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Summary. Embryos (1-cell to elongated blastocyst stage) were recovered from super\x=req-\
ovulated heifers at surgery (Days 2\p=n-\4;oestrus = Day 0), after slaughter (Day 4), or by
transcervical flushing (Days 6, 7 and 14). The 175 embryos were cultured for 4, 8, 24 or
48 h, fixed on slides and sequentially stained with Giemsa and silver nitrate. Twenty\x=req-\
three 2-cell to blastocyst-stage embryos were fixed, embedded and examined by trans-
mission electron microscopy. Argentophilic nucleolus organizer regions (Ag-NORs),
indicative of transcriptionally active rRNA genes, were observed in embryos in which
short- or long-term culture began at or after the late 8-cell stage. The nucleoli of
embryonic cells also showed increased affinity for silver from the 8-cell stage onward.
Differences in the number of Ag-NORs observed after the 8-cell stage reached statisti-
cal significance only when Day-5 and Day-7 embryos cultured for 4 h were compared.
Ultrastructurally, the nucleoli were seen to develop from small, dense, fibrillar masses
at the 2-cell stage, to ring-shaped structures (signifying a low level of activity) at the
8-cell stage. At the 16-cell stage the nucleoli became reticulated, suggesting an increase
in activity, and by the morula and blastocyst stages they were characteristic of fully
active nucleoli.
It is concluded that a significant transcriptional activity of the rRNA genes in the

embryos of cattle begins around the 8-cell stage.
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Introduction

Nucleolus organizer regions (NORs) are the chromosomal locations where genes which code for
ribosomal RNA (rRNA) are clustered. The nucleoli form at the NORs and are the sites where

pre-ribosomal RNA is synthesized, processed and assembled with proteins into pre-ribosomal
particles. The number of NORs, like the chromosome number, is characteristic of the species.
However, within a species the number, size and shape of nucleoli vary with the organ, cell type and
physiological state of the cell, the morphological features of nucleoli reflecting the intensity of their
activity (for review see Goessens, 1984).
Nucleoli have an affinity for silver. Depending on staining conditions, silver nitrate reacts

with acidic nucleolar proteins in the nucleolus (Schwarzacher et al., 1978) and on the NORs of
metaphase chromosomes (Bloom & Goodpasture, 1976). Because silver staining of metaphase
chromosomes detects functional NORs that were active during the preceding interphase (Croce
et ai, 1977), this reaction provides a means of visualizing the activity of rRNA genes in individual
cells.

At the ultrastructural level, three distinct types of nucleoli have been recognized: ring-shaped,
reticulated and compact (Smetana & Busch, 1974). Studies involving stimulated and unstimulated
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lymphocytes have revealed that ring-shaped nucleoli have low transcriptional activity, reticulated
nucleoli appear at the beginning of a period of intense transcriptional activity, and compact
nucleoli occur in fully active cells (Wachtler et ai, 1980).
Immediately after fertilization the embryonic genome is essentially quiescent, with metabolism

being directed by maternally derived messages already present in the ooplasm. In the mouse, there
is evidence that RNA of embryonic origin is present by the 2-cell stage and is essential for con¬
tinued development (Kidder & McLachlin, 1985). Since silver-stained NORs (Ag-NORs) are
present on at least one metaphase chromosome at the 2-cell stage in mice (Engel et ai, 1977;
Hansmann et ai, 1978), some activity of the rRNA genes during interphase of the first cleavage can
be inferred. However, the nucleoli at this stage are reported to be dense and agranular which
suggests that NOR activity is absent (Geuskens & Alexandre, 1984). By the blastocyst stage the
maximum number of Ag-NORs characteristic of the mouse can be observed (Engel et ai, 1977;
Hansmann et ai, 1978) and the nucleoli are fully active (Fakan & Odartchenko, 1980; Geuskens &
Alexandre, 1984).
Although the morphology of bovine embryos has been studied extensively, little is known of

when the embryonic genome is activated and expressed. Here we report an investigation of the time
of appearance ofAg-NORs and the ultrastructural features of the nucleoli in preattachment bovine
embryos. Part of this work has been reported in abstract form (King et ai, 1985).

Materials and Methods

Embryo collection. Embryos were recovered from 36 grade Canadian Holstein heifers induced to superovulate by
treatment with follicle-stimulating hormone (FSH-p; Burns-Biotech Laboratory, Oakland, CA, U.S.A.) injected i.m.
twice daily in decreasing doses (5, 5; 4, 4; 3, 3; 2, 2; 1, 1 mg) for 5 days starting between Days 9 and 13 of the cycle
(oestrus = Day 0) and a single i.m. injection of 500 µg cloprostenol (Estrumate; ICI Pharma, Mississauga, Ontario,
Canada) 72 h after the initial FSH injection. The onset of the induced oestrus was determined by behavioural obser¬
vations made twice daily. Collections were made surgically on Days 2, 3 and 4 (6, 4 and I animals, respectively), after
slaughter in one case on Day 4, or by a routine non-surgical transcervical procedure on Days 5,6,7 and 14 (7, 7, 8 and
2 heifers, respectively). The surgical recoveries were made through a mid-ventral abdominal incision under general
anaesthesia (Betteridge & Mitchell, 1974). Before surgery, animals were deprived of food for 36-48 h and ofwater for
24 h. Anaesthesia was induced by intravenous injection of thiamylal sodium (10 mg/kg body weight) and maintained
by halothane in oxygen in a closed-circuit system. Routine veterinary care was provided post-operatively. For all
types of collection, the flushing medium was Dulbecco's phosphate-buffered saline (PBS, pH 7-2) supplemented
immediately before use with 2% fetal calf serum (FCS; Gibco, Burlington, Ontario, Canada) and antibiotics (100 i.u.
penicillin, 100 µg streptomycin/ml).

Culture procedures. Immediately after collection, embryos were washed in fresh PBS flushing medium and
transferred to culture dishes. Embryos collected between Days 2 and 7 were incubated in a culture medium (pH 7-2)
consisting of PBS enriched with sodium pyruvate (36 µg/ml), glucose (1 mg/ml), FCS (20%) and antibiotics (100 i.u.
penicillin, 100 µg streptomycin/ml) at 37°C in a humid atmosphere. Day-2 embryos were cultured for 8 or 48 h, with
colcemid (005 µg/ml; Gibco, Burlington) added to the culture medium for the duration of the 8-h cultures and the last
4 h of the 48-h culture. Day-3 and Day-4 embryos were incubated in the medium containing colcemid for 8 h.
Embryos collected on Days 5, 6 and 7 were incubated for 4, 24 or 48 h, with colcemid (005 µg/ml) included in the
culture medium for the entire 4-h incubation and the last 4 h of the 24- and 48-h incubations. Day-14 embryos
were incubated for 4 h in Eagle's minimum essential medium (MEM; Gibco, Burlington) containing 20% FCS and
colcemid (0-05 µg/ml).

Cytology. Fixation on slides was performed as previously described for Day-2 to Day-7 embryos by King et al.
(1979) and for Day-14 embryos by Romagnano et al. (1985). These slides were then lightly stained with Giemsa and
examined. Those in which the chromosomes or nuclei were adequately spread were destained in methanohacetic acid
(3:1 v/v), air-dried, and restained with an aqueous solution of silver nitrate for 18 h in a humid atmosphere at 50°C
(Bloom & Goodpasture, 1976). Slides were then re-examined and, if judged to be adequately stained, they were rinsed
in distilled water and counter-stained for 10 sec in a 1% Giemsa solution. Otherwise, incubation was continued for a
further 8-10 h before rinsing and counter-staining. Argentophilic NORs and nucleoli on up to 10 nuclei per embryo
were counted and photographed.

Statistics. The numbers of NORs per metaphase per embryo at each stage of development or after culture were
compared using one factorial analysis of variance (Winer, 1971). The individual means were compared using the
Schefle F-test when the criterion of significance was  < 005.
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Electron and light microscopy. Embryos of apparently normal morphology at the 2-cell (n = 3), 8-cell (n = 5),
16-cell (n = 5), morula ( = 5) and blastocyst (« = 5) stages were fixed in 2-5% glutaraldehyde in 01 M-phosphate
buffer (PB), pH 7-2 at 4°C for 1 h, then washed with 01 M-PB, embedded in 4% agar and post-fixed for 1 h at 4°C in
2% buffered 0s04, pH 7-2. After rinsing with 0-1 M-PB and distilled water, embryos were stained in 1% aqueous
uranyl acetate for 1 h at room temperature, dehydrated, embedded in Spurr, sectioned and stained with lead citrate.
Grids were examined in a Philips EM 201 electron microscope at 60 kV. Semi-thin sections were stained with toluidine
blue.
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Fig. 1. Number (mean ± s.e.m.) of NORs per metaphase per bovine embryo collected at
various stages ofdevelopment (number ofcells =  , day of collection = D) and cultured in vitro
for various periods. The numbers above the histogram indicate the total number ofmetaphases
examined/total number of embryos.

Results

Cytological observations

Preparations from a total of 175 embryos ( 1 -cell to elongated blastocyst stage) were selected for
staining and examination. Because of the variation in the stage of development among embryos
recovered from the oviduct on any given day, the embryos collected between Days 2 and 4 were
grouped according to the number of nuclei per embryo that could be counted after fixation.

Although there was slight variation in the total number of cells counted after fixation of embryos
collected on Day 5 and later, they could be readily classified morphologically as morulae or

blastocysts and were grouped according to the day of collection.
The changes in the number of NORs on metaphase chromosomes with age of embryo and time

of culture are summarized in Fig. 1. No argentophilic NORs were observed on chromosomes during
metaphase II, in pronuclei, during syngamy, or at the 2- or 4-cell stages. However, 6-3 + 0-37
(mean ± s.e.m.) argentophilic NORs were observed on the chromosomes of 8- to 16-cell stage
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Figs 2-5. Light micrographs of silver nitrate-stained bovine embryo nuclei.

Fig. 2. A metaphase from a 16-cell embryo with Ag-NORs (arrows) evident on 8 chromosomes,
 3500.

Fig. 3. A nucleus from an 8-cell embryo with silver deposits in one or two peripheral regions of
the nucleoli (open arrow),  4000.

Fig. 4. A nucleus from a 16-cell embryo (same as Fig. 2) with several silver deposits on the
nucleoli (open arrow),  3750.

Fig. 5. A nucleus from a blastocyst with many silver deposits throughout the nucleoli (open
arrow),  2750.

embryos and on Days 5, 6, 7 and 14 the numbers of Ag-NORs were 4-8 ± 2-6, 60 ± 0-36,
6-3 + 0-14and5-2 ± 0-23 respectively. In 2 of the 48 metaphases of the 8-and 16-cell embryos that
were analysed, all 10 NOR-bearing chromosomes were stained. The mean number of NORs was
not affected by either the stage of development at the time of collection or the length of the culture
once the 8-cell stage was passed, except for a significant (P < 005) increase between Days 5 and 7
for embryos cultured for 4 h (Fig. 1). A representative metaphase plate is presented in Fig. 2.

The interphase nuclei after hypotonie treatment and fixation varied in size and density. Nuclei
of 2- and 4-cell embryos were usually large and diffuse; those from 8-cell and older embryos smaller
and more dense. Also, as development progressed, the nucleoli increased in size and affinity for
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Fig. 6. Number (mean ± s.e.m.) of nucleoli per interphase per bovine embryo collected at
various stages of development (number of cells =  , day of collection = D) and cultured in
vitro for various periods. The numbers above the histogram indicate the total number of

interphases examined/total number of embryos.

silver and could be divided into four types. Type 1 nucleoli were very small and dense with little or
no affinity for silver and were observed only at the 2- and 4-cell stages. Type 2 were smaller, dense
nucleoli with one or two dense silver deposits (Fig. 3) and were observed only in the early 8-cell
stage embryos in which all 8 nuclei were in interphase. Type 3 nucleoli were small with several silver
deposits (Fig. 4) and were found at the late 8-cell stage (when one or more nuclei had progressed to
metaphase) and in 9- to 16-cell stage embryos. Type 4 nucleoli were large, often appeared to be
fused together, and were characterized by abundant silver deposits throughout their central core
(Fig. 5). They were observed consistently in nuclei of all morulae on Day 5, blastocysts on Days 6
and 7, and elongated blastocysts on Day 14. Type 4 nucleoli were also occasionally found in the
nuclei of 9- to 16-cell embryos. The numbers of nucleoli per interphase nucleus at various stages of
embryonic development are summarized in Fig. 6. Embryos at the 2- and 4-cell stages could not be
included because the nuclei were too diffuse and the nucleoli too small for accurate evaluation.

During the short incubations (4- to 8-h) the number of nucleoli per interphase nucleus decreased
with development, apparently because of fusion of the large Type 4 nucleoli. A similar decrease in
the numbers of nucleoli per interphase nucleus was also observed in embryos collected on Days 5, 6
and 7 and cultured for 24 or 48 h. The seven 2-cell embryos cultured for 48 h developed only to the
8-cell stage and contained only very small nucleoli with one or two dense silver deposits.

Histológica! and ultrastructural observations

In semi-thin sections the nuclei of 2-cell embryos were characteristically large with diffuse
nucleoplasm and one or two small nucleoli. From the 8-cell stage onward the nucleoplasm was

more dense with several nucleoli. The diameters of the nucleoli increased as the number of cells
increased. At the ultrastructural level, the nucleoli of the 2-cell embryos were small and composed
of a homogeneous dense fibrillar mass associated with chromatin (Fig. 7). In 8-cell embryos they
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Fig. 7. Nucleolus of a 2-cell embryo showing chromatin (Ch) associated with a dense fibrillar
mass (Fm). Nuclear membranes (Nm).  15 000.

Fig. 8. Ring-shaped nucleolus of an 8-cell embryo composed of a fibrillar centre (Fc)
surrounded by a layer of fibrillar components (F).  15 000.

Fig. 9. Reticulated nucleolus of a 16-cell embryo composed of fibrillar components (F) and
granular components (G). No distinct fibrillar centre can be observed,  15 000.

Fig. 10. Fully developed nucleolus of a blastocyst composed of several fibrillar centres (*),
surrounded by fibrillar components (F) and dispersed in prominent granular components (G).
 15 000.
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were ring-shaped, contained a single fibrillar centre which presented a different density from the

nucleoplasm and was surrounded by a layer of electron-dense fibrillar components (Fig. 8) and
were occasionally associated with chromatin. The embryos with more than 16 cells contained

reticulated nucleoli with a fibrillar component which was more prominent than at the 8-cell stage
and formed a three-dimensional network surrounded by a distinct granular component (Fig. 9).
These reticulated nucleoli were almost devoid of fibrillar centres. The nucleoli of morulae and

blastocysts were fully developed with several fibrillar centres each surrounded by a layer of dense
fibrillar components all within a large mass of granular components (Fig. 10).

Discussion

Immature oocytes in early antral follicles of cattle are known to synthesize rRNA because they
incorporate labelled uridine into their nucleoli, which are large with well developed fibrillogranular
elements containing several fibrillar centres (Crozet et ai, 1986). As the oocyte matures, rRNA
synthesis decreases and the nucleoli become small, homogeneous, composed of an agranular and
dense fibrillar core (Crozet et ai, 1986). In this study we have observed that a similar transition
occurs in reverse after fertilization of the bovine oocyte. At the 2-cell stage the nucleoli were small,
and composed of a dense fibrillar core with a low affinity for silver nitrate. At the 8-cell stage the
nucleoli were larger and ring-shaped with silver being incorporated into one or two dense regions.
By the 9- to 16-cell stage the nucleoli were reticulated, with a greater affinity for silver. The nucleoli
of morulae and blastocysts were large, often fused together, and possessed several fibrillar centres,
a prominent granular component and numerous silver deposits.

In cultured cells from adult cattle, Ag-NORs have been detected on 10 chromosomes (5 autosomal
pairs) although the average expression per metaphase is only about 6 (DiBerardino et ai, 1979;
Henderson & Bruère, 1979; Mayer et ai, 1985). The results of the present study indicate that
Ag-NORs first appear at about the 8-cell stage of embryonic development. This is in contrast with
the pattern observed in the embryos of mice (Engel et ai, 1977; Hansmann et ai, 1978) and goats
(Chartrain et ai, 1986) in which Ag-NORs could be observed on one or more chromosomes at the
2-cell stage, two cleavages earlier than observed in this study. This species difference must be inter¬
preted with some caution because the number ofmetaphases examined at the 4-cell stage was low.
However, it is unlikely that the failure to observe Ag-NORs before the 8-cell stage was due to
inadequate staining techniques because older embryos prepared in the same way and at the same
time were positive. It may therefore be concluded that the NORs are inactive or have very little
activity before the 8-cell stage. Once the Ag-NORs become detectable at the 8-cell stage in the
embryos of cattle, they appear to be expressed heterogeneously because, from the first, all 10
chromosomes known to bear Ag-NORs in the adult were also occasionally seen to be involved in
the embryonic cells. This heterogeneity would also account for the general lack of statistically
significant differences in the numbers of Ag-NORs as development progresses (Fig. 1). It must also
be remembered that, although the presence ofAg-NORs reflects rRNA transcription qualitatively,
quantitative differences in the active rDNA are not necessarily reflected in Ag-NOR numbers

(Schwarzacher et ai, 1978).
The contention that rRNA (18S and 28S) genes become transcriptionally active at the 8-cell

stage in the bovine embryo is also supported by the cytological and ultrastructural observations of
the nucleoli at the same time as Ag-NORs made their appearance. Others have also suggested that
rRNA synthesis resumes at the 8-cell stage in bovine embryos (Camous et ai, 1986). Again, there
may be differences between species since ultrastructural studies of the nucleoli have led to the
speculation that rRNA synthesis is initiated at about the 16-cell stage in sheep (Calarco &
McLaren, 1976) while in pigs such changes are observed at the 4-cell stage (Norberg, 1973) when a
prolonged lag in cleavage is observed in vivo (Hunter, 1974). That those changes represent the time
of initiation of RNA synthesis is supported by the fact that tritiated uridine incorporation into
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RNA was first detected at the 4-cell stage in the pig and in the human uridine incorporation is also
first detected at the 4-cell stage (Tesarik et ai, 1986).
In cattle the 8-cell stage seems to be considerably longer than the 2-, 4- or 16-cell stages in vivo

(see Fig. 1 of Betteridge, 1977) and few embryos placed in culture before this stage develop through
the '8-cell block' (Camous et ai, 1984; Eyestone & First, 1986), as was also observed with the 2-cell
embryos cultured in this study. This block can be partly overcome by co-culture of 1-, 2-, 4- and
8-cell stage embryos with trophoblastic vesicles (Camous et ai, 1984). A similar block to in-vitro
development occurs at the 2-cell stage in outbred strains of mice and this block can be overcome
by injecting cytoplasm from embryos of strains that do not exhibit this block into embryos of
susceptible strains (Muggleton-Harris et ai, 1982) or by culturing them in oviducts, in an organ
culture system (Whittingham & Biggers, 1967) or in vivo (Papaioannou & Ebert, 1986). The block
to in-vitro development occurs in both species about when NORs first become transcriptionally
active. It has been suggested that, for cattle embryos, the 8-cell stage is a particularly sensitive stage
of development that requires factors that are normally present in vivo, or are produced by older
embryos, but which are lacking in culture systems in vitro (Camous et ai, 1984). When considered
in relation to the evidence from the present study, it seems possible that these factors may play an
essential role in the initiation of transcription of embryonic genes.

Bovine embryos that have passed the 8-cell stage in vivo can be more readily cultured in vitro for
1 or 2 days in simple media, undergoing apparently normal compaction, blastulation and hatching
(Wright & Bondioli, 1981). The embryos collected on Days 5, 6 and 7 in this study and cultured for
24 or 48 h were typified by Ag-NORs and argentophilic nucleoli which showed no discernible
difference from those examined after only a very brief (4 h) culture period. Taken together, these
separate observations suggest that, once the rRNA genes become transcriptionally active, their
activity can be maintained in vitro without the presence of the factors presumed to be essential for
their activation.

It is generally presumed that late 8-cell embryos are easier to culture than are early 8-cell
embryos, but it is also recognized that there are no reliable criteria for distinguishing between them
(Seidel, 1977; Camous et ai, 1984). The morphological features of the nucleolus may represent such
a criterion, besides providing some indication of transcriptional activity of rRNA genes in

individual cells.
At the 2-cell stage in mouse embryos, significant transcription of the embryonic genome has

been detected and it is thought to signal the beginning of embryonic control of development
(Bolton et ai, 1984). The 8-cell stage in cattle embryos may be analogous to the 2-cell stage in
mouse as being the time of transition from maternal to embryonic control of development but
further studies are required to determine to what extent the genome of the bovine embryos may be
active before the 8-cell stage.
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