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Abstract
There is a critical need for effective new pharmacotherapies for pain. The paucity of new drugs 
successfully reaching the clinic calls for a reassessment of current analgesic drug discovery 
approaches. Many points early in the discovery process present significant hurdles, making it 
critical to exploit advances in pain neurobiology to increase the probability of success. In this 
review, we highlight approaches that are being pursued vigorously by the pain community for 
drug discovery, including innovative preclinical pain models, insights from genetics, mechanistic 
phenotyping of pain patients, development of biomarkers, and emerging insights into chronic pain 
as a disorder of both the periphery and the brain. Collaborative efforts between pharmaceutical, 
academic, and public entities to advance research in these areas promise to de-risk potential 
targets, stimulate investment, and speed evaluation and development of better pain therapies.

INTRODUCTION
“Pain is a more terrible lord of mankind than even death itself”

(Albert Schweitzer, 1931).

Pain is the most common reason people seek medical care (1). The Institutes of Medicine 
and the American Pain Society estimate that pain affects more than 100 million adults in the 
United States and costs about $635 billion each year in medical treatment and lost 
productivity (2, 3). These numbers will only increase as the world’s population ages. 
Current pharmacotherapy is dominated by well-established drug classes such as narcotic 
analgesics and nonsteroidal anti-inflammatory agents. These and other classes of drugs such 
as cyclooxygenase-2–selective inhibitors, anticonvulsants, and antidepressants are in 
widespread use for pain treatment. However, not all patients achieve meaningful pain relief, 
leaving a significant unmet medical need for new, safe, and effective treatments for both 
acute and chronic pain. The global market for current pain therapeutics is substantial, 
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T HAT we have a limited ability to control both acute 
pain and chronic pain is clear. With respect to acute 

pain, one recent survey suggested that more than 60% of 
patients experience moderate to extreme levels of pain post-
operatively, despite the creative use of our existing armory 
of analgesics.1 !is "gure has changed little in more than 10 
yr.2 Acute pain, of course, is not the only problem; approxi-
mately 25% of the U.S. population su#ers from chronic 
pain, a problem costing the economy hundreds of billions 
of dollars annually.3 Moreover, the overzealous use of our 
most powerful class of analgesics, the opioids, has spurred an 
epidemic in prescription opioid overdose as reported by the 
Centers for Disease Control and Prevention.4 Looking more 
closely at the situation reveals that most treatments for pain, 
including analgesics, injections, devices, complementary 
approaches, and so forth, are fundamentally similar to ones 
we have used for decades (or in the case of some complemen-
tary approaches, centuries).

How could this be? Pain research is a robust and diverse 
"eld. !e scienti"c literature is replete with compelling 
reports from laboratories around the world describing the 
cellular and molecular details of signaling mechanisms, 
neuro plastic changes occurring after tissue injury, altera-
tions in the functioning of glial cells, and many other pain-
related phenomena. In preclinical models, newly designed 
drugs have been impressively e#ective in changing pain-
related behaviors. Unfortunately, clinical trials using these 
same drugs have most often failed, and the costs of analgesic 

development for these drugs are substantially higher than 
those for many other types of medications.5 !e number 
of companies pursuing analgesic development has therefore 
dwindled in recent years.

Pain research now "nds itself at a crossroads: what went 
wrong and how can we do better? !is question has been 
the focus of several recent publications6,7 and has been a fea-
tured topic at pain research meetings.8 !e themes emerging 
from this soul-searching fall into three basic arenas: poor ani-
mal models, poor pain measures, and poor reporting prac-
tices.9–12 We need to up our game!

Poor Preclinical Pain Models
Why do we use the models that we do? For example, 

diabetic neuropathy and radiculopathy are two of the most 
common types of neuropathic pain seen clinically, but much 
of our animal work focuses on nerve injury models, typi-
cally involving partial ligation of the sciatic nerve or its distal 
branches, with the implicit assumption that the observations 
made will be generalizable and translatable. !is has not 
worked out very well. Similarly, there exists a host of com-
monly used models involving the subcutaneous injection of 
noxious substances, e.g., formalin, carrageenan, capsaicin, 
and so forth, said to mimic in$ammatory pain, such as what 
accompanies rheumatoid arthritis or surgical incision, with 
similar di%culties experienced in translation. For example, 
while it is clear that in$ammation accompanies incision, it has 
been clearly shown that drugs e#ective in reducing responses 
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Multiple mechanisms have been tested in pain — how can we
improve the chances of success?
Ann G Hayes1, Lars Arendt-Nielsen2 and Simon Tate3

Recent advances in understanding the pathophysiology of pain

have led to a wealth of molecular targets for novel analgesic

drugs and many clinical drug trials. There have been

successes, like the gabapentinoids for neuropathic pain and

calcium channel blockers for otherwise intractable pain states;

and drugs which show promise in clinical trials, like nerve

growth factor inhibitors and p38 kinase inhibitors.

Unfortunately there have also been a number of failures. We

suggest factors which might predispose to success, for

example some clinical precedence for the mechanism in pain or

a genetic link for the mechanism, for example a mutation linked

to a pain syndrome. We also stress the importance of

demonstrating molecular target engagement with a novel

compound and suggest pain biomarkers which can be used for

mechanistic drug profiling.
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Introduction
Despite intensive research activity, chronic pain remains
a significant problem in many patients. For several dec-
ades, the mainstay of treatment of chronic pain has been
provided by opioids, non-steroidal anti-inflammatory
drugs (NSAIDs), anticonvulsants, anti-depressants,
anaesthetics and combinations thereof. Unfortunately,
whilst these drugs do provide meaningful pain relief,
they are insufficiently effective in a significant proportion
of patients and often elicit unwanted and sometimes
serious side effects. This has prompted pharmaceutical
companies to invest substantially in the search for new
medicines to treat chronic pain and many new molecules
and molecular mechanisms have been tested in the clinic

in the last 10–15 years. A recent search of the Clinical-
Trials.gov database (July 2013) returned 1035 interven-
tional studies that were performed in chronic pain
comprising neuropathic pain, osteoarthritis (OA) pain,
complex regional pain syndrome, trigeminal neuralgia
and chronic low back pain. This huge effort has produced
mixed success, and the purpose of this review is to
identify those factors associated with positive outcomes.

Pathophysiology of chronic pain
Much drug discovery activity has followed from a better
understanding of the pathophysiology underlying chronic
pain. Following tissue injury or inflammation, the sensory
nervous system undergoes various adaptive changes that
result in pain hypersensitivity. In chronic pain such
changes in sensitivity can become persistent, such that
pain occurs spontaneously, or non-noxious sensory stimuli
start to produce pain (called allodynia), or the pain
response to a nociceptive stimulus is amplified (hyper-
algesia). Genetic factors can contribute to the likelihood
of an individual developing the irreversible sensitization
changes that underlie chronic pain [1].

The sensitization occurring in chronic pain involves
plasticity changes within neurons of both the peripheral
and central nervous systems (CNS). Peripheral sensitiz-
ation involves changes in ion channels like TRPV1 and
voltage-gated sodium and potassium channels; increased
levels of nerve growth factor (NGF) and cytokines at the
site of injury [2]; ectopic firing at the site of nerve injury,
probably resulting primarily from the changes in expres-
sion and properties of sodium and potassium channels [3];
and phenotypic changes in peripheral sensory neurons
(e.g. increased expression of neuropeptides by Ab fibres)
[4]. Central sensitization, which occurs within spinal and
supra-spinal networks, also involves multiple changes,
which have been summarized in other reviews [3,5].
Central sensitization involves both presynaptic effects,
that is, changes in transmitter release, and postsynaptic
effects. The latter are primarily due to increases in
intracellular calcium, due to increased influx through
ionotropic channels (e.g. NMDA channels) and vol-
tage-dependent calcium channels; or due to release of
calcium from intracellular stores produced by receptors
(e.g. metabotropic receptors) or tyrosine kinases. In
addition, there is a loss of GABA-mediated and
glycine-mediated inhibition within the spinal cord and
a loss of descending monoaminergically mediated inhibi-
tory controls from the medulla. Finally, there are changes
in immune cell activity accompanying pain. Immune cells
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Neuropathic pain remains an area of considerable unmet clinical need. Research based on preclinical animal models has failed
to deliver truly novel treatment options, questioning the predictive value of these models. This review addresses the
shortcomings of rodent in vivo models commonly used in the field and highlights approaches which could increase their
predictivity, including more clinically relevant assays, outcome measures and animal characteristics. The methodological
quality of animal studies also needs to be improved. Low internal validity and incomplete reporting lead to a waste of
valuable research resources and animal lives, and ultimately prevent an objective assessment of the true predictivity of in vivo
models.
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Introduction

The International Association for the Study of Pain defines
pain as ‘an unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or
described in terms of such damage’ (Merksey and Bogduk,
1994). Pain is by definition a subjective multifaceted
symptom which can only be ‘measured’ by self-report. Con-
sequently, researchers and clinicians have to rely on subjec-
tive reports of presence, nature, location and intensity of pain
in humans (Vierck et al., 2008). Because of this, in animals,
the presence or absence of pain cannot be directly measured
and can only be inferred from the observation of surrogate
behaviours. The present review concentrates on animal
models used in analgesic development, we specifically focus
on neuropathic pain but all the concepts discussed here are
relevant to other type of pain. The prime focus of this review
is on the use of animal models to predict clinical efficacy to
the extent required for justification for initiation of a clinical

development programme. However, it is important to note
that use of animal models is also critical for processes
involved earlier in the drug development pipeline, such as
understanding of disease mechanisms and drug target iden-
tification. Neuropathic pain as defined by the International
Association for the Study of Pain is ‘pain caused by a lesion or
disease of the somatosensory system’ (Treede et al., 2008;
Jensen et al., 2011). It can be associated with a plethora of
diseases or lesions affecting the sensory nervous system and is
associated with heterogeneous mechanisms and clinical pres-
entations. It is also linked with a broad spectrum of other
symptoms and clinical signs associated with both sensory loss
and sensory gain (Baron et al., 2010; Maier et al., 2010).

Translation problem

Neuropathic pain has a prevalence of 7–8% in north-western
European populations (Torrance et al., 2006; Bouhassira et al.,
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Topical review

Sensory profiling in animal models of neuropathic
pain: a call for back-translation
Andrew S.C. Ricea,*, Nanna B. Finnerupb,c, Harriet I. Kempa, Gillian L. Curried, Ralf Barone

1. Introduction

This Topical review considers the misalignment between outcome
measures traditionally reported in animalmodels of neuropathic pain
(For brevity, we will adhere to convention and use the shorthand
“animal model of neuropathic pain.” However, we suggest that
a more accurate classification is in terms of the disease they
purportedly mimic [eg, traumatic nerve injury, diabetic neuropathy,
etc] rather than as a model of “pain.”) and those used for estimating
pain intensity and the impact/burden of pain in clinical trials. In
particular, we propose that traditional methods of assessing rodent
sensory thresholds could have predictive utility for the sensory
profiling approachesbeing explored for patient stratification in clinical
trials. To initiate this process, we propose a “research agenda” to
develop and validate a protocol and normative values for sensory
profiling in rodents, which reflects the best established clinical
methods. This could then be used to establish definitive sensory
profiles of new and existing rodent neuropathic pain models.

In general, animal modelling of neuropathic pain has 2 main
goals: First, to identify pain mechanisms and thus potential
targets for drug development. However, it is difficult to identify
clear examples of the success of this approach in delivering new
drugs for neuropathic pain, with the exception of high concen-
tration topical capsaicin.22 Second, animal models are used in an
attempt to predict the clinical efficacy of a novel therapeutic and
thus justify the initiation of clinical trials. We concentrate on the
latter aspect and ask whether the drug response associated with
specific sensory profiles in animal models might predict the most
appropriate patients to examine in exploratory clinical trials?

2. The problem of homogeneity in current animal
models of neuropathic pain

To date, animal modelling of neuropathic pain has been dominated
by homogeneity in both the models created and outcomes

(behavioural constructs) measured in those models. The pre-
dominant animal model reported is of traumatic injury to a rodent
sciatic nerve. The predominant “pain” outcome measure is limb
withdrawal evoked by applied sensory stimuli (in passing, we note
that experiments are usually conducted in genetically similar animals,
although we do recognise that such homogeneity may be of
relevance in the specific context of animal genetic studies. There has
alsobeena tradition of homogeneity of sex andage,36with theuseof
young male animals predominating). In contrast to the homogeneity
of animalmodelling, there is emerging evidence of the importance of
clinical heterogeneity in neuropathic pain in terms of underlying
disease, clinical presentations, pain mechanisms, and treatment
responses at the individual patient level. Recognising such
heterogeneity is fundamental to developing the concept of precision
(personalised) medicine for neuropathic pain.7 Therefore, we argue
that refinement of preclinical methods is required to achieve
alignment with emerging concepts of clinical heterogeneity.

3. Potential biomarkers to reveal clinical
heterogeneity in neuropathic pain

There are multiple potential biomarkers that might be hypoth-
esised to predict efficacy of analgesic interventions in neuropathic
pain at the individual patient level.58 One example is the prediction
of duloxetine efficacy in diabetic neuropathy by measuring
endogenous pain modulation.76 Others include symptom and
epidermal innervation profiling,3 testing nociceptor function with
capsaicin,13 and even ascertaining the characteristics of patient-
derived stem cells.14 However, here, we focus on aligning
sensory measurements made in animal models with current
methods of clinical sensory assessment.4,18,19,27 In this context,
we argue that the traditional evoked limb withdrawal outcome
measures used in animal models of neuropathic pain should be
redeployed as sensory profiling tools. We submit that their use
should henceforth be interpreted not as a measure of “pain,” but
rather as a sensory profile biomarker of that injury or disease
model.

4. Neuropathic pain, associated sensory
abnormalities, and animal models

Neuropathic pain clinically manifests as spontaneous pain
(ongoing or paroxysmal) and/or, more uncommonly, evoked
pain. Neuropathic pain is usually accompanied by sensory
abnormalities which are broadly categorised into modality-
specific sensory gain (allodynia, hyperpathia, or hyperalgesia) or
sensory loss (anaesthesia dolorosa). Evoked limb withdrawal
measures conventionally reported from animal model experi-
ments reflect only the small group of patients characterised by
sensory gain and then only the evoked pain component.
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1. Introduction

Assessment of clinical pain presents a unique problem
compared to other major health conditions, such as
heart disease or cancer, which can be detected by objec-
tive biological measurements. Diagnosis of chronic pain
depends upon subjective reports by patients on the pres-
ence and intensity of pain. However, comparable reports
on sensory attributes cannot be obtained from labora-
tory animals without language skills. Nevertheless,
attempts to assess chronic pain in non-human species
have involved observations of spontaneous behavioral
or physiological reactions to presumed sources of pain.

Unfortunately, spontaneous events such as vocaliza-
tions, autotomy/overgrooming, sleep disruption or auto-
nomic activation do not qualify as direct measures of
pain. When autotomy or overgrooming occurs, the elicit-
ing stimulus is unknown – it could be numbness with anal-
gesia or a non-painful paresthesia. Autotomy and
grooming are not always associated with pain, and either
can be assumed to exist in the absence of pain. Sleep dis-
ruption and autonomic dysregulation can be associated
with and can exacerbate chronic pain [7], but neither
results only from chronic pain. If sleep disruption were
to be used as a primary measure of pain for development
of analgesics, an effective compound might act directly on
circuits regulating sleep cycles but have no effect on pain.
Similarly, low dose systemic morphine directly attenuates

vocalizations of animals performing a food reinforcement
task in the absence of any nociceptive stimulation [4].
Morphine reduces pain sensitivity, but this conclusion is
not justified on the basis of an effect on vocalizations.
Therefore, spontaneous behavioral or physiological
events can complement but not replace direct measure-
ments of pain or pain sensitivity.

2. Assessment of pain sensitivity of human and laboratory
animal subjects

In the present article, efforts are made to relate assess-
ment of pain in human and laboratory animal subjects.
The use of comparable methods in pre-clinical and clinical
studies is critical to successful translational research. In
this effort, assessment of pain sensitivity can be
approached similarly with behavioral observations of
humans and laboratory animals. Altered sensitivities of
humans to somatosensory stimulation can validate rat-
ings of ongoing pain, and for some conditions (e.g., fibro-
myalgia) diagnostic procedures include ratings of
sensations generated by applied stimuli. Stimulus–
response functions for escape from nociceptive stimula-
tion can provide comparable information for laboratory
animals.

For both humans and laboratory animals, two prin-
cipals are critical for evaluation of pain sensitivity. Mea-
sures of pain must: (1) reveal transmission over
nociceptive pathways that extend to the cerebral cortex;
and (2) require processing of sensory intensity in com-
parison with previous pain experiences. Importantly,

0304-3959/$32.00 ! 2008 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.pain.2007.12.008
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Where could preclinical translational pain research benefit?
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Models (the induced pain state) 

“One can ask whether peripheral nerve injury (e.g. 
nerve ligation), the acetic acid writhing test, the 

orofacial injection of formalin, or the intra-
articular injection of Freud’s complete adjuvant 
(FCA) actually mirror any clinical conditions?”

Lascelles & Flecknell 2010. IASP Pain Clinical Updates
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Identifying the pathways required for coping 
behaviours associated with sustained pain
Tianwen Huang1,2,8, Shing-Hong Lin1,2,8, Nathalie M. Malewicz3, Yan Zhang1,4,5, Ying Zhang1,6, Martyn Goulding7,  
Robert H. LaMotte3 & Qiufu Ma1,2*

Animals and humans display two types of response to noxious 
stimuli. The first includes reflexive defensive responses that prevent 
or limit injury; a well-known example of these responses is the 
quick withdrawal of one’s hand upon touching a hot object. When 
the first-line response fails to prevent tissue damage (for example, 
a finger is burnt), the resulting pain invokes a second-line coping 
response—such as licking the injured area to soothe suffering. 
However, the underlying neural circuits that drive these two strings 
of behaviour remain poorly understood. Here we show in mice that 
spinal neurons marked by coexpression of TAC1Cre and LBX1Flpo 
drive coping responses associated with pain. Ablation of these spinal 
neurons led to the loss of both persistent licking and conditioned 
aversion evoked by stimuli (including skin pinching and burn 
injury) that—in humans—produce sustained pain, without affecting 
any of the reflexive defensive reactions that we tested. This selective 
indifference to sustained pain resembles the phenotype seen in 
humans with lesions of medial thalamic nuclei1–3. Consistently, 
spinal TAC1-lineage neurons are connected to medial thalamic 
nuclei by direct projections and via indirect routes through the 
superior lateral parabrachial nuclei. Furthermore, the anatomical 
and functional segregation observed at the spinal level also applies 
to primary sensory neurons. For example, in response to noxious 
mechanical stimuli, MRGPRD- and TRPV1-positive nociceptors 
are required to elicit reflexive and coping responses, respectively. 
Our study therefore reveals a fundamental subdivision within the 
cutaneous somatosensory system, and challenges the validity of 
using reflexive defensive responses to measure sustained pain.

The preprotachykinin 1 (Tac1) gene is expressed in spinal neurons that 
respond to noxious stimuli4. We used Tac1cre knock-in mice to charac-
terize spinal TAC1-lineage neurons. Crossing Tac1cre mice with tdTomato  
reporter mice revealed that 45.3 ± 3.3% of TAC1Cre–tdTomato+  
neurons expressed Tac1 mRNA persistently, and 83.9 ± 2.1% of Tac1 
mRNA+ neurons coexpressed tdTomato (Fig. 1a). Most TAC1Cre– 
tdTomato+ neurons are excitatory (Extended Data Fig. 1a–c). The 
neurokinin receptor NK1R marks most ascending-projection neurons 
in lamina I (ref. 5), 36.6 ± 4.6% of which were labelled by tdTomato 
(Fig. 1b). To assess ascending projections, we produced intersectional 
Tac1Cdx2-tdTomato mice, in which Flpo is driven from the Cdx2 gene 
locus and marks spinal neurons6; as such, all tdTomato+ fibres in the 
brain originate from spinal TAC1CDX2 neurons defined by develop mental 
co-expression of TAC1Cre and CDX2Flpo (Extended Data Fig. 1d, e).  
As a control, we labelled all spinal ascending projection neurons by 
crossing Cdx2Flpo mice with tdTomato reporter mice.

We first examined thalamic nuclei. The ventral posterolateral nuclei, 
which receive inputs from the spinal cord, are required for sensory 
discrimination and to process the unpleasantness evoked by transient, 
moderately noxious stimuli7. The medial thalamic complex is required 
to process the unpleasantness evoked by sustained, intensely noxious 

stimuli1–3. TAC1CDX2-marked fibres rarely innervate the ventral poster-
olateral nuclei (Fig. 1c, Extended Data Fig. 1f), in contrast to the exten-
sive innervation by CDX2Flpo-marked fibres (Extended Data Fig. 1f). 
The medial thalamic complex is composed of: (i) the medial and lateral 
habenular nuclei, (ii) the paraventricular thalamic nucleus and (iii) the 
medial thalamic nuclei composed of the dorsal, central and ventral 
sub-nuclei (Fig. 1d, e). Whereas CDX2Flpo-marked fibres innervated all 
of these midline nuclei (Extended Data Fig. 1g, h), TAC1CDX2-marked 
fibres displayed selective innervations in paraventricular and medial 
thalamic nuclei (Fig. 1d), as well as the most-medial part of the lateral 
habenular nuclei (Fig. 1d, arrows). Thus, TAC1Cre marks a subset of 
spinothalamic projection neurons that terminate predominantly within 
the medial thalamic pathways (Fig. 1f).

The pontine lateral parabrachial nuclei serve as another key relay  
station8–11, one which is organized along the dorsoventral axis. The 
external lateral parabrachial nuclei (PBel) that are located in the 
most-ventral position are marked by the expression of the calcitonin-gene- 
related peptide (CGRP) and send neuronal projections to the amyg-
dala; they are crucial for rapid defensive reactions to external threats8. 
The dorsoventral lateral parabrachial nuclei (PBdvl) are involved in 
behavioural thermoregulation10, and the superior lateral parabrachial 
nuclei (PBsl) located in the most dorsal position are activated by pain-
ful stimuli (see below). We found that TAC1CDX2-marked fibres pass 
through the area lateral to PBel and PBdvl (Fig. 1g, h), and terminate 
at PBsl (Fig. 1g). As a control, CDX2Flpo-marked fibres innervated all 
subnuclei (Extended Data Fig. 1i). A selective synaptic connection 
between TAC1 neurons and PBsl was confirmed by using the presyn-
aptic bouton marking technique12, and by performing electrophysi-
ological recordings following optogenetic stimulation of terminals 
derived from spinal TAC1-lineage neurons (Extended Data Fig. 2a–d). 
Furthermore, retrograde labelling confirms that TAC1Cre marks subsets 
of spinoparabrachial and spinothalamic projection neurons (Extended 
Data Fig. 3a, b). Notably, PBsl sends projections to the medial thalamic 
nuclei but not to the amygdala (Extended Data Fig. 3c, d). Thus, spinal 
TAC1-lineage neurons include ascending projection neurons that are 
both directly and indirectly connected to medial thalamic nuclei.

To carry out functional studies, we used an intersectional genetic 
strategy6,13,14 to express the human diphtheria toxin receptor DTR in 
spinal neurons defined by the coexpression of TAC1Cre and LBX1Flpo 
(Extended Data Fig. 4a) (hereafter referred to as TAC1LBX1). Mice in 
which TAC1LBX1 neurons were ablated—and which additionally carried 
the tdTomato reporter allele—were generated following diphtheria toxin 
injections, which resulted in an 88% reduction of spinal tdTomato+  
neurons (Fig. 2a). Ablation was also observed in trigeminal nuclei, 
but not dorsal root ganglia or other brain regions (Extended Data  
Fig. 4b). Ablation of TAC1LBX1 neurons did not affect sensorimotor 
coordination or responses to innocuous tactile stimuli (Extended Data 
Fig. 4c, d).

1Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA, USA. 2Department of Neurobiology, Harvard Medical School, Boston, MA, USA. 3Department of Anesthesiology, Yale University 
School of Medicine, New Haven, CT, USA. 4Institute of Acupuncture and Moxibustion, Fudan Institutes of Integrative Medicine; Department of Integrative Medicine and Neurobiology, School of Basic 
Medical Science, Fudan University, Shanghai, China. 5Cell Electrophysiology Laboratory, Wannan Medical College, Wuhu, China. 6Neuroscience Research Institute and Department of Neurobiology, 
School of Basic Medical Sciences, Key Laboratory for Neuroscience, Ministry of Education/National Health and Family Planning Commission, Peking University, Beijing, China. 7Molecular 
Neurobiology Laboratory, The Salk Institute for Biological Studies, La Jolla, CA, USA. 8These authors contributed equally: Tianwen Huang, Shing-Hong Lin. *e-mail: Qiufu_Ma@dfci.harvard.edu
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Relevance of target:
Does it play a role in the target disease?
How important is that role?

Molecular Signatures of Mouse TRPV1-Lineage Neurons Revealed
by RNA-Seq Transcriptome Analysis

Samridhi C. Goswami,* Santosh K. Mishra,y Dragan Maric,z Krisztian Kaszas,*
Gian Luigi Gonnella,* Samuel J. Clokie,* Hal D. Kominsky,* Jacklyn R. Gross,*
Jason M. Keller,* Andrew J. Mannes,* Mark A. Hoon,y and Michael J. Iadarola*
*Anesthesia Section, Department of Perioperative Medicine, Clinical Center, National Institutes of Health,
Bethesda, Maryland.
yMolecular Genetics Unit, Laboratory of Sensory Biology, National Institute of Dental and Craniofacial Research,
Bethesda, Maryland.
zLaboratory of Neurophysiology, National Institute of Neurological Disorders and Stroke, National Institutes of Health,
Bethesda, Maryland.

Abstract: Disorders of pain neural systems are frequently chronic and, when recalcitrant to treat-
ment, can severely degrade the quality of life. The pain pathway begins with sensory neurons in dor-
sal root or trigeminal ganglia, and the neuronal subpopulations that express the transient receptor
potential cation channel, subfamily V, member 1 (TRPV1) ion channel transduce sensations of painful
heat and inflammation and play a fundamental role in clinical pain arising from cancer and arthritis.
In the present study, we elucidate the complete transcriptomes of neurons from the TRPV1 lineage
and a non-TRPV1 neuroglial population in sensory ganglia through the combined application of
next-gen deep RNA-Seq, genetic neuronal labeling with fluorescence-activated cell sorting, or
neuron-selective chemoablation. RNA-Seq accurately quantitates gene expression, a difficult param-
eter to determine with most other methods, especially for very low and very high expressed genes.
Differentially expressed genes are present at every level of cellular function from the nucleus to the
plasma membrane. We identified many ligand receptor pairs in the TRPV1 population, suggesting
that autonomous presynaptic regulation may be a major regulatory mechanism in nociceptive neu-
rons. The data define, in a quantitative, cell population–specific fashion, the molecular signature
of a distinct and clinically important group of pain-sensing neurons and provide an overall frame-
work for understanding the transcriptome of TRPV1 nociceptive neurons.
Perspective: Next-gen RNA-Seq, combined with molecular genetics, provides a comprehensive and
quantitative measurement of transcripts in TRPV1 lineage neurons and a contrasting transcriptome
from non-TRPV1 neurons and cells. The transcriptome highlights previously unrecognized protein
families, identifies multiple molecular circuits for excitatory or inhibitory autocrine and paracrine
signaling, and suggests new combinatorial approaches to pain control.

Published by Elsevier Inc. on behalf of the American Pain Society
Key words: Pain, nociception, dorsal root ganglion, capsaicin, resiniferatoxin.

Detailed investigations of the molecular biology of
nociceptive neurons are key elements for
advancing basic knowledge of pain-sensing neu-

ral circuits and translational investigations for pain con-
trol, but their complete molecular repertoire, their

transcriptome, has not been fully ascertained. The subset
of nociceptive Ad and C-fiber primary afferents that ex-
press the transient receptor potential cation channel,
subfamily V, member 1 (TRPV1) ion channel transduce
signals arising from exposure to painful heat,
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A proposition:

Companion animals with naturally-
occurring painful disease may 
enhance the translational pain 
research paradigm
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These naturally occurring painful disease ‘models’ may 
better reflect the complex genetic, environmental, 
temporal and physiological influences present in humans.
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Verification Bridge: 
Inform the critical 
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decision making 

point
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Model fidelity:
Osteoarthritis

• Biomechanically, structurally, 
histologically, genomically, and 
molecularly human, canine, 
feline and equine OA are 
similar.

Ai

Bi

Aii

Bii

Clements et al. Arthritis Res Ther. 2006; 8: R158. 
Little & Hunter. Nat Rev Rheumatol. 2013; 9:485-497 

McCoy. Vet Pathol. 2015; 52:803-818. 
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Outcome Measures:
Measurable dimensions impacted by pain in humans
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A Feline-Specific Anti-Nerve Growth Factor Antibody Improves
Mobility in Cats with Degenerative Joint Disease–Associated Pain:

A Pilot Proof of Concept Study

M.E. Gruen, A.E. Thomson, E.H. Griffith, H. Paradise, D.P. Gearing, and B.D.X. Lascelles

Background: Neutralizing antibodies against nerve growth factor (NGF) are analgesic in rodent models, naturally occur-
ring degenerative joint disease (DJD) pain in dogs, and chronic pain in humans.

Objectives: To evaluate the efficacy of a fully felinized anti-NGF antibody (NV-02) for the treatment of DJD pain and
mobility impairment in cats.

Animals: Thirty-four client-owned cats with DJD-associated pain and mobility impairment.
Methods: In a placebo-controlled, pilot, masked clinical study, cats were randomized to a single treatment with NV-02

(0.4 mg/kg SC [n = 11] or 0.8 mg/kg SC [n = 12]) or placebo (saline, SC [n = 11]). Activity was measured objectively. Addi-
tionally, owners completed clinical metrology instruments (client-specific outcome measures [CSOM] and feline musculoskele-
tal pain index [FMPI]) on days 0 (screening), 14 (baseline), 35, 56, and 77. A repeated-measures model was used to evaluate
the objective activity data.

Results: NV-02 significantly increased objectively measured activity overall (P = .017) and at 2 (P = .035), 3 (P = .007), 4
(P = .006), 5 (P = .007), and 6 (P = .017) weeks after treatment. CSOM scores (P = .035) and pain (P = .024) showed a sig-
nificant effect of treatment 3 weeks after administration. In the treatment group, 83% of the owners correctly identified the
treatment administered compared with 45% of owners in the placebo group (P = .013). No treatment-related adverse effects
were identified.

Conclusions: These pilot data demonstrate a 6-week duration positive analgesic effect of this fully felinized anti-NGF anti-
body in cats suffering from DJD-associated pain.

Key words: Client-specific outcome measures; Feline musculoskeletal pain index; Osteoarthritis.

Many adult and geriatric cats have radiographic
evidence of degenerative joint disease (DJD),1,2

and a large proportion of these have associated chronic
pain, manifested as alterations in mobility and activity.
In the United States, there is no approved medication
for the long-term treatment of chronic pain in cats,
despite the clear need for such a treatment.

Currently, the nonsteroidal anti-inflammatory drug
(NSAID) meloxicam is approved in Europe for use in
treating chronic pain in cats, but has not been approved
for this use in the United States. There are concerns

about the use of NSAIDs for long periods of time in
cats, especially because the majority of cats presenting
with DJD-associated pain have evidence of chronic kid-
ney disease.3 Because of these concerns, dosages lower
than the European-approved dosage of meloxicam have
been tried, and there are several suggestions from open-
label studies that these lower dosages are effective in the
management of DJD-associated pain in cats.4,5 Only one
blinded, placebo-controlled study assessing a dosage
lower than the approved 0.05 mg/kg daily dosage has
been performed, and that study found that a dosage of
0.035 mg/kg daily produced measureable improvement
over a 3-week period of administration.6,7 Indeed, only 2
placebo-controlled, masked, clinical studies of the effi-
cacy of meloxicam in cats have been published.6–8

Neutralizing antibodies against nerve growth factor
(NGF) are analgesic in rodent models9 and in humans10

with chronic pain, although none currently are approved
for use in humans. Using a proprietary technique for
interspecies conversion of antibodies based on expressed
cDNA sequence analysis (PETizationTM) Nexvet
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Abbreviations:

AC activity counts

AM activity monitors

CMI clinical metrology instrument

CSOM client-specific outcome measures

DJD degenerative joint disease

FMPI feline musculoskeletal pain index

NCSU-CVM North Carolina State University College of Veterinary

Medicine

NGF nerve growth factor

OA osteoarthritis
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Functional linear modeling of 
activity data shows analgesic-
mediated improved sleep in dogs 
with spontaneous osteoarthritis 
pain
M. E. Gruen  ͷǡǡ��Ǥ��Ǥ�Samson�Ƭ��Ǥ��Ǥ��Ǥ�Lascellesͷǡǡͺǡͻǡͼ

���������ǡ�������������������������������������������������������������������������������������
�������������������������ơ����������������������ǡ�������������ǡ��������������������Ǥ�����ǡ���������������
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����������������������������������������������Ǥ�	������ǡ����������������������������������������������
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�����������������������Ƥ������ơ������������������������Ǣ����������������������Ǧ����������������������
�������ǯ��������������Ǥ��������ǡ�����������������������������Ǧ����������������������������������������
with the development of functional linear modeling. Our aim was to apply functional linear modeling 
to accelerometry data from osteoarthritic dogs participating in a cross-over non-steroidal anti-
��ƪ���������ȋ���������Ȍ�����������Ǥ������Ƥ�������ơ������������������������������������������������������
�����ȋ���������Ȍ���Ǥ��������ǡ������������������������������������������ȋ�����Ȍ�����������������������
��������Ǥ�������������������������������Ǧ����������������������������������������������������������
����������������������������������������������������������Ƥ���������������������������������������Ǥ

In humans, clear evidence exists that chronic pain interferes with sleep1. Sleep disturbances decrease quality of 
life, are associated with higher anxiety and depression2, and worsen chronic pain symptoms3. A common cause 
of chronic pain is osteoarthritis (OA). Several studies have reported insomnia4,5, decreased sleep quality6, and 
increased self-reporting of pain7 in people with OA. Dogs also su!er from OA that is pathologically and symp-
tomatically similar to humans. "ese similarities have led to the dog’s emergence as a good naturally-occurring 
model for understanding human arthritis pain8,9. An improved understanding of the association between OA and 
sleep in dogs will enhance their use as a model for human OA.

In humans, sleep quality is o#en measured objectively using actigraphy7; lower activity counts indicative 
of less movement are presumed to re$ect higher quality sleep. Disturbances of sleep occur due to pain states, 
but interestingly there are little data on the use of actigraphy to monitor sleep quality in relation to pain relief. 
Analgesia-associated modi&cation of sleep in dogs with OA has been previously evaluated by our laboratory 
using accelerometry and an owner-completed sleep quality questionnaire, the Sleep and Night Time Restlessness 
Evaluation (SNoRE)10. "e SNoRE is a six-item instrument which asks owners to rate comfort and quality fea-
tures of their dog’s sleep. In this study, dogs with osteoarthritis wore accelerometers over a &ve-week period; 
they received meloxicam (Metacam®, Boehringer-Ingelheim) and placebo, each for two weeks, in a randomized 
crossover design. Using the SNoRE questionnaire, the study found that dogs receiving meloxicam had improved 
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Widespread somatosensory sensitivity in naturally
occurring canine model of osteoarthritis
David Knazovickya, Erika S. Helgesonb, Beth Casea, Margaret E. Gruena,c, William Maixnerd,
B. Duncan X. Lascellesa,c,d,*

Abstract
Osteoarthritis (OA)-associated pain is a leading cause of disability. Central sensitization (CS), as a result of OA, is recognized as an
important facet of human patients’ chronic pain and has been measured in people using quantitative sensory testing (QST) testing.
The spontaneous canine OAmodel has been suggested as a good translational model, but CS has not been explored in this model.
In this study, QSTwas performed on dogs with andwithout spontaneous hip or stifle OA to determine whether OA is associated with
CS in this model. Mechanical (von Frey and blunt pressure) and thermal (hot and cold) sensory thresholds obtained in dogs with
chronic OA-associated pain (n 5 31) were compared with those of normal dogs (n 5 23). Dogs were phenotyped and joint-pain
scored, and testing was performed at the OA-affected joint, cranial tibial muscle, and dorsal metatarsal region. QST summary data
were evaluated using mixed-effect models to understand the influence of OA status and covariates, and dogs with OA and control
dogs were compared. The presence of OA was strongly associated with hyperalgesia across all QST modalities at the index joint,
cranial tibial muscle, and metatarsal site. Mechanical QST scores were significantly moderately negatively correlated with total joint-
pain scores. The spontaneous canine OA model is associated with somatosensory sensitivity, likely indicative of CS. These data
further validate the canine spontaneous OA model as an appropriate model of the human OA pain condition.

Keywords: Animal model, Osteoarthritis, Spontaneous osteoarthritis model, Quantitative sensory testing

1. Introduction

Osteoarthritis (OA) is the most common form of arthritis and is
considered a leading cause of disability in humans (27million U.S.
adults and 8.5 million U.K. adults).33 Osteoarthritis is a major
contributor to the economic impact of chronic pain, and a 2011
report from the Institute of Medicine highlighted that the
economic cost of persistent pain (approximately $600 billion
annually) was more than the economic cost of cardiovascular
disease ($300 billion) and cancer ($250 billion) combined.11,18

Additionally, numerous reviews5,35,40,48 have highlighted a crip-
pling lack of translation of basic research into new approved
therapeutics for treatment of persistent pain in humans. The use
of spontaneous painful disease in companion animals was
highlighted as one of the changes that could be made to help
improve translation of basic science to new therapeutics.38

In dogs, spontaneously occurring OA is a condition affecting
a large percentage of the population, with an estimated 20% to
30% of the dog population having OA and associated clinical
signs.25 The pathophysiology of canine OA of the hip is considered
to be very similar to humanOA,13making dogs suitable candidates
to be used as spontaneous disease models.24 Additionally, the
canine stifle joint is considered to be among the most similar to the
human knee joint.14 The pain associated with canine OA can be
difficult to control,31 and indeed, OA-associated pain is one of the
most common reasons for euthanasia in dogs.32,36 One of the
reasons for the difficulty in controlling pain in dogs may be the
presence of central plasticity, as in humanswith OA.2,4,15 Although
many aspects of this spontaneous canine OA model have been
well developed including objective measures of limb use,19

objective measures of activity,50 validated owner-completed
clinical metrology instruments,8,49 and measures of sleep distur-
bance,28 measures of enhanced processing of nociceptive stimuli
resulting from peripheral and central mechanisms associated
with spontaneous canine OA have received little attention. Early
work has evaluated the repeatability of quantitative sensory
testing measures,6,51 and 2 small studies have suggested the
presence of enhanced pain processing in association with
cruciate ligament rupture10 and hind limb OA.51 Additionally,
one study concluded that unilateral total hip replacement in
client-owned dogs with bilateral hip OA resulted in decreased
central sensitization (CS), as measured using von Frey
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In the US, persistent pain a!ects one-third of the human population with an economic impact of US$600 bil-
lion each year, which is more than cardiovascular disease and cancer combined1. Osteoarthritis (OA) is a major 
contributor to persistent pain and is one of the top causes of disability in both the US and the UK2. In humans, 
Endogenous Pain Modulation (EPM) – the ability of the body to control noxious input to the central nervous 
system - been shown to be de"cient in patients su!ering from numerous chronic pain condition, including OA3. 
EPM is determined by the balance between descending inhibition and descending facilitation. #e EPM system 
appears to be mediated by the caudal medulla of subnucleaus reticularis dorsalis, and the rostral ventral medulla, 
and is activated by ascending noxious stimuli4.

Patients with an impaired EPM may have increased pain sensitivity, which contributes to the persistent pain 
state5. #e degree of EPM impairment varies between patients with the same disease. Studies have shown that 
human patients su!ering from hip or knee OA have di!erent levels of endogenous pain modulation (EPM) 
impairment, which contributes to the heterogeneity of pain mechanisms3,6.

To evaluate the EPM using the CPM paradigm, quantitative sensory testing (QST) is performed, which can 
in the form of a mechanical (MQST) or thermal stimulus (TQST) test stimulus. A test stimulus is applied in 
the absence (pre-conditioning), and the presence (post-conditioning) of a noxious stimulus applied to a remote 
body region. #e change in pain threshold from pre- to post-conditioning (∆MQST and ∆TQST) is higher in 
healthy controls compared with patients with impaired EPM7. #e di!erent levels of EPM impairment between 
OA patients may explain their di!erence in pain level as well as variation in treatment response8–10.

Naturally occurring OA in dogs is similar to that of human OA biomechanically, structurally, histologically, 
and molecularly, and has been used as a translational model for studying human OA pain11–14. Previously, our 
research group showed that dogs with spontaneous OA pain have central sensitization as evaluated by QST, which 
is similar to human pains with OA pain10. Graven-Nielsen and colleagues performed CPM testing in human 

ͷTranslational Research in Pain, Comparative Pain Research and Education Centre, North Carolina State University 
College of Veterinary Medicine, Raleigh, NC, United States. Comparative Medicine Institute, North Carolina State 
University, Raleigh, NC, United States. Center for Pain Research and Innovation, University of North Carolina School 
of Dentistry, Chapel Hill, NC, United States. ͺCenter for Translational Pain Medicine, Department of Anesthesiology, 
Duke University, Durham, NC, United States. *email: dxlascel@ncsu.edu
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A randomized clinical efficacy study targeting mPGES1 
or EP4 in dogs with spontaneous osteoarthritis
Carol Robertson-Plouch1*, John R. Stille�†, Peng Liu1‡, Claire Smith2§, Dorothy Brown3,4,�� 
.BSHBSFU�Warner1, Leijun Hu1, Matthew J. Fisher1

Canine studies of spontaneous osteoarthritis (OA) pain add valuable data supporting drug treatment mecha-
nisms that may translate to humans. A multicenter, randomized, double-blind, placebo- and active-controlled 
study was conducted in client-owned dogs with moderate OA pain to evaluate efficacy of LYA, an inhibitor of 
microsomal prostaglandin E synthase-1 (mPGES1), an EP4 antagonist (LYB), and carprofen, versus placebo. Of 
255 dogs screened, 163 were randomized (placebo/LYA/LYB/carprofen: n = 43/39/42/39) and 158 completed treat-
ment. Efficacy versus placebo was assessed using Bayesian mixed-effect model for repeated measure analyses of 
the Canine Brief Pain Inventory (CBPI) pain interference score (PIS; primary endpoint), pain severity score, and 
overall impression, as well as the Liverpool Osteoarthritis in Dogs (LOAD) mobility score. The posterior probability 
that the difference to placebo was <0 at week 2 was 80% for LYA and 54% for LYB for CBPI PIS (both <95% pre-
defined threshold). For secondary endpoints, the posterior probability that the difference to placebo was <0 at 
week 2 ranged from 89 to 96% for LYA and from 56 to 89% for LYB. The posterior probabilities comparing carpro-
fen to placebo groups were ≥90% for all efficacy endpoints. The proportion of dogs with one or more adverse 
event was not significantly different from placebo (32.6%) for LYA (35.9%) or carprofen (25.6%), but the rate for 
LYB (59.5%) was higher versus placebo (P = 0.017). LYA treatment demonstrated consistent improvement in all 
efficacy measures, suggesting that inhibition of mPGES1 may be an effective treatment for chronic pain associ-
ated with OA.

INTRODUCTION
Osteoarthritis (OA) is the most common joint disorder in humans, 
characterized by progressive inflammation and degeneration at the 
articular surface (1, 2). Clinically, this results in stiffness, swelling, 
pain, and progressive disability (3). Spontaneously occurring chronic 
OA in dogs occurs as a consequence of various conditions, including 
hip and elbow dysplasia, after bone and ligament injuries, as well as 
with articular degeneration and inflammation associated with aging 
(4, 5). OA occurs in about 20% of adult dogs and 14% of adult 
humans (6, 7), and the prevalence increases with age (6). The high 
prevalence and debilitating nature of OA in dogs and in humans 
make this disease a considerable cause for concern for both veterinary 
and human medicine.

Chronic pain is a hallmark of OA in both humans and dogs 
(6, 7). Existing preclinical models of pain have poor predictive 
validity for efficacy in humans (8, 9). An ideal animal model should 
share similar characteristics of human disease, such as genetic basis, 
anatomy and physiology, pathological response(s) and underlying 
pharmacological mechanism(s), and measurable phenotypic endpoints 
(9). The ideal animal model would also be responsive to drugs with 
known clinical efficacy and be predictive of clinical efficacy (im-
provement or resolution) (9). Companion dogs with spontaneous 
OA pain meet most of these criteria (10–13), acknowledging that 
the genetic basis of OA is not completely understood in canines or 
humans. Canine OA pain can be measured using validated scales 

such as the Canine Brief Pain Inventory (CBPI) (14). The CBPI is an 
owner-completed scale that was developed to parallel the Brief Pain 
Inventory used in human studies and is validated to collect the same 
domains, severity of pain, and the impact of pain on function in 
companion dogs with OA (14–16).

The similarity and prevalence of canine and human OA, coupled 
with the availability of validated pain scoring tools, make naturally 
occurring OA in dogs an attractive parallel disease state in which to 
study new molecular entities. Canine clinical studies designed for 
translational purposes may have greater predictive validity for human 
efficacy than induced preclinical models. Data from interventional 
canine studies provide support for human clinical studies and could 
accelerate the development of new therapies while also addressing 
unmet animal health needs (17).

Inflammation contributes to the progressive pain and debility 
of OA (18). Humans and canines with OA respond similarly to 
anti- inflammatory drugs, including nonselective nonsteroidal 
anti-inflammatory drugs (NSAIDs) and selective cyclooxygenase-2 
(COX-2) NSAIDs that target prostaglandin E (PGE) (Fig. 1) (19, 20). 
Nonselective NSAIDs successfully reduce pain and inflammation 
via the depletion of prostaglandin H and the subsequent elimina-
tion of PGE. A consequence of this approach is that common 
homeostatic prostaglandins other than PGE are also depleted, 
giving rise to gastrointestinal (GI) side effects, which often limit 
NSAID use (21, 22). Although COX-2–selective NSAIDs have re-
duced GI side effects in humans (23), they have been less effective in 
mitigating GI side effects in canines (20). In addition, there is con-
cern that these drugs may increase major adverse cardiovascular 
events in humans as a consequence of thromboxane and prostacyclin 
imbalance (24, 25). Selective mechanisms that reduce formation of 
PGE while avoiding depletion of prostaglandin H and other down-
stream “housekeeping” prostaglandins may help mitigate some of 
these safety concerns.

1Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285, USA. 2Eli 
Lilly and Company, Erl Wood Manor, Windlesham, Surrey GU20 6PH, UK. 3Elanco, 
Eli Lilly and Company, Indianapolis, IN 46140, USA. 4School of Veterinary Medicine, 
University of Pennsylvania, Philadelphia, PA 19104, USA.
*Present address: Convergence Bioscience LLC, Greenfield, IN 46140, USA.
†Corresponding author. Email: Stille_john_r@lilly.com
‡Present address: Alexion Pharmaceuticals Ltd., New Haven, CT 06510, USA.
§Present address: Smith Statistics Ltd., London EC4M 9BJ, UK.
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Predictability of POC studies in companion animals
Drug Efficacy in 

Rodents
Efficacy in Dogs Efficacy in Humans References

NSAIDs Yes Yes Yes Brown, JVIM, 2013
Bannuru, Ann Intern Med 2015

Anti-NGF mAbs Yes Yes Yes Lascelles, BMC Vet Res, 2015 Lane, NEJM, 2010
Gruen, JVIM, 2016

TRPV1  antagonist Yes No No Malek, BMC Vet Res, 2012
Miller, Comtemp Clin Trials, 2014

Resiniferatoxin Yes Yes Yes Brown, Pain, 2015
Brown, Pharmaceuticals, 2016

NK1 antagonist Yes No No Ma, Curr. Opin. Invest. Drugs, 1999
Dionne, Curr.
Opin. Invest. Drugs 1999

Substance P-saporin Yes (Yes) (ongoing) Brown, Anesthesiology, 2013

EP4 receptor antagonist Yes Yes (ongoing) Rausch-Derra, JVIM, 2016; 

Capsaicin (IA) Yes Yes Stevens, Arthritis Rheumatol, 2019; Lascelles, IASP, 2020
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The practicalities of running POC studies in 
companion animals
• Sites and expertise available, allowing veterinary oversight 
• Veterinary CRO assistance available
• GCP; Protocol; Agreements; 

• Recruitment (owners; appropriate phenotype)
• Do need sufficient toxicity data in order to test in pet animals
• Ethical Regulations; IACUC; owner consent 
• Expense

27
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Discovery: 
face validity & 

relevance of the target
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Discovery

• Companion animals can be pain phenotyped
• Veterinarians have unprecedented access to 

biological samples
• Interrogate target tissues for target of interest, 

or in an unbiased way
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No Pain OA-Pain

Molecular Signatures of Mouse TRPV1-Lineage Neurons Revealed
by RNA-Seq Transcriptome Analysis

Samridhi C. Goswami,* Santosh K. Mishra,y Dragan Maric,z Krisztian Kaszas,*
Gian Luigi Gonnella,* Samuel J. Clokie,* Hal D. Kominsky,* Jacklyn R. Gross,*
Jason M. Keller,* Andrew J. Mannes,* Mark A. Hoon,y and Michael J. Iadarola*
*Anesthesia Section, Department of Perioperative Medicine, Clinical Center, National Institutes of Health,
Bethesda, Maryland.
yMolecular Genetics Unit, Laboratory of Sensory Biology, National Institute of Dental and Craniofacial Research,
Bethesda, Maryland.
zLaboratory of Neurophysiology, National Institute of Neurological Disorders and Stroke, National Institutes of Health,
Bethesda, Maryland.

Abstract: Disorders of pain neural systems are frequently chronic and, when recalcitrant to treat-
ment, can severely degrade the quality of life. The pain pathway begins with sensory neurons in dor-
sal root or trigeminal ganglia, and the neuronal subpopulations that express the transient receptor
potential cation channel, subfamily V, member 1 (TRPV1) ion channel transduce sensations of painful
heat and inflammation and play a fundamental role in clinical pain arising from cancer and arthritis.
In the present study, we elucidate the complete transcriptomes of neurons from the TRPV1 lineage
and a non-TRPV1 neuroglial population in sensory ganglia through the combined application of
next-gen deep RNA-Seq, genetic neuronal labeling with fluorescence-activated cell sorting, or
neuron-selective chemoablation. RNA-Seq accurately quantitates gene expression, a difficult param-
eter to determine with most other methods, especially for very low and very high expressed genes.
Differentially expressed genes are present at every level of cellular function from the nucleus to the
plasma membrane. We identified many ligand receptor pairs in the TRPV1 population, suggesting
that autonomous presynaptic regulation may be a major regulatory mechanism in nociceptive neu-
rons. The data define, in a quantitative, cell population–specific fashion, the molecular signature
of a distinct and clinically important group of pain-sensing neurons and provide an overall frame-
work for understanding the transcriptome of TRPV1 nociceptive neurons.
Perspective: Next-gen RNA-Seq, combined with molecular genetics, provides a comprehensive and
quantitative measurement of transcripts in TRPV1 lineage neurons and a contrasting transcriptome
from non-TRPV1 neurons and cells. The transcriptome highlights previously unrecognized protein
families, identifies multiple molecular circuits for excitatory or inhibitory autocrine and paracrine
signaling, and suggests new combinatorial approaches to pain control.

Published by Elsevier Inc. on behalf of the American Pain Society
Key words: Pain, nociception, dorsal root ganglion, capsaicin, resiniferatoxin.

Detailed investigations of the molecular biology of
nociceptive neurons are key elements for
advancing basic knowledge of pain-sensing neu-

ral circuits and translational investigations for pain con-
trol, but their complete molecular repertoire, their

transcriptome, has not been fully ascertained. The subset
of nociceptive Ad and C-fiber primary afferents that ex-
press the transient receptor potential cation channel,
subfamily V, member 1 (TRPV1) ion channel transduce
signals arising from exposure to painful heat,
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19, 2014.
This researchwas supportedbythe IntramuralResearchProgramsof theNa-
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RT-PCR for a variety of receptors expressed on TRPV1

Ipsilateral and contralateral 
L4-7 DRG from dogs with 
unilateral hip OA

Uncovering a potential 
role of artemin/GFRa3 

signaling in OA-pain



TRiP

GFRa3 is upregulated in dogs with naturally 
occurring OA pain; DRG serving OA-pain joints 
versus DRG serving normal joints
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• Most DRG neurons that are GFRa3 positive are: 
• TRPV1 +ve
• TrkA +ve
• RET +ve
• Peripherin +ve
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GFRα3 is a GFL growth factor family receptor that complexes with 
the RET tyrosine kinase to activate intracellular signaling. 

34

GDNF family ligands (GFLs): 
1.Glial cell line-derived neurotrophic factor (GDNF)
2.Neurturin (NRTN)
3.Artemin (ARTN)
4.Persephin (PSPN)

GDNF Family of Ligands (GFL) receptors: 
1.GDNF               GFRα1
2.NRTN               GFRα2
3.ARTN               GFRα3
4.PSPN                GFRα4

RET Intracellular
signaling

P

Intra-cellular signalingTRPV1
TRPA1
TRPM8
ASIC 1
ASIC 3
TRPV3

Airaksinen & Saarma
Nat Rev Neurosci. 2002



TRiP

C
o
n
t r
o
l

O
s t
e o
a r
t h
r i
t i
s

0

2

4

6

0

2

4

6

Control Osteoarthritis

**

Se
ru
m

ar
te

m
in

 (n
g/

m
l)

• OA dogs and normal dogs (n=26 OA ; 
n=11 normal; p=0.007)

Norm
al

Any D
JD

0

5000

10000

15000

No DJD vs Any DJD

[A
R

TN
] (

pg
/m

L)

✱

DJD-pain cats and control cats 
(n=41 DJD-pain ; n=13 control; 
p=0.011)

Serum ARTN is elevated in dogs and cats (& humans) 
with OA-pain compared to healthy controls



TRiP

Artemin Concentrations in 
Synovial Fluid Correlate to 
Limb-use

§ Negative values of Symmetry Index (SI) 
correspond to decreased limb use.

§ Increased synovial fluid concentrations 
of artemin correspond to less limb use 
(n=8; R2=0.62; p=0.02).
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Owner-assessed disability shows some 
relationship to serum ARTN concs (Minnema et al 2020; 
confirmed with larger ‘n’ in Gupta, submitted)

Total joint pain scores do positively 
correlate with serum ARTN (Gupta, 
submitted)
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Mouse: 200ng artemin (into paw) produces mechanical, 
heat and cold sensitivity, in association with decreased 
limb use



TRiP

Within a cohort of dogs with OA-pain, serum ARTN does is not 
associated with remote (from OA joint) sensitivity as measured by 
QST (n=43)
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Early data in mouse model of OA
• ARTN (SC, paw) induces mechanical, heat and 

cold hypersensitivity
• Increase in GFRa3 in DRG (IHC) with MIA
• No increase in serum ARTN in ‘single joint’ MIA, 

versus controls; no increase in serum ARTN in 
bilateral DMM (samples courtesy of A-M Malfiat)

• IA injection of anti-GFRa3 Ab does not improve 
limb use (MIA model)
• IP injection of anti-ARTN mAb significantly 

decreases mechanical, heat and cold 
hypersensitivity in MIA model
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10 ug in 10 ul of a polyclonal anti-GFRα3 
antibody (abcam; Cat. ab2028) or IgG isotype 
control (R&D; rabbit IgG) dissolved in PBS 

PBS or 25 ug of anti-artemin monoclonal 
antibody (R&D, cat: MAB10851-500) 
dissolved in PBS 

N = 8-12 in all groups; replication ongoing
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Next steps:

• Detail the expression and co-expression of GFRa3 with TRP channels
• Understand the role of ARTN and GFRa3 in initiating (early) and 

maintaining (late) OA in different models
• DMM; MIA
• Anti-bodies; GFRa3  KO; GFRa3 mutants (non-functional)

• Understand parallel and alternative signaling (GFRa3 vs. GFRa1; RET 
vs. NCAM)
• Elucidate the downstream targets (TRP receptors)
• Verify findings using ex vivo and in vivo work in pet dogs
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Companion animal ‘models’ can contribute to 
translational pain research in two basic ways 

1) Discovery / Face Validity of Target: Tissue from naturally 
occurring disease states may provide vital information about 
the neurobiology of pain in the natural disease state.

1) Verification bridge between rodent preclinical and human 
clinical studies, testing drugs for efficacy prior to human 
clinical studies
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Pain Research: 
Translational Scientists New Best Friends, 

and What They Tell Us.


