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ABSTRACT.

The difference between chemotaxis (directed cell migration

in response to a gradient of a chemical in its environment)

and chemokinesis (increased cell motility in response to a

chemical in the environment) has been explored.No apparent

stimulatory effect was demonstrated by comparing serum to

simpler protein sources in the assay.Increasing gel strength

reduced migration whereas higher cell numbers in the well led

to greater migration. Using the under agarose technique little

difference is seen between the two conditions as assessed by

several established measurements although chemotaxis gave

consistently higher (~ 15%) results in each case.Applying

videomicroscopy to the system, again there were slight but

significant differences between the two conditions, but

unexpectedly both chemokinesis and "random" (which are both

forms of cell migration in the absence of a known directional

cue) had turning angles significantly different from that

expected by chance alone.In all cases as step speed increases

the subsequent angle turned from the radial direction was

decreased and also the cell tended to continue in the general

direction of its previous step. These results could not be

reproduced in a system where the steps and angles were

generated in a pure random fashion. The significance and

possible cause of the bias seen is discussed.



INTRODUCTION.

The history of research into chemotaxis is over 100 years

old. It was investigated in the late nineteenth century and

first two decades of this century but fell into a quiescent

period, until about 25 years ago. It was the description of

a new method of studying this phenomenon, by the use of

migration of neutrophils into a microporous filter which

stimulated a resurgence in interest into the subject. Since

then other assay systems have been developed,some based on

old ideas;these coupled with advances in cell biology and

biochemistry have led to a much deeper understanding of cell

mot i 1 i t y.

The first mention of acccumulation of blood cells in

response to an injury appears to be that of Addison in 1849.

He described "lymph globules" adhering to vessel walls then

migrating out of these vessels, following the application of

a grain of salt to a frog' s foot web.

It was Leber, in 1888, who first coined the term

"Chemotaxis". He performed in vivo experiments, in which

capillary tubes were placed into the anterior chamber of a

rabbit's eye. Various test substances were introduced to

these tubes, such as Staphylococci,and an accumulation of

leukocytes was noted into the capillaries. However, he

found that saline or distilled water could evoke entry of

leukocytes into the tubes-indeed he was unable to find any

substance that would be "indifferent" i. e. not cause egress

of leukocytes into the capillary tube.
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The following year Pfoel criticised this technique on the

basis that leukocytes could not move against gravity, their

accumulation being due to convection currents <Pfoel, 1889).

He used direct visual observation on capillary tube

experiments to come to these conclusions. His paper was

important in that not only did it point out inadequacies in

the system but it showed the importance of direct microscopy

in the study of leukocyte motility.

Several investigators continued to use the capillary tube

method (reviewed in Harris, 1953) but Ruchladew, also using

a combination of capillary tube and direct microscopy, showed

large numbers of erythrocytes (which are non-motile) in the

tubes; in addition the number of leukocytes depended on the

calibre of the tube (Ruchladew, 1910). This was the death

knell for the capillary tube technique,but it still has been

used occasionally (e.g. Ketchel and Favour,1955;

Miller,1974) and is used extensively in the study of

bacterial chemotaxis (Adler, 1976; Berg, 1986; Manson,

Blank, Brade and Higgins, 1986).

The idea of direct microscopic observation was taken up by

Comandon who used it in isolation, rather than in

combination with the capillary tube method (Comandon, 1917).

He described the behaviour of leukocytes from a Japanese

bird, Padda Oryzivora, towards erythrocytes infected with the

parasite Haemamoeba Danilewskii. Using the technique of

time-lapse microcinematography, that is photographing the

c011s (on q s lide with cover slip) through the microscope
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then running the film on a screen (at a faster rate- to give

the impression of "speeding up the events") he made several

important observations:

1. At the start of filming the leukocytes are immobile

and rounded.

2. After some minutes the leukocytes put out pseudopods

toward the parasitized red cell.

3. It then moved toward it in the direct line between

the two, until it contacted it.

These findings have been confirmed in other assays by

numerous workers (Harris, 1954; Ramsey, 1972; Wilkinson and

Allan, 1978; Zigmond, Levitsky and Kreel, 1981).

Several years later McCutcheon extended these observations

to mammalian leukocytes and as well as giving details of

speed of the cells (McCutcheon, 1923), devised an measure of

the "straightness" taken by them-the Chemotropism Index

(Dixon and McCutcheon, 1935), He also showed that it was

the neutrophil granulocyte that was responsible for the

observed movement, and claimed that its response to

stimulation (in this case toward a clump of Staphylococcus

albus) was mainly directional, as measured by the

chemotropism index, rather than an increase in speed. In

summarising his work (McCutcheon, 1946) he believed that

bacteria may produce chemotactic effects in two ways; one,

by producing substances in the course of their metabolism

that attract leukocytes; two, indirectly via injury of host

tissues; the latter then releasing products that attract the
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granulocytes. As things have turned out he was certainly

correct on the first assumption, and with qualification also

the second.

Harris <1953) also made use of the direct observation

technique (that is, the slide and coverslip preparation) and

described the haphazard movement of neutrophils not subject

to any directional stimulation; and the directed movement to

a clump of bacteria-again, Staph, albus and also other

microorganisms such as Salmonella typhi. Interestingly

starch was also shown to attract neutrophils. However, dead

tissues (spleen, skin and dead leukocytes) produced the

haphazard type of movement seen with no other material

present in the system.

In 1962, a new method of investigating leukocyte motility

that stimulated many to enter into this fascinating field.

Boyden described the movement of neutrophils into a

nitrocellulose filter. This contained tortuous pores into

which the cells moved and this could be stimulated by

substances placed beneath the filter (Boyden, 1962).

Generally several systems have been used to look at

leukocyte motility, starting with the capillary tube method

mentioned above and really of historical interest, at least

as far as leukocytes are concerned. Microcinematography has

always enjoyed popularity; of all the methods this is the

only one that can provide dynamic information about

individual cells.

The use of in vivo systems such as modification of the
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Rebuck skin window technique (Rebuck and Crowley, 1955) has

been used from time to time, with variable results. It has

been the Boyden Millipore system and later the Under Agarose

System which have provided the framework for much of the

advancement in knowledge in the past 25 years.

The Millipore Filter System

The principle of this is quite simple on first examination

but running the experiments can be involved, and

interpretation of the results complex.

As described by Boyden <1962), the system consists of a

pair of chambers (upper and lower) separated by a membrane

made of nitrocellulose. Between both surfaces of this are

tortuous pores;membranes are available with pore sizes from

0.lp to 12p-general1y 3p is commonly used for neutrophil

chemotaxis. A chemoattractant solution is placed in the

lower chamber, or medium alone as control;a cell suspension

is put into the upper chamber and the whole assembly

incubated for 1 to 3 hours usually. Following this the

system is disassembled, the filter fixed and stained then

movement into the filter is measured using a microscope with

micrometer attachment.

Several workers have looked at the gradients formed across

the filter (Lauffenberger and Zigmond, 1980;Keller, Wissler,

Damerau, Hess and Cottier, 1980;Vicker, 1981; Grimstad and

Benestad, 1982): for small molecular weight <up to 400

Daltons) compounds, the gradients appear to be rapidly
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formed, linear and stable. One of the main advantages of

this system is the ablity to evaluate soluble agents under

gradient conditions which earlier methods could not. Mainly

because of the use of this system, bacterial proteins (Ward,

Lepow and Newman, 1968; Schiffmann, Corcoran and Wahl,

1975); products of the complement cascade (Fernandez,

Henson, Otani and Hugli, 1978) and eicosatetraenoic acid

derivatives (Goetzl, Brash, Tauber, Oates and Hubbard, 1980)

were found to stimulate neutrophil motility. The original

design has been modified by most workers in this field,

usually to smaller versions (the original chamber was

39*23mm) allowing conservation of cells and attractant.

Notable examples include that of Wilkinson (1974) who used a

cut-off tuberculin syringe barrel as an upper chamber and a

48-well microsystem (Falk, Goodwin and Leonard, 1980) which

is especially useful for experiments with a large number of

variables e.g. the checkerboard assay (Zigmond and Hirsch,

1973).

Evaluating the response has been a problem, Initially,

the number of cells reaching the lower surface of the filter

at the end of incubation were counted (Boyden, 1962; Phelps,

1969). Investigating the millipore system closer by placing

a second filter (of 0.45p pore size-to prevent any further

migration), Keller and his colleagues were able to show

considerable loss of cells from the lower surface (Keller,

Borel, Wilkinson, Hess and Cottier, 1972). This was

confirmed by plotting the lower surface count against time:
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after an initial rise in the count there was a fall in

numbers as cells were lost to the lower chamber (Zigmond,

1974). A simple solution to this is to run the experiment

with two filters and count the number on the lower surface

as before by using the technique of Keller mentioned above.

Alternatively, the second filter may have pore sizes

permitting entry, cells can then be counted in here manually

or, by using radioactively labelled cells, in a

scintillation counter-the count from this being proportional

to the number of cells entering the second filter (Gallin,

Clark and Kimball, 1973). Alternatively, the cells can be

labelled with a fluorescent dye and the numbers entering the

second filter measured f1uorimetrical1y <Shah and Larson,

1984). An attempt to prevent cells falling off the lower

surface by using polycarbonate filters not coated with

polyvinylpyrrilodone <which commercial ones are) to improve

adherence to the lower surface (Harvath, Falk and Leonard,

1980) has not found popularity, partially because the

filters used are thin <10p). A cell retrieval assay has

been described in which cells are released from the distal

filter surface and lower chamber by chelation and then

counting this combination either manually or in a

fluorescence activated cell sorter (Grimstad and Benestad,

1982). Another solution is to allow the cells to migrate

into the filter then stop the experiment before they can

reach the lower surface. The distance traversed by the

furthest cells is measured. This technique was popularised

7



by Zigmond and Hirsch <1973) and became known as the Leading

Front method. As well as being quicker to evaluate its

variance between filters in the same experiment is a lot

less (Zigmond, 1974). Since then it has been the most

commonly used method to evaluate migration in the filter

system. The most comprehensive method to date has been to

count the number of cells at certain shallow intervals

through to the furthest set (Swanson and Becker, 1976;

Schreiner and Vaula, 1978; Maderazo and Woronick, 1978).

All show a peak of cells at the upper surface, followed by

an approximately logarithmic fall in cell numbers to the

leading set.

In a comparison of the leading front measurement with the

multi-level count method, Maderazo and Woronik <1978) showed

an excellent correlation between the two if the peak due to

cells remaining on the upper surface was ignored. However,

Swanson and Becker <1976) have pointed out that the leading

front measurement can miss subtle alterations in cell

population response: with a phosphonate inhibitor present in

the system, no reduction in migration was seen by the

leading front technique, but with multi-level counting

inhibition of migration was obvious.

Unfortunately, the problems do not rest there. Early on,

variability in filter batches was pointed out (Keller and

Sorkin, 1967) and subsequently confirmed by others (Jungi,

1978; Wilkinson, 1982). It is even important which way up

the filters are placed in the assay; if orientated as they
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were shipped, the response may be only half that seen

compared to inverting the filters prior to running the

experiment <Jungi, 1978; Grimstad and Benestad, 1982). As

well as confirming these results, Nind (1981) showed that

autoclaving the filters decreased migration into them,

apparently because of shrinkage of the pores.

The Under Agarose System.

An under agar technique was first suggested in 1968

(Carpenter, Barsales and Ganchan, 1968). Cells from

explants of various tissues including lymph node, spleen and

peritoneal exudate, migrated predominantly between the agar

and petri dish. The method appears to have been forgotten

until taken up again by Clausen (1971). He modified the

system by using agarose, a special mixture of agars with a

low charge and therefore high gelling ability. Using a 1%

agarose gel and putting peripheral leukocytes into pre¬

punched wells, he showed that migrating cells were only

found between the gel and the dish; further, no erythrocytes

were found even at 24 hours incubation, implying that only

motile cells passed under the agarose. Confirming these

results, Cutler (1974) also showed that if a second hole

were punched some distance away from the first,

chemoattractants could be put in it and that an optimal well

size was 2.4mm, Nelson's modification of this differs in

detail only (Nelson, Quie and Simmons, 1975) but he is

generally given the credit for introducing the under agarose
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syst em.

A scanning electron microscopic study (Nelson, Fiegel and

Simmons, 1976) showed motile forms of neutrophils under the

agarose both in stimulated and unstimulated conditions. In

the system, agarose powder is addeed to water and heated

until it dissolves. As it cools, an equal volume of double

strength medium is added together with a protein source;

usually serum. The mixture is allowed to cool then holes

are punched into the gel. Three holes are made, a central

one for the cell suspension, an outer well for

chemoattractant and an inner one for control medium.

After l-2hr incubation the gel is flooded with fixative,

then stained with Wright's solution and the distance the

leading two cells have reached is measured with an ocular

micrometer. This is analagous to the Leading Front method

in the millipore filter system. The distance migrated

toward the control well <'A'>, is subtracted from the

distance toward the attractant well CB'). This is the

"Chemotactic Differential"; a "Chemotactic Index" is given

by the quotient, A/B (Nelson, Quie and Simmons, 1975).

As in the millipore filter system, the formation of

chemical gradients has been studied (Lauffenberger and

Zigmond, 1981; Vicker, 1981; Dahlgren, Magnusson and

Sundqvist, 1984; Uden, Hofstrom and Palmblad, 1986), In

theory (Rothman and Lauffenberger, 1983) and by studying

fluorescein and tritiated peptide profiles across the gel

(Uden, Hofstrom and Palmblad, 1986) these gradients form
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rapidly; remain stable for several hours and are linear for

small molecular weight <<400 Daltons),

With the realisation that the millipore filter system had

some serious limitations, the under agarose method was

enthusiastically received and over the first few years

following its inception efforts were directed to examining

variables of the assay.

1. Well Size and Distance Apart

This was examined

originally by Cutler <1974). Using well diameters between

2. 4mm and 5. 5mm, he found that as long as distance between

wells (adjacent edges) was equal to diameter of the wells,

then there was little difference in migration lengths. With

large distances between small wells the response was less,

decreasing as wells were moved further apart. He most

commonly used 2. 4mm diameter wells, 2. 4mm apart. A smaller

distance apart might create problems with neutrophils

reaching the attractant wel1-analagous to cells dropping off

the lower surface in the filter method. These parameters

were used by Nelson (Nelson, Quie and Simmons, 1975). In

his study of several variables in the assay, Repo found 3mm

optimal, in comparison to 4 and 5mm apart; distances lower

than 3mm between wells were not investigated and the well

diameter was 3mm throughout (Repo and Kosunen, 1977). No

significant difference was found between responses when

wells were 2. 5 or 3. 5mm apart (Glasser and Fiederlein,

1979). In general virtually all users of the under agarose
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system use 2. 4-3. Omm diameter wells, 2. 4-3. 0mm apart, though

larger separations have been occasionally used (Klein,

Fischer, Gard, Biberstein, Rich and Steihm, 1977).

2. Incubation Time

This was also investigated by Cutler

(1974). He found that migration distances increased with

time, both under control and stimulated conditions up to 4

hours. After this, the response plateaued out particularly

when attractant was present in the outer well. Repo (1977)

confirmed these results, and thought the response to

activated serum slowed after 2 hours. In comparing the

amount of movement seen at various times up to 16 hours

incubation it was found that approximately one half of the

total (16 hr) migration occurred by the end of 2hr (John and

Seiber, 1976). Rapid migration up to 3hr was observed

(Tono-Oka, Nakayama and Matsumoto, 1978) and confirmed by

others (Glasser and Fiederlein, 1979; Belsheim, 1981). In

keeping with these findings, two hours seems to be the most

popular incubation time to use for neutrophil studies.

3. Agarose Type and Percentage.

As percentage of agarose

in a gel increases, so does the strength of the gel

(Guiseley and Renn, 1977). The effect of this on neutrophil

migration was first investigated by Clausen (1973). Using

between 0. 75% and 1. 5% gels, he found 0. 75% and 1. 0% gels to

give the optimal migration but the lower concentration had

reduced optical clarity. Higher concentrations reduced
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migration. Repo <1977) examined concentrations between 0.6%

and 1.4% under control and stimulated conditions, "Random"-

i. e. unstimulated locomotion was completely inhibited at

1,4%; with activated serum present the migration area was

markedley reduced at this concentration. One percent gave a

good response when compared to the lower concentrations in

both sets of experiments. However, in another study, 0. 5%

gave a greater leading front response than 1.0% (Tannous and

Cavender, 1980). A working range of 0.5%-2.0% has been

suggested, below this the gel is too soft to cut, above this

it gels before it can be plated out (Mollison, Carter and

Krause, 1981). They also compared two types of agarose;

from Seakem and Litex. There were slight differences only

between the two under most conditions though the Litex

agarose supported minimal neutrophil migration in the

absence of a protein source. Dahlgren <1986) found that

agarose was superior to agar in the assay, but that

Indubiose gave better results still. In summary, most

investigators use 0.5-1.0% agarose from various commercial

sources.

4. Effect of Cell Number

Generally as cell number applied to the

well increases then so does the migration area and leading

front, Clausen, (1973) was the first to show this and found

that the response plateaued out at higher cell numbers <>10s

per well) was confirmed by Nelson, who also described an

increase in leading front migration between 2.5*10-' and 10e
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cells per well. Both stimulated and unstimulated migration

were found to increase with rising cell number, more so

under baseline conditions (Repo and Kosunen, 1977). A

linear increase in migration was also shown by Glasser and

Fried <1979). A plateau was seen at cell densities over

1.25*10® (Belsheim, 1981). In contrast, a lower limit of

2.5*10®, has been recommended (Chenoweth, Rowe and Hugli,

1979); below this there is "scant" migration. In a study

particularly directed at elucidating the role of cell

number, a minimum of a thousand neutrophils per well to get

any response whatever was required, and increasing cell

numbers gave increasing response (Shaak and Persellin,

1981). It would seem that there is a basic nuber of cells

that need to be loaded into the wells, and increasing the

cell number beyond this will increase response up to a

maximum. After this is reached no further gain is seen.

5. Protein Source

There is a requirement for some

type of media protein in this system. Serum was used

initially (Clausen, 1973; Cutler, 1974) but it was Nelson

who showed that there was an absolute requirement (Nelson,

Quie and Simmons, 1975). The method of Cutler (1974) is

interesting in that the serum is added to the cell

suspension only. Comparing serum (10%) against human serum

albumin (0.5%), in the agarose, migration areas were found

to be higher with serum than with albumin and that human

serum was better than foetal calf serum; by increasing the
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concentration of albumin to 4% a corresponding increase was

seen in migration, but not equal to that of serum (Repo,

1977). He advocated using heat-inactivated serum as agarose

would activate fresh serum. Gelatin has also been used as a

protein source (Chenoweth, Rowe and Hugli, 1979) in this

case in the agarose and as a coating on the glass

substratum. Control expriments with no protein source

whatever, showed no migration and it was noted that the

agarose was very adherent to the substrate. In comparing

gelatin (0.25%) with foetal calf serum (5%), stimulated

locomotion was greater with the simpler protein source. An

increase in "random" and stimulated migration was seen when

fresh serum was used in place of heat-inactivated, thirty

minutes heating was optimal for suppression of this fresh

serum activity, beyond this migration increased again (Dahl

and Lindroos, 1979). Very low migration was noted in a

study to define conditions of locomotion in the absence of a

protein source. Gelatin was noted to support a good

response under nonstimulated and stimulated conditions;

further, albumin lead to greater migration than serum under

"random" conditions (Mollison, Carter and Krause, 1981).

Using agar in the gel, a requirement for protein was noted

by Belsheim (1981), this was added to the cell suspension

not to the agar. Under baseline conditions heated serum was

superior to simpler sources, but there was no significant

difference between albumin, gelatin and serum (heated) with

attractant in the outer well. No difference between fresh
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calf serum and heated human serum was found in a study using

human neutrophils (Garcia De Olarte and Abramson, 1983); and

a need for serum was reported in an under agar system

(Goedemans and De Jong, 1985).

There seems little doubt that some form of protein is

required in this system but the problem appears to be

whether serum is stimulatory or the simpler sources are

adequate for optimal locomotion of the cells.

6. Evaluating the migration response.

A number of

methods have been used to guage the migration response.

They share similarities with those used to evaluate the

response in the millipore filter system. Areas of migration

were measured by Clausen (1971), the areas being compared to

control areas. A rate parameter, in terms of velocity of

the leading front per hour, was determined by Cutler (1974).

A variation of the leading front method has been introduced

by Nelson and his colleagues (Nelson, Quie and Simmons,

1975); the distance to the leading front pair of cells is

determined towards the attractant well, ("A") and in

addition, a reading is taken on the side toward the control

well ("B"). The difference (A-B) gives the " chernot act ic

differential". This has been used by several workers since

then (Chenoweth, Rowe and Hugli, 1979; Schreiner, Kalager

and Vaula, 1980; Rabinovich, De Stefano and Dzizanowski,

1980). A modification of this is to determine the control

value on a separate agarose plate (occasionally given the

16



abbreviation "C">, then to subtract as before (Repo and

Kosunen, 1977). The density of cells (number of cells per

unit area) on an arbitrary scaling system has also been used

in addition to the standard leading front (John and Sieber,

1976). A variation on this is to record the number of cells

at a particular distance (Glasser and Fiederlein, 1979);

this is the type of analysis favoured on theoretical grounds

(Rothman and Lauffenberger, 1983) and has been taken up by

others (Schaak and Persellin, 1981).

Quantitation by three different methods was examined by

Orr and Ward (1978): a dose-response curve for chemotactic

differential showed a rise then fall both when the "A-B" and

"A-C" method as outlined above were used. When high

concentrations of attractant were used the "B" value rose

implying some stimulation of the supposed control sample.

They also looked at the number of cells at a several levels

of migration, and found the densities to vary inversely with

distance and the shape of such profiles depended on the

attractant used. In a comparison of leading front, number

of cells at a given distance and the orientation of the

neutrophils, variation of all three techniques were found to

be low (on a day-to-day basis) and that orientation tended

to decrease with lengthening incubation time (Palmblad, Uden

and Venizelos, 1981). A computerised method is available

for measurement of leading front and migration area (Coates,

Harman and McGuire, 1985).
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The Orientation Assay.

The two systems which had helped fuel the

renaissance in investigation into leukocyte motility could

not give information about individual cell behaviour. By

adapting the slide-coverslip method to allow gradient

conditions, the number of cells orienting to an attractant

source could be seen and counted.

Harris <1953) had used a slide with a central hole whose

underside could be sealed and the well so formed filled with

attractant or control solutions. Making linear scores

across a slide, then placing attractant in one and control

solution in the other, cells placed between these lines can

be observed for locomotion toward the linear wells, or as in

the assay originally described, just assessed as to

orientation preference (Zigmond, 1977). A standard

microscope slide is modified by scoring two linear wells

across its width, 1mm apart; chemoattractants or control

substances are placed in these wells, a drop of cell

suspension is put onto the slide between the wells and a

coverslip used to seal the system. Using fluorescein

isothyocyanate dye as a marker of similar molecular weight

to the chemotactic peptides, steep and stable gradients were

demonstrated by densitometry . Neutrophils were found to

respond rapidly and under optimal conditions over 90% were

orientated toward the source well. Steepening the gradient

(that is, having a greater concentration difference between

the two wells) gave a larger response (i. e. numbers of cells
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directed to the well with the higher concentration) and this

was confirmed in a parallel millipore filter assay. A

remarkable result is that in shallow gradients <one well at

twice the concentration of the other), an orienting response

is still demonstrable-under the geometry of the chamber, a

100% increase in concentration i.e. doubling concentration

between the two wells, amounts to a 1% change in

concentration across lOpm, the diameter of a neutrophil

(Zigmond, 1977). However, polarised morphology is seen in

the presence of chemoattractant but under non-gradient

conditions (Haston and Shields, 1985).

In Vivo Systems.

These have begun to achieve greater

popularity in recent years. Most are modifications of the

skin blister technique (Kiistala,1968) in which a suction

force is applied to a prepared area of skin, creating a

blister which is de-roofed and chambers applied. Using this

in combination with a millpore filter, a large accumulation

of neutrophils were demonstrated under control conditions

(Fernandes, Anderson and Ras,1985); this was thought to be

due to activation of endogenous complement and products of

arachidonic acid metabolism. A large coefficient of

variation between two similar chambers was noted by Scheja

and Forsgren <1985) but that the system could distinguish

between the attractant ability of fresh and heat-inactivated

serum. Cell collecting chambers have been implanted, left

for a time then removed and examined histologically (Zetter,

19



Rasmussen and Brown, 1985; Mellor, Myers and Chadwick, 1986):
these have shown a greater cell accumulation when the

chemotactic peptide, FMLP was used in the device. Abrading
skin then placing a rnillipore filter chamber on the dermis
demonstrated a predominantly polymorphonuclear response up

to 6 hours, then the appearance of monocytes; activated
serum increased the accumulation of neutrophils <Otani and

Hugli,1977). Another study has used the subdermal injection
of air to create a chamber, and shown a peak accumulation of

neutrophils occurs at concentrations of FMLP that produces
optimal responses in vitro (Lawman, Boyle, Gee and Young,
1984).

Lack of consistency and the possible existence of

endogenous factors are two disadvantages of these studies,
the development of a reliable in vivo technique would be
satisfying both mentally and to extend the observations made
using in vitro systems.

Invasion of collagen and fibrin gels by neutrophils is
another technique recently described (Islam, McKay and
Wilkinson, 1985). Although entry of the cells was poor

under nonstimulated conditions, if FMLP was incorporated
into the gel either uniformly or as a gradient, then many
cells entered the gel. Dose response was similar to the
under agarose system but the leading front migrating cells
moved at only 2. lpm/min.
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CHEMQATTRACTANTS.

A variety of chemoattractants have been applied

over the years in the study of leukocyte chemotaxis, Leber,

<1888) used colonies of bacteria and soluble extracts of

Staphylococcus aureus, serum was used by Ruchladew <1910) and

parasitized erythrocytes by Comandon <1917). In another

microcinematographic study, McCutcheon placed clumps of Staph,

albus at one end of a siide-coverslip preparation, and

observed the movement of neutrophils toward this (McCutcheon,

1923). A similar technique was used by Harris, (1953). The

introduction of the millipore filter system created the need

for soluble chemoattractants once more, indeed Boyden himself

added serum, activated by immune complexes, to the lower

chamber of his system and found that activity still existed

when these complexes were removed from the serum (Boyden,

1962). Activated serum and bacterial culture filtrates (Ward,
\

Lepow and Newman, 1968) formed the main groups of attractants

in the first few years of evaluation of the millipore filter

system. Culture filtrates from bacteria contain many

different components, and elucidation of which are responsible

for neutrophil responses would obviously help unravel some of

the cellular processes involved in chemotaxis. It was with

this in mind that Schiffmann and his colleagues set out and

subsequently showed that formylated peptides were potent

chemoattractants of leukocytes (Schiffmann, Corcoran and Wahl,

1975). A large group of these formylated peptides were

synthesised and the most commonly used has been formyl-
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methionyl-leucyl-phenylalanine (FMLP). This was the most

active peptide of the group with peak activity occurring at

InM (Showell, Freer, Zigmond, Schiffmann, Aswanikumar,

Corcoran and Becker, 1976), and it has been identified as the

major component of the chemotactic activity in E. Coli

culture filtrate (Marasco, Phan, Krutzch, Showell, Feltner,

Nairn, Becker and Ward, 1984). More potent tetra and penta-

peptides based on FMLP but also with modified side chains have

been synthesized (Freer, Day, Muthukumaraswamy, Pinon, Wu,

Showell and Becker, 1982). Soon after the discovery of these

formylated peptides as potent stimulators of neutrophil

function a receptor was identified on the cells (Niedel and

Cuatrecasas, 1980) which had specificity for the formylated

group (requiring the L-isomer and N-terminal formyl moiety)

and there were thought to be about 2,000 of these receptors on

each neutrophil in human peripheral blood (Williams,

Snyderman, Pike and Lefkowitz, 1977); but using a fluorescent

probe a figure of 100,000 binding sites per cell has been

calculated (Neidel, Kahare and Cuatrecasas, 1979). Tritiated

FMLP was used by to compute a figure of 55, 760 sites on each

cell (Koo, Lefkowitz and Snyderman, 1982). Improved

biochemical techniques have estimated the number at 10,300

receptors per human neutrophil (Allen, Tolley and Jesaitas,

1986). A figure of 100,000 binding sites were estimated on

rabbit peritoneal exudate neutrophils (Aswanikumar, Corcoran,

Schiffmann, Day, Freer, Showell, Becker and Pert, 1977;Koo,

Lefkowitz and Snyderman, 1982). Studies with tritiated
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formyl-norleucyl-leucyl-phenylalnine <FNLLP> also to rabbit

peritoneal cells implied there were 76,000 receptors on each

neutrophil (Sha'afi, Williams, Wacholtz and Becker, 1978).

Binding is rapid, saturable and antagonisable with analogues

of FMLP (Aswanikumar, Schiffmann, Corcoran, Pert, Morrell and

Gross, 1978); it was also reversible (Williams, Snyderman,

Pike and Lefkowitz, 1977). This receptor is not a general

chemotaxis receptor as competitive experiments with the

chemotactically active component of complement, C5a, have

shown (Freer, Day, Muthukumaraswamy, Showell and Becker,

1981), but a study using membrane labelling, while still

agreeing that binding sites for the formyl peptides and C5a

are different, argued that the two may be on the same receptor

and also this may be the site of action of the

eicosatetraenoic acid (HETE) derivatives (Goetzl and

Hoe, 1979). More elaborate studies on the nature of the

receptor for FMLP have shown it to be a 63K glycosalated

protein (Allen, Jesaitas, Sklar, Cochrane and Painter, 1986)

which avidly binds the tripeptide. It appears to exist in

high and low affinity forms which are partly interconvertible:

about 25% of the receptors are in the high affinity state

(Koo, Lefkowitz and Snyderman, 1982). There may be several

points of interaction in the receptor-1igand complex (Freer,

Day, Muthukumaraswamy, Pinon, Wu, Showell and Becker, 1982).

Recycling of the N-formyl peptide receptor is thought to occur

on the basis of experiments showing reduction of binding of

labelled peptide after preincubation with unlabelled ligand
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(Neidel, Wilkinson and Cuatrecasas, 1979; Sullivan and

Zigmond, 1980), the number of available receptors may decrease

by up to 80% (Zigmond, 1981). This phenomenon is temperature

dependent, though there is still 21% loss of binding in

experiments performed at 4°C (Sullivan and Zigmond, 1980).

The reduction in binding is thought to be due to

receptor/1igand internalisation on the basis of further

labelling studies with cell fractionation; the internalised

ligand appears in the cytosol and also the Golgi complex

(Vitkauskas, Showell and Becker, 1980; Jesaitis, Naemura,

Painter, Sklar and Cochrane, 1983). This process of apparent

receptor loss is called "down-regulation". However, this is

short lasting and receptor number increases on the surface

("up-regulation", Nunoi, Endo, Chikazawa and Matsuda, 1985); a

steady state is achieved where internalisat ion of receptors

matches reappearance either by recycling of original receptors

or, release of new receptors from an intracellular pool

(Zigmond, Sullivan and Lauffenberger,1982). Evidence for the

latter comes from a study using proteolytic alteration of the

surface receptors. The altered receptor was then subjected to

down-regulation with formyl peptide, the latter washed off to

allow receptor recovery: the receptors that reappeared were

not of the altered type (Neidel and Dolmatch, 1982). Thus it

is not strictly receptor recycling but rather receptor

replacement that occurs. There is good evidence that this

spare pool may reside, at least in part, in the specific

granules of the neutrophil (Gallin and Seligmann, 1984).
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Recent work has elucidated the function of these receptors

still further; the result of interaction between the receptor

and formylated peptide is activation of a guanine triphosphate

dependent protein (known as protein N). This second signal

then activates the membrane enzyme, phospholipase C, which in

turn splits phosphotidyl inositol bisphosphate into two

intracellular messengers. The first of these, 1,2-

diacylglycerol activates protein kinase C in the cell and this

appears to be responsible for the respiratory burst seen in

leukocyte activation. The second intracellular messenger,

inositol triphosphate, leads to the release of calcium from

cell pools and is thus available for microtubule assembly and

other functions associated with the locomotor response

(Snyderman, Smith and Verghese, 1986). There is evidence that

two receptor pools exist, one dissociating the ligand rapidly

(in minutes), the other much more slowly (several hours); the

slow form may be controlled by (and could a modification of)

the fast receptor (Zigmond and Tranquillo, 1986). Since

specific receptors exist for these synthetic peptides, which

are active at such low concentrations, the question has arisen

as to what the receptors might recognise in vivo. Bacterial

signal peptides seem the most likely candidates either whole

or in part (Bennett, Hirth, Fuchs, Sarvas and Warren, 1980).

Bacterial and mammalian cells synthesize proteins often with

an N-terminal extension: the signal peptide. The function of

the extension is probably to assist passage of the protein

across membranes. Once it has performed this task it is split
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off from the parent protein. It has been shown that the

precursor protein of Bacillus Licheniformis <i. e.

beginning with the signal peptide) is stimulatory to

neutrophils but that the native enzyme is not (Bennett, Hirth,

Fuchs, Sarvas and Warren, 1980). The signal proteins are at

most 20 amino acids long (hence readily diffusible) and in

bacteria all begin with the formyl-methionyl group, thus they

seem likely contenders as the source of formylated peptides to

act on the receptor for FMLP on neutrophils. The most

thoroughly investigated member of the synthetic formylated

peptide group has been FMLP; in common with the series of these

peptides, interaction of the ligand with receptor leads to

several changes in cell function:

1. Stimulation of neutrophil locomotion.

2. Increase in lysozyme release.

3. Release of other enzymes such as ^-glucuronidase,

4. Induce a respiratory burst resulting in increased

consumption of oxygen.

5. Enhance production of superoxide and peroxide

(Becker, 1979).

The concentration to give a half maximal response (the ED50)

differs for these activities. In the millipore filter system

this value (for chemotaxis) is 7*10 11 M; the concentration

giving half-maximal enzyme release (lysozyme and (3-

glucuronidase) is 2.5*10""''° M (Day and Freer, 1979; Kreutzer,

0' Flaherty, Orr, Showell, Ward and Becker, 1978). This has

been shown for several members of the group (Becker, 1979) and
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the mechanism may be through the high affinity receptor

mediating directional responses and enzyme secretion governed

via the low affinity receptors (Snyderman, 1982). High

concentrations cause a decrease in cell function, a process

called "deactivation" first described for a chemotactic

fragment derived from complement activation (Ward and Becker,

1968) and also seen with casein (Jungi, 1977) and

lipopolysaccharide activated serum (Sveen, 1979). The

phenomenon is attractant specific (01Flaherty, Kreutzer,

Showell, Vitkausus, Becker and Ward, 1979; Wilkinson, 1982),

although slight (about 15%) reduction in responses both to

random and stimulation with other classes of chemoattractant

have been reported (Issekutz and Biggar, 1977; Nelson,

McCormack, Fiegel and Simmons, 1978). Prior exposure of

neutrophils to FMLP in high doses (100* that required for

optimal release) leads to a reduction in cytochalasin B

induced lysosomal enzyme release (Showell, Williams, Becker,

Naccache and Sha'afi, 1979; Vitkauskas, Showell and Becker,

1980) and confirmed for chemotaxis to FMLP (Wilkinson 1979;

Donabedian and Gallin, 1981). Deactivation is not due to a

toxic effect on the cells (Jungi, 1977) but appears to involve

the cell surface, either through an activatable esterase

necessary for the chemotactic response (Ward and Becker, 1968)

or through receptor controlled cation gates (Showell,

Williams, Becker, Naccache and Sha'afi,1979), A final common

path or direct effect may be on the microtubule system

(Spilberg, Mandell and Hoffstein, 1979;Dal1egri, Lanzi and
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Patrone, 1980). The forrnylated peptides thus seem to have a

sound basis as playing an important role in neutrophil

activation and locomotion. This certainly seems to be so in

cells from human and rabbit sources,but they do not appear to

be universal polymorph stimulants, as horse neutrophils

respond only slightly at high concentrations (Zinkl and

Brown, 1982) also pig polymorphs fail to respond at all and, in

addition, do not have any receptors for the peptide on their

surface (Chenoweth, Lane, Rowe and Hugli, 1980).

Components of serum complement have been known to be

chemotactic for neutrophils for over 20 years the activity

seeming to lie almost entirely in the C5 fragment (Snyderman,

Gerwuz and Mergenhagen, 1968). Subsequent studies showed that

C5a was responsible for neutrophil activation. This has been

sequenced and is a 74 residue glycopeptide (Fernandez and

Hugli, 1978). In vivo it is converted to C5a des arg, which

is C5a lacking the terminal arginyl group. This is less

potent than its precursor (by a factor of between 10 and 50

for chemotaxis) though in vivo a cofactor may exist which

restores potency to that of C5a (Chenoweth and Goodman, 1982).

In vitro, C5a has an ED50 (concentration to give half maximal

response) of l-2nM not only for chemotaxis but for other

activities such as enzyme release (Gerard, Chenoweth and

Hugli, 1981). In this respect it differs from the

formylpeptides which have been well documented to require

different concentrations for chemotaxis and enzyme release

(Becker, 1979). A specific receptor has been identified to
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which C5a binds reversibly and is saturable; this occurs at 9-

12nM and from this it is possible to calculate that there are

180,000-200,000 receptors per human neutrophil (Chenoweth and

Hugli, 1978). Binding is also inhibited by unlabelled C5a,

and its analogues (Chenoweth and Hugli, 1980). The receptor—

ligand complex is similar to that of the formy1peptides in

that it displays the phenomenon of down-regulation , probably

secondary to internalisation of the complex (Chenoweth and

Goodman, 1982). A difference is that recovery of receptors is

slow, taking several hours whereas the formy1peptide receptors

are expressed again in minutes.

Another class of chemoattractants are the derivates of

arachidonic acid of which the eicosatetraenoic acids appear to

be the most active, in their hydroxy form (Goetzl, Woods and

Gorman, 1977). The dihydroxy group is more potent,

Leukotriene B4 is chemokinetic maximally at InM and maximal

chemotactic response in the under agarose system is at 10 ® M

(Palmblad, Malmsten, Uden, Radmark, Engstedt and Samuelsson,

1981) though the response with this is not as great as with

the formylpeptides (Ford-Hutchinson, 1980); however they do

seem to be a major endogenous source of neutrophil activators.

There is evidence that Leukotriene B4 is the only active (at

physiological concentrations) member of the HETE group,

activity expressed by other members possibly being due to

contamination by Leukotriene B4 (Dahinden, Clancy and Hugli,

1984).
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GRADIENT SENSING BY NEUTROPHIL LEUKOCYTES.

The discovery of the potent N-formylpeptides as

chemoattractants (Schiffmann, Corcoran and Wahl, 1975) and

existence of a specific receptor (Aswanikumar, Corcoran,

Schiffmann, Day, Freer, Showell, Becker and Pert, 1977) has

focused attention on the mechanism by which the neutrophil

interprets the chemotactic signal. Bacteria are known to

detect a gradient by comparison of attractant concentration at

two different times (Macnab, 1978): they swim in straight

lines interrupted by periods called "tumbling" where changes

in direction occur, If the bacterium is going up the gradient

this tumbling is suppressed and straight line swimming

continues. However, should the bacterium be swimming down the

gradient or across it the frequency of tumbling is increased.

Concentrations of attractants <mainly sugars and amino acids

in this case) are sampled via specific receptors on the

membrane called transducers and compared to that concentration

sampled previously. In some way this affects tumbling

frequency, increasing it if the second sampled concentration

was less than the first and decreasing tumbling if there was a

concentration rise between original and subsequent

concentrations of attractant. This mechanism is known as

temporal gradient sensing since it relies on comparison of

attractant densities at different times (Adler, 1976). The

gene for these transducing proteins has been identified and in

some cases is associated with genes coding for other proteins

required in the chemotactic response (Berg, 1986).
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Leukocytes are known to be able to orient correctly in a

gradient without translocation occurring and this has been put

forward as evidence that the cell detects the concentration

difference across its own dimensions, a spatial theory of

gradient detection (Zigmond, 1974b). In support of this

concept is the fact that for the formy1peptides, the optimal

orientation in a gradient occurs close to the K1=) of binding.

If this theory is true then the cell can detect a difference

of 1% receptor occupancy between the front and rear of the

cell (Zigmond, 1977).

A morphological study from the same laboratory called this

spatial mechanism into question (Zigmond, Levitsky and Kreel,

1981). Reorientation to a gradient provided at the rear of a

polarised locomoting cell occurred by pseudopodia being

extruded from the front of the cell rather than the rear which

was nearer the new stimulus. The cell then moved around in an

arc to the new source. This was taken as evidence that

pseudopods probe the environment and if favourable (increasing

concentration of attractant) then it extends further. However

it was noticed that a cell could orient correctly without

translocation which argues for a spatial system, but careful

observation reveals surface ruffling in response to a

formylpeptide (Zigmond and Sullivan, 1979) so temporal

sampling may be occurring in this situation too. The ruffling

was present only at the front of an actively motile cell, but

increasing the concentration transiently caused ruffling to

occur over most of the cell surface, and a temporary cessation
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of locomotion (Zigmond and Sullivan, 1979). Conversely the

cell may be unresponsive at its tail if the apparatus required

by the cell for correct orientation had been shifted to the

front during the prior polarisation so that it was still not

clear how the cell was interpreting the gradient. In contrast

a responsive tail section was observed by Gerisch and Keller

(1981), they were able to demonstrate front to back reversal

using the micropipette technique with the device placed at the

tail rather than in its vicinity; such a reversal taking about

1 minute. Waves were occasionally seen passing between old

and new fronts. Although at first this may be taken as good

evidence for the spatial mechanism, the fact that multiple

pseudopodia were seen agreed with a temporal interpretation-

the hypothesis being that multiple pseudopodia were put out

and these compete until only one persists, the cell follows

this pseudopod (Gerisch and Keller, 1981). Certainly part of

thG response is due to the morphological polarity the cell

assumes on exposure to the gradient.

A mathematical approach also disputed the spatial mechanism

as operating (Lauffenberger, 1982). The number of receptors

for the formylpeptides were known and in the Zigmond chamber

system neutrophils were shown to orient correctly to the

higher concentration when the gradient was very shallow (10 &

M FMLP/mm), This amounts to a very small difference in

receptor occupancy across the cell of 10pm diameter (the basis

of the spatial mechanism) of the order of 15 molecules. An

estimate of the "noise" due to stochastic fluctuations in the
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local gradient was derived, this was 55 molecules, so clearly

the ratio signal/noise would not allow the cell to clearly

interpret the gradient. Even increasing the gradient

steepness 10-fold only led to a ratio of 2.7, he therefore

argued that measurements are not made instantaneously by the

cell but over a period of time reducing this noise effect on

gradient sensing. Other ways to reduce the noise were to

increase cell radius across the gradient or increase the

receptor number.

The errors involved in sampling in both spatial and temporal

gradient sensing have been discussed and the time to obtain a

reliable estimate of the gradient found to be several orders

of magnitude higher in the spatial rather than the temporal

system CDeLisi, Marchetti and Del Grosso, 1982). More

recently a combination of the two has been favoured as

asymmetric receptor occupancy is known to exist from studies

of haemocyanin labelled FMLP (Sullivan, Daukas and Zigmond,

1984) and a certain sampling time over minutes probably occurs

(Tranquillo and Lauffenberger, 1986).

The problem has been examined by creating different sets of

gradient conditions, either "spatial" which has had time to

develop and become stable so that there are predictable

concentrations from the source through the cell population to

areas of low concentration, or "temporal" where there are

gradients in formation, conceptually a more dynamic situation.

Neutrophils were found to have much higher migration in the

latter and the spatial gradient was not different to the
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response seen under isotropic conditions (Vicker, Lackie and

Schill, 1986).

A interesting effect on neutrophil motility under

countergradient conditions has recently been observed. In the

under agarose system chemokinetic conditions can be created by

dissolving the attractant in the gel as it cools; with high

concentrations there is some inhibition of migration (Tono-

Oka, Nakayama and Matsumoto, 1978). Adapting this technique

and using FMLP a similar inhibition was seen under these

chemokinetic conditions (Gray and Ohlmann, 1986), however if a

well was filled with the FMLP antagonist carbobenzoxy-phenyl-

methionine then a gradient of this antagonist ligand is set

upin the chemokinetic gel. The migration in this situation

was increased over the control <i.e. chemokinetic gel but no

carbobenzoxy-phenyl-methionine in the system) but the extra

movement is seen away from the antagonist well. The

explanation is that there is competition for FMLP receptors by

the carbobenzoxy-phenyl-methionine, this is greater at the end

of the cell nearest the antagonist well and the cell

interprets this as a gradient of FMLP receptors across its

length and therefore moves away from the antagonist well.

This supports spatial sensing of gradient but since the

difference in receptor occupancy may have been detected over

time, does not rule out the possibility of temporal

interpretation.

Thus there is evidence for both sensing methods being used
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and it may turn out that a cell actually uses a combination of

the two to detect a gradient.

ADHESION AND LEUKOCYTE MOTILITY.

That adhesion has a special role to play in the neutrophil

chemotactic response is in no doubt, indeed an increase of

adhesion by the leukocytes to the endothelium is one of the

earliest events in leukocyte emigration (Florey, 1970) and a

central function of adhesion in chemotaxis was suggested by

Carter <1965). He was able to demonstrate directed movement

of fibroblasts along an adhesive gradient of palladium coated

onto cellulose acetate and speculated that chemoattract ants

formed a gradient of increasing adhesion from their source,

terming this phenomenon "haptotaxis".

Various methods have been used to evaluate adherence

including columns of glass beads (Lorente, Fonta, Garcia

Rodriquez and Ojeda, 1978), they found an increase in fraction

adhering up to 30 minutes, after which no further increase was

observed. Alternatively, nylon wool can act as an adherent

substrate (MacGregor, Macarak and Kefalides, 1978), the latter

workers also looked at adhesion to endothelial monolayers as

have others (Lackie and de Bono, 1977) who found that rabbit

peritoneal neutrophils adhere and move on serum coated glass;

and also on pig aortic endothelial monolayers. Microtubules

and microfilaments are known to be present in leukocytes

(Allison, 1974) the former are thought to be analagous to

bone, the filaments to muscle so just as certain skeletal
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movements are brought about via traction on a surface, then

cell movement should also require some grip on the substratum.

In a structural study of neutrophil motility in the millpore

filter technique an increase in adhesion was noted under

stimulated conditions as compared to random (Malech, Root and

Gallin, 1977), More pseudopods were noted in these

conditions, and the cell ultrastructure showed these to

contain numerous submembranous microfilaments. These were

thought to be areas of cell adhesion to the filter.

Pseudopods are known to contain much of the cell actin, a

major component of microfilaments (Valerius, Stendahl, Hartwig

and Stossel, 1982). Possibly serum proteins such as albumen

also play a role in this as demonstrated by Wilkinson and

Allan (1978). Protein such as albumen and casein in the fluid

phase were known to be required for cell locomotion but if

these were bound to the filter the response was virtually the

same as with the protein in the fluid phase. Not all proteins

could do this, formyl-methionyl-phenylalanine, a known

chemoattractant, could not support a response in the absence

of other protein and this was not due to the filters as

similar results were obtained with the cells on glass. In

both situations the larger proteins bound avidly to the

substrate whereas the dipeptide did not. Albumen was said to

be "essential" for the expression of chemotaxis in a study

comparing albumen with dextran, gelatin and other proteins

(Keller, Barandun, Kistler and Ploem, 1979). The albumen was

noted to decrease adhesion to glass and no movement through
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millipore filters with 8)j.m pores was observed in Gey' s medium

alone, but in the presence of 2% albumen 4. 6% of neutrophils

were able to migrate the full distance. Fibrinogen could also

support a similar response but gammaglobulin could not.

Speeds of migration on glass were increased in the presence of

albumen approximately 3-fold.

Chemotactic factors such as zymosan activated serum, C5a and

FMP, a member of the formy1peptide group, are known to lead to

formation of polarised forms of neutrophils and this parallels

an increase in adhesiveness to glass; however, adhesion is not

a sine qua non as these polarised forms were noted in

suspension (Smith, Hollers, Patrick and Hassett, 1979; Haston

and Shields, 1985). Again, albumen and serum were noted to

decrease adherence of neutrophils to glass. If phase contrast

microscopy is used to observe cells on substrata, alterations

in the phase contrast pattern occur with adhesive changes.

Utilising this, Keller (1979) tested the hypothesis of Carter

(1965) that chemotaxis was a special case of haptotaxis

(directed locomotion up an adhesive gradient); addition of an

attractant (S. CAT 1.6. 1) thought to be chemotactic but not

chemokinetic (Keller, Wissler, Hess and Cottier, 1978) into a

Zigmond chamber caused no alteration in the contrast pattern

i. e. chemotaxis was occurring but with no change in the cell

adhesive pattern. Cells in suspension stimulated by FMLP and

in the presence of albumen perform crawling movements (Keller,

1982; Keller, Zimmermann and Cottier, 1983); these were absent

if the FMLP was removed. On glass, in the presence of FMLP
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but no albumen there was low motility with large contact

areas. This was taken to mean an increase of adhesiveness:

adding albumen to this preparation caused an increase in

motility and small contact areas i. e. less adhesion.

A phenomenon allied to adhesion and also suggested by Carter

<1965) is contact guidance. In an ingenious system,

neutrophils were studied locomoting on an aligned fibrin gel

(Wilkinson and Lackie, 1983), the cells preferring the aligned

direction rather than that perpendicular to the fibres of

fibrin though the differences were slight. These gels are

able to provide enough grip for neutrophils to invade them,

presumably in a way analagous to that used in vivo (Islam,

McKay and Wilkinson, 1985). In another technique which seems

closer to the in vivo situation, chemoattractants were found

to decrease adhesion to endothelial monolayers (Charo, Yuen,

Perez and Goldstein, 1986). An interesting group of patients

have lately been identified to be deficient in cell surface

glycoproteins known to be required for adherence. The

proteins concerned are LFA-1, Mac-1 and pl50,95 (Schmalsteig,

Rudloff, Hillman and Anderson, 1986). They have virtually

normal responses to chemotactic conditions in the millipore

filter system and in ability to invade collagen gel, but a

profound defect in the agarose system, These results and

others cited above show that the relationship between adhesion

and neutrophil motility is a complex one and depends to an

extent on the method used to examine the association.
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MICROCINEMATOGRAPHY STUDIES.

Direct visual observation of granulocytes can give

information that is not possible using either the millipore

filter or the under agarose systems. Comandon (1917) was the

first to use microcinematography in a study of neutrophils

moving toward parasitized erythrocytes. He found that

initially the leukocytes were rounded but after several

minutes assumed a polarised shape, putting out pseudopods

toward the infected red cell, then migrating directly toward

it (Comandon, 1917). The first record of quantitative data

from this technique gave the speed of a neutrophil as about

34-pm/min moving under random conditions in plasma on a glass

slide (McCutcheon, 1923). Another descriptive study the same

year described pseudopods being "continually" being put out by

migrating granulocytes from human blood, these areas were

clear and the nucleus was placed at the rear of the cell; in

addition countercurrents were seen to pass along the cell

opposite to the direction of movement of the whole cell and

occasionally a long pseudopod emerged from the cell, attached

to the substratum, elongating as it did so and finally became

detached with no apparent detriment to the cell itself (Sabin,

1923). Stimulated conditions were employed by Dixon and

McCutcheon (1936); speed of migration to Staph.Albus was equal

to that in nonstimulated experiment (random speed 33pm/min, to

an area of Staph. Aureus, 32pm/min). As well as the speed of a

cell, McCutcheon also introduced a "chemotropism index"- a

measure of the directionality of a cell: the ratio of the
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direct distance to a source to the actual distance taken

(Dixon and McCutcheon, 1935). Thus a cell migrating in a

perfectly straight line to a chemoattractant would have a

chemotactic index of +1.0, if it moved away in a direct

straight line its index would then be -1.0, completely aimless

movement has an index of 0 (Dixon and McCutcheon,1936 and

Diagram 6). Another morphological examination described the

"handmirror" shape of actively locomoting cells, with a broad

anterior pseudopodium and a narrow tail, the latter and much

of the body were thought to be free, the anterior pseudopodium

being the only structure to grip the substratum (DeBruyn,

1946). Changes in direction were frequent and complete

reversals in direction described. He also noted "contraction

rings" passing through the cell, though they were thought to

be due to external influences (DeBruyn, 1946). Another

descriptive study contrasted the movement to a clump of

Staph. Aureus in direct lines to the disorganised nonstimulated

motility (Letz and Harris, 1956). As an alternative to groups

of bacteria, laser damaged macrophages were used as point

chemoattractant sources (Buckley, 1963). Directed migration

was noted into the area containing the killed leukocyte, then

the attracted neutrophils moved randomly within the area.

More quantitative information came from the work of Ramsey

(1972). He used a piece of agar impregnated with bacterial

culture filtrate as an attractant source, and noted that the

cells required the first eight minutes to settle and move

similarly to those in the remainder of the experiment.
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Neutrophils which migrated as far as the agar gel were not

observed to leave it; a few en route to the gel started to

move away then looped and continued toward it. Measurements

were made on the migrating cells, the average speed throughout

filming was lOpm/min with a Gaussian distribution implying

only one population of cells (with respect to speed).

However, even amongst individual cells there was a wide

variation in cell speed. Another parameter examined was the

chemotactic index (of Dixon and McCutcheon, 1935), the average

for the neutrophils moving toward the agar gel was +0.64; it

did not increase as the cells neared the source. Moving the

source when a cell was "on its way" to it caused the cell to

change direction and resume a straight line to the new

position of the gel. In addition the average angle between

the start and end of the cell path was found to be 50°.

Unstimulated locomotion was also studied, average speed was

2. 2pm/min if the intervals when cells stopped were included,

but 4. 4pm/min if they were excluded. As might be predicted

the chemotactic index was close to 0 (actually +0.028). A

theoretical basis for motility under basal i.e. nonstimulated

conditions was established by Peterson and Noble (1972). By

considering the position of the centre of a cell at the end of

each step on cartesian coordinates, they showed that the

distance moved (R) by a truly randomly migrating cell was

given by:

where s is the step length. Using microcinematography, with
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human neutrophils, they showed there was no significant

difference between the distance moved under experimental

conditions and that predicted using the above formula.

Discussing their results, they argued that the key to

analysing cell motility mathematically was to define a step as

the straight distance between two turns. No further accuracy

is gained by subdividing this step into smaller segments as

these partial steps are not independent of the previous and

following partial step; thus the change in position after an

arbitrary time cannot be used as a measure of step length

without introducing a nonrandom bias. However, in virtually

all studies of this sort (including the experimental section

of their own work) cell positions are taken between set time

intervals. The most likely error to creep in with this

approach is to underestimate the true number of steps

(simplistical1y, a step is not included as it is completed and

onto the next before the time interval is finished) and the

consequence of this is to overestimate the distance moved from

the origin in one step.

The rate of cell motion under chemotactic conditions has

been thought to be proportional to the concentration gradient

so that the cells obey Fick's law of diffusion (Grimes and

Barnes, 1973). They found the cell speed (direction ignored

i. e. a scalar quantity) to be up to 45pm/rnin; the velocity

(component of speed toward the attractant) to be 30pm/min.

A speed of lOpm/min was recorded during neutrophil directed

locomotion to a laser injured erythrocyte; further the cell
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response was rapid, moving within 1 second of the targeted

lesion being made (Bessis, 1974). The cell nucleus does not

appear to be essential for cell movement or even the ability

to migrate directional1y. Heating neutrophils to 46°C led to

numerous pseudpods some of which broke off from the main cell

mass. These anucleate fragments could migrate toward an

injured red cell (Keller and Bessis, 1975).

A further morphological study was undertaken by Senda and

his colleagues with descriptions of neutrophil motility

observed with phase contrast as well as electron microscopy

(both scanning and transmission). They described a cycle of

movement from a flowing forward of granules, then pseudopodium

growth, particularly laterally and cell elongation followed by

decreased flow and pseudopod withdrawal, marking the end of a

cycle which took 59-62 seconds. A short stasis phase was then

entered. The speed of the motile cell was about 30pm/min.

Contraction waves were observed beginning at the convex

anterior part of the cell, then a concave segment or ring

appeared in this and seemed to pass back along the cell,

disappearing at the tail. This was thought to be equivalent

to the lateral protruberance of DeBruyn (1946); it is constant

in position relative to an external marker so that it does not

move through the cell, rather the cell moves through it. This

explanation would account for the lateral pseudodial

enlargement at the start of the movement cycle. So the ring

acts as a type of sphincter and it was postulated that

longitudinal contractile fibres behind the ring relax and
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cytoplasm passes through the ring (Senda, Tamura, Shibuta,

Yoshitake, Konda and Tanaka, 1975). Contraction cycles

consisting of 1amel1ipodium formation (equivalent to the

anterior pseudopod) followed by flow into this of cytoplasm by

streaming, entry of nucleus and finally tail retraction were

described by Norberg; the cell moved about 10pm per cycle

(Norberg, Rydgren and Norberg, 1978). They considered the

lamellipodium to be a local relaxation in the membrane,

allowing the contents of the remainder of the cell to flow in.

The chemotropism index of Dixon and McCutcheon (1935) was

examined in more detail by Nossal and Zigmond, (1976), in

particular its relation to the angles <p and 6, where <p is the

angle moved away from the source direction; and 9 is the angle

between turns (see Diagram 7 where in this study p=<p and xhQ).

Mathematically, each step has a component in the source

direction given by Icoscp, where I is the step length. The

chemotropism index is given by the sum of these components

over the total length of the cell steps i. e. :

Chemotropism Index=^lcos<p/^l

In addition they were able to show that the angle <p for a

given step can be calculated by simple addition from a

knowledge of the angles between turns (0) to that point and

the angle moved away from the source direction initially.

Further they provide a proof of the fact that the index is

equal to cell velocity/cell speed. Examining the angle <p in

more detail they showed that there was a strong correlation

between the angle turned away from the source (<p, ) and the
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prior orientation to the source axis (<p....) and that the cells

tend to zigzag in their path to the attractant. In a

chemotactic field the distribution of these angles <p narrows

in comparison with those measured under random conditions.

The complex variation of the chemotropism index under given

angles cp and 8 was also explored and a series of curves

showing their effect on the index provided.

In a study basically designed to show the requirement of

albumen in cell motility, the speed of cells (on a slide) in

the absence of this was 3. 8pm/min whereas in its presence the

average rate was 13. 2pm/min. This was thought to be due to an

effect on cell adhesion as the protein decreased the number of

cells adhering to a tube after vortex shaking (Keller, 1977).

Using Candida Albicans blastospores as point sources of

putative chemattractant, Allan and Wilkinson (1978) obtained a

value of +0, 9 for the chemotactic index for the neutrophils

migrating toward the spores. The angles between each step

were approximately 0°, with a cell speed of 15. 6pm/min.

Altering the conditions so that a uniform concentration of

attractant (casein) was present also gave a speed of

15. 6pm/min and the cells were seen to have frequent straight

segments, many of the steps were within 40° of the previous

implying some persistence in turns. The locomotion was not

random as outlined by Peterson and Noble (1972), as there was

a dependency in the turning on the prior direction. However,

there was no particular preferred direction. Extending the

earlier work, to take account of the variation in velocity
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even in an individual cell, Hall and Peterson (1979), used an

analysis based on a step length: photographs were taken every

8 seconds and the position of the centre of the cell marked.

These points were joined by straight lines and the angle

between them measured. Only when the angle exceeded 8° was a

turn deemed to have occurred. In this way step length becomes

independent of time. The modal group of such lengths was

10, 6-2lpm/min i. e. most cells migrated about 15pm before

making a turn. Extrapolating from for example Keller <1977)

who found a speed of 13. 2pm/min for cells migrating under

unstimulated conditions, then on average a turn is made

approximately every 60 seconds. A parameter, X, was defined

as the mean of all the cosines of the angle between steps:

X=cos~0

where 6 is the angle between two successive steps. It is

exactly equivalent to the 0 of Nossal and Zigmond <1976).

They found the mean angle of turn for granulocytes to be 67°,

in theory it should be nearer 90° for cells moving completely

randomly. In consequence the value X was +0. 3 (rather than 0

which is the value obtained in a pure random walk). Analysing

this data further, Hall and Peterson <1979) came to the

conclusion that neutrophils undergo a "correlated random walk"

that is, there is some dependency of step direction on prior

step direction rather than being completely independent of it.

The formylpeptides are well characterised as outlined, and

have been used to help interpret granulocyte responses. They

are known to cause the cell to put out pseudopods within 30
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seconds of exposure, and to withdraw them equally rapidly on

removal of the peptide (Sullivan and Zigmond, 1980). It is

possible to create a moveable source of formylpeptide with a

micropipette and manipulator; observing cells with this

technique, Gerish and Keller (1981) described the formation of

new lateral pseudopods on moving the attractant source from

the front to the back of the motile neutrophil, the cell

making a U-turn to migrate toward the new source position by

using these lateral pseudopods.No new pseudopods were seen to

come from the tail region until the micropipette was placed

exactly at this region.Waves were also described passing from

front to back of the cell.

The orientation chamber of Zigmond (1977) is easily adaptable

to studies on the mechanism of leukocyte locomotion both under

basal and stimulated conditions. Under chemotactic conditions

wuth FMLP as source, increased pseudopod production with more

cytoplasmic streaming was noted (Cheung, Miller and Keller,

1982). Although the neutrophils showed an overall directional

response they were noted to not be constantly oriented to the

attractant well. Experiments were carried out in the absence

of FMLP, as expected there was no particular direction

preference. Chemokinetic conditions gave a similar response

to this but with greater oscillations and amplitude in the

movements. They also compared locomotion recorded every 5

seconds with that recorded at 60 second intervals; more

frequent orientations were noted,

A video analysis of neutrophil movement was carried out by
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Howard <1982) under unstimulated conditions. Comparison of

recording positions every 15 seconds with those at 60 seconds

showed little difference, the correlation coefficient between

the two data sets was +0.95. No particular direction was

preferred by the unstimulated cells, speeds varied between 0

and 16. 6pm/min i. e. there were periods of cell stasis. At any

one time about 10% of the neutrophils were in this state. If

these are excluded from the results the range of speed was

2.4-24, 4jj.m/min. Fast moving cells had a lower angle of turn

than slower moving counterparts. After static intervals the

angle of turn made was not different from those made whilst

actively locomoting.

A similar system was used by Lackie and Burns (1983). They

identified the centre of the cell every 100 seconds and noted

that about a half of the cells stayed anchored and did not

move at all during filming. The mean length moved was 1lpm in

100 s (equivalent to 6.5pm/min). The mean angle of turn

between steps was 62°. Adapting the system to chemotactic

conditions, the speed of the cells was raised to 9.9pm/min and

the turn angle reduced to 29°. They defined the persistence

of the cell as displacement/total length; this is very similar

to the chemotropism index of McCutcheon, but since the

displacement is defined as the square root of the square of

the distance moved overall <i. e. net length) this is always

positive. Under random conditions this was 0. 49; showing that

the neutrophil movement is not truly random with an undefined

gradient cue the value was 0.89.
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The theoretical basis for characterising a cell locomotor

response has been examined in some detail by Dunn <1982). A

measure is required that corresponds to the locomotor

machinery of the cell but which can also give information

about the behaviour of a population of such cells. An obvious

example is speed. This can be calculated for an individual

cell, indeed it is possible to record the various speeds used

by a cell in its response, but also a distributive function

can be obtained giving details of the population as a whole.

If observations are made at set time intervals t, (as is

usually the case) then the speed of a cell is given by

distance covered/t. In the time interval chosen the cell may

not move between the start and end points (i.e. position at

t=0 and that at t=t) in a perfect straight line and the

calculated speed will be lower than the true speed of the cell

since the extra distance travelled is not taken into account.

A solution to this is to shorten the time interval so that

more of the true path is observed and therefore get a more

accurate estimate of speed. However this means more

observations and it would be theoretically possible to get to

a stage where the sampling time was so short that no movement

had taken place. In practice this is a limitation imposed by

the cell locomotory apparatus and a suitable time interval

need only be close to this to be accurate. Another example is

the direction taken by the cell, or its rate of change. Dunn

<1982) derives an expression for the persistence of direction

<P =2t/<p:K); the measures, speed and persistence define the
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locomotory response. Thus there are two elements to the

movement, "orthokinesis"-a change in the speed, and

"klinokinesis" a rate of change in direction. A cell

responding excellently to a gradient might therefore increase

its speed (orthokinetic response) and also increase its

persistence of direction (the inverse of klinokinesis).

That the behaviour of an individual cell is representative of

the population as a whole has been shown mathematically by

Bultmann and Gruler (1983). Using the orientation chamber of

Zigmond (1977) they found the average speed to an optimal

concentration of FMLP was 30fj.m/min and that this had a

Gaussian distribution indicating that only one population of

neutrophils were present (as far as cell speed was concerned).

The degree of orientation was measured calculated as net

distance/total distance i. e. as the chemotropism index of

McCutcheon, Under optimal chemotactic conditions this was

+0.85. Again this had a normal distribution. The angular

deviation from the gradient path was also measured and a

Gaussian distribution about 0° obtained. This does not imply

that the majority of the cells orientated perfectly (as an

orientation of 0° to the gradient indicates) because movements

across the gradient field were assigned positive or negative

values (from the sine of the angle) these crosswise

inaccuracies of movement cancel each other to give the

distribution described. The chemotropism index reduced with

temprature to +0. 40 and to +0, 26 after interaction with ECHO 9

vi rus.
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Neutrophils stimulated by FMLP under uniform (nongradient)

;onditions were found to raise their speed from 4.5pm/min

(nonst imulat ed) to 23, 7p,m/min and to decrease their frequency

3f turns >90° approximately four fold (Keller, Meier and

Simmermann, 1984).

Comparing neutrophils from rabbit peripheral blood to those

from a peritoneal exudate (Keller, 1984), there were more (98%

v^s. 65%) motile forms in the exudate, and they moved slightly

faster, 6. 5pm/min as opposed to 5. 5p.m/min. The exudate fluid

itself was chemotactic but was removed for the speed studies,

Speeds of up to 30pm/min were recorded by Gruler and

Bultmann (1984) in the Zigmond orientation chamber using FMLP.

They also described cell shape changes-a linear relationship

existed between speed and anisotropy. Defining the

orientation to a gradient source as coscp, where <p as above is

the angle off the source axis, this orientation factor was

found to be +0.82; it is a very similar quantity to the

chemotropism index. Over short ranges under nongradient

conditions, there was some directed movement, that is fairly

straight lines of locomotion and it was thought to be due to

the cells internal machinery lasting for 74 seconds in a set

position. The mean turn angles between steps were 50°, and

therefore nonstochastic; the cell moves a certain distance for

a characteristic time. The Zigmond chamber was also adapted

to microcinematography by Maher and his colleagues (Maher,

Martell, Brantley, Cox, Niedel and Rose, 1984). Cell position

<^as marked every 40 seconds, with FMLP as chemoat t ract ant, but
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experiments were performed varying the time between marking

positions. Reducing this from 60s intervals to 12s led to an

increase in the perceived speed from 8 to 11.5pm/min under

random conditions. Shortening the time still further (as low

as 5 seconds) to mark position, did not differ significantly

from that at 12 seconds. Using 10 second intervals, speed for

randomly moving cells was 2,5-17. 3pm/min, the mean under

optimal chemotactic conditions was 21.5pm/min; the

distributions of these were skew; to the left (to slower

cells) for random, to the right (to faster cells) for

chemotaxis. No chemokinetic studies were undertaken. The PMN

were noted to be almost never stationary, even under

nonstimulated conditions. Angle between steps was >45° most

(76%) of the time under basal conditions. Orientation angle

when a gradient was present approached 0° at optimal FMLP

concentration but decreased above and below this. They also

measured the chemotropism index and found it to be +0.8 with

ideal chemotactic conditions. Cell displacements under random

conditions were evaluated experimentally and found to exceed

that expected by the formula R=^ [s :l.

Two useful terms to characterise a motility response are

orthokinesis and klinokinesis (Frankel and Gunn, 1961) revived

more recently by Keller and Zimmermann (1985). An

orthokinesis is a change in speed or frequency of locomotion

and klinokinesis a change in magnitude of turn or frequency of

turning, A "klinolocomotion index" was defined as the ratio

cell speed/cell velocity. Nossal and Zigmond had shown that
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the chemotropism index was equal to cell velocity/cell speed

(Nossal and Zigmond, 1976), so this klinolocomotion index is

simply the inverse of the chemotropism index, Their paper has

the extra merit of using video analysis. Continual monitoring

of the cell path is possible whereas in microcinematography

distinct data are obtained and it is not possible even with

short intervals between frames of the film to record every pm

of cell movement. Analysis using human neutrophils and FMLP

under chemokinetic conditions was undertaken. Taking

advantage of this, cell positions were not simply marked at

set time intervals, rather the true whole cell path monitored.

Since there is no actual distinct source of attractant, the

index is always given positive values, In baseline conditions

the cell speed was 11. lpm/min, though this excluded nonmotile

cells. Under chemokinetic experiments (using FMLP) they found

cell speeds to have a range of 0.6-37pm/min with a mean of

21. 1pm/min-virtual1y all were motile. The klinolocomotion

index for unstimulated and chemokinetic movement was 1.59 and

1.29 respectively; the higher the index the less ordered the

path. Interestingly, colchicine was able to induce a high

percentage of polarised forms and to increase the motility to

a mean of 12. lpm/min i, e. slightly faster than under purely

basic conditions. However the velocity was no faster than

under nonstimulated conditions. Examining turn angles next,

as the k1inolocomotion index reduced in the presence of FMLP,

the mean angle of turn between steps also reduced and the

frequency of turns >90° also decreased. Most turns under
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chemokinetic conditions were in the 45-59° sector. However

they excluded angles <45° from their analysis on the basis

that small angles are difficult to measure with a goniometer.

The problem of measuring small angles with such a device is

obvious, but the technology exists to record positions on

cartesian coordinates (with a digitized tablet) and use

trigonometric transformations to calculate small angles of

turn (Lewandowska, Doroszewski, Haemmerli and Strauli, 1979;

Lackie and Burns, 1983). Keller and Zimmermann (1985) looked

further into the relationship between orthokinesis and

klinokinesis, that is the effect of speed on turning. A high

negative correlation was found between the speed and the

klinolocomotion index. As speed increases the index

decreases, so straighter paths are taken. This is true with

FMLP present uniformally and also importantly under

nonstimulated conditions. No significant difference was found

between numbers of right and left turns.

A morphological study under similar conditions i.e. uniform

concentration of FMLP was carried out by Shields and Haston

(1985). They used time-lapse microcinematography with a time

interval of 40s, analysed with a digitizer and also electron

microscopy. Neutrophils in medium only, with no protein

source added were spherical and nonmotile even after two hours

incubation. In FMLP or C5a rapid (<1 min) shape changes were

noted. Leading edges and tails were formed, and this was

noted to be less at high concentrations of attractant. The

length of the cell was greatest at 10 s M FMLP. In the time
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lapse microcinematographic analysis, there was no shape change

noted on glass with albumen present. Addition of FMLP

produced contraction waves, fixed relative to the substrate,

that is the cell moves through the contracted section. Mean

angle of turn between steps was 62° at optimal FMLP

concentration, increasing to 88° at I0"e M. There were no

preferences for right or left turns.

The response to developing gradients has been examined by

cinematography (Vicker, Lackie and Schill,1986), By cooling

the cells to 4°C or leaving them at 37°C it was possible to

examine movement under established gradients (attractant added

to cells at 4 ° C then allowed to warm to 37°: by this time the

gradient had formed and the cells begin to respond to it) or

as gradients are being formed (cells and attractant added at

37°, movement beginning immediately even though nascent

gradients are formed) these experiments were performed with

the millipore filter system. Movement into the filter under

baseline conditions was 25pm, with attractant present on both

sides of the filter (chemokinesis) this increased to 40pm, If

a higher concentration of FMLP was added to the chemokinetic

system to create a gradient across the filter this remained at

40pm if the cells were on ice (4°C) but if the system was

allowed to remain at 37°C then the cells were able to respond

to developing gradients. In this situation, the penetration

into the filter was 110pm. Following this phenomenon up by

microcinematography, they found no difference between

migration under chemokinetic and chemotactic conditions where
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the gradient in the latter was already formed. They took this

to mean that where there exists a gradient that is linear and

stable with respect to formation then this is interpreted by

the neutrophils as the same as the isotropic (chemokinetic)

situation. Most previous workers studying chemotaxis load

cells and attractant together so exposing the neutrophils to

developing gradients and is probably close to the in vivo

situation where there is likely to be a flux of attractant(s)

across the cell length.

Video analysis of human neutrophils utilising the under

agarose technique has been used to quantify neutrophil

responses under chemotactic conditions (Burton, Law and Bank,

1986). The time interval between marking positions of the

cells was 5 minutes and FMLP was used as attractant source. A

"locomotion index" defined as net distance/total distance was

calculated for each cell. This is the definition used for the

chemotropism index (Dixon and McCutcheon, 1935).

Mathematically they showed that although the attractant well

as usual was circular and therefore potentially gives rise to

a circumferential front of FMLP, under the conditions used

(3mm wells, 5mm apart) this was effectively linear across the

field of view. The mean speed for optimal chemotactic

conditions was 21. ljim/rnin (range 7-32p.m/min) with a locomotion

index of +0. 88, A histogram of this index showed a range of

+0.2 to +1.0, skew to higher values. Most (68%) of the cells

orientated in the 80° sector toward the attractant well. They

beleived the accuracy of locomotion was not governed by cell
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speed.

Speed of migrating cells has also been the subject of a

recent time-lapse investigation. Using human neutrophils and

FMLP and recording the position of the cells every 90 seconds,

Howard (1986) showed no increase in the speed by increasing

the cell number present in the system. Under random

conditions mean speed was 8. 2pm/min 9in the presence of bovine

serum albumen at 2%, falling to 6. 2pm/min at protein

concentration of 0.05%. Under optimal chemokinetic conditions

the mean speed was 12.lpm/min; by slowly pumping FMLP into the

observation chamber, (and presumably setting up the

development of a gradient) this could be increased to

17p.m/min, Inactive intervals in the cells' progress were

noted their frequency did not decrease in going from random to

stimulated migration, Howard (1986) also identified a fast

moving population of cells under conditions (comprising 17-21%

of cells) that did not increase their speed when stimulated by

FMLP, A higher percentage (60%) of nonresponders to FMLP and

other attractants has been described in a polycarbonate

modification of the millipore filter system (Harvath and

Leonard, 1982).

The under agarose system has also been used coupled to a

digitizer tablet to analyse shape and orientation angle in

fixed cells at the end of a 2 hour incubation (MacFarlane,

Herzberg and Nelson, 1987), under chemokinetic conditions

using FMLP the number of cells oriented in each sector of 90°

was around 25% i. e. no particular quadrant was favoured. With
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optimal chemotactic conditions again to FMLP, 30% were in the

90° quadrant to the attractant and 11% in that away from the

attractant well. A computer—assisted approach has recently

described cell motility in the Zigmond chamber (Cheung,

Donovan, Miller, Bettendorf and Goldstein, 1987); although

largely descriptive of the technology used, they gave the mean

cell speed under chemotactic conditions (human neutrophils,

FMLP as attractant) as 22. 24)j,m/min, Randomly moving cells had

a speed of 10. 72pm/min; in addition, the McCutcheon index for

was +0.63 and -0.06 for chemotaxis and random motility

respect i vel y.

Thus the use of microcinematography as an adjunct to the other

in vitro systems has provided a unique way to examine

individual cell responses under various conditions; continuing

development of the technical aspects of videomicroscopy should

enable the the theoretical problem of cell positioning

manually to be eliminated and greater resolution will enable

examination of intracellular events such as microtubular

assembly to be observed (Allen, 1985; Weiss, 1986).

In the checkerboard assay (Zigmond and Hirsch, 1973) the

cell position in the filter is predicted on the basis of

predicted migration— a set of leading front measurements are

taken from experiments in which the concentration of

attractant is the same above and below the filter

(chemokinetic conditions). A series of such concentrations

are used and the form of the experiment changed to a gradient

type. If attractant at concentration 'a' is placed above the
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filter and attractant at higher concentration 1b' placed below

then knowing the separate rates of migration in 'a' and 1 b'

derived from the chemokinetic experiments, a prediction can be

made as to where the leading front should be under gradient

conditions. Observed distances are higher than the predicted

figure (Zigmond and Hirsch, 1973; Wilkinson, 1974) and this is

taken as evidence that directed locomotion has occurred in the

gradient experiments. This premise has been questioned

(Rhodes, 1982) who argues that if a cell turns toward a higher

concentration it will move faster (because of the orthokinetic

effect of the attractant) and on this basis alone would move

more toward a higher concentration than a lower one. He

concluded that there was no reliable way to distinguish

chemotaxis from orthokinesis in the filter assay.

The visual assay would seem to be ideal in distinquishing

differences, if any, between chemotaxis and chemokinesis. In

combining direct observation with the under agarose system,

experiments could be performed under optimal conditions and

differences in locomotion under stimulated and baseline states

quant i f ied.
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ANIMALS

Male or female rats of the Wistar strain inbred at the University

of St. Andrews animal house were used in most experiments. They were

at least 8 weeks old and their minimum weight was 200 gm at the time

of experimentation.

Male or female mice of the C57BC/6 strain, also inbred at the

animal house were used in a small number of experiments. Their minimum

age at the time of experimentation was 6 weeks.

All animals were housed under standard conditions, and fed a normal

laboratory animal diet.

PERITONEAL EXUDATES

1. Preparation of Glycogen Solution - One gram of Oyster Glycogen

(Type II, Sigma Chemical Co. Ltd.) was added to 100 mis of sterile

Dulbecco's phosphate buffered saline (PBS). This was vigorously shaken

on a flask shaker (Griffin and George Ltd.) for 15 minutes to dissolve

the glycogen granules. The 100 mis of 1% glycogen solution was then

divided into 10 ml aliquots and stored at -20 °C.

2. Induction of the Exudate - Animals were lightly etherized,

the anterior abdominal wall swabbed with 70% ethanol and an intra¬

peritoneal injection of 10 mis (rats) or 1 ml (mice) of the glycogen

solution was given in the midline region. In one group of experiments

the injection consisted of PBS only.

3. Harvesting of the Exudate - Four hours after the injection,

rats were killed by prolonged exposure to ether. The anterior abdominal

wall was swabbed with 70% ethanol and a small (~lcm) circle of skin was

cut away to expose the muscle layers beneath. Thirty mis of cold (4 °C)

PBS were injected through these muscle layers into the peritoneal cavity,
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using a wide bore (19G) needle. The abdomen was gently palpated for

~ 30s to release loosely adherent cells and then the rat was placed

upright and the peritoneal fluid was allowed to drain back out of the

needle into a sterile universal container.

Mice were killed as above, but harvesting followed a slightly

different procedure. A midline skin incision was made which extended

up to the neck region and continued down on each side into the groin

region. Care was taken not to puncture the peritoneal cavity at this

stage. Seven mis of cold PBS was injected into the cavity and the

abdomen was gently palpated for ~ 30s. The fluid was withdrawn using a

needle and syringe, the former being placed in the lower, right part of

the cavity to avoid blockage by abdominal organs.

In either case, if the peritoneal fluid contained enough red blood

cells to turn the fluid a straw to orange colour then it was discarded

at this stage.

Peritoneal fluid was centrifuged at 400 g for 10 minutes, the super¬

natant was aspirated and the cells were resuspended in warm (37 °C) RPMI

1640 medium which was buffered with 20mM HEPES and supplemented with

2mM of L-glutamine (Flow Laboratories) and a protein source (usually 10%

newborn calf serum). This routine medium with the protein supplement is

referred to as "RPMI medium".

Samples of the cells were taken for counting and for preparation of

smears for differential counts. Occasional samples were taken to confirm

cell viability.

COUNTING AND STAINING

Cell suspensions were adjusted to a cellularity of 8 x 107/ml for

most under agarose experiments, but one series of experiments used

varying cellularities.
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Millipore Filter Experiments - In all cases the cellularity was

3 x 106/ml. Cell counts were determined from a Coulter Channelyzer

(model C-1000) which was connected on line to a Coulter Counter

(model ZBI). Optimal conditions for counting peritoneal exudate cells

with a 200ym diameter orifice were found to be I=|(2mA), Amplification^,

with a lower threshold of 10 and an upper threshold of 100.

Staining - Five microlitres of the cells at 8 x 107/ml were added

to 150 microlitres of medium and cytocentrifuged onto a glass slide in

a Shandon Mk.2 Cytospin (Shandon Southern Products Ltd.) at 750 RPM for

5 minutes. The cells were then air dried, fixed in methanol for 15

minutes and stained for 30 minutes in Giemsa's stain. After rinsing in

buffered (pH 6.4) water, the slides were thoroughly dried and mounted

using D.P.X.

Cell Viability - Cell viability, determined using the 0.2% Trypan

Blue dye exclusion technique, was always > 94%.

CHEMOATTRACTANT

N-Formyl-l-methionyl-l-leucyl -1-phenylalanine (FMLP) was obtained

from Miles Laboratories (Product No. 72-263-1), dissolved in 20mM HEPES

buffered saline (0.9%) at 10-1+M and stored at -20 °C. Dilutions of this

were made into RPMI medium.

PREPARATION OF AGAROSE PLATES

(Diagram 1). Agarose plates were prepared routinely in batches of

16. Ninety mis of PBS was added to 0.5 gm of agarose (electrophoretic

grade, BDH Ltd.). This mixture was then boiled in a sterile, conical

flask until the agarose dissolved (usually after ~ 5s at 100 °C). The

mixture was allowed to cool to ~ 50 °C then 10 mis of fresh newborn calf
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serum was added. If the agarose plates were intended for use in chemo-

kinetic experiments (where the chemoattractant is present throughout the

agarose gel) then the FMLP was added at this time as well. Six mis of

the mixture was poured into 60 * 15 mm tissue culture grade petri dishes

(Nunc) and allowed to gel at room temperature. The dishes were then

transferred to a 4 °C refrigerator.

Variations - (i) In a series of experiments, 0.5 gm of agarose

was boiled in 45 mis of distilled water until dissolved, cooled to 50 °C

then double strength RPMI medium (at 37 °C) was added; plus the serum

and FMLP if required. The mixture was then treated as above.

(ii) The protein source was varied in another series

of experiments; either 10 mis of heat-inactivated (56 °C for 30 minutes)

newborn calf serum was added, or the agarose was boiled in 99 mis of PBS

and either 1 gm of Bovine Serum Albumin (BSA; Fraction V, Sigma) or 1 gm

of gelatin (type III, Sigma) was added at the 50 °C stage.

(iii) The percentage of agarose present in the final

mixture was varied in a series of experiments.

Well Cutting - After the plates had been at 4 °C for at least 2 hr

(to harden the gel) they were cut using a 3 mm diameter stainless steel

punch and perspex template as a guide, into a series of 6 sets of wells

of 3 mm diameter and spaced 3 mm apart (Diagram 1, pattern 1). Later

experiments discarded the use of the innermost wells; for chemokinetic

and random locomotion experiments, the outer wells were also discarded.

The cut agarose was plucked out of the wells using a sterile needle

and the plates were placed in a 37 °C humidified incubator gassed with

5% CO2 in air to equilibrate.

The wells were prone to filling up with fluid while they were in

the incubator. This is due to a transient phenomenon known as syneresis,
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the spontaneous expulsion of fluid from a gel. The fluid was aspirated

just prior to experimentation with a Pasteur pipette attached to a

vacuum line.

MILLIPORE FILTER EXPERIMENTS

(Diagram 2) - The technique used in these studies follows the

principles of the modified Boyden chamber system used by Wilkinson

(1974). A 2 ml tuberculin syringe barrel was cut 4.8 cm from the

upper end. This was then levelled off and thoroughly washed in distilled

water to remove small particles of plastic, then placed in 2% Decon 90

overnight. The barrels were rinsed free of the detergent and dried in

an 80 °C dry heat atmosphere to maintain cleanliness. The dry barrels

were then ready for the gluing on of the filters.

In an attempt to reduce variability between batches of filters, the

14 mm diameter filters for experiment were cut from a 142 mm diameter

filter (Millipore No. SSWP 142 oo). These have a pore size of 3 ym.

The cut filters were handled with a sterile forceps and a liberal amount

of glue ('UHU', Fismar Ltd.) was placed on the cut end of the syringe

barrel. The barrel was then placed, glue end down, onto the filter and

pressed firmly to make a good seal. This formed the upper chamber of

the system. The glue was allowed to set overnight. Filters could be

identified by cutting small sections out of them since they overlapped

the barrels by 1-2 mm.

The barrel, with its attached filter was placed in a 7 ml Teklab

tube containing 1 ml of RPMI medium or chemoattractant. The filter was

checked to see that it had been wetted by this lower chamber fluid and

that there were no air bubbles present. The chambers were left in this

way for 10 minutes and any upper chamber which contained fluid at this
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time was discarded. (This indicated an inadequate barrel-to-filter

seal, allowing lower chamber fluid to seep past and into the upper

chamber. The occurrence of this was much reduced (to ~ 1 in 12) by

using a liberal amount of glue to attach the filters.)

EXPERIMENTAL PROCEDURE (1) Under Agarose System - (Diagram 1)

Earlier experiments used the 3 well pattern to investigate the

three conditions of movement. Five microlitres of cell suspension

were placed in the middle well of the set of three wells.

Five microlitres of chemoattractant (chemotaxis experiments) was

placed in the outer well and medium alone (5yl) placed in the inner

well. For random and chemokinetic experiments, medium was placed in

the outer well instead of chemoattractant.

Later experiments used a slightly simpler well pattern. Chemotaxis

experiments used a pattern with only the outer and middle wells cut into

the gel, the inner well was not present (pattern 2, diagram 1) and for

the 2 other conditions only the middle, cell containing well was retained

(pattern 3, diagram 1).

The plates containing cells or cells plus chemoattractant were then

incubated for 1 hr at 37 °C in a humidified incubator gassed with 5%

CO2 in air. After this period the plates were transferred onto ice for

2 min to arrest cell movement and counted immediately or stored at 4 °C

until convenient. Plates could be left overnight and counted the

following morning. No change in leading front distance was noted when

the plates were stored at 4 °C for this time period.

Occasionally a permanent, fixed preparation was required. The

plates were transferred to an enclosed box containing a little (~ \ cm

deep) formalin (40% formaldehyde). The lids of the petri dishes were
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removed and the box containing formalin and plates was transferred to

a 37 °C room and left overnight. The heat encouraged the release of

formaldehyde vapour which fixed the cells. The plate was removed from

the vapour, the gel gently removed with forceps and 4 mis of Giemsa's

stain was added to the dish for 30 minutes. After rinsing in buffered

water (pH 6.4) the dishes were allowed to dry.

Chloroacetate Esterase Stain - Some of the fixed plates were

stained with the chloroacetate esterase histochemical technique (Yan,

Li and Crosby, 1971) which is a specific marker for cells of the neutro¬

phil series. The plates were incubated for 10 minutes in the following

mixture, which was filtered before use:

9.5 mis PBS (pH 7.4)
10 mg Fast Garnet GBC (C.I. 37210, Sigma)
1 mg Napthol AS-D Chloroacetate (Sigma) in
0.5 mis of Dimethyl Formamide (BDH).

This volume of mixture was sufficient for 3 plates.

The plates were then rinsed with buffered water and allowed to dry.

(2) MILLIPORE FILTER SYSTEM - The three conditions were examined

under the following protocol:

(i) Chemotaxis - The lower chamber contained 1 ml of FMLP at the

required concentration, while the upper chamber contained 0.1 ml of cell

suspension (at 3 x 106 cells per ml of RPMI medium) and 0.1 ml of RPMI

medium.

(ii) Chemokinesis - The lower chamber contained 1 ml of FMLP at

the required concentration, while the upper chamber contained 0.1 ml of

cells and 0.1 ml of chemoattractant at twice the concentration of that

in the lower chamber. Thus when the cells and chemoattractant were

together in the upper chamber, the concentration of the latter matched

that in the lower chamber.
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(iii) Random Locomotion - The lower chamber contained 1 ml of

RPMI medium only, whereas in the upper chamber there was 0.1 ml of

cells and 0.1 ml of RPMI medium.

Diagram 3 illustrates the two systems and shows how each of the

three conditions were established.

The chambers were then transferred to a 37 °C humidified incubator,

gassed with 5% C02 in air, for 1 hr. Following this the upper chambers

were withdrawn and placed in absolute ethanol or formalin to remove

the filters (Diagram 2). The freed filters were placed in a staining

rack and processed as in diagram 2. The syringe barrel was recycled

for use in future experiments.

Following staining and clearing in xylene, the filters were

mounted using D.P.X. as follows - one drop of D.P.X. was placed in the

middle of a glass slide and the filter placed (cell side uppermost) on

the top of this drop. A second drop of D.P.X. was then placed on top

of the filter and onto this drop was placed a 22 mm square glass

coverslip. The slide was then allowed to dry overnight. Some filters

were processed for identification of non-specific esterese enzymes by

the histochemical technique of Li, Lam and Yan (1973). Filters were

fixed/freed with formalin (40% formaldehyde) for 5 minutes then incubated

for 1 hr in the following mixture at room temperature:-

Buffer 0.2M NaoHPOi,* pH 6.9
0.1M Citric Acid

Substrate 10 mg a-naphthyl acetate dissolved in
0.1 ml of acetone.

Coupling Agent - This was in two parts:

(a) Diazotized Pararosaniline - prepared by adding 0.2 gm of

Pararosaniline hydrochloride (Sigma) to 5 mis of 2N HC5, and heating to

- 65 °C. The mixture was then cooled to room temperature and filtered.
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(b) 4% sodium nitrite. There two parts were combined by mixing

0.4 mis of each, leaving for two minutes (hexazotized pararosaniline

is formed in this step) then adding to the mixture above in the following

proportions:

Buffer 9.5 mis

Substrate 0.1 ml

Coupling Agent 0.8 ml

After staining the filters were rinsed free of the mixture, then

counterstained with 2% methyl green for 3 minutes; then dehydrated

in ascending grades of ethanol, cleared and mounted as for the routine

staining of filters (Diagram 2).

ASSESSMENT OF CELL MOVEMENT (Diagram 4) -

(i) Under Agarose System - The leading front distance for the

under agarose system is defined in this thesis as the distance from

the edge of the cell well to the leading front of migrated cells. A

linear ocular scale fitted to a Zeiss Invertoscope D inverted microscope

was calibrated using a Watson stage micrometer, one end of the scale

was adjusted to line up with the image of the edge of the cell well and

the distance to the leading front of migration was read off. This scale

reading was converted into micrometers by multiplication by a conversion

factor found at calibration (Diagram 4). Two measurements were possible:

1. The 'A' measurement - towards the outer well, which

contained chemoattractant in chemotaxis experiments, or RPMI medium in

chemokinetic and random locomotion experiments.

2. The 'B' measurement - towards the inner well, which

contained RPMI medium in all three conditions.

Both measurements are taken on the radial line joining the centres
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of the 3 wells.

In several experiments an estimate of the cell density (number of

cells per unit area) was obtained by using an ocular grid (calibrated

with a stage micrometer) and making counts of numbers of cells at

various distances out to the leading front of migrated cells.

(ii) Millipore Filter System (Diagram 4) - In principle the

method of assessment of migration follows that employed in the under

agarose system.

Using the scale provided on the fine focus control of the micro¬

scope, the distance from the upper surface of the filter (with the cells

on) to the plane of focus which contains at least two cells was measured.

Five fields were taken for each filter. The accuracy of the scale on

the fine focus control was checked by direct measurement with a precision

engineer's micrometer (L.S. Starrett Co.).

EXPERIMENTAL POLICY AND STATISTICS

Wherever possible the 3 conditions were investigated in the same

experiment. This has the advantage of reducing variability between

rats but entails using a large number of plates per experiment (up to 18).

All experiments were done at least in triplicate and on different days.

Results were pooled from each day and analyzed for median, mean, standard

deviation and standard error. Where a normal or near normal distribution

could not be assumed, groups were compared by the non-parametric Mann-

Whitney U test; otherwise the Studert t-test was used to check for

significance.

VIDEOTAPE RECORDING OF CELLS MIGRATING UNDER AGAROSE

1. Agarose Plates - The same procedure was followed for setting
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up the agarose plates as in the normal under agarose experiments but

with two exceptions:

(i) The petri dish height (15 mm) was too high to clear the

phase condenser on the inverted microscope, so it was shortened by

trimming with a hot knife; the lid was retained.

(ii) To improve the optics a 13 mm diameter glass coverslip

was gently placed over the cell well using a pair of fine forceps. It

was important to do this gently to prevent the well contents being sucked

up and leaking between the upper surface of the agarose gel and the

lower surface of the coverslip.

At the end of recording the leading front measurement was taken

using the ocular scale. Recordings were rejected if the leading front

of migrated cells was not within one standard deviation of the mean for

the particular conditions found in the dose-response assay. In practice

only one recording was rejected for this reason.

2. Recording and Playback - A Zeiss Invertoscope D equipped with

a phase condenser, X16 phase objective lens and connected to a Sony

Trinicon TV camera was used to film the cells migrating under agarose.

The camera, through its control box (Sony, model DXC 1600-P) was

connected to a video timer (For.A Co. Ltd.) and through this timer to

the videotape recorder [(VTR), National Panasonic NV-8030] running,

for recording purposes, at 0.055 of normal speed. The picture signal

passed out from the VTR to a TV Monitor (Sony Trinitron CVM-1810 UB).

In this way the cells could be followed and recorded with focusing and

stage adjustments being made as necessary. The TV camera allowed an

area ~ 250 ym wide and ~ 200 ym high to be filmed. The stage was

adjusted so that the centre of this "window" was over the radial line

between wells and at the outer edge of the cell well (Diagram 5).
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At the termination of recording, the tape was rewound and a time

signal, consisting of a bell ringing once every 5s was dubbed onto

the videotape by using the VTR audio dub facility. During this dubbing

and for subsequent playback, the tape was played at its normal speed -

that is 18 times the recording speed. The result of this procedure was

that on playback at normal speed there was cell migration occurring at

18 times actual speed with an audible bell signal occurring once every

5s (playback time) - equivalent to once every 90s of recording time.

ANALYSIS OF CELL MIGRATION UNDER AGAROSE

(i) Tracing Cell Paths - Acetate film was cut to fit the TV screen

and taped to it with autoclave tape (this does not tear the film on

removal). Starting at the beginning of recording (time t=0 min) the

paths of 10 cells were followed by placing a point over the centre of the

cell every time the bell was rung. If the cell went off the screen or

playback terminated (i.e. t=60 min) then the cell path up to that point

was taken as the path for that cell and another cell was followed. Lines

were drawn between the points to assist in the subsequent planimetric

analysis. This process was repeated until 10 paths had been followed

for t=0,15,30 and 45 min making a total of 40 cells per recording. In

this way cells were sampled from the whole of the recording and not just

the beginning when following the cell paths is relatively easy. Other

information was written on the film (date, time, conditions) and two

reference points placed on the radial line between well centres. These

points were required in the planimetric analysis. Eight acetate sheets

were used per recording.

(ii) Parameters Investigated (Diagrams 5-7)

(a) Time Taken - The amount of time for which the cell was
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followed. Since each length occurs in 90s then the time the cell was

followed for (in minutes) was 1.5 times number of lengths.

(b) Length - This was the distance between two points.

(c) Angle of Radial Deviation (p) - The angle made between

the length (path taken) and the radial direction out to the chemo-

attractant well (Diagram 6).

(d) Radial Length - The component of length in the radial

direction (Diagram 7).

(e) Angle of Turn (t) - The angle between two successive

turns.

(f) Speed - Individual speeds were computed from each length

(by dividing by 1.5) to give a speed in ym/min. An overall speed for

the whole cell path was found from the total distance (sum of individual

lengths, Diagram 5) divided by the time taken.

(g) Velocity - Individual velocities were found from radial

length divided by 1.5. An overall velocity for the whole cell path was

found from the radial distance (which is the sum of the individual radial

lengths) divided by the time taken.

(h) Chemotactic Index - Was found from the ratio of the radial

distance divided by the total distance. It could also have been found

from the overall velocity divided by the overall speed.

(i) Angle of Displacement (6) - The angle made between the

point where tracing of the path started and the point where it ended

(Diagram 7).

(iii) Planimetric Analysis - This was done on a MOP digitizer

tablet (Kontron Messgeraete GubH). Earlier work only allowed simple

measurements (of length) to be taken but later the MOP was linked to a

48 K Apple II microcomputer and most of the results presented used this
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linkup to process the data. In the latter case the points on the

acetate film were plotted by the MOP as x- and y-coordinates, (Diagram 7).

The film was placed on the tablet and points were mapped out and sent to

the microcomputer. This stored the coordinates until the whole path was

mapped and then manipulated the set of x,y coordinates into the various

parameters measured (Diagram 7). A listing of the program written in

BASIC is given in Appendix 1 together with an explanation of its various

parts.
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DIAGRAM 1

BOIL FOR ~5s

rt V

COOL TO 50 C,

ADD SERUM

PBS Agarose Agarose Solution

Punch

POUR INTO

ID CD D 0 n=

/

PETRI DISH

4 C FOR 2hr \—i \—i \—i v i

then CUT WELLS >=i

Template Dish with gelled agarose

WELL CUTTING PATTERN
2 3

Chemoattractant Cells Cells only

Pattern 1 was used in earlier expenments.patterns 2,3 in
later experiments.
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DIAGRAM 2

s

Cut, level off

WASH,STORE
IN DECON (~8hr)

RINSE OFF
DECON, DRY (80°C)

GLUE ON FILTER

Add cells
run experiment

Put in lower chamber
check for leaks

Release filter (ethanol)

96%Ethanol 2min.

75%Ethanol 2min.

Dist.Water 2min.

Haematoxylin 2min.
S.T.WS. Amin.

75% Ethanol 2min.

96% Ethanol 2min.

Abs.Ethanol 5min.

Xylene 15min.
Mount D.PX.
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DIAGRAM 3

UNDER AGAROSE SYSTEM MILLIPORE FILTER SYSTEM

CHEMOTAXIS

CHEMOKINESIS

RANDOM
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DIAGRAM 4

UNDER AGAROSE SYSTEM
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DIAGRAM 5

TIME TAKEN -No of lengths x 15 (minutes)

TOTAL 0ISTANCE=ll+L2+l3+l4+l5+l6+l7+le (jjm)

SPEED=T0TAL DISTANCE/TIME TAKEN (pm/rninute)

VELOCITY=RADIAL DISTANCE/TIME TAKEN (pm/minute)

CHEMOTACTIC INDEX =RADIAL DISTANCE/TOTAL DISTANCE

= VELOCITY/SPEED
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DIAGRAM 6
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DIAGRAM 7
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Results

PART 1 : COMPONENTS OF THE CELL SUSPENSION

SECTION 1.1

The cell yield from each rat was typically 6 x 107 cells.

Differential staining with Giemsa solution demonstrated that 60-65%

of these were PMNs, and ~ 2/3 of these PMNs were of the immature

"band" type. About 25% of the total yield were small lymphocytes and

5% each were macrophages and mast cells. Thus at 8 x 107 white cells/ml

(which was the cellularity used in most experiments), the cell suspension

contained 5 x 107 PMNs/ml, or 2.5 x 105 PMNs per well.

Plate 1 shows a fixed Giemsa-stained preparation of cells which

have migrated under agarose gel after one hour incubation; they are

all polymorphonuclear. The neutrophil-specific histochemical marker

chloroacetate esterase (Li, Lam and Yam 1971) was used to demonstrate

that virtually all these responding cells were neutrophils (Plate 2).

PART 2 : VARIABLES OF THE ASSAY SYSTEMS

SECTION 2.1 Dose-Response Curves to FMLP for Chemotaxis and

Chemokinesis under Agarose

The optimal concentrations of the chemoattractant FMLP for use in

the main series of experiments using the Under Agarose System (UAS) were

found from Dose-Response curves using the concentration ranges 10"11 M

to 10~3 M for chemotaxis and 10"11 M to 10-i+ M for chemokinesis.

Figure 1 shows the relationship between FMLP concentration and the

leading front distance reached after one hour incubation in the standard

assay.
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At some concentrations the leading front distance for chemotaxis

exceeded that for chemokinesis (e.g. at 1CT7 M); while at others the

leading front distance for chemokinesis exceeded that for chemotaxis

(e.g. 10~8 M). Each type of movement (i.e. chemotaxis and chemokinesis)

showed an optimal response but these were at different concentrations

of FMLP. This is shown in Figure 1, where the quantitative values of

the abscissa have been analysed for each type of movement. With the

data plotted on this basis the similarity in shapes of the two curves

can be seen. The peak chemotactic response was found at 10~6 M, and

the peak chemokinetic response at a lower concentration of 10"8 M FMLP.

These optimal responses fall off rapidly with increasing concentration

and become less than the random (nonstimulated) control at 10-lt M for

chemotaxis and 10"6 M for chemokinesis. Plate 3 shows the typical

pattern of migration after one hour under optimal chemotactic conditions

(10~6 M FMLP). The cells were spread out, though there was some clumping

near the well edge. Plate 4 demonstrates the migratory pattern at high

doses of FMLP (10_lt M) , The cells were clumped together and at the

leading front a number of cells were polarised in the reverse direction

i.e. towards the cell well. In all subsequent experiments 10~6 M was

the concentration of FMLP used to study chemotaxis, and 10"8 M FMLP was

used to study chemokinesis.

SECTION 2.2 Millipore Filter System (MFS) Dose^Response

Relationships

The MFS provided another opportunity to examine Dose-Response

relationships using the chemoattractant FMLP. Figure 2 shows the

chemotactic Dose-Response. The concentration of FMLP required for
-S

maximal leading front movement under chemotactic conditions (~ 10 M)
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was less than that in the UAS (10~6 M), In the chemokinetic Dose-

Response (Figure 3) the peak response also occurred at a lower concen¬

tration (1CT9 M) than that seen in the UAS (10"8 M). Both chemotaxis

and chemokinesis in the MFS showed marked inhibition to less than

random values at concentrations ~ 5 x 10"8 to ~ 5 x 10"6 M FMLP but

with some recovery at 10"5 M. In the UAS there was little difference

between the two types of movement as regarded leading front distance

reached at the optimal concentration (1090 urn for chemotaxis, 1025 um

for chemokinesis ) although they were significantly different (p <0.001).

In the MFS, however, there was a greater relative movement for chemo¬

taxis (114 um) than for chemokinesis (98 um) which was also significant

(p <0.01) .

SECTION 2.3 A and B Distances in Chemotaxis Under Agarose

In this series of experiments the chemoattractant was placed in

the outer well, the cell suspension in the middle well and the control

substance (medium alone) in the inner well. Figure 4 shows the chemo-

tactic Dose-Response curves for the two distances - 'A': the leading

front distance from the edge of the cell well to the furthest pair of

cells in the direction of the outer ("chemoattractant") well and 'B':

the leading front distance from the edge of the cell well to the furthest

pair of cells in the direction of the inner ("control") well.

The 'A' distance was similar to that seen in Figure 1 for chemotaxis,

with a sharp peak at 10"6 M FMLP and inhibition (i.e. less than random

movement) at lO"4 M. Movement in the 'B' direction was similar to that

under random conditions (typical leading front distance was 625 um) up

to 10"8 M, thereafter the distance increases even when there was

inhibition of 'A' movement. Thus at 10"1* M FMLP the ' B' distance

exceeds the 'A' distance.
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SECTION 2.4 Effect of Altered Gel Strength on Leading

Front Distance

Using optimal concentrations of FMLP (10"* M for chemotaxis,

10~8 M for chemokinesis) the effect of altered gel strength (that is

percentage of agarose in the gel) on migration of the leading front

was examined. Figure 5 shows that for chemotaxis the maximal leading

front distance was seen in 0.5-0. 75% (w/v) agarose. For chemokinesis,

the maximal response was seen in 0.75% agarose (Figure 6) and for

random locomotion it was seen in 0.5% agarose (Figure 7). The optimal

concentration for all three conditions thus lies in the range 0.5-0.

75%. Since the clearest gel was required for the later visual assay

experiments and because gel opacity increases with increasing agarose

concentration, then subsequent experiments were carried out using the

0.5% concentration only.

SECTION 2.5 The Protein Requirement of the Migratory Response

(1) The Under Agarose System: The protein requirement

of the migratory response was tested under a 0.5% agarose gel using

optimal FMLP concentrations (Figure 8, part 1).

1. Chemotaxis - There was no significant difference between the

leading front distances reached when either 10% calf serum or 10% heat-

inactivated (30 min at 56 °C) calf serum was used as the protein source

Gelatin (1%) as a protein source supported a good chemotactic response

but was not as effective as the two types of sera. Bovine serum

albumin (1%) supported a chemotactic response equal to that of gelatin.

2. Chemokinesis - This showed similar results to the chemotactic

experiments, i.e. no significant difference between 10% fresh serum and
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10% heat-inactivated serum. The simple protein sources, gelatin and

bovine serum albumin supported a good response, but this was only about

80% of that seen with serum as the protein source.

3. Random - As with the other two conditions there was little

difference between the leading front distances seen using either sera.

However, gelatin as a protein source supported a good response whereas

bovine serum albumin seemed deficient, only producing ~ 60% of the

leading front distance when serum was present instead. The effects of

serum and gelatin were investigated further in later experiments

(Section 2.6).

(2) The Millipore Filter System: The protein requirement

in the MFS was studied to compare the results obtained in the UAS

(Figure 8, part 2).

1. Chemotaxis - The protein sources were present in upper and

lower chambers as described in Materials and Methods. The simple

proteins, gelatin and bovine serum albumin gave comparable responses

to those obtained with sera in this system, supporting a leading front

distance of migration ~ 90% of that seen using serum.

2. Random - A remarkably close set of results was obtained under

these baseline conditions. All four protein sources supported a similar

leading front response of about 75 um.

SECTION 2,6 Further Investigation of the Protein Requirements

in the Under Agarose System

If a stimulatory effect of serum on PMN migration existed, then

this would be seen most clearly under baseline (i.e. Random) conditions
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when no other stimulant was present.

The leading front distance migrated after 1 hour, under random

conditions, i.e. no FMLP, was measured at 5 minute intervals for two

protein sources:

1. Fresh Calf Serum (10%)

2. Gelatin (1%).

The results are shown in Figure 9, in which the slope (radial

distance/time taken) is a measurement of leading front Velocity.

The slopes of both lines were not significantly different from

each other (p > 0.25; F-test of two linear regression lines - Snedecor

and Cochran, 1969) but the x-intercept of the gelatin slope was greater

than that of the serum slope, i.e. appreciable cell movement with serum

took place sooner than with gelatin as the protein source.

SECTION 2.7 The Effect of Altered Cell Number on the Migratory

Response in the Under Agarose System

The effect of altering the number of cells in the well was

investigated in these experiments. Unfortunately, even when repeated

four times these studies still yielded variable results, particularly

for the lower cell concentrations. The results are expressed as cells

per well, ~ 65% of these were PMNs (Figure 10). Chemotaxis was only

slightly dependent on cell number per well - a 60 fold increase in

cellularity only increased leading front distance from 870 urn to 1020 urn.

Chemokinesis showed the most dependency on number of cells per

well, the increase in leading front distance was approximately linear

up to ~ 2.0 x 105 cells per well before the response plateaued out.

Random migration increased with rising cell numbers at greater

than 3 x 104 cells/well but did not plateau at the highest cell numbers
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studied here.

Most experiments were done at the high concentration of
2.5 x 105 PMNs/well (that is 3.8 x 105 cells/well) since this was the
concentration used previously by most investigators. Higher concen¬

trations of cells also gave more uniform results.

SECTION 2.8 Density of Cells from Well Edge

This parameter was examined after fixation and staining of the
cells at the end of the one hour incubation period. The number of
cells in a 96 x 320 urn grid area (centred over the radial line

connecting the centres of the middle and outer wells) was counted
and the grid advanced another 96 um towards the outer well. The cells
in this section were then counted and the process repeated until all

the cells in the corridor described by grid movement were counted.

Thus for each 96 um section out from the well edge a count was obtained
of cell numbers and used to plot the cell density graph (Figure 11).

1. Chemotaxis - Adjacent to the well there was high cellularity

which dropped slowly to about 650 um and then more rapidly to the
leading front.

2. Chemokinesis - A peak response about 400 um out from the

well edge was seen under this type of movement. Further away from
this wave, the cellularity dropped similarly to that for chemotaxis
until the leading front was reached.

3. Random - The main difference between this type of movement

and the previous two was that there was no plateau stage. Instead, a
linear drop was seen up to the leading front of cells.
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SECTION 2.9 Velocity of the Leading Front of Cells

Experiments were performed under optimal conditions. The

leading front distance was measured in the normal fashion but at

5 minute intervals instead of only at the end of incubation. In this

way an idea of the leading front velocity was established over the

whole hour of incubation.

Figure 12 shows the time-leading front distance plot, the slope

of which gives the leading front velocity.

Under chemotactic conditions there was approximately 10 minutes

before accurate leading front measurements could be taken. From this

time onwards there was a linear increase in the leading front distance

achieved with each subsequent 5 minute time interval, i.e. in the

leading front velocity, (Slope fitted by least square fit method,

correlation coefficient r = ±0.97; probability of non-linearity

•< 0.001.) The actual leading front velocity measured from the slope

of the line was 21.4 um/minute under chemotactic conditions.

Under chemokinetic conditions, the cells appeared slightly

earlier (just measurable at the 5 minute period). As above, the cells

showed a linear increase in leading front distance up to 60 minutes.

(Slope fitted as above: r = +0.99, probability of non-linearity

<0.001.) The leading front velocity as measured from the slope was

18.8 um/minute under chemokinetic conditions.

The time-leading front distance relationship under random

conditions is shown in Figure 9. A delay of about 10 minutes occurred

before accurate measurements could be taken but from there a linear

increase was seen in the leading front distance covered up to 1 hour.

(Correlation coefficient r = +0,99, probability of non-linearity <0.001.)

The leading front velocity measured from the slope was 11.6 um/minute

under random conditions.
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The sequence of photographs in plates 5-8 demonstrates how the

leading front migration under optimal chemotactic conditions developed

over three 90 s intervals.

SECTION 2.10 Effect of Altering the Medium Used in

Preparing the Agarose Gel

All experiments performed so far in this study had used PBS as

the medium in which to form the agarose gel. This choice of medium

was principally for ease of use. Other workers, however, have used a

more substantial medium in their gels. Experiments were thus designed

to compare the three types of movement under a PBS-based gel with that

under a gel made up with RPMI 1640 culture medium.

Table 1. EFFECTS OF DIFFERENT MEDIA IN THE AGAROSE GEL

CONDITIONS MEDIA IN AGAROSE

RPMI PBS SIGNIFICANCE

Chemotaxis 1067 ± 16 1111 ± 20 p > 0.05

Chemokinesis 932 ± 22 937 ± 29 p > 0.1

Random 517 ± 24 535 ± 22 p > 0. 5

Values given are mean leading front Distance ± S.E.M. (urn), :

As can be seen from Table 1 there was no significant difference

between the two media used in the gel for any of the 3 types of movement

studied. The RPMI 1640 gel was darker (due to the presence of phenol

red) and phase contrast therefore less pronounced than with the PBS gel.

So for the reasons of clarity and ease of use, the PBS type of gel was

retained in the visual assay type of experiments.
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SECTION 2.11 Effect of Altering the Peritoneal Exudate

Inducing Agent

It was possible that the 1% glycogen solution used to induce

the peritoneal exudate was in some way affecting the subsequent in

vitro response of the PMNs. In order to examine this possibility,

experiments were performed in parallel comparing glycogen-induced PMNs

and those induced by normal saline. These experiments were only

performed under random conditions since they were designed to show any

stimulation. The results are shown in Table 2:

Table 2. EFFECTS OF CHANGING EXUDATE INDUCING AGENTS

RANDOM CONDITIONS EXUDATE-INDUCING AGENT

GLYCOGEN SALINE SIGNIFICANCE

L.F. Distance 595 ± 35 505 ± 42 p. <0.05

Cellularity 5.8 x 107 2.1 x 107

%PMNs 61 48

SUMMARY OF PART 2: Optimal conditions for the three types of

movement were established. These were:-

1. Concentration: 10-6 M FMLP for chemotaxis, 10"8 M for

chemokinesis in the under agarose system.

2. Agarose Concentration: 0.5-0.75% gave best results on

terms of leading front distance. The lower concentration

was used in future experiments.

3. Protein Requirement: Either 10% calf serum or 10% heat-

inactivated calf serum provided the maximal leading

front response. Control experiments implied that this

was not a stimulatory effect.
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4. Cell Numbers in the well: There was high variability

in these experiments. There was an increase in leading

front distance under chemotactic and random conditions

as cell number increased. Under chemokinetic conditions

this increase was more marked. At the highest cell

concentrations studied, there was little difference

between leading front distance for chemotaxis and

chemokinesis.

5. Migratory Cell Density: This was about equal for

chemotaxis and chemokinesis. Random differed from the

stimulated type of migrations in not having a plateau

phase.

6. Leading Front Velocity: This was 21.4 um/min for

chemotaxis, 18.8 um/min for chemokinesis and 11.6 um/min

for random movement under standard conditions.

7. Media in the Gel: The PBS based gel was not inferior

under any conditions when compared to an RPMI-1640 based

gel.

8. Peritoneal Exudate Stimulating Agent: Glycogen appeared

to be slightly stimulatory, possibly mediated through the

greater percentage of PMNs in its exudate.

PART 3 : VIDEOTAPE ANALYSIS

SECTION 3.1 Migration Paths

1. Chemotaxis. Five cell paths are illustrated in Figure 13.

Each starts at a point near the cell well "0", and every point there¬

after represents the cell position after 90 s. The uppermost cell
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(cell A) was followed during four 90 s intervals before it went off

the screen. Some of its parameters are shown below:

Chemotactic Index = +0.93

Mean cell speed = 19.2 um/min

Mean cell velocity = +17.8 um/min

Mean angle rho = 20.5°

Mean angle tau = 36°

2. Chemokinesis. The less ordered paths of chemokinetically

moving cells are shown in Figure 14. Paths tended to be more crooked

but still overtly outwards, away from the cell well. The dotted path

was of a cell which migrated fairly well outwards then, just before it

went off screen, turned back and went almost to where it had started,

then travelled out again. Some of the results obtained with the cell B

are given below:

Chemotactic Index = +0.55

Mean cell speed = 18.1 um/min

Mean cell velocity = +9.9 um/min

Mean angle rho = 47°

Mean angle tau = 54°

3. Random. Considerable variability was seen in these cell

paths as shown in Figure 15, the uppermost cell for example, moved in

a relatively straight line, whereas cell C was considerably disoriented

and made its first step backwards. The parameters listed are from cell B:

Chemotactic Index = +0.37

Mean cell speed = 3.1 um/min

Mean cell velocity = +1.2 um/min

Mean angle rho = 65°

Mean angle tau = 40°
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4. Theoretical Random. Figure 16 shows four "cells" whose

step lengths and rho angles were produced by a random number generator.

Each "cell" was taken to have started from a common origin point "0".

The paths are totally disorganised in comparison with those found

experimentally. Data for cell D were as follows:

Chemotactic Index = 0.12

Mean cell speed = 19.2 um/min

Mean cell velocity = 2.2 um/min

Mean angle rho = 95°

Mean angle tau = 100°

SECTION 3.2 Speeds of Migration

From each step taken, individual speeds were calculated for

each type of condition. Thus from Diagram 6, the initial step

XI,Y1+X2,Y2 had length LI and took 90 s, thus the speed for this step

(in um/min) was Ll/1.5. In this way all the steps taken by all cells

under that condition of movement were converted to individual speeds.

1. Chemotaxis. The distribution of individual speeds is

shown in Figure 17. This was approximately normal, most speeds

occurring in the range 10-35 um/min.

2. Chemokinesis. The histogram of speeds under these conditions

is illustrated in Figure 18, this distribution was approximately normal,

most speeds were in the range 5-30 um/min with no particular preference

for any one group.

3. Random. A skewed dispersion was found under these unstimu¬

lated conditions (Figure 19), most speeds being in the 0-15 um/min class.

About one in eight steps on average was a stop, i.e. the cell did not

move perceptibly over the 90s interval.
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4. Theoretical Random. The statistics of this conceptual

movement were largely determined by the lower and upper limits set on

the random number generator. In this case Oum/min was taken as the

lowest speed and 35.75 um/min (the maximum speed reached under experi¬

mental random conditions) as the upper limit. Because these speeds

were generated in a purely random fashion, histogram groups are rather

superfluous, every class having approximately the same frequency to

the upper limit speed. However, its parameters are included in Table 3

which summarises the data obtained under all four types of movement for

each individual step measured:

Table 3. INDIVIDUAL SPEEDS

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 22.7 + 0.3 22.9 990 0.7 -> 50..8

Chemokinesis 19.5 + 0.3 19.6 999 1.1 -> 49..6

Random 9.3 + 0.2 8.3 1946 0 -» 35,.75

Th. Random 18.2 + 0.3 18.7 1678 0.1 -y 35..75

Values are in units of um/min.

From Table 3 it can be seen that chemotaxis and chemokinesis have

a similar range of speeds. The significantly higher mean speed for

chemotaxis (p < 0.001) was because fewer slow steps (0-10 um/min) were

taken than those cells moving under chemokinetic conditions. Randomly

moving cells, on average, travel at less than half the speed of their

stimulated counterparts. One reason random movement has a low mean

speed is because of the high incidence of stops (which were counted as

speeds of 0 um/min). Even without these stops, however, the mean speed

only rises to 10.7 um/min. Since under Theoretical Random conditions
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it was equally likely that a slow speed, i.e. near to 0 um/min or a

fast speed (close to 35.75 um/min) would be generated, then overall

the mean speed was going to fall somewhere in between the two as the

Table 3 shows. Obviously with a lower top speed, the mean speed would

be correspondingly reduced. The results for this variable are there¬

fore arbitrary and are of less use for comparison purposes than are the

results under Theoretical Random conditions used in subsequent Tables.

CELL SPEEDS. Average cell speeds over the whole cell path

(calculated from total distance/time taken - Diagram 5 Materials and

Methods) are outlined in Table 4:

Table 4. MEAN OVERALL CELL SPEEDS

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 22.7 + 0.5 22.6 160 9.0 38.5

Chemokinesis 21.2 + 0.4 21.6 240 5.7 -> 42.6

Random 10.8 + 0.3 10.1 240 2.1 -> 26.1

Th. Random 18.4 + 0.3 18.2 120 8.8 -> 27.3

Speeds are in um/min.

As would be expected, the range was narrowed but there was little

difference in the other measurements when compared to the data of

Table 3.

SECTION 3.3 Velocities of Migration

Information about direction was obtained by measuring the component

of speed in the outward direction, i.e. the radial velocity. The
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individual speeds were multiplied by the cosine of the rho angle, which

was the angle moved away from the radial direction. This gave individual

velocities, each partly dependent on the speed of the step and the angle

that the step made with the radial direction.

1. Chemotaxis. Figure 20 depicts the individual velocities

obtained in this system under these conditions. Few steps were of

negative velocity (back towards the cell well). The positive side of

the distribution is not unlike that for individual speeds (Figure 17),

demonstrating that the angles turned away from the radial direction

were low (cosines were high). The angles are further discussed in

Section 3.5.

2. Chemokinesis. The distribution of the individual velocities

under uniformly stimulated conditions is shown in Figure 21. In many

ways this was similar to the chemotactic graph. The bulk of the

velocities lie on the positive side and the shape of the positive distri¬

bution is like that for chemokinetic speeds (Figure 18), having a broad

peak but falling off fairly rapidly.

3. Random. A lot more of the steps made under the baseline

conditions were of the negative type, i.e. towards the cell well

(Figure 22) than in the cases of chemotaxis and chemokinesis. The

majority of these steps were in the -5 to 0 um/min group (this was mainly

due to the 268 speeds=0 um/min being included in this class). Apart

from having the modal group in the negative section, under random

conditions a similar picture was seen compared to the other two conditions,

most of the steps being positive.

4. Theoretical Random. The histogram of these velocities is

illustrated in Figure 23. There was much more positive/negative balance
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than under experimental Random conditions with each group having about

the same number of velocities (834 negative, 844 positive).

The statistics of these distributions are summarised in Table 5:

Table 5. INDIVIDUAL VELOCITIES

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 17.5 + 0.4 18.0 990 -43.0 -+ +48.7

Chemokinesis 13.4 + 0.4 13.8 999 -37.7 -+ +49.4

Random 5.4 + 0.2 4.4 1946 -22.5 -> +34.3

Th. Random 0.4 + 0.4 0.1 1678 -35.3 -+ +35.5

Again velocities are expressed as um/min.

As can be seen, Theoretical Random was not significantly different

from 0, i.e. no preference for either direction (p > 0.1).

Velocities over the whole cell path were also worked out from

total radial distance/time taken (Diagram 5, Materials and Methods).

These results are shown in Table 6 and are intended for comparison with

Table 4:

Table 6. MEAN CELL VELOCITIES

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 18.1 + 0.6 17.9 160 -7.1 -+ +36.5

Chemokinesis 15.0 + 0.5 15.9 240 -10.0 -+■ +40.2

Random 5.3 + 0.3 4.1 240 -3.6 -+ +22.3

Th. Random 0.2 + 0.4 0.7 120 -18.2 + +15.2
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SECTION 3.4 Chemotactic Index

The chemotactic index is a measure of the degree of directness

of migration of the cell over the whole of the path followed and is

therefore in the same class as the data of Tables 4 and 6, being

quantities of overall cell performance. The index is independent of

speed.

A cell would have a chemotactic index of +1.0 if it moved directly

out to the chemoattractant well (i.e. out from the cell well in the

radial direction) and continued in this direction for the whole of its

path. A cell would have an index of 0 if it stayed still or moved at

90 degrees to the radial direction and chemotactic index of -1 if it

moved directly back (along the radial path) to the cell well.

1. Chemotaxis. The skewed distribution of the chemotactic

index under these conditions is shown in Figure 24. The modal group was

+0.9 - +1.0, meaning that the majority of cells migrated in an almost

straight line. Few cells had a negative index (in fact only 2 out of

160) .

2. Chemokinesis. The skewness of this histogram (Figure 25)

was not as marked as that for chemotaxis. Its modal group lies one

class down (+0.8 - > +0.9) and there were a few more cells with negative

indices.

3. Random. In the absence of any stimulant a net outward

radial movement was still seen for the vast majority of the cells

(Figure 26). The distribution was more near normal than the other two

conditions of movement, but there were few (of the expected) cells with

negative indices.
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4. Theoretical Random. As would be predicted there was no

overall preference for cells having positive or negative indices

(Figure 27). Since a low or a high index (close to -1.0 and +1.0

respectively) requires that the cell has continual low angles of turn

away from or towards the radial direction and these paths were randomly

generated in terms of angles (and lengths) then, as can be seen in

Figure 27, few cells had an index < -0.5 or > +0.5. Table 7 shows these

results in a more detailed form:

Table 7.. CHEMOTACTIC INDEX

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 0.77 + 0.02 0.83 160 -0.42 -+ +0.98

Chemokinesis 0.68 + 0.75 0.75 240 -0.64 -+ +0.98

Random 0.45 + 0.02 0.47 240 -0.27 -+ +0.96

Th. Random 0.01 + 0.02 0.03 120 -0.92 -+ +0.77

The indices for chemotaxis and chemokinesis were significantly

different (p < 0.001). Random had a mean chemotactic index well into

the positive side, but the mean index for theoretical random was not

significantly different from 0.

SECTION 5.5 Angle Turned Away From Radial Direction - Rho.

The rho angle is the amount of turn away from the radial direction

at each step (Diagram 7, Materials and Methods). As such it gives

information about the direction taken in individual steps rather than

over the whole cell path which the chemotactic index measured.
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1. Chemotaxis. Figure 28 indicates that most of the steps

taken under these type of conditions were at angles less than 10 degrees

away from the radial direction; 40% of the turns were less than 20

degrees. The shape of the frequency distribution curve suggested that

there may be a logarithmic relationship and indeed when plotted as such

(Figure 29) the data gave a good straight line fit by linear regression

(correlation coefficient r = -0.99, probability of nonlinearity

p < 0.001).

2. Chemokinesis- The rho angle distribution curve for chemo-

kinesis is shown in Figure 30. It was similar to that for chemotaxis

although the logarithmic relationship was not as marked. Almost half

the turns made were less than 30 degrees away from the radial direction.

3. Random. Even under nonstimulated conditions, the rho

angles of turn were low (Figure 31). Almost half the turns made were

less than 40 degrees, implying some directional bias in the movement.

4. Theoretical Random. As all these angles were obtained

randomly, each class was filled approximately equally.

Table 8. RHO ANGLES

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 35.3 + 1 .0 25.9 990 0.1 + 179

Chemokinesis 42.9 + 1.3 30.6 999 0.1 + 180

Random 51.7 + 1.0 40.3 1678 0 + 179

Th. Random 89.0 + 1.3 89.8 1678 ooor-H■ftOo

Units for rho are degrees.
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The mean angles of turn for chemotaxis and chemokinesis were very

similar although, like the chemotactic index, they were significantly

different (p < 0.001). Random had an unexpectedly low mean angle whereas

that for Theoretical random was about halfway between 0 and 180 degrees.

SECTION 3.6 Angle Between Successive Turns - Tau

The tau angle measures the degree of straightness between two

successive turns (Diagrams 6 and 7, Materials and Methods). Thus a

cell moving in a straight line would have a low series of tau angles,

no matter in which direction the straight line was in. It is related

to the rho angle but is independent of the radial direction and gives

information about constancy of orientation. A cell which was making

small angles of turn away from radial direction (i.e. low rho angles)

but zig-zagging would have a relatively high mean tau angle even though

the mean rho angle was low.

1. Chemotaxis. The frequency polygon for the tau angle is

shown in Figure 32. This is a similar curve to that for tho angle and

also has a good log fit (Figure 33) with correlation coefficient r = 0.98,

probability of nonlinearity p < 0.001. Over 50% of the turns were within

25 degrees of the previous turn.

2. Chemokinesis. The tau angle frequency distribution is shown

in Figure 34. Again a log pattern was seen but this was not as clear cut

as that for chemotaxis. Over one half of the angles were less than 30

degrees away from the previous turn showing high constancy of movement.

3. Random. Although the frequency polygon under these

conditions was not as organised as in the other two (Figure 35), it does
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demonstrate that cells moving under uniformly nonstimulated conditions

can do so in a relatively straight line. Over a half of the turns were

within 40 degrees of the previous turn.

4. Theoretical Random. These tau angles were derived from the

rho angles generated from random numbers. They have equal class filling

and the results are included in Table 9:

Table 9. TAU ANGLE

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 32.3 + 1.0 24.6 870 0 -> 176

Chemokinesis 38.9 + 1.2 28.6 879 0 -> 178

Random 52.6 + 1.2 36.9 1558 0 -> 180

Th. Random 88.8 + 1.3 86.9 1558 0 -> 180

Tau values given are in degrees.

The difference in tau angles under chemotactic and chemokinetic

conditions was significant (p < 0.01). Theoretical Random, as before,

has a mean about halfway between 0 and 180 degrees. From the range it

can be seen that under all conditions it was possible to turn straight

back (so that tau was close to 180 degrees) though these were few,

particularly under stimulated conditions.

SECTION 3.7 Angle Between the Start and End of the Cell

Path - Delta

The delta angle provides an indication of the angle the cell has

deviated from its starting point when it has reached the end of the

traced path. The angle was measured on the same coordinate system as
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that used for rho and tau (Diagram 7, Materials and Methods). Thus a

cell which migrated perfectly out along the radial line would have

delta angle of 0 degrees. If, instead, the cell had gone towards the

cell well along the radial line then its delta angle would be 180 degrees.

Table 10. DELTA ANGLE

CONDITIONS MEAN + SEM MEDIAN N RANGE

Chemotaxis 20.0 + 2.0 14.0 120 0.3 -> 143

Chemokinesis 25.0 + 2.0 19.0 120 0.4 -> 123

Random 25.1 + 1.9 21.0 120 0.1 91

Th. Random 87.2 + 4.9 81.9 120 2.8 180

Values of the delta angle are in degrees.

There was a significant difference (p < 0.001) in the delta angle

observed under chemotactic and chemokinetic conditions. Surprisingly,

the highest single delta angle of all the three types of experimental

conditions was seen during chemotaxis. Under conditions of random

migration the delta angle was not significantly different from that for

chemokinesis (p > 0.2). The first three types of migration all have a

high degree of skew as evidenced by comparing the mean and the median.

PART 4 : EFFECT OF TIME ON THE MAIN PARAMETERS

In a typical experiment 40 cells had their paths traced. In order

not to bias the results these were sampled at regular intervals through

the one hour incubation - that is, cohorts of cells starting their

migration at time = 0 minutes, time = 15 minutes, time = 30 minutes and
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time = 45 minutes were traced. Analysis of these results should

provide information as to whether any of the parameters: speed,

velocity, chemotactic index, rho or tau angles changed significantly

over the incubation period.

SECTION 4.1 Speed

Individual speeds were used rather than the mean cell speed,

since the former gave more information. Cells were samples as above

and the mean speed for cell cohorts starting at time = 0, 15, 30 and

45 minutes were examined:

Table 11. SPEED AND TIME

CONDITIONS TIME (minutes)

0 15 30 45

Chemotaxis 19.9 22.8 25.5 23.6

Chemokinesis 24.9 22.7 15.6 16.5

Random 10.2 8.9 9.2 9.3

Th. Random 18.8 18.6 17.6 17.3

Speeds are in units of um/min.

With the exception of the Theoretical Random group all the speeds

for each cohort were significantly different from each other (p < 0.01)

within the group. Thus under chemotactic conditions the cells moved

more rapidly up to the 30 minute segment then began slowing down. This

was possibly related to gradient formation and dissolution since the

speed of randomly moving cells did not decrease appreciably over the same

time interval.
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Under chemokinetic conditions, there was a fall in speeds, the

fastest moving cells being those that started at the beginning. Under

Random conditions, the cells tended to travel at about the same speed

and although the rates of movement were significantly different from

each other (so that there was some slowing then speeding up again) it

was only a slight speed change related to time. There was no difference

at any of the time intervals in the speed of the Theoretical Random

group.

SECTION 4.2 Velocity

Individual velocities were used in this study. The results are

illustrated in Table 12:

Table 12. VELOCITY AND TIME

CONDITIONS TIME (minutes)

0 15 30 45

Chemotaxis 14.0 18.6 19.7 19.0

Chemokinesis 20.2 15.1 8.9 11.0

Random 7.1 7.1 7.3 6.6

Th. Random -0.1 1.1 0.7 -0.8

Velocities are in um/min.

Under chemotactic conditions, the velocity results paralleled the

speed results increasing up to the 30 minute period then slowing slightly

at 45 minutes. During chemokinesis the velocity rapidly dropped so that

the cells starting at 30 minutes migrated marginally faster than those

travelling at random. There was, however, some recovery during the
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45 minute time cohort. Under unstimulated conditions the cell

velocities were constant until 45 minutes. Randomly moving cells

starting at this time moved at slower velocities than the earlier

migrators. Under theoretical random conditions, the velocities did

not vary significantly with time, the average velocity being ~ Oum/min.

SECTION 4.3 Chemotactic Index

This gives an idea of how the cell orientation changed over the

incubation period. The velocities also do this but to an extent these

are dependent on speeds whereas the chemotactic index is not.

Table 13. CHEMOTACTIC INDEX AND TIME

CONDITIONS TIME (minutes)

0 15 30 45

Chemotaxis 0.70 0.70 0.80 0.75

Chemokinesis 0.83 0.70 0.55 0.66

Random 0.72 0.56 0.51 0.48

Th. Random -0.01 +0.05 +0.05 -0.06

The result under chemotactic conditions showed that as well as

speeding up over the first 30 minutes the cells became more directional

radially. This effect, however, was reduced in the 45 minute cohort.

Under chemokinetic conditions the highest index of all classes was seen

(at 0 minutes) but this dropped to equal that shown under chemotactic

conditions by 15 minutes and to just above that under random conditions

by the 30 minute cohort. As with speed, there was some increase in

orientation at 45 minutes. Random conditions also produced an initially
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high index but this fell over the remainder of the time period.

Unlike chemokinesis, no recovery was seen at 45 minutes. Under

theoretical random conditions no overall preference for either

positive or negative indices was seen. The mean for all four time

segments were not significantly different from 0.

SECTION 4.4 Rho Angle

This gives information about turning angles relative to the

radial line although the results from the previous section (Chemotactic

Index) provided a clue as to what to expect:

Table 14. RHO ANGLE AND TIME

CONDITIONS TIME (minutes)

0 15 30 45

Chemotaxis 40.7 31.0 34.6 33.6

Chemokinesis 27.7 42.3 52.1 45.9

Random 43.9 53.5 55.4 54.7

Th. Random 89.8 88.0 88.3 90.9

Units of the table are in degrees.

Cheinotactically moving cells began with a relatively high angle

of turn but then the rho angle narrowed for the remainder of the hour.

Chemokinetically moving cells had an exceptionally low mean angle of

turn at the beginning, but seemed to lose their way after that and were

little better than random. Cells moving randomly initially migrated

with turn angles similar to that under chemotactic conditions but, like

chemokinesis, later starting cells took wider rho angles. Under theo-
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retical random conditions there was no significant

difference in the rho angle over the 4 time intervals

studied.

SECTION 4.5 Tau Angle: this angle provides

information on the degree of straightness taken by

the cohorts of cells over the one hour incubation.

TABLE 15 TAU ANGLE AND TIME

CONDITIONS TIME (minutes)

0 15 30 45

Chemotaxis 34.2 30.3 34.7 29.7

Chemokinesis 27.2 35.1 47-7 41.5

Random 49.6 56.1 50.2 54.0

Th. Random 91.6 87.5 87.9 T—1COoo

Units are in degrees.

Chemotactically moving cells did not show the

improvement that was seen with other parameters up

to 30 minutes. Instead, the cells migrated with

about the same amount of straightness in each time

interval. Cells moving under chemokinetic

conditions began in almost straight lines, but

consistency worsened and larger angles were taken

in the remainder of the hour. Cells moving under

random conditions, like chemotactically moving

cells, show no particular pattern and probably

migrate at the same average straightness over the

hour.
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PART 5-RELATIONSHIP BETWEEN SPEED AND ORIENTATION

SECTION 5.1: Mean cell speed and Chemotactic Index

In section 4 it was found for chemotaxis, that mean

cell speed increased up to the 30 minute time

interval then slowed at the 45 minute interval.

The chemotactic index also increased from time=0

minutes to time=30 minutes and then worsened at the

45 minute interval. This led to the possibility

that speed and chemotactic index were linked.

The mean cell speeds were grouped into classes of

5um/min width and then the mean index possessed by

the cells in that group was calculated. Figure 36

shows the relationship between the two parameters

for chemotaxis and chemokinesis. Under chemotactic

conditions there was a stepwise increment in

chemotactic index as mean cell speed increased.

Chemokinetically moving cells had a similar pattern

except at the highest cell speed. Random migration

conditions also showed an increase in chemotactic

index as mean cell speed rose (Figure 37). Under

theoretical random conditions no such increase in

chemotactic index was seen as mean cell- speed

increased.

109



SECTION 5-2 Approach Speed and Rho Angle

The results of section 5.1 were investigated

further. For each cell path the i th cell step was

compared to the (i+l)th angle made e.g. in Diagram

6 (Materials and Methods) LI was compared with

rho2, L2 with rho3 and so on until all the cell

path was assessed in this manner. The reason for

this was to test if the speed the cell was

travelling determined the angle the cell turned

through at the end of the step.

1. Chemotaxis-the approach speed was related

to the angle turned at the end of the step (Figure

38). At low approach speeds the angle turned was

fairly high (>40 degrees at speeds <10um/min), but

at higher speeds narrower angles of turn were

taken, so that a rapidly moving cell (45~50um/min.)

would make a turn of only about 20 degrees on

average.

2. Chemokinesis- a similar picture was seen

with cells moving under uniformly stimulated

conditions (Figure 39). At low approach speeds the

angle turned was approximately 60 degrees, but as

this speed increased the mean angle dropped to 25

degrees. However, at step speeds of between 35 and

40um/min the cells tended to turn at higher angles
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than the trend would Imply. Although the

reason for this was unclear, it was not due to

cells from a later time cohort (which take large

angles of turn (Section l\)) displaying otherwise

irregular behaviour.

3. Random - under random conditions there was

also a stepwise decrement in rho angle turned as

approach speed increased (Figure 40) which was

similar to that under chemokinetic conditions up to

35um/min.

4. Theoretical Random - at all classes of

approach speed the mean rho angle turned did not

differ significantly from 90 degrees (p>0.2).

There was no relationship between the angle

turned and the subsequent path speed.

Section 5-3 Approach Speed and Tau Angle

This was analysed under similar principles to

that for rho angle, but instead the approach speed

was compared to the tau angle. For example, in

Diagram 6, (Materials and Methods) LI was compared

to T1,L2 with T2 and so on until all the path was

processed.

1. Chemotaxis - a similar graph to that seen

with the rho angle was the result of this analysis

(Figure 4l). High angles of turn were seen at low
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approach speeds, but as the approach speed

increased the cells managed to take angles of turn

less and less different from their previous turn,

so that the fastest approaches were followed by tau

angles <20 degrees from their previous angle.

2. Chemokinesis - this showed a biphasic

response (Figure 42).

At approach speeds between 5 and 25um/min the angle

turned dropped linearly so that at the highest

class in this section (20-25um/min) the tau angle

turned was less than for the corresponding

chemotactic class. However, as the approach speed

increased above 25um/min. some deterioration in the

degree of straightness was observed.

3. Random - this had a good drop in tau angle

turned as approach speed increased (Figure 43). It

showed none of the deterioration just described for

chemokinesis, but then under random conditions

cells did not travel at such high speeds.

4. Theoretical Random - as with rho, all the

approach speed classes produced tau angles of turn

of ~90 degrees under these conditions.
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PART 6 - PERSISTENCE

For a cell to move any great distance

away from its starting point it has to have a

certain amount of its movement in one particular

direction. This has been termed Persistence by

Dunn (1981).

If two cells steps were in similar directions

then the tau angle between them was small (e.g. tau

2 in Diagram 6, Materials and Methods). Thus tau

itself is a measure of persistence. All the cell

paths were examined and if a tau angle <20 degrees

occurred in isolation then a persistence factor of

one was scored to that cell path. If two sequential

tau angles were less than 20 degrees then a persistence

factor of 2 was assigned, for three consecutive tau angles

<20 degrees a factor of 3 and so on. For

example a cell with the following tau angles:

43

24

12

33

17

4

44
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would have one persistence factor of value 1 (for

12) and one persistence factor of value 2 (for 17

and 4), and so has an average persistence factor of

1.5.

All the persistence factors were summed for

each condition of movement and corrected for the

total number of tau angles less than 20 degrees

taken and expressed as a mean persistence factor as

shown in Table 16:

TABLE 16 PERSISTENCE FACTORS

CONDITIONS MEAN N RANGE

Chemotaxis 1.59+0.07 229 l->5

Chemokinesis 1.49+0.06 211 l->8

Random 1.42+0.05 338 1->10

Th. Random 1.12+0.03 154 l->3

SIGNIFICANCE

p<0.001

p<0.001

p<0.001

The mean value of persistence for chemotaxis

was 1.59, i.e. on average when persistence was

encountered it continued for 1.59 tau angles.

For chemokinesis the value was significantly lower

than that for chemotaxis (p<0.001) but had a greater

range - that is one of the chemokinetically moving

cells took 9 steps (8 tau angles), each step was
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within 20 degrees of the previous step. Under random

conditions the mean value of persitence was

significantly lower than the mean for chemokinesis

(p<0.001), but these unstiumulated conditions had

the higher range - 11 consecutive steps (10 tau angles)

each within 20 degrees of the previous step. Under

theoretical random conditions there was a low mean

persistence value and the range was also small.
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Plate 1.

Fixed, Giemsa-stained migrated cells showing that all are

polymorphonuclear. <xl500)

Plate 2.

Further investigation with the neutrophi1-specific

chloroacetate esterase technique,shows the responding cells are

almost all of the neutrophil class. (x330>



Plate 3,

Typical pattern of migration under optimal chemtactic

conditions <10 M FMLP). Cells are well spread out though there is

some clumping near the well edge. (Phase-contrastx400)

Plate 4.

Migration pattern at inhibitory doses of FMLP < 10"""JM>. Cells

are clumped together and at the leadig front, a number of cells

are polarised in the reverse,i.e.towards cell well,

direction. (Phase-contrastx400)



PI ates 5-8.

Leading front migration under optimal chemotactic

cofidit ions. This and plates 6-8 show how cell movement occurred

over three 90-second intervals,In all cases, the cell well is to

the left of the plate and the chemoattractant well to the

right,Plate 5 is at t=0, (these sequence of plates actually taken

after 15 minutes incubation to allow establishment of a clear

leading front) the leading front is near the middle of the

photograph. Two cells can be seen forming the front, both are

polarised toward the attractant well;most of the other cells are

similarly polarised. (Phase-contrastx400)

PI ate 6,

At t=90-seconds, the upper leading cell has migrated

radially (to right; the attractant well) but also moved up so the

it is moving out of the field of the photograph. The second cell,

near the foot of the plate, has taken a straighter route and is

almost perfectly polarised along the radial direction. (Phase-

contrast x400)



Pjlate 7.

At t = 180 seconds, the upper leading cell has almost

disappeared from view but the lower leading front cell continues

in a virtual straight path. (Phase-contrastx400)

Flate 8.

The final plate, <t=270 seconds) the original leading cell

has now disappeared from view, and the lower leading cell has

continued to move out but also up i. e has veared off the true

radial direction,(Phase-contrastx400>
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FIGURE 1

DOSE RESPONSE CURVES TO FMLP FOR
CHEMOTAXIS AND CHEMOKINESIS
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FIGURE 2

DOSE RESPONSE TO FMLP (CHEMOTAXIS)
(Millipore filter system)

LOG [FMLP]



FIGURE 3

DOSE RESPONSE TO FMLP (CHEMOKINESIS)
(Millipore filter system)
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FIGURE 4

DOSE RESPONSE CURVES 'A' and 'B'
DISTANCES (CHEMOTAXIS)
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FIGURE 5

PERCENTAGE OF AGAROSE IN GEL vs.

LF DISTANCE (CHEMOTAXIS)
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FIGURE 6

PERCENTAGE OF AGAROSE IN GEL vs.

LF DISTANCE (CHEMQKINESIS)
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FIGURE 7

PERCENTAGE OF AGAROSF IN GFI vs

LF DISTANCE (RANDOM)
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FIGURE 8
BAR CHART OF PROTEIN SOURCE

vs. L.F DISTANCE
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FIGURE 9

L.F VELOCITY USING TWO DIFFERANT
PROTEIN SOURCES (RANDOM)
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FIGURE 10

Nn nf fFI.LS PER WELL vs. LF DISTANCF
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FIGURE 11

CELL DENSITY vs. DISTANCE FROM WELL
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FIGURE 12

LEADING FRONT VELOCITY FOR
CHEMOTAXIS AND CHEMOKINESIS

TIME (minutes)
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FIGURE 15
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FIGURE 17

HISTOGRAM OF SPEED (CHEMOTAXIS)
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FIGURE 18
HISTOGRAM OF SPEED (CHEMOKINESIS)
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FIGURE 19

HISTOGRAM OF SPEED (RANDOM)
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FIGURE 20
HISTOGRAM OF VELOCITY (CHEMOTAXIS)
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FIGURE 21

HISTOGRAM OF VELOCITY (CHEMOKINESIS)
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FIGURE 22

HISTOGRAM OF VELOCITY (RANDOM)
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FIGURE 23

HISTOGRAM OF VELOCITY
(THEORETICAL RANDOM )
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FIGURE 24

HISTOGRAM OF CHEMOTACTIC INDEX
(CHEMOTAXIS)
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FIGURE 25

HISTOGRAM OF CHEMOTACTIC INDEX
(CHEMOKINESIS)
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FIGURE 26

HISTOGRAM OF CHEMOTACTIC INDEX
(RANDOM)
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FIGURE 27

HISTOGRAM OF CHEMOTACTIC INDEX
(THEORETICAL RANDOM)
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FIGURE 28
FREQUENCY POLYGON OF P ANGLE

(CHEMOTAXIS)
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FIGURE 29

P ANGLE vs. LOG FREQUENCY
(CHEMOTAXIS)

1 1 1 1 1 1 1 1 1 1 1 1 v>r—I

0 10 30 50 70 90 110 130 180
p ANGLE



FIGURE 30
FREQUENCY POLYGON OF P ANGLE

(CHEMOKINESIS)
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FIGURE 31
FREQUENCY POLYGON OF P ANGLE

(RANDOM)
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FIGURE 32

FREQUENCY POLYGON FOR T ANGLE

(CHEMOTAXIS)
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FIGURE 33

T ANGLE vs. LOG FREQUENCY
(CHEMOTAXIS)
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FIGURE 34

FREQUENCY POLYGON OF T ANGLE
(CHEMOKINESIS)
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FIGURE 35
FREQUENCY POLYGON OF T ANGLE

(RANDOM)
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FIGURE 36
CELL SPEED and CHEMOTACTIC INDEX

(CHEMOTAXIS and CHEMOKINESIS)
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FIGURE 37
CELL SPEED and CHEMOTACTIC INDEX

(RANDOM and THEORETICAL RANDOM )
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FIGURE 38

SPEED vs. ANGLE P (CHEMOTAXIS)
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FIGURE 39
SPEED vs. ANGLE P (CHEMOKINESIS)
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FIGURE 40
SPEED vs.ANGLE P (RANDOM)
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FIGURE 41

SPEED vs. ANGLE T (CHEMOTAXIS)
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FIGURE 42

SPEED vs. ANGLE T (CHEMOKINESIS)
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FIGURE 43

SPEED vs.T ANGLE (RANDOM)
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DISCUSSION

Recent developments in molecular and cell biology are

opening up the field of investigation into leukocyte motility.

Examples of this are firstly the use of reliable assay systems

to quantify leukocyte migration under well defined conditions,

mainly the millipore filter system (Boyden, 1962), the under

agarose system (Cutler, 1974; Nelson, Quie and Simmons, 1975)

and the Zigmond chamber (Zigmond, 1977). This latter

technique has helped fuel the revival of interest in direct

visual analysis (Zigmond, Levitsky and Kreel, 1981; Howard,

1982;Maher, Martell, Brantley, Cox, Niedel and Rosse, 1984).

Almost parallel to these advances have been the equally

important discoveries of the series of formylpeptides

(Schiffmann, Corcoran and Wahl, 1975; Showell, Freer, Zigmond,

Schiffmann, Aswanikumar, Corcoran and Becker, 1976) as potent

exogenous chemoattractants with C5a and leukotriene B4 as

probable endogenous sources of attractants (Chenoweth and

Hugli, 1978; Ford-Hutchison, 1980). The discovery of specific

receptors for these (Williams, Snyderman, Pike and Lefkovitz,

1977; Chenoweth and Hugli, 1978) and subsequent studies showing

cell activation (Becker, 1979; Painter, Sklar, Jesaitas,

Schmitt and Cochrane, 1984; Snyderman, Smith and Verghese,

1986) and handling of the receptor by internalisation and

receptor replacement (Sullivan and Zigmond, 1980; Neidel and

Dolmatch, 1982) have unlocked several of the secrets of

neutrophil motility already. The nature of conversion of the
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membrane signal to the locomotor apparatus and its assembly

and control are however, less clear (Schiffmann, 1981). The

problem (Dunn, 1981) of unstimulated neutrophil motility

("Random" movement) and its relation to stimulated locomotion

either uniformly ("Chemokinesis") or in gradient fashion

("Chemotaxis") is poorly understood.

Two of the newer methods of investigating neutrophil

motility, namely the millipore filter method and the under

agarose system are commonly thought to be able to distinguish

between chemokinesis and chemotaxis (Zigmond and Hirsch, 1973;

Wilkinson, 1974; Nelson, Quie and Simmons, 1975; Orr and Ward,

1978) though the thinking behind this (namely the

"checkerboard assay") has been questioned (Rhodes, 1982).

Even if the presumption were true and the systems are showing

the differences between the two conditions, they examine a

population of cells as a whole making extrapolation to

individual cell events difficult, What seemed to be required

was the advantage of set conditions (random/control,

stimulated random or chemokinesis and gradient environment

(chemotaxis)) and the ablity to analyse individual cell

responses to these varying conditions. The combination of the

under agarose system and videomicroscopy fulfills these

criteria. Experiments were designed to isolate a relatively

pure source of neutrophils, then to find optimal conditions

for their migration, not only when stimulated by

chemoattractants, but importantly in the baseline or random

state and finally analyse the response (in terms of several
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parameters) to these various conditions. A fourth dimension,

(here called "theoretical random") was added mainly for

comparitive purposes when the results for biological random

(i.e. that found under basal experimental conditions) became

known.

An inbred strain of rat (Wistar) was used partly for local

reasons of supply of human blood but mainly to minimise

between-subject sampling error. A consistent and predictable

exudate consisting predominantly of neutrophils was obtained.

Although mixed with other cell types routine staining of

migrated cells showed the responding population to be all

polymorphonuclear and using a specific stain this was made up

almost entirely of neutrophils.

The formy1peptides are the best characterised groups of

chemoattractants at present (Schiffmann, Corcoran and Wahl,

1975; Showel1, Freer, Zigmond, Schiffmann, Aswanikumar,

Corcoran and Becker, 1976; Freer, Day, Muthukumaraswamy,

Pinon, Wu, Showell and Becker, 1982) with a specific receptor

(Williams, Snyderman, Pike and Lefkovitz, 1977; Neidel and

Cuatrecasas, 1980) and several cell functions such as

increased motility, enzyme release and superoxide production

altering on interaction of this receptor with the peptide

(Becker, 1979; Sullivan and Zigmond, 1980; Snyderman, Smith

and Verghese, 1986). The most potent of these which is

commonly used is FMLP (Showell, Freer, Zigmond, Schiffmann,

Aswanikumar, Corcoran and Becker, 1976; Allen, Tolley and

Jesaitas, 1986). In the under agarose system, as used here,
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the optimal concentration for chemotaxis is higher than that

for chemokinesis by two orders of magnitude <10""e M

(chemotaxis) and 10 123 M (chemokinesis)). This requirement for

a higher concentration under chemotactic conditions is a

consequence of the geometry of the assay (Lauffenberger and

Zigmond, 1981; Rothman and Lauffenberger, 1983) and has been

reported by others (Kreutzer, 0" Flaherty, Orr, Showell, Ward

and Becker, 1978). Therefore it is possible to show greater

migration under one condition than the other if the

concentration of FMLP is kept constant for the two

experiments. At 10 ^ M the leading front migration for

chemotaxis plainly exceeds that for chemokinesis whereas the

reverse is true at the slightly lower concentration of 10""3 M.

Thus it is important when comparing neutrophil migration under

the two conditions to use appropriate concentrations of

attractant in each case. Despite the differences in

concentration requirements, the two dose-response curves are

similar with a increase in concentration giving a increase in

response to a peak then a lowered response at higher

concentrations, this coupled to the morphology of the cells at

the high concentration (10"1 M FMLP) is evidence that

deactivation is occurring (Ward and Becker,1968; Wilkinson,

1979). Unexpectedly the optimal responses were very close;

(actual leading front distances 1090pm and 1025pm for

chemotaxis and chemokinesis respectively, this is significant,

p<0.001). If directional movement occurs then intuitively the

cells moving under chemotactic conditions would be expected to
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migrate further than those moving as quickly but

nondirectionally. Investigating this further in the

millipore filter system a relatively larger difference was

seen between the two conditions, again with similar curves,

but this time the concentration difference was only 10-fold at

peak response in each case. Although this appears to be an

improvement in distinguishing between the two conditions the

mean leading front distance differs by only 16% (chemotaxis

greater than chemokinesis) amounting to only 1.5 cell lengths.

Certain attractants can have a greater chemokinetic than

chemotactic effect, again depending on concentration used

(Repo, Kastiala and Kosunen, 1978), though in their Boyden

chamber study none of the gradient conditions used gave

superior leading front distances to those in the chemokinetic

experiments. The millipore filter technique has undoubtedly

contributed much to the advancement in knowledge of leukocyte

chemotaxis and is a more sensitive assay system (primarily

because of the distances involved) as regards attractant

concentrations than the under agarose system. It has several

problems, particularly assessment of migration requiring

fixation and staining of cells followed by clearance of the

filter or rather elaborate counting methods albeit

semiautomated in the two filter systems (Gallin, Clark and

Kimball, 1973; Grimstad and Benestad, 1982). Even leading

front distance can be misleading as small changes in

population response may not be discriminated (Swanson and

Becker, 1976). In addition there is the notorious problem of
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filter variability (Keller and Sorkin, 1967; Jungi, 1978;

Wikinson, 1982); compounded by the differences in migratory

properties depending on side of the filter (Jungi, 1978;

Grimstad and Benestad, 1982) and even how the filters are

sterilized prior to experiment (Nind, 1981). Careful

attention to technical detail can overcome many of these

problems. However, its use as a method of distinguishing

between stimulated random motility (chemokinesis) and directed

movement (chemotaxis) may not be valid. The filters are of

tortuous pores, but these do lead down to the lower chamber

and there has been no study to show that the cells at the

leading front (or anywhere else in the filter for that matter)

have not travelled through the best (i.e. straightest) pores.

Even if the pores which hold the leading front cells are

representative it remains that the system is a special form of

contact guidance (Carter, 1965; Wilkinson and Lackie/Burns,

1983). This is not to say that directed cell movement does

not exist in the Boyden chamber but that any such phenomenon

is difficult to separate from the contribution made by contact

guidance.

The under agarose system would seem to be free of such

criticism, and so was used to investigate the difference

between directed and stimulated migration further. A

"chemotactic differential" has been proposed (Nelson, Quie and

Simmons, 1975) as representing the difference between

baseline, unstimulated movement ("random") and gradient

stimulated motility ("chemotaxis") derived from the
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subtraction of leading front distances to the control well

(' B' measurement) from that to the attractant well ('A'

measurement). This has the distinction of each cell well

being its own control, but a dose-response plot of B distance

shows that some stimulation occurs particularly when

concentrations greater than 10~® M FMLP are applied to the

attractant well. Thus the ' B' distance is not truly

representative of a baseline population.

The agarose gel is not just an inert medium but has

influences on the cell motility, by virtue of its physical

properties. Increasing the percentage of agarose present

leads to a corresponding increase in the strength of the gel

(Guisley and Renn, 1977). Optimal concentrations to use in

chemotactic assays are 0.5-1.0% (Clausen, 1973; Repo, 1977;

Tannous and Cavender, 1980), at higher concentrations

migration appears to be inhibited (Repo, 1977). The agarose

type (BDH) used in this study appears to be similar to those

used above in that low (0. 5-0. 75%) concentration gave the

best migratory response under all three (chemotaxis,

chemokinesis and random) conditions examined. Higher

concentrations led to a reduction in migration in all three

types of experiment. The cells that do migrate at higher

concentrations form a sheet comparable to cultured cell

monolayers but the cells assume large bizarre shapes. The

agarose at higher concentrations is more firmly attached to

the substrate, often fracturing into several parts before

lifting away from the surface of the dish. These two
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observations suggest that an increase in adhesion of the gel

to the dish plays a role in inhibiting migration at higher

concentrations, presumably this increased gel/substrate

binding needs to be broken, at least in part, to allow cell

progression to take place. Alternatively, the cell adhesion

to the gel itself may be increased so much that tractability

is compromised.

A protein source is required in the under agarose system, if

none is present the gel adheres tightly to the substrate and

migration is markedly reduced (Nelson, Quie and Simmons, 1975;

Mollison, Carter and Krause, 1981). Original accounts of the

assay describe the use of serum as the protein source

(Clausen, 1973; Cutler, 1974; Nelson, Quie and Simmons, 1975)

but the wisdom of this was questioned by Repo (1977) who

showed that migration areas to fresh serum and that activated

by zymosan were similar, possibly as a result of serum

activation by agarose, In comparing fresh with heat

inactivated calf serum as source in this study, there was no

significant difference implying that such activation of serum

by agarose does not occur or that if it does, the active

components are not stimulatory to the rat neutrophils.

Whichever is occurring, the serum in either form is able to

support a good response under the three conditions tested.

Extending this the effect of simpler protein sources was

examined and gelatin was found to be almost as good as serum

as a source of protein, but that bovine serum albumen gave

only about 50—70% of the serum response. This was not so in
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the millipore filter system, the protein sources were

equipotent in cheraotactic and control (random) experiments.

If a stimulatory effect of serum exists the it should be

most obvious under baseline conditions. Serum gives a

slightly greater leading front response under agarose than

gelatin but the leading front velocities are not significantly

different, neutrophils on the gelatin plate take longer to

migrate out from the well to beneath the agarose, thereafter

moving at the same rate as their counterparts on the serum

containing plate. This may be mediated by an adhesive effect

at the gel/well interface, once the presumptive barrier here

is breached neutrophil movement proceeds as normal.

There is no doubt that a protein source is required for

efficient cell movement in vitro. This applies not only to

the under agarose system, but also the millipore system

(Wilkinson, 1974; Czarnetzki and Schulz, 1980) and the slide-

coverslip preparations (Zigmond, 1977; Keller, 1982). The

question is whether serum is stimulatory or merely playing a

permissive role allowing migration to take place. Conversely

should the simpler sources such as gelatin and albumen be used

in the system to remove any possibility of serum-derived

stimulation occurring or does this produce an artificially

suppressed state due to lack of a putative factor in serum

required for efficient locomotion; though even albumen itself

has been thought chemokinetic. Serum is known to contain

inhibitors of chemotaxis (Goetzl, 1975) and products which are

stimulatory (Wilkinson, 1982) for example, the complement
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series of proteins (Ward and Neuman, 1969). This study has

failed to show an inhibitory effect of serum on neutrophil

motility and also any significant stimulatory role. Purists

may argue that such a complex mixture of proteins and other

agents should not be used in assay sytems because of uncertain

effect on motility (Wilkinson, 1982) and it may be wiser to

use the simplest protein source commensurate with serum

sources (here, gelatin would fit that role) but it must be

remembered that in vivo exudation of plasma occurs in sites of

infection and inflammation, therefore from a teleological

viewpoint serum should be part of the medium in assay systems.

The number of neutrophils added to the well in the under

agarose assay is one of the variables that have been studied

by several investigators in the past. Generally a certain

number of cells need to be loaded to the well to achieve a

distinct pattern of migrating cells (Chenoweth, Rowe and

Hugli, 1979; Schaak and Persellin, 1981) and increasing the

number of cells in the well beyond this leads to an increase

of migration up to a plateau (Clausen, 1973; Nelson, Quie and

Simmons, 1975; Belsheim, 1981). The increase in migration

distance was greater under baseline conditions than stimulated

(Repo and Kosunen, 1977). None of these examinations of the

effect of cell number reported changes in response to

chemokinetic experiments. The results reported here show

overall an increase in migration distance with increasing cell

number, only slight for chemotactic conditions, more so for

chemokinesis and random experiments. If the relationship
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between cell number and distance migrated was simply

mathematical (i.e. the increase in number leads to an

increased number of responding cells and therefore a higher

leading front distance than with lower cell number as has been

shown by Lauffenberger, 1982) then there should be no marked

differences between the three conditions. An explanation

could be that there is cell-cell cooperation. This would best

be seen under random conditions so that any endogenous

cooperative effect is not masked by exogenous attractants.

The lesser dependency of chemotactical1y migrating cells on

distance could be due to the cells already being maximally

stimulated by the FMLP leaving little reserve for expression

of any cooperative action on the cells. In support of this,

several workers have described neutrophil originating factors

chemotactic for neutrophils themselves (Phelps, 1969;

Takeuchi and Persellin, 1981).

The leading front method of assessing leukocyte migration

has been almost universally adopted since its description in

the checkerboard assay (Zigmond and Hirsch, 1973). In

comparison with the profile technique (where the number of

cells per unit area are plotted against distance from origin;

either top of filter in the millipore system or well edge in

the under agarose technique) there is good correlation of the

simple measurement with the rigorous counting method which

gives a profile of the total cell movement (Orr and Ward,

1978; Glasser and Fiederlein, 1979; Palmblad, Uden and

Venizelos, 1981). Lauffenberger (1982) has derived two
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coefficients to describe cell movement past a point in space,

p. the random motility component and x the directed component.

Both are dependent on cell speed and are measures of cell

dispersion, Their numerical values can be derived from

experimental data generated by the leading front technique,

the profile method or the total number of migrated cells

(Lauffenberger, 1982). However, the solutions for p. and x

from the leading front technique are larger than those derived

by the other two methods which are in close agreement. These

parameters are motility coefficients and their larger values

when calculated from leading front data show that the leading

front cells are the most actively motile. If there are large

differences in migration between chemotactically and

chemokinetical1y migrating cells then this leading front

technique may not have been sensitive enough to detect them.

Analysing the migration data by the profile technique (which

must be the gold standard for static evaluation of migratory

response) may allow subtle differences to emerge. Expressing

the data in this way shows remarkably little disparity between

the two stimulated types of motility. Both profiles virtually

overlie each other the main dissimilarity being in the site of

a dense region between 300 and 600p.m for chemotaxis and 400 to

700pim for chemokinesis. A parallel but left shifted profile

was obtained under basal conditions.

Small but significant differences are seen in the velocities

of the leading front group of cells. Both stimulated forms of

movement are linear for the hour incubation, but the
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chemotactically moving leading front cells have a slightly

superior velocity (about 14% greater).

The possibility existed that the failure to show a large

difference between the two forms of stimulated movement may

have been due to lack of an essential component in the rather

basic medium used (phosphate buffered saline). Experiments

performed with a more substantial medium failed to corroborate

this hypothesis.

It has been reported that the neutrophils obtained from

peritoneal exudates are more actively motile than those from

peripheral blood (Keller, 1984) and this was explored further.

Saline was used as an exudate producing agent and compared to

the standard technique using glycogen. The exudate produced

by saline was more modest in cellularity than with the more

aggressive method, and there were fewer neutrophils in the

exudate. In the under agarose assay the cells induced by

saline did not migrate as far as their glycogen induced

counterparts; this was significant but only represents a 15%

shortfall in migratory capacity, further no correction was

made for the reduced numbers of neutrophils present in the

saline induced exudate (though identical total numbers of

cells per well were used) and from the data on cell density

outlined above, this may partly explain the reduced migration

of the saline induced population.

The finding that cells stimulated to move with FMLP

present uniformally was only slightly different than those

neutrophils stimulated with FMLP in a gradient form and
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therefore presumably given a directional cue was unexpected

and investigated further with a powerful technique to detect

differences in cell motility function-time lapse analysis of

cell paths. With this system several variables can be

measured to give details of turning behaviour, these include

speeds, angles turned- relative to the prior direction of

movement and to some fixed direction and a summary of the

directness of motility: the chemotactic index.

Simple observation of the paths of the cells was

instructive. Chemotactical1y moving cells have overall

straight paths towards the attractant well, with many segments

differing only marginally from the previous ones. A similar,

but less organised picture was seen in cells migrating under

chemokinetic conditions, although there are several straight

sections, there is a tendency to deviate from a radial path.

Movement is still overtly outward even in the cell that passed

almost out of the screen then returned to the cell well only

to migrate outward again. This is a picture that might be

observed in a chemotactic experiment where there had been a

small perturbation in the gradient, and was certainly

unforeseen in a situation where there were no directional cues

and the movement was expected to be of similar step length

(i.e, speeds about the same) but to show no particular

preference in direction.
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Equally puzzling was the finding that there was a net

outward movement under basal conditions, although some cells

did exhibit large turns away from a radial direction, many

travelled in long, fairly straight lines away from the cell

well. Examination of paths whose step lengths and angles had

been generated randomly by computer showed little similarity

to the paths found under what is traditionally termed "random"

mot i 1 i t y.

Thus the observation of cell paths alone demonstrated that

the simple concept of random and stimulated random

(chemokinesis) was not operating in this system. Just how

much these differed from the expected was quantified in the

analysis of the cell paths.

Cell speeds under chemotactic conditions derived from

individual steps rather than overall averages for each cell,

were normally distributed and showed a wide range, with a mean

of 22. 7)j.m/min. Chemokinet ical ly moving cells were similar and

the mean speed reduced by 14% to 19. 7pm/min, but the

distribution is more concentrated about the mean. Neutrophils

migrating in the absence of attractant had a mean speed about

half of this <9, 3p.m/min). These results are very similar to

those obtained from the leading front velocity experiments

which tends to support the concept that the leading front is a

fair representative of the population as a whole (Zigmond and

Hirsch, 1973) which has been questioned on mathematical

grounds by Lauffenberger <1982). Chemotactically migrating

cells appear to take fewer slow steps <0-lOpm/min), if there
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is a gradient effect operating, this could be taken as

evidence of increased efficiency assuming the attractant is

optimal in both series of experiments. Possibly the uniform

presence of an attractant leads to searching behaviour to

detect a gradient and there may be short stopping periods to

do so. This may have gone undetected in this study because of

the time interval used. Average cell speeds for the whole

path taken were very similar to those from individual steps,

implying that an average cell speed is representative of the

individual steps as a whole.

More information is obtained from the analysis of cell

velocities, since this is a product of speed and

directionality. Only in the chemotactic experiments is there

actually any known directional cue (the attractant gradient)

but for comparison the results were analysed on the same basis

as this to provide a valid comparison. Velocity defined in

this way is speed*cos p with p the angle away from the radial

direction along which the gradient is presumed to align.

Chemotactical1y migrating cells gave the best response and the

distribution is not too dissimilar to that for speed alone

because of the high orientation accuracy (i. e. cos 0 tends to

be close to 1 therefore velocity is similar to speed). Very

few negative turns were made. This high velocity was an

expected result, but the distribution for chemokinetically

migrating cells might be predicted to be approximately normal

with the mean or modal group overlying the Opm/min position

since there are no obvious directional cues. This was not so
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and although more negative turns were made, these were

relatively few and overall the distribution was similar albeit

shifted toward lower values to that for chemotaxis. This is

reflected in the means which show a greater difference than

noted for speed alone because of the dual effect of faster

speed and orientation accuracy operating. At least part of

this unexpected distribution is based on the results of

velocities of cells migrating in the absence of attractant,

since these too favour the outward direction. There are more

velocities in the negative group but part of this is

artificial as the data includes the cell paths of length 0p.m.

The expected distribution for no particular direction being

favoured is given by the theoretical random histogram which is

centred over the 0p.m/min point. Again overall cell velocities

were a good representation of the results obtained by the more

arduous analysis from the small step lengths in all four

cases.

The chemotactic index, originally called the chemotropism

index (Dixon and McCutcheon, 1935), has stood the test of time

as a measure of the directness of cell migration (Harris,

1953; Ramsey, 1972; Zigmond, 1974; Allan and Wilkinson, 1978;

Cheung, Donovan, Miller, Bettendorff and Goldstein, 1987) and

formulae have been derived relating it to turn angles (Nossal

and Zigmond, 1976) and motility parameters (Alt, 1980). This

study used the index in its simplest form as a ratio of net

distance/total distance. The distribution of the index under

chemotactic condtions is skew to higher values reflecting the
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straight paths taken in the radial direction in these

experiments. Only two cells of all 160 examined had a

negative index. This would be expected if the cells were

responding to the gradient but the distribution of the index

under chemokinetic conditions (no obvious directional cue) is

comparable. The modal group is one class lower but only a few

cells have negative indices. This is difficult to explain but

its basis must lie in the response of the cells to basal

conditions; again the movement is biased in favour of positive

chemotactic indices and remarkably few cells have a negative

index. What would be expected under basal and chemokinetic

conditions is shown in the distribution for theoretical random

normal around an index of 0 and with few cells moving straight

enough continually to give indices greater than ±0. 5. On

analysing the means, chemotactical1y migrating cells have a

significantly greater index than those locomoting under

chemokinetic conditions. The value for chemotaxis (+0. 77)

compares well with other chemotactic studies showing the index

to lie between +0, 64 and +0. 90 (McCutcheon, 1946; Ramsey,

1972; Zigmond, 1974; Allan and Wilkinson, 1978; Lackie and

Burns, 1983; Bultmann and Gruler, 1983; Maher, Martell,

Brantley, Cox, Niedel and Rose, 1984; Burton, Law and Bank,

1986; Cheung, Donovan, Miller, Bettendorf and Goldstein, 1987).

Thus analysing individual paths has demonstrated a superiority

of chemotactically migrating cells to those stimulated

nonspecifically with respect to direction, thus they locomote

more rapidly and their orientation is higher. The turning
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behaviour may give some clues as to why the chemokinetic and

control cells migrate in a lesser but analogous fashion to

those moving in gradient conditions.

The p angle can be likened to a mini chemotropism index

since its cosine has the same limits and basically the same

meaning: a cell moving in a straight path to the source would

have a p angle near 0° and therefore a cosine near +1.0;

conversely if moving directly away the p angle would be near

180° and the cosine near -1,0; an indifferent step with

respect to the axis, that is about 90°, would have a cosine

about 0, The advantage of the p angle is that more

information is generated about turning behaviour and it is

possible to analyse the relation of this to speed of

migrat ion.

Chemotactically migrating cells make most of their turns

less than 26° off the ideal radial direction. Very few turns

are made more than 80° from this axis. Thus a remarkably

accurate directional response is seen and the distribution of

such turns follows an inverse logarithmic pattern. The

distribution of such angles for the chemokinetically migrating

cells is only marginally less accurate with half the turns

being within 30° of the radial direction. This is in the

absence of any known directional cue. Although virtually all

angles were possible between 0° and 180° there were few turns

greater than 80° from the radial direction. The distribution

of the p angles under basal or "random" conditions partly

explains this- it is similar in shape though there is a
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tendency to larger angles of turn from the radial direction,

but over half the turns were less than 41°, a lot less than

the angle expected for purely random turns (where 90° would be

expected and observed in the dat a for the theoretical random

condition), so implying a strong directional bias on the

control movement.

The t angle has as its reference the prior direction of

motility rather than fixed to some particular axis as the p

angle is defined. It gives information about the straightness

of the sequential step lengths independent of orientaion

accuracy. In chemotactic experiments as expected from the

diagram of the paths (figure 13) the x angle was low and also

appeared to have a logarithmic distribution. Most turns were

within 25° of the prior orientation demonstrating that there

is persistence in a direction once chosen. This could be

secondary to a gradient detection, the cell then becoming

polarised along it and moving almost as if on biological

rails. Such polarising responses would improve locomotor

efficiency by making large turns (which are inefficient)

difficult. However, this satisfying explanation fails to

account for the similar results seen in the absence of a

gradient where most cell turning was within 30° of the cell's

prior direction. As before the basis of such uniform movement

in chemokinetic conditions lies in a similar distribution

under "random" conditions, where the subsequent step was less

than 37° different than the prior step, in over half the

angles examined. If there is no such dependence on prior
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step, the following turn could take on any value between 0°

and 180°, and overall would be expected to distribute about

90°, as indeed is the case for the theoretical random. The

narrow span of the x angle in the three experimental cases was

not due to a cytoskeletal incapability to turn back on itself

in the time period allowed as, in all three cases, turns near

to 180° were recorded.

An overall measure of path accuracy is given by the 5 angle,

Thus a cell could respond poorly to a gradient making wild

changes in direction and still arrive at the end of the path

near to where accurately migrating cells finish. So it loses

some of the information about the actual cell path taken but

still is a summary of orientation accuracy. As expected

chemotactic cells have a low 5 angle the median value being

just 14° from its starting position. However, impressive 5

angles are also seen under chemokinetic and "random"

conditions and there is no significant difference between

these. It did not appear to be a selection bias because of

the nature of video system, as large S angles were recorded

Cup to 143°).

There does appear to be some deterioration in speed as

incubation proceeds, however this was mild and could not

account for the unexpected results under random and

chemokinetic conditions. In contrast, chemotactical1y

migrating cells improve their speed over the one hour

incubation. This is likely to be due to gradient formation

and stabilisation. Part of this phenomenon is seen in the
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time relationship for velocity, of which speed is a component.

Velocities improve with time under chemotactic conditions

again probably secondary to gradient effects. A marked

decline in velocity was seen under chemokinetic conditions,

although cells initially had an excellent velocity. Control

or "randomly" moving cells had velocities that were little

changed over the incubation period. As might be predicted

there was no significant alteration in velocities for the

theoretical randomly moving cells.

The change in the chemotactic index reflects the results

obtained with speed and velocity, with an improvement in the

index in later time cohorts for cells migrating under gradient

conditions, and initially cells migrating radially very

accurately then declining with attractant present uniformly.

Neutrophils migrating under basal conditions were similar in

the first 15 minutes moving out of the well in fairly

straight, radial paths then migrating with less order for the

remainder of the experiment. The index did not alter

significantly in the hypothetical case of theoretical random,

The change in p angle reinforces the above: orientation

accuracy improves after 15 minutes for the cells migrating

chemotactically, conversely cells migrating in the presence of

a uniform concentration of FMLP have low p angles but which

get larger as time proceeds. Control cells behave in a

comparable fashion. The improvement for the chemotactical1y

•migrating cells is likely to be due to optimal concentrations

reaching the cells, addition of the FMLP some time prior to
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loading the cells should make orientation accuracy high

throughout incubation. This has been advocated by Repo <1977>

who added zymosan activated serum one hour prior to the cells

but these experiments indicate that the smaller attractant

FMLP may only require 15-20 minutes preloading. The drift in

the p angle in the chemokinetic condition may be secondary to

the same phenomenon seen under basal conditions. The

explanation may be a decline in some cellular enzyme required

for mantainence of the polarity. If this were true an

analagous decline should be observed in the chemotactically

migrating cells but this is not so. Perhaps such a decline

would be unmasked if the prior pulsing was performed as

outlined above and a large improvement were seen in the first

15 minutes as a consequence. The angle between steps <x> was

different to the changes observed in the p angle, There was

no improvement over the hour for chemotactic group of cells,

but there was some drift in the x angle in the

chemokinetically stimulated neutrophils. The control cells

still had relatively small angles between steps in comparison

to the theoretical group of cells with no particular

preference of turn following a given step.

The results from the time cohort experiments suggested that

parallel changes wre occurring in speed and orientation

accuracy since for chemotaxis a rise in speed and index were

seen as time progressed and on the other hand a fall in index

and speed was observed for chemokinetically migrating cells.

By plotting data of mean cell speed against the corresponding
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chemotactic index for that cell a relationship between speed

and the index was demonstrated. The slower migrating cells

tend to have smaller indices, whilst their faster counterparts

had higher values. This was particularly so for chemotaxis.

This may have been a "straightening" effect of the attractant

on the cell path, but in the absence of FMLP anywhere in the

system, this correlation between speed and chemotactic index

still held, arguing that it is a fundamental property of the

cell itself. No such pattern was seen in the case of

theoretical random confirming that conceptually the index is

independent of speed.

The p angle is a sensitive indicator of chemotactic index

changes and is directly related to it (Nossal and Zigmond,

1976). If speed has an effect on the accuracy of orientation

the p angle should decrease as the speed increases. This is

precisely the dependence observed and holds true for control

as well as stimulated forms of migration. No effect on p

■angle was seen in the theoretical random class.

In life there are many examples of speed affecting turning

behaviour, for example it is more difficult to make a left or

-ight turn whilst running than walking. It is not that such a

.urn is not possible, just that it takes a greater distance to

perform it in. This is also true of inanimate objects so the

basis of the speed and angle of subsequent turn is in

:onservation of angular momentum. If this presumption is true

.hen the fact that the fast cells have a low p angle may be

>artly because the cell changes its between step angle <x)
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11y slightly and once correctly orientated continues so

icause minimal changes are made to the set course. The plot
'

approach speed and subsequent x angle demonstrates this-the

>eed/angle relation is more marked than in the case of the p

igle implying that the correct orientation is maintained by

tly small changes in angles between steps. Possibly the cell

•ients then migrates making only small corrections to

lintain course, this would afford the advantage of economy in

lergy that would be used if large lurches in direction were

iken to pass toward the attractant,

The above arguement really implies that part of the cell

.gratory response is due to continuation of that previously,

lis has been termed persistence by Dunn <1981). He derives

1 expression for this:

P=2*t/<p:;a though strictly this holds in the

.mit as t-*0. The angle <p corresponds to the x angle used in

lese studies, that is, the angle between two steps, An

-bitrary value of 20° was assigned and paths with x angles

sss than this were judged to be showing persistence. A

ictor of 1 was given for such angles , 2 for two consecutive

angles <20° and so on. Chemotactically migrating cells had

e highest of these persistence factors and this was

gnificantly different from that for chemokinesis which was

rrespondingly higher than random.

Throughout the visual analysis by speed, velocity,

■emotactic index and angles as well as the persistence

-tors, a hierarchy has existed; chemotaxis having the higher
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speeds and index, associateed with lowest angles p and \\ then

chemokinesis followed by random in turn. The theoretical

random, whose values were produced by truly random paths in

terms of lengths and angles with no dependency between these,

had values markedly different than those derived from the

basal conditions experimentally.

It is this discrepancy that undermines the excellent results

in terms of orientation ability for chemotactic conditions.

Viewed alone the data for chemotaxis is a strong arguement for

directed locomotion in vitro in response to a gradient of

FMLP. When compared to the chemokinetic and random results it

is obvious that some other process is important in the under

agarose system.

The polarisation of neutrophils in the presence of

attractant but no gradient has been discussed by Keller

<1982). He believes microgradients may be present but in the

present study these would have to be passing from the outer

part of the plate to the cell well in a similar fashion to the

attractant diffusing from the outer well to the cells in a

standard chemotactic assay to explain the chemokinetic results

reported here. Another explanation for the polarity of

chemokinetic neutrophils put forward by Keller (1982) was an

anisotropic arrangement of receptors, or parts of the motile

apparatus and certainly this may be so in the system he used

(neutrophils in suspension). For such anisotropy to occur in

the under agarose system it would have to be preferentially in

■the outward direction.
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Velocities have been reported to be identical under

chemotactic and chemokinetic conditions despite steep

gradients in the former (Hyslop, Larson and Wade, 1982). They

believe that the neutrophils themselves can set up their own

gradients above 10'y PMNs/ml. In the under agarose assay the

cell density is typically 2.5*10^ PMNs/ml (Nelson, Quie and

Simmons, 1975). In support of this are reports that

neutrophils themselves produce their own attractant factors

(Phelps, 1969) and these may reside in the lysosomes (Borel,

1970). They have been further characterised as an 8. 4K

glycoprotein (Spilberg, Gallacher, Mehta and Mandell, 1976;

Takeuchi and Persellin, 1981).

There may be an alternate explanation. The chemokinetic

results which are so close to those for chemotaxis may be the

result of a gradient of sorts even though the attractant is

thought to be present uniformly in these experiments. The

cell well contains no FMLP so an abrupt gradient (10 63 M to 0

M) exists. This has two faults:

(i) Once under the agarose the gradient

effectively disappears and the cell finds itself under true

chemokinetic conditions.

(ii)Medium from the gel leaches out into the well,

a process termed syneresis (Guisley and Renn, 1977) so

creating isotropic conditions throughout the system.

The well/gel interface may be acting as a barrier or wall,

in which case cells would effectively move outward only. This
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is a reasonable theory and it would even be possible that the

boundary acts as a valve allowing cells out to the gel but not

back to the well. Direct observation fails to support such a

concept as few cells pass back, either at the boundary or even

further out in the gel.

The under agarose system has a symmetry. The attractant is

placed in the outer well and diffuses to meet the cells in the

middle well. Their motion is net outward, obeying the Fick

law of diffusion. If this process is now extended to the cell

well the net movement is also going to be outward from the

cell mass. So in the absence of any attractants there is an

expected outward movement as a base for any stimulated

movement, This is a time related process and has been

considered theoretically by Dunn <1981). In his analysis, a

group of cells are initially aggregated at one end of a

chamber; as time proceeds they assume a random distribution

and overall there would be a net directional flow of cells.

Returning to the under agarose system, if the opposite side

of the well (facing the inner well) is considered, the cells

from it have the same leading front measurement as those

facing the outer well (in basal and chemokinetic experiments,

see Diagram 4). Performing time lapse videomicroscopy on this

side, but with the standard reference coordinates used for the

opposite side would lead to a set of random and chemokinetic

results predominantly negative for velocity, chemotactic index
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and p angle. So the results obtained in this study would seem

to be secondary to this diffusion of cells with a kinetic and

tactic effect superimposed. Presumably this process occurs in

the millipore system which has a high cell number at the upper

surf ace.

The above remarks should not be taken as a criticism of

these systems as distinct responses are seen on visual

abalysis between the three conditions examined. However, what

is assumed to be random may be really a diffusive basal

condition not identical to the random observed in slide-

coverslip preparations where the chemotactic index is close to

0 (McCutcheon, 1946; Ramsey, 1972; Cheung, Donovan, Miller,

Bettendorff and Goldstein, 1987), An analagous process may

even operate in-vivo: when neutrophils are marginated on the

postcapillary venules there will be a high concentration of

them relative to those in the tissues and movement out

facilitated by this natural physical process.
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This program takes in the x,y coordinates of a set of points (i.e.

a cell path) and uses them to calculate the various parameters discussed

in Materials and Methods.

Description

Lines 10 and 3180-3210 : ensure that interruption does not occur

to the running of the program by handling the common errors that may

arise.

Lines 20-130 : take in the details of the experiment for printing

out later.

Lines 140-190 : set constants and clear memory space for array

variables.

Lines 210-230 : make the microcomputer take subsequent inpute from

the digitizer tablet.

Lines 240-440 : take in two reference points (which were placed

on the acetate sheet when the cell path was traced); and convert them

into an angle, RA, using a similar coordinate system to that shown in

Diagram 6. This allows the acetate sheet to be mapped from at any

angle (between 0° and 90°) on the digitizer tablet, so that long cell

paths may be accommodated. RA thus measures the angle of tilt of the

acetate sheet from the horizontal and is subtracted from other angles

worked out later.

Lines 450-560 : is a loop which takes in the x,y coordinates of the

cell path; exit from the loop is possible by sending a string of

characters from the MOP. Only two conditions require exit :

1. When cell has stopped.

2. When path is finished.

N is the number of lengths (of size > 0 ym) and is one less than the

number of coordinate points.
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Lines 610-670 : return to keyboard input and find out (from the

user) whether the cell has completed its path (6T=1) or has stopped

(6T>=2)„ In the former case the program switches to print out the

results; otherwise it passes into a subroutine to store the position

where the cell has stopped, then returns to the input loop from the

digitizer tablet.

Lines 750-990 : sort out the main results from the set of x,y

coordinates.

Lines 760-790 : computer individual lengths, rounding to 2 d.p.

Lines 800-830 : work out the absolute angle between two points

from the digitizer tablet, on a similar coordinate system to diagram 6;

except that it is based on a 0-360° rather than a 0-180-0° principle.

Lines 840-860 : subtract the reference angle from the absolute

angle and convert the difference to the diagram 6 coordinate system,

i.e. the p angle.

Lines 870-880 : work out the radial length (component of actual

length in radial direction).

Lines 900-940 : compute the x angle (between successive turns) and

convert it to the diagram 6 coordinate system. There is one less x

angle than the number of p angles.

Lines 950-990 : place the nil lengths (i.e. where the cell had

stopped for at least 90s) in correct position in the list of lengths

found from lines 760-790. This updated list of new lengths (lengths

> 0 ym and lengths = 0 ym) is stored in the correct order in the array

variable NL(I).

Lines 1000-1310 : print out conditions of experiment and other

relevant details and begin to print some of the results such as

radial distance.
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Lines 1320-1390 : work out the angle 6 from the first and last x,y

coordinates; subtracts the reference angle and converts the difference

to the diagram 6 coordinate system.

Lines 1400^1550 : prints out the lengths and angles in table form

(see example).

Lines 1580^1670 : continues the results printing section, including

working out speed, velocity and chemotactic index.

Line 1690 : jumps to line 1020 which clears certain variables and

goes back to the start (to map out another cell path) if the number of

cells done in less than 10. 7F is 10 then there is still an opportunity

to do extra cell paths, e.g. if a mistake was made.

Lines 1700-1990 : reviews all the variables of length, p angle,

T angle. If a mistake has occurred in mapping out a path the incorrect

variables can be 'excised* from this list if required.

Lines 2100-2400 : is the excision routine for the aberrant

variables.

Lines 2410-2650 : is similar to the above but for other parameters

of the faulty cell path.

Lines 2690-3150 : assign a name to a file depending on the conditions

of locomotion, time section and variable, then writes the information

onto a disc making a permanent record of the data.
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10 ONERR GOTO 3130
20 INPUT "DATE OF RECORDING"»DA*
30 INPUT "DAY N0.="fDN
40 INPUT "CONDITIONS"»C0
50 IF CO = 1 THEN COi = "CHEMOTAXIS"
60 IF CO = 2 THEN COi = "CHEMOKINESIS"
70 IF CO = 3 THEN C04 = "RANDOM"
80 INPUT "TIME AT START"JTS$
90 INPUT "TIME CELL STARTSJ" »TCi
100 TS = UAL ( TSi)
110 TC = UAL ( TCi)
120 IF INT ( TC ) = INT ( TS ) THEN TI = TC. - TSt GOTO 140
130 TI = ( .6 - ( TS - INT ( TS ) ) + ( TC - INT (TO))
140 RC = 57»29581ER = 1JET = It EL = 1
150 DIM X( 40 ),Y( 40 ),NX( 40 )»NY( 40 )
160 DIM AB( 40 ),R0( 40 )»T( 40 )
170- DIM L( 40 ) ,RL( 40 ) , NL( 40 )» L0( 20 )
180 DIM LL( 500 )»RR( 500 ),TT( 500 )
190 DIM K 15 ),SP( 15 ),VE( 15 )
200 HOME
210 D* = CHR$ (4)
220 PRINT D*»"IN*4"
230 PRINT D$i"PR*0"
240 PRINT "SET REF*ANGLE"
250 INPUT Pi
260 IF I.EN ( P$ ) < 32 THEN 250
270 IF L EN (P$) > 40 THEN 345
280 INPUT Ri
290 IF I EN ( R$) < 32 THEN 280
300 Rl$ = MID$ < Fir3»12 )
310 R2$ = MID$ (P$*18,12)
320 RX( 1 ) = UAL ( Rli )
330 RY( 1 ) = UAL ( R2i )
340 R3$ = MID$ (Ri,3 ?12 )
350 R4i = MID* ( Ri,18,12 )
360 RX( 2 ) = UAL ( R3* )
370 RY( 2 ) = UAL ( R4$ )
380 RX = RX( 1 ) - RX( 2 )
390 RY = RY( 1 ) - RY( 2 )
400 RA = ATN ( RY / RX ) T RC
410 IF RX < 0 THEN RA = 180 + RA
420 IF RX > 0 AND RY < 0 THEN RA = 360 + RA
430 PRINT "RFF» ANGLE = "RA
440 IF RA > 90 THEN PRINT "RA MUST BE 90 OR LESS-REPEAT" I GOTO 23 0
450 FOR I = J TO 40
460 INPUT A$
470 IF LFN (At) = 47 THEN 610
480 IF LEN ( At ) > 47 THEN 570
490 X$ = MIDi ( Ai,3,12)
500 Yi = MIDi ( Ai,18,12)
510 X( I ) = UAI ( Xt )
520 Y( I) = UAL ( Yt)
530 NX( I - 1 ) = X( I - 1 ) - X( I )
540 NY( I - 1 ) = Y( I - 1 ) - Y( I )
550 N = I - 3
560 NEXT
570 FOR M = 1 TO 60
580 UP = PEEK ( - 16336)
590 NEXT
600 GOTO 460
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610 PRINT D*"IN#0"
620 PRINT "HOU MANY STOPS DOES CELL MAKE I"
630 HTAR 31JCV = PEEK (37): VTAB (CO)
640 GET ST T
650 ST = UAL ( ST$)
660 PRINT CHR$ (13)
670 IF ST < = 1 THEN 750
680 IF ST > 1 THEN GOSUB 700
690 PRINT BT"IN44"1 PRINT D$"PR#0": GOTO 460
700 NS = NS + 1
710 LO(NS) = N f NS
720 ST = ST - 1
730 IF ST > 1 THEN 700
740 RETURN
750 FOR I = 1 TO N
760 SX = NX( I ) t 2
770 SY = NYC I ) t 2
780 L(I ) = SRR ( SX + SY)
790 L(I ) = INT (LCI) % 100 i .5) / 100
800 AN = ATN ( NYC I ) / NXCI ) ) % RC

| 810 IF NXCI ) < 0 THEN ABC I) = 130 + AN
820 IF NXCI ) > 0 AND NYC I ) < 0 THEN ABC I ) = 360 + AN
830 IF NXCI ) > 0 AND NYC I ) > 0 THEN ABC I) = AN
840 ROC I ) = ABS C ABC I ) - RA )
350 IF ROC I ) > 180 THEN ROC I ) = 360 - ROC I )
860 ROC I) = INT CROC I) % 100 + .5) / 100
870 PLC I ) = COS C ROC I ) / RC ) * LC I )
S80 RFC I) = INT ( RLC I ) * 100 + .5) / 100
890 NEXT
900 FOR I = 1 TO N - 1
910 TC I ) = ABS (ABC I) - ABC I + 1))
920 IF TCI) > 180 THEN TC I ) = 360 - TCI)
930 TC I ) = INT (TCI) * 100 + .5) / 100
940 NFXT
950 0 = 1JS = 1
960 FOR I = 1 TO N + NS
970 IF LOCO) = I THEN NLC I ) = 010 = 0 + It GOTO 990
980 NLC I) = L.C S) J S = S + 1
990 NEXT
1000 IF PA = 0 THEN GOSUB 1140

. 1010 GOSUB 1210

| 1020 RR = OtTT = OJTD = OJRD = OtNS = 0
1030 H = H + 1
1040 IF H < 10 THEN 210
1050 D$ = CHRT (4)
1060 PRINT DTi"IN40"
1070 PRINT D*f"FR*0"
1080 PRINT "EXTRA CELLS?:"
1090 HTAB 14:CV = PEFK C37 ) J VTAB (CO)
1100 GET SF$
1110 HTAB I! VTAB (24)
1120 IF SP$ = "Y" THEN 210
1130 GOTO 1700
1140 PA = 1
1150 PRINT Dt"PR*2"
1160 PRINT CHR$ (01)
1170 PRINT DAT
1180 PRINT "START TIME="TS$
1190 PRINT COT
1200 PRINT CHRT (02)
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1210 FOR I = 1 TO N
1220 RR = RR + ROC I )
1230 TT = TT + T( I )
1240 TD = TD -r L( I )
1250 RD = RD + RL < I )
1260 NEXT
1270 D$ = CHR$ (4 )
1280 PRINT D$"PR*2"
1290 PRINT "TIME THIS CELL STARTS I"TC
1300 IF TI < 1 THEN TI = TI * 100JTI = INT (TI f .5 )
1310 PRINT "DIFFERENCE FROM START t"TI»" MINUTES"
1320 DX = X( 1 ) - X( N + 1 )JDY = Y( 1 ) - Y(N f 1 )
1330 DFX 1 ) = ATM ( DY / DX) * RC
1340 IF DY > 0 AND DX > 0 THEN DPC 2 ) = DP(1)
lS^O IF DX < 0 THEN DP( 2 ) = 180 I BPC 1 )
1360 IF DY < 0 AND DX > 0 THEN DPC2 ) ~ 360 f DPC1)
1370 DE = ABS C DPC 2 ) - RA )
1380 IF DE > 180 THEN DE = 360 - DE
1390 PRINT "DELTA= " INT CDE * 100 + .5) / 100
1400 PRINT "RAD.DISTANCE=" INT CRD % 100 f .5) / 100
1410 PRINT "INDIVIDUAL MEASUREMENTS:"
1420 PRINT " TAU " SF'CC 5)" LENGTH" SF'CC 5)" RHO "
1430 PRINT
1440 R = 1IT = 1
1450 FOR I = 1 TO N + NS
1460 IE NL.C I ) > 0 THEN GOStlB 1490
1470 IF NEC I ) = 0 THEN PRINT SF'CC 11 )NL( I ) J LLC EL ) = NLC I ) :el =

1480 GOTO 1550
1490 PRINT SF'CC 11 )NL( I ) SF'CC 5)R0CR)
1500 LLC EL) = NLCIKEL = EL + 1
1510 RRC ER ) = ROC R )
1520 R = R + ltER = ER + 1
1530 IE T < N THEN PRINT TCTKTTCET) = TC T )tT = T f i:et = ET T
1540 RETURN
1550 NEXT
1560 PRINT "MEAN RHO="RR / N
1570 PRINT "MEAN TAtJ="TT / CN - 1)
1580 VF = RD / CCN + NS) % 1.5 KVE = INT C VE % 100 f .5) / ioo :f

t VECF ) = VE
1590 PRINT "VEl QCITY="VE
1600 PRINT
1610 SP = TD / C(N + NS) * 1 .5 ) J SP = INT (SP * 100 + *5) / 100JSPCF) = S

P
1620 PRINT nspeed="SP
1630 PRINT
1640 PRINT "TIME TAKEN="(N f NS ) * 1.5" MINUTES"
1650 PRINT
1660 IX = RD / TO: IX = .INT (IX t 1000 + .5) / 1000JICF) = IX
1670 PRINT "INDEX="IX
1680 PRINT : PRINT
1690 GOTO 1020
1700 EL = El. - 1JER = ER - 1JET = ET - 1
1710 G = 1
1770 HOME
1730 UTAH ( 1 )
1740 PRINT "DATA NCI ♦" SPC( 6)"LTH" SF'CC 8)"RH0" SPC( 8)"TAU"
1750 PRINT
1760 FOR I = G TO 19 + G
1770 IF I > El THEN 1800
1780 PRINT I
1790 NEXT
1800 VT AB (3)
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1810 fdr i = g to 19 i g
1820 htar 15
1830 if" i > el then i860
1840 print ll < i )
1830 next
1860 vtab (3)
1870 for i = g to 1? + g
1880 htar 25
1890 if i > er then 1920
1900 print rr<i)
1910 next
1920 vtab (3)
1930 for i = g to 19 + g
1940 htab 34
1950 if i > et then 1980
1960 print tt( i )
1970 next
1980 htab i: vtab (23)
1990 print "continue list?:"
2000 htab 16t vtab (23)
2010 get sf't: if sp$ = "y" then g = 20 + g: goto 1720
2020 home
2030 print "to repeat all. press space bar" j print : print "to change dat

a press c": print j print "if all correct press a"
2040 print : print " :"
2050 htab 21 vtab (7)
2060 GF.t SPt
2070 if sp$ = "c" then fr = olsr = olft = olst = olfl = olsl = oldr = 0:

dt = o:dl = o: goto 2100
2080 if sp$ = " " then g = i: goto 17 20
2090 if sf'$ = "a" then 2410
2100 input " first data no 4 for length :" , fl
2110 input " second data no * for lengt h :";sl
2120 print
2130 input " first data no» for rho:"5 fr
2140 input " second data no 4 for rho:" 5 sr
2150 print
2160 input " first data no 4 for tau:"5 ft
2170 input " second data no 4 for tau:" 5 st
2180 dl = sl - fl + 1
2190 dr = sr - fr + 1
2200 dt = st - ft + 1
2210 for i == ft to et
2220 tt( i ) = tt( st + 1 + ng )
2230 ng = ng + 1
2240 next
2250 ng = 0
2260 et = et - dt
2270 for i =: fl to el
2280 ll( i ) = ll(sl + 1 + ng )
2290 ng = ng + 1
2300 next
2310 ng = 0
2320 el = el - dl.
2330 for i =: fr to er
2340 rr( i ) = rr( sr + 1 + ng )
2350 ng = ng f 1
2360 nfxt
2370 ng = 0
2380 fr = er - dr
2390 homf
2400 go 10 17 10
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2410
2420
2430
2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000

1 )
"no.

= 1
i

3 )
= 1

spc( 4 )"0e" sf'c( 10)"sp" spc( 10)" ix'

to f

to f

HOME
UTAB (
PRINT
PRINT
FOR I
PRINT
NEXT
UTAH (
FOR I
HTAR 8
PRINT VE( I ) TAB( 20 )3P( I ) TAB( 32)1(1)
NEXT
HTAR 2J VTAB (23)
PRINT "IF CORRECT PRESS AiIF NOT THEN CI
HTAB 35t OTAB (23)
GFT SP$
HTAB It VTAB
IF SF"$ = "A"
PRINT "WHICH

E

( 24 )
THEN
DATA

2660
no. ] wrong?"

input
f = f
for i
k i ) =

next
goto
input
if s$
end
if co
if co
if co
fl$ =

- 1
= E
I( I

to
F

F
1 )tsp( i ) = sp( i + 1 ) i ve( i ) = ve( i 1)

>390
"SAVE?"> S$
= "Y" THEN 2690

= 1
— n

THEN
THEN

= 3 THEN
C0$ F " "

fa$ = c0$ F "
fc$ = c0$ F "
d$ = chr$ (4 )
print d$5"catalog*d2"

j"open"j fl$
d$»"write"jfl$
= 1 to el
ll( i )

C0$ = "T"
C.0$ = "K"
C0$ = "R"
$ STR$ (BN )
F STR$ (DN )
F STR$ (DN )

+
F
+

F
F
F

str$
str$
str$

( td
( td
( td

/
15 )
15 )
15 )

F
F

" IL'
"IR1
"IT1

PRINT
PRINT
FOR I
PRINT
NEXT
PRINT
PRINT
PRINT
FOR I
PRINT
NEXT
PRINT
PRINT
PRINT
FOR I
PRINT
NEXT
PRINT D$ i" CI OSF" »FC$

EI$ = C0$ F " " F STR$
FS$ = C0$ F " " F STR'F
F0$ = C0$ F " " F STR$
PRINT D$;"OPFN"5FI$

n$; "close" ;fl.$
nti"open";fa$
d$write";fa$
= 1 to er
rr( i )

el*»"close" jfa$
d$;"open";fc$
d$;"write";fc$
= 1 to et
tt( i )

( DN )
( DN )
( DN )

f
F
F

STR$
STR$
SIR*

TD
TD
TD

15 )
15 )
15 )

f
-L

F "DX"
» iimi
T JU

F "UC

PRINT It$; "WRITE
FOR I = 1 TO F

IF]
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^UAU I"KIN I

3020 NEXT
3030 PRINT D$"CLOSE"»FI$
3040 PRINT D$i"OPEN"»FS$
3000 PRINT D$*"WRITE"»FS$
3060 FOR I = 1 TO F
3070 PRINT SP( I)
3080 NFXT
3090 PRINT ri$5"CL0SE" »FS$
3100 PRINT D$J"OPEN"JFV$
3110 PRINT 0$ ?"WRITE"»FV$
3120 FOR I = 1 TO F
3130 PRINT OFT I )
3140 NEXT
3150 PRINT D$j"CLOSE"»FV$
3160 PRINT D$i"CATALOG"
3170 END
3180 Y = PEEK (22?)
3190 PRINT "ERROR,Y="Y
3200 IF Y = 69 THEN 460
3210 IF Y = 133 THEN NS = Ot HOME t PRINT "DIVISION BY ZERO ERROR,DO CEL

L AGAIN": GOTO 210
3220 D$ = CHR$ ( 4)
3230 PRINT D$ J"INtO"
3240 END

30-4-32
START TIME=16.14
RANDOM

TIME THIS CELL STARTS!16.29
DIFFERENCE FROM START!15 MINUTES
DELTA= 44.58
RAD.DISTANCE=31 * 37
INDIVIDUAL MEASUREMENTS!
TAU LENGTH RHO

10.56 40. 69

8.44 43.87

11.05 51.19

0

7.91 155.69

5.52 49.47

0
.09 32.24

9.58 32.57

0
0

12.34 60.17
MEAN RH0=64.43625
MEAN TAU=58.9471429
VELOCITY^!.77

SF'EFD-3. 67

TIME TAKFN=18 MINUTES

84.56

7.32

104.5

106.22

32.76

49.67

27.6

INDF 4.9 3 181




