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sucrose, and 0.5% gelatin (pH 7.0) with 10 KM 
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were sedimented by centrifugation and the super- 
natant passed through a 3-fim pore Nucleopore 
filter. The flow-through was centrifuged through a 
12% sucrose cushion at 17009 for 45 min and 
collected at the tube base. Leishmania phago- 
somes were isolated into the same lysis mixture 
by disruption with -30 passages through 50 mm 
of 0.6-mm bore plastic tubing. After a low-speed 
spin to sediment large debris, the supernatant 
was loaded onto a discontinuous sucrose step 
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centrifuged at 1700gfor 25 min. The phagosomes 
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purity of these and subsequent phagosome prep- 
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Magnetic Resonance Microscopy of Embryonic 
Cell Lineages and Movements 

Russell E. Jacobs* and Scott E. Fraser 
Key events in vertebrate embryogenesis are difficult to observe in many species. High- 
resolution magnetic resonance imaging was used to follow cell movements and lineages 
in developing frog embryos. A single cell was injected at the 16-cell stage with a contrast 
agent, based on the gadolinium chelate gadolinium-diethylenetriamine pentaacetic acid- 
dextran. The labeled progeny cells could be followed uniquely in three-dimensional mag- 
netic resonance images, acquired from the embryo over several days. The results show 
that external ectodermal and internal mesodermal tissues extend at different rates during 
amphibian gastrulation and neurulation. 

T h e  analysis of cell lineages and cell move- 
ments is central to an understanding of the 
processes by which an adult vertebrate de- 
velops. The opacity and large number of 
indistinguishable cells in the vertebrate em- 
bryo prohibit analysis by direct observation 
(1). The tracing of cell movements and 
lineages requires some means to render a 
cell and its progeny unique. Individual pre- 
cursor cells have been labeled with mem- 
brane-impermeable enzymes (2) or fluores- 
cent dyes (3), or infected with a retroviral 
agent (4). With few exceptions (5), subse- 
quent observation of the progeny requires 
fixed, sectioned, and stained specimens. 
This processing prohibits the direct obser- 
vation of ongoing developmental events; 
instead, they must be inferred by cdmpari- 
son of results obtained from different em- 
bryos fixed at different stages. 

This limitation is especially critical in stud- 
ies of early morphogenetic events in the ver- 
tebrate embryo, such as gastrulation in am- 
phibians. Although Xenopus kzewis has served 
as the central system for analyses of vertebrate 
gastrulation movements and the cell interac- 
tions that they bring about, most of the 
movements of cells cannot be followed in the 
intact embryo because they take place largely 
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within its interior. Thus. analvses of these 
processes in.X. kzewis have relied on time-lapse 
cinemicroscopy of surface cell movements, 
histological examination of fixed specimens, 
and explantation techniques (6). The results 
of these studies have demonstrated the cou- 
pling of the convergence of cells toward the 
dorsal midline with the extension of the 
embryonic axis (convergent extension) 
brought about by changes in cell shape and 
relative positioning (radial and mediolateral 
intercalation). Short-range intercalary move- 
ments can bring about large-scale tissue move- 
ments. For example, a simple mediolateral 
intercalation of each cell moving between its 
neighbors toward the midline results in a 
doubling of the tissue length (extension) and 
halving of the tissue width (convergence). 
Explant cultures show such convergence-ex- 
tension movements during gastrulation, both 
in the cells that remain on the surface of the 
embryo (noninvoluting marginal zone) and in 
those that involute to form the ex~anding - 
archenteron (involuting marginal zone). 

To observe ongoing developmental 
events in living frog embryos, we used 
high-resolution magnetic resonance imag- 
ing (MRI) . With MRI, three-dimensional 
(3D) images of the developing embryo may 
be obtained on a time scale faster than the 
cell division time and analyzed forward or 
backward in time to reconstruct fully cell 
divisions and cell movements. The MRI 

phages in homogenization buffer by passage 
through narrow-gauge tubing (16) and washed 
(four times) after magnetic selection in a Dynal 
MPC apparatus. SDS-PAGE gels were run with 
phagosome preparations normalized to equiva- 
lent amounts of LAMP-I protein. Nitrocellulose 
blots were probed with primary antibodies and 
species-specific, horseradish peroxidase-conju- 
gated secondary antibodies (Jackson ImmunoR- 
esearch Laboratories). The blots were developed 
by enhanced chemiluminescence (hersham) 
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technique is a qualitatively different meth- 
od of visualization than the light microsco- " 

py used in previous lineage studies. In this 
method. the recorded signal arises from the 
hydrogen nuclear spin i f  water molecules. 
Spatial localization of the nuclear magnetic 
resonance (NMR) signal is made possible 
by superimposing various magnetic field 
gradients on the usual static magnetic field 
(7). The use of a set of three orthogonal 
gradients allows the NMR signal to be 
parsed into a matrix of'intensities, one for 
each volume element (voxel), yielding the 
3D magnetic resonance image. Contrast in 
the magnetic resonance image arises from 
voxel-to-voxel variations in the water con- 
centration and local environment. Varia- 
tions in the local environment (for exam- 
ple, proximity to a paramagnetic center) 
and state (for example, mobile versus im- 
mobile) of the water modulate the NMR 
relaxation times T I  and T, (8). We use an 
imaging protocol that yields an image in 
which the intensity is a monotonic function 
of the relaxation rate ( l /Tl)  (9). 

To perform cell lineage analyses with 
MRI, an MRI lineage tracer is required that 
must (i) induce a local signal that is char- 
acteristically different from that of the rest 
of the sample, (ii) be physiologically inert, 
and (iii) remain within .the originally la- 
beled cell and its progeny. MRI contrast 
enhancement agents based on gadolinium 
have the needed effect on the MRI water 
signal, increasing the relaxation rates of 
nearby nuclear spins to provide contrast not 
naturally found in the specimen (1 0). We 
used an MRI contrast agent that is a cova- - 
lent conjugate of dextran with diethylene- 
triamine pentaacetic acid (DTPA) to 
which Gd3+ has been chelated ( I  1). The 
high-affinity chelator DTPA protects living 
systems from the toxic effects of Gd3+ (12). 
We used twice as much chelator as Gd3+ to 
ensure that a minimal amount of free Gd3+ 
was present. The dextran is -membrane- 
impermeant and too large to pass from cell 
to cell through gap junctions, thereby lim- 
iting the contrast agent to the injected cells 
and their descendents. Because this tracer is 
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Flg. 1. Magnetic resonance images of a single developing frog embryo taken at 16 successive 
times; (A) to (P) were recorded at 4,7,9,12,21,24,27,29,33,35,45,47,51,59,69, and 98 hours 
after fertilization, respectively. Descendants of a single 16-cell blastomere, injected with the contrast 
agent (24) 2 hours before the first image was recorded, appear as high-intensity volumes 
(yellow-red). In (A) to (D), the embryo develops into a blastula. The blastocoel is a lighter gray region 
to the upper left and the mass of yolk cells are the bluegray region to the lower right in (D). In (E) 
to (J), theembryo is undergoing gastrulation. It passes from an early neurula to the early tail bud 
stage in (K) to (P). For visualization, we used VoxeNiew (Vial Images, Fairfield, Iowa). In all the 
figures, the bottom of the color scale bar indicates low intensity and the top high intensity. To permit 
the labeled cells to be visualized among the unlabeled cells, the opacity of each voxel was adjusted 
so that higher voxel intensity values have exponentially higher opacity values. Thus cavities are 
rendered transparent, the unlabeled cells semitransparent, and labeled cells opaque. This display 
routine is sufficient to display the majority of the labeled cells except for panels (K) to (0), in which 
the thickness of the somite tissue obscures the display of the labeled clone in the neural tube. The 
width of the color scale bar represents 125 pm. 

Fig. 2. (A to P) Sixteen 
slices through the early 
blastula staae. The slices 
are 75 pm apart and 12 
pm thick. Each is oriented 
with the animal pole to the 
upper left and the future 
dorsal axis to the right. An 
intense region near the 
animal pole is sharply d e  
marcated from its sur- 
roundings in this 12Ecell 
embryo. The intense r e  
aion occu~ies the volume 
expected of the eight de- 
scendants of the original- 
ly labeled cell. Within the 
high-intensity region, the 
several small low-intensity 
regions (D) are the nuclei 
of the labeled cells, which 
remain unlabeled b e  
cause the MRI contrast 
agent is excluded from 

I 
of the color scale bar represents 125 pm. 
the nucleus (1 7). The blastocoel is just beginning to form directly below the labeled cells. The width 

a close analog of fluorescent dextran lineage 
tracers already in use (3), established tech- 
niques can be used for its injection into 
embryonic cells. Unlike the fluorescent 
probes, which bleach and generate reactive 
by-products when observed, neither the 
MRI contrast agent nor the surrounding 
cytoplasm are perturbed by the process of 
recording a magnetic resonance image. 

To  achieve the micrometer-scale resolu- 
tion necessaty to follow developing cell lin- 
eages, we used static and gradient magnetic 
fields several orders of magnitude larger than 
those used in clinical settings (13). An in- 
crease in the resolution from the 1-mm3 scale 
of clinical images to the 10-p.m3 scale needed 
here decreases the voxel size by a factor of lo6. 
Because the umcentration of water is relative- 
ly constant, the s g d  st rength is decreased by 
the same factor. NMR is an  intrinsically low 
sgd-to-noise phenomenon; thus, attempts 
to measure signals from these small volumes 
are fraught with diliiculties (1 4). We acquired 
images at 12-pm resolution using a 7T system 
with the radio-frequency coil, gradient frame- 
work, imaging protocol, and sample prepara- 
tion optimized for in vivo micrometer-scale 
imaging (1 5). 

We injected a single blastomere of a 
16-cell embryo [blastomere DA (16)] with 
the Gd-DTPAdextran tracer and recorded 
images repeatedly over several days (Fig. 1). 
The images show the progression from early 
cleavage and blastula stages (Fig. 1, A to D) 
through gastrulation (Fig. 1, E to H), neu- 
rulation (Fig. 1, I to L), and tail bud stages 
(Fig. 1, M to P) . Arbitrarily oriented serial 
sections can be extracted from the 3D imag- 
es (Fig. 2). Progeny of the onginally labeled 
cell appear in the animal hemisphere as a 
sharply demarcated yellow region occupying 
the volume expected of eight cells. The 
several small low-intensity regions in the 
high-intensity volume (Fig. 2D) are cell 
nuclei (1 7). The fluid-filled blastocoel is just 
beginning to form at this stage and appears 
at the background intensity level. 

Volume representations (Fig. 3, left) 
and single slices (Fig. 3, right) for an 
embryo from stages 8 through 21 are shown 
to illustrate the internal aspects of cell 
morphogenesis. The clone of labeled cells 
narrows mediolaterally (converges) and 
lengthens rostrocaudally (extends) during 
these stages. At the late blastula stage (Fig. 
3A), the labeled clone fonns a thick multi- 
layered patch of contiguous cells. Shortly 
after the onset of gastrulation (Fig. 3B), the 
labeled patch has spread, broadened, and 
elongated, reflecting the movements of epi- 
boly preceding gastrulation. The vegetal 
edge of the clone of labeled cells has ex- 
tended around the dorsal lip, highlighting 
the postinvolution side of the blastopore. 
After continued convergent extension, the 
clone reaches the animal pole (Fig. 3C). 
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The local increase in label intensity along 
the dorsal midline (Fig. 3C) appears to be 
the result of a change in cell geometry 
(columnarization) in the developing neu- 
rectoderm, noticeable as a thickening of 
the labeled neurectoderm. The location of 
the leading edge of the underlying axial 
mesoderm as it advances rostrally is corre- 
lated with the thickening of the neurecto- 
derm (Fig. 3, B to D). After this geometry 
change, radial intercalation brings about a 
radial thinning in the neurectoderm of the 
labeled clone, which is initiated at the 
future midbrain-hindbrain border (arrow, 
Fig. 3E) (18). The radial intercalation in 
the neurectoderm first spreads caudally (to- 
ward the left in Fig. 3E), and later rostrally 
(Fig. 3F). During the same stages, the 
underlying chordamesoderm undergoes me- 
diolateral intercalation of labeled and unla- 
beled cells, as evidenced by the "salt and 
pepper" pattern of intensities (1 9). Progres- 
sive mediolateral intercalation and rostro- 
caudal extension continue through to the 
early neumla with labeled cells along the 
length of the neural axis (Fig. 3H). 

The MRI analysis shows some unexpect- 
ed correlations, such as those between the 
thickening of the neurectoderm and the 
advance of the archenteron. Furthermore. 
it offers some insights into the choreogra- 
vhv of radial intercalation-convergence in 
;hi neurectoderm (initiation at t i e  hind- 
brain-midbrain boundary). Perhaps more 
surprising is the relative .timing of' conver- 
gence-extension movements in the ecto- 
derm and mesoderm. Because both tissues 
can undergo convergence movements in 
cultured explants, many researchers have 
assumed that these tissues extended the 
embryonic axis somewhat in concert (20). 
This assumption would assure that the neu- 
rectoderm, and the mesoderm thought to 
play a role in its induction and patterning, 
remain coherent during key stages of devel- 
opment. In contrast, the images shown 
here indicate that the mesoderm undergoes 
extension movements more rapidly than 
the surface ectoderm. The archenteron be- 
gins its migration behind (caudal) the la- 
beled clone (Fig. 3, B and c ) ;  later, it 
advances past the labeled neurectodermal 
cells (Fig. 3, E and F); still later, the labeled 
neurectodermal cells reach as far rostral as 
the mesodermal cells (Fig. 3H). This mis- 
match dism~ts a strict coherence between 
layers, which may require some refinements 
in current proposals of mesoderm-mediated 
patterning of the ectoderm. 

The MRI technique permits structures 
within the liying embryo, usually inaccessi- 
ble to light microscopy, to be imaged clearly 
and nondestructively over a period of days. 
MRI generates a true 3D image from which 
any arbitrarily oriented 2D slice may be 
taken that best allows a detailed examina- 

tion of the region of interest (Fig. 3). These 
advantages are not without a cost: When 
compared to optical images of histological 
sections, MRI has a smaller signal-to-noise 
ratio and less resolution. MRI at 50 to 200 
p,m in-plane resolution has been demon- 
strated on avian (21) and insect systems 
(22). Previous studies have indicated the 
theoretical possibility of MRI in the micro- 
meter resolution range (23). In the images 
presented here, intrinsic contrast makes in- 
ternal morphology visible; labeling specific 

cells with an MRI contrast agent makes the 
labeled cells and their descendants distin- 
guishable from surrounding tissue. The abil- 
itv to follow both labeled cells and surround- 
& unlabeled tissue has permitted the exam- 
ination of gastrulation and neumlation in 
the amphibian embryo, including the rela- 
tive positions of surface ectodermal cells and 
deepmesodermal cells over time. Moreover, 
the changing patterns of MRI label allow us 
to infer the location and timing of specific 
types of cellular reorganizations. 

Rg. 3. Volume renderings and cross sections G - 
of an emkyo undergoing gastrulation and 
neurulation. (Lett) Volume renderings of the 
Mwe anterior of the anknal present the data 
nearly as it m i d  appear in light microscopy 
0 Single sectbns along the dorsal m~d- ( 
line of the embryo reveal internal details not 
accessible to ligM microscopy. The embryo is 
sham in (A) to (H) at stages 8. 10.5 to 10.75, 
12to13,14to15,16to17,18to19,20,and 

3 
21, respectively. The volume representatkm H -.. 
w e  rendered as cbaibed in Fig. 1, the 
slim w e  as in Fig. 2. In (D), the growing 
archenteron (a), recedi Mastomel (b), yolk 
Prug ('0, and blasmwe @PI are given for 
orientation. The scale bar represents 200 pm. 
Cbnverg6-M extension of labeled neurecto- 

these images. The triangles in (8) to (D) point 
ben s evident along the dmal midline in "- - 
wt the rostral extent of radial thickening of the 
labeled neurectodemd Iayer-c-snmterclockwise from each triangle the labeled layer is thicker than 
it is clockwise. The Wing edge of advancing unlabeled axial mesoderm lies immediately below. 
The arrows in (E) i n d i e  the midbrain-hindbrain junction where extension driven by radial 
intetdatkm begins, resulting in thiilng of the label. In (E) to (G) there is a separated group of 
labeled cells in a location consistent with presumptive heart tissue. The DA blastomere gives rise to 
head tissue (16) but is thought to do so only at later stages of development. In other sections, a 
scattered stream of high intensity can be seen connecting the labeled cells in the dorsum with those 
in the ventrum (25). 
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Disruption of PDGF Receptor Trafficking by 
Mutation of Its PI-3 Kinase Binding Sites 
Marguerite Joly, Andrius Kazlauskas, Fredric S. Fay, 

Silvia Corvera* 
Human platelet-derived growth factor receptors (PDGFRs) expressed in human Hep 6 2  
cells internalized and concentrated in a juxtanuclear region near the Golgi network within 
10 minutes after the cells were treated with PDGF. A PDGFR mutant (F5) that lacks 
high-affinity binding sites for the Src homology 2 domain-containing proteins phosphati- 
dylinositol-3 kinase (PI-3 kinase), Ras guanosine triphosphatase activating protein, phos- 
pholipase C-y, and a phosphotyrosine phosphatase (Syp) remained at the cell periphery. 
Restoration of the PI-3 kinase binding sites on F5 completely restored the ability of the 
receptor to concentrate intracellularly. A PDGFR mutant lacking only PI-3 kinase binding 
sites failed to concentrate intracellularly. Thus, PI-3 kinase binding sites appear both 
necessary and sufficient for the normal endocytic trafficking of the activated PDGFR. 

Activation of receptor tyrosine kinases ini- 
tiates intracellular signaling pathways that 
regulate cellular growth and development 
(1) .  Activated receptors rapidly internalize, 
leading to the degradation of the ligand, 
the receptor, or both (2). Internalization of 
receptor tyrosine kinases is likely to be an 
important mechanism for securing tight 
control of cellular growth and proliferation. 
Important differences exist between the in- 
ternalization of receptor tyrosine kinases 
and that of receotors for macromolecular 
nutrients such as low density lipoproteins 
and transferrin. The latter internalize and 
recycle constitutively, but receptor tyrosine 
kinases internalize only when activated by 

M. Joly and S Corvera, Program in Molecular Medi- 
cine and Department of Cell B~ology, University of 
Massachusetts Medical School, 373 Plantation Street, 
Worcester, MA 01605 

ligand (2). Ligand binding induces auto- 
phosphorylation on tyrosines of the recep- 
tor cytoplasmic domain and its association 
with signaling proteins that contain Src 
homology 2 domains. These include phos- 
pholipase C-y (PLC-y), the guanosine tri- 
phosphatase activating protein for Ras 
(GAP), the 65-kD phosphotyrosine phos- 
phatase (Syp), nonreceptor tyrosine kinases 
( 3 ) ,  and PI-3 kinase (4). This enzyme 
catalyzes the phosphorylation of phospha- 
tidylinositol (PIns) , PIns (4) P, and 
PIns(4,5)P2 at the 3' position of the inosi- 
to1 ring, but the biological functions of 
these lipids are not known. 

We tested the hypothesis that the traf- 
ficking of receptor tyrosine kinases is driven 
by the regulatory proteins that are recruited 
to the autophosphorylated cytoplasmic do- 
main. The activated PDGFR binds to a 
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