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Previous studies demonstrated that there were two pathways, the messenger transport organizer (METRO) or early and
the Vg1 or late, which function during stages 1 to 3 of oogenesis for the localization of RNAs at the vegetal cortex of
Xenopus oocytes. In the present study we analyzed the properties of the METRO pathway, which localizes Xlsirt, Xcat2,
and Xwnt11 RNAs to a specific region of the vegetal cortex during stage 1 of oogenesis. A combination of methodologies
involving both fixed material and living oocytes was used to analyze RNA localization. We show that in early diplotene
pre-stage 1 oocytes (25–50 mm in diameter) both endogenous and injected exogenous METRO RNAs translocated to
multiple mitochondrial aggregates (pre-mitochondrial clouds) that surround the germinal vesicle (GV). However, by early
stage 1 (diplotene oocytes, 50–200 mm), all three of the RNAs discriminated between the different clouds and translocated
exclusively within the METRO of a single mitochondrial cloud. Therefore, in stage 1 diplotene oocytes there is a unique
mechanism causing a change in the intrinsic property of the mitochondrial clouds which designates one of them as the
RNA transport vehicle. During translocation through the cytoplasm Xlsirt and Xcat2 RNAs were detected associated with
cytoplasmic particles of different morphologies. Additionally, we also found that the translocation of RNAs through the
early or METRO pathway, unlike that of the late pathway, occurred in the absence of intact microtubule and actin
microfilament cytoskeletal elements. This supports a cytoskeletal-independent model for localization of RNAs through
the METRO pathway. q 1996 Academic Press, Inc.

INTRODUCTION emerging polarity. One such feature encompasses the mito-
chondrial aggregates which in pachytene and early diplo-
tene oocytes surrounds the GV. At this time these aggre-The localization of RNAs is a universal process occurring
gates possess a prominent region that will become morein a large variety of cell types including somatic cells and
compact and eventually form the spherical mitochondrialgerm cells. In both vertebrates and invertebrates RNA local-
cloud seen in stage 1 oocytes (Al-Mukhtar and Webb, 1971;ization during oogenesis is critical to the establishment of
Hausen and Riebessell, 1991; Heasman et al., 1984; M. Klocpolarity in the oocyte, the designation of specific cell lin-
and L. D. Etkin, unpublished observations). For convenienceeages, and the proper axial patterning of the embryo (Jeffrey,
we will refer to the mitochondrial aggregates in oogonia and1988; Melton, 1991; Gurdon, 1992; St. Johnston, 1995). In
meiotic oocytes as precloud structures since they, eitherthe frog, Xenopus laevis, full-grown stage 6 oocytes possess
completely or partially, contribute to the fully elaborateda primary polarity that includes the unequal distribution of
mitochondrial cloud structure typical of stage 1 diploteneyolk platelets, pigment, and various RNAs which desig-
oocytes. Another indication of polarity is seen during thenates an animal/vegetal axis (Dumont, 1972; Gerhart et al.,
zygotene stage when the chromosomes form the so-called1989; Rebagliati et al., 1985).
bouquet arrangement at one side of the nucleus. All of theseDuring oogenesis in Xenopus there are several morpho-
structures are predictive of the future vegetal pole.logical features within the oocyte that foreshadow this

Numerous RNAs were found localized at either the ani-
mal or the vegetal hemisphere in full-grown stage 6 oocytes
(Rebagliati et al., 1985; Weeks and Melton, 1987; Kloc et1 To whom correspondence should be addressed.
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120 Kloc, Larabell, and Etkin

al., 1989, 1991; Reddy et al., 1992; Ku and Melton, 1993; In Situ Hybridization to Detect Endogenous
TranscriptsMosquera et al., 1993). Recently, two major pathways were

identified for the localization of RNAs at the vegetal cortex
After extensive washing in 11 Barth’s solution, groups of oocytes

of oocytes (Kloc and Etkin, 1994, 1995; Forristall et al., or pieces of ovary were fixed in MEMFA (0.1 M MOPS, 2 mM
1995). One of these involves the localization during stage EGTA, 1 mM MgSO4, 3.7% formaldehyde) for 1 to 2 hr and trans-
1 (Dumont, 1972) of oogenesis through a specialized region ferred to 100% methanol and stored at 0207C. Complementary
of the mitochondrial cloud called the messenger transport RNA probes were synthesized from linearized plasmid templates

in the presence of digoxigenin-11-UTP (BMB) as in Kloc and Etkinorganizer (METRO) which was first described for the local-
(1994, 1995). All in situ hybridization procedures were done in 6-ization of Xlsirts (Kloc et al., 1993). Later several other
and 24-well culture plates using 50 to 100 oocytes per well withRNAs such as Xwnt11 (Kloc and Etkin, 1994, 1995) and
shaking on rotating platform according to Harland (1991) and KlocXcat2 (Forristall et al., 1995) also were shown to use this
and Etkin (1994, 1995). Therefore, observations were based on thepathway. The second pathway is used by Vg1 which is local-
analysis of hundreds of oocytes of different stages of oogenesis.ized during stages 2–3 of oogenesis (Melton, 1987; Yisraeli
The detection procedure and reagents were from a Genius 3 kit

and Melton, 1988; Yisraeli et al., 1990; Kloc and Etkin, 1994, (Boehringer). The color reaction was developed for 1 hr in the dark
1995; Forristall et al., 1995). Interestingly, two of these and oocytes were postfixed in MEMFA overnight and stored in
RNAs, Xwnt11 and Vg1, manifest properties of molecules 100% methanol. Oocytes were embedded in paraplast and sec-
involved in axial patterning, while Xcat2 possesses homolo- tioned.
gies to the Drosophila nanos zinc binding domains
(Mosquera et al., 1993). Xlsirt RNAs appear to function, in

Injection and Detection of Exogenous RNApart, in the anchoring of the Vg1 RNA at the vegetal cortex
(Kloc and Etkin, 1994). Pre-stage 1 or stage 1 oocytes were injected with 100 –500 pg of

RNAs localized through the METRO and Vg1-like path- synthetic Xlsirt RNA containing three repeat units labeled in vitro
ways exhibit different patterns of cortical distribution. The with digoxigenin-11-UTP (Harland, 1991). RNA was targeted for

the nucleus; however, there was always a significant amountVg1-like RNAs were detected anchored throughout the en-
within the cytoplasm due to leakage from the pipette and the nu-tire cortex of the vegetal hemisphere from the vegetal pole
cleus. Injected oocytes were cultured in 50% Liebowitz L-15 mediato the region of the future marginal zone while METRO-
containing 5 mg/ml vitellogenin, 1 mM L-glutamine, 15 mM Hepes,localized RNAs were detected as a discrete disk in the cor-
1 mg/ml insulin, and antibiotics gentamycin (100 mg/ml), tetracy-tex at the apex of the vegetal pole.
cline (50 mg/ml), and nystatin (50 units/ml) at 187C (Kloc et al.,

Previous studies have focused on the analysis of RNA 1993; Wallace and Misulovin, 1978; Wallace et al., 1981). After 2
localization during the later stages of oogenesis from stage 2 days of culture injected oocytes were fixed in MEMFA for 1–2 hr,
through stage 6 when the oocyte already exhibits numerous washed in PBS, treated with proteinase K, and postfixed in MEMFA.
morphological signs of polarization (Melton, 1987; Yisraeli They were incubated with antidigoxigenin antibody and stained
and Melton, 1988; Yisraeli et al., 1990; Kloc and Etkin, 1994, according to the Genius 3 kit protocol (Boehringer). The oocytes

were photographed as whole mounts using a compound microscope1995; Forristall et al., 1995). However, in the present study
and incident lighting.we focused on the process by which the early or METRO

pathway is established during oogenesis prior to and during
stage 1 of oogenesis. In so doing we also describe a method Confocal Microscopy Analysis of RNA Localization
to visualize the transport of exogenous RNAs in living oo- in Living Oocytes
cytes.

Oocytes of various stages were manually defolliculated or treated
with collagenase to remove follicle cells. Fluoroscein- or Texas red-
labeled RNAs made in vitro by incorporation of fluoroscein (BMB)-
or Texas red (Molecular Probes)-derivatized UTP were injected intoMATERIALS AND METHODS
oocytes. Oocytes were viewed in the MRC 1024 laser scanning
confocal microscope (Bio-Rad Microsciences, Cambridge, MA)

Preparation of Oocytes equipped with an inverted Nikon Diaphot 200 microscope and a
201 Fluor lens (0.75 numerical aperture) or a 601 Plan Apo oil

Ovaries were surgically removed from anesthetized adult X. immersion objective lens (1.4 numerical aperture). Optical sections
laevis frogs, young froglets (2.5–4.0 cm), and late metamorphosing were collected at 0.5- to 1-mm intervals using fluorescein and rhoda-
and newly metamorphosed froglets (stages 63–66) and were stored mine channels of krypton/argon laser (at 10% power) fitted with
in 11 modified Barth’s solution. Pieces of 2.5- to 4.0-cm and adult the appropriate filters. Each image is a single optical section.
frog ovaries were treated with collagenase for 40 min at 287C
[1 mg/ml collagenase (Sigma)] in calcium-deficient buffer (11 OR).
Ovaries from stage 63–66 animals contained germ cells from pri- Nocodazole and Cytochalasin B Treatment and
mordial germ cell stages (18–20 mm) through pre-stage 1 early diplo- Confocal Analysis of Microtubules and
tene oocytes (35–50 mm), while the 2.5- to 4.0-cm frog ovaries Microfilaments
contain oocytes through stage 1. These ovaries were dissected into
small fragments and used for in situ hybridization or for histologi- Injected oocytes were cultured in L-15 medium in the presence

of nocodazole (4–10 mg/ml; Sigma), to depolymerize microtubules,cal analysis.
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121Novel Mechanism for Establishing Polarity

or 25 mg/ml cytochalasin B (Sigma), to depolymerize actin, in patterns of localization of Xcat2, Xlsirt, Xwnt11, and Vg1
Barth’s for 4 hr. Oocytes were fixed overnight in 4% paraformalde- in early diplotene oocytes.
hyde and 0.1% glutaraldehyde in a cytoskeleton stabilization buffer Endogenous Xcat2, Xlsirt, and Xwnt11 were detected in
(CSB; 100 mM KCl, 3 mM MgCl2, 10 mM Hepes, 1 mM EGTA, pre-stage 1 diplotene oocytes by in situ hybridization local-
0.1% Triton X-100, pH 7.6). Prior to immunolabeling, oocytes were ized within all of the precloud structures surrounding the
rinsed in CSB (13) then incubated in SuperBlock (Pierce Chemical,

GV (Figs. 1c, 1d, and 1e). In some instances, besides localiza-Rockford, IL) plus 0.1% Triton X-100 (SBT) for 1 hr to block nonspe-
tion in the preclouds, RNAs were detected in the cytoplasm.cific protein binding. The nocodazole-treated oocytes were incu-
Vg1 mRNA was also detected in prestage 1 oocytes; how-bated in mouse anti-tubulin IgG (Calbiochem –Novabiochem Inter-
ever, it was distributed throughout the cytoplasm and wasnational, San Diego, CA) for 4 hrs, rinsed in SBT for 20 min (13),

then incubated in fluorescein isothiocyanate-conjugated goat anti- excluded from all of the pre-mitochondrial cloud structures
mouse secondary antibodies (Sigma) for 4 hr. Cytochalasin B- (Fig. 1f ). This is consistent with its distribution throughout
treated oocytes were incubated in SBT for 1 hr then in rhodamine- the cytoplasm later during oogenesis until it begins to trans-
labeled phalloidin (Sigma) for 2 hr. Control oocytes were incubated locate to the cortex during late stage 2 and stage 3.
in the secondary antibodies (without exposure to a primary anti- These results suggest that in pre-stage 1 diplotene oo-
body) after the blocking step. After labeling oocytes were rinsed in cytes, although there may be some quantitative differences
CSB for 20 min (13) and mounted in ProLong Antifade (Molecular

among the different RNAs, there is no discrimination byProbes, Inc., Eugene, OR) between two coverslips, then analyzed
Xlsirt, Xcat2, or Xwnt11 among the numerous precloudby confocal microscopy.
structures and that the RNAs are targeted to all mitochon-
drial aggregates.

RESULTS
Endogenous RNAs Were Localized to the METRO
Region of a Single Mitochondrial Cloud inEndogenous Xlsirt, Xcat2, and Xwnt11 RNAs Are
Diplotene Stage 1 OocytesDetected within Several Mitochondrial Aggregates

in Pre-Stage 1 Early Diplotene Oocytes (25–50 mm)
In early stage 1 diplotene oocytes (50–200 mm) the Xcat2

mRNA became increasingly more abundant within one ofWhen oocytes reach the early diplotene stage (25–50 mm
in diameter), prior to stage 1, the mitochondrial aggregates the mitochondrial clouds (Fig. 2a). Eventually, in the major-

ity of stage 1 oocytes it was detected localized in thesurround the GV (Heasman et al., 1984; Fig. 1a). We refer
to these structures as pre-mitochondrial clouds, one of METRO region at the tip of the cloud with other visible

clouds lacking Xcat2 mRNA (Fig. 2b). This resulted in awhich will eventually form the METRO-containing mito-
chondrial cloud during stage 1 (ú50 mm in diameter) (Kloc distinct molecular polarity of Xcat2 mRNA in the oocyte

with its position within the METRO region of the mito-and Etkin, 1995). The close association of the pre-mitochon-
drial clouds to the GV is evident even after removal of the chondrial cloud presumably designating the future vegetal

pole. Occasionally, several clouds were detected that stillGV–cloud complex from live early diplotene oocytes (Fig.
1b). The number of pre-mitochondrial clouds varies but gen- possess equivalent amounts of Xcat2 mRNA in early stage

1 oocytes; however, invariably they were located withinerally ranges from 2 to 4 per oocyte. The spatial pattern of
distribution of the localized RNAs has never been analyzed very close proximity to one another, suggesting that there

may be a specific region of the oocyte cytoplasm that main-in these early stage oocytes. Therefore, we investigated the

FIG. 1. Xlsirt, Xcat2, and Xwnt11 were detected within all of the precloud mitochondrial aggregates in early diplotene oocytes. (a)
Unstained living prestage 1 oocytes (25 mm in diameter) showing the distribution of the pre-mitochondrial clouds surrounding the GV
(arrows); (b) isolated GV showing pre-mitochondrial cloud tightly juxtaposed to the nuclear membrane; both a and b were photographed
as live unfixed material. Oocytes in c–f were embedded in paraffin and sectioned. (c) In situ hybridization of early diplotene oocytes (25–
50 mm in diameter) using the Xcat2 probe. Arrows point at the pre-mitochondrial clouds showing the accumulation of Xcat2 mRNA; (d)
hybridization of Xlsirt probe to early diplotene oocytes (filled arrow points to high level of accumulation in one precloud while open
arrow points to low level of accumulation); (e) hybridization of Xwnt11 probe to early diplotene stage oocytes (filled arrow points to high
level of accumulation in one precloud while open arrow points to low level of accumulation); (f) hybridization of Vg1 probe to early
diplotene stage oocytes (arrow points to unstained pre-mitochondrial cloud). Each bar represents 10 mm.
FIG. 2. Localization of Xcat2, Xlsirt, and Xwnt11 in a single METRO-containing cloud in stage 1 oocytes. (a) Pre-stage 1 oocytes showing
the decrease of Xcat2 mRNA in all but one of the pre-mitochondrial clouds (arrows); (b) stage 1 oocyte showing accumulation of Xcat2
mRNA in the METRO region of the dominant cloud (solid arrow) while other clouds do not contain Xcat2 mRNA (open arrow); (c) stage
1 oocyte containing two clouds in close proximity, both of which retain the Xcat2 mRNA; (d) group of early stage 1 oocytes showing
localization of Xlsirt to one of the clouds; (e) Xwnt11 mRNA localized to one of the clouds in stage 1 oocyte. Solid arrows point to
mitochondrial clouds containing Xlsirt or Xwnt11 RNA; (f) stage 1 oocyte hybridized with Vg1 probe. The arrow points to the METRO-
containing mitochondrial cloud that lacks Vg1 mRNA. Each bar represents 25 mm.
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124 Kloc, Larabell, and Etkin

tains the Xcat2 mRNA within the METRO region of the show that the injected Xlsirt RNA was detected within all
of the precloud structures in fixed oocytes. In both livingclouds (Fig. 2c).

In early stage 1 oocytes Xlsirt and Xwnt11 RNAs, like and fixed oocytes (Figs. 4A, 5a, and 5b), although the RNAs
accumulate in all of the preclouds, it appears that the exoge-Xcat2, were only associated with the METRO-containing

cloud (Figs. 2d and 2e). Xlsirt transcripts also were detected nous RNAs tended to accumulate to a greater extent in one
of the clouds, perhaps foreshadowing the differentiation ofwithin the GV as nuclear bodies the nature of which is

not known (Fig. 2d). Vg1 mRNA, however, was distributed the METRO-containing cloud. Control uninjected oocytes
(Fig. 5c) or oocytes injected with a nonlocalized RNA suchthroughout the cytoplasm and was excluded from the mito-

chondrial cloud in stage 1 oocytes (Fig. 2f ). These results as Xnf7 (Reddy et al., 1991) (data not shown) did not show
any signal in the precloud structures.indicate that by early stage 1 there is a designation of one

of the precloud structures as the METRO-containing cloud When Xlsirt and Xcat2 RNAs were injected into stage 1
oocytes the exogenous RNAs were directed to the METROwhich will transport the Xlsirt, Xwnt11, and Xcat2 RNAs

to the vegetal pole cortex. region of only one of the clouds while the other clouds were
devoid of detectable Xcat2 or Xlsirt RNA (Fig. 4B). This was
also the case when Xlsirt was injected and the oocytes wereInjected Xlsirt RNA Possesses the Proper fixed and analyzed by the color reaction (Fig. 5d). Injected

Information to Translocate to All of the Precloud Vg1 mRNA was not localized and was excluded from the
Structures in Pre-Stage 1 Oocytes and to the METRO-containing cloud in stage 1 oocytes (Fig. 5e). How-
METRO Region of a Single Cloud in Stage 1 ever, consistent with previous observations of endogenous
Oocytes Vg1 (Kloc and Etkin, 1995), exogenous Vg1 injected into

early stage 2 oocytes was localized to the vegetal cortex inTo test for intrinsic differences between the pre-stage 1
precloud structures and the stage 1 METRO-containing a region overlapping the already localized Xlsirt (Fig. 6).
clouds we injected digoxigenin-labeled Xlsirt and analyzed
the oocytes by fixing them and performing a color reaction

Translocation of the Injected Xlsirt RNA to theto detect the injected RNA. Alternatively, we also analyzed
METRO Is Not Dependent upon Intact b-Tubulin-the translocation of the exogenous RNA by confocal laser
Containing Microtubules and Actin Microfilamentsmicroscopy in living oocytes. For this type of experiment

we injected a mixture of fluoroscein-labeled Xlsirt and Our previous results demonstrated the existence of a
novel pathway in diplotene stage 1 oocytes through whichTexas red-labeled Xcat2 RNAs and detected each as a char-

acteristic green color for fluoroscein-labeled Xlsirt or red Xlsirt, Xcat2, and Xwnt11 were localized to the vegetal cor-
tex using the METRO region of the mitochondrial cloud.color for Xcat2.

For the first experiment we injected a mixture of fluor- In addition, there is a second pathway through which Vg1
was localized to the vegetal cortex in stage 2–3 oocytes.oscein-labeled Xlsirt and Texas red-labeled Xcat2 into early

diplotene pre-stage 1 oocytes and performed a time course. Yisraeli et al. (1990) showed that the translocation of Vg1
to the vegetal cortex in stage 3 oocytes was dependent uponFigure 3a shows that immediately following injection Xlsirt

and Xcat2 RNAs overlap within the cytoplasm exhibiting intact microtubules. We were interested in determining
whether the transport of Xlsirt, Xwnt11, and Xcat2 RNAsa yellow color characteristic of the overlapping of the two

fluors. However, within 5 hr both RNAs had sorted from to the METRO region of the mitochondrial cloud during
stage 1 utilized a microtubule- and/or microfilament-depen-one another and were detected within discrete cytoplasmic

particles (Fig. 3b). There were two important features of dent mechanism. Therefore, we treated stage 1 oocytes with
nocodazole or cytochalasin B following the injection ofthese particles: (1) the two different RNA particles had seg-

regated from one another within the cytoplasm and (2) the Xlsirt RNA.
Figure 7a shows that in stage 1 oocytes injected with 100–morphology of the two types of particles was different. The

Xlsirt formed large particles measuring approximately 0.4– 500 pg of Xlsirt the RNA accumulated within the METRO
region of the mitochondrial cloud. Treatment of injected1.2 mm, while the Xcat2 particles were uniformly smaller.

This suggests that although both RNAs localize through oocytes with either nocodazole or cytochalasin B had no
effect on the localization of these RNAs in the cloud (Figs.a common pathway they may be associated with unique

proteins resulting in different conformations. 7b and 7c). To control for the effectiveness of the nocodazole
and cytochalasin B in treated oocytes, we analyzed for theFigure 4A shows that after 16–48 hr in living oocytes the

injected exogenous Xlsirt and Xcat2 were localized within presence of detectable microtubules by immunostaining
with fluorosceinated antibodies against b-tubulin and ana-all of the precloud structures as were the endogenous Xcat2,

Xlsirt, and Xwnt11 RNAs. At this level of resolution both lyzing the oocytes by laser confocal microscopy. To detect
cytoskeletal actin microfilaments we used rhodamine-con-RNAs appear in an overlapping pattern, although when

passing through the different focal planes in the confocal jugated phalloidin. The concentration of nocodazole and
cytochalasin B used in these experiments resulted in thewe observe that the RNAs do occupy different positions

within the METRO. This is consistent with our previous depolymerization of the microtubules and actin microfil-
aments as shown by the loss of staining with the tubulinobservations (Kloc and Etkin, 1995). Figures 5a and 5b also
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125Novel Mechanism for Establishing Polarity

antibodies and phalloidin in treated oocytes, thus indicating Reflective of the changes in the properties of the mito-
chondrial aggregates, injected Xlsirt and Xcat2 RNAs werethe effectiveness of this treatment (Fig. 8). These results

strongly suggest that the transport of the exogenous Xlsirt targeted to all of the precloud structures in early diplotene
pre-stage 1 oocytes; however, they were targeted to theto the METRO in stage 1 oocytes was independent of the

presence of intact b-tubulin-containing microtubules and METRO region of only one of the clouds in stage 1 oocytes.
On the other hand, injected Vg1 mRNA remained in theactin microfilament cytoskeletal networks.
cytoplasm in these oocytes and was excluded from all of the
clouds in pre-stage 1 and in stage 1 oocytes. The question of
how the RNAs target the clouds and the eventual designa-DISCUSSION
tion of a single cloud in early diplotene oocytes is still un-
clear. One possibility is that the dominant cloud may in-The localization of RNAs during oogenesis is crucial to

subsequent development of the embryo. Therefore, we in- herit the remnants of the original centrosome which was
located in the mitochondrial aggregate present in the earlyvestigated the origin of the early or METRO pathway re-

sponsible for the localization of RNAs during stage 1 of meiotic stage oocytes (Coggins, 1973; Tourte et al., 1981;
Klymkowski and Karnovsky, 1994). Additionally, one couldoogenesis. To analyze the origin of the METRO pathway

we performed experiments using a variety of approaches. propose that the dominant cloud acquires a specific gene
product or organelle such as germinal granules during itsThese included the analysis of the time and spatial distribu-

tion of endogenous RNAs and the fate of exogenous RNAs maturation process (Fig. 9 for model).
When Vg1 mRNA was injected into stage 2 oocytes, afterin both fixed and living oocytes. The results show that the

morphogenesis of the early transport vehicle, or METRO, endogenous Xlsirt, Xcat2, and Xwnt11 were localized as a
disk at the vegetal pole, it associated with the vegetal cortexinvolves a series of steps beginning in the early diplotene

stages of oogenesis. overlapping this disk. This suggests that the observation
that endogenous Vg1 associates with the vegetal cortexThe first step is the translocation of these RNAs from

their site of synthesis in the GV to the mitochondrial aggre- overlapping the localized Xlsirt during stage 2 (Kloc and
Etkin, 1995) also occurs with injected mRNA. We interpretgates that surround the GV. As they translocate to these

precloud aggregates the RNAs are detected within the cyto- these findings as indicating that the Vg1 mRNA localizes
at the vegetal cortex following the pathway established byplasm as discrete particles that are specific for at least two

of the RNAs, Xlsirt and Xcat2. During this phase the RNAs the cloud when it associates with the vegetal cortex (Kloc
and Etkin, 1995). This is further supported by the observa-accumulate within all of the precloud structures that sur-

round the GV. The final phase involves the maturation and tion that destruction of the Xlsirt RNA at the vegetal cortex
releases the anchored Vg1 and suggests that there is an inter-differentiation of the METRO during early stage 1, resulting

in a single cloud being utilized for the transport of Xlsirt, action between the components of these two pathways
(Kloc and Etkin, 1994).Xcat2, and Xwnt11 to the vegetal cortex. The movement of

the RNAs from their site of injection to the mitochondrial Translocation of Vg1 from the cytoplasm to the vegetal
cortex during stage 3 is a two-step process involving a mi-aggregate in stage 1 oocytes is independent of intact b-tu-

bulin-containing microtubule or actin microfilament cy- crotubule-dependent translocation step and a microfila-
ment-dependent anchoring step (Yisraeli et al., 1990). Intoskeletal elements. We believe that the accumulation of

injected RNAs into the mature dominant cloud in stage 1 Drosophila, microtubules were also implicated in the trans-
location of localized RNAs to the anterior and posterioroocytes reflects the movement of the endogenous Xlsirt

RNA from its site of synthesis in the GV to the METRO. pole (Pokrywka and Stephenson, 1991) and from the nurse

FIG. 3. Exogenous Xlsirt and Xcat2 form distinct cytoplasmic particles when translocating through the cytoplasm. (a) Confocal microscopy
image of fluoroscein-labeled Xlsirt (appear green) and Texas red-labeled Xcat2 (appears red) in the cytoplasm within 1 hr following injection
into stage 1 oocyte. The area of overlap between the two RNAs appears yellow. (b) Segregation of the two different RNAs into different-
type particles 5 hr after injection into stage 1 oocytes.
FIG. 4. Confocal analysis of the localization of exogenous Xlsirt and Xcat2 RNAs within living oocytes shows the RNAs colocalizing
in all clouds in pre-stage 1 oocytes but are restricted to a single cloud in stage 1 oocytes. Fluoroscein-labeled Xlsirt (green) and Texas red-
labeled Xcat2 RNAs were co-injected into pre-stage 1 early diplotene oocytes (A) or into stage 1 diplotene oocytes (B) and examined after
16 hr for the localization of the RNAs.
FIG. 5. Exogenous Xlsirt RNA translocates to all preclouds when injected into pre-stage 1 oocytes but accumulates in the METRO region
of one cloud in stage 1 oocytes. (a) Pre-stage 1 oocytes that were injected with digoxigenin-labeled Xlsirt RNA and cultured for 2 days.
The oocytes were stained and the injected Xlsirt RNA was detected within all of the precloud structures (arrowheads). (b) Another example
of a pre-stage 1 oocyte injected with exogenous Xlsirt RNA. (c) Control oocytes that were not injected but went through the staining
reaction. (d) Early stage 1 oocyte injected with Xlsirt RNA showing the distribution of the transcripts in the METRO region of one of the
cloud. (e) Control early stage 1 oocyte injected with exogenous Vg1 RNA showing the distribution of Vg1 throughout the cytoplasm. The
arrow points to the cloud where Vg1 was excluded. Bars represent 25 mm.
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127Novel Mechanism for Establishing Polarity

FIG. 6. Co-injected Vg1 and Xlsirt translocate to the vegetal cortex in living stage 2 oocytes. Texas red-labeled Vg1 (open arrow) and
fluoroscein-labeled Xlsirt (filled arrow) were co-injected into stage 2 oocytes. The oocytes were cultured for 36 hr and visualized by
confocal microscopy. The Xlsirt RNA (green) has already reached the cortex while the Vg1 RNA (red) is localizing at the cortex in the
region overlapping the localized Xlsirt (yellow).
FIG. 7. The effect of nocodazole treatment on the localization of injected Xlsirt in the METRO. Oocytes were injected with Xlsirt RNA
and cultured for 48 hr (a), in the presence of 5 mg/ml nocodazole (b) or in the presence of 25 mg/ml cytochalasin B (c). The RNA was
visualized using the color reaction with antidigoxigenin alkaline phosphatase.
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128 Kloc, Larabell, and Etkin

FIG. 8. Effectiveness of nocodazole and cytochalasin B treatment on the integrity of microtubules and microfilaments. Stage 3 oocytes
were treated with either nocodazole or cytochalasin B as above and were analyzed for the effects on microtubules (b) or actin microfilaments
(d). (a and c) Control untreated oocytes showing the presence of intact microtubules and actin microfilaments, respectively.

cells to the proocyte (Theurkauf, 1994). In the present study require intact b-tubulin-containing microtubules or actin
microfilaments to accumulate in the METRO region of thewe demonstrated that the translocation of Xlsirt to the

METRO region of the mitochondrial cloud is not dependent cloud. Therefore, either cytoskeletal elements other than
b-tubulin-containing microtubules or actin microfilamentsupon intact b-tubulin-containing microtubules or actin mi-

crofilaments. This raises the question of how Xlsirt, Xcat2, are used or one of the other mechanisms is responsible for
Xlsirt localization. Other cytoskeletal elements could in-and Xwnt11 accumulate within the METRO.

There are several potential mechanisms by which these clude g tubulin or intermediate filament networks. Further
analyses will be necessary to answer this question.RNAs could become localized within oocytes and eggs (St.

Johnston, 1996). One is the differential stability of RNA in Interestingly, at the same time that Xlsirt, Xcat2, and
Xwnt11 are accumulating in the METRO region of thedifferent regions of the oocyte. This mechanism may ac-

count for the accumulation of hsp83 mRNA at the posterior cloud, Vg1 is dispersed throughout the cytoplasm. It is un-
clear at the present time why Vg1 does not localize duringpole of Drosophila (Ding et al., 1993). A second mechanism

involves the directed transport along cytoskeletal elements this early time period. Two alternatives are that Vg1 local-
ization may require the establishment of the proper micro-such as microtubules. This is used by Vg1 in Xenopus and

a variety of RNAs in Drosophila. Another mechanism is tubule pathway to permit its translocation or that it may
be anchored within the cytoplasm and require a specificvectorial transport from one region of the nucleus directly

toward a cytoplasmic target (Davis and Ish-Horowicz, 1991; signal to release it. Kloc and Etkin (1995) proposed that the
movement of the mitochondrial cloud containing the Xlsirt,Davis et al., 1993). A fourth method is the anchoring of the

RNAs to localized binding sites with subsequent loss of the Xcat2, and Xwnt11 RNAs to the vegetal cortex during late
stage 1 resulted in the establishment of this cytoskeletalRNA in other regions of the oocyte (Raff et al., 1990; Jongens

et al., 1992). Our data indicate that Xlsirt RNAs do not pathway which is subsequently used by Vg1 to localize at
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129Novel Mechanism for Establishing Polarity

FIG. 9. The organization of the early or METRO pathway in early diplotene oogenesis. In early diplotene oocytes, mitochondrial aggregates
(preclouds) surround the GV. Xcat2, Xlsirt, and Xwnt11 RNAs accumulate indiscriminately within all of the precloud structures (1).
During the period from pre-stage 1 to stage 1 there is a change in the intrinsic property of one of the clouds that designates it as the
messenger transport organizer-containing cloud. Thus, the second step involves the accumulation of RNAs within the METRO structure
of one of the clouds. Xcat2, Xwnt11, and Xlsirt transcripts are lost in all of the other clouds. The third step is the transport of the RNAs
to the vegetal cortex in the METRO containing cloud. Exogenous Xlsirt RNA injected into pre-stage 1 oocytes was targeted to all of the
clouds; however, when injected into older oocytes they localize to the METRO-containing cloud. This suggests that there are changes
that occur within the clouds that produce a mature transport vehicle into which the RNAs accumulate. Additionally, it also indicates
that the METRO RNAs also possess a cis-acting signal directing them to the proper subcellular compartment within the METRO.

the cortex. Alternatively, it is possible that both mecha- ACKNOWLEDGMENTS
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cloud. This result suggests that Vg1 is not anchored in the work was supported by a grant from the National Institutes of
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