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Cell surface fluctuations studied with defocusing microscopy
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Phase objects can become visible by slightly defocusing an optical microscope, a technique seldom used as
a useful tool. We revisited the theory of defocusing and apply it to our optical microscope with optics corrected
at infinity. In our approximation, we obtain that the image contrast is proportional to the two-dimensional~2D!
Laplacian of the phase difference introduced by the phase object. If the index of refraction of the phase object
is uniform the image obtained from defocusing microscopy is the image of curvature~Laplacian of the local
thickness! of the phase object, while standard phase-contrast microscopy gives information about the thickness
of the object. We made artificial phase objects and measured image contrasts with defocusing microscopy.
Measured contrasts are in excellent agreement with our theoretical model. We use defocusing microscopy to
study curvature fluctuations~ruffles! on the surface of macrophages~cell of the innate immune system!, and try
to correlate mechanical properties of macrophage surface and phagocytosis. We observe large coherent propa-
gating structures: Their shape, speed, density are measured and curvature energy estimated. Inhomogeneities of
cytoskeleton refractive index, curvature modulations due to thermal fluctuations and/or periodic changes in
cytoskeleton-membrane interactions cause random fluctuations in image contrast. From the temporal and
spatial contrast correlation functions, we obtain the decay time and correlation length of such fluctuations that
are related to their size and the viscoelastic properties of the cytoskeleton. In order to associate the dynamics
of cytoskeleton with the process of phagocytosis, we use an optical tweezers to grab a zymosan particle and put
it into contact with the macrophage. We then measure the time for a single phagocytosis event. We add the drug
cytochalasinD that depolymerizes the cytoskeleton F-actin network: It inhibits the large propagating coherent
fluctuations on the cell surface, increases the relaxation time of cytoskeleton fluctuations, and increases the
phagocytosis time. Our results suggest that the methods developed in this work can be of utility to assess the
importance of cytoskeleton motility in the dynamics of cellular processes such as phagocytosis exhibited by
macrophages.
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I. INTRODUCTION

A transparent object whose index of refraction is ve
close to the index of refraction of its embedding medium~a
phase object! can become visible in an optical microscope
using the well-known Zernike’s phase-contrast meth
Changes in image intensity are proportional to the ph
changes introduced by the phase object@1#. For a thin phase
object with uniform index of refraction, phase-contrast m
croscopy then yields a measure of the phase object thick
h(x,y). Another way of making phase objects visible in
optical microscope, but seldom used as an useful tool, is
defocusing method. The treatment of defocusing as a w
aberration has been considered by many authors@1–4#. Fig-
ure 1 shows how defocusing can make visible stains o
microscope glass slide~a! for positive defocusing,~b! in fo-
cus ~object invisible!, and ~c! for negative defocusing. We
revisited the theory of defocusing and apply it to our opti
microscope with optics corrected at infinity. In our appro
mation, we obtain that the image contrast is proportiona
the two-dimensional Laplacian of the phase difference in
duced by the phase object and proportional to the amoun
defocusing. For a phase object with uniform index of refra
tion, defocusing microscopy yields an image contrast prop
1063-651X/2003/67~5!/051904~9!/$20.00 67 0519
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tional to ¹2h(x,y), that is the curvature of the phase obje
if u“h(x,y)u!1. Under these conditions, the image obtain
from defocusing microscopy is a portrait of the curvature
the phase object. Naturally, the same information can be
tained from the thicknessh(x,y) measured by phase-contra
microscopy. However, in the application that we will repo
here, we are interested in measuring the dynamics of
surface fluctuations, where surface curvature is one of
main parameters. Therefore, with defocusing microscopy
images obtained are easier to analyze and are directly re
to the parameter we want to measure.

The defocusing method using laser light was applied
cently to study spatial and temporal fluctuations of opti
microstructures of stratified seawater caused by grid tur
lence @5#. Here, we apply defocusing microscopy to stu

FIG. 1. Stains on a microscope coverglass:~a! for positive de-
focusing,~b! in focus ~object invisible!, and~c! for negative defo-
cusing.
©2003 The American Physical Society04-1
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surface curvature fluctuations of macrophages, an impor
cell of the innate immune system. Engulfment of pathog
by professional phagocytic cells~macrophages! is one of the
most primitive and important functions of the innate immu
system. Phagocytosis is a very complex process wh
pathogens are recognized, internalized, and then digeste
macrophages, through elaborate recognition and metab
signaling paths@6–9#. A great deal of information about th
biochemical aspects of this process is available in the lite
ture. We are particularly interested how mechanical prop
ties of cytoskeleton and cell surface fluctuations influen
and mediate the engulfment of particles and pathogens
ing phagocytosis.

We identify that the main surface fluctuations correspo
to large coherent structures~kinklike structures! that propa-
gate from the edge towards the nucleus of the cell. Th
large structures are probably responsible for the so-ca
centripetal motion observed in macrophages and in o
cells @10#. We measure their shapes, amplitudes, veloc
and density in control macrophages and in macropha
treated with cytochalasinD (CyD), a drug that depolymer
izes theF-actin network of the cytoskeleton. The amount a
speed of these large structures decreases considerably
the addition of CyD. This characterization of surface fluc
tuations is important for any modeling of cell motility.

With an optical tweezers@11–13#, we grab a zymosan
particle, a model particle used in phagocytosis experime
and put it into contact with a macrophage. We are then a
to observe a single phagocytosis event. We videotape
process until the zymosan particle is completely engul
and obtain the phagocytosis time. We observe a positive
relation between the amount of surface fluctuations o
single macrophage and phagocytosis time. Therefore,
method described here can be useful for an assessme
cytoskeleton cell activity that is important for phagocytos

This paper is organized as follows: in Sec. II, we pres
the theory of defocusing for our infinity corrected optic
microscope; in Sec. III, we present experimental results
defocusing microscopy in constructed phase objects that
firms the theoretical analysis; in Sec. IV, we present
method of preparation of macrophages and discuss s
other experimental aspects; in Sec. V, we present our re
and discussions about the statistical characterization of
face fluctuations, viscoelastic properties of cytoskeleton
phagocytosis time; in Sec. VI, we present our conclusio
finally, in the Appendix, we show the mathematical deriv
tions of the theory of defocusing microscopy presented
Sec. II.

II. THEORY OF DEFOCUSING

Our optical microscope is an inverted Nikon Eclip
TE300 with optics corrected at infinity. The objective conj
gates the image of the object at infinity and a tube lens
cuses the rays in the image plane to form the image. So
our model of defocusing we are going to consider our mic
scope composed of two lenses: the infinity corrected ob
tive with focal distancef 1 and a tube lens with focal distanc
f 2 separated by the distanced as shown in Fig. 2@14#. We
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defocus our microscope by moving the objective by a d
tanceD f in relation to the object: positiveD f means that the
objective approaches the object, negativeD f otherwise. In
our experiments, we use an oil immersion objective of 10X
with numerical aperture NA51.4 ~CFI Plan Apochromat!
and a bright field scheme with illumination provided by
tungsten lamp without frequency filters. Even though we u
a broad-band light source, since the observed objects
very small~of the order of tens of microns! they are within a
coherence area. This can be easily checked by using an
ject with a sharp edge; we clearly see the edge diffract
fringes as in coherent illumination. Therefore, one can
the mathematical techniques and procedures developed
coherent optics. Light from the object propagates throu
both lenses and form the image. In the Appendix, we
scribe the propagation of the light through our defocus
microscope and the mathematical derivations that resul
the following expression for the contrast of the defocus
image:

C~rW !5
I ~rW !2I 0

I 0
5

D f

k
¹2w~rW !, ~1!

wherew(rW ) is the phase difference introduced by the pha
object andk is the light wave vector.

We notice that the image contrast can be positive or ne
tive depending on the signs ofD f and ¹2w(rW ). For a thin
phase object

w~rW !5kDnh~rW !, ~2!

whereDn is the difference between the refractive index
the phase object and its embedding medium, andh(rW ) is the
thickness of the phase object. The equation for the cont
can be rewritten as

C~rW !5D f ¹2@Dnh~rW !#. ~3!

An interesting point in the above expression is that it do
not depend explicitly on the wavelength of the incident lig
what justifies the fact that we do not need frequency filter
in our illumination to use with this technique. The index

FIG. 2. Scheme of an infinity corrected microscope. So rep
sents the light source, a tungsten lamp,C is the condenser tha
illuminates the objectO, L1 is the objective,L2 is the tube lens, the
image is conjugated in the image planeI, and we defocus the mi-
croscope byD f .
4-2
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CELL SURFACE FLUCTUATIONS STUDIED WITH . . . PHYSICAL REVIEW E67, 051904 ~2003!
refraction of the object is then the mean refractive ind
averaged over the incident wavelengths. Contrast can be
tained from¹2h(rW ) and from¹2(Dn) in the case of phase
objects with inhomogeneous index of refraction.

III. EXPERIMENTAL TEST OF THE DEFOCUSING
MODEL

Since several approximations were made to have a s
plified model of defocusing, an experimental test of the fi
expression for the contrast@Eq. ~3!# is required. If we make
thin phase objects with uniform refractive index (Dn con-
stant!, Eq. ~3! can be written as

C~rW !5D f Dn¹2h~rW !. ~4!

Equation~4! has a simple physical interpretation. The co
trast is the ratio between the amount of defocusingD f and
the local focal distance of the phase object that acts as a
lens, sinceDn¹2h(rW ) is the lens-maker equation for the in
verse focal distance. So, in this approximation the phase
ject behaves as a thin convergent or divergent lens. In o
to make controlled phase objects, we use 1-mm-radius poly-
styrene beads as starting material from Polysciences
with glass transition temperature of 100°C and refractive
dex of 1.600 forl5589.3 nm@15#. We put a drop of water
solution of the beads on a glass slide~thickness 170mm)
used in our microscope. After water evaporation the be
are stuck on the slide. There are aggregates of one to se
beads. The slide is then put in an oven at 150°C for abo
h. This temperature is enough to soften the beads and
take the shape of thin spherical caps, with different cur
tures. After cooling the slide down it is used as the bottom
our Plexiglas sample cell. Therefore, we can make meas
ments on the polystyrene caps in air or in another medi
Figure 3~a! shows an image of the defocused spherical c
For the spherical caph(x,y)5(R22x22y2)1/22const and

¹2h~x,y!52F 2R22x22y2

~R22x22y2!3/2G . ~5!

Taking the contrast along a diameter in Fig. 3~a! (y50), the
contrast can be written as

FIG. 3. ~a! Image of a defocused spherical cap of polystyrene
water; ~b! contrast fitted with Eq.~A17!; from the fit R58.09
60.03mm.
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C~x,0!5D f DnF 2R22x2

~R22x2!3/2G . ~6!

We use a positive sign in Eq.~6! because in our image analy
sis the gray levels are 255 for the darkest and zero for
whitest pixels. Figure 3~b! shows the measured contra
C(x,0) ~circles! and the fit using Eq.~6! ~continuous line!.
From the fit one obtains the radius of curvature of the caR
and the coefficientD f Dn. In addition, we can obtain the
contrast

C~0,0!5D f Dn
2

R
. ~7!

For each cap the defocusingD f is varied and Fig. 4 shows a
plot of C(0,0) as a function ofD f . Beyond the limits shown
in the plot,C(0,0) is no longer a linear function ofD f . From
each plot is extracted the slopeS of this straight line that,
from our model, is equal toS5Dn2/R. Finally, Fig. 5 shows
the plot ofS as a function of 2/R. If our model is quantita-

n

FIG. 4. Plot ofC(0,0) as a function of the defocusing for th
cap of Fig. 3. The slope of the fitS5Dn2/R is S520.0714
60.0002mm21.

FIG. 5. Plot ofS5Dn2/R as a function of the curvature 2/R.
The slope of this fit is the difference of refraction index between
polystyrene and the medium, for air (s) Dna50.6160.01 and for
water (d) Dnw50.2960.01.
4-3
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tively correct, the slope of this straight line should be
(s), the difference in index of refraction of the polystyren
and air (Dna51.602150.60), and in (d) the difference in
index of refraction of the polystyrene and water (Dnw
51.6021.3350.27). From the fits, we obtainDna50.61
60.01 andDnw50.2960.01 in good agreement with th
predictions of our defocusing model.

IV. MATERIALS AND METHODS

A. Animals

Mice five to six weeks old~C57BL/6! were obtained from
the animal house of Fundac¸ão Oswaldo Cruz~Rio de Jan-
eiro, Brazil! and maintained under standard conditions in
animal house of the Centro de Pesquisas Rene´ Rachou da
Fundac¸ão Oswaldo Cruz~Belo Horizonte, Brazil!.

B. Macrophages preparation

Thioglycollate-elicited peritoneal macrophages were
tained from C57BL/6 by peritoneal washing@16#. Adherent
macrophages were cultured at 37°C with 5% CO2 in DMEM
~Dulbeccos Modified Eagles Medium-Sigma! in a chamber
made of a cylindrical Plexiglas glued on a microscope gl
slide with torr seal~Varian Vacuum Products!. The chamber
can hold 1.5 ml of solution. After 20 h, the culture mediu
was replaced by the same medium with 10% of inactiva
fetal bovin serum. Experiments were performed 2 h after the
change of the medium. For the experiments with cytocha
sin D (CyD sigma! cells were incubated with 100 nM o
CyD 2 h or instantly before the experiments were perform

C. Optical tweezers and videomicroscopy setup

We use a Nikon TE300 microscope with an oil immersi
microscope objective with magnification of 100X and NA
51.4 . In all experiments, we use Kho¨ller illumination for
maximum uniformity of image intensity. To keep the tem
perature of the cell at 37°C, the objective is heated. Visu
ization is made with the same objective and recorded wit
digital camera~DAGE MTI! and a videocassette record
~EVO 9650-SONY!. The optical tweezers consists of a co
limated beam of infrared laser~SDL 5280! that goes through
the objective. Details of our experimental setup can be
tained from Vianaet al. @13#.

D. Zymosan preparation and measurement
of phagocytosis time

ZymosanA ~sigma! was washed two times with phos
phate buffered saline~PBS! and incubated with fetal bovine
serum not inactivated for at least 2 h before the experiment
Using the optical tweezers a zymosan particle is then put
contact with a macrophage near its edge. The time of pha
cytosis is defined as the time that the cytoskeleton take
surround the particle@24#.

E. Image analysis

Recorded images were digitized as movies with eight-
graylevels, using a data-translation frame grabber and st
in a PC microcomputer. The movies of the macropha
were analyzed with the programNIH-IMAGEJ. Correlation
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functions and PDFs~probability distribution functions! data
were obtained with java applets that we have made for
IMAGEJ program.

V. RESULTS AND DISCUSSION

Plasma membrane separates the cell constituents from
external environment. Plasma membrane is a continu
elastic medium, therefore elastic energy is spent to dr
fluctuations on the surface of the cell. Cells have membr
reservoirs to face the enormous morphological changes
quired for their functioning@17#. Because of that, cell surfac
tension is small and membrane curvature is likely to be
most important contribution to the elastic energy of cell s
face @18#. Therefore, it is reasonable to think that we c
have an assessment of cytoskeleton macrophage activit
measuring curvature fluctuations~ruffles!. Hence, defocusing
microscopy discussed before is a good technique to st
cell surface fluctuations because the images obtained ar
lated to surface curvature, resulting in simpler images
compared to phase-contrast microscopy, facilitating the
age analysis. Single macrophages using defocusing mic
copy are filmed for at least 2 h, such that enough informat
is obtained to perform the statistical analysis that will
described below. We observe two main types of contr
fluctuations: small random fluctuations that permeate
whole cell and large coherent structures that propagate f
the edge towards the nucleus of the cell. Figure 6~a! presents
a sketch of a macrophage adhered on a glass substrate
Fig. 6~b! an image of a macrophage obtained using defoc

FIG. 6. ~a! Sketch of a macrophage adhered on glass.~b! Image
of a macrophage obtained with microscope defocusing ofD f
51 mm @25#. ~c! Contrast profile@proportional to¹2h(x,y)] of
kinklike structure propagating from the edge toward the nucleus
the cell.~d! Contrast profile of small random fluctuations.
4-4
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CELL SURFACE FLUCTUATIONS STUDIED WITH . . . PHYSICAL REVIEW E67, 051904 ~2003!
ing microscopy withD f 51 mm. Surface contrast plots ar
also shown for regions with large and small fluctuations.

A. Large coherent structures

We observe mainly two types of large coherent structu
kinklike and Gaussian-like structures. In Fig. 7~a!, we show
the contrast as a function of the distance along the direc
of propagation of a large structure, let us sayx direction. If
we assume a kinklike form@showed in Fig. 7~b!# for this
propagating structure such that

h~x,y!5
h0

2 F12tanhS x2Vt

w D G , ~8!

whereh0 is its amplitude,w width, V speed, and considerin
that the index of refraction of the cytoskeleton is on avera
uniform, an expression for the kink contrast can be obtai
using Eq.~4!,

C~x,y!5
h0

w2
D f DnF tanhS x2Vt

w D2tanh3S x2Vt

w D G . ~9!

In Fig. 7~a! the dots are the experimental points and
continuous line is the fit using Eq.~9! for a particular time t.
From this fit and usingD f 51 mm and Dn50.1 @19#, we
obtain h052.6 mm and w50.53mm. Curvature energy o
the kink can be calculated using the expression given be
@18,20#,

Uc5
kc

2 E dyE dx

S d2h

dx2D 2

S 11Udh

dxU
2D 3 , ~10!

wherekc is the bending stiffness and we have used the ex
expression for curvature. The membrane-cytoskeleton a
sion will have a pronounced influence on the bending st
ness, however, we can have a lower bound estimate for
curvature energy using the bending stiffness of simple m
branes, typically around 10212 erg @21#. In this case, the
curvature energy of the kink from Eq.~8!, with parameters
h052.6 mm, w50.53mm, and size along they direction

FIG. 7. ~a! One-dimensional contrast profile of a propagati
structure along the direction of propagation. This profile is well
by Eq. ~9! with D f 51 mm, Dn50.1 with the kink form of Eq.~8!
resulting inh052.6 mm andw50.53mm. ~b! Example of the kink
calculated using Eq.~8! with the parameters found in the fit.
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equal to 5mm givesUc'3.8310212 erg, which is around
100 times the thermal energy. Hence, to make such la
structures, the cell spends a considerable amount of ene
Similar calculations can be done for a Gaussian-like struc
where we assume the profile below,

h~x,y!5h0e2(x2Vt)2/2w2
, ~11!

shown in Fig. 8~b!. In Fig. 8~a! the dots are the experimenta
points and the continuous line is the fit for the contrast us
the 2D Laplacian of the Gaussian profile above. The res
areh050.23mm, w50.33mm, and size along they direc-
tion equal to 5mm gives Uc'4.3310212 erg, which is
around 100 times the thermal energy. The average spee
the large structures iŝV&53.560.7 mm/min. By measuring
the average amount of such large structures, we can i
how much curvature energy is involved in the process. Th
the amount and speed of such structures can be a measu
macrophage cytoskeleton activity. From now on, we will r
fer to these large coherent structures as kinklike structur

B. Random fluctuations

To characterize the random contrast fluctuations that p
meate the whole cell, we calculate contrast temporal
spatial correlation functions from the digitized images o
macrophage. Time autocorrelation function^C(0)C(t)& is
obtained from the contrast of every pixel~pixel length
5 0.13mm) in different times, averaged over several pixe
of a chosen region. The spatial correlation functi
^C(0)C(r )& is obtained from the simultaneous value of t
contrast in different pixels and the average is done o
many video frames. In Fig. 9~a! is shown a time autocorre
lation function fitted to a single exponential, with a rela
ation time oft54.5 s. A surprising result is the reprodu
ibility of the relaxation time given that this is a biologica
system: for 30 different macrophages and for various diff
ent positions in each macrophage the relaxation time wat
5561 s. In Fig. 9~b! is shown a spatial correlation functio
that was fit to a single exponential with a correlation leng
of j50.26mm, and averaging over many measurementj
50.2560.02mm. This value is just the resolution limit o
our objective of 100X and NA51.4. Therefore, whatever is
causing these small random fluctuations its typical size
smaller than 0.25mm. These fluctuation can be caused

t

FIG. 8. ~a! One-dimensional contrast profile of propagatin
structure along the direction of propagation. This profile is well
by the Laplacian of the Gaussian form of Eq.~11! resulting inh0

50.23mm andw50.33mm. ~b! Example of Gaussian profile cal
culated using Eq.~11! with the parameters found in the fit.
4-5



s o

ic
m
s

d/

m
e
it
a

on

b

o

-
is
n

uc
rg

We

e is

elf
om
the
the
ph-
the
e
in

y-

el-
s.

the

the
ink
e
m
f
d of

f
ion
b-
cy-
a

we
,

n-

th
ro

e

as

ion

AGERO et al. PHYSICAL REVIEW E 67, 051904 ~2003!
small surface curvature fluctuations or by inhomogeneitie
the index of refraction inside the cell via the term¹2(Dn) in
the contrast. Bauschet al. @22# measured the viscoelast
properties of the cytoskeleton of macrophages with a
crorheometer and provided evidence that the whole cyto
eleton is composed of clusters of densely packed an
strong crosslinked filaments~smaller than 0.25mm) sepa-
rated by very soft or sol-like regions. Since there are ther
fluctuations on all length scales@20#, at the present stage, w
cannot separate the contributions caused by inhomogene
in the refractive index, curvature modulations from therm
fluctuations and/or periodic changes in cytoskelet
membrane interactions.

C. Probability distribution function

An additional statistical characterization can be done
constructing the probability distribution function~PDF! of
contrast fluctuations. To do that, we construct a function
the number of timesN(C) that a particular contrastC oc-
curred as a function ofC. In Fig. 10~a!, we show a plot of
N(C) as a function ofC normalized by the standard devia
tion (A^DC2&), for a macrophage. We are able to fit th
curve by a sum of a Gaussian plus and an exponential fu
tion: the Gaussian part is related to the small random fl
tuations and the long exponential tails related to the la
coherent fluctuations

FIG. 9. ~a! Temporal contrast autocorrelation function of ra
dom fluctuations with relaxation timet54.5 s. ~b! Spatial contrast
correlation function of random fluctuations with correlation leng
j50.26mm that corresponds to the optical resolution of our mic
scope.

FIG. 10. Probability distribution functions~PDFs! of contrast
fluctuations.~a! Before the addition of the cytoskeletal drug CyD,
where the PDF clearly shows long exponential tails and~b! 40 min
after the addition of 100 nM of CyD, where the PDF becomes mor
Gaussian indicating the decrease of the relative kink density
described in the text.
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N~C!5N0
F expS 2C2

2s2 D
A2ps2

1 f K

expS 2uCu
a D

2a
G , ~12!

whereN0 , s, anda are constants andf K is the fraction of
large fluctuations as compared to the small fluctuations.
then namef K as the relative kink density. In Fig. 10~a!, the
squares are the experimental points and the continuous lin
the fit using Eq.~12! and from the fitf K52.8. A theoretical
derivation for the kind of PDFs we have observed is by its
an interesting task, since this is a nonlinear and far fr
equilibrium dynamical system. Hence, an assessment of
macrophage cytoskeleton activity can be obtained from
comparison between the kink densities of a control macro
age and a macrophage under study. Also we can study
time evolution of activity after the administration of som
drug to the macrophage. That is what we are going to do
the following section by adding the cytoskeleton drug c
tochalasinD.

D. Macrophage with cytochalasinD

Cytochalasin is a drug that depolymerizes the cytosk
eton F-actin network changing its viscoelastic propertie
Möller et al. @23# showed that the main effect of CyD is to
increase the cytoskeleton viscosity, while changing little
cytoskeletal stiffness. After the addition of 100 nM of CyD,
we measure the relaxation time of random fluctuations,
average speed of the kinklike structures, and the relative k
density. In Fig. 10~b!, we show the PDF data 40 min after th
addition of CyD. The PDF became more Gaussian and fro
the fit we obtainf K50.03. It indicates that the amount o
kinks has decreased considerably. The average spee
kinks has also decreased to the valuêV&50.5
60.2 mm/min. In Fig. 11~a! is shown the relaxation time o
random fluctuations as a function of time after the addit
of CyD. A considerable increase in relaxation time is o
served probably due to the increase in viscosity of the
toskeleton. In Fig. 11~b! is shown the density of kinks as
function of the time after the addition of CyD. CyD inhibits
the production of the large kinklike fluctuations.

E. Phagocytosis time of zymosan

With an optical tweezers mounted in our microscope
grab a zymosan particle (;4 mm) and feed a macrophage

-

as

FIG. 11. ~a! Plot of the relaxation time of random fluctuations
a function of time after the addition of 100 nM of CyD. ~b! Plot of
the relative density of kinks as a function of time after the addit
of 100 nM of CyD.
4-6
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and videotape the process of phagocytosis. We then mea
the time for complete engulfment of zymosan by the m
rophage~phagocytosis time!. From the images, as a loca
effect, we observe a slight increase in the kink activ
around the zymosan particle during phagocytosis. Phag
tosis time increases considerably from 3 min to more tha
h due to CyD. Results are displayed in Table I. Since phag
cytosis time increased more than linearly with the relaxat
time, which is an indication of how much the overall cytos
eleton motion has slowed down, the kink density seems
represent the more dramatic change of cytoskeleton act
that is related to phagocytosis.

VI. CONCLUSIONS

We revisited the theory of defocusing and showed that
our infinity corrected microscope and for the paraxial a
proximation, the contrast of a phase object observed w
defocusing microscopy is proportional to the amount of
focusing and to the 2D Laplacian of the phase differen
introduced by the phase object. Therefore, defocusing
croscopy is a convenient technique for measuring curva
of phase objects. We constructed artificial phase object
test quantitatively our expression for the contrast. Exp
ment and theory agree quite well. We then use defocus
microscopy to study surface fluctuations of macrophages.
observe mainly two types of macrophage fluctuations: la
surface propagating coherent structures and small ran
fluctuations. We measure shape, speed, and relative de
of these large propagating structures and make an estima
their curvature energy. We measure relaxation time and
relation length associated to these random fluctuations,
may be caused by inhomogeneities in the refractive ind
curvature modulations from thermal fluctuations and/or p
odic changes in cytoskeleton-membrane interactions. At
present stage, we cannot single out each one of these co
butions. With an optical tweezers we grab a single zymo
particle and put it into contact with a macrophage. We th
measure the phagocytosis time for each single event.
measurements were repeated after the addition of the cyt
eleton drug cytochalasinD. Relaxation time of random fluc
tuations increases indicating that the internal motion of
cytoskeleton has slowed down; speed and density of
large propagating structures decreases considerably ind
ing much less surface activity; phagocytosis time increa
considerably. These results suggest that from the prope
and density of the large kinklike structures, we have an
sessment of surface cytoskeleton activity that is correla
with phagocytosis. Additional experiments are required
decide if these nonlocal large structures participate dire

TABLE I. Numbers in parentheses are the number of samp
used in the averages@24#.

CyD Kink speed Kink Relaxation Phagocytosi
~nM! (mm/min) density time~s! time ~min!

0.0 3.560.7(7) 2.561.5(5) 561(30) 362(26)
100 0.560.2(7) 0.0260.02(9) 40610(9) .120(2)
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to facilitate the phagocytosis process or if they just reflect
overall activity of macrophage cytoskeleton.
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APPENDIX

We will use the formalism of the angular spectrum
describe the propagation of the light through our microsco
@2#. In this formalism, the electric field of a linear polarize
light propagating along thez direction with angular compo-
nents in thexy plane can be represented by its Fourier tra
form in thexy plane as

E~rW ,z!5
1

~2p!2E A~qW ,z!eiqW •rWdqW , ~A1!

where rW 5x î1y ĵ and qW 5kxî 1ky ĵ . The inverse Fourier
transform gives

A~qW ,z!5E E~rW ,z!e2 iqW •rWdrW , ~A2!

whereA(qW ,z) is the angular spectrum. The free space pro
gation of the angular spectrum from positionz50 up to a
position z, in the paraxial approximation whereuqW u!ukW u, is
given by @2#

A~qW ,z!5A~qW ,0!eikze2 i (q2/2k)z, ~A3!

wherek is the magnitude of the wave vector of the light. Th
propagation of the angular spectrum across one lens is g
by

Al~qW !5
f

2p ikE A0~jW !ei ( f /2k)(qW 2jW )2
djW , ~A4!

wheref is the focal distance of the lens. To compute the fin
angular spectrum and, consequently, the electric field of
light through our defocused microscope, we have to use E
~A3! and ~A4! in five steps to propagate the angular spe
trum: ~1! from the position of the object (z50) through a
distancef 12D f up to the objective;~2! across the objective
of the focal distancef 1; ~3! from the objective through a
distanced1D f up to the tube lens;~4! across the tube len
of the focal distancef 2; ~5! from the tube lens through a
distancef 2 up to the focal plane. The resulting angular spe
trum after each step is given below. After step~1!,

A15A0~qW !eik( f 12D f )e2 i ( f 1 /2k)q2
ei (D f /2k)q2

. ~A5!

After step~2!,

s

4-7
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A25
f 1

2p ik
eik( f 12D f )ei ( f 1/2k)q2

3E A0~jW !ei (D f /2k)j2
e2 i ( f 1 /k)qW •jWdjW . ~A6!

Calling B0(qW )5A0(jW )ei (D f /2k)q2
and its inverse transform a

b0(rW )5F21$B0(qW )%, we have

A25
2p f 1

ik
eik( f 12D f )ei ( f 1/2k)q2

b0S 2
f 1

k
qW D . ~A7!

After step~3!,

A35
2p f 1

ik
eik( f 11d)e2 i ( f 2/2k)q2

b0S 2
f 1

k
qW D . ~A8!

After step~4!,

A452
f 1f 2

k2
eik( f 11d)ei ( f 2/2k)q2E b0S 2

f 1

k
jW D

3ei [( f 11 f 22d2D f )/2k] j2
e2 i ( f 2 /k)qW •jWdjW . ~A9!

After step~5!,

A552
f 1f 2

k2
eik( f 11 f 21d)E b0S 2

f 1

k
jW D

3ei [( f 11 f 22d2D f )/2k] j2
e2 i ( f 2 /k)qW •jWdjW . ~A10!

To simplify this expression, we made the following variab
change,jW852( f 1 /k)jW , to obtain

A552
f 2

f 1
eik( f 11 f 21d)

3E b0~jW8!ei [( f 11 f 22d2D f )k/2 f 1
2] j82

ei ( f 2 / f 1)qW •jW8djW8.

~A11!

To obtain the electric field, we perform the inverse Four
transform of Eq.~A11!,

E~rW !52
f 2

~2p!2f 1

eik( f 11 f 21d)

3E E ei [( f 2 / f 1)jW81rW ] •qWdqW b0~jW8!

3ei [( f 11 f 22d2D f )k/2 f 1
2] j82

djW8. ~A12!

Using the definition of the Dirac-d function, d(rW )
5@1/(2p)2#*e2 irW •qWdqW , Eq. ~A12! can be simplified:

E~rW !52
f 1

f 2
eik( f 11 f 21d)b0S 2

f 1

f 2
rW Dei [( f 11 f 22d2D f )k/2 f 2

2]r2
.

~A13!
05190
r

By substitutingb0@2( f 1 / f 2)rW # in Eq. ~A13! one obtains

E~rW !52
f 1

~2p!2f 2

eik( f 11 f 21d)ei [( f 11 f 22d2D f )k/2 f 2
2]r2

3E A0~qW !ei (D f /2k)q2
ei [ 2( f 1 / f 2)rW ] •qWdqW . ~A14!

The negative sign of the term2( f 1 / f 2)rW in the phase factor
inside the integral means that the image is inverted and
ratio between the focal distances gives the magnificat
Once the scale of the microscope is calibrated one can
write the expression above in terms of the spatial coordina
of the object, replacing2( f 1 / f 2)rW by rW . Then,

E~rW !5eia
1

~2p!2E A0~qW !ei (D f /2k)q2
eirW •qWdqW , ~A15!

where

eia5eik( f 11 f 21d)ei [( f 11 f 22d2D f )k/2 f 1
2]r2

. ~A16!

Unless a phase factor~A15! is the same one reported b
Soroko for a confocal laser system@4#. In the derivation of
Eq. ~A15!, we did not consider the finite size of the objectiv
entrance pupil. Therefore, this expression is valid for angu
wave vectorsq,qM where qM5kNA/n with n51.48 for
the refractive index of the immersion oil used and N
51.4, such thatqM50.95k. It means that if the paraxia
condition is satisfied, the approximation of infinite entran
pupil is automatically satisfied in our objective. Followin
the procedure described by Soroko@4# and for small defo-
cusing, such that (D f /2k)q0

2!1 whereq0 is the largest spa-
tial wave vector of the object, we can expand the quadr
phase term inside the integral of Eq.~A15! as

ei (D f /2k)q2
511 i

D f

2k
q2, ~A17!

and obtain

E~rW !5eia
1

~2p!2 F E A0~qW !eiqW •rWdqW

1 i
D f

2kE A0~qW !q2eiqW •rWdqW G . ~A18!

Utilizing the expansion for the electric field given by E
~A1!, we obtain that

¹2E0~rW !5
21

~2p!2E A0~qW !q2eiqW •rWdrW . ~A19!

Substituting Eqs.~A19! and ~A1! into Eq. ~A18!, we obtain
the expression for the electric field for the defocused ima
as
4-8
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E~rW !5eiaFE0~rW !2 i
D f

2k
¹2E0~rW !G . ~A20!

By assuming that the object is illuminated by a plane wa
light propagating along the directionz with amplitudeE0,
the electric field of this light after passing the phase obj
can be written as

E0~rW !5E0eiw(rW ), ~A21!

wherew(rW ) is the phase difference introduced by the pha
object.

Substituting Eq.~A21! into Eq. ~A20! we obtain

E~rW !5eiaE0eiw(rW )F11 i
D f

2k
@“w~rW !#21

D f

2k
¹2w~rW !G .

~A22!
-

M

l.

tp:

u-

05190
e

t

e

The image intensity isI (rW )}uE(rW )u2. If we only keep terms
up to the first order inD f , we obtain

I ~rW !5I 01I 0

D f

k
¹2w~rW !, ~A23!

whereI 0}uE0u2.
Due to a mistake in his expansion, the result of Soroko@4#

for Eq. ~A23! is different than ours. Finally, we can obtain a
expression for the contrast of the defocused image as

C~rW !5
I ~rW !2I 0

I 0
5

D f

k
¹2w~rW !. ~A24!
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