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The ability of a cell or organism to direct its
movement along a chemical gradient has fasci-
nated biologists for over 100 yr. This process of
chemotaxis requires transformation of directional
information from the environment into a series of
cellular responses resulting in directional move-
ment. Many lower organisms including bacteria,
protozoa, and slime molds exhibit chemotaxis.
This ability helps them find nutrients, avoid nox-
ious stimuli and aggregate at critical times in their
development. Reports on higher organisms indi-
cate that primordial germ cells (32, 36), neurons
(123), tumor cells (124), and fibroblasts (115)
exhibit chemotaxis. However, the leukocytes are
the only vertebrate cells in which this ability has
been shown definitively. Studies have focused on
the chemotaxis exhibited by the neutrophilic pol-
ymorphonuclear leukocytes (PMNs), whose
chemotaxis presumably facilitates their accumula-
tion at sites of injury or infection.

Chemical gradients are important in morpho-
genesis (27, 31, 40,75, 105, 106, 151, 162, 173).
A gradient can impart at least two types of
information to a given cell, positional and vecto-
rial. Positional information is derived from the
mean concentration of a given substance present
around the cell. Positional information from gra-
dients of diffusible substances has been implicated
in the organization of insect epidermis (90), re-
generation in hydra (174), and limb morphogene-
sis (135, 148, 149). Vectorial information at the
cellular level depends on a cell’s ability to detect
the direction of the chemical gradient and develop
a polarity along this direction (31, 76, 90). Most
cells have a polarity which corresponds to the
overall tissue architecture. Some polarities un-
doubtedly arise from localized stimuli to which
cells respond. For example, local stimuli probably
contribute to the differentiation of the luminal
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and basal sides of epithelial cells. We know macro-
phages can selectively ingest opsonized particles,
leaving other unopsonized particles attached to
their membrane (60). Motile cells, including slime
molds (29) and fibroblasts (3), are described as
extending exploratory filopodia which, upon at-
tachment to a suitable stimuli, induce cytoplasmic
flow and expand into pseudopods. Other polariza-
tions, for example, the direction of hair growth
or cell migration, may be due to gradients
of fixed or diffusible agents (31, 90). If the
steepness of the gradient required for cell detec-
tion in these cases is similar to that needed by
leukocytes (discussed below), one would expect
the size of the gradient fields to be relatively
small, probably in the millimeter range.

Since we do not know the chemical nature of
the gradient in most developmental systems, it is
difficult to study the mechanisms involved in the
establishment of cell polarities. In the case of
leukocyte chemotaxis, we know some of the
chemical signals. Many factors have been shown
to be chemotactic for polymorphonuclear leuko-
cytes (118, 163) including: (a) serum factors (85,
158, 169, 172), particularly a fragment of the fifth
component of complement (22, 132, 137, 157);
(b) bacterial metabolites (86, 152); (c) cell-de-
rived materials from sensitized lymphocytes (159)
and from PMNs (18, 30, 111, 181); and (d)
denatured proteins (168).

Recently, in an attempt to identify a chemotac-
tic factor derived from bacteria, Schiffmann et al.
examined the possibility that N-formylmethionyl
peptides might be the chemotactic agents since
bacteria initiate their protein synthesis with N-
formylmethionine (127). They discovered that a
number of N-formylmethionyl peptides are in fact
chemotactically active, some at very low concen-
trations (10~ M) (127, 134). It is not clear
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which, if any, of these peptides are the natural
chemotactic factors derived from bacteria. How-
ever, the potency of their activity and the fact that
other small peptides obtained from washings of
sensitized lungs are also chemotactic suggest that
peptides are natural mediators (56, 57).

Since these peptides are active at low concentra-
tions and can be synthesized in the laboratory,
they make excellent tools for studying chemotaxis,
the control of cell locomotion and the develop-
ment of cell polarity. Over the last few years, they
have already facilitated major advances in the
study of leukocyte chemotaxis.

In this review, I will begin by describing leuko-
cyte locomotion and assays of leukocyte chemo-
taxis, and then consider PMN chemotaxis as con-
sisting of three parts: a sensory mechanism
whereby the cell detects the presence of a stimu-
lant and the direction of the gradient, a transducer
mechanism by which the directional information
gets transformed into cellular messengers, and an
effector mechanism that mediates the mechanical
and motile changes which produce cell polarity
and locomotion. I make no attempt to be compre-
hensive but hope to indicate some recent advances
in our understanding of PMN chemotaxis. I will
focus particularly on studies investigating the cel-
lular responses to defined peptide attractants.
Studies on nonmuscle contractile proteins have
been reviewed frequently and recently (see refer-
ences 71, 113, and 141). I will briefly mention
some studies specifically on leukocyte proteins.
Other interesting topics including chemotactic fac-
tors specific for leukocytes other than neutrophilic
PMNs, and the role of chemotaxis in the inflam-
matory response and in various malignant condi-
tions, are beyond the scope of this review.

DESCRIPTION OF LEUKOCYTE LOCO-
MOTION

Chemotaxis depends upon active cell locomotion.
Manipulations which affect locomotion also alter
chemotaxis. However, the reverse is not necessar-
ily true since one could alter the ability to orient
without affecting the locomotion itself. Polymor-
phonuclear leukocyte locomotion has been ob-
served directly in vivo and in vitro and has been
analyzed by time-lapse cinematography (63, 92,
94,116, 117, 175, 176).

The locomotion requires glycolytic energy (25,
180), a temperature between 25° and 40°C (104)
and a pH between 6.5 and 7.6 (23). The motile
activities of leukocytes, locomotion, and phago-
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cytosis, are in general less sensitive to variations
in the ionic composition (11, 51, 93, 133, 165)
than to the osmotic strength of the medium (93).
Locomotion is inhibited by increasing osmotic
strengths about 10%. The extent of inhibition
does depend upon the molecular species used to
increase the tonicity (93). Polymorphonuclear leu-
kocytes tolerate hypotonic media well; the os-
motic strength can be reduced to about 50% of
the normal levels without decreasing the levels of
locomotion (25, 93).

Cells circulating in the blood stream or incu-
bated in nonstimulatory medium are rounded.
Without stimulation, PMNs usually remain
rounded and do not extend lamellipodia (181).
Most chemotactic factors, when present homoge-
neously in the medium, stimulate the rate of
locomotion in a dose-dependent manner until
locomotion is inhibited at high concentrations (85,
165, 177, 181). In early studies, the stimulation
of locomotion (chemokinesis) by chemotactic fac-
tors was not recognized because the control cells
were in a serum-containing medium and were
moving rapidly (35, 99, 116). When stimulated
by any of a number of agents including chemotac-
tic factors, proteins, e.g., albumin, materials re-
leased from cells, and certain substrata, cells begin
to extend lamellipodia, spread on a substrate and
move randomly. Agents which, when present in a
gradient, induce the cells to orient their locomo-
tion are chemotactic.

The general form and coordination of PMN
locomotion is similar whether the cells are moving
randomly or exhibiting chemotaxis. A moving
PMN has a polarized morphology which is char-
acterized by a pseudopod in the front, a midregion
containing the nucleus, and a knoblike tail. The
pseudopod or lamellipodium is a thin layer of
cytoplasm (about 0.2 um thick) which excludes
granules and mitochondria. It frequently forms
along the substrate in the direction of movement
but also can be projected into the fluid medium
(4). In contrast to the leading edge of a moving
fibroblast, the front of a moving PMN rarely
shows ruffling. Although stationary PMNs can
spread and have lamellipodia around their entire
circumference, the lamellipodium in a moving
PMN is normally limited to the front of the cell or
to a side when a cell initiates a turn. Furthermore,
in PMNs, lamellipodia rarely form from the tail.
The fact that lamellipodia are extended from the
front or sides of a moving cell is consistent with
the observation that cells usually make turns of
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less than 90° relative to their previous direction of
movement; the mean angle of turn is about 50°
(43, 92, 109, 129). The molecular basis for this
polarity and inhibition of pseudopod formation
from the tail is unknown.

The midsection of a moving cell contains most
of the cytoplasmic granules and mitochondria
present in PMNs. The granules are usually con-
centrated toward the front of the body but, as
mentioned above, do not extend into the lamelli-
podia. The nucleus remains toward the rear of the
cell and the centriole is normally between the
nuclear lobes and in front of the bulk of the
nucleus (17, 43, 96). The distribution and move-
ment of the granules indicate both the physical
state of the cytoplasm, a gel or sol, and the
direction of cytoplasmic flow. In the region ante-
rior to the nucleus, the granules often exhibit
Brownian motion; thus, the cytoplasm in this
region is in the form of a sol. In the lamellipodia,
and cortex of the body, granules are either ex-
cluded or, if present, do not exhibit Brownian
motion (33). In these regions, the cytoplasm is
believed to be in a gel or solid form (33, 35, 43,
92, 129). The gel-like nature of the cortex is also
evident from the stability of its form. Film tracings
of cells demonstrate that certain features of the
cell outline are conserved as the cell moves.
Irregularities in the surface of the cell such as
protrusions and concave indentations often re-
main stationary relative to the substrate while the
cytoplasm inside flows forward (see Fig. 1). The
concave indentations have been interpreted as
signs of cell contraction (92). Alternatively, they
may indicate a skeletal rather than (or in addition

to) a contractile function since the indentations do
not normally increase in depth or move relative to
the substrate until they are included in the con-
striction at the base of the tail.

The tail of a PMN usually appears as the cell
translocates on a substrate. It contains granules,
mitochondria and occasionally even a lobe of the
nucleus. Granules in the tail do not exhibit Brown-
ian motion (92) but at times flow forward out of
the tail. This often occurs as the tail decreases in
size, as though a contraction of the tail expelled
its cytoplasm (42).

Direct observations indicate that PMNs are
primarily adherent in the front (4, 33, 92). With
an interference contrast microscope, regions of
close adherence to the substrate can be seen under
the lamellipodia, cell body, tail and tips of retrac-
tion fibers. None of these adhesion sites are as
close to the substrate as those seen in fibroblasts
(4). On adhesive substrates, cells flatten and
retraction fibers are prominent; the tail can be so
elongated that it has almost no constriction or
knoblike appearance. It is not essential for loco-
motion that the tail adhere to the substrate. As
cells turn, the tail can sometimes be seen to swing
around to its new position, indicating that it is not
stuck to the substrate (33, 92). Retraction fibers
are thin strands of cytoplasm filled with microfila-
ments which typically extend from the distal side
of the tail. These fibers are pulled out as the cell
moves past its sites of adhesion. Each retraction
fiber ends on a bit of substrate where an attach-
ment site had been previously formed by a lamel-
lipodium or the cell body (117). Eventually, the
fibers are pulled up from the substrate or break,

Cell F

Ficure 1 Neutrophiles K and F at 2.5 s intervals. The lines represent a constant distance from the edge
of the field; the constriction rings through which the lines pass remain fixed in space while the cells move

forward. Figure by Warren Lewis (92).
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and the portion remaining attached to the cell is
resorbed into the tail. Retraction fibers can occa-
sionally pull a poorly adherent cell backward.

Concanavalin A, other lectins and general de-
bris from the culture dish are transported back
over the surface of the cell to the tail of a moving
cell (125). The molecular mechanism of transport-
ing particles back may be similar to that of trans-
porting the cell forward against the adhesion sites
to the substrate (1, 34). Whether the cell or the
particle moves would depend on the relative re-
sistances to movement of the two objects (62).
The idea that transport of adhesion sites is the
basis of cell locomotion is attractive and may be
partially true. However, locomotion would seem
to involve more than a capping of adhesion sites
since it is inhibited by cytochalasin B and en-
hanced by increased levels of cGMP while the
capping of surface-bound concanavalin A occurs
in the presence of cytochalasin B and is reduced
by increased levels of cGMP (110, 125).

METHODS OF EVALUATING CHEMO-
TAXIS

To demonstrate chemotaxis, it is not sufficient to
show that a given agent can cause cell accumula-
tion or asymmetric spreading of a population of
cells since both phenomena could arise from an
action of the agent on the rate (chemokinesis)
rather than direction (chemotaxis) of locomotion
(63, 64). If a substance inhibits or slows locomo-
tion, cells that happen to move near that substance
will be trapped and accumulate. If a substance
stimulates the rate of locomotion, cells in higher
concentrations of this substance will move longer
distances over the substrate. The fact that most
leukocyte chemotactic factors do increase the rate
of cell locomotion at moderate concentrations and
inhibit the rate at high concentrations makes
careful consideration of assay systems essential
(163, 167, 177, 181). Two basic types of systems
exist to detect and measure chemotaxis. In the
first, one measures changes in the distribution of a
population of cells after correcting for chemoki-
netic effects of the test agent (95, 163, 167, 181);
in the second, one analyzes the movement of
individual cells (35, 43, 63, 92, 93, 109, 116,
129, 176).

The most common assay for measuring changes
in the distribution of a population of cells is a
Millipore filter system first described by Boyden
and since used to identify a number of chemotactic
agents (22). In this sytem, cells are placed on a
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Millipore filter (with 0.65 to S um pores), and a
gradient of the agent to be tested is established
across the filter. One can then analyze the redis-
tribution of the population by measuring (a) the
distance that the cells have moved into the filter
or (b) the number of cells that have moved a set
distance into or completely across the filter after a
given period (46, 54, 84, 181). If either measure
shows an increase when a test agent replaces
buffer beneath the filter, the agent has often been
considered to be chemotactic. However, this assay
is not a definitive test of chemotaxis; it measures
a stimulation of cell migration which could be due
to either chemotaxis, chemokinesis, or both. The
Millipore system can be adapted into a true test of
chemotaxis if the chemokinetic effects of a test
substance are first determined and then corrected
for when evaluating the chemotactic response (95,
163, 167, 177, 181). Similarly, the evaluation of
leukocyte chemotaxis in a new under agarose
assay (107, 108) is not definitive unless correc-
tions are made for the chemokinetic effects of
various concentrations of test agents.

Observing and measuring the movements of
individual cells with microscope techniques yields
detailed information on a variety of parameters of
the movement including the variation among the
cells of the population or in a given cell at different
times (176). One can evaluate aspects such as the
rate of locomotion, the frequency or magnitude of
turns, and the orientation of movement relative to
the gradient. Interpretation of results with this
method is straightforward and much of what we
know about the behavior of cells that exhibit
chemotaxis has come from microscope studies.

SENSORY ASPECTS OF CHEMOTAXIS
Behavioral Studies

A great deal can be learned about the sensory
abilities of leukocytes by analyzing their chemo-
tactic behavior under controlled conditions.
Studying bacterial chemotaxis, MacNab and
Koshland (94) outlined two basic ways in which a
cell can sense the direction of a chemical gradient.
It can take a concentration reading at one point,
move a certain distance, take a second concentra-
tion reading, and then compare the two readings.
If the second concentration is greater than the
first, then the cell could know that it has been
moving up a concentration gradient. This has been
termed the temporal mechanism of sensing a
gradient since the cell compares the concentra-
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tions at different times (94). Alternatively, a cell
can compare the concentration difference across
its own dimensions and determine which side is in
contact with the higher concentration. It has been
argued that a cell or bacterium is too small to use
this spatial mechanism (94). Studies on bacterial
chemotaxis have shown that bacteria are able to
exhibit chemotaxis when the gradient across their
own dimensions is only 10 (a 0.01% difference
in concentration across their dimensions) and un-
der conditions where the random fluctuation in
the instantaneous local concentration of a chemi-
cal would seem to make it impossible for a bacte-
rium to detect this difference (94). Indeed, several
studies have shown that the bacterium does not
sense the gradient across its own dimensions but
rather uses the temporal mechanism, comparing
the concentrations as it swims. Since a bacterium
swims on the order of 100 cell lengths before
making a change in direction, the actual concen-
tration difference that it is required to detect may
be closer to 10-2 (1%) (14, 15, 94).

The question of whether a leukocyte also must
move in a gradient in order to detect its direction
has been investigated. Stationary leukocytes
placed in a gradient of chemotactic factor are able
to initiate locomotion in the direction of the higher
concentration of attractant. Since they can start
off in the correct direction, they must sense the
gradient across their own dimensions (178) and
are, therefore, using a spatial mechanism.

Another difference between bacterial chemo-
taxis and leukocyte chemotaxis is illustrated by
the behavioral mechanism with which the cells
orient their movement in a gradient. The bacte-
rium orients in the gradient by altering the fre-
quency of its turns as a function of whether it is
swimming up or down the gradient. There is no
preferred direction of turn, but, merely by turning
more frequently when swimming down rather
than up a gradient of attractant, most cells at any
given time move up the gradient (14). This form
of orientation was called phobotaxis in the early
1900’s because it was believed that the cells
appeared to turn away from a negative environ-
ment (39). This seems to be characteristic of most
organisms which use a temporal mechanism of
sensing the gradient (39). In contrast, leukocytes
orient their movement primarily by turning in the
preferred direction, i.e., into the steepest part of
the gradient and not by altering the frequency or
magnitude of their turns (16, 116, 176). They can
turn directly toward a new attractant, such as an
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erythrocyte lysed with a laser beam (16) or a
pipette containing chemoattractant (116). Thus,
leukocytes orient their locomotion toward the
chemotactic source, i.e., exhibit toporaxis (39).
This process involves vectorial or directional re-
sponses to the gradient rather than merely quan-
titative ones. Topotaxis is also exhibited by certain
lower organisms, including slime molds (98). The
nematode is an example of an organism that
appears to use a form of temporal discrimination
and yet exhibits topotaxis (160). In theory, the
temporal mechanism requires only one chemotac-
tic receptor and a memory system (94) while the
spatial mechanism of the leukocyte requires mul-
tiple receptors across the cell’s dimensions (or one
mobile receptor which could be moved across the
cell).

The accuracy of leukocyte orientation can be
measured by the McCutcheon index: the ratio of
the length of a straight line toward a chemotactic
source to the length of the path the cell actually
took. In some studies, the index has been as high
as 0.85 (35, 64, 116, 176). The accuracy of
orientation also can be evaluated by determining
the direction of movement of each of the cells in a
population relative to a direct line to the chemo-
tactic source. In appropriate gradients, at least
60% of the cells orient within 30° of the direct
line to the attractant (176, 178, 179).

Many external factors that induce cell changes
do so by interacting with specific cell receptors.
Stimulation of functions such as locomotion or
enzyme release may occur when any given per-
centage of the receptors are bound. In contrast,
for chemotaxis the cell must be able to detect
differences in the concentration of an agent, not
merely its absolute concentration (138). If the
chemotactic factor effects a cell response by inter-
acting with a cell receptor which has typical bind-
ing characteristics, one would expect that the cell
would best be able to sense a difference in the
concentration of a factor and exhibit chemotaxis
at the concentration of the dissociation constant
(Kd) of the receptor when about 50% of the
receptors are bound. At this concentration, a
given change in the amount of factor present
would result in a maximum change in the number
of receptors occupied across the cell dimensions.
At lower concentrations, most receptors would be
unoccupied and at higher concentrations most
receptors would be saturated. Thus, by determin-
ing the concentration at which the cells exhibit
optimal chemotaxis in a standard gradient, one

273



should be able to predict the binding constant of
that factor to the cell (179).

Such studies with peptide chemotactic factors
have been done, and the predicted binding con-
stant does correspond to the one measured with
radioactive peptides (170, 178, 179, 181). The
optimal concentration range can also be used to
examine the sensitivity to the cell to detect differ-
ences in the concentration of an attractant across
its dimensions. In the optimal range, PMNs orient
with a 1% concentration difference of a chemotac-
tic peptide across their dimensions (179).

Structural Requirements of
Peptide Factors

The discovery by Schiffmann that small syn-
thetic peptides are chemotactic for neutrophils has
made possible systematic studies of the structural
features of the peptides that account for their
activity. More than 20 peptides have been tested
to determine the concentration of each which
stimulates the migration of cells into a Millipore
filter (134). The results are expressed in terms of
the concentrations required for a half-maximal
response: EDj,, the end dose or concentration
which stimulates 50% of the maximal cell migra-
tion into the filter. The ability of a given peptide
to induce a response at low concentrations, low
EDjys, depends on a number of structural fea-
tures. The N-formyl group is important in confer-
ring activity; omitting the formyl group or replac-
ing it with the bulkier N-acetyl group increases the
concentrations of peptide required to get a re-
sponse (127). Thus, while F-Met-Leu-Phe has an
EDgof 7 X 1071t M, Met-Leu-Phe has an EDj, of
7 x 100 M (134). The methionine, although
effective as the amino terminal amino acid, is not
essential. As long as the second amino acid is
neutral and nonpolar, the activities are similar;
thus F-Met-Leu, F-Met-Phe, and F-Met-Met all
have an ED;, of between 4 and 9 x 1077 M. A
peptide with an acidic, F-Met-Glu, or a basic, F-
Met-His, second amino acid has a lower activity
(increased concentrations are required) (134).
Phenylalanine in the third position increases the
activity of a peptide. This effect is not merely due
to an additional amino acid since F-Met-Met-Met
has an ED, of 5 X 107® M, and F-Met-Met-Ala
has an ED;, of 5 X 1077 M. The order and not
merely the hydrophobic character of the amino
acids is important; inverting the final two amino
acids of F-Met-Leu-Phe to F-Met-Phe-Leu lowers
the ED;, by threefold to 5 X 10°® M. The
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peptides appear to act at the cell surface since F-
Met-Leu-Phe-Lys-Inulin is active (6).

In addition to stimulating cell migration, at
increased concentrations (2- to 10-fold), the pep-
tides are able to induce lysosomal enzyme release
from cells on a substrate such as a Millipore filter
or from cells treated with 10 ug/ml cytochalasin
B. The concentration of each peptide needed to
induce enzyme release is correlated with the con-
centration required to stimulate migration. This
was shown by a coefficient of correlation, r = 0.98
for 24 peptides which had peak chemotactic ac-
tivities at concentrations between 107* and 10~
M. The paraliel doses required for chemotaxis and
lysosomal enzyme release indicate that the same
peptide-receptor interaction leads to both func-
tional responses (134). In the presence of cyto-
chalasin B, 88 + 19% of the total lysozyme and
53 + 7% of total cell B glucuronidase can be
released by peptides. Slightly higher concentra-
tions of peptide are required to induce release
of B glucuronidase than lysozyme. The enzyme
release requires external calcium (13). The basis
for the enhancement by cytochalasin B is not
clear. An interesting study has recently demon-
strated that cytochalasin B greatly enhances fluxes
of calcium and sodium into PMNs treated with
F-Met-Leu-Phe (103). These increased fluxes may
effect the enzyme release (103). Also unclear is
the physiological significance of enzyme release.
The released digestive enzymes could aid cell
movement through the tissues. In addition, the
factors released may play a role in modulating
the inflammatory response.

The ability of chemotactic factors to induce lyso-
limited to these synthetic peptides but appears to
be true of most chemotactic factors, including CSa
and denatured proteins (12, 13, 58, 163).

The functional studies to date would suggest
that a single receptor-ligand interaction leads to
stimulated locomotion (chemokinesis), chemo-
taxis, and enzyme release, and that these re-
sponses occur in different, but overlapping, dose
ranges (134). At low doses, the stimulation of
locomotion is the first response observed. At
moderate doses, presumably near the Kd, chem-
otaxis and rates of locomotion are optimal. The
dose-response curve for enzyme release in the
presence of cytochalasin B is sharp, perhaps indi-
cating that a relatively high percentage of the
receptors must be occupied to stimulate release.

Peptide Receptor
The binding of tritiated peptides to PMNs is
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specific, saturable, and of high affinity (5, 170).
The binding constants of both formylnorleucyl-
leucyl-phenylalanine (F-Norleu-Leu-Phe) to rab-
bit peritoneal PMNs (5) and of F-Met-Leu-Phe to
human PMNs (170) are similar to those concen-
trations of the peptide which gave optimal chem-
otactic responses (5, 170). The number of F-
Norleu-Leu-Phe binding sites on rabbit cells is
estimated from a Scatchard plot to be 10° while
the human cells are estimated to have only 2 X
102 sites/cell for F-Met-Leu-Phe.

The failure of several other tissues, including
rat erythrocytes, human platelets, circulating hu-
man lymphocytes, and rat brain synaptic mem-
brane, to show high affinity binding is indicative
of tissue specificity (5, 170). The functional speci-
ficity is demonstrated by the ability of other
peptides and a bacterially derived chemotactic
factor to compete for the binding at concentra-
tions paralleling their potencies as chemotactic
agents (5, 134, 170). The correlation coefficient
for concentration of peptide for half-optimal
chemotaxis and the concentration which inhibited
one half of the binding was 0.998 in the studies on
human cells.

The ability of 12 different peptides to compete
for binding at concentrations corresponding to
those of their optimal chemotactic activity suggests
that many of the structural features required for
chemotaxis are related to the ability of the peptide
to bind to the receptor (5, 134, 170).

In addition to the affinity of a peptide for the
binding site, one can examine the efficacy of the
binding, that is, the ability of the bound molecule
to induce activation. Although the data are not
yet sufficiently precise for detailed analysis, the
binding of F-Norleu-Leu-Phe to rabbit cells shows
some variation in the ratio of the EDj, (for the
migration assay) and the ID;, (dose which inhibits
50% of the F-Norleu-Leu-Phe binding) for differ-
ent peptides. These ratios varied between 0.11
and 2. Of the peptides examined, F-Met-Leu had
the highest EDjsy:ID;, ratio; F-Met-Leu-Glu had
the lowest. The two peptides with a carboxy
terminal phenylalanine had relatively low
EDs:1D5, ratios (0.2). These data suggest that
the carboxy terminal phenylalanine is particularly
important for the efficacy of the interaction while
the N-formylmethione gives the peptide a higher
affinity for the binding site. In studies on the
ability of various inactive tripeptides to inhibit the
chemotactic activity of the tetrapeptides, Val-Gly-
Ser-Glu or Ala-Gly-Ser-Glu, on eosinophils,
Goetzl and Austen concluded that the amino end
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of the peptide was critical for the binding of the
peptides to the cells while the carboxy terminal
was important for activity (57). They also made a
distinction between the magnitude of the cell
response induced by a certain peptide and its
EDy,. These two measures of peptide activity are
not correlated. Thus, Leu-Gly-Ser-Glu had peak
activity at a lower dose than did Ala/Val-Gly-Ser-
Glu, but the magnitude of the cell response was
never as high as that caused by Ala/Val-Gly-Ser-
Glu (57). Information on peptide receptors in
eosinophil PMNs has been recently reviewed (19).

In Millipore filter assays of chemotaxis, the
peptides require the presence of albumin to be
active. The peptides do bind to albumin and can
be eluted from a Sephadex column with the
albumin peak (166). However, cells orient toward
peptides in the absence of protein in a visual assay
system (178, 181), and the binding occurs in the
absence of albumin or other proteins in the me-
dium (5, 170).

Although various active formyl methionyl pep-
tides compete with one another for binding to the
receptor, C5a does not compete for the peptide-
binding site even when it is present at concentra-
tions well above those which cause maximal chem-
otaxis. Thus, there must be more than one type of
chemotactic receptor. Oxidized lipids, reported to
be chemotactic, also do not compete for binding
(153, 170). The number of receptors required to
account for the diverse variety of chemotactic
agents is not known. It will be of interest if
denatured proteins compete for the peptide-bind-
ing site since this might suggest that “nonspecific”
chemotactic (and phagocytic) agents have specific
sequences that signal their denatured form. Alter-
natively, factors such as denatured proteins and
alkylated albumin may have different receptors or
interact with the membrane via relatively nonspe-
cific hydrophobic forces (163, 170). The topic of
membrane receptors on PMNs has been recently
reviewed by Henson (68).

TRANSDUCER MECHANISMS

The binding of chemotactic factors to the cell
membrane initiates a series of molecular changes
culminating in directed locomotion. These
changes control the activation of the mechanical
features involved in chemotaxis. Studies of trans-
ducer mechanisms are complicated in the case of
leukocyte chemotaxis by the fact that the chemo-
tactic factors do not act merely to orient the cells.
Most chemotactic factors also stimulate the rate of
cell locomotion (are chemokinetic) and, under
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certain conditions, induce the release of lysosomal
enzymes from cells. These related responses make
it difficult to interpret the various molecular
changes which include alterations in ion levels,
membrane potentials, cyclic nucleotides, and hy-
drolytic enzymes which occur upon addition of
chemotactic factors (9, 20, 44, 45, 47, 48, 51, 55,
66, 69, 70, 73, 74, 88, 101, 102, 155, 156).
Certain messages must contain directional infor-
mation, while others may be activators of the
motile processes. An understanding of the trans-
duction process should contribute to an under-
standing of cell motility. I will discuss only some
of the more recent studies on possible transducers.
For further information, the reader can refer to
several recent reviews (48, 50, 118, 163).

Ionic Requirements for Chemotaxis

Involvement of changes in the internal ionic
environment in the regulation of chemotaxis is
appealing since this could be controlled by the
chemotactic receptor’s altering the membrane
permeability. Examples of permeability changes
induced by a membrane receptor exist, including
some which require threshold levels of stimulation
followed by a non-excitatory refractory period
(82). Such features could contribute to the leuko-
cyte directional response.

Leukocyte locomotion and chemotaxis are re-
markably persistent in media of varied ionic com-
position. The absence of potassium in the external
medium has little or no effect on cell locomotion
(133, 165) although Showell and Becker (133)
report a decreased sensitivity to chemotactic fac-
tors by cells incubated in the absence of potas-
sium. The presence of ouabain, an inhibitor of the
sodium-potassium-ATPase, also decreases the
sensitivity to chemotactic factors but has little
effect on maximal rates of locomotion (133, 165).
Cells can move in the absence of external sodium,
and in fact, the levels of random locomotion are
stimulated when all of the sodium is replaced by
potassium, choline, or even glucose. Even in the
absence of calcium, cells can move at about 50%
of their normal levels (11, 51, 93, 165). However,
in the presence of 10~ M LaCl; which blocks
transmembrane calcium movements, locomotion
is inhibited (20). In a visual assay system, cell
polarization in a chemotactic gradient can develop
in the absence of calcium and in the presence of 1
mM EDTA or ethylene glycol-bis(8-aminoethyl
ether)N,N,N ,N'-tetraacetate (EGTA) (178, 179).
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Although the decreased locomotion in the ab-
sence of calcium could be due to effects on cell-
substrate adhesions or to nonspecific effects, such
as effects on membrane stability, calcium levels
probably are critical to some aspect of the motile
apparatus (71).

lonic Fluxes Associated with Addition
of Chemotactic Factors

In spite of normal locomotion in various ionic
media, chemotactic factors do induce changes in
the fluxes of *Na, “K, and #Ca across PMN
membranes (20, 44, 48, 51, 101, 102, 103).
Using these radioactive elements, one can look at
a change in the uptake from the medium (influx),
a change in the rate of loss from a cell previously
equilibrated with the element (efflux), or a change
in the amount of cell-associated label (intracellu-
lar) under equilibrium conditions. N-formylme-
thionyl peptides increase the rate of **Na influx
into rabbit peritoneal exudate PMNs up to four-
fold. The initial rate of influx, measured after S
min, is proportional to the concentration of F-
Met-Leu-Phe between 1 X 107 and 3 x 1072 M.
The optimal concentration of peptide for sodium
influx is higher than that which maximally stimu-
lates locomotion (101, 102). After a 5- to 7-min
lag, an increase in sodium efflux and 42K influx
(20% increase) is observed. These later fluxes can
be inhibited by 10~5 M ouabain, suggesting that
the Nat, K*-ATPase has been stimulated (10).
The peak peptide concentration for this K* influx
is about 3 x 1071® M F-Met-Leu-Phe, close to
that of maximal migration. No change in potas-
sium efflux is observed.

The efflux, influx, and internal pool of calcium
are increased in polymorphonuclear leukocytes
treated with chemotactic factors. A marked efflux
was noted in human cells treated with C5a (20,
51) or in rabbit cells treated with 10~°* M F-Met-
Leu-Phe (101, 102). In experiments which used
higher concentrations of chemotactic agents or
included LaCl; washes, a net influx of calcium is
also seen (20, 101, 102). This influx requires at
least 0.25 mM calcium in the external medium
and can be blocked by 1 mM La*3 (20, 101, 102).
The calcium uptake results in an increase in
intracellular calcium comparable in magnitude to
the increase that stimulates contraction in skeletal
actomyosin (20). Increased pyroantimonate pre-
cipitate in human neutrophils treated with acti-
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vated serum may be an indication of the increased
calcium levels (48).

Further information regarding the ionic changes
occurring upon addition of the chemotactic factors
comes from studies on changes in the membrane
potentials. Using a fluorescent dye, Seligmann et
al. (128) have obtained evidence for a change in
membrane potential of PMNs that were exposed
to F-Met-Leu-Phe. Thus far, there have been no
microelectrode studies measuring potential changes
in PMNs, but Gallin and Gallin (44) and Gallin et
al. (48) have recorded them from cultured human
macrophages stimulated by various chemotactic
factors including kallikrein, C5a, and F-Met-Leu-
Phe (44, 48). Although the responses are varia-
ble, 80% of the cells examined show some change
in membrane potential. About 20% of the cells
have a brief, 3-s depolarization which is followed
by a more sustained, 20-s or longer hyperpolari-
zation —10 to —50 mV in amplitude. In nearly
60% of the cells, the hyperpolarization is not
preceded by a measurable depolarization. A sec-
ond potential change can be stimulated by remov-
ing the source of chemotactic factor and reintro-
ducing it; however, several repeated stimulations
result in desensitization. The evoked potential
changes are inhibited by 2.5 mM Mg** with 5.0
mM EGTA.

This hyperpolarization is associated with a de-
crease in membrane resistance as monitored by
the decreased electrotonic potential produced by
constant current pulses (44, 48). The membrane
potential at which the depolarizing response dis-
appeared (the reversal potential) was 0 mV.
These authors postulate that a reversal potential
of 0 mV is compatible with depolarization result-
ing from a concomitant increase in the permeabil-
ity of Ca** or Na* (flowing in) and K* (flowing
out). The reversal potential for the hyperpolariz-
ing response was —70 mV which could arise from
increased potassium permeability (44, 48). Gallin
and Gallin and Gallin et al. suggest that a small
transient Ca** or Na* influx is followed by a
larger, prolonged potassium efflux causing the
hyperpolarization (44, 48). The emphasis on the
hyperpolarization’s being due to a potassium ef-
flux puts the recording data at odds with the flux
studies where the major change noted was the
large sodium influx (101, 102). Such comparisons
are probably premature since the cell type, the
time-courses of the events being examined and the
doses of chemotactic factors used are not the
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same. The possibility remains that some or all of
these changes are more relevant to enzyme release
induced by the chemotactic factors than to the
chemotactic response. Recent evidence from
Becker’s lab supports this possibility (103).

Digestive Enzymes Associated with
Leukocyte Chemotaxis

A number of studies have focused on defining
the role of various proteolytic activities in the
leukocyte chemotactic response. Cell proteases
may have a role in the production (157, 171) and
destruction (6) of active peptides. Hydrolytic ac-
tivities have also been implicated in permitting
(53, 150, 156, 171) and inhibiting the cell re-
sponse (53, 136). In addition, as mentioned
above, under appropriate conditions chemotactic
factors stimulate release of lysosomal enzymes.
The abundance of hydrolytic enzymes that may be
secreted or leak from damaged cells and the use,
in some studies, of enzyme inhibitors that have
toxic or nearly toxic effects on the cells confuse
the interpretation of the results.

Several independent lines of evidence have im-
plicated a hydrolytic enzymatic activity in leuko-
cyte locomotion (8, 9, 154, 156, 163). Studies by
Becker and co-workers demonstrate that the inter-
action of certain chemotactic factors with rabbit
blood PMNs results in 10-20% increase of a
leukocyte chymotrypsin-like esterase activity
which can cleave acetyl-DL-phenylalanine B na-
phylester. The parallel inhibition of this enzymatic
activity and PMN chemotaxis by various phos-
phonate esters and aromatic amino acid deriva-
tives suggested to Ward and Becker that this
activity is essential for the chemotactic response
(154, 156;' see reviews, references 8 and 163).

Recently, it has been demonstrated that rabbit
leukocytes can digest the peptide chemotactic
factors (6). The digestive enzyme appears chymo-
trypsin-like and can be inhibited with 0.1 mM r-1-
(tosylamido 2-phenyl)ethyl chloromethyl ketone
(TPCK) or 0.1 mM benzoyltyrosine ethyl ester
(BTEE). Since these inhibitors also prevent pep-
tide stimulation of leukocyte locomotion and ly-
sosomal enzyme release, Aswanikumar et al. have

! It is of interest that two chemotactic factors, kallikrein
and plasminogen activator, have enzymatic activities
which seem essential for their chemotactic activity (49,
80, 81).
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suggested that digestion of the peptides is essential
to the functional interaction of the peptide with
the cell (6). Inhibitors with broad specificity such
as macroglobulin (10 xg/ml) and human antitryp-
sin (1 ug/ml) are also reported to inhibit human
PMN chemotaxis to C5a; most trypsin specific
inhibitors do not block the response (53, 171).

One can imagine the digestion (or energy derived
from the digestion) of the chemotactic agent as
being critical for a transduction process in the
membrane; however, there is no conclusive evi-
dence that such a protease is essential for loco-
motion. The effective inhibitors are often irrevers-
ible and have nonspecific actions which can dam-
age the cell (40). The digestive enzymes associ-
ated with leukocyte chemotaxis may be important
in destroying chemotactic factors and digesting
and loosening intercellular spaces to permit PMN
infiltration rather than in activating the motile
response (77, 78).

Incubation of cells with high concentrations of
certain chemotactic factors (C5a, activated serum,
and casein) (155) but not others (bacterially de-
rived factors) (9, 86, 155) leads to an irreversible
inhibition of the cell’s ability to respond to any
chemotactic factor. This chemotactic factor-in-
duced inhibition has been termed deactivation. It
is most pronounced when cells are incubated in
concentrations of chemotactic factors above those
which optimally stimulate cell locomotion. The
inhibition does not appear to be factor-specific
since deactivation with C5a inhibits the subse-
quent cell response to bacterial factors as well as
to C5a. Addition of certain phosphonate esters or
aromatic amino acid derivatives to the incubation
mixture prevents deactivation. Thus, deactivation
may involve an esterase which is inhibited by the
phosphonate esters (155).

The requirement for high doses of chemotactic
factors and the presence of calcium for deactiva-
tion and the protection against deactivation by
protease inhibitors suggest that the phenomenon
may be mediated at least in part by released
lysosomal enzymes (122). Gallin has correlated
an inhibition of locomotion with the incubation
conditions which induce lysosomal enzyme release
(personal communication). Although the cells are
perhaps damaged by the enzymes, the ability of
deactivated cells to show increased hexose mono-
phosphate shunt activity when treated with chem-
otactic peptides suggests that the cells are still
viable and retain some receptor for the chemotac-
tic interaction (55).
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Role of Cyclic Nucleotides

Small increases (usually less than twofold) in
the levels of ¢cGMP have been noted in both
PMNs and monocytes after the addition of chem-
otactic factors (66, 69, 70). Although cGMP itself
does not appear to be chemotactic, drugs which
increase the intercellular GMP levels, such as
acetyl choline, carbonyl choline and imidole, en-
hance the chemotactic responses (38, 66, 126,
182). On the other hand, the leukocyte response
can be depressed somewhat by incubating with
10-2-10-* M dibutryl cAMP or agents which
increase cCAMP levels, such as prostaglandin E1 or
epinephrine or theophylline (38, 121, 122). Tem-
poral and quantitative discrepancies between the
increases in intercellular cyclic nucleotides and the
changes in chemotaxis and motility make interpre-
tation of this data difficult (121, 122). In addition,
there are conflicting reports regarding the chemo-
tactic activity of cAMP. When assayed in a Milli-
pore system, its activity is weak if present at all
(79, 91, 121, 145, 161, 163). However, several
workers report directed locomotion toward cyclic
AMP when assayed by direct microscope obser-
vation (51, 61, 116). The basis for this discrep-
ancy is unknown.

A number of molecules are probably involved
in the transduction process. A change in one
parameter may lead to a series of changes which
eventually control features of the motile appara-
tus. The chemotactic response requires that at
least one of these molecules have an asymmetric
distribution along the direction of the gradient.
The degree of asymmetry might not directly re-
flect the steepness of the gradient since the cell
response to the gradient is not a linear response to
the absolute concentration of stimulant in contact
with the cell surface. With a 10% difference in
concentration across its dimensions, a given cell
does not merely form 10% more pseudopods on
the high side, nor is there a mere 10% increase in
the number of cells moving up the gradient.
Rather, there is a 900% increase in the number of
cells moving up the gradient (178, 179). The
molecular basis for this amplification and coordi-
nation probably involves a competition across the
cell dimensions. A region of the cell surface with
a certain percentage of receptors bound could
undergo a local change in membrane permeabil-
ity. This change could then inhibit permeability
changes in the rest of the cell for a certain time,
and thus allow a directional response. Alterna-
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tively, a difference in the number of receptors
bound could cause the asymmetric distribution of a
substance required for a particular function such
as pseudopod formation. Further knowledge of
the transducers which carry vectorial information
will increase our understanding of the develop-
ment of cell polarity.

EFFECTOR MECHANISM

Work on the effector mechanisms has focused on
defining the structures and proteins present in the
leukocyte and the factors controlling their form
and function in vitro.

Microtubules

Microtubules are involved in the maintenance
of a polarized form in a number of systems (114).
Thus, it is not surprising that the role of microtu-
bules in leukocyte locomotion and chemotaxis has
been of interest to a number of investigators. Most
studies have used a pharmacological approach and
examined cell responses in the presence of various
antimitotic drugs, particularly colchicine and vin-
blastine. These drugs do cause microtubule depo-
lymerization in PMNs (7, 51, 58, 96, 97, 178,
179). Leukocytes are capable of active and even
stimulated locomotion in the absence of polymer-
ized microtubules (7, 13, 26, 37, 72, 96, 97,
119). Several studies show that the chemotactic
response can be decreased by colchicine and vin-
blastine (24, 96, 97, 162, 163). Other studies
report little or no inhibition of PMN chemotaxis
by colchicine (24, 178, 179). Wilkinson showed
that colchicine inhibited the directional response
of lymphoblasts migrating through a Millipore
filter even while stimulating their random loco-
motion (164).

Since most cells have one nucleus and one
centriole, an acentric location of either, or the
alignment of these two organelles, gives the cell a
polarity. In a typical moving PMN, the lobes of
the nucleus are located toward the rear of the cell
and the centriole is normally in front of the
nucleus (18, 86). The cause and consequences of
this asymmetry are unknown, but microtubules
are involved in its maintenance. In the presence
of colchicine, the position of the nucleus in cells
exposed to a chemotactic gradient is irregular (96,
97). The relevance of this disorganization to
chemotaxis is uncertain since cell orientation in a
chemotactic gradient, as determined by a vector
drawn from the tail to the center of the lamellipo-
dium, is only slightly decreased even in high (100
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ug/ml) levels of colchicine (178, 179). In addi-
tion, Keller and Bessis report oriented locomotion
by cell fragments which lack both a centriole and
a nucleus (83).

Drug studies are of course limited by the possi-
bility that the effects are not specifically on the
microtubules. Both colchicine and vinblastine are
known to affect membrane transport (100), and
these drugs have been shown to affect PMN
adhesion (89) and lysosomal enzyme release (12,
13, 58, 67,72, 111, 161). However, the involve-
ment of microtubules in some aspect of the chem-
otactic response is further suggested by studies
showing an increased number of polymerized tu-
bules in cells treated with chemotactic factors (51,
58). Cells exposed to phagocytic stimuli and
agents which increase the intercellular levels of
GMP are also reported to have increased numbers
of tubules (72, 161). The modulation of the
chemotactic response by cyclic nucleotides may be
mediated by alterations in the number of polym-
erized tubules.

Motile Apparatus

In the leukocyte, as in other cells, workers are
beginning to examine the molecular basis of mo-
tile functions (28, 112, 113). Already there is
documentation for the presence of actin, myosin,
a cofactor that allows actin activation of the
myosin ATPase, as well as an actin-binding protein
that combines with actin to form a gel which is
sensitive to temperature and cytochalasin B (65,
130, 131, 141-144, 146). Other proteins must
contribute to the motile process. These may in-
clude other proteins prominent in muscle such as
tropomyosin, troponin, and «-actinin. This field is
rapidly growing and has been recently reviewed
(71, 113, 141).

To understand the molecular basis of the leu-
kocyte chemotactic response, we will want to
know the distribution in the moving cell of each of
these proteins and the factors controlling their
activity and structural states. The organization
must result in the coordinated locomotion de-
scribed above including: (a) the extension of
pseudopodia; (b) the presence of a cortical gel in
the pseudopods and cortex and the constriction at
the base of the tail; (¢) the flow of cytoplasm into
advancing pseudopods and out of the tail; (d) the
formation, backward movement and breaking of
attachments to the substrate; and (e) the polari-
zation of the cell in the chemical gradient.

Although PMNs are the most rapidly moving of
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all mammalian cells and contain about 10% of
their total protein as actin, the fibrous elements
seen by electron microscopy of moving PMNs are
not impressive in their organization or quantity.
They contain no prominent stress fibers of actin
filaments such as those seen in fibroblasts. Rather,
a filamentous network is visible particularly in the
pseudopods, tail, and cortex. Perhaps the amor-
phous structure permits the rapid flexible move-
ments characteristic of PMNs. With immunologic
techniques, myosin can be seen to be distributed
throughout the cytoplasm (41, 131). There is
some indication that lamellipodia are enriched in
actin-binding protein (21, 141). Actin filaments,
100-A filaments and microtubules align parallel to
the cell surface in regions where the cell contacts
a substrate. This organization is particularly prom-
inent in macrophages (120). The activation of the
motile apparatus must be mediated by the trans-
duction process. Although there are indications of
ionic and nucleotide changes, the parameter(s)
which regulates the motile apparatus remains un-
known, Calcium is reported to alter the superpre-
cipitation of a leukocyte extract containing acto-
myosin (130), but it does not alter the activity of
the actin and cofactor activated myosin ATPase
from leukocytes (142, 143). The calcium may be
affecting an actin-binding protein gel since EGTA
is required for the extraction of this protein from
the cells (142).

In other systems, protein modifications includ-
ing phosphorylations and methylations have been
shown to alter the myosin ATPase (2) or alter the
properties of membrane receptors (59, 147, 153).
Thus far, no analysis of leukocytes at this level has
been made. The control of coordinated movement
of a leukocyte is undoubtedly a complicated proc-
ess. Genetic complementation experiments in bac-
teria indicate that at least nine gene products are
required for the relatively simple chemotactic re-
sponse exhibited by these organisms (87). The
leukocyte response, both more flexible and more
complicated than that of the bacterial form, must
involve control over a large number of parame-
ters. Progress will undoubtedly involved simplifying
the system by examining the behavior of purified
components in vitro and analyzing particular fea-
tures of the whole cell behavior. The ability to
manipulate the cell orientation and rates of loco-
motion with defined agents makes the leukocyte
system useful for investigating the molecular basis
of cell orientation and locomotion.

280

I would like to thank Joseph Bryan, John Gallin, Joann
Otto, and Susan Sullivan for reading the manuscript and
making useful suggestions.

The author was supported during the writing of the
review by National Science Foundation grant PCM 77-
04442.

Received for publication 19 September 1977, and in
revised form 30 December 1977.

REFERENCES

1. AercromBie, M., I. E. M. Heavsman, and S.
M. Pegrum. 1970. The locomotion of fibroblasts
in culture. III. Movements of particles on the
dorsal surface of the leading lamella. Exp. Cell
Res. 62:389-398.

2. ApeLstElN, R. S, and M. A. Conmi. 1975. Phos-
phorylation of platelet myosin increases actin-acti-
vated myosin ATPase activity. Nature (Lond.).
256:597-598.

3. ALBrecHT-BueHLER, G. 1976. Filopodia of
spreading 3T3 cells. Do they have a substrate
exploring function? J. Cell Biol. 69:275-286.

4, ArMSTRONG, D. B., and J. M. Lackie. 1975.
Studies on intercellular invasion in vitro using
rabbit peritoneal neutrophil granulocytes (PMNs).
1. Role of contact inhibition of locomotion. J. Cell
Biol. 65:439-462.

5. ASWANIKUMAR, S., B. CorcoranN, E. ScHIFE-
MANN, A. R. DAy, R. J. Freer, H. J. SHOWELL,
E. L. BEckER, and C. B. Pert. 1977. Demonstra-
tion of a receptor on rabbit neutrophils for chem-
otactic peptides. Biochem. Biophys. Res. Comm.
74:810-817.

6. ASWANIKUMAR, S., E. ScHIFFMANN, B. A. Cor-
coraN, and S. M. WaHL. 1976. Role of a pepti-
dase in phagocyte chemotaxis. Proc. Natl. Acad.
Sci. U. S. A. 73:2439-2442.

7. BaNnDMANN, U., L. RyYDGREN, and B. NORBERG.
1974. The difference between random movement
and chemotaxis. Exp. Cell Res. 88:63-73.

8. Becker, E. L. 1972. Biochemical aspects of the
polymorphonuclear response to chemotactic fac-
tors. In Biochemistry of the Acute Allergic Reac-
tion. K. F. Austen and E. L. Becker, editors.
Blackwell-Oxford Ltd., Oxford. 243-251.

9. BEcker, E. L. 1972. The relationship of the
chemotactic behavior of the complement-derived
factors C3a, C5a and C567, and a bacterial chem-
otactic factor to their ability to activate the proes-
terase of rabbit polymorphonuclear leukocytes. J.
Exp. Med. 135:376-387.

10. Becker, E. L., H. J. SHOowELL, P. H. NACCACHE,
and R. SHA’aF1. 1978. Enzymes in granulocytes
movement: preliminary evidence for involvement
of Na+, K*ATPase. In: Leukocyte Chemotaxis,

THE JourNaL oF CeLL Biorogy - VoLuMme 77, 1978



11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

Methods, Physiology and Clinical Implications. J.
I. Gallin and P. Quic, editors. Raven Press, New
York. 113-121.

BeckEr, E. L., and H. J. SHoweLL. 1972. The
effect of Ca®* and Mg?* on the chemotactic re-
sponsiveness and spontaneous motility. Z. Immu-
nitaesforsch. 143:466-475.

Becker, E. L., H. J. SHOWELL, P. M. HANSON,
and L. S. Hsu. 1974. The ability of chemotactic
factors to induce lysosomal enzyme release. I. The
characteristics of the release, the importance of
surfaces and the relation of enzyme release to
chemotactic responsiveness. J. [mmunol. 112:
2047-2054.

BEckER, E. L., and H. J. SHOWELL. 1974, The
ability of chemotactic factors to induce lysosomal
enzyme release. II. The mechanism of release. J.
Immunol. 112:2055-2062.

BerG, H. C. 1975. How bacteria swim. Sci. Am.
233:36-44.

BerG, H. C., and D. A. Brown. 1972, Chemo-
taxis in Escherichia coli analyzed by three-dimen-
sional tracking. Nature (Lond.). 239:500-504.
BEssis, M. 1974. Necrotaxis: chemotaxis towards
an injured cell. Antibiot. and Chemother. (Basel).
19:369-381.

Bessis, M., and J. BrRetoN-GorLus. 1967. Rap-
ports entre noyau et centrioles dans les granulo-
cytes etales; Role des microtubules. Nouv. Rev.
Fr. Hematol. 7:601-620.

Borer, J. F., H. U. KeLLER, and E. SoORKIN.
1969. Studies on chemotaxis. XI. Effects on neu-
trophils of lysosomal and other subcellular frac-
tions from leukocytes. Int. Arch. Allergy Appl.
Immunol. 35:194-205.

Boswerr, R. N., K. F. Austen, and E. J.
GoETzZL. 1976. A chemotactic receptor for Val
(Ala)-Gly-Ser-Glu on human eosinophil polymor-
phonuclear leukocytes. Immunol. Commun.
5:469-479.

Boucek, M. M., and R. SNYDERMAN. 1976.
Calcium influx requirement for human neutrophil
chemotaxis: inhibition by lanthanum chloride. Sci-
ence (Wash. D. C.) 193:905-907.

Boxer, L. A., S. RicHARDSON, and A. FLoyD.
1976. Identification of actin-binding protein in
membrane of polymorphonuclear leukocytes. Na-
ture (Lond.). 263:259-261.

Boypen, S. 1962. Chemotactic effect of mixtures
of antibody and antigen on polymorphonuclear
leukocytes. J. Exp. Med. 115:453-466.

Bryant, R. E., R. M. Des Prez, MiLT VANWaAY,
and D. E. RoGers. 1966. Studies on human
leukocyte motility: effects of alterations in pH,
electrolyte concentration, and phagocytosis on leu-
kocyte migration, adhesiveness and aggregation.
J. Exp. Med. 124:483-499.

ZIGMOND

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chemotaxis by Polymorphonuclear Leukocytes

CANER, J. E. Z. 1965. Colchicine inhibition of
chemotaxis. Arthritis Rheumn. 8:757-763.
CARRUTHERS, B. M. 1967. Leukocyte motility. II.
Effect of absence of glucose in medium; effect of
presence of deoxyglucose, dinitrophenol, puro-
mycin, actinomycin D and trypsin on the response
to chemotactic substance; effect of segregation of
cells from chemotactic substance. Can. J. Physiol.
Pharmacol. 45:269-280.

CHANG, Y. H. 1975. Mechanism of action of
colchicine. II. Effects of colchicine and its ana-
logues on phagocytosis and chemotaxis in vitro. J.
Pharmacol. Exp. Ther. 194:159-164.

Cuip, C. M. 1941. Patterns and Problems of
Development. University of Chicago Press, Chi-
cago, Ill.

CoHEN, I., and C. CoHEN. 1972. A tropomyosin-
like protein from human platelets. J. Mol. Biol.
68:383-387.

CoHEN, M. H., and A. RoBertson. 1972. Cell
migration and the control of development. In:
Proc. of the IUPAP Conference on Statistical
Mechanics. S. A. Rice, K. Freed, and J. Light,
editors. University of Chicago Press, Chicago, IlI.
CorNELY, H. P. 1966. Reversal of chemotaxis in
vitro and chemotactic activity of leukocyte frac-
tions. Proc. Soc. Exp. Biol. Med. 122:831-835.
Crick, F. 1970. Diffusion in embryogenesis. Na-
ture (Lond.). 225:420-422.

CuminGg, D., and R. Dusols. 1974. Role des
glycoproteines dans la migration chimiotactique
des cellules germinales du poulet, d’apres les
resultats obtenus avec la Concanavaline A en
culture organotypique. C. R. Acad. Sci. Paris.
279:995-998.

DE Bruyn, P. P. H. 1946. The amoeboid move-
ment of the mammalian leukocyte in tissue cul-
ture. Anat. Rec. 95:177-191.

DEe Pernis, S., and M. C. Rarr. Fluidity of the
plasma membrane and its implications for cell

movement. Locomotion of Tissue Cells. Ciba
Found. Symp. 14:27-40.
Dxon, H. M., and M. McCurcHeon. 1936.

Chemotropism of leukocytes in relation to their
rate of locomotion. Proc. Soc. Exp. Biol. Med.
34:173-176.

Dusors, R. 1965. Sur I'attraction exercee par le
jeune epithelium germinatif sur les gonocytes pri-
marves de I'’embryon de poulet en culture in vitro:
demonstration a I'aide de la thymidine tritiee. C.
R. Acad. Sci. Paris. 260:5885-5887.

EpeLson, P. J., and H. F. FubpenBerGc. 1973.
Effect of vinblastine on chemotactic responsive-
ness and normal human neutrophils. Infect. Immun.
8:127-129.

. EstenseN, R. D., H. R, Hir, P. G. Quic, N.

HogaN, and N. D. GoLpBErG. 1973. Cyclic GMP

281



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

282

and cell movement. Nature (Lond.). 245:458-
460.

FrankerL, G. S., and D. C. GunN. 1961. The
Orientation of Animals. Dover Publications, Inc.,
New York. pp. 35-90, 270-291, and 317-318.
FrencH, V., P. J. BryanTt, and S. V. BrYANT.
1976. Pattern regulation in epimorphic fields.
Science (Wash. D. C.). 193:969-981.

Funwara, K., and T. D. PoLLArD. 1976. Flu-
orescent antibody localization of myosin in the
cytoplasm, cleavage furrow, and mitotic spindle of
human cells. J. Cell Biol. 71:848-875.
FukasHmMa, K., N. SEnDA, H. INul, M. YONEDA,
and Y. MurakaMI. 1954. The tail of leukocytes.
I. The tail of neutrophilic leukocytes in healthy
adults. Med. J. Osaka Univ. 5:57-75.
FukusHiMA, K., N. SENDA, H. MIura, S. IsHA-
Gaml, and Y. Murakami. 1954, Dynamic pattern
in the movement of leukocyte I and II. Med. J.
Osaka Univ. 5:1-46, 47-56.

GaLLIN, E. K., and J. I. GALLIN, 1977. Interac-
tion of chemotactic factors with human macro-
phages: induction of transmembrane potential
changes. J. Cell Biol. 75:277-289.

GaLLN, E. K., M. L. WIEDERHOLD, P. E. LIPSKY,
and A. S. RoseNTHAL. 1975. Spontaneous and
induced membrane hyperpolarizations in macro-
phages. J. Cell Physiol. 86:653-661.

GaruiN, J. I, R. A. CLaARk, and E. J. GoETZL.
1978. Radioassay of leukocyte locomotion. A
sensitive technique for clinical studies. In: Leuko-
cyte Chemotaxis, Methods, Physiology and Clini-
cal Implications. S. Gallin, and P. Quic, editors.
Raven Press, New York. 79-86.

GaLLN, J. I, J. R. DUuRrocHER, and A. P. Ka-
PLAN. 1975. Interaction of leukocyte chemotactic
factors with the cell surface. I. Chemotactic factor-
induced changes in human granulocyte surface
change. J. Clin. Invest. 5§5:967-974.

GaLun, J. 1., E. K. GarLuiN, H. L. MaLECH, and
E. B. CraMER. 1978. Structural and ionic events
during chemotaxis. In: Leukocyte Chemotaxis,
Methods, Physiology and Clinical Implications. J.
1. Gallin, and P. G. Quic, editors. Raven Press,
New York. 123-140.

GALLIN, J. 1., and A. P. KapLaN. 1974. Mono-
nuclear cell chemotactic activity of kallikrein and
plasminogen activator and its inhibition by CI
inhibitor and a,-macroglobulin. J. Immunol.
113:1928-1934.

GaLLN, J. 1., and P. G. Quic, editors. 1978.
Leukocyte Chemotaxis, Methods, Physiology and
Clinical Implications. Raven Press, N. Y. In press.
GaLLIN, J. 1., and A. S. RosenTHAL. 1974. The
regulatory role of divalent cations in human gran-
ulocyte chemotaxis. Evidence for an association
between calcium exchanges and microtubule as-
sembly. J. Cell Biol. 62:594-609.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66

THE JourNaL ofF CEeLL Biorocy - VoLUME 77, 1978

Gammow, R. I., B. BorrGer, and F. S. BARNES.
1971. Analysis of chemotaxis in white blood cells.
Biophys. J. 11:860-867.

GoErzL, E. J. 1975. Modulation of human neutro-
phil polymorphonuclear leukocyte migration by
human plasma alpha-globulin inhibitors and syn-
thetic esterase inhibitors. Immunology. 29:163-
174.

Goerzr, E. J., and K. F. Austen. 1972. A
method for assessing the in vitro chemotactic
response of neutrophils utilizing 5'Cr-labeled
human leukocytes. Immunol. Commun. 1:421-
430.

GoEerzL, E. J., and K. F. Austen. 1974, Stimu-
lation of human neutrophil leukocyte aerobic glu-
cose metabolism by purified chemotactic factors.
J. Clin. Invest. §3:591-599.

GoEerzL, E. J., and K. F. Austen. 1975. Purifi-
cation and synthesis of eosinophilotactic tetrapep-
tides of human lung tissue: identification as eosi-
nophil chemotactic factor of anaphylaxis. Proc.
Natl. Acad. Sci. U. S. A. 72:4123-4127.

GoEeTZL, E. J., and K. F. Austen. 1976. Struc-
tural determinants of the eosinophil chemotactic
activity of the acidic tetrapeptides of eosinophil
chemotactic factor of anaphylaxis. J. Exp. Med.
144:1424-1436.

GoOLDSTEIN, 1., S. HOFFSTEIN, J. GALLIN, and G.
WEIssMAN. 1973. Mechanisms of lysosomal en-
zyme release from human leukocytes: microtubule
assembly and membrane fusion induced by a
component of complement. Proc. Natl. Acad. Sci.
U.S. A. 70:2916-2920.

GorDON, A. S., C. G. Davis, D. MiLFay, and 1.
DiamonD. 1977. Phosphorylation of acetylcholine
receptor by endogenous membrane protein kinase
in receptor-enriched membranes of Torpedo cali-
fornica. Nature (Lond.). 269:539-540.

GrirrIN, F. M., and S. SILVERSTEIN. 1974. Seg-
mented response of the macrophage plasma mem-
brane to a phagocytic stimulus. J. Exp. Med.
139:323-336.

GriMes, G. J., and F. S. Barnes. 1973. A
technique for studying chemotaxis of leukocytes in
well-defined chemotactic fields. Exp. Cell Res.
79:375-385.

Harmis, A. K. 1973. Cell surface movements
related to cell locomotion. Locomotion of Tissue
Cells. Ciba Found. Symp. 14:3-19.

Harris, H. 1953. Chemotaxis of granulocytes. J.
Pathol. Bacteriol. 66:135-146.

Harris, H. 1954. Role of chemotaxis in inflam-
mation. Physiol. Rev. 34:529-562.

Hartwig, J. H., and T. P. StossgL. 1975. Isola-
tion and properties of actin, myosin, and a new
actin-binding proteins in rabbit alveolar macro-
phages. J. Biol. Chem. 250:5696-5705.

. Harch, G. E., W. K. NicHots, and H. R. HILL.



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

1977. Cyclic nucleotide changes in human neutro-
phils induced by chemoattractants and chemotac-
tic medulators. J. Immunol. 119:450-456.
HensoN, P. M. 1974, Mechanisms of activation
and secretion by platelets and neutrophils. Prog-
ress in Immunology. II. L. Brent and J. Holborow,
editors. North Holland Publishing Co., Amsterdam.
Henson, P. M. 1976. Membrane Receptors on
Neutrophils. Immunol. Commun. 5:757-774.
Hiur, H. R. 1977. Cyclic nucleotides as modula-
tors of leukocyte chemotaxis. In: Leukocyte
Chemotaxis, Methods, Physiology and Clinical
Implications. J. I. Gallin and P. G. Quic, editors.
Raven Press, New York. In press.

Hui, H. R., R. D. Estensen, P. G. Quic, N. A,
Hocan, and N. D. GoLbgerG. 1975. Modulation
of human neutrophil chemotactic responses by
cyclic 3',5'-guanosine monophosphate and cyclic
3',5"-adenosine monophosphate. Metabolismo.
24:447-456.

Hrrcncock, S. E. 1977. Regulation of motility in
nonmuscle cells. J. Cell Biol. 74:1-15.

HorrsTEIN, S., I. M. GoLDSTEIN, and G. WEIss-
MaN. 1977. Role of microtubule assembly in
lysosomal enzyme secretion from human polymor-
phonuclear leukocytes: a reevaluation. J. Cell
Biol. 73:242-256.

Hsvu, L. S., and E. L. Becker. 1975. Volume
decrease of glycerinated polymorphonuclear leu-
kocytes induced by ATP and Ca** 1. Resem-
blances to actomyosin contraction. Exp. Cell Res.
91:469-473.

IGNaARRO, L. S., and W. J. GEORGE. 1974, Media-
tion of immunologic discharge of lvsosomal en-
zymes from human neutrophils by guanosine 3’5’
monophosphate. J. Exp. Med. 140:225-238.
Jacosson, M. 1970. Developmental Neurobiol-
ogy. Holt, Rinehart and Winston, Inc. New York,
75-88.

Jarreg, L. F. 1968. Localization in the developing
Fucus egg and the general role of localizing cur-
rents. Adv. Morphog. 7:295-328.

JanoFr, A. 1972. Neutrophil proteases in inflam-
mation. Annu. Rev. Med. 23:177-190.

JaNoFF, A., FRINSTEIN, G., MeLemuD, C. J., and
J. M. Euas. 1976. Degradation of cartilage pro-
teoglycan by human leukocyte granule neutral
proteases —a model of joint injury. I. Penetration
of enzyme into rabbit articular cartilage and
release of *SO,-labeled material from the tissue.
J. Clin. Invest. §7:615-624.

KaLey, G., and R. WEINErR. 1971. Effect of
prostaglandin E on leukocyte migration. Nat. New
Biol. 234:114-115.

KarrLan, A. P., E. J. GoerzL, and K. F. AUSTEN.
1973. The fibrinolytic pathway of human plasma.
II. The generation of chemotactic activity by acti-
vation of plasminogen proactivator. J. Clin. Invest.

ZioMoND  Chemotaxis by Polymorphonuclear Leukocytes

81.

82.

83.

84.

85.

86.

87,

88.

89.

90.

91.

92.

93.

94.

§2:2591-2595.

KarrLan, A. P., A. B. Kay, and K. F. AUSTEN.
1972. A prealbumin activator of prekallikrein. III.
Appearance of chemotactic activity for human
neutrophils by the conversion of human prekalli-
krein to kallikrein. J. Exp. Med. 135:81-97.
Katz, B. 1966. Nerve Muscle and Synapse.
McGraw-Hill Book & Education Services Group,
New York. 11-30 pp.

KeLLer, H. U., and M. Bessis. 1975. Migration
and chemotaxis of a nucleate cytoplasmic leuko-
cyte fragments. Nature (Lond.). 258:723-724.
KeLLer, H. U, J. F. Borgr, P. C. WILKINSON,
M. Hess, and H. Cormer. 1972. Reassessment
of Boyden’s technique for measuring chemotaxis.
J. Immunol. Methods. 1:165-168.

KeLLer, H. U, and E. SorkIN. 1966. Studies on
chemotaxis. IV. The influence of serum factors on
granulocyte locomotion. Immunology. 10:409-
416.

KeLLER, H. U., and E. SorxIN. 1967. Studies on
Chemotaxis. V. On the chemotactic effect of
bacteria. Int. Arch. Allergy Appl. Immunol.
31:505-517.

KosHLAND, D. E., Jr., H. WARRICH, B. TAYLOR,
and J. SpubicH. 1976. The control of flagellar
rotation in bacterial behavior. In: Cell Motility. R.
Goldman, T. Pollard, and J. Rosenbaum, editors.
Cold Spring Harbor Laboratory, Cold Spring Har-
bor, N.Y. 57-69 pp.

Koza, E. P, T. E. WriGHT, and E. L. BECKER.
1975, Lysosomal enzyme secretion and volume
contraction induced in neutrophils by cytochalasin
B, chemotactic factor and A23187. Proc. Soc.
Exp. Biol. Med. 149:476-479.

Lacke, J. M. 1974. The aggregation of rabbit
polymorphonuclear leukocytes: effects of antimi-
totic agents, cyclic nucleotides and methyl xan-
thines. J. Cell Sci. 16:167-181.

Lawrencg, P. L., E. H. C. Crick, and M.
Munro. 1972. A gradient of positional informa-
tion in an insect, Rhodnius. J. Cell Sci. 11:815-
853,

Leany, D. E., E. R. McLEaN, and J. T. BONNER.
1970. Evidence for cyclic-3’,5'-adenosine mono-
phosphate as chemotactic agent for polymorpho-
nuclear leukocytes. Blood. 36:52-54.

Lewis, W. H. 1934. On the locomotion of the
polymorphonuclear neutrophils of the rat in auto-
plasma cultures. Bull. Johns Hopkins Hosp.
55:273-279.

Lotz, M., and H. Harris. 1956. Factors influenc-
ing chemotaxis of the polymorphonuclear leuko-
cyte. Br. J. Exp. Pathol. 37:477-480.

MacNag, R. M., and D. E. KosHLAND, Jr. 1972.
Gradient-sensing mechanism in bacterial chemo-
taxis. Proc. Natl. Acad. Sci. U. §. A. 69:2509-
2512.

283



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

284

Maperazo, E. G. 1978. A modified micropore
filter assay of human granulocyte leukotaxis. In:
Leukocyte Chemotaxis, Methods, Physiology and
Clinical Implications. P. G. Quic and J. 1. Gallin,
editors. Raven Press, New York. In press.
MaLecH, H. C., R. K. Roor, and J. I. GALLIN.
1976. Centriole, microtubule and microfilament
orientation during human polymorphonuclear leu-
kocyte chemotaxis. Clin. Res. 24:314a. (Abstr.).
MaLecH, H. L., R. K. Roor, and J. I. GALLIN.
1977. Structural analysis of human neutrophil
migration: centriole, microtubule and microfila-
ment orientation and function during chemotaxis
J. Cell Biol. 75:666-693. In press.

Marto, J. M., A. Losapa, V. NaANJUNDIAH, and
T. M. Konnn. 1975. Signal input for a chemotac-
tic response in the cellular slime mold Dictyoste-
lium discoidium. Proc. Nail. Acad. Sci. U. §. A.
72:4991-4993.

McCurcueoN, M. 1946. Chemotaxis in Leuko-
cytes. Physiol. Rev. 26:319-336.

MizeL, S. B., and L. WiLsoN. 1972. Nucleoside
transport in mammalian cells. Inhibition by colchi-
cine. Biochemistry 11:2573-2578.

NaccacHi, P., R. J. Freer, H. J. SHOWELL, E.
L. Becker, and R. I. SHA’AFE. 1976. Cation
fluxes and chemotaxis in leukocytes. Fed. Proc.
35:604.

NAccacHg, P. H., H. J. SHoweLL, E. L. BECKER,
and R. I. SHA’AFL. 1977. Transport of sodium,
potassium and calcium across rabbit polymorpho-
nuclear leukocyte membranes: effect of chemotac-
tic factor. J. Cell Biol. 73:428-444.

NaccacHg, P. H., H. J. SHoweLL, E. L. BECKER,
R. I. SHA'AFL. 1977. Changes in ionic movements
across rabbit polymorphonuclear leukocyte mem-
branes during lysosomal enzyme release. Possible
ionic basis for lysosomal enzyme release. J. Cell
Biol. 75:635-649.

NaHAs, G. G., M. L. TanNEres, and J. F.
LenNON. 1971. Direct measurement of leukocyte
motility: Effects of pH and temperature. Proc.
Soc. Exp. Biol. Med. 138:350-352.

Narbi, B., and F. C. Karatos. 1976. Polarity and
gradients in lepidopteran wing epidermis. I.
Changes in graft polarity, form and cell density
accompanying transpositions and reorientations.
J. Embryol. Exp. Morphol. 36:469-487.

Narpl, J. B. and F. C. Karatos. 1976. Polarity
and gradients in lepidopteran wing epidermis. II.
The differential adhesiveness model: gradient of a
non-diffusible cell surface parameter. J. Embryol.
Exp. Morphol. 36:489-512.

NeLsonN, R. D., R. T. McCorMAck, and V. D.
FiegeL. 1978. Chemotaxis of human leukocytes
under agarose. In: Leukocyte Chemotaxis, Meth-
ods, Physiology and Clinical Implications. J. I.
Gallin, and P. Quic, editors. Raven Press, New
York. 25-40.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

THE JournaL ofF CeLr Blorocy - VoLUME 77, 1978

NELsoN, R. D, P. G. Quic, and R. L. SiMMONs.
1975. Chemotaxis under agarose: a new and sim-
ple method for measuring chemotaxis and sponta-
neous migration of human polymorphonuclear
leukocytes and monocytes. J. Immunol. 115:1650-
1656.

Nossar, R., and S. H. Zigmonp. 1976. Chemo-
tropism indices for polymorphonuclear leukocytes.
Biophys. J. 16:1171-1182.

OLIvVER, M., R. B. ZURIER, and R. D. BERLIN.
1975. Concanavalin A cap formation on polymor-
phonuclear leukocytes of normal and beige (Che-
diak-Higashi) mice. Nature (Lond.). 253:471-
473.

PHELPs, P. 1969. Polymorphonuclear leukocyte
motility in vitro. 111. Possible release of chemotac-
tic substance after phagocytosis of urate crystals by
polymorphonuclear leukocytes. Arthritis Rheum.
12:197-204.

PoLLarp, T. D., S. M. THomas, and R. HIEDER-
MaN. 1974. Human piatelet myosin. I. Purifica-
tion by a rapid method applicable to other non-
muscle cells. Anal. Biochem. 60:258-266.
PoLLarD, T. D., and R. R. WEIHING. 1974, Actin
and myosin and cell movement. CRC Crit. Rev.
Biochem. 2:1-65.

PortEr, K. P. 1966. Cytoplasmic microtubules
and their functions. Principles of Biomolecular
Organization. Ciba Symp. 308-345.
PosTLETHWAITE, A. E., R. SNYDERMAN, and A.
H. Kang. 1976. The chemotactic attraction of
human fibroblasts to a lymphocyte-derived factor.
J. Exp. Med. 144:1188-1203.

Ramsey, W. C. 1972. Analysis of individual leu-
kocyte behavior during chemotaxis. Exp. Cell Res.
70:129-139.

Ramsey, W. C. 1974. Retraction fibers and leu-
kocyte chemotaxis. Exp. Cell Res. 80:184-187.
Ramsey, W. S., and L. Grant. 1974. Chemo-
taxis. In: The Inflammatory Process. B. E. Zwei-
fach, L. Grant, and R. T. McCluskey, editors.
Academic Press, Inc., New York. 287-362.
Ramsey, W. S., and A. Harris. 1973. Leukocyte
locomotion and its inhibition by antimitotic drugs.
Exp. Cell Res. 82:262-270.

REeaven, E. P., and S. G. AxLINE. 1973. Sub-
plasmalemmal microfilaments and microtubules
in resting and phagocytosing macrophages. J. Cell
Biol. 5§9:12-27.

Rivkin, 1., and E. L. Becker. 1976. Effect of
exogenous cyclic AMP and other adenine nucleo-
tides on neutrophil chemotaxis and motility. Int.
Arch. Allergy Appl. Immunol. 50:95-102.
Rrvkin, I., J. RosenBLaTr, and E. L. BECKER.
1975. The role of cyclic AMP in the chemotactic
responsiveness and spontaneous motility of rabbit
peritoneal neutrophils. The inhibition of neutro-
phil movement and elevation of cyclic AMP levels
by catecholamines, prostaglandins, theophylline



123.

124,

125.

126.

127.

128,

129.

130.

131,

132.

133.

134.

and choleratoxin. J. Immunol. 118:1126-1134,
Roisen, F. J., and R. A. Mureny. 1973. Neurite
development in vitro. II. The role of microfila-
ments and microtubules in dibutyryl adenosine 3'-
5'-cyclic monophosphate and nerve growth factor
stimulated maturation. J. Neurobiol. 4:397-412.
RomuaLpez, A. G., and P. A, Warp. 1975. A
unique complement derived chemotactic factor for
tumor cells. Proc. Nat. Acad. Sci. U. §. A.
72:4128-4132.

Ryan, G. B., J. Z. Borysenko, and M. J. KAr-
Novsky. 1974, Factors affecting the redistribution
of surface-bound concanavalin A on human poly-
morphonuclear leukocytes. J. Cell Biol. 62:351-
365.

SANDLER, J. A., J. 1. GaLLx, and M. VAUGHAN.
1975, Effects of serotonin, carbamylcholine, and
ascorbic acid on leukocyte cyclic GMP and chem-
otaxis. J. Cell Biol. 67:480-484.

ScarFrManN, E., B. A. Corcoran, and 8. M.
Wanr. 1975, N-formylmethionyl peptides are
chemotactic for leukocytes. Proc. Natl. Acad. Sci.
U.§. A. 72:1059-1062.

SeLigManN, B., E. K. GaLuin, D. L. Martn,
W. SHAIN, and J. I. Garuin. 1977, Evidence for
membrane potential changes in human polymor-
phonuclear leukocytes during exposure to the
chemotactic factor F-Met-Leu-Phe as measured
with the fluorescent dye dipentyloxacarbocyaine.
J. Cell Biol. 75(2, Pt. 2):103a. (Abstr.).

Senpa, N., H. Tamura, N. Sumara, J. Yosu-
Taka, K. Konpo and K. Tanaka. 1975, The
mechanism of the movement of leukocytes. Exp.
Cell Res. 91:393-407.

Sumata, N., N. Tarsumi, K. Tanaka, Y. Oxa-
MURA, and N. SENDA. 1972. A contractile protein
possessing Ca®* sensitivity (natural actomyosin}
from leukocytes. Biochim. Biophys. Acta.
256:565-576

Sumata, N., N. Tarsumi, K. Tanaka, Y. Oka-
MURA, and N. SENDA. 1975. Leukocyte myosin
and its localization in the cell. Biochim. Biophys.
Acta. 400:222-243.

Suin, H. 8., R. SnyDERMAN, E. FuEeDpMAN, A.
MELLORS, and M. M. MavEr. 1968. Chemotactic
and anaphylatovic fragment sleaved from the fifth
component of guinea pig complement. Science
(Wash. D. C.). 162:361-363.

SHoweLL, H. J., and E. L. Becker. 1976. The
effects of external K* and Na* on the chemotaxis
of rabbit peritoneal neutrophils. J. Immunol.
116:99-105.

SmoweLL, H. J., R. J. Freer, S. H. ZicmMonp, E.
SCHIFFMANN, A. SRIVINIVESALDRATT, B. Cor-
coran, and E. L. Becker. 1976. The structure
activity relations of synthetic peptides as chemo-
tactic factors and inducers of lysosomal enzyme
secretion for neutrophils. J. Exp. Med. 143:1154-
1169.

ZiGMOND

135.

136.

137.

138,

139.

140.

141.

142.

143,

144,

145.

146,

147.

148.

149.

Chemotaxis by Polymorphonuclear Leukocytes

Stack, J. M. W, 1976. Determination of polarity
in the amphibian limb. Nature (Lond.). 261:44-
46.

SmrmH, C. W., J. C. HoLrers, D. H. Bing, and
R. A. Pamrick. 1975. Effects of human Ci
inhibitor on complement-mediated human leuko-
cyte chemotaxis. J. Immunol. 114:216-220.
SnYDERMAN, R., H. S. SHIN, J. K. PuiLuies, H.
Gewurtz, and S. E. MERGENHAGEN. 1969, A
neutrophil chemotactic factor derived from C5
upon interaction of guinea pig serum with endo-
toxin. J. Immunol. 103:413-422.

Seupich, J. L., and D. E. KosHLanD, Jr. 1975,
Quantitation of the sensory response in bacterial
chemotaxis. Proc. Natl. Acad. Sci. U. S. A.
72:710-713.

Stosser, T. P. 1973, Quantitative studies on phag-
ocytosis: kinetic effects of cations and heat labile
opsonin. J. Cell Biol. 58:346-356.

Stosser, T. P. 1974, Phagocytosis. N. Engl. J.
Med. 296.717-723; 774-780; and 833839,
Stosser, T. P. 1978. The mechanism of leukocyte
locomotion. In: Leukocyte Chemotaxis, Methods,
Physiology and Clinical Implications. J. I. Gallin,
P. Quic, editors. Raven Press, New York. 143~
157.

StosseL, T. P., and J. H. Hartwic. 1975. Inter-
actions between actin, myosin and on actin-bind-
ing protein from rabbit alveolar macrophages. J.
Biol. Chem. 250:5706-5712.

Stosser, T. P., and J. H. Harrwic. 1976. Inter-
actions of actin, myosin, and a new actin-binding
protein of rabbit pulmonary macrophages. II.
Role in cytoplasmic movement and phagocytosis.
J. Cell Biol. 68:602-619.

Stosser, T. P, and T. D. Pollard. 1973. Myosin
in polymorphonuclear leukocytes. J. Biol. Chem.
248:8288-8294.

Symon, D. N. K., I. C. McKay, and P. C.
WiLkinson. 1972, Plasma-dependent chemotaxis
of macrophages toward Mycobactericum tubercu-
losis and other organisms. Immunology 22:267-
276,

Tatsumi, N., N. SHmBATA, Y. OxaMura, T.
Kixuko, and N. SeNpa. 1973. Actin and myosin
A from leukocytes. Biochim. Biophys. Acta.
305:433-444.

TeicHBerG, V. L., A. SoBet, and J. P. CHaN-
GEUX. 1977. In Virro phosphorylation of the
acetylcholine receptor. Nature (Lond.). 267:540-
542,

Tickig, C., D. SumMeRrBELL, and L. WOLPERT.
1975. Positional signalling and specification of
digits in chick limb morphogenesis. Nature
(Lond.). 254:199-202.

TickLg, C., G, SHELLSWELL, A. CRAWLEY, and
L. Worrert. 1976. Positional signalling by mouse
limb polarizing region in the chick wing bud.
Nature (Lond.). 289:396-397.

285



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

l161.

162.

163.

164.

165.

286

TsunG, DI Kwang, S. W. KeGeLEs, H. J. SHow-
ELL, and E. L. Becker. 1975. Isolation of an N-
acetyl-DL-phenylalanine B-naphthyl esterase from
rabbit peritoneal polymorphonuclear leukocytes.
Biochim. Biophys. Acta. 403:98-105.

TurING, A. M. 1952. The chemical basis of
morphogenesis. Philos. Trans. R. Soc. Lond. B.
Biol. Sci. 237:37-72.

TurNer, S. R., J. A. CampBELL, and W. S.
Lynn. 1975. Polymorphonuclear leukocyte chem-
otaxis toward oxidized lipid components of cell
membranes. J. Exp. Med. 141:1437-1441.

VAN DER WERF, P., and D. E. KosHLAND, JRr.
1977. Identification of a y-Glutamyl methyl ester
in bacterial membrane protein involved in chemo-
taxis. J. Biol. Chem. 252:2793-2795.

Warp, P. A,, and E. L. Becker. 1968. Mecha-
nisms of the inhibition of chemotaxis by phospho-
nate esters. J. Exp. Med. 125:1001-1020.
WarDp, P. A., and E. L. BEcker. 1968. The
deactivation of rabbit neutrophils by chemotactic
factor and the nature of the activatable esterase. J.
Exp. Med. 127:693-710.

WaRD, P. A,, and E. L. BEckEr. 1970. Biochem-
ical demonstration of the activatable esterase of
the rabbit neutrophil involved in the chemotactic
response. J. Immunol. 105:1057-1067.

WARD, P. A. and L. J. NEwMAN. 1969. A neutro-
phil chemotactic factor from C'S. Immunology.
102:93-99.

Warp, P. A., C. G. CocHrRaNE, and H. J.
MiLLEr-EBERHARD. 1965. The role of serum com-
plement in chemotaxis of PMNs. J. Exp. Med.
122:327-346.

Warp, P. A., H. G. RemoLD, and J. R. Davip.
1970. The production by antigen-stimulated lym-
phocytes of a leukotactic factor distinct from mi-
gration inhibitory factor. Cell Immunol. 1:162-
174.

WarDp, S. 1973. Chemotaxis by the nematode
caenorhabditis elegans: identification of the attrac-
tants an analysis of the response by use of mutants.
Proc. Natl. Acad. Sci. U. S. A. 70:817-821.
WEIssMaNN, G., I. GoLDSTEIN, S. HOFFSTEIN,
and P. K. Tsung. 1975. Reciprocal effects of
cAMP and c¢GMP on microtubule-dependent
release of lysosomal enzymes. Ann. N. Y. Acad.
Sci. 253:750-762.

WIGGLESWORTH, V. B. 1940. Local and general
factors in the development of ‘pattern’ in Rhod-
nius prolixus (Hemiptera). J. Exp. Biol. 77:180-
200.

WILKINSON, P. C. 1974, Chemotaxis and Inflam-
mation. Churchill Livingstone. Edinburgh & Lon-
don.

WiLkinson, P. C. 1975. Chemotaxis of lympho-
blasts. Nature (Lond.). 256:646-648.

WiLkinson, P. C. 1975. Leukocyte locomotion

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

THE JournaAL ofF CeELL Biorogy - VoLume 77, 1978

and chemotaxis. The influence of divalent cations
and cation ionophores. Exp. Cell Res. 93:420-
426.

WiLkiNsoN, P. C. 1976. A requirement for albu-
min as carrier for low molecular weight leukocyte
chemotactic factors. Exp. Cell Res. 103:415-418.
WiLKINsoN, P. C., and R. B. ALLaN. 1978. Assay
systems for measuring leukocyte locomotion: an
overview. In: Leukocyte Chemotaxis, Methods,
Physiology and Clinical Implications. J. I. Gallin
and P. G. Quic, editors. Raven Press, New York.
1-23.

WiLkiNsoN, P. C., and 1. C. McKay. 1972. The
molecular requirements for chemotactic attraction
of leukocytes by proteins. Studies of proteins with
synthetic side groups. Eur. J. Immunol. 2:570-
577.

WiLkinsonN, P. C., J. F. BoreL, V. STECHER-
LeviN, and E. SorkiN. 1969. Macrophage and
neutrophil specific chemotactic factors in serum.
Nature (Lond.). 222:244-247.

WiLtiaMs, L. T., R. SNyDErRMAN, M. C. PIkE,
and R. J. Lerkowmrz. 1977. Specific receptor
sites for chemotactic peptides on human polymor-
phonuclear leukocytes. Proc. Natl. Acad. Sci. U.
S. A. 74:1204-1208.

WintroUB, B. U., E. J. GokrzL, and K. F.
AUSTEN. 1974. A neutrophil-dependent pathway
for generation of a neutral peptide mediator. J.
Exp. Med. 140:812-824.

WissLER, J. H., V. J. StEcHER, and E. SORKIN.
1972. Biochemistry and biology of a leukotactic
binary serum peptide system related to anaphyla-
toxin. Int. Arch. Allergy Appl. Immunol. 42:722-
747.

WoLpert, L. 1971. Positional information and
pattern formation. Curr. Top. Devel. Biol. 6:183-
224.

Worreert, L., M. P. B. CLARKE, and A. Horn-
BRUCH. 1972. Positional signalling along Hydra.
Nature (Lond.). 239:101-105.

Woop, S., Jr.,, and B. E. MaRrzoccHI. 1968.
Motility of granulocytes during wound healing in
the rabbit ear chamber. Johns Hopkins Med. J.
123:23-28.

ZicMoND, S. H. 1974. Mechanisms of sensing
chemical gradients by polymorphonuclear leuko-
cytes. Nature (Lond.). 249:450-452.

Z1GMOND, S. H. 1974. A modified millipore filter
method for assaying polymorphonuclear leukocyte
locomotion and chemotaxis. Jn: Chemotaxis: Its
Biology and Biochemistry. E. Sorkin, editor. S.
Karger KG., Basel. 126-145.

Zigmonp, S. H. 1978. A new visual assay of
leukocyte chemotaxis. In: Leukocyte Chemotaxis:
Methods, Physiology and Clinical Implications. J.
I. Gallin and P. G. Quic, editors. Raven Press,
New York. 57-64.



179. ZigMonD, S. H. 1977. The ability of polymorpho-

180.

181.

nuclear leukocytes to orient in gradients of chem-
otactic factors. J. Cell Biol. 75:606-616.
ZiGMOND, S. H., and J. G. HirscH. 1972, Effects
of cytochalasin B on polymorphonuclear leukocyte
locomotion, phagocytosis and glycolysis. Exp. Cell
Res. 73:383-393.

ZigMonD, S. H., and J. G. HirscH. 1973. Leu-
kocyte locomotion and chemotaxis — new methods

ZIGMOND  Chemotaxis by Polymorphonuclear Leukocytes

182.

for evaluation and demonstration of a cell-derived
chemotactic factor. J. Exp. Med. 137:387-410.
ZUrier, R. B., G. WEIssMANN, S. HoFrsTEIN, S.
KaMMERMAN, and H. H. Ta1. 1974, Mechanisms
of lysosomal enzyme release from human leuko-
cytes. II. Effects of cAMP and cGMP, autonomic
agonists, and agents which affect microtubule
function. J. Clin. Invest. 53:297-309.

287



