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Abstract

Astrocytes serve to maintain proper neuronal function and support neuronal viability, but remain 

largely understudied in research of cerebral ischemia. Astrocytic mitochondria are core 

participants in the metabolic activity of astrocytes. The objective of this study is to assess astrocyte 

mitochondrial competence during hypoxia and post-hypoxia reoxygenation and to determine 

cellular adaptive and pathological changes in the mitochondrial network. We hypothesize that 

during metabolic distress in astrocytes; mitochondrial networks undergo a shift in fission-fusion 

dynamics that results in a change in the morphometric state of the entire mitochondrial network. 

This mitochondrial network shift may be protective during metabolic distress by priming 

mitochondrial size and facilitating mitophagy. We demonstrated that hypoxia and post-hypoxia 

reoxygenation of rat primary astrocytes results in a redistribution of mitochondria to smaller sizes 

evoked by increased mitochondrial fission. Excessive mitochondrial fission corresponded to Drp-1 

dephosphorylation at Ser 637, which preceded mitophagy of relatively small mitochondria. 

Reoxygenation of astrocytes marked the initiation of elevated mitophagic activity primarily 

reserved to the perinuclear region where a large number of the smallest mitochondria occurred. 

Although, during hypoxia astrocytic ATP content was severely reduced, after reoxygenation ATP 

content returned to near normoxic values and these changes mirrored mitochondrial superoxide 

production. Concomitant with these changes in astrocytic mitochondria, the number of astrocytic 

extensions declined only after 10-hours post-hypoxic reoxygenation. Overall, we posit a drastic 

mitochondrial network change that is triggered by a metabolic crisis during hypoxia; these 

changes are followed by mitochondrial degradation and retraction of astrocytic extensions during 

reoxygenation.
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1. Introduction

Stroke is a cerebrovascular event characterized by severe cerebral ischemia that is the fifth 

leading cause of death and is the primary contributor of adult disability in the U.S. 

(Kochanek et al. 2014; Mozaffarian et al. 2015). During stroke there is a cerebral cellular 

energy crisis caused by a decline in the delivery of the substrates, glucose and molecular 

oxygen, resulting in a compromised synthesis of ATP through a collapse of oxidative 

phosphorylation and glycolysis (Rossi et al. 2007). Insufficient cellular ATP content 

interrupts a wide range of indispensable ATP-dependent processes, including ion balances 

across neuronal membranes (Hansen and Nedergaard 1988; Silver et al. 1997). An elevation 

of free cytosolic Ca2+ levels via voltage-gated and receptor-gated calcium channels is the 

central effector initiating the massive release of extracellular glutamate, and the primary 

cause of excitotoxicity in ischemia (Katayama et al. 1991; Duffy and MacVicar 1996; 

Parpura and Haydon 2000). Clearance of synaptic glutamate is a core function of astrocytes 

that helps protect against glutamate toxicity (Rothstein et al. 1996).

Also, astrocytes are critical for providing neurons with a source of glutamine necessary for 

glutamate production through a process known as the glutamate-glutamine cycle (Waniewski 

and Martin, 1986; Chaudhry et al. 2002). Embargo of glutamine delivery to neurons by the 

blockade of astrocytic conversion of glutamate to glutamine has been reported to reduce the 

potassium-evoked glutamate release in experimental models of focal ischemia, reducing 

infarct size (Paulsen and Fonnum 1989; Swanson et al. 1990). Astrocytic mitochondria are 

key organelles that allow astrocytes to participate in such extensive metabolic activities 

(Nehlig et al. 2004; Lovatt et al. 2007).

Here we investigated the effects of hypoxia and post-hypoxia reoxygenation on astrocytic 

mitochondrial structure, including mitochondrial dimensions and content, as well as the 

underlying mechanism(s) and functions of these dynamic changes. This research provides 

evidence of early mitochondrial fission during hypoxia-reoxygenation that may participate 

in the damaging effects of ischemic insult to the central nervous system.

2. Materials and methods

2.1. Preparation of primary astrocytic cultures

Primary astrocytic cultures were prepared using a method previously reported, which 

generated an 85% yield of astrocytes, and a 15%, and < 1% yield of progenitor cells and 

microglia, respectively (Almeida and Medina 1998). Embryonic day 19 pregnant rats were 

deeply anesthetized with isoflurane. After confirming deep anesthetization via tail pinch, 

rats received a 3-in. vertical incision to the lower abdomen. Once the incision was made, the 

embryos including the placenta and amniotic sacks were extracted from the uterus. Each 

embryo was removed from the amniotic sack by creating a small 0.5-cm incision and gently 

palpating the fetus out. As the fetuses were extracted from the amniotic sack, the heads were 

removed with sharp scissors and placed in ice cold HBSS buffer (HyClone, Thermo Fisher 

Scientific, Waltham, MA) while the remaining fetus were prepared. Fetal brains were 

removed by making a small incision across the sagittal suture. Once the brains were 

removed, the cerebellum was removed and discarded. The remaining brain tissue was 
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removed from the meninges with small forceps. The meninges free tissue was placed into a 

50 mL centrifuge tube containing ice cold Dulbecco’s modified Eagle’s medium (DMEM) 

(HyClone, Thermo Fisher Scientific, Waltham, MA). Once all fetal brains were removed, the 

tissue was centrifuged at 10,000 times gravity for 3 min and subsequently resuspended in ice 

cold DMEM (HyClone, Thermo Fisher Scientific, Waltham, MA). Tissue was then minced 

by pipetting to dissociate aggregations of cells. Dissociated cells were then filtered through a 

40-micron filter then cultured in DMEM (HyClone, Thermo Fisher Scientific, Waltham, 

MA) supplemented with 10% fetal bovine serum and 1% penicillin streptomycin for 7 days 

to allow sufficient time for cellular differentiation. After the growth phase, primary 

astrocytes were plated on 6 cm culture dishes, 96-well plates, or 6-well culture plates 

containing sterilized 22 × 22 mm glass cover-slips at a seeding density of 200,000, 10,000, 

and 50,000 cells per well, respectively. Primary astrocytes were allowed 24-h of growth 

before labeling procedure.

2.2. Hypoxia treatment and imaging preparation

Mitochondrial labeling preceded experimental treatment. Mitochondrial labeling in all three 

experimental conditions was done at the same time so that any time-relevant effects of the 

labeling procedure would occur uniformly. Mitochondrial labeling was performed with 70 

nM of MitoTracker Red CMXRos (Invitrogen, Molecular Probes, Eugene, OR) diluted in 

prewarmed (37 °C) DMEM culture medium then allowed to incubate with primary 

astrocytes for 20 min before washing 2 times with prewarmed DMEM. Hypoxic treatment 

was administered as 0.4% oxygen in nitrogen gas balance (Airgas USA, LLC, St. Louis, 

MO) for 3 h while incubated at 37 °C. After the 3 h of hypoxia, primary astrocytes were 

removed from the hypoxic enclosure and allowed a 10-hour reoxygenation period at 

normoxic, atmospheric oxygen level. The experimental timeline was designed so that all 

experimental groups completed treatment at the same time. After treatment, coverslips 

containing astrocytes were washed once with 0.1 M phosphate buffer saline (PBS) at 

physiological pH then fixated with 3.7% paraformaldehyde at physiological pH for 15 min 

then subsequently washed 3 times with 0.1 M PBS for 5 min. After washing, free aldehyde 

groups were quenched with 0.3 M glycine in 0.1 M PBS at 7.4pH for 10 min followed by 

washing 2 times for 5 min. Coverslips containing astrocytes were mounted on glass 

specimen slides with a medium containing 3% polyvinyl alcohol/glycerin/Tris-HCl/

DABCO.

2.3. Image acquisition and analysis

Microscopy images were acquired with a Zeiss LSM 510 violet confocal microscope with a 

63× magnification oil objective running on a Zen platform. Several criteria were developed 

to select astrocytes for inclusion in the study. First, astrocytes were inspected and, astrocytes 

that did not show signs of imminent death or nascent apoptosis were selected; second, 

astrocytes had to show canonical morphology, including well-developed extensions and 

appropriate size; and third, astrocytes had to be adequately spaced apart so that a single 

astrocyte’s boundaries could easily be determined. Seven normoxic, six hypoxic, and six 

hypoxic-reoxygenation astrocytes were selected from 3 cultures per group for a detailed 

assessment of mitochondria structure features. Image analysis was conducted with ImageJ 

software (ImageJ 1.48v, Wayne Rasband, National Institutes of Health, USA) using the 
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particle analysis function to provide mitochondrial estimates. The following parameters 

were determined: area distributions, length, diameter, area, total mitochondrial mass, and 

roundness. Mitochondrial size distributions were calculated by sorting the entire content of 

astrocytic mitochondria into specific area categories (0.004–0.79, 0.80–1.59, 1.60–2.39, 

2.40–3.19, > 3.20 μm2). Once the total number of mitochondria have been sorted into their 

respective size categories, the number of mitochondria that fell within each size range was 

counted; these numbers were used to calculate the percentage of total mitochondria that fall 

within each size range by dividing the sum of mitochondria per size range by the total 

number of mitochondria in the astrocyte. Mitochondrial mass was calculated by summating 

the total area of mitochondria for each astrocyte then dividing this by the number of 

astrocytes for that group. Mitochondrial aspect ratio (AR = major axis/minor axis) and form 

factor (FF = 1/4× (area/perimeter2)) were used to describe the full array of mitochondrial 

size and complexity as previously reported (Koopman et al. 2005b). Average astrocytic area 

and astrocytic extensions were calculated to determine the effects of hypoxia and post-

hypoxic reoxygenation on astrocytic morphology. Astrocytic extensions were classified into 

three categories, primary, secondary, and tertiary. Extensions with origins of the soma were 

deemed primary extensions, extensions with origins of primary extensions were termed 

secondary extensions, and extensions with origins of secondary extensions were termed 

tertiary extensions.

2.4. Three-dimensional surface reconstruction

Three-dimensional surface reconstructions of deconvolved primary z-stack data sets 

collected by confocal microscopy were generated by Imaris (Bitplane). Z-stacks were 

collected on a Zeiss LSM 710 confocal microscope running on the Zen 2 platform with a C-

Apochromat 63×/1.20 objective. Parameters for z-stack image collection were as follows, a 

pinhole set to 0.7 Airy units, a frame size of 4096 × 4096, and a pixel dwell of 0.79 μs to 

generate 16-bit images with a digital zoom of 1. Images in z-stacks were set to be collected 

at a step size of 0.100 μm for the entire thickness of the cell.

2.5. Western blots

Primary astrocytes were cultured in 6 cm culture dishes (n = 5/group) in DMEM 

supplemented with 10% FBS and 1% penicillin streptomycin at a seeding density of ≈ 
200,000 cells per dish. After 72-hours, astrocytes were either maintained at normoxia, 

exposed to 3-hours of hypoxia, or 3-hours hypoxia then 10-hours reoxygenation. To 

determine autophagic flux, an LC3 turnover assay was performed (Mizushima et al. 2010). 

Lysosomal degradation of LC3 II was inhibited by treating cells with 30 μM Chloroquine 

(Sigma-Aldrich, St. Louis, MO) diluted in DMEM prior to hypoxic exposure. Astrocytes 

treated with 10 μM forskolin or 10 μM rolipram were used as positive controls for 

phosphorylated Drp-1 at Ser637. After exposure, cells were lifted from culture dishes in 4 

mL of 0.1 M PBS then collected into 15 mL conical tubes. Suspended cells were pelleted by 

centrifugation at 3000 rpm for 2-minutes. After centrifugation, supernatant was decanted 

and discarded. Primary astrocyte pellets were lysed with 250 μL RIPA buffer(0.5% 

deoxycholate/0.1% sodium dodecyl sulfate/150 mM sodium chloride/50 mM (pH 8.0) Tris-

HCl) supplemented with 2 μL/mL protease and phosphatase inhibitors (EMD Millipore, 

Billerica, MA). Astrocytic lysates were then briefly sonicated then centrifuged at 12,000 
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rpm for 20-minutes to pellet cellular debris, supernatant was collected in new 2 mL 

microcentrifuge tubes. Protein concentrations were estimated using Pierce Protein Assay 

Reagent (Thermo Scientific, Rockford, IL) to normalize protein content variability between 

culture dishes. Lysates were prepared in 4× Laemmle buffer containing 10% β 
mercaptoethanol and placed in a heated water bath for 10-minutes to denature the protein 

samples. Protein samples were resolved by SDS-PAGE 4–20% precast gels, Mini-

PROTEAN TGX (Bio Rad, USA) then transferred onto a PVDF Immunobilon membrane 

(EMD Millipore, Billerica, MA). Membranes were blocked with blocking buffer (LI-COR 

Bioscience, Lincoln, NE) supplemented with 0.1% Tween 20 for 45-minutes. Membranes 

were incubated with affinity purified primary antibodies raised in rabbit or mouse targeted 

against phosphorylateddynamin related protein 1 at Ser 637 (pDrp-1), Drp-1 (Cell Signaling, 

Danvers, MA), microtubule-associated 1A/1B-light chain 3 (LC3) (Sigma-Aldrich, St. 

Louis, MO), and β-actin (Santa Cruz Biotechnology, Dallas, TX) at a dilution of 1:500 for 

24-hours at 4 °C. Membranes were washed 3 times for 15-minutes with TBST (20 mM Tris-

HCl/500 mM NaCl/0.1% Tween 20) solution then incubated with IRDye 800CW and 

IRDaye 680RD (LI-COR Biosciences, Lincoln, NE) secondary goat antibodies targeted 

against rabbit or mouse IgG (Molecular Probes, Eugene, OR) for 4-hours. Blots were 

washed 5 times for 15-minutes with TBST then fluorescence imaged with an Odyssey 

imaging system (LI-COR Biosciences, Lincoln, NE). Blot images were analyzed using 

Image Studio Lite 4.0 (LI-COR Biosciences, Lincoln, NE) then analyzed for fluorescence 

intensity normalized to β-actin.

2.6. Mitochondrial autophagy measurement

Primary astrocytes were plated in 6-well culture plates containing 22 mm × 22 mm glass 

cover slips at a seeding density of 50,000 cells per well and incubated at 37 °C for 24-hours. 

Prior to hypoxic treatment, astrocytic mitochondria were labeled with 70 nM of MitoTracker 

Red CMXRos for 20-minutes then washed twice with pre-warmed (37 °C) DMEM culture 

medium. After receiving hypoxic or hypoxic reoxygenation treatment, cells were rinsed with 

ice-cold 0.1 M PBS at physiological pH then quickly fixated with 3.7% paraformaldehyde at 

physiological pH. Post-fixation, cells were washed 3 times for 5-minutes with 0.1 M PBS. 

Free aldehyde groups were quenched with 0.3 M glycine in 0.1 M PBS at a pH of 7.4 

followed by washing 2 times for 5-minutes with 0.1 M PBS. Cells were then permeabilized 

with 0.025% Triton X-100 in PBS for 20-minutes and washed 3 times for 5-minutes with 

PBS. After permeabilization, cells were blocked with 2% BSA for 45-minutes. Cells were 

then incubated with affinity purified IgG primary antibodies targeted against LC3 raised in 

rabbit (Sigma-Aldrich, St. Louis, MO) at a dilution of 1:500 in a solution containing 1% 

BSA,0.01% Tween 20 in 0.1 M PBS for 24-hours. After incubation with primary antibodies, 

cells were washed 3 times for 5-minutes with PBS containing 0.01% tween 20. Cells were 

then incubated with Alexa 488 secondary goat antibodies targeted against rabbit IgG 

(Invitrogen, Carlsbad, CA). Alexa 488 secondary antibodies were diluted to 1:1000 in a 

solution containing 10% goat serum, 0.01% Tween 20 in PBS and allowed to incubate with 

the cells for 4-hours followed by 3 times wash for 5 min. Cells were counterstained with 

DAPI nuclear stain (Molecular Probes, Eugene, OR) then mounted with a medium 

containing 3% polyvinyl alcohol/glycerin/Tris-HCl/DABCO. Primary astrocytes were then 

imaged on a Zeiss LSM 710 violet confocal with a 63× magnification oil objective running 
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on the Zen 2 platform. Confocal micro-graphs were analyzed for immunofluorescence 

colocalization of LC3 with MitoTracker labeled mitochondria as an indication of nascent 

mitophagy. LC3-MitoTracker colocalization was used to calculate the percentage of 

mitochondria in each mitochondrial size range undergoing mitophagy. Confocal 

micrographs were also used to calculate immunofluorescence intensity as a function of 

distance from the nucleus as an indication of LC3 localization.

2.7. Mitochondrial ATP production

Mitochondrial ATP production was quantified using the CellTiter-Glo luminescent ATP 

assay kit (Promega, Madison WI) according to manufacturer’s guidelines. Astrocytes were 

plated on 96-well black-walled assay plates and seeded at a density of 10,000 cells per well. 

After 24-hours of growth phase, cells received hypoxic treatment with or without 

reoxygenation and were allowed to equilibrate at room temperature for 30-minutes before 

the ATP assay was implemented. Luciferase luminescence was measured with a plate reader 

(BioTek). ATP was calculated in ng per 10,000 cells using an ATP standard curve. The 

standard curve was created immediately prior to running the assay to prevent ATP 

degradation. Standard curve was prepared by serial tenfold dilutions of ATP in DMEM.

2.8. Mitochondrial superoxide production

Time-dependent pre- and post-hypoxic reoxygenation associated superoxide O2
−̇  production 

by mitochondria was measured with MitoSOX Red (Invitrogen), in accordance to 

manufacturer’s guidelines. Measurements of O2
−̇ were recorded at 3-hours before hypoxic 

exposure and 0, 0.5, 1, 2, 4, 8, and 12-hours post-hypoxia, during the reoxygenation period. 

Primary astrocytes were plated on 96-well assay plates containing DMEM at a seeding 

density of 15,000 cells per well. Astrocytes were then cultured to 95–100% confluency 

before experimentation. 5-minutes prior to receiving MitoSOX Red, astrocyte DMEM media 

was replaced with HBSS media to conduct the assay. Each well containing astrocytes 

received 5 μM MitoSOX Red and allowed to incubate at 37° for 16-minutes. Fluorescence 

indication of O2
−̇ levels were detected via an excitation of 510 nm and emission of 580 nm 

with a plate reader (BioTek). Fluorescence intensity was detected by the plate reader and 

computed into mean fluorescence values, these values were then used to calculate the 

percentage change from normoxia for each time point.

2.9. Statistics

All data were obtained using cells from at least four different animals/preparations. Results 

are depicted as means +/− SEM for the number of determinants (n) for each of the three 

experimental groups (normoxia, 3-hours hypoxia, and 3-hours hypoxia then 10-hours 

reoxygenation). Statistical analysis used was either student’s t-test or ANOVA, with 

Bonferroni or Dunnett post-hoc tests. Specific statistical analysis used in each experiment is 

noted in the individual figure legends. Bonferroni’s multiple comparison analysis was used 

to compare all combinations of the three experimental groups. Dunnett’s post hoc test was 

used for the comparison of the experimental groups with the normoxia group (control 

group). p < 0.05 was considered significant. The following number of astrocytes’ 

mitochondria were quantified: 7 normoxic astrocytes, 6 hypoxic astrocytes, and 6 hypoxic-
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reoxygenation astrocytes. For LC3 colocalization studies, the following number of 

astrocytes’ mitochondria were quantified: 7 normoxic astrocytes, 5 hypoxic astrocytes, and 6 

hypoxic-reoxygenation astrocytes.

3. Results

3.1. Mitochondrial size measurements

Astrocytic exposure to hypoxia demonstrated the dynamic ability of mitochondria to 

undergo fission and fusion in response to changes in environmental oxygen pressure (Fig. 

1A and B). Hypoxic exposure for 3-hours with or without 10-hours reoxygenation resulted 

in a redistribution of mitochondrial size to a larger number of smaller mitochondria.

Primary astrocytes that were exposed to 3-hours hypoxia with no reoxygenation showed the 

largest redistribution to smaller sized mitochondria compared to the 3-hours hypoxia then 

10-hours reoxygenation and normoxia groups (Fig. 1C). In the normoxia group, 35.86% of 

mitochondria fell within the 0.004–0.79 μm2 range. After 3-hours of hypoxia these values 

increase to 64.59% (p = 0.0004) and after 10-hours of post-hypoxic reoxygenation the 

percentage of mitochondria that fell within the 0.004–0.79 μm2 range remained significantly 

elevated at 54.03% (p = 0.01) compared to normoxia. This observed increase in smaller 

mitochondria was associated with an observed reduction of larger mitochondria falling 

within 1.6–2.39, 2.4–3.19, and > 3.2 μm2 range (Fig. 1C). The average mitochondrial area 

differed between the groups; the normoxia group contained mitochondria with an average 

area of 1.69μm2 compared with 0.86 μm2 (p < 0.01) and 1.08 μm2 (p < 0.05) for the 3-hours 

hypoxia and 3-hours hypoxia then 10-hours reoxygenation groups, respectively (Fig. 2A). 

Mitochondrial swelling is a known phenomenon associated with calcium-induced 

cytochrome-c release from mitochondria during instances of mitochondrial-induced 

apoptosis (Kobayashi et al. 2003; Ichimura 2011). To further make it clear that nascent cell 

death was absent during data collection and to determine if mitochondrial swelling 

contributes to the reported mitochondrial measurements, mitochondrial length and diameter 

were measured. Mitochondrial length was measured as the maximum distance between any 

two points within the mitochondrial boundaries. Mitochondrial diameter was measured as 

the minimum distance between two opposing points of mitochondrial boundaries. Astrocytes 

that were maintained under normoxia demonstrated a mean length of 2.70 μm compared to 

1.29 μm (p < 0.0001) and 2.05 μm (p < 0.0001) after 3-hours of hypoxia and 10-hours post-

hypoxic reoxygenation, respectively. Additionally, these data demonstrate a significant 

amelioration of mean mitochondrial length after 10-hours post-hypoxic reoxygenation (p < 

0.0001) compared to 3-hours hypoxia, albeit significantly reduced compared to normoxia 

(Fig. 2B). In contrast to measurements of mitochondrial length, mitochondrial diameter did 

not depict any notable change between normoxia, 3-hours hypoxia, and 10-hours post-

hypoxic reoxygenation (Fig. 2C).

Dephosphorylation of Drp-1 at Ser 637 by calcineurin is an essential step in mitochondrial 

fission (Cereghetti et al. 2008), and phosphorylation of Drp-1 at Ser 637 by PKA favors 

mitochondrial fusion (Chang and Blackstone 2007; Cribbs and Strack 2007). We therefore 

assessed Drp-1 phosphorylation at Ser 637 as percentage of total Drp-1 via Western blot 

analysis in primary astrocytes maintained under normoxia, 3-hours of hypoxia, and 10-hours 
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post-hypoxia reoxygenation. Our Western blot data revealed that astrocytes maintained 

under normoxic conditions contained 3.27% of total Drp-1 phosphorylated at Ser 637 

whereas, astrocytes exposed to 3-hours of hypoxia contained 2.17% (p = 0.0492) of Drp-1 

phosphorylated at Ser 637 compared to normoxia. After 10-hours of post-hypoxia 

reoxygenation, Drp-1 phosphorylation at Ser 637 increased to 4.92% (p = 0.0058) of control 

Drp-1 phosphorylation (Fig. 2D).

3.2. Mitochondrial population and mass

Interestingly, the total number of mitochondria per astrocyte was different among all three 

groups. In the normoxic control group, there were 79 mitochondria per astrocyte whereas the 

3-hours hypoxia with no reoxygenation contained 124 mitochondria per astrocyte. However, 

after 10-hours of reoxygenation the number of mitochondria decreased to 52 per astrocyte (p 

= 0.046) compared to normoxia (Fig. 3A). To determine if the changes in mitochondrial 

population after hypoxia and reoxygenation affect the total mitochondrial content in 

astrocytes, we calculated the total mitochondrial area per astrocyte. Astrocytes that were 

maintained at normoxia contained a total mitochondrial area of 123 μm2; however, following 

3-hours of hypoxia the total mitochondrial area was reduced to 102 μm2 and after 10-hours 

reoxygenation the total mitochondrial area was further reduced to 57 μm2 (p = 0.0218) 

compared to normoxia (Fig. 3B).

3.3. Mitochondrial fragmentation

Rounded mitochondria are indicative of fragmentation (Brustovetsky et al. 2009) and 

cellular stress (Dubinsky and Levi 1998). Therefore, we measured mitochondrial roundness 

to assess the extent of mitochondrial fragmentation. These data are depicted on a scale from 

0 to 1; 1 being a perfect circle. Notably, astrocytes exposed to hypoxia displayed an 

alteration of mitochondrial morphology to a more rounded shape. Astrocytes that were 

maintained under normoxia contained mitochondria that scored an average of 0.36 on the 

roundness index. After 3-hours of hypoxia this score increased to 0.53 (p = 0.0001) then 

decreased to 0.50 (p = 0.0001) after 10-hours of reoxygenation (Fig. 4A). A reduction of 

mitochondrial network complexity can result from fragmented mitochondria and increased 

mitochondrial fission. Therefore, mitochondrial aspect ratio (AR) and form factor (FF) was 

calculated to describe mitochondrial network complexity. Mitochondria that measure greater 

AR are larger mitochondria whereas mitochondria that score greater on FF contain more 

complex branching (Koopman et al. 2005a, 2005b). Under normoxic conditions, 

mitochondria demonstrated an AR and FF of 4.49 and 2.58, respectively. After hypoxia 

exposure, the AR and FF decreased to 2.06 and 1.44, respectively indicating less complex 

mitochondrial networks. Furthermore, 10-hours of post-hypoxic reoxygenation resulted in a 

slight amelioration of both AR (3.03) and FF (1.83) (Fig. 4A–D).

3.4. Mitochondrial autophagy

Excessive mitochondrial fragmentation may predispose mitochondria to loss of membrane 

potential and buffering capacity resulting in mitochondria being targeted for autophagy 

(Ishihara et al. 2003; Legros et al. 2003). Therefore, we next determined the extent of 

mitochondrial autophagy after exposure to hypoxia and post-hypoxia reoxygenation and 

further to determine if smaller mitochondria are targeted for autophagy. During autophagy, 
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cytosolic LC3 I is cleaved then lipidated before being inserted as LC3 II into the 

autophagosome membrane (Tanida et al. 2004). We first measured the conversion of LC3 I 

into LC3 II by calculating the ratio of LC3 II/(LC3 I + LC3 II) (Mizushima and Yoshimori 

2007) via Western blot to determine the effects of hypoxia and post hypoxia reoxygenation 

on the number of autophagosomes. Astrocytes exposed to 3-hours hypoxia then 10-hours 

reoxygenation showed an RFU (relative fluorescence unit) of 0.436 (p < 0.0001) conversion 

to LC3 II compared to 0.316 and 0.194 LC3 II conversion in the 3-h hypoxia and normoxia 

groups, respectively (Fig. 5A-B). Changes in LC3 II corresponded with a decrease in VDAC 

to 0.728 (p < 0.02) and 0.803 (p < 0.05) fold of normoxia in astrocytes exposed to 3-hours 

hypoxia and 3-hours hypoxia then 10-hours reoxygenation, respectively (Fig. 5C). We next 

performed an LC3 turnover assay to determine autophagic flux as an indication of 

autophagic induction (Mizushima and Yoshimori 2007; Klionsky et al. 2008; Rubinsztein et 

al. 2009; Mizushima et al. 2010). The measurement of autophagic flux is centered on the 

notion that LC3 II is degraded in the autolysosome during autophagy. The LC3 turnover 

assay was performed by inhibiting lysosomal acidification with 30 μM chloroquine prior to 

cells receiving hypoxic exposure. Astrocytes maintained at normoxia demonstrated an LC3 

II turnover at 2.54 compared to 4.01 (p < 0.006) and 7.91 (p < 0.0001) in astrocytes exposed 

to 3-hours hypoxia and 3-hours hypoxia then 10-hours reoxygenation, respectively (Fig. 

5D). In addition, under normoxic conditions, LC3 II was 204.04% (p < 0.0009) greater in 

astrocytes treated with 30 μM chloroquine compared to astrocytes that were not treated with 

chloroquine (Fig. 5E). These data demonstrating differences in LC3 II levels under basal 

conditions (normoxia) between astrocytes treated with chloroquine and without chloroquine 

rule out blocked autophagic processing as a contributor to LC3 II accumulation in our data 

(Fig. 5E).

Mitochondrial autophagy was assessed via immunofluorescence colocalization of LC3 and 

MitoTracker after hypoxia and post hypoxia reoxygenation. Confocal micrographs were 

collected from astrocytes maintained at normoxia, 3-hours hypoxia, and 10-hours post-

hypoxic reoxygenation. As a positive control group, astrocytes maintained under normoxia 

were treated with 10uM FCCP to induce mitochondrial autophagy (Fig. 5F). The confocal 

micrographs were used to create colormap representative images demonstrating colocalized 

mitochondria with LC3. The colormap images were used to calculate the percentage of 

mitochondria targeted for autophagy (Fig. 5G), the size of mitochondria primarily affected 

by mitophagy (Fig. 5H), and the cellular localization of mitochondrial autophagic activity 

(Fig. 5I). Our colocalization analysis indicated that under normoxic conditions 26.4% of 

total mitochondria are targeted for mitophagy compared to 24.9% and (p < 0.01) 43.7% of 

mitochondria in astrocytes incubated under hypoxia for 3-hours and 3-hours hypoxia then 

10-hours reoxygenation, respectively. In the positive control group, astrocytes treated with 

FCCP and maintained under normoxia contained 56.1% of their total mitochondria targeted 

for mitophagy. Our data indicate that the smallest mitochondria ranging in size of 0.004–

0.79μm2 were most targeted by mitophagy. Astrocytes maintained under normoxia contained 

3.68% of the smallest mitochondria targeted for mitophagy. Whereas, astrocytes exposed to 

3-hours of hypoxia contained 7.23% (p < 0.0001) of the smallest mitochondria targeted for 

mitophagy. After 10-hours post-hypoxic reoxygenation the percentage of smallest 

mitochondria targeted for mitophagy increased to 17.45% (p < 0.0001). Mitochondria falling 
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within the size rage of 0.80–1.59μm2 contained the second largest number of mitochondria 

targeted for mitophagy; these mitochondria represented the second-to smallest mitochondria. 

Astrocytes maintained under normoxia contained 6.59% of small mitochondria targeted for 

mitophagy. Whereas, astrocytes exposed to 3-hours of hypoxia contained 5.63% of small 

mitochondria targeted for mitophagy. After 10-hours of post-hypoxic reoxygenation the 

percentage of small mitochondria targeted for mitophagy significantly increased to 12.65% 

(P < 0.05). Additionally, our data suggests that the majority of mitochondrial autophagic 

activity occurs at specific cellular locations during hypoxia and post-hypoxic reoxygenation. 

Astrocytes exposed to 3-hours of hypoxia then 10-hours reoxygenation showed increased 

LC3 fluorescence intensity near the nucleus compared to the approximate homogenous 

distribution of LC3 fluorescence intensity in astrocytes exposed to 3-hours of hypoxia or 

normoxia.

3.5. Mitochondrial ATP production

Hypoxia induces mitochondrial respiratory inhibition resulting in a rapid decline of 

astrocytic ATP production. Astrocytes maintained under normoxia contained 52.89 ng of 

ATP per 10,000 cells. After 3-hours of hypoxic exposure astrocytic ATP content declined to 

23.1 ng (p < 0.0001) per 10,000 cells. Interestingly, after 10-hours of post-hypoxic 

reoxygenation, astrocytes demonstrated a significant amelioration of ATP content to 47.12 

ng per 10,000 (p < 0.0001) although still significantly below ATP content of astrocytes 

maintained under normoxia (p < 0.0001) (Fig. 6A).

3.6. Mitochondrial superoxide production

Mitochondrial superoxide production is a major contributor of cellular damage via oxidation 

of lipids, proteins, and other biomolecules. Mitochondrial superoxide production occurs at 

complex I and III of the mitochondrial electron transport chain, with the majority of 

superoxide production occurring at complex I via reversal of electron transport during 

cerebral ischemia (Liu et al. 2002; Talbot et al. 2004). To determine the levels of superoxide 

generation by mitochondria, a fluorescence probe, MitoSOX Red, was used during 

normoxia, hypoxia, and subsequent time-periods of post-hypoxia reoxygenation. Our data 

indicates that astrocytes maintained under normoxia contained the highest levels of 

mitochondrial superoxide relative to hypoxia and post-hypoxia reoxygenation. At the 

conclusion of 3-hours hypoxic exposure, superoxide content reduced to 27.39% of the 

superoxide observed in normoxic astrocytes. After the first 30-minutes of post-hypoxic 

reoxygenation, astrocytic superoxide content increased to 56.71% of normoxic values. 

Furthermore, as post-hypoxic reoxygenation progressed, astrocytic superoxide production 

continued to increase to 60.72%, 67.65%, and 73.34% of normoxic superoxide content after 

1-, 2, and 4-hours of reoxygenation, respectively. Interestingly, after 8-hours of post-hypoxic 

reoxygenation, astrocytic superoxide production reached a peak of 89.65% of normoxic 

values followed by a decline to 82.55% after 12-hours of post-hypoxic reoxygenation (Fig. 

6B).

3.7. Astrocytic extensions and swelling

Astrocytic extensions are structures that participate in critical cellular processes that mediate 

metabolic support to neurons, neurovascular coupling, and neurotransmitter recycling. 
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Hypoxia and post-hypoxia reoxygenation induced a loss of astrocytic extensions. Astrocytes 

maintained under normoxia contained an average of 40 extensions. However, after exposure 

to 3-hours of hypoxia, astrocytic extensions declined to an average of 31 and after 10-hours 

of post-hypoxic reoxygenation, astrocytic extensions further declined to an average of 21 (p 

< 0.05) (Fig. 7A-D). We next determined the specific branch level of extension loss in these 

astrocytes. To determine the specific branch level of extension loss, each astrocytic extension 

was categorized based on branch origin. Extensions with origins of the soma were deemed 

primary extensions, extensions with origins on primary extensions were termed secondary 

extensions, and extensions with origins on secondary extensions were termed tertiary 

extensions. Our data revealed significant secondary and tertiary astrocyte extension loss. 

Astrocytes maintained under normoxia demonstrated the most complex branch patterning 

indicated by a higher number of secondary and tertiary extensions (Fig. 7A and D). 

Normoxic astrocytes contained an average of 15 primary, 20 secondary, and 4 tertiary 

astrocytic extensions. However, after exposure to 3-hours of hypoxia, astrocytes 

demonstrated marked loss of extension density (Fig. 7B and E). Astrocytes exposed to 3-

hours of hypoxia contained 16 primary, 12 secondary, and 2 tertiary astrocytic extensions. 

After 10-hours of post-hypoxic reoxygenation, astrocyte extension loss was clearly 

recognizable, in both density and complexity (Fig. 7C and E). Astrocytes exposed to 3-hours 

hypoxia then 10-hours reoxygenation contained 10 primary (p = 0.0432), 8 secondary (p = 

0.0063), and 0.5 tertiary (p = 0.0145) astrocytic extensions (Fig. 7C and E). Lastly, we 

observed evidence of astrocyte swelling during hypoxic exposure. This swelling did not 

persist throughout the reoxygenation phase of hypoxic exposure. Astrocytes maintained 

under normoxia contained an average astrocytic area of 1677.03 μm2. However, after 

hypoxic incubation, astrocytic area significantly increased to 3076.01 μm2 (p = 0.0425). 

Following 10-hours post-hypoxia reoxygenation, astrocytic area reduced to 1487.22 μm2. 

These changes in astrocytic area indicate astrocyte swelling during hypoxic exposure that 

does not persist on to the reoxygenation phase of exposure (Fig. 7F). Furthermore, our cell 

death assay of astrocytes exposed to 3-hours of hypoxia and 10-hours post-hypoxic 

reoxygenation (Fig. 7G) indicated no change in astrocyte viability, suggesting that these 

observed changes in astrocytic swelling did not result in cellular death.

4. Discussion

In this study, we have demonstrated that hypoxia and post-hypoxia reoxygenation of primary 

astrocytes results in a redistribution of mitochondria to smaller sizes evoked by an increase 

in mitochondrial fission. Excessive mitochondrial fission corresponded to Drp-1 

dephosphorylation at Ser 637, which preceded mitophagy of relatively small mitochondria. 

Post-hypoxia reoxygenation of astrocytes marked the initiation of elevated mitophagic 

activity particularly in the perinuclear region where a large number of the smallest 

mitochondria were undergoing nascent degradation. Although, during hypoxia astrocytic 

ATP content severely reduced, after reoxygenation ATP content returned to near normoxic 

values; these changes were observed in mitochondrial superoxide production as well. 

Concomitant with these mitochondrial morphological and functional changes in astrocytes, 

the number of astrocytic extensions declined particularly after 10-hours post-hypoxic 

reoxygenation. Overall, we posit a drastic mitochondrial network change that is triggered by 
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a metabolic crisis during hypoxia; these changes are followed by mitochondrial degradation 

and retraction of astrocytic extensions.

Reports concerning mitochondrial fusion and fission as being beneficial or detrimental to 

cell function and viability have been considerably disparate (Chang and Blackstone 2007; 

Estaquier and Arnoult 2007; Parone et al. 2008; Ong et al. 2010; Gomes et al. 2011; Chou et 

al. 2012; Papanicolaou et al., 2012; Qi et al. 2013). However, it is well established that 

asymmetric mitochondrial fission is an important event central to mitochondrial quality 

control that eliminates damaged or dysfunctional parts of mitochondria (Twig et al. 2008). 

We demonstrated that hypoxia results in a rapid redistribution of mitochondria to smaller 

sizes (Fig. 1). Mitochondrial damage is an event of the reoxygenation phase of ischemic 

injury (Kowaltowski and Vercesi 1999). Accordingly, our data indicated no increase in LC3 

II conversion or elevations in LC3-targeted mitochondria in astrocytes maintained under 

hypoxia. In addition, the absence of mitophagic activity during hypoxia in astrocytes further 

suggests that the observed fission is independent of the organelle recycling that occurs 

during conditions of macromolecule depletion (Kristensen et al. 2008; Hailey et al. 2010; 

Egan et al. 2011). The most probable cause of mitochondrial fission during hypoxia is the 

onset of a metabolic crisis resulting from a rapid and severe ATP depletion. An inverse 

correlation between mitochondrial size and metabolic competence has been described in the 

rat brain (Bertoni-Freddari et al. 2003). This may explain our data suggesting that larger 

mitochondria predominantly undergo fission, increasing the amount of smaller mitochondria 

during hypoxia and throughout reoxygenation. Therefore, we predict that during hypoxia an 

astrocytic metabolic crisis triggers mitochondrial fission as a functional means of increasing 

energy production by mitochondria.

It is well accepted that considerable cellular damage occurs during the reperfusion phase of 

ischemic injury (Kalogeris et al. 2012). A major contributor to ischemic-reperfusion injury is 

the mitochondrial production of superoxide at complex I (Arroyo et al. 1987; Bolli et al. 

1989; Chouchani et al. 2013). Mitochondrial ROS production during initial ischemia 

reperfusion is driven by the rapid oxidation of succinate by the mitochondrial respiratory 

complex succinate dehydrogenase and reversal of electron transport (Chouchani et al. 2014). 

While this may devastate neuronal viability, astrocytes demonstrate increased tolerance to 

oxidative stress relative to neurons (Sochocka et al. 1994; Bolaños et al. 1995). Astrocyte 

tolerance to oxidative stress has been suggested to be an effect of greater metabolic plasticity 

(Escartin et al. 2007; Halim et al. 2010), more robust antioxidant buffering capacity 

(Dringen et al. 2000; Shih et al. 2003; Belanger and Magistretti 2009), and a lesser 

dependence of ATP production via oxidative phosphor-ylation (Marrif and Juurlink 1999; 

Solaini and Harris, 2005). Our data depict a progressive increase in mitochondrial 

superoxide production throughout the reoxygenation phase of astrocytes exposed to hypoxia, 

which occurred with no notable ROS burst. This gradual recovery of superoxide production 

parallels the oxidative phosphorylation rate of these mitochondria (Perez-Campo et al. 1998; 

Balaban et al. 2005). The absence of an ROS burst may explain astrocyte resistance to 

hypoxiareoxygenation-induced cell death.

We provide evidence for two morphological responses of astrocytes to hypoxia. First, during 

hypoxia, we observed astrocytic swelling that did not persist throughout the reoxygenation 
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phase. Astrocytic swelling is a known phenomenon of cerebral ischemia and possibly 

contributes to ischemic injury, including excitotoxicity, extracellular ionic dysregulation, and 

compressive damage to dendrites (Kimelberg et al. 1995; Kimelberg 2004; Risher et al. 

2012). This astrocytic swelling has been attributed to elevated cytosolic calcium 

concentration independent of mitochondrial depolarization (Kahlert and Reiser 2002) in 

models of cerebral ischemia (Duffy and MacVicar 1996; Brookes et al. 2004). The 

maintenance of homeostatic parameters of ion concentrations in astrocytes is dependent on 

ATP availability. Accordingly, our data show both a decline in astrocytic ATP content and 

swelling of astrocytes during hypoxia suggesting insufficient ATP availability for 

maintaining ionic homeostasis. Ultimately, astrocytic swelling and its regulatory mechanism 

render astrocytes depolarized (Kimelberg and O’Connor, 1988). This in mind, astrocyte 

morphology is clearly intimately coupled and acutely sensitive to the competence of cellular 

ATP production.

In addition to swelling, we also provide evidence for a robust retraction of secondary and 

tertiary astrocytic extensions after hypoxiareoxygenation exposure. Astrocytic extensions are 

key structures enriched in excitatory amino acid transporters such as GLT-1, along with 

other surface receptors participating in homeostatic processes such as neurovascular 

coupling, translocation of specific molecules across the blood brain barrier, and maintenance 

of extracellular milieu.

During the energy crisis following ischemia, astrocytic ATP content is insufficient to support 

astrocyte relevant processes let alone fulfilling the energy requirement for astrocyte-

mediated processes to neurons, which may account for some of the pathophysiological 

mechanism that degenerate neurons which are strongly thought to be prevented by astrocytic 

function.

A report by O’Donnell et al. (O’Donnell et al. 2016) provided work consistent with our data 

in that, oxygen glucose deprivation (OGD) of hippocampal slice cultures resulted in a 

reduction of astrocytic mitochondrial length and occupancy (area). Furthermore, in 

agreement with our measurements of LC3 II (LC3 B) after hypoxia with no reoxygenation, 

O’Donnell and colleagues provide similar observations of a negligible change in LC3 B 

content with as much as 24-h of OGD (O’Donnell et al. 2016). Importantly, our data depict a 

strong increase of LC3 B content occurring only with post-hypoxia reoxygenation 

suggesting that the bulk of mitochondrial autophagy occurs during the reoxygenation phase 

with hypoxic exposure. Therefore, pharmacological inhibition of mitochondrial autophagy 

in studies designed to investigate the effects of OGD on mitochondria occupancy would best 

be administered during a reoxygenation phase of OGD insult.

In summary, our data indicate a rapid metabolic crisis that ensues during hypoxia of 

astrocytes that is associated with reduced ATP production, a shift in mitochondrial 

distribution to smaller sizes, a loss of mitochondrial complexity, a reduction in 

mitochondrial superoxide production, and astrocytic swelling. During post-hypoxic-

reoxygenation, there is a reduction in mitochondrial number mediated by smaller 

mitochondria targeted by mitophagy, a recovery of ATP production, restoration of 

mitochondrial superoxide production, and a general loss of astrocytic extensions.
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Fig. 1. 
Hypoxic exposure induces excessive mitochondrial fission. (A and B) Micrographs 

depicting a 63× magnification of labeled mitochondria with MitoTracker Red CMXRos 

(Red) in primary rat astrocytes incubated under normoxia, 3-hours hypoxia and no 

reoxygenation, and 3-hours hypoxia then 10-hours reoxygenation. Row (B) contains 

magnified images of row (A). Scale bar 10 μm. Panel (C) contains a bar graph (mean +/− 

SEM) depicting data of individual mitochondrial area (μm2) as percent of the total 

mitochondria per astrocyte for each experimental group; normoxia (n = 550), 3-hours 

hypoxia (n = 743), 3-hours hypoxia then 10-hours reoxygenation (n = 312). Two-way 

ANOVA, Bonferroni’s multiple comparison test was used to determine the level of 

significance between the experimental groups: (*p < 0.05; **p < 0.01). (For interpretation of 
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the references to colour in this figure legend, the reader is referred to the web version of this 

article.)

Quintana et al. Page 20

Mitochondrion. Author manuscript; available in PMC 2020 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Measurements of mitochondria dimensions in astrocytes (A-C) after exposure to hypoxia 

and post-hypoxia reoxygenation. Bar graph (mean +/− SEM) depicting data of (A) 

mitochondrial area, (B) mitochondrial length, and (C) mitochondrial diameter as average of 

total mitochondria per astrocyte for each experimental group; normoxia (n = 550), 3-hours 

hypoxia (n = 743), 3-hours hypoxia then 10-hours reoxygenation (n = 312). (D) 

Characterization of Drp-1 phosphorylation after hypoxia and reoxygenation. SDS-PAGE 

immunoblots indicate a reduced Drp-1 phosphorylation after hypoxic treatment and a 

subsequent increase with reoxygenation. Western blot analysis of whole cell lysates were 

determined by anti-pDrp-1 (Ser 637) antibodies (red) and anti-Drp-1 (green) for normoxia (n 

= 11), 3-hours hypoxia (n = 14), and 3-hours hypoxia then 10-hours reoxygenation (H + R, n 

= 16). Bar graph (mean +/− SEM) depicting pDrp-1 data as the percentage of total Drp-1. 

Panels A-C were analyzed with a one-way ANOVA, Bonferroni’s multiple comparison test 

to determine the level of significance between the experimental groups (*p < 0.05; **p < 

0.01; ***p < 0.0001). Panel D was analyzed with a one-tailed t-test to determine the level of 

significance between the experimental groups (*p < 0.05; **p < 0.01). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. 
Astrocytic mitochondrial content fluctuates in response to hypoxia and reoxygenation. Bar 

graphs (mean +/− SEM) depicting the average total number of mitochondria per astrocyte 

(A) and total area (μm2) occupied by mitochondria per astrocyte (B) for each experimental 

group, normoxia (left, n = 7), 3-hours hypoxia (center, n = 6), and 3-hours hypoxia then 10-

hours reoxygenation (right, n = 6). One-way ANOVA, Bonferroni’s multiple comparison test 

was used to determine the level of significance between the experimental groups (*p < 0.05).
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Fig. 4. 
Hypoxia induces mitochondrial remodeling into a more rounded morphology and a loss of 

network complexity. (A) Bar graph depicting roundness values for each experimental group; 

normoxia (left, n = 550), 3-hours hypoxia (center, n = 743), and 3-hours hypoxia then 10-

hours reoxygenation (right, n = 312). (B-D) Scatter plots representing mitochondrial 

network complexity. Scatter plot of mitochondrial aspect ratio as a function of form factor 

for (B) normoxia (n = 550), (C) 3-hours hypoxia (n = 743), and (D) 3-hours hypoxia then 

10-hours reoxygenation (n = 312). Increasing value of aspect ratio indicates larger size while 

increasing form factor value indicates greater mitochondrial network complexity. Panel A 

was analyzed with a one-way ANOVA, Bonferroni’s multiple comparison test to determine 

the level of significance between experimental groups (***p < 0.0001).
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Fig. 5. 
Expression and colocalization of LC3 with mitochondria in astrocytes. SDS-PAGE 

immunoblots indicate an increased LC3 II content after hypoxia and reoxygenation (A) 

Western blot analysis of whole cell lysates were used to determine the magnitude of (B) LC3 

II conversion, (C) cellular VDAC content, (D) autophagic flux, and (E) basal autophagic 

efficiency. Western blots of lysates from normoxia (n = 5), 3-hours hypoxia (n = 5), and 3-

hours hypoxia then 10-hours reoxygenation (H + R, n = 5) were labeled with anti-LC3 (red, 

green), VDAC (green), and β-actin (red) antibodies. (F) Representative three-dimensional 

reconstructions of z-stacks depicting mitochondria (red), LC3 (green), and colocalized areas 

Quintana et al. Page 24

Mitochondrion. Author manuscript; available in PMC 2020 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(white) in astrocytes, incubated at normoxia (FCCP), normoxia, 3-hours hypoxia, and 3-

hours hypoxia then 10-hours reoxygenation. Scale bar 10 μm. (G) Bar graph (mean +/− 

SEM) depicting the percentage of total mitochondria colocalized with LC3 in astrocytes 

incubated under normoxia (FCCP) (n = 7), normoxia (n = 7), 3-hours hypoxia (n = 5), and 3-

hours of hypoxia then 10-hours reoxygenation (n = 6). (H) Bar graph (+/− SEM) depicting 

percentage of mitochondria colocalized with LC3 as a function of mitochondrial size (μm2). 

(I) Line graph depicting the percentage of extranuclear LC3 (+/− SEM) as a function of 

nuclear distance for astrocytes incubated at normoxia (circle, n = 7), 3-hours hypoxia 

(square, n = 5), and 3-hours hypoxia then 10-hours reoxygenation (triangle, n = 6). One-way 

ANOVA, Bonferroni’s multiple comparison test was used to determine the level of 

significance between the experimental groups (*p < 0.05; **p < 0.01; ***p < 0.0001). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 6. 
Bar graph (mean +/− SEM) depicting astrocytic ATP content (ng) per 10,000 cells for 

astrocytes incubated under normoxia (n = 18), 3-hours hypoxia (n = 12), and 3-hours 

hypoxia then 10-hours reoxygenation (n = 24) (A). Mitochondrial superoxide production 

during normoxia, after hypoxia and throughout post-hypoxia reoxygenation (B). Quasi bar 

graph and line graph (mean +/− SEM) depicting the time-dependent superoxide production 

by mitochondria during normoxia (n = 24), hypoxia (n = 21), and for 0.5, 1, 2, 4, 8, and 12-

hours reoxygenation (n = 22). Panel A was analyzed by a one-way ANOVA, Bonferroni’s 

multiple comparison test was used to determine the level of significance between the 

experimental groups (***p < 0.0001). Panel B was assessed by one-way ANOVA, Dunnett’s 

post-hoc test was used to determine the level of significance between the experimental 

groups (*p < 0.05; ***p < 0.0001).
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Fig. 7. 
Hypoxic exposure and post-hypoxic reoxygenation results in a loss of astrocytic extensions. 

Confocal micrographs depicting 63× magnification binary images of primary astrocytes 

incubated under (A) normoxia (n = 7), (B) 3-h hypoxia (n = 5), and (C) 3-hours hypoxia 

then 10-hours reoxygenation (n = 7). Scale bar 10 μm. (D) Bar graph (mean +/− SEM) 

depicting total number of astrocytic extensions for each experimental group. (E) Bar graph 

(mean +/− SEM) depicting the number of astrocytic extensions categorized into primary, 

secondary, or tertiary extensions per each experimental group. (F) Bar graph (mean +/− 

SEM) depicting total astrocytic area (μm2) for each experimental group normoxia (n = 7), 3-

hours hypoxia (n = 6), 3-hours hypoxia then 10-hours reoxygenation (n = 6). (G) Bar graph 
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(mean +/− SEM) depicting cell death indicated by Propidium iodide fluorescence intensity 

for each experimental group normoxia (n = 24), 3-hours hypoxia (n = 24), 3-hours hypoxia 

then 10-hours reoxygenation (n = 24). One-way ANOVA, Bonferroni’s multiple comparison 

test was used to determine the level of significance between the experimental groups (*p < 

0.05; ***p < 0.0001).
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