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Abstract

Sperm chemoattraction in invertebrates can be sufficiently robust that one can place a pipette containing the attractive peptide into a sperm
suspension and microscopically visualize sperm accumulation around the pipette1. Sperm chemoattraction in vertebrates such as frogs, rodents
and humans is more difficult to detect and requires quantitative assays. Such assays are of two major types - assays that quantitate sperm
movement to a source of chemoattractant, so-called sperm accumulation assays, and assays that actually track the swimming trajectories of
individual sperm.

Sperm accumulation assays are relatively rapid allowing tens or hundreds of assays to be done in a single day, thereby allowing dose response
curves and time courses to be carried out relatively rapidly. These types of assays have been used extensively to characterize many well
established chemoattraction systems - for example, neutrophil chemotaxis to bacterial peptides and sperm chemotaxis to follicular fluid. Sperm
tracking assays can be more labor intensive but offer additional data on how chemoattractancts actually alter the swimming paths that sperm
take. This type of assay is needed to demonstrate the orientation of sperm movement relative to the chemoattrractant gradient axis and to
visualize characteristic turns or changes in orientation that bring the sperm closer to the egg.

Here we describe methods used for each of these two types of assays. The sperm accumulation assay utilized is called a "two-chamber" assay.
Amphibian sperm are placed in a tissue culture plate insert with a polycarbonate filter floor having 12 μm diameter pores. Inserts with sperm are
placed into tissue culture plate wells containing buffer and a chemoatttractant carefully pipetted into the bottom well where the floor meets the wall
(see Fig. 1). After incubation, the top insert containing the sperm reservoir is carefully removed, and sperm in the bottom chamber that have
passed through the membrane are removed, pelleted and then counted by hemocytometer or flow cytometer.

The sperm tracking assay utilizes a Zigmond chamber originally developed for observing neutrophil chemotaxis and modified for observation of
sperm by Giojalas and coworkers2,3. The chamber consists of a thick glass slide into which two vertical troughs have been machined. These are
separated by a 1 mm wide observation platform. After application of a cover glass, sperm are loaded into one trough, the chemoattractant agent
into the other and movement of individual sperm visualized by video microscopy. Video footage is then analyzed using software to identify
two-dimensional cell movements in the x-y plane as a function of time (xyt data sets) that form the trajectory of each sperm.

Video Link

The video component of this article can be found at http://www.jove.com/video/3407/

Protocol

1. Materials and buffers used

2. A two-chamber assay for frog sperm chemotaxis
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1. Oocyte Ringer′s Buffer (1.5 x OR2) contains 124 mM NaCl, 3.75 mM KCl, 1.5 mM CaCl2, 1.5 mM MgCl2, 1.5 mM Na2HPO4, 10 mM Hepes,
pH 7.8. Fertilization Buffer (F-1) contains 41.25 mM NaCl, 1.25 mM KCl, 0.25 mM CaCl2, 0.06 mM MgCl2, 0.5 mM Na2HPO4, 2.5 mM Hepes,
pH 7.8.

2. Xenopus laevis egg water is prepared according Sugiyama et al.4. Briefly described, freshly spawned jellied frog eggs are swirled in a small
volume of F-1 buffer for 30 minutes and the conditioned medium removed by micropipette. This medium, termed "egg water", can also be
used to prepare purified allurin, the primary chemoattractant in this jelly extract. Sperm are obtained from commercially bred Xenopus laevis
or Xenopus tropicalis.

3. See the Table of Materials for specific items needed in the assay.

1. Anesthetize the frog by immersion in water containing 0.07% benzocaine, decapitate using a pair of carborundum edged scissors, and double
pith to ensure euthanasia. Cut away abdominal skin to expose muscle. Make midline and lateral cuts in abdominal muscle and retract. Gently
retract intestines and fat to reveal white, bean-shaped testes. Trim away connective tissue using a fine scissors being careful to avoid blood
vessels. Remove a testis, wash away any blood using 1.5 x OR2 buffer, then roll the testis on filter paper to remove excess buffer and small
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3. Frog sperm tracking assay using a Zigmond chamber
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adherent blood vessels, and then place the testis in a plastic pitre dish in 0.2 ml of 1.5 x OR2 buffer. Fill a 5 ml syringe with 2 ml of 1.5 x OR2
buffer, gently poke 10-20 holes in the testis over most of the surface at one end, insert the needle at the opposite end and gently inject buffer
to flush out sperm. Alternatively, one can inject buffer while poking the exit holes to flush out sperm. Transfer the sperm suspension using a
micropipette with a cut-off tip (avoiding shearing of the sperm) to a microcentrifuge tube and place on ice.

2. Estimate the number of frog sperm obtained by diluting sperm 1:100 in 1.5 x OR-2 and taking a 20 μl sample of the mixed sperm suspension
and counting the number of cells using a hemocytometer and the large 1 mm2 area. Using the hemocytometer count and sampling ratio
calculate sperm density and the total number of sperm harvested. This total is usually 2 - 6 x 107 sperm in a volume of about 2 ml when both
testes are used. Dilute the stock sperm suspension with 1.5 x OR2 buffer to obtain a sperm density of 2 x 107/ml. Use the sperm for assay
within 2 to 3 hours of preparation. Assess sperm motility by diluting 5 μl of sperm 1:10 with F-1 buffer and visualizing movement using phase
contrast optics. At least 40% to 50% of the sperm should be motile. Even suitable preparations will contain a large number of immotile sperm
most of which are immature.

3. Prepare a new 24-well plastic tissue culture plate by micropipetting 700 μl of F1 buffer into each well. Each well should be about 15 mm in
diameter at the bottom.

4. Start a series of assays by diluting 100 μl of sperm suspension with 900 μl of F1 buffer at room temperature (about 21 to 23°C) in a
microcentrifuge tube to activate sperm motility by osmotic shock. Each time fresh sperm is activated in this manner, the sperm must be used
within 1-2 minutes.

5. Place a 12 μm porosity insert (12 mm o.d.) into a buffer-filled well; make sure the insert placement is off-center leaving a space to one side.
Immediately transfer 400 μl of motility activated sperm into the well by a micropipette having a cut-off tip. Apply the sperm suspension to the
wall of the filter insert and allow it to run down onto the filter at the bottom of the insert; the sperm suspension should not be pipetted directly
onto the filter.

6. Carefully micropipette 50 μl of chemoattractant agent into the well in the space between the well and the off-center filter insert. One must be
careful to deposit the drop where the side and bottom of the well meet and withdraw the pipette with no disturbance to the system.
Specifically, the plunger on the micropipette should be pushed only to the first stop so as to completely eject the sample but no air bubbles.

7. Repeat steps 2.5 and 2.6 above to start as many assays as needed, then incubate the plate until the first assay started has incubated 50
minutes. Typically, one can start an assay every 45 to 60 seconds. Note that the assay can be streamlined by an experienced person or by
two persons working together. In this case, one or two rows of assays can be initiated with a larger stock of motile sperm and faster pipetting
providing that sperm are always used within 1 to 2 minutes of activation.

8. Stop each assay in the sequence started. First, carefully steady the filter insert with one hand and with the other carefully remove most or all
of the sperm suspension in the upper chamber by micropipette or by suction with a pasteur pipette. Immediately, using a fine tweezers, pull
out the filter insert and discard. Care must be used at this step, least the remaining sperm be swept through the filter artifactually raising the
values for sperm passage.

9. From each plate well, transfer the entire sperm suspension to a microcentrifuge tube. It is important to mix the sperm suspension in the well
before withdrawal since sperm tend to settle to the bottom. Add 15 μl of 25% formaldehyde to a final concentration of 0.5 % v/v and
refrigerate if sperm counts are not done the same day.

10. Pellet the sperm in each tube using a 10 second push button spin on a personal microcentrifuge having a maximum speed of 2000 x g.
Remove all but 100 μl of supernatant from each tube, then resuspend the pellet in that volume. Take 20 μl of sperm suspension, dilute 1:10
with distilled water, and count sperm on a hemocytometer using a 40x objective on an upright microscope. Use the counts and dilution factors
to calculate the total number of sperm that passed through the filter in each assay.

1. Prepare the inverted microscope workstation for videotaping. We use a Nikon Elipse TE300 inverted microscope equipped with either a Sony
DXC-390 3-chip color analogue video camera or a Hamamatsu ORCA-03G monochrome digital camera. The Zigmond chamber slide must
rest on the stage up-side-down with a sufficient opening in the stage plate to accommodate a 22x40 mm cover glass. This arrangement is
necessitated by the fact that frog sperm are unable to swim against gravity. Focus either a 4x or 10x objective lens on the observation
platform running between the two troughs.

2. Test to make sure that the camera is focused and centered on the observation platform. If the Sony camera is used, the output is sent to a
video monitor and to an A/D converter (frame grabber) capable of digitizing 7 frames per second from the video signal. The digital stream is
processed using a computer running at 3 GHz or greater preferably with 4 Gb or more of RAM. Although we use Scion Image software (a
custom Windows version of NIH Image) controlling a Scion CG-7 frame grabber, these products are no longer available. A current solution is
to use Image J software with a VirtualDub Plug-in for analogue video camera capture. If the Hamamatsu camera is used, its digital output is
processed by Olympus cellSens software and displayed on the computer monitor. In both cases, the data is saved on either an internal or
external hard drive as an 8-bit tiff stack. Use of Scion Image software requires conversion of the Tiff image sequence to a stack using Image
J.

3. The microscopic field should include most or all of the observation platform width. Use phase contrast or dark field optics for the best results.
The distance between the observation platform surface and the bottom of the cover glass should be 15 to 20 μm as determined by differential
focusing on each surface.

4. Prepare the chemoattractant at an appropriate concentration in F1 buffer. Prepare Xenopus laevis sperm as described previously and store in
1.5 x OR2 buffer on ice until use.

5. Assemble the Zigmond chamber. Start with a dry clean chamber. Using a micropipette place a line of silicone oil (4 μl) about 5 mm from and
parallel to the outer edge of each trough. Place a 22x40 mm cover glass onto the chamber allowing the silicone oil to evenly spread to the
outer edge of each trough. If preliminary experiments show that sperm sticking is a problem, one may need to coat the cover glass with
nitrocellulose as suggested by Fabro et al.3. Alternatively, inclusion of protein in the buffers used (e.g. 1% BSA) can also reduce sperm
sticking.

6. Invert the chamber and place over the circular cutout in the microscope stage being careful that the cover glass does not make contact with
the stage. This inverted configuration is necessary to bring Xenopus sperm from the trough onto the platform. Unlike mammalian sperm,
Xenopus sperm are not strong enough to swim against gravity to reach the platform.

7. Activate 20 μl of Xenopus sperm in 1.5 x OR2 buffer by mixing 1:10 with F1 buffer at room temperature. Using a micropipette with a cut tip,
immediately transfer 70 μl of motility-activated sperm into the trough. This is achieved by holding the micropipette at a low angle and placing
the tip at the side opening of the trough. The cell suspension ejected fills the trough and bridge by capillary action. Next, fill the opposite
trough in the same manner using a chemoatttractant solution.

8. Begin videotaping within 3 minutes (Xenopus sperm have a limited motility lifetime) and continue for 5 minutes. At the end of videotaping,
disassemble the chamber and wash the troughs and observation platform with a pressurized stream of water and then ethanol from a squirt
bottle. Remove silicone oil from the upper surfaces with paper wipes being careful not to contaminate the observation platform and troughs.
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4. Representative Results:

Important technical parameters in the two chamber assay are size and shape of the chamber, the porosity of the membrane, and the length of
incubation. The size of the upper chamber holding the sperm should not be so large in diameter as to require a large volume of sperm (preferably
0.5 ml or less) nor should the upper chamber be so deep as to create a high column of cell suspension (<1 cm). The volume of lower chamber
buffer surrounding the upper chamber insert should exactly match the level of the cell suspension in the insert so as not to create a
transmembrane hydrostatic pressure that would artifactually force sperm through the membrane. Placement of the empty insert into the bottom
well first, followed by sperm loading results in an initial upwards hydrostatic pressure that prevents sperm from going through the membrane
during loading. Choice of membrane pore size is determined by the size of the sperm, and the commercial availability of porous membrane
inserts. We find that assays with frog sperm can utilize either 8 or 12 μm diameter pores although 12 μm pore provide for passage of higher
numbers of sperm allowing more accurate counting. Pore sizes greater than 12 μm do not appear to be commercially available. An alternative to
using tissue culture inserts is the use of the Neuroprobe membranes designed for chemotaxis assays in 96-well plates. These offer a potentially
greater throughput and a wider range of pore diameters. Although larger mammalian sperm would seem to require a larger pore diameter, we
have successfully assayed mouse sperm chemotaxis using inserts with 12 μm pores (Burnett, unpublished observations). In contrast, smaller
pore sizes might be adequate for smaller sperm (e.g. sea urchin) although we have not yet tested this possibility.

One disadvantage of the two-chamber assay described is that sperm are placed in the top chamber thus inevitably resulting in some sperm
passage by gravity, thus decreasing the signal to background ratio. This is necessitated by the fact that Xenopus sperm are not vigourous enough
in their motility to swim against gravity as are mammalian sperm. Another difficulty in assaying Xenopus sperm is the fact that their motility life
time is short - 5 to 15 minutes after activation. This restriction is the basis for needing to activate a new batch of sperm every 2 to 3 minutes when
carrying out multiple assays. As a result, time course studies have shown that most sperm passage occurs within the first 20 minutes of assay5.
Although we use a 50 minute incubation period, this period could likely be shorted to 20 or 30 minutes. In contrast, for mouse sperm which
remain motile for hours, we have used up to a 2 hour period of assay with good results (Burnett, unpublished observations).

In the two-chamber assay using frog sperm, the total number of sperm passing through the porous membrane is typically 10 to 20 thousand or
about 1 to 2% of the sperm placed in the upper chamber insert. Presence of a chemoattractant gradient in the lower chamber can increase sperm
passage as much as 4 to 10 fold. Figure 2 illustrates a typical dose response curve performed with this assay. An extract of Xenopus egg jelly
("egg water") containing the known chemoattractant protein allurin (red circles), was placed in the bottom chamber at a series of dilutions. The
total egg water protein contained in each assay is given in micrograms/assay - the amount delivered in the original 50 μl volume. Since the
protein delivered will form a diffusion gradient, the actual concentration range of protein that sperm respond to is not known but can be estimated
to be 5 to 10 times lower than the protein concentration of the drop delivered. For this reason, we denote the amount of protein introduced, not
the concentration. Usually we perform duplicate or triplicate assays for each dose and average the result; we then replicate the entire experiment
3 or 4 times using sperm from different males in each experiment. The mean and standard error of the mean is calculated for each dose with the
standard error of the mean typically being 5 to 10% of the mean. Note that proteins without known chemoattractant activity such as bovine serum
albumin (open circles, Fig. 2) may produce a low level, non-specific increase in sperm passage through the membrane. An interesting
observation is that the dose response curve for egg water is multiphasic - a rising phase and a decreasing phase. This type of multiphasic
relationship is common for sperm chemoattractants; the response of human sperm to follicular fluid shows a similar biphasic relationship6 that is
thought be useful in that high concentrations of chemoattractant found in the vicinity of an egg may serve to diminish further searching responses
on the part of the sperm.

Occasionally we find that the control values for this assay are higher than normal, thus reducing the fold increase produced by a chemoattractant.
Usually, this can be traced to mechanical disruption of the filter insert during the assay. Thus, it is important that inserts are not disturbed while
loading the sperm or chemoattractant, during the assay incubation or when the insert is removed. Particularly crucial is that the sperm reservoir in
the insert is removed by micropipette or suction before lifting the insert out of the well. This ensures that sperm are not swept through the porous
membrane into the bottom chamber as the insert is removed.

Important technical parameters in the Zigmond chamber assay include the distance between the coverglass and observation platform, the
magnification of the video observation, the type of optics used, and the frame rate. Distance between the observation platform is typically 10 to 15
μm although this distance can be varied by the amount of silicone oil used to interface between cover glass and the chamber slide - the more oil,
the greater the distance. A thin plane of fluid increases the amount of time needed for a gradient to form as well as the longevity of the gradient
once formed. A thicker plane of fluid allows a more rapid gradient formation but the gradient has a shorter lifetime and less stability. The dynamics
of gradient formation can be visualized by using a fluorescent dye or a fluorescent dextran in the chemoattractant well and using fluorescence
microscopy to view the dynamics. The test reagent should be matched in molecular weight to the chemoattractant being used and the dynamics
determined used to judge how many minutes should be allowed for gradient formation and recording of sperm movements.

The magnification used should be low overall (4x or 10x objective) if the entire observation platform is to be visualized as in the assay conditions
we have described. On the other hand, higher magnification (40x or 63x objective) may be useful if one intends to monitor relatively short
trajectory segments or wishes to resolve flagellar motions. Tracking can be carried out either by semi-manual methods as described in this paper
or by automated tracking as practiced in more sophisticated software packages such as MetaMorph or Imaris Track. In either case, ease of
tracking is very dependent on image contrast whether it be by operator or by software-assisted object recognition. Although bright field optics
might be used in some cases, use of phase contrast optics or darkfield optics is commonly required. Finally, the frame rate depends on the time
resolution desired in tracking. If semi-manual methods are used as in our procedure, one is probably limited to relatively low frame rate - 4 to 8
frames per second - due to the labor intensive nature of recording data. On the other hand, video rate observations may be required for rapid
responses such as flagellar wave forms. Frequently, experimental goals are best served by doing slower frame rate experiments and faster frame
rate experiments separately since one also wishes to alter other parameters such as magnification, optics, or digital image processing.
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9. If needed, convert the video data captured to a Tiff image sequence or stack using Image J software. Then open the file in Image J and in the
first 21 frames (3 seconds) choose up to 50 sperm to be tracked. To avoid bias, chose sperm from all regions of the observation field and
without knowledge of their trajectory data. Capture two-dimensional cell trajectories in the x-y plane as a function of time (xyt data sets) for
each sperm by point and click of the mouse using the MtrackJ plug-in module for Image J. Visualize trajectories and calculate trajectory
distances, axis components and velocities within MtrackJ. Alternatively, carry out these operations and further numerical analysis (e.g.
directionality, chemotaxis parameters and parameter histograms) by importing xyt data sets into Microsoft Excel.

10. Plot trajectories for each sperm in Excel to detect overall patterns of movement including linear, curvilinear, and circular patterns as well as
features such as turns. Utilize xyt data sets to calculate average curvilinear velocity, net travel along the X (gradient)- and Y-axis, and
orientation parameters such as the average angle of travel relative to the gradient axis.
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Typical results for the Zigmond chamber tracking assay consist of a set of trajectories like those seen for fifty frog sperm in the video clip of Movie
1. Against an image of the observation platform, the trajectories of individual sperm are traced in red for a control experiment (no chemoattractant
gradient present). The two-dimensional cell trajectories in the x-y plane as a function of time for each sperm can be plotted and logged by MtrackJ
and imported into Microsoft Excel. For trajectory analysis, we designate the chemoattractant gradient axis as the X-axis and the Y-axis as the
orthogonal axis, consistent with the convention originally developed by Fabro et al.3. As shown in the diagram of Figure 3, the actual trajectory
taken is composed of steps, the sum of whose length equals the curvilinear distance traveled in the trajectory (blue/gold arrows). The net distance
and orientation of travel by each sperm is a vector connecting the first and last point of the trajectory (red diagonal arrow). The net travel can be
separated into its X-axis component and Y-axis component (red dashed arrows; also termed net delta X and net delta Y, respectively).

Because chemotaxis in vertebrate sperm can involve relatively subtle shifts in direction of travel, large numbers of sperm (100 to 300), randomly
selected, are usually analyzed for each condition often requiring pooled data from 4 to 6 independent experiments. For purposes of illustration,
however, we will use data from only fifty frog sperm. Table 1 illustrates common parameters used to detect changes in sperm travel. The mean
net travel along the X-axis will increase significantly if, in the presence of a chemoattractant, the sperm population as a whole follows trajectories
that more closely align with the gradient. In our example, the mean net X-axis travel increased over three fold in the presence of egg water. One
can also plot a histogram of net X-axis travel for the sperm population which has the advantage that smaller subpopulations of responsive sperm
may be detected. Two parameters developed by Fabro et al.3 can also help detect such populations. Both the percentage of sperm showing
positive net X-axis travel (% ΔX>0) and the percentage of sperm showing net linear travel no greater than 45 degrees from the gradient axis
(%ΔX/|ΔY|> 1) can increase dramatically if the entire sperm population is sensitive to the chemoattractant or by smaller but still significant
amounts if subpopulations of sperm are sensitive. Our example in Table 1 shows increases in both parameters for fifty frog sperm exposed to an
egg water gradient. Note that random non-oriented movement will give non-zero values for both of these parameters of 50% and 25%
respectively; control values higher than this (such as those in Table 1) represent a background due to either a low sample number or to a bias in
sperm orientation particular to the experimental design.

Directionality of sperm travel in response to chemoattractant agents can be directly assessed by theta, the angle between the vector of net travel
for each sperm and the gradient (X)-axis. Our example in Table 1 shows that the mean theta decreased for sperm swimming in an egg water
gradient indicating that sperm trajectories as a population were better aligned with the gradient. Similar to net X-axis travel (see above), thetas for
the sperm population can be expressed as a distribution, an approach also sensitive to subpopulations of responsive sperm and one that was
recently studied by Gakamsky et al7.

Finally, curvilinear and instantaneous velocities for individual sperm can also be extracted from the data describing two-dimensional cell
trajectories in the x-y plane as a function of time. One might find that there is an increase in velocity as well as a shift in orientation of travel, thus
suggesting a chemokinetic response as well as a chemotactic response.

These data represent a starting point for analysis of sperm trajectories. Further analysis could include measurements of trajectory linearity and
curvature on a moment by moment basis as carried out by Bohmer et al.8 and Shiba et al.9, the automated detection of turns as carried out by
Burnett et al.10, and nonlinearity as gauged by fractal analysis11,12. Provided that sperm swimming these trajectories are monitored at higher
magnification, one could also image flagellar motions and real time calcium signals as carried by several laboratories 8,9,13,14,15,16. Such studies
have demonstrated that both invertebrate and mammalian sperm respond to chemoattractants by sharp turns of the sperm up gradient toward the
chemoattractant source. These turns are accompanied by flagellar bends that alter sperm orientation much as a rudder would, bends that appear
to initiated by defined, wave like calcium signals propagating through the flagellum. Thus, the ultimate goal of sperm tracking is to correlate
signaling system dynamics with changes in flagellar propulsion that serve as the basis of sperm orientation in a chemotactic gradient. These
goals have yet to be reached in Xenopus sperm which travel in a helical motion17, exhibit low curvature in their trajectories10, and whose calcium
signals have yet to be monitored.

Although we have focused here on detailing the assay methods we use for Xenopus laevis sperm, both the two chamber sperm accumulation
assay and the Zigmond chamber tracking assay can be used for mammalian sperm if certain modifications are made. Both assays can be carried
out at 37 °C if desired, by use of a slide warmer and, in the Zigmond chamber assay, a microscope stage warmer. Typically, mammalian sperm
will be isolated, capacitated and incubated using appropriate mammalian buffers and chemoattractants, but data analysis will be similar to what is
described here for amphibian species. One further difference is that the Zigmond chamber is usually placed upright on the stage of an upright
microscope since mammalian sperm, unlike Xenopus sperm, can swim up onto the observation platform. As yet untested, these two assays may
see application to sperm of a number of species in future work.

 
Figure 1. Schematic diagram of the two-chamber assay. Sperm are placed in an insert the bottom of which is a polycarbonate filter with 12 μm
pores. A chemoattractant solution is carefully pipetted into the well to initiate formation of a concentration gradient.
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Figure 2. Representative data for frog sperm using the two-chamber sperm chemotaxis assay. Egg water prepared from X. laevis eggs exhibits a
multiphase dose-activity curve that is characteristic of sperm chemoattractants. Bovine serum albumin increases sperm passage only slightly - a
nonspecific effect of protein. Figure modified from Al-Anzi & Chandler5.

Movie 1. A video clip showing frog sperm trajectories plotted in red on the observation platform of a Zigmond chamber. The width of the platform
is 1 mm. Click here to watch the video clip.

 
Figure 3. Axis conventions, a sperm curvilinear trajectory and a vector for net linear travel are plotted on the Zigmond chamber observation
platform. Data obtained are of three types. First, the sperm trajectories themselves (blue/gold arrows) can reveal specific patterns such as circles
and turns (asterisks). Curvilinear distance and curvilinear velocities can be measured for the trajectory path. Second, the net linear distance
traveled over the entire trajectory, the net X (gradient) axis component of travel, the net Y axis component of travel and the angle theta between
the X axis and the vector of net travel can be calculated for each trajectory and compared as a distribution over all sperm tracked. Third,
instantaneous changes in velocity and direction of travel for segments within individual trajectories can be studied either individually or as a
population. Above, a side view of the chamber is presented in a diagram.
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Discussion

 
Table 1. Parameters frequently used in analyzing data from the Zigmond chamber.

Chemotaxis of cells moving by either amoeboid movement or flagella-powered swimming is found in many biological contexts and study of this
phenomenon requires the availability of practical and reliable assays. Some examples of the phenomenon, such as attraction of sperm to a sea
urchin egg or gathering of slime mold cells to form a fruiting body, have immediate visual impact. Quantitation of this phenomenon has been
undertaken in a variety of ways as described by Eisenbach18. These assays include use of chemoattractant filled capillaries to attract sperm, use
of capillaries joining reservoirs to create a gradient and use of a Makler chamber having wells for sperm and chemoattractant. This paper
describes two "second generation" assays that are now used more frequently. Although these assays still rely on the need to create a gradient
they incorporate several new features. First, the two chamber assay has the advantage that numerous membrane pores sample sperm passage
across the gradient rather than one capillary opening allowing more sperm to test the gradient in a single assay.

Patterns of directed cell movement are a key feature in chemotaxis and it is natural that new formats for tracking cells have been developed. One
new format, is the three-dimensional scanning of sperm trajectories as they approach an egg. Using a moving plane of infra-red light to detect
sperm positions, Zimmer and colleagues have provided sperm trajectory data in a chamber with the egg centered - a device that uses the natural
chemoattractant source and has relatively distant walls that might otherwise disrupt natural sperm movement19. Alternatively, Corkidi et al.
developed a system combining rapid movements of a long working distance objective with high frame rates to capture three-dimensional
trajectories20. Analysis of sperm motions in such devices has recently been facilitated by use of polar coordinates21 and Guerrero et al. have
recently emphasized the need for three-dimensional observations of sperm chemotaxis in future studies13.

In contrast, the use of Cartesian coordinates is facilitated by the Zigmond chamber, a device that was developed by Sally Zigmond for study of
neutrophil orientation and chemotaxis and first shown to be useful in the study of sperm chemotaxis by Giojalas and coworkers2,3. Use of a linear
trough of chemoattractant rather than a point source of chemoattractant allows a chemical gradient to be set up in an XY coordinate system
rather than a radial coordinate system. Giojalas has applied this assay to the study of chemotaxis in sperm of humans, mice, rabbits and steers
and confirmed the finding that fluid from ovarian follicles contains a chemoattractant2,3,22. More recently, Giojalas and Eisenbach have
demonstrated that progesterone given off by cumulus cells surrounding the egg also serves as a sperm chemoattractant23-26. Indeed,
progesterone has recently been shown to trigger the opening of Catsper channels in sperm to initiate the calcium signals thought to modify sperm
flagellar bending and thereby the direction of sperm swimming27,28.

The Zigmond chamber has both advantages and disadvantages. One advantage is optical simplicity in that sperm are maintained in a set focal
plane and no scanning of the Z dimension is necessary. Another advantage is the use of Cartesian coordinates that are more familiar to most
investigators and encourage the testing of new parameters devised with relatively common mathematics. On the other hand, the Zigmond
chamber creates a situation unlike that found in nature. The sperm are made to swim between two walls at close range that likely affect their
repertoire of flagellar wave forms as well as the outcome of resulting forces. Likewise, the chemoattractant used is usually chemical and
dispersed differently than would occur from an egg. Finally, sperm sticking to walls is a potential problem that would not be present in a three-
dimensional chamber.

While some investigators suggest that sperm tracking is the only reliable way to study sperm chemotaxis, these assays can be labor intensive at
both the experimental and data analysis stages if semi-manual rather than automated methods are used. For this reason, assays like the
two-chamber assay described here have been used to give quantitative and reproducible data that can provide evidence for chemotaxis. This
type of assay originated with the Boyden chamber, in which a neutrophil suspension was placed in contact with the surface of a porous filter
barrier29. A chemoattractant solution was placed in contact with the opposite side of the filter allowing a chemical gradient to form within the filter
itself. Cells entering the filter matrix could be either stained and counted microscopically or, if labeled radioactively, counted in a scintillation
counter. This approach was further developed by the use of large pore polycarbonate filters through which the chemotaxing cells could actually
pass as in the two chamber assay described here5.

Previously we have validated the two-chamber assay as a measure of frog sperm chemotaxis. First, using egg water as the attractant, we have
shown that stimulation of sperm passage through the filter requires that a concentration gradient be created by deposition of a single drop of
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chemoattractant in the bottom chamber. If the chemoattractant is dispersed throughout the bottom chamber buffer by mixing, sperm movement is
not stimulated5. Second, creation of a "reverse gradient" by addition of the chemoattractant to the top chamber does not stimulate the passage of
sperm. Finally, we find that in sperm tracking experiments in the Zigmond chamber, sperm motility and velocity is not diminished or changed
regardless of the direction of sperm travel relative to the gradient (Burnett, unpublished observations). This last observation is important because
it has been pointed out that inhibitors of sperm motility might actually slow down or stop sperm near the chemical source thus presenting an
artifactual accumulation of sperm that could be mistaken as chemotaxis18.

Despite these caveats, sperm accumulation assays such the two-chamber assay have proved to be extremely useful labor saving tools that have
been instrumental in characterizing neutrophil chemotaxis to bacterial peptides29,30, in the initial discovery of mammalian sperm chemoattraction
to follicular fluid and progesterone6,31,32, and in the purification and characterization of the frog sperm chemoattractant allurin4,5,33.
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