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ABSTRACT: Real-time three-dimensional (3-D) imaging is crucial for quantifying
correlations among various molecules under acute ischemic stroke. Insights into such
correlations may be decisive in selecting molecules capable of providing a protective
effect within a shorter period. The major bottleneck is maintaining the cultures under
severely hypoxic conditions while simultaneously 3-D imaging intracellular organelles
with a microscope. Moreover, comparing the protective effect of drugs and
reoxygenation remains challenging. To address this, we propose a novel workflow for
the induction of gas-environment-based hypoxia in the HMC-3 cells along with 3-D
imaging using laser-scanning-confocal microscopy. The imaging framework is
complemented with a pipeline for quantifying time-lapse videos and cell-state
classification. First, we show an imaging-based assessment of the in vitro model for
hypoxia using a steep gradient in O2 with time. Second, we demonstrate the correlation
between mitochondrial superoxide production and cytosolic calcium under acute
hypoxia. We then test the efficacy of an L-type calcium channel blocker, compare the
results with reoxygenation, and show that the blocker alleviates hypoxic conditions in terms of cytosolic calcium and viability within
an acute window of one hour. Furthermore, we show that the drug reduces the expression of oxidative stress markers (HIF1A and
OXR1) within the same time window. In the future, this model can also be used to investigate drug toxicity and efficacy under
ischemic conditions.
KEYWORDS: hypoxia, microglia, HMC-3, calcium, Hoechst 33342, Fluo-4AM, Rhod-2AM, MitoSOX Red, HIF1A, OXR1

1. INTRODUCTION
The central nervous system is most vulnerable to oxidative
stresses caused by conditions such as stroke.1,2 Microglia are
the primary macrophages in the brain that undergo activation
under hypoxic stress and cause neuroinflammatory re-
sponses.2−4 These cells are the first responders to the changes
in the brain microenvironment and activate downstream cell
signaling at the early onset of stroke.5 The toxic neuro-
inflammatory agents produced by activated microglia under
hypoxic conditions aggravate neuronal injury during cerebral
ischemia.6 Increasing evidence indicates that hypoxia-induced
upregulation of hypoxia-inducible factor-1α (HIF1A) results in
apoptotic and autophagic cell death of microglia.7,8 Thus,
microglia provide a feasible target for early intervention for
neuroprotection.9,10

To design interventions for ischemic stroke, it is essential to
understand the abrupt changes in microglia signaling when
subjected to ischemic injury.5,11 In particular, an in vitro model
for ischemic shock may allow a better understanding of the
time scale of cell morphology changes, cell migration, and

calcium (Ca2+) dynamics during microglia activation.1,12 Such
a model may also help identify therapeutic drugs for treating
stroke patients in the early phase following ischemia onset to
reduce the microglial activation until definitive revasculariza-
tion therapies can be instituted. Although there are several
advanced hypoxia models based on microfluidic structures13

and cells encapsulated in hydrogels14,15 that mimic the
physiological stress mimicking cancer conditions, they are
not relevant for instantaneous live imaging under acute stroke-
like conditions.
Apart from stroke-specific models, other disease models,

including neurodegeneration,16 chronic obstructive pulmonary
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disease,17 and tumor microenvironment,18 heavily depend on
the CoCl2-based hypoxia model because it allows the
experimentalist to open the culture plate many times while
maintaining the stabilization of HIF. In our previous work, we
attempted to create a CoCl2-based hypoxia model for
understanding the hypoxic markers for lung epithelial cells in
the context of COVID-19.19 However, such an approach
neither allows the implementation of acute ischemic shock nor
permits reoxygenation without media reperfusion. Therefore, a
gas chamber-based hypoxia model is better suited for creating
acute ischemic shock.20

Although there are neuronal cell culture21 and hippocampal
slice culture22 based systems that mimic chronic as well as
acute hypoxia and evaluate the redox state, there is limited
work on mimicking acute stress in microglia that focuses on
imaging the mitochondrial Ca2+ and redox status. On the other
hand, there are several studies on microglial activation under
ischemic stress in vivo.7,8,23,24 There are fewer cell-line-based
studies on the ischemic model for microglia and investigation
of molecular markers.20,25−27 Numerous studies have used a
standalone incubator with the O2 control system to monitor
the effects of hypoxic stress on cell proliferation or hypoxia

markers in cell cultures (Supplementary Table S1). A
standalone incubator-based hypoxia model was used in the
study of Voelz et al.20 to examine the effect of <0.1% O2
environment on the expression of microRNA regulating
proteins in the HMC-3 cell line. In another chamber-based
model by Butturini et al.,25 M1 microglia activation under
acute hypoxic stress and its correlation to STAT1 activation is
shown in the BV2 cell culture model. Although such a chamber
setup can be used to create ischemic stress using severe
hypoxia, it has the inherent disadvantage of being unable to
perform real-time monitoring of molecular features and
correlating to the gene expression patterns. This is because
the sample returns to normoxia as soon as it is taken out of the
chamber for imaging. Hence, it is difficult to identify the
dynamic patterns of various secondary messengers that
regulate microglial activation, gene expression levels, and
subsequent cell fate under acute hypoxia. Another disadvantage
of using the chamber-based hypoxia is that it is difficult to have
real-time control of O2 as the chamber size is rather large.

28

In this context, a gas environment-based hypoxia chamber
with a reduced size that permits real-time control of acute
hypoxia and is attached to a high-resolution microscope would

Figure 1. Schematic representation of the setup used for imaging HMC-3 cells under hypoxic stress and analysis of imaging data. (A) Confocal
assembly attached to the hypoxia incubator for in situ imaging of cells under hypoxic stress. (B) 3-D time-lapse video acquisition for chromatin
condensation, cytosolic Ca2+, mitochondrial Ca2+, and ROS. (C) Application of image segmentation for cell counting and estimation of nucleus
cross-sectional area. (D) Workflow for data extraction from time-lapse videos.
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be a step forward for assessing drugs. This paper demonstrates
a novel approach for live-cell imaging of cellular responses in
microglia cells under ischemic conditions. Our approach is
based on adapting a laser-scanning-confocal microscopy
(LSCM) system by mounting a hypoxia chamber on top of
the confocal objective, which allows the induction of a steep
O2 gradient and provides a means to perform three-
dimensional (3-D) imaging and obtain dynamic information
from single cells. While microscope-compatible stage-top
configurations of hypoxia chambers have been demonstrated
in refs 29−32, to the best of our knowledge, no work reports
dynamic monitoring of microglia cells under real-time control
of hypoxia. Since the changes in Ca2+ transients in microglia
may represent a disease signature,33−35 we specifically
performed LSCM imaging of cytosolic and mitochondrial
Ca2+ and superoxide generation in the microglia line while

maintaining a hypoxic gradient with respect to time. The
recent models with a stage-top configuration mainly focus on
ATP metabolism and redox state in cardiomyocytes31 and
AML12 liver cells.32 In contrast, the current model explores
the dynamics of mitochondrial and cytosolic Ca2+ in the
context of acute stress in microglia. We have also developed a
pipeline for semiautomated image analysis and processing of
time-series data generated by 3-D live-cell imaging experi-
ments.
The first objective of this study is to calibrate the hypoxia

model in terms of dynamic changes in cell morphology, cell
viability, migratory behavior, and dissolved O2 (DO) of the
culture media upon treatment with different O2 levels. Next,
we design a steep gradient of hypoxia to simulate the ischemic
condition and observe various second messengers as the
cellular marker of hypoxia. In the second objective, we identify

Figure 2. Quantification of viability for hour-long imaging at different O2 environments inside the incubator attached to the confocal microscope.
(A) Microscopy images for representative populations of Hoechst 33342/propidium iodide (PI)-stained HMC-3 cells at 21 (control), 5, and 0%
O2 environments, respectively. Each image is a merge of different z-stacks so that out-of-focus cells can also be accounted for. Blue (Hoechst 33342
stain) indicates nuclei of all cells, live or dead. Red (PI stain) indicates the dead cells (scale bar = 100 μm). (B−D) Bar charts presenting the
viability profile for 21 (control), 5, and 0% O2 environments obtained by quantifying Hoechst 33342/PI double stain time-lapse videos. The graphs
indicate each case’s mean and S.E.M. from three independent time-lapse videos. A statistically significant decrease in cell viability within one hour
of treatment was observed only in the case of a 0% O2 environment (p < 0.05(*), p < 0.01(**), p < 0.001(***), and p > 0.5 (N.S.�no
significance), one-way Kruskal Wallis test).
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the time window for the onset of Ca2+ entry in the cytosol and
the overloading of mitochondrial Ca2+. We also establish the
correlation of cytosolic and mitochondrial Ca2+ with
mitochondrial superoxide production. Since cytosolic Ca2+

was found to be the early marker, we chose to test a Ca2+

channel blocker (CCB) to protect the cells under ischemic
conditions within a short period. Third, we demonstrate that
the proposed platform can be used to compare channel
blocker’s efficacy with reoxygenation. In this study, we
performed RT-PCR experiments to identify the link between
the overloading of Ca2+ and the increase in oxidative stress
markers (HIF1A, OXR1) within an acute window of 1 hour.
We specifically chose nifedipine in the third objective, as it is
an L-type CCB, and its antineuroinflammatory effect on
microglia cells has been prophylactically reported.23,36 Using
this setup, we show that nonprophylactic CCBs can be a
potential approach for modification of cell state within a short
period of acute hypoxia when immediate reoxygenation is not
possible. To the best of our knowledge, a setup with the
chamber attached to the microscope has not been
implemented earlier to study the consequences of ischemic
conditions on microglia through imaging in combination with
gene expression studies.

2. RESULTS
2.1. Calibration of the Hypoxia Setup. 2.1.1. Hypoxic

Stress Leads to Morphological Changes and Decreases the
Viability of the HMC-3 Cells. In most ischemic shock
experiments, the median O2 levels fall to 2−0%.20,37 PbO2
values <10 mm Hg are linked with a higher risk for ischemic
brain injury.38 In order to determine the dynamic signatures of
biomolecules and morphologies under various hypoxic
conditions in HMC-3 cell culture, we studied two levels of
hypoxia, 5 and 0% O2, in the incubation chamber attached to
LSCM (Figure 1A). On the other hand, the control condition
was studied using 21% O2. We performed imaging over 60 min
to obtain the viability profile in real time. The results show that
the control cells with 21% O2 show no significant change in
viability. It can be observed from Figure 2A and Supple-
mentary Video S1 that compared to the control (Figure 2B),
the cells subjected to 5% O2 retained up to 96.10 ± 1.99
(S.E.M.)% viability after 1 h of imaging (Figure 2C). In
contrast, the viability in the cell populations subjected to 0%
O2 dropped to 49 ± 10.97 (S.E.M.)% within the same duration
of 1 h (Figure 2D). A significant condensation of chromatin
over 1 hour was also observed in the case of 5 and 0% O2
environments (Supplementary Figure S1). The results show
that 0% O2 hypoxia in the incubation chamber attached to

Figure 3. Quantification of changes in the HMC-3 cell shape and cell migration for hour-long imaging at different O2 environments inside the
incubator attached to a confocal microscope: (A) Effects of control (21% O2) and acute (1 h) hypoxia (5 and 0% O2) on microglia morphology of
the HMC-3 cells. Microglia migration and cell proliferation are observed in the 5% O2 environment, whereas characteristic signs of cell death, like
cellular shrinkage and blebbing of cell membranes, are observed in 0% O2 environments. (B−D) Bar charts representing shrinkage of cell bodies
(cell area) under 21, 5, and 0% O2 environments, respectively. Statistically significant shrinkage of cell area within 1 hour of treatment was observed
only in the case of a 0% O2 environment (p < 0.05(*), p < 0.01(**), p < 0.001(***), and p > 0.5 (N.S.�no significance), one-way Kruskal Wallis
test). (E−G) Traces of cell centroids for representative cells under 21, 5, and 0% O2 environments, respectively. For each O2 environment, two
representative cells are shown.
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LSCM can be further investigated to visualize the dynamics of
the cell physiology under ischemic shock.20,39

One of the major clinical features of hypoxic conditions is
the change in the cell shape, and it can therefore be useful to
calibrate the shape change as a function of hypoxic stress level.
To quantify the correlation between the cell size and hypoxia
level, we measured the cross-sectional cell area as a function of
the O2 level. The differential interference contrast (DIC)
images depicting the cell morphologies of representative cells
at 21, 5, and 0% O2 levels are shown in Figure 3A. Figure 3B,C
shows that at 21 and 5% O2 environments, no significant
change in the cell area occurs in the time window of 1 hour.
However, a significant decrease (p < 0.01) in the cellular area is
observed when subjected to a 0% O2 environment (Figure
3D). The results show a 38.70 ± 5.92% decrease in the cell
area under hypoxic stress at 0% O2. The DIC time-lapse of the
whole population is shown in Supplementary Figure S2 and
Supplementary Video S2. In the case of 5% O2 some cells
undergo proliferation (Supplementary Figure S3), which could
be attributed to the survival mechanism at that condition.
Compared to the 21% O2 environment, active migration was
observed in the case of 5% O2 environments. Upon
quantification of cell centroid migration, it was observed that
the centroids of the cells imaged under 21% O2 migrate at an
average speed of 23.40 ± 4.72 (S.E.M.) μm/h (Figure 3E and
Supplementary Video S3). In contrast, the average speeds of
the cells imaged under 5% (Figure 3F and Supplementary
Video S4) and 0% O2 (Figure 3G and Supplementary Video
S5) environments were 69.33 ± 1.90 (S.E.M.) μm/h and 31.75
± 18.21 (S.E.M.) μm/h respectively. The data reveal that,
within a window of 1 h, 5% O2 induces a significant increase in
the migration level and tries to recover the hypoxic injury. In
contrast, the 0% O2 provides a significant shock to induce cell
death and reduced migration levels (Supplementary Figure
S4). The results show that time-lapse imaging of cell shape
using LSCM imaging can measure the displacement of cells as
a function of time under hypoxic conditions. In contrast to

scratch assay, this can be potentially used to measure cell shape
and velocity in real time.

2.1.2. Dynamic Monitoring of DO in Cell Culture Media
under Hypoxic Conditions. Although the partial pressure of
O2 in the hypoxia chamber correlates with the pericellular O2
levels (Figure 4A), it is more accurate to present the DO level
in the culture media as it better reflects the stress induced in
the system. To measure the O2 gradient, we measured the real-
time values of DO levels in culture media upon hypoxia
treatment (Figure 4B). The results show that the O2 levels
decrease with time and reach 2.70 mg/L (∼60.46 mmHg) and
0.40 mg/L (∼8.95 mmHg) within 1 hour for 5 and 0% O2
environments, respectively (Figure 4C). These findings
demonstrate that the proposed method is able to establish a
gradient input in culture by setting a fixed percentage of O2 in
the incubation chamber. Based on this result, we assess cell
death dynamics and migration characteristics under a 0%
environment, taken as the ischemic shock model. From Figure
4C, it can be concluded that 0% O2 is suitable to attain 0.6−0.7
mg/L within 30−35 min which is in the range of O2 levels
investigated in several diseases.14,40

Next, we focus on investigating the correlation among
various molecules that are crucial and can be targeted for
designing therapeutics during sudden hypoxic shock. Since cell
death was not observed in the first 8−10 min of hypoxia
treatment, for each hypoxia level, a nine-minute window was
specifically chosen for continuous monitoring of preapoptotic
or prelytic conditions through imaging of cytosolic Ca2+ and
mitochondrial Ca2+ dynamics in single cells. For this, we
designed a hypoxic gradient with time (Figure 4D), where the
DO levels dynamically decrease when cells are subjected to a
21% O2 environment for 3 min (baseline), followed by 9 min
in 5%, and then 9 min in 0% O2 environments sequentially
(total duration of experiment = 21 min). No cell death but the
onset of nuclear condensation was observed in this study
window, allowing the further characterization of preapoptotic

Figure 4. Measurement of the DO gradient in the culture media. (A) Schematic drawing showing the partial pressure (pO2), DO and pericellular
O2 in the Petri dish kept in the hypoxia chamber. (B) Measurement of DO using a hand-held DO meter in the culture media. (C) Levels of DO as
a function of time in the cell culture media when gas mixtures of 5% CO2 with 5 or 0% O2 are passed over the culture media at a flow rate of 40 L/h
for 1 h. (D) DO gradient created in culture media obtained by providing 21% (3 min), 5% (9 min), and 0% O2 (9 min) to the hypoxia chamber
sequentially.
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signaling pathways during ischemic shock (Supplementary
Figure S5).
2.2. Effect of the Acute Hypoxic Gradient on Cell-

State Markers. 2.2.1. Cellular Hypoxia Leads to Increased
Amplitude and Frequency of Cytosolic Ca2+ Oscillations.
Since cytosolic Ca2+ plays a governing role in cellular
functionality and assumes the molecular basis of cell state,
we first investigated whether the steep gradient of hypoxia

induces any change in the spiking pattern of cytosolic Ca2+

concentration. Figure 5A shows the 3-D-sectioning at a
representative time instance. The cross-sectional imaging
performed at different focal planes, enabled us to obtain
volumetric Ca2+ values (Figure 5B). Since hypoxic conditions
lead to cell migration and shrinkage, 3-D imaging in LSCM is
expected to provide more accurate results than conventional
two-dimensional (2-D) imaging (Supplementary Figure S6).

Figure 5. 3-D-time-lapse imaging of cytosolic Ca2+ in HMC-3 cells under a steep hypoxic gradient reveals the increase in Ca2+ amplitude and delay
in recovery at 0% O2 environments. (A) Representative images of cells were captured across four different focal planes to obtain the volumetric
intensity profile of Fluo-4. (B) 3-D rendering was performed from the serial-cross-sectional images captured at a representative time instance. (C)
ROIs are drawn around the cells after dimension reduction to extract mean intensity values (scale bar = 50 μm). (D) Intensity map of the Ca2+
spiking profile for five representative cells upon treatment with 21, 5, and 0% O2 environments sequentially at indicated time points (scale bar = 10
μm). The images are obtained by dimension reduction of 3-D stacks to provide maximum intensity projections. The O2-partial pressure (pO2) and
DO values indicate the severity of hypoxia at different time points. (E) Time-lapse of Fluo-4 intensity captured from a single representative cell.
Intensity values have been normalized to show the fold change increase in cytosolic Ca2+ when sequentially subjected to 21, 5, and 0% O2
environments. Box plot representation of the features of Ca2+ oscillations in different time windows corresponding to time-dependent hypoxic
gradient: (F) number of peaks, (G) maximum amplitude, and (H) area under the curve (number of cells = 11, p < 0.05(*), p < 0.01(**), p <
0.001(***), and p > 0.5 (N.S.�no significance), one-way Kruskal Wallis test).
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The merge of individual cross-section planes obtained after
dimension reduction around the cell peripheries is shown in
Figure 5C. The time-lapse of fluorescence intensity clearly
shows the increase of cytosolic Ca2+ levels at a 5% O2
environment compared to the basal level Ca2+ oscillations
(Figure 5D). Specifically, such pulsatile behavior indicates a
delayed recovery of Ca2+ transients (Figure 5E and
Supplementary Video S6).
Upon quantification of the imaging data, we observed an

increase in the frequency of Ca2+ spiking at a 5% O2
environment (Figure 5F), followed by an increase in both
frequency and amplitude of oscillations at a 0% O2
environment (Figure 5G,H). Furthermore, the spiking pattern
at a 0% O2 environment showed up to a 10-fold increase in the

amplitude values (Figure 5E). Interestingly, after 250−300 s of
exposure to a 0% O2 environment, the cells also show a
delayed recovery in the Ca2+ spiking profiles.
To compress the rich information observed in these time-

resolved profiles into a means of comparing conditions, we
performed feature-based k-means clustering.41 Based on the
DB-index values, four clusters were observed in this data set
(Supplementary Figure S7A−D). Each cluster corresponds to
the activity state of the individual cells.42 It can be observed
from Supplementary Figure S7D and S8 that as cells are
exposed to hypoxic gradient, they change their state and
transition to highly active states. After 180 s of 0% O2
exposure, all cells transition to the clusters with cytosolic
Ca2+ overload.

Figure 6. 3-D-time-lapse imaging of mitochondrial Ca2+ in HMC-3 cells under hypoxic gradient reveals the mitochondrial Ca2+ overload in 0% O2
environment. (A) Representative images of single-cell captured across four different focal planes to obtain volumetric intensity profile of Rhod-2.
(B) Positioning of the 3-D mitochondrial network around the nucleus (stained with Hoechst 33342). The Rhod-2AM labeling allows the detection
of mitochondrial Ca2+ levels. (C) Dimension reduction of the image stack to extract mean intensity values. (D) Intensity map of the time-lapse
images acquired via LSCM of three representative cells shows an overload in mitochondrial Ca2+ levels upon treatment with 21, 5, and 0% O2
environments sequentially, at indicated time points (scale bar = 10 μm). (E) Normalized Rhod-2 fluorescence intensity time-lapse for a single
representative cell. (F) Box plot representation of maximum Rhod-2 intensity captured in different time windows corresponding to time-dependent
hypoxic gradient (number of cells = 30, p < 0.05(*), p < 0.01(**), p < 0.001(***), and p > 0.5 (N.S.�no significance), one-way Kruskal Wallis
test).
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2.2.2. Cellular Hypoxia Leads to Overload and Saturation
in Mitochondrial Ca2+ Levels. Since the cytosolic Ca2+
overload and delayed recovery were apparent, we aim to
investigate the dynamics in mitochondrial Ca2+ load and the
correlation between time courses. In order to find this, we
performed 3-D time-lapse imaging of mitochondrial Ca2+
imaging using the same hypoxic gradient as mentioned above
(Figure 6A). The Rhod-2 indicator predominantly localizes in
the mitochondrial filaments and highlights the dense
mitochondrial network around the cell nucleus upon Ca2+
overload (Figure 6B). Similar to Fluo-4 quantification, the
merge of individual cross-section planes obtained after
dimension reduction (Figure 6C) was used to obtain the
time-lapse of intensity values.
After staining the cells with Rhod-2 to detect the

mitochondrial Ca2+, the fluorescence intensity was generally
weak in the control environment (21% O2), as shown in Figure

6D. However, after hypoxia treatment, the characteristic
localization of mitochondrial Ca2+ was observed gradually
(Figure 6E,F and Supplementary Video S7). It can be noted
that mitochondrial Ca2+ uptake occurs immediately in
response to the cytosolic Ca2+ overload. An increase in the
size of the mitochondrial network can also be observed in
Figure 6D, suggesting mitochondrial swelling. High mitochon-
drial Ca2+ concentrations indicate the stress buildup in the
mitochondria, which may further lead to ROS generation.43

2.2.3. Hypoxia Increased Mitochondrial Superoxide
Production in the HMC-3 Cells. In order to investigate the
consequences of mitochondrial Ca2+ overload, we assessed the
intracellular dynamics of mitochondrial superoxide using the
MitoSOX Red imaging assay (Figure 7A−C). Exposure of
HMC-3 cells to the hypoxia gradient resulted in a significant
increase in intracellular mitochondrial superoxide levels
measured by MitoSOX fluorescence. As shown in Figure

Figure 7. 3-D-time-lapse imaging of mitochondrial superoxide in HMC-3 cells under a hypoxic gradient reveals the increase in mitochondrial
superoxide in 5 and 0% O2 environments. (A) Representative images of single-cell captured across four different focal planes to obtain the
volumetric intensity profile of MitoSOX Red. (B) Accumulation of mitochondrial superoxide inside the cell. (C) Dimension reduction of the image
stack for extraction of mean intensity values. (D) MitoSOX fluorescence intensity levels in three representative cells showcase the increase in
mitochondrial superoxide upon treatment with 5 and 0% O2 environments sequentially, at indicated time points (scale bar = 10 μm). (E)
Normalized MitoSOX Red fluorescence intensity-time-lapse for a single representative cell. (F) Box plot representation of maximum MitoSOX Red
intensity captured in different time windows corresponding to time-dependent hypoxic gradient (number of cells = 30, p < 0.05(*), p < 0.01(**), p
< 0.001(***), and p > 0.5 (N.S.�no significance), one-way Kruskal Wallis test).
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7D−F, switching the O2 supply from 21 to 5% causes a marked
increase in MitoSOX Red fluorescence. However, when the
supply of O2 was switched from 5 to 0% after 9 min, a drastic
increment in the mitochondrial superoxide level was observed.
Furthermore, as the O2 supply was maintained at 0%,
saturation in the mitochondrial superoxide levels was achieved
(Supplementary Video S8). These results demonstrate the
induction of hypoxic responses and the upregulation of
intracellular mitochondrial superoxide in HMC-3 cells. Overall,
the results show that induction of a hypoxic gradient results in
a delay in Ca2+ recovery followed by mitochondrial Ca2+
overload and mitochondrial superoxide generation within 18
min. However, cell death is minimal in this time frame
(Supplementary Figure S5).
Comparing the dynamics of cytosolic Ca2+, mitochondrial

Ca2+, and mitochondrial superoxide together (Figure 8 and

Supplementary Figure S9), it can be seen that the frequency
and amplitude of oscillation in cytosolic Ca2+ increase upon
the induction of acute hypoxic shock. There is an immediate
increase in mitochondrial Ca2+ and mitochondrial superoxide
production, suggesting a positive feedback of cytosolic Ca2+ on
mitochondrial Ca2+ and mitochondrial superoxide. On the
other hand, as the mitochondrial superoxide levels increase,
there is a 10-fold increase in the amplitude of cytosolic Ca2+
oscillation, suggesting that mitochondrial superoxide produc-
tion adds to the hypoxic injury. Based on these results, it can
be inferred that cytosolic-Ca2+ is an early marker of stroke.
2.3. Application of the Ischemic Model: Comparison

of Reoxygenation and Efficacy of the Calcium Channel
Blocker on Hypoxia-Treated Cells. To validate the hypoxia
model, we next demonstrated the applicability to allow the
comparison of the L-type CCB (nifedipine) on a test case of
ischemia (0% O2 environment for 1 h) that can happen in a
stroke.20 The protective effect of nifedipine was compared with

reoxygenation. This study assumes clinical importance in the
context of infeasibility in reoxygenation at the ischemic onset
in a timely manner. The design of the experiment, including
control and hypoxia treatment cases, is given in Figure 9A.
The results show that there is a significant improvement in

cell viability compared to hypoxic conditions (case 3) when
nifedipine is used as the drug (case 4) (p < 0.05) (Figure 9B).
Additionally, there is no significant difference in cell viability
for nifedipine treatment for the control case (p > 0.05 for
control-21% O2 (case 1) and control-21% O2 + Nif (case 2)),
indicating that the 4 μM dose of nifedipine has no toxic effect
in the experimental time frame. While comparing reoxygena-
tion with nifedipine, we found that reoxygenation (case 5)
provides better protection than nifedipine treatment (case 4)
(p < 0.05). However, there is no significant difference between
“reoxygenation + nifedipine treatment” (case 6) and
reoxygenation (case 5). Hence, it can be concluded that
nifedipine is able to protect the cells within 30 min of
treatment time. Overall, the results show the potential for
nifedipine to be used as a drug under hypoxic conditions at
ischemia onset, with no adverse effects on the cellular level.
Nifedipine may achieve increased cell survival before definitive
reoxygenation therapies can be instituted. However, there is no
synergistic effect between nifedipine and reoxygenation within
the time scale considered in this study, which can be attributed
to the fact that the role of nifedipine is only restricted to
reducing ischemia-induced cell damage.
Next, we assessed the cytosolic Ca2+ levels for the six cases

stated in Figure 9A. The bar plot of mean Fluo-4 fluorescence
intensities ± SEM for the six cases after one-hour treatment is
shown in Figure 9C. It can be observed that 1 hour of exposure
to a 0% O2 environment (case 3) leads to an over a four-fold
increase in cytosolic Ca2+ levels. While the treatment with 4
μM nifedipine under hypoxia (case 4) causes a significant
decrease in the cytosolic Ca2+ levels (p < 0.01), reoxygenation
(case 5) has a superior effect on lowering the cytosolic Ca2+
levels (p < 0.01). It is observed that there is no significant
difference in the Ca2+ level reduction in the case of
“reoxygenation + nifedipine treatment” (case 6) and
“reoxygenation treatment” (case 5) as found while evaluating
the cell viability.
Next, we also test if the drug treatment can modulate the

gene expression levels along with the reduction of Ca2+ levels
within a short span of 60 min. For this, we compare the
protective effect of reoxygenation and drug treatment by
investigating the expression of HIF1A12 and OXR112 genes
within the same time scale. The qRT-PCR results show a
16.50-fold change in HIF1A expression and a 201.21-fold
change in OXR1 expression in cells incubated in 0% O2 for 60
min (case 3), indicating induction of significant oxidative stress
in the cells in the absence of any intervention. All the
interventions studied in this work, treatment with nifedipine in
the midst of hypoxia (case 4), reoxygenation after half an hour
of hypoxia (case 5), and reoxygenation along with nifedipine
treatment (case 6) show a significant reduction in the
expression of HIF1A (p < 0.05) and OXR1 (p < 0.05) (Figure
9D,E). Among the three different interventions studied here,
there is no statistically significant difference in the expression
of HIF1A (Figure 9D) and OXR1 (Figure 9E). The results
indicate that the nonprophylactic treatment with nifedipine is
comparable to reoxygenation with respect to the protection
from oxidative stress within 30 min of treatment.

Figure 8. Comparison of population-level time-lapse traces reveals the
correlation between cellular Ca2+ level and mitochondrial superoxide
generation under acute hypoxia-induced in 21 min. Heat map
representation of (A) cytosolic Ca2+, (B) mitochondrial Ca2+, and (C)
mitochondrial superoxide in the HMC-3 population.
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Considering the results of cell viability, cytosolic Ca2+, and
gene expression together, it can be interpreted that in the case
of hypoxic injury (case 3), Ca2+ overloading (Figure 9C) leads
to overexpression of hypoxia markers and consequent
reduction in cell viability (Figure 9B). All three treatments
considered in this work, nifedipine treatment (case 4),
reoxygenation (case 5), and “reoxygenation + nifedipine
treatment” (case 6), alleviate the symptoms of hypoxia by
significantly lowering the Ca2+ levels (Figure 9C) and oxidative
stress (Figure 9D,E).
To test the generality of the proposed method, we

performed a cell viability assay under hypoxic stress on the
Neuro-2a (N2a) cell line. Specifically, the N2a cells were
chosen for this study, as the overexpression of L-type VGCCs
under hypoxic stress has been observed for these cells.44

Following the same protocol used for the microglia cell line, we
exposed N2a cells to acute hypoxia and assessed cell viability.
It can be observed that compared to HMC-3 cells, N2a cells
are less sensitive to hypoxic stress (Figure 10A and
Supplementary Figure S10), and a significant reduction in
viability is found at 3−4 h. Hence, we propose an updated
design to compare the reoxygenation and nifedipine-mediated
recovery of N2a cells (Figure 10B). Here, the N2a cells were
exposed to 3.5 h of hypoxia followed by 0.5 h of treatment with
reoxygenation, nifedipine, or both. Similar to the microglia cell
line study, the results show that there is a significant
improvement in the viability of N2a cells with nifedipine
treatment (case 4) as compared to hypoxic conditions (case 3)
(p < 0.05) (Figure 10C). Moreover, reoxygenation (case 5)

provides better protection than nifedipine treatment (case 4)
(p < 0.05) in N2a cells, and there is no significant difference
between “reoxygenation + nifedipine treatment” (case 6) and
reoxygenation alone (case 5). Together, these results indicate
that CCBs can protect both microglia and neuron cells in CNS
from ischemic stroke.

3. DISCUSSION
Visualization of intracellular dynamics under acute hypoxic
shock can play a key role in designing therapeutics against
stoke. While the CoCl2-based hypoxia model is popularly used
for dose-dependent stabilization of HIF, it is unsuitable for
obtaining dynamic information on redox pathways under acute
hypoxic stress and their recovery time while testing the
protectivity of drugs within a short period. To overcome these
issues, we used the chamber-based hypoxia setup attached to a
high-resolution imaging system that can be used for testing
drugs along with reoxygenation. The novelty of this setup is its
ability to administer acute hypoxia and real-time control of O2
levels, which permits the mimicking of stroke-like conditions.
The first two objectives demonstrate a protocol for in situ

live-cell confocal imaging of cell morphology, cytosolic Ca2+,
mitochondrial Ca2+, and mitochondrial superoxide under an
acute gradient of hypoxia in HMC-3 microglia cells. Our
approach is based on LSCM-3-D time-lapse imaging/analyses
of the whole cell. While 2-D analyses provide details from an
optical cross-section of the cell, 3-D reconstruction, accom-
plished by taking a stack of serial slices throughout the cell

Figure 9. Validation of hypoxia model through comparison of reoxygenation and L-type CCB. (A) Design of experiments for the study of
reoxygenation and Nifedipine (Nif.) treatment. Case 1: “21% O2 for 60 min”, Case 2: “21% O2 for 60 min + 4 μM Nif. added at 30 min,” Case 3:
“0% O2 for 60 min,” Case 4: “0% O2 for 60 min + 4 μM Nif. added at 30 min,” Case 5: “0% O2 for 30 min + 21% O2 for 30 min,” Case 5: “0% O2
for 30 min + 4 μM Nif. added at 30 min + 21% O2 for 30 min.” Bar plot representation of (B) Cell viability at different treatment combinations.
(C) Mean fluorescence intensities of Fluo-4 staining in HMC-3 cells (n = 30). (D) Fold change of HIF1A expression at different treatment
combinations. (E) Fold change of OXR1 expression at different treatment combinations. All the graphs are representatives of biological triplicates.
β-Actin was used as the normalization control for qRT-PCR (p < 0.05(*), p < 0.01(**), p < 0.001(***), and p > 0.5 (N.S.�no significance), one-
way Kruskal Wallis test).
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volume, yields a volumetric signal that is more accurate than 2-
D imaging (Supplementary Figure S6).
In the first two sections of this paper, we have also studied

the hypoxia-injury-hallmarks during the induction of a steep
temporal gradient of acute hypoxia in cells. To complement
the experimental workflow, we incorporated semiautomated
image analysis and feature extraction from the confocal videos.
The clustering-based cell-state classification enables quantita-
tive analysis of cytosolic Ca2+. We also implemented image
segmentation and 3-D rendering of the cell nucleus to quantify
chromatin condensation. This enabled us to study nuclear
morphology from the migrating cells, giving a more accurate
analysis of confocal videos. Overall, this analysis pipeline
permits robust multidimensional quantification of cell states
and Ca2+ dynamics that provides a valuable resource to
accelerate research in understanding cellular response to
stroke. Since mitochondrial superoxide is a key inducer of
cellular apoptosis,45 the model was further investigated using
the dynamic measurement of mitochondrial superoxide. The
data suggest that mitochondrial superoxide and cytosolic/
mitochondrial Ca2+ signals are intimately interconnected,
leading to a specific and adaptive response to ischemic
shock. Acute ischemic shock leads to elevated frequency and
amplitude of cytosolic Ca2+, which contributes to mitochon-
drial Ca2+ overload. Elevated mitochondrial Ca2+ may trigger
the production of mitochondrial superoxide, possibly because
of the stimulation of respiratory chain activity.46 Such changes
in the Ca2+ homeostasis and mitochondrial superoxide levels
can be taken as a model for stroke. Supplementary Figure S11

shows the schematic of a plausible molecular pathway upon
induction of hypoxic stress and the progression of Ca2+
overload and mitochondrial superoxide generation.
After studying the dynamics of molecular markers under

hypoxia, cytosolic Ca2+ was identified as an early marker that
further leads to mitochondrial Ca2+ overload and superoxide
generation. In the third objective, we demonstrated the
capability of the hypoxia model to test drug efficacy. Here,
we studied the effect of nifedipine treatment, reoxygenation,
and “reoxygenation + nifedipine treatment” using imaging and
gene expression studies. Although nifedipine has been used to
protect cells through Nrf2 translocation under long-term
hypoxic conditions with prophylactic treatment,19 whether the
CCB can be used nonprophylactically to protect molecules in a
shorter time scale is not known. In the current study, we
compared the drug efficacy to reoxygenation in the case of
nonprophylactic intervention.
We found that although nifedipine treatment has lower cell

viability than reoxygenation or “reoxygenation + nifedipine
treatment,” it shows significant improvement in cell health over
the untreated case, making it a suitable option for hypoxia
intervention when reoxygenation is not possible immediately.
It is known that the peripheral areas of the cerebral tissue in
the ischemic area, the ischemic penumbra, go through gradual
apoptosis following an ischemic stroke, while the central areas
are subject to necrotic changes. These peripheral parts, which
are the target areas for salvage with revascularization therapy,
can potentially have increased viability through the anti-
apoptotic effect mentioned above after an ischemic stroke.47,48

No significant difference between reoxygenation and “reox-
ygenation + nifedipine treatment” in terms of viability and
gene expression indicates no plausible synergistic effect on
reoxygenation and nifedipine within studies the duration of 1
h. However, given that the proportion of viable cells is higher if
treated with nifedipine under anoxic conditions, reoxygenation
therapy can potentially have higher chances of salvaging more
cells if the ischemic penumbra is exposed to nifedipine during
the period of anoxia. Therefore, it is possible that nifedipine
can be administered to a patient in the immediate aftermath of
an ischemic stroke when the treatment can be followed by
intravascular or systemic revascularization strategies.49 Further
long-term experiments can be designed to examine the
synergistic effect between the drug and reoxygenation.
Although the use of nifedipine assumes clinical significance

in the context of ischemia, it should be noted that nifedipine is
known to lower blood pressure at a certain dose range,50 which
can, in turn, reduce cerebral perfusion pressure, resulting in
reduced O2 delivery to the tissues. Therefore, the outcome of
nifedipine use will be a combination of its effect on the
preservation of cell viability and the lowering of cerebral
perfusion pressure. Further animal studies need to be
performed to determine the optimum systemic dose to achieve
a cell-preserving effect so that it is ensured that a higher
number of neural cells are going into the revascularization
treatment.
The viability and Ca2+ imaging results obtained from live-cell

imaging portray the outcome of cell-signaling processes under
stroke and correlate well with the predictions from gene
expression. Since live-cell Ca2+ imaging results conform with
the gene expression experiments and provide immediate
results, Ca2+ imaging can directly be used as a powerful tool
for drug screening.

Figure 10. Assessment of generality of the experimental setup using
N2a cell line. (A) Bar plot comparison of the viability of HMC-3 and
N2a cells under acute hypoxia (0% O2) for a duration of 1 h. (B)
Design of experiments for the study of reoxygenation and Nifedipine
(Nif.) treatment in N2a cells. Case 1: “21% O2 for 4 h,” Case 2: “21%
O2 for 4 h + 4 μM Nif. added at 3.5 h”, Case 3: “0% O2 for 4 h,” Case
4: “0% O2 for 4 h + 4 μM Nif. added at 3.5 h”, Case 5: “0% O2 for 3.5
h + 21% O2 for 30 min,” Case 5: “0% O2 for 3.5 h + 4 μM Nif. added
at 3.5 h + 21% O2 for 30 min”. (C) Bar plot representation of cell
viability at different treatment combinations (p < 0.05(*), p <
0.01(**), p < 0.001(***), and p > 0.5 (N.S.�no significance), one-
way Kruskal Wallis test).
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Additional studies on N2a cells suggest that our original
observations of acute hypoxia-induced cell death in microglia
cells may be a generalizable phenomenon in other cell types.
Thus, we conjecture that the setup can be used to develop and
test therapeutics against pathological conditions related to
acute hypoxia in other cell lines. Specifically, the real-time
control of O2 and drug delivery can be further used to
understand the cell states and dynamic molecular signatures
upon drug treatment.
Since the partial pressure of O2 was controlled to modulate

the DO in cell culture media, there is a lag between the set
point of the controller and DO. In the future, to mimic the
conditions of acute stroke accurately, it is critical to establish
an optimized perfusion system with the capability of rapid
exchange of the solution bathing with the cell culture system.22

However, it is rather challenging to establish such a perfusion
system coupled with confocal imaging, while numerous
conditions need to be assessed for drug testing. Although
this perfusion system provides better control over the hypoxic
conditions, the proposed setup with a Petri dish allows us to
perform multiple experiments that are necessary for controlling
several conditions, including drug treatment and reoxygena-
tion. Progressive hypoxia can also be achieved via the perfusion
of O2-deprived media in the microfluidic chip.13 Another
limitation of this study is that long-term imaging is challenging
with fluorescent dyes as they are susceptible to photobleaching.
Additionally, fluorophores may impose toxicity on the cells.
Although the current work is based on a short-term study, the
long-term effect of drug testing could provide better
applicability to this model. In the future, the use of genetically
encoded sensors51 can be used for long-term Ca2+ imaging.
The other limitation of the study is the use of continuous
excitation with lasers that may provide phototoxicity to the live
cells. Minimizing laser power and using hybrid detectors to
capture the emission alleviated this issue. Moreover,
monitoring multiple fluoroprobes simultaneously was not
possible since the internalization time and incubation temper-
ature for different indicators were different. Also, the emission
ranges of several fluoroprobes used together lead to crosstalk
between signals. To eliminate the effect of crosstalk between
different fluoroprobes, we conducted cytosolic Ca2+, mitochon-
drial Ca2+, and mitochondrial superoxide imaging separately.
Furthermore, an inflammatory process and nitric oxide

generation are associated with cellular ischemia, and these
processes are not replicated within our experiment. Since
hypoxia is also known to affect the pH of the culture
media,23,52 further experiments may be performed to study the
pH changes during ischemic stroke. Animal model studies may
also address the influence of immune-ischemia interaction and
vasoregulatory mechanisms underlying nifedipine.53,54

4. CONCLUSIONS
This work focuses on developing an experimental model to
study the effect of acute hypoxic shock in the microglia cell line
by 3-D imaging using LSCM. The proposed ischemic shock
model with real-time control in hypoxia is able to mimic the
immediate oxidative stress and reveals the time course of
signaling events, Ca2+, and mitochondrial superoxide in situ,
along with chromatin condensation and cell death. We found
that 3-D imaging is crucial in the context of acute hypoxia since
the hypoxic insult leads to a change in cell shape and location
in the z-direction. Our results elucidate that cytosolic Ca2+,
mitochondrial Ca2+, and superoxide are the immediate pivotal

hallmarks of cell state under ischemic shock. Hence, these
molecules can be targeted for designing drugs that can address
severe hypoxic insults in the CNS within a shorter window of
time. To demonstrate the applicability of our hypoxia model,
we showed that the model is able to compare the efficacy of a
CCB and reoxygenation in a case study of stroke. Along with
the 3-D time-lapse imaging of molecular markers of hypoxia,
we have also demonstrated that the setup is able to decipher
the immediate change in gene expression through RT-PCR
experiments. Furthermore, we show that the same exper-
imental setup can be used to test neuronal cell drugs. The
generality of the method is explored in N2a cells. In both
HMC-3 and N2a cells, the CCB is comparable to
reoxygenation. Taken together, our results indicate a plausible
application of CCBs as an emergency drug for stroke.
Therefore, testing these drugs in future animal models may
further elucidate the significance in comparison to reoxygena-
tion.

5. MATERIALS AND METHODS
5.1. Reagents. Dulbecco’s modified Eagle’s medium (DMEM)

was purchased from GE Healthcare Life Sciences, US. Fetal bovine
serum (FBS), penicillin−streptomycin solution, L-glutamine, 0.25%
(w/v) trypsin-0.53 mM, Hanks’ Balanced Salt Solution (HBSS) (with
Ca2+ and Mg2+, no phenol red), phosphate-buffered saline (PBS)
(1×), Hoechst 33342, Trihydrochloride Trihydrate, Fluo-4 AM,
MitoSOX Red Mitochondrial Superoxide Indicator, propidium iodide,
and Rhod-2 AM were purchased from Gibco, Life Technology, US.
5.2. Cell Culture. HMC-3 cells were supplied by L V Prasad Eye

Institute, Hyderabad, India. Mouse Neuro-2a (N2a) neuroblastoma
cells were purchased from the National Centre of Cell Science Pune
(NCCS, Pune, GSM1351). Both HMC-3 and N2a cells were grown
in DMEM supplemented with 10% FBS, 100 units/mL penicillin, 100
μg/mL streptomycin, and 2 mM L-glutamine. Cells were cultured in
different T-25 flasks (Corning, US). The cultures were maintained in
a humidified 5% CO2 atmosphere at 37 °C, with media replaced every
second day and subcultivation at 80−90% confluence. The cell growth
profile for HMC-3 cells is provided in Supplementary Figures S12 and
S13.
For all the confocal video acquisitions, 1 × 105 cells were seeded in

optical-bottom Petri dishes (dish size 35 mm and well size 10 mm)
(Cellvis, US) and imaged 48 h after seeding. All the experiments were
performed with culture-passage numbers under 10 to minimize the
experimental variations.
5.3. Setup for Induction of Hypoxia and Live-Cell Imaging.

The setup for live-cell imaging comprised an imaging chamber that
was placed on top of the confocal microscope (TCS SP8, Leica,
Germany) and retained within an incubator unit attached to the
microscope (Figure 1A). The top of the imaging chamber was
composed of quartz glass to allow optical transmission. The optical-
bottom Petri dishes consisting of cells were placed in a small cavity at
the center of the chamber’s base. The sides were sealed to minimize
contamination and deviation from the set hypoxic conditions. The
imaging chamber was supplied with a humidified mixture of CO2, O2,
and N2 gases (flow rate 40 L/h). The CO2 composition was fixed at
5%, and O2 was varied from 21−0% to observe the effect of hypoxic
stress. The gas-mixture composition and flow rate were controlled by
a feed-forward controller, while the temperature controller was used
to fix the incubation temperature at 37 °C. All the gases used in the
study were cell culture grade and prefiltered using a Whatman filter.
Movies were made using the 20×/0.7 dry and 40×/1.3 oil objectives.
While the 20x objective was used for population imaging, the 40×
objective was used for single-cell imaging.
To assess the DO level that can be achieved through the controller,

we determined the time course of DO in the culture media after the
induction of hypoxia. DO measurements were done by immersing the
electronic hand-held O2 meter (Oakton DO 700) in a 50 mL conical
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tube (Figure 4B). Since the direct insertion of O2 probes may
interfere with the cell responses, this setup was used to mimic the
condition of the imaging experiments where cells are subjected to
hypoxic gradients with time.
5.4. Cell Viability Assay. Hoechst 33342-propidium iodide

staining was used to quantify cell death. Cells were incubated in the
dark for 10 min with HBSS, containing 2.5 × 10−3 mg/mL Hoechst
33342 and 5 × 10−3 mg/mL propidium iodide. Since the objective of
the experiment was to obtain the time-lapse monitoring of cell
viability, and propidium iodide is cell impermeable, washing was not
performed after incubation. This allowed in situ monitoring of cellular
integrity. Sequential imaging was performed in the confocal
microscope by exciting the cells with 405 nm (ultraviolet, 50 mW,
direct modulation laser) and 561 nm lasers. The Hoechst 33342
emission was captured at ∼430−500 nm (blue), and the propidium
iodide emission was captured at ∼600−650 nm (red). Cell viability
was determined at each time instance as the viable cells were not
permeable to propidium iodide.
We computed the viability of cells over time by performing

morphological operations on blue (indicates all cells dead or alive)
and red (indicates the dead cell) channels of each time frame
(Supplementary Figure S14). In particular, at each instance, we
extract blue and red channels from the image, convert them to a
binary image, remove the spurious (or noise clusters) pixels, and then
identify the connected components (cells). Next, for a chosen time
frame, the number of components (cells) in the blue channel accounts
for the number of live cells, and that in the red channel account for
dead cells. Finally, we plot the number of cells (dead and alive)
temporally.
The following MATLAB commands were used:
I. bwareaopen: to remove spurious points/pixels/regions.
II. bwconncomp: to identify connected components (or cell

regions).
5.5. Imaging Cell Morphology. The morphological changes in

the cell structure under the induction of hypoxia were observed using
DIC imaging in confocal laser scanning microscopy. To eliminate any
of the toxic effects of fluorescent indicator loading, morphological
studies were performed without staining. Cells were tracked from the
DIC-time-lapse videos manually using Fiji/ImageJ by tracking the
movement of the centroid of the cell (Supplementary Figure S15).
5.6. Dynamic Cytosolic Ca2+ Imaging. The time-lapse of

cytosolic Ca2+ was measured in terms of fold change in the intensity
level of the Fluo-4 indicator. To stain the cells with Fluo-4, the growth
medium was aspirated, and the cells were washed twice with HBSS.
Thereafter, cells were incubated in the dark at 37 °C after adding 2
mL of HBSS containing 2 μM Fluo-4AM reagent for 30 min. After 30
min of staining, cells were rinsed twice with HBSS for 10 min each
time.55 Fluo-4AM was excited with 488 nm (blue), 40 mW, acousto-
optical tunable filter (AOTF) argon laser, with emission collection in
the range of ∼500−550 nm (green).55 Different focal planes across
the cell layer were imaged in order to obtain the volumetric-Ca2+
intensity.
5.7. Dynamic Mitochondrial Ca2+ Imaging. Similar to cytosolic

Ca2+, mitochondrial Ca2+ was measured as a fold change in the
intensity level of the Rhod-2AM indicator. For Rhod-2 staining, cells
were incubated in the dark at 4 °C after adding 2 mL of HBSS
containing 0.5 μM Rhod-2AM reagent for 45 min. Incubation at low
temperatures allows the minimization of subcellular compartmental-
ization, an inherent problem with the AM ester loading technique.56

Before commencing fluorescence measurements, cells were washed
with an indicator-free medium to remove any nonspecifically
associated indicator. Incubation and washing with HBSS for a further

30 min (thrice, 10 min each time) allowed complete de-esterification
of intracellular Rhod-2AM ester. Rhod-2 was excited with 561 nm
(green), 20 mW, AOTF laser, with emission collection at ∼570−620
nm (red).
5.8. Mitochondrial Superoxide Imaging for Measurement

of Cell Stress. Reactive O2 species (ROS) are free radicals that
accumulate in the cells under stressed conditions and cause damage to
DNA, RNA, and proteins and may consequently lead to cell death.
The time course of mitochondrial superoxide (O2−) produced in the
cells was quantified by using a MitoSOX Red Mitochondrial
Superoxide Indicator kit. Cells were stained with 2 μM MitoSOX
Red solution in HBSS for 15 min followed by washing thrice with
HBSS for 10 min each time. MitoSOX Red selectively targets
mitochondria and undergoes oxidation by superoxide to form a stable
fluorescent compound. MitoSOX Red was excited with 561 nm
(green), 20 mW, AOTF laser, with emission collection at ∼580−620
nm (red).
5.9. Image Analysis for Quantification of Cytosolic Ca2+,

Mitochondrial Ca2+, and Mitochondrial Superoxide. All 3-D
images were uniformly gamma corrected to adjust the intensity of the
fluorescence, and the noisy pixels were removed via thresholding
(Supplementary Figure S17). To quantify the fluorescence intensity of
indicator dyes, Fluo-4, mitochondrial superoxide, and Rhod-2 from all
z-stacks, individual stack images were first merged using LASX
software. After superimposing all the z-stacks, compressed z-stack
images corresponding to each time point were obtained, and regions
of interest (ROIs) were drawn manually for each cell. To obtain
fluorescence intensities corresponding to these ROIs, intensities from
individual focal planes were summed across the entire sample
thicknesses to result in [Fmeasured = F1 + F2 + ... Fn], where Fi represents
fluorescence intensity for the ROI obtained from each z-stack.
Average areal fluorescence intensity was calculated for each ROI at
each time instance. Similarly, the background fluorescence was
obtained from a region that did not show any fluorescence. After
background-subtraction denoising, a moving-average-based algorithm
was implemented in MATLAB (Supplementary Figure S18).41

5.10. Quantitative Real-Time Reverse Transcription (qRT-
PCR). Quantitative RT-PCR was done to characterize the expression
of HIF1A and OXR1 genes under hypoxia. In brief, the total RNA was
extracted from the HMC-3 cells before and after the stress induction
by the TRIzol method. A total RNA of 500 nanograms (ng) was
reverse-transcribed into cDNA using a Verso cDNA Synthesis Kit
(ThermoFisher Scientific, Catalog No. AB1453B) according to the
manufacturer’s protocol.
To quantify the average mRNA expression, we performed qRT-

PCR on an Applied Biosystems 7900 HT system for a total reaction
volume of 10 μL. The reaction mixture (10 μL) included iTaqTM
Universal SYBR Green Supermix (BIO-RAD, Catalog No. 172-5121),
200 nM of primer, and cDNA. The relative measure of the target gene
concentration (Ct) was calculated using software SDS 2.4. Analysis of
gene expression changes was done using the 2−ΔΔCt method.
Statistical analyses were performed using 2−ΔΔCt ± SEM in three
technical and biological replicates. The housekeeping gene β-actin was
used as a normalizing control. The primer sequences used for qRT
PCRs are given in Table 1.
5.11. Validation of the Hypoxia Model. The validation of the

hypoxia model was performed by testing if the model can also be used
to compare the protective effect of the drug with reoxygenation under
a test case of stroke. We specifically chose nifedipine for this study as
the antineuroinflammatory effect of nifedipine on microglia cells has
also been shown in refs 23, 36. For this study, we applied 0% O2 stress
on cells for 30 min. After the end of 30 min of hypoxic stress, cells
were subjected to four different treatments (1) reoxygenation, (2)

Table 1. Nucleotide Sequences of Primers Used in qRT-PCR

gene primer sequence (forward) primer sequence (reverse)

β-actin 5′-CATGTACGTTGCTATCCAGGC-3′ 5′-CTCCTTAATGTCACGCACGAT-3′
HIF1A 5′-CCAGCAGACTCAAATACAAGAACC-3′ 5′-TGTATGTGGGTAGGAGATGGAGAT-3′
OXR1 5′-CTGATGGTGATTAAAG ACAGTG-3′ 5′-CACTTAAAGACCTCAAACTCC-3′
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nifedipine treatment, (3) reoxygenation + nifedipine treatment, or (4)
continued with a 0% O2 environment for another 30 min. Based on
the toxicity study shown in Supplementary Figure S19, a 4 μM dose of
nifedipine was given to the cells. Control conditions were obtained
through the maintenance of a 21% O2 environment. The effect of
nifedipine was also tested in the control cells with a 21% O2
environment.
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