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Abstract During neurulation in vertebrate embryos, epi-
thelial cells of the neural plate undergo complex morpho--
genetic movements that culminate in rolling of the plate
into a tube. Resolution of the determinants of this process
requires an understanding of the precise movements of
cells within the epithelial sheet. A computer algorithm
that allows automated tracking of epithelial cells visible in
digitized video images is presented. It is used to quantify
the displacement field associated with morphogenetic
movements in the axolotl (Ambystoma mexicanum) neural
plate during normal neural tube formation. Movements
from lateral to medial, axial elongations and area changes
are calculated from the displacement field data and plotted
as functions of time. Regional and temporal differences
are identified. The approach presented is suitable for ana-
lyzing a wide variety of morphogenetic movements.
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Introduction

Morphogenetic movements in epithelial sheets are one of
the distinctive features of early embryonic development.
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One such process that has received much attention is
neurulation, and in amphibian embryos; as in most verte-
brates, neural plate cells undergo complex morphogentic
movements that culminate in rolling of the neural plate
into a tube, The forces that drive the seemingly simple
shape changes that are necessary for successful neural
tube closure have been a subject of intensive investiga-
tion for some time (Roux 1888; JacobsQn 1962; Burnside
and Jacobsqn 1968; Jacobson and Gordon 1976; Lee and
Nagele 1988; Schoenwolf and Smith 1990). The mor-
phology and mechanical role of cytoskeletal components
~ force-producing elements, have also been investigated
(Burnside 1973; Nagele and Lee 1980; Gordon and Es-
sner 1987; Brodland 8lld Gordon 1990; Schoen wolf et al.
1988). The pattern of movements of cells and groups of
cells during neural plate morphogenesis has also been a
focus of study (Jacobson 1962; Burnside and Jacobson
1968; Keller 1978; Glausi and Brodland 1993).

Epithelial movements during neurulation have been
tracked using a variety of techniques, all of' which in-
volve some form of time lapSe imaging. In some experi-
ments, particles have been strategically placed onto the
embryo surface and carried along by morphogenetic
movements (Spratt 1946). In other studies, vital dyes that
color ,small groups of superficial and underlying cells
(Jacobson 1962) have proved useful. Tracking based on
rubber replicas that preserve cell surface shape has
proved effective in plants (Green and Linstead 1990) and
might be applicable to embryo studies. In embryos of
species such as AmbY$~oma mexicallum and Tariqha to-
rosa, distinctive cell-cell pigment variations occur in the
neural plate, allowing cell motions there to be tracked vi-
sually (Burnside and Jacobson 1968). This approach has
the advantage of not requiring intrusion into or contact
with the epithelium being studied.

Studies of morphogenetic movements have acquired
renewed importance. This is due, in part, to recent ad-
vances in computer simulation techniques. Computer
simulations of morphogenetic movements can now make
use of known mechanical properties of cytoskeletal com-
ponents and other $tructural components (Clausi and
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Brodland 1993; Brodland and Clausi 1994). As computer
simulations approach more closely the behaviour of live
embryos, quantitative measurements of lateral displace-
ment, axial elongation and area change become increas-
ingly important as a basis for evaluation of simulations.

Here we present a computer algorithm that allows
cells that are visible in digitized video time lapse se-
quences to be tracked. Like Burnside and Jacobson
(1968) and Schoenwolf and Sheard (1989), we manually
identify points to be followed and form a grid by cOn-
neCting the points. The grid serves to facilitate identifica-
tion of individual points, and interpretation of relative
motions between cells.

The comI?uter algorithm is used to track morphoge-
netic movements Qf individual points on the neural plate
of axolotl (Anibystoma tn~xicanum) embryos during nor-
mal neural tube formation. Movements from lateral to

. medial, axial elongations and area changes of selected
areas are calculated from the tracking data and are plot-
ted as functions of time. Regional differences are quanti-
fied and temporal featuresidentified.

Materials and methods

Axolotl (Ambystoma mexicanum) embryos were obtained from the
colony of Iohn B.. Armstrong, Uniyersity of Ottawa. They were
staged (Bordzilovskaya et aI. 1989) and dejellied. During time
lapse image capture. embryos were kept at 2Cb:2°C. Embryos
were kept in 25% Holtfreter's solution. During time lapse image
capture, they were placed in a Petri dish in shallow indentations in
plasticine that prevented them from moving ,out of the field of
view. To obtain caudal views, a 5 nunx5 mm front surface mirror
was setinto plasticine at approximately at 450 angle, immersed in
the Holtfreter's solution and placed adjacent to the caudal end of
the embryo.

Time lapse sequences were made using custom software mod-
ules written by the Bioengineering Group, Department of Civil
Engineering, Unjversity of Waterloo and add~d to Image. a digital
image processing software package written by Wayne Rasband,
U.S. National Institutes of Health, Bethesda, MD. These modules
provided automated microscope. focus control, collection of time
lapse images, and construction of through-focus collages. Cell
tracking was pcrfonned on a Sun SPARC 1+ workstation using ad-
ditional, custom software written by the Bioengineering ,Group,
Department of Civil Engineering, University of Waterloo. Rele-
vant software details are given below. Hardware used to capture
the images included a Wild M420 macroscope, a Cohu 4815 video
camera and a QuickCapture DT2255 video frame capture board
mounted in a Macintosh II computer. '

Focus collage

Tbe epithelial layer which ultimately fonns the neural tube is ap-
proximately hemispherical in shape at the beginning of neurula-
tion. As a result, it is not possible, using ordinary, flat field optics,
to have the entire region of interest in focus at anyone time. To
overcome this limitation, we attached a computer-controlled step-
per motor to the focus control of a Wild M420 macroscope. Imag-
es were then collected at six different focal planes for each time
lapse picture. The images were chosen so that each part of the de-
forming neural epithelium was in focus in ilt least one of theimag-
es. A collage was constructed from these images using a contrast
algorithm proposed by Wall et al. (1985) on 10 pixel by 10 pixel
subregions. Software was written to make .automatic adjustments

to accommodate displacements of the embryo towards or away
from the macroscope as it.developed.

Cell tracking algorithm

A variety of methods have been developed for motion analysis of
sequential images. These fall into three broad categories: template
matchi1)g, sequeptial image differentiation and Fourier transforms
(Gonzalez and Woods 1992; Parker 1994). All are. based oil the
presumption that image intensity variations. exist in the object be-
ing tracked or between the object and its background.

Here we utilize a tempIatematcrung method that is not only
computationally efficient and straight forward to implement, but
has a direct physical interpretation. In addition, it can be used ev(:n
when the relative displacement between successive time lapse
frames is several cell diameters. Approaches based on differences
between sequential images are reliable only if displacements are
everywhere less than approximately one quart~r. of a ceU diameter.
This restriction would be prohibitive in most morphometric ana-
lyses. Fourier-based analyses are more computation ally intensive
than texture mapping, and less easily interpreted.

For computer-based mapping of morphogenetic movements, a
template matchi1)g approach has the added advantage that it does
not require cell boundaries or other specific features to be identi-
fied. Instead, it is possible to track groups of cells or other markers
provided only that variations in image intensity exist. Burnside
and Iacobson (1968) have previously verifyied that these varia-
tions are associated with natural ceU pigmentation and that they
move with individual cells and groups ofc#ls.

Consider a 2m+l by 2n+ I region of pixels cent~d on il pixel
at horizontal position s and vertical position t in a digitized image
of a defonningsheet of cens. The pixels in this region are taken
from the the k'b ;image in a series of images. Tbe pixel that is offset
by i from the center s in the horizontal direc.tion and offset by j
from t in the vertical direction is called PS\i L+j. See Figure lea).
ThevariabIes i andj take the ranges -m to m and -0 to n,respcc--
tively. This small region can be used asa template. To estimate
where the patch of cells contained in the template is located in the
next image, we detennine the correlation between the template
and other regions of the same size in the next sequ(:ntial image
(image k+ 1) using the quantity
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Specifically, this provides a measur~ of the correlation between
the template and the 2m+ I by 2n+ 1 set of pixels in the next image
which are offset from the original template location in the x- di-
rection by q and in the y-direction by r. Computer code in C-Ian-
guag~ to evaluate Equatjon (1) is stored in the file "bio-
eng....grg....grorrelation.c" at "sunburn.uwilterIoo.ca" and can be
accessed by anonymous users using FTP. When the measure Crs is
a maximum, the pixel to pixel correspondence between images is
optimized. the terms included in the denominator make the. mea-
sure insensitive to imlige to image variations in lighting intensity,
and prevent false matches to regions of the k+ I image where the
values ofP,\~~j L+T-!;jare large. .

If the template IS choseq too small, false matches will result. If
it is too large, relative displacements between neighbouring cells
will degrade the correspom;lence, 'In addition, large templates will
u~ecessarily. increase computing time. Wi; qave found that tem-
plates which are large enotigh to match manually can be computer
matched reliably using the above correspondepce measure.

With each correspondence between succe&sive images, a smaU
error is introduced because the successive displacements are mea-
sured in integer numbers of pixels. The true location is unifonnly
distributed over a range of :1:1/2 piXel from that integer value.


	page 1
	Titles
	Roux's Arch Dev BioI (1996) 205:311-318 
	ORIGINAL ARTICLE 
	G. Wayne Brodland . Michael J. Scott 
	@ Springer-Verlag 1996 
	Rcceive(\: 21 August 1995 I ACe{:ptcd in revised fonn: 30 August 1995 
	Introduction 
	MJ. Scott 
	M. Globus. S. Vethamany-Globus 
	. . 
	R. Gordon 
	R. Del Maestro 



