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Tachykinins modulate nociceptive
responsiveness and sensitization:
In vivo electrical characterization
of primary sensory neurons in
tachykinin knockout (Tac1 KO) mice
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Abstract

Since the failure of specific substance P antagonists to induce analgesia, the role of tachykinins in the development of

neuropathic pain states has been discounted. This conclusion was reached without studies on the role of tachykinins in

normal patterns of primary afferents response and sensitization or the consequences of their absence on the modulation of

primary mechanonociceptive afferents after injury. Nociceptive afferents from animals lacking tachykinins (Tac1 knockout)

showed a disrupted pattern of activation to tonic suprathreshold mechanical stimulation. These nociceptors failed to encode

the duration and magnitude of natural pronociceptive stimuli or to develop mechanical sensitization as consequence of this

stimulation. Moreover, paw edema, hypersensitivity, and weight bearing were also reduced in Tac1 knockout mice 24 h after

paw incision surgery. At this time, nociceptive afferents from these animals did not show the normal sensitization to

mechanical stimulation or altered membrane electrical hyperexcitability as observed in wild-type animals. These changes

occurred despite a similar increase in calcitonin gene-related peptide immunoreactivity in sensory neurons in Tac1 knockout

and normal mice. Based on these observations, we conclude that tachykinins are critical modulators of primary nociceptive

afferents, with a preeminent role in the electrical control of their excitability with sustained activation or injury.
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Introduction

Tachykinin peptides participate in numerous important

physiological processes in nervous, immune, and respi-

ratory systems, among others. In the somatosensory

system, the tachykinins substance P (SP), neurokinin

A, neuropeptide K, and neuropeptide Y are all encoded

by the Tac1 gene and are synthetized by C and Ad
nociceptive primary sensory neurons projecting to

nociceptive and nonnociceptive specific laminae of the

spinal dorsal horn.1–3

A disruption in tachykinin signaling results in a

diminished nociceptive behavioral response evoked by

mild mechanical stimulation in different pain models in
mice lacking the preprotachykinin A gene (termed Tac1
knockout (Tac1 KO))4–6 and those lacking neurokinin-1
receptors.7 However, the precise function of these tachy-
kinins in the modulation of nociceptive afferent function
and signaling remains unclear.
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These seminal studies proposed that tachykinins act
through their central7 release in the superficial laminae
of the spinal cord, ultimately inducing central sensitiza-
tion.8–10 Later studies showed that these tachykinins also
trigger local release of pro-inflammatory factors11,12 that
induce plasma extravasation (neurogenic inflamma-
tion13) and ultimately peripheral sensitization. This
study focuses on an alternative hypothesis that tachyki-
nins directly modulate the nociceptive encoding func-
tions of peripheral sensory neurons, resulting in the
enhanced responsiveness observed in primary neuronal
sensitization. To test this hypothesis, we study the
response patterns of sensory afferents in Tac1 KO and
wild-type (WT) mice using two models: first, in vivo
intracellular recordings in dorsal root ganglia (DRG)
neurons in naive animals before, during, and after inten-
sity- and duration-controlled suprathreshold mechanical
stimulation; and second, similar electrophysiological
studies 24 h after a paw incision.

Since a thorough direct functional characterization of
peripheral sensory neurons in relation to nociceptive
behaviors has not been done in Tac1 KO (vs. WT), we
have compared behavioral (hypersensitivity) and edema
(paw circumference) responses in WT and Tac1 KO mice
before and after paw incision. Then, we assessed the
proportion of sensory neuron subtypes, their passive
and active electrical properties, and their mechanical
threshold in WT and Tac1 KO naive mice, and those
after paw incision. Since other factors such as calcitonin
gene-related peptide (CGRP) or the transient receptor
potential cation channel vanilloid 1 (TRPV1) influence
the development of peripheral sensitization,14–16 we also
characterized the changes in immunoreactivity of these
in DRG neurons in which they were expressed or co-
expressed in our models. This characterization allowed
us to determine the type of changes that occur following
peripheral sensitization and how lack of tachykinins
altered responses to paw incision. These studies guided
our studies using the second model to directly test our
hypothesis. Importantly, some reports indicate that
TRPV1-positive neurons colocalized with CGRP, SP,
as well as IB4 in both trigeminal and DRG neurons in
the rat.17 However, in mice, this receptor has been
show nonrelated to the IB4-binding population and
more widely distributed along both CGRP- and SP-
positive neurons.18

From a responsiveness stand point, the activation of
nociceptive afferents leads to the generation of action
potentials (APs) and the release of neuropeptides from
multiple areas (at least at peripheral and central nerve
endings).19–21 In this context, it appears only logical to
question if the absence of these neuropeptides modulates
the response patterns of nociceptive afferents prior
to confounding effects (e.g., inflammation, tissue
injury). Unfortunately, since the development of viable

tachykinin knockout mice (B6.Cg-Tac1tm1Bbm/J),5 no
detailed electrophysiological study has examined
the potential modulatory effects of neurokinins in the
patterns of responsiveness of peripheral afferents.

This study aims to fill this gap in our knowledge and
to clarify whether the absence of these tachykinins alters
the manner that nociceptive and nonnociceptive affer-
ents react to acute peripheral tissue damage (paw inci-
sion). Furthermore, we study the patterns of activation
of mechanosensitive afferents to controlled stimulation
and their sensitization in the absence of tachykinin
neuropeptides.

Methods

Animals

Sixteen male mice (eight C57BL/6J (WT) and eight B6.
Cg-Tac1tm1Bbm/J (Tac1 KO)), four to six weeks of age,
were used (The Jackson Laboratory, Bar Harbor, ME,
USA). Eight animals, four of each breed, were studied in
protocols examining the normal patterns of response to
mechanical stimulation and sensitization of different
subtypes of nociceptive and nonnociceptive primary sen-
sory neurons. Eight other animals, four of each breed,
were studied in protocols to determine the effect of paw
incision on mechanical sensitivity. Animals were housed
in pairs, in a climate-controlled room under a 12-h light/
dark cycle. The use and handling of animals were in
accordance with guidelines provided by the National
Institutes of Health and the International Association
for the Study of Pain, and all procedures and experi-
ments were approved by the Institutional Animal Care
and Use Committee of Wake Forest University
Health Sciences.

Electrophysiology

Animals in both experimental groups (normal and with
paw incision) were deeply anesthetized with isoflurane
3% (Teva Pharmaceuticals, North Wales, PA, USA).
The trachea was intubated, and the lungs ventilated
using pressure-controlled ventilation (Inspira PCV,
Harvard Apparatus, Holliston, MA, USA) with humid-
ified oxygen. Heart rate and noninvasive blood pressure
were monitored throughout as a guide to depth of anes-
thesia. Inspired end tidal isoflurane concentration was
maintained at 2% throughout the study. A dorsal inci-
sion was made in the thoraco-lumbar midline, and the
L4 DRG and adjacent spinal cord were exposed by
laminectomy as described previously (Figure 1(a)).22

The tissue was continuously superfused with oxygenated
artificial cerebrospinal fluid ((in mM): 127.0 NaCl, 1.9 KCl,
1.2 KH2PO4, 1.3 MgSO4, 2.4 CaCl2, 26.0 NaHCO3, and
10.0 D-glucose). The spinal column was secured using
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custom clamps, and the preparation was transferred to a
preheated (32�C–34�C) recording chamber where the
superfusate temperature was slowly raised to 37�C�
0.2�C using an infusion pump (MPRE8; Cell
MicroControls, Norfolk, VA, USA). Pool temperature
adjacent to the DRG was monitored with a thermocouple
(IT-23; Physitemp, Clifton, NJ, USA). Rectal

temperature (RET-3; Physitemp) was maintained at
34�C� 1�C with radiant heat.

The electrophysiological recordings from each animal
were limited to a maximum duration of 75min in order
to diminish the likelihood that experimental manipula-
tion would result in sensitization. DRG neuronal somata
were impaled with quartz micropipettes (80–250MX)
containing 1M potassium acetate. Direct current
output from an Axoclamp 2B amplifier (Axon
Instruments/Molecular Devices, Sunnyvale, CA, USA)
was digitized and analyzed off-line using Spike2 (CED,
Cambridge, UK). Sampling rate for intracellular record-
ings was 21 kHz throughout (MicroPower1401; CED).

Cellular classification protocol

Although the general procedure to classify primary sen-
sory afferents was applied as described in Boada et al.,23

the receptor field (RF) search procedure was modified to
always begin at the center of the animal’s right paw in a
concentric pattern (to first cover the glabrous skin of the
paw and then extended to the hairy skin of the limb),
20 mm below the skin midline surgical wounded area
(animal’s back). RFs were located with the aid of a ste-
reomicroscope using increasing mechanical stimulation;
the latter progressed from light touch with a fine sable
hair paintbrush to searching with blunt probe (back of
the paintbrush) and ultimately gentle to strong pinch
with fine-tipped forceps. Based on the combination of
their mechanical threshold, conduction velocity (CV)
and dynamic response (phasic: on–off; tonic) neurons
were classified into three groups: LTMRs (low-threshold
mechanoreceptors), AHTMRs (A-fiber high-threshold
mechanoreceptors), and C-fiber high-threshold mecha-
noreceptors (CHTMRs). Specific cellular subtypes such
as slowly adapting (SA) tactile afferent neurons (SAI
and SAII), C-polymodal nociceptor (nociceptors that
saturate their responses well below the mechanical noci-
ceptive thresholds in human)24–27 and nonelectrically
excitable cells were excluded from this study.

Cells that were electrically excitable but without
mechanical RF were separated in two different popula-
tions based on the shape of the AP:23,28–30 neurons with
inflection in the repolarizing phase (S-type neurons) and
neurons without this inflection (F-type neurons).
To more clearly determine the presence of this inflection,
the differentiated records of the AP were used (presence
or absence of a second additional negative component in
the time course of the AP derivative). Since RF proper-
ties, especially response characteristics, were used to
define differences in the fast-conducting afferents
(those without inflected APs), the ability to accurately
define and categorize these two populations further was
not possible. After electrical characterization, nonper-
ipherally excitable afferent and afferents identified as

Figure 1. (a) Schematic diagram of the L4 intracellular recording
from neurons in the L4 dorsal root ganglia, the area of search for
the cellular RF in its dermatome (light gray area) and the region on
the ipsilateral paw were the incision was performed (right dia-
gram). (b) Explanative diagram of the stages used in the current
protocol (BI), the physiological parameter evaluated in every stage
(BII), and the applied stimuli (BIII) (cellular basal properties (white
box), BII: receptor field identification (RF ID), somatic electrical
properties (SEPs), normal mechanical threshold (MT1); controlled
mechanical stimulation (light gray box), BII: normal rapid adaptative
response RA 1

R

� �
and normal slow adaptative response (SAR),

mechanical); and mechanical sensitization (dark gray box), BII: sen-
sitized rapid adaptative responses RA 1

R

� �
and sensitized mechanical

threshold (MT2)) and the stimuli used in every case (BIII) indicated
by the squared trace (Ic pulses: injected current pulses; VFH: Von
frey hair; eP: peripheral electrical stimulation pulse; CV: conduc-
tion velocity). (c) Flowchart, procedures and classification of the
neurons included in the study in WT (C57BL/6J) and Tac1 KO (B6.
Cg-Tac1tm1Bbm/J), per cellular subtype: (LTMR: low-threshold
mechanoreceptors; A-HTMR: A-fiber high-threshold mechanore-
ceptor (AHTMR); C-HTMR: C-fiber high-threshold mechanore-
ceptor (CHTMR); F-type: fast AP dynamic mechanically
unresponsive; S-type: slow AP dynamics mechanically unrespon-
sive; MS: muscular spindle).
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muscular spindles were noted to be included in the dis-
tribution but not otherwise examined.

All included cells satisfied the following requirements:
resting membrane potential (Em) more negative than
�40 mV, AP amplitude �30 mV, and the presence of
after hyperpolarization (AHP). Passive membrane prop-
erties indicative of poor impalement (extremely low
input resistance (Ri) and/or extremely short time con-
stant (tau, s)) were also reasons for exclusion. Fiber
CV was always measured at the end of the recording.

Mechanical sensitivity and cellular excitability

Peripheral and somatic cellular excitability were mea-
sured at three stages (Figure 1(b)): (1) cellular basal
properties, (2) controlled mechanical stimulation, and
(3) mechanical sensitization.

1. Cellular basal properties: This protocol applied to
both groups (normal and paw incision) and included:
Cell and RF characterization, somatic electrical prop-
erties (SEPs), and afferent CV.
a. Cell and RF characterization (RF identification):

After identifying the cellular RF area of respon-
siveness to the search stimulus, the area was
marked using a red fine point marker. This initial
procedure was performed in a gentle manner to
avoid damaging the skin (as assessed visually by
lack of development of erythema, edema, glossi-
ness, etc.).

b. SEPs: Active membrane properties of all excitable
neurons were analyzed in APs obtained during
RF characterization. These parameters included
amplitude and duration of the AP and AHP of
the AP, along with the maximum rates of spike
depolarization and repolarization; AP and AHP
durations were measured at half amplitude (D50
and AHP50, respectively) to minimize
hyperpolarization-related artifacts. Passive prop-
erties analyzed were Em, Ri, Tau, and where pos-
sible, rheobase; all but the latter were determined
by injecting incremental hyperpolarizing current
pulses (Ic pulses: �0.1 nA, 500ms) through bal-
anced electrodes.

c. Mechanical thresholds (Figure 1(b), MT1) were
determined with calibrated von Frey filaments
(Stoelting, Wood Dale, IL, USA), activating the
most sensitive area of the cellular RF.
Postdischarge hyperpolarization (PDH)31 was
evaluated during this procedure (paw incision)
and during controlled mechanical stimulation
(control) after and before tonic stimulation
(see below).

d. CV. Because intact lumbar DRGs serve multiple
nerves, spike latency was obtained by stimulating

the RF at the skin surface using a bipolar elec-
trode (0.5Hz, current range: 0.1–1.2mA) and a
stimulus isolator (A360LA; WPI, Sarasota, FL,
USA); this was performed following all-natural
stimulation to prevent potential alterations in
RF properties by electrical stimulation. All meas-
urements were obtained using the absolute mini-
mum intensity required to excite neurons
consistently without jitter; this variability (jitter)
in the AP generation latency (particularly at sig-
nificantly shorter latencies) seen at traditional
(i.e., two- to three-fold threshold) intensity has
been presumed to reflect spread to more proximal
sites along axons. Stimuli ranged in duration from
50 to 100 ms; utilization time was not taken into
account. Conduction distances were measured for
each afferent on termination of the experiment by
inserting a pin through the RF (marked with ink
at the time of recording) and carefully measuring
the distance to the DRG along the closest nerve.

2. Controlled mechanical stimulation. This procedure
was applied only to normal animals and included
vibratory stimulation and tonic stimulation.
a. Vibratory stimulation. Cellular rapid adaptative

response (RAR) was evaluated by applying rapid
nonnociceptive mechanical stimulation (vibra-
tion) directly on the most sensitive area of the
cellular RF. For this purpose, we used either a
tuning fork (256 Hz) (LTMR and HTMR) or
vibration pulses (HTMR): Pulses of 500 ms
(inner cycle: 10-100 Hz) at 2 Hz were delivered
by a 1-mm hollow crystal probe (0.2 gr) attached
to an 8-ohm speaker and controlled by a pulse
generator (Grass S44 stimulator; Grass
Instruments, West Warwick, RI, USA) connected
to a function generator (Wavetek 188-S-1257, San
Diego, CA, USA). The probe tip was flamed and
polished to eliminate skin damage and its offset
set to maintain contact with the skin during the
stimulation. Maximum tip displacement during
the stimulation at 10 Hz using squared pulses
was �0.25 mm. Both cellular initial responsive-
ness (1:1) and habituation patterns to this stimu-
lation were evaluated (Figure 1(b), RA1

R).
b. Tonic stimulation. Cellular slow adaptative

response (SAR) was evaluated by applying tonic
calibrated mechanical stimulation directly on the
most sensitive area of the cellular RF. A calibrat-
ed clamp (120 gf, 0.12 N) (TKL-1-120,
AROSurgical, Newport Beach, CA, USA) was
applied by hand in a steady motion perpendicular
to the cellular RF (90�). The clamp surface was
previously marked to ensure only to clamp
1.5 mm2 of skin. This stimulus was applied with
different durations and patterns depending on the
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cellular identity. LTMRs: 3 consecutive applica-

tions, 10 s each separated by 10 s. HTMRs: 1

application, 120 s. Several properties were ana-

lyzed: response duration (s), maximal instanta-

neous frequency (IFmax) (Hz), adaptation rate

(phasic or tonic), and response dynamics: Rising

phase (RP) between the first cellular activation

until it reached the IFmax, falling phase (FP)

between IFmax to its 10% of the maximum IF

(IF10%)), and response plateau from IF10% to

the end of the response. These phases were eval-

uated independently in every afferent in terms of

the number of APs per phase, the time per phase,

the mean IF (IFmean) (�standard error (SE)),

and the slope of change in AP frequency during

each phase. AP electrical characteristics and mem-

brane potential values were analyzed at the begin-

ning and end of the cellular tonic activation

(Figure 1(b), SAR)
3. Mechanical sensitization: After tonic mechanical

stimulation, the response to vibratory stimulation

(Figure 1(b), RA2
R) and the afferent mechanical

threshold (Figure 1(b), MT2) and response to brush-

ing were retested and compared with data obtained

earlier for that afferent.

Incision

One week after arrival baseline paw withdrawal thresh-

old was determined, and paw incision surgery was per-

formed as described previously.32 Briefly, mice were

anesthetized with isoflurane in oxygen (3% induction,

1.5%–2% maintenance), the right hind paw was asepti-

cally cleaned with 10% povidone-iodine solution, then a

5-mm longitudinal incision was made in the plantar

aspect of the paw approximately 5 mm from the edge

of the heel using a No. 11 scalpel. The adjacent muscle

and ligaments were elevated for 6–8 s using curved for-

ceps. The surgery was carried out under sterile condi-

tions. The incision was closed using 5-0 nylon

mattress sutures.

Paw edema

Paw edema was determined by measuring the circumfer-

ence of the paw before the surgery and at the beginning

and end of each behavioral evaluation, as described pre-

viously.33 Mice were briefly anesthetized with 1.5%–2%

isoflurane in oxygen, and the circumference of the right

and left paws was measured using a 4-0 silk thread that

was placed around the center of the incision. The length

of the thread was then measured using a calibrat-

ed caliper.

Behavioral tests

Behavioral assessments were performed before 24 h after
paw incision. For mechanical withdrawal threshold
assessment, mice were placed on a mesh floor in a plastic
cage and acclimatized to the environment for at least
three consecutive days before surgery and for 30 min
prior to testing. Paw withdrawal threshold was deter-
mined by applying calibrated von Frey filaments
(Stoeling, Wood Dale, IL, USA) to the plantar
aspect of the paw and lateral to the incision. We used
the up–down statistical method as described previous-
ly.33 A positive response was noted when the animal
rapidly withdrew the paw or when flinching was
observed after the stimulation.

For static weight bearing, we utilized the incapaci-
tance test using an incapacitance meter apparatus
(Stoelting, IL, version 5.64). Mice were habituated to
the apparatus at least three consecutive days before sur-
gery. The apparatus consists of two calibrated weight
plates that measured the weight that the animal distrib-
uted between hind paws. Mice were placed on top of the
calibrated weight plates, and at least six measurements
of their body weight were taken every 3 s. The ratio of
body weight distribution was calculated by dividing the
averaged value of the paw ipsilateral to surgery by the
value of the contralateral paw. The baseline values of
noninjured animals were similar or equal to 1. A ratio
less than 1 indicates that the animal distributed their
weight on the noninjured limb. All behavioral measure-
ments were performed by an observer who was blinded
to genotype.

Immunocytochemistry

Tissue preparation. Follow the electrophysiological experi-
ments, the thorax was opened, and fixative (4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4) was
perfused through the left ventricle with a peristaltic
pump at 20 ml/min for 15 min. Ipsilateral L4 DRGs
were then identified, removed, and immersed in fixative
for 2 h at 4�C. Afterward, ganglia were washed 0.01M
phosphate-buffered saline (PBS) and immersed in 30%
sucrose at 4�C for cryoprotection until sectioned on a
cryostat. Sections (18 lm) were collected on slides and
stored at �80�C until processed. Sections from three
animals per group were processed simultaneously and
antibodies for SP, CGRP and TRPV1 carboxy terminus
were used. Sections were washed with PBS with 0.1%
Triton X-100 (PBST), incubated 1 h in blocking solution
(1.5% normal donkey serum (#017–000-121; Jackson
Immuno Research Labs, West grove, PA, USA) in
PBST and overnight at 4�C with the following primary
antibodies: rat anti-SP (1:500, #556312; BD Biosciences,
San Jose, CA, USA), rabbit anti-CGRP (1:10 000,
#C8198; Sigma, St. Louis, MO, USA), and guinea pig
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antivanilloid receptor 1 (1:1000, #GP14100; Neuromics,

Edina, MN, USA). Afterward, sections were washed

three times for 10 min with PBS and incubated 2 h at

room temperature with the corresponding secondary

antibodies: donkey antirat cyanine 2 (1:400), antirabbit

cyanine 3 (1:500), and antiguinea pig cyanine 5 (1:500)

(Jackson Immuno Research Labs, West Grove, PA,

USA). Finally, sections were washed thoroughly in

PBS, mounted on plus-slides, air-dried, dehydrated in

ethanol, cleared in xylene, and cover slipped with DPX

mounting media (a mixture of distyrene, a plasticizer,

and xylene used as a synthetic resin mounting media).
TRPV1 antibody specificity was tested using a block-

ing peptide following the manufacturer’s instructions

(#P14100; Neuromics, Northfield, MN, USA). There is

not a commercially available blocking peptide for rabbit

anti-CGRP (#C8198; Sigma, St. Louis, MO, USA)

although this antibody is being previously used in

mouse tissue.34 TRPV1, SP, and CGRP antibody specif-

icity were also verified by deletion of the primary anti-

body (data not shown).

Image acquisition and analysis

Images from three to five randomly selected sections

were captured with a CCD digital camera attached to

a Nikon E600 epifluorescence microscope with a 20�
objective. Images obtained were coded so the experi-

menter performing image analysis was blinded to

group. Images were quantified using Image J (U.S.

National Institutes of Health, Bethesda, MD, USA,

http://imagej.nih.gov/ij/,997–2011). Cells were randomly

selected using a macro for a cross grid (grid size¼ 4900

mm2). They were selected for further analysis if they were

positive for the marker (SP or CGRP) and if their

boundaries overlap with any cross in the grid. Once

selected, the area of these neurons was outlined manu-

ally through cell body boundaries and the intensity of

immunostaining to SP or CGRP was quantified auto-

matically in pixels. An adjacent area to the cells was
used to define the background to be subtracted from

each measurement. The number of pixels was then divid-

ed to each neuron area, and the average was calculated

per animal and per group. These positive cells for SP or

CGRP were qualitatively analyzed to define whether

they were also immunoreactive to the other markers

(double and/or triple positive).

Statistical analysis

Prior to analysis, parametric assumptions were evaluat-

ed for all variables using histograms, identification of

outliers with boxplots, descriptive statistics, and the

Shapiro–Wilk test for normality. Data are reported as

medians (range) if not normally distributed or means

(SE) if normally distributed. Student’s t test and repeat-
ed measures analysis of variance (ANOVA) were used
for normally distributed data, and Friedman test and
Mann–Whitney U test were used for not normally dis-
tributed data. Changes in Em in AHTMR over time
were analyzed using repeated measures ANOVA with
Greenhouse and Geisser sphericity correction as distri-
butions at each time point proved to be parametric, and
there were no significant outliers. Friedman tests were
run on number of APs per stimuli and duration data as
the distributions were nonparametric at one or more
time points in each dependent variable. For all analyses,
p was set at 0.05 for statistical significance. All post
hoc analyses were Bonferroni adjusted. Analyses were
carried out using SPSS Statistics for Windows, version
22 (IBM Corp., Armonk, NY, USA) and Origin 9.5
(Northampton, MA, USA).

Results

Intracellular recordings were obtained in 125 sensory neu-
rons innervating the L4 dermatome from 16 animals. The
distribution of cell classifications in WT and Tac1 KO
under normal conditions and 24 h after surgery is shown
in Figure 1(c). Of note, approximately one-third of cells
were LTMRs, approximately one-fourth were AHTMRs,
and approximately one-tenth were CHTMRs with no sig-
nificant difference between WT and Tac1 KO in either
normal or incision groups.

Normal animals

Baseline mechanical thresholds (MT1) and vibratory

stimulation. All LTMR afferents collected from both
breeds followed the 256 Hz tuning fork (TF) and 10
Hz vibration application with fidelity, responded to
brushing and had similar MT1 (WT: 0.07 mN (range
0.07–0.7 mN) vs. Tac1 KO: 0.19 mN (range: 0.07–0.7
mN)). Conversely, none of the HTMR afferents in
both breeds responded to these stimuli and showed sim-
ilarly high MT1 (AHTMR: WT: 588 mN (range: 147–
588 mN) vs. Tac1 KO: 588 (range: 588–980 mN);
CHTMR: WT 588 mN (range: 588–980 mN) vs. Tac1
KO: 588 mN (588–980 mN)). AHTMRs were the only
afferents that displayed long-lasting PDH as previously
described31 after their initial activation (WT: 6 mV� 0.2
vs. Tac1 KO: 4 mV� 0.5). No significant difference was
detected between WT and Tac1 KO in other electrical
parameters in any of the different subtypes of afferents
(Table 1).

Tonic stimulation. In general, WT and Tac1 KO LTMRs
responded exclusively and briefly to the initial contact of
the clamp and its removal (see below), whereas nocicep-
tive afferents (A and C HTMRs) slowly adapted to this
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stimulus. Importantly, nociceptive afferents from WT
animals responded for the full duration of the stimulus
with three clearly observable stages (rising, falling, and
plateau; example of one cell in Figure 2(a)). In contrast,
AHTMR afferents from Tac1 KO animals adapted more
rapidly than those from normal animals, failing to
encode the stimulus duration. In addition, CHTMR
responses differed markedly between Tac1 KO and
normal animals, the former having a sustained effect at
high frequency for over 30 s, followed by rapid failure to
respond and marked reduction in membrane potential
(Figure 2(b)). Cell population responses are summarized
below.

LTMRs: All these afferents responded to tonic stim-
ulation in an on–off manner discharging only to the
clamp application and its removal. The on response
was brisk with 17.4� 3.1 APs in WT and 20.1� 2.8
APs in Tac1 KO, and the two breeds did not differ in
either IFmax (WT: 169� 11 and Tac1 KO: 183� 5 Hz)
or in time to adaptation (on duration WT: 0.5� 0.09 and
Tac1 KO: 0.3� 0.09 s). Cells from both breeds were also
similar in the number of APs on clamp removal (WT:
6.1� 1.5 and Tac1 KO: 8.2� 2 APs).

HTMRs-WT: All these nociceptive afferents showed
a tonic response to the clamp application, discharging
during the full duration of the stimulus (120 s). Of
these, 6 of the 10 cells (3 AHTMRs and 3 CHTMRs)
also developed low-frequency (� 0.1 Hz) spontaneous
activity after the stimulus that lasted longer than 60 s.
However, several differences were observed between
these nociceptors. AHTMRs responded with signifi-
cantly more APs per stimulus (281� 67) than
CHTMRs (82� 21; p< 0.05) and with significantly
higher IFmax (141� 18 Hz) than CHTMRs (29� 15
Hz; p< 0.01).

RP: This was the shortest phase of cellular response,
reaching the IFmax in 0.3� 0.1 s in AHTMRs and
0.6� 0.1 s in CHTMRs. Although both types of nocicep-
tors discharged a similar number of APs during
this phase (AHTMRs: 19� 5 vs. CHTMRs 11� 2),
the IFmean was significantly greater in AHTMRs

(82� 5 Hz) than in CHTMRs (15� 7 Hz; p< 0.001).
FP: AHTMR response fell to a plateau faster

(1.2� 0.3 s) than that of CHTMRs (4� 0.9 s; p< 0.05).
Despite the shorter duration of this phase in AHTMRs,
they discharged more APs during this period (57� 9)
than CHTMRs (19� 5; p< 0.05) due to a higher
IFmean (AHTMR: 72� 16 vs. CHTMR:

11� 8Hz; p< 0.05).
Plateau response: This phase represented �96% of the

cellular response (AHTMRs: 118� 2; CHTMRs

111� 1 s), AHTMRs discharged significantly more APs
during this phase (174� 34) at a higher IFmean
(5.4� 0.9 Hz) than CHTMRs (54� 15 APs; 1.5� 0.9 Hz;
p< 0.05 for both).

HTMRs-Tac1 KO: None of nociceptive afferents
responded through the full 120 s of tonic stimulation,
with a similar duration of response (AHTMRs
53� 10 s, CHTMRs38� 10 s). In contrast to WT noci-

ceptors, AHTMRs from Tac1 KO mice discharged
significantly fewer APs than CHTMRs during stimula-
tion (AHTMRs: 180� 39 vs. CHTMRs: 833� 313;
p< 0.01) but, like WT, did display a higher IFmax
(AHTRMs: 119� 24 Hz vs. CHTMRs: 33� 1Hz;

p< 0.05). This unexpected difference in the pattern of
discharge of these afferents was due to changes in the
response dynamics and the duration of the RP and FP of
their adaptive response to tonic stimulation.

RP: Unlike in WT mice, AHTMRs reached IFmax
much quicker than CHTMRs (0.4� 0.1 vs. 14� 5 s,

Table 1. Normal animals’ basal somatic cellular electrical properties.

Normal

Passive electrical properties

Active electrical properties

Spike AHP

Type N

CV

m/s Em (mV) Ri (MX) T (ms)

Amplitude

(mV)

D50

(ms)

MDR,

(dV/s)

MRR

(dV/s)

Amplitude

(mV)

AHP50

(ms)

WT LTMR 14 11� 2 �57� 2.3 93� 16 1.6� 0.2 41� 2.6 0.8� 0.1 86� 10 �53� 5 7� 1 4� 0.8

AHTMR 6 7� 1 �57� 5.7 137� 36 2.4� 0.2 56� 8.5 1.7� 0.2 91� 11 �52� 21 12� 1 12� 6.6

CHTMR 4 0.6� 0.2 �58� 4.6 210� 29 6.3� 1.6 66� 2.1 3.0� 0.3 68� 10 �39� 5 13� 1 14� 2.7

Tac1 KO LTMR 11 11� 2 �54� 3.4 95� 18 1.7� 0.1 43� 4.9 0.8� 0.1 143� 20 �55� 12 7� 2 4� 1.3

AHTMR 8 8� 1 �62� 4.5 133� 23 2.8� 0.4 54� 5.7 1.2� 0.3 111� 19 �68� 10 19� 1 7� 1.2

CHTMR 5 0.6� 0.1 �47� 1.8 311� 39 6.0� 0.8 65� 5.3 2.5� 0.2 91� 11 �42� 7 19� 4 8� 1.3

Note: Data are presented as �standard error. CV: conduction velocity; WT: wild type; Tac1 KO; Tac1 knockout; AHP: after hyperpolarization; LTMR: low-

threshold mechanoreceptors; AHTMR: A-fiber high-threshold mechanoreceptor; CHTMR: C-fiber high-threshold mechanoreceptor; MDR: maximum

depolarization rate; MRR: minimum repolarization rate.
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p< 0.01). Also, AHTMRs discharged significantly fewer
APs than CHTMRs during this phase (AHTMR: 15� 3
vs. 361� 182, p< 0.01) and demonstrated a significantly
lower IFmean than CHTMRs (AHTMR: 49� 9Hz vs.
CHTMR: 26� 3Hz; p< 0.05), opposite of findings in
WT mice.

FP: AHTMRs adapted significantly faster than
CHTMRs (AHTMRs: 1.1� 0.5 vs. CHTMRs: 18� 3.5 s;
p< 0.001), discharging significantly fewer APs
(AHTMRs: 32� 10 vs. CHTMRs: 441� 112; p< 0.001)
at higher IFmean (59� 14 Hz) than CHTMRs
(26� 2Hz; p< 0.05).

Plateau response: The duration of this phase was
longer for AHTMRs responded (52� 10 s) than for
CHTMRs (7� 0.8 sec; p< 0.05), with more APs
(AHTMR: 139� 31 vs. CHTMR: 33� 9; p< 0.05) at a
lower IFmean (AHTMR: 6� 1.1 and CHTMR: 13� 1.6
Hz; p< 0.05).

Electrical effects of tonic stimulation. As mentioned above,
LTMRs responded only to the beginning and end of
the tonic stimulus. This limited activation did not
modify their electrical properties (Table 2). In contrast,
HTMRs responded vigorously to the stimulus and their
response significantly modulated some passive and active
properties of these afferents in both WT and Tac1 KO
animals in a differential and opposite manner depending
upon nociceptor subtype as described below.

AHTMRs: At the beginning of their response,
AHTMRs from WT and Tac-1KO mice had similar Em
and hyperpolarized after activation (PDH), WT: 6� 0.2
vs. Tac1 KO: 4� 0.5 mV). However, in WT animals,
PDH of AHTMRs rapidly disappeared (� 10 s) and its
Em depolarized. In contrast, AHTMRs from Tac1 mice
KO continued to display PDH (mean value of 6�
1.5 mV) throughout the duration of the tonic stimulus.
Although Em was similar at the beginning of the stimu-
lus, it differed between breeds by the end of the response
(WT: �50� 5 mV vs. Tac1 KO: -68� 6 mV; p< 0.05).
No other significant differences in the active properties of
these afferents were observed after its activation.

CHTMRs: These nociceptive afferents did not display
PDH. CHTMRs from WT mice displayed a significantly
lower Em than CHTMRs from KO mice (WT: �58� 4.6
mV vs. Tac1 KO: �47� 1.8 mV; p< 0.05). Two of the
four CHTMRs from WT mice showed a transient depo-
larization with return to prestimulus values (Figure 2(b);

Figure 2. (a) Representative of the performed analysis during the
three phases (rising phase (RP), falling phase (FP), and plateau) of
the cellular response to tonic mechanical stimulation. Red bracket
indicates the area represented in the recording (right, cellular
response). IFmax: maximal instantaneous frequency (Hz). Notice
the inflection at the end of the FP corresponding with 10% of the
IFmax. Scale bars: 0.2 s (RP), 2 s (FP) and 20 s (plateau), respec-
tively, and 20 mV. (b) Representative of the nociceptive response
to tonic mechanical stimulation (120 gr, 120 s). Data are presented
as IF (left, IF, AHTMR: black, CHTMR: gray) and IFmax values with
their actual recorded response (right) during the stimulation (black
upper bar). Scale bar: 10 s, 15 mV. (c) Effect of tonic stimulation
on the threshold (after (MT1) and before (MT2)) of different
subtypes of mechanosensitive afferents on control WT and Tac1
KO animals. Data are presented with the location of recorded
nociceptive afferents in the L4 dermatome and its proportional
distribution per cellular subtype (pie charts) (*p< 0.05,
**p< 0.01). (d) Typical AHTMR response to vibration

Figure 2. Continued
(10 and 30 Hz (pulse train: 500 ms, 2 Hz)) after tonic stimulation.
Scale bars: 200 ms, 20 mV. IF: instantaneous frequency; Tac1 KO;
Tac1 knockout; WT: wild type; MT: mechanical threshold; LTMR:
low-threshold mechanoreceptors; AHTMR: A-fiber high-threshold
mechanoreceptor; CHTMR: C-fiber high-threshold
mechanoreceptor.
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mean Em �60� 3.6 mV). Tonic stimulation resulted in
reduced D50 of CHTMRs (from 3� 0.3 to 1.1� 0.2 ms;
p< 0.01) but no change in AP amplitude (from 66� 2.1
to 57� 3.3 mV). Kinetics of APs (MDR: maximum
depolarization rate and MRR: minimum repolarization
rate (dmV/s)) and the AHP amplitude or duration were
not altered by tonic stimulation in WT mice.

CHTMRs from Tac1 KO mice responded in a mark-
edly different manner than that of WT mice. All Tac1 KO
CHTMR afferents exhibited a slow prolonged and signif-
icant hyperpolarization during tonic stimulation (from
�47� 1.8 mV to �59� 2 mV; p< 0.01) that continued
even after the cell stopped its discharge. In the final phase
of their response, CHTMR afferents showed a significant
reduction in AP amplitude from 65 to 47 mV (� 3.2 mV)
(p< 0.05) without change in AP duration (D50) from
2.5� 0.2 to 3.5� 0.4 ms but reduced MDR (from
91� 11 to 46� 8 dV/s (p< 0.05) and MDD from

�42� 7 to �22� 3 dV/s (p< 0.05). AHP amplitude and
duration were not altered by tonic stimulation.

Mechanical sensitization. Afferents within each recorded
from WT and Tac1 KO mice had similar initial MT
(MT1). HTMR afferents were collected mostly innervat-
ing hairy skin within the L4 dermatome. Whereas
LTMR afferents responded to early tactile stimulation
(brushing, TF, and 10 Hz vibration), none of the HTMR
afferents from WT or Tac1 KO were initially activated

by these stimuli. Both AHTMRs and CHTMRs were
significantly sensitized in WT mice after this tonic supra-
threshold stimulation as evidenced by a reduced MT2

(Figure 2(c)). Furthermore, AHTMR and CHTMR
afferents were also activated by brushing, but only
AHTMR afferents responded to vibratory stimulation
within the 10–40 Hz range in WT mice (Figure 2(d)).

Higher frequency stimulation only elicited an ON

response at the first vibratory pulse. Conversely, in

Tac1 KO mice, HTMR afferents were insensitive to

mechanical stimulation for a few minutes (1.5–2.5 min)

following tonic suprathreshold stimulation. Then, their

mechanical threshold returned to prestimulus values

(Figure 2(c)). They remained unresponsive to brushing

or vibration.

Paw incision

Paw withdrawal threshold and edema. No mice of either

breed demonstrated overt behavior indicative of distress.
Paw circumference prior to surgery did not differ

between WT and Tac1 KO mice. Paw circumference sig-

nificantly increased in WT mice 24 h after paw incision,

whereas it did not change significantly in Tac KO mice

24 h after surgery (Figure 3(a), upper panel).
Baseline paw withdrawal thresholds were significantly

higher in WT mice than in Tac KO mice (Figure 3(a),

middle). Both breeds showed a significant reduction in

mechanical withdrawal threshold 24 h after paw incision

(Figure 3(a), middle).
Baseline weight bearing hindpaw distribution was sym-

metric and similar in both mouse breeds (Figure 3(a),

bottom). Paw incision induced asymmetry in weight bear-

ing in both breeds, although the groups differed at both

3 and 24 h after incision (Figure 3(a), bottom).

Electrophysiology

Dynamics of cellular response and MT. All LTMR afferents

showed a phasic (on–off) response to punctate stimula-

tion and responded to brushing and the application of the

256 Hz TF with high fidelity (1:1). The MTs of LTMRs

from WT mice were significantly higher than those from

Table 2. Effect of paw incision on somatic cellular electrical properties.

Paw incision

Passive electrical properties

Active electrical properties

Spike AHP

Type N

CV

m/s

Em

(mV)

Ri

(MX)
T

(ms)

Amplitude

(mV)

D50

(ms)

MDR

(dV/s)

MRR

(dV/s)

Amplitude

(mV)

AHP50

(ms)

WT LTMR 6 15� 3 �62� 6.3 70� 3 1.6� 0.2 38� 2.2 0.8� 0.1 121� 33 �50� 7 5� 2 3� 1.5

AHTMR 9 7� 2 �52� 3.5 146� 31 2.7� 0.3 55� 5.7 1.7� 0.2 81� 14 �49� 8 16� 3 10� 2.2

CHTMR 4 0.6� 0.2 �46� 2.3 299� 60 4.9� 0.9 62� 4.1 2.1� 0.2 93� 19 �45� 7 16� 5 9� 2.1

Tac1 KO LTMR 11 12� 5 �59� 3.5 88� 3 1.4� 0.3 34� 3.3 0.9� 0.2 115� 16 �53� 8 9� 2 4� 0.8

AHTMR 5 9� 2 �50� 1.8 103� 34 2.2� 0.4 66� 4.6 1.9� 0.3 105� 22 �55� 7 17� 5 8� 3.1

CHTMR 2a 0.7� 0.1 �44� 0.5 245� 39 5.1� 2.9 69� 5.5 1.6� 0.4 88� 36 �49� 17 17� 1 6� 1.5

Note: Data are presented as �standard error. CV: conduction velocity; WT: wild type; Tac1 KO; Tac1 knockout; AHP: after hyperpolarization; LTMR:

low-threshold mechanoreceptors; AHTMR: A-fiber high-threshold mechanoreceptor; CHTMR: C-fiber high-threshold mechanoreceptor; MDR: maximum

depolarization rate; MRR: minimum repolarization rate.
aTac1 KO CHTMR (too few data points for Shapiro–Wilk).
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Tac1 KO mice (WT: 1.1 mN (range: 0.7–3.9 mN) vs. Tac1
KO: 0.19 mN (0.07–1.75 mN); p< 0.05).

In contrast to LTMRs, all HTMRs showed a tonic
response and were incapable of following the 256 Hz TF
stimulus. WT nociceptive afferents were significantly
sensitized after incision, as witnessed by lower MT
than Tac1 KO nociceptors (1.57 mN (range: 0.7–58.8
mN) vs. 147 mN (range: 80–588 mN); p< 0.001)
(Figure 3(b)). None of these sensitized WT nociceptors
showed PDH during threshold activation, whereas
four of the seven Tac1 KO nociceptors (all AHTMRs)
sharply hyperpolarized after activation (7.5 mV (range:
6–10mV)). Approximately half of the sensitized nocicep-
tors from WT mice responded to brushing (four of the
nine AHTMRs and two of the four CHTMRs). Paw
incision did not modify the electrical signature of the
afferents across different modalities between WT and
Tac1 KO animals compared to nonsurgical animals
(Table 2).

Although the likelihood of impaling cells with a
mechanosensitive RF was similar after paw incision
(WT: 65% vs. Tac1 KO: 68%), most nociceptive affer-
ents from WT mice (12 of the 13) innervated the area
near the surgical wound, whereas no nociceptive affer-
ents were identified in the proximity of the wound area
of Tac1 KO (Figure 3(b), right panel).

Electrical properties

CHTMRs from WT mice displayed a significantly more
depolarized Em (�46� 2.3 mV) following paw incision
when compared to naive mice (�58� 4.6 mV, p< 0.05).
AHTMRs from Tac1 KO mice displayed a significantly
more depolarized Em (�50� 1.8 mV) following paw
incision when compared to naive Tac1 KO mice
(62� 4.5 mV; p< 0.05).

Immunocytochemistry

Following electrophysiological characterization, L4 gan-
glia (contralateral and ipsilateral to surgery) were
extracted from both four WT and four Tac1 KO ani-
mals. Immunoreactivity to SP, CGRP, and TRPV1 were
analyzed fromWT and Tac1 KO mice in 119 and 43 cells
ipsilateral and 85 and 39 cells contralateral to surgery,
respectively. Only cells that were positive to at least one
of the analyzed molecules were included.

L4 ganglia immunoreactivity contralateral to incision. SP-WT:
SP immunoreactivity was present in in 44 of the 85 cells,
widely distributed among small to large diameter cells
(median: 25 mm (range: 12–46 mm)). Most of these
cells (26 cells, �60%) were only reactive to SP, whereas
some costained for CGRP, TRPV1, or both (Figure 4

Figure 3. (a) Quantification of paw circumference (upper), 50% paw withdrawal threshold (middle), and hind paw weight bearing
distribution (bottom) before and after paw incision (3 h and 24 h) in WTand Tac1 KO mice. (b) Effect of paw incision in the threshold (MT,
left) of different subtypes of mechanosensitive afferents. Data were obtained by intracellular recording in the same animals followed its
behavioral study. Data are presented with the location (�: LTMR;�: AHTMR; D: CHTMR) and approximate size of the cellular RF (dotted
line) of recorded afferents in the L4 dermatome (glabrous and hairy skin). Sensitized nociceptive afferents of both types (a and c) are
presented in red. Notice the absence of nociceptive afferents innervating the incision area in Tac1 KO animals. Presented MTof Tac1 KO
nociceptive afferents were obtained in other areas within the L4 dermatome. ***p< 0.001, **p< 0.01, *p< 0.05. Tac1 KO; Tac1 knockout;
WT: wild type; MT: mechanical threshold; LTMR: low-threshold mechanoreceptors; AHTMR: A-fiber high-threshold mechanoreceptor;
CHTMR: C-fiber high-threshold mechanoreceptor; BL: baseline.
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(a)). Although there was no difference in the diameter of

single- or double-positive cells (median: 27 mm (range:

12–46 mm), the triple-positive population was restricted

to a significantly smaller diameter cells (median: 17 mm
(range: 15–29 mm); p< 0.05). SP-Tac1 KO: As expected,

there were no SP immuno-positive cells in tissue from

these animals. CGRP-WT: CGRP immunoreactivity was

observed in 41 of the 85 cells with broadly distributed

diameter (median: 20 mm (range: 13–45 mm)). As with

SP, approximately 50% of the population was only reac-

tive to CGRP with the remainder coexpressing SP alone

or with TRPV1 (Figure 4(a)). CGRP-Tac1 KO: Most of

these cells (87% (34 of the 39)) were only reactive for

CGRP with the remainder also positive for TRPV1

(Figure 4(b)).

L4 ganglia immunoreactivity ipsilateral to incision. SP-WT: SP

immunoreactivity was present in 75 of the 119 cells that

were positive for SP after paw incision. There was an

increase in immunoreactivity density after surgery as

measured by number of pixels above a fixed threshold

ipsilateral compared to contralateral to surgery

(37.1� 2.3 vs. 21.9� 2.6 pix/mm2, respectively,

p< 0.001). There were no differences in the diameter

of immuno-positive cells after paw incision or in the

proportion with multiple labeling (Figure 4(a)). CGRP-

WT: CGRP immunoreactivity was present in 44 of the

85 after paw incision. As SP, there was an increase in

CGRP immunoreactivity staining density after surgery

as measured by the number of pixels above a fixed

threshold ipsilateral compared to contralateral to paw

incision surgery (48.8� 1.8 pix/mm2 vs. 37.9� 2.3 pix/

mm2; p< 0.001). Surgery did not alter the proportion

of CGRP immuno-positive cells alone or colocalized

with other markers or of the diameter of positive cells

(Figure 4(a)). CGRP-Tac1 KO: CGRP immunoreactivity

was increased ipsilateral compared to contralateral to

paw incision surgery (40.5� 1.8 pix/mm2 vs. 29.8� 1.6

pix/mm2; p< 0.001) without a difference in proportion

of single- to double-labeled cells or cell diameter

(Figure 4(b)).

Discussion

Tachykinins are classically thought to drive neurotrans-

mission, encode pain intensity, and participate in central

sensitization through actions in the central nervous

system. This study uncovers profound effects on periph-

eral sensitization from sustained activation and injury

when tachykinins are missing, suggesting that peripheral

actions may be just as important. The principal obser-

vations of our studies are that lack of tachykinins (1)

prevents nociceptors from properly encoding the dura-

tion and magnitude of a sustained nociceptive stimulus,

(2) prevents nociceptors from properly encoding periph-

eral nociceptive sensitization following peripheral

damage; and (3) does not results in downregulation of

other factors that are relevant to peripheral nociceptive

sensitization (i.e., CGRP and TRPV1).

Figure 4. Representative SP (green), CGRP (red), TRPV1
(white), and their overlay immunoreactivity in sections of L4 dorsal
root ganglia visualized by confocal microscopy. Data (contra and
ipsilateral) are presented with the cell count per cell diameter (bin
2, mm) (left column), proportional distribution (pie charts, middle
column), and overall immunoreactivity (pixel/area (pix/mm2)) (right
column) for both WT (a) and Tac1 KO (b), 24 h after paw incision.
***p< 0.001. Scale bar: 50 mm. CGRP: calcitonin gene-related
peptide; TRPV1: transient receptor potential cation channel
vanilloid 1; SP: substance P; Tac1 KO; Tac1 knockout.
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Together, our observations indicate a pivotal role of
tachykinins in the overall control of peripheral cellular

nociceptive excitability and that of nociceptive activa-
tion to trigger this change. Our results also suggest
that the development of peripheral mechanical sensitiza-
tion cannot be explained by the actions of a single factor

(e.g., CGRP).

Technical considerations

The inability to tightly control a sustained mechanical

stimulus, as discussed by Boada et al.,31 greatly limits
our ability to examine the dynamics of the sensitization
process of these afferents. Although this study partially
resolved this limitation, the amount and speed of the force

that is applied to the nociceptive terminal via a calibrated
clamp on the skin remains a function of the tissue com-
position, thickness, tenso-elastic properties, and terminal
peripheral architecture. It is conceivable that difference

between these parameters in different breeds of mice
may modulate the dynamics of the cellular response to
activation. This would not, however, explain the sudden

failure of the Tac1 KO nociceptors or the absence of
mechanical sensitization after activation.

Tac1 KO nociceptive response to tonic
mechanical activation

Although the electrical signature of nociceptive afferents
is identical in Tac1 KO as WT mice, some specific com-

ponents of the transductional mechanism of mechano-
nociceptive response are either disrupted or entirely
missing in the animals lacking tachykinins.

While the initial dynamic component (RP/FP) was
still present on both A and C nociceptive afferents, the
static (phase) of the normal adaptive response to a sus-

tained stimulus in different species27,35 has been lost on
the transgenic animals. Furthermore, the CHTMR
response to a sustained noxious mechanical stimulus
was greatly distorted and transiently amplified.

Nociceptors are activated by mechanical stimuli
through stimulation of specific mechanosensitive chan-

nels,36 and the relation between different expression of
mechanosensitive channels in DRG neurons and their
response has been studied in vitro with some
detail.37–41 Importantly, it has been observed that

mechanosensitive channel gating in sensory neurons
depends on both the force exerted and the sensitivity
to that force,42 leading to activity decay with tonic stim-
ulation. This process (mechanosensitive channel relaxa-

tion) is voltage-dependent, more pronounced at negative
membrane potential values42 and Ca2þ dependent.43,44

Given that tachykinins induce of inward currents45–48

leading to cellular depolarization,49–52 tachykinins (par-
ticularly SP) may modulate nociceptor responsiveness by

controlling the cellular membrane potential during the

activation of the terminal. Although this could explain

the sudden brake on nociceptor response when tachyki-

nins are missing in the Tac1 KO mouse, it does not

address the distorted activation of the CHTMR subtype

with sustained stimulation.

Nociceptive sensitization after tonic stimulation

Although early work suggested that mechanical sensiti-

zation is not associated with a significant reduction in

nociceptor thresholds,53 later work has shown that

suprathreshold mechanical activation sensitizes both

A and C nociceptive afferents.35 This effect is greater

on A than C nociceptors and is limited to the dynamic

(initial) phase of the response. Our results clearly concur

with this classical observation and extend this descrip-

tion also to mice, showing profound sensitization, par-

ticularly of AHTMRs, reaching thresholds typical of

tactile afferents. This sensitization process is so marked

that both A- and C-nociceptors begin to react to tactile

stimulation (brushing) and in some cases (AHTMR)

even to vibration.
In this context, several manuscripts define allodynia

as a pain sensation generated by physiological stimula-

tion of LTMRs, while pain generated by physiologically

sensitized nociceptors is defined as hyperalgesia (for

review see J€anig54). The failure into inducing a change

in the mechanical threshold of nociceptive afferents in

animal models53,55 and the observation that activation of

mechanosensitive large diameter myelinated, and unmy-

elinated tactile afferents elicits pain in humans,56–59 have

supported these definitions. Our results show that these

definitions need to be revised when applied to rodents in

that clear sensitization of high-threshold mechanorecep-

tors, which occurs after a variety of injuries,22,31,60–62 is

grossly disrupted in the absence of tachykinins.
Despite this deep sensitization process generated by the

activation of both types of nociceptive afferents, neither

of them showed discharge patterns that fit the sensory

events (increased pain perception) as described in classical

human psychophysical experiments using prolonged nox-

ious mechanical stimulation.63 While A-nociceptors

shows a more robust response that C-nociceptors, these

afferents still adapt during stimulation. Although specu-

lative, the failure of both mechanosensitive nociceptive

afferents to correlate with the pain sensation indicates

the existence of an amplification mechanism (long-lasting

excitation and long after-discharges) at some point in the

signal integration process, likely at the superficial dorsal

horn. The experimental verification of this speculation is

not trivial and will require the use of similar stimulation

protocols while recording intracellularly in vivo from sec-

ondary order neurons at the superficial dorsal horn
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(lamina I and II) connected to both types of mechanono-

ciceptive afferents.

Behavioral changes and neurogenic-related mediators

in Tac1 KO mice

Tac1 KO mice have shown to develop a less intense

mechanical allodynia than WT mice following paw inci-

sion,64 which is in accordance with our behavioral stud-

ies. These findings could be explained by a lack of

tachykinin-dependent neurogenic inflammation, as evi-

denced by reduced paw edema in Tac1 KO mice 24 h

after paw incision .Since we also observed an increase in

CGRP and TRPV1 expression in DRG neurons following

paw incision in the Tac1 KO mice similar to the WT con-

trols, these results indicate that tachykinins are an essential

component of the factors responsible for paw edema and

behavioral hypersensitivity following paw incision.
We expected to find a diminished responsiveness of

nociceptors due to the absence of neurogenic inflamma-

tion in Tac1 KO mice. Although normal nociceptive

afferents (A and C-HTMR) were easily detectable

around the incision area and clearly hyperexcit-

able,60,65,66 none were found in Tac1 KO animals. This

result was unexpected based on several manuscripts indi-

cating a mild C-fiber modality specific effects of the lack

of SP5,6,67 which suggest that although less sensitive, the

nociceptive afferents should be still detectable. This sur-

prising observation suggested that injury might paradox-

ically reduce nociceptor responsiveness near the site of

sustained stimulation, leading us to test application of

controlled mechanical noxious stimulus to produce a

tonic activation of nociceptors in the absence of injury.
While it is plausible that this failure on detecting these

afferents around the wounded area in Tac1 KO may due

to the low probability of successful impalement of non-

sensitize nociceptive afferents, the analysis of these affer-

ents normal response to activation suggested the

presence of two different excitable states on Tac1 KO

nociceptive afferents after injury: One nonsensitized

state that render these afferents detection highly improb-

able and a second, a desensitized state reached after acti-

vation that blockade the afferent discharge making its

detection by all-natural stimulation, extremely difficult.
These results offer an alternative hypothesis to the

existing and accepted mechanisms of tachykinins in

pain modulation (spinal and supra spinal actions of

peripheral afferent release of tachykinins,5,6 impaired

diffuse noxious inhibitory control,68 diminished inflam-

matory response69). In fact, our findings could explain

the origin of these putative central mechanisms of tachy-

kinins. Since primary sensory neurons express tachyki-

nin receptors,70–72 our results could also be explained by

an autocrine effect of tachykinins in primary afferents.

Even though primary sensory neurons not only syn-

thetize tachykinins but also express their cognate recep-

tors,70–72 all the abovementioned behavioral studies have

failed to provide evidence that the primary sensory neu-

rons of these transgenic animals are competent to appro-

priately encode nociceptive mechanical stimulation. It is

surprising that after 20 years since its development none

of the studies have aim this important factor that poten-

tially could compromise the interpretability of any study

aiming exclusively the central component of the nocicep-

tive sensitization process and pain transmission.

Conclusions

These results suggest that tachykinins are indeed

required for the appropriate development of peripheral

sensitization and that tachykinins control the membrane

electrical excitability of nociceptors and their absence

will induce cellular membrane failure to convey the

signal generated by the terminal depolarization.

Although the central sensitization processes may also

be relevant, the failure of these afferent to appropriately

transduce the stimuli may adequately explain many

behavioral and central neurophysiologic phenomena.

Peripheral actions of tachykinins on sensory afferents

themselves should be taken in consideration to guide

further studies addressing the role of these peptides

and their interactions on the development of neuropath-

ic states. Additional studies of the circuitry of the spinal

cord of these animals are required to understand the

differential contribution of peripheral versus central sen-

sitization in the context of peripheral tissue damage.
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