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CHEMOTAXIS OF HUMAN AND MURINE 
MONONUCLEAR PHAGOCYTES 

Ralph Snyderman 

INTRODUCTION 

Mononuclear phagocytes are motile cells that are able to 
sense and migrate along gradients of certain chemical sub-
stances. The ability of phagocytes to migrate unidirectionally 
in response to chemical signals may be an important mechanism 
by which they accumulate at sites of inflammation. Three types 
of cellular motility can be defined. Random migration is cellu-
lar locomotion in the absence of any known stimulus of migration. 
Chemotaxis is the unidirectional locomotion of cells along a 
concentration gradient of a chemoattractant. Chemokinesis is 
stimulated random migration due to substances that enhance 
phagocyte locomotion but that are not present in a gradient. 
In vitro assays are available, which allow the quantification 
of the three different types of mononuclear phagocyte locomotion. 
These methods have been extremely useful in helping to define 
the physiology and pathology of mononuclear phagocyte motility. 
The assays available allow the study of the locomotion of human 

METHODS FOR STUDYING Copyright © 1981 by Academic Press, Inc. 
MONONUCLEAR PHAGOCYTES 535 All rights of reproduction in any form reserved. 

ISBN 0-12-044220-5 



536 METHODS FOR STUDYING MONONUCLEAR PHAGOCYTES 

(1,2), murine (3,4), guinea pig (5,6), and rabbit mononuclear 
phagocytes (7). The most widely used assays to study leuko-
cyte locomotion involve the migration of cells through micro-
porous filters in response to chemical stimuli. This method 
involves placing cells in a compartment of a plastic chamber 
above a microporous filter. Substances to be tested for their 
effects on leukocyte motility can be placed, in varying con-
centrations, below and/or above the filter. The migration of 
cells into or through the filter is then quantified. Direct 
visual observation of mononuclear phagocyte motility on glass 
or plastic using cinematography can also be used, but quanti-
tative data on anything other than individual cell movement is 
difficult to obtain with these latter procedures. This chap-
ter will focus on motility assays employing microporous filters 
in modified Boyden chemotaxis chambers (8). 

II. REAGENTS AND MATERIALS 

Media: RPMI-1640 (GIBCO, Grand Island, New York), pH 7.0 
or Gey1s Balanced Salt Solution containing 2% Bovalbumin 
(Flow Laboratories, McLean, Virginia) plus 10 mM HEPES pH 7.O. 
When medium is used to lavage peritoneal cavities to obtain 
macrophages, 10 u heparin/ml is added. 

Cells: Peripheral blood mononuclear phagocytes or resi-
dent or elicited peritoneal mononuclear phagocytes. 

Chemicals: Lymphoprep (Nyegaarad and Co., Oslow, Norway), 
Ficoll (Pharmacia Fine Chemicals, Piscataway, New Jersey or 
Sigma Chemical Co., St. Louis, Missouri) and Hypaque-M 90% 
(Winthrop Labs., New York). 

Chemotaxis filters: Polycarbonate filters; Nuclepore, 
5 ym pore size, 13-mm diameter (Neuroprobe Corp., Cabin John, 
Maryland or Biorad Laboratories, Richmond, California; Nitro-
cellulose, 8 ym pore size 13-mm diameter (Millipore Corp., 
Bedford, Massachusetts or Sartorius Filters, Incorp., Hayward, 
Celifornia. 

Chemotaxis chambers: Blindwell or modified original 
Boyden design (Neuroprobe Corp., Cabin John, Maryland, or 
any competent instrument shop). 

Stains: Absolute alcohol, Meyer's hemotoxin, acid 
alcohol, Bluing solution (8) or Wright's Giemsa stain (Difquik, 
Harleco, Gibbstown, New Jersey). 

Chemoattractants: Synthetic tf-formylated oligopeptides 
(9) (iV-formyl-methionyl-leucyl-phenylalinine, N-formyl-methi-
onyl-methionyl-methionine, Peninsula, San Carlos, California 
or Sigma, St. Louis, Missouri; Zymosan-activated serum (5 mg/ml 
zymosan incubated with autologous serum 30 min at 37°, then 
30 min at 56°; centrifuge at 500 g and discard pellet), lympho-
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cyte-derived chemotactic factor [LDCF, allogeneic lymphocytes 
stimulated with concanavalin A or phytohemaglutinin as de-
scribed in (1,2)]. 

III. PROCEDURES 

A. Collection of Cells 

Mononuclear phagocytes can be obtained by peritoneal 
lavage of normal mice or by lavage of mice that have received 
inflammatory agents given intraperitoneally. The peritoneal 
cavities are lavaged vigorously with Gey1s medium containing 
10 P of heparin per milliliter. The cells are washed once and 
resuspended to contain approximately 2.0 x 10^ macrophages/ml. 
If the cells are to be used within an hour, they can be kept 
at room temperature; if not, they should be kept on ice but 
warmed to room temperature for at least 15 min before they are 
placed in the chemotaxis chamber. Human mononuclear phago-
cytes are obtained from peripheral blood that has been separa-
ted on either Ficoll-Hypaque density gradients or with Lymphro-
prep. Blood is drawn into syringes containing a sufficient 
amount of beef lung heparin to make the final heparin concen-
tration 10 y/ml of blood. The blood is then diluted approxi-
mately 1:4 with isotonic saline. Approximately 35 ml of the 
diluted blood is placed in a 50-ml polypropylene conical 
centrifuge tube. Ten ml of Ficoll-Hypaque or Lymphroprep is 
slowly delivered into the bottom of each tube using a 16-gauge 
spinal needle attached to a syringe that contains the afore-
mentioned material. The cells are centrifuged at 20°C for 35 
min at 400 g. The top layer of diluted plasma is aspirated to 
within approximately 1 cm of the buffy coat, then the buffy 
coat is collected with a Pasteur pipette and placed into a 
second polypropylene conical centrifuge tube. The cells are 
washed twice at 4°C with the appropriate medium. The cells 
are then resuspended for a cell count and differential count 
and adjusted to contain 1.5 x 10^ monocytes/ml. 

B. Preparation of Filters 

Chemotaxis filters should be handled with a fine forceps, 
being touched only along the edges so that portions of the 
filters that are to be exposed to cells or chemoattractants 
are not touched. The filters can be numbered along their 
outer edge with ballpoint ink, which is found not to run when 
exposed to the solutions used in the chemotaxis assay. In 
this laboratory, all assays are performed in triplicate. In 
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general, two types of chemotaxis chambers are available. The 
"blindwell" chamber (Fig. 1) is designed so that the solution 
to be studied for chemotactic activity is placed in the lower 
compartment, the filter is placed above it, a cap is screwed 
into place above the filter, and cells are then placed into 
the hole within the cap. The modified Boyden chamber (Fig. 2) 
has the filter and cap secured in place before the chemo-
attractant is added below the filter in the U-shaped lower 
compartment. 

C. Loading of Blindwell Chemotaxis Chambers 

The chemoattractant or medium to be tested is pipetted 
carefully into the lower well with enough fluid being added 
so that it is convex in relationship to the surface onto which 

Upper Chamber 

Filter 

Lower Chamber 

Fig. 1. Blind well chemotaxis chamber. The lower well is 
filled with the appropriate material then a micropore filter 
is placed above i t . The top portion of the chamber is screwed 
in place and cells are pipetted into the upper well. 
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Upper Chamber 

Lower Chamber 

Fig. 2. Modified Boyden chemotaxis chamber. The chamber 
is assembled before being filled as described in procedures. 

the filter will be placed. The bottom well should not be over-
filled so that the fluid flows over the edge of the filter. 
The lower chamber should not be underfilled or air bubbles 
will be formed when the filter is put in place. When bubbles 
are present, gradients formed will be erratic. The filter is 
carefully placed in the chamber using either vacuum aspiration 
or with a fine forceps; the top is screwed into place and the 
chamber is inspected to see that there are no bubbles under 
the filter. The cells are then pipetted into the upper well, 
making sure that there are no bubbles above the filter. When 
polycarbonate filters are used the dull side should always 
face upwards. Cold solutions should not be placed in the 
chamber unless they have been degassed since when the chambers 
are warmed to 37°, bubbles will form. 
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D. Loading of Modified Boyden Chambers 

The filter is placed in the chamber and the top is secure-
ly screwed on. The chamber is then tilted forward and with a 
Pasteur pipette a small amount of the appropriate material be-
ing tested is placed in the lower compartment. At the instant 
the filter is seen to moisten, the remaining fluid for the 
lower compartment and the cell suspension to be added to the 
upper compartment are simultaneously added. Again, care must 
be taken to see that no bubbles are formed above or below the 
filter. 

E. Incubation of Chemotaxis Chambers 

With either type of chemotaxis chamber, incubation is 
carried out at 37°C in humidified air. The value of having 
5% C02 should be determined and may vary depending on the cell 
type or the medium used. The approximate incubation times 
when polycarbonate filters are used are as follows: 90 min 
for human monocytes, 2 hr for guinea pig macrophages, and 
4 hr for mouse macrophages. For nitrocellulose filters and 
the leading front assay, human monocytes 2 hr, guinea pig 
macrophages, 2 hr. When nitrocellulose filters are used to 
measure migration all the way through the filter, incubation 
times ranging from 5 to 6 hr are generally required. 

F. Staining of Filters 

Following incubation, both compartments of the modified 
Boyden Chambers are aspirated simultaneously; the top well of 
the blindwell chamber is aspirated. The caps to the filter 
are then removed and the filters are withdrawn using forceps 
and placed in staining baskets. The staining sequence used in 
this laboratory is as follows: isotonic saline dip, absolute 
alcohol (ethanol) 15 sec, water dip, Meyer's hematoxylin 6 min, 
water dip, acid alcohol 1 min, bluing solution, 1 min water 
dip. When polycarbonate filters are used, at this point they 
are mounted right side up on 24 x 50 mm glass coverslips. 
They are air dried and then placed upside down on a glass 
slide onto which a drop of immersion oil has been placed for 
each filter. Nitrocellulose filters are dehydrated following 
staining using 70% then 95%, then absolute alcohol for 1 min 
each. The filters are placed in xylene for at least 2 min. 
They should then be clear. The filters are mounted upside-
down on a glass slide with a drop of immersion oil mixed with 
xylene being placed on each filter. A coverslip is then 
placed over the filters. Chemotaxis is quantified using an 
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eyepiece grid in a microscope. With the polycarbonate filters, 
the average number of cells that have migrated through to the 
lower surface of the filter in at least 10 oil immersion fields 
is determined. The nitrocellulose filters permit either mea-
surement of the cells, which have migrated all the way through 
to the bottom of the filter, or the distance that the leading 
front has migrated in a given time period. To determine the 
leading front, the distance from the top of the filter to the 
point where the two furthest cells have migrated is determined 
using the micrometer on the fine adjust knob of a microscope. 
This is done by focusing on the upper surface of the filter, 
noting the micrometer setting, and focusing down to the fur-
thest migrated cell. The micrometer is then slowly moved back 
until two cells are in focus and the distance from the top of 
the filter to that level is determined. Turner has described 
the very useful semiautomated method for counting filters by 
this method (10). 

IV. CALCULATION OF DATA 

Polycarbonate filters are thin (15 ym) and have smooth 
linear pores. These filters allow the measurement of cells 
that have migrated to the lower surface. Discrimination of 
cells that are on the lower surface as opposed to the upper 
surface is best made using an oil immersion lens (lOOOx). 
Data can be expressed as the mean number of cells that have 
migrated per oil immersion field. Generally, 20 fields are 
randomly selected for counting and all experiments are per-
formed in triplicate (Table I). It is possible to calculate 
the percentage of cells that have migrated as well and this 
is determined by measuring the diameter of the oil immersion 
field using a stage micrometer. The area of the field is then 
calculated (area=7Tr2) as is the area of the filter exposed to 
cells and chemoattractant. To determine the number of migrated 
cells, one multiplies the number of cells per oil immersion 
field by the number of fields exposed to cells and attractant. 
This number is divided by the number of cells delivered to the 
top of the chemotaxis chamber to determine the percentage of 
cells that have migrated. 

Nitrocellulose filters are approximately 140 ym thick and 
have convoluted pores. These filters allow measurement of 
cells that have migrated to the lower surface of the filter. 
By shortening incubation times, they also allow measurement of 
the distance cells have migrated into the filter. This latter 
type of data is expressed in terms of the mean distance mi-
grated rather than the cell number that migrated (Table II). 



TABLE I. Quantification of Chemotaxis by Measuring Migration 
to the Lower Surface of the Filter3· 

Responding cell 

Dose of chemotactic factor^ Murine macrophage Human monocyte 

Medium alone 
0.1% 

1% 
3% 
5% 

20% 

3.3±0.3 
10.6±2.3 
30.0±4.0 
58.7±2.0 
44.9±4.0 

nd 

18.5±1 
ndc 

nd 
nd 

60.1±4 
164.3±12 

Results represent the mean (±SEM) number of mononuclear phago-
cytes per oil immersion field which have migrated to the lower sur-
face of polycarbonate filters. 

"Mouse serum activated by zymosan was used for murine peritoneal 
macrophages, LDCF was used for human monocytes (v/v in the appropriate 
medium). 

nd, not done. 



TABLE II. Quanitfication of Chemotaxis by the Leading Front Method3-

Responding cell 

Dose of chemotactic factor^ Guinea pig macrophage Human monocyte 

Medium alone 42.0±7 38.9±0. 
1% 72.3±5 ndc 

3% 96.0±5 nd 
5% 118.8±3.5 51.9±5 

20% nd 70.3±9 

aThe numbers represent the mean distance (±SEM) in micrometer 
which the leading front of cells have migrated. 

^Zymosan-activated guinea pig serum used for guinea pig peritoneal 
macrophages, LDCF used for human monocytes (v/v in the appropriate 
medium). 

cnd, not done. 
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Differentiation of random migration, chemotaxis, and chemo-
kinesis can be attained by placing various amounts of chemo-
attractant above and/or below the filter (11,12). This is 
termed a "checkerboard" assay and data are reported by showing 
the responses of cellular migration to the various positive 
and negative gradients as well as to increasing the equal con-
centration of chemoattractants above and below the filter (11-
13). 

V. CRITICAL COMMENTS 

Each of the aforementioned methods for quantifying cellular 
migration have advantages and disadvantages. The thin polycar-
bonate filter allows short incubation times and cellular morpho-
logy is easy to determine. The assay is somewhat less repro-
ducible from filter to filter than is the leading front assay 
and there is the danger of cells falling off the lower surface 
of the filter. This latter possibility can be tested for by 
counting cells in the lower compartment after the filter has 
been removed. In our experience, monocytes or macrophages 
rarely fall off the lower surface of polycarbonate filters. 
An additional advantage of the polycarbonate filter is that 
experiments can be performed in the absence of exogenous pro-
tein. The leading front technique is more reproducible from 
filter to filter than is the measurement of migration through 
either the polycarbonate or nitrocellulose filters. Since the 
morphology of cells within the filter is difficult to deter-
mine, this method requires a homogenous cell population. An 
exogenous source of protein is required for cellular migration 
into nitrocellulose filters. The effects of such proteins on 
the experiments being performed should be considered. Elonga-
tion of cells within the pores can contribute to errors in 
leading front measurements. 

The most frustrating problem with all the chemotaxis assays 
yet described is day-to-day variability of responsiveness among 
the cells from human or animal donors. Variability of results 
from filter lot to filter lot can also be a considerable prob-
lem. All new lots of filters should be screened and compared 
to those previously used. Contamination of mononuclear phago-
cyte cells with neutrophils adversely affects the data. 

A. Alternative Methods of Assaying Chemotaxis 

Modification of the above techniques as well as different 
techniques have been developed in an attempt to measure more 
quantitatively cellular motility. Gallin et al. (14) and 
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and Goetzl and Austen (15) employ a double-filter radioassay 
with 51Cr-labeled cells. Cells are labeled with 5l£r then 
placed above two filters in the chemotaxis chamber. Cells 
that migrate through the top filter into the second are counted 
by measuring the radioactivity in the second filter after the 
assay is completed. This method eliminated subjectivity, but 
studies only the cell population which has migrated through the 
upper filter. Cellular morphology cannot be distinguished so 
only homogeneous cell populations should be used. The assay is 
also more time-consuming because of longer cell preparation 
(1-2 hr to label cells) and longer incubation periods. The po-
tential effects of the radiolabel, as well as the incubation 
time for labeling, on the chemotactic responsiveness of the 
cells used must be considered. A variation employing the 
nitrocellulose filter is measuring cellular migration at vari-
ous depths within the filter. Cells are counted at 10-ym in-
tervals throughout the filter, and may be plotted as the number 
of cells migrated at each interval versus the distance migrated. 
This allows detection of a heterogeneous cell population, e.g., 
a biphasic response would be obtained if two cell populations 
exist and migrate at different speeds. Alternatively, Maderazo 
and Woronick (16) devised the leukotactic index that has low 
reader variability, but is tedious to count unless an automatic 
particle counter is employed. 

Another method to quantify chemotaxis is the under agarose 
assay, described by Nelson et al. (17). Briefly, series of 
three wells are cut into agarose that has been introduced into 
tissue culture plates. The center well receives the cell mix-
ture, with the outer and inner wells receiving chemotactic 
factor and control medium, respectively. After incubation 
(10-18 hr at 37°), the plates are fixed, the agarose removed, 
the cells stained, and the linear distance of migration mea-
sured. This method is more useful with polymorphonuclear leu-
kocytes, since the chemotactic factor diffuses from the well 
into the agarose medium during the longer incubation period re-
quired for mononuclear phagocytes. Advantages of the assay 
are the ability to stain the cells under agarose for enzymes, 
and to examine them with electron or phase microscopy. 

To study cellular behavior, path direction, and morphology, 
visual assays of chemotaxis can be employed. These allow more 
rapid evaluation of cellular orientation and motility, but 
sample only a few cells at a given time. Zigmond's orientation 
assay (17) requires a minimal number of cells and is very use-
ful for direct visualization of cellular behavior in chemotac-
tic gradients. 
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