PHYSICAL REVIEW E 67, 051904 (2003
Cell surface fluctuations studied with defocusing microscopy

U. Agero?! C. H. Monken! C. Ropert R. T. Gazzinell?® and O. N. Mesquita
1Departamento de Bica, ICEX, Universidade Federal de Minas Gerais, Caixa Postal 702, Belo Horizonte,
CEP 30123-970 Minas Gerais, Brazil
2Centro de Pesquisas Refachou, Fiocruz Belo Horizonte, Minas Gerais, Brazil
3Departamento de Biogmica e Imunologia, ICB, Universidade Federal de Minas Gerais, Belo Horizonte,
CEP 30123-970 Minas Gerais, Brazil
(Received 27 December 2002; published 7 May 2003

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-dimer(&Dial
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 curvdiapéacian 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 fluctuatior(suffles) on the surface of macrophageell of the innate immune systgpand 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
cytochalasirD 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.
DOI: 10.1103/PhysReVvE.67.051904 PACS nuni®er87.64.Rr, 83.80.Lz, 05.46.a
[. INTRODUCTION tional to V2h(x,y), that is the curvature of the phase object

if |[Vh(x,y)|<1. Under these conditions, the image obtained

A transparent object whose index of refraction is veryfrom defocusing microscopy is a portrait of the curvature of
close to the index of refraction of its embedding medi(an the phase object. Naturally, the same information can be ob-
phase objegtcan become visible in an optical microscope bytained from the thickness(x,y) measured by phase-contrast
using the well-known Zernike’s phase-contrast methodmicroscopy. However, in the application that we will report
Changes in image intensity are proportional to the phaséere, we are interested in measuring the dynamics of cell
changes introduced by the phase obJddt For a thin phase surface fluctuations, where surface curvature is one of the
object with uniform index of refraction, phase-contrast mi-main parameters. Therefore, with defocusing microscopy the
croscopy then yields a measure of the phase object thickne§®ages obtained are easier to analyze and are directly related
h(x,y). Another way of making phase objects visible in anto the parameter we want to measure.
optical microscope, but seldom used as an useful tool, is the The defocusing method using laser light was applied re-
defocusing method. The treatment of defocusing as a waveently to study spatial and temporal fluctuations of optical
aberration has been considered by many autfibed]. Fig-  microstructures of stratified seawater caused by grid turbu-
ure 1 shows how defocusing can make visible stains on #nce[5]. Here, we apply defocusing microscopy to study
microscope glass slid@) for positive defocusingib) in fo-
cus (object invisiblg, and (c) for negative defocusing. We
revisited the theory of defocusing and apply it to our optical
microscope with optics corrected at infinity. In our approxi-
mation, we obtain that the image contrast is proportional to
the two-dimensional Laplacian of the phase difference intro-
duced by the phase object and proportional to the amount of F|G. 1. Stains on a microscope coverglags:for positive de-
defocusing. For a phase object with uniform index of refrac-focusing, (b) in focus (object invisiblg, and(c) for negative defo-
tion, defocusing microscopy yields an image contrast proporeusing.
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surface curvature fluctuations of macrophages, an importan L Ly I
cell of the innate immune system. Engulfment of pathogens |, o s N I
by professional phagocytic cellmacrophagess one of the //T S

most primitive and important functions of the innate immune So; o 0 o B T \\_:\
system. Phagocytosis is a very complex process where 'é e, e |
pathogens are recognized, internalized, and then digested £ | —~—— #- | 7 z
macrophages, through elaborate recognition and metaboli * *C \\\Jf‘ ,/:/
signaling path$6—9]. A great deal of information about the ] g
biochemical aspects of this process is available in the litera- |™ 4

ture. We are particularly interested how mechanical proper- !‘—fﬁﬁ d I‘—fz—’T

ties of cytoskeleton and cell surface fluctuations influence,

and mediate the engulfment of particles and pathogens dur- g1, 2. scheme of an infinity corrected microscope. So repre-

ing phagocytosis. sents the light source, a tungsten lan@pjs the condenser that
We identify that the main surface fluctuations correspondjiuminates the objecd, L, is the objectivel, is the tube lens, the

to large coherent structureékinklike structure$ that propa-  image is conjugated in the image plaheand we defocus the mi-

gate from the edge towards the nucleus of the cell. Theseroscope byAf.

large structures are probably responsible for the so-called

centripetal motion observed in macrophages and in othedefocus our microscope by moving the objective by a dis-

cells [10]. We measure their shapes, amplitudes, velocitytanceAf in relation to the object: positivAf means that the

and density in control macrophages and in macrophagesbjective approaches the object, negative otherwise. In

treated with cytochalasi® (CyD), a drug that depolymer- our experiments, we use an oil immersion objective 0fX.00

izes theF-actin network of the cytoskeleton. The amount andwith numerical aperture NA1.4 (CFI Plan Apochromat

speed of these large structures decreases considerably wihd a bright field scheme with illumination provided by a

the addition of C{p. This characterization of surface fluc- tungsten lamp without frequency filters. Even though we use

tuations is important for any modeling of cell motility. a broad-band light source, since the observed objects are
With an optical tweezer§l1-13, we grab a zymosan very small(of the order of tens of micronshey are within a

particle, a model particle used in phagocytosis experiments,oherence area. This can be easily checked by using an ob-

and put it into contact with a macrophage. We are then ablgct with a sharp edge; we clearly see the edge diffraction

to observe a single phagocytosis event. We videotape thiginges as in coherent illumination. Therefore, one can use

process until the zymosan particle is completely engulfedhe mathematical techniques and procedures developed for

and obtain the phagocytosis time. We observe a positive cotoherent optics. Light from the object propagates through

relation between the amount of surface fluctuations of &oth lenses and form the image. In the Appendix, we de-

single macrophage and phagocytosis time. Therefore, thscribe the propagation of the light through our defocused

method described here can be useful for an assessment wicroscope and the mathematical derivations that result in

cytoskeleton cell activity that is important for phagocytosis.the following expression for the contrast of the defocused
This paper is organized as follows: in Sec. I, we presenimage:

the theory of defocusing for our infinity corrected optical R

microscope; in Sec. Ill, we present experimental results of - p)—lo Af_, .

defocusing microscopy in constructed phase objects that con- Clp)= T < Voelp), D

firms the theoretical analysis; in Sec. IV, we present the

method of preparation of macrophages and discuss somghere ¢(p) is the phase difference introduced by the phase

other experimental aspects; in Sec. V, we present our resulishject anck is the light wave vector.

and discussions about the statistical characterization of sur- ‘\we notice that the image contrast can be positive or nega-

face quctua_tlor)s, \{I§C08|aStIC properties of Cytoskeleton_ anﬂve depending on the signs aff and Vz¢(5)_ For a thin

phagocytosis time; in Sec. VI, we present our concluslonsphase object

finally, in the Appendix, we show the mathematical deriva-

tSic;r(If I?.f the theory of defocusing microscopy presented in <p(§)=kAnh(5), )
where An is the difference between the refractive index of
Il. THEORY OF DEFOCUSING the phase object and its embedding medium,ha(rﬁ) is the

) ) ) i . _ thickness of the phase object. The equation for the contrast
Our optical microscope is an inverted Nikon Eclipse can be rewritten as

TE300 with optics corrected at infinity. The objective conju-

gates the image of the object at infinity and a tube lens fo- C(p)=AfVAnh(p)]. 3
cuses the rays in the image plane to form the image. So, in

our model of defocusing we are going to consider our micro-An interesting point in the above expression is that it does
scope composed of two lenses: the infinity corrected objecaot depend explicitly on the wavelength of the incident light,
tive with focal distancd; and a tube lens with focal distance what justifies the fact that we do not need frequency filtering
f, separated by the distandeas shown in Fig. 214]. We  in our illumination to use with this technique. The index of
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FIG. 3. (a) Image of a defocused spherical cap of polystyrene in
water; (b) contrast fitted with Eq(A17); from the fit R=8.09 045 L
+0.03 um. T2 -1 0 1 2
Af (um)

refraction of the object is then the mean refractive index . .
averaged over the incident wavelengths. Contrast can be ob- FIG. 4. Plot ofC(0,0) as a function of the defocusing for the

tained fromV2h(p) and fromV2(An) in the case of phase iagoc())fogig. ,31' The slope of the fi§=An2/R is S=-0.0714
objects with inhomogeneous index of refraction. - pm =

Ill. EXPERIMENTAL TEST OF THE DEFOCUSING C(x,00=AfAn
MODEL

2R?>—x?
(R2_X2)3/2 ' (6)

Since several approximations were made to have a simp/e use a positive sign in E¢6) because in our image analy-
plified model of defocusing, an experimental test of the finalsis the gray levels are 255 for the darkest and zero for the
expression for the contrafiEq. (3)] is required. If we make whitest pixels. Figure ®) shows the measured contrast
thin phase objects with uniform refractive inde&r{ con-  C(x,0) (circles and the fit using Eq(6) (continuous ling

stany, Eq. (3) can be written as From the fit one obtains the radius of curvature of the Rap
and the coefficienAfAn. In addition, we can obtain the
C(p)=AfANV2h(p). (4)  contrast
Equation(4) has a simple physical interpretation. The con- C(0,0):AfAné_ 7

trast is the ratio between the amount of defocuskfgand

the local focal distance of the phase object that acts as a thiIQOr each cap the defocusidg is varied and Fig. 4 shows a
lens, sinceAanh(ﬁ) is the lens-maker equation for the in- b 9

. R S lot of C(0,0) as a function oAf. Beyond the limits shown
verse focal distance. So, in this approximation the phase o A the plot,C(0,0) is no longer a linear function f. From
ject behaves as a thin convergent or divergent lens. In ord ach pIot,is e;<tracted the slofof this straight Iiﬁe that
to make controlled phase objects, we Usg-radius poly- from our model, is equal t8=An2/R. Finally, Fig. 5 shows:
styrene beads as starting material from Polysciences Inc,me plot of S as ,a function of R. If 6ur mod,el is.quantita-
with glass transition temperature of 100°C and refractive in- ’
dex of 1.600 for\ =589.3 nm[15]. We put a drop of water

solution of the beads on a glass sli@thickness 17Qum)

used in our microscope. After water evaporation the beads 0.3 -
are stuck on the slide. There are aggregates of one to several L
beads. The slide is then put in an oven at 150°C for about 1 02|

h. This temperature is enough to soften the beads and they — +_
take the shape of thin spherical caps, with different curva- E -
tures. After cooling the slide down it is used as the bottom of 2]
our Plexiglas sample cell. Therefore, we can make measure-
ments on the polystyrene caps in air or in another medium. -
Figure 3a) shows an image of the defocused spherical cap.
For the spherical cap(x,y)=(R?>—x?—y?)¥2—const and

4] 0.2 04 0.6
2IR (um’')

FIG. 5. Plot of S=An2/R as a function of the curvature R/
The slope of this fit is the difference of refraction index between the
Taking the contrast along a diameter in FigeJy=0), the  polystyrene and the medium, for ai®) An,=0.61+0.01 and for
contrast can be written as water (@) An,,=0.29+0.01.

V2h(x,y)=— ©)

2R2_X2_y2
(RZ_XZ_y2)3/2 '
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tively correct, the slope of this straight line should be in & Cell membrang hed)
(O), the difference in index of refraction of the polystyrene Cytoplasm Nucleus .
and air An,=1.60-1=0.60), and in @) the difference in X Coverglass i *

index of refraction of the polystyrene and wateAn(,
=1.60-1.33=0.27). From the fits, we obtaidn,=0.61
+0.01 andAn,=0.29+0.01 in good agreement with the
predictions of our defocusing model.

b
IV. MATERIALS AND METHODS Frae =
A. Animals 25 5
= %27
Mice five to six weeks oldC57BL/6) were obtained from g

the animal house of Fundax Oswaldo CruzRio de Jan- s )
eiro, Brazi) and maintained under standard conditions in the f s
animal house of the Centro de Pesquisas Reaehou da fe T o0
Funda@o Oswaldo CruzBelo Horizonte, Brazjl .

B. Macrophages preparation

Thioglycollate-elicited peritoneal macrophages were ob-
tained from C57BL/6 by peritoneal washin@6]. Adherent
macrophages were cultured at 37° C with 5%,GODMEM
(Dulbeccos Modified Eagles Medium-Sigmia a chamber
made of a cylindrical Plexiglas glued on a microscope glass fiG. 6. (a) Sketch of a macrophage adhered on gléssimage
slide with torr sealVarian Vacuum ProducisThe chamber ot 5 macrophage obtained with microscope defocusingA6f
can hold 1.5 ml of solution. After 20 h, the culture medium —1 ,m [25]. (c) Contrast profile[proportional toV2h(x,y)] of
was replaced by the same medium with 10% of inactivateqinkiike structure propagating from the edge toward the nucleus of
fetal bovin serum. Experiments were perfodrzh after the  ihe cell.(d) Contrast profile of small random fluctuations.
change of the medium. For the experiments with cytochala-
sin D (CyD sigma cells were incubated with 100 nM of
CyD 2 h or instantly before the experiments were performed

functions and PDFgprobability distribution functionsdata
C. Optical tweezers and videomicroscopy setup were obtained with java applets that we have made for the

' IMAGEJ program.

We use a Nikon TE300 microscope with an oil immersion

microscope objective with magnification of 200and NA
=1.4 . In all experiments, we use Klter illumination for V. RESULTS AND DISCUSSION
maximum uniformity of image intensity. To keep the tem- .
perature of the cell at 37°C, the objective is heated. Visual- Plasma m_embrane separates the cell constituents frpm the
ization is made with the same objective and recorded with £Xxt€rnal environment. Plasma membrane is a continuous
digital camera(DAGE MTI) and a videocassette recorder elastic _medlum, therefore elastic energy is spent to drive
(EVO 9650-SONY. The optical tweezers consists of a col- quctuatl_ons on the surface of the cell. Cells have membrane
limated beam of infrared las¢BDL 5280 that goes through reservoirs to face the enormous morphological changes re-
the objective. Details of our experimental setup can be obquired for their functioning17]. Because of that, cell surface

tained from Vianaet al. [13]. tension is small and membrane curvature is likely to be the
most important contribution to the elastic energy of cell sur-
D. Zymosan preparation and measurement face [18]. Therefore, it is reasonable to think that we can

of phagocytosis time have an assessment of cytoskeleton macrophage activity by

measuring curvature fluctuatiofrsiffles). Hence, defocusing

phate buffered salinéPBS and incubated with fetal bovine microscopy discussed before is a good technique to study
cell surface fluctuations because the images obtained are re-

serum not inactivated for at lea® h before the experiment. T .
!)ated to surface curvature, resulting in simpler images as

Using the optical tweezers a zymosan patrticle is then put mtcompare d to phase-contrast microscopy, facilitating the im-

contact with a macrophage near its edge. The time of phaga*- ) . ! . .
age analysis. Single macrophages using defocusing micros-

cytosis is defined as the time that the cytoskeleton takes t . ) !
surround the particlé24]. Copy are filmed for at least 2 h, s_uqh that enoggh |nformat|on
is obtained to perform the statistical analysis that will be

described below. We observe two main types of contrast

fluctuations: small random fluctuations that permeate the
Recorded images were digitized as movies with eight-bitsvhole cell and large coherent structures that propagate from

graylevels, using a data-translation frame grabber and stordtie edge towards the nucleus of the cell. Figui@ presents

in a PC microcomputer. The movies of the macrophages sketch of a macrophage adhered on a glass substrate and

were analyzed with the programiH-IMAGEJ. Correlation  Fig. 6(b) an image of a macrophage obtained using defocus-

ZymosanA (sigma was washed two times with phos-

E. Image analysis
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FIG. 7. (@) One-dimensional contrast profile of a propagating F!G- 8. (@) One-dimensional contrast profile of propagating
structure along the direction of propagation. This profile is well fit Structure along the direction of propagation. This profile is well fit

by Eq.(9) with Af=1 um, An=0.1 with the kink form of Eq(8)  PY the Laplacian of the Gaussian form of E41) resulting inh,
resulting inho=2.6 um andw=0.53 um. (b) Example of the kink = 0-23#m andw=0.33 um. (b) Example of Gaussian profile cal-
calculated using Eq(8) with the parameters found in the fit. culated using Eq(11) with the parameters found in the fit.

ing microscopy withAf=1 um. Surface contrast plots are equal_to 5um givesU~3.8x 10" *2 erg, which is around
also shown for regions with large and small fluctuations. 100 times the thermal energy. H_ence, to make such large
structures, the cell spends a considerable amount of energy.
Similar calculations can be done for a Gaussian-like structure
A. Large coherent structures where we assume the profile below,

We observe mainly two types of large coherent structures: o s
kinklike and Gaussian-like structures. In Figa)y we show h(x,y)=hee™ *~ V72w (13)
the contrast as a function of the distance along the direction o ) )
shown in Fig. 8b). In Fig. 8@a) the dots are the experimental
points and the continuous line is the fit for the contrast using

of propagation of a large structure, let us sagtirection. If
we assume a kinklike formishowed in Fig. )] for this ) ; |
the 2D Laplacian of the Gaussian profile above. The results

propagating structure such that , '
arehy=0.23 um, w=0.33 um, and size along thg direc-
ho x—Vt tion equal to 5um gives U,~4.3x10 '? erg, which is

h(x,y)= 2 1-tan , 8 around 100 times the thermal energy. The average speed for

the large structures {8/)=3.5=0.7 um/min. By measuring
whereh, is its amplitudew width, V speed, and considering the average amount of such large structures, we can infer

that the index of refraction of the cytoskeleton is on averagélow much curvature energy is involved in the process. Then
uniform, an expression for the kink contrast can be obtainedhe amount and speed of such structures can be a measure by
using Eq.(4), macrophage cytoskeleton activity. From now on, we will re-

fer to these large coherent structures as kinklike structures.

x—Vt
tanl‘( W . (9 B. Random fluctuations
To characterize the random contrast fluctuations that per-

In Fig. 7(a) the dots are the experimental points and themeate the whole cell, we calculate contrast temporal and
continuous line is the fit using E¢Q) for a particular time t.  spatial correlation functions from the digitized images of a
From this fit and usingA\f=1 um andAn=0.1[19], we macrophage. Time autocorrelation functi€(0)C(t)) is

obtain hy=2.6 um andw=0.53 um. Curvature energy of obtained from the contrast of every pixébixel length
the kink can be calculated using the expression given below 0.13 um) in different times, averaged over several pixels

—tank?

x—Vt)

ho
C(x,y)=—2AfAn
w

[18,20, of a chosen region. The spatial correlation function
(C(0)C(r)) is obtained from the simultaneous value of the
d2h 2 contrast in different pixels and the average is done over
- many video frames. In Fig.(8) is shown a time autocorre-
dx lation function fitted to a single exponential, with a relax-

ST
Ue=3 dy | dx dh| %)%’ (10 ation time of 7=4.5 s. A surprising result is the reproduc-
1+ dx ibility of the relaxation time given that this is a biological
system: for 30 different macrophages and for various differ-
wherek, is the bending stiffness and we have used the exaatnt positions in each macrophage the relaxation time was
expression for curvature. The membrane-cytoskeleton adhe=5=1 s. In Fig. 9b) is shown a spatial correlation function
sion will have a pronounced influence on the bending stiff-that was fit to a single exponential with a correlation length
ness, however, we can have a lower bound estimate for thef £&=0.26 um, and averaging over many measuremehts
curvature energy using the bending stiffness of simple mem=0.25+0.02 um. This value is just the resolution limit of
branes, typically around 162 erg [21]. In this case, the our objective of 108 and NA=1.4. Therefore, whatever is
curvature energy of the kink from E@8), with parameters causing these small random fluctuations its typical size is
hg=2.6 um, w=0.53 um, and size along thg direction  smaller than 0.25%wm. These fluctuation can be caused by
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small surface curvature fluctuations or by inhomogeneities of
the index of refraction inside the cell via the teF(An) in
the contrast. Bausclet al. [22] measured the viscoelastic

properties of the cytos'keleton' of macrophages with a mi'vvhereNo, o, and« are constants anty is the fraction of
crorheometer and provided evidence that the whole cytoskiyrge fluctuations as compared to the small fluctuations. We
eleton is composed of clusters of densely packed and/Ghen namef, as the relative kink density. In Fig. (), the
strong crosslinked filamentsmaller than 0.2%m) sepa-  squares are the experimental points and the continuous line is
rated by very soft or sol-like regions. Since there are thermajhe fit using Eq(12) and from the fitf = 2.8. A theoretical
fluctuations on all length scal§20], at the present stage, we derivation for the kind of PDFs we have observed is by itself
cannot separate the contributions caused by inhomogeneitig® interesting task, since this is a nonlinear and far from
in the refractive index, curvature modulations from thermalequilibrium dynamical system. Hence, an assessment of the
fluctuations and/or periodic changes in cytoskeleton-macrophage cytoskeleton activity can be obtained from the
membrane interactions. comparison between the kink densities of a control macroph-
age and a macrophage under study. Also we can study the
time evolution of activity after the administration of some
drug to the macrophage. That is what we are going to do in

An additional statistical characterization can be done byh€ following section by adding the cytoskeleton drug cy-
constructing the probability distribution functio®DP of tochalasinD.
contrast fluctuations. To do that, we construct a function of
the number of timed\N(C) that a particular contrast oc-
curred as a function o€. In Fig. 10a), we show a plot of Cytochalasin is a drug that depolymerizes the cytoskel-
N(C) as a function ofC normalized by the standard devia- eton F-actin network changing its viscoelastic properties.
tion (\(AC?)), for a macrophage. We are able to fit this Moller et al.[23] showed that the main effect of Oyis to
curve by a sum of a Gaussian plus and an exponential fundacrease the cytoskeleton viscosity, while changing little the
tion: the Gaussian part is related to the small random fluccytoskeletal stiffness. After the addition of 100 nM of @y

tuations and the long exponential tails related to the larg&ve measure the relaxation time of random fluctuations, the

coherent fluctuations average speed of the kinklike structures, and the relative kink
density. In Fig. 1(b), we show the PDF data 40 min after the
addition of CyD. The PDF became more Gaussian and from

(12

N(C)=N,

C. Probability distribution function

D. Macrophage with cytochalasinD

- ]

£ 4

0 4
Ci(<aC®)"?

‘b)

4

0L 4
Cl(<AC?>)"?

the fit we obtainf,=0.03. It indicates that the amount of
kinks has decreased considerably. The average speed of
kinks has also decreased to the valug/)=0.5

+0.2 um/min. In Fig. 1%1a) is shown the relaxation time of
random fluctuations as a function of time after the addition
of CyD. A considerable increase in relaxation time is ob-
served probably due to the increase in viscosity of the cy-
toskeleton. In Fig. 1(b) is shown the density of kinks as a
function of the time after the addition of ©y CyD inhibits

FIG. 10. Probability distribution functionDF9 of contrast
fluctuations.(a) Before the addition of the cytoskeletal drug [Ty
where the PDF clearly shows long exponential tails @d0 min
after the addition of 100 nM of @y, where the PDF becomes more
Gaussian indicating the decrease of the relative kink density as With an optical tweezers mounted in our microscope we
described in the text. grab a zymosan particle{4 uwm) and feed a macrophage,

the production of the large kinklike fluctuations.

E. Phagocytosis time of zymosan
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TABLE 1. Numbers in parentheses are the number of sampleso facilitate the phagocytosis process or if they just reflect the

used in the averagg4]. overall activity of macrophage cytoskeleton.
CyD  Kink speed Kink Relaxation Phagocytosis ACKNOWLEDGMENTS
(nM)  (uwm/min) density time(s) time (min)
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rophage(phagocytosis time From the images, as a local
effect, we observe a slight increase in the kink activity
around the zymosan particle during phagocytosis. Phagocy-
tosis time increases considerably from 3 min to more than 2 We will use the formalism of the angular spectrum to
h due to CyD. Results are displayed in Table I. Since phago-describe the propagation of the light through our microscope
cytosis time increased more than linearly with the relaxatiorf2]. In this formalism, the electric field of a linear polarized
time, which is an indication of how much the overall cytosk- light propagating along the direction with angular compo-
eleton motion has slowed down, the kink density seems taents in thexy plane can be represented by its Fourier trans-
represent the more dramatic change of cytoskeleton activitform in thexy plane as

that is related to phagocytosis.

APPENDIX

E(p.2)= (A1)

> ld,; -
VI. CONCLUSIONS (ZW)ZIA(q,Z)e dq,

We revisited the theory of defocusing and showed that for - A - s - . .
our infinity corrected microscope and for the paraxial ap—Where p=xi+y] and q=k +ky. The inverse Fourier
proximation, the contrast of a phase object observed Witﬁransform gives
defocusing microscopy is proportional to the amount of de- _ R L
focusing and to the 2D Laplacian of the phase difference A(q,z)=f E(p,z)e '9"*dp, (A2)

introduced by the phase object. Therefore, defocusing mi-

croscopy is a convenient technique for measuring curvatur%hereA( > L
. e . g,2) is the angular spectrum. The free space propa-
of phase objects. We constructed artificial phase objects t8ation of the angular spectrum from positiar0 up to a

test quantitatively our expression for the contrast. Experi= ) ) L N
ment and theory agree quite well. We then use defocus{xg_os't'on 2 in the paraxial approximation whefg|<|K|, is
microscopy to study surface fluctuations of macrophages. waiven by[2]

observe mainly two types of macrophage fluctuations: large
surface propagating coherent structures and small random
fluctuations. We measure shape, speed, and relative densj
of these large propagating structures and make an estimate
their curvature energy. We measure relaxation time and COli;
relation length associated to these random fluctuations, thaly

may be caused by inhomogeneities in the refractive index, R f L -,

curvature modulations from thermal fluctuations and/or peri- Al(q)= mj Ag(§)e(1E=07q g, (A4)

odic changes in cytoskeleton-membrane interactions. At the

present stage, we cannot single out each one of these contiheref is the focal distance of the lens. To compute the final
butions. With an optical tweezers we grab a single zymosa@ngular spectrum and, consequently, the electric field of the
particle and put it into contact with a macrophage. We thenjight through our defocused microscope, we have to use Egs.
measure the phagocytosis time for each single event. Alla3) and (A4) in five steps to propagate the angular spec-
measurements were repeated after the addition of the cytosigum: (1) from the position of the objectz&0) through a
eleton drug cytochalasiD. Relaxation time of random fluc-  djistancef,— Af up to the objective(2) across the objective
tuations increases indicating that the internal motion of theyf the focal distance,; (3) from the objective through a
cytoskeleton has slowed down; speed and density of thgistanced+Af up to the tube lensi4) across the tube lens
large propagating structures decreases considerably indicaif the focal distance,; (5) from the tube lens through a
ing much less surface activity; phagocytosis time increasegjstancef, up to the focal plane. The resulting angular spec-

considerably. These results suggest that from the propertigg,m after each step is given below. After stdp,
and density of the large kinklike structures, we have an as-

sessment of surface cytpskeleton aptivity that is correlated Al:Ao(a)eik(frAf)efi(f1/2k)qzei(Af/2k)q2_ (A5)
with phagocytosis. Additional experiments are required to
decide if these nonlocal large structures participate directhAfter step(2),

A(0,2)=A(q,0)elkze 1(@*120)z, (A3)

erek is the magnitude of the wave vector of the light. The
opagation of the angular spectrum across one lens is given
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f ) )
1 euk(fl—Af)eu(fl/zk)q2

Aa=5k

> f AO(é)ei(Aflzk)gze—i(fllk)& édg

Calling By(q) = Ao(£)e(4299° and its inverse transform as

bo(p)=F Y{Bo(q)}, we have

2mfy . 2 fio
— 2L k(AN Gi(f2a%y |
2= g™ alellly bg I(q.
After step(3),
fi-

_ 2_7Tf1 k(T d)gi(fo/20) a2

As ik

o<
i

e-ilf2/a-égZ

|

After step(4),

fi.

f f2 elk(f1+d)gi(f2/2k)g
k

k2

< ei[(f1+f2—d—Af)/2k]g2

A=—

After step(5),

f

1f2eik(f1+f2+d)
k2

fi.

-~

Ag=

Jo

% ei[(fl+fz—d—Af)/zk]gze—i(fz/k)c}-édg_

To simplify this expression, we made the following variable

change ' = —(f,/k)£, to obtain
P

f°

Ag=— 2elk(frrfz+d)

Xj bo(g,)ei[(f1+f2—d—Af)k/2f§]g’ZGi(fz/fl)&-

|
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By substitutingbo[—(fllfz)ﬁ] in Eq. (A13) one obtains

fa

ik(fq+fy+d) i[(f1+f27def)k/2f§]p2
2 )2f e e
m™) T2

(A6) E(p)=—

X j Ao(q)elAT20aeil=(fi/fael dgq (A14)

The negative sign of the term (fllfz)ﬁ in the phase factor

inside the integral means that the image is inverted and the
ratio between the focal distances gives the magnification.
Once the scale of the microscope is calibrated one can re-
write the expression above in terms of the spatial coordinates

of the object, replacing- (f,/f,)p by p. Then,

(A7)

(A8)

Blp)=e" )zf Ag(Q)e/ 1% adg,  (AL5)
T

where

|

ik(f1+f2+d)ei[(f1+f2—d—Af)k/2f§]p2

gla=¢ (A16)

(A9)

Unless a phase factqA15) is the same one reported by
Soroko for a confocal laser systdd]. In the derivation of
Eqg. (A15), we did not consider the finite size of the objective
entrance pupil. Therefore, this expression is valid for angular
wave vectorsq<qy whereqy=kNA/n with n=1.48 for

the refractive index of the immersion oil used and NA
=1.4, such thatgy,=0.9%. It means that if the paraxial
condition is satisfied, the approximation of infinite entrance
pupil is automatically satisfied in our objective. Following
the procedure described by Sorof&] and for small defo-
cusing, such that{f/2k)q3<1 whereq, is the largest spa-
tial wave vector of the object, we can expand the quadratic
phase term inside the integral of E415) as

(A10)

To obtain the electric field, we perform the inverse Fourier

transform of Eq(A1l),

f2
(2m)*f,

% j f ei[(lefl)é'+/5]~ddabo(§/)

« ei[(f1+f2—d—Af)k/2f§]g 2z

HE

-

E(p)

_ eik(f1+fprd)

Using

fi-

E(p)__ f |k(f1+f2+d)b (__p
2 f2

the definition of the Dirag function, 5(p)
—[1/(277)2]fe"P qdq, Eq. (A12) can be simplified:

)ei[(f1+f2dAf)k/2f§]p2

fde’. ol (Af/2K)02 _ 1+|A_q , (A17)
(A11)
and obtain
E(p)=€® UA 3)e rdq
(p) (27 o(d) q
i1 | Ao@)d? evdq|. (A18)

Utilizing the expansion for the electric field given by Eq.

(A12) (A1), we obtain that

1 f - e
A 2eldrdp. A19

)’ o(a)q P (A19)

Substituting Eqs(A19) and (A1) into Eq. (A18), we obtain

the expression for the electric field for the defocused image

as

2Eq(p)= (

(A13)
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(A20)

Af
(P) e Eo(P)" V Eo(P)

By assuming that the object is illuminated by a plane wave
light propagating along the directianwith amplitudeE,,
the electric field of this light after passing the phase object
can be written as

Eo(p)=Eo€'*, (A21)
wherego(p) is the phase difference introduced by the phas%r

object.
Substituting Eq(A21) into Eq. (A20) we obtain

A Af N
E(p)=€'"Eqe (" 1+|_[V<P(P)]2+_V2<P(P)}-
(A22)
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The image intensity i$(p)=|E(p)|2. If we only keep terms
up to the first order ilA f, we obtain

- Af -
|(P)=|o+|oTV2<P(P)' (A23)

wherel yx|Eg|2.

Due to a mistake in his expansion, the result of Soll@gko
Eq. (A23) is different than ours. Finally, we can obtain an
expression for the contrast of the defocused image as

|(,3)—|0 Af

Clp)=— - Vie(p). (A24)
0
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