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1 Introduction

Abstract. Optical scatter imaging is used to estimate organelle size
distributions in immortalized baby mouse kidney cells treated with
0.4 uM staurosporine to induce apoptosis. The study comprises apo-
ptosis competent iBMK cells (W2) expressing the proapoptotic pro-
teins Bax/Bak, apoptosis resistant Bax/Bak null cells (D3), and W2 and
D3 cells expressing yellow fluorescent protein (YFP) or YFP fused to
the antiapoptotic protein Bcl-x, (YFP-Bcl-x|). YFP expression is diffuse
within the transfected cells, while YFP-Bcl-x, is localized to the mito-
chondria. Our results show a significant increase in the mean subcel-
lular particle size from approximately 1.1 to 1.4 um in both Bax/Bak
expressing and Bax/Bak null cells after 60 min of STS treatment com-
pared to DMSO-treated control cells. This dynamic is blocked by
overexpression of YFP-Bcl-x, in Bax/Bak expressing cells, but is less
significantly inhibited by YFP-Bcl-x in Bax/Bak null cells. Our data
suggest that the increase in subcellular particle size at the onset of
apoptosis is modulated by Bcl-x, in the presence of Bax/Bak, but it
occurs upstream of the final commitment to programmed cell death.
Mitochondrial localization of YFP-Bcl-x, and the finding that micron-
sized particles give rise to the scattering signal further suggest that
alterations in mitochondrial morphology may underlie the observed

changes in |ight scattering. © 2010 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.3462933]
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Since Bcl-2 family proteins have been conclusively estab-
lished as mediators of apoptosis,7 we have been interested in

There has been recent interest in studying the light scattering
properties of cells undergoing apoptosis.l’6 Light scattering
methods, which do not require sample labeling, can be used to
facilitate and improve the throughput of cell-based diagnos-
tics and drug discovery. In the context of programmed cell
death (apoptosis), light-scattering-based assays could be used
to monitor rapidly and at low cost the effect of chemothera-
peutic drugs in vitro and evaluate their effect on cells isolated
from patient biopsies, thus creating the potential of investigat-
ing chemotherapeutic agents in a patient-based cell model.
The premise behind such light scattering cell assays is that the
measured optical scatter signals be specifically associated
with the apoptosis process. As such, these dynamic signatures
must be established and their specificity to programmed cell
death determined. One way to address this is by demonstrat-
ing that the light scatter changes, which occur during apopto-
sis, can be modulated by molecular manipulations that up-
regulate or inhibit apoptosis-specific molecular pathways.
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investigating whether light scattering by apoptotic cells can be
modulated by pro- and antiapoptotic Bcl-2 family proteins.
Bcl-2 family proteins, including Bcl-x;, Bax, and Bak, share
Bcl-2 homology (BH) domains and control apoptosis by in-
teracting with each other via these domains.”” Bcl-2 proteins
include multidomain proapoptotic proteins (e.g., Bax and
Bak), multidomain antiapoptotic proteins (e.g., Bcl-2 and
Bcl-x;, MCL-1), and proapoptotic “BH3-only” proapoptotic
proteins (e.g., Bid, Bad, Bim, Noxa, and Puma). Interaction
between Bcl-2 family proteins involves the hydrophobic
pocket formed by the close arrangement of the BHI-BH3 do-
mains of a multidomain protein, and the exposed BH3 helix
of another multidomain or BH3-only protein. Multidomain
proteins also possess a hydrophobic C-terminal region, which
can localize within organellar membranes, including the outer
membrane of mitochondria. During apoptosis, Bax and Bak
are activated and cause the release of proapoptotic factors
such as cytochrome c¢ from the mitochondrial intermembrane
space.l(HZ This in turn activates caspases (proteases), result-
ing in nuclear fragmentation and cell death. Bax and Bak can
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be activated directly by interacting with proapoptotic BH-3-
only proteins. '3 On the other hand, the proapoptotic activity of
Bax and Bak can be inhibited by interaction of Bax and Bak
with antiapoptotic Bcl-2 family members such as Bcl—xL.M_17
BH-3-only proteins can also activate Bax and Bak indirectly
by binding and neutralizing antiapoptotic Bcl-2 family
members.'®

In a previous publication,” we reported that the scattering
parameter optical scatter image ratio (OSIR), which gives a
measure of subcellular particle size by measuring the ratio of
wide-to-narrow angle scatter, decreases within the first
60 min of staurosporine (STS) treatment in CSM 14.1 cells.
Overexpression of the antiapoptotic protein Bcl-xp signifi-
cantly slowed down this OSIR dynamic. We also reported that
overexpression of Bcl-x; could mediate changes in mitochon-
drial morphology in untreated cells. This resulted in a de-
crease in OSIR that was coincident with an increase in the
proportion of mitochondria, with an expanded matrix having
greatly reduced intracristal spaces observed by electron
microscopy.'’ The change in mitochondria morphology and
optical scatter was correlated with mitochondrial localization
of Bcl-x;, but not with cell death resistance, as expression of
Bel-xp, lacking the C-terminal transmembrane domain caused
a significant level of cell death resistance but no measurable
change in mitochondria or light scattering.19 Similarly, the
previously observed effect of Bcl-x;, on slowing down the
OSIR response to the STS challenge could be correlated with
the antiapoptotic function of Bcl-x; without excluding the
possibility of observing optical scatter changes in apoptosis
resistant cells, in which cell death resistance is imparted by a
mechanism other than Bcl-x; overexpression.

In this work, we further investigate the relationship be-
tween the measured optical scatter changes and cell death in
response to staurosporine (STS) treatment. We use apoptosis-
competent Bax/Bak expressing (W2) immortalized baby
mouse kidney (iBMK) cells and apoptosis-resistant Bax/Bak
null (D3) iBMK cells, in which apoptosis resistance is im-
parted by the absence of Bax/Bak.”” We characterize the scat-
tering changes using our previously developed optical scatter
imaging method, and in this work use the method to provide
estimates of particle size distributions with a model based on
the Mie theory. Our results show that changes in light scatter-
ing within the first hour of STS treatment are not blocked by
knockout of Bax/Bak. We also find that the effect of Bcl-xp,
on slowing down the scattering response can be reproduced in
the Bax/Bak expressing cells, but to a lesser extent in the
Bax/Bak null cells, implying that the effect of Bcl-x; on light
scattering is diminished in the absence of Bax/Bak. Thus, it
appears that the initial changes in subcellular structure are
Bcl-x -specific. However, these changes appear to occur up-
stream of Bax/Bak activation and the final commitment to cell
death.

2 Methods
2.1 Homogeneous Aqueous Suspensions of Spheres

Monodisperse polystyrene spheres (Polysciences, Warrington,
Pennsylvania) with diameters of 0.356, 0.548, 0.771, and
1.053 um were suspended in water and adjusted to have scat-
tering coefficient u,~0.01 um™'. The refractive index of
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polystyrene spheres is 1.6 and results in the index ratio m
=12 (=npolysiyrene/ Mwater=1.6/1.33). The aqueous sphere
suspensions were sandwiched between a microscope slide and
a 22X 22-mm coverslip separated by 75-um-thick double-
sided tape (Scotch®, 3M), and then sealed with a 1:1:1v/v/v
mixture of vaseline, lanolin, and paraffin (VALAP).

2.2 Molecular Biology and Generation of Stable Cell
Lines

Immortalized baby mouse kidney (iBMK) cells, W2 cells, and
iBMK cells lacking Bax and Bak (D3 cells) were generously
provided by the laboratory of Dr. E. White at Rutgers Univer-
sity. iBMK cells were maintained at 38 °C in a 5% CO,
in-air atmosphere in high glucose Dulbecco’s Modified Eagles
Medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS) (V:V), 100-units/ml penicillin, and 100-xg/ml
streptomycin. For microscopy, cells were cultured on glass
cover slips, to which they readily attach. The preparation of
iBMK cells that stably expressed YFP and YFP-Bcl-x; was

described previously.19 Expression of YFP constructs was
confirmed by fluorescence microscopy of the live cells. YFP
fluorescence was detected with a YFP filter cube (Carl Zeiss
Filter 46), excitation bandpass: 500 = 10 nm, emission filters:
>515nm long-pass dichroic filter, followed by a
535 %15 nm bandpass filter. Since the overexpressed Bcl-x,
was linked to YFP, we used the YFP-transfected cells to con-
trol the effects of YFP transfection.

2.3 Optical Scatter Image Acquisition and Analysis

The optical scatter imaging setup used here was described
previously.19 The wavelength of the incident light on the
sample was 630 nm =5 nm. The images were collected using
an oil immersion objective, NA=1.4. In a Fourier plane con-
jugate with the objective’s back focal plane, a variable iris
diameter with a center beam stop was switched between high
numerical aperture (NA) and low NA positions, collecting
light within a solid angle bound at the oil immersion objective
by 3 deg<Oyna <90 deg for high NA, and 3 deg<<6fna
<10 deg for low NA. The angles 3, 10, and 90 deg are set by
the radius of the beam block in the center of the variable
diameter iris, the edge of the iris used for the low NA acqui-
sition, and the numerical aperture of the objective, respec-
tively. These angles were measured using the diffraction pat-
tern of a graticule with spacing b=10 um in the object plane.
These scattering angle ranges, which were reported
previously,'® are corrected here to account for the index mis-
match between the aqueous culture medium (n=1.33) and the
63X objective’s immersion oil (n=1.5). When corrected for
the index mismatch between water and oil, these angular
ranges result in collecting light scattered by the sample within
a solid angle bound by 3.38 deg << fyna <90 deg for high
NA, and 3.38 deg< 6 ya<11.29 deg for low NA. As be-
fore, the ratio of high-to-low NA background-subtracted sig-
nal was measured at each pixel in the image and defined as
the OSIR. The OSIR was subsequently converted to particle
diameter, as described in the next section.

Each coverslip with attached live cells was mounted by
means of a steel plate onto the stage of the inverted micro-
scope. Just before mounting onto the microscope’s stage, the
DMEM growth medium was replaced with Leibovitz L15 me-
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Fig. 1 Numerical simulations of light scattering by spheres with index
ratio m=1.02 (dot), m=1.04 (line), m=1.1 (dash), and m=1.2 (dash
dot). The simulations were done with an x-parameter increment of 0.1
for the range x=0.1 to 1, and an x parameter increment of 1 for x
>1. x=mwDn/\, A\=0.630 um, n=1.33.

dium (Invitrogen, Carlsbad, California) supplemented with
10% fetal bovine serum, 100-units/ml penicillin, and
100-mg/ml streptomycin. Leibovitz’s L15 was used to main-
tain the cells in a non-CO,-equilibrated environment and did
not contain phenol red, whose color could cause light absorp-
tion. The cells were monitored by DIC, fluorescence, and op-
tical scatter microscopy at room temperature and room air.

Optical scatter images were acquired in IPlab (BD Bio-
sciences Bio-imaging, Rockville, Maryland) and processed in
MatLab (The MathWorks, Natick, Massachusetts). In each ex-
periment, a segment was manually defined around every cell
in the differential interference contrast (DIC) images. These
segments were overlaid onto the optical scatter images such
that data analysis was limited to regions containing a cell.
Only positively fluorescent cells were analyzed in the trans-
fected cell variants. An OSIR threshold, 1.15 to 40, was ap-
plied and only pixels within this range were analyzed. The
upper and lower thresholds were used to exclude values of
OSIR that fell outside of the theoretical expected range. An
upper value of 40 was conservatively chosen to account for
noisy data. These threshold values exclude ~20% of the pix-
els within a typical cell.

2.4 Conversion of Optical Scatter Image Ratio Pixel
Histograms to Particle Size Distributions

The optical scatter images directly encode at each pixel the

measured value of the OSIR, corresponding to the intensity

ratio of high-to-low NA scatter. For spheres, this intensity

ratio was inferred from the Mie theory21 as:

T8 623085 T(O)F (0, $)sin 0d6d

S s 58wt T(O)F (6, d)sin 6d0d

OSIR =

where F(6, @) is the scattering phase function, @ is the scat-
tering angle with respect to the incident direction, and ¢ is the
azimuthal angle of scatter. The scattering phase function was
weighted by the Fresnel transmittance coefficients 7(6) at
each scattering angle incident on the water-glass/oil interface.
Equation (1) was utilized to generate simulated OSIR values
for spheres of different diameters (Fig. 1). Based on this
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model, the pixel histograms of the optical scatter images can
therefore be converted to particle diameter distributions to
provide a morphometric length scale. For this, pixel histo-
grams of the optical scatter images were generated by binning
the OSIR values into elements with 0.1 intervals. The OSIR
value of each bin was converted to diameter value by inter-
polating the simulated sphere data (Fig. 1). This conversion
results in a histogram depicting the number of pixels at each
diameter.

We used the m=1.04 data in Fig. 1 to convert the cell
OSIR to diameter, and the m=1.2 curve to convert the sphere
suspension OSIR data. Moreover, in the case of the polysty-
rene spheres with m=1.2, the largest diameter tested was
1.053 pm to remain in the monotonically decreasing region
of the curve. With refractive index ratio m=1.04, the calcu-
lated OSIR based on the Mie theory decreases nonlinearly and
monotonically from 34.65 to 1.15 as a function of sphere
diameter for diameter values going from 0.01 to 2.38 um.
Beyond diameters of 2.38 um, the OSIR value does not de-
crease monotonically but remains under 1.15. Below diam-
eters of 0.01 wm, the calculated OSIR changes negligibly but
remains above 34.65. Thus, cell pixels with OSIR less than
1.15 or OSIR greater than 34.65 were not considered in this
histogram analysis. In the OSIR range 1.15 to 40, less than
0.05% of the total pixels exist between 34.65 and 40.

The histograms of pixel distribution as a function of diam-
eter were further analyzed by converting the number of pixels
at each diameter to number of particles N to yield a particle
size distribution. At each diameter D the number of particles
N was calculated as N=(number of pixels X a)/ m(D?/4),
where a is the area of one image pixel in the object plane, and
making the simple assumption that the particles are on aver-
age sectioned across their midline in the plane of the image.
The pixel area a corresponded to a 0.49 wm X 0.49 um area
in the object based on the image of a calibrated graticule. For
the cell data, the number of particles at each diameter was
normalized to the number of cells tested to yield a 2-D par-
ticle size distribution per cell. For all sphere samples, the
tested sample area was 250 X 250 um.

2.5 Apoptosis Experiments

With the cells on the microscope stage, apoptosis was induced
by replacing the L15 growth medium with the same supple-
mented with 0.4 uM staurosporine (STS) (Sigma Chemical,
Saint Louis, Missouri) prepared from a 4 mM stock solution
of STS in DMSO. Treatment with the same volume of DMSO
in L15 growth medium, but without STS, was used as a nega-
tive control.

2.6 Cell Death Assay

Cell death resistance was assessed by measuring the percent-
age of dead cells in response to STS treatment. Cells were
cultured in 12-well plates, and treated with 0.4 uM STS at
90% confluence. After 24 h, 40-mM propidium iodide (Invit-
rogen) was added to the incubated cultures for 15 min. The
cells were collected from the plates by pipetting and tritura-
tion. Microscopic observation of the plates insured that all
cells were collected by this process. The cell suspension was
concentrated to ~5 X 10° cells/ml by centrifugation and par-
tial removal of the supernatant. The number of cells with posi-
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Fig. 2 (a) Fluorescence images of the transfected iBMK cell variants.
W2 express Bax/Bak and D3 are Bax/Bak null. The transfectants stably
expressed YFP or YFP-Bcl-x,. (b) Percentage of dead iBMK cells as-
sessed by propidium iodide exclusion after 24 h of treatment with
0.4-uM STS. Error bars represent the standard deviation of the mean
of at least three different culture plates.

tive propidium iodide fluorescence in the final cell suspension
was counted in a hemacytometer, and was taken as the num-
ber of dead cells that had lost membrane integrity. Propidium
iodide fluorescence was visualized with a rhodamine filter
cube (filter number 20, Carl Zeiss). The results from at least
three different culture plates were analyzed under each condi-
tion.

3 Results

3.1 Effect of Bclx, and Bax/Bak on Staurosporine-
Induced Cell Death

Figure 2(a) shows images of the transfected Bax/Bak express-
ing (W2) and Bax/Bak null (D3) iBMK cells. YFP expression
resulted in diffuse fluorescence throughout the cells, while
expression of YFP-Bcl-x; showed a filamentous pattern con-
sistent with mitochondrial localization. To confirm the anti-
apoptotic effect of Bcl-x;, we challenged the cells with STS
to induce apoptosis and measured the percentage of dead
cells. After 24 h of treatment with 0.4 uM STS, the percent-
age of dead cells was 72.30+=4.09% and 75.01 £ 11.76% for

Journal of Biomedical Optics

045002-4

W2 cells and W2 cells expressing YFP, respectively [Fig
2(b)]. W2 cells overexpressing YFP-Bcl-x;, were resistant to
cell death with only 4.81 £2.18% dead cells. iBMK D3 cells,
which lack the proapoptotic proteins Bax and Bak, and YFP
expressing D3 cells showed only 14.59*+0.46% and
1224 £2.21% cell death, respectively. Overexpression of
YFP-Bcl-x;, in the D3 cells further decreased cell death to
7.04 £ 1.53%. The inhibition of cell death by Bcl-x; overex-
pression and by knockout of Bax/Bak also supports the fact
that apoptosis is the cell death process being induced by STS.

3.2 Alterations in Light Scattering at Onset
of Apoptosis

In a previous publication,” STS treatment caused a decrease in
OSIR by ~25% from baseline in nontransfected CSM 14.1
and YFP expressing CSM14.1 cells. In contrast, the OSIR
decreased by less than 10% after STS treatment in the CSM
cells expressing YFP-Bcl-x; . To investigate the reproducibil-
ity of these results, we performed the same experiment on the
Bax/Bak expressing iBMK W2 cells and their transfected
variants (Figs. 3 and 4). The OSIR per cell was first calculated
by averaging the OSIR pixel values within each cell segment.
In Fig. 3, the average OSIR per cell was also normalized to
the initial OSIR value immediately after STS addition (z=0).
The OSIR averages reported in Fig. 3 (red lines) and Fig. 4
are subsequently calculated by averaging the OSIR values per
cell over the cell population under a given condition. The
nontransfected W2 cells and YFP-W?2 variants showed an av-
erage ~32% and ~20% OSIR decrease, respectively, and the
YFP-Bcel-x; W2 variant showed only ~8% decrease in the
average OSIR per cell after treatment with STS for 60 min.
Changes in OSIR were 3% after 60 min of DMSO treatment
in the absence of STS. To further investigate the relationship
between the initial OSIR decrease and apoptotic cell death,
we measured the OSIR response to STS challenge in the
apoptosis-resistant Bax/Bak null iBMK D3 cells. Nontrans-
fected D3, YFP-D3, and YFP-Bcl-x; -D3 variants all showed
a monotonic decrease in OSIR. The decrease in OSIR after
60 min of STS treatment was 26% for D3, 29% for YFP-D3,
and 16% for YFP-Bcl-x; D3 cells. The slight increase in
OSIR after 40 min for D3 and D3-YFP-Bcl-x; was not sta-
tistically significant. Individual OSIR cell traces (gray lines)
are displayed in Fig. 3, along with the average (red lines in
Fig. 3) for each cell variant treated with STS. Although the
average responses of the nontransfected W2 and D3 cells are
similar, the W2 cell responses are more heterogeneous. In
both variants, the OSIR responses of some cells also increased
first and then decreased. The nonnormalized initial OSIR val-
ues at r=0 just prior to STS treatment and final values after
60 min of STS treatment are shown in Fig. 4 for all the cell
variants. The decrease in OSIR in the W2 cells and its inhi-
bition by overexpression of Bcl-x; reproduce the trends ob-
served previously in the CSM14.1 cells.” However, unlike the
previously tested CSM 14.1 cells, the YFP-Bcl-x; expressing
W2 cells had a similar initial OSIR compared with their pa-
rental W2 counterparts.
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Fig. 3 Relative OSIR changes in individual cells (gray lines) treated with STS. The red lines are the average responses of all the cells tested (the
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basis. (Color online only.)

3.3 Alterations in Light Scattering versus Cell
Morphology

STS is a general kinase inhibitor”* and causes cell shrink-

age. We first investigated cell shrinkage by observing cellular
morphology with differential interference contrast (DIC) and

il
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= = o

W0 min
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3.7 1
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Fig. 4 Average OSIR values per cell before treatment (black bars,
0 min) and 60 min after treatment with either DMSO or STS (gray
bars). Data are the mean OSIR per cell + the standard deviation of the
mean. The star indicates a p value <0.001 based on a Student t-test
(comparing values at 0 min with those at 60 min in each case).
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compared these images with the optical scatter images of the
different cell variants before and after 60 min of STS treat-
ment (Fig. 5). All variants, except the W2 and D3 cells ex-
pressing YFP-Bcl-x;, appeared shrunken after STS challenge.
The fact that the D3 YFP-Bcl-x; cells did not shrink but still
showed an OSIR decrease in response to STS suggests that
the OSIR decrease is not due to the shrinkage of the cells but
is more likely due to the morphological alteration of subcel-

w2- D3-
-YFP  YFP-Bel-x,

dISO

[

t= 60min

Fig. 5 DIC and OSI images of nontransfected, YFP-expressing, and
YFP-Bcl-x -expressing W2 and D3 cells before (t=0 min) and after
(t=60 min) treatment with 0.4 uM STS.
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Fig. 6 OSIR decrease versus cell shrinkage after 60 min of STS treat-
ment. The red dashed line is a linear fit to the data, and the blue
dashed line is a third order polynomial fit. Each black dot represents a
single cell (data include all W2, D3, and variants). (Color online
only.)

lular organelles. To further confirm that the OSIR decrease is
not correlated with cell shrinkage, we plotted the percentage
OSIR decrease versus percentage cell shrinkage between 0
and 60 min for all the cells tested (Fig. 6). The decrease in
cell area was estimated by counting the number of pixels with
“active” OSIR values between 1.15 and 40 within each cell.
While this excludes some background regions within the
cells, this number of pixels was linearly correlated (correla-
tion value >0.9) with the area of the cell measured by seg-
mentation of the DIC images. Thus, we used the percent de-
crease in the number of active OSIR pixels as a measure for
cell shrinkage. The plot in Fig. 6 shows little correlation be-
tween the decrease in OSIR and cell shrinkage with low cor-
relation values (R?), whether a linear or polynomial fit to the
data is used (R?=0.15 and R?>=0.22, respectively). Moreover,
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STS-induced cell shrinkage is not related to sensitivity or re-
sistance to apoptosis, since both the W2 and D3 cells shrunk
in the first 60 min of STS treatment.

After 24 h of treatment, all cells, including the propidium
iodide negative or apoptosis resistant cells, were rounded up
(data not shown) and could be collected easily by pipetting up
and down. Thus, Bcl-x; only delayed the cell shrinkage in-
duced by STS, and this effect does not depend on Bax/Bak, as
the cell shrinkage was delayed in both W2 and D3 cell vari-
ants.

3.4 Estimated Particle Size Distribution of Spheres
in Aqueous Suspensions

The OSIR pixel histograms were converted to particle size
distributions as described in Sec. 2.4 to get an estimate of
subcellular particle size. We first applied the method to aque-
ous polystyrene spheres as model particles of known size.
Figure 7(b) shows the pixel histograms obtained from the op-
tical scatter images of the spheres [Fig. 7(a)]. Figure 7(c)
shows the corresponding particle diameter distributions ob-
tained from the conversion of the pixel histograms. The mean
diameter = standard deviation of 0.356, 0.548, 0.771, and
1.053-um spheres are 0.332£0.044, 0.521=£0.072,
0.638 £0.151, and 0.800 = 0.212 um, respectively. The peak
histogram values were 0.357, 0.529, 0.669, and 0.83 um. Fit-
ting the distributions to a Gaussian, we retrieved means and
standard deviations of 0.361*0.096, 0.538*+0.121,
0.701 +£0.211, and 0.929 +0.309 um (u =+ o), respectively.
These values were more representative of the actual sphere
diameters, especially for larger diameters where the measured
particle distribution is skewed to the right due to the inability
to interpret the lower OSIR values outside the dynamic range.
The histograms show good discrimination between the differ-
ent particle sizes. However, the variance in the estimated di-
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Fig. 7 (a) OSI images of aqueous polystyrene sphere suspensions with diameters 0.356, 0.548, 0.771, and 1.053 um. (b) OSI pixel histograms
corresponding to the images shown in (a). (c) Particle diameter distributions obtained from the OSI pixel histograms. The distributions are shown

normalized to the maximum number of particles.
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Fig. 8 OSI pixel histograms of (a) W2 and (b) D3 cell variants shown before (solid lines) and after (dotted lines) 60 min of treatment with STS or
DMSO. Particle size distribution of W2 (c) and D3 (d) cell variants before (solid lines) and after (dotted lines) 60 min of treatment with STS or
DMSO. The distributions were obtained by converting the corresponding histograms in (a) and (b). In (c) and (d) we included an inset to magnify

the histograms for diameters above 0.3 um.

ameter increases from ~18 to 30% as particle diameter in-
creases and is significantly larger than the expected variance
of 2 to 3% given by the sphere manufacturer. The measured
variance in OSIR pixel value across the image of a given
sphere suspension [Fig. 7(a)] is the initial source of these
errors. While the mean OSIR value measured is representative
of the sphere size, image pixel values can vary significantly
due to movement of the spheres and diffraction in cases where
the pixel size is smaller than the particle’s geometric cross
section. The increase in variance for larger particles is likely
due to the “flattening” of the OSIR decrease at high diameters
(Fig. 1). Thus, small changes in OSIR at diameters greater
than 0.8 um correspond to large relative changes in size,
where as large OSIR changes for diameters less than 0.5 um
correspond to small changes in size.

3.5 Estimated Subcellular Particle Size Distributions

Figures 8(a) and 8(b) show the pixel histograms of the W2
and D3 variants, respectively. The solid lines are the histo-
grams before STS treatment (r=0 min) and the dotted lines
are the histograms after 60 min of treatment with STS. The
OSIR pixel histograms are shown after normalization to the
number of cells. The histograms were converted to particle
size distributions [Figs. 8(c) and 8(d)]. Figures 9(a) and 9(b)
show the means and standard deviations of the particle size
distributions as a function of time after treatment. The subcel-
lular particle size distributions are broad with standard devia-
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tions on the order of 40%. Consistent with the average OSIR
decrease measured on the cell-by-cell basis (Figs. 3 and 4),
the mean of the histogram, which gives an estimate of mean
subcellular particle diameter, increases for the W2
(0.95 to 1.40 wm) and D3 (1.08 to 1.53 um) cells and their
YFP transfected counterparts (1.12 to 1.32 um for W2-YFP
and 1.08 to 1.42 um for D3_YFP) after treatment with STS
for 60 min. The mean diameter remains largely unchanged for
the DMSO treated cells (1.04 to 1.08 wm) and the W2 cells
transfected with YFP-Bcl-x;, (1.05 to 1.14 um). In contrast,
the histogram mean increased for the YFP-Bcl-x;-D3 cells
(0.99 to 1.15 wm), but this increase was less pronounced
than that observed in the untransfected D3 or YFP-D3 cells.
Analysis of the histograms also retrieved a population of par-
ticles with sizes smaller than 100 nm, corresponding to pixels
with OSIR values above ~34.65. Due to the sparse number
of particles in this size range, it was difficult to discern dif-
ferences between the cell variants. However, the data suggest
that there may be an overall lower number of particles in this
nanoscale size range in the Bax/Bak null D3 cells compared
with the W2 cells.

4 Discussion

We measured the ratio of wide-to-narrow angle scatter, OSIR,
as a function of time in response to STS-induced apoptosis in
iBMK cells expressing Bax/Bak (W2) and isogenic apoptosis
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Fig. 9 (a) Means and (b) standard deviations of the subcellular particle size distributions as a function of time.

resistant iBMK cells lacking Bax/Bak (D3). The cells were
also transfected with YFP-Bcl-x; and YFP to study the effect
of Bcl-x;, on light scattering in the W2 and D3 cell lines. The
nontransfected cells and cells transfected with YFP showed a
significant decrease in the OSIR value after treatment with
STS compared with control W2 cells treated with only
DMSO. The changes in OSIR were absent in the W2 cells
expressing YFP-Bcl-x;, but were not completely blocked in
the D3 cells expressing YFP-Bcl-x;, (Figs. 3, 4, and 8). Since
all D3 cell variants are resistant to apoptosis (Fig. 2) and still
exhibited the OSIR decrease, the measured OSIR decrease is
not correlated with the final commitment to cell death medi-
ated by Bax/Bak. However, the scattering dynamics could be
inhibited by Bcl-x;, suggesting that Bcl-x; modulates subcel-
Iular morphology upstream of Bax/Bak. Furthermore, the ef-
fect of YFP-Bcl-x; on blocking the OSIR decrease was more
pronounced in the W2 cells compared with the D3 cells (D3
YFP-Bcl-x; ). This suggests that the effect of Bcl-x;, on light
scattering is dependent on the presence of Bax/Bak. Whether
the effect of Bcl-x; on modulating subcellular morphology at
the initiation of apoptosis is related to its ability to confer cell
death resistance remains to be confirmed.

The measured decrease in OSIR was not correlated with
cell shrinkage. This is consistent with the fact that the mea-
sured OSIR corresponds to particle sizes in the range
0.01 um <D <2.38 um. Since the cell diameter is larger
than 10 um, even after shrinking, the change in cell size
should not be reflected in the OSIR measurement. The lack of
correlation between OSIR decrease and cell shrinkage also
suggests that the OSIR decrease is not related to the rear-
rangement of subcellular particles due to cell rounding.

The initial average OSIR values did not differ significantly
for the iBMK cell variants studied here. Thus, unlike our pre-
viously tested nigral CSM14.1 cells, iBMK cells expressing
YFP-Bcl-x;, did not have a markedly lower OSIR compared
to their parental or YFP transfected counterparts (Fig. 4). As
such, the effect of Bcl-x; on the baseline light scattering prop-
erties of untreated cells may be cell-type dependent. W2
iBMK cells also exhibited more cell-to-cell variability than
the other variants used in this study. Clonal transfected cells
may show less variability due to the selection of specific
clones. What may be surprising is higher variability in the W2
cells compared with the D3 cells, which are obtained from
transgenic mice. Understanding how the preparation of vari-

Journal of Biomedical Optics

045002-8

ous cell lines can result in a more or less diverse cell popula-
tion remains to be determined. As with most biological data,
the statistical significance of our data ultimately reflects on
the average behavior of a given cell population. While the
diversity of biological cells within a given population may be
difficult to explain, the presence of such heterogeneity sup-
ports the use of the OSI technique, which allows us to analyze
the scattering properties of single cells.

Since OSIR is a function of sphere diameter, we were able
to convert our pixel histograms to particle size distributions
for samples consisting of sphere suspensions. This conversion
was essentially based on the assumption that the scattering
signal is uniform over the dark-field image of a given sphere.
However, in reality, each sphere was not stationary and occu-
pied more pixels than its actual size due to diffraction. These
effects gave rise to variations in the estimated sphere sizes
that were larger than expected. Still, the mean sphere diam-
eters measured were close to the actual sphere diameters. This
was especially the case of the smaller spheres (0.356 and
0.548 um), whose size was smaller than, or on the order of,
the image pixel size and whose fast Brownian motion could
be averaged over the image acquisition time. In addition, in
the case of m=1.2, the OSIR remains monotonic only for
diameters less than <1.43 wm, introducing an error in the
conversion of pixels with OSIR value under ~5 (Fig. 1).
Hence the particle size distribution of smaller particles had
more symmetric Gaussian-shaped distributions.

The histogram conversion was applied to get particle size
distributions for the cell variants tested. In this case, a refrac-
tive index ratio m=1.04 was used, and the OSIR decreases
monotonically going from a diameter of 0.01 to 2.38 um. An
index ratio of m=1.04 was taken as being generally represen-
tative of the index ratio between organelles and cytoplasm,
which generally remains close to 1.2* This assumption is sup-
ported by the negligible variation in the curves of Fig. 1 for
values of m under 1.1. In the present setup, the scatter inten-
sity was also averaged in the azimuthal scatter direction ¢.
Since organelles are not generally spherical, our histograms
only provide an estimation of characteristic particle size dis-
tribution. Relative changes in this distribution are therefore
more relevant than retrieving absolute size values. In this re-
spect, we find that the distribution of particles on the order of
1 pm is affected by STS treatment (Figs. 8 and 9). Overex-
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pression of YFP-Bcl-x;, which localized to the mitochondria,
could inhibit this change in particle size distribution. Thus the
changes are likely to involve mitochondria whose size is on
the order of 1 um. Scatter anisotropy in the ¢ direction,
which may give information about particle shape for non-
spherical particles, could be measured by redesigning the iris
to take the changes in intensity as a function of ¢ into ac-
count. An example of how this can be achieved is described in
Ref. 25.

While the data in Fig. 7(c) suggest that there is a relatively
large source of error when the OSIR pixel data are used to
predict diameter, the particle size distributions in the cells are
wider than the sphere size distributions, suggesting that the
biological variability of particle sizes within a cell is larger
than the particle size error associated with this method. The
error in predicting diameter applies equally to all the cells
tested in this work. Thus, conclusions based on comparison of
relative changes in diameter remain valid. Interestingly, de-
spite the inaccuracies involved in calculating our particle size
distributions, the distributions found here are consistent with
those reported and showing a significant contribution of
micron-sized scatterers.”**’ We also noticed a population of
particles 0.01 <D <0.1 um, which roughly coincides with
the reported population of scattering centers under 100 nm in
both EMT6? and AT3.1 cells.?® However, the relative size of
this peak compared to the rest of the distribution is smaller in
our data compared with previous reports.26’27 Due to our ra-
tiometric measurement, our histograms are inherently normal-
ized to the scattering cross sections at each diameter. How-
ever, the low-scattering cross section of particles in this
nanoscale size range compared with larger particles may still
limit our ability to isolate and detect their individual signal in
imaged submicron locations within thin monolayers of cells.
Since each image pixel corresponds to a 0.49 um
X 0.49 um area in the object, we also assume in our analysis
that all the particles within a 0.49 um X0.49 um cellular
cross section have the same diameter. The validity of this
assumption is ultimately determined by how large the pixel
bin is compared to the length scale over which the landscape
of the cell remains purely homogeneous. If the pixel bin is
larger than this length scale, we would underestimate the
width of the particle size distribution. Going to an extreme, if
the cells were sampled by one large pixel, our assumption
would lead to a histogram with a single point corresponding
to a single diameter value. If the pixel is then decreased from
this maximum size to its minimum possible size, the single
point histogram will get decomposed into individual peaks at
the different diameters present in the cell. Ultimately, it will
reach a maximum width constrained by diameters of the
smallest and largest subcellular particles. While we do not
have an independent measure of subcellular spatial heteroge-
neity in this study, the validity of our assumption regarding
the inclusion of a single diameter value within each pixel is
borne out by the fact that our histograms in Figs. 8(c) and 8(d)
are qualitatively similar to published subcellular particle size
distributions obtained via different methods of optical scatter
measurements.’®?” Still, the size averaging over 0.49 um
X 0.49 um regions may have resulted in the underestimate of
the number of particles under 100 nm.
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In summary, the changes in OSIR measured at the onset of
apoptosis induced by staurosporine are specific to the apopto-
sis pathway to the extent that they are modulated by Bcl-x;, a
protein conclusively shown to confer apoptosis resistance.”
However, the presence of these light scattering changes can-
not be used to predict the final fate of the cells. The changes
occur too early, such that other factors can intervene with cell
death downstream (e.g., Bax/Bak knock-out). While the ab-
sence of light scattering changes may be correlated with cell
death resistance mediated by Bcl-x;, the presence of light
scattering changes does not preclude cell death resistance via
other means. In general, OSIR changes can be used to monitor
relative changes in the characteristic size distributions of sub-
cellular particles as a function of time. Thus, further monitor-
ing of the OSIR beyond 60 min could ultimately reveal spe-
cific subcellular dynamics that more generally correlate with
apoptotic cell death.
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