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Abstract

Quantitative information on the dynamics of multiple molecular processes in individual live cells under controlled stress is
central to the understanding of the cell behavior of interest and the establishment of reliable models. Here, the dynamics of
the apoptosis regulator intracellular Ca2+, apoptosis effector caspase-3/7, and morphological changes, as well as temporal
correlation between them at the single cell level, are examined in retinal gangling cell line (differentiated RGC-5 cells)
undergoing apoptosis at elevated hydrostatic pressure using a custom-designed imaging platform that allows long-term
real-time simultaneous imaging of morphological and molecular-level physiological changes in large numbers of live cells
(beyond the field-of-view of typical microscopy) under controlled hydrostatic pressure. This examination revealed
intracellular Ca2+ elevation with transient single or multiple peaks of less than 0.5 hour duration appearing at the early
stages (typically less than 5 hours after the onset of 100 mmHg pressure) followed by gradual caspase-3/7 activation at late
stages (typically later than 5 hours). The data reveal a strong temporal correlation between the Ca2+ peak occurrence and
morphological changes of neurite retraction and cell body shrinkage. This suggests that Ca2+ elevation, through its impact
on ion channel activity and water efflux, is likely responsible for the onset of apoptotic morphological changes. Moreover,
the data show a significant cell-to-cell variation in the onset of caspase-3/7 activation, an inevitable consequence of the
stochastic nature of the underlying biochemical reactions not captured by conventional assays based on population-
averaged cellular responses. This real-time imaging study provides, for the first time, statistically significant data on
simultaneous multiple molecular level changes to enable refinements and testing of models of the dynamics of
mitochondria-mediated apoptosis. Further, the platform developed and the approach has direct significance to the study of
a variety of signaling pathway phenomena.
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Introduction

Apoptosis, a term first coined by Kerr et al. in 1972 [1], refers

specifically to an energy-dependent, genetically controlled cell

suicide process by which unneeded or damaged single cells self-

destruct to keep the homeostasis of function and structure of a

tissue or organism. The failure of regulation of apoptosis leads to

abnormalities such as developmental defects, cancer, autoimmune

diseases, and neurodegeneration [2]. Studies of apoptosis have

typically focused on identifying the involved molecular compo-

nents and major pathways of apoptosis (intrinsic and extrinsic

pathways, or mitochondria-mediated and non-mitochondria-

mediated) pathways [2–4]. However, little is known about the

real-time dynamics of even the identified prominent molecular

processes involved in the major apoptotic pathways. Beyond

identifying the pathway of apoptosis [2–4] and theoretical

modeling [5,6] to shed light on the dynamics and mechanistic

relationship of molecular processes contributing to apoptosis,

recently efforts have begun to measure the dynamics of the

molecular level processes occurring in apoptosis [7,8]. However,

the dominant methodology for collecting molecular information

on apoptosis continues to rely on the averaging of the biomarker

concentration over a population of typically thousands to millions

of fixed or lysed cells at limited particular temporal stages. While

this paradigm is very useful for checking the involvement of a

particular cellular process to a disease-inducing stress, it falls short

in two respects: (1) it does not allow observation of transient

cellular processes, and (2) given the large cell-to-cell variation in

the response, such population-averaged measurements mask the

true nature of time evolution of cellular processes. Moreover, even
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if more than a single biomarker is observed, it does not allow

examination of the time-correlation between molecular processes

in individual cells. To overcome these short-comings, we have

developed an imaging system that enables real-time quantitative

measurements of (a) the changes in the cell morphological features

and (b) fluorescence intensities from multiple biomarkers which

probe multiple cellular processes involved in apoptosis as a

function of time in a large number of individual live cells (in areas

beyond the field of view of a typical optical microscope) via time-

multiplexing in the same experimental run. Such real-time

measurements also make it possible to compare and correlate

the time-evolution of different cellular processes in individual cells.

Furthermore, since a large number of cells are imaged, the

statistical cell-to-cell variation can be revealed and quantified.

Here we report on a study of the dynamics of apoptosis of

retinal ganglion cells (RGC). In this study, the RGC apoptosis is

induced via elevated hydrostatic pressure ,100 mmHg compara-

ble to the typical intraocular pressure (IOP) of acute angle-closure

glaucoma [9,10]. While in-vivo studies revealed RGC apoptosis in

response to elevated pressure [11,12], recently established retinal

ganglion cell line RGC-5 [13] enables the investigations of the

molecular level processes in RGC apoptosis under elevated

pressure. Agar et al. studied the apoptosis of undifferentiated

RGC-5 cells using the apoptotic marker TUNEL and Phospha-

tidyl Serine [10]. Liu et al. [14] and Ju et al. [15] reported the

increase of oxidative stress and mitochondria fission during RGC-

5 apoptosis under pressure. More recent results from the same

group demonstrated the release of cytochrome c from mitochon-

dria and caspase-3 activation in differentiated RGC-5 cells

measured individually after three days of undergoing 30 mmHg

pressure [16]. These results of mitochondria fission and cyto-

chrome c release from the mitochondria by Ju et al. suggest that

RGC apoptosis under elevated pressure is governed by mitochon-

dria-mediated pathway.

In the mitochondria-mediated apoptosis, intracellular Ca2+

redistribution between cytosol and endoplasmic reticulum (ER)

due to efflux from the ER triggered by the mitochondria-released

cytochrome c binding in the IP3 receptor (IP3R) was shown [3] by

Boehning et al. to play the role of regulating apoptosis [17].

Another key player in apoptosis is the enzymatic protease caspase-

3 that cleaves cytoskeleton proteins, finally dismantling the cell

structure [18]. Boehning et al. showed also that Ca2+ elevation is

upstream of caspase-3 activation [3]. However, Assefa et al. [19]

reported that Ca2+ elevation was inhibited in apoptotic DT40 cells

expressing caspase-3-non-cleavable mutant IP3 receptor type I

(IP3R1) and the Ca2+ elevation was blocked in apoptotic DT40

cells with wild type IP3 receptor by caspase-3 inhibitor, suggesting

Ca2+ elevation occurs as a consequence of the cleavage of IP3R1

by the activated caspase-3. The molecular processes influencing

apoptotic morphological changes such as cell body shrinkage is

another unsettled issue in apoptosis. Dismantling of the cytoskel-

eton proteins that support cell structure is widely held to be a late

stage process brought about by the activation of caspase-3 (hence

dubbed ‘‘effector’’) [20] but Maeno et al. [21] attribute observed

early cell body shrinkage to osmotic pressure induced by water

efflux owing to ion channel activities.

In the present investigation, the dynamics of intracellular Ca2+,

caspase-3/7, and morphological changes of cell body shrinkage

and neurite retraction are measured by simultaneously imaging

these processes in a large number of individual live RGCs

undergoing apoptosis under controlled elevated pressure over

prolonged times. Such measurements provide, for the first time, a

quantitative data base for the development of models of a

mitochondria-mediated apoptosis process. This is a needed first

step towards models relevant to disease onset, prevention,

monitoring, and treatment of neuropathy in RGCs.

Materials and Methods

In this study, retinal ganglion cell line RGC-5 [13] was used to

investigate pressure-induced apoptosis. So far RGC-5 is the only

available robust RGC cell line and has many similarities to

primary RGCs [13,22]. Thus it is well suited as a preliminary

model for our study while also serving as a vehicle for the

development of real-time imaging methodology. Further, as noted

above, the intracellular processes involved in apoptosis of RGC-5

cell culture (no astrocytes) under pressure have been studied by

several groups [10,14-16] and these provide guidance to our

studies. During the course of our study, the authors become aware

of the work of Van Bergen et al. [23] that cast uncertainty on

whether the origin of the RGC-5 cell line is rat or mouse

(although, elevated pressure is known to induce RGC apoptosis in

both species [11,24]). Thus, to ensure the validity of our results,

only those results obtained using assays independent of the species

origin of the cell (cell morphology, Ca2+ elevation, and caspases-3/

7) are reported here.

The RGC-5 cells were cultured and differentiated using

protocols described in the Supporting Information S1. The

differentiated RGC-5 cells are used throughout this study because

their physiological characteristics are even closer to primary RGCs

compared to the undifferentiated ones [25].

For the real-time imaging study of RGC apoptosis under

elevated hydrostatic pressure, a pressurized incubation chamber

was custom-designed and built. The schematic of the imaging

system is shown in Fig. 1. A photograph of the pressurized

chamber on the stage of an Olympus IX71 inverted optical

microscope is shown in Fig. S1A. A cross-sectional schematic

showing the detailed design of the chamber is presented in Fig.

S1B. To improve the throughput of real-time imaging, an

automated microscopy system was established to allow access to

a significantly larger area in a cell culture (beyond the field of view

of an objective lens) in a single experimental run via time-

multiplexing. The detailed design of the pressurized incubation

chamber and the automated microscopy system is presented in the

Supporting Information S1. In a typical experiment, such as

designed to image intracellular Ca2+ elevation, caspase-3/7

activation, and morphological change during pressure-induced

apoptosis in differentiated RGC-5 cells, ,10 different locations in

the cell culture are routinely imaged in transmission and

fluorescent modes at programmable time intervals over times that

are of relevance for the dynamics of observed molecular processes

during the cell apoptosis. Reported results here were typically

acquired at 5 minutes interval for over 20 hours, generating

,10,000 images in a single run. Caspase-3/7 and Ca2+ activities

were imaged using caspase-3/7 sensitive MR-(DEVD)2 and Ca2+-

sensitive Fluo-4 AM fluorescent probes, respectively. The

protocols for the probe loading and imaging are provided in the

Supporting Information S1.

The results of cell apoptosis under elevated pressure

(100 mmHg) reported in this paper were acquired in the following

three sets of experiments. In the first set morphological changes

and caspase-3/7 activation were measured in a population of 31

cells in a single run. In the second set morphological change and

intracellular Ca2+ are imaged in a total of 23 cells in two runs. In

the third set Ca2+, caspase-3/7, and morphological changes were

imaged in three runs of roughly 19 cells each for a total of 56 cells.

Correspondingly, four control experiments falling in three sets at

15 mmHg were conducted: one run of morphological changes and

Dynamics of RGC Apoptosis
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caspase-3/7 activation (20 cells), one run of morphological change

and intracellular Ca2+ (14 cells), and two runs of Ca2+, caspase-3/

7, and morphological changes (43 cells in two runs).

Additionally, we carried out experiments to identify and examine

interference effects between the use of fluorophores for Ca2+ and

caspase-3/7 and established imaging conditions for preventing

phototoxic effects on cell death. Unlike imaging one biomarker at a

time, the real-time simultaneous imaging of multiple processes

using multiple fluorescent markers inevitably faces additional

challenges of avoiding interference effects as each fluorescent

marker is now exposed not only to the light excitation intended for

it but also the excitation wavelengths necessary for other markers.

Thus unanticipated adverse effects due to such cross-light excitation

can occur and experimental checks need to be carried out to avoid

such interference. During the investigations we found that

excitation of MR-(DEVD)2 at 488 nm wavelength (the excitation

wavelength for Fluo-4) can induce unintended cell death if the total

dosage of the 488 nm light exceeds a threshold. Thus experiments

for assessing the phototoxicity of the biomarkers during simulta-

neous Ca2+ and caspase-3/7 imaging were conducted. We

measured the percentage of MR-(DEVD)2-loaded RGC-5 cells

which undergo apoptosis at zero pressure under varied 488 nm

excitation dosages and determined the dosage below which the

normal healthy cell condition is not affected. The 488 nm

excitation dosage in all simultaneous Ca2+ and caspase-3/7 imaging

experiments described is thus kept safely below the measured

threshold. Furthermore, to most effectively use the allowable

488 nm excitation dosage, we imaged Ca2+ at short (5 minutes)

time intervals to capture the transient behavior of Ca2+ expected

during the 0 to 8 hour time window as found in the experiments in

which only Ca2+ was imaged at 5 min interval for 20 hours. After

8 hours the Ca2+ was imaged at 30 minute intervals.

Results

Morphology and Caspase-3/7 imaging
We first present findings on simultaneous imaging of cell

morphological changes (neurite retraction and cell body area

reduction) and effector caspase-3/7 activation. A movie showing

the changes in cell morphology and effector caspase-3/7 activation

under 100 mmHg pressure (the intra-ocular pressure (IOP) in

acute glaucoma) over twenty hours is provided in the Supporting

Information (Movie S1). The corresponding control experiment of

simultaneous imaging of morphology and caspase-3/7 was carried

out at 15 mmHg (normal IOP). The morphology of the monitored

20 cells exhibited normal random increase/decrease in cell body

area and neurite number. Only 3 out of 20 cells exhibited

spontaneous morphological changes of cell body shrinkage and

neurite retraction. No noticeable caspase-3/7 activation in the cell

population was observed. Under elevated pressure of 100 mmHg,

20 cells out of the 31 cells showed apoptotic morphological

changes (cell body shrinkage and neurite retraction). In Fig. 2A is

shown an illustrative collection of super-imposed images of the cell

morphology and the caspase-3/7 activation (red fluorescence) in

two individual differentiated RGC-5 cells (labeled Cell #1 and #2

to facilitate discussion) taken at the same selected times over

twenty hours under 100 mmHg. From such real-time imaging it is

evident that, under elevated pressure, these two cells undergo

characteristic apoptosis morphological changes, including neurites

retraction and cell body area decrease as quantitatively plotted in

Fig. 2B and C. The time of the characteristic morphological

change of the number of neurites dropping to zero is ,12 hours

for cell #1 and ,18 hours for cell #2, respectively, after the onset

of pressure. Note that for both these cells the change in the MR-

(DEVD)2 fluorescence intensity (corresponding to caspase-3/7

activation) up to ,8 hours is similar but deviates measurably

beyond, rapidly rising in cell #1 whereas remaining lower for cell

#2. Indeed, considerable cell-to-cell variation in apoptotic

morphological changes and caspase-3/7 activation is observed in

the 31 cells imaged in this one run.

In order to reveal how the real-time imaging of large numbers

of individual cells complements the traditional paradigm of

presenting the averaged behavior of lysed or fixed cells, in Fig. 3

(red circles) is shown the averaged MR-(DEVD)2 fluorescent

intensity as a function of time for the 31 cells measured

individually. In the corresponding control experiment at

Figure 1. Schematic of imaging system. Schematic showing the custom-designed automated imaging system for real-time imaging of multiple
cellular processes in individual live cells under elevated pressure.
doi:10.1371/journal.pone.0013437.g001
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15 mmHg in which only caspase-3/7 and cell morphology was

imaged, the MR-(DEVD)2 fluorescence intensity reveals that at

this pressure the caspase-3/7 level in the RGC-5 cells does not

increase indicating the lack of apoptosis. It is evident that while

a measurement of the average cell behavior is very useful to

check the involvement of certain cellular processes (such as, in

this case, caspase-3/7 activation), it fails to provide information

in two important aspects: (1) the level of variation in the cell

behavior as reflected by the size of the error bars in the plots of

Fig. 3, and (2) what connection, in spite of such large variation,

exists between individual cellular processes, such as between

caspase activation and morphological change in the same cell,

or between intracellular Ca2+ and morphological change as

discussed below.

Dynamics of intracellular Ca2+ during RGC apoptosis
From the generic important role that Ca2+ is known to play in

regulating and amplifying apoptosis signaling through mitochon-

dria and ER [17], it is expected that Ca2+ signaling is involved in

pressure-induced RGC apoptosis. Some indirect hints were

provided by Das et al. who found that cultured RGC-5 cells

overloaded with Ca2+ due to treatment by ionomycin undergo

apoptosis through intrinsic mitochondrial pathway [26] and by

Cellerino et al. [27] who observed Ca2+ elevation in apoptotic

RGCs in explanted retina. More direct evidences of the

involvement of Ca2+ under elevated pressure were provided by

Sappington et al. [28] who reported that Ca2+ elevation was

observed in primary RGCs at about one hour after pressurized at

70 mmHg and by Niittykoski et al. [29] reporting that basal Ca2+

level increases in RGCs after two weeks under pressure of

,30 mmHg. None of these studies provides however the real-time

dynamics of Ca2+ in individual RGCs under elevated pressure.

Below we show the first direct measurements of intracellular Ca2+

Figure 2. Simultaneous morphology and caspase-3/7 imaging. (A) Superimposed time-lapsed images showing the morphological change
and caspase-3/7 activation in two individual differentiated RGC-5 cells (cell #1 and cell #2) going through apoptosis under 100 mmHg over
20 hours. The images are composed by overlapping phase-contrast image and red fluorescence image of cells loaded with MR-(DEVD)2. Plots for MR-
(DEVD)2 fluorescence intensity, neurites number, and cell body area for cell #1 (B) and #2 (C) shown in (A).
doi:10.1371/journal.pone.0013437.g002

Figure 3. Population-averaged comparison of caspase-3/7
activation at 100 mmHg and 15 mmHg. Comparison of caspase-
3/7 activation between cells under 100 mmHg (red circle, n = 31) and
15 mmHg (black square, n = 20). Results are shown as averaged
fluorescence intensity of caspase-3/7 probe MR-(DEVD)2 6 standard
deviation. The solid lines are only guide to the eyes.
doi:10.1371/journal.pone.0013437.g003
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dynamics in RGC apoptosis under elevated pressure. Figure 4A

shows the temporal behavior of intracellular Ca2+ in two

individual differentiated RGC-5 cells under 100 mmHg. Tran-

sients in Ca2+ elevation with single (Fig. 4A (blue line)) or multiple

peaks (Fig. 4A (red line)) are observed at an early stage of RGC

apoptosis. A total of 46 cells (58%) out of 79 exhibited Ca2+

elevation. Among these 46 cells, 39 cells showed Ca2+ elevation

with a single peak and 7 cells with more than one Ca2+ peak

(Fig. 4B). In the control experiment (15 mmHg), none of the cells

exhibited Ca2+ signal characteristic of apoptosis. The dynamics of

intracellular Ca2+ elevation during 100 mmHg pressure-induced

apoptosis is observed to be characterized by two features: a

gradual increase in Ca2+ over approximately one to two hours,

followed by a transient with a typical full width at half maximum

of ,20 minute duration.

Simultaneous imaging of Ca2+, caspase-3/7, and the
morphological change

Next we present results of experiments in which the molecular

processes of intracellular Ca2+ elevation and caspase-3/7 activa-

tion, as well as the morphological changes (neurites number and

cell body area), were monitored simultaneously under 100 mmHg.

Indeed, although Ca2+ is known as a universal regulator/initiator/

amplifier of apoptosis and caspase-3/7 as a final effector of

apoptosis [17,18] in general, the difference in the dynamics of the

two processes has not been addressed previously.

Figure 5 shows an illustrative set of superimposed time-lapsed

fluorescence images of Ca2+ (green), caspase-3/7 (red), and phase

contrast images (grey) of the morphological changes of neurites

number and cell body area in a differentiated RGC-5 cell under

elevated pressure of 100 mmHg. The corresponding plots of the

Ca2+, caspase-3/7, neurites number, and cell body are shown in

Fig. 6A. The transient peak of Ca2+ with a duration of ,15

minutes was observed at an early stage of around 2 hours,

followed by a gradual activation of caspase-3/7 at a later stage of

around 11 hours in this cell. The cell also shows the typical

apoptotic morphological changes including cell body area

reduction and neurite number decrease at the relatively early

time of around 1 to 2 hours after the onset of the 100 mmHg

pressure. We note that in the two runs of control experiment of

Ca2+, caspase-3/7, and morphology imaging under 15 mmHg

(normal IOP) none of the monitored 43 cells showed noticeable

Ca2+ elevation or caspase-3/7 activation over the same period of

20 hours. Only 7 out of the 43 cells exhibited spontaneous

morphological changes of cell body shrinkage and neurite

retraction. Under apoptosis, a significant cell-to-cell variation in

the time interval between Ca2+ elevation and caspase-3/7

activation was observed. Figure 6B and C are illustrative of the

cell-to-cell variation under identical environment of 100 mmHg

pressure. The cell in Fig. 6B exhibits a Ca2+ peak at around

2 hours and caspase-3/7 activation at ,8 hours after pressure

elevation whereas the cell in Fig. 6C also exhibited the Ca2+ peak

at around 2 hours but the caspase-3/7 activation occurred at

,12 hours.

Under 100 mmHg, from three experimental runs, a total of 56

cells were monitored for 20 hours. Amongst the 56 cells imaged,

21 cells exhibited neither Ca2+ elevation nor caspase-3/7

activation. Thirty two cells exhibited Ca2+ elevation with apoptotic

cell morphological changes of cell body shrinkage and/or neurites

retraction. All these 32 cells subsequently exhibited caspase-3/7

activation. In addition, 3 cells exhibited caspase activation without

detectable Ca2+ elevation. Among the 32 cells, 23 cells exhibited

both cell body shrinkage and retraction of all neurites. The time of

the occurrence of cell morphological change (cell body shrinkage

and neurite retraction) versus the two chemical processes (Ca2+

elevation and caspase-3/7 activation) in the 23 cells is summarized

in Fig. 7 and Fig. S2. Fig. 7 shows the scatter plots of the time of

cell body shrinkage versus the time of occurrence of the Ca2+ peak

(Fig. 7A) and versus the time of the onset of significant caspase-3/7

activation (Fig. 7B). The insets show the cell distribution as a

function of the time difference between cell body shrinkage and

Ca2+ peak occurrence (Fig. 7A) and caspase-3/7 activation

(Fig. 7B). In the few cells where more than one Ca2+ peak is

observed, we took the first peak which in all cells we found to be

the dominant as well. The time of cell body shrinkage is defined as

the time at which the cell body area has reached within ,10% of

the final area. Correspondingly, in the Supporting Information we

show (Fig. S2) the scatter plots of the time of neurite retraction

(defined by the time in which the neurite number becomes zero)

versus the time of the Ca2+ peak (Fig. S2A) and versus the time of

Figure 4. Dynamics of intracellular Ca2+ in RGC apoptosis. (A)
Illustrative examples of intracellular Ca2+ dynamics in two individual
differentiated RGC-5 cells during apoptosis under 100 mmHg pressure.
One cell shows single Ca2+ peak (blue line) and the other shows
multiple peaks (red line). Note that the Ca2+ elevation shows two-stage
process of gradual increase over about one to two hours followed by a
short transient peak of about 0.5 hour duration. (B) The fraction of cells
showing Ca2+ elevation with a single peak, with multiple peaks, and no
Ca2+ elevation. Values are mean 6 standard deviation from 5
independent experiments.
doi:10.1371/journal.pone.0013437.g004
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caspase-3/7 activation (Fig. S2B), both from the same 23 cells.

The insets in Fig. S2 show the behavior as a function of the time

difference between the processes. The time difference between

Ca2+ peak and cell body shrinkage (Fig. 7A inset), and between

Ca2+ peak and neurite retraction (Fig. S2A inset) is distributed at

061 hour in 74% (cell body shrinkage) and 78% (neurite

retraction) of the cells. This is in clear contrast to the difference

of the time of cell body shrinkage or neurite retraction and

caspase-3/7 activation (Fig. 7B and Fig. S2B insets) which is widely

distributed among the 23 cell.

Analysis of the data of Fig. 7 and Fig. S2 is provided in

Supporting Information S1 with the key results summarized in

Table S1 in Supporting Information S1. Here we note that there

are apparent outlier data points in Fig. 7A and Fig. S2A,

potentially manifestations of the spontaneous cell body shrinkage

and neurite retraction found in the 15 mmHg control experiments

(i.e. unrelated to pressure-induced apoptosis) as noted above. Thus

a generalized extreme studentized deviate (ESD) test [30,31] was

employed to identify such outliers. One outlier in Fig. 7A and

three outliers in Fig. S2A were so identified with 95% confidence

level. No outliers could be identified in Fig. 7B and Fig. S2B. The

time of cell body shrinkage and neurite retraction is correlated

positively and well with the time of Ca2+ peak occurrence

(correlation coefficient r = 0.66 and significance p = 1E-3 between

time of cell body shrinkage and Ca2+, and r = 0.85 and p = 2E26

between time of neurite retraction and Ca2+). However the time of

cell body shrinkage and neurite retraction is poorly correlated with

the time of caspase-3/7 activation (r = 0.06 and p = 0.78, and

r = 0.29 and p = 0.18, respectively). Moreover, Student’s t-test

establishes with 99.99% confidence level that the morphological

changes of cell body area and neurite retraction precede the

observation of significant activation of caspase-3/7 (see supporting

information S1). The results above are consistent with the

suggestion in Ref. [21] that ion channel activities are responsible

for the apoptotic morphological changes without significant

caspase-3 activation (See Discussion section for detail).

Furthermore, we find that the Ca2+ elevation always precedes

significant rise in caspase-3/7 concentration although the interval

between them varies from ,1 to ,14 hours. In Fig. 8 we

summarize the observed dynamics of Ca2+ elevation and caspase-3/

7 activation in all 32 cells in which both processes are observed. The

mean time and standard deviation of Ca2+ peak occurrence are

2 hours and 1.7 hours, respectively. By contrast, the mean time and

standard deviation of the onset of caspase-3/7 activation are

9.2 hours and 3.6 hours, respectively. Thus Ca2+ elevation is

narrowly distributed at the early stage of apoptosis while caspase-3/

7 activation is relatively widely distributed around a late time in the

apoptosis process. Subject only to the quantitatively unknown

threshold concentration of caspase-3, our findings seem to suggest

that caspase-3 presence is not required for Ca2+ elevation, consistent

with the conclusion of Ref. [3] but unlike the suggestion in Ref. [19].

The cell-to-cell variation in the interval between these molecular

processes during apoptosis is further discussed below, as is the

temporal correlation between the morphological changes and

responsible intracellular molecular process.

Discussion

Origins of Ca2+ dynamics during RGC apoptosis
Intracellular Ca2+ plays an universal role as regulator of several

cell functions such as motility, growth cell cycle, endo/exocytosis,

death, glucose metabolism, etc. [32]. Recently, the role of Ca2+ in

apoptosis has attracted attention as a regulator/amplifier of

apoptosis signaling [33]. For understanding the time-dependent

nature of apoptosis signaling pathways, it is thus important to

extract information on the temporal behavior of Ca2+ dynamics in

real-time in living cells undergoing apoptosis. It is well established

that in normal cells the dynamics of intracellular Ca2+ is governed

by a balance of fluxes between the intracellular stores of Ca2+, i.e.

the ER and the mitochondria, and the flux between the cytosol and

the extracellular medium [34]. The oscillating behaviors of the Ca2+

dynamics as a result of the balanced Ca2+ fluxes in normal cells

under physiological condition have been examined experimentally

as well as through mathematical modeling [35,36]. In our study of

RGC apoptosis due to elevated pressure, two distinctive character-

istics of Ca2+ dynamics are observed: (1) a temporal profile of a

gradual elevation over about one to two hours followed by a rapid

increase and a peak of ,20 minutes duration; and (2) although the

majority (,85%) of apoptotic cells expressed a single Ca2+ peak,

some exhibited multiple peaks of Ca2+.

Figure 5. Simultaneous imaging of Ca2+, caspase-3/7, and morphological change. Superimposed time-lapsed images illustrating the
morphological change (grey phase contrast), Ca2+ elevation (green fluorescence), and caspase-3/7 activation (red fluorescence) in a differentiated
RGC-5 cell going through apoptosis under 100 mmHg taken at the marked hours after the onset of pressure elevation.
doi:10.1371/journal.pone.0013437.g005
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Figure 6. Measured Ca2+ elevation, caspase-3/7 activation and morphological changes in individual cells. Illustrative plots of Ca2+,
caspase-3/7, cell body area, and neurite number in three different cells under 100 mmHg. Panel (A) shows the associated plots of the time-lapse
images of the differentiated RGC-5 cell under 100 mmHg inFig. 5 showing Ca2+ peak at the early stage around 2 hour followed by caspase-3/7
activation at the late stage around 11 hour. The plots of the cells in (B) and (C) illustrate the cell-to-cell variation in the time interval between Ca2+

elevation and onset of caspase-3/7 activation. Although Ca2+ peaks occur around 2 h in the both cells, caspase-3/7 is activated around 8 h in the cell
in (B) and around 12 h in the cell in (C).
doi:10.1371/journal.pone.0013437.g006
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Different temporal profiles of Ca2+ elevation in apoptosis,

including sustained increase, single transient peak, and multiple

peaks, have been reported in different apoptotic cells under

different apoptosis inducers [37–39]. The origin of the different

Ca2+ temporal profiles during apoptosis has, however, remained

unresolved. Some insight into the origin of single versus multiple

peaks during apoptosis can be obtained from the studies by Li et

al. [40] of Ca2+ oscillation under normal physiological condition.

These authors employed mathematical modeling to examine the

observed Ca2+ behavior in normal cells and concluded that the

origin of the single or multiple peaks resides in the different IP3

concentrations. It was found that the frequency of the Ca2+

oscillation increases as the concentration of cytosol IP3, an agonist

of IP3 channel, increases. However, at extremely high stimulus of

IP3, Ca2+ shows a broad single peak rather than oscillatory

behavior. In light of this, a potential origin of our observation of

the mixture of single and multiple peaks may lie in different IP3

concentration dynamics as the various apoptotic processes

progress under stress. Our findings suggest that measurement of

the IP3 concentration in apoptotic cells would shed valuable light

on the issue of the role of IP3 concentration level in impacting the

occurrence of single versus multiple Ca2+ peaks.

Next we turn to the observed gradual elevation of Ca2+ over

about one to two hours before the rapid increase and occurrence

of a peak (Fig. 4). Although, as noted above, a complete model for

elucidating the full Ca2+ dynamics in apoptotic cell has not been

established yet, the literature does provide valuable insight into the

intracellular processes that are contributing to the dynamics of

Ca2+ under apoptosis. A pioneering investigation of the mecha-

nism of regulating Ca2+ elevation in apoptosis was carried out by

Boehning et al. that examined the dynamics of Ca2+ and another

key player in apoptosis: the cytochrome c released from the

mitochondria [3]. These authors showed that Ca2+-induced

inhibition of Ca2+ release from the ER through the IP3

receptor/channel (negative feedback for preventing overloading

of Ca2+ in cytosol) is blocked by the binding of the mitochondria

released cytochrome c to the IP3 receptor/channel, thus leading to

a massive Ca2+ release from the ER into the cytosol through the

IP3 receptor/channel. Our observed rapid rise of Ca2+ may thus

originate from this cytochrome c-promoted Ca2+ flux from the ER

during the early stage of apoptosis. Further investigations are

needed for the clarification of the origin of the behavior of Ca2+ in

apoptosis, including spatially-resolved measurements of the

dynamics of Ca2+ in the ER, the cytosol, and the mitochondria,

as well as the release of cytochrome c from the mitochondria,

coupled with mathematical modeling based upon the measured

data.

Concurrence of Ca2+ elevation with apoptotic
morphological changes

Two views are found in the literature concerning the molecular

level process responsible for the apoptotic morphological change

of cell body shrinkage. The more common view is that caspase-3

causes the apoptotic morphological changes through the cleavage

of cytoskeleton proteins or cytoskeleton protein-associated proteins

supporting the structure of the cell [20]. The other view is that

efflux (from the cytosol to the extracellular medium) of ions

Figure 7. Comparison of the time of cell morphological
changes vs. Ca2+ peak occurrence and caspase-3/7 activation.
Plots of the time of cell body shrinkage versus (A) time of Ca2+ peak
occurrence and (B) time of caspase-3/7 activation. Insets show the
distribution of time difference between the time of cell body shrinkage
and (A) the Ca2+ peak occurrence and (B) caspase-3/7 activation. Note
that in (A) two data points at coordinate (1.58, 2) overlap. Red circles
indicate outliers identified using generalized ESD outlier test (see text).
The correlation coefficients between the time of cell body shrinkage
versus the time of Ca2+ peak occurrence is 0.66 (significance p = 1E-3)
and versus the time of caspase-3/7 activation is 0.06 (p = 0.78).
doi:10.1371/journal.pone.0013437.g007

Figure 8. Distribution of the time of Ca2+ peak occurrence and
caspase-3/7 activation in the cell population. A histogram
showing the distribution of the times of Ca2+ peak and caspase-3/7
activation in 32 differentiated RGC-5 cells undergoing apoptosis under
elevated pressure.
doi:10.1371/journal.pone.0013437.g008
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including K+, Cl2, Na+, etc. through ion channels in the plasma

membrane induces cell body shrinkage as it causes abnormal

osmotic pressure leading to water efflux [21]. Under apoptosis, the

intracellular signaling molecule(s) inducing such ion efflux, and

thus leading to the cell body shrinkage, has not been clarified yet.

However, Ca2+ has been shown to play a role in regulating these

ions channels in apoptotic cells. Nietsch et al. showed that the

decrease of Ca2+ with Ca2+ chelator EGTA (ethylene glycol

tetraacetic acid) inhibits the K+ and Cl2 channel currents in tumor

necrosis factor (TNF)-induced apoptosis in HTC rat hepatoma

cells, suggesting that these ion channel activities during apoptosis

are Ca2+-dependant [41]. Krick et al. demonstrated that the

ionophore FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhy-

drazone) induces the cytoplasmic Ca2+ increase, leading to the

opening of Ca2+-activated K+ channels in apoptotic pulmonary

artery smooth muscle cells [42]. These papers suggest that

intracellular Ca2+ would be a regulator of ion channel activities

during apoptosis.

Our studies of real-time dynamics of apoptosis provide, for the

first time, data that shed valuable light on the above noted two

views concerning molecular processes underlying apoptotic

morphological changes. As noted in the Results section, the time

of the cell morphological changes (cell body area and neurite

retraction) is correlated with and essentially coincides with the time

of Ca2+ elevation. In contrast, the time of morphological change is

poorly correlated with and significantly precedes the time of

capase-3/7 activation. These findings indicate that caspase-3/7 is

not likely to cause the early morphological changes. Thus our

simultaneous imaging data appear to provide support for the view

in the literature [21] that the ion channel activity leading to water

efflux from the cell is responsible for the early apoptotic

morphological changes in RGC-5 under elevated hydrostatic

pressure without the need for significant caspase-3/7 activation

(i.e. unless the background level of caspase-3 is sufficient to play a

significant role for which, at this point, no sufficiently discrimina-

tory testable hypothesis can be offered).

Time distribution of Ca2+ elevation and caspase-3/7
activation: The apoptotic pathway

Regarding the connection between the time of Ca2+ elevation

and caspase-3/7 activation, as summarized in Fig. 8, the former is

narrowly distributed at the early stage of apoptosis (261.7 h) while

the latter is relatively widely distributed around a late time in the

apoptosis process (9.263.6 h). There is also a significant cell-to-cell

variation in the time interval between Ca2+ elevation and caspase-

3/7 activation as seen in Fig. 6B and C. Recall that pressure-

induced RGC apoptosis is considered to be governed by the

mitochondria-mediated apoptosis signaling pathway [15,16]. As

noted before, the complex mitochondria-mediated pathway

involves the release of cytochrome c from mitochondrion into

the cytosol, followed by apoptosome formation comprising the

released cytochrome c and Apaf-1 in the cytosol with the

assistance of dATP. The apoptosomes activate caspase-9, which

in turn activates caspase-3/7, the effector caspase that eventually

leads to the dismantling of the cytoskeleton. As discussed earlier in

Sec IV.1, cytochrome c released from the mitochondria also

affects the IP3 receptors on the ER and leads to the massive Ca2+

release from ER into the cytosol [3]. The delay we observe

between the average times of Ca2+ peak and onset of caspase-3/7

activation (Fig. 8), as well as the variation in the time interval

between Ca2+ peak and onset of caspase-3/7 activation are thus

manifestations of the expected cumulative effect of fluctuations in

the times of the many biochemical reactions involved between the

cytochrome c release, apoptosome formation, and the caspase-3/7

activation. This is borne out by the kinetic Monte-Carlo

simulation studies of Raychaudhuri et al. [43] that reveal large

cell-to-cell variation in the caspase-3/7 activation for the

mitochondria-mediated apoptosis as arising from the large

fluctuations in the rate of apoptosome formation involving the

kinetics of the above noted stochastic processes.

Summary and Future Studies
Examining the dynamics of multiple molecular level processes

in a large number of individual cells from the same live cell

population under controlled stress allows the construction of

statistically meaningful real-time temporal and spatial map of

molecular processes necessary to gain deeper understanding of

complex signal networks of cellular processes. The custom-

designed imaging platform developed in our laboratory has

enabled the start of the collection of such data for a large number

of RGC-5 cells from a population undergoing apoptosis under

controlled elevated hydrostatic pressure over prolonged times.

This has already resulted in findings of considerable significance to

the understanding of the intrinsic pathways of apoptosis. The

simultaneous time-dependent behavior of intracellular Ca2+

elevation, caspase-3/7 activation, and morphological changes (cell

area and number of neurites) in individual differentiated RGC-5

cells during apoptosis over twenty hours at 100 mmHg pressure

are reported. The Ca2+ dynamics reveals a gradual initial increase

followed by rapid peak of a short duration, typically less than

0.5 h. Moreover, our data reveal a strong temporal correlation

between the appearance of the Ca2+ peak and morphological

changes of neurite retraction and cell body area reduction at an

early stage. The Ca2+ peak and morphological changes precede

significant caspase-3/7 activation at later stage of apoptosis. These

findings thus indicate that, as suggested by Maeno et al. [21], Ca2+

activity, through its impact on ion channel activity and water

efflux, is likely responsible for the above noted early apoptotic

morphological change during pressure-induced apoptosis. Fur-

thermore, a significant cell-to-cell variation is found in the time

interval between the intracellular Ca2+ elevation and the onset of

caspase-3/7 activation. Such variation, also found in the kinetic

Monte-Carlo simulations [43], reflects the stochastic nature of the

intermediate biochemical processes connecting the intracellular

Ca2+ elevation and caspase-3/7 activation during mitochondria-

mediated apoptosis. However, the role of the low level of caspase-

3/7 observed at the early stages when Ca2+ elevation and the

above noted early morphological changes (neurite retraction and

cell body area reduction) occur remains unclear. Our continuing

efforts are aimed at establishing a database quantifying the

distribution of the dynamics of a key set of apoptosis-related

processes in a cell population under controlled stress that would

serve as a foundation for the quantitative stochastic modeling of

cell apoptosis.

In closing we note that while this particular work examines

RGC apoptosis under elevated pressure, the development of the

real-time imaging methodology to examine multiple cellular

processes in a statistically significant set of individual cells from a

cell population is motivated by the generic need to investigate

multiple cellular processes in large numbers of live cells over

prolonged periods of time under a broad spectrum of controlled

stresses. We emphasize that, as a consequence of the stochastic

nature of the underlying biochemical reactions, the progression of

intracellular processes in individual cells under stress will exhibit

an inevitable cell-to-cell variation which is not captured by

conventional biochemical assays which measure population-

averaged cellular responses. The dynamics of apoptosis from

real-time live cell imaging reported here allows the true statistical
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nature of progression of different processes and, potentially critical,

the interplay between them, to be directly revealed.

Supporting Information

Figure S1 (A) Photograph of the pressurized cell incubation

chamber on the motorized sample stage of an Olympus IX71

inverted optical microscope. (B) Cross-sectional schematic showing

the detailed design of the chamber.

Found at: doi:10.1371/journal.pone.0013437.s001 (4.87 MB TIF)

Figure S2 Plots of the time of neurite retraction versus (A) time

of Ca2+ peak occurrence and (B) time of caspase-3/7 activation.

Insets show the distribution of time difference between the time of

neurite retraction and (A) the Ca2+ peak and (B) the caspase-3/7

activation. Red circles indicate outliers identified using generalized

ESD outlier test. The correlation coefficients between the time of

neurite retraction versus the time of Ca2+ peak occurrence is 0.85

(significance p = 2E26) and that versus the time of caspase-3/7

activation is 0.29 (p = 0.18).

Found at: doi:10.1371/journal.pone.0013437.s002 (1.60 MB

TIF)

Movie S1 Real-time live cell simultaneous imaging of caspase-3/

7 activation (represented by red fluorescence) and morphological

change in differentiated RGC-5 cells under elevated pressure of

100 mmHg for 20 hours. One second play time in the movie

corresponds to one hour in real time.

Found at: doi:10.1371/journal.pone.0013437.s003 (1.36 MB

AVI)

Supporting Information S1 Supplementary Materials and

Methods, and Statistical Analysis.

Found at: doi:10.1371/journal.pone.0013437.s004 (0.06 MB

DOC)

Acknowledgments

We thank Dr. Neeraj Agarwal for providing the RGC-5 cell line. We also

thank Mr. Shunbao Lu for his help in the fabrication of the pressurized

imaging chamber.

Author Contributions

Conceived and designed the experiments: JKL SL AM. Performed the

experiments: JKL SL. Analyzed the data: JKL SL AM. Contributed

reagents/materials/analysis tools: JKL SL. Wrote the paper: JKL SL AM.

References

1. Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. Br J Cancer

26: 239–257.

2. Elmore S (2007) Apoptosis: a review of programmed cell death. Toxicol Pathol
35: 495–516.

3. Boehning D, Patterson RL, Sedaghat L, Glebova NO, Kurosaki T, et al. (2003)
Cytochrome c binds to inositol (1,4,5) trisphosphate receptors, amplifying

calcium-dependent apoptosis. Nat Cell Biol 5: 1051–1061.

4. Degterev A, Boyce M, Yuan J (2003) A decade of caspases. Oncogene 22:
8543–8567.

5. Fussenegger M, Bailey JE, Varner J (2000) A mathematical model of caspase
function in apoptosis. Nat Biotechnol 18: 768–774.

6. Bentele M, Lavrik I, Ulrich M, Stosser S, Heermann DW, et al. (2004)
Mathematical modeling reveals threshold mechanism in CD95-induced

apoptosis. J Cell Biol 166: 839–851.

7. Paulsson JF, Schultz SW, Kohler M, Leibiger I, Berggren PO, et al. (2008) Real-
time monitoring of apoptosis by caspase-3-like protease induced FRET

reduction triggered by amyloid aggregation. Exp Diabetes Res 2008: 865850.

8. Zhou LL, Zhou LY, Luo KQ, Chang DC (2005) Smac/DIABLO and

cytochrome c are released from mitochondria through a similar mechanism

during UV-induced apoptosis. Apoptosis 10: 289–299.

9. Lee DA, Higginbotham EJ (2005) Glaucoma and its treatment: a review.

Am J Health Syst Pharm 62: 691–699.

10. Agar A, Li S, Agarwal N, Coroneo MT, Hill MA (2006) Retinal ganglion cell

line apoptosis induced by hydrostatic pressure. Brain Res 1086: 191–200.

11. Guo L, Moss SE, Alexander RA, Ali RR, Fitzke FW, et al. (2005) Retinal

ganglion cell apoptosis in glaucoma is related to intraocular pressure and IOP-

induced effects on extracellular matrix. Invest Ophthalmol Vis Sci 46: 175–182.

12. Pease ME, McKinnon SJ, Quigley HA, Kerrigan-Baumrind LA, Zack DJ (2000)

Obstructed axonal transport of BDNF and its receptor TrkB in experimental
glaucoma. Invest Ophthalmol Vis Sci 41: 764–774.

13. Krishnamoorthy RR, Agarwal P, Prasanna G, Vopat K, Lambert W, et al.
(2001) Characterization of a transformed rat retinal ganglion cell line. Brain Res

Mol Brain Res 86: 1–12.

14. Liu Q, Ju WK, Crowston JG, Xie F, Perry G, et al. (2007) Oxidative stress is an
early event in hydrostatic pressure induced retinal ganglion cell damage. Invest

Ophthalmol Vis Sci 48: 4580–4589.

15. Ju WK, Liu Q, Kim KY, Crowston JG, Lindsey JD, et al. (2007) Elevated

hydrostatic pressure triggers mitochondrial fission and decreases cellular ATP in

differentiated RGC-5 cells. Invest Ophthalmol Vis Sci 48: 2145–2151.

16. Ju WK, Kim KY, Lindsey JD, Angert M, Patel A, et al. (2009) Elevated

hydrostatic pressure triggers release of OPA1 and cytochrome C, and induces
apoptotic cell death in differentiated RGC-5 cells. Mol Vis 15: 120–134.

17. Mattson MP, Chan SL (2003) Calcium orchestrates apoptosis. Nat Cell Biol 5:
1041–1043.

18. Slee EA, Adrain C, Martin SJ (2001) Executioner caspase-3, -6, and -7 perform

distinct, non-redundant roles during the demolition phase of apoptosis. J Biol
Chem 276: 7320–7326.

19. Assefa Z, Bultynck G, Szlufcik K, Nadif Kasri N, Vermassen E, et al. (2004)
Caspase-3-induced truncation of type 1 inositol trisphosphate receptor

accelerates apoptotic cell death and induces inositol trisphosphate-independent

calcium release during apoptosis. J Biol Chem 279: 43227–43236.

20. Kothakota S, Azuma T, Reinhard C, Klippel A, Tang J, et al. (1997) Caspase-3-
generated fragment of gelsolin: effector of morphological change in apoptosis.

Science 278: 294–298.

21. Maeno E, Ishizaki Y, Kanaseki T, Hazama A, Okada Y (2000) Normotonic cell

shrinkage because of disordered volume regulation is an early prerequisite to

apoptosis. Proc Natl Acad Sci U S A 97: 9487–9492.

22. Moorhouse AJ, Li S, Vickery RM, Hill MA, Morley JW (2004) A patch-clamp

investigation of membrane currents in a novel mammalian retinal ganglion cell
line. Brain Res 1003: 205–208.

23. Van Bergen NJ, Wood JP, Chidlow G, Trounce IA, Casson RJ, et al. (2009)
Recharacterization of the RGC-5 retinal ganglion cell line. Invest Ophthalmol

Vis Sci 50: 4267–4272.

24. Gross RL, Ji J, Chang P, Pennesi ME, Yang Z, et al. (2003) A mouse model of

elevated intraocular pressure: retina and optic nerve findings. Trans Am

Ophthalmol Soc 101: 163–169; discussion 169–171.

25. Frassetto LJ, Schlieve CR, Lieven CJ, Utter AA, Jones MV, et al. (2006) Kinase-

dependent differentiation of a retinal ganglion cell precursor. Invest Ophthalmol
Vis Sci 47: 427–438.

26. Das A, Garner DP, Del Re AM, Woodward JJ, Kumar DM, et al. (2006)
Calpeptin provides functional neuroprotection to rat retinal ganglion cells

following Ca2+ influx. Brain Res 1084: 146–157.

27. Cellerino A, Galli-Resta L, Colombaioni L (2000) The dynamics of neuronal

death: a time-lapse study in the retina. J Neurosci 20: RC92.

28. Sappington RM, Sidorova T, Long DJ, Calkins DJ (2009) TRPV1: contribution

to retinal ganglion cell apoptosis and increased intracellular Ca2+ with exposure

to hydrostatic pressure. Invest Ophthalmol Vis Sci 50: 717–728.

29. Niittykoski M, Kalesnykas G, Larsson K, Kaarniranta K, Akerman K, et al.

(2010) Altered calcium signalling in an experimental model of glaucoma. Invest
Ophthalmol Vis Sci.

30. Iglewicz B, Hoaglin DC (1993) How to Detect and Handle Outliers.
MilwaukeeWI: ASQ Quality Press. pp 32–33.

31. Rosner B (2006) Fundamentals of Biostatistics. BelmontCA: Duxbury Press. pp
328–329.

32. Campbell AK (1983) Intracellular Calcium, Its Universal Role as Regulator.
Chichester: Wiley, John & Sons.

33. Berridge MJ, Bootman MD, Lipp P (1998) Calcium–a life and death signal.
Nature 395: 645–648.

34. Falcke M (2004) Reading the patterns in living cells - the physics of Ca2+
signaling. Advances in Physics 53: 255–440.

35. Friel DD (1995) [Ca2+]i oscillations in sympathetic neurons: an experimental

test of a theoretical model. Biophys J 68: 1752–1766.

36. Shen P, Larter R (1995) Chaos in intracellular Ca2+ oscillations in a new model

for non-excitable cells. Cell Calcium 17: 225–232.

37. Florea AM, Dopp E, Busselberg D (2005) Elevated Ca2+(i) transients induced by

trimethyltin chloride in HeLa cells: types and levels of response. Cell Calcium
37: 251–258.

38. Oshimi Y, Oshimi K, Miyazaki S (1996) Necrosis and apoptosis associated with
distinct Ca2+ response patterns in target cells attacked by human natural killer

cells. J Physiol 495(Pt 2): 319–329.

39. Gerasimenko JV, Gerasimenko OV, Palejwala A, Tepikin AV, Petersen OH,

et al. (2002) Menadione-induced apoptosis: roles of cytosolic Ca(2+) elevations

and the mitochondrial permeability transition pore. J Cell Sci 115: 485–497.

Dynamics of RGC Apoptosis

PLoS ONE | www.plosone.org 10 October 2010 | Volume 5 | Issue 10 | e13437



40. Li YX, Keizer J, Stojilkovic SS, Rinzel J (1995) Ca2+ excitability of the ER

membrane: an explanation for IP3-induced Ca2+ oscillations. Am J Physiol 269:
C1079–1092.

41. Nietsch HH, Roe MW, Fiekers JF, Moore AL, Lidofsky SD (2000) Activation of

potassium and chloride channels by tumor necrosis factor alpha. Role in liver
cell death. J Biol Chem 275: 20556–20561.

42. Krick S, Platoshyn O, Sweeney M, Kim H, Yuan JX (2001) Activation of K+
channels induces apoptosis in vascular smooth muscle cells. Am J Physiol Cell
Physiol 280: C970–979.

43. Raychaudhuri S, Willgohs E, Nguyen TN, Khan EM, Goldkorn T (2008) Monte

Carlo simulation of cell death signaling predicts large cell-to-cell stochastic
fluctuations through the type 2 pathway of apoptosis. Biophys J 95: 3559–3562.

Dynamics of RGC Apoptosis

PLoS ONE | www.plosone.org 11 October 2010 | Volume 5 | Issue 10 | e13437



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


