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In Vivo Regulation of NGF-Mediated Functions by Nedd4-2

Ubiquitination of TrkA
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Trk neurotrophin receptor ubiquitination in response to ligand activation regulates signaling, trafficking, and degradation of the recep-
tors. However, the in vivo consequences of Trk ubiquitination remain to be addressed. We have developed a mouse model with a mutation
in the TrkA neurotrophin receptor (P782S) that results in reduced ubiquitination due to a lack of binding to the E3 ubiquitin ligase,
Nedd4-2. In vivo analyses of TrkAP782S indicate that defective ubiquitination of the TrkA mutant results in an altered trafficking and
degradation of the receptor that affects the survival of sensory neurons. The dorsal root ganglia from the TrkAP782S knock-in mice
display an increased number of neurons expressing CGRP and substance P. Moreover, the mutant mice show enhanced sensitivity to
thermal and inflammatory pain. Our results indicate that the ubiquitination of the TrkA neurotrophin receptor plays a critical role in
NGF-mediated functions, such as neuronal survival and sensitivity to pain.
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Introduction

Neurotrophins play a pivotal role in the proper functioning of the
nervous system by modulating survival, proliferation, differenti-
ation, axonal growth, synaptic plasticity, and sensitivity to pain.
The actions of neurotrophins depend on two different trans-
membrane receptors: Trk neurotrophin receptors and the p75
neurotrophin receptor. Nerve growth factor (NGF) binds specif-
ically to TrkA (Chao, 2003; Huang and Reichardt, 2003), the first
member of the Trk neurotrophin receptor family identified
(Martin-Zanca et al., 1986), which is mainly expressed in differ-
ent ganglia from the peripheral nervous system (PNS), such as
the dorsal root ganglia (DRG), the superior cervical ganglia
(SCG), and the trigeminal ganglia (Martin-Zanca et al., 1990;
Tessarollo et al., 1993). trkA- and ngf-deficient mice (KO) display

Received Oct. 5, 2013; revised March 19, 2014; accepted March 26, 2014.

Author contributions: J.CA., T.Y., and L.C. designed research; J.CA,, T.Y., L.C, B.A, S.L-B., R.L.-B., and C.V.-G.
performed research; L.T. and R.E.R. contributed unpublished reagents/analytic tools; J.CA, T.Y., LC, B.A, S.L.-B.,
R.L.-B., and C.V.-G. analyzed data; J.C.A. wrote the paper.

This work was supported by Ministerio de Ciencia e Innovacién Grant BFU2008-00162, by Ministerio de Economia
y Competitividad (BFU2011-22898), by a Marie Curie International Reintegration Grant within the VIl European
Community Framework Programme by Conserjerfa de Educacién (SA074A08), and Conserjeria de Sanidad de Junta
Castillay Leon (J.C.A.). J.CA.was a“Ramonyy Cajal” Investigator from the University of Salamanca and NARSAD 2009
Young Investigator Awardee. L.T. was supported by the Intramural Research Program of the NCI, Center for Cancer
Research, NIH. We thank Dionisio Martin-Zanca, Louis Reichardt, and Moses Chao for the anti-203 Trk, RTA, and p75
antibodies, respectively; Moses Chao and Francis Lee for critical review of the paper and helpful discussions; Lino
Tessarollo for sharing unpublished results; and Synphen Wu and Nicholas Skinner for corrections to the paper.

The authors declare no competing financial interests.

*T.Y.and L.C. contributed equally to this work.

Correspondence should be addressed to Dr Juan Carlos Arévalo, (/ Pintor Fernando Gallego 1, INCyL, Universidad
de Salamanca, 37007 Salamanca, Spain. E-mail: arevalojc@usal.es.

DOI:10.1523/JNEUR0SCI.4271-13.2014
Copyright © 2014 the authors ~ 0270-6474/14/346098-09%15.00/0

a significant loss of neurons from these ganglia (Crowley et al.,
1994; Smeyne et al., 1994).

In addition to regulating sensory neuron survival during de-
velopment, NGF- and TrkA-mediated signaling also plays a ma-
jor role in pain processing after primary nociceptors have lost
their absolute dependency on NGF in the postnatal period. Sev-
eral observations support this view: (1) trkA and ngf KO mice
exhibit several sensory defects (Crowley et al., 1994; Smeyne et al.,
1994), (2) NGF administration produces behavioral hyperalgesia
(Lewin et al., 1993; McMahon, 1996), (3) NGF acts as an inflam-
matory mediator (Woolf et al., 1994; McMahon et al., 1995), (4)
NGF modulates the levels of substance P and calcitonin gene-
related peptide (CGRP) in sensory neurons (Otten et al., 1980;
Lindsay and Harmar, 1989; Crowley et al., 1994), (5) nearly all
human cases of sensory and autonomic neuropathy type IV
are caused by mutations in the TrkA gene (Indo et al., 1996;
Indo, 2001), and (6) promising results have been obtained
with recent clinical trials targeting NGF for pain relief (Lane et
al., 2010). All these findings highlight the relevance of NGF-
TrkA in pain modulation, but the molecular mechanisms are
not fully understood.

It has been shown that TrkA ubiquitination controls the turn-
over of TrkA (Geetha et al., 2005; Makkerh et al., 2005; Arévalo et
al., 2006). TrkA, but not TrkB or TrkC, binds to and is ubiquiti-
nated by Nedd4-2 (Arévalo et al., 2006). Moreover, depletion of
the endogenous levels of Nedd4-2 in DRG neurons affects TrkA
trafficking, degradation and NGF-mediated signaling as well as
the in vitro survival of sensory neurons (Yu et al., 2011). However,
the in vivo consequences of TrkA ubiquitination on NGF-
mediated neuronal survival and nociceptive functions have not
been addressed.
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Here we report that ubiquitination of TrkA plays an influen-
tial role in NGF-mediated neuronal survival and nociceptive
functions in vivo. We observed that TrkA ubiquitination was im-
paired in a knock-in (KI) mouse model expressing a mutant TrkA
protein (TrkAP782S) in which the binding site for Nedd4-2 was
mutated. Consequently, in these mice TrkAP782S afforded in-
creased tyrosine kinase activity, but was inefficiently degraded.
This KI mouse exhibited an increased number of sensory neu-
rons, enhanced levels of substance P and CGRP and augmented
skin innervation. Thus, this mouse model pointed to an en-
hanced sensitivity to pain mediated by thermal and inflammatory
stimuli. Our data provide strong support for an in vivo physio-
logical role for Nedd4-2-mediated TrkA ubiquitination.

Materials and Methods

Materials

NGF was obtained from Alomone Labs. The following antibodies were
used: anti-203, RTA, and p75 (9992); [generous gifts from Dionisio
Martin-Zanca (IBFG, Salamanca, Spain), Louis Reichardt (UCSF, San
Francisco, CA), and Moses Chao (NYU, New York, NY), respectively];
Nedd4-2 was previously described (Arévalo et al., 2006); Trk (C-14),
P4D1 (ubiquitin), and PY99 (Santa Cruz Biotechnology); Rab7, anti-
FLAG, actin, and BII-Tubulin (Sigma-Aldrich); phosphoTrk (Y490),
(Cell Signaling Technology); EEA1 (Beckton Dickinson); c-fos (Onco-
gene Research Products); and PGP9.5 (Thermo Scientific).

DNA transfections, preparation of cell lysates,

and immunoblotting

Plasmid DNA was transiently transfected into HEK293 cells using the
calcium phosphate method. Cells were lysed in a lysis buffer (10 mwm Tris,
pH 7.4, 150 mMm NaCl, 2 mm EDTA, 1% NP-40, 1 mm PMSF, 1 pg/ml
aprotinin, 2 pug/ml leupeptin, 1 mMm vanadate, 10 mm NaF, and 20 mm
B-glycerophosphate) for 40 min at 4°C with gentle shaking and centri-
fuged at 12,000 rpm for 15 min to eliminate the debris (Arévalo et al.,
2004). Lysates were resuspended in 5X SDS-buffer and boiled for 7 min
to denature the proteins. Proteins were resolved by SDS-PAGE, and
Western blots were performed with antibodies against different proteins.

Quantitative RT-PCR analysis

Total RNA was isolated from wild-type (WT) TrkA or KI E13.5 mouse
DRGs using TRIzol reagent (Invitrogen). cDNA was reverse-transcribed
using Superscript II reverse transcriptase and random primers. cDNA
sample concentrations were determined by measuring absorbance at 260
nm using a NanoDrop 2000C spectrophotometer (Thermo Scientific).
Quantification of the PCR products (trkA and B-actin, as a reference
gene) was accomplished with a standard curve using SYBR-Green. The
SYBR-Green was included in a 2X Master Mix from Applied Biosystems
(SYBR Green dye, dNTPs, Passive, ROX, AmpliTaq Gold DNA polymer-
ase). The final volume of each reaction was 20 ul: 10 ul of Master Mix, 0.8
wl (16 pmols) of each oligonucleotide, 7.4 ul of distilled water and 1 ul of
cDNA at a concentration of 100 ng/ul. A standard curve was constructed
for each experiment by serial dilutions of cDNA: 0.01, 0.001, 0.0001, and
0.00001 ng/ul. The amplification reaction was performed in an ABI
Prism 7300 detection system (Applied Biosystems), with the following
conditions: 10 min at 95°C followed by 36 cycles of 15 s at 95°C, and 1
min at 53°C (trkA and B-actin). The primers for trkA were: 5’'-
TCTCCTTCTCGCCAGTGGAC-3" and 5'-ACAGCCACAGAGAC-
CCCAAA-3'; for B-actin: 5'-AGCCATGTACGTAGCCATCC-3 and
5'-ACCCTCATAGATGGGCACAG-3. The amplicons for trkA and actin
were 79 bp and 104 bp long, respectively. Three PCRs were performed for
each sample per plate, and each experiment was repeated three times.
Data are represented as means = SEM and were analyzed using the
two-tailed Student’s ¢ test (n = 3).

DRG neuron culture

DRGs were dissected from embryonic day (E)13.5 WT TrkA and KI
mouse embryos following the previously described protocol (Yu et al.,
2011). Briefly, dissected DRGs were incubated and dissociated with
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0.25% trypsin in L-15 media for 45 min at 37°C. Trypsin was eliminated
after centrifugation and cells were resuspended in plating medium
(MEM, 10% FBS, 0.4% glucose, 2 mm glutamine, 100 U/ml pen/strep). A
single-cell suspension was obtained by pipetting up and down 20 times
sequentially with a 1000 and 200 ul tip. The same number of cells were
plated using plating medium and NGF (50 ng/ml) overnight on plastic
plates coated with Growth Factor Reduced Matrigel (BD Biosciences)
as substrate. On the following day the medium was changed to neu-
robasal medium (B-27, 0.4% glucose, 2 mm glutamine), NGF, and
5-fluorodeoxyuridine (2.44 ug/ml), and uridine (2.44 pg/ml). Prolifer-
ating cells disappeared after 3—4 d and >95% of cells at 8 d in vitro (DIV)
were neurons.

Immunofluorescence and quantification

The DRG neurons used to perform immunofluorescence analysis were
cultured on coverslips coated with 1 mg/ml poly-p-lysine and growth
factor reduced matrigel. NGF was withdrawn in the presence of 20 um
Z-VAD-FMK overnight and on the following day 50 ng/ml NGF was
added to induce TrkA activation and internalization. Cells were then
fixed with 4% paraformaldehyde (PFA) in PBS for 5 min, quenched with
50 mm NH,Cl for 10 min, blocked, and permeabilized with PBS contain-
ing 5% normal goat serum, 0.1% Tween 20, and 0.1% Triton X-100 for
30 min, and incubated with primary antibodies overnight at 4°C. The
following day, cells were washed three times with PBS, incubated with the
corresponding fluorescent secondary antibody at room temperature for
40 min, and washed with PBS three times. Images were collected with a
Leica confocal microscope in RGB color and with identical format and
sizes (1024 X 1024 pixels). To avoid bleed-through between channels,
each channel was acquired separately in the colocalization experiments.
For colocalization analyses, images of the cells were processed with the
functions of ImageJ (NIH). Processing consisted of saving the original
color images as 8-bit black and white images and applying similar thresh-
old settings for all pictures analyzed to remove the background. Back-
ground pixels were set to zero. Thus, the image pairs for pTrkA and EEA1
or Rab7 show specific signals for each marker. Quantification of the
processed images was performed with a custom-written program using
custom-made MATLAB scripts. Image pairs were multiplied in MAT-
LAB so that the multiplication image would contain only signal pixels
that were present in both images. The amount of colocalization was then
expressed as a percentage of the number of pixels with values different
from zero in the multiplied image relative to the number of pixels in the
corresponding image for pTrkA.

Surface and degradation assays

Surface labeling and degradation assays were performed using cultured
mouse DRG neurons, as previously described (Yu et al., 2011). Briefly, to
detect the amount of surface proteins in response to NGF, WT and KI
cultured DRG neurons were used. Cells were stimulated with or without
NGF (50 ng/ml) for 60 min to induce the internalization of surface
proteins. Subsequently, cells were washed sequentially using room tem-
perature PBS and cold PBS, chilled on ice, and incubated in 0.5 pg/ml
Sulfo-NHS-SS-biotin (Pierce) dissolved in biotinylation buffer (PBS, 1
mm CaCl,, 0.5 mm MgCl,) for 20 min at 4°C to label the membrane
proteins. Free biotin was quenched with 0.1 m glycine for 15 min at 4°C.
Cells were then washed twice with cold PBS and lysed as indicated above.
Biotinylated proteins were isolated from the total cell lysate by immobi-
lization on Neutravidin beads (Pierce) for at least 3 h at 4°C. The beads
were washed three times with lysis buffer and 20 ul of 2X SDS sample
buffer was added before boiling for 7 min. Proteins were subjected to
SDS-PAGE and immunoblotted with the corresponding antibodies.
Degradation assays of surface proteins were performed using cultured
WT and KI DRG neurons. Cells were NGF-starved and on the following
day were washed with PBS, chilled on ice, and biotinylated using 0.5
pg/ml Sulfo-NHS-SS-biotin for 20 min at 4°C. Neurons were sequen-
tially washed with cold and room-temperature PBS and incubated in
prewarmed medium at 37°C with or without NGF (50 ng/ml) for differ-
ent times (15 and 60 min) to allow the biotinylated receptors to become
internalized and degraded. Subsequently, cells were washed and lysed
using lysis buffer and the biotinylated proteins were precipitated with
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Neutravidin beads, washed, and subjected to SDS-PAGE, and immuno-
blotted using different antibodies. With this method, it was possible to
detect surface-labeled proteins that had not been degraded at different
time points, regardless of whether the proteins had been internalized or
whether they had returned to the plasma membrane.

In situ hybridization

Brains from postnatal day (P)0 WT and KI mice were fixed in 4% PFA for
48 h and incubated with 30% sucrose in PBS. Tissue sections (12 wm)
were obtained, postfixed with 4% PFA for 10 min, treated with PBS
containing 0.1% DEPC for 5 min, and then with PBS containing 20
ug/ml proteinase K for 6 min, followed by acetylation for 10 min. Sec-
tions were prehybridized for 30 min, and then hybridized with the cor-
responding probe (0.25-1 pg/ml) overnight at 55°C. On the next day,
sections were rinsed with 5X SSC at 65°C, washed with 2X SSC/50%
formamide for 30 min at 65°C, treated with 20 wg/ml RNase for 30 min at
37°C, washed with 2X SSC and 0.1 X SSC, and then subjected to anti-
DIG-AP-conjugated antibody (Roche) staining and a BCIP/NBT
(Roche) color reaction.

DRG neuron counting

Tissues from PO WT and KI mice were fixed in PBS containing 4% PFA, cryo-
protected overnight in PBS containing 30% sucrose, and frozen. Cyrostat sec-
tions (12 pm) from DRGs were prepared and stained with a solution containing
0.5% cresyl violet, and cells with visible nucleoli were counted as neurons inde-
pendently by four investigators blind to the genotype.

Immunohistochemistry

WT and KI mice of 3-5 month of age were perfused with PBS containing
4% PFA and spinal cord and skin from hindpaws were dissected and
postfixed in 4% PFA O/N. The tissue was cryoprotected overnight in PBS
containing 30% sucrose. It was then sectioned (20 wm), and skin and
spinal cord were stained with c-fos and PGP9.5 antibodies, respectively.
Images were taken with an Olympus AX70 equipped with an Olympus
DP70 camera. The number of c-fos-positive cells from formalin-injected
mice in 17 and 19 sections, respectively, corresponding to three WT and
three KI mice were quantified. Using NIH Image] software, the total area
of the PGP9.5-positive fibers from 41 and 44 sections corresponding
respectively to four WT and four KI mice was quantified.

Behavioral assays

All behavioral tests were performed with an experimenter blind to the
genotype. For all behavioral experiments, mice (3—5 month males, 25-35
g) were placed in individual cages for 30 min and habituated to the test
procedure for at least 3 d before experiments were performed. The mice
used were backcrossed for at least six generations to C57BL/6.

Heat-test response. To assess acute heat sensitivity, we performed a
semiautomated tail flick test (Ugo Basile). The experiment was per-
formed using a radiant heat source focused at 3 cm from the tail tip, and
the time from the initiation of the radiant heat until tail withdrawal was
measured. Three separate determinations with 10 min interval between
each determination were performed per animal and the numbers were
averaged. A maximum cutoff of 15 s was used to prevent tissue damage.

Cold test. For the cold plate, we followed the protocol previously de-
scribed (Guo et al,, 2011b) with slight modifications. Briefly, a clear
Plexiglas cylinder was placed on an ice/water bath equilibrated to 0°C and
mice were placed inside the cylinder. The latency to the onset of brisk and
persistent paw withdrawal and/or licking of the paw was measured.

Paw pressure test. Mechanical nociceptive thresholds were determined
by the Randall-Selitto test on the left hindpaw as described previously
(Arsequell et al., 2009), with slight modifications. Pain thresholds were
measured using an analgesymeter (Ugo-Basile). The apparatus was used
to apply a force of between 0 and 745 g, increasing from zero at a rate of
48 g/s. The nociceptive threshold was taken as the point at which the
mouse vocalized or struggled vigorously. Mice that did not attempt to
remove their paws or vocalize before the 745 g point was reached (when
pressure exerted is 420 g/mm?) were recorded as having reached the
cutoff pressure.

Inflammatory pain. Twenty microliters of 5% formalin was injected
subcutaneously into the plantar surface of the right hindpaw. The mouse
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Figure 1. Impaired TrkAP782S ubiquitination in cultured DRG neurons. A, The ubiquitina-

tion of TrkA is directly dependent on its activation levels. PC12-615 cells were stimulated with
different amounts of NGF for 10 min and TrkA was immunoprecipitated. Western blot was
performed to detect ubiquitination, tyrosine phosphorylation, and protein levels. A represen-
tative experiment is shown. Note the correlation between TrkA activation and ubiquitination. B,
Nedd4-2 ubiquitinates and binds to WT TrkA but not to TrkAP782S. Lysates from HEK293 cells
transfected with WT TrkA or TrkAP782S receptors and FLAG-Nedd4-2 were immunoprecipitated
using Trk antibodies. Western blots were performed to assess TrkA ubiquitination, Nedd4-2
coimmunoprecipitation and TrkA. The expression levels of Nedd4-2 and tubulin as a control
loading are shown. C, TrkAP782S is less ubiquitinated than WT TrkA. Equal amounts of lysates
from cultured WT and KI DRG neurons treated with NGF (50 ng/ml) were immunoprecipitated
with TrkA antibodies. Western blot analyses were performed to assess the levels of ubiquitina-
tion, expression, and the phosphorylation of TrkA proteins. A representative experiment is
shown. WT, Wild-type TrkA; KI, TrkAP782S. D, Quantification of TrkA ubiquitination was per-
formed using ImageJ (NIH). The intensity of the bands for the ubiquitination and phosphoryla-
tion of TrkA neurotrophin receptors were quantified and normalized to the amount in WT
samples (100%). Results are means == SEM; p values were calculated using a two-tailed Stu-
dent's ttest (n = 4). Note the decrease in the ubiquitination of TrkAP782S despite its increased
phosphorylation.

was recorded in a cage for the following 60 min to monitor licking and
biting of the injected paw. Phases I (acute phase) and II (inflammatory
phase) were considered from 0 to 15 min and from 20 to 55 min,
respectively.

All animals were housed and bred in the SPF Animal Facility of the
University of Salamanca. Proper measures were taken to reduce the pain
or discomfort to the experimental animals. Animal care and its proce-
dures were done in accordance with protocols approved by the Bioethics
Committee of the University of Salamanca and following European
Community guidelines.

Results

Impaired TrkAP782S ubiquitination in vivo

The ubiquitination of Trk tyrosine kinase receptors depends on
the activation and autophosphorylation of the receptor in re-
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sponse to neurotrophins. Use of the K252a kinase inhibitor or
kinase-dead mutant Trk neurotrophin receptors effectively abol-
ishes ubiquitination (Geetha et al., 2005; Makkerh et al., 2005;
Arévalo et al., 2006). To address whether TrkA ubiquitination
levels depend on the degree of receptor activation, we stimulated
PC12-615 cells (Hempstead et al., 1991) with different amounts
of NGF. TrkA ubiquitination levels were directly correlated with
the level of receptor activation because PC12-615 cells stimulated
with increasing concentrations of NGF resulted in a dose-
dependent effect on TrkA ubiquitination (Fig. 1A). Accordingly,
TrkA ubiquitination can be said to require the activation of the
receptor and the ubiquitination levels correlate with the receptor
activation level.

To address the in vivo effects of TrkA ubiquitination, a KI
mouse was generated which expresses a mutant TrkA protein
with a single change in proline782 to serine (TrkAP782S; Yu et al.,
2011). Proline782 is part of the PPVY785 motif present in TrkA,
but not TrkB or TrkC, that is responsible for the binding of
Nedd4-2 to TrkA and the ubiquitination of this latter (Fig. 1B;
Arévalo et al., 2006). We first addressed whether the ubiquitina-
tion of TrkAP782S expressed in KI DRG neurons was altered.
NGF-dependent sensory neurons from WT and KI mouse em-
bryos were cultured. Upon stimulation with NGF (50 ng/ml) for
10 min, we observed a decrease in the ubiquitination of
TrkAP782S compared with WT TrkA (Fig. 1C). Quantification of
four independent experiments revealed a significant reduction in
the ubiquitination of TrkAP782S compared with WT TrkA in
sensory neurons (68.6 vs 100%; Fig. 1D). To rule out the possi-
bility that the reduced TrkAP782S ubiquitination observed in
neurons might have been a consequence of impaired activation of
the mutant receptor in response to NGF, we tested its activation.
We observed that TrkAP782S activation was increased in com-
parison with WT TrkA (138 vs 100%; (Fig. 1C,D). Together with
previous data, this suggests that the reduced ubiquitination of
TrkAP782S was not due to the impairment of TrkAP782S activa-
tion, but to the lack of Nedd4-2 binding and ubiquitination.

Because the TrkAP782S protein levels appeared to be reduced
in the immunoprecipitation experiments (Fig. 1C), we assessed
TrkAP782S levels in the DRGs isolated from KI mice. We ana-
lyzed TrkAP782S expression using lysates from cultured DRG
neurons and observed a decrease in the protein levels of
TrkAP782S compared with WT TrkA (Fig. 2A). The quantifica-
tion of several independent experiments using two different an-
tibodies, anti-203 and RTA, which recognize different epitopes of
TrkA, indicated a 32 and 23% reduction, respectively (Fig. 2B).
The differences in the results may be explained in terms of the
antibodies used: the RTA antibody is directed to the extracellular
domain of TrkA and the 203 antibody was generated against a
peptide that includes the PPVY motif, which may display altered
affinity for the TrkAP782S receptor. In any case, KI neurons ex-
pressed a lower level of TrkAP782S protein. To determine
whether the differences in protein levels were a consequence of
different levels of WT and KI trkA mRNA, we obtained total RNA
from DRGs and performed quantitative real time PCR. To our
surprise, there was a 40% reduction in the trkA mRNA levels
obtained from the KI DRGs (Fig. 2C), whereas there were no
differences in the actin mRNA levels (Fig. 2D). The differences
observed in protein levels between TrkA and TrkAP782S were
less prominent than at the mRNA level (23 vs 40% reduction; Fig.
2 B,C). Normalization of TrkA protein levels to the correspond-
ing mRNA levels indicated that there was an increased amount of
TrkAP782S versus WT TrkA (Fig. 2D). Therefore, KI mice have
reduced TrkAP782S protein levels, possibly due to a reduced
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Figure2. Reduced amounts of TrkAP782S protein due to reduced mRNA levels. 4, Reduced

amount of TrkAP782S protein in KI mice. Lysates from cultured DRG neurons were subjected to
Western blot analysis with the indicated antibodies. B, Quantification of TrkA protein levels in
WT and KI DRG neurons. Western blots were scanned and quantified using ImageJ software.
Dataare presented as means == SEM; p values were calculated using a two-tailed Students test
(n = 12). ¢, qPCR analysis showing the reduced expression of trkAP782S mRNA. The trkA
transcripts for WT and Kl were 8683 = 1123 and 5236 = 314 per 100 ng of (DNA, respectively.
Results are means == SEM of three independent experiments performed in triplicate. The p
value was calculated using a two-tailed Student’s ¢ test. D, Actin mRNA is not altered in KI DRG
neurons. Actin transcripts for WT and Kl were 103,700 == 9707 and 116,500 = 15,500 per 100
ng of cDNA, respectively. Results are means == SEM of three independent experiments per-
formed in triplicate. E, Increased protein/mRNA ratio in KI mice. The ratio of the amount of
protein vs mRNA levels was normalized to the ratio of the WT sample. Note the increase in the
ratio in the KI samples.

amount of mRNA synthesis or stability (see Discussion), which is
somehow compensated at the post-translational level.

Impaired degradation and enhanced recycling of TrkAP782S

Previously, more TrkA receptor protein was observed along with
enhanced TrkA stability in neurons depleted of Nedd4-2 (Yu et
al., 2011). We surmised that TrkAP782S protein might be more
resistant to degradation than WT TrkA protein in response to
NGF. To address this issue, we performed degradation experi-
ments using biotinylation in response to NGF with WT and KI
DRG neurons (Fig. 3A). Surface TrkA was labeled with biotin to
follow the fate of the receptors from the plasma membrane when
stimulated with NGF. After 60 min of NGF treatment, there was
a clear decrease in the amount of biotin-labeled WT TrkA as a
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(Fig. 3E,F). The levels of p75 in the cell
surface in response to NGF were similar in
WT and KI neurons (Fig. 3E, F). Previous
results indicated that the internalization
rate of TrkAP782S in transfected cells in
response to NGF was similar to that of WT
TrkA (Arévalo et al., 2006). Accordingly,
the biotinylation results suggest that
TrkAP782S recycling may be enhanced in
sensory neurons in response to NGF.

receptor degradation assay was performed as depicted in the schematic diagram. Cultured DRG neurons from WT and KI mice were
biotinylated to label surface proteins and were treated or not with NGF (50 ng/ml) for 60 min. Cells were processed as previously
described (Yu etal., 2011). Subsequently, Western blot analyses with Trk, p75, and tubulin antibodies were performed. B, Repre-
sentative Western blots are shown. Actin was used as a negative control for biotinylated proteins and tubulin as a loading control
for lysates. €, Quantification of biotin-labeled TrkA and p75. Data are normalized to the amount of biotinylated TrkA and p75 in
nontreated neurons. Results are presented as means == SEM; p values were calculated using a two-tailed Student's t test (n = 3).
Note that the levels of TrkAP782S at 60 min are similar to 0 min. D, A schematic diagram of the surface expression assay using the
biotinylation procedure in response to NGF is shown. Mouse DRG neurons were treated or not with NGF (50 ng/ml) for 60 min, and
then biotinylated as previously described (Yu etal., 2011). E, Representative Western blots are shown. Actin and tubulin were used
asanegative controls for biotinylated proteins and as a loading control for lysates respectively. F, Quantification of surface TrkA and
p75 upon NGF treatment. Data are presented as means = SEM; p values were calculated using a two-tailed Student's t test (n =

4). Note that the surface levels of TrkAP782S at 60 min are similar to 0 min.

Defective trafficking of TrkAP782S in

response to NGF

The alterations in the ubiquitination and degradation of
TrkAP782S observed allow us to speculate that the trafficking of
this mutant receptor in response to NGF may be affected. To
assess the trafficking of activated TrkAP782S, we performed im-
munofluorescence analysis in WT and KI neurons using
phospho-specific TrkA antibodies and different endosomal
markers (Rajagopal et al., 2004). Because these sensory neurons
were maintained in the presence of NGF, they were first starved to
assess the trafficking of TrkA in response to acute NGF treatment.
After starvation, neurons were stimulated with NGF for different
times and stained. Upon NGF treatment for 10 and 30 min, in-
ternalized WT TrkA and TrkAP782S colocalized with the early
endosomal marker EEA1 (Fig. 4A). No differences were observed
at early time points (10 min), suggesting that both receptors
reached this compartment similarly upon activation. However,
in early endosomes we found a 42% increase in TrkAP782S com-
pared with WT TrkA after 30 min of NGF treatment (Fig. 4B),
suggesting an accumulation of the mutant receptor in this com-
partment. In addition, we performed colocalization studies of
active WT TrkA and TrkAP782S with the late endosomal marker
Rab7 (Fig. 4C). Quantification of the data indicated 43 and 49%
decreases in the amount of pTrkAP782S compared with WT
pTrkA present in the late endosomes after 10 and 30 min of NGF

treatment, respectively (Fig. 4D). Together, the colocalization
experiments suggest that TrkAP782S exhibits a trafficking defect
between early and late endosomal compartments that may be a
result of its impaired ubiquitination.

Enhanced numbers of DRG neurons in TrkAP782S mice

The dependence of most DRG neurons on NGF-TrkA signaling
during development is evident from the substantial cell loss in
mice harboring null mutations in the ngfand trkA genes (Crowley
etal., 1994; Smeyne et al., 1994). Therefore, we assessed whether
the number of L3 DRG neurons in KI mice at PO was altered.
Upon Nissl staining of L3 DRGs from WT and KI mice (Fig. 5A),
cell counts revealed a significant increase in the numbers of DRG
neurons from KI compared with WT mice. The mean number of
neurons was 4578 = 553 and 3100 = 382 for KI and WT DRGs,
respectively (Fig. 5B). Thus, the expression of TrkAP782S pro-
tein, which presents reduced ubiquitination and enhanced recep-
tor activation, confers survival advantages to DRG neurons.

Increased thermal and inflammatory pain in mice

expressing TrkAP782S

To address the physiological consequences of the P782S muta-
tion, we addressed the role of TrkA in pain sensation. There is a
considerable body of evidence to support a role for NGF-TrkA in
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Figure 4.  Defective trafficking of active TrkAP782S in NGF-stimulated DRG neurons. 4, Co-

localization of pTrkA with EEA1 compartments upon NGF treatment in WT and KI DRG neurons.
Immunofluorescence was performed as described in Material and Methods. Images were taken
with a confocal microscope. Scale bar, 10 .em. B, Quantification of pTrkA colocalization in EEAT
endosomes. Images were processed using ImageJ and the percentage of colocalization was
quantified. Data are presented as means == SEM; p values were calculated using a two-tailed
Student's ttest (n = 9—10 neurons/time point). , Colocalization of pTrkA with Rab7 compart-
ments upon NGF treatment in WT and KI DRG neurons was performed as described in A. Scale
bar, 10 wm. D, Quantification of pTrkA colocalization in Rab7 endosomes was performed as
described in B. Dataare presented as means = SEM; p values were calculated using a two-tailed
Student’s t test (n = 10 neurons/time point).
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Figure5. Increased amount of DRG neurons in TrkAP782S mice. A, Nissl staining of L3 DRGs
from PO WT and KI mice. Representative pictures are shown. Scale bar, 100 rm. B, L3 DRGs from
PO KI mice have more neurons than sibling WT mice. Heterozygous females were mated with
heterozygous males to obtain WT and KI mice. Results are presented as means == SEM; p value
was calculated using a two-tailed Student's t test (n = 4). Note the increase number of neurons
in DRGs from KI mice.

hyperalgesia (Mantyh et al., 2011; Indo, 2012). Thus, we tested
whether WT and KI mice have differential sensitivities to pain by
assessing standard nociception tests. First, we assessed the sus-
ceptibility of KI mice to noxious heat using the tail-flick assay. KI
mice showed an increased sensitivity to noxious heat compared
with WT mice (Fig. 6A4). The mean latency of tail withdrawal was
3.09 = 0.2 s and 5.2 % 0.66 s for KI and WT mice, respectively
(Fig. 6A). Similar results were obtained when the mice were ex-
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Figure 6. Enhanced sensitivity to thermal and inflammatory pain in TrkAP782S mice. A,

TrkAP782S mice are more sensitive to thermal pain as compared with WT mice, assessed by
tail-flick test (n = 11 for WT and n = 15 for Kl). B, TrkAP782S mice are more sensitive to cold
pain compared with WT mice (n = 9 for WT; n = 5forKI). C, TrkAP782S mice display a similar
noxious mechanical pain to WT mice assessed with the Randall-Selitto assay (n = 20 for WT
and Kl). D, TrkAP782S mice are more sensitive to inflammatory pain induced by formalin injec-
tions. Licking and biting times upon formalin injection in the right hindpaw were recorded and
quantified in cumulative periods of 5 min (n = 7 for WT; n = 13 for KI). E, Cumulative licking
and biting times in Phases | (acute, 015 min) and Il (inflammatory, 20-55 min). The mean
observed response time in Phase | was 51.0 == 7.65 s and 105.38 == 14.58 s for the WT and Kl
mice, whereas the mean observed response time in Phase Il was 205.89 = 43.03 s and
478.77 = 63.04 s. F, c-fos staining in the spinal cord from WT and Kl mice 3 h after formalin
injection. TrkAP782S mice showed an increased c-fos staining in lamina | and Il after formalin
injection compared with WT mice. Note the increased number of c-fos-positive neurons in the
section from a KI mouse. Scale bar, 200 um. G, Quantification of c-fos-positive neurons. c-fos
staining in the spinal cord from WT and KI mice after formalin injection (n = 3). Results for all
panels are presented as means == SEM; p values for A—C, G were calculated using a two-tailed
Student’s ttest, and for D, E using the Mann—Whitney test, two-tailed. ns, Nonsignificant. Note
the increased sensitivity of KI mice to thermal- and inflammatory-mediated pain.

posed to cold pain. The mean latency of paw withdrawal or paw
licking was 4 £ 0.55 s and 6.33 = 0.58 s for KI and WT mice,
respectively (Fig. 6B). However, the WT and KI mice did not
display significant differences in the susceptibility to mechanical
stimuli as studied with the Randall-Selitto test (Fig. 6C). Thus,
TrkAP782S mice exhibit an enhanced sensitivity to thermal pain
but not to mechanical pain.

We next examined whether the WT and KI mice showed dif-
ferential sensitivities to inflammatory pain induced by formalin
injection. KI mice displayed an increased responsiveness com-
pared with WT mice (Fig. 6D). Both WT and KI mice exhibited
the typical biphasic response induced by formalin injection (Fig.
6D), although the responses were significantly higher in the KI
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than in WT mice (105.4 *= 14.6 svs 51 = 7.65sand 478.7 = 63 s
vs 205.9 = 43 s for Phases I and II, respectively; Fig. 6E). To
address neuronal activity within the spinal cord of WT and KI
mice in response to inflammatory pain, we tested the levels of
c-fos, a well established activity-dependent gene, in spinal cord
sections 3 h after formalin injection. The expression of c-fos has
been connected directly to increased neuronal activity in re-
sponse to extracellular stimuli (Greenberg et al., 1985). Injection
of formalin in the right hindpaw induced a higher number of
c-fos-positive neurons in laminae I and II of the ipsilateral dorsal
horn of KI mice compared with WT mice (Fig. 6F ). The amounts
of c-fos-positive cells were 23 and 35 per section in the WT and KI
animals, respectively (Fig. 6G). The expression of c-fos was spe-
cific to formalin injection because it was not detected at the con-
tralateral side of the injection (data not shown). Thus, KI mice
exhibit an enhanced sensitivity to inflammatory pain that can be
monitored by increased neuronal activity in the spinal cord. To-
gether, these data indicate that KI mice exhibit an enhanced re-
sponse to noxious thermal and inflammatory stimuli but not to
mechanical pain.

Increased numbers of substance P- and CGRP-positive
neurons and enhanced skin innervation in TrkAP782S mice
To verify that the effects of the mutation of P782S in mice was
associated with a pain phenotype, we performed in situ hybrid-
ization experiments on DRGs from WT and KI P0.5 pups to
detect substance P and CGRP mRNA levels. Both genes are in-
duced in response to NGF signaling (Otten et al., 1980; Lindsay
and Harmar, 1989; Crowley et al., 1994; McMahon et al., 1995).
We observed a significant increase in the amount of CGRP- and
substance P-positive cells in DRGs from KI compared with WT
mice (Fig. 7A, B), equivalent to the numbers of neurons observed
in both genotypes. To assess whether the increase numbers of
DRG neurons had an impact on skin innervation, we performed
immunohistochemistry assays using skin from hindpaws. The
pan-neuronal marker PGP9.5 (Guo et al., 2011a) was used to
detect the nerve terminals that innervate the skin (Fig. 7C). The
skin from the KI mice displayed an enhanced area of innervation
compared with the WT mice (Fig. 7D). Thus, the expression of
TrkAP782S leads to an increase in CGRP- and substance
P-positive neurons and to an enhanced innervation of the skin.

Discussion

In this report, we provide evidence that the TrkAP782S mutant
protein results in impaired ubiquitination of TrkA that plays a
critical role in the degradation and trafficking of the receptor in
response to NGF. To address in vivo the role of TrkA ubiquitina-
tion, we used a KI mouse model that expresses the mutant TrkA
neurotrophin receptor, TrkAP782S, which is insensitive to
Nedd4-2 E3 ubiquitin ligase action (Fig. 1B; Yu et al., 2011).
Although TrkAP782S is more active than WT TrkA, it is less
ubiquitinated in response to NGF, resulting in impaired traffick-
ing and degradation. KI mice exhibit an enhanced sensitivity to
thermal and inflammatory pain, but not to mechanical pain. This
is due to an increased amount of DRG neurons expressing CGRP
and substance P as well as enhanced skin innervation and neuro-
nal activity present in mutant mice.

The development of a mouse model expressing a mutant TrkA
receptor insensitive to Nedd4-2 has allowed us to determine in
vivo a role for Nedd4-2-mediated TrkA ubiquitination. Unex-
pectedly, the levels of TrkAP782S protein in this mouse are re-
duced compared with WT TrkA because of the reduced
trkAP782S mRNA levels. Several different possibilities may be
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Figure7. Increased CGRPand substance P (SP) expression and skin innervation in TrkAP7825
mice. A, Enhanced expression of CGRP and substance P in KI mice. In situ hybridizations using
antisense probes against (GRP and substance Pin lumbar DRGs from P0.5 pups. Sense probes for
(GRP and substance P did not show any staining. Representative pictures of DRGs from WT and
KI mice. Scale bar, 100 wm. B, Quantification of positive neurons for CGRP and substance P in
13-5 DRGs from WT and KI P0.5 pups. The area of each DRG section was quantified with Image)
software and the amount of positive neurons was counted. The number of sections quantified
for CGRP was five for WT and nine for KI, and the number of sections for substance P was five for
WT and six for KI. Results are presented as means = SEM; p value was calculated using a
two-tailed Student’s  test. €, Skin innervation in TrkAP782S mice is increased. Skin from the
hindpaws of WT and KI mice was obtained and stained with the pan-neuronal marker PGP9.5.
Arepresentative image of the staining of skin from WT and KI mice is shown (n = 4). Note the
increased signal exhibited by the skin from a KI mouse. Scale bar, 50 wm. D, Quantification of
PGPI.5 staining in the hindpaw skin from WT and KI mice. The area of PGP9.5 staining was
quantified as described in Material and Methods. Results are presented as means =+ SEM; p
value was calculated using a two-tailed Student's t test (n = 4).

invoked to explain these results: (1) changes in the nucleotides
required to mutate proline to serine may affect the stability of the
mRNA; (2) insertion of the loxP and FRT sites required to gen-
erate the construct to target the frkA gene may have affected the
transcriptional activity of the trkA promoter, and therefore,
mRNA expression; and (3) a potential negative-feedback loop
may reduce trkAP782S mRNA expression due to its high levels of
activation, as previously suggested (Deppmann et al., 2008).
Nonetheless, TrkAP782S protein is less ubiquitinated than WT
TrkA despite its higher activation levels. One consequence of the
reduced TrkAP782S ubiquitination is the impairment of receptor
degradation (Fig. 3B,C). Remarkably, the DRG from this KI
mouse exhibited an increased number of neurons in vivo (Fig.
5A,B). A higher activation of TrkAP782S protein and down-
stream signaling cascades in response to NGF may account for
these in vivo effects. It has previously been reported that the ex-
pression of this mutant receptor results in an increased in vitro
survival of cultured sensory neurons (Yu et al., 2011). Moreover,
these data are supported by previous findings, such as that the
overexpression of Nedd4-2 decreases the levels of TrkA (Arévalo
etal.,2006) and that the depletion of Nedd4-2 in sensory neurons
results in a more stable TrkA (Yu et al., 2011). All these data
indicate that ubiquitination is a key modification to TrkA that
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controls the signal duration regulating the neuronal survival de-
pendent on NGF.

Although the degradation of TrkAP782S was reduced, no dif-
ferences were observed in the transit of active TrkAP782S to the
early endosomal compartment after 10 min of NGF stimulation
(Fig. 4A,B), supporting previous data indicating that the inter-
nalization of this mutant TrkA was not altered (Arévalo et al.,
2006). However, after 30 min of NGF stimulation, an accumula-
tion of TrkAP782S was observed in early endosomes compared
with WT TrkA (Fig. 4A, B), which may have been caused by the
impaired trafficking of the mutant receptor to the late endosomes
upon NGF stimulation (Fig. 4C,D). Early endosomes represents a
sorting station to redirect internalized proteins to degradation
via late endosomes or to recycling via recycling endosomes
(Sorkin and von Zastrow, 2009). The observed accumulation
of TrkAP782S in early endosomes may explain the increased
amount of biotin-labeled receptor found in the plasma mem-
brane after 60 min of NGF treatment (Fig. 3E,F). Together, all
these results suggest an important role for TrkA ubiquitination
mediated by Nedd4-2 in the proper trafficking of the receptor in
response to NGF.

Nedd4-2 has been related directly to the modulation of several
different proteins, including channels (ENaC, voltage-gated so-
dium channels, chloride ion channels, and voltage-gated potas-
sium channels), transporters (dopamine, glutamate, and amino
acid and glucose transporters), kinases (Sgkl, ACK1), adaptor
proteins (14-3-3), and receptors (TrkA; Yang and Kumar, 2010).
Recently, the influence of Nedd4-2 in Na,1.7 channels has been
reported in a conditional Nedd4-2 KO mouse in Na,1.8-positive
neurons (Laedermann et al., 2013). Na, 1.7, which is expressed in
nociceptive neurons, has been implicated in the modulation of
human pain perception because mutations in SCN9A, the gene
encoding Navl.7, cause either congenital insensitivity or hyper-
sensitivity to pain (Cox et al., 2006; Fertleman et al., 2006;
Reimann et al,, 2010). In the study by Laedermann et al. (2013),
the authors concluded that Na, 1.7 currents in DRG neurons de-
pleted of Nedd4-2 are enhanced, and as a consequence, there was
an increase in thermal hypersensitivity and also in the inflamma-
tory response in formalin-injected mice. However, considering
that Nedd4-2 also modulates TrkA levels in these nociceptive
neurons (Arévalo etal., 2006; Yuetal., 2011), the levels of TrkA in
those Nedd4-2-depleted DRG neurons and the potential role of
NGF-TrkA in the described phenotypes remains to be addressed.

TrkA and NGF have been directly implicated in pain modu-
lation because the mice knocked-out for both genes show re-
markable pain phenotypes (Crowley et al., 1994; Smeyne et al.,
1994), and mutations in TrkA and/or NGF genes are responsible
for pathological conditions in humans, leading to congenital in-
sensitivity to pain (Indo, 2012). The results obtained with our KI
mouse model and another very recently described TrkA mouse
mutant (Kiris et al., 2014) further support this role and to our
knowledge provide the first evidence of a gain-of-function mu-
tation in the TrkA neurotrophin receptor. TrkAP782S mice are
hypersensitive to thermal and inflammatory pain, but not to me-
chanical pain (Fig. 6). The lack of Nedd4-2 binding and the ubig-
uitination of TrkAP782S result in a more active and stable
receptor that elicits an increased amount of nociceptive neurons
and enhanced skin innervation (Figs. 5, 7). Therefore, the ubiq-
uitination of the TrkA neurotrophin receptor is a seminal mod-
ification regulating NGF-mediated functions in vivo.

The potential analgesic use of NGF-neutralizing antibodies
has been recently assessed in a clinical trial in patients suffering
for chronic pain due to osteoarthritis (Lane et al., 2010). Al-
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though blocking NGF actions by neutralizing antibodies has been
shown to have beneficial effects, such as a potent analgesic effect
against knee pain (Lane et al., 2010), the side effects observed
preclude the use of this approach to modulate neurotrophin sig-
naling. In view of the results presented here, pointing to TrkA
ubiquitination as a major regulator of nociception, the modula-
tion of TrkA ubiquitination may provide a novel target for the
treatment of pain. Further research to fully elucidate the molec-
ular machinery governing TrkA ubiquitination may in the future
allow us to design drugs to control pain without side effects.
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