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Fast-conducting mechanoreceptors contribute to withdrawal behavior in
normal and nerve injured rats
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Fast-conducting myelinated high-threshold mechanoreceptors (AHTMR) are largely thought to transmit
acute nociception from the periphery. However, their roles in normal withdrawal and in nerve injury–
induced hyperalgesia are less well accepted. Modulation of this subpopulation of peripheral neurons
would help define their roles in withdrawal behaviors. The optically active proton pump, ArchT, was
placed in an adeno-associated virus-type 8 viral vector with the CAG promoter and was administered
by intrathecal injection resulting in expression in myelinated neurons. Optical inhibition of peripheral
neurons at the soma and transcutaneously was possible in the neurons expressing ArchT, but not in neu-
rons from control animals. Receptive field characteristics and electrophysiology determined that inhibi-
tion was neuronal subtype–specific with only AHTMR neurons being inhibited. One week after nerve
injury the AHTMR are hyperexcitable, but can still be inhibited at the soma and transcutaneously. With-
drawal thresholds to mechanical stimuli in normal and in hyperalgesic nerve-injured animals also were
increased by transcutaneous light to the affected hindpaw. This suggests that AHTMR neurons play a role
not only in threshold-related withdrawal behavior in the normal animal, but also in sensitized states after
nerve injury. This is the first time this subpopulation of neurons has been reversibly modulated to test
their contribution to withdrawal-related behaviors before and after nerve injury. This technique may
prove useful to define the role of selective neuronal populations in different pain states.

� 2014 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction

First pain or acute pain has been attributed to fast-conducting,
myelinated A-d fibers, whereas persistent types of pathological
pain have been attributed to slow-conducting, unmyelinated
C-fibers [20,26]. Selective reduction or ablation shows convinc-
ingly that C-fibers contribute to various pain states, yet their abla-
tion does not entirely eliminate pain behavior [9,44]. This suggests
other peripheral nerves contribute to ongoing nociception, likely
A-d or A-b neurons. However, the contribution of A-fiber subsets
has been largely inferred due to lack of selective ablation or
modulation techniques. Contributing to the limited understanding
of A-fibers is the fact that no biomarker distinguishes the subsets
of myelinated fibers.

Although conduction velocity (CV) has long been used to clas-
sify peripheral neurons, CV alone is an artificial characterization
of nerve sensibility. Therefore, further classification of neurons is
performed using receptive field (RF) properties. Mechanically
activated nociceptors have CVs in the C-fiber and A-fiber range,
are responsible for noxious stimulus detection, and respond to var-
ious stimuli [31,51]. These mechanically sensitive neurons are
high-threshold, but after injury they may become sensitized
[18,51]. In this study, we have focused on neurons classified as
fast-conducting, myelinated (A-d fiber), nociceptive high-threshold
mechanoreceptors (AHTMR) [4,38] that are distinguished from
non-nociceptive, or tactile, low-threshold mechanoreceptors
(LTMR). The AHTMRs have long been considered ‘‘first’’ pain fibers,
but their contribution to normal responses from suprathreshold
input, ongoing abnormal input, and responses after nerve injury
are not well appreciated [20,26,31].
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Fig. 1. ArchT modulation of peripheral neuron activity. (A) The gene for the protein
pump ArchT is fused to GFP for detection and is used with a ubiquitous and
nonselective promoter. The gene is packaged in adeno-associated virus-type 8
(AAV8) for cell insertion and expression of the ArchT. (B) Although the promoter
and AAV8 are thought to be nonselective, the ArchT is expressed (>98%) and
functional (100%) in specific cells, in this case fast-conducting (A-D, myelinated)
high-threshold mechanoreceptors (AHTMR), as determined by electrophysiological
characterization of the peripheral neuron and its receptive field. It was not
expressed (by immunohistochemistry <2%) and/or nonfunctional (electrophysiol-
ogy 0%) in myelinated, fast-conducting (A-type fiber), low-threshold mechanore-
ceptors (LTMR) and the unmyelinated, slow-conducting (C-type fiber) high-
threshold mechanoreceptors (CHTMR). The proton pump ArchT is expressed
throughout the membrane of the neuron. (C) Light activation, through the
interaction of the cofactor retinal, results in protons being pumped from the
intracellular to the extracellular space. This hyperpolarizes the neuron and reduces
excitability and/or inhibits neuronal activity.
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Inhibition of a subset of myelinated neurons using the powerful
molecular tools available to control neuronal activity would per-
mit probing their role in normal and neuropathic conditions
[2,5,11,35,54,57]. Optically active channels and pumps are one such
tool and hold promise for therapeutic application and interrogation
of cellular systems [3,8,11,19,29,36]. Although this requires both
targeted gene delivery/expression and light delivery, advances to
increase light sensitivity and tissue specificity and delivery have
been important for studying neuronal connections in the brain
[3,11,12,14,15,23,28,32,37,50,58].

Circuitry and modulation of the spinal cord or peripheral ner-
vous system receive less attention than the brain [8,17,24,25,
33,43,49,52]. Spinal cord studies using optogenetics have largely
focused on motor neurons and circuits [33,49], with recent effort
targeting spinal cord sensory circuitry and peripheral sensory input
and pain [8,17,24,25]. Optically active molecules to activate and
inhibit nociception and pain behavior in peripheral nerves has been
reported [17,24,25]. Selectively targeting subpopulations of noci-
ceptive neurons and the possibility of transcutaneous activation
of channels may result in advancement of this technology in
pain-related studies. In this study we used an optically active pro-
ton pump, ArchT, for neuronal transduction, expression, and mod-
ulation (Fig. 1). We hypothesized that normal peripheral afferent
neurons could be inhibited optically in vitro and in vivo [13]. We
further hypothesized that activity in hyperexcitable neurons from
nerve injury could be reduced. Selective inhibition of a subtype of
nociceptive neurons, AHTMR, was an unanticipated finding demon-
strated by selective expression in A-fibers and electrophysiological
confirmation of isolated AHTMR modulation, which has permitted
the investigation of AHTMR in the withdrawal-related behavior in
normal and nerve-injured animals.

2. Methods

2.1. Viral vector administration and expression of ArchT-GFP (green
fluorescent protein)

All studies were approved by the Wake Forest University Institu-
tional Animal Care and Use Committee and adhere to the guidelines
of the Committee for Research and Ethical Issues of the Interna-
tional Association for the Study of Pain. Male Sprague-Dawley rats
were used for all studies (weight range for injection 100 to 150 g,
Harlan Laboratories, Indianapolis, IN). Replication deficient
adeno-associated virus-type 8 (AAV8)/CAG-ArchT-GFP or AAV8/
CAG-GFP control constructs were obtained from the Boyden Labo-
ratory (The Synthetic Neurobiology Group, Media Lab, Massachu-
setts Institute of Technology, Cambridge, MA; ArchT plasmid and
map available at Addgene 29777) and the viral vectors produced
by the Vector Core Facility at the University of North Carolina at
Chapel Hill, Chapel Hill, NC. Three different manufactured lots of
viral vector were used: 10 lL of replication-deficient AAV8 vector
containing ArchT with a GFP tag (no stop codon between the ArchT
and GFP) and a CAG promoter or control vector containing CAG and
GFP only (1 � 1012 viral particles/mL) was injected at the level of
the L4-5 spinous processes in male Sprague-Dawley rats under brief
isoflurane anesthetic using a 30-g needle. Tail flick was used for
confirmation of needle placement. Animals were not randomized
to treatment. All animals showed expression after presumed intra-
thecal (IT) injection. For expression, 1, 2, 4, 8, and 12 weeks after
injection, animals (N = 4 at each time point) were euthanized with
pentobarbital and perfused with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS), dorsal root ganglion (DRG) iso-
lated, cryoprotected in 30% sucrose in 0.1 M PBS, frozen sectioned
at 16 lm, and visualized using fluorescent microscopy. GFP visual-
ization was performed without enhancement when possible. When
used with other fluorophores, GFP was visualized using standard
immunohistochemical methods. GFP visualization in DRG, nerve
roots, and spinal cord (spinal cord 35-lm sections) was performed
using a Nikon epifluorescence microscope without antibody
enhancement of the GFP using frozen sections in 50% ethanol and
cover slipped. Multilabelling DRG imaging was performed 4 weeks
after injection. In this case, the sections were incubated for 60 min-
utes at room temperature in a blocking solution of 3% normal
donkey serum in 0.1 M PBS with 0.3% Triton X-100 and then
incubated overnight at 4�C with primary antibodies. Myelinated
primary afferent sensory nerve fibers were labeled with a mouse
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monoclonal anti-200Kd neurofilament antibody (NF200, 1:1000;
Serotec, Raleigh, NC). Viral vector transduced cells were visualized
with a rabbit polyclonal anti-green fluorescent protein antibody
(GFP, 1:5000; Abcam, Cambridge, UK). Unmyelinated IB4-positive
cells were stained with IB4-biotin (1:2000; Sigma-Aldrich, St. Louis,
MO). Sections were then washed in PBS and incubated for 3 hours at
room temperature with appropriate secondary antibodies conju-
gated to fluorescent markers (CY3 1: 600, Cy2 1:400 and streptavi-
din conjugated Cy5 1:2000, respectively; Jackson ImmunoResearch,
West Grove, PA). Finally, DRG sections were washed, dehydrated,
and cleared; and cover-slipped images captured using a Nikon epi-
fluorescence microscope. DRG colabelled for GFAP (glial fibrillary
acidic protein) and GFP were processed in a similar fashion using
the rabbit polyclonal anti-GFP antibody (1:5000; Abcam) and
mouse polyclonal anti-GFAP (1:1000; Sigma-Aldrich, St. Louis,
MO). Sections were then washed in PBS and incubated for 3 hours
at room temperature with secondary antibodies conjugated to fluo-
rescent markers (Cy2 1:400 and Cy3 1:600, respectively; Jackson
ImmunoResearch). Glabrous skin of the hindpaw was prepared in
a similar fashion after partial sciatic nerve ligation (pSNL). Sensory
nerve fibers were labeled with a pan-neuronal marker polyclonal
rabbit anti-PGP 9.5 antibody (1:4000; Ultracone, Cambridge, UK;
catalog number RA95101). Myelinated primary afferent sensory
nerve fibers were labeled with a mouse monoclonal anti-200Kd
neurofilament antibody (NF200, 1:1000; Serotec, Raleigh, NC). Viral
vector transduced cells were visualized with a chicken polyclonal
anti-GFP antibody (1:1000; Invitrogen, Grand Island, NY). Sections
were then washed in PBS and incubated for 3 hours at room tem-
perature with secondary antibodies conjugated to fluorescent
markers (CY5 1: 500, Cy3 1:600, and Cy2 1:400, respectively;
Jackson ImmunoResearch). Finally, skin sections were washed,
dehydrated, and cleared; and cover-slipped images were captured
using a confocal microscope. Colabelling of DRG for GFAP and GFP
was performed in 16-lm cryosectioned DRG.

2.2. In vitro intracellular recording from DRG

Four weeks after injection, animals (n = 12) were euthanized
and the L4 DRG was removed and placed in a chamber and
mounted on the stage of an upright microscope (BX50-WI; Olym-
pus America, Inc., Center Valley, PA), continuously perfused with
oxygenated artificial cerebrospinal fluid containing 130 mm NaCl,
3.5 mm KCl, 1.25 mm NaH2PO4, 24 mm NaHCO3, 10 mm dextrose,
1.2 mm MgCl2, and 1.2 mm CaCl2 (pH = 7.3) at a rate of
2 mL/min, and the temperature was maintained at 37�C ± 1�C as
described previously [41].

DRG neurons were visualized under differential interference
contrast through a digital camera, and intracellular electrophysio-
logical recordings were obtained with a sharp microelectrode filled
with 2.5 M potassium acetate (pH = 7.2) (Supplemental Fig. 2B).
Satisfactory recordings were obtained with electrodes of 50 to
80 MX. The electrophysiological data were collected with the use
of a single-electrode continuous-current clamp (AxoClamp-2B;
Axon Instruments, Foster City, CA) and analyzed with Clampex 8
software (Axon Instruments).

After a stabilization period of 10 minutes, a neuron containing
GFP was isolated. Acceptable neurons had a resting membrane
potential (Em) <�45 mV and a peak action potential (AP) height
greater than 0 mV regardless of the Em, ie, overshoot of the AP
height over 0 mV. After a period of stabilization of the Em of
approximately 3 minutes, a current clamp protocol was begun.
The current clamp protocol consisted of depolarizing currents of
0.1 to 4.0 nA (100-ms pulse duration) delivered in increments of
0.1 nA until an AP was evoked (Supplemental Fig. 2C). The thresh-
old current (rheobase [Rh]) was defined as the minimum current
required to evoke an AP. From each DRG, 1 to 2 cells were studied.
Em was first measured 3 minutes after a stable recording was
obtained and was measured again after the end of the protocol.
Em and Rh were measured before, after light exposure for 2 min-
utes and 5 minutes (irradiance = 0.013 mW/mm2), and after the
light was off. Light power density was calculated per unit area after
measuring the light energy in mW using an analog power meter
(Thorlabs, Inc., Newton, NJ).

2.2.1. In vivo studies
Three to 8 weeks after IT ArchT injection, male Sprague-Dawley

rats were deeply anesthetized (isoflurane), monitored, artificially
ventilated (tracheotomy), and immobilized (pancuronium) as
described previously [4]. A laminectomy was performed exposing
L4 DRG ganglia. The surface of the ganglia was superfused with
oxygenated artificial cerebrospinal fluid. The spinal column was
secured using custom clamps, and the animal was transferred to
a preheated (32�C to 34�C) recording chamber where the superfu-
sate was slowly raised to 37�C (MPRE8; Cell MicroControls, Nor-
folk, VA). Pool temperature adjacent to the DRG was monitored
with a small thermocouple (IT-23; Physitemp, Clifton, NJ). Rectal
temperature (RET-3; Physitemp) was maintained at 34�C ± 1�C
with radiant heat. Intracellular records were obtained with borosil-
icate microelectrodes (80 to 250 MX) containing 1 M potassium
acetate, and further analyses were done on cells with identified
RFs. RFs were searched with a fine sable-hair brush to locate the
peripheral RF. For afferents requiring higher intensities, subse-
quent searches used increasingly stiffer probes and finally sharp-
tipped forceps. Afferents with cutaneous RFs were distinguished
from those with deep RFs by displacing skin to ensure that RFs
would track with the skin rather than remain stationary. Mechan-
ical thresholds (MTs) were characterized with calibrated von Frey
filaments (Stoelting, Wood Dale, IL).

Intracellular penetrations with a resting membrane potential of
6�35 mV were characterized further. DC output was digitized and
analyzed offline using Spike2 (CED, Cambridge, UK). Sampling rate
for intracellular recordings was 21 kHz throughout (MicroPow-
er1401; CED). Passive (eg, Ri, tau, Rh) and active properties were
measured. CV was measured by the application of electrical stim-
ulation on the cellular skin RF at the lowest current intensity
required to evoke an AP. Any neuron with jitter was rejected. Stim-
uli ranged in duration from 50 to 100 ls; 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. Afferent classification using 12 parameters was used for
mechanosensitive neurons to follow standard definitions based
on response to mechanical stimuli, CV, and adaptation rate and
active and passive membrane properties as previously described
[4]. All included cells satisfied the following requirements: resting
membrane potential more negative than �30 mV, AP amplitude
P30 mV, and the presence of spike AHP (Afterhyperpolarization).
Passive membrane properties indicative of poor impalement also
were reason for exclusion. Mechanosensitive neurons were classi-
fied as LTMR, AHTMR, or C-fiber high-threshold mechanoreceptor
(CHTMR) based on CV, electrophysiological profile, and RF proper-
ties as previously described [4].

To determine the effects of light on the cellular responses, a laser
of wavelength 532 nm (irradiance 0.03 to 0.34 mW/mm2) (Shang-
hai Laser & Optics Century Co., Ltd., Shanghai, China) was focused
on the L4 DRG soma to determine the neuronal effects of activation
of the ArchT channel directly at the cellular membrane. Transcuta-
neous illumination of ArchT was performed by focusing the laser on
the glabrous surface of the paw in the RF where peripheral testing
was being performed. The cellular electrical properties and its
responsiveness also were tested under these conditions.
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2.3. Behavioral mechanical stimulation testing

Animals were placed on a mesh surface in a plastic cage and
were acclimated for 20 minutes before testing. Withdrawal to
mechanical stimulation was assessed with the hind paws resting
Fig. 2. Neuronal expression of ArchT after intrathecal administration. (A-D) Adeno-assoc
by intrathecal injection for all experiments. (A) Expression of ArchT-GFP in dorsal roo
consistent, reproducible, and easily visualized. This photo demonstrates nascent epiflu
Expression was quantified in fresh sections without the use of antibody enhancement
expression was maintained for at least 12 weeks (N = 4 animals at each time point). (C)
panel II, IB4 alone; panel III, NF200 alone; panel IV, merge of all 3). This is seen with c
positive cells with NF200 colabelled; no IB4-positive cell expressing GFP). (D) Quantifica
neurons. In contrast, >98% of GFP-positive neurons were NF200 positive and 27% of NF2
on the mesh surface and application of calibrated von Frey fila-
ments to the plantar surface of the foot until the filaments bent.
This was done 3 times, with a positive response determined by
brisk withdrawal of the paw. The force in grams resulting in with-
drawal with a 50% probability was determined using the up-down
iated virus-type 8 (AAV8)-CAG-ArchT-GFP viral particles were administered in vivo
t ganglion (DRG) soma and in axons and dendrites from the L4 nerve roots was
orescence of GFP in fresh frozen sections of DRG (no antibody enhancement). (B)
, reaching a maximum expression 3 to 4 weeks after administration. This level of
The ArchT was selectively transduced in myelinated neurons (C: panel I, GFP alone;
olocalization of the NF200/GFP at 4 weeks after injection (arrows pointing to GFP-
tion of IB4, NF200, and GFP labelling. GFP colabelled with IB4 was present in <1% of
00-positive neurons were colabelled with GFP.



Fig. 3. In vitro functional activity of ArchT. (A, B) In vitro responses of neurons were
measured by removing L4 dorsal root ganglion (DRG) 3 to 4 weeks after injection
and single-cell intracellular recordings performed in cells expressing GFP (n = 12
neurons from 12 DRG from 12 animals). Resting membrane potential (Em) became
hyperpolarized (A) (P < .05) and rheobase was increased (B) (P < .05) after 2 minutes
of exposure to 480 to 550 nm light (irradiance = 0.013 mW/mm2).
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method as previously described [4,41]. The von Frey filaments used
were 3.84, 4.08, 4.31, 4.56, 4.74, 4.93, 5.18, 5.46, 5.88, 6.10, and
6.45, corresponding to 0.5, 0.9, 1.7, 3.7, 5.5, 8.0, 12.4, 21.5, 53.0,
72.0, and 129 g. Withdrawal thresholds were determined before
pSNL, after pSNL at 2 weeks, and with light for 2 minutes and with-
out light focused in the hindpaw RF where the von Frey filaments
were being tested. Response was determined by a person blinded
to treatment. All animals were included in the data analysis, and
no animal in the study had a wound dehiscence or infection during
the study.

2.4. Partial spinal nerve ligation

The animals were deeply anesthetized with isoflurane, and
under aseptic conditions the skin was incised at the midline over
the lumbar spine. The right L5 spinal nerve was identified, and
approximately 1/3 thickness of the L5 spinal nerve was ligated
with 9-0 nylon suture under the dissecting microscope [22]. Care
was taken not to pull the nerve or contact the intact L4 spinal
nerve. After hemostasis was achieved, the muscle layer was
approximated with 4-0 synthetic absorbable suture (Look, Reading,
PA) and the skin closed with absorbable suture. In a sham control
group, the surgical procedure was identical to that described pre-
viously, except that the right L5 spinal nerve was not injured. After
the surgery, the rats were returned to their cages, kept warm under
a heat lamp, and monitored during recovery.

2.5. Statistical analysis

All data were analyzed for normal distribution. Data are
presented as means and standard deviations. Power analysis was
performed only for the change in withdrawal threshold after nerve
injury to detect a difference in mechanical withdrawal thresholds
(MWT) of 5 grams using a power of 0.8 and an alpha of 0.05 with
a standard deviation of 5 to yield a sample size of 8. Statistical sig-
nificance was tested using 1-way and 2-way ANOVA, repeated-
measures ANOVA, or the paired t test. Correction for multiple
comparisons was performed when appropriate. For comparison
of proportion of fibers, a v2 test or Fisher exact test was used
where appropriate. Analysis was performed with SAS 9.2. By con-
vention, a 2-tailed test was used and P < .05 was considered signif-
icant for all analyses.

3. Results

3.1. Neuronal expression after IT administration

ArchT transduction in peripheral neurons using an AAV8-CAG-
ArchT-GFP viral vector construct and IT administration resulted in
expression in DRG neuronal soma and in axons and dendrites
(Fig. 2A). The peak expression (N = 4 animals at each time point)
was approximately 10% of soma and was achieved between 2 and
4 weeks after injection and remained stable beyond 12 weeks
(Fig. 2B and Supplemental Fig. 1A). Only peripheral sensory neurons
were transduced, whereas astrocytes, motor and spinal cord neu-
rons, and satellite cells in DRG were completely spared (Supple-
mental Fig. 1B and C). The GFP-ArchT protein is transported
antidromically and orthodromically from the soma (Fig. 1A). GFP
is present in sensory axons entering the dorsal medial spinal cord
(Supplemental Fig. 1C) and in nerve terminals in the skin 4 weeks
after IT administration (Supplemental Fig. 1D). Expression of ArchT
was restricted to myelinated neurons (>98% of GFP-positive cells
were NF200-positive cells) with <1% of GFP-positive cells express-
ing IB4, and 27% of myelinated cells were GFP positive (Fig. 2C
and D).
3.2. Functional neuronal electrophysiology

After in vivo administration, ArchT was functionally active using
in vitro single-cell electrophysiology in DRG neurons (n = 12 neu-
rons from 12 DRG from 12 animals). Supplemental Fig. 2A, B, and
C) [41]. Light activation of ArchT produced hyperpolarization
(decreased Em) and reduced excitability (increased Rh) at 2 min-
utes of light (irradiance = 0.013 mW/mm2) (Fig. 3A and B). After
5 minutes of light, no AP was generated in 4 of 12 cells at 2� Rh
(Supplemental Fig. 2C). The effects fully resolved after the light
was off. Light produced no change in Rh or Em in any cell from con-
trol animals (n = 12 neurons from 12 DRG from 12 animals).

In vivo DRG electrophysiology (Fig. 4A and B) showed that only
myelinated, fast-conducting (A-type fiber), AHTMRs (Supplemen-
tal Fig. 2D) were affected by light with resulting hyperpolarization,
whereas the myelinated, fast-conducting (A-type fiber), LTMRs and
the unmyelinated, slow-conducting CHTMRs were unchanged
(Fig. 1G) (P < .05) [4]. Neuronal responses from electrical somatic
activation and suprathreshold RF activation were inhibited using
somatically focused laser light at a wavelength of 532 nm
(irradiance 0.03 to 0.1 mW/mm2) (Fig. 4C and D). Blinded sub-
type-selective neuronal somatic inhibitory effects of the light were
tested in 82 cells after peripheral nerve RF activation (N = 49 cells
[maximum 1 neuron of each type per animal] from 20 animals con-
taining ArchT vector and N = 33 cells from 8 animals with control



Fig. 4. In vivo neuronal subtype-specific functional activity of ArchT. (A–D) In vivo
electrophysiology of dorsal root ganglion (DRG) was performed to assess the effects
of optical activation in subtype-specific neurons with light activation at the soma
(A). Only myelinated, fast-conducting high-threshold mechanoreceptors (AHTMR)
were affected by light (532 nm wavelength [irradiance 0.03 to 0.1 mW/mm2]) with
resulting hyperpolarization, whereas the myelinated, low threshold mechanore-
ceptors (LTMR) and the unmyelinated, slow-conducting high-threshold mechano-
receptors (CHTMR) were unchanged (B) (n = 49 neurons [maximum 1 neuron of each
type per animal] from 20 animals; 15 AHTMR, 19 LTMR, 15 CHTMR). Green shading
represents light administration. (C) A representative AHTMR neuronal response to
threshold electrical activation from a somatic intracellular recording pipette
(rheobase) and inhibition of the action potential (AP) with somatic optical activation
are shown (C: scale bar = upper trace: 20 ms/20 mV; lower trace: pulses: 500 ms,
1.2 nA, 0.5 Hz, scale bar = 1 s/40 mV). This inhibition at threshold could only be
produced in the AHTMR population. (D) Peripherally generated AP in a nerve with a
receptive field (RF) in the paw was recorded from the intracellular pipette in the
soma of the DRG. Suprathreshold von Frey stimulus was used in the plantar surface
RF of the paw to elicit the AP, and during the stimulus laser light at a wavelength of
532 nm at the DRG resulted in elimination of AP with return after the light was
eliminated. The arrow shows an electrotonically propagated AP. The higher
magnification of the baseline resting membrane potential (Em) shows the speed of
the change in Em of the cell with the illumination of the soma with an almost
instantaneous 7 mV hyperpolarization of the soma. Only AHTMR neurons could be
inhibited at the soma (15 of 15 AHTMR, 0 of 19 LTMR, 0 of 15 CHTMR) (P < .001).
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vector). DRG laser illumination inhibited 15 of 15 AHTMR neurons
tested, whereas no LTMR (0 of 19) or CHTMR (0 of 15) neuron
exhibited any change in firing rate in the ArchT containing DRG
(P < .0001). In the control vector containing DRG, no cell of any
type could be inhibited by DRG laser illumination (0 of 8 AHTMR,
0 of 17 LTMR, 0 of 8 CHTMR). Finally, transcutaneous efficacy of
light inhibition in the RF was tested using intracellular in vivo elec-
trophysiology at the soma (irradiance 0.03 to 0.5 mW/mm2)
((N = 23 DRG neurons [maximum 1 neuron of each type per ani-
mal] from 11 animals) (Fig. 5A to D). All AHTMR (8 of 8) neurons
could be inhibited, whereas none of the CHTMR (0 of 7) and LTMR
Fig. 5. Transcutaneous light activates ArchT fast-conducting high-threshold
mechanoreceptors (AHTMR) in paw. (A–D) In vivo electrophysiology at the soma
of the dorsal root ganglion (DRG) was utilized to test transcutaneous efficacy of
light inhibition in the receptive field (RF) (irradiance 0.15 to 0.34 mW/mm2) (A).
Only AHTMR neurons could be inhibited transcutaneously (n = 23 neurons [max-
imum 1 neuron of each type per animal] from 11 animals; 8 of 8 AHTMR, 0 of 8
LTMR, 0 of 7 CHTMR) (P < .0001). (A) A representative AHTMR at threshold (B: scale
bar = 0.5 s/20 mV) and at suprathreshold demonstrates inhibition of action
potential (AP) generation (C: scale bar = 20 ms/20 mv). The response to supra-
threshold stimulus also is presented underneath in the absence of light (C). A dose
response of instantaneous frequency of the neuronal AP responses to light intensity
also is presented (D).
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(0 of 8) neurons was inhibited (P < .0001). AHTMRs were readily
inhibited at threshold (Fig. 5B) and at suprathreshold, and the
response to light was intensity-dependent using instantaneous fre-
quency of the neuronal AP responses (Fig. 5C and D).

3.3. Neuronal control after nerve injury

Sensory afferents become hyperexcitable after injury and may
drive chronic pain. However, reducing activity after injury may
Fig. 6. Inhibition of nerve injury–induced neuronal hyperexcitability using transcutaneo
L5 nerve root [pSNL]) was performed, and the effects of neuronal responses to stimula
mapped, with an increase in RF size after pSNL compared with control (A: paw with black
administration (green shading) was performed within the neuron RF. Representative trac
a threshold of 10 g (B, top tracing) and from a neuron from an animal 2 weeks afte
Hyperexcitability is noted by increased instantaneous frequency response at threshold an
neurons). Bar underneath the action potential (AP) responses is the duration of the t
thresholds (MT) tested by RF stimulation on the glabrous skin of the paw using von Fr
electrophysiology at the soma of L4 dorsal root ganglion (DRG) neurons (open triangles, l
17 sham/control). Mechanical withdrawal thresholds (MWT) in awake, freely mobile an
(gray circles, right axis, C) were reduced consistent with the reduction in MT of isolated A
the soma (open triangles, left axis, C). (D) Hyperalgesia is present with a reduction
administration on the paw of freely moving animal 2 minutes before von Frey threshold t
to baseline 5 minutes after the light was turned off. (E) Effects of transcutaneous light
panel), and C-fiber high-threshold mechanoreceptor (CHTMR) (bottom panel) on neuron
administration. Only AHTMR activity could be inhibited by light (n = 9 of 9 cells from 9
be different from the basal state. Therefore neurons were made
hyperexcitable using nerve injury to test for inhibition. Two weeks
after pSNL (ligation of the L5 nerve root, Fig. 6A), AHTMR neurons
in the L4 DRG were hyperexcitable with decreased MT, increased
APs to a given stimulus, increased RF size, and displayed after
depolarizations following stimuli (P < .05) (Fig. 6A to D) [22].
AHTMR MTs were reduced by pSNL, as were MWT in freely behav-
ing animals (N = 28 AHTMR neurons from 11 pSNL and 17 sham/
control) (Fig. 6C). IT administration of AAV8-ArchT 1 week before
us light administration. (A–E) Partial sciatic nerve ligation (A) (partial ligation of the
tion with and without light were assessed. The neuronal receptive field (RF) was
shading control RF size; red shading RF size after pSNL, and response testing of light

ings of fast-conducting high-threshold mechanoreceptors (AHTMR) from sham with
r pSNL with a threshold of 0.6 g (B, bottom tracing) (B: scale bar = 2 s/20 mV).
d afterdischarges (arrow, B, bottom tracing) (not present in normal or sham AHTMR

hreshold von Frey filament stimulus. The pSNL resulted in decreased mechanical
ey filaments and measured in isolated AHTMR neurons in vivo using intracellular

eft axis, C) (n = 28 AHTMR neurons from 23 animals [1 cell per animal]; 11 pSNL and
imals also were reduced after pSNL compared with sham controls, and these MWT
HTMR neurons from L4 measured electrophysiologically by threshold AP activity at
in MWT 2 weeks after pSNL compared with baseline and transcutaneous light

esting increased MWT (reduced hyperalgesia [n = 8 animals] (⁄P < .05). This returned
in the RF of low-threshold mechanoreceptors (LTMR) (top panel), AHTMR (middle
al RF neuronal responses (E: scale bar = 4 s/20 mV). Green shading represents light
animals). No CHTMR (0 of 6) and no LTMR (0 of 7) neuron was inhibited (P < .05).
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pSNL permitted inhibition of AHTMR (9 of 9 cells) (N = 9 animals)
neurons 2 weeks after pSNL with transcutaneous light (irradiance
0.03 to 0.1 mW/mm2) rendering the RF insensitive to high-thresh-
old stimuli, suprathreshold von Frey stimulus, or pinch. However,
CHTMR (0 of 6) and LTMR (0 of 7) neurons could not be inhibited
with transcutaneous light (Fig. 6E). No difference in mechanical
withdrawal thresholds was found over time after injection of viral
vector relative to control in the absence of light (N = 16 animals; 8
viral vector and 8 control) (Supplemental Fig. 3A). Transcutaneous
light administered with a laser (irradiance 0.15 to 0.34 mW/mm2)
increased MWT in normal (N = 8) (Supplemental Fig. 3B) and
nerve-injured animals after ArchT (N = 8) (P < .05), and MWT
returned to baseline after stopping light (Fig. 6D). No change in
MWT in response to light was observed in control (N = 8) or pSNL
animals with no ArchT (N = 8).

4. Discussion

This is the first report of inhibition of peripheral neurons in rat
after IT administration of an ArchT AAV construct. The data corrob-
orate previous reports that in vitro and in vivo inhibition of sensory
input from the periphery can be achieved using optically active
proteins [24]. Moreover, we present data on functional transduc-
tion of ArchT in a subset of mechanosensitive neurons, AHTMRs.
Although these fibers have long been established as nociceptors,
selective control made it possible to directly establish their contri-
bution to mechanical withdrawal behavior in the rat under normal
conditions and in a model of neuropathic pain using a rapidly
reversible and nonpharmacologic manipulation [7,31].

In this study, we have focused on mechanically sensitive and
fast-conducting peripheral nerve fibers and their contributions to
withdrawal behavior. These fast-conducting mechanoreceptors,
or AHTMRs, are considered ‘‘first’’ pain fibers, or acute nociceptors
[20,26,31]. Although the contribution of these fibers to ‘‘first’’ pain
signaling is accepted, their role in normal and nerve injury is
unclear. Our data suggest that they contribute to normal responses
from suprathreshold input, ongoing abnormal input, and responses
after nerve injury; first by demonstrating a correlation between
withdrawal threshold and AHTMR sensibility, then by demonstrat-
ing increased sensibility of the AHTMR after nerve injury, and
finally demonstrating that inhibition of transmission results in
altered behavioral withdrawal responses under normal and patho-
logical conditions.

Nerve injury–induced pain is often generated by normally
innocuous stimuli, associated with enhanced responses to noxious
stimuli, and may be elicited in the absence of activation within the
RF [1,16]. These responses can persist long after the initial injury,
spread to uninjured areas, and may reflect changes in neighboring
neurons or DRG that innervate areas within or in proximity to
areas innervated by damaged nerves. In this study we focused on
the uninjured L4 DRG, which also is abnormal after L5 injury.
Hypersensitivity and allodynia are important contributors to nerve
injury pain, and withdrawal thresholds in animals are commonly
used to assess this [6,10]. The A-fibers from within the injured
nerves are thought to contribute to spontaneous pain [27]. How-
ever, differential effects of nerve injury on injured and intact
nerves may give rise to different components of pain, in particular
elicited versus spontaneous pain [18,42,55]. Increased sensibility
of intact A-fibers after nerve injury recently has been reported
[18]. Our data corroborate these findings that A-fibers in the unin-
jured DRG are sensitized after injury. However, no spontaneous
activity was observed in any neuron in our study before or after
injury, consistent with other reports [45]. We extend these findings
by demonstrating that A-fibers are not just A-d fibers, but AHTMR,
and move from speculation that the lowered A-nociceptor
thresholds and sensitization may contribute to greater evoked pain
to a definitive link between the A nociceptor sensitization and
reduced withdrawal thresholds, considered pain-related behavior,
by reducing pain-related behavior with optical inhibition of the
AHTMR in a reversible manner.

The widest classification of peripheral neurons is based on CV,
but many modalities are used. The contribution of peripheral nerve
subtypes to different sensations is confounded in part because
classification based on physiologic or anatomic characteristics do
not accurately reflect the precise identity of the nerve under study.
Ideally the availability of a biomarker, genetic or protein, would
permit definitive identification of neuronal subtypes and be valu-
able in understanding the contribution of neuronal subsets to vary-
ing pathological and nonpathological behavioral responses. RF
characteristics are one way of accurately identifying a nerve, but
these methods are cumbersome. Definitive identification of neu-
rons without the need to arduously characterize the RF response
characteristics would be advantageous, especially because the RF
is not readily available with in vitro preparations and nonexistent
in culture. Subtype selective markers have been identified for some
neurons, but the ability to distinguish mechanically sensitive affer-
ents based on biological markers remains a major obstacle. Most
progress in this area is in distinguishing A- from C-fibers or sepa-
rate subtypes of C-fibers. Subclassification of C-fibers is based on
IB4 immunoreactivity or on presence of peptidergic expression
[34,48], but even this is not entirely reliable with large species var-
iability [39]. More specific identification of subsets of unmyeli-
nated neurons has been reported [9]. Myelinated neurons can be
distinguished in the rat by the presence of specific neurofilaments
[30]. However, further subclassification of myelinated neurons to
reliably distinguish and divide them based on RF characteristics
as well as CV, adaptation rat and electrical properties is not avail-
able. Specific biomarkers that contribute to the neuronal RF char-
acteristics would contribute significantly to understanding the
mechanisms of neuronal selectivity of the viral vector/promoter
and be valuable for development of tools for selective activation
and inhibition of other neuronal subtypes. Because peptidergic
markers are in both myelinated and IB4-positive neurons, the par-
ticular AHTMR population defined by expression in this study is
likely not confined to a particular peptidergic marker. The fact that
>98% of the GFP-positive neurons are myelinated suggests that the
effects on withdrawal are not significantly derived from C-fibers.
Nevertheless, further studies to determine the identity of AHTMR
neurons immunohistochemically in a more comprehensive fashion
will be useful.

This is the first study to demonstrate functional transduction of a
subset of myelinated neurons with a protein construct using a viral
vector. IT administration was chosen due to technical ease, routine
clinical use, and previous reports with successful transduction
[47]. Other methods have been utilized; intraneural injection, injec-
tion into the DRG, localized injection relying on retrograde trans-
port, and systemic injection [21,24,46,47,53,56]. AAV8 seems to
have affinity for peripheral nerves even after muscle or systemic
administration [21,56]. Selectivity of AAV8 constructs for sensory
fibers after IT injection has been demonstrated [47], but no selectiv-
ity for AHTMR neurons has been reported. In our case, preferential
expression in myelinated neurons may play a role, but would not
explain the lack of expression in motor neurons. Expression of spe-
cific glycoproteins on myelinated sensory neurons that permit AAV8
greater binding and possibly improved access is a possible explana-
tion. Also serotype differences in properties of capsid may alter gen-
ome release during cell entry, influencing cell type and tissue
specificity [40]. Studies of AAV8 mechanisms of cell entry and selec-
tivity will enhance utility of AAV8 in the periphery and IT space. In
our studies, no gross evidence of cellular damage or toxicity was
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found either in vitro or in vivo; however, we did not specifically
study this aspect of expression and further testing is required to ade-
quately assess the risks beyond laboratory investigations.

The precise control of channels in a neuronal subtype-specific
fashion opens the possibility of therapeutic intervention utilizing
light, possibly patient controlled, for spatial and temporal control
of afferent nociceptive input to control pain. This would provide
a novel treatment approach for pain syndromes. Optogenetic appli-
cations are currently limited to animals, but advances in gene ther-
apy and light devices combined with the use of transcutaneous
light could open the door for clinical application of this technology
for treatment of pain [11,12,14,23,32,50]. Reduction of nociceptive
input while maintaining light touch and motor function and simul-
taneously avoiding central nervous system depressive effects of
commonly used drug therapy would be desirable. Clinical transla-
tion would be enhanced by the efficacy of transcutaneous light,
which can be easily controlled in a temporal-, spatial-, and wave-
length-specific fashion [2,5,13,14]. This would eliminate the need
for implantation of an illuminating device. However, skin thickness
and access of nerve endings to light may be a limitation of transcu-
taneous activation in larger animals or humans. Further testing to
define the applicability and limitations of transcutaneous efficacy
will be essential. Understanding the mechanisms of neuronal spec-
ificity will be critical for further translation of this technology to
other species and ultimately to humans. In the meantime, the pow-
erful use of selective optical inhibition of peripheral nociceptive
input as a tool should yield valuable knowledge about different
pain states that have been difficult to study with the currently
available methods.

Together these data demonstrate that the peripheral sensory
nervous system can be targeted and controlled with light-activated
inhibitory pumps. Our data from a neuropathic pain model demon-
strate that sensory neuron subtype control permits interrogation of
pain-related changes in processing sensory information and can
advance knowledge of spinal circuits that modulate and transmit
nociceptive input from peripheral sensory nerves [26]. In particu-
lar, ArchT is promising as a tool to assess the AHTMR contribution
to peripheral pain states [14]. Further targeting of other neuronal
subtypes will enhance understanding of spinal cord circuitry and
the contribution of other sensory subtypes to peripheral nocicep-
tion and their role in the generation and maintenance of various
peripherally driven pain states. Finally, our data support the com-
plexity of the ubiquitous withdrawal behavior in the rat, suggest
contributions from different peripheral neurons, and establish a
role of AHTMR activity in withdrawal behavior in normal rats
and after nerve injury.
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