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Abstract
Protein kinase A (PKA) is a ser/thr kinase that is critical for maintaining essential neuronal functions including mitochondrial
homeostasis, bioenergetics, neuronal development, and neurotransmission. The endogenous pool of PKA is targeted to the mitochon-
drion by forming a complex with the mitochondrial scaffold A-kinase anchoring protein 121 (AKAP121). Enhanced PKA signaling
via AKAP121 leads to PKA-mediated phosphorylation of the fission modulator Drp1, leading to enhanced mitochondrial networks
and thereby blocking apoptosis against different toxic insults. In this study, we show for the first time that AKAP121/PKA confers
neuroprotection in an in vitro model of oxidative stress induced by exposure to excess glutamate. Unexpectedly, treating mouse
hippocampal progenitor neuronal HT22 cells with an acute dose or chronic exposure of glutamate robustly elevates PKA signaling,
a beneficial compensatory response that is phenocopied in HT22 cells conditioned to thrive in the presence of excess glutamate but not
in parental HT22 cells. Secondly, redirecting the endogenous pool of PKA by transiently transfecting AKAP121 or transfecting a
constitutively active mutant of PKA targeted to the mitochondrion (OMM-PKA) or of an isoform of AKAP121 that lacks the KH and
Tudor domains (S-AKAP84) are sufficient to significantly block cell death induced by glutamate toxicity but not in an oxygen
deprivation/reperfusion model. Conversely, transient transfection of HT22 neuronal cells with a PKA-binding-deficient mutant of
AKAP121 is unable to protect against oxidative stress induced by glutamate toxicity suggesting that the catalytic activity of PKA is
required for AKAP121’s protective effects. Mechanistically, AKAP121 promotes neuroprotection by enhancing PKA-mediated
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phosphorylation of Drp1 to increasemitochondrial fusion, elevates ATP levels, and elicits an increase in the levels of antioxidants GSH
and superoxide dismutase 2 leading to a reduction in the level of mitochondrial superoxide. Overall, our data supports AKAP121/PKA
as a new molecular target that confers neuroprotection against glutamate toxicity by phosphorylating Drp1, to stabilize mitochondrial
networks and mitochondrial function and to elicit antioxidant responses.
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Abbreviations
SOD2 Superoxide dismutase 2
t-GSH Total glutathione
AKAP121 A-kinase anchor protein 121
cAMP Cyclic adenosine monophosphate
CREB cAMP response element-binding protein
Drp1 Dynamin-related protein 1
D-AKAP1 Dual specificity A-kinase anchoring protein 1

Background

Glutamate, an endogenous excitatory neurotransmitter that
binds to ionotropic receptors, is utilized by approximately
one third of all synapses in the central nervous system to
propagate action potentials [1]. However, when used at a high
concentration, glutamate can be detrimental to neuronal sur-
vival. Indeed, glutamate-induced neuronal death contributes
to the development and pathology of neurodegenerative dis-
eases including Parkinson’s disease (PD) and Alzheimer’s
disease (AD) [1, 2]. The pathological mechanisms that con-
tribute to glutamate-mediated toxicity have been very well
characterized over the past two decades. For instance, in neu-
rons, glutamate excitotoxicity involves the overt activation of
ionotropic glutamate receptors by glutamate which leads to a
transient increase in Ca2+ fluxes, a disruption in calcium ho-
meostasis, an elevation in detrimental levels of reactive oxy-
gen species (ROS), the activation of the mitochondrial perme-
ability transition pore, mitochondrial dysfunction/swelling,
and the induction of secondary excitotoxicity which ultimate-
ly leads to neurodegeneration [3]. Recently, a second mecha-
nism of neurodegeneration induced by glutamate toxicity was
identified not to involve the binding of glutamate to ionotropic
glutamate receptors. Indeed, it has been reported that high
concentrations of extracellular glutamate blocks glutamate/
cysteine antiporters which inhibits cysteine uptake and leads
to an imbalance of the levels of cysteine, a reduction in cellular
glutathione levels, and a detrimental accumulation of excess
ROS derived mainly from mitochondria [4–6]. This second
type of glutamate toxicity is known as glutamate oxidative
toxicity.

HT22 cells, an immortalized mouse hippocampal progeni-
tor cell line which lacks ionotropic glutamate receptors in its
undifferentiated state, is an excellent in vitro model for

unveiling the molecular mechanisms of neurodegeneration
induced by a variety of toxic insults that elicit oxidative stress.
Indeed, the depletion of the antioxidant glutathione promotes
cell death via the overt activation of the cysteine/glutamate
antiporter caused by exposure to excess glutamate and by
elevating the level of reactive oxygen species (ROS), leading
to mitochondrial dysfunction and activation of apoptosis. The
HT22 cell line can undergo glutamate-mediated cell death via
a pathological pathway that does not involve the activation of
ionotropic glutamate receptors [4, 6, 7]. Hence, by using the
HT22 hippocampal mouse cell line, several studies have un-
veiled the neuroprotective potential of the antioxidant super-
oxide dismutase 2 (SOD2) for blocking glutamate-mediated
oxidative stress and cell death in HT22 neuronal cells [6].

Mitochondria, the main generators of ATP and the predom-
inant source of intracellular ROS, are highly dynamic organ-
elles that exhibit bidirectional mobility and can undergo mi-
tochondrial fragmentation (fission) or increased interconnec-
tivity (fusion). Mitochondrial fission and fusion (MFF) are
catalyzed by large mitochondrial GTPases of the dynamin
superfamily to alter the shape and interconnectivity of mito-
chondria which ultimately govern critical cellular functions
including cell survival, cellular bioenergetics, Ca2+ buffering,
free radical homeostasis, mitochondrial DNA inheritance, and
mitochondrial quality control [8]. For instance, mitochondrial
fission is an early molecular event that is required for initiating
apoptosis, whereas inhibiting fission can block or delay apo-
ptosis in a variety of cell types including neurons [9–11].
Secondly, mitochondrial remodeling, mediated by the MFF
machinery, governs cell survival against variety of environ-
mental stressors including high doses of glutamate in neurons
[12].

Dual specificity A-kinase anchoring protein 1 (D-
AKAP1)—known as AKAP140/149 and other splice variants
AKAP121 (mouse homolog of human AKAP1) and the
shorter splice variant S-AKAP84 lacking Tudor and KH
domains—is a protein scaffold of PKA that binds to type II
regulatory subunits (RII) to target the catalytic subunit of PKA
(PKA/C) to the outer mitochondrial membrane (OMM).
Therefore, increasing the level of the PKA/C to the OMM
leads to an increase in PKA-mediated phosphorylation of the
pro-apoptotic protein BAD and of the pro-fission protein Drp1
[13–15]. For the purposes of this study, the protein complex
formed by association of AKAP121 with the regulatory and
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catalytic subunits of PKA (AKAP121/PKA) is also known as
mitochondrial PKA [16]. In neurons, enhanced PKA-
mediated phosphorylation of human Drp1 in serine 637 (ser-
ine 656 in rat Drp1) leads to enhanced mitochondrial fusion,
stabilizes mitochondrial networks, increases mitochondrial
health, suppresses autophagy, and governs mitochondrial traf-
ficking and content [14, 17]. The physiological consequences
of enhanced PKA-mediated phosphorylation of Drp1 lead to
enhanced cell survival against a myriad of toxic insults in
neurons [8, 14, 16]. In addition, enhancing PKA signaling in
the mitochondrion via transiently expressing AKAP121 re-
verses mitochondrial pathology and dysfunction in neuronal
cells that are deficient for endogenous PINK1, a ser/thr kinase
that is mutated in genetic forms of Parkinson’s disease [16].
Additionally, AKAP121, but not S-AKAP84, harbors C-
terminal domains that serve to maintain mitochondrial health.
For instance, the K homology (KH) of AKAP121 is an RNA-
binding motif that binds and promotes translocation of super-
oxide dismutase 2 (SOD2) mRNA from the cytosol to the
mitochondrion, leading to an increase in the level of SOD2
to the mitochondrion [18].

In this study, we investigated the ability of endogenous
mitochondrial PKA to protect HT22 neuronal cells from cell
death induced by a depletion of the antioxidant glutathione as
a consequence of acute exposure to excess glutamate. By
employing molecular biology techniques, our data suggest
that elevating endogenous levels of AKAP121 via transient
overexpression techniques robustly protects HT22 hippocam-
pal neuronal cells from glutamate oxidative toxicity.
Mechanistically, AKAP121-mediated neuroprotection in a
model of oxidative glutamate toxicity requires a normoxic
environment and involves PKA-mediated phosphorylation
of Drp1, which leads to enhanced mitochondria interconnec-
tivity, increased mitochondrial content, enhanced
mitochondrial-derived ATP levels, and an increase the levels
of antioxidants SOD2 and of glutathione to buffer excessive
ROS. Overall, our observations suggest that touting PKA sig-
naling in the mitochondrion can confer neuroprotection
against oxidative stress induced by acute or chronic exposure
to glutamate toxicity. Secondly, this study poses mitochondri-
al PKA as an excellent molecular target to develop future
therapies tailored for the treatment of neurodegenerative dis-
eases that are associated with increased oxidative stress and a
depletion of glutathione including PD.

Materials and Methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 0.25% trypsin-EDTA solution (contain-
ing 0.5 g/L trypsin and 0.2 g/L EDTA), Lipofectamine2000

(Fisher Scientific, Walsham, MA), and 1% 10,000 U/mL pen-
icillin and 10 mg/streptomycin were obtained from Gibco
(Invitrogen, Carlsbad, CA). The Cell Counting Kit-8 (CCK-
8) was purchased from Dojindo Molecular Technologies
Incorporation (Kumamoto, Japan). L-Glutamate was obtained
from Sigma-Aldrich (St. Louis, MO).

Cell Culture

Parental HT22 murine hippocampal neuronal cells were gen-
erously provided by Dr. Xingshun Xu (Institute of
Neuroscience, Soochow University, China). HT22 hippocam-
pal cells were maintained in DMEM supplemented with 10%
(v/v) FBS and 1% antibiotics (penicillin-streptomycin)
(Invitrogen, Grand Island, NY) and maintained at 37 °C and
5% CO2. Cells were passaged at least three times a week. To
select glutamate-resistant HT22 cell clones, we seeded 6.5 ×
105 cells in a T75 flask prior to exposing cells to 10 mM
glutamate for 24 h. Surviving HT22 cells were then expanded
and re-exposed to 20 mM glutamate, followed by two addi-
tional rounds of exposing cells to 20 mM glutamate at a re-
duced cell density (3 × 105/flask). Finally, surviving HT22
cells were exposed to 20 mM glutamate for 48 h for the last
of the four rounds of selections. Glutamate-resistant HT22
cells were further maintained in complete media supplement-
ed with 10 mM glutamate. For the purposes of this study,
HT22 cells that were maintained and passaged following sev-
eral sequential rounds of glutamate exposure were christened
as Bglutamate-resistant HT22 cells^ (HT22-R) [19].

Plasmids and Cell Transfection

The pEGFP-N1 vector carrying a rat homolog S-AKAP84,
which lacks the KH and Tudor domains, and the pcDNA3.1
vector harboringV5/His-tagged full-length mouse AKAP121
were graciously provided by Dr. Antonio Feliciello
(Depar tment of Molecular Medic ine & Medical
Biotechnology, University of Naples, Naples, Italy). A plas-
mid harboring a DNA insert that encodes for an N-terminally
GFP-tagged fusion of the catalytic subunit of PKA and con-
taining an outer mitochondrial membrane (OMM)-targeted
leader sequence from hexokinase I (amino acids 1–30) [8]
was kindly provided by Dr. Steven Green (Biology
Department, University of Iowa, IA, USA). For the purposes
of this study, this construct is termed OMM-PKA. DNA plas-
mids containing inserts that encode for GFP-tagged rat Drp1-
S656D in thepEGFP-N1 plasmid and that co-express single
hairpin RNA (shRNA) directed against all mammalian
orthologs of endogenous Drp1 [20] were kindly provided by
Dr. Stefan Strack (Department of Pharmacology, University of
Iowa Carver College of Medicine, IA, USA). GFP-tagged
fusion constructs expressing the core domain (residues 1–
524) of wild-type rat AKAP121 or a mutant form that is
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deficient for binding PKA (Δ-PKA; I310P, and L316P) were
sub-cloned to the pEGFP-N1 vector. These GFP-tagged con-
structs of AKAP121 (wild type and PKA-binding deficient)
were kindly provided by Dr. Stefan Strack. A vector that con-
tains an insert that encodes for GFP targeted to the OMM via
the yeast MAS70 (yeast homolog of TOM20) in the pEGFP-
N1 vector (OMM-GFP) was kindly provided by Dr. Stefan
Strack and served as a control vector for all experiments that
involved transfecting cells with GFP-tagged AKAP121 plas-
mids. The empty vector pcDNA3.1 was employed as a control
vector for studies involving the transfection of HT22 cells
withV5/His-tagged AKAP121.

In order to transiently transfect HT22 cells with PKA
modulating plasmids, cells were seeded at a density of
1.2 × 105 cells per well in 6-well cell culture plates and
transfected upon reaching confluency (~ 85%). For each
well of the 6-well cell culture plate, up to 2500 ng of
control plasmids and cDNAs that harbored proteins of
interest, 5 μl Lipofectamine 2000, and 250 μl Opti-
MEM were pipetted in a sterile Eppendorf tube and incu-
bated for 20 min at room temperature. The cDNA/
Lipofectamine complexes were overlaid into each well
of 6-well cell culture plate seeded with HT22 cells.
Twenty-four hours post-transfection, cells were harvested
and lysed for total GSH, ATP, and Western blot analyses
or re-seeded in 96-well plate or poly-D-lysine-coated
35 mm Nest Glass Bottom Dishes overnight to perform
cell survival experiments or mitochondrial morphology
and content assays as further described below.

Oxygen-Glucose Deprivation/Re-oxygenation

Ischemia was performed in vitro by inducing oxygen-
glucose deprivation followed by re-oxygenation (OGD/
R) as previously published [21]. In brief, normal, com-
plete medium (DMEM containing FBS and glucose) was
replaced with FBS/glucose-free DMEM (Gibco®) medi-
um and hypoxia was induced by exposing cells to a gas
mixture of 5% CO2 and 95% N2. Following a period of
3 h or 6 h oxygen-glucose deprivation (OGD) period,
cells were switched to normal medium and normoxic con-
ditions for 1 h. The Cell Counting Kit-8 (CCK-8, Dojindo
Molecular Technologies Incorporation) assay was then
employed to quantitate cell death normalized to control
conditions as further described below (CCK-8 assay
subsection).

Preparation of Whole Cell Lysates and Western Blot

For preparation of the whole cell lysates from untreated or
treated cells (e.g., glutamate, dibutiryl-cyclic AMP, or
transfected), cells were washed with cold PBS, then
suspended in 150 μl of RIPA lysis buffer containing 50 mM

Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, protease inhibitor
cocktail, and 1% PMSF. The cell debris resulting from cell
lysis was then removed by centrifuging at 12,000×g for 5 min
at 4 °C and the supernatants were collected on different
microcentrifuge tubes prior to analysis of relevant protein
markers by Western blot.

The protein concentrat ion was determined by
employing the BCA protein assay per manufacturer’s in-
structions (Pierce, Rockford, IL, USA). In brief, 30 μg
equal amounts of denatured proteins were subjected to
SDS-PAGE gel electrophoresis (Bio-Rad, Hercules, CA)
and electrophoresed proteins within the 12% acrylamide
gel were transferred onto a polyvinylidene fluoride
(PVDF) membrane. The PVDF membrane was then
blocked with 5% BSA in TBS buffer for 1 h. at room
temperature. The PVDF membranes were then incubated
with the following primary antibodies: anti-human D-
AKAP1 (1:1000, (D9C5)#5203, CST), anti-catalytic sub-
unit of PKA (1:1000, ab211265, Abcam), phosphorylated
CREB (Serine133) (1:5000, ab32096, Abcam), anti-total
CREB (1:1000, ab32515, Abcam), anti-VDAC (1:1000,
ab15895, Abcam), anti-Drp1 (1:1000, ab184247,
Abcam), anti-phospho-DRP1 (Ser637) (1:1000, E-
AB21251, Elabscience), anti-SOD2 (1:1000, E-AB-
14360, Elabscience), anti-GFP (1:5000, E-AB-20050,
Elabscience), anti-β-actin (1:2000, TA-09, Zhongshan-
Bio, Beijing, China) overnight at 4 °C. Following three
washes in Tris-buffered saline containing Tween 20
(TBST), the PVDF membrane was then incubated with
horseradish peroxidase (HRP)-labeled secondary antibod-
ies (Boster, BA1054, Wuhan, China) for 2 h at room tem-
perature in the dark. Immunodetection of proteins of in-
t e r e s t w a s p e r f o r m e d b y e m p l o y i n g t h e
electrochemiluminescence (ECL) kit (Boster, Wuhan,
China) and imaged by employing a microscopic digital
imaging system (Olympus, Japan).

CCK-8 Assay

Following transfection for 24 h, HT22 cells were re-
seeded at a cell density of 5 × 103 cells/well in 96-well
tissue culture plates and incubated overnight in 5% CO2

at 37 °C. Cells were then exposed to 4 mM glutamate for
24 h or subjected to OGD/R insults as described in the
BOxygen-Glucose Deprivation/Re-oxygenation^ section.
After treatment, we switched the medium per well with
100 μl DMEM medium containing 10% CCK-8 and in-
cubated for an additional 3 h. The absorbance at 450 nm
was measured by using a 96-well plate reader (Bio-Rad,
Hercules, CA). The viability of the cells was recorded as
the percentage relative to untreated controls.
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Mitochondrial Morphology and Mitochondrial
Content Assay in Cell Culture

HT22 cells cultured on poly-D-lysine-coated 35 mm Nest
Glass Bottom Dishes were transfected by using
Lipofectamine 2000 per manufacturer’s instructions and as
described above (BPlasmids and Cell Transfection^ section).
Following exposure of cells with OGD/R or treatment with
excess glutamate, mitochondria and nuclei in live HT22cells
were visualized by exposing cells with 30 nMMitoTracker™
Red CMXRos (Life Technologies) for 15 min followed by
one wash with warm, no phenol red medium, and exposed
with 2 μg/ml Hoechst 33342 for 15 min at 37 °C and 5%
CO2 respectively. Fluorescence images of cells were captured
by employing the API Delta Vision Elite Live cell Imaging
System (Applied Precision) at 60× magnification by using a
Plan Apo 60×/1.42 NA oil-immersion objective and equipped
with FITC/TRITC/DAPI fluorescence filters and bright-field
capability. Sections of the cells of interest containing fluores-
cently labeled mitochondria labeled byMitoTracker Red were
subjected to analysis by using the Image J software (v1.46) to
make Z-projections and the Biplane Imaris software (v7.4.) to
generate easy 3D reconstruction videos.

Mitochondrial interconnectivity and mitochondrial content
were assessed from mitochondria in HT22 cells that were
manually traced in fluorescence images by calculating the
average area/perimeter ratio and the percentage of the cytosol
occupied by mitochondria (mitochondrial content) respective-
ly in glutamate-treated HT22 cells by employing the
BMitochondrial Morphology^ macro (available free online
on the Wiki site http://imagejdocu.tudor.lu/) on the Image J
software (v1.46) as previously described [22].

RT-qPCR

To quantitate themRNA level of SOD2 inHT22 cells treated
with excess glutamate or vehicle control, total RNAwas pre-
pared fromcytosolic andmitochondrial fractions fromHT22
cells by using the TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) per manufacturer’s instructions. Total RNA was re-
verse transcribed into cDNA by using the BPrimeScript®
1st strand cDNA synthesis^ kit (TaKaRa, Tokyo, Japan).
SYBR® Green Real-time PCR Master Mix (Sigma, USA)
was used to determine themRNA level of the gene of interest
by employing the Stratagene Mx3000P qPCR system
(Stratagene-Agilent). The relative mRNA levels were nor-
malized to the housekeeping gene β-actin. Relative mRNA
levels of indicated gene were analyzed using the 2−ΔΔCt

method. Paired primer sequences used for amplifying
SOD2 are F:5′-CCATTTTCTGGACAAACCTGA-3′ and
R:5′-GACCCAAAGTCACGCTTGATA-3′ and forβ-actin:
5′-CCAGCCTTCCTTCTTGGGTAT-3′ (forward) and 5′-
TGCTGGAAGGTGGACAGTGAG-3′ (reverse).

Measurement of Intracellular Cyclic AMP

HT22 cells seeded in 6-well plates were treated with 4 mM
glutamate for different time points (0–5 h) when cells reached
approximately 90% confluency. The competitive immunoas-
say kit (Nanjing Jiancheng Bioengineering Institute, China)
was employed to quantitate the level of intracellular cyclic
AMP (cAMP) per manufacturer’s instructions. In brief, the
culture medium was removed from the wells, adherent cells
were washed twice in cold PBS, trypsinized, and harvested in
1 mL Eppendorf tubes containing PBS. Cells were then sub-
jected to sequential three freeze-thaw cycles to lyse cells
followed by centrifugation at 3000 rpm for 20 min to remove
cell debris. The supernatant was stored at − 80 °C prior to
measuring the level of intracellular cAMP. The optical absor-
bance was measured at 450 nm by employing a microplate
reader (Bio-Rad, Hercules, CA) following background correc-
tion. The absolute concentration of cAMP level assayed in
each sample was calculated by employing a standard curve
of increasing cAMP concentrations per the manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute,
China).

Mitochondrial Superoxide Assay

To determine the intracellular level of mitochondrial superox-
ide, glutamate or vehicle-treated transfected HT22 cells were
plated in 96-well tissue culture plates and mitochondrial su-
peroxide was visualized by exposing cells to the cell perme-
able, red fluorescent superoxide-sensitive dye MitoSOX
(Invitrogen, Grand Island, NY), as previously described and
per the manufacturer’s instructions with the following minor
modifications. In brief, following treatment with 4 mM gluta-
mate for 7 h, cells were stained with MitoSOX Red (5 μM;
37 °C; 15 min). After three gentle washes with warm, phenol
red-free, and 4 mM glutamate-containing medium, fluores-
cence (510/580 nm) was read at 8 and 10 h by employing a
SynergyH1 plate reader (BioTek Instrument, Inc., Winooski,
VT, USA) preloaded with the Gen 5 software. In addition,
cells in those aforementioned conditions were analyzed for
MitoSOX levels by fluorescence microscope.

Intracellular ATP Assay and Total GSH Assay

Mitochondrial ATP concentrations were measured by using
luminometer-based assays per manufacturer’s instructions
(ATP Assay Kit; Beyotime Institute of Biotechnology,
China) and by using a 96-well plate reader as previously de-
scribed [23]. In brief, after 24 h of transfection, HT22 cells
grown in 96-well plates were exposed to 4 mM glutamate for
another 24 h to induce glutamate oxidative toxicity. Cells were
then washed with PBS prior to lysing with lysis buffer in ice.
One half of the wells containing cells were treated with the
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potent mitochondrial uncoupler carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) for 45 min at
3 μM to uncouple mitochondria and to determine
mitochondrially derived ATP. The luminescence readings
were converted to ATP concentrations (μM) based on a 0–
10-μM standard curve and normalized to protein concentra-
tion by using the Bradford assay. Finally, ATP concentration
was normalized to protein concentration (μmol of ATP/μg of
protein) as previously described [23].

The total level of GSH in HT22 cells were determined
using commercially available kits per manufacturer’s instruc-
tions (Beyotime Institute of Biotechnology, China).

Mitochondrial Isolations

For groups that necessitated the enrichment of crude mito-
chondrial fractions, mitochondrial and cytoplasmic fractions
were isolated by using the Mitochondria/Cytosol
Fract ionat ion Kit (C3601, Beyotime Inst i tute of
Biotechnology, China) per manufacturer’s instructions. In
brief, HT22 cells were cultured in NEST T175 flasks, and
following Lipofectamine-mediated transfection for 24 h, cells
were harvested and washed twice with ice-cold PBS.
Harvested cells were then incubated in 1 or 2 ml ice-cold
mitochondrial lysis buffer on ice for 10 min. Cells were gently
disrupted by applying 20 strokes with a glass homogenizer
and pestle on ice. The resulting homogenate was then centri-
fuged at 600×g for 10 min at 4 °C to remove any unbroken
cells. The supernatant was then collected from each sample
and then centrifuged at 11,000×g for 10 min at 4 °C to isolate
the mitochondrial fraction (pellet) by removing the cytoplas-
mic fraction (supernatant). The crude mitochondrial pellet was
washed several times using a washing buffer and re-
centrifuged for 10 min at 11,000×g to isolate the processed
mitochondrial fraction. Proteins were then subjected to RNA
extraction or Western blot.

Measurement of Mitochondrial Membrane Potential

Changes in mitochondrial membrane potential were estimated
via the uptake of the cell permeable, red fluorescent dye rho-
damine 123 which enters the mitochondria as a result of the
highly negative Δψm. Depolarization of Δψm results in a
significant loss of mitochondrial retention of rhodamine 123,
leading to a decrease in the intracellular fluorescence. In brief,
HT22 cells were harvested and incubated with rhodamine 123
(5 μM) at 37 °C for 30 min; after which, they were washed
twice with warm PBS and then subject to an ACEA flow
cytometer (ACEA, USA). The mean fluorescence intensities
of HT22 cells were analyzed using the FlowJov10.3 software
(Tree Star Inc., OR, USA).

Statistics

Results were expressed as compiled mean ± S.E.M. Multiple
group comparisons were performed using one-way analysis of
variance (ANOVA) followed by Tukey’s test for post hoc
analyses for experiments that involved more than two exper-
imental conditions, or followed by using Fisher’s LSD t test
for pairwise comparisons to identify significant differences.
Statistical analyses were performed by using PRISM 5.01
(GraphPad). Values of p < 0.05 were considered significant.

Results

Glutamate-Mediated Oxidative Stress Elicit Cyclic
AMP-Dependent PKA Signaling

AKAP121 (rat homolog of human D-AKAP1) can link PKA
to the outer mitochondrial membrane (OMM) to promote mi-
tochondrial fusion by phosphorylating dynamin-related pro-
tein 1 (Drp1). Enhancing the level and activity of mitochon-
drial PKA can enhance mitochondrial interconnectivity as a
mechanism to promote neuroprotection against a variety of
toxic stimuli [8, 16]. In this study, we explored for the first
time the extent to which AKAP121 protects HT22 cells from
oxidative glutamate toxicity and against ischemia/reperfusion.
First, in order to identify the minimum and maximum concen-
trations of glutamate that is toxic to HT22 cells, we treated
parental HT22 cells seeded in 96-well plates with increasing
concentrations of L-glutamate. By using well-validated sur-
vival assays (CCK-8), we observed that exposing HT22 cells
to 4 mM L-glutamine for 24 h elicited maximum cell death,
whereas a 2 mM induced modest but significant cytotoxicity
(25% cell death) (Fig. 1a). While glutamate-mediated toxicity
can cause neuronal death through a variety of molecular path-
ological mechanisms (e.g., via rapid depletion of glutathione,
mitochondrial fragmentation, increased superoxide levels),
several studies have reported that oxidative glutamate toxicity
can increase several compensatory signaling pathways to de-
lay neuronal death [19, 24, 25]. Given that cyclic AMP-
dependent PKA signaling can be altered in response to ische-
mia, neurodegeneration, and other toxic insults [14, 15,
26–28], we analyzed the level of intracellular cyclic AMP
(cAMP) and PKA activity in HT22 cells exposed to an
LD50 dose of glutamate. Interestingly, we observed that the
level of intracellular cAMP concentration rose sharply within
2 h and plateaued by 2 h of glutamate treatment (Fig. 1b). In
addition, it has been reported that the level of endogenous
AKAP121 is transcriptionally upregulated via the transcrip-
tion factor cyclic AMP-dependent response element-binding
protein (CREB) in a PKA-dependent manner in other non-
neuron cell types [29, 30]. To this end, we surmised that an
increase in intracellular cAMP signaling is associated with
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an increase in the level of endogenous AKAP121 in HT22
cells exposed to excess concentrations of glutamate. Indeed,
we observed that the endogenous level of AKAP121 in-
creased in time-dependent manner with maximal levels
achieved at 8 h of exposure to excess glutamate. Consistent
with the concept that oxidative glutamate toxicity enhances
PKA activity, we observed that the level of phosphorylated
CREB, a substrate of PKA, is also elevated as assessed by
quantifying the ratio of p-CREB to T-CREB (p-CREB/T-
CREB) with maximal levels of p-CREB/T-CREB ratios
achieved at 8 h but decreasing by 12 h of glutamate post-
treatment of HT22 cells (Fig. 1c). Overall, these experimental
observations suggest that upregulation of PKA signaling in-
creases the level of endogenous mitochondrial PKA
(AKAP121/PKA). Next, we explored the extent to which levels
of AKAP121 and of p-CREB/CREB are altered in HT22 cells
habituated to thrive in high levels of glutamate (HT22-R cells).
As in naïve HT22 cells treated with an acute dose of excess
glutamate, we observed that glutamate-resistant HT22 cell
contained high protein levels of AKAP121 and p-CREB/
CREB ratios (Fig. 1d). Furthermore, we observed that the ac-
cumulation of AKAP121 and the phosphorylation of CREB
can be blocked by incubating cells with H89 for 24 h (Fig.
S1E). Given that endogenous cyclic AMP and AKAP121
levels increase in a time-dependent manner in HT22 cells treat-
ed with excess glutamate (Fig. 1c), we surmised that elevated
cyclic AMP—as a consequence to glutamate oxidative
toxicity—contributes to a cAMP-mediated increase in the level
of endogenous AKAP121. Indeed, Western blot analyses dem-
onstrated a significant time-dependent increase in AKAP121
protein levels in cell lysates from HT22 cells treated with ex-
ogenous 250 μMdbt-cAMP, with maximum levels observed at
12 h post-treatment (Fig. 1e, f). Consistent with an induction of
transcription, the increase in AKAP121 levels was elicited fol-
lowing an increase in PKA-dependent phosphorylation of the
PKA regulated transcription factor CREB (ser 133) (Fig. 1e, f).
Thus far, our data demonstrate that acute or chronic treatment of
neuronal HT22 cells with high concentration of glutamate
elicits a compensatory PKA signaling to increase AKAP121
levels, presumably as a protective response to delay cell death
induced by exposure to excess concentration of exogenous
glutamate.

AKAP121 Overexpression Can Increase the Level
of Antioxidants SOD2 and GSH as a Molecular
Mechanism to Reduce Oxidative Stress

Given that the level of AKAP121 increases in a time-
dependent manner in response to oxidative glutamate toxicity,
we then surmised that the increased level of AKAP121 medi-
ates the neuroprotective effects in HT22 cells in an oxidative
(glutamate oxidative injury) but not in an oxygen reducing
environment (hypoxia). To address this hypothesis, we

transiently overexpressed HT22 with an empty control or with
full-length V5/His-tagged AKAP121 containing the KH and
Tudor domains in HT22 cells (Fig. 2a) for 24 h prior to chal-
lenging them with two types of toxic insults: (1) 4 mM gluta-
mate or (2) oxygen-glucose deprivation followed by reperfu-
sion (OGD/R). Although exogenous full-length AKAP121
can be transiently expressed to robust levels in HT22 cells
(Fig. 2b), it was unable to confer significant protection in
HT22 cells subjected to ischemia/reperfusion in vitro model
(Fig. 2c). In addition, given that endogenous AKAP121 is
rapidly degraded via the E3 ubiquitin ligase Siah2 during
OGD/R [31] and modulates levels of the mitochondrial local-
ized antioxidant SOD2 [18], we then surmised that the level of
endogenous AKAP121 is altered in cells treated with excess
glutamate. However, we observed that the level of both en-
dogenous and overexpressed AKAP121 remained unaffected
in HT22 cells exposed to a high concentration of glutamate
compared to untreated HT22 cells (Fig. 2b). This data is con-
sistent with the observation that AKAP121 is degraded in an
oxygen reducing environment [31] but not in an oxidative
environment (Fig. 2b) and explains why AKAP121 is only
able to protect against oxidative glutamate toxicity but not
against OGD/R. Importantly, AKAP121-overexpressing
HT22 cells show higher cell viability and an overall healthy
cell morphology when treated with excess glutamate com-
pared to vector-transfected HT22 cells as assessed by the
CCK-8 assay and bright-field microscopy (Fig. 2d). Overall,
this data suggest that AKAP121/PKA can protect neuronal
cells against oxidative glutamate toxicity but not against
OGD/R.

We then explored the mechanisms that underlie the neuropro-
tective effects of AKAP121 in the glutamate oxidative toxicity
model. It has been reported that exposure ofHT22 cells with high
concentrations of extracellular glutamate blocks the glutamate/
cysteine antiporter to inhibit cysteine uptake and leads to a rapid
depletion of intracellular level of the antioxidant GSH in HT22
cells, an early pathological event that induces oxidative stress and
rapid depletion of energy [5, 6, 24]. Consistent with these studies,
we observed that both the total level of GSH (T-GSH) and intra-
cellular ATP levels decreased sharply in HT22 cells exposed to
glutamate compared to untreated cells (Fig. 2e, f). On the other
hand , t r an s i en t ove r exp r e s s i on o f f u l l - l e ng t h
AKAP121 increased the levels of T-GSH and ATP in both un-
treated and in glutamate-treated cells compared to vector-
transfected cells (Fig. 2g–i). Consistent with another study [5,
6], the exposure of HT22 cells to 4 mM glutamate leads to a
significant increase in the level of intracellular mitochondrial-
derived ROS in HT22 cells exposed to glutamate as assessed
by exposing cells with the permeable, red fluorescent superoxide
indicator MitoSOX Red used to analyze the level of mitochon-
drial superoxide [6](Fig. 2j). Given that AKAP121 increases the
level of SOD2 mRNA in the mitochondria [18], we then ex-
plored the extent to which transient expression of AKAP121
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affects the levels of mitochondria-derived superoxide. We ob-
served that transient expression of full-length AKAP121 can
significantly block the increase in mitochondrial superoxide in
glutamate-treated cells treated for 8 h or 10 h (Fig. 2j). Overall,
our data suggests that AKAP121 promotes neuroprotection
against oxidative glutamate toxicity in HT22 cells, in part by
enhancing cytosolic and mitochondrial localized antioxidant de-
fenses to reduce the level of deleterious mitochondrial
superoxide.

Mitochondrial Superoxide Dismutase SOD2 Content Is
Elevated in a PKA-Dependent Manner in HT22 Cells

AKAP121 possesses a K homology (KH) RNA-binding
motif (Fig. 2a) that anchors SOD2 mRNA to promote its
translocation to the mitochondria, leading to increased
protein levels of SOD2 [18] and cytoprotection against

oxidative stress [6, 32]. Given that treatment of HT22
cells with excess glutamate is associated with a signifi-
cant increase in the protein level of AKAP121 (Fig. 1c),
we then surmised that an elevated protein level of
AKAP121 serves to increase the mRNA and protein
levels of SOD2 in the mitochondrion. To address this
hypothesis, we transiently transfected HT22 cells with
an empty vector or with full-length AKAP121 and ana-
lyzed for mRNA and protein levels of SOD2 by RT-
qPCR and Western blot respectively. While RT-qPCR
analyses showed that AKAP121-transfected HT22 cells
contained a significantly lower level of SOD2 mRNA in
the mitochondrial fraction compared to the untreated cells
under baseline conditions (Fig. 3a, left graph), transient
expression of full-length AKAP121 was associated with a
significant increase in SOD2 mRNA level in cells treated
with excess glutamate compared to HT22 cells transiently
transfected with an empty vector as a control (Fig. 3a,
right graph). Next, given that HT22-R intrinsically
showed an elevated level of AKAP121 compared to
naïve HT22 cells (Fig. 1d), we hypothesized that the
increase in the level of AKAP121 is associated with an
increase SOD2 mRNA level in order to reduce oxidative
stress induced by exposure to excess glutamate. Indeed,
Western blot analyses showed that HT22-R cells
contained an elevated protein level of SOD2 compared
to glutamate-sensitive HT22 cells (Fig. 3b). This data
suggest that an increase PKA signaling and level of mi-
tochondrial antioxidants (Figs. 1c and 3b) are compensa-
tory mechanisms that serve to confer neuroprotection
against oxidative stress in HT22-R cells. Next, we sur-
mised that increasing the level of PKA/C at the mito-
chondrion is sufficient to enhance the protein level of
SOD2. We observed that the protein level of SOD2 is
significantly increased in cell lysates derived from
HT22-R cells transfected with GFP-tagged AKAP121
(residues 1–524) compared to OMM-GFP-transfected
cells (Fig. 3c). Furthermore, cell lysates derived from
transient HT22-R cells transfected with a GFP-tagged
PKA-binding deficient mutant of AKAP121 (residues
1–524) (AKAP121-ΔPKA) demonstrated similar level
of SOD2 as HT22-R cells transfected with mitochondrial
targeted GFP as a control (OMM-GFP). These data sug-
gest that the ability of AKAP121 to bind PKA/C is re-
quired to increase the level of SOD2 at the mitochondri-
on (Fig. 3c). Next, we explored the extent to which in-
creasing the catalytic activity of PKA at the mitochondri-
on is sufficient to increase levels of SOD2. To address
this question, we transiently transfected naïve HT22 cells
with a constitutively active mutant of the catalytic sub-
unit of PKA targeted to the mitochondrion via the mito-
chondrial targeting sequence of hexokinase I1–30 and N-
terminally fused to GFP (OMM-PKA) and analyzed for

�Fig. 1 Glutamate-mediated oxidative stress elicit cyclic AMP-dependent
PKA signaling. a Effect of glutamate on cell viability. Cells were seeded
in 96-well culture plates at 5000 cells/well, overnight, then treated with
glutamate at the indicated concentrations for 24 h. Cell viability was
determined using the CCK-8 assay (***p < 0.001 vs. 0 mM, one-way
ANOVA, Tukey’s test). b An intracellular rise in cAMP level is observed
as a result of oxidative glutamate toxicity. Parental HT22 cells were seed-
ed in 6-well culture plates at 2 × 105 cells per well overnight and subse-
quently challenged with 4 mM glutamate for the indicated time points.
Cells were then harvested per well in lysis buffer and intracellular cAMP
was assayed by performing the competitive immunoassay (**p < 0.01 vs.
0 h, one-wayANOVA, Tukey’s test). cCells lysates derived from parental
HT22 cells that were challenged with 4 mM glutamate for the indicated
time points and immunoblotted for endogenous AKAP121, p-CREB, and
total CREB (T-CREB) to analyzeAKAP121 level and the p-CREB to
CREB ratios. The representative Western blot, representative of three
experiments, (a) shows that challenging HT22 cells with glutamate in-
creases the level of endogenous AKAP121 and of p-CREB, suggesting
that glutamate toxicity is associated with increased intracellular cAMP-
dependent signaling. The bar graphs on the right show densitometric-
based quantifications of the mean intensity of the immunoreactive bands
for AKAP121 (left bar graph) or of p-CREB/T-CREB ratio (for both
graphs: ***p < 0.001 vs. 0 h, one-way ANOVA, Tukey’s test). d Cells
lysates derived from HT22-sensitive and-resistance cell clones (HT22-R)
were immunoblotted for endogenous AKAP121, p-CREB, and CREB to
analyze the extent to which exposure of cells to chronic and high concen-
trations of glutamate elicits PKA signaling. The bar graphs on the right
show image-based quantifications of the mean intensity of the immuno-
reactive bands for AKAP121 (left bar graph) or of p-CREB/T-CREB ratio
(for both graphs: **p < 0.01, ***p < 0.001 vs. HT22-S, Student’s t test). e
Cell lysates derived from HT22 cells incubated in 250 μM cAMP for
indicated time were immunoblotted for the level of AKAP121and p-
CREB/CREB ratio. The representative Western blot, representative of
three experiments, shows that incubating HT22 cells with 250 μM
cAMP robustly increases the level of endogenous AKAP121 and of p-
CREB. f The bar graphs show image-based quantifications of the mean
intensity of the immunoreactive bands for AKAP121 (right bar graph) or
of p-CREB/T-CREB ratio (left bar graph) (for both graphs: *p < 0.05,
**p < 0.01, ***p < 0.001 vs. 0 h, Student’s t test). All the data were
pooled from experiments that were repeated at least three times which
yielded similar results (a representative data set is shown)
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SOD2 levels by Western blot. Indeed, Western blot anal-
yses of mitochondrial fraction derived from transiently
OMM-PKA-transfected HT22 cells demonstrated signifi-
cantly elevated PKA/C and SOD2 levels compared to
OMM-GFP-transfected naïve HT22 cells (Fig. 3d). In ag-
gregate, our data shows that enhanced PKA level at the
mitochondrion increases the mRNA and protein levels of
SOD2 in the mitochondrion, presumably as a compensa-
tory, beneficial response to counteract oxidative stress
induced by excess glutamate.

Mitochondrial Localized PKA Promotes
Neuroprotection Against Glutamate Oxidative
Toxicity by Remodeling Mitochondria
and by Phosphorylating Drp1

Mitochondrial localized PKA phosphorylates human Drp1 in
serine 637 (p-Drp1), leading to increased mitochondrial inter-
connectivity and enhanced neuroprotection against a variety
of toxic insults and in a genetic model of PD [8, 16, 28]. S-
AKAP84 is a spliced isoform of AKAP121 that lacks the KH
and Tudor domains [33]. We transiently transfected naïve
HT22 cells with a panel of mitochondrial PKA-modulating
constructs that included the rat S-AKAP84, OMM-PKA,
AKAP121-WT-GFP, and AKAP121-△PKA-GFP to deter-
mine whether enhancing the level and activity of mitochon-
drial PKA (AKAP121/PKA or S-AKAP84/PKA) confers
neuroprotection against oxidative glutamate toxicity in a
PKA-dependent manner in HT22 cells (Fig. 2a). It is worth
noting that transient expression of all constructs (S-AKAP84,
AKAP121, or OMM-PKA) can be expressed to high levels
(Fig. 4a) and does not alter cell viability or cell density under
basal conditions (normoxic and in complete medium) (Fig.
S1A). Furthermore, epifluorescence analyses of live
transfected cells demonstrated that S-AKAP84, OMM-PKA,
AKAP121-WT, AKAP121-△PKA, and OMM-GFP are
colocalized with mitochondria (Fig. 4i(c, g, k), j(c, g, k)).
Next, we tested the ability of mitochondrial PKA-
modulating constructs to enhance PKA activity in the mito-
chondrion by analyzing for the level of phosphorylated Drp1,
a substrate of AKAP121/PKA and of S-AKAP84/PKA. In the
absence of cAMP, Western blot analyses of cell lysates de-
rived from HT22 cells transiently transfected with OMM-
PKA resulted in an elevated ratio of p-Drp1/T-Drp1, whereas
transient expression of S-AKAP84 did not significantly in-
creased p-Drp1/T-Drp1 ratio compared to OMM-GFP-
transfected cells (Fig. 4b). However, treating cells with
250 μM cAMP for 2 h significantly elevated the ratio of p-
Drp1/T-Drp1 in HT22 cells transiently expressing full-length
AKAP121, S-AKAP84, and AKAP121-GFP, which lacks the
KH and Tudor domains, compared to the OMM-GFP group
(Fig. 4c, d). Consistent with previous studies [16], these data
show that transient expression of core domain of AKAP,
which is essential for binding PKA, is sufficient to enhance
the rate of cyclic AMP-mediated activation of PKA in the
mitochondrion. Next, we transiently overexpressed wild-
type rat AKAP121 or its PKA-binding deficient mutant
(AKAP121-ΔPKA) in HT22-S and HT22-R cells to further
explore the importance of PKA-binding ability of AKAP121
in this model. Semi-automated morphometric analyses of mi-
tochondria in MitoTracker-stained cells showed that transient
expression of S-AKAP84, OMM-PKA, and rat AKAP121-
WT, but not AKAP121-ΔPKA, induced some perinuclear
clustering (Figs. 4i(e, i), j(e) and S2A-a ), and elevated

�Fig. 2 AKAP121 overexpression can increase the level of antioxidants
SOD2 and GSH as a molecular mechanism to reduce oxidative stress. a
The domain structure of S-AKAP84, OMM-PKA, AKAP121, the
AKAP121-WT, and AKAP121-△PKA pair and mitochondrial targeted
GFP (OMM-GFP). The DNA constructs used in the experiments are
shown in this figure and throughout Figs. 3, 4, 5, and 6. The relative
positions of functional domains are labeled and indicated in different
colors. BN^ corresponds to the 30-residuemitochondrial targeting domain
whereas the AKB stands for the PKA-binding domain of S-AKAP84,
full-length AKAP121, AKAP121-WT-GFP, and AKAP121-ΔPKA-
GFP. Note that the K homology (KH) and Tudor domains are homolo-
gous to the corresponding RNA-binding domains. Hexokinase Iserves as
the N-terminal OMM-targeting sequence for OMM-PKA. PKA/C stands
for the catalytic subunit of PKA. b Lysates from cells transiently
transfected the empty vector control (pcDNA3.1) or AKAP121 vector
were immunoblotted for the level of AKAP121 under baseline conditions
or in the presence of excess glutamate. c Cells were transfected with
empty vector (pcDNA3.1) or with AKAP121 for 24 h and seeded in
96-well culture plates at 5000 cells/well overnight. Cells were then sub-
jected with OGD/R. Cell viability was determined by employing the
CCK-8 assay (***p < 0.001 vs. pCDNA3.1, one-way ANOVA, Tukey’s
test). dHT22 cells were incubatedwith 4 mMglutamate for 24 h. The cell
morphology was visualized with a phase-contrast microscope. The rep-
resentative phase-contrast images show that transient expression of
AKAP121 preserves normal cell morphology compared to cells express-
ing an empty vector (***p < 0.001 vs. pcDNA3.1, Student’s t test). Scale
bar = 50μm. e, fCell lysates derived from untreated or glutamate exposed
(4 mM, 24 h) HT22 cells were assayed for the level of intracellular
glutathione (e) and of ATP levels (f) (for both graphs: ***p < 0.001 vs.
no glu, Student’s t test). g Cell lysates derived from hippocampal progen-
itor HT22 neuronal cells transiently transfected with pcDNA3.1 empty
vector control or with AKAP121 were assayed for the level of intracel-
lular glutathione HT22 cells and normalized to protein concentration
(**p < 0.01 vs. con-pcDNA3.1, Student’s t test). h, i Confluent HT22
cells were transfected with AKAP121 or with pcDNA3.1. Cells
transfected with empty vector without glutamate incubation served as a
control. 24 h post-transfection, cells were challenged with 4 mM gluta-
mate for 24 h harvested, lysed and the intracellular total glutathione and
ATP content were measured to assess the extent to which transient ex-
pression of AKAP121 restores T-GSH and ATP levels (for both graphs:
**p < 0.01, ***p < 0.001 vs. con-pcDNA3.1, Student’s t test). j HT22
cells were untreated or challenged with 4 mM glutamate for 8 and 10 h.
Cells were then stained with the cell permeable, red fluorescent dye
MitoSOX Red (5 μM) to assess the levels of superoxide. Quantitation
of fluorescence intensity of MitoSOX in HT22 cells was assessed by
employing a microplate reader and normalized to cell number measured
by employing the CCK-8 assay (for both 8 or 10 h exposures to gluta-
mate: ***p < 0.001 vs. 4 mM glut pcDNA3.1, one-way ANOVA,
Tukey’s test). All the data were pooled from experiments that were re-
peated at least three times which yielded similar results (a representative
data set is shown)
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mitochondrial interconnectivity and content (% of cytosol oc-
cupied by mitochondria) compared to control OMM-GFP
transfected cells (Figs. 4e–h and S2B, C). In the presence of
oxidative stress, HT22 cells transiently expressing AKAP121
and treated with excess glutamate show a significantly higher
mitochondrial interconnectivity and content compared to cells
transfected with OMM-GFP or AKAP121-ΔPKA cells and
treated with glutamate for 2 h, a time point that induced a
significant decrease of mitochondrial interconnectivity and
content (Fig. S3A–E). Given that S-AKAP84 and
AKAP121-WT-GFP lack the KH and Tudor domains, these
data suggest that elevated PKA activity, but not mitochondrial

biogenesis or increased mRNA SOD2 levels, contribute to
enhancing mitochondrial interconnectivity in HT22 cells in a
PKA activity-dependent manner. To further corroborate
whether the ability of S-AKAP84 to modulate mitochondrial
interconnectivity and mitochondrial content requires PKA ac-
tivity, we treated HT22cells transiently transfected with S-
AKAP84 with H89 (0.5μM, 4 h), a pharmacological inhibitor
of PKA that does not affect baseline viability in HT22 cells
(Fig. S1B, left graph). Indeed, treating HT22-transfected cells
with H89 completely blocked the ability of S-AKAP84 for
enhancing mitochondrial fusion and mitochondrial content
per cell (Fig. S1B–D). Consistent with another study [20],

Fig. 3 Mitochondrial superoxide dismutase SOD2 content is elevated in
a PKA-dependent manner in HT22 cells. a RT-qPCR mediated quantifi-
cation of the relative mRNA level for SOD2 derived from HT22 cells
transiently transfected with AKAP121 or empty control vector under
baseline conditions or following treatment with excess glutamate for
2 h and normalized to β-actin. For both graphs: **p < 0.01,
***p < 0.001 vs. pcDNA3.1 group, Student’s t test). b Cells lysates de-
rived from HT22-sensitive (HT22-S) or from glutamate-resistant HT22
cells (HT22-R) were immunoblotted for endogenous AKAP121, SOD2,
and for β-actin as a loading control. The representative Western blot
shows that HT22-R cell possesses a higher AKAP121 level together with
an increasing level of SOD2 compared to HT22-S cell (for both graphs:
***p < 0.001 vs. HT22-S, Student’s t test). c Cells lysates derived from

glutamate resistant HT22 cells (HT22-R) transfected with OMM-GFP,
AKAP121-WT, and AKAP121-△PKAwere immunoblotted for endoge-
nous SOD2 and for β-actin as a loading control (***p < 0.001 vs. OMM-
GFP, one-way ANOVA, Tukey’s test). dMitochondrial fractions derived
from HT22 cells transiently transfected with the indicated OMM-PKA
vector were immunoblotted for PKA/C, SOD2, and VDAC as a loading
control for mitochondria analyze the extent to which enhancing PKA
signaling in the mitochondrion, via transient transfection of OMM-
PKA, affects the protein levels of SOD2 (for both graphs: ***p < 0.001
vs. OMM-GFP, Student’s t test). All the data were pooled from experi-
ments that were repeated at least three times which yielded similar results
(a representative data set is shown)
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our data suggest that AKAP121 enhances mitochondrial con-
tent and mitochondrial interconnectivity in a PKA activity-
dependent manner in HT22 cells (Figs.4e–h and S2B).

Mitochondrial Localized PKA Increases Total GSH,
Reduces Mitochondrial ROS, and Increases Neuronal
Survival

Mitochondrial dysfunction plays a critical role in the activa-
tion of programmed cell death. We then explored the extent to
which increasing the activity and level of mitochondrial PKA
enhances mitochondrial function and health against oxidative
stress in glutamate-treated HT22 cells. Indeed, we observed
that transient expression of S-AKAP84 or OMM-PKA en-
hanced neuronal survival against glutamate oxidative toxicity
(Fig. 5a, b). Secondly, transient expression of OMM-PKA,
and S-AKAP84, concomitantly increased the level of total
GSH (T-GSH) content in glutamate-untreated HT22 cells
(Fig. 5c). Indeed, 24 h treatment of cells with 4 mM glutamate
reduced the level of total GSH in HT22-s cells (Fig. 5d).
Consistent with an ability of AKAP121/PKA for enhancing
mitochondrial health, transient expression of AKAP121 in
HT22 cells increases the transmembrane potential of mito-
chondria in a PKA activity-dependent manner under baseline
conditions as assessed by flow cytometry of cells stained with
the potentiometric, red fluorescent dye rhodamine 123 (Fig.
S4A–E). Furthermore, transient expression of AKAP121 in-
creased the levels of mitochondrial ATP compared to HT22
cells transiently expressing OMM-GFP control (Fig. S4F).
The ability of AKAP121 to increase mitochondrial ATP levels
was observed to require PKA activity as treating AKAP121-
expressing cells with H89 generated similar levels of ATP as
in OMM-GFP expressing cells (Fig. S1D). Finally, we ob-
served that transient expression of S-AKAP84 or OMM-
PKA blocked the increase in the level of mitochondrial super-
oxide, as assessed by the MitoSOX assay in HT22 cells treat-
ed with glutamate for 8 and 10 h (Fig. 5f, g). Overall, our data
suggest that increasing the activity of mitochondrial PKA re-
verses mitochondrial damage and oxidative stress induced by
exposure to excess glutamate.

The Neuroprotective Effects of AKAP121 Are
Conferred via PKA-Mediated Phosphorylation of Drp1

Drp1 is a bonafide substrate of AKAP121/PKA and PKA-
mediated phosphorylation of human Drp1 in serine 637
(656 mouse homolog) inhibits mitochondria fission, lead-
ing to enhanced mitochondrial interconnectivity and
cytoprotection against oxidative stress [34]. To this end,
we hypothesized that the mechanism by which AKAP121
confers neuroprotection against oxidative glutamate toxici-
ty in HT22 cells involves PKA-mediated phosphorylation
of Drp1 to maintain mitochondrial interconnectivity. To

address this hypothesis, we transiently transfected HT22
ce l l s w i t h a p l a smid tha t co - exp r e s s e s a PKA
phosphomimetic mutant of Drp1 (S656D) and shRNAs that
specifically knocks down endogenous rat Drp1. This
phosphomimetic mutant of Drp1 has been shown to pheno-
copy the neuroprotective effects of AKAP121/PKA in a
genetic cell culture model of PD and in cells treated with a
variety of toxic insults including rotenone and tunicamycin
[16, 20]. Western blot analyses show that high levels of
Drp1-S656D can be attained in transiently transfected
HT22 cells by 48 h post-transfection (Fig. 6a). Semi-
automated morphometric analysis of the mitochondria in
transfected cells demonstrated that transient expression of
Drp1-S656D enhances mitochondrial interconnectivity
(area/perimeter per cell) and mitochondrial content com-
pared to empty vector-transfected cells (Fig. 6b–d) and in
a similar manner as HT22 cells transiently expressing
AKAP121, S-AKAP84, or OMM-PKA under baseline con-
ditions (Fig. 4E–H). In the presence of excess exogenous
glutamate, HT22 cells transected with Drp1-S656D or WT-
AKAP121 but not AKAP121-ΔPKA completely reversed
mitochondrial fragmentation and loss of mitochondrial con-
tent induced by 4 h incubation of 4 mM glutamate in OMM-
GFP-transfected cells. Interestingly, transient expression of
Drp1-S656D was as efficient as AKAP121 in reversing mi-
tochondrial fragmentation and content (Fig. 6g, h).
Importantly, transient transfection of Drp1-S656D signifi-
cantly enhanced cell survival against glutamate-mediated
toxicity relative to empty vector-transfected cells (Fig. 6f),
suggesting that PKA-mediated phosphorylation of Drp1 in
serine 656 via AKAP121/PKA is sufficient to enhance neu-
ronal survival against oxidative glutamate toxicity by pro-
moting mitochondrial interconnectivity. Finally, we then
investigated whether the PKA activity of AKAP121 con-
tributes to the enhanced resistance of HT22-R against oxi-
dative stress induced by exposure to excess glutamate. To
address this hypothesis, we transiently transfected HT22-R
cells with wild-type or PKA-binding deficient mutant of
AKAP121 (AKAP121-ΔPKA) in its baseline culture medi-
um containing 10 mM glutamate. We observed that cells
transiently expressing AKAP121-ΔPKA showed signifi-
cantly reduced mitochondrial interconnectivity and reduced
mitochondrial content compared to HT22-R cells
transfected with wild-type AKAP121 under baseline condi-
tions (Fig. S2A–C). Interestingly, transient expression of
AKAP121-ΔPKA significantly reduced cell viability in
HT22-R cells treated with excess glutamate compared to
cells transiently expressing OMM-GPF or wild-type
AKAP121 (Fig. S2D). Overall, our data suggest that
AKAP121-ΔPKA ablates the resistance of HT22-R cells
against oxidative glutamate toxicity by acting in a dominant
negative manner, presumably by outcompeting the
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endogenous catalytic of PKA from binding to AKAP121 in
the mitochondrion as previously published [15, 16].

In aggregate, our data suggests that AKAP121 levels are
increased in HT22 cells continuously exposed to excess glu-
tamate as a compensatory response to reduce cell death in-
duced by oxidative glutamate toxicity in HT22 cells.

Mechanistically, AKAP121/PKA-mediated phosphorylation
of Drp1 contributes to enhanced neuronal survival against
oxidative stress induced by oxidative glutamate toxicity in
parental and in glutamate-resistant HT22 cells.

Discussion

Under physiological conditions, the cellular energy demands
are predominantly met by ATP generated via oxidative phos-
phorylation in the mitochondrion. In particular, neurons are
post-mitotic cells that heavily rely on high-quality mitochon-
dria for the provision of energy required for the maintenance
of neuronal connections and survival [14]. On the other hand,
mitochondrial ROS are predominantly generated due to an
inefficient electron flow from complex I to complex II in the
inner mitochondrial membrane and matrix compartments,
leading to the reduction of oxygen to superoxide. In particular,
the production of mitochondrially localized ROS is signifi-
cantly enhanced in conditions that produce oxidative stress
in normoxic environments [6, 24]. Therefore, conditions that
induce high and persistent levels of oxidative stress can rap-
idly damage mitochondria, shut down oxidative phosphoryla-
tion, and lead to a depletion of mitochondrial ATP levels,
decreased mitochondrial biogenesis and turnover, and a high
generation of mitochondrial superoxide, a precursor for the
generation of other free radical species including hydroxyl
radicals and peroxynitrites. To this end, exposing neurons to
a high concentration of glutamate can overwhelm the
cysteine/glutamate antiporter, leading to an excess intake of
glutamate and an induction of high levels of oxidative stress
due to a rapid and robust depletion of the antioxidant gluta-
thione [6, 32, 35].

In this study, undifferentiated hippocampal progenitor
HT22 neuronal cells, which do not express glutamate recep-
tors, are highly vulnerable to glutamate-mediated toxicity due
to oxidative stress caused via rapid extrusion of cysteine—a
precursor amino acid required for the production of the anti-
oxidant glutathione-through the activation of the cysteine/
glutamate antiporter. The exposure of neuronal cells to excess
exogenous glutamate caused robust mitochondrial pathology.
Indeed, the acute exposure of HT22 neuronal cells to high
concentrations of glutamate (~ 4 mM) leads to mitochondrial
fission, increased production of mitochondrial superoxide, a
massive depletion of ATP levels (~ 80% reduction) (Fig. 2), a
depletion of glutathione levels (Fig. 2), a reduction of mito-
chondrial content, and the activation of apoptosis/cell death
(Figs. 2d, 6g, h, and S3). However, it has been reported that
either reversing the depletion of the cellular GSH content or
overexpressing human SOD2 is sufficient to enhance cell sur-
vival of HT22 cells exposed to high concentration of gluta-
mate [6, 19, 25, 32]. This observation underscores the impor-
tance of supplementing neurons with antioxidants to

�Fig. 4 Mitochondrial localized PKA promotes neuroprotection against
glutamate oxidative toxicity by remodeling mitochondria and
phosphorylating Drp1. a Lysates derived from cells transiently
transfected the indicated plasmids were immunoblotted for GFP in
order to analyze the expression level of vectors. The representative
Western blot shows that transient expression level of the indicated
vectors were detectable and expressed at the expected molecular
weights for each recombinant protein as published [1]. b Lysates
derived from HT22 transfected with OMM-GFP, S-AKAP84, and
OMM-PKA were immunoblotted for p-Drp1 and total Drp1(T-Drp1) to
analyze the ability of PKA-modulating plasmids to phosphorylate the
AKAP121/PKA substrate Drp1 under basal conditions (***p < 0.001
vs. OMM-GFP, one-way ANOVA, Tukey’s test). c Lysates derived from
HT22 transfected with OMM-GFP, S-AKAP84, and AKAP121-WTwere
immunoblotted for p-Drp1 and total Drp1(T-Drp1) to analyze the ability
of PKA-modulating plasmids to phosphorylate the AKAP121/PKA sub-
strate Drp1 in the presence of 250 μM cAMP for 2 h (**p < 0.01,
***p < 0.001 vs. OMM-GFP, one-way ANOVA, Tukey’s test). d
Lysates derived from HT22 transfected with pcDNA3.1 and the full-
length AKAP121 were immunoblotted for p-Drp1 and total Drp1 (T-
Drp1) to analyze the ability of PKA-modulating plasmids to phosphory-
late the AKAP121/PKA substrate Drp1 in the presence of 250 μMcAMP
for 2 h (*p < 0.05 vs. pcDNA3.1, Student’s t test). e Image-based quan-
tification of mitochondrial interconnectivity (area/perimeter ratio of mi-
tochondrion per cell) in HT22 cells transiently transfected with the indi-
cated PKA-modulating plasmids (for both graphs: ***p < 0.001 vs.
OMM-GFP, one-way ANOVA, Tukey’s test). f Image-based quantifica-
tion of mitochondrial content (% of cytosol occupied by mitochondria) in
HT22 cells transiently transfected with the indicated PKA-modulating
plasmids (for both graphs: **p < 0.01, ***p < 0.001 vs. OMM-GFP,
one-way ANOVA, Tukey’s test). g Image-based quantification of mito-
chondrial interconnectivity (area/perimeter ratio of mitochondrion per
cell) in HT22 cells transiently transfected with the indicated PKA-
modulating plasmids (for both graphs: **p < 0.01, ***p < 0.001 vs.
OMM-GFP, one-way ANOVA, Tukey’s test). h Quantification of mito-
chondrial content in HT22 cells transiently transfected with the indicated
PKA-modulating plasmids (for both graphs: *p < 0.05 vs. OMM-GFP,
one-way ANOVA, Tukey’s test). i Representative immunofluorescent
images of HT22 cells transfected with OMM-GFP, S-AKAP84, or
OMM-PKA that were stained with 30 nm MitoTracker Red and 2μg/ml
Hoechst 33342 for 15 min at 37 °C to visualize the mitochondria and
nuclei respectively. RGB images were then captured through the
midplane of the soma of cells by employing the API DeltaVision Elite
Live cell Imaging System ((a, e, i) MitoTracker Red; (b, f, j) EGFP; (c, g,
k) merged image of three colors; (d, h, l) Hoechst33342 with bright-field
reference), scale bar = 10 μm. j Representative immunofluorescent im-
ages of HT22 cells transfected with OMM-GFP, AKAP121-WT, and
AKAP121-△PKA were stained with 30 nm MitoTracker Red and
2μg/ml Hoechst 33342 for 15 min at 37 °C to visualize the mitochondria
and nuclei respectively. RGB images were captured through themidplane
of the soma by employing the API DeltaVision Elite Live cell Imaging
System ((a, e, i)MitoTracker Red; (b, f, j) EGFP; (c, g, k)merged image of
three colors; (d, h, l) Hoechst33342 with bright-field reference), Scale
bar = 10 μm. All the data were pooled from experiments that were repeat-
ed at least three times which yielded similar results (a representative data
set is shown)
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overcome the deleterious effects of oxidative stress induced
by oxidative glutamate toxicity.

D-AKAP1 (AKAP140/149 and other splice variants
AKAP121, S-AKAP84) is a protein scaffold that targets
PKA to the outer mitochondrial membrane (OMM) to phos-
phorylate the pro-apoptotic protein BAD and the pro-fission
protein Drp1 [13–15], a post-translational modification that
leads to mitochondrial fusion and enhanced stability of mito-
chondrial networks. Therefore, an increase in PKA signaling
in the mitochondrion via AKAP121 confers neuroprotection
against a myriad of toxic insults that promote oxidative stress
[8, 14, 16]. In addition, an elevation in PKA signaling in the
mitochondrion via AKAP121 serves to regulate critical neu-
ronal functions including mitochondrial dynamics, transport,
function, turnover, and content in dendrites [15, 26, 36].

In this study, our data show for the first time that AKAP121
can confer neuroprotection in a neuronal model of glutamate
oxidative toxicity. Transient expression techniques were used
to determine whether the increased expression of endogenous
AKAP121 observed in HT22 exposed to acute or chronic
levels of glutamate (Fig. 2) contributes to neuroprotection.
Indeed, transient expression of S-AKAP84, constitutively ac-
tive mitochondrial PKA (OMM-PKA) or of AKAP121, but

not a PKA-binding deficient mutant version, is sufficient to
enhance neuronal survival against oxidative glutamate toxici-
ty (Figs. 2d, 5a, S2D, and E) suggesting that increased PKA
signaling via AKAP121 in the mitochondrion is neuroprotec-
tive against oxidative glutamate toxicity. In response to in-
creased mitochondrial PKA signaling, an increase in the
mRNA and protein level of AKAP121 in the mitochondrion
serves to elevate and Bprime^ antioxidant defense responses
as a mechanism to enhance neuronal survival against gluta-
mate oxidative toxicity in the HT22 hippocampal neuronal
cell line.

Unexpectedly, our data show that overexpressing AKAP121
is detrimental during hypoxia as transient overexpression of
AKAP121 significantly reduces cell viability in HT22 cells sub-
jected to OGD/R (Fig. 2). It is conceivable that overexpression of
AKAP121 enhances oxidative phosphorylation during OGD/R,
leading to a detrimental increase in the production of mitochon-
drial ROS (superoxide) and subsequent cell death. Given that D-
AKAP1 is rapidly targeted for proteolytic degradation via the E3
ligase Siah2 in a reductive environment caused by ischemia [31],
it is also conceivable that PKA signaling in the mitochondrion is
uncoupled via Siah2-mediated proteolytic degradation as a pro-
tective mechanism to attenuate any potential oxidative stress
caused by a Bburst^ of oxidative phosphorylation activity that
can ensue the reperfusion phase. Hence, our data suggest that the
neuroprotective effects of AKAP121 require a normoxic
environment.

Based on our data, we describe three molecular mecha-
nisms by which enhanced PKA signaling confers neuropro-
tection against glutamate oxidative toxicity as elaborated
below.

A Neuroprotective Feed-Forward Loop Is Activated
by PKA in Response to Oxidative Stress

AKAP121 shows widespread expression in myriad of tissues.
AKAP121 expression is transcriptionally regulated via the
cAMP/PKA pathway in thyroid and testicular germ cells
[29]. Other investigators further discovered that endogenous
AKAP121 accumulates in neonatal ventricular myocytes in a
cAMP-dependent manner as well [30].

The subcellular localization, as well as the strength and
extent of increased PKA signaling are important for regulating
critical neuronal functions and survival [14]. In neurons, sev-
eral neurotrophic factors can engage cell surface receptors
(e.g., tyrosine kinase receptors) to increase intracellular PKA
signaling [37]. Hence, as consequence of increased cAMP
signaling, the transcription factor CREB is phosphorylated
by PKA in serine 133 to induce its nuclear translocation and
subsequent activation of CREB-dependent transcription pro-
grams. Therefore, elevated CREB-mediated transcription
leads to enhanced neuronal survival via an increase in
transcription/translation of proteins that modulate neuronal

�Fig. 5 Mitochondrial localized PKA increases total GSH, reduced
mitochondrial ROS and elevates neuronal survival against oxidative
glutamate toxicity. a Overexpression of S-AKAP84 or OMM-PKA can
protect neuronal HT22 cells from oxidative glutamate toxicity. Cells were
transfected for 24 h and seeded in a 96-well culture plate at 5000 cells/
well, overnight, and exposed to glutamate for 24 h. Cell viability was
determined using the CCK-8 assay (for both graphs: **p < 0.01,
***p < 0.001 vs. control, one-way ANOVA, Tukey’s test). b
Representative bright-field images of HT22 transfected with indicated
vectors and incubated 4 mM glutamate for 24 h as analyzed by capturing
phase-contrast images with a phase-contrast microscope. It is worth not-
ing that cells transiently expressing S-AKAP84 or OMM-PKA and treat-
ed with glutamate exhibited a healthier cell morphology and less number
of apoptotic or floating cells compared to cells transfected with an empty
vector in the presence of glutamate. Scale bar = 50 μm. c, d Total gluta-
thione content was measured in HT22 cells transiently transfected with
the indicated plasmids under baseline conditions normalized to protein
concentration (for the graphs: **p < 0.01, ***p < 0.001 vs. OMM-GFP,
one-way ANOVA; c Tukey’s test, d Student’s t test). e Total intracellular
ATP content (μM ATP per μg of protein) was measured in HT22 cells
transiently transfected with the indicated plasmids for 24 h in the presence
or absence of 4 mM glutamate for another 24 h (***p < 0.001 vs. con,
one-way ANOVA, Tukey’s test). f Transfected HT22 cells were exposed
to 4 mM glutamate for the indicated time points and stained with 5 μM
MitoSOX Red to analyze for the level of mitochondrial superoxide. The
bar graphs show the compiled quantification of the mean fluorescence
intensity of MitoSOX in glutamate-treated HT22 cells as assessed by
employing a fluorescence microplate reader and normalized to cell num-
ber measured by CCK-8 (***p < 0.001 vs. OMM-GFP, one-way
ANOVA, Tukey’s test). g Transfected HT22 cells were exposed to
4 mM glutamate for the indicated time point and stained with 5 μM
MitoSOX Red, then subjected to immunofluorescence microscope. All
the data were pooled from experiments that were repeated at least three
times which yielded similar results (a representative data set is shown)
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Fig. 6 The neuroprotective effects of AKAP121 are conferred via PKA-
mediated phosphorylation of Drp1. a Lysates derived from cells transient-
ly transfected with OMM-GFP control or with the PKA phosphomimetic
of Drp1 (Drp1-Ser656Asp) were immunoblotted for GFP to analyze the
levels of recombinant GFP-tagged proteins attained in HT22 cells under
basal conditions. b HT22 cells were transfected with OMM-GFP control
or with Drp1-S656D (Drp1-Ser656Asp) for 24 h. Cells were then stained
with 30 nM MitoTracker Red and 2μg/ml Hoechst 33342 for 15 min at
37 °C to visualize the mitochondria and nuclei respectively under basal
conditions. Fluorescent images were captured through the midplane of
the soma by employing a DeltaVision Elite Live cell Imaging System ((a,
e) MitoTracker Red; (b, f) EGFP; (c, g) merged image of three colors; (d,
h) Hoechst33342 with bright-field reference), scale bar = 10 μm. c
Quantification of mitochondrial interconnectivity (area/perimeter ratio
per cell) in HT22 cells transiently expressing Drp1-S656D or OMM-
GFP control (*p < 0.05 vs. OMM-GFP, Student’s t test). d
Quantification of mitochondrial content (% of cytosol occupied by mito-
chondria) in HT22 cells transiently expressing Drp1-S656D vector or
OMM-GFP control (***p < 0.001 vs. OMM-GFP, Student’s t test). e
HT22 cells were transfected with OMM-GFP control or with
AKAP121-WT, AKAP121-△PKA, and Drp1-S656D for 24 h.
Transfected HT22 cells were then subjected to 4 mM glutamate insults
for 4 h and stained with 30 nM MitoTracker Red and 2μg/ml Hoechst
33342 for 15 min at 37 °C to visualize the mitochondria and nuclei
respectively. Fluorescent images were captured through the midplane of
the soma by employing a DeltaVision Elite Live cell Imaging System ((a,

e, i, m, q) MitoTracker Red; (b, f, j, n, r) EGFP; (c, g, k, o, s) merged
image of three colors; (d, h, i, p, t) Hoechst33342 with bright-field refer-
ence), scale bar = 10 μm. f Transient overexpression of Drp-S656D sig-
nificantly protects HT22 cells from glutamate toxicity. Cells were
transfected for 24 h with the indicated plasmids and seeded in 96-well
culture plates at 5000 cells/well overnight prior to exposing cells with
4 mM glutamate for 24 h. Cell viability was determined by employing the
CCK-8 assay (***p < 0.001 vs. con, Student’s t test). Right: the cell
morphologies of cells exposed to glutamate were analyzed by capturing
bright-field images by employing a phase-contrast microscope. Note that
HT22 cells transiently expressing Drp1-S656D showed a healthier cell
morphology, less number of floaters, and less number of apoptotic cells
(condensed/shrunken) as indicated by blue arrowhead. Scale bar =
50 μm. g Quantification of mitochondrial interconnectivity
(area/perimeter ratio per cell) in HT22 cells transiently expressing
AKAP121-WT, AKAP121-ΔPKA, Drp1-S656D, and OMM-GFP in
the absence or presence of 4 h incubation of 4 mM glutamate
(***p < 0.001, one-way ANOVA, Tukey’s test). h Quantification of mi-
tochondrial content (% of cytosol occupied by mitochondria) in HT22
cells transiently expressingAKAP121-WT, AKAP121-ΔPKA, Drp1-
S656D, and OMM-GFP in the absence or presence of 4 h incubation of
4 mM glutamate incubation (*p < 0.05, **p < 0.01, ***p < 0.001, one-
way ANOVA, Tukey’s test). All the data were pooled from experiments
that were repeated at least three times which yielded similar results (a
representative data set is shown)
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survival, mitochondrial biogenesis/function, and cytoskeletal
dynamics (e.g., Elk1, Bcl2) [38]. In this study, we report that
increased intracellular level of cAMP level and phosphoryla-
tion CREB at Ser133 is pathologically induced by glutamate
oxidative toxicity which leads to an increase in the protein
levels of AKAP121 in the HT22 hippocampal progenitor neu-
ronal cell line (Fig. 1). Therefore, our data suggest that oxida-
tive stress induced by excess glutamate leads to a robust in-
crease in endogenous cAMP levels signaling which leads to
activation of PKA at the mitochondrion and cytosol, and leads
to a feed-forward loop that serves to amplify PKA signaling in
the mitochondrion by increasing the transcription and transla-
tion of endogenous AKAP121 (Fig. 1). Secondly, an increase
in global cAMP-dependent signaling can lead to PKA-
dependent phosphorylation of Drp1 to increase mitochondrial
interconnectivity and thereby block apoptosis by phosphory-
lating the pro-fission modulator Drp1 and the pro-apoptotic
protein BAD [8, 15, 16]. It is worth noting that our data show
that increasing the fidelity of PKA signaling at the mitochon-
drion, by relocalizing endogenous PKA via AKAP121 (e.g.,
expressing AKAP121 or S-AKAP84), and that enhancing
PKA signaling at the mitochondrion is sufficient to confer
neuroprotection of HT22 cells against excess glutamate.

Our data suggests that PKA signaling is significantly up-
regulated in both the mitochondrial and cytosolic compart-
ments when neurons are chronically exposed to high concen-
trations of glutamate. As shown in our study, HT22 glutamate-
resistant cells contained high levels of endogenous AKAP121
along with a concomitant increase in intracellular PKA signal-
ing, as evident by increased cAMP-dependent activity and an
elevated ratio of p-CREB to total CREB (Fig. 1). Given that
treatment of HT22 cells with excess glutamate is associated
with a robust time-dependent increase in global PKA signal-
ing and PKA-mediated phosphorylation of CREB (Fig. 1), we
cannot exclude the possibility that cytosolic/nuclear localized
PKA also contributes to increase neuronal survival in our
model of oxidative glutamate toxicity. Therefore, our data
warrants future studies to analyze the extent to which
cytosolic/nuclear PKA contributes to cytoprotection against
glutamate-mediated oxidative stress.

AKAP121 Promotes Cytoprotection
Against Glutamate Toxicity by Elevating Antioxidants
Levels

As a second Bline of defense,^ we observed that increased D-
AKAP121/PKA signaling enhances the levels of antioxidants
GSH and of SOD2. GSH and SOD2 both play important roles
in protecting cells against oxidative stress induced against a
variety of toxic insults [6, 19, 25, 32]. In addition to tethering
PKA/C to the OMM via type II regulatory subunits of PKA
(PKA/RIIβ), D-AKAP1increases the level of SOD2 mRNA
to mitochondria to enhance SOD2 in a PKA activity-

dependent manner [18]. Consistent with this observation,
our data shows that transient overexpression of AKAP121,
which redirects the endogenous pool of PKA to mitochondria,
or of OMM-PKA increases the mRNA and protein level of
SOD2 mRNA in HT22 cells subjected to oxidative glutamate
toxicity.

Consistent with our transient expression studies (Fig. 3c),
our data showed that HT22-R cells also intrinsically show an
elevated level of the antioxidants GSH and SOD2. In the
presence of oxidative glutamate toxicity, it is conceivable that
D-AKAP1/PKA increases the level of total GSH via an
undescribed mechanism. However, previous studies have of-
fered mechanistic insight into how glutamate oxidative toxic-
ity increases GSH levels. For instance, glutamate-resistant
HT22 cells have been shown to shuttle most of the available
glucose towards the hexose monophosphate shunt in order to
increase the recovery of total GSH [24]. HT22-R cells, which
contain high level of D-AKAP1, may also resist glutamate
oxidative toxicity via enhanced mitochondrial interconnectiv-
ity and mitochondrial content, leading to enhanced calcium
loading by mitochondria and thereby blocking Drp1-
dependent apoptosis. Our results suggest that enhancing
PKA signaling, via transient expression of AKAP121 or S-
AKAP84, elevates total GSH and reverses the depletion of
ATP levels, cytoprotective events that are associated with in-
crease resistance of neuronal cells to oxidative glutamate tox-
icity. However, the precise molecular mechanisms by which
glutamate oxidative toxicity increases antioxidant defense
mechanisms and undergoes metabolic switching to increase
neuronal survival needs to be elucidated in future studies.

Another mechanism by which HT22 neuronal cells resist
oxidative glutamate toxicity is via metabolic switching.
Interestingly, HT22 glutamate-resistant cells have been report-
ed to be resistant to inhibition of ATP synthesis when exposed
to oligomycin, an inhibitor of the ATP synthase, suggesting
that glutamate-resistant HT22 cells have the potential to un-
dergo metabolic switching (reprogramming) to enhance gly-
colysis as compensatory mechanism to enhance resistance
against oxidative stress induced by oxidative glutamate toxic-
ity [24].

AKAP121/PKA Confers Neuroprotection
Against Glutamate Toxicity via Mitochondrial Fusion

Drp1—a cytosolic dynamin GTPase—is post-translationally
regulated by different ser/thr kinases and phosphatases, and
unopposed Drp1 activity modulates not only mitochondrial
shape and dynamics but also cell survival [34]. For instance,
PKA-mediated phosphorylation of rat Drp1 at Ser656 induces
mitochondrial elongation and resistance to apoptosis. Indeed,
a PKA phosphomimetic mutant of Drp1 (Ser656D) robustly
phenocopies many protective features of mitochondrial local-
ized PKA in our neuronal model of oxidative glutamate
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toxicity including enhancing mitochondrial interconnectivity,
increasing mitochondrial content and enhancing mitochondri-
al health and oxidative phosphorylation (Figs. 4 and 6) [8, 20,
34]. However, we observed significant differences in how
transient expression of Drp1-S656D or of OMM-PKA modu-
lates mitochondrial morphology and content. For instance,
following 24 h transfection, we observed that transient expres-
sion of OMM-PKA elicits a perinuclear clustering of mito-
chondria compared HT22 cells expressing Drp1-S656D
(Figs. 4i and 6b, e). Although transient expression of S-
AKAP84, AKAP121, OMM-PKA, or of Drp1-S656D in-
creases mitochondrial interconnectivity and content per cell
(Fig. 6), the molecular mechanisms by which increased D-
AKAP121/PKA signaling elevate mitochondrial levels during
oxidative glutamate toxicity need to be elucidated.

Conceptual Model and Future Directions

Thus far, our data suggest that chronic exposure to oxidative
stress induced by exogenous glutamate leads to a well-
orchestrated and steadfast upregulation of compensatory glob-
al PKA signaling to enhance AKAP121 levels. An increase in
PKA signaling in the mitochondrion via AKAP121 leads to
increased mitochondrial fusion and increased mitochondrial
content and health by phosphorylating the pro-fission modu-
lator Drp1 and by enhancing the mRNA/protein levels of
SOD2 and GSH (Fig. 7). Up to this point, the molecular
mechanisms by which glutamate oxidative toxicity activates
PKA signaling should be addressed in a future study. For
instance, it is conceivable that ser/thr phosphatases that op-
pose PKA signaling undergo ROS-mediated inactivation (thi-
ol groups in critical cysteine residues are oxidized) as a result
of the high accumulation of ROS caused by glutamate-
mediated oxidative stress. In addition, it is conceivable that
the activity of adenylate cyclases is elevated to increase cAMP
levels via an undefined molecular mechanism. Hence, our
data warrants future studies to resolve any remaining concep-
tual gaps in our conceptual model.

Therapeutic Implications of our Study

Given that AKAP121 can accumulate in during glutamate
oxidative toxicity in a time-dependent and in a PKA
activity-dependent manner (Fig. 1), our transient overexpres-
sion data suggest that the increased levels of endogenous
AKAP121, which is induced by exposure to excess glutamate,
is causally linked to enhanced mitochondrial health and func-
tion and increased resistance to oxidative stress. Therefore,
acute oxidative stress can elicit a compensatory, neuroprotec-
tive signaling in HT22 cells. Conversely, pathological condi-
tions that induce chronic stress can adversely shut down PKA
signaling in the mitochondrion. For instance, in cardiac
myocytes, one study showed that the level of signaling

regulated by the cAMP-p-CREB-AKAP121 molecular axis
decreased progressively during pressure overload-induced
by cardiac hypertrophy, molecular pathology that was associ-
ated with downregulation of endogenous AKAP121, in-
creased ROS generation, and increased cell death [30].

Pharmacological approaches that can enhance the level of
intracellular cAMP to increase protective PKA signaling at the
mitochondrion via D-AKAP1 [29, 39] may represent a thera-
peutic strategy for treating several neurodegenerative disor-
ders characterized by overt oxidative stress. Unfortunately,
there are no pharmacological compounds that can exclusively
stimulate D-AKAP1/PKA signaling in the mitochondrion.
Therefore, in this context, D-AKAP1 represents an attractive

Fig. 7 The neuroprotective mechanisms of AKAP121/PKA in the cell
culture model of oxidative glutamate toxicity. In HT22 cells, external
stimuli or toxicity as induced by exposures to 4 mM glutamate, 10 mM
glutamate chronic exposure, or to treatment with 250 μM of exogenous
cAMP can lead to an intracellular elevation of cAMP. The increase in the
intracellular level of cAMP level activates PKA, which leads to PKA-
mediated phosphorylation of CREB and thereby eliciting a
transcriptional-mediated upregulation of the level of AKAP121.
AKAP121 is targeted to the OMM to increase the amount and specificity
of PKA at the mitochondrion. In this manner, AKAP121 facilitates PKA-
cAMP signaling at the mitochondrion, enhances oxidative phosphoryla-
tion, and elevatesΔψm. Furthermore, cAMP, AKAP121, and mitochon-
drial PKA form a positive feed-forward loop which can enhance the
strength and fidelity of PKA at the mitochondrion. Therefore, this feed-
forward loop leads to enhanced survival of HT22 neuronal cells against
oxidative glutamate toxicity via two mechanisms. First of all, mitochon-
drial PKA (AKAP121/PKA) can increase the rate of phosphorylation of
Drp1, leading to the inactivation of this mechanoenzyme and to enhanced
mitochondrial fusion to form interconnected mitochondrial networks.
Hence, this elevated state ofmitochondrial fusion confers neuroprotection
against oxidative glutamate toxicity. Secondly, mitochondrial PKA can
enhance the binding of SOD2 mRNA to the KH domain of AKAP121,
leading to an increase in the level of mitochondrial SOD2. In addition,
increased level of AKAP121 is associated with an increase in the level of
total GSH through an unknown mechanism. Overall, elevated PKA sig-
naling at the mitochondrion and at the cytosolic/nuclear compartments
induced by oxidative glutamate toxicity elicits compensatory signaling
pathways that serve to increase the level of antioxidants in the mitochon-
drion and increases mitochondrial health to confer increased resistance of
HT22 cells against oxidative stress
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molecular target for treating neurodegenerative diseases char-
acterized by overt oxidative stress, mitochondrial fission and
mitochondrial dysfunction.

Conclusion

Besides increasing mitochondrial interconnectivity, we dis-
covered that mitochondrial remodeling via mitochondrial
PKA (AKAP121/PKA) blocks mitochondrial ROS produc-
tion by upregulating mitochondrial and cytosolic antioxidant
defense responses (e.g., increased levels of GSH and SOD2).
Overall, our data shows that increased transcription and pro-
tein level of D-AKAP1 is governed via the cAMP-PKA-
CREB signaling axis in neuronal cells subjected to oxidative
glutamate toxicity as a protective mechanism to stabilize mi-
tochondrial networksand function, reduce oxidative stress,
and block cell death. Interestingly, increased mitochondrial
PKA signaling required a normoxic but not a hypoxic envi-
ronment to confer cytoprotection. Overall, our conceptual
model suggest that D-AKAP1plays a critical role in remodel-
ing mitochondrial networks and conferring neuroprotection in
neurons subjected to chronic oxidative stress that occurs in
neurodegenerative diseases characterized by mitochondrial
dysfunction (mitochondrial fission, loss of mitochondria,
and ensued loss of oxidative phosphorylation) including
Alzheimer’s disease and Parkinson’s disease.
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