed during meipsis dre produced. X-linked enzymes glucose-6-

fac ks t " fie gt
Y enase,  hy Ne-g ” phosp

syltransferase and -

phosphoglycerate kinase-1.are reported to be more active-thap autosomal enzymes.

. - in cells in late prophase of sterile males hetérozygous' for X- ¢
T37H and-for IRK/12RK (Chandley, 1082b, llotta’ & Chandley, 1082). Disruption i
of the normal pattern of - pachytene DNA metabolism and abnormal pattern of

endonuclease activity were observed in mouse strains that were sterile because of

X or locations (Holta, Chandlcy, Stern, Searle

( & Beechey, 1979).- The activity of the X chromosome du'ring meiosis is tilouglnl to

lead to breakdown &f spermatogenic differentiation (l"‘omjt, 1082).
. ) -
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35.2.11.1 Ia lete synapsls and male

dent Infertility
Incomplete synapsis of rearranged chromosomes (Forejt, 1981, de Boer & Searle,

1080) and associ o f the d ch with the XY bivalent have
beenvobs-;rved in ps ‘; p in all male-sterile l studied
inmice (Fonjt 1082). iation of d chrom: -n_d XY bivalent
have nln-been observed in mice for a Rob . )

_with & pencentnc inversion (Davisson, Poormnn, Roderick & Moses, 1981) and in
* mice, vheterolygouu , for. two paracentric _inversions (Chandley, wsza).
; - .

3y _ Heterozygosity for a paracentric inversion may ‘affect 'synnpsis and therefore may

have'a similar effect on male g‘ame!o'génesi's

3.6.2.11.2. Male dependent Inl‘erullby in paracentric inversion

.hehro:uom

B

Mule-depe_ndent infertility has a ‘variegated’ phenotype. That is, spermatogenesis -

is not m"ljé!(ed in ;II the germ cells (Forejl, 1082).\1'1:: variegated phenotype may

: be’ ldenmied as vnmble expression of nnpnred (e\xlity Absence of gompletely

defective.s is_in animals h 37 1s for '.he various inversions may -
“Bovun siof of the “varicgated’ phenotype. AsSthe exterit of meiotic
disturbance i;. istenrt in hetero o of any pi lar inve}-sion andappears
: o co oorrelua V{llh ‘the physical t " of nm; , it may ‘be argued

that lhe phyil‘«.l.;hlnclemucs correlatc wnth the extent to which vuneghled' ¢

phenolype is expressed in heterozygotes for a pnrncentnc inversion.
A — . e
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3.52.11.3. A ciation of r chr ‘s with the XY
I in male d dent infertility )

R -
- Rygions of the rearranged chromesomes (hat are not synapsed are thought to
play a role in the breakdown of spermatogenic differentiation by their association

with the unpn'ired ‘regions of the X chromosome. As mentioned in  section

3.5.211.1; sich an nssccmuon is reporled to be observed in mice helcrnzygons for *

g tsyo paracentric mvemons (Chandley, 19821;)‘ There is :n?h[fcrcnce in the mexuhc
Ivdlslurbnnce observed in mice heterozygouq for smgle paracentric inversions

investigated in this thesis- and lhat dcscnbed by Chandley. qlm arresl rbporlcd by

Chandley .in_compound’ helerozggotes is at ‘pachytenc, wherets in mice

helerozy gous for single inversions, the disturbance is a meiotic delay at metaphase

L .

Inluesungly, mwiotje arrest similar to the “ome observed in the compound

\\’ﬂurozygom 1RE)1 2[2[\ is mot observed in the cofnpound heterozygoles ;

1RK/24RI( and 12[“\/2 ARK. The loop ronncd m lRl\/l?IH\ is different from -

- l.Tcse »formed in 1RK/24RK and lﬂllK/?dRK bccuusc of the differences fn the

physxcnl chnrnctenshcs menhoned arlier (Refer sc:hon 3.6.2. 9) This suggests

that the armt 2 thc compound hclerozygnlc lRK/lmK may bo some ux!ent be
a canscquencc of the -complexity of the Ioop Assocm joni of the rearranged

" chromosome in - 1RK/24RK and BRK/#RK  with the XY bivalent, during

- pachytene, could be studied'to determine if the disturbance in moiosis in these . °
i ; I : -3

heterozy gotes ig, associated with association of the rearranged chromosome with

U thoXY bivat. . - P A A




3.6.2.11:4., Evidence inst - male dependent lnl:ertlliéy in
hetemzygotu for pl{lcﬁic_lc inversion- . e *

“of the il '_ il i d. synapsis of the tels i vrcgion of. the

cllromosqj ne l! observed in hctcmzygotcs for inversion 12RIK (I lgllrcs 32 & 3-6)
‘TIUE is ho ever, no slgmllcnnt mclollc dlslurb‘mcc in I2RK. hctcrozygolcs,
i cbmmrcd to, the corrcspomlmg homo:)gotes This observation suggests llmt at

.|ensa,me de fiversionssaudiod, Tall e cl fes) meiotic

disturbance does not result from the mechanism postulated by Forejt to explain

male dependent infertility (Forejt; 1082). Electron mieroscopy of The loop formed

in lm(nrmyguteﬁ for IRK suggests possible asynapss at, the region where the lop

Tornintion is nitiated -(Figure 3-7). As in the case of heterorygoles for 121K,

siguificant meiotic disturbance is not observed in l)c(umzygutcs for 1RK.

—-— 2 -

. The, docuumnlvd rclnlmnclup bclwcen lho physical. clmrytvnshcs of the
In\cmon nml subscquent rurmnuon of loup and dicentric -anaphase bridges

sllgguxls that the meiotic disturbance obscrvwl in these instances nmy'not be a

variable expression of male drpc(ylcut inferfility. The correlation between” the

physical clmmcldnsms o! the inversion and ‘extent of mmol:c disturbance suggests

N plm exi of. variable expressi 8 istic of mnle

infertility
(Rolnr acctmn 3:5.2.11.2). To support Llnd hypothesis, spermatocytes in pachytene

may be studied for

between the r d ch and the XY

blv_nlgul,‘ since the renrranged-chromosome is reported to be associnted with the

XY bivalent during pachytene in. male t‘!ep‘cndcnt infertility (Forejt; ma«i)‘ One

. dIffIsuIly in such a study Is the idnn!iﬁ‘cn\tlnn of the rearranged chromosome




.
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Figure 3-8
Loop formed by synapsis of the inverted segment in a male mouse
heterozygous for. the inversion 12RK. The asynapsed Lelomeric region

(arrow) is thickened. Electrqn'micmgﬁph: Bar= 0.5pm.




— . ' ; -
A L ,, .
164 .
3 N
-




Figure 3-7
lmp formed by synapsis of the inverted segment in a male mouse
hnlerozygous for lhe mvemon lRK The regmn where llw Ioop starts tobe
formed (arrows) appears to be asynapsed, although the axis are not

thickened. Electron n\icr'ogra:phv: Bar= 0.5um.
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during pachylene. Inyersions llnl show slgnlfic'ml mmolne disturbance are those’
Uial 4G ndt show a ku\p during p'n-hyl(-nv.- In situ hybridisation using chromosome

specific gene probes should make it possible to identify the rearranged bivalent.

3.5.2.12. Meiotlé disturbance and against. - nbi

Mice heterozygous fur‘lq[ﬁ}ﬂllK (an inversion which involves a very large.

segment of the chromosime) have been observed to produce sperm” with large

heads which are presumed to have twice the usual nuclear volume (llugenholtz & .

Bruce, i079). It has been suggested that the uterotubal junction in female mice
might as’a partial barrier to the movement of such diploid sperm. (Ford, Evans &
Burtenshaw, 1076). (f diploid sperm ate formed from the heteroploid secondary:

\nnying the recombinants, they may similarly be prevented from.

fertilizing an opeyle. This mechanism has been suggested in other species as well,

In families like Chironomidae, Culicidae, Simuldiidac, Limoniidac and

Plychoteridae, despite chiasma [ ion in males, have

bccn obscrvcd in.the n'mml population. 'I‘Ius as hccn explained on the basis of
sclcchon against dlpluul sperm (White, 1073)."Tn mnmmnls if a diploid sperm
_ fertilizes an oncylc the triploid offspring is inviable. This selecls against,

rccomhm-ml.s nL the post-| ft-rlllxmuou stage of rz-pmdlulmn

In’ uumma& I |||olpgoua pairing of the jnverted aczu\unt by lﬂﬂp"f(;!lllntiull

nppeurs to decrense the probability oI' crossover‘ The bridge formed by l.hn
“dicentric recomhinnnl.l‘:ppenrs to prevent rormuuon of haploid ‘gametes earrying a

recombinant. Thus the bridge has o role in‘tho selection pmém‘

.




Detailed lmlyms of upurm morpholog' and sperm count may be I.hc next step in

the mvahgnlmns The refnlmnshlp of lhue .upccl.s M’ male pmelo;enuu with

plnyslcal nlmrul.er ics of the.inversions and thc degree of meiotic dlstnrbancc can

.lu-lp in l‘urtlmr substnntmung llm luggcsllun that (lu: observed meiotic dlstnrbnnce

is'a-Fesult of mech I rather than Siysiologi uffccts ol the renrmn‘cmenl A
ds in sl;erm count iated with bed fertility will substantidte the
that meiotic distur in | Y B for par. ic i ion -

may have a role in selection against formation of gametes with recombinants.
' “ F




males is in the inactivo state (Lifschytz & Lindsley, 1072), whereas in Temales, ()

< two X chromosomes are in ‘the active state. In males heterozygous for

found 1o be associated with that of the X cl P ing itsg

Chapter 4
Female fertility

Differences in the constitution and behaviour of sex tllro‘mnsouws‘duriug meiosis_
in, males and females appear to influence the eﬂc‘gt “of cI|rul§\$ﬁnnl

rearrangements on fertility in the two sexes. During meiosis, the X chromioste in

| rearran (thosq involving sex

involving autosomes) the unpaired regions of the rcarranged chromosome are

Abtiormal transeription of X linked genes during meiosis is thought to be

ji, 1982). As this

T sible for breakdown of ic differentiation. (Fo

int r‘qm& only | \V.i"l male gametogenesis, the infertility associated with M
confined to male heterozygoles, and could have a role in preventing the formation )

of gametes with abnormal recombinants in males.

* Polar.body formatioti is a feature of gametogenesis unique to females and.may |
x & . . [/ . . "

have a role in selection against gametes with abnormal recombinants in carriers of

chromosomal . rearrangements. ‘Following meiosis ~ each  cogoninm “ and
h 5 h .

!pcnh‘ntogonium results in four cells, In males, all ‘four colls fiave Ure ability t8 1




170, '

S

.form_sperm. In fernales t;nly one of the four: cells develops into the functional ,

h 1 1 1 b

héterozygotes: for a | rearrs ent, -an

polar body. : . [

4

* The role of the polar body “in selection against recombinant offspring in

) heterozygotes for pnr'\ccntri inversion was inili:\lly ohsr\rved in I)rmo’pllila (Refer

= Secuqn 1.8). Linear qll'\nclc, and inclusion of I,Iw dicentric recombinant in the two

4 & inner nuclei (ar cell), a prerequisite for this modc of selection are not observed in

mammals, lt is‘ pnssihlc)owevcr, that some other mechanism may result in

selective climination of the recombinant. In the absence of any particular selection

climinate the recombinant from the reproductive pathway in females with or

without any noticealile errc'ct as the case may be. .
" . 4.1, Chro I rearr its and femulc fertilfty

. Segregational lmpmrmcul of fcruluy resulnng from prunlnl climination of

chromosomnlly unbnl'mced Aygoles is a freﬁuently obscrvcd em:cl, of chromosomal

ronrrnngenwnt ||| balanced fﬂm\lc cﬁmers‘ ln Iluunus, prmmtnl elnmmtmn of

chromosomnlly unbnlnnced zyfgotes mny “be rccogchd' as sponlnneous abortions

‘Rcl’er s tlons 1322 l and 1322 2) Obscrvnhons sugg«sung segrcgnuonnl

' |mpmrment of [erullly have been reponed in lemnlu mlce hctemzygous for thc

pnrlwonl.ne Invc n. SRK and -those hel.oroz)gous for lﬁo pnmevntnc mvomon

sccondary” oocyte. The other” three cells, the . polar -bodies, degenerate. In

may.

micchanism, random- inclusion of the recombinant in the polar body would ,

. [y g
be preferentially or randomly excluded from fertilization by its inclusion in the
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Although scgregational impairment of fertility is observed in malg and female:

gotes for rear females are found ‘to be the carriors more

frequently than males -among carriers of balanced ‘translocations ascertained

following, two or more s abortions (Li Iland & Vekemans, 1983).

Rearrangements that affect male, but not female fertility are suggested by these

5 .
investigators as an explanation. ~

4.2. Data on human carrjers of paracén‘tric ipver:sior.m

Data on lummn carriers for |v.'h1ccutnc mversmns suggcsl.l.lml female carriers
have a grentcr potential for being ideéntified bccuuse of a dclnmenlnl effect on’ .v
reproduction. Of the 83 familial cases o_f paracentric m\_rerslons rcpcrtcd, the
mother is lhe.cn"i;sr in 51 (61.4%%). (In addition, the mother has been found to be
the carrier of a familial paracentric inversion of 7q (personal communication,
Allderdice,” 1986).) Of the 14 cases of balanced “paracentric inversion associated
;vitlx‘dcvclopmcntni abnohnnlilies,.t!le mother was the carrier in 10 (Fryns & Van

"den Dorg, 1080, del Solar & Uchida, 1974, Orye & Van Dover, 1983, Petors-

S ugh Plant! dt ‘Timmerman &-Vooren, 1082, (All(-ll. Woolatt: & Sutherland, . . ‘

mas A French Iorative Study, 1086b, Sclumd Haaf & Zorn, 1986) [personal
commumcnhon, Alldcrdlco, 1080] In 7 cases in wlnch recombinants have been
uuggcslcd‘ the mother was the carrier in 0 casces (Vninrccl Ben ftez, Mnmnnz Ih:y )
& Sfnchez - Casos,, 1083, Mules & Stanbérg, 1984, Speevak, Hunter, llnghgs_m .

Cox, 1085, Sparkes; Muller. & Klisak, 1979, 1loo, ‘ﬁomnz, Fischer & Furhmann,—




carrier of the inverted chromosome in the case reported by Kelly et al. (Kelly,
: "

Wyandt, Kasprzak, Ennis, Wilson, Koch & Sch ly, 1979). The preponderance P

of female carriers in the ni‘.{uv_e mentioned groups fnay be duc to a small sample

size. Another reason may be diffc) productive in males and

in the

females, with more efficient selection operating in male carriers of paracentric

inversions.

4.3. Rati __‘ for the in igati on female mice hcterozygou’s

for paracentric inversions
—N

. As in males, initial evaluation of the éffect of chromosomal rearrangements on

fertility- may be made postnatally, by stud)mg (ho ability of Iu-lorongotes lo

produce live of[sprmg, their Ilttur size and frequency ol liveborn u"sprmg with

A

\ congenital  abnormalities. of ital " ab alities  with an

unbalanced genome may be established by chromosomal analysis of the zygote.

When a cl T I is with reduced litter size or

absence of Iiv’elmrn offspring, various stn;gvs of reproduction may be invns‘ligalcd
. to determine the one at which reproduction is affected.
! i Cy .
Cerlain stages of rcproductioyl may be studied in vivo. Post-implantation loss,
bne index of loss duc to genomic. imbalance (Ford, 1075) may be estimated from

counts of corpora luten, moles (docnduomntn), dc-ul or nbnormﬂl embryos, and {

. normal eml)ryo:.

The primiary aim of this thesis was to determine if meiotic disl,urban'ces‘,
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recombinant formation and selective elimination of recombinants occur’ in

LR ¥ Y

I d pre-impl; jon and post-impl. i0 cm,b;yonic losses have l;qcn; .
observed in female mice Heterpzygous for In5 and Ind (Ford, Evas & Burtenshaw,
1076).  Post-implantation death was more- ftequent than -pLe-impInntalion,

suggesting genomic imbalance{as the cause of death (F/’( 1975). This observation
®

suggests formation and fert

tion of nocym s with recombinants.
”~

— .
Significant loss during prenatal stages will result in reduced litter size. Litter
sizes were therefore estimated for female mice “heterozygous for the various

ions investi d to d ine if there was significant prenatal loss,

3

Meiosis in female mice hetetozygous for paracentric inversions was invesliiutc(l

for meiotic disturbance similar to that ‘observed in comparable male mice (Refer

. spction '3.4.3). The XY bivalent is thought to play a role-in male dependent

infertility - (Forejt, 19'}4)4 If the meiotic disturbance observed in male mice

heterozygous for certain paracentric inversions is observed in female carriers also,

it would suggest that the disturbance in males is not a function of the XY
: .

Bivalent. . ' PRI : . b

- Recombmnnt formation in heterozygotes for pn‘mcenlnc inversion resulls from

uneven number of crossovers in the inverted segment. 'l‘lmro is at least one report

siggesting differonces i tha dTstribution of chiosma In male and fenisla_mice
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l\cl«rozygo\ls for various. p ie i igated to determineif

nnnnhnse bridgcs and accntrlc fmgmcnl.s are formed in fcmnle heterozygotes as in

“ inales; Absence of expected recombinants would, suggest that they are cither not

formed or are_excluded by inclision in the first golar body. ]’rcpnrn‘limls of

meiotic metaphases were uhl:‘ned by in vitro techniques.

N )
\Mqturaﬁon of mouse oocytes

4.4.1. In vivo maturation of mouse oocytes

Mammalian oogonia divide mitotically during carly embryonic stages. In mice,

around day 13 of embryonic life, mitdsis is halted (ronson, Dagg & Snell,
1075).The cells at this stage, the ])rj{xlnrznc)'lcs undergo meiosis and maturation.
Maturation of an oocyte involves 2 successive meiotic divisior's with release of 'a
polar body at the conelusion of each division. In mammals the’ maturation process
i.} long, corumencing during the prenatal period and concI‘u‘(ling‘nnor“I'n-,rl.iliz:\lvinn.

As maturation is completed only on penctration by the sperm, the process of

meiosis until second meiotic mefaphase is known as the pre-maturation process.
i

~ Maturation of the oocyte in the mouse bvgms by-8 days before birth ﬂ:en the

" primary oocyte enlers proplmﬁ‘c. Thc first hold in the maturntion progess is
< ; 20 A ¥

reached approximately § (Inys after birtl, when the ooeytes reach the diplotene|

stage. Primary oocylps in dxplolene may be identified Dy prucnvc of Lhe gcrmmnl




3 prc—mntura_tmn process by resumption of. h)cmsl

" s

ovulation in sei{ué‘lly mature female mjice, suum time: afer 4 weeks -of age

(Bronson ‘Dagg & Snell,« l07.;) Ilmns before o\nl.v

n e oocyte. goes/ito the

After campletion of first, meiotic
division’ the fistpolar bbdy is “éxtruded, “sad coimes’ to:Tie onenil, e ;mm

'pcllucld:l (Bronson, Dagg & Snell, 107.;) After complvlmn of first: meio

c
mctfq.hwc the oocyte is l\nown as the sccoud'uy wocyte. The ;ecuu«l.\ry oueyte

pmccu(l; immediately tm lhn second momnc wivisi

. The secondaty_odtyle

remains in the second lll(‘lollc HII‘lnp]h’Nc (eocuml untnr. onal hold) until it is .

penetraled by the sperm. After penctration by the sperm,-the mdiatic division js’,

completed and the.second polar body is released. (

acro, 1972).

4. 4 2. In vitro maturation ol' mouse & oocytes , ~ \
g .
‘Sl\hlur,!!lml of m4)nm:|h\n oacyles in vilro |1.\~ been r(-vlv\n-:l by Donahue!

(Donahue, 1972). The follicular cells are thought to maintain ocoeytes in Lhu

germinal vesicle stage by producing a maturation inhibitor or by depriving lﬁnu

oocytes of nutrients required for maturation. 1lormonal changes and caleium

° 5
deficiency ‘is observed to destabilize the association between the oocytes and the

cumu'u -\‘Ils initiating nnlnmtmn‘of onl‘)tos (Masui and (I-\rko, l(l7n)

Muumunn is observed in I'u]llclc frev}ga&ytoq cultnrul in suitable cnlturc mwlhnuu L)

<
In vilro culturing of oocylw l'tkes nﬁlvnut.lgu of this aspect of unLylL matugation. | -

After 3.75 hours to 5 hours in culture oocytes reach metaphase | (Iluulcmm R'

Edwards, 1968, Tschuida n\ml Uoludn, 1974), and atter T2 huurs in culture’ l""%}

vitro & useful i in studying meiotic chromiosoines - '

) oo’c tes rofrch sec meiotfe n|clnp|lnqo (I.d\vnrds, 1065). Mnturnhmm[ (}ucyleu nl g,
ybes roi (

)




L b K
meiotic metaphase was to detd¥

i X ;
e the effect of hoterozygasity for

i 4,5. Results

pan\ccntnc mvcrslon on the mmohc process. Sccondary ogeytes (oocyles in suon(l

miciotic mt-hplmsv) were :ln’rlyscd /for, dlcnnlnc chromatid :mll/nr ul‘elﬂnw »

fragment, the p%ssnblv. rm'om[)lllnn(s in hcﬁﬁnzygnlvs for p:lrnrvnmc un‘nrslunxn
gy heir ubsonce could hc cither bec:msc they are nol produccd or because l{r‘y AR
excludml by selective mcluslon in lhc first polnr I)o(ly. Socmu] |||cmt|c metaphases '

were also analyscd I‘ur nneuplmdy Some inwivo data were collvrtml [t <u|>|>lonwnl‘

lhv data from thc in vilrg, 'm.\l\ sis. T'his rnnsmlml of llu- number of oacyles in the
<

germ d from the i

al vesicle stage and (he ‘nunbe ivision amdng those. rele

A 4

ovaries, = .

L
I ’ .

.The mdtcrn.ls and methods used in propmng and studyuu, feunll- meiotic

i
.lA *

mctnphnscs are (léscnbcd in sections 2 3, 2.3, 1 and ¢

Sy, R \ . :

4.5.1. Litter size

The litter size of female inversion heterozygakes obtained by niafing inversion

. p —
homozygotes “with C57Bl normals is reduced jm—the—case of most inversions

parcd 1o that of homozygous femaless The cxecption is 1ZRIG/CST. [Table © - -
* 4-1]. [Appendix K. ' : : ‘
‘ : >3 i L . -

e ' . "
Significant reduction in litter size was obseryed. in female mice heterozygous I'or, &

This

20K (22RK/C57). orsion “involies a very long segmenl of the




s T e ¥ o .

e ¥ %
“Table 4-1:  Litter size of female inversion homozygotes

] * and heterozygotes ' ¥ A-
‘ \ b . . "
. denotype) No.of .. No.of 2 Mean litter size ;\
-of femtla ‘ ’/ females litters (% Fertility) \
IRK/IRK, - 9. . _'. 05041 o
e CARK/CST L Hling kn I o088 (612%) )
“ ’ ..:’ilRK/CGl:I‘ S T 5 7.0 4 0.40° (73.7%) '
'Iwm(/mnk ‘ s 1 2! .- t 65150 o
" 12RK/C57 \ Ty ~g 59 & 112 (001%) .
= F e 4, . e - 881065 Ve =
© L mmkgoa 0 . 5L
ot 2‘4RK/2»|['1K _ 10 - 22 65053 ®
. 24RK/C57 4 . 06 057
T Sl T s 10 (62.0%) 4
" 24RK/C3Il . 7 - 12 5.4 + 0.60 (83.9%) X
T TuRK/uRK . -3 s C o e3eLer
- 1RK/C57- . " 91'\ . 474108
S g, e 8 ) o 02 2 0.82(08.4%) ' -
y 14111(&31_{‘&‘ >ty 2 . 75 150 '
=" . MRK/CST | ai 1 7.0 ;o.m(os,a%) '
continued:.




' ) \\ : oty p
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» N £
b8 " 4.1 continued..
- Q . ~ ~ = : - 2. . ~
Genotype / * No. o{‘_ No. of . . Mean litter ahw N
. . - v 3
of females -* females - litters (% Fertility) W
B w T z :
N o 1on1(/2om< 2T g : 4 50208
\
. Y "20RK/CST <2 1 24 + 074 (805"
By < W
& 2 n & g8 o 4.9 + o.us (97.1% ; )
29RIK/22RK x U 7.3%:0.00
il . 22RK/C57_ & P s 2.7 £ 101 (368%)
® . 4 m gt <. 34 % LI5* (47.3%)
« g = 2 - .
RK/12RKC 4 . T 24+ 078/ ,
- . e " & .
-~ 3. 5 34£0068 - .
IRK/2RK 2 3 07+ 067
o 1° - 1 . 20 .
| R e : $
I 12RK/24RK 4 [\ 3 33+ 081
ke . ) . s g
| . -3 Lo 10063
/ The values are the mean litter size (4 S.E.M.). The litter size of heterozygotes were
= compared with that of the respective-homozygotes by analysis of variance. Differences
.‘were consitlered significant (Tukey's test) at the P<0.05 level. 2
% Fertility is the mean litter size of the heterozygote mice divided by the
mean litter size of the respective homazygote times 100, S Tt
2 Signi ly different pardd to homozygotes at P <0 Ou
. 1 ® Includes matings that did not result in pregnancy
" % Includes only those matings-that resulted in pregnancy .
o G .
= . 4 .
N i
) e i
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chrn osome  (Figure 2-1). ngmr canl Teduction is rlso observed m mice
hetero gnus for IRK (IRK/C57 nnd lRK/C.‘slI), compared lo l.he homo:ygow
—-IRK/IRK [Table 4-1]. IRK is an lnve[slon which involves a short segment of

' chromgpsome 1. Lo
B P ) : . i

Only one of 7 matings invul\‘ring 4 female MRI\'/C!ﬂ nsnlted in pregnnncy’ %

', (14.3%), wlmrcns all- 12 nnlmgs mvolvmg 7 241!!\/(,3" were succussrnl. [Tnhls/

41). - = Co ' \

. . i i

'4.5.2. Melosis’- in vitro

The proportion of oocyTes resuming meiosis 1 wlra was, slgmhcnnuy lowcr in'
21R K/C57 nnd 20!(!\/051 than in the Tespective homozygotes. '1 he pruportlon of
_ oocytes, from compouml Ixr(emzygota IRK/12RK and l?llK/MR.K, that
~—resuimed meidsis in vitro was low, whercas it was high in IRIC/2RK. [T‘Myle;h
= 5 ] = X i
' ?_ Compared 1o i jon hom sxgmﬁcnnt meioti¢ disfurbance is observcd o B

o . e =

only in female mice helerozygous h} 22RK, when individual mice were used as

rephcnlm ln,dall analysed by ana]yszs of variance [Tnble 4 -3]. When dnln on
. oocyles from” mige of each genotype was pogled and nmlyscd by Student t-test,
slgml"cnnt mcmllc dml.urbnnce is observed in 12RK/CS7 nnd 20RK/C57 [Table - )

4-3] .y




a3

“7 "Table 4-2: Proportion of cocytes dividing in viﬂ )

. - - .
Genotype - _Ooeytes Oocytes Mean % . d
(n) setup 4 dividing dividing e
~ CS7BL (13) 35 27154 8143+ 438 B 5
C3H (7) . 9 o 0458 & 8.36 o
IRK/IRK (4) 05, 83 2T M042
1RK/CS7 (7) w8 - 13, LTODE38E | . 5 4
IRK/C3H (12) 240 185 7300 %460 ", e
12RK/12RK (8) 105 {88 81834485 -
12RK/C57(6) 3 i 78004 3.10 - . SR
12RK/C3H (10) o 120 1382230 . %
. 24RK/2RK (5) 0 8 SLIGx2ET -
“"24RK/C57 (3) _: 81 59 71.00 6,51 y
24RK/C3H (8) , ‘ar 143 [ B110x 4 49 . .
JIRK/URK (4) 87 58 - 7201 4 1030
11RK/C57 (8) 180 37 / 12404—».&-—«4—— —
14RK/14RK (5) 2193 . 150 82.26 £ 413 ¢ . .-
14RK/CS7BL (4) Yt N s 8380 + 431 CU
20RK/20RK (3) . — 39 3 1000000 . :
20RK/CSTBL (5)° 165 a 7 0032000% ’
22RK/22RK (7) 125 o 72.18 £ 433 oy
23RK/CSTBL (8) | 167 g, 0.33 +388 : =
MK/12RK () 114 3 6376 £ .41
. IRK/24RK (4) 108 02 80.88 £ 1.65 - 2
12RK/24RK (2) 4 2 67.44 2 100 . Y5

Differences were considered signifieant (Tukey's weprocedure) at P<0.05.-

Slgnlfnnnﬂy different from homozygotes by analysis o’ variance at P<0.05

(@) Number of snimale




sigaificant at’ P<a 05. B : “n

Table 4-3: Dats on odtytes dividing n vitro v 1
»
Genotype®  Age™~ oc ~ rM+nM/qé TIM/IM-+IIM .
’ (days) - (n) %- . % . '
ca7BI oL 4s7(17) 3085 248463 ’ .
can . 03164 96 (7) . s ) 801452 2
IRKARK 81156 10s() . 4702 ¥ 432238
- IRK/C57 76-133 402 (18) " 2502 T 107408
IRK/C3H' 108150 246(12) " 4085 L arxas )
. IMK/12RK 100178 95(0) a2n Twmoxre
|12RK/C57 "u-m ©o108(5)° T30 H4xTR .
12pK/caft. ido-thr 170 (up 52.27 T ooax8s’ )
~PIRK/RK 105145 90(5) s . 1284598 e .
’ 24RK/C57 | 02-135 503 (19) - ansT T
2RK/CAH 63100 217(8) T RN
IRK/IRK 16118 - 87(4). - 5402 .
‘NRK/CST 1425 189(5) | 8238 a
14RK/14RK ")5'1'17 162 (4) . 28,40
JRK/CS7 10127 18s5(5) 5730 ‘e
20RK/20RK 201215 393 . | TL79 X
" 20RK/C57 82-84 —— 205 (5) - 20.70
22RK/22RK  85-171 E (U] . 40.00°
20RK/CS7 . 76-135 ® 431
IRK/1ZRK 119921 114(5) 3158
IRK/24RK 124183 100(4) 55,06 -
IRK/24RK  03-04 3() 3053

The valuss (IM/IM+IM) sre the mese proportion. coeytés that- procesded to seciud
e metsphase (s SEM). Heterorygotes were, compared 5 the reﬂpcchv:)homnxy;aw and
normal controls by agalysis of variance, Differencés were considered sign eant (Tukey's w-' —
procedure) ot P<0.05. Thgy were also eompnred by Studeat tTest od diferences considered

* Significantly differont frogg homazygotes at P<0.05 [Amlym of-variance)
* Siguificantly different fronhomorygotes at P<0.05 {Studdat biest) -+
(n) ~ Number of nimals .
OC Oocytes in (ormmul vesicle

gem up in culture ] &




N e e -

% 4.5.3. Meiosis - in vivo . P ¢
. LS ' . . . . - -
llcu-m_zygotcs for I‘Zl/!l\'. 24RK and 20RK showed siguilicnnt\y “more oocyles in

‘
v the germinal v/csiple stage, the first slnge/c ed in tlw process of oocyte

matura

n [Table 4-4]. o N T

“The number ol‘ omylm in :lmsxon in vivo, lhc <ctmnl vhgv s}u(lle«l int tho 6'
process of oncylc mnturnhnu s h|glmr in ‘heterozygotes, than in ]wu}inygutcs, for

4 Tdi - the vanous i sions. It is signifi y Ingh\r in h 57y s for 1IRK

o ’ ; (HH\/CW and J1H\/('3||) and 2()Ill\ .comp'nml to the rc{pecnw Imuuﬂ)gom

[Table 4-1]. S - T i 5 )
s - . 4.5.4. Cytogenetic ré¥ults g
“ ! . . § -
Oty & fow well sprend-seeord-meiotic es were available for cyloge

analysis in most instances [Table 4;51. THeterozygotes for 12RK obtained by mating
12RK/12RK with C3IIFeJ background was the only heterozygote that provided a
ry ! h 2

sufficient number of sccond meiotic metaphases for eytogenetic analysis. It is also

¥4y
the only heterozygote .in which a signiﬁ(’.’ml number  of  metdphases with

chromosomes that appeared to be dicentric were observed:(Fjgure 4-l)~['l":|hle 4-5).

Acentric chmm:\hds were obscrved in heterozygoles for ll(l\ lzlll( a)ul ARK..

(Figure 4- 2) I»Tal)le «1-0] But not abeve baekground except lllll\/(,.’ﬂl

Compared to other heterozygotes, more metiphases’ with acentric chromatids

— *
were observed in 12RI/C3I1. )




(vJ B :
" “Table'4-4: Dats on mature oucylu aud oocytes *
v ) iding in vivo .

Genotype- * A Mv/ Mo/ -
' (days) animal () \) animal (n) "

. —esTBl : 61341 23£05(18) ¢ 7 239422(20)

CaH- o zoxos() | 156 £32(7)
1RK/IRK ©T el L 48+08(14) 05 £19(14)
1RK/CS7- 76-133 61207(30)" D onex13()
'IRK/C3H L 108159 83zu2(12)° 232420 (12) .
19RK/1RK 06178 - 20£07(8) i 153£27(0)
12RK/C87 ) 63125, A5+00(12) © © 280x10(2)
12RK/C3H 20157 . 39411000 - 105:4£20(10)
24RK/24RK | W0el45 - L 33£10(8) . - 103£24(8)
24RK/CST. " 0235 43200(19) 248 17 (25).
24RK/C3H " 63169 53 10(8) ) 28.5 426 (8)"
LIRK/1RK 116-118 202 14(4) " msx4s()
1IRKACS7 114125 4221108 327 £ 17-8)
14RK/14RK 105427 - . 50.£09(7) D maxas() .

" um'(‘/qw . 19127 122310 - - BO£40() .- -
20RK/20RK - o20125 . 10£00(H) 1304 11(4) .
20RK/C57 . 8284 : 64x13(5)° - 3%8x53() :
2RK/2RK . ssm1 37:08(0) - 183 2 1.9 (10}
22RK/C57 105 @ 4A£08(4) | 204 1.6 (14)
‘IRK/12RK" new | s2x08(). . . LS 24(5)
IRK/24RK 124133 35 £10(4) 26.5% 35 (4)
19RK/24RK T 0 c L s0xlol) B 550,

“Thi, valués are the meas mumber. of mylu in the post-diplotend stage in vivo ‘(MV) (&
S.EM) sad the mean number,of maturs cocytes in the germinal vesicl stage (MO) (+ SEM.).
Heterorygotes ware compared with the respective bomosygotes and normal contrals by analysis
of variancs. “Diffbrences were considersd sigaificant (Takey's w-piocedure) at P<0g5. _

* Signifieantly differént from homozygote at P<0.05 G
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Figure 4-2

Photomlcmgmpl\ of--a second meiotic metxphnse (centromere. stained) N L

rrom 2 female mnusc hetomzygous/ for the inversion 12RK, with an acenyric
/ .
rnsgmem. (armwhend)







. = .
°, i RN
- . 7. Table'#-6:. Data on possible recombinants in
" . A metaphase k4
: . Genotype * . " No.in  Dicentric ’ Acenitric » - Single
- ' . oM . n .chromntld
. cstRl T e 0 1 0~
, a3l L L e B L8 o |
. & IRKARK | 123 0. 4 1 :
" IRK/G5T ’ /m 0 4 "o
LRIK/C3ll . 12 2 L4 1 v
— e 12RKNIRK . 2 0 0o o 7. 5
. 12RK/C57 - | 4. .2 3 - . [
7l 12RK/C3I1" . S, 9 0 Yo
"7 24RK/24RK . 3 ) 1 e
b C2MRK/CST : 5 0 6" 0t
- 24RK/C3H 8 o 5 .2
URK/UIRK 0 o 0 0 N
.LIRK/C57 ) 0 [N 0
| MRI/14RK 0 e 0 0
JMRK/CST s 0 0 )
P 20R1(}zqm{ > 0 0 © 0 ‘o
T MRK/CST e \ 0. 0 0t 0
- gztuf/mg{ 15 0 1 P vy
22RR/CS7 + 5 ~ 0 0 . 1,
IRK/12RK i 4 0 1 0
IRK/24RK Do o o o
T 0. o0 0

12RK/24RK




Ui . A'smafl number of m‘e_ta}lmses_ Irom\Csml, C3H and - homozygotes for IRK,
- o 24RK and 22RK also show ncentr‘ic fragments [Table 4-5].

vy Metaphase ‘With iromc with b in.in*1 end were obscrved in

metnphnses from IRK/IRK IRK/C(ill PZRK/CGH ZAIRK/GZH pzmc/ulm

“and zzm(/cm (Flglm.- '4-3) |'rable 4+ 5]

ey .

wuh unequnl h id lenglhs were, obscrved in lRK/ IRK,

L%k numbcr ol' first mmohc hases with ‘v e whlch ared to have '

desynapsed -is observed in many heterozygotes and some homozygotes [Tab’l’e 4-6]

(Figure 4-u] 'Ihe medn frequency of desy apsed. i3 1 or less than 1 in

inbred stmms and inversion homozygotes and more than 17 helemzygote’s “for

W f 7 <ARK (both IRK/CHT and mK/csu). 12RK/C31; zam(/cs'/ 24RK/C3H and

Mlll( Cu7 Isut not fo I2lll( Ce7 HRK/C57, 20RK/C57 nnd 22RK/C57 or  any
%

“of the compo\md he!crozygotei . ' . -

v




s

Table 4-8: Number of cells with desynapsed ch .in ™ p
Genotype  No. Nos of chromosomes desynapsed Desynapsis/
- WmIM 1.2 3" 4 5 6 7 8 metaphase
GBI - 4 1 4 o0
[ B 4 : 03
IRK/IRK o . 00
IRK/C57 4 6 12 7- 2 2 1 o 16
IRK/C3H 3 6 5 5 5. 1 1 2.3
— RK/I12RK © 2 1 : - s
WRK/CST 5 1 e, o 0.4
12RK/C3 91 5 38 4 T - 22
2RK/24RK 19 4 3 1 $ 1 0.9
MMK/CST . 62 10 16 4 5 3% 2 2 T I
2RK/C31 31 4 2 2 5 2 16
HRK/1IRK 26 ' @« i 1 05
URK/CST 16 1 = P 1
MRK/14RK 6 2 07
14RK/C57 34 s 8 7 A 1.3
20RK/20RK" 17. . 2 1 3 | 08
WRK/CST 16— 1 2 o5
'22RI/22RK 2 ' ) J T o0
2RK/CS7 1L 1 2 1 ‘a 0.7
CIRK/1RK 14 00,
IRK/24RK 16~ 1 , 0.1
. 12RK/24RK - 15 . . 00
S -
~ %
v . .
N - = it R
vl - >
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Figure 4-3 .
l’hotonucrogmph of a second IllEIOllc metaphase (centrsmcrn stained)
from a Icm.ﬂe mouse hclerozygaus for the inversion 12RK, with a
! with het h in at onecnd( head). "
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Figuye;-d . - . 3 5

i’howlllicrograph of & second’ meiotic metaphase (centromere stained)
* ¥

"“from a female mouse heterozygous for the inversion. 12RK, with a
chromosome with unequal arms (arrowhead). . -
B o . : : "
-
v ' .
’
. o x
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ébove: Figure 4-54 ~

8 female mouse heterozygous for the inversion 12RK with 3 desynapsed

bwnlenls (urrowhnads)

2 AT - Below. Flgure 4-5b

' Photomlcrogrnph of a first meiotic metaphase (centromere stamed) from
8 fernale mouse\heterozyxous fur the mversnon IRK with 4 desynnpsed

blvulenu (arrowheads). . . T

Photomicrograph of n first meiotic metaphase (centmmerb stained) l'ram







1blvqlent.s (arrowheads). _ \

pE Above: Figure 4-5¢ _'

Pllolon"licrngmph of a\first meiotic metaphnse (ce‘ntl:arlnggr_z stained) from .

a female mouse heterozy\gcus for thz inversion 12RK wm? 5 desynapsed

'Blvulenf.s (arrowheads). \ B
.Below: Figure 4- 5d

Phntomlmgraph ofa l’m; n\elom metnphne (centromere stained) Il;yu

a female mouse- helcrozygml,s for the inversion 1Iti{ wnth 6 desynap:

\
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4.6. Discussions

4.6.1. Litter size . .

Reduced hucr size of female . mice heterozygous for pmmnnc inversions
suggcsls (1) mduch n in the number of oocyles -nmlable for l‘crulmhon or (2)

increased prenal 3l mortality. If meiotic disturbance rcdnce@ gamele count, lt o

would have a dramaie cffect on ooeyte count and female feprodyietion; sins the

number of socytes available for fertilization is limited in foumlwcompnrodf: the

excess of sperm produced by males. The reduced litter size in lmtrrozygu(.(-S/ for all

the i ions” investi 1, signifi ly so for 22RI/CS7,~may be the .
of meiotic disturb Estimalion of itter size for 24RK/C57 female ;

heterozygotes is impossible as only one litter is available l‘;zmxmlysis. Based on the

= signifisant méibtic.difluibance obserid i malo imic boterorjgoiis lorinversions !

. 1% . "
22RK :m‘d 24RK [Table 3-2},it may be assumed that heterozygosity in femaleshas
a similar cffect. If so, the significant reduction in litter size of female mice —

K t e heterozygous for 22RK may be‘attli'huted to the disturl;ancwslgnjﬂgnqt meiotic

disturbance in female heterozygotes compared to homozygotes, as measured by a

sﬁ\iﬁcnnt reduction in Ll:; pro‘portion of oocytes that mature to first meiotic .
~ \~ metaphase-and procced on to second meiotic metnpl.ms_e, is observed only in
invu‘rsionﬂém( (Refer scction 4.5.2). The number of oocytes available for.
fertilization (tlle nnmbcr of oocytes that have proceeded ‘on to second amciotic

2 . melnphnse in wua) may be cslunmted (m the numlwr of’ (l) corpora lulea and/or .

(2) oocytes in the fallopian tubes. (Thenumber of “oocytes dividing m'muo as

tabulaled in Table 4-4 is not a valid estimate as it includes oocytes in first meiosis. 3



Alternatively, pmm(:‘nl climination may have arole in the production of small \
o - -~
litters. Inereased prenatal climination particularly in the post-imphntation stage
has been reported in female heterozygotes for inversions 5K and 9RK (Ford,
7 Evans & Burtenshaw, -1076). The reduced [illrr size nbwn‘ed in female
helerozg gnlu for 2RI may be a consequence of similar prﬂnhl rlmnn-dmn In

 vito observg

s may be mlarumhve in determining the nlﬂ),L of fetal loss due lo 5
genomic nnbnlance{llcl’cr section 4.3).
o By ) - 7 L
The observed differences in Fates nf pregincy [Appendis L] as meastired by the
number o! matings that resulted in hucu of 2IRKK helnrmygum obtained by |

Y crosing _Z‘IRK/Z-IIII\_wuh C57DI, and .tlmse with Caliel [Table 4-1] requires,

. cautious interpretation for three ressons. Although mating was not confifmed by
vng‘inil plug, the male and fernale were separated after a minimum of 18 days. It :
may therfore be assumed that mating did take place before the animals were =
separated. I[ this is assumed and the- malings lhu: did not “result in litters are
considered in estimating litter size, the iiter size for 24RK/C57 is 0.6. Eku value

; \ may be considered as a measure of fertility (or infertility). ~'The 24RK

I:elcmzygul& oblained from the C3II crosses were younger (.’rl-lz.'i days) than

those [r‘om C57 crosses (103-158 days) [Tg\!:\le 4-7). There is’ some evidence

p i caths in  older female ecarriers of

pnécenl.ric inversions (Ford, Evans & Burtenshaw, 1976), The decreased fertility

4 . W in heterozygotes of 2:ll(l\ from the CS57BI crosses may bey the E:m&cquencc of -

increased age and resulling i d po Limpl ation death. Reduction in the -
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Table 4-7:  Age of female heterozygotes and litter size

Genotype ) No. of Age . Mean litter
of females " litters - (days) . size
IRK /Cs7- 7 10&‘53 % 6.1+ 088
IRK /C3ll 15 57104 7.0 /048
12RK/C57T - L © 108347 5.9 112

a‘( 108347 68 & 065
ﬁx/can . -16 © 40101 o ¥
24RK /C57 B 103158 0.6 4 057°

- »

1 . 107.0 1.0

Imu(/csu, S 2 54123 - 5.4 000 .

The vaL__,nn—!he_ rman mm sm (:x-. S E M ). They were compared by analysis of
variance. Differences were (Tukey’s test) at the P<<0.05 levél.
" * Significantly dl"erenl from homolygate; at P<l)05 LA

b Includes matings that d|_d not result in pregnancy g

€ Includes only those matings Ahat resulted ip-p_rcgnnncy"——




-+ mice used in this sludkﬁ‘\ . . =

- origin of inverted

“number of oocytes Teleased with inerease ine age is another Factorto be considred,
Significant. reductiqn s reported in the nurmber of vorgtes thit matured teo fint,
$ Al §

" meiotic metaphase afler in vilro culture in femaf miicg of two different strains, Q

and ‘CBA, in older animals (Speed, 1977). Age and proportion of oocytes that
w5 v »
matured in vilro wasnot correlated in this study (regression cefficient=0.060

: [
0.085). Lack of correlation may be due to the hetgrogencons background of the
. v

) * a
Anather differerrce )mivwor}x_n R /C57 m.d'z’nm\'/csn is with regard to the

£ ) i A~ N S e
The inverted ch was paternally derived
in heterozy-gotes from the .3l crosses-and maternally derived in thﬂ\l,) goles
. 5 ) ¢
from the C57 crosses. There are -reports_of differcnces in complementation of

duphcnuon / of certain

factici rog.js and severity of a trisonic

effect atlnbutnble to differences in. pmntal source (Searle & Beechey, 1985). ’lhu

phcumnnnon of "imprinting’. (modification™of cllrunmsmn(‘s in the germ line that

i 2 4
causes maternal and paternal chromosome to bichave differently) is thought to he-

ERY

r e for nol pl ation lethality (C h, 1086). In the dffhoid

situation, howevér, this phenomenon may not be applicable.

&\‘lnlc partners for 21RIC/C57 were normal C57I3L The partuers for 24REK /C3IL

1 N ,
were 24RIK/C3H males. Meiotic disturbance is observed in 24RK/C57- and -
* 24RK/C3IT males [Table 34 If meiotic disturbance in males was. 48 effect

fertilily,” it ought lo be apparent in the matidg between male unxltl‘emale
. d P N

I IR .
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d » - :
MRI(/CS[I' Obscrv'\tions to the contrary suggests that heterozygosity for the
inversion in males is not the reason for the dl"chu(‘c in fcrhll!y between .
& 24RIC/C57 and 24RI/C3IL - ’ - o

It nny be’ speculated tlnt genes contnbuted by the C3Il p'm-n'. nughl. be

rcsponsﬂ)lc for the i increase in fcrtl ity. ]Iowevey, I’en.lhty “and litter sides of normal " ¢

".C57 female and cau female when mated wnh mn‘cs homozygous for 1RK, 12RK

nml 2111]( dd not sho)v .any slgmhcnnl dll‘l‘crcnce. Thcre |s also no dxfl’crence

l'«:umlog‘nm nmtcd with norial (,-'Sll malos [I:\I)Ic_ -

. “ L 4 i ' |
% i De:pllelhe dllfcrcnce in- fertility o[ 24R|\/C57 and QIRI\/CI!II felmlcs, their

pruporuon of sccond meiotic metnphn\ (cccoudmry oocytes) in —mlm are uo{)

- . §|gmf|cmltly different. ['l‘nble “4-3]. ’llns obscrvslluu once ng'un suggcsl.s that the

r e . l|I"LrEII('c m nge is - thc mnﬁt pwbnblo reason for the dl"ucnee’m I'crLlllLy

. Hn\vc\'vr it IS\nol. kuown Aif lhe unmedm(c cause of reduced fertility in oldu &

fcumlcs isa consqucucc of. I‘c\\cr oocytcs available ror fertilization, of increas

- ' . posl-unpl'\nhuon loss or Imlh [’n.— and post- unphnhtlon dah shoufd be, llc]p(ul R0
: . in rcsolvmg this‘ques .un LT . o .
W ., ) , ) 5oy .
: L 8 . = fr.

y 'l‘unse and. I‘lshur have obscrved a decrease jn_the proportion of pncllytcnc $

. o.ucytes \vnth a loop, with i inorease in age (Toasu ‘& P ishier, 1086). Accordu‘lg to.the
~ pruduchun line* model. these oocytes mature and, ovulate later in life. I the

éﬁcculntion malde i males (with rc’gnrd to negative relationship. between loap




’

Table 4-8: . Litter size’df C57BL/6J and cs:%_‘i females .

Cs7BL/BT .

. Females =
T

7
64 4077 (15)

© 6.5+ 053 (14)

" 6.0 & 1.00 (3)

¥ e

“The.values are the mean litter e (& SEM.). The litte size of C5711-
. and C3lIFeJ females were compared by analysis of variance. Differences were
- consjdered slgml'ca.nt (Tukey's w:procedure) al lhc P<0 05 level.
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" formation and crossover) (Refer section 3.5.2.2)-is applicd {o the females, absence
5 N . ¥ 3

* of a'loop in these-oocytes will e ssociated with inereased probability of erossover

- formation' and subscquunt prvnntal se]cchon in oldcr compared to, lhe ymmg

in the inverted segment.. This/ would increasc the prababilily of recombinant

l'cm'\lo hntc;owygoics % /' * ! o ¥ B

It is nlso rcparl,cd that after the penod of drop in the proportion “of pnchytcne

oacyl.es with the. loop, 17‘ increase is observed around the' 19" day of po:b—

" coriceptigh (Tensc & l"lét’cr, 1980) Synnphc adjustment similar to that observed

.
has been nbscn’c(Hn female

in m’ule tmcc et f ,/. Tor ic

ied l\c(ermygous for pnrnrnntrlc inversions (Moscs & Poorumn‘ 1984). 1L is

possible that the inerease obscrved dunng e later part of fotal stago is botause of *

sinability to adjust the loop -with increase in maternal age rather than being the
o rcsulL of (hl[orenccs _in p'\mng with age as suggested s the investigators.

. Conecqucnlly the ococyte lu'\) be arrested.at the pwchylvnc shgc and thus lower

the numbcr of oocytes available for I'erhhz'\tlon Interestingly, the litter sl.w of
seven 24]11(/2 IRK fennlu mice between lOl - 203 (h)g, was ) étween 5 and 11 .
pups in cnch litter (Anpemﬂ L) This observation in the homozygotes. suggosN

that the nssocmtmn “with' agu observcd in 21!1]\/Cu7 may be a function. of the

crsion heterozy gosny :
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8.2. Meiotic disturbanee

"The niean mumber of vocyes in the germial vesicle STage is consistently higher

in‘

than in the fespecti l)omungulm Thetdifference is signifigant

£ only in’ 12RK/C57, 2ARK/C3II aid 20RK/CT [Table 4-1]. This increase in

/number may_be a funcllon of hybrid \lgmlr. These |lt‘ll'rlTl:\'gll(l$ -were also
P 4 ¥

" younger than thé respective | otes [Table 4-1]. Signil correlation,
"~ however, was not observed between age onuie e and number of oveyles.

ed when data from the vafious

"(Regression coeﬂ'lccnt of -0 303 2 0.126 was gxhln'

ed, Uhee

\ Benotypes was mchulod \\'lu\n data fmm leil\/C‘-ﬂ (n—2|) alono was

o Q rcgrcssnm ron{l’ncmnt was 0.153 % 0.413): The increase in the number of (mrylrs in

G@,&thc g‘Muml vesicle stage (diplotenc) is evidence for absence’ of uu-.uu..- arrest in
d the pre-diplotene stage.

The consistently increased number of.oocytes in meiosis in vivo, in heterozygotes

- ° compared to that in homozy

oles, significant in holx-mz\guh-s for IIH\ and 20RIK

[Table 4-4], way be consequence’of the number of oocytes in ..nn.m..,.. The

increased number of oocyles iy maturation suggests (1absence of n

stages prior lo métaphase I or (2) retention of oocyles at first mei

correlation between the number of oocyles in meivsis in vieo and number of *

o stage (R=0.281 4 0.130). Therefore, U ¢ doos not

S . oocytvs in the germinal vesi
\

1\“ppcnr J,n be an arrest |mur to hrsl. meiotic l|ml,nplmql.*;ytugum-tw mmlym of

+ these oocyles is o\wntml to determine if they are in first or uee(md Meiotic

metaphase. n\. slguvhmpllgﬁ-grmler—I‘reqlgrncy of first llmu s(-ruml




»

- metaphase would suggest meiotic disturbance or rrest at first meiolic metaphase

in vivo.

Maximum proportion of oocytes that .resumed meiosis in vitro was in
24RK/24RK and 20RK/20RK. [Table 4-2| The apparently dacreased proportion .
of o‘ocym that resumed meiosis in vitro from 24RIK/C57 and ZDIiI(/C57 may be

due to the unusually high proportion observed in the homozygotes [Table 4-2].
‘ = .

'+ The location, of bre;lkpoinls of‘ the invcruiéns illVl:7|‘Vl:ll in the ‘compound
hetcrozygotus mny contnbute to'the vnrymg proporhons of oocytes tlmt resumud
1heiosis m mlro lromL thum l|| IRK/MRK and I2RK/21RI\, two or l.be
breakpoints are Iot{cd close to one another. In IRK/I2RK, the invetsions
overlap. This may be true of 12RK/24RK also/ and/ may accouiit for low
proportions .of oocytes that resumed meiosis in vitro as in Jltl{/mill\'./l..

IRK/24RK, inversion Il'll:\'is included within the region involving 24RK.

Despite the increased number of oocytes inf the germinal vesicle stage and the
A A
increased number of oocytes in the metaphase stage (evident by the incrc%
number of oocytes in division in vivo [Table 4-]), fertility is signiﬁcnnll} reduced

in 24RIKK/C57 heterozygotes. The . reduction in “ fertility suggests meiotic

number of oocytes available for feftilization. Counts of carpnm lutea nud of

oocytes in the I'nllopmn tubes would provide an estimate of the dumber of oocylea

disturbance or arrest at first meiotic metnphnse resllfling in a decrease.in the
- ~le

that were” available for fertilization. (Posb-lmplanlnuon death similar to that

AL T, |
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observed in female mice  heterozygous Qr SRK and ORK (Ford, Lvans &
Burtenshaw, 1976) is another’ possible cause for the reduced litter size. 'l‘[w. extent
of post-implantation degth may be estimated from counts of corpora lutea and

rresorption sites.)

“‘The small and insignificant regression coefficiciit of 0.120 (& 0.153) between age
of mice and frequency of second meiotic metaphases indicates that the reduced
frequericy of sccond meiotic fnetaphases observed in heterozygotes for various

inversions may not be the function of ‘the age of the mice. This is sulis’lnulinhwl by

* the observalion in inversion“.’l)l}l\'. Although with increase in age there appears to

‘bc a decrease in the number of oocytes' in the germinal vesicle stage in

20RI/20RI [Table 4-1], the frequency of second meiotic metaphases is not lower,
but higher in the older homozygotes, compared to younger heterozygotes [Table
4-3]. Small number of oocytes in first meiotic metaphase after in vitro culturing of

oocytes in older mice has been attributed- to non-maturation or ooeyle

degeneration (Speed, 1977)agn this study in the case of 20RK, despite increased

age of 20RK/20RK, th w a higher” proportion of cocytes which divided T
vitrp [Table 4-2] as .well as proceeded to second meiotic metaphase than the
younger '20!“(/057 [Table 4-3]. When data from -the v:irio\ls‘ genotypes were

pooled and analysed, as mentioned in section 4.6.1, age and proportion of oocytes

that matured in vilro was not found to be correlated (R=0.000 4 0.084).

Compared Lo homozygotes, fciotic disturbance is observed only in heterozygotes
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for the inversion 22RK [Table 4-3]. Similar meiotic disturbance is observed in male
TN -

mice heterozygous for 22RK. llow\cvcr, unlike males, meiotic disturbance is nofg~"

observed in female mice h ygous for 24RK. Significantly i d frequency

of second meiotic | in Y& for 22RK pared to C57BI need
to be considered when interpreting - the obscrvntior_xs in }mlumzygol.cs (Refer
2 e ~

seclion 4.6.3). Large variances may be one faclor responsible for suppressing at the
< *

statistical level true biological differences in the proportion of sccond mbiotic

metaphdses in. some instanees (eg 12RK/12RK vs. 12RI/C57 and 20RK/20RI\

vs. 20RK/C57). y -

h
“The.absence of ancytes in second meiotic metaphase i llil(/ZdItl( [Table 4-3], -

suggests significant arrest of clls in vitro. (Althoiigh the numbers are small, the

pregnancy *rate appears to he reduced suggesting a sipilar offect in vivo. [Table

" 4-1). The_obseryation of oocytes in first meiotic metaphase suggests that arrest is G

Detween first and second meiof mﬁ;\phnse. In contrast, oocylés in second meiotic .

Wctaphase and ‘2 small ‘[‘)?opnrtion"of oocylds that, resumed.meiosis in vitro is

' obseryed in IRK/12RK and i2|ll(/24RI(. These observations suggest that_arrost

*in IRK/12RK and 12RK/24RK is probably between pachytene and first meiotic E
I ;' v A

mclaphns;. The 'dirforcnc)cs in Tocation of breakpoints may be the reason for the
differences in i stages of arrest (observed in li_{l(/l?ll]( and 12RK/24RK vs.
' A Gl e

IRK/24RK). CL -




Tho frequency of second niciotie: metaphase in homozygotes and helerozygotes *
for 11RK and 22RK requires special. mention ['Fnblg -l-f}]. It i‘s higher _in female
mice homozygous for 22RK than in any other homorygote or C3II; and
significantly more than in normal C57 females. This is not the case in male mice
“iomozygous for 22RI []‘ﬁblu':!/sz The reduced prnporuon of second uwmuc
nlelﬂplnsc nlrsorvc(l in female helerozygotes for 22!“\ may be cn(m‘ly due to the

_high pmpomon of second meiotic metaphase in the homozygotes.

"

. The rrcquvncy of socond mclnhc metaphase it m llummygoluz and lctnnuygoteq

for 22RK" sgggmls the existence of a'gene in 2"](]\ which, in lhe hnum_zyguus state
results in highly efficient maturation of uoc)‘tvs. IIumozﬁinrs for 1IRK appear-to
be homozygous for a.gene which lowers the frequency of um«mﬂ’fiuu dramatically.
Heterozygosity for TIRIC does Tiot appear to change the situation vlgml‘lcm)t]y
[Table 4-3]. Segregation analysis of this clnnclcnsuc is cssrulml for thc support

ofthis hypothesis.

llc‘!'cruzygosity for 22RK lowers in vitro m.'lnll.unliuh of oocytes, and also reduces
Iiu‘er size (6.8 pups in® homozygr‘)u*s to 2‘7'pups. in heterozygotes). This reduction
may be couscgucnlllo the Teiotic disturbance due to heterozygosity for the
structur\al rearrAingement, rather than for a single gene. P()S'.-i‘mp!;llllnlinn loss due
to genomic imbalance (Refer section 4.6.1) is another ;l(;ssil)l‘c reason for the.

reduced litter size. Both these reasons need ‘to be excluded before the role of a
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;;inglg gcﬁn in oocyte maturation is confirmed. 'Ilnmozygosity for the gene in mice

I‘omcgygous forthe inversion 11RK does not affect litter size. Lilter size of mice ‘W
o X ™

homiozygous for inversion 11RK is not different from that of other homozygotes
[Table 4-1] s’hggcsting that the gene in 11RK affects in vilro maturation and not
: - iY )

4. s
in vivo maturation.
Observations in homozygotes and heterozygotes for ‘}IR[\’ bear on the need to
- B i
use fomozygolés as a control when determining the cffects of Inclorozygosiig' for a
. : | ;
structural rearrangement on- the kincties of meiosis. 'I‘I|c§( also caution against.the
\

interpretation of data from in vitro studics in cstimating hciosis in vivo.

* The frequency f s 6 ration is reporled to be positively correlated

is 68

with the diameter cf tho oncyte up to a certain size (" in the mouse il

micrometers).

Maturation ul/llu. sunllor goeyle is oﬂ.cn arrested at mctaplmse l
(M.mn and Chrke, 1979). This i isa fnclor to be ¢onsidered when mtcrprctmg thc

‘pl)sor{ tions made in homuzygoles and.heterozygotes for 11RI. o

As stated in scction 4.5.4, heferozygosity for an i ion increases d T
The nppnront cxccpuuns may have oLl\er cxplnnnnlmns Intérpretation of the low

il of _ desynapsed cl n m»-(,.'}ll IRK/IRK, l2llK/l2RK

12RI/C57, HRK/MRK and 22[{1(/22[{]\ is not possible because of the small

numbers of l'ust mmohc metaphases available for analysis. Excluding the above,

between l\'l to 23 chromosomcs are desym\pscll per metaphase in hctcroz)gotes

) ml(/('57 IRI/Call, l‘ml\/(‘dll 2RK/C57, 2RI/GalT and HRK/CST. n

.

vt

A
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LIRK/C57 and WORK/CS7 the frequency of chromosomes desynapsed per

metaphase is lower than in the respective homozygotes. The unusual behaviour of

URK (discussed at the beginning of this section) may be responsible for this *

observation. [Table 4-6]. Namgly the low frequency of chronfosomes desynapséd
S
A

M:\ncu - ’

observed in IIRK/HRK and [IRK/C57 may not be the result of-the inversion.

in 1IRK/C57 ‘may also support the suggestion that the meiol

Contrary to cxpectation, males heterozygous for inversion' 20RK do not showgy "
significant meiotie arrest. Possible reasons for this observation, discussed in seation
3.5.2.8 may apply (o the low frequency of desynapsed chromosomes obsetved in ¢

female mice heterozygous for 20RI. .

Unlike . heterozygotes for other . inversions, the frequency of desynapsed

chromosomes in  28RK/C57 is low ( with a mean of 0.7 desynapsed

chromosomes/imctaphase). This may be the phenotypic effect of the gene which in
22RI/22RK results in a high maturation frequency. This observation may also be

¢ the jon that thie signifi meiotic disturbance

interpreted to

obsorved in 22RI/C57%5 ot a biological characteristic of tlie inversion but a

reflection of the very high maturation frequency of oocytes from 22RI/22RK. i
The very low ] quency of desynapsed chr o in the i’
heterozygotes may be because of arrest at pachytene. Jt may-be concluded that - .. - 3

" there is no delay at first meiotic- metaphase and thurcrufc no desynapsis. That is,

T \ 3 B
desynapsis of cluémosmt{cs is an effect of delay at first meiotic metaphase.




Even when the dataon litter size and meiotic disturbance are considered, one
cannot conclude confidently that’meiotic disturbance similar to that observed in
male heterozygotes may be operating in female heterozygotes. Lack of correlation

between ‘mciotic disturbance and litter size in homozygotes and heterozygotes for

inversion IIRK and observations suggests that the biological effects of

heterozygosity for 12RK and 30RIK may be suppressed due to large variances. It is
suggested that in vivo techniques need to be used in determining the cffect of

f_hclcrczygosity\wmmccn(ric inversion on the kinetics of female meiosis.

It would be worthwhile to determine if the growth:and size of the ovaries of

. 2 .
these female heterozygotes are affected. This effect has been observed in female

heterozygoles for 2 ch I rear 154011 and 4(15;18)1211 and-.

tértiary trisonty ’l‘s(.’»'-z)sll. All these renrj;wngcx||cxnts in the }l)alcs result in male
spg:ciﬁcAs'lorility (M.nlmdcvi!\h_,' Mitl\\;och & Moses, 1981, Mittwoch, Mn‘lmﬂe’vi}:h.&
Olive, ~ 1081, Mittwoch, MF hadeviah & Sctterficld, 1084). Therefore /the
) information on ovarian gfbwth-will contribute lo‘idcmil’ying the nnhr;.{?‘l meiotic

disturbanee in comparable male mice, L N\

' s I
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4.8.4. Cytogenetic obscrvations h
Inlerl;relalioli ;l‘ cytogenetic observations is limited by a number of factors. The
frequency of analysable oocytes(was between 26% and iz% [Table 4-3]. This
includes Fn-sl_nnd second meiotic metaphases. The p{nr yield of second meiotic
metaphases in heterozygotes, 0%-32%, (with only one at 60%5) [Table 4-3] for .
_most icversions is a sericus obstacle for cytogenetic -n.nlysis. The significant

numbers of dicentric ch ids and acentric f in 12RK/C31, compared

to other groups, '_ny,-b‘e because theré are more second meiotic metaphases for
annly;is, (Refer. section 4.5.4) [Table >4-5]‘ bicentrics are o!:scrved; only in
heterozygotes. - The number of acentric fragments ir‘x control iCs,TllI and C3llFed) *
and various homoz.ygom (except IRK/IRK) is low angg;-sling that those ubscrved

in 12RK/C3I} are recombinants. The. yield of sccond meiotic metphases from
: ‘ 2 '

for other i ions has to be imp before any attempt is made
ta correlate~ !he physical characteristics of  the _inversion witil recombinant
formation. The observations on m‘atuution rates in 1HRK and 22RK (Refer
section 4.6.3) suggest the existence oWhnt influence in vitro maturation. If
this is the cnﬁ, helerozyg&ily for the inversion. on a suitable background may be
the answer to improving yield of second meiotic metaphases, pm‘rided
helémlygosity doos_ not have a significant effect'on passage of thecell from first

meiosis to second meiosis.
-

The observation ‘tha! Qc\e:&ric like str[xclurﬁ are not observed in ‘controls and ' -

homozygotes also suggests that these strictures are dicentrics. If so, it follows that
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T dicentric chromosomes do not interfere with progress of oocyte from first meiosis

to sccond meiosis. The size of the dicentric bridge is the sum of the length of the —

inverted segment and twice the length of the interstitial segment. Among all the
inversions i||\}cstigntcd, the longest dicentric chromosome ought to be formed in
heterozygotes for 12RK. T he size of the dicentric chromosome may be in favour of
its pegsistence as it may be longer than the dlsl'mce between the poles of the
spindlu_ formation.. If the dicentric chromosome is shortor than the distance
between the poles, it may break during ‘nnaplmlw and may not be observed as,a
dicentrie chromosome during Stond meiotic metaphase.
; ! & 5 5

If the small number of cocytes in second meiotic metaphase is due to the use of
in vitro techniques, cylogcnclic analysis of oocytes (_li\'iding in vivo may be
iormdtiye kGl Lt s rovad st Ue Smallittss disa bserved iasoris

heterozygotes is due to posL:(crlilianibn loss and not due to decreased availability

" of vocytes for fertilization as a result of miaturation arrest.

in at‘one end may be interpreted as a

“The chr with b
chromalid sepatated prematurely after first meiotic metaphase (Figure 4-6). It
could also bq'n. chromatid |)r(jl|inturely separated in second anaphase. Nu:ilmlly

separation-in' the latter instance occurs ‘only after the eocyle has been penctfated

by . the spnrm Both these mcclmmsms have the polentm] to contribute to”

Ay
ancuplouly due to prcmahlre separation of the chromatid. As they are observed in

lRK/lRK and 22RK/22RK, the mterpretnuon of this structure based on the *

o W Re)
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. 4 Fligure 4-6 k—// . | F

Diagrammatic ! ion of the formation of-a hirc with

heterochromatin at one end in second meiotic metaphase, from-a {emale

mouse I for 4 ic i ion, followihg unequal number
“ - of érossover in the inverted segment in an acrocentric chromosome. . % =
= N b
t = .
- % % .
. s
. ' {
. g
) ! "
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' ks ‘
Chromosomes* with unequal arms mns' be llu‘ r;\sull. of a break in the region
’ between, the two ccnlronwrN in the dlcon}nc (-hmmmonw It s (lnl’l’wult to
e interpret lese observul in thc leterozygotes on these lines as lhv) are obwrve(l i
- some l]oll?zygotcs as wcll (IRK/IRK nm} IZI(I(/I‘.!HI\'), i
' 'k . o~ ' 5 ' ’.,

‘The absence of heterochromatin in the centromeric region of some chromosomes

(T‘lguxq 4-7) ml,crl'crm with the identification of nccll(rlc dlrmnntld; b) G-staining.

s % T it

IL is apparent that obscrmlmns from. lest. m\'cc(u.,’ﬂmus <Icﬁml n-\(-'ll a (thmcl

p:x!.tern of effects of ]ldr‘ru7\g0§l() Iur [nnm‘nlnc m\o[quus on osis and

rnpmducl‘mu in Icnnlcs Sl'\luhc'ﬂ :md technical und‘pncm phce lmunuons on

mtcrprumg cylogx-nohc observations as well as mlvrprct'\llum reL\tLd to the

§ kinetics of meiosis in females, The limited numher of: unCchs in each animal and

© the factors that may be introduced, hy the in 'vilrn techniques used must be
B considered whcn 'rllcmplmw to determine the cffecls of, h(h'nﬂ)gmlty for
5
\

* . p’mccnlnc mvcrsmn on tho hnchcs o[ mv;nm The |m<s:|blc vxnu-nw of genes

iromostig

(lhc mvcrtod

in Llns lusl.'\ncc) in mnm( -.lxrvpnmuons mu-rﬁ- es with the m":rprmulmu-u'ﬂhc

stnlctnmlly 1l)norm1l rhmmmumcs in ”u“prrpqmlmns Banded lm-iut!c

‘prcpnnnons or cluromosnme specific gonc probes. nml m sxtu hyhmlmlmn mny Ixe

X used to overcome thisobstacle. - W ¢ o 2 -

Evidence. that oégy_tcs carrying sdicentric QI:romoémnes and acentric frngrm;nts




~— , Figure 4-7 g
Phoiomicrogmph of second meiotic metaphase (centromere stained) from
I b 3

a female mouse holr;bzygous for the inversion 22RK, with a chromosome

with cy ically und ble heterock in in the cen ic region.
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. study. to determine the fate of XO mice, it was observed that some of the fertilized

. inéreased frequency of XO daugl

:view of the small sample size. g o

may survive and be fertilized is provided by a report by Evans and Burgoyne
(ivans & Burgoyne, 1981) on the fate of the acentric lrngfnclnt and dicentric

chromatid in female wmice heterozygous for a paracentric inversion of the X

" chromosome In(X)lll. In 2 - 8 ccll embryo, up lo 3 dcentric fragments. were

reported. The observation of 2n/"ln mosaic embryo were interpreted as the result

of d!sl.urbcd Cy tokinesis. Chromauds mtafprelcd s products of bmakagc and

physical X chromosome. The l‘emn\e carrier of this inversion gives rise to an
. v

(Evans & Phillips, 1075). Ina'collaborative

eggs exhibited , developmental delay in culture. Cytogenetic evaluation of these

embryos revealed dicentric and acentric lragmcnts aind 2n/4m mosaicism. These

observations however await further conl’unmlmn as few dmdmg cells are ol)tnmcd

that are analysable. Meiolic disturbance in this stock \has not bcen mveshgated.
& &

(Edward, P. Evnnxppmoxqil communication 1986). The fact that this inversion is

. .
on the X cllrom&olnc, \\'lg cas the ’onus investignted in this study are on
autosomes could account lor—Tifferences in the fte of the cmbryos with the

recombinants in the Lwo slidies. ' 5

: b 8
Six individuals with paracentric inversions were ascertained and reported in the
French Collnbornl’wp study, folloving recurrent abortions.'In 5 cases the female
pnrtncr was heterozygous l'or lhc paracentfic inversion (A French Collaborative

Study, 1086b). It is difficult to de(urmme the slgml'lcnnce of this obscrvnuon in

{ .
“fusion were also mpnrtcd 'lhc inverted segment in In(X)111 involves 85% of the
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Chapter 5° ) ' <
o~
Discussion .
v " The observed f of any il rear for pclymorp‘ic
varixn‘nt) depends on the true [ of the rearr rent in the 1
and the ,, ability of its sscertai : Most. lation - s ings for

o g g M
chromosomal rearrangeinents and variants were carried out befomllig!l resolution

- ' = bnndmg techniques were avhilable for cngcnohc evaluation. These techniques are
pnrmullrly useful in detcclmg those mnrmngeun.-nls that result in subtle
differences in the banding pattern of tlhie chromosomes - some paracentric

5 o

and certair of'some of them being two examples. Because

these techniques are costly. and laborious, th}y are cagried out predominantly on
clinically selected popylatim_u, and overl phenotypic effects of these
,..Q:'arungemcn’l‘s are thercfore impbrhnl in the ascertainment. The effects of

chromosomat-tearrangementsare evident at various stages of reproduction and are

’

discussed in section 1.10.1. One important phénotypic expression of heterozygosity Vs
. o

for is impaired Studies at vnriqug’

on “mice heterozygous for ic i sions  were =

stages of

carried out in an attempt to" determine the possible reasons for the under

of paracentric i

)
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' The observations from this study suggésl that the effects erlemzygosily» for

balanced ch mal on reproduction may vary with the nature’

of the realringemenl and with differences in their effect on gametogenesis in the

two sexes.

5.1 Nature of rearrangement

Balanced rearrangements may be broadly classified into intrachromosomal(those

which involve only. one , ) and-interchr I'(those which - involve
_.—— more than oné chromosome). lnverijdns ‘periccnf:ric and paracentric) constitute
the former and translocations the latter.-Genomic imbalance resulting from

gation is largely responsible for impaired - fertility. in heterozygotes ‘for

translocations. In heterozygoles for inversions, uneven numbers of crossover in the
¢ A

inverted segment is a prerequisite for genomic imbalance. The frequency ‘of -

a .. crossover in the inverted scgn.mn'l. is thought to (icpond on the length of the

inverted segment, its location on the chr ine and the cro: T

of the individunl(lt‘e[e‘r seclion 1.7.2). The prcsefll studies suggest that, in male

¥ heterozygotes there is a negative relationship ‘belween loop formation and
§ e
frequency -of crossover in.the invme{ segment . (a5 mgasured by frequency of

& aaﬁphn.;e-—lnﬂge) (Refer section 3.5.2.7). If such & ‘relntionship is biclogically. true,

Ionp I'ormnlmn may bé a muchnnlsm that pmvents the l‘ornmhon of gametcs wnth

Tecombinants in l:elerozygotu for plmcenmc inversions.
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5.1.1. Effectivencss of selection at dille stages™of reproducti

The kind of rearrangement and structure of recombinant formed may also
determine the stage of yeproduction when selection occurs, which may in turn

influence the effectiveness of selection.

¢ .
One reason for the difference in the observed effects of heterozy gosity for

pel.cc;ltric and pnrnccfl\(rie inversions may be “the different stages at which the
recombinanits activate “the ’;elccli;{n proeess, _lu helerozygotes for o paracentric
inversion, one possible recombinantis a_dicentric chromosome which may interfere ‘
with c).'mkillcsi.s ‘nml result in selection prior to fertilization. In llélx-ruz;'golu for a
pricentric invergion, crossover in the inverled  seguent results i a

duplication/deficient ehromosome and sekeetion in the zygote. ln these, as in

genomic imbal due lo duplication /deficiency niay result in
r-legl.inn after fertilization. ~ Since selection after fertilization . take into
Wbﬂ a variely of factors (cxlcn't of genomic'imbalance in the zygole, fetal
genotype, matermal genolype, matoenbtethl - iulraction and svianental
factors) the degree of selection may vary from one rearrangeiment to another as
well as-from offé ease (individual and situation) to another. In humans,” !.'Iis range.

of variation in’ post-fertilizati

n selection is apparent in the reporl on thé large

collaborative study by Boué et al. They report that when the re:\rmu!umvnt way
ascertained- through repeated épmilanéous abortions, a wide range- in the total *
lelrgth of the igvolvcd chromosome segmtnls‘ is observed (Boué: .& Gallano, 1084),

In contrast, selection prior (G g:n‘meievrormnion, that depends :.-xclnsively on the




physical. (or slrutl%ml) nalue of, the recombinant, would be a more reliable
e . :
(efficient) form of selec tion.

5.2. Differences in the effect of paracentric inversion

h}:berozygosity on male and female mciosis and gametogenesis

_ Possible <||I'l'crcntcs in |Iw effect of structural heterozygosily on ycproducuon in

“the two sexes were introduded:; .in scetion 110 2.1t scems appropriale to start the

evaluation of possible effects ol’-pamccntnc inversioh on meiosis and gumewgelgsls .

atthe pre-gametic stage. No conclisive &viden ce was found to suggest a diffefence *

in th\: cffect of paracentric inveision helerozy gosity on_ the kinetics ofy meiosis in
the two sexes.- In males a pn(.lfqr'n is obsgrved_in Ihe effcct paracentric inversion

helerozygasity has on spermatogenesis with deerease in- the proportion of haplaid

_sccondary spermalocytes and inerease in  that of heteroploid-  secondary

spermatocytes  [Figure  51) (Refer section 3. Other observations suggest

possible ctiology for the observed disturbance in meiosis (Il-ufer .8eclion 3.5.2.5.1.1)

[Figure §-2]. No s!lcll pattern cnnld be disccrilcd in_females (Refer s?ctiyn 1.6.2).

female

[Figure 53] Attempts. to compare memuc dlsturb,mce in males and

cmnphenlul by numerous factors. Onc ol them nmy 'bc m‘l,ence of gcnes which

could affect the maturation process of oocyl;p (as in 22]![\/22]{[\ and

HRIC/1RK) but not of spermnatocy tes (Réfer secion 4.6.3). Other confounding
difficulties are (1) female meiosis is studied in ui{b and male meiosis .én vivo and

(2) the limited number of cocy tes dvailable from a single feiale compared to the

large number of spermatocytes available rom a male.
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Figure 5-1 .

Proportion of hnpl'oid and ploid  secondary - sper ytes, in
}a;accntric’ ‘inversion homozygotes arid heterozygotes. The ;;ropurtiqn of

ly d d in heterozygotes

haploid sccondary sp ytes is sigl
for inversions 22RK and 24RIC. The proportion is small in heterozygotes

for 17RK. Heterozygotes for 20RK is the exception. The proport of

. s oy
h ploid secondary is d in the | ygote. @
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(- J . Figure 5-2

Proportion.of loop and anaphase bridges in male mice heterozygous for

™ the paracentric i ions inyestigated. The quency of colls with the loop
is small in thef.erozygotes for inverslons involving lp;'ge segments (l7Rk,
20RK, 22RK and 24RK). With the exception of 20RK, the low freqSency of

. .
cells witl\t the loop, is associated witlh an increased frequency of anaphase

bridge suggesting increased lreqquency of crossover.
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Proportion'_or oocytes from homozygotes and heterozygotes for

paracentric inversions in second meiosis following in vitro culture.




Proportion of IIM in female mice *
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" I'ur aRl\‘ ln the absence of a

- fertilization i.c., not post-implantation death.

" secondary s , and the

5.2.1. Din‘erenoes in thn.;uges of reprodntv.lon when vlecﬁon oe;nn in
the two sexes .nd -efMiciency of nlecllon
One can also nucmpt to dclrrmme il a differential risk, bclwccn sexes, results

fmm difference in |.l|c sl1ge ol reproduction when selection opcnh—« In llle [K)S'r

mclouc plxase, poslqmphnl':hun death is an uupmhnl mode of selpetion against

zygoles WI“I genomlc i 1% _post-i jon. death has I)ecn >

observed In male and female ||clcrczygolcs for ﬂlll\ and in female heterozygotes

1 similar to non-compl i (Senrlo

& l}cuchcy, 1085), pu-lrn

resulling rrum fertilization ln\ulvmg g-unelos from nnle as.well as h-unlx- Mrnm
of paraeentric inversions. | *ost-implantation death results |||'n-du(-‘-d lilter size. In

litter size is confined to the females. The possible

this study, eFoduction

reasons for reduction in litter size in female heterozygotes alone are discussed in

section 4.6.1. One of them is a reduction in “the number of cocytes available for

X I, however, on the other hand post-implantation death llllI; to genomic
imbalance, ‘as reported by Ford and Burtenshaw (Ford, Iivans & Burtenshaw,’
1976), is identificd as the cause of reduced litter ‘size; differences in the .

. i ) > ~ B2 ¥
% repmductive stages at which sclection operates may be a reason for the differences

Salocti

in the huor size in male and l'emnle heterozygotes. J may be pre-gameti

in males and post-lmplnn@lon in lcmnlca. The obst'rvcd formntmn of )wtcmplmd

I Ut dlplon! (moupl(_ml) nperm_'.w.-

I'uu-\uon_ dcath mlghl' to bn. nppnrrnt in prngnm\cus ’
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-
excluded from fertilization (Refer section 3.5.2.12), suggests that selection ])rior to
Tertilization takes place in males heterozygous for paracentric .inversinns, As

mentioned carlier, selection at the pre-gamegic stage may be.more cffective than

selection during the post-fertilizalion or postéimplantation stage in e
inversion hctvrmygotes (Refer section v61 i) This hypolhes;: of diHerenLiaI‘ risks |
in the ‘\vo sexes zLuc ln differences in lhe stage at which selechan occurs: may,'
explain_the ubsurvnhons in human familial cases of pnraccnmc inversions where

the mother is found lo be the carrier -in those instances where possible ©

e e

recombinants have been identified (Refer section 5

Decreased risk for male heterozygotes compared to females, was first observed in

X l)/(. Rubur(sonnu translocations (Ihmcrton Cowie, Giannelli, Briggs & l’ohm,

1961, Stene, 1970). Preferential segregation and selective fertilization h.’_wu br-cn
offeied as explanations for this observation (Ilamerton, Cowie, Ginl;m'lli, Briggs & ~
Polani, 1061). :l’rczygolic selection or meiotic (Ir\l\'o (defined as the preferential
recovery of ong ‘or morcrf\*rlnsscs of gameled res!_llting from meiosis in a

heterozygote), in males heterozygous for {DqGq) and YDqDq)-was suggested on

the basis of an cxcess of balanced het Y ¢ over ch lly normal

offspring (Ilamerton, ‘1068.). This suggestion may be qucs'tioned on the basis of
recent reportson chf(;mosomnl qn:\'lysis of ‘male gametes from XL‘ male h'el.érozygous
for- t(14;21), ‘;vhich _.-slio;ved a gj:;ter numbgr of chromosomally normal than
qbnollllql spc.:rm (le\lknn & Mn;t;n, 1;)83} Similar differences btheen sexes Wi';ll

regard to risk for certain types of segregation (3:1° disjunction and adjacent 2




segregation) have also been

gported among carriers_of some  reciproeal
translocations. This has been explained on . the basis of non-disjunction of

h a ph isidered . to occur more frequenctly

among females than males (Sterie & Stengel-Rutkowski, 1082). These observations,

of di d risk to male ygotes, and the it put forward are

compatible with those made in this thesis.

If the differences observed in litter sizc; between male nn‘«l female licterozygoles:
I‘or\lho‘s" ne pnmrrnlrir; inversion in (his study represent vatiation in phenotypic
exprésdion, it may also be supgested that ascertalnment of cortain chidmosomal
rearrangements in humans based o effects apparent during the post-implantation

stages-of reproduction may be iicomplete.

5.3. Low frequency of paracentric inversions in general and

Tinically defined lati

In contrast to other balanced l:onrrangcmcnk. the  frequency “of |mmr|-;.|lric
inversions in the general ‘population and in clinfeally defined populationd is low
([(Lfe’r’ 5oction 1.2). The ‘l[equeney of any rearrangement defiends on {I)' Rate of

mutation and n’bility to maintain itsell i the population-(2) Existence of a

and (3)

phenotype that leads to, ascertai for cylogenetis

Availability of technology to identify the rearrangement.




5.3.1 Rate of mutation __

- & ,
No significant difference is apparent between the proportion of de novo

pericentrie and paracentric inversions (Rel. sec. 1.3.1). Limitations in the ability to

¢ identify paracentric i ions.by cytogenetic techniq due to constraints placed

on the isc of high rcsd}ntinn techniques and alteration of banding pattern (Refer
section 5.3.3), must be considered in this context. Those related to pllenatypc
- ascertainment and h-porlmg (Refer section 5.3.2) may also have contributed to the

i Y
{ —law rate of mutation mmr(vd
‘

5.3.1.1. The ability of inversions to maintain themselves in the

. popuh;tlon v ¥ . -

Various factors may effect .fisation of chromosomal rearrangements. Random
genetic drift in small populations is one of them. Since inversions effectively
suppress recombination around bréakpoints aml’\\'i(l[il] the inverted rvgiol’ls, they
A A may be selected fby association with a favourable combination of linked alleles -

another- factor which :'lfl'ec(s fixation. l,‘ocnliun of breakpoints and position effect
Y may be advantageous or detrimental. Tlomozygosity for In12)5l1‘[\’ is lethal and

4hat for In(10)I7RK results in small size and sterility (Roderick, 1979). These are
. 3

les of in ‘. fons in mice d with. detrimental effects. The high

Irequency of oocyte maturation n])scrved in 22RI/22RK (if it is found to persist

in different backgrounds) may suggest I.lmt the inversion js associated with a

of alleles for the high jon. rate 6f cocytes. This
o may be an exnmfﬂb of - favourable cffect associnted with the inversion leading

towards its rix:\(.ion.b_




Meiotic drive is another phenomenon that may have an cffect on fixation. The
high frequency of bridges, a function of paracentric inversion heterozygosity, is

observed in half of the sons and in hall of the male offsprings of obligate

I ygous d (Roderick, 1979). The absence of deviation from I:1

segregation is evidence for absence of meidtic drive in those inversions. Based on

their own data and information from li e, the French Collal

Study has concluded that Iluj__mlio of segregation of normal and paracentric

inversion is 1:I. This has heen based on 13 inversion carriers and 8 normals in

their sample and 11 inversion carrigrs and 11 normals reported in literature (A

French Collaborative Study, 1986h).

;.3.2. "The role of phenotype in ascertainment and reporting

The role of phenotype in the ascertainment & a rearrang

and its reported frequency was introduced in section 1.10. From the observations
made in this studyNit may be suggested tiat heferozygosity for paracentric

inversions in males may not result in phenotyy

justifying cytogenetic invalighlfons. On the other hand, the absence of an

) ales)

'
effective pre-gametic selection in female ll(-k-rnl)‘gn!l‘s (('m"p:\n-il o th
(Ref. sec. 5.2. l] and_sclection during post-l‘crllluuhon slnge may result in a,
recogmsnble |)ht~notypc in female hetérozygotes. In female mice, reduction in litter

size is the nppnrent &ffect of the hcterozygosxly on reproduction. Aq to be

‘dlscusscd in. section 5 4.1. this may be the reason l'or thc increased frcqln.-ncy ol‘

female compared to male earricrs nscrimned and rqmrted in. miman familial enses

of paracentric inversions. N
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A bias in reporting may also influcnce the frequency. As paracentric inversions

. et
as may disappear

are balanced rearrangements, they may not be reported. This
L L . "
with increased awareness among investigators about the possible recombinants-

that have been reported recgntly following the introduction of more sﬁpllisti'(-ntcd-

Cytogenetic techniques.

5 3.3. Avallnblllby ol‘ technology to identify parncenh‘lc invers\ons

One qrgument repeatedly put forivard lo explain. -the low rrrquumi of

arazentric inversiops j¥/the inability to idcu!ify them without the use of bandiny
P S ) B

“technyiques. Bven if paracentric inversions have an effect on development aid/or

ré()ru(lnlctiull, until lately, cylogenetic techniques essential for confirming their

existence were not available. This situation has clanged, and since the

introduction of banding techiniques in cytogenetics there is a gradual increase in

the number of paracentric inversions reported each year sinee 1974. As mentioned-

carlier, (beginning of this chapter) high résolution fechniques which may be useful”

‘in detecting paracentric inversons are costly and laborious. Therefore it is not

fe'lsil)le to se them for Iafge‘ scale 12t ing. -The inc: cmclency
— g

of high :gsohmon Imndmg leclmlqucs in identifying paracentric inversions is

evident in the rcport on thc French Collaborative Study in which' the number of

pnrucol\lr{e invnrsions nsccrﬁmcd l’ollowmg various  indications suggcstmg

cytogenetic mvestlgnuons, were lurge compnred to those prcvnously reponcd

nnblc 5-1]. I‘urthcrmoru not all result in_




paracentric inversion) in lymphocytes following irradiation has been attributed to

absence of band pattern disruption (Savage & Papworth, 1082).

5.4. Low frequency 9!‘ recombinants -

The

! of of e inversions is also apparently low

, compared to those of other rearrangements (Refer section 1.6).  Dicentric

Chromosomes, one of the recombinants in-a paracentric Tnversion heterozgote,

md |1,s derivatives lny_g_hun_;npurtnd in humans by various investigators.- 'l he -

first reports of chronmtul bridgrs and fragments was that by l\ollt*r(l\uller, 1937).
Ano(»lmr ol)servnfiulx of clmmmlill bridge was rvporlml by Slifer and Beams (Slifer

& Bmme,,lfmm In both these instances, details are no€ available regarding llm

_/karyotypc of the individuals from \\Imm the festienlar m'\lrrl'll was obtained rm

histological investigations. The various recombinants that have been reported in
hutmans are discussed in'scclion-l.a.z.z'.o. One dicentric r&x;lnnlninarnl has been
_reported (Mules & Stanberg, 1984) and another identified recently in the offspring
of a carrier of inv(9)(q22.1¢31.3) (personal communication, Daniel v;n;n Dyke 10806).

A number of carriers of apparently balanced paracentric inversions, that are

2 ~
familial and-found. in individuals with developmental abnormalitics have bee

.
reported (Refer section 1.4.3.1). Although genomic imbalatice may exist in thes

instances they mny‘uot be identifiable for biulngicnl and l.cchuicnl reasons li{]‘fer.'

section 1.4.4). Further studjes bnch on those cumnd out by Evans mul l)urgnyne

(Evans & Burrgoyne, 1084) (Refer section 4.6.4) may be informative in this regard.

The observation of anaphase bridges in histological sectf®ns of the testes of mice




Table 5-1:

French Collaborative Study and those reported prevluusly [A French
Collaborative Study 1986}

239

‘Literature

Asce:tulnmenc French study
» n % ny %
Recurrent abortions - 34 Il 15
Sytematic v 8 25 14 19
“ ]W;ll“ormutlons o .
-normal ‘lgaryotyvl_)e © 8 16 20.' 27
" raneusomie de
__recombinaison 0> 0 7 9
Other sneuploldy 0 0 10 ~13
Stillbirth 2 ‘6 1 1
Male sterility 3 9 '2 3
Female sterility 1 3 1 1
'Collb!e sterility 1 3 0. ]
Other or .
unspecified - 1 3 9 12
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(Roderick & Hawes, 1074) clearly indicates that dicentric recombinants are formed
in male mice heterozygous for paracentric inversions. Acentric fragments and

san . g . .
“dicentrie chrorgatids have been observed in 2 - 8 cell embryos of female mice
£ a

. heterozygous for the paracentric inversion In(X)1Hl (Evans & Burgoyne, 1981).
However these observations need to be confirmed by further investigations (Refer

section 4.6.4).

5.4.1. Sex of human carriers of paracentric inversions and ~ *

. B b

One lundred and twenty one cases of paracentrie inversions have been reported i

until 1986, Of 13 cases in the likerature, in - which thie imlv:f case with
abnormalities led to the ascertainment of rn‘;uaili:\l cases of paracentric inversions, —
<m~only 4 four cases \‘vas the father found to bhe th’c carrier (Appendix (Ji. .'|.
significant deviation from.a 1:1 rnl‘io suggesting that fewer leo; heterozygous for
ik eenivic:inversionaTare saeeitaiiied by phenblypic skpression; “OT'seven Whay
wer¢ ascertained following Lhc‘ identification of a proband with -a possible -
recombinant in six the mother \v:\é the carrier of the rearrangement. This includes '
the paracentric inV(‘rsin;L inv(9)(q22.1¢34.3), nscertained f()llo\villg»il!l'lgltiﬁmlinn of
a proband with a possible rcct;mbinanl, rcc(ﬂ)‘dnp(f]) dicentric (personal
‘ communication, Paniel van Dyke, 1986). Thest obygffstions suggest more cfficient

selection operating in the male compared to female carriers. ‘The exception is the

case reported by' Kelly et al. (Kelly, Wyandt, Kasprzak, Ennis, Wilson, Koch -& &

Schnatterly, 1079). Mules and Stanberg have speculated on the probnbility of

-




o m . .

differential risks in-male and female carriers of paracentric inversion (Mules &

Stanberg, 1984). *

These ‘observations may be explained on the basis of increased probability of
fémale functional gameles with recombinants available for fertilization compared
Lo those of the male. This difference in the sex of the carrier ascertained may be a

function of the effectiveness of sclection in the two sexes, based on the different
stages of reproduction whon selection oceurs (Ref. sec. 5.2.1).
TR J X g

5.5. Potential for ru\rthcr investigations 4 Y :
Many of the studics have the potential to be olafforated upon, and based @ the
observations, further investigations may be carried out in certain areass

The observed correlation between lowered haploid secondary spermatocytes and

increased |

secondary sp tes ‘suggm(s pre-zygotic sclection in
male mice heterozygous for paracentric inversion. Quantitatife and quali'talivu
mglys of sperm may provide information on the nature of sclection of the

sccondary * spermatocytes. Qualitative dilferences have' been reported in

heterozygy for other i ions (I hol ;l Brdge, 1070) and the el’l’ecll. of
such. morpl|ologie}|ltﬁingcn on tlie function of the sperm discussed (Ford, Evans &

ﬁurtenshnw, 1076) (Refer scction 3.5.2.12). Quantitative differences havg not been -

reported for heter for ic inversions. A positive correlation of

sperm coiint with haploid secondary spermatocytes frequency would imply pre-

gametic sclection.
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Chromosome analysis of sperm following in rifro fertilization may help in

further supporting the hypothesis that pre-gametic selection “of gamotes With

recombinants, occurs in males heterozygous .for paracentric inversions. Tl

analyses will also help to determine if heterozygosity for paracentric inversion is

associated with ancuploidy.
v

To determine if the unusual mode of pairing of the rearranged. chromosomes

suggested (Refér section 3.5.2.6) is similar to l'l:lﬂ inzalhpr rearrangements that

~result in nzalo specific sterility (as discussed in section .'LS,‘..".II..‘&), contemporary

techniques of in situ h¥bridization may be used .to identify the rearranged

chrumosomc accurately. Data from such an investigation will help o d ine if

the obscrved meiotic dlsturbnnce is an expression of male specific ste

h the XY bivalent.

association of the rearranged chromosome wi

It is apparent from these studies that, in vilro techniques to determine meiotic

disturbancé in females are. clearly not reliable. Analysis of meiosis in vivo appears,

to be a bettcr metliod. - This is particularly recommended in vicw of the -

nbservahcn Umt\lllll(/llm\ fcm'x]os have a normal litter size, rlc'lpl',c meiotic
(hiturbnncc gbécn’cd in vitro (Itef sce. 4.6.3). With rcgnr(l to cytogenetic analysis,
study of oocytes immc;liﬂtely after fertilimtim} (analysis of female pronucleus)
may be pnrticulnrly uscfu’l. One advantage is th‘nt the in vivo: environment for

oacy'.e nntnratmn is m'ml(mnc(l Anotllcr is that the extrusion of the iccnn(l polnr

body ‘occurs “after sperm .penetration. Hence the early embryo ll.‘prcsenle the

&




243

chromosomal contribution from the female carrier - after’ all possible pre-

fertilization selection,

Statistical and technical factors may influcnce the extent of meiotic disturhance

nppnrcnl' in oocy%k{ﬂnfcr section 4.6,2.& 5.2),lowever, in view_of the fact that
O <

meiosis in females is different from that in males in certain respects, it may be

worthwhile to investigate pachytene in female heterozygotes and compare the
ti !

findings with that in male
-~

l}’ctnrdc(l ovarian growth pattern is considered as the phenotypic expression in
Y

females comparable to r_rﬁ\lc specific sterility. in riiale heterozygoles.(Refer section

& B W

4.7.3). Ovarian growth patterns in those inversion heterozygotes that show

- .
imph&{c\d fertility may help determining the nature of the meiotic disturbance

observed in male heterozygotes. If the meiotic disturbance observed in males ’
appears to 30 a variably expressed form of male specific sterility, studies on
inversion heterozygotes may contribute to understanding the phenomenon of male

" specific sterility, particularly because the physical characteristics of the inversions

cotrelate with the extent of disturbance. (Rcl‘errsecl-ion 3.5.2.11.2).

s

Dlrfcrences in"the efficiency of selection in the two sexes Ilave bcen snggested as
a. possible ren@un l‘or the dll'l'erences in nsk betwecn sexes, apparent during the

posb-l’ertlllznhpn sh\gcs of reproduction (Refcr section 5. 2:1) Cytogenetic analysis

ol mnlu nnd female gametes will provide evidence for differences between sexes in

sclection against gametes carrying recombi Well designed experiments (the




SO OENVE 7% RGO ies i e Backrouncl nes faglors
, to be controlled) to defermine post-implantation loss in male and female
heterozygotes can also be of great value in 'ir«;r:,ii||.|[£ differences in the stages of
scljuon in the two sexes.
S o w
The analysis of early embryos are worthwhile in view of the ohsirvations by
Livans and Burgoyne (Evans & Burgoyne, 1981). These investigations in embryos
of inslsiand foimlo HetoroEygotes will Eowido EVIINNERIGF WITREFRYAN IR ALESLIOR

“between, them if they do exist. It will also explin U low frequency of

recombinants.

intained in heterog backgrounds, the ‘use of

Since the

ions are
littermates as .conlmI; in future investigations, scems 4o be important in view of
the variability observed in the case of female lmhruzygotué,wlme a number of
factors (genetic and environmental) may influence the meiotic and reproductive

processes. d N .
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> « Conclusion B

The physical cl istics of p ic il ions appear to confer a vxiriely
. *" of unique propertics in the heterozygous state. Rear Iving only one

P 3 . .
R arm of the chromosome (so there is-no change in ‘the arm ratio) are difficult to
i identify inmitotic h h if the rear does not result in’

_a change of band pattern. -
B, s y : S w

—m Durmg mcmsls, loop I’orm _tion in the pachytence suge, which is mlothor unique
. ) feature of vaersmns, nppears to mf{ucnce t}lc [requcncy of crussover r;hd

o ‘. jon iphetdrozyg for’

nscem(nmmcnt of paracentric inversions.

Decrcase in lhe

- " Selection pnor l.o lcrhllz’ltlon also reduces the plobnbxlny of ascertainment.

. . Dicentric rccomlmmxlﬁ \\hcn formcd -appear to be effectively sclected agamsl,

None

prior lo gamcte formation in male hctcrozygutcs. Selection during this stage of
tuction in i mvcrsnof‘ ,mny»besmorc efficient than’
L sclcctmn dunng the, post- femhmm stage, \\lnch isa rrcqucntly nlenuﬁcd mode

.of selection in lmlcmz)gntes lor olllor renrr’mgﬂuonts These Ic:\llms may

- nccount for thu low Irequency of e ions and possible

ldenuﬁed mnong llVeblI‘th: .
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. .
. Summary
. " In males, heteroaygosity for a paracentric inversion affects spermatogenesis

during meiosis. The apparent effects are:

1. There is a decrease in the frequénry of haploid  sccondary

- spermatocy“lcs in heterozygotes for large inversions.
- . 2. There is an increase in the frequency of heteroploid sccondary
spermatocyles in heterozygotes fur ]arge as well as small i |nvursxons. '
- . 3 Loop formation facilitating synapsis o[ [hc inverted svgluﬂ\t is less
l'requent in I A lnrgc rsi d 1o that for
: “small inversions. . A negative ioh. between freqicifey of loop.
formation. and nmplmse I;ndg(, suggests that Iunp formation inhibits
_ recombination. 5 - -
4T litker_size’is not affected; suggesting pregametic selegtion of
abnormal recombinants” | . ' N .
In female hLlcroz) goles the v!’l’ccts are: )
e 1: The mrmhcr of oocyles i (hplnlene is hu;ln-r i lml.vroiyguleq !ur the
varjous inversions. investigated than- i the. respective homorygotes
‘ suggesting arrest in lhc prc-d:p!alcnc stage doc: not take place.. " o0
b 2. The number of oocylcs in_the,post dlplulcnc stngc of mel
3 s “highier in the helerozygotes than h zygotes ing m
or delay: i e e 2
i : 3.0n _in.vitro culturing of " oocytes, the pr(‘apurlin;x of oueytes that
g ptoceeded to sccond ‘meiotic mctnplmc is low" in the case. of
heterozygotes for two of the' three large inversions (20/K and MRI\)F
% compnrnd to the respeclive homozygotes. For oiie, medium sized * *
inversion (lZIIl\) the ‘proportion is low in one al‘\l.wo sels of
heterozygotes. " & b
o
) ) 4 The litter ‘size is reduced -in heterozygotes for one short inversion *
Big B o® (IRI\), olie Imgc inversion (22[(]() and eqmvocnl in the other (MRK)
¢
: s ‘mnlv .I!Ild lomnl_u. the - (‘mm‘qunncl‘! ol’ lhe di:lurlmnco is, dllfor(-ut m thie: Lwo




sexes. In fnnles meiotic disturb leads to pre-gametic selection of

whereas in females the oocytes with the recombinants are reported to be
Tunctional and ferlilized. Sclecl‘ivn therefore appears to occur in thé-posb-
[‘ertilizntign slage. Pre-gamelic selection in male heterozygotes is so efficient that

there is no opportunity for post-fertilization ascertainment.
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Inv(13) (q14q22) [Finley, S.C.-¢t al., 1085} e
Inv(12)(q12q24) [Fryns, J.P. %t al., 1080] R
Inv(5)(q13.2q2100) [French Cnllnborahvc,study 1080)
In¥(5)(q13.2¢2100) [Frenglr Cdllaborative Study 1986}" . .

" Inv(5)(qL ) [Frénch Collaborative Study 1986 . " . .
Inv(8)(q1200q2300) [French Gollaborative Study 1980] . :
Inv(11)(q1209q2200) [French Collabiorative Study 1986|-
Inv(11)(q1200q2200) [French Collaborative Study-1986]
Inv(13) ql@ﬂ(qter) [French Collaborative Study 1086]
Inv(14)(q13:2q24.2) [Fréach Collaborative Study 1986] T e
Inv(14)(q1200q1309) [French Collaborative Study 1086] ~ .
Inv(13)(q13.1422.3). [Yang=Feng, T.L., et al. 1085] : -

i, CE - AppendxxC

Familial pnracam-h: lnversmns in whlch fetal wastage has been i
reported.

) Inv(5) (ptcrpl.’i) [Valearcel, E. et dl., 1083] s e .

" Inv(1) (q42qd4) [Speevak, M. et al., lﬂ&o] . . .

Inv(11) (q21423) [Madan, K. et al., 1084]
Iny(5) (p13p15)k[Madan, K. et al., ms/l] . .
. Inv(7) (411q22) [Ridler, M.A.C. et al51981]' o A
. Inv(15) (q15q24) [de] Porto, G. et al., 1084] * .
Inv(10) (q11426) (Venter, P.A: et al, /1084] -
Inv(10) (p15p22] [Stetten, G. et al., 1983]
Inw(3) (p13p25) [Peteﬁ-slough M. et al., 1082]
Inv(3) (421925.1) [Djalali, M\:l al, 1984] | A —
- Inv(12) (q12q24), mosaic for inversion. [Fryns, J.P. et al., 11784]
.. Inv(3) (p13p25) [Fryns, et al:; 1984]
.‘Inv(2)¢(q13q24), mosaic for mvefsxo\u‘ryns, 1P et At 1084]




Appendix D

anllhl p:ruentrlc lnverslons 'in which sbnormal recombinants

have been reported. . o o :

Inv(5) (pterpl [Valearcel, E. et al, 1983] S
Inv(1) (q42q44)\[Speevak; M. et al., 1985] .

Inv(7) (11322) [Hloo, J.J. et al., 1082] .
Inv(13) (q12q22) [Sparkes, R.S. et.al, 107] - | . Ly
1iv(14) (q24.2932.3) [Mules, E.H; et al los4) . -
lnv(-’!j(pldp%) [Kelly, T.E. et al, “1079] \

L Appendle \\ e B

F 1 ed with al ab i ot e

Inv(3) (p13p25) [Fryns, J. P. et al. ,1080] R
Inv(3) (p13p25) [Fryns, J.P. et al., 1080]. :
Inv(1) (q2542) [Madari K. et al., 1684] !
Inv(16) (q) [del Solar. C. et al., 1974] e T » "
Inv(15) (q15q24) [del Porto; G et al., 1084]
 Inv(8) (q11.23-q21.1) [Shabtai, F. etal, 185" "~ .
Inv(3) {p13p25) [Peters-Slough, M.F. et al., 1082] - \ o :
Inv(1) (p22p36) [Derdover, J. et alg 1979) )
Inv(3) (p21.1p25) [Callen, D.F. et al, 1985] . o g e
- Inv(10) (qI'1q26) [Allderdice, P.W: etal,, 1980) +
' Inv(X)(q24q48) [Shabtai, F. et-al., 1083]
Inv(7)(q11q22) [Schmid, M. et al., 1986] .
Inv(4)(p1300p16.2) [Eyench Collaborative Study, 1980)
- Inv(5)(q1500q3400) (French Collaborative Study, 1986)
Inv(7)(q11.1433) [French Collaborative Study, 1986} 8y, ¢
5 Inv(7) 2) [French Coltab ive Study, 1986] ° ' -
A Jnv(7)(q22. 243509) [French Collnbomhve Study, 1986] : B
421.3) [French>Col ive Study, 1086] .

Y\ . o AppendixF

“\Paracentri i Iated with aneuplold, ' S
“Inv (7)(q22q31))D(Y|Msdnn'K et al,, 1984) - = i
- Inv (21)(q21q22)-+21 [Madan, K, et al., 1084] n wn B g

;o N Inv (12)(q15924)-XXY [Singh, RP_etu) 1981) . A o
Inv (5)(q21q32)-XXY [Canki, N. et.al, 1970] . m . ¢ .
Tnv(7)(q11.3422.2)-XO {Canki, N. et nl., mfw‘] 2, S, © 1
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gel . e Aﬁpendix G ¢
Familial paracentrlc inversions ascertairied on the basis of an index
. case with abnormnlltlcs " A

s Inv(7)(q2100622.2)-Paternal [Frénch Collaborative Slud’y 108(}|
" Inv(7)(q22.2q3500)-Maternal [French Collaborative Study 1086]

© - Inv(12)(1200(21. 300)—Pntcnmul"rcneh Collaborative Study 1986]

© Inv(3)(p13p25)-Maternal [Fryns, .. et al., 1980]
Tnv(3)(p13p25)-Maternal {Fryns, J.P. f al., 1980] -~
Inv(3)(pi3p25)-Maternal [Peters-Slough, M F. gtal,, IDBZI

€ Inv(r)(q25q42)-Paternal [Madan, K. et al. \wsc] . ~
Inv(3)(p21:2p25)-Maternal [Callen, DIF. et al., 1985] S~
Iny(1)(p22p36)-Paternal [Deroover, J. et al., 1010] E )

" Iiv(16)(q11422)-Maternal [del Solar, C. et al.,<1974]ges, _‘
< Twv(11)(q13q23)-Maternal [Orye, E. et al., 1983] % Q

Inv(7)(q11422)-Materan [Sehmid,_ M. et'al., 1986]
= . E lnv(‘(j(quZS) M'xt’ﬁ'ml [Sh'\h('u F. et al,, 1083]




Data on spermatogenesis A - ’ =

1 . £ : k B o
/" ‘Mouse no. IM NIM HetM NIM NIM+HetIM HetilM
/ ' (days) "(m) Tm) () (%) (%) (%)
" DBA/A 63 75 74 24’ 40.7 | 56.7 245 ¢ ta
.. DBA/B 8 s8 3 -1 302 385 EY
~ DBAJC 6 - 98. 68 24 410 s2 . 21
'DBA/D 85 0¥ , Yiﬂ.l e g5 218 .
X
\ T
! et T e =
C3HFel . x g ¥
Mouse no. Age IM NIM HetIIM NIM NI+ HedIM, HotlIM
o (doys) (n) (8)'~.(0) (%) (%) (%)
. - :
CaH SuM6 e 31 . 10 248 347 380
c3lM1 T10 \48 54 11 540 588 1169
C3HM2 ‘mo 65 3 15 350 3.5 300
“caHMa 10 Nyt 43 09 37 433 . 173
* C3HM4 10 .53 47 14 ar0 . s38" 0 280
GC3HMSs <TI0, 69, \31 - 11 310 . . v i
G : . - o
v 2 N,’f)\ ) Y conli;uld?.... - e il

o



‘Appendix H continued...,

>CE‘7PL L T

& _ E _ _ - _ i
’ Mouse no. .Age IM .NIM-HetM NIOM NIM-+HetiM HetUM
(days) (n). (n). . (n) (%\) (%) o (%)
. 6o © 2T 60 40 08 40.}" 434 130 <
©OMI/MIM2 - 80 SE 4B - 06 400, B9 . 100
Sl MG/iYM2 - 0. 62 a8 15 0.0 .. U283
5 MG/MI/MS . 1o, 6l -3 07 Soaes 16
. = 5 !
\ .
S I - . T \’4
i -“IRK/1RK N .
Mouse no. Age - IM NIOM HetIM NIM ‘NHM+IIeﬁ!‘M‘lietHM
. (days) () (n). (n) - (%) - (%) (%)
! £ A
- —f r—————
1F5/15/M1 - 54 49 120 476~ 53.0 197 -
1F5/15/M2 he sl 48 a1 4T L 55 328
‘1F4/14/M2 . 3 61 13 T o.ne
1F4/14/M1 3 56 44 12 214
SR s o

continued....



S s v T Appendix H confinued...

. % . e
IRK/CB7BL =~ . ° p— - . o

N 2 . g%y & A &

> . ¢ LA N .

Mguse no., Age .IM' NIOM HetiM NIM ¥ NIM-+HetHM HetlIM

@) @@ ) ) e e

FD/1s/ME, 80l 45 o1 B o 52.6 10
O NeUFDAIS/ME T T 80 M7 32 10w 4050 < T 5057 - 333

AF7/M1/M1 R 20 . '200 333 ' 500
.. FN/MG/F2[i5] el iy
TLIs/MYML s 45 O 21 20 ;210
EN/MG/F2/1F5/ . ’ B
15/M1/Mz2 6. 770 "3 3@ 300
- /13 - =T e 28 Tt e
16/35/A Jomm a3 4

FN/MG/F1/1F5/ & )
15MI/M1 « . 81 57 .22 - 18 279
FN/MG/F1/1F5/ s )

15M1/M2 ‘81 48 50 23 510
FN/MGIFY/, -~ -~ . = LT
IFS/ISMI/MS ~ | 8L 64 35 14

. =



3 i Appendlx i contmhud

S
. uL]y:amu o | :
i % ‘

Mouse no. * \~Age IM NIM l‘ieta[IM NIM

M+HetIIM lletlIM

\(dl)'!) @) @ ) " (%) S~ (%)
G3HFS/IM1/M2: ~ . Y23 ( 0.0
.. C8lIF3/iM2/M1 ‘130 72 28 s " 28.0
- C3IIF3/1M2/M2 'mk l 420
8 h S = "
o £ g '\\ )
N v
E 12RK/12RK
e s i'wm;n'o. " Age lM NI gt NIV

NIM.HotlIM HotllM =

i T ey (") \ @ | @ (%) : (% (%)
| I
12F3/12M1/M1 % 74 T 12"\ <464 507 . 168,

. / L it 7 3 - L - -

. l?Fs/lZMI/M? 9 _ 46 54 | 00 540 . 508 10.0
M1® ¢ - 63 T 48[ 9 384 425 158
2M2 63 86 45%| 12 344 309 “oLn .
| ; \ A

continued....
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; R Appendix H.Cullﬁnl_led'.'-- . f‘
i R P ;g | o0
12RK/C57BL- . ] k] .
. Mouse no. . .Age ' IM NIM HetIM NIOM NIM-+HetlM HetIIM
SR T 5 & A O TGVl G N ) (GO N
= i C el - — 5
\ - - v | SURARST) SR T
| Fl/12A/ML - 8670 T4 82 .17 526 57.° e
| FC/12M1/M3 4 65 40, 2 . H 38.5 47.4 30.6 -
FC/12M1/M2° - 65 , 40 28 412 49.4 282
; \ FC/12M1/M1 60 ‘.01 79 30 . 465 54.5 275
FR/12M2/M1 90 55 .15 15. 214 353 - T 500
| FR/12M2/M2 .90.  70. 30 - .18 300 .. 407 - 3T5
e _ _: bl iy —
¢ ‘l . A g . . continued.... -~ -
| N b
{ L R ¢ b
A i
| \ .
ri e
n




)\ppendix H continued...' .

S igm'c/c;aﬁ'u }{L U
. Mouse fo. . Age IM HetlIM NOM NHM4HetlIM HetlIM
G L ey ) @) ) (%) /(}%) )
; GIFI2/1MMI M6 67 /33 - o1 - mo. ‘g s -
& CSlIFI2/12MI/M2 18,0 61/ 3¢ 11 ¢ 300 5.1 ‘220
« . COFI2/12MIM3° 18 78 22 08 220 .U 278 27
COFIZ/12MI/M4 146 ¢ 69 31 1 810 - arE o a2
) “C3IF10/12M3/ML 100 /58 37 14 300 75 .
C3lIF10/12M3/M2 | w00/ 52 a8 W 480 394
C3IIF10/12M3/M3 l?‘)v S1.46 , 10 400 T %
288

Sollrio/igMa/Me, Ao 58 g2 it 120

- continued....
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. .VAppeﬂix H continuedy.
24RK/24RK . ° | e

. 'Mouse no.’

e

/

"Age 'IM NIM HetIM Nl NIM{HetAM HetlIM

@~ @ —T) %) G

‘2aMi

24Fo/21/M4
*'24F6/21/M4
" 24F0/12M6/.
. 21/M2/Mi

24Fo/12M8F-
21/M2/M2
24F0/12Ms/
“21/M2/M3
16/70/M1

- 10

g L
BB gy 46

T8, 504

22.. 54.0

5.0

16 419

13" 384
4.

C 320

226
13.5

) continued....




: Ap]!tndjxﬂcontinuevd.“: i h
' 24RK/CSTBL - - _l “, .

. o Y <
" Moust'no., . Age +IM ﬁmvxnzum NIM NuM+mum HetM
L L e @ @ w5 e )
. i '24n}'cs7m;mp o0t o6 22 %2 2500 2l . 642
©y uFI/CSTBLMz T 60 8L 18 . 42 - 185 417 24
L . dFyosTBLME e 60 14 36 /189 55 v 720
a0, . MFI/CSTBL/M5 . 60 0 06 . 30 130 .. T4 - . £33 ¢
e sojaz/AT .ocagd el 30 0 M2 987 58.8
2AFIO/MI/MI . 73 65 23 18 2001 . 387 439
'z;m/’Mn/Mz 31315, 17 Tomn Nl 3 /531
i 5 3 3 = =
S & & . s . continued.... -




Appﬁldix H continneci... .

4% J24RK/C3HFed "

. NIOM HetM NIM NUIM--HetIM' HétHM

Molls:c'n’o..
i OO RN I O3
’l"c'zum/zml/m' 207, 72,9 1. . pa2 38 589

CChiPT/aMyMz [ doss d 150 ] 1500 3030 T 505
C3IIF7/24M1/M3 . 208" ‘o1 - 9 2 90. 218 743
‘CBIIF7/24MI/M1 208 84 i6 .30 | 160 - 354 05.2 ¢

.l 4 Sy i e R
& o e “ v continued.. :
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Appendix 11 continuéd... . ‘ Lo
HRK/1IRK i
. 5 / N
) Mouse no. Age - IM, NIIM HetlIM NIM NIM+HetIM HetlIM
" C (days), (1) () () (%) (%)’ %)
e M .
¢ UFS/UM3/ML. , 70 60 40 1. +400 6.0 "2 g
WF5/1IM3/M2 © 70 . 40 LSl 8 sl 546 13-
) TUP4/UIM3/ML © .75 - 45 55 - 06. .550 57.6 0.8
s4/MIL . M7 s 42 12 420 . 482 2.2
b 5
n "V LURK/C67BL . . - . L, B
Mouséno. =~ ° Age IM NIOM HetIM NIM NIM-+HetIM HetlIM
(days) (n) (n) () - (%) ~ (%).. (%)
FR/LIMI/M1 ol 47 65 23 580 65.2 3
- PR/11IMI/M2 oL 6 73 150 525 57.1 1.1
11F2/ME/M2 60 71 55 -2 . 437 - -:533 | 32.1
11F2/ME/M1 61 60 61 . 18| 469 534 e 228 | v
7 . [ - i . 3 e
\ st ; ot . continved... ., .77 s X




Appendix H continued...

'RK/URK
e . ‘
Mouse no. M NIM HetUM NIM NIM+HetIM HetM
m m () (%) (%) (%)
UM 68 M. 469 '51.6 1.1
14M3 62 38 _ 15 <380 -46.1 28.3
M4 C T , 6l 30 10 30.0 ,. 4.6 .04,
MFS/UM3/M3 ~ . {07 68:_ 5., 14 450 51.1 197
! . —
"14RK/C57BL
Mouse noi— Age  IM NIM HetIM NIM NIMiHetIM HetlIM
doys) (@) (@) (m) (%) (%) (Lol
06/14M2/M1 62 -e3 69 24 426 50.0 258
- 00/ 14M2/M2 6. 50 33 31 398 7.3 508
0/14M2/M3 0 B 28 21 500 05.7 417
J4P1/MIM2 60 5 38 20 432 57.3, 433
F2/MIML ™ 8 5 88 . 21 400 . _° 50.9 ' s
HFE/MI/M1 o 28 38, 21 - 0.8 356

536




Appendix I contived... ©

\

"

®

> . p :
Age- M NIM HetIM - NIM NIMHetM IetliV
@ @ oe @ W eS|
- .m o2 om0 02 49
06 8 16 2 1607 32.3 00
T2 e 06 21 80 8.7 738 |
u8 60 14 20 _ 19 384 6.4
s m w0 n w2 s 030
. 18 W 2 A 27 845 415
& _cnntilf}i;:(l..,4
vy = R
i = e
foomme 7 -




' - % JJ- '

‘NIM HetlM NIIM  NIM-+HSEIIM HetIIM
@ (%) - (R) (%)

418 467 . 188"

2 80 - 541 279
d258/M1- C00 44 ‘13,0 }
1253/M2 71 3. 18 304 . 408 . 367

. 1253/M3 71 8 .13 4.9 a8 . 265,
1253/Ma 7 33 03 320 340, 83

continued....
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Aypend’ix H continued...
/ L
20RK/C57BL K & i ’
2 = ) - \ I‘
2 Mouse no. Age . 'IM NIM HetfliM NIOM NIM-+HetIIM HotIM
E s (days) (n) (m) - @ (- (R (%)
20F1/FN/ ] =5 .
MG/M2/M1 S BLie 38 a2 38.0 . 02 - 367
. ‘20F1/FN/ 3 : o e
MG/M2/Mz2 o0 Yo1 21 .16 239. 356 432
' 20F1/FN/. . s B - !
MG/M2/M3 63 58 42 22 . 42.0 525 344
o . FU/ML/ - ? ; .
L F1/20M1/M1, 63 65 35 17 350 . M4 327
2 ) . continu®d’..
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Appendix H continued...
22RK/22RK | oo L, OF ) )
Mouse o. | A IM NIMHetIM «NIM NIM+HetIM HotlIM
3 B S (ey) ° (@) ) (B (%) % -
- k3 s : >
ToaMr . 10 .56 415713 423 w1 ;

M2 150 74 32 1L 302 . 368 2.6
20F2/29F3/ i C & , )
2M3/M/M1 - 110 65 35 10 350 - 10.9° T2 e
22F2/ . o % 3

=& 20F3/20M3/M/M2 101, 108 31 20 2206 ,32.5 302

3 . i :

, 2F3/ ' ” : :
ﬂFS/jZMJ/MNl 11 . 91 34 . © 08 272 31.6 Tl ‘

. 2F3/ & E s = 2

- ~20F3/22M3/M/M2 141 90 36 _ 18 - 283 . 375 - 33

continued....
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—  Appendix H continued...

22RK/CS7BL
- { .
. R -
Mouse no. Age IM- NIM HetlIM NIOM NIM-+HetlIM HetlM
- J . (days) (m) () () (%) @ ()T
) ~ 208MCO/MI 74 228 41 .73 Is2 333 610 =
22FI/MC/MZ' 74 C132 21 30 13.7 279 -58.8
22F2/MC/M1 6 134 & ® 25.1 448 583
— v 22F1/MC/M3 .8 14 1.0 13.0 4306~ BOT
22F1/MC/M4 90 129 23 6. 151 304. 72.6 b
. 22F2/ME/M1L 128 8. 15% 33 15.0 361 68.8
“T ) e cootinued...
| 5 7




Appen@( H contimeed... *

24F8/16/M5

K/2 :
12RK/ 411( J
Mouse no. " . Age IM -NIM HetiM NIOM NIM-+HetlIM HetIIM
. (days) (@) () @ (B ' (%) %) "

L 24F8/laM2/M2 60 62 * 3 1 380 456 26.9

" 24Fg/l2M2/M3 -, 60 40. 27 08 0.3 o 467 22.9°
24F8/12M4/M3 54 . 20- 18 349 - 465 - 383
24F8/12M4/M4 832w W 338 470 - 425 -
24F8/15M4/MI 14 23.2 309 32.6

" 24F8/12M4/M2 04 .31 8 48 313 36.7

\
‘ . |-
i . —

* 1RK/MRK

Mouse no. ‘Age IM NIM HetlM NIM - NIM-HetIM HetIIM
- (days). (n) ~(n): - (@) ° (%) (%) (%)

_ 24Fs/is/M3 12 (M w1 3.0 5.3 32.1
24F8/15/M1 . 59 2 54 26 200 ¢ 377 32.5
24F9/19/M2 8 083 a7 19 @370 47.1 33.9 .

24F9/T0/M1 | 68 65 3 2 350 8.7 8.6 -
24F8/15/M2 12 34, 2 o7 . 382 45.2 15,0
24F8/15/M4 100 8 18 .16 180 - 20.3 &41.1,

00 67 . 33 2 330 45.5 4.1

continued....

«
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(]

o
|

21/M2/M1
\

'22RK/24RK ) 3 \ ]
o ) | ; ) |

Mouseno. ' ~,Age ~IM NIM HetlM NITM NIIM:HetIM HetIM
N (day) () () (ni\ JeO I B )

© 99E3/24F6/ - 4

ﬂ@é/m ) 61 81 09 30 10.0 325, 769
22F3/24F6/ 2 g ’ o
-, 21/M5/M2 61 71 04 56 5.3 58 933
29F3/24F6/ i
21/M5/M3 61 & 02 45 -23 35.1 957
22F3/24F6/ 5t @ 5o %
21/M5/M4 * - 61, 98 02 43 20 315 95.6
29F2/24F6/ (\/ o N

62 8 12 44 12.0 89 - 780,

T
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Data on oogenesis ,

cs}{m ) ) \ )

=\ - . 5 B B

Mouse ho. . Age MV MO~ OC. DC ™M IM

S . (days) @y @) - (@) ‘() (@) ()
N ” ~

GalIFy/C3HMF2 . 104

1 6 6 4 1 3
CBHF2/CSHIMI/E, 150 4 6 4 2¢ 0 4, 2
C3HFeIF1 .93 7 i B3 1.2
G3HFeIF2 o 93 o m 1 18 0 6
C3HFeiF3 93 3 i2 8 0 6 -
C3HFelF4 93 2 28 24 19 2° T F
C3HFeJF5 93 1 18 17 B2 1 s

: T 2 —— .
continued.,

Refer List of Abbreviations (pnée xv) for the meinipg of abbreviations.
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Cs7BL
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Mouse no. .. Age’ MV MO OC ~DC M UM
Cye) @) @) @ @ @ W
| ——— - A
o . 180+ - 25 25 . 5 12 s
58 . 194 - 33 .3 . 12 7
7 s 124w - 2 u
68 - 189 5 16 16 - S =
67 172 2 10 10 - i 3,
70 172 1 18 18 - - -
a3 " A Y ErS 0 4a( 4 . : .
Cs7BL 78 2 28 - 2 u 10 1
CSTBL ) .18 2 20 2018 7 2
FY/ME ) 2 20 ‘8 -n 3 -0 .
FIME/1 -/ 70 1 25 35 | 0
FZ/ME/2 00 3 24 2w w3 4
.- Ll . ¢ x.
co{:tiﬁued..




Appéendix I continued...

CH7BL
. N
mu_aa no. = Age
b e (dsys)’
FUMLF1/ ~
FUMLM1/F1 T
FUMLF2/ - i

> FUMLML/FI o
FB/FNMGMI/F R
FUMLF2/ -
FUMLM1/F2 S
FUMLFZ/ e
FUMIMI/ES . T o~
CSBLFL o -
CsTDLI2 .

CS7BLF3 ' T

© 0 o~




s Appendi; Ieontinued...

-1RK/1RK
S N 8
Mouse no. - Age MV ' MO OC
2 B (days) - (n) () (m)
- L e 155 7 " 20 20
' (::n ’ 156 1 19 19 - 5 -
S e - 152 2..2 20 w0 1.0
: s78/F1 0 7 14 14 - - -
8720/F2 . T P TR T 5 .
Cemp/F3 - 0. 0 25 f25 . . ...
. 8142/F 1 : 06 6 17 15 - sty A
8113/F2 { 0 5 25+ 24 - - -
8M2/F3 . [ 5 9 ¥ 5, &
. sm/l-‘r s N 19 . 18 . ks
e 8113/F2 08 6 26 24 - - - .
. 8MYF3 - I 4 11 a1 s @ -,
8006/F 1 ) 81 3 33 32 A 4 1
. 8u00/F2 i ) 1 33 33 W 2 1
’ : : continued.. =
c
+ G v
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5 ltppendixlcontinucd.., 5

1RK/CS7BL ‘
Mouse no. . Age - MV_ MO OC DC " IM.. 1M
% G I B S T IR I )
66/3/1 . . . - 8 5,24 24 - - -
57/1/1° R (O 8 22 - 92 - a 0
ST/ [ JEATRE | 29 .22 : & "
57/13 T ; ThEm B 12 12 - Wy 0
177V A T U | S | B - "
Cs7/in 0 1e3 2 23 3 - i 0
cesty 105 8 23 3 b LB 0
C57/1/3 0 - 730" 30 - B w58
- C57/1/4 31 31 . 0 )
-4/€57/1 16 16 - 170
A/Cs1/2 32 2 4 0
" 4/C57/4: g : ‘166 18 - 2 0
4/C57/4 S T IR | 1212 4 3.0
4/Cs7/5" B T R TR ) - - -
4/C51/0 R 4 112 - 5 .-




. , 4
~ 301 = > .
Appe.ndi_xlcontinued.:, . % * . T - y® A
o 22" =
1RK/CS7BL - : ‘i = $
. Mouse no. ; Aﬁe
." & 2 “(days)
Y RO T S
33/1/2 v p e e
cayys L m
. T 180 N e el o
i afsefs .~ . . - 2 2 . s Tae 7
2/32/2 o - EYR 5 S
2/32/4 . N A N T TR N
2/32/5 T o7 6 "oy, - & 0 o
2/32/6 8 ) Tot. 5 A‘xt 18 : 4 [N
CaFMYyFr s oa' a 18 14 0
FNMGF2/ oL s
‘IF515M1/F1 63 S0 - 4l 41 36 22 0.
IFT/MYF2 ¢ o LN TR T VR - P
- IFT/MI/F3 S IR S TR R AR | S ]
33/1/1 . 132 5.8 8 - -
28 i 4 u [ R <
[ V7 SN U SIS T S IR | I - - i

‘eu/if1 R T "gl a0 L
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‘A]‘:pendi'x Icontinued.. . ¢ T —
1RK/C3HFeJ
Mouse no. ‘Age MV, MO 0OC DC ,IM ‘IM
; L TN(daye)  (m) @) @) @) (@) ()
: L — i ———— - —
F _ CanFe/iMi/F7 7 108" 3 3 2 w9 3.
" .:CallF4/1MI/F1 ' 159 219 18 16 4
«  CalPo/IM1/F2 N2 13 18 18, . 14 '3 4
C3HIF5/1M2/F2 130 T 2000 19 9 ~4 2
CaFG/IMI/FL - 123 5 2 19 13 5 - 2
C3HFS/IM2/F1 * 130 0 10 8 3 o
* C3HF6/IM1/F6 | 124 2 28 26 22 17 2
"' C3lIFs/iM2/F3 - 110 11 20 21 19 7 3
_ uips/iMF3 me 5 -3 e 24 6 a
_ C3HF5/1M1/F2 < 1. 2’ a8 14 5 1
_ CaIIF5/1M2/F2 M2 T2z 2. 23 18 4 2
C3HFS/IML/FI - 119 2 19 19 14 2’ 1

continued..” 2
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A?pel\}i}‘x l ananucd...
12RK/12RK : —
Mouse no. Age MV MO OG DC IM 1M .
: Says) (@) @ )
aen R I I T PR VR VI .
19F2- g a8 el 16 16 TR ¢ 8
12F1/12M1/F2 127 1 5 5 4 .
Wr1/12M1/F1 127 -6 16 16 9 3 8
12F1/12M1/F3 111, 0 11 10 0 1. 1
12F1/12M1/F4 el 0 12 1 10 1 1
12F2/12M2/F BT T 28 28 22 2 L.
8080/F1 127 3" 2 28 - - -
8680/FJ * 110 3 8 H 5 - -

d g i .

R continued..
n “
‘
% - " -
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o Appendix I continued...
- 12RK/C57BL ‘
; . . Mouseno. ' Age MV MO~ OC DC M IM
3 ' ) @ W @ @ @ @
.. C57F1/12A/F1 63 6 35 35 28 - -

@ bmm'/m/\/r;z - 63 7 3 % . - 2
F1/12A/F3 122 1 24 24 = Y "
CS7ULF1112FA/FI 105 2 19 19, - - -
CSTBLF1/12FA/F2 105 T 6 - “ »

; C5TBLF1/12FA/F3 108 4 26 26 = - % s
o . CSIDLFI/12E4/F4 L T
-t FC/12M1/F2 120 3 35 31 23 12 C
FC/1gMI/F3 120 1 24 2 14 71
FC/12M1/F4 122 2 a8 157 1
—FC/12M1/F5 125 6., 20 17 14 5 4
FRAWM?/FZ ‘ ur’ 12 20 20 17 10 0.
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12RK/C3HFe] »
Mouse no. - Age My T;{O oc DpC ™M M .
Ly S (days) (m) c(m). (@M. (@ @ (@
C3HF11/12MI1JF3 138 1 24 21 15 2o
_ C3IF10/12M1/F1 143 L2 0 8 0 1
_ G3lIF10/12M1/F2 144 i I 8 .2 ‘71 .6
C31IF10/12M1/F 120 10 25 20 14 ] 6
C31IF10/12M1/F3 126 8. 23 22 18 [ 0
C3lIF10/12M1/F2 126 1 16 16 13 5 7
C31IF11/12M1/F4 156 0 - v 10 3, 5°
C3IIF10/12M1/F1 138 F)I 5. 100 2 3
: cam-‘.u/nzm/n 157 8 20 19 13 I 8
- C3lF12/12M1/F2 150 -2 1 12 8 8 [
i ; 2

continued..
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(days) ) m) ) @) ()

“
A—_ Appemdix I continued... . @
24RK/24RK )
‘Mouse no. Age MV MO OC DPC IM 1M
L ®

1634/F1 i 104 - 4 212 - - -
1634/F2 : 105 5 20 . 17 = - *
1634/F3 106 2 23 .28 s .
1634/F1 123 2 25° 25 23° 8 2
1670/F1 . 111 0 10 ] -9 5 4
1634/F2 . . 124+ 0 \\9/25 23 14 4
1634/F3 3 s 5 B .9 7 0
1670/F2 . s 8 23 20 18 4 5
4 ) ¢ . . continued..
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. Appendix I continued...
< 24RR/CH7BL '
' * Mousé no. i Age- MV MQ OC' DC IM &M

(d/ai's) /oA ) (@) (@) () (n)

10/34/1 ; B
0/34/2  ° 104 oo 2w - 2 ¥ .
= cs1/6/2 i 14— - 2 - 2 - 8 4
C57/6/1 - 104 5 M 34 z 5,0
33/6/1 o7 5 33 33 - 5 0 t
33/6/2 97 3 3 " x - 2 1
™ - 33/6/3 ) 9 : 2% % o 0
" sjos/1 9 0 23 23 - 14 0
-5/Cs7/2 : 96 0 25 25 - .8 0
. 5/C51/3 ¢ 97 0 10 . o s -
sjosija - 98, - o. 18\ ‘18 - 2 0
'3376/4 - <100 .o~ 23 23 - - -
- s 0w 'z g 2 - 8 3
p ; . .
« «  .continted..

o
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Appendix I continued...
24RK/C57BL
,' Mouse no. Age I MV Mo® -'O'C ‘pC ™ ' oM
Gy @ W@ @ @ @
37/6/1 103 3 - a2 s 12 da
37/8/2 105 12 .4l 41 - 13 0
37/6/3 1o - 6 A3 31 - 1" 5
37/6/4 1t 2 2 20 - s -
. 31/6/5 111 6 23 23 =) %, A 3
8/32/1 111 "8 20 20 - 8 1
. 8/32/2 115 1 20 20 13 : 3 3
: 8/32/3 us s 25 2% 9l 13 2
% 8/32/4 ) 116 3 ® 3 25 2 i
m-‘l/csml./l-‘i 02 - 17 17— 1 0
8/32/1 135 - 28 28 - - -

continued..
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Appendix I continued...
‘24RK/C3HFel . ‘
Mouse no. Age MV MO OC -DC IM iM’
. 3
. (days)” (@) . (@) ' () (@ . @ ()
C3LIF8/24M1/F4 143 6 - 19 19 15 8 3
C31IF8/24M1/F6 144 1 33 2 17 5 5
C31IF8/24M1/F5 144 ¢ 7 26 25 20 1 a2
C3LIF7/24M1/F3 160 1 P2 T U] 1 8
C3HIF8/24M1/F2 169 2 21 18 12 5 0
C3IIF12/24M2/F2 63 9. 40 0 -2 3 0
C3lIIF12/24M2/F2 68 5 ®36 80 26 6 [
C3HF12/24M2/F3 66 ‘8 29 26 12 3 0

continued..

.
*




Appendix I continued...
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" 1IRK/11RK ¥
I

Mon.aﬁ-. Age MV MO OC DC 'IM' .IM
‘(days) (@) () () (). (@) (n)
11F5/11M3/F1 . e To1 3 3 19 18 0"

. 1IF5/11M3/F2 18 ‘6 21 21, . 12 10 0
11F5/11M3/F3 18 R 12° 12 12 9 0
11F5/11M3/F4 18 0 20 20 15 10 .0
- o

/

' % )

11RK/C57BL .
Mouse no. ' Age MV. MO OC DC ™M ™
o (days) (@) () (n) (@) . () (m)

j FR/1IMI/F1 114 2 - 28 28 20 0 0

"FR/11M1/F2 114 8 27 27 25 0 0

FP/LIM2/FL e '3 17 38" 10 18 0

FP/11M2/F2 19 7 % 31 19 9 - 0

FP/11M2/F3 122 1 - 3 33 32 20 U1

FV/11M2/F1 125 4 34 34 25 4 0

- continued..
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* Appendix I continued... s
14RK/14RK : >
Mouse no. i Age MV~ MO 'OC DC IM: IM

Y (days) () (a) - () () (a) - ()
C14F1 2 12 3 52 52 40 2 o (
. P2 :\, 127 3 42 @2 w0 1 o <
14F5 . 127 2 ‘31 31 22 - -
8720/F1 105 6 23 23 - -

T gr20/F2 8 s .41 33 - - .
8720/F3 n7 ] 42 37 30 17 5
8720/F4 g 124 6 31 31 27 19 2 -

continued.. _’_/
A ) :
>




Appendix fwntinlxled..,

: L e
ungcsml.- s
: : . . {
 Mouseno. A= MV ‘MO OC DC M mM |
' : (days) (@) (@) (@) (@) @ () '
nu/uMz/Fl ' ’ 1o .- 10 51 5t a1 11
68/44M2/F2 120.° 0 3 34 - 2 6 -
14F2/MJ/F1 120 (4 37 3 33 % o0
14F2/MJ/F2 i 120 Y4 27 2. 20 10 4
14F1/MJ/F1 ¥ 127 ~18 41 36 - B/ 10 1
continusd..

—




Appendix I continued... —

' 20RK/20RK

Mouse no.

g
(days)

1253/F1

" 1253/F2
1253/F3
*1253/F4 .

215

201

205 |
206

20RK/C57BL ~

Mouse no.

Age
(days)

CSTBL/20M1/F2
C57BL/20M1/F1L
C57BL/20M1/F3
C7BL/20M1/F4.
os7BL/20M1/FBe

82
82
83

183

84

-




\

" 2IRK/22RK

Appendix ﬂpn}inucq...

L8
.

Mouse no. Age = MV MO 'OC. DC,
(days) - (n). (n) . (n) :(m).
C - .
.22k Lm - 18 8. 9 M3
 20F2/22M3/F1 0 4. 1B 13 - 5
22F2/22M3/FL* 90 5 24 22 - &
22F2/22M3/i2 0 7 2, n
8000/F1 8 4 .20 16
8100/F2 ' 8 3 20 20
8007/F1 - — 8 4 27 21
sio7/F2 87 1 15 13,
" 8407/F3 8 1 9 0
.8407/F4 0, PEE T )
| 4




A' : : " "Appendix I continued.... . &
éznxjcamu, ‘ R
. - Mouse no. DC M UM
. ® o
“23F1/MC/F1L .6, 4 I——ar . [ r i
22F1/MC/F2 s 2 20 2 - .
23F2/MC/F1 . .3 4@ 22 - .
22F2/MC/F2 B vt} 5 21 21" - = -
: . are/MOF3- . 14 3 e ': 98 g : s
- 22F2/MC/F4 B! 1 20 2 . - .
FY/22M3/F1 T 2 v 18 12 5 .4
S 29F2/ME/F1 1i5 3 16, .15 10 3 ]
FY/2§\M3/F2‘ . 108 6. v 23 23 16, 9 0
FE/22M3/F1 ; 135 N\ | s 15 15 12 4 3 '
i 22F1/MD/F1 Loouz -2 6 .8 - - -
° 29F1/MD/F2. ¥ TURE S TR 11 u.-e 1
MZ/22MI/FL \ ¢ 116 0 1 2 15 13 1
o MZ/22M1/F2, 116 0 18, 18 1 8 5
i cbn‘l.inued..
. -y ¥
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Appendix 1 continued...
IRK/12RK
. e :
] + . ‘Mouse no. "Age. .MV MO -0C DC M IM
(days) " (m) (n) (n) @ @) ofn) )
JFT/IRK/F2 o121 7 w5 5 2 )
IF8/12RK/F1 " 119 5 a1 .. A 9 3 .
IF8/1RK/F2" | me 1w .8 M 5. 1
IF8/12RK/F3 120 4 30 % " 8 0 —
1F8/12RK /F 4 " 120 3 w1 9 5.0
. 12ZRK/24RK — =4
=
Mouseno. . Age MV MO "OC_ DC M IM
: (gpve) (n) @ () @ @ @
2UF8719M2/F2 63 4 20 o7 18 B, 0

3 24F8/1IM2/F3 84 L. B, I 3 1
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Appendix_l continued...
IRK/24RK ;
o
Mouse no. - Age IYIV MO oOC DC ™ M
) i (days) @ @ @ @ @ (@
24F9/10/F1 S 6 - 3 4 2 20 0
24FQ/10/F2 - ON\o124, 2. 24 20 1 0
24F9/10/F3 FZ 124 4 30 ‘30 . .27 17 ]
24F8/15/F1 133 2 8 I8 16 11 0
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Appendix J

Litter size of male mice
. a3

A 1RK/IRK
Mouse no. B Genotype of ’ Number of
: b femasle pariner pups
) .
3 C57BL ' 7
I Cs7BL T
3 o7BL N 5
3 C57BL 2 -~
3 GSTBL 1 -
IS €57BL M.
e - " CsTBL et TP
‘ 1 Cs7BL " 10 -
¢ l' e g = CS?BL % 9
- RN : C57BL 7
14 E C57BL . . 2
13. C57BL . 7
12 s7BL IS )

11 C57BL 1

3 ; = ] g " Continued...
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Appeadix J continued.. )
1RK/IRK
<
Mouse no. Genotype of , Nnmbe/r of
3 ' female partner pups
’ IRK/1RK 1,
¢ IRK/1RK T
IRK/1RK 2
IRK/1RK ]
13 _ * IRK/1RK 2
14 ) IRK/1RK 8
14  IRK/IRK 1
15 . ' . IRK/IRK  ~ 5
15 B, IRK/1RK 2
2% - IRK/1RK 5
= Continved...
=




Appendix J continued...

. C3UFS5/IMI/ML -

\ IRK/C3H

IRK /CSHFel
Mouse no. Genotype of . Number of
female partner pups
G3IIF4/IM1 /M1 IRK;G3H //-} 1
cHFaMi/M IRK/C311 9
C3IF5/IM2/M2 - - IRK/G3H - 5
T C3IF5/IM2/M2 _IRK/C3H 6
S ciFs/mMz/Me T Ny o RK/oH L 6
‘C3IIFS5/IM2/M2 IRK/C3H 7
CalIF8/IML/M1 IRK/C3H 5
- CIUFG/IM1/ML IRK/G3H »8
C3HF6/IML/MI . IRK/C3H 8
C3IIF6/IM1/ML- IRK/C3H 7
C3lIF8/IM1/M| IRK/C3l1 6
GIUFs/M1/M2 IRK/C31 IRt
C3HF5/IM1/M1 ‘IRK/G3H 7
cogEs/ MM < IRK/C3ll 8
8

Continued...
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Appendix J continued...

3
\

12RK/12RK .
‘Mowuse no. - Genotype of Number of
) ’ female partner pups .
12A ’ C57BL s ™
12M1 C5TBL, 1 |
12A | ’ C57BL 5 /',
12M2 = CS7BL s,
12M4 CSTBL, 5
12RK 1RK/IRK 6
12RK © 1RK/IRK u
12M2 24RK/24RK 9
I9F3/IRK /M2 " 24RK/2RK 8
12F3/12RK /M2 * 24RK/24RK 9
12M4 > 24RK/24RK 1 .
‘CD!I'!IIIII!(L..




Appendix J continued.. —

*  $2RK/C3HFey

Mouse no.

Genotype of
female partner

C3HF10/12M1/M1

7 ‘CS"F]O/IZMI/MI
C3HF10/12M1/M1

_/ © C3lIF10/12M1/M1

C31IFI0/12MI/M1
C3lHIF11/12M1/M1
© 1IF11/12M1/ML
o g:&m/nm/m
C3IIF11/12M1/M2
C3lIF1/12M1/M2

. . C3lIF11/12M1/M2
C3IIF11/12M1/M2
C3IIF12/12M1/M1

. C31IF12/12M1/M1

c:sm‘lo/12M1/M1‘ )

C3HF12/12M1/M1-

12RK/C3Il
12RK/C3ll
12RK/C3H
12RK/C311-
12RK/C31
12RK/C3l1
12RK/C3H
12RK/C3H
12RK/C3H
12RK/C3H
12RK/C3I1
12RK/C3l1 -
12RK/C3l
12RK/C311
12RK/C311
12RK/C311
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Appendix J continued..

'24RK/24RK .
) i \
Mouse no. Genotype of . Nymber of
female partner pups
o

B CS7BL . Uy

6 C57BL 5

6 C57BL - i

6 ., CsBL 3

6 C57BL )

7 CS7BL 5

0 Cs7BL 5,

20 Cs7BL K

19 - C57BL s

9 C57BL 6

19 - : ' - Cs7BL 1

19 ; CS7BL 3

20 C57BL 5
24F4/21/M1 . * C57BL . -8
24F0/21/M5 CS7BL~ 4 < 8

Continued...




s Appendix J continued...

__24RK/2MRK.
& = -
Mouse no. Genotype of Number of
fémale pnrtﬁer pups
] 24RK/2MRK 5
. ] " 24RK/2RK ! L'
7 24RK/2RK 6
7 24RK/24RK [
2 24RK/M4RK 4
20 24RK/4RK 2
4 24RK/24RK 3
\ 21 24RK/URK 5
_24F6/21/M1 22RK/22RK -
" 24Fo/21/M1 22RK/22RK 4
oy 24F6/21/M1 22RK/22RK 4
24F6/21/M2 20RK/22RK 3
24F6/21/M5 22RK/2RK [

Continued...
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- Appendix J continued... -
' 24RK/C3HFeJ 7
i S A
- L A N
Mouse no. - Gégoty pe of Number of
L ' female pl.;'ﬁll!l‘ - pups
C3HFT/24M1/M1 URK /Call . 7
C3IIF7/24MI/M1 . 2RI/ C3ll 3
A C3lIF7/24MI/M1- -, 24RK /Call 4
- G3IIF7/24M1/M2 2RI/ Call 5
C3lIF7/24M1/M2 241‘6%763\! v 4
C3lIF7/24M1/M2 URK /C3ll . N
~ v CollFspgaMyM1 2RK /C3ll il
; “C3liF8/24M1/M1 2RIC/ Call e 4
p C3lIFg/24M1 /M1 2RK /C3ll 4
E C3lIF8/24M1/M1 24RK/Call o7
C3lIF8/24M1/M1 2RK /C3ll 2
C3IIFT/24M1/M3 " uRK/CaI P
- C3IIF7/24MI/M3 2URK/Call o,
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Appendix K

. | v
-~ ;
Litter size of fernale micé
- - | - -~
A | 3
1RK/1RK 2 ‘x\
Mouse no. Genotype of Ni r of
' male. partner pups
£
=
2 ' C57BL 8 -
. 2 C57BL 9
? 4 C57BL . 12
" .8 CS7BL _ .1
: . n " Cs7BL 9-
o7 C57BL 9
F7 2 C57BL 9
IF8 12RK /12RK 11
IFs 12RK /12RK 10
_IFS/15/F3 . 12RK /12RK ; 8
1F5/15/F1 ¢ RK /12RK | 8
Y . <

Continued...




321

i s '

Appendix K continued.... - ) .

IRK /C57BL . ( K ¥ e

o o . ’
Mouse no. Genotype of l/‘lumlier of
- 4 R malé partner pups 1

FD/15/F2 C57BL .6 .
FD/15/F2 CSTDL 0 ¥
FD/15/F3 . C57BL 7- .

- ® FD/15/F3 C57BL 7 Tar
A FT/MUF Cs7BL '3 .
‘ b FD)15/F4 Cs7BL 8 }

z ¢ ~ A 3 Y

AF7/MI/F1 ~- . CsmL

¢ ' Continued... -y
C :
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‘ . Appendix K continued....
IRK/C3H
v ~ #
< Mouse no, G‘enoty# of ) * ' Numberof . ,
\" W . ’ N .mgle plﬂner' . pups . . LT
f CalIF4/IM1/F1- . IRK/C3 i I
CSHF4/IMI/FI % - 1RK/C3ll N 3
G3HFS/IM2/F1 . " 1RK/CaH - 5. ;
C3HF5/1M2/F2. IRK/C3ll 7. 6,
C3MFs/IM2/F2 . CIRK/CaH . / 6 )
C31IF5/IM2/F3 - o 1RK/C3H "~ T
C3HF0/1M1/F1 PN 1RK/C3H - 5
. C3HF0/IM1/F2 ‘IRK/C31 8
CiuFo/M1/Fs cmkom . ¥ 8T
C3HFO/IM1/F5 . IRK/C3I1- 7
cSuro/mi/re IRKyCaH 13
Vo C3HF5/IMI/F4, . . . . IRK/C3H’ . i
CaIIFs/IMI/F1 - ,,’ " IRK/C3H . 7
. C3HF5/1M1/F2 . IRK/G3U
. C3HFS/IMI/F3 -~ IRK/Call - s . ]

Continved... -
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” Appendix‘l(_conlinned.... ™
12RK/12RK
Mouse no. Genotype of Number of
w T male partner pups -
+~ 12F8/19RK[F1 24RK/24RK ‘8
12F3/12RK/F1", 24RK/24RK 5
e - P
12RK/C57BL -
Mouse no. . : A;l_otype of Number of
(. " male partner ' pups
FC/12M1/FI Cs7BL L .4
FC/12M1/F2 CSTBL )
FC/12M1/F2 ‘C57BL 0
FC/12M1/F3 : .C57BL ]
FC/12M1/F3 C57BL 8
FR/12M2/F1° ,  C5TBL L
' FR/i2M2/F1 " Cs7BL = 8
Continued...




Appendix K continued....

>

2RK/C3HFeJ ,
Mouse 'no. Genotype of Nn’mber of
male partner pups.’

" C31IF10/12M1/F1 12RKC/C3l 5
C31IF10/12MI/F1 12RK/C3l1 | &
C3HF11/12M1/F1 12RK/C3H - 7
C31IF11/12M1/F1 12RK/C3H 6

. C3IIF11/12M1/F2 12RK/C3H 7
C31IF11/12M1/F2 19RK/C3H 10
C3lIF11/12M1/F3 12RK/C3H 7,
C3HIF11/12M1/F4 12RK/C3lE 9
- C3IIF11/12M1/F4 12RK/C3H 5
C3HIF10/12M1/F2 12RK/C3H -8
.C3IIF10/12M1/F2 ‘12RK/€311 8
C3IIF10/12M1/F2 24RK/C3H 7
C3lIF12/12M1/F2 12RK/C3ll 5
C3lIF12/12M1/F3 12RK/C3H .- . 5
C31IF12/12M1/F1 12RK/C3H [
\CalIF10/12M1/F3 24RK/C3H 4

) * Continued... '
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. 331
Appendix K continued.... ‘
24RK/24RK
Mouse no. Gqﬁotype of N\lm’ber of
male partner pups
5 24RK/24RK 5
5 24RK/24RK 8
s ‘24RK/24RK 3
5 B E 24RK/24RK 0
8 24RK/24RK 5.
8 24RK/24RK ® .
8 % 24RK/24RK ~ ~ 8. *
8 - 24RK/24RK 7
30 24RK/24RK 4
30 24RK/24RK : 2
6 24RK/24RK a___
31 24RK/24RK 5
31 24RK/24RK——— 5
1 C57BL .5 R
24F2 ) ] N Cs7BL 7~
24F1 r CS7BL 29
24F10 C57BL R |
24F9 . C57BL [
240 ' IRK/IRK 6
24F8 IRK/IRK 10
"24r'8 12RK/12RK 9
24F8 neoe
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-, Appendix K continued....
Y
24RK/C57BL 1
- _ ,» & B
'Y ” Mo!lne no. Genotype of Number of
T male pui:ner pups
24F10/MI/F1 C57BL []
24F10/MI/F1 C57BL 0
24F10/MI/F2 C57BL 0
bd i 24F10/MI1/F2 GS57BL 0
24F2/MI/F1 C57BL 4
) 24F2/MI/F1 C57BL 0
24F2/MI/F2 * \Cs7BL 0
B Continued... =
. A =
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Appendix K continued....

24RK/C3HFeJ T3

s
Mouse no. . Genotype of Number of
-’ .+ male partner pups v

CBIIF7/24M1 /T 44RK/C311 7
CIIF7/24M1/F1 . 2mK/call -~ 6
C3IF7/24M1 jF2 TS amK/Cal

'{53]“"7/211\11/[‘? - 24RK/C31 2
C3UIET/21M1/F3 ) 21RK/C3ll s
C3IFT/21M1/1'3 24RK/C31 4
C3IFg/2IM1/F1 24RK/C3HH 8
CBIFg/2IMI/F1, 24RK/C311 7
CIUFR/2AM1/F2 ‘2-!“[\'/(23” - 4
C3UFR/2AN1 /12 24RK/CAII 2
CAIIR/2 IM1/P3 24RK/C3l 4
(53]”:7/‘.!11\“/["1 o 21RK/C3I1 0

< .

Continned...




Appendix K.cuntinued....

1IRK/1IRK ) .
Mouse no. Genotype of Number of A
male partnér pups
11F3 CS7BL : 3
11F2 } CS7BL } 8
. R @gﬁf ' . 8, 3 A
% 4 oo *l( - :
) s . ”\ . -
11RK/C57 . . -
Mouse no. ‘ Genotype-of .° Number of
¢ , male partner . pups &
uFyMEfFL | CsIBL ) )
' 11IF2/ME/F1 - -~ CS7BL~ 4 -
: -
‘1IF2/ME/F1 : C57BL b g, 4
11F2/ME/F4 7 CS7BL 0
-11F2/ME/F3 ) C57BL R |
11F2/ME/F3 . . C57BL. - [
11F2/ME/F2 " C57BL ] _
11F2/ME/F2 . - s C57BL . ~— 5 .
11F2/ME/F3 " 14RK/MRK - P 5

. ’ " Continued...
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Appendix K continued.... . =
14RI/14RK "
Mouse no. . Genotype of* Nnmb}o{
' " male partner ' pups \
uFL | S C57BL ’ 0
. 14F2 " C57BL 6,
\
14RK/C57
,. .Mouse no. Genotype of . +Number of
’ - male partner pups
: " 14F1/MJ/F1L C57BL 7 v $
14F1/MI/F1 C57BL 1
14F1/MJ/F2 - C57BL 7
14F1/MI/F2 C57BL i ‘ i
< 2 ”

Ce - . Continued...
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Appendix K continued.... N

20RK/20RK

Mouse no. Genotype of Niumber of
’ " male partner Pups

20F1 - ' CSTBL 6

20F1 : . C57BL 6

20F2 - CSTBL 1

20F2 ' Cs7BL 4

Continued...
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Appendix K continued.... .

20RK/C67BL
Mouag,n/o. Genotyp‘e of Number of -
. male partper pups
20F1)FN/MG/M2/F1 __4RK/14RK ~ )
20F1/FN/MG/M2/F1 RK/MRK 0
20F1/FN/MG/M2/F2 14RK/14RK 0
20F1/FN/MG/M2/F2 " 14RK/14RK 2
20F1/FN/MG/M2/F3 14RK/14RK 0.

- 20F2/FN/MG/M2/F1 14RK/14RK 6
20F2/FN/MG/M2/F1 14RK/14RK 6
20F2/FN/MG/M2/F3 14RK/14RK 0
20F2/FN/MG/M2/F3 14RK/14RK 5
20F2/FN/MG/M3/F4 14RK/14RK 0
20F2/FN/MG/M2/F2 . 14RK/14RK 7
20F2/FN/MG/M2/F3 C57BL 0
20F2/FN/MG/M2/F4 . CSTBL . "
20FZ/FN/MG/M2/F4 C57BL 4

Continued...




Appendix K continued.... \

x -
: \
22RK/22RK A
. = T
Mouse no. . Genotype of Number of
* male parther ' pups
. ki - i1 -
22F1 C57BL = [ s
YiF1 Cs7BL 10 -
20F1 Gs7BL 7 : g
22F2 Cs7BL [
22F2 C57BL 10
22F2 24RK/24RK 3 ‘
22F3 » 24RK/24RK [
20F6 24RK/24RK - 4
1.
‘ Continéedu.




Appendix K continued....
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"~ ~22RK/CS7BL
\) N
Mouse no. Genot; of Number of
o male pn:n!l' it pups .
22F2/ME/F2 “csTBL [}
7 20F3/ME/F2. CH7BL co
22F2/ME/F1 Cs7BL 1
22F2/ME/F1 . Cs7BL 7
22F2/ME/F4 P C57BL 1
22F2/ME/F4 < Cs7BL 1
. 22F2/ME/Fi Cs7BL 0.
22F2/ME/F3 Cs7BL 7
22F2/ME/F3 .+ CS7BL 0

Continued... .




Appendix K continued.... -

1RK/12RK
Mouse no. Gengtype of . Number of

. male partner pups
15/1F3/12F3/13M2/F1 -GSTBL 1
15/1F3/12F3/12M2/F3 -, CsfBL . 3 -
16/1F3/12F3/12M2/F4 ~ Cs7BL s
15/1F3/12F3/12M2/F3 C57BL 4
15/1F3/12F'3/12M2/F2 14RK/14RK . 0
15/1F3/12F 31312/ F2 < 14RK/I4RK S0

4

15/1F3/12F3/12M2/F1 —~ C57BL

12RK/24RK
Mouse no./ « . Genotype of " Numbher of
9 ') .,
L male partner pups
¢ 24F8/12M4/F1 B 14RK/14RK 3.
24F8/12Ma/F3 14RK/14RK [
24F8/12M4/F2 MRK/IRK 0o
24Fs/faMa/Fa MRK/1RK T 5
24F8/12M4/F4 14RK/14RK 3
‘24F8/12M4/F3 CS7BL - 3 —

Continued...




Appendix K continued....
1RK/24RK
Moupé no. . Genotype of Number of
male partner pups

24F8/15/F2 14RK/14RK 0
24F8/I5/FT 14RK/14RK 2
24F8/15/F1 "— 14RK/14RK «0

7




Ai)pen‘dii( L \

i Age amLther size of of female 24RK/24RK, -
“ o e : me/Csv and 24RK/03H
24RK/24RK . - \j ’
};f{oule no. - Age Gen::type ) g Litter )
. f C . (days) © of male . ‘Blze :
.8 © L - T1040 T uRK/2RK 8
8. . i 128" . 24RK/MRK - .8 :
charos L Taes  RK/MRK G relf -
5 .11, -+ CsTBL 9y
£ 8 . ——  _wr.  osmBL 7 . :
; © a4z N+ 106 - GWBL - 7- = :
24F10 ) wo- . osBL Y, 8 L :
gaF0 .7 - s .. CSBL ; 9 Yoz
* 24Fs, ] 110 1RK/1RK 0 )
‘24F9 . - 188 . IRK/IRK 8 )
24F8 154 . .12RK/12RK - U
aF8. - .. 198 . 1RK/19RK u :

Continued....
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¥ y  Appendix L continued.... |
24RK/C57BL T
Mouse no. Age Genotype .- thu‘;
N / " (days) of male . slzé
. 24F10/MI/F1 103 —"C5BL
’ 24F10/M/F1. . 128 . CsBL
G . .- 24F10/MI/F2 108 C57BL ) .
24F10/MI/F2 - 128 csmBL - LS
24F2/MI/F1 S T S C57BL 4
’ 24F2/MI/F1 158 * Cs7BL o,
:- . < . W oar g
2hF2/MIF2 o7 C57BL - 0

= 5

S
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. _—Appendix L contifiued....
24RK/C3HFeJ -
Mouse no. . Age Genopype thtc!-
. (d=ys);~" of male size . |
C3IIF7/24M1/F1 55 24RK/C3H ! 7
-, ESHF7{24M1/F1 102 24RK/C3H 2 6 -
. CBHE7/24M1/F1 75 24RK/C3l 7 .
- CBlFT/24M1/F2 55 "24RK/C3H 1
" G3HF7/24MI/F2 123 24RK/C3H 2
C3IIF7/24M1/F3 55 24RK/C3H: 5 ,
C81iF7/24M1/F3 102 24RK/C3H  _ 4
L
G3HF7/24M1/F4 24RK/C3H 9
C3I11F8/24M1/F1 54 24RK/C3l1 8
C31IF8/24M1/F2 84y 24RK/C3H 1
C3lIF8/24M1/F2 75 24RK/C3lL 2
C31IF8/24M1/F3 54 24RK/C3H 4
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” Appendix M ]
Isotonic sodium citrate foy spermatocytes
2.2 grams of tri-sodium citrate is dissolvdd in 100 ml deionised water,
- .
Fixative for fibroblasts and oocytes and spermatocytes in melosis.
- ' 3 parts methanol and 1 part acetic acid
i , s A -
2 XssC . ) ) -
s ™ 0.3M sodium chloride containing 0.03M tri-sodium citrate. -
‘ Phosphate buffer for Glemsa staining, = i ;
-3.4 gram ..KllﬂP04 o ! . B
50% sodium hydroxide - P oo g
Dissolve 3.4_grams of KII,PO, in 1 litre deionised water snd titrale with 5095
- sodium hydroxide to pH 6.8. LI " 4
Paraformaldehyde
« 3.4 grams. 4 :
4 grams..
Sodium hydroxide (IN)
3.4 grams of sucrose was dissolved in about 70 ml of dejonised water. 4 grams of
" paraformaldehyde was added to this solution and the solution was then—made up

& 7 10100 ml with deionised .water. The solution was heated slowly to 60-80°C while -
stirring. About 6 drops of IN sodium hydroxide was added to the solution. Stirring
‘was continued until the solution was cle;r.—pﬂ'v!m'sululll;u was adjusted to

between 97and 10 with 1N sodium hydroxide. The solution was thien filtered and

used fresh,
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Prépmtl‘qn of conted slides to spread cells for electron microscopy
Clesn slides were gressed by passing the slide bétyveen two fingers to fill the
small irfegularities on the .slide. Natural grease from the fingers fills the
‘irregulnritia. The slides we-n then coated with 1% Formvar in Ethylene
dichloride. After drying the slides were coated .with 0.01% Cytochrome C.
Photol‘lo for rinsing nxed celln for elnntron ml:roscopy .
A 04% solution of phowﬂo is prepared and the pH adjusted to 8.0 with IN
. uodmm hydroxide. / : ¢ -
Fllterlng and ltorage of fetal ull‘ serum
Fetal calf se\;unL was filtered through a MILLEX-GS 0.22um Flltery unit and
stored at -20°C in 6 m\ahquotsY =
Working solutlon of HC 110
- HC 110 stock solution diluted 17 in water at 68°C. - .
Working solution of rapid fix for developing films -
Ad(i 946 ml of solution A to 1.9 litres of water. Mix well.,Add' 104 ml of s;lutiou “
B witht;fapid agitation. Add appmxi_mn‘te]y 850 ml water to bring final volume to
; 38 litres, ~~ _ . - \~‘ ,
. Composition of complete tissue culture medium

RPMI 1640 ’ 25ml -
s - . .
Fetal Bovine Serum S 76 ml
TC Pencillin-Streptomyein’ oa ml

* Pencilln G potdssium (100 000 units) and Streplomy ycin sulfate
- (100, 000mcg) in 10 ml. o




Trypsinisation of monolnyer % /)

/l‘he culture medmm was removed and the monolayer rinsed with 1 ml of freshly
prepared IX Trypsm EDTA aoluunn in llanks bdanced salt solution without
caleium and magnesium. (The 10X stock solution of Trypsin EDTA solution was

prepared by dissolving 5 grams of Try psin (1:250) and 2.0 gms of EDTA in 20 ml

Trypsin EDTA solution“st 37°C. When detachment of the monolayer ‘was
: ; P

- .spparent under an inverted microscope, 4 ml of culture medium ws added | to stop
the trypsinization. i 4.

for

Trypsin

05 ml df Bacto tiypsin which has ain activity equivalent t a 5% solution of
trypsin 1:250 in 50 ml of 1X Hanks balanced salt solution (withoiut calcium and
magnesium).

. Wright stain * R

0.3 grams of Wright stain is dissolved in 100 ml methanol and ‘aged in the dark.
1 ml of filtered stni’n is added to 4 ml of Borntu.huﬂer to prepare the:working
snlutial of Wright stain. N
Borate buffer

Equal nmoung of NajB 0, 101,0 .(1.@4/500 ml) and N-ﬁé{(a.&ﬂ/%o ml)
diluted 14, i\i . '

.

Hanks balanced salt solution.) The monolayer was then treated with i ml o}_
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. i ) /
Appendix N

liers of chemicals, reag and

. Acetic Acid, Glacial (Reagent ACS] Fisher Scientiﬁc:

Bacto Trypsin - DIFCO Laboratories, Detroit, USA.

Barium h;‘:mxide (A;xulnr) BDIl Chemicals Ltd; l’.oole Eflgl&l]d.’
Coléel;lid - GmCO Diagnostics, New York, USA. 3
E_t_.hy!‘ene 'di‘chloride;‘ _ Marivac Ld, Halifax, Ns_ Canada.,
Falcon flask (25 cm?) . ) Beclon Dickinson & Co., USA.
Fetal Dovine Serum " GIBCO LaborstorTes, Ohio, USA.
*'Formvar e Marivac Ltd, Halifax, NS., Canada.
Hanks Balanced Salt S_oln-ta GIBCO L‘alnratori‘es, New Yu‘nk, US‘AA . -
" HC-110 R ’ Kodsk Ganada Inc., Toronto’, Canada. 7
Hydrochloric acid ° BDH Qhem\iculsf(janndn.
‘Kodak Ektamatic SC paper ' Kodsk Canada Ine., Toronto, Canada.
Kodsk Dk tanatic S30 Sabilizer Eastnsn Kodsk Co., New York, USA.
" Kodk§ I Adivator " Bastman Kadsk Co, New York USA. -
Kodak technical pan Film 2415 " Eastmsn Kodak Co., New York, USA.
Kodsk rapid fix S’olnlion A ) Eastman Kodak Co., Nevvv York, USA. .
: Kodsk r;pid fix Solution B | - Eastman Kodflf Co., New York, USA.
Methanol (assay 99.5%) . h Fisher Scientific.
Micro Concalvlty Slides v Becto‘n Dickinson & Co, YSA.

M.lLLEX~GS_Dﬂ um Filter Unit Milliopore Cori)oration, USA.




9

Narco Model 3636 Carbondioxide
Control Master

Paraformaldehyde
" Photo-Flo 200 Solution i

Potassium Chloride

Oregon, USA.

BDII Chemicals, ‘Toronto, Canada.

Kodak Canqdn‘ Inc.‘, Toronto, Canada.

e
Sigma Chem: Co. St.Louis. MO. USA,

.Y
P. dibydrogen orthophosphate  BDH Chgmical
RPMI 1640.
Silver Nitrate (Analar) i

Sodium chloride
Sodium sul)ihste‘
Sodium tetraborate >
Sucrose (Analar)

TC llanks Solution

'T'C Pencillin-Streptomycin
tri-Sodium citrate

Trypsin EDTA

‘Wright stain

Canada. '

GIBOO Labwratories, Ohio, USA.
BIID Chemicals. Canada. "
J.T.Baker Col Phillipsburg, N..L USA.
ED[! Chemical, Toronto, Canada.
BDI Chemicul_, Toronto, Cansda.

\ &

DIiCO Lab(;riltorins, Michigan, USA.

BDH Chemicals, Canada.

DIFCO laboratories, Michigan, USA.
BDH laboratory, Poole, England . N
N

Grand Island Biologieal Go.,
NewYork, USA. -

Sigma Chen. Co., 8t. Louis Mo. USA.
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