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Journal of Leukocyte Biology 48:403-411 (1990)

Computer Image Analysis Method for Rapid Quantitation
of Macrophage Phagocytosis

Charles 0. Odeyale and Gregory R. Hook
Pathophysiology Division, Casualty Care Research Department, Naval Medical Research

Institute, Bethesda, Maryland

A new method Is described for rapidly quantitating phagocytosis by adherent macro-
phages In culture using computer Image analysis (CIA) of video light microscopic Im-
ages. Ingestion of fluorescent microspheres by peritoneal murlne macrophages is used
to model phagocytosis. The grey levels of digital phase contrast and fluorescent micro-
scopic Images are used to quantitate the number of microspheres per cell. The method
Is semi-automatic, analyzes approximately 2 x 103 cellhr, and simultaneously mea-
sures unagocytosis (microspherel/cell), cell area, and density (number of cells/mm2 ). CIA
obtains the same mlcroopheres/cell average as manual microscopic counting and an
analytical precision of 5%. As expected, CIA found that the number of microspheres/cell
linearly Increases with Increasing macrophage-mlcrosphere co-culture time or Increas-
Ing microsphere concentration until macrophages become saturated. CIA finds in-
creased phagocytosls by Interferon-gamma-treated cells and suppressed 'Phagocytosis .
by cytochalasin B- or 4"C-treated cells relative to controls, which demonstrates that CIA
can resolve biological changes in macrophage phagocytosis. CIA also provides quanti-
tative data on macrophage morphometry and density and found an Increase in the cell
area and density of INF treated macrophages. CIA provides significantly more phagocy-
tic, morphometric, and density data than conventional manual microscopic counting
methods or flow cytometric methods. The limitations, improvements, and future applica-
tions of this method are discussed.

Key words: computer Image analysis, macrophages, phagocytosis, drug evaluation

INTRODUCTION images can provide detailed quantitative morphometric

Macrophage phagocytosis has long been recognized as data 13,4,9,12,14,151 of adherent cells, but image anal-

a critical component to the immune response against bac- ysis methods have not been developed to quantitate pha-

terial infections 1241. Defective phagocytic function has goytosis.
been associatcd with incrcased susceptibility to infection Presented here is a method of image analysis that quan-b6,n6. 9 . Recombinant cytokines show promise as ther- titates phagocytosis and morphometry of adherent mac-apeutic agents for combating bacterial infections, and rophages observed with a light microscope. This methodmay act by enhancing phagocytosis 18,27,33,341. Mac- offers significantly faster phagocytic analysis than manualrophages are also exceedingly pleomorphic cells and microscopic examination and more detailed quantitativetheir structure depends on the state of activation. Yet, morphological data than flow cytometry. In this report,quantitating macrophage and structurein the technical details of the analysis procedure and tests ofquanitaingmacophgc hagoytois nd trutur in its accuracy and reproducibility arc described.
response to cytokines has been limited by available an-
alytical methods.

Current single cell methods for quantitating phagocy- MATERIALS AND METHODS
tosis are either direct microscopic examination 1101 or by Equipment
flow cytometric analysis I 1,5,311. Light microscopic cx-
amination and manual counting of particles in individual The light microscope and computer image analysis
cells is the most common method of quantitating phago- system are diagramed in Figure 1. The computer image
cytosis, but only a few cells can be analyzed and no
quantitative morphometric data are obtained. Flow cy- Received November 27, 1989: accepted March 12. 19%.
tometry can quantitate phagocytosis of many cells in sus-
pension 111,261, but cannot provide detailed morpho- Reprint requests: Charles 0. Odeyale. Iidg. 17, Mail.,top 10, Naval
metric data. Computer image analysis of microscopic Medical Research Institute, NNMC, Ilethesda. MI) 20914.-503.

Published 1990 by Wiley-Lies, Inc.
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Fig. 1. A diagram of the image processing system used for macrophage phagocytosis is
shown. A SIT video camera is used as the image forming system for on-line analysis.
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Fig. 2. Schematic flow diagram of the image analysis procedure. The user selects random

microscopic fields from which phase-contrast and corresponding fluorescent images are taken

separately, segregated, and added to measure cell areas and calculate the number of micro-

spheres per cell.
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analysis system is a Kontron-Zeiss SEM-IPS (Carl Zeiss, digitizing, and storing the background phase-contrast im-
Inc., Thornwood, NY) attached to an upright light mi- age frame. To make the cells completely dark, the re-
croscope (Photomicroscope 1I, Carl Zeiss, Inc., Thorn- suiting image was scaled by making grey values from 0
wood, NY) equipped with phase-contrast optics, mer- to 120 black (0) and 121 to 255 white (255), then en-
cury arc epi-illumination (50 watts), and fluorescence hanced by a ranked median filter (kernel size 5 x 5, rank
bandpass filters (458 nm excitation, 540 nm emission 13). The ranked median filter is a group-like process
center wavelength). A low light silicon intensified target operating on a 5 x 5 pixel neighborhood. The center-
video camera (SIT 66, DAGE-MTI Inc., Michigan City, pixel grey value output of the filter is the median value of
IN) made video images of the cells and microspheres. the 25 pixel brightness values. The median value of a
The on-line video images were digitized via a parallel neighborhood is determined by placing the 25 brightness
array processor under interactive control of a Zilog Z80A values into ascending numerical order and selecting the
(4 MHz)-based host computer with CP/M operating sys- center value to replace the original grey value.
tem. Digitized images were stored in one of the seven The cells within the enhanced phase-contrast field
512 x 512 x 8 bit volatile memory planes of the SEM- were selected by grey level discrimination and trans-
IPS during analysis. The number of memory planes is formed into a binary image. The first field discrimination
limited by the number of memory chips installed. The was done interactively by the operator; the rest of the
images can be stored permanently on 10 megabyte re- fields were discriminated automatically using the se-
movable IOMEGA disks. lected grey value window to produce consistent grey

A commercially available software system, IBAS, re- value-dependent object areas. The fidelity of the discrim-
lease 4.4 (Carl Zeiss, Inc., Thornwood, NY) was used to ination was evaluated by overlaying contour maps of the
analyze the images. The IBAS, a menu driven system, binary images on the original phase-contrast images. The
has a large selection of image acquisition, enhancement, fluorescent microsphere images were also discriminated
analysis, and display subroutines. The IBAS may be from the background and inverted to black so that the
used to create a macro program consisting of both IBAS microspheres could be differentiated from the cell. The
and user-written subroutines that may be automatically cell and fluorescent binary images were added and
executed with IBAS' subroutines if the system is so in- stored. The cells and microspheres have grey values of
structed. Although this program will run only within the 255 (white) and 0 (black), respectively, in the composite
IBAS environment, the basic principle of the method can image (see Fig. 3). The number of microspheres in each
be adapted and used on other image analysis systems. cell was calculated from the composite binary image.

Microsphcres not associated with cells were eliminated
Computational Methods from the analysis by size "thresholding."

The schematic flow diagram of the CIA procedure is The number of microsphcres per cell was calculated
shown in Figure 2. Non-overlapping random fields of by dividing the total microsphcre area in each cell by the
cells were examined using a phase-contrast microscope area of a single microspherc. From the areas of the black
with a 25 X , NA 0.45, objective lens. This magnifica- microsphcres and white cells, the mean grey value (GV)
tion maximized the number of cells observed while pro- was computed and is proportional to the cell area occu-
viding sufficient magnification and resolution of the mi- pied by microspheres. The GV, which is the weighted
crospheres and cells. After optimal adjustment of the average of the microsphere area (M) and the cell area
video camera, phase-contrast and epi-fluoresccnce video (C), is given by
microscopic images of each field were sequentially re- GV = ((0 * M) + (255 * C))/AR,
corded. A video phase-contrast image of the cells was
obtained after adjusting the light and video camera to where AR is the total area of both cells and micro-
maximize the contrast. The video image was digitized, spheres. The proportion of each cell's area occupied by
frame-averagcd (three times), and stored in a computer microspheres (A) is d i
image plane (random access memory). Without changing A = (I - (GV/255)),
the field, a fluorescent image of the microspheres was and total microsphere area of each cell (MA) is
made by turning off the phase-contrast illumination and --
turning on the epi-fluorescent illumination. The fluores- MA = A * AR.
cent image was digitized, frame averaged, and stored in The number of microspheres per cell (MC) is
a separate image plane,

To remove artifacts in the image caused by dirt in the MC = MA/SM,
optical system, a defocused background image frame where SM is the area of a single microsphere. Since only
was subtracted from the original image frame. This was whole microspheres are possible, the quotient is rounded A
(lone by defocusing the microscope, frame-averaging, off to the nearest whole integer. -

Al =, . .
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400"

Fig. 3. The sequence for measuring number of microspheres per cell using CIA. A. Original
video-digitized Image of cells ( x 25. NA 0.45). 8: Corresponding original fluorescent Image of
microspheres from the same field as A. C: Binary cell (light blue) and fluorescent microsphere
(dark blue) Images added together. D: Processed field from which background microspheres
have been eliminated before measurement; random colors assigned and signify each cell in-
dividually analyzed.
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a sterile Pasteur pipet. The exudate cells were pooled TABLE 1. A Comparison Between the Moan Number of
into 50 ml centrifuge tubes (Labcon, San Rafael, CA) Microspheres Per Cell Determined by CIA and Manual
and washed twice in cold HBSS by centrifugation at Microscopic Counting"

200g for 10 min at 5OC (CRU-50, Damon/IEC Division, No. No. o. Manual count CIA

Needham Hts, MA). The pellet was reconstituted in ield ce1% (spheres/cell) (spheres/ccll) P*

RPMI 1640 growth media (Flow Laboratories, McLean, 6 69 17.3 ± 11.4 16.3 ± 10.9 0.144

VA) containing 10% fetal calf serum (FCS, lot 'Values are given as mean :t SI), The cells and microsphercs were

#27N 1072, Gibco Laboratories, Grand Island, NY), 2% co-culiured f r I hr at a cell-to-microsphere ratio of 1:160.
HEPES, 0. 1% gentamicin, and I% glutamine to a con- *No significant difference by paired Student's t test.
centration of approximately 2.5 x 10' cells/ml. Perito-
neal exudate cells, plated at 2.5 x 106 cells/dish in 3 ml
of media in tissue culture dishes (60 x 15 mm, Costar, crosphere suspension (200 Id) was washed in HBSS by

Cambridge, MA), were incubated in a 5% CO2 atmo- centrifugation (11,950g, 15 min, 5"C, Sorvall RC-5B,

sphere at 37"C overnight (Model 3185, Forma Scientific, DuPont Instruments, Newtown, CT) and resuspended in

Marieta, OH). Non-adherent cells were removed from growth media (40 ml). To determine the concentration of

the cultures by briskly rinsing each dish three times with microspheres, an aliquot of the suspension was diluted in

3 ml/wash of cold HBSS. distilled water and analyzed by CIA. Three drops (I Id.

To determine if CIA could resolve biological changes each) of the appropriate dilution were placed on a clean

in macrophage phagocytic function, marcrophages were glass microscope slide, dried, and counted using the mi-

cultured with agents known to affect phagocytosis. To croscope and CIA system. Microspheres in the entire

inhibit phagocytosis, microspheres and macrophages area of the drop were counted and the number of micro-

were either co-cultured at 4*C or macrophages were pre- spheres per ml was calculated from the result based on

treated with cytochalasin B (4 x 10" M, Sigma, St. the dilution. The theoretical microsphere concentration

Louis, MO) for I hr before and during microsphere co- (TC) was calculated and compared to CIA analysis using

culture. To enhance phagocytosis, macrophages were the following:

cultured with recombinant murine interferon-gamma TC = (6W * 10' 2)/(p * i * d'),
(INF, Genzyme, Boston, MA) at various concentrations
(10, 100, and 1,000 U/ml) 24 hr before microsphere where W is the concentration of polymer (0.025 g/ml), p

co-culture. As a control for possible lipopolysaccharide is density of polymer (1.05 g/ml), and d is the diameter
(LPS) contamination of INF, an aliquot of INF (I.000 of the microspheres (I p.m). Accuracy and precision was

U/ml), was heated (100*C, I hr) to denature it (but not improved by calibrating the number of microspheres in a

LPS) before adding the INF to the cultures. field obtained by CIA to the number obtained by manual

Macrophagc culture media was decanted off and flu- methods before beginning analysis of an unknown.

orescent microspheres of various known concentrations
in growth media were added to the cultures (3 ml/dish). RESULTS AND DISCUSSION
Concentrations of 2 x 10" and 4 X 10" microsphcrcs/ml

were used to give cell-to-microspheres ratios of 1:80 and No significant difference was found in the mean num-
1:160, respectively. The macrophage and microsphere ber of microspheres per cell determined by CIA and
co-cultures were incubated in 5% CO2 at 37"C for vari- manual microscopic counting (P = .144, Student's t

ous lengths of time. After incubation, the cultures were test, N = 69, see Table I). The results of repetitive
jet-stream washed (3 x, cold HBSS), fixed (10 min, cold analyses of one field by three operators are shown in
2% glutaraldehyde, 2 mM CaCI2 in 0. 1 M cacodylate Table 2. The difference in CIA-dctermincd counts be-
buffer pH 7.2), washed (3 X, 0.1 M cacodylate buffer), tween and within operators is not significant (P = .94,

A stained (2 min, Wright-Gicmsa quick stain, Curtin one-way analysis of variance, N = 24). Figure 4 shows

Matheson Scientific, Inc., Houston, TX), decanted, and that the number of microspheres per cell linearly in-
dried before analysis. The staining procedure was re- creased with increasing microsphere-cell co-culture time
peated if cells were not dark enough for segregation. (r2 = 0.98) and the number of microspheres per cell was

greater for higher microsphcre-to-cell ratios at a given
Microspheres co-culture time. Phagocytosis was completely sup-

Uniformly sized fluorescent carboxylale microspheres pressed by co-culturing the microspheres and cells at
(I [±m diameter 1.5% standard deviation, yellow-green 4"C. We conclude that CIA can produce accurate data on
fluorescence, 458 nm maximum excitation, 540 nm phagocytosis with reasonable precision.
maximum emission, Catalog #15702, Polysciences, CIA may be particularly useful for determining mac-
Warringlon, PA) were used for all studies. A stock mi- rophage sub-classes based oin phagocytosis. Figure 5 is a
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TABLE 2. Variability Among and Within Operators Using CIA 70
to Analyze One Field Three Time"

Analyss

Operators I 2 3 CV (%)b , 50
I 14.0 ± 12 13.8 ± 12 14,0 ± 12 .6 0 40 T
2 15,0± II 151 ± 13 13,4± II 5.0 30
3 16.5 ± 14 13.0 ± 11 14.3 ± 12 10,0 Q
CV' 6.7% 6.0% 2.6% 0 20 T
"Values arc given as mean SD, N = 8 cells. 10 4 L ......................
hCoefficient or variation among analyses for a given operator. Oper. _ __ ....... ...............
aior I was trained whereas operators 2 and 3 were naive. The grand 0 80 120 150 240
mean CV among analyses equals 5.2%,

'oefficicnt of variation among operators. The grand mean CV among Incubation Time (Min)
operators equals 5.1%, Fig. 4. A comparison of the time-course of phagocytosis with

respect to Increase In the concentration of microspheres and
Incubation temperature. With Increasing Incubation time and

typical histogram of the number of microspheres per cell 37C, the number of microsphers per cll increased for 1:80
( ... ,) and 1:160 (... -) cell-to.microsphere ratios. No phagocy-

from analysis of 1,500 cells obtained in approximately tools occurred for the assay performed at 40C. The display rep-
45 min. The histogram suggests there is a possible bi- resents the mean .t one standard deviation, N = 1,500 cells/
modal distribution in the number of microspheres per cell point.
in the population. Because of the inherent functional het-
erogeneity reported for phagocytic cells [7,13,20,321, 100
analysis of a large number of cells is essential to resolve 90
macrophage sub-classes. Further, CIA has the potential so
to measure three other phagocytic parameters that should 70
allow more detailed analyses of macrophage sub-classes. 60
From the number of microspheres per cell and the 50

number of cells analyzcl, other important phagocytic 40

parameters 128,30,311. the percent phagocytic cells 0Z 20(phagocytic activity index), the number of microspheres 10
phagocytized per phagocytic cell (avidity index), and the 0
total number of microspheres phagocytized (phagocytic 0 25 50 75 100 125
capacity), can be calculated. These additional parameters Mlcrosphere/Coll
could be important for determining macrophage sub-
classes and will be incorporated into future versions of Fig. 5. Atypical histogrmofmicrosphereaperoceilndicating

possible bimodal distribution with peks centered around 25
the algorithm. and 55 microspheres per cell. The cells and microspheres were

A major application of CIA will be screening for the co-cultured for 2 hr at a cell-to-microsphere ratio of 1:160.
effccts of drugs on macrophagc phagocytosis. Figure 6
shows the stimulatory or inhibitory effects of INF or
cytochalasin B, respectively, on phagocytosis. The num- phagocytosis, the development of anti-microbial agents,
ber of microsphcres per cell for INF-treated cells was and in pathogenic model systems.
significantly greater than control cells (P < .01, Stu- In addition to analyses of phagocytosis, CIA provides
dent's t test, N = 1,500 cells/group). IFN is a known morphometric and cell density measurements. As shown
macrophage activator [21,23,251. Significant suppres- in Figure 7, INF had a pronounced effect on macrophage
sion of phagocytic function was found for cytochalasin cell area and density. Other morphometric parameters,
B, a known phagocytic function inhibitor 121 (P < .01, such as perimeter and shape factor (perlmeter2/area), can
Student's t test, N = 1,500 cells/group). Previously, be obtained for more detailed analyses. Morphometric
CIA found enhanced macrophage phagocytosis of inter- and cell density measurements will be used to analyze
Icukin-4 (IL-4)-treated cultures, which was dose and the effects of cytokines on macrophage structure-func-
time dependent 1181. The IL-4 enhancement results tion relations.
found by CIA are in agreement with those reported using To achieve precise and consistent results, uniformly
conventional phagocytosis methods [341. Therefore, stained cells and relatively few non-phagocytozed (back-
CIA will be useful for screening the effects of chemicals ground) microspheres were required. The sample prepa-
such as cytokines or bacterial virulence factors on ration described routinely achieved these critical condi.
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Fig. 6. Phagocytic response of macrophages to heated and 0 00 Spheres/ml)
unheated INF, and cytochalasin B. IFN Increased phagocytosls
and cytochalasin B decreased phagocytosis relative to controls Fig. 8. A comparison of microsphere concentration deter-
(P < .01, Student's t test, N = 1,500 cells/group). Heated mined by CIA (-) and theoretical calculation (... ). A linear
gamma-interferon had no effect relative to control. The display relationship (r2 = 0.98) up to I x 101 microspheres/mi was
represents the mean t one standard error of the mean, N found. CIA significantly underestimated the microsphere con-
1,500 for each point. centrations when the microsphere concentration exceeded this

value. The reason CIA under-estimated the high microsphere
concentrations Is that there are many microspheres that over-

400 - - 20 lay each other and are not counted. The display represents the
mean ± standard error of the mean.

E 300- .......
3.............. crosphcrcs arc counted as onc microsphcre. This is not a. .. ................. . significant problem for macrophagc phagocytosis mca-

200 - Cell Area - 0 surements if the microsphcres per cell arc not excessively
........Density-- t -" large. As shown in Figure 4, the linear response between

10 : microspheres per cell and macrophage-microsphcre co-€,. 100 -

culture time indicates that under the conditions used,

0 0 microsphere pile-up in macrophages did not have a sig-
200 400 600 8oo 1000 nificant effect on the analysis.

Another source of error is due to adjustment of the
IFNyConcentration (U/mi) video camera. The SIT camera must be properly adjusted

to prevent image bloom of microspheres because bloom
Fig. 7. Morphometric response of macrophages to Increasing increases the area of the microspheres. Image bloom
concentration of INF showed that cell area (-) and density could not be compensated when a higher than 50 watt
( .... ) Increased with INF concentration. Increased cell area is
due to activation by INF. The display represents the mean ± one mercury arc lamp was used.
standard error of the mean, N = 1,500 for each point. A biological limitation of the analysis is that the car-

boxylated microsphcres used have different surface prop-
ertics from bacteria, It should be possible to modify this

tions. Non-clustcred, well stained cells and few non- method and study receptor-mediated phagocytosis by
A phagocytoscd microsphcrcs, made automatic segregation CIA using antibody-coated fluorescent microspheres in-

easy and fast (approximately 2 X 1O- cells/hr). stead of uncoated microspheres. Bacterial hydrophilicity
Although CIA has many advantages, there are also affects ingestion and/or digestion 129,301 and varying the

several inherent limitations. For example, the CIA mea- surface hydrophilicity of the microspheres can be used to
sured concentration of the microsphcres/ml (Fig. 8) model resistance to phagocytosis. It also may be possible
showed a linear relationship (r2 = 0.98) up to I x 10' to use CIA to measure bacterial phagocytosis if fluores-
microspheres/ml, but significantly underestimated higher cent bacteria are used instead of microspheres. Becaus
concentrations. The reason for this is that many micro- bacteria are significantly smaller than the microspheres
spheres overlay each other in the higher concentrations used, high magnification would be required that would
and CIA determines the number of microsphercs based greatly reduce the rate of analysis. The asymmetric shape
(n the projected area, which means that overlaying il- o f the bacteria also would intirluce errors in measure-
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ments because the projected area is not the same for all official or reflecting the views of the Navy Department
orientations. or the Naval Service at large. The experiments reported

Although the CIA method excludes all microspheres herein were conducted according to the principles set
not associated with a macrophage, the epi-fluorcscence forth in the "Guide for the Care and Use of Laboratory
light microscope cannot determine whether microsphcrcs Animals," Institute of Laboratory Animals Resources,
arc inside or attached to the outside of a macrophage. National Research Council, D.H.H.S., Pub. No. (NIH)
The number of microspheres on the outside of the cells 86-23.
was minimized by vigorously washing the cultures after
phagocytosis, and inhibition of phagocytosis by cyto-
chalasin B or low temperature (4°C) treatments showed REFERENCES
that very few microspheres adhered to the cells (less than 1, Absolom, D.R. Basic methods for the study of phagocylosis. In
one microsphere per cell remained after washing). None- Methods of Enzymology, (Sabato, D.G., and Everse, J.. Eds.)
theless, occasionally an excessive number of micro- New York: Academic Press, vol. 132, p. 95, 1986.
spheres remained after washing and these cultures were 2. Axlinc, S.G., and Reaven. E.P. Inhibition of phagocytosis and
not analyzed. "Background" microspheres is defined as plasma membrane mobility of the cultivated macrophagc by cy-

lochalasin B. 1. Cell Biol. 62.647, 1974.
greater than 50 2 individual non-phagcytized micro- 3. Black. C.M., Paliescheskey, M.. Beaman, B.L., Donovan.
spheres per I mm 2, and/or microsphere aggregates hay- R.M.. and Goldstein, E. Modulation of lysosomal protease-es-
ing an area equal to or greater than a cell. terase and lysozyme in Kupffer cells and peritoneal macrophages

Confocal scanning fluorescence microscopy (CSFM), infected with Nocardla asteroldes. Infect. Immun. 54,917, 1986.
a new light microscope method, provides significantly 4. Black. C.M., Beaman, B.L., Donovan, R.M.. and Goldstein, E.

Effect of virulent and less virulent strains ofNocardia asteroideshigher resolution images of microspheres in phagocytes on acid-phosphatase activity in alveolar and periloneal macro-
than conventional epi-fluoresccnce light microscopy due phages maintained In vitro. J. Infect. Dis. 148,117, 1983.
primarily to the exclusion of out-of-focus light, the major 5. Bjerknes. R., Bassoc. C.F.. Sjursen. H.. Laerum, O.D., and
limitation in epi-illumination fluorescence microscopy Solberg. C.O. Flow cytometry for the study of phagocyte func-

171. Theoretically, using a CSFM as the imaging system 6tions. Rev. Infect. Dis. 11,16, 1989.
6. Bjorksten. B.. and Quic. P.G. Abnormalities of circulatingfor the CIA would provide more accurate phagocytosis phagocyte function. In Recent Advances in Clinical Immunology

data. CSFM can be used to optically section through (Thomp.son, R.A.. Ed.) Vol. I. Sweden Umea University Press.
individual macrophages to determine the three-dimen- p. 181. 1977.
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