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Abstract

Modulation of phosphorylation states of ion channels is a critical step in the development of
hyperalgesia during inflammation. Modulatory enhancement of channel activity may increase
neuronal excitability and affect downstream targets such as gene transcription. The specificity
required for such regulation of ion channels quickly occurs via targeting of protein kinases and
phosphatases by the scaffolding A-kinase anchoring protein 79/150 (AKAP79/150). AKAP79/150
has been implicated in inflammatory pain by targeting PKA and PKC to the TRPV1 channel in
peripheral sensory neurons, thus lowering threshold for activation by multiple inflammatory
reagents. However, the expression pattern of AKAP79/150 in peripheral sensory neurons is
unknown. In this study we use immunofluorescence microscopy to identify in DRG sections the
peripheral neuron subtypes that express the rodent isoform AKAP150, as well as the subcellular
distribution of AKAP150 and its potential target ion channels. We found that AKAP150 is
predominantly expressed in a subset of small DRG sensory neurons where it is localized at the
plasma membrane of the soma, axon initial segment and small fibers. The majority of these
neurons is peripherin positive and produces c-fibers, though a small portion produces A8-fibers.
Furthermore, we demonstrate that AKAP79/150 colocalizes with TRPV1 and Cay/1.2 in the soma
and axon initial segment. Thus AKAP150 is expressed in small, nociceptive DRG neurons where
it is targeted to membrane regions and where it may play a role in the modulation of ion channel
phosphorylation states required for hyperalgesia.
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Introduction

The transition from acute pain to longer lasting inflammatory pain requires specific protein

modulation in peripheral nociceptive neurons. Prolonged exposure to noxious stimuli or
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tissue injury results in this switch by release of inflammatory agents that cause sensitization
and increased excitation of the nociceptors. Sensitization occurs by multiple pathways, i.e.
direct modulation of protein receptors (TRP family of channels) and ion channels (calcium,
sodium and potassium channels), upregulation of protein expression and changes in gene
transcription (Caterina et al., 1997; Cardenas et al., 1997; Gould et al., 1998; Novakovic et
al., 1998; Gould et al., 1999; Gould et al., 2000; Rasband et al., 2001; Jung and Miller,
2008; Staaf et al., 2009; Hagenacker et al., 2010).

The mechanisms by which protein kinases specifically target a protein receptor or ion
channel were uncertain until the discovery of A-kinase anchoring proteins (AKAPS).
AKAPs are a group of functionally related proteins that are defined by their ability to bind
PKA and to anchor both the kinase and target proteins into multicomponent scaffolds
(Colledge and Scott, 1999). Through formation of these complexes, AKAPs provide means
by which neurons can rapidly and specifically modulate target proteins.

AKAP79 (human ortholog) and AKAP150 (rat ortholog) differ by a large amino acid repeat
of unknown function in the rat ortholog and will be referred to as AKAP79/150 unless
specifically referring to our AKAP150 antibody results. The AKAP79/150 isoform targets
both kinases and phosphatases to ion channels by co-assembling them as a multicomponent
complex at the membrane (Carr et al., 1992; Hirsch et al., 1992; Colledge and Scott, 1999;
Dell’ Acqua et al., 2002; Rathee et al., 2002; Oliveria et al., 2003; Dell’ Acqua et al., 2006;
Gardner et al., 2006; Zhang et al., 2008; Sanderson JL and Dell’ Acqua, 2010), where they
can respond to activation signals such as the influx of calcium or cAMP (Oliveria and
others, 2003).

Recent studies also show that AKAP79/150 plays an important role in the encoding and
integration of pain. In this role AKAP79/150 is required for the proper phosphorylation of
the ion channel TRPV1 (transient receptor potential vanilloidl) in sensory neurons in the
dorsal root ganglia (DRG) and trigeminal ganglia (TG) (Rathee and others, 2002; Schnizler
et al., 2008; Zhang and others, 2008; Jeske et al., 2009). TRPV1 is a member of the large
TRP channel family of ion channels that are non-selective cation channels permeable to both
Ca** and Na*, and which play a role in detecting a wide range of sensory stimuli (Vriens et
al., 2009). TRPV1 itself is a polymodal receptor activated by noxious heat (>43C), protons,
and vanilloids such as capsaicin, the irritant in “hot” peppers (Caterina and others, 1997;
Tominaga et al., 1998; Szallasi and Blumberg, 1999; Caterina et al., 2000; Vriens and
others, 2009). Overall, activation of inflammatory pathways can lead to the phosphorylation
of TRPV1 by PKA and PKC and reduction in the thermal threshold of the channel, leading
to increased excitation of sensory neurons (Sugiura et al., 2002; Bhave et al., 2003;
Mohapatra and Nau, 2003; Luo et al., 2004; Dai et al., 2004).

Multiple studies have demonstrated that direct AKAP79/150 mediated anchoring of PKA
and PKC to TRPV1 is required for phosphorylation and dephosphorylation of the channel.
Thus Rathee et.al. (2002) initially showed that forskolin-potentiated TRPV1 currents in
mouse DRG were not only inhibited by PKA inhibition, but currents were inhibited by the
presence of an AKAP inhibitor. Furthermore, prostaglandin E2 (PGE2) and PKA dependent
modulation of TRPV1 was inhibited in d36 mice, which have a 36-amino acid c-terminal
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truncation in AKAP150 that deletes the PKA binding site (Schnizler and others, 2008).
Significantly, this truncation also resulted in a decrease in thermal hyperalgesia. Additional
studies in the trigeminal ganglion confirmed that AKAP150 is required for PKA, as well as
PKC phosphorylation of TRPV1 (Jeske et al., 2008; Jeske and others, 2009), while
desensitization of the TRPV1 ion channel via the phosphatase calcineurin is dependent upon
interactions with AKAP79/150 (Zhang and others, 2008). Lastly, capsaicin-induced
desensitization of the channel was decreased when AKAP79/150 was knocked down or the
CaN binding site on AKAP79/150 was deleted (Zhang and others, 2008). Together, these
data demonstrate that regulation of TRPV1 activity is highly dependent upon forming a
macromolecular complex with AKAP79/150.

However, in contrast to the molecular interactions between AKAP79/150 and TRPV1 in
cultured DRG neurons, little is known about the distribution of AKAP79/150 in peripheral
neurons and other proteins that may interact with this scaffolding macromolecule. In the
central nervous system, AKAP79/150 has been shown to interact with the L-type calcium
channel, Cay/1.2, voltage gated potassium channels, and NMDARs and AMPARs in the
brain (Colledge and Scott, 1999; Oliveria and others, 2003; Dell’ Acqua and others, 2006;
Oliveria et al., 2007; Lu et al., 2008). Thus there is potential for AKAP79/150 to be playing
a larger role in peripheral sensory neurons beyond modulation of TRPV1. In the present set
of studies, we performed an in depth analysis of AKAP150 expression in vivo and show that
AKAP150 exhibits a unique expression pattern in small, primary sensory neurons where it
potentially plays a role in nociceptive signaling.

Materials and Methods

Animals and tissue processing

This study was approved by the University of Colorado Health Sciences Center Animal Care
and Use Committee. Eight to twelve week old mice and rats were used according to
institutionally approved animal care and use protocols. Sprague Dawley rats (n-5) and
C57/BI6 (n=4) and AKAP150 null mice (n=4) (Tunquist et al., 2008) were bred onsite.

Mice and rats were anesthetized with chloral hydrate and perfused with 0.1 phosphate
buffered saline (PBS) and then 2% paraformaldehyde in PBS. DRG were dissected and
rinsed in PBS followed by a 30 minute post-fixation incubation in 2% paraformaldehyde.
DRG were rinsed in 3—10 minute washes to remove excess paraformaldehyde. The DRG
were cryoprotected for 12 hours in 30% Sucrose in PBS and 40% sucrose for four hours at
4°C. 30um cryosections were collected using a Microm HM-550 cryostat (Microm
international GmbH, Walldorf, Germany) and mounted on Fisherbrand Colorfrost/Plus
slides (Fisher Scientific, Waltham, MA).

AKAP150 antibody generation

Site-directed polyclonal antibodies for AKAP150 were raised is a similar manner as
described by (Dugandzija-Novakovic et al., 1995). The peptide synthesis and antisera were
produced by Sigma-Aldrich Laboratories. The target 18 amino acid peptide
(TTVGQAEEATVGQAEEA) was found in a large repeat segment of the rat AKAP150
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scaffolding protein and conserved in the mouse AKAP150 sequence (Colledge et al., 2000).
The peptide was synthesized with the addition of an N-terminal cysteine required for
keyhole limpet hemocyanin (KLH) conjugation and for affinity purification of antisera.
Antisera to KLH-AKAP150 conjugates were raised by immunizing rabbits at 4 week
intervals and collected by Sigma Labs.

AKAP150 antibodies were purified from Sigma generated antisera in lab using affinity
chromatography on a peptide-coupled column (ImmunoPure Ag/Ab Immobilization Kit #2,
Pierce). Antibody was eluted and collected in fractions equal to the column volume. Fraction
concentrations were calculated by measuring absorbance levels at 280 nm. Peak fractions
were combined and concentrated to 1-3 pg/ul. The 15 amino acid peptide was diluted to 0.3
ug/ul and used as a peptide-block control for all immunological studies using the AKAP150
antibody.

Immunocytochemistry

Immunostaining was performed as described previously (Dugandzija-Novakovic and others,
1995). Briefly, tissue was permeabilized and non-specific protein binding sites were blocked
by a two hour preincubation in a blocking solution (2% bovine y-globulin (Sigma, St. Louis,
MO), 4% normal goat serum (Sigma) and 0.3% Triton X-100 (Fisher Scientific) in 0.1 M
PBS). All antibodies were diluted in the blocking solution. Primary and secondary
antibodies used and dilutions of antibodies are described in Table 1. Tissues were incubated
overnight in the primary antibody in a humidifier at room temperature. Slides were rinsed in
PBS for 3-10 minute washes, followed by a 90 minute incubation with secondary,
fluorescent antibodies (Table 1) and another 3-10 minute PBS wash. After a brief rinse in
high purity, deionized water, slides were dried and mounted with Vectashield antifade
mounting medium (Vector Labs, Burlingame, CA).

Antibody use

Three different controls were used to test antibody specificity for immunocytochemistry.
First, when available, specificity of antibody binding was controlled by staining parallel
slides with antibodies that had been preincubated with a 100-fold molar excess of
corresponding peptide antigens. Second, controls for the AKAP150 antibody also included
the use of AKAP150-null mouse tissue. The third control for antibody specificity was the
use of the fluorescently-tagged secondary antibody only. This control was only used in cases
where neither the corresponding peptide nor a null transgenic animal was available.

We used a number of highly characterized antibodies. The antibodies for Peripherin, CGRP
and substance P stained small DRG neurons in the cytoplasm and axons. 1B4 stained the
membrane of small neurons and regions within the cytoplasm. NF-200 and Kv1.2 were
expressed in small to large diameter neurons, and could be detected only in myelinated
fibers and Kv1.2 was detected in juxtaparanodal regions. Cspr was detected only in
paranodal regions. Cav1.2 was found in the cytoplams, membrane and axon initial segment.
The monoclonal pan specific sodium channel was compared to a highly characterized rabbit
polyclonal antibody (Gould and others, 1998) and expressed in the soma and nodes of
Ranvier of DRG neurons but not in the axon initial segment.
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AKAP150 expression in DRG was compared to a variety of neuronal markers to identify
which DRG neurons contain AKAP150. DRG that expressed AKAP150 as well as a marker
were said to coexpress together in the neuron. AKAP150 and a marker found in the same
subcellular region of a DRG neuron were said to colocalize to that region.

Image analysis and quantification

16-bit, 0.5-um stacks of images were collected along the “z” axis of DRG cryosections using
using a 40X/N.A.1.30 oil immersion objective and a Nikon PCM-2000 laser scanning
confocal microscope. Image acquisition was performed using SimplePCI software, v4.6
(Compix Inc., Cranberry Township, PA). Individual images were saved as a 16 bit files with
1024 pixels? resolution, in which each square pixel was 0.3 um in dimension and
represented an area of 0.09 um?2. Image quantification and processing was performed using
NIH Image J software and Corel PhotoPaint X3 (Corel Corporation, Ottawa, Canada).
Background fluorescence for individual antibodies was determined from tissue stained with
peptide-blocked antibodies or with secondary antibody only when no peptide antigens were
available or by using AKAP knockout tissue.

The “region of interest” or “ROI” feature of Image J was used measure cell area and protein
marker intensity. Area measurements were collected by drawing outlines of DRG cells
containing visible nuclei within image stacks for AKAP150 alone and proteins marker
alone. Non-nucleated DRG were excluded from the cell profiles to prevent inaccurate
measurements of elliptical shaped DRG soma measured in cross section. Cells were
classified as protein marker positive if staining intensities were three standard deviations
above background (excluding the nucleus).

Membrane intensity levels for AKAP150 were collected by outlining regions of the
membrane for each neuron. DRG neurons were classified at AKAP150 positive if the
membrane levels of AKAP150 were three standard deviations above background as
measured by using DRG probed with preabsorbed antibody. Neurons were classified as
“AKAP150 high” expressing if membrane intensity levels were 15 standard deviations
above background.

Statistical analysis

A student T-test was used to determine significance between the mean areas of DRG
populations. Analysis was performed using SigmaPlot (Systat Software, Inc.).

Western blot

Brain and DRG were dissected from rat, wild-type (WT) mice and AKAP150-null mice and
flash frozen on dry ice. Tissue was thawed in homogenization buffer (20mM tetrasodium
pyrophosphate, 20mM sodium phosphate, 1 mM MgClI2, 0.5 mM EDTA 300 mM sucrose,
0.8 mM benzamidine, 1.0 nM iodoacetamide, 1.1 uM leupeptin, 0.7 pM pepstatin A, 76.8
nM aprotinin, 0.23 mM PMSF) and homogenized on ice for thirty seconds. Tissue
homogenates were centrifuged at 20,000 RPM (50k x g) using a J2-21 centrifuge and JA-20
rotor (Beckman-Coulter, Inc., Brea, CA). Protein concentrations were determined using
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Pierce BCA protein assay kits according to manufacturer’s directions (BCA Protein Assay
Kit, #23225, Pierce, Rockford, IL).

10 ug total protein extract was loaded per lane on precast 4-15% gradient gels (BioRad,
Hercules, CA). Gels were run at —80V. Protein bands were transferred to nitrocellulose
membranes using semidry transfer, which was then blocked in a solution of 5% nonfat milk
and 0.1% Tween in PBS. The membranes were incubated overnight in a 1:1000 dilution of
primary antibody in the blocking solution. A secondary antibody conjugated to HRP
(Jackson ImmunoResearch, West Grove, PA) was applied for two hours. The membrane was
washed with PBS for thirty minutes between each antibody application. SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific, #34096) was applied to the blot
for 5-minutes; excess solution was removed before imaging. Protein bands were visualized
using a Kodak ImageStation 440cf.

AKAP150 immunoreactivity in rat DRG

To examine the expression patterns of AKAP150 in DRG, we probed rat DRG sections with
a well-characterized rabbit anti-AKAP150 antibody. Specificity of the antibody was tested
by probing tissue with antibody preincubated with peptide as well as DRG tissue from
AKAP150 null mice. AKAP150 staining was abolished in slices probed with preincubated
antibody (Fig 1D) and slices generated from the AKAP150 null mice (Fig 1C). Non-specific
binding of the antibody was occasionally found in satellite cells surrounding large DRG
soma (Fig 1A, asterisk). Specificity of the AKAP150 antibody was further confirmed by
immunoblots using brain and DRG homogenates from rat, WT mouse and AKAP150 null
mouse (Fig. 1 E). Protein bands at 150kD for AKAP150 were apparent in lanes containing
the rat and WT mouse brain and DRG but were absent in the lane containing AKAP150 null
DRG and the lane containing rat DRG probed with peptide-blocked antibody.

In Figure 1A, a rat DRG slice probed with AKAP150 antibody demonstrates that AKAP150
is expressed in DRG neurons of a variety of sizes and at varying intensity levels. While
DRG could contain AKAP150 at levels too low to detect immunocytochemically, cells were
considered AKAP150 positive if they contained AKAP150 levels in the membrane three
standard deviations above the mean background calculated from slides probed with the pre-
incubated antibody. On this basis, 36% (381/1055) of the DRG neurons measured were
classified as AKAP positive.

Based upon the cell area histogram of all DRG neurons (Figure 1G), cells with cross-
sectional area less than 1200 um2 were considered small, cells with areas between 1200 and
1900 pm2 were considered medium and cell with areas above 1900 um2 were considered
large (Swett et al., 1991). AKAP150 was primarily expressed in small DRG neurons (93.6%
of positive neurons) while only 5.4% of AKAP150 positive cells were found to be medium
neurons and less than 1% to be in large neurons. The average size of AKAP150 positive
DRG neurons was 574.67 +/- 18.45 um2. Examples of DRG of different areas expressing
AKAP150 are shown in figure 2.
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AKAP150 immunoreactivity was observed to be on or near the cell membrane of the DRG
soma, axon initial segment (AlS), stem axon and in thin processes (figure 2A,B,D). The
membrane patches of AKAP150 are similar in appearance to those found in cultured
hippocampal neurons (Dell’ Acqua and others, 2006). While high levels of AKAP150 were
detected at the membrane, little AKAP150 was found within the cytoplasm domain of the
cell body or axon.

A subset of the AKAP150 positive neurons expressed significantly higher (>15 STDs above
background) levels of AKAP150. In these neurons, AKAP150 formed distinct patches near
the cell membrane of the soma, AIS and stem axon (figure 2A). This subset of exclusively
small, high intensity AKAP150 positive DRG comprised 28% of AKAP positive DRG
neurons and 9% of all neurons as shown in figure 2G. Together, these data demonstrate that
AKAP150 has variable expression in DRG neurons, favoring a subset of the small,
presumptively nociceptive neurons that expresses a significantly higher level of AKAP150
with an unusual membrane associated heterogeneous distribution.

AKAP150 expression in rat DRG subpopulations

In the peripheral nervous system, the primary sensory neuron cell bodies residing in the
DRG can be divided into subtypes that produce either unmyelinated C-fibers or myelinated
A-fibers. DRG were probed with peripherin, a marker for small DRG neurons that produce
unmyelinated C-fibers, and neurofilament-200 (NF-200), a marker for DRG neurons that
produce the myelinated larger, A-beta and smaller A-delta fibers (Starkey et al., 2010).
Levels of AKAP150 co-expression with cell type markers is shown in Table 2. Cell size
histograms correspond to the area of individual DRG neurons that express a given protein,
but do not correspond to colocalization of proteins.

The distribution of peripherin positive and AKAP150 positive DRG neurons was confined
to the range of small cell bodies and fibers. In contrast, the NF-200 positive DRG neurons
displayed a broad range of cell areas, ranging from small to large cell bodies and axons.
Peripherin co-expressed with AKAP150 in 62.5% of AKAP150-positive DRG neurons (Fig.
3, A-D). While 31.6% of AKAP150 positive DRG neurons also co-expressed NF-200, these
neurons were significantly smaller than the average NF-200 containing neurons (570.88 +/—
18.45 vs. 1579.74 +/- 125.91 um2, p<0.01). As the DRG neurons that expressed both
AKAP150 and NF-200 were classified as small neurons, we surmise that these neurons
produced the small, myelinated A-delta fibers. Within the subset of high intensity AKAP150
DRG neurons, 60.0% co-expressed peripherin while only 10.5% co-expressed NF-200.
Thus, the majority of AKAP150 expressing DRG neurons were small neurons that produce
thin C-fibers with a lesser population that produces the small, myelinated a-delta fibers.

The C-fiber producing DRG neurons can be further subdivided in populations of peptidergic
and non-peptidergic neurons. The peptidergic class of DRG that responds to NGF was
identified by probing for the neuropeptides CGRP and substance P (Averill S et al., 1995).
The non-peptidergic class of small DRG neurons that responds to GDNF were identified by
the binding of Griffonia simplicifolia isolectin B4 (1B4) to surface glycoconjugates (Kashiba
et al., 2001). The coexpression of IB4 (55.6%, Fig 4 A-D) was higher than that of the
peptides in the small, AKAP150 positive neurons (CGRP: 35.5% coexpression, Fig 4 E-G;
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substance P: 20.3% coexpression, Fig 4H-I). However, the subset of AKAP150/SubP
positive neurons had a broader range of soma areas, including the rare AKAP150 positive,
medium sized DRG neuron (Fig 4 1-K, white arrowhead). Additionally, a subset of neurons
expressing 1B4 or CGRP, but not substance P, displayed high levels of AKAP150. In any
case, we can conclude that while AKAP150 is expressed in multiple types of small diameter
DRG neurons, the majority are non-peptidergic and give rise to unmyelinated C-fibers.

AKAP150 coexpression with voltage gated ion channels

The phosphorylation state of ion channels in neuronal membranes regulates the excitability
of the cell. Multiple studies have shown that AKAPs interact with ion channels in the CNS
(Tibbs et al., 1998; Colledge and others, 2000; Hulme et al., 2002; Gardner and others,
2006; Oliveria and others, 2007; Lu and others, 2008; Schnizler and others, 2008). Both
AKAP79/150 and AKAP15, a small member of the AKAP family, interact with the L-type
calcium channel, Cay/1.2, through a modified leucine zipper on the channel (Hulme and
others, 2002; Oliveria and others, 2007). As L-type calcium channels have also been
implicated in inflammatory pain we determined whether AKAP150 could be expressed with
Cay1.2 in DRG neurons. Thus Cay1.2 co-expressed with 63.0% of AKAP150 positive
neurons and was found both in the cytoplasm domain of the DRG neuron and in the neuron
plasma membrane (Fig 5 A-C). Although the majority of the Cay/1.2 appeared in the
cytoplasmic region, high levels of Cay,1.2 and AKAP150 colocalization were also visible
the membrane of the soma and AIS. Thus, we conclude that AKAP150 and L-type calcium
channels colocalize in multiple membrane domains of small, nociceptive DRG.

As well as interacting with L-type calcium channels, AKAP15 has been shown to interact
with Nav1.2 in brain tissue through a similar leucine zipper, targeting PKA and PKC to the
channel and resulting in phosphorylation of the channel and reduction of its peak current
(Tibbs and others, 1998; Hulme and others, 2002; Oliveria and others, 2007). As other
VGSC isoforms are also phosphorylated by PKA and PKC and contain leucine zippers, it is
possible that AKAP150 targets the enzymes to VGSCs in DRG neurons. We probed DRG
using both the AKAP150 antibody and a mouse monoclonal antibody directed towards a
sequence conserved in all voltage gated sodium channel isoforms. We found that 57.6% of
AKAP150 positive neurons co-expressed with voltage gated sodium channels in the soma of
DRG neurons (Fig 5 E-G). However, while we demonstrated that there was an overlap in
AKAP150 and VGSC expression in DRG neurons, we found that AKAP150 was not co-
expressed with VGSCs at the nodes of Ranvier.

As with L-type calcium channels and voltage gated sodium channels, isoforms of the
voltage gated (Kv) potassium channel are differentially expressed in the DRG (Ishikawa et
al., 1999; Rasband and others, 2001). The voltage gated potassium channel, Kv1.2, was
expressed in the soma, AlS and the juxta-paranodal regions of DRG neurons. Similar to the
distribution of NF-200, Kv1.2 was expressed on small to large neurons. We found that only
11.8% of AKAP150 expressing neurons also express significant levels of Kv1.2 (Fig 5 1-K).
The area of cells expressing both AKAP150 and Kv1.2 fell into the medium range of DRG
neurons and thus were significantly larger than the average, small AKAP150 positive DRG
neuron (933.52 +/- 45.76 vs 574.67 +/- 18.45 um?, p<0.01). As with VGSC staining in
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DRG neurons, we could not determine whether the two proteins colocalize at the membrane
due to the high levels of Kv1.2 immunoreactivity in the cytosol.

AKAP150 expression with transient receptor potential ion channels

Multiple studies have demonstrated that AKAP79/150 targets PKA and PKC to TRPV1
channels in DRG neurons after neuronal stimulation by inflammatory factors such as
bradykinin (Schnizler and others, 2008; Zhang and others, 2008; Jeske and others, 2008).
Furthermore, AKAP79/150 was shown to co-immunopreciptitate with TRPV1 in DRG
cultures (Schnizler and others, 2008; Zhang and others, 2008). However, no research had yet
determined AKAP150 and TRPV1 coexpression in DRG in vivo or whether these proteins
co-localized to specific subcellular regions. In the present study, we found that 67.3% of
AKAP150-positive DRG neurons coexpress with TRPV1 and 63% of TRPV1-positive
neurons coexpress AKAP150. Furthermore, DRG neurons that produce high levels of
AKAP150 also displayed similarly high levels of co-expression with TRPV1 (66.7%).
Furthermore, in DRG neurons that co-express AKAP150 and TRPV1, the two proteins
colocalized in the soma, AIS, stem axon and in thin fibers (Fig 5 M-0). DRG neurons that
co-expressed AKAP150 and TRPV1 were also significantly smaller than the average
AKAP150 positive neurons (400.75 +/— 37.24 vs 506.72 +/- 37.24 um?, P< 0.01).

Neurons were stained with TRPc4 to determine whether AKAP150 co-expressed with other
families of TRP channels. Only 11.1% of AKAP positive neurons co-expressed TRPc4 (data
not shown). These neurons were also significantly larger than the average AKAP positive
neuron. Thus, we can conclude that AKAP150 is coexpressed with the TRPV1 channel
isoform in the soma and AIS of a unique subpopulation of small, nociceptive DRG neurons.

AKAP150 membrane expression in the soma and axon initial segment

As described above, we found that AKAP150 was primarily expressed in small diameter
DRG neurons producing C-fibers and Ad-fibers. To further elucidate the subcellular regions
in which AKAP150 was expressed, we probed DRG neurons with markers for subcellular
regions as well as markers for neuronal subtypes. Ankyrin G (AnkG), a scaffolding
molecule important in the development and maintenance of axon initial segments and nodes
of Ranvier, is expressed at the cell membrane of these subcellular regions (Lustig et al.,
2001; Grubb and Burrone, 2010). AnkG is expressed in the AIS of both myelinated and
unmyelinated fibers. We found that AKAP150, while co-expressed with AnkG at the AIS
(Fig 6 A-C), is not present at nodes of Ranvier (Fig 6 D-E). To confirm that AKAP150 is
not present at the nodes of Ranvier, we probed DRG slices with caspr, a cell adhesion
molecule found at the paranodal regions of myelinated fibers (Einheber et al., 1997). As
shown in figure 6 G—H (arrows), AKAP150 is not present at the nodes of Ranvier or
paranodal regions.

Although the majority of DRG neurons expressing AKAP150 produce unmyelinated C-
fibers, a small subset form ag fibers identified by colabeling with NF-200. In figure 6 J-L
(arrowhead), an example is shown of a DRG neuron expressing both AKAP150 and NF-200
in the AIS. This coexpression does not occur in the larger, Ap-fiber producing DRG neuron,
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or in the small, C-fibers (yellow arrow). Thus, AKAP150 can be expressed in the AlS of
both myelinated and unmyelinated neurons, but is found distally only in C-fibers.

The high levels of AKAP150 co-expression with TRPV1 and Cay/1.2 led us to examine
further where colocalization of the proteins occurred in DRG neurons. While the majority of
somal TRPV1 is cytosolic and, therefore, did not colocalize with AKAP150 (Fig 6 N), the
channel did appear to colocalize with AKAP150 at the cell membrane (Fig 6 M-0O, yellow
arrow). Colocalization of TRPV1 and AKAP150 was more apparent in the AlS (Fig 6 M-0O,
arrowhead) of small DRG neurons and in unmyelinated fibers in the DRG.

Regulation of L-type calcium channels has been shown to be required for inflammation-
induced gene transcription (Graef et al., 1999; Hogan et al., 2003; Jackson et al., 2007; Jung
and Miller, 2008; Kim and Usachev, 2009). Thus, we examined subcellular DRG neuron
regions in which AKAP150 could be colocalizing with Cay/1.2. AKAP150 was found to be
highly colocalized with Cay/1.2 at the membrane of the soma (Fig 6P-R, yellow arrow).
Cay1.2 was expressed in similar, high-density, patchy regions as was AKAP150. AKAP150
and Cay/1.2 also showed high levels of colocalization in the AIS (Fig 6 P-R, arrowhead).
We conclude that AKAP150 colocalizes with TRPV1 and Cay1.2 in the soma and AlIS of
small DRG neurons.

Discussion

This study demonstrates that AKAP150 has a unique expression pattern in a small subset of
nociceptive DRG neurons where it is highly expressed at the membrane of the cell soma and
in the axon initial segment. Based on co-localization in the membrane, we suggest that
AKAP150 interacts with TRPV1 and Cal.2 channels in these areas.

Ours is the first study examining the expression of AKAP150 in fixed DRG slices. Due to
the potential changes in protein expression and variations in cell type survival in cell culture,
it is important to analyze the expression pattern of AKAP150 in vivo as well as in culture.
Thus, we found that 36% of DRG neurons express AKAP150, a significant reduction in
expression compared to the 77% AKAP150 positive neurons found in cultured DRG
neurons (Schnizler and others, 2008), where no antibody control was reported. By using
peptide blocked AKAP150 antibody and an AKAP150 null mouse line as controls, we were
able to exclude neurons non-specifically labeled with the AKAP150 antibody. Lacking
proper controls, Schnitzler et.al. (2008) may also have included neurons whose cell bodies
exhibited non-specific immunoreactivity.

We have also demonstrated that AKAP150 has a unique expression pattern within a small
subset of small, nociceptive DRG neurons that produce either thinly myelinated Ad-fibers
involved in sensation of the quick “first pain” after injury or the small, more numerous,
unmyelinated C-fibers that produce long lasting, dull pain. Based on immunoreactivity,
AKAP150 was expressed on the membrane of the soma, AlS and stem axon of the C- and
Ad—fiber producing DRG and was largely absent within the cytoplasm. Within the small
nociceptive DRG neurons, there is a subset of small neurons that has a significantly higher
level of AKAP150 expression, potentially for increased regulation of target proteins and,
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thus, increased regulation of excitability in the soma and AlS. The expression pattern of
AKAP150 in the soma and AlIS indicates that AKAP150 is functionally targeted to the cell
membrane, in contrast to proteins that are packaged for transport to distal regions of the
neuron.

To determine what sensory modality the AKAP150 positive DRG neurons might serve, we
examined co-expression of AKAP150 with proteins involved in specific sensory pathways.
TRPV1 is activated by noxious heat and is essential for the development of inflammatory
hyperalgesia (Caterina and others, 1997; Tominaga and others, 1998; Caterina and others,
2000; Amaya et al., 2003; Zhang and others, 2008). Inflammation induces phosphorylation
of TRPV1, thus reducing the thermal activation threshold of TRPV1 and sensitizing the
receptor to capsaicin, protons and vanilloids (Rathee and others, 2002; Amaya et al., 2004;
Moriyama et al., 2005; Yu et al., 2008; Schnizler and others, 2008; Zhang and others, 2008;
Jeske and others, 2008; Jeske and others, 2009). We found that AKAP150 and TRPV1
expression in DRG neurons overlapped in two thirds of the neurons expressing AKAP150.
This is a somewhat higher percentage of coexpression compared to the 50% coexpression of
AKAP150 and TRPV1 found by to Schnitzler (2008) in rat DRG culture. Though the high
level of cytosolic TRPV1 inhibits the ability to see whether AKAP150 and TRPV1
colocalize in the soma, multiple studies have suggested that AKAP150 and TRPV1 do
indeed physically associate(Schnizler and others, 2008; Zhang and others, 2008; Jeske and
others, 2008; Jeske and others, 2009). Zhang (2008) demonstrated that TRPV1 associates
with AKAP79/150 via a 14 amino acid sequence on the C-terminal tail of the ion channel.

Thus, phosphorylation of TRPV1 requires AKAP79/150 anchored PKA and PKC. In
cultured DRG neurons, FSK induced phosphorylation of TRPV1 was shown to be inhibited
by the application of St-Ht31, a non-specific AKAP inhibitor, demonstrating a requirement
for AKAP anchoring of PKA (Schnizler and others, 2008). Schnizler, et al (2008) also
demonstrated that the anchoring of PKA by AKAP79/150 specifically is required for the
potentiation of heat activated currents in mouse DRG, since in d36 transgenic mice having a
truncation in the PKA binding site at the C-terminus of AKAP150, PKA sensitization of
TRPV1 is reduced, but PKC-dependent sensitization is unaltered. Additional studies
demonstrated that AKAP150 anchoring to TRPV1 was required for not only PKA, PKC and
CaN modulation of the channel, but for capsaicin induced sensitivity and trafficking of the
channel to the plasma membrane (Zhang and others, 2008).

While AKAP150 has been shown to be required for TRPV1 modulation during thermal
hyperalgesia, we found that only 63% of TRPV1 containing DRG also expressed AKAP150
which is lower than the 90% coexpression found by Zhang (2008). Though, again, these data
were gathered from cultured rat DRG neurons and contained no controls for AKAP150
expression. Perhaps the small percentage of TRPV1 that does not associate with AKAP150
associates with another AKAP isoform, which could target PKA, PKC and CaN to the
channel. Alternatively, in a subset of cells TRPV1 might not be modulated during
inflammation. A recent study demonstrated that about 1/3 of TRPV1 channels were
inaccessible to PKC, possibly because the channels did not assemble with AKAP79/150
(Studer and McNaughton, 2010).
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We have also found that AKAP150 co-expresses with voltage gated ion channels. In
particular, small diameter DRG expressed both AKAP150 and Cay1.2. Multiple studies
have shown that Ca2*-dependent gene regulation controls many aspects of neuronal
plasticity. Studies in hippocampal neurons demonstrated that AKAP79/150 interacts directly
with Cay/1.2, anchoring PKA and calcineurin to the channel (Oliveria and others, 2003;
Oliveria and others, 2007). PKA phosphorylation of L-type channels increases activity of
the L-type channel in dendrites and dendritic spines. By targeting both PKA and CaN to the
Cay1.2, AKAP79/150 can regulate L-type current amplitude in a bidirectional manner. CaN
bound AKAP79/150 dominantly suppresses PKA modulation of the channel.

The AKAP-mediated modulation of Cay/1.2 channels could be important in activating
downstream signaling pathways essential to the establishment of chronic pain mechanisms
in DRG neurons. Thus the influx of Ca2* through L-type channels activates the transcription
factor NFATc4 in a calcineurin-dependent manner (Oliveria and others, 2007). A study in
the DRG neuronal cell line F11 showed that NFAT initiates transcription of pronociceptive
molecules such as chemokine receptor 2 (CCR2) in a calcium dependent manner (Jung and
Miller, 2008). Upregulation of CCR2, which is not expressed in DRG under normal
conditions, leads to increased excitability of neurons. Ca2* influx through both LTCC and
TRPV1, inducing mitochondrial calcium release, lead to dephosphorylation of NFATc4 and
translocation of the transcription factor from the cytoplasm to the nucleus (Kim and
Usachev, 2009). As we show, AKAP150 is expressed in a high proportion of Cay1.2
containing neurons. The interactions between the two proteins could mediate gene
transcription pathways in inflammatory pain.

This unique expression pattern of AKAP150 in the AIS and soma raises the question of why
AKAP150 and its ion channel targets are transported and colocalized to these regions.
Action potentials in DRG neurons are generated at the free nerve endings and then
propagate along the peripheral axon, past the T-junction to synapse on second order neurons
in the dorsal horn of the spinal cord. Such a straightforward description of the conduction of
nociceptive conduction raises several important issues, namely why are there electrically
excitable proteins in the membrane of the AIS and soma and why is there a need for the
anchoring of protein kinases and phosphatases by AKAP79/150 to ion channels in the
membrane?

The majority of DRG soma produce little afferent activity. However, subthreshold
oscillations in membrane potential intrinsic to the neuron have been detected in a
subpopulation of large, AB DRG neurons, but not in the small DRG that give rise to As- and
C-fibers (Liu et al., 2000; Liu et al., 2002). These oscillations are thought to arise from
interactions between Na++ inward current and K+ outward current (Amir et al., 2002).
When AB-fibers were damaged in animal models of neuropathic pain, depolarization of the
neuron resulted in increased oscillations in the soma and spike initiation in the AlS. Increase
excitability in the DRG soma also lead to cross-excitation of small DRG neurons (Amir et
al., 1999; Amir and Devor, 1999; Liu and others, 2000; Amir and others, 2002). Thus, somal
and AIS excitability in small DRG neurons could arise from cross-excitation from the large
DRG neurons (Amir and Devor, 1999).
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Could AKAP79/150 targeting of PKA, PKC and CaN to TRPV1 and Cay/1.2 in the soma
and AIS be important for cross-excitation? Potentially, AKAP150 mediated phosphorylation
of TRPV1 by PKA and/or PKC would lower the threshold for activation of TRPV1.
Increasing the excitability of the soma and AIS could result in the amplification or distortion
of action potentials generated from nociceptors in the free nerve endings. Furthermore,
increased influx of Ca2* through Cay/1.2 could lead to changes in gene transcription through
NFATCc4, resulting in long-term increases in excitability of small, nociceptive DRG neurons.
Thus, we suggest that AKAP79/150 is targeted to specialized membrane regions of a
subpopulation of small, nociceptive DRG where is has the potential to regulate neuronal
excitability and gene expression important to the coordination of nociceptor responses to
chronically painful stimuli.
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Figure 1. AKAP150 expression in adult rat DRG neurons is confirmed by
immuonhistochemistry and western blot analysis

Confocal images of AKAP150 expression in (A.) adult rat DRG, scale = 100 uM, (B.) WT
adult mouse DRG, (C.) AKAP150 null mouse DRG and (D.) preabsorbed antibody probe of
rat DRG. Scale bars = 50 pM (B-D). E. Bands at 150 kD in a western blot of tissue probed
with AKAP150 antibody and preabsorbed antibody, 10pg tissue/lane. F. Distribution of
AKAP150 membrane intensity based on DRG soma area in all DRG neurons. G. Size
distribution of AKAP150 positive DRG neurons and all DRG neurons.
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Figure 2. Characterization of levels of AKAP150 expression in rat DRG neurons using confocal
microscipic analysis
Scale bars =50 uM. A. AKAP150 is highly expressed at the membrane of the soma and

axon initial segment (AIS) in a subpopulation of small diameter DRG neurons
morphologically resembling small-sized nociceptors. AKAP150 is expressed at the
membrane of the soma and AIS of these neurons. B. Small diameter DRG neuron expressing
moderate levels of AKAP150. C. A small DRG neuron displaying little to no AKAP150
expression. D. A small subset of medium diameter neurons expressed AKAP150, but the
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majority of medium and large diameter DRG neurons lacked any AKAP150
immunoreactivity (E, F). G. Histogram of cell area and AKAP150 intensity in small,
medium and large DRG neurons. Cell size and AKAP150 intentiAKAP150 expression
levels where highest in small diameter DRG neurons. Within the small diameter neurons, a
subset displayed significantly higher levels of AKAP150.
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Figure 3. Characterization of AKAP150 in myelinated and unmyelinated DRG neurons using
confocal microscopy

Scale bars = 50 uM. AKAP150 (A.) and Peripherin immunoreactivity (B.) in DRG neurons.
C. Overlay of AKAP150 (red) and peripherin (green) demonstrates that a subpopulation of
AKAP150 expressing DRG neurons coexpress with peripherin, suggesting they are small,
unmyelinated c-fiber producing neurons (white arrowhead), while another population of
AKAP150 expressing neurons do not coexpress peripherin (yellow arrow). AKAP150 (E.)
and NF-200 (F.) immunoreactivity in DRG neurons. G. Overlay of AKAP150 (red) and
NF-200 (green) shows that a subset of AKP150 expressing neurons produce myelinated
fibers. D,H. Size histograms demonstrate that AKAP150 and peripherin are expressed in
small diameter DRG neurons while NF-200 is expressed in a broader range of neurons.
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Figure 4. AKAP150 expression in subpopulations of small rat DRG neurons
Scale bars = 50 pM. The left panel of images shows AKAP150 expression (A,E,l), the

middle panel shows the expression of IB4 (B), CGRP (F) and substance P (J) and the right
panel of images (C,G,K) is an overlay of AKAP150 (red) and the protein marker (green).
White arrowheads mark DRG in which AKAP150 coexpresses with the protein marker.
Yellow arrows mark DRG in which only AKAP150 is expressed. Histograms (D,H,L)
demonstrate that the majority of AKAP150 expressing DRG neurons are small neurons with
the rare medium sized neurons. 1B4 and CGRP (D, H) are expressed only in small DRG
neurons and SP is expressed in a small subset of medium DRG neurons (L).
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Figure 5. Characterization of AKAP150 expression with voltage gated ion channels and TRPV1
in rat DRG neurons

The left panel of images shows AKAP150 expression (A,E,I,M), the middle panel shows
the immunolocalization of ion channels CaV1.2 (B), Voltage gated sodium channel (VGSC)
(F), Kv1.2 (J) and TRPV1 (N) and the right panel of images (C,G,K,0) is an overlay of
AKAP150 (red) and the protein marker (green). White arrowheads mark DRG in which
AKAP150 coexpresses with the protein marker. Yellow arrows mark DRG in which on
AKAP150 is expressed. Scale bars = 50 uM. The histograms (D,H,L,P) demonstrate the
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narrow distritbution of AKAP150 positive DRG neuron areas and the braod areas of DRG
expressing specific ion channels.
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A. AKAP150

Figure 6. Magnified confocal images of AKAP150 expression in the membrane of AKAP150
soma and axon initial segment and nerve fibers

In each image row, AKAP150 is on the left, protein markers in the middle and overlays are
on the right with AKAP150 in red and cell marker in green. A-C. AKAP150 (A) and
Ankyrin G (AnkG) (B.) are both expressed in the axon initial segment (AIS), with moderate
levels of colocalization (white arrowhead, (C.)). D-F. AnkG (E.), but not AKAP150 (D.), is
highly expressed at nodes of Ranvier (white arrow, (F.)). G-I. AKAP150 (G.) and CASPR
(H.) do not colocalize at nodes of Ranvier in rat DRG neurons (white arrowhead, (1.)). J-L.
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AKAP150 (J.) is expressed in the AIS of DRG expressing NF-200 (K.). M-N. AKAP150
(M.) coexpresses with TRPV1 (N.) at the membrane of the soma (yellow arrow, (O.)) and
axon initial segment (white arrowhead, (O.)) of small DRG neurons. P-R. AKAP150 (P.)
colocalizes with CaV1.2 (Q.) in the soma (yellow arrow (R.)) and in the AIS (white
arrowhead (R.)) of small DRG neurons.
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ANTIBODIES USED IN IMMUNOCYTOCHEMISTRY EXPERIMENTS

Table 1
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Corresponding to a large repeat in the rat AKAP150 sequence

Antibody Immunogen Source, Cat #, host, type, dilution

AKAP150 TTVGQAEEATVGQAEEA Produced by authors, rabbit, polyclonal
Corresponding to a large repeat in the rat AKAP150 sequence

AKAP150 TTVGQAEEATVGQAEEA Produced by authors, rabbit, polyclonal

Substance P

Synthetic peptide
NH2-CRPKPQQFFGLM-CONH2-Corresponding to residues 1-11

Neuromics, GP14110, guinea pig,
polyclonal, 1:200

Kv1.2

Fusion protein
Amino acids 428-499 for the c-terminus of rat Kv1.2

NeuroMab, 443-1KS-37, mouse,
monoclonal, 1:200

VR-1 C-terminus

Synthetic peptide
YTGSLKPEDAEVFKDSMVPGEK

Neuromics, GP14100/400765, guinea Pig,
polyclonal, 1:200

CGRP

Synthetic peptide: LQAVPLRSTLESSPG, corresponding to C
terminal amino acids 23-37 of Rat conjugated to BSA by a
Glutaraldehyde linker

AbCam, Ab22560, sheep, polyclonal,
1:100

Isolectin GS-1B,

N/A

Invitrogen, L21411/488745, Griffonia
simplicifolia, 1:400

Ankyrin G

Fusion protein
Amino acids 990-2622

NeuroMab, 75-146/441-4BK-91B, mouse,
monoclonal, 1:100

Pan Specific Sodium
Channel

Synthetic peptide CTEEQKKYYNAMKKLGSKK from the
intracellular 111-1V loop of Na* channels

Invitrogen, S8809/045K6083, mouse,
polyclonal, 1:100

Amino acids 1507-1773, intracellular carboxyl terminus

Peripherin Recombinant Rat Peripherin purified from E. coli AbCam, ab4653/595343, mouse,
polyclonal, 1:100

NF-200 Purified mid-size rat neurofilament (NF-M) subuint Sigma, N2912, mouse, polyclonal, 1:200

Caspr Fusion protein of extracellular domain and human IgG Fc Elior Peles, mouse monoclonal, 1:200

TRPc7 Synthetic peptide FGKNLNKDHLRVNKGKDI NeuroMab, 75-123/443.1Ks.43, mouse,
polyclonal, 1:100

Cayl1.2 Fusion Protein NeuroMab, 440-7hk-01, mouse,

monoclonal, 1:100

Alexa Fluor 568

Invitrogen, A11036/531813, Goat anti-
Rabbit, 1:100

Alexa FLuor 488 Invitrogen, A11015/423310, Donkey anti-
Sheep, 1:100

Alexa FLuor 488 Invitrogen, A11073/400881, Goat anti-
Guinea Pig, 1:100

Alexa FLuor 488 Invitrogen, A11029/727756, Goat anti-
Mouse, 1:100

Alexa FLuor 488 Invitrogen, A11039/399709, Goat anti-

Chicken, 1:100
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Table 2
EXPRESSION OF PROTEIN MARKERS WITH AKAP150 IN DRG CELL BODIES
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Protein Marker

%AKAP pos.
neurons pos for

%high intensity
AKAP neurons pos.

Ave. size marker positive
DRG

Average size marker and
AKAP150 pos. DRG

marker for marker

Peripherin 62.5 60.0 544.58 +/- 24.82 485.27 +/- 29.44
NF-200 31.6 10.5 1579.74+/- 125.91 570.88+/- 49.52
1B4 55.6 52.4 571.86 +/- 18.25 489.27 +/- 26.01**
CGRP 355 35.3 571.38 +/- 41.18 544.28 +/- 65.60
SubP 20.3 0.0 681.85 +/-41.18 695.13 +/- 124.02
VGSC 57.6 52.9 602.22 +/- 39.76 503.08 +/- 71.97
Cayl.2 63.9 62.5 802.56 +/- 44.56 646.18 +/- 84.86
Kv1.2 11.8 0.0 1827.53 +/- 123.12 933.52 +/- 45.76**
TRPV1 67.3 66.7 506.72 +/-37.24 400.75 +/- 35.27**
TRPc4 111 0.0 1091.61 +/- 95.23 858.48 +/- 63.82**

J Comp Neurol. Author manuscript; available in PMC 2016 March 25.



