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Two-Dimensional and Three-Dimensional
Time-Lapse Microscopic Magnetic Resonance
Imaging of Xenopus Gastrulation Movements
Using Intrinsic Tissue-Specific Contrast
Cyrus Papan,*† Benoit Boulat, S. Sendhil Velan,‡ Scott E. Fraser, and Russell E. Jacobs

The amphibian embryo undergoes radical tissue transformations during blastula and gastrula stages, but
live observation of internal morphogenetic events by optical microscopy is not feasible due to the opacity
of the early embryo. Here, we report on the use of microscopic magnetic resonance imaging (MRI) to
directly follow morphogenetic movements during blastula and gastrula stages of the Xenopus laevis embryo.
We compare three different MRI modalities that take advantage of the intrinsic contrast present in
embryonic tissues: three-dimensional (3D) fat-imaging, 3D water-imaging, and 2D high-speed high-
resolution imaging of early embryonic stages. We show that the features revealed by the intrinsic contrast
correlate with the histological structure of the embryo. Using this tissue specific intrinsic contrast, the main
embryonic tissues and internal tissue movements as well as archenteron invagination can be differentiated
without cell labeling. We present 2D and 3D time-lapse sequences of early Xenopus embryonic development,
spanning the stages from early blastula to the end of gastrula, which show the complex internal
rearrangements of gastrulation in essentially real-time. Developmental Dynamics 236:494–501, 2007.
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Key words: Xenopus laevis; gastrula; MRI; longitudinal study; 3D imaging; morphogenesis

Accepted 14 November 2006

INTRODUCTION
Understanding developmental mecha-
nisms operating in the Xenopus embryo
has often been hampered by inaccessi-
bility of the live embryo to optical mi-
croscopy, due to light scattering by the
intracellular yolk inclusions. Experi-
ments on morphogenetic movements
and their molecular control have relied
on tissue explants or the interpretation
of movements from static histological

preparations (Vogt, 1929; Brachet,
1935; Nieuwkoop and Florschütz, 1950;
Keller, 1975, 1976; Nakatsuji, 1975;
Bauer et al., 1994; Winklbauer and
Schürfeld, 1999; Davidson et al., 2002;
Davidson and Keller, 2004). However,
early cleavages are irregular, and it has
been found that even the most promi-
nent gastrulation features like arch-
enteron inflation, invagination, and
blastopore closure do not occur at in-

variant times in relation to each other
(Ewald et al., 2004). Such properties
make the reconstruction of amphibian
gastrulation movements from time-
course data problematic, thus high-
lighting the necessity for time-lapse
studies in the same embryo.

Magnetic resonance imaging (MRI)
has several advantages over other im-
aging modalities, which makes it ide-
ally suited for live imaging of
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gastrulation in the optically opaque
amphibian. It does not depend on op-
tical properties of tissues and can non-
invasively (Kay et al., 1988) visualize
internal structures in opaque biologi-
cal tissue (Lauterbur, 1973; Redpath,
1997). It is able to acquire whole
three-dimensional (3D) images of em-
bryos. Even with most modern optical
methods, such as confocal microscopy
or optical coherence tomography
(Haskell et al., 2004), it is a very dif-
ficult, if not impossible, task to ac-
quire complete 3D-images of whole
live embryos. However, the acquisi-
tion of 3D images is of crucial impor-
tance for quantitative studies
of embryonic morphogenesis, which
happens in three dimensions. Fur-
thermore, MRI is able to differentiate
biological tissue based on tissue-spe-
cific intrinsic magnetic properties
(Johnson et al., 1993), a property that
has made magnetic resonance imag-
ing an invaluable tool for medical di-
agnostics.

Previously conducted MRI of frog
embryos made use of extrinsic con-
trast to follow tissue movements dur-
ing blastula and gastrula stages (Ja-
cobs and Fraser, 1994) and intrinsic
tissue contrast for tracing cell lin-
eages of early blastomeres (Papan et
al., 2006). Here, we show that intrin-
sic tissue contrast in the MR images
correlates with the histological struc-
ture of the early embryo and can be
used for studying tissue morphogene-
sis during blastula and gastrula
stages. We compare three different
MRI modalities, each highlighting the
morphology of the embryo in a differ-
ent way and allowing us to distinguish
the main embryonic tissue regions
and boundaries, such as the animal
cap, the marginal zone, the vegetal
cell mass, the Cleft of Brachet, the
blastocoel, and the archenteron. 2D
and 3D time-lapse sequences are pre-
sented that show morphogenetic tis-
sue movements of gastrulation and
archenteron invagination.

RESULTS AND DISCUSSION

Intrinsic Tissue Contrast of
Water and Fat Images of
Xenopus Embryos

Magnetic resonance images of the am-
phibian embryo can be generated sep-

arately from the various nuclear
magnetic resonance (NMR) signals
present in the Xenopus embryo. This
is because tissue water and the lipids
exhibit separate proton-NMR fre-
quencies: 4.7 ppm for the tissue water
and multiple resonances between 0.5
and 6 ppm for the methine-, methyl-,
and methylene groups of the lipids
(Sehy et al., 2001). Hence, images
formed from the NMR signal of the
tissue water are designated “water
images,” and images formed from the
NMR signal of the tissue lipids are
designated “fat images.”

Figure 1 shows a comparison of tis-
sue contrast in water and fat images.
In water images (Fig. 1A–D), the blas-
tocoel(bc) displays the highest signal
intensity, the animal cap tissue (ac)
has an intermediate, and vegetal cell
mass (veg) the lowest intensity. The
fluid surrounding the embryo is also
dark because Feridex has been added
to the Rearing medium to suppress its
NMR signal (see the Experimental
Procedures section). Fat images (Fig.
1I–L) show the opposite contrast to
water images, with the strongest sig-
nal intensity at the vegetal pole (veg),
lower intensity in the animal cap (ac),
and no signal in the blastocoel (bc).
Due to the much lower total concen-
tration of fat protons compared with
water protons, the signal-to-noise
(S/N) ratio is lower than in water im-
ages. However, because fat is present
only in the tissue, image contrast is
high. Thus, water and fat images
present two imaging modalities,
which highlight the animal cap and
the vegetal cell mass in a complemen-
tary manner.

The reason for this tissue contrast is
the higher yolk content at the vegetal
pole (Danilchik and Gerhart, 1987;
Hausen and Riebesell, 1991), which
results in differential T1, T2, and spin
density values in the different embry-
onic regions (Sehy et al., 2001). It
should be noted that, to suppress the
fat signal in the water images, we
used an initial 90 degrees selective ra-
dio frequency (RF) pulse centered
around 1.2 ppm with a subsequent
dephasing gradient. Although most of
the lipid resonances are located at 1.2
ppm, we cannot exclude a residual
contribution to the “water images” of
some lipid signal located around 5.2
ppm, close to the water resonance.

Correlation of MRI Contrast
With Histology

To correlate MRI contrast with the tis-
sue architecture, we compared water
(Fig. 1A–D) and fat (Fig. 1I–L) images
to histological images (Fig. 1E–H) of
embryos of comparable developmental
stage. Figure 1E shows the familiar
histological structure of the blastula
stage Xenopus embryo (Hausen and
Riebesell, 1991), with the smaller less
yolky cells of the animal cap, the
larger more yolky cells of the vegetal
pole, and cells of intermediate size in
the marginal zone. This structure cor-
relates well with the contrast seen in
the corresponding MR images (Fig.
1A,I): The animal cap is bright and
the vegetal pole is dark, and the
boundary between the light and the
dark moiety (indicated with white
dashed lines) coincides with the
boundary between the small and the
large cells. At stage 10 (Fig. 1F), the
embryo is asymmetric because the
dorsal marginal zone (DMZ) is popu-
lated with small cells, while the ven-
tral marginal zone (VMZ) is not (see
also panel 18 in Hausen and Riebesell,
1991). This asymmetry is also seen in
the MRI images (Fig. 1B,J). At stage
11 (Fig. 1G), the mesendodermal man-
tle is moving over the inside of the
animal cap toward the animal pole
and is separated from the animal cap
tissue by the Cleft of Brachet (Bra-
chet, 1935, arrow in Figure 1G). In the
MR images, it is visible as a sharp
interface between the darker tissue of
the vegetal cell mass and the brighter
regions of the animal cap (Fig. 1G,
arrow). At stage 12 (Fig. 1H), the arch-
enteron (ar) has formed and is clearly
visible in the MR image. Between the
blastocoel and the archenteron, there
is a region of loosely arranged cells
with large intercellular spaces. This
region is discernible in the MR images
as well (asterisk in Fig. 1). The thick-
ening of the anterior neuroectoderm
(an), evident in the histological im-
ages (Fig. 1H), is also visible in the
water MR image (Fig. 1D).

Thus, tissue contrast in the MR im-
ages of early Xenopus embryos corre-
lates well with the characteristic dif-
ference in cell size between the animal
cap and the vegetal cell mass, a result
of the higher yolk concentration to-
ward the vegetal pole in the amphib-
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Fig. 1. A–L: Time-lapse series of water (A–D) and fat (I–L) magnetic resonance (MR) images in comparison with a time course series of histological
images (E–H) at comparable embryonic stages. A,E,I, stage 9; B,F,J, stage 10; C,G,K, stage 11; D,H,L, stage 12. All images are sagittal, the animal
pole is up, and dorsal is to the right. Dashed lines in the MR images (A, B, C, and I, J) demarcate the intensity boundary between the vegetal and the
animal cells, which corresponds to the boundary between smaller animal and larger vegetal cells in the confocal images, also indicated with a dashed
line in the histological images (E, F, and G). ac, animal cap; veg, vegetal cell mass, bc, blastocoel; pl, pigment line; ar, archenteron; an, anterior
neuroectoderm (see text); asterisks, regions of loosely packed cells (see text); arrowheads, Cleft of Brachet. Scale bar � 200 �m.
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ian mesolecithal eggs (Danilchik and
Gerhart, 1987). The intrinsic contrast
seen in the early embryo is similar to
what has been observed in Xenopus
oocytes (Sehy et al., 2001). Although
not strictly lineage specific, the con-
trast can be used as a specific marker
for tracing morphogenetic movements
of different tissue regions through
gastrulation.

3D Time-Lapse Visualization
of Xenopus Gastrulation
From Water Images

To visualize the internal morphoge-
netic changes of the embryo structure
through blastula and gastrula, we car-
ried out 3D surface renderings of a
time series of MR water image vol-
umes. Figure 2 shows selected stages
from such a series. At stage 8 (Fig.
2A), the embryo is rotational symmet-
ric, with the animal cap at the top and
the vegetal cell mass at the bottom.
From stage 8 (Fig. 2A) to stage 9 (Fig.
2B), the embryo changes little except
for the enlargement of the blastocoel.
By stage 10 (Fig. 2C), the blastocoel
has further enlarged and the embryo
is no longer symmetric, because the
DMZ (black arrow in Fig. 2C) is larger
than the VMZ (black arrowhead in
Fig. 2C). The entire blastocoel floor
(BCF) has lifted up, and is higher on
the dorsal side (white arrow in Fig.
2C) compared with the ventral side
(white arrowhead in Fig. 2C). By stage
11 (Fig. 2D), the mesendodermal man-
tle has assumed its characteristic cup
shape, and the dorsal rim (black arrow
in Fig. 2D) is further advanced than
the ventral rim (black arrowhead in
Fig. 2D). The red animal cap tissue
has advanced toward the vegetal pole.
By stage 12, the archenteron (green
sphere in Fig. 2E) has begun to inflate
on the dorsal side, and the blastocoel
assumes its characteristic funnel-
shape with the funnel tip pointing to-
ward the archenteron (asterisk in E).
By stage 12.5, the archenteron has in-
flated further, pushing the blastocoel
ventrally. The animal cap has almost
completely enclosed the vegetal cell
mass except for the yolk plug (yp).

With the acquisition parameters
used here, we were able to acquire a
3D image in less than 1 hr at a reso-
lution of 39 �m3. By keeping the em-
bryo at 15°C, the spatial and temporal

resolution was sufficient to follow
morphogenetic movements during
gastrulation, which at this tempera-
ture takes �12 hr. Increasing the S/N
ratio or image resolution through
pulse sequence manipulations, how-
ever, inevitably results in a lengthen-
ing of the imaging time. Fixed biolog-
ical samples may be scanned for
extended periods to reach a desired
S/N ratio, but imaging live samples is
restricted by morphogenetic or body
movements. Our image acquisition
parameters were consequently deter-
mined by acquisition time constraints.

3D Time-Lapse Visualization
of Vegetal Cell Mass
Morphogenesis From Fat
Images

The high signal intensity of the vege-
tal pole seen in fat images allows a
selective 3D surface rendering of the
vegetal cell mass (VCM) from fat-im-
age volumes. Figure 3 shows a time-
lapse sequence from mid-blastula to
the end of gastrula, illustrating the
morphogenetic changes in the VCM.
At stage 9 (Fig. 3A), the VCM is radi-
al-symmetric, the BCF is concave, and
the edge (indicated with a dashed
black line in Fig. 3) is irregular.
Around stage 9.5 (Fig. 3B), the BCF
has expanded and its edge has become
more regular. Around stage 10 (Fig.
3C), the BCF has further expanded
and has become convex. On the dorsal
side, the leading edge of gastrulation
has begun to move upward (white ar-
row in Fig. 3C). At stage 10.25 (Fig.
3D), the advancement of the leading
edge has also started on the ventral
side (white arrowhead in Fig. 3D). At
stage 10.5 (Fig. 3E), the VCM has as-
sumed a cup shape, as the leading
edge has circumferentially begun to
move toward the animal pole. At stage
12 (Fig. 3F), the leading edge is about
to fuse at the animal pole (white ar-
row), with the mesendodermal mantle
nearly enclosing the blastocoel. In the
lateral wall of the mesendodermal
mantle, a hole can be seen (black ar-
row in Fig. 3F), corresponding to a
region of lower intensity. Such a re-
gion was not observed in other 3D fat
images. It most likely represents a
susceptibility artifact due to a nearby
particle, which are in some cases

found stuck to the vitelline membrane
of a dejellied embryo.

It should be noted that the contrast
between the animal and the vegetal re-
gion is not sharply defined. Thus, when
segmenting the images for surface ren-
dering either in water images or in fat
images, a change in the threshold cho-
sen for rendering may change the result
significantly. However, keeping the
threshold constant between time points
allows the direct comparison and mea-
surement of morphological changes
within a given time series.

2D High-Resolution, High-
Speed Imaging

At gastrula, the Xenopus embryo is
bilateral-symmetric, so that for many
purposes 2D imaging of the sagittal
plane (the midline) contains sufficient
information about the embryo struc-
ture. The higher image resolution and
signal-to-noise (S/N) ratio at shorter
imaging times offset the disadvantage
of loosing the 3D information. Figure
4 (see also Supplementary Movie S3
and Movie S4, which can be viewed at
http://www.interscience.wiley.com/
jpages/1058-8388/suppmat) shows se-
lected stages of a 2D time sequence.
Strikingly, marginal zone tissue can
be differentiated from animal cap
(AC) tissue and the VCM, and its mor-
phogenetic movement can be traced
though the gastrula stages.

At stage 10 (Fig. 4A), the marginal
zone tissue is located in the equatorial
region between the AC tissue and the
VCM. The dorsal blastoporal lip is vis-
ible (black arrows in Fig. 4A,B), which
was not apparent in a 3D image (Fig.
1). At stage 11 (Fig. 4B), gastrulation
movements have changed the struc-
ture of the embryo. Both the dorsal
and the ventral equatorial regions
now consist of three distinct layers,
with the black VCM on the inside, an
orange layer on the outside and the
dark red marginal zone tissue in be-
tween (indicated by light blue arrows
in Fig. 4B). The interface between the
outer and the middle layer corre-
sponds to the Cleft of Brachet (black
arrowheads in Fig. 4B,C). At stage 12
(Fig. 4C) the archenteron (ar) has
formed, separating the black vegetal
cell mass and the archenteron roof.
The archenteron roof is composed of two
distinct layers: the light orange ectoder-
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mal layer and the dark orange/red me-
sodermal layer. The boundary between
both layers corresponds to the Cleft of
Brachet, which was not as evident in
the 3D images of the comparable stage
(Fig. 1D). Other morphological features
are visible as well: The mesendodermal
mantle has just closed (black arrow in
C). The yolk plug (yp) is still present.
Just as in the 3D water image (Fig. 1D),
the anterior neuroectoderm (an) is visi-
ble as a thickening of the outer layer of
the archenteron roof.

In conclusion, though sacrificing the
3D information, 2D imaging acquires
images faster and at a much higher
S/N ratio than 3D imaging, thus al-
lowing a better differentiation of the
embryonic tissues and boundaries. Al-
though not strictly lineage-specific,
the intrinsic contrast gives a clear im-
pression of the tissue movements of
the marginal zone during gastrula.
The chosen slice thickness of 200 �m
captured a sufficiently large region of
the embryo while exhibiting a good
feature resolution with the main fea-
tures of interest being visible. Slice
thicknesses of 400 �m or 500 �m re-
sulted in too much loss of resolution due
to partial volume artifacts. Multiple
slice 2D imaging is an obvious exten-
sion that can be done without lengthen-
ing the total imaging time.

Time-Lapse Imaging of
Archenteron Invagination

One of the main hallmarks of gastru-
lation is the formation of the arch-
enteron. While its initial formation
could not be revealed in 3D MR im-
ages, the early phases of this process
can directly be followed in 2D time-
lapse sequences. Figure 5 shows a
time sequence illustrating this early
invagination phase (see also the
Supplementary Movie S4). The tip of
the archenteron can be discerned as
a bright spot penetrating into the
darker tissue of the vegetal cell
mass. At 0:00, approximately stage
10.5, the archenteron has just begun
to invaginate. In the following time
points, the process of invagination
can be followed as the tip of the arch-
enteron (white arrows in Fig. 5)
moves animal-ward. At 1:45, the
archenteron has reached a length of
approximately 400 �m. The time se-
ries shows that its extent is not en-

tirely a result of actual invagination.
This is because the archenteron is
also extending toward the posterior
due to the epibolic movement of the
animal cap. At time 1:45 (Fig. 4), the
current location of the blastopore is
indicated in relation to the original

position (indicated by an arrow-
head). Thus, approximately 150 �m
of the archenteron’s length at this
time point is due to epiboly, while ap-
proximately 250 �m is due to invagina-
tion. This finding is an example for the
requirement of a longitudinal study by

Fig. 2.

Fig. 3.

Fig. 4.
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MRI, as the extension of the arch-
enteron cannot be traced from time
course data due to the weak correlation

between external staging criteria (blas-
topore closure) and internal morpho-
genesis (Ewald et al., 2004).

CONCLUSIONS AND
OUTLOOK

In this study, we describe the use of
intrinsic MRI tissue contrast for time-
lapse imaging of Xenopus gastrula-
tion. The main advantage of a live im-
aging technique to study gastrulation
is that it avoids the variability of the
same developmental processes be-
tween different embryos. This vari-
ability makes reconstruction of dy-
namic morphogenetic processes from
time course data difficult and poten-
tially unreliable. Xenopus is known to
vary considerably in key aspects of
morphogenesis: Early cleavages are
highly variable and rarely “textbook
like,” requiring the careful selection of
embryos exhibiting such standardized
cleavage patterns. In addition, a pro-
nounced divergence between internal
and external morphogenetic charac-
teristics has recently been described
(Ewald et al., 2004) but was previ-
ously unrecognized.

Various applications for the de-
scribed imaging method in studying
Xenopus gastrulation can be envi-
sioned. With the ability to record 3D
data sets, MRI opens up the possibil-
ity of a precise quantification of the
morphogenetic transformation of gas-
trulation. Numerous morphogenetic
parameters can be extracted, for ex-
ample, the timing and speed of mes-
endodermal mantle advancement,
archenteron invagination, animal cap
epiboly, and asymmetry between the
dorsal and the ventral marginal zone.
The surface areas and the volumetric
data of tissues or subregions of tissues
can be obtained from semiautomatic
image segmentation and may be eas-
ily measured with existing software.
In this way, MRI can provide a quan-
titative link between tissue morpho-
genesis and the results of molecular
perturbations used to test hypotheses
about the underlying mechanisms.

With the different contrast sources
available, various aspects of the devel-
opment can be imaged. While water
imaging is useful for tracing the ani-
mal cap epiboly, formation of the em-
bryonic cavities and archenteron in-
vagination, fat imaging can be used
for imaging the vegetal pole of the em-
bryo. Fat imaging is particularly use-
ful for experiments that require label-
ing of cells in the VCM. Although a

Fig. 2. A–F: Three-dimensional (3D) surface-rendered time series of an embryo showing internal
morphogenetic changes during Xenopus blastula and gastrula stages. A, stage 8; B, stage 9; C,
stage 10; D, stage 11, E, stage 12; F, stage 12.5. The embryo is oriented with dorsal to the right and
the animal pole up. The vegetal cell mass (veg) is rendered yellow, the animal cap (ac) red, the
blastocoel (bc) blue, and the archenteron (ar) green. The animal cap and the vegetal cell mass are
transparent to facilitate visualization of internal structures. Black arrowhead, ventral leading edge
of the mesendodermal mantle; black arrow, dorsal leading edge of the mesendodermal mantle;
white arrowhead, ventral marginal zone; white arrow, dorsal marginal zone; asterisk, tip of the
blastocoel pointing toward the archenteron; yp, yolk plug. Scale bar � 200 �m.

Fig. 3. A–F: Three-dimensional (3D) time series of an embryo showing the morphogenetic trans-
formations of the vegetal cell mass during blastula and gastrula stages. The vegetal cell mass is
surface rendered in yellow, and the remainder of the embryo is volume rendered in blue/green to
provide the context of the whole embryo. Embryos are shown in a lateral view with the dorsal side
to the right and a slight tilt toward the animal pole to facilitate the view on to the blastocoel floor.
A, stage 8; B, stage 9.5; C, stage 10; D, stage 10.25; E, stage 10.5; F, stage 12. Scan times are
indicated in hr:min with respect to the first scan. bc, blastocoel; BCF, blastocoel floor. Dashed lines
indicate the edge of the BCF. White arrows in C and D, dorsal leading edge of the mesendodermal
mantle. White arrowhead in D, ventral leading edge of the mesendodermal mantle. White arrow in
F, site where the mesendodermal mantle will eventually close. Black arrow in F, hole in the lateral
wall of the mesendodermal mantle; yp, yolk plug. Scale bar � 200 �m.

Fig. 4. A–C: Selected images from a two-dimensional (2D) high-resolution high-speed time lapse
series showing the morphogenetic movements of the dorsal and ventral marginal zone. The animal
pole is up, dorsal to the right. Slices are sagittal. A, stage 10; B, stage 11; C, stage 12. ac, animal
cap; bc, blastocoel; veg, vegetal cell mass; an, thickening of the anterior neuroectoderm; yp, yolk
plug. Images have been median filtered, and a color look-up table (shown at the bottom of the
panel) has been applied, rendering the animal cap in orange, the marginal zone in dark orange/red,
and the vegetal cell mass in black. In A, the dark orange/red marginal zone tissue is encircled with
a dashed line. In B and C, the light blue arrows indicate the dark orange/red tissue underlying the
light orange animal cap tissue. Black arrowheads, Cleft of Brachet. Black arrows in A and B, dorsal
blastoporal lip. Black arrow in C, point of closure of the mesendodermal mantle. Scale bar � 300
�m.

Fig. 5. Two-dimensional (2D) time-lapse series illustrating the early phase of archenteron invag-
ination. Times are indicated in hr:min with relation to the first scan. Images are sagittal, and
embryos are oriented with the animal pole up and dorsal is to the right. Bc, blastocoel; veg, vegetal
cell mass. The tip of the archenteron is visible as a small brighter dot (white arrows), traveling from
the blastoporal lip (bp) animal-ward. The arrowhead at 1:45 points at the original location of the
blastoporal lip. Scale bar � 200 �m.

MRI OF XENOPUS GASTRULATION 499



T1-contrast agent has successfully
been used to label cells at the animal
pole (Jacobs and Fraser, 1994), such
agents do not markedly enhance con-
trast of vegetal cells (C. Papan, un-
published observations). This is likely
due to the lower free-water content in
this region. However, we found that
cells in the VCM could be successfully
labeled with a commercially available
suspension of superparamagnetic iron
oxide (SPIO) nanoparticles (Feridex,
Berlex), which reduces the signal in
the labeled cells, thus allowing to
trace cells in the VCM (C. Papan, un-
published observations).

With a view to the application of
MRI to the study of gastrulation in
nonamphibian species, it is important
to consider that the main contrast
source in the amphibian is the asym-
metric distribution of the yolk. The
yolk-containing blastomeres partici-
pate in the formation of the embryo,
which is not the case in teleosts or
avian embryos. Additionally, gastru-
lation of those embryos occurs in a
comparatively thin cell layer on the
outside of a large yolk cell. With a 2D
image resolution of 23 �m2, the cell
layer would thus only be covered by
approximately 5–6 pixels. In addition,
avian embryos are contained within a
large egg, which requires the usage of
a much larger RF coil and larger field
of view.

In its present state, the imaging
technique shown is best suited for
monitoring relatively large morphoge-
netic changes of the embryo. To visu-
alize cell movements in more detail,
cell labeling will be required. How-
ever, it is expected that future hard-
ware developments might make it
possible to directly visualize cells in
the later blastula and gastrula with-
out cell labeling. A contrast agent may
be applied nonspecifically to the entire
embryo, shortening the T1-value of
the tissue and thus allowing for a
higher S/N ratio in the same imaging
time (M. Tyszka, personal communi-
cation). Microsurface coils (Bilgen,
2004) could be used to visualize the
embryo at much higher resolution
than currently attainable, or the use
of a recently available cryoprobe (Lee
et al., 2005) may also improve the S/N
ratio.

Although MRI is an expensive tech-
nology, and its successful implemen-

tation requires specially trained per-
sonnel, it is becoming more and more
common, especially in the rapidly ex-
panding field of mouse models for hu-
man diseases (Ahrens et al., 1998;
Benveniste and Blackband, 2002) and
in the neuroscience of small primates
like mouse lemurs (Dhenain et al.,
1997, 2000). All of these disciplines
require MRI instrumentation similar
to that used in this work, which are
now more commonly available in
shared imaging facilities of many re-
search facilities and universities. This
availability puts microscopic MRI well
within the reach of labs not special-
ized in this imaging technique.

EXPERIMENTAL
PROCEDURES

Embryo Handling and
Mounting

Embryos were derived by in vitro fer-
tilization (Sive et al., 1998) and kept
in Rearing medium (0.8% Instant
Ocean, Aquarium Systems, Mentor,
OH) throughout. Embryo staging was
done according to Nieuwkoop and
Faber (1994). For 3D experiments, the
jelly coat of the embryos was removed
at the four- to eight-cell stage by incu-
bating them in 2% cysteine pH 8.0 for
4–5 min. For imaging purposes, em-
bryos were placed in a D2O suscepti-
bility-matched glass tube (BMS-0025,
Shigemi Corp., Tokyo, Japan; outer
diameter 2.5 mm, inner diameter 1.9
mm) in approximately 10 �l of Rear-
ing medium. Both ends of the tube
were sealed with a Teflon membrane
(High Sensitivity Membrane Kit, YSI
Inc., Yellow Springs, OH) to allow ox-
ygen exchange while preventing wa-
ter evaporation. For 3D spin-echo MR
experiments, the Rearing medium
was supplemented with Feridex (Ber-
lex) at 1:40 dilution to suppress its MR
signal, thus making the image data
better suitable for 3D volume render-
ings. Development of embryos in the
glass tubes was indistinguishable
from control sibling embryos develop-
ing in a Petri dish until at least stage
24, when the surrounding drop size
becomes too small to accommodate the
extending embryo. To slow down the
development, the MR scanning was
done at 15°C. At this temperature,
gastrulation takes approximately 12

hr, yielding sufficient temporal resolu-
tion to follow development. For reli-
able embryonic axis identification in
2D experiments, the early blastula
stage embryos were oriented with the
aid of the asymmetric pigmentation
(Masho, 1990; Sive et al., 1998), either
perpendicular or parallel to the long
axis of the sample tube. For optical
imaging, embryos were fixed in
Bouin’s fixative for 2 hr at room tem-
perature. Fixed embryos were bi-
sected with a razor blade along the
body midline to facilitate better imag-
ing of the embryos sagittal plane, then
dehydrated in a graded ethanol series
and cleared and mounted in benzyl
benzoate/benzyl alcohol (2:1 v/v) in de-
pression slides. Confocal imaging was
done using a Zeiss LSM 510 Axiovert
or a Zeiss LSM 5 Pascal Axiovert
microscope with a C-Apochromat 10X/
0.45 W objective and the pinhole set to
2 airy units, using the 488-nm laser
line to excite the tissue autofluores-
cence.

Image Acquisition

MR images were acquired using a
Bruker Avance DRX500 spectrometer
(11.7 T) with microimaging capability
(Bruker BioSpin Corp, Billerica, MA).
A home-built 3-mm solenoidal RF coil
(Papan et al., 2006) wrapped around a
hollow glass tube into which the sam-
ple tube was inserted was used for all
data collection. For 3D imaging, we
used a T1-weighted spin-echo pulse
sequence with TR/TE � 400 msec/8
msec and two averages yielding an im-
aging time of 55 min. The field of view
was typically 5 � 2.5 � 2.5 mm with
an array size of 128 � 64 � 64, result-
ing in approximately 39 �m3 isotropic
voxel size. For fat suppression in the
water images, a fat-selective RF pulse
centered at 1.2 ppm followed by a
dephasing gradient pulse was used at
the beginning of the sequence. To sup-
press water in the fat images, we used
an initial water-selective 90 degrees
RF pulse followed by a dephasing gra-
dient; then performed a fat-selective
90 degrees RF pulse. For 2D imaging,
we used a gradient echo imaging with
repetition time TR/TE � 400 msec/5.7
msec and eight averages, yielding an
imaging time of 6 min and 44 sec. Slice
thickness was 200 �m; the field of was
typically 3 � 3 mm with an array size
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of 128 � 128, resulting in approxi-
mately 23 �m2 in-plane resolution.
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