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Abstract. The static and dynamic responses of human 
granulocytes to an electric field were investigated. The 
trajectories of the cells were determined from digitized 
pictures (phase contrast). The basic results are: (i) The 
track velocity is a constant as shown by means of  the 
velocity autocorrelation function. (ii) The chemokinetic 
signal transduction/response mechanism is described in 
analogy to enzyme kinetics. The model predicts a single 
gaussian for the track velocity distribution density as 
measured. (iii) The mean drift velocity induced by an 
electric field, is the product  of  the mean track velocity and 
the polar order parameter. (iv) The galvanotactic dose- 
response curve was determined and described by using a 
generating function. This function is linear in E for 
E < E o = 0 . 7 8  V/mm with a galvanotaxis coefficient K~ 
of  ( - 0 . 2 2 V / r a m )  -1 at 2 . 5 m M  Ca ++ . For  E > E o  the 
galvanotactic response is diminished. This inhibition is 
described by a second term in the generating function 
( - K G . K I ( E - E o ) )  with an inhibition coefficient K~ of 
3.5 (v) The characteristic time involved in directed 
movement is a function of  the applied electric field 
strength: about  30 s at low field strengths and below 10 s 
at high field strengths. The characteristic time is 32.4 s if 
the cells have to make a large change in direction of 
movement even at large field strength (E-jump). (vi) The 
lag-time between signal recognition and cellular response 
was 8.3 s. (vii) The galvanotactic response is Ca + + de- 
pendent. The granulocytes move towards the anode at 
2.5 m M  Ca + + towards the cathode at 0.1 m M  Ca ++. 
(viii) The directed movement of  granulocytes can be de- 
scribed by a proportional-integral controler. 
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I. Introduction 

Polymorphonuclear  leukocytes ( =  granulocytes) are at- 
tracted by sites o f  inflammation to combat invading 
microorganisms. There must exist some mechanism to 
account for the fact that these cells move toward, and 
then remain in the vicinity of sites of  infection. The direc- 
tion-determining mechanism(s) involved must be a func- 
tion of  some information transmitted to the leukocytes 
by the infected cells. 

In the case of a chemical signal the directed locomo- 
tion is chemotaxis, while it is galvanotaxis in the case of 
an electrical signal. Gerish and Keller (1981) investigated 
the chemokinetic relaxation (or adaptation) behaviour 
by changing the concentration gradient of  chemotactic 
molecules by means of two microelectrodes exposed very 
close to a migrating cell (concentration jump experi- 
ment). The disadvantage of  that type of experiment was: 
(i) it is based on diffusing molecules and diffusion takes 
time (seconds to minutes) and (ii) in every experiment 
only one cell can be observed, so that many experiments 
have to be performed. One basic result was that granulo- 
cytes cannot react immediately to the exposed signal. 

The relaxation (or adaptation) of  granulocytes can 
also be investigated by necrotaxis, e.g. a red blood cell is 
lysed by a laser beam. Granulocytes do not react immedi- 
ately to the altered environment. A minimal time-lag of  
about  10 s was observed (Gruler 1984). The merit of  the 
necrotaxis experiment is that several cells in the viewing 
field can be observed. The disadvantage is that nothing is 
known about  the necrotactic gradient. 

The relaxation (or adaptation) of granulocytes can 
also be investigated by means of  an electric field (E-jump) 
(Fukushima et al. /954). An applied electric field builds 
up very fast (far less than a second) and at the same time 
all the cells in the viewing field can be investigated. Un- 
fortunately the whole signal chain of the cell is not em- 
ployed. Rapp et al. (1988) showed, that the essential 
protein in galvanotaxis is the G-protein which is next to 
the chemotactic receptor in the signal chain (Becker et al. 
1987). Fukushima et al. (1954) published trajectories of 
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E-jump experiments: There exists a time-lag of 10 to 20 s 
between the application of the signal and the reaction of 
the cell. We will show that the lag-time and characteristic 
time of the adaptation or relaxation process are 8.3 and 
32.3 s, respectively. 

The directed movement of a cell in an electric field or 
in a concentration gradient is not perfect (the cells do not 
follow exactly the field lines). This indicates (i) that the 
automatic control unit of the cell for the directed move- 
ment is not optimized to a constant field and (ii) that two 
types of signal are involved in the signal transduction/ 
response mechanism. A deterministic signal which origi- 
nates from the applied vector field and a stochastic signal 
which originates from the noise source in the signal trans- 
duction system. It is expected, that the noise source is at 
the very beginning of the signal transduction system. The 
receptor binding fluctuation .as noise source in the signal 
chain of chemotaxis and chemokinesis has been discussed 
(Tranquillo and Lauffenburger 1987; Tranquillo et al. 
1988 a). Here we show that for chemokinesis this concept 
cannot be correct. 

A variety of cells including granulocytes, macro- 
phages, fibroblasts, amoebae, slime molds, etc. have the 
ability to direct their movement in an electric field. Some 
cell types like granulocytes, monocytes, etc. migrate to- 
wards the anode and other cell types such as fibroblasts, 
neural crest cells, growth cones of neurones, grow toward 
the cathode (Erickson and Nuccitelli 1984). Some cells 
have the ability to move to the positive pole and other cell 
types to the negative pole. This picture is disturbed by the 
observations of Van Laere (1988) and Fukushima et al. 
(1953). Van Laere (1988) investigated the growth of 
hyphal tips and germ tubes of Phycomycees bIakesleeanus 
and found that the cells grow towards the positive pole at 
low field strength and towards the negative pole at high 
field strength. McGillivray and Gow (1986) and Gruler 
and Gow (1990) showed for growing hyphal tips and 
germ tubes of Neurospora crassa that the response is 
linear in the electric field for small tube lengths. This 
linear response is explained by the field induced distribu- 
tion of membrane-bound proteins essential for galvan- 
otropism. For large tube length and large electric field 
strength, the galvanotropism is inhibited in Neurospora 
crassa. The inhibition is explained by the field induced 
change in the transmembrane potential difference. Here 
we will show, that the galvanotaxis of granulocytes also 
exhibits two effects - a linear response and a field-depen- 
dent inhibition - in analogy to the galvanotropism of 
growing cells. 

Fukushima et al. (1953) observed that granulocytes 
move towards the anode at high pH and towards the 
cathode at low pH. Obviously the cellular environment 
can alter the type of the cellular response. This change in 
directional response of granulocytes as a function of 
proton concentration can be explained by the isoelectric 
point of an essential protein (G-protein) in the signal 
transduction chain as Rapp et al. (1988) have shown. 
Here we will show that the Ca + + concentration can also 
change the response of granulocytes. At high concentra- 
tion, the cells move towards the anode but at low concen- 
tration towards the cathode. 

II. Material and methods 

1. Granulocytes 

Granulocytes were separated from heparinized venous 
blood of healthy human blood donors on a Histopaque 
density gradient: Equal volumes of blood and of Hanks 
Balanced Salt Solution (HBSS) were mixed. The cen- 
trifuge tube contained layers of 3 ml Histopaque-1119, 
3 ml Histopaque-1077, and 6 ml blood-HBSS solution. 
The cells were centrifuged for 20 min at 300 9. The gran- 
ulocytes were found enriched between the two Histo- 
paque regions. This layer was washed 3 times in plasma- 
HBBS of the same donor (first wash: 300 9 for 10 min, 
second and third wash: 200 9 for 10 min). In the experi- 
ments with controlled Ca + + concentrations, the concen- 
tration was measured with a Ca ++ sensitive electrode, 
HBSS is exchanged by HBSS modified, which contained 
0.1 mM Ca + + and Mg ++ ions adjusted to 1 raM. The 
last wash was made with the same medium as in the 
experiment. All solutions were adjusted to pH7.4 
(stabilization with sodiumhydrogencarbonate (0.35 g/l) 
and 28 mM HEPES (N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid). The cells were kept as long as possi- 
ble in the plasma-HBSS. The air in all test tubes was 
enriched with CO2 before they were closed. 

2. Galvanotaxis chamber 

An electric field is created in a galvanotaxis chamber by 
the electric current driven through the aqueous solution 
(medium). We used a galvanotaxis chamber similar to the 
one described previously (Rapp et al. 1988). 

A drop of the cell suspension (4-106 cells/ml) is 
transferred to a glass slide and then covered with a 
coverslip (20-30 ram/). Capillarity makes a homoge- 
neous thin film (10-30 gm). The long sides of the cover- 
slip were attached with paraffin to the glass slide. On the 
small sides two assemblies consisting of two filter papers 
(20 • 20 mm2), an enamel block (20 • 20 • 0.5 mm 3) con- 
taining two parallel ribbons of metal (Ag) foil as power- 
(7 • 25 mm 2) and the measuring- (4 • 25 mm 2) electrode, 
were attached with paraffin to the glass slide. The elec- 
trodes were chlorinated before every use. The damp layer 
of filter paper beneath the enamel block must be in direct 
contact with the cell suspension. Excess liquid should be 
avoided to prevent movement of the coverslip and of the 
cell. The measuring electrodes were connected with a 
voltmeter and the input of an amplifier. The power 
electrodes were connected with the output of an ampli- 
fier. The current through the sample was regulated to 
keep the voltage drop across the measuring electrodes 
constant. The disadvantage of this galvanotaxis chamber 
is that products of electrolysis are not prevented from 
entering the chamber. Therefore, the measuring time 
must be kept short (< 10 rain). Longer measuring times 
can be achieved by periodically changing the polarity. 
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3. Collection and analysis o f  the data 

The galvanotaxis chamber was placed on the heating 
stage of a phase contrast microscope (25 X). (The objec- 
tive was kept on a constant temperature and had its own 
control unit). The temperature in the galvanotaxis cham- 
ber was calibrated (37 C) with a temperature-sensitive 
cholesteric liquid crystal as previously described (Fergu- 
son 1968; Matthes and Gruler 1988). 

The cell movement was observed with a video camera 
and recorded on VHS video tape (real time). The video 
signal was also digitized (Easytizer, Merlin Computer 
GmbH, Eschborn, FRG) for the computerized data 
analysis (Atari 1040 ST with hard disc. A flag in the 
digitizer was used to store the state of the applied 
voltage). Before this procedure the inhomogeneous illu- 
mination of the sample was eliminated by sending the 
video signal through a high pass filter ( f >  15 kHz). A 
typical example of a digitized picture is shown in Fig. I a. 

The center of gravity of the cells is approximated by 
the center of area of the cell contour line. This procedure 
worked automatically very well as long as there was no 
cell-cell contact. The interval between consecutive images 
was 10 s, except in the E field-jump experiment (2 s). 
Typical trajectories of randomly and directed walking 
cells are shown in Fig. I b and c. The trajectories were 
used to characterize the cellular responses as previously 
described (Rapp et al. 1988; Gruler 1989). The following 
mathematical procedures were applied, and we will de- 
scribe them here in short. 
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Track velocity: The track velocity and its distribution 
function are important quantities for characterizing the 
chemokinetic response. The track velocity, Vc, is the ratio 
of the travelled distance, As, and the time difference, At. 
The track velocity distribution function was obtained by 
applying this procedure first along the path of one cell 
and then to all the other cells. All the measured values are 
sorted in a histogram. The normalized track velocity dis- 
tribution density, f (Vc) ,  is obtained by dividing every 
colum of the histogram by the total number of measured 
values and by the Size of the segment, 2 ~ v c - A v c. 

The track velocity autocorrelation function is an 
important procedure for the determination of signals 
which are hidden in the trajectories. The track velocity 
autocorrelation function 9 v ( t l -  G) was determined from 
the track velocity Vc(t) of one cell as 

( V c ( t , )  ' Vc ( t 2 ) )  
gv(tz - t2) = x / ( V c ( t 0 2 )  " (Vc(tz)z ~ (1) 

Every average was performed over the time interval T. 
This procedure was repeated for many cells. The average 
is reported. 

The track velocity autocorrelation function is con- 
stant if the track velocity is constant (--Vco). The tempo- 
ral drop of the track velocity autocorrelation function is 
discussed thoroughly by Scharstein and Alt (1990). 

Mean  square displacement." The random walk activity 
can't be quantified by the mean displacement ( x ( t ) )  and 
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Fig. 1. a Digitized picture of migrating granulocytes (viewing 
field: 191 . 129 gm2). b Trajectories of cells at random walk (E=  
0 V/ram, <cos ~)=0.03 +0.07). e Trajectories of cells at galvano- 
taxis (=0.8 V/mm, (cos 4)= -0.87_+0.01) 

( y ( t ) )  since these quantities are zero owing to the 
symmetry of the cellular environment. However, the 
mean square displacements, (x(t) 2) and (y(t)2), are non- 
zero values which can be used to quantify the random 
walk. A simplifying general tool is to assume a first-order 
fluctuation relaxation process or a directional jump 
process with exponential waiting times; the random walk 
process can then be described by the Langevin equation 
where the diffusion coefficient D and the characteristic 
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time z are fitting parameters (Risken 1984; Haken 1983). 
Other models and formulas are given in "Biological 
motion" (Alt and Hoffmann 1990). 

(X(t) 2) or (y(t) z) = 2D { t - z ( 1 - e - t / t ) }  (2) 

It is important  to note that the characteristic time in- 
volved in the random walk can be determined. 

Polar order parameters: The directed movement can be 
quantified by the McCutcheon index. It is the mean drift 
velocity, (v tl ), divided by the mean track velocity, (Vc). 
The drift velocity is obtained by dividing the travelled 
distance, Ax, parallel to the applied electric field, by the 
time difference, A t. 

The directed movement can also be quantified by the 
average of cos • where • is the angle between the direc- 
tion of movement and the direction of the electric field. 

The orientation autocorrelation function ge ( t l -  t2) is 
an important  procedure for looking for hidden signals in 
the trajectories. The orientation autocorrelation function 
gp (t I -- t2) was determined from the orientation angle 4~ (t) 
of one cell as 

• (cos ~( t l )  ' cos ~(t2) ) 
gv(tl -- t2) - - - -  ~/(cos  qb(tl)2) • (COS ~b(t2) 2) (3) 

Every average was performed over the time interval T. 
This procedure was repeated for many cells. The average 
is reported. 

The orientation autocorrelation function can be inter- 
preted in a similar way as the velocity autocorrelation 
function (Scharstein and Alt 1990). 

Time-difference distribution function: The cellular relax- 
ation or adaptation to a sudden jump in the physical 
environment yields information on the cellular transduc- 
tion/response mechanism. The time difference between 
the change in the electric field and the change in moving 
direction can be determined from the trajectories. A 
change in moving direction is recognized if the turn angle 
averaged over several points is above an arbitrarily set 
clip level. The change in the cellular response can be de- 
termined for most cells. The change of moving direction 
at a constant electric field is hard to detect. But after 
switching the field from + to - ,  the rotation angles are 
large and therefore easier to recognize. 
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Fig. 2. Mean square displacement as a function of time. Dots ob- 
tained from 30 ceils at 738 different starting positions. The line is a 
fit of (2) to the data (D= 131.7 ~tmZ/min, and z= 32.1 s) 
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Fig. 3a, b. Galvanotactic dose-response curve. The dose is the 
mean applied electric field strength, E, and the cell response is in 
a the McCutcheon index and b the average of the cell orienta- 
tion (= (cos ¢)). The mean number of cells per data point is 34. It 
varies from 16 to 71. The line is a fit of (4) and (5) to the data. The 
dashed line is a fit of (4) and (6) to the data (E>0.78 V/mm). 
McCutcheon index data (K~l=-0.21V/mm, KI=3.2 ) and 
(cos ~)-data (K~ t=  _ 0.23 V/mm, K I = 3.7) 

III. Results 

1. Non-directed migration 

The random movement of granulocytes was obtained 
when no voltage was applied. The mean displacements in 
the x and y direction and the average of cos ~ should be 
zero if there is no gradient of any kind. Therefore, these 
quantities are used as control parameters for the cham- 
ber. For  example the average of cos ~0 is 0 .02_ 0.07 in 
Fig. 1 b indicating no anisotropic environment. 

The mean square displacement in the x and y direc- 
tion can be used to quantify the random walk activity. A 

typical result is shown in Fig. 2. The points were obtained 
from trajectories of 30 cells (738 different starting posi- 
tions were chosen for the procedure). The Langevin 
equation (2) is fitted to the data. The fitting parameters 
are the diffusion coefficient D (=  131.7 -t- 1.5 gm 2 • min-  1) 
and the characteristic time ~ (=32.1 +0.9 s) involved in 
random walk. 

2. Directed migration 

The random movement became directed, when an electric 
field was applied. The cells drift with a mean drift veloc- 
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Fig. 4. Track velocity density distribution f (Vc). 0.2 V/ram (open 
circle, a preparation with a bad galvanotactic response) and 
0.6 V/mm (closed circle, a preparation with a good galvanotactic 
response). The line is a fitted gaussian curve (vg°t= 23 gin/mix and 
a = 8.5 ~tm/min) 

ity, <v,) ,  towards the anode. The McCutcheon index, 
(v rr )/(Vc ), and the average of  cos ~b were used to quanti- 
fy the directed movement. Both parameters increased 
monotonically with increasing field strength as long as 
E<0 .78  V/mm. Above 0.78 V/mm both parameters de- 
creased with increasing field strength as shown in Fig. 3 a 
and b. 

The measured galvanotactic dose-response curve can 
be compared with a theoretical prediction (Gruler and 
Nuccitelli 1986; Gruler 1988; Gruler 1990). 

I1 (a0 
(cos 4 )  - (4) 

Io(aO 

a l = K a "  E for E < E o = 0 . 7 8  V/mm (5) 

a I = K a . ( E - K I ( E - E o ) )  for E > E o = 0 . 7 8 V / m m  (6) 

I1 and I 0 are hyperbolic Bessel functions. In the case 
of no inhibition the only fitting parameter is the galvano- 
taxis coefficient, K G. We found ( - 0 . 2 1  V/ram) -1 and 
( - 0 . 2 3 V / m m )  -1 for the McCutcheon index and 
(cos 45), respectively, as compared to ( - 0 . 1 7  V/mm)-1 
and ( - 0 . 2 2  V/ram) -1 reported by Rapp etal .  (1988). 
The inhibition coefficient above E 0 was 3.2 (McCut- 
cheon index) and 3.7 ((cos 4)) .  

An important  observation was, that the error bars of 
the polar order parameters and the chemokinetic activity 
of the cells are correlated. The error bars (=  SDM) are, of 
course, a function of the number of cells. But besides this 
statistical error there is also a systematic error involved. 
The investigation of the chemokinetic response showed, 
that cells which had a good chemokinetic response had a 
good directed response, too. The track velocity density 
distribution, f (Vc), was a gaussian (line fitted to the full 
circles in Fig. 4) yielding a good galvanotactic response 
with a small error in the polar oder parameters. In the 
case of a diminished galvanotactic response and a rela- 
tively large error in the polar order parameters, the track 
velocity distribution density exhibited systematic devia- 
tions from the gaussian curve (open circles in Fig. 4). The 
track velocity distribution density can be described by 
two gaussian distributions. Only those cells with a good 
chemokinetic response were used in Fig. 3 a and b. 
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Fig. 5a, b. E-jump measurement with an electric field of 1 V/mm 
(98 cells), a Trajectories with At=2 s. The squares indicate the start- 
ing position and the position where the electric field was changed. 
b (cos ~) as a function of time (*). The electric field changed sign 
at t = 0. The dashed lines indicate the two steady state values. The 
line is an exponential decay function with a characteristic time of 
32.4 s. The open circles are derived from the time-difference-distri- 
bution function ((22) and (23)) 

An important  ion in the cellular response is Ca + + and 
therefore it is of basic interest to understand the signal 
transduction/response mechanism. The galvanotactic re- 
sponse in serum (2.5 m M Ca + +) was always negative 
(in opposite direction to the applied electric field vector - 
towards the anode). However, in serum-free medium 
containing 0.1 m M Ca + +, the galvanotactic response was 
positive (in the direction of the applied electric field vector 
- towards the cathode) (McCutcheon index + 0.31 __ 0.14 
and (cos 4 )  +0.31_+0.09 (15 cells) at 1 V/ram). The 
control (2.5 m M Ca ++) exhibited a negative galvano- 
tactic response (towards the anode) (McCutcheon index 
- 0.18 ± 0.09 and (cos 4~) - 0.15 ± 0.07 (29 cells). 

3. E-jump and galvanotactic relaxation 
or adaptation process 

The dynamic behaviour of the cellular signal transduc- 
tion/response mechanism can be determined if the extra- 
cellular signal is varied in time. The electric field as the 
extracellular signal is the most suitable canditate for this 
type of experiment since the signal is fast and easy to 
apply to many cells simultaneously. 
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Fig. 6. a Track velocity autocorrelation function (48 cells and 1281 
starting positions), b Orientation autocorrelation function (typical 
values: 15 to 30 ceils, and 300 to 1300 starting positions). 5 field 
strength where the cells have a linear response: 0 V/ram (,), 0.15 V/ 
mm (o), (+) 0.5 V/mm, (~) 0.6V/mm, (n) 0.8 V/ram, and 1 field 
strength where the cells have an inhibited response: (x) 0.9 V/ram. 
Exponential decay functions are fitted to the data. The saturation 
value and the characteristic time are shown in Fig. 7 a and b 
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Fig. 7. a The saturation value of the orientation autocorrelation 
function as a function of (cos (b). The dots are obtained from 
Fig. 6b (not all measurements are shown in Fig. 6b). The line is a 
theoretical prediction, b The characteristic time as a function of 
electric field strength. The dots are obtained from Fig. 6 b. The time 
interval, A t, of the measurement is a lower limit of the characteristic 
length (dashed line). The points below the dashed line show a ten- 
dency to small characteristic times with increasing field strength 

First, the electric field was applied for approximate ly  
3 min to equilibrate the cells to their environment .  In  the 
last two minutes before the electric field was altered f rom 
- E (t < 0) to + E (t > 0), the mean  galvanotact ic  response 
was determined as (cos  ~ ) - E .  The cellular response 
would  be a step funct ion as the electric field if the cells 
could react immediately ( ( c o s ~ ) _  E for t < 0  and 
(cos  ~ ) + ~  for t > 0  with [ (cos  ~ ) - E I  = [ (cos  ~)+E[). 
However ,  the cells required some time to react to the new 
envi ronmenta l  condi t ion  as shown in Fig. 5 a. Two fea- 
tures were remarkable.  (i) There existed a lag-time. The 
cells showed their first react ion to the changed environ- 
ment  after 8.3 s. (ii) The adap ta t ion  or  relaxation pro-  
cess can be described by a single exponential  funct ion 
with a characterist ic  time o f  32.4_+ 2.3 s (Fig. 5 b). 

4. Track velocity autocorrelation function 

The t rack velocity au tocorre la t ion  funct ion led to the 
fol lowing results (Fig. 6a) :  (i) The au tocor re la t ion  func- 

t ion decreased f rom 1.0 to 0.75 within 2 s. (ii) The track 
velocity au tocorre la t ion  funct ion is a hor izonta l  line after 
2 s. The t rack velocity did no t  show the characterist ic 
time of  r a n d o m  walk. (iii) The t rack velocity autocorre-  
lat ion funct ion is independent  o f  the applied electric field. 

5. Orientation autocorrelation function 

The direction determined f rom the trajectories showed 
tempora l  variations. The fol lowing results were obta ined 
(Fig. 6 b) : (i) The orientat ion autocorre la t ion  funct ion is 
a funct ion o f  the applied electric field strength. (ii) At  
large electric field strength the or ientat ion autocorrela-  
t ion funct ion decreases within 10 s f rom one to a cons tant  
sa tura t ion value o f  abou t  0.9. (iii) The orientat ion auto-  
correla t ion funct ion decays exponential ly in time to a low 
sa tura t ion value for low electric field strengths. The satu- 
ra t ion value as a funct ion o f  (cos  ¢ )  is shown in Fig. 7a. 
(iv) The characterist ic time as a funct ion o f  the applied 
electric field strength is shown in Fig. 7 b. 
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Fig. 8. Time difference distribution of E-jump experiment (t V/mm) 

6. T i m e - d i f f e r e n c e  d i s t r i bu t i on  f u n c t i o n  

The period between the change of electric field and of 
moving direction was investigated for 101 cells. For 9 cells 
it was not possible to decide when they changed their 
moving direction. The results are shown in a histogram 
(Fig. 8). Only a small fraction of the cells reacted in the 
first 8 s. The maximum was between 10 and 25 s. For a 
long period of time, the distribution decayed to zero. 

IV. Discussion 

1. C h e m o k i n e t i c  r e sponse  

We propose a model for the chemokinetic response 
adopted from Tranquillo and Lauffenburger 1987; Tran- 
quillo et al. 1988 a) which is in analogy to enzyme kinetics. 
The basic assumptions are that a chemokinetic molecule 
(concentration [c]) binds reversibly to the membrane- 
bound receptor (equilibrium binding constant KR) and 
that the track velocity is proportional to the second mes- 
senger, M. The total number of bound receptors is then 
regarded as the primary cellular signal, S (= [R .c]). 

[c] (7) 
S -= R 0 [c] + K R 

Ro is the total number of receptors per cell. This primary 
signal is amplified by biophysical and biochemical reac- 
tions to generate intracellular signals, M, which are 
considered here to be critical regulators of the motility 
system. 

KR kt ka 
R + c  , ~ R " c - - - ,  M - - ~  migration (Vc) (8) 

k, represents the chemokinetic transduction rate constant 
and k d- 1 is the decay time of the intracellular signal. The 
rate equation for the intracellular signal is then 

dM 
d t  - k t  S -  k d . M . . .  + F (t) (9) 

where F( t )  is the noise in the signal transduction/response 
system. It is assumed that the chemokinetic response, Vc, 

is proportional to the concentration of the second mes- 
senger, M (v c = A • M) .  

The model leads to the stochastic differential Eq. 
(9). The model assumptions inherent in the stochastic 
differential Eq. (9) are that the migration steps stochasti- 
cally change without any-time correlations but determin- 
istically driven by the mean concentration. A determinis- 
tic value for the track velocity is obtained in the noise-free 
case. But with noise only the probability for the track 
velocity (within a certain segment) can be determined. We 
will show that the measured steady state chemokinetic 
dose-response curve as well as the measured track veloc- 
ity distribution density are in accordance with the simple 
model. 

The steady state chemokinetic dose-response curve 
obtained from (7) and (9) is determined by the equilibrium 
binding constant of the receptor. Thus the predicted dose- 
response curve has the same concentration dependence as 
the reversible binding process of chemokinetic molecules 
to the membrane-bound receptor. This predicted chemo- 
kinetic dose-response curve was found by several groups 
(Becker et al. 1978; Zigmond and Sullivan 1981; Wilkin- 
son 1982; Gruler and Bfiltmann 1984; Gruler 1989). 

The track velocity distribution function can be ob- 
tained from the Fokker-Planck equation which is derived 
from (9) (Haken 1983; Risken 1984; Gruler 1990). The 
solution is a gaussian if a white noise source (noise source 
strength q) is assumed. 

f ( m )  = C e -a /q  t -  z k<  s . M+k d • M 2 ) (10) 

C is a calibration constant. If it is assumed that the track 
velocity is proportional to the concentration of the sec- 
ond messenger then the second messenger distribution 
density, f ( M ) ,  equals the track velocity distribution 
density, f (vc). We showed that cells with a good galvano- 
tactic response have a gaussian track velocity distribution 
density as predicted by the model, The single gaussian is 
evidence that the cells are a homogeneous population of 
cells where the chemokinetic response fluctuates around 
a mean response. In addition we showed previously 
(Gruler 1984) that the track velocity density of a single 
cell when the cell is observed over a long period of time, 
is identical with the track velocity density of many cells, 
when the cells were only obseryed over a small period of 
time. The maximum and the"width of the gaussian are 
determined by the deterministic and stochastic signal in 
the second messenger, respectively. Consequently, the 
quality of a cell preparation can be quantified by measur- 
ing the track velocity distribution density, f (Vc). The first 
criteria is whether f (Vc) is a gaussian or not. Even if the 
density is a gaussian and the preparation is considered as 
good, there are further possibilities to distinguish between 
different preparations. The ratio of velocity at the maxi- 

act and the width of the distribution, a can be mum, Vc , 
regarded as the signal-to-noise ratio of the chemokinetie 
response, S / N  (see (9)). 

The signal-to-noise ratio obtained from the distribu- 
tion shown in Fig. 4 was 2.7. (The cell were exposed to 
50% plasma and 50% HBSS). The signal-to-noise ratio 
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can increase to 3.8 if the granulocytes were exposed to 
100% plasma (de Boisfleury-Chevance et al. 1989; Gruler 
and de Boisfleury-Chevance 1987). The signal-to-noise of 
a preparation of Ramsey (1972) was 1.5. We used the 
signal-to-noise ratio as a control parameter in our later 
experiments. It was always larger than 1.5. 

We expect, that the basic noise source is at the initia- 
tion of the signal chain. Receptor binding fluctuations 
are assumed in the case of chemotaxis (Tranquillo and 
Lauffenburger 1987; Tranquillo et al. 1988 a). This cannot 
be the case in chemokinesis because the track velocity 
autocorrelation function is a horizontal line. Therefore 
the noise signal must be a slow varying function. The 
track velocity must vary in time, otherwise the distribu- 
tion density of the single cell could not be identical with 
that obtained from many cells• 

2. G a l v a n o t a c t i c  r e s p o n s e  

Granulocytes have the ability to orient their movements 
along an applied electric field. The mean displacement of 
the cells is quantified by the mean velocity parallel to the 
applied electric field (=  drift velocity) times the observa- 
tion time. The drift velocity is the product of the mean 
track velocity times the average of cos 4~ since the 
McCutcheon index equals (cos q~) (Fig. 3 a and b; Gruler 
1984; Rapp et al. 1988). This means that the temporal 
variations in the track velocity are uncorrelated with 
the temporal variations of direction of migration. This 
puzzling result is now understandable since the track 
velocity is a constant (within a few minutes). 

The galvanotactic response is quantified by an angle 
distribution density, f (q~), which is a bell-shaped curve 
with its maximum towards the anode. The aim is to derive 
the galvanotactic distribution density, f (~b), as in the case 
of chemokinesis from a simple model• The early events in 
the chemokinetic and the chemotactic response are: The 
loaded chemokinetic (or chemotactic) receptor stimulates 
the G-protein and it stimulates in turn further proteins 
resulting in the migration (Becker et al. 1987). The G- 
protein is the likely essential protein in galvanotaxis since 
the G-protein and the galvanotactic response have the 
same isoelectric point of 5.7 (Rapp et al. 1988). 

R + c  ~ R c  ~ G ~ M --* directed migration ( f (~))  

I I 
chemotaxis galvanotaxis (11) 

The number of occupied membrane-bound receptors 
is considered as the primary signal in chemokinesis. In 
chemotaxis, it is assumed that the cell measures the con- 
centration of chemotactic molecules at two separate parts 
of the membrane. For simplicity only two parts located 
perpendicular to the direction of migration, are consid- 
ered. The difference of the number of the occupied recep- 
tors at the two membrane patches is then considered as 
the primary signal (Gruler 1988, 1990). 

AS(qS)  = [R . C]L- - [R  " c]a 

= R o .  K R  d[c] 
• l o - sin ~b (12) 

2 ( [ e ] + K R )  2 d x  

lo is the distance between the two membrane patches. 
This primary cellular signal is the cause for a change of 
direction of migration. The stochastic differential equa- 
tion for the direction of migration is then 

d~  

d t  
- k ~ . A S ( q ~ ) + F ( t )  (13) 

where k, is a chemotactic signal transduction constant. 
The first term on the right side is the deterministic signal 
which can be understood as a virtual torque acting on the 
cell. The second term is a stochastic function. If a white 
noise source is assumed as in the chemokinetic model, 
then the steady state angle distribution function is (Haken 
1983; Risken 1984; Gruler 1990) (C is a calibration con- 
stant). 

f ( ~ )  = C- e . . . . .  • (14) 

a l  = kt  " lo " R o  . K R  d[c] (15) 
q ([c]+K R)2 dx 

The simple model predicts an angle distribution density 
as actually measured and the measured concentration 
dependence of a 1 is in accordance with the model (Gruler 
1988; Tranquillo et al. 1988b; Gruler 1990). Obviously, 
the hypothesis of a spatial recognition system for measur- 
ing the concentration gradient is consistent with the 
recorded data. 

Galvanotaxis can also be described by a spatial recog- 
nition system: The cell measures the potential difference 
at two separated parts of the membrane and the primary 
cellular signal would be the concentration difference of 
charged membrane-bound G-protein. The rate equation 
for the direction of migration is 

d~  R~ 
- k , . - - ~ ° .  1 o • E .  sin q ~ + F ( t )  (16) 

dt Z 

The cells drift parallel to the applied electric field if the 
galvanotactic transduction rate coefficient, k t, is positive 
and they drift antiparallel if kt is negative. The steady state 
angle distribution density, f (~), is again described by (14) 
with 

a 0 a 1 = kt. ~ -  I 0 • E (17) 

If there were no noise in the signal chain, then the cells 
would migrate parallel to the applied polar field and the 
distribution f (q~) would be a 6-function. The width of 
f (~b) is as expected proportional to the noise source 
strength. In chemotaxis (Tranquillo and Lauffenburger 
1987; Tranquillo et al. 1988 a) the receptor binding fluctu- 
ations are discussed as a likely noise source, in galvano- 
taxis the fluctuations of the G-protein density can be con- 
sidered as a likely noise source. 

The model assumptions inherent in the stochastic 
differential Eqs. (13) (galvanotaxis) and (16) (chemotaxis) 
are that the migration angle stochastically changes with- 
out any time correlations or external directional bias, but 
is deterministically driven towards the orientation field 
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angle. Thus, the directional response mechanism itself 
would not be of stochastic nature. 

The applied electric field, E, can create (i) an electric 
field parallel to the surface of  the membrane as well as 
(ii) a change in the membrane potential difference across 
the cell membrane. The first mechanism is considered as 
the origin of the linear response where charged mem- 
brane-bound particles are distributed by lateral electro- 
phoresis. This linear response holds as long as the applied 
electric field strength is less than 0.78 V/mm. But at high 
field strength the second mechanism also becomes impor- 
tant and we expect some deviation from the linear re- 
sponse. The potential difference of  the membrane facing 
the anode, is hyperpolarized by the applied electric field 
(A V= - 17.5 mV for a 15 gm spherical cell and for a field 
strength of  0.78 V/mm). The membrane potential differ- 
ence, U, without an applied electric field is reported as 
-34.4___24 mV (J/iger et al. 1988), - 5 3  mV or - 6 7  mV 
(Gallin and McKinney 1989). The K + ion is likely to be 
responsible for the inhibition since the approximate equi- 
librium potential for Na +, K +, C1-, and Ca + + ions are 
+ 46, - 95, - 7, and + 150 mV, respectively (Gallin and 
McKinney 1989). These numbers show that the flux of 
potassium ions is very low or has reversed its direction at 
high electric field strengths. We expect that this second 
mechanism has an influence on the transduction rate co- 
efficient, kt. The inhibition is not unique for granulo- 
cytes. It is observed as well in the galvanotaxis of  neural 
crest cells (Gruler and Nuccitelli, to be published) and in 
the galvanotropism of growing germ tubes and hyphae 
(McGillivray and Gow 1986; Gruler and Gow 1990). The 
inhibition can be so powerful that the response reverses 
as Van Laere (1988) has shown. Germ tubes and hyphae 
of Phycomyces  blakesleeanus grew towards the anode at 
low field strength (<  0.5 V/ram) and towards the cathode 
at high field strength. 

We measured the galvanotactic response of granulo- 
cytes as a function of Ca + + concentration and found that 
there exists a critical concentration, co. One could specu- 
late, that the electrochemical potential is zero at this con- 
centration so that there is no driving force for the ions. 
But this argument cannot be true since the low intracellu- 
lar Ca + + concentration (0.-~ gM foHaon~stimulated cells 
and 0.5-1.0 gM for stimulated cells (Hallett 1989)) and 
the negative potential in the cell forces the Ca + + ions to 
move into the cell. Therefore the sign change in the 
galvanotactic response cannot be induced by the Ca + + 
current. There must be another function of the Ca + +. 
Ca + + ions have many other ways to interact in the 
galvanotaxis signal chain, e.g. a Ca + ÷ can induce confor- 
mational changes of an essential protein in the galvano- 
tactic signal chain. The Ca + +-activation of the protein 
kinase C and of the phospholipase A 2 are discussed 
(Naccache et al. 1989). Other key Ca + +-binding proteins 
cannot, however, be excluded. The possibility also exists 
that some intracellular messengers act in complete inde- 
pendence of intracellular Ca + + (Cooke et al. 1989). 

The temporal behaviour of the galvanotactic response 
can be investigated by inspecting the orientation auto- 
correlation function. Solving the stochastic differential 

equation for small angle yields 

( ~ ( t , ) "  ~ ( t 9 5  = A . e  ~ (18) 

1 1 
= ~ k, Ro lo E (19) 

q 
A = ~.  ~ (20) 

Two features are described by these equations. The char- 
acteristic time involved in galvanotaxis decreases with 
increasing field strength and the fluctuations in the direc- 
tion of migration decrease with increasing field strength. 
But the prediction failed for random walk (E = 0) where 
the characteristic time approaches infinity. 

The orientation autocorrelation function, (cos ~(t l)  
cos 4~(t2)), has at least three contributions 

(cos qs(tl) • cos ~(t2) ) = B" 6(t 1 --t2) (21) 
q T  - - I  t l - t z [  

+ ~ - . e  • + ( c o s ¢ ) 2  

Uncertainty in measurements of cell positions and fast 
random cellular processes are approximately summa- 
rized in the first term. This term describes the drop of the 
autocorrelation function for t ~ t  2. The second term 
quantifies the characteristic time involved in migration. 
(It is assumed that the small angle solution (Eq. (21)) also 
holds for cos ~). The third term describes the saturation 
value of the orientation autocorrelation function for 
[ t  1 - -  t 2 [ ~ o0 .  For  large [ t~ - t2 [ the temporal variations 
of cos 45(tz) and of cos q)(t2) are uncorrelated and hence 
(cos ~(t l )  • cos ~(t2))® is simply (cos ~)2. The satura- 
tion value of the orientation autocorrelation function is 
shown as a function of (cos q~) in Fig. 7a. The theory 
predicts a parabola. The measured values are systematic 
above the predicted values. The systematic deviation can 
be explained by a second exponential decay function with 
a large characteristic time but a small amplitude. This 
second characteristic time is more pronounced in the 
case of migrating monocytes (de Boisfleury-Chevance 
et al. 1989) and the mean square displacement as a func- 
tion of time is never a straight line for long time intervals. 
The values of the second characteristic time constants are 
larger than 2 min (granulocytes) and 18 min (monocytes). 
It is difficult to determine the second characteristic con- 
stant with the described apparatus since the cells leave the 
viewing field too fast. A second and large characteristic 
time was also observed in contact guidance when granu- 
locytes oriented their movement along grooves in the 
substrate (Matthes and Gruler 1988). 

3. Galvanotaxis relaxation (or adaptation) process 

The cell cannot react immediately to the altered signal 
since the chemistry and physics involved in the migration 
process needs some time to form new products and to 
rearrange the cellular structure. In the case of granulo- 
cytes at 37 C it is 8.3 s. A lag-time of several seconds is 
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expected since the cycle time of protein complexes as e.g. 
the monooxygenase P-450 have a cycle time of 1.5 s 
(Mfiller-Enoch et al. 1984). A lag time of about 10 s is 
visible directly in time lapse-movies showing the necro- 
tactic response after lysing a red blood cell (Gruler 1984). 

The relaxation (or adaptation) is explained by the 
measured time-difference distribution and an all-or- 
nothing model. For simplicity, let us assume that a cell 
which has registered the new field direction will show a 
mean response of (cos ~)_~ and that the cells, which 
have not yet registered the altered field will have a mean 
response of (cos ~)+E. The time-dependence of (cos ~b) 
is then 

(COS t~( t ) )  = nReg' (COS tJ~)+g-~nNo n ' (COS ~ ) ) - E  (22) 

The fraction of cells, which have registered the electric 
field, is calculated from the time-difference distribution 
function, f (t), as 

nReg(t) = i f (t') dt' (23) 
0 

The results is shown as dots in Fig. 5 b. The discrepancy 
between the prediction and the measurements is due to 
the fact that the cells need some time for the reorientation. 
The time-difference distribution function measures only 
the beginning of the reorientation process. 

The cells performed a large change in moving direc- 
tion in the E-jump experiment. The measured characteris- 
tic time of this relaxation (or adaptation) phenomena was 
32.4 s (Fig. 5 a). A similar characteristic time of 32.1 s was 
measured in the case of random migration (Fig. 2). The 
E-jump experiment can be interpreted in the following 
way. When the electric field is altered, then the cells react 
very fast (characteristic time 32 s). After the characteristic 
time of 32 s the cells move approximately in the new 
direction and then the second (long) characteristic time is 

,important. In this cellular mode the cell integrates the 
input signal over a long period of time. The merit of the 
long characteristic time constant is, that the noise in the 
signal transduction system is eliminated to a large extent. 
The disadvantage of a long characteristic time is that the 
system is inert to fast changes in moving direction. 

4. Steerer and automatic control 

The directed movement of granulocytes can be divided 
into two independent processes. One for the movement of 
the center of mass and another for the direction of migra- 
tion. Hence, the track velocity and the angle of migration 
are two independent state variables. This fact was shown 
for chemotaxis (granulocytes, Biiltmann and Gruler 
1983), galvanotaxis (granulocytes, Rapp et al. 1988 and 
this paper; somitic fibroblasts, Gruler and Nuccitelli 
1986; neural crest cells, Gruler and Nuccitelli, will be 
published), and necrotaxis (granuloeytes, Gruler 1984; 
monocytes, de Boisfleury et al. 1989). Two different cellu- 
lar actions are expected to predict the values of the two 
independent state variables as a function of the exoge- 
nous signal. The model for the chemokinetic activity is a 

steerer and for the angle of migration an automatic con- 
troller. 

The steerer is a controller without feedback. The hall- 
marks of a steerer are first an element which measures the 
environment and second a means for feeding an output 
which is proportional to the input signal. In a steerer 
there is no means for controlling the output. Here, the cell 
has a device for measuring the mean concentration of 
chemokinetic molecules. The received signal governs the 
apparatus of motility. The cell does not control whether 
the actual speed is smaller or larger than the expected one 
(no feedback loop). The steerer as a model for the 
chemokinesis is based on the observation that the 
mean speed is proportional to the mean concentration of 
membrane-bound receptors loaded with chemokinetic 
molecules. Hence, the stochastic differential Eq. (9) which 
is experimentally verified, holds also for a steerer device 
(Gruler 1990). 

An important concept in understanding biological 
phenomena is cybernetics, also known as the theory of the 
automatic control (Wiener 1961). The theory of automatic 
controls is widely used in physiology and neurophysiolo- 
gy. It is shown that chemotaxis, galvanotaxis, galvano- 
tropism, etc. are functions of cells having an automatic 
controller as goal-seeking system (Gruler 1990; Gruler 
and Franke, to be published). 

We have the following situation: A cell is exposed to 
a vector field and the cell tries to follow the field lines. The 
migration is the output of the cell. The output is regulated 
by means of the input signal. This is a typical situation of 
a device with an automatic control. The hallmarks of 
automatic control are first an element which measures the 
output; second, a means of comparing that output with 
the desired output; third, a means of feeding back this 
information to the input in a way that minimizes the 
deviation of the output from the desired level. There exist 
several types of automatic control and here we are inter- 
ested in which type of automatic control the Cell is using. 

Proportional controller. The hypothesis is that the cell 
determines its orientation in respect to the vector field by 
measuring the signal at two separate membrane-patches. 
The cell is positioned in the desired orientation when the 
two signals are equal. The advantage of the proportional 
control is that a cell can react fast to an altered environ- 
ment while its disadvantage is that only a finite number 
of receptors or G-proteins are involved and hence the cell 
cannot measure its angle very accurately. 

The temporal change of the migration angle has two 
sources: (i) a deterministic source which is fed by the 
ideal signal difference and (ii) a stochastic source which 
originates from the noise in the system. The stochastic 
differential equation of the proportional controller is 
identical with the discussed stochastic differential Eqs. 
(13) and (16) and hence, the hypothesis of the proportion- 
al controller as goal-seeking system is consistent with the 
recorded data. But at low polar field strength where the 
signal difference is low, deviations from the proportional 
controller are observed (Gruler 1990; Gruler and Franke, 
to be published). 
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Integral controller. The hypothesis  is tha t  the cell inte- 
grates its or ienta t ion over time. The tempora l  change  o f  
direction o f  migra t ion  is p ropor t iona l  to the or ienta t ion 
integrated over a time interval. The positive feature o f  
such a control ler  is tha t  the desired ou tpu t  can be very 
accurately app roached  since integrat ion reduces the 
stochastic f luctuations.  The negative features are (i) the 
control ler  is slow and (ii) an integral control ler  alone is 
unstable it is an oscillator. 

Proportional integral controller: The hypothesis  tha t  the 
cell acts like a propor t ional - in tegra l  controller,  is consis- 
tent with the recorded da ta  even at low field strength 
(Gruler  1990; Gruler  and Franke ,  to be published). The 
model  predicts an oscil latory state at low or  no field 
strength which could partially explain the r a n d o m  walk. 
At  high field s trength the c o m p o n e n t  o f  the p ropor t iona l  
control ler  is dominant .  

The Tranqui l lo-Lauffenburger  chemotaxis  model  
(Tranquillo and Lauf fenburger  1987; Tranquil lo et al. 
1988a;  Tranquil lo 1990) is closely related to a p ropor -  
t ional-integral  control ler  but  unfor tuna te ly  they have no t  
recognized the feedback loop in the signal t ransduct ion/  
response system. They  assumed in detail: (i) The input  
signal for the directional m o v e m e n t  is a spatial difference 
in receptor-measured concentra t ions .  (ii) The receptor  
signal is t r ans formed  in an internal signal (second mes- 
senger). (iii) The cell turning rate is p ropor t iona l  to the 
difference in receptor  signals. These features (i to iii) actu- 
ally describe a p ropor t iona l  steerer but  they are also nec- 
essary for  a p ropor t iona l  controller.  (iv) The receptor  
binding fluctuates in time and is thus the noise source in 
the system. We assumed a white noise wi thout  knowing  
the origin o f  the source. (v) The cell has some means  
(as we assumed) by which it can t ime-average the fract ion 
o f  b o u n d  receptors so as to reduce the noise in the asso- 
ciated receptor-measured concent ra t ion  ( =  integral con- 
troller). Tranquil lo et al. concent ra ted  their efforts on  
various aspects such as receptor  binding, second messen- 
ger, etc. connected with cellular turning behaviour.  Con-  
sequently, the Tranqui l lo -Lauffenburger  chemotaxis  
model  can make  predict ions on such subjects. But if only 
the p h e n o m e n o n  o f  the directed m o v e m e n t  is o f  interest 
the au tomat ic  control ler  is the more  appropr ia te  model .  

The theory  o f  the au tomat ic  control  is an impor t an t  
concept  in unders tand ing  biological phenomena .  This 
s tudy wants  to place the directed p h e n o m e n a  such as 
chemotaxis ,  galvanotaxis ,  directed growth,  etc. in a 
better perspective. The phenomenolog ica l  descript ion 
o f  biological systems by its control  units allows the 
model l ing o f  biological  systems even when a detailed 
knowledge is missing. Other  biological p h e n o m e n a  where 
feedback and control  are essential, can be investigated in 
a similar way. 
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