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ABSTRACT _

Sl

Light scattered from nucleated blood cells containg information on both the cell size and the morphology of the cell.

; This nondestructive sensing of a single cell has led to numerous analytical and preparative applications in cell biology.
. Recent data provide sctid experimental cvidence that increase in cell size of human lymphocytes, due o osmotic stress, is not

directly proportional to forward scatering intensity but is rather inversely proportional. In this presentation , we provide
arguments that this phenomenon can be quantitatively explained by mecans of a model based on a modified Rayleigh-Debye-
Gans theory. As a consequence the current view that forward scanering intensities can be used as a measure of gross cell size,

[ ~ meeds to be reconsidered. In additicn, we postulate that structural changes of the cytoplasm, imposed by an csmotic stress,
g reflects corresponding changes in the nucleus. Recent slitscan measurements and (visco-elastic) calculations confirm this
B pedicted behaviar of nuclear dynamics.,

L NTRODUCTION

Regulation of cell volume following the exposure to anisotonic media, has been extensively studied to improve our

t  understanding of the mechanisms employed by a cell to adapt to anisotonic situations. Recently it was shown
unambiguously that Forward Scattering (FS) intensitics vary inversely with cell volume.! This paradoxical result could not
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be explained, since low-angle light scattering is assumed (o be proportional to cellular size.2 These resuits prompted us 1o
investigate theoretically in detail the light scantering phenomena of human lymphocytes measured under various osmotic

conditions.

The number of theories describing light scattering from biological cells is limited. Rayleigh scaticring cannot be
applied 10 mammalian cells, since this theory is only valid for pamicles with a size gzth of the
incident light, whereas the sizc of nucicated blood cells is much larger (3-40 pm diameter). Various othex theories have beea
developed to describe elastic light scattering beyond the Rayleigh domain. Most models proposed so far, such as Mie theory
and other theories regard light scattering as a boundary value problem. These models have a number of serious disadvantages.
The computational schemes resulting from Mie theory are comp d and time-cc ing, although improvement of the
speed of calculation is sometimes possible. The theories are difficult 10 interpret and provide information which is far beyond
experimental accuracy.’ In addition, the Mie theory describes clastic light scattering based on a homogeneous spherical body
of arbitary size and refractive index, whereas nucleated blood cells are inh
irregularly shaped. Coated sphere models are much more realistic since they can account for intracellutar heterogeneities.
However, these models result in even more complex algorithms.5 In this smdy we apply a spherical shell model to describe
elastic light scattering from a single particle with dimensions of a nucleated blood cell in a modified Rayleigh-Debye-Gans
..... imation. The rel light scanering p Ilular - and nuclear size and refractive indices) are derived from the
Lorenz-Lorentz relation and the Boyle van 't Heff relation,

ble to the

nucleus) and may be

1
g us (Cytop

THEORY

mRDG Theory for Concentric Spheres

~.
The model proposed here is based on the Rayleigh-Debye-Gans approximation (or Bom approximation), where En. 4

scatterer is considered as a particle constructed by Rayleigh scattering volumes and the phase shift is added for each votume’ k:

n_<.0=_u.m.5m_n§wwan_n.&n§5%:&&.?5%555%:5%%5«%53.

i, (0) +i, (6)

NWN mﬂw

10 =1, il

i, ®=15_ (0"

and 9 is the angle of detection. The scattering functions 5,(6) result from perpendicular (a=1) or p ilel (n=2) vo_!._.un—
incident light relative to the plane of scanering. 1o rep the i ity of the incident light. The distance from the particls:
10 the point of cbservation is given by R, and ko is the propagation constant of the applied field outside the particle and ]
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B v (applied field) and from (induced field) the scatiering volume dV, can be accomplished by i

i memn

:

defined by ko=(2r/Ap), where iy is the wavelength of the incident light in vacuum. The form factor P(%) contains all the
information oo cellular size, shape and refractive index (m(r)) and is defined by

51® uu icampre § ! 2
5,(8) 0 ﬁsmﬁe -

The polarizability a(r) describes the changes in the charge distribution of the particle induced by the oscillating
electromagnetic field. Interference from the waves emerging from the 1otal voiume V is described by P(6):

P(B) = l.— lm') - 11 exp [ e NEA@.L dv 03]

The internal field can be replaced by the incident field if the relative refractive index is ~1 and the phase shift is sufficieatly
3 7
mull” Shimizu’ showed that modification of the propagation constant of the clectromagnetic field in the E_n. for waves

ion of the rel

| iadex into the Fourier kemel of Equation {3]. In thig case the limitations on the phase shift and on the relative refractive

Idex are less stringent, which makes it possible to define light scattering of a large entity such as a nucleated blood cell.

J Ceessquently in Equation (3] kg is replaced by kg.m(r).

A coliection of concentric spheres can now be described by

sin [2kmeo) ;EA.W,VH
dr

1 2.
P(8) =— ] dnra(r)
[4a]
ar) 5 Zymi)rsin($)
1 Wher: the volume polarizability @'(r) is defined by
a() = [ omav (4b)

X :.ao polarizability inside the structured sphere may be approximated by the volume weighted average of the
22bility of a homogeneous sphezeb:
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m +2 Yo Subscquently the form factor P(8) is calculated by inegration of Equation [4a):
" . soheres where the nucleus fep the inner sphere (radins ;- 2 K
A nucleated blood cell can be mimicked by two concennc sp jus b; relative refraction index mp) Figure 1). P(0) = TH_ —1,,(U)
: 3,
relative refraction index mg) and the cytoplasm represents the outer sphere {radius v . () .GNB 2V 1

[3]
3

u

. c n
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2 3

Figure 1: Concentric sphere model for nucleated
cells: mgp and my, are the relative refractive indices, a

B wx Up=2akomasinen),
: Uz = 2bkgemp sin(d/2)
U3 = 2akgmy,.sin(8/2).

radii of the inner and outer spheres, TABLE I Infiuence of changes in scattering parameters on the normalized forward scattering
and b are the radii

m intemsities calculated from Sloot et al,3
- @0 000 @

respectively.

Integration of Equation G_ﬂsaﬂnnsnaﬁaiwnﬁ%ep_:ﬂonﬁoaﬁnﬁawﬂﬁng

m O<rsa b=3.5um ab=30335 ab=3.035 ab=30735
m(r) = <b . mg=1.10 mg= 1.10 my=1.02 my= 1.10
m, a<r mp= 1.08 = 108

sl in 1m) Norm.FS | bum) Norm. FS

my Norm. FS my Nom. F§

M= [M V. + M, v, -V ] (61 100 20 1.00 19 100 10500 100

v, 112 2.5 2,76 107 065 1.0050 0.72

. he 141 30 578 LOS 0.34 1.0005 0.69

where Mg = (m2y-1)/(mZ,+2) and the volume of the nucleus Va = @/3yma’. Kw Eﬁ <_unn”__anno”“”uao_“”u_wa .
izability for the ishomogeneous sphere is given by b3Mo and the polarizability .o : .
”“ﬁr 5” volume polarizability of the cytoplasm and the nucleus can be derived by integration of Equation [4b]. y These equations can be applied to calculate the co plete scattering spectrum of lymphocytes given the various
e .

e1s. In Table I we summarize the influence of small variations in size and relative refractive indices (2, b, my and my,)
results in
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"B icre C {m?] is a constant. Taylor expansion results in (assuming m-1 --> 0}

on the forward light scartering intensitics. The incident light is a He/Ne laser (A= 632.8 nm) and the cells are imradiated in ay
aqueous solution (refractive index = 1.333). The calculations apply for parallei polarized incident Light. The Forwarg -

<

m -1 nw il

&l

Scattering (FS) i itics were i d from 10 to 70 . Further details conceming these calculations are nn.aﬂa&.ﬁ : :
elsewhere8. I

C The volume V can be calculated from Equation 9

E Consequenuy, the influence of the application of an osmotic shock on the scattering parameters my, mp, a and b can
- 3B pobiained from:
It can be derived from Table [ that FS is proportional to changes in the nuclear size or the gross cell size. This reggl -

is consistent with the idea that FS increases with increasing cellular size. Howover, a decrease in refractive index of e - = m, - 1
nucleus o the cytoplasm resuits in a comesponding decrease of the FS signal. These data suggest that the influence R ’ . m= —.HO\H._ +1
changes in refractive index, of both the cytopiasm and the nucleus should be considered when FS of nucleated blood cells iy -
moemed b o, ° 173
) b -b AM ) bz}
In this section we shall discuss the physical consequences of the osmotic response of cells in an anisotoaks

environment. Basically, there are three diffusion ggﬁ:ﬁ:ﬁﬂoﬂpﬁ:Eu&ﬁsggﬁma?". .H : 3
nﬁugggﬁaﬁnﬁ&nﬁgbhggmgﬂagsnmnngouﬁbms_:ongomon&gﬁaiimn - a u_uﬁmu
described by free diffusion. 10 In the case of free (or passive) diffusion, the condition for equilibrium roquiscs that the chemical -+ - JE
potential in the cell equals the chemical potential in the medium. The volume of the cell Vel equals the volume of the
intracellular water (V) plus the volume occupied by the endogenous cell solutes v'.10 Therefore, the part (Veell - V) - ....,..,
contributes dynamically to the equilibrium condition. It can be shown from thermodynamical considerations that the resposy
of a lymphocyte to an osmotic pressure [T is given by:

B where it is assumed that V' << VO, This simultancous increase in volume and decrease in refractive index is illustrated in

A PERA [31

“ - Figure 2 : Illustration of an osmotic shock on the scattering
We modeled a lymphocyte by two concentric spheres where it is assumed that both the inner and (he outer sphere %.wﬂ parameters 3, b, mg and my, of a nucleated bloodeell. The darker arcas
like an ideal osmometer. Eventually, the ch in cellnlar/nucicar vol can be derived from Equation 9. Next, denote a reiative higher refractive index.

enter nor leave the cell. 1@ Since the refractive indices are related to the number of dipoles per volume, ch in volume Finally we evaluate this model to calculate the changes in the FS intensities of light scattered from a lymphocyte in

induce changes in refractive index. Quantification of this ph can be obtained from the Lorenz-Lorentz equation:3 SN I varions anisotonic solutions.
2
m -1 1
5— =C v [d
m +2
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of cell vol in icalty
al.l, The light scattering experiments were performed by means of an EPICS V flowcytometer with an incident wavelength
of 488 nm and ar effective acceptance angle of 2.2° 10 6.2°, Changes in oﬁae_n:a. from NM°TI=0.4 to0 [1°T1=1.6 (1.0=

d and frozen-thawed cells were recently reported by McGann e

isotonic) were recorded. We calculated the comesponding changes in sci 3 for this range of osmolaritics, in

accordance with the equations derived in the previous section. The resulting values are 1abulatad in Table IT .

1

TABLE II : Changes in light scatiering parameters for a lymphocyte modelled by two concentric

spheres, in anisotonic solutions,

a
V/VO=[I91I : 0.40 1.00 1.60
a(um) H 1.90 2,57 3.01
b {um) : 221 3.00 3.51
Mg : 1.25 1.10 106
mp H 1.13 1.05 1.03 .
Next, Equation [8] is int ically with the defined acceptance angle, by means of the trape zoidal rule:
OO
FS- ._. P(8) sin(8) do
ND

(Note that the range of integration corresponds o the experimental set up of McGann et al. [14] and differs from that applied
in reference 7).

The variables of Table 11 are inserted in the form factor P(6) (step-size A(V/VO)= 0,06 ), the result of which is shown -

in Figure 3. The experimental values from McGann et al., are shown in figure 4.

Finally, the data of both figures were fit to an exponential curve, This resulted in : Norm. FS = 2,16 10(-0.33 IT°AD) for the
theoretical calculations (Fig. 3) and Norm. FS = 2.31 104038 T°/D) for the experimentally observed intensities (Fig. 4).
The correlation coefficients are 0.99 and 0.97 respectively.

1.8
1.64
IR
-
-1
S 124
(]
E
m w O -
=
0.8 1
0.6 t
0.0 0.5 1.0 13 2.0
no/m
Figure 3: Implementation of the proposed model and numerical integration of the form facior
P(8).IT = O ic p ; 110 = Osmotic p for the i ic situation. The Forward

Scattering (FS) intensities are normalized to unity for cefls in an isotonic environment.
DISCUSSION

Inierpretation of low-angle light scatering from particles as large as biological cells, is usually based on the
Fraunhofer diffraction theory 2. Here it is assumed that light passing along a particle forms a plane wavefront which can be
divided into a number of individual rays, following the Huygens principle.!! As a consequence, FS can be regarded as a
projected area response and no information on celtular transparency is present. It was shown by Steinkamp et al.,!2 that for
homogeneous particles, varying in size, but not in refractive index, a proportionality exists between FS and electronically
sized uniform plastic microspheres. The influence of beamshaping optics on the linearity of the FS signal versus the volume
was discussed both theoretically and experimentally!2. From these observations it can be concludzd that, to a first
approximation, FS is proportional to d® where 1 < x < 3 and 4 is the diameter of the particle. The exact value of x is a
complex function of cellular size, optics, detaction system and range of delection angles. However, the data from table I
clearly indicate that changes in refractive index for nucleated blood ceils (ie. z._._._vgnu.ﬁmv introduce an inverse effect on the
FS intensities. Therefore, to investigate the phen of FS d with i
we suggest the model described in the preceding sections.

g cellular size under hypotonic stress,



Normalized FS
5

1.0 9
0.8
06 .
0.0 0.5 1.0 15 20
n%/n
Figure 4: Measurement of forward light scattering from osmotically stressed lymphocytes (ref.
1). IT = Osmotic pressure; I1° = O ic p for the i ic situation. The Forward

Scattering (FS) intensities are normalized to unity for cells in an isotonic environment.

A number of assumptions are implicit here: First the assumption that the relative refractive index changes can be de-
rived from Equations 11 and 12, is true only if m --> 1. Table II shows that for extreme hypertonic situations, this
approximation is not valid anymore. However, direct insertion of the Lorenz-Lorentz equation (Eq. 10) instead of the
expansion (Eq. 11) into the calculations for hypertonically stressed lymphocytes, showed a close bl to the data
obtained in the previous section. It was concluded therefore, that a refinement of equation 10 within the range of observed
osmolarites does not contribute to our mode). In addition, small changes in the ratio nucleus/cytopl (3/3.5) or changes in
the range of size parameters or refractive index, or small changes in the span of integration angles, did not affect our results
significantly (data not shown).

Secondly it is assumed that both the gross cell size and the size of the nucl progressively change when the cells are

osmotically stressed. From the Coulter volume data reported by McGann et al.! it is obvious that the cytoplasm swells in
hypotonic media and shrinks in hypertonic media. It has been reported however that, due to the large pores in the nuclear
membrane, jsolaled nuclei do not swell in hypotonic medial3, We poswulate, as a possible explanation to this antinomy, that

the fibrillar networks inside the cell regulate the changes in the size of the nuclei. We designed dedicated experiments to ,

confirm these predicted conformational changes of the nuclei. In the appendix we describe these (time resolved) measurements

of the nuclear volume response. An extension to the standard solid viscoelastic model to inteprete the observed dynamical

behavior of the nuclei is proposed. Experimental and theoretical evidence, shown in the appendix, indicaw: a passive nuclear
resportse merely induced by a mechanical link between the cell membrane and the nuclear envelope.
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CONCLUSIONS

elastic light scattering model for this type of diological particies,

measurements of realistic biological particles is possible. Moreover,
calculations may contribute 1o new biophysical insights,

APPENDIX



i 1 K
N A 7 ﬂ
Y e v: w.c. Dyson, Cell biology, a molecular approach (Allyn and Bacon Inc., Boston, 1974),
. M; O i

10: and U. Schneider,

i A ~and U. Sch \ Tresponses of preimplantation mouse and bovine d thei
it cryobiological Ev__nu_._oa.u... Cell Biophysics 8, 259 (1986). embryos and their
24 11 “uMVQ.: and E. Wolf, Principles of optics (Pergamon press, Oxford, New York, Toronto, Sidney, Frankfurt,
——a—— total cell volume % 12 J.A. _Steinkamp, M.J. me_t&_n_.. J.R. Coulter, JR. Hicbert, J.L. Homey and P.F. Mullancy, "A new
22 . anclear vol 3 : EEnm.&umﬁﬁ,g for microscopic particles and biological cells,” Rev.Sci. Instrym. 44, 1301 (1973).
3 13: D.B. yn, "Some methods for the isolation of nuclei from mammalian cells,” in G.D. Bimie and S.M. Fox
._. 3 Eds., Subcellular components preparation and fractionation. (Butterworths London, 1969).
204 3 14: AG. moog J.A. Aten and P.M.A. Sloot, "Time 1 of the nucl I of T-
. H > lymphocytes, intuced by anisotonic comlitions”, to be published ”
-~ 181
NO R
2 161 ! s
144 i
121 ¥
M.o T L] L L]
0.0 20 4.0 6.0 8.0 10.0

time (minutes)

figure figure 5:The total cell volume response and the nuclear volume response,
as a function of time, after an osmotic shock at t = O minutes; IT/TIg = 1.5; V,
is the volume a1 t = 0.

B I

The measurement of the nuclear volume was performed with a specially desi d flow cy . Staining of the

&

nuclens with Hoechst 33342 and measuring the width of the fluorescence signal in the flow cytometer yields the nuclear
diameter. The total cell volume was obtained by electronic sizing.

The relaxation of leukocytes after small deformations can be modelied with the standard solid viscoelastic model We M
have extended this model with a Voigt element to describe the retardation of the nucleus. The nuclear response data canbe %

fitted to this extended model. 14 This clearly shows that the nuclear response is a passive viscoel
mechanical link between nuclear- and cellular membranc.

dbya

EERS S

REFERENCES

L.E. McGann, M.L. Walterson and L.M. Hogg, "Light scattering and cell volumes in osmotically stressed and
frozen-thawed cells,” Cytometry 9, 33 (1988).

R.A. Meyer, and A. Brunsting, "Light scatering from nucleated biological cells,” Biophys. . 15, 191 (1975).
H.C. van de Hulst, Light scattering by small particles (Dover, New York, 1981).

W.J. Wiscombe, “Improved Mic scauiering algorithms,” Appl. Opt. 19, 1505 (1980).

C.F. Bohren and T.J. Nevitt, "Absorption by a sphere: a simple approximation,” Appl. Opt. 22. 774 (1983).

M. Kerker, D.D. Cooke, H. Chew and P.J. McNulty, “Light scattering by structured spheres,” J. Opt. Soc. Am.
68, 592 (1978).

K. Shimizu, "Modification of the Rayleigh-Debye approximation,” J. Opt. Soc. Am. 73, 504 (¥983).

P.M.A. Sloot and C.G. Figdor, "Elastic light scattering from nucleated blood cells: rapid numerical analysis,” .
Applied Optics 28, 3559 (1986).

PN dMbwn =




