Synaptonemal Complex Complement of Man in Spreads of

Spermatocytes, with Details of the Sex Chromosome Pair

Abstract. Human pachytene chromosome pairs have been characterized
electron microscopically in spread preparations on the basis of synaptonemal
complex length, kinetochore position and attached nucleoli when present. The X
and Y chromosomes can be followed by their filamentous axial cores from partial
synapsis, through precocious disjunction and end-to-end attachment, to differen-
tiation of a network in the sex chromosome pair.

A new approach to the analysis of
meiotic chromosomes with the electron
microscope has been made possible by
observations on the synaptonemal com-
plex (SC). This filamentous, protein-
aceous structure, which regularly ap-
pears as the axis of pachytene bivalents
in organisms in which crossing-over oc-
curs (1), has a remarkably constant mor-
phology over a wide range of animal
and plant species (2). The behavior of
the SC so closely parallels that of the
bivalent in synapsis and disjunction that
characteristics of the bivalent, such as
length, orientation, and stage of pair-
ing, may be taken directly from it.

Karyotype analysis using SC’s is pos-
sible when SC lengths and kinetochore
(centromere) positions can be deter-
mined for the entire complement.
Locusta migratoria and Zea mays are
the only species so far in which kineto-
chores have been identified at pachy-

scale, 1 um (X 9600).

tene (3). In both cases, the entire bi-
valent complement has been charac-
terized from kinetochore positions and
lengths of the SC’s in reconstructed
serial sections.

In Locusta spermatocytes (4) spread
on the surface of a saline solution, fixed
with formaldehyde, and treated with
alcoholic phosphotungstic acid, the SC
is selectively stained because of its pro-
tein nature and is rendered visible for
its entire length, distinct from the sur-
rounding unstained chromatin. The
kinetochore is also strongly stained:
moreover, it is seen as a differentiation
of parts of the SC. We have adapted
this method and applied it to mamma-
lian spermatocytes; it makes possible
the karyotypic analysis of mammalian
meiosis through the SC in unsectioned
spread nuclei.

Our observations on meiotic cells of
the hamster (5) and of man (as shown

here) extend the first results in Locusta
to other species (4). Figure 1 shows three
SC’s from human pachytene spermato-
cytes (6). The parallel lateral elements
are strongly stained and, together with
the central element, can be followed
from the dense points of attachment to
the nuclear envelope at one end to
those at the other. The kinetochore is
represented as a positively stained region
of the SC; in Fig. 1b it can be seen as
a local differentiation of the lateral
elements.

Kinetochores of mammalian pachy-
tene chromosomes have not hitherto
been observed with the electron micro-
scope in either sections (7, 8), or spreads
(9); the Counce and Meyer procedure
(4) demonstrates these structures for the
first time. Each bivalent can now be
classified by the length of its SC and
the position of its kinetochore.

Spermatocyte nuclei are often intact
and flattened after drying with this tech-
nique. Intact SC’s remain within such
nuclei, probably because of their attach-
ments to the nuclear envelope (Fig. 2).
The entire complement of SC’s can be
recognized in such nuclei; 22 SC’s,
representing the 22 autosomal bivalents,
are seen in Fig. 2, together with the
XY pair.

The use of SC’s for meiotic karyo-
typing depends on a proportionality be-

b

Fig. 1 (left). Three autosomal synaptonemal complexes (SC’s) from spreads of
human pachytene spermatocytes. The SC’s have been selectively stained by Counce
and Meyer’s method (4). The twisting, filamentous SC, seen for its entire length, con-
sists of two parallel lateral elements, each flanking and equidistant from a finer central
element to which they are connected by transverse filaments. The lateral elements termi-
nate in dense points of attachment to the nuclear envelope (small arrows). The kineto-
chore regions (large arrows), one per chromosome, are seen as pronounced thickenings
of the Iateral elements. In (c), a nucleolus (nl) is attached to the SC close to the termi-
nation of its short arm. Another autosomal SC crosses the long arm attachment region;

Fig. 2 (right). (a) A human pachytene nucleus spread and stained by Counce and Meyer’s method. Dis-

tortion due to flattening and spreading is minimal, but the SC’s are not always distinct, particularly at this magnification. Also,
many Kkinetochores are indistinguishable in this thick preparation. (b) Tracing of SC’s from the nucleus in (a). Positive identifi-
cation of termini and of the paths of the SC’s was made at a higher magnification than that shown here. There is a full comple-
ment of 22 autosomal SC’s (bivalents) and an XY pair; the short Y and the long X are indicated; scale, 5 um (X 2350).
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tween SC and chromosome length. This
is demonstrable in Fig. 2, where the
SC’s have not been stretched by spread-
ing. Here the SC’s were measured and
ranked according to length, expressed
as percentage of total length of auto-
somal SC’s. When these values are
plotted against a corresponding array of
published values of measured mitotic
karyotypes (10), the regression curve is
approximately linear (Fig. 3).

A full SC karyotype cannot be de-
rived from this example because many
kinetochores are obscured. But studies
on the hamster (5) have shown positive
correspondence between the SC karyo-
type and the somatic metaphase karyo-
type. An analysis of the human SC
karyotype will be presented elsewhere.

Individual bivalents can be charac-
terized by three SC criteria. The normal-
ized length of any autosomal bivalent
can be designated for size grouping by
dividing the measured length of its SC
by the length ratio (1) calculated from
a particular reference mitotic karyotype.
The position of the kinetochore is then
taken as the second criterion for group-
ing the bivalent. Thus, according to cur-
rent designations of human chromo-
some groups (I2), the bivalent in Fig.
la appears to be a member of the E
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Fig. 3 (left). A linear regression indi-
cating proportionality between SC and mi-
totic chromosome lengths. The SC’s in Fig.
2 were measured and ranked, and then
plotted against similar data from mitotic
karyotypes (10). Lengths are expressed
as percentages of the summed lengths of
the autosomes in each case. Fig. 4
(right). The XY complex at three different

group (which includes chromosome
Nos. 16 to 18); that in Fig. 1b, the F
group (Nos. 19 and 20); and that in Fig.
lc, the G group (Nos. 21 and 22). The
presence of nucleoli provides a third
characteristic for classification. Depend-
ing on the stage, nucleoli are seen at-
tached near the terminal ends of certain
SC’s (Fig. 1c). From cytological (13)
and in situ hybridization evidence (14),
these sites represent the nucleolar or-
ganizer regions of chromosomes 13, 14,
15, 21, and 22. The attachment of a
nucleolus close to the termination of the
short arm of the SC in Fig. lc con-
firms that this is either chromosome 21
or 22.

The XY pair is clearly identified in
our spreads (Fig. 4). It is morphologi-
cally distinct from the 22 autosomal
bivalents, and its structure and behavior
conform to those established for the
human X and Y chromosomes from
other studies [for instance, (8)l. We
have observed various configurations of
the sex chromosome pair. It is possible
in our preparations to distinguish the
prophase stages (I5), and, therefore,
the configurations can be arranged in
sequence. They thus appear to repre-
sent stages in XY pairing.

A paired region (Fig. 4a) is often

evident at late zygotene and early
pachytene (I5) in spread preparations,
the lateral elements of the SC extending
as filamentous ‘“cores” (8) into the un-
paired parts. The shorter core is axial
to the Y; and the longer, to the X (8).
Granules that accumulate along the
cores may represent differentiations of
the filamentous material. The observed
features agree with three-dimensional
reconstructions of serial sections of the
partially synapsed human XY pair
made by Solari and Tres (8).

So far, electron microscope studies
have not indicated which arms of the X
and Y are paired (8). However, observa-
tions after quinacrine staining (16) have
shown that the short, nonfluorescent
arm of the Y is associated with the X.
Indirect evidence (17) suggests that the
short arm of the X may be involved in
synapsis. Verification should be possible
from the kinetochore positions in our
preparations. Although the kinetochores
cannot be distinguished from granular
accumulations along the cores, their
positions may be estimated by calculat-
ing short arm lengths from ratios of
long to short arms of mitotic X and Y
chromosomes (18). Only when the SC
region is assumed to involve the short
arms of both chromosomes do visible

stages in human pachytene nuclei. The complex is represented by filamentous cores thought to be axial to the sex chromosomes. In
(a), found at early pachytene, a short core represents the Y chromosome; and a long core, the X. The long and short cores pair to
form a short (1.5 um) length of SC, ending in attachment points (large arrow). The unpaired ends are also marked by attachment
points (small arrows). Dashes mark the positions of the X and Y kinetochores that were predicted (/8) by assuming the SC region to
involve the short arms of both chromosomes. An autosomal SC (au) crosses the long core, but is not part of it. In (b), found
at early or mid pachytene, disjunction has evidently occurred and the pairing of the cores has become terminal, the X and Y
remaining associated at their attachment points (arrows). The long arm of the Y is characterized by an attached dense body.
The attachment points of the short arms (large arrow) appear connected, while those of the long arms are more separate (small
arrows). In (c), found at late pachytene, the cores have elaborated a network of filamentous material in the sex vesicle. Neither

X and Y cores nor their attachment points can be distinguished; scale 1 um (X 9400).
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differentiations of both X and Y cores
coincide with the predicted kinetochore
positions (Fig. 4a, dashes). It follows
that, insofar as the SC reflects chromo-
some homology, the distal portion of
the X short arm is homologous with the
short arm of the Y.

At diplotene and diakinesis in light
microscopic preparations, the X and Y
chromosomes are seen attached end-to-
end. The existence of a SC in the XY
pair implies synapsis and is thus consis-
tent with the possibility that the tandem
arrangement results from chiasma ter-
minalization (8). Our observations do

" not bear directly on this point, but they
do contribute to an understanding of the
nature of the end-to-end associations.

Figure 4b shows the X and Y cores
in a later stage of pairing. The SC is
no longer present, but four attachment
points are visible; two of these are
closely spaced (large arrowhead), as in
the terminus of the SC, and represent
ends of the X and Y cores. The other
ends of these cores terminate in neigh-
boring but more separate attachment
points (small arrowheads). The X and
Y short arms cannot be verified by
kinetochore position because of the
many dense accumulations along the
cores. However, a large dense body, re-
sembling that shown (8) to be associated
with the distal portion of the Y core, is
seen near the distal attachment end of
what is then presumed to be the long
arm of the Y (Fig. 4b). Thus, it seems
likely that the configuration in Fig. 4b
results from disjunction of the synapsed
region (with or without chiasma termi-
nalization) and loss of the SC, with the
common ends remaining joined at their
attachment points on the nuclear en-
velope (large arrowheads). This conclu-
sion is supported by the observation of
progressively shorter SC lengths from
late zygotene to early pachytene (15), as
would be expected if disjunction with
loss of SC were occurring.

Because all of the autosomes in Fig.
4b are still in pachytene, the XY dis-
junction is regarded as precocious. It is
reasonable to suppose that the persist-
ent nuclear envelope attachments of the
SC terminus constitute the structural
device by which end-to-end association
is realized.

A third configuration of the sex pair
is found at late pachytene (15) (Fig. 4c).
X and Y cores are no longer distinguish-
able in the filamentous network, nor can
attachment points be identified. It ap-
pears that, concomitant with precocious
disjunction, a proteinaceous component
is elaborated in or on the cores; this
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leads to an anastomosing framework
whose area is roughly equivalent to that
delineated by the cores at earlier stages.
This structure probably represents the
filamentous components of the XY
chromosome pair which become more
elaborate as prophase progresses (8).
Consistent with earlier observations (8),
formed nucleoli are not attached to the
sex chromosome pair.

The simple and rapid method of
spreading and staining human pachy-
tene spermatocytes offers a new and
unique approach to such problems as
the identification and fate of chromo-
somal rearrangements in meiosis and
the manner and extent of XY pairing.
It could conceivably be the source of
routine diagnostic information on auto-
somal meiotic behavior as well as on
that of the sex chromosomes, whose
morphology is known to be highly vari-
able in both clinically normal and ab-
normal males [for example, see (19)1.
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