
SUMMARY

The distribution of DNA and RNA in the synap-
tonemal complex and related structures, was stud-
ied using high resolution cytochemical methods
and in situ hybridization, in guinea pig and rat
testis. Serial sectioning demonstrates that fre-
quently the formation of the synaptonemal com-
plex (SC) occurs without a previous development
of isolated chromosomal axes. The lateral ele-
ments of the forming SC are in continuity with
pairs of DNA-containing thin filaments. These
chromatin filaments fold in numerous short loops
just before incorporating to the lateral elements.
Some of these loops are included in the ribbon-like
structure of the lateral elements of the mature SC.
We propose that these short loops contain the DNA
attachment sequences associated with the proteins
of the LE. During the formation of the SC one of
the two chromatin filaments incorporates at the
central surface of the forming lateral element (LE)
and the other is located at the external side of the
LE. This unexpected distribution does not corre-
spond to the pair of thick filaments previously dis-
cerned in structure of the LE. The presence of
RNA associated with the DNA-containing thin fil-
aments, as well as with the axial chromatin ele-
ments of the forming SC, may be related with the
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transcription occurring during meiotic prophase,
specially during zygotene stage. We propose that
RNA is involved in a still uncharacterized process
essential for pairing.

INTRODUCTION

The synaptonemal complex (SC) was observed for
the first time by Watson (1952) in rat spermatocytes
as filamentous structures, and described more accu-
rately four years later by Moses (1956) in a crayfish
and by Fawcett (1956) in the pigeon. In few years,
structures corresponding to SCs were found in the
meiotic prophase of protists, fungi, plants and ani-
mals (see review by Westergard and Wettstein,
1972). Three-dimensional reconstructions of com-
plete nuclei of pachytene spermatocytes demonstrat-
ed that the total number of SC per nucleus is equal to
the haploid number of chromosomes of the species,
allowing the conclusion that this structure corre-
sponds to a bivalent (Wettstein and Sotelo, 1967).
The classical hypothesis that SC is related with
crossing-over formation was supported by: a) its
constant presence in meiotic prophase and their
absence when pairing does not take place; b) its
extension all along each bivalent; c) the regular
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occurrence of the bridging system (see review by
Sotelo, 1969). The presence of short stretches of SC
in relation with chiasma in diplotene stage, also sug-
gested a specific role for the SC in homologous
exchanges (Westergaard and Wettstein, 1972). How-
ever, some findings cast some doubts on its relation-
ships with chiasma development: the pairing space
contains little or no DNA, and the SC occurs in cir-
cumstances other than orthodox pairing (Sotelo,
1969). The finding of recombination nodules provid-
ed support for the notion that SC is involved in chi-
asma formation (Carpenter, 1975, 1979 a, b). Posteri-
or studies on the meiosis of yeast using synchronized
cultures (Kleckner et al., 1991), and fluorescent in
situ hybridization (Scherthan et al., 1992), demon-
strated that in this group, double strand breaks (DSB)
and recombination occur before synapsis and SC for-
mation (Kleckner, 1996; Padmore et al., 1991; see
review by Hawley and Arbel, 1993). Experiments
with meiotic mutants showed that the alteration of
DSB prevents the formation of a normal SC (Bishop
et al., 1992; Roeder, 1995; Baker et al., 1995). These
results support the view that in yeast the SC is not
involved in recombination and that its formation
depends on previous DSB and recombination. How-
ever, electron microscopical studies demonstrated
that in Drosophilafemales meiotic mutants eliminat-
ing crossing over and gene conversion do not alter
the formation of the SC (McKim et al., 1998). 
Immunocytochemical localization of the DNAat

the level of electron microscope in mouse and rat
spermatocytes and chick oocytes, demonstrated
the presence of significant amounts of DNAin the
lateral elements (LEs). The labeling of the central
space is very low except for few specific sites: the
recombination nodules and few fibrils not related
to these nodules (Vázquez-Nin et al., 1993). 
However, the precise location of the two sister

chromatids in the SC is not yet known. As stated
several years ago, the key to the knowledge of
cytophysiological role of the SC is to find out the
distribution of DNAin the SC (Sotelo, 1969).
RNA has not been related to recombination or oth-

er possible functions of the SC. Nevertheless, the
presence of RNAin the LEs of the SC was suggest-
ed by Wolstenholme and Meyer (1966) using optical
histochemistry and electron microscopy. The use of
a preferential staining procedure for ribonucleopro-
tein (RNP)-containing structures in electron
microscopy, indicated the presence of RNPin the
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LEs of the synaptonemal complex, as well as in lep-
totene and zygotene axial cores (Esponda and
Stocker, 1971; Vázquez-Nin and Echeverría, 1976).
Furthermore, hydrolyses with RNase were found to
cause profound alterations of the LEs (Vázquez-Nin
and Echeverría, 1976). However, the precise distri-
bution of RNA-containing structures associated
with the forming SC, has not been studied.
The aim of the present work is to study the dis-

tribution of both nucleic acids during the forma-
tion and the maturity of the SC. 

MATERIALS AND METHODS

Testes of young adult guinea pigs and rats were
used in all experiments.
The standard procedure for preparing the samples

involves fixation with 2.5% glutaraldehyde in 0.2
M phosphate buffer pH 7.3 for 1 h at room tem-
perature, rinsing in the same buffer, dehydration
with ethanol, and embedding in an epoxy resin
(glycide ether 100, Merck, Darmstadt, Germany). 
One micrometer thick sections were stained with

toluidine blue. The cellular associations present in
the seminiferous tubules were studied at light micro-
scope and compared with the classical descriptions
of the spermatogenic cycle of the guinea pig (Cler-
mont, 1960) and of the rat (Leblond and Clermont,
1952).
In order to stain RNPstructures, the uranyl

acetate-EDTA-lead citrate (Bernhard, 1969) proce-
dure was used. DNAwas stained using the osmi-
um-ammine procedure (Cogliati and Gautier, 1973)
modified by Vázquez-Nin and coworkers (1995).

Immunolocalization
Samples of seminiferous tubules were fixed in 2-

4% paraformaldehyde in 0.15 M phosphate buffer
pH 7.3 and embedded in Lowicryl K4M. Polymer-
ization was carried out using UVat -20 ºC. The
ultrathin sections were mounted in Formvar coated
nickel grids, and processed for postembedding
immunolocalization as described previously (Big-
giogera et al., 1989; Vázquez-Nin et al., 1990).

Ultrastructural in situ hybridization
Specimens were fixed in 2% paraformaldehyde

with 0.2% glutaraldehyde added and embedded in
Lowicryl K4M.



Genomic DNAfrom guinea pig liver and spleen
was labeled with digoxigenin-11-dUTP by nick
translation according with the manufacturer’s pro-
tocol (Boehringer Mannheim, Germany).
The in situ hybridization was performed on the

grids with the denatured probe with or without pre-
annealing for 24-48 h at 37-45 ºC. The probe was
used at 10 ng/ml final concentration in a hybridiza-
tion solution containing 10% deionized formamide,
10% Dextran sulfate and 1X saline sodium citrate
buffer (0.15 M NaCl, 0.015 M sodium citrate; pH
7.0). The DNAin the specimen was not denatured.
The hybrids were detected by incubation of the grids
on a drop of mouse anti-digoxigenin (Boehringer,
Mannheim, Germany). The mouse anti-digoxigenin
was detected by a rabbit anti-mouse IgG (Aurion,
Wageningen, The Netherlands). 
In order to confirm the specificity of the hybridiza-

tion signal, some sections were pre-treated with
2mg/ml ribonuclease (type IA, Sigma) in 1 mM tri-
ethanolamine-acetic acid buffer, pH 7,3 for 8 hr. at
37°C.
All preparations were contrasted with 2.5%

uranyl acetate for 5 min and lead citrate for 1 min.

RESULTS

General Morphology
To describe the organization of the SC it is nec-

essary to situate the sections in relation to the axes
of the complex. The frontal plane contains lateral
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and central elements lengthwise. The transverse
plane is perpendicular to the main axis of the SC.
Lateral plane is parallel to this axis and perpen-
dicular to the frontal plane. It contains some, but
not all the elements of the SC. This nomenclature
has been used by Moses (1968) and Sotelo (1969).
Serial sectioning of the nuclei of spermatocytes

in early meiotic prophase demonstrated the pres-
ence of short SC between 0.5 and 1.8 mm in
length. One extremity of some of them is in con-
tact with nuclear envelope, but others are distant
from the nuclear periphery (Fig. 1). The recon-
struction of 29 SC of 10 different nuclei showed
that the ends of the lateral elements of most of
these short SC are not in continuity with converg-
ing axial elements. Continuities of the lateral ele-
ments of the forming SC with a pair of thin fila-
ments can be seen when both structures are con-
tained in the thickness of one section (Figs. 2, 3).
Frontal sections show that one of these filaments
is incorporated in the external side of the lateral
element and the other at the central side, that is in
the border of the pairing space (Fig. 2). The pairs
of thin filaments and the LE are surrounded by
loops of different length and filaments of chro-
matin that correspond to long loops not contained
in the section (Fig. 3). The frequency of short
loops (40 to 200 nm in length, measured from the
tip to the axial filament) increases in the proximi-
ty of the forming chromosomal axis or lateral ele-
ment of the growing SC. These short loops are

Fig. 1 - Serial sections of a synaptonemal complex in the process of formation. The arrows indicate the position of the synap-
tonemal complex. Figure a. No synaptonemal complex can be seen. Figure b. The three elements of the synaptonemal complex
are depicted. The lower tip of the lateral elements are apparently in continuity with aligned structures (arrow head). Figures c
and d. No structure related to the forming synaptonemal complex is visible. The complex is 530 nm in length, no contact with
the nuclear envelope or continuity with converging axial elements can be seen. X 28,500.



closely distributed in quasi-periodic form along
the filament (Fig. 3 inset). The period is about 22
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nm (X=22.3, SD=3.98, N=87). It was estimated
from measures carried out in 24 LEs of 8 nuclei. 
The LEs of mature SCs present a transverse stri-

ation (Fig. 4) with a period about 20 nm (X=20.5,
SD=2.39, 36 LEs were measured in 10 nuclei).
The lateral views show that the LEs of pachytene
SC are longitudinal striated ribbons about 0.2 mm
wide, in which some thick irregular bundles of
fibrils can be discerned, but no cross striation can
be seen (Fig, 5).
Frontal sections demonstrate the presence of a

dark stained filament of irregular thickness in the
border between central space and the LEs. This
filament frequently appears as beads on a string or
aligned beads (Fig. 5 inset). 

Fig. 3 - Zygotene. The formation of the chromosome axis is
simultaneous with final pairing. The lateral element (A) is
continuous with two fine filaments (M). The central space of
the forming synaptonemal complex is visible as a chromatin
exclusion zone (arrow). F - filaments of chromatin surround-
ing the complex. X40,000. Inset. Numerous short loops form
a quasi-periodic structure (arrow head). X26,500.

Fig. 2 - Forming synaptonemal complex.
General staining. A continuity between the
fibers of the lateral element (arrow heads)
and a pair of filaments (arrow), can be
seen. p - perichromatin granules. X 40,000.
Inset. The external and central filaments of
the forming lateral element (arrow head)
are clearly continuous with the precursor
fine filaments (arrow). X 55,000.

Fig. 4 - Pachytene. General staining. A lateral element of a
synaptonemal complex showing a periodic transverse stria-
tion. X74,000.



Distribution of RNP
The lateral elements of the mature pachytene SC

are faintly stained with EDTA procedure. A row of
small granules positively contrasted with this
staining method can be seen in contact with the
medial face of the LEs of the SC in frontal sections
(Fig. 6). The forming chromosome cores and the
developing LE are frequently darkly stained. The
fine folding fibrils found in continuity with the
growing end of these structures are also positively
contrasted with EDTA procedure. These fibrils
present short loops as those depicted with standard
contrast techniques (Fig. 6 inset).
The fibrils and granules surrounding the SC are

intensively labeled by in situ hybridization of a
genomic probe carried out without denaturation of
the DNAof the sample (Fig. 7). The internal face
of the LE is also labeled. The sections treated with
RNase before hybridization present few or no gold
grains (data not shown). 

Distribution of DNA
Osmium-ammine procedure specific for DNAcon-

trasts positively the fine filaments aligned in pairs.

137

These filaments correspond to those found in conti-
nuity with the lateral elements of the SC in prepara-
tions stained with general contrasting method. The
loops of different length surrounding the fine fila-
ments are also contrasted with osmium-ammine.
Short loops are specially abundant (Fig. 8).
Important changes in the distribution of chro-

matin take place at the moment of the formation of
the SC. The central space is almost empty of
DNA-containing fibrils, except for few transverse
fibrils of chromatin. A longitudinal fibril located
to the central surface of the LE is positively con-
trasted with osmium ammine staining method
(Figs. 9, 10). This fibril corresponds to the fila-
ment of irregular diameter showed by general
staining (Fig 5 inset), and to the row of small gran-
ules found with EDTA procedure for RNP(Fig. 6).
Oblique sections of the LE demonstrate the pres-
ence of numerous short DNA-containing loops
and fibrils inside the LE (Figs. 10, 11). Some of
the fibrils crossing the LE are continuous with the
chromatin surrounding the SC (Figs. 9, 10).

Fig. 5 - Pachytene. General staining. Lateral view of the rib-
bon-like lateral element (L) of a synaptonemal complex. Lon-
gitudinal ill defined bundles of fibrils can be seen. No period-
ic pattern can be discerned. C- centriole. M- nuclear envelope
X34,500. Inset. Frontal section of a synaptonemal complex.
Portions of a dark stained filament (arrow heads) can be seen
in the central side of the lateral elements (L). X37,000.

Fig. 6 - Advanced pachytene. EDTA staining. The lateral ele-
ments are stained clear gray (L). A row of dark stained gran-
ules can be seen in the central surface of the lateral elements.
The central space is devoid of RNPstructures. Numerous
perichromatin fibrils (f) are located in the vicinity of the
synaptonemal complex and to a lesser extent in the rest of
nucleoplasm. Perichromatin granules (p) are dark stained.
X37,000. Inset. Two forming axial elements aligned in the
vicinity of the nuclear membrane are dark stained (L). The
crossed arrow indicates the continuity of a forming axial ele-
ment with a dark stained fibril depicting short folds. X24,000.



DISCUSSION

The distribution of DNAin the mature pachytene
SC has been studied by Coleman and Moses
(1964) using of indium trichloride staining com-
plemented with DNase hydrolysis. They conclud-
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Fig. 7 - In situ hybridization using a genomic probe to detect
RNA. General staining. Pachytene stage. Numerous RNPfibrils
and granules located in the nucleoplasm are labeled. Gold grains
are also associated with fibrils surrounding a synaptonemal
complex (arrows). The boundary between the lateral element
and the central space is also labeled (arrow heads). X74,000.

Fig. 8 - Osmium-ammine staining specific for DNA.
Zygotene stage. Two aligned fine filaments are positively con-
trasted (arrows). The two filaments composing the forming
lateral elements are clearly depicted (arrow heads). At this
stage the fine filaments are folded forming short loops
(crossed arrow). Abundant fibers of extended chromatin are
present in the nucleoplasm (f). X75,000.

ed that there is few or no DNAin the central ele-
ment and that the central space is traversed by
some fibrils containing DNA. These results were
supported by a study using immunolocalization of
DNA at the level of the electron microscope
(Vázquez-Nin et al., 1993). 
The use of the osmium-ammine method allowed

us a precise and specific determination of the dis-
tribution of the DNA-containing structures in
forming and mature SC. The present results
demonstrate that, in rat and guinea-pig spermato-
cytes, each lateral element of the SC in the process

Fig. 9 - Pachytene. Osmium-ammine staining specific for
DNA. An irregular filament located in the central side of the
lateral element is dark stained (arrow). The pairing space is
devoid of chromatin. No precise external limit of the lateral
element (L) can be seen. X80,000.

Fig. 10 - Pachytene. Osmium-ammine staining. Both lateral
elements of the synaptonemal complex are sectioned at differ-
ent inclination probably due to a turn of the complex. The
beads on a string aspect of the filament located in the central
side of the lateral element is clearly depicted (short arrow). The
thicker regions of these filaments are dark stained. The fila-
ments of the surrounding chromatin are continuous with those of
the LE. The upper LE is cut along the wider surface of the rib-
bon. Short loops protrude to the pairing space (crossed arrow).
Numerous fibrils and short loops lay in the thickness of the LE
(long arrow). The external border of the element indicated by a
denser arrangement of the filaments of chromatin. X70,000.



of formation is frequently continuous with a pair
of thin DNA-containing filaments folded in loops
of different length representing the sister chro-
matids of one of the homologous chromosomes.
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One of these filaments is located at the medial side
of the LE, while the other is folded in numerous
loops at the external face of the LE. The presence
of a chromatid axis at the internal side and the oth-
er at the external side of the LE is an unexpected
distribution, its cytophysiological interpretation is
open to discussion in terms of the opportunities of
each filament to become involved in different
meiotic processes. If the SC is essential for the ini-
tiation of recombination, in organisms other than
yeast as was classically proposed (see review by
Hawley and Arbel, 1993), the proximity of each
chromatid with the recombination nodules located
in the central space may influence its opportunity
to become involved in a recombination event.
Nevertheless, the filament located at the external
side of the LE may gain access to the medial space
by means of the inward oriented loops or by
changing positions with the filament situated at
the internal side of the LE. However, if in mam-

Fig. 11 - Pachytene. Osmium-ammine staining. Lateral view
of a LE. Positively contrasted short loops can be seen
immersed in a ribbon-like region stained clear gray (arrows).
C- filaments of the chromatin surrounding the complex.
X57,000.

Fig. 12 - Schematic drawing of a frontal view of a forming synaptonemal complex showing the distribution of some of its macro-
molecular components. The lateral elements (LE) extend to the right of the growing end (GE) of the synaptonemal complex. At
a short distance from the GE the central element (CE) and the transversal filaments appear. The lateral thin DNA-containing fil-
ament (LF), situated to the left of the growing end, is continuous with the filament located in the external side of the lateral ele-
ment. The loops of these filaments are associated with RNA-containing structures. The internal DNA-containing filament (IF) is
continuous with the filament located in the internal border of the lateral element (2). These filaments are also associated with
RNP. Numerous DNA-containing loops (3) are located inside the protein structure (P) of the lateral elements. Proteins form cross
striation in a periodic pattern (P) that can be seen in frontal section. The appearance of a zone of exclusion of DNAand RNA
(1), takes place before the formation of the classical elements of the synaptonemal complex.



mals the recombination is initiated before the SC
formation as in yeast (Padmore et al., 1991; Sym
et al., 1993; Borde et al., 2000), the association of
the chromatids with the both sides of the LE may
be only relevant to crossover interference and dis-
junction process (Maguire, 1995).
The two DNA-containing thin filaments are pre-

sent in frontal sections of the SC. Doubleness of
the LE has been observed in rat spermatocytes
(Sotelo and Trujillo-Cenoz, 1958), in pigeon
(Nebel and Coulon, 1962) and in various other ani-
mals and plants (see review by Moses, 1968).
These pairs of thick fibers frequently found in lat-
eral sections of the LE, were interpreted as repre-
senting the two chromatids of one chromosome
(Nebel and Coulon, 1962; Baker and Franchi,
1967; Moses, 1968). The results of the present
work indicate that in rat and guinea-pig the DNA-
containing filaments do not correspond to thicker
fibers that can be discerned in the protein structure
of the lateral elements. 
The development of the SC is accompanied by an

intense rearrangement of chromatin characterized
by: 1) the formation of a region of almost complete
exclusion of DNAand RNA, the central space, and
2) the folding of the fine filaments to form multi-
ple short loops before incorporating into the SC.
These short loops are included in the ribbon-like
structure of the LE in mature SC.
Periodical striated patterns were described in ani-

mals, fungi and plants (see reviews by Westergaard
and Wettstein, 1972; Zickler and Kleckner, 1999).
When SCP3 is expressed in cultured somatic cells,
cross-striated filaments with a periodicity of about
20 nm are formed (Yuan et al., 1998). This period
approximately coincides with the spacing of the
bands of the LEs found in some animals and in an
Ascomycete (Zickler and Kleckner, 1999). The
periodicity of the numerous short loops contained
in the thickness of the ribbon-like structure of the
LE is also about 20 nm, although there is some dis-
persion of data. The DNAisolated and sequenced
from purified SC was found to be different from
random genomic sequences (Pearlman et al.,
1992). It presents excess of microsatellites, mostly
GT/CA repeats, and fragments of LINE and SINE
sequences, which are interpreted as specialized
attachment sequences (Pearlman et al., 1992;
Moens, 1994; Moens et al., 1998). The loops of
DNA lying inside the LE probably correspond to

140

these attachment sequences associated with the
proteins of the LE.
The irregular filament located at the central face

of the LE of SC is stained with EDTA procedure
and labeled by in situ hybridization carried out
without the denaturation of the DNAof the sam-
ple. These features demonstrate that RNAis asso-
ciated with the DNA-containing axial filament sit-
uated at the medial side of the LE in mature SC.
The presence of the RNAin the fine axial chro-
matin filaments is detected short before these fila-
ments are incorporated in the forming LE, and dis-
appears progressively during the course of
pachytene stage. It is difficult to ascertain the
whether the filament located at the external side of
the LE also contains RNA, due to its numerous
loops and the multiple RNPstructures, as
perichromatin fibrils and perichromatin granules
(Monneron and Bernhard, 1969), associated with
it. The appearance of RNAbound to the chromo-
some axes during final pairing may represent the
newly synthesized RNAs previously found using
biochemical procedures and referred to as PsnR-
NA and zygRNA. A small nuclear RNA125
nucleotides in length (PsnRNA) transcribed by
RNA polymerase III was found to be synthesized
during meiotic prophase in Lilium (Hotta and
Stern, 1981). The transcription of a DNAreplicat-
ed during chromosome pairing has been reported
in lily and mouse meiocytes (Hotta et al., 1985).
These transcripts (zygRNA) contain poly(A) and
are found only in meiocytes (Hotta et al., 1985).
Furthermore, autoradiographic experiments at the
light microscope level have demonstrated nucleo-
lar and extranucleolar transcription during meiot-
ic prophase in various animals and plants (Taylor,
1959; Muckenthaler, 1964; Monesi, 1965; Kier-
szenbaum and Tres, 1974; Tres, 1975; Hartung
and Stahl, 1976; Söderström, 1976; Geremia et
al., 1977). The inhibition of transcription during
meiotic prophase results in strong interference
with meiotic process (Sakaguchi et al., 1983).
When the inhibitor was applied in leptotene or
zygotene, meiotic development arrests and synap-
sis does not take place (Sakaguchi et al., 1983).
The authors suggest that late zygonema probably
represents a physiological distinctive stage in mei-
otic development with respect to RNAmetabo-
lism which is related to the completion of synap-
sis. Taking into account all these results, the asso-



ciation of RNAwith the axial filaments before the
formation of the SC and its presence in the chro-
matin axes of the LE during early pachytene is
probably related to a still uncharacterized process
essential for the achievement of final pairing. The
intensity of the positive contrast of the forming
leptotene and zygotene chromosomal axes with
EDTA procedure for RNPis much higher than that
of the lateral element of the forming SC. During
pachytene stage the specific contrast due to RNA
fades and finally disappears from the lateral ele-
ments of the SC. These observations lead us to
speculate that the RNAis probably related to the
assembly of the component of the axial element
and its transformation to lateral element of the SC.
Further work aimed at characterizing morpholog-

ically and cytochemical the structures associated
with homology search and with the formation of
the SCs is in progress. In order to interpret the
presence of RNAin the SC it is important to study
the localization of the transcriptional activity in
several stages of meiotic prophase. 
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