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Summary

Frequencies of anaphase I nondisjunction, germ cell death and pairing abnormalities at pachytene
were assessed in male mice singly heterozygous and homozygous for the Robertsonian (Rb)
translocations: Rb (1.3)lBnr, Rb(ll. 13)4Bnr and Rb(10. ll)8Bnr. Rb homozygotes showed low
frequencies of nondisjunction but substantial germ cell death. This germ cell death could not be
attributed to problems at pachytene as Rb homozygotes showed no increase in pairing
abnormalities over the (C3H/HeH x 1O1/H)F1 controls. Instead genie factors are involved. Rb
heterozygotes showed substantial frequencies of nondisjunction and even greater germ cell death
than found in the homozygotes. Pachytene pairing abnormalities were observed and it appears that
these, together with genie factors, cause physiological perturbation of meiocytes, thereby
promoting germ cell death, with nondisjunction of the trivalent as a sublethal response.

1. Introduction

The standard diploid karyotype of the house mouse
(Mus musculus) consists of 40 acrocentric chromo-
somes (Committee on Standardised Nomenclature for
Mice, 1972). Variation from this standard can occur
due to a process known as Robertsonian fusion,
where two acrocentrics join at their centromeric ends
to form a metacentric or submetacentric chromosome
(Gropp & Winking, 1981). The presence of these
Robertsonian translocations (Rbs) within a karyotype
causes a reduction in the diploid chromosome number
not no change in the number of chromosome arms.

Rbs are found in wild populations of house mice in
various parts of western Europe and northern Africa
and many have also arisen in laboratory stocks
(reviews: Searle, 1989; Bauchau, 1990). Rbs in mice
cause no known somatic effect but they may disrupt
meiosis and gametogenesis (Gropp & Winking, 1981;
Redi & Capanna, 1988). This is displayed particularly
dramatically in individuals heterozygous for several-
to-rnany R.bs, which may suffer substantial infertility
or even sterility (Tettenborn & Gropp, 1970; Capanna
et al. 1976; Evans, 1976; Gropp et al. 1982; Redi et al.
1985; Garagna et al. 1990; Said et al. 1993). Less

severe, but still significant, meiotic and gametogenic
disruption is exhibited by laboratory strain mice that
have been made homozygous or heterozygous for a
single wild-derived Rb (Cattanach & Moseley, 1973;
Ford & Evans, 1973; Gropp et al. 1974; Winking &
Gropp, 1976; de Boer, 1986; Winking, 1986).

Infertility in Rb mice manifests itself in two ways
(Gropp et al. 1982; Redi & Capanna, 1988; Searle,
1993). First, there may be enhanced germ cell death.
In males this may result in reduced sperm counts,
causing sterility in extreme cases, while females may
have a shortened reproductive lifespan. Second, there
may be an increased frequency of anaphase I
nondisjunction. This leads to the production of
aneuploid zygotes which generally die during ges-
tation.

Both forms of infertility can occur in individuals of
the same karyotype or even in the same mouse. This
is certainly true of laboratory-strain males hetero-
zygous for a single wild-derived Rb (Cattanach &
Moseley, 1973; de Boer, 1986). In this paper, we use
such mice to consider the extent to which the two
forms of infertility co-vary and are attributable to a
common cause. In particular, we examine the extent
of aberrations in chromosome pairing at pachytene,
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which has been implicated as a major contributing
factor through inappropriate gene expression and
physiological perturbation of the meiocyte (Forejt,
1982; Burgoyne & Baker, 1984).

2. Materials and methods

(i) Mice

Three different Rbs were selected for study due to
their previously reported high, medium and low
frequencies of nondisjunction: Rb(ll . 13)4Bnr,
Rb(1.3)lBnr and Rb(10. ll)8Bnr, respectively
(Gropp & Winking, 1981). For brevity, these Rbs will
be referred to as Rb4, Rbl and Rb8. These Rbs are all
of feral origin and were introduced into standard
laboratory stocks at the MRC Radiobiology Unit,
Chilton, Didcot and have since been maintained by
homozygous crosses. Rbl and Rb8 were introduced
onto a predominantly (C3H/HeH x 1O1/H)F1 genetic
background while Rb4 was introduced onto a
C3H/HeH background. We obtained Rb homozygous
(Rb/Rb) and (C3H/HeH x 101/H)Fl stock animals
from the MRC Unit and generated experimental
individuals (homozygotes and heterozygotes) at the
Department of Zoology, Oxford. They were kept
under standard laboratory conditions (22-24 °C;
14:10 h light:dark) with food and water provided ad
libitum. At a later date males from the inbred strains
C3H/HeH and 101/H were also obtained from the
MRC Unit. The C3H/HeH, 101/H and
(C3H/HeHxl01/H)Fl mice will henceforth be
known as 'C3H', '101' and '3H1', respectively.

Eight-12-week-old males from each of the following
categories were killed by cervical dislocation. These
were single Rb homozygotes (Rb/Rb) and single Rb
heterozygotes with (a) maternal and (b) paternal
derivation of the Rb (each homozygote or hetero-
zygote could be Rbl, Rb4 or Rb8). Additionally,
three control groups were included. These were male
3H1, C3H and 101 individuals. A number of mice
were analysed morphologically to determine body,
total testes and seminal vesicle weights. A subset of
these, consisting of four mice from each category,
were used for the study of germ cell death. An
assessment of nondisjunction was performed on the
same four mice in all groups except those of C3H and
101 males. An analysis of chromosome pairing was
performed on a second subset of this group including
four males from each of the categories: 3H1,
Rb8/Rb8, Rbl / + Rb4/+ and Rb8/ + .

(ii) Studies of nondisjunction and germ cell death

Chromosome preparations were made using the left
testis of each mouse, while the right was fixed in
Bouin's fluid and wax embedded for histological
processing.

Air dried testicular preparations were made ac-
cording to the method of Evans et al. (1964) and

conventionally stained. Fifty metaphase II spreads
were scored per individual. For each spread, counts of
the number of chromosome arms were made. An
anaphase I nondisjunction frequency was calculated
for each karyotypic group by doubling the hyperploid
value (Cattanach & Moseley, 1973).

Seven /im sections were stained by the Periodic
acid-Schiff (PAS) reaction and counterstained with
haematoxylin (LeBlond & Clermont, 1952) for light
microscopic examination. The number of primary
spermatocytes and round spermatids were counted in
truly transverse cross-sections of seminiferous tubules
at stages I, VI and XII of the 12 stage seminiferous
epithelium cycle (Oakberg, 1956). Five cross-sections
were scored for each stage per individual and the
Abercrombie (1946) correction was applied to all the
cell counts.

(iii) Studies of chromosome pairing

A surface spreading technique (Hulten et al. 1985) was
used to examine spermatocytes at pachytene. Two
drops of 003% 'Joy' detergent (Procter & Gamble)
buffered with 0-01 M sodium tetraborate pH 8-5, were
placed on either a grease free or a plastic coated slide
for subsequent light or electron microscopic exam-
ination respectively. One drop of a cell suspension of
spermatocytes in Ham's F10 medium was added and
the drops gently mixed. The cells were allowed to
settle for 6 min and were then fixed by adding five
drops of 4 % paraformaldehyde buffered with 0-2 M
sodium tetraborate pH 8-5 (Moses, 1977), before
drying on a hot plate (30-34 °C) for at least 1 h.
Following fixation and drying down, slides were
washed in distilled water, air dried and stained with
50% silver nitrate in 004% formalin at 60 °C for
30-60 min according to the method of Kodama et al.
(1980). The plastic coated slides were used for EM
studies; each coating (together with chromosome
spreads) was mounted on a H3 Maxtaform grid and
viewed in a Philips 301 electron microscope. EM was
used solely for the purpose of illustration. The
frequency and type of pairing abnormalities at
early/mid pachytene was assessed by analysis under
light microscopy.

(iv) Statistical analysis

Statistical tests were performed on an Apple
Macintosh computer using the statistical packages
'Multistat' (Biosoft, Cambridge, UK) and 'Statview
4.0' (Abacus Concepts Inc., Berkeley, USA) and
routines established on the spreadsheet Microsoft
Excel (Microsoft Corporation).

3. Results

(i) Morphology

Based on their substantial body and testis weights,
large seminal vesicles (an androgen target organ) and
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Table 1. Mean body, testis and relative testis weights for carriers of
Robertsonian fusions and all acrocentric controls (3H1, C3H and 101)

Karyotype

3H1
C3H
101

Rbl/Rbl
Rbl / +
+ /Rbl

Rb4/Rb4
Rb4/ +
+ /Rb4

Rb8/Rb8
Rb8/ +
+ /Rb8

Number
of mice

14
5
6

10
11
12

7
13
13

8
7
8

Mean±s.E.

Age (days)

63-9
60-4
580

67-3
63-5
671

72-6
66-7
760

661
600
64-4

Body
weight (g)

230 + 0-6
28-1 + 1-4
22-0 + 0-6

17-2 + 0-5
20-7+10
20-6 ±0-7

16-8 + 0-2
18-5+0-4
20-8 ±0-6

20-6 + 1-1
20-6 + 0-8
25-1+0-9

Weight of
combined
testes (mg)

207-6 + 5-3
1561+5-9
175-1 ±11-6

123-3 + 3-5
137-3 + 8-6
150-2 ±6-9

129-5 + 2-4
125-3 + 4-1
141-2 + 3-6

130-4 + 6-5
159-8 + 8-6
194-0+10-6

Relative testis
weight (mg/g
body weight)

9-1+0-3
5-6 + 0-2
8-0 + 0-5

7-2 + 0-2
6-6 + 0-3
7-3+0-1

7-7 + 0-2
6-8 + 0-3
6-8 ±0-2

6-4 + 0-3
7-7 + 0-4
7-8 + 0-3

Rb /+ : Rb = maternal + = paternal.

Table 2. Mean Abercrombie corrected numbers of spermatocytes and
round spermatids/4 for 3H1, C3H, 101 mice and carriers of
Robertsonian fusions, at different stages of the seminiferous epithelium
cycle

Karyotype

3H1
C3H
101

Rbl/Rbl
Rbl / +
+ /Rbl

Rb4/Rb4
Rb4/ +
+ /Rb4

Rb8/Rb8
Rb8/ +
+ /Rb8

Numbers

I

27-89
26-97
29-97

24-40
26-60
2410

26-80
25-52
2410

21-38
2211
24-27

of spermatocytes

VI

22-82
27-51
28-91

2311
22-07
20-50

22-38
22-75
19-42

16-80
1917
20-46

XI

21-11
27-44
3008

21-49
20-75
20-42

22-07
21-62
1802

16-60
1901
19-31

Numbers of round
spermatids/4

I

20-64
19-55
23-18

1512
12-24
11-63

13-86
10-39
10-67

11-62
1201
12-11

VI

20-41
18-94
20-95

1403
11-22
10-88

12-47
9-28

10-38

11-74
11-44
1103

% Expected
spermatids

±S.E.a

86-02 + 2-15
70-46 + 0-24
74-37 ±2-30
63-35 + 1-45
51-15 + 2-23
52-01+3-56
55-48 + 0-84
42-71 + 1-45
5119 + 2-96
63-81+2-30
58-22 + 2-31
54-15 + 2-02

Rb/+ : Rb = maternal, + = paternal.
"[(mean number of spermatids x 0-25)/mean number of spermatocytes] x 100%.
This is the number of spermatids compared with the ideal value assuming no germ
cell death.

the presence of spermatozoa in the testes, all indi-
viduals were considered to be fully mature, as would
be expected of 8-12-week-old laboratory mice. Table
1 shows the mean body, testis and relative testis
weights (mg/g body weight) for each karyotypic
group.

The genetic background of stocks carrying Rbl and
Rb8 is predominantly 3H1 while that carrying Rb4 is
predominantly C3H in origin. All Rb stocks have
been inbred for many generations. Although the Rb
homozygotes showed significantly reduced testis

weights (/-tests: P < 005) compared with the 3H1,
C3H and 101 animals, this was probably, at least in
part, a reflection of their reduced body weights (/-
tests: P < 005) as all of the Rb homozygotes showed
relative testis weights between the values of the
control mice.

All Rb heterozygotes, with the exception of + /Rb8,
showed significantly reduced body weights (/-tests:
P < 0-05) and testis weights (/-tests: P < 0001) com-
pared with 3H1 mice. The reduction in testis weight
could not be attributed entirely to differences in body
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Table 3. Metaphase II arm counts for 3H1 mice and carriers of
Robertsonian fusions

Karyotype

3H1

Rbl/Rbl
Rbl / +
+ /Rbl
Rb4/Rb4
Rb4/ +
+ /Rb4
Rb8/Rb8
Rb8/ +
+ /Rb8

Number of
cells scores

200

200
200
200
200
200
200
200
200
200

Arm

17

1

8
2

17
9
5

15
6
3
6

counts

18

6

13
15
33
17
15
17
18
14
18

19

29

48
39
54
48
45
56
42
39
47

20

164

128
124
78

123
115
93

134
138
120

21

0

3
20
18
3

19
19
0
6
9

>20x2

00

3-0
200
180
30

190
190
00
60
90

Table 4. Percentage of pachytene cells in each
karyotype showing various types of chromosomal
pairing abnormalities. For Rb heterozygotes, the
percentage of pachytene cells with trivalents that are
fully paired (0 or 1 side arm) or that show unpairing
around the centromere (two side arms) is also shown

Karyotype

3H1
Rb8/Rb8
Rbl/ +
Rb4/ +
Rb8/ +

Univalence

XY

1-7
3-3
5-8
3-3
7-5

Autosome

0-8
1-7
0
0
0

Side

0

2-5
2-5
2-5

arms

1

Not
Not
88-3
800
85-8

on trivalent

2 cis

relevant
relevant

7-5
16-7
117

2 trans

1-7
0-8
00

120 cells scored for each karyotype.

weight as all heterozygotes showed significantly
reduced relative testis weights (/-tests: P < 0-01).

(ii) Germ cell death

If spermatogenesis had proceeded perfectly, each
primary spermatocyte would be expected to produce
four spermatids. The ratio of spermatocytes to round
spermatids in histological sections should therefore
reflect this. However, even in the testes of the 3H1
mice we disclosed loss of germ cells; the number of
spermatids was down to 86% of this ideal value
(Table 2), close to the 87% previously recorded by
Oakberg (1956) for the reciprocal Fl . The inbred
strains C3H and 101 also showed less than perfect
germ cell survival with spermatid values of 70 and
74 % of those expected respectively with significantly
reduced values compared with their Fl (U = 0, n = 4,
P < 005). For the Rb mice, spermatid numbers ranged
from 64% (Rb8/Rb8) to 43% (Rb4/ + ) of the
expected no-loss value (Table 2). There was substantial

loss of post-pachytene germ cells between spermato-
cyte stage XI and round spermatid stage I in all mice
except 3Hls.

Both Rbl and Rb4 homozygotes showed reduced
germ cell survival rates compared with all three
control groups (U = 0, n = 4, P < 005). In Rb8
homozygotes, however, germ cell loss was only
significantly increased in comparison with 3H1 and
101 males (U = 1, n = 4, P < 0-05). The performance
of the heterozygotes was poorer than that of the
homozygotes (significantly so for Rbl / + , -I-/Rbl,
Rb4/+ and +/Rb8: U = 0, n = 4, P < 005). All
heterozygote groups showed significantly reduced
germ cell numbers compared with all three control
groups (U = 0, n = 4, P < 0-05).

Previous studies have found that Rb heterozygotes
have smaller testes and lower relative testis weights
than chromosomally normal mice (Cattanach &
Moseley, 1973). Care must be taken in the interpret-
ation of such data as the results presented here
indicate that testis weights are not necessarily a
reflection of germ cell loss. For example, C3H mice
showed the lowest relative testis weight (5-6 mg/g
body weight) of all groups but a relatively high ratio
of observed to expected numbers of spermatids
(70-5%).

(iii) Reciprocal crosses

Reciprocal crosses were performed in the production
of each type of Rb heterozygote, in order to establish
whether or not the parental derivation of the Rb
affected the phenotype. Rb4 and Rb8 heterozygotes
had lower body weights (Rb4: / = 3-01, D.F. = 24,
/><001; Rb8: t = 3-79, D.F. = 13, P < 0 0 1 ) and
smaller testes (Rb4: t = 2-92, D.F. = 24, P < 001;
Rb8: t = 2-45, D.F. = 13, P < 0-05) when the meta-
centric was transmitted maternally, but there was no
significant difference when relative testis weights were
considered, despite a significant increase in germ cell
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Fig. 1. Light {a, c) and electron (b, d) micrographs of surface-spread preparations of pachytene cells from male mice
heterozygous for the translocations Rb4 and Rb8 (2 n = 39). Long arrow: the trivalent configuration, short arrow: XY
bivalent, arrowhead: attached bivalent, open arrow: attached trivalent. Scale Bar: 5/<m. (a) Mid pachytene stage cell
from an Rb8 heterozygote, showing 17 autosomal configurations and the XY. The trivalent has a distinct side arm and
a small bivalent is seen attached to the centromeric end of the X. (b) The XY bivalent from an Rb4 heterozygote
showing a bivalent attached to the centromeric end of the X. (c) Mid pachytene stage spermatocyte from a mouse
heterozygous for Rb4 showing 17 autosomal configurations and the XY. The side arm of the trivalent is attached to the
centromeric end of the X. (d) The XY bivalent from a mouse heterozygous for Rb8 with the side-arm of the trivalent
attached to the centromeric end of the X.

death for the maternal Rb4 heterozygote (U = 0, n =
4, P < 005). In contrast, Rbl heterozygotes showed
no significance for body or testis weights but the
relative testis weight was significantly lower when the
Rb was transmitted maternally (/ = 2-20, D.F. = 21,
P < 005). The reason for these reciprocal differences
is unclear. However, there are known to be genes
influencing growth within the proximal imprinting
region of chromosome 11 (Cattanach & Beechey,
1990). So if the structural or regulatory sequences of
these genes differ between Rb4, Rb8 and the standard
chromosome 11, then a reciprocal difference could
occur in growth and hence, final body and organ
weight. This still leaves the relative weight for Rbl
and germ cell death for Rb4 unexplained.

(iv) Anaphase I nondisjunction

Fifty metaphase II cells were scored per mouse, giving
a total data set of 2000 cells (Table 3). All individuals
showed substantial hypoploidy, which was assumed
to have mostly resulted from cell breakage. The
absence of hyperploid spermatocytes from 3H1 mice
is consistent with the previous estimate of 0-4% based
on studies on various inbred, random bred and Fl
mice with a standard 40-chromosome karyotype
(Beatty et al. 1975). Our nondisjunction data for the
three types of Rb homozygote (Table 3: 6 hyperploid
cells/600: 20% nondisjunction) showed a small
increase over this value and also tallied closely with
data from Cattanach & Moseley (1973) for seven
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Table 5. Percentage of pachytene cells of each karyotype showing
XY-autosome contacts

Karyotype

3H1
Rb8/Rb8

Rbl / +
Rb4/ +
Rb8/ +

All types
XY-autosome
contacts

25-8
32-5

28-3
34-2
32-5

Attachments and

Total

8-3
8-3

14-2f
20-8
16-7f

XY-bivak

8-3 (3-3)
8-3 (3-3)

7-5 (3-3)
14-2 (100)
12-5 (8-3)

interlocks

XY-trivalent

Involving
:nt side arm

Not relevant
Not relevant

5-8 (3-3)
5-0 (4-2)
1-7(0-8)

Not involving
side arm

1-7(00)
1-7(0-0)
3-3 (0-8)

120 cells were scored for each karyotype. f Cells with multiple abnormalities. ( )
numbers are cells in which a bivalent or trivalent is attached to the centromeric end
of the X.

types (9/700:2-0%) and Gropp et al. (1974) for six
types (2-7 %). The nondisjunction frequencies of Rb8
heterozygotes averaged 7-5% while both Rbl and
Rb4 heterozygotes had nondisjunction frequencies of
19%. There were no differences between the progeny
of reciprocal crosses. For Rbl and Rb4, we generated
heterozygotes from the same stocks as Cattanach &
Moseley (1973). While we obtained similar nondis-
junction frequencies to them for Rbl, the value for
Rb4 was lower (19% compared with 30%). In
addition, our nondisjunction frequency for Rb8
heterozygotes (6-9 %) was rather higher than the 2 %
reported by Gropp & Winking (1981), but this may be
due to the different genetic background.

(v) Chromosome pairing at pachytene

In total 600 cells, 120 for each of the groups: 3H1,
Rb8/Rb8, Rbl / + , Rb4/+ and Rb8/+ were exa-
mined for sex chromosome—autosome interactions
and chromosome unpairing. Most of the config-
urations showed complete pairing. For the trivalent,
the metacentric and two acrocentrics sometimes paired
completely so that no side arms were produced (Table
4). However, more typically the trivalent formed a
single side-arm, presumably as a result of non-
homologous pairing of the centromeric regions of the
two acrocentrics (Fig. 1). Trivalent unpairing was
represented by the occurrence of two side arms and
this was the only source of autosomal unpairing
recorded in the Rb heterozygotes (Table 4). The
degree of trivalent unpairing ranged between 9 and
18 % for the three types of heterozygote with the two
side arms usually being in the cis orientation (Table
4). The overall incidence of univalence was low
(4-8%). This was largely due to separate X and Y
chromosomes (4-3 %), with autosomal univalents only
present in a total of three cells (0-5 %).

For all karyotypic groups the incidence of sex
bivalent-autosome contact was determined (Table 5).

Little variation between groups could be discerned
when all contacts were considered, as these include
many random overlaps. When consideration was
limited to interlocks and attachments, a much clearer
picture emerged. The homozygous mice (3H1 and
Rb8/Rb8 taken together) had significantly fewer
interlocks and attachments than the heterozygous
mice (x2 = 10-2, D.F. = 1, /><001). Part of this
difference can be attributed to sex bivalent-trivalent
interactions but for Rb4/+ and Rb8/+ mice there
were also intriguing indications of a higher incidence
of sex chromosome-bivalent interactions than in the
homozygotes, particularly those in which a bivalent
was attached to the unpaired (centromeric) end of the
X (Table 5; Fig. 1). Although Rb8 heterozygotes
showed higher rates of XY-bivalent interactions than
Rb8 homozygotes, a comparison could not be made
for other Rb carriers due to the lack of data.

4. Discussion

Carriers of Rb translocations in a variety of species
have been shown to suffer high levels of anaphase I
nondisjunction, germ cell death and abnormalities of
pachytene pairing (review: Searle, 1993). In this paper,
we have used a series of male Rb mice to examine the
interrelationship of these three types of disturbance of
meiosis and gametogenesis, in particular to determine
whether abnormalities at pachytene may promote the
two other processes.

Considering Rb homozygous mice first: these
showed distinctly increased germ cell death relative to
3H1 controls, but no increase in pairing abnormalities,
and negligible nondisjunction frequencies (mean =
3%). It has been suggested that either unpairing or
autosome-sex chromosome interactions at pachytene
may promote germ cell death (Forejt, 1982; Burgoyne
& Baker, 1984). In the present study we found that
high levels of germ cell death can occur in homozygous
carriers of Rbs without substantial pachytene pairing
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abnormalities. Thus, we need to look for genie effects
(Mahadevaiah, 1990) to explain the enhanced germ
cell death in the Rb homozygotes.

After introduction of the wild-derived Rb trans-
locations into a 3H1 or C3H genetic background, the
Rb stocks that we used were subject to many
generations of inbreeding. The substantial germ cell
death that we found in the Rb homozygotes could,
therefore be attributed to inbreeding depression
arising from homozygosity of alleles derived from the
C3H or 101 strains. However, the degree of germ cell
death exhibited by the Rb homozygotes in this study
was considerably greater than that found in C3H or
101 mice (Table 2) or indeed, in any of the six other
laboratory inbred strains reported by Shire & Bartke
(1972). Inbreeding depression associated with lab-
oratory strain alleles may explain part but possibly
not all the reduction in germ cell numbers exhibited
by Rb homozygotes.

Alternatively, or additionally, an Rb effect may be
acting. Despite several generations of backcrossing
when the wild-derived Rb translocations were intro-
duced into a laboratory genome (Cattanach &
Moseley, 1973), some of the genes near the centro-
meres of the Rb chromosomes may still have 'wild'
alleles. Thus, the increase in germ cell death in the Rb
homozygotes we analysed may still have been a
response of homozygosity of these alleles (an Rb
specific inbreeding depression), or due to deleterious
epistatic interactions between wild and laboratory
strain components of the genome. Wild alleles or Rb
translocations, in themselves, are not associated with
high levels of germ cell death. In a series of 10 wild-
caught homozygotes with 0-4 pairs of Rb trans-
locations, Wallace et al. (1992) found, on average,
82 % of the expected number of spermatids (compare
with Table 2).

Turning now to the Rb heterozygotes: these showed
an increase in nondisjunction, germ cell death and
pairing abnormalities over their respective homozy-
gotes and 3H1 controls. In this case, abnormalities of
pachytene pairing associated with Rb heterozygosity
could be a factor involved in germ cell death. In all
heterozygotes there was some centromeric unpairing
in the trivalent and association of the trivalent and
XY bivalent (Tables 4 & 5). These are anomalies
which may, according to Forejt (1982) and Burgoyne
& Baker (1984), be implicated in germ cell death.
However, neither trivalent unpairing (mean: 13 % of
pachytene cells) nor XY-trivalent association (6 % of
pachytene cells) seem sufficient in isolation, or in
combination, to explain the difference in germ cell
survival between 3H1 mice (86% of expected sperm-
atids) and Rb heterozygotes (mean: 52 % of expected
spermatids).

Genie factors could also be involved in germ cell
death in the Rb heterozygotes. Given that the Rb
heterozygotes were relatively outbred (they were
generated by crosses between inbred Rb homozygous

stocks and 3H1 mice), it is unlikely that inbreeding
depression can explain the high levels of germ cell
death. However, deleterious interaction of the wild
and laboratory genome, either at the level of homo-
zygous loci (heterozygous disadvantage) or negative
epistatic effects could occur.

It is likely that both pairing abnormalities and genie
factors were involved in the high levels of germ cell
death that we recorded in Rb heterozygotes. Com-
parisons with wild mice support this contention.
Thus, the wild single Rb heterozygotes studied by
Wallace et al. (1992) and B. M. N. Wallace (unpub-
lished data) were as prone to pachytene pairing
abnormalities as the laboratory Rb single hetero-
zygotes of the present study, despite much higher
germ cell survival (means for the wild and laboratory
heterozygotes, respectively: 16 and 13% of pachytene
cells showed trivalent unpairing, 6% and 6% of
pachytene cells showed XY-trivalent attachments and
interlocks, and 68 and 52 % of expected spermatids
were recorded). This discrepancy in germ cell survival
between the wild and laboratory Rb heterozygotes
implicates genie factors, while that between wild Rb
homozygotes and single heterozygotes from the same
area (82 and 68 % of expected spermatids, respect-
ively), implies that pairing abnormalities can also be
important.

Our consideration of germ cell death in mice
homozygous and heterozygous for Rb translocations
emphasizes the substantial role that genetic factors
may have in promoting germ cell death even in
individuals with chromosomal rearrangements, where
there may have been a presumption that 'chro-
mosomal factors' (i.e. pairing aberrations) are im-
portant (King, 1993). This supports previous results
with wild mice (Said et al. 1993) and lemurs
(Ratomponirina et al. 1982).

A final consideration is the high frequency of
anaphase I nondisjunction in the Rb heterozygotes
that we studied (190% for Rbl and Rb4, 7-5% for
Rb8). These frequencies were much higher than the
2-3% per heterozygous configuration recorded for
wild mice (Winking, 1986; Wallace et al. 1992). A
substantial part of the nondisjunction in each het-
erozygote can be attributed to the trivalent configura-
tion (Gropp et al. 1974). The segregation from the
trivalent will inevitably be more susceptible to error
than segregation from bivalents; such error may
particularly be expected to occur in physiologically
perturbed meiocytes. Thus the high frequency of
nondisjunction in Rb heterozygotes may be a reflection
of the same process as that which leads to a high
degree of germ cell death. Pairing abnormalities
and/or genie factors may cause physiological per-
turbation of a meiocyte, leading either to its death or
a heightened chance of nondisjunction as a sublethal
response. For example, a physiologically perturbed
meiocyte may show an abnormal rate of meiotic
progression, which could increase its chances of
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Table 6. A comparison of germ cell survival and
nondisjunction for mice singly heterozygous for Rb
translocations

Rb Translocation
% Expected
spermatids"

Nondisjunction
frequency (%)

Rb(11.13)4Bnr
Rb(1.3)lBnr
Rb(10.11)8Bnr
4.10/9.12/6.13/11.14"

47
52
56
68

19
19
8
3

a See Table 2.
b Combined data from individuals singly heterozygous for
one of these Rb translocations (see Wallace et al. 1992).

nondisjunction (Eichenlaub-Ritter, 1994; Everett &
Searle, 1995). More data are required to confirm the
link between germ cell death and nondisjunction;
however, it is worthy of note that among the four
examples of single Rb heterozygotes studied here and
by Wallace et al. (1992), nondisjunction and germ cell
death show a positive relationship (Table 6).
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