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Abstract
We have standardized a new chemotaxis chamber that uses fluorescence as the cellular marker for the measurement of
leukocyte migration in vitro in disposable 96-well microplates. This new fluorescence-based assay is a robust assay because
filter pore size, cell density, filter composition, and filter thickness do not affect PMN migration towards interleukin-8 or the
complement fragment, C5a. When compared to two separate chemotaxis assays in which the migrated cells are counted
visually, the fluorescence-based assay was more rapid, less labor intensive, and more sensitive. This new assay is a
significant advance in the measurement of leukocyte migration in vitro. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Leukocyte migration is essential for leukocyte accumulation at sites of inflammation. In order to determine
the mechanisms responsible for migration in vivo, leukocyte chemotaxis has been studied in vitro since 1917.
Techniques that have been used to study leukocyte chemotaxis in vitro include methods in which chemotaxis is
measured by direct observation of cellular migration, and methods in which chemotaxis is measured by
quantifying leukocyte migration into or across membranes.
Methods used for the direct viewing of leukocyte chemotaxis include the application of cells to specialized
slides and coverslips to visualize the orientation of leukocytes in gradients of chemotactic factors Že.g., Zigmond
chamber. ŽZicha et al., 1991; Zigmond, 1977.. Other direct visual techniques include leukocyte chemotaxis
under agarose ŽKrauss et al., 1994. and leukocyte chemotaxis in three dimensional-matrices of collagen
ŽHaddox et al., 1994..
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Boyden first described the use of membrane filters to study leukocyte chemotaxis in vitro in 1962 ŽHaddox et
al., 1994.. Membrane filters offered an important advantage for the study of leukocyte chemotaxis because they
provided quantitative data. Several different methods have been used to measure leukocyte chemotaxis with
membrane filters. These include a multi-well cap technique ŽPsychoyos et al., 1991., transwell tissue culture
plates ŽSmart and Casale, 1993., and the use of non-disposable chemotaxis chambers. Non-disposable
chemotaxis chambers have been adapted to a variety of multi-well formats including 48-well and 96-well
formats. An advantage of the 48-well and 96-well formats is that they offer the ability to make multiple
comparisons within a single chemotaxis chamber. While the general design of the 48-well and 96-well
non-disposable chemotaxis chambers is similar, parameters such as upper and lower well volumes vary.
Furthermore, parameters such as incubation time, cell numbers, filter pore size, and filter composition vary in
published studies.
One major difference between the 48-well and 96-well non-disposable chemotaxis chambers is the methods
used to measure leukocyte migration. Leukocyte migration in the 48-well format is usually measured by
identifying and counting the number of cells that are in the filter either visually ŽGoodman et al., 1991. or with
an image analysis system ŽHarvath et al., 1994, 1980; Leonard et al., 1991.. A potential problem with counting
cells visually is that this procedure is labor intensive and can lead to delays in obtaining data. In addition,
counting cells visually is often subjective.
Several different techniques have been described to measure leukocyte migration in 96-well chemotaxis
chambers. While one can still count cells visually in or on the 96-well filter, investigators have used cellular
markers such as the fluorescent probe, BCECF-AM ŽDeForge et al., 1992., peroxidase content ŽJunger et al.,
1993., or the reduction of 3-Ž4,5-dimethylthiazol-2-yl.-2,5-diphenol tetrazolium bromide ŽMTT. ŽShi et al.,
1993. to estimate cell numbers. Changes in intracellular pH following PMN activation have been shown to
cause a decrease in total fluorescence of activated PMN labeled with the pH sensitive fluorescein derivative,
BCECF-AM ŽFrevert et al., 1994; Vaporciyan et al., 1993.. A decrease in the total fluorescence of activated
PMN could result in an underestimate of PMN migration. A disadvantage of using MTT reduction or peroxidase
content is that these techniques require large volumes of chemoattractant in the lower wells of the assay Ži.e.,
200–400 m l.. The use of low volume plates Ži.e., 30 m lrwell. for the MTT and peroxidase assay has not been
reported. The total volume used in the lower wells of the chamber is important when the chemoattractant is
expensive or limited in quantity.
We now report studies with a new disposable 96-well chemotaxis chamber ŽChemoTx, Neuro Probe,
Gaithersburg, MD. that permits rapid and consistent measurement of PMN migration in vitro using calcein
AM-labeled PMN in low volume plates Ž30 m lrwell.. We evaluated the technical parameters that affect the
assay, including cell density, filter pore size, membrane composition, and thickness. In addition, we compared
PMN migration in the new disposable 96-well chamber using total fluorescence as a cellular marker of PMN
migration Ži.e., fluorescence end-point assay. with chemotaxis performed in a 48-well chamber where PMN
migration was measured by visually counting cells Ži.e., visual end-point assay.. As compared with the visual
end-point assay, the fluorescence end-point assay is more rapid and more sensitive. This new system is a
significant advance over traditional assays for measuring leukocyte migration.

2. Materials and methods
2.1. Preparation of leukocytes
Heparinized whole blood Ž20–30 ml. was collected from healthy human donors, layered over a density
gradient Žmono–poly resolving media, ICN Pharmaceuticals, Costa Mesa, CA. and spun at 400 = g for 30 min.
The PMN rich fraction was removed and if necessary, RBC were lysed with hypotonic saline. The PMN were
washed twice with pyrogen-free phosphate buffered saline ŽPBS. ŽSigma, St. Louis, MO. and then resuspended
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in 5.0 ml RPMI-1640 without phenol red ŽBioWhittaker, Walkersville, MD. containing 10% heat-treated fetal
calf serum ŽRPMI-FCS. ŽHyClone, Logan, UT..
Calcein AM ŽMolecular Probes, Eugene, OR. Ž5 m grml. was added to the 5.0 ml suspension of cells in
RPMI-FCS and the cells were incubated for 30 min at 378C ŽQuan et al., 1996.. Neutrophils were washed twice
with PBS, counted and resuspended in RPMI-FCS to the desired concentration.
2.2. Reagents
Chemotactic factors were diluted to 1 = 10y5 M in PBS containing 0.1% pyrogen-free human serum albumin
ŽPBS-HSA. and aliquots were stored at y708C. The C–X–C chemokine, interleukin-8 ŽPeproTech, Rocky Hill,
NJ., and the complement fragment, C5a ŽSigma., were purchased as recombinant human peptides. On the day of
each experiment, aliquots were diluted in PBS with 0.1% human serum albumin ŽPBS-HSA. or PBS with 100
m grml cytochrome c ŽSigma. to the final concentrations indicated. Zymosan activated serum ŽZAS. was also
used as a chemotactic factor. Zymosan activated serum was prepared from normal human serum as described
ŽPillemer et al., 1956.. Phorbol myristate acetate ŽPMA. was diluted to 5 m grml in DMSO and aliquots were
stored at y708C. PMA was used at a final concentration of 50 ngrml in PBS-HSA.
2.3. Measurement of PMN migration
2.3.1. Determination of PMN migration using the Õisual end-point assay
We used two established protocols for the measurement of PMN migration using the 48-well chemotaxis
chamber with a visual end-point assay ŽNeuro Probe.. The first set of experiments in the 48-well chamber used
nitrocellulose filters ŽGoodman et al., 1991., the second set of experiments used polycarbonate filters ŽHarvath
et al., 1994; Leonard et al., 1991..
Migration was measured using 48-well chambers with nitrocellulose filters using methods previously
described ŽGoodman et al., 1991.. Briefly, dilutions of chemotactic factors were made in PBS and added to the
bottom wells Ž25 m l. of the 48-well plate. Nitrocellulose filters ŽNeuro Probe. with a 3 m m pore size were
placed between the bottom plate and top plate of the chamber assembly and the PMN Ž60 m l. were added to the
top wells at a cell density of 3 = 10 6 PMNrml. The chamber was incubated for 1.5 h Ž378C and 5% CO 2 . and
the non-migrating cells on the origin side Ži.e., top. of the filter were removed by gentle scraping. The filter was
dried, fixed and stained with a modified hematoxylinreosin stain. Filters were mounted on glass slides and
PMN migration was measured visually by counting the number of cells at the leading front of migration in 10
high-powered fields Ž=450..
Migration was measured using 48-well chambers with PVP free polycarbonate filters as previously described
ŽHarvath et al., 1994; Leonard et al., 1991.. Briefly, dilutions of chemotactic factors were made in PBS with
100 m grml cytochrome c ŽSigma. and added to the bottom wells Ž25 m l. of the 48-well plate. PVP free
polycarbonate filters ŽNeuro Probe. with 5 m m pore size were placed between the bottom plate and top plate of
the chamber assembly and the PMN Ž45 m l. at a concentration of 1 = 10 6 PMNrml were added to the top
wells. The chamber was incubated for 40 min Ž378C and 5% CO 2 . and the non-migrating cells on the origin side
Ži.e., top. of the filter were removed by gentle scraping. The filter was dried, fixed and stained with a Diff-Quik
stain ŽBaxter Health Care, McGaw Park, IL.. Filters were mounted on glass slides and PMN migration was
measured visually by counting the number of PMN in five high-powered fields Ž=450..
2.3.2. Fluorescence-based determination of PMN migration (fluorescence end-point assay)
The new disposable 96-well chemotaxis chamber ŽChemoTx, Neuro Probe. used for these studies differs
from the previous design for the non-disposable 48-well chamber and non-disposable 96-well chamber ŽFig. 1A
and B.. The major design change is that the filter has a hydrophobic mask surrounding each of the 96 filter sites
ŽFig. 1B.. The filter sites on the new 96-well filter are 3.2 mm in diameter yielding a filter area of 8 mm2 per
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Fig. 1. Cross-section Žscale 4:1. of one well of ŽA. the 48-well non-disposable and 96-well non-disposable chemotaxis chamber and ŽB. the
new disposable 96-well chemotaxis chamber. Ža. Cell suspension, Žb. upper chamber, Žc. silicon gasket, Žd. filter, Že. chemotactic factor, Žf.
lower chamber, Žg. hydrophobic mask. ŽC. Photograph of the new disposable 96-well chemotaxis chamber. The higher magnification insert
shows the cell suspensions on top of the filter held in place by the black hydrophobic mask.

site, which is the same size as the filter sites for the 48-well chamber. The new filter used in the disposable
96-well format eliminates the need for a top chamber, because the hydrophobic mask around each filter site
creates surface tension in the cell suspension, which keeps it positioned on the hydrophilic filter site located
directly above the bottom wells ŽFig. 1C..
To set up the 96-well chamber, the wells in the microplate Že.g., bottom chamber. were filled with 29 m l of
chemotactic factors diluted in PBS-HSA or the negative control Ži.e., PBS-HSA.. In order to determine the total
fluorescence of the PMN added to the origin side of the filter, 25 m l of each cell suspension Ži.e., 0.25, 0.5, 1.0,
2.0, 3.0, and 5.0 = 10 6 PMNrml. was placed directly in three wells in the bottom chamber. The polycarbonate
or polyester filters ŽTable 1. were positioned on the loaded microplate and secured in place with corner pins.
Neutrophils Ž25 m l. were placed directly onto the filter sites and the chamber was incubated for 1 h Ž378C and
5% CO 2 .. The non-migrating cells on the origin side Ži.e., top. of the filter were removed by gently wiping the
filter with a tissue. The chemotaxis chamber was placed in a multi-well fluorescent plate reader ŽCytoFluor II,
PerSeptive Biosystems, Framingham, MA. and the cells that migrated into the bottom chamber were measured
by using the calcein fluorescence signal. The fluorescent plate reader was configured so that the probe was in a
bottom-read position, which allowed for the detection of fluorescence in each well of the chemotaxis chamber
Žexcitation, 485 nm; emission, 530 nm..
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Table 1
Characteristics of the chemotaxis filters
Filter material

Pore size Ž m m.

Poresrwell

Thickness Ž m m.

Thin polycarbonate filter

3
5
8
3
5
8
3
5
8

160,000
32,000
8000
160,000
32,000
8000
160,000
32,000
8000

9
10
7
15
17
12
20
18
15

Thick polycarbonate filter

Thick polyester filter

2.4. Data analysis
To determine if there was a linear association between total fluorescence and the number of PMN, statistical
analysis was performed using the Pearson correlation coefficient of correlation ŽMilton et al., 1983.. All values
are expressed as means and standard error ŽSE..
PMN migration towards each chemotactic factor was expressed as the raw data, which are the cell counts per
5 or 10 hpf for the visual end-point assays and the total fluorescence for each well of the 96-well plate for the
fluorescence end-point assay. In order to minimize day-to-day and donor-to-donor variability, data from the
fluorescence end-point assay was also expressed as the % total PMN. The % total PMN is determined using
three variables. The first variable is the total fluorescence of the well of interest. The second variable is the
mean total fluorescence of the negative control wells that contain PBS-HSA. The third variable is the mean total
fluorescence of 25 m l of the calcein AM-labeled PMN placed directly into the bottom chamber to determine the
fluorescence of the total number of cells added Žtotal PMN..
mean total fluorescence in wells of interesty mean total fluorescence of PBS wells
% Total PMNs 100 =
mean total fluorescence of total PMN
The ratio of directed migration to random migration ŽDrR ratio. was determined to define whether a certain
cell density or pore size offered a significant advantage. The DrR ratio was calculated by dividing the mean
fluorescence of PMN that migrated toward an individual chemotactic factor Že.g., ZAS or IL-8. by the mean
fluorescence of random PMN migration to PBS-HSA.
total fluorescence of wells containing chemoattractant
DrR s
total fluorescence of wells containing PBS
In order to compare the variability among a group of wells, the coefficient of variation ŽCV. was also
determined as follows ŽMilton and Tsokos, 1983.:
ss
CV s
= 100
FS
Where: fluorescent signal ŽFS. s mean total fluorescence of wells of interesty mean total fluorescence of wells
containing PBS; s s s wŽ s Wells of interest. 2 q Ž s Wells containing PBS. 2 x1r2 .
3. Results
3.1. EÕaluation of the calcein signal in PMN
Because the activation of PMN had been shown to cause a decreased fluorescence of BCECF-AM loaded
PMN ŽFrevert et al., 1994; Vaporciyan et al., 1993., PMN were treated with three agonists Ži.e., IL-8, C5a, and
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Table 2
Effect of stimulation of calcein-labeled PMN on mean cellular fluorescence
Treatment

TF

Untreated cells Ži.e., PBS.
IL-8 Ž1=10y7 M.
C5a Ž1=10y7 M.
PMA w50 ngrmlx

27,102 Ž"3927.
28,049 Ž"3023.
27,502 Ž"3094.
25,517 Ž"3312.

TF s total fluorescence of calcein-labeled PMN Ž3=10 5 . incubated for 30 min with the indicated agonists.

PMA. for 30 min to determine whether activation would alter the fluorescence of calcein AM-labeled PMN.
Treatment of calcein AM-labeled PMN with IL-8 Ž1 = 10y7 M., C5a Ž1 = 10y7 M. or PMA Ž50 ngrml. did
not significantly change the fluorescence signal when compared with PMN treated with PBS Ži.e., untreated
control. ŽTable 2..
To determine if there was a linear relationship between cell number and the fluorescence signal, PMN were
labeled with calcein AM, then diluted serially Ž10 PMN to 3 = 10 6 PMNrwell. and fluorescence was measured
in the fluorescence plate reader in triplicate. The relationship between cell number Ž100 to 300,000 PMNrwell.
and total fluorescence was linear Ž r s 0.9891, p - 0.000001. and the lower limit of detection was approximately 75 PMNrwell ŽFig. 2..
3.2. Effect of cell density and pore size on PMN migration
We evaluated the effects of cell density and filter pore size on PMN migration using two different agonists
Ži.e., ZAS and IL-8.. Neither pore size nor cell density affected the migration of PMN toward IL-8 Ž1 = 10y7
M. or ZAS Ž1:10 dilution.. In fact, when PMN migration was measured with varying conditions of pore size and
cell density, nearly all the PMN migrated when IL-8 Ž1 = 10y7 M. or ZAS Ž1:10 dilution. were placed in the
bottom wells ŽFig. 3A and B.. We also found that the pore size did not influence PMN migration toward three
different concentrations of IL-8 using 3 = 10 6 PMNrml ŽFig. 4.. Although neither pore size nor cell
concentration affected PMN migration towards IL-8 and ZAS, pore size did affect random migration towards
the negative control Ži.e., PBS-HSA. ŽFig. 3C.. There was a trend toward more random migration in the 3 m m
filters as compared with the 5 m m or 8 m m filters.
To optimize the fluorescence end-point assay for pore size and cell density, the DrR ratio and CV were
calculated for filters of three different pore sizes Ži.e., 3, 5, and 8 m m. and for several different concentrations
of PMN. While there were no significant differences in the DrR ratio for the three pore sizes, Ži.e., 3, 5 and 8
m m. there was a trend for a higher DrR ratio for the 8 m m filter when 1 = 10 6 , 3 = 10 6 , and 5 = 10 6

Fig. 2. The relationship between cell numbers Ž100 to 3=10 5 PMN. and fluorescence expressed as relative fluorescence units. Each symbol
represents the relative fluorescence per well at each concentration of PMN in one experiment Ž ns 4.. The relationship between cell number
and total fluorescence per well was linear Ž r s 0.9891, p- 0.00001..
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Fig. 3. Effect of PMN concentration and filter pore size on PMN migration. Neutrophil migration was measured towards ŽA. zymosan
activated serum ŽZAS., ŽB. IL-8, and ŽC. phosphate buffered saline ŽPBS.. To determine the total number of PMN that could migrate in
each assay, the cell suspension was placed directly into the bottom chamber of additional wells and the fluorescence was measured at the
end of the study Žtotal PMN signal.. The pore size did not influence PMN migration toward the chemotactic peptides ZAS or IL-8 ŽPanels A
and B. but the pore size influenced the random migration ŽPanel C.. The values are the meansq SE of assays performed using PMN
isolated from three volunteers Ž n s 3..

Fig. 4. Filter pore size Ži.e., 3, 5, and 8 m m pores. did not affect PMN migration to IL-8. Direct comparisons of PMN migration Ž3=10 6
PMNrml which is 7.5=10 4 PMNrwell. through polycarbonate filters of varying pore size. The data represent three experiments using
PMN collected from three volunteers Ž ns 3.. The values are the meansqSE.
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Fig. 5. The ratio of directed migration to random migration ŽDrR ratio. in the fluorescence end-point assay comparing cell number and pore
size. The DrR ratio was determined from PMN migrating towards ŽA. interleukin-8 or ŽB. 10% ZAS. The DrR ratio was calculated as
described ŽSection 2.. The values are the meansqSE.

PMNrml were used in this assay ŽFig. 5A and B.. When the CV for each pore size and cell density was
determined, the 8 m m filter consistently had a lower CV ŽTable 3.. Based on the finding that the 8 m m pore
size consistently had the highest DrR ratio and lowest CV, we chose to use this filter for the studies described.
We also chose to use 3 = 10 6 PMNrml Ži.e., 75,000 PMNrwell. because this concentration gave a high DrR
ratio and permitted as many as four 96-well chemotaxis chambers assays to be used with the PMN received
from 30 ml of blood from a single donor.
3.3. Comparison of different filters
To determine whether filter composition Žpolycarbonate vs. polyester. or filter thickness Ž7 m m vs. 15 m m.
affected PMN migration, we compared the ability of PMN to migrate toward IL-8 and C5a using three different
Table 3
Determination of the coefficient of variation ŽCV. for IL-8
CV for IL-8 at 1=10y7 M
Pore size Ž m m.

2.5=10 5
PMNrml

5.0=10 5
PMNrml

1.0=10 6
PMNrml

2.0=10 6
PMNrml

3.0=10 6
PMNrml

5.0=10 6
PMNrml

3
5
8

5 Žq1.
34 Žq25.
9 Žq3.

11 Žq1.
18 Žq12.
8 Žq2.

15 Žq9.
16 Žq6.
13 Žq3.

13 Žq7.
32 Žq17.
18 Žq8.

6 Žq2.
16 Žq4.
15 Žq5.

20 Žq13.
15 Žq7.
28 Žq16.

CV for IL-8 at 1=10y8 M
3
23 Žq1.
5
88 Žq25.
8
16 Žq3.

23 Žq18.
48 Žq26.
9 Žq3.

50 Žq41.
38 Žq20.
14 Žq3.

56 Žq48.
37 Žq13.
15 Žq6.

59 Žq43.
53 Žq15.
11 Žq3.

20 Žq220.
15 Žq13.
28 Žq7.

CV for IL-8 at 1=10y9 M
3
14 Žq3.
5
156 Žq117.
8
111 Žq94.

76 Žq53.
46 Žq24.
42 Žq30.

39 Žq19.
37 Žq14.
20 Žq5.

235 Žq209.
38 Žq20.
28 Žq13.

78 Žq58.
90 Žq67.
21 Žq9.

216 Žq197.
46 Žq21.
21 Žq11.
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Fig. 6. Direct comparison of PMN migration through the 8 m m thin polycarbonate filter, the 8 m m thick polycarbonate filter and the 8 m m
thick polyester filter. Neither filter composition nor filter thickness affected PMN migration toward IL-8 ŽA. and C5a ŽB.. The values are
the meansqSE of assays performed using PMN isolated from three volunteers Ž ns 3..

filters ŽTable 1.. All of the filters had a pore size of 8 m m, and PMN were used at a concentration of 3.0 = 10 6
PMNrml Ži.e., 75,000 PMNrwell.. Neither filter composition nor filter thickness affected PMN migration
toward IL-8 or C5a ŽFig. 6..
3.4. Comparison of the Õisual end-point assay with the fluorescence end-point assay
Direct comparisons were made between the visual end-point assay and the new fluorescence end-point assay.
These comparisons were made on the same day using PMN collected from a single individual. In the first set of
experiments, we made a direct comparison between the fluorescence end-point assay and a visual end-point
assay using nitrocellulose filters ŽFig. 7.. In a second set of experiments, we compared the fluorescence

Fig. 7. Direct comparison of PMN migration toward IL-8 using the visual end-point Žnitrocellulose filters with 3 m m pores. and
fluorescence end-point assay Žpolycarbonate filters with 8 m m pores.. The data are shown as the percentage of total cells migrating in the
fluorescence end-point assay Žleft vertical axis., and PMN per 10 high-powered fields for the visual end-point assay Žright vertical axis..
Based on their respective EC 50 , the fluorescence end-point assay is 10 times more sensitive than the visual end-point assay. The values are
the meansqSE of assays performed using PMN isolated from three volunteers Ž ns 3..
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Fig. 8. Direct comparison of PMN migration toward IL-8 using the visual end-point Žpolycarbonate filters with 5 m m pores. and the
fluorescence end-point assay Žpolycarbonate filters with 8 m m pores.. The data are shown as the percentage of total cells migrating in the
fluorescence end-point assay Žleft vertical axis. and PMN per five high-powered fields in the visual end-point assay Žright vertical axis..
Based on their respective EC 50 , the fluorescence end-point assay is 2.5 times more sensitive than the visual end-point assay. The values are
the meansqSE of assays performed using PMN isolated from three volunteers Ž ns 3..

end-point assay with a visual end-point assay using polycarbonate filters ŽFig. 8.. In all comparisons, we found
that the peak PMN signal was similar ŽFigs. 7 and 8.. However, the fluorescence end-point assay was more
sensitive, as the effective concentration for 50% maximal chemotaxis ŽEC 50 . was at least 10-fold lower in the
fluorescence end-point assay as compared with the visual assay when nitrocellulose filters were used ŽFig. 7..
When polycarbonate filters were used in the visual end-point assay, the EC 50 for the fluorescence end-point
assay was 2.5-fold lower than the visual end-point assay ŽFig. 8..

4. Discussion
We have systematically evaluated the operating characteristics of a new 96-well fluorescence end-point assay
used for the measurement of PMN migration in vitro. The results indicate that the new fluorescence end-point
assay is rapid and reproducible, and is not affected by filter pore size, cell density, filter composition, or filter
thickness. We also found this assay to be sensitive at low concentrations of cells and chemoattractants. When
compared with the visual end-point assay, we found that the fluorescence end-point assay was less labor
intensive, more rapid, and more sensitive.
BCECF-AM has been used as a fluorescent label for measurement of PMN migration in prior studies
ŽDeForge et al., 1992; Frevert et al., 1995, 1994.. One potential problem with the use of BCECF-AM labeled
PMN is that their fluorescence intensity changes when PMN are activated ŽFrevert et al., 1994.. The change in
fluorescence intensity of BCECF-AM labeled PMN with activation is probably a consequence of the pH-dependent emission spectra of this fluorescein derivative ŽHaugland, 1996.. Calcein, which is the hydrolysis product
of calcein AM, is a fluorescent probe related to fluorescein that labels viable cells and is pH insensitive. To
show that PMN activation did not affect the fluorescence of calcein AM-labeled PMN, we treated these cells
with three agonists Ži.e., PMA, IL-8 and C5a. and compared their mean fluorescence with PMN treated with the
vehicle Ži.e., PBS.. None of the agonists used in this study altered the fluorescence signal of calcein AM-treated
PMN ŽTable 2.. We also found that the calcein AM labeling did not affect the migration of PMN in the visual
end-point assay Žnot shown.. Calcein was a sensitive label because as few as 75 PMNrwell could be detected
and there was a linear relationship between total fluorescence and cell number when 100 to 300,000 PMNrwell
were evaluated ŽFig. 2..
A previous study had shown that PMN migration toward IL-8 was influenced by the pore size in the
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polycarbonate filters used in a visual end-point assay ŽRot, 1991.. We therefore evaluated the affect of pore size
and cell concentration on PMN migration towards both IL-8 and ZAS. Neither pore size nor cell concentration
affected PMN migration to either IL-8 or ZAS in the fluorescence end-point assay ŽFigs. 3 and 4.. We did,
however, see a trend towards higher random migration when using the 3 m m filters ŽFig. 3C.. One possible
explanation for an increase in random migration in these filters is that there are more pores per well in the 3 m m
filters as compared with either the 5 or 8 m m filters ŽTable 1..
The influence of filter composition and thickness was also evaluated to determine if either of these
parameters would modify PMN migration. In this study, a thick polyester filter, thick polycarbonate filter and a
thin polycarbonate filter all with an 8 m m pore size were used ŽTable 1.. Neither filter thickness nor filter
composition appeared to influence PMN migration toward IL-8 or C5a ŽFig. 6.. This finding is important
because it means that one can use filters of varying composition and thickness and still obtain similar results
when measuring PMN migration in vitro with the fluorescence end-point assay.
Direct comparisons were made between the standard visual end-point assay and the fluorescence end-point
assay. The time required to set up the two assays was similar. A major improvement in the setup in the new
disposable 96-well chemotaxis chamber is the development of a hydrophobic mask on the top of the filter that
allows for the placement of the cell suspension directly on top of the filter without an upper chamber ŽFig. 1..
Two common problems of non-disposable chemotaxis chambers, pipetting errors and bubble entrapment, are
solved by this improvement. While setup time for the two chambers was similar, the visual-based determination
of PMN migration was more labor intensive because the data were acquired using a light microscope to visually
count the number of PMN in 5–10 hpf for each well. Typically, it will take an experienced person 2 to 3 h to
count one filter from a 48-well chamber. If filters from the 48-well chamber are counted using an image analysis
system the time to count a 48-well filter can be reduced to 30 min. In contrast, the fluorescence-based
determination of PMN migration allows rapid acquisition Ži.e., 5 min for a 96-well plate. and analysis of the
data. Another advantage of the fluorescence end-point assay is that data acquisition is objective, whereas the
visual end-point assay has the potential for operator bias.
When the sensitivities of the visual end-point and fluorescence end-point assay were compared, we found
that the new fluorescence end-point assay was up to 10 times more sensitive than the visual end-point assay
ŽFigs. 7 and 8.. The increased sensitivity in the fluorescence end-point assay probably results from the different
methods used to measure PMN migration in the two assays. In the visual end-point assay, PMN migration is
measured by counting only the number of PMN in or adherent to the bottom of the filter. In contrast, the
fluorescence end-point assay measures the PMN in the filter, PMN that are adherent to the bottom of the filter
and those that have dropped off the filter and have migrated into the lower chamber of the chemotaxis assay. A
potential problem with only counting the PMN in or on the filter, in the visual end-point assay, is that cells may
drop off the filter into the lower chamber, resulting in an underestimate of PMN migration ŽHarvath et al., 1980;
Leonard et al., 1991..
In addition to total fluorescence, the data for the fluorescence end-point assay also were expressed as the %
of total PMN ŽFigs. 7 and 8.. The expression of the data as the % of total PMN did not change the chemotactic
profile for PMN migration towards either IL-8 or C5a Ždata not shown.. One advantage that the conversion of
the raw data Ži.e., total fluorescence. to % total PMN offers is that it minimizes the day-to-day variability in
calcein AM-loading of PMN. While the unequal loading of calcein by PMN does not influence PMN migration
and the chemotactic profile obtained with the assay, it does increase the variability of the assay when
comparisons are made on different days.
In conclusion, the fluorescent-quantitation of PMN migration is a sensitive, convenient, and reliable assay for
the measurement of PMN migration in vitro. The fluorescence end-point assay is technically superior to the
48-well visual end-point assay, as it is less labor-intensive, allows for the rapid acquisition and analysis of data,
has no operator bias and is 2.5 to 10 times more sensitive. The 96-well format also allows for multiple
comparisons to be made under identical conditions. Therefore, this fluorescence end-point assay is a significant
improvement over existing methods and is ideal for the initial characterization of chemotactic factors.
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