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    Chapter 14   

 An Imaging System for  C. elegans  Behavior 

           Matthew     A.     Churgin     and     Christopher     Fang-Yen    

    Abstract 

   Many experiments in  C. elegans  neurobiology and development benefi t from automated imaging of worm 
behavior. Here we describe procedures for building a fl exible and inexpensive imaging system using stan-
dard optical and mechanical components.  
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1      Introduction 

 The nematode  C. elegans  is a powerful model for investigating the 
neural and genetic bases of behavior, owing to its easily manipula-
ble genome and well-mapped nervous system [ 1 ]. Much of our 
understanding of  C. elegans  neurobiology including synaptic func-
tion [ 2 ], sensory systems [ 3 ,  4 ], motor systems [ 5 ], and feeding 
[ 6 ] have hinged on well-designed measurements of behavior. 

 Many behavioral assays can be conducted by visual observation 
[ 7 ]. Others, such as those requiring observations over long time 
scales (hours to weeks), or those involving subtle details of behav-
ior are only practical with tools for automated imaging [ 8 ]. 

 The simplest method for digital imaging is to add a digital 
camera to the trinocular port on an existing stereo microscope. 
However, this approach may not be desirable when long-term 
imaging and/or simultaneous imaging on multiple setups are 
required. In the course of our experiments to monitor behavior 
during development [ 9 ] and aging [ 10 ], we have developed a 
table-top imaging system using commercially available cameras, 
optics, light sources, and mechanical components. Since the sys-
tem is relatively modest in cost ($500–800 not including the com-
puter) we have been able to construct several of these systems for 
various uses in our laboratory.  
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2    Materials 

     1.    Aluminum bottom plate 12″ × 12″ × ½″ (e.g., McMaster-Carr 
8975K135).   

   2.    Acrylic top plate 12″ × 12″ × ¼″ (e.g., McMaster-Carr 8505K91).   
   3.    1.5″ Post clamp (Thorlabs C1501), qty. 2.   
   4.    1.5″ Diameter stainless steel mounting post, 14″ long 

(Thorlabs P14).   
   5.    1.5″ Diameter stainless steel mounting post, 6″ long (Thorlabs 

P6).   
   6.    0.5″ diameter stainless steel post (Thorlabs TR2).   
   7.    Post holder (Thorlabs PH2).   
   8.    Post holder base (Thorlabs BA1 or BA2).   
   9.    Flexible red LED strip, 4.7″ long, qty. 4 (Oznium Inc.).   
   10.    3–12 V power supply (e.g., Marlin P. Jones and Associates 

9902PS).   
   11.    CMOS or CCD camera (e.g., Imaging Source DMK 23GP031, 

2592 × 1944 pixel sensor, up to 15 images/s).   
   12.    Power supply for camera, if needed (e.g., Imaging Source 

GigE23/PWR/Trig 1).   
   13.    Data cable for camera.   
   14.    Imaging software (e.g., Imaging Source Image Capture 2.1).   
   15.    C-mount camera lens (e.g., Fujinon HF12.5SA-1 2/3″, 

12.5 mm focal length, f/1.4).   
   16.    C-mount extension rings (Imaging Source LAex5, LAex1).   
   17.    Borosilicate glass sheet 8″ × 8″ × ¼″ (McMaster-Carr 8476K18).   
   18.    Aluminum 2-hole inside corner bracket (80/20 part #4302).   
   19.    5-min epoxy adhesive (Devcon).   
   20.    ¼″-20 Stainless steel cap head screws (qty 5), set screw (qty 

1), and 1/4″ washer (qty 4) (e.g., Thorlabs HW-KIT1).   
   21.    Black gaffer’s tape, 1″ wide (McMaster-Carr 7612A82).   
   22.    Binder clips (Offi ce Depot, 5/8″ capacity).   
   23.    Blackout fabric (Thorlabs BK5).   
   24.    Self-adhesive bumpers (McMaster-Carr 95495K62, 

Polyurethane, 7/8″ Wide, 13/32″ high), qty. 4.   
   25.    3/16″ Hex screwdriver (e.g., Thorlabs BD-3/16).   
   26.     Tools required if machining top and bottom plates yourself: 
    (a)    Drill press or handheld electric drill.   
   (b)    1/8″ diameter drill bit.   
   (c)    5/16″ diameter drill bit.    
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3          Methods 

       1.    Decide what fi eld of view (FOV) and resolution are needed for 
your experiment. The fi eld of view FOV is related to the sensor 
size SS, working distance WD (distance between the lens and 
object being imaged), and lens focal length  f  by the formula 
 FOV SS WD= ´ / f    ( see   Notes 1  and  2 ). 

 The fi eld of view can be adjusted by moving the camera up 
or down. The setup detailed in Materials will accommodate a 
fi eld of view ranging from approximately 2.7 cm × 2.0 cm to 
11.1 cm × 8.3 cm.   

   2.    Select the lens. Considerations include the focal length, aper-
ture size, and compatibility with the camera sensor size. 
A zoom or varifocal lens provides adjustable focal length, but 
may be slightly less sharp and provide slightly lower contrast 
than a fi xed focal length lens.   

   3.    Select the camera. Considerations include the desired pixel 
resolution, sensor size, and maximum frame rate. In our expe-
rience, data transfer from Gigabit Ethernet cameras is more 
reliable over the long term than using USB cameras.      

       1.    Drill 5/16″ diameter holes at the points indicated on the top 
(acrylic) and bottom (aluminum) plates as indicated in Fig.  1 . 
A tolerance of ±1/8″ is acceptable.  See   Notes 3  and  4 .    

   2.    Wrap a 14″ × 14″ piece of blackout fabric tightly around base 
plate and tape to bottom of plate using gaffer’s tape (Fig.  2 ).    

   3.    Feel for the hole on the top of the plate previously made in the 
base plate. Using a razor blade, cut the blackout fabric at an 
approximately 1″ square around this hole and tape the fabric to 
the plate, leaving the hole clear (Fig.  2 ).   

3.1  Designing 
the Imaging System

3.2  Constructing 
the Mechanical 
Components

  Fig. 1    Location of holes in top and bottom plates for mounting to support rod       
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   4.    Attach 4 self-adhesive rubber feet to the bottom of the alumi-
num plate near the corners (Fig.  2 ).   

   5.    Use a ¼″-20 hex head cap screw and 3/16″ hex screwdriver to 
attach the 1.5″ diameter × 14″ long stainless steel rod to the 
base plate (Fig.  2 ).   

   6.    Using a ¼″-20 set screw, connect the two 1.5″ diameter stain-
less steel rods.   

   7.    Place the fi rst and second mounting carriers on the 1.5″ diam-
eter rod such that the side with the tapped holes faces the front 
of the apparatus. To set the height, tighten the clamp using a 
3/16″ hex screwdriver. When loosening either 1.5″ post car-
rier clamp, support the carrier with your other hand, otherwise 
the carrier may fall and cause damage.   

   8.    Attach the L-bracket to the edge of the glass plate using epoxy 
adhesive (Fig.  3 ). The adhesive will harden within minutes. 
Allow to cure overnight for full strength.    

   9.    Mount the glass stage onto the lower post carrier using a 
¼″-20 screw with washer. Adjust so that the plate is level 
(Fig.  3 ).   

   10.    Attach the top plate (black acrylic) to the top of the 1.5″ diam-
eter post using a ¼″-20 screw and washer. Rotate the plate so 
that it is positioned directly above the base plate, then tighten 
the screw using the 3/16″ hex screwdriver.   

   11.    To minimize stray light from outside the imaging system, cut a 
piece of blackout cloth to cover the left, right, and back sides 
of the imaging system, and tape to the top plate. Add another 
piece to cover the front of the system.      

  Fig. 2    Bottom view of bottom plate with blackout fabric, mounted 1.5″ diameter 
support rod, and feet       
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       1.    Screw the lens onto the camera, separated by 5 and 1 mm 
extension rings. These rings allow the imaging system to focus 
on objects located closer than the normal minimum distance. 
Depending on your application, the extension distance may 
need to be increased or decreased.  See   Note 5 .   

   2.    Mount a base plate to a post holder using a 1/4″-20 socket 
head cap screw. Attach a 1/2″ diameter post (Thorlabs TR2) 
to the camera tripod mount using a 1/4″-20 set screw. Mount 
the post to the post holder by loosening the adjustment knob 
(Fig.  4 ).    

   3.    Mount the camera with post and base onto the 1.5″ post car-
rier using at least two 1/4-20 cap screws (Fig.  4 ).   

   4.    Attach the power supply and Ethernet cable to the camera. 
Install the camera software according to the manufacturer’s 
directions.   

   5.    Use a wire cutter to strip 1/2″ of the insulation off the LED 
wires, if needed. Connect the bare leads of the LED to the 
positive and negative terminals of the power supply by loosen-
ing the terminal screws, placing the bare wire behind the ter-
minals, and retightening the terminals.   

   6.    Place the LED strip in a ring on the base plate. Alternatively, 
place four shorter LED strips in a square confi guration with 
LEDs facing inward (Fig.  5 ). The LEDs should be wired in 
parallel (each pair of leads connected to the terminals of the 
power supply), not in series.  See   Notes 6  and  7 .    

   7.    Test the LEDs by turning on the power supply. The brightness 
can be adjusted by varying the voltage.  See   Note 8 .      

3.3  Assembling 
the Camera, Lens, 
and Light Source

  Fig. 3    View from below of post carrier mounted on 1.5″ post, 2-hole bracket, and 
glass platform       
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       1.    The lens has rings for adjustment of focus and aperture size. 
Set the lens focus near the middle of its range. Set the aperture 
near the middle of its range.   

   2.    Turn on the power supply for the LEDs. Open the camera 
software, select the camera, and set to preview mode. 

3.4  Alignment 
and Optimization

  Fig. 4    Camera assembly containing camera, lens, cables, ½″ post, post holder, 
base, 1.5″ post carrier, and 1.5″ post       

  Fig. 5    Completed imaging system including LED strips, power supply, and sam-
ple to be imaged. During data acquisition, system should be completely covered 
by blackout curtains (not shown)       
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You should see an image, which may be out of focus or 
 uniformly black or grey.   

   3.    Place a worm plate, or any sample with height equivalent to 
what you will use during experiments, onto the glass stage. 
Adjust the height of the upper carrier to bring the object into 
focus (Fig.  6 ). Make fi ne adjustments using the lens focus. 
Familiarize yourself with the gain and exposure time settings. 
To minimize noise, set the gain to the minimum value and 
provide more light if necessary.    

   4.    Set the lens aperture size. Opening the aperture will increase 
the amount of light collected and decrease the depth of fi eld. 
The sharpness of the image is usually poor at the extremes of 
aperture (wide open or nearly closed) and best somewhere in 
the middle.   

   5.    Set exposure time. Exposure should be set to collect an ade-
quate amount of light without blurring due to movement. The 
optimum exposure is usually such that the brightest spots in 

  Fig. 6    ( a ) Image of a 240-well microfabricated “WorMotel” device containing one worm per well [ 10 ]. ( b ) Detail 
of nine wells from ( a ). ( c ) Image of 24 wells. ( d ) Detail of nine wells from ( c ). Note higher spatial resolution with 
smaller fi eld of view. In all images, center-to-center spacing between wells is 4.5 mm. This imaging system 
also works well with glass wells [ 9 ], hanging droplets [ 11 ], and standard NGM plates       
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the important part of the image represent about 75 % of the 
dynamic range of the camera. If the exposure is too low, the 
signal-to- noise ratio will be poor. If the exposure is too high, 
parts of the image will be saturated (i.e., reach the maximum 
pixel value). The pixel values can be assayed within the IC 
Capture application by moving the cursor over the image.      

       1.    Acquire time lapse image sequences using the in IC Capture 
using the Sequence Timer dialog. Save images in BMP format 
in a new folder devoted to the image sequence. Using JPEG 
format results in smaller fi les, but the lossy compression algo-
rithm increases image noise.   

   2.    To block all ambient light, close openings in the black curtains 
using binder clips.   

   3.    The temperature inside the rig can be monitored by a ther-
mometer. We use a RT100 thermistor probe and handheld 
meter (Omega). Note the LEDs may increase the temperature 
inside the rig; the voltage can be lowered to reduce LED heat-
ing.  See   Note 9 .   

   4.    Fogging of the plate lid can be a problem, particularly when 
the temperature drops. We prepare the lids with an anti-fog 
coating as follows: We pour a sterile-fi ltered solution of 20 % 
Tween 20 in water onto the inner surface of the lid, pour off 
the excess, and allow the lid to dry in a sterile hood.   

   5.    Preparing plates in a clean hood minimizes the chances of 
media contamination.   

   6.    Data can be acquired from multiple cameras using a single 
computer. To use multiple Gigabit Ethernet cameras, fi rst 
install an Ethernet hub. Next, run a separate instance of IC 
Capture for each camera and confi gure them individually.   

   7.    We analyze data using custom MATLAB scripts modifi ed for 
each experiment. Image data acquired using this imaging sys-
tem can be analyzed using worm tracking codes described else-
where [ 8 ].       

4    Notes 

     1.    This formula is approximately valid for WD much greater than  f .   
   2.    The sensor size can be found in the camera specifi cations; the 

sensor of the Imaging Source DMK 23GP031 camera is 
5.70 mm (H) × 4.28 mm (V).   

   3.    When working with aluminum, drilling a 1/8″ pilot hole, and 
use of a cutting lubricant will make machining easier. While a 
drill press is preferred, a hand drill can also be used. Be sure to 

3.5  Acquiring Image 
Data
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properly secure the workpiece during drilling and include 
backing material if needed to avoid damaging the surface 
underneath.   

   4.    For any use of power tools, wear eye protection and consult 
personnel trained in their use.   

   5.    A CS-mount camera may come supplied with one 5 mm exten-
sion ring for C-mount compatibility; an additional ring should 
be added.   

   6.    For bright fi eld imaging, a single LED source can be placed 
under the plate, with a diffuser made from a round piece of 
paper added to improve image quality.   

   7.    The use of red LEDs reduces the behavioral effects of the illu-
mination compared with green, blue, or white light. Infrared 
LEDs can also be used.   

   8.    If you accidentally attach the LEDs in reverse, the LEDs will 
not light, but nothing else bad will happen.   

   9.    In one of our setups, we placed multiple imaging rigs inside a 
4′ × 4′ × 4′ temperature-controlled chamber built using 80/20 
framing and covered with black curtains. We installed a small, 
digital window-style air conditioner (Frigidaire Energy Star) to 
control the temperature inside the chamber to better than 
±0.5 °C. Similarly, an electric heater with a temperature con-
troller can be used to maintain temperature at a fi xed value 
above the ambient.         
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