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ABSTRACT 

 How an entire nervous system develops remains mysterious. We have developed a light-sheet microscope sys-
tem to examine neurodevelopment in C. elegans embryos. Our system creates overlapping light sheets from two orthog-
onally positioned objectives, enabling imaging from the first cell division to hatching (~14 hours) with 350 nm isotropic 
resolution. We have also developed computer algorithms to computationally straighten nematode embryos, facilitating 
data comparison and combination from multiple animals. We plan to use these tools to create an atlas showing the posi-
tion and morphology of all neurons in the developing embryo. 
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1. INTRODUCTION 

 
 A significant amount of effort has been devoted to understanding how nervous systems form, from the mole-
cules directing the growth of individual axons and dendrites to larger-scale organizing principles.  Researchers have 
made substantial progress in identifying molecules responsible for directing the growth and movement of individual cells 
and axons1-3, but the organizing principles by which entire nervous systems are assembled are less clear2,3.  The ability to 
study neurodevelopment at a whole systems level - encompassing all cells in a nervous system - would be of great value 
in identifying and understanding these principles.  However, due to nervous system complexity (with mammalian nerv-
ous systems containing millions or billions of cells4,5), and difficulties in efficient imaging of large tissue volumes, such 
a systems-level view has proved elusive.  One way to get around such difficulties is to first examine systems-level neu-
rodevelopment in much simpler model systems, such as the nematode Caenorhabditis elegans. The C. elegans embryo 
has 222 neurons6,7, the adult morphology and connections of which are known8.  The small number of neurons, known 
structure of the adult nervous system, and genetic tractability of this system raise the possibility that for each neuron, the 
location, morphology, and potentially molecular mechanisms regulating development could be tracked, providing a sys-
tems-level view of how the embryonic nervous system is developing.  However, use of the nematode embryo to study 
neurodevelopment has been limited because of embryonic sensitivity to photobleaching and photodamage9,10, fast em-
bryonic movements leading to motion blur10, and a complex, twisted shape that inhibits the detailed visualization of cells 
within the live embryo.  Using a combination of custom imaging10,11 and software technologies (described herein), we 
have been able to obviate the difficulties in neurodevelopmental analysis caused by embryo movement and twisting, al-
lowing individual neurodevelopmental events to be followed from the birth of a cell through hatching of the embryo.  
We are planning to use these technologies to follow the development of all 222 neurons in a C. elegans embryo, creating 
an “atlas” of C. elegans neurodevelopment.  This atlas will provide, to our knowledge, the first comprehensive look at 
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the development of an entire nervous system, and provide a foundation for a systems-level understanding of mechanisms 
regulating neurodevelopment.   
 
 Creating an atlas showing the development of all cells in the embryonic C. elegans nervous system poses chal-
lenges, both from the inherent complexity in assembling a reference containing hundreds of neurons over hundreds of 
time points, and from problems in image acquisition and data analysis caused by embryo movement and twisting.  At 
first pass, the simplest method by which to generate a neurodevelopmental atlas would be to label all cells in the embryo, 
and image their development in toto in one imaging session.  However, due to technical limitations this is not currently 
possible (brainbow-type techniques have not been demonstrated yet in nematodes).  Instead, neurons must be labeled 
either singly or in small groups to allow detailed examination of the development of each neuron.  While individual la-
beling is possible with existing technology, this approach requires a method to combine data from multiple imaging ses-
sions and to locate single neurons with respect to each other, a nontrivial task when the embryo is transparent and lacks 
obvious fiducial markers.  Embryo movement and twisting as the embryo elongates also pose complications, as it results 
in a shift in the location of a labeled cell from time point to time point, making it unclear whether observed shifts in cell 
position reflect a cell changing location relative to the rest of the embryo, or noise from embryo twisting. Movement can 
also complicate morphological analysis of long structures such as neurites, as it leads to their apparent morphology 
changing from volume to volume.  Finally, embryo movement and twisting also cause degradation in image quality due 
to motion blur.  To deal with these issues, we have developed imaging and computational technologies that enable the 
labeling, visualization, and annotation of individual cells in the worm embryo, as well as permitting the combination of 
imaging data from multiple embryos to create a composite model of nervous system development.  We describe these 
innovations in this paper.   
 

2. DATA/RESULTS 
 
 Embryo movement begins around late 1.5-fold stage, and increases in magnitude and frequency as the embryo 
develops.  From about late 1.5-fold to early two fold, the embryo undergoes infrequent twitches either in the dor-
sal/ventral direction or around the Z-axis (nose-to-tail axis), or in combination.  These twitches are usually separated by a 
few minutes at first, but increase in frequency as the embryo develops. Once the late two-fold stage has been reached, 
motion blur becomes problematic unless imaging times are on the order of a couple seconds or less per embryo volume 
(approximately 50 x 50 x 50 um).  In addition to motion blur, excessive light exposure from conventional imaging mo-
dalities (i.e., confocal microscopy) can lead to photobleaching and photodamage, potentially causing embryo paralysis 
after a few hours of continuous imaging.  In order to solve these issues, we have turned to light-sheet microscopy as an 
imaging system with the speed and gentleness required to capture continuous C. elegans embryonic development.   
 
 Conventional (confocal or compound) microscopes focus light onto the imaging plane in an hourglass shape, so 
sample regions outside of the imaging plane are exposed to excess light causing photobleaching or photodamage (Figure 
1A).  In contrast, light-sheet microscopes expose only the current imaging plane to a thin sheet of light (Figure 1B).  This 
results in decreased photobleaching/photodamage12, enabling sensitive samples to be imaged for longer periods than with 
conventional microscopes.  The parallel nature of image acquisition in light sheet microscopy also allows the acquisition 
of volumes more than 10x faster than with conventional microscopes11, minimizing motion blur and thus allowing clear, 
dual-color imaging of moving nematode embryos.  Because light-sheet microscopes generate sheets coincident with the 
imaging plane, an orthogonally placed objective is used to capture emitted light from the sample.  We have adapted this 
orthogonal geometry to create a dual-view system: instead of using one objective to create the light sheet and the second 
objective to capture emitted light, each objective can both create a light sheet and capture emitted light (Figure 1C).  The 
views captured by each objective can then be computationally fused, creating an imaging volume with isotropic resolu-
tion.  Using this system, we have achieved 330 nm isotropic resolution11 while simultaneously imaging volumes in 0.5 
s11, fast enough to allow imaging of twitching nematode embryos with minimal motion blur and with enough spatial res-
olution to capture the movement of neurons and neurites throughout all 14 hours of embryogenesis.   
  
 Even if motion blur, diffractive blur, and phototoxicity are reduced with dual-view light sheet microscopy, em-
bryo movement and labeling limitations still impose challenges when creating a 4D neurodevelopmental atlas.  It is cur-
rently infeasible to examine the development of all neurons in the embryo in a single imaging session.  This limitation 
results in the need for a cell-specific labeling approach, in which neurons are labeled and studied individually in separate 
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embryos and imaging sessions, and the data derived from each embryo is combined to create a composite atlas. Such an 
approach creates a set of interrelated problems: 
1.  Even without movement or twisting, a method is needed to identify where a specific cell of interest is located with 

reference to the rest of the worm body.  As the C. elegans embryo is transparent, it is not immediately obvious 
where a single labeled cell is located within a developing embryo.  

2. Limitations in visualizing more than a small subset of neurons creates the need for a method by which data from 
multiple embryos can be combined.  One difficulty is that embryos may differ in size and shape, so whichever sys-
tem is used to combine data must be able to handle these differences.   

3. The problem of locating individual cells and combining data is made more difficult by embryo movement and twist-
ing. Embryo movement causes displacement of a cell from one volume to the next, complicating the problem of lo-
cating a cell in relation to the rest of the worm and confusing whether an observed change in position represents 
cell migration/developmental movement, or just an apparent positional shift due to twisting.  Twisting can also af-
fect the location of long structures like neurites, both in relation to the rest of the worm and in relation to the rest of 
the cell the neurite belongs to.  Any difficulties in identifying cell location from volume to volume within one 
unique animal has corresponding effects on a researcher’s ability to combine multiple datasets, all of which include 
movement-induced distortions.   

These problems can be solved if there is some way in which to define the body of the worm - with this reference individ-
ual cells can be placed in their bodily context, and computational strategies can be used to straighten the worm, thus cir-
cumventing the problems of twisting and movement. In our case, fluorescent proteins expressed in specific cells within 
the worm provide the markers necessary for defining the worm body.   
 
 In general, the nematode body can be thought of as a tube containing cells (and some fluid-filled space). Con-
ceptually, an atlas of cell positions (like our neurodevelopmental atlas) can be created just by defining an origin point 
with relevance to the worm body (e.g. the nose/beginning of the tube), and then calculating the position of a cell of inter-
est in relation to the origin point.  As long as the origin point stays fixed, and the dimensions of each worm are relatively 
constant, an aggregate cellular atlas can be assembled from multiple embryos by simply finding the position of each cell 
relative to the origin point, and combining the resulting positions.  As described above, this concept for building an atlas 
is complicated by the transparency of the worm and movement of cells from time point to time point due to embryo 
movement and twisting.  To control for these problems, we have labeled the nuclei of seam cells (which comprise 10 
pairs of cells positioned along the sides of the worm body), junctions between hypodermal cells, and the worm 
gut/midline with green fluorescent protein (GFP).  These labels, in combination, function as fiducial markers that allow 
us to build a lattice which defines the nose, tail, left and right sides of the worm, as well as capture bends in the worm 
body (Figure 2C).  These fiducials can be used to generate a model of how, for each volume, the embryo bends and 
twists.  Our implementation of this approach depends on a user manually identifying and tagging the fluorescent mark-
ers, with a computer algorithm then using the manually tagged marker points to generate a model of the worm body.  
Once the model has been defined, it can then be computationally straightened, and the same transformations applied to 
the model can be applied to the image volume, thus “untwisting” the data so that it can be analyzed in a straightened 
form.    
 
 Tagging of fiducial markers and volume straightening is implemented in the MIPAV programming environ-
ment, created by the NIH’s Center for Information Technology (CIT).  To untwist a worm embryo containing the mark-
ers described above, the user first loads a volume (in the form of a .tiff file.) and renders it, facilitating analysis of the 
dataset in 3D (Figure 2A).  The user then creates a lattice, a computational construct defining the location of the nose, 
tail, and sides of the embryo, for a worm volume interactively in the volume renderer (Figure 2B, 2C). The lattice com-
prises a series of user-assigned points, with each pair of points specifying the location of the left and right sides of the 
embryo.  The first and last pair of points in the lattice specifies the position of the embryo nose and tail, respectively.  
The user adds lattice points in the 3D volume by clicking with the mouse, usually starting out by positioning lattice 
points coincident with seam cell locations, and then adding additional lattice points if necessary during an editing step 
(Figure 2B). Mapping the 2D position of the mouse cursor to a 3D location in the volume is key to creating the lattice.  
When the user clicks on a point in the volume, a ray is generated originating from the clicked point and going through 
the volume.  A point for the lattice is placed at the voxel of maximum intensity in the volume that intersects the ray.  By 
manipulating the volume in the 3D renderer, the user can sequentially build a lattice, starting from the nose and moving 
sequentially along the left and right seam cells, from nose to tail.  Once the lattice is complete (Figure 2C), the user can 
adjust the position of the points they placed for greater accuracy, and add additional points to capture changes in the 
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worm body that a lattice built from seam cells alone cannot fully capture.  The program also features the ability to add 
annotation points, for which the program records the X, Y, and Z-coordinate in relation to a user-defined origin point 
(typically the nose, see also Figure 2C), and then output that location information in a spreadsheet file. The annotation 
points can be used to define the exact position of a cell or cellular structure in each worm volume so spatial displacement 
can be measured over time, and also allows a user to examine the position of a specific cell or structure of interest in 
multiple worm volumes, seeing how stereotyped the position of that cell is during embryo development.   
  
 Once the user builds a lattice and adds annotation points, the program uses the lattice to create a 3D model of 
the worm, and uses that model to untwist the worm.  The first step in generating a 3D model of the worm is to create 
curves defining the midline and sides of the worm based on the user-created lattice points, interpolating to define the 
regions between the lattice points.  The algorithm first calculates a centerline for the volume by identifying the midpoint 
between left and right lattice points.  Once the centerline has been calculated, natural splines are used to generate curves 
corresponding to the left side, right side, and midline of the worm.  Once the midline, left, and right sides of the worm 
volume have been determined, the algorithm uniformly samples the volume along the midline, with one-voxel spacing.  
Corresponding positions on the left and right curves are determined, and this combination of midline, left, and right 
points are used to determine a 2D sampling plane for each position along the midline.  Once the 2D sampling planes 
have been determined, each sampling plane is constrained by an elliptical model of the worm cross-section with limits 
defined by the left- and right-side curves.  These constraints are used to prevent overlap in areas where the worm con-
tacts itself or folds back on itself.  For regions of the worm where the ellipses overlap, the voxels corresponding to the 
region of the overlap are removed and the ellipses adjusted to prevent overlap.  The new 2D contours are then expanded 
outward from the ellipse, until they either contact an expanding contour line from another region of the worm or reach a 
preset distance.  This process defines the 2D sampling planes used to create a straightened volume.  Once the sampling 
planes have been defined, the straightened volumes are generated by intersecting each sampling plane with the imaging 
volume, and exporting the voxels within the sampling plane into a corresponding output slice.  Voxels present in the 
twisted-up volume that do not intersect with a sampling plane do not appear in the final, untwisted volume.  By concate-
nating the voxel data from the 2D sampling planes, a final 3D volume is created corresponding to the straightened worm 
(Figure 2D).   
 
 In order to facilitate the combination of cell positional information, our algorithm also allows a user to define 
annotation points (corresponding to a specific voxel in the 3D volume), which can act to label cells or cell components 
(like axons) of interest.  After untwisting, the 3D position of each annotation point relative to a user-defined reference 
point are calculate, allowing the specific X, Y, and Z - coordinates of each point to be calculated.  This information is 
written to a spreadsheet, with each individual point assigned a row and the X, Y, and Z - coordinates displayed in col-
umns (Figure 3A).  For cases in which a specific cell/annotation point is tracked over multiple volumes, we have devel-
oped a custom MATLAB script which searches through the individual spreadsheet files for each volume, identifies the 
annotation points by name, and rewrites the data to a new file organized by the name of each annotation point and time.  
Once organized in this manner, a user can examine how the position of a given cell or cellular component changes as the 
worm is developing (Figure 3A), and in cases where a structure is annotated in multiple embryos, can compare the posi-
tion of that structure across the different volumes (Figure 3B, 3C).  We are currently working on developing an integrat-
ed rendering capability which will graphically display the position of the annotation points over time, allowing a user to 
directly visualize how the various annotation points relate to each other in the developing embryo (Figure 4).  While un-
der development, this capability should be functioning shortly and should allow a user to identify the position of a neu-
ron or cell of interest throughout development, and display how that position relates to the rest of the worm and changes 
over time.  
 

3. FUTURE DIRECTIONS 
 

 Future plans include examining stereotypy of cell positions during embryo development - assembly of a neuro-
developmental atlas will be significantly easier if we find that cells occupy the same relative positions in multiple em-
bryos, and more difficult if cell position proves to be variable when looked at from embryo to embryo.  Currently we 
believe that cell position (at least for seam cells) is fairly stereotyped, but this needs to be confirmed.  Once we under-
stand how similar cell position is across embryos, we can begin assembling the neurodevelopmental atlas by identifying 
the 3D position of each neuron in the embryo, as well as any neurites that extend from those cells.  By averaging posi-
tional information for the same cell across multiple embryos, we should be able to get an idea of how the “average” cell 
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develops, and by combining this positional information for multiple cells and rendering that positional information with 
our rendering software, we should be able to create a computational atlas showing the development of the entire C. 
elegans nervous system.   
 
 

FIGURES 
 

  
Figure 1: Implementation of light-sheet imaging in the diSPIM system 
A.  A diagram showing sample light exposure in conventional imaging modalities (compound or confocal microscopes).  Notice how 
large areas of the sample not directly in focus are exposed to either excitation or emitted light (grey cones).  This exposure to out-of-
focus light can cause sample photobleaching and photo damage, leading to reductions in sample viability and available imaging time.    
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B. A diagram showing sample light exposure in a light sheet imaging setup.  A thin light sheet (dark grey) is created optically and 
scanned through the sample a plane at a time.  When compared to conventional imaging modalities (panel A), the amount of sample 
exposed to light is significantly smaller, leading to less bleaching and damage and longer available imaging times. 
C. A photograph of the diSPIM dual light-sheet microscope, with major components labeled.  Each SPIM arm (A and B) houses optics 
for generating a light sheet, as well as a camera for capturing images.  The objectives are oriented orthogonally (90 degrees); a light 
sheet is generated in one arm and the objective on the other arm captures emitted light from the sample.  As the objectives and optics 
are the same for each arm, light sheets can be generated sequentially and provide two orthogonal views of the sample.  The sample 
imaging chamber is mounted in an x-y motorized stage, allowing selection of individual embryos for imaging.  For additional infor-
mation on this design, please see11,13. 

 
Figure 2: Untwisting an embryo volume in MIPAV 
A:  A volume corresponding to a twisted-up nematode embryo, displayed in the MIPAV volume renderer.  Seam cell nuclei, junctions 
between hypodermal cells, and the worm midline are labeled, but due to twisting the shape of the embryo is not immediately clear.    
B.  Starting with the nose, a user has begun adding lattice points at places where seam cells are located.  Using the positions of the 
lattice points, the algorithm develops a model of the worm body (defining left and right sides of the worm, as well as modeled dor-
sal/ventral extent), which tracks the growing lattice. 
C.  A completed version of the lattice, extending from the nose of the worm to the tail, with a lattice point placed at each seam cell and 
additional lattice points added when necessary to capture curves in the embryo.  In addition, annotation points have been placed on 
each seam cell (and the origin point placed at the nose) to allow the position of these cells in the embryo to be identified.  Seam cells 
are labeled using an XL / XR scheme, where X is a number denoting the pair the seam cell belongs to (measured relative to the nose) 
and L/R denotes which side of the body the seam cell lies on. 
D.  The final untwisted, annotated volumes.  The nose is to the left, and is localized by the annotation point labeled “origin.”  The 
untwisted volume extends from the nose to the last pair of seam cells (10R/10L); labeling beyond the last pair of seam cells appears to 
be of variable visibility from time point to time point, so the exact tip of the tail cannot be regularly identified.   
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Figure 3: Annotation points allow positional (x, y, z) data to be determined for cells of interest in the embryo. 
A:  A spreadsheet showing the X, Y, and Z-positions (in microns) relative to the nose for the first seam cell on the right side of the 
animal.  The data has been combined using a customized MATLAB script from individual spreadsheet files.  Time represents the 
number of the volume analyzed in an image sequence.  X-um, y-um, and z-um represent the distance (in microns), along each of these 
axes compared to an origin point placed at the nose.  Distance refers to a 3D distance calculation for the seam cell compared to the 
origin point.   
B: The positional data for specific cells can be combined and averaged to generate a “mean” position for any given cell in embryos of 
the same age.  After shifting the data to align embryos by age, positions (in this case the z-distance for the first seam cell on the right 
of the animal) are averaged, generating a mean and standard deviation.  This represents numerically how this z-position changes in an 
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the left and right sides of the animal are denoted by rendered spheres.  Currently the rendered spheres are the only way of displaying 
points, but we are planning to add additional display options in the future. 
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