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Abstract 

 
The effect of spinal cord injury on C-fiber low-threshold mechanoreceptors and sensory 

afferents that transiently express tyrosine hydroxylase 
By Kevin E. Watkins 

 
Chronic pain after spinal cord injury (SCI) greatly decreases the patient’s quality 

of life, and complementary interventions addressing neural changes in the periphery 
have the potential to improve the often suboptimal present treatments. Allodynia is a 
common at-level pain syndrome in which normally innocuous stimuli are perceived as 
painful, and C-fiber low-threshold mechanoreceptors (C-LTMRs) have been implicated 
in mediating this neuropathic pain. Tyrosine hydroxylase (TH) has previously been 
identified as a genetic marker for C-LTMRs. In this study, a transgenic mouse strain 
expressing Cre recombinase in the tyrosine hydroxylase promoter sequence (TH-Cre) 
was crossed with a strain containing a Cre-dependent channelrhodopsin fused to a 
yellow fluorescent protein (ChR2-YFP). The offspring (TH::ChR2-YFP) express the 
light-activated ChR2 ion channel in a subset of TH-expressing (TH+) neurons, allowing 
for the recruitment of TH+ C-LTMR action potentials by shining blue light on the skin. I 
used these animals to pursue two goals:  (a) confirm the recruitment of TH+ C-LTMRs 
and assess if they are selectively recruited by optogenetic stimuli; and (b) characterize 
changes in C-LTMR activity and physiology after SCI at and above the level of the 
injury. I found that TH::ChR2-YFP animals do express the transgene in TH+ C-LTMRs 
and those sensory neurons can be recruited by cutaneously applied blue light stimuli. 
Additional myelinated and perhaps unmyelinated neurons also express ChR2 and 
respond to light stimuli, possibly due to transient developmental expression of TH. I also 
found evidence that hemisection SCI caused a change in axonal membrane physiology 
of TH::ChR2-YFP C-fibers one spinal segment above the level of injury, shown by a 
change in action potential rise slope and peak amplitude. Furthermore, SCI caused a 
significant decrease in TH::ChR2-YFP sensory neuron activity at the level of injury, 
including the TH+ C-LTMRs. To our knowledge, this study is the first to identify changes 
in C-LTMR activity and physiology in response to SCI. These results may help to 
elucidate the peripheral changes that lead to SCI-induced at-level allodynia.   
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Introduction 
 
Allodynia in patients with spinal cord injury: 

A majority of spinal cord injury (SCI) patients suffer from chronic pain, which 

interferes with rehabilitation, daily activities, and quality of life (Siddall et al., 2003). 

Allodynia is a common feature of chronic SCI neuropathic pain and is defined as a 

painful response to normally innocuous stimuli. People with tactile allodynia typically 

experience a tender, burning sensation when the affected skin is stroked softly 

(Rasmussen et al., 2004). Conversion of the sensation of a loved one’s gentle caress to 

a sensation of pain would be a particularly poignant example of allodynia. While loss of 

motor function is a primary focus of spinal cord injury (SCI) research, chronic pain 

syndromes – including neuropathic, visceral, and musculoskeletal pain – decrease 

quality of life so severely that depression and suicide frequently result (Christensen and 

Hulsebosch, 1997; Cairns, Adkins, and Scott, 1996; Segatore, 1994).  While basic 

research has helped uncover many of the central mechanisms underlying neuropathic 

pain, therapeutic interventions are often suboptimal or ineffective and highly 

understudied in relation to SCI. A better understanding of how peripheral sensation 

changes after SCI could help to improve the therapeutic interventions currently 

available. 

Neuropathic pain after SCI may occur above, at, or below the level of lesion and 

may persist for years after the acute injury (Calmels, Mick, Perrouin-Verbe, and 

Ventura, 2009). Pain progresses from at- to below-level pain, possibly due to interactive 

mechanisms between these two conditions (Siddall et al., 2003). The development of 

allodynia is an important feature of at-level pain, specifically. Clinical observations of 
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SCI patients with ongoing pain have shown that gentle brush stimuli provided to at-level 

hairy skin dermatomes, normally perceived as pleasant, produces allodynia in these 

patients (Finnerup et al., 2003). This type of gentle brush stimulation is known to 

preferentially recruit a specific population of unmyelinated sensory afferents, the C-fiber 

low threshold mechanoreceptors (C-LTMRs) (Iggo, 1960).  

 

Traits of C-fiber low threshold mechanoreceptors (C-LTMRs): 

In uninjured conditions, C-LTMRs (called CT afferents in the human literature) 

are tuned to encode pleasurable touch information to the point that firing rates correlate 

significantly with stimulus pleasantness ratings (Nordin, 1990; Löken et al., 2009). 

Though C-LTMRs react to the same stimuli as myelinated fibers (A- and A-LTMRs), 

they show unique activation curves tuned to innocuous tactile stimulation. Human 

forearm C-LTMR firing frequencies form an inverted U-shaped relationship with brush 

stimulus velocity, and velocities between 1-10 cm s-1 evoke peak responses (Löken et 

al., 2009). Myelinated afferents, conversely, show either a linear or positive quadratic 

relationship between brush velocity and firing rates (Löken et al., 2009). Also, studies 

from humans and mice show that C-LTMRs are slow conducting afferents (conduction 

velocities ranging from 0.6-1.2 m/s) and are recruited at low stimulation forces (<5 mN) 

(Li et al., 2011; Bessou et al., 1971; Seal et al., 2009; Vallbo, Olausson, and Wessberg, 

1999). These slow, seemingly redundant C-LTMRs comprise a second anatomically 

and functionally distinct system for signaling touch. Their preference for stroking stimuli 

and the central processing pathway for their signals differ from myelinated touch 

afferents, and these properties have resulted in researchers referring to them as the 
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emotional or affective touch system. While the fast myelinated mechanosensory 

pathway projects to somatosensory cortex (Blomqvist et al., 2000), C-LTMRs relay 

information to the insula (Olausson et al., 2002) – an area associated with allostatic 

control, motivation, and feelings (for reviews, see Paulus and Stein, 2006; Craig, 2008) 

– and recruit a network of brain regions involved in social processing (Gordon et al. 

2013). The C-LTMRs have been hypothesized to play an integral part in the 

interoceptive C-fiber afferent network that gives rise to “gut feelings” (for review, see 

Björnsdotter, Morrison, and Olausson, 2010). Because of these traits, dysfunction in the 

sensation and processing of the C-LTMR-mediated affective touch system may also 

play an important role in the development of depression and other mood disorders 

arising after SCI.  

  

C-LTMR processing in the dorsal horn and implications for allodynia: 

An understanding of global mechanisms producing SCI-induced allodynia is 

understandably complex due to do the heterogeneity and complexity of the injury itself 

(Yezierski et al., 2004). SCI can cause cellular changes in the central nervous system 

that alter the excitability of neurons in the spinal cord, particularly in the dorsal horn. 

This central sensitization is thought to result from elevated levels of neuronal activity, 

glutamatergic transmission, and glial activation (Watson et al., 2014). Descending 

monoaminergic pathways are also thought to play a role, specifically facilitation by 

serotonergic mechanisms on 5-HT3 receptors (Oatway, Chen, and Weaver, 2004). 

Regarding the dorsal horn circuitry underlying allodynic pain states, research has 

progressed greatly in the past decade but has consistently revealed more complexity. In 
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the dorsal horn, C-LTMR axon terminals overlap with protein kinase C gamma (PKC) 

neurons in the inner ventral region of lamina II (IIiv) of the dorsal horn (Li et al., 2011), 

where they preferentially synapse with PKCRor, and excitatory parvalbumin 

interneurons (Abraira et al., 2017, but see Peirs et al., 2014). From there, the recipient 

zone for low-threshold mechanosensation, which stretches from lamina IIiv to lamina IV, 

is comprised almost completely of interneurons that receive input from local 

interneurons, 2-3 types of LTMR sensory afferents, and descending cortical inputs 

(Abraira et al., 2017). This LTMR recipient zone likely performs initial processing of 

innocuous touch, similar to the processing of visual stimuli in the retina (Abraira et al., 

2017). C-LTMR activity is eventually transmitted via wide dynamic range NK1R+ lamina 

I spinoparabrachial projection neurons, which also transmit C-fiber nociceptive 

information (Andrew, 2010). Interestingly, Keller et al. (2007) found that an increased 

percentage of lamina I spinoparabrachial neurons responded to innocuous brush 

stimulation under conditions of nerve injury, and the mean response to that brush stimuli 

increased. C-LTMRs also influence information flow from C-fiber nociceptors to lamina I 

NK1R+ projection neurons through excitatory input on GABAergic islet cells in lamina II 

(Lu and Perl, 2003), and their PKCinterneuron targets have been shown to mediate 

pain behaviors after peripheral nerve injury and inflammation (Malmberg, Chen, 

Tonegawa, and Basbaum, 1997). Two research groups recently described the dorsal 

horn inputs and interneuron circuitry that may be involved in converting innocuous touch 

to nociceptive signals, though much is still unknown (see Peirs and Seal, 2016; Koch, 

Acton, and Goulding, 2018). These results, along with the analgesic properties of C-

LTMR-secreted TAFA4 (Delfini et al., 2013) which is reduced during tactile allodynia 
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(Liljencrantz et al., 2013), implicate the C-LTMRs in modulating allodynia and make 

them an important target for chronic pain research. To our knowledge, the contribution 

of C-LTMRs to pain hypersensitivity following SCI has not been directly studied. 

 

Evaluating changes in C-LTMR activity after SCI 

A handful of genes have been proposed as markers for C-LTMRs in mouse 

models. One of the first put forward, Mas-related G protein-coupled receptor B4 

(MrgprB4), is expressed in a small population (~2%) of thoracic DRG neurons (Liu et al., 

2007). MrgprB4+ neurons are responsive to massage-like stroking over a broad surface 

area in vivo but were not recruited in an ex vivo isolated skin-nerve preparation (Vrontou 

et al. 2013). They continue to be considered a separate and unique population of C-

LTMR-like afferents that do not express the more recently proposed C-LTMR markers. 

Li et al. (2011) identified tyrosine hydroxylase (TH), the rate limiting enzyme in the 

production of catecholamines (Levitt, Spector, Sjoerdsma, and Udenfriend, 1965), as 

another purported marker of C-LTMRs. They comprise >15% of sensory ganglion 

neurons innervating the trunk hairy skin, selectively innervate lamina IIiv of the dorsal 

horn, arborize extensively, and form longitudinal lanceolate endings around hair follicles 

with zigzag and awl/auchene hairs (Li et al., 2011). Despite their small sizes and lack of 

myelin, these touch afferents do not express the classic nociceptive neuropeptides 

(CGRP, TrpV1, and TrkA), nor do they bind the lectin IB4, further distinguishing them as 

non-nociceptors (Li et al., 2011).  

Two more purported markers of C-LTMRs appear to identify subsets of the TH+ C-

LTMR group:  vesicular glutamate transporter 3 (VGLUT3; Seal et al., 2009) and TAFA4 
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(Delfini et al., 2013). Myelinated VGLUT3+ neurons only express the gene transcript 

transiently during development, and unmyelinated VGLUT3+ neurons continue to 

express the protein in the adult. This second group, the VGLUT3-persistent neurons, 

show the response properties of classic C-LTMRs (Seal et al., 2009) and can further be 

divided into TH+/VGLUT3+ (~67%) and TH-/VGLUT3+ (~33%) neurons (Lou et al., 

2013). It has also been reported that >80% of TH+ DRG neurons express VGLUT3 (Li 

et al., 2011), though a more recent RNA sequencing study on 622 single neurons from 

the mouse lumbar DRGs found that 34% of TH+ neurons were VGLUT3+ and 93% of 

VGLUT3+ neurons were TH+ (Usoskin et al., 2015). Most recently, Delfini et al. (2013) 

demonstrated TAFA4, a chemokine-like secreted protein (Tom Tang et al., 2004), also 

identified neurons with response properties and expression patterns of C-LTMRs and 

overlapped extensively with the VGLUT3+ population (92% VGLUT3+ are TAFA4+ and 

94% TAFA4+ are VGLUT3+). They further demonstrated that TAFA4 null mice showed 

sustained mechanical allodynia under conditions of inflammation and nerve injury, and 

this effect was reversed upon intrathecal administration of TAFA4 protein (Delfini et al., 

2013). To summarize, C-LTMRs appear to be a heterogenous group based on their 

expression profiles, with the largest group defined by the expression of TH. 

To better characterize the role of C-LTMRs in allodynia, we developed a transgenic 

mouse model to selectively recruit C-LTMR afferents without simultaneously activating 

myelinated mechanoreceptors. We chose to use TH as our genetic marker for C-LTMRs 

based on published results showing it identifies the largest C-LTMR population (Li et al., 

2011; Delfini et al., 2013; Usoskin et al., 2015). Our model involves crossing transgenic 

mice expressing Cre recombinase in TH-expressing (TH+) neurons (TH-Cre) with mice 
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expressing a Cre-dependent fluorescent marker fused to a light-gated ion channel, 

channelrhodopsin 2 (ChR2-YFP). The resultant animals express the light-activated 

ChR2 in cells that express TH (TH::CHR2-YFP), allowing for optogenetic activation of 

TH+ C-LTMRs with cutaneously applied blue light. This TH-Cre driver strain has been 

shown to cause recombination of few to most of the TH+ neurons, depending on the 

structure, and recombination in cells that may express TH transiently during 

development has also been reported (Lindeberg et al., 2004). 

Using an ex vivo skin and nerve preparation to characterize the population of 

cutaneous afferents expressing ChR2-YFP in TH::ChR2-YFP mice, I recorded neural 

impulses from dorsal cutaneous nerves (DCNs) while the isolated dorsal thoracic skin 

received optogenetic and mechanical stimuli. Initial optogenetic identification of ChR2-

YFP+ neurons was followed with calibrated von Frey stimulation and computer-

controlled robotic brush stimulation at speeds of 0.3 to 55 cm s-1. 

 The second goal of this study was to determine if peripheral C-LTMR physiology 

may play a role in the transformation of normally pleasant tactile stimuli into painful 

stimuli during SCI-induced allodynia. This would identify a new chronic pain intervention 

target to improve outcomes for patients with allodynia. Using this preparation, I 

analyzed recordings of unitary C-LTMRs in peripheral nerves to characterize how SCI 

changes their recruitment properties – including receptive field size, conduction velocity, 

spike shape properties, and overall activity – at and above the thoracic segmental 

dermatomal site of lesion. I conducted DCN recordings from T9 and T10 segmental 

dermatomes in skin-nerve preparations from animals after level T10 hemisection SCI. In 

mice, injury at this level (T10/T11) is associated with behavioral deficits such as 
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impaired locomotor (Basso et al., 2006; Jakeman et al., 2006) and bladder function 

(David et al., 2014) and the development of neuropathic pain (Murakami et al., 2013). 

Recording and stimulating at segmental levels T9 and T10 allowed me to compare 

modifications in above- and at-lesion-level afferents after injury.  

Though my mouse model recruited a heterogenous group of afferents, possibly due 

to transient TH expression in development (Lindeberg et al., 2004; Jonakait et al., 

1984), we did recruit TH+ CLTMRs using optogenetic stimuli. In analyzing responses 

within C-fiber conduction velocity range, I found a significant decrease in levels of 

activity ipsilateral to SCI at the level of the lesion. Above the lesion, action potentials 

from TH::ChR2-YFP+ cutaneous neurons ipsilateral to injury showed increased peak 

amplitude and rise slope, though the T9 DCN dermatome as a whole apparently 

decreased in area. The results of this study identify key changes in peripheral TH+ 

afferents in response to hemisection SCI near the level of injury and has the potential to 

establish C-LTMRs as therapeutic intervention target for at-level allodynic pain states 

after SCI. 
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Method of Approach 

Animal subjects: 

All procedures were approved by the Institutional Animal Care and Use 

Committee of Emory University. Animals used in this study were transgenic and 

wild-type mice of a C57/Bl6 background, specifically B6.Cg-Tg(Th-cre)1Tmd/J 

(TH-Cre driver), Ai32D-ChR2-YFP (floxed stop-channelrhodopsin-yellow 

fluorescent protein), and R26-LacZ (lacZ). TH-Cre mice were crossed with each 

of the other strains to produce animals expressing the desired proteins in TH+ 

cells. The resultant subject mice expressed Cre-driven ChR2-YFP (n=20) and 

lacZ (n=1) (see Table 1). 

 

Surgical procedures: 

For SCI procedure, adult 

mice (approximately 8-10 weeks 

old) were deeply anesthetized 

with isoflurane. A skin incision 

and dorsal laminectomy, under 

sterile conditions, exposed the 

spinal cord at T10. The spinal 

cord was hemisected at this 

location. The overlying muscle and skin were sutured, and mice were left to recover. 

Sham control mice underwent the surgical procedure but did not receive a SCI. Dr. 

Sandra Garraway performed all surgical procedures. 
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All electrophysiology experiments were acute ex vivo preparations. Mice were 

euthanized by carbon dioxide inhalation in accordance with IACUC protocols. Hair along 

the trunk and abdomen was removed by electric trimmers to allow for light penetration 

to the cutaneous surface, and an incision was made along the dorsal midline of the skin. 

The trunk skin on one side was dissected away by separating the skin from underlying 

connective tissue using blunt dissection, being careful not to injure the dorsal cutaneous 

nerves (DCNs). Recirculating oxygenated synthetic interstitial fluid (SIF; Bretag, 1969) 

was then added to the cavity between the ribcage and the skin and was refreshed 

periodically. Connective tissue around the DCNs was carefully removed, and DCNs T8-

T11 were cut where they entered the musculature of the ribcage, leaving the proximal 

ends free-floating in SIF and the distal ends attached to the skin. A rectangular section 

of trunk skin containing the DCNs was then removed, extending rostrocaudally from the 

shoulder to the hip joint and from the dorsal midline to the ventral surface of the mouse. 

This section of skin was then placed in a static SIF-oxygenated bath. The dissection 

procedure was then repeated for the other side of the mouse. After both sides of the 

dorsal cutaneous surface were removed, the spinal column was dissected out and 

placed in 4% paraformaldehyde for 24-48 hours before being placed 30% sucrose 

solution for later sectioning and immunohistochemistry procedures. 

 

Experimental methods: 

One of the two skin sections was removed from the static SIF bath and placed in 

a recording chamber with the external surface facing up. The chamber contained 

circulating and oxygenated SIF maintained at a temperature of 34°C using a 
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temperature feedback controlled inline heater. Grooved channels in the base of the 

chamber allowed for SIF to circulate underneath the skin and reach the DCNs and 

subcutaneous surface while the epidermis remained dry. DCNs T8-T11 were gently 

drawn out from under the skin using light suction so that the free-floating proximal nerve 

endings extended beyond the dorsal midline. The preparation was then allowed to rest 

for 30 minutes to acclimate. DCNs T9 and T10 were then attached to constricted 

suction electrodes, where the opening of the glass pipette was larger than the minimum 

diameter of the suction electrode, similar to an open-ended hourglass. These electrodes 

were constructed and selected to allow for recording from the entire nerve while 

maintaining adequate suction throughout the recording session. If I was unable to elicit 

a response from the T9 or T10 DCN by mechanical and optogenetic stimuli, electrodes 

were then attached to the T8 or T11 DCN for recording. 

Suction electrodes were connected to an in-house built differential amplifier with 

a gain of 1000, a Hum BugTM Noise Eliminator (Quest Scientific, North Vancouver, BC, 

Canada), a Digidata1322A (Molecular Devices) and Dell XPS computer running 

LabViewTM, pClamp and ClampEX data acquisition software (Molecular Devices). The 

rig was also equipped with an in-house developed robotic stimulator device with 

attached brush and a computer-controlled 2W 445nm copper module laser with a 405-

G-2 glass lens and fiber-optic cable. All elicited responses were recorded digitally for 

offline analysis (Clampfit, Molecular Devices). 

 

Optogenetic characterization of ChR2+ cutaneous neurons:   

We optogenetically activated cutaneous neurons in TH::ChR2-YFP mice using a 

laser providing blue light for optogenetic skin stimulation. A fiberoptic cable attached to 
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a micromanipulator with X-Y coordinate system, positioned 5 mm above and 

perpendicular to the skin, allowed for light to be focused on a circular region of the skin 

1-2 mm in diameter. An Axon Instruments Digidata 1322A run by Clampex software 

controlled the frequency, duration, and intensity of the light stimulation. Light intensity of 

1.8 mWmm-2 recruited robust firing of ChR2 cutaneous neurons in transgenic mice 

without causing responses from nerve terminals in control mice.  

For dermatome mapping, the dermatomes of the recorded DCNs were roughly 

explored by scanning the cutaneous surface with the fiberoptic cable supplying blue 

light illumination. The fiberoptic cable was then positioned with the micromanipulator at 

the dorsal midline outside of the receptive field, and each square millimeter of the 

receptive field was systematically given a 10ms, 2 Hz pulse train applied for 2.5 

seconds before the fiberoptic cable was moved. 

For characterization of individual units, strategic light placement at nerve 

receptive field borders was used to aid in selective recruitment of individual neurons for 

subsequent analysis. When few individual units were found, a 2 Hz pulse train lasting 

three minutes, with 10 ms pulses, was applied to that location. After a rest period of 

three minutes, the same location received pulse trains of 10, 15, and 20 Hz in 

succession with a 10 second inter-stimulus interval.  

 

Mechanical stimulation: 

In selected trials, the area of illumination was subsequently tested to characterize 

optogenetically responsive units using calibrated Von Frey filaments which stimulate at 

forces 3.9, 5.9, 7.8, and 9.8 mN. First, baseline activity was recorded with no 
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mechanical stimulation. The filaments were then bent against the skin for about 2 to 3 

seconds to deliver the desired force. Each force was administered repeatedly over a 

period of 30 seconds. C-LTMRs were identified by the firing threshold of 3.9 mN. 

Emphasis was on targeting already optogenetically-identified C-fiber neurons (CV < 1.2 

m/s) using coordinates provided in optogenetic experiments above.  

In some animals, a computer controlled robotic arm administered brush strokes 

using a fine tipped artist’s brush over areas of the receptive field in the direction of hair 

growth at brush speeds of 1, 3, 10, 30, and 55 cm/s. These speeds overlap with those 

shown to preferentially activate C-LTMRs in relation to other LTMRs (Li et al., 2011; 

Seal et al., 2009). Each speed was tested four times with an inter-stimulus interval of 30 

seconds. Responses to each speed of brush were recorded and used for template 

searches, as described in Data Analysis section. 

After the completion of all experiments, the lengths of the DCNs were measured, 

and the skin and attached DCNs were placed in 4% paraformaldehyde for 24 hours and 

then placed in 30% sucrose to preserve the tissue for later analysis. 

 

Immunohistochemistry: 

 Mice not used in other experiments were deeply anesthetized with urethane (2 

mg/kg), placed on ice, and transcardially perfused with heparinized saline followed by 

4% paraformaldehyde in phosphate buffered saline. The spinal cord and attached 

dorsal root ganglia were then removed and placed in 4% paraformaldehyde overnight 

and then in 30% sucrose solution until ready for sectioning. For animals that underwent 

electrophysiological testing, the preserved spinal cord was isolated by carefully 



14 

 

 
 

removing the surrounding spinal tissue, and dorsal root ganglia were removed and 

sectioned separately.  

A portion of the spinal cord from T8 to T12 was isolated and placed in a 1.5% 

agar gel block. This tissue was then sectioned to 50 μm on a vibrating blade microtome 

(Leica VT1000S). Sections were collected serially in wells, and every fifth section was 

collected in the same well. Sections from the different spinal cord levels (T8-T11) were 

collected separately. Dorsal root ganglia were embedded in O.C.T. and sectioned to 25 

μm on an upright Leica cryostat. The sectioned tissue was mounted on slides for 

immunohistochemical procedures. DCNs were cut from the skin and placed in wells 

containing phosphate buffered saline (PBS). 

Spinal cord sections and isolated DCNs were washed in 0.1% Triton X-100 in 

phosphate buffered saline PBS, pH 7.4, for two hours. Sheep polyclonal anti-TH 

(Millipore), guinea pig polyclonal anti-αCGRP (Peninsula), chicken polyclonal anti-GFP 

(Abcam), rabbit anti-PKCγ (Santa Cruz Biotechnology), or rabbit anti-TrpV1 (Alomone 

Labs) were diluted in PBS and applied overnight. The GFP antibody also adheres to 

YFP and was used to amplify the ChR2-YFP signal. The following day, sections were 

washed three times, 30 minutes each, in 0.1% Triton PBS. Secondary antibodies Cy5 

donkey anti sheep (Jackson immunoresearch 1:100), Cy5 donkey anti-rabbit (Jackson 

immunoresearch 1:100), Alexa 647 donkey anti-guinea pig (Jackson immunoresearch 

1:100), Cy3 donkey anti-chicken (Jackson immunoresearch 1:250) were added and the 

tissue was incubated for 1.5 hours at room temperature. Spinal cord sections were then 

washed three times, 30 min each, and mounted to slides. DCNs were whole-mounted 

onto slides. 
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DRG sections on slides were washed for 2 hours in 0.1% Triton PBS at room 

temperature and incubated with the above antibodies overnight at 4°C. Slides were 

washed three times, 15 min each, in 0.3% Triton PBS. Secondary antibodies were 

added and the tissue was incubated for 1.5 hours at room temperature. Sections were 

then washed three times for 15 min each.  

 

LacZ staining: 

Cryostat sectioned thoracic spinal cord, DRG, and whole skin mounts were 

washed 3x 30 min in PBS-T at room temperature. Sections were incubated in LacZ 

rinse buffer (0.2 M Sodium Phosphate, 20mM Magnesium Chloride, 225 mM Sodium 

Deoxycholate, 0.02% IGEPAL630) for 2 hours at 37°C. Tissue was then incubated in 

LacZ staining solution (2ml LacZ rinse buffer, 5mM Potassium Ferrocyanide, 5mM 

Potassium Ferricyanide, 0.5mg/ml X-GAL) at 37°C for 4-24 hours.  

 

Analysis methods: 

Electrophysiology 

Threshold detection in Clampfit was used to identify individual units responding 

to the 2 Hz optogenetic stimuli (10 ms pulses for 3 minutes). Each detected event was 

manually accepted or rejected for analysis based on visual inspection to reduce the 

effects of noise and artifacts on characterization of the action potential shapes. 

Conduction velocity was calculated by dividing the measured DCN length by the time 

difference between the onset of light stimuli and the peak of the event. Descriptive 
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statistical analysis of events was carried out on Clampfit software to obtain means and 

standard deviations of amplitude, half-width, rise slope, and decay slope.   

In cases where the same area of skin received both optogenetic and mechanical 

stimulation – by von Frey hairs or robotic brush – the identified action potentials from 

the 2 Hz optogenetic stimulation threshold detection search were used to create 

waveform templates for a template search of mechanical stimulation recordings. The 

peaks of the action potentials were aligned before creating an average trace. This 

average trace was then used as a template to search the robotic brush and von Frey 

hair recordings in Clampfit using a template match threshold value of 4 and 6-12, 

respectively. These conservative threshold values were selected for each template 

search in the mechanical stimulation recordings with an aim of minimizing detected 

events in the baseline traces while still retaining events in the experimental traces (for a 

description of the template match threshold, see Clements and Bekkers, 1997). 

Descriptive statistical analysis of instantaneous frequency data for these events was 

performed in Clampfit. Responses to robotic brush stimuli were grouped by brush speed 

and responses to von Frey stimulation were grouped by force. 

For the receptive field heat maps, the level of response was defined as the 

integral of the absolute value of the signal. This produced the cumulative area between 

the signal and the baseline in the region of interest. For each square millimeter, two 

regions were selected for each of the five stimuli:  an early response (CV > 1.2 m/s) and 

a late response (CV < 1.2 m/s). The responses to the five pulses of stimuli were 

averaged to get the mean response to optogenetic stimuli in that 1 mm2 of skin. This 

was repeated for every square millimeter of the dermatome recorded, for each nerve 
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recorded, and for each side of the skin (ipsilateral/contralateral). The individual 

receptive fields in the same nerve-and-side group were then centered in the 

rostrocaudal direction so that the most active pixel of each receptive field was aligned 

between individuals. The individual response means were then averaged across all 

samples in each group. For the dermatome average map, these means for each 

receptive field map were scaled to a range of 0-100 before averaging across animals 

and receptive field size was determined by counting the number of square millimeter 

regions containing responses above a scaled response of 50. This conservative 

threshold for inclusion was based on the observation that some dermatomes contained 

high scaled values in areas clearly outside of the receptive field. In the relative response 

intensity comparison maps, raw activity data for both ipsilateral and contralateral 

responses were scaled together before alligning and averaging across all individuals 

(i.e. each pair scaled together). Cells above the median were averaged to create a 

relative intensity mean response for statistical analysis. 

 

Immunohistochemistry: 

All tissues were viewed and photographed using an Olympus BX51 upright 

fluorescence microscope. DRGs of three mice were used to compare the relative sizes 

of neurons expressing ChR2-YFP, TH, and CGRP. The cross-sectional area of each 

immunolabeled neuron was calculated in the public domain NIH program ImageJ and 

plotted into histograms. The average size of ChR2-YFP+ and TH+ DRG neuron groups 

was calculated for statistical analysis. 
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Statistical analyses: 

To compare the means between two groups, I first conducted a Levene’s test for 

homogeneity of variances. Based on these results, I used either a Student’s t-test 

(equal variances) or a Welch’s t-test (unequal variances) to assess the significance of 

differences in the means. The Holm-Bonferroni method for multiple comparisons was 

used to adjust α when comparing multiple action potential parameters between groups. 

For the comparison between axonal action potential properties in SCI animals, a two-

way ANOVA was used to establish an effect of treatment before post-hoc paired t-tests 

comparing T9 ipsilateral to T9 contralateral and T9 ipsilateral to T10 ipsilateral. 
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Results 

Anatomy: 

To determine the specificity and extent of ChR2-YFP expression in TH+ C-LTMRs, I 

isolated the DRG neurons of thoracic spinal segments of 5 animals for 

immunohistochemical analysis. All DRG tissue was incubated with antibodies for GFP 

to amplify the signal. DRG tissue sections from four animals were also treated with 

antibodies for TH, and sections from two animals were treated with antibodies for 

CGRP. Of the 130 DRG neurons positive for ChR2-YFP (YFP+) and 156 positive for TH 

(TH+), only 13 (10%) were positive for both proteins (Figure 1a). The size of YFP+ 

neurons was significantly different compared to the TH+ neurons (t(155)=6.00, 

p<0.001), though there was overlap in the distribution (Figure 1b). Consistent with Li et 

al. (2011) and Brumovsky et al. (2012), TH+ neurons were small in diameter, with a 

peak around 300 µm2. The YFP+ neurons varied more in size, showing a second peak. 

Additionally, 1 out of the 58 (1.7%, 

n = 2) YFP+ neurons treated with 

CGRP antibodies was positive for 

both proteins, but this is less than 

expected given reports that 64.5% 

and 57% of thoracolumbar 

colorectal and urinary bladder 

visceral DRG afferents, 

respectively, co-express TH and 

CGRP (Brumovsky et al., 2012).  



20 

 

 
 

 

Results were similar in the dorsal 

cutaneous nerve (DCN). Though there 

was some overlap in axons expressing 

TH and ChR2-YFP, other axons were 

either exclusively TH+ or YFP+ (Figure 2). 

Some TH+ neurons in the DCN show 

punctate expression of TH, possibly 

indicating myelinated TH+ fibers . These 

myelinated TH+ neurons do not express 

ChR2-YFP in their axons (Figure 2a), 

though it is unclear if they express the transgene in their terminal end organs.  

 

Beta galactosidase (lacZ) staining of TH::lacZ mouse skin revealed terminal end 

organs surrounding the hair follicles 

(Figure 3a and b). A majority of 

follicles showed beta galactosidase 

around the base of the follicle (Figure 

3b). Whole mount skin sections 

made it difficult to visualize the 

specific structure of the end organs 

through the tissue. On the edges of 

the skin sections, however, the hair 
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follicles were more visible and revealed the characteristic lanceolate endings of follicle-

associated LTMRs (Figure 3c).  

 

To visualize the central terminals of ChR2-YFP+ neurons, spinal cord sections were 

labeled with antibodies against PKC and CGRP. C-LTMRs are known to project to 

Rexed lamina IIiv of the mouse spinal cord dorsal horn and overlap with PKC-

expressing (PKC+) interneurons (Li et al., 

2011), while CGRP-expressing neurons 

project to laminae I and IIo (Molliver et al., 

1995; Tie-Jun, Xu, and Hökfelt, 2001). 

A majority of ChR2-YFP+ central axon 

terminals overlapped with the PKC+ 

interneurons in lamina IIi (Figure 4). A small 

subset of ChR2-YFP+ terminals appeared 

in more superficial laminae (Figure 4, 

arrowheads) and in lamina III of the dorsal 

horn (Figure 4, arrows), but this 

phenomenon has been reported in other studies of TH+ C-LTMRs (Bromovsky et al., 

2006; Li et al., 2011). This pattern appeared bilaterally in mice from all surgical 

treatments and at all thoracic spinal levels sampled (T8-T11).   

In conclusion, expression is consistent with a non-specific labeling of afferent fiber 

populations due to early expression of TH in many primary afferents (Ichikawa et al., 

2005). That only a small minority of afferents was labeled is consistent with the initial 
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report of this line leading to sparse labeling of TH expressing neurons (Savitt et al., 

2005). Fortuitously, it appears that labeled afferents clearly included prominent 

distributions in the periphery and centrally that would be expected of C-LTMRs. Also 

fortuitous is the observation that few small diameter TH::ChR2-YFP neurons were 

labeled with CGRP – a marker associated with C nociceptors – compared to reports of 

embryonic TH/CGRP coexpression (Ichikawa et al., 2005) and expression in TH+ 

visceral afferents (Brumovsky et al., 2012). 

  

Electrophysiology: 

Optogenetic excitation of the dorsal thoracic skin elicited responses from DCN 

neurons with conduction velocities above and below the C-fiber range, and excitation in 

the center of the receptive field resulted in compound or overlapping potentials (Figure 

5a). By targeting areas of the receptive field with less optogenetic response activity, we 

were able to identify individual unit responses more effectively (Figure 5b). Units with a 

CV < 1.2 m/s were compared to those with CV > 1.2 m/s on four measures of spike 

shape:  half-width, peak amplitude, rise slope from 10% to 90% of amplitude, and decay 

slope from 90% to 10% of amplitude.  

In the 10 TH::ChR2-YFP animals used for optogenetic unit characterization, 44 

individual units from 7 different animals were identified and characterized. Responses 

that fell below the conduction velocity of C-fibers (CV < 1.2 m/s; n=32) were separated 

from those above this threshold (CV > 1.2 m/s; n=12). Between these two groups, 

differences in four measures of spike shape were compared:  half-width, peak 

amplitude, rise slope from 10% to 90% of amplitude, and decay slope from 90% to 10% 
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of amplitude. These groups 

showed substantial overlap in 

half-width, peak amplitude, rise 

slope, and decay slope, and we 

found no significant difference 

between the group means of 

these parameters (Table 2).  

Of the individual units 

recruited by optogenetic stimuli, 

eleven were tested for their responses to increasing mechanical stimulation by applying 

calibrated von Frey filaments to the same area of skin that received the optogenetic 

stimuli. Optogenetic recordings were used to create spike templates, and the templates 

were used to search DCN recordings for responses to graded von Frey hairs. Five of 

the 11 neurons tested did not respond to forces used, and seven showed robust 

responses to at least one of the von Frey forces, defined by a mean instantaneous 

frequency (IF) greater than 10 Hz. However, when outliers exceeding 3 standard 

deviations from the mean IF were removed, only six met this threshold of 10 Hz. Of 

those six, five units showed increased activity in response to the 3.9 mN stimulus, 

indicating a threshold ≤ 3.9 mN, and the sixth responded to 5.9 mN of force (Figure 6). 

Three units showed the highest mean instantaneous frequencies (IF) to the low-

threshold 3.9 mN von Frey stimuli.  
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 Optogenetic recordings of 

five other individual units were 

used to create spike templates 

to search DCN recordings for 

responses to robotic brush 

stimuli (Figure 7a). Mean 

instantaneous frequency data 

was averaged for responses at 

each speed of brush stimuli (1, 

2, 10, 30, and 55 cm/s) within 

the period of brush contact with the skin. Of the five units recorded, three neurons 

showed the highest instantaneous frequencies at intermediate brush speeds, and these 

responses formed negative quadratic curves of best fit (Figure 7b). Only two of the 

three, however, closely matched the curve of best fit. The other two of these five units 

increased their response frequencies as speeds increased. Additionally, these two units 

had the least total number of responses over all speeds (data not shown).  
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Action potential differences between ipsilateral and contralateral ChR2-YFP+ units 

To better understand changes in peripheral sensory neurons after SCI, I 

compared action potential measurements of individual units recorded from DCNs 

contralateral and ipsilateral to hemisection SCI in response to optogenetic stimulation 

(19, from n = 5 animals; and 16, from n = 4 animals, respectively). Due to the small 

sample size of units recorded from sham (5, from n = 1 animal) and uninjured subjects 

(4, from n = 1 animal), these data were not included in statistical analyses. For each 

measurement, the absolute value of the mean measurement from repeated recordings 

of individual units was calculated (μ = 311, σ = 109 spike recordings measured and 

averaged per unit). SCI was confirmed in each animal by the ablation of the PKC 

expression in one or both of the dorsal cervicospinal tracts (Mori et al., 1990; Hill, 

Beattie, and Bresnahan, 2001), but the specific level of injury was confirmed in only two 

of the five SCI animals. 

I initially analyzed all units that were characterized for responding to optogenetic 

stimuli, both within and above CV range for C-fibers, to identify changes in spike shape. 

The mean rise slope of units ipsilateral to injury was significantly higher than that of 

units contralateral to injury (x̄ ipsi = 153.9 μV/ms and x̄ cont = 65.2 μV/ms, respectively; 

Welch’s t-test, t(16.6) = 3.55, p = 0.0025, α = 0.01, 95% CI [35.88, 141.47]).  Units 

recorded from DCNs ipsilateral to injury trended toward faster conduction velocities, 

though this trend did not reach significance after an α adjustment using the Holm-

Bonferroni method for multiple comparisons (x̄ ipsi = 1.288 m/s and x̄ cont = 0.755 m/s, 

respectively; Welch’s t-test, t(21.7) = 2.19, p = 0.0397, α = 0.0125, 95% CI [0.027, 

1.039]). Mean half-width (x̄ ipsi = 0.271 ms and x̄ cont = 0.275 ms), peak amplitude (x̄ ipsi = 
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22.7 μV and x̄ cont = 15.2 μV), and decay slope (x̄ipsi = 77.8 μV/ms and x̄ cont = 84.7 

μV/ms) were not different between these two groups.  

 

When searching for units in ipsilateral skin, I had trouble locating units within the C-

fiber CV range. Because I recorded more units above C-fiber CV range in these 

situations, I decided to analyze only C-fiber units and divide them by both relationship to 

injury and by spinal level. In this analysis, a two-way ANOVA did not reveal any 

significant effect of spinal level or relation to injury on mean CV, decay slope, or half-

width. However, level and relation to injury did have an effect on peak amplitude and 

rise slope. Post-hoc comparison of means with a Holt-Bonferroni correction for multiple 

comparisons revealed that T9 DCN C-fibers had significantly higher peak amplitudes 

(Welsh’s t-tests; T9 ipsi vs. T9cont:  t(6.06) = 6.13, p = 0.0008, 95% CI [12.9, 30.1]; T9 ipsi 

vs. T10 ipsi:  t(2.29) = 5.89, p = 0.02, 95% CI [9.3, 44.1]) and rise slopes (Welsh’s t-tests; 

T9 ipsi vs. T9cont:  t(4.19) = 5.68, p = 0.0041, 95% CI [104, 297]; T9 ipsi vs. T10ipsi:  t(3.37) 

= 7.06, p = 0.0039, 95% CI [136, 335]) than their T9 contralateral or T10 ipsilateral 

counterparts (Table 3 and Figure 8).  
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Dermatome mapping revealed significant changes in T10 DCN activity. 

 To assess overall changes in receptive field size and general activity of ChR2-

YFP+ neurons in level T9 and T10 DCNs, I systematticaly exposed each square 

millimeter of the level T9 and T10 dermatomes to optogenetic stimulation (5 x 10 ms 

pulses) while recording from T9 and T10 DCNs. To create a measure of neuronal 

activity for each square millimeter, I took the absolute value of the response and 

calculated the area under the signal for the time duration corresponding to CV > 1.2 m/s 

and for CV < 1.2 m/s and averaged this value over all five optogenetic pulses. That 

mean served as raw measure of overall activity for that one square millimeter of the 

dermatome. This procedure was repeated for each square millimeter for each DCN on 

both sides of each SCI animal (n = 5). 

For the dermatome average maps (Figure 9), the raw activity data for each DCN 

dermatome was first scaled to 100 ([activity for mm2 – minimum of dermatome] / 

[maximium – minimum]). All scaled activity data for each level, CV range, and 

relationship to injury combination (i.e. each individual map in Figure 9) was alligned 

rostrocaudally so that 

the maximum scaled 

activity for the maps was 

centered on the same 

row (“0” on the 

rostrocaudal axis). This 

scaling process also 

controlled for baseline 
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activity, as the area with minimal activity was subtracted from each mm2. Scaled activity 

was then averaged across all individuals. I then calculated the area of the dermatome 

as the number of cells that exceeded the midpoint of the range of the dermatome 

average map (i.e. scaled score above 50). This conservative threshold for defining 

activity was based on the observation that some dermatomes had high scaled values 

outside of the apparent receptive field. 

Based on this processing of the data, T9 ipsilateral DCN ChR2-YFP+ neurons with 

CV < 1.2 m/s appeared to show a decrease in receptive field area compared to T9 

contralateral and T10 DCNs. When the area of each subject’s T9 ipsilateral dermatome 

was compared with that of the T9 contralateral dermatome using a paired t-test, there 

was no difference in dermatome area (t(4) = -0.147; p = 0.890). This was also true of 

the T10 ipsilateral and contralateral dermatomes (t(2) = 0.1685; p = 0.8817). 

To better assess the relative intensity of response between ipsilateral and 

contralateral ChR2-YFP+ neurons, raw activity data for both ipsilateral and contralateral 

responses were scaled together to 100 at each level and conduction velocity before 

alligning and averaging across all individuals (i.e. each pair scaled together). This 

analysis only included animals in which the same recording electrode was used on the 

same level DCN from both sides of the skin. Cells above the median were averaged to 

create a relative intensity mean response, and the lower two quartiles were averaged to 

create a baseline activity level. This processing of the data, which put ipsilateral and 

contralateral responses on the same scale, revealed significant effects of SCI on ChR2-

YFP+ activity (Figure 10). T10 ChR2-YFP+ DCN neurons ipsilateral to injury showed a 

marked decrease in activity compared to those contralateral to injury across all CV 
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groups (Welsh’s t-test, p < 0.001 for each). The means of the lower 50th percentile 

(baseline) of scaled responses for CV > 1.2 m/s were also significantly different (p = 

0.006), though the magnitude of the difference in baseline (∆x̄ = 0.45) is unlikely to 

account for the difference in response intensity (∆x̄ = 9.9). No such differences were 

found in the T10 baseline means for responses in the C-fiber range (CV < 1.2 m/s) or 

for the overall response (All CVs). This shows that even though there was no difference 

in the baseline activity, the response intensities between T10 ipsilateral and 

contralateral DCNs were significantly different. A Welsh’s t-test of the mean response 

intensity for T9 DCN revealed no difference between ipsilateral and contralateral T9 

DCN dermatomes after SCI. 
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Discussion 

Evaluating the Tg(Th-cre)1Tmd driver for transgene expression in DRG neurons 

My results from immunofluorescence labeling of the DRG show only partial 

overlap in expression of the ChR2-YFP transgene within TH+ DRG neurons (Figure 1a). 

The fact that 13 of 156 TH+ DRG neurons also expressed ChR2-YFP is consistent with 

the initial report of this TH-Cre driver line leading to sparse labeling of TH-expressing 

neurons, though our results show the effectiveness of the driver line in DRG neurons is 

lower (Savitt et al., 2005). Savitt et al. (2005) reported that one-third of TH+ neurons in 

the striatum were affected by Cre recombinase expression, and our results are one-

fourth of that. It is possible that ChR2-YFP is frequently not expressed in the soma 

membrane in a sub-population of neurons and may instead be found in the axons and 

terminal end organs. The fact that an abundance of follicles were stained with beta 

galactosidase in the TH::lacZ mice and the extensive ChR2-YFP+ central terminals in 

lamina IIiv of the dorsal horn suggest that this may be the case. 

In terms of the specificity of the TH-Cre driver strain, I did encounter some 

overlap between ChR2-YFP and CGRP expression (1/58, n = 2), though this is hardly 

evidence for ectopic expression of the ChR2-YFP transgene. TH+ visceral afferents 

from the colon and the bladder, traveling along the splanchnic nerve, are most abundant 

at levels T8-T12, and these TH+ visceral DRG neurons often co-express CGRP 

(Brumovsky et al., 2012). My results concerning CGRP overlap in DRG (1.7%) were a 

small fraction of what has been reported for the THIRES-Cre driver strain (84%; 

Lagerström et al., 2010) and for TH+ visceral afferents in level T8-T12 DRG (Brumovsky 
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et al., 2012). Based on the immunohistochemistry counts presented by Brumovsky et al. 

(2012), a result of ~10% overlap would be closer to their results in lower thoracic DRGs.  

In the spinal cord, the axon terminals of TH::ChR2-YFP neurons are localized to 

lamina IIiv and overlap with PKC in the dorsal horn (Figure 4), consistent with reports 

of C-LTMR terminals (Li et al., 2011). The terminals seem to extend further into layer III 

of the dorsal horn than reports from labelling other proteins found in C-LTMRs such as 

TAFA4 (Delfini et al., 2013) and Nav1.8 (Shields et al., 2012), but they seem consistent 

with previously described TH+ C-LTMR terminals (Li et al., 2011). A similarly 

encouraging result was found by beta galactosidase staining of the skin. A majority of 

hair follicles were labeled, and terminal end organs resembled the lanceolate endings of 

LTMRs (Li et al., 2011). A closer, more detailed, and more systematic analysis using 

confocal microscopy should be used to confirm that the structure of the terminal end 

organs in a majority of follicles are consistent with C-LTMRs as opposed to the varicose 

endings of catecholaminergic efferent neurons innervating piloerector muscles 

(Schotzinger and Landis, 1990). Finally, the responses to mechanical stimuli based on 

optogenetic unit template searches provides further supporting evidence that TH::ChR2-

YFP neurons include populations of TH+ C-LTMRs.  

C-LTMRs have a low threshold of activation (< 5 mN) compared to high-threshold 

C-fiber mechanoreceptors (≥ 10 mN) (Valbo, Olausson, and Wessberg, 1999). Using 

templates from optogenetically activated units, I searched recordings of calibrated von 

Frey stimuli in the same location on the skin. Four of the 11 templates identified units 

responding to von Frey threshold forces of 3.9 mN. The threshold of a fifth unit fell 

between 3.9 and 5.9 mN. Because I did not find action potential differences between the 
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myelinated and unmyelinated ChR2-YFP+ neurons characterized, I cannot rule out that 

the templates may have identified myelinated LTMRs.  However, as a control measure, 

when I used these five low-threshold templates to search other recordings of von Frey 

stimuli outside of their receptive fields, this procedure did not reveal such responses. 

This provides evidence that a subset of the ChR2-YFP+ cutaneous neurons are TH+ C-

LTMRs.  

Further support for the recruitment of TH+ C-LTMRs can be found in the 

responses to robotic brush stimuli. CT afferents in humans have been shown to form 

negative quadratic, or inverted U-shaped, curves in response to increased speed of 

brush stroke, with a peak between 1-10 cm/s (Löken et al., 2009). I found two of the five 

recorded units tested for brush speed responded in a similar manner (Figure 7b). Our 

data in mice indicate that mouse TH+ C-LTMRs reach peak instantaneous frequency at 

faster speeds, with peak response at 10 cm/s (Figure 7b). This reproduces Andrew’s 

(2010) result of peak responses in wide dynamic range spinoparabrachial neurons 

responding to brush strokes in which the maximum occurred at a mean brush velocity of 

9.2 cm/s. An increased peak velocity for C-LTMRs in mice is not surprising given the 

speed of mouse allogrooming and self-grooming behavior. The reported response 

frequencies reported by Andrew (2010), however, were roughly half of those from our 

TH+ C-LTMRs. Taken together, this study produced convincing evidence that 

TH::ChR2-YFP animals express the ChR2 transgene in the C-LTMR population. 

Although C-LTMRs are purported to be the only cutaneous sensory afferents that 

express TH in the adult mouse (Li et al., 2011), other cutaneous neurons in our 

TH::ChR2-YFP mouse model are also likely to express the ChR2-YFP transgene. TH is 
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expressed by peripheral sympathetic neurons (von Euler, 1971), and Brumovsky, Villar, 

and Hökfelt (2006) found extensive TH+ sympathetic innervation of blood vessels and 

glabrous skin sweat glands in addition to hair follicles. Though the lanceolate end 

organs of TH+ C-LTMR are found in hair follicles (Li et al., 2011), so are the 

catecholaminergic efferent neurons innervating piloerector muscles (Schotzinger and 

Landis, 1990). Furthermore, the number of ChR2-YFP+/TH- neurons and the difference 

in size distribution between TH+ immunolabeled neurons and ChR2-YFP+ neurons 

raise questions regarding specificity and ectopic expression of the ChR2-YFP transgene 

outside of the adult TH+ neuronal population. According to electrophysiology results, 

large amplitude responses at faster CVs suggest that our model expresses ChR2-YFP+ 

in some myelinated cutaneous sensory neurons.  

These myelinated afferents most likely express the ChR2-YFP transgene due to 

transient developmental TH expression. TH is expressed transiently during prenatal 

development in several structures where it is absent in the adult (Jonakait et al., 1984). 

Since Cre-mediated genomic recombination is not reversible, these structures should 

continue to express ChR2-YFP throughout the life of the neuron despite ceasing TH 

expression. When using a dopamine beta hydroxylase-driven Cre strain, the next 

enzyme in catecholamine production after TH, Matsushita et al. (2004) found that both 

large (soma area 1000-1600 m2) and small (200-600 m2) neurons showed 

recombination in DRG sections. Though their animals showed fewer smaller than larger 

DRG neurons, it is likely that the populations are similar to our model. A study involving 

immunohistochemistry on embryonic DRGs found similar size discrepancies and noted 

that 15.1% of TH immunoreactive DRGs were also labeled with CGRP antibodies 
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(Ichikawa et al., 2005). Our Cre driver strain did not show this same level of co-

expression with CGRP, fortunately. Franck et al. (2011) found that 60 % of DRG 

neurons expressed TH at 13.5 days after conception, and these TH+ neurons were 

TrkA+/Ret–, leading them to believe they identified the late TrkA population (Franck, 

2013). This population of neurons is not fully understood but likely includes C-fiber 

nociceptors and A-fibers that express TRPV1 and CGRP (Franck et al., 2011; Franck, 

2013). Though not included in my immunohistochemistry results, I also encountered 4 

YFP+ neurons co-labeled with TRPV1 antibodies, but very few DRG sections from only 

one animal were treated with TRPV1 antibodies. These were not systematically 

photographed or counted and therefore were not included in any analyses. This 

TH+/TRPV1+ result is consistent with reports of the majority of TH+ visceral afferents 

co-expressing TRPV1 (Brumovsky et al., 2012), but further analysis of TH/TRPV1 co-

expression would be necessary to compare the frequency of these events to those of 

Bromovsky et al. (2012) or to conclude that they represent cutaneous afferents with 

transient developmental TH expression. 

Therefore, this model drives ChR2-YFP expression in more DRG neurons than 

just adult TH+ C-LTMRs, but whether from TH promoter activity in precursor cell 

populations or ectopic expression remains unclear. A first step in this process would be 

to better identify the units recruited during cutaneous optogenetic stimulation. Recording 

from DRG neurons while mechanically and optogenetically activating individual units 

would be the most direct way of solving this problem. Activity-dependent CV slowing 

has been used to identify C-fibers as either nociceptors or C-LTMRs in the rat and 

human saphenous nerve (Gee et al., 1996), but this technique was recently 
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unsuccessful and non-specific in mice (Hoffmann et al., 2015). Measures of CV slowing 

are also ineffective at distinguishing C-LTMRs from unmyelinated sympathetic 

postganglionics (Hoffman et al., 2015). However, if the goal is to prevent the expression 

of ChR2-YFP in TH-transient cutaneous afferents altogether, future studies should 

employ an inducible TH-Cre recombinase driver line (TH-CreER) and induce 

recombination of the transgene at birth, when TH expression in the DRG is lowest 

(Franck et al., 2011), or two weeks after birth, when all sensory afferents are committed 

to their phenotype (Koltzenburg et al., 1997).  

 

Effects of SCI on TH::ChR2-YFP cutaneous neurons 

Despite the fact that TH::ChR2-YFP mice express the ChR2-YFP transgene in 

other cutaneous neurons, I was able to detect changes in axonal spike properties 

above-level (T9) and decreased activity at-level (T10) after SCI. Conclusions are limited 

by an insufficient number of sham and uninjured control mice, however, to directly 

connect these changes to the SCI itself. Despite this limitation, this model has proven 

the usefulness of using transgenic mice expressing ChR2 in sensory neurons to 

analyze peripheral changes in response to SCI.  

Surprisingly, two of the five axonal spike shape properties evaluated, rise slope 

and peak amplitude, changed in ipsilateral C-fiber neurons above (T9) but not at the 

level of SCI (T10). The T10 ipsilateral C-fiber action potential properties were all within 

the range of contralateral C-fibers. The means of other action potential measurements 

seemed to differ between contralateral and ipsilateral units (area under the action 

potential, decay time, rise time, time to antipeak, rise tau, and max rise slope), but these 
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measurements were not planned comparisons in the experimental design, therefore 

differences were not statistically tested in order to retain a reasonable alpha significance 

level for multiple comparisons.  

The increase in rise slope and in peak amplitude could be a product of increased 

insertion of specific voltage-gated sodium channels (Nav) in the axons of DRG neurons. 

C-LTMRs express Nav1.7 at the highest levels, but they also contain Nav1.1, Nav1.2, 

Nav1.6, Nav1.8, and Nav1.9 (Usoskin et al., 2014). These Nav channels, especially 

Nav1.7-1.9, have been shown as particularly important in the pathophysiology of 

different pain syndromes, including neuropathic pain (for review, see Dib-Hajj, Black, 

and Waxman, 2009). Nociceptive neurons, for example, have longer rising phases and 

action potential durations due to greater expression of tetrodotoxin-resistant Nav1.7, 

Nav1.8, and/or Nav1.9 (see Pitcher, Le Pichon , and Chesler, 2016). The sensory 

terminals and unmyelinated axons of C-fibers have been shown to express receptors for 

allosteric mediators, including acetylcholine, serotonin, and ATP (Lang et al., 2002, 

2003, 2006; Lang and Grafe, 2007). These receptors may allow the C-fibers to adjust 

their physiology in response to the biochemical environment around them. By altering 

the ratio of expression of Nav subtypes, as well as alpha and beta subunits, peripheral 

C-fibers can change action potential properties in response to signals in the periphery. 

The most striking differences between contralateral and ipsilateral TH::ChR2-

YFP neuron activity after SCI is made apparent by the heat maps from optogenetic 

dermatome mapping. The dermatome average map (Figure 9), however, does not 

definitively show true changes in dermatome areas. Although the T9 ipsilateral C-fiber 

dermatome appears to be smaller than others, it is likely that the increase in amplitude 
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of the T9 ipsilateral ChR2-YFP+ neurons increased the midpoint of the response range 

to the point that fewer samples rated above the midpoint, therefore decreasing the area 

of the dermatome. This interpretation is supported by the activity maps, in which 

ipsilateral and contralateral responses in each animal were normalized together before 

averaging across subjects. In these comparisons, the area of the dermatome indicated 

by the ipsilateral activity map appears to equal or exceed the dermatome area of 

contralateral T9 C-fibers. Conversely, the 25% increase in area of the T10 ipsilateral C-

fiber dermatome is likely an artifact of the decreased overall activity of those ChR2-

YFP+ neurons. In fact, locating single units in the T10 ipsilateral skin that fell within C-

fiber CV range proved difficult. Only two were able to be characterized across the three 

SCI animal subjects. Furthermore, the narrow range of activity in the T10 ipsilateral skin 

led to the dermatome maps of individual subjects showing high scaled activity scores 

outside of the T10 dermatome. These cases led me to conservatively define the 

threshold of inclusion in the dermatome as a scaled score of 50, decreasing the 

accuracy of the dermatome area measurements. 

An alternative explanation for the apparent SCI-induced differences in 

dermatome might be that injury to central T9 C-LTMR terminals in the dorsal horn, or 

along the dorsal roots, resulted in denervation and shrinking of the ipsilateral T9 

dermatome and sprouting from T10 dermatome afferents into the T9 territory. While this 

cannot be ruled out, results of previous studies make this unlikely. Katz and Black 

(1986) found that peripheral axotomy reversibly decreased TH in the glossopharyngeal 

petrosal ganglion, but dorsal rhizotomy, a central nerve injury model that cuts dorsal 

roots of sensory afferents, failed to alter TH expression in DRG neurons. In peripheral 
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nerve injury, the expression of TH is typically downregulated, but central injury does not 

cause changes in TH expression (see Brumovsky, 2016). Conflicting with these results, 

however, Seal et al. (2009) saw a disappearance of ipsilateral VGLUT3 

immunoreactivity, another C-LTMR marker, in the dorsal horn after dorsal rhizotomy. 

This could be a result of the specific disappearance of VGLUT3 interneurons, however, 

that were later identified in the dorsal horn (Lou et al., 2013). Furthermore, when 

Jackson and Diamond (1984) cut the DCNs adjacent to T13 DCN, LTMRs did not 

sprout into adjacent dermatomes when the T13 DCN was left intact, and they sprouted 

mostly rostrocaudally only when the lateral T13 DCN branch was also cut. In another 

study, A-LTMRs sprouted into adjacent dermatomes, but only during a critical period at 

age 15-20 days (Jackson and Diamond, 1981). High threshold mechanoreceptors did 

not show this critical period for sprouting from the saphenous nerve of the paw, but 

researchers were unable to identify LTMR sprouting (Devor et al., 1979). 

The largest effect of SCI in this study was the decrease in peripheral neuron 

activity at the level of injury, the T10 DCN dermatome (Figure 10). This overall decrease 

in activity was confirmed by the difficulty I experienced in finding individual units to 

characterize in T10 ipsilateral dermatomes.  

It would be reasonable to conclude that this activity decrease from at-level 

ipsilateral TH::ChR2-YFP neurons – if they are primarily TH+ C-LTMRs – could 

contribute to the symptoms of at-level allodynia. C-LTMRs release both glutamate and 

the analgesic TAFA4 in the dorsal horn, and TAFA4 knock-outs experienced enhanced 

allodynia that was abolished with injection of exogenous TAFA4 into the dorsal horn 

(Delfini et al., 2013). This conclusion, however, would ignore the extensive circuitry of 
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interneurons in the dorsal horn, of which the C-LTMR input is only one factor. To better 

understand how this decrease in activity affects allodynic pain perception, a next step 

would be to compare pain measures in response to brush stroke (all LTMRs activated) 

to those in response to optogenetic stimuli (C-LTMR activation only).   

Cav3.2, a T-type calcium channel expressed by C-LTMRs and A-LTMRs, may 

play a role in the observed decrease in activity of C-LTMRs at the level of injury. Cav3.2 

is expressed in the terminals and axons of C-LTMRs, lowering activation threshold, 

increasing firing frequency, and increasing action potential fidelity (François et al., 

2015). A downregulation of these channels in response to extracellular signals or 

blocking of the T-type Ca2+ current would effectively decrease the activity of C-LTMRs. 

Additionally, Cav3.2 has been shown to respond to modulation by a multitude of 

endogenous ligands (see Zhang et al., 2013). However, counter to the hypothesis that a 

decrease of C-LTMR activity would lead to a decrease in analgesic TAFA4 release in 

the dorsal horn, conditional knockout of Cav3.2 in C-LTMRs decreased their activity and 

simultaneously decreased allodynia (François et al., 2015). This could also be a result 

of an unnatural unbalancing of the glutamate and TAFA4 release due to the Cav3.2 

knockout. Though the identity of the light touch primary sensory population that conveys 

mechanical allodynia is still unknown, the current preponderance of evidence points to 

A-LTMRs as the sources of the re-encoded innocuous input (see Arcourt and Lechner, 

2015; Koch, Acton, and Goulding, 2018). The evidence presented here of decreased C-

LTMR activity at-level supports the idea that C-LTMR input to the dorsal horn 

interneurons serve as a gate to prevent A-LTMR signals from reaching the lamina I 
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projection neurons that encode and transmit pain signals to the cortex (see Koch, 

Acton, and Goulden, 2018).  

Conclusion 

Allodynia is a common at-level pain syndrome after SCI that greatly decreases 

the patient’s quality of life and may contribute to the development of affective disorders 

in SCI patients. Recent research has shown that the C-LTMRs play a role in mediating 

allodynia, but the specifics of that role and the application to SCI-induced pain remain 

unclear. In this study, I used TH::ChR2-YFP mice to assess changes in TH+ C-LTMRs 

that might alter the modulation of sensory information in the dorsal horn and contribute 

to the creation of allodynia.  

In the first set of experiments, I confirmed the expression of the ChR2-YFP 

transgene in TH+ C-LTMRs using histochemical, immunohistochemical, optogenetic, 

and electrophysiological methods. ChR2-YFP was found in DRG cells overlapping with 

TH+ neurons, though a majority of ChR2-YFP+ neurons were TH-. In the dorsal horn of 

the spinal cord, ChR2-YFP was prominently expressed in Rexed lamina IIiv, 

overlapping extensively with PKC, similar to the previously described axon terminal 

locations of C-LTMRs. Expression in the skin showed that recombination was 

associated with the bases of hair follicles and appeared to form the characteristic 

lanceolate endings of the cutaneous C-LTMRs. Recordings from DCNs confirmed that 

the axonal spike shapes of some TH::ChR2-YFP cutaneous neurons were also present 

in von Frey threshold and robotic brush stimuli recordings, and a subset of these 

followed the response patterns of C-LTMRs. Though other myelinated and possibly 

unmyelinated axons responded to optogenetic activation of the ChR2-YFP transgene, 
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possibly due to transient developmental expression, the presence and functionality of 

ChR2 in TH+ C-LTMRs was confirmed. 

I then sought to characterize how SCI affects C-LTMR activity and physiology 

several weeks following transverse thoracic ipsilateral hemisection of the spinal cord 

compared to its opposite contralateral unlesioned side. I examined activity at- and 

above the segmental lesion level. Transverse hemisection SCI caused a change in 

axonal membrane physiology of TH::ChR2-YFP C-fibers one spinal segment above the 

level of injury. Specifically, action potential rise slope and peak amplitude were 

increased in the DCN TH::ChR2-YFP C-fibers. This change in axon physiology is likely 

a product of alterations in the expression of voltage-gated ion channels in the C-fibers, 

possibly mediated by receptors responding to signals in the periphery. Compared to the 

uninjured side, hemisection SCI also caused a significant decrease in TH::ChR2-YFP 

sensory neuron activity at the level of injury, including the TH+ C-LTMRs. This alteration 

in physiology above-level and activity at-level would alter the input to the dorsal horn 

interneurons responsible for processing innocuous touch, including the PKC neurons in 

lamina IIiv, that could subsequently impact ascending nociceptive pathways. If so, 

targeting the ion channels involved in altering physiology or increasing activity of certain 

populations at the level of injury could serve as effective targets to control symptoms of 

at-level allodynia. 

This study is the first to identify changes in C-LTMR activity and physiology in 

response to SCI. Though the TH::ChR2-YFP mouse model does not exclusively 

activate TH+ C-LTMRs – possibly due to the recombination of unidentified transiently-

expressing TH DRG neurons – the model does allow for precise dermatome mapping to 
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evaluate SCI-induced changes in TH::ChR2-YFP neurons. Further studies using single-

unit recording techniques in the DRG would help identify the transiently-expressing TH 

neurons and expand the current knowledge of sensory neuron diversification in 

development. The results of this study also implicate the change in peripheral activity 

and physiology in the development of SCI-induced at-level allodynia.   
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