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SUMMARY

Peritoneal macrophages were plated out on a series of artificial haptotactic substrata con-
sisting of grid patterns of vacuum-evaporated palladium metal alternating with hydrophobic
untreated polystyrene and with hydrophilic sulphonated polystyrene. By their active locomo-
tion the macrophages accumulated preferentially onto the less hydrophilic of either pair of
these alternative substrata. This order of substratum preference is precisely the opposite to
that shown by fibroblastic cells. Macrophages were also found to accumulate preferentially
onto roughened culture surfaces as opposed to smooth ones, which is again opposite to the
behaviour of fibroblasts. These opposite substratum preferences shown by macrophages may
reflect physical as well as functional differences in their surfaces, and could serve as assay
criteria for macrophages and cell types putatively equivalent to macrophages.

INTRODUCTION

Tissue-cell locqmotion requires a substratum and the properties of this substratum

can strongly influence the locomotion that occurs. For example, Carter (1967a, b)

showed that fibroblasts migrate preferentially from cellulose acetate to thin vacuum-

evaporated layers of palladium metal. In a later study (Harris, 1973), both normal and

transformed fibroblasts were found to migrate onto sulphonated polystyrene (as well

as onto glass in preference to palladium, but onto palladium in preference to untreated

polystyrene).

In each of these cases the cells showed a consistent hierarchy of relative adhesive

preference, accumulating on the more hydrophilic of any pair of substances. More

recently, Letourneau (1975) showed that nerve growth cones obey this same hierarchy

of substratum preference and can be guided along paths of greater adhesiveness. This

demonstration lends support to theories of nerve guidance by adhesive differences

(Barbera, Marchase & Roth, 1973).

In those previous studies, each cell type showed the same sequence of relative pre-

ference for substrata. We have now studied the adhesive preferences of the macro-

phage, a cell type whose behaviour was already known to be unusual in several

respects. Macrophages migrate invasively as part of their normal function, fail to

show contact inhibition of locomotion (Oldfield, 1963), and even show a sort of
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reverse contact inhibition relative to fibroblasts (Harris, 1974). We have found that

macrophages also show significant differences in their adhesive preferences.

MATERIALS AND METHODS

Peritoneal macrophages were obtained from Swiss white mice, which were killed by cervical
dislocation and the cells collected in 3-4 ml of phosphate buffered saline (PBS) (Dulbecco &
Vogt, 1954). In some experiments, heparin was included in the saline, but seemed to make no
difference to the results. After centrifugation, the cells were resuspended in PBS and allowed
to settle onto the experimental substrata for 15-20 min at 37 °C, before replacing the saline
with Dulbecco's modified Eagles medium buffered with 25 mM-.N-2-hydroxyethylpiperazine-
N'-ethanesulfonic acid (HEPES), and supplemented with 10% foetal calf serum (GIBCO,
Grand Island, N.Y.) and penicillin and streptomycin. For certain experiments, 5 ml of thio-
glycollate medium (Fisher Scientific Co.) was injected intraperitoneally 5 days prior to collect-
ing macrophages as above. A culture of the macrophage-like cell line, P338D,, was a gift from
Dr H. S. Koren, Duke University. WI38 cells, VA13 cells (a line of untransformed fibroblasts),
simian virus-transformed VA13 cells, and L929 cells (a transformed line of mouse fibroblasts)
were all obtained from the Tissue Culture Laboratory, Cancer Research Center, University of
North Carolina at Chapel Hill. H615 ts 3T3 cells were a generous gift from Dr Kenneth
Noonan of the University of Florida.

Three artificial substrata were used: (1) untreated polystyrene dishes, 35 mm in diameter;
(2) polystyrene dishes treated with concentrated sulphuric acid for 2 h to make the substratum
hydrophilic (Maroudas, 1975); and (3) palladium evaporated onto treated and untreated poly-
styrene (Carter, 1967ft). All 3 of these culture surfaces could be produced side-by-side in
individual Petri dishes. Approximately 2 x io5 macrophages were plated on 1 dish.

Slightly roughened regions were created on Falconized polystyrene surfaces of tissue culture
flasks by gently sliding the round, fire-polished end of a glass rod across the surface so that the
rough areas were just barely visible by phase-contract microscopy. Approximately 2 x io6 cells
were plated per 25 cm* flask.

Cultures were viewed with an Olympus CK inverted phase-contrast microscope and photo-
graphed with an Olympus 35 mm camera using Kodak Panatomic X film. Individual frames
from a 16 mm Bolex camera using Plus X reversal film were converted to 120 film by a Testrite
cine-enlarger. During observations, a Sage air-current incubator maintained the temperature
of the cultures at 37 CC.

RESULTS

When plated out on grid patterns of alternative substrata, both the transformed

(VA13 and L929) and untransformed (WI38 and ts 3T3) fibroblasts migrated pre-

ferentially onto the more hydrophilic material available to them (i.e. untreated poly-

styrene < palladium < sulphonated polystyrene). Peritoneal macrophages, however,

developed the opposite sequence of relative preference to these 3 substrata.

Macrophages accumulated on untreated polystyrene in preference to palladium

and on palladium in preference to sulphonated polystyrene (Fig. 1 c, D). In addition,

a greater percentage of macrophages flattened themselves onto the more preferred

substrata. This reversed pattern of accumulation occurred when foetal calf serum or

beef heart infusion was used to supplement the medium.

Another unusual characteristic of macrophages is the length of time required for

these reversed-substratum preferences to develop. Fibroblasts accumulated on their

preferred substrata within 1 day but macrophages required between 1 and 2 days
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to accumulate onto palladium in preference to sulphonated polystyrene, and 7 days

to develop their preference for untreated polystyrene over palladium. This delay

could not be explained by an insufficient amount of cell locomotion. Time-lapse films

showed that the macrophages moved extensively during this 7-day delay.

To test whether this delay might be caused by a gradual deposition of some secre-

tory product, macrophages were cultured for 2 weeks on one of the untreated poly-

styrene-palladium substrata and then removed with 4% EDTA. Fresh macrophages

•1c
Fig. 1. A. Accumulation of ts 3T3 fibroblasts on palladium (dark squares) in prefer-
ence to untreated polystyrene; and B, on sulphonated polystyrene in preference to pal-
ladium (dark squares), c, Accumulation of macrophages after 7 days in culture on
untreated polystyrene in preference to palladium (dark squares); and D, on palladium
(dark squares) in preference to sulphonated polystyrene. Bar, o-i mm.

were then plated onto the previously occupied substratum, and they also required

7 days to develop their preference for the more hydrophobic surface. This result shows

that whatever change occurs is intrinsic to the cells. In addition, VA13 fibroblasts

were plated out on the same substrata with macrophages and still showed the same

sequence of relative preference.

We also considered whether the change in macrophage substratum preference

might be related to the set of reactions they can undergo, known as activation. To

test the possibility, macrophages were pre-stimulated by an intraperitoneal injection

of thioglycollate medium. These macrophages did spread faster than normal ones but
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still required 6 days to accumulate on untreated (hydrophobic) polystyrene in pre-

ference to palladium.

We also compared the responses of macrophages and fibroblasts to the roughness

or smoothness of their polystyrene substrata. Roughened areas of substratum were

strongly shunned by WI38 cells as well as VA13 and L929 all of which behaved as if

they were nearly unable to attach to these areas of rough polystyrene. For convenience

we shall call this pattern of behaviour rugophobia (rugo, rough; phobia, fear). Fibro-

blasts of the ts 3T3 line readily spread onto the roughened areas, however, and were

more or less oblivious to them.

Fig. 2. Normal macrophages on untreated polystyrene and palladium (dark rectangles).
A, 1 day in culture; B, 4 days; c, 7 days; D, 9 days. Bar, o-i mm.

The response of macrophages to the roughened surfaces was quite different from

that of fibroblasts. Macrophages preferentially accumulate on the roughened areas

(rugophilia) rather than being unable to spread on them. This property is acquired

after 7 days in culture, however; freshly plated macrophages migrate indiscriminately

across rough and smooth areas alike. This 7-day delay was still required even when the

macrophages were taken from mice previously injected with thioglycollate. The same

pattern of behaviour occurred whether the medium was supplemented with beef heart

infusion or with foetal calf serum.

We considered the possibility that our method of roughening the plastic surface

might be removing some coating layer, and that these cellular responses might reflect
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Fig. 3. Cells on rough and smooth falconized polystyrene. Arrows point to roughened
area of substrate. Bar, o-i mm. A. Fibroblasts (VA13). B. Normal peritoneal macro-
phages after 4 days in culture, c. Normal peritoneal macrophages after 7 days in culture.
D. Thioglycollate-stimulated macrophages after 7 days in culture, E. Cells of activated-
like cell line, P388D! after 2 days in culture.

the absence of this layer rather than the property of roughness. However, we found

that cells responded in the same way to areas roughened on untreated polystyrene as

well as to areas that had been sulphonated after roughening.

We also/studied the substratum preferences of P388D! cells, a line of cells that

closely resemble macrophages both morphologically and biochemically (Koren,

Handwerger & Wunderlich, 1975). These turned out to behave like fibroblasts in that

they accumulated preferentially on the more hydrophilic substrata (e.g. sulphonated
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polystyrene in preference to palladium). On the other hand, these P388Di cells did

accumulate on roughened in preference to smooth surfaces.

DISCUSSION

We have found that macrophages differ from fibroblasts in their locomotory re-

sponses to the chemical and textural properties of artificial culture substrata. The

principal differences are as follows.

(1) Macrophages migrate preferentially onto more hydrophobic substrata while

fibroblasts accumulate on those that are hydrophilic.

(2) Macrophages accumulate on rough surfaces in preference to smooth ones, while

fibroblasts do the reverse.

(3) Macrophages acquire certain of these substratum preferences gradually, while

fibroblast preferences remained consistent.

It is unclear what causal linkage may exist between the rugophilia of macrophages

and their preference for hydrophobic surfaces. We have experimentally excluded the

possibility that roughening the polystyrene merely acts to make it hydrophobic by

removing a wettable surface layer. Both these substratum preferences were developed

over the same 7-day delay period, however, which seems to imply some linkage. On

the other hand, the cells of the macrophage-like line showed one anomalous property

without the other. They were like explanted macrophages in accumulating on rough-

ened areas but resembled fibroblasts in preferring hydrophilic substrata. So the

properties can be possessed separately. Perhaps culturing cells of this line for years on

wettable surfaces has selected for this hydrophilic preference.

What physical or chemical differences in cellular properties could explain these

differing substratum preferences? The contrasting responses to surface roughness

could possibly result from differences in cell-surface flexibility. Chambers & Fell

(1931) determined by micromanipulation that macrophage surfaces were unusually

pliable and deformable relative to other cell types. On a rough substratum a cell whose

own surface is rigid will only be able to touch the substratum at a few peaks. Greater

flexibility would permit a cell to extend its surface down into the crevices of the

roughened area, permitting it to adhere over a much broader area. Recent observa-

tions by Dunn & Heath (1976) suggest that the bending of cortical microfilaments

on curved and grooved substrata plays a casual role in contact guidance. It is

important not to confuse the rugophilia of macrophages with contact guidance, how-

ever, even though both properties may cause macrophages to align along scratches.

One difference is that macrophages accumulate without alignment in broad areas of

roughness and another difference is that fibroblasts show contact guidance even though

they strongly avoid roughened surfaces.

There are two possible kinds of explanation for the reversed preference of macro-

phages for hydrophobic instead of hydrophilic substrata. One possibility is that the

surface chemistry of macrophages becomes sufficiently different from that of other

cells so that it actually forms stronger adhesions to hydrophobic materials than to

more wettable ones. An alternative possibility that we considered is that contact with
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hydrophobic surfaces could stimulate directional locomotion in much the same way

as diffusible chemotactic attractants. Macrophages are subject to chemotaxis, and

Wilkinson (1977) has shown that denatured proteins serve non-specifically as attract-

ants for granulocytes.

To test these possibilities, centrifugation has been used to compare the breaking

strength of the adhesions between macrophages and fibroblasts and these artificial

substrata. Initial results (Rich, 1978, and unpublished) indicate that the macrophages

actually do develop stronger adhesions to the hydrophobic substrata.
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