
Neurobiology of Disease

Transient Oxygen/Glucose Deprivation Causes a Delayed
Loss of Mitochondria and Increases Spontaneous Calcium
Signaling in Astrocytic Processes
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Recently, mitochondria have been localized to astrocytic processes where they shape Ca 2� signaling; this relationship has not been
examined in models of ischemia/reperfusion. We biolistically transfected astrocytes in rat hippocampal slice cultures to facilitate fluo-
rescent confocal microscopy, and subjected these slices to transient oxygen/glucose deprivation (OGD) that causes delayed excitotoxic
death of CA1 pyramidal neurons. This insult caused a delayed loss of mitochondria from astrocytic processes and increased colocaliza-
tion of mitochondria with the autophagosome marker LC3B. The losses of neurons in area CA1 and mitochondria in astrocytic processes
were blocked by ionotropic glutamate receptor (iGluR) antagonists, tetrodotoxin, ziconotide (Ca 2� channel blocker), two inhibitors of
reversed Na �/Ca 2� exchange (KB-R7943, YM-244769), or two inhibitors of calcineurin (cyclosporin-A, FK506). The effects of OGD were
mimicked by NMDA. The glutamate uptake inhibitor (3S)-3-[[3-[[4-(trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-aspartate in-
creased neuronal loss after OGD or NMDA, and blocked the loss of astrocytic mitochondria. Exogenous glutamate in the presence of iGluR
antagonists caused a loss of mitochondria without a decrease in neurons in area CA1. Using the genetic Ca 2� indicator Lck-GCaMP-6S, we
observed two types of Ca 2� signals: (1) in the cytoplasm surrounding mitochondria (mitochondrially centered) and (2) traversing the
space between mitochondria (extramitochondrial). The spatial spread, kinetics, and frequency of these events were different. The am-
plitude of both types was doubled and the spread of both types changed by �2-fold 24 h after OGD. Together, these data suggest that
pathologic activation of glutamate transport and increased astrocytic Ca 2� through reversed Na �/Ca 2� exchange triggers mitochon-
drial loss and dramatic increases in Ca 2� signaling in astrocytic processes.
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Introduction
Recent studies have shown that mitochondria are found through-
out the fine processes of astrocytes (Lovatt et al., 2007; Genda et
al., 2011; Lavialle et al., 2011; Jackson et al., 2014; Derouiche et al.,
2015; Jackson and Robinson, 2015; Stephen et al., 2015; for

review, see Robinson and Jackson, 2016). As is observed in neu-
rons and other cells, positioning of mitochondria reflects local
energy demands and ion buffering (for review, see Frederick and
Shaw, 2007; Sheng and Cai, 2012; Schwarz, 2013). Neuronal ac-
tivity and Ca 2� influx immobilize mitochondria in astrocytic
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Significance Statement

Astrocytes, the most abundant cell type in the brain, are vital integrators of signaling and metabolism. Each astrocyte consists of
many long, thin branches, called processes, which ensheathe vasculature and thousands of synapses. Mitochondria occupy the
majority of each process. This occupancy is decreased by �50% 24 h after an in vitro model of ischemia/reperfusion injury, due to
delayed fragmentation and mitophagy. The mechanism appears to be independent of neuropathology, instead involving an
extended period of high glutamate uptake into astrocytes. Our data suggest that mitochondria serve as spatial buffers, and
possibly even as a source of calcium signals in astrocytic processes. Loss of mitochondria resulted in drastically altered calcium
signaling that could disrupt neurovascular coupling and gliotransmission.
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processes near clusters of the glutamate transporter GLT-1 that
appose synapses (Jackson et al., 2014; Stephen et al., 2015). Im-
mobilization is facilitated by Ca 2� binding to motor adaptor
proteins (Miro1 and Miro2), and mitochondria shape Ca 2� sig-
nals in astrocytic processes (Jackson and Robinson, 2015; Ste-
phen et al., 2015).

Cerebral ischemia/reperfusion (I/R) injury, as occurs with
traumatic brain injury, cardiac arrest, or stroke, is followed by a
delayed period of secondary pathology that is self-propagating
and progressive. It involves excitotoxic and inflammatory mech-
anisms and can last for weeks after the initial insult (for review,
see Choi and Rothman, 1990; Lipton, 1999; Borgens and Liu-
Snyder, 2012). This secondary pathology is currently untreatable.
Although neuron-targeted approaches [e.g., blocking ionotropic
glutamate receptors (iGluRs) or their downstream effectors] at-
tenuated damage in preclinical models of I/R injury, they failed in
clinical trials (Liebeskind and Kasner, 2001; Muir, 2006). Astro-
cytes are much more resilient to this type of injury and may play
an important role in the damage observed (for review, see Chen
and Swanson, 2003; Rossi et al., 2007; Barreto et al., 2011). In fact,
targeting the SNARE pathway, stimulating purinergic receptors,
or manipulating microRNAs in astrocytes all reduce damage in
models of stroke (Hines and Haydon, 2013; Zheng et al., 2013;
Ouyang et al., 2014).

Although astrocytic mitochondria have been studied in the
context of I/R injury, previous work focused mainly on the retic-
ular mitochondria found in cell bodies of dissociated astrocytic
cultures (Bambrick et al., 2004; Dugan and Kim-Han, 2004; Ouy-
ang et al., 2011, 2012). Few studies have focused on mitochondria
in the fine astrocytic processes or their role in disease. One such
study using electron microscopy in cortical sections after middle
cerebral artery occlusion in gerbils reported signs of degenerated
astrocytic processes and mitochondria near the infarct, correlat-
ing with the progression of neuropathology (Ito et al., 2009).
More recently, a study using cortical stab wounds in mice re-
vealed transient, inflammation-induced fragmentation of mito-
chondria in the processes of astrocytes adjacent to the injury site.
Recovery of mitochondrial fission/fusion balance required mi-
tophagy (Motori et al., 2013).

Here we present the first evidence that transient oxygen/glu-
cose deprivation (OGD) results in delayed fragmentation and
autophagic degradation of mitochondria in astrocytic processes.
These effects are blocked by iGluR antagonists; by inhibitors of
action potential propagation, vesicular neurotransmitter rel-
ease, glutamate transport, or reversal of Na�/Ca 2� exchangers
(NCXs); and by two different molecules that prevent Ca 2�-
induced mitochondrial depolarization in astrocytes. The effects
of OGD are mimicked by NMDA. The effects on astrocytic mi-
tochondria are also mimicked by exogenous glutamate in the
presence of iGluR antagonists that block any glutamate-induced
loss of CA1 neurons. We also demonstrate that spontaneous cy-
tosolic Ca 2� signaling is dramatically increased 24 h after this
transient insult. This loss of mitochondria and increase in Ca 2�

signaling likely alters various astrocytic functions, including glu-
tamate metabolism, gliotransmitter release, and neurovascular
coupling, all of which are important during recovery after I/R.

Materials and Methods
cDNA constructs. We used Mito-EGFP, gfap-gap43-mcherry, gfap-
DsRed2-mito, and Lck-GCaMP-6S, which have been described previ-
ously (Jackson et al., 2014; Jackson and Robinson, 2015). Mito-EGFP
(also called pEGFP-mito; a gift from Dr. Stanley Thayer, University of
Minnesota, Minneapolis) is a fusion of the mitochondrial matrix target-
ing sequence from CoxVIII with EGFP, and has been shown to result in
specific targeting of EGFP into mitochondria (Rizzuto et al., 1993;
Wang et al., 2003). gfap-gap43-mcherry (also called pTY-GfaABC1D-
gap43mCherry) was generated by inserting the membrane-targeting pal-
mitoylation sequence of gap43 into pTYGfaABC1D-mCherry (a gift from
Dr. John Wolfe, University of Pennsylvania). gfap-DsRed2-mito (also
called pGFAABC1D:DsRed2mito) was generated by replacing the CMV
promoter of pDsRed2-mito (Clontech, catalog #632421) with the
minimal GFAP promoter (GFAABC1D) from gfap-gap43-mcherry. Lck-
GCaMP-6S was generated by transferring the Lck-derived membrane-
tethering domain from Lck-GCaMP-5G (a gift from Baljit Khakh;
Addgene plasmid #34924; Akerboom et al., 2012) in-frame with
GCaMP-6s (a gift from Douglas Kim; Addgene plasmid #40753; Chen et
al., 2013). EGFP-LC3B (also called pEGFP-LC3; human) was obtained
from Addgene (plasmid #24920) and was originally a gift from Toren
Finkel (Lee et al., 2008).

Reagents. Bafilomycin A1 (BfA) from Streptomyces griseus (catalog
#B1793), FK-506 monohydrate (catalog #F4679), ziconotide (�-conotoxin
MVIIA; catalog #C1182), and L-glutamic acid (catalog #G1251) were
purchased from Sigma-Aldrich. Tetrodotoxin (TTX) was purchased
from Alomone Labs (catalog #T-550). Cyclosporin A (CsA; catalog #1101),
(5S,10R)-(�)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine maleate (MK801; catalog #0924), 2,3-dioxo-6-nitro-1,2,3,4-tetrahy-
drobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX; catalog
#1044), NMDA (catalog #0114), (3S)-3-[[3-[[4-(trifluoromethyl)be-
nzoyl]amino]phenyl]methoxy]-L-aspartic acid (TFB-TBOA; catalog
#2532), 2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiourea mesylate (KB-
R7943; catalog #1244), and N-[(3-aminophenyl)methyl]-6-[4-[(3-fluoro-
phenyl)methoxy]phenoxy]-3-pyridinecarboxamide dihydrochloride
(YM-244769; catalog #4544) were purchased from Tocris Bioscience.

Hippocampal slice cultures and biolistic transfection. Organotypic hip-
pocampal slices were cultured based on the method of Stoppini et al.
(1991), as previously described (Genda et al., 2011; Jackson et al., 2014).
Following decapitation of rat pups [postnatal day (P) 6 –P8] of either sex,
brains were removed and immediately placed in ice-cold sucrose-
supplemented artificial CSF (ACSF) containing the following (in mM):
280 sucrose, 5 KCl, 2 MgCl2, 1 CaCl2, 20 glucose, and 10 HEPES, pH 7.3.
Hippocampi were dissected on ice and cut into coronal sections 300 �m
thick using a McIlwain tissue chopper. Slices were then transferred onto
Millicell membrane inserts (EMD Millipore, catalog #PICM0RG50) in
six-well plates atop 1 ml of media consisting of 50% Neurobasal medium
(containing 25 mM glucose and 10 mM HEPES; Invitrogen , catalog
#21103-049), 25% horse serum, 25% HBSS, supplemented with 10 mM

HEPES, 36 mM glucose, 2 mM glutamine, 10 U/ml penicillin, 100 �g/ml
streptomycin, and Gem21 Neuroplex (1:50 dilution from 50� stock;
Gemini, catalog #400-160), pH 7.3. Slice cultures were maintained in an
incubator at 37°C with 5% CO2.

At 2 DIV, slices were fed (350 �l of media was replaced with 350 �l of
fresh media), and biolistically transfected with cDNAs encoding fluoro-
phores relevant to each experiment. Biolistic transfection was performed
as described previously (Genda et al., 2011; Jackson et al., 2014) using the
Helios Gene Gun System (Bio-Rad, catalog #1652431; a generous gift
from Dr. Rita Balice-Gordon), in which compressed helium fires cDNA-
coated gold particles into slices, resulting in a sparse transfection pattern
ideal for imaging individual cells in a slice culture. Using 1-�m-diameter
gold particles results in preferential transfection of astrocytes (Benedik-
tsson et al., 2005; Genda et al., 2011), and additional astrocyte selecti-
vity was achieved by including one construct driven by a minimal
GFAP promoter in each experiment (de Leeuw et al., 2006). At 4 DIV,
inserts were transferred to 1 ml of “serum-free” media consisting of
Neurobasal-A medium (containing 25 mM glucose and 10 mM HEPES;
Invitrogen , catalog #10888-022) supplemented with 2 mM GlutaMAX
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(Invitrogen , catalog #35050-061), 10 U/ml penicillin, 100 �g/ml strep-
tomycin, and Gem21 Neuroplex, pH 7.3. Slice cultures were maintained
in an incubator at 37°C with 5% CO2, and fed every other day (350 �l of
media replaced). Experiments were performed at 14 –18 DIV, when syn-
apse formation and NMDAR subunit expression have reached a devel-
opmental stage sufficient to sensitize the slice to excitotoxic injury
(Ahlgren et al., 2011), and several weeks before the emergence of spon-
taneous epileptiform activity (Albus et al., 2013).

OGD injury. Two to 4 d before each experiment, slice cultures were
screened on a Nikon Eclipse TS100 microscope by bright-field transmis-
sion for vitality (Trumbeckaite et al., 2013) and epifluorescence for trans-
fection quality. Several criteria were used to exclude slices, including a
lack of clear cell-body layers containing dentate granule cells or pyrami-
dal cells, darkening of area CA1, discrete areas of cell loss, disconnection
between layers of hippocampus, or an insufficient number of transfected
astrocytes in stratum radiatum. Variable spreading of slice cultures was
observed during the 14 –18 DIV. Therefore cultures were randomly
assigned to different groups. One day before each experiment, serum-
free OGD media with no pyruvate and equimolar replacement of glucose
with nonmetabolizable 2-deoxyglucose [specialty Neurobasal-A me-
dium (no glucose, no pyruvate, 10 mM HEPES; Invitrogen , catalog
#A24775-01) supplemented with 25 mM 2-deoxyglucose, 2 mM

GlutaMAX (Invitrogen , catalog #35050-061), 10 U/ml penicillin, 100
�g/ml streptomycin, and Gem21 Neuroplex, pH 7.3] was distributed
onto six-well plates (4 ml/well) and placed in a modular hypoxia cham-
ber (Billups-Rothenberg, catalog #MIC-101). The chamber/media was
pre-equilibrated with 95% N2/5% CO2 at 37°C overnight.

On the day of the experiment, all slices were rinsed and then pre-
equilibrated in an incubator at 37°C and 5% CO2 for 30 min in fresh
serum-free media containing glucose with and without drugs. Drug
treatment concentrations were as follows: 50 nM BfA, 10 �M MK801, 20
�M NBQX, 3 �M TFB-TBOA, 1 �M TTX, 0.5 �M ziconotide, 15 �M

KB-R7943, 1 �M YM-244769, 10 �M CsA, 10 �M FK506. These slices were
then rinsed in either OGD or glucose-containing media with or without
drug(s). Some slices were moved back to the media used for pre-
equilibration (controls). The remainder of the slices were submerged in
OGD media (4 ml) with or without drug and placed in the hypoxia
chamber charged with 95% N2/5% CO2 for 5 min at 2 psi, sealed, and
placed at 37°C for 30 min. Slices treated with NMDA were submerged in
glucose-containing media with 10 or 100 �M NMDA and returned to
the culture incubator for 30 min. Slices were submerged in glucose-

containing media with iGluR antagonists (10 �M MK801 and 20 �M

NBQX) in the presence or absence of 1 mM L-glutamate for different
periods of time in an incubator. After the insult (OGD, NMDA, or glu-
tamate), the slices were rinsed twice in serum-free media containing
glucose with or without drugs and then returned to the media used for
pre-equilibration. They were then maintained in an incubator at 37°C
and 5% CO2 for �24 h. For experiments involving fixation, slices were
rinsed in PBS, submerged in 4% paraformaldehyde in PBS for 10 min,
rinsed again in PBS, and then stored in PBS in the dark at 4°C. Slices were
cut out and mounted on slides with the transwell membrane against the
slide and the slice against coverslip using Vectashield Antifade Mounting
Medium with DAPI (Vector Laboratories, catalog #H-1200).

Fixed imaging and analyses. All images were acquired using an Olym-
pus Fluoview 1000 laser scanning confocal microscope equipped with
10� and 40� UPlanApo objectives (numerical aperture 0.4 and 1.3,
respectively). All images were processed and analyzed using freely avail-
able FIJI/ImageJ software (Schindelin et al., 2012).

DAPI image stacks were acquired from area CA1 using the 10� objec-
tive and 405 nm laser for the entire thickness of the stained slice with a
5 �m step size and 512 � 512 pixels/section. Image processing consisted
of automated background subtraction (rolling ball algorithm, 50 pixel
radius), maximum z-projection, and conversion to binary masks. After
processing, images were copied and assigned randomized numeric file
names for blinded analysis. DAPI area in the neuronal cell-body layer of
CA1, stratum pyramidale, was quantified using a standardized rectangu-
lar region of interest (ROI), displayed in Figure 1 A, B. All groups
were included in �3 experiments, with slice cultures prepared from
�3 separate animals. Each slice was considered an n of 1 (2– 4 slices/
group/experiment).

Images of mitochondrially targeted EGFP (mito-EGFP) and minimal-
GFAP-promoter-driven, plasma-membrane-targeted mcherry (gfap-
gap43-mcherry) were acquired from stratum radiatum and pyramidale
in area CA1 using the 40� objective with 488 and 546 nm lasers, respec-
tively. Obviously hypertrophic astrocytes were rarely observed during the
24 h after insult, and were therefore excluded to avoid confounding the
analysis by sampling a heterogeneous population. Image stacks spanned
the depth of each astrocyte with a step size of 1 �m, at 800 � 800 pixels/
section. Image processing of both channels consisted of automated back-
ground subtraction and maximum z-projection, and the mitochondrial
channel was converted to a binary mask for cleaner quantification of
length and number. After processing, images were copied and assigned
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Figure 1. Thirty minutes of OGD caused a delayed loss of cells from stratum pyramidale, the neuronal cell-body layer of area CA1. Hippocampal slice cultures with astrocytes expressing
mitochondrially targeted EGFP and plasma-membrane-targeted mcherry were fixed in 4% paraformaldehyde before, as well as 3, 9, 12, 18, and 24 h after a 30 min OGD injury, and stained with DAPI
in mounting medium. A, B, Representative images of DAPI staining in area CA1 at baseline and 24 h after OGD, with insets providing magnified views of the neuronal cell-body layer, stratum
pyramidale. C, Mean DAPI area in stratum pyramidale expressed as a percentage of baseline values from each individual experiment. All groups were included in �3 experiments, with slice cultures
prepared from �3 separate animals. n � 6 –12 slices/group (2– 4 slices/group/experiment, 2 astrocytes/slice). Error bars indicate SEM. *p � 0.05, ****p � 0.0001 compared with baseline by
one-way ANOVA with Bonferroni’s correction for multiple comparisons. Mean values for Baseline (no insult/no incubation) and a 24 h Control group (no insult/24 h incubation) were not different
(data not shown).
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randomized numeric file names for blinded analysis. Channels from the
same image received the same randomized numeric file name along with
a channel identifier. Linear ROIs were traced along three separate pro-
cesses from distal tip, back through tertiary and secondary branches, and
through the primary process to the edge of the soma in the plasma mem-
brane channel (gfap-gap43-mcherry). These ROIs were then transferred
to the mitochondrial channel (mito-EGFP), where they were used to
measure the length of the process, the number of mitochondria, and
the lengths of the mitochondria. These values were used to calculate
the mean number of mitochondria, length of mitochondria, and per-
centage occupancy (percentage of the process occupied by mitochon-
dria) for each astrocyte. All groups were included in �3 experiments,
with slice cultures prepared from �3 separate animals. Each slice was
considered an n of 1 (2– 4 slices/group/experiment, 2 astrocytes/slice,
3 processes/astrocyte).

The microtubule-associated protein LC3B is incorporated into au-
tophagosomes during their formation, which is why LC3B is a widely
used marker for these structures (Tanida et al., 2008; Maday et al., 2012).
Slices were treated with BfA to inhibit lysosomal maturation and allow
for detection of cumulative mitophagy in fixed slices 9 and 24 h after
OGD (for review, see Dröse and Altendorf, 1997). Images of EGFP-
tagged LC3B (EGFP-LC3B) and minimal-GFAP-promoter-driven, mi-
tochondrially targeted DsRed2 (gfap-DsRed2-mito) were acquired from
area CA1 using the 40� objective with 488 and 546 nm lasers, respec-
tively. Hypertrophic reactive astrocytes were avoided. Image stacks
spanned the depth of each astrocyte with a step size of 1 �m, at 800 � 800
pixels/section. Exogenous EGFP-LC3B expression appeared as a bimodal
signal due to a diffuse, low-intensity, cytosolic fluorescence, and the
higher-intensity, punctate fluorescence from autophagosomes. To filter
out the diffuse cytosolic signal, FIJI’s “Minimum” thresholding method
was used to generate binary masks for the LC3B channel (EGFP-LC3B).
The mitochondrial channel (gfap-DsRed2-mito) was converted to a bi-
nary mask using the “default” thresholding method. The “Analyze Par-
ticles” function was then used for each channel to filter out particles �0.1
�m 2. The “AND” function of the Image Calculator was used to create a
new z-stack containing only the points in each z plane occupied by both
mitochondria and LC3B. Analyze Particles was then used to measure the
surface area of the particles in each plane of the new colocalization
z-stack, as well as the mitochondrial z-stack. By measuring colocalization
area in each plane, we avoid false positives from particles close in the x/y
dimension, but separated by several micrometers in the z dimension.
Colocalization area was normalized to total mitochondrial area in each
plane, and mean values from all planes were calculated for each astrocyte.
All groups were included in �3 experiments, with slice cultures prepared
from �3 separate animals. Each slice was considered an n of 1 (2– 4
slices/group/experiment, 2 astrocytes/slice).

Live calcium imaging. Live recordings of the plasma-membrane-
targeted genetic calcium sensor Lck-GCaMP-6S and minimal-GFAP-
promoter-driven, mitochondrially targeted DsRed2 (gfap-DsRed
2-mito) in distal astrocytic processes were acquired using the 40� objec-
tive (and 4 –5� digital zoom) with 488 and 546 nm lasers, respectively.
Hypertrophic reactive astrocytes were avoided. Twenty-four hours after
injury, slices were excised from membrane inserts with a scalpel and
placed face-down on a coverslip at the bottom of a flow-through cham-
ber in the microscope stage. The slice was submerged in ACSF (in mM:
130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 1 MgCl2, 2
CaCl2, pH 7.3), constantly bubbled with 95%O2/5%CO2 and heated to
35°C, and continuously flowing at 1–2 ml/min. Ten minute recordings
were acquired from a single z-plane at 512 � 512 pixels/frame with a
digital zoom (4 –5�) sufficient to achieve a sampling rate of 1 Hz. Re-
cordings were excluded from analysis if the process drifted out of frame
or out of the z-plane. In FIJI, automated background and noise
(despeckle median filter) subtraction were performed for each channel of
the image time-stack, and then the channels were merged to perform
rigid alignment (StackReg plugin) to correct for lateral drift during the
recording period. After alignment, channels were split again, and copies
of the files were assigned randomized numeric file names for blinded
analysis. An ROI was traced along the process using the segmented line
tool, and the “Stack Profile Data” plugin (Ver. 1.0, 24-Sept.-2010, Mi-

chael Schmid) was used to generate an Excel table of intensity values for
each pixel along the ROI, with each frame as a column. Each pixel was
then converted to �F/F0 to generate a new table by first subtracting and
then dividing by the mean of all pixels throughout the recording (F0).
Conversion to �F/F0 helps to isolate the signal and allow comparison
between separate recordings in which raw fluorescence intensities can
vary greatly. Spatial zones of activity, defined as areas in which �F/F0 was
�0, were identified. Spikes were identified within zones of activity as
spans of time in which the �F/F0 was greater than the mean �F/F0 minus
the SD within that zone of activity. In zones of activity containing large-
spread extramitochondrial spikes overlapping smaller mitochondrially
centered Ca 2� events, the extramitochondrial spikes were isolated by
only including times at which the spread was �1 SD above the mean.

Mean values for �F/F0, spread (micrometers), duration (seconds),
and frequency (spikes/min) were calculated for each zone of activity.
Zones of activity were classified as either mitochondrially centered (over-
lapping and contacting only one mitochondrion) or extramitochondrial
(traversing extramitochondrial space, and contacting �2 mitochon-
dria), and means were calculated for each category for each recording. A
single process from each slice was examined and considered an n of 1.
Recordings were acquired on 4 separate days and from slices prepared
from �4 separate animals for each group.

Statistical analyses. Values reported in the Results section are mean 	
SEM, unless otherwise noted. All statistical analyses were performed us-
ing Graph Pad Prism 6. Means were compared by Student’s t test for two
groups, or one-way ANOVA with Bonferroni’s correction for multiple
comparisons when comparing �2 groups. To test for assumptions of
normality and equal variance we used the Kolmogorov–Smirnov and
Brown–Forsythe tests, respectively. Data from one control slice (see Fig.
6) were excluded because high mito-EGFP expression masked small
spaces between mitochondria, leading to mitochondrial lengths �2 SDs
above the mean. To test for differences between the likelihoods of ex-
tramitochondrial spikes being confined between two mitochondria, con-
tingency tables were constructed and pairs of groups were compared by
Fisher’s exact test, with Bonferroni’s correction applied to calculated p
values. Fluorescence traces (see Fig. 8 A, B) were constructed in Origin
software (Microcal) for display purposes only.

Results
Astrocytes in organotypic hippocampal slice cultures maintain
the highly branched morphologies that are observed in vivo
(Benediktsson et al., 2005). Using this system, we and others have
shown that mitochondria are found throughout processes and
�20 – 40% are mobile. The mitochondria are immobilized near
clusters of GLT1 and synapses, and they shape Ca 2� signaling
(Jackson et al., 2014; Jackson and Robinson, 2015; Stephen et al.,
2015). These slice cultures are also widely used to study secondary
pathology after global I/R injury by using transient OGD (Bonde
et al., 2005; Noraberg et al., 2005; Ahlgren et al., 2011). To date,
the effects of OGD on mitochondria and Ca 2� signaling in astro-
cytic processes have not been examined. We biolistically trans-
fected astrocytes with fluorescent markers to achieve sparse
labeling, which is ideal for imaging individual astrocytes and their
processes. In previous studies, we used slices maintained in cul-
ture for only 4 d. In the present study, the slices were maintained
in culture for 2 weeks to develop sensitivity to excitotoxic insults
(Ahlgren et al., 2011).

Astrocytes were transfected with mitochondrially targeted
EGFP (Rizzuto et al., 1995; for review, see Tsien, 1998) and
palmitoylated mcherry under the control of the minimal GFAP
promoter. Under these conditions, astrocytes can be easily iden-
tified (Jackson et al., 2014). These slices were subjected to 30 min
of OGD and fixed at various time points for subsequent imaging
analysis. Unlike most assays for cell death, the nuclear stain DAPI
is compatible with paraformaldehyde fixation and its excitation/
emission spectra does not interfere with imaging of the fluoro-
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Figure 2. Thirty minutes of OGD caused delayed fragmentation and reduced occupancy of mitochondria in astrocytic processes. The same slices used for analyses of DAPI (Fig. 1) were also used
to analyze mitochondria in astrocytic processes. A–C, Representative images of fluorescently labeled mitochondria (green) and plasma membrane (red) in astrocytes fixed at baseline (A), the onset
of mitochondrial fragmentation at 9 h (B), and peak mitochondrial loss at 24 h after OGD (C). Insets provide magnified views of mitochondria in astrocytic processes. D–F, Change in the mean number
of mitochondria/50 �m (D), length of mitochondria in micrometers (E), and percentage occupancy of processes by mitochondria (F ) during the 24 h period following 30 min OGD injury. All groups
were included in �3 experiments, with slice cultures prepared from �3 separate animals. n � 7–15 slices/group (2– 4 slices/group/experiment, 2 astrocytes/slice, 3 processes/astrocyte). Error
bars indicate SEM. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 compared with baseline by one-way ANOVA with Bonferroni’s correction for multiple comparisons. Mean values for
Baseline (no insult/no incubation) and a 24 h Control group (no insult/24 h incubation) were not different (data not shown).
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phores used throughout this study (e.g.,
EGFP, mcherry, or DsRed2). It allows for
quantification of nuclear condensation
and cell number to provide accurate mea-
surement of cell death/loss (Bonde et al.,
2002; Lei et al., 2008; Rininger et al., 2012;
Zhou et al., 2013; Woeffler-Maucler et al.,
2014), and is particularly useful in slice
cultures containing phagoctytic microglia
that can clear away dead cells. As was pre-
viously observed, this insult caused a de-
layed loss of neurons (Fig. 1), and this
damage was selective for area CA1 (data
not shown; Bonde et al., 2005; Noraberg et
al., 2005; Ahlgren et al., 2011). Figure
1A,B provides representative examples of
the effects of transient OGD on DAPI
staining in area CA1. There was a signifi-
cant reduction in cell density at 12, 18, and
24 h after OGD in stratum pyramidale, the
neuronal cell-body layer of CA1 (Fig. 1C;
Bonferroni’s corrected p � 0.0350 for
Baseline vs 12 h, p � 0.0001 for Baseline vs
18 or 24 h; n � 6 –12 slices/group). Cell
density at 18 h was also significantly lower
compared with 3 or 9 h (Bonferroni’s cor-
rected p � 0.0001 or 0.0281 respectively;
n � 6 –12 slices/group), and at 24 h cell
density was significantly lower compared
with slices fixed 3, 9, or 12 h after OGD
(Bonferroni’s corrected p � 0.0001, p �
0.0025, or p � 0.0396, respectively; n �
6 –12 slices/group). While optimizing
this injury model, we used the cell-
impermeable nucleic acid dyes propidium
iodide or TO-PRO-3 to monitor cell
death in CA1, and observed a similar time
course to that observed with the DAPI
method (three independent preliminary
experiments; data not shown). These re-
sults strongly indicate a delayed, time-
dependent loss of CA1 pyramidal cells.

In the DAPI-stained slices, we exam-
ined the effects of OGD on mitochondria
in the processes of astrocytes in stratum
radiatum and pyramidale. As observed by
others, we rarely found signs of reactive gliosis within 24 h of the
insult (Ouyang et al., 2007), and therefore we excluded the few
cells that appeared obviously hypertrophic. In control slices
(Baseline), there were 5.1 	 0.3 mitochondria per 50 �m with an
average length of 7.2 	 0.6 �m, occupying 62.7 	 1.9% of each
astrocytic process (n � 7–15 slices/group; Fig. 2A,D–F). These
values are higher than what we observed previously (average
length �3 �m and occupancy �45%), perhaps because we used
younger slice cultures and focused only on distal regions of pro-
cesses in previous studies (Genda et al., 2011; Jackson et al.,
2014). The numbers of mitochondria, the lengths of the mito-
chondria, and the occupancy of processes by mitochondria were
not significantly different in slices 3 h after OGD when compared
with baseline. By 9 h, the number of mitochondria per 50 �m was
increased by �50% (Bonferroni’s corrected p � 0.0001; n � 7–15
slices/group), and the length of mitochondria was decreased by
�50% (Bonferroni’s corrected p � 0.0010; n � 7–15 slices/

group), but the percentage of the process occupied by mitochon-
dria (percent occupancy) remained unchanged relative to
baseline (Fig. 2B,D–F). The transient increase in the number of
mitochondria concurrent with a decrease in the size of mitochon-
dria is frequently referred to as fragmentation; this process gen-
erally precedes degradation (for review, see Itoh et al., 2013;
Lemasters, 2014). The mean length of mitochondria continued to
decrease to less than half of the baseline value by 24 h (Fig. 2C,E).
The number of mitochondria was no longer significantly higher
than baseline after 12 h, which is consistent with degradation of
fragmented mitochondria. Also consistent with degradation, the
mean percentage of process length occupied by mitochondria
(referred to as percentage occupancy) was significantly reduced
to 46.5 	 1.7% 12 h after OGD (Bonferroni’s corrected p �
0.0002; n � 7–15 slices/group), progressing to approximately half
of that observed in controls (34.5 	 2.6% occupancy) by 24 h
(Fig. 2C,F). Scholl analysis of astrocyte morphology revealed
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Figure 3. Thirty minutes of OGD caused delayed degradation of mitochondria by mitophagy. Hippocampal slice cultures with
astrocytes expressing autophagosome-targeted EGFP (EGFP-LC3B) and mitochondrially targeted DsRed2 (gfap-DsRed2-mito)
were fixed in 4% paraformaldehyde at 9 or 24 h after 30 min OGD or control treatment. Slices were treated 30 min before insult,
during the 30 min insult, and during the 9 or 24 h recovery period either with no drug or with 50 nM BfA to prevent lysosomal
maturation. A, B, Representative compressed z-stacks of fluorescently labeled autophagosomes (EGFP-LC3B; green) and mito-
chondria (gfap-DsRed2-MITO; red) in astrocytes fixed 24 h after rinsing with no insult (Control; A) or OGD (B) in the presence of BfA.
Insets provide magnified views of mitochondria in autophagosomes in astrocytic processes. C, Mean area of autophagosome/
mitochondria colocalization normalized to mitochondrial area after OGD or control treatment. All groups were included in �3
experiments, with slice cultures prepared from �3 separate animals. n � 6 slices/group (2– 4 slices/group/experiment, 2 astro-
cytes/slice). ****p � 0.0001 compared with all other groups by one-way ANOVA with Bonferroni’s correction for multiple
comparisons.
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mean ramification index values ranging
from 1.2 to 1.8, with no significant differ-
ences between time points (one-way
ANOVA p � 0.80; n � 4 – 8 cells per time
point), indicating that the complex mor-
phology of astrocytic processes was main-
tained while mitochondria were lost.

Mitochondria are degraded through a
specialized form of autophagy termed mi-
tophagy (Lemasters, 2005). Colocalization
of the autophagosome marker LC3B with
mitochondria provides a more selective
measure of mitophagy compared with
assays for overall autophagy (Wong and
Holzbaur, 2014). We cotransfected EGFP-
tagged LC3B with mitochondrially targeted
DsRed2 to measure colocalization of astro-
cytic mitochondria and autophagosomes in
individual planes of confocal image stacks
(40� objective; numerical aperture 1.3; Fig.
3). Confocal image stacks of astrocytes
containing fluorescently labeled autopha-
gosomes (EGFP-LC3B; green) and mito-
chondria (gfap-DsRed2-MITO; red) were
compressed into two-dimensional images
for display purposes (Fig. 3A,B). In neu-
rons, autophagosomes form around
mitochondria in distal neurite tips, and sub-
sequent lysosomal cargo degradation occurs
during retrograde transport to the cell body
(Maday et al., 2012). Since mitophagy is a
transient process, we used BfA, an inhibitor
of the vacuolar H�-ATPase, to prevent
maturation of lysosomes (for review, see
Dröse and Altendorf, 1997) and allow for
accumulation of the mitophagy signal in
processes and cell bodies. In control slices,
BfA did not significantly alter astrocytic mi-
tochondria or reduce the density of DAPI-
labeled cells for �24 h. As is observed in
neurons (Maday et al., 2012), we observed
low levels of LC3B/mitochondria colocal-
ization in astrocytes in control slices, consis-
tent with constitutive low-level mitophagy
(Fig. 3C). At 9 h after OGD, when there is
evidence for mitochondrial fragmentation
but preceding a decrease in occupancy (Fig.
2D–F), there is no evidence for increased
colocalization of EGFP-tagged LC3B and
mitochondrial DsRed2 (Fig. 3C). However,
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Figure 4. MK801 or NBQX blocked, and stimulating NMDARs mimicked the loss of astrocytic mitochondria after OGD. Hip-
pocampal slice cultures with astrocytes expressing mitochondrially targeted EGFP and plasma-membrane-targeted mcherry were
fixed in 4% paraformaldehyde 24 h after 30 min OGD, NMDA (10 or 100 �M), or control treatment. OGD slices were treated 30 min
before insult, during the 30 min insult, and during the 24 h recovery period either with no drug, with 10 �M MK801, with 20 �M

NBQX, or with both MK801 and NBQX. A–C, Effects of iGluR antagonists and OGD on mean cell density in stratum pyramidale

4

(A), mitochondrial length in processes (micrometers; B), and
percentage occupancy of processes by mitochondria (C). D–F, Ef-
fects of acute NMDA insult on mean cell density in stratum pyrami-
dale (D), mitochondrial length (micrometers; E), and percentage
occupancy of processes by mitochondria (F). All groups were in-
cluded in �3 experiments, with slice cultures prepared from �3
separate animals. n � 6 –13 slices/group (2– 4 slices/group/ex-
periment, 2 astrocytes/slice, 3 processes/astrocyte). Error bars in-
dicate SEM. *p � 0.05, **p � 0.01, ***p � 0.001, ****p �
0.0001 compared by one-way ANOVA with Bonferroni’s correction
for multiple comparisons.
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at 24 h after OGD, when occupancy was de-
creased to �50% of control (Fig. 2F), we
observed a significant accumulation of mi-
tochondria-containing autophagosomes in
the cell body and out in processes (Fig.
3B,C). This increased signal was not ob-
served in the absence of BfA, providing evi-
dence that the mitochondria-containing
autophagosomes are degraded when lyso-
somal maturation progresses normally.

To probe the mechanisms behind this
effect on astrocytic mitochondria, we ex-
amined the role of iGluRs (Fig. 4). As pre-
viously observed, neuronal cell loss was
completely blocked by the NMDAR an-
tagonist MK801 (Bonde et al., 2005; Fig.
4A). The protective effect of AMPAR an-
tagonist NBQX was variable, and DAPI
staining in stratum pyramidale was not
significantly different from that in control
or OGD groups. Only the combination of
both MK801 and NBQX significantly
blocked the reduction in mitochondrial
length observed after OGD (Fig. 4B). Ei-
ther drug individually attenuated the loss
of mitochondria (change in percentage
occupancy), but only the combination of
both drugs completely blocked the loss
of mitochondria (Fig. 4C). Transient
NMDA (30 min) caused a loss of DAPI
staining comparable to that observed after
OGD (Fig. 4D). It also mimicked the ef-
fects of OGD on astrocytic mitochon-
dria, causing a significant reduction in
mitochondrial length and a decrease in
mitochondrial occupancy (Fig. 4E,F).
Together, these studies demonstrate that
activation of iGluRs is both necessary and
sufficient to induce the delayed loss of
astrocytic mitochondria observed after
OGD. These studies suggest that either ex-
cessive activation of iGluRs on astrocytes
is responsible for the loss of mitochondria
or that activation of neuronal iGluRs re-
sults in release of one or more substances
that subsequently cause a loss of mito-
chondria in astrocytic processes.

Activation of iGluRs increases glutamate
release in vitro and in vivo (for review, see
Mayer and Westbrook, 1987). To further
test for the involvement of neuronal gluta-
mate release, we separately blocked action
potentials using the voltage-gated Na�

channel blocker TTX (1 �M), or vesicular
neurotransmitter release using the N-type
Ca2� channel blocker ziconotide (0.5 �M).
These drugs block glutamate release and
neuronal death after NMDA exposure in
similar models of I/R injury, both in vitro
and in vivo (Valentino et al., 1993; Buchan et
al., 1994; Dijk et al., 1995; Pringle et al., 1996;
Strijbos et al., 1996). We found that they
blocked OGD-induced or NMDA-induced
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Figure 5. TTX or ziconotide blocked the loss of astrocytic mitochondria after OGD or NMDA injury. Hippocampal slice cultures with
astrocytes expressing mitochondrially targeted EGFP and plasma-membrane-targeted mcherry were fixed in 4% paraformaldehyde 24 h
aftera30minOGD,NMDA(100�M),orcontroltreatment.OGDandNMDAslicesweretreated30minbeforeinsult,duringthe30mininsult,
and during the 24 h recovery period either with no drug, with 1 �M TTX, or with 0.5 �M ziconotide. A–F, Mean cell density in stratum
pyramidale, mitochondrial length in processes (micrometers), and percentage occupancy of processes by mitochondria 24 h after 30 min
OGD (A–C) or NMDA (D–F) with and without TTX or ziconotide. All groups were included in �3 experiments, with slice cultures prepared
from �3 separate animals. n � 8 –12 slices/group (2– 4 slices/group/experiment, 2 astrocytes/slice, 3 processes/astrocyte). Error bars
indicate SEM. ****p � 0.0001 compared by one-way ANOVA with Bonferroni’s correction for multiple comparisons.
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loss of DAPI staining from stratum pyramidale (Fig. 5A,D). These
drugs also blocked the reduction of mitochondrial size (Fig. 5B,E)
and occupancy (Fig. 5C,F) in astrocytic processes 24 h after OGD or
exposure to NMDA. These results offer support for the involvement
of glutamate-induced glutamate release in the delayed fragmenta-
tion and degradation of astrocytic mitochondria observed in this
model of I/R injury.

Given that astrocytic glutamate transporter activity regulates
mitochondrial mobility in processes (Jackson et al., 2014; Ug-

bode et al., 2014), we tested the hypothesis that activation of
glutamate transport contributes to the loss of mitochondria by
blocking transporters with TFB-TBOA. The IC50 of TFB-TBOA
for iGluRs is �100 �M, and it has no effect on metabotropic
glutamate receptors at 100 �M (Shimamoto et al., 2004); at 3 �M

it should completely and selectively block glutamate transporter
activity. As expected, TFB-TBOA increased the OGD-induced or
NMDA-induced loss of DAPI staining in stratum pyramidale
24 h after insult (Fig. 6C,F), likely due to increased concentra-
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Figure 6. TFB-TBOA increased neuronal loss, but blocked the loss of astrocytic mitochondria after OGD or NMDA injury. Hippocampal slice cultures with astrocytes expressing mitochondrially
targeted EGFP (mito-EGFP, green) and plasma-membrane-targeted mcherry (gfap-gap43-mcherry, red) were fixed in 4% paraformaldehyde 24 h after a 30 min OGD, NMDA (100 �M), or control
treatment. OGD and NMDA slices were treated 30 min before insult, during the 30 min insult, and during the 24 h recovery period either with no drug or with 3 �M TFB-TBOA. A, B, Representative
images of fluorescently labeled mitochondria (green) and plasma membrane (red) in astrocytes fixed 24 h after OGD (A) or OGD in the presence of TFB-TBOA (B). C–H, Mean cell density in stratum
pyramidale, mitochondrial length in processes (micrometers), and percentage occupancy of processes by mitochondria 24 h after 30 min OGD (C–E) or NMDA (F–H) insult with or without TFB-TBOA.
All groups were included in �3 experiments, with slice cultures prepared from �3 separate animals. n � 8 –12 slices/group (2– 4 slices/group/experiment, 2 astrocytes/slice, 3 processes/
astrocyte). Error bars indicate SEM. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 compared by one-way ANOVA with Bonferroni’s correction for multiple comparisons. Insets provide
magnified views of mitochondria in astrocytic processes.
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tions of extracellular glutamate. TFB-TBOA also completely
blocked the decrease in mitochondrial size and occupancy in
astrocytic processes 24 h after OGD or NMDA (Fig. 6D,E,G,H).
These data suggest that OGD induces activation of neuronal
iGluRs, triggering neuronal release of glutamate (or other trans-
porter substrates) cleared by astroglial glutamate transporters,
causing mitochondrial fragmentation and degradation.

To test the hypothesis that increases in extracellular glutamate
are sufficient to cause mitochondrial loss in astrocytic processes,
we applied glutamate to slices in the presence of MK801 and
NBQX to block neuronal death. Although micromolar glutamate
is sufficient to activate iGluRs, robust glutamate uptake prevents
glutamate-dependent receptor activation or cell death in slice
preparations (Garthwaite, 1985; Vornov et al., 1991). In animal
models of I/R injury, extracellular glutamate is elevated for �2 h
(longer in humans) as measured by microdialysis (Dávalos et al.,
1997). Therefore we examined the effects of 1 or 2 h exposure to
1 mM glutamate in the presence of iGluR antagonists. Control
slices were also submerged for 1 or 2 h in the presence of MK801
and NBQX. There was no effect of glutamate on DAPI staining in
the presence of iGluR antagonists (Fig. 7A). In contrast, gluta-
mate caused a significant, time-dependent decrease in mitochon-
drial length and occupancy 24 h after incubation with glutamate
(Fig. 7B,C). These results demonstrate that exogenous glutamate
is sufficient to cause fragmentation and degradation of astrocytic
mitochondria in the absence of detectable neuronal pathology.

Increased glutamate uptake through Na�-dependent trans-
porters stimulates influx of Ca 2� via reversal of the NCX (Magi et
al., 2013; Rojas et al., 2013; Jackson and Robinson, 2015). High
cytosolic Ca 2� causes mitochondrial fragmentation, permeabil-
ity transition, and degradation by mitophagy (for review, see
Rodriguez-Enriquez et al., 2004). Drugs that selectively inhibit
the reverse mode of the NCX (Ca 2� influx) are neuroprotective
in models of I/R injury in vitro and in vivo (Schröder et al., 1999;
Matsuda et al., 2001; Iwamoto and Kita, 2006). We found that
two structurally distinct inhibitors of the reverse-mode of the
NCX, KB-R7943 (15 �M) or YM-244769 (1 �M), attenuated the
loss of DAPI staining in stratum pyramidale (Fig. 8A) as well as
the reduction of mitochondrial size (Fig. 8B) and occupancy (Fig.
8C) in astrocytic processes 24 h after OGD. As observed with
MK801, these drugs completely blocked the reduction in DAPI
staining but only partially blocked the loss of astrocytic mito-
chondria, suggesting that mitochondrial degradation can occur
in the absence of neuronal death.

CsA and FK506 work through different pathways to prevent
Ca2�-induced mitochondrial permeability transition and fragmen-
tation, and are neuroprotective in in vitro and in vivo models of I/R
injury (Nakai et al., 1997; Uchino et al., 1998; Li et al., 2000;
Yokoyama et al., 2012; Trumbeckaite et al., 2013). Both drugs have
been shown to selectively increase Ca2�-buffering capacity and pre-
vent Ca2�-induced depolarization of mitochondria in astrocytes,
but not in neurons in primary culture (Bambrick et al., 2006; Ol-
iveira and Gonçalves, 2008; Kahraman et al., 2011), but at the con-
centrations used in the present study some effects on neuronal
mitochondria could be expected. Each drug blocked the loss of DAPI
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Figure 7. Glutamate caused a loss of astrocytic mitochondria in the presence of neuropro-
tective iGluR antagonists. Hippocampal slice cultures with astrocytes expressing mitochondri-
ally targeted EGFP and plasma-membrane-targeted mcherry were fixed in 4%
paraformaldehyde 24 h after a 1 or 2 h glutamate (1 mM) or control treatment. Slices were
treated 30 min before insult, during the insult, and during the 24 h recovery period with MK801
(10 �M) and NBQX (20 �M). A–C, Mean cell density in stratum pyramidale (A), mitochondrial

4

length in processes (micrometers; B), and percentage occupancy of processes (C) by mitochon-
dria 24 h after 1 or 2 h submersion with or without glutamate. All groups were included in four
experiments, with slice cultures prepared from �4 separate animals. n � 8 slices/group (2– 4
slices/group/experiment, 2 astrocytes/slice, 3 processes/astrocyte). Error bars indicate SEM.
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001 compared by one-way ANOVA with
Bonferroni’s correction for multiple comparisons.
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staining in stratum pyramidale after OGD (Fig. 9C). Each of the
drugs partially blocked the reduction of mitochondrial size (Fig.
9D), and almost entirely blocked loss of mitochondrial occupancy
24 h after OGD (Fig. 9E). CsA and FK506 exhibit direct neuronal
effects, such as inhibition of calcineurin-induced nitric oxide syn-
thase activity, which contribute to their neuroprotective effects in
models of I/R injury (Dawson et al., 1993). However, it is unlikely
that the neuronal effects of these drugs would reduce astrocytic mi-
tochondrial loss, since inhibition of neuronal calcineurin by CsA has
been shown to increase glutamate release (Nichols et al., 1994). Mi-
tochondrial fragmentation precedes degradation, and this process is
linked to mitochondrial depolarization (for review, see Itoh et al.,
2013; Lemasters, 2014). The fact that the loss of mitochondria can be
blocked while only attenuating the reduction in size suggests
that fragmentation does not necessarily need to progress to
degradation.

We previously reported that neuronal activity immobilizes
astrocytic mitochondria near glutamate transporters and syn-
apses through a mechanism involving glutamate uptake and re-
versal of the NCX (Jackson et al., 2014). More recently, our
laboratory and another found that this immobilization was de-
pendent on Ca 2� binding to motor-adaptor proteins, and that
mitochondria shape Ca 2� signals in astrocytic processes (Jackson
and Robinson, 2015; Stephen et al., 2015). We therefore hypoth-
esized that loss of astrocytic mitochondria would be accompa-
nied by increased Ca 2� signaling. For this study, DsRed2-labeled
mitochondria were imaged together with spontaneous cytosolic
Ca 2� signals in astrocytic processes using the high-affinity Lck-
GCaMP-6s Ca 2� sensor (Kd � 144 nM; Koff � 1.12 s
1; Chen et
al., 2013).

As was recently reported (Jackson and Robinson, 2015), all of
the Ca 2� signals observed overlapped with �1 mitochondria.
The sensitivity of Lck-GCaMP-6s, along with the presence of a
mitochondrial label, revealed a stark anatomical difference be-
tween two types of spontaneous Ca 2� events that has not been
previously described. In addition to the brief, far-reaching Ca 2�

spikes traversing extramitochondrial space that have been previ-
ously reported, we also observed a nearly constant, fluctuating
Ca 2� signal in the cytosol surrounding individual mitochondria
(Fig. 10). Mitochondrially centered events and extramitochon-
drial Ca 2� spikes had similar signal amplitudes (�F/F0; Fig.
10D). However, spread of extramitochondrial spikes covered ap-
proximately three times the distance of mitochondrially centered
events (Fig. 10E). Furthermore, duration and frequency of ex-
tramitochondrial spikes were much lower than mitochondrially
centered events, at approximately one-third and one-ninth of
mitochondrially centered values, respectively (Fig. 10F,G). Du-
ration was used as a measure of kinetics since the dissociation of
Ca 2� from Lck-GCaMP-6s is too slow for an accurate measure-
ment of decay.

We analyzed the effects of OGD on these two types of Ca 2�

signals. The amplitudes (�F/F0) of both signals were more than
doubled 24 h after transient OGD (Fig. 11A,B). The frequencies
and durations of both events were unchanged (data not shown).
The spatial spread of mitochondrially centered events was de-
creased to half that observed in controls 24 h after OGD (Fig.
11C); this correlates with the decrease in mitochondrial length
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(Fig. 2E). The spread of extramitochondrial Ca 2� spikes was
doubled after OGD (Fig. 11D). CsA was used to prevent the loss
of astrocytic mitochondria after OGD, but CsA also changes
some mitochondria-dependent Ca 2� signals (Ichas et al., 1997).
To separate the effects of protecting mitochondria from direct
effects on Ca 2� signaling, CsA was not present during live Ca 2�

imaging. When we used CsA to prevent the loss of mitochondria
in astrocytes after OGD, all effects on �F/F0 and spread were
completely blocked (Fig. 11A–D).

To further understand the increased spread of extramito-
chondrial Ca 2� spikes after OGD, it is helpful to consider Ca 2�

in the anatomical context of mitochondria (Fig. 12). Extramito-
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chondrial spikes were observed in 8 of 11 recordings in both
control and OGD groups. In control slices, 86% of extramito-
chondrial spikes were contained between two mitochondria (Fig.
12A,C). Twenty-four hours after OGD, none of the extramito-
chondrial spikes were contained between two mitochondria; in-
stead they all traversed multiple mitochondria (Fig. 12B,C).
Preventing the OGD-induced loss of mitochondria with CsA
blocked this effect (Fig. 12C).

Discussion
Mitochondria in astrocytic processes are positioned near glu-
tamate transporters and synapses through a mechanism in-
volving neuronal activity and Ca 2�-sensitive motor adaptor
proteins. These mitochondria shape Ca 2� signaling (Jackson
et al., 2014; Jackson and Robinson, 2015; Stephen et al., 2015).
Here we present evidence that the delayed neuronal death
observed in area CA1 after transient OGD was accompanied

by fragmentation and autophagic degradation of mitochon-
dria in astrocytic processes. The loss of mitochondria was as-
sociated with a dramatic increase in spontaneous Ca 2� signals
in distal astrocytic processes.

Mechanism of mitochondrial loss
We show that the OGD-induced loss of astrocytic mitochondria is
completely blocked by a combination of iGluR antagonists (MK-801
and NBQX), an inhibitor of neuronal action potentials (TTX), an
inhibitor of vesicular glutamate release (ziconotide), a glutamate
transport inhibitor (TFB-TBOA), or two different inhibitors of
calcineurin (CsA or FK506). NMDA or glutamate mimicked the
effect of OGD, and the NMDA-induced loss of mitochondria was
blocked by TFB-TBOA. The simplest explanation for these data is
that OGD triggers an iGluR-dependent increase in extracellular glu-
tamate (or aspartate), activation of astrocytic transporters, and loss
of astrocytic mitochondria.
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Previous studies have demonstrated
that OGD or activation of iGluRs causes
an increase in extracellular glutamate
(and aspartate; Bustos et al., 1992; Dijk et
al., 1995; Fujimoto et al., 2004; Bonde et
al., 2005). During 30 min of OGD, ele-
vated extracellular glutamate is mainly at-
tributed to reversal of neuronal glutamate
transporters and some vesicular release
(for review, see Rossi et al., 2007). After
reperfusion, additional periods of ele-
vated extracellular glutamate have been
observed by in vivo microdialysis in CA1,
but the source(s) for this glutamate have
not been identified (Yang et al., 2001).
The fact that inhibitors of neuronal Na�

channels or the N-type Ca 2� channel
block the changes in astrocytic mitochon-
dria are consistent with the notion that
this glutamate is released from neuronal
vesicles.

Glutamate uptake increases intracellu-
lar Ca 2� through reversed operation of
plasma membrane NCXs (Magi et al.,
2013; Rojas et al., 2013; Jackson and Rob-
inson, 2015), and blocking this reversed
mode after OGD attenuated the loss of as-
trocytic mitochondria. In other systems,
coincident increases in Ca 2� and reactive
oxygen species (ROS) cause mitochon-
drial swelling, depolarization, fragm-
entation, opening of the permeability
transition pore, and mitophagy (He and
Lemasters, 2002; Kim et al., 2012). High
mitochondrial Ca 2� also activates several
TCA-cycle dehydrogenases that generate
ROS (Denton et al., 1972; for review, see
Brookes et al., 2004). Increased oxidation
of glutamate itself could contribute to the
loss of mitochondria via increased gener-
ation of ROS. Glutamate enters the TCA cy-
cle through conversion to �-ketoglutarate
(for review, see McKenna, 2013). Conver-
sion of �-ketoglutarate to succinyl CoA by
the �-ketoglutarate dehydrogenase com-
plex generates 2–3-fold more ROS than the
other TCA-cycle dehydrogenases (Starkov
et al., 2004; Tretter and Adam-Vizi, 2004).
However, testing this hypothesis is difficult
because inhibiting glutamate dehydroge-
nase or �-ketoglutarate dehydrogenase in-
hibits glutamate uptake (Whitelaw and
Robinson, 2013; J. C. O’Donnell, E. Kriz-
man, and M. B. Robinson, unpublished
observations).

Preventing Ca 2�-induced mito-
chondrial depolarization with CsA or
FK506 (Bambrick et al., 2006; Oliveira
and Gonçalves, 2008; Kahraman et al.,
2011) likely contributed to the prevention of mitochondrial
loss in astrocytes after OGD. However, Ca 2�-mediated acti-
vation of calcineurin can cause inflammation in astrocytes
through activation of nuclear factor of activated T cells and

nuclear factor � B (for review, see Furman and Norris, 2014).
The efficacy of CsA and FK506, both calcineurin inhibitors,
could imply a role for inflammation in the loss of astrocytic
mitochondria after transient OGD, similar to the inflamma-
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tion-dependent mitophagy observed in astrocytes after corti-
cal stab wound (Motori et al., 2013).

Consequences of mitochondrial loss and insights into
Ca 2� signaling
We observed two anatomically distinct, spontaneous Ca 2� sig-
nals in the cytoplasm of astrocytic processes, one of which has not
been previously described. There were constant, fluctuating
Ca 2� signals surrounding mitochondria, and brief, far-reaching
spikes that traversed extramitochondrial space. The fact that
photoablation of individual mitochondria causes a large tran-
sient increase in cytoplasmic Ca 2� strongly suggests that the
mitochondria contain Ca 2� (Jackson and Robinson, 2015). De-
creased spread of mitochondrially centered Ca 2� signals after
OGD correlated with decreased mitochondrial size, implicating
mitochondria as the source. With the identification of a localized
Ca 2� cloud surrounding mitochondria, we suspect that mito-
chondria may play a role in generating Ca 2� spikes in astrocytic
processes, as they do in primary culture (Parnis et al., 2013) and
other cells (for review, see Rizzuto et al., 2012). While the current
study was under review, Jiang et al. described two types of Ca 2�

signals in astrocytic processes with similar properties to those
described in the current study, but without the anatomic rela-
tionship to mitochondria (Jiang et al., 2016).

Our laboratory and those of others have recently demon-
strated that mitochondria shape Ca 2� signals in astrocytic
processes (Jackson and Robinson, 2015; Stephen et al., 2015).
In our recent study, uncoupling oxidative ATP production
with carbonyl cyanide p-trifluoromethoxyphenylhydrazone

or photo-ablating mitochondria with KillerRed-mito caused a large
increase in cytoplasmic Ca2�. These effects were associated with
increased spatial spread, indicating that mitochondria spatially
restrict these signals. OGD-induced mitochondrial loss also
resulted in increased spread of extramitochondrial spikes, and
the likelihood of spikes staying confined between two mito-
chondria went from 86% to zero after OGD. In agreement
with observations from recent studies (Jackson and Robinson,
2015; Stephen et al., 2015), this suggests that mitochondria
provide spatial restriction for Ca 2� signals in astrocytic
processes.

A recent study using in vivo two-photon imaging in awake
mice found that the spread of Ca 2� “hotspots” in astrocytic pro-
cesses increased with sensory stimulation and decreased with
TTX treatment (Asada et al., 2015). Another study using hip-
pocampal cultures found that activity of local synapses is coordi-
nated by Ca 2� signaling in astrocytic processes (Sasaki et al.,
2014). Activity-driven positioning of mitochondria at glutamate
transporters apposing synapses (Jackson et al., 2014), along with
spatial restriction of Ca 2� signals by those mitochondria (Jack-
son and Robinson, 2015; Stephen et al., 2015), could represent a
system for coordinating weak signals between neighboring sites
of activity, while larger signals are relayed beyond neighboring
mitochondria to more distant zones of activity, as was observed
in response to sensory stimulation (Asada et al., 2015). Exploring
this phenomenon could reveal a new mechanism for integrating
local neuronal signaling events via mitochondrially segmented
Ca 2� signaling in astrocytic microdomains.
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Implications for I/R injury
Following cerebral I/R injury, the neurovascular coupling re-
sponse is depressed in humans, likely impairing recovery (Salinet
et al., 2015). Although the mechanisms are not fully understood,
astrocytic Ca 2� signaling has been implicated in mediating neu-
rovascular coupling (Takano et al., 2006; Dunn et al., 2013; Otsu
et al., 2015), which is not surprising given the positioning of
astrocytes between synapses and the vasculature, and their reli-
ance on Ca 2� for propagating information (for review, see Par-
pura et al., 2012). In addition to altered neurovascular coupling,
Ca 2�-induced vesicular glutamate release from astrocytes has
been shown to increase excitotoxic damage from seizure and
stroke (Ding et al., 2007; Hines and Haydon, 2013; Takemiya and
Yamagata, 2013). Increased astrocytic Ca 2� signaling with a
lower threshold for induction has been observed in in vitro and in
vivo models of I/R (for review, see Ding, 2014). However, none of
these studies focused on the period of delayed secondary pathol-
ogy, or on microdomain Ca 2� signaling in the distal astrocytic
process. In the current study we provide evidence of dramatically
amplified, spatially deregulated Ca 2� signaling in astrocytic pro-
cesses after OGD-induced mitochondrial loss, which could dis-
rupt neurovascular coupling and stimulate vesicular glutamate
release from astrocytes during secondary neuronal pathology.

Glutamate metabolism will likely be impaired following the
loss of mitochondria. The mitochondrial enzyme glutamate de-
hydrogenase converts glutamate to �-ketoglutarate for entry into
the TCA cycle and generation of ATP (for review, see Dienel,
2013). Glutamate dehydrogenase is enriched (�5-fold) in astro-
cytes (Zaganas et al., 2001; Zhang et al., 2014), and brain-specific
knock-outs demonstrate increased glucose deployment from the
periphery and use in brain to compensate for the loss of gluta-
mate as a fuel source (Karaca et al., 2015). We are currently test-
ing the hypothesis that the loss of astrocytic mitochondria after
OGD will result in a significant reduction of glutamate oxidation,
which could impair recovery after I/R injury.

Conclusion
We have presented the first evidence that increased activation of
iGluRs, neuronal glutamate release, and glutamate uptake into
astrocytes after transient OGD causes a delayed fragmentation
and autophagic degradation of mitochondria in astrocytic pro-
cesses. This effect is associated with a dramatic increase in the
amplitude and spread of extramitochondrial Ca 2� spikes in as-
trocytic processes. The removal of damaged, dysfunctional mito-
chondria may be beneficial for astrocyte survival. However, it
may also exacerbate neuronal damage, not just through Ca 2�-
associated effects on neurovascular coupling and glial glutamate
release, but also through the loss of astrocytic support of neurons.
Astrocytes are more resilient than neurons after I/R injury, so it
could be easier to target and correct their less-severe dysfunction,
allowing the astrocytes to continue to support and protect neu-
rons (for review, see Chen and Swanson, 2003; Rossi et al., 2007;
Barreto et al., 2011). Healthy astrocytes providing potassium ho-
meostasis, glutamate clearance, antioxidants, and metabolic sup-
port are in a better position to rescue neighboring neurons than
any neuronally targeted therapy.
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