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Two general classes of Mechanisms

• Temporal mechanism: comparison of chemoattractant at 

different positions and memory.  

• Spatial mechanism: comparison of chemoattractant 

concentration along cell length 
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Conclusions — Bacterial chemotaxis

Thomas LECUIT   2021-2022

• Sensitivity - Gain : output/input ratio

• High amplitude range

• Adaptation: reset after input

Key properties of chemotactic network
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26 runs 
Mean speed 21.2 µm/s 
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-

mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 
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Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 

probable (Fig. 4). The distribution of twiddle lengths is 

exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 

and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 

the termination of a run is a constant. 
The wild type is known to have chemoreceptors for serine, 

for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 

• Biased random walk in a spatial gradient

• Temporal gradient sensing 

• Memory (short term)
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Chemical guidance — Chemotaxis
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2. Eukaryote chemotaxis 

• Directional sensing 

• Polarity

1. Bacterial chemotaxis

Determinism

Stochasticity - Persistence

https://www.youtube.com/watch?v=I_xh-bkiv_c

David Rogers at Vanderbilt University.

P. Maiuri, JF. Rupprecht, et al. Cell 161, 374–386 (2015) 
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Chemical guidance of cell motility
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Key features of chemotaxis:

• Specificity

• Cell surface sensing (receptors)

• Sensitivity to ratio (gradient) 
but not difference in 
concentration of attractant

How can cells respond to a chemoattractant gradient? 

Problems:  

Bacteria can go up an an exponential gradient, over 20mm at mM range of concentration.
For a 2µm cell to detect such a gradient, they would need to detect 0.0001% difference on both ends

Eukaryotic cell, e.g. Dictyostelium, maximal chemotactic response between ∼10 and 100 nM, 

corresponding to relative spatial gradients of ∼15–30% across a 10μm cell (see later). 
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Metchnikoff ’s drawing of phagocytes at a site of inflammation 
(induced by silver nitrate) in the caudal fin of a Triton embryo.

Ilyia Metchnikoff  (1845-1905)
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Metchnikoff, E. Lectures on the Comparative Pathology of Inflammation. (Reprinted by Dover, New York, 1968).

Cited in: G. A. Dunn and G. E. Jones Nature Reviews Mol. Cell Biol. 5:667-672 (2004)

Metchnikoff observed in Sicily (Messina) starfish 
larvae, noticed motile cells and hypothesized that this 
might underly response to external agents.

Used rose thorns under larval skin and observed 
leukocyte chemotaxis and phagocytosis

Chemotaxis of immune cells
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• Leukocytes chemotaxis: attracted by bacteria, phagocytose bacteria

• Chemotaxis index: net path/total path 
       0.61-0.97, mean 0.85, s.e.m. 0.01. 

CE?EMOTAXIS IN LEUKOCYTES 321 

currents-(floating is impossible when the suspending medium is blood, or 
plasma not too much diluted). 

Semiquantitative studies of chemotaxis were made by McCutcheon, Wartman 
and Dixon (55, 23), with the simple slide-coverslip technic. Either whole blood 

was used, or a suspension of leukocytes in plasma, permitting 10 to 20 cells to be 

observed in one microscopic field. Suspensions of leukocytes were obtained with 

the method of deHaan (37), by injecting physiological1 salt solution into the 

peritoneal cavity of rabbits and removed the resulting exudate several hours 

later. The leukocytes, nearly all granulocytes, were then resuspended in plasma, 

a drop of which was used in making the preparation (52). 

Fig. 1. Method for computing the value of chemotaxis 

From a graphic record (fig. 1) obtained with a drawing ocular or camera lucida, 

the value of chemotaxis may be obtained for each leukocyte by finding the ratio 

of net approach to total path travelled in the same time. Thus the leukocyte in 

question was 119 microns from its target at the first observation and 0 micron at, 

the last, hence the net approach was + 119 microns. The total path for this 

time was 131 microns. The ratio is +119/131 = +0.9, which is the chemotactic 

ratio. The limiting values for this ratio are + 1 .O, if the leukocyte should move 

directly toward the object, and - 1.0 if it moves directly away (23). 

If the simplifying assumption is made that 2 lots of leukocytes are moving at 

the same average speed, their chemotactic responses may be compared merely 

by comparing their average net approaches. For example, the leukocyte repre- 

sented in figure 1 approached its object at 119/11 = 10.8 microns per minute (15). 

• Chemotactic and non-chemotactic cells do not have different velocities

• Cells that do not perform chemotaxis have a higher probability of stopping and turning

• Leukocytes paths alternate runs and turns

https://www.youtube.com/watch?v=I_xh-bkiv_cDavid Rogers at Vanderbilt University.
Leukocyte chasing a bacterium (Staphilococcus aureus) 

PHYSIOLOGICAL REVIEWS 
VOL. 26 JULY, 1946 No. 3 

CHEMOTAXIS IN LEUKOCYTES 

MORTON McCUTCHEON 

Laboratory of Pathology, University of Pennsylvania Medical School, Philadelphia 

DeJinition. Chemotsxis is a reaction by which the direction of locomotion of 

cells or organisms is determined by substances in their environment. If the 

direction is toward the stimulating substance, chemotaxis is said to be positive; if 

away from the stimulating substance, the reaction is negative. If the direction of 

movement is not definitely toward or away from the substance in question, 

chemotaxis is indifferent or absent. 

A. Organisms showing chemota*xis. Chemotaxis occurs in a wide variety of 

both plants and animals (82). For example, the sperm of ferns is attracted by 

malic acid, a substance present in the egg cell, as was described by Pfeffer (71) 

in 1884, in the first paper on chemotaxis. Also by chemotaxis, pollen tubes may 

be attracted to the ovary (65, 48), and the direction of root growth determined. 

Myxomycetes (slime molds) react positively to certain carbohydrates (food) 

and negatively to adequate concentrations of acids and alkalies (17). Protozoa 

in general show negative chemotaxis, being repelled by injurious concentrations 

of various substances (41). In metazoa, directional responses to substances in 

the environment are often mediated by special sense organs, namely, by the sense 

of smell, which, for example, directs the male moth toward the female, and crabs 

toward decayed meat. Mammals too may show similar reactions. Hence 

chemotaxis serves in reproduction, feeding, and avoiding harmful substances. 

Presumably this directional response to chemical stimuli depends on diverse 

mechanisms in various plants and animals. In a field so complex, it seems 

desirable to limit the present review to the chemotactic behavior of leukocytes. 

B. Methods. The first recorded observations on chemotaxis of leukocytes 

seem to be those of Leber (46), who, in 1888, reported results of experiments on 

rabbit’s cornea. Following irritation, leukocytes were seen to move from all 

directions into the avascular cornea, following straight lin.es toward the irritated 

area. 

Capillary lube method. In addition, Leber introduced short lengths of capillary 

tubes into the anterior chamber of the rabbit eye. The tubes contained substances 

to be tested for chemotactic effect, such as bacteria, which appeared to attract 

many leukocytes. The capillary tube method enjoyed considerable popularity 

for some years. A great variety of substances, liquid or solid, were placed in the 

tubes, which were inserted into the peritoneal cavity (57), anterior chamber of 

the eye, or subcutaneously (5), or into exudate removed from the body (79). 

Subsequently the tubes were withdrawn, the contents expressed, and the numbers 

of leukocytes attracted by different substances were compared. By this method 

was obtained much information of doubtful validity, for, as demonstrated by 

Pfoehl (72) and Ruchlgdew (76), the method is subject to grave errors. Into the 

tubes leukocytes enter not only by amoeboid motion, but by floating as well, as 

319 

McCutcheon, M., Physiol. Rev., 20, 319 (1946).

Chemotaxis of immune cells



Spatial sensing of chemical gradient
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supernat·ant discarded; this procedure was repeated twice. 
The pellet was then treated similarly with the same con-
centration of FITC in half-strength PBS and centrifuged 
at II ,OOOg for 10 min. All these procedures were carried 

out at 4 ° C. Finally, the pellet was mixed with the same 

concentration of FITC in 10 ml of full strength PBS and 
the mixture was incubated at 37° C for 30 min. It was then 
centrifuged at 7,000g for 10 min and the supernatant dis-
carded. The resulting yellow RBCs were washed with PBS 
by repeating centrifugation at 1,700g for 15 min until the 
supernatant became colourless. The external appearance 

of the yellow RBC containing FITC was indistinguishable 
from that of intact ones and the FITC fluoresced intensely. 
For preservation, the cells were suspended in cold PBS with 
4 mM ATP and 0.1 mM MgCh. It was estimated that each 
corpuscle contained about 4.4 X IO-' pg of FITC. No 

leakage of FITC from the corpuscles was observable during 
overnight storage. 

Cell fusion between FL cells and the yellow RBCs was 

tested following the procedure described above. In this case, 
however, on long-term incubation the FL cells died as a 
result of the cytotoxic effect of the very small quantity of 

FITC which leaked from the RBCs during reactions with 

HV J, so the presence . of FITC in FL cells had to be checked 

after reJa,tively short incubations of 20 min and 60 min. 
Cover glasses were removed from Petri dishes, v;ashed with 

PBS, placed on a thin slide with the cells downwards and 
enclosed in buffered glycerine. Fluorescence was examined 

in a fluorescent microscope under a dark field and injected 
FITC in the FL cells was demonstrated. The frequency of 

injc:·ction was less than that of haemoglobin, however, being 
lower than 1 %. Because FITC is highly cytotoxic, con-

siderable numbers of FL cells may have been killed and 
detached from the surface of the cover glass immediately 
af.ter the injection started, so the actual rate of FITC 

injection may in fact have been much higher. This result 
is encouraging, however, since intracellular injection of 

FITC was achieved, albeit at low frequency . 
There are several possible advantages ·Of this method. 

FirSJt, it is well known that HVJ causes a cell fusion 

reaction to a greater or lesser extent in almost all cultured 
cells, so intracellular microinjeotion into them will be pos-
sible. Second, with further improvement of the method it 
should be possible to control the dose of substance injec·ted 

into a single cell. Third, it should be emphasised that after 
injection of haemoglobin FL cells were healthy and con-
tinued to divide, so the injection procedure itself is not 

basically harmful to the cells. 
There are also possible difficulties in the method. There 

are technical limitations to replacing haemoglobin with 
other substances. During injection of intracellular sub-
stances, the RBC membrane is inevitably transplanted into 

the plaSJma membrane of the target cell, but it may have 
no appreciable effect, since during repeated cell divisions 

molecules of the transplanted RBC membrane will undergo 

progressive geometric dilution. Moreover, the transplanted 
RBC membrane may be a good marker to identify cells 

which have received an injection, because RBC membrane-
specific antigens should be detectable by staining labelled 

antibody6
• 

We plan to examine appropriate conditions for fusion 

of a single cell with a single RBC. 
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Department rof Biology, Faculty of Science, 
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Mechanisms of sensing chemical 

gradients by polymorphonuclear leukocytes 
ALTHOUGH it has been known for nearly 100 yr that 
polymorphonuclear leukocytes (PMNs) can show oriented 

locomotion in response to chemical gradients, that is, they 
display chemotaxis, the way in which these cells detect and 

respond to chemical gradients is still not understood1
• These 

qu.estions arc of interest, not only to a study of the 

inflammatory process, but also to more general problems of 
oriented cell movements during morphogenesis. 

Current studies on bacterial chemotaxis indicate two 
di stinct methods by which an organism can sense a chemical 

gradient2
•
3

• An organism could sense the concentration of a 
chemotactic substance at one point, move a certain distance 

and sense it again, comparing this new level with the previous 
one. This has been termed a 'temporal' mechanism, as the 
organism compares betwe·en two times. fn a 'spatial' 

mechanism the organism compares the concentration of a 

chemotactic substance a:t two or more locations on its body 
at one time. The mechanisms differ in that the temporal 
mechanism requires only one receptor somewhere on the 
organism and a simple memory system, whereas the spatial 
mechanism requires at least two spatially separated receptors 
o.n the organism and implies that the organism is capable of 
sens ing the gradient across its own dimensions"·'. Analysis 

of films of horse leukocytes initiating and exhibiting chemo-
taxis demonstrates that these cells utilise the spatial 
mechanism. This conclusion is supported by Ramsay's 

observations of a human PMN responding to a moving 

chemotactic stimulus7
• 

Time lapse films were made of horse blood neutrophilic 

leukocytes in a thin slide coverslip preparation as they 
responded to a chemotactic stimulus generated by other 

leukocytes in contact with a line of aggregated 1 globulin 
that had been previously dried on the slide. The details of 
the preparation have been described previously'. 

The magnitude of the chemotactic response was quanti-
tated in thre·e ways. First, the number of cells locomoting 
toward the chemotactic source was compared with that of 

cells moving away from it. Of the SO PMNs filmed, 78 

moved towards the chemotactic source, that is, into the 180° 

s·ector containing the chemotactic source, no cells moved 
away and two were immobile . Second, the precision of the 
orientation of cellular locomotion was determined by 
comparing the orientation of mov.ement of individual cells 
with the mos-t direct possible path to the chemotactic source. 
In this analysis the successive positions of 30 cells were traced 
by projecting frames of the time lapse films onto drawing 
paper. As the cells tend to move in straight lines for short 

periods of time, the traced paths c-ould be broken into 
segments of straight movement (that is movements having 
l·ess than a 10° change in direction which were separated by 
relatively abrupt turns of varying magnitude). The tracing 
of four such cell paths is shown in Fig. I. From the 
distribution of straight segments shown in Fig. 2, it was 
calculated that 65 '){, of segments were oriented within 30o 
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Fig. 1 The tracings of four cell paths is a 16 x field 
immediately adjacent to a line of aggregated y globulin 
filmed at 60 frames min- 1

• The film was projected on paper 
and at every 30th frame the cell images were drawn. The 
cells move from the bottom of the figure toward the top; 
the y globulin line was parallel to the top edge of the figure. 
Straight lines were drawn through segments of rhe tracings 
which showed less than a 10° change in direction. These 
lines were then analysed for their orientation relative to a 
perpendicular to the y globulin line, their length, and the 
magnitude and direction of the turns linking the various 

straight segments. 

of the most direct path. Third, the degree of chemotaxis was 

also with the chemotropism index of McCutcheon 

by determining the ratio of the length of the most direct 

path to the chemotactic source to the path length measured 
from the film tracings•. The chemotropism index ranged 
from 0.61-0.97 with a mean of 0.85 and s.d.rrr. of 0.01. The 
index is higher than those previously published•-•. From 

these obsuvations it can be concluded that PMNs can sense 
and respond with high accuracy to a chemical gradient. The 

observed abilities of the PMNs to orient is presumably less 
than their maximal capability as with a more perfect gradient 
or a more potent chemotactic substance they could be 

expected to respond even more accurately. 

Studies have shown that bacteria swimming in a gradient 
of a chemotactic substance have a lower frequency of 

turning when they are moving up the gradient than when 

they are moving down2
•
3

• This variation in turning behaviour 

wi•th the or.ientation of swimming causes the mtio of 
cells moving up the gradient over those moving down to 

exceed one. Previous studies on PMNs have suggested that 
randomly moving cells have a higher frequency of turns 
and stops than cells exhibiting chemotaxis3

•
6

• In my present 

study the frequency and magnitude of turns were ex-
amined with PMNs which were moving with various 

orientations to a chemotactic source. The distance between 

turns did not alter as a fuction of the orientation of the 
locomotion. (coefficient of c.orrelation was -0.169, N=68, 

P>O.I). Thus a cell which deviated 40° from the direct path 
to the source continued in thiis direction as far as one 
headed directly towards the source. In the population studied, 
no cell was moving at an angle more than IOOo from the 

direct path to .the source; in situations of less efficient orienta-
tio.n a significant correlation might exist. ]n this same 
population, however, a significant correlation was found 
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the magnitude of a turn and the orientation of that 

cell immediately before the .turn (coefficient of correlation 
=0.35, N= 68 p.;;o.Ol). The further a ce1l was oriented from 
the direct path ·the greater the magnitude of the next .turn 

tended to be. The correlation, however, was not strong. 
Probably an even more important factor in the orienta-

tion of moving PMNs than the magnitude of turn is the 

direction of the turn. Thus I 5 out of 16 cases where a cell 
in the tracings was moving at an angle of 30° or more 
from the direct path to the chemotactic source, the direc-
tion of the next turn by the cell was towards the source; 
the probability of this bias occurring by chance is less than 
0.001. 

These behaviour patterns of cells exhibiting chemotaxis 
are consistent with a spatial mechanism of sensing tpe 

gradient. The directional turning response of cells rules 
out a simple temporal system based on readings at only 
two points as such a system would not allow the cell to 
decide in which direction to make its next turn. The data, 
however, do not eliminate a more complex temporal 

sensory mechanism which envisions moving cells as having 
the ability to 'remember' the concentration levels over two 

preceding intervals as well as the direction of the turn 

linking the two. This mechanism would give the cell as 
much information as a spatial mechanism with three 
or more receptors (knowledge of the concentration at 

three points in a plane is sufficient to determine the 
direction and relative steepness of an undirectional gradient 
in that plane). 

To differentiate between spatial and temporal mechanisms 
I observed the initial orientation of cells placed in a 
chemotactic gradient. Only a spatial mechanism should 

allow cells to detect the direction of a gradient while 
stationary. The direction of initial locomotion of PMNs 

placed on a slide bearing a streak of aggregated y globulin 
was analysed. Filming was begun 3 min after the preparation 

was made; at this time the PMNs were still rounded and 

immobile. Gradually the cells began to extend pseudopods, 
the cells nearest the line of y globulin first, followed by 

cells further away. The direction of the initial locomotion 
was towards the source of the chemotactic agent. In the 

microscopic field filmed, I 8 out of 20 cells which moved 
either towards or away from the chemotactic source, 

extended their first pseudopod and made their initial 
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Fig. 2. The number of straight segments of cell paths is 
plotted against their orientation relative to the. perpen-
dicular to the y globulin line. A total of 172 straight seg-
ments taken from the tracings of 30 cell paths were 

measured. 
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Fig. 1 The tracings of four cell paths is a 16 x field 
immediately adjacent to a line of aggregated y globulin 
filmed at 60 frames min- 1

• The film was projected on paper 
and at every 30th frame the cell images were drawn. The 
cells move from the bottom of the figure toward the top; 
the y globulin line was parallel to the top edge of the figure. 
Straight lines were drawn through segments of rhe tracings 
which showed less than a 10° change in direction. These 
lines were then analysed for their orientation relative to a 
perpendicular to the y globulin line, their length, and the 
magnitude and direction of the turns linking the various 

straight segments. 

of the most direct path. Third, the degree of chemotaxis was 

also with the chemotropism index of McCutcheon 

by determining the ratio of the length of the most direct 

path to the chemotactic source to the path length measured 
from the film tracings•. The chemotropism index ranged 
from 0.61-0.97 with a mean of 0.85 and s.d.rrr. of 0.01. The 
index is higher than those previously published•-•. From 

these obsuvations it can be concluded that PMNs can sense 
and respond with high accuracy to a chemical gradient. The 

observed abilities of the PMNs to orient is presumably less 
than their maximal capability as with a more perfect gradient 
or a more potent chemotactic substance they could be 

expected to respond even more accurately. 

Studies have shown that bacteria swimming in a gradient 
of a chemotactic substance have a lower frequency of 

turning when they are moving up the gradient than when 

they are moving down2
•
3

• This variation in turning behaviour 

wi•th the or.ientation of swimming causes the mtio of 
cells moving up the gradient over those moving down to 

exceed one. Previous studies on PMNs have suggested that 
randomly moving cells have a higher frequency of turns 
and stops than cells exhibiting chemotaxis3

•
6

• In my present 

study the frequency and magnitude of turns were ex-
amined with PMNs which were moving with various 

orientations to a chemotactic source. The distance between 

turns did not alter as a fuction of the orientation of the 
locomotion. (coefficient of c.orrelation was -0.169, N=68, 

P>O.I). Thus a cell which deviated 40° from the direct path 
to the source continued in thiis direction as far as one 
headed directly towards the source. In the population studied, 
no cell was moving at an angle more than IOOo from the 

direct path to .the source; in situations of less efficient orienta-
tio.n a significant correlation might exist. ]n this same 
population, however, a significant correlation was found 
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the magnitude of a turn and the orientation of that 

cell immediately before the .turn (coefficient of correlation 
=0.35, N= 68 p.;;o.Ol). The further a ce1l was oriented from 
the direct path ·the greater the magnitude of the next .turn 

tended to be. The correlation, however, was not strong. 
Probably an even more important factor in the orienta-

tion of moving PMNs than the magnitude of turn is the 

direction of the turn. Thus I 5 out of 16 cases where a cell 
in the tracings was moving at an angle of 30° or more 
from the direct path to the chemotactic source, the direc-
tion of the next turn by the cell was towards the source; 
the probability of this bias occurring by chance is less than 
0.001. 

These behaviour patterns of cells exhibiting chemotaxis 
are consistent with a spatial mechanism of sensing tpe 

gradient. The directional turning response of cells rules 
out a simple temporal system based on readings at only 
two points as such a system would not allow the cell to 
decide in which direction to make its next turn. The data, 
however, do not eliminate a more complex temporal 

sensory mechanism which envisions moving cells as having 
the ability to 'remember' the concentration levels over two 

preceding intervals as well as the direction of the turn 

linking the two. This mechanism would give the cell as 
much information as a spatial mechanism with three 
or more receptors (knowledge of the concentration at 

three points in a plane is sufficient to determine the 
direction and relative steepness of an undirectional gradient 
in that plane). 

To differentiate between spatial and temporal mechanisms 
I observed the initial orientation of cells placed in a 
chemotactic gradient. Only a spatial mechanism should 

allow cells to detect the direction of a gradient while 
stationary. The direction of initial locomotion of PMNs 

placed on a slide bearing a streak of aggregated y globulin 
was analysed. Filming was begun 3 min after the preparation 

was made; at this time the PMNs were still rounded and 

immobile. Gradually the cells began to extend pseudopods, 
the cells nearest the line of y globulin first, followed by 

cells further away. The direction of the initial locomotion 
was towards the source of the chemotactic agent. In the 

microscopic field filmed, I 8 out of 20 cells which moved 
either towards or away from the chemotactic source, 

extended their first pseudopod and made their initial 
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Fig. 2. The number of straight segments of cell paths is 
plotted against their orientation relative to the. perpen-
dicular to the y globulin line. A total of 172 straight seg-
ments taken from the tracings of 30 cell paths were 

measured. 65% of segments are oriented within 30° of most direct 
path to the source

Zigmond SH: Nature 249:450-452. (1974)  

• Leukocytes (PMN - granulocyte) alternate runs and turns

The angle bias is not compatible with a simple temporal comparison at two time points 
(unless with memory of directions)
Consistent with a spatial model of chemotaxis

Consistent with this, cells extend pseudopode in direction of source with higher probabilities 
before they move

• Run length statistics: no evidence of bias (unlike Bacteria such as E. coli) 
—Distance between turns (length of runs) is independent of direction with respect to the source of 
attractant (coeff corr. -0.169, N=68 P>0.1).  

• Turns angle statistics: evidence of directional bias (unlike E. coli) 
— angle of turn was correlated in magnitude with angle of run prior to run with respect to direct path to 
attractant (coeff corr. 0.35, N=68 P<0.01)
— when angle prior to turn was >30° with respect to direct path to the source of attractant, the next 
direction was towards source (P<0.001)
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Chemotaxis of immune cells

0 min 180 min

• Neutrophiles are attracted to wound sites by a gradient of peroxyde: 

Niethammer, P., Grabher, C., Look, A. T. & Mitchison, T. J. Nature 459, 996–999 (2009) 
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Kinetics of neutrophile (magenta)–macrophage (green) 

interactions at wounds in zebrafish

S. Tauzin et al. J Cell Biol (2014) 207 (5): 589–598.

Chemotaxis of immune cells

0 min 180 min

• Neutrophiles are attracted to wound sites by a gradient of peroxyde: 

Niethammer, P., Grabher, C., Look, A. T. & Mitchison, T. J. Nature 459, 996–999 (2009) 
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N-formyl oligopeptides: produced and released by bacteria

formyl-methionyl-leucine-phenylalanine (fMLP) induces polarization and motility of Neutrophils 

Chemotaxis of Neutrophils

Cells respond to a gradient of bacterial peptides

Neutrophil

Tissue

Bacteria

Gradient of
chemotactic
MAMPs

Bloodstream

D.A. Bloes et al. Nature Reviews Microbiology (2014) doi:10.1038/nrmicro3390 

fMLP in micropipette

O. Weiner, J. Sedat and H. Bourne

https://www.youtube.com/watch?v=ZUUfdP87Ssg
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Chemotaxis induces cell polarization

Neutrophils

F-actin

MyosinII

Common mechanisms of chemotactic signaling

10µm

J. Xu et al. T. Mitchison and HR. Bourne. Cell, 114, 201–214 (2003)

HL-60 cells
(human leukemia)

G protein-coupled receptors are located in the cytoplasmic membrane of neutrophils and other leukocytes. FPR1 detects 

and GPR43 detect short-chain fatty acids (SCFAs), which are produced by fermenting bacteria. All four G protein-coupled 

Chemotaxis
IL-8 release
Oxidative burst

FPR1

Formyl
peptides

SCFAs

Sex
pheromones

Extracellular space

Intracellular space

Enterococcus faecalis
Enterococcus faecium

Listeria monocytogenes

Helicobacter pylori

??? PSMs

??? HP(2–20)

All bacteria
Fermenting
bacteria

FPR2 GPR41 or
GPR43

Staphylococcus aureus
CoNS

Gα

Gβ Gγ

Gα

Gβ Gγ

Gα

Gβ Gγ

Gα

Gβ Gγ

Chemotaxis

Superoxide
generation

Phagolysosome

PLCβ2–DAG–PKC
pathway

PI3K–AKT 
pathway

p38–ERK 
pathway

RHO
pathway

GPCR

Stimulus

Transcription
modulation

Nucleus

Extracellular space

Intracellular space

Ca2+

D.A. Bloes et al. Nature Reviews Microbiology (2014) doi:10.1038/nrmicro3390 

xx
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Individual Dictyostelium discoideum (Mycetozoa) cells are attracted by bacteria (folic acid) 
During swarming induced by starvation, cAMP is released by cells that attract neighboring cells
Waves (period T ~ 6 min) of cAMP induce wave of cell polarization and motility

Thomas Gregor lab - Institut Pasteur/ Princeton Univ
proxy of cAMP concentration 

via the heat colormap

Chemotaxis of the slime mold Dictyostelium

Life cycle

https://www.youtube.com/watch?v=oYRF7BaaaJY

MPI Dynamics and Self-Organisation (Goettingen) - Bodenschatz and  Westendorf labs

cell movement

cAMP wave movement
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Carole Parent lab at the University of Michigan Life Sciences Institute.

Dictyostelium discoideum cells are attracted by cAMP released in a gradient from a pipette

cAMP

Chemotaxis of the slime mold Dictyostelium

Cells respond to a gradient of cAMP
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Chemotaxis induces cell polarization

Dictyostelium

AR. Kimmel and CA. Parent Science 300:1525-1527 (2003)

xx

10 µ ︎m 

Folate

Folate receptor
(GPCR)
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10 µ ︎m 

cell movement

cAMP wave movement

PIP3 sensor 

(PH-GFP) 

cAMP wave movement

cell movement

Chemotaxis induces cell polarization

Dictyostelium

AR. Kimmel and CA. Parent Science 300:1525-1527 (2003)

P. Devreotes lab 

(Johns Hopkins)
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The chemotactic response pathways

signal sensing 

cell polarization

Pseudopod

Lamellipodium

Filopodium

a  Protrusion-based mechanisms 

stress fibre bundle
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protein
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Confined 3D space
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Linear
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Branched
actin network

Local
increases
in cortical
tension

flow
retrograde flow

in vivo context, migrate via extension of blebs (bottom), which are generated through local increases in cortical tension 

a  Polarization of intracellular
     signalling molecules

b  Signal transmission 

Shallow gradient of directional cues 

Signal sensing by receptor

Signal transmission 

ROCK activation 

Myosin II light chain
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Rho-family GTPases

PH domain-containing
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• Actin polymerization 
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S. SenGupta, C. A. Parent and J. E. Bear, 

Nature Rev Mol. Cell Biol.  (2021) 
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Cell polarization
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signal sensing 

cell polarization

mechanical response

receptor

transduction 
network

Gß

PIP3

F-actin Myosin2

R E P O R T S  

gradients formed by the micropipettes (Fig. 2). 

About 70% of the tagged GPy subunits were 
associated with the plasma membrane, and 30% 
remained in the cytosol (16). The fluorescent 
signals associated with the membrane were dis- 
tributed in a shallow anterior-posterior gradient, 
with a higher concentration at the anterior end. 
When the micropipette was repositioned, the 
cells often turned their anterior ends toward the 
newly established chemoattractant gradient, in- 
dicating that these differentiated cells were 
highly polarized. The distribution of GFP-GP 
was compared with that of the chemoattractant 
receptor for CAMP, cAR1, fused to GFP 
(cAR1-GFP). In contrast to the polarized distri- 
bution of GFP-GP, the receptors were distrib- 
uted uniformly along the cell surface (Fig. 3). 
As the cells were undergoing rapid morpholog- 
ical changes associated with chemotaxis, the 
polarized distribution of the membrane-associ- 
ated GFP-GP and the uniform distribution of 
cAR1-GFP were maintained (1 7). 

Activation of G protein-linked signaling 
systems was visualized in living cells by moni- 
toring the recruitment of a PH domain to bind- 
ing sites on the inner face of the plasma mem- 
brane (3, 4). Recruitment of PH domain-con- 
taining proteins to the membrane is an indicator 
of relative sensitivity to the chemoattractant. 
Cells expressing the cytosolic regulator of ad- 
enylyl cyclase (CRAC) or its PH domain fused 
to GFP (CRAC-GFP or pHc,,-GFP) were dif- 
ferentiated to the aggregation stage, when cells 
display strong morphological and behavioral 
polarity (6, 7). Before stimulation with CAMP, 
the pH,,,-GFP fluorescent signal was distribut- 

ed uniformly throughout the cytosol(18). When 
a low concentration of stimulus was uniformly 
applied, pH,,,-GFP was preferentially recruited 
to the inner surface of the membrane at the 
anterior of the cell and was depleted from the 

cytosol in the posterior of the cell. Within sec- 
onds after stimulation, pHc,,-GFP then diffused 
back to the cytosol throughout the entire cell 
(Fig. 4). Higher concentrations of chemoattrac- 
tant resulted in a less pronounced asymmetric 
recruitment of pH,,,-GFP. These observations 
suggest that the anterior region of a highly po- 
larized cell displays a higher sensitivity to che- 
moattractant because there is a higher concen- 
tration of GPy subunits at the front. 

To determine whether the asymmetric dis- 
tribution of GPy subunits and generation of 
binding sites for PH domains depend on the 
actin cytoskeleton, we treated cells with latrun- 
culin A, which inhibits actin polymerization (3, 

19). During treatment, cells rapidly lost polarity 
and became rounded and immobile. Within 
minutes, the asymmetric distribution of GFP- 
GP was no longer detected, and the protein was 
uniformly distributed along the plasma mem- 
brane and within the cytosol of the rounded 
cells (Fig. 4). Accordingly, when the latrunculin 
A-treated cells were stimulated with a uniform- 
ly applied low concentration of CAMP (1 0 nM), 

binding sites for CRAC-GFP were generated cated to the region of the surface closest to the 
along the entire cell perimeter (20). The irnmo- micropipette and followed the micropipette 
bilized cells were still capable of directional with time lag of about 10 s (Fig. 4). 
sensing, but sensitivity was now uniformly dis- The latrunculin A experiments suggest 
tributed. When the micropipette was moved that the anterior-posterior distribution of GPy 

around the cell, the distribution of GFP-GP subunits depends on the intrinsic polarization 
remained uniform, but CRAC-GFP translo- of the cell and does not require prior exposure 

Fig. 2. Distribution of CFP-Gp during chemotaxis. 
(A) Chemotactic response of GFP-Cp/gp cells in a 
micropipette assay was observed under a fluores- 
cence microscope (77). Two fluorescent images cap- 
tured at time 0 and 90 s after the micropipette was 
placed for 10 min are shown. The position of the 
rnicropipette is indicated by the white dots. (8) The 

chemotactic GFP-Gplgp cells were observed under a confocal microscope (77). Two confocal 
fluorescent images captured at time 0 and 60 s after the micropipette was placed for 10 min are 
shown. The micropipette i s  located near the upper right corners of the images. Animated versions 
of these figures are available on Science Online (26). 

Fig. 3. Quantitation of A 
cellular distribution of 
CFP-CP and cAR1- 
GFP in chemotactic 
cells. (A) Confocal im- 
ages of GFP-GP and 
cAR1-GFP in chemo- 
taxing cells. A GFP- 
GPIgP- cell and a 
cAR1-CFPIcarl- cell 
are chemotactically 
moving toward the 
upper middle of the 
frames (17). Distribu- 
tion of CFP-CP sub- 
units and of cAR1-GFP 
is shown as intensity 
of the fluorescent sig- 
nals. Color bar shows 
arbitrary intensity of 
fluorescence. a, b, c, 
and d represent points B cAR1 -GFP 

on the cell surface. 

I 
Animated this experiment versions are of .z Po.[ .( 
available on Science g 
Online (26). (8) Quan- I \ .;- Ikk+ ,+,.*A. 

titative analyses of i \ 

the distribution of o 20 o 30 o 30 o 30 

GFP-GP and cAR1- Distance (lrrn) 

GFP. Confocal fluores- 
cent images were analyzed with a two-dimensional analysis program (Noran). Fluorescence 
intensities were measured along the lines a to c and b to  d and plotted as a function of distance. 
Asymmetric distribution of fluorescent signals was observed in 18 out of 21 GFP-CPIgP- cells in 
a chemotaxis event, whereas the other three were not well polarized. 

www.sciencemag.org SCIENCE VOL 287 11 FEBRUARY 2000 

Gß-GFP cAR1-GFP

AktPH-GFP

Meili et al, R.A. Firtel. EMBO Journal 18:2092–2105 (1999)

T. Jin. et al. P. Devreotes Science18:2092–2105 (1999)
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Cell polarity affects sensitivity to chemical gradient 
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• Cells exhibit a behavioral polarity, i.e. their capacity to respond to a 
chemical cue, which reflects/depends on their morphological 
polarity/locomotion 

1. Cell persistence in moving cells with uniform chemoattractant: 
—Cell protrusions form near preexisting ones

t he ant er i or 20%of an el ongat ed cel l , but can ar i se f r omt he

ant er i or 80%of a compact cel l .

Onl y by obser vi ng cel l s i n t he pr ocess of t ur ni ng i s t he ext ent

of t he cel l pol ar i t y f ul l y appr eci at ed. Anal ysi s of t he cel l

movement f r om t r aci ngs of cel l pat hs, wher e t he pat hs ar e

consi der ed t o consi st of st r ai ght r egi ons i nt er cept ed by t ur ns,

has shown t he mean angl e of t ur n t o be bet ween 30° and 50°

( 25) . However , t he magni t ude of t he t ur n anal yzed i n t hi s way

i s mor e a r ef l ect i on of t he t i me t hat t he cel l cont i nues t o f avor

one si de of an exi st i ng pseudopod t han of t he l ocat i on on t he

cel l sur f ace t hat i ni t i at es t he pseudopod, as has been suggest ed

pr evi ousl y ( 1) .

Pol ar i t y and t he Rat e of Locomot i on

To det er mi ne whet her t he pol ar behavi or i s a r esul t of a

dynami c pr oper t y of a movi ng cel l , we exami ned t he behavi or

as a f unct i on of t he r at e of l ocomot i on. Cel l s wer e st i mul at ed

FI GURE 2

 

Tr aci ngs of human PMNs movi ng i n homogeneous con-

cent r at i ons of 1 x 10- 7 Mf NOr I eLUeF̀ he . The sequent i al t r aci ngs, 40
s apar t , decr ease i n densi t y . One sees t hat most newcel l pr oj ect i ons

ar i se f r om exi st i ng pseudopods, even when a cel l t ur ns ( A, 8, and

D) . C i l l ust r at es t he except i on, an i nst ance when i n t he f our t h
out l i ne a new pseudopod ar i ses f r om a r egi on of t he cel l t hat had

not been ext endi ng a pseudopod. I n t he f i f t h and si xt h out l i ne, t hi s

pseudopod gr ows and det er mi nes t he newdi r ect i on t aken by t he
cel l .

TABLE I

Angl e of Tur n per 40 and 160 s

t o move at di f f er ent r at es by i ncubat i ng t hem i n var i ous

concent r at i ons of chemot act i c pept i de. As seen i n Fi g. 3 a, t he

r at e of l ocomot i on of human PMNs eval uat ed by t r aci ng cel l

pat hs f r om t i me- l apse f i l ms i ncr eases near l y 100%when t he

concent r at i on of f Nor l eLeuPhe i s i ncr eased f r om10- 9 t o 10- 7

M. The f ast er - movi ng cel l s exhi bi t l onger mean- f r ee pat hs

( def i ned as t he di st ance bet ween changes i n di r ect i on of 20° or

mor e) as seen i n Fi g. 3 6. The f r equency of t ur ns ( i . e . , t ur ns per

t i me i nt er val ) , eval uat ed ei t her as t he sumof degr ees change i n

di r ect i on over a 160- s i nt er val or t he mean angl e of t ur n per 40

s, shows no si gni f i cant cor r el at i on wi t h t he r at e of l ocomot i on

( Tabl e I ) . I n f act , t her e i s a t endency f or t he sumof t ur ns t o

i ncr ease wi t h i ncr easi ng concent r at i on of pept i de, but t he

di f f er ence i s not st at i st i cal l y si gni f i cant . Thus, al t hough t he

r api dl y movi ng cel l moves f ar t her bet ween t ur ns t han a sl owl y

movi ng cel l , t he number of t ur ns made over a gi ven per i od of

t i me i s not al t er ed .

The per si st ence of di r ect i on of l ocomot i on was al so exami ned

i n cel l s af t er t hey wer e t r ansi ent l y st opped. I mmedi at el y af t er

i ncr easi ng t he concent r at i on of a chemot act i c pept i de, t he cel l s

st op t r ansl ocat i on ( 27) . At t hi s t i me, r uf f l es ar e pr esent over

most of t he sur f ace, except f or t he ur opod ( Fi g. 4) . We exam-

i ned t he r el at i onshi p bet ween t he di r ect i on of l ocomot i on t hat

t he cel l r esumes and t he di r ect i on bef or e t he si mul t at i on . As

seen i n Fi g. 5, cel l s exhi bi t i ng l ocomot i on ( and havi ng a ur opod

st r uct ur e) at t he t i me t hey ar e st opped t end t o r esume l oco-

mot i on i n t he same di r ect i on . Changes i n t he di r ect i on of

c
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FI GURE 3

 

( a) vel oci t y ( r at e of l ocomot i on i n pLm/ mi n) or ( b) mean-

f r ee pat h ( di st ance moved bet ween t ur ns of , 20°) as a f unct i on of

f Nor l eLeuPhe concent r at i on . Dat a ar e pl ot t ed as t he mean ± SD.

Mean angl e of change i n di r ect i on over a 40- s or a 160- s i nt er val , as det er mi ned f r om t r aci ngs of cel l s movi ng i n var i ous concent r at i ons of f Nor LeuLeuPhe .
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10- 9 M 10- e M 10- 7 M 10- 6 M 10- 5 M

Mean angl e of t ur n per 40 s

x 23. 37 23. 67 25. 93 29. 02 27. 17

N 188 145 216 203 125
SEM 1 . 96 2. 29 2. 15 2. 33 2. 56

Sumof degr ees t ur ned per 160 s

x 90. 0 75. 3 98. 7 107. 4 114. 3
N 44 33 52 49 28

SEM 7. 6 7. 3 8. 2 8 . 2 12. 8

El l i ot t Schi f f mann at t he Nat i onal I nst i t ut e of Dent al Heal t h and Dr . Ri char d

Fr eer at Uni ver si t y of Vi r gi ni a Medi cal Col l ege, Ri chmond, Va. C5a, a spl i t
pr oduct of compl ement f act or 5, was a gi f t of Henr y Showel l of Far mi ngt on,
Conn. Col chi ci ne was obt ai ned f r omSi gma Chemi cal Co. , St . Loui s, Mo. Cel l s
wer e exami ned i n Hanks' Bal anced Sal t Sol ut i on ( HBSS) cont ai ni ng 1%Knox
gel at i n ( HBSS- gel ) .

Cel l s

Human per i pher al bl ood PMNs wer e obt ai ned f r om cl ot pr eps. A dr op of
bl ood f r oma f i nger pr i ck was al l owed t o cl ot on a cover sl i p i ncubat ed i n a moi st
chamber at 37 ° Cf or 45 mi n. Ther ed bl ood cel l s and pl asma wer e t hen washed
of f wi t h physi ol ogi cal sal i ne ( 0. 9%NaCI ) , l eavi ng a monol ayer of whi t e cel l s .

Fi l mi ng

Fi l mi ng was done at 15 or 20 f r ames/ mi n usi ng a x 16 obj ect i ve and a x 6
ocul ar on a Zei ss mi cr oscope adapt ed wi t h a Bol ex camer a anda Sage t i me- l apse
appar at us ( Or i on Resear ch, I nc. , Cambr i dge, Mass . 02139) . The t emper at ur e was
cont r ol l ed by a Sage ai r cur t ai n. Al l sol ut i ons wer e equi l i br at ed t o 36' C bef or e
use.

I n st udi es on r at es of l ocomot i on and t ur ni ng behavi or , 3 dr ops of t he pept i de
i n HBSS- gel wer e appl i ed t o cel l s on a cover sl i p, whi ch was t hen i nver t ed ont o

a mi cr oscope sl i de and seal ed wi t h a vasel i ne- par af f i n mi xt ur e. Fi l mi ng began
af t er 5 mi n, when t he t r ansi ent ef f ect s of t he pept i de had di mi ni shed and t he cel l s

had begun l ocomot i on . The ar ea of t he sl i de t o be f i l med was sel ect ed f or an
appr opr i at e cel l densi t y. Fr equent cel l - cel l col l i si ons at hi gh cel l densi t i esdecr ease

t he sequences t hat ar e usef ul f or anal ysi s. I n st udi es on t he i ni t i at i on and
r ever si bi l i t y of or i ent at i on, avi sual chemot axi s chamber was used ( 24) . Mai nt e-

nance of f ocus dur i ngf i l mi ng was i mpr oved wi t h hemocyt omet er cover sl i ps . The
f i r st f r ame of i ni t i at i on sequences began wi t h t he i nt r oduct i on of pept i de, andt he

f i r st f r ame of r ever sal sequences began wi t h t he i nt r oduct i on of pept i de i nt o t he
wel l i n t he newdi r ect i on of t he gr adi ent . Rever sal wasaccompl i shed by r emovi ng

t he pept i de sol ut i on f r omt he wel l wi t h a 1- ml syr i nge and a 21- gauge needl e .
Neut r al sol ut i on was t hen pl aced i n t he empt y wel l wi t h a Past eur pi pet t e. The

samepr ocedur e was t hen used t oempt y t hepr evi ousl y neut r al wel l and i nt r oduce
t he pept i de t o r ever se t he gr adi ent .

Dat a Anal ysi s

Thef i l ms wer e pr oj ect ed by aL- Wf i l manal yzer ( L- WI nt er nat i onal , Wood-
l and Hi l l s, Cal i f ) , and t he out l i nes of t he cel l s wer e t r aced . Af t er t he cel l s i n t he
f i r st f r ame wer e number ed, each cel l pat h was t r aced by dr awi ng successi ve cel l
out l i nes at i nt er val s ( of 30 or 40 s, dependi ng on t he par t i cul ar st udy) . Cel l
or i ent at i ons i n a gr adi ent wer e measur ed as t he angl e bet ween t he cel l pol ar i t y
vect or ( a l i ne f r omt he cent er of cel l mass t o t he mi dpoi nt of t he f r ont of t he
l amel l i podi um) and t he vect or per pendi cul ar t o t he pept i de wel l , e, g. , a cel l goi ng
di r ect l y up t he gr adi ent woul d have an or i ent at i on of 0' .

When anal yzi ng t he mean- f r ee pat h, a " t ur n" was def i ned as a change i n
di r ect i on, i . e. , cent er of mass movement over 2 mi n, >20' f r omt he pr evi ous 2-
mi n t i me per i od . For t he summat i on of t ur ns per t i me, vect or s i ndi cat i ng t he
di r ect i on of movement wer e dr awn f or each cel l ever y 30 s, and t he sumof t he
angl es t ur ned, l ef t and r i ght , was det er mi nedover a 2- mi n i nt er val . Thr ee separ at e
sl i de pr epar at i ons f or 10- ' M, t wo f or l 0- e M, 10- e M, and 10- ' M, and one f or
10- 9 Mf Nor l eLeuPhe wer e anal yzed .

To t est t he si gni f i cance of t he r esul t , t he " F- t est " was used. Because t he
var i ances bet ween sl i des at t he same concent r at i on of pept i de wer e not si gni f i -
cant l y di f f er ent , we use n, t he number of i ndependent obser vat i ons, as t he cel l
number and not t he number of sl i des.

Thest udi es wi t h t he mi cr opi pet t e wer e done i n col l abor at i on wi t h Dr . Dani el
Ki ehar t ( cur r ent l y at t he Depar t ment of Anat omy, Johns Hopki ns Uni ver si t y) . A
mi cr opi pet t e wi t h a t i p di amet er bet ween 0. 5 and 1 l am was used. Adr op of
mer cur y was dr awn i nt o t he pi pet t e, f ol l owed by a dr op of mi ner al oi l . Then - - 1
nl of 10' Mf Met Met Met was dr awn i nt o t he pi pet t e, f ol l owed by an equal
vol ume of Wesson oi l . Af t er t he pi pet t e was moved by means of a mi cr omani p-
ul at or t o t he vi ci ni t y of t he cel l t o be t est ed, t he Wesson oi l was expel l ed. The
pi pet t e was t hen r api dl y adj ust ed so t hat t he t i p was about 1 cel l di amet er away
f r omt he cel l , and t he l ocat i on of t hepi pet t er el at i ve t o t he di r ect i on of l ocomot i on
by t he cel l was r ecor ded, The cel l r esponse was obser ved i n t he mi cr oscope and
t he t i mes up t o t he cel l ' s f i r st t ur n and cor r ect or i ent at i on ( t 10°) t owar d t he
pi pet t e wer e r ecor ded . For cont r ol t est s, HBSS was dr awn i nt o t he pi pet t e,
f ol l owed by t he Wesson oi l . Agai n, t he oi l was expel l ed and t he pi pet t e si t uat ed
appr oxi mat el yone cel l di amet er f r oma cel l . For st udi es on t heef f ect of col chi ci ne,
cel l s wer e pr ei ncubat ed f or at l east 50 mi n i n 10' Mcol chi ci ne bef or e bei ng
t est ed.
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El ect r on Mi cr oscopy

For scanni ng el ect r on mi cr oscopy, cel l s on gl ass cover sl i ps wer e f i xed i n 2. 5%

gl ut ar al dehyde i n 0. 1 Mcacodyl at e, pH7. 2 . Cel l s wer e post f i xed i n I %osmi um

t et r aoxi de i n 0. 1 Mcacodyl at e . The cel l s wer e dehydr at ed t hr ough gr adual

changes of met hanol . Cel l s i n 100%met hanol wer e put di r ect l y i nt o l i qui d COz
i n a Sor val l cr i t i cal poi nt dr yi ngappar at us( DuPont I nst r ument s- Sor val l , DuPont

Co. , Newt own, Conn. ) . Themet hanol was car ef ul l y f l ushed out bef or e t he cel l s
wer e cr i t i cal - poi nt dr i ed. Af t er dr yi ng, t hey wer e shadowed wi t h about 50 A
gol d/ pal l adi um 60/ 40. The speci mens wer e exami ned i n an AMR1000Ami cr o-
scope at 20 kV.

RESULTS

To det er mi ne whet her t he pol ar mor phol ogy char act er i st i c of

l ocomot i ng PMNs cont r i but es t o t he cel l behavi or , we exam-

i ned t he r el at i onshi p of t he mor phol ogi cal pol ar i t y t o t he

behavi or under t hr ee di f f er ent condi t i ons : ( a) cel l s l ocomot i ng

i n a homogeneous sol ut i on, or ( b) exposed t o an i ncr ease i n t he

concent r at i on of a chemot act i c f act or , and ( c) cel l s subj ect t o

a change i n t he di r ect i on of a chemot act i c gr adi ent .

Cel l Behavi or i n Homogeneous Sol ut i ons

The pat t er ns of t ur ns exhi bi t ed by cel l s l ocomot i ng i n a

homogeneous sol ut i on demonst r at e a pol ar i t y of t he cel l be-

havi or . Anal ysi s of t he change i n di r ect i on of movement over

160- si nt er val s shows a di st r i but i on wi t h a mode of 0° and f ew

changes i n di r ect i on over t hi s t i me i nt er val >90' ( Fi g . 1) . These

r esul t s ar e consi st ent wi t h t hose of Al l an and Wi l ki nson ( 2) .

Fur t her mor e, anal ysi s of cel l s exhi bi t i ng a t ur n i ndi cat es t hat

even t ur ns of l ar ge angl es ar e usual l y achi eved t hr ough a ser i es

of smal l t ur ns and not by t he cel l suddenl y sendi ng out a new

pseudopod at an angl e obt use t o t he pr evi ous di r ect i on of

l ocomot i on. Rat her , as i l l ust r at ed i n Fi g. 2, new pseudopods

cont i nual l y ext end near t he cel l f r ont , and a t ur n i s usual l y

achi eved by ext ensi on of t he l at er al por t i on of an exi st i ng

pseudopod and wi t hdr awal of cyt opl asm f r omt he ot her si de

( Fi gs . 2 A and B) . Onl y occasi onal l y does a cel l t ur n by

i ni t i at i ng a new pseudopod f r oma r egi on of t he cel l sur f ace

not pr evi ousl y ext endi ng pseudopods ( Fi g . 2 C) . The per cent -

age of t he cel l l engt h t hat pr oj ect s newpseudopods var i es wi t h

t he degr ee of cel l el ongat i on. Pr oj ect i ons t end t o be l i mi t ed t o

FI GURE 1

 

Di st r i but i on of changes i n di r ect i on over 160- s i nt er val s .
Human PMNs wer e f i l med l ocomot i ng i n 10- 9 Mf Nor l eLeuPhe.
Cel l out l i nes wer e t r aced ever y 40 s, and t he sumof change i n
di r ect i on of movement af t er ever y f our out l i nes was eval uat ed . Dat a
r epr esent anal ysi s of ni ne cel l s sel ect ed r andoml y .

S. Zygmond et al. JCB. 89: 585-592 (1981)  

10-7 M fNorleLeuPhe 

10-9 M fNorleLeuPhe 

summed angle 
directional change 

2. Increasing the concentration of chemoattractant increases the production of 
protrusion at the front (but the frequency of turn does not change)

t he ant er i or 20%of an el ongat ed cel l , but can ar i se f r omt he

ant er i or 80%of a compact cel l .

Onl y by obser vi ng cel l s i n t he pr ocess of t ur ni ng i s t he ext ent

of t he cel l pol ar i t y f ul l y appr eci at ed. Anal ysi s of t he cel l

movement f r om t r aci ngs of cel l pat hs, wher e t he pat hs ar e

consi der ed t o consi st of st r ai ght r egi ons i nt er cept ed by t ur ns,

has shown t he mean angl e of t ur n t o be bet ween 30° and 50°

( 25) . However , t he magni t ude of t he t ur n anal yzed i n t hi s way

i s mor e a r ef l ect i on of t he t i me t hat t he cel l cont i nues t o f avor

one si de of an exi st i ng pseudopod t han of t he l ocat i on on t he

cel l sur f ace t hat i ni t i at es t he pseudopod, as has been suggest ed

pr evi ousl y ( 1) .

Pol ar i t y and t he Rat e of Locomot i on

To det er mi ne whet her t he pol ar behavi or i s a r esul t of a

dynami c pr oper t y of a movi ng cel l , we exami ned t he behavi or

as a f unct i on of t he r at e of l ocomot i on. Cel l s wer e st i mul at ed

FI GURE 2

 

Tr aci ngs of human PMNs movi ng i n homogeneous con-

cent r at i ons of 1 x 10- 7 Mf NOr I eLUeF̀ he . The sequent i al t r aci ngs, 40
s apar t , decr ease i n densi t y . One sees t hat most newcel l pr oj ect i ons

ar i se f r om exi st i ng pseudopods, even when a cel l t ur ns ( A, 8, and

D) . C i l l ust r at es t he except i on, an i nst ance when i n t he f our t h
out l i ne a new pseudopod ar i ses f r om a r egi on of t he cel l t hat had

not been ext endi ng a pseudopod. I n t he f i f t h and si xt h out l i ne, t hi s

pseudopod gr ows and det er mi nes t he newdi r ect i on t aken by t he
cel l .

TABLE I

Angl e of Tur n per 40 and 160 s

t o move at di f f er ent r at es by i ncubat i ng t hem i n var i ous

concent r at i ons of chemot act i c pept i de. As seen i n Fi g. 3 a, t he

r at e of l ocomot i on of human PMNs eval uat ed by t r aci ng cel l

pat hs f r om t i me- l apse f i l ms i ncr eases near l y 100%when t he

concent r at i on of f Nor l eLeuPhe i s i ncr eased f r om10- 9 t o 10- 7

M. The f ast er - movi ng cel l s exhi bi t l onger mean- f r ee pat hs

( def i ned as t he di st ance bet ween changes i n di r ect i on of 20° or

mor e) as seen i n Fi g. 3 6. The f r equency of t ur ns ( i . e . , t ur ns per

t i me i nt er val ) , eval uat ed ei t her as t he sumof degr ees change i n

di r ect i on over a 160- s i nt er val or t he mean angl e of t ur n per 40

s, shows no si gni f i cant cor r el at i on wi t h t he r at e of l ocomot i on

( Tabl e I ) . I n f act , t her e i s a t endency f or t he sumof t ur ns t o

i ncr ease wi t h i ncr easi ng concent r at i on of pept i de, but t he

di f f er ence i s not st at i st i cal l y si gni f i cant . Thus, al t hough t he

r api dl y movi ng cel l moves f ar t her bet ween t ur ns t han a sl owl y

movi ng cel l , t he number of t ur ns made over a gi ven per i od of

t i me i s not al t er ed .

The per si st ence of di r ect i on of l ocomot i on was al so exami ned

i n cel l s af t er t hey wer e t r ansi ent l y st opped. I mmedi at el y af t er

i ncr easi ng t he concent r at i on of a chemot act i c pept i de, t he cel l s

st op t r ansl ocat i on ( 27) . At t hi s t i me, r uf f l es ar e pr esent over

most of t he sur f ace, except f or t he ur opod ( Fi g. 4) . We exam-

i ned t he r el at i onshi p bet ween t he di r ect i on of l ocomot i on t hat

t he cel l r esumes and t he di r ect i on bef or e t he si mul t at i on . As

seen i n Fi g. 5, cel l s exhi bi t i ng l ocomot i on ( and havi ng a ur opod

st r uct ur e) at t he t i me t hey ar e st opped t end t o r esume l oco-

mot i on i n t he same di r ect i on . Changes i n t he di r ect i on of

c
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FI GURE 3

 

( a) vel oci t y ( r at e of l ocomot i on i n pLm/ mi n) or ( b) mean-

f r ee pat h ( di st ance moved bet ween t ur ns of , 20°) as a f unct i on of

f Nor l eLeuPhe concent r at i on . Dat a ar e pl ot t ed as t he mean ± SD.

Mean angl e of change i n di r ect i on over a 40- s or a 160- s i nt er val , as det er mi ned f r om t r aci ngs of cel l s movi ng i n var i ous concent r at i ons of f Nor LeuLeuPhe.
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10- 9 M 10- e M 10- 7 M 10- 6 M 10- 5 M

Mean angl e of t ur n per 40 s

x 23. 37 23. 67 25. 93 29. 02 27. 17

N 188 145 216 203 125
SEM 1 . 96 2. 29 2. 15 2. 33 2. 56

Sumof degr ees t ur ned per 160 s

x 90. 0 75. 3 98. 7 107. 4 114. 3
N 44 33 52 49 28

SEM 7. 6 7. 3 8. 2 8 . 2 12. 8
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i s mor e a r ef l ect i on of t he t i me t hat t he cel l cont i nues t o f avor

one si de of an exi st i ng pseudopod t han of t he l ocat i on on t he

cel l sur f ace t hat i ni t i at es t he pseudopod, as has been suggest ed
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as a f unct i on of t he r at e of l ocomot i on. Cel l s wer e st i mul at ed
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most of t he sur f ace, except f or t he ur opod ( Fi g. 4) . We exam-

i ned t he r el at i onshi p bet ween t he di r ect i on of l ocomot i on t hat
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FI GURE 4 SEMpi ct ur es i l l ust r at i ng t he di st r i but i on of cel l r uf f l es .

Cont r ol cel l s i n 1 X 10- 8 f Nor I eLeuPhe f or 30 mi n f or m r uf f l es
pr i mar i l y f r omt he f r ont ( A) . When t hese cel l s ar e t r eat ed wi t h 10'

Mf Nor I eLeuPhe f or 30 s, t hey f or m r uf f l es over t hei r sur f ace but

not over t he t ai l ( 8) . Bar , 10 P. m.

FI GURE 5 The angl e bet ween or i gi nal and r esumed di r ect i on of

l ocomot i on was eval uat ed i n cel l s t hat ei t her had ( whi t e bar s) or

had not wi t hdr awn ( st i ppl ed bar s) ur opods. Human PMNs wer e

f i l med dur i ng l ocomot i on i n 10- 9 Mf Nor I eLeuPhe . Addi t i on of 1

X 10- ' Mf Nor I eLeuPhe caused t he cel l s t o st op t r ansl ocat i on . When

t he cel l s r ecommenced l ocomot i on, t he new di r ect i on was com-

par ed t o t he or i gi nal di r ect i on and expr essed as degr ees change i n

di r ect i on ( st i ppl ed bar s) . Anot her pr epar at i on of cel l s was f i l med

dur i ng l ocomot i on i n 10- 9 Mpept i de but , bef or e t he addi t i on of
pept i de, t he cel l s wer e washed and i ncubat ed f or 5 mi n i n HBSS.

Dur i ng t hi s t i me, t he cel l s r ound and r esor b t hei r t ai l s . The cel l s

wer e t hen t r eat ed wi t h 10- ' Mf Nor I eLeuPhe, and, agai n, t he new

di r ect i on of l ocomot i on was compar ed wi t h t hat bef or e t r eat ment

( whi t e bar s) .
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l ocomot i on >90' ar e vi r t ual l y excl uded, j ust as t hey ar e i n a

cont i nual l y l ocomot i og cel l . Thus, per si st ence i n t he di r ect i on

of l ocomot i on i s not dependent on cont i nued movement by t he

cel l . Nor i s t he per si st ence af f ect ed by t he r uf f l es or l amel l i -

podi a over most of t he cel l sur f ace j ust bef or e t he r esumpt i on
of l ocomot i on .

Adi f f er ent r esul t i s obt ai ned i f cel l s ar eal l owed t o wi t hdr aw
t hei r ur opod andr ound up compl et el y bef or e st i mul at i on. Cel l s

wer e f i l med l ocomot i og i n t he pr esence of chemot act i c pept i de.

The pept i dewas t hen r emoved and r epl aced wi t h a HBSS- gel .
Agai n, t he cel l s st opped l ocomot i on. I f t he pept i de i s r et ur ned

i mmedi at el y, t he cel l s cont i nue l ocomot i on i n t he di r ect i on

t hey had been movi ng. However , i f t he cel l s ar e al l owed t o
r emai n i n t he HBSS f or - 10 mi n, most of t he cel l s wi t hdr aw
t hei r ur opods and have a r ound mor phol ogy . When t hese

r oundedcel l s ar e per f used wi t h pept i de, t hey f or mr uf f l es over
t hei r ent i r e sur f ace and spr ead symmet r i cal l y ont o t he sub-

st r at e . Af t er a shor t per i od t hey r esume l ocomot i on. As seen i n

Fi g. 4, t he newdi r ect i on of l ocomot i on i s not cor r el at ed wi t h

t he di r ect i on of l ocomot i on bef or e r oundi ng. Thus, t he com-

ponent of pol ar i t y i mpor t ant f or t he behavi or i s at l east r an-

domi zed, i f not l ost , i n a r ound cel l .

Pol ar Responses t o Chemot act i c Gr adi ent s

The r esponse of cel l s t o chemot act i c gr adi ent s al so r ef l ect s

t hei r pol ar i t y . Cel l s i n a chemot act i c gr adi ent r emai n r espon-

si ve t o changes i n t he gr adi ent and r ever se t hei r or i ent at i on

when t he gr adi ent i s r ever sed ( 25, 26) . However , r at her t han

f or mi ng a newpseudopod f r omt hei r t ai l , most cel l s r ever se
t hei r di r ect i on by mai nt ai ni ng t hei r pol ar i t y and wal ki ng

ar ound i n a ci r cl e as shown i n Fi g. 6. ( The gr adi ent was

r ever sed at t he t i me of t he f i r st dr awi ng, but i t t ook ~3 mi n f or

t he pept i de t o di f f use over t he br i dge and af f ect t he cel l s . ) Of

>25 cel l s f i l med r ever si ng t hei r di r ect i on i n t hr ee separ at e

t r i al s, no cel l f or med a pseudopod f r om i t s t ai l . Fur t her mor e,

anal ysi s of t r aci ng of cel l pat hs dur i ng t he r ever sal i ndi cat ed

t hat cel l s r ar el y pr oj ect ed anewpseudopod f r omt he post er i or

hal f of t hei r body . 80%of t he cel l s cl ear l y " wal ked ar ound" i n

a ci r cl e by maki ng a ser i es of smal l t ur ns i ni t i at ed near t hei r

FI GURE 6

 

Tr aci ng of human PMNout l i nes at 30- s i nt er val s f r om a

t i me- l apse f i l m. Thecel l was or i gi nal l y or i ent ed t owar d a chemot ac-
t i c f act or i n t he r i ght wel l ( gr adi ent of 0- 10- 5 Mf Met Met Met acr oss
t he br i dge) . At t he t i me of t he f i r st pr of i l e, t he gr adi ent was r ever sed

and pept i de was added t o t he l ef t wel l . The l ong ar r ow i ndi cat es

t he di r ect i on of t he pr evi ous chemi cal gr adi ent . The shor t ar r ows

i ndi cat e t he di r ect i on of cel l movement at t he begi nni ng and end
of t hi s sequence .

Resumption of 
polarity after cell 
pauses:
Angle of new 
protrusion to 
previous polarity is 
small

t he ant er i or 20%of an el ongat ed cel l , but can ar i se f r omt he

ant er i or 80%of a compact cel l .

Onl y by obser vi ng cel l s i n t he pr ocess of t ur ni ng i s t he ext ent
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cel l sur f ace t hat i ni t i at es t he pseudopod, as has been suggest ed

pr evi ousl y ( 1) .

Pol ar i t y and t he Rat e of Locomot i on

To det er mi ne whet her t he pol ar behavi or i s a r esul t of a

dynami c pr oper t y of a movi ng cel l , we exami ned t he behavi or

as a f unct i on of t he r at e of l ocomot i on. Cel l s wer e st i mul at ed

FI GURE 2

 

Tr aci ngs of human PMNs movi ng i n homogeneous con-

cent r at i ons of 1 x 10- 7 Mf NOr I eLUeF̀ he . The sequent i al t r aci ngs, 40
s apar t , decr ease i n densi t y . One sees t hat most newcel l pr oj ect i ons

ar i se f r om exi st i ng pseudopods, even when a cel l t ur ns ( A, 8, and

D) . C i l l ust r at es t he except i on, an i nst ance when i n t he f our t h
out l i ne a new pseudopod ar i ses f r om a r egi on of t he cel l t hat had
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TABLE I

Angl e of Tur n per 40 and 160 s

t o move at di f f er ent r at es by i ncubat i ng t hem i n var i ous
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r api dl y movi ng cel l moves f ar t her bet ween t ur ns t han a sl owl y
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( a) vel oci t y ( r at e of l ocomot i on i n pLm/ mi n) or ( b) mean-

f r ee pat h ( di st ance moved bet ween t ur ns of , 20°) as a f unct i on of

f Nor l eLeuPhe concent r at i on . Dat a ar e pl ot t ed as t he mean ± SD.

Mean angl e of change i n di r ect i on over a 40- s or a 160- s i nt er val , as det er mi ned f r om t r aci ngs of cel l s movi ng i n var i ous concent r at i ons of f Nor LeuLeuPhe.
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10- 9 M 10- e M 10- 7 M 10- 6 M 10- 5 M

Mean angl e of t ur n per 40 s

x 23. 37 23. 67 25. 93 29. 02 27. 17

N 188 145 216 203 125
SEM 1 . 96 2. 29 2. 15 2. 33 2. 56

Sumof degr ees t ur ned per 160 s

x 90. 0 75. 3 98. 7 107. 4 114. 3
N 44 33 52 49 28

SEM 7. 6 7. 3 8. 2 8 . 2 12. 8
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FI GURE 4 SEMpi ct ur es i l l ust r at i ng t he di st r i but i on of cel l r uf f l es .

Cont r ol cel l s i n 1 X 10- 8 f Nor I eLeuPhe f or 30 mi n f or m r uf f l es
pr i mar i l y f r omt he f r ont ( A) . When t hese cel l s ar e t r eat ed wi t h 10'

Mf Nor I eLeuPhe f or 30 s, t hey f or m r uf f l es over t hei r sur f ace but

not over t he t ai l ( 8) . Bar , 10 P. m.

FI GURE 5 The angl e bet ween or i gi nal and r esumed di r ect i on of

l ocomot i on was eval uat ed i n cel l s t hat ei t her had ( whi t e bar s) or

had not wi t hdr awn ( st i ppl ed bar s) ur opods. Human PMNs wer e

f i l med dur i ng l ocomot i on i n 10- 9 Mf Nor I eLeuPhe . Addi t i on of 1

X 10- ' Mf Nor I eLeuPhe caused t he cel l s t o st op t r ansl ocat i on . When

t he cel l s r ecommenced l ocomot i on, t he new di r ect i on was com-

par ed t o t he or i gi nal di r ect i on and expr essed as degr ees change i n

di r ect i on ( st i ppl ed bar s) . Anot her pr epar at i on of cel l s was f i l med

dur i ng l ocomot i on i n 10- 9 Mpept i de but , bef or e t he addi t i on of
pept i de, t he cel l s wer e washed and i ncubat ed f or 5 mi n i n HBSS.

Dur i ng t hi s t i me, t he cel l s r ound and r esor b t hei r t ai l s . The cel l s

wer e t hen t r eat ed wi t h 10- ' Mf Nor I eLeuPhe, and, agai n, t he new

di r ect i on of l ocomot i on was compar ed wi t h t hat bef or e t r eat ment

( whi t e bar s) .
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l ocomot i on >90' ar e vi r t ual l y excl uded, j ust as t hey ar e i n a

cont i nual l y l ocomot i og cel l . Thus, per si st ence i n t he di r ect i on

of l ocomot i on i s not dependent on cont i nued movement by t he

cel l . Nor i s t he per si st ence af f ect ed by t he r uf f l es or l amel l i -

podi a over most of t he cel l sur f ace j ust bef or e t he r esumpt i on
of l ocomot i on .

Adi f f er ent r esul t i s obt ai ned i f cel l s ar eal l owed t o wi t hdr aw
t hei r ur opod andr ound up compl et el y bef or e st i mul at i on. Cel l s

wer e f i l med l ocomot i og i n t he pr esence of chemot act i c pept i de.

The pept i dewas t hen r emoved and r epl aced wi t h a HBSS- gel .
Agai n, t he cel l s st opped l ocomot i on. I f t he pept i de i s r et ur ned

i mmedi at el y, t he cel l s cont i nue l ocomot i on i n t he di r ect i on

t hey had been movi ng. However , i f t he cel l s ar e al l owed t o
r emai n i n t he HBSS f or - 10 mi n, most of t he cel l s wi t hdr aw
t hei r ur opods and have a r ound mor phol ogy . When t hese

r oundedcel l s ar e per f used wi t h pept i de, t hey f or mr uf f l es over
t hei r ent i r e sur f ace and spr ead symmet r i cal l y ont o t he sub-

st r at e . Af t er a shor t per i od t hey r esume l ocomot i on. As seen i n

Fi g. 4, t he newdi r ect i on of l ocomot i on i s not cor r el at ed wi t h

t he di r ect i on of l ocomot i on bef or e r oundi ng. Thus, t he com-

ponent of pol ar i t y i mpor t ant f or t he behavi or i s at l east r an-

domi zed, i f not l ost , i n a r ound cel l .

Pol ar Responses t o Chemot act i c Gr adi ent s

The r esponse of cel l s t o chemot act i c gr adi ent s al so r ef l ect s

t hei r pol ar i t y . Cel l s i n a chemot act i c gr adi ent r emai n r espon-

si ve t o changes i n t he gr adi ent and r ever se t hei r or i ent at i on

when t he gr adi ent i s r ever sed ( 25, 26) . However , r at her t han

f or mi ng a newpseudopod f r omt hei r t ai l , most cel l s r ever se
t hei r di r ect i on by mai nt ai ni ng t hei r pol ar i t y and wal ki ng

ar ound i n a ci r cl e as shown i n Fi g. 6. ( The gr adi ent was

r ever sed at t he t i me of t he f i r st dr awi ng, but i t t ook ~3 mi n f or

t he pept i de t o di f f use over t he br i dge and af f ect t he cel l s . ) Of

>25 cel l s f i l med r ever si ng t hei r di r ect i on i n t hr ee separ at e

t r i al s, no cel l f or med a pseudopod f r om i t s t ai l . Fur t her mor e,

anal ysi s of t r aci ng of cel l pat hs dur i ng t he r ever sal i ndi cat ed

t hat cel l s r ar el y pr oj ect ed anewpseudopod f r omt he post er i or

hal f of t hei r body . 80%of t he cel l s cl ear l y " wal ked ar ound" i n

a ci r cl e by maki ng a ser i es of smal l t ur ns i ni t i at ed near t hei r

FI GURE 6

 

Tr aci ng of human PMNout l i nes at 30- s i nt er val s f r om a

t i me- l apse f i l m. Thecel l was or i gi nal l y or i ent ed t owar d a chemot ac-
t i c f act or i n t he r i ght wel l ( gr adi ent of 0- 10- 5 Mf Met Met Met acr oss
t he br i dge) . At t he t i me of t he f i r st pr of i l e, t he gr adi ent was r ever sed

and pept i de was added t o t he l ef t wel l . The l ong ar r ow i ndi cat es

t he di r ect i on of t he pr evi ous chemi cal gr adi ent . The shor t ar r ows

i ndi cat e t he di r ect i on of cel l movement at t he begi nni ng and end
of t hi s sequence .

• Cell exhibit a behavioral polarity, their capacity to respond to a 
chemical cue, which reflects/depends on their morphological 
polarity/locomotion 

3. Cells U-turn when an opposite gradient is formed, instead of formation of pseudopod at the back

S. Zygmond et al. JCB. 89: 585-592 (1981)  

Migrating neutrophils (PMNs) exhibit 
persistent motility, and their 
morphological polarity (eg. front-back 
cytoskeletal polarity for instance, 
contractile at the back and protrusive 
at the front) biases their capacity to 
repolarise in response to external 
chemical cues.  
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t he cel l s r ecommenced l ocomot i on, t he new di r ect i on was com-
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di r ect i on ( st i ppl ed bar s) . Anot her pr epar at i on of cel l s was f i l med

dur i ng l ocomot i on i n 10- 9 Mpept i de but , bef or e t he addi t i on of
pept i de, t he cel l s wer e washed and i ncubat ed f or 5 mi n i n HBSS.

Dur i ng t hi s t i me, t he cel l s r ound and r esor b t hei r t ai l s . The cel l s
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Resumption of polarity after pause:
Angle of new protrusion to previous polarity

control: cell kept polarity

cells rounded up and lost 
trailing edge (uropod)

The trailing edge (uropod) is insensitive to chemoattractant
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• Insensitivity of the Neutrophils’ trailing edge to chemoattractant is prevented by inhibition of MyosinII activation  

control

Rock inhibition
(>MyosinII inhibition)

F-actin

MyosinII

F-actin

MyosinII

J. Xu et al. T. Mitchison and HR. Bourne. Cell, 114, 201–214 (2003)
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• Actin cytoskeleton assemblies (contractile and protrusive networks) are not simple readouts of cell polarity, 
but feedback on cell polarity and sensitivity to chemoattractant

• Amplification of signal detection and processing

Self-organizing cell polarity

Frontness

Backness

Local excitation (positive 
feedback loop)

Long range inhibition

Mechanochemical Turing like 

instability

J. Xu et al. T. Mitchison and HR. Bourne. Cell, 114, 201–214 (2003)
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Kymograph of surfaceT-stack

Self-organizing cell polarity

Oscillatory actin dynamics at the leading edge

• Actin polymerization at the leading edge is dynamic in space and time (waves and oscillations)

• This is a fast oscillator (5-10s period)

SCAR/WAVE

Arp2/3 coronin

actin

C.H. Huang et al. P. Iglesias and P. Devreotes. Nat Cell Biol. 15(11):1307-16 (2013)

Dictyostelium cells



Thomas LECUIT   2021-2022
�24

Yf

Xf

CON

excitable 

Fast 

oscillatory 

system

Protrusive 
forces

Stochastic 
fluctuations

c e

Undulations

SCAR/WAVE

Arp2/3 coronin

actin

Cytoskeletal Oscillatory Network - Fast

C.H. Huang et al. P. Iglesias and P. Devreotes. Nat Cell Biol. 15(11):1307-16 (2013)

Fast oscillator underlies small undulations to the cell boundaries and behaves as an idling motor system

Self-organizing cell polarity

Motility



Excitability: Bistability, Excitability and Oscillations. 
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Self-organization in 
nonequilibrium chemical 
systems:

• activator auto-activation

• inhibitor induction

A B

local
excitation

global
inhibition

DA < DB

x

[A]

[B]

t

x

Spatial instability

Decay rate: 

the decay rate of inhibitor must be lower than 

that other activator (rb<ra)

Existence of refractory period: time needed to 
clear inhibitor (or to re-synthesise depleted 
substrate)

rA > rB

rB

rA

t

t

[A]

[B]

x

A B
fast

slow

Temporal instability

(Note: the shells are a formal analogy, patterns are not driven by 
chemical instability, but by neural network Turing instabilities)

Hans Meinhardt. The algorithmic beauty of sea shells. Ed. Springer-Verlag (2009)

Boettiger A, Ermentrout B, Oster G. The neural origins of shell structure and pattern in aquatic mollusks. 

PNAS. 106(16):6837-42 (2009)



L. Gelens, G.A. Anderson and James Ferrel. MBoC  25:3486-3493. 2014

Excitability: Bistability, Excitability and Oscillations. 

• FitzHugh-Nagumo Model :
(heuristic model adapted for study of action potential)

Fast reaction

Slow reaction

e 

s 

<<1(          )

(nullclines in AB plane: steady state 
response of A to B and of B to A)
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Slow

Fast

dA

dt
= A – A3 – B

dB

dt
= ε(A – xB + y)

bistable (x = 2)

excitable (x = 1.5)
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Spatial temporal patterns of activity:   Trigger waves

• Spatial coupling by diffusion — Synchronization
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Excitability: Bistability, Excitability and Oscillations. 
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– diffusion

+ diffusion
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∂t

∂2A

∂x2= D

∂2B

∂x2= D

+

+

A – A3 – B

∂B

∂t
ε(A – xB + y)

diffusion reaction

L. Gelens, G.A. Anderson and James Ferrel. MBoC  25:3486-3493. 2014



• Diffusion is a mechanism for crossing the threshold in space

• a low A value state will increase its A concentration 
due to diffusion of nearby high A state

    but will relax back

• Higher diffusion increases rate of local propagation 
but makes it more transient

s
D

2

 
• Speed:

doubling time of + feedback

Thomas LECUIT   2021-2022

Excitability: Bistability, Excitability and Oscillations. 

Spatial temporal patterns of activity:   Trigger waves

L. Gelens, G.A. Anderson and James Ferrel. MBoC  25:3486-3493. 2014
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Yf

Xf
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excitable 

Fast 

oscillatory 

system

Protrusive 
forces

Stochastic 
fluctuations

c e

Undulations

SCAR/WAVE

Arp2/3 coronin

actin

Cytoskeletal Oscillatory Network - Fast

C.H. Huang et al. P. Iglesias and P. Devreotes. Nat Cell Biol. 15(11):1307-16 (2013)

Fast oscillator underlies small undulations to the cell boundaries and behaves as an idling motor system

Self-organizing cell polarity

Motility
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Slow excitable transduction network of polarisation 

Self-organizing cell polarity

5 µm

+LatAb d

R
B

D
P

H

12 18 min82

C.H. Huang et al. P. Iglesias and P. Devreotes. Nat Cell Biol. 15(11):1307-16 (2013)

Raf-RBD

Pi3K sensor

Ras

PI(3)K
Rac

Raf

• Signatures of excitable system: 

• Wave dynamics of 
directional sensing network 
(in absence of actin)

Pi3K sensor

0

1.2

0.8

0.4

–0.4

N
o

rm
a
liz

e
d

 r
e
s
p

o
n

s
e

–20

Stimuli Time (s)

12

16
20

28
36
44

52

Delay of second 

stimuli (s)

g

–10 0 10 20 30 40 50 60 70
0

1.2

0.8

0.4

N
o

rm
a
liz

e
d

 r
e
s
p

o
n

s
e

0

Delay of second stimuli (s)

10 20 30 40 50

f h

RBD

Low 

cAMP

High 

cAMP

Intensity ratio: 1.3 ± 0.2 

(n = 7)

5 µm

b d e

• Low intensity stimulation gives 
maximal response

• Refractory period of ~9s: 
— pair of stimulations at 2 
successive time points. The 
amplitude of the response to 
second cAMP stimulation 
increases with time delay
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C.H. Huang et al. P. Iglesias and P. Devreotes. Nat Cell Biol. 15(11):1307-16 (2013)

Coupling between two excitable networks

Self-organizing cell polarity
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Ys
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Integrated input
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STEN
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STEN
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• Integrated inputs, external chemical signals and internal noise, bias 

components of STEN and cause STEN to pass the threshold of activation

• CON is entrained to a larger more stable state associated with actin 

polymerization and cell protrusion

C.H. Huang et al. P. Iglesias and P. Devreotes. Nat Cell Biol. 15(11):1307-16 (2013)

Coupling between two excitable networks

Self-organizing cell polarity

Directional sensing

Motility

Protrusions

STEN

Undulations

CON

• Activation of the STEN by stochastic noise underlies random cell motility

• A cue that affects the threshold for excitation differently on opposite sides 
of a cell would be expected to guide cell migration. (e.g., inhibitor of PI(3)K 
can act as chemorepellent)
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Excitability, memory and persistence of motility

�33

• Cells are exposed to a dynamic gradient of cAMP

• Why don’t cells move backward in the back of the wave? 

• This is not by temporal gradient measurement but by a 

mechanism of cell memory

Thomas Gregor lab - Institut Pasteur/ Princeton Univ

proxy of cAMP 

concentration via 

the heat 

colormap

• Cell memory and persistence can be explained by 

refractory period intrinsic to excitable dynamics of polarity 

network: time scale of degradation of inhibitor.

• Cells are persistent when exposed to rapid and abrupt 

changes in chemoattractant, but depolarize in presence of 

slow, shallow gradient changes

Raf-GFP polarized recruitment is maintained when cells in a 0-100nM 
gradient are exposed to a uniform concentration of cAMP equal or greater 
than the concentration they had in the gradient

Skoge M, et al. (2014) PNAS 111(40):14448–14453 (2014) 

• When exposed to a dynamic gradient in microfluidic chamber, 
Dictyostelium cells show 9 min persistence of motility and 
polarity: the chemotactic index is lower but positive in the back 
of the wave up to a wave period T~10 min. This persistence of 
migration is indicative of a memory with a timescale similar to 
the Dictyostelium wave period (∼6 min) 

mean concentration of 50 nM with a relative spatial gradient of 17% across 10 μm 

Front Back

Time (min)

locity in the
CI = Vx/V, as
the wave. Cells

chemotactic index

wave period (min)
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P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 
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Persistent random walk underlies eukaryotic chemotaxis

—In absence of chemoattractant, bone marrow derived 
dendritic cells (BMDCs) have variable persistence time

—Dictyostelium: In uniform chemoattractant, cells 
undergo a random walk with a persistence time of ∼3–

10 min 

• Chemotaxis in Eukaryotic cells change the lifetime of persistent motility

• The default state is a random walk

• Chemotaxis causes a biased, persistent random walk 

• What underlies the variable persistence time in motility?
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P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 

�35

What underlies variable persistence?

A B

F

In all conditions, 1D, 2D, 3D, on adhesive or non-adhesive substrates, 
cells consistently show the same relation between persistence time 
and speed. It applies to mesenchymal and amoeboid motility

curve t =Aelv before
persistence speed

Persistence is coupled to cell speed

Bone Marrow derived Dendritic Cells (BMDC)
Retinal pigment epithelial cells (Rpe)



Thomas LECUIT   2021-2022
P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 
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C D

Cell persistence is coupled to actin flow speed

• The most commun feature of adhesive and non-adhesive 
motility is the existence of an actin retrograde flow 
driven by actin polymerization at the front and 
depolymerization at the back mediated by MyosinII 
contractility. 

• Frictional or adhesion based coupling to the substrate 
enables forward cell movement

• Experimental perturbations lead to 
different retrograde actin flow at 
constant/similar cell motility

• Across conditions, the persistence 
time of motility scales exponentially 
with actin flow speed.

exponential t =A0el
0
V (

between and cell• Cell motility v and actin flow speed V are linearly proportional, but across conditions the constant of proportionality 
is different. 
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P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 
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• actin flow reinforces cell polarity by enhancing the asymmetry of 
polarity cues by advection

vtcðx; tÞ # vx

h

~Vcðx; tÞ
i

=
~Dv2xcðx; tÞ+ vxzc; where ~V =Vkon=ðkon + koffÞ and

Gaussian white noise thatand ~D=Dkoff=ðkon + koffÞ

encompasses the fluctuationsdiffusion noiseadvection

cVðxÞ=Ce# ~Vx= ~D;At steady state:

E F

• Concentration profiles depend on retrograde flow
Increasing flow speed

• Polarization lifetime is enhanced by retrograde flow
And requires Myosin2 activity

Cell persistence is coupled to actin flow speed

Advection of flow regulators
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A model of flow dynamics predicts 3 regimes of motility

P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 
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A B C

V!
= bðc!ð0; tÞ $ c!ðL; tÞÞ;

c!ðx; tÞ=
cnðx; tÞ

Cn
s + cnðx; tÞ

:

• Experimental data are well fit by the model using these 2 
free parameters:

• The model which predicts the probability distribution of velocity, 
yields the exponential relation between velocity and polarity 
persistence time

• Prediction of 3 regimes based on 2 key parameters: 

—the coupling strength ßc between asymmetry of regulator c(t) 

and flow speed V. 

—the concentration of cues Cs above which activity is saturated

Brownian Persistent Intermittent
For b>bcð

‘sombrero

and Cs<C
c
sðbÞ,

around v = 0 and

For b>bcð

local minimum

and Cs<C
c
sðbÞ,

around v = 0 and

>For b>bcð

‘sombrero

<

D

G H I

E F
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Deterministic vs Self-organised Guidance

>>Interaction between cells and environment: 

cells generate/modify their own guidance cue through such interactions 

The structure of the environment matters (eg. confinement)

How do cells navigate over long range in situ 

(development, immune system, cancer)?

�39
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Decoding the chemical environment

P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 

�40

Precision 

Deterministic vs Stochastic decoding
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Deterministic vs Stochastic Guidance

Informed choice model

Dictyostelium discoideum

Informed choice model 

Reinforcement of most up gradient 
protrusion

compass choice model
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• Cells make many pseudopods 
are regular intervals and select 
the better ones up the gradient

improves alignement 
with gradient

• The pseudopod that are better 
aligned with gradient have an 
increased survival (bias for survival)

N. Andrew and R. Insall. Nature Cell Biol..2: 193-200 (2007) 



Chemotaxis occurs most efficiently when the ligand is present at close to the receptor’s dissociation 
constant (Kd). At substantially higher concentrations, the difference in receptor occupancy between the 

front and back of responding cells drops as the receptors become saturated, and chemotaxis becomes 
inefficient. Thus high attractant concentrations are incompatible with imposed gradients. 

Self-generated gradients work best when the chemoattractant concentration is saturating, and cells 
break it down to a such a level that their can resolve the steepness locally. 

in Dictyostelium, strong chemotactic responses to cAMP occur with 10 µM of attractant, and the 
receptor Kd is in the nM range

• Attractant breakdown leads to steep local, self-generated gradients

Why do cells often breakdown chemoattractants?

Thomas LECUIT   2021-2022

Chemotactic cells have a variety of mechanisms for depleting attractants: 

• Receptor-ligand endocytosis

O. Susanto et al., J. Cell Sci. 130, 3455–3466 (2017). 

G. L. Garcia, et al and C. A. Parent, Mol. Biol. Cell 20, 3295–3304 (2009). 

Melanoma metastasis: lysophosphatidic acid (LPA) degradation in melanoma cells by Lipid Phosphatases 

Dictyostelium: cAMP chemoattractant is degraded by the extracellular phosphodiesteras PdsA

• Cell surface enzymes that degrade attractants 

• Decoy receptors: the CXCR7 receptor competes with CXCR4 for binding to the ligand 
SDF1 in the zebrafish lateral line. CXCR7 does not signal and traps the ligand.

L. Tweedy, O. Susanto and R. Insall. Current Opinion in Cell Biology 42:46–51 (2016)

Tweedy L, Knecht DA, Mackay G, Insall RH: PLOS Biol 14:e1002404. (2016)  

Dona E, et al. and D. Gilmour. Nature 2013, 503:285-289. 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Self-generated gradients of chemotaxis

Tweedy L, Knecht DA, Mackay GM, Insall RH (2016)  PLOS Biology | 

DOI:10.1371/journal.pbio.1002404 

• Cells produce an activity that degrades the 
chemoattractant

• A gradient of attractant is formed at the 

edge of cell cluster, that steers cells forward 
leaving behind no attractant where cells have 
random motility.

• A front wave emerges that self-propagates

• Self-reinforcing process: if a few cells go pass 
the front, they will adopt random motility 
because they can’t produce a new gradient of 
chemoattractant which is also saturating. If 
attractant diffuses behind the front, it will 
attract more cells

�43
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More robust migration in self-generated gradients
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Self-generated versus passive chemotactic gradients

L. Tweedy et al., and R. Insall. Science 369, 1075 (2020)

https://doi.org/10.1126/science.aay9792 

 

Imposed gradient: 

— chemotaxis is not efficient because 
it is too shallow

Self-generated gradient: 

— chemotaxis works best at near 
saturation of receptor binding, allowing 
formation of a steep local gradient 

• Simulations

• Experiments

cAMP gradient

non degradable attractant 
Sp-cAMPS 

Dictyostelium cells in a

2.5 µM cAMP 

Persistent, biased random walk of cells in a bath with diffusion of attractant



Pathfinding in a maze using self-generated gradients
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Cells detect and avoid dead ends

σ
σ

C

0.25

8 10 12 14 16 18

P
D

F

Top channel count

σ=1.28

σ=2.45
Cells

Binomial

F

L. Tweedy et al., and R. Insall. Science 369, 1075 (2020) 
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• Cells enter T-junctions and are given a choice 
between entering a Free or a Dead end. 

• In a dead end, the chemoattractant is rapidly 
degraded and follower cells avoid the dead 
end.  
This results in a statistical bias in the 
distribution. 
This bias increases at the dead end is shorter

• When cells split between two free ends at a T-
junction, they partition between the two 
channels with greater precision than expected 
by chance.  
If a cell enters a channel, the attractant will be 
degraded and this will feedback on the cells 
behind. So any imbalance in cell distribution 
will be corrected. 

    In other words cells influence their followers
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Pathfinding in a maze using self-generated gradients

L. Tweedy et al., and R. Insall. Science 369, 1075 (2020) 
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Dictyostelium cells
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Simulations
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Limits to the detection of dead ends

Pathfinding in a maze using self-generated gradients

L. Tweedy et al., and R. Insall. Science 369, 1075 (2020) 
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• More distant dead ends increase the error rate because the clearance of attractant is less efficient

time (min)

A
v
e
ra

g
e
 n

u
m

b
e
r 

o
f 
c
e
lls

Simulation

Time (min)

dead end

free end



Thomas LECUIT   2021-2022

Pathfinding in a maze using self-generated gradients

L. Tweedy et al., and R. Insall. Science 369, 1075 (2020) 

Limits to the detection of dead ends: cell speed and diffusion
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• Longer dead ends leads to less 
accurate decision

• Speed: lower speed of cells 
leads to more accurate decision: 
cells have more time to clear 
attractant from a dead end
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• Diffusion: At higher diffusion 
constant of chemoattractant, 
cells can more efficiently lower/
deplete attractant from a dead 
end

• A zero diffusion, there is no 
information to decode (cells 
cannot decode what is ahead of 
them)

• A low diffusion, short, parallel 
dead ends lure cells in the 
wrong direction. 

   



Self-organised guidance
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a

1. Micro-contact printing 2. High density cell seeding 3. Cell detachment

b

x
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Caco2

Conditioned substrate

Reinforcement of guidance landscape by cells: spatial memory

akin to stigmergia

d’Alessandro et al. RM Mège R. Voituriez and B. Ladoux Nature Communications 12:4118 (2021)

https://doi.org/10.1038/s41467-021-24249-8 
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• Conditioned substrate enhances cell motility

• Oscillatory migration in 1D channels
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General Conclusion
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1. Biased random walk characterizes chemotaxis across scales 

2. Two different mechanisms of gradient sensing:
• Spatial mechanism: comparison of chemoattractant concentration along cell 

length. This requires often (always?) self-generated gradients by depletion of 
activity. More robust and long range.

• Temporal mechanism: comparison of chemoattractant at different positions 
and requires memory. 

3. Adaptation and memory manifest in different ways across scales
• Temporal gradient sensing in prokaryotes

• Persistence of motility in eukaryotes
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Mechanical guidance
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1. Substrate interactions in 2D and 3D are inherently mechanical
2. The stiffness, topography, etc of the environment can affect motility
3. Cells also decode the mechanical properties of their environment


