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Abstract Chronic inhalation of crystalline silica is an
occupational hazard that results in silicosis due to the
toxicity of silica particles to lung cells. Alveolar macro-
phages play an important role in clearance of these parti-
cles, and exposure of macrophages to silica particles causes
cell death and induction of markers of apoptosis. Using
time-lapse imaging of MH-S alveolar macrophages, a
temporal sequence was established for key molecular
events mediating cell death. The results demonstrate that
80 % of macrophages die by apoptosis and 20 % by
necrosis by clearly distinguishable pathways. The earliest
detectable cellular event is phago-lysosomal leakage,
which occurs between 30 and 120 min after particle uptake
in both modes of death. Between 3 and 6 h later, cells
undergoing apoptosis showed a dramatic increase in
mitochondrial transmembrane potential, closely correlated
with activation of both caspase-3 and 9 and cell blebbing.
Externalization of phosphatidyl serine and nuclear con-
densation occurred 30 min-2 h after the initiation of cell
blebbing. Cells undergoing necrosis demonstrated mito-
chondrial membrane depolarization but not hyperpolar-
ization and no caspase activation. Cell swelling followed
the decrease in mitochondrial membrane potential, distin-
guishing necrosis from apoptosis. All cells undergoing
apoptosis followed the same temporal sequence, but the
time lag between phago-lysosomal leakage and the other
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events was highly variable from cell to cell. These results
demonstrate that crystalline silica exposure can result in
either apoptosis or necrosis and each occurs in a well-
defined but temporally variable order. The long time gap
between phago-lysosomal leakage and hyperpolarization is
not consistent with a simple scenario of phago-lysosomal
leakage leading directly to cell death. The results highlight
the importance of using a cell by cell time-lapse analysis to
investigate a complex pathway such as silica induced cell
death.
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Introduction

Silica, a naturally occurring inorganic mineral is an occu-
pational hazard for miners, sand and granite workers,
ceramic and brick workers and many others [1, 2]. Long-
term inhalation of crystalline silica particles leads to sili-
cosis, a potentially lethal disease that is marked by
inflammation and fibrosis of the lung (IARC, 1997).
Alveolar macrophages normally play a protective role in
the lung by clearing foreign materials [3, 4]. There is
substantial evidence that apoptosis of macrophages that
take up silica particles plays a significant role in the eti-
ology of silicosis [5, 6]. Upon continuous exposure to
crystalline silica, a decrease in alveolar macrophage num-
ber was seen in vivo [7]. In vitro studies have shown that
crystalline silica induces apoptosis in alveolar macro-
phages and cell lines. [8—10].

The effect of crystalline silica particles on cells that
leads to the pathology associated with silicosis has been
proposed to be related to oxidative stress [11, 12], cytokine
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release [13-15] and excessive cell death mediated by
apoptosis [8, 13, 16]. Apoptosis is a well-characterized
process that can be initiated by various stimuli that activate
either the extrinsic or the intrinsic pathway [17-20]. When
alveolar macrophages are exposed to crystalline silica
in vitro, the cells show a loss in mitochondria membrane
potential and activation of caspases-9 and -3 [8, 11]. Fur-
thermore when these cells were exposed to the pan-caspase
inhibitor z-VAD-fmk before crystalline silica exposure,
cell death was attenuated. Broncho-alveolar lavage fluid
collected from mice instilled with crystalline silica also
shows an increase in macrophage cell death. Mice
administered with pan-caspase inhibitor zZVAD-fmk show a
reduction in macrophage cell death and the collagenous
deposits indicative of fibrotic disease implicating apoptosis
as one of the contributors to the progression of the disease
[5]. Another mode of cell death is necrosis which is char-
acterized by the swelling of a cell and release of its con-
tents into the external milieu, thereby promoting
inflammation [21, 22]. Necrosis has been measured in cells
exposed to crystalline silica by an LDH release assay. Thus
crystalline silica particle uptake and resultant cell death
contributes to silicosis.

Thibodeau et al. [1, 2, 9] have outlined a process where
in the earliest event to take place upon exposure of cells to
crystalline silica is phago-lysosomal leakage with caspase
activation at a later time. The authors did not attempt to
provide a precise time-line of these events in a cell that has
been exposed to crystalline silica particles. We have used
time lapse imaging in conjunction with fluorescent reporter
probes to map the temporal sequence of molecular events
that occur in individual cells exposed to crystalline silica
particles. We find that apoptosis and necrosis occur with
distinct temporal sequences, but the time when events
associated with either process occurs varies significantly
from cell to cell. Single cell analysis has also revealed a
novel transient hyperpolarization of mitochondrial mem-
brane potential (A¥Wm) at the initiation of apoptotic cell
death. Furthermore, caspase activation, cell blebbing and
hyperpolarization of mitochondria during apoptosis occur
essentially simultaneously, but many hours after leakage of
phago-lysosomes. During necrosis, swelling followed a
rapid mitochondrial depolarization without any caspase
activation.

Materials and methods
Cell culture
MH-S alveolar macrophages (ATCC CRL-2019) were

maintained in RPMI-1640 media supplemented with 10 %
FBS, HEPES, L-Glutamine and Ampicillin/Streptomycin
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(complete media). For live cell imaging 1.2 x 10° cells
were plated in a 35 mm Bioptechs delta T glass bottom
culture dish (Bioptechs, Butler, PA) with 1 ml complete
media and allowed to adhere overnight at 37 °Cina 5 %
CO; incubator.

Transfection

MH-S alveolar macrophages were transfected with DNA
encoding the FRET probes CFP-IETD-YFP (initiator cas-
pase-9 probe) [23] or CFP-DEVD-YFP (effector caspase-3
probe) [24] using Lipofectamine transfection reagent
(Invitrogen). Briefly, 1.2 x 10’ cells were plated overnight
in RPMI complete media. 2 pg of DNA was used to
transfect according to the manufacturers protocol. In order
to obtain stably expressing cells, cells expressing the
desired probe were selected by addition of G418 (1 mg/ml)
for 48 h after which the media was replaced with RPMI
complete media. Cells were allowed to grow and fluores-
cent colonies were directly picked from the culture dish
manually with a pipette while viewing cells on the
microscope stage.

Time-lapse imaging of physiological indicators of cell
death

Crystalline silica (Min-U-Sil 5; US Silica, Berkeley
Springs, WV) was baked at 83 °C for 18 h to remove any
toxins and suspended at 2 mg/ml in CO, independent
media (Invitrogen, Carlsbad, CA). Cells were plated in
35 mm Bioptechs dishes for 12 h in RPMI complete
media. Depending on the assay, cells were incubated with
an appropriate dye and imaged in CO, independent med-
ium. Cells were treated with 50 pg/cm? crystalline silica by
adding the suspended particles to the dish and allowing the
particles to settle onto the cells.

Phago-lysosomal leakage was measured as an increase
in the fluorescence of Fitc-dextran (4 and 70 kD, Sigma,
St. Louis, MO). Media containing 1 mg/ml Fitc dextran
(FD) was added to the cells and allowed to load by endo-
cytosis in complete RPMI medium for 2.5 h. Cells were
then washed with two changes with complete media and
then cultured in CO, independent medium. Quantification
of the leakage of FD was accomplished using a region of
interest (ROI) in the nuclear region for 4 kD FD and over
an entire cell for 70 kD FD.

Mitochondrial transmembrane potential (A¥m), was
measured using the potentiometric dye TMRE. In order to
correlate the dynamics of caspase activation with changes
in mitochondrial transmembrane potential (A¥m), MH-S
cells were plated in a Bioptechs dish and then incubated
with 45 nM Tetramethyl rhodamine ester (TMRE, Invit-
rogen, Carlsbad, CA) for 20 min in complete media. After
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20 min, the cells were washed two times with complete
media and then 1 ml of CO, independent media without
serum. To measure drug induced mitochondria hyperpo-
larization or depolarization, MH-S cells incubated with
TMRE were treated with either 5 pg/ml oligomycin or
10 uM FCCP respectively and imaged every minute. To
relate the timing of hyperpolarization to caspase activation,
cells expressing either the initiator or the effector caspase
FRET probe were labeled with TMRE as indicated above.
FRET images were acquired at 30 min intervals for the first
4 or 5 h (minimal cell death was observed during this time)
and then every 5 min for a total duration of 15 h. Variation
in mitochondrial transmembrane potential was also asses-
sed using Rhodamine-123 (10 pM) and similar results were
obtained (data not shown). TMRE was used for the study as
it has been reported to be less toxic and allows simulta-
neous imaging of caspase activation.

To determine when surface exposure of phosphatidyl
serine (PS) occurs, 30 ng Annexin V-FITC (BD Biosci-
ences, San Jose, CA) was added to cells cultured in CO,
independent media. The probe was left in the medium
throughout the experiment. This generated weak back-
ground fluorescence, but the concentration of the probe at
the membrane of apoptotic cells was easily visualized
above this background. Cells were then exposed to 50 pg/cm?
crystalline silica and DIC and fluorescence images cap-
tured every 30 min.

Changes in nuclear morphology and nuclear condensa-
tion were analyzed using the vital nuclear dye Hoechst
33342. Cells plated in complete RPMI medium were
incubated with 5 pg/ml Hoechst 33342 for 30 min, washed
two times with complete medium and then cultured in CO,
independent medium. DIC and fluorescence images were
taken every 30 min. This stained the nuclei that remained
fluorescent throughout the experiment.

Imaging and image analysis

For live cell imaging, Bioptechs dishes were mounted in a
Delta T holder on the stage of a Zeiss Axiovert 200 M
widefield fluorescence microscope and the temperature was
maintained at 37 °C with a Delta T controller and heated
lid. Imaging was done using 63x Plan Apochromatic 1.4
NA oil immersion lens and a Hamamatsu ORCA-ER
camera (Hamamatsu, Bridgewater, NJ). Images were
acquired using time-lapse automation modules in OpenLab
software (Perkin-Elmer, Waltham, MA). FRET imaging
was done using a CFP-YFP FRET filter set with excitation
at 436 nm and emission at 480 and 535 nm respectively.
TMRE imaging was done using 562 nm excitation and
624 nm emission. Fitc-dextran was imaged using a GFP
filter set and Hoechst-33342 with a DAPI filter set. Both
DIC and fluorescence images were captured at each time

point and image processing and analysis was done using
Image J [25]. TMRE fluorescence was measured by
drawing a ROI around a cell and measuring mean fluo-
rescence. Background fluorescence value of media was
subtracted from mean fluorescence. For FRET ratio
measurements, mean pixel intensity from CFP and FRET
channels for a single cell were obtained by drawing a ROI
around a cell at each time point and measuring the mean
fluorescence. The CFP/YFP ratio was obtained by
exporting these values to Excel (Microscoft Corporation,
Redmond, WA) and graphs were made using Prism
(Graphpad Inc, La Jolla, CA). To generate ratiometric
images, the Ratio plus plugin for Image] was used to
divide the CFP image set by the FRET image set. The
spectrum look up table was assigned to the resultant CFP/
YFP images.

Cells labeled with TMRE were also imaged by confocal
microscopy. Cells were labeled with TMRE as described
above and imaged in a Bioptechs dish in a Delta T holder
on the stage of Leica confocal microscope. Imaging was
done using a 40x Plan Apochromatic 1.25 NA oil
immersion lens with 543 nm excitation. A stack of seven
z-slices, 2.3 um apart was captured at 5 min intervals for a
total of 10 h.

Results

Phago-lysosomal leakage starts within 30 min
of crystalline silica treatment

Thibodeau et al. [3, 4, 9] have shown leakage of Fitc-
dextran (FD) from endosomes into the cytoplasm within
1 h of crystalline silica treatment. To determine more
precisely the time when leakage occurs and the size of the
pores through which molecules can pass into the cyto-
plasm, cells were pre-loaded with either 4 or 70 kD FD
and then imaged over time after addition of crystalline
silica particles. Leakage of both 4 kD FD (Fig. la) and
70 kD FD (Fig. 1b) could be seen within 30 min fol-
lowing crystalline silica addition. With 4 kD FD there was
an increase in both cytoplasmic and nuclear fluorescence,
consistent with the cutoff limit for passive diffusion
through nuclear pores [26]. In cells loaded with 70 kD
FD, there was labeling of the cytoplasm, but not the
nucleus. Since not all vesicles leak, quantification of
the cytoplasmic fluorescence increase could be affected by
the presence of intact vesicles. This problem was minimized
by the increased emission from fluorescein as it moved from
acidic vesicles to the more neutral cytoplasm. In cells loa-
ded with 70 kD FD, a detectable increase in the FITC
fluorescence around the crystalline silica particles was also
observed at 45 min (Supplementary Fig. 1c, d arrows).
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This is likely to be due to an increase in the pH of phago-
lysosomal compartments arising from equilibration of the
contents with the cytoplasm as the vesicles become per-
meabilized. A measurable increase in cytoplasmic fluores-
cence could be detected as early as 30 min after crystalline
silica addition (Fig. 1c, d).

The time of initiation of FD leakage varied from cell to
cell. Cells were seen leaking as early as 30 min but some
cells took as long as 135 min to begin leaking (Supple-
mentary Fig. 1a, b). The data show a gradual increase in
cytoplasmic FITC fluorescence over time in all cells and
eventual plateauing of the signal. At this point, no more
punctate vesicles were observed in the cells indicating
that either the entire endo-lysosomal compartment has
become permeabilized or the cytoplasmic fluorescence is
too high to visualize them. Averaging over many cells
shows that leakage occurred over a 2 h period, starting
about 30 min after crystalline silica addition (Fig. le).
From the same set of data, individual cells were quanti-
fied based on the time that leakage was initiated (Fig. 1f).
This clearly demonstrates the variability in the timing of
leakage with 60 % of the cells leaking between 60 and
105 min.

Apoptotic cells undergo transient hyperpolarization
of mitochondria

Mitochondria are key players in events leading to cell death
by apoptosis [5, 6, 10, 27]. Some changes in mitochondrial
function have been found following crystalline silica
treatment using approaches which provide an average
value for an asynchronous population of cells [7, 8, 11].
For our single cell time-lapse approach, cells were loaded
with the potentiometric cationic dye TMRE and then
exposed to 50 pg/cm® crystalline silica and imaged over
time. There was little change in fluorescence for about 5 h
and then the fluorescence signal from individual cells
would rapidly increase (hyperpolarization) and then slowly
decrease until they reached a background level character-
istic of depolarized mitochondria (Fig. 2a). The cells that
showed hyperpolarization were simultaneously observed to
be undergoing membrane blebbing in the DIC channel
(Supplementary movie 1). The time at which cells began to
show hyperpolarization was quite variable, ranging from
330 to 1,100 min (Fig. 2b).

Hyperpolarization is not a commonly observed feature
of the apoptotic cell death pathway. In order to verify that
the hyperpolarization was due to an increase above normal
A¥m and not an artifact of unquenching of TMRE, cells
were treated with oligomycin, an F1—F, ATP’ase (complex
V) inhibitor of oxidative phosphorylation. This compound
prevents protons from getting pumped back into the matrix
space, resulting in hyperpolarization of mitochondria
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[8-10, 28, 29]. When TMRE labeled MH-S cells were
treated with oligomycin, there was an increase in TMRE
fluorescence within 1 min (Fig. 2c, e; Supplementary
movie 2). To test the sensitivity of TMRE towards loss of
A¥m, FCCP, a nonspecific protonophore and uncoupler of
oxidative phosphorylation, was added to cells loaded with
TMRE [11, 12, 29]. Upon addition of FCCP, TMRE
fluorescence decreased immediately indicating mitochon-
drial depolarization (Fig. 2d, f; supplementary movie 3).
To confirm that the increase in TMRE fluorescence
observed with widefield imaging was not due to an
increase in the local concentration of TMRE or due to
aggregation of mitochondria during cellular contraction,
multi-plane confocal imaging was performed. An increase
in TMRE fluorescence was also observed in these images
(Supplementary Fig. 2). Thus cells go through a period in
which mitochondrial function is altered to generate
excessive transmembrane potential before they become
depolarized.

Apoptotic cells undergo nearly simultaneous
mitochondrial hyperpolarization, caspase activation
and membrane blebbing

Crystalline silica exposure has been shown to cause acti-
vation of both caspase-9 and 3 in alveolar macrophages
[8, 11, 13—15]. The temporal relationship between changes
in mitochondrial membrane potential (A¥m) and caspase
activation or changes in cellular morphology during
apoptosis has not been examined. To relate the timing of
mitochondrial changes to other apoptotic events, MH-S
cells stably expressing either initiator (caspase 9) or
effector (caspase 3) FRET reporter probes were isolated
[8, 13, 16, 23, 24]. These cells were loaded with TMRE
and then the cells were exposed to crystalline silica par-
ticles and imaged over time. An example of the progres-
sion of events is shown for a single cell in Fig. 3. No
alterations in the probes were observed for about 5 h after
crystalline silica particle addition (Fig. 3a; Supplemental
Movie 4). At 335 min, the cell retracted and by 340 min
started to bleb (Fig. 3a, DIC). At the same time, the TMRE
fluorescence signal increased dramatically and the caspase-
9 FRET reporter CFP/YFP ratio increased, indicative of
caspase-9 activation (Fig. 3a). Mitochondrial hyperpolar-
ization persisted for 15 min and then the AWm decreased
until the mitochondria were depolarized. Quantitative
analysis of TMRE and FRET signals shows the extremely
narrow window of time in which these two events are
initiated (Fig. 3b). The first image where there was an
increase in FRET ratio was also the first time point where
there was a detectable increase in mitochondrial membrane
potential. Since images were taken 5 min apart, this
implies that the two events happen within 5 min of each
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Fig. 1 Phago-lysosomal damage is the earliest injury to occur after
crystalline silica treatment. MH-S cells were loaded for 2.5 h with
either 4 or 70 kD Fitc-dextran (FD) to label endo-lysosomal
compartments. Both probes initially label small punctate vesicles
(0 time images). a After crystalline silica addition, 4 kD FD moves to
both the cytoplasmic and nuclear compartments, b whereas 70 kD FD
is only found in the cytoplasm. The fluorescence increase was
quantified as percent increase over the time with respect to O h in the
nuclear region for ¢ 4 kD FD and the whole cell for d 70 kD FD.

other (Fig. 3c). Both events were also closely correlated
with the start of cell membrane blebbing (Supplementary
movie 4).
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e Phago-lysosomal leakage occurred, began to increase between 15
and 30 min and continued until plateauing about 120 min later. Data
is represented as a mean of percent increase in the fluorescence
intensity +S.E.M from 10 separate experiments. f From these 10
experiments, individual cells were analyzed for the time at which they
first show an increase in fluorescence over background indicating the
start of leakage. Although leakage began within 30 min in some cells,
60 % of cells show leakage between 60 and 105 min

A similar analysis was carried out to analyze the timing of
effector caspase-3 activation relative to changes in the
TMRE fluorescence and cell blebbing (Fig. 4a;
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Fig. 2 Mitochondria become hyperpolarized in cells exposed to
crystalline silica particles. Cells treated with TMRE were exposed to
crystalline silica particles and imaged every 30 min to detect changes
in mitochondria membrane potential (A¥m). a Shows a single cell
that undergoes an increase in TMRE fluorescence at 330 min
(hyperpolarization). b Is the quantification of TMRE fluorescence
from 6 different cells over time after crystalline silica treatment.
¢ Confirmation that mitochondrial hyperpolarization was not due to
TMRE unquenching was obtained by treating cells with F-F,

Supplementary movie 5). At 690 min the cell retracted and at
750 min began to bleb. Both the TMRE signal and the FRET
ratio also began to increase at 750 min. Quantitative analysis
of images confirms that the increase in hyperpolarization and
effector caspase activation occurred in the same narrow time
window (Fig. 4b, c).

In both two cases shown above, cell morphology, A¥Ym
and caspase activity occurred at the same time, but very
different times relative to when crystalline silica was
added. In order to determine the consistency of this
sequence of events, this analysis was extended to include
cells from multiple experiments (Fig. 5 and data not
shown). In each case, there was an overlap in the timing for
initiator (Fig. 5a) or effector (Fig. 5c) caspase activation
with an increase in A¥m (Fig. 5b, d) and blebbing.
Although these events started at the same time, the time
when the events occurred relative to when crystalline silica
was added varied dramatically between cells, ranging from
300 to 775 min. Thus there is a difference in the time that
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ATP’ase inhibitor oligomycin, which caused a gradual increase in
TMRE fluorescence. f Quantitative data for these six cells represents
this trend. Mitochondrial depolarization was confirmed by adding
FCCP, a protonophore and uncoupler of mitochondrial oxidative
phosphorylation. Cells immediately lose their fluorescence upon
addition of FCCP (D). g Quantitative data for these five cells
represents this trend. All images were captured at 1-min interval.
Arrows in charts f and g indicates addition of oligomycin and FCCP
respectively

each cell takes to initiate the changes associated with
apoptosis, but every cell shows a similar critical time at
which blebbing, mitochondrial hyperpolarization and cas-
pase activation occurs.

Cells undergoing apoptosis are Annexin V positive
and undergo chromatin condensation

Phosphatidylserine (PS) flipping to the outer leaflet of the
membrane and changes in nuclear morphology are com-
monly used as markers for detecting apoptotic cells [17-20,
30, 31]. We used Annexin V-FITC as a marker of PS
flipping to determine when this event occurred relative to
blebbing and caspase activation. Cells were incubated in a
low concentration of Annexin V-FITC following crystal-
line silica addition and imaged over time. At this low
concentration, the concentrating effect of binding the
probe to the membrane upon PS flipping produces a cell-
associated signal much greater than the background from
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Fig. 3 Initiator caspase activation occurs at the same time as
mitochondrial hyperpolarization and cell blebbing MH-S cells
transfected with the Caspase 9-FRET probe were labeled with
TMRE, exposed to 50 pg/cm? of crystalline silica and then imaged
every 30 min for 270 min and then every 5 min until the end of the
experiment. a At 330 min the cell was flattened and elongated with
punctate mitochondrial fluorescence. It then rounded up at 335 min
and began to bleb at 340 min. At the same time there was an
increase in the TMRE fluorescence indicative of mitochondrial

the media. Cells undergoing apoptosis show bright fluo-
rescence around the cell membrane after they have started
to bleb (Fig. 6a; supplementary movie 6) Analysis of
individual cells shows a temporal variation in PS flipping
relative to membrane blebbing (Fig. 6b), however the
sequence of events for every cell is still the same; a cell
retracts, blebs and later becomes Annexin V positive
while continuing to bleb. On average, it took 70 min after
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hyperpolarization and caspase activation that can be seen in the series
of pseudo colored CFP/YFP and a surface plot of the data.
b Quantitative analysis of mitochondrial membrane potential and
caspase activation shows that the events occur at the same time within
the temporal resolution of the experiment (5 min). The caspase probe
continues to increase for 150 min and then plateaus. Blebbing begins
at the same time point where the other probes first show an increase.
¢ Rectangular box in b is expanded in ¢ with time O as a time point
that precedes cell blebbing

the start of blebbing for cells to become Annexin V
positive.

Chromatin condensation has also been reported for
cells undergoing apoptosis. Cells were loaded with vital
nuclear dye Hoechst 33342 to visualize nuclei. Hoechst
33342 was found to be toxic to cells if they were
frequently exposed to UV light so the imaging interval
was increased to 30 min. Upon crystalline silica
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Fig. 4 The timing of effector caspase activation relative to mito-
chondrial potential and cell morphology MH-S cells expressing
Caspase-3- FRET probe were incubated with TMRE, exposed to
50 pg/cm? of crystalline silica and imaged every 30 min for 330 min
and then every 5 min till end of the experiment. a DIC, TMRE and
CFP/YFP images represent any changes in cell morphology,
mitochondrial physiology and FRET changes respectively. At
375 min a cell that was flat and elongated. The cell began to round
up at 690 min and at 750 min cell began to bleb. At the same time,
mitochondrial hyperpolarization and an increase in FRET ratio was

treatment, no change in the nuclear morphology was
observed until cells started to bleb. Chromatin con-
densation was observed approximately 60 min after
blebbing for cells undergoing apoptosis (Fig. 6¢; Sup-
plementary movie 7).
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detected. The mitochondrial hyperpolarization was sustained for
35 min and at 780 min the cell began to show a decrease in TMRE
fluorescence indicative of mitochondrial depolarization. The data is
also represented as surface plot that generates 3D view of the FRET
ratio increase in a cell. b Quantitative analysis of the images shows
both mitochondrial hyperpolarization and caspase activation occur in
close temporal proximity. ¢ Rectangular box in b is the region
magnified in this graph with time 0 as a time point that precedes cell
blebbing

A small fraction of cells undergo necrosis
after crystalline silica treatment

Necrosis is another mode of cell death wherein a dying cell
loses mitochondrial membrane potential, swells and then
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Fig. 5 Hyperpolarization and caspase activation occur at the same
time in crystalline silica treated cells. Quantitative analysis of six
representative cells labeled and imaged as in Figs. 3 and 4. Cells
expressing a the initiator caspase probe or ¢ the effector caspase probe
and b and d labeled with TMRE respectively show an intercellular

its contents begin to leak out. In the same population of
crystalline silica treated cells that died by apoptosis, about
15 % of cells died by necrosis (Fig. 7c). Cells undergoing
necrosis did not bleb, show caspase activation or undergo
mitochondrial hyperpolarization. Instead, they began to
swell (Fig. 7a, DIC), lose mitochondrial A¥m (Fig. 7a,
TMRE) and show no increase in the caspase reporter FRET
ratio (Fig. 7a and b). The observed decrease in the CFP/
YFP ratio is likely due to leakage of the cytoplasmic
contents. Necrosis was more variable than apoptosis,
occurring as early as 2 h after crystalline silica addition and
as late as 10 h. AnnexinV-FITC staining was not observed
in cells undergoing necrotic cell death (Fig. 7d). Also, in
cells undergoing necrosis, nuclear condensation as
observed by Hoechst 33342 did not take place and there
was no change in nuclear morphology (Fig. 7e). Thus some
cells undergo necrosis after silica treatment, but the
molecular pathway is clearly distinguishable from the
apoptotic pathway.

Temporal events during crystalline silica induced cell
death

Integrating data from all the experiments we are able to
establish a molecular pathway of events leading to cell
death by either apoptosis or necrosis upon crystalline silica
exposure to MH-S macrophages (Fig. 8). The earliest
apoptotic event that we can detect is the leakage of phago-
lysosomal compartments beginning around 30 min after

Time (minutes)

variation in the timing of events. However, in each cell, the increased
TMRE fluorescence and FRET ratio occur at the same time.
Individual trend lines representing data for a single cell are depicted
with the same color. The same phenomenon was observed in all cells
analyzed for initiator (n = 15) and effector caspase (n = 23) activation

exposure of cells to crystalline silica particles. Within 2 h
of the start of leakage, no punctate vesicular fluorescence
can be seen. Although this leakage begins as early as
30 min after crystalline silica addition, the downstream
activation of initiator and effector caspases as well as the
increase in mitochondrial membrane potential were not
seen for at least another 3 h. The timing varies dramatically
from cell to cell, but the pattern of events is very repro-
ducible. Cell blebbing, an increase in mitochondria mem-
brane potential and initiator and effector caspase activation
all occured at the same time. PS externalization and
changes in nuclear morphology were observed to occur
30 min-2 h after the initiation of cell blebbing. Eventually
these cells underwent secondary necrosis in which they
swelled and mitochondria depolarized. In cells undergoing
necrosis, cells swell and mitochondria depolarize without
any change in caspase activity, PS flipping and chromatin
condensation.

Discussion

Studies showing apoptosis or necrosis as a model of cell
death leading to fibrosis have provided little information
regarding the extent of coexistence of both types of cell
death in cells exposed to crystalline silica. We have pre-
viously shown that MH-S macrophages phagocytose crys-
talline silica particles within 15 min of their exposure and
that internalization of a single particle is sufficient to cause
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Fig. 6 Cells undergoing A
apoptosis show phosphatidyl
serine exposure and nuclear
condensation. a Cells were
incubated with Annexin
V-FITC and then exposed to
crystalline silica particles.
Annexin V-FITC fluorescence
was seen only after the cells
started to bleb. DIC images for
cell 1 show rounding and O
blebbing at 300 min where as =
corresponding Annexin V-FITC o
fluorescence is observed after >'
X
C
<

DIC

cell starts to bleb at 330 min as
marked by arrow. Similarly,
although, Cell 2 shows blebbing
at 330 min (DIC), no visible
AnnexinV-FITC fluorescence
was seen till 390 min.

b Comparison of the timing of
AnnexinV-FITC binding versus

420 [mins]

B3 Cell appears normal

== Retracts and blebs

morphological changes in the

cell. There is variation in when
blebbing and PS exposure

E= Anx-V positive
[T Secondary necrosis

occurs, but the order of events is
the same in each cell. ¢ Cells
were incubated with Hoechst-
33342 and imaged every 30 min
to visualize any changes in the
nucleus upon crystalline silica
exposure. There was no change

Indiviudal cells

in the nuclear morphology until
well after cell blebbing. Cells

showed nuclear condensation c
30-60 min after blebbing began

Hoechst

0 300

cell death [8, 11, 32, 33]. Here we examine the molecular
pathway leading to cell death. The particles enter the cell in
a phagosome, which subsequently undergoes maturation
and fuses with lysosome to become a phago-lysosome.
Since uptake of latex particles does not cause cell death,
and crystalline silica particles are not broken down by
cells, there is something specific about the surface of
crystalline silica particles entering the uptake pathway that
must cause toxicity.

There are several models that have been proposed for the
molecular triggers that lead to cell death. One possibility is
that when NADPH oxidase becomes activated on the
phagosomal membrane, the presence of iron contaminating
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the silicon dioxide causes hydrogen peroxide to be con-
verted to hydroxyl radicals by a Fenton reaction [5, 34].
Consistent with this hypothesis, iron chelators like desfer-
rioxamine [21, 22, 34] and surface modifying agents like
Polyvinylpyridine-N-oxide (PVPNO) or aluminum lactate
[9, 12] have been shown to reduce cell death in crystalline
silica exposed cells. Hydroxyl radicals could damage lyso-
somal membranes leading to permeabilization and leakage
of fluorescent dextran into the cytoplasm. Our results show
that phago-lysosomal membrane damage is an early event
following crystalline silica uptake, occurring as early as
15 min after crystalline silica uptake. Using different
molecular weight Fitc-dextrans we were able to show the
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Fig. 7 Cells undergoing
necrosis demonstrate
mitochondrial depolarization
without hyperpolarization and
caspase activation. Some cells
in the population undergo a
distinct cell death process with
hallmarks of necrosis rather
than apoptosis. a Necrotic cells
exhibit a swelling of cell
membrane and nucleus with
mitochondrial depolarization
and no activation of the effector
caspase as represented in the
DIC, TMRE and the CFP/YFP
images respectively. Similarly,
for cells expressing the initiator
caspase reporter probe there was
no caspase activation observed
(data not shown). b Quantitative
analysis of these images show a
decrease in TMRE fluorescence
indicative of mitochondrial
membrane depolarization
during which there is no change
in the FRET-ratio. ¢ In cells
expressing either of caspase
reporter probes, approximately
15 % of cells exposed to
crystalline silica die by necrosis
and 85 % by apoptosis. Data of
444 cells from 12 separate
experiments are shown as

mean + S.E.M. Necrotic cells
were identified by cell swelling
(DIC) and then examined in the
presence of either d Annexin
V-FITC or e Hoechst 33342.
Necrotic cells do not show
either Annexin V-FITC
membrane staining or nuclear
condensation

release of molecules at least as large as 70 kD from phago-
lysosomes. The detection of leakage is aided by the fact that
the fluorescence of dextran in the cytoplasm is much brighter
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than the vesicular dye due to the unquenching of the fluo-
rescein when it moves from the low pH vesicular environ-
ment to the more neutral pH of the cytoplasm. Since
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|Tempora| events during silica induced cell death |

Alveolar macrophage MH-S cells exposed to silica

[Apoptosis] [Necrosis|

30 minutes to 2 hrs

Fitc-dextran leakage
(indicator of endo-lysosomal permeability)

Mitochondrial depolarization
Cell swelling

3-6hrs Necrosis

Mitochondrial hyperpolarization
Caspase activation
Cell blebbing

30 minutes to 2 hrs

Nuclear condensation
PS externalization

Secondary necrosis
Mitochondrial depolarization

Fig. 8 Pathway showing temporal difference between each molec-
ular event leading to cell death. A pathway of based on temporal
variations in cell death summarizes the results from single cell
analysis of different probes. Alveolar macrophages treated with
crystalline crystalline silica die by either apoptosis or necrosis. 85 %
of cells undergo apoptosis and show FD leakage as early as 30 min
and lasting until 2 h after exposed to crystalline silica. After a long
delay, cells begin apoptosis that is characterized by cell blebbing,
mitochondrial hyperpolarization and caspase activation. These three
events are tightly synchronized. Both PS externalization and nuclear
shrinkage occur after 30 min-2 h after above-mentioned events
followed by secondary necrosis and mitochondrial depolarization.
The 15 % of cells undergoing necrosis show cell swelling character-
ized by mitochondrial depolarization. Caspase activation is not seen
during this necrosis

molecules as large as 70 kD, and probably larger can pass
through the membrane, the cytoplasmic milieu would be
exposed to many enzymes and proteins normally restricted
to the lysosome.

Exposure of macrophages to crystalline silica has been
previously reported to cause phago-lysosomal leakage
leading to inflammasome activation and IL1-B release
[35-38]. In these studies, macrophages were always stim-
ulated with lipopolysaccharide (LPS). Without LPS stim-
ulation, high doses of crystalline silica failed to activate the
NLRP-3 inflammasome, activate caspase-1 or cause IL1-
release [35, 36, 39]. In separate studies, monocytes and
macrophages that were not pre-stimulated with LPS failed
to activate caspase-1 in response to inflammasome activa-
tors [40, 41]. Since macrophages in our experiments were
not pre-stimulated with LPS we are looking at events that
occur independent of inflammasome activation.

Lysosomes contain cysteine proteases like cathepsins
that are less than 50 kD in size and therefore can leak
into the cytoplasm following membrane permeabilization
[42]. Cathepsin inhibitors cause a reduction in apoptosis of
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crystalline silica treated macrophages [8]. Cathepsin in the
cytoplasm is able to activate the pro-apoptotic protein Bid
[42] resulting in mitochondrial outer membrane perme-
abilization (MOMP) by Bax [43] and cytochrome c release
from mitochondria [42]. Although a temporal sequence
from lysosomal leakage to caspase activation has not been
demonstrated, our results show that the time lag from
phago-lysosomal leakage to caspase activation was usually
more than 3 h. This leaves a wide temporal gap between
the proximal and late event during apoptosis.

Changes in mitochondrial membrane potential and cas-
pase activation have been shown to be key indicators in
apoptosis and a point of no return leading to cell death [44,
45]. Exposure to crystalline silica has been shown to lead
to activation of both caspase-9 and -3 and mitochondrial
depolarization but previous studies have not been able to
resolve how the events relate temporally to each other. This
is the first study of crystalline silica exposure where this
question is resolved. Cells expressing either initiator or
effector caspase (FRET) reporter probes along with TMRE
show dramatic mitochondrial hyperpolarization that occurs
simultaneously with cleavage of caspase FRET probes and
cell membrane blebbing. Earlier studies have shown
specificity of the individual FRET reporter probes towards
their respective caspases [23, 24]. Based on the 5-min time
interval between captured images, we can say that caspase
activation, hyperpolarization and cell membrane blebbing
occurred within 5 min of each other. Cleavage for FRET
reporter probes and membrane blebbing continued for
some time after hyperpolarization had ended. Although our
study did not measure the rate of release of mitochondrial
intermembrane space proteins like cytochrome ¢ and Smac,
other studies have shown the immediate release of these
proteins upon MOMP [46, 47]. Furthermore, the duration
of the cleavage of FRET probes is consistent with other
studies [48]. Our study highlights the fact that the extended
time of caspase activation as reported by the duration of
cleavage of caspase reporter probes may not be necessary
for downstream event like cell blebbing that happen within
5 min of initiation of cleavage and cannot be separated
from the initiation of cleavage.

The observation that mitochondria go through a stage of
hyperpolarization en route to apoptosis is novel. Most
studies of apoptosis have found only mitochondrial depo-
larization. Mitochondrial hyperpolarization has been
observed previously during T cell activation [49]. It is not
surprising that this phenomenon was missed in earlier
studies of crystalline silica induced apoptosis. Population
average measures of mitochondrial potential (e.g. from a
fluorimeter) would not detect transient changes in a small
population of cells. Even flow cytometry would likely miss
these events because it is transient and so only a small
proportion of the cells would be hyperpolarized at any
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time. One possibility that had to be eliminated is that the
increase in fluorescence of TMRE was due to dye
unquenching. TMRE has been shown to self-quench at
high concentrations, so dilution of the dye can appear
similar to hyperpolarization. The concentrations used in
this study were 45 nM which is less than previous studies
and well below the concentration at which self-quenching
has been shown to occur (400 nM) [50]. In addition, the
ability of TMRE to detect mitochondrial hyperpolarization
at the concentration used in this study was tested by
treating cells with a F|—F, ATP’ase inhibitor, oligomycin
[51, 52]. This compound causes an increase in A¥Ym by
interfering with proton transport and causing a buildup of
protons in the intermembrane space. Cells treated with
oligomycin show a rapid increase in TMRE fluorescence
indicating the expected increase in AWm and confirming
that the TMRE probe is sensitive to increases in membrane
potential.

In models of the extrinsic pathway of apoptosis, where
TNF-related apoptosis inducing ligand (TRAIL) and
cycloheximide (CHX) were used to induce apoptosis, a
rapid increase in FRET activation was observed for both
initiator and effector caspases. The activation of initiator
caspase-8 occurred 2—4 h after drug addition and before
MOMP. The FRET increase for effector caspase-3 was
found to occur at the same time as MOMP and the
beginning of mitochondrial depolarization [19, 53]. In the
case of staurosporine activation of the intrinsic pathway,
mitochondrial depolarization, cytochrome c release and
effector caspase activation were observed at about the same
time [24, 53]. Thus for effector caspase activation in both
intrinsic and extrinsic pathways, MOMP was found to be a
common point. Studies with crystalline silica induced
apoptosis have shown cytochrome c release indicative of
MOMP and our data highlights that hyperpolarization and
caspase activation occur simultaneously. Crystalline silica
does not activate the extrinsic pathway, as it is not known
to bind either TRAIL or TNF receptor. The scavenger
receptors that crystalline silica has been hypothesized to
interact with [54] are not known to activate the Death
Inducing Signaling Complex (DISC) as caspase-8 activa-
tion has not been observed [8, 10]. Similarly, staurosporine
activation of the intrinsic pathway, does not lead to cas-
pase-8 activation [53]. These results suggest that crystalline
silica induces apoptosis via the intrinsic pathway and can
therefore be a useful model in understanding unexplored
aspects of this mode of cell death.

Our data and other studies [47, 48, 55] show cell to cell
variation in the timing and extent of caspase activation and
other molecular events leading to cell death. We also see
this variation in the expression of markers like surface
phosphatidyl serine (PS) exposure and chromatin conden-
sation. In spite of these intercellular temporal differences

every cell follows a similar order of events in the activation
pathway leading to death (Fig. 8). In receptor mediated cell
death this variability has been attributed to the differences
in the state of protein expression required for cell death
[55]. Rehm et al. [56] saw sister cells upon mitotic division
die with less temporal variation than unrelated cells.

Annexin V binding to the outer leaflet of the plasma
membrane has been proposed by some studies to be an
early marker of apoptosis [57-60] where as others sug-
gested it to be downstream of caspase activation [61]. In
T cells, PS exposure was downstream of mitochondrial
hyperpolarization and caspase activation, however there
was no correlation between hyperpolarization and caspase
activation [49, 62]. Our time-lapse microscopy reveals
crystalline silica treated macrophages become Annexin V
positive about 70 min after they begin to bleb. Since cas-
pase activation occurs at the same time as blebbing, it is
clear that Annexin V staining is a late or terminal stage
marker of apoptosis in crystalline silica induced apoptosis.
Nuclear fragmentation has been demonstrated by the
TUNEL assay in previous studies with crystalline silica [6,
11, 12, 63] but time-lapse microscopy using Hoechst as an
indicator revealed nuclear shrinkage occurs only after
blebbing had started. This result indicates that nuclear
changes also occur at a late stage of apoptosis.

PS externalization for cells in vivo would act as a signal
for the neighboring cells to engulf apoptotic cells. How-
ever, in this in vitro assay, cells undergoing apoptosis do
not have a nearby healthy population to phagocytose them
and therefore they undergo secondary necrosis [10, 64].
During secondary necrosis, cells that were apoptotic with
high mitochondrial A%¥m, lost mitochondrial membrane
potential and underwent plasma membrane swelling. This
is in contrast to the 15 % of cells that directly underwent
necrosis as a result of crystalline silica exposure. The
necrotic cells underwent rapid mitochondrial depolariza-
tion and membrane swelling, but showed none of the
specific markers of apoptosis. Recently pyroptosis has been
described as another way that cells die and undergo
swelling [21, 65]. Pyroptosis is an anti-microbial response
to various bacterial pathogens like Legionella, Salmonella,
Shigella, and Yersinia and requires caspase-1 activation
[66, 67]. Since the MH-S macrophages used in our
experiments were not exposed to either bacteria or pre-
stimulated with LPS, they would not have activated cas-
pase-1. Therefore, the non-apoptotic death we have
observed is unlikely to be due to pyroptosis. There were no
obvious differences in the morphology of these cells or
their interaction with silica particles that would suggest
why they did not undergo apoptosis.

Using cell blebbing as a reference point, temporal differ-
ences between different physiological activities within the cell
can be compared. During apoptosis, phago-lysosomal leakage
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started to occur within 30 min of exposure to crystalline silica
particles, followed 3—6 h later by mitochondrial hyperpolar-
ization, caspase activation and cell blebbing. The latter three
events could not be temporally resolved from one another
during imaging that was done 5 min apart. Approximately
30 min to 2 h after the initial apoptotic activation, nuclear
condensation and PS exposure was observed. Post apoptosis,
cells necrosed (secondary necrosis) during which they show
membrane swelling. Some cells also died by necrosis during
which mitochondria rapidly depolarized followed by cell
swelling (Fig. 8). This establishes a timeline of events that
clearly distinguishes the molecular events that take place in
the two cell death pathways that occur in crystalline silica
treated cells.
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