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Abstract

A functional nerve growth factor NGF-Tropomyosin Receptor kinase A (TrkA) system is an essential requisite for the generation and
maintenance of long-lasting thermal and mechanical hyperalgesia in adult mammals. Indeed, mutations in the gene encoding for
TrkA are responsible for a rare condition, named Hereditary Sensory and Autonomic Neuropathy type IV (HSAN 1V), characterized by
the loss of response to noxious stimuli, anhidrosis and cognitive impairment. However, to date, there is no available mouse model to
properly understand how the NGF-TrkA system can lead to pathological phenotypes that are distinctive of HSAN IV. Here, we report the
generation of a knock-in mouse line carrying the HSAN IV TrkAR®4°W mutation. First, by in vitro biochemical and biophysical analyses,
we show that the pathological R649W mutation leads to kinase-inactive TrkA also affecting its membrane dynamics and trafficking. In
agreement with the HSAN IV human phenotype, TrkAR649W/m mjice display a lower response to thermal and chemical noxious stimuli,
correlating with reduced skin innervation, in addition to decreased sweating in comparison to TrkAM™ controls. Moreover, the R649W
mutation decreases anxiety-like behavior and compromises cognitive abilities, by impairing spatial-working and social memory. Our
results further uncover unexplored roles of TrkA in thermoregulation and sociability. In addition to accurately recapitulating the clinical
manifestations of HSAN IV patients, our findings contribute to clarifying the involvement of the NGF-TrkA system in pain sensation.
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Introduction

Pain perception is a warning system that has evolved to preserve
the physical integrity of the body and diminish tissue and cellular
damage, with the ultimate goal of enhancing survival. After injury,
a wide range of chemical mediators are released (1). Among
them, nerve growth factor (NGF) (2) is a member of the neu-
rotrophin family (3) known for its actions on the differentiation
and survival of target neurons in both the central and peripheral
nervous systems (4). NGF actions are mediated via the tyrosine
kinase TrkA (5,6) and p75NTR receptors (7,8,9) in neuronal and
non-neuronal cells (10-13). In adults, the primary function of
NGF in the periphery is to mediate neuronal sensitization and
inflammatory responses after tissue damage (14-16). Injection of
NGF produces extensive and long-lasting thermal and mechanical
hyperalgesia both in laboratory animals and in humans (17-19),
while the infusion of neutralizing antibodies against NGF or TrkA
reduces behavioral responses to noxious stimuli in animals (20—
22) and has an analgesic effect in human patients suffering from
chronic and inflammatory pain conditions (23,24).

The crucial role of the NGF-TrkA signaling axis in pain
transmission is evident in two rare congenital pain insensitivity
diseases: the Hereditary Sensory and Autonomic Neuropathy

(HSAN) types IV and V, linked to mutations in the NTRKI and
NGF genes, respectively (25,26). The NTRK1 (TRKA) mutations
with the highest phenotypic effects map within the intracellular
tyrosine kinase domain (TKD), whereas the few mutations
involving residues in the extracellular domain lead to a milder
clinical manifestation (27-30). Both NTRK1 and NGF mutations
similarly provoke the inability to perceive painful stimuli, leading
to injuries, self-mutilations and infections (25,31-35). On the
other hand, distinctive traits of HSAN IV are represented by
anhidrosis, which predisposes to recurrent episodes of fever, and
by variable degrees of mental retardation (36), which are not
found in homozygous HSAN V patients (34,37,38). Here, we now
describe the generation and characterization of HSAN IV NTRK1
knock-in mice, harboring the NTRK1 missense R649W mutation
and show that, similarly to human disease, this model reproduces
anhidrosis, reduced anxiety, and impaired spatial-working and
social memory. Thus, by characterizing the phenotype of HSAN IV
knock-in mice, and comparing it to an animal model reproducing
a related ‘painlessness’ disease, we contribute to clarifying the
role of the NGF-TrkA signaling system in pain transmission and
sensation and provide new insights into the pathogenesis of these
conditions.
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Results
Choice of HSAN IV mutation

HSAN 1V is a rare autosomal recessive disorder linked to muta-
tions in NTRK1. Genetic analyses of HSAN IV patients have identi-
fied more than 100 mutations in NTRK1 (HGMD 2021.4). Mutations
are distributed all along the protein sequence of TrkA, from
the extracellular to the kinase domain, but most of them are
missense and non-sense mutations in the cytoplasmic domain
of the receptor. Missense mutations affecting the kinase domain
disturb the ligand-induced kinase activity of TrkA. The func-
tional analysis of a group of missense mutations in TKD, includ-
ing Arg649Trp (R649W), shows a diminished kinase activity and
reduced autophosphorylation after NGF stimulation in trans-
fected cells (28-30), and this manuscript). The importance of the
Arg in 649 positions (R649-) has also been observed by Altassan
and colleagues (39), investigating HSAN IV patient carrying the
TrkA R649Q mutation. The Arg649- substitution seems to alter the
residue charge affecting the stability of TrkA receptor during NGF-
binding and leading to altered phosphorylation. The neighbor
mutations L694P and G571R cause a similar R649W phenotype
leading to pain and temperature insensitivity, anhidrosis and
speech delay in patients pointing out the robust link between
TKD TrkAmutations and HSAN IV disease (36,39,40). Indeed, struc-
tural mapping of HSAN IV TrkA variants has recently indicated
that mutations located in TKD can affect the TrkA interaction
with substrates, such as PLCy, and these damages in TrkA-PLCy
interactions may have an analgesic effect on pain states in mice
(41), given that the recruitment of PLCy to TrkA is essential for
NGF-mediated sensitization (42). In addition to mutations in the
TKD mutations, other HSAN IV TrkA mutations are located in
the extracellular domain, such as L213P. This class of mutations
causes TrkA retention in the ER, impairing the export of TrkA to
the membrane and its trafficking (27,29,30). There are, as well,
nucleotide deletions that cause a frameshift introducing a prema-
ture stop codon, as with the Gly181fsX58 mutation located in the
extracellular domain that results in a truncated TrkA impairing
the NGF-TrkA binding (43). Finally, other mutations such as the
supposed HSAN IV-linked C752S mutation do not affect the TrkA
autophosphorylation and trafficking, nor neurite outgrowth in
cell assays (44). Since the diversity of these HSAN IV mutations
determines variable degrees of clinical phenotype and intellectual
disabilities in affected individuals, we have decided to investigate
in depth the missense Arg649Trp (R649W) mutation, located in
TrkA TKD (Fig. 1A), first identified in a Spanish family (28), with
the ultimate goal to shed light on the contribution of TrkA TKD
mutations to HSAN IV disease.

After a biochemical and biophysical characterization of the
mutant TrkA receptor, we generated the HSAN IV TrkAR6#9W/m
knock-in mouse line and, as the control group, we used the
heterozygous (AMB1-TrkA/170608) TrkAM™ mice, which represent
the most proper control as they underwent the same knock-in
strategy as TrkAR®*9W/m mice, to achieve the expression of the wild
type human NTRK1 in the corresponding mouse locus.

The TrkARS*W mutant receptor shows reduced
NGF-induced phosphorylation and altered
membrane dynamics in transfected cells

We first aimed to analyze whether the R649W mutation may
affect the response of TrkA to the neurotrophin NGF. In line with
previous findings (27-30), we found that NGF binding to human
TrkAR*W mutant receptors, expressed by transfection in HEK293
cells, resulted in a greatly reduced phosphorylation in comparison

to TrkAWT, whereas the total amount of protein was not altered
(Fig. 1B).

In addition, we tested TrkA ubiquitination (45,46), a physiologi-
cally important mechanism regulating TrkA function in vivo, also
in nociceptive neurons (47,48). We found that the R649W mutation
resulted in a pronounced reduction of constitutive ubiquitination
in HEK?293 cells, compared to control TrkAWT (Fig. 1C).

Given that NGF-induced membrane mobility and tyrosine
kinase activity of TrkA are correlated (49), the mobility of
the TrkAR®*W receptor on the membrane of living cells was
investigated by single-particle tracking (SPT) and total internal
reflection fluorescence (TIRF) microscopy (50). This method
relies on the site-directed stoichiometric labeling of the TrkA
with brilliant organic dyes or quantum dots via the S6 chemical
tag inserted at its N-terminus (51). The S6-tagged TrkA receptor
remains fully functional (49,50). The mutant TrkAR*W receptor
was therefore tagged with the S6 tag and labeled, in order to
visualize and record its activity. To do so, we performed SPT
measurements of TrkAWT and TrkAR**W membrane diffusion in
living human neuroblastoma SK-N-BE cells, in order to investigate
if and how the R649W mutation influences the receptor dynamics.
Quantitative analysis of the diffusion coefficient (D) confirmed
the typical bimodal distribution of D values of TrkAWT trajectories,
and the inversion of the relative population of the fast and slow D
peaks induced by NGF stimulation (49,50). Conversely, TrkAR4W
trajectories appeared to diffuse almost four times more slowly
than TrkAWT ones, both in the absence and in the presence of
NGF (Fig. 2A). This result was further supported by the analysis
of the 2D distribution of D and y coefficients, calculated using
the MSS-TAD algorithm (50,52). This analysis showed that the
trajectories of single TrkARSW receptors were not modulated by
NGF stimulation, as opposed to the strong modulation of single-
particle membrane dynamics induced by NGF in wild-type TrkA
receptors (Fig. 2B). This shows that the main determinant of the
membrane dynamics of TrkA receptors is not the NGF binding
event, but its NGF-induced phosphorylation.

We then analyzed by TIRF microscopy the membrane pools of
TrkAWT and TrkAR®*W receptors, labeled with Qdots. Quantifica-
tion of the density of labeled receptors per cell area (n. spots/um?)
highlighted an increased membrane pool in cells expressing
TrkAR*W compared to wild-type human TrkA (Fig. 2C), despite
the total amount of TrkA protein being the same, as shown in
Figure 1B and in Supplementary Material, Figure S3.

The kinetics of NGF-induced internalization of TrkAWT and
TrkAR®*W receptors, was investigated in SK-N-BE cells by quan-
tifying the density of Qdot-labeled receptors exposed on the cell
membrane at different times after NGF addition (Fig. 2D). The
normalized densities of Qdot-labeled spots were almost super-
imposable for TrkAYT and TrkARS*°W receptors, at all time points
analyzed, showing that the kinetics of NGF-induced internaliza-
tion of TrkAWT and TrkAR®**W receptors are the same (Fig. 2D).
In order to have a more comprehensive view of the membrane
trafficking of the two TrkA receptors, these were transfected in
primary dorsal root ganglia (DRG) neurons. S6-tagged TrkAWT and
TrkARS4W were labeled with Qdots, while immunofluorescence
using a-TrkA antibody was used to mark the whole receptor pool.
Importantly, S6 labeling was performed either in resting condi-
tions or after a 1-h incubation of the neurons with 125 ng/ml NGF.
This time window allows us to appreciate both ligand-induced
TrkA internalization and recycling back to the membrane (53).
Quantification of the Qdot/TrkA ratio in DRG neurons showed that
the TrkAR**W membrane pool, normalized to the total amount
of receptor, is increased with respect to that of TrkAWT (Fig. 2E)
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Figure 1. The R649W mutation affects TrkA phosphorylation and ubiquitination. (A) Schematic cartoon of TrkA domains. The asterisk shows the
position of the R649W mutation. Bottom: Amino acid sequence alignment of the TKD of human TrkA. The mutated residue is indicated in red. (SP:
signal peptide. Cys: cysteine-rich domains. LRR: Leucine-rich region. Ig: immunoglobulin-like domain. TM: transmembrane domain. TKD: tyrosine kinase
domain). (B) Representative WB and quantification showing TrkA phosphorylation and total TrkA levels in Hek293 cells transfected with human TrkAWT
and human TrkAR®*°W 'in the presence (+) or absence (—) of stimulation with 100 ng/ml of NGF for 30 min. Tubulin was used as a loading control in
WB. The mutation severely affects the response of mutant TrkA to NGF stimulation. Two-way ANOVA Fy,19) =22.264, P < 0.001 followed by Bonferroni
post-hoc test (***P < 0.001); TrkA: Two-way ANOVA F(, g) =0.226, P < 0.001 followed by Bonferroni post-hoc test (***P <0.001). (C) Representative WB with

anti-ubiquitin antibodies showing that constitutive ubiquitination of TrkAR®4*W is significantly reduced with respect to TrkAWT,

also in DRG neurons. However, upon NGF stimulation for 1 h, the
increased membrane pool of TrkAR**W was drastically reduced,
with respect to the membrane pool of TrkAWT, which remained
constant (Fig. 2E). This effect was even stronger when the same
quantification was selectively performed at the level of the growth
cones, accounting for a ~72% average reduction of TrkARG4W
membrane pool, while no effect is observed in cells expressing
TrkAWT (Fig. 2F). Taken together, the data obtained in SK-N-BE
and DRG cells show that the mutant TrkAR*W displays a higher
membrane abundance than TrkAYT, which can be a consequence
of alterations in recycling due to the reduced basal ubiquitina-
tion. Altogether, these profound alterations deserved a detailed
investigation of the in vivo consequences of TrkAR*W mutation,
prompting us to develop a genetic mouse model of the HSAN IV
disease.

Generation of TrkAR®*W knock-in mice: early
postnatal lethality of homozygous mice

In order to generate a knock-in mouse line for HSAN IV carrying
the R649W mutation in the human NTRK1 (TRKA) gene, we
adopted a targeted gene approach based on the in-frame replace-
ment of the exon 1 coding sequence, as well as of part of intron
1, of the murine NTRK1 gene with the complete coding sequence
of the human ortholog NTRK1 gene, yielding the humanized wild-
type TrkA knock-in mouse line (AMB1-TrkA/170608). To generate
the human TrkAR®*W knock-in mouse line, the starting point was
the targeting vector AMB1-Tg-pA, containing the coding sequence
of the human NTRK1 (TRKA), which was used to generate
the humanized TrkA knock-in mouse line (AMB1-TrkA/170608,
or TrkAM™ mice). We used the targeting vector AMB1-Tg-pA,
containing the human NTRK1 cDNA coding sequence, to introduce
the HSAN IV R649W mutation in human NTRK1 cDNA by site-
specific mutagenesis PCR. As shown in Figure 3A, the NTRKI cDNA

cassette, followed at the 3’ end by an exogenous hGH polyA
cassette and a loxP-neomycin-loxP cassette, replaced the exon
1 as well as part of intron 1 of the murine Ntrkl gene. The
resulting mouse line was mated with ‘Cre-deleter’ mice to
remove the neomycin selection cassette (Fig. 3A), thus generating
heterozygous mice carrying the human mutant TrkAR*W gllele
(TrkAR4W/m mice).

Homozygous mice (TrkARG4OW/R6SW) were obtained by cross-
breeding heterozygous mice (TrkARS*W/m mice) carrying one
human TrkAR®W gllele and one murine allele. While heterozy-
gous mice thrive to adulthood, TrkARG4SW/REOW mice die within
the first week of life. Representative pictures of pups at PO show
that at birth TrkARG4OW/Re4W pyps were normal and the body size
was comparable to that of heterozygous littermates, whereas at
P4 the body size of TrkARG4OW/R649W mjce was lower than controls
(Fig. 3C).

The homozygous condition of TrkARG4OW/R64W mice matches
the lethality observed in fully TrkA-deficient (TrkA~/~) mice (54).
This suggests that the loss of productive NGF-TrkA signaling
in TrkA-expressing cells is a main consequence of the R649W
mutation, in line with the experiments in cultured cells (Fig. 1).

Defective responses to pain and mechanical
stimuli in TrkAR®*°W/m mjce

Since homozygous TrkARS4SW/RS4SW mice do not thrive to adult-
hood, we analyzed the phenotypic consequences of the R649W
mutation in heterozygous TrkAR°W/m mice, in comparison to the
control line TrkAM™ mice. Since these mice have never been phe-
notypically characterized, before comparing them to TrkAR649W/m
we verified whether they behave similarly to wild-type mice
(TrkA™™). As shown in Supplementary Material, Figure S1, the
response to noxious thermal stimuli (acetone drop and Hot plate),
and cognitive abilities (Y-maze and elevated plus maze) of TrkAM™
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Figure 2. Effect of R649W mutation on TrkA membrane dynamics: biophysical studies. (A) SPT of TrkAWT and TrkAR®4*W receptors on the membrane
of living human neuroblastoma SK-N-BE cells, viewed by TIRF microscopy. Distribution of diffusion coefficient (D) obtained from TrkAWT trajectories
before (black solid curve, n=3369 trajectories from 25 cells) and after NGF administration (125 ng/ml for 15 min) (black dotted curve, n=3283 trajectories
from 28 cells) and for TrkAR®*®W trajectories before (red solid curve, n=3638 trajectories from 31 cells) and after NGF administration (red dotted curve,
n=3375 trajectories from 27 cells). On the left: box-plot for D values retrieved from the same trajectories (at least six frames long) of TrkAWT before
(black solid) and after NGF administration (black dotted) and for TrkAR®*®W before (red solid) and after NGF administration (red dotted). Trajectories
are pooled from two independent measures. Boxes: 25th-75th percentiles; whiskers: 10th-90th percentile; line: median; square: mean. P <0.0001 and
P=0.0026 according to Kruskal-Wallis test, with Dunn’s means comparison. (B) Total D-y distributions according to MSS-TAD analysis of the same
trajectories reported in A, for TrkAWT and TrkAR®4°W before and after NGF administration. On the right, logarithmic-scale color code for the frequency
of the total D-y distributions, normalized to 1 at the peak. (C) TIRF images of Qdot-labeled single receptor molecules of TrkAWT (upper) and TrkARS4W
(lower); scale bar =10 um. On the right: quantification of density of labeled receptors per cell area (n.spots/um?) in SHSYSY cells, obtained from three
experimental replicates (n=22 cells for TrkAWT n=12 cells for TrkAR®49W) *P < 0.05 according to two-tailed Mann-Whitney test. (D) Left: Representative
TIRF images of single receptor spots of TrkAWT (top) and TrkARS4*W (bottom) during a time-course after NGF stimulation. Every image corresponds to a
time point of the same cell: t0 (time of NGF administration), t5, t30, t50 min. Scale bar = 10 um. Right: Normalized membrane density for TrkAWT (black)
and rTrkARS9W (red) is reported as mean + SEM from cells acquired at each time point normalized for the respective density at time 0. Peonstruct > 0.05,
Piime < 0.001, and Pegngructxtime > 0.05 according to a two-way ANOVA test. All data are pools from 36 (TrkAWT) and 59 (TrkAR®4°W) cells, collected in
two independent replicas. (E) Schematic timeline of the experimental procedure for the detection of the TrkA membrane pool in DRG neurons. Left:
TIRF images of Qdot-labeled membrane TrkAWT and TrkAR®*°W receptors (magenta) and corresponding immunostained DRG neurons (green) infected
with lentiviral particles bearing S6-tagged TrkAWT and TrkAR®49W transgenes. Scale bar: 20 m. Right: Quantification of the membrane pool fraction on
the total pool of TrkAWT and TrkAR®**W in DRG neurons before and after 1 h of NGF stimulation (125 ng/ml). Quantification is obtained from the ratio
between the intensity of Qdot signal (membrane receptors) against the intensity of Alexa488 (TrkA immunostaining) measured in the whole neuron
(TrkAWT n=102 neurons; TrkAWT 4+ NGF n=21 neurons; TrkAR®*W n =87 neurons, TrkAR®4°W 4 NGF n=43 neurons). ***P < 0.001 according to Kruskal-
Wallis Test. (F) Left: representative TIRF image of DRG neuron immunostained against TrkA with secondary antibody conjugated with Alexa488; growth
cones are within the light purple boxes; scale bar: 20 nm. Right: quantification of TrkA membrane pool at growth cones before (TrkAWT n=17 neurons
and TrkAR®*W m = 11 neurons) and after 1 h of NGF stimulation (125 ng/ml) (TrkAYT n=10 neurons and TrkAR®4°W n =10 neurons); **P < 0.01 according
to Kruskal-Wallis test.
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Figure 3. Generation of human TrkAR®**Wknock-in mice. (A) Molecular strategy to generate the human TrkAR®**W knock-in mouse. Diagram illustrating
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the R649W amino acid substitution). (B) PCR genotyping of homozygous

(Trk ARG4W/R649W) heterozygous (TrkARC*PW/m) and wild-type (TrkA™™) mice; wild-type band: 343 bp, mutant band: 442 bp. (C) Representative pictures

of TrkARS*W knock-in mice. Homozygous mice appeared normal at birth
Trk AR649W/m

mice and wild-type mice (TrkA™™) were similar, as well as the
expression of DRGs markers.

One of the most characteristic and salient manifestations of
HSAN IV is a generalized insensitivity to pain and thermal stimuli
(35,55). To elucidate the consequences of the R649W mutation in
peripheral somatosensation, we analyzed the phenotype of het-
erozygous TrkARS*W/m at 2 months of age. We performed an array
of behavioral tests to evaluate the sensory responses to thermal,
chemical and mechanical stimuli. We first tested the response
to cold noxious stimuli induced by acetone application on the
hindpaw. A significant decrease was observed both in the score
and in the percentage of responses (Fig. 4A and B). The response
threshold to a noxious high-temperature stimulus, was also sig-
nificantly reduced in TrkAR®4*W/m compared to the control group
(Fig. 4C). To test if the altered thermal sensation was specifically
due to the R649W mutation or to functional haploinsufficiency, we
compared TrkAR®4*W/m mice with heterozygous knock-out mice
lacking one TrkA allele (TrkA*/~). Strikingly, TrkA*/~ mice showed
comparable behavioral responses to that of wild-type TrkA+/+
mice (Fig. 4D-F).

Moreover, intraepidermal injection of capsaicin, which evokes a
prolonged pain sensation in TrkAM™ mice, via activation of TRPV1
receptors (56), failed to do so in TrkAR®*W/m mice (Fig. 4G).

(PO), but failed to grow during early postnatal life (e.g. at P4) compared to

To test the response to innocuous mechanical stimuli, we used
the tape response assay (57) and the von Frey test. We found a
decrease in the number of attempts to remove the adhesive tape
attached to the back of TrkAR®*W/m mice, compared to TrkAM™
(Fig. 4H). On the other hand, no differences in the response to
mechanical stimuli applied on the plantar surface of the hindpaw
were observed between TrkARSW/m and TrkAM™ mice (Fig. 41).
The different effect of the R649W mutation on mechanosensation
is possibly due to distinct functional and anatomical properties
of hairy and glabrous skin (58) and to deficits in the growth of
hair follicles (59). These behavioral data indicate that TrkARG4?W/m
mice, unlike heterozygous TrkA*/~ mice, show a significant
inability to sense thermal and chemical noxious stimuli and
to respond to innocuous touch. This suggests a mutation-
specific effect, distinct from a simple effect of wild-type TrkA
haploinsufficiency.

Alteration of neuronal subpopulations in dorsal
root ganglia from TrkARS*W/m mice

In order to obtain a phenotypic portrait of DRGs in the Trk ARc49W/m
HSAN IV transgenic model, we analyzed the expression of protein
markers characterizing the main sensory neuron subtypes.
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Figure 4. The R649W mutation specifically affects the response to noxious-thermal stimuli and the response to a mechanical innocuous stimulus.
Comparable response to noxious thermal stimuli in TrkA*/~mice. (A and B) Decreased cold sensitivity of TrkARS4W/m mjce, analyzed as score and
percentage (%) of responses on six trials A: Student’s t two-tailed test (t=5.970, P <0.001); B: Mann-Whitney Rank Sum Test (P <0.001) n=7 per group
(C) Increased latency in TrkARS49W/M mice to respond to thermal stimulus of 48°C. Student’s t two-tailed test (t=—1.281, P=0.025); TrkAM™ n=11;
TrkARG4SW/m y — 9 (D and E) Comparable response to cold sensitivity between TrkA*/+ and TrkA*/~, both in the score and percentage (%) of responses D:
Student’s t two-tailed test (t=1.391, P=0.188); E: Student’s t two-tailed test (t=0.831, P=0.421); TrkA*/* n=7 and TrkA*/~ n=8. (F) No differences between
TrkA*/+ and TrkA*/~ in response to thermal stimulus of 48°C Mann-Whitney rank sum test (P = 0.902) n =7 per group. (G) Decreased nociceptive behavior
in TrkARO49W/m mice after intraplantar injection of capsaicin (9 ug/ul) compared to the control group. Two-way ANOVA (F(1,18=6.190, P=0.023 followed
by Holm-Sidak test (*P=0.032; ***P <0.001); TrkAM™ n=8; TrkARG49W/m y_7 (H) Reduced number of bouts in response to a piece of adhesive tape
applied to the back neck of HSAN IV mice, compared to controls. Student’s t two-tailed test (t=2.419, P=0.034); TrkAM™ n=6; TrkARG4OW/m n_7 (1)
No differences between wild type and TrkAR4SW/M mijce in response to mechanical stimulation measured by von Frey test. Student’s t two-tailed test
(t=—0.274, P=0.789); TrkAM™m n=7; TrkARe4W/m y —7) Data are presented as mean + SEM.
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First of all, no differences were found in the total DRG cell
number between TrkARS4W/m™ and control mice (TrkAM™ 1182.53
cells/mm?, TrkARS4W/m 1057 33 cells/mm?; student’s t two-
tailed test t=1.396 P=0.212; n=4 for both groups). We then
investigated by immunofluorescence the number of neurons
expressing the TrkA receptor and the transient receptor potential
vanilloid 1 (TRPV1) (Fig. SA and B). Quantification revealed a loss
of TRPV1 expression in primary sensory neurons, whereas no
differences were observed in the expression of TrkA. Moreover,
the number of DRG neurons co-expressing TRPV1 and TrkA
in TrkARS#*W/m mice was reduced (Fig. SE). Then, we examined
the numbers of small-diameter neurons, divided into two
main groups: the peptidergic calcitonin gene-related peptide
(CGRP)-positive and non-peptidergic isolectin-B4 (IB4)-positive
populations respectively (Fig. 5C and D). The number of neurons
expressing CGRP was normal in TrkAR®*W/™ mice, whereas the
numbers of IB4-positive CGRP/IB4 co-expressing neurons were
strongly affected by R649W mutation (Fig. 5F).

We further investigated the neuronal subpopulations in DRGs
from TrkARS4W/m mice, using known markers of propriocep-
tive sensory neurons and of non-nociceptive C-low-threshold
mechanoreceptors (C-LTMRs) (Supplementary Material, Fig. S2).
In addition to Neurofilament 200 (NF200), a marker of myelinated
sensory neurons (60), we also used Parvalbumin (PV) as a marker
of proprioceptors (60) (Supplementary Material, Fig. S2A and
B), while unmyelinated c-LTMRs were identified using tyrosine
hydroxylase (TH) (58) (Supplementary Material, Fig. S2C and
D). We found no changes in the percentage of sensory neurons
expressing PV-NF200 and TH-NF200 (Supplementary Material,
Fig. S2E and F). Altogether, our data suggest that the R649W
mutation specifically impacts the TRPV1+ and IB4+ subsets of
DRG neurons, known to be essential for pain sensation, without
affecting other neurons involved in mechanical or proprioceptive
functions.

Severe lack of PGP9.5-positive fibers in the skin
of TrkAR#W/m mice

In HSAN IV patients, the lack of pain sensation is associated
with the loss of sensory afferents in the skin (26). For this rea-
son, we investigated skin sensory innervation in TrkARS49W/m gnd
control mice (Fig. 6A and C). The area and number of PGP9.5-
immunoreactive terminals were decreased in the glabrous skin
sections of TrkAR*W/m mice compared to control mice (Fig. 6B).
In addition, we observed a diminished innervation in the hairy
skin of TrkAR®*W/m mijce (Fig. 6D). In agreement with the clinical
features of HSAN IV disease, TrkAR®4*W/m mice show a severe lack
of innervation in both glabrous and hairy skin.

Sympathetic innervation of internal organs is not
affected by TrkAR®**W mutation

Among NGF-target tissues, the sympathetic nervous system is one
of the most influenced by the NGF-TrkA system. We have evalu-
ated the sympathetic innervation of internal organs, such as the
stomach, heart and kidneys of HSAN IV TrkAR®**W/m mice com-
pared to control animals (Supplementary Material, Fig. S4). No sig-
nificant differences were detectable by whole-mountimmunoflu-
orescence of the organs suggesting that TrkAR**W mutation does
not directly affect the sympathetic innervation of such organs.
Further studies may be necessary to comprehensively understand
the link between the mutant TrkA and the sympathetic nervous
system.
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Anhidrosis in TrkAR*W but not in HSAN V
NGFR100W/m mijca: 5 distinctive hallmark of HSAN
IV disease

The absence of sweating is a distinctive clinical trait of HSAN IV
patients (26), unlike HSAN V patients, which harbor mutations
in the NGF gene (25,61). For this reason, by using a pilocarpine-
induced sweat assay (62), we examined if TrkAR*W/™ mice were
affected by abnormalities in sweat production. Having recently
developed an HSAN V mouse model (NGFRIOOW/M) (53 64) we
had the opportunity to compare the sweating phenotype in
heterozygous HSAN IV TrkAR649W/m and HSAN V NGFRIOOW/m mjce
(NGFR10W/m) "in order to evaluate the specific response of an
HSAN IV mouse model in this specific assay. In the pilocarpine-
induced sweat assay, sweating appears as dark precipitates on
iodine and starch-coated footpads (Fig. 7A). After pilocarpine
injection, the formation of dark spots in footpads was monitored
and recorded by a digital camera at 2, 5 and 10 min. The iodine-
starch sweat test revealed striking anhidrosis in TrkARC#W/m
mice as also shown in representative pictures (Fig. 7B). On the
other hand, the sweat assay performed in NGFRIOOW/m and their
corresponding control mice revealed no differences in the number
of black spots, confirming normal sweating in the HSAN V mouse
model and further validating the specificity of our HSAN IV
model (Fig. 7C). This is fully consistent with human studies
reporting sweating alterations in HSAN IV but not in HSAN V
patients.

Since sweat glands are innervated with adrenergic and cholin-
ergic terminals, we investigated if reduced sweating was associ-
ated with an altered sympathetic innervation of these popula-
tions. The area occupied by TH-immunoreactive positive fibers
appeared normal in both TrkAR*W/m and controls, as well as
in HSAN V sweat glands (Fig. 7D-E). No differences were also
found in the mean immunofluorescence signal intensity of the
cholinergic fibers labeled with the vesicular acetylcholine trans-
porter (VAChT) between TrkAR®49W/m and controls, as well as in
HSAN Vmice (Fig. 7F and G). We can conclude that the differential
anhidrosis sweating phenotype, observed in HSAN IV versus HSN
V mice is not due to a differential innervation of the adrenergic
and cholinergic innervation of sweat glands in the two mouse
lines.

Impaired cognitive abilities and reduced
sociability in TrkAR4W/m byt not in NGFR00W/m
mice

Another distinctive feature of HSAN IV patients is the presence
of mental retardation with variable severity (36), which include
aspects that have been classified as attention deficit hyperactivity
disorder (ADHD) (65). Thus, to evaluate cognitive abilities in
TrkARSSW/m mice we performed a battery of tests that have
been often used in mouse models of ADHD to evaluate working
spatial memory and inattention, anxiety and sociability (66,67).
First, we tested the tendency of rodents to alternately explore
new environments, reproduced by the arms of the Y-maze.
The spontaneous alternations evaluated in Y-maze apparatus
were reduced in TrkAR*W/m mice compared to the control
group (Fig. 8A). In addition, when tested in an elevated plus
maze, TrkAR®*W/m mice exhibited less anxious behavior than
control mice (Fig. 8B). Importantly, these alterations in both
Y-maze and elevated plus maze test were not detected in
TrkA*/~ mice (Fig. 8C and D), suggesting that these behavioral
impairments are strictly related to the R649W mutation. In
the novel object recognition test, in which a specific form of

€20 Joquisydeg |z uo isenb Aq 6¥8/769/08¢€ /8/Z€/d101LE/Buy/Woo dno-olwapede)/:sdiy Wolj papeojumoq


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac295#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac295#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac295#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac295#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac295#supplementary-data

1388 | Human Molecular Genetics, 2023, Vol. 32, No. 8

[sy)

Trk AR649W/m

(@)

TrkAD/m

(W)

Trk AR649W/m

0= @ TrkA™™ n 407 @ TrkA"™
g B TriARE4OWm 8 . B TrkARE4Wm
—_ —
530+ > 30~ o °
[ (0]
c sk c
0 2
> - -
£20- o ° =20 o m
2 - 2
o ° ® *k [o% =
%510+ = o %5 104 *
2 O NS " =
’ 2 ~
0 T 1 T 0 ] L
TRPV1+  TrkA+ TRPV1+/TrkA+ CGRP+ IB4+ CGRP+/IB4+

Figure 5. Analysis of nociceptive markers in DRG: reduced expression of TRPV1 and IB4 expression. (A-D) Double immunofluorescence of DRG
cryosections: for (A and B) TRPV1 and TrkA, (C and D) CGRP and IB4. (E) Significant decrease of TRPV1+/TrkA+ sensory neurons in TrkARS4W/m mjce,
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learning and memory abilities is assessed, no differences were
found between TrkAR*9W/m mice and their controls (Fig. 8E).
Another hallmark of HSAN IV patientsis an altered social inter-
action and the propensity to avoid eye contact (68). To investigate
the effect of R649W mutation on social behavior, we tested the

performance of HSAN IV mice in the three-chamber sociability
test (69,70). During the socialization phase, TrkAR4W/m mice
displayed a comparable exploration time between the unfamiliar
mouse cage (namely stranger 1—S1) and the inanimate object
cage, indicating altered sociability compared to controls (Fig. 9A,
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Figure 6. Loss of innervation in hairless and hairy skin in TrkARé49W/mmjce. (A, C) Representative images and (B, D) quantification of PGP9.5 expression
in glabrous and hairy skin sections. (B) Left: significant reduction of hairless skin innervation measured as the area occupied by PGP9.5-positive fibers.
Student’s t two-tailed test: t=2.947 P=0.026 TrkAM™ n=3, TrkAR04W/m y 5 Right: reduction of PGP9.5-postive intraepidermal fibers in TrkARG4W/m
compared to TrkAM™ mice. Student’s t two-tailed test: t=5.045 P=0.002 TrkAM™m n=4, TrkARS4W/m y_4 (D) TrkARS*W/m mice exhibit a diminished
hairy skin innervation measured as the area occupied by PGP9.5-positive fibers. Student’s t two-tailed test: t=3.670 P=0.014 TrkAM™ n =4, TrkAR649W/m

n=3.

left) while, as expected, HSAN V NGFROW/M mice and wild-
type mice, showed a significant preference for the mouse cage
rather than the object (Fig. 9A, right). When tested in the social
novelty preference test, in which a new unfamiliar mouse (namely
Stranger 2—S2) replaced the object into the wire cup, TrkARe49W/m
mice, compared to TrkAM™ mice, do not show a significant
preference for the unfamiliar S2 mouse (Fig. 9B, left). Interestingly,
we found that sociability was unaltered in NGFRIOW/m mjce
(Fig. 9B, right), suggesting that this characteristic behavior is
strictly related to the HSAN IV clinical phenotype, as reported
in human patients.

Our comprehensive array of behavioral tests shows that
TrkARS#W/m mice are characterized by deficits in working
memory, reduced anxiety and decreased social interactions.

Overall, we report that our TrkAR*W/m mjce recapitulate key
phenotypes associated with HSAN IV disease and thus they could
represent an important model for studying pain insensitivity.

Discussion

Painis a universal warning system that has evolved to prevent and
avoid injuries. The nociceptive system is thus highly conserved
in all animal species and requires specialized primary sensory
neurons that are responsive to a wide variety of noxious stimuli.
Among the different signaling mechanisms that underlie pain
perception, a key role is played by TrkA (71,72). Indeed, a subpopu-
lation of sensory neurons called peptidergic-nociceptors are NGF-
dependent and express TrkA receptors (73). Consistently, mice
deprived of the NGF-TrkA signaling during embryonic life fail to
develop sensory neurons properly, thus losing their response to
noxious stimuli (54,74). The necessity of a functioning NGF-TrkA
system strikingly emerges also from the existence of two rare
genetic conditions of pain insensitivity called HSAN IV and V that

affect TrkA and NGF, respectively (32,75). In particular, HSAN IV is
due to mutations in the TRKA gene (NTRK1) and it is specifically
characterized by the loss of pain sensation, anhidrosis and vari-
able degree of mental retardation (36). Genetic analyses of HSAN
IV patients have identified more than 100 mutations in TRKA
(HGMD 2021.4), suggesting that mutations in TrkA functional
domains, such as TKD, can correlate with more severe clinical
manifestations (26,76). Nowadays, no suitable animal model for
HSAN IV has yet been developed, making the search for disease-
relevant biomarkers and the development of therapeutic strate-
gles, particularly challenging. In this work, we have studied in
vitro and in vivo the contribution of a specific HSAN IV muta-
tion, Arg649Trp (R649W), located in the TKD of TRKA (28). It had
been previously shown that the substitution of the Arginine-649
residue causes a strong reduction in the receptor phosphory-
lation in response to the binding of NGF (28-30). To build and
expand on existing literature, in vitro we first demonstrated that
the R649W mutation prevents the auto-phosphorylation resulting
in the inactivation of the receptor without affecting the total
amount of protein. Interestingly, we also found that the Trk AR49W-
inactive receptor shows a lower level of ubiquitination compared
to TrkAWT. Thus, arginine-substitution R649W in the TKD results
important for the constitutive ubiquitination of TrkA, suggesting a
potential relevance in the TrkA trafficking (77). Furthermore, using
TIRF microscopy combined with SPT, we observed reduced mem-
brane mobility of TrkAR®**W. possibly dependent on the kinase
inactivity of TrkA and, surprisingly, a significant increase in the
membrane density of TrkAR*W The mobility of the TrkA receptor
is not only NGF-dependent (50), but mutations in TKD, such as
R649W, could be sufficient to modify the receptor-membrane
dynamics. Our in vitro data indicate that the altered molecu-
lar characteristic and trafficking of TrkAR®**W protein could be
the underlying mechanism affecting pain sensitivity in HSAN IV
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patients. Recently, structural mapping of HSAN IV TrkA variants
indicates that mutations located in TKD can affect the TrkA inter-
action with substrates, such as PLCy, and damages in TrkA-PLCy
interactions may have an analgesic effect on pain states in mice
(41). In this regard, we recently generated PC12 cell lines lacking
one or both NGF receptors using CRISPR/Cas9 (13), which provide
a genetically clean background for the expression of TrkAR4W to
study the specific signaling features.

Having established the main in vitro properties of the
HSAN IV TrkAR®**W mutant, we generated TrkARS*W/m mice. In
homozygosity, the R649W TrkA mutation causes a postnatal lethal
phenotype within the first week of life. The lethality observed for
homozygous TrkARC4OW/RE4SWmice is only seemingly in contrast
with the homozygosity of the R649W mutation in HSAN IV
patients (28).In fact, individuals affected by HSAN IV often survive
into adulthood also thanks to careful medical treatments (32).
Moreover, this was quite expected due to the observed lethality
also in TrkA~~ mice (54) and possibly underlies redundant

mechanisms that have developed during evolutionary processes
for the NGF-TrkA pathway in humans. Thus, in order to under-
stand the physiological correlates of the TrkAR**W mutation, we
have characterized in depth the heterozygous TrkARS4OW/m mijce,
In line with HSAN IV human symptoms, TrkAR**W/m mice failed
to react to thermal and chemical noxious stimuli. We found a
diminished licking behavior after capsaicin injection consistent
with pain insensitivity in TrkAR*9W/m mice, and interestingly,
we observed a decrease in the number of TRPV1+ neurons that
are involved in the mediation of noxious stimuli. The loss of
TRPV1+ neurons, crucial in avoiding tissue damage and in the
development of NGF-induced heat hyperalgesia (42,78), and the
behavioral correlate of pain insensitivity in HSAN IV TrkARe#9W/m
mice, may represent a feasible explanation for the inability of
HSAN IV patients to avoid injuries caused by noxious-thermal
stimuli. TrkAR*W/m mice also show a decreased reaction to
cold, which might suggest an abnormal regulation of the cold-
activated channels TRPA1, expressed in subsets of heat-sensitive,
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Figure 8. Impaired cognitive abilities in TrkAR®**W/Mmice and not in TrkAt/~mice. (A) Decreased percentage (%) of success in Y-maze test in
TrkARG4OW/M mijce. Student’s t two-tailed test, (t= 2.519, P=0.026), TrkAM™ n=8, TrkARC49W/m 7 (B) Decrease of anxiety-related behavior in HSAN
IV mice, evaluated in the elevated plus maze. Student’s t two-tailed test, (t = —2.349, P=0.039); TrkAD/™ n=7 TrkAR649W/m _¢ (C D) Percentage (%) of
success in Y-maze test (C) and anxiety-related behavior (D) are not affected in both TrkA+/+ and TrkA*/~ mice. C: Student’s t two-tailed test (t=—1.683,
P=0.136); TrkA*/* n=5 and TrkA*/~ n=4; D: Student’s t two-tailed test (t=—0.229, P=0.823) n=7 per group. (E) No differences in the novel object
recognition test (Student’s t two-tailed test, t=0.351, P=0.732; n=7 per group).

TRPV1-positive and NGF-dependent neurons (79-82). Thus, the
lack of thermal hyperalgesia is linked to the hypofunctionality
of TrkARSW receptor, as found in rodent species such as the
naked mole-rat, which naturally displays pain insensitivity
(78). We also found a significant decrease in IB4+ neurons
in DRG of TrkARS#W/m mjice Overall, our data reinforce the
importance of a functional TrkA system in DRG development
and function, but whether the observed changes are due to a
developmental defect, or to a failure of adult maintenance of
these neurons, remains to be investigated. Interestingly, though

the pain-related behavioral phenotype of TrkAR*W/m mice is
quite similar to that of HSAN V NGFRIOOW/™ mice (64), only
HSAN IV TrkARS#W/m mice show a specific lack of the IB4+
DRG subpopulation. Thus, the developmental consequences of
the HSAN IV TrkAR*W mutation on sensory neurons appear
to be more severe than those observed in HSAN V mice (64),
possibly identifying different contributions of the receptor
and the ligand to the development of sensory neurons. The
inability of TrkAR4W/m mice to perceive thermal and chemical
noxious stimuli was also accompanied by a strong reduction

€20 Joquisydeg |z uo isenb Aq 6¥8/769/08¢€ /8/Z€/d101LE/Buy/Woo dno-olwapede)/:sdiy Wolj papeojumoq



1392 | Human Molecular Genetics, 2023, Vol. 32, No. 8

Social Preference

A

STRANGER 1 |

OBJECT

| -
250 250
k%% *%k% ol
@ 2007 5 2007 )
-— ® o = *kk
C —
o 150 & 150 o
o m b Q. [ ]
2 LX) ° = [75]
o 100- am » 100
£ s |° = £
T 504 ° . = s0q °
[ ]
0 I I I I 0 ]‘_}?] |
OBJ S1 OBJ $1 OBJ S1
@ TrkA"™ ONGF"™
O -I-rkAR649W/m [ NGFR100W/m
Social Novelty
B |
| @] |
2500 250-
. *k%
__ 200+ 200+
& = 8, *k%k -
£ 150 . e T 150 u
3 o . .
» 100- - ? 100 :
£ : £
= i ) n K= i [ n
=} 50 . = = 50 - .
®
0 T T T T 0 T T T T
S1 82 S1 82 S1 S2 S1 S2
@ TrkA"™ ONGFNM
] TkaR649W/m o NGFR1OOW/m

Figure 9. Reduced sociability in TrkAR®49W/Mand not in NGFR100W/mmjce. (A) Left: TrkARS49W/™m mice display reduced social preference in three-chamber
test. Two-way ANOVA (F(; »g) =9.56 P=0.004), followed by Holm-Sidak method ***P < 0.001 TrkAM™ n =8, TrkARS49W/m = 8. Right: no differences in social
preference in the HSAN V mouse model. Two-way ANOVA (F(; 1g)=9.37 P=0.346), ***P <0.001 NGF¥™ n=4, NGFRIOOW/m =7 (B) Left: Social novelty
behavior is impaired in TrkARS4W/m mjce Two-way ANOVA (F(; »g)=10.63 P=0.003), followed by Holm-Sidak method **P=0.012; *P=0.035; *P=0.023
TrkAM™ n =8, TrkARG#OW/m n =8 Right: normal social novelty exploration in NGF™ and NGFRI0OW/m Two-way ANOVA, (F(; 15) =4.01 P=0.060) ***P < 0.001

NGFM™ =4, NGFRIOOW/m =7,

of cutaneous innervation in both hairless and hairy skin,
possibly due to early events in sensory neuron development
(83). Interestingly, TrkAR®*W/m mice also display a reduced
response to non-noxious mechanical stimulation in the hairy
skin, which is known to depend on NGF-TrkA signaling (59).
Since efficient TrkA trafficking and signaling are necessary for
the innervation of NGF-target organs by sensory neurons (84,85),
it is tempting to hypothesize that the reduced skin innervation
is connected to the altered TrkAR*W trafficking observed in

vitro. In fact, dysregulation of TrkA axonal trafficking has been
causally linked to peripheral neuropathies (86) and to diminished
nociceptive responses (47,87). A similar painless phenotype
is also found in patients affected by familial dysautonomia
(FD) or HSAN III/Riley-Day syndrome, caused by mutations
in ELP1/IKBKAP gene that lead to the accumulation of DNA
damages in differentiated TrkA+ neurons (88,89). As found in
Elpl-deficient mice, the lack of Elpl impairs the retrograde
transport of NGF in sensory neurons (90,91), suggesting that
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mutations in ELP1, as well as in the TrkA gene, might have
a partially common consequence in the physiology of sensory
neurons.

One distinctive trait of human HSAN IV patients is their inabil-
ity to sweat normally (26). By using a murine-adapted version of
Minor’s starch iodine test (92), we determined in our transgenic
model the presence of anhidrosis, a distinctive trait of HSAN IV
disease linked to thermoregulation deficits. We show a lack of
anhidrosis in TrkAR®4®W/m mijce highlighting yet again the speci-
ficity of our HSAN IV model. Moreover, histological analysis of
sweat glands of TrkAR®**W/™ mice revealed no differences com-
pared to controls. The innervation of sweat glands appears to be
variable among HSAN IV patients. Skin biopsies in some patients
revealed normal sweat glands innervation (35,93,94), while skin
samples of other patients reported non-innervated sweat glands
(95,96). Although our results suggest no differences in the sweat
glands’ innervation, we cannot exclude electrophysiological alter-
ations and future studies aimed at examining both sensory and
sympathetic nerve conduction might be useful to complete the
HSAN IV understanding. However, based on our results and obser-
vations, we suggest that a possible cause of anhidrosis in HSAN IV
might be found in brain regions, such as the preoptic hypothala-
mic area, that control thermoregulation (97). How thermoregula-
tory processes are integrated in the brain of HSAN IV patients and
TrkARSW mice, and how this leads to anhidrosis will need to be
clarified in future work.

In addition to the literature on heterozygous TrkA*/~ mice (98),
our results on sweat glands and internal organs suggest that the
sympathetic system is by and large not affected by the Trk AR6*OW
mutation and a possible explanation can be found during the
early stages of the development of some sympathetic neurons
that are dependent on GDNF-Ret signaling instead of NGF-TrkA
signaling (99-101).

HSAN 1V is also characterized by mental retardation and cog-
nitive deficits (75) reportedly similar to ADHD (65). Behavioral
tests revealed cognitive impairments in TrkARS*9W/m mice, as well
as general sociability and interest in social novelty, suggesting
a key role of the TrkARS*W in cognitive performance. In fact,
difficulty in establishing interpersonal relationships is considered
an exclusive trait of children with HSAN IV (32).

In conclusion, by exploiting suitable control animal models
such as HSAN V NGFRI0OW/m (54) and TrkA*/~ mice (54), we have
demonstrated that HSAN IV TrkAR*9W/m mice mimic the clinical
phenotype of HSAN IV patients and they can be considered an
experimental platform to explain the clinical aspect of HSAN IV
disease. Moreover, our results suggest unexplored roles of TrkA in
thermoregulation and sociability and offer promising new routes
for testing future therapies. The development of this transgenic
animal model can strongly help to broaden the knowledge about
the causes, onset and progression of HSAN IV and could provide
new knowledge about how the NGF-TrkA signaling affects both
nociception and pain perception, in order to isolate new candi-
dates for the development of innovative therapeutic strategies to
alleviate chronic pain.

Materials and Methods

Plasmids for TrkAWTand TrkAR***Wexpression in
cultured cells

Human TrkAWT cDNA sequence (isoform II) in pReceiver-MO03
(OmicsLink, ImaGenes, Berlin) was subcloned in pcDNA3.1
plasmid (Invitrogen). The mutation R649W was obtained starting
from wild type sequence in pCDNA3.1, using the QuikChange
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site-directed mutagenesis kit (Agilent) and a pair of specific
primers (Forward: CAT TTT GTG CAC TGG GAC CTG GCC ACA
CGC; Reverse: GCG TGT GGC CAG GTC CCA GTG CAC AAA ATG).
PCDNA3.1-human TrkAWT and pCDNA3.1-human TrkAR#W
plasmids were transfected in Hek293 cells to perform western
blot (WB) and ubiquitination assay described below.

The cloning to obtain S6-tagged human TrkA cDNA sequence in
an ‘all-in-one’ third-generation Tet-on lentiviral pTRE vector has
been described previously (49,102). This construct was used to
generate S6-tagged human TrkAR**W mutant, using QuikChange
site-directed mutagenesis kit (Agilent) and the same pair of
primers reported in the paragraph above. The mutant clone (S6-
tagged TrkAR®4W) was checked by DNA sequencing and used for
the transduction of immortalized and primary cells.

Cell culture and dorsal root ganglion neuron
primary cultures

SK-N-BE (2) (ATCC® CRL-2271™) and SH-SY5Y (ECACC 94030304)
cell lines were grown in Dulbecco’s Modified Eagle Medium
(DMEM)/F-12 medium supplemented with 10% fetal bovine
serum, 1% penicillin-streptomycin, 1% L-glutamine and 25 mM
HEPES. HEK293T/17 cells (ATCC® CRL-11268™) were grown in
DMEM high-glucose (4.5 g/l) medium supplemented with 10%
fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine,
1% sodium pyruvate. DRG neurons were prepared from neonatal
(P3-P4) wild type mice, by following the protocol described in
(51,64), and plated onto coverslips coated with 30 pg/ml poly-
D-lysine (Sigma-Aldrich) and 2 wg/ml laminin (Thermofisher).
Dissected neurons were maintained on coverslips in primary
neuron basal medium (PNBM, Lonza) supplemented with 1%
L-glutamine (Lonza), 0.1% gentamicin sulfate/amphotericin-B
(Lonza), 2% NSF-1 (Lonza) and 50 ng/ml of mouse NGF. Twenty-
four hours after seeding, 2.5 uM cytosine g-d-arabinoside (AraC,
Sigma) was added for inhibition of glia proliferation. Neuronal
culture medium was changed every 3-4 days, removing about 1/3
of the volume and substituting it with warm, fresh neuron growth
medium.

Western blot

Hek293 cells were transfected with pCDNA3.1-human TrkAWT and
PCDNA3.1-human  TrkARW  plasmids  following  the
manufacturer’s instructions for Invitrogen Lipofectamine 2000
(Thermo Fisher Scientific). Forty-eight hours of transfection,
Hek293 cells were stimulated with NGFWT (100 ng/ml) for
30 min or maintained in basal conditions and then lysed in
radioimmunoprecipitation assay (RIPA) buffer. Equal amounts
of cell extracts were resolved by SDS-PAGE (10%), transferred on
nitrocellulose membranes and probed overnight with primary
antibodies: anti-TRKA (1:1000, Cell Signaling #2505), anti-
phospho-TRKA (1:1000, Cell Signaling #9141), anti-Tubulin
(1:10000, Sigma #T6074). The primary antibody was detected
using an appropriate secondary antibody. To analyze the state
of ubiquitination of TrkA, samples were subjected to WB using an
anti-Ubiquitin (1:500, Santa Cruz P4D1) antibody that detects both
poly- and mono-ubiquitinated proteins. The signal was revealed
with ECL solutions (BioRad) and acquired using a ChemiDoc
system (BioRad). The optical density was quantified using the
Image] software (NIH).

Viral transduction of immortalized and primary
cells

Lentiviral particles containing S6-tagged TrkAWT or S6-tagged
TrkARSW  were produced and concentrated following the
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procedure described in Gobbo et al. (103). One day before
transduction, about 0.8 x 10° of SK-N-BE neuroblastoma cells
(ATCC) were seeded in a 30 mm-diameter culture dish and
incubated at 37°C, 5% CO,. On the day of transduction, after
the removal of all culture medium and two washes with PBS
(supplemented with 1 mm CaCl,, 0.5 mm MgCly), 0.36 ml of
non-supplemented DMEM/F12 medium containing 35 ul of
concentrated viral stock (1-2.5 x 107 infection-forming units per
ml) and 4 pg/ml polybrene (Sigma-Aldrich) was added to the
cultures. Cells were incubated at 37°C, 5% CO, for 1 h. Then, the
infection medium was replaced with complete neuroblastoma
cell medium to allow the transgene integration for at least 48 h.
Cells were then split and seeded in Willco glass-bottom dishes
for cell imaging and TrkA expression was induced by adding
0.05 ug/ul doxycycline in the cell medium.

For the transduction of neurons, the day after their plating
0.5 ml of warm PNBM supplemented with 4 pug/ml polybrene
was prepared and mixed with 35 ul of concentrated viral stock.
Then, the solution was vortexed for a few seconds to mix the
viral particles. The medium was carefully removed from neuron
cultures seeded on coated coverslips in 24-well plates, the solution
containing the virus was added to each well, and incubated at
37°C in a 5% CO, humidified chamber for 2 h. Then, the infec-
tion medium was removed and fresh PNBM supplemented with
50 ng/ml of mouse NGF and 2.5 uM Ara-C was added. Cells were
maintained at 37°C under 5% CO, humidified atmosphere for
48 h. Then transgene expression was induced by adding 1 ng/ml
doxycycline for additional 24 h before performing the experiment.

Single molecule Q-dot labeling of surface TrkA in
SK-N-BE cells

Forty-eight hours after the transduction, SK-N-BE cells were
starved at 37°C for 2 h. Then, surface receptors were labeled
with Qdot as described in (49). Briefly, cells were first biotinylated
with 0.5% BSA, 1 uM Sfp synthase, 10 mm MgCl, and 2 uM of coA-
biotin in starvation medium, for 30 min at 37°C. After two washes
in PBS, cells were incubated for 2 min at room temperature (RT)
with 2 nm Qdot® 655 streptavidin conjugate (Invitrogen) in borate
buffer pH 8.3, 0.5% BSA and 215 mwm sucrose. Cells were washed
with PBS and left in medium. Finally, cells were stimulated with
125 ng/ml NGF or maintained in starvation medium. The addition
of NGF was performed directly on the dish at the microscope, and
cells were imaged for a maximum of 15 min upon ligand addition.

Total internal reflection fluorescence imaging

Cells prepared as described above were imaged at 37°C, 5%
CO, with a Leica DM6000 microscope equipped with a TIRF-
AM module, incubator chamber, electron multiplying charge-
coupled-device (CCD) camera (ImagEM C9100-13, Hamamatsu),
and 100x oil immersion objective (NA 1.47). For live-cell imaging,
time series were acquired on a region of interest (ROI) with a
constant size of 32.7 x 34.5 um within the basal membrane of
each cell. Qdot655 was imaged using the 488 nm laser line,
FF01655/15 Semrock emission filter and a penetration depth
of 110 nm. The integration time per frame, corresponding to
the lag time between two consecutive frames, was set at 21 ms
and typical time series lasted 3000 frames. The analysis of TrkA
membrane dynamics was performed as reported in (50). We
also quantified the density of spots corresponding to labeled
membrane receptors by manually counting them and dividing
this number for the basal cell membrane area.

Single molecule internalization assay

The single molecule internalization assay of TrkA-WT versus
TrkA-R649W mutant transduced in SHSY5Y cells was performed
as previously described (49). Briefly, cells seeded in glass-bottom
WillCo dishes were starved for 2 h, receptors labeled with Qdot
and transferred at the TIRF microscope. The position of 4-5 fields
displaying labeled cells was saved at the automatized stage. Then,
125 ng/ml NGF was added to the medium and the cells of the
selected fields were followed in a time course of eight points (0,
5, 10, 15, 30, 40, 50 and 60 min). For each cell and time point, we
quantified the number of receptor spots per area. For comparing
the internalization time-course of different cells, we normalized
the spot density of each cell to its value at time 0. Cells with
similar expression levels were chosen, excluding those with a
number of moving receptors below 3.

Cell surface labeling of TrkA by Qdots and
immunofluorescence in DRG neurons

Forty-eight hours after the transduction, DRG neurons were
starved at 37°C for 1 h, then the membrane pool of receptors was
biotinylated in two steps: (i) 30 min at 37°C with 10 um Coenzyme
A-biotin, 10 mM MgCl, and 2 uM Sfp synthase resuspended in
cell medium and (ii) 60 min at 4°C with the same mix. Cells
were washed two times with Hanks’ Balanced Salt solution
(HBSS, Sigma Aldrich-55021C) and incubated with 125-ng/ml
NGF at 37°C for 60 min or were maintained in basal medium
condition. After three washes with HBSS, cells were labeled at 4°
for 15 min with 10 nM of streptavidin-Qdot (Qdot® 655 streptavidin
conjugate; Invitrogen) in borate buffer at pH 8.3, 0.5% BSA and
215 mM sucrose. Cells were washed five times with HBSS and
then fixed at RT for 15 min in PBS with 2% paraformaldehyde
(PFA) and 5% of sucrose. After four washes with HBSS, neurons
were permeabilized at RT for 5 min with a solution of PBS
supplemented with 2.5% BSA and 0.1% Triton-X100. Neurons
were blocked at RT for 1 h with a solution of 5% BSA in PBS
and incubated at RT for 2 h with anti-TrkA (Millipore, 06-574,
dilution 10 pg/ml) in PBS and 2.5% BSA. After three washes with
PBS, cells were incubated at RT for 1 h with anti-rabbit Alexa
488 antibody (Thermo Fisher, dilution 1:100). The coverslips were
finally mounted using Fluoroshield mounting medium (Sigma-
Aldrich). Qdot655 was imaged using the 488 nm laser line, FFO1-
655/15 Semrock emission filter and a penetration depth of 110 nm
while Alexa-488 using the 488 nm laser line with a 482-510
excitation filter and a 525/20 Leica emission filter.

For the analysis of the TrkA membrane versus total pool,
Image] software was used. In detail, the fluorescence value of
the background was subtracted in both Qdot (surface TrkA) and
Alexa647 (total TrkA) channels. Then, a mask was drawn around
the cell and the fluorescence intensity of Qdot655 (Iqdotess) and
Alexab47 (Ipexassy) Was measured. The fraction of surface S6-TrkA
was derived by calculating the Iqqotess/Ialexasay Tatio, assuming a
constant contribution of endogenous wt TrkA to the Iajexacsy Value.

Ethics statement on mouse experiments

All experimental procedures were performed in accordance with
the Ministry of Health guidelines (Legislative Decree n°26/2014)
and European Union 128 (Directive n°2010/63/UE) laws on animal
research. The experiments were carried out in accordance with
the ARRIVE guidelines (Animal Research: Reporting in vivo Exper-
iments) and the principles of the Basel Declaration, including
the ‘3R’ concept. Efforts were made to reduce the number and
discomfort of animals throughout the study.
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Generation of knock-in human TkrAR4Wmmjce

The mouse Nrk1 gene is located on chromosome 3 and extends
over 16.9 kb containing 17 exons separated by 16 introns, ATG
translation initiation codon located in exon 1, and the STOP codon
locatedin exon 17,5-UTR and 3’-UTR are located at 20 and 171 bp,
respectively.

To generate the human TrkAR*W/m™ mouse line, the start-
ing point was the targeting vector AMB1-Tg-pA, containing the
coding sequence of the human NTRK1 (TRKA), that was used
to generate the humanized wild-type TrkA knock-in mouse line
(AMB1-TrkA/170608). Both the targeting vector AMB1-Tg-pA and
the wild-type TrkA knock-in mouse line (AMB1-TrkA/170608) were
kindly provided by Glenmark Pharmaceuticals. This humanized
TrkAWT knock-in mouse line is based on the in-frame replacement
of the exon 1 coding sequence, as well as part of intron 1, of
the murine Ntrk1 gene by the complete coding sequence of the
human ortholog NTRK1 gene.

We performed a site-specific mutagenesis PCR to introduce
the HSAN IV R649W mutation in the targeting vector AMB1-Tg-
PA containing the coding sequence of the human NTRK1. The
mutated AflII-Fsel segment from the AMB-Tg-pA vector replaced
the AfIII-Fsel DNA segment of the vector AMB1-HR containing
the TrkA human cDNA, long and short homology regions and
the positive selection neomyecin gene flanked by LoxP sites. Both
plasmids AMB1-Tg-pA and AMB1-HR were supplied by Glenmark
Pharmaceuticals.

The final targeting vector AMB1-HR carrying the R649W muta-
tion in the humanized TrkA, was linearized prior to electropo-
ration, then transfected into R1p.15 cells (background SV129)
and positive clones were selected using neomycin resistance.
Then, positive clones were injected into blastocysts from C57BL/6
mice and chimeric animals were crossed with ‘Cre-deleter’ mice
expressing the Cre recombinase under the cytomegalovirus (CMV)
promoter (Jackson Laboratories), to remove the neomycin selec-
tion cassette.

Southern blot analysis and genotyping

Genomic DNA was extracted by means of phenol:chloroform:
isoamyl alcohol from cell clones electroporated with TrkARG4OW
targeting vector. DNAs were first incubated with Stul (for 5
screening), then positive clones were confirmed by Af1II digestion
(for 3’ screening). Digestions were run on a 0.8% agarose gel
O/N at 50 V. After a mild depurination and denaturation, gels
were blotted on nitrocellulose, and filters incubated with 5 or 3’
probes. The internal 5 probe was located within the 5" homology
sequence of TrkA targeting vector and detected an 11.3 kb band
in the wild-type allele and a 6.4 kb band in recombinant alleles.
The external 3’ probe was located downstream the 3’ homology
sequence of the TrkA targeting vector, and labeled a 6.4 kb band
in the wild-type allele and a 10.9 kb band in recombinant alleles.

Mice were genotyped by PCR. The following PCR primers were
used:

fw_human: 5-CTTGCTTGGCACTGTCCTCTCATGC-3'.

rev_human: 5'-TGCACAGCTAACCACTCCTCCATGG-3'.

fw_mouse: 5'-TGAGTGTGTGTCGTTCGGG-3'.

rev_mouse: 5-ATGGGCTTAGGAACTTGGGC-3".

Band sizes are: wild-type 343 bp, mutant 442 bp (Fig. 3B).

Behavioral analyses

All behavioral experiments were performed on TrkARG#W/m,
TrkAP™  NGFRI0OW/m and NGFM™ mice at 2 months of age. Both
male and female mice were included. All animals were kept under
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a 12 h/12 h light/dark cycle, with food and water ad libitum. The
experimenter was always blind to the genotype of the mice.

Cold sensitivity test

Mice were habituated for 30 min on an elevated platform with
mesh flooring. Acetone (50 ul; Sigma-Aldrich) was applied onto
the plantar surface of the hindpaw using a Hamilton syringe and
the responses were scored as a four-point score: 0=no response;
1=paw withdrawal; 2 =repeated flicking of paw; 3 =licking of the
paw. The acetone application was repeated six times by alternat-
ing the paw with an interval of 5 min. The frequency of response
(expressed as a percentage) and the mean of the type of response
(score response) was evaluated.

Hot plate test

Heat nociception was tested by hot plate test. After a habituation
period (30 min), mice were placed on a surface heated at 48°C
and the response latency, expressed as flicking or licking of the
hindpaw, was noted. In order to avoid injury to the mice, a cut-off
of 20 s was fixed.

Capsaicin injection test

To test the response to chemical noxious stimulus, capsaicin
(catalog #141000, Abcam) was injected into the hindpaw of mice.
Capsaicin was dissolved in dimethylsulfoxide (DMSO) and then
diluted in saline to obtain the final concentration equal to 9 ug/ul.
A total amount of 10 ul was injected in the ventral surface of the
hindpaw using a Hamilton syringe. After the injection, mice were
observed for 15 min and the time spent in licking the injected
paw was measured. Control mice were injected with 10 ul of 0.1%
DMSO in saline.

Tape response assay

Mice were acclimated in a plastic cage for 30 min. Then, a 3-cm
piece of adhesive tape was placed gently on the mouse’s back.
Mice were observed for 5 min and the total number of bouts in
response to the tape was recorded. Biting or scratching or ‘wet
dog shake’ motion was scored as a response (57).

Mechanical sensitivity

Mechanical sensitivity was measured using the Von Frey Dynamic
Plantar Aesthesiometer (Ugo Basile, Italy), which generates a
mechanical force linearly increasing with time. The cutoff force
was set at 20 g. After habituation (30 min) on an elevated platform
with mesh flooring, the plantar surface of the mice hindpaw
was stimulated by a single non-flexible filament and the force
intensity was scored.

Sweat assay

A slightly modified standard method of sweat assay was
performed (104). Mice were anesthetized (Zolpidem/xylazine 80-
10 mg/kg) and pilocarpine (catalog #P6503, Sigma) was injected
subcutaneously into the plantar surface of the foot (50 ug in
5 ul 0.9% saline). The injected paw was painted with 3.5% iodine
(catalog #207772, Sigma-Aldrich) in ethanol, followed by coating
with 10% starch solution in costar oil (both from Sigma-Aldrich).
Sweating induced by pilocarpine was revealed by black spots
formations on the plantar surface of the paw. The number of dark
spots was measured 2, 5 and 10 min later (62).

Spontaneous alternation Y-maze test

A polyvinylchloride (PVC) maze consisting of three identical arms
(40 x 13 x 10 cm) that converged at an equal angle was employed.
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Each mouse was placed in the center of the maze and allowed
to explore the arms freely during an 8-min session and recorded
by video (Noldus Ethovision XT). An entry was scored when the
mouse was at least halfway through an arm of the maze. An
alternation was scored when all three arms were entered in
consecutive events. The percentage of spontaneous alternations
(% SAP) was calculated according to the following formula: %
SAP=number of alternations/total entries x 100.

Novel object recognition test

The test was performed in 3 days. On day 1, mice were allowed to
explore the empty arena (60 x 60 x 30 cm) for 10 min (habituation
phase). On day 2, mice were exposed to two identical objects for
10 min to evaluate the total exploration time. On day 3, mice were
exposed to a familiar object (namely A) and a new novel object
(namely B) for 7 min (memory phase). The time spent exploring
each object was recorded every day. We calculated a preference
index by dividing the amount of time spent exploring the novel
object by the total time spent exploring both objects. Mettere
come e stato calcolato il preference index.

Elevated plus maze

The elevated plus maze consisted of two closed arms and two
open arms (each 30 x5 cm) extending from a central platform
at 90°. Mice were placed on the central platform and allowed to
freely explore the maze. The times spent in the open arms, closed
arms and center were measured.

Three-chamber social approach test

Social approach behavior in mice was tested in the three-chamber
apparatus as in (69), with minor modifications. First, the test
mouse was habituated to the apparatus for 10-min in the center
chamber, and then for additional 10-min with access to all three
chambers. Then, the first stranger mouse (namely S1) and a novel
object were placed into the two wire cups located in the opposite
chambers of the apparatus (sociability phase). The test mouse was
free to explore all three chambers for 10 min. The location of the
novel object and stranger mouse was alternated across subjects.
The time spent with the stranger mouse or the novel object was
recorded. After the sociability phase, to evaluate the preference
for social novelty, the test mouse was exposed for 10-min to a
second novel stranger mouse (namely S2), which was placed into
the wire cup where the object was previously located.

Immunohistochemistry

TrkAM™ and TrkARS4OW/m mice were transcardially perfused with
4% PFA in PBS (pH 7.4%) and brains were dissected and post-fixed
in the same solution, then cryoprotected in 30% sucrose in PBS for
72 h. About 45 um-thick coronal sections were obtained using a
freezing sliding microtome (Leica) and were collected in PBS and
then immediately processed for immunohistochemistry. In detail,
brain sections were washed three times in TBS with 0.3% Triton X-
100, then treated with 3.5% H,0, in TBS to inactivate endogenous
peroxidases. Brain sections were treated with 10% FBS-0.3% Triton
X-100in TBS blocking solution for 30 min at RT. Then, the primary
antibody (goat anti-ChAT 1:500 #AB144P, Millipore) was diluted in
the same blocking solution and incubated 4°C O/N. The following
day, after washing in TBS, the biotinylated anti-goat secondary
antibody (Vector Laboratories) was diluted in 10% FBS in TBS for
3 h at RT. Sections were incubated in Vectastain ABC HRP Kit
(Vector Laboratories) in PBS for 1 h and subsequently incubated in
3,3’-diaminobenzidine HCl (DAB, Sigma-Aldrich) and the enzyme
Glucose Oxidase Type VII (Sigma-Aldrich) in TBS solution. The

reaction was stopped within 10 min. Lastly, stained sections were
mounted on glass slides, coverslipped using DPX Medium and
acquired with a Nikon Eclipse E600 optical microscope. ImageJ
program was used to measure the density of immunoreactive
cells. Whole mount staining was performed on internal organs
dissected from P0.5 pups, O/N fixed in 4% 273 PFA, then dehy-
drated in methanol series, followed by O/N quenching of endoge-
nous peroxidases in 12 274 80% methanol, 17% DMSO, 3% H,0,.
After rehydration, samples were blocked in 4% BSA, 1% 275 Triton
X-100 in PBS, and incubated with 1:200 anti-TH antibody diluted
in the same blocking 276 solution for 72 h at 4°C. The signal
was revealed by incubation with HRP-conjugated anti-rabbit 277
antibody (1:200 Santa Cruz sc-2004) diluted in blocking solution
O/N at 4°C, followed by DAB 278 processing. Finally, samples
were cleared using a 2:1 solution of benzyl benzoate and benzyl
279 alcohol (BABB). Samples were imaged using a 4x objective
and optical 280 density of the signal was quantified with the
experimenter blind to the animal’s genotype.

Skin and DRG immunofluorescence

DRG and skin (hairy and glabrous) were dissected and fixed with
4% PFA for 2 h or O/N 4°C, respectively. Tissues were cryoprotected
in 30% sucrose in PBS O/N at 4°C, then embedded in OCT medium
(Leica). Both DRG and skin were sectioned at a thickness of 40 um
using a cryostat (Leica). Sections were then treated with cold
50% ethanol for 30 min, followed by 2% BSA-0.3% Triton-X in
PBS blocking solution for 1 h at RT, and finally incubated with
primary antibodies in blocking solution O/N at 4°C. Secondary
antibodies were diluted in blocking solution and incubated for 2 h
at RT. Sections were mounted using DAPI-Fluoroshield™ Medium
(Sigma). All images were acquired at 40x with a Leica SP2 confocal
microscope and analyzed with Image]J-Fiji (NIH, MD, 312 USA).

The following primary antibodies were used: 1:300 mouse anti-
TRPV1 (Neuromics), 1:50 mouse anti-TrkA (MNAC13, 5.4 ug/ul)
(105), 1:200 mouse anti-CGRP (Immunostar), 1:100 isolectin GS-B4-
biotin conjugate (Invitrogen), 1:300 guinea pig anti-PV (Synaptic
Systems), 1:200 rabbit anti-TH (Millipore), 1:500 mouse anti-NF200
(Sigma), 1:200 rabbit anti-PGP9.5 (Dako-Agilent), 1:300 guinea pig
anti-VAChT (Synaptic System). All Alexa-conjugated secondary
antibodies were used at 1:1000 concentration.

Statistical analysis

Data were analyzed using SigmaPlot 13 (Systat Software). Data
are plotted as mean + SEM. Details on the specific statistical tests
used are reported in figure legends.

Supplementary material

Supplementary material is available at HMG online.
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