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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive memory loss and cognitive decline. In
hippocampal neurons, the pathological features of AD include the accumulation of extracellular amyloid-beta peptide (Af3)
accompanied by oxidative stress, mitochondrial dysfunction, and neuron loss. A decrease in neuroprotective Protein Kinase A
(PKA) signaling contributes to mitochondrial fragmentation and neurodegeneration in AD. By associating with the protein
scaffold Dual-Specificity Anchoring Protein 1 (D-AKAP1), PKA is targeted to mitochondria to promote mitochondrial fusion
by phosphorylating the fission modulator dynamin-related protein 1 (Drpl). We hypothesized that (1) a decrease in the endog-
enous level of endogenous D-AKAPI1 contributes to decreased PKA signaling in mitochondria and that (2) restoring PKA
signaling in mitochondria can reverse neurodegeneration and mitochondrial fragmentation in neurons in AD models. Through
immunohistochemistry, we showed that endogenous D-AKAP1, but not other mitochondrial proteins, is significantly reduced in
primary neurons treated with A4, peptide (10nM, 24 h), and in the hippocampus and cortex from asymptomatic and symp-
tomatic AD mice (5X-FAD). Transiently expressing wild-type, but not a PKA-binding deficient mutant of D-AKAP1, was able
to reduce mitochondrial fission, dendrite retraction, and apoptosis in primary neurons treated with A[34,. Mechanistically, the
protective effects of D-AKAP1/PKA are moderated through PKA-mediated phosphorylation of Drp1, as transiently expressing a
PKA phosphomimetic mutant of Drpl (Drp1-S656D) phenocopies D-AKAP1’s ability to reduce A 34,-mediated apoptosis and
mitochondrial fission. Overall, our data suggest that a loss of D-AKAP1/PKA contributes to mitochondrial pathology and
neurodegeneration in an in vitro cell culture model of AD.
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Introduction vulnerable regions of the brain, including the hippocampus,

the limbic system, and subcortical regions [2—4]. Additional

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by progressive memory loss, cognitive decline,
and dramatic behavioral changes with disease progression.
Currently, over 5.4 million Americans are afflicted with AD
[1]. At the cellular level, the pathological features of AD in-
clude the accumulation of extracellular amyloid-beta peptide
(A) and of intracellular neurofibrillary tangles that consist of
hyper-phosphorylated tau. Together, amyloid-beta (A3) ag-
gregates and neurofibrillary tangles contribute to deteriorating
synaptic function, mitochondrial dysfunction, loss of den-
drites and axons, and the subsequent loss of neurons in many
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studies have shown visible mitochondrial fragmentation and
disassembly within dendrites of cortical tissue collected from
postmortem AD brains [5].

Mitochondria play a crucial role in sustaining neuronal
function and survival, and mitochondrial impairments have
been linked to the pathogenesis of a number of neurodegen-
erative diseases, including AD [6]. Previous studies per-
formed in in vitro and in vivo models of AD have shown that
mitochondria exhibit impaired oxidative phosphorylation
(OXPHOS), overt mitochondrial fragmentation, reduced mi-
tochondrial membrane potential, and increased production of
reactive oxygen species (ROS) [7-9]. In addition to mitochon-
drial dysfunction, a global dysregulation of Protein Kinase A
(PKA) signaling and PKA-modulated neurotrophic signaling
has been implicated in driving AD pathogenesis. PKA is a
well-characterized pro-survival serine/threonine (ser/thr) ki-
nase that modulates a multitude of cyclic AMP-dependent
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cellular responses, including survival mechanisms, neuronal
differentiation, synaptic plasticity, and the initiation of pro-
survival gene transcription programs [6]. PKA exists as a ho-
loenzyme that consists of two regulatory subunits (type I and
type II) bound to catalytic subunits (« and {3). By associating
with A-kinase anchoring proteins (AKAPs), type Il regulatory
subunits can target the PKA holoenzyme to membrane-bound
organelles, including the endoplasmic reticulum and the mi-
tochondrion [10, 11]. Outer mitochondrial membrane (OMM)
targeting of PKA is achieved via the association of the regu-
latory subunits of PKA with three distinct AKAPs, including
(1) D-AKAPI, or dual-specificity kinase AKAP84/121 (also
termed AKAP140/149 or AKAP121 to refer to the human and
murine homologs respectively), (2) AKAP2, and (3) the atyp-
ical G protein Rab32 [11-13]. D-AKAPI is widely expressed
in most tissues, with high mRNA expression levels in the
testes and heart tissue, and low levels observed in the brain
[14]. D-AKAPI complexed to PKA (D-AKAP1/PKA, also
known as mitochondrial PKA) is a neuroprotective,
mitochondria-directed scaffolding protein which targets the
PKA holoenzyme to the outer mitochondrial membrane
(OMM). In neurons, PKA regulates different aspects of mito-
chondrial biology, including promoting mitochondrial inter-
connectivity, anterograde mitochondrial transport in den-
drites, and mitophagy [15—18]. Mechanistically, mitochondri-
al PKA phosphorylates the mitochondrial fission modulator
Drpl on serine 637 in human Drp1 isoform 1 (Drpl 656 in rat
homolog) to inhibit mitochondrial fission and promote neuro-
protection against glutamate excitotoxicity and oxidative
stress in a cell culture model of Parkinson’s disease (PD)
[16, 17]. Importantly, a decrease in PKA-mediated phosphor-
ylation of Drpl plays a prominent role in the etiology of AD,
as enhanced expression of Drpl and increased mitochondrial
fission have been observed in AD postmortem brain tissue
studies and in cell culture and in vivo models of AD
[19-23]. Given that mitochondrial fission plays an obligatory
role in stimulating neuronal apoptosis, these published obser-
vations suggest that a decrease in PKA activity at the mito-
chondria contributes to Drpl-mediated apoptosis and neuro-
degeneration. Consistent with the concept that decreased mi-
tochondrial PKA underlies AD etiology, other published stud-
ies have shown that pharmacological inhibition of Drp1 activ-
ity via treatment with the compound mdivi-1 is sufficient to
recapitulate the neuroprotective effects of D-AKAP1/PKA in
cell culture models of AD [24] , as well as in in vivo models
[25].

While other studies have reported decreased PK A signaling
in the cytosol and nucleus in AD postmortem brain tissue and
in A3-treated neurons [6, 26-29], it remains to be seen wheth-
er alterations in the mitochondrial pool of PKA exist in models
of AD and whether decreased mitochondrial PKA contributes
to neurodegeneration in AD. We have previously shown that
transient expression of D-AKAP1 was able to partially reverse
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the reduction in dendritic arbors and compensate for the mi-
tochondrial defects caused by a loss of endogenous PTEN-
induced kinase 1 (PINK1), a serine/threonine kinase mutated
in familial recessive forms of Parkinson’s disease [15, 16].
Indeed, enhancing PKA signaling in the mitochondrion was
able to reduce mitochondrial fission, restore oxidative phos-
phorylation in the mitochondria, reverse the loss of transmem-
brane potential, block an increase in the level of mitochondrial
superoxide, and suppress overt mitochondrial turnover
(mitophagy) in PINK1-deficient neuroblastoma cells [18].
Considering that these mitochondrial functions, which are
governed by D-AKAP1/PKA, are adversely affected in A3-
treated neurons [5, 19, 20, 22], we hypothesized that treating
mouse primary neurons with A{34, would reduce D-AKAP1
expression, thereby disrupting mitochondrial PKA signaling.
Here we show that the level of endogenous D-AKAP1, but not
of other mitochondrial markers, is significantly decreased in
primary neurons treated with Af34, and in the cortex and hip-
pocampus of asymptomatic, young and symptomatic middle-
aged 5X-FAD mice, a bone fide transgenic mouse model of
AD that shows beta-amyloid deposition in the cortex and hip-
pocampus, with accompanying neurodegeneration in these
regions, and one which recapitulates clinical symptoms seen
in humans afflicted with AD [30-32]. Furthermore, transient
expression of AKAP121 or the phosphomimetic mutant of
Drpl (Drpl-S656D) significantly protects against A f34,-me-
diation reductions in dendritic length and mitochondrial con-
tent, mitochondrial fission and apoptosis. Therefore, in addi-
tion to alterations of cytosolic/nuclear PKA signaling [6, 26,
27], our collective data suggest that disruption of mitochon-
drial PKA signaling plays a prominent role in driving AD
pathogenesis in a cell culture model of AD.

Materials and Methods
Plasmids

Plasmids encoding OMM-targeted GFP (OMM-GFP), the
murine cDNA of wild-type D-AKAP121 or a mutant version
that is deficient for binding PKA fused to GFP (D-
AKAPI1-APKA-GFP; 1310P, and L316P), wild-type rat
Drpl and GFP-tagged forms of rat Drpl (S656A and
S656D) plasmids which coexpress single hairpin RNAs that
reduce the level of endogenous rat Drpl while co-expressing
mutant forms of Drp1 that are resistant to knockdown by Drp1
shRNAs [33], were generously provided by Dr. Stefan Strack
(Department of Pharmacology, University of lowa). To inter-
rogate the role of PKA in the mitochondrion on neuronal
survival in models of AD, it is worth noting that wild-type
and PKA binding deficient constructs of GFP tagged
AKAPI21 are only comprised of the first 525 amino acids
and lack the C-terminal domain regions which are required
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to promote mitochondrial biogenesis. Predesigned stealth
siRNAs targeting murine D-AKAP121 were purchased from
LifeTechnologies and prepared as 50 uM stocks.

Cell Culture

Primary cortical neurons were prepared as previously de-
scribed [18, 34], and were used to investigate the effects of
[3-amyloid, estrogen, and PKA on neuron-specific processes.
All experiments involving mice were performed in accor-
dance with ARRIVE guidelines and were approved by the
University of Nevada, Reno’s Institutional Animal Care and
Use Committee (IACUC, Protocol # 00572). In brief, primary
cortical neurons were prepared from timed-pregnant female
E17 wild type C57BL/6 (JAX:000664) mice. Per transfection
experiment, approximately 32 million total primary cortical
cells derived from 8 embryos were plated at a density of
175,000 cells per well. Primary neurons were transfected with
the indicated plasmids (0.75 pg/well in 4-well LabTekIl
slides), or with NTsiRNA control or AKAP121 siRNAs (20-
30 pmols/well in 4-well LabTeklI slides), for 72 h using
Lipofectamine at a final concentration of 0.07% as previously
described [18, 34]. After 3 days, two-thirds of the media was
exchanged with fresh Neurobasal Media (Gibco/Invitrogen,
Carlsbad, CA) containing B27 and 0.75 mM L-glutamine.
At 5 days in vitro (DIV), primary cortical neurons were tran-
siently transfected with the different plasmids for 3 days, prior
to performing immunocytochemical analysis of mitochondrial
morphology, mitochondrial transport, and dendrite length in
neurons treated with estrogen (30 nM, 48 h) or Af34, (10 uM,
24 h) at 6 DIV.

Antibodies

The following antibodies were used: goat anti-GFP (1:1000)
(Rockland Cat# 600-101-215, RRID:AB_218182), mouse
anti-human MAP2A/2B (1:500) (Millipore, Cat# MAB378,
RRID:AB_94967), rabbit anti-cleaved caspase3 (1:1000)
(Cell Signaling Technology Cat# 9661,
RRID:AB_2341188), rabbit anti-3-tubulin (1:2000) (Abcam
Cat# ab56889, RRID:AB_2142629), rabbit anti-human D-
AKAP1 (1:500) (Santa Cruz Biotechnology Cat# sc-2378,
RRID:AB_634813), mouse anti-beta-amyloid 1-42 antibody
(Millipore Sigma Cat# AB5078P), Abcam, rabbit anti-
TOM20 (1:250) (Santa Cruz Biotechnologies), Alexa 488,
and Alexa 546 (1:1000) (Molecular Probes Cat# A-21202,
RRID:AB 141607, Cat# A-11010, RRID:AB_143156).

Crude Mitochondrial Isolations
Crude mitochondrial fractions were isolated from whole

brains derived from 6-month-old 5X-FAD mice, B6SJL-Tg
(APPSwWFILon,PSEN1*M146L*L286V)6799Vas/Mmjax),

or B6SJLF1/J (non-transgenic control) by using differential
centrifugation techniques as previously published [18, 34]
but with the following modifications applied for isolating mi-
tochondria from brain tissue. In brief, approximately 700 mil-
ligrams of minced whole brain tissue extracted from mice
transcardially perfused with saline was processed for disrup-
tion by using an autoclaved glass dounce homogenizer and
pestle in 3 mL of cold extraction buffer. The homogenate was
transferred into a centrifuge tube in 30-40 mL of cold extrac-
tion buffer and centrifuged at 700xg for 4 min. The superna-
tant was transferred into a new tube and centrifuged at 700xg
for 10 min. at 4°C. The supernatant was then centrifuged at
10,000xg for 15 min. at 4°C, and the resulting pellet was
resuspended and “washed” in cold extraction buffer twice,
then centrifuged at 10,000xg for 15 min. at 4°C. The final
pellet was resuspended in approximately 100 pl of mitochon-
drial storage buffer (1% TritonX-100 with protease/
phosphatase inhibitors) prior to being processed downstream
for Western blots (see below).

Western Blot

Proteins from cell lysates or from cytosolic or crude mitochon-
drial fractions derived from 6-month-old 5X-FAD mice were
resolved on 10% Tris-HCI polyacrylamide gels as previously
described [35] with the following modifications. Following
1D electrophoresis and transfer of proteins to PDVF
membranes by using the semidry transblot system (Biorad),
immunoblotting for D-AKAP1 and TOM20 was determined
in cell lysates by incubating the PDVF membranes with rabbit
anti-TOM20 (1:1000) and with rabbit anti-D-AKAPI
(1:1000) antibodies overnight at 4°C. PVDF membranes were
then incubated with the appropriate secondary antibodies con-
jugated to horseradish peroxidase (1:5,000; Amersham/GE
Healthcare) in 5% dry milk in TBS containing 0.1% Triton
X-100 (TBST), then analyzed by film detection of
chemiluminescence.

Quantification of Apoptosis

Primary cortical neurons were transfected with OMM-GFP,
D-AKAP1-GFP, D-AKAP1-APKA-GFP, Drpl-WT-GFP, or
Drp1-S656D-GFP at 4DIV. At 5DIV, cultures were treated
with AP4, (10uM, 24 h) to induce cytotoxicity. Post-treat-
ment, neurons were fixed with 4% PFA, blocked in 1% goat
serum for 1 h, permeabilized for 20 min in PBS containing
0.1% Triton X-100, and then immunostained for GFP and for
cleaved caspase-3 by incubating with rabbit-anti GFP (1:500)
and with mouse anti-caspase 3 (1:1000) for 24 h at 4°C. The
fixed cells were then incubated with fluorescently labeled sec-
ondary antibodies (goat anti-rabbit Alexa 488 and donkey
anti-mouse Alexa 546; Life Technologies) at 1:1000 dilution
for 2 h at room temperature. The cells were then sequentially
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washed in PBS and counterstained with DAPI (1.25ug/ml) to
visualize nuclei. Cells were imaged at 25°C using an EVOS-
FL microscope (Life Technologies) equipped with EVOS
Light cubes specific for GFP (excitation/emission of 470/
510 nm), RFP (excitation/emission of 531/593 nm), and Cy5
(excitation/emission of 628/692 nm), at magnifications of 20x
(numeric aperture 0.45) or 40x (numeric aperture 0.60).
Apoptosis was analyzed by quantifying the percentage of
transfected, MAP2B-positive neurons that contained
fragmented or pyknotic nuclei, a hallmark of late-stage apo-
ptosis (Fig. 5). The percentage of GFP-positive cells with
condensed or fragmented nuclei was analyzed using well-
validated methods [16, 18]. To obtain statistically sound and
robust data, and given that only ~1% of primary neurons were
transfected, it was necessary to scan the whole well for all
GFP-positive neurons (~40-70 transfected neurons per well)
and quantify nuclear fragmentation in real-time, as opposed to
analyzing a set of representative immunofluorescence images.
This method of quantification precluded the need to save a
representative set of images. Also, please note that the indi-
vidual conducting the nuclear fragmentation analysis was
blinded to all of the experimental conditions.

Immunofluorescence and Live Cell Imaging

For neurite length measurements, primary cortical neurons
were fixed with 4% paraformaldehyde (PFA), permeabilized
in PBS containing 0.1% Triton X-100 (PBST), blocked in
PBS containing 2% bovine serum albumin, and
immunolabeled for GFP, MAP2B, and TOM20 to identify
transfected neurons, dendrites, and mitochondria respectively
in transfected cells by incubating with the appropriate primary
antibodies (see Antibody section) at 4°C overnight. Fixed
cells were then washed extensively in PBS, incubated with
secondary antibodies (goat anti-rabbit Alexa 488, donkey
anti-mouse Alexa 546; chicken anti-goat Alexa 648, Life
Technologies), and counterstained with 1.25 pg/ml DAPI to
visualize nuclei. Immunolabeled cells were imaged using an
EVOS-FL Cell Imaging System, equipped with EVOS Light
cubes specific for GFP (Ex/Em of 470/510) and RFP (Ex/Em
of 531/593), at a magnification of 20x (0.45NA).

Neurite lengths were analyzed using the NIH ImagelJ plug-
in program ‘“NeuronJ)” (Erik Meijering, Biomedical Imaging
Group Rotterdam, Netherlands) as previously described [15].
Neurite length was assessed for at least 25-30 neurons per
experiment. Mitochondrial content (percentage of dendrite
length occupied by mitochondria) and length of mitochondria
within dendrites were assessed using the line tool of ImageJ as
previously described [34]. For some assays, and in order to
more robustly image dendrites in a non-biased manner (Fig.
5b, Fig. 5c), dendrites were imaged in primary cortical neu-
rons seeded in 96-well plates by using the Neurite module of
an ImageXPress Nano (Molecular Devices) imager system. In
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brief, the mean dendrite length per cell was assessed from 16
regions of interest per well, and from at least 3 wells per
condition by using the Neurite Outgrowth Module of the
MetaXPress high content imaging software. Overall, approx-
imately 10,000 neurons or more per condition were imaged at
10x magnification. The number of branches and mean den-
drite length per neuron was normalized to the number of cell
bodies as measured by counting the number of nuclei stained
with DAPI in the same analyzed regions of interest.

Immunohistochemistry and Image Analyses

Immunohistochemical analyses for endogenous D-AKAP1 in
neurons were performed in cortical and hippocampal tissue
obtained from non-transgenic control and 5X-FAD
hemigyzous mice to determine abundance of endogenous D-
AKAPI121 in young vs. aged mice. In brief, whole brains were
extracted from 2 and 6-month-old transcardially perfused non-
transgenic controls and 5X-FAD mice. The hippocampus and
cortex were microdissected and incubated in decreasing con-
centrations of sucrose (30 to 10%) overnight at 4 °C, sliced
with a temperature-controlled cryostat at 20 um per slice,
mounted on glass slides, blocked in 2% BSA, and co-
immunostained for D-AKAP1 (rabbit anti-human, BD
Biosciences), for mitochondria (human anti-mouse TOM?20,
Santa Cruz Biotechnologies), for amyloid-beta (mouse anti-
beta-amyloid 1-42, Millipore Sigma), and for MAP2B
(mouse-anti human, MilliporeSIGMA ) to identify neurons.
The brain slices were then incubated in goat anti-rabbit Alexa
488 and co-incubated with goat anti-mouse Alexa 546 sec-
ondary antibodies. The mean integrated intensity of
AKAPI121 (green channel) in MAP2B-positive neurons was
analyzed from 4 to 5 brain slices from 4 mice per group using
NIH Imagel (version 1.44, Bethesda, MD). To determine
whether alterations in the level of endogenous AKAP121 in
neurons are due to changes in the level of mitochondria, we
used NIH Image] version 1.42 (Bethesda, MD) to analyze
mitochondrial content in the soma of neurons by calculating
the percentage of the cytosolic area of the soma containing
TOM20-positive mitochondria from 4 to 5 brain slices from 4
mice per group.

Statistical Analysis

Unless indicated otherwise, results are expressed as
mean + S.E.M. from at least three independent experi-
ments. Data was analyzed by performing Student’s ¢ test
(two-tailed) for pairwise comparisons. Multiple group
comparisons were done by performing one- or two-
way ANOVA followed by Bonferroni-corrected
Tukey’s post hoc test. P values less than 0.05 were
considered statistically significant.
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Results

A decrease in PKA-modulated signaling pathways is impli-
cated in AD pathogenesis, as reviewed in [6]. Given that en-
hanced Drp1 activity and decreased PK A-mediated phosphor-
ylation of Drpl play a role in AD pathophysiology [19-22,
36], we hypothesized that PKA signaling in the mitochondri-
on is altered in AP (1-42)-treated primary cortical neurons, a
well-accepted cell culture model of AD that faithfully recapit-
ulates mitochondrial dysfunction, enhanced mitochondrial fis-
sion, and impaired mitochondrial trafficking upstream of neu-
rodegeneration in primary neurons and neuronal cells
[36-38]. To this end, we analyzed endogenous levels of D-
AKAPI in Af4,-treated mouse primary cortical neurons.
Single-cell immunocytochemical analysis of D-AKAP1 re-
vealed a robust, significant reduction in the number of primary
neurons expressing D-AKAP1 (also known as AKAP121 to
refer to the murine homolog of D-AKAPI) in response to
exposure to Af34,, as compared to vehicle-treated primary
cortical neurons (Fig. 1a, Fig. 1b). This reduction is specific
and is not due to a decrease in mitochondrial number, as treat-
ment of primary cortical neurons with Af34, does not alter
levels of TOM20, an OMM-localized mitochondrial protein,
in neuronal soma or dendrites. To further corroborate the loss
of D-AKAPI in an in vivo model of AD, we then examined
the level of endogenous D-AKAP1 in both young, asymptom-
atic (~2 months) and in symptomatic, middle aged (6 months)
5X-FAD mice. The 5X-FAD mouse model of AD harbors
five different familial AD-associated mutations in the
Amyloid Precursor Protein (APP) gene and two mutations
within the Presenilinl (PSEN1) gene, leading to mitochondri-
al dysfunction accompanied by rapid and high levels of
intraneuronal A{34, accumulation after 2 months of age
[30-32]. In addition, 5X-FAD mice promptly develop severe
A and tau pathology, including impaired hippocampal long-
term potentiation, hippocampal and cortical neurodegenera-
tion, and cognitive deficits, as seen in humans with AD
[30-32]. Immunohistochemical analysis of the dentate gyrus
of the hippocampus and of the cortex from asymptomatic
young or symptomatic middle-aged 5X-FAD mice revealed
a significant decrease in the endogenous level of D-AKAP1
but not of TOM20 (Fig. ¢, Fig. 1d; Supplementary Fig. 1). In
6.5-month-old 5X-FAD mice, the decrease in endogenous
AKAPI121 coincided with an increase in the deposition of
Af in the hippocampus (Fig. 1¢, Fig. 1d). These observations
suggest that the decrease in endogenous AKAP121 is not an
epiphenomenon of neurodegeneration as 2-month-old 5X-
FAD mice do not develop significant neurodegeneration nor
did we detect any significant amount of 3 amyloid deposition
in the cortex or hippocampus of these mice by IHC (data not
shown). Furthermore, consistent with decreased endogenous
D-AKAPI1 in neurons, Western blot analyses of mitochondria
isolated from whole brains from 6-month-old 5X-FAD mice

revealed a significant decrease in endogenous levels of D-
AKAP1 compared to non-transgenic control mice (Fig. le).
Consistent with our IHC data, Western blot analysis showed
that young, asymptomatic 2-month-old 5X-FAD mice had a
significant decrease in endogenous D-AKAP121 but not
TOM20 in the cortex (Supplementary Fig. 2), implying that
reductions in AKAP121 may precede overt pathology.
Overall, our data show that D-AKAP1 levels are significantly
reduced in a cell culture model and an in vivo model of AD,
ultimately suggesting that PKA signaling in the mitochondria
may contribute to AD pathology.

Given that the level of endogenous D-AKAP1 is signifi-
cantly reduced in vitro and in vivo, we next sought to deter-
mine the extent to which restoring mitochondrial PKA signal-
ing via transient expression of D-AKAP121 can block the
mito-toxic and neurotoxic effects of AP 4,. We evaluated three
morphometric parameters (dendrite length, mitochondrial
morphology, and dendritic mitochondrial content) to evaluate
the ability of D-AKAPI to protect against A [34,-mediated
neurotoxicity. Indeed, our data show that transient expression
of AKAP121 fused to GFP (amino acids 1-525)—a shorter
form of AKAP121 which lacks the KH and Tudor domains
required to stimulate mitochondrial biogenesis by associating
and redirecting mRNA to mitochondria [39, 40] but binds
PKA, which then goes on to phosphorylate Drpl at serine
637 in neuronal cells [18]—was able to significantly prevent
the reduction in mean dendrite length and mitochondrial frag-
mentation in primary neurons exposed to AP4, (Fig. 2a, Fig.
2b, Fig. 2¢). These results suggest that redirecting endogenous
PKA to mitochondria is sufficient to protect against Af34,-
mediated loss of dendritic length and mitochondrial fragmen-
tation. In addition, given that our GFP-tagged AKAP121 con-
structs lack the C-terminal region containing the KH and
Tudor domains required to stimulate mitochondrial biogene-
sis, our data suggest that the neuroprotective effects of
AKAPI121 are dependent on its ability to bind PKA and
are not likely due to an enhancement of mitochondrial biogen-
esis. In addition, the ability of D-AKAP1 to protect dendritic
and mitochondrial structures against A 34, requires its associ-
ation with PKA, as transiently expressing a PKA-deficient
mutant of AKAP121 (I1310P, L316P, AKAP121-APKA)
was unable to prevent the dendritic retraction and mitochon-
drial fission observed in control neurons expressing OMM-
GFP only (Fig. 2a, Fig. 2b, Fig. 2¢). While treating primary
neurons with A 34, causes significant mitochondrial fragmen-
tation and retraction of dendrites, only a non-significant de-
crease in mitochondrial content was observed with a 24 h
A4, treatment, suggesting that A 34, treatment promotes mi-
tochondrial fission without depleting dendritic mitochondria
at 24 h (Fig. 2d). In addition, transient expression of
AKAPI121-GFP had a non-significant increase on mitochon-
drial content in dendrites (dendritic mitochondria) compared
to beta amyloid-treated primary neurons, as assessed by
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Fig. 1 The level of endogenous D-AKAP121 is significantly decreased
in mitochondria of neurons in in vitro and in vivo models of Alzheimer’s
disease. a) Representative epifluorescence micrographs (60x) showing
decreased levels of D-AKAP1 (green channel), but not of mitochondria
(TOM20, red channel), in primary cortical neurons treated with a 24 h
dose of beta amyloid (10 pM) compared to untreated primary neurons
(control). White arrows point to the location of immunoreactive clusters
of D-AKAPI that colocalize with mitochondria. b) Left: representative
bar graph showing a compiled quantification of the percentage of cells
containing D-AKAP1 in mitochondria of primary cortical neurons treated
with vehicle control or with A{34,. The right bar graph shows a compiled
quantification of the percentage of the soma occupied by mitochondria, as
identified by immunostaining with TOM20, as a metric of mitochondrial
content. For both graphs, means + SEM were derived from 250 to 300
primary cortical neurons from at least 10 epifluorescence microscopic
fields per experiment compiled from three independent experiments
(*p<0.05 vs. control, Welch’s ¢ test). ¢) Representative epifluorescence
micrographs (60x) showing a decrease in the number of neurons that
immunostained with D-AKAPI (top two panels) in hippocampal slices
derived from 5X-FAD (top right and lower right panel) compared to
control non-transgenic mice (top left and lower left panels).
Pathological events coincide with an accumulation of A4, in neurons.
White arrows point to neurons that express D-AKAP1 (green channel). d)
Left: representative bar graph showing a compiled quantification of the
percentage of cells that contained D-AKAP1 in mitochondria of
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immunostained hippocampal neurons from hippocampal slices derived
from 6-month-old non-transgenic control or 5X-FAD mice. The right bar
graph shows a compiled quantification of the percentage of the soma
occupied by mitochondria, as identified by immunostaining with
TOM20, as a metric of mitochondrial content in hippocampal neurons
from hippocampal slices derived from 6.6-month-old non-transgenic con-
trol or 5X-FAD mice. For both graphs, means + SEM were derived from
4 to 6 brain slices from 3 to 4 animals per genotype (*p<0.05 vs. control,
Welch’s ¢ test). e Representative Western blot of endogenous D-AKAP1
and of TOM20 from brain lysates, and of cytosolic and mitochondrial
fractions derived from 6.5 month old control non-transgenic (Ctrl) or 5X-
FAD (AD) mice. Densitometric quantification of D-AKAPI-
immunoreactive bands, normalized to TOM20, is shown on the bottom
of the blot (red numbers). The data show that the level of endogenous D-
AKAPI is decreased in mitochondria of 5X-FAD mice (~27% decrease)
compared to non-transgenic control mice. The data show that D-AKAP1
levels are decreased in mitochondria of 5X-FAD mice (~27% decrease)
compared to non-transgenic control mice. Although the AKAP121 im-
munoreactive bands ran at the expected molecular weight (~121 kDa),
please note that a slight electrophoretic shift occurred in the mitochondrial
fractions relative to the corresponding cell lysates, presumably due to the
different buffers that were used during the isolation of mitochondria vs.
cell lysates, which may have caused the mitochondrial fraction bands to
migrate modestly faster
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Fig. 2 Enhancing the level of D-AKAP1/PKA protects dendrites and
mitochondrial structure from Af4,-mediated neurotoxicity. a)
Representative epifluorescence micrographs (60x) of primary cortical
neurons expressing the indicated GFP-tagged D-AKAP1 plasmids in
the presence of vehicle control (DMSO) or A3 4,. Primary neurons were
immunostained for MAP2B (red) to identify dendrites, for TOM20 to
identify mitochondria (blue) and for GFP (green) to identify transfected
neurons. Mitochondria inside MAP2-positive dendrites are indicated by
blue dashes. Transient expression of wild-type but not PKA-deficient
mutants of D-AKAP1 protect dendrites and the number of dendritic mi-
tochondria (TOM20-positive particles contained in MAP2B-positive
dendrites from A 3 4,-mediated neurodegeneration and mito-toxicity com-
pared to primary neurons expressing OMM-GFP as a control. b) Bar
graph that shows a compiled quantification of the mean dendrite length
per neuron, as measured in MAP2B-positive neurites in primary cortical
neurons treated with vehicle or with A4, (24 h, 10 uM). Means = SEM,
derived from 250 to 300 primary cortical neurons from at least 10
epifluorescence microscopic fields per experiment, were compiled from
three independent experiments (**/***p<0.01 vs. OMM-GFP or

immunostaining for TOM20 and for MAP2B (Fig. 2d). Our
data suggest that the neuroprotective abilities of mitochondrial
PKA are restricted to maintaining a level of mitochondrial
structure and dendrite network stability in the A3 cell culture
model of AD reported in this manuscript.

Next, we sought to determine the molecular mechanism by
which AKAPI121 protects dendrites and mitochondrial struc-
ture in the in vitro A3 model of AD. It has been shown by
other research groups that PKA-mediated phosphorylation of
Drpl at S637 (S656 is the rat homolog) promotes mitochon-
drial interconnectivity by inhibiting Drpl activity, reduces
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AKAPI/AB4; in each series, *p<0.05 vs. OMM-GFP/Af4,, two-way
ANOVA with Tukey’s post hoc test). ¢) Bar graph showing a compiled
quantification of the mean length of dendritic mitochondria, as identified
by immunostaining with TOM20 within MAP2B-positive neurites, and
quantified by ImagelJ in primary cortical neurons treated with vehicle or
with Af4, (24 h, 10 uM). Means + SEM, derived from 250 to 300
primary cortical neurons from at least 10 epifluorescence microscopic
fields per experiment, were compiled from three independent experiments
(#/*##%p<0.01 vs. OMM-GFP or AKAP1/A34; in each series, *p<0.05
vs. OMM-GFP/A4;, two-way ANOVA with Tukey’s post hoc test). d)
Bar graph that shows a compiled quantification of the mean mitochon-
drial content in dendrites (% of dendrite length occupied by mitochon-
dria), as identified by immunostaining with TOM20 within MAP2B-
positive neurites, and quantified by ImagelJ in primary cortical neurons
treated with vehicle or with A4, (24 h, 10 uM). Means + SEM, derived
from 250 to 300 primary cortical neurons from at least 10 epifluorescence
microscopic fields per experiment, were compiled from three independent
experiments (two-way ANOVA with Tukey’s post hoc test)

oxidative stress, induces an increase in dendritic length, and
increases mitochondrial content in dendrites [18, 41]. To this
end, we hypothesized that restoring endogenous levels of
AKAP121 will prevent neurodegeneration in primary cortical
neurons treated with AR4,. To address this hypothesis, prima-
ry cortical neurons were transiently transfected with an empty
vector, a phosphomimetic mutant of Drpl (Drp1-S656D), or
with Drpl. When exposed to an acute dose of A4, (10 uM,
24 h), immunohistochemical analysis revealed that primary
cortical neurons expressing Drp1-S656D, but not wild-type
Drpl, showed significantly increased dendritic length and
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decreased mitochondrial fragmentation compared to OMM-
GFP expressing primary neurons treated with A4, (Fig.
3a., Fig. 3b., Fig. 3c). These data suggest that AKAP121/
PKA protects dendritic and mitochondrial structures by phos-
phorylating Drpl at S656. Consistent with the ability of
AKAPI21 to increase dendritic mitochondrial content [41],
transient expression of the phosphomimetic mutant, but not
wild-type Drpl, robustly increased mitochondrial content in
dendrites under basal conditions and in A 34,-treated neurons,
and blocked {3-amyloid mediated reduction in mitochondrial
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Fig. 3 D-AKAPI1/PKA protects dendrites and mitochondrial structure
from Af4,-mediated toxicity via PKA-mediated phosphorylation of
Drpl. a) Representative epifluorescence micrographs (60x) of primary
cortical neurons expressing the indicated GFP-tagged DRP1-modulating
plasmids in the presence of vehicle control (DMSO) or A{34;. Primary
neurons were immunostained for MAP2B (red) to identify dendrites, for
GFP (green) to identify transfected neurons, and for TOM20 (blue) to
identify mitochondria. Mitochondria inside MAP2-positive dendrites are
indicated by blue dashes. Transient expression of PKA phosphomimetic
mutant of Drp1 (S656D) protects dendrites and the number of dendritic
mitochondria from Af34,-treatment compared to primary neurons ex-
pressing OMM-GFP as a control. b) Bar graph showing a compiled
quantification of the mean dendrite length per neuron, as measured in
MAP2B-positive neurites in primary cortical neurons treated with vehicle
or with A4, (24 h, 10 uM). Means + SEM, derived from 250 to 300
primary cortical neurons from at least 10 epifluorescence microscopic
fields per experiment, were compiled from three independent experiments
(¥*/*%%p<0.01 vs. OMM-GFP or DRP1-S656D/A 34, in each series,
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content (Fig. 3d). Next, we surmised that AKAP121/PKA can
protect primary cortical neurons against [3-amyloid-mediated
apoptosis by phosphorylating Drpl. Indeed, transient expres-
sion of AKAP121 efficiently blocked neuronal apoptosis in-
duced by A4, (Fig. 4). Moreover, consistent with its pro-
apoptotic role, transient expression of Drpl alone increased
neuronal apoptosis in untreated neurons (Fig. 4). Transient
expression of the phosphomimetic mutant, but not of wild-
type Drpl, partially blocked apoptosis induced by exposure
to AP4,. Unexpectedly, transient expression of the PKA-
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*p<0.05 vs. OMM-GFP/AR4,, two-way ANOVA with Tukey’s post
hoc test). ¢) Bar graph showing a compiled quantification of the mean
mitochondrial length of dendritic mitochondria, as identified by immu-
nostaining with TOM20 within MAP2B-positive neurites, and quantified
by ImagelJ in primary cortical neurons treated with vehicle or with
AB4(24 h, 10 uM). Means + SEM, derived from 250 to 300 primary
cortical neurons from at least 10 epifluorescence microscopic fields per
experiment, were compiled from three independent experiments
(*#/##%p<0.01 vs. OMM-GFP or for DRP1-S656D/A 34, for each series,
two-way ANOVA with Tukey’s post hoc test). d) Bar graph that shows a
compiled quantification of the mean mitochondrial content in dendrites
(% of dendrite length occupied by mitochondria), as identified by immu-
nostaining with TOM20 within MAP2B-positive neurites, and quantified
by ImageJ in primary cortical neurons treated with vehicle or with A4,
(24 h, 10 uM). Means = SEM, derived from 250 to 300 primary cortical
neurons from at least 10 epifluorescence microscopic fields per experi-
ment, were compiled from three independent experiments (two-way
ANOVA with Tukey’s post hoc test)
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Nuclear Fragmentation

50

Fig. 4 D-AKAPI/PKA decreases neuronal apoptosis induced by A4,
via PKA-mediated phosphorylation of Drpl. Bar graph showing a com-
piled quantification of the percentage of GFP-positive primary cortical
neurons containing fragmented or pyknotic nuclei. Primary cortical neu-
rons were treated with vehicle or A4, (24 h, 10 uM). Means = SEM,

deficient mutant of AKAP121 (AKAP121-APKA) robustly
increased neuronal apoptosis under basal conditions
(untreated) and exacerbated apoptosis in A 34,-treated primary
neurons. Consistent with other published studies [17], our data
suggest that AKAP121-APKA acts in a dominant negative
manner to outcompete endogenous AKAP121, thereby en-
hancing neuronal apoptosis in the absence of oxidative stress
(Fig. 4).

Exposure of neurons to estrogen has also been shown to
activate PKA signaling pathways and confer “mito-protec-
tive” effects in neurons [42]. Like PKA, estrogen supplemen-
tation has been shown to exert robust neuroprotective effects
in cell culture and in vivo models of AD. To this end, in an
effort to further determine the mechanism of neuroprotection
of D-AKAP1/PKA in the cell culture model of AD, we sought
to determine whether enhancing the activity of mitochondrial
PKA phenocopies the neuroprotective ability of estrogen. As
expected, treating primary cortical neurons with A3, signif-
icantly reduced dendrite length, and induced mitochondrial
fragmentation (Fig. 5a, Fig. 5b). In contrast, transient expres-
sion of AKAP121 or treatment with 2-estradiol completely
restored dendrite length, and mitochondrial length in primary
neurons treated with A4, (Fig. 5a, Fig. 5b). Consistent with
its capacity to phosphorylate and thereby decrease the fission
activity of Drpl, the ability of D-AKAPI21 to reverse mito-
chondrial fission requires binding to endogenous PKA holo-
enzyme, as transiently expressing D-AKAP1-APKA did not
reverse mitochondrial fission induced by A 34, treatment (Fig.
5b). Finally, we sought to determine whether the ability of 2-
estradiol ({3-estradiol) to protect against [3-amyloid requires
endogenous D-AKAP1. To address this question, we
transfected primary cortical neurons with siRNA directed
against endogenous D-AKAP1 for 3 days, a time point which
shows significant reduction of endogenous AKAP121by im-
munohistochemical analysis of endogenous AKAP121 in

c
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derived from an average of 226 primary cortical neurons per construct
from at least 10 epifluorescence microscopic fields per experiment, were
compiled from three independent experiments (****p<0.0001 vs. OMM-
GFP, ##/###/####p<0.01 vs. OMM-GFP/A 34,; two-way ANOVA with
Tukey’s post hoc test)

fixed primary cortical neurons (Fig. 5c). As previously report-
ed, we observed that siRNA-mediated knockdown of endog-
enous AKAP121 promoted a loss of dendrites under baseline
conditions (Fig. 5d), consistent with the ability of D-
AKAP121/PKA to stimulate dendritogenesis. Additionally,
while 2-estradiol was able to significantly block the loss of
dendrites in primary cortical neurons transfected with D-
AKAPI121 siRNA and in (3-amyloid treated neurons, it was
unable to reverse dendrite loss induced by {3-amyloid treat-
ment in D-AKAP121 siRNA-transfected primary cortical
neurons (Fig. 5d). Hence, our data suggest that estrogen can
compensate for the loss of endogenous D-AKAP121 by alle-
viating the loss of dendrites induced by loss of endogenous D-
AKAPI121, suggesting that estrogen is downstream and/or
participates in a parallel signaling pathway with D-
AKAPI121. However, the observation that estrogen is unable
to reverse the loss of dendrites in D-AKAP121 siRNA-
transfected neurons treated with (3-amyloid suggests that D-
AKAPI121 is a critical molecular player for 2-estradiol’s neu-
roprotective effects in the cell culture model of AD (Fig. 5d).
Overall, our data show that restoring D-AKAP1 expression at
the mitochondria can ameliorate the mitochondrial and neuro-
toxic effects of AP4,. In aggregate, our research shows that a
significant reduction in the levels of D-AKAPI in neurons
contributes to AD pathogenesis, as restoring the levels of en-
dogenous D-AKAPI, at least via transient transfection for 3
days, is sufficient to protect against the toxic effects of A4,
in vitro.

Discussion
Dysregulation of global PKA is strongly implicated in the

pathogenesis of AD. Indeed, previous studies in post-
mortem human AD brains, as well as in in vivo animal
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Fig. 5 D-AKAP1/PKA exerts neuroprotection in primary cortical
neurons against Af34, in a similar manner as estrogen treatment. a)
Representative bar graph of the mean dendrite length per neuron, as
measured in MAP2B-positive neurites, in primary cortical neurons
transfected with the indicated plasmids and pretreated with either vehicle
or 2-estradiol in the absence or presence of Af34; (24 h, 10 uM). Means +
SEM were derived from 30 to 35 primary cortical neurons from a repre-
sentative assay of two independent experiments showing similar results
(*p<0.05 vs. OMM-GFP, #p<0.05 VS Af4,; one-way ANOVA with
Tukey’s post hoc test). b) Representative bar graph of the mitochondrial
length (um) per neuron, as measured in TOM20-immunostained struc-
tures, in primary cortical neurons transfected with the indicated plasmids
and pretreated with either vehicle or 2-estradiol in the absence or presence
of AB4 (24 h, 10 uM). Means + SEM were derived from 30 to 35
primary cortical neurons from a representative assay of three independent
experiments showing similar results (*p<0.05 vs. Ctrl; #p<0.05 vs. A4,
one-way ANOVA with Tukey’s post hoc test). ¢) Representative

and in vitro cellular models of AD, have reported a signif-
icant decrease in nuclear translocation and PKA-mediated
phosphorylation of CREB, altered levels of regulatory and
catalytic subunits of PKA, and a disruption of neurotrophic
signaling modulated by PKA (e.g., BDNF), as reviewed in
[6]. These studies, however, have predominantly focused
on the role of dysregulated cytosolic/nuclear PKA on AD
pathogenesis. Given that mitochondrial structure and func-
tion are severely impaired in AD and that PKA at the
OMM plays a monumental role in modulating mitochon-
drial function and structure, we sought to understand how
oligomerized (3-amyloid affects PKA signaling in the
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epifluorescence micrographs of primary cortical neurons transfected with
non-targeted siRNA control (NTsiRNA) or with AKAP121-specific
siRNA and immunostained for D-AKAP121 (green channel) and coun-
terstained with DAPI to visualize nuclei (blue). Primary cortical neurons
transfected with AKAP121 siRNA showed a significant reduction in
endogenous D-AKAP1 relative to NTsiRNA-transfected primary cortical
neurons. d) Representative bar graph of the mean dendrite length per
neuron in 5 DIV primary cortical neurons transfected with non-
targeting control siRNA (Ctrl), or with siRNA specific for endogenous
D-AKAP1 (D-AKAP1 siRNA) for two days prior to treating with 2-
estradiol and/or AP4, (24 h, 10 uM) as indicated in the table below the
bar graph. Means + SEM, derived from primary cortical neurons from a
representative assay of two independent experiments showing similar
results (¥p<0.05 vs. Ctrl; #p<0.05 vs. Af4,, one-way ANOVA with
Tukey’s post hoc test, n=500-2000 imaged neurons from across 3—7
wells)

mitochondrion. For the first time, we show here, that D-
AKAPI, the scaffolding protein of PKA, is decreased in
both in vitro and in vivo models of AD, suggesting that
PKA signaling is decreased in mitochondria and contrib-
utes to AD pathogenesis. Mechanistically, we show that
transient expression of D-AKAP1 or the phosphomimetic
mutant of Drpl (Drp1-S656D) can rescue primary cortical
neurons from A (34,-mediated neuronal death, loss of den-
drites, and mitochondrial fission, suggesting that disrup-
tion of the mitochondrial PKA signaling pathway plays a
prominent role in driving A [3-mediated mitochondrial pa-
thology and neurodegeneration.
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AKAPs comprise a large family of 50 scaffolding proteins
which anchor PKA and other proteins, including protein ki-
nases and phosphodiesterases, to defined subcellular locations
[10, 11]. AKAP-based protein complexes form the basis for the
spatiotemporal control of cAMP signaling, and through their
additional interacting domains, AKAPs can integrate cAMP
signaling with other cellular signaling processes [10, 11].
Importantly, dysregulation of AKAPs and their interactions
have been implicated in cardiac pathophysiology, sperm motil-
ity and developmental defects, HIV progression, and altered
synaptic transmission [10]. Here, we report for the first time a
significant reduction in endogenous D-AKAP1 in the brains of
hemizygous 5X-FAD mice and in primary cortical neurons
treated with amyloid-3(1-42). In addition, we show reduced
expression of D-AKAPI in the cortices and hippocampi of
5X-FAD mice at 2 months of age, an age that precedes cogni-
tive loss (4 months) and synaptic impairment (9 months) (Fig.
1; Supplementary Fig. 1, Supplementary Fig. 2 ). Overall, these
data indicate that loss of D-AKAP1 and disruption of its inter-
action with PKA is an early event that may contribute to accel-
erated neuropathology in this in vivo model of AD.

The neuroprotective role of D-AKAP1 has traditionally
been thought to involve phosphorylation of the pro-
apoptotic protein BAD and of the mitochondrial fission mod-
ulator Drp1 to prevent neuronal apoptosis and elicit mitochon-
drial fusion, respectively [16, 43, 44]. In a genetic model of
PD, we have shown that PINK1-deficient primary cortical
neurons exhibit impaired mitochondrial trafficking, loss of
mitochondrial content in dendrites, increased oxidative stress
and overactive mitophagy [15, 34]. On the other hand, en-
hancing mitochondrial PKA signaling reverses mitochondrial
dysfunction and Drpl-dependent fission, restores mitochon-
drial trafficking by inducing PKA-mediated phosphorylation
of the mitochondrial adaptor protein Miro2, and blocks neu-
rodegeneration [15, 18]. Likewise, here we show that transient
expression of D-AKAP1 potently protects neurons in a cell
culture model of AD. Indeed, transient expression of
AKAP121 reduced mitochondrial fission, elevated mitochon-
drial content, and blocked neuronal apoptosis induced by
amyloid-beta (Fig. 2, Fig. 3, Fig. 4, Fig. 5). Given that PKA
signaling is dysregulated in models of AD and PD, the neuro-
and mito-protective roles of D-AKAPI suggest that AKAP
dysregulation and impairment of PKA signaling at the mito-
chondrion may be an early event in disease pathogenesis and
common to several brain-degenerative disorders, including
AD and PD. Furthermore, the neuroprotective role of D-
AKAP1 is dependent on intact PK A activity as the PKA bind-
ing deficient mutant of D-AKAP1 (D-AKAP1-APKA) was
unable to rescue neurons from amyloid (3-mediated toxicity or
loss of dendrites and mitochondria.

We have previously reported that PKA-mediated phos-
phorylation of Drpl at S656 is a mechanism by which
cAMP and PKA/AKAPI promote mitochondrial fusion,

which enhances mitochondrial function and neuronal survival
in a genetic cell culture model of PD and in a cell culture
model of glutamate excitotoxicity in HT22 hippocampal pro-
genitor cells [17, 18]. In this study, we show that transient
expression of a GFP-tagged phosphomimetic mutant of
Drpl (Drpl-S656D) is sufficient to protect neurons against
neurodegeneration in the A3 cell culture model of AD.
Transient expression of Drpl1-S656D reduced amyloid (3-
mediated neuronal apoptosis, mitochondrial fission, and den-
dritic retraction to a similar extent as that conferred by tran-
sient expression of D-AKAP1 alone (Fig. 4). Hence, our data
suggest that D-AKAP1 is neuroprotective by virtue of its abil-
ity to recruit PKA to the mitochondrion to phosphorylate
Drpl, and thereby prevent mitochondrial fission, loss of den-
drites and mitochondrial content, and neuronal death.

Like D-AKAP1/PKA, estrogens (estradiol-2) may exert
direct or indirect effects on mitochondrial function and PKA
signaling, which is mediated via the mitochondrially localized
estrogen receptor 3. Estradiol-2 (E2), or activators of estrogen
receptor 3, preserve mitochondrial function by maintaining
mitochondrial membrane potential [42, 45]. A depletion of
estrogen is observed in postmenopausal women and is a sig-
nificant risk factor for the development of AD, and estrogen-
based hormone therapy may reduce this risk. Given that es-
trogen exerts mitoprotective effects as observed for D-
AKAPI1 (Fig. 5a) and published observations that estrogen
(e.g., estradiol-2) and ligands of estrogen receptor 3 can acti-
vate downstream PKA signaling in the brain [46, 47] to pro-
tect mitochondria from (3-amyloid toxicity [42], we surmised
that 2-estradiol and mitochondrial PK A may interact to protect
against the loss of dendrites induced by (3-amyloid. Indeed,
we observed that siRNA-mediated knockdown of endogenous
AKAPI121 prevented 2-estradiol from restoring dendritic net-
works in (3-amyloid treated primary cortical neurons. This
implies that estrogen protects dendritic networks through a
mechanism that is dependent on D-AKAP1/PKA, or is medi-
ated through the estrogen 3 receptor in mitochondria. These
data suggest that pharmacological activation of mitochondrial
PKA (AKAPI121/PKA), direct activation of the estrogen [3
receptor in mitochondria, or enhancement of AKAP121 levels
may be therapeutic avenue alternatives to estrogen supple-
mentation in postmenopausal women that may reduce the risk
of developing AD. Although we acknowledge that our data in
Fig. 5d suggests that endogenous AKAP121/PKA is required
for estrogen to protect dendrites, we recognize that additional
experiments will need to be performed in order to determine
the extent to which estrogen requires PKA to protect mito-
chondrial structure and function from (3-amyloid toxicity,
and to functionally dissect the molecular mechanism by which
estrogen interacts with AKAP121 to exert its neuroprotective
effects. Finally, our results warrant future studies to identify
pharmacological activators of mitochondrial PKA that can
extend neuroprotection in models of AD.
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Conclusions

In summary, our data show that a significant reduction in the
level of D-AKAPI in neurons contributes to AD pathogene-
sis, and that enhancing the level of endogenous D-AKAP1 is
sufficient to partially or fully protect against mitochondrial
pathology and neurodegeneration induced by amyloid-f3.
Mechanistically, the neuroprotective effects of D-AKAP1/
PKA phosphorylation involve PKA-mediated phosphoryla-
tion of Drpl, blocking neuronal apoptosis and maintaining
mitochondrial interconnectivity and dendritic networks.
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