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� Abstract
We utilize a recently developed optical imaging method based on Fourier processing
with Gabor-like filters to detect changes in light scattering resulting from alterations in
mitochondrial structure in endothelial cells undergoing apoptosis. Imaging based on
Gabor filters shows a significant decrease in the orientation of subcellular organelles at
60 to 100 minutes following apoptosis induction and concomitant with mitochondrial
fragmentation observed by fluorescence. The optical scatter changes can be detected at
low resolution at the whole cell level. At high resolution, we combine fluorescence
imaging of the mitochondria with optical Fourier-based imaging to demonstrate that
the dynamic decrease in organelle orientation measured by optical Gabor filtering is
spatially associated with fluorescent mitochondria and remains largely absent from
nonfluorescent subcellular regions. These results provide strong evidence that the
optical Gabor responses track mitochondrial fission during apoptosis and can be used
to provide label-free, rapid monitoring of this morphological process within single
cells. ' 2011 International Society for Advancement of Cytometry
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MITOCHONDRIA have recently emerged at the heart of significant cellular dysfunc-

tions involved in a wide range of diseases, including various myopathies and neurologi-

cal atrophies, diabetes, cancer, and aging (1), where mitochondrial mutations affect

proteins regulating mitochondrial membrane fission/fusion as well as respiratory chain

proteins (1,2). In addition, changes in mitochondrial morphology can be induced by

mitochondrial functions involved in bioenergetics (3–6). Bcl-2 family proteins, which

are the gatekeepers of programmed cell death (apoptosis) regulated by mitochondria,

have been shown to influence these bioenergetic processes (7–11). In particular, Bcl-2

proteins may interact with the mitochondrial membrane lipids. For example, truncated

Bid (tBid) was shown to bind cardiolipin, which in turn can lead to a change in mem-

brane structure and mitochondrial dysfunction during apoptosis (12). Mitochondria

are also more filamentous and interconnected after being exposed to conditions that

favor oxidative phosphorylation compared with glycolysis (13). They are more inter-

connected during the G1-phase of the cell cycle compared with the S-phase (14), and

they fragment during apoptosis (15). These findings strongly suggest that the structure

and function of mitochondria are linked and that changes in the morphology of mito-

chondria may act as effectors of important cellular functions.

Several assays have been developed to assess mitochondrial volume changes,

such as single angle light scattering methods (908 or forward scatter) including flow

cytometry, and absorption spectrophotometry of suspensions of isolated viable mito-

chondria. These measurements have long been correlated with the morphology of

mitochondria in the orthodox and condensed states (16,17), have proved essential in

studying the mitochondrial permeability transition (17,18), and have been used

to detect volume changes in mitochondria under different conditions including
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apoptotic cells (19–21). Light scattering spectroscopy and flow

cytometry were also used to probe mitochondrial dynamics

within living cells (22–25) and tissues (26). However, there are

currently no standard assays that are specifically designed to

quantify mitochondrial fission in an efficient rapid through-

put setting. The morphology of mitochondria can be assessed

by electron microscopy (27) or by high-resolution fluores-

cence microscopy to allow observation, segmentation,

and measurement of individual organelles within living cells

(28–31). These techniques have low throughput and can be

experimentally demanding or costly to implement on a rou-

tine basis. Moreover the use of fluorescence labels can interfere

with biological function.

Thus, one of the long-term aims underlying the results

presented in this study is to investigate the feasibility of devel-

oping a rapid light-scattering-based cell assay to quantify sub-

cellular morphological changes associated with mitochondrial

fission. In this article, we present a proof-of-concept for

detecting mitochondrial fission using an optical Fourier filter-

ing modality based on Gabor filters that we developed recently

and that is sensitive to size (32) and orientation (33,34) of

sub-micron and micron-sized structures. The method is

implemented by analyzing the output of a conventional

microscope with a spatial light modulator to infer the scatter-

ing properties of the sample object (see also Supp. Info.). To

demonstrate the ability of this optical scatter method to detect

mitochondrial fission, we utilize a well-known and reproduci-

ble model of mitochondrial fission consisting of mitochon-

drial fragmentation during apoptosis where elongated fila-

mentous mitochondria fragment into shorter and rounder

ones in cells treated with staurosporine (STS) (35). Our results

suggest that the optical Gabor filtering modality remains sen-

sitive to mitochondrial fragmentation at low image resolution

and thus could be applicable to label-free, rapid screening of

mitochondrial fission in large fields of living cells. Such an

assay could be used in the future as a method to detect fission

under different physiological and pathological conditions, and

will ultimately help identify the potential bioenergetic factors

involved in this process.

MATERIALS AND METHODS

Cell Culture
Bovine Aortic Endothelial Cells (BAEC, Clonetics Lonza,

Chicago, IL) are cultured as previously described (36) in 0.22

lm-filtered low-glucose Dulbecco’s Modified Eagle Medium

(Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Invi-

trogen), 1% L-Glutamine (1003) (Invitrogen), 9 mg/mL bo-

vine brain extract (Lonza), 10,000 U/mL Heparin (Sigma

Chemical, St Louis, MI), and 1% penicillin/streptomycin

(Invitrogen). For fluorescence imaging, the cells are incubated

with growth medium supplemented with 100 nM Mito-

tracker green (Invitrogen) for the last 45 minutes of incuba-

tion before viewing. For optical viewing, the cells are grown to

�50% confluence on no. 1 glass coverslips (Fisher Scientific,

Pittsburgh PA). The coverslips are mounted as previously

described (36) and viewed in CO2-independent Leibovitz L-15

medium (Invitrogen) supplemented with 10% FBS at room

temperature and room air. Apoptosis was induced by exchan-

ging the cells’ normal viewing medium for viewing medium

containing 1 lM staurosporine (Sigma Chemical) prepared

from a 4mM staurosporine stock solution in DMSO (Sigma).

Control studies consisted of loading L-15 1 10% FBS with

DMSO only in the same volume in place of the STS solution.

Apoptosis Assay
BAEC are grown on coverslips as described above and then

treated under experimental conditions with STS or DMSO for

3 hours. The coverslips are then rinsed with PBS 3x, fixed

with 4% paraformaldehyde in PBS at room temperature for

15 minutes. Then, after 33 rinsing with PBS, the cells are per-

meabilized with 0.1% Triton-1001 0.1% sodium citrate in PBS

at room temperature for 5 minutes and then blocked with 2%

FBS in PBS for 60 minutes at 378C. Cells are then incubated

overnight at 4 8C with a fluorescently conjugated antibody to

cleaved Caspase-3 (Asp175) (Alexa Fluor 488 Conjugate, #9669,

Cell Signaling Technology, Danvers, MA) diluted at 10 lg/mL

(1:100 dilution) in blocking solution and mounted on micro-

scope slides sealed with nail polish for imaging.

Optical Imaging and Fourier Filtering
All samples are studied on the optical Fourier processing

microscope described in (33) fitted and aligned with a 633 oil

immersion objective with numerical aperture (NA) 5 1.4, or a

203 dry objective with NA 5 0.75 (Carl Zeiss, Gottingen,

Germany). For Fourier filtering, light from a �5 mW Helium-

Neon laser (ko5 632.8 nm) was passed through a spinning

diffuser and coupled into a multimode fiber whose output

was collimated and launched into the microscope’s condenser

aligned in central Köhler illumination (NA\ 0.05) to provide

a spatially coherent plane wave illumination of the sample.

Optically filtered images were acquired on a Cascade 512B

charge-coupled device (CCD) (Roper Scientific, Trenton, NJ).

Fourier filtering was achieved with a TI0.7XGADMD 1100

Digital Mirror Device (DMD) (Texas Instruments, Dallas, TX)

placed in a conjugate Fourier plane outside the microscope

side port (Fig. 1). Using the diffraction pattern of a graticule

with known line spacing, the position of each mirror in the

plane of the DMD is calibrated against spatial frequency. This

calibration is performed for each of the two objectives utilized

in this study (the 633 oil immersion and the 203 dry objec-

tive). Spatial frequency in cycles/lm is taken as n 3 (sinh)/ko.
h is the diffraction angle incident on the objective, and n is the

refractive index of the medium in front of the objective.

Gabor filtering is implemented on the DMD as described

in (33). An orientation-sensitive filter bank is used, consisting

of Gabor-like filters with orientations u 5 08 to u 5 1808 in
208 increments (Fig. 1, inset 1, see also the Supp. Info.). In the

object space, the filters have a period S 5 0.9 lm and a Gaus-

sian envelope standard deviation r 5 S/2 5 0.45 lm. In the

present study, this period, S, corresponds to a spatial frequency,

1/S, positioned on mirror 91 on the DMD when using the

603 objective, and mirror 141 when using the 203 objective.
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Fluorescent imaging of the mitotracker-labeled cells is

accomplished with a FITC filter cube (filter No. 10; Carl Zeiss,

Gottingen, Germany) with 450 to 490 nm excitation bandpass,

and emission collected through a 510-nm dichroic mirror fol-

lowed by a 515 to 565 nm bandpass filter. Fluorescent image ac-

quisition is accomplished without Fourier spatial filtering,

bypassing the DMD by sending the light through the trinocular

port of the microscope to a CoolSnap CCD (Roper Scientific,

Trenton, NJ). Differential interference contrast (DIC) images

were also acquired on both the Cascade and the CoolSnap

CCDs to aid in image registration. DIC imaging on the Cascade

utilized the low NA laser illumination at 0.633 lm used for op-

tical Fourier filtering; for DIC imaging on the CoolSnap a

higher illumination NA was used by briefly bypassing the 0.633

lm incident laser light by mounting a collimated blue 470 nm

LED (Thorlabs, Newton, NJ) to the microscope’s condenser

arm and opening the condenser aperture.

For dynamic study of apoptosis, the Gabor filter bank is

applied in time intervals of 20 minutes over a 3-hour time after

STS addition, with each filtered image collected at 6,000 ms ex-

posure. Before STS treatment, and for the cells treated only

with DMSO (controls) the optical data were acquired every 50

to 60 minutes. At each timepoint, unfiltered dark field and DIC

images are collected immediately before each stack of Gabor fil-

tered images on the Cascade CCD. DIC and fluorescent images

are taken on the CoolSnap CCD immediately after collection of

the filtered image stack. Gabor-filtered background images con-

sisting of imaging an empty glass sample are collected with

Figure 1. Optical setup and data processing. The light scattered by the sample is Fourier-filtered by the DMD (inset 1). The stack of filtered
images (inset 2) collected on the CCD is processed pixel-by-pixel and results in morphometrically encoded images (color-coded image) of

the object that can be registered directly with the fluorescence and DIC images (inset 3). Masks segregating bright fluorescent regions

from dim ones for each cell ROI at each time point (inset 4) allow study of orientation dynamics within regions dominated by mitochondria

and those dominated by nonfluorescent subcellular structures (inset 5). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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6,000 ms exposure at the start of each experiment at every filter

angle u, and subtracted from the corresponding filtered images

collected during dynamic studies.

Data Analysis
The background-subtracted Gabor-filtered images are

registered with the DIC and fluorescence images. For each

time point, the degree of particle orientation, defined as

‘‘orientedness,’’ is extracted at each pixel from the Gabor-fil-

tered images by taking the ratio of maximum to average signal

response as a function of Gabor filter orientation, u, as

described in (33), thereby generating ‘‘orientedness’’ response

maps of the object (Fig. 1, insets 2 and 3).

At each timepoint, each cell in the field of view is segmen-

ted manually into a region of interest (ROI). For whole cell stu-

dies, we track the mean orientedness within each ROI (and thus

each cell) by plotting the average pixel value within the ROI

over time. The mean orientedness per cell is then averaged over

all cells studied to yield an average plot of orientedness as a

function of time after STS or DMSO treatment. For subcellular

analysis, fluorescence labeling of the mitochondria is used to

determine the location of mitochondria within the cells studied

at high resolution (using the 633 objective). Unsharp masking

of the raw fluorescence images is achieved by applying a Gaus-

sian lowpass filter with standard deviation 2 lm to the raw

image and subtracting this image from the raw image (Figs. 2A

and 2B). This generates a high-contrast background-corrected

fluorescence image highlighting the fluorescently labeled mito-

chondria (Fig. 2C). The background-corrected fluorescence

image is convolved with a digital Gabor filterbank consisting of

filters with the same orientation, period and Gaussian envelope

as the Gabor filters implemented optically on the DMD (u 5
0–1808 in 208 increments, S 5 0.9 lm, r 5 0.45 lm). These

digitally filtered fluorescence images are then averaged resulting

in a Gabor-resolved fluorescence image (Fig. 2D) with the same

spatial resolution as the optically filtered data.

Figure 2. Fluorescence image processing. The raw fluorescence image (A) is filtered with a lowpass filter. This generates a background
image (B) which is then subtracted from the original image to generate a high-contrast mitochondrial fluorescence image (C). A digital
Gabor filterbank with the same orientations, period and Gaussian envelope as the DMD Gabor filters used in the optical setup is applied to

the background-corrected fluorescence image to yield a fluorescence image with the same spatial resolution as the optically filtered

images (D). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The processed fluorescence signal within each cell ROI is

intensity-thresholded using the mean of the ROI fluorescence

intensity as the threshold level. This process is repeated at each

timepoint for each field of cells studied. The choice of threshold

is discussed in the Results section. Within each cell ROI, this

thresholding procedure generates two sets of subcellular

regions, one dominated by bright fluorescent mitochondria and

the other by the remaining dim background (Fig. 1, inset 4). All

pixels within each single cell ROI are included in this analysis.

The bright and dim fluorescent areas are then separately applied

as a mask to the orientedness encoded Fourier processed images

to compare the changes in particle orientedness within the areas

rich in mitochondria versus regions dominated by nonfluores-

cent subcellular structures (Fig. 1, inset 5).

RESULTS

Detection of Subcellular Dynamics at Low
Magnification

We first acquire images at low resolution using the 203
objective (NA 5 0.75, 0.625 lm/pixel) to investigate if we can

detect changes in light scattering at the whole cell level in a

relatively large field of view. At each time point, we apply the

Gabor filterbank to the whole field of view. As described in

Figure 3. Orientedness derived from Gabor-like filter responses for BAEC studied at low resolution (objective NA 5 0.75, 0.625 lm/pixel). (A)
Images of BAEC exposed to STS taken260, 20, 120, and 180 minutes from STS exposure (T5 0). Top: DIC. Middle, fluorescence images of la-
beled mitochondria. Little difference in mitochondrial morphology is discernible at these time points at low resolution. Despite this, the mor-

phometric images encoding orientedness (colorscale in bottom panels) report a decrease in orientedness as a function of time after STS

addition. (B and C) Time traces plotting the mean orientedness within individual cells treated with STS (gray traces in B) or DMSO (gray

traces in C). In (B) and (C), the solid bold black trace represents the mean � standard deviation of the individual gray traces. The data were

normalized to T5 2120 minutes.
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Methods, we generate morphometric images encoding orient-

edness (Fig. 3), which corresponds to the amount of particle

orientation at each pixel. The resolution of the corresponding

fluorescence images is inadequate to discern any changes in

mitochondrial morphology. However, the orientedness data

derived from the optical scatter measurements using the

Gabor-like filters show that orientedness markedly decreases

between 20 and 120 minutes after STS was added as compared

with control (Figs. 3B and 3C), indicating a drop in object as-

pect ratio despite the poor image resolution.

Validation at High Resolution
To investigate the source of the morphological changes

detected by optical Fourier filtering at low resolution, we repeat

the studies at high image resolution with the 633 NA 5 1.4

objective (sampling at 0.195 lm/pixel). At high resolution in the

fluorescent images, mitochondria evolve from a long, filamen-

tous morphology to shorter, smaller and rounder shapes between

60 and 120 minutes (Fig. 4 see arrows in middle panels). During

this time, orientedness (Fig. 4, bottom panels) decreases in the

morphometric images. We observe a similar dynamic behavior in

orientedness as found at low resolution (Fig. 5).

The resolution gained in the fluorescence image allows

for breaking down each cell ROI into two subcellular

regions—bright, mitochondria-rich areas in the fluorescence

images and dim, mitochondria-poor ones—by applying the

thresholding method discussed in the Methods to each cell

ROI at each time point. We exploit the high resolution con-

dition to implement this segregation in order to investigate

whether the dynamics observed in the cells exposed to STS

are spatially associated with the mitochondria. We first stud-

ied the segregation of the mitochondria-rich and mitochon-

dria-poor compartments derived for each ROI by modulat-

ing the threshold value (Fig. 6). As shown in Figure 6 for a

representative cell, when the threshold is set too high, pixels

that are clearly fluorescent are designated as nonfluorescent

and the optical signal changes in both the fluorescent (above

threshold) and nonfluorescent (below threshold) regions

(Figs. 6E and 6F). As the threshold is decreased, less of the

fluorescent pixels are included in the region designated as

non-fluorescent, and the decrease in orientedness becomes

more pronounced in the fluorescent segment compared with

the nonfluorescent one (Figs. 6B and 6C). For very low

thresholds, pixels that are clearly nonfluorescent are desig-

nated as fluorescent and the optical signal changes in the

fluorescent segment become less pronounced than at higher

thresholds (Fig. 6A). By choosing the threshold as the aver-

age fluorescence intensity of the cell ROI (and assigning this

derived average a value of unity, i.e. Th 5 1.0, Fig. 6C), we

found that we could arrive at good signal separation

between the background and fluorescent areas within the

ROI taken at high resolution. We therefore chose this

threshold, Th 5 1, to derive the fluorescent and non-fluo-

rescent regions in all cells for all time points.

Figure 4. High-resolution study of BAEC exposed to STS (objective NA 5 1.4, 0.195 lm/pixel). (A) Images of BAEC exposed to STS at 260, 20,
120, and 180minutes from STS exposure (T5 0). Top: DIC. Middle, background-corrected fluorescence images of labeledmitochondria. Arrows

point to fragmenting mitochondria. Bottom, morphometric images encoding orientedness (colorscale) reporting decrease in orientedness as a

function of time after STS addition at T5 0.
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Figure 7 shows the results of studying the fluorescent

(Fig. 7A) and nonfluorescent regions (Fig. 7B) separately within

each cell. In the fluorescent regions, orientedness decreases signifi-

cantly (Fig. 7A, bold black time trace with solid squares), especially

between 60 and 100 minutes (P \ 0.05 comparing these two

timepoints), but does not decrease significantly in the nonfluores-

cent regions (Fig. 7B, bold black time trace with solid squares).

This behavior is different from DMSO control studies (blue traces

with open circles in Figs. 7A and 7B), in which neither the fluores-

cent nor the nonfluorescent regions show such a decrease in

orientedness over this timeframe. Thus the optical scattering

changes measured by Gabor filtering are isolated to the mitochon-

dria-rich compartment of BAEC during exposure to STS.

We also tracked the relative number of noncontiguous

regions within the masks generated for Th 5 1. At high resolu-

tion, we found that the number of regions within the masks

increases by about a factor of 2.5 between 0 and 180 minutes af-

ter STS exposure, most of which occurs between 60 and 120

minutes, consistent with mitochondrial fragmentation during

this time (Fig. 7C). This behavior is absent when the control

data are processed in this manner, suggesting this behavior is

STS-specific. When repeating the segmentation process on the

low-resolution fluorescence images (Fig. 7D), the masks fail to

recapitulate this response; the number of fluorescent segments

does not appreciably increase over time or over control, imply-

ing that high resolution is required for the masks to be effective

in segmenting the mitochondria well.

Assessment of Movement
To assess movement of the mitochondria between time

points as apoptosis and mitochondrial fragmentation proceed,

we compared the fluorescent and nonfluorescent masks (using

the threshold value Th 5 1) at the beginning and end of the

entire time span. We find that �26% of the pixels within a

given cell ROI may move from one segment to the other dur-

ing fragmentation. This necessitated taking new fluorescent

images of the cells and defining the fluorescent and non fluo-

rescent regions above and below threshold at every time point.

However, movement may also exist in the 7 to 8 minutes time

span over which the data set for a single time point is acquired

under relatively steady-state conditions, well before or well af-

ter fragmentation. Figure 8 shows the prevalence of movement

in a 10-min time span after STS addition but well before frag-

mentation occurs. We acquired fluorescence images over 10

minutes at 5-second intervals for the first minute and then ev-

ery 15 seconds thereafter. We repeated the process of segment-

ing each cell ROI into designated fluorescent and nonfluores-

cent segments above and below the ROI’s average fluorescence

intensity (Th 5 1) and compared these segments at each time

point with the initial segments at T 5 0 in order to quantify

movement over the 10 minutes time span. As shown in Figure

8, in the first 15 seconds, only 3% of pixels change between

being classified as fluorescent and nonfluorescent. By 1 minute

this value rises to 5% and by 10 minutes, 8% of the total num-

ber of pixels within the first ROI has changed designation.

This effect is most prominent in the periphery of the cell

where mitochondrial density is lowest (yellow areas in Fig.

8C). These results suggest that the fluorescent masks remain

accurate to within 8% during image acquisition for timepoints

away from the moment of fragmentation under approximately

steady-state experimental conditions.

Confirmation of Apoptosis
To confirm the apoptotic fate of the BAEC treated with

STS, we assessed the cleavage and activation of caspase 3 by

immunofluorescence (Fig. 9). A long exposure ([2 seconds)

was used in collecting the fluorescent images. Low intensity

background fluorescence is detected within most cells for both

treated and control cells. Cells positive for caspase 3 activation

are identified as cells with bright fluorescence with intensity at

least 50% higher than background levels. After 3 hours of

treatment with STS at room temperature, the results show cas-

pase 3 activation in 7.3% of the STS treated cells compared

with 0.5% in the cells treated with only DMSO (control). This

difference is significant (P \ 0.01) and provides evidence of

apoptosis initiation in the STS-treated cells.

DISCUSSION

Using optical imaging with Gabor-like filtering, we

demonstrate sensitivity to changes in light scattering from

BAEC cells undergoing apoptosis in response to STS treat-

ment. We observed a significant drop in the degree of orienta-

tion (‘‘orientedness’’ parameter) of subcellular structures 60 to

100 minutes after apoptosis induction by STS. These scatter-

ing changes, which result from alterations in subcellular struc-

ture, could be detected and monitored at a low resolution at

which subcellular structural dynamics could not be directly

visualized by fluorescence or DIC (Fig. 3). These results were

Figure 5. Time traces plotting the mean orientedness within indi-
vidual cells tested at high resolution (objective NA5 1.4, 0.195

lm/pixel) and treated with STS (gray traces). Bold black trace with
solid squares represents the mean � standard deviation of the

gray traces of cells exposed to STS. The blue trace with open cir-

cles corresponds to the average orientedness per cell � standard

deviation as a function of time for DMSO control. The STS data

were normalized to T 5 2180 minutes; the DMSO data to T 5
2200 minutes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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reproduced at high image resolution where they occurred con-

currently with mitochondrial fragmentation observed by fluo-

rescence (Figs. 4 and 5). At high resolution, the optical light

scatter changes could be isolated to the subcellular compart-

ments dominated by fluorescent mitochondria, while optical

scatter changes remained negligible in regions with dim fluo-

rescence signal dominated by nonfluorescent background

(nonmitochondria) (Figs. 7A and 7B). Thus, our results

strongly suggest that the drop in orientedness between 60 and

100 minutes is due to mitochondrial fragmentation, a process

in which relatively large, filamentous structures (contributing

to high orientedness) become smaller and rounder (yielding

low orientedness).

Validation of the optical scatter signatures is dependent

on the ability to label the mitochondria and use this labeling

to segment the subcellular mitochondria-rich regions from the

remainder of the cell based on a fluorescence intensity thresh-

old as described in Figure 6. Mitochondrial movement is an

inherent limitation to the ability of this method. However we

find that the two fluorescent segments above and below

threshold do not shift by more than 26% over the course of

fragmentation and change only by 8% during a 10-minute

timespan taken under quasi steady-state conditions. Thus,

while mitochondria move during fragmentation, the fluores-

cent pixels associated with them at a given measurement time-

point remain sufficiently spatially confined within the resolu-

tion of the designated fluorescent segment such that we still

can separate the background from the dynamic signal asso-

ciated with mitochondria reasonably well. Our data does not

completely exclude the presence of mitochondrial pixels from

the background segments below threshold or the presence of

some background pixels in the fluorescent segments above

threshold. However our data demonstrate that the optical

scatter dynamics are significantly reduced, if not completely

absent, in cell segments dominated by nonfluorescent organ-

elles (‘‘background’’). This suggests that any background con-

Figure 6. Effect of threshold level on separating dynamics of fluorescent and non-fluorescent regions within cell ROIs at high resolution
(objective NA5 1.4, 0.195 lm/pixel). A representative cell from the center of the field of view shown in Figure 4 is illustrated here. (A)—(F)
Show the ‘‘fluorescent’’ (above threshold, left) and ‘‘non-fluorescent’’ (below threshold, right) region pairs generated by applying a thresh-

old to the corresponding Gabor-resolved fluorescence image (Fig. 2D). The time traces for normalized mean orientedness evaluated within

the designated fluorescent mask (above threshold, solid black line) and the nonfluorescent mask (below threshold, dashed line) are shown

below the corresponding binary mask images. The threshold level, Th, is given as a fraction of the average fluorescence signal within the

cell ROI (e.g. Th 5 2.0 indicates that twice the average of the intensity of the Gabor-resolved fluorescence images within that ROI was used

to generate the region pair). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tribution to the dynamic scattering signal is likely to be negli-

gible within the brightly labeled regions dominated by the pre-

sence of mitochondria. Based on previous work demonstrat-

ing the larger contribution of mitochondria to the light scatter

signal relative to other organelles (36–38), we may also assume

that other organelles present in close association with the mi-

tochondria (e.g. the endoplasmic reticulum) do not contribute

appreciably to the optical scatter dynamic observed within

the mitochondria-rich fluorescent regions. Thus the measured

optical scatter dynamics are largely associated with mitochon-

dria in the designated fluorescent regions above threshold. Low

resolution and whole-cell detection of the decrease in oriented-

ness (Figs. 3 and 5) was therefore also possible because of this

null background contribution to the optical dynamic.

In addition, several findings support the hypothesis that

mitochondrial alterations are the source of the measured optical

scatter changes. Modulating the threshold which defines the flu-

orescent and nonfluorescent segments, results in modulating

the optical scatter changes in the two compartments, suggesting

that the optical scatter changes are spatially correlated with the

fluorescence signal (Fig. 6). By considering the changes in

orientedness at steady state timepoints well before and well after

fragmentation, when the designated fluorescent and nonfluores-

cent segments should be accurate within 8%, we still find that

orientedness is significantly changed only in the designated flu-

orescent regions and remains absent from the nonfluorescent

ones (Fig. 7). Finally, the decrease in orientedness measured at

the moment of fragmentation (between T 5 60 and T 5 100)

in the designated fluorescent regions was not accompanied by

an increase in orientedness in the designated nonfluorescent

regions (Fig. 7). Thus, the measured decrease in orientedness

could not be purely attributed to movement of oriented mito-

chondria from one segment to the other. Instead, mitochon-

drial fragmentation accompanied by movement of the mito-

chondria, would give rise to a decrease in orientedness in the

fluorescent regions. At the same time, possible movement of the

Figure 7. (A) and (B) Time traces plotting orientedness for the bright, above-threshold fluorescent regions (A) and for the dim, below-
threshold regions (B) within individual STS-treated cells (gray traces). The average fluorescence intensity in the processed fluorescence

image defined the threshold value within each cell and corresponds to Th 5 1 (see also Fig. 6). Bold black trace with solid squares repre-

sents the mean � standard deviation of the gray traces of cells exposed to STS. Blue trace with open circles corresponds to the mean �
standard deviation for DMSO control (average of all cells). (C) and (D) Normalized number of non-contiguous fluorescent regions counted
in the above-threshold fluorescent mask generated at high resolution [(C), NA 5 1.4, 0.195 lm/pixel] and at low resolution [(D), NA 5 0.75,

0.625 lm/pixel] with Th 5 1. The rise in the number of fluorescent regions beyond T 5 60 minutes is statistically significant (P\0.05) com-

paring average STS response with DMSO control at high resolution (C) but is not statistically significant (P 5 0.72) at low resolution (D). In

(C) and (D), bold black trace represents the mean � standard deviation of the gray traces of cells exposed to STS. Dashed trace corre-

sponds to the mean � standard deviation for DMSO control (average of all cells). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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fragmented mitochondria, which have low orientedness on the

order of background (more blue in Figs. 3 and 5), to the non-

fluorescent regions would keep the optical signal constant in

these background regions. Still, current work focused on

increasing light throughput and automation of the hardware, is

under way to obtain faster optical scatter image acquisition,

and thus minimize the effect of movement on the accuracy of

multi-image registration, and allow better time resolution of

subcellular dynamics.

As expected, the fragmentation of mitochondria (Fig. 4)

and evidence of caspase 3 activation observed in the STS-treated

BAEC (Fig. 9) reproduces previous evidence of mitochondrial

fission in apoptotic cells treated with STS (35). In addition,

alterations in light scattering concurrent with alteration in mi-

tochondrial function during apoptosis have been reported

(22,39,40). The present results extend these previous studies by

showing that orientation-dependent changes in light scattering

within the first 3 hours of apoptosis are spatially associated

with mitochondria undergoing fragmentation, and can be

directly quantified with an optical scatter imaging method

based on Fourier filtering with Gabor-like filters.

In summary, our data provide strong evidence that mito-

chondrial fission can be monitored in situ within living cells

through the use of light scattering signatures that depend on

the degree of particle orientation. This method would have sig-

nificant advantages in applications where sample labeling is

cumbersome or where fluorescence labels may interfere with bi-

ological function. The ability to monitor the process at low

image resolution at the whole cell level would also permit a

higher cell analysis throughput. This method could be utilized

Figure 8. Effect of movement on accuracy of masks. DIC (A) and fluorescence (B) image of BAEC labeled with Mitotracker green under ex-
perimental conditions taken immediately after STS exposure (T 5 0 minute) and 10 minutes later. (C) Color coded segments demonstrat-
ing how the segments within the ROI of a representative cell change over time. Each ROI is compared with the initial ROI at T 5 0 in order

to quantify movement over a 10-min time span. (D) Time trace plotting the fraction of pixels that changes between fluorescent and non-
fluorescent regions over time. After an initial jump from zero to 5% by 1 minute, the error increases at a fairly constant rate of 0.4% per

minute. Solid bold black trace represents the mean � standard deviation of the gray traces of cells exposed to STS in this experiment.
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to detect fragmentation of mitochondria during apoptosis as

shown here. In this context, our results indicate that this tech-

nique may provide a tool that can be combined with molecular

and biochemical methods to help facilitate elucidation of the

structure-function relationship of mitochondria in apoptosis.

In particular, the method can be used to investigate the presence

of mitochondrial fission in response to activation (e.g. Bid acti-

vation) or knock out (e.g. Bax/Bak knock out) of Bcl-2 family

proteins. Mitochondria undergo inner and outer membrane fis-

sion under the control of dynamin related proteins, which can

interact with Bcl-2 family proteins during apoptosis. During

apoptosis, truncated Bid (tBid) causes mitochondrial matrix

vesicularization by disruption of OPA-1 oligomers, which con-

trol mitochondrial inner membrane fusion (41–43). tBid also

affects bioenergetics, induces mitochondrial lipid peroxidation,

and can activate Bax/Bak by interacting with cardiolipin

(12,44). Interaction with mitochondrial membrane lipids and

potential alteration of these lipids may be important in estab-

lishing mitochondrial structure. In addition, mitochondria

fragment during apoptosis under the control of Drp-1 and Fis1

(35,45). Strong evidence suggests that Drp-1 is critical for mito-

chondrial outer-membrane permeabilization and release of

cytochrome c. In particular during apoptosis Bax translocates

to mitochondria and coalesces with Drp-1 and Mitofusin 2

(Mfn-2) at mitochondria fission sites (46), Bax is required to

stabilize Drp1 localization on the mitochondria (47) and inhi-

bition of Drp-1 inhibits Bax-mediated cytochrome c release

and apoptosis (35,48). We had also found evidence of mito-

chondrial structural alterations in response to Bcl-xL overex-

pression (49). Thus, aided by the measurement method pre-

sented here, future studies of mitochondrial fission in response

to Bid activation, Bax/Bak knock out, or Bcl-xL overexpression,

could ultimately lead to important clues regarding the apopto-

tic function of mitochondrial dynamics. The approach pre-

sented here could also ultimately be translated to track mito-

chondrial fission in other systems.

Figure 9. Immunofluorescence of cleaved caspase 3 in BAEC under experimental conditions. Representative DIC (A) and immunofluorescence (B)
images of cells treated with STS (top) or DMSO (bottom) for 3 hours. Arrows point to cleaved caspase 3 positive cells in B, top panel. (C) Number of
caspase 3 positive cells (dark gray) as a fraction of the total number of cells tested (light gray) for STS- and DMSO-treated cells. The ordinate cells/

mm2 is calculated by manually counting cells and normalizing to the area of the field of view measured with the aid of a stage micrometer. While

small, the fraction of cleaved caspase 3 positive cells is significantly greater (P\ 0.01) in the cells treated with STS than cells treated with DMSO. (D)
Relative fluorescence intensity distributions for the STS- and DMSO-treated cells. Cells with intensity greater than 50% the background intensity

(0.11) were taken as positive for caspase 3 activation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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