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Introduction

Osteoarthritis (OA) is a painful degenerative joint disease which in later stages can become 

severe to the point where the patient is a candidate for joint replacement, a costly and 

invasive procedure[41]. OA pain is managed by a wide variety of approaches that include 

lifestyle changes, topical creams and patches, systemic non-steroidal anti-inflammatory 

drugs (NSAIDs), opioids, intraarticular treatments and surgery[14–16; 41]. Nonetheless, 

pain from OA frequently remains an intractable problem in a majority of patients, with only 

19% reporting that they are satisfied with their current treatment, in part because of 

unmanaged pain[1; 41].

Selective targeting of nociceptive primary afferents provides profound pain relief similar to 

what can be achieved with local anesthetics. Specific targeting of nociceptive primary 

afferents using agonists of the transient receptor potential cation channel V1 (TRPV1) such 

as resiniferatoxin (RTX) has been shown to block most clinically relevant pain while sparing 

protective pain sensations such as pinch and compression, as well as other somatic 

sensations[3; 4; 10; 11; 31; 49]. The molecular mechanism of RTX has been examined in 

detail[31; 32; 49], and cancer pain studies in canine and human patients demonstrate strong 

efficacy from intrathecal RTX[9; 10; 31; 49]. The application of RTX can be tailored to the 

pain problem[26]. In rodents, local injections reversibly lesion TRPV1+ nociceptive primary 

afferent nerve endings and show strong preclinical efficacy for burn[47], surgical 

incisional[45], and arthritic pain models[33; 40]. However, the translational potential of 

rodent models is subject of growing concern[37; 58]. The present study evaluates the 

*To whom correspondence should be addressed: Michael J. Iadarola, PhD, Department of Perioperative Medicine, Clinical Center 
NIH, Building 10 Room 3D56, 10 Center Drive, Bethesda MD 20892-1510, (301)-496-2758, michael.iadarola@nih.gov.
Author contributions: The study was conceived and planned by DCB and MJI. Experiments were carried out by DCB. The paper was 
written by DCB, MJI and MRS with additional editing by SJR and AJM. Data analysis was performed by DCB, MJI, MRS and SJR.

HHS Public Access
Author manuscript
Pain. Author manuscript; available in PMC 2021 May 14.

Published in final edited form as:
Pain. 2018 October ; 159(10): 2105–2114. doi:10.1097/j.pain.0000000000001314.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



efficacy of RTX in naturally-occurring canine OA and the explores the underlying molecular 

biology of canine dorsal root ganglia using deep RNA sequencing (RNA-Seq). We provide 

an improved toolset for quantification of nearly all expressed genes to create a 

comprehensive molecular fingerprint for canine sensory ganglia[36]. Intra-articular 

administration extends the range of RTX beyond cancer pain control and the transcriptomic 

profiling of the canine DRG provides the fundamental knowledge necessary to reach beyond 

reliance on rodent models.

Delineation of the full transcriptome of well characterized organisms such as mouse and 

human has revealed every molecule made by the dorsal root and trigeminal ganglia. The call 

for transitional animal models for pain studies, and the shortfall in drug development has 

exposed a gap at the molecular level[37]. Genomic annotations in several species including 

the dog are lacking, preventing full utilization of many of the powerful genetic tools 

available for mouse studies. We present a high-quality alignment of the dog DRG, allowing 

for molecular characterization of the first neurons in the canine pain circuit. Our results 

show preclinical evidence for the safety and efficacy of RTX for OA pain, and contribute to 

a broader foundation for an informed alternatives to rodent pain models. We propose that the 

overall strategy of transcriptomic assessment and treatments based thereon can serve to 

enhance predictability and translatability of preclinical animal studies.

Materials and Methods

Sample Population:

Control dogs and dogs with clinically significant osteoarthritis were recruited through a 

protocol approved by the University of Pennsylvania Institutional Animal Care and Use 

Committee. Owners received a written description of the protocol and provided written 

informed consent before their dogs were included for evaluation in the study. Inclusion 

criteria were animals weighing >10 kg and having a medical history, clinical signs, and 

physical examination and radiographic findings consistent with osteoarthritis (Figure 1). 

Arthritis in more than one joint was not criteria for exclusion, however one index joint 

needed to be identifiable (i.e., the most severely affected joint based on history and physical 

exam) for injection. All dogs had to score >2.0 on the pain severity domain of the Canine 

Brief Pain Inventory at the time of screening. Dogs were excluded if they had impairment 

due to neurologic disease, orthopedic disease (other than osteoarthritis), or any chronic 

disease for which the dog was receiving daily medication; or had clinically relevant 

abnormalities detected by complete blood count, and serology. The cohort used for 

transcriptomic analyses has been described previously[49] and we performed RNA-Seq on 

lumbar dorsal root ganglia (N=4, L5/L6) from healthy control animals from this study; 

demographics for these dogs are in Supplementary Table 1.

Outcome Measures:

Gait analysis was performed using a piezoelectric force plate, which is a gold standard 

method for quantifying lameness in dogs. Dogs were acclimated to the force plate before 

data collection. Five valid trials for each dog and each limb were recorded. A trial is 

considered valid when the ipsilateral thoracic and pelvic limbs only, fully contact the force 
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platform and when velocity is controlled at 1.6–1.9 m/s with acceleration controlled at ± 0.5 

m/s2 measured by 3 photocells. Ground reaction forces are sampled at 200Hz and recorded 

with associated software. All forces are normalized to body weight in kilograms. Data from 

the 5 valid trials for each limb are averaged to obtain a mean peak vertical force value in 

percent body weight at each time point. Only the results for the most severely affected limb, 

the one with the joint undergoing intra-articular injection of resiniferatoxin, were included in 

the analysis. Gait analysis was performed at Day 0 prior to intra-articular injection and Day 

21 post injection.

Outcome assessment instruments such as the Canine Brief Pain Inventory, based on the Brief 

Pain Inventory (BPI) used in human clinical trials, have been developed and validated to 

capture pain severity and pain impact data in canine studies[5–8]. The Canine BPI is a 

publically available (www.CanineBPI.com) owner-completed questionnaire designed to 

quantify the severity and impact of chronic pain in companion dogs. The Canine BPI 

contains the same two domains as the human BPI: pain severity and pain’s interference with 

activities of daily living. All 4 questions in the severity domain are identical to those in the 

human BPI5,6,7. The responses to these are averaged to provide a pain severity score. There 

are 6 questions in the interference domain pertaining to how the pain interferes with the 

dog’s typical activities. Three of the questions are identical to the human BPI. The responses 

to these 6 questions are averaged to provide a pain interference score. Owners completed the 

Canine BPI at the screening appointment, Day 0 (just prior to intra-articular injection), and 

at days 2, 7, and 21 after injection.

Continued Follow-up:

Phone contact with the owner continued until owners documented a loss of analgesic 

efficacy following injection after which, additional standard-of-care analgesics and anti-

inflammatories were prescribed as needed.

Intraarticular Injection:

Conscious sedation using 2.3ml/kg propofol IV provides adequate immobilization for intra-

articular injection. With the dog in lateral recumbency, the anterior and lateral areas 

surrounding the joint are clipped free of hair and aseptically prepared with chlorhexidine 

solution. Two to three ml of a buffered lidocaine solution (9 parts 2% preservative-free 

lidocaine to 1 part 8.4% sodium bicarbonate making an 18mg/ml lidocaine solution) was 

used to block the joint 5 minutes prior to intra-articular injection of 10μg of resiniferatoxin 

in 100μl of vehicle (7.0%Tween 80, 0.05% ascorbic acid in phosphate buffered saline)[11; 

49]. Dogs exhibited no signs of discomfort due to the vanilloid agonist activation at injection 

and were discharged to their owners approximately 30 minutes after injection.

Transcriptomic datasets:

Six RNA-Seq datasets were mined from existing publications[21; 28; 39; 48; 49; 52]. For 

the dog DRG dataset[49], the raw data was aligned to a novel CanFam3.1 genomic target 

using MAGIC[36] (available upon request). The quality of this alignment was examined by 

comparing alignment statistics to a dataset from high quality human DRG samples (Figure 
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3). While the polyA selection step in library preparation was apparently partial in some 

samples, the overall quality of the alignment was high.

Several bioinformatics approaches were used to examine TRPV1+ neuronal gene signatures. 

Heatmaps of expression data were constructed as described previously[12; 49]. Briefly, 

expression levels were normalized per gene across datasets to examine enrichment in each 

case/control experiment, as well as enrichment in single cell mouse subpopulations of DRG 

neurons. These datasets were also compared to human and dog DRG sequencing to explore 

expression levels in the dog and human. Co-expression plots were created based on a 

previously published deep-sequencing database of single DRG mouse neurons[39]. Single 

cells in this database were visualized using the Barnes-Hut implementation of the t-

Distributed Stochastic Neighbor Embedding (t-SNE) technique according to their gene 

expression profiles[53]. Cells with similar gene expression profiles are plotted near each 

other in the 2-dimensional embedding. Cells were colored based on the expression of select 

genes (shown in the legend to the right of each panel). Plots were generated using the Rtsne 

package in R version 3.3.1. Coexpression was further explored in the same dataset using 

correlograms constructed from cells with > 5 FPKM Trpv1 expression. Percent of cells co-

expressing several genes important for clinical pain management was examined. Alignments 

were constructed using MEGA7[35] by ClustalW methodology. The evolutionary history 

was inferred by using the Maximum Likelihood method based on the JTT matrix-based 

model[29].

Statistical Analysis:

Normally distributed continuous variables (pain scores) were evaluated as mean and 

standard deviation whereas the non-normally distributed continuous variable (peak vertical 

force) was evaluated as median values and ranges. One-way analysis of variance was used to 

compare the pain scores over time and the Bonferroni test was used to adjust for multiple 

comparisons. The Wilcoxon sign-rank test was used to compare Day 0 to Day 21 peak 

vertical force in the injected leg. Two-tailed assessments were used and p values ≤ 0.05 were 

considered significant. All statistical analyses in Figure 2 were performed using Stata 11.

Results

Cohort Characteristics:

Seven dogs comprised the clinical portion of this study (Table 1). Six had osteoarthritis of 

the knee and one had osteoarthritis of the elbow. Representative radiographs are presented in 

Figure 1. RNA-Seq transcriptome analysis on lumbar (L5 and L6) DRGs was performed on 

N=4 control dogs. C8 cervical or T1 thoracic ganglia from N=2 non-arthritic control dogs 

were also examined[49]. Raw reads and normalized expression values in significant 

fragments per kilobase per million aligned reads (sFPKM) are presented in the data 

appendix.

Significant Improvement in Canine Brief Pain Inventory Pain Scores:

Pain scores were normally distributed. Correcting for multiple comparisons, the severity 

score also was significantly improved 21 days after injection (p=0.024); and the interference 
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score was significantly improved at 7 (p=0.033) and 21 (p=0.006) days after injection 

compared to day 0. Without correcting for multiple comparisons, pain interference (f=5.85, 

p<0.004) and pain severity scores (f=4.88, p<0.009) from the Canine Brief Pain 

Inventory[5–8] were significantly improved following the intra-articular injection of 10μg 

RTX at 7 and 21 days (Figure 2A–D).

Significant Improvement in Force Plate Gait Analysis:

Peak vertical force data was not normally distributed. Due to the degree of lameness, 

baseline gait analysis data could not be collected on Dog 1. Force values for the remaining 

six dogs, were normalized such that baseline values were considered at 100%. The median 

force at Day 21 was 112%, and all six dogs tested showed an improvement (p=0.027; Two-

tailed Mann-Whitney U-test; range 102–122% of baseline values, Figure 2E). There was 

also a significant (p=0.027) increase in peak vertical force in the treated leg for the raw 

values before normalization. The effect of a single injection of RTX was long-lived and 

assessed by the interval between treatment and the owner’s request for retreatment. Owners 

began to see a decreased analgesic effect in their dogs a median of 150 days after 

resiniferatoxin injection (range 58 to 730 days; Figure 2F). In addition to this quantitative 

evidence, several of the owners sent recordings of their animals at various intervals showing 

qualitative evidence of improvement. Supplementary Video 1 shows 3 clips of Dog 1 

obtained pre-treatment and at 3.5 and 12 months following a single injection of RTX. 

Increased activity is evident at both post-injection recording times. The setting, the high 

motivational state of the animal and its interaction with the other animal are noteworthy 

elements of the companion dog model and, while not typical of a laboratory setting, this type 

of behavior is part of the full experiential context which the owners draw from in making the 

Canine BPI assessments.

Transcriptomic analyses:

Transcriptional analysis was also performed for the rat, dog and human DRG to examine 

levels of expression of common analgesic drug targets between species (Table 2). 

Transcripts encoding several analgesic target proteins and were robustly expressed in all 

three species. These include the ion channels TRPV1, TRPA1 and NaV1.7, 1.8 and 1.9), the 

two calcium channel subunits, and the NGF receptor-tyrosine kinase TrkA. The absolute 

expression level of the GPCRs was comparatively lower, which is a commonly observed 

feature. Species differences were observed among the prostaglandin receptors. Specifically, 

the prostaglandin receptor 3 is the most highly expressed prostaglandin receptor in the 

human, whereas prostaglandin receptor 4 is the most highly expressed in the dog, and all 

four prostaglandin receptors are expressed at comparable levels in the rat. The kappa opioid 

receptor (OPRK1) was detected at very low levels in dog DRG. This likely was not due to an 

alignment error because using the same alignment technique we were able to robustly detect 

OPRK1 transcripts in dog cortical brain samples.

Six RNA-Seq datasets were analyzed to present a comprehensive analysis of TRPV1+ 

sensory neurons affected by RTX treatment, and plotted as a heatmap (Supplementary 

Figure 1). Within each of the first three datasets (column pairs 1–3), the expression in each 

left column is plotted as a ratio of the expression of that in the right column pair, according 
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to the flame scale. Rat trigeminal ganglia were treated in vitro with either RTX to kill 

TRPV1+ neurons, or DMSO (column pair 1)[28]. The genes most highly decreased by RTX 

treatment are shown, sorted by level of decrease. As sensory ganglia contain non-neural 

cells, DRG was compared to sciatic nerve (mainly Schwann cells) to reveal the neural subset 

of genes[48] (column pair 2) and only those genes enriched in DRG vs. sciatic nerve are 

shown. TRPV1+ lineage neurons were selectively sorted from mouse ganglia, sequenced, 

and compared to mice in which all of the TRPV1 lineage neurons were genetically 

ablated[21] (column pair 3). Only the TRPV1 lineage genes are shown. Single cell 

sequencing data showing fraction of positive cells in each DRG subclass are plotted[52] 

(column pair 4), with the TRPV1+ populations highlighted. The non-peptidergic 1 

population does not express TRPV1 but also shows a similar gene expression pattern[49; 

52]. Expression values (sFPKM) for the whole dog DRG and whole human DRG are shown 

to the right.

Phylogenetic tree analysis:

Expression of transcripts encoding Calcitonin Related Polypeptide Beta (CALCB) were 

highly divergent between dog and human, with dog transcripts being expressed at much 

lower levels. Peptide sequence within the protein precursor was aligned between several 

species, revealing many amino acid differences between dog and human CALCB in the 

region containing the beta-CGRP peptide. Examination of the evolutionary phylogenetic tree 

of the full protein precursor was examined, revealing a likely evolutionary divergence in this 

gene in several species including cats and dogs (Figure 4A and B). A similar analysis was 

performed for TRPV1 which is much more conserved between mammals and we include 

avian (chicken) TRPV1 which does not contain the capsaicin binding site for comparison 

(Figure 4C).

Single-cell transcriptomics:

Using data mined from a publicly available database[39] coexpression of Trpv1 and other 

key genes in nociceptive neurons were assessed. All of these genes have some degree of 

coexpression with Trpv1 expressing neurons, indicating multiple subsets of Trpv1+ neurons 

that express the targets of major analgesic drugs (Supplementary Figure 2). The highest 

degree of colocalization is observed with the broadly expressed genes Scn9a and Calca, 

indicating that these genes are highly expressed , robustly detected by single-cell 

sequencing, and present in many neurons. High expression makes some genes more readily 

detectable in the single cell format which has limited sequencing depth. Substantial 

coexpression is also observed in cells expressing the gene encoding the Mu opiate receptor 

(Oprm1) and the gene encoding the calcium channel putatively targeted by gabapentin 

(Cacna2d1). Plots were generated using the Rtsne package in R version 3.3.1. Trpv1+ DRG 

cells from the single-cell RNA-Seq dataset[39] were examined further using correlation 

plots to look for degree of coexpression (Supplementary Figure 3). Cells with expression >5 

FKPM for Trpv1 are shown in red indicating the high level of coexpression of other 

common analgesic target molecules with Trpv1. Specifically, 35% of Trpv1+ neurons 

express Oprm1, 54% express Cacna2d1, 86% express Ntrk1, and 98% express Scn9a. These 

analgesic drug targets are also correlated with each other, indicating that all of these 

TRPV1+ subgroups can be impacted by RTX. As a technical note, in general, not all genes 
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are detected in every single cell. Higher expressed genes such as Ntrk1 and Scn9a are highly 

correlated (83.8%) most likely because they are not only expressed but also detected in a 

large percentage of the single cells.

Discussion

The present study examines one of the most potent and long-lasting known analgesic 

treatments in a heterogeneous naturally-occurring disease in a veterinary setting. This is in 

sharp contrast to experimental models which are generally induced acutely, either 

mechanically or chemically, in a laboratory setting[9; 58]. A single IA injection of RTX 

elicited marked, long-lasting decreases in pain scores and improvement in limb use (Figure 

2). Intraplantar RTX injection in rats leads to calcium cytotoxicity of TRPV1-containing 

primary afferent terminals within ~10 minutes[43; 56] with recovery over the next ~14 days. 

Based on this, we had predicted rapid development of analgesia with gradual return of pain 

as the nociceptive nerve terminals regenerate. However, the analgesia far outlasted our 2–3 

week projection (Figure 2F,G). One explanation for the progressive improvement in pain 

scores over several weeks, as well as the owners’ perception that there was sustained 

efficacy for many months, could be that, in addition to the direct analgesic action elicited by 

eliminating the TRPV1-containing primary afferent terminals, RTX treatment blocks local 

neurogenic inflammation mediated by these afferents[44; 49]. The long duration suggests 

that RTX treatment may have disease modifying action(s) as well as blocking nociceptive 

neural activity emanating from the joint. Chronic inflammatory states are partially 

maintained by neurogenic inflammation, which is triggered by release of neuropeptides from 

the primary afferent terminals thereby causing plasma extravasation and edema. This process 

can exacerbate and maintain joint inflammation[38; 42; 54]. It is also important to note that 

an analgesic effect was documented with intra-articular injection of just one joint (Table 1), 

despite the fact that all dogs had osteoarthritis in more than one joint. For example, dogs 

undergoing total hip replacement for advanced coxofemoral OA typically have severe 

disease in both hips, but only require joint replacement in one to have a significant 

improvement in outcome[18–20; 55], although this improvement would likely be better if all 

affected joints were treated, which is not always possible. However, interventional injection 

of RTX is comparatively less invasive, and is likely a more tractable approach to treating 

multiple joints than surgical replacement.

Given the number of compounds that fail clinical development due to toxicity or other types 

of side effects, it is important to note the lack of adverse events documented in these dogs 

after injection. This is consistent with observations in several previous studies of intrathecal 

RTX[4; 10; 25; 31; 49]. All dogs recovered uneventfully from the procedure, returning to 

their owners within 30 min of RTX injection, which contrasts with canine joint replacements 

which take 3–6 months on average for recovery. In the pain scores, it can be seen that 2 of 7 

dogs had higher pain scores two days after injection (Figure 2). We attribute this to two 

factors: manipulation of the joint during the injection procedure and residual effects of gait 

assessment, which can cause joint stress. In these moderately to severely affected dogs, 

dozens of passes over the force plate are usually required to obtain the 10 valid passes 

needed for analysis. TRPV1 is expressed at low levels in the articular cartilage, but this low 
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level of expression and their overall morphology makes them unlikely to be susceptible to 

RTX[32] (Supplementary Figure 4).

All of the dogs in this study are now two to three years post IA RTX injection and none have 

shown signs of accelerated OA progression. Such a long-term adverse event is a major 

concern with IA corticosteroids and the recently evaluated anti-nerve growth factor 

agents[22; 50; 51]. In a rat model of OA, chronic pathological joint changes such as bone 

erosion, trabecular damage, and decrease in bone volume were actually reduced in animals 

pre-treated with the TRPV1 agonist capsaicin compared to controls[30]. Similar attenuation 

of arthritic joint swelling and hyperalgesia has been observed in Trpv1 knockout mice[2]. As 

the presence of inflammatory neuropeptides is associated with increased severity of OA in 

mice, it was hypothesized that the functional loss of the primary sensory neurons caused by 

capsaicin leads to a decrease in the neurogenic component of inflammation in the joint and 

thus protects against the progression of OA[30]. The present study provides additional 

support for the long-term effects of TRPV1+ nerve terminal ablation.

In order to perform informed preclinical studies in animals, availability of a modern 

molecular genetic toolset is useful[21; 36; 46; 48; 49; 52]. A high-quality transcriptome of 

the relevant target tissue of the model organism in comparison to human can be informative 

for planning and interpretation of these studies. As RTX ablates Trpv1+ nerve terminals, it 

preempts the need for other peripherally acting analgesics that might have acted on these 

peripheral nociceptors (Table 2). These targets are highly conserved between dog and 

human, indicating similar regulatory pathways for modulation of nociception. We present a 

summary of genes which are highly and selectively expressed by the TRPV1+ neuronal 

populations targeted by RTX (Supplementary Figure 1), and suggest that these marker genes 

cluster with, and are co-expressed on the same neurons (Supplementary Figure 2, 3). 

Additionally, many other analgesic targets are also expressed within the populations of 

TRPV1+ DRG neurons. These data argue that this population of neurons is the clinically 

relevant population[4; 10; 26; 27; 31; 49]. The network of genes expressed by these key 

populations of sensory neurons defines a repertoire of druggable targets for pain control[21; 

48; 49; 57], most of which are comparable between dog and human (Table 2).

With the inclusion of the dog DRG data, a transcriptomically informed approach to 

analgesic mechanisms and drug development is becoming realistic. Assuming that the 

molecular target of a compound is known, the existence of the drug target within the model 

animal can be verified and quantitated by RNA-Seq. The presence and conservation of 

paralogs and other related transcripts that may be relevant to its function are always 

ascertained because of the comprehensive nature of the technique[36]. Gene similarities to 

human orthologs should also be examined, with particular attention to the conservation of 

the drug binding site, if this is known. For example, the capsaicin binding site in TRPV1 is 

completely absent in chickens, rendering them insensitive to agonist stimulation by 

capsaicin and RTX. These are important considerations for establishing the validity of the 

organism as a predictor for the human. The high-quality alignment of the dog DRG 

transcriptome (Figure 3A–D) can be used as a tool for analgesic drug development in this 

non-rodent species and provides a dataset to establish inclusion and exclusion criteria. For 

example, in examining several relevant analgesic genes, we report the lack of conservation 
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in the expression level of CALCB and OPRK1 in the dog DRG (Figure 3F), indicating a 

substantial species difference. While gene quantification across species is subject to several 

sources of technical variation, high magnitude changes are generally indicative of 

biologically meaningful species differences. As single-cell sequencing resources such as the 

Sequence Read Archive become more widespread, additional examinations can be made into 

whether the expression of targets of interest is localized to specific cells within the pain 

circuit, and whether this expression pattern is conserved[13]. These fundamental molecular 

insights across species are important for interpretation of animal studies in relationship to 

the human and emphasize that no species in isolation is an ideal model for human 

physiology.

Canine studies provide an informative transitional bridge to analgesic drug evaluation in 

humans[23]. We document a significant and prolonged analgesic effect of a single intra-

articular injection of 10μg of RTX in naturally-occurring canine OA, which is 

physiologically, and symptomatically analogous to human OA. These results are also 

consistent with earlier examinations of the utility of RTX in rodent intra-articular 

carrageenan model of OA[34]. Our earlier studies in naturally-occurring canine 

osteosarcoma provided evidence to bring the compound to human clinical trial 

(ClinicalTrials.gov Identifier: NCT00804154). Dose estimations, and other critical 

information from previous canine studies translated directly to the human cancer pain 

trial[24; 49]. This pilot study provides proof-of-concept data for translation to a human OA 

trial. A lower cost, non-surgical approach to OA pain, such as RTX, may reduce barriers for 

patient populations that do not extensively seek arthroplasty as a solution[17]. Lastly, 

intraarticular RTX offers a clinical alternative that uses a relatively simple administration 

protocol, making it transportable to areas with minimal medical resources.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Lateral radiograph of the arthritic left elbow of a mixed breed male (Dog 7) and right 
knee of a mixed breed female (Dog 6).
A. There is osteoptlytosis on the proximal aspect of the anconeal process (white arrow), the 

proximal aspect of the radial head (black arrow), and on the cranial aspect of the humeral 

condyle (grey arrow). Lateral radiograph of the arthritic right knee. B. There is marked peri-

articular osteophytosis of the knee joint including osteophytes on the patella (white arrow), 

fabella (grey arrow), and trochlear ridge (black arrow).
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Figure 2 - Metrics of analgesic efficacy in 7 dogs with osteoarthritis treated with a single intra-
articular injection of 10mcg of resiniferatoxin (RTX).
A. Pain interference scores are plotted for each invidivual dog treated with RTX. B. 
Aggregate data shows a significant decrease in interference scores at day 7 and day 21. C, D. 
Data are plotted similarly for the Canine Brief Pain Inventory pain severity scores, with a 

significant reduction observed at day 21 post-treatment relative to pre-treatment values. B, 
D. Bars show the range of individual values; *, p ≤ 0.05. E. Peak vertical forces were 

collected from force plate gait analysis in six of the seven dogs with osteoarthritis (5 knees 

and 1 elbow). There was significant improvement in lameness based on an increase in 

median peak vertical force in the treated leg from 46.0 (range 33.5 to 90.3) to 51.0 (range 

38.0 to 102.7), three weeks following injection (p=0.027, Wilcoxon signed rank test). 

Statistics were performed on raw values for force measurements. Normalized values are 

plotted to correct for the wide range of initial force measurements, where each animal’s Day 

0 measurements are taken as the 100% value. All six dogs show an improvement, with a 
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median force at Day 21 equal to 112% of that at Day 0. A Mann Whitney test was also 

significant for normalized values (p=0.0022). F. The median time to owner-reported 

decrease in analgesic efficacy was 150 days (range 58 to 730 days).
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Figure 3 –. Alignment statistics for dog transcriptomic sequence alignment.
Several parameters were examined to evaluate quality of sequence alignment to the dog 

genome. Relatively few RNA-Seq experiments have been performed in the dog, leading to 

potential inaccuracies in the annotation. A. Compared to human DRG approximately the 

same number of reads were well mapped overall. B. In both dog and human, the majority of 

good quality reads aligned to the genomic targets used, accounting for 98%+ of high quality 

reads. C. In most samples, the percentage of reads aligned to RefSeq annotated genes was 

comparable to human, with some samples showing marked reduction in this parameter. D. 
Upon further examination, this was due to partial failure of the PolyA selection step in some 

samples, as indicated by the presence of ribosomal RNA in samples with low RefSeq 

alignment. E, F. Comparisons were made between the genes expressed in rat and human 

DRG as well as dog and human DRG. In both species genes such as OPRM1 and TRPV1 
were expressed at comparable levels, while other genes such as the adenosine receptor 

ADORA3 was differential in the rat. In the dog, the kappa opioid receptor (OPRK1) and the 

protein precursors for the calcitonin gene-related peptide (CALCA and CALCB) were 

differential.
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Figure 4. Expression and conservation analysis of selected nociceptive genes between human, 
dog, rodents, and other species.
To identify critical species differences in nociceptive transcripts, an initial screen was 

performed to identify highly divergent transcript expression between human and dog DRG, 

identifying the CALCB transcript as divergent from human (see Figure 3). A. Human, dog, 

cat, rat, and mouse CGRP peptides from CALCA and CALCB precursor proteins were 

aligned. Amino acids that are divergent from Human alpha-CGRP (from CALCA) are 

highlighted in red. Alignments are clustered based on similarity computed in MEGA7[35]. 

The expression level (sFPKM, computed in MAGIC[36]) is shown for human, dog, rat and 

mouse DRG. Notably, the dog DRG expressed very low levels (0.9 sFPKM) of CALCB, 

while other species express this gene robustly (393.6 in human). B. The evolutionary history 

was inferred by using the Maximum Likelihood method based on the JTT matrix-based 

model[29] using the full protein sequence of CALCA and CALCB proteins. The tree with 

the highest log likelihood (−1115.56) is shown. Evolutionary analyses were conducted in 
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MEGA7[35]. Dog and cat CALCB isoforms are highly divergent from other species with 

respect to CALCB sequence.
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Table 1:

Cohort characteristics of 7 dogs with osteoarthritis treated with intra-articular resiniferatoxin.

Dog Breed Sex Weight (kg) Age (years) Joint Injected Duration of Signs

1 Boxer Female 35 9 Knee 3 years

2 Mix Breed Male 27 6 Knee 4 years

3 Mastiff Female 46 6 Knee 2 years

4 Doberman Male 36 8 Knee 6 months

5 Rottweiler Male 67 7 Knee 2 years

6 Mix Breed Female 33 8 Knee 5 years

7 Mix Breed Male 22 11 Elbow 4 years
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