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NMR Microimaging of The Cell Sorting Process
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We present the first NMR microimaging and analysis of cell sorting in a three-dimensional aggre
of dissociated hydra cells by using the stimulated echo method together with temperature sched
of measurement and regeneration phases. The density correlation analysis, transforming the int
profile to a cell density profile, showed that cell sorting in a natural three-dimensional process proc
logarithmically with time. Several features leading to regeneration, special for three-dimensi
aggregates, were also observed. [S0031-9007(98)08330-6]

PACS numbers: 87.10.+e, 87.17.–d, 87.61.–c
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Regeneration of a whole animal from a completel
disordered assembly of dissociated cells is one of the m
breathtaking phenomena of morphogenesis. Hydra is
highly regenerative animal in that its regeneration int
a whole new animal can occur from tissue as small
one-fiftieth of the whole tissue volume [1] or even from
a random aggregate of dissociated cells [2–6]. Man
processes are involved in regeneration from a random c
aggregate to a whole animal [7], the first of which is ce
sorting among endodermal and ectodermal epithelial cel
To date, the experimental studies of cell sorting have be
limited to (1) surface observation or two-dimensiona
projection [5,8,9] in which it has not been possible t
observe the internal cell distribution of different type
of cells or (2) to the examination of a thin layer of cel
aggregate sandwiched between two glass plates [10].

The model [11] of differential adhesion among five in
terfaces, aided by random pseudopodal cell motion [9,12
17], two homotypic and a heterotypic cell-cell interface
and the two cell-culture solution interfaces, has been pr
posed for understanding the cell sorting process. A
elaborated Monte Carlo simulation [18–20] based on
Potts model showed that differential adhesion in fact lea
to cell sorting. Although the logarithmic temporal de
pendence of the cell sorting process measured by hete
typic boundary length predicted in the two-dimensiona
case [18,19] was experimentally verified [5,9], it doe
not mean that the mechanism of cell sorting is explaine
simply by differential adhesion with random force. In
fact, direct observation of individual cells in a two-
dimensional aggregate showed that small clusters a
quickly formed by random motion of cells and that the
clusters then deformed irregularly and coagulated wi
each other by random deformation of the clusters and t
accidental contact of neighboring clusters [10]. Collectiv
motion such as the deformation of clusters, necessary
forming large clusters in addition to the diffusion process
is not taken into account in the Monte Carlo simu
lation. Also, it was not evident whether or not the ce
sorting process proceeds with logarithmic time in natur
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three-dimensional aggregates, experimentally because
servation has been limited to two-dimensional projectio
[9], and numerically due to the limited number of cells i
the simulation [20].

Central to understanding the important mechanism
morphogenesis is the direct internal observation of t
cell sorting process as it proceeds in a normal rege
eration system, and nuclear magnetic resonance (NM
microimaging [21–24] may be the only experimenta
method for this purpose currently available [25]. Whil
the oocyte of a single cell [26] and the early cell lineag
pattern [26] of Xenopus laevis have been investigated
this method, the distribution of different kinds of com
ponent cells and the progress of cell sorting in morph
genesis have never been studied by this method. It w
believed that the distinction of one type of cell from
another type would be difficult, since they are chem
cally alike. In this paper we present the first results
NMR microimaging and an analysis of cell sorting in
a three-dimensional aggregate of dissociated hydra ce
By transforming the intensity profile to a cell density pro
file, the analysis of these raw data shows the progress
the cell sorting clearly and quantitatively.

The resolution of the signals between the endoderm
and ectodermal epithelial cells (ED and EC cells), an
that of the culture solution in which the aggregate
immersed, determines the averaging time necessary
obtain one NMR image for a given regeneration perio
The longer the averaging time, the better the resoluti
if the object is stationary. However, in this presen
measurement the averaging time is rather limited, sin
the specimen under observation is undergoing cell sort
which is nonstationary.

We had, therefore, two difficulties to overcome in pu
suing the NMR measurement of this cell sorting proces
First, because the endodermal cells and ectodermal c
are chemically alike, it was absolutely impossible to di
tinguish between the two types of cells and the culture s
lution by the ordinary spin echo method. Also, even th
use of the hydra viridissima in this experiment, in whic
© 1999 The American Physical Society 1075
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only ED cells contain symbiotic chlorella, did not improve
the signal difference by this method.

Moreover, while microinjection of an impermeable
nontoxic agent such as Gd-DTPA-dextran [27] normal
would be useful to increase contrast in such cases as
study of single cells and cell lineage, it could not b
employed for this cell sorting experiment, in which a grea
number of cells are involved initially. Second, a difficulty
arose from the trade-off between the averaging time a
variations in cell arrangement occurring during the ce
sorting process.

To overcome these difficulties, we adopted a stimulat
echo method [24,26] by which is measured the streng
of the spin echoes that is excited by the second pu
and reappears at an echo time after the third puls
The observation time, the interval between the seco
and the third, is chosen in correlation with the diffusio
times of water in the samples. By selecting the optim
combination of the observation time (150 msec), th
repetition time (10 sec), and the echo time (5 msec
three separate values of image strength (approximat
3:2:1) were obtained for three different objects (tw
kinds of cells and culture medium) which have thre
different diffusion constants of water in the three object
respectively.

The NMR microimaging system used in this stud
consisted of a JEOLa 400 NMR spectrometer fitted
with microimaging units and an 89 mm boremagnet.
gradient strength of about60 Gycm for three directions
sX, Y , Zd and a spectral width of 200 kHz were used
1024sXd 3 1024sY d 3 16sZd digital complex data points
(voxel) were obtained with the resolution5 mm 3 5 mm
in the horizontal plane and50 mm in the depth. Data
acquisition required 2.5 h. Also, because it was n
possible to keep the cell aggregate at a low temperatu
for long periods of time, the experiment was designe
with temperature scheduling consisting of an alternativ
quenching phase for measurement at3.0 ±C for 2.5 h and
an annealing phase for cell sorting at room temperatu
for 15, 30, 60, and 120 min after the first measureme
at 15 min of regeneration, which was required for samp
mounting. Since it was shown in separate experimen
[28] that the regeneration process of the aggregates un
the same temperature scheduling proceeded to the ca
formation stage at around 24 h, the sorting observ
here was proven normal under severe conditions
temperature cycles.

Figure 1 shows a time series of NMR images of
regenerating cell aggregate, once dissociated from hy
viridissima and reaggregated by centrifugation [2].

Figure 1(a) shows an NMR image at 15 min of regen
eration of hydra cell assembly. The image is globally ho
mogeneous with a mixture of dark spots and bright spo
The bright and dark spots correspond, respectively, to t
rich area of ED and EC cells, which are spherical durin
the process of sorting, with a diameter of approximate
1076
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20 mm [2]. The other kinds of cells are known to play no
significant role in the early stage of regeneration. Clos
inspection reveals that even at 15 min of regeneration t
ectodermal cells are found to be more abundant than e
dodermal at the periphery of the aggregate. This mea
that cell sorting has proceeded already during the sam
mounting time before the first measurement at 15 mi
This fast process was also noticed in the preceding o
servation [9,10]. Figure 1(b) shows an NMR image a
30 min of regeneration. The local accumulation of brigh
spots is enhanced compared to the one in Fig. 1(a). F
ure 1(c) shows an NMR image at 60 min of regeneratio
It is observed that the outer shape is rounded compar
to earlier images. Figure 1(d) shows an NMR image
240 min. A concentrated bright region in the center of th
aggregate is surrounded by a layer with high density
the ectodermal cells. The thickness of the ectodermal c
layer varies from 30 to70 mm and in some places greate
than100 mm. It is known that EC cells in the peripheral
monolayer of an intact hydra are elongated approximate
50 mm to the radial direction. Therefore, the ectoderma
cells in the peripheral layer are still in the process of form
ing a monolayer at this time.

In order to obtain the signal intensities for unit volume
of ED cells and EC cells, we construct a histogram o
voxel numbers for various values of the signal intensit
from 0 to 255 levels for five regeneration times. Th
most plausible assumption we can make is that the high
cutoff intensity in each histogram should correspond
that of pure ED cells and that the intensity at the bounda
between the background and the cell aggregate sho
correspond to pure EC cells.

Once the signal intensities for a unit volume of a
pure ED and EC cell are obtained, the fractional ce
numbers of the ED and EC cells inith voxel volume
will immediately be derived for each voxel. The data
were thus transformed from the intensity distribution o
the NMR signal (Fig. 1) to the cell number distribution o
given kinds of cells.

To illustrate the degree of cell sorting quantitatively w
calculated the density correlation length of the endode
mal cells, equivalent to the mean distance between the
in the measured plane as a most plausible measure
characterization of cell sorting, defined as

L  Ssi, jdXsrid jri 2 rjjXsrjdySsi, jdXsridXsrjd , (1)

where Xsrid is the local volume of the endoderma
epithelial cells inith voxel, andri is the position vector
of ith voxel in the measured plane.

Figure 2 shows the time dependence of the correlati
length of the endodermal cell density in the measure
plane. Initial distribution is approximately equal to the
value calculated for the ideally random case of th
cell mass studied. The present data show not on
qualitatively that sorting proceeds quickly at the earl
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0 min.
FIG. 1. A time series of NMR images of a regenerating cell aggregate. (a) 15 min, (b) 30 min, (c) 60 min, and (d) 24
Scale bar shows200 mm. The resolution was5 mm 3 5 mm in the horizontal plane and50 mm in the depth.
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stage and shows down at the later stage, consist
with the earlier indirect data [5,9], but also provid
direct evidence that cell sorting proceeds linearly wi
logarithmic time in three-dimensional cell aggregates.

At 240 min, the change of correlation length achieve
approximately 75% of the value of the perfectly sorte
case. Cryosections of the aggregate (not shown), wh
can be obtained only at different times for differen
samples [29], also showed that cell sorting in hydra pr
ceeds only up to a certain stage where the random m
ture of endodermal and ectodermal cells remains in t
internal region, before proceeding to the cavity formatio
ent
e
th

d
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process [7]. The gyration radius for the distribution of th
endodermal cells was found to show a similar logarithm
dependence on time with the correlation length.

Now let us compare the present results of cell sortin
in three-dimensional aggregates with those in tw
dimensional aggregates prepared between two gl
plates [10]. A single cluster of endodermal cells wa
observed at the later stage in the present experime
while several separated clusters were observed at the in
region of the cell assembly in the two-dimensional e
periment. This suggests a larger diffusion constant
single cells and a more active deformation of cell cluste
1077
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FIG. 2. The time evolution of the correlation length, or
equivalently, the mean distance between the cells of th
endodermal cells in the measured plane, defined by Eq. (1)
the text, as a most plausible measure for characterizing t
degree of cell sorting.

in a three-dimensional cell aggregate. This is reaso
able, considering the greater freedom of motion in
three-dimensional cell aggregate compared to that in
two-dimensional cell aggregate. Also, a well-defined
ectodermal interfacial layer observed at 240 min, whic
is not generally observed in a two-dimensional cell aggr
gate [10], is consistent with formation of the septate junc
tions normally expected in the early stage of regenerati
from a dissociated cell aggregate [30]. The difference
directly related to the fact that the three-dimensional a
gregate can proceed to the cavity formation process a
then to the regeneration of a multicellular organism, whil
the two-dimensional aggregate cannot proceed to the n
stage and eventually disintegrates.

Present experimental data did not clarify the micro
scopic mechanism of sorting [31] because of a long a
eraging time required for this particular system, but
showed for the first time the global features of cell sortin
inside the three-dimensional aggregate.
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