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A neutrophil chemotaxis assay was developed which permits rapid, quantitative 
assessment of migration across a membrane filter. The critical factor in the assay was 
the use of a 10 pm thick polycarbonate membrane without the usual polyvinylpyrrolidone 
coating. Migrated neutrophils remain adherent to the uncoated membrane, whereas 20-- 
50% fall off polyvinylpyrrolidone-coated membranes. A major advantage of the method is 
that neutrophil chemotaxis can be readily quantified, since the migrated cells adhere 
to the membrane surface and are in one optical plane for counting. A 25 mm X 80 mm 
membrane sheet was used in a 48-well micro chemotaxis assembly, which requires only 
20,000 neutrophils and 25 pl of attractant per assay well. Neutrophil chemotaxis was 
complete within 10--20 min at 37°C, with 20--30% of the cells migrating to N-formyl- 
methionyl-leucyl-phenylalanine and 40--50% migrating to complement derived C5a. 

INTRODUCTION 

Since 1917 ,  a va r i e ty  o f  m e t h o d s  have  been  deve loped  to  s t udy  n e u t r o p h i l  
(PMN) c h e m o t a x i s .  T h e y  inc lude  t echn iques  fo r  s t udy ing  the  m o v e m e n t  o f  
individual  PMNs on  slides (Gr imes  and  Barnes,  1973;  Z i g m o n d  and Hirsch,  
1973) ,  mig ra t ion  unde r  agarose  (Carpen te r ,  1963 ;  Clausen,  1971;  Cutler ,  
1974 ;  Nelson  e t  al., 1975) ,  and  m o v e m e n t  t h r o u g h  a m e m b r a n e  f i l ter  
( B o y d e n ,  1962) .  

PMN c h e m o t a x i s  t h r o u g h  fi l ters has f r e q u e n t l y  been  used  in clinical 
s tudies  and  for  e x a m i n i n g  dose  responses  o f  PMNs to  var ious  c h e m o -  
a t t r a c t a n t s  because  o f  the  s impl ic i ty  and  quan t i t a t i ve  po t en t i a l  o f  the  tech-  
n ique .  T w o  t y p e s  o f  f i l ters  used  are p o l y c a r b o n a t e  filters, 10 ~m in th ickness  
(Horwi t z  and  Gar re t t ,  1971)  and  cel lulose fi l ters,  1 0 0 - - 1 5 0 / ~ m  in th ickness  
( B o y d e n ,  1962) .  A l t hough  cellulosic f i l ters  are usefu l  fo r  cer ta in  analyses ,  
q u a n t i f y i n g  the  to t a l  n u m b e r  o f  migra t ing  cells is t ed ious  since c o u n t s  m u s t  
be  d o n e  in a series o f  op t i ca l  p lanes  t h r o u g h  the  1 0 0 - - 1 5 0  ~ m  th ickness  o f  
the  fi l ter.  In  con t ras t ,  PMNs which  have  mig ra t ed  t h r o u g h  the  th in  po ly -  
c a r b o n a t e  fi l ters are f o u n d  in one  op t ica l  p lane  and  the i r  m o r p h o l o g i c  
a p p e a r a n c e  is excel lent .  A ser ious p r o b l e m  wi th  b o t h  t y p e s  o f  f i l ters  has 
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been the dropping off  of migrated PMNs from the lower filter surface. Meth- 
ods have been described in which two filters (one cell-permeable and the 
other cell-impermeable) have been sandwiched to trap migrated cells (Keller 
et al., 1972; Campbell, 1977). These methods have been successful in 
trapping migrated cells; however, the manipulation and staining of sand- 
wiched filters have been impractical for routine chemotaxis assays. 

Since polycarbonate membranes permit rapid quanti tat ion of chemotactic 
responses, we examined conditions to improve PMN adherence to the filters. 
Most commercially available polycarbonate filters are coated with polyvinyl- 
pyrrolidone (PVP) to enhance their wettability. We found that  a significant 
and variable percentage of migrating PMNs fell off the lower surface of the 
PVP-coated filters, so that  quantification of responses was impossible. The 
problem was solved by the use of PVP-free polycarbonate membranes. 
Horwitz and Garrett used PVP-free polycarbonate membranes in neutrophil 
chemotaxis experiments in 1971, but the effect of PVP coating was appar- 
ently not  appreciated at that  time. In this report, we compare PVP-coated 
and uncoated membranes, and describe a new assay which utilizes a 
25 mm × 80 mm uncoated polycarbonate membrane in a recently described 
(Falk et al., 1980) 48-well micro chemotaxis assembly. 

MATERIALS AND METHODS 

Leukocyte preparation 

Human neutrophils were obtained from heparinized blood of healthy 
donors (10 units of heparin per ml of blood). Blood was sedimented with 
5% dextran solution in 50 ml polypropylene tubes at room temperature 
for 40 min. The leukocyte rich plasma layer was mixed with 6 vol of ice-cold 
Hanks balanced salt solution (HBSS) and centrifuged for 10 min at 500 × g. 
The cell pellet was resuspended in 5 ml of ice-cold saline and residual eryth- 
rocytes were hypotonical ly lysed (Goldstein et al., 1973). Leukocytes were 
resuspended and washed twice with 50-ml vols of ice-cold HBSS. Final cell 
suspensions were prepared with cold HBSS. Suspensions contained 89--98% 
neutrophils which were greater than 97% viable (assessed by trypan blue dye 
exclusion). 

Chemotactic factors 

N-formylmethionyl-leucyl-phenylalanine (FMLP) and N-formylnorleucyl- 
leucyl-phenylalanine were generously supplied by Dr. Elliott Schiffman 
(National Institutes of  Health). The peptides were dissolved in ethanol and 
dilutions were made with HBSS. Human serum derived complement  com- 
ponent  C5a was prepared by modification of the method of Fernandez and 
Hugli (1976). Briefly, 100 ml of serum were activated by incubation at 37°C 
with 100 mg of zymosan in the presence of  13 g of e-aminocaproic acid. 
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After 45 min the serum was cooled in ice and acidified with hydrochloric 
acid to pH 3.8. The serum was then centrifuged and dialyzed against 0.1 M 
ammonium formate buffer, pH 5.0, containing 0.1 mM EDTA. The dialyzed 
solution was added to a column of CM-Sepharose CL-6B (2.6 cm diameter, 
100 ml of gel) and eluted with dialysis buffer. The column was then washed 
with 250 ml of 0.3 M ammonium formate buffer (pH 5.0) and the activity 
was eluted with 0.5 M buffer. The pooled fractions were concentrated by 
lyophilization after dialysis, applied to a Sephadex G-100 column and eluted 
with ammonium formate buffer (0.1 M, pH 5.0). Activity was in the region 
of 12,000 Daltons. The fractions were pooled, dialyzed against water, 
lyophilized and reconstituted in 10 ml of phosphate-buffered saline. Ali- 
quots were stored at --20°C. 

Chernotaxis  assay 

Initially, blind well chambers (Neuro Probe, Inc., Bethesda, MD) were 
used to determine opt imum chemotaxis conditions. Bot tom wells were filled 
with 200 pl of chemoattractant ;  10 pm thick, 3 /~m pore diameter polycar- 
bonate membranes (Nucleopore Corp., Pleasanton, CA) were fixed in place 
to separate bot tom from top wells, and l 0  s neutrophils in 200 pl of HBSS 
were added to the upper wells. Membranes with or without  PVP coating 
were tested. The only difference in the processing of the two types of filters 
was the PVP coating step. Blind well chambers were incubated for various 
time intervals at 37°C in humidified air. In some experiments, 25 mm 2 glass 
coverslips were placed in the bot tom chambers with chemoattractants to 
collect neutrophils dropping off  the filter surface after migration. Filters 
and coverslips were removed and stained. 

After optimal chemotaxis conditions were established, a neutrophil 
chemotaxis assay was developed with a 48-well micro chemotaxis assembly 
(multiwell chamber) designed in this laboratory (Falk et al., 1980). To the 
bo t tom wells were added 25 pJ of chemoattractant .  A polycarbonate filter 
sheet (25 mm × 80 mm) without  PVP coating, containing 3-#m holes 
(Nucleopore Corp., Pleasanton, CA) was placed on top of the wells in the 
bot tom plate. The gasket and top plate were fixed in place and the assembly 
was incubated for 60 min at 37°C in humidified air (with or without  5% 
CO2). After incubation, the top plate, gasket and filter were removed, cells 
on top of the filter were wiped off  and the filter was fixed in methanol for 
1--2 min. The filter was air-dried on a glass slide and stained with Diff-Quick 
(Harleco, Gibbstown, NJ). 

Equipment  for cell counting consisted of a Leitz microscope with a 
regulated power supply for precise control of  illumination intensity, a VG-9 
green filter and an ND 35% neutral density filter in the incident light path, 
an Optomax Image Anal!lzer (Optomax Inc., Hollis, NH) equipped with a 
Chalnicon television camera, and a Hewlett  Packard 9815A calculator for 
printing out  cell counts. Filters and coverslips from the blind well chambers 
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were examined  with a 54× oil objective;  five fields o f  cells (a to ta l  filter 
area o f  0.26 m m  z) were coun ted .  Migrated cells on  the mult iwell  filter 
were examined  with a 10× object ive;  two  fields (a tota l  filter area of  1 m m  2 ) 
were coun ted .  

RESULTS 

Development o f  the new assay 

Initial exper iments  with blind well chemotax i s  chambers  demons t r a t ed  
tha t  the  PVP coat ing  o f  p o l y c a r b o n a t e  filters substant ial ly altered the 
adherence  o f  PMNs to  the  filter surface af ter  chemotaxis .  Table 1 illustrates 
the  quant i ta t ive  differences observed be tween  PVP-coated  and u n c o a t e d  
filters. When PVP-coated  membranes  were used, app rox ima te ly  30% of  
neut rophi l s  tha t  migrated toward  the chemotac t i c  pep t ide  FMLP fell o f f  
the  filter and were f o u n d  on the  glass coverslip in the b o t t o m  well. In 
contras t ,  all o f  the migrat ing neut rophi ls  remained  a t t ached  to  u n c o a t e d  
filters. The  presence or  absence o f  PVP coa t ing  on the  filters did no t  signif- 
icant ly  alter the  tota l  n u m b e r  o f  migra ted  PMNs. A n u m b e r  o f  exper iments  
were pe r fo rmed  in which the pept ide  concen t r a t ion ,  neu t rophi l  n u m b e r  and 
incuba t ion  per iod were varied. It  was observed tha t  a substantial  but  variable 
n u m b e r  (20--50%) o f  migrat ing neut rophi ls  fell o f f  the  PVP-coated  mem-  
branes,  irrespective of  neu t roph i l  concen t r a t i on  in the  top  wells or  pept ide  
c o n c e n t r a t i o n  in the  b o t t o m  wells. When the  incuba t ion  per iod was increased 
(up to 3 h),  the numbers  o f  neut rophi ls  d ropp ing  of f  the  PVP-coated  mem-  
branes increased. In contras t ,  PMNs remained  adheren t  to  the uncoa t ed  
m e m b r a n e s  at  all cell and pept ide  concen t ra t ions  and t ime periods tested.  
One fac tor  tha t  decreased neu t rophi l  adhes ion  to  uncoa t ed  filters was the 
presence o f  2% bovine  serum a lbumin  in the  suspension med ium.  As a result  
o f  these findings,  subsequent  chemotax i s  exper iments  were pe r fo rmed  with 

TABLE 1 

Comparison of neutrophil migration on PVP-coated and uncoated polycarbonate filters. 

Assays were performed in blind well chemotaxis chambers with bottom wells containing 
25 mm 2 glass coverslips and either HBSS or 10 -7 M FMLP peptide. Chambers were incu- 
bated for.60 min at 37°C. The data are expressed as mean -+ 1 S.E.M. from 3 different cell 
donors, and represent neutrophils per 0.26 mm 2 filter or coverslip surface. 

Attractant PVP-coated filter Uncoated filter 

PMNs on PMNs on Total PMNs PMNs on PMNs on 
filter coverslip migrating filter coverslip 

HBSS(control) 270_+ 55 4_+ 1 274_+ 56 320_+ 20 0 + 0  
FMLP (peptide) 550 _+ 170 190 + 65 740 _+ 235 1000 _+ 140 2 _+ 1 
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u n c o a t e d  p o l y c a r b o n a t e  m e m b r a n e s  and  HBSS a lone  as the  suspens ion  me-  
d i u m  and  d i luent .  

T h e  t i m e  course  o f  n e u t r o p h i l  c h e m o t a x i s  across the  p o l y c a r b o n a t e  
m e m b r a n e  is i l lus t ra ted  in Tab le  2. C h e m o t a x i s  was c o m p l e t e  wi th in  10 - -20  
min ,  a f t e r  which  the  n u m b e r  o f  mig ra t ed  neu t roph i l s  did n o t  increase.  Incu-  
ba t i on  pe r iods  o f  3 and  4 h were  also t e s t ed  to  d e t e r m i n e  w h e t h e r  the re  
m i g h t  be  a s u b p o p u l a t i o n  of  neu t roph i l s  wi th  m u c h  longer  response  t imes,  
b u t  the  n u m b e r  o f  mig ra t ed  cells did n o t  increase.  An incuba t i on  per iod  of  
60 min  was a rb i t ra r i ly  se lected for  s u b s e q u e n t  c h e m o t a x i s  expe r imen t s .  

Quantification o f  neu trophil chemo taxis 

N e u t r o p h i l  c h e m o t a x i s  to  th ree  d i f f e r en t  c h e m o a t t r a c t a n t s  was eva lua ted  
in the  mul t iwel l  c h e m o t a x i s  cham be r .  The  dose  response  da ta  to  FMLP 
are i l lus t ra ted  in Fig. 1. In tes ts  o f  PMNs f r o m  5 n o r m a l  donors ,  t he  maxi -  
m u m  c h e m o t a c t i c  r e sponse  occu r r ed  a t  a pep t i de  c o n c e n t r a t i o n  of  10 -6 M. 
The  o p t i m a l  r e sponse  to  N - f o r m y l n o r l e u c y l - l e u c y l - p h e n y l a l a n i n e  was also 
a t  10 -6 M (da ta  n o t  shown) .  T h e  response  o f  neu t roph i l s  f r o m  3 n o r m a l  
d o n o r s  to  var ious  d i lu t ions  o f  c o m p l e m e n t  der ived C5a is shown  in Fig. 2. 
An o p t i m a l  c h e m o t a c t i c  r e sponse  occu r r ed  b e t w e e n  relat ive c o n c e n t r a t i o n s  
o f  102 and  103 M. 

Es t ima te s  were  m a d e  o f  the  f r ac t i on  o f  neu t roph i l s  migra t ing  t o w a r d  
c h e m o a t t r a c t a n t s .  The  da ta  in Figs. 1 and  2 are coun t s  o f  mig ra t ed  cells per  
1 m m  2 o f  f i l ter  area.  Since the  to t a l  f i l ter  a rea  per  well  is 8 m m  2, mul t ip l i ca -  
t ion  o f  cell coun t s  b y  8 gives t he  to t a l  n u m b e r  o f  mig ra t ed  PMNs per  assay 
well. Divis ion b y  the  n u m b e r  o f  PMNs added  to  the  t o p  well (22,.000) gives 
t he  f r a c t i on  migra ted .  F r o m  the  da ta  in Figs. 1 and  2, 20 - -30% of  t he  inpu t  
PMNs mig ra t ed  to  o p t i m a l  c o n c e n t r a t i o n s  o f  F M L P  and 40 - -50% mig ra t ed  to  
C5a. 

TABLE 2 

Neutrophil migration after various incubation periods. 

Assays were performed in blind well chemotaxis chambers with either HBSS or 10 -7 M 
FMLP peptide. The data are expressed as the mean -+ 1 S.E.M. of triplicate values. 

Incubation 
period 
(min) 

Neutrophils/0.26 mm 2 filter surface 

HBSS (control) FMLP (peptide) 

3 0 0 
5 2 _+ 1 152 + 5 
7 36 + 4 273 _+ 10 

10 200+ 90 1390_+ 80 
20 420 _+ 200 1770 + 240 

120 460 + 270 1710 + 160 
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Fig. 1. Dose response  of  h u m a n  neu t rophi l s  to chemotac t i c  pept ide .  A mult iwell  ehemo-  
taxis cham be r  was used to  evaluate the  PMN dose response  to N-formyl-methionyl - leucyl -  
phenyla lanine .  Values represen t  the  n u m b e r  of  PMNs migrat ing per 1 m m  2 fil ter surface 
as d e t e r m i n e d  wi th  an image analyzer.  The error  bars represen t  the  s tandard  error  of  the  
mean  of  values f rom 5 d i f fe ren t  PMN donors .  The broken  line indicates  PMN response  
to Hanks balanced salt so lut ion wi thou t  c h e m o a t t r a c t a n t .  

Fig. 2. Dose response  of  h u m a n  neu t rophi l s  to  h u m a n  C5a. A mult iwell  chemotax i s  
chambe r  was used to  evaluate the  PMN dose response  to  h u m a n  C5a. C5a was prepared  
as descr ibed in the  m e t h o d s  sect ion.  A relative concen t r a t i on  of  1 means  a di lut ion 
of  1 : 10 4 of  the C5a s tock  solut ion.  Migration is expressed  as the n u m b e r  of  PMNs 
per 1 m m  2 fil ter surface c o u n t e d  wi th  an image analyzer.  The error  bars represen t  the  
s tandard  error  o f  the  mean  of  values f rom 3 d i f fe ren t  PMN donors .  The b roken  line 
indicates  PMN response  to med ium alone.  

DISCUSSION 

In this paper we describe a simple method  for quantifying human neu- 
trophil  chemotaxis.  A critical factor  in developing this assay was the selec- 
t ion of  membrane filter material. Most polycarbonate  membranes supplied 
commercially for  chemotaxis are coated with PVP to enhance their wettabil- 
ity. In this study, it was found that  a substantial and variable number  of  
migrated PMNs fell off  the PVP-coated membranes.  This made accurate 
quantif icat ion of  chemotaxis difficult. When uncoated polycarbonate  
membranes were used and PMNs were suspended in protein-free medium, 
migrated neutrophils did no t  drop off  filters after chemotaxis.  

The new assay was adapted for use in the recently described 48-well 
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micro  chemotax i s  c h a m b e r  (Falk  et  a l . ,  1980) .  This has the  advantage 
o f  ease o f  assembly and conserva t ion  o f  reagents  (20 ,000  or  fewer  PMNs 
and 25 t~l o f  c h e m o t a x i n  per  assay well). All neu t roph i l s  capable  o f  migrat- 
ing did so wi th in  10- -20  min.  Individual  neu t rophi l s  have been r ep o r t ed  
to  migra te  a dis tance o f  10 pm wi th in  1 min ( G a m o w  and Barnes, 1974) ;  
the re fo re ,  the  rate  l imit ing step unde r  the  cond i t ions  o f  o u r  assay might  be 
set t l ing o f  the  cells o n t o  the  m e m b r a n e  surface.  

Use of  a 10 t~m th ick  m e m b r a n e  lends i tself  to  a d e t e rm in a t i o n  of  the  
f rac t ion  o f  PMNs tha t  r e spond  to  c h e m o a t t r a c t a n t ,  since migrated cells are 
in one  opt ical  p lane on the  b o t t o m  fi l ter  surface.  The  n u m b e r  of  migra ted  
cells, readi ly  c o u n t e d  with an image analyzer ,  can then  be c o m p a r e d  wi th  
the  inpu t  number .  The  f rac t ion  migrat ing is n o t  100%, and it m ay  be o f  
in teres t  to  de t e rmine  whe the r  this f rac t ion  is a l tered in disease. Because o f  
the  small n u m b e r  o f  PMNs requi red ,  the  assay m ay  be par t icular ly  useful  
in evaluat ing neu t roph i l  chemotax i s  o f  pedia t r ic  pat ients  or  o thers  in w h o m  
the  b lood  sample vo lume  is a l imit ing fac tor .  
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