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A-kinase anchoring protein 79/150 coordinates
α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor sensitization
in sensory neurons

Yan Zhang1 and Nathaniel A Jeske1,2,3

Abstract
Changes in sensory afferent activity contribute to the transition from acute to chronic pain. However, it is unlikely that a single
sensory receptor is entirely responsible for persistent pain. It is more probable that extended changes to multiple receptor
proteins expressed by afferent neurons support persistent pain. A-Kinase Anchoring Protein 79/150 (AKAP) is an intracellular
scaffolding protein expressed in sensory neurons that spatially and temporally coordinates signaling events. Since AKAP
scaffolds biochemical modifications of multiple TRP receptors linked to pain phenotypes, we probed for other ionotropic
receptors that may be mediated by AKAP and contribute to persistent pain. Here, we identify a role for AKAP modulation of
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid Receptor (AMPA-R) functionality in sensory neurons. Pharmaco-
logical manipulation of distinct AMPA-R subunits significantly reduces persistent mechanical hypersensitivity observed during
hyperalgesic priming. Stimulation of both protein kinases C and A (PKC, PKA, respectively) modulate AMPA-R subunit GluR1
and GluR2 phosphorylation and surface expression in an AKAP-dependent manner in primary cultures of DRG neurons.
Furthermore, AKAP knock out reduces sensitized AMPA-R responsivity in DRG neurons. Collectively, these data indicate that
AKAP scaffolds AMPA-R subunit organization in DRG neurons that may contribute to the transition from acute-to-chronic
pain.
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Introduction

Biochemical modifications to receptors in afferent neurons
support persistent pain. The coordination of these modifi-
cations is foundational to the generation and maintenance of
peripheral hypersensitivity. Relative to changes in transla-
tional control1–3 and down-regulation of inhibitory metab-
otropic receptors,4 kinase sensitization of ionotropic
receptors plays a significant role in the maintenance of
persistent pain. Yet, as peripheral sensory neurons undergo
dynamic neuroplastic changes in response to inflammation
and injury, there are many unknowns concerning the coor-
dination of these dynamic changes in persistent/chronic pain.
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A-KinaseAnchoring Protein 79/150 (AKAP) is a scaffolding
protein that coordinates kinase association with plasma mem-
brane substrates,5 including several ligand gated channels, such
as NMDA and glutamate receptor complexes.6–8 More recent
work has also identified a role for AKAP in coordinating kinase
phosphorylation of sensory TRPA1 and TRPV1 receptors and
feed-forward sensitization of afferent neurons.9–12 Interestingly,
AKAP KO animals demonstrate less persistent pain (thermal/
mechanical) behavior than either TRPA1 or TRPV1 KO
animals,9,13,14 indicating that AKAP could be controlling an-
other signal transducer that contributes to persistent sensory
hypersensitivity.

The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPA-R) is a tetrameric ionotropic receptor
expressed throughout the nervous system. As AMPA GluR1/
2 heteromeric tetramers compose the majority of AMPA-Rs
in naı̈ve neurons,15 GluR1/2 heteromers at the surface are not
Ca+2-permeable, while GluR1 homomers are. However, well-
accepted findings related to metabotropic glutamate sensiti-
zation counter disagreement on the presence of an ionotropic
glutamate response in nociceptors. Previous studies indicate
AMPA-R subunit expression in DRG neurons,16–18 with
more recent evidence demonstrating physiological AMPA
responses.19,20 Controversy surrounding a potential role for
AMPA-R in pain phenotypes was abated by Gangadharan
et al., using molecular deletion of AMPA-R subunits in SNS-
Cre mice to demonstrate subunit-specific roles and functional
expression in chronic inflammatory pain.21 Importantly, re-
sults from this work confirm previous findings demonstrating
that AMPA-R contribution to afferent drive in non-pathologic
conditions is relatively low-to-none compared to injury
models. However, the explanation for this phenomenon,
coupled with a mechanism for receptor sensitization remains
unknown. Moreover, it is unclear how the molecular re-
organization of AMPA-R subunits is managed in afferent
sensory neurons and whether it is associated with persistent
pain behavior. Herein, we provide evidence to identify that
AKAP coordinates AMPA-R functionality in sensory neu-
rons in a role that contributes to the transition from acute-to-
chronic pain.

Materials and methods

Animals

Procedures using animals were approved by the Institutional
Animal Care and Use Committees of University of Texas
Health San Antonio (UTHSA). Moreover, these procedures
were conducted in accordance with policies for the ethical
treatment of animals established by the National Institutes of
Health and International Association for the Study of Pain.
Efforts were made to limit animal discomfort and reduce the
number of animals used. Adult male Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA) weighing
176–199 g were used in this study. AKAP KO animals were

developed in the lab of John D. Scott, PhD (University of
Washington) and maintained in house.

Tissue culturing

Male Sprague-Dawley rats (175–200 g, Charles River Lab-
oratories) were used. L4-L6 dorsal root ganglia (DRG) were
removed bilaterally from male rats, and dissociated by col-
lagenase treatment (30min, Worthington), followed by
trypsin treatment (15min, SigmaAldrich). Cells were
centrifuged and re-suspended between each treatment with
Pasteur pipettes. DRG were then centrifuged, aspirated, and
re-suspended in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) with 10% fetal bovine serum (FBS, Gibco),
100 ng/mL nerve growth factor (NGF, Harlan), 1% 5-fluoro
deoxyuridine (SigmaAldrich), 1% penicillin/streptomycin
(GIBCO), and 1% L-glutamine, and then placed on plates
coated with poly-D lysine (Corning), or glass coverslips
coated with poly-D lysine and laminin (SigmaAldrich).
Cultures for biochemistry experiments were maintained at
37°C, 5% CO2, and grown in 48-well or six-well plates for 5–
7 days. Cultures for calcium imaging were maintained
similarly for 24–28 h.

Hyperalgesic priming behavior

Mechanical withdrawal threshold of the rodent paw was
measured with a plantar electronic von Frey Anesthesiometer
(ALMEMO 2450 Ahlborn, IITC). Briefly, animals were
placed in plastic boxes with a mesh floor surface for a 30 min
habituation period. For rats, the “rigid tip” was used with a
0.8 mm uniform tip diameter. The amount of force generated
that elicited hind paw withdrawal was automatically mea-
sured and recorded as paw withdrawal threshold in grams (g).
Measurements were taken in triplicate at least 30 s apart and
the average was used for statistical analysis. Data are pre-
sented as mean paw withdrawal threshold ± SEM paw
withdrawal thresholds. Observers were blinded to the treat-
ment conditions.

All injections were given intraplantarly in 50 μL volumes
via a 28-gauge needle inserted through the lateral footpad just
under the skin to minimize tissue damage.22 Drug stocks were
dissolved in Phosphate Buffered Saline (PBS). For rat
priming experiments, rats were tested for baseline responses
prior to injections, and then injected with Complete Freund’s
Adjuvant (CFA, 50%) or vehicle (sterile saline) on day 1. Rats
were tested again on day 5 for baseline responses, and then
injected with PGE2 (100 ng) followed by repeated me-
chanical threshold testing at 15 min, 30 min, 2 h, and 4 h post-
PGE2 injection.

Co-immunoprecipitation and Western blotting

DRG cultures in 10-cm plates were treated as described and
prepared for homogenization and/or isolation of crude plasma
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membrane fractions, as described previously.10 Crude plasma
membrane or whole cell homogenates are quantified for
protein concentration by Bradford analysis.23 Equal samples
underwent co-immunoprecipitation (100 μg total protein) or
gross homogenateWB analysis (10 μg total protein). Samples
isolated for co-immunoprecipitation were diluted to 500 μL
with homogenization buffer10 and incubated with antibodies
specific to AKAP150 (1 μg, Santa Cruz Biotechnology, clone
E-1), pulled down with protein agarose-A (SigmaAldrich),
and resolved by Sodium Dodecyl Sulfate -Polyacrylamide
Gel Electrophoresis (SDS-PAGE). Gels were transferred to
polyvinyldifluoride (PVDF, EMD Millipore), blocked in 5%
non-fat milk in Tris buffered saline with 0.1% Tween-20 non-
ionic detergent, and incubated 18 h at 4°C with the following
primary antibodies: AMPAGluR1 (Abcam ab19522), AMPA
GluR2 (Abcam ab133477), AKAP150 (SantaCruz Biotech-
nology, clone E-1), SAP97 (Abcam, ab3437), β-arrestin
(SigmaAldrich, clone 1B15), p-S831 AMPA GluR1 (Abcam,
ab109464), p-S845 AMPA GluR1 (Abcam, ab76321), p-
S880 AMPA GluR2 (Abcam, ab52180), β1 integrin (San-
taCruz Biotechnology, sc-374429). Anti-rabbit secondary
antibodies (GE Healthcare Life Sciences) were applied to
rinsed blots, incubated at RT for 1 h, and then blots were
rinsed again. Blots were incubated with enhanced chem-
iluminescence solution (GE Healthcare Life Sciences), ex-
posed to X-ray film and developed for analysis. Films were
scanned and immunoreactive bands were quantified using
NIH Image 1.62 shareware.

Plasma membrane fractionation

Following homogenization by 20 strokes in a Potter-
Elvehjem homogenizer in a hypotonic homogenization
buffer (25 mM HEPES, 25 mM sucrose, 1.5 mM MgCl2,
50 mM NaCl, pH 7.2), cell extract was incubated on ice for
15 min and then centrifuged at 1000 g for 1 min at 4°C to
remove nuclei and intact cells from the homogenate. The
resulting supernatant was centrifuged at 16,000 × g for 30min
at 4°C, separating cytosolic proteins from cell membrane
proteins. The pellet (crude membrane fraction) was then re-
suspended in homogenization buffer containing 1% Triton.

Biotinylation

Cultured DRG cells were biotinylated with EZ-Link Biotin
(0.5 mg/mL; ThermoFisher), harvested, and precipitated as
previously described.24

Calcium imaging

DRG neurons were incubated for 30 min at 37°, 5% CO2,
with Fura2-AM (2 µM, Invitrogen Life Technologies, Grand
Island, NY) in the presence of 0.05% Pluronic (Invitrogen
Life Technologies) for 30 min or 1 h, respectively. Imaging
was performed on an inverted Nikon Eclipse TE-2000-U

microscope, equipped with 20X/0.75 numerical aperture
Fluor objective. Cultured cells were excited (340 and 380 nm
wavelength) from a Lambda LS Fluorescent light source
(Sutter Instruments), with a Hamatasu digital CCD Camera
detecting emissions at 510 nm. Collected data were analyzed
with MetaFluor Software (Molecular Devices) with ratio-
metric 340/380 nm values recorded.

Experiments were performed at room temperature (RT)
with use of a PM2000Microinjector (MicroData Instruments,
Inc.), perfusion valve controller (Warner Instrument Corpo-
ration), and multi-barrel glass pipette, which allowed for
continuous exchange of bath solution during drug applica-
tion. The micropipette, which delivered drug-containing
solutions, was precisely placed in the optic field that in-
cludes our cells of interests. Both bath and pipet solution were
under an automatically controlled pressurized system that, in
pairing with pneumatic pump, supported precise, fast and
consistent fluid flow and exchange. Recordings were per-
formed in standard extracellular solution (SES, in mM: 140
NaCl, 5 KCl, 2 MgCl2, 2CaCl2, 10 HEPES, 10 Glucose, pH
7.4 [NaOH], which also served as a vehicle for all drugs used
for Ca2+ imaging. Neuronal responsiveness to AMPA
(30 μM) was determined by recording cellular re-
sponses >0.05 Δ340/380 nm from neurons producing a
positive response to 50 mM KCl. All treatments were con-
ducted in the presence of 100 μM cyclothiazide (CTZ) as a
positive allosteric modulator of GluR1 AMPA receptors that
inhibits rapid desensitization.25

Results

Many patients experience persistent pain that cannot be
explained by central sensitization alone,26 indicating that
peripheral nociceptor activation plays a crucial role in long-
term pain phenotypes. To determine whether peripheral
AMPA-R contributes to persistent pain, we employed a
hyperalgesic priming model originally devised by Levine and
colleagues.27,28 In this model, rats are treated i.pl. with a
“priming” stimulus such as CFA to simulate peripheral injury
that sensitizes nociceptor populations into persistent pain
phenotypes to a later chemical stimulus, such as PGE2. This
model has been validated rigorously to dissect the transition
from acute-to-chronic pain by tracking biochemical and
physiological correlates of behavioral output measures.1,29–34

In Figure 1, we used this model with CFA administered i.pl. to
one hind paw of a rat, followed by sub-optimal PGE2 (100 ng
in 50 μL sterile saline) injected i.pl. with paw withdrawal
threshold to a von Frey mechanical stimulus monitored for
4 h post-PGE2. Although typical periods of behavioral ob-
servation can exceed days-to-weeks, we observed a signifi-
cant reduction in mechanical hyperalgesic priming in rats that
received CFA and i.pl. 2,3-dioxo-6-nitro-7-sulfamoyl-benzo
[f]quinoxaline (NBQX, 200 nmol in 50 μL sterile saline,
AMPA-R GluR1 antagonist, Figure 1(a), *p = .0167, ****p <
.0001, two-way ANOVAwith Sidak’s multiple Comparisons
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test) or TAT-GluA2-3γ peptide (TAT, 50 nmol/50 μL sterile
saline, blocks GluR2 subunit internalization,35,36 Figure 1(c),
**p = .0028, ****p < .0001, two-way ANOVAwith Sidak’s
multiple Comparisons test) over vehicle or control peptide,
respectively. Importantly, i.pl. injections with GluR subunit-
targeting agents occurred for 4 days following the CFA
treatment (during the priming period), and did not affect
contralateral behavior (Figure 1(b) and (d)). Taken together,
these behavioral results indicate that peripheral ionotropic
glutamate receptors contribute to CFA-induced hyperalgesic
priming.

AMPA GluR1/2 heteromeric tetramers compose the ma-
jority of AMPA-R in naı̈ve neurons.15 However, AMPA-R
sensitization requires the internalization of GluR2 subunits
from the plasma membrane and the translocation of GluR1
subunits to the plasma membrane to form Ca+2-permeable
homomers.6,37 We sought to identify whether CFA could
stimulate the reorganization of AMPA-R subunits in afferent
DRG neurons. Rats were treated as in Figure 1 with CFA or
vehicle, and L4-L6 DRG were extracted, homogenized, and
processed for plasma membrane fractionation. Western blot
analysis of samples from these plasma membrane fractions in
Figure 2 indicate that CFA treatment significantly shifts
GluR1/2 expression profiles. As indicated in both repre-
sentative images and cumulative densitometry, CFA in-
creased plasma membrane GluR1 expression (*p = .0195,
unpaired t test, n = 4) while reducing GluR2 (***p = .0005,

paired t test, n = 4), supporting a shift towards increased
GluR1 homomer formation and subsequent Ca+2 perme-
ability upon activation.

AMPA-R subunit re-organization is dependent on post-
translational signaling mechanisms. Protein Kinase C
(PKC) phosphorylation of GluR2 stimulates internaliza-
tion of the Ca+2-impermeable GluR1/2 heteromer,38 while
Protein Kinase A (PKA) phosphorylation of GluR1
stimulates formation of the Ca+2-permeable GluR1 ho-
momer.39 However, little information is available as to
what controls the re-organization of subunits by coordi-
nating phosphorylation events. We first investigated the
scaffolding potential for AKAP based on previous studies
by our group in which AKAP regulates TRPV1 and TRPA1
function in injured/inflamed neurons,9–11,13,14 coupled
with previous work that characterized AKAP regulation of
AMPA-R GluR1 in CNS neurons.40,41 In Figure 3, co-
immunoprecipitation experiments from cultured DRG
sensory neurons identify a unique arrangement between
AKAP and AMPA-R: association exists between both
AMPA GluR1 and GluR2 subunits with AKAP. Impor-
tantly, this association is interrupted in neurons treated
with siRNA specific for SAP97, a MAGUK protein that
anchors AKAP to GluR1.6 We utilize siRNA here since
SAP97 knock-out is embryonically lethal.42 These data
provide the first evidence for AKAP/AMPA-R association
in sensory neurons.

Figure 1. Pharmacological Manipulation of AMPA Subunits Reduce Mechanical Hyperalgesic Priming. Male rats were injected i.pl.with vehicle
or Complete Freund’s Adjuvant (CFA, 50% in 50 μL saline). Over the next 4 days, rats were injected daily with vehicle or NBQX (AMPA
GluR1 antagonist, 200 nmol/50 μL, i.pl., (a and b), or control peptide (Con) or TAT-GluA2-3g (TAT, GluR2 internalization inhibitor, 50 nmol/
50 μL, i.pl., (c and d). Rats were tested for paw withdrawal threshold (PWT, g) on Day 5, then injected with PGE2 (100 ng in 50 μL saline, i.pl.),
and again tested for PWT 0.25, 0.5, 2, and 4 h. n = 24 rats/treatment, triplicate readings per time point; compared to Veh/PGE2 (a, *p =
.0167, ****p < .0001, c, **p = .0028, ****p < .0001), two-way ANOVA with Sidak’s multiple Comparisons test.
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We next investigated whether AKAP coordinates AMPA-
R subunit phosphorylation in DRG neurons. PKC phos-
phorylation of GluR2 at S880 drives internalization of the
Ca+2-impermeable subunit from the plasma membrane,
promoting GluR1 phosphorylation, homomerization and
AMPA receptor Ca+2-permeability.43 Sensory neurons were
transfected with missense or AKAP-specific siRNA (previ-
ously validated10), serum-starved for 18 h, and then treated
with vehicle, phorbol 12-myristate 13-acetate (PMA, PKC
activator, 1 μM) or 8-Br-cAMP (PKA activator, 10 μM) for
15 min. Cleared whole cell lysates were collected and ana-
lyzed using phospho-specific antibodies for GluR1 S831,
GluR1 S845, and GluR2 S880. These sites regulate inter-
nalization of GluR2 (S88037), GluR1 translocation to the
membrane (S8456) and increased GluR1 Ca+2 conductance
(S83144). In Figure 4, PKC-phosphorylation of GluR2 S880
requires AKAP expression in sensory neurons. This is an
important and unique finding, as previous work in other
neuronal models do not implicate AKAP as an important
regulator of this phenomenon. Furthermore, PKC-stimulated
phosphorylation of GluR1 S845 and PKA-stimulated phos-
phorylation of GluR1 S831 also require AKAP. These data
indicate that AKAP scaffolds AMPA-R phosphorylation in
sensory neurons.

AMPA-R phosphorylation stimulates differential sub-
cellular targeting of its subunits. PKC phosphorylation of
GluR2 S880 stimulates internalization of the subunit from the
plasma membrane,37 while PKA phosphorylation of GluR1
S845 stimulates homomerization and translocation to the
plasma membrane.6 Cultured sensory neurons were

transfected with missense or AKAP-specific siRNA, serum-
starved for 18 h, and treated with vehicle, PMA (1 μM) or 8-
Br-cAMP (10 μM) for 10 min, prior to surface biotinylation.
Streptavidin precipitates were resolved by SDS-PAGE and
plasma membrane-localized GluR1 and GluR2 were quan-
tified by densitometry and normalized to β1 integrin. In
Figure 5, PKA activation increases GluR1 surface bio-
tinylation (***p = .0008, unpaired t test), while PKC acti-
vation reduces GluR2 on the cell surface (***p = .0007,
unpaired t test), both in a manner dependent upon AKAP
expression. Importantly, the dependency of GluR2 inter-
nalization on AKAP is unique to sensory neurons and is
reported here for the first time.

AMPA-R GluR1/2 subunit re-distribution to/from the
plasma membrane changes the Ca+2-permeability of the
channel. GluR1/2 heteromers at the surface are not Ca+2-
permeable, while GluR1 homomers are. Given that AMPA-R
subunit subcellular localization is dependent on phosphor-
ylation, which we found to be dependent on AKAP
(Figure 5), we sought to quantify Ca+2-responsivity of sen-
sory neurons following PKA/PKC activation. Dorsal root
ganglia (DRG) neurons from AKAP WT and KO mice were
cultured for 18 h and serum-starved for 2 h prior to 15 min
treatment with vehicle, PMA (1 μM), 8-Br-cAMP (10 μM),
or PMA and 8-Br-cAMP. We then quantified neuronal re-
sponses to AMPA (100 nM) in KCl (+) cells using real-time

Figure 2. AMPA GluR Subunit PM Expression in DRG tissue
following Hind Paw Incision treatment. Right hind paw injection
with Complete Freund’s Adjuvant (CFA, 50% in 50 μL saline, i.pl.)
compared to left sham (sham). Respective side DRG were
homogenized and fractionated for plasma membrane fractions.
Aliquots resolved by SDS-PAGE and probed for GluR1, GluR2, and
AKAP. Representative WB results, n = 4 trials. Quantitative analysis
of densitometry normalized to AKAP, *p = .0195, ***p = .0005,
unpaired t test, n = 4.

Figure 3. SAP97 knockdown reduces AMPA GluR/AKAP
Association. Sensory neurons were transfected in mock fashion
or with SAP97 siRNA. Equal aliquots of crude plasma membrane
preps were immunoprecipitated with AKAP antibody and probed
for GluR1, GluR2, and AKAP immunoreactivities. Densitometries
normalized to mock.Whole cell lysates were probed for SAP97 and
β-arrestin to demonstrate siRNA specificity and efficacy.
Representative WB results, n = 3 trials, means ± SEM shown,
GluR1 **p = .040, GluR2 *p = .031, unpaired t test.
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Ca+2-imaging. With a threshold of 0.05 ΔF340/380 from
baseline, we observed an increase in AMPA-responsive
neurons following PKC activation in Figure 6. Although
PKA activation by 8-Br-cAMP alone did not increase Ca+2-
responsivity, combined PKC/PKA activation elicited the
highest percentage of AMPA-responsive sensory neurons.
This is important as it indicates that PKC-mediated inter-
nalization of GluR2 facilitates PKA-mediated translocation
of GluR1 to form Ca+2-permeable homomers. Of equal
importance, sensory neurons isolated from AKAP KO mice
failed to produce similar results. Taken together, these results
indicate that AKAP coordinates AMPA neuroplasticity in
sensory neurons.

Discussion

Changes in sensory afferent receptor activity contribute to
the transition from acute to chronic pain. However, it is
unlikely that a single receptor is entirely responsible for
persistent pain and that extended changes to multiple re-
ceptor proteins at the afferent terminal are responsible.

AKAP scaffolds biochemical modifications to multiple re-
ceptors linked to persistent pain phenotypes. Studies presented
here indicate that sensitization of AMPA-R in DRG neurons
requires AKAP. Knockdown of AKAP expression in DRG
cultures inhibits PKA- and PKC-dependent phosphorylation of

Figure 5. AKAP Mediates AMPA GluR1/2 Surface Expression.
Sensory neurons cultured, transfected in mock fashion or with
AKAP150 siRNA, serum-starved, then treated with vehicle, 8-Br-
cAMP (10 μM, 10 min, PKA activator) or PMA (1 μM, 10 min, PKC
activator), surface biotinylated, streptavidin precipitated, and
harvested for WB analysis. (a) Representative WB results, n = 4
trials, means ± SEM shown. Densitometric quantification of AMPA
GluR1 biotinylation (b), ***p = .0008, GluR2 biotinylation (c) ***p
= .0007, NS = no significance, unpaired t test.

Figure 4. PKC/PKA phosphorylation of AMPA Requires AKAP.
Sensory neurons cultured, transfected in mock fashion or with
AKAP150 siRNA, serum-starved, then treated with PMA (1 μM,
15 min, PKC activator) or 8-Br-cAMP (10 μM, 15 min, PKA
activator), and harvested for WB analysis. (a) Representative WB
results, n = 4 trials. (b) Quantitative analysis of immunoreactive
densitometry, means ± SEM, p-S831 PMA versus Veh ***p = .0003,
p-S845 PMA versus Veh ***p = .0001, p-S880 8-Br-cAMP versus
Veh **p = .009, NS = no significance, unpaired t test.
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AMPA GluR1/2 that controls subunit internalization, plasma
membrane expression profiles and calcium permeability. Fur-
thermore, knock-out of AKAP inhibits increased AMPA re-
sponsiveness observed following PKA- and PKC activation that
occurs during inflammatory insult and in the transition from
acute-to-chronic pain.45 These studies add to existing knowl-
edge to support the overarching identification of AKAP as an
integral coordinator of persistent pain neuroplasticity (Figure 7).

AKAP directly scaffolds multiple kinases to TRP recep-
tors to manage post-translational modifications that affect
ionotropic activity.10–12,46 However, AKAP association with
AMPA-R in CNS neurons is considered indirect as it requires
SAP97 intermediation.40,47 Here, we probed the possibility
that this indirect association could still effectively scaffold
post-translational modifications to AMPA-R subunits to di-
rect ionotropic receptor function in DRG sensory neurons.
Indeed, the knockdown of SAP97 expression in DRG cul-
tures reduced AKAP association with both AMPA-R subunits
GluR1/2 (Figure 3), with multiple figures indicating the
importance of AKAP to AMPA-R GluR1/2 plasma mem-
brane expression and function. These findings aren’t nec-
essarily unique in AMPA-R neuronal biochemistry yet
identify that AMPA-R is modulated in DRG neurons similar
to higher order CNS neurons. This innovative conclusion
intimates that AMPA-R may participate in peripheral
“learning” neuroplasticity similar to CNS roles for the
receptor.48

AMPA-R expression in peripheral afferent neurons has
been demonstrated previously17 with expression ob-
served on central, pre-synaptic terminals.20 However,

results reported here indicate a potential role for AKAP
scaffolding of AMPA-R subunits on innervating termi-
nals. One drawback of this study is the lack of peripheral
tissue immunohistochemistry demonstrating AKAP co-
expression with AMPA-R in peripheral afferent endings.
However, previous accounts of peripheral AMPA-R
subunit expression in the periphery,49 coupled with
documented changes in peripheral GluA1 expression
following CFA50 and reports of increased glutamate
content in stimulated peripheral tissues51,52 supports a
role for peripherally-expressed AMPA-R. Furthermore,
our previous work documenting AKAP scaffolding
events in DRG neurons confirms peripheral
expression.9–11,13,53,54 Although presumptive, it’s pos-
sible that AKAP may scaffold both acute and chronic
AMPA subunit reorganization scenarios in response to
inflammatory insult. Importantly, results presented here
identify the organizational mechanisms utilized by DRG
neurons to mediate AMPA-R subunit re-organization to
facilitate receptor activity and contribute to persistent
pain.

AMPA-R serves as an important target for pharmaceutical
development. Negative allosteric inhibitor Perampanel
(FYCOMPA®) has been studied in four clinical trials to treat
epilepsy and depressive disorders (clinicaltrials.gov). Pre-
vious work on non-specific AMPA-R antagonist NS1209
demonstrated both pre-clinical efficacy in mouse models of
pain,55 and clinical efficacy in patients suffering from nerve
injury.56 However, multiple side effects associated with
systemic AMPA-R antagonism depress clinical utility in
certain patient populations. For this reason, groups have
studied local drug delivery methods to minimize potential
systemic side effects associated with oral or i.v. drug
administration.57,58 This is important considering that many
patients experience persistent pain that cannot be explained
by central sensitization alone,26 indicating that peripheral
nociceptor activation plays a crucial role in long-term pain

Figure 6. PKA/PKC Activation Increase AMPA Responsive
Neurons from AKAP WT Only. DRG neurons cultured from
male AKAP WT or KO male mice, pre-treated for 15 min with
vehicle, PMA (1 μM), 8-Br-cAMP (8-Br, 10 μM), or PMA and 8-Br-
cAMP (15 min) before AMPA (30 μM). Responder threshold set at
0.05 ΔF340/380 above baseline, from n = 37–90 KCl (+) cells/
treatment, with each point representing the percentage of AMPA-
responsive neurons/total KCl-responsive neurons/coverslip, *p =
.0335, **p = .0012, ****p < .0001, NS = no significance, one-way
ANOVA with Tukey post-hoc.

Figure 7. Mechanism of AMPA Modulation in Persistent Pain.
Inflammation drives AKAP association with AMAP GluR1/2
heteromer. AKAP Scaffolds PKC phosphorylation of GluR2
(causing internalization of the subunit) and PKA phosphorylation of
GluR1 (causing subunit tetramerization and glutamate-dependent
Ca+2 influx.
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phenotypes. Therefore, targeting peripheral AMPA-R sen-
sitization and scaffolding mechanisms that regulate it could
provide pain relief via localized treatment and reduce the
transition from acute-to-chronic pain.
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