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Abstract. The immune function of granulocytes,
monocytes, lymphocytes, and other specialized cells
depends upon intercellular adhesion. In many cases
the molecules mediating leukocyte cell adhesion be-
long to the Leu-CAM superfamily of adhesive mole-
cules. To elucidate the events of homotypic aggrega-
tion in a quantitative fashion, we have examined the
aggregation of neutrophils stimulated with formyl pep-
tides, where aggregate formation is a transient revers-
ible cell function. We have mathematically modeled
the kinetics of aggregation using a linear model based
on particle geometry and rates of aggregate formation
and breakup. The time course was modeled as a three-
phase process, each phase with distinct rate constants.
Aggregate formation was measured on the flow cytom-
eter; singlets and larger particles were distinguished
using the intravital stain LDS-751. Aggregation
proceeded rapidly after stimulation with formyl pep-
tide (CHO-nle-leu-phe-nle-tyr-lys). The first phase

lasted 30-60 s; this was modeled with the largest
aggregation rate and smallest rate of disaggregation.
Aggregate formation plateaued during the second
phase which lasted up to 2.5 min. This phase was
modeled with an aggregation rate nearly an order of
magnitude less than that of the initial fast phase,
whereas the disaggregation rate for this phase did not
change significantly. A third phase where disaggrega-
tion predominated, lasted the remaining 2-3 min and
was modeled with a four to fivefold increase of the
disaggregation rate. The mechanism of cell-cell adhe-
sion in the plateau phase was probed with the mono-
clonal antibody IB4 to the CD18 subunit of the adhe-
sive receptor CR3. Based on these studies it appears
that new aggregates do not form to a large degree af-
ter the first phase of aggregate formation is complete.
However, new adhesive contact sites may form within
the contact region of these adherent cells to keep the
aggregates together.

cellular and developmental functions. In the immune

system, adhesion of leukocytes to adjacent cells is
common to lymphocytes, monocytes, macrophages, and
granulocytes. These cells are found predominantly as sin-
glets in the resting state in the circulation and respond to a
variety of soluble stimuli by forming homotypic aggregates
with each other or heterotypic interactions with other cell
types. Lymphocyte activation, induction to proliferate, and
cytotoxic T-cell binding to target cells are all receptor medi-
ated following intercellular contact (for review see Kuypers
and Roos, 1989). The leukocyte family of adhesive mole-
cules designated as Leu-CAM are heterodimeric molecules
consisting of a unique alpha subunit (identified as CDl1a,
CDl1b, and CDllc). These are noncovalently bound to a
common beta subunit identified as CD18, a 95-kD glycopro-
tein. Although the molecular structures involved in adhesion
of various cell types have been elucidated (for review see
Patarroyo and Makgoba, 1989) the mechanism by which
these receptors mediate cell-cell contact still needs to be
defined.

CELL—cell contact is essential in mediating a variety of
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Homotypic aggregation of neutrophils has been shown to
depend upon activation of the complement receptor type 3
(CR3) (Arnout et al., 1985). Neutrophil aggregation in re-
sponse to a variety of stimuli is blocked in a dose-dependent
fashion with MoAB 60.3 to the CD18 epitope (Schwartz et
al., 1985). Antibodies that bind to CD11b (alpha) or CD18
(common beta) subunits of CR3 in addition have an inhibi-
tory effect on granulocyte migration (Dana et al., 1986),
phagocytosis of unopsonized particles (Klebanoff et al.,
1985), and neutrophil-mediated endothelial cell injury
(Diener et al., 1985). Neutrophil accumulation in the vas-
culature and migration to the site of tissue insult may be
mediated in part by cell-cell adhesion contributed by CR3
(Bowenetal., 1982; Luscinkas et al., 1989). Neutrophils are
the most numerous of the while blood cells and when stimu-
lated to aggregate intravascularly can contribute in a fun-
damental way to inflammation and ischemic syndromes
which result in tissue injury (Jacob and Hammerschmidt,
1981).

Chemotactic peptide stimulation of neutrophils induces
transient aggregation both in vivo (Schmid-Schoenbein et
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al., 1987), and in stirred cell suspensions (Yuli and Snyder-
man, 1984; Sklar et al., 1985). Many studies have shown
that neutrophil aggregation in response to formyl peptide
stimulation depends upon the type of stimulus, the cell den-
sity, and the level of degranulation. The kinetics of the aggre-
gation/disaggregation time course is dependent upon the
dose and duration of the stimulation. Our studies show the
extent of aggregation to be nonlinear; i.e., doubling the cell
concentration above the normal physiological range of
cells/ml more than doubles the extent of aggregation, partic-
ularly increasing the number of large, but nonetheless re-
versible, aggregates. Reversible aggregation implies that the
biochemical events that lead to aggregation are transient or
reversible. We observed previously that several other tran-
sient cell responses, (0., actin polymerization, and cell
shape change) and a cell signal (Ca™) depend upon new
receptor occupancy (Sklar etal., 1985). These responses de-
cay rapidly when receptor binding is inhibited.

Until now, light transmittance as measured by aggregome-
try has been the primary method of quantitating aggregation.
Whereas aggregometry provides a gross measure of the in-
crease in larger aggregates, flow cytometry may be used to
analyze the precise size, time course, and distribution of par-
ticle size (Sklar et al., 1985). We have developed methodol-
ogy that enables delineation of particles ranging from sin-
glets and doublets up to quintets on the flow cytometer using
a new vital stain LDS-751 (Terstappen et al., 1988). A good
correlation has been found between aggregate geometry as
measured on the light microscope and the flow cytometer
(Rochon, Y. P., and M. Frojmovic, manuscript in prepa-
ration).

To define the quantitative aspects of aggregation we have
developed a linear aggregation model describing the kinetics
of cell interaction. The shifting of the prestimulation equilib-
rium from singlets to doublets and larger aggregates follows
first order kinetics, with the interaction of all particles
defined by aggregation and disaggregation rate constants.
These rate constants are obtained by analysis of experimen-
tal observations of the kinetics of aggregate formation and
breakup. By using the flow cytometric techniques, we can
characterize these reactions with respect to aggregate size,
lifetime, and rates of formation and breakup. A number of
publications describing reversible and irreversible models of
linear aggregation in other cell types have already appeared
(Chang and Robertson, 1976; Bell, 1978, 1981; Capo et al.,
1982). However, none of the current studies have quantita-
tively analyzed the kinetics of neutrophil aggregation in terms
of the effect of cell concentration, duration of cell activation,
or the mechanism of aggregation at the level of the adhesive
receptors.

Materials and Methods

Neutrophils

Human neutrophils were purified from fresh blood by the elutriation proce-
dure which yielded cells of >95% purity (Tolley et al., 1987). Cells were
washed in a modified Geys buffer (10 mM KCI, 110 mM NaCl, 10 mM glu-
cose, | mM MgCly, and 30 mM Hepes, pH 7.45) to which 1.5 mM Ca*™"
was added. Cells were then placed in buffer depleted of calcium and kept
on ice. Neutrophils were suspended at physiologic concentrations (§ X
105-107/ml) in 37°C buffer and turbulently stirred with a small magnet
(500 rpm) in cytometry test tubes (12 X 75 mm; Falcon Tubes; Becton,
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Dickinson, & Co., Lincoln Park, NJ; sample volume 0.5 ml). Optimum
neutrophil aggregation was produced within a range of stir speeds between
400 and 700 rpm, which were calibrated using a stroboscope on the stir
apparatus. The best reproducibility of kinetic particle data was obtained at
500 rpm. Lower stir speeds failed to produce high enough encounter fre-
quencies between the cells to attain significant aggregation. Stir speeds
above 700 rpm produced shear stresses large enough to prevent attachment
as well as rip apart formed aggregates.

Aggregation Measurements

Cells were incubated for 2 min in buffer with Ca** (1.5 mM), stained with
LDS-751 (Exciton Chemical Company Inc., Dayton, OH) as described be-
low and then aggregation was stimulated with 100 or 1,000 nM formyl hexa-
peptide (Bachem BioScience Inc., Philadelphia, PA). LDS-751 is a vital
nucleic acid stain that homogeneously stains cells and allows detection of
aggregates that exhibit integral multiples of the singlet fluorescence channel
number (Terstappen et al., 1988). This dye is excited at 488 nm and has
a peak emission at 670 nm. LDS-751 at a concentration of 0.2 pg/ml was
added at 20 p1/107 cells. The cell suspensions were then incubated at 37°C
for 2-3 min. Uptake of LDS-751 was found to be rapid at 37°C with a haif-
time of ~+30 s and a stable fluorescence signal by 2 min. At 4°C the uptake
was much slower and the staining heterogeneous.

Monoclonal antibody IB4 to the CDI18 subunit of CR3 was provided by
Dr. K. Arfors (Pharmacia Experimental Medicine, La Jolla, CA). Fab frag-
ments were prepared and labeled with fluorescein isothiocyanate (Molecu-
lar Probes Inc., Eugene, OR). The formyl peptide antagonist (t-boc-phe-
leu-phe-leu-phe) was obtained from Vega Biotechnologies, Inc. (Tucson,
AZ). Formyl peptide binding to its receptor on neutrophils was inhibited
by addition of 200-fold excess t-boc (2 X 1075 M), which binds to the for-
myl peptide receptor.

Detection of Neutrophil Aggregation

Aggregate formation after stimulation was measured both in real time on
live cells and in fixed cell samples. A FACScan (a registered trademark of
Becton Dickinson Immunocytometry Systems, San Jose, CA) flow cytome-
ter was used for the analysis of cellular and subcellular events. For fixed
cell measurements, 100-x1 aliquots of cell suspension were fixed in 3% for-
malin in Hepes buffer. Real-time analysis of aggregation was quantitated
using four parameters on the cytometer: autofluorescence (FL2), side scat-
ter (SSC), and forward light scatter (FSC), and LDS-751 fluorescence
(FL3). In fixed cells, F-actin staining was achieved using N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-phallacidin (Molecular Probes Inc.) as previously de-
scribed (Sklar et al., 1985) and detected as FL1. Data was analyzed from
dotplots of flucrescence intensity on the horizontal axis and SSC on the ver-
tical axis (see Fig. 1 and 2). Quantitation was based on the histograms
where the fluorescence of individual particle populations increases linearly
with particle size. Each measurement contained between 3,000 and 5,000
particles. The parameters were stored in list mode and analyzed using FAC-
Scan research software (a registered trademark of Becton Dickinson Im-
munocytometry Systems).

Binding of IB4 to Cells and Its Effect on Cell Function

Cells were incubated with FITC-IB4-Fab at a saturating concentration of
5 pug/ml at 4°C for 30 min. The number of antibody molecules bound per
cell was computed as follows. (a) The FL1 detection setting on the FACScan
was calibrated in terms of the mean fluorescence channel number per known
number of equivalent soluble fluorescein molecules which are bound to cali-
bration beads (Flow Cytometry Standards Corporation, Research Triangle,
NC). (b) The average fluorescent intensity per labeled antibody molecule
(F/P ratio) was measured using Simply Cellular beads (Flow Cytometry
Standards Corporation), which contain a known number of binding sites for
IgG per bead. (c) The mean channel number of FITC-IB4-Fab bound to
neutrophils was quantitated. (d) By dividing the equivalent soluble fluores-
ceins per cell from the cytometer calibration curve by the effective FI P ratio,
the number of antibody molecules bound per cell was obtained.
Continuous measurements of the kinetics of IB4 binding in cell suspen-
sion was performed using the same approach as described previously for
binding of fluorescent peptides to cell surface receptors (Sklar et al., 1985).
We pointed out previously that flow cytometry intrinsically discriminates
free and bound fluorescent ligand and that the background fluorescence can
be obtained by preincubating cells with excess unlabeled ligand (in this case
100-fold excess IB4), Specific binding was obtained by subtracting the total
IB4 channel number from the background flucrescence. To achieve rapid
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equilibration of IB4 in stimulated cell suspension, IB4 was added at a
saturating concentration of 10 ug/ml, after formy! peptide stimulated aggre-
gation. The particle distribution of the stimulated neutrophils was observed
on FL3 as the LDS-751 fluorescence. The content of IB4 on singlet and dou-
blet populations obtained from mean channel values of specific binding was
compared with values obtained in the same populations using the LDS-751
mean channels of singlets and doublets. The number of IB4 sites within the
contact region of doublets was estimated from the fluorescence ratio of
doublets to singlets at concentrations of 0.2-10 ug/ml of IB4. The number
of sites was then computed as (2-D/S)*S, where 2 represents the ratio of
staining of doublets to singlets for LDS-751, D/S represents the ratio of the
mean channels for IB4 staining of doublets to singlets, and S is the estimated
number of sites on a singlet.

The Aggregation Model

The model is intended to account for the kinetics of aggregate formation
and dissolution. The model is based on the geometry of each aggregate spe-
cies and uniform aggregation and disaggregation rates. Several simplifying
assumptions are implicit in the formalism. Particles are proposed to interact
as a function of the product of their concentration and relative surface area
(e.g., a doublet is twice as reactive as a singlet) and thus aggregates should
form with roughly equal probability for cell attachment to any given site.
Since triplets and higher order aggregates can form complex shapes, the
number of aggregates in a given geometry should be proportional to the
available surface area. By limiting the cell concentrations, the contributions
of quartets and larger aggregates are small soc complex geometries are essen-
tially negligible in the calculations. In the case of triplets, a small fraction
of the aggregates are predicted to be “triangular,” accounting for no more
than a few percent of the cell population. Mass is conserved for the system
such that the total number of cells making up the aggregates is constant with
time. The cell concentrations are defined in units of P (1 physiological unit
= 5 X 10° cells/ml).

Four rate parameters define the aggregation of resting and stimulated
cells. These parameters are denoted as: k';;; = aggregation rate constant,
resting cells; kg, = aggregation rate constant, stimulated cells; Kgisagy =
disaggregation rate constant, resting cells; kissgy = disaggregation rate
constant, stimulated cells. The units for both the resting (k'ygg) and stimu-
lated aggregation rates (k%) are 1/P/min. The units for the disaggregation
rates (k'disagg aNd K°gisage) are 1/min. The particle formation geometries are
indicated schematically as shown below.

Particles Geometry
kagg
S+8S =  (Doublet)
isagg
or
S+D =  (Triplet)
" p+p
= artet,
S+T (Quarte)
T s+0
a = tuplet
T+D (Pentuplet)

Five differential equations describe a first order, linear approximation of
the time rate of change of each aggregate species. The data for the model
are the initial particle concentrations and the aggregation and disaggregation
rates. The coefficients that accompany each particle species arise from a
statistical analysis based on the aggregate geometries and the assumptions
of the model as provided above. They represent the product of the number
of available geometries and the fractional areas available for particle attach-
ment. An example for the generation of the coefficients for quartets is shown
in Table I.

dSidt = Kgisagg (33/48 Pe + 7/9 Qa + T + 2D) — kg (S)

(S + 2D + 3T + 4Qa) m
dD/dt = Ksisagg (15/48 Pe + 4/9 Qa + T — D) + Kugg (S — (D)

@S + 8D + 6T)) @
dTldt = Ktissgs (15/48 Pe + 719 Qa — T) + Kagg (2(S) (D) — (T)

(3§ + 6D) 3)
dQaldt = Ksissgg (33/48 Pe — Qa) + Kugg ((3T) (S) + 2D —

(4@a) (8)) @)

dPeldt = K'ygg ((6T) (D) + (4Qa) (5)) — Kdisagg (Pe) &)
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The rate constants are obtained by experiment as described below. The
five differential equations are numerically integrated using an iterative Euler
method to solve for the concentration of each aggregate species over time.
The linear model may also be adapted to include nonlinear effects such as
multiple binding sites between particles, or formation of much larger ag-
gregates. However, at physiological cell concentrations aggregates larger
than pentuplets formed by multiple binding sites are not detected.

Results

Cytometric Detection of Aggregates

Neutrophil aggregates ranging from singlets to pentuplets
were resolved in real time and for fixed aliquots of cells in
suspension on the FACScan flow cytometer. Dotplots of
right-angle light scatter plotted against the LDS-751 fluores-
cence emission are presented in Fig. 1 for cells fixed at inter-
vals over the time course of stimulated aggregation (a), and
cells measured in real time (b). Quantitation of the particle
population for each aggregate species was -obtained using
analysis gates on the histograms of LDS-751 fluorescence
shown above each dotplot. LDS-751 mean channel values of
nonsinglets were integral multiples of the singlet values.
Resolution of each aggregated species was comparable for
the fixed and live cell preparations.

After the 2-min incubation with LDS-751 there were
>98% singlets and few larger aggregates. Stimulation with
1 pM formyl hexapeptide was followed, within 10 s, by the
formation of doublets and larger aggregates. On live cells,
analysis required 10-15 s for measurement of ~5,000 parti-
cles. A time interval of ~5 s was required for data storage
and reset of the acquisition function of the computer. The
nonsinglet populations reached a maximum between 45 s
and 1 min after stimulation with formyl peptide. It was
confirmed that these aggregates represented all of the nonsin-
glet population as detected on the FL3-SSC dotplot window.
At the time point of maximum aggregation the total particle
concentration typically decreased by 15-20%. This was ac-
companied by a similar decrease in the FACScan particle de-
tection rate and increase in the time for acquisition of a fixed
number of particle events (see Table III). After 120 s the
large particles began to disaggregate. By 300 s the disaggre-
gation phase was complete with few doublets and triplets still
remaining.

Quantitation of the particle distribution for the same cell
sample as measured on the FACScan in fixed and live cell
suspensions is compared in Table II. A high cell density of
5 % 107 cells/ml was stimulated with hexapeptide and mea-
sured in real time on the FACScan while aliquots were taken
and fixed for subsequent cytometric quantitation. At the
point of maximum aggregation the live and fixed particle dis-
tributions varied by <12% for any particle size.

To test the reliability of LDS-751 fluorescent intensity in
resolving the aggregate populations, a multiparameter analy-
sis was carried out. Shown in Fig. 2 are dot plots of cells
fixed at the time point of maximum aggregation. Particles ex-
hibiting mean channel values up to fivefold greater than sin-
glets (i.e., pentuplets) were resolved and quantitated by gat-
ing each particle size on the histograms shown above the
dotplots. Results are provided in Table III. Side scatter vs.
forward light scatter measurement for 10’/ml cells are
presented in Fig. 2 a. Side scatter increases proportionally
with particle size. Forward scatter also increased for nonsin-
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Table I. Probability Coefficients of Each Particle Species for the Time Rate of Change of Quartets in Eq. 4

Disaggregation Aggregation
Geometry Geometry
Number of sites Probability Sites to Probability
Initial Final Fraction to form Qa coefficient (1) Initial Final Fraction form Qa coefficient ()
s 1 0 + 000 0000 ! i +1
D 1 00 + 00 0000 ! +2
T 1 000+ 0 0000 3 +3
2/3
0000 000 + & ,; 69 @+ 0000 600002 474
= 9000 00 + 00 113 -1 -4
173 33 3/9 O:. + O 0:.. 173 4/4
o009 + O
00000 0000 + & 13 12 1/6
W m + @ 712 12 14/48
Pe +33/48
.i. i. + @ 12 4/4 4/48

The particle geometries for aggregation and disaggregation and the fraction of each configuration are shown. The product of the geometry fraction with the number
of sites that form quartets (Qa) yields the probability coefficient of quartet formation (+), or breakup (—) for each particle species. (Qa*: As an example linear
and nonlinear Qa are estimated to reflect 2/3 and 1/3 of the population respectively. If a single cell-cell contact is broken, the linear aggregate break is 2/3 into
S+T and 1/3 into D+D. Nonlinear aggregates, which make up 1/3 of the population, break up always into S+T. The resulting disaggregation coefficient for
this population of Qa is —1.) A similar analysis is employed to generate the probability coefficient for Pe which contain 3 nonlinear particle configurations each
of which forms Qa by breaking a single cell-cell contact. Pe also disaggregate into smaller particles which accounts for the probability coefficient being <1. Since
S, D, and T cannot disaggregate to form Qa there is no probability coefficient. Aggregation of S, D, and T yields Qa as a function of the number of sites for
formation. Qa always combine with S to form Pe, therefore depleting their population.

glefs but there was a large range and poor resolution. F-actin
content per particle was measured on FL1 and plotted against
“side scatter in Fig. 2 b. The resolution was comparable and
there was virtually no difference between analyses based on

LDS-751 or F-actin content over the entire particle distribu-
tion. Cell autofluorescence as measured at a wavelength of
585 nm on FL2 was also used to distinguish singlets and
larger aggregates. This parameter is sensitive to particle size
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Figure 1. Time course of neutrophil aggregation for (a) fixed cells

and (b) live cell suspensions at a concentration of 107 cells/ml. Cells

were incubated at 37°C with LDS-751 (0.2 ug/ml) and then stimulated with formyl peptide (1 uM) at ¢+ = 0 s. Analysis of particle size
distribution as performed on a Becton-Dickinson FACScan cytometer. Dot plots of side scatter plotted vs. LDS-751 fluorescence intensity
(at 670 nm, FL3) were used to generate histograms as shown above each dot plot. Quantitation of the particle size distribution was per-
formed with analysis gates on particles ranging from singlets to pentuplets.
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Table II. Fixed and Live Cell LDS-751 Analysis as

Measured on the FACScan

Particles Fixed Live
% %

S 53.3 57.1

D 24.7 21.5

T 14.6 13.6

Qa 7.4 8.1

Cells at a concentration of 5 x 10/ml were stimulated with 1 yM formyl
hexapeptide. Analysis was performed at the time of maximal aggregation.

and density (e.g., the intracellular granule content) and in-
creases (shifts to the right) during the stimulation timecourse.
Resolution of the particle distribution using cell autofluores-
cence was found to be most useful for fixed cell samples. A
2% difference was found between autofluorescence and LDS-
751 fluorescent detection of the number of nonsinglets. The
best resolution of particle distribution was obtained with
LDS-751 fluorescence in which particles up to pentuplets
could be resolved (Fig. 2 d). It should be noted that cell stain-
ing with LDS-751 does not interfere with the extent or time
course of aggregation as confirmed by comparable aggre-
gation as measured by F-actin content in the absence of
LDS-751.
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Figure 2. Multiparameter analysis of particle distribution at maxi-
mum aggregation (¢ = 40 s) for neutrophils (2 X 107 cells/ml)
stimulated with formylated hexapeptide (1 xM). Dot plots of side
scatter plotted with the following parameters: (a) forward light scat-
ter; (b) F-actin content; (c) cell autofluorescence (at 585 nm, FL2);
(d) LDS-751 fluorescence. Particle distributions were derived from
analysis gates on the histograms shown above each parameter. The
percent total of each particle species is provided in Table IIIL.
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Table IIl. Multiparameter Analysis of Particle
Detection As Measured on the FACScan

Particle F-Actin AutoFL. SSC LDS-751
S 76.5 76.6 75.6 76.2
D 17.1 16.8 18.7 17.2
T 5.1 52 4.2 5.0
Qa 1.0 1.2 1.2 1.1
Pe 0.3 0.3 0.4 0.6

Cells at a concentration of 2 X 107/ml were stimulated with 1 uM formyl
hexapeptide and the analysis performed on fixed cells at the time point of maxi-
mum aggregation. Data have units of percent particles. It was confirmed that
larger aggregates did not go undetected since the particle detection rate (pdr)
varied in parallel with the calculated change in particle concentration (pc) be-
tween maximum aggregation and disaggregation time points. pc = 14% + 17;
pdr = 13% + 12; n = 10.

Extraction of Quantitative Aggregation Information

The time course of neutrophil aggregation as defined in Fig.
1 shows a stage of aggregate formation between 0 and 45 s,
a plateau phase in which aggregates remain at fairly constant
levels between 45 and 120 s, and a disaggregation phase be-
yond 120 s. To characterize the particle behavior, it is neces-
sary to define rate constants in both stimulated and resting
cells.

Resting Cells. The approach to defining aggregation con-
stants is to examine the extent and time course of aggregate
formation as a function of cell concentration and cell stimu-
lation. Two approaches to characterize resting behavior were
used. In the first approach, the concentration dependence of
aggregate formation in unstimulated cells was evaluated. In
the second approach, the transition from stimulated back to
resting behavior was evaluated. The extent of aggregate for-
mation varied with cell density in resting cells (Table IV),
with no more than 0.5% residual doublets even in very
diluted cell suspensions. An apparent equilibrium constant
when there are only singlets and doublets can be represented
as:

Keq = [DVISIS] = Krapg/Kraisage ()]

The apparent equilibrium constant at the highest cell con-
centration was no greater than ~0.005. When corrected for
residual nondisaggregating doublets (i.e., 0.4% doublets at
10¢ cells/ml), the average Keq ~ 0.004.

An estimate of the rate of disaggregation in resting cells
was obtained by examining disaggregation after the transi-
tion from activated to resting cells. We have previously
shown that cells treated with formy! peptide (1 uM) returned
to the inactivated state when receptor occupancy was
blocked with an antagonist (Sklar et al., 1985). In these ex-
periments, the turnoff kinetics were reported to involve a

Table IV. Apparent Equilibrium Constants

Cell concentration S D Keq (1/P)
10% 92.8 6.0 0.004
2 x 107 97.4 2.5 0.007
107 98.7 1.1 0.005
108 99.5 0.4 0.02

Keq was computed from Eq. 6 over a 100-fold change in cell concentration.
The 0.4% doublets observed at 10° cells/ml apparently represent residual ag-
gregates which do not disaggregate.
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Figure 3. Kinetics of particle disaggregation as measured on the
cytometer based on FL3 (LDS-751 fluorescence). Cells (10’/ml)
were stimulated (formyl hexapeptide 1 uM) and brought to maxi-
mum aggregation before treatment with (@) t-boc-phe-leu-phe-leu-
phe (60 uM) or (b) 1:100 dilution into buffer containing stimulus
(formyl hexapeptide, 1 uM). The particle kinetics of singlets (w),
doublets (a), triplets (X), and quartets (0) was modeled with the
aggregation component eliminated (maximum aggregation at t =
0) and the results shown as solid lines.

period of 30 s during which cell activation signals decayed
followed by accelerated disaggregation. As shown in Fig.
3 a, we present the behavior of formyl peptide stimulated
cells 30 s after they were treated with the antagonist. An esti-
mate for the unstimulated k"4, Was obtained by fitting the
linear model to the particle data with a value of 1.1 + 0.2/
min. Since the disaggregation is limited by the transition
from stimulated to resting cells, this estimate for Kswg should
be viewed as a lower limit to the disaggregation rate constant
of resting cells. Taken together and interpreted according to
Eq. 6, the equilibrium observations on resting cells and the
apparent disaggregation rates as cells return to their inactive
forms imply that the rate of aggregation in resting cells is no
more than 0.005/min, meaning that <1% of the cells at physi-
ological concentrations will stick together each minute.
Disaggregation Rates in Stimulated Cells. Disaggrega-
tion rate constants were obtained by isolating disaggregation
behavior from aggregation behavior under conditions where
net aggregation was limited. We studied the disaggregation
of already stimulated and aggregated cells that were then
diluted into buffer containing stimulus so that they remain
activated. The stimulated disaggregation rate was computed
by fitting the particle data with the model assuming a net
aggregation rate which had been effectively reduced to 0 due
to the dilution of the cells. A representative dilution experi-
ment is shown in Fig. 3 b. It is seen that stimulated cells can
remain well attached for at least 180 s after dilution before
the disaggregation rate becomes characteristic of nonstimu-
lated cells. Before this increase in the disaggregation rate,
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cells that had been diluted from a density of 10¢/ml to 10¢/
ml at the point of maximum aggregate formation, yielded an
average value for the apparent stimulated A%, of 0.38 +
0.l/min (n = 24). Since there may be loss of cell activation
contributing to disaggregation, the rate obtained in the dilu-
tion protocol should be viewed as an upper limit.

Aggregation Rates in Stimulated Cells. Previous studies
have shown that singlet cells are activated in a relatively uni-
form fashion, based on the formation of F-actin when stimu-
lated with an optimal dose of formyl peptide. Estimates of
kg, can be obtained by fitting aggregation kinetics assum-
ing uniform aggregation behavior with the model and using
measured disaggregation rates. Stimulated aggregation rate
constants were obtained by fitting the initial rate data after
stimulation with the empirically measured A%y as shown
in Fig. 4. The aggregation kinetics were investigated as a
function of cell concentration from 5 X 10¢ to 2 X 10’
cells/ml.

Within 10 s of the addition of stimulus neutrophil aggrega-
tion was detected. The first phase of aggregation typically
lasted from 20-60 s and required the largest stimulated
aggregation rate (k% = 0.15 + 0.15 /P/min, n = 16). For
a fourfold increase of cell concentration the k%, for the first
phase was approximately constant, typically varying <50%.
All cell concentrations show biphasic aggregation kinetics in
which the stimulated time course was fit in two phases with
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Figure 4. Particle distribution as measured on the cytometer after
stimulation of (@) 5 X 10° cells/ml and (b) 2 X 107 cells/ml with
formyl hexapeptide (1 xM). The number of particles measured as
singlets (m), doublets (a), triplets (X), and quartets (O) was quan-
titated using LDS-751 fluorescence. Solid lines depict the results
of the linear model of aggregation for the first two phases of aggre-
gation with rates. (a) Phase I, 0-25 s, &%g = 0.3/P/min, Kgisgs =
0.2/min. Phase II, 25-80 s, k% = 0.05/P/min, K*issgg = 0.2/min.
(b) Phase I, 0-20 s, K, = 0.15/P/min, Ksiwgg = 0.2/min. Phase
11, 20-80 s, k% = 0.02/P/min, k%usegg = 0.2/min.

2752



Table V. Aggregation and Disaggregation Rates
Over the Three Phases

Aggregation

Disaggregation

Phase rate (1/P/min) rate (1/min)
I s s
0.15 + 05 <0.38 £ 0.1
n s—>r s
<0.05 <0.38 + 0.1
I r s=T
<0.005 21.1 +£0.2

Aggregation and disaggregation rates within the aggregation phase (I), plateau
phase (I), and disaggregation phase (III). Values given as means or upper
limits obtained from modeling 16 experiments. Stimulated state denoted by s,
resting state denoted by r.

distinct aggregation rates as discussed below. A second phase
of the time course in which new aggregate formation reached
a plateau lasted from 30~200 s. In the plateau phase data was
fit with an aggregation rate typical of resting cells (Table V).

Models of Aggregation and Disaggregation. Kinetic data
on the formation of singlets, doublets, triplets, and quartets
was obtained at ~10-s intervals over the entire time course
of stimulated aggregation (Fig. 5). Three phases with distinct
aggregation and disaggregation rates were used to model the
kinetic particle data. The entire time course could be ac-
counted for using the resting and stimulated disaggregation
rates whose derivation is described above. The first phase
lasted 50 s and was fit to the data with k%, = 0.15/P/min,
kosisegg = 0.2/min. It appears that a rapid transition of the ag-
gregation rate from the resting to stimulated value is the pre-
dominant factor in modeling the particle kinetics of the first
phase. As long as the stimulated disaggregation rate was
small (<€1/min) modelmg the k., was relatlvely insensitive
to changes of ks, in this phase.

After the first phase of the time course, formation of non-
singlets reached a plateau in which the data could be fit with
a resting aggregation rate (<€0.15/P/min) and a stimulated
disaggregation rate (<0.4/min). This analysis was confirmed
by measuring the disaggregation rate constant in both the
aggregation and plateau phases. We observed that upon dilu-
tion into buffer with stimulus the disaggregation rates in ei-
ther phase were within 10% and <1.

In the third phase of the time course disaggregation
predominated. The data are consistent with a large increase
in the rate of disaggregation to the resting cell level (>1/min),
and an aggregation rate also typical of that in resting cells
(<00V/P/min).

Mechanism of Aggregation Probed with IB4. In principle
the particle kinetics in the second phase could be fit with a
variety of aggregation rates and disaggregation rates. To vali-
date our interpretation of the second phase in which new ag-
gregates are limited, we used IB4 to characterize the adhe-
sive sites available in the aggregates. We also examined the
impact of IB4 on aggregation behavior. A more detailed
characterization of the behavior of the epitope for IB4 will
be reported elsewhere (Chambers, J. D., S. I. Simon, and
L. A. Sklar, manuscript in preparation). We have confirmed
that preincubation of cells with saturating concentrations of
FITC-IB4-Fab (2.5 pg/ml for 30 min at 4°C) blocks aggrega-
tion of formyl peptide stimulated cells. The initial concentra-
tion of 98 % singlets changes little throughout the stimulatory
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timecourse. At saturation there are 200,000 CD18 sites on
the neutrophil which upregulate by no more than ~v10%/min
after stimulation.

In the untreated cell sample (Fig. 6 a), the control aggrega-
tion time course had an initial aggregation phase that lasted
60 s and a plateau phase that lasted ~2.5 min. These phases
were fit with typical rates. For simplicity only singlets and
doublets are shown in the aggregation time courses. To inves-
tigate aggregate stability during the plateau, aggregates were
diluted after 40 s 1:10 into buffer containing stimulus (Fig.
6 b). After dilution, the aggregates exhibit kinetics qualita-
tively similar to that of the control, but have a slightly in-
creased rate of disaggregation and an earlier onset of resting
behavior than the control of Fig. 6 a. In contrast, IB4 (10
pg/ml) added just after maximum aggregation, had a pro-
found effect on the particle kinetics (Fig. 6 c). A rapid
breakup to a portion of the aggregates occurred immediately
after antibody addition. Moreover, the plateau phase in
which the number of aggregates remained fairly constant
lasted only 30 s, this was 2 min shorter than that of the
control.

The kinetics of IB4 binding to sites on singlets and
doublets in this experiment are presented in Fig. 6 d. The
IB4-Fab binds to CD18 such that available sites on the cells
are 90% occupied within the first 30 s of IB4 addition to the
stimulated cell suspension. (The binding rate constant is 3.4
X 10°/M/s; after binding, adhesive sites remained occupied
over the aggregation time course since the IB4 dissociation
rate is 2.5 X 107%/s; Chambers, J. D., S. I. Simon, and
L. A. Sklar, manuscript in preparation). The ratio of the
number of IB4-Fab binding sites on doublets and singlets was
between 1.7 and 1.8, compared to the LDS-751 doublet to
singlet fluorescence channel ratio of ~2.0. We estimate that
at IB4 equilibrium (¢ ~ 100 s, Fig. 6 d), there are in the
doublets no more than 10-15% or between 65,000 and 97000
sites in the contact region which were inaccessible to anti-
body binding compared to the number of sites available on
the singlets.

At 70 s when IB4 was 90% bound to singlets and doublets,
there was a transition from the plateau to an enhanced dis-
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Figure 5. Particle distribution over the complete time course of
aggregation. Neutrophils (107 cells/ml) were stimulated with for-
myl hexapeptide (1 M) and the particle kinetics are plotted for sin-
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tion and IB4 on particle distribution kinetics.
(a) The time course of formyl peptide stimu-
lated neutrophil (2 X 107 cells/ml) aggrega-
tion. Particle kinetics for singlets (w) and
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0.2/min. Phase I, 232-350 s, k%, =
0.005/P/min, K'jwg = 0.8/min. (b) Neutro-
phils that have been stimulated to maximum
aggregation and then diluted 1:10 in buffer with

stimulus at 40 s. Particle kinetics were modeled
in three phases. Solid line with rates. Phase I,
0-25 s, k' = 0.13/P/min, kiuseg = 0.2/min.
Phase II, 25-210 s, kg = O/P/min, Kgisegy =
0.4/min. Phase III, 210-350 s, K =
0/P/min, k%isg; = 0.9/min. (c) FITC-IB4-Fab
was added (10 ug/ml at 35 s) to neutrophils that
were stimulated to maximum aggregation. Par-
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ticle kinetics were modeled in three phases.
Solid line with rates. Phase I, 0-22 s: k% =

0.1/P/min, Kegg = 0.2/min. Phase II,

= 0/P/min Kyssgg = 0.2/min. Phase III, 69-350 s: k%g = 0/P/min, Ksisegy; = 0.9/min. Particle kinetics modeled in phases

1I and HII neglected the aggregation components due to intervention which abrogated the aggregation behavior. (d) Binding kinetics of
FITC-IB4-Fab to the surface of formyl peptide stimulated neutrophils after addition of 10 ug/ml at r = 35 s. The mean channel number
for specifically bound FITC-IB4-Fab to smglcts (a) and doublets (m) is shown. Channel numbers were converted to the number of sites

using Simply Cellular Standards.

aggregation phase. An interpretation of the impact of the mo-
lecular manipulation on the macroscopic aggregation be-
havior is required. An argument will be developed in the
Discussion that individual adhesive bonds are breaking and
forming in the contact region during cell-cell contact.

Discussion

Kinetic Analysis of Aggregation

Neutrophils in a well-stirred suspension stimulated with for-
myl peptide undergo reversible aggregation. A method by
which the kinetics of aggregate formation is measured on the
flow cytometer both on live cells and on fixed cells is de-
scribed. Kinetics of formyl peptide stimulated aggregation in
real time was achieved with a temporal resolution of 5-10 s
between sequential cytometric measurements. Particles
ranging from singlets to pentuplets were resolved and quan-
titated by LDS-751 fluorescence. LDS-751 is a vital nucleic
acid stain in which fluorescence intensity increases linearly
with aggregate size. A multiparameter analysis that com-
pared particle discrimination using F-actin content, side
scatter, cell autofluorescence, and LDS-751 fluorescence
yielded less than a 2% difference between parameters in de-
termining aggregate distribution. LDS-751 quantitation of
aggregation as measured in real time on live cells and com-
pared with cell samples fixed over the same stimulation time
course showed less than a 12% difference. These latter
results indicate that the live aggregates are stable in the
hydrodynamics of the fiow cytometer.

Models of Aggregation Kinetics

A linear model, with independent measurements of rate
processes for stimulated and nonstimulated cells succeeded

The Journal of Cell Biology, Volume 111, 1990

in fitting the distribution of singlet through pentuplets over
the complex time course of stimulated aggregation and dis-
aggregation. The primary assumption in the model is that the
efficiency of adherence is proportional to particle surface
area. Models without this assumption do not in our hands
adequately describe the data. Further geometrical con-
straints taking into account complex shapes represent refine-
ments to the model which typically reflect a small percentage
of the total cell mass of the system. Models in which non-
linear effects such as cell attachment to multiple sites on an
aggregate can be formulated. Since the fraction of particles
containing three or more cells is usually <7 %, the higher or-
der computation based on a nonlinear model would vary
from the linear model by no more than 1-2%. These non-
linear considerations are nonetheless realistic for analysis of
aggregation at high cell concentration or for enhanced aggre-
gation.

Three distinct phases were used to model formyl peptide
stimulated neutrophil aggregation (Table V). Formation of
nonsinglets proceeded rapidly within 10 s after stimulation
and the kinetic data was fit with the largest k*,,. A transi-
tion of the ks, was evident entering the second phase of
aggregation which required a rate at least three to fourfold
less than that of the initial fast phase. Stimulated rates of dis-
aggregation did not change significantly between the first two
phases as confirmed by measuring k. after cell dilution
within each phase. In the third phase disaggregation predom-
inated for the final 2-3 min of the time course. A transition
from the stimulated to the unstimulated disaggregation rate
was characterized by an increase of the kqs.,, of four to five-
fold from the stimulated disaggregation rate.

Analysis of Aggregation Within Each Phase
Several other cell responses that occur rapidly after formyl
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peptide stimulation are F-actin formation (Sklar et al., 1985)
and cell surface ruffling (Hoffstein et al., 1982). The fast ki-
netics of particle formation during the first phase may be in
part driven by a change in cell shape and surface projections.
The fact that the encounter frequency increases as the third
power of the cell radius supports this notion (Karino and
Goldsmith, 1979).

Based on the cell dilution experiments, it appears that the
aggregates that have formed by the end of the first phase re-
main intact during the second phase. Thus a relatively static
equilibrium exists between the singlets and aggregates rather
than one in which new aggregates are continually forming
and breaking. Since the intravascular encounter frequency
for leukocytes can be as high as 14/cell/min in postcapillary
venules (Schmid-Schoenbein et al., 1987), the transition
from a stimulated to a resting rate of aggregation at the end
of the first stimulatory phase may function to limit the forma-
tion of large leukoemboli. The time frame of maximum ag-
gregate formation by the end of the first phase (~30-60 s)
is comparable to the formy! peptide induced phosphoryla-
tion profile of CD18 which peaks at 30 s and is completely
reversed by 5 min (Chatilla et al., 1989).

When cell stimulation was arrested with the antagonist to
the formyl peptide receptor, the aggregatory response de-
cayed after a transient of ~ 30 s to reveal the nonstimulated
disaggregation rate. This also is consistent with the behavior
of several other cell responses such as actin polymerization,
Cat* elevation, and cell surface ruffling (Sklar et al., 1985).
These responses were found to be elicited by relatively low
levels of receptor occupancy (<1,000 receptors/cell) but re-
quired the binding of a majority of the stimulatory receptors
to sustain the response.

Cell Encounter Frequency and Hydrodynamics

Cells interacting in suspension as a result of the rotation of
a magnetic stir bar undergo collisions which may be de-
scribed in terms of the encounter frequency. A model that
estimates the encounter frequency for a suspension of plate-
lets interacting in a simple shear flow (Karino and Gold-
smith, 1979) was applied to neutrophils mixing in suspen-
sion. Extending the analogy to a density of 5 X 106 cells/
ml which are being stirred at 500 rpm, the theory predicts
that each cell experiences approximately six collisions with
adjacent cells per minute. A comparison with the resting
aggregation rate (k*,;; <0.005/cell/min) reveals that no more
than 1 in 1,000 cells remained aggregated. After formyl pep-
tide stimulation the aggregation rate increased to a value
of 0.1-0.2/P/min suggesting an increase in the collision effi-
ciency to roughly 1 in 10 cells remaining adhered.

Knowledge of the efficiency with which cell collisions re-
sult in aggregate formation permits an evaluation of the criti-
cal parameters such as the shear stress, cell concentration,
or surface morphology in aggregate formation. It appeared
that the stimulated aggregation rates remained approxi-
mately constant over a fourfold increase in cell concentration
from 5 X 10°t0o 2 X 107 cells/ml. Since the encounter fre-
quency may increase up to 16-fold for a 4-fold increase in
cell concentration, the ability of the model to fit the data with
rates of aggregation within a narrow range suggests the
general form of the concentration dependent terms in the
model are appropriate.

Shear rates which were achieved by the stir bar within the
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cytometry tubes at 500 rpm were estimated to be =30/s
(Karino and Goldsmith, 1979). Since the shear field within
the cytometry tube is too complex for precise determination,
only order of magnitude estimates can be made. In a laminar
fluid stream with the shear stress given by Stoke’s law as
T = 69G (with buffer viscosity n = 7.5 X 107 dyn/s/cm™
and shear rate G as estimated), the shear stress imposed
upon the cell aggregates is approximated to be ~1 dyn/cm?.
This range of values is well within that which supports neu-
trophil-endothelial cell adhesion (Ley et al., 1989).

Molecular Insight into Aggregation Mechanisms

We are beginning to gain insight into the molecular mecha-
nisms of cell-cell adhesion through a macroscopic descrip-
tion of aggregation. Preincubation of cells with IB4-Fab at
a saturating concentration (2.5 pg/ml) completely blocked
formyl peptide stimulated neutrophil aggregation. These
cells expressed 200,000 sites on their surface before pep-
tide stimulation, and upregulated ~10% per minute over the
first two phases of aggregation. When FITC-IB4-Fab is
added during the time course of formy! peptide stimulation
at supraoptimal concentrations (10 ug/ml), 90% of the sites
were bound within ~30 s after addition (Fig. 6 d) and aggre-
gation ceased (Fig. 6 ¢).

From a functional standpoint, in control or diluted control
samples relatively few new aggregates were formed during
the 3 min of the plateau phase before the transition to dis-
aggregation (Fig. 6, a and b). In contrast, [B4-Fab addition
caused an initial breakup of what appear to be weak ag-
gregates, similar to that seen in the dilution time course. By
the time IB4 binding approached 90% saturation, cells be-
gan to disaggregate. Explaining these functional aspects re-
quires an interpretation of the molecular activity in the con-
tact region.

First, an estimate of sites in the contact region is possible.
We note that LDS-751 doublets are two times as bright as
singlets whereas IB4 doublets are ~1.75 times as bright as
singlets. This result suggests that no more than 10-15% of
the CD18 sites on the surface are confined to the contact re-
gion on adjacent cells where they are inaccessible to the Fab.
Regardless of the quantitative interpretation, we would sug-
gest that IB4 binds to adhesive sites as they become available
within the contact region of adjacent cells. The kinetics of
the enhanced disaggregation phase may therefore reflect the
rate at which adhesive sites become available for binding to
the IB4 Fab antibody. Since we do not know if there is a
threshold value of sites for maintaining contact we hypothe-
size that adhesive bonds are disassembling over this time
frame, a period comparable to the dephosphorylation of
CD18. Under these circumstances, the average lifetime for
the active CD18 population and adhesive bonds they partici-
pate in would be 30-60 s as computed from the rate of parti-
cle breakup in the disaggregation phase (0.693/Kug). We
would hypothesize that continued occupancy of stimulatory
receptors is required to sustain the existing adhesive bonds
which in turn hold together the aggregates. Disaggregation
ensues within 30 s of addition of formyl peptide receptor an-
tagonist, comparable to the time lag observed for disaggre-
gation in response to IB4 treatment.

By defining the rates at which IB4 binds to new sites within
the contact region during the three phases of the aggregation
time course, it should ultimately be possible to establish the
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relationship between the number and duration of adhesive
sites and their effect on the macroscopic rates of stimulated
aggregation.
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