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SUMMARY

A modified agarose plate technigue was used to
investigate the effect of colchicine and vincristine
on the migration of human polymorphonuclear
leukocytes. Agarose plates were prepared by the
method of Clausen, except that colchicine and
vincristine were added to the nutrient medium
to achieve drug concentrations of 107 to 10°°
M. A hexaxial reference system was devised for
time-course studies of cell migration.

Three drug-related effects were observed. Loss
of sharpness at the peripheral edge of cell
migration was seen at colchicine concentrations
of 10 M and greater, and at vincristine
concentrations of 1077 M and greater. Change in
central cell aggregation from a disperse to a
dense pattern was found at colchicine and
vincristine concentrations of 1077 M and greater.
Time-course studies revealed significant inhibi-
tion of radial cell migration at colchicine
concentrations of 107 M and greater, and at
vincristine concentrations of 108 M and greater.

There is now preliminary evidence that leuko-
cytes sequester coichicine at a concentration of
approXimately 1077 M following a therapeutic
intravenous dose. In the presént study, the
demonstration of. migration inhibition and
changes in aparose plate migration pattern at a
similar drug concentration may lend support to
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the hypothesis that the inflammatory action of
colchicine in acute gouty arthritis is attributable
in part to altered leukocyte mobility. The
factors influencing cell migration in this system
are discussed, and possible applications are
considered.

INTRODUCTION

Altered polymorphonuclear (PMN) leukocyte
mobility has been reported in a number of
clinical and experimental settings. Mobilization
of PMN leukocytes at the site of a Rebuck skin
window and in the fluid medium of a forearm
cup chamber is delayed and diminished in
patients with acute leukemias.!™® In attractant-
free slide chambers, the nondirected, random
movements of individual PMN leukocytes are
decreased by antimitotic agents.®® Passage of
leukocytes through a cellulose acetate hemo-
dialysis membrane completely abolishes random
migration in capillary tubes.® Reductions in the
directed, chemotactic movement of PMN leuko-
cytes toward a source of attractant in the
Boyden chamber has been reported in a diverse
set of pathological conditions including the
Chediak-Higashi symdrome, a familial chemotac-
tic disorder, alcoholic liver disease, and diabetes
mellitus.”™!  Antimitotic agents also impair
chemotaxis of PMN leukocytes in Boyden
chamber studies.>!?

This paper utilizes a relatively new approach to
the study of PMN leukocyte migration. The
basic methodology is derived from an agarose
plate technique first developed by Carpenter
et al'® for studies of guinea pig tissue cell
migration. The technique was subsequently
modified by Clausen™ to permit studies of
~ human PMN leukocytes. In this latter system,
cells are applied to a central well in an agarose
plate and allowed to migrate radially along the
interface between the nutrient agarose gel and
the surface of the supporting plastic petri dish,
Since the migrating cells travel through a homo-
geneous medium, chemotactic gradients are
minimized and the observed cell movement is
primarily a result of nondirected or random
migration. In recent studies, presensitized
lymphocytes or their soluble factors have been
mixed with PMN leukocytes to detect inhibitory
effects on cell movement.’>!? The technique
has been used principally in the field of immuno-
logy as an indicator system for lymphocyte
activation and lymphokine release.
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In the present study, low concentrations of
colchicine and vincristine are added to the
nutrient agarose gel to evaluate the effects of
these antimitotic agents on PMN leukocyte
random migration. Lymphocytes are removed
from the PMN leukocyte preparation at an
early step to avoid extraneous inhibition. A
special marking system is used to permit time-
course studies of cell movement. The results
obtained in this sindy are reproducible and
compatible with other recent work, suggesting
that the aparose plate technique may have
further utility in studies of PMN leukocyte
migration. Modifications of the agarose plate
technique which create localized attractant
gradients may provide a useful opportunity for
comparison of both chemotaxis and random
migration in the presence of antimitotic agents.

METHODS

Sample Collection

Venous blood was drawn from the antecubital
fossa through a #20 or #21 disposable needle
into a sterile plastic syringe. The usual sample
volume was 5 or 10 ml. The blood was
delivered into a sterile glass tube, and thoroughly
mixed with an equal volume of calcium- and
magnesium-free Hank’s Balanced Salt Solution
(HBSS), pH 7.2, containing 10 IUfm! sodium
heparin. Cell separation procedures were then
initiated prompily.

For studies of PMN leukocyte migration, blood
specimens were obtained from healthy, previously
informed, adult volunteers, none of whom were
exposed to the atomic bombs in Hiroshima or
Nagasaki, For pilot studies of PMN leukocyte
isolation, blood specimens were obtained from
healthy and hematologically normal members of
the Adult Health Study (AHS) population in
Hiroshima.

Isolation of PMN Leukocytes

Modification of Boyum-Thorsby Techniques.

Boyum!'® originally developed a rapid and
efficient technigue for isolation of granulocytes
and lymphocytes from whole blood. The
technique utilized dextran sedimentation of
erythrocytes, followed by Ficoll-Hypaque flota-
tion of the remaining white blood cell (WBC)
supernatant to separate lymphocytes and
granulocytes. Thorsby!® reversed the basic
sequence in the following manner. Whole blood
was diluted with saline and centrifuged through

RERF TR 6-77

COHEETIE, BREOILFIBELIVE YY)
AFrETHO-A - FNEBRIINE, 20L3 %
WHATHAFE b0 7SRO THRNEEZRIET
MELRMTS, REMCLIEEBISADIC,
HOHORET, e FOEEBEORK,SY ¥ ERE
W<, MILESOERTIMmEFTI DI,
HANLEMEESEETS. CORETHBAKRE
EREAL), BEOROAELR L L —HT 3
tOTHY, FEBRAMBROBEREI T o~
Tr— b REFBELIHATHE TSI L ERET S
LOTHE., REMNRESIELEEZTHFO -2
- P HEBOTEHILE-T, MIFLAFTEFER
RIBEORLEE FRAEEORKREFIER L
SEHFBSNITHS .

A B

BARRE

20530 IABTOHVRTENMEF I EY 75 2
FAy S ERHBELERLT, FRER,r SMiREH
BUL 7=, ks LCoMEfiEEs s 4wl 0nl ¢
bot, BHOTZAFIZL0IUml +F Y anss
YuEMirtpH 7.20 08 03 S a ke SR Lk
&% %ty Hank’ s Balanced Salt Solution, BiE: HBSS
i e FEAN, FRICOEZMETHIIC
B, ZORES CHBESEONEE Tk

EWHAMBROBEREN - HIZIXEEE 2L &F
TEBIZERL 2o B 2BAEZES WL T
WAL THE, OBESEFATF LA FEEOLR
ONERBEEO D12, BSOS AREREE
BEOTH,S, MECTLAEEMIEE 2 HRELE
UL, MEEEEAFL L.

SR A MO 5

Boyum-Thorsby SO TE.

Boyum" #°, Ml T&MA» S ERRLE Y ¥ /35kEs 5
BEv2RARCHD L HBEEBREL L. o,
UMD FF A b7 v kB EFAL, Vv /SREH
WIRESBETI-0I, BooAMRO LHHE
Ficoll-Hypaque T#E L /=. Thersby" (3, kO k&
ITCOEFRIBEFEHIILA, 2T, 204 A
RTEE/EFL, Fhsh 5 Ficoll-Hypaque THE-D4EEL,



RERF TR 6-77

Ficoli-Hypaque to collect lymphocytes. The
remaining cell button, composed of erythrocytes
and granulocytes, was resuspended in autologous,
single-strength plasma or serum, Granulocytes
were then harvested from the resulting cell
suspension by dextran sedimentation. The
overall cell yields in this system were comparable
to those reported by Boyum. Thorsby’s protocol
offers some practical advantages in that prompt
separation of lymphocytes from whole blood
minimizes lymphocyte-erythrocyte clumping and
potential lymphocyte-granulocyte interaction.

A disadvantage inherent in Thorsby’s method is
the requirement for fresh autologous plasma
during dextran sedimentation. This reduces the
potential cell vyield available from an initial
volume of whole blood. To maximize cell
recovery from the samil blood volumes which
were used in the present study, a modification
of Thorsby’s method was devised. In place of
fresh autologous plasma, the diluted autologous
plasma remaining as a supernatant after lympho-
cyte flotation was salvaged and used for dextran
sedimentation, With appropriate adjustments
in the volume and concentration of the sedimen-
tation solution, the final dextran concentration
used by Thorsby (1%) was achieved. The final
plasma concentration in the modified system
was within the range of 12% to 17%. This was
comparable to the plasma concentration present
in a dextran sedimentation system optimized for
levkocyte yield by Skoog and Beck.?® A pilot
study with the modified technique demonstrated
that values for granulocyte yield, purity, and
viability were comparable to those originally
reported by Thorsby (Table 1). The details of
the separation procedure are presented below.

Step 1. Separation of lymphocytes by Ficoll-
Conray flotation.

Stock solutions of 9% Ficoll-400 (Pharmacia,
Sweden) and 33.4% Conray-400 (sodium
iothalamate; Mallinckrodt, USA) were pre-
pared in distilled water and sterilized by
suction through 0.22 p filter units (Falcon
Plastics, USA). The solutions were stored at
4C. A working solution of specific gravity
1.077 was prepared by mixing 10 parts
Ficoll stock with 24 parts Conray.

Diluted blood in aliquots of 10 ml was
carefully layered over 3 ml Ficoll-Conray
working solution in 15 ml conical centrifuge
tubes. The tubes were spun at 400 g for 20
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TABLE 1 COMPARISON OF MODIFIED TECHNIQUE WITH ORIGINAL THORSBY TECHNIQUE
FOR ISOLATION OF GRANULOCYTES

£1 HRROSBEIIWT 3 ETEBEE BWO Thorsby #Hiik & Dbk

Mean

granulocyte Purity of
Technique harvest/ml Cell yield giznlio:ixz;f RBC:WBC Viability

whole blood prepara

(10° cells) (%) ) ratio (%)
Modified 2.04 £0.39 4949 £9.39 96.84 £1.44 1.91 £ 0.67 98.35 £1.91
Thorsby - 50 97.99 1.0 -5.0 98 - 100

In the modified technigie, salvaged autologous plasma was used during dextran sedimentation
in place of fresh autologous plasma or serum. Solution volumes and concentrations were
adfusted to optimize the final dextran and plasma concentrations. Granulocyte counts were
performed in an Improved Neubauer Counting Chamber (25 trials). Cell yield was calculated
from independently obtained white blood cell counts and differentials {13 trials), Purity of
the granulocyte preparations was assessed by examination of May-Giemsa stained smears
{25 trigls}, Red blood cell contamination was determined concomitantly with granulocyte
counts (25 trials). Viability was determined by trypan blue dye exclusion (10 trials). Values
obtained for the Thorsby technique are reproduced from Vox Sanguinis 13:194-206, 1967,
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FUHSE2Im 2L 5 1298 L7, Nevbaver M B H ¥ N L S A LT BB R L AL A (25M).
Bk, EMIIAFLABMRBEICIOFEEI SEEL A (130) ., FRFFEROMEIL
May- Giemsa He@ B HEFHFIC L - TAM L 4 (258) . FMROFH I PARRBEEIZEML T

EL(2E). EFENG RISy - TU—BFHRT A P CRE L2 (108) . Thorshy H &0
i, Vox Sanguinis 13:194— 206, 19674 53 [ALALOTH 5.

minutes at 4C. After centrifugation, diluted
plasma was present asa supernatant at the top
of each tube; erythrocytes and granulocytes
were found as a cell pellet within the Ficoll-
Conray layer at the bottom. Lymphocytes
were suspended in a turbid ring at the
interface between the plasma and Ficoll-
Conray layers.

With a sterile Pasteur pipette, approximately
5 ml of plasma supernatant was aspirated and
transferred to a sterile glass tube. The
lymphocytes were similarly collected and
used in other studies. The remaining plasma
and Ficoll-Conray solutions were withdrawn
and discarded. Special care was taken to
avoid aspiration of the granulocyte-rich cell
layer present at the upper edge of the cell
pellet.

Step 2. Isolation of granulocytes by dextran
sedimentation.

Dextran T-500 (MW 500,000; Pharmacia,
Sweden) was dissolved in HBSS, pH 7.2, to
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give a 3% weight/volume soluticn. To adsorb
granulocyte toxins which may be present in
some dextran lots, the solution was passed
through 5 mm of compacted activated
charcoal.?! Gross impurities Were cleared by
filtration through a #47 Whatman filter and
the solution was then sterilized by suction
through a 0.22 u filter unit. The sterilized
solution was stored at 4C.

The red blood cell (RBC)-granulocyte pellet
remaining at the bottom of each centrifuge
tube was resuspended with autologous
salvaged plasma and 3% dextran solution to
give a 1:1:1 ratio of pellet, salvaged plasma,
and dextran solution. With a sterile wide-
tipped Pasteur pipette, the contents of each
tube were thoroughly mixed. Special attention
was given to the removal of bubbles and
foam that appeared during the mixing process,
as persistence of these markedly increased
erythrocyte contamination of the granulocyte-
rich supernatant. The tubes were placed on a
60° incline and transferred to a 4C refrigera-
tor for 30 minutes of sedimentation. In a
series of preliminary trials, it was found that
shorter sedimentation periods gave higher
granulocyte yields, but also resulted in un-
acceptable levels of erythrocyte contamina-
tion (RBC:WBC ratio greater than 10:1).
Longer periods of sedimentation reduced
erythrocyte contamination as well as granulo-
cyte yield. Similar observations have been
reported by Skoog and Beck? and Klein
et al.?2  In the present study, a 30-minute
sedimentation period provided an acceptable
compromise between erythrocyte contamina-
tion and leukocyte loss. This choice was
particularly convenient in that a sharp
supernatant-erythrocyte interface formed
after approximately 25 minutes, and thus
served as a good visual reminder of near
completion of the sedimentation process.

The granulocyte-rich supernatant was collected
with a sterile Pasteur pipette. The cells were
washed twice by centrifugation through 10 mt
HBSS at 250 g for 10 minutes at room tem-
perature. No more than two washes were
performed at this step, as granulocytes
subjected to repeated centrifugation often
showed microscopi¢ clumping of cells. Once
present, cell clumping could not be reversed
by vigorous agitation, and preparations
containing clumped cells displayed markedly
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decreased migration on agardse plates.
Granulocyte preparations exhibiting cell
clumping were not considered suitable for use.

Absolute and Differential Cell Counts

Autologous washed cells were pooled and re-
suspended to a total volume of 2 ml in HBSS.
Two drops of each cell suspension were indivi-
dually counted in the central square of an
Improved Neubauer Counting Chamber and the
average cell harvest (granulocytes recovered/ml
whole blood) was caiculated. RBC contamina-

tion was determined concomitantly by duplicate
erythrocyte counts.

To assess mononuclear cell contamination, one
drop of granulocyte suspensiocn was mixed with
one drop of heat-inactivated fetal calf serum
(GIBCO, USA) and a drop of the resulting
solution was placed on a clean slide and gently
spread over a 1 to 2 cm?® surface with the tip of
a pipette. Great care was taken in spreading, as
the washed cells seemed to have fragile
membranes which rupture easily when spread by
conventional techniques. The slide preparations
were air-dried at room temperature and then
fixed by 30-second immersion in ice-cold 1:1
acetone and distilled water. The fixed pre-
parations were air-dried and stained for 30
seconds in full-strength May-Grinwalds-Ldsung
(Merck), 1 minute in half-strength May-
Grinwalds-Losung, and 5 minutes in Giemsa
(Merck).  Adequate staining of nuclei and
cytoplasm was achieved with this method, but
cytoplasmic granules did not stain well in all
preparations and the sub-populations of basophils
and ecosinophils were not always distinguishable
from each other or from PMN leukocytes.
Prior exposure of the cells to heparin may have
been responsible for this difficulty. A dif-
ferential count of granulocytes and monenuclear
cells was made by microscopic examination of
200 stained cells under oil.

For calculation of cell yield, routine WBC
counts and differentials were performed on
whole bloocd specimens by the Hematology
Laboratory. The theoretical granulocyte yield
was calculated from Laboratory data as the
product of the total WBC count and the percent
of PMN leukocytes. Percent cell yield was
taken from the ratio of actual granulocyte
harvest (corrected for mononuclear cell contami-
nation) to theoretical granulocyte yield. Over-
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estimation of cell yield by eosinophils and
basophils which may have been indistinguishable
from PMN leukocytes because of suboptimal
staining of cytoplasmic granules was estimated
as 3%.

Viability Testing

Trypan blue (Chroma-Gesellshaf, Germany) was
diluted in HBSS to make a 0.5% w/v solution
and filtered through #47 Whatman paper to
remove gross impurities. One drop of cell
suspension was mixed with one drop of trypan
blue, and a drop of the resulting solution was
placed in an Improved Neubauer Counting
Chamber. After 5 minutes, 200 cells were
inspected. Cells which excluded dye were
counted as viable; those showing diffuse cyto-
plasmic staining or dark nuclear staining were
counted as nonviable.

Agarose Plate Preparation and Use

Medium constituents. Nuirient agarose medium
containing 1% agarose (tissue culture—1 grade;
Nakarai Chemicals, Japan), single-strength Tissue
Culture Medium 199 (Nissui Seivaku, Japan),
10% horse serum (GIBCO, USA), 100 IU
penicillin G/ml and 100 wug streptomycin/ml
{Meiji Chemicals, Japan) was prepared by the
method of Clausen.’® In addition, colchicine
(Lilly, USA)} and vincristine (Oncovin; Lilly,
USA) were added to give final drug concentra-
tions of 107% to 107° M. Special attention was
given to the pH of the medium, which required
adjustment  with approximately 0.5 mg
NaHCOj; /ml to achieve a final value of 7.2.

Plate preparation. Molten agarose medium at
45C was delivered in 9 ml aliquots into 5.5 cm
diameter sterile plastic petri dishes (Falcon
Plastics, USA) and allowed to solidify at room
temperature. The plates were then hardened for
1 hour at 4C. A sharp metal template with a
2 mm diameter bore was attached to a low
vacuum and used to cut holes in the hardened
agarose. The plates were then placed in a
humidified 5% CO,chamber at 37C and allowed
to equilibrate for at least 2 hours. Plates
containing colchicine were protected from direct
light during preparation to minimize the forma-
tion of the inactive photoisomer, lumicolchi-
cine.®® Colchicine stock solutions were stored
in foil-wrapped glass containers.

To perform time-course studies of PMN leuko-
cyte migration, the advancing edge of cell
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FIGURE 1 FIXED AND STAINED AGAROSE PLATE MIGRATION PATTERN OF HUMAN
PMN LEUKOCYTES, WITH HEXAXIAL REFERENCE SYSTEM
1 hexaxial BRAXRIZLEEE, RBELATHOU—Z7TL—+Lkor +D
ES ALY P 4k

Agarose plates were prepared by the method of Clausen, Y% \vith the addition of colchicine and
vineristine to give drug concentrations of 1 07 to 10° M. A hexaxial reference system was
drawn on the outer surface of the plates for time-course studies. At selected intervals, the
plates were inspected and the advancing border of cell migration was marked. At the com-
pletion of the incubation period, the radii of migration at each time interval were measured
and averaged. A. Central well. B. One component of the hexaxial reference system. C. Mark
indicating the position of the advancing cell border at a selected time interval (Magnification
10%).

THUO=ATL = k& Classen" D HEIZE->THEL, ERHBEL10° —10°MIZ % 55510
Gk FrEEIUEYyIYZF L EMZ . BRBELEETOLDIZ, 7L — b D5 4E 2 hexaxial
MRELAATHEET VA, EHAFMEPOT 7L - FEREL, MIEHOGEDTRIE 2200k,
EEMM AR T LARAT, SMMIssBEOLELMEL, PHMEFELL. A, o

well. B. hexaxial I8 A XD —F., C. oMz 2M#iaonEDxROIIE % &+ EL.

({3 106%) .

movement was marked along a specially devised
set of lines. After holes were cut in the hardened
agarose, the undersurface of each plastic plate
was inscribed with a hexaxial reference system,
as shown in Figure 1. The tip of a #23 hypo-
dermic needle and a transparent glass slide were
used. Plates were carefully checked after
inscription of the lines to be certain that spacing
was uniform and that the origin of the six
resultant radii was located at the center of the
agarose well. If these conditions were not
fulfilled, the reference system was not considered
satisfactory for use and a new set of lines was
drawn over another agarose well.
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Application of cells to plates. Celis which had
been previously washed and counted were pel-

leted by centrifugationat 250 g for 10 minutes.

at room temperature. Supernatants were
inspected for signs of cell clumping (threadlike
material, turbid appearance). If these were
present, the preparation was discarded; other-
wise, the supernatant was removed by suction
through a Pasteur pipette and the tubes were
briefly inverted to permit evaporation of excess
moisture. Agarose-free  medium containing
single-strength Tissue Culture Medium 199, 10%
horse serum, 100 IU penicillin G/ml, and 100 ug
streptomycin/ml was used to resuspend the
PMN leukocytes to a concentration of 2 X 108
cells/ml. The resuspension medium was delivered
through clean BB constriction micropipettes to
insure accuracy.

Moisture which had collected in the agarose
wells during equilibration was removed by gentle
suction through a fine-tipped pipette. Using a
clean constriction pipette for each set of cells,
aliquots of 2 X 10° PMN leukocytes in a volame
of 10 ul were delivered in duplicate to the
agarose wells.

Plate incubation and time-course studies. After
application of cells, the plates were promptly
covered and returned to the 5% CO,; humidified
chamber for 18 hours of incubation at 37C.
During this period, cells migrated radially in the
potential space between the agarose medium
and the inner surface of the plates.

For time-course studies of leukocyte migration,
plates marked with the hexaxial reference system
were briefly withdrawn from the incubator at
intervals of 1, 3, 6, 12, and 18 hours. At each
time point, the location of the advancing edge
was marked along the 6 axes of the reference
system. Precision in marking was achieved by
the use of an inverted light microscope and a
#23 hypodermic needle positioned on a fulcrum.
The impression of the needle tip on the under-
surface of the plastic petri dish created a
permanent record of the progression of PMN
leukocyte movement (Figure 1).

Fixation and staining, After 18 hours, the
agarose plates were removed from the incubator
and covered with 5 ml fixative (3:1 absolute
methanol and glacial acetic acid). As the
fixative permeated the agarose gel, the phenol
red indicator present in the tissue culture
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medium furned from a pink-orange hue to bright
yellow. When the entire thickness of gel was
yellow in color (approximately 20 minutes),
fixation was considered complete. The agarose
medium was detached by freeing the rim of each
gel with a thin glass coverslip, and then inverting
the plate. The fixed cells remained attached to
the plates and were stained with Giemsa for
10 minutes,

Examination of migration patterns. Detailed
studies of cell distribution patterns were made
under the light microscope. The peripheral edge
of cell migration was examined for the presence
of a sharp or irregular border, The distinction
between these two types of borders was obvious
and did not require formal definition. The
central area of cell migration was examined for
the presence of a dense or disperse cellular
pattern. Dense cellular packing was defined as
the presence of a touching or overlapping carpet
of cells; disperse cellular packing was defined as
the absence of a touching or overlapping carpet.
When disperse cellular packing extended out-
wards for distances greater than 25% of the
total migration radivs, a pattern of “‘central
dispersion™ was said to exist, When disperse
cellular packing was confined to less than 25% of
the total migration radius, the pattern was
described as one of “central density”. For
graphic displays of cell distribution, stained
plates were passed across the 2 mm aperture of a
densitometer (Fujiox model FD-AIV).,

Measurement of migration patterns. For time-
course studies of cell migration, plates were
mounted in a portable 35 mm slide projector
and viewed against a white background at 20X
magnification (planimetry). Measurements were
made to the nearest millimeter. The hexaxial
reference system provided a set of 6 radii for
each migration pattern. Since cells from each
individual were studied in duplicate, the average
radius of migration for a given time point and
drug concentration was taken as the arithmetic
mean of 12 migration radii. To facilitate
graphical representation, drug effects were ex-
pressed in terms of percent migration inhibition
(%MI). For a given individual, 7/, percent
migration inhibition was defined as

%MI= 100"

where dRc, ¢ was the average radius of migration
in drug-containing medium at a given concentra-

{1-
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tion ¢ and time ¢, and ,R; was the dverage
radius of migration in parallel drug-free medium
at time #. For a given drug and set of individuals
studied, a group average, %M/, ; , was defined as

M, ¢t

where ¢ and t identify the specified drug
concentration and time interval, and N re-
presents the number of individuals studied.
These average values of percent migration in-
hibition were plotted as a family of concentra-
tion curves, with %MI as ordinate and time
as abscissa.

Statistical Analysis

Pattern studies. In studies of central and peri-
pheral migration patterns, the outcome could be
dichotomized in the following manner:

Peripheral edge pattern:
IR

Central cell pattern:
P 18

The central and peripheral patterns were thus
individually suited to two-way independence
testing. Since the trial conditions and total
number of outcomes were both fixed by ex-
perimental design, Fisher’s exact test was chosen
as the appropriate method of analysis. Central
and peripheral pattern frequencies at each drug
concentration were compared with the pattern
frequencies observed in drug-free medium. P-
values were read directly from a table of the
hypergeometrical distribution, prepared for in-
dependence testing.”4 Double-tailed P-values
less than 0.05 were considered significant.

Time-course studies. Average radii of migration
were calculated as described above. For each
time interval and drug concentration, the average
radius of migration in drug-free medium was
paired by individual with the average radius of
migration in drug-containing medium. The
paired t-test was then applied. Values of t were
computed on a preprogrammed Olivetti calcula-
tor, using the mean of sample differences. One
less the number of pairs was chosen as df.
Single-tailed P-values less than 0.05 were
considered significant.

12

THY, R, B tsP3EREMIEZVE
BoEHdolEERoREch s, b3 ELBE
CHTEERORELRE LIS 77T
%MICJ xS

_ Z (%ML et
N

tEHELA BL, ekt REE0ERRE
BCEEE, NIBRENREMELRT. 0L %
WEMILEIEOFHE L, YMIEHMBIL, B
MEiige L BEMGoKEE L TRIKRL L.

i )2
BERBE PRFELIVLHEOBERAZECU,
HRyROXLFIeHFET2HLE,

sharp B85 2
not-sharp (irregular) 85854 57 % v (]

dense %
not-dense (dispersed) HT% v (B)

E>T, PFRFPLUEABOBEEREIF N FRHED
IRECHEELA, RBRESBLUBREOSRIE,
HhEbERFER L TESDAD, BHIZIE
Fisher ¢ exact ME#IBE Y & Hih & L THEIRL L.
EREGBECET P LU RBOERGEORE]
HESEQEMA DR THE L EERo 5
BEEEL A, PHEE, BHIBRE*HICAZSH
AHBRMENSHOR»S BERSE- . Wi
PHEAOGEMOBEER LA AL =,

ERTAET BEOEH2FRIEEOEICE
ELA., SHEMERUVSERBE ISR EM
REVHEHFOTPERELEZETEREFINZ g
OFBHEEEE L, EMCEHIESHEE, DT,
— it BMESToA, tHEIME T TR LS
&AM A Olivetti MEITEBEMERHL, vy 7z
OPHELHALTEELA. HOKLD 125w
RbOEEEEL LA, K PEA0.05REOEE,
HRLAhLE.



RESULTS

Gross Migration

The gross migration pattern of human PMN
leukocytes is altered at low concentrations of
colchicine and vincristine, '

Examination of agarose plates with the unaided
eye and at low-power magnification revealed
significant drug-related changes in migration
pattern. On drug-free plates, the peripheral
margin of cell migration appeared sharp and
well-demarcated, while the coating of cells in
the central area of these plates usually appeared
thin and uneven. The converse was observed for
agarose plates containing colchicine and vincris-
tine at concentrations of 10°% to 107 M and
greater. On these drug-containing plates, the
peripheral edge of cell migration was irregular
and poorly-defined, while the central area most
often appeared to be evenly filled.

Alterations in migration pattern were also
evident from densitometer tracings. The sharp
peripheral borders seen on drug-free plates
appeared as steeply descending lines at the
edges of the tracings; the uneven central area of
these plates produced gentle tapering of lines in
the internal core. In.the presence of colchicine
and vincristine, these slope configurations were
reversed. A gently tapered line was seen at the
outer edges of the tracing, while a sharp internal
core was present. The densitometer changes thus
paralleled the central and peripheral visual
findings.

The characteristic patterns of PMN leukocyte
migration on drugfree and drug-containing
plates are shown in Figure 2.

Central and Peripheral Migration Patterns
Changes in central and peripheral migration
patterns are related to changes in the density of
cell aggregation.

At high-power magnification,"the individual cells
present at the center and periphery of the
migration plates were visualized. On drug-free
plates, the cells at the peripheral margins were
closely packed, whereas cells in the central area
were loosely aggregated. Converse findings were
observed on plates containing colchicine and
vincristine at concentrations of 107 to 1007 M
and greater. On these drug-containing plates,
cells at the peripheral edge of migration were
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FIGURE 2 DRUG-INDUCED CHANGES IN THE AGAROSE PLATE MIGRATION
PATTERN AND DENSITOMETER PROFILE OF PMN LEUKOCYTES
2 FHU—RTL—FLEOBERUISPIIESFRECTNN LUV SER
B ER O WA A & B A

A. In drug-free medium, migrating cells form a sharp peripheral margin and a thinly coated
central area. The densitometer scan shows abruptly descending lines at the peripheral margins
and gradually tapered lines in the central areas of the plate. B. In medium containing
colchicine or vincristine at 108 to 107 M, migrating cells form an irregular peripheral margin
and a thickly coated central area. The densitometer tracing shows gradually tapered lines at
the peripheral margins and abruptly descending lines in the central areas (Plate magnification
10X. Dark-field illumination).
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loosely scattered, while those present in the
central area were tightly packed. Photomicro-
graphs showing these differences in cell aggrega-
tion are presented in Figure 3.

To ascertain that the observed differences in
cell aggregation were not artifacts of fixation
and staining, agarose plates were examined under
an inverted light microscope immediately after
completion of the 18-hour incubation period.
The same patterns of peripheral and central cell
aggregation were observed in these untreated
preparations as in the plates described here.

Drug-related Changes in Migration Pattern
Drug-related changes in leukocyte migration
patterns are reproducible, and first appear at
concentrations of 1078 to 1077 M.

The reproducibility of central and peripheral
changes in migration pattern was investigated at
colchicine and vincristine concentrations of 107°
to 100° M. PMN leukocytes from seven in-
dividuals were tested in duplicate on a full
series of colchicine-containing plates; leukocytes
from five individuals were similarly tested with
vincristine.  Parallel trials in drug-free medium
were also performed. The frequency of pattern
change at each drug concentration was
determined and compared with the results of
the drug-free trials. Significance was assessed by
applying Fisher’s exact test.

In colchicine-containing medium, irregularity of
the peripheral margin first appeared at a con-
centration of 10°® M; in vincristine-containing
medium, irregularity first appeared at 1077 M.
At the concentrations studied here, change in the
peripheral migration pattern occurred as an “all
or none’” phenomenon. The frequency of
peripheral pattern change was statistically signifi-
cant at colchicine concentrations of 10 M and
greater, and at vincristine concentrations of 1077
M and greater.

In contrast to the abrupt changes seen in
peripheral migration pattern, the changes
observed in central migration pattern were
graduated. In drug-free medium, approximately
30% of all migration patterns demonstrated
central density. With rising drug concentration,
this percentage also increased, reaching 100% at
a colchicine concentration of 1077 M and a
vincristine concentration of 107% M. The
frequency of central density was significantly
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FIGURE 3 CELL AGGREGATION IN CENTRAL AND PERIPHERAL AREAS
OF AGAROSE MIGRATION PLATES
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In drug-free medium, the cells forming the peripheral edge are densely packed (A), whereas
those present in the central region are loosely aggregrated (B). This pattern is reversed in 108
to 107 M containing medium, in which the peripheral edge (C) shows loose aggregation of
cells and the central region displays dense cellular packing (D). (Peripheral edge magnification
160X. Central area magnification 400X.
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FIGURE 4 PMN LEUKOCYTE MIGRATION PATTERNS AT VARYING CONCENTRATIONS
OF COLCHICINE AND VINCRISTINE
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The migration patterns of PMN leukocytes were studied at colchicine and vincristine concentra-
tions of 107 ?to 10° M. Cells from seven individuals were tested in duplicate in colchicine-
containing media; cells from five individuals were similarly tested with vincristine, A
tabulation was made of the central and peripheral distribution of cells at each drug
concentration. Findings were expressed as percent of trials showing a specified cell distribution
pattern. Significance was assessed by applying Fisher’s exact test.

Hatched bars represent colchicine trials; open bars represent vincristine trials. An asterisk (*)
is used to note drug concentrations at which the observed migration pattern differed
significantly (2P <0.05) from that of the drug-free trials.
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increased at colchicine and vincristine concentra-
tions of 1077 M and greater.

Figure 4 summarizes the observed changes in
PMN leukocyte migration patterns in the presence
of colchicine and vincristine at concentrations
of 107° to 10° M

Colchicine and Vincristine

Colchicine and vincristine inhibit leukocyte
radial migration at drug concentrations of 1078
to 107 M.
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Time-course studies of PMN leukocyte migration
were conducted at colchicine and vincristine
concentrations of 10° to 10° M. Eight
individuals were studied in duplicate on a full
serics of colchicine-containihg plates; five
individuals were similarly studied with vincristine,
Parallel time-coursecstudies in drug-free medium
were also performed. For each drug and drug
concentration, the average radius of migration
was paired by time interval with values from the
drug-free trials.  Statistical significance was
assessed by applying the paired t-test. Drug
effects were graphically displayed in terms of
percent migration inhibition.

The effect of colchicine on radial migration of
PMN leukocytes is shown in Figure 5. The
" predominant action of the drug was inhibitory,
with significant migration inhibition first appear-
ing at 6 hours in 1007 M medium. An
interesting feature of the colchicine studies was
the variation in drug effect with time.
concentrations of 107° and 10 M, a small
but significant stimulating effect was found in
the first hour; thereafter, no significant stimula-
tion was observed.  Additionally, at drug
concentrations of 1077 M and greater, migration
inhibition showed a tendency to peak at 6 hours.
At the 3- and 12-hour intervals, only four
migration patterns were available for measure-
ment at drug concentrations of 107° to 10° M.
The sample size was thus too small at these
points for accurate t-testing, but the values for
migration inhibition were included on the graphs
as they were consistent with the observed trends.

Migration inhibition in the presence of vincristine
is shown in Figure 6. As in the colchicine
trials, the predominant drug effect was inhibi-
tory. A tendency tfoward peak migration
inhibition at 6 hours was also seen. Unlike the
colchicine trials, however, there was no signifi-
cant stimulation of leukocyte migration at low
doses. Migration inhibition at vincristine
concentrations of 10% M and greater was far
more pronounced than at equimolar concentra-
tions of colchicine.

To explore the passibility of physiochemical
deterioration of colchicine and vincristine as a
factor in the apparent reversibility of migration
inhibition at late time intervals, agarose plates
containing 10® M colchicine and 107 M
vincristine were prepared in the usual manner
and stored for 18 hours at 37C in a2 humidified

At~
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FIGURE 5 TIME-DEPENDENT EFFECT QF COLCHICINE ON PMN LEUKOCYTE MIGRATION
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At intervals of 1, 3, 6, 12, & 18 hrs, the average radius of cell migration was megsured in media
containing colchicine at concentrations of (a) 167°, {b) 107 8 1c) 107, (d) 10°, & fe) 10°° M.
For each of the eight individuals studied, parallel measurements in drug-free media were also
obtained. Differences between the average radius of migration in drug-containing & drug-free
media were expressed in terms of average percent migration inhibition (see rext).

To assess the significance of drug-related changes in migration radii, the average radius of
migration in drug-free media was matched by individual to the average radius of migration in

drug-containing media at each time interval and concentration,

The paired t-test was then

applied. Significant outcome (P <0.05) is indicated in the figure by use of a black dot { @ ).
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5% CO, chamber. The plates were then charged
with leukocytes and returned to the CO,
chamber for an additional 18 hours of incuba-
tion. At the end of this period, the migration
patterns were examined and typical irregularities
in the peripheral cell edge were found. Since the
threshold effect of these drugs was preserved
over time, it seemed reasonable to exclude
physiochemical decay as a major factor in the
decline of migration inhibition beyond the
6-hour interval. It was not possible to make
direct comparisons of migration inhibition in
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FIGURE 6 TIME-DEPENDENT EFFECT OF VINCRISTINE ON PMN LEUKCCYTE MIGRATION
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At intervals of 1, 3, 6, 12, & 18 hrs, the average radius of cell migration was measured in media
containing vincristine at concentrations of (a) 10°°, (b) 1678, fe) 1077, (dy 1 s, (e} SX 10°, &
{n 10 5 M. Foreach of the five individuals studied, parallel measurements in drug-free medium
were also obtained. See text and Figure 5 for explanation of percent migration inhibition and

significance tests.
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fresh vs aged media, as storage for periods longer
than 18 hours was frequently associated with
mold growth and desiccation.

DISCUSSION

Colchicine and vincristine belong to a class of
antimitotic agents known as the antitubulins,?®
Physiochemical studies have demonstrated that
these drugs act in vitro by binding 1o tubulin, a
protein dimer present in microtubules, 2~
Evidence has accumulated to suggest that the
antitubulins also act on microtubules in vivo.
Using polarized light microscopy, Inoue®® made
an e¢arly report of the disruptive action of
colchicine on the mitotic spindle present in the
oocyte of the marine worm C. pergamentaceous.
Malawista et al®® extended these studies to
demonstrate the disruptive action of other anti-
tubulins (vinblastine, vincristine, colcemid, podo-
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phyllotoxin, and griseofulvin) on the mitotic
spindle in the oocyte of P. gouldi. Especially
compeliing findings have come from electron
microscope {EM) studies. Microtubules are no
longer evident in EM sections of human PMN
leukocytes which have been pretreated with
colchicine at concentrations of 2.5 X 10° M
and greater.:'n In similar EM studies, pretreat-
ment of leukocytes with vincristine and vin-
blastine at concentrations of 107> M has been
associated with the appearance of unusual
crystafline lattices composed of microtubule-
like units.?

The antitubulins have been reported to alter or
inhibit cell mobility in several experimental
systems. In mouse peritoneal macrophages,
Bhisey and Freed®® noted a loss of gliding
movements in cells exposed fo colchicine at
10° M and vinblastine at 10 M. Spoomgr
et al*® observed abnormal movement of cultured
glial cells at a colchicine concentration of 1076
M. In human PMN leukocytes, Ramsey and
Harris* found decreases in the rate of individual
cell movement at 107 M colchicine and 107° M
vincristine, Demecolcine, a colchicine derivative,
inhibited chemotaxis of human PMN leukocytes
at a conceniration of 10% M in a Boyden
chamber study.® A similar study by Caner!'?
demonstrated decreased chemotaxis of leuko-
cytes in the presence of 1077 M colchicine.
Some workers have been hesitant to attribute
changes in cell mobility directly to antimicro-
tubular effects, as near normal or normal locomo-
tion was observed at colchicine concentrations
sufficient to disrupt microtubules.*3* It is
interesting to note, however, that higher con-
centrations of antitubulings were required to
demonstrate inhibitory effects in experimental
systems which examined the motion of individual
cells. In Boyden chamber experiments, in which
the behavior of a cell population was measured,
lower concentrations of antitubulins were as-
sociated with significant inhibition of movement.
The difference may thus be partially attributable
to sample size and the sensitivity of study
techniques. Chemotaxis itself may be more
susceptible to antitubulin effects than simple
random migration.’

The study of Caner'? occupies an imporiant
position in the literature on the antitubulins, as
it affords plausible evidence for an anti-inflam-
matory action of colchicine in gout. At present,
the pathogenesis of acute gouty arthritis is
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understood as a process requiring the presence
of monosodium urate crystals in the synovial
fluid, phagocytosis of urate crystals by PMN
leukocytes, and acceleration of the inflammatory
cycle by the metabolic products of the inflam-
matory reaction.®*3®  Pharmacological studies
have shown that a therapeutic intravenous
injection of colchicine produces a transient
plasma level of approximately 1078 M.%®
Additionally, there is some preliminary evidence
to suggest that leukocytes sequester colchicine
intracellularly at drug levels of approximately
107 M for at least 24 hours following a
therapeutic intravenous dose.*®  Colchicine
inhibits phagocytosis, lysosomal release, and
cellular respiration, but these effects have not
been demonstrated at concentrations as low as
those detected after a therapeutic dose.!™®
Caner’s finding of decreased PMN leukocyte
chemotaxis at 1077 M thus provides at least one
possible mechanism for colchicine action which
is consistent with present distribution studies.
The numerous sol-to-gel transformations required
during cell chemotaxis may render the PMN
leukocyte especially susceptible to colchicine
effects.® '

The present study also provides evidence for
antitubulin effects on cell locomotion. In the
presence of colchicine and vincristine at con-
centration of 107% to 1077 M, the central and
peripheral patterns of cell distribution are
altered, and time-course studies of cell migration
reveal an inhibitory effect. The finding of
migration inhibition at a colchicine concentration
of 107 M is of special interest in that it
confirms Caner’s observation with an indepen-
dent technique and provides further evidence for
colchicine action at therapeutic levels.

Colchicine and vincristine produced generally
similar effects on PMN leukocyte migration in
the agarose plate system. A striking difference
was noted, however, in the degree of migration
inhibition produced at 107> M. At this con-
centration, the peak value for migration
inhibition in the presence of colchicine was
approximately 20%, whereas the peak value with
vincristine was nearly 60%. Colchicine binds
tubulin in a weak and reversible manner while
the binding of vincristine to tubulin is compara-
tively strong.2™**%* The two antitubulins also
occupy different binding sites on the tubulin
dimer.?” The differences in migration inhibition
may thus be related to physiochemical dis-
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similarities in the interaction of these compounds
with microtubular substructures.

A noteworthy aspect of the time-course studies
was the tendency for migration inhibition to
peak after 3 to 6 hours of incubation. Creasy
and Chou®” reported that colchicine enters

sarcoma 180 cells very rapidly, reaching a
maximum intracellular concentration at 20
minutes. In human leukocytes, Ertel and

Wallace*® found peak drug levels 10 minutes
after administration of an intravenous dose.
Intracellular binding to microtubular protein,
however, apparently proceeds at a slower rate,
requiring 4 to 5 hours to reach a maximum in
human KB cells incubated in the presence of
10°° M colchicine.*® A reasonable synthesis of
these observations is that colchicine distribution
occurs first as a rapid phase of cellular uptake
and second as a slower phase of intracellular
equilibration with microtubular binding sites.
The time-course observations presented here
suggest that colchicine effects may proceed in
parallel with the events of the second distribu-
tion phase.

In studies of the frog melanocyte, Malawista®
demonstrated that colchicine effects were a
function of drug concentration and length of
exposure. It was thus initially anticipated that
time-course studies of colchicine and vincristine
would show most pronounced migration inhibi-
tion at the more distant time intervals. This,
however, was not observed. A possible explana-
tion may be exhaustion of drug stores in the
central region of the agarose medium, caused by
repeated passage of cells through this area. Cells
which leave the central well at an early time
pass through the central region when its drug
content is highest and thus rececive the greatest
exposure. These cells probably experience the
greatest degree of migration inhibition and may
well be responsible for the dense cellular carpet
which appears in the central region of drug-
containing plates. Conversely, cells which leave
the central well at later times may experience
relatively little drug exposure during the first
few millimeters of travel. This population of
less affected cells may account for the diminu-
tion of migration inhibition which occurs at
later time intervals, They may also comprise
the population of farthest-moving cells which
form the irregular border on drug-containing
plates. Other mechanisms which may contribute
to the diminution of migration inhibition are
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reversibility of drug binding and cell repair
mechanisms. The irregular peripheral margins
and dense central regions may also represent
innately resistant and susceptible subpopuiations
of PMN leukocytes. *

An unexpected finding in the present study
was the small but significant stimulation of
PMN leukocyte migration which appeared
during the first hour of incubation at colchicine
concentrations of 167° and 10°® M. Significant
stimulation did not occur at any other time
interval or concentration of colchicine, or in any
trial with vincristine. Contamination seems
unlikely as an explanation, as several fresh
preparations of colchicine were used during the
study. The purity of the pharmaceutical pre-
paration itself has been previously established 3’
No similar reports have been encountered in the
literature, and the observation presently remains
as an unexplained curiosity.

Leukocyte locomotion in most experimental
systems is described as either chemotactic or
random. The Boyden chamber technique is
generally regarded as the standard method for
studying chemotaxis.*®* Commonly accepted
methods for assessment of random migration
include the capillary tube technique of Ketchel
and Favour® and leukocyte penetration of a
Millipore filter in the absence of a chemotactic
stimulus in the lower compartment of a Boyden
chamber. Recently, random walk models for
independent cell movement have been described
and applied to experimental systems. Gail and
Boone®® reported that the motion of individuat
mouse fibroblasts in tissue culture conformed
with statistical expectations for random particle
motion on a plane; similar results were obtained
by Peterson and Noble®!' in a study of PMN
leukocyte movement using a modified slide
chamber. The latier investigators suggested
that it may be inaccurate to refer to methods
such as the capillary tube technique and Millipore
filter penetration as frue measures of random
cell movement unless appropriate statistical tests
can be applied.

An interesting consideration raised by the present
study is whether the agarose plate technique
involves PMN leukocyte chemotaxis or random
migration., An element of outward chemotaxis
may exist by virtue of design, as the presence of
a central well and the repeated passage of cells
through the central area may create a local
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deficit of nutrient medium. These two factors
may account for the dispersion of cells observed
in the central region of drug-free plates. Factors
favoring random migration include presuspension
of leukocytes in a nutrient medium of composi-
tion similar to that of the agarose gel, and
application of cells to plates of homogeneous
composition.  Additionally, recent studies in
our laboratory have afforded evidence that our
agarose plate system enhances random migration
over chemotaxis (Finch, personal communica-
tion). When a diffusible chemotactic agent
(AB serum) is placed in a well near a migrating
disc of leukocytes, the cell border nearest the
chemotactic agent is drawn outward. The extent
of this outward atiraction is the same in agarose
medium prepared either with horse serum or
heat-inactivated fetal calf serum. In the absence
of a chemotactic agent, however, cell migration
in agarose medium prepared with heat-inactivated
fetal calf serum is much less than that observed
in medium prepared with horse serum. Similar
results have been obtained by Clausen.® It
would thus appear that random migration makes
the major contribution to the cell movement
obsetved in the agarose plate system utilizing
horse serum.

The agarose plate technique described here
might be well suited for additional studies. A
logical extension of the present work would be
an evaluation of agarose plate migration charac-
teristics of PMN leukocytes from individuals
receiving therapentic uoses of colchicine and
vincristine. Concomitant determination of the
intracellular concentration of colchicine in the
PMN leukocytes of these individuals would
represent an important adjunct study, as the
investigation performed by Ertel and Wallace®
only considered colchicine concentration in the
WBC population as a whole and did not include
any functional correlates. Studies of PMN
leukocyte chemotaxis in an agarose plate system
containing colchicine and vincristine would also
be of interest, Mobilization of the marginal
pool of leukocytes with epinephrine or.the
marrow reserves with corticosteroids would
provide important cell populations for compara-
tive study.5>5?

An interesting attribute of the agarose plate
system is that the migration pattern is spread
two-dimensionally along a gradient potentially
composed of cells with the most active migration
at the periphery and the least active migration in
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the central area. Differential staining techniques
may reveal some histochemical distinctions in
the populations spread along this gradient. The
effect of phagocytosis upon cell migration might
be assessed by mixing cells which have ingested
a readily identifiable material with an autologous
set of control cells, and then mapping the
distribution of each grovp on the resulting
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migration pattern.
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