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The study of the effect of programmed cessation of transcription in a large nuclear domain,
on the distribution of elements of the pre-mRNA splicing machinery, is the main aim of
this paper. To this end, we took advantage of the nuclear partitioning of mouse sper-
matocytes early in meiosis into autosomal transcribing and XY nontranscribing compartments.
This system also allows to extend this study to stages in sperm differentiation that are
accompanied by reduction and eventual cessation of transcription. We show by indirect
immunofluorescence in spermatogenetic cells that 1) fluorescent signals of the pre-mRNA
splicing factors SF53/4 and SC35, of the Sm antigens, and of RNA polymerase II, are
largely absent from the nontranscribing, X-inactivated compartment, but are abundantly
present in the transcribing autosomal compartment and 2) the presence, gradual reduction,
and absence of transcriptive activity in nuclei undergoing the sperm formation sequence
are positively correlated with the fluorescence patterns of the antibodies against SF53/4,
SC35, and the Sm antigens. These data suggest that cessation of transcription during sper-
matogenesis is accompanied by exclusion of the splicing machinery from nontranscribing
chromatin to its vicinity.

INTRODUCTION
The perfection of the nucleus leading to the evolution
of the eukaryotic cell was achieved by structural ad-
aptations to the requirements of DNA replication, tran-
scription, RNA processing, and message transportation.
This paper deals primarily with one aspect of nuclear
functional organization, namely, the effect of cessation
of transcription in a large nuclear region located within
a transcribing environment on the distribution of pre-
mRNA splicing components.
The maturation of most eukaryotic pre-mRNA in-

volves posttranscriptional processing events that are re-
quired to convert the nuclear primary transcripts of RNA
polymerase II (pol II) into functional mRNAs by splicing,
capping, and polyadenylation. Numerous studies of
splicing in vitro have established that it occurs only after
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the assembly of multicomponent ribonucleoprotein
(RNP) complexes, termed spliceosomes, which sediment
in density gradients as 40-60S particles. The assembly
of functional spliceosomes involves an ordered binding
to the pre-mRNA of five small nuclear RNP (snRNP)
particles and of a number of non-snRNP proteins,
among which several essential splicing factors have
been identified (reviewed in Krainer and Maniatis, 1988;
Steitz et al., 1988; Green, 1991; Guthrie, 1991; Moore
et al., 1993). On the other hand, studies in vivo have
shown that several specific nuclear pol 11 transcripts and
their splicing products, as well as the general population
of nuclear poly(A)+ RNA, are packaged with all thus
far known spliceosomal components and splicing factors
in large nuclear RNP (lnRNP) particles of a uniform
size that sediment at the 200S region in sucrose gradients
(Sperling et al., 1985, 1986; Spann et al., 1989; Ast et
al., 1991). These studies indicate that nuclear pre-mRNA
splicing in living cells occurs on structures more complex
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than individual spliceosomes. The lnRNP particles have
thus been proposed to represent the nuclear RNA pro-
cessing machinery (Sperling and Sperling, 1990).
The assembly of the splicing machinery in living cells

is apparently coupled to transcription since the nascent
pre-mRNA becomes covered with splicing factors as
soon as it is transcribed. This positional relationship be-
tween sites of transcription and sites of pre-mRNA
splicing is supported by a large body of observations at
the light and electron microscope level (reviewed in Gall,
1992; Spector, 1993; Xing and Lawrence, 1993; Kramer
et al., 1994). In some cases, the pre-mRNAs that are
found associated with splicing components in these nu-
clear sites are in a nascent form (Beyer and Osheim,
1988; Gall and Callan, 1989; Vazques-Nin et al., 1990;
Wu et al., 1991; Tsvetkov et al., 1992; Jimenez-Garcia
and Spector, 1993; Wansink et al., 1993; Xing and Law-
rence, 1993; Zachar et al., 1993). In other cases, the pre-
mRNA is found at various stages of the RNA processing
pathway (Fakan et al., 1984; Carter et al., 1991; Xing
and Lawrence, 1993; Kramer et al., 1994). In addition
to this class of pre-mRNA containing sites, a second
class of nuclear sites that contain splicing components
but are devoid of pre-mRNA can be distinguished. Ex-
amples of such sites are the snurposomes of Xenopus
oocytes (Gall and Callan, 1989; Wu et al., 1991; Gall,
1992; Wu and Gall, 1993) and the coiled bodies of
mammalian nuclei (Elicieri and Ryerse, 1984; Fakan et
al., 1984; Raska et al., 1991; Spector et al., 1991, 1992;
Carmo-Fonseca et al., 1992; Huang and Spector, 1992).
Some of these organelles also lack certain splicing factors
(e.g., SC35 [Wu et al., 1991]). These findings, as well as
experiments in yeast which have indicated that the
amount of Ul snRNP is in excess of what is required
for splicing efficiency and growth rate (Seraphin and
Rosbash, 1989), suggest a role for these organelles as
storage sites for splicing components (reviewed in Gall,
1992; Spector, 1993), although other roles are not ruled
out. The relationship between the two classes of sites,
those where pre-mRNAs and splicing components co-
localize and those where splicing factors are present but
pre-mRNAs are absent, is not well defined. A study
comparing the distribution of splicing factors with that
of pol II should provide insight into this issue-partic-
ularly when carried out in an unperturbed cellular sys-
tem that normally develops large nuclear domains de-
void of transcription, which exist alongside with
transcriptionally active domains. Spermatogenesis of the
mouse is suited for this purpose, as it comprises a se-
quence of complex cellular events exhibiting dramatic
changes in the pattem of transcription, which is cor-
related with changes in chromatin density.
Three circumstances of spermatogenesis are partic-

ularly well suited for the study of the relationship be-
tween transcription and splicing phenomena. First, the
nucleus of the early primary spermatocyte is divided

into two major compartments of unequal size (Figure
1). In the larger, autosomal compartment many genes
are transcribing, perhaps more than are functionally
required (Davies and Willison, 1993), while in the
smaller XY compartment the condensed chromatin is
largely nontranscribing (e.g., Monesi, 1965; Tres and
Kierszenbaum, 1981). This "XY body" occupies a well-
defined portion of the nuclear volume. Second, the
transition of postmeiotic, haploid spermatids into ma-
ture sperm cells is accompanied by a gradual chromatin
condensation and silencing of gene activity (Davies and
Willison, 1993). Third, elements of the RNA processing
machinery and mRNA related to sperm differentiation
accumulate outside the nucleus in the chromatoid
body-an enigmatic transient structure unique to
spermatogenesis (Biggiogera et al., 1990; Saunders et
al., 1992).
Here we show by indirect immunofluorescence that

the fluorescent signals of RNA polymerase II, of two
different splicing factors and of the Sm antigens are
almost completely absent from the largely nontran-
scribing XY body of early mouse spermatocytes, but are
abundantly present in the autosomal compartment. We
also show that in later haploid stages of spermatogenesis
spermatid nuclei lose their splicing factors in correlation
with their chromatin condensation and with the reduc-
tion and eventual cessation of transcription. Finally, the
chromatoid body was found to harbor the tested splicing
elements despite being empty of chromatin, hence of
transcription.

MATERIALS AND METHODS

Cell Preparation
All experiments were performed on cells from testes of the laboratory
mouse, Mus musculus, strain C57/Black. To release spermatogenetic
cells, small pieces of testicular tubules were repeatedly pulled apart
between two fine forceps. Microscopic slides were obtained in two
ways. 1) Cells were suspended within drops of RNA-preserving buffer
CSK [10 mM piperazine-N,N-bis(2-ethanesulfonic acid (PIPES), pH
6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2 (Fey et al., 1986)]
placed on silane coated slides, permeabilized on ice with Triton X-
100 in CSK for 3 min, washed and fixed in 3.7% paraformaldehyde
in CSK and then immediately immunostained. 2) Cells were micro-
spread on clean slides in drops of 0.2 M sucrose, fixed in 4% para-
formaldehyde in 0.1 M sucrose adjusted to pH 8.5, and washed in
Photoflo (Fletcher, 1979). Slides were either stained with 50% silver
nitrate for visualization of autosomal synaptonemal complexes and
sex chromosome axes, or stored at -80°C until used. These two
methods of cell preparation gave the same results. All photographs
in this paper were obtained from cells prepared by the second method,
which gave better cytological detail.

Antibodies
Monoclonal antibody (MAb) 53/4 (mouse) is directed against the es-
sential pre-mRNA splicing factor SF53/4 (Ast et al., 1991). Hybridoma
cells producing MAb 53/4 were selected from a panel of MAbs pre-
pared by injecting SJL/J mice with HeLa cell nuclear extract enriched
by InRNP particles that sediment at about 200S in sucrose gradients
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(Spann et al., 1989; Sperling et al., 1985). MAb 53/4 from ascitic
fluids was purified by affinity chromatography on protein A-Sepharose
(Pharmacia, Uppsala, Sweden) as previously described (Ast et al.,
1991). MAb anti-SC35 (mouse), is directed against the essential splicing
factor SC35 (Fu and Maniatis, 1990), a gift from Dr. J. G. Gall. MAb
A52 (mouse) is an anti-DNA monoclonal autoantibody (Eilat et al.,
1984) kindly provided by Dr. D. Eilat. MAb 8WG16 (mouse) is directed
against the highly conserved heptapeptide repeat of the largest subunit
of RNA polymerase II (Thompson et al., 1990) kindly provided by
Dr. R.D. Komberg. Anti-Sm human autoantibodies were from a patient
with systemic lupus erythematosus (Arad-Dann et al., 1987).

Immunostaining
Microscopic slides with spread cells were rinsed in 0.5% Triton X-100
in phosphate-buffered saline (PBS) at 4°C, for 3 min, washed twice
in PBS containing 0.05% Tween-20 (PBS-Tween-20), and were
incubated with the first antibody in PBS-Tween-20 for 1 h: MAb
53/4, 30 Ag/ml; MAb anti-SC35, 5 ,ug/ml; MAb A52, undiluted cul-
ture supematant; MAb 8WG16, 50 jg/ml; anti-Sm serum diluted
1:300. The slides were washed twice in PBS-Tween-20 for 10 min
and incubated with the second antibody in the same buffer for 1 h.
The secondary antibodies, diluted 1:50, were affinity-purified anti-
bodies of the appropriate specificity, conjugated to either Texas red
or fluorescin isothiocyanate (FITC) (all from Jackson, West Grove,
PA). The slides were washed twice as before and once in PBS. For
DNA staining, preparations already stained with second antibodies
conjugated to Texas red or FITC were treated with 4',6-diamidino-2-
phenylindole (DAPI) at 1 ,ug/ml, or with propidium iodide at 1 ,g/
ml, respectively. In some experiments, anti-Sm antibodies were applied
simultaneously with one of the mouse MAbs. Appropriate second
antibodies, preadsorbed on immobilized serum proteins to remove
cross-reactivity with antibodies of the other species, were used. The
preparations were examined under a Nikon Microphot-SA photo-
microscope with X40 and X100 Fluor objectives.

RESULTS

We have localized, by indirect immunofluorescence, two
splicing factors, the Sm antigens, and RNA polymerase
II in spread, XY/autosome compartmentalized meiotic
nuclei of the mouse, and in haploid cells undergoing
the progression towards mature sperm cells. The splicing
antibodies were 1) a monoclonal antibody (MAb), one
of a panel of MAbs raised against the lnRNP particle
as a whole, that is directed against the essential splicing
factor 53/4 (SF53/4) (Ast et al., 1991); 2) a MAb directed
against the non-snRNP splicing factor SC35 (Fu and
Maniatis, 1990), which is a member of a family of ser-
ine/arginine (SR) rich essential protein splicing factors
(Zahler et al., 1992); and 3) an antiserum against the
Sm antigens which are components of Ul, U2, U4.6,
and U5 snRNPs, known to be required for splicing, and
of U7, Ul1, and U12 snRNPs, which are required for
histone 3' end processing and nuclear RNA processing,
respectively (reviewed in Baserga and Steitz, 1993).
MAbs 53/4 and anti-SC35 enable the localization of
splicing factors, whereas the anti-Sm serum enables the
localization of proteins involved in pre-mRNA pro-
cessing and not only those involved in splicing (Wu and
Gall, 1993). DNA staining by DAPI and propidium io-
dide after the antibody staining proved reliable for cell

type and stage identifications that were occasionally
confirmed by phase microscopy.

The Deployment of Splicing Proteins Among Nuclear
Compartments of Primary Spermatocytes
The two major compartments of primary spermatocytes
at pachytene and part of diplotene, the autosomal and
the XY compartment, appear strikingly different by
several methods of visualization. For example, in silver-
stained microspreads (Figure 1), the chromosomes of
the peripherally located XY body are snugly coiled, with
their telomeres in close proximity. The axes and chro-
matin of the sex chromosomes are deeply staining.
These properties recall those of the somatic transcrip-
tionally inactive Barr body in females of certain mam-
mals (Walker et al., 1991). The less dense autosomal
bivalents, comprising much of the autosomal compart-
ment, are relatively short, straight, well-defined bodies,
readily separable from each other at the periphery of
spread nuclei. Each bivalent has a central axis, the syn-
aptonemal complex, and loops of chromatin in a con-
figuration allowing the transcription of many genes
(Davies and Willison, 1993).

Figure 1. Partitioning of a meiotic nucleus at pachytene; silver
staining. The nucleus consists of a large autosomal compartment, in-
cluding 19 transcribing bivalents, and a smaller compartment of the
nontranscribing X and Y (XY) chromosomes. The silver staining high-
lights the autosomal synaptonemal complexes (SC) and the axes of
the sex chromosomes on the background of surrounding chromatin.
The different chromatin staining of the two compartments is related
to their state of condensation. All figures are from spread spermato-
genetic cells of Mus musculus; scale bars, 10 ,um.
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Figure 2A shows that RNA polymerase II, which is
present in the autosomal compartment, is almost totally
absent from the XY body. To rule out the possibility
that the lack of a fluorescent signal in the XY body was
caused by hindrance to the penetration of antibodies to
this compartment, we show that antibodies to DNA
equally stained the autosomal and the XY compartments
(Figure 2B1), while anti-Sm antibody, simultaneously
applied to the same nucleus, stained only the autosomal
compartment (Figure 2B2). This control experiment
confirms that immunoglobulin molecules do penetrate
the XY compartment.
Once the nontranscribing nature of the XY com-

partment was confirmed by the absence of pol II, we

followed the distribution of splicing proteins in par-
titioned meiotic nuclei by using antibodies against the
splicing factors SF53/4 and SC35 and against the Sm
antigens. Typical results are shown in Figures 2-4,
the outstanding feature of which is the almost total
absence of SF53/4 (Figure 3C), SC35 (Figure 3, D and
E), and the Sm antigens (Figures 2B, 3A, 3B, and 4)
from the largely nontranscribing XY compartment.
Accumulations of splicing components in-between the
nontranscribing XY body and the transcribing auto-
somal chromatin (Figure 3, A2 and C2, triangles) are
consistent with the view that the splicing machinery
resides in domains defined by exclusion from areas
of dense chromatin (Kramer et al., 1994). Similarly,

Figure 2. Meiosis, pachytene. (Al) DAPI staining; arrows, XY bodies. (A2) The same cells treated with anti-RNA polymerase II antibody
(Texas red). The XY bodies are unstained, in line with the previously known suppression of transcription in the XY compartment. (Bi and B2)
A test of the penetrability of the XY compartment to antibodies. The equal staining of the two compartments by anti-DNA antibody (Bi, Texas
red; arrow, XY body), while the autosomal compartment alone is stained by anti-Sm antibody (B2, FITC), indicate that antibodies penetrate
into all parts of the meiotic nucleus. Note the round and elongating spermatids showing an anti-Sm antibody positive chromatoid body (B2,
asterisks).
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Figure 3. Splicing proteins are
absent from the largely non-
transcribing XY body at pachy-
tene. (Al-El) DNA staining.
Propidium iodide (Al). DAPI
(Bl-El). Arrows, XY com-
partments. (A2-E2) The same
nuclei as in Al-El stained
by anti-splicing protein anti-
bodies. The XY compartments
are not stained above back-
ground staining. The accumu-
lation of presumably excluded
splicing proteins in a chroma-
tin-free region in-between the
XY body and the autosomal
compartment is especially well
visible in A2 and C2 (triangles).
(A2) Anti-Sm, FITC on propi-
dium iodide background. (B2)
Anti-Sm, Texas red. (C2) MAb
53/4, Texas red. (D2 and E2)
Anti-SC35, Texas red. Note that
Dl includes a mature sperm
head (m), unstained by anti-
SC35 antibodies (D2).
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at the periphery of spread nuclei, apparent inlets
free of chromatin (Figure 4, top, triangles) are
filled with splicing components (Figure 4, bottom,
triangles), an observation which may also be

Figure 4. Exclusion of splicing components from the XY body and
from dense chromatin. (Top) A pachytene nucleus stained for chro-
matin by propidium iodide; (Bottom) The same nucleus stained for
the Sm antigens by FITC over a propidium iodide background. The
absence of FITC fluorescence from the XY body (XY) indicates the
exclusion of splicing components from this nontranscribing com-
partment. Note, however, the two fluorescent dots (bottom, curved
arrow) resulting perhaps from transcription and splicing activity of
the gene Xist in the otherwise inactive XY body (see text). Especially
suggestive of the exclusion of splicing components are regions at the
periphery of the nucleus and near the base of the XY body where
apparent inlets into chromatin (top, triangles) are filled in by green
signals arising from Sm antigens (bottom, triangles).

interpreted as an exclusion phenomenon. Figure 4
(bottom) also shows that splicing proteins are spread
throughout the autosomal compartment in a network-
like manner reminiscent of the interchromosomal
channel network of somatic nuclei (Kramer et
al., 1994).

In some cases, the XY compartment of primary sper-
matocytes displays one or two fluorescent dots arising
from SF53/4, SC35, and the Sm antigens (see Figure 4,
bottom, for Sm). This limited, well-localized presence
of splicing proteins in the generally nontranscribing
compartment, could reflect the transcriptive activity of
the gene Xist [X-inactive specific transcripts (Brown et
al., 1991)] in the testis (Richler et al., 1992).

Splicing Proteins Distribution in Spermiogenesis
Along the pathway of sperm differentiation the shape
of spermatid nuclei changes drastically. Starting from
the ball-shaped nuclei of round spermatids, through
the gradually elongating nuclei of elongated spermatids,
the highly differentiated shape of the mature sperma-
tozoon is reached. We observed that the intensity and
extent of fluorescence of antibodies directed against
SF53/4, SC35, and the Sm antigens, gradually decrease
along this pathway. While round spermatids show in-
tense staining (Figures 2B, 5, 6A, and 6B), in correlation
with their transcriptive activity (Thomas et al., 1989;
Davies and Willison, 1993), elongated spermatids dis-
play only residual staining in patches (Figures 2B and
5), and mature spermatozoa show no staining at all
(Figures 3D and 5).

The Presence of Splicing Proteins in the
Chromatoid Body
Spermatocytes and spermatids possess a minute cyto-
plasmic body adjacent to the nuclear membrane. This
body did not stain with the nuclear stains DAPI (Figure
5) and propidium iodide and was not detected by anti-
DNA antibody (Figures 2B1 and 6B2), but it was strik-
ingly visualized by antibodies against the splicing factors
SF53/4 and SC35, and antibodies against the Sm an-
tigens. Figure 5 (r) and Figure 6, A and Bi, show sper-
matids following incubation with MAb 53/4 and anti-
Sm antibody, respectively. The cells in Figures 2B2, 6A,
and 6B1 display green FITC fluorescence of the extra-
nuclear body while the nuclear signals, which appear
over the red background of the Texas red anti-DNA
antibody are yellow. This extranuclear body is, most
likely, identical with the Sm-positive, DNA-negative
chromatoid body earlier described (Biggiogera et al.,
1990, and literature cited therein). Anti-pol II antibody
did not stain the chromatoid body. In a few spermatids,
in which the nucleus was strongly fluorescent, the pos-
sibility of some staining of the chromatoid body could
not be excluded, as the close proximity of the chro-
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Figure 5. Two aspects of the same cells from the pathway of sperm
maturation. The fluorescence signal of SF53/4 is gradually reduced
as transcriptive activity diminishes along this pathway; r, round sper-
matids; e, elongated spermatids; m, almost mature spermatozoa. (Top)
DAPI staining; (bottom) MAb 53/4 (Texas red). Note the unevenness
of MAb 53/4 staining in the elongated spermatids, its total absence
in the almost mature sperm, and the presence of chromatoid bodies
(arrowheads) in the immunolabeled round spermatids and their
nonstaining by DAPI (compare with Figures 2 and 6).

matoid body to the nuclear membrane made unambig-
uous determination of stained regions difficult.

DISCUSSION

Partitioning of Meiotic Nuclei

Colocalization of transcription and splicing has been
demonstrated in numerous studies. A recent example,
using viral transfection, even demonstrated a coor-
dinated appearance of transcription and splicing
components at sites of viral RNA transcription
(Jimenez-Garcia and Spector, 1993). However, the
question of whether cellular programmed cessation
of transcription affects the nuclear organization of the

splicing machinery has not yet been clarified. To ad-
dress this question, we took advantage of the nuclear
partitioning that occurs in spermatocytes early in
meiosis.

In primary spermatocytes of groups with hetero-
gametic males, sex chromosomes become transcrip-
tionally inactive (e.g., Henderson, 1964; Monesi,
1965; Messthaler and Traut, 1975; Tres and Kier-
szenbaum, 1981), while the autosomes are intensively
transcribing. The chromatin and axes of the sex chro-
mosomes change appearance (Figure 1) in correlation
with the cessation of transcription, forming anXY body
(Solari, 1974). Two major compartments are thus de-
fined in the meiotic nucleus: the autosomal transcribing
compartment and the XY nontranscribing compartment
(Richler et al., 1989). This partitioning is a prominent
feature of mid-late pachytene-, and of diplotene nu-
clei, despite the absence, in mammals, of membranes
between the two compartments. The significance of
the morphological and functional demarcation of the
nontranscribing compartment is highlighted by ob-
servations made in exceptional chromosome situa-
tions. The existence of an XY body provides, e.g., a
nuclear "shelter" for transcriptionally inactive B
chromosomes in the rodent Apodemus peninsulae (Is-
hak et al., 1991). Furthermore, autosomal segments
ligated, through translocations, to sex chromosomes
may become incorporated into XY bodies where they
cease transcribing (Jaafar et al., 1989). The functional
aspect of this partitioning is shown by cases in which
autosomal segments, although physically continuous
with sex chromosomes, remain outside the sex body
where they behave in accordance with their autoso-
mal compartment location (Richler and Wahrman,
unpublished observations on mouse X/autosome
translocations). Strikingly, evolutionary-old, com-
pound X chromosomes, like those of several species
of the rodent genus Gerbillus, keep the origin of the
various X chromosome segments in their cellular
memory. During pachytene-diplotene, the original
autosomal segments, now fused to the X chromosome,
remain in the autosomal compartment, while the
original-X chromosome segments form the sex chro-
mosome body (see Figures 6, 11, 12, and 16 in
Wahrman et al., 1988).

Positional Aspects of Splicing Components in
Partitioned Meiotic Nuclei
A large body of light and electron microscopy studies
on the nuclear organization of the splicing machinery
have demonstrated concentrations of splicing compo-
nents in distinct subnuclear domains. While these stud-
ies have established the coupling between transcription
and splicing, the physiological significance of the various
patterns displayed by splicing components has not yet
been clarified. These concentrations of splicng com-
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Figure 6. Round spermatids. Chromatoid bodies (arrowheads), extranuclear elements unique to spermatogenesis, are DNA-negative, but
splicing protein-positive. (A and B1) Anti-Sm antibody, FITC. (B2) Anti-DNA antibody, Texas red.

ponents have been proposed to represent either sites of
assembly of splicing components with nascent tran-
scripts, or sites where splicing occurs, or storage com-
partments for splicing components where their catab-
olism may also occur (reviewed in Gall, 1992; Spector,
1993; Xing and Lawrence, 1993). Another intriguing
controversial issue pertaining to the nuclear organization
of the splicing machinery is the pathway and mecha-
nism of transport of mRNAs from the transcribing gene
to the cytoplasm (Rosbash and Singer, 1993). One model
holds that the RNA processing events occur in an or-
dered fashion on defined tracks that lead from sites of
transcription to nuclear pores (reviewed in Xing and
Lawrence 1993). An alternative model argues that the
intense nuclear signals represent concentrations of
splicing components in association with nascent RNA
and that the nuclear organization of these components,
as well as their pathway out of the nucleus, is controlled
by diffusion. The channels where nuclear pre-mRNAs
are presumably processed and through which they are
delivered to the nuclear pores are defined by exclusion
from condensed nuclear structures (reviewed in Kramer
et al., 1994). Notwithstanding this controversy, it is clear
that the nuclear sites where splicing components are
concentrated belong to two classes. In sites belonging
to the first class splicing components are associated with
pre-mRNA transcripts, either nascent or partially pro-
cessed (see INTRODUCTION). The second class com-
prises of sites that contain splicing components but no
mRNA; these, presumably, play a role in storage of
splicing components or as sites of their catabolism (for
references see Gall, 1992). For brevity, we designate the
first class as RNP sites and the second class as non-RNP
sites.

Splicing may initiate at RNP sites containing nascent
RNA, as splicing components assemble with pre-mRNA
already during transcription (Gall, 1992; Spector, 1993).
Indeed, specific examples of cotranscriptional splicing

have been reported (Beyer and Osheim, 1988; Bauren
and Wieslander, 1994). Is splicing completed within the
nascent RNP sites, or does it continue in RNP sites that
have been detached from sites of transcription and are
on their way to the nuclear membrane? Evidently, dif-
ferent splicing patterns are expected for different indi-
vidual transcripts, as the time point and kinetics of re-
moval of a given intron depends on the strength of
consensus sequences at its junctions with flanking exons,
and on whether this particular splicing event is regulated
(for references see Green, 1991; Moore et al., 1993). It
is therefore not surprising that incompletely spliced pre-
mRNAs are found within RNP sites detached from their
genes [e.g., the Balbiani ring 1 pre-mRNA of Chironomus
tentans (Bauren and Wieslander, 1994), the SgSLAC1 pre-
mRNA in Drosophila (Zachar et al., 1993) and CAD pre-
mRNA in mammalian cells (Miriami et al., 1994)]. Re-
garding the last example, it is interesting to note that
the incompletely spliced CAD pre-mRNA is packaged
in 200S lnRNP particles, which contain all known fac-
tors required for pre-mRNA splicing as integral com-
ponents (Sperling et al., 1985, 1986; Spann et al., 1989;
Sperling and Sperling, 1990; Ast et al., 1991). Further-
more, almost the entire amount of nuclear CAD RNA,
which is fully spliced or very close to maturation, is
packaged in similar 200S lnRNP particles (Sperling et
al., 1985). These studies thus indicate that the structural
integrity of the RNP particles that occupy the RNP
sites is preserved throughout their way to the nuclear
membrane.
How does cessation of transcription, like that of sex

chromosomes, affect the nuclear distribution of splic-
ing components? It might have been anticipated that
cessation of transcription would cause the disap-
pearance of RNP sites, which contain pre-mRNA.
However, the fate of non-RNP sites, which are devoid
of pre-mRNA, is less predictable. In the present paper
we show that in adult fertile male mice the meiotic
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sex chromosomes that are included in the essentially
nontranscribing compartment are neither stained by
anti-pol II antibody, nor by the antibodies to the
splicing factors SF53/4 and SC35, and the Sm anti-
gens. It follows that a large nuclear area where no
transcription occurs does not contain components of
the splicing machinery (see possible exception be-
low)-whether or not associated with pre-mRNA. The
splicing components appear excluded from the non-
transcribing XY body and often are seen to accumulate
in-between the XY body and the autosomal- region
(Figures 3, A and C, and 4).
How are splicing components distributed in the tran-

scribing autosomal compartment? This compartment
includes the autosomal bivalents, each possessing a
central axis (the largely proteinaceous synaptonemal
complex) from which chromatin loops spread out (Fig-
ure 1). The short, well-defined bivalents are surrounded
by spaces occupied by splicing components forming a
network-like pattern (Figure 4). It is possible that this
pattern results from passive exclusion of RNA process-
ing components and other clements from the axial and
rather dense chromatin parts towards the periphery of
the bivalents. Our observations on the XY body and the
autosomes are consistent with previous findings in so-
matic interphase nuclei, suggesting that transcription
and splicing components are localized in areas defined
by exclusion from condensed nuclear structures (Zachar
et al., 1993; Zirbel et al., 1993; Kramer et al., 1994). The
"exclusion principle" is thus extended to the meiotic
system. Whether this exclusion forms the only basis for
the intranuclear distribution of these components re-
mains to be established.
An interesting gene in the context of this discussion

is Xist, the only gene known to be transcribed exclu-
sively from the inactive X chromosome (Brown et al.,
1991). The mRNA of this gene has been shown, in
both man and mouse, to be spliced (Brown et al., 1991;
Brockdorff et al., 1992). Since XIST (man) and Xist
(mouse) are produced in the male by testicular tissue
only (MacCarrey and Dilworth, 1992; Richler et al.,
1992; Salido et al., 1992), the one or two fluorescent
dots which are seen in some of the XY bodies (Figure
4, bottom) may reflect the splicing requirements of Xist
during spermatogenesis. Further experiments are
needed to show whether the observed sites displaying
splicing proteins are indeed Xist related. Other possible
candidates for activity in the XY body are genes es-
caping X inactivation in human female somatic cells,
pseudoautosomal genes, and perhaps Y-linked genes
required for spermiogenesis. Thus, the existence of
splicing factors in a distinct small sub-domain located
within the condensed XY body, from where the splicing
machinery is generally excluded, should not be sur-
prising, because the chromatin structure of a transcrib-

ing gene is expected to be decondensed and thereby
accessible to splicing factors.

Positional Aspects of Splicing Components During
Sperm Development
Haploid transcription at the early stages of spermio-
genesis, especially in round spermatids, is intensive
(Erickson, 1990), while transcription in succeeding
elongated spermatids gradually decreases until it ceases
in mature sperm (Davies and Willison, 1993). It was
thus of interest to follow the distribution of splicing*
proteins along this sequence. Our observations show
that while the strongest fluorescent signals of antispl-
icing factors 53/4, SC35, and anti-Sm were usually dis-
played over nuclei of round spermatids, the signals from
later stages of spermiogenesis became less intensive and
their distribution over nuclei became uneven until their
eventual total disappearance (Figures 3D and 5). It thus
seems that the positive correlation between the distri-
bution of transcription activity and presence of splicing
components generally holds also during haploid sperm
differentiation. In this context it is pertinent to note that
spermiogenesis displays a gradual condensation of
chromatin (Davies and Willison, 1993). Therefore, the
observed distribution of splicing components during
spermiogenesis is also consistent with the notion that
splicing components are excluded from condensed
chromatin (Zachar et al., 1993; Zirbel et al., 1993; Kramer
et al., 1994).

Extranuclear Splicing Proteins
We have found in the present study splicing factors also
at a DNA-free extranuclear location. These factors,
SF53/4 and SC35, were detected in a well-defined cy-
toplasmic structure located near meiotic and spermatid
nuclei (Figures 2B2, 5, and 6). The finding in this struc-
ture of splicing factors, as well as of Sm proteins (Figures
2B2 and 6; and Biggiogera et al., 1990), establishes the
extranuclear existence of proteins potentially involved
in splicing in a spermatogenesis-specific organelle. As
a functional designation for this organelle is not yet
available, we use the last-century name Chromatoid Body
(chromatoider Korper, Benda, 1891; quoted from Wilson,
1925), which has been applied in several recent papers
to a minute organelle of fairly characteristic fine struc-
ture, located at the nuclear membrane. It includes the
P1/P2 ribosomal proteins, hnRNP proteins, Sm pro-
teins, and mRNA (e.g., Biggiogera et al., 1990; Toppari
et al., 1991; Saunders et al., 1992) and, as shown here,
the splicing factors SF53/4 and SC35. The presence of
hnRNP and splicing proteins in the chromatoid body
is in line with early suggestions that it is extruded from
the nucleus (for a summary of evidence for and against
nuclear derivation; see Comings and Okada, 1972).
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The list of known chromatoid body components to-
gether with its existence at a time interval in which
transcription ceases, led to the suggestion that the chro-
matoid body is a storage device for mRNA species the
products of which are required at the final stages of
sperm formation, when transcription in the condensing
nuclei ceases (Soderstr6m and Parvinen, 1976). This
hypothesis is supported by the finding in the chromatoid
body of mRNA for transition protein 2 (TP2), an inter-
mediate between histones and protamines required late
in spermiogenesis (Saunders et al., 1992). The possibility
that the chromatoid body serves as an RNA processing
organelle has also been raised, although no clear evi-
dence is available on the presence of pre-mRNAs in it
(Biggiogera et al., 1990). Our finding of splicing factors
in the chromatoid body extends the arsenal of potential
RNA processing components that reside in this organ-
elle. Further studies will show whether the chromatoid
body is indeed a site of RNA processing, and perhaps
translation, that has presumably evolved as an answer
to the advent of nuclear quiescence and cytoplasm
elimination-two important characteristics of late sper-
miogenesis. This concentration of nuclear splicing pro-
teins outside the nucleus, away from a transcribing en-
vironment, is unique. Chromatoid bodies thus add their
share to making the differentiation of sperm cells into
a remarkable developmental pathway.

Concluding Remarks
The existence of splicing components at nuclear domains
with transcriptional activity has been demonstrated in
several instances (for recent reviews see Gall, 1992;
Spector, 1993; Xing and Lawrence, 1993). These studies
have established the coupling between transcription and
RNA splicing in a transcribing environment. However,
the presence of splicing components in large nontran-
scribing areas included in transcribing nuclei, was ex-
amined here for the first time. Primary spermatocytes
present experimentally unperturbed cells, whose nuclei
contain adjacent transcribing and nontranscribing areas
with no barrier in-between. How is the silencing of
transcription and RNA processing achieved in the non-
transcribing compartment of such "transcription-chi-
meric" nuclei? In principle, silencing could have been
achieved through inactivation of components involved
in these activities, rather than by bringing about their
absence. Our findings, nevertheless, indicate that the
silencing of both transcription and splicing is correlated
with chromatin condensation and is accompanied by
the actual absence, presumably through exclusion, of
RNA polymerase II and of splicing proteins from the
silent areas. Such an extreme mechanism of silencing
might have been critical for avoiding mistakes that could
lead to unscheduled transcription in the sex chromo-
some compartment-the nuclear domain in which the
expression of genes is generally not permitted.
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