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Abstract

In many organisms completion of the first meiotic cell division depends on the correct assembly and disassembly
of the synaptonemal complex (SC). This is a structure discovered a little over 50 years ago, which is formed by
the close association of axes of homologous sister chromatid pairs. Its structure varies between organisms,
although it retains a common tripartite organization in species as evolutionarily distant as budding yeast and
humans. In mammals it is essential for crossover formation and completion of meiosis. Components of the
mammalian SC have been identified only in the last 15 years, and mouse genetic approaches have started
revealing the importance for this structure only in the past 5 years. Here we discuss the progress that has been
made in the field of the mammalian SC and what approaches could be considered for its further study.

Introduction

Meiosis is the process of generating haploid gametes
from diploid precursor cells. During this process
mammalian cells perform the feat of aligning the
homologous DNA molecules which form the chro-
mosomes, generating recombination events between
them and then segregating the four genomes in the
replicated diploid cell into four nuclei. This is an
astonishing achievement as it involves the manipu-
lation of 4 m of DNA in a volume of about 400 pm?,
the equivalent to about 30 million kilometres in the
volume of a table tennis ball. The mechanisms
required to complete this process are complex.
Distinct proteins assemble to form a structure, axial
elements or AE, with which each pair of sister
chromatids is associated. When the AE connected to
a pair of sister chromatids closely associates with the
AE from the homologous sisters, they are termed

lateral elements (LE). This association is what
defines synapsis and is mediated by the transverse
filaments (TF) and the central element (CE) as shown
in Figure 1. Together, LE, TF and CE compose the
SC. There is an intimate link between the assembly
of the SC and the repair and recombination processes
which follow the generation of double-strand breaks
(DSB) (Keeney et al. 1997). DSB are required for
homology searching and recombination which ulti-
mately results (in mammals) in an average of
between one and two genetic crossover events per
chromosome pair.

Much of our current understanding of synapsis and
recombination is derived from organisms such as
Caenorhabditis elegans, Drosophila melanogaster
and Saccharomyces cerevisiae with heavy emphasis
on the latter. In these organisms cheap and rapid genetic
screens have been used to identify genes involved
in particular stages of meiosis, and biochemical
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Figure 1. Cartoon showing nomenclature and major components of the synaptonemal complex.

approaches have been used to define their function.
One feature that has emerged is the conservation of
structural motifs in SC proteins in the absence of
easily detectable sequence conservation at genome or
protein level. This contrasts with the repair proteins,
which can be recognized at the sequence level in
widely differing species. Mammalian systems have
nonetheless some advantages despite the high cost
and low speed of genetics and the lack of the meiotic
culture systems which would permit siRNA and
biochemically based approaches. Their genomes and
hence chromosomes are larger than those of yeast
and flies. This makes immunocytochemical analysis
more powerful than in many other model organisms.
Mouse genetics has been effectively used in combi-
nation with cytology to examine meiotic phenotypes
produced as a result of targeted mutagenesis in
embryonic stem cells. With the efforts to produce
conditional knockouts of all mouse genes this
approach is just beginning.

A primary driver of attempts to understand the
processes of meiosis and particularly synapsis in
mammals, is the fact that we are mammals. Infertility
is estimated to affect 15% of couples, and a
significant proportion of this is due to defects in

meiosis. Although in some cases described at a
cytological level, most of the cases of infertility due
to meiotic problems escape diagnosis. Even when
diagnosed and characterized clinically cases are
unlikely to have the biochemical or genetic defect
pinpointed. Aneuploidy is a further clinical manifes-
tation of problems in meiosis, which is more
common in females. In humans, when meiosis is
arrested at the dictyate stage, chromosomes are held
together by cohesion and chiasmata for decades.
Failure of these processes to maintain correct
chromosome segregation has catastrophic effects for
the zygote.

In this review we will focus on mammalian
synapsis and the use of targeted mutagenesis in mice
to shed light on the molecular mechanisms involved
in building the synaptonemal complex.

Synaptonemal complex structure and assembly

Meiosis can be viewed as a set of specific molecular
events occurring after the completion of the last
round of diploid DNA synthesis. Initiating with the
formation of DSB, the normal process continues with
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the assembly of AE known to contain meiosis-
specific proteins such as SYCP2, SYCP3 and
cohesins, both meiosis-specific and canonical (Schalk
et al. 1998, Prieto et al. 2001, Pelttari et al. 2001).
The bulk of the DNA remains looped from these
chromosome cores which gradually extend to
encompass the whole length of the sister chromatids.
DSB marked by extensive regions of phosphorylated
histone H2AX (YH2AX) have a 3’ extension which is
thought to be involved in the homology search
processes essential for homologue pairing, gene
conversion and crossover (Rogakou et al. 1998,
Hunter er al. 2001). These DSB are repaired and
resolved with a small fraction of them resulting in a
crossover and exchange of genetic information.

The role of cohesins in mammalian meiosis has
been studied by using knockout mice for the meiotic
cohesins SMCI1B and RECS8 (Revenkova et al. 2001,
2004, Eijpe et al. 2003). The role and regulation of
cohesins in chromosome segregation during meiosis
has been extensively reviewed, but in terms of
synaptonemal complex formation the striking feature
of both mutants is the overall reduction in the length
of the axial elements (Klein er al. 1999, Nasmyth
2002, Revenkova & Jessberger 2005). In the case of
SMCI1B knockout meiosis there is a high level of
incomplete synapsis and the size of DNA looped out
of the axial element is increased (Revenkova et al.
2004). This has been interpreted as a reduction in the
amount of DNA packed into the AE but could
equally be due to a difference in the degree of
chromatin compaction in the loops caused by the
absence of the meiotic cohesins. Despite these
abnormalities, axial element proteins SYCP2 and
SYCP3 are present, and where synapsis occurs the
transverse filament protein SYCP1 is present. This
phenotype is more extreme in the case of Rec8
mutants where absence of REC8 results in synapsis
between sister chromatids (Xu et al. 2005). Together
this suggests that these meiotic cohesins are not
essential for axial element formation but are required
for completion of synapsis between homologues.
Temporal analysis of cohesin distribution suggests
that RECS8 is assembled into a SC-like structure
before the other known components in wild-type
meiosis, but this cannot be essential for SC formation
(Eijpe et al. 2003). An important additional role for
cohesins in stabilizing chiasmata and so chromosome
attachment until anaphase of meiosis I in females is
also likely, since analysis of Smclp knockout mice
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shows reduction in recombination and increase in
univalents which, as in human females, is age-
dependent (Hodges et al. 2005).

Major non-cohesin components of the SC have
been demonstrated using antibodies raised against
purified SC. Now named SYCP1-3, the second two
proteins are components of the axial/lateral elements
whereas SYCP1, present only when synapsis occurs,
is a component of the transverse filaments that meet
in the central element (Meuwissen et al. 1992,
Lammers et al. 1994, Offenberg et al. 1998). SYCP2
and SYCP3 have been reported to be immunopre-
cipitated by antibodies recognizing cohesin subunits,
suggesting a close but not necessarily direct interac-
tion (Eijpe et al. 2000, Lee et al. 2003). Both proteins
have been shown to interact in a two-hybrid system
and more recently the interaction has been shown to
be direct and to require the coiled coil domain of
SYCP2 (Yang et al. 2006). SYCP2 is a 173 kDa
protein, expressed only in meiotic germ cells, with
potential DNA binding motifs in addition to the
coiled coil domain. Targeted mutagenesis has been
used to generate mice producing SYCP2 with a
deletion encompassing this region of the protein
(Yang et al. 2006). In these animals the mutant
protein is not associated with SYCP3. The males are
sterile while the females have a reduced litter size. In
the males, chromosomes do not synapse, although
short stretches of SYCP1 staining can be detected by
immunofluorescence and electron microscopy. The
truncated protein is associated with axial elements,
though these are abnormal and do not contain
SYCP3. Synapsis, as reported by SYCP1 localiza-
tion, is more complete in female meiosis, a common
observation in mice with mutated meiotic genes. In
these animals both sexes show SYCP3 present as
aggregates in the nucleoplasm of meiotic cells,
suggesting that its interaction with SYCP2 deter-
mines its incorporation into AE; however, this
conclusion is at odds with the phenotype of the
Sycp3 knockout mouse in which SYCP2 is absent
from the axes of chromosomes (see below). A
possible explanation is that the mutation in the Sycp2
gene has resulted in a protein that is no longer
dependent on SYCP3 for localization. The outcome
of a null Sycp2 mutation would be informative.

SYCP3 itself is a small protein (~30 kDa) with
potential coiled-coil and nucleotide binding motifs
(Lammers et al. 1994). Male mice lacking this
protein are sterile and exhibit germ cell death
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through apoptosis during zygotene (Yuan et al.
2000a). Spermatocytes do not form AE or SC which
are recognizable by silver-based staining methods,
but immunocytochemistry with antibodies to SYCP1
shows short, interrupted regions characteristic of
partial synapsis. Staining for cohesin components
reveals that some of these SYCPI1 staining regions
co-localize with AE-like cores, presumably where
these are synapsed. Recombination proteins are still
associated with these cores although levels in
SYCP3-deficient animals may be reduced compared
to wild-type. Again the phenotype of the null
mutation is sexually dimorphic (Yuan et al. 2000b).
Females are fertile but with reduced litter size, which
is probably caused by elimination of embryos with
aneuploidy (Yuan er al. 2002). Analysis of MI
chromosomes showed an increased frequency of
achiasmate chromosomes and a corresponding increase

Y. Costa & H. J. Cooke

in the occurrence of aneuploid fertilized eggs. This
effect was subtle as MLH1 foci, which mark sites of
crossover resolution, were present with an overall
small increase in number and variability between
cells. A second abnormality of female synapsis in
these Sycp3 null animals is the presence of breaks in
the SYCPI1 signal from synapsed chromosomes,
suggesting that the structure of the LE is affected by
the absence of this protein or by the associated absence
of SYCP2.

The presence of SYCPI, a component of the
transverse filaments, between the lateral elements is
generally considered to mark synapsis (Figure 2).
SYCP1 is a 111 kDa protein that is predicted, based
on its sequence, to have C and N terminal globular
domains linked by an extended coiled coil region
(Meuwissen et al. 1992, 1997). Also based on protein
sequence, it has been suggested that the C terminus

Figure 2. A normal male mouse pachytene spread with AE/LE represented by green immunolocalization of SYCP3 and SYCP1
immunolocalized in red. Note the lack of red signal on the unpaired X and Y chromosomes and the merged yellow signal present on fully

synapsed autosomes. Scale bar represents 5 pm.
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could have DNA-binding properties. By using anti-
bodies directed against C and N terminal regions in
conjunction with immunogold labelling and electron
microscopy, the C terminal domain has been located
to the edge of the LE of the SC and the N terminal
region to the CE (Schmekel et al. 1996). Yeast two-
hybrid assays have shown that the N termini of
SYCP1 molecules can interact with each other and
statistically based measurement of dimensions of SC
and immunogold signals has led to the commonly
illustrated model shown in Figure 1 (Liu et al.
1996). Transverse filaments composed of parallel
dimers of SYCP1 associate through interdigitating N
termini and this tetramer spans the gap between
lateral elements.

A possible functional homologue of SYCP1 is
present in yeast. This protein, ZIP1, locates to the
transverse filaments (Sym et al. 1993). In most yeast
cells during meiosis it also locates to a structure, the
polycomplex, which may be a storage site for the
protein (Sym & Roeder 1995). Overexpression of
ZIP1 increases the extent of polycomplex formation
and electron microscopy shows a pattern of electron
density reminiscent of stacked SC (Sym & Roeder
1995). Similarly, overexpression of SYCP1 in cul-
tured somatic cells produces aggregates (Ollinger
et al. 2005). In the electron microscope these show
periodic lines of differing electron densities with
dimensions compatible to those of the SC. Changing
the length of the coiled-coil region of the overex-
pressed SYCPI results in changes in the width of
these structures. Since these somatic cells do not
express other meiotic proteins such as SYCP2 or 3
the implication is that SC dimensions are determined
by the SYCP1 molecule, and that assembly could
also be determined by this protein.

Not surprisingly, a knockout of this gene in male
mice produces a failure of synapsis but autosomes
are still paired and aligned, presumably through
interactions such as strand invasions and double-
Holliday junctions which would normally result in
crossover (de Vries et al. 2005). The exception to
this is that the sex chromosomes are not associated.
One possible explanation for this is that the limited
region of homology to which the obligate crossover
is confined does not contain enough of the inter-
actions to stabilize any associations created in the
absence of SC formation (Kipling et al. 1996). The
other class of defects in male meiosis in these
animals is in repair and recombination processes.
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The phosphorylated form of histone H2AX (yH2AX)
is incorporated into chromatin for kilobases on either
side of DSB and other DNA damage. In normal
meiosis, leptotene cells show multiple sites of
YH2AX incorporation but by pachytene these have
disappeared and this histone modification is found
only in the XY body. In Sycp/ KO animals these are
not all resolved and multiple YH2AX positive
domains are still found. This is not unexpected based
on in-vitro interactions shown between SYCP1 and
RADS1 (Tarsounas et al. 1999). In addition, in these
mutants, markers of recombination such as RAD51,
RPA and MSH4 are present but are retained in
comparison to wild-type cells. The markers of
crossover, MLH1 and MLH3, are not found. This is
consistent with recombination being blocked before
crossovers can occur; in consequence, males are
infertile. Females are also infertile, although the
phenotype has not been fully reported (de Boer et al.
2006). However, based on the phenotype of the CE
protein SYCE2 knockout (see below), it would be
predicted to be similar to the male.

The proteins mentioned so far have been studied in
meiosis because they are related to proteins with
known function in mitosis or because they were
detected biochemically in preparations enriched for
synaptonemal complexes. More recently several labo-
ratories have used approaches based on techniques
such as library subtraction and microarrays to define
genes expressed specifically in the testis (Wang et al.
2001, Maratou et al. 2004, Toure et al. 2005). In
model organisms such as the mouse this can be
coupled with measuring the onset of gene expression
in the synchronous progression through the first wave
of spermatogenesis and thus linking expression
profiles to stages of germ cell development. Taking
this analysis beyond the global scale, and looking at
individual candidate genes, is laborious but has
recently led to the discovery of three new components
of the synaptonemal complex. These proteins,
SYCEI, 2 and TEX12, are components of the CE
which is formed when chromosome axes are syn-
apsed (Costa et al. 2005, Hamer et al. 2006). To date
they are the only known components confined to this
structure together with the N terminal region of
SYCPI. Immunocytochemistry has shown that in the
absence of SYCPI1 these proteins are delocalized
from the chromosomes. Moreover, biochemical data
show that the N terminus of SYCP1 interacts with both
SYCEI and 2, and that these proteins can interact with
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themselves and with each other, suggesting a possible
structural role for the central element involving all
these interactions (Costa et al. 2005). This has been
confirmed by the finding that TEX12 interacts with
SYCE2 and that it is likewise delocalized in Sycp!/
KO animals (Hamer et al. 2006).

The first phenotype of null mutations in a CE
protein has been reported recently (Bolcun-Filas et al.
2007). In both male and female meiosis AE form
with normal levels of cohesins and SYCP2 and 3.
Homologous pairs of chromosomes are juxtaposed
but synapsis does not occur. As is the case in the
Sycpl knockout, the X and Y chromosome are not
juxtaposed and sex body formation does not occur.
YH2AX domains are not removed after zygotene and
although RADS51, RPA and MSH4 are present, the
markers of crossover MLH1 and MLH3 are absent.
The phenotype in male is very similar to that in the
Sycpl knockout. In either knockout both sexes are
infertile. A significant difference between these two
SC mutants is that, in the male Syce2 knockout,
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SYCP1 is absent from the AE except at occasional
points of contact between pairs of AE, which also
contain SYCE1 (Figure 3). This suggests that, in
contrast to the results from overexpressing SYCPI in
cell culture, the SC can not be formed in vivo by N
and C terminal interactions of SYCP1 alone. Rather,
these interactions set the spacing of the LE but are
by themselves unstable, requiring SYCE1 for the
increased stability reflected by the points of AE
contact in the Syce2 knockout. Clearly, SYCP1
cannot bind to the AE without its incorporation into
a CE, implying that interactions at the N terminus of
this molecule affect interactions at its C terminus. A
further inference is that these regions of SYCP1/
SYCE1 complexes can not be stably extended in the
absence of SYCE2. This model for the assembly of
the SC is illustrated in Figure 4.

In budding yeast, synapsis initiaties at discrete
sites—the synaptic initiation complex (SIC) which
contain a number of defined proteins termed ZIP2, 3
and 4 (Chua & Roeder 1998, Agarwal & Roeder

Figure 3. Disruption of synapsis in the absence of the CE protein SYCE2. Chromosomes are aligned but not synapsed except at occasional
points of contact which contain SYCE1 and SYCPI. Axial elements are visualized by immunostaining for SYCP3 in green and SYCEI is

visualized in red. Scale bar represents 5 pum.
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2000, Tsubouchi et al. 2006). The cytological
distribution of SIC shows interference in the same
way as does the genetic distribution of crossovers
and, based on this and interaction/co-localization
with Msh4 and 5, SIC have been inferred to mark
sites of crossover. ZIP2 and 4 are dependent on ZIP3
for localization to axial elements, and the localization
of Zip2 and 4 are mutually dependent, suggesting
that they represent a functional unit (Tsubouchi ez al.
2006). This is reminiscent of findings with SYCE1
and 2 and TEX12, but do the points of contact we see
in the SYCE2 mutant animals represent mammalian
SIC? Given the variability which we see in number
and spacing from cell to cell this seems unlikely, but
a definitive answer will require further experiments.

The picture of the SC with cohesins, both generic
and meiosis-specific, interacting with the SYCP1-3
proteins and the three new constituents of the CE,
although complex, is incomplete. Other players
have been found by chance—an example of this is
the FKBP6 protein (Crackower et al. 2003). This
protein is a member of a family of proteins which
bind the immunosuppressive drug FK507. The
human orthologue is involved in a contiguous gene-
deletion syndrome (Meng et al. 1998). When the
mouse homologue was cloned and its expression
pattern studied it was found to be a meiotic cell-
specific protein which was located on synapsed, but
also to a lesser extent on unsynapsed, chromosome
regions. Disruption of the gene encoding this protein
by targeted mutagenesis caused male mice to be
infertile while females were unaffected. Among other
abnormalities, synapsis was compromised with evi-
dence for non-homologous pairing. Additionally
there is biochemical evidence for interaction of
SYCP1 and FKBP6 from mass spectrometry of
immunoprecipitated protein and in Sycp3 knockout
spermatocytes, the regions of synapsis detected by
staining for SYCP1 were also stained by antibodies
directed against FKBP6. However, the observation
that FKBP6 is present on axial elements before
synapsis suggests that this interaction is not essential
for localization of FKBP6. In the rat a naturally
occurring mutation causes azoospermia, and is the
result of deletion of exon 8 of the Fkbp6 gene
(Crackower et al. 2003). It is likely that both
systematic and serendipitous work will produce more
SC proteins, the role of which can be initially probed
with the use of mouse models.
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Discussion

Because many of the proteins described here function
only during meiosis, and do not show haplo-insuffi-
cient effects, targeted mutagenesis in the mouse has
been a useful method of generating novel meiotic
phenotypes without resort to complex conditional
strategies. These phenotypes give clues to the
mechanisms involved, although this may not be
unambiguous. As an example, REC8 expression
patterns are consistent with it forming the basis of
an AE scaffold on which other components such as
SMC1B, SYCP2 and SYCP3 assemble. However, the
RECS knockout animal forms AE, although they are
clearly fragmented and undergo inter-sister chroma-
tid rather than inter-homologue synapsis in both
sexes. A further example of inconsistencies between
mouse models is that of Sycp2/Sycp3 mutants.
Knockout of SYCP3 delocalizes SYCP2 from the
remaining AE but introduction of a mutation into
SYCP2 which blocks its interaction with SYCP3
results in delocalization of SYCP3 but not SYCP2. It
will be necessary to have a deeper understanding of
the mechanism before these differences can be
reconciled.

Knocking out a single gene is a reductionist
approach which may not be entirely appropriate to
understanding the SC. As the name implies, this is a
complex of proteins, and what the currently available
range of knockouts demonstrate is that some features
are remarkably robust—for example AE-like struc-
tures can be found in a variety of knockouts—but that
complete function is not achieved without all
components being present. In this situation depen-
dencies cannot easily be resolved by knockouts. As
an example, the relationships cited above for CE
assembly do not fit into a simple, linear epistatic
model, but instead are an example of co-dependence
in building a complex of protein molecules all of
which may be needed for function.

Although genetic approaches can provide infor-
mation about the function of known components of a
process such as synapsis in mouse, unlike in yeast
and other simpler model organisms, they are difficult
and expensive to use in the form of screens to define
new players in the process. An alternative approach
to this in mammalian systems has been to use the
human population as a source of mutants. Human
populations are relatively large and particularly well
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phenotyped, and this has been used to map and
characterize genes and pathways. This has not so far
been a productive approach in the case of infertility
in general and meiosis in particular. The complexity
of the infertility phenotype, and the difficulty of
obtaining relevant tissue to generate a clear picture
of pathology, is one reason for this; the large number
of genes and small individual contribution of any one
to the total of cases of infertility is another. Input in
the opposite direction, from targeted mutagenesis to
the human population, has been marginally more
successful. Mutations have been reported in the
Sycp3 gene of men with a meiotic arrest phenotype,
although this has not been replicated in other
populations and most recently mutations have not
been found in the Fkbp6 gene (Stouffs et al. 2005,
Zhang et al. 2005, Miyamato et al. 2006). The lack
of a suitable cell culture system is a major hindrance
to the study of meiotic processes in mammals.
Genetic approaches in the mouse are developing
rapidly, with consortia producing conditional null
mutants for all known genes; but this still requires
the production of mice, which is slow and expensive.
A potential route around this could be the production
of meiotic cells from pluripotent embryonic stem
cells. Progress has been made recently with the
production of haploid cells and mice from ES cells,
but the overall efficiency is currently too low to
exploit the system other than on a single-cell basis
(Hubner et al. 2003, Toyooka et al. 2003, Geijsen et
al. 2004, Nayernia et al. 2006, Guan et al. 2006). In
addition it is not clear that these cells go through a
normal meiosis (Novak et al. 2006). If efficiencies
improve then a variety of approaches such as those
based on siRNA could be used to rapidly screen for
new components. Subtle mutations could also be
introduced into known proteins to investigate mech-
anisms at a more detailed level than is currently
feasible in the whole animal.

The next challenge is to move from having a list of
components, locations and effects of null mutations
to understanding the mechanistic basis for assembly
and disassembly of the SC and its interactions with
the proteins involved in repair and recombination.
From comparisons of the relationship between
synapsis and recombination in different organisms a
general rule seems to be that organisms which make
a large number of DSB require synaptonemal
complex formation to successfully process those
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few DSB which will result in crossover. Mechanical
forces have been suggested to be involved during this
process, which a robust SC would need to withstand
(Borner et al. 2004). However, it is also highly likely
that the crossover complexes, visualized as late
recombination nodules, contain many different pro-
teins which are dependent on SC components for
their functional assembly. Resolving such questions
will require a combination of structure determina-
tions coupled with the use of mutations to perturb
function. Fortunately rapid progress in techniques
such as cryo-electron microscopy and advanced
optical microscopy are likely to be able to bridge
the current gap between the protein sequence and
immunocytochemistry of the mammalian SC.
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