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Abstract

Neuronal proteins have been traditionally viewed as being derived solely from the soma; however,
accumulating evidence indicates that dendritic and axonal sites are capable of a more autonomous
role in terms of new protein synthesis. Such extra-somal translation allows for more rapid, on-demand
regulation of neuronal structure and function than would otherwise be possible. While mechanisms
of dendritic RNA transport have been elucidated, it remains unclear how RNA is trafficked into the
axon for this purpose. Primary afferent neurons of the dorsal root (DRG) and trigeminal (TG) ganglia
have among the longest axons in the neuraxis and such axonal protein synthesis would be
advantageous, given the greater time involved for protein trafficking to occur via axonal transport.
Therefore, we hypothesized that these primary sensory neurons might express proteins involved in
RNA transport. Rat DRG and TG neurons expressed staufen (stau) 1 and 2 (detected at the mRNA
level) and stau2 and fragile x mental retardation protein (FMRP; detected at the protein level). Stau2
mRNA was also detected in human TG neurons. Stau2 and FMRP protein were localized to the sciatic
nerve and dorsal roots by immunohistochemistry and to dorsal roots by Western blot. Stau2 and
FMRP immunoreactivities colocalized with transient receptor potential channel type 1
immunoreactivity in sensory axons of the sciatic nerve and dorsal root, suggesting that these proteins
are being transported into the peripheral and central terminals of nociceptive sensory axons. Based
on these findings, we propose that stau2 and FMRP proteins are attractive candidates to subserve
RNA transport in sensory neurons, linking somal transcriptional events to axonal translation.
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The discovery that RNA is transported to synaptic sites by RNA transport proteins, where it
can be translated on demand, has provided insight into how neurons handle the rapid synaptic
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architectural and signaling changes that are known to occur in brain areas associated with
learning and memory (Job and Eberwine, 2001;Steward and Worley, 2002;Steward and
Schuman, 2003;Martin, 2004; Tiedge, 2005). There is now compelling evidence that translation
occurs in axons (Koenig, 1967;Nixon, 1980;Koenig, 1991;Eng et al., 1999;Brittis et al.,
2002;Piper and Holt, 2004), as mRNA and translational machinery have been localized to CNS
(Tiedge et al., 1993;Aronov et al., 2001;Brittis et al., 2002), sympathetic (Olink-Coux and
Hollenbeck, 1996;Eng et al., 1999) and sensory (Zheng et al., 2001;Li et al., 2004a;Verma et
al., 2005;Willis et al., 2005) axons. Moreover, an emerging physiological role for local
translation in axons has been described for growth cone guidance and collapse (Zheng et al.,
2001;Li et al., 2004a;Verma et al., 2005;Wu et al., 2005).

Primary sensory neurons of the dorsal root ganglion (DRG) and trigeminal ganglion (TG) have
among the longest axons of the entire neuraxis (greater than one meter for some human DRG
neurons). Given the relatively long time interval required for axonal transport of proteins to
occur in these neurons following somal synthesis, it would be advantageous if regulable, on-
demand protein synthesis would occur at distal sites (for review see: Alvarez et al.,
2000;Alvarez, 2001). Extra-somal translation in neurons requires the presence of specific
substrates, including mRNA and translational machinery, as well as mechanisms for their
transport to these distal sites of protein synthesis. To this end, various components of the
translational machinery have been identified in the axons of DRG neurons (Koenig,
1991;Pannese and Ledda, 1991;Verma et al., 2005), and translation itself has been shown to
occur in these axons (Koenig, 1991;Zheng et al., 2001;Verma et al., 2005;Willis et al., 2005).
However, with the exception of zipcode binding protein 1 (ZBP1), which transports S-actin
mRNA to growth cones (Zhang et al., 2001), RNA binding and transport molecules have not
been shown to be present in axons, and none, to our knowledge, have been localized to the
axons of DRG afferents.

In this study, we tested the hypothesis that two of the best characterized RNA binding and
transport proteins, staufen (stau) and fragile X mental retardation protein (FMRP), localize to
extra-somal sites in sensory neurons, consistent with a role in RNA transport. Here, we provide
evidence that DRG and TG neurons express a number of RNA binding and transport proteins.
The specific localization of stau and FMRP to sensory neuronal axons, including nociceptors,
suggests a role for these RNA transport proteins in linking somal transcription to axonal
translation in primary afferents. Such a mechanism would have important implications for the
ability of these neurons to rapidly alter their structure and function in subserving a variety of
sensory modalities, including pain.

EXPERIMENTAL PROCEDURES

Animals and tissue preparation

Adult, male, Sprague-Dawley rats (Harlan, Indianapolis, IN, USA), weighing 250-300 g were
used in this study. All procedures were approved by the Institutional Animal Care and Use
Committee of the University of Texas Health Science Center at San Antonio and of McGill
University and were conducted in accordance with policies for the ethical treatment of animals
established by the National Institutes of Health. Every effort was taken to reduce the number
of animals used in this study and their suffering. Animals were anesthetized with halothane
and then decapitated. The TGs were rapidly removed and placed in a tissue mold with OCT
compound and placed on dry ice. The spinal cord was then pressure ejected and the lumbar
dorsal horn was dissected and placed in liquid nitrogen. The sciatic nerve was exposed at the
mid-thigh level and dissected free of connective tissue up to the spinal column. The sciatic
nerve was then cut at the mid-thigh level and the nerve was used to gently pull the DRGs and
dorsal roots out of the spinal column. The distal most 2 cm of the sciatic nerve (~3 cm from
the DRGS), the DRGs and the distal most 1 cm of the dorsal roots (~1 cm from the DRGs)
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were then removed and placed in liquid nitrogen for RNA and protein experiments or on dry
ice in tissue molds with OCT for immunohistochemistry (IHC). All samples were stored at
—80 °C until use.

In situ hybridization (ISH)

IHC

All chemicals were from Sigma (St. Louis, MO, USA), unless otherwise stated. PCR products
for each mRNA species were amplified from rat TG mRNA, ligated into pGEM®-T Easy
(Promega, Madison, WI, USA) and subsequently sequenced. Staul (accession NM_053436)
riboprobes corresponded to base-pairs 79-546 and stau2 (accession NM_134466) riboprobes
corresponded to base-pairs 1073-1488. Digoxigenin-labeled sense and antisense riboprobes
were generated and stored in hybridization buffer containing 50% formamide, 0.3 M NaCl, 10
mM Tris, 1 mM EDTA, 1x Denhardt’s solution, 10% dextran sulfate and 50 xg/ml yeast tRNA
(Roche, Indianapolis, IN, USA). Fresh frozen, 20 xm tissue sections were prepared for
hybridization by fixation in ice cold 3.7% formaldehyde for 1 h and permeabilization with
0.5% Triton X-100 in 0.1 M Tris/0.05 M EDTA for 30 min. Sections were then acylated with
acetic anhydride for 10 min, dehydrated in ethanol, delipidated with chloroform and rehydrated
in 2x SSC. For non-isotopic hybridization, sections were then hybridized with digoxigenin-
labeled riboprobes (50 ng cRNA per slide) in hybridization buffer for 16 h at 55 °C. Following
hybridization, sections were washed with 4x SSC four times and treated with 20 xg/ml RNase
I (Roche) for 30 min at 37 °C. Washes were performed in decreasing concentrations of SSC,
ending in 0.1x SSC at 55 °C for 30 min. Sections were then blocked in 4% sheep serum in B1
buffer (0.1 M NaCl, 25 mM Tris pH 7.4 and 20 mM KCI) and exposed to sheep anti-
digoxigenin-AP fragments (Roche) for 1 h. Sections were then exposed to BCIP/NBT reaction
overnight, according to the manufacturer’s instructions (Roche). Sense probes were used as a
negative control, and no signal was observed with any of these probes. For isotopic ISH on
human TG, obtained from the National Disease Research Interchange (Philadelphia, PA, USA),
the procedure was identical to that described previously (Price et al., 2003). For ISH on rat
DRG and TG images are representative of samples from three animals.

Slide mounted sections were fixed in ice cold 3.7% paraformaldehyde in 1x PBS for 1 h and
then washed 3x5 min in PBS. Slides were transferred to a solution containing 0.1 M sodium
citrate and 0.05% Tween-20 and then microwaved on high power for 3 min in a 900 W
microwave oven. After a 30-minute cooling period, slides were again transferred to 1x PBS,
washed 3x5 min and then permeabilized in 1x PBS, containing 0.05% Triton X-100. Slides
were then blocked for at least 1 h in 1x PBS, containing 10% normal goat serum, prior to the
addition of a 1:1000 dilution of rabbit polyclonal anti-stau2 antiserum (kindly provided by Dr.
Michael Kiebler, Vienna, Austria (Duchaine et al., 2002)) or a 1 ug/ml solution of mouse
monoclonal anti-FMRP antibody (lowa Developmental Studies Hybridoma Bank, University
of lowa (Brown et al., 2001;Lu et al., 2004)) overnight at 4 °C. Immunoreactivity was
visualized following subsequent incubation with, respectively, goat anti-rabbit or goat anti-
mouse Alexa-Fluor 488 antibody for one hour at room temperature. Supernatant from NS-1
cells (lowa Developmental Studies Hybridoma Bank) was used at the same dilution factor as
anti-FMRP as a negative control. In experiments where a second antigen was to be localized
in the same tissue section, a 1:2000 dilution of guinea-pig polyclonal anti-transient receptor
potential channel type 1 (TRPV1) antiserum (Neuromics, Northfield, MN, USA) (Guo et al.,
1999) or a 1:1000 dilution of rabbit polyclonal anti-peripherin antiserum (Chemicon,
Temecula, CA, USA) was then incubated for an additional overnight period and visualized
following incubation with goat anti-guinea-pig or anti-rabbit Alexa-Fluor 568 secondary
antibody, as described above. All IHC images are representative of samples taken from three
animals.

Neuroscience. Author manuscript; available in PMC 2007 June 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

PRICE et al.

Page 4

Image acquisition and analysis

All brightfield ISH images were acquired using a Nikon E600 microscope (Melville, NY, USA)
equipped with a Photometrics SenSys digital CCD camera (Roper Scientific, Tucson, AZ,
USA). Confocal IHC images were taken using an Axiovert 100 M confocal microscope (Zeiss)
at McGill University.

Western blotting

RT-PCR

RESULTS

Frozen tissues were homogenized in standard RIPA buffer (Tris—=HCI 50 mM, 1% Triton
X-100, NaCl 150 mM and EDTA 1 mM at pH = 7.4) with a motorized dounce homogenizer,
sonicated for 15 min at 4 °C and cleared of cellular debris and nuclei by centrifugation at 13,000
RCF for5minat4 °C. Ten micrograms of protein per well was loaded and separated by standard
SDS-PAGE. Proteins were transferred to Immobilon-P membranes (Millipore, Nepean, ON,
Canada) and then blocked with 5% dry milk for 3 h at room temperature. Stau2 rabbit polyclonal
antiserum (1:1000) or FMRP 7G1-1 mouse monoclonal antibody (1 x«g/ml) was incubated
overnight at 4 °C and detected the following day with donkey anti-rabbit or anti-mouse
antibody conjugated to horse-radish peroxidase (Dako, Ottawa, Canada). Signal was detected
by ECL-plus (Amersham/GE Health Care, Piscataway, NJ, USA) on chemiluminescent films
(Kodak, Rochester, NY, USA). As a loading control, blots were then stripped using Restore
reagent (Pierce, Rockford, IL, USA) and reblotted with a 1:1000 dilution of anti-g-111 tubulin
antibody (Tuj-1 clone, Promega). Western blots are representative of samples from three
animals in which identical results were observed.

Total RNA was isolated from frozen tissues using total-RNA kits (Ambion, Austin, TX, USA),
and DNA was removed using DNA-free (Ambion). First strand cDNA synthesis was performed
on 1 ug template RNA using iScript cDNA synthesis Kits (Biorad, Hercules, CA, USA). PCR
was then performed using 50 ng cDNA with iTAQ DNA polymerase kits (Biorad) for 35 cycles
at an annealing temperature of 55 °C on an MJ mini thermal cycler (Biorad). Primers for staul
were: fwd, 5’ gac tat ggc caa ggg atg aa 3’ and rev, 5’ gtc ctt gac taa ccc cga ca 3’; primers for
stau2 were: fwd 5’ gac ccg agt atg gtc aag ga 3’ and rev 5’ gcc tag agt tgt gcc aga gg 3'; primers
for FMRP were: fwd 5’ agt tgt gag ggt gag gat cg 3’ and rev 5’ cgt gce ccc tst tte tgt aa 3'. Rat
GAPDH primers (Biorad) were used as a positive control. RT-PCR results are representative
of samples taken from three animals in which identical results were observed.

Stau2 and FMRP expression in the DRG and TG

We addressed the hypothesis that sensory neurons might express certain RNA binding proteins
thought to be involved in RNA transport or local translational control by performing ISH and
IHC on TG and DRG sections from adult rats. Staul and 2 mRNAs were found in all rat DRG
(Fig. 1A-B) and TG neurons (data not shown), and stau2 mRNA was found in all human TG
neurons examined (Fig. 1C). No detectable signal was observed with matching sense
riboprobes (data not shown). We also assessed FMRP mRNA expression in sensory ganglia,
and despite the fact that sequence-confirmed FMRP PCR products could be reliably amplified
by RT-PCR from DRG, TG, spinal cord and cortex, we did not observe a detectable ISH signal
in any of these tissues with either of two distinct cRNA probes.

We next used IHC to assess the localization of stau2 and FMRP in the DRG and TG utilizing
previously characterized antibodies against these proteins (Brown et al., 2001;Duchaine et al.,
2002;Lu et al., 2004). Stau2 immunoreactivity was detected in all DRG (Fig. 2A and J) and

TG neurons (data not shown). Likewise, FMRP immunoreactivity was present in all DRG (Fig.
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2D and K) and TG neurons (data not shown), while the negative control (NS-1 cell supernatant),
used at the same dilution factor, yielded no signal above background (Fig. 2G-I). Because
small diameter DRG and TG neurons can be difficult to detect without a specific marker, we
utilized an anti-TRPV1 antibody to visualize a subset of small diameter nociceptive neurons.
There was a 100% overlap between both TRPV1 and stau2 immunoreactivities (Fig. 2A-C)
as well as TRPV1 and FMRP immunoreactivities (Fig. 2D-F) in all DRG and TG (data not
shown) sections analyzed. Higher magnification images for stau2 (Fig. 2J) and FMRP (Fig.
2K) immunoreactivities illustrate that expression was restricted to neurons.

Localization of stau2 and FMRP protein in DRG axons in vivo

We tested the hypothesis that stau2 and FMRP are present in the peripheral and central
processes of DRG neurons in vivo. We chose stau2 rather than staul for these studies, because
stau2 is neuron-specific, whereas staul is ubiquitously expressed, and its mMRNA was present
at low levels in the dorsal root (Fig. 3A). Stau2 exists as at least three isoforms, with distinct
molecular weights generated through alternative splicing (Duchaine et al., 2002). Using
Western blot, we detected the 62, 59 and 52 kDa isoforms of stau2 in the spinal dorsal horn
and DRG, but only the 59 and 52 kDa isoforms in the dorsal root (Fig. 3A) or sciatic nerve
(data not shown). Stau2 mRNA was detected only in the spinal dorsal horn and DRG by RT-
PCR (Fig. 3B). The positive control GAPDH was present in all samples. FMRP protein was
also present as an ~80 kDa band in the dorsal horn, dorsal root and DRG (Fig. 3C). Cerebral
cortex protein was used as a positive control for the known protein size of FMRP, as detected
with the same antibody (Lu et al., 2004), and this molecular species matched samples from the
other tissues tested (Fig. 3C). FMRP mRNA was detected by RT-PCR in the dorsal horn, dorsal
root and DRG (Fig. 3D).

We then used IHC to demonstrate the presence of stau2 and FMRP protein in the sciatic nerve
and dorsal root. We examined colocalization of stau2 and FMRP with TRPV1 because, in the
peripheral nervous system (PNS), TRPV1 expression is restricted to sensory fibers and because
TRPV1 immunoreactivity defines the specific function of those neurons as nociceptors
(Tominaga et al., 1998;Caterina et al., 2000). Stau2 immunoreactivity was localized to axons
throughout the sciatic nerve. Many stau2-immunoreactive axons colocalized TRPV1,
indicating that they are nociceptive in character (Fig. 4A-C). A representative
photomicrograph of stau2 and TRPV 1-immunoreactivities colocalized in a single sensory axon
is shown in Fig. 4D-F. In sciatic nerve sections analyzed from three animals all TRPV1-
positive axons also contained stau2-immunoreactivity. Additionally, many TRPV1-negative
axons contained stau2-immunoreactivity. FMRP immunoreactivity was also present
throughout the sciatic nerve. FMRP immunoreactivity colocalized with many peripherin-
immunoreactive (Fig. 4G-1) and TRPV1-immunoreactive (Fig. 4J-L) sensory axons. As
shown in Fig. 4J, FMRP immunoreactivity was observed as distinct puncta throughout axons,
including TRPV1-immunoreactive axons (Fig. 4K and L), consistent with its localization in
RNA granules. In sciatic nerve sections analyzed from three animals all peripherin- or TRPV1-
positive axons also contained FMRP-immunoreactivity. Conversely, there were many FMRP-
positive axons that were not immunoreactive for either TRPV1 or peripherin. No
immunoreactivity was observed in the sciatic nerve or dorsal root with NS-1 cell supernatant
(data not shown).

Stau2- (Fig. 5A) and FMRP- (Fig. 5G) immunoreactive axons were also found in the dorsal

root, and many of these axons colocalized TRPV1 immunoreactivity (stau2: Fig. 5B and 5C;
FMRP: Fig. 5H and 51). However, as opposed to the sciatic nerve, there were clear examples
of TRPV1-positive axons in the dorsal root that did not contain either stau2 or FMRP. We also
examined the localization of the stau2 (Fig. 5D) and FMRP (Fig. 5J) in the dorsal horn. While
stau2 and FMRP were expressed by many dorsal horn neurons, including neurons of lamina |
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and Ili, where TRPV1-positive afferents terminate (Fig. 5E and 5K), we did not observe
colocalization of stau2 (Fig. 5F) or FMRP (Flg 5L) in the central terminals of TRPV1-positive
afferents.

DISCUSSION

DRG and TG neurons express stau and FMRP

Two of the best characterized RNA binding and transport proteins are stau and FMRP, which
coexist in RNA/protein granules (Ohashi et al., 2002;Kanai et al., 2004;Villace et al., 2004).
Stau is involved in RNA transport to synaptic sites in neurons (Kiebler et al., 1999;Tang et al.,
2001) and appears to be involved in both learning and memory (Dubnau et al., 2003) and spine
morphogenesis (Goetze et al., 2006). FMRP binds and is involved in transport of RNA to
synapses, where it also regulates translation (for review, see Antar and Bassell, 2003). FMRP
is critically involved in synaptic plasticity, acting downstream of group | metabo-tropic
glutamate receptors to regulate synapse-specific RNA translocation and translation (Antar et
al., 2004,2005;Bear et al., 2004;Weiler et al., 2004;Aschrafi et al., 2005). We have
demonstrated here that stau is expressed by neurons in the DRG and TG of the rat and in the
human TG. We have also shown that stau2 protein is expressed by all DRG and TG neurons.
FMRP immunoreactivity was localized to all DRG and TG neurons by IHC, and FMRP protein
and mRNA were identified in the DRG by Western blot and RT-PCR, respectively. Taken
together, these results indicate that DRG and TG neurons express stau and FMRP, proteins
thought to be involved in RNA transport and local regulation of translation. These proteins are
found in RNA granules that localize to distal sites in CNS neurons (Ohashi et al., 2002;Kanai
et al., 2004;Villace et al., 2004), suggesting that they may serve a similar function in axons of
the PNS.

Stau2 and FMRP proteins localize to DRG axons: implications for RNA transport in the PNS

Stau and FMRP were found exclusively in the cell bodies and dendrites, but not axons, of CNS
neurons, leading to the conclusion that stau- and/or FMRP-mediated, extra-somal RNA
transport in the CNS is primarily directed to dendrites (Feng et al., 1997;Kiebler et al.,
1999;Tang et al., 2001). We have demonstrated here that stau2 and FMRP are present in DRG
axons in vivo. While three stau2 isoforms were found to be present in both the DRG and spinal
dorsal horn, only the 52 and 59 kDa isoforms were present in the dorsal roots, wherein stau?
mRNA was completely absent. This finding suggests that stau? isoforms are differentially
trafficked into DRG axons. Interestingly, the 62 kDa stau2 isoform is found mostly in
ribosome-free fractions, whereas the 59 and 52 kDa isoforms fractionate into higher density
complexes that contain ribosomes (Duchaine et al., 2002). The presence of the 52 and 59 kDa
isoforms of stau2 in the dorsal roots, wherein the only neural component is sensory axons,
coupled with the complete absence of stau2 MRNA and the presence of stau2 immunoreactivity
in TRPV1-immunoreactive axons, strongly supports the conclusion that stau2 protein is present
in sensory axons. FMRP immunoreactivity was found in peripherally and centrally projecting
axons that colocalized peripherin (a marker for unmyelinated sensory axons) and TRPV1 (a
marker for nociceptive sensory axons), suggesting that FMRP is also present in sensory axons.
In addition, FMRP protein was found in the dorsal roots by Western blot, although FMRP
MRNA was also present in this tissue. To the extent that FMRP mRNA and protein were found
in the dorsal roots, we cannot exclude the possibility that its source is intrinsic (i.e. extra-
neuronal); however, the finding that FMRP immunoreactivity localizes to peripherally and
centrally projecting sensory axons by IHC suggests that at least a portion of this protein band
represents axonal FMRP.

Tolocalize stau2 and FMRP to DRG axons by IHC we focused on nociceptive, TRPV1-positive
axons because they are readily labeled with an anti-TRPV1 antibody and their functional role
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(nociception) is well defined. In the sciatic nerve, all TRPV1-positive axons also contained
stau2- or FMRP-immunoreactivity. On the other hand, in the dorsal root, only a subset of
TRPV1-positive axons also contained stau2 or FMRP. Moreover, we did not observe any
colocalization between TRPV1 and stau2 or FMRP in the central terminals of nociceptive
afferents. These findings suggest that both stau2 and FMRP are differentially trafficked into
the peripheral or central branches of nociceptors such that the peripheral direction is preferred
in the normal animal. In aplysia sensory neurons stau and cytoplasmic polyadenylation element
binding protein (CPEB) cooperate to modify the distribution of syntaxin mRNA to different
regions of sensory neurons upon 5-HT stimulation (Liu et al., 2006). Rat DRG neurons also
express CPEB (Price and Cervero, unpublished observations), hence, it is tempting to speculate
that trafficking of stau or FMRP might be altered in pathophysiologies that lead to nociceptive
plasticity, especially in the direction of the central projection.

Stau2 and FMRP are generally considered to be restricted to the somato-dendritic domains of
neurons. Inthis regard, it is worth noting that there are substantial differences in the morphology
of CNS and PNS sensory neurons. While CNS neurons have distinct axonal and dendritic
domains, the primary afferent axon bifurcates to form two projections, one peripheral and one
central, both of which are considered axons. However, these peripheral and central axons serve
both afferent and efferent functions (Willis, 1999); hence, on a neurophysiologic level, they
are both axon- and dendrite-like. Therefore, it is possible that the axonal localization of stau2
and FMRP in DRG neurons represents a unique property of these neurons based on their distinct
morphological and functional properties. On the other hand, a recent study indicates that FMRP
is found in the axons of hippocampal neurons (Antar et al., 2006). Thus, it remains to be seen
if the axonal localization of stau2 and FMRP occurs on a more general basis or if this is largely
limited to sensory axons and exceptional cases in the CNS.

To date, a number of RNA binding and transport proteins have been localized to dendrites, but
only one, ZBP1, has been conclusively localized to axons (Zhang et al., 2001). This scarcity
of data on candidate proteins for RNA transport to axons presents an obstacle for understanding
the role of intra-axonal protein synthesis, because, aside from ZBP1, many of the proteins
thought to be involved in RNA localization have not been demonstrated there. Our findings
indicate that stau2 and FMRP are axonally trafficked in DRG neurons and implicate these two
proteins as candidates to subserve a RNA transport function in these axons. Interestingly, both
FMRP- and stau2-containing granules have been shown to contain BC1 RNA (Mallardo et al.,
2003;Zalfa et al., 2003), a non-coding RNA polymerase |11 product that has been localized to
axons (Tiedge et al., 1993;Trembleau et al., 1995;Muslimov et al., 2002) and implicated in
facilitating the transport of a diverse number of RNAs through complementary base pairing
(Zalfa et al., 2003).

Stau2 and FMRP localization in nociceptors: implications for nociception

Stau2 and FMRP colocalized with TRPV1 in the peripheral and central axons of DRG neurons.
These findings indicate that stau2 and FMRP are present in the arborations of a major subclass
of nociceptors and raise the possibility that stau2 and FMRP might be associated with an RNA
transport function in these specialized sensory neurons. The role of local translation and RNA
transport in synaptic plasticity (Steward and Worley, 2002;Wang and Tiedge, 2004;Tiedge,

2005) and the results presented here are consistent with the suggestion that similar mechanisms
may be involved in the process of peripheral sensitization leading to persistent pain (Woolf

and Salter, 2000). Several lines of evidence support this reasoning. First, local, axonal protein
synthesis has been shown to be critical for sensitization of aplysia nociceptive tail neurons by
nerve crush or depolarization (Weragoda et al., 2004). Second, in rodents, TRPV1 mRNA is
axonally transported in DRG neurons in response to injury and its local translation has been

implicated in inflammatory pain responses (Tohda et al., 2001;Schicho et al., 2004). Finally,
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calcitonin gene-related peptide mMRNA has also been detected in axons (Denis-Donini et al.,
1998), and this peptide neurotransmitter, released by sensory neurons, including nociceptors,
has been shown to be critical for neurogenic inflammation (Brain et al., 1985;Kilo et al.,
1997), displaying considerable plasticity after nerve crush (Li et al., 2004b) and inflammation
(Galeazza et al., 1995).

CONCLUSIONS

An increasing body of evidence indicates that DRG axons contain mRNA and that these axons
are translationally competent (Zheng et al., 2001;Verma et al., 2005;Willis et al., 2005). In this
study, we have shown that DRG and TG neurons express the RNA binding and transport
proteins stau and FMRP and that these proteins localize to DRG axons. We suggest that stau2
and FMRP proteins are attractive candidates to subserve the requisite function of trafficking
RNA to sensory axons and, therefore, as targets for therapeutic intervention in sensory
dysfunction, including pain.
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Abbreviations

CPEB
cytoplasmic polyadenylation element binding protein
DRG
dorsal root ganglion
FMRP
fragile X mental retardation protein
IHC
immunohistochemistry
ISH
in situ hybridization
PNS
peripheral nervous system
stau
staufen
TG
trigeminal ganglion
TRPV1
transient receptor potential channel type 1
ZBP1

zipcode binding protein 1
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Fig 1.

Stau expression in rat DRG and human TG. Both Staul (A) and stau2 (B) mRNAs were
expressed by all DRG neurons. Human TG neurons also express stau2 (C) as shown by silver
grains from isotopic ISH. Matching image of neurofilament 200 protein (D) is shown to
demonstrate the location of neurons in the ganglia. Scale bars=200 ym in all panels.
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Fig 2.

Stau2 and FMRP protein expression in the DRG and dorsal horn. Stau2 protein was expressed
by all DRG neurons (A), while expression of TRPV1 (B) demonstrates colocalization in small
nociceptive neurons (C). FMRP protein was also expressed by all DRG neurons (D), while
expression of TRPV1 (E) demonstrates colocalization in small nociceptive neurons (F).
Negative control for FMRP (G) with TRPV1 immunoreactivity (H and merged in I). Scale
bars=200 um (A-I) or 20 um (J-K). High magnification images for stau2 (J) and FMRP (K)
show the neuron-specific expression of these proteins in the DRG.
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Fig 3.

Assessment of stau2 and FMRP protein and mRNA expression in the dorsal horn (DH), dorsal
root (DR) and DRG by Western blot and RT-PCR. (A) Stau2 protein Western blot illustrating
that the 62, 59 and 52 kDa isoforms of the protein are present in the DH and DRG, whereas
only the 59 and 52 kDa isoforms are present in the DR. l11-Tubulin (tub) was used as a loading
control. (B) Staul mRNA was present in the DH, DR and DRG by RT-PCR, whereas stau2
mRNA was only present in the DH and DRG. GAPDH was used as a loading and positive
control. (C) FMRP protein, detected as an ~80 kDa protein band, was present in DH, DR and
DRG by Western blot. Cortex (Cor) protein was used as a positive control for the known size
of FMRP. Tub was used as a loading control. (D) FMRP mRNA was detected by RT-PCR in
the DH, DR and DRG. GAPDH was used as a loading and positive control. All Western blot
and RT-PCR experiments are representative of samples run from three different animals per
tissue.
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Fig 4.

Stau2 and FMRP immunoreactivities in the sciatic nerve. Stau2 (A) and TRPV1 (B and merge
in C) immunoreactivities observed in the sciatic nerve. Examples of fibers that colocalized
stau2 and TRPV1 are illustrated with arrows. High magnification image of a single TRPV1-
immunoreactive fiber (E) that colocalized stau2 (D and merge in F). FMRP (G) and peripherin
(H and merge in ) immunoreactivities observed in the sciatic nerve. Examples of fibers that
colocalized FMRP and peripherin are illustrated with arrows. High magnification image of a
single TRPV1-immunoreactive fiber (K) that colocalized FMRP (J and merge in L). Scale
bars=10 um (A-C, G-Il and J-L) or 5 um (D-F).
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Fig 5.

Stau2 and FMRP immunoreactivities in the dorsal root and spinal dorsal horn. Stau2 (A) and
TRPV1 (B and merge in C) immunoreactivities in the dorsal root. Stau2 (D) and TRPV1 (E
and merge in F) immunoreactivities in the spinal dorsal horn. FMRP (G) and TRPV1 (H and
merge in I) immunoreactivities in the dorsal root. FMRP (J) and TRPV1 (K and merge in L)
immunoreactivities in the spinal dorsal horn. Examples of colocalization are illustrated with
sidewise arrows. Examples of TRPV1-positive axons that did not colocalize stau2 or FMRP
are illustrated with upward arrows. Scale bars=20 um (A-C and G-I) or 200 um (D-F and J-
L).
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